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Abstract

In this work, space-time formulations and Galerkin discretizations for phase-field frac-
ture optimal control problems are considered. The fracture irreversibility constraint
is formulated on the time-continuous level and is regularized by means of penal-
ization. The optimization scheme is formulated in terms of the reduced approach
and then solved with a Newton method. To this end, the state, adjoint, tangent, and
adjoint Hessian equations are derived. The key focus is on the design of appropri-
ate function spaces and the rigorous justification of all Fréchet derivatives that require
fourth-order regularizations. Therein, a second-order time derivative on the phase-field
variable appears, which is reformulated as a mixed first-order-in-time system. These
derivations are carefully established for all four equations. Finally, the corresponding
time-stepping schemes are derived by employing a dG(r) discretization in time.
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1 Introduction

Fracture propagation using variational approaches and phase-field methods is cur-
rently an important topic in applied mathematics and engineering. The approach was
established in [6, 12] and overview articles and monographs include [7, 8, 11, 31,
32] with numerous further references cited therein. While the major amount of work
concentrates on forward modeling of phase-field fracture, more recently some work
started on parameter identification employing Bayesian inversion [18, 28, 29, 33],
topology optimization with shape derivatives obtained with the adjoint method [10],
stochastic phase-field modeling [14], and optimal control [15-17, 25-27]. Due to
the irreversibility constraint on the fracture growth, optimization problems subject to
such an evolution become mathematical programs with complementarity constraints
(MPCC) [4, 21, 22] so that standard constraint qualifications like [30, 34] cannot hold.
In [17, 25-27] the complementarity constraint was replaced with a suitable penalty
term.

Specifically, based on [26, 27], a computational space-time framework for phase-
field fracture optimal control problems was designed in [17], including detailed tests
with six numerical examples. In particular, we employ Galerkin formulations in time
and discuss in detail how the crack irreversibility constraint is formulated using a
penalization [23, 26] and an additional viscous regularization [19, 27]. The optimiza-
tion problem is formulated in terms of the reduced approach by eliminating the state
variable with a control-to-state operator. Therein, Newton’s method requires the eval-
uation of the state, adjoint, tangent, and adjoint Hessian equations. The latter requires
the evaluation of second-order derivatives; see, e.g., [S], for parabolic optimization
problems. Based on these settings, concrete time-stepping schemes are derived. As
usual, the state and tangent equations run forward in time, whereas the adjoint and
adjoint Hessian equations run backward in time.

However, in [17] the directional derivative of the irreversibility constraint was
numerically approximated to obtain an efficient numerical scheme. The rigorous
mathematical treatment is the key objective in the current work. As it will turn out,
the justification of differentiability requires higher-order regularity in corresponding
space-time function spaces. To this end, we start from an energy functional and propose
suitable function spaces for the state and control variables. In addition, higher-order
derivatives of the penalty functional are established. Using these results, the weak
formulation of the state equation is derived. However, due to the crack irreversibility
regularization, a second-order time derivative on the phase-field variable arises, which
was not the case in [17] due to the previously mentioned numerical approximation.
Dealing with this (higher-order) time derivative, we follow a classical approach (see,
e.g., [3]), and formulate a mixed first-order-in-time system, which yields an additional
equation. For that mixed system, the space-time formulation and the resulting time-
stepping scheme are derived. Finally, the weak formulation serves as constraint in
the overall optimal control problem and, using the Lagrangian, the three additional
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equations are derived in a rigorous space-time fashion along with the resulting time-
stepping schemes.

The outline of this paper is as follows: In Sect. 2, we introduce the phase-field
fracture forward model and derive the derivatives of the fracture irreversibility penal-
ization. In Sect. 3, a Galerkin space-time discretization for the mixed system in its
weak form is provided. Next, in Sect. 4, we state the optimization problem, including
the reduced space approach. In the key Sect. 5, the Lagrangian and three auxiliary
equations are derived in full detail. Our work is summarized in Sect. 6.

2 Phase-Field Fracture Forward Model

To formulate the state equation, we first introduce some basic notation and then pro-
ceed with the energy functional. In addition, we establish higher-order derivatives for
the penalty functional representing the crack irreversibility and we finally obtain a
regularized energy functional.

2.1 Notation

We consider a bounded domain © C R?. The boundary is partitioned as 32 = I'p U
I' vy where both I'p and I' y have nonzero Hausdorff measure. Next we define Hilbert
spaces V = V, x V,, C L*(Q; R?) with V,, := H},(; R?) for the displacement
field u and V,, := H' () for the phase-field ¢, and Q := L2(T'n: R?) for the control
force g, where

HY(Q2:R?) = {v e H'( R?): v|r, =0}.
Moreover we consider a compact time interval / = [0, T'] and introduce the spaces
Xi={u=@9) e L’U.V):¢.§ L’ V) W:=LX1 0

consequently ¢ € X, 1= H2(1, Ve)and ¢ € Xy 1= H'(I, V,). We denote natural
scalar products and norms with the space as index, such as (-, -)X¢ =(, ')HZ(I!HI(Q)),
L? scalar products and norms with the domain, such as (-, -)ry = (., ')LZ(FN;U) or
I -ll7xe == Il lL2(1,L2(: vy) (omitting the image space U': either some R? or R2%2),
and L? norms as || - |Leax) = || - lLe(.Lr(e)-

2.2 Energy Functional of Quasi-Static Variational Fracture Modeling

In the next step we introduce a functional E": W x X — R from which we derive our
forward problem. Here EY" (¢, u) is defined as the sum of the regularized total energy
of a crack plus penalty and convexification terms for the time dependent irreversibility
constraint ¢ < 0. The regularized total energy of a crack is given by
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1
Ec(q,u) := z(g(w)Ce(u), e)rxe — (g, w)ixry + Gcle(9), ey

where ¢ denotes a force that is applied in orthogonal direction to I'y C 92, C €
R2*2x2x2 g the elasticity tensor and e(u) the symmetric gradient. Then, we have
under certain assumptions

Ce(u) = o (u) =2ue(u) + rtr(e(u))l,

where it > 0, > —2/3u are the Lamé parameters and I € R>*? is the identity
matrix. The so-called degradation function g(¢) := (1 — K)(p2 +« > 0 helps to extend
the displacements to the entire domain €2. Due to the bulk regularization parameter
k > 0, the first term in E¢(q, u) is bounded away from zero even for ¢ = 0. The
term G e (9) := 2|11 —@ll7 .o+ 5 Vel?, o is a regularized form of the Hausdorff
measure [2]. Herein G, > 0 denotes the critical energy release rate: for larger G, more
energy is required to form a new fracture. The phase-field regularization parameter &
represents the width of the transition zone 0 < ¢ < 1, i.e., of the zone between fully
broken material (¢ = 0) and fully intact material (¢ = 1). So far the problem consists
in finding a function u € X that minimizes the regularized total energy (1) subject to
the irreversibility constraint ¢(z, x) < 0 a.e.in I x Q.

2.3 Crack Irreversibility Penalization and its Differentiability

In the sequel, the constraint ¢ (#, x) < 0 is being replaced by a penalty term, which is
defined as

1 1
R(p) = ~ ), 0}||4 = - p(, x), 0y* dx dr.
) = gImaxtg, Ol = 7 [ [ manticr, 0,01 ax

To ensure Fréchet differentiability in X, up to third order, which will be necessary for
the adjoint Hessian equation, we work with max{g, 0}4, although max{¢, O}3+p for
some p > 0 might suffice. Observe that || f ||‘24 (IxQ) exists for every f € Xy: from
f(t) € V, it follows that f(r) € LY(S2) for any g € [1, oo) due to the continuous
embedding V,, < L9(R2), and from f € X, we similarly have f € C(I, V). In
summary, any f € X is also in L*(I, L*(R)). We notice that this part differs from
the other penalizations used in [26] and [17]. In addition, we notice other theoretical
and numerical work on penalizations for phase-field fracture in [13, 24]. Later we will
minimize (1) by solving the corresponding necessary optimality conditions of first
order. In order to compute the Fréchet derivatives of R, we first prove an estimate for
the L? norm of a product and then we use the directional derivative of the maximum
operator h( f) := max{ f, 0} in direction g:

g(x), fx) >0,
(Dgh(f)(x) = ymax{g(x), 0}, f(x)=0, 2)
0, f(x) <O0.
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Differentiating R (¢) for given directions y; leads to L? norms of products of time
derivatives v;. In order to prove Fréchet differentiability of R we have to bound these
L? norms in a proper way. The following proposition gives the required estimate with
respect to the X, norm.

Proposition 2.1 Given Y1, ..., ¥y, € Xy, m € N, there exists C > 0 such that

i - Ymllixe < C T [Iillx, -

i=1

Proof Form =1, ||1/}||1XQ < Il x, holds by definition of the norms:
2
A ://|1//|2dxdt 5/2/(|a{<w|2+<va,"¢, Vaky)) dx dr
1JQ I Q
k=0

2
=fZ||a,’fw||’éw dt = ¥1I%, -
I'=o

Form > 1, set ¢ := 2m and employ Holder’s inequality (|| f1 - -« fullor < ;I fill o
forr,q; € (1,00) with 1/r =1/q1 4+ --- 4+ 1/qn; here r = 2, q; = q) together with
the continuous embedding V, = H 1(Q) < L9(2) (which holds in dimension 2 with
I fllLa) < cill fllv,, 1 > 0) to obtain

m
||¢1---¢m||%xg=fl||w1---xbm||iz(9)drs/lﬂwiniq(mdz
i=1

m m
201270112 2 i
< [ Ttk ar = " | [Ty,
I X
i=1 i=1

The last norm is finite: ||1/; v, € H'(I) holds by definition since y; € H'(I, V,),
and the continuous embeddings HY (1) — C() < L®() < Li(I) forqg € [1, 00)
provide [ [, || Uil v, € L) c L*(I). Now we apply Holder’s inequality (again with
q = 2m) to the outer norm and bound the resulting L7 (1) norms with the L°° (/) norm
where || fllLary < c2ll fllLeery:

Hf[nwinvw

2
L2’

m m
vy S TTIWI oy = TN I e
i=1 i=1

Finally, we apply again the embedding H'(I) < L°(I) (with I flleery <
sl f i)

190, | ooy < s 1101 gy < s 11010, 2y = 39 lx,
which gives the desired result with C := c/'c5'c5'. ]
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Proposition 2.2 The penalty functional R is three times Fréchet differentiable in X,.
For directions Y1, Y2, Y3 € X, the derivatives are given by

R(p)(¥1) = (max{g, 0}, ¥1)rxq,
R"(9) (Y1, ¥2) = 3(max{g, 0}%, ¥192) 1xq,
R (@)(Yr1, Y2, ¥r3) = 6(max{, O}, V1y29r3) 1 xq-

Proof We have to show that the £-linear functionals R®)(¢) are bounded with respect
to the X, norm and that the resulting remainder terms of the Taylor expansion satisfy

re(¥) € o(lk, ). where

ry) = R(p + w> — R(p) — R'(9)(¥),
r) =riy) — —R"(fﬂ)(w ¥),

1
_RW((P)(I//’ W, ‘ﬁ)

r3(¥) :=ra(¥) — <

After deriving the given expressions for the functionals and showing their bounded-
ness, we will actually prove the stronger estimates r¢ (V) € O (|| ||€+1) using integral

representations of 7¢ (V).
Substituting the directional derivative (2) gives the first derivative

v (t, x), @o(t,x) >0
R/((p)(tﬁ)://max{gb(t,x),0}3 max{y' (¢, x), 0}, ¢(¢, x) = 0} dxdr
rJja 0, o(t,x) <0

// {‘P v, ¢ >0} dx dr = (max{g, 0, ¥)/xq.

This is clearly a linear functional on X, which is bounded by Proposition 2.1:

(max{¢, 0}°, ¥)sxq < [max{g, 01 [ 1xallVlixe < 197 l1xal¥x,-

The second and third derivatives R”(¢) and R"(¢) are derived in a similar manner.
Again by Proposition 2.1, these bilinear and trilinear functionals are bounded with

(max{g, 0}, Y192 1xa < Callg? lrxe 11 llx, 1v2lx, .
(max{g, 0}, Y1¥2¥3)1x < C3ll@lixa 1V lx, 12l x, 1¥3lx, .
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It remains to show that r, () € 0(||1p||§(¢) for £ € {1,2,3} and any ¢, ¥ € X,,
where

14

— _ (k)
re(¥) = R(@ + ) Zk.R @)

k=0 k

(1—s5)t! RO )
_/0 o RO s — RO@Iw. s,

see [1, Thm. 5.8]. As already mentioned, we will prove r¢ () € 0(||1p||‘3+1) The
first-order remainder reads

1
r1(¢)=// [max{¢ + sy, 0> — max{¢, 0}°]v dx dt ds.
0 IxQ

A case distinction for the two maximum functions provides the following pointwise
estimate for the integrand (except on a set of measure zero):

Imax{g + sv, 0y — max{g, 0} v|

< Imax{(¢ + s9)°V — ¢, (¢ + s9)° P, =9V, 0}

<@+ s9)’°Y — @+ 1@ + s9) Y| + 197V |

< 20¢P 1| + 65119 2 + 657 (@11 + 257 13|

< 8(slgl 1y * + s*1g 1Y 1P + 521y [).
The term 8s|¢| |1ﬁ|2 onthelasthneabsorbs2|g0| |1ﬁ|+6s|<p| |1p|2fr0mthepreV1ous
line due to the relation |@| < s|1p| which holds in case 2 (go—i—sw > O withg < 0) and
in case 3 (¢ +Sl/f <0 w1th ¢ > 0): these two cases produce 2093 |1/f| < 251921y 2.

Integrating s, s2, and s3 over [0, 1] now yields factors 1 3 3, and 1 7 all of them < %,
which gives the clalm using Proposition 2.1:

Ir W)l < 4/ (1919 1> + |l + 191*) dx de

IxQ

< 419 lixe 10¢F + 191191 + 1) ll1xe € OV II,)-

The second-order remainder reads

1
r(y) = 3/ f (1 — s)[max{¢ + sy, 0}>vr> — max{g, 0}>y] dx dr ds.
0 IxQ
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We start again with a case distinction (where |<i)|2|1ﬁ|2 < slg| |1ﬁ 12 in cases 2 and 3) to
obtain the pointwise estimate

Imax{g + sV, 0}*4* — max{¢, 0}*9|

< Imax{(¢ + sv)*V* — ¢*¥2, (¢ + s9) Y%, —¢?, 0}
< (¢ + 597 — @2V + (@ + sy 2| + |92

= 125¢y7 + 5290 + 1702 + 25997 + 579 + 1797
< 6(sl@l v ? + 7|y ().

Integrating (1 — s)sk over [0, 1] for k € {1, 2} yields factors % and %, and hence

()l < 3/ (1@l +191*) dxdr € O(IYII,)-

IxQ

Finally, the third-order remainder reads

1 2
1-— . . .
r3(y) = 6/ / 4= [max{¢ + sy, 0}y — max{¢, 0}y>]dx dr ds.
0o Jixa 2
Once again we derive a pointwise estimate for the integrand,

Imax{¢ + sy, 0}/ — max{¢, 0}y
< [max{(¢ + s> — ¢y, (¢ + sy, —gy, 0}
< U@+ sV — @U7 | + (@ + s9)¥7 | + 199
= syt + 9y + sy + 1997
<20V + 2]y |* < dsli|*.

Integrating (1 — $)2s over [0, 1] yields the factor ﬁ and hence

I3 (¥)] 5/1 anr‘dxdte ol l,)-

2.4 Convexification

One final modification of E, is needed: we add the convexification term 2 ||go|| Txq for
some 7 > 0. Indeed, in [27], the term 77((,0 — @'~ ) in the time steps #;_1, t; was
considered for > 0, where ¢/ — ¢'~! is the finite difference approximation of ¢
and 1 is the test function. This term corresponds to a potential viscous regularization
of a rate-independent damage model [19]. We note that we extend this here to the
continuous time case.
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2.5 Regularized Energy Functional

Finally, the forward problem consists in finding # € X that solves the following
optimization problem for given initial data ¢o, ¢o € V,, and given control g € W:

. n, .
min E/"(q,u) i= Ee(q,w) + Y R(@) + S ¢ l7 0, 3)

with penalty parameter y > 0 and convexification parameter n > 0. We notice that
having fourth powers in R(¢) will yield third-order terms in time in the first-order
necessary conditions on the PDE level. Conceptionally, the procedure is then similar
to the elastic wave equation, see e.g., [3], and we borrow ideas for our formulations
that will follow in the remainder of this paper. We notice that it holds 0 < ¢ < 1
(without imposing those bounds explicitly), by arguments from [27, Section 2].

Remark 2.1 (Convexification) We notice that strict positivity n > 0 improves the
numerical solution process of (4). For the quasi-static case of a related formulation
with a fourth-order regularization and time-discrete convexification, it was proved in
[27] that for sufficiently large values of 7 the control-to-state mapping associated with
(3) is single valued due to strict convexity of the energy corresponding to the equation.
However, the convexification term %H(/') ||%X£2 also penalizes crack growth. To ensure
the dominance of the physically motivated term y R(¢), a careful weighting of y and
n is required with y >> 1. As it is often the case in numerics, the weighting is chosen
heuristically or by experience since no rigorous numerical analysis exists. Itis indeed a
drawback of the (simple) penalization approach that several regularization parameters
interact with material parameters and discretization parameters.

3 Space-Time Weak Formulation and Discretization

In this section, a weak formulation is first derived. Due to the second-order time
derivative in the phase-field variable, we formulate an equivalent mixed first-order-
in-time system, which differs from our prior work [17]. These ideas are based on
[3]. Afterwards, our emphasis is on the Galerkin in time finite element discretization
for this mixed system. Finally, we briefly account for the spatial discretization by
employing finite elements, too.

3.1 Weak Formulation

Before we continue with the spatial discretization and the concrete time-stepping
scheme, we state the weak form of (3). To this end, we replace (3) by its first-order
optimality conditions 3, E} " (g, u) = 0, see e.g., [26], yielding a coupled nonlinear
PDE system: given ¢g, ¢o € V,, and ¢ € W, find u € X such that every test function
® = (P,, Py) € X satisfies
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(g(@)Ce(u), e(Py))rxa — (¢, Pu)rxry =0,
G,
Gee(Vop, Vo) 1xa — 7(1 — @, Pp)rxa+ (1 —Kk)(@Ce(u) : e(u), Py)rxa

+ y(max{g, 0}>, d,)1xq + 1(9, Py)rxa = 0. “)

In order to derive the state equation from (4), we first combine the two equations into
a single equation,

(g(@Ce(u), e(Pu))ixa — (g, D) rxry + Gee(Vo, VCD(/))IXQ

G.
—7(1 -0, Py)ixa + (1 —)(@Ce(u) : e(u), Py)ixa
+y(max{@, 0, dy)rxa + n(g, Pp)ixg =0 Y@ € X. 5)

To simplify the notation, let us collect the energy-related terms of (5) as follows.

Definition 3.1 The spatial semi-linear forma: Q x V x V — R is defined as
G,
a(g, u)(®) = (g(p)Ce(u), e(Pu))a + Gee(Vp, VOy)q — ?(1 — ¢, Pylo
+(1 =) (@Ce(u) : e(u), Pyl — (g, Pulry- (6)

For every subinterval J C I, a corresponding semi-linear form al: WxXxX—>R
is defined as time integral over J,

a’(q, u)(®) 1=fja(q(t),u(t))(‘1>(t))dt-

Next, we have to perform integration by parts in order to move the time derivatives in
(5) from the test functions to the phase-field ¢:

@ ia= [ [ odoarar=— [ [ go,acars [ [p0,]7 ax
1JQ 1JQ Q
= .9 )1xe + GO, Oy (T2~ G(0). By

and similarly

(max{g, 0%, @) 1xe = —(3 max{g, 0%, ®y);xq + (max{@(T), 0F, &y (T))g
— (max{@(0), 0}3, @, (0))q.

Thus (5) becomes

a'(q, u)(®) — y (0 max{§, 0F, ®y)1x0 — 1(§, Py)ixa
+y (max{(T), 0F, @y (T)q + n(@(T), Py (T))a (N
— y(max{¢(0), 0}, @, (0))q — n(¢(0), 4 (0))o =0 V& € X.
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Additional focus has to be put on the second-order time derivative of ¢. Following the
approach of [3, Sect. 3.1], we introduce an additional variable ¢" € X, that represents
the first-order time derivative of the phase-field,

¢'(t,x) = ¢(t, x). ®)

By this we replace every time derivative of ¢ in (7) with the new variable ¢’ and attach
the weak form of (8) as an additional equation. Consequently, (7) is replaced by a
first-order mixed system in weak form: Given ¢p, 99 € Vyoandg € W, findu € X
and ¢’ € X such that the following equations hold for all ® = (®,, ®,) € X and

Y€ Xy

@ — ¢, ¥)ixa + (90) — g0, ¥ (0)g =0,

—y (3 max{g’, 0F, ®y)1xa — (@, Py)ixa +a’ (g, u)(®)

+(@'(0) — g0, Py (0)1x0

+y (max{g'(T), 01, @, (T)q + n(¢'(T). Dy (T))e

—y (max{g'(0), 0}°, ®,(0))a — n(¢'(0), ®,,(0)) = 0. )
Remark 3.2 In contrast to [3, Eq. (3.16)], the starting point for our investigations is
given by a weak PDE and not a strong formulation. Consequently, we define the mixed
system and already include the initial values as in [3, Eq. (3.17)]. The initial conditions

for ¢ are specified in the first equation of (9) and the initial conditions for ¢’ = ¢ in
the second equation.

3.2 Galerkin Time Discretization

Using a time grid 0 = #9 < --- < t)y = T, we first partition the interval / into M
left-open subintervals I, = (t;—1, t],

I={0}Uli;U---Uly.
By using the discontinuous Galerkin method, here dG(r), we seek for a solution u
in the space X of piecewise polynomials of degree r. The subindex k denotes the
time-discretized function space in order to distinguish it from the continuous space X.
To this end, we have
Xy ={veX:v,00) € Vyandv|;, €eP,(L, V), m=1,..., M}.
To work with the discontinuities in X ,ﬁ, we introduce the standard notation

v =0t t), v, = (e —) = v(ty), [Vl =0l — v,

We keep following the approach of [3] with special focus on [3, Eq. (3.27)—(3.30)].
Notice that in (9) we work with two terms involving time derivatives, and one of them
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even involves a maximum. Moreover, all time derivatives are only applied to ¢ and
not to the full variable u as in [3]. Since ¢’ isin Y := X ¢» we define the corresponding
discretized space as

Yy =={veXy:v(0) e Vyand v,

m

P (I, V), m=1,..., M}.

Consequently, the semi-discretized state equation consists in finding # € X; and
¢’ € Y[ for a given control ¢ such that for every ® € X} and ¢ € ¥ it holds

M M—1 M
Y @ W xa+ Y (el Vo — Y (@ V)i, xe (10a)
m=1 m=0 m=1
+ (@(0) — o, ¥ (0)q =0, (10b)
M M
=Y 0@ @)1, — Y v (@ max{p’, 0, @y)1, 0 (10¢)
m=1 m=1
M—1
= Y (91w + [y max{g, 01’1, @ )0 (10d)
m=0
+a'(q. u)(®) (10e)
+ (¢'(0) — g0, Py (0)q (10f)
+y(max{g/ (1), 07, @, (T)q + n(@/ (1), @, (T))a (10g)
— y(max{g'(0), 0}, @, (0)e — 1(¢'(0), By (0))e = 0. (10h)

Here the first line (10a) represents the dG(r) discretization of the term

(@, V) ixa — (@ ¥)ixa

while (10c) and (10d) result from the dG(r) discretization of

—y (3 max{g’, 01>, ®y)1xq — 1(¢, Py)rxa-

In (10b) and (10f) we have the respective initial conditions for ¢ and ¢’, and in (10e)
the physical terms (energy). The last two lines (10g) and (10h) contain the temporal
boundary terms due to the integration by parts that we did before.

Remark 3.3 In (10) the sums of jump terms start with m = 0, whereas in [3] they start
with m = 1. The reason is that our later derivations follow [5] where the sums also
start with m = 0. Both formulations are in fact equivalent, which follows from [20,
Remark 3.2].

By shifting the index of the jump terms by one, all summations range from m = 1
to m = M and can therefore be combined into a single sum for each equation. This
yields our final form of the full state equation.
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Proposition 3.1 The state equation in dG(r) form reads: Find u € X} and ¢' € Y]
for a given control q such that for every ® € X; and v € Y/ it holds

M

> [@ Wxa + (@huets Ui = @ )10

m=1
+ (¢(0) — g0, ¥(0))o =0,
M
S [0 @, xe — v (0 maxly, 0P, By, xq
m=1 (11
= (19l + [y max(', 0P L1, ®F g +a (g, w)(®) |
+ (¢'(0) — ¢o, Py (0))q
+ y(max{g/(T), 0F, @, (T))q + (¢ (T). @y (1))e
— y(max{¢'(0), 0F, @,(0)a — n(¢'(0), D4 (0)e =0.
The discontinuous in time trial and test functions (®, ) € X x Y] allow for sequen-
tial decoupling from which we obtain the time-stepping scheme.

Proposition 3.2 The time-stepping for the state equation (10) starts with solving the
initial conditions at m = 0:

(¢0) — 9o, ¥(0)o =0,
(#'(0) — g0, Py (0)a — ¥ (max{g'(0), 0F, @, (0)o — n(¢'(0), Py (0)o = 0.
(12)

Then the equations form = 1, ..., M — 1 need to be solved in a forward recursion:

@ Wipxa + (@ln-1, ¥, Do — @ V)i, xa =0,
— (¢, D)1, x — ¥ (@ max{g’, 0, ®y) 1, xa (13)
— ([9¢'lm—1 + [y max{¢’, 0 1,_1, <I>$,m,1)g +a' (g, u)(®) =0.

Finally, we have to solve the terminal conditions atm = M:

@ W nyxa+ eln—1. ¥y _Da — @ ¥ xa =0,
— (@, Dy) 1y x — v (3 max{g, 0F, y) 1, w0
— (g Tu—1 + [y max{’, 0P 1y—1, @) 1y Do +a" (g, u)(®)
+ y (max{g'(T), 0, @, (T))q + n(¢/(T), @, (T))g = 0.

(14)

3.3 Spatial Discretization

For the spatial discretization, we employ again a Galerkin finite element scheme by
introducing H' conforming discrete spaces. We consider two-dimensional shape-
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regular meshes with quadrilateral elements K forming the mesh 7, = {K}; see [9].
The spatial discretization parameter is the diameter /1 g of the element K. On the mesh
Ty, we construct a finite element space Vj, := V,;;, x Vi, as usual:

Vun :={v € V1 v|g € Q5(K) for K € Tp,},
Von :==1{v € Vy: vl € Q5(K) for K € Tp,}.

Herein Q4 (K) consists of shape functions that are obtained as bilinear transformations
of functions defined on the master element K = (0, 1)2, where Q,(K) is the space of
tensor product polynomials up to degree s in dimension d, defined as

d
Qs(le)::span l_[)?l.a":aie{o,l...,s} .
i=1

Specifically, for s = 1 and d = 2 we have
01(K) = span(l, £, £, £1£2).

Similar to the state variables, the control variables need to be discretized in time and
space. The polynomial degrees of the discrete spaces may differ, and for the control
we denote them by r’ and s’. To this end, we employ a dG(r’) discretization in time
and a cG(s") discretization in space. The semi-discrete control space is denoted by Wj
and the fully discrete space is denoted by Wgy,.

We notice for the next two sections that the following derivations are independent
of the specific spatial discretization and for this reason the subindex 4 is omitted.

4 Optimization with Phase-Field Fracture

We formulate the following nonlinear optimal control problem with a standard tracking
type cost functional. For given ¢, ¢o € V,, we seek a solution (¢, u, ¢') € Wi x X} x
Y/ of

k

M M
. 1 o
min J(q.u)= > Tn(g.uw) =) [Elltp—wdll%mxfrzllq—qdlﬁmxrd
o m=1 m=1

st. (q,u, @) solves (12), (13), and (14),
(15)

where ¢4 € V, is some desired time-independent phase-field and g4 € W is a suit-
able nominal control that can be used for numerical stabilization. The second norm
represents a common Tikhonov regularization with the Tikhonov parameter o > 0.

Remark 4.1 We notice that the existence of a global solution in W x X has been proved
for a related problem in [26, Thm. 4.3]. That problem differs from (15) in that it is

@ Springer



1236 Journal of Optimization Theory and Applications (2023) 199:1222-1248

posed in the primal form with a tracking type functional for the displacements u and
a penalization in discrete time (also of order four).

4.1 Reduced Optimization Problem and Solution Algorithm

We solve (15) by a reduced space approach. To this end, we assume the existence of a
solution operator S: W — X x Y, g — (u, ¢’), via equation (9). With this solution
operator the cost functional J (g, u) reduces to j: W — R, j(q) := J(q, S(q)).
(The component ¢’ € ¥ = Xy of S(q) is not used in J but will be needed later.) As
a result we can replace (15) by the unconstrained optimization problem

H}]in J(@). (16)

The reduced problem is solved by Newton’s method applied to j'(¢) = 0, and
hence we need computable representations of the derivatives j” and j”. The estab-
lished approach in [5] expresses the directional derivatives ;' and j” in terms of the
Lagrangian L(q,u, ¢, z, Z;,) = L(q,u, ), whose precise form is defined in (23)
using the notation

=, ¢), 7=z, ou:=@udy), 87:= @8z 08z,), P:=(® ¥).

For given §q € W, a state solution # = S(gq), and any z, the directional derivative
J'(q)(8q) reads

J'(@Gq) = L,(q, i, 2)(q) + L;(q, i, 2)(S'(9)(39))- (17)

By determining an adjoint solution z from (20), the second term in (17) vanishes. For
two directions 8q1, 8g> € W and the solutions u of (19) and z of (20), the second
derivative of j is expressed in a similar way as

3" (@) Bq1,892) = L£},(q, 4, 2)(8q1, 8q2) + L]:(q, i1, 2)(8q1, S'(¢)(8q1))
+ E;z(q, i1, 2)8q1. T'(q)(8q2)) + 5:/2/11 (g, 1, 2)(S"(9)(5q1), 8g2)
+ L3:(q, 1, 2)(S" (@) Sq1), S (@)(8q2)) + Liiz (g, i, 2)(S'(q)8q1), T (9)(8¢2))

i
+ £2,(q, 1, 2)(T'(@)(8q1), 8q2) + L2 (g, it, (T (9)(8q1), S'(9)(8¢2))-

Herein T: Q — X x Y denotes the solution operator of the adjoint equation (20).
Below, computing a tangent solution from (21) and an adjoint Hessian solution from
(22) eliminates most of the terms from (22) and leads to a short representation of j”.
In summary, the following four equations have to be solved:

1. State equation: givenq € W, findit € X x Y such that (4) holds forall ® € X x Y:

LL(q, i, 2)(P) =0. (19)
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2. Adjoint equation: giveng € W and u = S(gq) from (19), find z € X x Y such that
forall® e X x Y

L(q,i,7)(®) =0. (20)

3. Tangent equation: given g € W, u = S(g), and a direction ¢ € W, find éu €
X x Y suchthatforall ® € X x Y

Ly:(q, 4, 2)(8q, @) + Liz(q, 4, 2)(Sit, @) = 0. 21

4. Adjoint Hessian equation: given g € W, u = S(g), z € X x Y from (20),
8_[1 € X x Y from (21), and a direction 6¢g € W, find 67 € X x Y such that for all
deXxY

L):(q,1,2)(8q, ®) + L3:(q, 4, 2) S, D) + LY;(q, 1, 2) (8, P) = 0. (22)

Solving these equations in a specific order (see for instance [5, 20]) leads to the
following representations of the derivatives that we need for Newton’s method:

J'(@)©8q) = L,(q,4,2)(8q) V8q W,
J"@)Gq1,8q2) = Ly, (q, 4. 2)(8q1, 892) + L5, (q. i, 2) (81, 8g2) +
L,(q.,2)(8Z,8q2) Véq1.8q2 € W.

5 Lagrangian and Auxiliary Equations

In the following main section, we specify the previously given abstract formulations
in detail. We first derive the Lagrangian and then the three auxiliary equations (20)—
(22). Specific emphasis is on the regularization terms for the crack irreversibility and
the convexification. The Lagrangian is defined based on the dG(r) formulation, and
this Galerkin discretization yields naturally the adjoint, tangent and adjoint Hessian.
Furthermore, this approach exhibits the property that optimization and discretization
interchange.

5.1 Lagrangian
The Lagrangian £: W x (X x Y) x (X x Y) — R corresponding to (9) is defined as

L(q.7.2) = J(q.w) — (9. 2,)1xe + @, ) ixa — @(0) — g0, 2,(0)a
+ y(3 max{g’, 0}, zp)1xe + n(@', 29 1x
— (¢'(0) — 0. 200 — a’ (g, w)(2) (23)
— y(max{g' (1), 0F, z,(T)a — n(¢/ (1), 2,(T))g
+ y (max{¢(0), 0}, 2, (0)a + (¢’ (0), 24 (0)e.
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The discrete time Lagrangian £; : Wy x (X} x Y[) x (X} x ¥}) — R corresponding
to (10) is defined directly in the dG(r) form as

Li(q,u,2) == J(q,u)

M
S (AT S S (7 MR A L AT

m=1

— (9(0) = 90, 2, (0)g
M
- Z[—n(fb’, 20y xe — ¥ (@ max{¢’, 0, 2p) 1, xa — (24)
m=1

19Vt + [y maxly!, 0P L1, 25D + ' (g, w) @)
— ('(0) — ¢0. 2,(0)g
— y(max{g'(T), 0F. 2(T)g — n(@'(T), zp(T)ax
+ y (max{e'(0), 0F, 2, (0))2 + 1(¢'(0), 2, (0)e-

5.2 Adjoint Equation

In this section we derive a time-stepping scheme for the adjoint equation (20) from
the discrete time Lagrangian (24). In the adjoint for dG(r) we seek z = (z, zfp) =
(2us 29> 2},) € X} x Y such that

L(q,4,72)(®) =0 forall &= (®,¥)e X| x Y.

When calculating the partial derivative of £ with respect to u#, some care has to be
taken with the temporal boundary values from prior integration by parts, i.e., with the
last two lines in (24). We first formulate the adjoint equation in the continuous time
weak form and later in the dG(r) setting:

0= T,(q, u)(®) (25a)
+ (G Pp)rxa + (V. 2, 1xe — (@4 (0), 2,(0)g (25b)
— (@y(T). 2,(T))q + (@4(0). 2,(0)g (25¢)
— 3y (max{e’, 0¥, Zp)1xa — n(¥, Zy)Ixa (25d)
+ 3y (max{¢/(T), 0PV (T), 2o (T + n(W(T), 2o (T))a (25¢)
— 3y (max{g'(0), 01*¥(0), 2, (0)a — n(¥(0), 2, (0)e (25f)
— W0, 2p(0)e (25g)
—al(q,u)(®,2) (25h)
= 3y (max{e/(T), 0P Y/(T), 2p(T)a — n(W(T), 2o(T ) (25i)
+ 3y (max{g' (0), 01*¥(0), 2, (0)g2 + 1 (¥ (0), 2y (0)) 2. (25))
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Here a,/f denotes the integral of a, over I, and the terms (25¢), (25¢), and (25f) arise
from the integration by parts (i.b.p.) applied to the partial derivatives

. deriv. : , ib.p. .
—(p, Z(p)le - _(wav Z(p)le - (CDgOv Zw)le_BT,

deriv.

. ; i.b.p. .
(g’ 2p)ixe —> Ny, Zp)ixe — =N, Zp)ixe + BT,

deriv.

y @ max{g’, 0%, zp)1xe — 3y (3 (max{g’, 0¥), zp) 1<

i.b.p. .
28 3y (max{g, 012V, 2,)1xq + BT,

where BT denotes the corresponding boundary terms in (25¢), (25¢), and (25f). Note
that the integration by parts is necessary in these cases because after computing the
partial derivative the time derivative is applied to the direction ®,, or ¥ and not to the
adjoint z.

Now we see that the last term in (25b) cancels with the second term in (25¢), and
so do the terms in (25e), (25f) with those in (251), (25j). Consequently we obtain the
adjoint equation in dG(r) form as

M M—1
0=Tn(qg. w)(®) + Y (Gl Pp)pxa+ Y (Zhdn Py )0
m=1 m=0

+ W, zp)1xe — (Py(T), 2, (T))g

M
= 3y(max{e, 0Yv. )1, <0

m=1

(26)
M—1
— Y 3y(max{g,, . 01, [zy]lm)e
m=0
M M—1
=Y Wi — Y 1 [Zolm)e
m=1 m=0

— (¥(0), 2,0 — a; (q. u)(®. 2).
Herein a,’f is the time integral of the partial derivative

a, (g, u)(®,z) = ([(1 — k)9 + k]Ce(Py), e(z))a + 2(p(1 — k) DyCe(u), e(zu))e
+Gee(VPy, Vzg)a + %(%, Zp)Q
+ (1 =) (PyCe(u) : e(u), zp)a + 2(p(1 —K)Ce(Py) : e(u), zy) -

Next we exploit the separability property of the cost functional J to expand the time
integrals (v, zfp) Ixq and a,’zl (g, u)(®, z) into m subintegrals. After that we distinguish
between the terms form = 0,..., M — 1 and m = M and combine them. Finally,
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we obtain the desired dG(r) form of the adjoint equation wherein 7, ,, denotes the
partial derivative of J,, with respect to u.

Proposition 5.1 The adjoint equation in dG(r) form (where we write tyy for T ) reads:
Find 7 € X}, x Y| such that every ® € X x Y[ satisfies

[ Tat @ (@) + G @)1y + (W 1y
= 3y (max{e', 0PV, Z) 1y xa — 1V, Zp) 1y x@
— (@ytan), 2t — @/ (g 1) (@, 2)

M—1

+ [T @ (@) + G @)y + (b D) + (V.21 x

m=1

- 3V(max{<ﬂ/7 0}21//9 2(,0)[me - 3y(max{¢;n_, 0}2%} [Z(p]m)Q
=1 )i = 1 (2 hn)e — @l (. w)(@, 2)]

27

+ 1210, @5 e = 3y (max(el, 01205 . [z,l0)e — 15 s [z,0)e

— (0, z¢(0>>g].

This leads immediately to the resulting time-stepping scheme.

Proposition 5.2 The adjoint time-stepping for (27) starts with solving the terminal
conditions at m = M for z(ty) and zfp (tm):

T (@ ) (®) + (Gl @) 1yxer — (Pyltn), 2, (b)) — ay (q, u)(®, 2) =0,
W, 2 iy xa — 3y (max{e’, 0V, 20) 1 xe — 1Y, 2p) 1y xa = 0.

Then the equations form = M — 1, ..., 1 need to be solved in a backward recursion:

Tum(@ W) (@) + (). @) p, w2 + (ZIms )0 — ay™ (g, u)(®,2) =0,
W 2, xe — 3y (max{e’, 01V, 2,)1, xa — 3y (max{g,, , 01, [z4ln)e
=1 2) 2 = 1y [2g]m)a = 0.

Finally, we have to solve the initial conditions at m = 0:

(IzyJo. @, g)a =0,
= 3y (max{g} ", 0Py . [zp]0)a — n(¥y » [20J0)a — (¥(0), 2, (0)q = 0.
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5.3 Tangent Equation

The second auxiliary equation is the tangent equation. In this equation we seek du =
(8u, 8¢") € X}, x Y] such that

L£0:(q.7,2)(3q. ®) + Li=(q. 7,2 (i, &) =0 YV € X[ x ¥{.

Here we will apply the same procedure as for the state equation. Recall that L£(g, i, )
contains the 1ntegral al(q, u)(z) with z entering linearly. Hence the partial derivative
required for £/ :(q, u,2)(u, ®) is simply a, "(q,u)(8u, ®), and the partial derivative
required for Egz (q, 1, 2)(8q, @) is derived from (6) as the integral a,;I (q,u)(6q, ®):

a,(q, u)(8q, ®) = (8q, Pu)ry,

1 (28)
a, (q,u)(8q, ®) = (8q, Pu)rxry-

Furthermore, J(¢q, u) does not depend on z or z , hence 7 and J;> vanish. In
contrast to the adjoint we formulate the tangent equatlon dlrectly including the dG(r)

jump terms:

M
=Y [~ @ wGg, ®) - a" (q.w) Gu, ®)]

m=1
M

M—1 M
366 W — Y Bl Ui+ Y G W1, xa — (0(0), ¥ ()
m=1 m=0 m=1

M M—1
+ ) 3y, (max{g’, 0)8¢"), ®y)p, o + Y, 3y (Imax{g’, 08¢/ ln. @, )0
m=1 m=0
M M—1
+ Y 06 P+ Y 1180 . @y )0 — (5¢/(0), Dy (0))e
m=1 m=0

— 3y (max{¢/(T), 0Y28¢'(T), ®,(T))q — n(8¢'(T), D, (T))g
+ 3y (max{g’ (0), 0}%8¢' (0), @, (0))q + 1(5¢’(0), D, (0))q.

As for the state equation we shift the summation index for the jump terms by one and
combine all sums into a single one.
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Proposition 5.3 The tangent equation in dG(r ) form reads:

M
0= Z [—0;1’” (q,u)(8q, ®) — a;’m (q, u)(Su, ®)
m=1

— (3¢, V) 1uxa — [8@ln—1. Ve

+ B¢, Vi, xa

+ 3y (3 (max{g’, 0)28¢"), @)1, x

+ 3y (Imax{g’, 08¢ In-1, @, ,,_De

+ 109, D)1, + (8¢ -1, D5 Der]

— (59(0), ¥ (0)@ — (5¢'(0), Dy, (0))e

— 3y (max{¢/(T), 0128¢/(T), @y (T))a — 1(8¢'(T), Dy (T))a
+ 3y (max{g'(0), 0789’ (0), @, (1)) + N(8¢' (0), Py (0))g.

Again we readily obtain the resulting time-stepping scheme.

Proposition 5.4 The tangent time-stepping starts with solving the initial conditions at
m=0:
(6¢(0), ¥(0))@ =0,

— (8¢/(0), Dy (0))q + 3y (max{¢'(0), 08¢/ (0), Py, (0))g (29)
+ 1(8¢(0), D, (0))o = 0.

Then the equations form = 1, ..., M — 1 need to be solved in a forward recursion:

— (89, V)1, x2 — [8@Im—1, ¥, Do + B¢, ¥)1,xe =0,
3y (3 (max{¢’, 0°8¢"), Dy) 1, xe + 3y (Imax{g’, 08¢ ln—1, @, e
+ 109", Py)p, xa + 08¢ Tn-1, P, e
—a™(q. w)(Su, ®) — a' (q, u)(3q, ®) = 0.

(30)

Finally, we need to solve the terminal conditions atm = M:

— (8@, V) ryxe — [($@lm—1, Vy_ e+ 8¢, ¥y xa =0,
3y (3 (max{g', 0128¢"), ®y) 1y, xq + 3y (Imax{g’, 0189 1, D, \y_ e
+ 189", Py xa + 08¢ -1, P, 4o (31)
—a}M(q. u)(Su, ®) — a/"(q, u)(3q. ®)
— 3y (max{g/(T), 08¢/ (T), @, (T))a — 1(8¢'(T), Py (T))g = 0.
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5.4 Adjoint Hessian Equation

The third and last auxiliary equation is the adjoint Hessian equation. In this equation
we seek 67 = (8z, SZ;) € X} x Y[ such that for all ® € X; x Y/ the following
equation holds:

Lh:(q,1,2)Sq, D)+ Lz (q, i, 2) S, D) + L(q, 1,26z, ) =0.  (32)

First we see that E’q’ a(q,u,2)(8q, ®) = 0 since ¢ and i are decoupled. The derivative
of a’ in £Y;(q.u,2)(8z, ®) is given by a;! (g, u)(®, 8z) due to the linearity of z in

a7
nl

al. However, ay, arises as a genuine second-order derivative in £7-(q, i, 2)(§it, D)
where

an,(q, u)(Su, ®,z) =
2(p(1 = 1)@y Ce(Su), e(zu)) +200¢(1 — k)P, Ce(u), e(zu))a
+2(p(1 — k)Ce(u), e(zu))2d¢ + 2(p(1 — k)Ce (D) : e(Su), zy))a
+ 2061 — K)Ce(Dy) : e(u), zp)a + 2(PyCe(du) : e(u), zp)q-

(33)
Now we obtain the adjoint Hessian equation

T (g, w)(Su, ®) — all (g, u)(u, ®,z) —a' (¢, u)(®, 8z) (34a)
+ 6y (3;(max{g’, 0}48¢"), zy) 1< (34b)
— 6y (max{g/(T), O}y (T)8¢"(T), z,(T))e (340)
+ 6y (max{g'(0), 0}¢(0)8¢'(0), z,(0)) @ (34d)
— (Dy. 82)) 1% + (. 82,) 1x — (Py(0), 82,,(0)) (34e)
+ 3y (3 (max{g’, 019), 82p) 1x2 + 1V, 82p) 1x0 — (¥(0), 82,(0)  (34f)
— 3y (max{e(T), Yy (1), 82, (T))a — n(¥(T), 82,(T))e (34g)
+ 3y (max{p(T), 0P Y (T), 82, (T))a + n(W(T), 82,(T))a = 0. (34h)

The following result guarantees that the least regular term (34b) is well-defined.
Proposition 5.5 The partial derivative 3;(max{¢’, 0}¢8¢’) is in L>(I, L*(2)).

Proof Similar to (2), an elementary calculation for ¢’ € Xy =H (1, V) gives

@'(t,x) ¢'(t,x) >0,
9 max{¢'(r, x), 0} = { max{¢'(t,x),0} ¢'(t,x) =0,
0, ¢'(t,x) <O.

The product rule together with the estimate |max{c, 0}| < |c| for ¢ € R then yields

18, (max{¢’, 018l 1xa < 16'¥8¢ llixa + 10'¥8¢ l1xa + 10/ V8¢ |1 xq-
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The factors ¢’, §¢’ are in L2(I , Vp); all other factors in the right-hand side norms are
in Xy — L%, V,) while V,, = H'(Q) < L(Q) for every ¢ > 2. Arguing as in
Proposition 2.1, this gives the finiteness of the first product norm (and similarly of the
two other ones):

16" v8¢"I7 2 = /1 16" ¥3¢ 17 2q dt < /I 16117 60y 1917 50 189117 6
< CUlV ooz, 1891701, /I 1913, dt = Call@' Iy v, -

m}

Remark 5.1 This proposition together with Proposition 2.2 shows why we chose a
fourth order penalization for the fracture irreversibility constraint: this provides just
sufficient regularity for the derivative 9, (max{¢’, 0}¥8¢’) to be in L>(I, L>(Q)). A
third order penalization would instead lead to nonexistent derivatives.

Next we will apply integration by parts to (34b), to the first term in (34e), and to
the first and second term in (34f):

y (8 (max{g’, 0}¥8¢"), zp)1xe = —y(max{g’, 08¢, 2,)Ixa
+ y(max{g/(T), O}y (T)8¢' (T). 2, (T))e
— y (max{g'(0), 0}/ (0)8¢'(0), 24 (0)) .
—(®y. 82p)1x = (Py. 82,) 1x0
— (@ (T). 82,(T))
+ (D,(0), 82,,(0)q.
y (3 (max{e’, 0129, 82y) 1xa = —y (max{¢’, 01V, 82y) 1 x
+ v (max{g/(T), OY ¥ (T), 824 (T))q
— y (max{g’(0), 01*¥(0), 62, (0))e,
Ny, 820) 1xa = =NV, 82p)Ixa
+ (Y (1), 82, (T))a
— (¥ (0), §24(0))g.

Consequently (34) becomes

T (q. 1) Su, ®) — ay (g, w)(u, ®,2) — a;/ (q. u)(®. 62)
— 6y (max{g’, 0489, Zp) 1xn
+ (B, 82 1x + (. 82)) 1xe — (@ (T), 82,(T)g
— 3y (max{g’, 01°¥, 82y) 10 — N(¥. 82p)1xa — (¥(0), 82,(0))q = 0.
Finally, we apply dG(r) to the terms involving 6z, and 82:/,. We do not need to apply

dG(r) to (max{¢’, 0}2¥8¢’, Zp)1xq since it is part of L7 -(q, i, 2)(8u, ®): this acts
as a right hand side as it does not involve the solution variable §z.
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Proposition 5.6 The adjoint Hessian equation in dG(r ) form reads:

M
3 [Tatn (@, w) B, @) = i (g, w) B, @,2) — @l (g, w)(®, 82)
m=1
- 6V(max{(ﬂ/» O}I/f&/’/, Z'(p)lmxﬁ + (I/f’ (SZ(/p)ImXQ + ((D(ps 52;;)Im><§2
— 3y (max(¢/, 012, 821, xa — 1¥, 8201, x|
M—1
+ D [@g 1821 = 3y max(e)y . 0Py (820 1n)a = 1y . 8261 |
m=0

—(@y(T), 82, (T)) — (¥(0), 824(0))q = 0.

The resulting time-stepping scheme is again immediate.

Proposition 5.7 The time-stepping for the adjoint Hessian equation starts with solving
the terminal conditions atm = M:

Tt (@, w)(Su, ®) —ayi (g, u)(Su, @, 2) —a,” (q, u)(®, 8z)
+ (D, 820 1y x02 — (P (T), 82,(T))q =0,

, ;. , (35)
— 6y (max{g’, 0}y d¢’, 2o yxq + (¥, SZ(/))IMXQ
— 3y (max{¢, 0F* ¥, 82p) 1, x5 — N, 829) 1y x2 = 0.
Then the equations form = M — 1, ..., 1 need to be solved in a backward recursion:

T (@, w)(Su, ®) — ajir (q, u)(Su, ®,z) — ay” (g, u)(®, 82)
+ (g, 8,821, %0 + (cb;,m, [82,1m)e =0,
— 6y (max{g’, 0} 8¢", 2) 1, x + (¥, 82,) 1, x2 (36)
— 3y (max{g’, 0F¥, 82)1,,x2 — n(¥, 82p)1,x
— 3y (max{g), , 0P, [82¢]m)a — (¥, [82¢1m)a = 0.

Finally we have to solve the initial conditions at m = 0:

(@, [62,]0)2 =0,
@, ¢ o ) 37)
—3ymax{g, , 0}V, , [dz4lo)e — n(¥y , [8z4l0)e — (¥(0), 624,(0))e = 0.

Remark 5.2 1In this work we have considered a continuous-time cost functional for the
phase-field ¢. A discrete-time cost functional

M w
> - lletn) = eallg

m=0
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with weights w,, > 0 can easily be added (or be used instead). In the four equations
to be solved and in the associated time-stepping schemes this will produce objective
terms similar to the current ones form = 1, ..., M plus additional terms at #y = 0. The
Tikhonov regularization might also be formulated in discrete time, with contributions
lg(tm) — qa(tm) ||%. However, then we would have to replace W with C (I, Q) or a
subspace thereof so that the point evaluations of ¢ and g, are well-defined.

6 Conclusions

In this paper, we established rigorous space-time formulations for the state, adjoint, tan-
gent, and adjoint Hessian equations of phase-field fracture optimal control problems.
Due to the crack irreversibility constraint a higher-order penalization was adopted that
allowed us to prove Fréchet differentiability. On the other hand, this higher-order term
yielded a second-order time derivative of the phase-field variable. To this end, a mixed
first-order-in-time system was formulated. Based on this system the Lagrangian and
auxiliary equations were established. By using a discontinuous Galerkin discretiza-
tion in time, the time integrals decouple and we derived the resulting time-stepping
schemes. Possible extensions of the current work include the implementation as this
mixed phase-field system has not been addressed in the numerical realization so
far. Along with the implementation, comparisons of gradient methods, quasi-Newton
approaches (BFGS), and the proposed full Newton method could be undertaken. How-
ever, the main computational challenges are the linear and nonlinear solvers of the
forward problem as they become severely expensive due to numerous forward and
backward runs within the optimization loop. This holds true for two-dimensional con-
figurations, as shown in our prior work [17], as well as three-dimensional extensions.
Conceptionally, numerically and implementation-wise three-dimensional configura-
tions can be addressed by our model, while some mathematical statements must be
carefully revisited, and the major challenge is the numerical cost. Another interest-
ing extension benefits from the space-time formulation as the temporal part could be
solved with higher-order in time Galerkin finite elements as for instance dG(1) meth-
ods in which linear elements per time interval are employed. A final modification can
be the replacement of the penalty method by an augmented Lagrangian or primal-dual
active set method, wherein the mathematical theory will be more involved. Numer-
ically, we have implemented in other works (see references in the monograph [31,
Chapter 5]) such alternative penalizations of the crack irreversibility constraint. The
broader impact of the current work is reflected by the fact that in phase-field fracture
numerous papers on forward modeling have been published to date, but due to math-
ematical and numerical challenges only a few have been published on optimization
(which are cited in our introduction). Consequently, the present work provides one
possibility of formulating phase-field fracture optimization problems.
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