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Notation

In this thesis we try to stick to the following notation policy.

o The domains of interest, as subsets of R%, are denoted by Q with possible super- or
subscripts.

e Boundary portions of 2 are denoted by I' with possible super- or subscripts.
e x is usually an element of €.

e tis always a “time” parameter.

e Scalar values use Greek letters a,~y, A.

« Vectors in R? use lowercase Latin letters u, v.

e Matrices are written in uppercase Latin letters A, P, Q.

e Standard continuum mechanics quantities, such as ¢ and €, do not follow the rules
above.

o Local quantities use standard fonts, while global functions (on 2) are boldfaced:

p=p(z) for zeq.

o Dual pairings are given is sharp brackets (-, ).

 The scalar product of two vectors is written by a single dot a - b for a, b € R,
e Matrix scalar products are written using two dots A : B for A, B € R™*™,

e Multiplications of tensors C and matrices M are written as CM.

e The identification operator = is used whenever two functions are equal in the
pointwise meaning, i.e., for f,g: D — R

f=g o f()=g)

for all (or almost all, depending on the function space) = € D.
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Why do we Differentiate between Small- and Finite-Strain
Plasticity?

This thesis covers two fundamental models of continuum mechanics: small-strain plas-
ticity and finite-strain plasticity. Although the two models have a similar name, the
mathematical theory involved is very different. However, we are able to show that the
finite-strain plasticity model is an extension of the small-strain model.

In the first part, we cover the topic of small-strain plasticity. After an introduction to
the continuum mechanics model, a numerical approximation scheme leads to convex but
nonsmooth minimization problems. The assumption of small strains allows us to justify
a number of linearizations of the continuum mechanics model. Hence, the minimization
problems have a simple form, but their solution is non-trivial due to the nonsmoothness.
Therefore, an efficient solver is presented to handle these problems.

The second part of this thesis deals with the theory of finite-strain plasticity. No
linearizations are applied to the continuum mechanics model. Therefore, the mathematical
theory is more involved and we have to consider nonlinear manifold spaces to describe the
problem and the solutions. A numerical approximation scheme again leads to nonsmooth
minimization problems. However, these problems are not convex. Hence, another method
has been developed to handle these minimization problems numerically. An interesting
property of the solver is that it constructs a series of small-strain plasticity problems.
These small-strain plasticity problems can be solved efficiently by methods from the first
part of this thesis. Therefore, we consider the second part of this thesis as an extension
of the first part, both in terms of the continuum mechanics model and the solution
algorithms.

10



Part |I.

An Efficient and Globally Convergent
Minimization Algorithm for
Small-Strain Plasticity Minimization
Problems
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1. Introduction

Small strain plasticity problems are of great interest in engineering. Over the decades,
much progress has been made in modeling the physical problem and in improving the
solution algorithms. Small-strain plasticity is one of the most studied areas. The
fundamental assumption of small strains allows a variety of convenient simplifications of
the physical interactions of the quantities involved.

The content of this part of the thesis is based on the collaboration with Oliver Sander,
resulting in the published article [30]. In this thesis, we extend that article in several
places by introducing another nonsmooth yield function in and new hardening
laws in The general structure of this topic, including the article [30], is taken
in large parts from the monograph by Weimin Han and B. Daya Reddy [16]. This book
gives a comprehensive overview of possible further ideas of small-strain plasticity. We
consider the parts of this book to the extent that we can establish a solid foundation for
the problem of small-strain plasticity without at the same time going beyond the scope
of this thesis. Several aspects from the extended theory could easily be adopted in this
thesis, while other parts would require extensive changes.

This part of the thesis is structured as follows. The physical strong form of the
small-strain plasticity model is constructed from scratch in [Chapter 2| In [Chapter 3|
equivalent variational formulations of the strong formulation are presented. An algebraic
form of the variational problems is presented in followed by the introduction
of solution algorithms in [Chapter 5 Finally, in several numerical tests are

performed to demonstrate the efficiency of the algorithms.
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2. Strong Formulation of Small-Strain
Plasticity

We begin with an overview of important results from continuum mechanics. Most of
the results are taken from [16 Part I}, including the majority of the notation. Intended
variations in the notation are made in order to fit consistently to the second part of this
thesis about finite-strain mechanics. It should be mentioned that other commonly used
notations exist in literature.

2.1. Kinematics

The physical problem is defined over an open and bounded domain Q C R¢. We will also
refer to 2 as the initial state. In this thesis we consider only d € {2,3} since these are
the relevant cases for continuum mechanics. The physical observation we want to explain
here is the change of the shape of the domain undergoing external loads. This change in
shape is modeled by a time-dependent deformation field y :  x [0, 7] — R¢, such that
for a time point ¢ € [0, 7], the value of y(z,t) describes the current position of = € Q.
Hence, the current domain at time t is given by

QY= y(Q,t).

Besides the deformation field, we will use the displacement field u : Q x [0,7] — RY,
defined by
u(z,t) =y(z,t) — z.

A representation of deformation and displacement is visualized in

Although the deformation and the displacement field describe the shape change well,
they are no suitable quantity for measuring local deformations. This becomes obvious if
we consider a rigid body motion given by the deformation field

y(z,t) = Q(t)z + b(t) (2.1)

with an orthogonal matrix Q(¢) and a vector b(t) for all . This describes for instance the
movement of a pen on the desk, if the pen is given by 2. For those rigid body motions,
no local deformation takes place.

Therefore, we will construct another quantity (the strain) on Q which will be invariant
under rigid body motions. To this end, we consider a point z € €2, and two direc-
tions a,b € R?, such that = + a and x + b are in Q. The goal is to capture both changes
in the length scales and in the angle between a and b. The scalar product (a,b) captures
both of these.

15



2. Strong Formulation of Small-Strain Plasticity

[ S
<""",E%"-""

Figure 2.1.: Deformation of the two-dimensional initial state (solid lines) to the deformed
state (dashed lines) at time t.

After the deformation at time ¢, the deformed directions are given by y(z+a,t) —y(z,t)
and y(z +b,t) — y(z,t), respectively, in the deformed body. The situation is displayed in

[Figare 2.3

LILLLLELLLLLLLL

y(z + a)

(924

Figure 2.2.: Location of x and the directions a and b in the initial state (left), and in the
deformed state (right). Dependency on ¢ is omitted for readability.

The infinitesimal change of the scalar product of a and b is given by

h—0 h?

. (2.2)
If we assume that y is sufficiently smooth, we can write

y(x + ha,t) = y(z,t) + hVy(z,y) a + O(h?)

16



2.1. Kinematics

where V is the gradient operator with respect to x € 2. Plugging this into the scalar
products leads to

(y(x + ha,t) —y(z,t),y(z + hb, t) — y(z, 1)) = (hVy(z,y) - a,hVy(z,y) - b) + O(h®)
= h%a” (Vy(x, t)I'Vy(z, t)) b+ O(h?).
Inserting this into results in
S(x;a,b) = a® (Vy(x,t)TVy(x,t) - I) b.
Now we use Vu = Vy — I to obtain
S(z;a,0) = o’ (Vu(z,t) + Vu(e,t)" + Vu(z, y) Vu(z,1)) b

Hence, the local change of the deformation can be expressed as a bilinear form independent
of the directions a, b.

Definition 2.1.1 (Strain tensor). For a differentiable displacement field u :  x [0, T] — RY

the strain tensor is given by

E = E(u) = 5 (Vu+ Vo’ + Vo' Vu).

N | —

Remarks 2.1.2.
(i) E is called the St. Venant—Green strain tensor.

(ii) Often we find the equivalent definition

. 1 T
E=E(y) = (Vy Vy — I)
if the deformation field y is the quantity of interest.

(iii) For a rigid body motion (2.1)), we have E = 0. Our introductory motivation for the
strain of rigid body motions is therefore fulfilled.

The connection of strain and displacement is obviously not linear, which makes both
analysis and numerical handling of the problem complicated. This is studied in detail in
the second part of this thesis. In the theory of small strains the following name-giving
assumption is made: ||Vu]| is small in a given norm. This implies that ||E|| is also small
in the same norm. We will never specify what small means exactly in practice since it
is a model choice made beforehand. This choice is justified afterwards when numerical
results match real observations. For a small Vu, the quadratic term Vu?Vu can be
neglected in practice.

Definition 2.1.3 (Small-Strain Tensor). For a given differentiable displacement field
u:Qx[0,7] — R? the small-strain tensor is

€(u) = % (Vu + VuT) .

17



2. Strong Formulation of Small-Strain Plasticity

2.2. Forces and Stress

Now we introduced quantities that describe the current form of the material undergoing
the deformation process. Next, external load is studied. In continuum mechanics, load is
described by forces. Let 92 denote the boundary of €2. The total force F' that acts on 2
is given by the integral of the acceleration times the material mass density p

F:/pﬁdxeRd.
Q

The total force F' is split into volumetric and surface parts. Formally, there are force
densities b: Q x [0,7] — R? and s : 9Q x [0, T] — R? such that

F(t) = /Q ba.t)do+ | s(.t)ds. (2.3)

A crucial result from continuum mechanics states that there is a time-dependent,
symmetric matrix field o: Q x [0, 7] — R?*? which represents the force density s, cf. [16,
Section 2.2]

Proposition 2.2.1 (Cauchy stress at small strains). Assuming that |Vul| is small there
is a differentiable and symmetric matriz field o : Q x [0,T] — R such that

s(z,t) = o(x,t) - n(z)

for the outer normal n(z) of O at x. Furthermore, we can express the total force F(t)
by
F(t) = / div(o(z, 1)) + b(z, 1) dz.
Q

The div-operator is the row-wise divergence with respect to x.

Remark 2.2.2. Later on in the second part of this thesis in a more detailed
insight into the origin of the stress tensor field o will be given. There it will also be stated
why the assumption that ||Vu|| is small plays a crucial role in the proposition above.

The results above can be formulated for each subset ' C Q. Hence we conclude the
strong pointwise equation

div(e) +b=pia  in Qx[0,7].

This is called the balance of linear momentum. Under the further assumption that the
process of deformation is slow and independent of the rate of the external variables, the
equation simplifies more. But first, let us formalize what rate-independence is precisely,
cf. [22, Definition 1.2.1].

Definition 2.2.3 (Rate-independent process). Let [0,T] a time interval, and F the
external load. Consider a process depending on F with a solution ¢ = q(t) in the
time interval [0,T]. We call the system (F,q) rate-independent, if for every o > 0 the
time-scaled control t — F(at) obtains a time-scaled solution t — q(at).

18



2.3. Elastic and Plastic Strain

In other words, the process is independent of time-scaling. An immediate consequence
of rate-independent solutions ¢ is that speed ¢ and acceleration ¢ cannot be part of a
rate-independent system. In this thesis we consider only rate-independent processes and
remove the acceleration term from our system.

Definition 2.2.4 (Quasi-static balance of momentum). For a rate-independent deforma-
tion process we consider the balance of moment linear momentum

—div(e) =b in Q x [0,T]. (2.4)

2.3. Elastic and Plastic Strain

o
,,,,,, A
/ \Oad'm%
-~00 (B) plastic <
£
& &
BNy ~
& )
>
@ €
(A) (D)

Figure 2.3.: Simplified stress—strain diagram for a loading—unloading test for d = 1 and
plastic behavior.

In this section we want to connect the strain € to the stress o. A typical experiment to
introduce this topic is given by a tensile test with a metal wire. We fix the wire on one
end an apply an increasing pull load on the other end. After the maximal load is reached,
the load is reduced back to zero. A simplified linear stress—strain curve is displayed in

What we can see are three different segments of the stress—strain curve. We start at
an initial stress- and strain-free state (A). During the loading phase the increase of the
stress reaches a critical stress value og at (B). Now the slope changes until we arrive
at the maximal load, and hence the maximal stress at (C). During unloading, starting
at (C), the stress decreases linearly until we arrive at (D). There is a remaining strain
without any stress.

If the maximal stress is small enough that we never reach og at the first place, then the
connection between o and e is linear. This is called elastic behavior and generates the
elastic strain e. After the critical stress o has been reached, an irreversible strain occurs.
Irreversibility is understood in a way that further external load is necessary to return to

19



2. Strong Formulation of Small-Strain Plasticity

the initial state. This kind of strain is called the plastic strain p and does not depend on
the current load, but rather on the history of previous loadsﬂ This phenomenon is visible
in In the moment of decreasing the stress (C), there is already a portion p of
the total strain e created. This remains unchanged till the end (D).

In order to put this into a mathematical context, we recall the definition of the
small-strain tensor

€ =¢€(u) = % (Vu + (Vu)T) .

This needs to be decomposed into the elastic strain e and the plastic strain p. How the
decomposition is done in detail is not obvious at all. In our motivational experiment
above, we use an additive split.

e=e+p, (2.5)

which will be the starting point for the small-strain theory. In [20] the product decompo-
sition
€e=ep
was introduced. In fact, this will be used for the finite strain theory later in the second
part of this thesis and discussed there in detail. The additive decomposition allows
us to work completely in a linear vector space setting, since we only rely on sums and
differences in the strain space.
An important vector space is given by the space of symmetric matrices

S? = {A e R AT = A}

‘We have
e(z),o(z) €S? Vzeq.

An important subspace of the above is given by the trace-tree, symmetric matrices
S¢:={AecS? tr(A) =0},
where the trace is the sum over the diagonal elements

d

We assume that the plastic strain p is volume-preserving |16, page 52]. This is realized
by
p(z) €SE VreQ.

We assume that p(t) does not correspond to the current stress o (t), since the current
plastic strain depends only on the load history. Hence, the stress only depends on the

Tn [15] the current plastic strain is described as a model parameter for a fixed point in time and only
the evolution p is a quantity of interest.

20



2.4. Yield Stress

elastic strain e. In this part of this thesis we only consider a linear connection between
the stress and the elastic strain. This is realized by a fourth order tensor H such that

c=H:e (2.6)

This is called Hooke’s law. For the one dimensional case we see this law as the linear
connection from (A) to (B) in In general, H contains d* components, but
from demanding symmetry on both o and € some degrees of freedom are already fixed.
If the material properties are independent of the coordinate system, we have symmetry
of H in all components. In this case there are only two main components left: A bulk
and a shear component. These are described by two scalar parameters A and p (called
Lamé parameters), such that

H:e= \tr(e)l + 2ue. (2.7)

2.4. Yield Stress

Hooke’s law only holds for elastic processes. Therefore, we have to extend the elastic
theory. We assume that the additional plastic strain p evolves only if a certain amount
of stress is reached, namely the yield stress. The connection to the stress field o is given
by a function

6:8" 5 R

which can be interpreted as a measure of the stress values. We will refer to the function
above as yield function. Once the yield function is established, we say a yield stress is
reached if for x € Q)

¢(o(z)) = 0.

For the construction of yield functions, we use that a yield stress is given at the value
zero. We postulate that negative values indicate elastic behavior. We call the set of
stresses that induce purely elastic material responses the elastic region.

Definition 2.4.1. For a yield function ¢ : S* — R elastic region is
E£(¢) ={o €8": ¢(0) <O}

Determining a suitable yield function ¢ requires engineering knowledge. We restrict
ourself to convex yield functions that only depend on the singular values of o

Two major classes of yield functions can be found in the literature. The first class is
rather simple and creates elastic regions £ with smooth boundary. On the other hand,
the second class is more involved with a nonsmooth boundary of the elastic region. Of
course, special numerical methods are necessary to deal with nonsmooth components.

Convexity of the yield function implies directly that the elastic region is also convex
[8]. For both cases (smooth and nonsmooth) a classical candidate is considered in detail
in the following.
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2. Strong Formulation of Small-Strain Plasticity

2.4.1. Von Mises Yield Criterion

The von Mises yield criterion creates smooth elastic regions. It was developed such that
hydrostatic stresses 0 = I should not lead to plastic deformation. This is achieved by
considering only the deviatoric part dev(c) := o — 3 tr(c)I of the stress.

Then we combine this with the Frobenius norm to arrive at the yield function

¢vm(0) = [|dev(o)|p — 0. (2.8)
The scalar value og > 0 is an experimentally measured quantity. If we only consider the
singular values o1,...,04 of o, the elastic region £ as an infinite cylinder centered at the

T

origin, and orientated parallel to the (1,...,1)" vector. The cylinder intersects at the

axes at the coordinate \/#110'0, as seen in |[Figure 2.4 for the case d = 3.
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3
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Figure 2.4.: Elastic region of the von Mises yield function in three-dimensional principal
space. The view is along the (1,1,1)%-vector.

Remark 2.4.2. The von Mises yield function is sometimes defined with a scaled og as

d—1
d

¢vum(a) = [[dev(o)l|p —

9.

This ensures that the intersection is at og but we have to carry the factor \/% thought
all computations. This is why we stick to original definition (2.8)).

2.4.2. Tresca Yield Criterion

A classical candidate for a nonsmooth elastic region is the Tresca yield criterion. Instead
of measuring the total deviatoric stress, like the von Mises yield function, the Tresca yield
criterion measures the shear stress. The shear stress is given by the maximal difference
in the singular values o1, ...,04 of 0. Thus, we define

¢me(0) = max d\ai — 0j| — oo. (2.9)

s Ly
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2.5. Plastic Strain Evolution

Again, o9 > 0 is an experimentally measured value. Note that the Tresca yield function
is not affected by hydrostatic stresses like the von Mises criterion. For d = 3, the
geometry of the elastic region is displayed in We can see that the boundary
is nonsmooth. The intersection with the principal axes is directly given at og.

01

09 03

Figure 2.5.: Elastic region of the Tresca yield function in three-dimensional principal
space. The view is along the (1,1,1)%-vector.

In two dimensions the von Mises and Tresca yield function are equivalent if we use a
scaled yield stress .

Lemma 2.4.3. Let d =2 and o € S%. Then

||dev (o) — 09|

=]
=—l|o
F \/5 1
Proof. Consider the eigenvalues 01,09 of 0. The eigenvalues of the deviatoric part of o
are o1 — %(01 + 09) and o9 — %(01 + 02), respectively, which is :l:%(al — 09). Hence the
Frobenius norm is given by %hfl — 09| and the proof is complete. O

2.5. Plastic Strain Evolution

In order to determine the evolution of the plastic strain, we can use the Maximum Work
Principle [15] 16} 31]. We are not giving a derivation of the following result in this
thesis. The interested reader is invited to follow the stated sources for a more in-depth
discussion of the origin. There the origin of the term “work” is explained in the context
of thermodynamical considerations in the stress—strain space.

Proposition 2.5.1 (Maximum Work Principle). Consider a stress o € ST with ¢(c) = 0.
Assume that %qﬁ(a) > 0. Then we have an evolution of the plastic strain p € S(‘)l which
satisfies

p:o>p:T Vref.
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2. Strong Formulation of Small-Strain Plasticity

Recall that in this thesis the elastic region £ is a convex set. Therefore, equivalent
characterizations of the Maximum Work Principle are possible using convex analysis
(cf. [8]). We recall some tools for the following results.

Definition 2.5.2 (Normal cone). Let V' a vector space, V' its dual, E C'V a convex
subset and x € £. We call

Ne(@) ={pe V" (ny—z) <0Vye&}
the normal cone of £ at x.

A direct consequence is that Ng(z) = {0} if = is not at the boundary of £. We can
reformulate the Maximum Work Principle as

p € Ne(o)

for any stress o € £. The normal cone is the outer normal of the boundary if £ is smooth
at 0. For the Tresca yield criterion, at one of the corners of £, the cone looks like shown

in [Figure 2.6

o1

03 g2

Figure 2.6.: Normal cone (grey) at a nonsmooth boundary point of the elastic region £

Another tool from convex analysis is the subdifferential as an extension of the classical
derivative.

Definition 2.5.3 (Convex subdifferential). Let V' a vector space, V' its dual, ¢: V — R
convexr and x € V.. We call the set

9p(x) == {neV': ¢(y) > ¢(x) + (n,y —x) Yy € V}
the subdifferential of ¢ at x.

If ¢ is differentiable at x, we have d¢(x) = {V¢(z)}. Since the boundary of the elastic
region £ is the level set of the yield function ¢, we can characterize the normal cone
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2.6. Hardening

of £ directly by the subdifferential of the yield function ¢. Note that the normal cone is
infinite. Hence, we have no information about the size of its elements. Therefore, there
is a scalar v > 0, called the plastic multiplier, such that

b€ v99(0).
We have only an evolution in p if we reach a stress o with ¢(c) = 0. Hence, we demand
>0, ¢(0) <0, 7¢p(o) =0 (2.10)
to hold simultaneously.
2.6. Hardening
In the idealized stress—strain curve in we are now able to describe the evolution

of a plastic strain p after arriving at (B). We need to introduce a concept to describe
the appearing plastic loading slope. Moreover, we notice that stresses beyond the yield
stress o( are reached, which is not covered by the theory for far. In addition, the value
of p seems to depend on the stress. This is contrary to the previously stated assumptions
on p.

We introduce a concept of a changing elastic region £ depending on the history of
events. This is called hardening. In order to track these changes, we need to introduce
internal variables. Formally, there are internal variables which become part of the stress,
and other internal variables which become part of the plastic strain. These variables
keep track of the history of plastic effects and of changes of the elastic region.

The detailed definition of the internal variables depends on the underlying hardening
model. In literature [16, 31] two main categories of hardening are described.

2.6.1. Kinematic Hardening

Until now, the elastic region was always at a fixed place in the stress space. In the
kinematic hardening model we assume that £ can move in the direction of the plastic
evolution p [31}, Section 1.2.4.1]. In mathematical terms there exists an internal stress
variable a € S%, called back stress. The back stress tracks the movement of the elastic
region. Since the internal variables affect the yield function, a modified variant of ¢ is
defined. The modified variant ¢y, for the kinematic stress i, = (0, a) takes the form

Okin(0,a) = ¢(o + a)

and shows therefore directly the movement of the elastic region.

From thermodynamics |16, Section 2.7], we postulate the existence of a corresponding
internal plastic strain variable o € S?. We only consider linear connections between a
and « (16} 31]

dk1 > 0: a=—kja. (2.11)

In theory, however, nonlinear connections are possible as well.

25



2. Strong Formulation of Small-Strain Plasticity

The corresponding kinematic plastic strain is denoted by P, = (p, «). In |[Figure 2.7
an example for d = 2 is shown in the principal space. In this picture the stress o reaches
the boundary of the initial elastic region and causes a movement towards a new center
at —a.

02

o1

Figure 2.7.: Kinematic hardening in principal stress space for d = 2. The initial elastic
region is represented by solid lines. The moved elastic region is dashed with
new center at —a.

2.6.2. lIsotropic Hardening

Besides moving the elastic region as in the kinematic hardening above, growth of the
elastic region is another possibility to reach larger stress values. We consider for simplicity
that the region grows uniformly (isotropically) in all directions. The simplest way to
achieve this it to increase the value of og in the yield functions and . Technically,
we add a negative scalarﬂ g < 0 to the yield function to obtain

¢iso(0’g) = (,25(0') +9g.

There is again a corresponding scalar internal variable i of the plastic strain. The
internal variable 17 describes the influence of the growth parameter g on the plastic strain.
The isotropic stress is defined by Yis, := (0, g), and, correspondingly, the isotropic plastic
strain by the pair Py, := (p, 7).

In [Figure 2.8 an example for d = 2 is shown in principal stress space, where a yield
stress is reached and a growth of the elastic region follows.

*We usually denote scalars by Greek letters, but we stick to the notation of [16].
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2.6. Hardening
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Figure 2.8.: Isotropic hardening in principal stress space for d = 2. The initial elastic

region is represented by solid lines. The grown elastic region is shown by
dashed lines.

For the connections of g and n multiple variants are studied in this thesis. We consider
linear connections, e.g., [16, Secion 3.5]

dke > 0: g = —kan. (2.12)
In addition, we also consider a more complex nonlinear connection from [32, page 393]
9(n) = — (ke — 00) (1 — =)
with non-negative constants ko > 09 and 3.

We want to consider both linear and nonlinear isotropic hardening at the same time.
Therefore we define the isotropic hardening relationship

9(n) = (koo — 90) (1 — ™) — kan. (2.13)
Remarks 2.6.1. The isotropic hardening connection (2.13|) has the following properties.
(i) g is continuous and strongly monotone decreasing.

(ii) We have definiteness
0=g(n) & n=0. (2.14)

(7ii) We only consider growth of the elastic region, hence g < 0. From monotonicity and
the equation above we conclude that

n > 0. (2.15)
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2. Strong Formulation of Small-Strain Plasticity

2.7. Generalized Formulation

In this thesis we combine both kinematic and isotropic hardening. We define the
generalized stress
Y = (0,a,9) € S? x S x R

as a tuple of the stress o, the plastic back-stress a, and the isotropic hardening variable
g. Likewise the generalized plastic strain is

P:=(p,a,n) € Sg‘ X Sg x R>o.
The combined yield function in the generalized stress space is
O(X) =¢(c+a)+g.
We define the generalized elastic region
E:={2: &) <0}.

Since ¢ is a convex function, ® is a convex function, and hence E is a convex set.

With the generalized stress ¥ and plastic strain P a thermodynamical framework can
be developed. This is left out in this thesis, detail are found in [16, Section 3] with the
same notation of this thesis. There it is also stated that the Maximum Work Principle
still holds for the generalized framework.

Proposition 2.7.1 (Generalized Maximum Work Principle). Let ¥ = (0,a,9) be a
generalized yield stress, i.e., ®(X) = 0. Further let %@(E) > 0. Then we have an
evolution of the generalized plastic strain P = (p,a,n) characterized by

PoX=p:o+a:a+n:g>To%x VI cE. (2.16)

In [Figure 2.9] a two dimensional example of the changing elastic region is given for
combined kinematic and isotropic hardening. The ratio between movement and growth
is determined by the hardening parameters ki, ko, koo and [ of the previous sections.

Since E is convex set, we can again write

P e Ng(%) (2.17)

or, equivalently,
Pcy-00(%)

for the subdifferential 0®(-) of ® and a plastic multiplier . In detail, we have

(b 96(c + a)
P=|al|e~y-|0¢(c+a)
U] {1}.
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2.7. Generalized Formulation

Figure 2.9.: Kinematic and isotropic hardening in principal stress space for d = 2. The
initial elastic region is represented by solid lines. The new elastic region is
dashed with new center at —a. The dashed arrow demonstrates that elastic
unloading to zero stress is possible in the new elastic region.

From the above, we have the pointwise condition p = &. If we assume that p = a = 0 for
the initial state at t = 0, we can conclude that for all ¢

p=a. (2.18)

If we return to the idealized stress-strain curve in the plastic loading from
(B) to (C), and the elastic unloading path from (C) to (D) have not been discussed yet.
The changes in internal variables a and g allow stresses o to be greater than og, because
the elastic region moves and grows. Once we decrease the stress at (C), we are in a
situation as displayed in The stress-free state is contained in the new elastic
region. No further plastic strain evolution takes place while unloading from (C) to (D).
Hence, the last part is purely elastic.
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3. Variational Formulations of Small-Strain
Plasticity

The generalized Maximum Work Principle is the starting point for variational formulations
of the small-strain plasticity problem. From here, we have to choose what variables will
be the unknowns of the global system of equations. Basically, we have two options.

The first possibility is the dual formulation. In this form, we start start directly with
the inclusion P € Ng(X) ([2.17). In this form we can eliminate the generalized plastic
strain P by other, already known, conditions on Y. The generalized stress is one of the
unknowns of this form.

The other form is the primal formulation. Here, we want to eliminate the generalized
stress ¥ from the model. Therefore, we need to introduce further structures to express X
directly in terms of P. Then the generalized plastic strain P is one of the unknowns.

Both formulations exist in literature. One benefit of the dual formulation is that we
use the physically measurable stress to describe the unknowns. In contrast, the plastic
strain is a model quantity that cannot be measured directly. Nevertheless, the primal
formulation leads to series of nonsmooth minimizing problems after a suitable time
discretization, while the dual formulation does not.

3.1. Excursus: Dual Formulation of Plasticity

Before we dive directly into the primal formulation of plasticity we give a short overview
how the plasticity problem is treated in the dual formulation. The reader can skip the
following section since its contents will not play a role in the rest of this thesis.

In this section, no details about the specific function spaces of the solutions are given.
In the dual form, the displacement field u, and the global stress fields o,a and g are
the quantities of interest. For simplicity, only a linear form of kinematic and isotropic
hardening is considered. Furthermore, only volumetric forces b are present, and no
surface forces s, as defined in ([2.3]).

We can express the plastic variables in terms of the stress variables

1 1
o= ———a = —
oy n ng

with positive coefficients k1, ko > 0, cf. (2.11)) and (2.12]). From the generalized Maximum
Work Principle (2.17)), we incorporate the definition of the normal cone

P,X-X%)<0 VX cE.

31



3. Variational Formulations of Small-Strain Plasticity

For a volumetric force density b we have the balance of momentum (|2.4])
—div(e) = b.

With that in mind, we define the time-dependent linear load functional (1(¢),-) by

(A(t), u) == — /Q b(t) - ude.
A bilinear form b(-,-) is introduced by
b(u,o) = —/Qe(u) codr.
Using the symmetry of the arguments one can show by integrating by partsﬂ that
b(it, o) = /Q div(o)-a = (1(t),8) Vi

Under the assumption that the Hooke tensor H from (£2.6) is invertible we define the
bilinear stress—stress mapping

a(o,6) = / o:H 16 dz,
Q
and additional bilinear functions for the generalized variables
kq
1

1

a(a,a) ::/ —a: adr,
Q
@@gkz/gg@M1
Q k2
Altogether, we define the generalized bilinear form
A(27 2) = CL(O', &) +a (Oﬁ, d) + 02(g7 g)
The explicit form of (2.17)) is
/ﬂp:(&fo')+a:(d—a)+h-(g—g)dx§0.

Using both
o= —klé. and g = —]{721:],

and Hooke’s law ([2.6))
ei)=p+e=p+H'¢ = p=eu)-H 0o,

YThis is done in detail in
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3.2. Support Functions and Dissipation

we arrive at

1 1
/6(1'1) (6-0)—H'6:(6-0)——&:(G—a)——g (& —g) de<0.
Q kl kg
—b(u,6—0c a(6,6—0
(8.6=0) (¢:6-2) o1 (6ot e (&E—g)
This can be shortened to
A, - %)+ b(w,6—0)>0 VI cE. (3.1)

Together with the previously stated linear constraint
b(u,o) = (1(t),0) Vi (3.2)

the dual formulation will result in a classical quadratic inequality on a convex set with a
linear constraint.

Further numerical treatment of this variational problem is out of the scope of this
thesis and therefore intentionally omitted. A detailed description of the construction of
the fully discrete problem and numerical solution strategies is given in in [16, Section 13].

3.2. Support Functions and Dissipation

In this section we want to investigate a necessary tool for the primal formulation of
plasticity. We want to express the global system of equations in terms of the generalized
plastic strain P and the displacement u. Hence, we need a description of the generalized
plastic strain in terms of the generalized stress 3. The results of this section are pointwise
results, i.e., we consider P = P(z), ¥ = 3(z), etc. for z € Q.

We start with polar functions from convex analysis.

Definition 3.2.1 (Polar function). Let V' a vector space, V' its dual. Consider a convex
function ® .=V — RU{oo}. We call

dom® = {v e V: ®(v) < oo}
the domain of ®. Then we can define the polar function

*: V' - RU{oo}, ®*(v*):= sup (v*,v)— ®(v).
veEdom ¢
If we compute the subdifferential for both & and ®*, we can show an important
property.

Theorem 3.2.2 ( [8, Corollary 5.2]). Let V' a vector space and ®: V — R convez, lower
semicontinuous and dom ® # (). Furthermore, let ®* the polar function of ®. Then we
have

¥ € dP(zx) < xe€dd (7).
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3. Variational Formulations of Small-Strain Plasticity

The proof of this is rather lengthy but it offers the reader a journey through the basics
of convex analysis.

We return to plasticity by connecting polar functions to the generalized elastic domain E.
Note that E is closed. We define the indicator function of E by

Xe(X) = {<O>o ; ;E

Note that yg is a convex function if and only if E is a convex set. The subdifferential
of xg is empty outside of E and {0} within xg. At the boundary point ¥ € OE we have

QeNe() & xel®)>xel®)+(QL-%)

for all ¥ inside or outside of E. If ¥ is outside of E the right side is always true. If £ € E
the equivalence above is equal to

0>(Q,%-X).
This is exactly the generalized flow rule
Q € Ng(2)
with Q = P. Hence, we can conclude that a plastic flow fulfills

P c dxe (D). (3.3)

We want to apply [Theorem 3.2.2 to (3.3) and therefore define the polar function
of xg(X). For indicator functions this polar function is also called support function of E,
and in the context of plasticity, dissipation function.

Definition 3.2.3 (Dissipation function). For a given generalized elastic region E we
define the dissipation function

D :Sd x S&x Rsg — RU {00}, D(P) =supPoX.
- Tek
Note that the definition of the dissipation function is simpler than for general polar
functions since the indicator function is zero within E. With the dissipation function at

hand, we use and formulate the connection of dissipation function and
the yield function

Y edD(P) < Pecod). (3.4)

We can give explicit formulas of the dissipation functional for both the von Mises and
the Tresca flow rule.

Theorem 3.2.4 (Explicit dissipation functions). Let ®(X) := ¢(o + a) — g denote the
generalized yield function with the internal variables a,g, and let o9 > 0. Moreover,
consider the generalized plastic strain P = (p,n) without «, since « is eliminated by

identifying with p (2.18)).
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3.2. Support Functions and Dissipation

(i) If ¢ = dvar is the von Mises yield function (2.8)), then

oo ||p Pllp <n
Dvu(P) = Dym(p,n) = 2l el . (3.5)
00 otherwise,
where ||| denotes the Frobenius norm.
(it) If ¢ = ¢ is the Tresca yield function (2.9)), then
a0 ||p Pllp <
D1(P) = Drylp,n) = { ool Al = 0 (3.6

where ||-||, denotes the spectral norm. Since p is symmetric, this norm is equivalent
to the absolute value of the largest eigenvalue.

Proof. Proofs can be found in [29], but we recall them here for a better understanding of
the generalized yield functions.

(i)

The generalized elastic region is given by
Evm = {l[dev(o + a)|p — 00 +9 < 0}

Note that g < 0, since we only consider growth of the elastic region. Moreover, from
(2.18) we have Po X = p: (0 + a) + ng. Hence, the dissipation function is given by

D(P) = D(p,n) =supy sup {p:(o+a)+mng, ||dev(c+a)llp—o0+g<0}
9<0 | g4aeS?

=sup sup {p:dev(oc+a), ||dev(c+a)|p<o0o—g}+ngy.
9<0 (o+4acSd

In the second line we use that p is trace-free. Since dev(o + a) is only restricted by
the Frobenius norm, the scalar product with p is maximized if it is parallel to p.
The scalar product of parallel arguments is the product of the norms. Hence, the
inner supremum satisfies

sup {p:dev(oc +a), [|dev(c+a)lr < oo—g}=(9—00)|plp-
o+acS?

This inserted into the outer supremum leads to

D(p,n) =sup{(oo — 9) [Pl +ng} =sup{([pllz — g+ oo llpllr}-
g9<0 g<0

Then the supremum is given for either g = 0 or ¢ — —o0, depending on the sign of
2l = -

The proof for the Tresca yield criterion reuses some techniques from (i). Nevertheless,
some rather technical details need to be considered, and therefore we decided to

put this into
O
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3. Variational Formulations of Small-Strain Plasticity

Both norms ||| and ||-||, are convex by the triangle inequality and the positive
1-homogeneity (||vp|| = v||p|| for v > 0). Nevertheless, computing derivatives of these
norms is different.

Lemma 3.2.5.
(i) The Frobenius norm ||| : R4 — R: A ||A|| is smooth everywhere, except at
A=0.
(ii) For A # 0 we have
A
VIAlp = 77—
P lAllp

(iii) The subdifferential of the Frobenius norm at A =0 is

ol0llp = {B € R™: ||Blp < 1}.

(iv) On the vector space of symmetric matrices, the spectral norm ||S|, is differentiable
if and only if the dominant eigenvalue (the eigenvalue with the largest absolute
value) of S is unique. We call a dominant eigenvalue o* unique, if it has algebraic
multiplicity one.

Proof. and are trivially shown by using the definition of the Frobenius norm.
is a direct consequence of the positive 1-homogeneity of the Frobenius norm. follows
from the equivalent definition
S|, = ma ;
]l = max o

yeoo

for the eigenvalues o; of S. It is easy to see that the maximum function

(01y...,04) — 'maxd\0i|

i=1,...,

is smooth if and only if the maximum is uniquely determined by one of the ;. Moreover
let P(S,0) = det(S — ol) the characteristic polynomial of S. Each eigenvalue fulfills
P(S,0i(S)) = 0. Since P is a polynomial in the arguments, we can derive by S and get

VsP(S,0i(S)) + VsP(S,0:(5))Voi(S) = 0.
Therefore, since V,P(S5,0:(5)) € R,

VsP(S,0i(5))

VoilS) = = B8 0.(5))

is defined if and only if V,P(S5,0;(S)) # 0. This is true if and only if the eigenvalue o;
has algebraic multiplicity one. O
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3.3. Variational Formulation of Primal Plasticity

3.3. Variational Formulation of Primal Plasticity

Now we have everything together to state the primal formulation of plasticity in the
weak form. In contrast to the quick introduction of the dual formulation in
a more detailed overview is given here. In contrast to the previous section, we consider
the global functions such as u and P over {2 and use boldface notation again.

First, we need to define suitable function spaces for the unknowns. We consider the
displacement u and the (generalized) plastic strain P = (p,n). All other appearing
quantities can be deduced from there for a given point in time ¢: The stress o is given by
Hooke’s law together with the additive split of the strain . The internal stress
variables a and g are given by the hardening relations and , respectively.
Note that we identify p = a in the plastic strain space. Hence, in summary,
the generalized stress ¥ = (0, a,g) is explicitly computable from the displacement and
generalized plastic strain. Moreover, the evolution of the plastic strain is now defined
thanks to the duality of the dissipation function and the yield function (3.4)).

In the following we introduce the explicit spaces for the unknowns. The choice is made
such that we allow as much numerical flexibility as possible, but are still able to show
existence results.

The displacement u needs to be weakly differentiable, since want to define the
strain €(u). Consider additionally Dirichlet boundary values on a subset I' of the
boundary of €. In the terms of continuum mechanics Dirichlet conditions are usually
only applied to the displacement field u with the condition that u|p = 0. Together with
the Dirichlet boundary an obvious choice for the function space of u is

V= (H%(Q))d ={veH'(QRr): v[r=0}. (3.7)

In contrast, the resulting stress o only requires integrability for the upcoming scalar
products and we choose the simple L? space

Q = L*(Q,s%) (3.8)

for the stress.

Similarly, the plastic strain p takes trace-free symmetric values, but has no regularity
assumptions. Therefore, it is taken from g, which is defined by @ restricted to trace-free
matrices. The scalar field np for isotropic hardening is taken from

M = L*(Q).
Combined, the product space of the appearing unknowns w := (u, p,n) is
W=V x Qo x M.

Note that W is a Hilbert space with a standard scalar product inherited from the factor
Hilbert spaces.
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3. Variational Formulations of Small-Strain Plasticity

Starting point of the weak formulation is the flow rule in P given in terms of the
subdifferential of the dissipation function ((3.4))

¥ € dD(P),
which is understood pointwise in €. Explicitly written, it is
D(P)>D(P)+ %o (P-P) VP =(p,7)€Qx M
using the generalized scalar product ¢ from . By the identification &« = p
and P = (p,7n) we have
D,n)2DP.n)+o:(p-p)+a:(Pp-p)+g-(n—m) V(B,7N) € Qox M.

Now, we use the hardening laws a = —kja = —kip (2.11) and Hooke’s law ([2.6)
o = He = H(€(u) — p) to eliminate the stress variables o and a from the inequality and
arrive at

D(p,n) > D(p,7) + (H(e(u) —p) — k1p) : (P — P)
+gm)-m—-mn v, e Qox M.
A second component of the primal formulation is the balance of momentum — div(e’) = b

(2.4)) for the volumetric force vector field b from ([2.3)). Multiplication with a displacement
field @ — 0 € V yields

/Qb-(ﬁfﬁ) dx :/Q—div(a) (i — 1) da. (3.10)

We want to perform an integration by parts to resolve the div-operator on the stress. Note
that the displacement field is a vector field u = (uy, ..., uq)”, and that o = (o1]...|og)"
is a matrix field with columns o;. The divergence is applied columnwise. Hence, we
obtain

(3.9)

d
/ —div(o) -udz = Z/ —div(o;)u; dx
Q = Ja

d d
:;/Qa'i'Vuidw—;/aQuiai-ndS.

A first observation from the above is that for a symmetric o the scalar product with Vu
only depends on the symmetric part of Vu. This is the small strain tensor €(u):

(3.11)

d
Zai -Vu; dx = %a: (Vu + VuT) =o0: €(u). (3.12)
i=1

Second, the Cauchy stress o (see [Proposition 2.2.1)) is given such that o - n = s for the
outer normal n. Hence the last term in (3.11)) is the outer surface force field acting on
the displacement:

d
Z/ u;o;-ndS = u-(o-n)dS = u-sdS.
= Joo 20 20
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3.3. Variational Formulation of Primal Plasticity

The remaining o in (3.12)) is eliminated by Hooke’s law o = H(e(u) — p). Now we can
rewrite (3.10|) without stress components as

/ b (i —a)de — / H(e(u) — p) - (e(it) — (@) da — / (@—w)-sdS.  (3.13)
Q Q o0
If we add the equation (3.13]) to an integrated version of the inequality (3.9)), then we
obtain an inequality with w(t) := (u(t), p(t),n(t)) € W in the form

alw(t), % — (1) + (%) — j(W() > (), % —W(t)) WweW.  (3.14)

Here, the function a represents the stored energy of the elastic parts (e(u) — p) and the
plastic hardening and is given by

(3.15)

a(w, W) = [ H(e(u) — p): (e(@) - p) + kip : p — g(n) - 7 da

The functional is linear in the second component, and even bilinear if g(n) is linear in 7).
The nonsmooth dissipation components are given by the functional

j: W =R,

i) = [ D.ma, (3.16)

which only depends on the plastic components. The missing component is the load
functional that stores both the volumetric forces b and the surface forces s as a linear
functional. This functional acts on the displacement

(1(t),): W = R,

(), w) ::/Qb(t)'u,d:c%— [ us(t)ds

which is of course time-dependent, since this functional controls the deformation process
of our material.
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4. Discretization

Now the primal formulation of small-strain plasticity is complete. The next step is
to discretize the function spaces and the time interval in order to make the problem
accessible for computers. We start with the time discretization since it enables us to
reformulate the inequality as minimization problems.

4.1. Time Discretization

In inequality , all unknown functions w = (u, p,n) are space- and time-dependent.
Moreover, both the evolution w and the value w appear in the inequality. We replace
this time derivative with a simple backwards difference scheme. Therefore, we divide the
time interval [0, 7] into equal pieces of length At. We set t,, := nAt for the n-th time
step. Let w,, ~ w(t,) denote the time-discrete approximation of the solution at time ¢,.
Now we simply replace the evolution of w by

Wn — Wnp—1 Aan

Wltn) ~ = = A

With these changes the inequality (3.14]) becomes

a (wn,W— AX?) F (W) —j (iﬁ”) > <1(t),v~v— AAVZ"> vwew.,  (4.1)

Note that j(-), induced by a canonical matrix norm, is 1-homogeneous, and hence

. i(Awy,
J(AAV\?) _ j(Avl‘: )

Furthermore, a(-,-) is linear in the second argument, and therefore (4.1)) is equal to
a(Wy, Atw — Awy,) + j(AtW) — j(Awy,) > (1(t), Atw — Aw,,) YweW. (4.2)

Since W is a vector space, we can neglect the factor At without changing the inequality.
We arrive at

a(Wp, W —Aw,) + j(W) — j (Awy,) > (1(t), w — Aw,,) vw e W. (4.3)
Our next step is to transform this inequality into an equivalent minimization problem.
To this end, we apply [8, Chapter II, Proposition 2.2] which states the following.

Theorem 4.1.1. Let V' a vector space and F : V — R divided into F' = F1 + F», such
that both I\ and Fy are lower semi-continuous and convex. Moreover, we assume that Fi
is Gateauz-differentiable with differential F{. Then for v € V the two statements are
equivalent:

41



4. Discretization

(i) v is a minimizer of F,

(ii) (F{(v),0 —v) + F3(0) — Fa(v) >0 VoeV.

Since both a(wy, -) and (1(¢), -) are linear, they will form the linear functional (i) in the
theorem above with v = Aw,,. To achieve this, we have to enforce the direct dependence
of a(wy, ) on Aw,,. This is done by shifting a(-,-) in the second component. Since w,_1
is assumed to be known at time t,,, we define

an(W, W) = a(w + wWy_1,W). (4.4)
If we use w,, = wy,_1 + Aw,, we can rewrite (4.3)) as
an (Aw,, W — Awy,) + j(W) — 7 (Awy,) > (1(t), w — Awy,) Yw e W. (4.5)

Next, we want to define the objective functional from ({il) in [Theorem 4.1.1]and then we

will compute its differential. Let us introduce a bilinear form z : W x W — R given by
(W, W) = /QH(e(u) —p): (e(@t) — P) + kip : pda. (4.6)

Note that z(-,) and a(-,-) from (3.15)) coincide if we do not consider isotropic hardening
and hence, no terms of g and 0. For a fixed time step ¢, let L,: W — R given by

1
L,(Aw,) = 5z(Awn, Aw,,) — / G (An,)dz + j(Awy,) — (1, Awy,) + 2(Wp—1, Awy,)
Q

with the isotropic hardening integral

Gulm = [ gl s, (4.7)

which is to be understood pointwise in . The differential with respect to the function n
is given by
DGy (n) = g(n + 1mn-1)-
For the objective function is given by F' = L,, with the splitting Fb = j
and F} = L, — j. The variables in our case are v = Aw,, and ¥ = w. In order to compute
the Gateaux-derivative, we briefly recall its definition.

Definition 4.1.2. Let V a vector space, V' is dual, and F: V — R. We call F'(u;v)
the directional derivative of F' at w € V in the direction v € V if

F'(u;v) = lim Futhv) = F(u)
’ h—0+t h ’

provided the limit exists. Let w € V. If there is a u' € V' with
(W vy =F'(u;v) YoeV

then we call v’ the Gateauz-differential of F at u and (F'(u),-) := (u,-) the Gdteaux-
derivative.
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4.1. Time Discretization

Let us compute the directional derivative of F} = L, — j at Aw, in an arbitrary
direction w. We make use of the (bi-)linearity of the components and get

lim Fl(AWn + hVV) — Fl(AWn)
h—0t h

= 2(Aw,, W) — /Qg(nn_1 + Anp)dr — (1, W) + 2(Wp_1, W)

= ap(Aw,, W) — (1, W).

Note that the integral over the g term is included in the definition of the bilinear
form a(-,-) (3.15)), and the shift by 7,1 is incorporated by ay,(-,-) (4.4). Hence, it follows
that

(F{(Aw,), W) = apn(Aw,, W) — (1,, W).

Plugging this into (4.5) is precisely in [Theorem 4.1.1| with F5 = j. Hence, have the

equivalent formulation of the small-strain primal plasticity problem with discretized time
at t, given by

‘ Minimize Ly (Awy,) ‘ (4.8)

among all Aw € W. The next w,, is given by applying the increment to the previous
time step

W, = Wp—1 + Aw,,.

Lemma 4.1.3. If we have both linear kinematic hardening with k1 > 0 and isotropic

hardening g with the assumptions from[Section 2.6.3, then the functional Ly, is strictly
convex and coercive.

Proof. Since g(0) = 0 (2.14), g < 0 and strongly monotone decreasing (pointwise), we
can conclude that —G is strictly convex and coercive. The nonsmooth component j
inherits convexity and coercivity directly from the matrix norm. The linear terms of L,
have no impact on the claim. Hence, the last term of interest is %z(w,w) from .
This is indeed V-elliptic [16, Lemma I1.7.2], i.e., there is an « > 0 with

H(w,w) = a |l

Since z is symmetric and bilinear, it follows that it is also strictly convex and coercive. [

Remark 4.1.4. In the case of no isotropic hardening, we eliminate g and n from our
equations and have a smaller functional space W =V x Qo (see [30]). The lemma above
still holds ins this setting.

From the we can directly conclude the theorem below.

Theorem 4.1.5. The minimization problem (4.8) has a unique solution.
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4. Discretization

4.2. Eliminating Internal Variables

We state the time discrete primal problem of small-strain plasticity in the form of a
minimization problem in the increment of the unknowns Aw,, = (Au,, Ap,, An,) at
time ¢,,. From we know that ||Ap,|| < An, for the minimizer of L,, (with ||-||
either the Frobenius or the spectral norm). As it turns out, the connection is even
stronger in the time-discrete setting.

Theorem 4.2.1. Let Aw = (Au, Ap, An) minimize L,,. Then
|Ap|| = An
holds almost everywhere.

Proof. The proof follows the argumentation of |2, Example 5]. If Aw is the minimizer
of Ly, then An is the minimizer for fixed (Au, Ap). The contribution of An in L, is
only given by the term [, —G,(An) dz with the constraint An > ||Ap||. Since —G,, is
monotone increasing for An > 0, the minimizer obtains the smallest admissible value
if An = ||Ap|| almost everywhere. O

allows us to replace
(Wn: Pry M) = (Un—1, Pn—1,Mn—1) + arg min L, (Au, Ap, An)
by the reduced step

(Wy, Pn) = (Wy_1,Pn_1) + argmin L, (Au, Ap)
Mo = NMn—1 + ||Ap,]|

for the reduced functional
L,(Au, Ap) == L,(Au, Ap, | Ap])).

Tracking the iterates 7, cannot be discarded, since m,, appears in the next increment
functional L1, see (4.7). Eliminating 1 does not lead to a minimization problem that
is more difficult than the original one.

Lemma 4.2.2. Let L, be strictly convex and coercive. Then Ly, is also strictly convex
and coercive.

Proof. Since —G,, is strictly convex and monotone increasing for positive values and the
spectral norm is also convex, the composition —Gy,(||-||) is convex [1, Proposition 8.21].
The strict convexity of L,, is preserved since the z(-,-) term (4.6]) in L,, is strictly convex

(see the proof of [Lemma 4.1.3|) and independent of An. The coercivity follows directly
from the coercivity of L,,. O
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4.3. Space Discretization

4.3. Space Discretization
We are interested in computing one increment step
W, ‘= Wy,_1 + Aw,

for a fixed point in time t,. The isotropic variable Arm, is eliminated. For sake of
simplicity we abuse the notation from before and write from now on

‘ w = (Au,, Ap,) € W:=V x Qo ‘

for the unknown of our minimization problem.
A standard finite element discretization is used. Therefore, let 7 be a triangulation of
the initial domain €.

Displacement The function space of displacements u,,
d
V = (Hi ()

is approximated by first-order Lagrangian elements with values in R%. A basis of the
displacement space is given by the nodal basis {¢;(x)}i=1,... N, on N, grid nodes with
the Lagrangian property

¢i(zr) = dik
for the grid nodes xp, € 7. Using this basis, the discrete approximation of the deformation
field is

N, d
uy(z) = Z Z uij¢i(x) e; (4.10)
i=1j=1

with canonical unit vectors e; € R?. Tt is characterized by the real-valued coeffi-
cients u;; € R.

Plastic Strain The plastic strain p is a function from
Qo = L*(Q,SY).

The plastic strain p is approximated by zero-order (element-wise constant) elements with
values in S¢, since no derivatives of p are to be computed. Let N, be the number of
grid elements and let {Oi}fvjl denote the set of scalar zero-order basis functions with the
property
0i|1, = dik

for the grid elements Ty, of 7.

For the plastic strain component a basis of the vector space Sg of trace-free symmetric
matrices needs to be chosen. Different choices are possible but we stick to the choice
done in [30] since it offers some numerical advantages as seen later.
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4. Discretization

Remark 4.3.1. The dimension of S is given by
_d*+d
2

For d = 2 the space S3 is only two-dimensional. An obvious basis choice is an
orthonormal basis (with respect to the Frobenius inner product)

1 /1 0 1 (0 1

One can easily verify the orthonormality of this basis. For d = 3 the space S} is by the
lemma above 5-dimensional. Hence we need five basis matrices, for example

1.

dp, :

1100 1100

S B
1010 1001 1OOO
el bo) menlr ) sl

This also forms an orthonormal basis of S§ under the Frobenius inner product. Therefore,
for both d = 2 and d = 3, it also defines an isometry between R% equipped with the
Euclidean norm ||-||, and S with the Frobenius norm.

Lemma 4.3.2. Let {By, ..., Bq } an orthonormal basis of S§ with respect to the Frobenius
inner product. Then, for each a € R%, we have
= [lally - (4.11)

dp
> a;B;
Jj=1 F

Proof. This follows directly form the orthonormality of the basis:

dp 2 dp dp dp dp dp

2
E a;Bj|| = <§ a; B;, E aij> = E E a;a;di; = E a? = [lall5-
j=1 Ia i=1 j=1 i=1j=1 j=1

O

Remark 4.3.3. We have no equivalent expression of HZ?”zl aijHQ in terms of a norm
of a.
The global discrete plastic strain function is given by
NP dp
pu(z) =Y pi;bi(z) B;.
i=1j=1
It is characterized by scalar coefficients p;; € R.
Although the isotropic hardening variable is 7 is eliminated from the minimization
problem, we still need to track finite element approximations for the update step (4.9).

For compatibility with the discrete plastic strain, we use zero-order elements with values
in R.
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4.3. Space Discretization

Assembly of the Algebraic Problem For a better handling we view the coefficients u;;
and p;; not as matrices in RNuxd or RN»Xdp respectively, but rather as a (block) vector

U € RN“d, pE RN

where we address by u; the i-th block of size d, and by p; the i-th block of size d,,. Then
we can represent the plastic strain on the element T; by

dp
B(pi) = > pijBj.
=1

Sometimes we refer to the coefficient vector which is the composition of both u and p as

U
w e RNud+Nodp ) . (p) .

We assemble the algebraic representation (in terms of the coefficient vector w) of the
reduced increment functional L,. We abuse the notation and also denote the algebraic
form of the objective functional by L,. The quadratic part of L,,, namely the bilinear
form z (4.6 is assembled into a matrix A € R(Nudt+Npdp)x(Nud+Npdp) wwith a 2 x 2 block

structure
E C
A= (C’T P) . (4.12)

The N,d x N,d displacement part, partitioned into d x d blocks is given by
(Eij)u = /Q H(e(dier) : (e(jer) de,

where 4,5 = 1,..., N, select the nodal basis functions and k,l = 1,...,d the space
directions. For the Hooke tensor H we only consider an isotropic material . Therefore
we have

He : € = Mtr(e) tr(€) + 2ue : &. (4.13)

The plastic strain part of size N,d, x N,d,, divided into d, x d,, blocks is block-diagonal,
since the zero-order basis functions have disjoint support. The stiffness matrix on the
element 7; is given by

(Pl = AH(oin) . (6:B,) + k162By, : By da.
Moreover, all matrices B; are trace-free, and hence we have with (4.13)

(Pt = / (21 + k1)62 By, : B, d. (4.14)
Q N——

=01

Hence, P is diagonal, since the basis { By } is orthonormal. The mixed displacement—plastic
strain coupling matrix C' of size N,d x Nyd,, is defined by

(Cij)k:l = /QH(G(qbZek) : (OlBl) dx.
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4. Discretization

The two linear components of L,, are assembled into a vector

be RNudtNody ) —. (213) . (4.15)

The dissipation function j(-) and the isotropic hardening term G,, of L,, depend on p
only. We can simply rewrite the integral over ) by a sum of the integrals over the grid
elements T, since we have a zero-order basis. The resulting algebraic functional is

N,

. 1 P

Lnfw) = guTAw—tTw+ Y [ —Gu(1B@i)])+ o0 B da.
=17+

Since p; is constant on 7T;, we can replace the integral by a factor w;, which is the volume

of T, i.e.,
w; ::/Oidx:/ dzx. (4.16)
Q T;

The final form of the algebraic minimization functional is

1 7 T o
L(w) = QW Aw —b"w + Zwiga(pi) (4.17)
i=1
with
e R% 5 R, o(p) = —Gun(|BD)|) + o0 | B(p)] - (4.18)

Remarks 4.3.4.

(i) From (4.7)) and (2.13), the explicit form of —Gy(n) is

1 1
—Gn(n) = (ks — 00) (n + M1 + ﬁe‘ﬁ(’”"”—l)) + ha(n + Nn-1)>.

(ii) From convezity and coercivity of both —G,, and the matriz norm, we conclude that
p s convex, coercive and lower semi-continuous.

(iii) However, due to the norm we also conclude that ¢ is not differentiable.

4.4. Excursus: Primal Plasticity with Gradient Regularization

The presented model of small-strain primal plasticity does not contain any gradient
terms of the plastic strain. However, in certain applications this may be an important
ingredient. For instance, plasticity problems at finite strains, as given in the second part
of this thesis, require gradient regularization for the existence theory.

To demonstrate the implementation of gradient regularization on the easier problem of
small-strain plasticity, a small overview is given in this section.
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4.4. Excursus: Primal Plasticity with Gradient Regularization

Formally, a gradient-regularized model has gradient terms of the internal variables in
the global form a(-,-) from (3.15). In [16, Sec. 7.3.2] the Gurtin model that contains
a gradient of the plastic strain field p is given. If we consider a quadratic case with
kinematic hardening only, the bilinear form in becomes

i(w, W) = /QH(e(u) —p): (e(@) —p) + (Rp) : p+S(Vp): Vpdz.

In that form R and S are forth-order or sixth-order tensors, respectively, and

d
A B = Z AijkBijk
,5,k=1

is the contraction over three indices. The simplest model is given by R = k;id, and S =
ko id. In that case a is a symmetric bilinear form. The gradient-regularized model is set
in the function space

W=V x Q,.

We reuse the H'-space V (3.7) for the displacement field u, and the extend the L?2-
space Qg (3.8)) to an H'-space

Qo= {pec HY(SY), p=0onT},

where I is a nonempty part of 0Q2. After a time discretization, as in we
arrive at a minimization problem

1
Minimize L(Aw,) = Qd(Awn, Aw,,) + j(Awy,) + linear terms

with the nonsmooth dissipation functional j from that only depends on Ap,. The
finite element discretization of Aw,, from is not suitable here, since we need
at least continuous finite elements to approximate the plastic strain field Ap,,. Therefore,
we use Lagrange elements for both the displacement field and the plastic strain. As a
result, we arrive at an algebraic form similar to (4.17). The quadratic and linear parts
are assembled into a matrix A and a vector b, such that

1 N e Ny, dp
L(w) = inAw -bw —i—/QD (Z Zpijgb(ac)Bj) dzx.

i=1j=1

We use the first-order finite element basis ¢; and the number of nodal points IV, from
the displacement . Since the finite element functions are not piecewise constant we
cannot simply write the dissipation term as a sum, in contrast to . Therefore, we
approximate L by a lumped sum

N, dp

~ 1 7~ - X

L(w) = inAw —bw+ /Q > ¢(z)dx-D (Zpiij) :
i=1 j=1
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4. Discretization

Since the finite elements of the plastic strain are of first-order, they have no disjoint
support. This leads to a sparse, but non-diagonal part P in the 2 x 2 block structure

- (E C
A= (é 15>’
cf (4.12)) and (4.14).

Later in the numerical treatment of small-strain plasticity problems without gradient
regularization, the diagonal structure of P will be advantageous, as seen in

especially (5.8). Nevertheless, we can adopt the numerical scheme to the sparse P.
The detailed treatment of this case is presented in the second part of this thesis in

Section 10.6.21
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5. Minimization Algorithms for Small-Strain
Primal Plasticity

The algebraic minimization problem (4.8) is nonsmooth. Hence, special solvers are needed
to find the minimizer numerically. In this section, two candidates are presented.

5.1. Predictor—-Corrector Methods

In engineering, the classical approach to solve a minimization problem of the kind is
to consider the two main components v and p of the solution separately and minimize the
objective functional alternating between these components [16, [31]. Minimization with
respect to the displacement field is usually called a predictor step, while minimization
with respect to the plastic strain is called the corrector. For better performance, the
predictor step can have additional information of the plastic strain included. Therefore,
we consider different predictor strategies.

In the most simple case the predictor step is the so-called elastic predictor and
minimizes the objective functional only with respect to the displacements. All plastic
strain components are fixed in this stage. Since all nonlinear and nonsmooth terms depend
only on plastic strains, the resulting functional is quadratic. This can be minimized by
solving a linear system.

The result of the elastic predictor needs most likely a correction of the plastic strain,
since a purely elastic result was computed. This correction is called the corrector step.
In this step we minimize the objective functional with respect to the plastic strain. In
the corrector step the displacement is fixed. Sure, from occurring nonlinearities and non-
differentiabilities, this part is more involved, but we can make use of the special structure
of the problem . Since the coupling matrix P from is block-diagonal, and the
dissipation is given by a sum of the block-coefficients p;, the blocks of p are independent
of each other. Hence, minimization of the plastic strain can be done independently for
each of the blocks.

For each block component p; the minimization problem is of the form

L(pi) = %p;fppiipi — i + 0i(ps)

for a linear part r; resulting form the restriction to the plastic strain component. How the

minimization of this nonsmooth problem is done efficiently is given in detail in
The beauty of these predictor—corrector methods is their simplicity. In both steps,

the minimization problems are easy to implement and analyze. Nevertheless, up to the

knowledge of the author, no global convergence results of this alternating componentwise
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5. Minimization Algorithms for Small-Strain Primal Plasticity

minimization strategy exists. Moreover, by decoupling u and p in the predictor and
corrector steps, the method turns out to be not as efficient as other methods that
consider w = (u, p) as a whole.

In order to improve this simple predictor—corrector scheme, various modifications,
especially for the elastic predictor step, are found in literature. The more sophisticated
predictor—corrector approach from |16} Section 12.2] uses a tangent predictor. This means
that we enrich the elastic predictor from before with second order information of the
plastic strain. To this end, at iteration step k, we identify the blocks pf in which the
dissipation functional ¢(p¥) is smooth, and replace ¢ = p(p¥ + p) by

(p¥) + Vo (pk)Top + $0pTV2p(pk)dp  if ¢ is smooth at p;,
0 else.

P (op) = {

For the quadratic part of L(w) from (4.17]) we also formulate the second Taylor expansion
in w®. The new quadratic increment objective functional is

NP
¥ (ow) = %&UTA(S'UJ — (b— AwF) 5w+ " wil (6p:).
=1

Minimizing Ek(éw) is equal to computing a Newton-like step on L. Hence the name
tangent predictor. The correction step, which corrects all plastic blocks (including the
nonsmooth blocks) is the same as before.

Convergence in the functional value can be shown [16] if the tangent predictor does
not create an energy increase. This can be guaranteed by applying a line search to the

predictor. To this end, after each predictor step with Ek, let dw* denote the unique
minimizer of the tangent predictor step. Instead of simply updating w* < w* + sw*, we
compute a v* > 0, such that

L(w® + ~*6uw”) < L(w")

and update w”* < w”* + v¥6w* instead. This modified step is called consistent tangent
predictor. Still this algorithm has two downsides:

e No global convergence proof in the argument w is found in literature.
¢ The quadratic predictor functionals rF need to be solved exactly.

Therefore, to overcome these problems, the TNNMG algorithm is presented in the next
section.

5.2. The TNNMG Algorithm

The Truncated Nonsmooth Newton Multigrid Method (TNNMG) is a generic method
for solving block-separable, convex minimization problems. It was introduced in [11] and
works well for small-strain plasticity problems with smooth elastic regions [30]. In this
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5.2. The TNNMG Algorithm

thesis the case of nonsmooth elastic regions, induced by the Tresca yield function (2.9)),
is also covered. TNNMG extracts second order information from the objective functional
and tries to perform a Newton-like iteration step

w4 w+ L"(w) 1L (w)

on the whole space of unknowns in order to approach the minimizer. Since L is not
differentiable, we cannot compute gradients and hessians. Therefore, we need a modified
Newton step.

Newton methods are generally good if we are already close to the minimizer, but
we have poor performance (or even no convergence) if we are far from the minimizer.
TNNMG is able to overcome this problem and we can even provide a global convergence
result, as seen later. In order to apply TNNMG to our minimization problem , we
start by quickly describing the general procedure.

TNNMG assumes a block-separable structure of the problem. For this we need two
properties of the problem. First, the solution space is partitioned into orthogonal
subspaces

m
RY =[] RY, (5.1)
=1

where, N; > 0 and Y71 N; = N. In order to address the i-th subspace we use the
canonical restriction operator
R; : RN — RM:

We call W; the subspace of R that corresponds to the i-th block R™:. This simply
means that all elements of W; have zeroes at entries not belonging to the i-th block. The
second property we demand is that the objective functional is separated in the nonsmooth
parts according to the partition above. This means that our problem takes the form

L(w) = Jo(w) + Z vi(Rjw) (5.2)
i=1

with a “smooth” part Jy and (possibly) nonsmooth parts. In detail, we demand
that Jo: RY — R is twice differentiable. The separated parts ¢; : RN — R U {oo}
are supposed to be proper, convex and lower semi-continuous, but not necessarily differ-
entiable. All in all, the objective functional L has to be strictly convex and coercive to
ensure the existence and uniqueness of a solution.

5.2.1. TNNMG Stages

TNNMG is an iterative solver. Let v be the iteration counter and w” € RY the current
iterate. In order to get the next iterate w”*!, we perform a TNNMG step, that consists
of four major stages:

(1) Nonlinear presmoothing

(2) Inexact truncated linear correction
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(3) Projection

(4) Line search

(1) Nonlinear Presmoothing At this first stage we perform the following steps
1. Set @° = w”

2. Fori=1,...,m do:

compute @' = argmin L() (5.3)
wew 1 4+W;

3. Set w’*t1 = @™

Line [2| iterates through all subspaces W;, defined by the partition of the solution space
(5.1). The minimization problems of line [2| are low-dimensional. Since L is strictly convex
and coercive, each of these subproblems always has a unique solution.

In the convergence proof given later it turns out this first stage of TNNMG alone is
enough to achieve global convergence, and the other stages are used for acceleration.

(2) Inexact Truncated Linear Correction At this stage the Newton-like step is performed
on L. It can be described as follows.

1. Determine a subspace W, C R, such that L|y, is twice differentiable at w'ts

2. Compute an inexact Newton correction ¢ € W,
-1
& = (L ), ) L@ ), (5.4)

We will try to find a maximal subspace W, in which the functional L is indeed twice
differentiable. Usually, we can easily determine which degrees of freedom of the solution
space are currently “stuck” at a non-differentiable position and simply exclude them from
the subspace W,,.

Inexactness of the Newton step is understood as follows: Solving the linear correction
problem can be done directly with numerical exactness, or inexactly by using
iterative approximation schemes. In the latter case we will use a geometric multigrid step
to compute an approximation . Details about such a multigrid step are presented in

Appendix

(3) Projection The domain of L (the subset of R where L < oo) may be a real subset
of RV, For instance, in the dissipation functions (3.6 and (3.5) we have the constraint
7 < ||p|| if we do not eliminate n from the system. The Newton correction added to the

current iterate w? "3 + ¢ may point outside the domain of L. Hence, we need to project
into the domain of L.
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5.2. The TNNMG Algorithm

1. Compute the projection cp, = P (¢”), i.e., compute cp, such that w4 cp

1
dom L—w" T2 T

. 1 . . .
is closest to w”2 + ¢” in dom L in a given norm.

The norm used in the projection step is usually the Euclidean norm. Nevertheless, for
our reduced problem (4.17]) with eliminated 7, this stage can be skipped.

(4) Line Search Finally, we further compute a suitable step size of the projected Newton

correction cp,, such that we have no increase in the value of L.

1. Compute p” € [0,00), such that L(uﬂ’*% + pVC;V)r) < L(w”*%)
2. Set w’t! = w2 4 P’ cpy

This can be computed quickly as it is just a one-dimensional optimization problem with
a strictly convex L.

5.2.2. Convergence of TNNMG

In summary, repeated application of all four stages of TNNMG leads to a sequence
(w”),en of iterates. We have a global convergence result for this method.

Theorem 5.2.1. Let L: RN — R U {oo} be strictly convex, coercive, proper, lower
semi-continuous, and block-separably nonsmooth. Then the sequence w” produced by the
TNNMG algorithm will converge to the unique minimizer of L.

This is the convergence statement as it applies to the algorithm discussed in this
manuscript. The proof in [11] actually holds under weaker assumptions on L. It also
allows for the local minimization problems to be solved inexactly under certain
conditions. This can save additional run-time when solving exactly is expensive
(see, e.g., [10]), but will not be pursued here.

Remarks 5.2.2. The TNNMG algorithm is closely related to the consistent tangent
predictor—corrector (ctPC) approach from |Section 5.1, The differences are :

o TNNMG loops over all degrees of freedom in the nonlinear smoothing stage.
e The linear correction stage is not necessarily solved exactly in TNNMG.
e ctPC cannot handle restricted domains of L.
Otherwise, the general procedure, including the line search in the end are basically the

same. The predictor step of ctPC corresponds to the last three stages of TNNMG while
the corrector step is closely related to the first TNNMG stage.
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5.3. Application to Primal Small-Strain Plasticity Problems

Applying the TNNMG algorithm to a particular problem now means constructing a
decomposition such that the objective functional takes the block-separable form
, and specializing the four steps for the particular functional. In this paper the
subspaces W; are chosen as follows. Let N, denote the number of grid vertices and N,
the number of grid elements. For the displacement coefficients we construct N, blocks
of size d, i.e., N; =d fori =1,..., N,. For the plastic strain we construct similarly NV,
blocks of size d,, i.e., N; = d, for i = N, +1,..., N, + N,,. Using this partition each
plastic strain coefficient block p; is in its own subspace W; in terms of . Therefore,
the nonsmooth parts are separated in the objective function L from .

The first stage of a TNNMG iteration consists of solving minimization problems in local
displacement and plastic strain subspaces. While TNNMG convergence theory allows
for certain forms of inexact smoothers [11], we show here how the local minimization
problems for both von Mises and Tresca dissipation increment functionals can be solved
numerically exactly. For the occurring matrices in the following recall the definitions at
(4.12)).

5.3.1. Minimizing in Displacement Subspaces

In case of minimization for a displacement tuple u; € R%, one has to minimize a quadratic
functional

(2 (2

- 1
L‘.hsp(ui) = iuTE”ul — T;‘Fui + const, (5.5)
with constant terms depending on the plastic strain. The linear term r; € R? is

T = bf’ — ZEij“j — Zcijpj,
i i#]

with b} from . The functional has a unique minimizer u;, because it the
restriction of a strictly convex and coercive functional. Hence, the matrix E;; is positive
definite and therefore invertible. Since Ej; is symmetric, the minimizer u] can be
computed by solving the linear system

%
Emul =T5.

Since this is only a d X d system, we can it directly without drawbacks in runtime or
stability.

5.3.2. Minimizing in Plastic Strain Subspaces

Minimizing in a plastic strain subspaces is more difficult than in the displacement
subspaces. The main problem is in the nonsmooth dissipation and hardening functional

i(pi) = —Gn(|B(pi)|l) + o0 [ B(pi)]l
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derived in (4.18]). The restricted functional for the i-th plastic strain subspace is

1
L (py) = §PiTPn'pz' — 1} pi + witpi(pi) + const, (5.6)
with constant terms depending on the displacement, and w; = [, 0;dz. Since P is
block-diagonal, the linear term r; here is just
ri =t =" Cjiu, (5.7)
i#]

with &% taken from (4.15). Recall ([4.13), i.e., that we have

pi Pipi = wi(2+ k) |Ipill3 - (5.8)

The local functional LflaSt is continuous, strictly convex and coercive, and thus a unique
minimizer p; € R% exists. For the further treatment of the local minimizers, we
distinguish between von Mises and the Tresca dissipation function.

Von Mises Dissipation

In this section we consider |[-|| = ||-|| z. For better readability we use the isometry (4.11))
and identify

P* = B(p}), R:=B(r;) € S¢.
Lemma 5.3.1. If we use von Mises dissipation, the minimizer of (5.6|) is P* =0 if and
only if

I7illy = 1Rl[p < 00 — g(1m-1)-

Proof. We show that each direction S € S? is an ascending direction in P*. Recall that
DG(0) = g(np—1) from (4.7]). Moreover, from the positive 1-homogeneity of the norm we
have

V-l (0)[ST = [ISllp-
The directional derivative is then given by
VI 0)[S] = =R : S+(00—9(m-1)) IS r = = IRz IS+ (00— 9(n0-1)) S| = 0.
If |R||p > 00 — g(n—1), we have V [|-|| 7 (0)[R] < 0 and hence, P* # 0. O

From |Lemma 5.3.1], we can determine a priori whether the minimizer is zero or not.
Hence, let us characterize the minimizer for the case that it is not zero.

Lemma 5.3.2. If | Rl > 00 — g(ta—1), the functional LI is smooth around the
minimizer P* # 0. Then, the minimizer satisfies

P*
[Tl IF2

1P|

1 as * * k
0= —VLI(P") = (@u+k)P* = R+ [00 = g(|P* |+ 70-1)]

= <2u+k1+
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Since in the lemma above the term in parenthesis is positive, we can conclude
that P* = yR for a positive . To determine v, we have to solve the nonlinear equation

o0 — g(v IRl + n—1)
IRl

(2 + k1) + =1. (5.9)

We note that the left hand side is strictly monotone increasing in . Moreover, for v = 0,
the left hand side is smaller than one, since |R||z > 09 — g(,—1). On the other hand,
for v — oo, the left and side goes also to infinity. We can conclude that there is a
unique ~ since the left hand side is continuous in 7.

The reduction to a one dimensional problem can be interpreted as a closest point
projection onto the elastic region, as described in, e.g., [31]. Since in the von Mises case
this region is point-symmetric, the projection direction is given directly by the direction
to the center of the elastic region. In the case of linear isotropic hardening (g(n) = —kan),
we can determine v directly by

[Bll = F2rmn—1

2tk + k)[Rl py =Rl p — katn—1 = v = ‘
20+ k1 + ko) |Rllpy = 1Rl p — k2nn— 7 (21 + k1 + ko) | Rl

This also covers the case of no isotropic hardening (k2 = 0) and no kinematic harden-
ing (k1 =0).
The general nonlinear case ([5.9)) is solved by a damped Newton method.

Tresca Dissipation

The case of Tresca dissipation is more involved, since the dissipation function includes the
spectral norm. We consider the relevant space dimensions d = 2 and d = 3 separately.

For the case d = 2, note that for any p € S3 with eigenvalues A1 (p), A2(p) = —A1(p) we
have

Iplly = max {2 ()], Do)} = A (p)] = \gmw +ha(p)? = ¢1§ Iplly,  (5.10)

and therefore the Tresca dissipation functional is proportional to the von Mises dissipation.
Hence, it is already covered in the previous section. For the case d = 3 the five-dimensional
problem can be reduced to two dimensions, because the eigenvectors of B(p}) can be
computed from r; alone. This has been inspired from a similar result in [28].

Lemma 5.3.3. Assume that the material is isotropic (2.7). Let r; € R® be the linear
factor of (5.7) and R = B(r;) € S§ the corresponding trace-free symmetric matriz. Then
the matrixz representation of the minimizer B* .= B(p}) has the same eigenvectors as R.

. . . last :
Proof. Using that B : R% — S is an isometry, we can express L? ' in terms of matrices

» plast

» plast
L, ;

S8 > RU {0}, L (P)::%HP:P—R:P—Fwi@i(P)—Fconst, (5.11)
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5.3. Application to Primal Small-Strain Plasticity Problems

where @,;(P) == ¢;(B~1(P)). If the Hooke tensor H describes an isotropic material the

~ plast
functional LlP *" takes the form

~ plas 2 k i
Py = (‘“;1)“13 P — R: P+ wi;(P) + const, (5.12)
and its subdifferential is
AP (PY = (2u + k1 )wiP — R+ widd; (P). (5.13)

Since ®; only depends on the spectral norm, we can express it by a lower semi-continuous,
convex scalar function

o R—=R, ¢,(v) :=—-G,(v) + opv, (5.14)
such that
Pi(P) = @i (I1Pll2)-
Then we can express the subdifferential by
0%;(P) = {a 0|15 (P) : a€dp(-)(IP2)}-

See, e.g., [1] for a proof. Hence, each element of the subdifferential of ¢ is a scalar
multiple of an element of the subdifferential of the spectral norm. Let A : S® — R3,
AMA) = (A (A), A2(A), A3(A))T be the eigenvalue mapping. Then (||-|| . o A)(A4) = || A,
holds. We can apply [1, Proposition 24.63] since |||, is symmetric, i.e., independent of
the order of the arguments, and convex. We get

0|, (P) = {V diag()V" : y € I|AP)|, V €SO(3): P =V diag(A(P)V"}.

~ plast

If P is the minimizer of (5.12)) we have 0 € L;  (P). Then, (5.13) yields
R e (2# + k‘l)wiP + wla@z (P) .
Hence R has the same principal axes as P. O

With the eigenvectors of the minimizer P* known, we can reformulate the minimization
problem in the three-dimensional space of eigenvalues A1 (P), Aa(P), A3(P). As P*
is trace-free we can further eliminate A3(P) by setting A3(P) = —A1(P) — A2(P). To
write the functional L in terms of two eigenvalues of P we compute

I1B(P)llz = max{[Ai], [ Az, [As]} = max{[Au], [Aa], A1 + Az}

and

1B = 3+ X3+ A3 = /202 +- 223 + 270 he.

Let v; denote the eigenvalues of R and A; the eigenvalues of P. As P and R have the
same principal axes the scalar product reduces to

P:R= tl”(PTR) = (1/1 — 1/2) A+ (I/Q — Vg) Ag.
— —
=U1 =2
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Using the equations above, the resulting objective functional in two variables is given by

- 2 k
L Ae) = wi | 002 1902 1 2x00) + @1 (m(A, M)
2 (5.15)
—D1A1 — D29 + const,
with
m(>\1,/\2) = max{])\l\,\)\g\,|/\1+)\2]}. (5.16)

The scalar function @; (5.14)) is smooth The nondifferentiability of L?laSt only originates
from the function m. Nevertheless, L; is piecewise smooth on the decomposition shown

in [Figure 5.1

)\2 )\2
\\\\ A4 E5
N Ay FE3
Az .
- < A1 2 iz > A
) \\ A5
A2 \\ E4
As -, Es

Figure 5.1.: Six open areas A1, ..., Ag C R? and six open edges F1,..., Eg C R?

On each of the six open areas A1,..., Ag and edges F1, ..., Fg the maximum term can
be expressed as

m(>\1, )\2)‘0 = 0410)\1 + Oég/\Q (5.17)

with the following coefficients:

CaseHAl‘Ag‘Ag‘A4‘A5‘A6“El‘EQ‘Eg‘E4‘E5‘E6‘

o |1 | -1|-1l0o |1 |01 |-1]0]0]0]°1
o 1|10 |10 |[-1|O0O][O0|1|-1|1]0

The set P = {{0}, A1,..., Aq, F1,..., Eg} is a disjoint partition of R?. Since L; has a
unique minimizer, the minimizer is contained in exactly one C € P. The zero point is a
special case, because we can check a priori whether the minimizer is zero.

Lemma 5.3.4. Consider Tresca dissipation and let L; be as in with the linear
factor v = (1, 2)7. If
v € wi-d[p;(m(,-))] (0,0), (5.18)

then A\1 = Ao = 0 is the unique minimizer of L;.

60



5.3. Application to Primal Small-Strain Plasticity Problems

Proof. L; is strictly convex and coercive. Therefore, we have existence of a unique
minimizer. The subdifferential of L at zero is

0Li(0,0) = w; - 0 [@;(m(-,))] (0,0) — o (5.19)

Moreover, 0 € OL;(0,0) is a sufficient condition for the minimizer. Hence, if
v € w;-0[p;(m(-,-))](0,0), the claim follows. O

With the lemma above, we can summarize the computation of the minimizer by the
following procedure. We have to carefully choose the correct order of the 13 elements of
the set P == {{0}, A1,..., As, E1,..., Eg}. Therefore, we will consider the case zero, the
open areas A;, and the line segments F; separately.

For L; as in , consider the following steps:

(1) Use|Lemma 5.3.4)) and check whether the minimizer is zero:
o Check whether
v € wi-d[p;i(m(--))](0,0).

o If it holds: Return (0,0).

(2) For each C € {Ayq,...,Ag}:
e Restrict L; to C using .
+ Extend L;|c canonically to R2.
« Compute the unique minimizer A¢ of the smooth extension.
« If \Y € C: Return )\°.

(3) Set S := (. For each C € {Ey, ..., Fg}:
o Restrict L; to C using (5.17).
o Extend L|C canonically to the infinite line in R? containing C.

« Compute the unique minimizer A® of the smooth 1D extensionﬂ
o If \Y € C: Add A© to the set S.

(4) Return the optimal candidate A € S.

Remarks 5.3.5. If we found a minimizer \© in we can stop immediately and skip
and , since \C is contained in the interior of C, and the restriction Li|c is strictly

conver. In multiple candidates may appear, as shown in |Figure 5.2. Therefore we
have to consider all 6 edges and choose the optimal point in the end.

In the following we will show the explicit application of the algorithm above for
certain scenarios of small-strain plasticity with hardening. The following characterization
of Om(0,0) follows directly from [1, Theorem 18.5].

'To be precise here: On the edges E; the maximum functional m (5.17) depends only on one variable.
Formally, we replace m(A) := m(X\, A\)|c and compute the unique minimizer of m
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A2

AN

Es

by

A4 ¢

Figure 5.2.: Level sets of a convex function with global minimum on Fg and local minima
AE1 ME1 on the restrictions E; and Ej, respectively

Lemma 5.3.6. For m from , we have
om(0,0) = conv{=*ey, +es, £(e1 + €2)}
for the canonical unit vectors ey, es € R2.
Example 5.3.7 (Linear hardening). For the case of linear kinematic and linear isotropic
hardening the nonlinearity G, is given by

—Gy(An) = kanp—14An + %A?f + const

for a positive scalar ko > 0. After eliminating An as described in the objective
functional reduces to

2u+ k1

Z/()\l, )\2) = w; (2)\% + 2)\% + 2)\1)\2) — D11 — Da g

+ %m(kl, A2)?
+ (kann—1 + 00) m(A1, A2) | + const.
For step of the algorithm above, use and compute
d1@;(m(+,))](0,0) = (kann—1 + 00) conv{=te;, tes, £(e1 + €2)}.

By the condition

U € (kann—1 + 00) conv{+tey, +es, +(e1 + €2)}
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holds if and only if the minimizer is at zero. If it is not, restrict L to the 12 cases shown
in For each of these cases, the problem is quadratic:

2p+ ky

~ k
Li(A, Ao)le = wi (222 + 202 + 20 A0) + g(a?Al + aSx)?

+ (k2mn—1 + 00)(af A1 + a§' A9)
— D1A1 — Do Ag + const

with C' € {A;,E;: i € {1,...,6}}. Therefore, we can compute the steps f of the
algorithm above directly.

Example 5.3.8 (Nonlinear saturated isotropic hardening). If we extend the previous
example by nonlinear saturated hardening as given in (2.13)), the nonlinearity G,, takes
the form

k 0,
—G,(An) = kanp_1An + ;An2 + (koo — 00) (An + ﬂe_BA"> + const

with positive scalars ko > 00, ko, 5 and 6, == e #7-1. For using [Lemma 5.3.4 we

compute
3 [@;(m(-,))1(0,0) = (kanp—1 + 00 + (koo — 00)(1 — 0n)) conv{zer, xez, +(e1 + e2)}

and can easily check whether the minimizer is zero with For the other
cases, the restriction is given by

] 2+ k k
L\, M)l = wi %(m? + 202 + 20 0) + 52(@1%1 +a§xs)?

On
+ (koo — ao)ge_ﬁ(a%mgh) + (kamn—1 + koo) (aT A1 + 0§ X9)

— D1A1 — DAy + const

with C € {A;, E; i € {1,...,6}}. In each case, the minimization problem is convex and
can be solved by globally converging damped Newton steps. In practice, this converges
in a few steps to the unique minimizer.

5.3.3. Determining Maximal Differentiable Subspaces

In the TNNMG linear correction stage, for the linear correction step , we have to
determine the maximal subspace W, in which the functional is differentiable. For von
Mises dissipation this is easy, since each component is non-differentiable only in the zero
point.

However, the spectral norm of the Tresca dissipation has indeed non-trivial subspaces
of non-differentiability. The spectral norm of symmetric matrices is differentiable if and
only if the dominant eigenvalue (in terms of the absolute value) is unique. Only the
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relevant cases d = 2,3 are considered here. Recall that for d = 2 Tresca dissipation is
equal to von Mises dissipation . For d = 3, the eigenvalues of trace-free matrices
satisfy A1 + Ao + A3 = 0. We can divide all configurations of the eigenvalues into three
disjoint cases.

(i) one dominant eigenvalue || > max{|Az|, |As|}
(ii) two dominant eigenvalues A\; = —Xg # 0, and A\3 =0
(iii) all eigenvalues are zero

In case , the spectral norm is differentiable. In case we conclude that the current
plastic strain component P in matrix has the spectrum

A\, —A,0).

Since symmetric matrices have orthogonal eigenvectors there are two unit vectors a, b € R3
with a L b such that

P = Xaa® —bbT).

Nevertheless, the spectral norm restricted to the one-dimensional space
{7 (aa” —bbT): v € R}

is differentiable in P. For the case there is no non-trivial subspace, in which the
spectral norm is differentiable.

5.4. Efficient Implementation of Norm Derivatives

For a start, we need fast and robust methods to compute the value, gradient and hessian
of the Frobenius norm or the spectral norm of trace-free symmetric matrices in order to
compute the Newton-like linearization step (5.4)). The basis of S& was chosen such that
for a p € R%, which induces a trace-free and symmetric matrix B = B (p) = Z?ﬁ 1 Bipi,
we always have the isometry ||B||p = ||p||,. Deriving the Frobenius norm is relatively
easy and can be done directly by

T
VIBOLE0) = o VB0l @) = sy~ i 620

This is well-defined as long as p # 0, which is the only non-differentiable point. Moreover,
in two dimensions we further have the equivalence of von Mises and Tresca dissipation
since | B(p)||z = v2||B(p)||,. Therefore, we can use the same formula above to obtain
the gradient and the hessian of the spectral norm in p. In the three-dimensional case we
actually need to compute the eigenvalues of B(p) first.
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Lemma 5.4.1. For a symmetric, trace-free matriz B € S} the eigenvalues are explicitly

given by
2 1 Vo4
\i(B) = s; \/; | B| - cos (3 arccos ( - det(B)S) + ri> (5.21)

3
1BlIF

fori=1,2,3 with s = (-1,1,-1) and r = (5,0, —%).

Proof. We have
[Bll2 = max{|A1(B)], [A2(B)|, [ As(B)|} (5.22)

for the eigenvalues A1(B), Aa(B), A\3(B) of B. These values are the roots of characteristic
polynomial

1
B(\, B) := det(A\ — B) = X3 — 5 |B||% A\ — det(B) = 0, (5.23)
The roots of this cubic equation can be computed directly by Cardano’s method. This
common result can be found in monographs like [7]. No second order terms appear in

the characteristic polynomial since B is trace-free. This saves us the generally necessary
transformation step of Cardano’s method in order to achieve the reduced form

Miar+8=0
of the third order polynomial. O

Deriving the eigenvalues with respect to the matrix is possible if and only if the
dominant eigenvalue is unique. To check this, we can compute the eigenvalues using
the lemma above. It is not wise to directly attack the equation . It will lead to a
lengthy chain rule application which is error-prone and difficult to implement. Instead,
we use the implicit formula for B = B(p) and derive both sides by p to obtain

1
BNV = = 3 [BOF Vo =V det(B(p) =0,

where A is the dominant eigenvalue. Recall that V, (% HB(p)H%) =V, (% Hp”%) =p.
Moreover, det(B(p)) is a third-order polynomial in p and therefore easy to derive. Hence,

_ Y, det(B(p)) + Ap

VA
T3 B

is a direct formula for the gradient of the spectral norm. We have to switch the sign of

the result, if the dominant eigenvalue is negative. For completeness, the denominator is
never zero, since \ is the dominant eigenvalue and hence,

1

2. 22 4 22 4 )2 2 2

BN > AT+ A+ A3 =Bl > 3 | B|% -

For the hessian of the dominant eigenvalue, we derive ([5.23)) once more to obtain

1
BAV LAV AT 4+ 3AV2N — 2V, 0p — AT — 3 |B(p) |7 VX — V2 det(B(p)) = 0,
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which can be solved for Vg)\ as long as 3\% # 0. If \ is the unique dominant eigenvalue
it cannot be zero. If the dominant eigenvalue is negative, we have to switch the sign of
the hessian of the eigenvalue to get the hessian of the spectral norm.

Another numerically critical part is to stably determine whether the dissipation

functionals (3.5 and (3.6) with the terms
IBM)lF and [|B()l

are smooth around p € R%. The case of the Frobenius norm is rather easy, since only
p = 0 is a non-differentiable point. Numerically, the condition p # 0 is not stable, since
for p — 0 the hessian in becomes infinite large. Therefore, a criterion ||p||, > 10719
is used in practice to determine differentiability.

For the spectral norm differentiability is equivalent to the uniqueness of the dominant
eigenvalue. From the zero trace of B(p) we know that

A is not uniquely dominant < spectrum(B(p)) = {, 0, —\}.

We use this property by computing the eigenvalues Ay > Ao > A3 of B(p) by Car-
danos’s method and implement the check whether |A2| > 10719 in order to determine
differentiability numerically.
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6. Numerical Results

In this section we test the implementation of the solution algorithms from
applied to the algebraic minimization problem .

Several test scenarios are considered. A first model choice is the dissipation function.
In this part of the thesis, the von Mises dissipation and the Tresca dissipation
are studied. Tests for the von Mises dissipation are performed in two and three
dimensions. We restrict the tests for the Tresca dissipation to three dimensions, since in
two dimensions both dissipation functions are equivalent, cf. [Lemma 2.4.3 and (5.10)).

The considered solvers for the resulting minimization problems are TNNMG and
the predictor—corrector method with a consistent tangent predictor (ctPC). From
both algorithms are related, and therefore suitable for a comparison. While
the algorithmic parameters of ctPC are fixed, we have some freedom in the application
of TNNMG. Each TNNMG iteration uses one application of the local smoother, which is
in this case an exact block Gauss—Seidel method, as presented in We have
to choose the solver for the linear correction steps . We will solve these problems

inexactly with a single geometric multigrid step (Appendix A.2)) for an inexact solution.
On the coarsest grid level, the direct solver CHOLMOD (3] is used.

The material parameters, as well as the domain, boundary conditions and load are
given for each test separately.

6.1. Von Mises Dissipation with Kinematic Hardening

The results of this section are taken from [30]. We give an overview of the aspects,
which are the most relevant for this thesis. That article treats only the case of primal
small-strain plasticity with linear kinematic hardening. For convenience, we therefore
recall the objective functional after space and time discretization. Since there is no
isotropic hardening present, we set G = 0 in . We eliminate the isotropic hardening
variable completely from our system. Hence, the discrete objective functional takes
the form
Np

1
L(w) = gw Aw — 6w + 3 wio|pill, (6.1)
=1

for the yield stress g, cf. [Section 2.4 and the shape function integrals w; (4.16]). Note

that we used the isometry || B(p)||» = ||p||, between the matrix valued B(p) € S¢ and

the vector p € R% ([.11)).
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6. Numerical Results

6.1.1. Two-Dimensional Test

The first numerical test in [30] is in two dimensions. All length specifications are
measured in millimeters (mm). For a test body we consider a square [—10, 10]?, measured
in mm, with a circular hole in the center with a radius of one millimeter. We apply a
symmetric pulling force on both the upper and the lower edge. Since we investigate only
isotropic materials the resulting displacement and plastic strain will be point-symmetric
to the center of the square. Hence, we can consider only the upper left quarter and
set appropriate boundary values. To this end, we consider the domain Q = [0,10]?\ C,
where C' is the circle with radius one millimeter at the center. To justify the reduction
to the upper left quarter, we state the sliding boundary values on the displacement
field u = (uy,u2)

111(10,%'2) =0 Vzy € [1, 10], 112(:61,0) =0 V€ [0,9]

on the bottom and right edge.

The initial grid covering {2 consists of 176 triangular grid elements. For the multigrid
solvers we will create a grid hierarchy of several uniform global refinements (levels) of
this grid. In the domain with sliding boundary conditions on the displacement

(A N B S S

| levels | elements vertices

g 1 176 105

2 704 385

K 3 2816 1473

dl 4 11264 5761

J 5 45056 22785

L 6 180224 90625

" 7 720 896 361473

T [ 8 | 2883584 | 1443841

Figure 6.1.: From [30]. Left: The domain €2 including sliding boundary conditions.
Middle: Initial (coarse) grid covering 2. Right: Number of grid elements
and vertices of several uniform grid refinements

field, as well as the initial coarse grid are visualized. Moreover, a table of the number
of grid elements and grid vertices are given for several uniform grid refinements. The
maximal number of grid levels is 8 since it is the maximal level to fit into the memory of
the test machine (32 GB). We choose an isotropic material for this test. The material
parameters below are measured in N/ mm?. The Lamé parameters are

A=6.5-100 =107,
The yield stress oy and the kinematic hardening parameter k; (2.11]) are set to

oo = 450, ky =3-106.
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6.1. Von Mises Dissipation with Kinematic Hardening

We apply a surface force to the top edge of the square (I' := [0,10] x {10}) by the
time-dependent load functional

(), u) == 100 / us dS
r
that acts on the second component of the displacement field.
In total 20 time steps are computed. The discrete time points are ¢; == i for i € {1,2,...,20}.

.NB

Figure 6.2.: From . Plastic strain result for the time steps 3, 4, 5 and 6

The resulting evolution of a plastic strain is displayed in The initial value is
zero. One can clearly see that the plastic strain starts to evolve at the hole in the center
and then rapidly covers almost the complete domain. Before time step 3 the material
behaves completely elastic, and after time step 6 it is completely plastic.

A relative stop criterion is used for both algorithms during the simulations. In each
time step t; the solver iteration stops once the energy norm ||-|| , (with the matrix A
[#.12)) of the current correction correction drops below 107 of the norm of the first
correction.
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T T 45 T T T T T T T T T
1 leve| 1 leve|

40 2 levels mmm— g 40 2 levels mmm— g
3 levels 3 levels

35 4 levels o 35k 4 levels
5 levels 5 levels

30k 6 levels 30k 6 levels

7 levels  mm— 7 levels  mmm—
8 levels

8 levels mmm— |

25 25

20 20

iterations
iterations

15F

5-%‘ 5-_&*—”‘

0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
time step time step

15

Figure 6.3.: From . Number of iterations until convergence for the 20 time steps. Left:
TNNMG. Right: Predictor—Corrector

In for each time step the number of necessary steps to achieve the relative
convergence criterion are given for both solution algorithms. The different lines indicate
the number of grid levels of the multigrid hierarchy, thus the resolution of the solution.
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6. Numerical Results

For the TNNMG method one can see that the number of iterations seems to be bounded
from above for increasing grid levels for most of the time steps. For the first time
steps (purely elastic) the number is at most 10, followed by a peak at time step 4 with
45 iterations on 8 grid levels. This step indicates the transmission to an elastoplastic
process, hence the active set (the degrees of freedom in which the objective functional is
nonsmooth) changes. From time step 5 on the iterations are again bounded by 20. For
the ctPC method the number are significantly smaller. With a peak at time step 6 with
11 iterations the numbers are generally below 10 for all other time steps. Note that on
one level TNNMG degenerates to an exact solver of a Predictor—Corrector type, and
hence the iteration numbers for this level are equal in both diagrams.

We conclude that the ctPC method yields about half of the required iteration numbers
of TNNMG for plastic processes after time step 5.

We also investigate the required wall time for both solvers since a single ctPC step is
likely more time consuming than an inexact multigrid step of TNNMG. To this end, the
wall times of both algorithms for the time steps are presented in

1 T T 1 T T T T T T T T T
1 leve| 1 leve|

2 levels mmm— 2 levels mmm—

3 levels 3 levels

4 levels 4 levels

5 levels 5 levels

6 levels mmm— 6 levels mmm—

7 levels ] 7 levels ]

8 levels mmm—m— 8 levels mmm—m—

3 N’
0.001 0.001
0

2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
time step time step

o
-
o
-

normalized wall-time (sec)
4
)
2

normalized wall-time (sec)

\T

Figure 6.4.: From [30]. Normalized wall time for the computation of the 20 time steps.
Left: TNNMG. Right: Predictor—Corrector

For a better comparability we display the normalized wall-time: On one grid level this
is the original wall time. On all other levels it is scaled inversely proportional to the
number of degrees of freedom. This is a good tool to recognize a linear dependence of
the wall time depending on the number of degrees of freedom. In this case all lines for
the different numbers of grid levels coincide. It seems to be the case for the TNNMG
algorithm. Apart from the first 5 time steps (elastic—plastic transition), the normalized
wall times coincide. Hence, we conclude that TNNMG has a wall time linearly dependent
on the number of degrees of freedom, as expected for a multigrid solver. On the other
hand, the ctPC solver does show a superlinear time dependence. For one grid level both
algorithms are comparable. However, for the other grid levels, the necessary wall time
for the ctPC solver is much higher for TNNMG. On the finest grid level 8 the required
wall time of the ctPC algorithm is about five times higher than the one of TNNMG. We
have no mathematical explanation for the jump of the wall times between 6 and 7 grid
levels. We suppose it arises from caching effects in the hardware.

In summary, we conclude that TNNMG has superior performance to the ctPC solver
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6.1. Von Mises Dissipation with Kinematic Hardening

for large grids.

In [30] additional tests are presented: First of all, the memory consumption of TNNMG
is about half of the one of ctPC, which is 5 GB vs. 10 GB on 8 grid levels. Direct solvers
are very memory consuming for large problems. To overcome this issue, a combination of
c¢tPC and repeated multigrid steps is considered and tested. Even then TNNMG turned
out to be the fastest solver.

Another test is done for a lower values of the hardening parameters ki. It turned out
that the minimization problem becomes ill-conditioned in this case causing TNNMG to
require an unbounded number of iterations for increasing grid levels, while the direct
solvers of ctPC are not affected by small values of k1. To improve this situation for
TNNMG, a Schur complement technique is applied resulting in better condition numbers
and hence, better performance.

6.1.2. Three-Dimensional Test

A three dimensional test with the same material properties as in the previous[Section 6.1.1
is also considered in [30] and quickly presented here.

3 N Dt ot
levels | elements vertices
1 25 168
2 200 942
3 1600 6108
4 12800 43512
5 102 400 327408
6 819200 | 2537952

Figure 6.5.: From [30]. Left/Middle: Geometry, boundary conditions and initial grid of
the 3D test object. Right: Number of grid entities for grid refinements

The test body is given in a bounding box [0,4] x [0, 7] x [0, 1] (measured in millimeters)
with two notches, as seen in The initial coarse grid containing 25 cubical
elements as well as the number of grid elements and grid vertices for various uniform
grid refinements are given in this figure.

Note that due to the curse of dimensionality the number of grid entities, and therefore
the degrees of freedom of the discrete problem are growing much quicker than in the two
dimensional case. Hence, we consider only up to 6 grid levels, since another refinement
did not fit into the memory of the test machine.

Boundary conditions are given by sticky Dirichlet conditions at the bottom face

u(z1,0,23) =0 V(z1,z3) € [0,4] x [0,1]
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6. Numerical Results

and a surface load term is applied to the top face I' = [0,4] x {7} x [0,1] by the
time-dependent load functional

(I(t),u) = 20t/ ux dS
r
acting on the second (upward facing) component of the displacement.
Again, we consider 20 time steps ¢; == ¢ and use the same solver options as in the

previous test in [Section 6.1.
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Figure 6.6.: From . Plastic strain result for the time steps 5, 10, 15 and 20

In the evolution of the plastic strain in the test body is shown for the time
steps 5, 10, 15 and 20. Starting from time step 5 a plastic strain starts to develop at
the narrowest part of the test body. Until the last time step 20 a majority of the test
body has a nonzero plastic strain. Displacement is not shown since it is negligible in this
small-strain test.

In the numbers of necessary iteration steps for both solution algorithms for
solving the problem in the 20 time steps are shown. First of all, we were not able to
compute solutions of the ctPC solver for 6 levels due to insufficient memory on the test
machine for the direct solver. We notice that the number are again comparable for one
grid level since both solvers are of the same type in this case. For an increasing number
of grid levels TNNMG shows increasing iteration numbers that seem to converge to an
upper bound little above 30 iterations. Moreover, the numbers tend to become large
with increasing time steps. This happens most likely because the number of activated
components of the plastic strain increases faster with expanding plastic strain. On the
other hand, the iteration numbers for the ctPC solver are almost unaffected by the grid

fineness and the time step. With at most 7 steps the total number is much lower than on
the TNNMG side.
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6.2. Three-Dimensional Tresca Dissipation

45 45
1 leve| 1 leve|
40 | 2levels o 40 | 2levels
3 levels 3 levels
35 4levels o 35 4levels
5 levels 5 levels
30 6 levels 30k

25 25

iterations

20 20

iterations

o
15k _/_/\/_’\- 15k
10 o 10
5p 5k T
—_— L~
0 0
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20

time step time step

Figure 6.7.: From [30]. Number of iterations until convergence for the 20 time steps. Left:
TNNMG. Right: Predictor—Corrector
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Figure 6.8.: From [30]. Normalized wall time for the computation of the 20 time steps.
Left: TNNMG. Right: Predictor—Corrector

The normalized wall times for the 20 time steps are given in For TNNMG
we see again a linear time dependence on the wall time on the number of degrees of
freedom. On the contrary, ctPC shows a superlinear dependence. As a result, for 5 grid
levels, the TNNMG method is about 10 times faster than the ctPC method. Moreover,
the memory consumption at 5 grid levels of ctPC is about 6700 MB compared to only
729 MB of TNNMG [30].

This demonstrates that direct solvers such as CHOLMOD have a huge time consumption
applied to solving discretized problems of three dimensional PDEs on fine grids. Even on
6 grid levels TNNMG consumes about only 3500 MB. Overall, we can show the efficiency
of TNNMG both in the wall time and in the memory consumption.

6.2. Three-Dimensional Tresca Dissipation
In this test, we consider only kinematic hardening for better comparability with the

previous von Mises tests. Hence, we still set formally G = 0 in (4.7]), and therefore do
not consider any isotropic hardening variable n at all. The objective functional (4.17))
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6. Numerical Results

takes now the form

N,
1 P
L(w) = inAw —bTw + sz‘ao 1B(Pi)ll (6.2)
i=1

with the spectral norm ||-||,.

For best comparison to the numerical test in we reuse the domain, the
sticky boundary conditions and initial grid, as shown in

However, material parameters in this test are chosen differently from
We consider a yield stress og = 450, Lamé parameters (2.7) p = 8-10% and A = 1.2 - 10°,
as well as a kinematic hardening paramter k; = 41080. The mentioned parameters are
measured in N/mm?.

External forces are again given as surface forces at the top face I' of the shape (xo = 7).
We consider the time-dependent load functional

(1(¢), u) == 300t /F us dS.

We compute the solutions for 20 time steps t; := i for ¢ from 1 to 20. The loading force
and the time steps are chosen such that we have a comparable material behavior as in
the three dimensional von Mises test case.

In detail, we have again about 4 elastic steps with no appearing plastic strain, followed
by a plastic evolution. Finally, at time step 20, a majority of the domain has a nonzero
plastic strain.

Apart from the slightly different material model the solver-specific options are equal
to the ones from

50 55
1level 1 leve|
45 | 2 levels m— 50 2 levels me—
3 levels 3 levels
40 4 levels 45 4 levels

35k 40
35
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20 ’\
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0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
time step time step

Figure 6.9.: Number of iterations until convergence for the 20 time step on difference
grid resolutions Left: TNNMG. Right: Predictor—Corrector

The necessary iteration steps for TNNMG, and the ctPC solver to compute the solutions
for the 20 time steps are displayed in

In contrast to the equivalent results with von Mises dissipation in the
number are almost the same on all grid levels for both algorithms.

The reason is the spectral norm ||B(p;)||, in the discrete objective functional (6.2)).
While the Frobenius norm has exactly one nondifferentiable point at zero, the spectral
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6.2. Three-Dimensional Tresca Dissipation

norm is nonsmooth at every matrix with non-unique dominant eigenvalue. This increases
the degree of nonsmoothness. Hence, minimization with nonsmooth Newton methods,
like TNNMG and ctPC, is more difficult.

Recall that TNNMG computes anyway only inexact nonsmooth Newton steps. Hence,
comparably smooth cases, like von Mises dissipation, the total iteration numbers are
already high. In contrast, the exact and direct Newton steps of the ctPC method
require a low number of iterations for convergence (cf. . However, for Tresca
dissipation, there is no advantage of computing exact Newton steps, since the Newton
corrections will likely “cross” a nondifferentiability of the objective functional. Therefore,
the minimization of the objective functional relies more on the nonsmooth local solvers
from the first stage of TNNMG and the corrector step of ctPC from

In the von Mises case, TNNMG is already superior in the wall time measurements
compared to the ctPC method, as seen in [Figure 6.8 We expect this gap to be even
larger in the Tresca case. The normalized wall times for Tresca dissipation are shown in
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0.001 0.001
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20

time step time step

Figure 6.10.: Normalized wall-time for the computation of the 20 steps solutions for
different refinement levels. Left: TNNMG. Right: Predictor—Corrector

The TNNMG solver shows again a linear wall time dependence on the number of degrees
of freedom as all lines tend to coincide. The ctPC with the direct solver CHOLMOD
starts with a linear wall time behavior for the first 3 levels. This is followed by a quadratic
wall time dependency from level 3 to 4. The reason for the linear start is simply that
direct solvers are very efficient for small linear problems. The wall time is dominated
by the overhead of the grid and solver structures for coarse grids. And grid-dependent
routines are usually linear in the grid size, and hence in the degrees of freedom of the
problem.

Clearly, TNNMG is the faster algorithm with a gap of factor 8 compared to the
Predictor—Corrector at 4 grid levels. Computations with more than 4 grid levels exceed
the possible measurable wall time on the test machine. We conjecture that the gap in
the wall times of TNNMG and ctPC will be even larger for finer grids.

Additional extensions of the ctPC method to a numerically exact multigrid solver for
the elastic predictor step (as in [30] for von Mises dissipation) are not considered here. It
will most likely reduce the quadratic wall time dependence of CHOLMOD to a linear
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6. Numerical Results

one, but as seen in the number of iterations (Figure 6.9)), there is no advantage in solving
the Newton steps exactly. Hence, this improvement strategy for the ctPC solver cannot
outperform TNNMG.

6.3. Isotropic Hardening

The last numerical test extends the two-dimensional example from [30]. We want to
investigate the impact of isotropic hardening on the wall time of the presented solvers.
This test covers both Tresca and von Mises dissipation, since they are equivalent in two
dimensions (Lemma 2.4.3]).

We reuse the two dimensional grid from Boundary values as well as the
grid hierarchy are unchanged.

For a better investigation of the influence of isotropic hardening we choose a load
functional such that we consider two complete hysteresis loops. This is achieved by the
load functional

(1(£), w) = 450 - sin(4rt) /F us dS.

on the top edge I' of the domain for time ¢ in [0, 1]. The time interval [0, 1] is divided
into 100 equal parts. In this benchmark, we use either kinematic or isotropic hardening
only. In the isotropic case we use the non-linear isotropic hardening functional

9(n) = (00 — ko) (1 — e777) — kan,

as from (2.13]). For a better comparison to the kinematic case we use k2 = koo = 41080 N/mm,
[ =1 and reuse the other material parameters from
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Figure 6.11.: Hysteresis for two force loops. Left: kinematic hardening. Right: isotropic
hardening

In the resulting hysteresis curves for pure kinematic and pure isotropic
hardening are given. We compute the average displacement in the o2 component over the

domain as a drop-in of the usually used strain measurement of these hysteresis curves.
For the kinematic hardening test (with k1 = 41080 N/mm) the hysteresis curve is the

expected parallelogram. The isotropic result shows the development of a growing elastic

region after plastic work occurred, visible as the shrinking width of the parallelogram.
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6.4. Conclusion

For both simulations we use the TNNMG solver with the same solver options as given
in The total time for all 100 homotopy steps does not depend on the chosen

hardening functional, as seen in

1000 v T T v T

100 w

10 W

wall-time (sec)

! 1
kinematic hardening
isotrop_ic hardening —

1 2 3 4 5
grid levels

Figure 6.12.: Total run time for the hysteresis loop with 100 homotopy steps

6.4. Conclusion

First of all, we highlight that the TNNMG algorithm outperforms the Predictor-Corrector
method in all test cases. This was already demonstrated in [30] for the von Mises case.
In this thesis we are able to show that the performance gap between the TNNMG and
ctPC solver is even larger.

In summary, TNNMG turns out to be a simple and easy to use algorithm with high
efficiency for highly nonsmooth objective functionals. Another advantage of TNNMG is
its form of an algebraic black box solver. There are only few parameters to set, especially
no problem-depending control-parameters.

Another result addresses isotropic hardening. As seen in the last test case the plastic
material behavior depends heavily on the considered hardening rule. Nevertheless, the
solvers are not affected by this. For all considered hardening rules the wall times and the
number of iterations are comparable. The reason is most likely that isotropic hardening
rules lead to smooth parts of the objective functional. The critical parts for the quality
of the solvers are the nonsmooth components arising from the dissipation functionals.
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Part Il.

An Efficient and Globally Convergent
Minimization Algorithm for
Finite-Strain Plasticity Problems
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7. Introduction to Finite-Strain Mechanics

The restriction to small strains may not be appropriate in certain situations. Therefore,
in this section we present a rigorous continuum mechanics model of finite-strain plasticity.
Although the structure of this chapter is similar to in the first part of this
thesis, each section introduces new mathematical aspects since we drop the assumption
of small strains.

7.1. Kinematics

7.1.1. Deformation

Similar to the first part of this thesis, the kinematics are formulated in the physically
meaningful space dimensions two and three. Hence, the we have d € {2,3}. The domain
Q c R? is again closed and bounded. In the theory of small strains the displacement field

u:Q—RY

is the kinematic quantity of interest, since in the first part of this thesis we have the
fundamental assumption that Vu is in some sense small. In the second part of the thesis,
this assumption is dropped. Hence, there is no practical difference between using either
the displacement field u and directly considering the deformation field

y:Q—=RY y(z) =u(z) +z.

For an illustration of y and u consider in the first part of this thesis. The
theory of finite-strain mechanics is usually formulated in terms of the deformation field
y, and we will follow this path. Since we do not consider the effects of rigid body
motions, only spatial derivatives of the deformation field will contribute to the strain of
the material. The spatial gradient of the deformation field is given by

F=Vy=Vu+1,

and is directly connected to Vu by a unit matrix shift.

7.1.2. Strain Tensors

In the first part there is already a definition of the strain tensor given, cf. [Definition 2.1.1}
For finite strains, multiple definitions of strains are found in the literature. The one
introduced before is the so-called Green—St. Venant strain tensor and it is repeated here
for completeness.
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7. Introduction to Finite-Strain Mechanics

Definition 7.1.1 (Green-St. Venant Strain). Let F : Q — R4 deformation gradient
field. Then we call

L or
E = (FTF - 1) (7.1)
the Green—St. Venant strain tensor.
Another frequently found strain tensor is the (right) Cauchy—Green strain tensor.

Definition 7.1.2 (right Chauchy-Green Strain). Let F : Q — R¥? deformation gradient
field. Then we call
C =F'F (7.2)

the (right) Cauchy—Green strain tensor.

Remark 7.1.3. The Green—St. Venant strain tensor is zero for rigid motions y = Qy +q
with an orthogonal @ € SO(d) and q € RY.

7.1.3. Decomposition of the Deformation Gradient

In the first part of this thesis we introduced the plastic strain variable by splitting the
small-strain tensor

1 T
€= (Vu +Vu )
additively into the elastic part e and the plastic part p, such that,
e=e+Dp. (7.3)

For finite strains, the decomposition into elastic and plastic parts is not applied to the
Green—St. Venant strain tensor E, but rather directly to the deformation gradient F.
Moreover, we do not consider an additive split, but a multiplicative splitting

F = F,,P. (7.4)

This multiplicative split was introduced by [20]. It is used throughout this part of the
thesis. At a first glance, this looks to be in complete contrast to the additive split .
In the following we will clarify that this is actually just an extension of the additive split
used in the small-strain case. In the small-strain case, we assume that both e and p are
pointwise small, i.e., there is a h: £ — R with small values and

max{]le[|, [[p|[} < h. (7.5)

Next, we want to express Fq and P in terms of e and p. The required tool for this is
the exponential function of matrices. For a matrix A € R%*? the matrix exponential is
given by

exp(A) = Z

T
=0 v
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It is well-known (e.g., [18]) that the matrix exponential is well-defined for all matrices
with quadratic shape. If the norm of A is small, then the exponential series above decays
quickly. Hence, we have

exp(A) =T+ A+ O(|A|)~ I+ A for ||A]| = 0.
Now we use the matrix exponential to set
Fe =exp(e), P :=exp(p).
If we assume , then we have
F=F,P=e+p+I+0(h?),

and hence,
1
E= (FTF 1) =e+p+ O(h?).

In summary, the additive split of the small-strain tensor € can be transferred into
multiplicative split of F ((7.4]) by using the matrix exponential. Note that both F, and
P are in general allowed to be non-symmetric.

7.2. Ranges
7.2.1. Matrix Manifolds

We use matrix groups for the ranges of the elastic strain F¢; and the plastic strain P. This
is more advanced than the vector space approach in small-strain plasticity. However, this
allows us to use the multiplicative split of the deformation gradient F = F, P without
leaving the matrix group structure.

The deformation field y describes the deformed domain Q! = y (). Hence, from the
integral transformation formula

/ dﬁ;:/|det(vy)|dx
Qy) Q

we conclude that det(F) = det(Vy) is the local volume transformation density. From a
mechanical point of view, we do not allow a degenerate material with vanishing volume,
i.e., we postulate det(y) > 0. The set of matrices equipped with this property forms the
multiplicative group

CL(d)" = {A e R det(A) > 0}, (7.6)

which forms a subgroup of the generalized linear group, where the constraint det(A) # 0
is given. Furthermore, we assume that plastic effects do not change the volume, cf. [22|
Chapter 4.2.1]. Hence, the range of the plastic strain is equipped with the stronger
constraint det(Vy) = 1. Again, since the determinant is multiplicative, this forms another
matrix group

SL(d) == {A € R : det(A) =1}, (7.7)
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called the special linear group. Obviously, SL(d) is a subgroup of GL(d)*. In summary,
we consider GL(d)™ for the range of the elastic strain

F.(z) € GL(d)" for almost all € €,
whereas the plastic strain takes values in SL(d)
P(z) € SL(d) for almost all x € Q.

Note that the “for almost all” statement is already placed here to comply with the
embedding into Sobolev spaces later on.

7.2.2. Plastic Spin

Plastic spin has different meanings and definitions along the history on finite-strain con-
tinuum mechanics. An excessive overview is given in [5]. In this thesis, whenever we refer
to plastic spin we indicate to the rotational parts of the plastic range. These rotational
parts can be introduced formally by the orthogonal part of the polar decomposition of
the values of P.

Lemma 7.2.1 (|18, Theorem 8.1]). For any reqular matriz P € R¥% there is a unique
polar decomposition into an orthogonal matriz L and a unique symmetric, positive definite
matriz V', such that

P=LV.

Remark 7.2.2. By applying the polar decomposition to the transpose PT = LV, we get
immediately another decomposition

P=VR
with the orthogonal matriz R :== LT on the right side.
From the global pointwise polar decomposition P = LV, we associate the rotational

part L with the plastic spin. In this thesis we cover both the general plastic range SL(d),
and the case of spinless plasticity. For the latter, we introduce the set

SL(d);'ym = {A € SL(d) : A is symmetric and positive definite} (7.8)
for the range of the plastic strain without spin. Then, for each P with values in SL(d);g,m,

we have can identify L = I in the polar decomposition. Note that SL(d)J,, is not a

matrix group under matrix multiplication since the product of two symmetric matrices is
in general not symmetric. Further numerical treatment of this set is given in
For now, we will use the general case of the plastic strain with spin until further notice.

84



7.3. Stress Tensors

7.3. Stress Tensors

At small strains we postulate the existence of the Cauchy stress tensor field o : Q — S,
such that,
—div(e) =b

for the volumetric force density field b . The existence of the Cauchy stress tensor on
the initial domain requires the gradient of the displacement field, and hence the strain E,
to be small [16, Chapter 2.2]. At finite strains, we have to distinguish whether we postulate
the physical quantities on the initial domain €2, or on the deformed domain QY := y(2).
From the mathematical point of view it is does not matter to consider the initial domain €2
all the time. However, in the real world, forces are in fact applied to the deformed body,
since the initial state may not be available. We revisit [Proposition 2.2.1] from the first
part of this thesis without the assumption of a small strain tensor. This form is found in,
e.g., |4, Chapter I1.2.3].

Proposition 7.3.1 (Cauchy Stress at finite strains). Lety : Q — R? be a smooth defor-
mation field, and set QY == y(Q) for the deformed domain. Moreover, let bY : QY — R?
a volumetric force density field on the deformed domain, and let s¥ : 0¥ — R? a surface
force density field on the boundary of the deformed domain, such that the total force is
given by
FY = / bY dx¥ + s¥ dS.
Qy o0y
Then there is a differentiable and symmetric matriz field o : Y — R¥? sych that

sY(2Y) = o(x¥Y) -n(zY)
for the outer normal n(xY) of QY at Y, and furthermore
FY = div(e) + bY dz?.
Qv
We call the field o : Q¥ — R?*? the Cauchy stress tensor.

Remark 7.3.2. Note that all appearing quantities in the proposition above are time-
dependent. For notational simplicity the dependency on the time is not explicitly written.

From a computational point of view, the Cauchy stress is not convenient because it is
defined on the deformed domain, which is usually unknown beforehand. To resolve this
problem, the Piola transformation comes into play. Without going into detail here, this
transformation allows us to back-trace functionals on the deformed domain back to the
initial domain. An excessive introduction can be found in [4, Chapter I1.2.5]. In our case,
we define a new stress field T : Q — R%*4 which acts as the counterpart of o on QY.

Definition 7.3.3 (First Piola-Kirchhoff Stress). Lety : Q — R? be a smooth deformation
field, W = y(Q) the deformed domain. Furthermore, let o : Q¥ — R¥? be the Cauchy
stress tensor field. We define the first Piola—Kirchhoff stress tensor field by

T:Q — R> T(2) = det(Vy(z)) o(y(z)) Vy(z) L.
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7. Introduction to Finite-Strain Mechanics

Remark 7.3.4. For small strains, we can assume that Vu =~ 0, and hence Vy =~ 1.
Therefore, we have T(x) =~ o(y(x)). From Dirichlet data on parts of 02 we can
furthermore assume that y(x) = x, and therefore T(x) ~ o (x) can be identified.

Now we have again a stress quantity T directly given on the initial domain Q. A
disadvantage is the lack of symmetry. While the Cauchy stress tensor is symmetric, the
first Piola—Kirchhoff stress tensor is generally not. To overcome this issue, we simply
enforce symmetry by a multiplication from the left with Vy~! and arrive at the second
Piola—Kirchhoff stress tensor.

Definition 7.3.5 (Second Piola-Kirchhoff Stress). Let T : Q — R4 be the first Piola—
Kirchhoff stress tensor field induced by the smooth deformation field y : Q@ — R%. Then
the symmetric second Piola—Kirchhoff stress tensor field is defined by

¥:0 =S B(x) = Vy 'T(z).

Remark 7.3.6. At small strains, where Vy = 1, the first and second Piola—Kirchhoff
stress tensors can be identified.

7.4. Material Laws

7.4.1. Hyperelastic Materials

Next, we introduce elastic material models that interact with the just defined Piola—
Kirchhoff stresses. In the case of small-strain elasticity, we assume the existence of a
symmetric fourth-order Hooke tensor H (2.6]). Translated into the notation of this part
of the thesis, H linearly connects the second Piola—Kirchhoff stress tensor X to the
Green—St. Venant strain tensor E (7.1)), or alternatively, to the Cauchy—Green strain

tensor C (7.2), by
1
¥ —HE = JH(C-1). (7.9)

To extend this linear case to more general ones, we postulate an elastic energy density
function

We: Qx R 5 R

which depends on the actual point z € Q) for possibly heterogeneous material properties,
and on the deformation gradient Vy(z) = F(x), from which we can compute the strains
E(z) and C(z). We call a material hyperelastic, if we have the connection to the first
Piola—Kirchhoff stress

T(w) = o Wale, F(2)) (7.10)

for almost all z € Q. A fundamental axiom of elastic materials is frame-indifference [4,
Chapter 3]. In short, this means that rotations of the coordinate system (not rotations of
the domain Q) do not change the behavior of the material. This can be mathematically
modeled by

Wel(x’F) = Wel(xaQF)
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for all orthogonal matrices Q). From the polar decomposition F' = LV into an orthogonal
L and a symmetric, positive definite V', we conclude that W, does only depend on the
s.p.d. part V. Since the square root of s.p.d. matrices is always well-defined we can avoid
the polar decomposition by introducing another elastic energy density Wy, with the
property
Wz, F) = Wea(z, FT'F)
for almost all 2 € Q and F' € R%*?. Note that the Cauchy-Green strain tensor is precisely
C = FTF. A consequence from the definition of hyperelastic materials (7.10) is that
S(x) = 2 o= Wa(x, O(x) (7.11)
x)=2— xz, C(x .
o9C el
for the second Piola—Kirchhoff stress 3. Back to ((7.9)), the corresponding hyperelastic
material that combines the hyperelastic scheme and the linear Hooke’s law ([7.9)) is the
St. Venant—Kirchhoff material.

Definition 7.4.1 (St. Venant-Kirchhoff Material). Let H € R(&*)x(dxd) o fourth-order
tensor. Moreover, we assume that H fulfills the symmetry conditions

HA:B=HB: A=HBT: A=HBT . AT

for any matrices A, B € R, Additionally, we demand that HA : A > 0 for all A # 0,
i.e., H is positive definite. The elastic energy density of a St. Venant—Kirchhoff material
s given by

1 1 R
Wevk(x, F) = iHE B = éH(C —0:(C—-1)=Wgyk(z,C)

or the strain tensors C = FTF and E = X(C = 1).
2

The St. Venant—Kirchhoff material model forms a quadratic energy in terms of the
strain.

Lemma 7.4.2. If we assume a linear connection of the stress and the strain (7.9)), then
the St. Venant—Kirchhoff material model fulfills

0 -
2%WSVK(3%C) =X,

as well as 9
— F)y="T.
aF Vsvi(z, F)
Proof. The first statement follows directly from the symmetry of H, such that,

d 1 1 1
%WSVK(%C) = ZH(C —1) = §HE — 52_

The second property is not trivial, since we have to carefully derive the strain E by F.
To this end, it is always worth to take a look at the directional derivative of Wgyk in
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7. Introduction to Finite-Strain Mechanics

the F-component in an arbitrary direction D. Note that for E(F) = $(FTF —1I) we
have E(F + hD) = E(F) + 24(DTF + FTD + hDT D). Then we get

VFWSVK(x, F) [D]

— lim Wsvk(z, F + hD) — Wgyk (z, F)

h—0 h
_ iy BE(F +hD) : E(F + hD) — HE(F) : E(F)
= hs0 2h
. hHE(F): (DTF+ FTD + hDT D)
= lim
h—0 2h
=HE(F): F'D,

where the symmetry properties of H are used. Since for the Frobenius inner product
(AB) : C = B : (ATC) holds for any A, B,C € R¥9  we arrive at

VrWsvk (2, F)[D] = (FHE(F)) : D.

Hence,

E;;WSVK(Q;, F)=FHE(F)=Fx=T.
0

The isotropic variant of a St. Venant—Kirchhoff material is described by only two
degrees of freedom, such that,

A
Wovk (2, F) = 5 tr(E)* + o | B[} (7.12)

for the Lamé parameters pu, A > 0 and the Green—St. Venant strain tensor E. This
corresponds to (2.7) for small strains in the first part of this thesis.

7.4.2. Polyconvex Materials

In this thesis we also include polyconvex materials, which provide nonlinear stress-strain
relations. Besides the deformation gradient F', we also consider the determinant det(F'),
and the cofactor matrix cof (F) := det(F)F~T.

Definition 7.4.3 (Polyconvex Material).

(i) In two dimensions we call a material W polyconvez, if
Wz, F) = W(x, F,det(F))
for a convex W : Q2 x R?*?2 x R — R.
(ii) In three dimensions we call a material W polyconvez, if
Wz, F) = W(x, F,cof (F),det(F))

for a conver W : Q x R3*3 x R3*3 x R — R.
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Remarks 7.4.4.
(i) There are definitions of polyconver materials for d ¢ {2,3} [22, page 238].
(ii) St. Venant—Kirchhoff materials are not polyconvex [22, page 239].

We will investigate two families of polyconvex materials. Both of them are homogeneous
materials, i.e., they only depend on the deformation gradient F' and not on x € Q. The
first one is the three dimensional Ciarlet variant of the Mooney-Rivlin material |4, page
189

War(F) := a||F||% + b||cof (F)||% + cdet(F)? — dIn(det(F)) + e (7.13)

with positive parameters a,b,c,d > 0 and e € R. This obviously matches the definition
of polyconvexity. In two dimensions we set b = 0. Mooney—Rivlin materials are nonlinear.
Nevertheless, we can choose the parameters according to a given St. Venant—Kirchhoff
material, s.t., they correspond at small strains with given Lamé parameters A and p
. We can approximate a Mooney—Rivlin energy by the system of equations

3a+3b+c+e=0

2a+4b+2c—d=0

7.14
2b+ 2¢ = % ( )

—2b—2c+d=p,
which is taken from [4, p. 186]. Then, it is shown that
W (F) = Wevk (F) + O(| E|[3)

for E — 0. There is still one degree of freedom left open in the constants a, b, ¢, d, e. This
degree of freedom can be used to control the weight of the term cdet(F)? — dIn(det(F))
that acts as a penalty term for det(F). By the second line 2a + 4b 4 2c¢ — d = 0 it
is assured that the minimum of Wy (x,~vI) is obtained for v = 1, hence the energy
penalizes non-volume preserving behavior.

Another polyconvex material considered in this thesis is an Ogden material in the form
(cf. [4,[22])

N M
Wogden(F) =Y aitr (CP') + Y Bjtrcof (C¥) + V(det(F)) (7.15)

i=1 j=1

with a5, 85 > 0, and p;,q; > 2 for all appearing 4,7, and the Cauchy-Green strain
tensor C = FTF. Moreover, V : (0,00) — R is a convex function. Ogden materials are
very flexible because a variety of factors and exponents can be selected. Furthermore,
Ogden materials play a crucial role in the existence theory of solutions for finite-strain
plasticity problems later in Note that the Ciarlet variant of the Mooney—
Rivlin material is a special case of an Odgen material with M = N =1, as
well as p; = q1 = 2, and V(£) = c€? — dIn(¢) +e.
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7. Introduction to Finite-Strain Mechanics

All so far considered elastic material models have in common that they can be expressed
in terms of the principal values of the elastic strain. Without going into detail on this
property we formulate another, weaker result.

Lemma 7.4.5. All considered materials (7.12)), (7.13|) and (7.15)) are isotropic, i.e.,
We(z, F) = Wea(z, FQ)
for any orthogonal matriz @ € SO(d).

Proof. This is easily verified by the invariance of orthogonal similarity transformations
of the Frobenius norm, the determinant and the trace of a matrix. ]
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8. Energetic Formulation of
Rate-Independent Finite-Strain Plasticity

8.1. Plastic Energy and Back Stress

In this section we will take a closer look at the multiplicative decomposition F = Fo P
and at the corresponding dual variables of the components. For the sake of simplicity
we do not consider hardening in this section. The influence of kinematic hardening is
discussed in Moreover, dependence of the energy densities on z € Q is
not considered. First of all, we recall that the hyperelastic materials from
depend on the elastic component F; = FP~!. To formally track the components, we
define a plastic energy density

Wi : GL(d)" x SL(d) = R, Wy(F, P) := We(FP™') = Wa(Fa).
Again a main assumption is frame-indifference (cf. [Section 7.4.1)), such that, there is a

A

Wi : GL(d)* x SL(d) — R with
Wo(F, P) = W(FTF, P) =W, (C,P).
From C = FTF = PTFg F, P we can recover the elastic Green strain tensor Cy := FeT1 Fq
by
Cy=P Tcp.
With this at hand we have

A A

W(C, P) = Wa(P~CP™!) = Wa(Ca)

for the frame-indifferent elastic energy We.
From W, several quantities can be deduced. Since plastic deformation is not related
to stress, the second Piola—Kirchhoff stress ([7.11]) is given by

0 _~
=2 = Wa(C,P). (8.1)

To express ¥ in terms of derivatives of Wel we consider the directional derivative in C in
the direction D, which fulfills

by

(2.0) = 25 Wa(PTOP )P TP
=2 VWa (P_TCP_l) : (P_TDP—1>

- (Plvvf/e1 (P*TCP*)P*T) . D.
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Hence, we identify
Y =2P 1VWy(Cy)PT. (8.2)

The corresponding negative derivative of Wpl in P is called the back stress

0
Q=— P pl(C P). (8.3)

To rewrite this in the elastic energy Wea we first note that for the matrix inverse
i(P) == P~ we have in direction D

I =i(P)P = 0=Vi(P)[D|P+i(P)D = i(P)[D]=—-P 'DP™ ! (8.4)

Then we have by symmetry of C' and VW

(@, D) = = VIWa(Ca) [Vi(P)[D]"CP~* + PTTCVi(P)[D]]
= —VWa(Ca) : (-P"DTCa — CaDP™)
=~ VWa(Ca) : (~2CaDP™)
(

= (2CaVWa(Ca)P~") : D.

Therefore, we identify
Q = 2C’elv‘j/el(C(el)‘PiT- (85)

In summary, we have an explicit form of the second Piola—Kirchhoff stress tensor X
associated to the strain tensor C, and a corresponding back-stress tensor () associated
to the plastic strain P. Both of these stress-like variables play an important role in the
formulation of yield stresses, which lead to plastic effects.

8.2. Kinematic Hardening

To derive an easy model of kinematic hardening similar to the small-strain case is not
trivial and requires a careful identification of the used deformation mappings [15, Section
5.5]. To avoid these technical challenges, we rely on the formulation given in |22, Example
4.2.2]. There, kinematic hardening is given by an energetic formulation as a hardening
energy density

Wha : SL(d) x R4 R (P, Z) — Wha(P, Z)

on the space of plastic strains, and a tensor-valued (possibly neglected) second argument.
For a rigorous existence theory pointwise evaluation of the plastic strain are not sufficient
since spatial gradient terms of the global plastic strain function P :  — SL(d) are

necessary (see [Theorem 8.6.1)). Hence, we will use the global formulation of a hardening

energy

Wha(P / Wha(P(x), VP(z)) dz,
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where (VP)ijk = 0, P;;j describes the componentwise derivative. In this thesis we will
follow |22, Example 4.2.2] and use

Wha(P, Z) = k1 | Pl + k2 | ZI[7

for non-negative hardening parameters ki, k2, and exponents p;,pe > 1. The Frobenius
norm of the 3-tensor Z is defined componentwise by

d 3
121l = ( > ijk) :

ij k=1

Note that for ks = 0 and p; = 2 we have the linear kinematic hardening functional from
the small-strain case, cf. the middle term in (3.15). This global hardening term enriches
the plastic strain energy from such that, we consider the global plastic energy

Wol(F,P) = W (FP™1) + Wha(P). (8.6)

The hardening term changes the nature of the plastic back-stress @ from Since
the hardening depends on the plastic strain P, an additional plastic strain information
enters ). We do not want to formalize the effect of the plastic strain on @), since it
requires a technical investigation of what we understand by the partial derivative %th
in a pointwise sense, while the hardening term depends globally on the spatial gradient
VP. Nevertheless, in the small-strain setting (k2 = 0 and p; = 2) we get an additional
term —k1 P for (), which is consistent to the linear kinematic hardening in the yield
function, cf. .

Regarding a yield function: Kinematic hardening is the movement of the elastic region
E of admissible stresses. In both [15, Section 5.2] and [21} Section 2] a yield function|

PR SR, S B(S)
is proposed, such that the convex elastic region is (as in the small-strain case) given by
E:={S e R &(S) <0}

For now it not clear what the variable S is precisely. The idea is to use a stress-like
quantity that does only depend on elastic quantities, and, furthermore, is related to
a partial derivative of the plastic energy W}, with respect to P. This enables us to
formulate a plastic strain driven energetic formulation later. In [15, Section 2.2] it is
suggested that we consider

S = QpPT

for the back-stress @) given in 1) This choice of S can be justified by two reasons.
First, note that from (8.5) we see that in the case of no hardening (Wypq = 0) that

QPT = 20, VWel(Cy)

'The domain R%*? is used for simplification. See [15, Section 2.2] for a general statement.
2However, in |15] Q is defined slightly different, but equivalent, such that S = PTQ.
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depends only on elastic quantities. This is reasonable since stresses depend only on elastic
processes as long as the elastic region is fixed. The second reason is of a more technical
nature: Yield stresses are usually determined by properties of the eigenvalues of S. If we
consider S as a linear operator between a domain and a range space, then eigenvalues
are only meaningful if both of these spaces are the same. The deformation field y is a
function from the reference domain €2 to the deformed domain €Y.

We follow the ideas of |15, Section 5] and call A the range manifold of the deformation
in , and B the range manifold of the deformation in Y. Of course, we have in both
cases A = B =R? in our setting, but for technical reasons we stick here to the general
variant. Therefore, for each = € € the deformation gradient F' = Vy(z) is a linear
mapping T'A — T'BB between the tangential spaces. By the multiplicative decomposition
F = F, P this scheme is enriched by an intermediate manifold C, such that P : T'A — TC,
and F : TC — TB. In this setting the back-stress @ is a mapping TA* — TC* in
the dual spaces. Hence, to make domain and range of S equal, we need another mapping
TC* — TA*. This is a property of the adjoint operator PT. Then S = QP is an
operator of the type TC* — TC*.

In summary, we have a yield function depending on the back stress ) and the plastic
strain P, such that S = QPT is a stress-like elastic variable that determines the admissible
stresses. The explicit form of the yield function is not stated in this thesis for the finite-
strain case, since it opens the door for technical complications which are not discussed
here. However, we need the yield function for analytical purposes later.

8.3. Plastic Flow

Similar to the small-strain case, the plastic evolution P is defined via plastic flow rules, cf.
([2-10). Therefore, we use a yield function ® = ®(S) for the stress-like variable S = QPT,
as discussed in the previous section. Recall that the current plastic strain P = P(¢) at
time t acts as a constant problem parameter, whereas we consider only the evolution
P as the plastic quantity of interest, cf. |[15]. This idea is used for the yield function ®
which may depend as well on the fixed P. By we can express the evolution
of the plastic strain P by a trace-free matrix B, such that P = BP holds. Hence, the
evolution P can described by B only, since P itself is known. From now on we switch to
local quantities B = B(x), etc. Following |21} Section 2] and |15 Section 2.2], the flow
rule in the finite-strain setting is given by

B = PP = )\0®(5)

where plastic evolution occurs if and only if a critical stress is reached, i.e.,

holds simultaneously. Therefore, we can define the elastic region E from the yield function
P by
E:={S: ®(S) <0}.
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The following ideas are taken from |21} Section 2]. Similar to we define a
convex polar function — or dissipation function — corresponding to E by

A:sl(d) = R, A(B) = EE%B, S), (8.7)

on the tangential space sl(d) = T; SL(d). Note that B = PP~ € sl(d). Applying the
convex analysis we have again that

Be Ng(S) & SedA(B). (8.8)

We want to extract Q from S = QP in order to have derivative information with respect
to P, cf. (8.3)). To this end, we define

A(P,P) = A(B) = A(PP7Y) (8.9)

to separate the components of B.

Remark 8.3.1. Note that A is rate-independent in the sense 0f|Deﬁm'tz'0n 225’L i.e.,
for a time-scaled Q(t) == P(at) we have Q = aP, and therefore A(Q, Q) = aA(P, P) for
every a € R. Hence, for a time-scaled input we have a scaled output without changing
the solution path t — P(t).

A computation similar to the one in leads to

o ) )
—A(P,P)=0A(PP HYP T,
2P (P, P) ( )

Therefore, from S = QPT and (8.8) we conclude that
ScdAPPYY & Q=s5PTc ;.DA(P, P) (8.10)

is an equivalent form of the flow rule. Together with the original definition of @ in (8.3)),
we conclude that

0 .+ 0

0€ —5Wn(C, P)+ a—PA(P, P) (8.11)

is the final form of the plastic flow in this section.

8.4. Global Formulation

To find a global form of the different components of the sections above a small review of
the necessary ingredients is given. First of all, the unknown quantities over the domain
Q) are given by the deformation field

y: Q- R?
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which assigns each particle x € ) the new position y(x), and hence defines the deformed

domain by Y :=y(£2). Note that y is also implicitly time-dependent. Like in the small-

strain setting, we do not consider any higher derivatives above first-order information,

such that internal inertial forces are not considered. Time is a model parameter defining

the path from the initial state to the deformed domain. This path is also called homotopy.
The other main variable in our model is the field of plastic strains

P:Q — SL(d)

that keeps track of the history of the plastic effects. An implicit time-dependence is
assumed too, of course. From y and P the field of elastic strains F¢ can be recovered,
and hence the Piola—Kirchhoff stresses T and X. Additional internal variables of the
plastic strain are not necessary since only kinematic hardening is considered in this part
of the thesis. Note that the internal variable of the hardening effects are identified by
the plastic strain itself, cf. . Therefore, the system of unknowns is complete.

So far the energy counting in all presented effects is defined as the plastic energy

(yv,P) = Wn(Vy,P)

in . External load controlling the deformation process are not mentioned yet.
Therefore, we introduce a volumetric force density b and a surface force density s

b: Q>R s:00 — RY

acting on the test body and its boundary, respectively. Similar to in the first
part, the second Piola—Kirchhoff stress 3 ({8.1)) fulfills

—divE =b (8.12)

in ). Note that the divergence is understood componentwise. To include the forces b
and s formally into the energetic model, we define the load functional

I(y) ::/b:ydx—i—/ s:ydS
Q o0

acting on the deformation field. To underline the linear behavior and to highlight the
time-dependence, it is sometimes written as a linear functional

A(t),y) = /Q b(t) : ydz + /a s():yds. (8.13)

Now we have everything at hand to define the global energy

g(yv P) = Wel(vypil) + th(P) + <1(t)7 y) (814)

We can directly derive a first lemma from this energy statement. It arises from the
independence of all plastic components on y, and from the direct connection between
the stress X, the hyperelastic energy ([7.11)) for hyperelastic materials, and the force

equilibrium (8.12]).
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Lemma 8.4.1 (Elastic Equilibrium [21}, 22]). Let the global energy £ in (8.14]) depend
smoothly ony. Then a plastic material with a hyperelastic elastic energy fulfills

VyE(y,P) = 0. (8.15)

The second global statement is the integrated version of the plastic flow (8.11)) from
the previous section. The pointwise local inclusion of zero can be integrated, such that

0€ IpE(y,P) +9pA(P,P) (8.16)

holds for the (time-dependent) plastic strain field P. In [21} Section 2] it is shown that a
time integration of the flow rule (8.16) leads to

£G0),PO) + [ (i65) (51 ds = £, P0) + [ A®(s) B ds | (B

which is called energy balance.

Remark 8.4.2. The energy balance highlights the following fact. The time-dependent
derivative of the load term l(s) is a physical work term if integrated in time. Nevertheless,
there is a gap between the energy £ at the initial state t = 0 to an arbitrary time point.
This gap is given by the integral over A. The portion of energy that is lost is called
dissipated energy. If no plastic evolution occurs (P = 0), and hence A= 0, then no
energy is dissipated.

We can derive another statement from (8.15)&(8.16)). They are equivalent in terms of
the directional derivative statements

Vy&(y, P)[z] =0

X (8.17)
Veé(y,P)[D]+ A(P,D) >0

for each compatible direction (z, D) that does not violate possible boundary constraints
on the deformation field. Whereas the first line is obvious, the second line is not. To
verify the second line, we notice that A is 1-homogeneous in the second component (that

is precisely the rate-independence from [Remark 8.3.1). From |21} Section 2] we have
(0pA(P,P),D) = A(P,D)

for every compatible D.

A closer look at reveals the following. For every fixed P the first condition states
that y is a critical point. This is a necessary condition for a global minimizer of £ by
assuming that there is a global minimizer. On the other hand, for a fixed y the second
condition of states that for each direction D the decrease of the energy in this
direction must not be larger than the “distance” of P and D given by A. Note that the
length of D does not matter, since both terms are 1-homogeneous in D.

The form - holds only information for a fixed point in time. To transform this
onto a solution notion along the whole time axis [0, 7], an integrated version of A needs
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to be introduced. As already mentioned in this is the total dissipation of
the plastic strain solution path ¢ — P(¢). Formally we define the distance between two
plastic strain states Pi, P, € SL(d) by

D(Py, P)

inf {/ A s)) : Pe Cl([O, 1];SL(d)), P(0) = P, P(1) = PQ} (8.18)

as the length of the shortest differentiable path from P; to P, in SL(d) using the metric
A. Since A : SL(d) x TSL(d) — R measures objects on sl(d) (the tangential space at
the unit matrix), it is also called a Finsler metric. The global version of this distance
between two plastic strain fields P; and Py is naturally given by

D(Py,Py) : / D(Py (), Pa(x)) da. (8.19)

Note that D defines a quasimetric in the space of plastic strain fields, since D(P1,P3) =
0 & P; = P,, and the triangle inequality holds as an immediate consequence of the
definition by shortest paths. It is only a quasimetric since we cannot assume symmetry,
though. With a global distance function at hand, we can formulate a variant of
that detaches from the local point of view of the current P. We formulate the global
energy stability

E(y(1),P(1) < £(3,P) + D(P(t),P) (S)

for all deformation fields y compatible to boundary values, and all plastic strain fields P.
This complies to the necessary minimization conditions of (8.17)).

Remarks 8.4.3.

(i) If the process is purely elastic, we have D = 0, and then is a minimization
problem in'y.

(ii) The definition of can be relazed by allowing the distance of each path from P(t)
to P, and not just the shortest one.

At this point, we are able to define the concept of solutions of the finite-strain plasticity
problem. Since the presented system is energy driven, the solutions are called energetic
solutions.

Definition 8.4.4 (Energetic Solution). Lety : [0,T] x Q — R? be a deformation field
fulfilling possible boundary conditions on 9, and P : [0,T] x Q — SL(d) be a plastic
strain field. Moreover, let y and P fulfill both the energy balance and the global
stability criterion for allt € [0,T]. Then we call the path t — (y(t,-),P(t,-)) an
energetic solution.
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8.5. Von Mises Dissipation

8.5. Von Mises Dissipation

So far the dissipation function (8.7 was never specified explicitly. A von Mises type
yield function for a norm ||-|| on the stress space is proposed in [15, Section 4] in the form

O(S) = ||dev(S)|| — o0

for finite-strain mechanics, similar to the small-strain case in [Section 2.4.1] The operator
dev denotes the deviator of a matrix. In |21, page 65] the corresponding dissipation

function (8.7) is explicitly given by
1
A(8) = (of [sym(&)II}: + oF lanti()|[% ) . (8-20)

with the symmetric sym(§) := % (5 + §T) and the antisymmetric anti(§) = % (5 — fT)
parts. This defines a metric on sl(d) if 09,01 > 0.
However, the case of g1 = 0 is of special interest later on. Unfortunately, in this case

Asym (&) = o0 [lsym(&) || o (8.21)

is not a metric on sl(d), since all antisymmetric, trace-free matrices ¢ in sl(d) fulfill
A(§) = 0. In the symmetric case there is an explicit form of the dissipation distance
®19).

Theorem 8.5.1 (cf. [21, Corollary 6.2] ). For Py, P, € SL(d), and A = Agym, as in
(8.21), we have for the dissipation distance (8.18))

D(Pl, Pg) = UoH log (5P 5PT>%

= where 6P == Py Pyt

Another result of the von Mises dissipation is the invariance under matrix multiplication
from the right. We show the special case of our interest (multiplication with P 1)

Lemma 8.5.2. For P, P, € SL(d) and A from (8.20), we have
D(Py, Py) = D(I,6P)
for the corresponding increment defined via §P = P2P1_1.

Proof. In order to prove the equality of the above dissipation distances, we consider the
original definition of D in (8.18)), and introduce the sets of connecting paths

1= {P € C'(0,1],SL(d): P(0) = Py, P(1) = B} and
o1 = {§P € C*([0,1],SL(d)): P(0) = I, P(1) = 6P = PP ' } .

With these definitions at hand, the transformation T: II — §II, T(P) = PP ! is
a bijection between these sets. We observe for P € II(Py, P;), the corresponding
T :=T(P) € 0II(Py, P») and any s € [0,1] that

P(s)P(s)™ = (P(s)P ) (P(s)PTY) ™ = T(s)T(s) "

which directly implies equal length of the transformed path induced by the Finsler
metric. O
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8. Energetic Formulation of Rate-Independent Finite-Strain Plasticity

From the original definition of D in it is clear that D is only a distance function
of SL(d) if, and only if, the dissipation function A is a metric on sl(d).

In order to keep the distance properties by using the general linear group SL(d)
including antisymmetric components (cf. , we assume that o1 > 0, in the
limit sense that oy — 0. Then we may still utilize in this case and accept
the resulting model error.

Another possibility is to consider no plastic spin, and thus relying on the symmetric
plastic range SL(d)J,,, (7-8). As mentioned in [22, Remark 4.2.9], we have to redefine
the split of the plastic dissipation functional (8.9} . by

A(P,P):=A(P72PP73),

and arrive at another dissipation distance DJ, deﬁned by the shortest path in SL(d){,-
That special case is analyzed in depth in [Section 9.2.1] Nevertheless, the computations
of yield equivalent results in that case.

8.6. Existence Theory

In this section we investigate sufficient analytical criteria for the existence of energetic
solutions (in terms of [Definition 8.4.4)) for the global rate-independent finite strain
problem &. For convenience, we recall the problem here. We denote by ) the
function space of deformation functions y :  x [0,7] — R? with respect to possible
boundary values, and by P the function space of plastic strains P : Q x [0,T] — SL(d).
The particular definition of the solution space Q := Y x P is given later. The task is to
findaq=(y,P):Qx[0,7] — Q, such that,

(t,y(t),P(t) < E(t,5,P)+ D(P(1),P) V(y,P)ecQ
£(0,y(0 +/ )y ds = E(t, y +/ AP P ds )

for each point in time ¢ € [0, T]. Note that we highlight the explicit time-dependency of
the energy £ : [0,7] x @ — R U {oo}, which is most of the times implicitly assumed.
The main existence result for en energetic solution of the above stated problem is based
on Theorem 4.2.1 in [22]. A list of conditions is given there, which is summarized below.
First of all, we need to specify the solution space @ = )Y x P. For the space of
deformation yields ) we simply assume the first-order Sobolev space

y(t) € Y = WP (Q,RY) (8.22)

with d < pqr < 00, and a Dirichlet boundary I' C 02 with positive measure. Furthermore,
there are some prescribed boundary values

yr=g
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Of course, we need weak differentiability to be able to compute the deformation gradi-
ent F = Vy. The high regularity pqr simply arises from polyconvex materials (cf.

tion 7.4.2)) to be able to integrate the determinant on F which is a polynomial of degree d.
The plastic strain functions are given by

P(t) € P = WP (Q,SL(d)) N LP# (9, SL(d)) (8.23)

with regularity parameters 1 < pgr, pp1 < 0o. Explicit conditions on these parameters are
to be given later.

The conditions on the energies begin with the hyperelastic elastic energy Wy from
[Sections 7.4.1| and |7.4.2] Moreover, Wy is elliptic in the sense that

Wel(Fel) > a"’C”FelH%&l (8'24)

for a growth rate p; > 1, and constants a € R, ¢ > 0. The additional kinematic hardening

energy Wiq from takes the form
Whd(P, Z) = k1 | P + ko || 2] (8.25)

with k1, ko > 0, and pp1, per > 1 This completes the assumption on the plastic energy
parts, as given in .
The parameters pe and pp of the energetic quantities need to fulfill the inequality
1 1 1

—+—<

- 8.26
Del DPpl d ( )

in order to prepare an application of Hoélder techniques in the proof of the theorem below.

The other main component is dissipation. In an abstract dissipation
distance D is introduced, and a specific choice of the von Mises dissipation is given
in We assume that D is given by a von Mises distance, and that it is a
quasidistance in the classical sense, i.e., D fulfills the triangle inequality, and, further-
more, D(P1,Py) = 0 if and only if Py = Py. Symmetry of D is not needed.

As far as the external influences are concerned, we rely on the load functional 1, as
given in . We assume that both appearing force fields s and b are sufficiently
smooth, cf. [22, Remark 4.2.5].

Theorem 8.6.1 (|22, Theorem 4.2.1]). Under the assumptions stated above in this
Section there exists an energetic solution (y,P): [0,T] — Y x P to the rate-independent

system (S&E)

The existence theorem above requires a long list of conditions. As discussed in the
following remarks, some of them may not match practical needs.

Remarks 8.6.2.

(i) Existence of an energetic solution is already ensured under weaker, but more technical
conditions. We avoid these by restricting to certain polyconvex material models and
von Mises dissipation in this thesis. See the original source [22] for more details.
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8. Energetic Formulation of Rate-Independent Finite-Strain Plasticity

(ii) The existence|Theorem 8.6.1| requires pretty strong reqularity and growth assumptions
on the material, especially the inequality (8.26)). Classical kinematic hardening (see

Part I, [Chapter 3) yields a hardening energy with p, = 2, that already contradicts
(8.26). Say, we use twice the regularity p,; = 4 for the hardening energy, then we
need pe; > 4 in two dimensions (d =2), and even pe > 12 for d = 3.

(7ii) The Mooney-Rivlin energy (7.13) has pe; = 2 and is therefore not applicable for

(iv) For the Ogden energy (7.15), pe is given by the lowest exponent p; with a; # 0.
Hence, by (ii) only high exponents are possible in order to comply with|Theorem 8.6.1.

(v) Whether or not the von Mises dissipation D defines a qausimetric depends on the
particular choice of the range of the plastic strain and on the inclusion or exclusion

of plastic spin. See for more details.

Another question that arises in the context of existence is the uniqueness of the solution.
Unfortunately, there are very simple counterexamples indicating that there no uniqueness
results.

Example 8.6.3 (Ambiguity of the Solution in two Dimensions). Here is a sketch of
a counterexample without any actual numerical treatment involved. It is an observa-
tion that probably everyone knows from the real world. Consider a two-dimensional
rod ©Q = [0,10] x [0,1]. We assume that the material is isotropic, so it has no direc-
tional preference. We also assume for simplicity that the dissipation distance satis-
fies D(I,P) = D(I, —P) (this is actually true for the von Mises dissipation and no plastic
spin, as seen in . Then, we apply an external force to both ends of the
rod such that we compress the rod. Now there are basically two natural outcomes for the
resulting deformed domain Y. Either the rod stays straight and reduces it’s length, or
the rod bends. The situation is visualized in In the case that the rod bends,
both the upward and downward bending will result in the same energy, and in the same
dissipation distance to the initial configuration. Therefore, the solution cannot be unique.

R — (924 —
N —
-, —
-, —
N -
- -
N -

Figure 8.1.: Compression test of a rod with multiple possible natural outcomes.
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0.1. Time Discretization

The definition of the global energy stability leads to a natural scheme for a time
discretization. Consider a partition of the time interval [0,7] into the discrete time
points 0 =ty < t1 < ... <ty =T for N € N. Of course, we assume that a suit-
able (y?,P%) € Y x P is given at the initial time step to. The idea of a natural discretiza-
tion scheme is that we assume y*~!, P*~1 to be known for the current time step tj.
Then, regarding the inequality , for the current time step t; we want to minimize
the energy £ while having to keep the dissipation distance D to the previous plastic
strain P*~! small. Therefore, we arrive at the time-discrete minimization problems
below.

Find (y',PY),..., (y",P") € Q such that for k € {1,..., N} :

y",P") minimizes (y,P) — &(t, vy, P) + D( ,P).

The existence of minimizers (y!,P1),..., (y",PY) can be shown by weaker assump-
tions than the ones we need for for the time-continuous case. But, however,
the stated assumptions in imply the necessary conditions for solution of the
time-increment problem above. Details on the particular conditions are found in [22,
Chapter 2.1.2].

Theorem 9.1.1 (|22, Proposition 2.1.4]). The time-incremental minimization problems
from (9.1) have a solution for any partition of the time interval [0,T] if the assumptions

of are fulfilled.

Similar to the time-continuous problem (S&E|) we cannot hope for uniqueness of the
solution, since we can simply repeat [Example 8.6.3| from the preceding section.

0.2. Reformulation of the Minimization Problem

In order to attack the minimization problems numerically, we will employ several
transformation steps. The goal will be to reach an equivalent formulation without having
to deal with the manifold range of the solution space Q, especially the nonlinear plastic
strain range SL(d). Space discretization and finding proper finite element spaces for
the solution approximations is analytically and numerically easier if we have to deal
with a problem set in a vector space. The canonical vector space corresponding to the
manifold SL(d) is the tangential space at the unit matrix, which is called the Lie algebra
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9. Discrete Problem

and is usually denoted by sl(d). Therefore, we want to construct a mapping from sl(d)
to SL(d). This requires slightly different techniques depending on the presence of plastic
spin. Thus, we study both cases separately.

9.2.1. Without Plastic Spin

In the case of no plastic spin, or spinless plasticity, we restrict the plastic range to the
positive definite, symmetric matrices, as already discussed in Recall the
spinless plastic range

P(z) € SL(d)},,, = {A € SL(d): A is symmetric and positive deﬁnite} .

sym
Inspired by [22, Remark 4.2.9] we introduce the mapping

SL(d),, x TSL(d)%, — sl(d)E,. : (P,&) — P 2¢P ™3

sym sym sym

into the tangential space at the unit matrix. See Appendix [A.3.2] for more details.

Note that sl(d);;,m = S¢ is the vector space of trace-free symmetric matrices. Using

the mapping above for the von Mises dissipation (cf. [Section 8.5) we note that we can

assume o1 = 0 since anti(§) = 0 for all £ € sl(d),,. Hence,

A(P,P) = A(P~3PP~3) = og|[sym(P~2PP~3) ||, = 00| P2 PP~ 2|,

defines a metric, since on SL(d){,,

ol|PTEPPE| =0 & P=o0

Remark 9.2.1. Although it seems more elegant to use the symmetric mapping into sl(d);g,m

above, we can still keep using the original dissipation metric || sym (P(S)P(S)_l) HF on
the tangential bundle SL(d){, x T SL(d){, .. as introduced in (8.9). This way we avoid in-

sym sym?
terfering with the derivation of the energetic system. From the invariance of the Frobenius

norm of the symmetric part under symmetric similarity transformations (Lemma A.4.1

we can conclude that both choices induce the same metric, i.e.,
Hsym (P(ST%P(S)P(ST%) HF = Hsym (P(s)%P(s)*%P(s)P(s)*%p(s)*%) H

= Hsym (P(S)P(s)—l)HF.

F

In order to use |Theorem 8.5.1| note that PP !'is in general not in SL(d)g;,m, even

if P, Py € SL(d){,,- Therefore, we introduce the symmetric increment operator

_1 _1
SPL . =0Pt (P, Py) =P, 2P,P, * € SL(d), (9.2)

sym sym sym

for two matrices Py, P, € SL(d);Lym. We will neglect the arguments since they are usually
clear from the context.

In order to show that [Theorem 8.5.1|still holds in SL(d);“ym we show a small auxiliary
result first that corresponds to [Lemma 8.5.2
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Lemma 9.2.2. For Py, P, € SL(d){,,, we have for the

sym

D(Py, P) = D(I,6P},).

sym

Proof. Similar to the proof of we introduce the sets of connecting paths

M(Py, By) = {P € C'([0,1],SL(d)): P(0) = P1,P(1) = P}~ and
STI(Py, Py) == {dP € C'((0, 1], SL(d)): P(0) = I, P(1) = 0P} -

sym
Note that we intentionally define the paths in SL(d) since for now we cannot assume

that a minimizing path takes values only in SL(d )sym The corresponding transformation

1
mapping T: IL(Py, ) — §II(Py, P), T(P) = P, 2PP1 ? is again bijective. We observe
for P € II( Py, P»), the corresponding T := T(P) € 6II(Py, P») and any s € [0,1] that

1 1 1 1

T(s)T(s)™! = Py 2P(s)P, 2 (P 2P(s)Py %) ™" = Py 2 P(s)P(s) ' Py,
Hence the norm of the symmetric part fulfills
Jsym (21767 = Jovm (PP )]

by invariance under symmetric similarity transformations (see [Lemma A.4.1)). Therefore,
the dissipation distance is invariant under the transformation 7. ]

Symmetric Dissipation Distance With the properties above at hand we conclude from

[Mheorem 8.5.1] that

D(I,6P,) = 00 ||log (6P ) HF
holds for the shortest path from I to (5PJr defined on the general group SL(d)! We define
the dissipation distance Dbylfn as in but only for differentiable paths in SL(d)Sym.

Since the shortest path is from a subset of the admissible path from D, we get

1,6PF )>00H10g (6P )HF

sym( sym sym
Nevertheless, we can show the equality.

Lemma 9.2.3. Let 6P € SL(d)Z,
in SL(d)J,

$m- The von Mises dissipation distance from I to 0P,

is explicitly given by

sym

1,6P; )—aoHlog (6P )HF (9.3)

sym( sym Sym
Proof. Consider the path

P:[0,1] — SL(d)Z, P(t) = exp(t log(6 P ),

sym> sym
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with connects I and 6P, within SL(d)Z,,,. From

sym sym*

P(t) = 1og(3P.fn) P(1),

sym

the dissipation distance of this path is given by
/01 o0 |[|P(5) P(t) ™| dt = /01 0 Hlog (6P) Hth = o; Hlog (6P5) HF

Hence, we also have D}, (6P) < o9 Hlog (5PJr )HF and thus the desired equality. [

sym sym

Global Reformulation With the above reformulations in mind, we can write the global
time-incremental minimization problems (9.1)) in the displacement y and in the plastic
increment 5P;g,m. To express the next unknown state P¥, we define the inverse increment
operator
1 1
I3 (P 6P,) = P2 0B, P2, (9.4)

such that . )
SPT :PfinPf§ s Py=1t (P1,5PJr ).

sym sym sym
As a consequence, each of the minimization problems from (9.1]) can be considered in the
equivalent form

Find (y*,0P*) that minimizes £ (y’ﬁ[;}rfm (Pkflj (5Pk)) + Dt

sym

5 k
OFY (9.5)

sym

where we abbreviate 6P = dPg,, for better readability. Note that from [Lemma 9.2.3| the
dissipation distance depends only on 6P, . and hence the unit matrix as an argument

sym?
is dropped in the formulation above.

and set P* == I+ (Pk_l, 6Pk) ,

Tangential Space In the spinless case of plasticity, the lemma below is essential.

Lemma 9.2.4. Let S¢ = {A e R4 . AT = A, trace(A) = 0} denote the trace-free
symmetric matrices. Then, the canonical matriz exponential

exp : S¢ — SL(d):;/mv exp(A) = Z il
=0

1s bijective.
Proof. First of all, the eigenvalue decomposition of symmetric matrices A = VJVT

into an orthogonal V' (containing the eigenvectors) and a diagonal J (containing the
eigenvalues) has the property

exp(A) = Vexp(J)VT.

An immediate consequence is that the determinant of the range of the matrix exponential
is always one if the domain is trace-free. Moreover the scalar exponential function is
a bijective mapping from R — (0,00). Hence, we can prescribe both eigenvalues and

eigenvectors in S¢ and SL(d)S‘;m at the same time which determines matrices uniquely. [
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This allows to rewrite the global problem (9.5 again in terms of 6PZ, = exp(éB) for

sym
a uniquely determined 6B mapping = € 2 to matrices from S3:

Find (y",6B*) that minimizes E(yk, I (Pkil,exp(éBk))) + D (exp(dBF))
(9.6)
and set P¥ == I;g,m (Pkil,exp(éBk)> )
where the term exp(dB) is understood pointwise. Now the log term in the dissipation
functional from cancels out. In summary, the objective functional of the
time-discrete increment problem at time step ¢ is given by

Ly, 0BY) = € (y, I3 (P* !, exp(9BY)) ) + 09 /Q loB* ()|, dx .| (9.7)

Remarks 9.2.5.

(i) The objective functional E:ym is defined over the wvector space ) x B where the
deformation function space Y is already given in (8.22)), and B is a suitable Sobolev
space over £ with values in Sg. Hence, no manifold-valued spaces appear in this

equivalent formulation.

(7i) The reformulated dissipation term of .C;g,m corresponds to the von Mises dissipation
in the small-strain case in the first part of this thesis, cf. (3.5)).

9.2.2. With Plastic Spin

The case of included plastic spin needs a careful treatment in order to arrive at similar
minimization functionals as seen above in the spinless case. Now we consider the general
matrix group SL(d) for the plastic range, but we stick to the case of von Mises dissipation

(cf. [Section 8.5)). Therefore, we consider the dissipation function A from ({8.20]), given by

A(E) = (a8 llsym(©) 7 + oF lanti(€) 7) *

and the resulting dissipation distance D . As already discussed before, D is only
a quasi-metric on SL(d) (and therefore sufficient for the existence theory) if and only
if 09,01 > 0. On the other hand, unfortunately, we have only an explicit form of the
dissipation distance D in the case of 01 = 0. This explicit form is given in
by

D(6P) = D(I,6P) = a9 Hlog (5]3 5PT)% ]

for the increment 0P = PP ! between the plastic states P; and P, in SL(d). Recall
from that we can neglect the dependency on the unit matrix and hence
express D only in the increment d P. For the general case o1 no explicit expression is
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known to the author. However, an implicit form of the dissipation function is given in in
[21, page 86]. If we take the full Frobenius norm (o¢ = o1) in (8.20)), then we have

Doy=00(0P)

9.8
= min{ao (18115 + HAH%)% : ST =8 AT = —A, 6P = exp(S — A) exp(2A)} . (6:8)

Lemma 9.2.6. If we assume that the plastic increment §P is symmeltric, then we have
D(6P) = aq ||log (6P)|

independent of o1 > 0.

Proof. From the implicit formula (9.8)), we see that S = log(dP) and A = 0 is an
admissible choice and yields

Doy=04(6P) < 00 [[log (0P)| 7 -

The equality is established by considering the case o1 = 0. In this case the equality follows
from [Theorem 8.5.1l However, for a fixed o9 and an arbitrary o1 > 0 the dissipation
function fulfills

Aol >0 (5) > AUl =0 (5)7

and therefore,
Dy, 50(6P) > Dy, —o(0P).

This shows that S = log(0P) and A = 0 is indeed the optimal choice. O

Symmetric Increments states that symmetric plastic increments are
favorable, since we have an explicit expression of the dissipation distance in this case. In
the following we want to motivate why assuming that 6 P is symmetric can be justified
in practice.

Let the two plastic strain states P; and P» in SL(d) be close to each other. Then, the
increment 6P = PgPl_1 is close the unit matrix. In other words, we can assume that

6P = 1Il|p=¢

for a small € > 0. From orthogonality of the symmetric part sym(JP) and the antisym-
metric part anti(0P) of the plastic increment we have

6P| = llsym(6P) |7 + [lanti(6P) | 7

The norm is the antisymmetric part of J P is small since

Janti(6P) . = 5 5P — 677 = 5|62~ 1)~ (5P~ D7,

-5
< 5 (18P =+ 6P = 17|, ) = 18P ~ 11, ==
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On the other hand, the norm of the symmetric part fulfills
lsym(5P)|% = [5P||% — [lanti(6P) 2 > 1 - €2

since 0 P € SL(d) has at least one singular value greater or equal to one. Therefore, we
can assume that § P is symmetric if we consider small increment steps in the time-discrete
problem. We formulate the main assumption of the case of included plastic spin:

‘5P is symmetric in the time-discrete problem formulation. ‘ (9.9)

Since we assume that 0P =~ I, we can also conclude that we have positive definiteness,
i.e.,

5P € SL(d)7;

sym*

In order to investigate the consequences of this assumption, we introduce the inverse
increment operator

I(P,P) = 6P P, (9.10)

which is used to recover the current plastic strain from the increment, i.e,
P,=1(P,,6P) & 6P=PRPP "

Note that symmetry of the plastic increment J P does not in imply symmetry of the
plastic strain itself since products of symmetric matrices are generally not symmetric.
Therefore, we are not in the case of spinless plasticity.

With the above stated assumptions at hand, we can reformulate the time-incremental
minimization problem in terms of the plastic increments.

Find (y*,6P*) that minimizes & (yk, oPk Pk_l) + D(6PK)

(9.11)
and set P .= sPKPF 1,

Since the space of unknowns of the minimization problems is now the same as in the
spinless case, we can utilize to express 0 P bijectively by a field of symmetric,
trace-free matrices 6 B. Then, the minimization takes place again in a vector space
setting, and we arrive at the global problem similar to (9.6

Find (y*,6B¥) that minimizes S(y, exp(6BF) Pk_l) + D(exp(6BF)) (9.12)
and set P¥ := exp(6BF)PF~! '

By the exp and the log terms cancel out in the explicit dissipation form.
This leads to the objective functional at time step ¢

L(y*,0BY) = £(y*,exp(6BPF ) + o /Q |68 (@) das. (9.13)

Note that the also apply for L.
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Nonsymmetric Plastic Increments A nonsymmetric plastic increment § P does not
allow the reformulation in the tangential space of symmetric, trace-free matrices as
described above. Nevertheless, we can still take advantage of the cancellation of exp
and log in the dissipation distance by assuming that o1 = 0 in the von Mises dissipation
. By doing so we lose the quasidistance properties of the dissipation distance D,
and thus sufficient existence conditions for the energetic solution. In certain applications,
however, this may not have a negative effect. Instead of considering the tuple (y,dP)
in the increment problems (9.11), we consider the triple (y,dP,dL), where 0P is a
matrix field of symmetric, positive definite matrices, and dL is a matrix field of rotations
in SO(d), keeping track of the orthogonal parts of the plastic increment. We use that

polar decomposition
L P

is always well-defined and we can represent all matrix fields in SL(d) by this split.
We can again go back to the space of trace-free, symmetric matrices Sg and arrive at
the objective functionals

L(y*, 0B* 6LF) = E(yk,(SLk exp(éBk)Pk_l) + O'Q/Q H5Bk(az)HF dx .

The main difficulty of this form is an efficient space discretization of the manifold-
valued 6L* function. In this thesis we concentrate in the following on the first two

presented objective functionals L';g,m (19.7) and £ (9.13]) only.

9.3. Space Discretization

The global increment problems and will be discretized in space by finite
element methods. The resulting objective functionals and depend on three
functions over € that need to be discretized. There is the deformation field y, the
tangential plastic increment dB with values in Sg, and the previous plastic strain P*~!
with values in SL(d). We consider a conforming triangulation 7 of the domain 2 by a set
of m geometric elements 11, ..., T,, € T. We denote by n the number of vertices vy, ..., v,
of the resulting grid.

9.3.1. Discrete Function Spaces

Deformation Field The first function to be discretized is the displacement field y : Q — R¢
that is given as a first-order Sobolev function from the function space ) . Hence,

it is canonical to use first-order Lagrange finite elements for an approximation yy, of y.

To this end, consider the nodal basis {¢;}i=1,.. . in d dimensions with the Lagrange

property ¢;(v;) = 0;; for the vertices v; of the grid. Then the discrete approximation of

the deformation field is given by

TCES)

=17

Yij @i(z) €; (9.14)

d
=1
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9.3. Space Discretization

with canonical unit vectors e; € R? and real-valued coefficients Yij-

Tangential Plastic Increment The tangential plastic increment 6B : 2 — Sg is also a
first-order Sobolev function since we need derivative information for the chain rule in

the gradient term in the hardening functional (cf. [Section 8.2)). Therefore, first-order
Lagrange finite elements are again suitable. A basis of Sg is given in [30, Section 3.2] by

1 (1 0 1 (0 1
Bl::\/i(o —1)’ BQ:\/§<1 0)

of the two dimensional space S if d = 2. For the case d = 3, the basis matrices for the
five-dimensional space S} are

1 1 0 0 1 1 0 0
Bj=—|0 -1 0|, By=—7=1|0 1 0 [,

V210 0 o 6o 0 -2
1 010 1 0 0 1 1 0 00
B3=—1|1 0 0|, By=—7=[0 0 0], Bs=—41]0 0 1
V2 0 00 V2 1 00 V2 010

In general, we have the dimension
d*+d
d, = -1
P 2

for the space S¢, cf. in the first part of this thesis. The choice of the bases
above forms an orthonormal bases of Sg corresponding to the Frobenius inner product.
Therefore, it defines an isometry between R% equipped with the Euclidean norm ||-|| 2
and S¢ with the Frobenius norm, as

dp
|3 a5 = lall, (9.15)
j=1
holds for all a € R%. In summary, the discrete plastic strain field is represented by
n dp
5Bh($) = Z Z Bij ¢1(l‘) Bj
i=1j=1

with scalar coeflicients l_)ij.

Some numerical tricks can be applied to evaluate the objective functionals £
and Ejym (9.7). Since first-order Lagrangian shape functions are non-negative, the
dissipation term can be approximated by a lumped sum

n dp
Jy 1@l do =3 [13255 0u0) B5] a

:;/qui(x) dz |[5:], = ;%HbiHQ.

(9.16)
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9. Discrete Problem

In this form we separate the block components of the plastic strain. This is a structural
necessity for the TNNMG solver from

We will also consider the case k2 = 0 in the hardening functional . In this
case no gradient information is needed. Thus, we can choose zero-order (piecewise
constant) Lagrange finite elements to decrease the number of degrees of freedom of the
fully discrete problem. Hence, consider a zero order basis {6;}i=1, . ., with the Lagrange
property 0;|7; = d;; for the grid elements T; € 7. By reusing the bases of Sg from above,
the zero-order discrete approximation of 6B is given by

m dp

5Bh(x) = Z Z l_)ij 91(1‘) Bj.

i=1j=1

Since zero-order approximations are piecewise constant, and each base function 6; has
support only on one grid element, so no lumping of the dissipation as in (9.16)) is necessary.
We have the exact sum

m dp
/QHcSBh(x)HF dr = Z/Q > bij 0i(x) Bj|| dw
i=1 j=1

F
=179 ER—

2 )
where ; = |T;| is the volume of the grid elements in this case.

Previous Plastic Strain The discretization of the previous plastic strain P¥~! may need
more advanced methods since it takes values in the nonlinear matrix manifold SL(d). In
the case of zero-order finite elements for dBj,, we can simply choose the same zero-order
Lagrange basis {6;} and approximate P*~! by

i=1

for SL(d)-valued coefficients P;.

If gradients of the plastic strain are present in the hardening model (k3 > 0), then a
different approach is required. We need to construct a finite element space of weakly
differentiable functions with values in SL(d). Various such spaces have been constructed
in [17] under the name of Geometric Finite Elements. However, the construction and
evaluation of these special finite elements is expensive and complicated in implementation.
Since this is beyond the scope of this thesis, a simpler approach is used.

We use the extrinsic vector space R4*? of SL(d) for the range of the previous plastic
strain and discretize this vector space by first-order Lagrange finite elements. Hence,
the coefficients correspond to the vertices v; of the grid. On each grid vertex v; we
demand Plfl_l(vj) € SL(d). From the nonlinear nature of SL(d) an evaluation of P],i_l at
an arbitrary point x € § returns most likely a value not in SL(d). Hence, we compute
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9.3. Space Discretization

the orthogonal projection of Pﬁ_l(x) onto SL(d) for each evaluation. Therefore, this
method is called projection-based finite element method. Details about how to compute
those projections are found in the Appendix

A missing numerical details is that the first-order finite element spaces of 6B, and P’,f;l
are generally not compatible. We combine explicit computations of values in SL(d) (by
the matrix exponential) with a projection-based method. In order to avoid complicated
analytical obstacles and implementation issues, we neglect this problem in the hope that
the overall discretization error dominates error quantities arising form this incompatibility.
The update product for the next approximated plastic strain PE is then simply
computed at the grid vertices to determine new coefficients.

Gradients of Plffl are not projected for reasons of simplicity. Since these gradients are
only used to regularize the model, we assume that a precise evaluation of the gradients is
not necessary and decide to accept the additional discretization error.

9.3.2. Discrete Plastic Strain Gradients

We still need a proper implementation of the plastic strain gradient for the hardening
energy ({8.25). Depending on the underlying plastic strain range this procedure differs
and is formulated for both SL(d)Z,,, and SL(d) separately.

sym

Symmetric range SL(d)jym The plastic increment between two plastic states P, and

P, is given in the form

D=

_1 _
SP . =6Pf (P, Py) =P, ?PP,

sym sym

€ SL(d),

sym

in (9.2). In order to invert the increment and compute the current plastic strain we need
the operator
1 1
I;g,m(P, 5Ps;m) = P2 6P;§m P2
from (9.4]). We lift this to the discrete and global level, and replace the plastic increment
by the exponential mapping from the tangential space. The resulting current plastic
strain at time step t; is therefore given by

1 1
Py (z) = (P}~ (2))" exp (9B (2)) (P} (2))’
with the discretized global functions described in the previous section.

The gradient VP, (z) can be expressed by combining the product rule and the chain
rule. It takes the form

VP (z) =V ( (PZ_1 (J:)) ;) exp (5be(x)) (Pi_l(:c)) :
- (P’;;l(m))%vexp (6Bf(2)) [VoBf ()] (Plffl(:p))%

+ (PE (@) exp <5B]fL(x))V<(P',jl(az));>.

[NIES
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9. Discrete Problem

To compute this numerically, we need the Fréchet-derivative of the matrix square root
and of the matrix exponential.

The Fréchet-derivative of t}}e matrix square root of a matrix A in direction E can be
obtained by setting s(A4) := A2 and deriving s(A4)? — A = 0 in direction E. This leads to
the Sylvester-like equation

s(A)X + Xs(A) = E, (9.17)

which has the unique solution X = Vs(A)[E] € R4 if all eigenvalues of s(A) are positive
18, Sec. B.14.]. This is the case for A € SL(d)J,,- The square root A% is also well-defined.
For symmetric A and small d € {2,3} the problem is a linear equation with only
few unknowns, and it can be solved directly. Furthermore, A3 can be computed by the
eigenvalue decomposition of A, which can be computed directly for d € {2, 3}.

The Fréchet-derivative V exp(A)[E] of the matrix exponential of A in direction E can
be computed by evaluating

ox (A E) _ (exp(A) Vexp(A)[E])
Plo 4 0 exp(A)

and extracting the upper right block [18, Sec. 10.6]. The matrix exponential itself is
computed by the Scaling and Squaring Method |18, Sec. 10.3.], which is presented in

Appendix A.5 With these tools at hand, we can numerically compute the gradient VP, ()
at any point z € .

General range SL(d) In the general case, the plastic increment between two plastic
states P, and P, is given by

6P = 6P(Py, Py) = P,P[ ! € SL(d)
in (9.10). The resulting current plastic strain at time step ¢ is here given by
Pp(xz) = exp (6Bﬁ(m)>P’fL71(x).

The gradient VP (x) is therefore again given by combining the product rule and the
chain rule. The result is simpler than in the other case above. We get

VP (z) =Vexp (6BZ(3})> [V(SBlfL(x)] Pr 1 (x)
+ exp <5Bfl(1‘)> \% (Pi‘l(m)).

How we construct the gradient of the exponential function is already given in the other
case above.

114



9.3. Space Discretization

9.3.3. Discrete Minimization Functional

The space discretization of the deformation field y* and the tangential plastic incre-
ment 6B* is now complete with the finite element spaces presented above. We arrive at
an algebraic minimization functional

bi

(9.18)

L(w) = L(y,b) = € (v}, I*(Pf ", exp(6B)) ) + 00 > % i,
i=1

in the coefficients w = (y,p), and the inverse increment operator I* = [ for the
case of plastic spin, and I* = I;;m without plastic spin. The sum term is defined
with r € {n,m}, i.e., either the number of grid vertices n if we approximate the plastic
increment by first-order elements, or the number of grid elements m in the zero-order

case, respectively. The space of the coefficients is simply given by
w = (y,p) € RM x RM =RV

for the total number of deformation coefficients N1 = dn, and the number of plastic
increment coefficients No = rd,. Since the finite element spaces of the appearing
unknowns are linear, the coefficient space is too.

Remarks 9.3.1.

(i) The energy term & is smooth since all internal components are differentiable in the
coefficients.

(i) Nevertheless, we cannot expect convexity of £ in the coefficients w.

(iii) The dissipation term is precisely the same as in the small-strain fully discrete case

(4.17)) without isotropic hardening.
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10. The Inexact Proximal Newton Method

The discrete objective functional L is defined in the space of the coefficients w € RY,
where N is the total number of unknowns. By the reformulations performed in [Section 9.2]
we are able to remove all nonlinearities from the domain space. As a consequence, we
receive a rather complicated structure within L itself. We notice that L has two properties,
both of which complicate the numerical treatment for the minimization. First, L is
nonconvex, which prevents us from using standard Newton-like minimization techniques.
And second, there are nonsmooth components in the dissipation term, which even blocks
the application of first-order gradient methods. To the author’s knowledge, there is
no stable and efficient algorithm for minimizing such functionals with a convergence
guarantee to local minimizers for an arbitrary initial value.

To fill this gap, a Proximal Newton method was developed in collaboration with
Anton Schiela and Bastian P6tzl. In the following, the solver, its main properties and
implementation aspects are presented. Furthermore, the application to the discrete
minimization problems of finite-strain plasticity is given. A great overview of the
development of Proximal Newton methods in recent years, combined with a deep analysis
of the properties given in this thesis, can be found in the article [26]. In a follow-up
article [25] we improve the Proximal Newton method by introducing inexactness criteria,
which are briefly given in The main statements of this chapter, as well as a
majority of the notation, are taken from these two articles.

10.1. General Setting

The Proximal Newton method is designed to solve composite minimization problems of
the form

min F(z) = f(z) + g(z). (10.1)
zeX
The minimization problem is defined on a real Hilbert space (X, (-, -)x) with the cor-
responding scalar product. We have the induced norm |jv||x = \/(v,v)x and the dual
space X*. In the minimization problem above the functions f,g: X — R U {occ} take
different roles.
The first component f is called the smooth part of the objective functional F'. To
ensure that the steps in the following sections are well-defined we demand at least

that f € C!(X), and that the first derivative is Lipschitz-continuous. Moreover, we
assume that for each x € X there is a linear mapping H, : X — X* with an upper bound

[Hallx xr < M
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10. The Inexact Proximal Newton Method

of the operator norm for some M > 0. Furthermore, we demand an ellipticity constraint
(Hoo)() = k(@) o]} Yo e X

with k1(x) € R depending on z € X. We want to emphasize that x;(x) can take
negative values. Additionally, we demand that the mapping H, is connected to f by the
semi-smoothness condition

1) = f(2) = Hoy — 2) | . = o(lly =2l x) Yo,y € X, (10.2)

Remark 10.1.1. Consider a twice continuously differentiable f € C?(x) and choose
H, = f"(x). If there is a lower bound m € R independent of v € R, s.t.,

(H,v)(v) = m
for every x,v, € X, then f satisfies the properties stated above.

In contrast to f the second component g is not assumed to be differentiable. Therefore,
we call g the nonsmooth part of F. We only demand that ¢ is lower semi-continuous and
satisfies a convexity bound of the form

g(sz+ (1 - 8)y) < sg(@) + (1 — 5)g(y) — Zs(1 —s) [|lz — y[%

2
with a ko € R. Note that negative values of ks extent the classical notion of convexity,
whereas ¢ is called strong convex for a positive ko.
However, for a fast local convergence result, we assume that ki(x) + k2 > 0 near
optimal solutions of (10.1)), cf. [26, Theorem 1].

10.2. Proximal Newton Steps

The Proximal Newton method is an iterative method for solving the minimization problem
(10.1)). Consider an arbitrary initial iterate 2° € X. Then one Proximal Newton step
consists of two main parts, as described below.

10.2.1. Second-Order Model Problems

In order to find the next iterate, we reduce the complexity of the original minimization
problem. Therefore we replace the smooth part f around z in by a second-order
model. Since we have no convexity properties of f at hand, we regularize the second-order
model by an additional quadratic regularization term % Hém”i with a given weight w > 0.
A similar replacement of g is not possible due to the nondifferentiability. Hence, the
descent of the value in ¢ is given directly. The resulting second-order minimization
functional A\, : X — R is given by

Ao w(0x) = f'(z)dx + %(Hx&v)(éx) + % HéacHi( + g(x + dz) — g(z). (10.3)

118
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We denote the minimizer, providing it exists, by
Az(w) == argming,c x Az (0x). (10.4)

From the convexity and ellipticity bounds on f and ¢ in[Section 10.1| we get immediately
the following result:

Lemma 10.2.1 ([26, Proposition 1]). If w > —(k1(x) + k2) a unique solution Ax(w)
always exists.

Of course, usually we do not know x1(z) and kg beforehand. Thus, the minimization
(10.4)) may fail in practice. In this case, we abort the computation of the Proximal Newton
step and retry with a larger regularization weight. How to choose the regularization

weights is discussed in [Section 10.

10.2.2. Sufficient Decrease Criterion

In the case that the minimization succeeded, we do not update the current iterate x
right away. The increment step Az (w) may not be a descent step, i.e, F(x+Ax(w)) > F(x)
is possible. Furthermore, even if Ax(w) is a decrease step, the decrease may not be
sufficiently large for a global convergence of the Proximal Newton method.

Therefore, an easy to check sufficient decrease criterion was developed in [26]. After
the increment step Ax(w) is computed, we check whether

F(z 4 Az(w)) — F(z) < v\ w(Az(w)) (10.5)

holds for the second-order model \; and a fixed decrease parameter v € (0, 1).
Although it is not at all obvious that this inequality is holds for a sufficiently large
regularization weight w, it can be shown that it does [26, Lemma 3]. Details are
intentionally omitted because this result requires lengthy and technical calculations.

In summary, if the sufficient decrease criterion is not satisfied, we reject the current
Proximal Newton step and retry with a larger regularization weight w.

If the sufficient decrease criterion is fulfilled, then the iterate is updated via

M= 2k 4 Az (w).

Moreover, we update the regularization weight according to the strategies described in
We stop the iteration, once a termination criterion is satisfied. Possible
such criteria are given in [Section 10.5

10.3. Choice of Regularization Weights

The regularization parameter w > 0 plays a major role in the formulation of the Proximal
Newton steps. Both the minimization of the second-order model (|10.3)), and the acceptance
of the sufficient decrease criterion ((10.5) are only successful for sufficiently large values
of w.

119



10. The Inexact Proximal Newton Method

On the other hand, large values of w lead to small increments Az (w) of the second-order
model . This is due to the penalization of large increments by the regularization
term % [6]]%- So we have to find strategies to keep w as large as possible to compute
admissible increments Ax(w), and at the same time keep w as small as possible to avoid
too small increments.

10.3.1. A Simple Strategy

A very simply approach is taken in [26] and [25]. In this approach, we start with an
arbitrary initial weight w > 0. Each time a Proximal Newton step fails (due to the
failing minimization or the descent criterion) we double the value of w for the next try.
If a step was successful, we want to make w to decay quickly to zero for a fast local
convergence. Hence, we multiply w by 27", where n is the number of consecutively
successful Proximal Newton steps. This first strategy will be denoted by [w]; in the

numerical tests in

10.3.2. Adaptive Strategies

More sophisticated strategies are currently being investigated in [19] and in Bastian
Potzl’s dissertation [24]. The main idea is to compare a predicted decrease with the actual
decrease in the values of F' from (10.1)). For the minimizer Az(w) of the second-order
model , the actual decrease is given by

red (T, w) == F(x + Az(w)) — F(x),
while the predicted decrease of the second-order model is
Pred (2, w) = Ay o (Az(w)).

In the case a;eq = pred, the prediction of the second order model matches the actual
measurements on the original functional F'. Therefore, we can assume that a small
weight w is sufficient for the next step. In the other cases, a penalization routine is
established based on control strategies in other research areas.

One strategy is taken from the step size control in the numerics of ordinary differential
equations |6, Chapter 5.2]. From there, we can define a damping prefactor function that
provides appropriate regularization weights for the next step. In the numerical results,
we will refer to this strategy by the notation [w]s.

Another approach originates in numerical schemes of semi-smooth Newton methods
[33]. In this approach, we want to reach a;eq & preq in the next step, so we assume
equality in the sufficient decrease criterion and rearrange it for w. This third
strategy is denoted by |w]s in the numerical results.

Another advantage of these more sophisticated strategies is that we do not need
to distinguish whether the sufficient decrease criterion is satisfied or not. We
can can prove that they increase or decrease the regularization weight appropriately.
Unfortunately, introducing more details about these strategies opens a new topic unrelated
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to the rest of this thesis and is therefore intentionally omitted. For a comprehensive
introduction and numerical realization of [w]y and [w]3, we encourage the reader to take
a closer look at [24].

10.4. Inexactness Criteria

Solving the second-order model problem is generally nontrivial. Although the
smooth part f is replaced by a quadratic approximation, it is still a nonsmooth optimiza-
tion problem due to the nonsmooth part g. Special solvers are necessary to treat those
kind of problems, as already seen in the first part of this thesis in

A current drawback of the current form of the Proximal Newton method is that
it states that Az(w) is a minimizer, so it is computed with numerical exactness. To
overcome the problem of time-consuming computation of numerically exact solutions, we
introduce certain inexactness criteria for the solver of the second-order model problems
. These inexactness criteria reduce the wall time of solving the second-order model
problems while preserving convergence results.

A detailed overview of the derivation of these criteria can be found in [25], resulting from
a collaboration with Bastian P6tz]l and Anton Schiela. In general, we need to preserve
two properties: Local convergence near the minimizer Az(w), and global convergence far
from the minimizer.

10.4.1. Local Criterion

Local convergence is ensured by a relative error criterion. Therefore, let As(w) denote
the current iterate of the inner solver of the second-order model problems . In the
case of a converging solver we have As(w) — Az(w). The local convergence criterion is
said to be satisfied when

|Az(w) — As(w)|lx
1Az (W)l x

<7 (10.6)

applies to a parameter 1 € (0,1). This criterion is generally of an analytical nature, since
we do not know the exact minimizer Az (w). Nevertheless, the application of certain
algorithms, such as TNNMG ([Section 5.2)), allows us to evaluate ((10.6)) in practice, cf.

A necessary condition of the parameter 7 is that we need n — 0 during
the progressing computation of Proximal Newton steps. In [|25], a simple choice is

n=q",

is considered, where k is the number of the current Proximal Newton iteration and g € (0, 1)
can be chosen as a problem parameter.

10.4.2. Global Criterion

Global convergence can be preserved if the decrease F(z + As(w)) — F'(x) of the inexact
Proximal Newton step is below the corresponding decrease of another converging method.
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10. The Inexact Proximal Newton Method

Of course, this only makes sense if each iteration step of the other method is easier to
compute than a Proximal Newton step. A natural choice is a Proximal Gradient method,
where we use first-order model problems, such as , just without the second-order
term (Hzdx)(dx). Unfortunately, even such first-order problems are as difficult to solve
as the original second-order problem.

One solution of this was to introduce a subgradient model of F' given by

N4 (62) = /()6 + o + 5 8l

where € dg(z) is a (theoretically arbitrary) Fréchet-subderivative of g at z. For a
sufficiently high regularization weight & this has a minimizer Axz(&)*. The subgradient
model can be minimized efficiently since it is a quadratic problem with a scaled fixed
quadratic part. The resulting global convergence criterion is then given by the inequality

Azw(As(w)) < )\g@ (AzH(@)), (10.7)

where we compare the current decrease in the second-order model problem ((10.3) with the
decrease in the subgradient model problem. In [25] a necessary value of the corresponding
regularization weight of the subgradient method is derived by

=) + sl
20 (As(w))

W= (10.8)
where numerical tricks can be used to efficiently evaluate this dual norm term. Another
crucial property is that

@ < Omax (10.9)

for some large algorithmic bound @Wpyax > 0. To keep @ small in practice, we use a
subgradient  that makes | f'(x) + || x- small. If the subdifferential of the nonsmooth
part g has a certain structure that we can use, then an optimal p can be found.

10.5. Convergence Properties

The convergence results presented here cover both the case of the numerically exact
minimization of the second-order model problems ((10.3)), as well as the inexact solution
presented in If we consider inexact solutions and both the local condition

(10.6)) and the global conditions ((10.7)&(|10.9)) are satisfied, then we set
Az(w) = As(w)

to be the inexact minimizer of the second-order model .

To investigate analytical and numerical convergence, a closer look is taken at the
sufficient decrease criterion ((10.5). This criterion is used to decide whether or not to
accept a proximal Newton step. On the left side we have a direct difference of the function
values

F(z + Az(w)) — F(2).
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In practice, this suffers from numerical cancellations, especially as the increments Ax(w)
become smaller. On the right hand side of (10.5) we have

Ve w(Az(w)),

which also suffers from numerical cancellations in the second-order model ((10.3]). There-
fore, this criterion is not suitable near a minimizer.
To improve this situation, we are currently experimenting with the criterion

7'+ Aa(w)) — £/(2) — Ho(Aa(w))] Ar(w) < 75w | Axw) I

as a more stable alternative to when we are close to convergence of the proximal
Newton method. We are able to show that this criterion is eventually satisfied for a
sufficiently large w.

The Proximal Newton iteration stops when the increment Ax(w) and the regularization
weight become small. Regarding inexactness, the local convergence parameter 7
should also be small to guarantee accurate solutions at the local minima of F'. To combine
these considerations, we use the criterion

1
o lAaw)ly << (1010)

for some € > 0. We set n = 0 in the case of numerically exact minimization of the
second-order model problems ((10.3)).

We are finally able to establish the global convergence result of the Proximal Newton
method:

Theorem 10.5.1 (|26, Theorem 2]). Let all assumptions in be satisfied.
Moreover, the second-order problems in[Section 10.3 are solved either exactly or inezactly,
so that in the latter case the local and global criteria of [Section 10.4 are satisfied. If
each Proximal Newton step satisfies the sufficient decrease criterion , then all
accumulation points of the sequence of iterates x* generated by the Prozimal Newton
method are stationary points of the problem .

Remark 10.5.2. The requirements of [Section 10.1| are automatically met if we have the
following setting:

(i) The objective functional F has a global minimum.

(7i) The smooth part f is twice continuously differentiable with a lower ellipticity bound

giwen in [Remark 10.1.1]

(iii) We use the Hessian matriz f"(x) for the linear operator Hy.

(iv) The nonsmooth part g is conver with ko = 0.
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10.6. Application to Finite-Strain Plasticity

Recall the fully discrete minimization problem ({9.18)

L(w) = L(3,b) = £ (yh, I" (P exp(9BY)) ) + 00 7
=1

bi
2

Note that the domain of L is the space of coefficients in RY. The Proximal Newton
method can be defined directly on the space RY, since it is a Hilbert space. However,
this leads to grid-dependent results. For each refinement of the grid, the basis and the
underlying Hilbert space of the method change. Therefore, we define our method directly
on the Lagrange finite element space

On = Vn X By,

Here, Y}, is the first-order Lagrange space of the deformation field, and Bj the Lagrange
space for the tangential plastic increment. The order of the latter is zero or one, depending
on the gradient regularization of the plastic strain in the hardening energy. In any case,
the product space Qy, is a subspace of an H' space and inherits a canonical scalar product.
Therefore, it is a Hilbert space and suitable for the Proximal Newton method.

We can identify a function in Q by the coefficients w = (7, b). Thus, we minimize
in the coefficients. Nevertheless, we use the norm ||-|| - of the finite element space X = Q)

for the regularization term of the Proximal Newton steps.
The smooth part of (9.18)) is given by

f@) = &(yh, I (P} exp(9BY)) ),
where we use the linear mappings

y=yi(®), b 6Bj(b)
for the coefficients w = (7,b) into the finite element spaces.

We conclude that f is at least twice continuously differentiable, since it is a combination
of a number of smooth functions. First, there is the linear mapping from the coefficients w
into Lagrange finite element spaces O = V), X Pj. As an absolutely convergent power
series, the matrix exponential is also a smooth function. Moreover, the computation of
the inverse is well-defined in SL(d), and the derivatives of the inverse can be expressed
explicitly, as already considered in . The same approach leads to the second derivative.
Finally, the elastic energies are polyconvex (Section 7.4.2)) with smooth functions W.
Therefore, we can also assume differentiability.

The nonsmooth part is given by

, (10.11)

b;
2

T
g(®) =00 v
=1
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10.6. Application to Finite-Strain Plasticity

which is obviously convex in w, since the Euclidean norm is, and all appearing coefficients
are positive. We can skip the formulation in the finite element space By, here, since the
basis was chosen to be isometric to the coefficient space, cf. (9.15]).

In summary, by [Remark 10.5.2] all requirements for the application of the Proximal
Newton method are met.

10.6.1. Solving Second-Order Subproblems with TNNMG

From the special form of the nonsmooth part ((10.11f), we see similarities to the nonsmooth
part of the small-strain plasticity objective functional (4.17]) with kinematic hardening

only. In both cases, the nonsmooth norm terms have the same block-separable structure.
Moreover, the second-order problem (|10.3)) takes the form

A(6®) = quad(5w) + g(@ + 0w). (10.12)

with a quadratic and a nonsmooth part. The quadratic part arises from the second-order
approximation of f at w and the norm regularization term % W (6w)||%- Note that this
minimization functional is almost the same as in the small-strain case . However,
there are two notably differences.

The first difference is an additional shift by w in the nonsmooth part, which can be
circumvented by shifting the solution space.

The second difference is the non-explicit form of the quadratic part. In the small-
strain case an explicit matrix A is constructed directly form the finite element
space. However, in the quadratic part is given by the bilinear form H + 3R,
where H and R are the representations of f”(w) and the regularization term ||wy, (5@)|%,
respectively, in the finite element coefficient basis.

We can assume that the second-order problems are strongly convex and coercive for a
sufficiently large regularization weight w. Therefore, as given in in the first
part of this thesis, all the requirements are met for the TNNMG algorithm.

The application of TNNMG is almost the same as given in the first part of this thesis.
There is only one new task we need to take care of. It is the exact solution of the
nonlinear local smoothing steps of TNNMG, as given below.

10.6.2. Local Problems

In the nonlinear local smoothing step of TNNMG we minimize the functional A
consecutively in the block components of the solution vector §w = (67, 8b). For a block
component ¢y, of the deformation part dy, we consider a minimization problem in d
dimensions. For a tangential plastic strain component 6b;, we consider the corresponding
trace-free symmetric matrix B; which is given in d, = d(d + 1)/2 — 1 dimensions,

cf. Remark 4.3.7

Local deformation minimization The local minimization problem for a deformation
block is quadratic, because the nonsmooth part g of the functional A (10.12]) is independent

125



10. The Inexact Proximal Newton Method

of the deformation. The problem can be expressed by a matrix H; € R? and a
vector b; € RY, s.t.,

1
0y; = argmin, cpa {2ZTH“'Z — bZTz} .

The solution is given by 0y, = H;; Yy, if H;; is an s.p.d. matrix. The symmetry of Hj;
is always given, since H is a restricted Hessian matrix plus the regularization matrix.
There may be a lack of positive definiteness if the regularization weight was too small. In
this case, the functional A is not strongly convex and violates the requirements of
TNNMG. Therefore, the Proximal Newton step is rejected and a larger regularization
weight is required. See

Local plastic strain minimization The case of local minimization problems in a tan-
gential plastic block component is more involved. The block components do not couple
because the nonsmooth part of the minimization functional XA is block-separable. There-
fore, we can express the local minimization problem by a matrix Hy; € R%*%  a
vector b; € R% and the internal shift by the previous Proximal Newton iterate w; € R,
s.t.,

= . 1 _
0b; = argmin __pa, {22THZ-Z-z — b;?Fz + oo ||lwi + sz} .

The prefactor og is the yield stress and ~; is the volume of the Lagrange shape functions,

as given in [Section 9.3.1] We can transform the problem by shifting by w and setting
¢ = b; + Hyw; to obtain

- 1
db; = arg min, {2ZTH“'Z —cl'z + ooy HZHQ} . (10.13)

We solve the nonlinear problem (|10.13) by assuming that H;; is an s.p.d. matrix. If it
is not, the requirements of TNNMG are not met. Therefore, we reject this Proximal
Newton step and start over with a larger regularization weight w.

Lemma 10.6.1. Let H;; € R%*% an s.p.d. matriz, ¢; € R%, and o¢y; > 0. Then the
following statements are equivalent:

(1) lleilly < o0,
(i) 0 = argmin, {%ZTH”'Z —clz+ ooy ||z||2}

Proof. From the assumptions on H;; and ogy; we conclude the existence of a unique
minimizer.

“(#) = (i1)” Since the problem is convex, we show that the directional derivative from
zero in an arbitrary direction d is non-negative which is a sufficient condition for the
minimizer. Let d € R% \ {0}. Then we have for

1
Li(z) = §zTHiiz —cFz+ oo ||zl (10.14)
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10.6. Application to Finite-Strain Plasticity

that
VLi(0)[d] = —cj d+ oo, |||, -

From c!'d < ||ci|l, |||, and from og7; > ||ei]ly, we conclude that
VLi(0)[d] = —leill lldlly + 007 [|dlly = (007 = llcill2) [|dlly = 0.

Hence, zero is the minimizer.
“(i1) = (i)” If ¢; = 0 the statement (7) is true. Therefore, assume ¢; # 0. From (i7), we
have
0 < VLi(0)[d] = —cf d+ oo [ldll,

for all d € R%. Choosing d = ¢;/ ||ci|, yields
0< —leilla +o0v < lleilly < oo
The corner case of ¢; = 0 is handled by choosing an arbitrary d # 0. O

Now we dive deeper into the case ||c;||5 > 0¢7;. From the lemma above, we know that
in this case the unique minimizer z* is not zero. Therefore, L; (10.14) is differentiable

around z*, and
*

z
0= VLz(z*) = HZ'Z'Z* — ¢ + GO%iHZ*H
2

is a sufficient condition for the minimizer. Solving this low-dimensional nonlinear system
is surprisingly difficult. To find z*, we perform a damped Newton iteration. For a given
initial value z° the iteration step is

PARRIESIP LR L (10.15)
with
k 27 k) k
= — (VL)) VL),
where -
0% 90%i 2* (")
e P 12%3

The Armijo damping parameter is chosen as o = max{27!, I € Ny}, s.t.,

VQLZ'(Z’C) = H;; +

Li(2F + oFd®) < Li(2%) + pa®V Li ()T d¥
for a safety parameter p = 1074,

Lemma 10.6.2. The direction of steepest descent of L; at zero is ¢;, i.e.,

VL;(0)[d]

¢; = argmingq
' 70 ldll
Furthermore, the minimum of L; restricted to the line {ac; : o € R} is obtained at

2
 leillz = oovi lleilly
cI Hiie;
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10. The Inexact Proximal Newton Method

Proof. Since the Euclidean norm is positive 1-homogeneous the directional derivative of
L; at zero in direction d is given by
VL;(0)d _ cld

ldl, 1l

+ 0074,

which is minimized by any multiple of ¢;. Since ¢; is a descent direction, we know that
a > 0. The minimization on the line {a¢; : a € R} reads

. 1
min Li(ac;) = min 56120?15’“’62' — allells + aooillcilly

which is smooth in the variable a. So, for the minimizer o* we have
x T 2
o ¢i Hiici = ||cilly — oo llcilly -
O

2
_ lleillz—oovilleill,

Remark 10.6.3. In practice the block component 2 : T

¢; 1s a good initial

value for the damped Newton iterations.

N2 — g lles
Lemma 10.6.4. Let 29 = leslla—oovileilly c; and Hy; be s.p.d.. Then the damped Newton-

CZTH“ C;

step (10.15) is always well-defined.
Proof. First, we show that V2L;(2*) is s.p.d. Let v € R?\ {0}. Then we have

. 2 (2T kN2
UTVQLrL'(Zk)U — 'UTHZ'Z"U + O-OPYZkH,UHQ _ UO’Y’L(U ; )
2%l 12%]3

Since (vT'2F)? < ||UH§ szH; and ogy; > 0, we have
UTV2Li(Zk)U =T Hyv > 0.

Hence, we even have a uniform ellipticity bound by the smallest eigenvalue of H;;. Second,
we show that z¥ # 0 for all k, i.e., VL;(z¥) can be constructed. This follows directly from

9 2
leill = o0 i) ety >oon0
QCZTH,','CZ'

Li(2°) = —( 0 = L;(0),

and that the sequence of damped Newton Steps with Armijo damping always produces a
descending energy sequence. Therefore, z* = 0 will never be reached. 0

Convergence of the Newton method with Armijo damping is shown in
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10.6. Application to Finite-Strain Plasticity

10.6.3. Automatic Differentiation

In the application of the Proximal Newton method, the practical problem arises to
compute the explicit form of the second-order subproblem (|10.3). For the smooth
part f in the finite-strain plasticity model, we need the Hessian matrix H, = f”(x) and
the gradient f’(z) in the algebraic matrix or vector form for a given x. Early in the
implementation phase, we decided to use an automatic differentiation tool for this task.
Computing derivatives manually is error-prone and inflexible to implementation changes.

We use the free and open source tool ADOL-(E in our implementation. ADOL-C can
be used directly with the existing code base and does not require any further adjustments
to the implementation of the smooth energy part f. The only restriction is the use of
generic programming, s.t., each method involved in the evaluation of f supports the data
types of ADOL-C. Then we can directly compute f'(z) and f”(x) at a given point z.

Nevertheless, as will be seen later in the results, a large part of the total wall time of
the Proximal Newton method is caused by the construction of the second-order problems
(10.3). This is not a problem of ADOL-C per se, since even an evaluation of f at a
point x is expensive, since we need projection techniques, cf. Hence, it
takes a multiple of that to compute the gradient, and even more to compute a Hessian
matrix.

10.6.4. Evaluating Inexactness Criteria

The local and global inexactness criteria from are sufficient conditions for
preserving the convergence results of the Proximal Newton method while solving the
second-order model problems (|10.3)) inexactly.

However, in practice these criteria are not trivial to check. Especially, the local

convergence criterion (|10.6))

[Azw) = As@)llx
[Az@)llx  ~

is difficult to verify in practice, since the exact solution Az (w) is not known. A study
of the behavior of TNNMG applied to the second-order model problems brought
up some interesting insights. To be precise, TNNMG produces a series of corrections 47,
such that the iterates are given by As(w) = Asf(w) = Z§:1 87. From the convergence
properties of TNNMG (see , we conclude that As®(w) — Az(w) as i — oo.
We conjecture from the multigrid nature of TNNMG that there is a constant convergence
rate 6 < 1 such that [|6711|| ~ 6|67|| ;- holds after the first few iteration steps. Using the
triangle inequality in a clever manner allows us to formulate a stronger local convergence
criterion in the form

|astw) - As@)ly _ 1l

Az (W)l x "~ Asi W)l x = 155 197l

!
<n.

"https://github.com/coin-or/ADOL-C
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10. The Inexact Proximal Newton Method

Note that this can be evaluated, since the rate # can be computed after each TNNMG
iteration. Although the estimate above is pretty generic, it is surprisingly sharp in
practice by a relative factor of 0.8 to 0.9 [25].

In summary, the special structure of TNNMG allows to implement an efficient and
explicit method to verify the local inexactness criterion . The global inexactness
criteria from are already in an explicit form, hence no modifications are
necessary for the practical application.
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11. Numerical Results

Various numerical tests are considered to test the application of the Proximal Newton
solver to finite-strain plasticity problems. Some choices have to be made since the theory
of this part of the thesis allows for a variety of different models. In detail, besides the
obvious data such as the domain €2, the boundary values and the external load 1(t)
(8.13), we have to choose a hyperelastic and polyconvex material from
and together with the corresponding material parameters. The plastic behavior is
controlled by the hardening function from and by the dissipation function,
where we only consider the von Mises dissipation, as given in Furthermore,
the inclusion of plastic spin needs to be discussed. The case of spinless plasticity, as
presented in can be used numerically without further assumptions. In

contrast, a model with plastic spin (Section 9.2.2)) requires a symmetry assumption on
the plastic increment.

On the algorithmic side, the Proximal Newton solver has multiple possible configura-
tions. First, we have to decide whether to solve the second-order model problems
numerically exactly, or inexactly. In the latter case, we have to set the parameters n — 0
and Wmax . Regardless of the exactness decision, a regularization weight

strategy (Section 10.3)) and parameters for the sufficient decrease criterion ((10.5) need to
be specified.

Additional flexibility is given for the application of TNNMG as the preferred solver for
the second-order minimization problems ([10.3). We can generally solve the appearing
linear correction steps with a direct solver or do that inexactly with single multigrid steps
(cf. in the first part of this thesis for details). We have seen in the application
of TNNMG to small-strain plasticity problems in that inexact multigrid steps
are to prefer in terms of effectiveness of the solver. However, problems of the kind
may become numerically unstable if the regularization weight is just large enough, or
even too small to make the problem strongly convex. Since we do not know a sufficient

value of the regularization weight beforehand, it can be advantageous to use direct linear
solvers in TNNMG.

In summary, we have a lot of degrees of freedom for testing the Proximal Newton solver
on finite-strain plasticity problems. The goal is to consider as many settings as possible
without losing track of the numerical tests. While preparing this thesis it was observed
that the plastic spin has no effect on the minimization methods in terms of wall time,
iteration numbers and convergence behavior. Therefore, we consider only spinless plastic
strains with values in the symmetric set SL(d);g,m. As already discussed, the advantage
of this choice is that we do not have to make compromises and further assumptions for
the analytical existence of solutions.
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11. Numerical Results

11.1. Test Parameters

11.1.1. Elastic Energies

We start by defining the precise form of the elastic material laws which are used in the
numerical tests. The first one is the isotropic linear St. Venant—Kirchhoff material ([7.12])

A
Wsvk (F) = 5 tr(E)’ + p|| |7
with the Green-St.Venant strain tensor £ = 1(FTF — I). The Lamé parameters
are chosen from [32, page 388] to model an existing steel material. In particular, we
set = 1.107438 - 10° N/mm? and A = 8.01937 - 10* N/mm?.
The second choice is the nonlinear Mooney—Rivlin model (7.13))

Wur(F) == a||F||% 4 b||cof (F)||3 + c¢det(F)? — dIn(det(F)) + e.

All appearing parameters are again measured in N/ mm?. To favor volume-preserving
behavior, we set d = 2a + b + ¢, such that for uniform deformations F' = «l, the
energy Wyr(al) is minimal for e = 1. For reasons of comparability we want to have

WA (F) = Wsvk(F) + O(|| E||) (11.1)

for the Mooney—Rivlin material. Recall the computation from especially
, which can be resolved for the Mooney—Rivlin parameters a,b and c. However,
there is one degree of freedom left open. Therefore, we choose to penalize the determinant
term with a large parameter ¢ = 10* to further support volume-preserving material
behavior. Note that the other parameters a,b and d are directly influenced by this choice.
Increasing ¢ far beyond 10* would cause a or b to become negative, and hence Wyg loses
the polyconvexity. For ¢ = 10* we get a = 4.5323475 - 10* and b = 1.0048425 - 10*. The
parameter e is set to —3a — 3b — ¢ by only to enforce in theory. Since it is
constant it does not have an influence on the minimizing algorithms.

Other elastic materials are not considered in the numerical tests. Recall from [Rel
that we do not have a guaranteed existence of an energetic solution of the
finite-strain plasticity problem for the energies above. A material compatible with the
existence theory is the Ogden material . However, this requires
impractical large exponent parameters of the material. Nevertheless, both the St. Venant—
Kirchhoff and the Mooney—Rivlin material, as described above, yield satisfying results in
the numerical tests, despite the lack of a proper existence result.

11.1.2. Kinematic Hardening
The kinematic strain hardening from
Wha(P, Z) = ki | Pl + k2 || 2|7

is chosen to be a classical linear hardening. Hence, we have for both exponents pnq = pgr = 2.
This is similar to the small-strain results, where we have a corresponding exponent of
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two in . We will not consider other exponents in the tests of this part of the thesis.
However, note that the energetic existence theory requires ppq > 2 to
be impractical large.

Of special interest is the case ko = 0, i.e., no gradient regularization. Although a
positive ko is also a requirement for the existence theory, no negative consequences in
the practical test are found for small values of ko, or even for k3 = 0. The case of no
gradient regularization has a positive effect on the wall time since the construction of the

discrete plastic strain gradient is expensive (Section 9.3.2)).

11.1.3. Other Parameters

All other parameters regarding the domain, the boundary conditions and the loads are
specified in the following sections. Also the yield stress og of the von Mises dissipation,
as given in is different along the numerical tests. Since we restrict the tests to
the symmetric subset SL(d)jym for the plastic strain range, no antisymmetric parts of the
dissipation need to be considered. Hence, we can neglect the antisymmetric parameter o;.

11.1.4. Solver Settings

Most of the different parameters of the Proximal Newton solver are part of the considera-
tion of the tests in the sections below. Nevertheless, the convergence criteria for each
homotopy step (where a plastic increment is computed) are the same for all tests. We
use the criterion L+ w

1=y [Az(w)[lx <1071
to terminate the Proximal Newton iteration, cf. .

The inner TNNMG solver (recall for the second-order model problems
(10.3) is fixed to a single exact nonlinear block Gauss—Seidel step for the nonlinear
presmoothing phase. The other parameters are reused from the small-strain von Mises
tests in since we have to deal with equivalent problems here. For the linear
correction phase we will use either CHOLMOD (3] or a single inexact multigrid step. This
depends on the specific test case. TNNMG can report errors to the Proximal Newton
solver in case that an abnormal behavior is detected and reject the current search for the
minimizer Az(w) of the second-order model problems. In particular, an error is reported,
if

e a nonlinear block Gauss—Seidel step does not find a minimum,

o the linear correction matrix is not positive definite (CHOLMOD has the ability to
report this),

e line search does not find a minimum or
o TNNMG does not converge after 100 iterations.

All of these cases indicate that the second-order model problem is not strictly convex,
and thus a larger regularization weight w is required.
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11.1.5. Test Machine

All test are executed single-threaded on a Intel(R) Core(TM) i7-9750H CPU with
clock frequency fixed to 2600 Mhz to avoid overheating and to ensure comparability
of all test runs. The test machine runs the current snapshot of Debian 12, including
updates as of January 30, 2023. The C++ Code (cf. is compiled with the
flags-03 -DNDEBUG using the gccﬂ compiler in version 12.2.0.

11.2. Tests on a Simple Geometry

11.2.1. Regularization Strategies

In this test we want to compare different regularization strategies of the Proximal Newton
solver. In[Section 10.3|three different strategies are considered. Namely, the simple scaling
strategy [w]1, and the two more sophisticated adaptive strategies [w]s and [w]s. To test
the numerical influence of these three strategies we use a test body which has already been
studied in the small-strain theory in the first part of this thesis. The three dimensional test
body described in Boundary conditions are placed as follows: the bottom
face (0,7) x {0} x (0,1) is a Dirichlet boundary for the deformation field, i.e., y(z) =«
for x9 = 0. External surface loads are applied at the top face I' = (0,4) x {7} x (0,1).
For the tensile tests, we will compute numerical solutions scaled by some « > 0 in the
load functional

(Lpun(£), y) == 103 - /F ya(z) dS. (11.2)

Note that the load only acts on the second (upward pointing) component ys of the
deformation field.

The geometry is coarsely discretized as seen in by a grid of 25 cubical
grid elements. Numerical tests on this are computed on a grid hierarchy consisting of
two further uniform grid refinements resulting in 1600 cubical grid elements on the finest
level. We use a St. Venant—Kirchhoff material with the parameters of the section above.
Gradient regularization is not considered for the hardening term as we set ks = 0. the
other linear kinematic hardening parameter k; is set to 2 - 103 N/ mm?. The yield stress
is chosen to be og = 5 - 103 N/mm?.

In order not to interfere with inexactness effects on the Proximal Newton solver, we
decided to use compute numerically exact solution of the second-order model problems
(10.3) with TNNMG up to a relative accuracy of 1078. Since wall time considerations
are not of interest in this test we use a direct solver CHOLMOD for the linear Newton
problems of TNNMG. We do this to avoid an influence of possible numerically unstable
multigrid steps on the number of Proximal Newton iterations.

The tensile tests are computed independent of each other with two homotopy steps
for each test. In the first step the solution corresponding to the load function ((11.2)
is computed. In the second step no load function is considered such that the material
unloads.

"https://gcc.gnu.org/
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11.2. Tests on a Simple Geometry

The results of the tests in terms of the deformation field and the plastic strain for
different load parameters o € {1, 3,5} are displayed in The deformation
field is shown directly by the representation of the test body. Plastic deformation is
indicated by the color map. In detail, at each point = € Q we measure |P¥(z) — I||F,
s.t., no plastic strain P¥(z) = I results in a zero in the color map.

i ] "r fl
- [ |-
s I/‘T ‘ '“W bj‘.m

- [ [

Figure 11.1.: Results of the pull test for a € {1,3,5} in ascending order. Top row shows
the result of the loading test. Bottom row shows the remaining strain after

unloading.

For small loads (o < 1), this results in a purely elastic deformation without any
occurrence of a notable plastic strain. Therefore, those tests are not displayed as the
result of the second homotopy step is equal to the initial state. From o« = 1 on, a
plastic strain starts to evolve at the inner edges of the notches. In the last loading test
for a = 5) about half of the domain has a plastic strain different from the identity. While
unloading a part of the remaining plastic strain vanishes. This is due to the kinematic
hardening model. Although the yield surface is large it requires plastic unloading to
reach a stress-free state in the second homotopy step.

As shown in the number of accepted Proximal Newton steps is generally
comparable among the three methods with a small advantage of the second strategy [w]o
in terms ot both total and accepted Proximal Newton steps. Especially for the large
load parameter v = 5 one can see that overall the adaptive strategies [w]2 and [w]s
produce the same number of accepted steps as the simple strategy [w];, but the number
of total Proximal Newton steps is larger for [w];. This indicates that this strategy aims
for too low regularization weights w causing a large number of solutions Az (w) of the
second-order model problems to be rejected. The adaptive strategies compare the
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11. Numerical Results

Strategy H a=1 ‘ unloading H a=3 ‘ unloading H a=5 ‘ unloading
[w]1 6 (6) 6 (6) 10 (7) 13 (11) 27 (15) | 45 (20)
[w]o 5(4) 6 (5) 9 (8) 6 (6) 18 (13) | 25 (19)
[w]3 8 (8) 8 (8) 13 (11) 10 (10) 25 (15) | 26 (22)

Table 11.1.: Number of Proximal Newton iterations for the regularization update methods.
The number in parentheses is the number of accepted steps, indicating that
the subproblem was well-posed.

result of the second-order model problem with the actual decrease of the values of the
objective function. There, a low regularization weight is only selected if the second-order
model problem is a good approximation of the actual objective function. Details are
widely discussed in the thesis of Bastian Potzl [24].
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Figure 11.2.: Regularization weights of the Proximal Newton steps for a € {1,3,5}. Left:
loading step. Right: Unloading step. Solid lines represent the values for
a = 5, medium dashed lines a = 3, and the short dashed lines @ = 1.

For a deeper analysis of the results we take a look at the selected regularization
weight w of the tensile tests for the different strategies. In for both homotopy
steps (loading and unloading) all relevant data are shown. We notice that the number of
iterations is generally larger for a larger value of a. Therefore, we will analyze only the
tensile tests with o = 5, given by solid lines in the plots. The chosen accepted weights
are about the same magnitude for the first 12 steps of loading, and the first 10 steps
of unloading. The value of w is not constant but it does not leave the interval [1, 10°].
These are the phases of globalization, where the objective functional is nonconvex and the
iterates are far from a local minimizer. Hence, large weights w are needed to compute
well-defined solutions of the second-order model problems. After the globalization phase
the Proximal Newton solver eventually switches to the local convergence phase near a
local minimum. By assuming that the objective functional is locally convex at the (local)
minimizers, no regularization is needed in this phase of the Proximal Newton solver.
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Both the simple strategy [w]; and the controller strategy [w]s seem to work well in the
local convergence phase, and the regularization weight quickly drops to zero. Thus, both
strategies seem to work well for the tensile tests with a slight preference for [w]s since it
detects the local convergence phase faster.

The third remainder term based strategy [w]|3 shows a different behavior compared
to the other two strategies. It does not detect the local convergence phase well, and,
even worse, seems to encounter numerical instabilities at the end of the Proximal Newton
iteration. Nevertheless, it finds the same local minimizers. This indicates that the
instabilities are not a general problem of this method. However, a discussion and deep
analysis of this strategy is not given in this thesis since it is beyond the scope. A detailed
overview is given in [24].

In summary, for the other numerical tests we can choose either the simple non-adaptive
strategy [w]1 or the more sophisticated controller strategy [w]2. Although no detailed
explanation of |[w]y is given in we will stick to this strategy, since it gives
slightly better results than [w]; in the other tests. However, all other numerical tests in
this part of the thesis can be computed using |w|; if optimal performance is not required,
or if parts of this method are to be placed in a custom implementation.

11.2.2. Gradient Regularization

In this section we will study the influence of the scalar ks in the hardening term (8.25)).
Although it is a necessary term for the existence result of [Theorem 8.6.1] it is not
included in the classical continuum mechanical model of hardening, which is the total
free energy of the internal variables [15]. To investigate the influence of the parameter ko
on the numerical tests, a small series of tests is computed to show both the effect on the
result and on the performance of our Proximal Newton Method. The test object from
is therefore reused. To keep the number of tests small, only the case o =5
is considered. Both the grid and the boundary conditions remain unchanged. All material
parameters are copied. We still consider an exact Proximal Newton step computation
with TNNMG using the direct solver CHOLMOD for the linear corrections. In this case
we consider the strain gradient coefficients ks = 0 and ko = 10° for 4 = 1,2,3,4. The
case of no gradient regularization, i.e. ko = 0, is of particular interest since there is
no need to consider first-order finite elements for the tangential plastic increments dBy,
and the previous plastic strain state P’f;l, as discussed in Also, a smaller
finite element order significantly reduces the number of degrees of freedom of the discrete
problem. Therefore, an additional test is performed with zero order finite elements
for 6B;, and Pfl_l.

The results for the different settings are displayed in It turns out that a
small gradient regularization up to ko = 102 does not create relative differences in both the
plastic strain and the deformation field beyond 1%. For moderate values 10% < ko < 10*
a significant difference is evolving in the plastic strain variable, resulting in nearly no
plastic strain in the case of ko = 10%. These properties of the results are as expected.
Higher gradient regularization favors a flattening of the plastic strain. For low or no
gradient regularization the distribution of the plastic strain varies between no plastic
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Figure 11.3.: Results of the tensile test for different values of ky. Left to right: ke =
10%,103,102,0, and the case or zero order finite elements for the plastic
strain spaces.

strain at the top and bottom face and the maximum at the inner faces of the notches. For
a zero order finite element space for the plastic components no gradient regularization
can be considered since the finite element functions are constant on each grid element.
Therefore, we can only compare this result to the case of k3 = 0 with order one finite
elements. Nevertheless, the results are similar, but not equal. Although deformation is
the same the value of the plastic strain at the inner faces of the notches is about 30%
smaller for zero order elements. This is expected since the piecewise constant finite
elements average over the cubical grid elements and cannot obtain local maxima at faces.
Besides the differences in the result the behavior of the Proximal Newton method using
different gradient regularization parameters is analyzed. Therefore, we measure

o the total number of Proximal Newton steps (including the rejected steps)
e the number of accepted steps,

o overall wall time of the inner TNNMG iterations (and the average time per Proximal
Newton step),

o overall wall time of the assembly of f' and f” using ADOL-C (and the average
time per accepted Proximal Newton step) and

e the energy at the minimum.

The numbers of the Proximal Newton steps indicate the condition of the global min-
imization problem, as well as the quality of the second-order model problems. The
wall time of TNNMG is an indicator of the total number of TNNMG iterations along
the Proximal Newton process and allows insight into the condition of the second-order
model problems. On the other hand, the wall time of ADOL-C is generally independent
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of the problem itself and should scale with the number of accepted Proximal Newton
steps, since only after an accepted step a new Hessian matrix and gradient need to be
computed. The energy at the minimum can be used to validate the influence of the
gradient regularization, since it adds an additional nonnegative term to the objective
functional. Hence, we check whether a larger value of ks leads to a larger value at the
minimizer.

ko PN steps | accepted | TNNMG [s] | ADOL-C [s] | energy at minimum
10 122 87 | 2041 (16.78) | 4326 (49.72) 7156.67
10 13 10| 95 (7.00) | 459 (45.90) 11492917
102 17 13 93 (5.47) | 590 (45.38) -21531.63
10 20 15 | 136 (6.80) | 734 (48.93) -23167.35

1 17 13 93 (5.47) | 610 (46.92) -23363.95

0 18 14 91 (5.06) | 461 (32.92) -23386.29
order 0 17 13 9 (0.59) | 119 (9.16) 21317.59

Table 11.2.: Proximal Newton measurements for different gradient regularization param-
eters. The test with order 0 is run on a finite element space with zero order
of the plastic strain. The numbers in parenthesis is the average time per PN
step (TNNMG), or per accepted PN step (ADOL-C).

The results of this measurements are displayed in We start with the analysis
of the results with first-order finite elements. For the gradient regularization parameters
in the range 0 < ko < 10% the number of Proximal Newton steps is comparable with 13
to 18 steps in total and 10 to 15 accepted steps. There is a slight tendency that a higher
regularization requires fewer Proximal Newton steps until convergence. Therefore, we
conclude that the gradient regularization is not a necessary part of the convergence of our
method. Looking more closely at the wall times of TNNMG, we notice that the wall time
per Proximal Newton step varies between 5 and 7 seconds. There is no pattern visible
and we conjecture that the number of inner TNNMG iterations is independent of the
parameter ko. Also, for all parameters k2 > 0, the average wall time per accepted step
of the assembler ADOL-C is nearly constant around 46 to 47 seconds. This is expected
since the construction of the Hessian matrix and the gradient is generally independent
of the parameters of the objective functional. For no gradient regularization (k2 = 0),
the expensive evaluation of the plastic strain gradient can be skipped, resulting in only
about 33 seconds per accepted Proximal Newton step for the ADOL-C routines.

A notable behavior of the Proximal Newton solver occurred for the high gradient
regularization value ks = 10*. The Proximal Newton solver encountered heavy con-
vergence problems of the inner TNNMG solver leading to overall high regularization
weights w > 10% throughout the whole solution process. This causes the computed
increments Az(w) to be small and thus we need more Proximal Newton steps than
for the other tests with lower values of k9. The reason of this behavior is that the
objective function £ (9.18) is dominated by the gradient hardening term ko VP2 in
the hardening functional @ The elastic energy and the dissipation functional play
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only a minor role. Hence, we have an ill-conditioned composite minimization problem
with differently scaled components. This causes the poor convergence properties of our
method. As a conclusion we can say that we should avoid over-regularization in the
plastic strain gradient terms, as they lead to worse solver behavior.

The case of zero-order finite elements of the plastic strain components results in
almost the same number of Proximal Newton steps as in the first-order case with ko = 0.
However, the wall times of TNNMG and ADOL-C are significantly lower by a factor
of 4 for ADOL-C and by a factor of 9 for TNNMG. This is expected since the number
of degrees of freedom in the plastic components is about 8 times lower for zero-order
elements than for first-order elements.

The energy at the minimum increases with increasing gradient regularization, as
postulated before. The zero-order result has a higher energy than the first-order result
with ko = 0. This is not surprising since there are fewer degrees of freedom in the
zero-order case.

11.2.3. Inexact Proximal Newton

In this test we investigate the inexactness features of the Proximal Newton method
(Section 10.4)) and their impact on the quality of the solution process, as well as on the
wall time. In the previous tests it is obvious that our inner TNNMG solver is much
faster than the time needed to assemble the second-order model problems with
ADOL-C. Therefore, if there is no better alternative for setting up the second-order
model problem, then it seems that no improvement in the speed of the TNNMG solver is
necessary. However, from the tests of small-strain plasticity with TNNMG combined with
a direct solver it appears that the wall time does not scale linearly with the
number of unknowns. On the other hand, the number of entries of the Hessian matrix f”
is linear in the number of unknowns. These entries originate from the finite element
approximation and each row of the hessian stores only entries of neighboring degrees of
freedom. This number is invariant under grid refinements. Therefore, we expect the wall
time of ADOL-C to be linear in the number of unknowns. As a consequence, for very
fine grids, the wall time of ADOL-C will be below the wall time of TNNMG.

Unfortunately, since the resources of the test machine are limited, we never reach the
case where TNNMG with a direct linear solver becomes the bottleneck of the total wall
time. However, from the above considerations, we still see the need to reduce the wall
time of TNNMG.

For our test, we choose the already known tensile test from Geometry
and boundary conditions are copied. For a better overview we only consider one loading
step with a tensile force corresponding to o = 5 and we do not consider the second
unloading step. However, we invest in a further grid refinement with 4 levels in total to
reduce the gap in the wall time of TNNMG and ADOL-C. This leads to 12800 cubical
grid elements at the finest level.

There are four scenarios. For the linear correction steps of TNNMG, we consider either
the direct solver CHOLMOD, as in the previous tests, or a single imprecise multigrid step.
This is combined with either solving the second-order model problems numerically
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exact, or, as presented in with inexactness criteria. In the case of an inexact
Proximal Newton step computation we use the parameter Q. = 10'° for the global

criterion ([10.9)) and for the local criterion ((10.6) we use
n=0.8,

where 7 is the number of the so far accepted Proximal Newton steps. This guaran-
tees n — 0.
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Figure 11.4.: Wall times per accepted Proximal Newton step. Left: TNNMG. Right:
ADOL-C.

In the measurements for the four scenarios are displayed. In detail, we
measure the wall time of both TNNMG and ADOL-C for each accepted Proximal Newton
step. This may include possible wall times of rejected steps before a step is accepted.

First of all, the inexact Proximal Newton method combined with multigrid TNNMG
requires 24 accepted Proximal Newton steps for convergence, while the other three
scenarios converge after 17 accepted Proximal Newton steps. We expect that the number
of iterations in the inexact case may be higher than in the exact case, since some quality
of the second-order updates Ax(w) is lost.

There are significant differences in the wall times of the TNNMG parts. The first steps
take always longer because several Proximal Newton steps are rejected until the optimal
initial weight w is found. The other aspects are discussed separately for each of the four
scenarios.

Exact Multigrid: Exact Proximal Newton with multigrid TNNMG requires both the
largest total wall time and the most Proximal Newton steps. For each Proximal Newton
step, at least 50 TNNMG iterations are necessary for numerically exact solutions. Since we
set an iteration limit of 100, six Proximal Newton steps are rejected because TNNMG did
not converge. These cases are visible as peaks in the wall time plot. The convergence rate
of TNNMG was generally poor, indicating that problems with low regularization weights w
are ill-conditioned and not suitable for an iterative multigrid solver. Unfortunately, the
regularization strategies of the Proximal Newton solver aim at keeping w as low as
possible in order to generate large increment steps.
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Exact Direct: Using the direct solver for exact Proximal Newton steps avoids the
problem of the ill-conditioned second-order model problems. Hence, on average, there
are 15 TNNMG iterations per Proximal Newton step necessary. However, the size of
the problem is large on the fine grid. Therefore, CHOLMOD becomes expensive. Up
to the last three Proximal Newton iterations the wall time increases. This is due to the
increasing number of activated nonzero plastic components that contribute to the linear
correction problems of TNNMG. In the last three steps, TNNMG stops after a small
number of iterations as the absolute corrections become numerically zero.

Inexact Direct: Inexact Proximal Newton with direct TNNMG is more efficient than
the exact variants. The efficient local criterion is satisfied after at most 3 TNNMG
iterations. Therefore, each Proximal Newton steps is computed in a fraction of the time
of its exact counterpart. This behavior continues until step 15. Then the parameter n
becomes so small that more TNNMG iterations are necessary. Therefore, the wall time
increases for the end, where 7 to 8 TNNMG iterations are performed.

Inexact Multigrid: The last scenario, inexact Proximal Newton with multigrid TNNMG,
seems to be the most efficient. Slightly more TNNMG iterations are necessary for the
Proximal Newton steps than in the direct case. Nevertheless, the local convergence
criterion is satisfied by about 4 to 5 iterations for the first 13 steps. In the end, the
local convergence phase with very low values of 7 require much more TNNMG iterations
with a maximum of 33 in the last step. Therefore, the wall time increases towards the end.

As a summary for the four scenarios, TNNMG steps are much faster with a single
multigrid step for the linear correction problems than using a direct solver. However, for
the generally ill-conditioned second-order model problems , multigrid steps are not
suitable if numerical exactness is required. The inexactness criteria seems to work well.
Since there are no other disadvantages of the inexact Proximal Newton method, it seems
favorable in general, as long as the local convergence criterion can be evaluated in
practice.

The wall times of ADOL-C of the accepted Proximal Newton steps are constantly
increasing. The reason is to be found in the details of how ADOL-C works internally as
described in [13]. In the initial state the tangential plastic increment 6B is zero and
during the Proximal Newton iterations the number of nonzeros decreases. To compute
the entries of the Hessian matrix f”, ADOL-C stores the chain rule expression of the
second-order derivatives. The evaluation of these chain rule expressions can be shortened
if a multiplication with zero takes place. ADOL-C is able to recognize multiplications with
zero. Therefore, computing the Hessian matrix with ADOL-C becomes more expensive
as the number of nonzeros in the tangential plastic increment decreases.
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11.3. Different Material Models on a Complex Geometry

11.3. Different Material Models on a Complex Geometry

In this test we consider another, more advanced geometry. We model a realistic paper
clip with a total height of 30 mm and a total width of 10 mm. The wire diameter is 1 mm.
The geometry is given in and is discretized by 980 prism-like elements. One

Figure 11.5.: Geometry and initial grid of the 3D paperclip.

uniform grid refinement is computed resulting in a total of 7840 grid elements at the
finest level. Along the cross sections of the wire there are always 7 triangular elements to
model the cylindrical geometry of the wire. The two circular ends of the wire are denoted
by T'in for the inner end and by I'gy; for the outer end. Dirichlet boundary values for the
deformation field are placed at the outer end gy, s.t.,

yh|Fout = 0

The external load is given by a Neumann function at the inner end I'j, with the load
functional

<lpu11(t),y> = 200 . y2($) ds (11.3)
for the first homotopy step. As before, we also consider a second homotopy step without
load to observe the unloading of the material.

In this test we compare the two material models presented in For both
the St. Venant—Kirchhoff model and the Mooney—Rivlin model we use a high value for
the yield stress by setting o9 = 2 - 103 N/ mm?. This increases the elastic region and
reduces the effect of plastic unloading in the second homotopy step. Moreover, we choose
a rather low kinematic hardening parameter k; = 2 - 103 N/ mm?. This choice increases
the deformation caused by the plastic strain. It is only an academic choice to improve the
visibility of plastic effects in the results. One can safely use other values of k; in custom
tests. Since gradient regularization does not have a significant impact on the solution
quality , we do not consider gradient regularization and set k3 = 0. This
reduces the computation time. For a further reduction of the computation time, the
order of the plastic finite elements is set to zero.
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The solver parameters are given as follows. We use an inexact Proximal Newton
method because it is superior to the exact counterpart (cf. . For the
second-order model problems, we use TNNMG with a direct linear solver. Although
the multigrid variant was slightly faster in the test above, the multigrid scheme is not
suitable here since we only consider two grid levels. All other solver parameters are
unchanged from the previous tests.

We start by discussing the results for the St. Venant—Kirchhoff material. The result
of the loading step is given in The deformation is again given directly by
the representation of the test object. The plastic strain is given by the color map. For a
better orientation, the initial undeformed state is also included. A large deformation of

r—

Figure 11.6.: Deformation of the paperclip including reference state for orientation after
loading. Left: Front view. Right: Side view.

the paper clip is visible. The external load almost completely unwound the wire, creating
an almost straight rod. High values of plastic strain are found in the curvatures of the
paper clip, while no plastic strain appears in the formally straight parts of the paper clip.
This is what we expect since the straightening on the wire causes higher strains at the
curvatures.

The result of the following unloading test is shown in We can see the
elastic unloading of the completely plastic strain free straight parts of the paperclip. The
only remaining plastic strain is found in the curvatures, resulting in larger remaining
angles after the second homotopy step.

To our surprise, the results of the same test with the nonlinear Mooney—Rivlin material
are almost the same. We expected the resulting deformation and plastic strain to be
comparable because we chose the parameters of the Mooney—Rivlin material in[Section 10.]]
so that they overlap for moderate strains. However, in practice we have visually the same
images as given in [Figures 11.6| and [I1.7] Therefore, we computed the differences of the
results of the loading step.

In we see the absolute difference of the values of the plastic strain. As
indicated in the color map, the maximal difference is about 4.4 - 10~%, which is negligible
for the total plastic strain with values up to 1.1-107!. The other image in the figure
is the relative difference in the deformation field. The only notable difference is found
at the outer end of the paper clip where the Dirichlet values are set. There we find a
difference of 2.1%. Therefore, we can conclude that both material models give the almost
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l li;!! [ o

Figure 11.7.: Deformation of the paperclip including reference state for orientation after
unloading. Left: Front view. Right: Side view.

ofPlol

Distance

the same results.

However, the influence of the two materials on the Proximal Newton solver is different.
The evaluation of the Mooney—Rivlin material is slightly more expensive than the simple
St. Venant—Kirchhoff material. Of course, computation of the gradient and the Hessian
matrix with ADOL-C is then also more expensive. In total, the Proximal Newton method
took 40493 seconds for the Mooney—Rivlin material and only 36395 seconds for the
St. Venant—Kirchhoff material.

In the following we take a closer look at the iteration process of the Proximal Newton
method. In the chosen regularization weights are given. First, we notice that
a large number of accepted steps are necessary for convergence. We have 616 and 677
steps for the loading step. For the unloading step, we have 210 and 212 Proximal Newton
steps. The values of the regularization weights are comparable for both materials. For the
loading test we have a long phase of a the regularization weight between 10~2 and 10? for
about 600 Proximal Newton steps. Hence, we have a long globalization phase. From the
convergence results of the Proximal Newton method we suppose that eventually the local
convergence phase starts. This happens after about 650 steps where the regularization
weight quickly drops to zero. For the unloading test similar results are observed. There,
the local convergence phase appears to start already after 200 Proximal Newton steps.

A possible explanation for the high number of Proximal Newton steps in the glob-
alization phase is found in the complexity of the geometry. For an energetic decent
direction Az(w) of the second-order model problems , no large step size is possible.
Large step sizes lead to unfavorable configurations, especially in the deformation field.
To find a minimizing solution path in the given complicated geometry of the paperclip,
only small linear steps Az(w) are allowed. These small steps can be seen in
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Figure 11.8.: Absolute difference in the plastic strain field (left) and relative difference in

the deformation field (right) between the St. Venant—Kirchhoff and Mooney—
Rivlin materials.
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Figure 11.10.: Computed corrections of the Proximal Newton steps for loading (left) and
unloading (right).

For the loading test, larger increments with a norm of up to 50 are admissible in the
first accepted Proximal Newton steps. In this phase, a rough approximation of the result
is already formed. Then, starting from step 25, the long globalization phase begins, in
which the norm of the corrections is consistently varying around the value 0.3. In this
phase the local optimizations in the deformation field are performed. Finally, in the local
convergence phase, the corrections drop to zero.

Similar results are observed for the unloading test. In this case, only the initial
phase with large corrections is missing. This is due to the fact that we have the large
deformations left in the result as a consequence of the plastic strain.
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Figure 11.9.: Regularization weights w for the loading step (left) and the unloading step
(right).

To highlight the first phase of large corrections, the resulting energies (value of
the objective functional) after each accepted Proximal Newton step are displayed in
igure 11.11] We can see that for the loading test most of the energy reduction is already
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Figure 11.11.: Energies at the Proximal Newton steps for loading (left) and unloading
(right).

done after the first few steps. The rest is just local optimization. For the unloading test,
this first phase is not visible. Here we have a decaying decrease of the energy throughout
all iterations.

11.4. Comparison to other Methods

The search for suitable comparison methods turns out to be more complicated than
expected. Few algorithms exists that can handle minimization problems which are
nonsmooth and nonconvex at the same time. In general two families of methods can be
found: Proximal Gradient methods and subgradient methods. Both methods are briefly
introduced in the following sections. However, we are not able to give suitable numerical
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results since the efficiency of these methods is pretty bad compared to the Proximal
Newton method. Convergence of these methods in a suitable time is only given for very
coarse grids and moderate loads. In contrast, the Proximal Newton method is able to
solve those easy problem by a few iteration steps in under one second.

Nevertheless, the bottleneck of our Proximal Newton method in terms of wall time
is the computation of the Hessian matrix f” of the smooth part of the functional. If
we have to rely on automatic differentiation tools, such as ADOL-C, we either have to
deal with it or consider one of the alternative methods below. The advantage of both
the Proximal Gradient method and the subgradient method is that we do not need a
second-order derivative information, hence no Hessian matrix. Even if the convergence
is slow and very limited, these methods could for instance be used as a preconditioner
of the minimization problem to find a suitable initial value for the Proximal Newton
method.

11.4.1. Proximal Gradient Method

The family of methods is closely related to the Proximal Newton method. It is applicable
to composite minimization problems

Minimize,cx F(x) := f(z) + g(z) (11.4)

on a space X with a differentiable part f and a convex part g, such that the objective
functional F' may be nonsmooth and nonconvex. The precise meaning of differentiable
and conver may vary in literature. For the sake of comparability, we consider the classical
definitions of these properties. This forms a similar setting to the Proximal Newton
method, as given in

The Proximal Gradient method is an iterative method that reduces the global mini-
mization problem into a series of first-order model problems

Aowl67) = f(@)ox + 5 52k + 9(@ + 62) - g(a), (11.5)

closely related to the second-order model problems ([10.3)) of the Proximal Newton method
without the Hessian matrix term. For a sufficiently large value of the regularization
weight w there is a solution

Az(w) = argming, c x Az o (02).

A large disadvantage of the first-order model problems above is that the minimization of
these problems is as complex as minimizing a second-order model problem of the Proximal
Newton method. This makes each Proximal Gradient steps as slow as a Proximal Newton
step. For this method, alternative sufficient decrease criteria and convergence criteria
have to be defined.

However, as already discussed above, we are not able to find a suitable combination
of these criteria to create an efficient Proximal Gradient method which compares to
the Proximal Newton method. A more in-depth introduction and discussion on this
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topic is found in the thesis of Bastian Potzl [24]. Basically, the motivation for this
method is to spare the time needed for the computation of the Hessian matrix f” in
the Proximal Newton method. However, the number of iteration steps of the Proximal
Gradient method appears to be unbounded for large problems and high loads. Thus,
convergence below 10° iteration steps is only possible for unrefined grids. But then the
computation of the Hessian matrix is again fast and there is no need to avoid using the
Proximal Newton method, which solves those small problems in only 5 iteration steps. In
conclusion, the Proximal Gradient method seems not suitable for finite-strain plasticity
problems.

11.4.2. Subgradient Method

Another, even simpler method to solve composite minimization problems of the form
is given by the subgradient method. As the name already indicates, we compute a
series of subgradients of F' in this method. A subgradient of F' is always possible to find
since f is differentiable, and g (as a convex function) has a subdifferential dg.

In each subgradient step, at the current iterate x, we compute a subgradient

p€ f'(x) + 0g(x).

As long as the x is not a local minimizer of F', we are able to find a subgradient p, which
is a descend direction. Even the steepest descend direction can be found efficiently if the
nonsmooth part g contains some structure. In the case of small-strain plasticity, we have

n
9(@) = il
i=1
cf (9.18). The subdifferential is directly given by

0g(x) =D %0 |l ll; (22),
i=1

with
Tl i 70,
|l (x:) = bmm} i #
{w: llully <1} 2=0.

This allows to find the steepest descend direction . When p is found, we set
k
T—Tt+ap

with a step size o € (0,1]. There are different step size strategies in literature. Ba-
sically, one approach is to have a constant o := a for all steps, or to consider null
sequences o — 0. A great overview is given in [12].

A beauty of this method is the simplicity. The only complicated part is to find the
optimal descend direction in the subdifferential. There is no need of solving the model

problems (TT5)& (10-3).
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A convergence criterion for subgradient methods is given by a sufficiently small distance
of the subdifferential to zero
dist(0F (x),0) < e

for some ¢ > 0. However, in [12] it is shown that at least O(¢~2) subgradient steps
are necessary for convergence. In practice, we were not able to find a simple enough
finite-strain plasticity problem to get a convergence result.

In summary, the subgradient method is also not suitable to solve finite-strain plasticity
problems. However, since this method is very easy to implement and each step is
computed fast, it may be used to find initial values for the Proximal Newton method.

11.5. Conclusion

We are able to present a minimization problem for finite-strain plasticity problem with
a convergence guarantee for all stated problems, as shown in [Theorem 10.5.1L The
general iteration scheme is simple since we can we reduce the finite-strain minimization
problem into a series of quadratic minimization problems which take the form
of small-strain minimization problems . These problems are already discussed in
detail in the first part of this thesis and solved with the efficient TNNMG method in
Therefore, no further solver structure is necessary to implement the Proximal
Newton method.

Even though computing the second-order model problems is expensive, the competitor
algorithms which can be found in literature (Section 11.4]) are not suitable for our
problems and result in very inefficient convergence behavior, or no convergence at all.

In order to speed up the solution of the second-order model problems, an inexact
variant of the Proximal Newton method is presented in The numerical
test indicates that this improves the efficiency of the Proximal Newton method a lot,
as seen in Moreover, our method is able to solve simple problems as
given in and eventually converges even for complex geometries, as seen in
[Section 11.31

Therefore, in conclusion, the Proximal Newton method is suitable for all kinds of
finite-strain increment problems. The only wall time bottleneck is the computation of
the Hessian matrices of the smooth parts of the objective functional. However, this is a
general problem of all second-order solvers, and therefore not a particular problem of the
Proximal Newton method.
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A. Appendix

A.1. The Dissipation Function for the Tresca Yield Criterion

We want to show the Tresca case of [['heorem 3.2.4] from [Section 3.2] First, we consider
only kinematic hardening and define the set

K = {UGSd :  max d|0’i—0'j| < oo}

t,7=1,...,

for the admissible stresses. Before we show [Theorem 3.2.4] we show an intermediate
result.

Lemma A.1.1. Forp € S we have

d
sup{p:o} = sup {> pioi| max |o;—ojl <o),
ceK 014y O E i=1 Z,]:l, ..,d
where p1,...,pq and o1,...,04 denote the principal values of p and o, respectively.

Proof. Let @1 and Q)2 be any two orthogonal matrices. Then
sup {Q10Q1 : QT pQ2} = sup {Q2Q70Q1QF : p} = sup{QT0Q : p}, (A.1)
ceK ceK ceK

where we have written @ = Q1Q1. The definition of K depends only on the singular
values of o. Hence ¢ is in K if and only if QToQ is. Therefore, the last expression is
equal to

sup{Q”oQ : p} = sup{o : p}. (A2)
ceK ceK

Since this holds for all orthogonal matrices ()1 and )2, we can pick 1 such as to
diagonalize o, and @2 such as to diagonalize p. Then (A.1]) together with (A.2)) is the
assertion. O

Proof of [Theorem 3.2.7]. We start by assuming kinematic hardening only. Hence, we

have no internal variable 7. Moreover, the only relevant case is d = 3, since for d = 2 the
Tresca yield criterion is equivalent to the von Mises yield criterion (Lemma 2.4.3|). By

Lemma AT we have

D(p) = sup {p101 + peog +p303 1 max |o; —o0j| < 00}-

01,02,03€R i,7=1,...,3
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We express ¢ in new variables
(01,092,03) — (61 = 01 — 03, G2 = 02 — 03, 3 = 03 — 03 = 0).
This does not change the scalar product, since

o1p1 + 02p2 + o3p3 = (61 + 03)p1 + (G2 + 03)p2 + 03p3
= G1p1 + Gapa + 03(p1 + p2 + p3)

= 01p1 + T2p2 because p is trace-free,
= G1p1 + Gop2 + G3p3 because 63 = 0.
Therefore, we can write
D(p) = sup {51191 + Gop2 + G3ps : max{|d1],[52l,|61 — G2} < 00, 53 = 0}~

G1,02,63€R
The maximization problem is now two-dimensional, and the admissible set is the convex
hull of the six points
a1 = (00,0), a2 = (00, 00), a3 = (0, 00),
as = (—00,0), a5 = (—00,—00), as=(0,—00).

The supremum of a linear objective functional is obtained at one of the corners of this
hexagon. Hence, we have

D(p) = max {(a1, (p1,p2)), - - - {as, (p1,p2)) }.

Computing the six scalar products leads to

D(p) = oo max {p1,p1 + p2, p2, —p1, —P1 — P2, —P2}-
Now we revert the shift from before by using p; 4+ p2 + p3 = 0, s.t.,

D(p) = O0pmax {p17p27p37 —P1, —P2, _]33} =00 Hp”Q .

This is the claim for kinematic hardening only.
The case of additional isotropic hardening is covered similar to the proof of the von

Mises yield criterion in
O

A.2. Geometric Multigrid Method

For completeness, we give a quick overview of the geometric multigrid method we use for
the linear correction steps of the TNNMG method from Our intention of the
multigrid method is to have a cheap way to get an inexact, but still qualitatively good,
solution Z of the linear equation

Az =b, suchthat, &~az=A""'bh (A.3)

In this context, the matrix A € R™*" is the truncated Newton matrix of the linearization
step of TNNMG. We assume that A is symmetric and positive definite, and therefore a
unique solution z exists.
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A.2. Geometric Multigrid Method

A.2.1. Gauss—Seidel Steps

Gauss—Seidel steps are another simple and cheap way to create approximations of solution
of (A.3). However, we will use them in the multigrid method. Therefore, we give a short
sketch of how they are performed.

Definition A.2.1 (Gauss-Seidel Step). Let z* € R™ be an approzimation of the solu-
tion © € R™. A Gauss-Seidel step for x* is given by the algorithm:

o Set x'tl « gt

e Fork=1,...,n update all components of x**!:
1 n
i+1 il
J=137#k

Although the method is simple, there are strong properties that can be shown.

Theorem A.2.2 (|14, Theorem 4.4.18.]). Let A € R"*"™ symmetric and positive definite.
Then a Gauss-Seidel step is well-defined, since Agr > 0. Furthermore, a repeated
application of Gauss—Seidel steps converges to the unique solution

limzi=2=A"1%
1—>00

for every initial iterate 2° € R™.

However, the downside is a slow convergence rate. Therefore, we will only consider
single Gauss—Seidel steps in the multigrid method. A deeper analysis of multigrid
methods, e.g. [14], indicates that Gauss-Seidel methods only eliminate local errors, or, in
a different wording, high-frequent error terms. In order to improve the convergence, and
therefore the quality of each step, low frequent error quantities need proper handling,
too. There the idea of multigrid methods originates. Error frequencies correspond to
the grid fineness. Therefore, we will apply Gauss—Seidel steps to a family of grids with
different mesh sizes.

A.2.2. Prolongation and Restriction Operators

Let the domain €2 be covered by a hierarchy of grids 7g, 71, ..., Tn, such that 7; is a
subgrid of 7;;41 for all i =0,1,..., N — 1. This grid hierarchy is usually given by grid
refinements. Therefore, we call grids with a higher index fine and grid with a lower index
coarse. On each grid grid 7; we have a finite element space V; for the global functions of
unknowns. Of course, we have

n; ‘= dlmV; < dim V;—i—l = Nj41-

By interpolating the basis of V; in the basis of V1 we can define a linear prolongation
operator P; : V; — V;11. Functions in V; are represented by a coefficient vector in R™.
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Hence, we can describe P; by a matrix P; € R™+1%™ that maps the coefficients in V; into
the corresponding interpolated coefficients in V;41. On the other hand, the transpose of P;
is automatically a restriction operator from a fine grid to a coarse grid. For convenience,
we denote the restriction matrices by R; = P!

Note that the linear system is given on the finest grid Ty, hence x is a coefficient
vector in the finite element space V. For a consistent notation, we denote Ay = A
and by := b. With these definitions at hand, we can transfer the linear problem (A.3) to
the next, coarser, grid Ty_1 by setting

An_1=RLANRN, by_1:=RLbyn.

Note that information is lost on the coarse grid.

A.2.3. Multigrid Steps

To overcome the issue of information loss we actually never restrict the solution iterate z?,
but rather the residual r* := b — Az®. The residual is an error-like quantity and we lose
only the high frequent error terms. The key idea is to apply the Gauss—Seidel steps to all
grids levels of the grid hierarchy and to restrict the remaining residuals until the coarsest
grid 7y is finally reached. We can assume that Ag € R™*™ is a small matrix, and hence
a linear system with Ay can be efficiently solved directly. A complete multigrid step used
for the computations of this thesis is given as follows.

Definition A.2.3 (Multigrid Step). Consider the linear system Az = b in the coefficient
space of a finite element space on a grid hierarchy. Moreover, let T ~ x be a known
approximation of the solution of the linear system. If there is a coarser grid, let R, P be
the restriction/prolongation matrices as described above. A multigrid step §y = MG(A, bx)
is given by the recursive algorithm

o If A is the linear system on the coarsest grid level:

— Return the direct solution ij = A~'b
e FElse:

— Perform a Gauss-Seidel step on &

— Restrict the residual r :== R(b — AZ)

— Set the vector e = 0 as approximation of the residual e ~ r.
— Call recursively a multigrid step y = MG(RT AR, e,r)

— Return the prolonged correction iy = & + Py

Remarks A.2.4.

(i) The variant of the multigrid step is called V-cycle, since it goes recursively “down”
to the coarsest grid and comes back “up” to the finest grid.

(i) Convergence theory is complicated. A comprehensive investigation can be found in,
e.g., [14)].
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A.3. The Matrix Group SL(d)

A.3. The Matrix Group SL(d)

In this section a quick overview about the most important results of the matrix group
SL(d) is given. The definition is simple with the canonical determinant det: R4 — R
at hand.

Definition A.3.1. Let d € N. Then the set
SL(d) := {A € R4 det(4) =1}
is called the special linear group.
At first, we verify that this set forms a group.
Lemma A.3.2. SL(d) is a group with the canonical matriz product as the group operation.

Proof. This follows directly from the property that each matrix with determinant one is
regular. A neutral element is given by the unit matrix. O

Remark A.3.3. Matriz groups are Lie groups.

A.3.1. Geometry

Investigation of Lie groups is done in the research field of differential geometry and
is completely unrelated to the works of this thesis. Nevertheless, in contrast to other
Lie groups such as GL(d) (matrices with non-zero determinant) and SO(d) (orthogonal
matrices), we can view SL(d) as the level set of the determinant function. This is
a polynomial restriction on the matrix space. This is done by recognizing that the
determinant of a matrix A € R¥9 is a polynomial of degree d in the components of
A. Hence, the level det(A) = 1 is of a smooth kind and creates a smooth manifold
M = SL(d) with d* — 1 dimensions.

Lemma A.3.4. For each A € SL(d) the normal of M at A is given by V det(A).
Moreover, we have V det(A) = cof(A) = det(A)A~T = A-T.

Proof. This is a classical result from smooth level set based sets. The second statement
is true since det(A4) = 1. O

This direct geometric approach allows us to define tangent space at A € SL(d) by using
the orthogonality to the normal. Therefore, we define

TpSL(d) := {A € R™>*? A P~T =0}, (A.4)
This tangential space can be given even more directly by using the equality
A:(BC)=(BTA):C=(ACT): B
for arbitrary d x d matrices A, B, C. This inserted into yields
TpSL(d) ={A e R (P7'A): I1=0 & tr(PA) =0},
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or, equally,
TpSL(d) = {A e R (AP7Y):1=0 < tr(AP™!) =0}
This leads to
TpSL(d) ={PA: tr(A) =0} = {AP: tr(A) =0}
There are three direct consequences.

Lemma A.3.5.

(i) The tangential space of SL(d) at the unit matriz I is given by the vector space of
trace-free matrices. This is denoted by sl(d) := T7 SL(d).

(ii) For each P € SL(d) the tangential space Tp SL(d) is given by Psl(d), i.e., each
tangential space can be expressed by sl(d) multiplied from the left by P.

(iii) For each P € SL(d) the tangential space Tp SL(d) is given by sl(d)P, i.e., each
tangential space can be expressed by sl(d) multiplied from the right by P.

A.3.2. Positive Definite, Symmetric Subset SL(d)/

sym

In this section some properties of the symmetric subset

sym

SL(d)t,, = {A € SL(d): A is symmetric and positive deﬁnite}

are presented. This does not form a matrix group, since multiplication does generally not
preserve symmetry. Nevertheless, this set has some properties that we need in this thesis.

Lemma A.3.6. Consider a differentiable path P € C*([0,1], SL(d){,,,). For eachs € [0,1],

sym
there is a symmetric, trace-free B(s) € S&, such that

P(s) = P(s)2B(s)P(s)?.

Proof. We show the equivalent result that P (s)_%P (s)P (s)_% is symmetric and trace-free.
Symmetry follows directly from the symmetry of P(s), which induces symmetry on P(s).
For the trace, we consider an eigenvalue decomposition

with an orthogonal curve U (s) and a diagonal curve X(s). It follows from [27] that around
each s the curves U and ¥ can be chosen such that they are differentiable in s. Since U
takes values in the Lie-group SO(3), we have U(s) = U(s)A(s) for an anti-symmetric
matrix A(s). Furthermore, ¥(s) takes values in SL(3), and hence ¥(s) = ¥(s)D(s) for a
trace-free diagonal D(s). This yields

)
—~
»
S—
I
=~
—
»
~—
\g|
—
»
SN—
S
—
»
~—

T L Us)S(s)U(s)T + U(s)2(s)U(s)”
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A.4. A Property of Symmetric Matrices

Combined with P(s)_% = U(s)Z(s)_%U(s)T, we have
P(s)"2PP(s)2 = U(s) (S(s) 2 A()5(s)% + D(s) + S(s) 2 A(s)"S(s) 72 ) U (s)".

Since D(s) is trace-free, A(s) has a zero diagonal, the trace of the term in brackets is
zero. Moreover, the trace is invariant under orthogonal transformations, thus the claim
is shown. O

A.3.3. Projection onto SL(d)

We quickly demonstrate how we can project a matrix A € R%*? orthogonally (in the

Frobenius inner product) onto the group SL(d). This is surprisingly difficult. We use an
iterative method that yields suitable results in practice.

The algorithm is inspired by [9] and starts with a quasiprojection step in the direction
cof(A). Note that the extrinsic derivative V det(-) = cof(-) is Frobenius-orthogonal to
the polynomial restriction det(-) = 1 of the manifold SL(d). Therefore, the initial iterate
is given by

P’ = A+ 79 cof(A) = A+ 4o det(A)AT,

with 79 € R such that det(PO) =1, and hence Pe SL(d). From there, we compute a
sequence (P');cy in SL(d) with the following procedure:

For each P’ € SL(d) let Qz the closest point to A in the tangential space T SL(d).
Then, the next quasiprojection is done in direction Qz — A. For the next iterate P’
find a **! € R, such that

P A+ Q- 4)
is again in SL(d). Although we have no convergence proof at hand, we observe similar
convergence properties as those in |9]. In practice, the algorithm stopped after at most
‘Piﬂ — Pl p < 10~8. For an efficient

four iterations in our simulations with the criterion

implementation, note that it is not necessary to compute the points Qz explicitly. Since
the direction Q" — A is orthogonal to T4 SL(d), we can directly use the direction cof (P")
and compute the next iterate by

P Ay At cof(Pi) :

The 7% can be computed directly by solving a cubic polynomial equation, and choosing
the solution +* with the smallest absolute value.

A.4. A Property of Symmetric Matrices

Lemma A.4.1. Let A,B € R™¢ symmetric matrices with a reqular B. Then the
following holds for similarity transformations with B:

14]l p = llsym(A)|| = [sym(BAB™)|| .
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Proof. For the term on the right, we have by definition
g2 1 . . 2
lsym(BAB™)|[, = ;| BAB™! + B~ ABJ|,
1 2 1 _ _
= _||[BAB™! ~(BAB™'): (B7'AB).
Since the Frobenius inner product is invariant under adjoint transformations, we have
(BAB™Y): (B™'AB) = (BAB™'B) : (B"'A) = (AB™'B) : (BB~ 'A) = A: A = | A|5

for a symmetric B. Moreover, the Frobenius norm is invariant under similarity transfor-
mations with a symmetric matrix, since the absolute value of the eigenvalues is equal to
the singular values in this case. Hence, we have shown the claim. O

A.5. Robust and Efficient Computation of Matrix Exponential

The practical computation of the matrix exponential is not trivial [23]. Therefore, we will
demonstrate how we perform this in the implementation of the numerics of this thesis.
The canonical method to compute the matrix exponential is given by computing

0o sk
M
exp(M) = Z T
k=0
up to numerical “convergence”. In general, this method is unstable for matrices with

. . ||aE
large norm ||M|| > 1, since a large number of summands are needed until Hki,H falls
below a certain tolerance. This causes cancellation errors. We overcome this issue by the
so-called “scaling and squaring” method: We use that

M t
exp (t) = exp(M)
holds for all ¢ € N. We choose the smallest s € N s.t.,

1My
25 =

Next, we set t = 2° and compute exp (%) with the series method. In the end, we square

the result s times and then we get exp(M).
This method works well in practice. It is also in compliance with [23] that this is
generally the most robust and most efficient method for arbitrary matrices.

A.6. Convergence of the Newton Method with Armijo Damping
Consider the following minimization problem with smooth, strictly convex and coercive

functional
L:R" =R
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A.6. Convergence of the Newton Method with Armijo Damping

with a unique minimizer z* € R™. Let the Hesse matrix V2L elliptic, i.e.,
V2L ()0 > < ]

with a constant € > 0 for all x € R. Starting from an initial value * € R™ we define a
sequence of iterates by the Newton method with Armijo damping. For a current iterate z*
we define the Newton direction d* by

d* = —V2L(z") "IV L(zY).

Then, for a fixed parameter 0 < p < 1 we determine the smallest o* € {27!, | € Ny},
such that,
L(zF + o*d*) < L(z%) 4+ pa*VL(z")Tdr. (A.5)

The next iterate is then given by

kL. ok 4 Gk gh.

Lemma A.6.1. If d* # 0, then there is a suitable o > 0.

Proof. Since V2L(z*) is elliptic and d* # 0, we always have
VL(z")Td* = -VL(EM)TV?L(«*)VL(zF) < 0.

X

If we rearrange (A.5]) we get
L(z* + oFd¥) — L(z%)
«

If o* approaches zero the left hand side approaches V L(2*)[d*] = VL(2*)Td*, which is
not zero. Hence, we have to pass below the smaller portion pVL(2*)Td* on the right
hand side for some o* > 0. O

< pVL(2MTdk.

Remark A.6.2. A consequence of the result above is that VL(z*)Td* converges to zero
if o converges to zero.

According to the lemma above, we produce a descending sequence L(z*) that is
bounded from below by L(x*). Thus, the sequence L(z*) converges. Now we have to
show that we also have convergence z¥ — z*.

Lemma A.6.3. The Newton sequence (:Bk), as described above, converges to x* in R"™.

Proof. Let us assume that we are not converging to =¥, which implies from ellipticity
of V2L(z*) that both d* and VL(z*) do not converge to zero, as this is would be
a sufficient criterion for the minimization. From convergence of L(z*) we conclude
that L(2z**!) — L(z*) — 0. Using the definition of 2**! we get
L(zF + o*d*) — L(z%) = 0,
which implies
pa*V L(z*)dF — 0.
Since p is a positive constant, and VL(2z*)Td* does not converge to zero, the only

possibility is that o — 0 as k — oo. On the other hand, by [Remark A.6.2, we conclude
that VL(z*)Td* — 0, which is a contraction to the assumption. O
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B. C++ Source Code

How to get the code and how to use it is described in detail in the following sections.
Everything is implemented using the free and open source C++ library DUNEE] The
research module with the specific implementations for the plasticity problems of this
thesis can be found in the DUNE module dune—plasticityE] This module is based on
previous works of Oliver SandeIEI on small-strain plasticity problems. Note that both
modules are only visible internally for TU Dresden members. Nevertheless, a publicly
available snapshot is available[]

The new implementations, especially for the finite-strain problems, are developed by
the author of this thesis.

The Proximal Newton solver was developed in collaboration with Bastian Po6tzl and is
part of the DUNE module dune—solversE] The Proximal Newton solver code is placed
into a general solvers module available to the open audience. The reason is that Proximal
Newton is a black box solver not specifically dedicated to plasticity problems.

B.1. Docker File

The easiest way to use the code from dune-plasticity is to create a container image
from a Containerfile with docker or podman. To get the Containerfile you can either

e download it from

https://gitlab.mn.tu-dresden.de/jaap/dune-plasticity-snapshot/-/raw/main/Containerfile

« or copy the contents from

"https://www.dune-project.org/

“https://gitlab.mn.tu-dresden.de/jaap/dune-plasticity

%https://gitlab.mn.tu-dresden.de/osander/dune-plasticity

“https://gitlab.mn.tu-dresden.de/jaap/dune-plasticity-snapshot

Shttps://git.imp.fu-berlin.de/agnumpde/dune-solvers/-/blob/master/dune/solvers/solvers/
proximalnewtonsolver.hh (this git repository will move to the TU Dresden in the future)
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B. C++ Source Code

FROM docker.io/debian:bullseye

RUN \

export DEBIAN_FRONTEND=noninteractive; \

rm -f /etc/apt/apt.conf.d/docker-gzip-indexes \
&& rm -rf /var/lib/apt/lists/* \

&& apt-get update \

&& apt-get --no-install-recommends --yes dist-upgrade \
&& apt-get --no-install-recommends --yes install \
build-essential \

ca-certificates \

cmake \

gdb \

gfortran \

git \

libatlas-base-dev \

liblapack-dev \

libsuitesparse-dev \

libsuperlu-dev \

pkg-config \

python3-dev \

libadolc-dev \

nano \

vim \

&k apt-get clean && rm -rf /var/lib/apt/lists/*

WORKDIR /dune

# check out the snapshot of DUNE the time the thesis is published

RUN \

git clone https://gitlab.dune-project.org/core/dune-common.git &k cd dune-common &k git checkout 8eb66af £020£d7 &k ocd ..\
&k git clone https://gitlab.dune-project.org/core/dune-geometry.git &k cd dune-geometry &k git checkout 3bi 3da39aadd2b86e0425e24a4 &k cd .. \
&k git clone https://gitlab.dune-project.org/core/dune-grid.git &k cd dune-grid &k git checkout 766e224c3212aeb70£6£ 13de && cd .. \
&k git clone https://gitlab.dune-project.org/core/dune-istl.git &k cd dune-istl &k git checkout d65d7 19770db6 bf2e6a && cd .. \
&k git clone https://gitlab.dune-project.org/core/dune-localfunctions.git &k cd dune-localfunctions &k git checkout 5f0256865c6fdd8cdfd1d0527ffa553a2a0ac5£2 &k cd .. \
&k git clone https://gitlab.dune-project.org/staging/dune-functions.git  && cd dune-functions &k git checkout 20d59c97bcOe19a5753f£38474752880d6eac0fd &k cd .. \
&& git clone https://gitlab.dune-project.org/staging/dune-typetree.git && cd dune-typetree && git checkout d3345d13804d9b6a26973272d799ca346abfd49¢c && cd .. \
&k git clone https://gitlab.mn.tu-dresden.de/jaap/dune-elasticity.git &k cd dune-elasticity &k git checkout dbc113136412a119a0da30886b031196379¢0397 && cd .. \
&k git clone https://gitlab.dune-project.org/fufem/dune-fufem.git && cd dune-fufem & git checkout fc762036bf8d6003811a3251518e5a820786d107 &k cd .. \
& git clone https://git.imp.fu-berlin.de/agnumpde/dune-solvers.git && cd dune-solvers &k git checkout 4d821d6180d48e58d3£7215bbd64078b1b1874fa && cd .. \
&k git clone https://gitlab.dune-project.org/fufem/dune-matrix-vector.git &% cd dune-matrix-vector && git checkout c073d 48668219895f fcfb7e53c &k cd .. \
&k git clone https://gitlab.mn.tu-dresden.de/ivr/dune-gnsh4.git &k cd dune-gmshd &k git checkout 180f26425adff80252bde351484f274a284c2fbc &k cd .. \
&k git clone https://gitlab.dune-project.org/staging/dune-uggrid.git &k cd dune-uggrid &k git checkout d0762d9b1c56048ab738eba80dbdd65604b26708 &k cd .. \
&k git clone https://git.imp.fu-berlin.de/agnumpde/dune-tnnmg.git &k cd dune-tnnmg &k git checkout 3bba09523b10238dd6£59d614616£15e£d912897 &k cd .

# get the snapshot of the diss code
RUN git clone https://gitlab.mn.tu-dresden.de/jaap/dune-plasticity-snapshot.git dune-plasticity

RUN echo "CMAKE_FLAGS=\"-DCMAKE_CXX_FLAGS=’-03 -DNDEBUG’\"" > dune.opts

RUN /dune/ /bin, 1 --op .opts all
ENTRYPOINT ["/bin/bash", "--login", "--rcfile", "-i"

LABEL run podman run --interactive --tty

Figure B.1.: Contents of the Containerfile

This image is based on Debian Bullseye and contains all necessary DUNE modules
and external dependencies to run all the numerical tests of this thesis. It checks the
snapshots of all DUNE modules at the time of this writing. Once the Containerfile is
downloaded, run

podman image build -t dune-plasticity .

to create the image dune-plasticity. You can also use docker instead of podman. If
the image is build successfully, use

podman run -it dune-plasticity:latest

to start the image in the interactive mode. The executable code related to this thesis
can be found in the directory /dune/dune-plasticity/build-cmake/src

B.2. Small-Strain Tests

If you wish to run small-strain tests, start the executable primalplasticity-plp0 with
a parameter file. A canonical parameter file can be found in
/dune/dune-plasticity/src/dune-plasticity-parset. Hence, for a quick test, run

./primalplasticity-plp0O ../../src/dune-plasticity.parset
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B.3. Finite-Strain Tests

Feel free to use other parameters in the parameter set. The available grids can be found
in /dune/dune-plasticity/doc/grids. You can edit the files with vim or nano directly
in the image. If you want to change the grid dimension, you need to set this in

/dune/dune-plasticity/src/primalplasticity-plp0.cc

in the main function. Afterwards, you need to recompile the code with make in the
directory /dune/dune-plasticity/build-cmake/src. The tests of can be
found in dune/dune-plasticity/benchmarks.

B.3. Finite-Strain Tests

The finite-strain code is completely different from the small-strain code. The executable is
finite-strain-plasticity in /dune/dune-plasticity/build-cmake/src. A canoni-
cal parameter file can be found in
/dune/dune-plasticity/problems/finite-strain-plasticity.parset. Hence, you
can directly call

./finite-strain-plasticity ../../problems/finite-strain-plasticity.parset

in the directory /dune/dune-plasticity/build-cmake/src. Feel free to discover the
different parameter choices. Remember to recompile the code if you change a compile-time
parameter in the file

/dune/dune-plasticity/src/finite-strain-plasticity.cc

by calling make in the directory /dune/dune-plasticity/build-cmake/src. The bench-
marks of can be found in

/dune/dune-plasticity/src/benchmarks-finite-strain.
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