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Abstract The phase-field approach has proven to be a powerful tool for the prediction of crack phenomena.
When it is applied to inelastic materials, it is crucial to adequately account for the coupling between dissipative
mechanisms present in the bulk and fracture. In this contribution, we propose a unified phase-field model for
fracture of viscoelastic materials. The formulation is characterized by the pseudo-energy functional which
consists of free energy and dissipation due to fracture. The free energy includes a contribution which is related
to viscous dissipation that plays an essential role in coupling the phase-field and the viscous internal variables.
The governing equations for the phase-field and the viscous internal variables are deduced in a consistent
thermodynamic manner from the pseudo-energy functional. The resulting model establishes a two-way cou-
pling between crack phase-field and relaxation mechanisms, i.e. viscous internal variables explicitly enter the
evolution of phase-field and vice versa. Depending on the specific choice of the model parameters, it has flex-
ibility in capturing the possible coupled responses, and the approaches of recently published formulations are
obtained as limiting cases. By means of a numerical study of monotonically increasing load, creep and relax-
ation phenomena, rate-dependency of failure in viscoelastic materials is analysed and modelling assumptions
of the present formulation are discussed.

Keywords Phase-field - Fracture - Inelastic material - Viscoelasticity - Dissipation

1 Introduction

Materials which show rate-dependent behaviour are relevant for a large variety of engineering applications, cf.
for instance [1,2]. In order to optimise the design and reduce experimental effort, the computational modelling
and simulation of crack phenomena in rate-dependent materials owe to the dramatically increasing interests.
In particular, an adequate prediction of combined fracture and viscous mechanisms that depend on the time
scale of loading is highly complex.

1.1 The phase-field approach to brittle fracture

For the modelling of crack phenomena, the phase-field approach to fracture has become a well-established
concept. This is mainly due to its capability to predict crack patterns which are not a priori known and to
simulate crack growth without the need for remeshing. Originally, the method bases upon the variational
formulation of quasi-static brittle fracture of Francfort and Marigo [3], who recasted the Griffith criterion [4]
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for crack propagation into an energy minimisation problem. Bourdin et al. [5,6] introduced a regularisation
of the underlying energy functional. The key idea of this approach is a diffuse crack representation, i.e. the
crack surface is described by an auxiliary field variable which continuously varies from the intact to the fully
broken material state. In general, this auxiliary variable is referred to as phase field. In other words, cracks
are no longer seen as sharp discontinuities, but approximated over a finite length scale ¢.. Furthermore, the
loss of stiffness that comes along with failure is expressed by means of a degradation function depending on
the phase-field. For small £, the regularised functional I"-converges against the sharp formulation [7], i.e. the
fundamental theory of Griffith is recovered. Based upon the diffuse crack representation, phase-field models
of brittle fracture have been proposed which include several advancements and a variety of improvements, see
[8-10] and [11], or [12,13], inter alia. For a detailed review on different formulations for brittle fracture at
small strains, the reader is referred to [14].

1.2 Phase-field models for inelastic materials

Rate-independent material behaviour. More recently, the phase-field approach is extended to materials which
undergo an irreversible deformation before failure. In the literature, different modelling approaches to ductile
fracture are introduced. For a detailed comparison of several formulations in the small strain context, see [15].

A first attempt to describe brittle fracture of elasto-plastic solids is made by Duda et al. [16]. Although
the inelastic permanent deformations are considered, the coupling between plastic deformation and damage is
not taken into account. However, the implementation of such a coupling is crucial if typical crack phenomena
which are experimentally observed in ductile materials shall be reproduced, cf. for instance [17].

For this purpose, a non-energetic ductile fracture driving force based on the accumulated plastic strain is
introduced by Miehe et al. [18,19]. Ambati et al. [17,20] considered an enhanced degradation function which,
in addition to the phase-field variable, depends on plastic deformation. This coupling resulted in a distinct
plastic contribution to the fracture driving force. Yin and Kaliske [21] recently adapted a concept which is
well-established in the phase-field modelling of fatigue, cf. [22-24], to the description of ductile failure. Instead
of defining a fracture driving force related to plastic deformation, the fracture toughness is assumed to decrease
with increase of inelastic deformations. In all these contributions, plastic deformations play an essential role
during the evolution of the phase-field variable. However, the phase-field variable does not explicitly influence
the evolution of inelastic strain.

In several other models of ductile fracture, a total energy functional is considered in which both elastically
stored energy and plastic work, or plastic energy, are assumed to be affected by fracture. In other words,
degradation functions decrease the respective contributions to the energy functional. Consequently, the plas-
tic energy which actually corresponds to the dissipation due to inelastic deformation and possibly includes
hardening terms, naturally becomes part of the fracture driving force which is deduced from the functional.
Alessi et al. [25,26] introduced this approach in the context of gradient damage models. Related phase-field
rate-independent fracture models are proposed in [27,28]. Based on similar considerations, and furthermore,
in order to capture the influence of failure on the evolution of inelastic deformation, a yield condition which
depends on the phase-field is postulated by Borden et al. [29]. To the best of the authors’ knowledge, only
models which can be attributed to this group of formulations establish a two-way coupling between plastic
deformation and failure.

Rate-dependent material behaviour. In recent years, few efforts have been devoted to describe the rate-
dependent material fracture behaviour using the phase-field fracture models.

A phase-field fracture model for viscoelastic solids is proposed by Schinzel [19]. Considering a viscoelastic
material model and a phase-field driving force based on a generalised principal stress criterion, fracture response
inrubber polymers is investigated. Furthermore, the viscosity assumed for the evolution of the phase-field which
originally is solely numerically motivated, cf. [9,10], is understood as a material parameter and identified from
experimental data.

Similar to the models of fracture in rate-independent materials which are based on energetic considerations,
more recently, some formulations adapted to a rate-dependent response of the bulk were proposed. Shen et al.
[30] presented a phase-field model for viscoelastic solids in the small strain context. Therein, the evolution
equation for the viscous internal variables is assumed a priori and an energy functional which incorporates a
stored viscous free energy is postulated. This term corresponds to a portion of accumulated viscous dissipation
and is degraded in the same manner as equilibrium and non-equilibrium part of the elastic strain energy den-
sity. From the free energy functional, the phase-field equation is deduced by means of a microforce balance.
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Loew et al. [31,32] considered a finite linear viscoelastic material model [33] which does not allow to distin-
guish between the non-equilibrium part of actually stored strain energy and accumulated viscous dissipation.
Accordingly, a viscous contribution to the free energy is defined as the sum of the two quantities and assumed,
as well as the equilibrium part of elastic strain energy, to be degraded in case of fracture. A similar finite linear
viscoelastic material model was investigated by Liu et al. [34]. Yin and Kaliske [35] combined the phase-field
approach to fracture with a model of finite viscoelasticity [36]. Unlike [30] or [31,32], in [35], the effectively
stored strain energy is assumed to promote crack propagation, i.e. a dissipative contribution is not accounted to
the crack driving force. Recently, a similar formulation is adopted by Brighenti et al. [37] based on statistical
mechanics-based equations for the response of the bulk material.

While the aforementioned models address a rate-dependent response of the bulk material, Miehe et al.
[18] and later Yin et al. [38] studied a strain rate-dependent resistance against fracture combined with a
rate-independent model of deformation.

1.3 Intent of the present contribution

The aim of the present contribution is to present a unified, thermodynamically consistent phase-field model
for fracture of viscoelastic solids. With the central purpose of describing a two-way coupling between damage
and viscous effects, we introduce an energy functional which consists of the free energy that includes a
contribution which is related to viscous dissipation, and the fracture contribution. From the proposed functional,
the governing equations of the phase-field and viscous internal variables are derived in a thermodynamic
consistent manner. Depending on the specific choice of the degradation functions and model parameters,
respectively, the modelling approaches of [30-32] or [35,37] can be retained as limiting cases of the present
model. With this unified formulation at hand, we study the coupling between viscous effects and fracture.

This paper proceeds as follows. In Sect. 2, the proposed phase-field model of fracture in viscoelastic material
and its thermodynamic consistency proof are illustrated. Furthermore, algorithmic aspects are addressed. In
Sect. 3, the analysis of coupling between viscoelastic material response and fracture by means of numerical
examples is presented. The paper concludes with a short summary and an outlook regarding the future work.

Within this paper, the summation convention applies for tensor quantities. In index notation, partial deriva-
tives are denoted by (o) j = do/ dx;.

2 Derivation of the unified phase-field model

In this section, the unified phase-field description of fracture in viscoelastic materials is presented. A general
energetic formulation of fracture adapted to viscoelastic materials is presented first. Subsequently, the specific
constitutive assumptions for the bulk are specified and thermodynamic consistency is proven. Finally, governing
equations and algorithmic aspects are provided. Without loss of generality, for the present contribution, we
limit ourselves to the small strain setting and neglect inertia effects.

2.1 The energetic approach to fracture

The hypothesis of Griffith [4] defines the starting point for the phase-field approach to fracture. Dissipation due
to crack growth is referred to as surface energy which is assumed to increase proportionally to newly created
crack surface. In a simplified setting, crack growth is assumed to take place if the strain energy stored in the
material equals the amount of surface energy corresponding to the increase in fracture surface. Following [3],
this fundamental theorem can be reformulated by means of an energy functional

H:/I/de—{—/@ch = 1+ " (1)
o\r r

wherein ¥ and 6. denote the density of free energy stored in the material and the fracture toughness, respec-
tively. The two constituents to the functional IT correspond to stored free energy I7°¢ and dissipation due to
formation of crack surface or surface energy IT' . The domain under consideration is denoted by £2 ¢ RV
and I' € RV~ s the crack surface. For sake of brevity, terms arising from external loads are omitted.
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(@) Sharp crack representation (b) Diffuse approximation
Fig. 1 Crack representation within a domain §2 with boundary o £2. The originally sharp crack I" (a) is approximated by means

of the phase-field variable d which describes a smooth transition between the intact (d = 0) and fully broken (d = 1) material
state (b). The diffuse crack can be assigned a characteristic width 2 ¢

In order to make this energetic approach to fracture accessible to numerical implementation, a regularisation
of the functional I7 is introduced [5]. For this purpose, a phase-field variable

d:RY > 10,1] 2

which continuously varies from the intact (d = 0) to the fully broken (d = 1) material state is defined. Using
this variable, the crack surface is approximated by means of the functional

Iy = /Vzc dv (3)
2
with the crack surface density '
1
Vee= 7[>+ 40 drdy] )
44,

cf. [9], which incorporates the regularisation parameter £.. This parameter defines the characteristic width
of the crack approximated by the phase-field variable d. A part from its geometrical role, it also influences
the critical stress and strain and can be seen as material parameter, cf. [40]. Figure 1 illustrates the concept
of diffuse crack approximation in comparison to the sharp representation. With the diffuse approximation of
crack surface at hand, dissipation due to crack evolution can be expressed as

my Z/WC@C av :=/<;DdV, &)
2 ko)

wherein @ is defined as density of fracture dissipation. In order to account for the decrease of free energy due
to evolution of cracks, the degradation function

g0, 11— [0,1], d> g(d) (6)

is defined which has to fulfil the conditions

ag g

d=0=1 , d=1)=0, —=<0, — =0 . 7
4 ) 8( ) 5d = ad |, (N

Based on the degraded free energy density
V=gV, ®)

the regularised functional of free energy is given by

m = / wdv, ©)

2

! For the crack surface density y;,, several choices are possible, cf. [39]. Here, the expression typically referred to as AT-2
model is considered.
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and the regularised total energy, or pseudo-energy, functional reads >

H@CZHES+Hf£=/Q/+@dV. (10)
2

In case of linear elasticity, it can be discussed that IT,, y-converges to [T for {. — 0, see e.g. [41]. For yy,
according to (4) and a specific choice of the degradation function g(d), an analytical proof of y-convergence
can be provided, cf. [7].

Generalisation for inelastic material response. In case of an non-elastic response of the bulk material, in the
total energy functional 1, an expression for the free energy density ¥ can be considered which adequately
accounts for coupled inelastic deformations. For the description of combined fracture and viscous mechanisms,
the proposed free energy density functional

¥ = gu(d) VS + Buigvi(d) ¥ = w4y (11)

consists of two essential constituents: Naturally, the first one is the effectively stored strain energy which,
in case of damage, is decreased by means of the degradation function gy (d). In addition, a free energy
contribution related to accumulated viscous dissipation is assumed. The definition of ¥ and ¥*! can take any
form suitable for describing viscoelastic deformations. The specific definition considered in this work is given
in Sect. 2.2. In order to keep the formulation as general as possible, similar to [29] and [30], the parameter
Bvi € [0, 1] is introduced as a weight of the contribution related to inelastic deformation. For the viscous term,
the degradation function gy;(d) is prescribed. In contrast to e.g. [30], coincidence of gy (d) and gvi(d) is not a
priori supposed. Therefore, the present formulation enables to account for an influence of damage on energy
storage and dissipative viscous mechanisms, and vice versa, which may be not completely identical.

The free energy density contribution ¥*' in (11), related to viscous dissipation, can be interpreted as fol-
lows. Firstly, mechanical energy can be released due to the relaxation mechanisms present in the viscoelastic
material, where an amount of strain energy which has been set free can convert into heat, i.e. lead to an increase
in temperature. As experimental evidence has shown that resistance against failure of many rate-dependent
materials decreases with temperature, see €.g. [42,43], viscous dissipation can be assumed to promote fracture.
By means of proposed ¥"', the formulation enables to capture this effect, although the thermomechanical cou-
pling is not explicitly modelled. Secondly, micro-mechanical mechanisms which lead to viscous dissipation
can directly diminish the amount of strain energy that has to be stored in the material so that crack propagation
can take place. Consider, for example, rubbery polymers under tensile loading. Viscous dissipation can be
attributed to relaxation, i.e. reorientation and disentanglement of chain segments. These mechanisms go along
with a redistribution of loading from entangled to crosslinked polymer chains, as discussed in [19]. As a result,
in case of fracture, crosslinked chains are broken, essentially. The amount of strain energy necessary for crack
propagation thus is lowered compared to the case where no viscous dissipation has taken place, cf. [42] for
experimental results.

Choice of the degradation functions. In the literature, the quadratic degradation function
gd)=(1-k1-d+k (12)

in which a small residual k is included in order to enhance numerical stability, is adopted frequently, cf.
for instance [5,9,27,30]. Nevertheless, several alternatives were proposed. In order to obtain a more brittle
response, quartic and cubic expressions were introduced by [44] and [45]. With the same objective, [46]
suggested an exponential function and [35,38] studied a sinusoidal expression. The functions of [45] and [46]
as well as the expressions proposed by [47,48] and [49] are parametric, i.e. they include additional parameters
which can be fitted to the physical behaviour of the material under consideration. The present formulation for
the free energy allows to apply this concept for both the actually energy storage and dissipative mechanisms
by means of gy (d) and gvi(d), separately.

Within the scope of this contribution, we focus on the development of the phase-field formulation rather
than modelling the response of a particular material. To that end, herein, the quadratic function defined in (12)
is considered for gg(d). In Sect. 3, regarding gv;(d), we study two limiting cases. Firstly, gi(d) = gs(d) is

2 It has to be noted that in line with e.g. [9,28], dissipation due to evolution of crack surface is not assumed to contribute to
the free energy ¥, yet included as a distinct contribution to the regularised total energy functional Ty, .
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Fig. 2 Generalised Maxwell model

assumed, wherein an identical influence of damage on energy storage and dissipative mechanisms is supposed.
Secondly, assuming that the nature of relaxation mechanisms remains unaffected even if damage compromises
the stiffness of the material, g\; = 1 = const. is set. 3

2.2 Constitutive modelling of the bulk response

For the viscoelastic behaviour of the bulk material, a generalised Maxwell model, as depicted in Fig. 2, is
adopted.
Kinematic assumptions. For the response of viscoelastic materials, often significant differences between vol-
umetric and isochoric deformation are observed, cf. [S0]. Accordingly, the strain tensor

1
&ij =5 (wij +uji) (13)
is additively decomposed into the volumetric
volg, = %5,-,» (14)
and isochoric parts
eij = &ij —VOls,-j. (15)

Furthermore, for each non-equilibrium branch m € [1, n] of the generalised Maxwell element, the strain is
split into a viscous portion ,,0;; = xflai ; + ma;; and an elastic fraction. Descriptively, :,’10105,- ; and ,,a;; can be
interpreted as the strain of the dampers depicted in Fig. 2, while YOl i = ,‘jflozl- ; and e;; — pa;; correspond to
the strain of the spring in the respective non-equilibrium branch.

Elastic strain energy density. The strain energy density ¥S' which is stored in the material is additively
decomposed as

W = gu@) [0 (o) + U (e metp)] (1o

where the equilibrium part is

wst,eq (Sij) — volwst,eq (gpp) + isol//st,eq (eij) (]7)

and the non-equilibrium or over-stress contribution reads

yStov (sij, mapq) = Z m S0 (81']', m“pq)
m

= Z [l\;?lwsmv (eits majj) + irszWSt’ov (eijs mapq)]

m

(18)

3 For a more detailed discussion of the assumption gy; = 1 = const. from a physical point of view, see Sect. 3.1.
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with either contribution additively decomposed into a volumetric and isochoric fraction. * For both the equi-
librium and non-equilibrium part, linear elasticity is assumed. Accordingly, the respective terms are given
by

1
vol ;. st,e e
Iﬂ qZEKqS,','Sjj,

isol/jst,eq — Meq eij eij (19)
vol ; stov __ 1 ov
m ¥ =5 mkK (eii = m@jj) (epp = m@tgq) ~and
Wy = o (e — maij) (eij — maif) (20)

with K¢, ,, K% > 0 and u®, ,,u° > 0 denoting the corresponding compression and shear moduli, respec-
tively. 3 Note that in the above definitions, the summation convention does not apply for the index 1.

Free energy contribution related to viscous dissipation. Similar to ¥, the dissipative contribution is decom-
posed into the volumetric and isochoric part

lI/Vi = Bui &vi(d) Z D/nOlei (m@ii) + i}gzow\,i (mdij)] : @D

vol iso

Assummg constant viscosities m s m

n > 0, we define

t

mww_wﬂl/igﬂzimﬁadf and

m (m) dr dr
° (22)
. . d gaij d gmaij
180,/ V1 180 J m)ty
= — —— dr.
mV o1 / drt drt
0

The viscous term *! can be interpreted in analogous manner to the virtually undamaged strain energy density
Y5t Descriptively, it can be understood as the viscous dissipation which would have been accumulated over
time in the absence of damage.

2.3 Thermodynamic consistency

In order to prove that the proposed model is conform to the second law of thermodynamics, the density of
dissipation power

d = 0jj Z:?,'j — ll/ (23)

is considered which corresponds to the difference between external stress power and rate of free energy. The
Clausius—Duhem inequality

40 (24)

4 Note that within the scope of this publication, the degradation function gy (d) is assumed to degenerate the entire strain
energy density v/%. In other words, we herein do not account for crack closure effects under compressive loading. Furthermore,
a possible contribution to ¥ due to compression can enter the fracture driving force. As we focus on simple tension-dominated
loading in Sect. 3, this simplification is admissible. However, for more complicated load cases, it can be important to define a
compression-like portion of 1% which remains unaffected by fracture, cf. the propositions of [9,11,46].

5 In the literature, the volumetric response often is assumed to be purely elastic, see for instance the constitutive assumptions
in [30,35]. However, experimentally investigating filled elastomers, Ilseng et al. [51] have observed a significant hysteresis loop
in the stress—volume ratio curve. This effect has been assumed to arise from viscous effects. In order to keep our formulation as
general as possible, we include both volumetric and isochoric contributions to the non-equilibrium part of strain energy.
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demands a locally non-negative dissipation power. Inserting the above definition of ¥, Eq. (11), this constraint

expands to
9 WSt .
|:Uij — gst(d) 5 ] &ij

Eij
|:8 = wSt + ﬂwa il 1’//Vi:l d
dfr
B st,ov -
~ 2[5 D g P 8@ G e (m)o"ﬂ'} (25)
m) 'k (m)X%ii |
voldVi
r 9 wst,ov . -
- Z 8st(d) PR + Bvi gvi(d) 1(33)77 (m)dij (m)dij} >0,
m) * - (m)ij |
isodVi

wherein ¢ and ¥'d", 50g" correspond the density of dissipation power due to crack evolution and viscous
mechanisms, respectively. Standard arguments [52,53] lead to the definition of stress

a I'//St,eq a w.st,ov
Gijzgst(d)[ e T el
&ij &ij (26)
gst(d) [0 eq + OO_OV]
and the residual inequalities

- 0 bl .

dfr _ |: 8st wqt_i_ﬂw 8vi lﬂw:| d>0, 27)
| - vi st,ov |
vol =_%Mmawwﬁ+mmwwammmﬁanzOVm, (28)
i st,ov .
L A—— [gst(d) 5 o + Bvi gvi(d) 1(?1(1))77 (m)dij] (m)dij >0Vm. (29)
m

As the elastic constants as well as By; are defined to be positive, and both %' and 1//Vi are quadratic, together
with (7)3,

[a Bt st 4 ﬂwa &vi w“} >0 (30)

holds, i.e. the thermodynamic conjugate to the phase-field variable is non-negative. Accordingly, constraint
(27) reduces to

d>0, 31

i.e. irreversibility of damage. In Sect. 2.5, the fulfilment of this constraint will be addressed.

Evolution of viscous strain. With (28) and (29), the evolution equations for the viscous internal variables are
obtained from

P w st,ov

0 mij

8ui(d) (o011 oy &tii = —8st(d) : (32)
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()0 S o(d 9 yrstov 53
gv1( )(m)n(m)al/ = gst( ) 3 . (33)
mdij
Note that, with §, s = 0% — 0,005 /36,
a I//st,ov 1 a wst,ov
e 32101‘;V and — o =2,S,-‘}V, (34)
mij mdij

i.e. evolution of viscous strain is essentially related to the over-stress in the corresponding non-equilibrium
branch. In the absence of damage, i.e. g4 (d = 0) = gvi(d = 0) = 1, the equations resemble the classical
linear-elastic assumption n& = o

Inserting the above definitions, the residual inequalities (28) and (29) read

1 — Bvi) gvi ff,’,l)n )i m©&jj =0 and (35)
1 — Byi) &vi i(srﬁf)n m)@ij my@ij =0 (36)

which is fulfilled for arbitrary (m)éli ; due to (6)1 and Xn"ln, won > 0if By; € [0, 1].

Remark on the definition of ¥"'. With the above constitutive equations at hand, a short remark on coherency
between the viscous contribution to free energy density ¥"' and the time integral of stress power "' in
the damper elements of the non-equilibrium branches of the generalised Maxwell model is given, cf. Fig. 2.
Classically, the damper elements are assumed to account for inelastic mechanisms and "' is referred to
as density of accumulated viscous dissipation. Considering, exemplary, the volumetric response of a single
non-equilibrium branch m on time ¢, the former reads

t
. . d gmoyi d ajj
ﬁw“=m£Mﬂm3WWo=m@Mﬂmmﬁ/—LLLlﬁﬂdf

37
dr dr ©7)
0
while the latter is given by
t d t d
volgrvi vol _ov (m)Xij vol (m)a” (m)%jj
m D —/(m)ff,'j () “dr dr =,y /gw [d(7)] “dr d: dr (38)
0 0
where lo o = o o,,/38ij denotes the volumetric over stress contribution. Note that for wVi(1), degradation

upon _tlme t is assumed, while the permanently degraded over stress enters accumulated viscous dissipation
x1°1923“. Applying the mean value theorem, ;01923‘“ can be rewritten as

t

~ d maii d e

1 (m) (m)

W9 = o g [d@] [ St S gy (9)
0

with 7 € [0, ¢]. From (7) and (31), it follows

2 [d(D] < g4i [d(D)] (40)
which leads, together with g,; € [0, 1], to
Wiy < velg¥in) V. (41)

Descriptively, lI/‘fi recovers a certain fraction of accumulated viscous dissipation. The fact that for ¥Vi(r), in
contrast to }’n"lEJZ)V‘, degradation is prescribed not before current time ¢, does not lead to an overestimation of
the respective fraction of Y'",
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Table 1 Governing differential equations for the present model: Balance of linear momentum (a), phase-field equation (b) and
evolution equations for the viscous intern_al variables (c), (d). Without loss of generality, volume forces are neglected in (a). In
(¢) and (d), the relaxation times ;lolT and ;>°T, respectively, are introduced

0iji =0 (a)

S5+ B S+ e | yhd — 2ted | = —mrd )
. . ol

gvi(d) i = gsi(d) ﬁ (it — majj) with )T = (ni)[)(ov (©)
) I iso

&i(d) (m@ij = ga(d) ﬁ (e1j — (maij) With 50T = 22 @

(m)

2.4 Governing equations

The evolution of the phase-field variable is deduced from the total energy functional I1,, by means of the
variational derivative
8 Iy,
5d

= —ned  with  dynyg (42)

082 °

where 7y is introduced as a kinetic fracture parameter for purely numerical purposes, i.e. for enhancing the
stability of the solution scheme, cf. [27,54]. The constant ¢ is chosen such small that its influence on the
simulation results vanishes which is verified by means of a comparative study of different values. © Inserting
the definition of ¥ (11) into I1,, (42); takes the form

1

3 gui .
Evi - 2ecd,kk} — —ned 43)
C

ad

0 gst

v v+ By

Ipvi + gc |:2

from which it becomes clear that, depending on the specific choice of B,; and gy;, fracture is driven by stored
strain energy and the free energy contribution related to a portion of accumulated viscous dissipation. Note that
for gyi(d) = g« (d), the phase-field equation resembles the formulation of [30], while the assumptions on the
fracture driving force of [31] and [35] are preserved for gvi(d) = g« (d) and By; = 1 or Byi = 0, respectively.
The governing differential equations of the proposed model are summarised in Table 1.

2.5 Algorithmic aspects

Weak forms of the governing equations. For the derivation of the weak forms of balance of linear momentum
and phase-field equation, the test functions § u; € W, and § c € W, are defined with

W, = {8u; e H'(22) |8u; =0Vx; € 382, } and
1 irBC (44)
WC:Z{BCEH(.Q)‘(SC:OVX}H }

Therein, H! is the Sobolev space of functions possessing square integrable derivatives and £2,, ; denotes the
part of the boundary where the displacement i is prescribed, cf. [55]. Then, (a) and (b) from Table 1 are
multiplied by é u; and § c, respectively. Integration by parts and making use of the divergence theorem yields

'/‘O'ijaui,j dv — / t'j(Suj dAZO, (45)
2 BQ,J.

6 As it is outlined below, we adopt a staggered solution strategy. Due to the robustness of this solution scheme, the viscous
regularisation of crack growth by means of 1y > 0 has indeed revealed advantageous for the simulation of creep failure, only.
Accordingly, nf = 0 is considered for the most simulations presented in Sect. 3.
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PXe} =0, cf. (42)

where 7; denotes the traction vector given on 9 2 with 0 £2;,;,U082, =098 and 0 N8y, =2, and
ni is the outward-pointing unit normal vector on d£2. Time discrete forms of (46) and the evolution equations
(c) and (d) from Table 1 are obtained by approximating the respective rates using an Euler backward scheme.
For spatial discretization, Galerkin’s method is applied. Then, the discretized equations are implemented into
a standard finite element framework.

Irreversibility of fracture. In order to guarantee irreversibility of fracture, we follow the approach of [10,56]
and apply Dirichlet boundary conditions to the phase-field on all nodes

B e x; e 2 |3t €041 :d(x). T) = derit | (47)

where the phase-field variable has reached a critical value d:
d(xIMBC) v 4 ITBC (48)

Alternatively, in line with [9], one may introduce a history variable which comprises the maximum of virtually
undamaged fracture driving force which has occurred and consider a phase-field equation which is altered
accordingly. In contrast to the former approach for crack irreversibility, the latter enables to fulfil constraint
(31) exactly, see [9]. However, it has the important disadvantage that it leads to an overestimation of crack
surface, cf. [41]. Therefore, we adopt (48) and set dcrit = 0.97 unless stated differently.

Staggered solution strategy. Due to its robustness, the staggered solution strategy widely spread in the context
of phase-field modelling, cf. [9, 14], is adapted. For every increment, initially, the phase-field variable is frozen
and the update of the displacement field is determined from the balance of linear momentum. Subsequently,
the evolution of phase-field is evaluated assuming constant displacements. In order to avoid inaccuracy of the
numerically determined solution due the decoupled approach, multiple staggered iterations are performed at
each increment and a convergence criterion for the staggered scheme is established based on the maximum
change of the nodal degrees of freedom. The time step is adaptively controlled by means of a heuristic method.

3 Numerical examples

In this section, numerical examples are presented in order to analyse the fundamental principles of the present
model and to discuss the consequences of different modelling assumptions. Firstly, the local response of the
material is studied with a focus on the coupling between viscous mechanisms and damage. Subsequently,
crack propagation within a domain where stress localisation is triggered by a preexisting notch is considered.
While the presented examples can serve for qualitative verification and a better understanding of the coupling
between fracture and rate-dependent response of the bulk material, the comparison with experimental results
goes beyond the scope of this publication.

For all the numerical simulations, a two-dimensional setting is considered. Plane-strain conditions are
assumed. Unless stated differently, the kinetic fracture parameter 7y is set to zero, i.e. no viscous regularisation
of crack growth is considered.

3.1 Local response of the material under monotonic loading

In order to study the local material response, a homogeneous domain of unit size under tension is inves-
tigated. Displacement boundary conditions are applied as depicted in Fig. 3 which leads to spatially constant
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Fig. 3 Simulation setup for the investigation of the local material response
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Fig. 4 Influence of the viscous contribution to the fracture driving force on the rate-dependent local response of the material.

Stress—strain curves for gyi(d) = gs(d) and B,; = 0 (solid lines) or By;i = 1 (dash-dotted). For é = 1 slandé =10"0s"!, @i
vanishes. Accordingly, the respective curves for 8y; = 0 and By;i = 1 coincide

field variables within the domain under consideration. For different choices of gyi and B,;, respectively, and
different loading rates, the response of the material is compared.

In order to facilitate discussion, a generalised Maxwell model with only one non-equilibrium branch is
considered. Identical relaxation times ‘I’OIT = iISOT = Is are assumed and K% = | K° = 175kN/mm?,
putd = u® = 80.77kN/mm2, 6. = 2.7N/mm, £, = 0.5mm, k = 10~5 are defined. Various strain rates
£ € [10_8, 10]s~! are investigated. In what follows, the scalars o, ¢ and « denote the normal components of
the respective tensor quantities in the direction of external load.

Influence of viscous dissipation on damage. With the goal to investigate the influence of the viscous contribution
to the fracture driving force, we set gyi = gs and compare the two limiting cases By; € {0; 1}. For a
representative selection of strain rates &, the corresponding stress—strain curves are depicted in Fig. 4.

Regardless of the choice of Sy, the overall rate-dependency of the material response coincides qualitatively.
As in classical viscoelasticity, for very high strain rates, the stress—strain curves converge against the upper
elastic limit corresponding to the instantaneous moduli
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Fig. 5 Rate-dependency of the local material response. Accumulated viscous dissipation D" for gvi(d) = gg(d) and By; = 0.
The curves for both ¢ = 157! and & = 1076571 approximately coincide with the axis of abscissae. For gyi(d) = gs(d) and
Bvi = 1 as well as for gy; = 1, qualitatively similar curves are obtained which are not depicted
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Fig. 6 Rate dependency of the local material response. Free energy W in case gyi(d) = g (d) for Byi = 0, i.e. PV = 0, (a—solid
lines) and B,; = 1 (b—dash-dotted lines)

Kinst = K 4 Z mKov and Minst — Meq + Z mMOV ,
m m

respectively. For low &, the material response likewise approaches the lower elastic limit where the contribution
of the non-equilibrium branches to the resistance of the material vanishes, i.e.

Klgo=K* and  plsmo = p.

It becomes clear from Fig. 5, almost no viscous dissipation takes places until failure for very large as well as for
very low strain rates. Accordingly, for both 8y; = 0 and By; = 1, there is no notable viscous contribution ¥"'
to the free energy. Independent of 4, in the limiting cases, the respective stress—strain curves thus coincide.

For intermediate strain rates, the critical stress continuously increases with &, whereas the critical value of
strain decreases. This phenomenon arises from the fact that the effective stiffness of the viscoelastic material
under consideration is the higher, the larger the rate of strain. Accordingly, the amount of energy stored in the
material at a certain level of deformation is more significant the higher ¢. In contrast, the maximum amount
of free energy density which can be stored remains constant, cf. Fig. 6.

When there is a notable amount of viscous dissipation, i.e. at intermediate strain rates, the viscous contribu-
tion to the crack driving force leads to lower critical values of both stress and strain compared to the case where
only elastically stored energy is assumed to promote fracture. For the material parameters under consideration,
the influence of By; is not prominent. Regarding the critical stress, the relative difference between the respective
values for Byi = 0 and By; = 1 does not exceed 20 % forany &.
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Fig.7 Local response of the material for different degradation functions g; decreasing the viscous contribution to the free energy.
Strg:ss—strain curves for gyi(d) = gs(d) and Byi = 0 (solid lines) or gy; = 1 = const. (dashed). For ¢ =1 s~land & =10"%1,
¥V vanishes. Accordingly, the respective curves for g,; = gy and g,; = 1 = const. coincide

As the parameter f; does not explicitly enter the evolution equations of the viscous internal variables, the
dependency of « on ¢ is unaffected by the choice of B,;. Exemplary, an a-¢ curve is depicted in Fig. 8a for an
intermediate strain rate and By; = 0.

Comparison of assumptions for the degradation function gi. For the purpose of studying the influence of
different assumptions for the degradation of the viscous contribution to the free energy, the two limiting cases
gvi = gst with By = 0 and gyi = 1 = const. are compared. Figure 7 depicts the respective stress—strain
curves. Regarding the overall rate-dependency of the material response, the above statements remain valid.
For intermediate ¢, compared to gyi = gs with Byi = 0, the choice of gy; = 1 leads to slightly higher values
of critical stress. This effect can be understood by analysing the evolution of the viscous internal variable «.
To this end, a-¢ and d-¢ curves are depicted in Fig. 8 for either gy; and a representative, intermediate ¢. For
gvi = &st, the phase-field eliminates from the evolution of viscous strain. Accordingly, the a-¢ curves resemble
the shape which would have been obtained in classical linear viscoelasticity. The assumption gy;i = gg thus
can be seen as analogy to the hypothesis of strain equivalence which can be made within the framework of
classical continuum damage models, cf. [57]. In contrast, for gy; = 1, the increase in viscous strain « slows
down with growth of the crack phase-field variable. In what follows, this effect is discussed by means of the
evolution equation for the viscous strain. Exemplary, the volumetric response is considered. For g,; = 1, (c)
in Table 1 takes the form

) 1
m@ii = ga(d) —— (i — myejj) - (49)

Itis evident that damage leads to an increase of the effective relaxation time which can be defined as :,’1"1 T/gu(d).
From a physical point of view, g,; = 1 corresponds to the assumption that the nature of the viscous mecha-
nisms remains unaffected by fracture. For g,i = 1, the activation energy of the underlying viscous relaxation
processes is not supposed to decrease with damage whereas the stiffness of the material or the elastically stored
energy degrade. Therefore, in this case, the characteristic time scale associated with the viscous or relaxation
mechanisms is assumed to increase with damage.

In particular, when compared to the overall rate-dependency, the influence of the choice of gyi on the
response of the material has revealed to be rather small. Nevertheless, from a physical point of view, an a
priori assumption of identical degradation functions g; = g may not always be straightforward. A thorough
analysis which takes the specific behaviour of different materials into account can give further insight. This,
however, goes beyond the scope of the present study.
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Fig. 8 Local response of the material for different degradation functions g,; decreasing the viscous contribution to the free
energy. Evolution of phase-field variable d (red) and viscous strain « (solid blue) for g.i(d) = gu«(d) and By; = 0 (a) or
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Fig. 9 Boundary conditions applied for investigation of the local material response under constant external loading: Stress—time
function applied for the investigation of creep (a) and strain—time function applied in order to study relaxation (b)

3.2 Local response of the material under temporally constant strain or stress

For viscoelastic materials, in addition to monotonically increasing loading, it is of considerable interest to study
a temporally constant load as creep phenomena can occur or stress may reduce due to relaxation. Therefore,
in the following, the evolution of the local response of the material when a certain level of stress or strain,
respectively, is held constant is investigated. In order to account for the rate-dependency of the response,
different strain or stress rates are considered during loading stage.

Creep phenomena. In order to study creep phenomena, different stress rates ¢ are applied until a certain level
of stress o™ is reached which is then held constant, see Fig. 9a. Various values of maximum stress o'l ¢
[0.2,0.3]kN/mm? and stress rates & € [10_5, 10] kN/mm? /s have been investigated. As a representative

example, the response for o™ = 0.25kN/mm? is depicted in Fig. 10 for gy = g« and By; € {0, 1}. In order
to enhance the stability of the solution scheme when it comes to creep failure, n; = 10~’kNs/mm? is set.
From Fig. 10, it becomes clear that for 0™ = 0.25kN/mm?, in the absence of a viscous contribution
to the fracture driving force, i.e. for Byi = 0, the response does qualitatively coincide for all stress rates o.
Regardless of the rate of stress during the loading stage (¢ < 0), with creep time ¢, strain converges towards an
identical, finite equilibrium level. Generally, the strain at the end of the loading stage, £(t = 0), increases with
&. However, very low rates & < 107>kN/mm? /s correspond to almost quasi-static application of load, i.e.
the lower purely elastic limit case, while for & > 107kN/mm? /s, during the loading stage, the upper purely
elastic limit is reached for which the increase in strain due to creep, €( — o00) — (¢ = 0), becomes maximal.
Increase in strain due to creep goes along with a growth of strain energy density ¥ and the phase-field variable
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Fig. 10 Local response of the material under creep loading: Stress prescribed increases with different rates ¢ while r < 0 and is
then held at constant value o™, see Fig. 9a. Evolution of strain ¢ (a), fracture phase-field d (b) and free energy ¥ (c¢) with creep
time ¢ for o™ = 0.25kN/mm? and gy; = gy with By; = 0 (solid lines) or By; = 1 (dash-dotted)
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Fig. 11 Local response of the material—stress relaxation. Strain prescribed increases with different rates ¢ while # < 0 and is
then held at constant value £™f = 0.002, see Fig. 9b. Evolution of stress o (a) and fracture phase-field d (b) with relaxation time ¢
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d rises accordingly. As, in case B,; = 0, the maximum amount of free energy ¥|,_, o, = lI/St’eq‘ /0o 18 MO

sufficient, it does not come to creep failure for any stress rate & when o™ = 0.25kN/mm2. However, for
larger o™, creep failure can also be predicted in the absence of a viscous fracture driving force contribution
which is not depicted here. Since, for y; = 0, the maximum value of fracture driving force only depends on
o™, failure then occurs for all rates &. In that case, the time which elapses until it comes to failure increases
with & as the critical amount of strain energy is reached the earlier the smaller ¢, cf. Fig. 10c.

In contrast to By; = 0, when a viscous contribution to the fracture driving force is assumed, e.g. Bvi = 1,
both o™ and & influence if it comes to creep failure, as ¥"! decisively depends on ¢&. In particular, for an
identical maximum stress o™ prescribed, it is possible to predict failure for higher &, only: The material
response is identical for any By; in case of the lower elastic limit case, i.e. for & — 0, and B,; > 0 only
leads to a slender increase in the equilibrium strain with respect to Sy; for small, finite &, since there is almost
no viscous dissipation for small rates. In contrast, for higher ¢, there are more considerable values of Y.
Accordingly, in the latter case, ¥"! can essentially trigger creep failure, e.g. for6 > 0.05kN/ mm?2 /s in Fig. 10.
As WV is the greater the higher &, in contrast to 8y = 0, for By; = 1, the time which elapses until failure is the
smaller the higher ¢. If a critical value of free energy ¥ is reached, it suddenly comes to failure. From Fig. 10c,
it can be seen that the critical amount of ¥ is identical for any ¢ and coincides with the value obtained for
monotonically increasing load, cf. Fig. 6. It is obvious that there are smaller o™ which are not depicted here,
where failure can not be observed for any finite & or assumption on the coupling since they do not go along
with a sufficiently large amount of V.

Unlike the assumption on By, the choice of the degradation functions does only quantitatively influence
the material behaviour which can be predicted. If, for example, in case of By; = 0, viscosity is not assumed to
be degraded, i.e. gvi = 1, this can lead to an increase of the time which elapses until it comes to creep failure
with respect to gv; = gs, since for gyi = 1, the effective relaxation time grows with the phase-field variable,
cf. Eq. (49).

Stress relaxation. With the goal to demonstrate the capability of the present model to adequately account
for relaxation phenomena, different strain rates ¢ are applied until a certain level of strain &™f is reached
which is then held constant, see Fig. 9b. Various values of maximum strain gt ¢ [0.001, 0.004] and rates
&€ [10_8, 10] s~! have been investigated. As a representative example, the response for £ = 0.002 is
depicted in Fig. 11 for gv; = g, and Byi € {0, 1}. In order to exactly fulfil constraint (31) within the scope of
this analysis of the local response, the history variable 7

= max [Y*(0) + o ') 50)

is considered instead of irreversibility constraint (48).

7 From the definition of Y'y¥! and °y¥! in Eq. (22), it directly follows that /¥ is monotonically increasing. However, an
increase in damage could be predicted for decreasing stress if only ¥ would be incorporated into F.
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Fig. 12 SENT benchmark. Setup (a) and crack pattern (red—d = 0, blue—d = 1) obtained as result of all the simulations (b)

Independent of the strain rate or the assumption on the fracture driving force, when strain is held constant,
stress relaxes towards a certain equilibrium level while the fracture phase-field remains constant. Since the
amount of damage which has been reached at t = 0, i.e. when relaxation begins, depends on both & and B,
the equilibrium stress o |,_, o, changes accordingly. As there is almost no viscous dissipation while € increases
for very high or very small ¢ and free energy ¥ does not increase when stress relaxes, o|;_, o, becomes
independent of B,; for ¢ — 0 and ¢ — oo. For g,; = 1, qualitatively identical results are obtained. Compared
to the reference g,; = gy for Byi = 0, if g,; = 1 is adopted, a slight increase in effective relaxation time with
phase-field is stated, cf. Eq. (49). 3

3.3 Heterogeneous case: SENT benchmark

As a representative example for the response of non-homogeneous structure, we follow [8,28,31,38], inter
alia, and consider the single edge notched tension test (SENT), i.e. a notched specimen under tensile loading.
For the geometry and the displacement boundary conditions which are prescribed, see Fig. 12a. In contrast to
the previous section, we adopt the material parameters E°4 = 0.327 N/mm?, v = v% = 0.4,

WE® = [0.4; 0.224; 0.154; 0.113; 0.091; 0.054; 0.03] N/mm?,
T = o7 = 1071 1; 10 10% 10% 10% 107] s

with K = E/(3(1 —2v)) and u = E/(2(1 4 v)) from [58] and set §. = 10_3N/mm, L. = 0.04mm,
k = 10~*. For optimal computational efficiency, Isogeometric analysis combined with adaptive refinement is
employed, see [59], guaranteeing a characteristic element size &7 < £./4 in the vicinity of the crack. For fB;
and gy, the same limiting cases are investigated as in the previous section.

Monotonically increasing load. Similar to the local response, a monotonically increasing external displacement
is investigated first. A large variety of displacement rates i € [10™8, 10] mm/s is considered.

The same considerations observed in the previous example apply here as well. Independent of the choice
of Byi or gi, qualitatively coinciding simulation results are obtained. In each case, straight crack growth from
the tip of the notch towards the upper edge of the domain is predicted when a certain amount of load is reached,
see Fig. 12b. The corresponding force—displacement curves are depicted in Figs. 13 and 14, respectively.

For high displacement rates i, all the curves converge against the upper elastic limit. For very low 1, the
response of the structure likewise approaches the lower limiting case where the non-equilibrium branches
do not contribute to the resistance. However, crack propagation leads to finite strain rates even for iz — 0.
Therefore, in contrast to the stress—strain curves depicted in Figs. 4 and 7, a slight difference is stated between
the F'- curves for different By; and g.;, respectively, even if the rate of the external load approaches zero.

8 It should be noted that in case of Bvi > 0assumed when gy; # g, for the study of relaxation phenomena, a more sophisticated
approach for irreversibility of fracture would have to be considered. Nevertheless, for the analysis of the limiting cases gyi = 1
or Byi = 0 for any g, the history variable introduced in Eq. (50) is sufficient.



A unified phase-field model of fracture 1925

0.03 -
i/ (mm/s)
— 10
— 1
0.02 10—1
)
é — 1073
— 10
— 107
0.01 T 10_5
—— 107
1077
0.00 + . T .
0.0 0.02 0.04 0.06 0.10

u/mm

Fig. 13 SENT—monotonically increasing load. Force—displacement curves for gyi(d) = gs(d) and Byi = 0 (solid lines) or
Bvi = 1 (dash-dotted). Since the upper elastic limit is approached for very high i, the blue solid and dash-dotted curves do almost
coincide
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Fig. 14 SENT—monotonically increasing load. Force—displacement curves for g,i(d) = gs(d) and Byi = 0 (solid lines) and
for gyi(d) = 1 (dashed). Since the upper elastic limit is approached for very high i, the blue solid and dashed curves do almost
coincide

For intermediate displacement rates, the critical force level continuously grows with i, whereas the dis-
placement at failure decreases. As it has been outlined in the previous section, this effect is explained as
follows. The effective stiffness of the viscoelastic material under consideration increases with the rate of
strain. In contrast, the amount of fracture driving force necessary for crack growth remains constant.

The significant increase in displacement at failure with decreasing rate of external load can be interpreted
as a kind of brittle-to-ductile transition: For the lower elastic limit case, the maximum displacement is more
than twice as high as for the upper.

Similar to its influence on the local response of the material, for gyi = g, the viscous contribution to the
crack driving force, i.e. the assumption of fy; = 1, leads to a lower level of both critical force and displacement
compared to By; = 0, see Fig. 13. In particular for intermediate i, its influence is clearly noticeable. In contrast,
the definition of gyi = 1, compared with g,; = g« and Byi = 0, leads to a slightly higher critical force level,
see Fig. 14. However, for the specific material parameters under consideration, the differences between the
response of the notched structure predicted for various modelling assumptions reveal to be not too pronounced.
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Fig. 15 SENT—creep. Force prescribed increases with different rates _F while r < 0 and is then held at constant value F™', cf.
Fig. 9a. Displacement response for F'*f = 0.0113kN (a, b) and F™f = 0.012kN (c, d) for the limiting cases g,; = g¢ with
Bvi = 0 (solid lines) or By;i = 1 (dash-dotted) and gy;i = 1 (dashed). In (b), solid and dashed lines do almost coincide

Creep. In order to study creep phenomena, different force rates F are applied in horizontal direction upon
the right edge of domain until a certain level of froce F™ is reached which is then held constant, cf. Fig. 9a.
To enhance the stability of the solution scheme when it comes to creep failure, 7 = 10~ ’kNs/mm? is set.
Various values of maximum force F™f € [0.2,0.3] kN/mm2 and rates F € [10_10, 10] kN/s have been
investigated. As representative examples, the displacement responses of the specimen are depicted in Fig. 15
for F™ € {0.0113, 0.012} kN and the same three limiting cases which have been considered above.

Depending on the maximum force F'™f prescribed, the simulation results can be divided into three groups.
Firstly, for low F ref there is an increase in displacement with creep time towards an identical equilibrium value
for all F and assumptions on the coupling. This increase does not go along with crack propagation. In that
case, almost no difference is stated between the results for gyi = gs with 8y; = 0 and gy;i = 1. Secondly, for
intermediate F™', this phenomenon is observed in absence of a dissipative fracture driving force contribution,
only. In contrast, ,Bv1 > 0 can trigger creep failure for sufficiently large F, see Fig. 15a, b. Then, in terms of
crack path, the result is similar to the case of strictly monotonically i 1ncreasmg external load. Thirdly, for high
F™' failure is observed for any assumption on the coupling between viscous mechanisms and fracture, see
Fig. 150 d. For small F, in this case, failure can also occur while force is still i increasing (¢ < 0), whereas for
higher F, crack propagation does not start before a sufficiently large amount of creep time ¢ > 0 has passed.
Viscous fracture driving force then can lead to an earlier occurrence of failure. In contrast, the assumption of a
non-degraded viscosity can effect a notably larger amount of time which has to elapse until it comes to crack
propagation compared to gyi = gg for By; = 0.
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The present numerical study demonstrates that in case of creep loads, varied assumptions on the coupling
between viscous mechanisms and fracture can lead to significant differences between the predicted responses.
From the comparison to experimental data, it remains to be verified which choice for the fracture driving or
the degradation functions, respectively, may be most appropriate.

4 Conclusion and outlook

A unified phase-field model of fracture in viscoelastic materials is presented which enables a two-way coupling
between viscous mechanisms and crack growth. For this purpose, a pseudo-energy functional is introduced
which consists of the free energy and the dissipation due to crack evolution, and a contribution to the free
energy that is related to viscous dissipation is defined. From the energy functional, the differential equations
governing the response of the material are deduced in a thermodynamically consistent manner. The approaches
of recently published models [30,31,35] are obtained as limiting cases.

By means of numerical examples, the consequences of different modelling assumptions on the local material
response as well as on failure of a notched domain are discussed. Especially in case of strictly monotonically
increasing external load, predictions are qualitatively similar and the overall rate dependency of failure is
captured for all model variants, whereas quantitative differences arise, for instance regarding the critical load
level. In contrast, in case of creep, the simulation result can decisively depend on the assumption made for
the fracture driving force: A viscous contribution can essentially trigger failure which is not predicted for the
same load level if only strain energy is assumed to drive fracture. Furthermore, in the latter case, occurrence
of failure does only depend on the maximum value of force, whereas in the former, a possible influence of the
rate during the application of load can also be taken into account.

Further work will focus on the comparison of model predictions and experimental data. In addition, an
extension to the framework of finite viscoelasticity, cf. [36], is subject of current research. In that case, larger
derivations away from the thermodynamic equilibrium path can be captured, possibly leading to a more
pronounced influence of coupling between viscous dissipation and fracture.

Acknowledgements Support for this research was provided by the German Research Foundation (DFG) under grant
KA 3309/9-1. The authors gratefully acknowledge Jorg Brummund for the fruitful discussions. The computations were per-
formed on a HPC cluster at the Centre for Information Services and High Performance Computing (ZIH) at TU Dresden. The
authors thank the ZIH for allocation of computational time.

Funding Open Access funding enabled and organized by Projekt DEAL.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other
third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit
line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

Declarations

Conflicts of interest The authors declare that they have no conflict of interest.

References

1. Naumenko, K., Altenbach, H.: A Phenomenological Model for Anisotropic Creep in a Multipass Weld Metal. Arch. Appl.
Mech. 74(11), 808 (2005). https://doi.org/10.1007/s00419-005-0409-2

2. Altenbach, H., Eremeyev, V.A.: On the bending of viscoelastic plates made of polymer foams. Acta Mech. 204(3), 137
(2008). https://doi.org/10.1007/s00707-008-0053-3

3. Francfort, G., Marigo, J.J.: Revisiting Brittle fracture as an energy minimization problem. J. Mech. Phys. Solids 46(8), 1319
(1998). https://doi.org/10.1016/S0022-5096(98)00034-9

4. Griffith, A.A.: The phenomena of rupture and flow in solids. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 221(582-593),
163 (1921). https://doi.org/10.1098/rsta.1921.0006

5. Bourdin, B., Francfort, G., Marigo, J.J.: Numerical experiments in revisited Brittle fracture. J. Mech. Phys. Solids 48(4), 797
(2000). https://doi.org/10.1016/S0022-5096(99)00028-9

6. Bourdin, B., Francfort, G.A., Marigo, J.J.: The variational approach to fracture. J. Elast. 91(1-3), 5 (2008). https://doi.org/
10.1007/s10659-007-9107-3


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00419-005-0409-2
https://doi.org/10.1007/s00707-008-0053-3
https://doi.org/10.1016/S0022-5096(98)00034-9
https://doi.org/10.1098/rsta.1921.0006
https://doi.org/10.1016/S0022-5096(99)00028-9
https://doi.org/10.1007/s10659-007-9107-3
https://doi.org/10.1007/s10659-007-9107-3

1928 F. Dammap et al.

7.

10.

11.

15.

16.
17.

18.

19.

20.
21.
22.
23.

24.
25.
26.

27.

28.

29.

30.
31.
32.
33.
34.
35.
36.

Borden, M.J., Hughes, T.J.R., Landis, C.M., Verhoosel, C.V.: A higher-order phase-field model for Brittle fracture: formula-
tion and analysis within the isogeometric analysis framework. Comput. Methods Appl. Mech. Eng. 273, 100 (2014). https://
doi.org/10.1016/j.cma.2014.01.016

. Miehe, C., Welschinger, F., Hofacker, M.: Thermodynamically consistent phase-field models of fracture: variational principles

and multi-field FE implementations. Int. J. Numer. Methods Eng. 83(10), 1273 (2010). https://doi.org/10.1002/nme.2861
Miehe, C., Hofacker, M., Welschinger, F.: A phase field model for rate-independent crack propagation: robust algorithmic
implementation based on operator splits. Comput. Methods Appl. Mech. Eng. 199(45-48), 2765 (2010). https://doi.org/10.
1016/j.cma.2010.04.011

Kuhn, C., Miiller, R.: A continuum phase field model for fracture. Eng. Fract. Mech. 77(18), 3625 (2010). https://doi.org/
10.1016/j.engfracmech.2010.08.009

Amor, H., Marigo, J.J., Maurini, C.: Regularized formulation of the variational Brittle fracture with unilateral contact:
numerical experiments. J. Mech. Phys. Solids 57(8), 1209 (2009). https://doi.org/10.1016/j.jmps.2009.04.011

Weinberg, K., Hesch, C.: A high-order finite deformation phase-field approach to fracture. Continuum Mech. Thermodyn.
29(4), 935 (2017). https://doi.org/10.1007/s00161-015-0440-7

. Schliiter, A., Kuhn, C., Miiller, R., Tomut, M., Trautmann, C., Weick, H., Plate, C.: Phase field modelling of dynamic thermal

fracture in the context of irradiation damage. Continuum Mech. Thermodyn. 29(4), 977 (2017). https://doi.org/10.1007/
s00161-015-0456-z

Ambati, M., Gerasimov, T., De Lorenzis, L.: A review on phase-field models of Brittle fracture and a new fast hybrid
formulation. Comput. Mech. 55(2), 383 (2015). https://doi.org/10.1007/s00466-014-1109-y

Alessi, R., Ambati, M., Gerasimov, T., Vidoli, S., De Lorenzis, L.: Comparison of phase-field models of fracture coupled
with plasticity. In: Onate, E., Peric, D., de Souza Neto, E., Chiumenti, M. (eds.) Advances in Computational Plasticity, vol.
46, pp. 1-21. Springer International Publishing, Cham (2018)

Duda, E.P., Ciarbonetti, A., Sanchez, P.J., Huespe, A.E.: A phase-field/gradient damage model for Brittle fracture in elastic—
plastic solids. Int. J. Plast 65, 269 (2015). https://doi.org/10.1016/].ijplas.2014.09.005

Ambati, M., Gerasimov, T., De Lorenzis, L.: Phase-field modeling of ductile fracture. Comput. Mech. 55(5), 1017 (2015).
https://doi.org/10.1007/s00466-015-1151-4

Miehe, C., Hofacker, M., Schinzel, L.M., Aldakheel, F.: Phase Field Modeling of Fracture in Multi-Physics Problems. Part
II. Coupled Brittle-to-Ductile Failure Criteria and Crack Propagation in Thermo-Elastic—Plastic Solids. Comput. Methods
Appl. Mech. Eng. 294, 486 (2015). https://doi.org/10.1016/j.cma.2014.11.017

Schiénzel, L.M.: Phase Field Modeling of Fracture in Rubbery and Glassy Polymers at Finite Thermo-Viscoelastic Defor-
mations,Phase field modeling of fracture in rubbery and glassy polymers at finite thermo-viscoelastic deformations. Ph.D.
thesis, Inst. f. Mechanik (Bauwesen), Lehrstuhl I, Univ, Stuttgart (2015)

Ambati, M., Kruse, R., De Lorenzis, L.: A phase-field model for ductile fracture at finite strains and its experimental
verification. Comput. Mech. 57(1), 149 (2016). https://doi.org/10.1007/s00466-015-1225-3

Yin, B., Kaliske, M.: A ductile phase-field model based on degrading the fracture toughness: theory and implementation at
small strain. Comput. Methods Appl. Mech. Eng. (2020). https://doi.org/10.1016/j.cma.2020.113068

Alessi, R., Vidoli, S., De Lorenzis, L.: A phenomenological approach to fatigue with a variational phase-field model: the
one-dimensional case. Eng. Fract. Mech. 190, 53 (2018). https://doi.org/10.1016/j.engfracmech.2017.11.036

Carrara, P., Ambati, M., Alessi, R., De Lorenzis, L.: A framework to model the fatigue behavior of Brittle materials based
on a variational phase-field approach. Comput. Methods Appl. Mech. Eng. 361, 112731 (2020). https://doi.org/10.1016/].
cma.2019.112731

Seiler, M., Linse, T., Hantschke, P., Késtner, M.: An efficient phase-field model for fatigue fracture in ductile materials. Eng.
Fract. Mech. 224, 106807 (2020). https://doi.org/10.1016/j.engtracmech.2019.106807

Alessi, R., Marigo, J.J., Vidoli, S.: Gradient damage models coupled with plasticity and nucleation of cohesive cracks. Arch.
Ration. Mech. Anal. 214(2), 575 (2014). https://doi.org/10.1007/s00205-014-0763-8

Alessi, R., Marigo, J.J., Vidoli, S.: Gradient damage models coupled with plasticity: variational formulation and main
properties. Mech. Mater. 80, 351 (2015). https://doi.org/10.1016/j.mechmat.2013.12.005

Kuhn, C., Miiller, R.: A discussion of fracture mechanisms in heterogeneous materials by means of configurational forces
in a phase field fracture model. Comput. Methods Appl. Mech. Eng. 312, 95 (2016). https://doi.org/10.1016/j.cma.2016.04.
027

Miehe, C., Aldakheel, F., Raina, A.: Phase field modeling of ductile fracture at finite strains: a variational gradient-extended
plasticity-damage theory. Int. J. Plast 84, 1 (2016). https://doi.org/10.1016/j.ijplas.2016.04.011

Borden, M.J., Hughes, T.J., Landis, C.M., Anvari, A., Lee, [.J.: A phase-field formulation for fracture in ductile materials:
finite deformation balance law derivation, plastic degradation, and stress triaxiality effects. Comput. Methods Appl. Mech.
Eng. 312, 130 (2016). https://doi.org/10.1016/j.cma.2016.09.005

Shen, R., Waisman, H., Guo, L.: Fracture of viscoelastic solids modeled with a modified phase field method. Comput.
Methods Appl. Mech. Eng. 346, 862 (2019). https://doi.org/10.1016/j.cma.2018.09.018

Loew, P.J., Peters, B., Beex, L.A.: Rate-dependent phase-field damage modeling of rubber and its experimental parameter
identification. J. Mech. Phys. Solids 127, 266 (2019). https://doi.org/10.1016/j.jmps.2019.03.022

Loew, P.J., Peters, B., Beex, L.A.: Fatigue phase-field damage modeling of rubber using viscous dissipation: crack nucleation
and propagation. Mech. Mater. 142, 103282 (2020). https://doi.org/10.1016/j.mechmat.2019.103282

Holzapfel, G.: On large strain viscoelasticity: continuum formulation and finite element applications to elastomeric structures.
Int. J. Numer. Methods Eng. 39, 3903 (1996)

Liu, Z., Roggel, J., Juhre, D.: Phase-field modelling of fracture in viscoelastic solids. Proc. Struct. Integr. 13, 781 (2018).
https://doi.org/10.1016/j.prostr.2018.12.129

Yin, B., Kaliske, M.: Fracture simulation of viscoelastic polymers by the phase-field method. Comput. Mech. 65, 293 (2020).
https://doi.org/10.1007/s00466-019-01769-1

Reese, S., Govindjee, S.: A theory of finite viscoelasticity and numerical aspects. Int. J. Solids Struct. 35(26-27), 3455
(1998). https://doi.org/10.1016/S0020-7683(97)00217-5


https://doi.org/10.1016/j.cma.2014.01.016
https://doi.org/10.1016/j.cma.2014.01.016
https://doi.org/10.1002/nme.2861
https://doi.org/10.1016/j.cma.2010.04.011
https://doi.org/10.1016/j.cma.2010.04.011
https://doi.org/10.1016/j.engfracmech.2010.08.009
https://doi.org/10.1016/j.engfracmech.2010.08.009
https://doi.org/10.1016/j.jmps.2009.04.011
https://doi.org/10.1007/s00161-015-0440-7
https://doi.org/10.1007/s00161-015-0456-z
https://doi.org/10.1007/s00161-015-0456-z
https://doi.org/10.1007/s00466-014-1109-y
https://doi.org/10.1016/j.ijplas.2014.09.005
https://doi.org/10.1007/s00466-015-1151-4
https://doi.org/10.1016/j.cma.2014.11.017
https://doi.org/10.1007/s00466-015-1225-3
https://doi.org/10.1016/j.cma.2020.113068
https://doi.org/10.1016/j.engfracmech.2017.11.036
https://doi.org/10.1016/j.cma.2019.112731
https://doi.org/10.1016/j.cma.2019.112731
https://doi.org/10.1016/j.engfracmech.2019.106807
https://doi.org/10.1007/s00205-014-0763-8
https://doi.org/10.1016/j.mechmat.2013.12.005
https://doi.org/10.1016/j.cma.2016.04.027
https://doi.org/10.1016/j.cma.2016.04.027
https://doi.org/10.1016/j.ijplas.2016.04.011
https://doi.org/10.1016/j.cma.2016.09.005
https://doi.org/10.1016/j.cma.2018.09.018
https://doi.org/10.1016/j.jmps.2019.03.022
https://doi.org/10.1016/j.mechmat.2019.103282
https://doi.org/10.1016/j.prostr.2018.12.129
https://doi.org/10.1007/s00466-019-01769-1
https://doi.org/10.1016/S0020-7683(97)00217-5

A unified phase-field model of fracture 1929

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

Brighenti, R., Rabczuk, T., Zhuang, X.: Phase field approach for simulating failure of viscoelastic elastomers. Eur. J. Mech.
A. Solids 85, 104092 (2021). https://doi.org/10.1016/j.euromechsol.2020.104092

Yin, B., Steinke, C., Kaliske, M.: Formulation and implementation of strain rate-dependent fracture toughness in context of
the phase-field method. Int. J. Numer. Methods Eng. 121(2), 233 (2020). https://doi.org/10.1002/nme.6207

Tanné, E., Li, T., Bourdin, B., Marigo, J.J., Maurini, C.: Crack nucleation in variational phase-field models of Brittle fracture.
J. Mech. Phys. Solids 110, 80 (2018). https://doi.org/10.1016/j.jmps.2017.09.006

Borden, M.J., Verhoosel, C.V., Scott, M.A., Hughes, T.J., Landis, C.M.: A phase-field description of dynamic Brittle fracture.
Comput. Methods Appl. Mech. Eng. 217-220, 77 (2012). https://doi.org/10.1016/j.cma.2012.01.008

Linse, T., Hennig, P., Kistner, M., de Borst, R.: A convergence study of phase-field models for Brittle fracture. Eng. Fract.
Mech. 184, 307 (2017). https://doi.org/10.1016/j.engfracmech.2017.09.013

Gent, A.N., Lai, S.M.: Interfacial bonding, energy dissipation, and adhesion. J. Polym. Sci. Part B Polym. Phys. 32(8), 1543
(1994). https://doi.org/10.1002/polb.1994.090320826

Gent, A.N.: Engineering with Rubber: How to Design Rubber Components, 3rd edn. (Carl Hanser Verlag, Miinchen, 2012).
https://doi.org/10.3139/9783446428713

Kuhn, C., Schliiter, A., Miiller, R.: On degradation functions in phase field fracture models. Comput. Mater. Sci. 108, 374
(2015). https://doi.org/10.1016/j.commatsci.2015.05.034

Borden, M.J.: A Phase-Field Description of Dynamic Brittle Fracture, Isogeometric Analysis of Phase-Field Models for
Dynamic Brittle and Ductile Fracture. Ph.D. Thesis, University of Texas, Austin (2012)

Steinke, C., Kaliske, M.: A phase-field crack model based on directional stress decomposition. Comput. Mech. 63(5), 1019
(2019). https://doi.org/10.1007/s00466-018-1635-0

Wilson, Z.A., Borden, M.J., Landis, C.M.: A phase-field model for fracture in piezoelectric ceramics. Int. J. Fract. 183(2),
135 (2013). https://doi.org/10.1007/s10704-013-9881-9

Wu, J.Y.: A unified phase-field theory for the mechanics of damage and quasi-Brittle failure. J. Mech. Phys. Solids 103, 72
(2017). https://doi.org/10.1016/j.jmps.2017.03.015

Sargado, J.M., Keilegavlen, E., Berre, 1., Nordbotten, J.M.: High-accuracy phase-field models for Brittle fracture based on
a new family of degradation functions. J. Mech. Phys. Solids 111, 458 (2018). https://doi.org/10.1016/j.jmps.2017.10.015
Altenbach, H.: Kontinuumsmechanik. Springer, Berlin (2015). https://doi.org/10.1007/978-3-662-47070- 1

Ilseng, A., Skallerud, B.H., Clausen, A.H.: An experimental and numerical study on the volume change of particle-filled
elastomers in various loading modes. Mech. Mater. 106, 44 (2017). https://doi.org/10.1016/j.mechmat.2017.01.007
Coleman, B.D., Noll, W.: The thermodynamics of elastic materials with heat conduction and viscosity. Arch. Ration. Mech.
Anal. 13(1), 167 (1963). https://doi.org/10.1007/BF01262690

Coleman, B.D., Gurtin, M.E.: Thermodynamics with internal state variables. J. Chem. Phys. 47(2), 597 (1967). https://doi.
org/10.1063/1.1711937

Gurtin, M.E.: Generalized Ginzburg—Landau and Cahn-Hilliard equations based on a microforce balance. Phys. D 92(3),
178 (1996). https://doi.org/10.1016/0167-2789(95)00173-5

Simo, J.C., Hughes, T.J.R.: Computational Inelasticity. Interdisciplinary Applied Mathematics. Springer, New York (1998).
https://doi.org/10.1007/b98904

Kuhn, C.: Numerical and analytical investigation of a phase field model for fracture. Ph.D. Thesis, Techn. Univ., Lehrstuhl
fiir Techn. Mechanik, Kaiserslautern (2013)

Simo, J.: On a fully three-dimensional finite-strain viscoelastic damage model: formulation and computational aspects.
Comput. Methods Appl. Mech. Eng. 60(2), 153 (1987). https://doi.org/10.1016/0045-7825(87)90107-1

Boisly, M., Schuldt, S., Késtner, M., Schneider, Y., Rohm, H.: Experimental characterisation and numerical modelling of
cutting processes in viscoelastic solids. J. Food Eng. 191, 1 (2016). https://doi.org/10.1016/].jfoodeng.2016.06.019
Hennig, P., Ambati, M., De Lorenzis, L., Késtner, M.: Projection and transfer operators in adaptive isogeometric analysis
with hierarchical B-splines. Comput. Methods Appl. Mech. Eng. 334, 313 (2018). https://doi.org/10.1016/j.cma.2018.01.
017

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional
affiliations.


https://doi.org/10.1016/j.euromechsol.2020.104092
https://doi.org/10.1002/nme.6207
https://doi.org/10.1016/j.jmps.2017.09.006
https://doi.org/10.1016/j.cma.2012.01.008
https://doi.org/10.1016/j.engfracmech.2017.09.013
https://doi.org/10.1002/polb.1994.090320826
https://doi.org/10.3139/9783446428713
https://doi.org/10.1016/j.commatsci.2015.05.034
https://doi.org/10.1007/s00466-018-1635-0
https://doi.org/10.1007/s10704-013-9881-9
https://doi.org/10.1016/j.jmps.2017.03.015
https://doi.org/10.1016/j.jmps.2017.10.015
https://doi.org/10.1007/978-3-662-47070-1
https://doi.org/10.1016/j.mechmat.2017.01.007
https://doi.org/10.1007/BF01262690
https://doi.org/10.1063/1.1711937
https://doi.org/10.1063/1.1711937
https://doi.org/10.1016/0167-2789(95)00173-5
https://doi.org/10.1007/b98904
https://doi.org/10.1016/0045-7825(87)90107-1
https://doi.org/10.1016/j.jfoodeng.2016.06.019
https://doi.org/10.1016/j.cma.2018.01.017
https://doi.org/10.1016/j.cma.2018.01.017

	A unified phase-field model of fracture in viscoelastic materials
	Abstract
	1 Introduction
	1.1 The phase-field approach to brittle fracture
	1.2 Phase-field models for inelastic materials
	1.3 Intent of the present contribution

	2 Derivation of the unified phase-field model
	2.1 The energetic approach to fracture
	2.2 Constitutive modelling of the bulk response
	2.3 Thermodynamic consistency
	2.4 Governing equations
	2.5 Algorithmic aspects

	3 Numerical examples
	3.1 Local response of the material under monotonic loading
	3.2 Local response of the material under temporally constant strain or stress
	3.3 Heterogeneous case: SENT benchmark

	4 Conclusion and outlook
	Acknowledgements
	References




