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1. Introduction

Over the past 50 years the phenomenological hyperelastic model proposed by Ogden for
compressibile [1] and incompressibile [2] elastomers has been successfully adopted for a variety of
materials including rubber [3-6], nematic elastomers [7,8], foams [9,10], biological tissues [11-13]
and even carbon nanotubes [14]. The main feature of the Ogden model is that it postulates a form
of the strain energy density in terms of the principal stretches rather than the classical invariants
of strain, making the closed-form expression of the tangent moduli easily calculable [3] and the
model easily implementable in finite-element algorithms. In addition, the model has the property
of polyconvexity.

The strain energy density is written as the sum of three separate functions of the principal
stretches A1, Ap and A3:

3 N
$04,02,03)= Y B0),  with $00)=3 Z20a — 1), (1.1)

[07
a=1 n=1 "

making it adherent to the so-called Valanis-Landel split [15]. Each term d(1a) represents the
elastic energy of a nonlinear spring undergoing a stretch A,; the corresponding stiffness o,
can be tailored to describe all aspects of the rubber elastic response, from the initial softening
for moderate strains to the stress-hardening at large strains. For most quasi-static experiments on
rubber, the three terms in the series give an excellent correlation with stress—strain data [16].

The remarkable properties of the Ogden model are exploited in this paper to formulate
a theory for the cohesive failure of elastomeric materials at large strain. The hyperelastic
energy (1.1) is used in conjunction with a phase-field variable to describe the mechanisms
which lead to the softening behaviour and to the progressive degradation of the material
stiffness. The degradation function, weighing the elastic energy reduction due to damage, is
appropriately chosen to describe brittle and quasi-brittle failure modes. In defining the model,
we have followed the phase-field approach introduced in [18], where the fracture problem was
formulated as a free-discontinuity minimum problem. The variational formulation of fracture
was infact approximated in [19] by a regularized problem that operates on a functional defined
on continuous fields, with the fracture replaced by the so-called phase-field variable. Acting like
a damage variable, the phase-field assumes values between 0 and 1, with 0 for sound material
and 1 for fractured material, and its evolution describes the coalescence and propagation of
cracks [20-22]. As the phase-field increases, the stiffness of the material reduces, vanishing when
the damage variable reaches 1. A non-local term, proportional to the gradient of the phase-
field, is incorporated into the internal energy functional and plays the role of a localization
limiter by penalizing abrupt damage variations [23]. The gradient contribution automatically
introduces an internal length, which in the present formulation is a constitutive parameter
to be calibrated through experimental data [24], and it makes the model size-dependent. The
smoothness properties of such a phase-field approach allow for straightforward finite-element
implementation, and no remeshing or ad hoc numerical strategies need to be used, making the
solution of the numerical problem robust and independent of the mesh used in the finite-element
simulations.

Over the years, many contributions in the literature have dealt with phase-field formulations
for brittle materials, but a model incorporating brittle and cohesive failures at large strain is still
missing. A first approach to defining phase-field fracture within the framework of finite elasticity
was proposed in [25]. Subsequent works have dealt with rate-independent fracture [23] and
with the inclusion of viscous effects [26]. A multiplicative splitting of the stretch into tensile and
compressive parts was proposed in [27] to describe fracture mechanisms induced by tensile stress
states. Cavitation processes in elastomers, with voids coalescing and developing into fractures,
were reproduced in [28] by using a specific nonlinear polyconvex strain energy density. A phase-
field model for the description of cavitation was also proposed in [29] and improved in [30],
according to the experimental evidence of Poulain ef al. [31,32]. A bottom-up multi-scale approach
was followed in [33]. It was assumed that the internal energy on the micro-scale is composed of
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an entropic contribution due to the polymer chains’ configurational entropy and an energetic
contribution due to bond deformation, such that the latter contribution drives crack nucleation,
initiation and propagation. Then, bridging the microscopic assumptions to the macro-scale, a
continuum model was obtained where fracture was approximated by a phase-field. A phase-
field model was also proposed in [34] based on the micro-mechanics of polydisperse elastomer
networks, that is, distributions of polymeric chains with different lengths.

Although elastomers are capable of sustaining large deformations, most of the time their
failure is brittle, and this peculiarity potentially reduces the range of applications. To overcome
this limitation, new elastomeric compounds are being developed that have increased ductility
and durability, usually achieved by tailoring the material microstructure to have a progressive
damage process which only gradually leads to fracture. These failure modes are usually observed
in highly filled elastomers, in which the mechanism of cohesive failure is activated at the filler—
matrix interface [35], or in multiple-network elastomers, where the presence of the additional filler
network leads to a strong localized softening, due to rupture of covalent bonds and coalescence
of defects [36,37].

A versatile phase-field model should be able to describe the different failure modes seen
in the experiments, from the brittle failure of conventional elastomers to the pseudo-ductile
failure of double-network elastomeric compounds, without using any information on the material
microstructure in the spirit of the Ogden’s phenomenological approach. With this intent, we
propose a novel phase-field model in which the elastic energy is defined through an Ogden-
like strain energy function and the energetic functionals of fracture are of the type introduced
in [17]. In this latter paper, brittle and quasi-brittle failures were captured within the context of
infinitesimal elasticity, with a model able to reproduce the softening laws frequently adopted
in the literature for quasi-brittle solids, e.g. linear, exponential or hyperbolic. Thus the popular
phase-field models for brittle fracture, e.g. those in [21,22], were recovered as particular examples.

Extension of the formulation in [17] would allow description of all the relevant failure modes
seen in elastomers by properly tailoring the relevant constitutive parameters of the fracture
energetic functionals. However, the mechanical interpretation of these coefficients has to be
carefully assessed in the context of finite elasticity, since their role differs from that observed
at small strains. For this reason, a fundamental task of the present work is to comprehend
the influence of the constitutive parameters on the damage evolution modes in order to gain
a clear picture of the predictive potential of the model. Analytical and numerical estimates
were obtained to correlate the shape of the damage energy and degradation functions with the
predicted damage modes. To focus on this, no further modelling ingredients, such as thermal
or viscous contributions, were included in the formulation, by assuming that crack propagation
is rate-independent. Indeed, viscous effects in fracture evolution are negligible for low rates of
tearing, as shown in [38]. Furthermore, we consider only fracture processes induced by tensile
stress states; yet crack opening under compressive loadings can be avoided by introducing the
same elastic energy splitting used in [39—41]. The optimal constitutive parameters of the model
were calibrated by studying the one-dimensional problem of a bar under traction, which allowed
us to solve the problem in semi-analytical form.

The structure of the paper is the following. Section 2 is devoted to the formulation of the three-
dimensional model in a consistent thermodynamic framework. It addresses the theoretical aspects
of the proposed phase-field theory. Section 3 focuses on the calibration of the model parameters
by solving the one-dimensional problem of a bar under traction. The numerical solutions of some
prototypical examples are presented and discussed in §4, including a thorough comparison of
the model prediction with the experimental data in [36] and in [56]. Concluding remarks are
given in §5.

2. Model formulation

In this section, we aim to formulate the nonlinear elastic model with damage in a three-
dimensional plane stress setting, before carrying out a sensitivity analysis in §3 by considering
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the response of a bar under traction. The approach taken to equilibrium is based on a unilateral
minimality principle under the condition of irreversibility of the damage field. The same approach
has been widely adopted in studying plasticity [25,42,43], plasticity with damage [44,45] and
cohesive damage [17,46].

Throughout the paper, we will assume that all fields are sufficiently smooth so that all the
calculations can be performed. For a precise definition of the functional spaces needed the reader
is referred to [47].

A note on the notation. In the following, lower-case bold letters will be used for points or vectors,
and capital bold letters for tensors. The inner product between two vectors or two tensors of the
same order will be indicated by a dot, e.g. a-b=);a;b; or A-B= Zi,j A;iBjj. An overdot will
indicate the material time derivative, whereas a prime will denote the derivative with respect to
the independent variable, e.g. the position x or the variable d.

(a) State variables

We identify a body with a region £2 of the three-dimensional Euclidean space £ that it occupies at
some time instant t = 0, which we refer to as the reference configuration. The external boundary 929
is divided into a subset 32 in which displacement is applied and a complementary boundary
396 in which surface forces are present. The deformation of the body is the bijective orientation-
preserving map p: 2 x [0,t] = £ which assigns to each point x € £29 a point y =p(x,t) in the
deformed configuration; accordingly we set §2; = p(£2y, t) as the deformed configuration of the
body.

At each material point x, the state of the continuum is identified by the displacement field
u(x, t) and by an additional scalar field d(x, t) that represents the damage variable, such that d =0
for the virgin material and d =1 for the fully damaged one; in this formulation, d is a Lagrangian
parameter defined on the reference configuration §29. We further denote by % the space of
kinematically admissible displacement fields,

u(x,t) € % =={u:ux,t)=u* Vx € 82y},
and denote by Z the set of the admissible damage fields,
dix,t) e 2 :={d:d(x,t) € [0,1]}.

We denote the deformation gradient by F=1+ Vu, where V =9/0x is the gradient operator
defined with respect to the reference coordinates x and I is the unit tensor.

The variations @t and d will be used in the application of the minimality principle to derive the
governing equations of the problem. These have to satisfy homogeneous boundary conditions,
and as such belong to the following sets:

(x, 1) € % := {a(x,t) = 0 ¥x € 920} 2.1)
and
5l(x, t) e 9= {d: El(x, t) > 0 for almost all x € £2p}, (2.2)

the latter being the convex cone of positive damage rate. As will be apparent in the following
sections, in the present formulation the damage variable can only increase (no-healing).

For the sake of conciseness, the explicit dependence on the position x and time ¢t will be omitted
from all variables except when needed.

(b) Energy functional

The behaviour of the continuum is characterized at each material point x and at each time instant
t by two state variables {u,d} in  x 2 and by a state function ¢, which gives the energy density
at each material point; ¢ depends on the local strain F(x), the value of the damage variable d(x)
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and the local value of the damage gradient Vd(x), with the functional form

elastic energy fracture energy
Ge Ge o2
o(Vu,d,vd) =y (I + Vu,d) + En(d) + bTWdl , (23)

which is composed of the following three terms:

— (I + Vu,d), the elastic energy at the damage state d;

— G¢n(d)/(cb), which can be interpreted as the fracture energy during a homogeneous damage
process with Vd =0;

— bG|Vd|?/c, the nonlocal term which limits the possibility of damage localization without
any energetic cost (see for instance [22]); this term introduces an intrinsic length scale
which controls the size of the damage localization zone.

The second and third terms in equation (2.3) constitute the non-local fracture energy density, in
which the constitutive parameter G, is the critical elastic energy release rate, b represents an internal
length that regularizes the sharp crack and c:= 4fé \/m dd is a scaling parameter [40]. The
relationship between the state function ¢ and the free-energy density of such a material is
discussed in remark 2.2 of §2c.

We further assume that the elastic strain energy density ¢ can be multiplicatively
decomposed as

(I + Vu,d) = w(d) yoI + Vu), (2.4)

in which (I + Vu) is the elastic energy density of the neat material and w(d) is a monotonically
decreasing energetic degradation function describing the degradation of the stored energy with
evolving damage. The bulk strain energy density v is a continuous isotropic function such that
Yo(-) is frame indifferent. Such a requirement implies that for any given deformation F, one
has ¥(QTFQ) = v (F) (isotropic response) and ¥o(QF) = yo(F) (frame indifference) for every
rotation matrix Q.

The energetic degradation function w(d) plays an important role in determining the properties
of the material, and, consistent with the experimental observation, we assume that

o' d)<0 and w(0)=1, w(1)=0, «'(1)=0, (2.5)

where the latter constraint ensures that the energetic fracture converges to a finite value if the
damage converges to the fully broken state (see [23]).! Motivated by the analysis presented in
[17], the following form of the degradation function w is considered:

(1—dy

d):= ,
) = T md( + aad T )

(2.6)

where a1, ap and a3 are constitutive parameters, whose calibration allows the description of
different fracture modes, from brittle to pseudo-ductile, as shown in §3 with uniaxial numerical
tests. The chosen form of w heavily affects the softening behaviour once the crack is initiated.

The dissipated energy density plays a significant role in the evolution of the damage as well.
We assume 7(d) to have the quadratic expression

n(d)=2d — d?, 2.7)

such that n(0)=0 and 7(1)=1. With this assumption, the scaling parameter ¢ becomes ¢ =
4 f(l) v/2d — d? dd = . We point out that different choices can be made for the function n(d); the
interested reader is referred to [17] for a full account of the different possibilities.

In the numerical examples carried out in §4, a small positive value of the degradation function is assumed when the material
is fully broken. This is a standard technique to guarantee that the numerical problem remains well-posed for a broken
specimen.
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With the definition (2.3) of the state variable ¢, we are in a position to define the total energy
stored in the material during the deformation process. For each admissible pair (u,d) e % x 2,
the total energy of the continuum is

I(u,d):J

20

o(Vu,d, vd) — J by -u— J to-u, (2.8)
20 082

bg and ty being the forces per unit reference volume and area, respectively, the latter applied on

the part of the boundary 952}. These latter terms represent (negative) the work expended by the

external forces.

(i) Ogden-like strain energy

Considering the incompressibility of rubbery polymers, the elastic strain energy density that
appears in (2.4) can be decomposed into isochoric and volumetric parts,

Yo(F) = y&°(F) + U()),

where F=]"1/3F and ] =det(F). In this work, however, we only consider plane stress cases,
meaning that the unknown pressure field associated with the incompressibility constraint ] =1
can always be determined via substitution in the out-of-plane deformation [48].

In the spirit of Ogden’s phenomenological model, we formulate the strain energy density in
terms of the principal stretches 11, A and A3 of F. In doing so, we set =1 and A3 = (A1r2)~1and
follow [2] in assuming the following form? of vo:

N
Yo=¢(h, k)= Y LG8 4 4G + (k)" —3), (29)
n=1 On
where ¢ is the elastic energy density expressed in terms of the two independent principal stretches
A1 and Ay, from which we have omitted the dependence on F. We note that the formulation (2.9)
satisfies both frame invariance and isotropy.

In equation (2.9), N is a positive constant, usually N = 3 for most experiments on rubber, and 1,
and «;, are material constants such that u,0,; > 0 and Zﬁ;l Unay =2, u being the shear modulus
of the material.

As a reference for the calculations in the next sections, we compute the Piola stress tensor, that
is, the dual quantity to Vi in this energetic formulation (see equation (2.13)). With the definition
of Ogden’s energy (2.9) and the hypothesis that A3 = (A1 42) !, we obtain

2
oy
S=_F =0 ¢in®N; lnil=INijl=1, (2.10)
i=1
where
N
) _ o —
$1i= =Y (T = (i) )
3)\1 n=1
¢ ol 1
and $2i= 5= kg = (k)" Th)
n=1

are the derivatives of the strain energy density ¢(11,A2) with respect to the principal stretches
obtained by using the relationships reported in [3]. The directions {ng, ny, e3} are the eigenvectors
of the left stretch tensor V (V2 =FFT), and {N1,Np, e3} are the eigenvectors of the right stretch
tensor U (U? = F'F), whereas e; is assumed to be the direction of plane stress perpendicular either
to {n1,ny} or to {N1,N»}.

2This assumption is equivalent to assuming that the elastomer deforms in a perfectly incompressible way even after damage
has occurred. This simplification can in fact be removed by coupling compressibility and damage growth, but we do not
address this in the present work.
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(c) Governing equations

The derivation of the governing equations of the problem, including the damage evolution, is
carried out following the classical variational approach to fracture mechanics (see for instance
[22] or [24]), which consists of:

1. the damage irreversibility condition, d(x, t)>0and d(x,0) =0;

2. a stability criterion, which is in fact a necessary condition for the unilateral minimality
condition on the functional (2.8);

3. the energy balance principle, which states that the total energy at time f is equal to the work
of the external forces up to time f.

A posteriori it is shown that under the imposed constitutive assumptions, the dissipation inequality,
that is, the second principle of thermodynamics, is also satisfied.

(i) Stability condition

Starting from an undamaged state at t =0, we say that the process evolves through stable
equilibrium configurations if and only if at each time instant the system attains a local minimum
of the total energy (2.8). This leads us to introduce the following stability condition:

Foreacht >0, {u,d} € % x 2 is stable if and only if
U ) 5 (2.11)
via,d}e% x 2, 3Fh>0:VYhe[0,h], Z(u,d) <Z(u + hu,d + hd),

with the initial condition d(x, 0) = 0.
The variational inequality (2.11) is satisfied if the Gateaux derivative of the functional 7 at {u, d}

is positive for each set of test functions, in particular with d being in the convex cone defined by
2. Formally we write

DI(w,d)[a,d]>0 V{udie¥ x 7, (2.12)
with
DI(u,d)[,d] =J (S-Vii—Xd+q-Vd) — J bo - ﬁ+J to - 1, (2.13)
20 20 24

where the dual quantities S, X and q are obtained from the energy density (2.3) as

2
oy .
S— SF=° 21: ¢,;n; ® N; (Piola stress tensor), (2.14)
=
2 aQD / GC / .
=——=—w'¢ — —n' (energy release rate density) (2.15)
ad b
d 2Gcb
and q= B—VZ = ﬂc Vd (damage flux vector), (2.16)

the Piola stress S being given by the constitutive equation (2.10) in terms of the principal stretches
A1 and As.

Upon substitution of (2.14)—(2.16) into (2.13) and integration by parts, the variational inequality
(2.12) gives

J (DiVS+b0)-ﬁ+J (ty —Sn) -1 =0 2.17)
2 It

and

—J (Divq+2)&+J (q-n)d=>0, (2.18)
.Qo a-QO

where the latter is evaluated as an inequality since d belongs to the convex cone 2.
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By the classical localization argument, we obtain from (2.17) the standard macroscopic balance
equation with boundary conditions,

DivS+by=0 on £,
(2.19)
Sn=t on 8.(26,
and from (2.18) the damage threshold condition
Divq+ X <0 on £,
(2.20)
q-n>0 ondsy,

with the corresponding flux condition on the boundary.
On using the definitions of the energy release rate (2.15) and the damage flux vector (2.16), we
can rewrite the damage threshold condition (2.20); as

f(Vu,d, Ad) := % <2bAd — %n’(d)) — o' ()Y + Vu) <0, (2.21)
where we have defined the so-called damage yield function f. In the interior region where damage
has yet to occur, one has «'(0)yo(I + Vu) > —(G¢/7b)n’(0) and, since o'(d) <0, the elastic energy
density v is bounded.

We remark once more that the damage threshold condition (2.21) is actually a necessary
condition for the state {u,d} to be stable. Indeed, if (2.21) is satisfied everywhere in the
domain as a strict inequality, then the derivative (2.12) is strictly positive and {u,d} is a
stable state; on the other hand, if there are points at which the damage yield function is
zero, then the stability of the state is given by the second derivative of the functional Z.
This latter case will be discussed in §3 for the one-dimensional problem of a bar under
traction.

(ii) Energy balance

On assuming that the evolution is smooth in time, the energy balance principle requires that the
rate of change of the internal energy equal the work done by external forces at each time instant,
that is,

4 L}O o(Vu,d, Vd) = J

by - U to-u, 2.22
T 900u+J 0-u (2.22)

2

which, upon using the macroscopic balance (2.19), gives
J —(Divq + 2)&+J (q-n)d=0. (2.23)
2 32

Since each integrand is non-negative by the balance equation (2.20) and the damage irreversibility
condition requires that 4 >0, the above energy balance equation is satisfied if its integrands
vanish. These requirements give the Kuhn-Tucker conditions for the threshold function (2.21):

Vu,d,Ad)=0 ifd>0
f(Vu,d, Ad) ifd> } 229

and f(Vu,d,Ad)<0 ifd=0,
supplemented by the Neumann-type boundary condition Vd - n=0 on 352g.

Remark 2.1 (Evolution problem). The evolution problem arising from the stability condition
and energy balance is usually solved numerically in an incremental form. The problem is
discretized in time, and at each time step the rates {u,d} are computed through a staggered
minimization scheme obtained by alternating the minimization between u and d, keeping the
other variable constant. This numerical procedure is a standard approach to solving variational
problems like the present one (see for instance [49]).
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Remark 2.2 (Energy dissipation). The second principle of thermodynamics requires that for
each admissible state {u, d}, the external work be equal to or greater than the rate of change of the
free energy, i.e.

d
5=J bo-ﬁ+J t0~u——J F=>0, (2.25)
2 2 dt Jo,

where F = F(Vu,d, Vd) is the free-energy density. On using the energy balance equation (2.22)
and the definitions (2.3) and (2.14)—(2.16), the dissipation inequality (2.25) is satisfied if

aF\ AF\ - IF\ -
<5_87>.vu_(2+ﬁ>d+<q—m>-Vd30. (2.26)

If we assume that S and q are energetic, i.e.

oF oF
e - 2.27
S=3F ad a=ggy 227)
and that X' is made of elastic and dissipative terms,
oF G,
Y=Y + Zgiss with gy =——— and Zyjss = —=, (2.28)
ad b
then inequality (2.26) reduces to
&n’d >0, (2.29)
b

which is satisfied since ' =2(1 — d) > 0 from the definition in equation (2.7). By comparing (2.27)
and (2.28) with (2.14)—(2.16), we obtain the following expression for the free-energy density:

F(u,d,vd) =y + Vu,d) + %Gcb|vd|2. (2.30)

Here, by following the approach in [33], we have assumed that the damage non-local energy is
stored. However, its thermodynamic nature is still under debate. In [23,24,46] it is assumed to be
a dissipative term. This assumption is motivated by the fact that the sum of the second and third
terms in (2.3) tends to the fracture energy as the internal length b goes to zero.

Remark 2.3 (Internal length). The internal length b in equation (2.3) can be related to
the damage bandwidth {; at complete fracture, that is, the support of the damage function
when max{d} =1, by solving the equilibrium problem of a fractured bar with a passing-
through transversal crack. In this case, strains vanish because the bar is broken into two
parts, and the strain energy density ¢ nullifies. Thus the balance equation (2.24); reduces to
2bAd — (1/b)n’(d) = 0. On integrating it over a line orthogonal to the crack surface (see [22] or
[17] for details of the calculation), one obtains

i
b = 1 —
2 [y 1/y/n(d) dd

which, by assuming the quadratic expression of n(d) in (2.7), reduces to
J4
b= (2.31)
T

(d) Recap of all modelling equations

By following the classical approach to variational fracture mechanics enunciated in principles 1-3
of §2c, we have arrived at equations governing the macroscopic balance,
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macroscopic balance: DivS+by=0 on £,

(2.32)
Sn=ty; on g,
together with Kuhn-Tucker conditions for the damage evolution problem,
damage irreversibility: d(x, >0,
damage threshold: f(Vu,d, Ad) <0, (2.33)

energy balance: f(Vu,d, Ad) d=0,

with initial condition d(x, 0) = 0. The Piola stress tensor S and the damage threshold function f are

2
S=w) ¢in®N;
=1 (2.34)
2 1, ,
and f:GC ;ZfAd—gn —wd),
where n; and N; are eigenvectors of the left and right Cauchy—Green strain tensors and
ol
n n n —0y
o=y a(x‘f + 45" + (A1Ag) % = 3),
n=1
(1 _ d)2 (2.35)
YT A= A2 + ard(1 + axd + apasd?)
and n=2d—d>.

The constitutive parameters included in the formulation are the elastic moduli ., , the exponents
ay of the strain energy density ¢, the fracture energy release rate G, the internal length ¢ and the
polynomial coefficients a1, ap and a3 of the degradation function w. In §3e, strategies to calibrate
the constitutive parameters are discussed.

3. One-dimensional tension test

In order to fully exploit the capabilities of the proposed model, we now study the problem of a
bar under tension. Such a simplified example will allow us to solve the governing equations in
semi-analytical form and assess thoroughly the role of the different constitutive coefficients that
appear in the model.

(@) Problem definition

We consider a bar of length ¢ and cross-section area Ag. The reference configuration is described
through a triad of orthonormal vectors, {ej, e3, e3}, with e; being the main axis of the bar and e3
the thickness direction, i.e.

20 ={x:x=x1e1 + xze2 + x3e3, x1 € (0,£), (x2,x3) € Ap}.

To solve the equilibrium problem, we make the following ansatz on the deformation gradient:
1
F(x1) =2(x1)e1 ® e1 + ——=(e2 @ e2 + €3 @ €3), G.1)
Mx1)

such that the principal stretches are A1 =A(x1) and Ar =A3 =((x1))"Y2, J=1, and all fields
depend only on the longitudinal coordinate x;, which from now on we call x without risk of
confusion.
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The displacement of the bar axis is u(x), and the longitudinal stretch A(x) can be computed
from the latter via
rMx)=1+1u'(x), (3.2)
with the boundary conditions
u(0)=0 and u(f)=c¢¢, (3.3)

where ¢ > 0 is a control parameter that represents the dimensionless displacement applied at the
right end of the bar. In (3.2), we have indicated with a prime / the derivative with respect to the
variable x.

We assume the damage field to be constant within the bar cross-section, so that it depends only
on the abscissa x, i.e. d = d(x), and satisfies homogeneous boundary conditions at both ends, i.e.

d(0) = d(¢) =0, (3.4)

meaning that no crack can appear at the extremities. Indeed, cracks near the clamping are avoided
in the experiments by using dog-bone-shaped specimens.
In this one-dimensional setting, the energy density of the bar takes the form

/ " 1 Ef 2
¢, d,d)=odp@) + Ge | Znd) + d” ), 3.5)
f Vs

where we denote by () = p(x, A~1/2) the reduced strain energy density of the bulk solid defined
in equation (2.9) as a function of the only variable A. For the sake or readability the hat will be
dropped in the following.

The stress field corresponding to the deformation gradient (3.1) can be computed from (2.10)
by substituting A1 =A and A, = A~/? and noting that the right and left eigenvectors coincide,
i.e. ng =Nj =e; and ny =Nj = e;. The only non-zero component of the Piola stress is the one
directed along the bar main axis, i.e. S = Sey - e1, with

S=wg¢/, (3.6)
which, by applying the definition of Ogden’s strain energy density, gives

N
_ & Qp __ _(0111/2)
s=w) & (e — ).
n=1
The macroscopic balance equation (2.19) can be rewritten as
S'(x) =0, 3.7)

meaning that the stress is constant along the bar. The reduced damage threshold condition (2.33),
with the deformation (3.1) yields the following form of the one-dimensional threshold function:

2¢ 1
f,d,d")=Gc <n§d” - efn/(d)> — o' (d)p(2) <0. (3.8)

(b) Incremental evolution

Following the analysis in [50], we now solve the incremental evolution problem for both
displacement and damage variables starting from a known solution {u,d} achieved at a certain
time instant ¢. In doing so, we assume a uniform discretization of the time axis, let v be the time
step and expand both displacement and damage fields to first order in z:

u(x, t+1t)=ulx,t) + ri(x,t) and dx t—+1)=d(x, 1)+ td(x, 1), (3.9)

such that
(0,£)=0, (e, t)=¢¢, d0,£)=0 and d(¢, =0, (3.10)

where ¢ is the rate of the applied displacement at the right end of the bar.
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At each time instant the solution of the incremental problem requires the evaluation of the
unknown rates {i, d} obtained by imposing the stability condition (2.12) and the energy balance
condition (2.24) for the solution {u + ti1,d + zd}.

The total energy functional (2.8), with null volume forces, is expanded to second order as

T+ tit,d + vd) ~T(u, d) + tZ(u, d, i1, d) + %rzf(u, d, i, d)=T(u,d)+ tJ (i, d), (3.11)

in which we have defined the following functional of the displacement and damage rates:

. Z . .
i, d) = AOJ [a)w + (a/¢ + Gcn/) d+ zzccefd/d’] dx
0 & b 4

¢ . . .
+ 1 tAy | |we" i+ |'¢ + %n” d? + 20/ ¢'id + iGce d? | dx. (3.12)
2 0 ef 71’2 ’f

Stability and energy balance, expressed by relations (2.12) and (2.22) in the three-dimensional
formulation of §2, are rewritten in the form

Dj(il,d)[ft,t}] >0 forany {ﬂ,;l} such that 71 = t;l =0atx=0,land ;l >0
(3.13)

and iI(u—f—rit,d—f—rél):i(rj(u,t}l))zo,
dr dr

By performing calculations analogous to those in §2c to deduce the governing equations (2.19)
and (2.20) from the stability condition (2.12) and the evolution relations (2.24) from the energy
balance (2.22), we obtain the macroscopic evolution equation

. d d . .
S 4+ 18 =—(wp)+1—(wp"t + &/'¢'d)=0, (3.14)
dx dx
together with the set of Kuhn-Tucker conditions that govern the evolution of the damage field,
d>0, f+tf<0 and (f+1f)d=0, (3.15)
with f computed from (3.8) as
F=—w/¢/i — %”—{— "¢ d-}—iGZd” (3.16)
f=-w 7 N +w 2 Gelyd. .

These conditions state that at each point, the damage can increase only if the yield function f + ¢f
is equal to zero.

(c) Damage onset

At the beginning of the loading process the damage is zero and the bar is stretched elastically. The
balance equation (3.7) shows that the stress and the corresponding deformation are homogeneous
along the bar. In this initial phase the damage yield condition (3.8) is not satisfied, i.e. f <O0.
The elastic stage terminates when damage appears, meaning that f = 0 somewhere along the
bar. The stretch 1, corresponding to the damage onset is evaluated from (3.8) as
Gc n'(0)

d(ho) = _Z «(0) .

(3.17)
At this time instant, say f,, one can solve the incremental evolution problem of §3b by assuming

the following form of the series expansion (3.9):
u(x, to + 1) =¢elto)x + titp(x) and d(x,tp+1)= rdo(x), (3.18)

since the stretch at the onset is homogeneous, A, =1 + &(f,), and the damage is null, d(x, t,) =0; in
addition, i1, and d, satisfy the boundary conditions (3.10). At the step t, + 7, the stretch becomes
A, to + 1) =14 &5 + Tho(x), so that i,(x)= 1 (x), which is a function of x due to the varying
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damage profile. A subscript ‘0" is used to indicate, here and henceforth, that the corresponding
variable is evaluated at time £,.

The incremental stress in the bar is approximated at first order in v from the definition of the
one-dimensional Piola stress (3.6),

S = w(tdo)p' (ho + Tho) 2= So + S0, (3.19)
with

So=¢, and S, =wed)do + ¢l 0. (3.20)
Since the zeroth-order stress S, is constant along the bar, the macroscopic balance (3.14) yields
(SO)’ =0, meaning that S, is also homogeneous. The damage threshold condition f =0 is satisfied

at both t =t, and t =1, + 7, so the incremental threshold (3.15) is zero at both zeroth and first
orders; the latter gives

%Gcefdg(x) - <wg¢o + ang) do(x) = Phho(X), (3.21)
b4 Zf

which is, indeed, a second-order differential equation for the damage rates {Ao,d,}. The right-hand

side of (3.21) can be transformed by using the definition of S, in (3.20); after some manipulations
we arrive at a differential equation in terms of the variable d,,

2 H ; w, d)/

—Geled, —idy(x) = 22

22 cfo(x) Jjdo(x) &

1
0

07 .

So,  with j=al¢p o7 Y

where the right-hand side is now independent of x. If we introduce the internal lengths

2G4 2 472
i= S and £ = wo//%
Ijl Al

4, (3.23)
equation (3.22) can be rewritten in the form

277\ 2 ls So

do//(x)sig11(j)<2£:>2do(x):<ei> % Ta (3.24)

which is a second-order differential equation in the variable x of the unknown rate d, to be solved
with the boundary conditions d,(0) = 0 and d,(¢) = 0. The analytical approach used to solve this
equation, as well as the expressions for the solutions, can be found in the appendix. According
to the sign of j and, in the case of j <0, the ratios £/¢; and ¢/¢;, different solutions are found. A
schematic of the different regimes is given in figure 1. It is possible to distinguish full-size and
localized fracture initiations, depending on whether the support of d, is the entire bar or a sub-
region of length ¢; < £. Moreover, the evolution regime can be stress-hardening if S, > 0, or stress-
softening if S, < 0. As shown in figure 1, for j <0, four different regions are found in the plane
(€/¢;,£/Ls), each characterized by a different damage evolution.

In the case of the localized solution (region c), the bar must be longer than ¢; to have damage
localization in a sub-region of length ¢;, and must be shorter than ¢s to avoid brittle failure. These
requirements express the size sensitivity of the model: as the size of the bar increases, the response
moves from pseudo-ductile to brittle. If we suppose damage localization at f,, the slope k, of the
curve S = 5(¢) is obtained from equation (A 4); as

ds S, wod!!
k — — - °_, 3.25
0 de t) &0 1—4¢5/¢ ( )

which has a negative value and decreases as ¢ increases; in particular k, — —oo for £ — £.
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j<0
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Figure 1. Different damage evolution regimes obtained from equation (3.24) forj > 0 (left) andj < 0 (right). (Online version
in colour.)

On integrating (A 1) over (0, £) and rearranging the terms, we obtain the displacement rate at
the end-section,

. . . S . )P,

io(€) = Lég =V + Wy With 1, =£— and Wy = — "7,50

(o (o

K .
J do dx, (3.26)
0

which is the sum of two contributions: v, is the displacement rate due to elastic stretching, and w,
is the displacement rate induced by the fracture opening. In the case of localized d, (case ¢, with
£; <€ < {;), the fracture opening rate is

£s

Vg = ————&o. 3.27
Wo 1—ts/¢ o ( )
Let w = w(t) be the displacement accounting for fracture opening in a fracture evolution process.
Using (A 4); and (3.27), we can evaluate the derivative of S with respect to w at fracture initiation

as

. dS S /
k°_%tn_w_o__2' (3.28)

The coefficient k, represents the initial slope of the so-called cohesive curve S=S(w), which
describes the specific failure mode of the material. Since the cohesive law S = S(w) is an intrinsic
property of the material, k, does not depend on the length ¢, in contrast to (3.25).

(d) Cohesive fracture

In this section, we define a strategy to estimate the cohesive curve S = S(w) that characterizes the
fracture opening process. The function S(w) is usually assigned a priori in standard formulations of
cohesive fracture mechanics [51,52], whereas in the proposed variational approach it is obtained
from the particular form of the fracture energy.

We suppose that at a certain time instant of the evolution process, damage is localized in a sub-
region (0, 2x*), with x* < £/2 the half-bandwidth length, and that it has attained the maximum
value d* at x =x*. The proposed procedure allows us to determine the length x*, the stress S,
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the functions d and A, the fracture opening w, and the corresponding strain ¢ in terms of 4* by
integrating the balance equations (3.7) and (3.8).

We suppose that at each material point, the stretch A is the superposition of elastic A, and
fracture Af stretches,

J=dshe, (3.29)

where A, would be the homogeneous stretch obtained from S if d were zero; as such, it can be
evaluated from the constitutive equation of the undamaged material by

#'(re) =S. (3.30)

The fracture opening w, that is, the displacement at x = £ produced by the damage occurrence, is
Al ¢

w :J (Af(xe) — 1) dxe :J (A =Ae)dx=(1+ &)l — AL (3.31)
0 0

Within the damage region (0,2x*), the damage threshold condition (3.8) is evaluated as an
equality and

1 2¢
w'¢ + G (n/ - §d”) —0. (3.32)
Zf b4
On multiplying all terms by d’ and integrating over (0, x) with x < x*, the previous equation gives
1 2/ x
Ge (n - gdfz) +J d‘ﬁ’qs dx =0, (3.33)
& w o dx
where the latter term is rewritten upon integration by parts as
X X }»
| oo di=os =000 - | oo Tz di=06 — 00~ .25, (334
0 dx 0 dx
since S = w¢' is constant along the bar. Equation (3.33) becomes
1 2k 5
Ge| 71— —5d" | +wp — ¢p(he) — (1 — 2¢)S =0. (3.35)
Zf T

At x = x*, where the maximum damage is attained, d'(x*) =0 and the previous equation further
simplifies to

Ge
Zn(d*) + o(d)Pp(") — p(re) — (A —20)S* =0, (3.36)

where quantities evaluated at x = x* are labelled by an asterisk. In (3.36), the stretches A* and A,
are worked out by inversion of the constitutive equations

o(d®)p' (M) —S*=0 and ¢'(r) — S*=0. (3.37)

For any assigned value of d* € [0, 1], the triplet {A*, A, S*} solves the set of equations (3.36) and
(3.37). Once S* is determined, the profiles of d and A at points x € [0, x*] can be evaluated from
(3.35), here rewritten in the form

14
d = %h(d, 4% with h(d,d*) = n\/ ZLo@o() = $Ge) G =21 +n,  (339)
where A is the solution of the equation
w(d)¢' (L) — S*=0. (3.39)

Upon inversion of equation (3.38), one obtains the expression for x in terms of the damage profile
and the maximum damage d*,

A

d
x(d, &) =J b (3.40)

0 h(d,d*)
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and the stretch A at x is the solution of (3.39). The half-bandwidth length is obtained from the
above relation by assigning d = d*, giving
g A
. J Y 4
0 h(d,d*)

(3.41)

and the fracture opening w is determined from (3.31) once A, A, and x* are known. Upon inversion
of the equation, the assigned stretch can also be computed:

£ = e + % —1 (3.42)

To conclude, the above procedure can be implemented numerically through the following
steps:

(i) Assign the value d* of the maximum damage.
(ii) Solve equations (3.36) and (3.37) to determine S*, A* and 2.
(iii) Discretize the damage range [0,d*], and for any d; of the discretized set determine the
position x; from (3.40). The discrete profile of d = d(x) is given by the pairs (x;, d;).
(iv) Determine A; at point x; from (3.39). The discrete profile of A = A(x) is formed by points
(xi, A;). At points x > 2x* the stretch is equal to A..
(v) Determine w from (3.31).

This algorithm allows the cohesive curve S = S(w) to be evaluated at discrete points, by iterating
the scheme for different 4* € [0, 1]. The damage evolution determined through this procedure is
based on the balance equations (3.7) and (3.8). We point out that the numerical simulations of §4
are in fact obtained by solving the full evolution problem of §3b by finite elements. Although the
approaches are different, the estimate of the cohesive curve obtained through steps (i)—(v) gave
results accurate enough to capture the qualitative behaviour of the model. As such, the proposed
numerical scheme represents an useful tool for exploring the variety of damage mechanisms. In
the next section, these results are used to assess the effects of the different constitutive parameters
on the damage evolution modes. Criteria for parameter calibration will be also discussed.

(e) Physical interpretation of the cohesive parameters

The constitutive coefficients a1, 2 and a3 that appear in the energy degradation function w, as
defined in (2.6), are related to specific properties of cohesive fracture evolution, to give them
clear physical meanings and to allow their robust evaluation from the experimental data. In the
following calculations, the elastic coefficients u,, and oy, the fracture energy release rate G, and
the internal length ¢ are assumed to be known.

The coefficients 21 and a; in (2.6) can be tailored from the model response at the damage onset.
At this time instant Ar=12=2 and the stress S, is known. Since d, = 0, the functions w and 7
att, are

n0)=0, w(0=1, 70)=2 (0)=—ay,

7n’'(0)=—-2 and «"(0)=2a1(a; —ap —2).

Therefore we have the following.

(1) a1 is determined by the limit elastic stretch A, through relation (3.17), which, once
inverted, gives
Ge

a = 2(1)0z . (3.43)
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Figure 2. Piola stress S versus (elastic) stretch A for the two strain energies ¢4 and ¢g.

(2) ap, which appears in »”(0), is made dependent on the slope ko of the cohesive curve (3.28)
at the damage onset, i.e.

72 i3 2¢2
> |l o a5, 2Gc
ko=——2 , thj=2 —ay — 2)¢p — - , 3.44
0 Za%sg ZGcgf W1 ] a1 (ﬂl az )¢0 (/)/ Zf ( )

where j is negative, as the formula is evaluated for the localized damage case (case c in
§3c). From (3.44), a; has the expression

2/3
1 20352 . a2S82  2G
= - 2Gcty k, 2a1(a1 — 2)po — —° < 3.45
= ( o rko ) +2a1(a1 —2)¢o P + 7 (3.45)
(3) a3 multiplies the third-order term in the polynomial (2.6), so it mainly influences states

with large damage. In [17], in fact, a3 was related to the displacement jump w at complete
fracture of the specimen through the formula

N
= :2 E (Z’éj) —q +a2):| . (3.46)

Since this relation was derived within the context of linear elasticity, it cannot be
straightforwardly extended to the finite-strain case. Accordingly, it is just used to obtain
an estimate of the parameter a3. For damage occurring at small strains, formula (3.46)
provides the exact value to assign to a3 in order for the fracture jump to be @. In contrast,
for damage onset at large strains it gives only an approximate value. Further insights can
be gained by drawing the cohesive curve, as discussed in the following.

To better highlight the role of the different cohesive parameters, we now consider two different
forms of the Ogden elastic strain energy density with different elastic parameters: one with
N =1 in the series (2.35); and with 1 =2.2MPa and «; = 2, which we call quadratic energy ¢4,
and the other with N=2, {u1, u2} ={4.8,0.01} MPa and {a1, a2} ={1.2,5.1}, say ¢p. As shown
in figure 2, such choices of the elastic coefficients represent two plausible elastic responses of a
rubbery material; the former has a linear Piola stress at large stretches, whereas the latter shows
the stress-hardening at large stretches typical of elastomers.

The cohesive curves S = S(w) corresponding to these elastic energies are shown in figure 3 for
{f=5mm and different values of the parameters G, lAco and a3. For a given G, the values of lAco and
w are assigned by supposing that the cohesive law is linear with respect to the fracture opening,
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Figure 3. Cohesive curves for (a) different values of the parameter G, for the energy densities ¢, (solid) anq or
(dashed); (b) different k, arAld fixed G, = 60 MPa and a; = —0.6851; (c,d) different a5 , fixed G, = 60 MPa and (¢) k, =
—0.2058 MPa mm " or (d) k, = —2.0580 MPamm " .

S= —(Sg /2G¢)w + S,, an expression which is the simplest triangular cohesive curve. Accordingly,
lAco = —Sg /2G. and @ =2G,/S,. The coefficients a1, a, and a3 are derived from (3.43), (3.45) and
(3.46). For small values of G, the cohesive curves recover the linear law when the energy density
¢4 is used, whereas they deviate from linearity as G is increased. When the two-term energy
density ¢p is considered, linearity is lost, as shown by the dashed curves in figure 3a. In this case,
the curves initially decrease with smaller slope, attaining larger values of stress. Then they exhibit
snap-back branches that are more pronounced for increasing values of G.. The initial raising of
the curve and the presence of a snap-back tail, indicated with a star in the figure, depends on the
specific shape of ¢p, which has a convex branch where stiffness grows as the stretches increase
(see figure 2). This determines the fracture properties of the material. Indeed, the softening process
of fracture requires a larger stress for crack opening in the initial stage, and when the snap-back
branch is encountered, it stops due to the complete rupture of the specimen. As a consequence,
the recovery in the elastic stiffness for large stretches induces an increased stiffness in the initial
phase of crack opening and a brittle response in the final stage of the fracture evolution. One way
to reduce the snap-back tails in the cohesive curves is to increase the initial slope ko. This is shown
in figure 3b, where cohesive curves for different values of ko are plotted by keeping the fracture
toughness G, = 60 MPamm and a3 = —0.6851 constant.

Note that the parameter a3 also influences the softening process, as shown in figure 3c,d. By
scrutinizing the curves of figure 3¢, one can see that a decrease in a3 < 0 has two distinct effects:
(i) the negative slope of the curve is increased in its initial part, and (ii) the displacement w at the
snap-back is increased, with the final stage of brittle failure being reduced. The curves in figure 34
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are drawn for a fixed value of k, which is ten times larger than that of the curves in figure 3c. In
this case, the coefficient a3 influences the final part of the cohesive curves: large negative values
of a3 raise the curve tail, reducing the snap-back up to its complete disappearance. It turns out
that the final catastrophic fracture is replaced by a recovery of stiffness that allows the material to
further bear stresses.

As a result, the coefficients 47 and ap can be assigned through formulae (3.43) and (3.45),
which relate them to the limit elastic stretch A, and to the initial slope of the cohesive curve IA(O,
respectively. The calibration of a3 is more troublesome. The estimate in equation (3.46) gives an
initial value for the parameter, yet a more appropriate value can be obtained only after having
numerically examined the cohesive curves, such as those in figure 3¢,d. The qualitative behaviour
observed for increasing values of a3 is a stretching of the cohesive curve with consequent
reduction or even removal of the final brittle fracture.

We finally remark that the model proposed in [17] is indeed size-independent as shown in
[53]. However, in the proposed extension to finite elasticity, this independence is only partially
maintained: the fracture activation stress S, and the initial slope lAco of the cohesive curve still
do not depend on &, but the shape of the softening cohesive curve S = S(w) does. As a result,
the convergence of the model to the cohesive fracture is lost, meaning that the model should
be interpreted as a damage model in which the internal length is a constitutive parameter
representing the length of the transition zone (process zone). Such a parameter may be directly
calibrated through ad hoc experiments such as the one reported in [54].

4. Numerical examples

The variational model (2.32) and (2.33) was implemented in the finite-element open-source
framework FEniCS [55].

The displacement and damage fields were projected over a piecewise-affine finite-element
space (Lagrange elements) by using the same mesh domain. As the energy functional Z, defined
in (2.8) for the general formulation and in (3.11) for the simple tension incremental problem, is
separately convex in each variable, an alternating minimization algorithm in the variables u and 4
was implemented. At a given time step, the solution of the iterative evolution of §3b was achieved
by iterating on the following subproblems until convergence.

(1) The minimization of Z with respect to u at fixed d is an unconstrained optimization
problem solved as a nonlinear elastic problem with the prescribed boundary conditions
through the Newton-Raphson method.

(2) The minimization of Z with respect to d at fixed u is a unilateral constrained optimization
problem, which was solved using TAO (Tool-kit for Advanced Optimization).

Further details of the numerical implementation can be found in [49]. Simulations on both one-
dimensional or two-dimensional geometries were carried out, although the results shown in the
paper refer to the latter.

Two numerical examples are discussed in the following. As a first benchmark problem, we
consider a rectangular test specimen subjected to tensile loadings. This example has a twofold
purpose: assessing the sensitivity of the model with respect to the different constitutive
parameters and demonstrating the ability of the proposed modelling framework to capture the
large-strain behaviour of double-network elastomers [36]. Afterwards, we use a double-edge
notched specimen in tension to validate the model prediction up to the specimen rupture against
the experiments on conventional elastomers reported in [56].

The rectangular specimen used to carry out the sensitivity analysis is shown in figure 4
together with boundary conditions and details of the mesh, which was made up of 12000
Lagrange triangular elements. The height of the specimen was kept fixed at 4 mm, whereas three
different lengths were considered, ¢ =6,13 and 20 mm. In all simulations two different sets of
elastic parameters were used to assess the effects of the particular form of the Ogden energy on
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4 mm

| l

Figure 4. Geometry of the rectangular specimen with details of the mesh composed of about 12 000 Lagrange triangular
elements. The height of the specimen was kept fixed in all numerical tests, whereas different lengths £ = 6,13 and 20 mm
were considered. (Online version in colour.)

Table 1. Constitutive parameters used in the numerical examples.

the fracture properties of the material, corresponding to the energies ¢4 and ¢p in figure 2; the
other constitutive parameters are the ones in table 1 except where stated. We point out that the
coefficients a1, ap and a3 were obtained from G, lAco and @ by using the formulae (3.43), (3.45) and
(3.46).

The Piola stress S in terms of the overall strain ¢ as well as the damage profiles along the mean
axis of the bar are plotted in figures 5 and 6 for the two energy densities ¢4 and ¢p and different
values of the energy release rate G.

By increasing values of G, the maximum strain attained at rupture grows with a larger
region in which a pseudo-ductile response is achieved. With the energy ¢4, the response with
Gc =20 MPamm (green curve in figure 5) shows a sudden drop in the stress caused by an abrupt
damage growth at the end of the elastic stage, which almost immediately reaches values close to
1 as shown by the green damage profiles in the figure. The resulting overall behaviour is brittle.
For larger values of G, the drop in the stress is smoothed out with cohesive-like softening curves;
in terms of damage this behaviour is produced by the phase-field variable progressively growing
and enlarging.

For the elastic coefficients in the energy ¢p, brittle and cohesive responses are obtained for
Gc =20 and 40 MPamm, respectively. For G, =60 MPamm, the specimen exhibits a pseudo-
ductile behaviour in which two response stages are clearly observed: a softening branch with
a low slope, followed by a sudden drop in the stress. As the damage profiles show, in the first
stage of moderate softening, the damage grows slowly while expanding through the bar. At the
end of this phase, the damage has covered the entire domain and has reached its maximum value
of 0.3. Thereafter the damage immediately increases, producing rupture of the specimen with the
resulting stress rapidly decreasing to zero.

Since the gradient term in the fracture energy makes the model size-dependent, the effect of
specimen length is analysed in figure 7 for £ = 6,13 and 20 mm. The results indicate that when ¢
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Figure 5. Influence of the energy release rate G, in the case of the elastic energy ¢,: the Piola stress S versus the overall strain
& for G, = 20, 40 and 60 MPa mm. The insets show the damage profiles d evaluated on the mean axis of the bar at the different
stretch levels indicated by dots on each curve. (Online version in colour.)
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Figure 6. Influence of the energy release rate G, in the case of the elastic energy ¢p: the Piola stress S versus the overall strain
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stretch levels indicated by dots on each curve. (Online version in colour.)
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Figure 7. Size dependence of the model: Piola stress versus strain curves for different bar lengths £ = 6,13 and 20 mm and
elastic energies (a) ¢4 and (b) ¢g. (Online version in colour.)

is comparable to the internal length ¢; = 5 mm the response is cohesive, whereas sufficiently long
bars display brittle or quasi-brittle failure for both energies ¢4 (figure 7a) and ¢p (figure 7b).

In figure 8, the dependence of the material response on the slope of the cohesive curve ko is
also investigated. This constitutive parameter is directly related through equation (3.45) to ap. As
the results show, IAco controls the stress decrease at the damage onset and regulates the softening
branch with moderate slope, which is associated with a process of damage propagation over the
whole domain. Large values of ko may induce snap-back of the cohesive curve, with a subsequent
discontinuous drop in the stress. Simulations start with values of IAco in table 1 (blue curve in the
figure), with cohesive-like behaviour for both energies ¢4 (figure 84) and ¢p (figure 8b).

Finally, the influence of coefficient a3 is analysed in figure 9. The green curve corresponds to
the value of a3 = —0.68 in figure 8b (with ko = —2MPa mm~1), whereas the other two curves are
obtained by increasing a3 by a factor of 2 and 4, respectively, such that a3 € {—0.68, —1.36, —2.72}.
As pointed out in §3e, increasing values of a3 lead to a recovery of the material stiffness, with
a consequent transition from a softening (green curve) to a hardening response (orange and
blue curves). In all cases, a significant stress drop is seen at the end of the elastic phase, which
corresponds to the sudden occurrence of localized damage in the central part of the specimen,
with the phase-field variable reaching 0.2. Thereafter different damage evolution regimes are seen:
for the green curve (a3 = —0.68) the damage increases sharply in the central part of the specimen
until it reaches the value of 1, meaning that the specimen is completely broken; in contrast,
the orange and blue curves show a rather limited increase in the damage intensity, d < 0.4, yet
the support of the phase-field variable enlarges, up to the point where the damage occupies the
entire bar. This type of evolution resembles a sort of ‘plastic-wave’ that propagates inside the bar
(damage wave in this case) and has indeed been observed in double-network elastomers.

As a general remark on the model behaviour, in all simulations it was observed that the rate of
damage growth is proportional to the slope of the softening branch. Furthermore, a broadening of
the damage localization zone is observed when the softening branch is convex, whereas a concave
softening branch produces damage localization in narrow regions.

Having shown the main features of the proposed model, we are now in a position to compare
the model prediction with the experimental data on double-network elastomers. The experiments
used to calibrate the model are the ones reported in [36], where a cross-linked elastomer was
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Figure 9. Influence of the fracture parameter a;: Piola stress versus strain curves for a; = —0.68, —1.36 and —2.72 with the
elastic parameters in ¢bg. The insets show the damage profile at the different strain levels indicated by dots on the stress—strain
curve. (Online version in colour.)

first swollen in monomer and subsequently polymerized to create the so-called double network.
This novel class of elastomers displays unique mechanical features due to the combined use of a
stretchy matrix with a stiff filler network, which makes the compound fail in a controlled, pseudo-
ductile way at large strain.
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Figure 10. Piola stress S versus overall strain & for a double-network elastomer: open circles represent experimental data from
[36], continuous curves correspond to the model prediction, and dashed curves show the response of the purely elastic model.
The fitting is achieved with the model parameters in table 2. The insets show the damage profile along the specimen middle
axis at the strain levels (a), (b) and (c) indicated in the plot. (Online version in colour.)

Table 2. Constitutive parameters used for the fitting of the experimental data in figure 10.

These characteristics are readily seen from the data in figure 10 where the Piola stress, S, is
plotted against the normalized displacement at the bar’s end, ¢. The initial part of the curve
resembles the typical response of an elastomeric material with pronounced nonlinear elastic
behaviour. The elastic phase terminates at about ¢ =1.4 where a sharp decrease in the stress
appears. Microscopically this drop corresponds to the emergence of a very localized damage
region. By continuing loading, the applied force remains constant and the stress—strain plot shows
a plateau for a wide range of stretches. The formation of a neck and its propagation along the
specimen is observed in this region. When necking has expanded all over the sample, at about
e =4.2, the damage starts to increase uniformly, yet the overall stiffness of the sample grows. This
behaviour reflects a competition between the stress-softening induced by the damage and the
stiffening caused by the intact polymer chains being almost completely stretched. Such a peculiar
behaviour for an elastomer was reported for the first time in [36].

Remarkably, the proposed model is able to capture the main features seen in the experimental
data, as the fitting in figure 10 shows. The stress—strain plot displays three different curves along
with the experimental points represented by open orange circles: the continuous orange curve
is the output of the model and has all the main characteristics of the experimental response,
including the initial nonlinear elastic regime, the stress peak with the subsequent stress plateau
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Figure 11. Deformed configuration of the rectangular specimen used for fitting the data in figure 10. The plateau in the stress—
strain curves corresponds to the propagation of a necking region along the bar. The colourmap represents the damage intensity,
red being higher damage. Propagation of a damage wave in the central part of the specimen was observed in the experimental
data in [36] (see fig. S5 therein). (Online version in colour.)

and the stiffness increase at large strain. The green and orange dashed curves are the elastic
stresses of each of the two terms in the Ogden model (3.6) with the parameters {u1, a1, u2, a2}
in table 2; at each material point, the elastic stress is the superposition of the responses of two
nonlinear springs, one with {1, @1} = {4.6 MPa, 1.2}, which controls the response at low strains
(dashed orange curve), and the other with {uy, an} = {0.012MPa, 5.5}, which is activated at high
strain and is responsible for the strain-hardening seen in the experiments (dashed green curve).
In this sense, the model resembles the microscopic model proposed in [57], where a two-phase
material model was considered. The insets in figure 10 show the damage field obtained from the
numerical simulations at different levels of strain. At the position designated a in figure 10, the
sudden appearance of a localized damage produces the drop in stress seen in the experiments,
which corresponds to the occurrence of a necked region in the central part of the specimen, as
shown in figure 11 (see also fig. S5 in [36]). The corresponding strain level ¢ =1.4 is used to
calibrate the value of the parameter A,. At increasing levels of strain, the necking enlarges with a
constant maximum value up to the stretch at which it fills the whole specimen (region b in the
figure). Thereafter (in region c) the damage value starts increasing, and at ¢ =4.55 it was d = 0.33.
The hardening behaviour is achieved in the model by taking the absolute value of a3 to be large
enough (a3 = —4.73 in this case).

In order to highlight the capability of the model to describe the unloading process as well,
unloading curves at different strain levels are shown in figure 10. The unloading branches
follow paths with lower tangent stiffnesses due to the occurrence of damage, as also seen in the
experimental data in [36]; as expected, no residual strains are observed at the complete unloading
of the specimen. During the subsequent loading path, the curve perfectly follows the branch with
lower stiffness up to the stress level at which damage starts increasing again. At high strain levels,
this additional reduction of stress is compensated for by the elastic energy, which produces the
stiffness increase seen at & > 300%, corresponding to the experimental situation of the elastomer
network being completely unfolded.

The final numerical benchmark of the model corresponds to the deformation of a double-notch
tension specimen that is normally used to estimate the critical fracture energy (see for instance
[26,40]). The dimensions of the specimen, boundary conditions and mesh for this configuration
are displayed in figure 1242 and correspond to the experiments carried out in [56], with different
lengths of the notch as shown in the insets (the same data were used as a benchmark problem in
[23,33]). The constitutive parameters used in the simulation are those in table 3 with the elastic
energy ¢ and fracture parameters a1 =1.03, ap =32.13 and a3 = —0.81. These parameters are
in agreement with those reported in [23] to fit the same experimental data. Figure 12b shows
the stress—strain curves, displaying the typical brittle response expected from elastomers in this
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Figure 12. Geometry, mesh and boundary conditions of the double-notch tension specimen (left). Comparison of force—
displacement curves with the constitutive parameters in table 3 and different notch semi-lengths {12, 26, 20, 24, 28} mm from
Hocine et al. [56]. (Online version in colour.)

Table 3. Constitutive parameters used for the fitting of the experimental data in figure 12.

type of test. The numerical results show a very narrow cohesive region in which the damage
rapidly propagates between the notches up to the point at which it occupies the entire width and
immediately jumps to 1, leading to catastrophic failure of the specimen.

The corresponding deformed configurations are shown in figure 13 at different levels of the
overall strain. At i = 63.005mm the specimen is completely broken and, in fact, the material in
the central part of the specimen is completely removed from the figure, having reached a value of
d close to 1, with the lateral parts being almost unloaded.

5. Conclusion

We have presented a phenomenological phase-field model for the cohesive failure of elastomers
at large strain. The elastic response of the model is described using an Ogden-like strain
energy density, which has the advantage of accurately matching the quasi-static response of
many materials up to significant strains. Fracture was incorporated by complementing the
Ogden formulation with a phase-field variable, whose evolution was derived in a consistent
thermodynamic framework by invoking the three principles of damage irreversibility, stability
conditions and energy balance.
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Figure 13. Deformed configuration of the double-notch tension specimen used for the numerical experiment in figure 12 with
notch semi-length 12 mm. The colourmap represents the intensity of the damage field; at the final step, regions where d > 0.99
were removed from the plot. (Online version in colour.)

The fracture energy was defined according to a recent proposal in [17] in terms of five
constitutive parameters: the energy release rate G, the internal length ¢;, which represents the
size of the fracture process zone, and three coefficients a1, ap and a3 that define the energetic
degradation function responsible for the stiffness decrease induced by damage. Analytical and
numerical results were used to establish the connection between the shapes of the damage
energy, degradation function and damage evolution modes. In particular, a1 is related to the
stretch at the damage onset in a one-dimensional test, a; depends on the slope of the cohesive
curve, which is normally considered a material property, and, finally, a3 influences the damage
evolution at late stages. By properly tuning these constitutive parameters, the model is capable of
matching a variety of fracture modes including brittle and pseudo-ductile failures, whereas most
existing phase-field models at large strain (see e.g. [26]) can only describe brittle fracture. The
application to double-network elastomers and conventional rubber compounds is discussed in
the paper with reference to the experiments in [36,56]. The model was able to accurately capture
the main features of the fracture process, such as the necking propagation and hardening stage
at large strains for double-network elastomers, and brittle failure modes for conventional rubber
compounds.
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Compared with other approaches in the literature (such as [58]), the model does not use any
information on the material microstructure, so it is suitable for a large class of materials including
biological tissues.

The derivations were carried out by enforcing the plane stress condition and perfect
incompressibility of the matrix. However, experimental evidence shows that fracture may occur
due to the coalescence of voids and subsequent propagation of the defects, which may lead
to a reduction of the apparent bulk modulus. Therefore, extensions of the model include the
possibility of degrading with the phase-field variable both volumetric and isochoric parts of
the energy. In addition, since viscous effects may become significant during the propagation of
fractures, the incorporation of viscoelastic effects would be of paramount importance to correctly
describe the dynamic evolution of fracture in elastomeric compounds.
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Appendix A. Damage evolution regimes

An equation similar to (3.24) was already studied in [50] for a small-strain model (see eqn (31)
therein). The solution strategy exploited there can be equally applied to the large-strain analysis
carried out in this paper. In particular, the following steps allow us to calculate the unknown
rates {ilo, do): (i) first d, is determined in terms of S, by solving (3.24); (ii) then S, is determined by
evaluating the mean value, i.e. (-) =(1/¢) jé - dx, of both the sides of equation (3.20),, giving

So = W} (do) + D)0, (A1)

where we have made use of the fact that S, is constant along the bar and (Xo) =&, by the boundary
condition (3.10); (iii) finally, u is determined by integration of (3.20); expressed in terms of ho=11).
Different solutions are found depending on the sign of j and on the ratio between the length ¢ and
the internal lengths ¢; and ¢£;, and their analytical expressions are presented in the following.

(a) For j > 0, the solution obtained by applying the procedure (i)—(iii) is
it o

dp(x) = ———09"% s o(x) and S =———%¢, A2
)= (g 8 ST/ (A2
with R Ve
_ cosh(m (¢ — 2x)/¢; _ _ﬁ Tl
gx)=1 “eosh(ii/T) and (g)=1 — tanh ( 7 ) . (A3)
Damage evolution is full-size in a regime of stress-hardening.
(b) Forj <0 and ¢; > ¢, the solution is
. w/¢/ ) . w(p// )
do(x) = ———————6og(x) and S, =-——-"2—¢,, A4
A R TATP RS TN (A9
with (€ — 20/8)
_ _cosrrZ— x)/¢; _ _ﬁ JLK
g =1 —cos(nE/E,-) and (g)=1 — tan ( 7 ) . (A5)

The solution d, is full-size and two evolution regimes are obtained:

i e 0 S sl s



Downloaded from https:.//royal societypublishing.org/ on 04 February 2025

(1) (b.1)if ¢; > 2¢, the regime is stress-hardening, since (g) <0;
(2) (b.2)if £ < ¢; < 2¢, the regime is stress-softening, as (g) > 0. In this case, the condition

g =— (A6)

must be satisfied to have élo > 0 everywhere.

(c) Forj <0 and ¢; < ¢, the solution has the expression (A 4), with

_ 27x ; . .
() = 1 cos( 7 ) if0<x<¥, and (g)=ﬁ (A7)
0 ifx>¢;, 4

and so is localized in a portion of length ¢; (localized solution), and the evolution regime is
stress-softening. Even in this case, the inequality

< {5 (A 8)
has to be fulfilled to have d, > 0.

It can be proved that inequalities (A 6) and (A 8) are necessary conditions for stability of the
evolution problem (see [50]); indeed, they guarantee non-negativity of the second variation of the
functional (3.12). If the stability conditions are not satisfied, the bar fails catastrophically at the
time instant f,, experiencing brittle fracture.
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