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ARTICLE INFO ABSTRACT

MSC: This paper presents an efficient algorithm for the approximation of the rank-one convex hull
65K10 in the context of nonlinear solid mechanics. It is based on hierarchical rank-one sequences and
74G65

simultaneously provides first and second derivative information essential for the calculation of
mechanical stresses and the computational minimisation of discretised energies. For materials,
Keywords: whose microstructure can be well approximated in terms of laminates and where each laminate
Numerical relaxation stage achieves energetic optimality with respect to the current stage, the approximate envelope
Rank.-One convexification . coincides with the rank-one convex envelope. Although the proposed method provides only an
Continuum damage mechanics o . .
Finite strains upper bound for the rank-one convex hull, a careful examination of the resulting constraints

shows a decent applicability in mechanical problems. Various aspects of the algorithm are
discussed, including the restoration of rotational invariance, microstructure reconstruction,
comparisons with other semi-convexification algorithms, and mesh independency. Overall, this
paper demonstrates the efficiency of the algorithm for both, well-established mathematical
benchmark problems as well as nonconvex isotropic finite-strain continuum damage models in
two and three dimensions. Thereby, for the first time, a feasible concurrent numerical relaxation
is established for an incremental, dissipative large-strain model with relevant applications in
engineering problems.

74A45

1. Introduction

The study of solids undergoing significant deformation reveals various dissipative behaviours, including plasticity, phase
transformation and damage effects. Accurate modelling of these phenomena is crucial for applications in materials engineering
and structural analysis. Typically, there are two broad classes of methodologies; namely, micromechanical and phenomenological
approaches. In the phenomenological approach, internal variables [1,2] evolve dynamically over time to reflect the intricate
processes on the microstructural level. Hence, the internal variables serve as a representative value of the microstructure. This
allows the model to achieve a higher level of accuracy in predicting stress and strain curves that closely match real-world
observations without sacrificing computational complexity. The inclusion of internal variables also facilitates the simulation of
complex behaviours such as strain-rate dependence and history-dependent effects. The incremental stress potential framework,
introduced by a series of papers, see e.g. [3-7], is fundamental to the variationally and thermodynamically consistent discretisation
of models with internal variables. This framework transforms an inelastic problem into a sequence of incremental pseudo-elastic
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problems, where the current values of internal variables are obtained from minimisation, while maintaining thermodynamic
consistency throughout. One of the advantages in comparison with classical material modelling approaches is that the material
model can be fully specified by defining a suitable strain energy function and a dissipation potential. Hence, only these two scalar-
valued functions need to be implemented in a finite element context when using automatised differentiation techniques as in e.g. [8].
However, for special classes of dissipative material response including damage, an inherent ill-posed nature due to the underlying
structure of the dissipative effects being modelled is obtained. From a variational perspective, the associated loss of semi-convexity in
the incremental stress potential poses a significant challenge, threatening the existence of minimisers crucial for mesh-independent
(or mesh-objective) simulations. Mechanically, this loss of semi-convexity may lead to material instability, characterised by a loss
of ellipticity. To correct this, regularisation techniques are applied. Gradient-extended models, see e.g. [9-16] in the context of
damage, emerge as a popular choice, introducing a length scale parameter related to the dissipative process. While effective, the
determination of an appropriate length-scale can be difficult, occasionally leading to deviations from observed physical phenomena,
particularly in the context of crack curvatures [17]. Micromorphic, see e.g. [18-21], and phase-field models, see e.g. [22-25], fit
into the broader category of gradient-extended models, demonstrating the versatility of this approach in capturing a spectrum of
dissipative behaviours. Although some few approaches have been published for this e.g. in [26] in the context of gradient elasticity,
determining the optimal length scale remains a hurdle, and the introduction of a new coupled partial differential equation further
complicates the computational situation.

An alternative regularisation approach is to include viscosity terms in the formulation, see e.g. [18,27-29]. While this approach
can effectively dominate material evolution, especially for sufficiently large viscosities, the downside is the need to select parameters
that may appear unphysical. This delicate balance between achieving regularisation dominance and maintaining physically relevant
material parameter regimes underlines the ongoing challenges in this approach. In cases where a direct micromechanical description
of inelastic processes is pursued, see e.g. [30-32], the computational complexity increases drastically. The need for localisation band
transition schemes becomes crucial, especially when the deformation localises and the separation of scales becomes invalid [30,33].
This requires a careful interplay between accuracy and computational efficiency, navigating the intricate interdependencies between
scales.

Finally, relaxation introduces a unique perspective on regularisation. By replacing the original non-convex generalised energy
density with its (semi)convex envelope, a continuum of microstructures known as laminates is described. Laminates capture
oscillating gradients of the field of interest and provide a rich representation of material behaviour. The main advantage is
that existence of minimisers as well as mesh independency can be ensured (if the rank-one convex envelope coincides with the
quasiconvex envelope and suitable growth conditions are present), without the need for additional primary variables or the solution
of additional partial differential equations (as in the case of gradient-extended or micro-morphic models or phase-field approaches)
or cross-finite-element information (as in the case of integral-based regularisation). However, it is important to note that while
laminates provide a nuanced understanding of microstructural evolution, they lack a direct association with a specific length scale
or period for the observed oscillations. This is in contrast to other microstructural approaches where a specific representative
volume element is discretised and homogenised. A laminate can have an infinite number of possible configurations due to the
lack of encoding a length scale and thus a period for the oscillating gradient. This aspect emphasises the broader homogenisation
of a continuum of potential microstructures within the relaxation framework. This can, on the other hand, also be interpreted as
advantage as it avoids the choice of suitable values for the length scale. While having several advantageous properties, relaxation
is still not a popular choice for regularisation, due to the lack of efficient computational approaches to determine the (semi)convex
envelope. In specific cases, especially for non-convex elastic formulations, the energy density can be relaxed analytically, cf. [34,35].
Analytic relaxation results have been carried out in e.g. [36-38] under suitable assumptions. However, for a general setting, it is
often difficult to formulate analytic results due to varying parts of the model. In order to relax in the general setting, numerical
convexification comes into play. There, an adhoc relaxation is performed whenever needed. Typically, in each integration point of
the finite element discretisation, a computational algorithm is invoked such that the first and second derivative of the envelope
can be returned to the assembly process. While the procedure in terms of assembly is clear, computational methods for the
concurrent (i.e. embedded) numerical relaxation are sparse. Only recently, methods for accurate relaxation for a single increment
— or alternatively an elastic potential — were published in [39-43]. Earlier works in numerical relaxation can be found in [44-
501,[51,52]. Alternatively, methods with incompatible microstructures were shown to be computationally effective, see [53]. Still,
the methods are too computationally demanding to simulate realistic boundary value problems in three spatial dimensions while
ensuring compatibility of the described microstructures (laminates). Another reoccurring modelling in the domain of relaxation was
the use of simplified models, such that e.g. only a one-dimensional convexification was performed, see e.g. [54-59].

In this paper, we present a novel algorithm based on certain mechanically motivated assumptions in the modelling of the
incremental stress potential, which is able to relax mathematical benchmark problems in multiple dimensions and to compute relaxed
continuum damage mechanics boundary value problems without loss of generality. This work directly extends ideas from [47]
with computational geometry algorithms, namely the Graham’s Scan [60]. Instead of discretising the full d>-dimensional space
of deformation-gradients and computing the successive lamination in each grid point, like done in e.g. [46,49], we utilise the
hierarchical rank-one connected sequences (so called H-sequences) characterisation of the rank-one convex envelope, see e.g. [61,
Section 4.1.1.3]. With this characterisation, the point evaluation of the rank-one convex envelope can be performed by evaluating
the convex combination of the optimal H-sequence. We aim to find a candidate H-sequence for this minimisation by successively
choosing locally optimal laminates. Computationally, each sequential lamination is performed by one dimensional convexifications
along a set of discretised rank-one directions. Starting from a given evaluation point, the subsequent lamination of already found
laminates leads to a candidate for the global rank-one convexification problem, which, for a special class of functions, seems to be
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optimal and delivers an approximation to the rank-one convex envelope. Since the maximum lamination depth is assumed to be
given, the computational effort is dominated by the one-dimensional convexifications, i.e. the discretisation of the one-dimensional
convexifications. This yields a magnificent computational advantage when compared to mesh-based successive lamination like
e.g. [46,49]. In the general case, the algorithm fails to approximate the rank-one convex envelope, but in presence of structural
properties, the computed H-sequence is optimal and results are found to coincide with the actual rank-one convex envelope.

This contribution is structured as follows: Section 2 establishes the mathematical framework by introducing the general
variational problem and the necessary notions for the algorithms. Section 3 describes the novel algorithm and the assumption made
in order to have a convergent scheme, followed in Section 4 with convergence examples for mathematical benchmark problems
as well as a counterexample where the required underlying structure of the general energy density is not given. In Section 5, the
algorithm is applied to a practically relevant problem, i.e. a continuum damage mechanics model at finite strains, which has an
application in soft biological tissues such as arteries under supra-physiological loadings, cf. e.g. [62]. Finally, a conclusion and
outlook are given in Section 6.

2. Non-convex variational problems in nonlinear solid mechanics

In solid mechanics, we describe deformable solids in terms of their reference configuration B and current configuration 53,.
Points within the solid are represented by reference coordinates X € B and current coordinates x € B,. The displacement field
u(X,1) characterises the movement of material points from the reference to the current configuration. The deformation gradient
F describes local deformation, relating infinitesimal line elements in the reference to the current configuration. It is defined as
F(u) = I + Gradu. In variational problems in solid mechanics, we minimise energy functionals with respect to displacement fields
to derive equations governing deformation behaviour, taking into account appropriate boundary conditions.

2.1. Elastic problems

Hyperelastic boundary value problems can be described by the principle of minimising the potential energy, see e.g. [63, Section
8.2], where the potential energy IT of the solid is defined as the integral of the energy density W over the body occupied by the
solid and the external forces and body forces, if present, are gathered in a term 7%, i.e.

) = / W (F(u)dV + IMT*(t, u). 2.1)
B
Setting the first variation to zero yields
5,1 (u) = / P(F () : GradsudV + 6,1 =0, (2.2)
B

with the variation of the displacements éu. Here, : denotes the inner product and P = 0, W the first derivative of W with respect
to the deformation gradient F, i.e. the first Piola—Kirchhoff stress tensor

oW (F (u))
P(F = —. 2.
(F (w) oOF (2.3)
Often, Newton schemes, see e.g. [64, Algorithm 4.2], are employed to solve the nonlinear equation (2.2). Within these methods,

the second derivative of the strain energy density, i.e. the fourth-order tangent moduli

O*W (F (w))

0FOF
is required. With this at hand, the problem can be discretised by finite elements in order to approximate solutions to (2.2). However,
these solutions are only minimisers of (2.1) if W satisfies certain properties such as (semi)convexity. Some well-known and widely
used geometrically nonlinear but in specific stress—strain measures physically linear elastic material models exhibit a severely
non-convex behaviour such as Biot or St. Venant-Kirchhoff formulations [65]. In this case, numerical results often become mesh-
dependent, meaning that, e.g. deformation fields and material responses may be sensitive to changes in meshing and small variations
in material parameters.

A(F () = 2.4

2.2. Inelastic problems

While elasticity provides a foundational framework for understanding material behaviour, many real-world materials exhibit
inelastic behaviour under certain conditions. Inelasticity refers to irreversible effects of materials, which can arise due to various
physical mechanisms such as plasticity, phase transformation, or damage. Describing such material behaviour requires more
advanced modelling approaches. The simplest approach is to model inelasticity locally using internal variables. The starting point
of the incremental formulation is the fact that a solid should minimise its work deformation energy density. This work deformation
energy density can be expressed as

T
w =/ P: Fdr, (2.5)
0
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where P denotes the first Piola-Kirchhoff tensor and (') the time derivative. A strain energy density w(F, a), dependent on F and
a vector collecting all internal variables a, is postulated to exist, satisfying all required continuum mechanical properties such as
objectivity and invariances. Taking the time derivative of v yields

. oy ; dy
F = — . F — - a. 2.
W (F,a) oF + e (2.6)
———
P -

Defining the dissipation potential as ¢ := f - @ and rearranging (2.6) allows to rewrite (2.5) as

T
W(F,a)=/ (¥ + ¢)dr. 2.7)
0

Now, discretising the time interval [0, 7] into finite increments and integrating over a single increment, in combination with the
minimisation w.r.t. the collection of internal variables « in (2.7), leads to

Tk+1
W(Fyy) = inf/ W + ) dr. 2.8)
Yet1 Sy
This minimisation problem can be solved per increment via the principle of minimum of potential energy, cf. (2.1), and thus, renders
per increment a pseudo-elastic solution process due to the exclusive dependence on the current deformation gradient. The internal
variable is then updated by

) = arginf W(Fy, o). (2.9)

Careful mathematical considerations show that W becomes non-convex at different condensed states for different deformation
gradients in general. Since the original model does not encode a length scale, oscillations in the deformation gradient occur, which
become finer and finer w.r.t. the discretisation size, cf. [64, Section 2.1.8], [64, Example 4.4]. Relaxation realises a scale separation
of the oscillations from the macroscopic response.

2.3. Relaxation by rank-one convexification

We aim to regularise the non-convex models by means of relaxation. Here, we refer to the notion of relaxation by replacing the
original non-convex generalised energy density by its (semi)convex envelope. Possible choices of (semi)convex hulls are the convex,
polyconvex, quasiconvex, and rank-one convex envelope, which are related by the following inequalities

WeESWPr<We <we<w. (2.10)

In this work, we focus on the rank-one convex envelope. This hull typically offers a close approximation to the quasiconvex envelope
while ensuring the preservation of physically relevant properties inherent to the energy density. Later on, it will become evident that
this choice enables the definition of an algorithm with sufficiently low complexity, rendering it suitable for concurrent relaxation
within finite element simulations for nonlinear boundary value problems.

In what follows, we recall the basic definitions and results for rank-one convex functions. A function W : R¥¢ — R is called
rank-one convex, if

WAA+(Q-)B) < AW(A)+(1-1)W(B) (2.11)

holds for all 1 € [0, 1] and all matrices A, B € R?*“ that are rank-one connected, i.e. rank(A — B) = 1. This condition is equivalent
to the property that W is convex along rank-one directions, i.e. the function g : n = W (F + na ® b) is convex for all a,b € R? and
F € R¥%4_ The rank-one convex envelope W™ of a function W is the largest rank-one convex function below W, i.e. in each F it is
given by

WT(F) = sup{ W (F) | W : R¥*¢ - R is rank-one convex with W < W}. (2.12)

Various characterisations for the rank-one convex envelope can be found for example in [61, Chapter 5]. One characterisation
is the construction by successive lamination. This is done by setting W = W and, for k > 0, each next laminate is obtained by

R AA+(1—-A)B=F,
K+l — k _ k
WET(F) = A_g[}]l"]] {AW A+ =)W B) rank(A — B) = 1 } (2.13)
A.BeRrdxd
at all points F € R?, The lamination-convex envelope W€ is defined in a pointwise manner through the limit
WE(F) := Jlim WECF). (2.14)

In [66, 5.C], it is shown that the rank-one convex envelope can be obtained by successive lamination, that is W' = wle. While
this approach can be used to formulate a computational algorithm, as done in [40,41,46,50], all of these algorithms are too
computationally demanding for simultaneous embedding in realistic finite element computations, which is mainly due to the fact
that the high dimensional space of d x d matrices needs to be discretised in order to find the corresponding laminates in the
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Fig. 2.1. (A) construction of H set, (B) H set, and (C) Rank-one tree. The lines in (A) and (B) encode rank-one directions. (A) shows the first recursive check
for the H; condition.

deformation gradient space. This discretisation aspect implies a computational complexity scaling by d?, without even considering
the discretisation of rank-one directions, one-dimensional convexifications or the required laminations.

Another equivalent characterisation for the rank-one convex envelope can be found e.g. in [61, Proposition 5.16] and is based
on hierarchical rank-one connected matrices. These so-called H,,-Sequences encode a condition on a set of M € N matrices
F,,...,F, € R¥4 We use the notation of [50]. For M = I the pair (¢, F,) always satisfies the condition H,, i.e. (|, F,) € H,.
The set of pairs (§;, F;) € [0, 1] x R¥*¢ for i = 1,..., M fulfils the condition ,, (notation: (&, F;) € H,,) if Zi]Zl & =1and if, up to
a permutation of the indices {1, ..., M}, it holds rank(F, — F,) = 1 and defining

& =6 +&, F1=%(§1F1+52F2)’
1

& =St F[:FIH
forall i € {2,..., M — 1}, it holds (¢;, F,) € Hy,_,.

An illustration of this hierarchical rank-one connectivity condition is given in Fig. 2.1 by an exemplary set of seven matrices. For
the sake of simplicity, the representation is done in two dimensions, e.g. the F|;-F,, plane. In Fig. 2.1(A) the first check is illustrated
exemplary for M = 7 by connecting F; and F, by a rank-one line resulting in F,. This is followed by a cascade of similar checks
on hierarchical rank-one connectivity for the set f’i fori =1,...,6. Each of these checks involves defining an intermediate centre of
mass for the subset of matrices already checked for connectivity which is denoted by H . This is exemplarily illustrated in Fig. 2.1(A)
for the first check, i.e. H, := F,. The final set of rank-one connected matrices and their intermediate connectivity points as well as
their centre of mass (the overall resulting convex combination) Hy is depicted in Fig. 2.1(B). The hierarchically connected matrices
F,,..., F, are exactly the leaves of the corresponding rank-one tree in Fig. 2.1(C), which in general might not be unique.

With this definition at hand, the rank-one convex envelope W' can now be characterised by

(2.15)

M M
Wrc(F)=inf{ZEiW(Fi)|(5isFi)€HM5F=ZgiFi’MEN}' (2.16)
i=1 i=1

In general, the number of matrices required for the rank-one convex hull, M € N, cannot be bounded. The main difference
between successive lamination and hierarchical sequences can be seen in how the minimisation problems are structured to obtain
the rank-one convex hull. For the example in Fig. 2.1, basically, for successive lamination, a set of 13 recursive minimisation
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problems, each with two degrees of freedom, has to be solved, whereas for hierarchical sequences, one minimisation problem
with 13 degrees of freedom has to be solved. The resulting minimisation problems are marked as black boxes in Figs. 2.1(B) and
2.1(C). Therefore, the characterisation in terms of hierarchical sequences allows, theoretically, to find the rank-one convex envelope
without the iterative process of laminations, due to the absence of any recursive definition in (2.16). Instead, one has to minimise
over possible hierarchical rank-one sequences, which, however, contain some hidden recursivity in their construction. Despite the
intricate construction of hierarchical rank-one sequences, the H-sequence representation (2.16) provides a natural path towards a
local representation of the rank-one convex envelope.

Assume a point F in deformation-gradient space is given as well as the rank-one convex envelope. A single point evaluation of
the rank-one convex envelope via the iterative lamination characterisation (2.14) requires the knowledge of all deepest laminates
of all points in the deformation gradient space, i.e. successive laminates for all points have to be computed. Otherwise, the
recursive formula of this characterisation cannot be resolved. This is not the case for the H-sequence characterisation. Instead,
this characterisation allows to sweep through the d x d space and search for suitable H-sequence candidates for the minimisation
problem in (2.16). This can be done by starting at the given point F and iteratively constructing hierarchical rank-one connected
set candidates by following rank-one lines. Of course, this task is too complex in general. However, it is this aspect of constructing
H-sequence candidates for the minimisation problem of the rank-one convex envelope that motivates the following algorithmic
approach.

3. Hierarchical rank-one sequence convexification algorithm

We introduce the basic steps of the convexification algorithm motivated by the hierarchical rank-one sequence representation of
the rank-one convex envelope. In addition, we comment on the generation of derivative information in order to make the relaxation
algorithm applicable to the simulation of boundary value problems. Based on the rank-one tree information, we further address the
visualisation of the microstructure associated with the relaxation process.

3.1. Algorithm

With the H-sequence representation at hand, one can potentially sweep through high-dimensional space and connect matrices by
rank-one lines to obtain the hierarchical sequence that constitutes the rank-one convex envelope for a given F € R%*“. The critical
point is how to construct the hierarchical set itself, or to be more precise, how to choose the connected matrices. In general, this
task is too complex in the sense that the set of possible hierarchical rank-one connected sets is infinite. Apart from the fact that the
(&;, F;) are pairs of scalar values and matrices, the number M in (2.16) is not bounded in general. That is why we aim for solving
the minimisation problem (2.16) on a restricted set of hierarchical rank-one connected sets, i.e. we reduce the number of possible
candidates in the minimisation problem by a local construction. As a first approximation, for a given point F, we aim to find the
two rank-one connected matrices which deliver locally the lowest convexified value, where the one-dimensional convexification is
performed exactly at the connecting rank-one convex line. Therefore, a discretisation of rank-one directions R is used. After that,
the algorithm proceeds recursively with the supporting points of the convexified lines and searches again for possible rank-one
connected matrices, further decreasing the convex combinations’ function value. Fig. 3.1 illustrates this recursive procedure.

The resulting algorithm, referred to as Hierarchical Rank-One Sequence Convexification (HROC), involves the construction of a
binary lamination tree to solve efficiently multi-dimensional rank-one line convexification problems. The parameters of the algorithm
are the maximum tree depth k., € N, the number of discretisation points in the one-dimensional convexifications N € N, and the
set of discretised rank-one directions R. The algorithm aims to be as global as necessary while being as local as possible. It does
this by sweeping through the high-dimensional space of d x d matrices by rank-one lines. This approach aims to refine iteratively
the rank-one convex hull by recursively splitting the determined rank-one convex hull supporting points of the lowest convexified
rank-one line.

The one-dimensional convexifications along the rank-one lines can be carried out by computational geometry algorithms, such
as the Graham’s Scan [60]. A pseudo code of this procedure is given in Algorithm 1.

Algorithm 1 One-dimensional convexification

1: function coNvexFY(X, W) > Input arrays of length L
2 y[11 =wl1]l, y[2] =wl2], c[1] =w[1], c[2] =w[2]

3: n=2

4 fori=3,4,...,Ldo

5 while (c[n] - c[n-11) * (x[i] - y[nl) >=

(wlil - c[n]) * (y[n] - y[n-1]) andn >= 1 do
n-=1
n+=1
y[n] =x[i], c[n] =w([i]
return y, C > Output arrays of length n

This algorithm exploits the monotonicity property of a convex function’s derivative. It starts to sweep through the discretised
interval and as soon as a non-convex regime is entered, points within this region of non-convexity are either deleted or stored in
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F

N

F* F-

F* F~

Ft+ Ft— F—* F—

(B)

Fig. 3.1. Construction of the H-sequence by convexifying first in the point F (A) and afterwards in F* and F~ (B). In (A), the given macroscopic deformation
gradient F is convexified along all the discretised rank-one lines contained in R (dashed lines). F* and F~ correspond to the supporting points of the line
delivering the lowest convexified value of the energy at F (drawn as solid line). The corresponding first-order laminate tree is visualised on the right-hand side
in Fig. 3.1(A). Next, in (B), all rank-one lines are checked again in both the points F* and F~ if a lower convexified function value is possible in these two
points, giving a second level laminate. The leaves might then be checked for even further split ups possibly leading to level-three laminates.

the array of supporting points of the convex hull. For more information, see e.g. [54]. A single one-dimensional convexification is
of complexity O(N) which coincides with the overall complexity of the proposed algorithm for simple laminates.

This approach is now used to construct binary trees by pushing the lowest convex hull supporting points along rank-one lines
into a queue. The construction of the binary tree starts with a root node representing the macroscopic deformation gradient F. At
each level of the tree, the leaf nodes are split into two parts if there is a lower rank-one convexified line, the resulting supporting
points are labelled plus and minus. The main steps in constructing the binary rank-one lamination tree are as follows:

Initialisation: The root node of the tree is created to represent the macroscopic deformation gradient F, e.g. as predicted by
the global finite element solver.

Splitting: At each level of the tree, the one-dimensional convexifications are performed along all discretised rank-one directions
contained in R. The direction leading to the minimal convexified function value is accepted, and leads to a split into a simple
laminate.

Evaluation: The points of the possible, initial, simple laminate split into F~ and F* are convexified along all discretised rank-
one lines to determine if a direction leads to a nested laminate and therefore lower predicted hierarchical rank-one convex
hull.

Recursion: If necessary, the process is recursively applied to the determined laminate phases to refine the approximated
rank-one convex hull further.

Termination: The process terminates when a stopping criterion is met. We choose to use two criteria: if a maximum tree
depth is reached or if further convexification along rank-one lines does not result in a lower convexified energy density value.

The splitting is realised in the HrRoc-kerneL function (Algorithm 2), which plays a crucial role in this process by computing
lamination candidates. A pseudocode of this function is illustrated in Algorithm 2. The input arguments are the energy density
function W, the current state of the tree (given by its root node roor), the evaluation point F, and the convexification parameters
N,r, k. and R. The function iterates over possible rank-one directions contained in the discretisation set R, computes the convex
hull along these rank-one lines, and selects the direction that yields the lowest convexification result. First, the scalar value W, is
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initialised by
M
Woet < . & W (F)) B
i=1
using the current lamination tree. Here, M denotes the number of leaves in the tree associated to root and F; the actual leaves with
their volume fractions ¢&;. Afterwards, the iteration through the discretised directions starts. For a given direction R, the scaling
factor 6 has to be determined ensuring that the N points along the rank-one line F + sR for s € R are located within the bounding
box of radius r. After scaling of the rank-one direction, the one dimensional convexification is performed by Algorithm 1. Our
implementation uses a buffer for storing the associated function values of W along the rank-one line F + iR in order to avoid
reallocation but any array representation can be utilised. The index i € Z is restricted ensuring that the rank-one line does not leave
the bounding box of radius r. If the checked rank-one line delivers a lower convex combination for the function evaluation by (3.1)
involving the new laminate, the supporting points F* and F~ as well as the rank-one direction R are stored by overwriting the
variable laminate. Afterwards, the returned /aminate can be added to the rank-one tree represented by root in the Hroc main function.

Algorithm 2 HROC-KERNEL

1: function HROC-KERNEL(root, N,r, R, W, F)

2 Initialize variables W,; and empty /aminate

3 for each rank-one direction R in R do

4 Calculate scaling factor 6 based on R, N and r > 6= % for maxR =1
5: Scale R by §

6 One-dimensional convexification along F + iR

7 if convexification result is lower than W, then

8 Wit < W (laminate)

9 laminate « (F*,F~,R)
10: return /aminate

With this subroutine at hand, the pseudocode for the overall algorithm can be given by Algorithm 3. In this pseudocode, the
HROC function orchestrates the construction of the binary rank-one lamination tree by iteratively splitting deformation-gradient
values into laminates and adding both of the laminate phases to the queue. This is done until the lamination candidate queue is
empty or the maximum tree depth k. is reached. The nroc-kernEL function is called on each computed lamination candidate and
expresses the recursive nature of the algorithm.

Algorithm 3 Hierarchical Rank-One Convexification (HROC)

1: function HROC(convexification, buffer, W, F)

2 Initialize root node root with F

3 laminate < HROC-KERNEL(root, convexification, buffer, W, F)

4 Initialize queue with (root, laminate)

5: while queue is not empty do

6 (parent,lc) < pop queue

7 if depth of parent < k,, then

8 A « compute splitting ratio based on parent and Ic

9 attach F* and F~ from Ic with volume fractions 4 and 1 — A to parent

10: let « HROC-KERNEL(root, N,r,R, W, F™)
11: l¢™ < HROC-KERNEL(root, N,r,R,W ,F~)
12: Push (F*,lc*) to queue

13: Push (F~,lc™) to queue

14: return root

We want to highlight one important aspect of the algorithm when it comes to the semi-convexification process. Namely, we
always choose the locally lowest possible laminate for each recursive application of Hroc-KErRNEL, i.e. we choose the rank-one line
which delivers the smallest function value in the overall convex combination. The overall algorithm only minimises over a certain
set of hierarchically connected rank-one sets in (2.16). For arbitrary energy densities, this local choice might not result in the global
optimal hierarchical rank-one connected sequence. That is why a suitable approximation of the rank-one convex envelope for general
energy densities cannot be guaranteed.

Mechanically, this assumption is violated if a lower, nested laminate can be constructed from non-optimal intermediate level
laminates. A counter example in which the HROC algorithm fails to approximate the rank-one convex envelope is discussed in
Section 4.3. However, we assume that we are working with energy densities where the assumption of energetically optimal laminates
per level is valid. Thus, we propose a domain specific algorithm which is only valid for a certain class of functions, but allows for
the efficient approximation of envelopes as well as their derivatives within this class. It is worth mentioning that the derivatives of
W€ are of fundamental interest as they are used by the finite element solver within the assembly procedure and they are linked to
the computation of mechanical stress. In the case of an energy-based line search, the function value of W' becomes important in
order to assemble the total energy over the domain.
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3.2. Derivative information

The response of the HROC algorithm is a tree of matrices which are hierarchically rank-one connected. The leaves of the tree

form the hierarchical rank-one connected set. They are denoted by F,...,F,, € R9%d and their associated volume fractions are
&1, ..., &y € R. With this H-sequence, the approximation of first- and second-order derivative can be obtained by
M
P=0pW™(F)~ Y &0pW(F) (3.2)
i=1
and
M
A=00pW™(F)~ Y &00pW (F), (3.3)

i=1

respectively. Note that these formulas are approximations and not exact in general due to the fact that the matrices F; obtained
by the HROC algorithm are subject to approximation errors resulting from the direction discretisation and the one-dimensional
discretisation parameter §. It is advantageous that the approximation relies on the derivative evaluation of the original function W
which is often at least C?, thus, giving a well-posed formula for the derivatives, except for the second derivative which is lost along
rank-one paths, due to the definition of the rank-one convex hull. For a mathematical discussion of the continuity of the rank-one
convex envelope, see [67, Section 4].

3.3. Microstructure reconstruction

The computed rank-one tree for F represents the formation of microstructures associated to the relaxation process. However,
the tree represents an H-sequence for the deformation gradient F, but there is no information about an actual microstructural
deformation field. We are interested in the characterisation of the microstructure based on the lamination tree obtained by the
HROC algorithm on a reference volume element 2 = [0, 1]9. Given a binary lamination tree with leaves F; for i = 1,..., M, a
recursive call of characteristic functions can be used to obtain a lamination coefficient F* for any point x € Q. This coefficient
function F* : Q — RY*4 associates a leave of the rank-one tree with root node F, i.e. one F; of the H-sequence, to any given point
x € Q. It is defined by

F*(x)=F + F*(x, F) (3.4
where the function F* : RY x R¥%¢ — R4 s given by

0 € R9xd if A has no children,
F*(x,A)={ AR + F(x, A" if (1) € 10,1 - A). (3.5)
(- DR+ F'(x, A7) if (X2} e[1-41).

The recursive function call of F* traces down a binary tree until a leave F; of the tree is reached. Within this function, A* and A~
denote the lamination split for a node A, i.e. the child nodes of A in the tree, 4 € [0, 1] denotes the volume fraction of the phase A~
and the volume fraction of A* is consequently given by 1— 4. The vector n € R¢ is the normal of the rank-one direction R associated
to the A*, A~ split, i.e. R=a®n = A" — A*. By {+}, we denote the fractional part of a real number, i.e. {s} =s— [s] € [0, 1) for
s € R. The parameter ¢ € [0, 1] denotes the length scale on which the laminate consisting of A* and A~ oscillates. While the phases,
the associated volume fractions and the rank-one direction, are given by the binary lamination tree (e.g. obtained by the output of
the HROC algorithm), the oscillating length scale ¢, or alternatively the frequency 1/¢, needs to be chosen in order to visualise a
possible microstructure.

With this coefficient function at hand, the microstructural displacement field u™ can be reconstructed by the following gradient
L? projection problem

J™) = %HVum — F*|| - min, (3.6)

subject to periodic boundary conditions. This projection solves for u™ which is the closest possible function whose gradient matches
the oscillating lamination gradients F*. Taking the first variation and setting it to zero leads to

DJW™Véu™ = (Vu" — F*,Véu™) =0 (3.7)

for all 6u™ € V, where V is a suitable test space. Note that the relation Véu™ = §Vu™ was used in order to express everything with
respect to the desired unknown u™. Using linearity of the inner product results in

/ Vu™ : Véu™ dv = / F* : véu"dv. (3.8)
Q Q

Eq. (3.8) can now be discretised by finite elements and solved for an approximation u} in a discrete space V},. The proposed method
is flexible with respect to the used oscillating quantity as well as the boundary conditions, in particular homogeneous Dirichlet
boundary conditions can easily be incorporated. Furthermore, the discretisation by finite elements is a standard task. This procedure

will be used for a visualisation for a two-dimensional example in Section 5 (also see Fig. 5.2).
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Waw (F)
WO (F)

Fig. 4.1. F,,—F,, plane of the multiwell energy density benchmark problem in Fig. 4.1(A). Fig. 4.1(B) shows the approximated rank-one convex envelope using
the HROC algorithm. Comparing the two, a negligible difference is obtained. Here, the HROC algorithm was used for the pointwise evaluation in 6561 grid
points in the F,,—F,, plane.

4. Benchmark problems

We begin the application of the algorithm by studying a variety of theoretical benchmark problems to demonstrate the
approximation quality of the algorithm and its limitations. The Julia implementation of the algorithm and the used benchmark
functions can be found in the repository https://github.com/koehlerson/NumericalRelaxation.jl. In all computational experiments,
the set

R={a®b|abeZlal,.|bl, <1} 4.1

is used as discretisation for the rank-one directions, as proposed in [49, Section 5.1]. In general, this set of rank-one directions can
be extended, but due to the insights gained in [40], our numerical experiments focus on the set (4.1). The appropriate scaling of
the directions by the factor § is included in Algorithm 2. The maximum laminate depth k&, is set to 10. This maximum laminate
depth has been chosen to cover all necessary laminate depths. It was observed that within the shown planes of the mathematical
benchmark problems first and second order laminates were detected.

4.1. Multiwell example

A benchmark problem in three spatial dimensions, namely the following multiwell function

2
Waw(F) = (IF|* = 1)", (4.2)
is studied. Its analytic rank-one convex envelope, which equals its convex envelope, see e.g. [64, Section 9.1.1], is given by
2
|FI>=1)" if |F| > 1,
W (F) = ( (4.3)
MW 0 else.

The benchmark problem is visualised in the F;—F,, plane (all other components of F are set to zero, including F;;) in Fig. 4.1(A).
Fig. 4.1(B) shows the HROC algorithm response sampled at points in this plane and linearly interpolated in between.

The convergence and performance of the algorithm for this three-dimensional example is illustrated in Fig. 4.2. Again, the
pointwise error WHROC(F) — Wi (F) at F = 0 is plotted on the left-hand side in Fig. 4.2. Here, it is noteworthy, that the error
approaches zero rather quickly. The computational times are shown on the right-hand side of Fig. 4.2. The performance in the
nine-dimensional R3*3-space is excellent; for N ~ 10* discretisation points, the application of the algorithm is still feasible in
constitutive models within finite element applications. The linear complexity in three spatial dimensions of the HROC algorithm
can be observed by the parallel line to the perfect linear scaling. For a comparison to state-of-the-art polyconvexification methods,
see [39, Figure 4.4].

4.2. Kohn-Strang—Dolzmann example

To challenge our approach in a more difficult problem, we consider the example analysed in [49,50] (based on the example
in [66,68]), where the energy density contains an unphysical kink. However, since an analytical rank-one convex envelope is

10
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Fig. 4.2. Error development (left) and computational times (right) versus one-dimensional convexification discretisation parameter N for the multiwell benchmark
problem in three spatial dimensions. The use within constitutive models lies in an acceptable range for N < 10* points.

WS (F)

Fy

(A) (B)

Fig. 4.3. (A) Kohn-Strang-Dolzmann energy density and (B) approximation of the rank-one convex envelope by HROC algorithm in the F, —F,, plane for
Wt (F)- Wy, (F)
WisnF)
the F,,—F,, plane represented by the parameters & ~ 1/20,r = 1.

Fy, = F; = 0. The relative error is maxrey, | || = 0.0386 and the absolute error 0.0472 with convexification parameter N = 5000 on the grid in

available, we can suitably compare the results of our approach to the analytical hull and its derivative. The example reads

W (F) = L+|F)? if |F|>V2-1,
KSPETT Y 2v21F) if |FI < V2 - 1.

Its rank-one convex envelope, which equals its quasiconvex and polyconvex envelope but differs from its convex hull, is given in [50,
Section 5.1] and reads

“4.4

2 .

W ()= {1 +|F| %f p(F) > 1, “5)
2(p(F)— |det F|) if p(F) <1,
with p(F) = 1/|F|? + 2| det F|. The function Wksp is shown in Fig. 4.3(A) and the approximation of the rank-one convex envelope
by the HROC algorithm in Fig. 4.3(B). In order to construct an energetic landscape, the HROC algorithm was evaluated at different
points in the diagonal matrix plane and linearly interpolated in between. The error on the box N5, shows that the HROC algorithm
indeed approximates the rank-one convex envelope.

The approximation quality and computational performance of a pointwise evaluation of the HROC algorithm is visualised in

Fig. 4.4. The convergence of the pointwise error W, ihOC(F) — Wi (F) in the evaluation point

. fo2 o1
F ‘[0.1 0.3]’ (4.6)

11
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Fig. 4.4. On the left-hand side, the pointwise approximation error of the HROC algorithm in F versus the one-dimensional convexification discretisation parameter
N is shown for the Kohn-Strang-Dolzmann example. A plateau for an error of 10~ is reached for 10° or more points along the discretised rank-one lines.
The right-hand side shows how the one-dimensional discretisation points scale in terms of computational time. A discretisation with N ~ 10° points leads to
acceptable computational times of milliseconds which is suited for the use in constitutive models while at the same time preserving possible accuracy of the
algorithm, which, however, is already at the limit when it comes to feasibility for realistic boundary value problems.

which is not part of the F;—F,, plane, is plotted on the left-hand side of Fig. 4.4. The point is purposely chosen to match the
numerical studies of [39, Section 4.1]. On the right-hand side of this figure, the scaling of the computational time with respect to
the discretisation parameter N for the one-dimensional convexifications is visualised. Since the tree depth k., and set of discretised
rank-one directions R is kept fixed one can observe linear complexity in the one-dimensional convexification discretisation parameter
N in the asymptotic regime. In the practically relevant regime for N ~ 10~3, which allows the incorporation into a nonlinear finite
element simulation, the scaling is of order 3N. The prefactor 3 is due to the second order laminates present in the problem. In
general, a factor of 2/ — 1 can be expected, where 7 < k,,, is the problem dependent maximum laminate depth. The observed plateau
in the convergence plot in Fig. 4.4 starting at N ~ 10° indicates that the approximation accuracy is limited, i.e. at some point a finer
one-dimensional convexification does not necessarily lead to higher accuracy. In order to achieve a higher approximation quality,
one could enrich the rank-one discretisation set and increase the maximal limit for the tree depth.

Fig. 4.5 illustrates the differences in the tensorial derivative of the approximated and analytic rank-one convex hulls with respect
to Fj, across various scenarios: F, F|, and F,. The approximated derivative for these examples cannot be derived directly using
the method outlined in Section 3.2 due to insufficient regularity at the origin. For the rank-one path F,, the laminate consists of
the matrices F~ = diag[0,0] and F* = diag[1,0]. The function’s derivative is not uniquely defined at F~, leading to varying results,
especially when using automatic differentiation due to infinitely many possible subdifferentials which can be chosen by automatic
differentiation. If the subdifferential with the same slope as at F* is considered (e.g. by a custom automatic differentiation rule),
then the convex combination of the derivatives yields the desired constant derivative in the function’s non-convex regime. Fig. 4.5
shows the automatic differentiation derivative obtained by a custom gradient rule at the grid point in the origin. Note that the
custom rule is only valid for positive 4 and need to be adjusted in the case of negative 4. Good agreement for the paths F, and F,
is achieved. Note that the path F, does not pass not through the origin. For F,, while the derivative of the approximated envelope
significantly differs from the analytic rank-one convex envelope, the curves are qualitatively similar. This highlights the upper bound
behaviour of the HROC algorithm.

Another convenient method to compute the derivative is through numerical schemes such as finite differences with appropriate
step size. Here, a challenge arises due to the dynamic distribution of convexification grid points through the algorithm (see Algorithm
2, line 6). The discrete nature, combined with dynamic distribution, means that at some points along the path F,,, the laminate phase
F~ is attained with machine precision for sufficiently large N. However, at other points, a small offset § can occur. Therefore, a
finite difference step size smaller than the discretisation parameter § may lead to flawed results.

4.3. Failure of approximation

In what follows, we illustrate the limitations of the HROC algorithm when it comes to the approximation of the rank-one convex
envelope for arbitrary functions, i.e. in general it does not deliver the correct point evaluation of the rank-one convex envelope but
only an upper bound. The HROC algorithm computes a valid hierarchical rank-one sequence, which, however, might not be optimal
in the sense of the rank-one convex envelope. The computed convexified function value is smaller or equal to the original function
value and an upper bound for the rank-one convex envelope evaluation. This is due to the fact that the algorithm only minimises
over a subset of hierarchical rank-one connected sets (laminates), namely only the local optimal ones.

In order to illustrate this, we discuss a counter example for which the algorithm fails due to the nonlocality of the convexification
problem. Consider the function

2
Weait(F) = ((v; = 32(v; +3)? + (v, — 3)%(v, + 3)%) ((, ViV — 1> + 1) , 4.7)

12
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Fig. 4.5. Derivatives of the Kohn-Strang-Dolzmann example in 2D for different parameterised paths FO = diag[4,0], F | = diag[A,1] and i’z = diag[4, 4] obtained
by automatic differentiation and the method outlined in Section 3.2. For the origin a custom derivative rule was used in order to choose the correct subdifferential
which is evaluated along the path F,. Here, the indices {1,1} of the tensorial derivative are shown as dashed lines for the analytical rank-one convex envelope
and as solid lines for the approximated hull by the HROC algorithm.
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Fig. 4.6. Fig. 4.6(A) illustrates Wy, in the F,—F,, plane while Fig. 4.6(B) shows the application of the HROC algorithm. The inability to approximate the
rank-one convex envelope is noticeable due to the missing zero plateau in the computed hull within the inner radius r = 1. This is a result of the nested minima,
where the outer zero-valued global minima cannot be reached by HROC-selected rank-one connected sets. However, they could be reached by taking into account
non-optimal intermediate laminates.

where v; and v, describe the signed singular values of the 2 x 2 matrix F, so that, v,v, = det F.

Fig. 4.6(A) shows a surface plot of the function W, in the F|;—-F,, plane, while Fig. 4.6(B) shows the results of the HROC
algorithm within the inner radius of the local minima. Within this radius, the function value is lowered to approximately 200.
However, the exact function value of the rank-one convex envelope is 0 in the ball of radius 3.

The cause of this discrepancy is illustrated in Fig. 4.7. There, the computed hierarchical sequence is visualised by the directions as
solid lines and matrices as dots. Note that rank-one directions which point out of the F,;—F,, plane are included in the discretisation
set. However, the example is designed in such a way that the matrices involved in the hierarchical rank-one connected set are still
diagonal matrices and hence lie in the illustrated F;,—F,, plane. Within the F;,—F,, plane, there is no chance for the HROC algorithm
to notice that a possible suboptimal laminate will yield the zero-valued envelope target value. For this, the algorithm would need
to extend the first hierarchical points to the very border (radius 3) of the figure and thus, to choose a non-optimal intermediate
laminate. Instead, the algorithm chooses the level-wise optimal laminate, which is similar to the one computed in the Multiwell
example of the previous section. An optimal H-sequence is shown in red, making it comprehensible that, for the rank-one convex
envelope of Wy, everything in the box of radius 3 needs to be set to zero.

13
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Fig. 4.7. Failure of the HROC algorithm for Wy, as in (4.7). Wy, is plotted in the diagonal F,,~F,, plane. Evaluation of the HROC algorithm at F = 0.
The computed hierarchical rank-one connected set of matrices is visualised by the black dots and connecting black lines. The HROC algorithm constructs a
non-optimal H-sequence. The optimal H-sequence can be seen by the red dots with their associated rank-one connections depicted as red dashed lines.

This illustrates that the algorithm has a local character and is not always able to incorporate the global behaviour of the function
to be rank-one convexified, which has to be kept in mind when applying it. A possible remedy for this issue could be to enforce
more globality of the algorithm with the drawback of higher computational complexity, or allowing an extended set of directions
to be checked for convexification. A possible solution to this discrepancy is to introduce connections of rank greater than one into
the set of lines that are being convexified. However, these directions would contradict the rank-one connectivity and would lead to
incompatible microstructures that cannot be interpreted as laminates.

5. Application to continuum damage mechanics

While benchmark problems are useful to test the performance of a single algorithm call, they often neglect real-world
applications. We test the novel algorithm for the finite-strain phenomenological continuum damage model also considered in [57].
As in all dissipative formulations, the incremental stress potential changes within each time increment, so that an efficient online
convexification is crucial to the overall feasibility of a numerical simulation.

First, we briefly recall the damage model of [57]. The foundation is the strain—energy density

w(F,a) = (1 - D(@)y"(F), (5.1)

where the internal variable is denoted by « and the non-decreasing damage function D maps « to values in the range [0, 1). In this
setting, D taking the value 0 corresponds to the intact state of the material while D approaching 1 the completely damaged state,
where the value 1 is usually omitted for numerical reasons. In the following experiments, the damage function

D(a) = D, (1 —exp (-Di>> (5.2)
0

is used. The effective strain energy density w° models the virtually undamaged response of the underlying material. The thermody-
namic force associated to a is f = w(F) in case of damage evolution. According to [57], the incremental stress potential reads

W (F) = w(F,a) = w(Fy,a) +aD —a D — D+ Dy. (5.3)

Note that the index of the current time step (), is omitted if there is no potential of confusion.
5.1. Material point experiments

For a single time increment, i.e. a fixed incremental stress potential, we compare the convexification via the HROC approach to
the results of [40], where an expensive algorithm for the full rank-one convexification is proposed. The results of this algorithm are
obtained with significantly increased computational effort compared to the here proposed HROC approach, however, they serve as
reference here. Fig. 5.1(A) shows the computed hulls of W along the diagonal line F), = F,, with F,, = F,; = 0, where we used the
compressible Neo-Hookean effective strain energy density

Wy (F) = g(l1 -3)—uIn(J) + %ln(J)2, (5.4)
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Fig. 5.1. Comparison of HROC algorithm with results from [40]. Fig. 5.1(A) shows the incremental stress potential for a single increment along the biaxial
path F), = F,, for F|, = F,; = 0. The novel algorithm matches the predicted rank-one convex hull in the non-convex regime except at F,, = F,, ~ 1.75. There, a
small dip upwards can be seen. Note, however, that this relaxed regime is non-convex also for the results in [40] due to followed deformation path of rank = 2.
Fig. 5.1(B) shows the comparison of the rotationally averaged first derivative (Piola-Kirchhoff stresses, shown as blue lines), which lie on top of each other,
and the non-averaged ones, which differ non-uniquely. The rotational averaged stresses correspond to the finite difference derivative of the incremental stress
potential curve and are therefore considered exact. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

with the first invariant I, = tr(FT F) and Jacobian J = det F. The material parameters are set to D, =0.3,D,, =09,4=0.5,u=1.0
and the internal variable value of the previous increment «, is kept constant at 0.0625. Notably, the novel HROC algorithm
approximates the rank-one convex envelope very well until the deformation gradient F|; = F,, ~ 1.75 is reached. There, a small
deviation can be noticed between the HROC algorithm and the result from [40, Figure 11] plotted as W in Fig. 5.1.

Fig. 5.1(B) shows the derivative obtained via (3.2). At the beginning of the algorithm development, we observed that the
derivative was oscillating and jumped between the values of the red curves P, and P,, of Fig. 5.1(B). This behaviour can be omitted
by enforcing laminate direction continuity over successive HROC calls. Laminate direction continuity across successive HROC calls
can be achieved by favouring the previous increment laminate direction in the loop of line 3 in Algorithm 2. Further, we noticed
that, for this isotropic deformation behaviour and a given isotropic incremental stress potential, the obtained stress response was not
isotropic. This behaviour is a result of the loss of rotational invariance, since we are operating directly in the space of deformation
gradients.

From an energetic point of view, the resulting microstructure is equivalent to a microstructure that is rotated by 90°. Due to
isotropy, a laminate can overshoot in, e.g. x,-direction, while it undershoots the deformation in the x,-direction, as visible for the
prescribed macroscopic homogeneous biaxial deformation of F,; = F,, = 1.24 in Fig. 5.2(A). Thus, an average over all possible
rotations over the microstructure should result in the desired isotropic stress response. In Fig. 5.1(B), this procedure is applied for
the curves Plr;’t and Pzrgt and it can be seen that this indeed restores the desired rotational invariance since the curves for Plr‘l’t and
Pzr;’t coincide. While, at first sight, this seems like a disadvantage of isotropic materials, it is at the same time an opportunity due to
the ambiguity of the constructed laminates and the implied possible H-sequences that describe them. It is notable that the obtained
rotational average matches the finite differences of the green curve in Fig. 5.1(A) exactly, thus validating the obtained procedure
to take derivatives with the obtained H-sequences. Further, it becomes evident that the energy density feature of strain softening
is not lost due to rank-one convexification. On the contrary, it is preserved in a realistic manner, but only for deformation paths
which differ by rank greater than one. This is a distinct feature of semi-convexity. If the direction set is enriched by directions with
rank greater than one, this feature is lost and the classical relaxation plateau is obtained again.

5.2. Two-dimensional plate with a hole

The HROC algorithm is now tested for the two-dimensional plate with a hole benchmark problem. Here, the WI(\)IHI effective strain
energy density is used with the material parameters D = 0.9, D, = 0.3, 4 = 0.9, A = 0.4. For the convexification, we used N = 8000
points along each rank-one convexified line as the discretisation parameter. The symmetry of the problem is exploited and only
a quarter is discretised. Quadratic basis functions on a tetrahedral mesh are used for the discretisation of the domain. In order
to enforce symmetry, homogeneous Dirichlet boundary conditions are considered for the displacement component perpendicular
to the symmetry line. On the right-hand side of the domain, a heterogeneous Dirichlet boundary condition is used that ramps up
linearly in the x,-component to a maximum pull of 0.3 while the x,-component is set to zero. In Fig. 5.3(C), the deformed domain
with the displacement norm as contour colour can be seen. Further, the microstructures at four distinct Gauss points are shown as
well. Here, it can be seen that the laminate propagates continuously through the domain. Fig. 5.3(A) shows the force-displacement
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(A)  Reconstructed microstructure  at (B)  Reconstructed  microstructure
Fi1 = Fy =1.24. Fi1 = Fy =1.34.

Fig. 5.2. Reconstructed microstructure according to the proposed methodology in Section 3.3. Here, the frequency was chosen to be 2, where 7 is the level
of the laminate, i.e. 2 for first order laminate and 4 for the nested, second order laminate. Continuous development of the described laminate visualised by a
reconstructed displaced microstructure. The microstructures correspond to positions on the macroscopic biaxial deformation path which is illustrated in Fig. 5.1.
The colour shows the norm of the C°-continuous computed microstructural displacement u”.. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

0.2 . \\\ - -
. ,\/’\<I /“//‘/:v
0.15 | — l\ P
& el
E
8 0.1} |
= 21 ele
101 ele
0.05 196 ele
unrelaxed
0 —— relaxed rotation ||
| |

0.0 0.05 01 015 0.2 025 0.3
Displacement u

(A)

Fig. 5.3. Plate with a hole two-dimensional finite element problem with the isotropic continuum damage mechanics model. Left-hand side (A) shows the
load-displacement diagram for the unrelaxed, relaxed and rotational averaged relaxed response. For the discretisation, quadratic triangles were used and the
relaxed response converges quickly (all solid lines visually coincide) in contrast to the non-converging unrelaxed response. The boundary value problem and the
associated finest mesh can be seen at the top right in subfigure (B). Note that only the upper right portion of the domain is discretised due to symmetry. The
bottom of the right-hand side (C) shows the obtained minimiser. The deformed mesh is coloured in the Euclidean norm of the deformation. At four Gauss points
the laminate microstructures are illustrated. It can be seen that the laminates are continuous in terms of their direction and volume fraction of the phases. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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| | |
0 0.05 0.1 0.15 0.2 0.25 0.3
Displacement u

(A)

Fig. 5.4. Three-dimensional finite element problem considering a pulled cube with a hole. The force-displacement diagram is shown on the left-hand side (A).
The boundary value problem and its associated finest discretisation is shown in (B). There, the discretised one eighth of the domain with quadratic tetrahedrons
is visualised. At the bottom of the right-hand side subfigure (C) shows the three different obtained minimisers. Different minimisers for Newton and gradient
descent optimisation schemes are obtained for the unrelaxed response. Four different meshes are used. The numbers in the legend refer to the maximum edge
length of the used quadratic tetrahedral elements. Subfigure (C) clearly shows the different responses obtained from a Newton (red wireframe) and gradient
(purple wireframe) based finite element solver for the unrelaxed response. Both lead to a mesh-dependent, non-converging behaviour. Considering the relaxed
response (blue wireframe), obtained by the HROC algorithm, a mostly converging response can be observed, although there is a slight deviation at the end of
the numerical experiment. It is emphasised that, to the best of the authors’ knowledge, thanks to the proposed HROC algorithm, this is the first time where the
calculation of a relevant three-dimensional boundary value problem is shown for a fully three-dimensional, relaxed material model only using standard single
workstation performance. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

diagram. A strong mesh-dependent response of the unrelaxed formulation can be observed while the relaxed response is clearly
mesh-insensitive. Noteably, according to the force-displacement diagram, it does not matter if the rotational average is computed
or not. Both curves match almost identically. However, the relaxed response shows an expected relaxation plateau as reported
in [56,57]. To incorporate a more realistic damage response in terms of strain softening, an evolution of the laminate phases as
modelled in the one-dimensional case in [55] is required.

5.3. Three-dimensional cube with a hole

We discuss a similar boundary value problem in three spatial dimensions. Here, a standard algorithm rank-one convexification
algorithm would be too computationally demanding due to the requirement to discretise the d x d-space. To illustrate this, consider
a grid of deformation gradients in the nine-dimensional space. Discretising each axis only by 10 points would already lead to a
memory demand of 72 GBs if 64 bit floats are used. Therefore, a pointwise algorithm in the sense of obtaining a single point of the
approximated rank-one convex envelope is required.

The domain of the problem is the unitbox with a sphere cut out in the middle of the box. Due to symmetry, we only discretise one
eighth of the domain. On each side along the x,-axis, Dirichlet boundary conditions are applied to pull the box. For the simulation,
the following effective strain energy density is used

Wl(\)]HZ(F) =C (T = 3)+((C,/6) + (D, /A)(J* + (1/T%) = 2), (5.5)
where C; = u/2, D, = 4/2, and T = J~2/3]. The material parameters u = 0.4, A=0.1, D = 0.95, and D, = 0.1 are used. For the
convexification, we used N = 9000 convexification points along each convexified rank-one line. The domain is discretised by a
tetrahedral mesh and quadratic basis functions are used.

In Fig. 5.4(A), the results in terms of the load—-displacement diagram can be seen. The unrelaxed response is calculated using
a Newton and a steepest-descent scheme. For the relaxed response, the Newton method was used. From the load—-displacement
diagram, it is clear that the unrelaxed response is mesh-dependent. On the contrary, the relaxed response shows the typical relaxation
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5.6619872

1.7155036

(A) (B)

Fig. 5.5. Reconstructed microstructure of the cube with a hole example at + =50 and ¢ = 100 at the 213th element marked with a green star in Fig. 5.4(C). In
both Figs. 5.5(A) and 5.5(B), the Frobenius norm of the laminate’s gradient is shown in colour. Notably, the norm of the phase gradient stays almost identical
over the simulation, despite the changing components that relate to the shearing of the element. A continuous development of the laminate can be observed.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

plateau. In order to enrich the model behaviour in terms of strain softening, individual phase evolution must take place, as modelled
in the one-dimensional case in [55]. Note that this full three-dimensional relaxed simulation is only possible due to the performance
of the HROC algorithm. Although, the curves at the end of the numerical experiment are not fully aligned, which may be the result
of too coarse convexification and therefore a too poor rank-one envelope approximation, or a coarse finite element discretisation.
The discretisations used are the finest possible, assembled by multithreading assembly. If a more refined discretisation is to be
considered, distributed computing is required. As the variation at the end is rather small and the curves at the beginning are almost
identical and overlapping, this mainly seems to be a result of a too coarse convexification.

Fig. 5.4(C) shows the different minimisers obtained by the unrelaxed response and Newton’s method (red wireframe), unrelaxed
response and steepest descent method (purple wireframe), and relaxed response with Newton’s method (blue wireframe). Fig. 5.5
shows the continuous evolution of the microstructure over time for an element marked in Fig. 5.4(C). For the illustrated laminate
of order one, the two phases are coloured according to the norms of the associated deformation gradients. It can be observed that
only the volume fractions of the two phases change over time while the phases remain unchanged.

6. Conclusion

In this work, we presented a novel convexification approach based on hierarchical rank-one sequences for the approximation of
the rank-one convex envelope. First, the required notions and the general variational problem for solid mechanics were introduced.
After this, the algorithm was motivated by first establishing how to convexify along one dimensional lines and then how to convexify
for a single laminate. Furthermore, this procedure was recursively applied to refine the laminates (or the supporting points) of the
hierarchical rank-one sequence. A major feature of the proposed approach is that it is computationally cheap by design, i.e. it is of
linear complexity in the one dimensional discretisation parameter N. The algorithm was then tested in mathematical benchmark
problems, where the convergence with respect to the parameter N was shown and its limitations were examined. After that, the
performance of the novel approach was shown in the application of a phenomenological scalar-valued continuum damage mechanics
model. Here, we showed that this algorithm is indeed capable for being used in each integration point at each incremental step in
two- and three-dimensional finite element problems at finite strains. Even if the algorithm in general only delivers an upper bound for
the rank-one convex envelope, the algorithm suitably approximates the actual rank-one convex envelope for many relevant cases.
Therefore, it makes computational relaxation feasible for many engineering problems, thanks to its low computational cost. The
approximated envelope seems to be sufficient in order to result in mesh-independent results. Further, we showed the reconstructed
deformed microstructures which are described by the laminates occurring at the Gauss points. In future work, the algorithm needs
to be analysed in the context of anisotropic problems and different dissipative continuum mechanical formulations. Additionally,
the criteria when to split the tree can possibly be enhanced by a more global approach, e.g. by taking the ellipticity condition into
account.
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