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ABSTRACT

Viscoelasticity is the response of materials like rubber, clay, and various polymers or metals
exhibiting both elastic and viscous behavior with respect to the action of external forces. The
interplay between the solid-like behavior of elasticity and the fluid-like one of viscosity allows
to model several phenomena in continuum mechanics and has originated rich and interesting
mathematical theories.

This dissertation aims at investigating recent developments in variational nonlinear models
for the evolution of viscoelastic materials at finite-strain and focuses on two main aspects. On
the one hand, we study the Poynting-Thomson model at large strains: We show the existence of
solutions in a suitable weak sense without resorting to regularizing second-order terms whose
physical interpretation is disputed. In addition, we perform rigorous linearization and prove
that the classical small-strain model is recovered. On the other hand, we consider the interplay
of viscoelastic effects with accretive growth, as occurs in crystallization, swelling of polymer
gels, and solidification processes. We show the existence of solutions to the associated coupled
problem for different models: We focus on diffused- and sharp-interface two-phase materials
and on solids accumulating residual stresses during growth.
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I INTRODUCTION

1.1 Motivation: Continuum mechanics and viscoelasticity

To provide a comprehensive description of material behavior is the aim of continuum mechan-
ics, which lies at the intersection between physics and mathematics [S1]. Over the past decades,
the field has undergone significant development, driven by both theoretical advances and practi-
cal applications. New mathematical techniques and tools have been developed stemming from
the rich collection of phenomena like elasticity, viscosity, plasticity, and cracks and damage
formation. In particular, this dissertation focuses on viscoelastic media. These materials ex-
hibit both elastic and viscous properties when undergoing deformations. Namely, elasticity is
the characteristic of solids like springs or rubber to return to their original configuration in the
small-deformation regime after an applied force is no longer active [[17]]. Conversely, viscosity
is a liquid-like property that expresses the rate-dependent resistance to flow, dissipating me-
chanical energy along the motion. It can be distinctively observed in thick fluids like honey or
syrup. Most materials, however, like polymers, metals, and clay [92]], do not display a specific
behavior but present a complex and multifaceted combination of the before-mentioned charac-
teristics. They are hence said to be viscoelastic. For such materials, when an external loading
is applied and then removed, the body dissipates energy as it goes back to its original shape
[84]]. There is thus a delay between the moment the force is deactivated - or, correspondingly,
activated - and the response of the medium; the state of the system, hence, depends also on its
history. Moreover, the dissipated energy may be rate-dependent, i.e., may depend on how fast
the loading and unloading are enacted [92].

As a result, the mathematical description of viscoelasticity offers a wide variety of problems
and poses several interesting analytical challenges. In this thesis, we focus on two specific
aspects of this broad theory:

1. A finite-strain Poynting-Thomson model, expanding the linear theory of viscoelastic rhe-
ologies. In Chapter [2 we focus on the existence of suitably weak solutions without
resorting to second-gradient regularizing terms, and we show a rigorous linearization
result.

2. The interplay between growth and viscoelastic response of the medium in the nonlinear
setting. Chapter [3] and [] are devoted to two models for accretive phase-transition and
accretive growth, respectively.

We introduce the equations and basic notions of linear elasticity in Section [I.1.1] building up
for the finite-strain setting of the following chapters in Section [I.I.2] We then provide some
background on different notions of solutions for viscoelastic systems in Section Finally,
in Section [1.2} we summarize the thesis’s main results.

LLI Linear viscoelasticity

We begin by discussing viscoelasticity in the linear setting. Let {2 be a nonempty, bounded,
and connected open subset of R? denoting the reference configuration of the material. In the
simplest possible framework, we can consider two idealized mathematical elements represent-
ing elastic and viscoelastic response, respectively [51, Chap. 6], see Figure [I.I] The first is
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(a) Purely elastic element (b) Purely viscous element

Figure 1.1: Schematic representation of the two basic linear rheological models, depicting elas-
ticity and viscosity, respectively.

usually illustrated with a spring (Figure [I.Ta) and is called Hooke element. We denote by
w: 0 — R? the elastic displacement map, where the actual configuration of the medium is

given by (id + w)(€2). The small-strain or linearized strain tensor e:  — R%*? is given by

e =Vw= (Vw + VwT).

N | —

The constitutive equation for a linear (purely) elastic material, which relates the strain with the
stress tensor o : {2 — Rg;rg, reads

o = Ce. (1.1.1)

Here, C: 0 — RIxdxdxd ig the 4-tensor specifying the elastic moduli of the medium. In the
following, we assume C to be elliptic, namely Zf ikd=1 &iiCijrelre > CZZ =1 ffj for every
¢ € R™4 for some constant ¢ > 0. Equation (T.T.1)) is known as Hooke’s law, where the stress
is proportional to the strain. Ignoring any frictional effects, the equilibrium equations of the
system under the action of an external forces with density f:  — R are [17, Chap. 3]

—diva@—divCez—divCVSw:f on €.

They express the local balance between the external forces and the elastic response of the
medium. Notice that for f = 0 the unique solution for homogeneous Dirichlet boundary con-
ditions is w = 0, and hence the material is in its original configuration, as expected. Moreover,
if the loading term is bounded, i.e., || f||z=(q) < ¢, then also w and, in turn, the actual configu-
ration (id 4+ w)(£2) are.

The purely viscous element, on the other hand, is usually represented by a dashpot (Figure
and is often labeled Stokes element. If v: 2 — R? is the viscous displacement map and
its linearized stress tensor is € ;= V?v, analogously as above the constitutive equation reads

o = De, (1.1.2)

where ¢ denotes the time derivative of the strain tensor, and D € R@*@xdxd g the viscous moduli
tensor. Here, the stress is proportional to the strain rate. The equilibrium equations, neglecting
inertia, then read [51]]

—dive ™ —divDe = —divDVo=f  on[0,7] x ,

where 7' > 0 is some fixed final time. In this case, if f is bounded, then so is ¥, ||0|| Lo (0, 77x0) <
c. Hence, the best bound that can be expected on v itself is of the form ||v(t)|| () < (1 +1).
In contrast to the purely elastic case, the configuration may escape any fixed compact set for

t large enough. This behavior is a characteristic of fluid-like materials, which can present
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(a) Kelvin-Voigt solid rheology (b) Maxwell fluidic rheology

Figure 1.2: Schematic representation of combination in parallel and in series of elastic and
viscous rheological elements.

arbitrarily large deformations under the action of bounded loadings, e.g., honey flowing under
the effect of gravity.

As stated above, the purely elastic and viscous elements are too elementary to describe most
materials already in the small-strain setting. However, they are the abstract building blocks used
in the theory of rheological models to depict more complex media. The simplest representations
for viscoelastic materials are the Kelvin-Voigt and Maxwell rheologies [S1] illustrated in Figure
[I.2] The latter is made of an elastic and a viscous element combined in series. Mathematically,
this means that the total displacement u: 2 — R is the sum of the elastic and the viscous one,
u = w + v. The strain € is thus also given by the additive decomposition ¢ = V*w + V0.
On the other hand, the total strain ¢ is the same on the two elements, i.e., ¢ = 0, = 0,;. The
Maxwell model is, analogously to the Stokes one, of fluid type.

In this dissertation, we focus on viscoelastic solids instead and concentrate on the Kelvin-
Voigt rheology, which is made of an elastic and a viscous element combined in parallel. Here,
the total displacement u coincides with the elastic and the viscous one, and thus the total strain
i1s € = V*w = V*0. Instead, the total stress o is additively decomposed as

0 =0q+ 0yi = Ce + DDé (1.1.3)
and the equilibrium equations are given by
—dive ™2 _ div(Ce + Dé) = — div(CV% +DV:a) = £ on[0,T] x Q. (1.1.4)

In the present thesis, we aim at studying evolution problems of this form in the finite-strain
setting, which we will describe in Section [I.1.2] through the lens of the calculus of variations.
In particular, we will interpret (I.1.4) as the dissipative evolution equation associated with
suitable energy and dissipation. Let us introduce this framework first for the linear case. Let u
be a solution to (I.1.4). Multiplying by 4 and integrating over [0, ¢] x €2, ¢t € (0,77, we
get the energy balance

1/CV5()VS()dx—%/CV5()V5 dx+//]D>Vs (5):V*(s) dzds

/fu dx—/fu

by the divergence theorem and the chain rule. Defining the total complementary energy £°: H'(Q; R?) —

R and the instantaneous dissipation R?: H'(2;R?) — R of the system as

1 1
—/(CVSU:VSu—f-udx, RO(1) == -/Dvsuzvsudx, (1.1.5)
Q Q

E%u) = 5 5
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respectively, we can rewrite the energy balance as
)+ 2/ RO(1(s))ds = E°(u(0)) foreveryt € (0,7). (1.1.6)

Namely, the energy of the solution at time ¢ equals the initial energy minus the energy dissi-
pated along the evolution [68]]. Hence, can be seen as the dissipative evolution equation
associated with £2 and R". In Section we will recall the basic notions of gradient flows
and clarify this statement, as well as specify the weak notions of solutions we consider.

Before discussing the nonlinear description of viscoelasticity, we remark that also the Kelvin-
Voigt rheology is still not sophisticated enough for the applications. This leads to the introduc-
tion of the so-called Standard solid models for the Poynting-Thomson-Zener materials [31, Sec.
6.5], see Figure We anticipate that we will study a finite-strain version of such models in
Chapter[2]

r.1.2 Finite strain viscoelasticity

The linear picture presented in the previous section is usually a good approximation for de-
formations y: 0 — R?*? with strains Vy being close to the identity. In such regimes, the
displacement u = y — id is used to characterize the system. However, this description fails
for large deformations, and new finite-strain theories are needed to accurately depict material
behavior, in contrast to the small- or infinitesimal-strain ones introduced above.

Let us start the discussion on finite-strain viscoelasticity by presenting the equilibrium equa-
tions for a nonlinear Kelvin-Voigt rheology [4} 5, 58|, [75]. In analogy to the linear case (1.1.4))
and neglecting inertial effects, we consider the system

—div(DW(Vy) + 0y, R(Vy,Vy)) = f on0,1] x €. (1.1.7)

Here, W : R%4 — [0, 00] is the elastic energy density, whereas R: R4 x R4 — [0, 00)
is the instantaneous viscous dissipation potential density. The term DW(Vy) is the elastic
part of the Piola-Kirchhoff stress tensor. Notice that equations reduce to the linear
case @ if the energy and dissipation densities are quadratic, namely W(F) = {CF:F
and R(F,F) = 1DF F, so that their derivatives are linear in F' and F’, respectively. This is
however not acceptable from the mechanical standpoint.

In general, proving the existence of solutions to is challenging since nonlinearities do
not behave well under weak convergence. Indeed, variational existence theories hinge on the
construction of suitable minimizing sequences, for which only weak compactness is available,
to certain time-discretized functionals (see Section [I.1.3|for more details). It is thus customary
to consider the case of nonsimple materials [4, 32, [72], where the energy is assumed to depend
also on the deformation’s second gradient V?y. The system of equations then takes the
form

—div (DW(Vy) — div(DH(V?y)) + Ov3R(Vy,Vy)) = f  on[0,T] x Q. (1.1.8)

Here, the density H: R¥¥*? — [0, c0) introduces a second-order term and provides more
compactness to the model. The prototype for this term is H(G) = |G|P, where p > d. We
remark that the introduction of such regularization is debatable due to their uncertain physical
interpretation, despite being necessary for showing the existence of suitably strong solutions
and being widely used in the mathematical literature [4, 32, 51} [75]. In Chapter @ and Ef],
we will resort to the standard theory of nonsimple materials to study the accretive growth of
viscoelastic materials. In Chapter[2] conversely, we investigate the existence of a weaker notion
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of solutions to a finite-strain Poynting-Thomson model without resorting to second gradients,
analyzing a possible strategy to avoid them in the analysis.

The finite-strain theory for nonsimple materials reduces to the linear one of Section [I.1.]
for small deformations [4, 21,133, 54]]. Indeed, in regimes where the deformation y is close to
being the identity, we can write define the displacement u. = (y — id)/e for € > 0, so that
y = id + eu.. Assuming sufficient regularity of the energy densities and L>° bounds on y and
its gradient and Hessian, we can write the energy by Taylor expansion as

2
E(id + eue) :/ W(I)+eDW(I):Vu+ %D2W([)VUZVU dz
Q

2
+ / H(0) +eDH(0):V?u + %DQH(O)VQuEVZU dz + o(g?),
Q
Let us assume min W = W (I) = 0, so that DW(I) = 0, meaning that the reference con-
figuration satisfies elastic equilibrium, and that H = | - |’, p > min{d, 2}, so that H(0) = 0,
DH = 0,and D?H = 0. Dividing by £? and sending ¢ — 0, we formally recover (I.1.3)), where
C := D?*W(I). The calculations for the dissipation potential are analogous. For the rigorous
linearization procedure of a thermoviscoelastic Kelvin-Voigt rheology, we refer to [4,15,33]]. In
Section[2.4.4] we show an analogous result for the Poynting-Thomson rheological model.

det Vy(z) <0 ‘ % f' ‘

det Vy(z) =0 y(.x) 4 &5 ‘ det Vy(z) < 1

Figure 1.3: Local volumetric behavior of a neighborhood of y(z) depending on the values of
det Vy(z): expansion for det Vy(z) > 1, compression for det Vy(z) < 1, vanish-
ing to a point for det Vy(z) = 0, and orientation inversion for det Vy(x) < 0.

det Vy(z) > 1

Let us now record some physical requirements of the mathematical model. First, rigid mo-
tions should not change the system’s energy level, i.e., the description should be invariant under
rotations and translations of the body or, equivalently, of the observer’s frame of reference. No-
tice that translational invariance is automatically satisfied since W, H, and R are functions of
the deformation gradient Vy and the Hessian V?y. Rotational indifference, on the other hand,
reads as . .

W(QF)=W(F), H(QG)=H(G), R(QF,QF)=R(FF),

for every F, ' € R% and every rotation Q € SO(d). These conditions are called frame
indifference and are usually assumed to hold for physical relevance. It has been observed [3]
that the frame-indifference of the dissipation R implies that it must be a function of the right
Cauchy stress tensor Vy ' Vy and its time derivative V' Vy + Vy T Vy, namely

R(F,F)=R(C,C) forevery F, F € R™?
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for some R: R4 x R4 —5 [0, 00), where C = FTFand C' = FTF + FTF.

Moreover, the deformation y should avoid self-interpenetration and should not map sets of
positive measures into null sets. This physical constraint can be locally expressed by requiring
the determinant of the deformation gradient to be positive almost everywhere, det Vy > 0.
Indeed, det Vy measures (local) volumetric change: det Vy = 1 encodes incompressibility,
det Vy > 1 corresponds to the expansion of the medium, 0 < det Vy < 1 to compression (to
a set of measure zero for det Vy = 0), whereas det Vy < 0 means that the orientation of the
body has been reversed (see Figure[I.3). The positivity of the determinant is usually enforced
in the analytical model by assuming the following growth condition from below on the energy

W(F) > m lf detF>O (119)
~ 400 else,

up to multiplicative and additive constants. Here, ¢ > 1 is a suitable exponent depending
on the dimension and the growth conditions on H (see (3.2.5)) below for the precise formula-
tion). For nonsimple materials, this condition guarantees that weak solutions to have
positive determinants almost everywhere and for almost every time [49]. Notice that the con-
straint det Vy > 0 amounts to a local requirement. In [48], conditions for global non-self-
interpenetration are studied instead. In general, injectivity of the deformation in {2 can be
enforced through the so-called Ciarlet-Necas condition [18]]

Q) —/detVydx— ().
Q

Self-touching of y(05?) can still occur, resulting in a reaction traction term on the corresponding
portion of the boundary [13} 14} 48] 83]].

Another noteworthy consequence of the growth condition is that the energy density
W cannot be convex since the space of invertible matrices with positive determinant GL, (d) is
not. Indeed, let us assume for the sake of contradiction that W satisfies (I.1.9) and is convex,
and fix d = 2. The identity matrix / and —/ have determinant one, but

1 1 1 1
+oo=W(0)=W (§I+ 5(—])) < -W(I)+ 5 (—1).
Hence, finite-strain theories for (visco)elasticity are bound to consider nonconvex energy den-
sities, which pose several challenges to the analysis: As we will clarify in Section(1.1.3] varia-
tional existence theories hinge on the possibility of passing to the limit in the equations where
suitable sequences (y,, ), converge weakly in some suitable Sobolev space. Weak convergence,
however, is little informative when composed with nonlinear functions. Notice that the presence
of the second-order term H allows to avoid this issue since weak convergence in W2?({); RY)
implies strong convergence of the gradients by Sobolev embedding, for p > d. When consid-
ering simple materials, on the other hand, there is a rich theory of weaker notions of convexity

that can be considered, like quasiconvexity and polyconvexity [20], which still allow passing to
lower limits [69]. We will follow this path in Chapter 2] cf.

L.L3 Variational notion of solutions for viscoelasticity

In general, due to the nonlinear and nonconvex nature of finite-strain viscoelasticity, the exis-
tence of strong solutions to (I.1.8), i.e., solving the system almost everywhere, cannot be as-
certained. This leads to the introduction of weaker notions of solutions, which we will present
in this section.
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First, we consider weak or distributional solutions. Let us pair the system (1.1.8)) with bound-
ary and initial conditions. For the sake of simplicity, we consider Dirichlet boundary conditions
on y and the natural homogeneous condition on the hyperstress DH (V?y), i.e.,

y=1id on[0,T] x 09,
DH(V?*y):(v®@v)=0 onl0,T] x 0%,
y(0,-) = wo() on$, (1.1.10)

where v is the outer unit normal to 0€2. By (scalar) multiplying (I.1.8) by a smooth test function
z € Cg°(; RY), integrating over [0, 7] x €2, and the divergence theorem, we find

T
/ / DW (Vy):Vz + DH(V?y):V?z + Ov;R(Vy,V§):Vz — fzdz =0 (1.1.11)
o Jo

for every 2z € C5°(2; R?). The identity (T.T.T1) defines the usual notion of solution considered
in finite-strain theories [4}, (5, (13} (14 [33} 75]].

Analogously and in the linear setting of Section [I.I.1] the system of equations (I.1.8) can
also be formally interpreted as the dissipative evolution equation

6E(y) + 0y R(y,y) = 0. (1.1.12)

Here, the elastic energy £: W?P(Q; R?) — [0, 0o] and the instantaneous viscous dissipation
R: HY(Q;RY) x HY(;RY) — [0, 00) are defined as

E(y) = / W(Vy) + H(V?) — fyde,  Riyj) = / R(Vy, V) d,

respectively, and ¢ denotes a variational derivative, to be suitably defined. At least on the formal
level, by multiplying by ¢ and by applying the chain rule, (I.1.12)) can be stated as

de (y) = —0;R(y, 9):Vy.

dt

If R = R(F,F) is convex in F, then §,R(F,F):F > 0 for every F, F' € R%, so that
the right-hand side is nonpositive and the energy decreases along the viscoelastic evolution.
This interpretation provides a natural strategy, the minimizing movement scheme, to show the
existence of weak solutions to through the implicit Euler scheme. The time interval
[0, T is uniformly discretized, {0 =ty < --- < t; =it < ...N,7 =T}, where 1 = T/N, >
0 is the mesh size of the discretization, for some N, € N\ {0}. The sequence (y%)Y7, C
W2P(Q; RY) is iteratively defined as solutions to the incremental minimization problems

|
yi € arg min {E(y) TR (yil, u) } . i=1,...,N,, (1.1.13)
T

yeA

where A is the set of admissible deformation, encoding the boundary conditions and other
constraints like the positivity of the determinant of the deformation gradient. Weak solutions
to (I.1.8)) are then obtained by passing to the limit as the mesh size 7 goes to zero. Indeed, by
minimality 3 satisfies the discrete Euler-Lagrange equations

v 01
/ DW (Vyi):Vz + DH(V*)iV2: — f-zda + r/ Ovy R <y31, %) Vzda =0
Q Q

T



1 Introduction

for every admissible z € C§°(Q;R?). This, integrated over [0, 7], formally correspond to
(T.I.TT) at the time-discretized level. We will perform the above-sketched argument in detail
for the problems we study in Chapters [3] and [] in Sections [3.4] and [{.4] respectively. This
passage to the limit procedure hinges on suitable compactness estimates on y and its time
derivative g in time and space. These are obtained through the following energetic estimates:
By minimality, at every time step ¢;,7 = 1, ..., N,, the energy level of ° is lower than the one

of 41, namely.
yi— gl '
5(y7)+772( S ) <& )

where we assumed that R(-,0) = 0, i.e., no dissipation when there is no time evolution. Sum-
ming over i = 1,...,n < N, and telescoping, one finds

i—1
Elyr +¢ZR< i1 %) < E(yo). (1.1.14)

Assuming suitable bounds from below on the energy and dissipation densities, the uniform
estimates on ()7, and its time-interpolants then follow.

Up to now, we have considered weak solutions. The interpretation of (1.1.8)) as the dissipative
evolution equation and the energy inequality (I.1.14)), however, hint to another possible
notion of solution based on the theory of gradient flows [2]. For the sake of simplicity, let us
assume in the following that R(F, F) = 1D(C)C:C forevery F, F' € R%*?, where D: R —
[0, 00), and we recall that C = F" F and C = FTF + FTF. Assuming as in [70] the existence
of a global distance D: R¥*? x R4 — [0, 00) such that R(F, F) = lim, g 5(D(F, F +

7F))?, the incremental minimization problem (I.1.13)) can be rewritten as

. 1 o
* € argmin? E(y) + —d* (v-, il}, i1=1,...,N,,
y g { (W) + 5= (v 0:")

where the distance d: H'(2;R?) x H'(Q;RY) — [0, 00) is defined as

d?*(u,v) = /Q(D(Vu, Vv))?da.

The viscoelastic evolution can be thus interpreted as the gradient flow of the energy £ with
respect to the dissipation distance d.

Assuming the time derivative y of a solution to (I.I1.11)) to be an admissible test function, the
choice of z = g in (I.1.T1)) entails the validity of the energy-dissipation balance

+2/ Ry ))ds = E(yo) foreveryt € (0,7 (1.1.15)

in analogy to the linear case, cf. ([.1.6). For smooth energy and dissipation densities, the
converse is also true. Thus, the energy equality (I.I.15) and (I.1.T1) are equivalent. The
equivalence holds also for nonsmooth energies provided that they satisfy the chain rule [70]

(;itc‘f( (1)) = (E(t),y(t)) forevery =(t) € OE(y(t)) and almost every t € (0,7). (1.1.16)

Here, O€ denotes the subdifferential of £, a generalization of the concept of derivative for non-
smooth functionals [20, Sec. 2.3.6]. Thanks to this equivalence, also called energy-dissipation
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principle (EDP) [68], the energy-dissipation balance can be used to define the no-
tion of Energy-dissipation balance (EDB) solutions to (I.1.8) [70]. The advantage of EDB
solutions is that, in contrast to (I.1.11)), (1.1.15)) makes sense even for nonsmooth energy and
dissipation densities. Moreover, notice that the discrete energy inequality (I.1.14) considered
above represents the discrete counterpart of (I.1.15)), up to a multiplicative factor 2 in front of
the dissipation R. Indeed, the energy-dissipation balance represents an improvement
of the simpler energy inequality £(y(t)) + f(f R(y(s),y(s))ds = E(yo), and can be obtained
similarly to (T.T.14) with a more accurate choice of a test function -, see [2, Sec. 3.2]. We
perform the proof of the energy-dissipation inequality, see below, following this strategy for the
Poynting-Thomson rheological model in Section[2.6.2] In Section [3.3] conversely, we show it
for a viscoelastic accretive model making use of the generalized chain rule.

In numerous situations, however, e.g., for simple materials, the balance (I.I1.13) is often
beyond the reach of the current mathematical theories. Without the additional compactness
granted by the regularizing second-order terms, it is in general only possible to pass to the
lim inf in the energy and dissipation under weak convergence [69]. This leads to considering a
weaker notion of solution with respect to EDB ones, namely satisfying the energy-dissipation
inequality (EDI)

to
E(y(ta)) + 2/ R(y(s),y(s))ds < E(y(t1)) foralmostevery 0 <ty <to <T. (1.1.17)
t

1

The deformations y for which (1.1.17)) holds are called EDI solutions, and they coincide with
EDB solutions and weak solutions when the chain rule (I.1.16]) holds [72]. We show the exis-
tence of EDI-type solutions for a simple material Poynting-Thomson model in Chapter [2|

Chapter Chapter Chapter

>

Weak solutions EDB solutions EDI solutions

1111 Chain Rule (T.T:T6) " Chain Rule (T.T:T6) 1117

Figure 1.4: Schematic representation of the relations between the different notions of solutions
used in the different chapters.

1.2 Outline and main results

In this section, we summarize the main results and outline the structure of the thesis. We refer to
the corresponding introductory sections of each chapter for a detailed discussion of the setting
and the state of the art.

In Chapter 2], we show the existence of EDI-type solutions to a Poynting-Thomson rheolog-
ical model for finite-strain simple materials. We additionally perform linearization and recover
the small-strain counterpart of the nonlinear description. This chapter consists of my paper [13]
with MARTIN KRUZIK and ULISSE STEFANELLI that appeared in the journal Mathematics and
Mechanics of Solids.

Chapter [3|is devoted to showing the existence of weak/viscosity solutions to a bi-phase vis-
coelastic medium, in which one phase grows by accretion at the expense of the other. We
consider both a sharp and a diffuse interface model and show that the solutions satisfy the
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energy-dissipation balance. This chapter consists of my paper [[16] with ULISSE STEFANELLI,
which appeared in the journal Zeitschrift fiir angewandte Mathematik und Physik.

In chapter 4 we focus on an accretive growth model for viscoelastic solids, where the mate-
rial is unstressed at the time and place of deposition. We prove the existence of weak/viscosity
solutions to the system, assuming the presence of a highly compliant Ersatzmaterial surround-
ing the growing body. This chapter is based on a paper with ULISSE STEFANELLI, which is
currently in preparation.

r.2.1 Chapter 2} Finite-strain Poynting-Thomson model

In [15]], we consider a finite-strain Poynting-Thomson model for viscoelastic solids. As re-
marked in Section[I.1.T] the Kelvin-Voigt rheology is not sophisticated enough to model many
physical situations correctly. In particular, under so-called hard-device loading, i.e., when the
deformation is prescribed independently of what force is required to realize it, such model fea-
tures unbounded and hence unphysical stress response when there is a jump in the strain, see
[48, Chap. 6.4 and Fig. 6.9]. Consequently, more complex rheological models are considered,
namely the Poynting-Thomson and Zener ones. These are made of an elastic element combined
in series with a Kelvin-Voigt one or in parallel with a Maxwell one, respectively, see Figure
Since the two models are equivalent in the linear setting [S1, Chap. 6.5], we focus on the
Poynting-Thomson one.

o~
s 2 — u
p— =\ —————— ; V
1952 E=Vou v
sz ! ;5
|

Ve(u —v)
—
o
Cvi Cel
(a) Poynting-Thomson standard solid rheology (b) Zener standard solid rheology

Figure 1.5: Schematic representation of the linear Poynting-Thomson and Zener rheological
models

Let u: € — R? be the total displacement. As described above for the combination in series,
the total strain e = V*u is additively decomposed as

e =Vu+ V(u—o), (1.2.1)

where v: 2 — R?is the displacement of the Kelvin-Voigt element, whereas (u—v) = w: Q —
R? is the elastic displacement of the Hooke one. The total stress o, on the other hand, coincides
with the ones of the two components so that

o =CqV:(u—v)=DV0+ C,;V?y,
and the equilibrium equation — div o = f can be equivalently written as
—div(CyVi(u—v)) = f, or —div(DV®0 + C;Vv) = f. (1.2.2)

In the finite-strain setting, it is natural [S3, [101]] to consider a multiplicative decomposition
for the total strain instead of the additive one: Letting 3: Q — RY be the total deformation,
consider Vy to be of the form

Vy = FuFy, (1.2.3)

10
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where Fy and F3; are the elastic and viscous (actually viscoelastic) strain tensors, respectively.
Such decomposition is standard in finite-strain elastoplasticity [50, 55, 96], where it is called
Kroner-Lee decomposition. In [15], we additionally assume that the viscous strain is compat-
ible, namely, that there exists y,;: 2 — R? such that F\,; = V.. In particular, from (T.2.3)
follows that also the elastic strain is compatible, F,; = V. for some 9o : 4vi(2) — R¢. Thus,
(1.2.3)) corresponds to the composition of maps

Y= e 0 Yyi: Q25 1 (Q) 25 RY, (1.2.4)

which offers a nonlinear analog to the additive decomposition (I.2.1]). Here, y,;({2) represents a
(mathematical) intermediate configuration between the reference 2 and actual one y(€2). In this
Section, and correspondingly in Chapter 2], we denote by X € (2 the Lagrangian variable in the
reference configuration €2 and by £ € y,;(2) the Eulerian one in the intermediate configuration
yvi(Q)'

The composition structure (1.2.4)) of the total deformation y indeed leads to considering a
mixed Lagrangian-Eulerian problem where the stored elastic energy and the work of external
forces are

£(t7 Yel, yVi) = /

Yvi

| WalTu©) e+ / Wi (X)) — F(E X) tra(in( X)) dX,

for some suitable energy densities W, and W, cf. [EDH(E2)| and [LDH(L6)l As remarked in
Section for simple materials, we assume W, and W;; to be polyconvex, see [((E2)l Due
to the Eulerian nature of the first term, we will assume local incompressibility of the viscous
deformation, det Vy,; = 1. Indeed, we will often resort to the change of variable formula
fyvi @ Wel(Vya) d = Jo Wa(Vy(Viyi) ™) det Vi dX to transform integrals over the inter-
mediate configuration y,;(€2) into integrals over the fixed reference one 2. The incompressibil-
ity of yy; simplifies the above expression and allows us to show the existence of solutions in the
weak setting we consider.
The (instantaneous) dissipation instead is defined as

Uy, r) = /Q OV (Vi) ™) X,

where ) is a suitable density, cf. (E4)H(E6)|and (L8)H(LI0)l Most notably, ¢ is p,,-homogeneous
for some p,, > 2,1i.e., Y(AF) = \Pe1)(F) for every F' € R4 \ > 0, see@ This is a cru-

cial assumption to show the (sharp)-energy inequality (1.2.3). Moreover, let us remark that

the dissipation we consider does not satisfy frame-indifference as it would be desirable [3]] as

observed in [[.1.2] However, we believe this to be not necessarily problematic, as the viscous

deformation takes values in the intermediate, purely mathematical, configuration y.;(2), where

this physical constraint can be neglected.

The formal equilibrium equations for the finite-strain Poynting-Thomson model we are con-
sidering take the form (2.2.6) below, corresponding to the linear equations (1.2.2), up to the
incompressibility. See (2.2.2) and the associated discussion for more details. Notice that we
contemplate the case of simple materials without considering second gradient regularization
terms, cf. Hence, as already observed in Section[I.1.3] we resort to EDI-type solutions.
We define approximable solutions in Definition as trajectories (yel, yvi): t € [0,T] —
Wheel (i (¢, Q); RY) x Whevi(Q; R?), for some pey, pyi > d, with given initial datum (yer0, Yvio)

11
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satisfying, for every ¢t € [0, T, the energy-dissipation inequality, cf. (I.1.17)),
t
&t o (0) 1))+ 9 [ Wlalo).Ga(5))
0

t
S g(oayel,Oa yvi,O) - / / agf(S)y(S) ddea (125)
0 JQ

as well as the (elastic) semistability
E(t, yar(t), yvi(t)) < E(t, Ye, yvi(t))  for every ye such that (e, yyi(, -)) is admissible,

and approximability, i.e., the trajectories (e, 4vi) can be obtained as limits of the piecewise-
in-time interpolants of the solutions to the incremental minimization problems below,
cf. (I.1.13). Semistability specifies that the elastic deformation minimizes the elastic energy at
all times. The approximability condition allows to better characterizes the solutions. Indeed,
the energy inequality and semistability alone do not exclude the unphysical constant-in-time
solutions (Ye1(), Yvi(t)) = (Yer0, Yvio) When for example the external force does not depend on
time. Instead, approximability ensures that viscous dissipation occurs even when no external
loading is applied, see Section [2.4.2] and Figure 2.2] Furthermore, notice that the energy-
dissipation inequality (1.2.5) is sharp, since the dissipation is multiplied by the correct prefactor
py» Which is related to the p,,-homogeneity of the dissipation density ¢): When 1) is quadratic as
in Section[I.1.3] then py, = 2 and (I.2.5) reduces to (I.1.17), up to the work of time-dependent
external forces. The proof of heavily relies on the metric interpretation of gradient flows
[2] in order to properly characterize the dissipated energy and obtain the energy inequality in
its sharp version, see Section[2.6|and in particular Subsection 2.6.2]for the detailed argument.

Finally, in Section we consider the linearization of the finite-strain model and show that
we recover the classical linear Poynting-Thomson model. Let us formally define the linearized
energy and instantaneous dissipation as £%(u,v) = [, W°(Vu, Vo) — f-udX and ¥(v) :=
Jo ¥°(Vu, Vo) dX, respectively, where

1
WO(F, Fy) = lim —W*(F, Fy), WE(F, Fy) = Wa (I+eF)(I+eFq)™") + Wu(I+eFy),

e—0 52

) 1 ) ) )
VO (P, F) = lim 0 (P, Ba), 0% (P, Fa) =0 (eRa(T+F) ™).

e—0 52

As described above, for every ¢ > 0 there exist approximable solutions (Ve ., %vie) to the
dissipative evolution associated to the rescaled energy £ = 5%5 (where we consider with
abuse of notation f* = ¢ f) and dissipation V¢ = E%\I/ Letting

Ye — idg  Yvie — idg

U = —— and v, ="——,
€ €

we make rigorous the Taylor expansion argument of Section [[.1.2] and show that, up to sub-
sequences, (u.,v.) converge weakly in H'({;RY) x H'(Q;R?) for every time ¢t € [0,T] to
(u,v): [0,T] — H*(;RY) x HL(2;R?). The limit (u, v) satisfies the linearized energy in-
equality

EOt,ult),v(t)) + 2/0 WO(v(s))ds < £°(0,u",0?) —/0 f(s)-u(s)ds
and semistability

E%t,u(t),v(t)) < E%t,u,v(t)) for every admissible 2.

12
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As a consequence of the EDI-type solution at the finite-strain setting, (u,v) are EDI-type so-
lutions in the linear setting, where the existence of solutions is known. In particular, thanks to
semistability, for given viscoelastic evolution v, the elastic one u is unique. However, the lin-
earized energy inequality is insufficient to determine v uniquely. It would be possible to recover
the existence of the classical unique solution to the linear system considering a second-gradient
regularization for the finite-strain model, which disappears in the limit [33].

2.2 Chapter[3} Viscoelasticity and accretive phase-change at finite strains

In [16]], we analyze the interplay between viscoelasticity and accretive growth for a two-phase
material. More precisely, we consider a viscoelastic medium with reference configuration U C
R? made up of two components, whose reference configurations at time ¢ € [0, 7] are Q(t) CC
Uand U \ W respectively, see Figure

Figure 1.6: Accretive growth of the reference configuration ().

The map ¢ — Q(t) specifies the evolution of the corresponding phase, which we assume
to grow accretively at the expense of the other one. By accretive growth, we mean an expan-
sion that can be observed in numerous applications, like plant and shell growth, as well as
solidification and 3D printing (see Section [3.I]for more examples and the relevant references),
and which takes place in the normal direction. A point z(¢) € 9€)(t) on the boundary of the
growing reference configuration €2(¢) at time ¢ € [0, 7] then moves according to the ODE flow

—x(t) = yv(z(t)), (1.2.6)

where v(z(t)) denotes the outer unit normal to €2(¢) at z(¢) and v > 0 is the growth rate. The
strict positivity of the growth rate  ensures that the material can only grow and does not shrink
or halt the evolution. As clarified later, the growth rate 7 is assumed to be a function of the
deformation y.

t
! /CW ! /OW A
| 3 T :
i phase :
: : - :
] N
Qo 0

Figure 1.7: Time-space diagram of the growing and receding phase for d = 1.
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In [16], we postulate that the growing reference configuration €2(¢) is the sublevel set of a
suitable function. Namely, we assume there exists a function : U — [0, co) such that

Q) ={zeU|0(x)<t}, foralltel0,T]. (1.2.7)

The map 0 is called time-of-attachment function and expresses the time 6(x) at which the ma-
terial point z is added to (), i.e. 6(z(t)) = t. Assuming the smoothness of the involved
quantities, by differentiating this identity with respect to time, we find

Vo(x(t))

|- w(x(t)).iq;(t) = yVO(x(t))v(z(t)) = VW(I(t))'W

" =7 V8(a(®)],

where we used the flow rule (1.2.6)) and the fact that the normal v to 2(¢), which is a sublevel
set of 0, is given by VO(z(t))/|VO(x(t))|. We have thus obtained that 6 satisfies a (generalized)
eikonal equation. More precisely, given the viscoelastic deformation evolution y: [0, 7] x U —
R?, 4 satisfies

) (1.2.8)
0=01in QyCC U,

{v(yw(:c),xxVy<e<x>,x>)|ve<x>| =1in U\
where () is the given initial reference configuration of the accretive phase. The growth rate
depends on the position of the body through y, modeling the effects of the presence of nutrients
or catalysts, and on the strain through Vy, since the local mechanical state of the body may
indeed influence its growth [38]]. Moreover, notice that the unknown 6 appears in the eikonal
equation inside the coefficient v through its dependence on the values of y and Vy
traced on the hypersurface {(¢t,z) € [0,7] x U | t = 0(z)}.

e=0 e>0
W
_ %
V(l
V’I‘

>

Q) b=t 0\ °

Figure 1.8: Illustration of the 1-dimensional sharp (¢ = 0) and diffused (¢ > 0) interpolation
of the energy densities V* and V'".

Thus, the growth model depends on the viscoelastic evolution y of the medium, for which we
assume that the two phases are finite-strain nonsimple Kelvin-Voigt materials. The equilibrium

equation, cf. (1.1.8), is
—div (8vyW€(8(x)—t,Vy)+avyR€(9(x)—t,Vy,Vy)—diV DH(VQy)) =f(0(x)—t,z) (1.2.9)

in [0, 7] x U. Here, the value 0(x) —t determines the phase: Attime ¢ € [0, T'], by the definition
of Q(t) as the t-sublevel set of 0, if §(z) —t < 0 or §(z) —t > 0 then = € U belongs to the

accreting set €2(¢) or the receding U \ §2(¢) one, respectively. The dependence of f on 6(z)—t is
meant to cover the case of the gravitational force, which depends on the material properties of

14
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the phases, namely, on their densities. The energy and dissipation densities W, : R x R4 —
[0,00] and R, : R x R%*4 x R¥? — [0, 00) are defined as

W.(0,F) = (1 = h(o))VHF) + ho(o)V"(F) + V’(F)
R0, F,F) = (1 — ho(0))R*(F, F) + ho(o)R'(F,F), R(F,F) = %}D“(C)C*:C, i—ar

where hy is the discontinuous Heaviside-like function defined as ho(c) = 0 if ¢ < 0 and
ho(o) =1if o >0,

0 ifo<-—e/2
he(o) = T oS =¢/2 ith h, = hyin R\ {0} as = — 0,
1 if 0>¢/2,

and V2, V7, V/, D% D" are specified in Section Here, o is a placeholder for the value
6(x) — t, and h. defines the transition between the energy and dissipation densities V¢ + V7
and R® of the accreting phase and the ones V" + V7 and R" of the receding phase, respectively.
For ¢ = 0, we consider a sharp-interface model, where the energy and dissipation densities
jump from one phase to the other, whereas, for ¢ > 0, h. interpolates between the two values
and mixing of the two phases is allowed in a tubular neighborhood of width of order ¢ of the
interface giving a diffuse-interface model, see Figure [[.8] Notice that we are considering the
case of nonsimple materials with a second-order term H in (I.2.9)), which we assume to be
independent of the phase. Thus, the viscoelastic deformation y(t) belongs for almost all times
to the Sobolev space W?2P(Q; R?), for some p > d, cf. (3.2.9), and, by Sobolev embedding,
to C*(;R?). The sharp-interface terminology is, hence, to be understood as referring to the
energy and dissipation densities rather than to the deformations.

In Sections[3.4]and [3.5] we show that the coupled problem (I.2.8)—(L.2.9) equipped with the
boundary and initial conditions, cf. (I.1.10)),

y=1id on [0,7] x ['p,

DH(V?y):(v®v) =0 on [0,T] x U,

(Ovy, W (0(x)—t, Vy)+0vy R (0(z)—t, Vy, Vy)) v
— divs (DH(V?y)r) =0 on [0,T] x Ty,

y(0,) =yo on U

admits solutions in the weak/viscosity sense, see Definition [3.2.1] for both the diffuse- (¢ > 0)
and the sharp-interface case (¢ = 0). Namely, we consider (I.2.9) to be solved weakly, as in
in Section On the other hand, for the generalized eikonal equation (1.2.8)), we
consider the case of viscosity solutions. Indeed, eikonal-type equations admit an overabun-
dance of solutions in the almost-everywhere sense [7]], whereas (nonnegative) viscosity solu-
tions are unique in R\ g, see Proposition The proof of the existence of weak/viscosity
solutions for € > 0 hinges on an iterative procedure: First, (1.2.8) and (1.2.9) are solved sepa-
rately for given y and 6 in Proposition [3.4.2| and [3.4.1] respectively. Thus, solving alternately
the two problems provides a sequence (yy, 6% ), which we show to converge to a solution to the
coupled problem, see Section Moreover, it also holds that sequences (e, 0-).~o of solu-
tions to the diffuse-interface model converge uniformly, up to subsequences, to a solution (y, )
to the sharp-interface one, see Section @

In Section [3.3] we prove that the weak/viscosity solutions additionally satisfy the energy-
dissipation balance for the diffuse- and sharp-interface case, thanks to the validity of a suit-
able chain rule, cf. (I.I.16). For ¢ > 0, let us define the energy &.: C%1([0,7] x Q) x
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W2P(U;R?) — R and instantaneous dissipation R.: C%*([0,7] x Q) x HY(U) x HY(U) —
[0, 00) as

o) = [ Wilo V) + (V) = o)y
Ro(oi) = [ Reler V. Vi) do.
The energy-dissipation balance for ¢ > 0 is
01+ 2 [ Relb=s.0(5).3(6)) s
E(0,y0) — //af )d:r:ds—//@W@ s, Vy(s))dzds, (1.2.10)

whereas, for ¢ = 0, takes the form
t
Eol0—t.1) +2 | Ro(0=5,3(),3(5)) ds

= &o(0,90) // 0, f(0—5)-y(s)dxds — // VI(Vy(s)) - V*(Vy(s)) dH % ds.
o= |V9|
(1.2.11)

In the identities above, cf. (I.I.T5)), the second term of the right-hand side is the work of the
external (varying in time) forces. The third characterizes the energy stored or dissipated by
the growth along the evolution. In particular, considering the sharp-interface case ¢ = 0, if
Ve < V7', ie., the accretive phase is softer than the receding one, then —(V" — V) < 0 and
the third term in the right-hand side encodes the expected energy dissipated by the material
as it relaxes, thanks to the growth of the soft phase into the stiffer one. On the other hand, if
Ve > V7, then some energy is stored in the system due to the accretion of the stiffer phase.

1.2.3 Chapter |4} Viscoelastic surface growth at finite strains with Ersatzmaterial
In Chapter 4] we revise a model proposed by [108] and for which an existence theory in the
setting of linearized elasticity has been proposed in [24]].
We focus on the evolution of a viscoelastic solid with reference configuration (2(¢) at time
t € [0, T] growing by accretive growth. As in Chapter we assume the existence of a time-of-
attachment function §: R? — [0, 0o) such that (¢) is the ¢-sublevel set of 6, see (I.2.7)), and 6
satisfies the generalized eikonal equation
(y(O(w), ), Vy(8(a), 7)) V()| = 1 in U\ D .
=0 in QyCCU, o
Regarding the material, we study a finite-strain nonsimple Kelvin-Voigt medium with energy
density W : R%*¢ — [0, o], higher-order density H: R¥¥*? — [0, 00), and dissipation den-
sity R: R4 x R4 — [0, 00). We further regularize the problem by additionally considering
the presence of a (highly compliant) Ersatzmaterial with reference configuration U \ () sur-
rounding the body. The open, connected, and bounded set U C R? is assumed to be large

enough so that Q(T") CC U, cf. |(HI5) and (4.4.4). The Ersatzmaterial is assumed to have
elastic energy and instantaneous dissipation densities to be a small rescaling of the accreting
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material ones, namely %W and %HR, respectively, where § € (0, 1). Defining h: R — [0, 1]

as h(o) =1ifo <0and h(o) = 1% if o > 0, the viscoelastic equilibrium takes the form
—div(h(0(z)—t)DW (VyA YA T+V7 (Vy)+h(0(z)—t)Ovy R(Vy, V) —div DH (V?y))
= h(0(z)—t)f(t.) (1.2.13)

in [0, 7] x U. Analogously to (I.2.9), the second-order term H is assumed to be the same for
both the medium and the Ersatzmaterial. This is also the case for the term V7 : R¥¢ — [0, oc],
which satisfies a growth condition of the form and penalizes self-interpenetration of the
material.

The viscoelastic equilibrium (T.2.9) features the backstrain tensor A: [0,T] x U — Rx4
defined as

AO ifz e Qo,
A(t,z) = Vy(0(z),z) ifze Qt)\ Q, (1.2.14)
I if 2 € U\ Q).

As already remarked in Section [I.2.2]in the energy-dissipation balance equations (1.2.10) and
(T.2.11)), growth contributes at dissipating energy along the evolution. Its effects are, how-
ever, usually also visible in the material, where residual stresses accumulate due to accretion
[90, 93] 108]]. Hence, the elastic energy density of a deformation y at a point z € ()
is W(Vy(x)A™1), where A € R¥? encodes the effect of the corresponding accumulated
strains and depends in general on y itself. As in [24], we follow [108|] and assume that
A(x) = Vy(f(x),x) for t € [0,7] and x € Q(t), so that the material is unstressed at the
time and place of deposition, i.e., W(Vy(0(z),z)A™") = W(I). For x € U \ Q(t), instead,
we define A as the identity since the presence of nontrivial backstrain is related to growth. For
x € U\ Qp we set it to be some given initial backstrain Ay € L>(), cf. (I.2.14).

In Section[4.4], we show that the system of equations (1.2.12))—(1.2.13) admits weak/viscosity
solution, similarly as in Chapter [3] Here, we consider the natural boundary condition on the
hyperstress and initial condition

DH(V?y):(v®v) =0 on [0,T] x U,
y(0,-) =yo on U (1.2.15)

Notice that we do not assume Dirichlet nor Neumann boundary conditions, though this would
be possible, since they concern OU, the external boundary of the artificial Ersatzmaterial. On
the other hand, we fix the position of the material along the evolution on a portion of the starting
configuration €2y, however, imposing the docking condition [24]]

y=id on [0,7T] X w, (1.2.16)
where w CC €. This condition implies the validity of the following Poincaré-type inequality

||y||W2m(U;Rd) <c (1 + ||V2?/||LP(U;Rdxdxd)> Vy € Wi’p(U; Rd)7

which is crucial in the existence proof to compensate for the loss of compactness due to the

presence of the backstrain. The existence proof provided in Section 4.4/ then follows the itera-
tive strategy illustrated in the previous section.
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1.3 Notation

We devote this section to introduce the notation used in the following chapters. We denote by
R%*? the Euclidean space of d x d real matrices, d > 2, by R%*? the subspace of symmetric
matrices, and by I the identity matrix. Given A € R%*? we indicate its transpose by A" and its
Frobenius norm by |A|> := A:A, where the contraction product between 2-tensors is defined
as A:B = A;; B;; (we use the summation convention over repeated indices). Analogously, let
Rxdxd be the set of real 3-tensors, and define their contraction product as A:B = AijiBijk
for A,B € R4 A 4-tensor C € R¥*4*4xd g qaid to be major symmetric if C;jpe =
Cieij and minor symmetric if C;jpe = C,j0 = Cjie. Given a major and minor symmetric
positive definite 4-tensor C € R?*?*?*d and the matrix A € R¥? we indicate by CA € R?*?
and AC € R%? the matrices given in components by (CA);; = C,jreAge and (AC);; =
ApeChaij» respectively. Moreover, given a symmetric positive definite 4-tensor C € R4*@xdxd,
the corresponding induced matrix norm is defined as |A|% :== CA : A/2. We denote by A%™ :=
(A + AT)/2 the symmetric part of a matrix A € R?*?, We shall use the following matrix sets

SL(d) = {A € R | det A = 1},
SO(d) == {A € SL(d) | AA" = I},
GL(d) == {A € R | det A # 0},
GL,(d) == {A € R™| det A > 0}.

The scalar product of two vectors a, b € R? is classically indicated by a-b. The symbol
B (A) ¢ R% denotes the open ball of radius » > 0 and center A € R**?, whereas
Br C R? denotes the open ball of radius R > 0 and center 0 € R?. We make use of the
function spaces

Hﬁl(Q;Rd) = {u € H'(OQ;RY) ‘ /udX = O},
Q
HLRY) = {u e H(QRY) |u=00nT C 00},

where [' is nonempty, open in the relative topology of 0f2, and a measurable subset of 0.

Moreover, we denote by H?! the (d — 1)-dimensional Hausdorff measure, by |w| the d-
dimensional Lebesgue measure of the measurable set w, and by 1,, the corresponding char-
acteristic function, namely, 1,(z) = 1 for x € w and 1,(z) = 0 otherwise. For £ C R?
nonempty and z € R? we define dist(z, E) = inf.cp |z—e|. We define xAy = min{z; y} for
all z ,y € R. In the following, we use the symbol « for the partial time derivative of the generic
time-dependent function u, whereas % stands for the total time derivative, in case u depends
on time only.

Finally, we henceforth indicate by ¢ a generic positive constant possibly depending on data
but independent of the discretization step 7. Note that the value of ¢ may change even within
the same line.
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2 FINITE-STRAIN POYNTING-THOMSON
MODEL

This chapter consists of my paper [15] with MARTIN KRUZIK and ULISSE STEFANELLI.

Abstract

We analyze the finite-strain Poynting-Thomson viscoelastic model. In its linearized small-
deformation limit, this corresponds to the serial connection of an elastic spring and a Kelvin-
Voigt viscoelastic element. In the finite-strain case, the total deformation of the body results
from the composition of two maps, describing the deformation of the viscoelastic element and
the elastic one, respectively. We prove the existence of suitably weak solutions by a time-
discretization approach based on incremental minimization. Moreover, we prove a rigorous
linearization result, showing that the corresponding small-strain model is indeed recovered in
the small-loading limit.

2.1 Introduction

Viscoelastic solids appear ubiquitously in applications. Polymers, rubber, biomaterials, wood,
clay, and soft solids, including metals at close-to-melting temperatures, behave viscoelastically.
The mechanical response of viscoelastic solids is governed by the interplay between elastic and
viscous dynamics: by applying stresses both strains and strain rates ensue [84]. This is at the
basis of different effects, from viscoelastic creep, to viscous relaxation, to rate-dependence in
material response, to dissipation of mechanical energy [92].

The modelization of viscoelastic solid response dates back to the early days of Continuum
Mechanics. In the linearized, infinitesimal-strain setting of the standard-solid rheology, two
basic models are the Maxwell and the Kelvin-Voigt one, where an elastic spring is connected
to a viscous dashpot in series or in parallel, respectively. These models offer only a simplified
description of actual viscoelastic behavior. More accurate descriptions necessarily call for more
complex models. A first option in this direction is the Poynting-Thomson model, resulting
from the combination in series of an elastic and a Kelvin-Voigt component, see Figure 2.1 A
second option would be the Zener model, which consists of an elastic and a Maxwell element
in parallel. Note however, that Poynting-Thomson and Zener can be proved to be equivalent in
the linearized setting, see [S1, Remark 6.5.4].

The aim of this paper is to investigate the Poynting-Thomson model in the finite-strain set-
ting. From the modeling viewpoint, extending the model beyond the small-strain case is crucial,
for viscoelastic materials commonly experience large deformations. In fact, finite-strain ver-
sions of the Poynting-Thomson model have already been considered. The reader is referred
to [S4], where a comparison between Poynting-Thomson and Zener models at finite strains is
discussed, and to [64], focusing on the anisothermal version the Poynting-Thomson model.

To the best of our knowledge, mathematical results on the finite-strain Poynting-Thomson
model are still not available. The focus of this paper is to fill this gap by presenting

* an existence theory for solutions of the finite-strain Poynting-Thomson model, as well
as a convergence result for time-discretizations (Theorem [2.4.1));
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2 Finite-strain Poynting-Thomson model

* arigorous linearization result, proving that finite-strain solutions converge (up to sub-
sequences) to solutions of the linearized system in the limit of small loadings and, corre-
spondingly, small strains (Theorem [2.4.2)).

Our analysis is variational in nature. The convergence result provides a rigorous counterpart
to the classical heuristic arguments based on Taylor expansions [54].

We postpone to Section 2.2 both the detailed discussion of the model and a first presentation
of our main results. We anticipate however here that the theory requires no second-gradient
terms but rather relies on a decomposition of the total deformation in terms of an elastic and
a viscous deformation, see below. Correspondingly, the variational formulation of the
problem features both Lagrangian and Eulerian terms. Note moreover that the viscous dissipa-
tion is here assumed to be p,-homogeneous, with superlinear homogeneity p,, > 2.

Our notion of solution (see Definition [2.4.T)) hinges on the validity of an energy inequality,
an elastic semistability inequality, and an approximability property via time-discrete problems.
Albeit very weak, this notion replicates the important features of viscoelastic evolution, includ-
ing elastic equilibrium, energy dissipation, and viscous relaxation.

Before moving on, let us put our results in context with respect to the available literature. In
the purely PDE setting, existence results for viscoelastic dissipative systems are classical. The
reader 1s referred to the recent monograph [51] for a comprehensive collection of references.
As it is well known, the PDE setting is local in nature and, as such, does not allow consider-
ing global constraints such as injectivity of deformations, i.e., noninterpenetration of matter.
Variational theories for viscoelastic evolution offer a remedy in this respect. By making use
of the underlying gradient-flow structure of viscoelastic evolution, existence results for varia-
tional solutions have been obtained in the one-dimensional [[70]] and in the multi-dimensional
case [33]. The latter paper also delivers a rigorous evolutive I'-convergence linearization result.
See also [48]] for the case of self-contact and [4), [75]] for some extension to nonisothermal situ-
ations. With respect to these contributions, we deal here with an internal-variable formulation,
where the elastic variable does not dissipate. From the technical viewpoint, the novelty of our
approach resides in avoiding the second-gradient theory by virtue of the composition assump-
tion (2.2.3). This impacts on the functional setting, as well as on the required mathematical
techniques.

In the different but related frame of activated inelastic deformations, the closest contributions
to ours are [72] and [86], both dealing with rate-dependent viscoplasticity (p,, > 1) under the
multiplicative-decomposition setting. In both papers, existence of solutions is discussed, by
taking into account additional gradient-type terms for the viscous strain. In particular, the full
gradient is considered in [72], whereas in [86] only its curl is penalized. The approach in [86]
analogous to ours in terms of solution notion, despite the differences in the model. In contrast
with these papers, viscous evolution is here not activated. In addition, by not considering here
additional gradient terms, we avoid introducing a second length scale in the model and thus
tackle so-called simple materials. Moreover, we investigate here linearization, which was not
discussed in [[72] 86].

In the fully rate-independent setting p,, = 1 of activated elastoplasticity, the papers [S0,
96| and [77], contribute an existence and linearization theory which is parallel the current
viscoelastic one. More precisely, [S0, 96] deal with a decomposition of deformations in the
same spirit of (2.2.3) below, avoiding the use of second gradients, whereas [[77] features no
gradients, but is a pure convergence result, in a setting where existence is not known. With
respect to these contributions, the superlinear, non activated nature of the dissipation of the
viscous setting calls for using a different set of analytical tools from gradient-flow theory [/1].
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2.2 The finite-strain Poynting-Thomson model

Note that, also in the rate-independent setting, by including a gradient term of the plastic strain,
hence resorting to so-called strain-gradient finite plasticity, one obtains stronger results. In
particular, the existence of energetic solutions in strain-gradient finite plasticity is in [S9] and
the linearization in some symmetrized case is in [40]. Under the mere penalization of the curl
of the gradient of the plastic strain, existence of incremental solutions is proved in [69] and
linearization is in [89].

The paper is organized as follows. In Section we provide an illustration of the finite-
strain Poynting-Thomson model under consideration, as well as an introduction to our main
results. Some preliminary material and comment on the functional setting is provided in Sec-
tion 2.3 In particular, we discuss the set of admissible deformations in Subsection [2.3.1] In
Subsections [2.4.1] and [2.4.3| we list and comment the assumptions, whereas the statements of
our main results, Theorem and Theorem are presented in Subsections and
[2.4.4] respectively. The solvability of the time-discrete incremental problems is discussed in
Section [2.5] whereas the proofs of Theorems [2.4.1]and [2.4.2] are given in Sections [2.6]and
respectively.

2.2 The finite-strain Poynting-Thomson model

Figure 2.1: The Poynting-Thomson rheological model (linearized setting).

In order to illustrate our results, we start by recalling the classical Poynting-Thomson in
the linearized setting of infinitesimal strains. By indicating by v : Q — R? the infinitesimal
displacement from the reference configuration ) C R, the total strain V*u (here V* denotes
the symmetrized gradient V¥u = (Vu + Vu')/2) is additively decomposed in its elastic and
its viscous parts as V*u = C_'c + V*v. In its quasistatic approximation, the evolution of
the body results from the combination of the equilibrium system and the constitutive relation,
namely,

—div (CqVi(u—v))=f inQx(0,7),
DV*6 + (Cy+Ce) Vv = CyVou  in Q x (0, 7),

where f stands for a given body force and ¥ denotes the time-derivative of v. The reader is re-
ferred to the monographs [28},51, [101]] for a comprehensive collection of analytical results. Let
us remark that in this paper we will specifically consider the case of incompressible viscosity,
1.e., in the linearized setting tr v = 0. Hence, the evolution of the system considered is actually
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2 Finite-strain Poynting-Thomson model

determined by the following equations

—div (CqVi(u—v)) =f inQx (0,7), (2.2.1)
DV*v + (Cvi—l—Cel)st = deV(Celvsu) in 2 x (0, T), (222)

where dev denotes the deviatoric part of a tensor. Restricting to the incompressible case would
call for accordingly specifying the rheological diagram from Figure [2.1] by distinguishing the
volumetric and the deviatoric components.

In the finite-strain Poynting-Thomson model [54} |64]], the state of the viscoelastic system is
specified in terms of its deformation y : 0 — R?. As it is common in finite-strain theories
[S3]], the deformation gradient Vy is multiplicatively decomposed as Vy = F,F,;, where Fy
and F; are the elastic and viscous strain tensors, representing the elastic and viscous response
of the medium, respectively.

A distinctive feature of our approach is that we assume the viscous strain to be compatible:
we identify F,; with the gradient Vy,; of a viscous deformation y,; : Q — y.(Q) C RY,
mapping the reference configuration € to the intermediate one y.;(2). Correspondingly, the
elastic strain is compatible as well and there exists an elastic deformation e : vy;(€2) — R?
with F'o; = Vy, mapping the intermediate configuration to the actual one. As such, the multi-
plicative decomposition Vy = F¢ Fy; ensues from an application of the classical chain rule to
the composition

Y = Yer O Yyi : 2 — R (2.2.3)

Moving from this position, the state of the medium is described by the pair (yyi, ya1), effectively
distinguishing viscous and elastic responses.

Before moving on, let us stress that the compatibility assumption on F.;, whence the compo-
sition assumption (2.2.3)), realistically describes a variety of viscoelastic evolution settings and
refer to [0, 96] for some parallel theory in the frame of finite-strain plasticity. In particular,
position (2.2.3)) is flexible enough to cover both limiting cases of a purely elastic (y,; = id)
and of a plain Kelvin-Voigt (y.; = id) materials. In the linearized setting, these would formally
correspond to the cases C,; — oo and C, — oo, respectively. Let us note that by choosing
C,; = 0 the linearized system (2.2.1)-(2.2.2) reduces to the Maxwell fluidic rheological model.
By assuming (2.2.3) we exclude the onset of defects, such as dislocations and disclinations.
Albeit this could limit the application of the theory in some specific cases, it is to remark that
viscous materials are often amorphous, so that the relevance of strictly crystallographic de-
scriptions may be questionable. From the more analytical viewpoint, assumption (2.2.3) allows
us to present a comprehensive mathematical theory within the setting of so-called simple ma-
terials, 1.e., without resorting to second-gradient theories. The alternative path of including
second-order deformation gradients, is also viable and, as far as existence is concerned, has
been considered in [72] in the activated case of viscoplasticity.

A first consequence of the composition (2.2.3)) is that the elastic deformation y,, is defined on
the a-priori unknown intermediate configuration y,;(2), making the analysis delicate. In par-
ticular, the variational description of the viscoelastic behavior results in a mixed Lagrangian-
Eulerian variational problem. This mixed nature of the problem will be tamed by means of
change-of-variables techniques, which in turn ask for some specification on the class of admis-
sible intermediate configurations. Let us anticipate that y,; will be required to be an incom-
pressible (det Vy,; = 1) homeomorphism throughout. We refer to [41, [103] for models of
incompressible viscoelastic solids. As it is mentioned in [25]], incompressibility is a somewhat
standard assumption in the setting of biological applications. See also [10] for modeling of
brain tissues. Our interest in the incompressible case is also motivated by the prospects of de-
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2.2 The finite-strain Poynting-Thomson model

vising a sound existence theory. Assuming incompressibility has the net effect of simplifying
change-of-variable formulas, ultimately allowing the mathematical treatment.

The stored energy of the medium is assumed to be of the form
Wiaowi) = [ o Walum(E)de + [ vy, 224)
Yvi Q Q

Here and in the following, we indicate by X the variable in the reference configuration €2 and
by ¢ the variable in the intermediate configuration y;(€2). The first integral above corresponds
to the stored elastic energy and the given function W, is the stored elastic energy density. Its
argument V. (£) can be equivalently rewritten in Lagrangian variables as the usual product
Vy(X)Vy ! (X). By comparing these two expressions, the advantage of working in Eulerian
variables is apparent, for Vy,(§) is linear in y,. The function W,; is the stored viscous energy
density instead and the corresponding integral is Lagrangian.

The instantaneous dissipation of the system is given by

(i, Ooi) = /Q V(Vii(Vyw) " HdX (2.2.5)

where 1/(-) models the instantaneous dissipation density and is assumed to be p,-positively
homogeneous for p,, > 2.

By formally taking variations of the above introduced functionals, we obtain the quasistatic
equilibrium system [74]

—divDW, (Vya) = foy,' inyu(Q) x (0,7)
DWa (Ve (44i) : D*9ar (141)) + div DWoi (Vi)
— Vya(yei) f = —div (DY (Viu(Vyw) " (Vyw) ') inQx(0,7). (22.6)

The highly nonlinear character of this system, combined with the absence of higher-order gra-
dients in the viscous variable, forces us to consider a suitable weak-solution notion.

Inspired by [21, Def. 2.12] and [86, Def. 2.2], in our first main result, Theorem 2.4.1] we
prove the existence of approximable solutions (see Definition 2.4.1)). These are everywhere
defined trajectories (Yel, yvi) : [0, T] — Whrel(y;(2); RY) x WPvi(Q; RY) starting from some
given initial datum (ye1 0, ¥ vio) and satisfying for all ¢t € [0, T']
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2 Finite-strain Poynting-Thomson model

Energy inequality:
/ Wel(vyel(ta €>>d€ + / in(vyvi(ta X))dX - / f(t> X) : yel(ta yvi<t7 X))dX
Yvi (£,2) Q Q
+ Dy /(;/52¢(Vyvi<57X)(vyvj(S,X))_l)dXdS
<[ WalThaol @)+ [ WalVanialXNX = [ F0.X) - saolyiol )X
Yvi,0(Q) Q Q
—/ /Gsf(s,X)~ye1(s,yvi(s,X))dde (2.2.7)
0o Ja
Semistability condition:
/ Wel(Vyel(ta €>>d£ - / f(ta X) : yel(tv yvi(ta X))dX
Yvi (£,82) 9)

< / Wl Vi€ - / FEX) - Galyult, X))dX

Ve wWith (Jer, yvi(t, <)) € A (2.2.8)

where A is the set of admissible deformations, introduced in Section below. The first
line of inequality corresponds to the fotal energy of the medium at time ¢ and state
(yea(t,),yvi(t,-)). In particular, the term — [, f - (ya © yi)dX is the work of the (external)
force f (later, a boundary traction will be considered, as well). Solutions ¢ — (yel(t), yvi(t))
are moreover required to be approximable, namely, to ensue as limit of time discretizations. In
this respect, we consider the incremental minimization problems, fori =1,..., N,

min {/ Wel(Vye1(5))d§+/in(Vyvi(X))dX—/f(iTaX)'yel(yvi(X))dX
yvi () Q Q

(yelvyvi)eA
W(X) = Vi i(X , .
+T/w(vy ( ) vyw ( )(Vy‘zll—l(X))—l) dX} foryz,i—l given
Q T

(2.2.9)

on a given uniform time-partition {0 = ¢ty < t; < --- < ty = T'}, where the set of admissible
states A is defined in Subsection below.

The notion of approximable solution is capable of reproducing the main features of vis-
coelastic evolution. First of all, the semistability condition (2.2.8)) implies that y, solves the
elastic equilibrium at all times, given the viscous-state evolution. Correspondingly, the descrip-
tion of the purely elastic response of the material is complete. Secondly, the energy inequality
is sharp, in the sense that it may indeed hold as equality in specific smooth situations.
In other words, all dissipative contributions are correctly taken into account in (2.2.7). Note in
this respect the presence of the factor p,, multiplying the dissipation term in (2.2.7). Eventually,
the approximation property ensures that viscous evolution actually occurs, even in absence of
applied loads. We give an illustration of this fact in Section [2.4.2] below, see Figure[2.2]

Under suitable assumptions, the incremental minimization problems (2.2.9) are proved to
admit solutions in Proposition below. These time-discrete solutions fulfill a discrete en-
ergy inequality and a discrete semistability inequality. The existence of approximable solutions
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2.2 The finite-strain Poynting-Thomson model

(Theorem follows by passing to the limit in the time-discrete problems. In order to pass
from the time-discrete to the time-continuous energy inequality (2.2.7), lower semicontinuity
of the energy and dissipation functionals is necessary, which translates in our setting in asking
for the polyconvexity of the respective densities. In order to obtain the specific form (2.2.7) we
need to resort to the notion of De Giorgi variational interpolant [2, Def. 3.2.1, p. 66], and adapt
this tool from its original metric-space application to the current one.

For establishing the elastic semistability (2.2.8]), a suitable recovery-sequence construction is
required. This calls for the extension of the elastic deformations from the intermediate config-
urations to the whole R?. The possibility of performing this extension requires some regularity
of the boundary of the intermediate configurations, which we ask to be Jones domains (see
Definition [2.3.1)).

The second main focus of the paper is on the rigorous linearization of the system through
evolutionary I'-convergence [/6] in the case of quadratic dissipations, namely for p,, = 2.
Moving from the seminal paper [22] in the stationary, hyperelastic case, the application of I'-
convergence to inelastic evolutive problems has been started in [77] and has been applied to
different settings. In particular, linearization in the incompressible case has been discussed
in [45, 160, 161]. The goal is to provide a rigorous formalization of heuristic Taylor expansion
arguments which for the finite-strain Poynting-Thomson model were already presented in [54].
At first, let us review this heuristic by assuming sufficient regularity of all ingredients. Consider
the functions u, v, w defined as

y — idg Yvi — idg Yel — idy (@)

u = , vi="——— and w="—"F—"-"""
€ € €

so that u, v, w actually correspond to the e-rescaled displacements of v, 4., Y1, respectively.
To compute the linearization it will be more convenient to work with the pair (u, v) correspond-
ing to the total and viscous deformations (y, y.;). In particular, we replace Vy = I+cVu and
Vy.i = I4+eVv in the stored energy and Vy,; = £V in the dissipation. By formally Taylor
expanding the (rescaled) energy terms and taking ¢ — 0 we find

é /ﬂ W (I+eVu)(I+eVo) ™) dX = /Q %DQWQI(I)V(U—U);v(u_v)dX+ o(e)

— %/ V(u—v) : CyV(u—v)dX,
Q
1 1 1
?/ Wi(I+eVv)dX = / 3 D*W(I)Vv : VodX + o(e) — 5/ Vv : C,VudX,
Q Q Q

1 1 1

- / Y (eVi(I4+eVo) ™) dX = / 3 D?y(0)Ve : ViodX + o(e) — 5 / DV : VodX.
& Ja Q Q

Here, we have assumed W (1) = Wy;(1) = 0, DW(I) = DW,;(I) = 0, and have defined

Ceo = D*Wy(I), Cy; = D*W(I), and D := D?(0). Moreover, we assume that the force f

is small, i.e., f = f¢ = f°. Hence, by neglecting the term f - idg, which is independent of

the displacement, the rescaled loading term reads

1 1
__/fg'yeloyvidX:——/?ffo'ﬁudXZ—/f()-udX.
e? Jq e? Jq O

The above pointwise convergences are the classical heuristic linearization procedure. Still,
one is left with actually checking that the finite-strain trajectories indeed converge to a solution
of the linearized system. This is the aim of our second main result, Theorem [2.4.2] where
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we prove that, given a sequence of approximable solutions (¥yic, ¥el). and upon defining
Ye = Yele © Yvie and the corresponding rescaled displacements u. = (y.— idg)/c and v, =
(yyie—idg)/e, the sequence (u.,v.). converges pointwise in time (up to subsequences) to
(u,v) : [0,T] = HY(Q;RY) x HY(Q; R?Y) with (u(0),v(0)) = (u°,0°) == lim._,(u-(0),v.(0))
and satisfying, for all ¢ € [0, T7,

Linearized energy inequality:

/ V(u ) : CaV(ult)— (t))dXJr% / Vo(t) : CoVo(t)dX — / £0t) - u(t)dx

n /0 /Q DVi(s) : Vi(s)dXds

1 1
S - / V(UO—U()) : CdV(UO—U0>dX + 5 / VUO . (CvinodX — / fO(O) . uOdX
Q Q

/ / D5 f2(s) ) dXds, (2.2.10)

Linearized semistability:

1 0
; / V(u(t)-u(t) : Ca¥ (u()o(®)aX ~ [ (1)
< 2 / V(a :CqV(i—v(t))dX — /Q f°(t)-adX Vi admissible. (2.2.11)

The linearized energy inequality and the linearized semistability deliver a weak notion of
solution for the linearized problem (2.2.1)-(2.2.2). Albeit (2.2.10)-(2.2.11) are too weak to
fully characterize the unique solution of linearized Poynting-Thomson system (2.2.1)-(2.2.2),
the equilibrium system (2 is fully recovered. In particular, u is uniquely determined at all
times, given v. Moreover, the linearized energy equality (2.2.10) is sharp and turns out to be an
equality in specific cases.

To conclude, let us note that one could alternatively perform the linearization at the time-
discrete level and then pass to the time-continuous limit. This way one recovers the unique
strong solution of the linearized Poynting-Thomson system (2.2.1)- (2.2.2)). This fact provides
some additional justification of the finite-strain model. Still, we do not follow hier this alter-
native path, which could be easily treated along the lines of the analysis in of Sections [2.6]and

2.7

2.3 Preliminaries

We devote this section to presenting some preliminary results.

2.3.1 Deformations and admissible states

Let fix the reference configuration (2 of the body to be a nonempty, open, bounded, and con-
nected Lipschitz subset of R, We assume without loss of generality that € is such that
fQ XdX = 0. We let I'p, 'y be open subsets of 02 (in the relative topology of 0f2) such

that FD UFN = 89, fD N fN = @, and Hdil(FD) > 0.
The viscous deformation is required to fulfill

yyi € WHPi(Q;RY)  forsome py; > d(d — 1)
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and to be locally volume-preserving, i.e., det Vy,; = 1 almost everywhere in (2. In the
following, v, 1s tacitly identified with its Holder-continuous representative. More precisely,
Yyi € CO1=4/Pvi(Q; R?) and is almost everywhere differentiable (see [30]). In addition, since
we will use the change-of-variables formula to pass from Lagrangian to Eulerian variables,
we require ¥,; to be injective almost everywhere. Equivalently, we ask for the Ciarlet-Necas
condition [[18]]

9] = [ det VX = yo() 23.1)
Q

to hold. As a consequence we have the change-of-variables formula

/ pl(X)NAX = [ p(e)ae

Yvi (Ld)

for every measurable set w C () and every measurable function ¢ : yyi(w) — R<. Note that
yvi € WHP(Q;RY) has distortion K = |Vy,|?/ det Vi = |Vyul? € LP/4(Q; R), since it is
locally volume preserving. As pyi/d > d — 1, this bound on the distortion K implies that y; is
either constant or open [43| Theorem 3.4]. By the Ciarlet- Necas condition (2.3.1)), y,; cannot
be constant, and hence y,; is open. In particular ,;({2) is an open set. Moreover, we also have
that y.; 1s (globally) injective [39, Lemma 3.3], and that y; is actually a homeomorphism with
inverse y_;' € WhPi/(d=D (1 (Q); R?) (see [30]).

In order to make the statement of the model precise, we need to require some regularity of
the intermediate configuration y,;(€2). We recall the following definition.

Definition 2.3.1 (7, 7)-Jones domain [46]). Let 1y,m2 > 0. A bounded open set w C R?
is said to be a (n1,17)-Jones domain, if for every x,y € w with |x — y| < 1y there exists a
Lipschitz curve v € W1°°([0, 1]; w) with v(0) = x and (1) = y satisfying the following two
conditions:

I(y) = / 5(s)[ds < %u yl

and

r—y(t t) —
o000 > =00
|z =yl
The set of (1, 12)-Jones domains will be denoted by T, ,,.

forevery te€|0,1].

In the following, we will exploit the fact that (1);,7,)-Jones domains are Sobolev extension
domains: for all ny,m, > 0, p € [1,00), and all w € J,,, ,,, there exists a positive constant C' =
C(n1,1m2, p,w, d) and a linear operator £ : WP (w: RY) — WHP(RY; RY) such that Ey = y on
w and

1Byllwirga) < Cllyllwine) forevery y € WH(w;RY).

Note that the class of (7, 72)-Jones domains is closed under Hausdorff convergence [50]. In
the following, we will need to consider extensions and we then ask for the regularity

yvi(Q> € jm,nz-

Finally, since the problem will be formulated only in terms of the gradient of y,;, we impose
the normalisation condition

/ ydX = 0. (2.3.2)
Q
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2 Finite-strain Poynting-Thomson model

Given a viscous deformation y,;, we assume the elastic deformation to fulfill
Yoo € WHP(y:(Q);RY)  for some pg > d

and we tacitly identify y,; with its Holder-continuous representative.
For all given viscous deformation y,; : {2 — R? and elastic deformation y,; : Pi(Q)° — R4,
we define the total deformation as the composition of the two, i.e.,

Y = Yel © Yui : Q — R%
We assume that y satisfies a Dirichlet boundary condition on I'p, namely,
y=id onTp. (2.3.3)

Since ¥,; is invertible and both y,; and y,; are almost everywhere differentiable, the following
chain rule

Vy(X) = Vyel (yvi (X))vyw (X)
holds for almost every X € (). Hence, y satisfies

11 1
IVyllLa) < IVYelllLra i@ VYl Lrvi)  where PR + o

as can be readily checked by a change of variables and by the Holder inequality. In particular,
the boundary condition (2.3.3) should be understood in the classical trace sense.
To sum up, the set of admissible states is defined as

A= {(yel,yvi) € Wheel (i (Q); RY) x WP (Q: RY) | det Vy,; = 1 ae. in Q,

/yvidX =0, |92 = |yi()], %i(Q) € Tipimss Y = Y1 © Yi = id on FD}-
Q

Viscoelastic states are naturally depending on time. From now on, we are hence interested in
trajectories (Yo, Yvi) : [0, 7] — A in the set of admissible states.

2.4 Main results

We devote this section to the statements of our assumptions and our main results.

2.4.1 Assumptions for the existence theory

In this section we specify the assumptions needed for the existence results, namely, Proposition

2.4.1]and Theorem 2.4.11
The fotal energy of the system at time ¢ € [0, 7] and state (ve1, yvi) € A is given by
E(t, Yers Yoi) = W(Yels Yvi) — (€(1), Yer © i),

where W(ye1, yvi) is the stored energy and the pairing (¢(t),y« © yyi) represents the work of
external mechanical actions.
More precisely, the stored energy is defined as

W) = [

Yvi

o Wel(vyel<€>>d£+/QWVi(vyvi(X)>dX

where W, : R™? — R and W,; : R¥? — R U {co} are the stored elastic and the stored
viscous energy densities, respectively. On the energy densities we assume that:
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2.4 Main results
(E1) there exist positive constants ¢, co such that
1
c1|AP < Wo(A) < —(1+ |AfP)  forevery A € GL(d), (2.4.1)
C1

co| AP — é for every A € SL(d)
00 otherwise,

Wai(A) > { (2.4.2)

for pey > d and py; > d(d — 1).

(E2) W, W,; are polyconvex, i.e., there exist two convex functions Wel, in RS 5 RU
{oo} such that

Wa(A) = Wa(T(A)) and  Wyu(A) = Wy(T(A))
where the minors T'(A) of A are given by T : R¥>*? — R¢(@
T(A) = (A, adJ2 A, Tty a.de A)
Here, adj, A denotes the matrix of all minors s x s of the matrix A € R%*?, for s =
2
2,--+ ,dand ((d) = Zle (d) .
Notice that, since p,; > d, the mapping y; — adj, Vi is (WPvi, LPv/%)-weakly sequen-
tially continuous. Hence, given ¥yi,, — ¥ In Wl’pvi(Q;]Rd) with det Vi, = 1 almost
everywhere in €2, we have that

1 =det Vyyi,, = detVy,; =1 in vai/d(Q).
As Vy,i(X) € SL(d) a.e. in 2, we have that

/ Wi (Vi (X))dX < liminf / Wt (Vi n (X))dX

by polyconvexity of W.;. In particular, y,; — fQ wi( Vi (X))dX is weakly lower semicon-
tinuous in Wi (Q; RY).

The growth condition (2.4.2) ensures that all viscous deformations y; of finite energy are
incompressible. Local elastic incompressibility det Vy.; = 1 or even the weaker det Vi, > 0
cannot be required, however. This is due to the fact that we later need to consider the Sobolev
extension of y, from the moving domain y;(2) to R? in order to compute the limit of an
infimizing sequence. As it is well-known, such extensions may not preserve the positivity of
det Vyq.

On the other hand, our assumptions on the elastic energy density are compatible with frame
indifference. In particular, we could ask W, (RA) = Wy(A) for every rotation R € SO(d)
and every A € R%¢, Note nonetheless that this property, although fundamental from the me-
chanical standpoint, is actually not needed for the analysis. The above assumptions would be
compatible with requiring that I¥; is invariant by left multiplication with special rotations, as
well. Still, such an invariance would be little relevant from the modeling viewpoint, for the vis-
cous energy density is defined on viscous deformations, which take values in the intermediate
configuration.

Eventually, the work of external mechanical actions is assumed to result from a given time-
dependent body force f : [0,T] x Q2 — R< and a given time-dependent boundary traction
g:10,T] x 'y — R as follows

=/Qf(t,X)-y(X)dX+/F g(t, X) - y(X)DH(X). (2.4.3)

We assume
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2 Finite-strain Poynting-Thomson model

(E3) f e Wh=(0,T; L) (Q;R%)) and g € W>2(0, T; L") (I'y; R%)) where ¢* and ¢ are
the Sobolev and trace exponent related to TW19(€2; R?), respectively (see [88]) and the
prime denotes conjugation.

Consequently, we have
e Wh(0,T; (WH(QRY))"),

where (W14(Q; R?))* is the dual space of W14(Q; R?).
Given a time-dependent viscous trajectory y; : [0, T] — W1Pi(Q; RY), we define the total
instantaneous dissipation of the system [72] as

W (Yvi, Gi) = /Q UV (Vi) T dX. (2.4.4)

Here and in the following, the dot represent a partial derivative with respect to time. Above,
the dissipation density ¢ : R?*¢ — [0, oc) is assumed to be:

(E4) convex and differentiable at 0 with ¢(0) = 0;

(ES) fulfilling
Y(A) > c3|AP» for every A € R4 (2.4.5)

for some positive constant cs;
(E6) positively p,-homogeneous, namely

Y(AA) = NPvap(A)  forevery A € R4\ > 0. (2.4.6)

The form of the instantaneous dissipation is parallel to the analogous definition in elastoplastic-
ity, where nonetheless ¢ is assumed to be positively 1-homogeneous, namely p,, = 1 [66), 67].
In particular, let us explicitly point out that it does not fall within the frame-indifferent setting
from [3]]. Indeed, in this case viscous deformations take values in the intermediate configuration
only and frame-indifference should not necessarily be imposed there.
In the following, we ask
Py >2> _dd-1)
YETEdd—1) — 1
where we have used d > 2. In particular, we have that p;, < p, and, by defining p, by
1/p, == 1/py + 1/p.i, one has that p, > 1. Again by Holder’s Inequality, this entails that

(2.4.7)

IVinillzer @) < Vi (Vi) ™l orw ) | Vil v @) < €@ (s i) (W (el Yoi) /P 4 1).

In particular, V4,; belongs to LP"(2; R?*?) with p, > 1 whenever energy and dissipation are
finite.

Here and in the following, the symbol ¢ denotes a generic positive constant, possibly de-
pending on data and changing from line to line.

2.4.2 Existence results

Before presenting the statements of our main results, we make the notion of solution to the
problem precise. To this aim, let I, := {0 = ¢y < t; < ... < txy = T} denote the uniform
partition of the time interval [0, T'| with time step t; —t; 1 =7 > O foreveryi =1,..., N, =
T /7. From now on, let (el 0, Yvio) be a compatible initial condition, i.e.,

(Yer,0, Yvio) € A with (0, Yer0, Yuio) < 00. (2.4.8)
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Given (y9,9%) = (Yer0, Yvio), for all i = 1,..., N we define the incremental minimization
problems
1 Wi~ Yar
min {5 (ti: Yer, i) + ¥ (yii‘l, — )} : (24.9)
(yelvyvi)eA T

We call a sequence of minimizers (v, y%, )X, of (2.4.9) an incremental solution of the problem
corresponding to time step 7.
Note that incremental solutions exist. In particular, we have the following.

Proposition 2.4.1 (Existence of incremental solutions). Under assumptions [(ET), (E2), [(E3)|
and of Section and (2.4.3)) the incremental minimization problem ([2.4.9))

admits an incremental solution (y'}, vy )N, C A.

The proof of Proposition [2.4.1]is given in Section [2.5]

In the following, we make use of the following notation for interpolations. Given a vector
(uo, ..., uy), we define its backward-constant interpolant %, its forward-constant interpolant
u,., and its piecewise-affine interpolant . on the partition II; as

ET(O) = U, ﬂT(t) = U ift € (ti—lati] for: = 1,...,N,
QT(T) = un, QT(t> = Uj_1 ift € [ti—lati> fori = 1,...,N,
Ui — Ui—1

lALT(O) = U, ﬁT(t) = (t — ti—l) + U1 ift € (ti—la tz] for: = 1, Ce ,N.

t; — 11

We are now in the position of introducing our notion of solution to the large-strain Poynting-
Thomson model.

Definition 2.4.1 (Approximable solution). We call (yea, yvi) : [0,7] — A an approximable
solution if there exist a sequence of uniform partitions of the interval [0,T] with mesh size
7 — 0, corresponding incremental solutions (y'},y’,)N.o, and a nondecreasing function § :
[0,T] — [0, 00) such that, for every 0 < s <t <T,

Approximation:

T (D), T i (1)) = (e (), (1)) im Wil (i (£, Q)3 R) x WP (O RY),

t
/ v (gvi 7:’2\/1,7) — 5(t),
O sT

/:lp (%i,ﬂﬁvi;) <4(t) —d(s),

Energy inequality:

E(t, Yer, Yvi) + Pyd(t) < E(0, Yer0, Yuio) — /Otw(s)a Y), (2.4.10)
Semistability:

E (t,ya(t), yi(t)) < E X, Jor, yvi(t)) Ve with (Fa, yi(t)) € A. (2.4.11)

Our first main result concerns the existence of approximable solutions.

Theorem 2.4.1 (Existence of approximable solutions). Under the assumptions

(E3), (E4)} [(E3)} and [(EG) of Section 2.4.1] and [2.4.8) there exists an approximable solution
(yelv yvi) : [0, T] — A
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Figure 2.2: Evolution of the viscous strain ¢ € [0, 3] — Fy;(¢) in the limit 7 — 0 from problem
(2.4.12), starting from F9 = 1.5.

The proof of Theorem [2.4.1]is detailed in Section

As already mentioned in the introduction, the fact that solutions are approximable ensures
that viscous evolution actually occurs, even in absence of applied loads. We show this fact
by resorting to the simplest, scalar model at a single material point. We consider the energy
densities, the dissipation to be quadratic, and that no loading is present. More precisely, we
let ' € R and F,; > 0 represent the total and viscous (scalar) strains, respectively, we define
Wa(Fa) = Wa(FFY) = LFF — 12, Wa(Fy) = L Fs — 112 O(FaFy) = L FaFpt P2,
and we let /(t) = 0 for every ¢ € [0, T. In this setting, the discrete incremental problem (2.4.9)
is specified as

1 1 1 , .
pnin (5 |FF; 1] + L |(Fvi—F5;1)<F3;1)—1\2) fori=1,...,N,
(2.4.12)
Take now initial values (F°, F%) with F', # 1, so that some nonvanishing viscous stress present
at time 0. In this case, it is easy to check that the constant in time solution (F°, F%) satisfies the
energy inequality and semistability, but it is not approximable. This implies that the viscous
strain F; corresponding to an approximable solution must evolve with time, see Figure In
this simple setting, asking the solution of the continuous problem to be approximable indeed
implies uniqueness, as all discrete trajectories converge to the unique solution of the limiting
differential problem.

2.4.3 Assumptions for the linearization theory

In addition to the assumptions stated in Section [2.4.1) we will require the following conditions
in order to prove the linearization result.
On the stored elastic energy density W, we assume that:

(L1) W, is locally Lipschitz;
(L2) W, satisfies the growth condition
Wea(A) > ¢y dist®(A, SO(d)) (2.4.13)

for some ¢4 > 0;
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2.4 Main results
(L3) there exists a positive definite tensor C, such that, for every § > 0, there exists c¢(9) > 0
satisfying

(Wa(l + A) — |A]R | < 6|AZ, forevery A € BE?(XS(O). (2.4.14)

In particular these conditions imply that C,; is symmetric and
ca| AVM)P < |AJR, forevery A € R4,
We can also equivalently state inequality (2.4.14) as follows:
(1—0)AR, < Wa(l+A) < (1L+0)|A]%, forevery A € B 5)(0). (2.4.15)
Concerning the viscous stored energy density W,; we ask that
(L4)

Wei(A) = {in(A) if Ae K

00 otherwise,

where K CC SL(d) contains a neighbourhood of the identity;

(L5) in is locally Lipschitz continuous in a neighbourhood of the identity and

—~

Wl + A) > cs|A]*  forevery A€ R™? with I + A€ K (2.4.16)
for some c5 > 0;

(L6) there exists a positive definite tensor C,; such that, for every § > 0, there exists ¢,;(d) > 0
satisfying

[ dxd

Wall +A) — AR, | <6|AJg,  forevery A € B 5(0),

or, equivalently,
(1—0)|AR, < Wu(l +A) < (1+08)|A], forevery A € BX(0). (2.4.17)
As above we have that
5| AY™? < AR forevery A € R™Y.
Moreover, there exists a constant cx > 0 (depending only on the compact set K') such that
|A| + A7 <cx forevery A€ K (2.4.18)

and ]
|A—1I|>— forevery A € SL(d) \ K.
CKx

These last two inequalities will provide L>°-bounds on the terms eVv and (I + eVv) ™! later
on. Note however that the effect of the constraint K will disappear as ¢ — 0. In particular, the
limiting linearized problem is independent of K.

On the forcing term ¢° we assume that
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(L7) 0 WhH0,T; (H (Q;RY))*).
Finally, on the dissipation density ¢ we assume that

(L8) 17 satisfies the growth condition
Y(A) > cg|A|*  forevery A € R4 (2.4.19)

for some cg > 0;

(L9) there exists a positive definite tensor ID such that, for every 0 > 0, there exists ¢, (6) > 0
satisfying
[W(A) — |AZ| < 0]A]R forevery A € BE 5(0); (2.4.20)

(L10) ) is positively 2-homogeneous, i.e.,
P(AA) = XN2)(A)  forevery A € R )\ > 0.

The specification p, = 2 of assumption [(LI0)] (compare with the more general p, > 2
from is just needed in the linearization setting to recover the linearized energy inequality

(2.4.24) below.

2.4.4 Linearization result

Before moving on, let us reformulate the setting and the existence results of Proposition [2.4.1]
and Theorem [2.4.1]| in terms of the linearization variables v and v. For all ¢ > 0 fixed, the
admissible set A is equivalently rewritten as

A. ::{(u7v) € WH(Q;RY) x WhHPi(Q;RY) | u=0o0nTp, det(I +eVv) = 1,

/Qv dX =0, |Q] = |(id +ev) ()], (id+ev)(R2) € jm,m},

where we recall that € is chosen to be such that fQ X dX =0 so that

0 &2 / yudX = / (id +ev)dX = ¢ / vdX.
Q Q Q

We use the following notation for the rescaled energies and dissipation
1
S (u,v) = = / W ((I+eVu)(I+eVo) ™),
Q
1
Wii(o) = / Wai(I+€V),
Q

Ve (v, 9) = 8—12/91/1 (eVo(I+eVu)™).

Their corresponding linearized counterparts read

WO (u,v) = %/QV(u—v) : CaV(u—v),

1
WO (v) = 3 /Q Vv : CyVu,

V(1) == %/Q]DV{) : V.
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We also define for brevity
ga(u’ U) = W\fl(?j) + eal(u7 U) - <€07 U> and 80(“’7 'U) = W\(l)l(v) + ng(ua U) - <£07 U>

Finally, let (u2,2?) € A_ be a well-prepared sequence of initial data, namely

g) Ve

(u?,0?) = (u°,2°) in H(Q) x H(Q) and lin(l) E(u,v?) = E%u;?) (2.4.21)
e—

g)r e (SR

Proposition[2.4.Tand Theorem [2.4.1] can therefore be rewritten in terms of the new variables
(u,v) and in the presence of the rescaling prefactor 1/&? as follows.

Corollary 2.4.1 (Existence in terms of (u., v.)). Under the assumptions|(E1)| (E2)| (E3)} (E4),

(E5]), and[(LI10)|of Section[2.4.1|and (2.4.21)) for every € > 0 there exist a sequence of partitions
(IL;< ), of the interval [0, T| with mesh size T — 0 and functions (u.,v.) : [0,T] — A. such
that for every t € [0, T

Approximation:

(Wre (1), Tpe (1)) — (ue(t), ve(t)) in WHI(Q; RY) x WHPi(Q; RY)

Energy inequality:
t

W5i(ve(t)) + 51(%(?5)7%(75))—<€0,us(t)>+2/ U (e, 0:)

0

t
< W5 (02) + Waud,v?) — / (0°, ) (2.4.22)
0
Semistability:
a1(Ue(t), ve(8)) = (€ (1), uc (b)) < Wealtie, v=(t))—(€5(1), e (t))
Vi, with (., v-(t)) € A.. (2.4.23)

In the following result, we show that a sequence (u., v.). of approximable solutions at level
e converges weakly to (u,v) satisfying the linearized energy and the linearized semistability
inequalities.

Theorem 2.4.2 (Linearization). For every ¢ > 0 let (u.,v.) be an approximable solutions

given as in Corollary Then, under the assumptions (L) [[L2)] [(L3) [L4)] [(L3)] [[L6)|
(L7 [(L8) [(L9)| and [(L10)|of Section[2.4.3|and R.F21) there exist functions (u,v) : [0, T] —
Hi (4 RY) x Hi (S R%) such that, for every t € [0, T), up to a not relabeled subsequence,

us(t) — u(t), v(t) — v(t) weakly in H'(Q;R?),
Vi (t) = Vo(t) weakly in L*(Q; R?).

Moreover, for every t € [0,T], we have

Linearized energy inequality:
Wav()) + Walu(t), v(t)) — (£(t), u(t)) + 2/0 0 (0(s))
< WE() + WO, o0) — (£(0), ) — /0 ((s), uls)), (2.4.24)

Linearized semistability:

WAu(t), v(t)) — (), ult)) < Wh(i, () — (1), ) Va € HE (RY). (2425
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The proof of Theorem [2.4.2]is to be found in Section [2.7] below.

Before moving on, let us remark that the linearized energy inequality and the lin-
earized semistability (2.4.25)) cannot be expected to uniquely determine solutions of the lin-
earized problem (2.2.1)-(2.2.2). On the other hand, inequalities (2.4.24))-(2.4.25]) would uniquely
characterize solutions (u, v) to (2.2.1)-(2.2.2) if in addition one assumes that (u, v) are approx-
imable, namely, are limits of time discretizations of (2.2.1)-(2.2.2). Although the trajectories
(u, v) are limits of approximable solutions (u., v.), we are not able to prove that (u, v) are ap-
proximable themselves, for the property of being approximable seems not guaranteed to pass
to the linearization limit.

2.5 Time-discretization scheme: Proof of Proposition

To start with, notice that the infimum in the incremental problems (2.4.9) is finite for every
i = 1,...,N,. Indeed, since the initial condition satisfies £(0,y%, y%) < oo, by arguing by
induction and choosing (ye1, yvi) = (v'5 4’5 '), we get that

i—1
7 Yvi yvi
g(th Yel, yVi) + TV (yvl 17 7) 8(t17 yel 7yv1 ) < o0.

Fix now 1 < i < N and let (4}, ¥oim)men = (Yelm, Yvim)men C A be an infimizing
sequence for problem (2.4.9)) at time step i.

2.5.1 Coercivity

Let us first show that (Yelm, Yvim)men is bounded in WP (y,; . (Q); RY) x Whevi(Q; RY).
This requires some care since e, is defined on the moving domain i ,,,(€2). Since the infi-

mum is finite, we have by (2.4.1)) and (2.4.2))

8] / |vye1,m
yvi,m(Q)

where we have posed ¥, = Yel.m © Yvi,m- The loading term can be controlled as follows
[(Ct:), ym)| < [[€CE) | wrae))

Holder
< cllet)lwra@):-

Young 1
< et racen) Enwel,m

, Q
- % S W(yelmmyvi,m) S C— <€(t1)7 ym>

2

Pel + 02

lwra) < cll€(t)l[wra)) (e

() Hvyw mHvai Q)

icllel (yvi,m( ” vyVI m ’ Il);gw

This entails that
IV Yetm 175 (s iy + 1V Yeiml 750 0) < €
which in turn guarantees that
||Vym||m <e.
Now, using the growth condition (2.4.2) and the Poincaré-Wirtinger inequality, recalling that
v has zero mean, we have that
Yvim llwrmw @) < e
Recalling that y,, satisfies the Dirichlet boundary condition (2.3.3)), by the Poincaré inequal-
ity we obtain
[Ymllwra@) < e
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A change of variables ensures that

Lvi,m(g)

50 that ||Yei,m || La(y.;,. () < €. as well. Again the Poincaré inequality guarantees that

HyeLmHWl’Pel(yvi?m(Q)) <c (2.5.1)

Up to a not relabeled subsequence we hence have that

Yvign = Yoim — Yoy i WP RY) (2.5.2)
Y = Y = Yot © Yo — Y I WHI(QRY).

We now want to extract a converging subsequence from the elastic deformations ¥ ,,,, which
are however defined on the moving domains v ,,(€2). Consider the trivial extensions ¥y, and
VYe1,m on the whole R? by setting Yel,m and Ve ,,, to be zero on R4 \ Yvi,m (€2), respectively.
Recalling the bound (2.5.1)), we have (up to a subsequence)

Yeim — Yy in L (R%GRY)

Vielm — G in LP (R R, (2.5.3)
We want to show that G = V!, on the limiting set y;(€2). By Sobolev embedding, possibly by
extracting a further subsequence, we have that y; ,, — v, uniformly. Letting w CC y%,(Q2),
for m large enough we eventually have that w CC 4y, (€2). By uniqueness of the limit we
have Yem — ¢ in LPe (w; RY) and Ve, — Vi, = G in LP(w; R¥*?). Hence G = Vy/, in
every w CC y,(Q). An exhaustion argument ensures that G = V!, in y,(9).
2.5.2 Closure of the set of admissible deformations
Let us now check that the weak limit (y’}, v;) belongs to the admissible set A. First of all,
since py; > d we have that

1 =det Vyi;,, — det Vg, in LP/4(Q)

and hence det Vy’, = 1 almost everywhere. On the other hand, [50, Lemmas 3.1-3.2] imply
that y. (2 ) € Ty no- By the linearity of the mean and trace operators and by the weak conver-
gence of .m»> We find JovdX = 0and y* = id on I'p. Moreover, by [39, Lemma 5.2 (i)]
we have that

|yfllm(Q)Ay\ZI1(Q)| — 0,
where the symbol A denotes the symmetric difference, and, for every w C (), that 1, (W)
1, (.) almost everywhere in 2. This implies that y'. satisfies the Ciarlet-Necas condltlon since

9] = [yeim ()] = (D)1,
It remains to show that y* = y’; o 4/",. Let us take any measurable w C € and consider, by
changing variables,

[veoax [ aax - / o (i (X)X = Yo (€)dE

Yvi,m (W)

= /I;d yel,m(f)ﬂyvi m( dé %/’ yel y (w df /yel yv1

where in the last limit we used the weak convergence of Yel,m and the strong convergence of
1, (- Since w C € is arbitrary we conclude that y* = y;; o y';. In particular, we have that

(y ely yv1) € "4
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2 Finite-strain Poynting-Thomson model

2.5.3 Weak lower semicontinuity

We aim to show that the functional in (2.4.9)) is weakly lower semicontinuous with respect to
the above convergences.
By polyconvexity of the viscous energy density W,; and (2.5.2)), we have

m—00

/VVVl Vyi)dX <lim mf/ Wei(Vyyim)dX

For what concerns the dissipation, from the weak convergence of yy; ,,, in Wlpi(Q), we also
have

v (yvi,m -

V1

i—1 i gl '
Yyi )(Vyzn—l)—l N V(Z/vi - Yyi )(Vy’-_l)_l in Lp‘/’<Q;RdXd),

Hence, by the weak lower semicontinuity of W, it follows that

i il i1
v (yf,i_l, Yoi = Vi ) < liminf ¥ (yf,1 1, Yoim = Yi ) )
T T

m—0o0

As the loading term is linear, we have

by weak convergence of v,,,.
Finally, for any w CC #.(€2) we can treat the elastic energy as follows

. 2D
/ We(Vyg)dé < liminf / We(VYerm)dé < liminf / We(Verm)dE,
w m—oo [ m—o0 Yoim (Q)
where we have used the polyconvexity of W, and convergence (2.5.3)). Taking the supremum
over w CC 4% (2) we conclude via an exhaustion argument that

/ W (Vye)dé < liminf / Wt Vel )dE.

(@) 00 Sy (Q)

Yvi,m
All in all, we have proved that (3%, 4.) € A and
o Y —y Yoi — Yo
E(ty i) + 7 <y —) ~ min {sm,yel,yvi) g <y —)}
T (yelvyvi)eA T

so that the assertion of Proposition [2.4.1] follows.

2.6 Existence of approximable solutions: Proof of Theorem

We split the proof in subsequent steps. The basic energy estimate and its consequences are
presented in Subsection [2.6.1] The energy estimate is then sharpened in Subsection [2.6.2]
leading to the discrete energy inequality. By taking limits as the time step 7 goes to 0, the
time-continuous energy inequality and the time-continuous semistability are
proved in Subsections [2.6.3|and [2.6.4] respectively.
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2.6 Existence of approximable solutions: Proof of Theoremm

2.6.1x Energy estimate and its consequences
Let (y'y% )X, be a solution to (2:4.9). By minimality we have, for every i = 1, ..., N,

R . .
Eti, Yo, yus) + TV (yii_l, %) < E(tiya Hya )
. . t/L . .
— E(ty YY) - / Gy,
ti—1

Summing up overi = 1,...,n < N we get
n ) yi. — yi._l n i
Etayy) + 3T <yéﬂ f> < E(0, Yer0s Yvin) — Y / ((,y"h). (6.1)
i=1 i=1 Y ti-1

By using the notation for the interpolants, we have, for all ¢ € [0, 7],

tr(t) ) tr(t)
S(tT (t)a gel,'r (t) ) gviﬂ' (t)) + / v <gvi ) gvi,*r) S 5(0, Yel 0, yvi,O) - / <€7 g7.>
0 ’ 0

()
Sg(o,yel,()ayvi,O)"'/ 1€l wrr.a ()
0

Poincaré

tr(t)
7 £(0, yoro i) + © / 1wy
0

Yy llwra@

Vy L@

i
< E(0, Yer,0, Yvio) + C/ VY, zeagy,, wonllVy, e @)
0 K k)

vi,T

On the other hand, by the growth assumptions (2.4.1), (2.4.2)), and (2.4.5)), we also have

(1) , |
8<t7' (t>?yel,’r (t)7 yvi,T (t)) + / \Ij <QV17T7 gViﬂ') Z CHV§vi,r (t)’ }Z,‘gvi(Q)
0
, ) .
+ eIV O, oy *¢ /0 IV (VY )7 ey = (2:62)

In particular, combining the two inequalities above we get

tr (1) .
O] AT [ ) / 19 (T, )

(1)
< E(0, Yer,0, Yvip) + ¢ / IVy e @wopllVy, @) +c
O el ) 9

i (1)
§c—|—c/ (HVQelT
0 :

We can apply the Discrete Gronwall Lemma [51} (C.2.6), p. 534] to find

Ifﬁel (¥, () + ||VQV1,T| Iivpivi (Q)> '

IVGyir (O i) + Vel (O rag,, ) < c

Thus, for every t € [0, 7] we have

[Gsir Ollwri@) < ¢ and - |[[VGo ()] ra@,,, o) < ¢
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2 Finite-strain Poynting-Thomson model

Then, using Poincaré inequality on the total deformation, we find ||7.(t)||w1.4() < cand hence,
as before, for every ¢t € [0, 7]

||gel,7(t)||W1’pel@vi,7—(t’9)) sec

Moreover, thanks to (2.6.2), we also have for every ¢ € [0, T

Zvi, T

tr(t) i
| 190, ) gy < 263
0

By recalling that 1/p, = 1/py, + 1/py; this implies that

||LPvi(Q) S C.

vi, T

T T
| Wisallioner < [ 19T, ) ey IV
0 0 ’

2.6.2 Energy inequality, sharp version

In the previous section, we have found the energy estimate (2.6.1)), which features the dissipa-
tion with a prefactor 1. In order to prove the sharp version of the energy inequality
with the prefactor p,,, we need a finer argument, mutated from [2].

First, we introduce some notation. Let

V= {yvi c Whri(Q; RY) ‘ det Vy,; = 1 a.e. in Q}
and, foralli = 1,..., N, define the functionals @ : [0,7] x V x A — R as
q)l<7—’ Yold s Yel, yvi> = g(tm Yel, yvi) + 7V (ydd, w) .

Recall that, by definition (2.4.4) of ¥ and by the p,-homogeneity (2.4.6), we have

vi = Yo 1 _
70 (o, ) = 0 (Vo) (Vo — Vo) - (264)
T TP Q
For all (¢, yoa) € [0,7] x V we also define the minimal value of the latter functional as

sz- (yold) = inf q)l (7—7 Yold, Yel, yVi)

(Yel,y vi) EA

and denote the set of minimizers by J%(yo1q) = arg min{®*(7; yowa, Vel, ¥ui) | (Y1, i) € A},
which is nonempty by Proposition [2.4.1] Finally, introduce

. Vv vi, 7 T \Y o
\I’;L’Z(yold) = sup /¢ ((V?/old)_1< Yui, Y 1d)) ’
Q

(yel,T7yVi,T)€J:ri‘(y01d) T

(vyviﬂ' - vyold))

T

\I/;’i(yold) = lnf / w ((Vyold)l
Q

(yel,TayVi,T)EJ;i— (yold)

We start by stating an auxiliary result, providing the continuity property of the map 7 —
®" (yo1a) in 0 and the monotonicity of 7 — W (Yoid, ¥ vi.r —Yold)-
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2.6 Existence of approximable solutions: Proof of Theoremm

Lemma 2.6.1. Foreveryi=1,..., N and every y,q € V, we have

li{% B (Yora) = E(tis Yel, Yold) (2.6.5)

where ye € arg min{& (t;, Yer, Yola) | Jor € WP (yo1a(2); RY)}.
Moreover, if 0 < 19 < T, then

U (Yold, Yviro—Yold) < ¥ (Yold, Yviry —Yora) JOr every (Yelr;, Yvir;) € J5. (Youa), J =0, 1.
(2.6.6)

Proof. We start by proving the continuity property of 7 — &% (youa). Let (Yeirs Yvir) €
JE(yola)- By the growth condition (2.4.3), the p,-homogeneity (2.4.6)), and coercivity, we have

_ Yvi,r —Yold _
1(VYora) ™ (Viir— Viora) | v ) < €V (Yolds Yoir —Yold) = 774U (yolda 7) <erPel,

The proves that Vg, — Vyga in L (Q; R™9) as 7 — 0. Moreover, by (2.5.1)), we have
Yel.r — Yo Weakly in WP (Q: RY). Thus, by weak lower semicontinuity, we have

li : o =1li q)z s Yo el, 7y Yvi, T > lim inf tz el, T ViT> tz e old /-
T%@(?Jm) 71{% (Tayldayl, » Yvi, ) > 11711\%1 E( » Yel,mr Y ,)_5( , Yel> Yold)

On the other hand, from minimality we get £(t;, Y1, Yold) = " (Yo1a). This implies that
71_1{‘1(1] qb:— (yold) = g(tia Yel, yold) .

The fact that y. € arg min{& (t;, Ve, Yold) | Yo € WP (yo1a(2); RY)} follows from minimality
since

E(ti, Yel, Yola) = 11{% B (Yora) < 11{1(1) D (T; Yolds Yels Yold) = E (tis Uel, Yold)

for every 7oy € WP (y,14(Q); R?).

Let us now prove the monotonicity of 7 — WU (Yoid, Yvir—Yola).- Let 0 < 75 < 71 and
Yelr, > Yvior; € Jij (Yo1d), 7 = 0, 1. From minimality, we have that

; 1
o = E(ti, Yelror Yviimo) + Tp—

w1
0

U (Yold; Yel.rop — Yold)

1
S E(tza yel,na yvi,n) + ﬁqj (yolda yel,n - yold)
T

0
1 1 1
= 5(t7,7 Yel, 15 yviﬂ'l) + W\Ij (yold7 Yel,ry — yold) + py—1 - py—1 v (yold7 Yel,rp — yold)
1 1 1
S g(tza yel,roa yvi,m) + ﬁlﬂ (yolda yel,ro - yold) + Py —1 - py—1 v (yolda yel,n - yold) .
Ty To Ty

This implies that

1 1 1 1
( po 1 pr—1) U (Yold, Yel.ry — Yold) < (pr_l — Tp¢_1> U (Yold, Yel,r1 — Yold)

To 1 0 1

which concludes the proof. O]
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2 Finite-strain Poynting-Thomson model

In the following Lemma, we calculate the derivative with respect to 7 of the minimal incre-
mental energy ¢’ and provide a crucial estimate.

Lemma 2.6.2. For every yoq € V andi=1,... N, the map T — @' (yo1a) is locally Lipschitz
n (0,1). Moreover, we have

d

0 (Yoa) = =Py = DT (Yora) 2.6.7)

for almost every T € (0, 1). In particular, for almost every T € (0, 1) we have

TV (yold7 w> + (p¢ - 1) / \D;t’z (yold)dr = g(tm Yel, yold) _E(tia yel,v’a yvi,‘r) (268)
0

for every (Yoes Yoir) € (Yo, for some oy = arg min{E (£, for, Youa) | Gor € WP (g (2); R},

Proof. For every 7o # 71 and (Yel,;, Yuirr;) € J7,(Yola)s 5 = 0, 1, by minimality we have

(b‘ro (yold) - an (yold) S (I)Z (7—0; Yold, yel,n ) yvi,n) - (I)Z (7—1; Yold s yel,‘rl 3 yvi,ﬁ)

1 1
=7 ¥ Woid: i — Yold) — =7 ¥ (Yold; Yisrs — Yola)
e

— —/w Vyold) (vyw T1 Vyold))

(717'0

where we used (2.6.4). We can perform an analogous calculation for

¢T0 (yold) - ¢Tl (yold) Z q)l (TO; yold; yel,T07 yvi,TQ) - éi(Tl; y01d7 yel,T()? yvi,To)
so that, by combining the two above inequalities, for 7y < 71 we find

py—1 pl
le W

bro (Yord) — Or, (Yora)

1 —To

/1/} (VYoa) ™ (vywm Viold)) <

py—1 p
le W~

(T170)P¥ 1(71 )

/ ’QZ) Vyold ) (vyw 1 Vyold ) )

= (mTo)PeT 1(71 — o)

Taking the supremum over (Yel.ry, Yviz) € Jio (Yoa) in the left-hand side and the infimum over
(Yel,ri» Yvim ) € JE (Yoa) in the right hand side, we find

bt - _ Dy —1 py—1 '
7'0(;1_1 — 7o )\Ifjo’i(yold) < éru (Yota) = ér, (Yota) < & (:1—1 — )\Iﬁ7l(y°1d>
n’ (1 — 1) 1 = To 7" (11— 7o)

which implies that 7 — ¢ (y.1q) is locally Lipschitz. Then, passing to the limit for 7, \,7 and

T0,/'T, we get (2.6.7).

Integrating from 7y > 0 to 7, we have

O (Yola) — D% (Yota) = —(py — 1)/ U (Yo )dr.

70

Letting 79\,0, recalling (2.6.3)), and the definition of (Ye1.+, Yvi+) € JE(Yola), we get 2.6.8). [
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2.6 Existence of approximable solutions: Proof of Theoremm

We now state the definition of De Giorgi variational interpolation [2, Definition 3.2.1],
which in our setting refers to the viscous deformation y,; only.

Definition 2.6.1 (De Giorgi variational interpolation). Let (y}, ., ¥s; .)ivo be an incremental
solution of the problem of ([2.:4.9). We call De Giorgi variational interpolation of (y/',; . )i, any
interpolation y ,; » of the discrete values with (Y, ., i) : [0,T] — A that satisfies

gvi,f(t) = i/vvi,‘r(tifl + T) € Jr@i?,i) lft’ifl +7re (tz?l; tz]
foreveryi=1,..., N.

The following Proposition provides the sharp energy estimate on the discrete level, providing
an equality instead of an inequality.

Proposition 2.6.1 (Discrete energy equality). Ler (y2; ., y; )iy be an incremental solution of
the problem of (2.4.9). Then, for every 1 < n < N we have

n t;
TZ¢ < vyvm’ (vyvlT - Vyvm')) + (pw - 1) Z / Gﬁw (T)dT’ +& (ti7ygl,77 ygi,r)

5(0 yelanwO Z/ gyelrroyelq—>
(2.6.9)

where
Go(t) = (WE ()™ fort =tiq 41 € (fiy, ti).

Proof. By [2:6:8) for yous = i +s Yvivr = Yoo and Yerr = ¥l -, we find
. yi. — yi71 T 4 :
o (yii,i, —) o= 1) [ 16 Pdr + €ttt vh) = Eltouls i)
0

t;
= Sttt = [ (i oulih)
t

i—1

where we used the definition of G, and of De Giorgi variational interpolation. Then, summing
fromi = 1to 7 = n we get (2.6.9). O

Before passing to the limit for 7 — 0 in the energy equality (2.6.9)), we need to characterize
the limit of the De Giorgi variational interpolation. In the following Lemma we show that such
limit coincides with that of the backward interpolants.

Lemma 2.6.3. If3,; (t) — yi(t) in WP (Q; RY), then i 7 (t) — yvi(t) in WHP¥i(Q; R?).

Proof. First, let us show that, for 7 > 0 and t € (¢]_,,t]] fixed, ||Gvi(t) — Fyi (D) 21(0) <
ctP»~1, We have, by definition of V7, . and Holder inequality,

vaVi,T(t) - Vyvi,T (t)”Ll < Hvyw T(vyw 7') ! (v@/VlT(t> - Vyf/iﬂ') ”Ll(Q)
< IVl ™ ) H(Vym) H(VTar(t) = Vi) |

Dy
LPY(Q)"
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2 Finite-strain Poynting-Thomson model

Since p, > 2 by (2.4.7) we have that p), < p,. Hence, by the boundedness of Vy.; ! in
LP(Q; R¥?) and the fact that §2 is bounded, we have that | Vy’; ||p‘”
and 7. Thus, by growth condition (2.4.5), we have

Yyir < c uniformly in ¢

Vi () = Vi (Ol @) < el (Vi)™ (Vs = Vi) 1o o)
+ell (Vi)™ (Viir(t) — Vi) |Zzﬁ¢(9)
< W (Yoirs Yair — Yeir) + Y (Yot Toir — Yoir)
< W (Y v — vit)

where in the last inequality we used the definition of . , and the monotonicity property (2.6.6).
Using the p,-homogeneity (2.4.6) and the boundedness of the dissipation, we get

i—1
IVYir(t) = Vi ()1 0) < T W (yili, iz — s yV”) < ot
7 T

Then [|[Jvi,r(£) — T (0] 1() < erP¢~! follows since 7y - (t) and 7,5, () have zero mean.
The assertion follows as Q 1s bounded, by assumption 7; (£) = yi(t) in Wi (Q;R?), and
Tyi-(t) is bounded in WP (€; RY) by coercivity, as shown in Section 2.6.1 u forg,.(t). O

2.6.3 Proof of the energy inequality
In the following, we extract further subsequences without relabeling whenever necessary.
Assume to be given a sequence of partitions (IL,), with 7 — 0 and denote by (¥, y%;)~, the

corresponding incremental solutions. The estimates in Section [2.6.1] and Lemma [2.6.3| ensure
that for every ¢ € [0, T']

oir(t) = yat)  in WH(QRY),

gvi,7<t) - yV1(t) in WLpVi(Q; Rd)v

B0 = y(t)  in WH(RY.

Moreover, by Sobolev embedding we have that g, — y; weakly in C([0, T]; Wb (Q; R9)).
As regards the elastic deformation, given ¢t € [0,7T] by extracting a subsequence (7} )ken
possibly depending on ¢ we get

yel,r}é <t> - yel(t) in Wl’pd(yvi(t, Q), Rd)

Note that here we have to implement an exhaustion argument for dealing with the moving
domains 7;(t, §2), exactly as in Section Moreover, the total deformation y can be proved
to fulfill y = ye © i by arguing as in Section[2.5.2]

We aim at passing to the limit in the energy equality (2.6.9), which can be rewritten, thanks
to the definition of G, () and of ¥, in the weaker form

B ir(t) . ir(t) Yir—Y,,
SO0, T 0T )+ [0 (g dar) 4 omt) [0 (g, T
0 ’ 0 ’

tr(t) |
< E(0, Yer,05 Yvi) — / <57QT>~
0
(2.6.10)
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2.6 Existence of approximable solutions: Proof of Theoremm

Passing to the lim inf in the left-hand side of inequality (2.6.10), we find by lower semicon-
tinuity
E(t,yalt), ya(1)) < i inf EE (1), T (1), T (1))

Let us now study the first dissipation term in (2.6.10). The calculations for the second one are
analogous by Lemma Recalling that by definition 7, (¢) > ¢ and that ¢y > 0, we have that

tr(t) . t :
imint [ (y,,dir) = mint [0y, o).
7—0 0 —VvL,T 7—0 0 —Vv,T

Moreover, up to a subsequence, VyVIT(Vy ) 1 — [ weakly in LP»(Q; R%*9) by (2.6.3). It
hence remains to identify the limit [. To thlS end let us define

(.€) € 10,1 x ,, (£,Q) = vr(t,) = s (b, 351 (6)) € R

By a pointwise-in-time change of variables we have

T T
/ / |, (¢, &)[Prdédt = / / |Gvi,r (£, X)[PrdXdt < c.
0 Jy,  (9Q) 0 Jo

In order to obtain a bound on the gradient Vv, let us consider

T T A Dy
] weteopeasi= [ [ [Gia(9y, ) ex)
0 Jy, (£9) 0 JQ -

g [T .
< / W (y,, ir) <
0 Zvi, T

For given ¢y € (0,T), let us show that Ote[to,to+5] Yi(t, (_2) is not empty for small § > 0. Notice
that, by Sobolev embedding, y . — yyi in C' ([0,T] x ). Hence, for every € > 0, there exists

dXdt

7 = T(e) such that, for every 7 < 7, we have

Sup‘y (t, X) — yuilt, X)‘
XeN

l\:)lm

Moreover, since ¥y; is absolutely continuous in time, for [t — s| < v and v > 0 small we also
have

SuB|yVi(t7X) yV1(S X)|
XeQ
Combining these two inequalities we get

Sup‘y (t, X) — (s, X)‘
XeN

[\')Im

for 7 and v small enough. We can hence fix w CC Niefro,t+11Y,, (t 2) and trivially extend v, on

R?\ w. Then, thanks to the bounds above we have that v, — v weakly in LPe ([0, T); Whee (w)).
We have to show that v = ¢,; o y;'. In fact, we have

to+v to+v to+v .
/ /mmmwui/ /w@@&&:/ / Guin (£, X)dX dt
to w to w to y;}lq— (tw)

to+v . to+v
e / /IRd gvi,‘r(ta X)]]-g\;’l‘r(tvw) (t,X)dth %/v /Rd yVi(t7X)]]'y;il(t,w) (t,X)dth

to+v
= / / Uity (2, €))dédt,  (2.6.11)
to w
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2 Finite-strain Poynting-Thomson model

where we have used that §,;, — y,; weakly in C'([0, T]; WhPvi(Q)), ]]_yfl w — 1 vl W)
strongly in L'(w), and the fact that 1,1 ,  is bounded. Since in (2.6.T1) to, v, and w are

arbitrary, we have that v = g,; o yw and we have hence identified [ = Vv. By weak lower
semicontinuity, we thus have that

() , & ()
lim inf/ v (y . ,ﬁvw = lim mf/ / Y(Vu,(s,€))dEds
70 0 —vVL,T 70 Toi - (5,2)

vi, T

2/O/yVi(s,Q)w(Vv(s,g))ddeZ/0 W (Yuiirs Yvir) -

Thanks to the boundedness and to the weak lower semicontinuity of the energy and of the
dissipation we can apply Helly’s Selection Principle [74, Thm. B.5.13, p. 611] and find a
nondecreasing function ¢ : (0,7 — [0, co) such that

t,w)

t .

/ v (yvy) — 4(t), (2.6.12a)
o ,
t .

/ v (gm,yvi,r) < 0(t) — 0(s) (2.6.12b)

for every s,t € [0, T]. Then, fixing t € [0, T], we have

t

| L) ,
5(t) B2 i [ v (gvh,gviﬁ) < lim inf / U @V”,gvi,T).
0 ’ 0 ’

k—00 k—o00

Setting 6,.(s) == —({(s), y_(s)), by the regularity of ¢ and the boundedness of (y (1)), for

almost every ¢ € [0, 7] in W19(Q; R?), we have that (6,), is equiintegrable. Hence we can
apply the Dunford-Pettis Theorem (see, e.g., [74, Thm. B.3.8, p. 598]) to find a subsequence
such that

0, —60 inL'(0,T).
Furthermore, thanks to the boundedness of the energy and the dissipation, we are able to find

further ¢-dependent subsequences (71 )ken such that

0.+ — limsup0.(t) =: 0(t),

T7—0

and, by regularity of /, that

A(t) == lim 0, = hm <€(t),yTt (t)) = (£(t), y(t)).

koo 'k k—o00 =Tk

In conclusion, passing to the lim inf in the left-hand side and to the limit in the right-hand side
of (2.6.10) we retrieve energy inequality (2.4.10).
2.6.4 Proof of the semistability condition
Fix now ¢ € [0, 7' and recall that oy ;¢ () — yer(t) in WP (yi(2, 2); RY).
By minimality of the incremental solution we have

5 (tT (t)a gel,f(t)7yvi,7'(t)) S g (ET@)?jel’yvi,T (t)>
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2.7 Linearization: Proof of Theorem

for every ye1 with (7., 7y (t )) € A. Let (Ja, yvi(t)) € A be given. We want to show that one
can choose ¥, , with (¥, 7i(t)) € Ain such a way that

0 < limsup (& (), T Boir (1)) = € (F(0), T (1), T (1) )

T—0

S g (ta geb yv1(t)) - 8 (t, yel<t>7 yv1(t)) 3 (2613)

which would then imply (2.4.TT).

Since (P, yvi(t)) € A, we have that y;(Q2) € J,, ., and v.:(£2) is a Sobolev extension
domain. Hence, there exists a linear and bounded extension operator £ : WPel (3,:(Q); RY) —
Whtra(RY; R?). We thus define 7, € W'P<(g,; (Q); R?) as the restriction to ;- (€2) of the
extension £y, namely,

g:/el,f = Egel

@vi,‘r (Q) ‘
In the following, we just concentrate our attention on the stored elastic energy part, since the
treatment of the loading term is immediate. We write

/ Wel(vjelﬁ)df - Wel(vyelﬁ)df = Wel(V§el77)d§
yw T(t Q) yvi,f(tvﬂ) yvi,‘r(t’ﬂ)myVi (tvﬂ)

4 / Wa(Via,)de  — / W (V51 )dE
Ui+ (&) \yvi (L,92) Yui,r (:82)
(2.6.14)

By the growth condition (2 on W and the fact that on the set ,; (¢, ) we have j,, , =
Tel,-» Which is uniformly bounded in Wheet(y.; (¢, Q); RY), we find

= . e¢1n
/ WV, ) = W Vi) < e[ (6.2 \ yalt )]
Tui,r (6 \ywi (,82) Gvi,r (6,2)\yvi (£,82)

Since the measure of the set 7; . (¢,€2) \ y.i(t,§2) vanishes as 7 goes to 0 by the uniform
convergence of g; . to yy;, we have

lim WalVig e = [ Wa(Via)de.

70 (10) i (1)
We can hence pass to the lim sup in inequality (2.6.14)) as 7 — 0 and obtain (2.6.13)), which is
nothing but the semistability (2.4.11).

2.7 Linearization: Proof of Theorem

We first prove in Subsection[2.7.1|some coercivity results, uniform with respect to the lineariza-
tion parameter €, which in turn provide a priori estimates on the sequence of approximable so-
lutions (u,, v ).. Then, we check in Subsection some ['-lim inf inequalities for the energy
and the dissipation. Eventually, in Subsection we show that the approximable solutions
(ue,ve)e converge, up to subsequences, to solutions of the linearized problem in the sense of
Theorem

In the following, we use the notation

(A) = éWel(I FeA), TE(A) = 6_12%(1 Fed), UE(A) = gi2¢<gA)

el

for the rescaled energy and dissipation densities.
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2 Finite-strain Poynting-Thomson model

2.7.1 Coercivity
We devote this subsection to the proof of the following.

Lemma 2.7.1 (Coercivity). For every (u,v) € A., it holds
[l + 103 @) + VOl Z20) + [1€V0ll L) < e+ W5i(v) + Wa(u,v) + ¥°(v)).

Notice the bound on the term || Vv || Lo (q), which follows from assumption|(L4), This bound
will play an important role in passing to the limit for ¢ — 0.

Proof of Lemma With no loss of generality we can assume WE (v)+ W5 (u, v)+ ¥4 (v) <
00

By assumption |(L4)| we have that I + Vv € K CC SL(d) almost everywhere in €. By
using (2.4.18) we get that | 4+ eVv| < ¢k, hence

HéVUHLoo(Q) <ec.

Since v has zero mean by assumption, by applying the Poincaré-Wirtinger inequality and by
taking into account the growth condition (2.4.16) we get

ol < el Vole) = SleVollae < 5 [ Wall +90)X = % o).
Using condition (2.4.19) and the fact that |/ + £V v| is bounded in L™ we get
, 1 . 1 : .
IVol|720) = 8—2/9\5Vv]2dX < ?/QLSVUPH—FEVU] 2|1 + eVoPdX
< 6—62/ Y (eVi(I 4+ Vo)) dX = ¥ (v).
Q

In order to obtain the H'-bound on u, we start by fixing Q@ € SO(d) and define F, =
Vy(I + eVv)~1, where we recall that y = id +eu. We have

Vy — Q> = |Vy — QU +eVv) + eQVu[’ = [(Fa — Q) +eVv) +Q Vo[
< c(|Fa — QP|I + eVl + *|Vo|*) < c(|Fel—Q|2+62|Vv] ).

Taking the infimum over @ € SO(d) we get
dist*(Vy, SO(d)) < c(dist?(Fy, SO(d)) + £2|Vol?).

We now integrate over ) and, thanks to assumption (2.4.13)) and the estimate on HUH?F(Q)’ we
find

/dlst (Vy, SO(d))dX < c/Wel (Fu)dX + 22| Voo < e (WS (u,0) + W5 (0))
Q

The classical Rigidity Estimate [34, Theorem 3.1] implies that there exists a constant rotation
@ € SO(d) such that

IVy = Q720 < ¢l dist(Vy,SO(d)) |72

‘We hence have that R
IVy — Q|72 < ce® (Wa(u,v) + Wi (v) .
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2.7 Linearization: Proof of Theorem

Recalling that y = id on I'p, by [22} (3.14)] we also deduce
1 = Qll720) < c=® Walu,v) + Wi (v) .
In conclusion, we get that
2 1 2 2 A12 2 A 2
HVU||L2(Q) = 6—2||V2/ - ]HL2(Q) < gHVy - QHL?(Q) + g”Q - ]HL2(Q)
< c(Walu,v) + W(v))

whence the assertion follows. ]

2.7.2 I'-lim inf inequalities
In order to proceed with the linearization, we need to establish I'-lim inf inequalities. At first,
we prove the following Lemma on the convergence of the densities.

Lemma 2.7.2 (Convergence of the densities). Assume conditions [(L3)| [(L6)| and [(L9), Then,
we have

Gi—>|'|(%:el7 W\fl—>||%v1’ ¢8—>||ﬂ2])

locally uniformly. Moreover, we have

|2]Z, < inf {hm inf W5(z.) | zz2 — zin ]RdXd} : (2.7.1)
|2|¢. < inf {hrgn_gglf Wei(ze) | 22 = zin RdXd} , (2.7.2)
122 < inf {ngj&lf V() | 2 — 2 in Rd”’} . (2.7.3)

Proof. Let Ky CC R4 be given. Fix § > 0 and let ¢j(§) be the corresponding constant from
assumption (2.4.15)). Then, for sufficiently small €, we have that e Ky C BF?(XS(O) Hence, by

(2.4.15)) we find

hmsupsup‘ () =1 |%el‘ < dsup] - ‘(2Ce1 < de.
Ko Ko

e—0

Since 9 is arbitrary, we get local uniform convergence for W. For Wji and ¢ proof of con-

vergence is analogous, using the corresponding conditions and (2.4.20)), respectively.
For the I'-lim inf inequalities (2.7.1] ,let (2.). € R¥? be such that 2. — 2 in R%*?,

Assume without loss of generahty that sup, W (zg) < 00. Then, the inequality follows from

local uniform convergence. The same applies to W, and ¢°. ]

We are now in the position of proving the I'-lim inf inequalities for the functionals.

Lemma 2.7.3 (I'-lim inf inequalities). For every (u,v) € A, we have

WO (u, v) + W2 (v) < inf { lim inf (W5 (u., v:) + Wi (ve))

e
e—0

| (ue,v:) = (u,v) weakly in HI(Q;Rd)Z},

t t
/ WO () < inf {liminf/ U (v, 0e) | v, — v weakly in H ([0, t]; Lz(Q;Rd))} :
0 0

e—0
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2 Finite-strain Poynting-Thomson model

Proof. Let (u.,v.) — (u,v) weakly in H*(£2; R?)? and assume without loss of generality that
sup( o (ue, ve) + Wi (ve)) < o0.

Thanks to inequality (2.7.2) and [77, Lemma 4.2] we immediately handle the stored viscous
energy terms as

/ [Vulg dX < hmlnf/ We(Vu)dX = hmmf— in(l—l—a?va)dX

e—0 5

The treatment of the stored elastic energy term requires some steps. First, notice that,
since sup, W;;(v.) < oo, we have that [ + Vv, € K almost everywhere in . Hence,
eV || 1o (0) < c uniformly in € and (I + ¢Vv,) ™" is bounded in L*°(€2; R**%) by (2.4.18) as
well.

Let us then define the auxiliary tensor Z. as

1
Ze = (I +eVee) " = I +eV.) = e(I + Vo) (Vo)

so that (I 4+ eVu.) "t = I — eV, + eZ.. Notice that ||eZ.|| () < ¢since ||eVo.| 1) < c.
Furthermore,

1 Zc|I @) < ell( 4 eVoe) (Vo) i) < cel| Vel 2 < ce.

Hence, Z. is bounded in L?(£2; R?*?) by interpolation, namely,

1/2
1Z:]| 2y < lleZell 2 12

L= () 1/2 =€

We therefore conclude that Z. — 0 weakly in L?(; R%*%).

Define now F5 == (I +&Vu.)(I +&eVu.)~! and
Fi5—-1 1
A = GIT == (I +eVu)(I +eVu.) " =1).

We want to show that A° — Vu — Vv weakly in L?*(Q; R¥*?). Let us compute
1
A*=—(({ +eVu.)(I —eVuv. +eZ.) — 1) = Vu. — Vu. + Z. — e(VuVv. — Vu.Z.).
5

Since Vu, — Vo, — Vu — Vv and Z. — 0 weakly in L?(Q; R?*?), it remains to show that
H. = ¢(Vu.Vv. — Vu.Z.) — 0 weakly in L?(Q;R¥?). Notice that ||H.||;2@q) < c since
Vu, is bounded in L?(Q; R%*?) and eV, and €Z. are bounded in L>(Q2; R?*?). Moreover,
since Vv, and Z, are bounded in L?(€2; R**), then || H. | ;1) < ce so that H. — 0 weakly in
L2(Q; Rdxd).

Hence, we have by and [[77, Lemma 4.2] that

/|Vu—Vv|(C dX<hmlnf/VVE (A°)

= lim mf — Wel I+€Vu5)([+€Vv5) ) dX.
e—0

Let (v.). be such that v, — v weakly in Hl([O, t]; L2(Q; R?)), and sup, V¢ (v., .) < co. By
coercivity we have that (up to a non relabeled subsequence) V. (I +eVv.)™! — Y weakly in
L*(©)). We want to identify the limit as Y = V4. First, notice that

Vi (I + Vo)™ — Vi, = eV, V(I +eVo,) ™' = Y. — 0 weakly in L*(Q; R¥%).

y < ce and ||Y;||r20) < c. Then the I'-lim inf inequality for the dissipation
term follows from (2.7.3) and [77, Lemma 4.2] applied on the domain [0, t] x €. O

50



2.7 Linearization: Proof of TheoremE

2.7.3 Convergence of approximable solutions
Thanks to Lemma [2.7.1] and the energy inequality (2.4.22)) we have

t
hee (Ol < € (L4 E(t o)) < o (1 e v) + / qf())
t
<c (1 + &5(ul,00) +/ (£, u5>> : (2.7.4)
0

By the Gronwall Lemma [51, Lemma C.2.1, p. 534] this implies that |[u.(t)|/z1) < c for
every t € [0, 7.
Concerning v, we similarly deduce from Lemma [2.7.1] that

t
o () < ¢ (1 E°(tyuerv2)) < (1 el ) + / <eaus>)

so that [|v.(t)| g1 (o) < cforevery t € [0,7], as well.
ThAggirllliby Lemma we have ||V, (t)][72q) < cP°(v:(t), 0:(t)) for every ¢ € [0,T].
is yields

t t t
[ Ivedg < [ v e (1 e+ [ ),
0 0

0

hence, ||V, || 12(0,1,02(0)) < ¢ Therefore, up to a non relabeled subsequence, we find
v(t) — v(t) in HY(RY), Vo (t) — Vo(t) in L*(; R™9)

for almost every ¢ € [0, T']. Notice that, since £ (¢, u(t), v-(t)) < oo forevery t € [0, T, from
assumption it follows I + eVwv. € K for almost every x € ) and for every ¢t € [0,T].
In particular, e Vv, are uniformly bounded. Since v. € A. by developing the determinant as a
third-order polynomial we get

1 = det(I +eVv.) = 1+ etr Vo, + & tr(cof Vu.) + &* det Vo, + o(e?).

By using || Vv (t)]|22(0) < ¢ and e[| Vva(t)||r~ ) < cforae. t € (0,7) we hence conclude
that

| tr Vo ()| 21y < €| tr(cof V(1)) || 21y + €| det Vo ()] 1) < ce

fora.e. t € (0,7). By passing to the limit as € — 0, this ensures that tr Vv = 0 a.e.
Fix now ¢ € [0, T|. By (2.7.4) we have

us(t) — u(t) in H*(Q;RY), (2.7.5)

where at this point the subsequence above may in general depend on ¢. However, we shall see
that this is not the case by uniqueness of the limit (see below).
The linearized energy inequality follows immediately from the energy inequality
(2.4.22)) at level ¢, thanks to the lim inf-inequalities in Lemma and to the continuity of /.
The linearized semistability condition (2.4.25)) on the other hand is more delicate, since it
requires passing to the lim sup on the right-hand side of the semistability condition (2.4.23))
by choosing a suitable recovery sequence .. In the following, we will drop the indication
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2 Finite-strain Poynting-Thomson model

of the time dependence (note that time is fixed in this statement) and simply denote u.(t) =
Ue, V() = v, u(t) = u, and v(t) = v, to simplify notation.

We start by showing that, for all fixed & € Hp (Q; R%) one can choose a recovery sequence
(e ). such that

€in) -
0= limsup (Wi (@, v.) - Walue,v.)) < WH(a,v) — W (u, v). (2.7.6)
e—0

With no loss of generality we can assume by density that @ has the form
G:=u+u whereu € C°(Q;RY).

As inequality (Z4.23) holds for every . such that (4.,v.) € A, i.e., U € Hi (€ RY), we
can choose
Ue = U+ U — U= U+ Ug.

Notice that we have
U. —u.=u and U +u.=u+2u —u+2u in H'(QRY). (2.7.7)
To check inequality we need to show that

lim sup 1 </Q (Wa((I +eVa)(I +eVu.)™h) = Wa((I +eVu.)(I + Vo) ™)) dX)

e—0 g2
< (V@ -, - V- v, dx. 078)

Let us first study the limiting behaviour of the arguments of these energy densities. We define
(I +eVau)(I+eVu.)™t =T+ A, namely

A, ! (I +eVu.)(I + Vo)™ —1)

= g
= (V. — Vv.) — eVu. Vo, +e(I + eV ) (V) *(I + eVo,) ™!
= (Vu. — Vv.) — eVu.Vu. + M, + eVu M.,

where we have set M. = &(Vv.)?(I + eVv.)~'. Similarly, we can write (I + eVu.)(I +
eVu.)™! = I + B, by letting

L (1 eVu) (I + eV — 1)

g

= (Vu. — Vv.) — eVuVu. + M. + eVuM..

B,

Notice that by definition of M. and the fact that / 4+ Vv, € K we have
||5M5||LOO(Q) S C, ||M£||L1(Q) S C€||(VUE)||L2(Q) S CE.

This implies by interpolation that M, is also bounded in L?(2; R%*?), hence M. — 0 weakly
in L2(Q; R?*9). Then, we have

A.—B. = (Vﬂs—ug)(1—8VUE+5ME)Vﬁ+Vﬂ(—5VUE+5M€) — Va strongly in L*(; R,

since Vu € C°(Q; R¥9) is bounded in L>(Q2; R?*?) and (—eVv. + eM.) — 0 strongly in
L?(92; R?*4), Moreover, by recalling (2.7.7) we have that

A+ B. = (Vi +u.)(I—eVo+eM.)—2(Vv.—M,.) — Vu+2Vu—2Vv weakly in L?(Q; R>%).
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2.7 Linearization: Proof of TheoremE

Fix now ¢ > 0 and let c.(9) be as in assumption (2.4.15). Let us define the set
Q0 = {2 € Q|e|A| +¢e|B| < cald)}

containing all points where €| A.| and ¢|B| are small. Notice that

g2 g2

Q Q‘g—/ 1dX§—/ Al+|B)*dX <c—— >0 ase—0 (2.7.9)
0 o\ c(9) Q(| [+15:) c(9)

since A, and B, are bounded in L?(Q2; R%*?). We split the integrals in the left-hand side of
in the sum of the integrals on the sets ©2° and on the complementary sets Q \ Q2. By
using assumption (2.4.13)), on the sets 2% we have

1
= (Wa(l+eAs) —Wa(l +eB.))dX
[oXd

€

< /Q (1A5|%el — yB€|g:el + 5(1Agy%el + |BE\[§€1)) dXx. (2.7.10)

The first term in the right-hand side above can be treated as follows

1
/Q (|A€’%e1 - |BE|<2Ce1)) dX = 5/9601(146 + Be) : (A — B.))dX

— %/Cel((Vﬂ—Vv)Jr(Vu—Vv)):((Vﬂ—Vv)—(Vu—Vv))dX
Q

— [ (9= 0k, - V- ),) dx

by means of the strong convergence of A. — B. — Vu and the weak convergence of A.+ B. —
Vi + 2Vu — 2Vv in L2(Q; R?*?). On the other hand, the second term in the right-hand side

of (2.7.10) satisfies
[ BUAL, + 1B ax <o
Q

since A, and B, are bounded in L?(2; R%*4),
Hence, it remains to show that the integrals in (2.7.8) on the complements € \ ©° converge
to 0 as € — 0. In order to do so, let us define

F=(I+eVu)(I +eVo) Fy=Va(l +eVo.) L.

Since by definition Vu, = Vu + Vu,. and W is locally Lipschitz, we can write

1 -
= (Wa((I +eVa)(I +eVu)™) = Wa((I +eVu.)(I + Vo) ™)) dX
Q\Q9
1 1
== ’Wd(Fl +€F2) — Wel(Fl)‘dX < —2/ €‘F2‘dX
e Jaas & Jaas
c & —0
- e 051(5)8 ’

where we used that F is uniformly bounded in L*°(£2; R9*4). This concludes the proof of
inequality (2.7.8). The check of linearized semistability (2.4.25) then follows as soon as one
passes to the limit in the loading terms, which is straightforward.
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2 Finite-strain Poynting-Thomson model

In particular, we have proved that u solves the linear minimization problem

Walu(t),v(t)) = (€°(t),u(t)) = argmin  Wy(a,v(t)) — (£(t), @)

feryl Rd
uGHFD (2;R9)

for given v, thanks to (2.4.25). Hence, the limit « is unique and measurable in time, since it is
the image of v through a linear operator. We also remark that this implies that subsequences in
(2.7.5) can be chosen independently of £.
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3 VISCOELASTICITY AND ACCRETIVE
PHASE-CHANGE AT FINITE STRAINS

This chapter consists of my publication [[16] with ULISSE STEFANELLI.

Abstract

We investigate the evolution of a two-phase viscoelastic material at finite strains. The phase
evolution is assumed to be irreversible: One phase accretes in time in its normal direction, at
the expense of the other. Mechanical response depends on the phase. At the same time, growth
is influenced by the mechanical state at the boundary of the accreting phase, making the model
fully coupled. This setting is inspired by the early stage development of solid tumors, as well as
by the swelling of polymer gels. We formulate the evolution problem by coupling the balance
of momenta in weak form and the growth dynamics in the viscosity sense. Both a diffused-
and a sharp-interface variant of the model are proved to admit solutions and the sharp-interface
limit is investigated.

3.1 Introduction

This paper is concerned with the evolution of a viscoelastic compressible solid undergoing
phase change. We assume that the material presents two phases, of which one grows at the
expense of the other by accretion. In particular, the phase-transition front evolves in a nor-
mal direction to the accreting phase, with a growth rate depending on the deformation. This
behavior is indeed common to different material systems. It may be observed in the early stage
development of solid tumors [9, 52, [106], where the neoplastic tissue invades the healthy one.
Swelling in polymer gels also follows a similar dynamics, with the swollen phase accreting in
the dry one [S7, 98] and causing a volume increase. Accretive growth can be observed in some
solidification processes [|87,[102], as well.

The focus of the modelization is on describing the interplay between mechanical deformation
and accretion. On the one hand, the two phases are assumed to have a different mechanical
response, having an effect on the viscoelastic evolution of the medium. On the other hand,
the time-dependent mechanical deformation is assumed to influence the growth process, as
is indeed common in biomaterials [38]], polymeric gels [107], and solidification [90]. The
mechanical and phase evolutions are thus fully coupled.

The state of the system is described by the pair (y, 0): [0, T]xU — R4x[0, 00), where T' > 0
is some final time and U C R? (d > 2) is the reference configuration of the body. Here, y is the
deformation of the medium while ¢ determines its phase. More precisely, for all ¢ € [0, 7] the
accreting (growing) phase is identified as the sublevel §2(t) == {x € U | 6(x) < t}, whereas
the receding phase corresponds to U \ Q(t). The value #(x) formally corresponds to the time
at which the point x € U is added to the growing phase. As such, 6 is usually referred to as
time-of-attachment function. An illustration of the notation is given in Figure [3.1]

As growth processes and mechanical equilibration typically occur on very different time
scales, we neglect inertial effects and assume the evolution to be viscoelastic. This calls for
specifying the stored energy density W (6(z)—t, Vy) and the viscosity R(0(z)—t, Vy, Vy) of
the medium, as well as the applied body forces f(6(z)—t,x). All these quantities are assumed
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3 Viscoelasticity and accretive phase-change

U\Q(t)FN Y y(U)
il Y T
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Figure 3.1: Illustration of the notation in the reference domain (left) and in the deformed one
(right).

to be dependent on the phase via the sign of (x)—t, which indeed distinguishes the two
phases, in the spirit of the celebrated [level-set method [82, 91]]. In addition, we include a
second-gradient regularization term in the energy of the form H(V?y), which we take to be
phase independent, for simplicity. All in all, the viscoelastic evolution system takes the form

— div (8vyW(9(:U)—t, Vy) + 0wy R(0(x)—t, Vy, Vy) — div DH(VQy)) = f(0(x)—t,x).
(3.1.1)
This system is solved weakly, complemented by mixed boundary conditions on y and a homo-
geneous natural condition on the hyperstress DH (V?y), namely,

y =id on [0,7T] x I'p, (3.1.2)
DH(V?y):(v®@v) =0 on [0,T] x U, (3.1.3)
(Ov, W (0(x)—t, Vy)+0vy R (0(z)—t, Vy, Vy)) v

—divg (DH(V?y)r) =0 on [0,T] x 'y, (3.1.4)

where v is the outer unit normal to OU, I'p and I' y are the Dirichlet and Neumann part of the
boundary OU, respectively, and divg denotes the surface divergence on OU [75]].

The viscoelastic evolution system is coupled to the phase evolution by requiring that the
time-of-attachment function 6 solves the generalized eikonal equation

Y(y(0(z) AT, z), Vy(@(z) AT, z))|V(=0)(z)| = 1 (3.1.5)

for all z in the complement of a given initial set 29 CC U where we set § = 0. This corre-
sponds to assuming that 2(¢) accretes in its normal direction, with growth rate v(-) > 0. More
precisely, the evolution of the generic point x(¢) on the boundary 0)(¢) follows the ODE flow

%x(t) = (y(t, z(t)), Vy(t, () v(x(t))

where v(z(t)) indicates the normal to 0€2(t) at z(t). Accretive growth is paramount to a wealth
of different biological models [97], including plants and trees [27, [31] and the formation of
hard tissues like horns or shells [78l 93], 99]. The dependence of the growth rate v on the
actual position and strain is intended to model the possible influence of local features such
as nutrient concentrations, as well as of the local mechanical state [38]]. Note that accretive
growth occurs in a variety of nonbiological systems, as well. These include crystallization
[53L1105], sedimentation of rocks [35]], glacier formation, accretion of celestial bodies [12], as
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3.1 Introduction

well as technological applications, from epitaxial deposition [62], to coating, masonry, and 3D
printing [37,56]], just to mention a few.

By assuming smoothness and differentiating the equation 6(z(t)) = ¢ in time, one obtains
the identityVé(z(t))-La(t) = 1. This, together with the above flow rule for z(¢) and the
expression for the normal of the #-sublevel sets v(z(t)) = VO(x(t))/|VO(z(t))|, originates
the generalized eikonal equation (3.1.5)). As the growth rate v in (3.1.5) depends on the actual
deformation y(6(z) AT, x) and strain Vy(6(z) AT, x) at the growing interface, system (3.1.1)—
(3.1.5) is fully coupled.

We specify the initial conditions for the system by setting

0 =0 on (g, (3.1.6)
y(0,-) = yo on U, (3.1.7)

where the initial deformation y, and the initial portion of the growing phase () are given. Note
that ) is not required to be connected, in order to possibly model the onset of the accreting
phase at different sites. On the other hand, the evolution described by does not preserve
the topology and disconnected accreting regions may eventually coalesce over time.

The aim of this paper is to present an existence theory to the initial and boundary value
problem (3.1.1)—(3.1.7). We tackle both a sharp-interface and a diffused-interface version of
the model, by tuning the assumptions on W and R, see Sections More precisely, in
the diffused-interface model we assume that energy and dissipation densities change smoothly
as functions of the phase indicator §(z)—t across a region of width ¢ > 0, namely for —¢/2 <
O(x) —t < £/2. On the contrary, in the sharp-interface case material potentials are assumed to
be discontinuous across the phase-change surface {0(z) = t}.

In both regimes, we prove that the fully coupled system (3.1.1)—(3.1.7) admits a weak/viscosity
solution, see Definition below. More precisely, the viscous evolution (3.1.1)-(3.1.4) is
solved weakly, whereas the growth dynamics equation (3.1.5)) is solved in the viscosity sense,
see Theorem [3.2.1] We moreover prove that solutions fulfill the energy equality, where the
energetic contribution of the phase transition is characterized, see Proposition [3.2.1] As a by-
product, solutions of the diffused-interface model for ¢ > 0 are proved to converge up to
subsequences to solutions of the sharp-interface model as the parameter € converges to 0, see

Corollary [3.2.1]

Before going on, let us mention that the engineering literature on growth mechanics is vast.
Without any claim of completeness, we mention [94, [108]] and [65. 79} 80,95, 100]] as examples
of linearized and finite-strain theories, respectively. On the other hand, mathematical existence
theories in growth mechanics are scant, and we refer to [6, 23, 136] for some recent results. To
the best of our knowledge, no existence result for finite-strain accretive-growth mechanics is
currently available. In the linearized case, an existence result for the model [108] has been
obtained in [24]].

The paper is structured as follows. Section is devoted to the statement of the main exis-
tence result, Theorem [3.2.1] In Section[3.3] we give the proof of the energy identity. The proof
of Theorem [3.2.1] is then split in Sections [3.4] and [3.5] respectively focusing on the diffused-
interface and the sharp-interface setting. In the diffused-interface case, the proof relies on an
iterative construction, where the mechanical and the growth problems are solved in alternation.
The existence proof for the sharp-interface model is obtained by taking the limit as € — 0 in
the diffused-interface model.
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3 Viscoelasticity and accretive phase-change

3.2 Main results

In this section, we specify assumptions, introduce the weak/viscosity notion of solution, and
state the main results for problem (3.1.1)—(3.1.7).

3.2.1 Admissible deformations
Fix the final time 7" > 0 and let the reference configuration U C R? (d > 2) be nonempty, open,
connected, and bounded. We assume that the boundary OU is Lipschitz, with I'p, I'y C U
disjoint and open in the topology of U, I'p, # () and Tp U T'y = OU, where the closure is
taken in the topology of OU. In the following, we use the short-hand notation @) := (0,7") x U
and Xp = (0,7) x I'p.

Deformations are assumed to belong to the affine space

WER(U:RY) = {y € W (U;RY) |y =idon T},

for almost all times and some given
p>d.

Moreover, we impose local invertibility and orientation preservation. The set of admissible
deformations is hence defined as

A= {y € WP (U; RY) ’ Vy € GL,(d) ae. in U} :

3.2.2 Elastic energy
Let ¢ > 0 be given and h. € C*(R; [0, 1]) for € > 0 be nondecreasing functions such that

0 if o< —¢/2 2
he(o) = _ ’ R zoom) < =. 3.2.1
(0) {1 oo Ml <2 G21)

Moreover, let h be the discontinuous Heaviside-like function defined as hy(o) = 0if 0 < 0
and ho(c) = 1if ¢ > 0. Note that h. — hgin R\ {0} ase — 0.

We define the elastic energy density W, : R x GL,(d) — [0, c0) of the medium

as

W.(o,F) = (1= h(0))V(F) 4 he(a)V"(F) + V(F). (3.2.2)

Here, o is a placeholder for 0(x)—t, whose O-sublevel set {z € U | #(x) < t} represents the
accreting phase at time ¢ > 0. In particular, W_(o,-) = V24V’ foro < —&/2, so that V¢ + V7
is the elastic energy density of the accreting phase. On the other hand, W_(c, ) = V" + V" for
o > ¢/2and V" + V7 is the elastic energy density of the receding phase.

On the elastic energy densities we require

Ve, v vy e CHGLL(d); [0, 00)), (3.2.3)
1
Jew >0 : VYF), V'(F) > cw|F|P — Pt
w
1
VAF) = VI(F) < —(1+|F]P) ¥F € GLy(d), (3.2.4)
w
pd . J > Cw
3¢ > ik VI(F) > (et )i (3.2.5)
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3.2 Main results

The upper bound on V¢ — V" in (3.2.4) will be instrumental in order to prove a control on
the power associated with the phase transformation. In particular, if the receding phase has a
higher energy density, namely, V" > V', such upper bound trivially holds.

Although not strictly needed for the analysis we also require the frame indifference

VYQF)=V*F), V'(QF) = V"(F), V/(QF) = V/(F) VF € GL,(d), Q € SO(d).

(3.2.6)
As regards the second-order potential /' we ask for
H ¢ C*(R%4: [0, 00)) convex, (3.2.7)
H(QG) = H(G) forall G € R™™ Q c SO(d), (3.2.8)
Jey >0 enlGIP < H(G) < Ci<1 +IG)), DH(G)| < Ciyevﬂl, (3.2.9)
H H
cy|G — GIP < (DH(G) — DH(G)){(G — G) VG, G € R4 (3.2.10)

Again, the frame-indifference requirement (3.2.8)) is not strictly needed for the analysis.
By integrating over the reference configuration U we define W.: C(U) x A — [0, c0) and
H: A —[0,00) as

We(o,y) : /WUVy)dx and H(y /HV2

3.2.3 Viscous dissipation

For £ > 0 given, set the instantaneous viscous dissipation density R, : R x GL (d) x R¥4 —
[0,00) as ' _ '
R.(o,F,F):=(1—h(o))R*(F,F)+ h(o0)R"(F, F) (3.2.11)

Here, R?, R : GL(d) x R™? — [0, 00) are the instantaneous viscous dissipation densities
of the accreting and of the receding phase, respectively. They are assumed to be quadratic in
the rate C := F'T F + F'T I of the right Cauchy—Green tensor C' := F'" F', namely

RY(F,F) = %O:]D)“(C):C, R'(FF) = %C:]D)T(C):C VF € GL,(d), F e R™?,

We assume that

Da D" c C(Rdxd Rdxdxdxd) with (Di)ij — (Di)kjﬁm — (Di)fmjk

sym )
Vi, k,¢,m=1,...,d, fori=a,r, (3.2.12)
Jep >0:  op|C)? < CDI(C):C VO, C e RYYL, fori=a, r. (3.2.13)

Notice that this specific choice of . ensures that

0pR.(0, F, F) = 2(1—h.(0))FD*(C):C + 2h.(0) FD" (C):C
= 2(1—h.(0))FD*(F'F):(F"F+F"F) 4 2h.(0)FD' (F"F):(FTF+F"F),

which is of course linear in F'. By integrating on the reference configuration U we define
R.: O(U) x Ax H'(U;R?) — [0, 00) as

R0y, 1) = / R.(0,Vy, V) da.
U
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3 Viscoelasticity and accretive phase-change

3.2.4 Loading and initial data

We assume that the body force density f = f(o,x) is (constant in time and) suitably smooth
with respect to o, namely
f e Whe(R; L*(U;R%)), (3.2.14)

The o-dependence of the force density f is intended to cover the case of gravitation f = pg,
where the density p depends on the phase, while the acceleration field g is given.
We moreover assume that the initial deformation y, satisfies

Yo € A with / V“(Vyo) + VT(VyO) + VJ(Vyo) + H(szo) dzr < oco. (3.2.15)
U

3.2.5 Growth

Concerning the accretive-growth model we ask for
v € COHR? x GL, (d)) with ¢, <~(:) < C, forsome 0 < c, <C,. (3.2.16)
Let moreover the initial location of the accreting phase be given by
0 # Qo cCc U with g openand Qo+ Be r CC U. (3.2.17)

As it will be clarified later, this last requirement guarantees that the accreting phase does not
touch the boundary OU over the time interval [0, 7', see (3.4.25)) below.

3.2.6 Main results

Assumptions (3.2.1))—(3.2.17) will be assumed throughout the remainder of the paper. We are
interested in solving (3.1.1)—(3.1.7) in the following weak/viscosity sense.

Definition 3.2.1 (Weak/viscosity solution). We say that a pair
(y,0) € (L=(0, T; W*P(U; RY)) N HY(0,T; H'(U;R?))) x C*H(0)
is a weak/viscosity solution fo the initial-boundary-value problem B.1.1)-(3.1.7) if y(t,-) € A
forallt € (0,T), y(0,-) = yo, and
T
/ / (OrW.(0—t, Vy):V2+0zR.(6—t,Vy,Vy):Vz + DH (V?y) iV?2) dz dt
o Ju

T
= / / f(0—t)-zdxdt Yz e C®(Q;R?) with z = 0 on ¥p, (3.2.18)
0o Ju

and 0 is a viscosity solution to

Y(y(0(z) AT, z),Vy(0(z) AT, z))|V(=0)(z)| =1 in U\ Qo, (3.2.19)
0 =0 in Q. (3.2.20)

Namely, 0 satisfies (3.2.20), and, for all xy € U \ Qq and any smooth function ¢ : U — R with
o(xg) = —0(x0) and p > —0 (p < —0, respectively) in a neighborhood of x, it holds that
Y(y(0(xo) AT, x0), Vy(O(xo) AT, 20))|Vip(xo))| < 1(> 1, respectively). Moreover, we ask
that

0< Ci < VO <L aein U (3.2.21)

y Cy
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3.2 Main results

Note that this weak notion of solution in Definition|3.2.1|still entails the validity of an energy
equality. Namely, we have the following.

Proposition 3.2.1 (Energy equality). Under assumptions (3.2.1)—(3.2.17), in the diffused-interface
case £ > 0 a weak/viscosity solution (y, 0) fulfills for all t € [0, T) the energy equality

/ (Wo(0—t, Vy) + H(Vy) — f(0—1)y) dx — / (W.(6, Vo) + H(Vy0) — F(0)40) da

:—2//R (0—s,Vy, V) dxds—//f s)-ydxds

//8 W.(0—s,Vy)dxds. (3.2.22)

In the sharp-interface case ¢ = 0, for all t € |0, T, one has instead

/(Wo(9 t,Vy) + H(Vy) — f(0-t)- )dw—/ (Wo(0, Vo) + H(V?y0) = f(6)y0) d

——2//R0 (0—s,Vy,Vy) dxds—//f s)-ydxds

V(Vy) = V(Vy) d—1
dH* " ds. (3.2.23)

Relations (3.2.22)—(3.2.23) express the energy balance in the model. In particular, the dif-
ference between the actual and the initial complementary energies (left-hand side in (3.2.22))-
(3.:2.23))) equals the sum of the total viscous dissipation, the work of external forces, and the
energy stored in the medium in connection with the phase-transition process (the three terms
in the right-hand side of (3.2.22)—(3.2.23)), up to signs). Proposition [3.2.1]is proved in Section
B33

Our main result reads as follows.

Theorem 3.2.1 (Existence). Under assumptions (3.2.1)-(3.2.17), for all given ¢ > 0 there
exists a weak/viscosity solution (y, 0) of problem (3.1.1)—(3.1.7).

A proof of Theorem [3.2.1| in the diffused-interface case of ¢ > 0 is based on an iterative
strategy: for given y* one finds a viscosity solution 6% to (3.2.19)—(3.2.20) (with y replaced by
y*). Then, given 6% one can find y**! satisfying (3.2.18)) (with 6 replaced by 6*). Note that
such 7**! may be nonunique. As the set of solutions y for given @ is generally not convex,
we do not proceed via a fixed-point argument for multivalued maps (see, e.g., [47]]) but rather
resort in directly proving the convergence of the iterative procedure. This argument is detailed
in Section

Eventually, the proof of Theorem [3.2.1|in the sharp-interface case € = 0 will be obtained in
Section [3.5| by passing to the limit as ¢ — 0 along a subsequence of weak/viscosity solutions
(e, 0.) for € > 0. As a by-product, we have the following.

Corollary 3.2.1 (Sharp-interface limit). Under assumptions (3.2.1)—3.2.17), let (y.,0.) be
weak/viscosity solutions of the diffused-interface problem (3.1.1)-(3.1.7) for ¢ > 0. Then,
there exists a not relabeled subsequence such that (y.,0.) — (y,0) uniformly, where (y, 0) is a
weak/viscosity solution to the sharp-interface problem for ¢ = (.

61



3 Viscoelasticity and accretive phase-change

Before moving on, let us mention that the assumptions on the energy and of the instantaneous
viscous dissipation density could be generalized by not requiring the specific forms (3.2.2)) and
(B-2.11). In fact, one could directly assume to be given W. = W.(c, F) and R. = R.(o, F, F)
of the form

. 1. .
R.(0,F, F) = 50:1@(0, C):.C

with D € C(R x RE:d; R*4x4xd) by suitably adapting the smoothness and coercivity assump-
tions. Although the existence analysis could be carried out in this more general situation with
no difficulties, we prefer to stick to the concrete choice of (3.2.2)) and (3.2.T1)) as it allows a
more transparent distinction of the diffused- and sharp-interface cases.

Moreover, let us point out that admissible deformations y are presently required to be solely
locally injective, by means of the constraint det Vy > 0. On the other hand, global injectivity
may also be enforced, in the spirit of [48]], see also [[83]] in the static and [[13}14] in the dynamic
case. This however calls for keeping track of reaction forces due to a possible self contact at
the boundary I'y. From the technical viewpoint, one would need to include an extra variable
in the state in order to model such reaction. The existence theory of Theorem can be
extended to cover this case, at the price of some notational intricacies. We however prefer to
avoid discussing global injectivity here, for the sake of exposition clarity.

3.3 Proof of Proposition energy equalities

We firstly consider the diffused-interface setting of ¢ > 0. Let (y,6) be a weak/viscosity
solution to (3.1.1)—(3.1.7). In order to deduce the energy equality, the Euler-Lagrange equation
(3.2.18) should be tested by y. This however requires some care, as ¥ is not regular enough to
use it as test function. We follow the argument of [75]], based on the validity of a chain rule for
the functional #. In particular, we start by checking that (3.2.18) can be equivalently rewritten
as

OW.(0—t,y) + O5R(0—t,y,9) + OH(y) > f in (HE, (U;RY)*, ae.in (0,7). (3.3.1)
Here, (H (U;RY))* indicates the dual of H} (U;R?) := {z € H'(U;R%) | 2z = 0 on I'p},
the symbol 0 denotes the (possibly partial) subdifferential from H{ _(U;R?) to (Hf (U;R%))*
and f: (0,T) — (Ht, (U;RY))* is given by

(f(t), /fa t)zdzr Vze H{ (U;RY

where (-, -) is the duality pairing between (H}_(U;R?))* and H{ (U;R?). Indeed, owing to
the fact that Vy € L*°(Q) and Vy € L?*(Q) and using the regularities (3.2.3), (3:2.12)), and
(3.2.14) one can check that

(W (0—t,y), /8FW (0—t,Vy):Vz Vze H. (U;RY,
(0sR-(0—t,y,7), /8R (0—t,Vy,Vy):Vz Vze H (U; RY),
and that ¥ = f — O,W.(0—t,y) — OsR.(0—t,y,5) € L0, T; (Ht, (U;RY))*). On the other

hand, using equation (3:2.18), the fact that y € LP(0,T; W?P(Q2; R?)), and the convexity (3.2.7)
of H we get

/0T<Z,w—y) ¢ EZ® /OT/UDH(V2y)SV2(w—y) dt < /OT (H(w) — H(y)) dt
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3.3 Proof of Proposition ' energy equalities

for all w € LP(0,T; WP(€;R?)) N L*(0,T; Hi (U;RY)). This in particular implies that
Y € OH(y) a.e. in (0,T"), whence the abstract equation (3.3.1)) follows and the chain rule [75}
Prop. 3.6] entails that H(y) € W'!(0,T) and

%H@) —(S.3) ae in(0,T). (332)

Note that all terms in (3.3.1) belong to L*(0, T’; (H  (U; R?))*). One can hence test (3.3-1) on
y € L*(0,T; H  (U;RY)) and deduce that

//8FW (0—s,Vy): Vydxds—i—//@ R.(0—s,Vy,Vy):Vydzds

/HV2 dx—/H 240 dx—//f s)-ydx ds. (3.3.3)

We readily have that

t
/Wa(ﬁ—t,Vy)dx—/WE(Q,VyO)dm:/ i/8FVV€(9—3,Vy)da:ds
U U o ds Ju
¢ ¢
://3FWE(9—S,Vy):Vg)d:L‘dS—//&,WE(@—S,Vy) dx ds. (3.3.4)
0oJu 0oJu

Moreover, it is a standard matter to check that 0 R. (o, F, F )F = 2R (0, F, F ), so that

t t
//GFRE(Q—S,Vy, Vg)):Vydxds:Q//RE(H—S,Vy,Vy) dz ds, (3.3.5)
0JU 0JU

whence the energy equality (3.2.22)) in the diffused-interface case ¢ > 0 follows from (3.3.3).

The proof of energy equality for the sharp-interface case ¢ = 0 follows the same
strategy, as one can again establish (3.3.3)) (for W, and Ry in place of W, and R.) and (3.3.2).
A notable difference is however in (3.3.4)), which now requires some extra care as hy is discon-
tinuous. In particular, the energy equality (3.2.23)) follows as soon as we prove that

/ Wo(6—t, Vy) dz — / Wo(6, Vo) dz

//8FWO (0—s,Vy) Vydxds—// Vyyver V9) qpi-1as. (33.6)
0=s}

The remainder of this section is devoted to check (3.3.6)).

To start with, let a nonnegative and even function p € C'°(R) be given with supportin [—1, 1]
and with [, p(s)ds = 1. For e > 0 we define p.(t) := p(t/e)/e and n.(t) := ffl p:(s) ds for
allt € R. As . % ho in R\ {0}, by letting

Ga(t) = / (VA (Wt ) +m.(0(@) 1) (V" (Vy(t, 2)) = V(Ty(t,2)) + V7 (Vy(t,2)) ) do
we readily check that

hmG /WO —t,Vy(t,z))dx (3.3.7)
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3 Viscoelasticity and accretive phase-change

forallt € [0,7]. As G. € H'(0,T) we can compute its time derivative at almost all times
getting

GG = [ (061" + 16— 00V (Ty) =06V (V) + 0V (V) Vi do
- [ o= (v v (vy) a.

By integrating in time, taking the limit ¢ — 0, and using (3.3.7)), one hence gets

t

/ Wo(6—t, Vy) dx — / Wo(0, Vyo) do = llg(l) (G.(t) — G:(0)) = lim d —Gc(s)ds

e—0 0 dS
t
= lim / / aFva(vy)+ns(e—s)(apvr(vy)—aFV“(Vy))+6FVJ(vy)):vydxds
e—0

—hm//pg (VT (Vy)=V*(Vy)) dzds

t
://8FWO (0—s,Vy): Vydxds—hm//pE (0—s)(V"(Vy)—V*(Vy)) dz ds.
0Ju

In order to prove (3.3.6) it is hence sufficient to check that

. - a - Vr(Vy)=Ve(Vy) d—1
ll_I}I(l)//pg )(V'(Vy)=V*(Vy)) dzds = // i 7o) dH* ! ds.

(3.3.8)

By introducing the short-hand notation g = V"(Vy) — V*(Vy) and by using the coarea for-
mula [29 Sec. 3.2.11] (recall that # is Lipschitz continuous and |V6| > 1/C, > 0 almost
everywhere, see (3.2.21])) we can compute

/ / p=(0—5) (V' (Vy)=V*(Vy)) dzds = / / /9 T} |9v(;v(§§| AH () dr ds
///9 _y el |w)( §|de H(z)drds
i /O/R/{G:r} pelr=s) S7|50V)0_(i§7|~, a1 @) ar s (3.3.9)

The coarea formula and the bound |V6| < 1/c, (see again (3.2.21)) ensure that r € R
m(r) = H ({6 = r}) is integrable. Indeed,

[mlrm) = / HTH{O=r))dr = / V0| dz < oo.
R U

As g/| V0| is bounded, setting

o g(r, l‘) -1
reRw—Ll(r) = /{9:7«} |v9($)|d7-ld ()

one has that ¢ € L'(R), as well, since

r,x
14]] 1 my //9 i ||gV6 ’Hd’l(:v) dr < sup ]|Vgg| [ 21 (m) < o0.
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3.4 Proof of Theorem : diffused-interface case

Moreover, we have that

/ /6 . (r—s |v(g($§|d7{d_l(x)dr

= [t ([ et ar = (s 0o

where we used that p. is even and where the symbol * stands for the usual convolution in R.
As p. x { — ( strongly in L'(R) for ¢ — 0, one can pass to the limit in the first term on the
right-hand side of (3.3.9) and get

1_5%///0 T} \v<9( il dH (2 )drds = lim t(pg*ﬁ)ds:/otﬁds

VI (Vy)=Ve(Vy) -
de Y(z)ds _// dH?tds.  (3.3.10)
//9 9 !W - V0]

As regards the second term in the right-hand side of (3.3.9), notice that p.(r—s) # 0 only if
|r — s| < 2e. Hence, using the Holder regularity of g and the boundedness of 1/|V|

we conclude that
t
9(8,37)—9(7”,37) d—1
pe(r—s dH* " (x)drds
LI o™ @)

<hmca //pgr s)HH{O =r})drds

= lim ce®||pe * m| 1wy < limce®||m|[p1g) =0 (3.3.11)
e—0 e—0

lim
e—0

for some a € (0, 1). Relations (3.3.10)—(3.3.11)) imply that the limit (3.3.8)) holds true. This in
turn proves (3.3.6) and the energy equality (3.2.23)) follows.

3.4 Proof of Theorem diffused-interface case

Let ¢ > 0 be fixed. We prove existence of a weak/viscous solution (y, ) by an iterative
construction. We start by proving that for all given § € C(U) there exists an admissible

deformation y satisfying (3.2.18).

Proposition 3.4.1 (Existence of y given 0). Set ¢ > 0 and let § € C(U) be fixed with
Q(T) cC U. Under assumptions 3.2.1)—~(3.2.13) there exists y € L>=(0,T; W*P(U;R%)) N
HY0,T; HY(U;R?)) with y(t,-) € Afor everyt € (0,T) satisfying (3.2.18). More precisely,

there exists a positive constant c depending on data but independent of € and 6 such that

Y| oo (0,720 (U R B (0,72 (U RAY) < C. (3.4.1)

Proof. The assertion follows by adapting the arguments in [4] or [48]. We proceed by time
discretization. Let the time step 7 := T/N, with N, € N be given and let ¢; := ir, for
i = 0,..., N, be the corresponding uniform partition of the time interval [0, 7']. Within this
proof, the generic constant c is always independent of the given 6, as well.

Fori=1,..., N,, we define 3. € A via

yieargmm{we(e—ti,y)+H<y>+m€ (e oyt YU )— / f(9—tz-)-ydw}-
yeA T U
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3 Viscoelasticity and accretive phase-change

Under the growth conditions (3.2.4)—(3.2.5)), (3.2.9), and (3.2.13)), and the regularity and con-
vexity assumptions (3:2.3), (3.2.7), (3.2.12), and (3.2.14), the existence of y’ for every i =

1,..., N, follows by the Direct Method of the calculus of variations. Moreover, every mini-
mizer y. satisfies the time-discrete Euler—Lagrange equation

i _N\7,0—1 ‘
/ ((%Wg(ﬁ—ti, Vyi)+0pR. (Q—ti, vy, M)) Vzidx
U T

+ / DH (VL) iV?2' do = / f(0—t;)-zdz (3.4.2)
U U

for every 2* € A.

Let us introduce the following notation for the time interpolants on the partition: Given a
vector (uy, ..., uy, ), we define its backward-constant interpolant 7., its forward-constant inter-
polant »_, and its piecewise-affine interpolant @, on the partition (¢;))\7, as

ﬂT(O) = U, HT(t) = U ift e (ti—lyti] fore = ]_, . 7NT,

QT<T) = Uun,, Qr(t) = Uj_1 ift € [ti—:l?ti) fori = 1,... ,NT,

Q/L\T(O> = U, ﬁT(t) = l:_—zm(t — ti—l) + Ui ift e (ti—lati] for: = 1, e 7]\/VT.
i bi—1

Owing to this notation, we can take the sum in (3.4.2) for i = 1,..., N, and equivalently
rewrite the discrete Euler—Lagrange equation in the compact form

/T / (06W-(0-T, V5,) 40 R. (0T, Vy . VT, ) ) :VZ dedt
0 JU

T T
+ / / DH (V?y,) V?z dzdt = / / f(0—t,)-Z- dz dt (3.4.3)
0 JU 0 JU

where Z, is the backward-constant interpolant of (2%)17,.

From the minimality of y° we get that

/ We(0—ti, Vy,) dv + / H(V?i) do — / F(0—t)4 dz
U U U
i i—1
+T/R5 <e—ti7Vyil,M> dr
U T
S/WE(H—ti_l,Vyi_l)da:—l—/H(VQyi_l)dg;_/f(g_ti_l)-yi_l dw
U U o7
- [ (1) - 50t )i o
U

— / (We(0—tiq, VY ') = Wo(6—t;, Vyi ) da. (3.4.4)
U

66



3.4 Proof of Theorem : diffused-interface case
Summing over i = 1,...,n < N, inequality (3.4.4) we get
[ Wt vide s [ B [ po-t) v
U U U
n i _ i—1
+ ZT/ R, (Q—ti,Vyi_l, M) dz
i=1 YU T
< / W.(0, Vo) + H(V?y) dx —/f(@)-yo dzx
U U
=5 [ (Ot =t
i=1 YU
-y / (Wo(0—t,1, Vyi?) — Wo(0—t;, Vyih)) da. (3.4.5)
i=1 YU

By the growth conditions (3.2.4)-(3.2.3) (3.2.9), (3.2.13)), and (3.2.14)), we hence have that

q

+ CHHVQy:—ngp(U;Rdxdxd)

CWHVy?HIzp(U;Rdxd) +cw ’
La(U)

+CD;T/U

U U i=1 “U

det Vy»

(Vyl — Vyi )T ?
T

Vz’_v 1—1
TVYYr T VY | g,

T

i

Cw

i 7,1
Vy,—Vy; )d
T

Vi 4 (V)

x
[ w09+ ) [ fOpme+ [ f0-t) 9o
—i—;:;/ttjl /Uf(e—s)-yi_ldazds
— Zn: /U (We(0—tioq, VY ') = Wo(6—t;, Vyi ) da. (3.4.6)
i=1
In order to control the right-hand side above, we remark that
- i/U (Wo(0—tiy, VY h) = We(0—t,, Vy, ) da
i=1
€22 zn:/U (he(0—ti—1) — he(0—1,)) (VH(Vyi") — V' (Vyih) da
i=1
L Z [ (0=t = he0-9) (14955 F) o

where we have also used that h.(0—t;_1) — h.(0—t;) > 0. As h.(0—t;_1) — h-(0—t;) = 0 on
the complement of

E,={zxeU : )€ [ti,s —e/2,t; +¢/2]},

by using ||hL]|e®) < 2/e (recall (3:2.1)) and the embedding L (U, R**?) c WP (U, R
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3 Viscoelasticity and accretive phase-change

we get
—Z / Wo(O—tiy, Vyit) = Wo(0—t;, Vyi ™)) da
CT i—

< T B (1 19 )
=1

<IN B (14 vy + V2

= i Yr e (uRaxa) Lp(URdxdxd) | -
=1

Together with (3.2.14)—(3.2.15)), this allows to deduce from inequality (3.4.6) that

q

+CH||V2 ||Lp (U;Rdxdxd)
Li(U)

cw||vy:”ip(U;1RdXd) T ow ‘ det Vyn

(Vyt — Vyi )T
T

T Vil — Vyit |

T

Vy (Vyit dx

n

< c+ |yt llzwma) + CZT||y7i-_1||L2(U;Rd)
i1

CT -
+ B (L IV W o IV o) - 34T
1=1

For 7 < ¢ one has that UY", F; covers (T') multiple times. In particular, we have that

N,
Slal< (S 1)) (3438)

=1

Hence, by the Poincaré inequality and the Discrete Gronwall Lemma [S1), (C.2.6), p. 534] we
find the bound

2

Vyo !+ (Vi)

i Vyi— Vy T
s Iy + 37 H

TVyT vyz 1
T

L2(U;Rd><d)

< cexp (%T Z \EA) @ cexp (%T <5 ‘; Ty 1) \Q(T)|) < cexp(cer/e), (3.4.9)

where we also used the fact that Q(7') CC U.

By the Sobolev embedding of W2?(U;R%) into C'~%/?(U; R?) and the classical result of
[42, Thm. 3.1] we get

detVy, >c. >0 in [0,T] x U (3.4.10)

where the constant c. depends on the bound in (3.4.9).

By the Poincaré inequality and the generalization of Korn’s first inequality by [81]] and [85)
Thm. 2.2], also using (3.4.10) we have that

T
B =T - 319
VG720, 02 Qrarayy < C/e/ IVY, Vy_+Vy! V.|l paxayds < cicexp(er/e)
0
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3.4 Proof of Theorem : diffused-interface case

where the constant ¢, depends on the bound (3.4.9) and on the constant c. in (3.4.10). Again
by the Poincaré inequality, this time applied to y, we get that

||@\T ||H1(O,T;H1(U;Rd)) S C;C eXp(CT/é). (34 1 1)

By using these estimates, as 7 — 0, up to not relabeled subsequences we get

Uy —y weakly-xin L®(0, T; W*P(U;RY)), (3.4.12)
VY, — Vi weaklyin L*(Q;R%), (3.4.13)
Vi, — Vy strongly in C%*(Q;R?) (3.4.14)

for some v € (0, 1). In particular, from the convergences above we also get det Vi, — det Vy
uniformly. In combination with the lower bound (3.4.10), this implies that Vy € GL(d)
everywhere, hence y is admissible, namely, y(t,-) € A forevery ¢t € (0, 7).

We now pass to the limit in the time-discrete Euler-Lagrange equation (3.4.3). Let z €
C*>(Q;R?) with z = 0 on X be given and let (22)7, € A be such that Z, — z strongly in
L>=(0,T; W?P(U;R?)). By we have

/OT/U F(0—1,) %, dzdt — /OT/U F(0—t)-=dz dt. (3.4.15)

As h(0(x)—t,(t)) — h-(0(x)—t) for almost every (¢, x) € @, the dissipation term goes to
the limit as follows

T _ .
/ / 0;R. (e—tT, vy, vy2> vz, de dt
0o JU
T B T .
—9 / / (1-h.(6-7,))Vy (D“(vgj%)(vg, vgﬁvgjvg)) vz, drdt
+2 / / he(0-7,)Vy_ (DT(VQIVQT)(V@ ng+vgjng)> Yz, drdt
0o JU
T
— 2 / / (1=h.(6—1))Vy (D*(Vy ' Vy)(Vy' Vy+Vy'Vy)) :Vzdzdt
0o JU
T
+2 / / h-(0—t)Vy (D" (Vy' Vy)(Vy' Vy+Vy ' Vy)) :Vzda dt (3.4.16)
0o JU
T
= / / OpR. (0—t,Vy, V) :Vzdadt (3.4.17)
0o JU

where we used (3.2.12)) and convergences (3.4.12)—(3.4.14). Moreover, we also have

T T
/ /apws(G—fT,VgT):VEdedt%/ /0FWE(9—15, Vy):Vzdzdt (3.4.18)
o Ju o Ju

by (3.2.3)) and convergences (3.4.12) and (3.4.14).

For the convergence of the second-gradient term we reproduce in this setting the argu-
ment from [48]. Given the limit y, let (w?)"7, € A be such that W, — y strongly in
L>=(0,T; W*P(U;RY)). We consider the test functions Z, := w, — ¥, in the time-discrete

Euler-Lagrange equation (3.4.3). Convergences (3.4.12))—(3.4.13) entail that Z, — 0 strongly
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3 Viscoelasticity and accretive phase-change
in L>°(0,T; H'(U;R?)) and Z, — 0 weakly-* in L>(0, T'; W??(U; R%)). Let us now compute
[ ) - D)7y - v s
= /0 ' /U (DH(V?y) — DH(V?y,)){(V?y — V*w, ) dz dt
+ /0 ' /U (DH(V?y) — DH(V?y,)):V*z, dx dt. (3.4.19)
As VW, — V?y strongly in LP(Q; R¥¥*?) and DH(V?y,) is bounded in L (Q; R¥**9)

by (3.2.9), the first integral in the right-hand side above converges to 0 as 7 — 0. Hence,
passing to the limsup in (3.4.19), by the Euler-Lagrange equation (3.4.3]) and convergences

(3.4.14)—(3.4.18)) we find that

T
lim sup / / (DH(V?y) — DH(V?y,)){(V?y — V27, ) da dt
0 JU

T—0

T
— limsup / / (DH(V2y) — DH(V?7.))iV?%, do dt
0 U

T—0

T T
= lim sup (//DH(VQy)fVQEdedt—//f(G—fT)-Ededt
70 0 U 0 U
T — — .
+ / / (ang(e—tT,VyTHapRE (9—tT,VgT,V§T>>:VEdedt> —0 (3.420)
0 U

The coercivity (3.2.9) then implies that
V2, — V?y strongly in LP(Q; R¥*4*%)

and thus
DH(V?5,) — DH(V?) strongly in L' (Q; R*®*?).

Passing to the limit as 7 — 0 in (3.4.3) we then find (3.2.18).
In order to prove the bound (3.4.1)), we simply pass to the limit as 7 — 0 in (3.4.9) and obtain

Hproo(QT;WZp(U;Rd)) + ”VyTvy + VyTVZJlﬁ?(Q;RdXd) <c

independently of €. Following again [42, Thm. 3.1] we have that det Vy > ¢ > 0 indepen-
dently of €. By [81]] and [85, Thm. 2.2] this ensures that

V312 0poey < VG Vg + VyT Vi oy < €
independently of . Hence, (3.4.1]) follows by the Poincaré inequality. O

Before moving to the proof of Theorem [3.2.1]in the diffused-interface case ¢ > 0, let us
recall a well-posedness result for the growth subproblem, see [63, Thm. 3.15].

Proposition 3.4.2 (Well-posedness of the growth problem). Assume to be given 7 € C(R?)
with ¢, <7(-) < C, for some 0 < ¢, < C, and )y C R? nonempty, open, and bounded. Then,
there exists a unique nonnegative viscosity solution to
V@)V (=0)(x)] =1 in R\ Qy, (3.4.21)
=0 in . (3.4.22)
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3.4 Proof of Theorem : diffused-interface case

Moreover, 0 € C%Y(R?) with

1 1
0< — <|VO(x)| < — forae xR (3.4.23)
c, Cy
and we have that
i Q i Q —
dist(z, ) <f(z) < dist(, o) Vo € R\ Q. (3.4.24)

c, Cy

We are now ready to prove Theorem [3.2.1] in the diffused-interface case ¢ > 0. As an-
nounced, the proof hinges on an iterative construction. To start with, let us remark that y, from
(3.2.15) is such that Vy, is Holder continuous. In particular, the mapping 7: U — (0, 00)
defined by

() = v(yo(x), Vyo(z)) Vx €U

is Holder continuous, as well. Letting 7 be any continuous extension of 7 to R? with ¢, <
7(+) < C,, we can use Proposition and find 0y € C(U) solving

Y(o(2), Vi (2))| V(=) ()] = 1 in U\ O,
80 =0 in Qo

in the viscosity sense, with (3.4.23) and (3.4.24) holding in U. Note that (3.4.24) in particular
implies that

@217
ONT) = {z € U | by(x) < T} C Qo+ By CC U.

By applying Proposition for§ = 6y we find y' € L>(0,T; W*P(U;R?)NH' (0, T; H'(U; RY)).
This can be iterated as follows: For all k > 1, we define 6% € C'(U) given y* € L*°(0,T; W*P(U;R?))
NHY(0,T; HY(U;RY)) to be a viscosity solution to

V(" (0" (z)AT, ), Vy* (0 (2)AT, 2)) |V (=6*)(z)| =1 in U\ Qq,
0" =0 inQ

with (3:4.23) and (3.4.24) holding in U. The existence of such a viscosity solution follows
again from Proposition [3.4.2|as the mapping on U defined as

z = y(yF (08 (2)AT, x), Vi (0% (2)AT, 2)) Vo e U

may be extended to a continuous mapping 7 on R? with ¢, < F(-) < C,. Note again that

(3.4.24) implies that

Q(T) = {z € U | 6"(z) < T} C U + Bor CCU. (3.4.25)

Inclusion (3.4.23) in particular guarantees that the accreting phase defined by 6% remains at
positive distance from the boundary OU, independently of ¢ and k.

Given such 6%, we define y**! € L>(0,T; W??(U;RY)) N H*(0,T; H'(U; R%)) by Propo-
sition applied for § = 6*.

Bounds (3.4.1) and (3.4.23) ensure that the sequence (3", 0*),cn defined by this iterative
procedure is (possibly not unique but nonetheless) uniformly bounded in

(L0, T; W»P(U; RY) N H'Y (0, T; H'(U; RY))) x C*4(D).
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3 Viscoelasticity and accretive phase-change

As (6%);cn are uniformly Lipschitz continuous, by the Ascoli-Arzela and the Banach—Alaoglu
Theorems, possibly passing to not relabeled subsequences, one can find a pair (y, #) such that

y* 5y weakly-x in L®(0, T; W*P(U; R?)) N HY(0,T; H (U;RY)), (3.4.26)
y" —y strongly in C*(Q;R?), (3.4.27)
0% — 6 strongly in C(U) (3.4.28)

for some a € (0, 1) and 6 fulfills (3.4.23) and (3.4.24) in U. As (y*)sen are uniformly Holder
continuous and vy is Lipschitz continuous, by (3.2.16)) we have
V(" (0" (2)AT, ), Vy* (0" (@) AT, 2)) — v (4 (0" (2)AT, ), Vi (¢ (2) AT, x))
< cly" (0" (2)AT, x) — o (7 (2)AT, 2)| + | Vy* (0" (2) AT, 2) — Vi (¢’ (x) AT, )]
< cly (0" (x) AT, 2) — i (0" (2)AT, )| + ¢| Vy* (0" (2)AT, x) — Vy’ (0 () AT )|
+cly? (08 (2)AT, 2) — i (07 (2) AT, 2)| + | Vy (0" (2) AT, ) — Vi (67 ()T, )|
< cHyk — yj”cq(@;Rd) + cHGk — GJH‘é(U) Ve U

Together with (3.4.27)—(3.4.28)), this proves that = + v(y*(0%(2)AT, x), Vy* (0 (2)AT, z))
converges to x — ¥(y(0(x)AT, x), Vy(0(x)AT, z)) uniformly in U. By the stability of the
eikonal equation with respect to the uniform convergence of the data, see, e.g., [44, Prop. 1.2],
0 satisfies (3.2.19)—(3.2.20) with coefficient x — v (y(0(z)AT, x), Vy(0(x)AT, x)). Moreover,
since bound (3.4.1)) is independent of 6, following the argument of the proof of Proposition
[3.4.1] we can pass to the limit in the Euler-Lagrange equation (3.2.18) and conclude the proof
of Theorem [3.2.1]in the case ¢ > 0.

3.5 Proof of Theorem sharp-interface case

The existence of weak/viscosity solutions in the sharp-interface case ¢ = 0 is obtained by
passing to the limit as ¢ — 0 in sequences of weak/viscosity solutions (y., 6.) of the diffused-
interface problem.

Notice at first that 6. are uniformly Lipschitz continuous, see (3.4.23). Bound is
independent of £ and implies that there exist not relabeled subsequences such that

y. =y weakly-x in L0, T; WP(U; RY)) N H'(0,T; H (U; R%)), (3.5.1)
y. — y strongly in C*(Q;R?), (3.5.2)
0. — 6 strongly in C(U) (3.5.3)

for some o € (0,1).

Let us now prove that we can pass to the limit ¢ — 0 in equation (3.2.18). The convergence
of the loading is straightforward. Moreover, the level sets {#(x) = ¢} have Lebesgue measure
zero by (3.4.23)). Hence, by the assumptions (3.2.1)) on A, and the uniform convergence (3.5.3))
of (0.)., we have that

he(0.(x)—t) — ho(f(x)—t) forae. (t,x) € Q,

and that (t,x) — h.(0.(z)—t) converges to (t,z) + ho(0(x)—t) strongly in L?(Q). On the
other hand, by (3.2.3) and convergence (3.5.2)), for all (¢,z) € Q and i = a, 7, J, we have that

0pV (Vy.)| < ¢ and  0pV(Vy.) = 0pV(Vy).
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3.5 Proof of Theorem m sharp-interface case

Fix z € C>=([0,T] x U;R?) with 2 = 0 on ¥p. By Lebesgue’s Dominated Convergence
Theorem we get

/T/ OpWe(0-—t,Vy.):Vzdadt
/ / HO—)DRV(V92) + (1= hel0—0)IpV (Vi) + 0V (V) )V durd
o / / (o(0—0)6 V" (V) + (1—ho(6—1)06V* (V) + 0V (V) )0z dr

T
://QFWO(G—t,Vy):Vzdxdt
0o Ju

Furthermore, by using convergence (3.5.1)), we get

T
//8FRE(95—t,VyE,Vya):Vzdxdt
0 JU
T
R / / (ho(0—1)0 B (V. Vi) + (1-ho(0—0))0 (V. V) )V dr
0 JU

T
= / / 0pRo(0—t,Vy, Vi):Vz da dt.
0 JU

In order to prove the convergence of the second-order term, we set z. = y — y. and recall
that z. — 0 strongly in L=(0,T; H'(U; R%)) and z. — 0 weakly-* in L>=(0,T; W?P(U;R%))
in order to obtain

limsup// —DH(V?y,)): V%2 do dt

T—0

= lim sup (/ / DH(V?y)iV2z, — f(0—t)-z. dx dt
0 Ju

e—0

T
+ / / ((9FW€(0—t, Vy:):Vz. 4+ 0pR- (0—t,Vy., V) :st) dx dt) =0
0o Ju

Owing to (3.2.10) this proves that V?y. — V?2y strongly in LP(Q; R%*9*4). We hence have
that DH (V?y,) — DH(V?y) strongly in L¥'(Q; R¥*¥*?)_ as well, and we can pass to the limit
ase — 01n (3.2.18).

In order to conclude the proof, we are left to check that 6 is a viscosity solution to (3.2.19).
This however readily follows as x — (y.(0:(z) A T, z), Vy.(0-(x) A T,x)) converges to
x = y(y(@(z) NT,x),Vy(@(x) AT, z)) uniformly and the eikonal problem is stable under
uniform convergence of the data [44, Prop. 1.2].

Before closing this section, let us explicitly remark that indeed Proposition (3.2.1| actually
holds in the case € = 0, as well. In order to check it, one would need a slightly different, and
indeed simpler, a-priori estimate on the time-discrete solutions. Based on such result, one could
argue as in Section [3.4] by the same iterative procedure in order to obtain an alternative proof
of Theorem [3.2.1]in the sharp-interface case.
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4 VISCOELASTIC SURFACE GROWTH AT
FINITE STRAINS WITH ERSATZMATERIAL

This chapter consists of a publication currently in preparation with ULISSE STEFANELLI.
Abstract

We consider the accretive growth of a viscoelastic body, under the assumption that the accreted
material is deposited in an unstressed state. We revisit a model proposed in [[108] and assume
that the backstrain accumulated during the evolution depends on the deformation itself. Pos-
tulating the presence of a regularizing Ersatzmaterial surrounding the growing body, we show
the existence of solutions to the coupled accretion and viscoelastic equilibrium problem.

4.1 Introduction

Numerous natural and technological systems experience growth. In particular, accretive growth
may be observed in various settings, ranging from biology, e.g., the development of plants
[27,131]], shells [78]], and horns [93] 99], to material sciences, e.g. solidification of metals [90],
crystallization [S3}[105], and 3D printing [37, 56], among others. Accretion may be descibed
by assuming evolution in the (outward) normal direction v to the boundary, so that, denoting by
Q(t) C R? the reference configuration of the body, a point x(t) on the boundary 9€2(¢) follows
the normal flow rule

%x(t) = yv(x(t)). (4.1.1)

Here, v(-) > 0 is the growth rate, which will be later specified to be a positive function of
the deformation and deformation gradient. In the following, we assume that the reference
configuration of the accreting material at time ¢ is the ¢-sublevel set of a suitable function
0: R* — [0,00), i.e.,

Q(t) = {z e R | O(z) < t}.

The map 0 is called fime-of-attachment function, since 6(z(t)) = t for xz(t) € 9Q(t). The
deformation of the viscoelastic medium at time ¢ € [0,7] is given by y(¢): Q(t) — R%. We
assume that the growth is influenced by the deformation y and the deformation gradient Vy.
Specifically, letting v(x) = v(y(6(z), z), Vy(6(z), z)), equation (.1.1) leads to the general-
ized eikonal equation for the time-of-attachment function 6 16} 24]]

Y(y(@(z) AT, x), Vy(0(x) NT, z))|VO(z)| =1 r € R\ Qq (4.1.2)
0(z) =0 z €y (4.1.3)

Here, 0y C R? is the given initial reference configuration of the growing body. The growth
rate v: R x R™? — [0, 00) is assumed to be Lipschitz and such that ¢, < () < C, for some
0<ec, <C,.

The deformation y, on the other hand, satisfies viscoelastic equilibrium. Due to the nonlinear
finite-strain setting, we regularize the problem by introducing a (soft) viscoelastic Ersatzmate-
rial (or fictitious material) surrounding the accretive medium, with reference configuration at

time ¢ given by U \ ©(¢). The open and bounded container U C R? is chosen in such a way that
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4 Viscoelastic surface growth at finite strains with Ersatzmaterial

Q(t) cc Uforallt € [0,T], so that the accreting set never reaches its boundary, cf. assump-
tion [(H15)| and formula @4.4) below. If W : R — [0, 00) and R: R¥*4 x R4 — [0, 00)
are the elastic energy and instantaneous dissipation density, respectively, we define the corre-
sponding Ersatzmaterial densities as %W and %R. The constant § € (0, 1) is considered
to be small and, correspondingly, the Ersatzmaterial to be highly compliant. The viscoelastic

equilibrium equation reads as

— div(h(0(z)—t)DW (VyA ™) A~ T+V (Vy)+h(0(z)—t)Ovy R(Vy,V§)—div DH (V?y))
= h(B(x)—t) f(t,x), (4.1.4)

where V7: R¥? — [0, oo] is a term penalizing self-interpenetration of matter, i.e., V/(F) —
oo as det FF — 07 and V/(F) < oo if and only if det F > 0, H: R™*4 — [0, 00) is a
second-order regularization term for nonsimple materials, A: [0, 7] x U — R¥? with A(¢, z)
invertible for every t € [0, 7] and x € U, and f: [0, T] x U — R is the density of the external
force. Notice that the second-order potential density H and the term V7 are assumed to be the
same for both the medium and the Ersatzmaterial.

In the viscoelastic model (4.1.4)), we consider the effects of the backstrain tensor A, which
describes the residual strain accumulated during growth [90, 93| [108]]. We follow the constitu-
tive assumption of [108]] as in [24] and consider

A(t,x) = Vy(0(x),x) forte[0,T],x € Qt). 4.1.5)

This specifically entails that the accreting body is unstressed at the time and place where new
material is added, i.e.,

W(Vy(t,2)A™ (t,x)) = W(I) =0, forxz € O0(t).

We prove the existence of weak/viscosity solutions to the fully coupled problem @.1.2)-
(@.1.4), see Definition and Theorem[.3.1] More precisely, we show that y satisfies
in the weak or distributional sense, cf. (4.3.1)), when equipped with the boundary, docking, and
initial conditions

DH(V?y):(v®v) =0 on [0,T] x U,
y=1id on [0,7] X w
y(0,-) =yo on U,

where w CC €2y. On the other hand, 6 is required to be a viscosity solution to (4.1.4).

In Section @.2] we introduce the assumptions on the model. In Section 4.3] we provide
the definition of the weak/viscosity solutions and state the existence result in Theorem #.3.1]
Finally, we devote Section [4.4]to the proof of Theorem #.3.1] The strategy relies on showing
the existence of # solving (4.1.2) for given y, and of y solving (4.1.4) for given 6. The existence
of a solution for the coupled problem then follows by passing to the limit in a suitable sequence
(Yk, Ok ) ken defined iteratively.

4.2 Setting

In this section, we specify the assumptions. Let us recall that in the following, we indicate by c a
generic positive constant, possibly depending on data but independent of the time discretization
step 7. In particular, here ¢ may depend on § > 0 from (4.2.2)). Note that the value of ¢ may
change from line to line.
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4.2 Setting

Let T > 0 be a fixed final time, the reference configuration U C R? be nonempty, open,
connected, bounded, and Lipschitz, and €2y CC U be nonempty and open. We define () :=
(0,7) x U.

Admissible deformations

The set of admissible deformations is defined as
A= {y € W2P(U;R?) | Vy € GL,(d) ae. in U},

where
W2P(U;RY) = {y € W*P(U;R?) | y = id on w} for some fixed p > d

and w CC €y nonempty and open. Deformations y are locally invertible and orientation
preserving, i.e., Vy € GL,(d) almost everywhere in U, and satisfy the so-called docking
condition y = id in w for almost every ¢t € (0,7). In particular, we remark that this latter
condition entails the validity of the following Poincaré-type inequality

yllwze@ra < ¢ (L4 VY|l o raxaxa) Yy € W2P(U;RY). (4.2.1)

Mechanical energy

The elastic energy density W : R — [0, o) of the accreting material satisfies
(H1) W € CHR™%);

(H2) there exists cyy > 0 such that

0=W(I) < W(F)

< $(|F\p + 1) for every F' € R,
Even though not strictly needed for the analysis, we additionally assume

(H3) frame indifference, i.e., W (QF) = W (F) for all F' € R and Q € SO(d);
(H4) isotropy, i.e., W (FQ) = W(F) for all F € R%< and Q € SO(d).

We remark that both [(H3)| and [(H4)| are required for the model to be frame indifferent, namely
to be such that y and (Qy have the same energy for every rotation () € SO(d), i.e.,

W(QVy(t,z)Vy ' (0(x),2)Q") = W(Vy(t,z)Vy ™ (0(x), z)).
Let the density V7 : GL,(d) — [0, 00) be such that
(H5) V7 € CHGL,(d));
(H6) there exist ¢ > pd/(p — d) and c; > 0 such that

Cj 1
VI(F) > - —.
( )_]detF\q cy
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4 Viscoelastic surface growth at finite strains with Ersatzmaterial

Finally, let § > 0 and h: R — [0, 1] be defined as

(4.2.2)

1496 g ifo > 0.

Ligeoy +0 |1 if 0 <0,
146

The stored elastic energy W: C(U) x A x L>(U; GL,(d)) — [0, 00) is hence defined as

W(o,y: A) = /U W)W (VyA™Y) + V7 (Vy)da.

Here, A € L*(U;GL,(d)) is a placeholder for the backstrain tensor Vy(6(-), ) and o €
C(U) is a placeholder for 0(-)—t, whose sublevel set {x € U | 6(x) —t < 0} represents the
accreting phase at time ¢. In particular W + V is the energy of the accreting material 1 for

6 —t < 0, whereas, for § — t > 0, the energy density is %W + V;, where 1%5 < 1. This is

meant to represent the Ersatzmaterial surrounding the growing solid, which is highly elastically
compliant for small .
We additionally consider a second order potential H: W2P(U;R?) — [0, c0) given by

H) = [ 1T
where H : R¥*¥*d — [0, 00) is such that
(H7) H € C'(R%*4*4) is convex;
(H8) there exists a positive constant ¢y > 0 such that
enlGP — — < H(G) < —

- (el |PH(G) < —[6I
for all G € R¥*4*4 and
enlG — G'IP < (DH(G) — DH(G))HG — G
for every G, G’ € R&*dxd;
(H9) H(QG) = H(G) forall G € R™¥4 Q) € SO(d).

Frame indifference[(H9) of H is assumed to guarantee physical consistency albeit not necessary
for the analysis.

Viscous dissipation
The dissipation potential R: C(U) x W2P(U; R?) x HY(U;R?%) — [0, c0) is given by
R(0.9.9) = [ h(o)R(Vy, Vi)ds
U
where R : R x R4 — [0, 00) is defined as

: 1. : :
R(F,F) = §C:D(C)C’ for every F, [' € R%*¢

with C = FTFand C := FTF + FTF. We assume
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4.3 Notion of solution and main results

(H10) D € C(RExd; Réxdxdxd) jg quch that D;jx = Djigy = Dy forevery 4,5, k, 0l =1,...,d;

Sym )

(H11) there exists a positive constant cg > 0 such that
for every C, C' € Réxd

sym*

Notice that by the definition of R, we have that 0, R is linear in F , namely,

9:R(F,F) = 2F (D(C):C) — oFD(FTF):(FTF+FTF).

Loading and initial data
We denote by f : [0, T]xU—R? the body force density, and we require
(H12) f e Wb (0,T; L*(U;RY)).
We moreover assume on the initial backstrain Ay and the initial deformation v, that

(H13) Ay € L®(0; GL,(d)), %o € A, and

/ W (VyoAy ) la, + W(Vyo)Ling, + V7 (Vyo) + H(V?yo)dz < oc.
U

Growth
The growth rate v is assumed to satisfy the following assumption:

(H14) the growth rate v € C%'(R? x GL(d); (0,00)) is such that ¢, < () < C., for some
0<c, <C,.

(H15) the initial reference configuration €2y CC U of the accretive material is nonempty, open,
and such that 2y + Be.r CC U.

We remark assumption [((H15)| guarantees that the accreting material has positive distance from
the boundary of U in the time interval [0, T'], see (4.4.4) below.

4.3 Notion of solution and main results

4.3.1 Notion of solution
We are interested in solving (I.2.12)—(1.2.16)) in the following weak/viscosity sense.

Definition 4.3.1. We say that a pair
(y,0) € (L=(0, T W2P(U;RY) N HY(0,T5 H'(U;RY))) x C*H(U)

is a weak/viscosity solution fo the initial-boundary-value problem (1.2.12)—(1.2.16) if y(¢,-) €
A for almost every t € [0, T, y(0,-) =4°(-) in U, and

/ T/ (R(0—t) (OpW (VYA ™A™ T+0:R(Vy, V) +0rV’ (Vy)) :Vz + DH (V?y) iV22dzdt
0JU

T
= / / h(0—t)f - zdxdt Vz e C([0,T] x U;RY) with 2 =0 onw 4.3.1)
o Ju
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4 Viscoelastic surface growth at finite strains with Ersatzmaterial

with backstrain tensor A defined as

AO lfﬂf € QOv
A(t,z) = < Vy(O(x),z) ifz e Q\Q, (4.3.2)
I ifrelU\Q,

and 0 is a viscosity solution to

{v(y(e@ AT, z), Vy(0(z) AT, 2))|VO(z)| =1  inU\Q 433)

O(z) =0 on .

4.3.2 Main result

Our main result is the following.

Theorem 4.3.1 (Existence). Under assumptions|(H1)H(H15), there exists a weak/viscosity so-
lution (y, 0) to problem (1.2.12)—(1.2.16).

The proof of Theorem|4.3.1|is given in Section In Proposition4.4.2|we check that, given
0%~1, there exists a solution y* to (@3.1). We then recall in Proposition that there exists a
solution #* to (#.3.3) for given y*. This allows us to iteratively define a sequence (y*, 0%)en.
We prove Theorem by directly passing to the limit as k — oo.

4.4 Proof of Theorem |4.3.1

We begin by recalling a well-posedness result for the growth subproblem, see [63, Thm. 3.15].

Proposition 4.4.1 (Well-posedness of the growth problem). Assume to be given ¥ € C(R?)
with ¢, <7(+) < C, for some 0 < ¢, < C, and Qg C R? nonempty, open, and bounded. Then,
there exists a unique nonnegative viscosity solution to

()| VO(x)] =1 in R\ Q, (4.4.1)
0=0 on Q. (4.4.2)
Moreover, 0 € C%Y(R?) with
1 1 ;
0< — < |Vl(x)| < — forae xeR" (4.4.3)
c, Cy

It can also be shown that the unique nonnegative viscosity solution 6 to (4.4.1)—(#.4.2) also
satisfies [63, Thm. 3.15]

dist (l’, Qo)

< 0() < dist(x, Q)
Cy

Cy

Vo € R\ Q.

Hence, by |[(H15) we have
QT) ={reU|0(zx) <T} CCQ+ Be,r CCU, (4.4.4)

and thus the accretive phase does not touch the boundary of U over the time interval [2, T).
Before moving to the proof of Theorem 4.3.1] let us show that, for given § € C(U), there
exists a y with y(¢, -) € A for almost every ¢ € [0, 77, y(0,-) = yo(-), and satisfying @.3.1).
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4.4 Proof of Theoremm

Proposition 4.4.2 (Existence of y given #). Let 0 € C(U) and|(H)HHI15) hold. Then, there
existsy € L>(0,T; W2P(U; RY))NH(0,T; H'(U;R?)) such that y(t, -) € A for almost every
t € [0,7), y(0,-) = yo(-) in U, and satisfying (@.3.1).

Proof. The proof of the result follows the ideas of [4] or [48] and is based on a time-discretization
scheme. Let 7 := T'/N, > 0 with N, € N given and consider the corresponding uniform parti-
tion of the time interval [0, T] t; := i1, fori = 0, ..., N.. Moreover, set A? := AgLlo,+11nq,-
Fori=1,...,N,, we define y’ € A as

il
y. € arg min {W(@—ti,y;Ai) +H(y) + ™R (0 ti Yt VY ) - / h(O0—t;)f - ydx} :
U

yEA T
where
Al(z) = VyF(z) ifo(x) € (tk 1, 1) forsome k =1,...,i—1, (4.4.5)
I it0(x) > t;1.

Notice that|(H13)] the definition of .4, and the fact that p > d, imply that A’ € L>®(U; GL,(d))
foreveryi=0,...,N..

Under the growth conditions[(H6)| [(H8), and[(HIT)| the regularity and convexity assumptions
I(HD)|((H5)L(H7)L(H10)}, and (H12)|, and the Poincaré inequality (#.2.1), the existence of ¢ € A
fori =1,..., N, easily follows by the Direct Method of the calculus of variations. Moreover,
every minimizer " satisfies the time-discrete Euler-Lagrange equation

[ o=t (oew(oan ) oo (T, VT ) wsia

U

+ / OV (Vyl):Vzidr + / DH (V*y!) iV?z'dx = / R(0—t;)f(t;)-2'dx  (4.4.6)
U U

for every ' € C*°(U; R?) with ' = 0 on w, and forevery i = 1,..., N,.
From the minimality of y° we get that

Vy!

T

/U h(H—tQ(W(Vyi(Ai)_l)—l—TR (Vy’ ! Tvy

< / B(O—t) (W (Vi (AD) ) = f(t) i) + VI (Vi) + H(Vyi)da

)—f(ti)-yi)+V‘](Vyi)+H(V2yi)dfC

_ /th—ti_l) (W(Vy HATH ™) = ft) w7 ) + VI (V) + H(VP Y de
+ /U<h(t9—ti)—h(9—ti1))W(Vyl (AT da
[ 1ot (7 (T ) )W (T A )

B / (h(6—t)=h(6—ti-1)) f(t:)-y: "o — / R(O—ti1)(f(t) = f(tion)) o de
v U
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4 Viscoelastic surface growth at finite strains with Ersatzmaterial

Summing over ¢ = 1,...,n < N, and telescoping, we have
[ Ot )W (VR (AZ) 4V (T2 H (T2~ h(0—) (8
U

+iiT/Uh(0—ti)R (vyi—l, w) dx

< [ HOW (Tu(AD )+ V7 (Tao) + (V) = 0 FO)oc
—I—Zn;/U(h(Q—ti)—h(&—ti_l))VV(Vyz YA Hde
+Z [ 1) (W@ )= ()

= 3 [ (0=t =hO—te D)0 b= (0 = Ft-0) 55

By the growth conditions [([H6), [(H8)| and [(HIT)} and the definition @.2.2)) of h,

q

+CH||V2 ||Lp(URd><d><d
La(U)

5 n i i—1\T ‘ ' i i—1 (]2
ZT H (VyT VyT ) vy;jl + (Vyﬂzjl)TvyT VyT

5+1i:1 T T

C
|| det V2

+ Cr

LQ(U;Rdxd)

< [ BOW (VA2 )+ V(T + H(T ) = 6)S0) - oo
U

+) / (W(O0—t;)—h(0—t;_1) )W (V= (A7) Nda
i=1 YU

=3 [ =) (W (T3 () )W (Vi (45 da
i=1

- Z/U(h(e—ti)_h(e—ti—l))f(ti)'yi_l‘|‘h(9—ti—1)(f(ti) — f(tia)yy . (4.4.7)
i=1

We now control the right-hand side above. Let us start by noticing that

Z /U (h(0—t:)—=h(0—t;i 1) )W (Vyi (A7) ™) da

B Lio<ty — Lo<ti 1y i1y g1
= E W(V A” d

/ 149 ( Yr ( ) ):E
< E / Ly, <o<eW (VY (AT Hda

- Z /U 1{t¢—1<9ﬁti}W(vyiil)dm’
i=1
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4.4 Proof of Theoremm
since A~ 1(z) = I'if 6(x) > t;_;. By the growth condition|(H2), we then have

i=1 7U
< Z (195 ey + 1) / Lo peryda

< CZ |v2 1” U;Rdxd) + 1)/ ]l{ti_1<9§ti}dx
U

where in the last line we used the continuous embedding of L>(U) into WP (U) for p > d,
and Poincaré inequality (.2.1]).

Regarding the third term in the right-hand side of (#.4.7), we notice that, for v € Qq, A’ (z) =
Ai=Y(z) = Ap. Forx € U\ Qg with 6(x) < t;_,, there exists k € {1,...,i — 2} such that
0(x) € (ty_1,t], and thus A’ (z) = A=Y (x) = VyF. Similarly, for + € U \ Qg such that
6(x) > t;_1 we have A’ (x) = A" !(z) = I. Hence, the integrand is nonzero only for x € U
such that t; 5 < 6(z) < ¢;_;. For such z we have A’ (z) = Vy:~! and A" (z) = I, so that

Z/Uh(f)—ti) (W(Vyi (AL =W (Vyi (AT ) da

. ,
= Z/ ]]‘{ti—2<9(3?)§ti—l} (W(I)—W(Vy:._l)) dz < 0
i=1 JU

Hence, by[(HI3)] the Poincaré inequality (4.2.1]), and the discrete Gronwall Lemma [51}, (C.2.6),
p. 534] we have the bound

q

La(U)

i—1 12
VyT y ) vyj_ (Vyz 1)Tvy7 Vy‘r

T

1
det Vy»

max (HyTHWQ,, e+

7_

t27

LQ(U;RdXd)
N.
< cexp (Z (/U H{ti1<9§ti}dx)> < e (14+|QUT)|) exp (|QT)]). (4.4.8)
i=1

Let us now introduce the following notation for the time interpolants of a vector (uy, ..., uy,)
over the interval [0, 7]: We define its backward-constant interpolant @, its forward-constant
interpolant v, and its piecewise-affine interpolant ., on the partition (ti)f-vgo as

ﬂT<0) = U, ET(t) = Uy ift € (ti—lu tz] fori = 17 ey NT,

QT(T) = UN,, QT(t) = Uj—1 ift € [tifl,ti) for: = 17 ey NT,

fLT(O) = Uy, lALT(t) = %(f — ti—l) + Ui—q ift e (ti—lu tz] for: = 17 ey NT.
i bi—1

Making use of this notation, we can rewrite as

q

1
det Vy,

17117

/ V5 Yy -V, gt <

(4.4.9)

o0 (0,T;W2P (U;R%) )"”
L0 (0,T;L4(U))
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4 Viscoelastic surface growth at finite strains with Ersatzmaterial

By the Sobolev embedding of W2P(U;R?) into C'~%?(U; R?) and the classical result of
[42, Thm. 3.1], the bound (4.4.9) implies

det Vg, > ¢ >0 in [0,7] x U. (4.4.10)

Moreover, by the Poincaré inequality (4.2.1)), the generalization of Korn’s first inequality by
[81] and [85, Thm. 2.2], and the positivity of the determinant (4.4.10), it follows that

T
Iy T N @A)
”vyTHZLQ(O,T;LQ(Q;RdXd)) < C/ VY, VQT+VQ:V?JT||i2(U;Rdxd) ds < ¢
0

Thus, the classical Poincaré inequality applied to y proves that

T 11 0,750 (iRay) < c- (4.4.11)
Hence, the estimates above yield
U,y —y weakly-x in L®(0, T; W*P(U; R?)), (4.4.12)
VY, — Vy weaklyin L*(Q;R%), (4.4.13)
Vi, — Vy strongly in C%*(Q;R%) (4.4.14)

for some a € (0,1), as 7 — 0, up to not relabeled subsequences. In particular, these conver-
gences imply det Vi, — det Vy uniformly and together with the lower bound (4.4.10), that
Vy €
GL,(d) everywhere, i.e., y(t,-) € Aforevery t € (0,T).

Summing up the time-discrete Euler-Lagrange equations (4.4.6) for : = 1,..., N, and
rewriting in terms of the time interpolants, we get

/T /U h(6—1,) (aFW (VI (A) ™) (A) " T+0;R (VQT, vng)) Vz, dzdi

T T
+/ /aFVJ(VyT):VzTJrDH (V*,) 5V2Ededt:/ /h(e—ET)f(ET)-szxdt
0 U 0 U
(4.4.15)

We now pass to the limit in (#.4.13)) in order to retrieve (#.3.1). Let z € C=(Q; R?) with z = 0
on [0, 7] x w be given and let (z2)7, € W2?(U;R?) be such that Vzi € GL,(d), 22 =0 on
w forevery i = 1,..., N;, and Z, — z strongly in L>°(0,T; W2?(U;R?)). First, notice that, by
the coarea formula and the lipschitzianity (4.4.3) of 6,

/ HH(OQ(t))dt :/ |VO|da < 1ol < 0.
0 U c

Y

Thus, H41(9Q(t)) = 0 and consequently |0Q(¢)| = 0 for almost every ¢ € [0, T]. We hence

have .

L ({(t,2) € [0,T] x U | (x) = t}) :/0 199(#)|dt = 0,

which implies h(6(z)—t,(t)) — h(6(x)—t) for almost every (¢,xz) € Q. By [(H12), it thus

follows . .
/ /h(Q—fT)f(fT)-Zdedt%/ /h(@—t)f(t)-zd:cdt.
0 U 0 U
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4.4 Proof of Theoremm
Similarly, for the dissipation, we find
T _ .
/ / h(0—1,)0pR (v%,vg}) vz, dadt
0Ju
T _ . .
_9 / / h(o—1,)Vy._ <D(vgjvg7)(vgj vgﬁvgvg%)) vz, dadt
0Ju
T
— 2 / / h(O0—t)Vy (D(Vy' Vy)(Vy' Vy+Vy'Vy)) :Vzdadt
0Ju

T
_ / / h(6—1)9; R (Vy, Vi) -V =dadt
0JU

by the convergences (4.4.12)—(4.4.14), and [(HIO). By the continuity and the bound
#.4.10), we also have

T T
/ /8FVJ(V@T):VEdedt—>/ /8FVJ(Vy):Vzda:dt
o Ju o Ju

Moreover, notice that by (#.4.12)), for almost every (t,z) € Q, A, converges to A given by
@.3.2). Indeed, let (t,z) € Q, (t;.), such thatt € (t; _q,t; | for every 7 > 0, and t;, — ¢,
as 7 — 0. Thus, A, (t,x) = A (z). If z € Qo, then A7 (z) = Ag(z) = A(x), whereas if
z € U\ Q, then 6(z) >t > t;._; and thus, by definition @.43)), A () = I = A(z). On the
other hand, if x € 2, \ €, then there exists s € (0, ) such that §(x) = s and there exist k; € N,
k; > 1, for every 7 > 0 such that s € (ty,_1,%.]. Since s < t, we can assume 5, < t; _1,
so that A" (z) = Vykr(z) — Vy(s,z) = Vy(0(z),z) = A(z), by convergence [{.4.12).
Hence, by the continuity [(HI)| and the bound [(H2)| of W, the convergences (.4.12)-#.4.14),
and dominated convergence, we have

/ ) [ 16~ 8007 (95, (4,) () iz dads

T
— / / h(0 — t)0pW (0—t, VyA ) A~ " :Vzdadt.
0 U

The convergence of the second-gradient term follows by the standard argument [48]], which
we provide in the following for completeness. Let (w )N1 C A approximate the limiting
function y, namely such that w, — y strongly in L>°(0,7; W2P(U;R%)) as 7 — 0, and de-
fine Z, = w, — y.. By convergences (@.4.12)-(4.4.13), it follows that Z, — 0 strongly
in L>=(0,T; HY(U;RY)) and Z, = 0 weakly-* in L>=(0,T; W2?(U;R%)). Moreover, by the
strong convergence of V2w, to V2y in LP(Q; R?*9*) and the boundedness of DH (V?y, ) is
in L” (Q; R**9*?) thanks to it follows

T
lim sup / / (DH(V?y) — DH(V?y,)){(V?y — V37, ) dx dt
U

T7—0

T
= lim sup / / (DH(V?y) — DH(V*y,))}(V?y — V*w, + V*z,) dz dt
U

7—0

7—0

T
= lim sup/ /(DH(VQy) —DH(V?Y,))V?z, dz dt.
U
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4 Viscoelastic surface growth at finite strains with Ersatzmaterial

Hence, the Euler—Lagrange equation (4.4.15)) with test function Z, and convergences (4.4.12))—
#.4.14) entail

T
lim sup / / (DH (V) — DH(V2.)):(V2y — V27, dz dt
0o JU

T—0

T—0

T
= lim sup ( / / DH(V?y):V?z, + 07V (VTY,):VZ, — h(0—1,) f(L,)-Z, dz dt
0 JU

+ / : /U h(6—1,) (8FW(VyT(ZT)‘1)(ZT)‘T+8FR (VQT,V@\T>) vz, dxdt) —0

By the coercivity |(H8)} it follows that DH(V?y,) — DH(V?y) strongly in L¥'(Q; R**4xd)
and thus (4.3.1) follows by passing to the limit in (4.4.15) as 7 — 0. O

Having Propositions [4.4.1] and §.4.2] we proceed with the proof of Theorem [4.3.1] by the
following iterative construction. We first remark that, since yo € A by Vo is Holder
continuous and, thus, so is the mapping x € U — ~(yo(x), Vyo(x)). Denoting by 7 be any
continuous extension of such mapping to R? with ¢, < 7(-) < C., by Proposition there

exists fy € C'(U) nonnegative viscosity solution to problem

Y(yo(), Vyo(2))[Vo(2)| =1 in U\ Qu,
60 =0 1in Qo,

satisfying (#.4.3) in U. Given 6 = 6, on the other hand, Proposition provides the exis-
tence of y' € L>=(0,T; W2P(U;RY)) N H(0,T; H(U; R?)) satisfying (@3.1).

For k > 1, given y* € L*°(0, T; W2P(U; R?))N H'(0,T; H*(U;RY)), let the map x € U ~
Y(y* (0% (x)AT, x), Vy*(0* () AT, z)) is Holder continuous. Extend it continuously to R? as
7, similarly as above, with ¢, < 7(-) < C.,. Hence, Proposition and the locality of the
viscosity notion of solution guarantee the existence of a nonnegative 0¥ € C'(U) solving

Y(y* (0% (2)AT, z), Vy* (0" (2)AT, )|V (z)| =1 inU \ Qo,
0" =0 inQ

in the viscous sense and such that #@.4.3) holds in U.

For such 6%, Proposition applied for § = 0" entails the existence of a deformation
y*tt e L0, T; W2P(U;RY)) N HY(0, T; HY(U; RY)) satisfying (#.3.1).

The sequence (y*,0%).cn generated by this iterative process is, although in general not
unique, uniformly bounded in

(L=(0, T; W»P(U; RY) N HY (0, T; H'(U; RY))) x C*1(U)

thanks to the bounds (4.4.9), (4.4.11)), and (4.4.3). Thus, up to subsequences, by the Banach—
Alaoglu and the Ascoli-Arzela Theorems, there exists a pair (y, ) such that, for some o €

(0,1),

y" =y weakly-x in L°°(0, T; W*P(U; RY)) 0 HY(0, T; H (U; RY)), (4.4.16)
y" —y strongly in C*(Q;R?), (4.4.17)
0F — 0 strongly in C(U), (4.4.18)
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and 6 fulfills in U. By the uniform Lipschitz continuity of 7, (y*)ren, and (Vy*) ey, and
by convergences (#4.17)—-@.4.18), we have that x — ~(y*(0*(2)AT, z), Vy* (0% (x)AT, x))
converges to x + Y(y(0(x)AT, x), Vy(0(z)AT, x)) uniformly in U. Since the eikonal equa-
tion is stable with respect to the uniform convergence of the data [44] Prop. 1.2], 0 satisfies
(4.3.3) with coefficient x — v(y(0(z)AT, x), Vy(8(x)AT, x)). Moreover, since bounds (4.4.9)
and are independent of #, the same arguments of the proof of Proposition 4.4.2| al-
low passing to the limit in the Euler-Lagrange equation (4.3.1)), thus concluding the proof of

Theorem 4.3.11

4.5 Acknowledgements

This research was funded in whole or in part by the Austrian Science Fund (FWF) projects
10.55776/F65, 10.55776/15149, 10.55776/P32788, and 10.55776/14354, as well as by the OeAD-
WTZ project CZ 09/2023. For open-access purposes, the authors have applied a CC BY public
copyright license to any author-accepted manuscript version arising from this submission. Part
of this research was conducted during a visit to the Mathematical Institute of Tohoku Univer-
sity, whose warm hospitality is gratefully acknowledged.

87






REFERENCES

[1] G. Alberti, S. Bianchini, G. Crippa. Structure of level sets and Sard-type properties of
Lipschitz maps. Ann. Sc. Norm. Super. Pisa Cl. Sci. (5), 12 (2013), no. 4, 863-902.

[2] L. Ambrosio, N. Gigli, G. Savaré. Gradient flows in metric spaces and in the space of
probability measures. Lectures in Mathematics ETH Ziirich. Birkhiduser, Basel, 2005.

[3] S. Antman. Physically unacceptable viscous stresses. Z. Angew. Math. Phys. 49 (1998),
980-988.

[4] R. Badal, M. Friedrich, M. Kruzik. Nonlinear and linearized models in thermoviscoelas-
ticity. Arch. Ration. Mech. Anal. 247 (2023), no. 1, Paper No. 5, 73 pp.

[5] R. Badal, M. Friedrich, M. Kruzik, L. Machill. Positive temperature in nonlinear ther-
moviscoelasticity and the derivation of linearized models. ArXiv:2407.02035, 2024.

[6] K. Bangert, G. Dolzmann. Stress-modulated growth in the presence of nutri-
ents—existence and uniqueness in one spatial dimension. Z. Angew. Math. Mech. 103
(2023), no. 10, Paper No. €202200558, 29 pp.

[7] M. Bardi, 1. Capuzzo-Dolcetta. Optimal control and viscosity solutions of Hamilton-
Jacobi-Bellman equations. Systems & Control Foundations & Applications Birkhéduser
Boston, Inc., Boston, 1997.

[8] G. Barles. Solutions de viscosité des équations de Hamilton-Jacobi. Math. Appl., 17
Springer-Verlag, Paris, 1994.

[9] N. Bellomo, N. K. Li, P. K. Maini. On the foundations of cancer modelling: selected
topics, speculations, and perspectives. Math. Models Methods Appl. Sci. 18 (2008), no.4,
593-646.

[10] H. Berjamin, S. Chockalingam. Shear shock formation in incompressible viscoelastic
solids. Wave Motion 110 (2022), Paper. No. 102899.

[11] A. Bressan, M. Lewicka. A model of controlled growth. Arch. Ration. Mech. Anal. 227
(2018), no. 3, 1223-1266.

[12] C. B. Brown, L. E. Goodman. Gravitational stresses in accreted bodies. Proc. R. Soc.
Lond. A, 276 (1963), no. 1367, 571-576.

[13] A. Cesik, G. Gravina, M. Kampschulte. Inertial evolution of non-linear viscoelastic
solids in the face of (self-)collision. Calc. Var. Partial Differential Equations, 63 (2024),
no. 2, 48 pp.

[14] A. Cesik, G. Gravina, M. Kampschulte. Inertial (self-)collisions of viscoelas-
tic solids with Lipschitz boundaries.  Adv. Calc. Var. (2024). To appear.
https://doi.org/10.1515/acv-2024-0006.

89



References

[15] A. Chiesa, M. Kruzik, U. Stefanelli. Finite-strain Poynting—Thomson model: Existence
and linearization. Math. Mech. Solids 30, 4 (2024).

[16] A. Chiesa, U. Stefanelli. Quasistatic evolution and accretive phase-change in finite-strain
viscoelastic solids. Z. Angew. Math. Phys. 76, 53 (2025).

[17] P. G. Ciarlet. Mathematical elasticity. Volume 1. Three-dimensional elasticity. Classics
Appl. Math., 84 SIAM, Philadelphia, 2022.

[18] P. G. Ciarlet, J. Necas. Injectivity and self-contact in nonlinear elasticity. Arch. Ration.
Mech. Anal. 97 (1987), 171-188.

[19] M. Crandall, H. Ishii, P. L. Lions. User’s guide to viscosity solutions of second order
partial differential equations. Bull. Amer. Math. Soc. (N.S.), 27 (1992), no. 1, 1-67.

[20] B. Dacorogna. Direct methods in the calculus of variations. Appl. Math. Sci., 78
Springer, New York, 2008.

[21] G. Dal Maso, G. Lazzaroni. Quasistatic crack growth in finite elasticity with non-
interpenetration. Ann. Inst. H. Poincaré C Anal. Non Linéaire, 27 (2010), 257-290.

[22] G. Dal Maso, M. Negri, D. Percivale. Linearized elasticity as I'-limit of finite elasticity.
Set-Valued Anal. 10 (2002), 165-183.

[23] E. Davoli, K. Nik, U. Stefanelli. Existence results for a morphoelastic model. Z. Angew.
Math. Mech. 103 (2023), no. 7, 25 pp.

[24] E. Davoli, K. Nik, U. Stefanelli, G. Tomassetti. An existence result for accretive growth
in elastic solids. Math. Models Methods Appl. Sci. 34 (2024), no. 11, 2169-2190.

[25] D. Devedran, C. S. Peskin. An immersed boundary energy-based method for incom-
pressible viscoelasticity. J. Comput. Phys. 231 (2012), 4613-4642.

[26] Y. Dong-Hee, C. Pil-Ryung, K. Ji-Hee, G. Martin, Y. Jong-Kyu. A phase field model for
phase transformation in an elastically stressed binary alloy. Modelling Simul. Mater. Sci.
Eng., 13 (2005), 299.

[27] J. Dumais, D. Kwiatkowska. Analysis of surface growth in shoot apices, The Plant J. 31
(2001), no. 2, 229-241.

[28] M. Fabrizio, A. Morro. Mathematical problems in linear viscoelasticity. SIAM Studies
in Applied Mathematics, 12. Society for Industrial and Applied Mathematics (SIAM),
Philadelphia, PA, 1992.

[29] H. Federer. Geometric measure theory. Die Grundlehren der mathematischen Wis-
senschaften, Band 153. Springer-Verlag New York, Inc., New York, 1969.

[30] I. Fonseca, W. Gangbo. Local invertibility of Sobolev functions. SIAM J. Math. Anal. 26
(1995), 280-304.

[31] M. Fournier, H. Bailleres, B. Chanson. Tree biomechanics: growth, cumulative pre-
stresses, and reorientations. Biomimetics, 2 (1994), no. 3, 229-251.

90



References

[32] E. Fried, M. Gurtin. Tractions, balances, and boundary conditions for nonsimple materi-
als with application to liquid flow at small-length scales. Arch. Ration. Mech. Anal. 182
(2006), no. 3, 513-554.

[33] M. Friedrich, M. Kruzik. On the passage from nonlinear to linearized viscoelasticity.
SIAM J. Math. Anal. 50 (2018), 4426-4456.

[34] G. Friesecke, R. D. James, S. Miiller. A theorem on geometric rigidity and the derivation
of nonlinear plate theory from three-dimensional elasticity. Comm. Pure Appl. Math. 55
(2002), 1461-1506.

[35] J.-F. Ganghoffer, I. Goda. A combined accretion and surface growth model in the frame-
work of irreversible thermodynamics. Int. J. Engrg. Sci. 127 (2018), 53-79.

[36] J.-F. Ganghoffer, P. I. Plotnikov, J. Sokolowski. Nonconvex model of material growth:
mathematical theory. Arch. Ration. Mech. Anal. 230 (2018), no. 3, 839-910.

[37] Q. Ge, A. Sakhaei, H. Lee, et al. Multimaterial 4D printing with tailorable shape memory
polymers, Scientific Reports, 6 (2016).

[38] A. Goriely. The mathematics and mechanics of biological growth. Interdisciplinary Ap-
plied Mathematics, 45. Springer, New York, 2017.

[39] D. Grandi, M. Kruzik, E. Mainini, U. Stefanelli. A phase-field approach to Eulerian
interfacial energies. Arch. Ration. Mech. Anal. 234 (2019), 351-373.

[40] D. Grandi, U. Stefanelli. Finite plasticity in P'P. Part II: quasistatic evolution and lin-
earization. SIAM J. Math. Anal. 49 (2017), 1356-1384.

[41] P. Haupt, A. Lion. On finite linear viscoelasticity of incompressible isotropic materials.
Acta Mechanica 159 (2002), 87-124.

[42] T. Healey, S. Kromer. Injective weak solutions in second-gradient nonlinear elasticity.
ESAIM Control Optim. Calc. Var. 15 (2009), no. 4, 863-871.

[43] S. Hencl, P. Koskela. Lectures on mappings of finite distortion. Lecture Notes in Mathe-
matics, 2096. Springer, Cham, 2014.

[44] H. Ishii. A boundary value problem of the Dirichlet type for Hamilton-Jacobi equations.
Ann. Scuola Norm. Sup. Pisa CIL. Sci. (4), 16 (1989), no. 1, 105-135.

[45] M. Jesenko, B. Schmidt. Geometric linearization of theories for incompressible elastic
materials and applications. Math. Models Methods Appl. Sci. 31 (2021), no. 4, 829-860.

[46] P. W.Jones. Quasiconformal mappings and extendability of functions in Sobolev spaces.
Acta Math. 88 (1992), 71-88.

[47] S. Kakutani. A generalization of Brouwer’s fixed point theorem. Duke Math. J. 8 (1941),
457-459.

[48] S. Kromer, T. RoubicCek. Quasistatic viscoelasticity with self—contact at large strains. J.
Elasticity, 142 (2020), 433-445.

91



References

[49] S. Kromer, J. Valdman. Global injectivity in second-gradient nonlinear elasticity and its
approximation with penalty terms. Math. Mech. Solids 24 (2019), no. 11, 3644-3673.

[50] M. Kruzik, D. Melching, U. Stefanelli. Quasistatic evolution for dislocation—free finite
plasticity. ESAIM Control Optim. Calc. Var. 26 (2020), Paper No. 123.

[51] M. Kruzik, T. Roubicek. Mathematical methods in continuum mechanics of solids. In-
teraction of Mechanics and Mathematics, Springer, Cham, 2019.

[52] Y. Kuang, J. D. Nagy, S. E. Eikenberry. Introduction to mathematical oncology. Chap-
man & Hall/CRC Mathematical and Computational Biology Series. CRC Press, Boca
Raton, FL, 2016.

[53] J. S. Langer. Instabilities and pattern forestation in crystal growth. Rev. Mod. Phys. 52
(1980), no. 1.

[54] A.-S. Lectez, E. Verron. Influence of large strain preloads on the viscoelastic response of
rubber-like materials under small oscillations. Internat. J. Non-Linear Mech. 81 (2016),
1-7.

[55] E. Lee. Elastic-plastic deformation at finite strains. J. Appl. Mech. 36 (1969), 1-6.

[56] J. U. Lind et al. Instrumented cardiac microphysiological devices via multimaterial three-
dimensional printing, Nature Mat. 16 (2017), 303-308.

[57] A. Lucantonio, P. Nardinocchi, L. Teresi. Transient analysis of swelling-induced large
deformations in polymer gels. J. Mech. Phys. Solids, 61 (2013), no. 1, 205-218.

[58] L. Machill. Nonlinear relations of viscous stress and strain rate in nonlinear viscoelas-
ticity. J. Elasticity 157 (2025), no. 1, Paper No. 26, 27 pp.

[59] A. Mainik, A. Mielke. Global existence for rate-independent gradient plasticity at finite
strain. J. Nonlinear Sci. 19 (2009), 221-248.

[60] M. Mainini, D. Percivale. Variational linearization of pure traction problems in incom-
pressible elasticity. Z. Angew. Math. Phys. 71 (2020), no. 5, Paper No. 146, 26 pp.

[61] M. Mainini, D. Percivale. Linearization of elasticity models for incompressible materi-
als. Z. Angew. Math. Phys. 73 (2022), no. 4, Paper No. 132, 33 pp.

[62] M. Masi, S. Kommu. Chapter 6 Epitaxial growth modeling. D. Crippa, D. L. Rode,
M. Masi (eds.), Semiconductors and Semimetals, Elsevier, vol. 72, 2001, 185-224.

[63] A.C. G. Mennucci. Regularity and variationality of solutions to Hamilton-Jacobi equa-
tions. Part II: Variationality, existence, uniqueness. Appl. Math. Optim. 63 (2011), no.
2, 191-216.

[64] S. Meo, A. Boukamel, O. Debordes. Analysis of a thermoviscoelastic model in large
strain. Comput. & Structures, 80 (2002), 2085-2098.

[65] V. Metlov. On the accretion of inhomogeneous viscoelastic bodies under finite deforma-
tions. J. Appl. Math. Mech. 49 (1985), no. 4, 490-498.

92



References

[66] A. Mielke. Finite elastoplasticity, Lie groups and geodesics on SL(d). In P. Newton,
A. Weinstein, and P. J. Holmes, editors, Geometry, Dynamics, and Mechanics, pp. 61—
90. Springer-Verlag, 2002.

[67] A.Mielke. Energetic formulation of multiplicative elasto-plasticity using dissipation dis-
tances. Cont. Mech. Thermodyn. 15 (2003), 351-382.

[68] A.Mielke. On evolutionary I'-convergence for gradient systems. In editors, Macroscopic

and Large Scale Phenomena: Coarse Graining, Mean Field Limits and Ergodicity,
187-249. Lect. Notes Appl. Math. Mech. 3. Springer, Cham, 2016.

[69] A. Mielke, S. Miiller. Lower semicontinuity and existence of minimizers in incremental
finite-strain elastoplasticity, Z. Angew. Math. Mech. 86 (2006), 233-250.

[70] A. Mielke, C. Ortner, Y. Sengiil. An approach to nonlinear viscoelasticity via metric
gradient flows. SIAM J. Math. Anal. 46 (2014), 1317-1347.

[71] A. Mielke, R. Rossi, G. Savaré. A metric approach to a class of doubly nonlinear evo-
lution equations and applications. Ann. Sc. Norm. Super. Pisa Cl. Sci. (5), 7 (2008),
97-169.

[72] A.Mielke, R. Rossi, G. Savaré. Global existence results for viscoplasticity at finite strain.
Arch. Ration. Mech. Anal. 227 (2018), 423-475.

[73] A. Mielke, T. Roubicek. Rate-independent elastoplasticity at finite strains and its numer-
ical approximation. Math. Models Methods Appl. Sci. 26 (2016), no. 12, 2203-2236.

[74] A. Mielke, T. Roubicek. Rate-independent systems. Theory and application, Applied
Mathematical Sciences, 193. Springer, New York, 2015.

[75] A. Mielke, T. Roubicek. Thermoviscoelasticity in Kelvin-Voigt rheology at large strains.
Arch. Ration. Mech. Anal. 238 (2020), no. 1, 1-45.

[76] A. Mielke, T. Roubicek, U. Stefanelli. I'-limits and relaxations for rate-independent evo-
lutionary problems. Calc. Var. Partial Differential Equations, 31 (2008), 387-416.

[771 A. Mielke, U. Stefanelli. Linearized plasticity is the evolutionary I'-limit of finite plas-
ticity. J. Eur. Math. Soc. (JEMS), 15 (2013), 923-948.

[78] D. E. Moulton, A. Goriely, R. Chirat. Mechanical growth and morphogenesis of
seashells. J. Theor. Biol. 311 (2012), 69-79.

[79] S. K. Naghibzadeh, N. Walkington, K. Dayal. Surface growth in deformable solids using
an Eulerian formulation. J. Mech. Phys. Solids, 154 (2021), no. 104499, 13 pp.

[80] S. K. Naghibzadeh, N. Walkington, K. Dayal. Accretion and ablation in deformable
solids with an Eulerian description: examples using the method of characteristics. Math.
Mech. Solids, 27 (2022), no. 6, 989-1010.

[81] P. Neff. On Korn’s first inequality with non-constant coefficients. Proc. Roy. Soc. Edin-
burgh Sect. A, 132 (2002), no. 1, 221-243.

[82] S. Osher, R. Fedkiw. Level set methods and dynamic implicit surfaces. Applied Mathe-
matical Sciences, 153. Springer-Verlag, New York, 2003.

93



References

[83] A.Z.Palmer, T.J. Healey. Injectivity and self-contact in second-gradient nonlinear elas-
ticity. Calc. Var. Partial Differential Equations, 56 (2017), no. 4, Paper No. 114, 11 pp.

[84] N. Phan-Thien. Understanding viscoelasticity: basics of rheology. Advanced Texts in
Physics. Springer Berlin, Heidelberg 2002.

[85] W. Pompe. Korn’s first inequality with variable coefficients and its generalization. Com-
ment. Math. Univ. Carolin. 44 (2003), no. 1, 57-70.

[86] M. Roger, B. Schweizer. Strain gradient visco-plasticity with dislocation densities con-
tributing to the energy. Math. Models Methods Appl. Sci. 27 (2017), 2595-2629.

[87] D. M. Rosa, J. E. Spinelli, I. L. Ferreira, et al. Cellular/dendritic transition and mi-
crostructure evolution during transient directional solidification of Pb-Sb alloys. Metall.
Mater. Trans. A, 39 (2008), 2161-2174.

[88] T. Roubicek. Nonlinear partial differential equations with applications. 2nd edition,
Birkh#user, Basel, 2013.

[89] R. Scala, U. Stefanelli. Linearization for finite plasticity under dislocation-density tensor
regularization. Contin. Mech. Thermodyn. 33 (2021), 179-208.

[90] K. Schwerdtfeger, M. Sato, K. H. Tacke. Stress formation in solidifying bodies. Metall.
Mat. Trans. B, 29 (1998), 1057-1068.

[91] J. A. Sethian. Level set methods and fast marching methods. Evolving interfaces in
computational geometry, fluid mechanics, computer vision, and materials science. Sec-
ond edition. Cambridge Monographs on Applied and Computational Mathematics, 3.
Cambridge University Press, Cambridge, 1999.

[92] M.T. Shaw, W.J. MacKnight. Introduction to polymer viscoelasticity. 4th ed. John Wiley
& Sons, 2018.

[93] R. Skalak, A. Hoger. Kinematics of surface growth. J. Math. Biol. 35 (1997), no. 8,
869-907.

[94] R. Southwell. Introduction to the theory of elasticity for engineers and physicists. Oxford
University Press, Oxford, 1941.

[95] F. Sozio, A. Yavari. Nonlinear mechanics of accretion. J. Nonlinear Sci. 29 (2019),
no. 4, 1813-1863.

[96] U. Stefanelli. Existence for dislocation-free finite plasticity. ESAIM Control Optim. Calc.
Var. 25 (2019), Paper No. 21.

[97] L. A. Taber. Biomechanics of growth, remodeling, and morphogenesis. Appl. Mech.
Rev. 48 (1995), no. 8, 487-545.

[98] M. Shibayama, T. Tanaka. Volume phase transition and related phenomena of polymer
gels. In: K. Dusek (ed.), Responsive Gels: Volume Transitions I. Advances in Polymer
Science, vol 109. Springer, Berlin, Heidelberg, 1993.

[99] D. Thompson. On growth and forms: the complete revised edition. Dover, New York,
1992.

94



References

[100] L. Truskinovsky, G. Zurlo. Nonlinear elasticity of incompatible surface growth. Phys.
Rev. E, 99 (2019), no. 5, 053001, 13 pp.

[101] A. Visintin. Differential models of hysteresis. Applied Mathematical Sciences, 111.
Springer, Berlin, 1994.

[102] Q. Wang, L. Wang, W. Zhang, K. Chou. Influence of cooling rate on solidification pro-
cess Ce-High Mo austenite stainless steel: nucleation, growth, and microstructure evo-
lution. Metals, 13 (2023), no. 2, 246.

[103] 1. P. A. Wijaya, O. Lopez-Pamies, A. Masud. A unified determinant-preserving formu-
lation for compressible/incompressible finite viscoelasticity. J. Mech. Phys. Solids 177
(2023), Paper No. 105312.

[104] H. Wilbuer, P. Kurzeja, J. Mosler. Phase field modeling of hyperelastic material in-
terfaces — theory, implementation and application to phase transformations. Comput.
Methods Appl. Mech. Engrg. 426 (2024), 22 pp.

[105] S. Wildeman, S. Sterl, C. Sun, D. Loshe. Fast dynamics of water droplets freezing from
the outside in, Phys. Rev. Lett. 118 (2017), 084101.

[106] D. Wodarz, N. L. Komarova. Dynamics of cancer. Mathematical foundations of oncol-
ogy. World Scientific Publishing Co. Pte. Ltd., Hackensack, NJ, 2014.

[107] T. Yamaue, D. Masao. The stress diffusion coupling in the swelling dynamics of cylin-
drical gels. J. Chem. Phys. 122 (2005), 084703.

[108] G. Zurlo, L. Truskinovsky. Inelastic surface growth. Mech. Res. Comm. 93 (2018),
174-179.

95






s ZUSAMMENFASSUNG

Unter Viskoelastizitit versteht man die Reaktion von Materialien wie Elastomere, Ton und
verschiedenen Polymeren oder Metallen, die sich unter Einwirkung duflerer Krifte sowohl
elastisch als auch viskos verhalten. Das Zusammenspiel zwischen dem festkorperdhnlichen
Verhalten der Elastizitdt und dem fliissigkeitsdhnlichen der Viskositit ermoglicht die Model-
lierung verschiedener Phidnomene in der Kontinuumsmechanik und hat zu reichhaltigen und
interessanten mathematischen Theorien gefiihrt.

Diese Dissertation zielt darauf ab, neuere Entwicklungen in nichtlinearen Variationsrech-
nungsmodellen fiir die Entwicklung viskoelastischer Materialien bei endlicher Verzerrung zu
untersuchen und konzentriert sich auf zwei Hauptaspekte. Einerseits untersuchen wir das
Poynting-Thomson-Modell bei groBen Deformationen: Wir zeigen die Existenz von Losungen
in einem geeigneten schwachen Sinn, ohne auf regulierende Terme zweiter Ordnung zuriick-
zugreifen, deren physikalische Interpretation umstritten ist. Dariiber hinaus fithren wir eine
rigorose Linearisierung durch und beweisen, dass das klassische Modell fiir kleine Deforma-
tionen wiederhergestellt wird. Andererseits betrachten wir das Zusammenspiel von viskoe-
lastischen Effekten mit akkretivem Wachstum, wie es bei der Kristallisation, der Quellung von
Polymergelen und Erstarrungsprozessen auftritt. Wir zeigen die Existenz von Losungen fiir
das damit verbundene gekoppelte Problem fiir verschiedene Modelle: Wir konzentrieren uns
auf zweiphasige Materialien mit diffuser und scharfer Grenzfliche sowie auf Festkorper, die
wihrend des Wachstums Eigenspannungen akkumulieren.
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