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Notation

Throughout these Lecture Notes the following notation is used:

— In n-dimension, n > 1,the vectors and second order tensors are indicated by boldface letters,
like u, € and o for the displacement vector, the strain tensor and the stress tensor. Their
components are denoted by italic letters, like u; and oy;.

— The reference configuration of a material point is x and its cartesian coordinates in R" are
(1, ,xn). The orthonormal basis of R™ is (ey,--- ,e,), M? denotes the space of 2 x 2
symmetric tensors of R™ and I is its identity tensor.

— The fourth order tensors as well as their components are indicated by a sans serif letter, like
E or E;j; for the stiffness tensor. Such tensors are considered as linear maps applying on
vectors or second order tensors and the application is denoted without dots, like Ee whose ij-
component is E;jxiex;. The summation convention on repeated indices is implicitly adopted.
The inner product between two vectors or two tensors of the same order is indicated by a
dot, like a - b which stands for a;b; or o - € for oyj¢;;.

— The symbol ® denotes the tensor product and ®g its symmetrized, i.e. 2e; Qs €2 = €1 ®
€ + ez Ye;.

— In one-dimension, n = 1, all the scalar quantities or fields are indicated by italic letters, like
u, €, 0 or E(a) for the displacement, the strain, the stress or the damaged Young modulus.
The prime denotes either the derivative with respect to the coordinate x or the derivative
with respect to the damage parameter, e.g. v’ = du/0z, E'(a) = dE(a)/da

— The dot stands for the time derivative, e.g. & = 0o /0t.

— The qualifier increasing (resp. decreasing) stands for strictly increasing (rvesp. strictly de-
creasing) and should not be confused with non decreasing (resp. non increasing). In the
same way, the qualifier positive (resp. negative) stands for > 0 (resp. < 0) and not for > 0
(resp. < 0).

— The classical convention is adopted for the orders of magnitude: o(h) denotes functions of
h such that limy_,go(h)/h = 0.
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Construction of damage models






Abstract

The first part of these Lecture Notes is devoted to the construction of brittle damage laws. Starting from the
general class of local damage laws based on the concept of yield criterion, we first justify from Drucker-Ilyushin
postulate that these laws can be formulated within the framework of Generalized Standard Materials developed
by Nguyen (2000). Accordingly, the strain work becomes a state function whose convexity properties are directly
related to the hardening or softening properties of the material. Moreover, the evolution problem can automatically
be read as a variational problem (Pham and Marigo, 2010a). This naturally appearing formulation is reinforced
so that it finally contains the concepts of stability and energy conservation (Mielke, 2005; Bourdin et al., 2008).
In the case of softening materials, it turns out that these type of models lead to ill-posed mathematical problems
(Comi, 1995) because of their local character and the absence of terms limiting the damage localization. To avoid
these pathological localizations we introduce gradient of damage terms in the model which contains accordingly
(at least) one characteristic length. Then, following Pham and Marigo (2010b), the evolution problem associated

with this enhanced model is obtained by using the principles of irreversibility, stability and energy balance.

1. Construction of local brittle damage models

1.1. THE FUNDAMENTAL INGREDIENTS

If one follows the procedure proposed by Marigo (1981), the construction of a damage model
consists in the three following steps:

1) cnoice o € damage parameter,

i) choice of the damag t

11) cnoice o € aependence o € constitutive stress-straln refation on 1S parameter;
ii) choice of the depend f th titutive st train relati this p t

(iii) choice of the law which governs the evolution of the damage parameter.

Our goal is not to develop a model for a precise application but rather to give a general framework
for constructing any brittle damage model. Accordingly, in this introductory lecture we will make
the simplest choices so that to emphasize the fundamental concepts. Specifically we assume that:

(i) The damage state of a material point can be described by a scalar «. This is of course a
very strong assumption which is essentially justified by a sake of simplicity, these types of
phenomenological models being devoted to the computation of mechanical structures. The
choice of the parameter and consequently its physical interpretation remain at this stage
arbitrary. Starting from a first choice, we will always have the possibility to make a change
of variable. This opportunity will be used in the sequel. Therefore, at this stage, we merely
assume that « grows from 0 to o, where 0 < «a;, < 400, 0 corresponds to the undamaged
state and «,;, to the full damaged state;



(i)

(iii)

At given o, the material has an elastic material. Its elasticity depends on the damage variable
through the elastic potential ¥ (e, a) which is assumed to be continuously differentiable in
MY % [0, ), MY denoting the space of second order tensors and n the space dimension. To
simplify the presentation we will assume that ¢ is a quadratic function of € at given «, i.e.

¢(€7 a) = %E(OJ)E = (1)

where E(a) denotes the fourth order stiffness tensor. Accordingly, the material behavior is
linearly elastic at given a and the stress-strain relation reads as
9y
- — E’ = E E. 2
o =5 (e,a) =E(a) (2)
The fact that « really corresponds to a damage variable results in a decrease of the stiffness
when « grows. Therefore, we will assume that the function a — E(«) satisfies the following
properties:
E(0) > 0, E'(a) <0, E(am) = 0. (3)

The inequalities above must be understood in the sense of the positivity of fourth order
tensors. Specifically, a fourth order tensor A is said positive when the following inequality
holds:

Ae-e >0, VeeM, e#0.

Therefore, we assume in (3) that the material progressively looses its rigidity and has no
more rigidity when it is fully damaged. As long as a < «;, the stiffness tensor E(«) is
positive and hence invertible. Its inverse is the compliance tensor S(«),

S(a) = E(a)™" (4)
which gives the strain in terms of the stress for a given damage state,

e =S(a)o. (5)

For irreversibility reasons, damage can only grow and its growth is governed by a yield
criterion (like in plasticity). Accordingly, we assume that there exists a damage yield function
¢(e, a), which is expressed in terms of the strain in order to be able to account for softening
behaviors, such that the evolution of « is governed by the Kuhn-Tucker conditions:

a>0, oe,a) <0, ag(e,a) =0. (6)

The first condition in (6) accounts for the irreversibility, the second one is the damage yield
criterion and the third one is the consistency condition which expresses that damage can
grow only when the strain state is on the yield surface.

One can note that « is the unique internal variable of the model and that is plays also the
role of a hardening parameter. The function ¢ is assumed to be sufficiently smooth so that
¢(e,a) < 0 corresponds, for every a € [0, oy, ), to a closed connected set in MY which contains



the unstrained state € = 0, i.e. such that (¢(0, @) < 0), and the boundary of which is smooth and
evolves continuously with «. This set, denoted R(«), corresponds to the elastic domain (called
also the reversibility domain) in the strain space when the material point is in the damaged
state «,

R(a) ={e e M} : ¢(e,a) <0}.

By virtue of the stress-strain relation (5), when « < au,, one can associate to R(«) the elastic
domain R*(«) in the stress space,

R*(a) ={o e M! : ¢(S(a)o,a) <0}.

1.2. JUSTIFICATION OF STANDARD MODELS

A priori, the functions 1 et ¢ can be chosen independently. The so-called standard laws (Nguyen,
2000) consist in defining the damage yield function ¢ from the thermodynamical force Y :=
—0 /0 associated with . In the present context Y corresponds to an elastic energy release rate.
It turns out that the standard law property can be deduced from Drucker-Ilyushin postulate.
This fundamental result, which is the cornerstone of all the variational approach developed in
the present Lectures, is proved in Marigo (1989) or Marigo (2000) and we merely recall its
statement here.

Let g be the initial damage state and let ¢ — &(t) be a cycle in the strain space, i.e. a path
M7 parameterized by t € [0, 1] such that €(0) = &(1). During this cycle imposed to the material
point the damage state evolves, its evolution ¢ — «a(t) being governed by the damage law (6).
The strain work W done during this cycle is given by

1
W= /0 ‘;Z’(s(t),a(t)).é(t)dt. (7)

Drucker-Ilyushin postulate consists in requiring that W > 0 whatever the initial state a9 and
whatever the cycle which are considered. That leads to the following

Proposition 1.1 (Damage Standard Laws and Drucker-Ilyushin postulate). The strain work W
s non negative for every initial damage state and every strain cycle only if the damage criterion
s a criterion corresponding to a critical elastic energy release rate criterion. Specifically, there
necessarily exists k(o) > 0 such that R(a) can read as

0
R(a) = {s M —%(s,a) < K(a)}. (8)
In other words, the yield function ¢ can read as:
0
ble,a) =~ 22 (,0) — (a). )



Let us note that : (i) the result is valid even if ¢ is not quadratic in €; (ii) one gets a weaker
result when the damage variable is not a scalar, cf Marigo (1989)[Theorems 6.5 and 6.6]; (iii) the
converse property is true (and hence Drucker-Ilyushin postulate and critical energy release rate
criterion are equivalent) provided additional conditions are assumed for the evolution of R(«)
with a.

The first consequence is that the strain work is a state function, i.e. the work done in order
that the state of the material point evolves from its unstrained and undamaged state (0,0) to
the state (e, «) is independent of the strain path. Specifically, one gets

W =Wy(e,a) := (e, a) + w(a) (10)

where o — w(a) is the primitive of o — k() vanishing at a = 0, i.e.

wla) = [ w(p)ds.

Accordingly, w corresponds to the energy which is dissipated during the damage process where
the damage grows from 0 to «. Since w’ = k > 0, the dissipated energy is an increasing function
of a and hence Clausius-Duhem inequality is automatically satisfied. Indeed, if one considers
that the free energy is given by the elastic energy 1, then the dissipated power D reads as

oY

,DZ:U'é—T/'J:—%(E,Oé)O'é.

Using the consistency equation, one gets

D =w'(a)a > 0.

Finally, the damage evolution law can read (as long as a < auy,) as:

) oW . OWy
- > —_ > v~ -
while the stress-strain relation can also read as
o — %(E 0)
- 9e

This remark is crucial for obtaining variational properties.

Remark 1. If one makes the change of variable o — w = w(«), which consists in taking the
dissipated energy as the damage variable, the strain work function and the damage criterion can
read as ~

oy

Wo(e,w) = ¥(e,w) + w, —a—(s,w) <1 (12)
w
In the present setting where the elastic energy is a quadratic function of the strain, that leads to
Wo(e,w) = LE(w)e e +w, —1E(w)e-e<1,

where Eow = E.

10



1.3. HARDENING AND SOFTENING PROPERTIES

In the standard model (8), the elastic domains in the strain and the stress spaces read respec-
tively, when a # ayy:

oWy
Oa

cazob. m@={oem : Pow<of )

R(a) = {eeM’; :

where W{ (o, a) = ¢* (o, o) — w(«) is the Legendre transform of Wy(e, ) with respect to €, i.e.

Wj(o,a) = sup {o - e — Wole, a)}.
ecM?

In the present context where 1 is a quadratic function of €, one gets
Wy(o, o) = 1S(a)o - o — w(a).

In the present setting and by virtue of the assumption (3), the elastic domains are bounded
ellipsoids in the strain and stress spaces which are centered at 0. But more than their shape, it
is the evolution of their size with o which plays an essential role in the qualitative properties of
the damage evolution problem. To this purpose, let us first introduce the following definition:

Definition 1.2 (Hardening properties). One says that the behavior of the material is with strain-
hardening if o — R(«) is increasing, with stress-hardening if o — R*(«) is increasing, with
stress-softening (or shortly, with softening) if o — R*(«) is decreasing.

These monotonicity properties must be understood in the sense of the set inclusion. Accord-
ingly, the strain-hardening property means that o/ > a = R(a/) D R(«a). If one takes the
dissipated energy as the damage variable (cf Remark 1), it turns out that these properties of
increase or decrease of the elastic domains are equivalent to properties of convexity or concavity
of Wy or W(; by virtue of the following proposition:

Proposition 1.3 (Convexity and Hardening). The strain-hardening condition is equivalent to
the strict convexity of Wy with respect to w at given €. The stress-hardening condition is equiv-
alent to the strict convexity of Wy with respect to the pair couple (e,w). The stress-softening
condition is equivalent to the strict convexity of W(y with respect to w at given o.

However, it is important to note that these convexity properties are not invariant by change
of the damage variable, while the hardening or softening properties are intrinsic and independent
of the choice of the damage variable.

11



1.4. SOME EXAMPLES

Example 1. In 1D, the most general model that we can consider in the present setting corre-
sponds to

1
Wy (e, a) = §E(a)s2 + w(a) (14)
where E(a) denotes the Young modulus of the material which decreases from Ey to 0 when «

grows from 0 to ouy,. Moreover, R(a) and R*(«) are intervals of the form [—e.(a), +ec(a)] and

[—oc(a), +oc ()]
Example 2. In anti-plane elasticity, for an isotropic material the model reads as
Wo(e, @) = p(a)(ets + 33) + w(a) (15)

where the direction 3 corresponds to the anti-plane direction. In (15), pu(«) denotes the shear
modulus which decreases from pg to 0 when o grows from 0 to cu,. Therefore, R(a) and R*(«)
are disks in the planes (€13,€23) and (013, 0923) which are centered at the origin.

Example 3. In 3D, still for isotropic materials, the most general model that one can consider
in the present setting reads as

Wo(e, a) = %K(a)(Tr&t)Q + u(@)e” - eP 4 w(a) (16)

where K (o) and p(a) denote the compressibility and the shear moduli respectively. In (16), P
denotes the deviatoric part of € and Tre its trace. In general, R(a) and R*(a) are bounded
ellipsoids.

In all the examples above, one can represent any type of hardening or softening properties
by a relevant choice of the functions of a entering in their definition.

2. The variational properties of standard models

Let us consider a n-dimensional body whose natural reference configuration is the open set €2 of
R™. It is made of one (or several) brittle damage material(s) of the type described in the previous
section. (In the case where the body is heterogeneous, the strain work state function Wy, the
ultimate damage state a,, and all other involved quantities depend on the material point x.)
From an initial situation, the body is submitted to a loading which is time-dependent.

12



2.1. THE EVOLUTION AND THE INCREMENTAL PROBLEMS

Denoting by t the time parameter which is defined so that ¢ = 0 be the initial time, the quasi-
static evolution problem consists in seeking for the displacement field u;, the damage field ay
and the stress field o at each time ¢ > 0. These fields have to satisfy the equilibrium equations,
the boundary conditions, the constitutive equations and the damage evolution law. That leads
to the following set of conditions:

Equilibrium : dive; +£fi =0 in Q
Neumann boundary conditions : omn =F; on JpQ2
Dirichlet boundary conditions : uy = U; on 3Jdpfd
Constitutive relations : o; = E(ay)e(ug) in
Compatibility conditions : 2e(u;) = Vu; 4+ Vu] in Q
Gy > 0,
Kuhn-Tucker conditions : ¢ —1E'(ay)e(w) - e(wy) < w'(oy) in Q
&y (3E (ar)e(uy) - e(u) + w'(ow)) =0

at which one must add the initial condition for the damage field (ap given in Q).

In the relations above, f; denotes the body forces prescribed at time t, F; corresponds to
the surface forces prescribed on the part 9p€) of the boundary at time ¢ and Uy represents the
prescribed displacement of the complementary part dp€) of the boundary at time ¢. Note that
we assume that 9f is divided into two parts, one corresponding to Dirichlet boundary consitions
and the other to Neumann boundary conditions, and that these parts do not depend on time.
It is of course possible to consider more general boundary conditions, but we adopt these ones
to simplify the presentation. Note also that the problem is implicitly set in the framework of
small displacements: the equilibrium equations are written in the reference configuration and
the relation between the strains and the displacements is linearized, the strain field being the
symmetric part of the gradient of the displacement field.

By virtue of the standard character of the damage evolution law (11), the above evolution
problem is equivalent to variational inequations. Before to prove this fundamental property, one
must introduce some definitions.

Definition 2.1 (Admissible fields). We denote by C; the set of kinematically admissible displace-
ment fields at time t:
Co={v : v=U; on 9JpQ}.

Thus C; is an affine space and C° is the associated linear space:
Co={v : v=0 on 0pQ}.

We assume that the part OpS) of the boundary where the displacements are prescribed is suffi-
ciently “large” so that there does not exist admissible rigid displacements. Specifically, we assume
that the unique element v of Cy which is such that e(v) =0 in Q is v =0.

13



We denote by Dy the set of admissible damage fields:
Do={a:0<a<a, inQ}

With o € Dy we associate the set D(«) of the damage fields which are accessible from « by
taking account of the irreversibility condition:

D(a) ={f : a < B < ap, dans Q}.

With a pair (v, 3) € C; x Dy admissible at time ¢ we associate the total energy & (v, ) of the
body in this state at that time:

Ei(v, B) = /Q Wo(e(v), B)dz — WE(v) (17)

where £(v) denotes the symmetric part of the gradient of v (i.e. the strain field associated with
v) and W§(v) is the work done by the external forces at time t, i.e.

Wf(v):/ftovder/ F,-vdS.
Q OrQ2

Remark 2. The choice of the functional spaces is a real issue. If 8 < au, almost everywhere,
then the energy is finite provided that v € H'(Q,R™). But the questions of regularity become
much more delicate when a part of the body is fully damaged (i.e. when oy = cuy, s a part of
with non zero volume). This is outside the scope of the present Lectures.

Let us assume to simplify the presentation that the body is undamaged at time 0, i.e. g = 0,
and that it is free of any loading at this initial time, i¢.e. Uy = 0, fy = 0 and Fy = 0. Then
the body is its natural reference configuration at t = 0, ug = 0 and o = 0. Then, one gets the
following fundamental property:

PB 1. The evolution problem is equivalent to find, for t > 0, (u;, o) € Cp X Dy satisfying the
following three items

(ir) : & >0,

(st) : E(up,ap)(v—ug, B—ar) >0, VY(v,8)€C x D(w),

(eb) : é”t'(ut,ozt)(O,dt) = O,

In the statement of the proposition above, &/ (us, a)(v, 3) denotes the directional derivative
of & at (uy, ay) in the direction (v, 3):

d
El(ug, o) (v, B) := ah E(ug + hv, o + hp)|,_p -

Accordingly, in the present context, &/ (ut, o) (v, 3) reads as

E/(ur, a0) (v, B) = /

) (at e(v) + (%E'(at)s(ut) ce(wy) + w’(at))ﬁ) dzx — WE(V).

14



Let us note that (ir) and (eb) involve the rate fields whereas (st) only involves the state of the
body at a given time.

Proof. The complete proof is left as an exercice. It is based on the fact that the item (st) is
simply the variational form of the equilibrium and the damage criterion (¢(e,«) < 0). The item
(eb) is then equivalent to the consistency condition (&p(e, ) = 0). O

In practice, in numerical computations one solves the incremental problem, i.e. the problem
obtained after time discretization. It consists in finding, for ¢ € N,, (u;, ;) € C; X D(«;—1) such
that

El(w, ) (v —w;,— ;)= >0, Y(v,B)€CixD(xi_1). (18)

2.2. THE MAIN PROPERTIES OF THE EVOLUTION PROBLEM

The properties are completely different according to the behavior of the material is with stress-
hardening or stress-softening.

2.2.1. Case of stress-hardening

In that case, the total energy of the body enjoys of convexity properties (see Proposition 1.3).
Then, using the incremental problem, one can prove the following fundamental

Proposition 2.2. If the damage law is a standard damage law with stress-hardening in the
sense of Definition 1.2, then, at each time step i when the solution exists, (u;, o;;) minimizes the
total energy &; of the body over C; x D(a;_1).

In other words, for stress-hardening materials the incremental problem is equivalent to a
sequence of global minimization of the energy. Moreover, if one adopts a stronger condition for the
hardening (roughly speaking, with a sufficiently growth of the stresses to infinity when « grows
t0 iy ), then one can prove that the incremental problem admits a unique solution. Accordingly,
the standard damage models with stress-hardening are similar from the mathematical viewpoint
to standard elasto-plastic materials with hardening.

2.2.2. Case of stress-softening
In practice, the materials have a stress-softening behavior before their failure. Conversely, only
models with a stress-softening behavior can account for the nucleation of cracks as we will

see in the last Lectures. But it is possible to show that any local brittle damage model with
stress-softening suffers from the following bad properties:

15



1. The body cannot sustain too high forces (that corresponds to the concept of limit loads like
in plasticity). It is the consequence of the fact that the stresses are bounded. Accordingly,
it is possible that the evolution problem admis no solution beyond a certain critical time.

2. On the other hand, even when a solution exists, its uniqueness is not guaranteed. It is even
possible to see on very simple examples (like the problem of a bar under a controlled traction
at one end) that the evolution problem admits an infinite number of solutions.

3. It can also happen that the evolution problem does not admit a continuous solution in time
and that one has to consider discontinuous time evolution of the damage field. This can be
seen also in very simple examples where the global response contains a snap-back. In such
a case, the items (ir) and (eb) have no more sense, at least under the form that they have
been formulated.

4. When one tries to find a numerical solution by solving the evolution problem with the finite
element method, it turns out that the result is in general very mesh sensitive.

Some of these pathologies are inherent to the stress-softening property while other ones are due
to the local character of the model. For instance, it is clear that the concept of limit load is due
to the fact that the stresses are bounded and not to the local character of the model. As far as
the uniqueness and the mesh sensitivity are concerned, it is necessary to see if some solutions are
better than the other ones before to change the model. That requires to introduce a criterion for
selecting the solutions. The natural way is to change the item (st) by introducing the concept of
stability. In the same spirit, it is necessary to change the items (ir) and (eb) to enlarge the set
where one searches the solution by allowing time discontinuous solutions.

2.3. THE ENRICHED FORMULATION OF THE EVOLUTION PROBLEM

2.3.1. The concept of stability of states

For conservative systems, one can define the stable states as those which correspond to local
minima of the energy. This concept can be extended to the dissipated systems which are governed
by standard laws, see (Nguyen, 2000). We will follow this way here and we introduce the concept
of directional stability. That leads to the following definition:

Definition 2.3 (Directional stability). At a given time t a state (u,«) of the body is said stable
if it is admissible and if, in any accessible direction, there exists a neighborhood where every
accessible direction has an energy which is no less than the energy of the state (u, ).

Specifically, one requires that (u,«) € Cy X Dy be such that

V(v,B) € C x D(a), 3h >0, Vhe][0,h],
(ST)
E(u+h(v—u),a+h(B—a)) > &(u,a).

16



Let us remark that if (uy, ay) is stable, then dividing the energy inequality in (ST) by A > 0
and passing to the limit when A — 0, one recovers (st). In other words, one has the implication

(ST) = (st).

So, the equilibrium and the damage yield criterion can be seen as necessary conditions of stability.
One says that there are first order stability conditions (because they are obtained by expanding
the energy of the perturbed system up to the first order in h). But they are not always sufficient to
ensure the stability. In other words, (st) and (ST) are not always equivalent. More precisely, (st)
and (ST) are equivalent for stress-hardening behaviors but not for stress-softening behaviors.
Accordingly, (ST) becomes an interesting criterion of selection in the case of stress-softening
where the uniqueness in general fails. We will develop this idea in the next Lectures.

2.3.2. The energy balance

The condition (eb) can be seen as a local balance of the total energy when the damage evolves,
since it says that the real elastic energy release rate is equal to the dissipated power:

19} ) .
— (e, ap) by = w' (o) .

Jda

To read it under this form supposes that ¢ — «y is at least absolutely continuous. In such a case,
we have the following

Proposition 2.4 (Global energy balance). During a smooth damage evolution, the evolution of
the total energy satisfies the following global balance

(EB) & (uy, on) = E (g, ag) + /Ot (/Q oy -e(Up)dz — W5(Uy) — Wﬁ(ut/)> dt’

where Uy and W 5 denote the rate of the prescribed loading at time t'.

FOrRMAL PROOF. Differentiating with respect to ¢ the total energy & (uy, o), taking into account
(eb) and using the equilibrium, one gets vient

%Et(ut,ozt) = /QO't . E(llt)d.’E — Wte(l:lt) — Wet(ut) = /QO't . E(Ut)dﬂﬁ — Wte(ﬂt) — Wf(ut).

Integrating with respect to t leads to(EB). O

Let us note that (st) are (eb) equivalent to (st) and (EB) if the evolution is smooth in time,
but the advantage of (EB) is that it can be used also when the damage evolution is no more
continuous. Indeed, (EB) only involves the regularity of the loading with respect t, i.e. the
regularity of t — U, and ¢t — W, and not the regularity of the response. If we adopt (EB)
we implicitly require that the total energy be an absolutely continuous function of ¢ even when

17



t — (ug, o) is discontinuous. It is really a strong physical assumption, since we could consider
that any non regular time evolution cannot be treated in the framework of quasi-static evolution
but involves inertial effects where the kinetic energy plays a role.

2.3.3. The extended formulation

Finally, we propose to replace the item (st) by the stability condition (ST) and the item (eb) by
its extended version (EB). The new evolution problem reads then:

PB 2 (The extended evolution problem). Find, for every t > 0, (u, ay) € Cp X Dy such that

(IR) : t+— oy must be non decreasing,
(ST) : (u, ar) must be stable in the sense of Definition 2.3;
(EB) : The energy balance must be satisfied.

One sees that in one hand the new formulation is more restrictive than the initial one because
one only admits stable states, but is more tolerant in the other hand since one admits non smooth
evolutions. Let us emphasize the difference between stability and regularity (or equivalently
between instability and non regularity). The concept of stability as it is defined here is a
property of a state while the regularity is a property of the evolution. Accordingly, one can
find regular evolutions which satisfy (st) but not (ST) at some times, and, conversely, one can
find discontinuous evolutions which satisfy (ST) at each time.

2.4. THE NECESSITY FOR ENHANCING THE LOCAL MODEL IN THE CASE OF SOFTENING

Let us use the concept of stability as a criterion of selection of solutions on an example.

Example 4. Let us consider a one-dimensional bar where both ends are under controlled dis-
placements. According to the behavior is with stress-hardening or stress-softening, we have the
following properties:

— In the case of a stress-hardening behavior, the evolution problems PB 1 and PB 2 admit
the same and unique solution which corresponds to a homogeneous response (the damage
field is constant along the bar);

— In the case of a stress-softening behavior, the evolution problem PB 1 admits an infinite
number of solutions while the evolution problem PB 2 admits no solution beyond the elastic
stage. That means that the stability condition (ST) is not satisfied by any solution of 1.

This example suggests that the stability condition is really a good criterion for selecting the
solutions, but also that the local damage models must be enhanced.
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3. The introduction of gradient damage terms

The idea consists in introducing gradient damage terms in the strain work function so that to
penalize the localization of damage. That will be made in the restricted setting of linearized
theory for isotropic material.

3.1. THE ENHANCED FORM OF THE STRAIN WORK STATE FUNCTION

At a given material point, the gradient damage vector Vo is now considered as a (local) internal
variable as well as the value « of the damage at that point. Accordingly, the state of the material
point is characterized by the triplet (e, a, Vo).

The strain work becomes the following state function
W M %[0, xR" - R, (g,a,Va)— W(e, a, Va).

In the framework of a linearized theory, W is expanded in the neighborhood of the “thermo-
dynamical equilibrium state” (0, «,0) up to the second order in € and Va. This linearization
is partial in the sense that it only concerns the strain and the gradient of damage but not the
damage itself. It is due to the fact that the variation of the stiffness is not small when the damage
evolves in the full range [0, a;y,]. That leads to the following expression

W(e,a,Va) = w(a) +op(a) -e+71(a) - Va
+ lE(a)e-e+ Aa) - (e®Va)+ iT'(o)Va - Va (19)

where the dot denotes the inner product between vectors or tensors of the same order. In
(19) appear new functions of the damage variable, namely 7(a) € R", A(a) € M? ® R™ and
I'(a) € M7, while og(«r) denotes a damage dependent prestress. Since we have omitted this term
in the local form Wy of the strain work, we still omit it here:

oo(a) =0.
The other two terms w(«) and LE(a)e - € were already in W.

If we assume that the material is isotropic and that the damage variable is a an objective
scalar (i.e. invariant in any change of frame), then W must satisfy the following invariance
conditions:

W(QeQT, a,QVa) = W(e,a, Va), VQ € O™, V(e,a,Va) e Mx[0,a,]xR"  (20)

where O™ denotes the complete orthogonal group. Consequently, it is possible to prove that the
vector 7(a) and the third order tensor A(«) necessarily vanish:

T(a) =0, A(a) =0.
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Moreover the second order tensor I'(«) is necessarily proportional to the identity. For obvious
reasons, if one wants that the gradient damage terms have regularizing effects, then I'(a)) must
be positive definite. That allows us to write

I'la) = y(a)I with ~(a) > 0.

To summarize, for an isotropic material, in a linearized theory and in the absence of prestress,
the strain work state function can read as

W(e,a,Va) =w(a) + LE(a)e - € + Ly()Va - Vau (21)

One sees that W differs from its local homologous Wq only by the quadratic term in Va which
involves a new positive scalar function of the damage variable.

3.2. NORMALIZATION OF THE DAMAGE VARIABLE

At this stage the choice of the damage variable is arbitrary and has no other constraint but that
to describe the evolution of the mechanical properties of the material. The damage parameter can
be changed via a change of variable without changing the model. An infinite number of choices
are possible. A particularly interesting choice consists in taking for the damage variable the
volumic dissipated energy in a homogeneous damage process. That consists in taking w = w(«)
as the damage variable. With this choice, the hardening properties are simply expressed in terms
of the convexity of the strain work function, see Proposition 1.3.

Another interesting choice from a practical viewpoint consists in changing the damage variable
so that the mutiplicative factor v(«) becomes a constant. It is even possible to take this constant
equal to 1. Indeed, making the change of variable

ar D=A() = [ VA5,
0
the new strain work function reads as
W(e,D,VD)=woA (D)4 Eo A" (D)e-e+ VD -VD.

However, the variable D has a physical dimension and varies in a range which depends on the
material. In order to compare different materials, it can be interesting to normalize the damage
variable so that it becomes dimensionless and varies in a fixed interval. For instance, in the case
where A(ay,) < 400, making the change of variable a — d = A(a)/A(avy,), the damage variable
is dimensionless and runs in the interval [0, 1]. However the strain work function becomes

W(e, d, Vd) = (d) + %E(d)e e+ 1vd- v (22)

and v > 0 is now a positive material constant which has the dimension of a force.

20



In turn, the constant + can be also normalized, for instance by setting v = Ey¢?, Ey denoting
the Young modulus of the undamaged material. In such a case, £ > 0 is a material characteristic
length. But, if one changes the normalization, for instance by setting v = w(l)éz, then one
changes the definition of the characteristic length. So, the characteristic length also depends on
the choice of the normalization. With the choice of d as the damage variable, the behavior of
the material is finally characterized by the functions w, E and the constant ~.

Conclusion: In the remaining part of these lectures, we will assume that the damage variable
has been chosen in such a manner that it runs in the interval [0,1] and that 7 is a constant with
respect to the damage variable (but v can depend on the material point). This damage variable
will be still denoted by «. Accordingly, the strain work function reads as:

W(e, o, Va) = Wo(e, a) + %Va Va (23)

with )
Wo(e,a) = w(a) + QE(a)s ‘€. (24)

4. The variational formulation of the evolution problem

4.1. THE THREE PHYSICAL PRINCIPLES

Because of the non local character of the model, the damage evolution law must be formulated
at the level of the whole structure. For that, we propose to use the same three principles of
irreversibility, stability and energy balance as those introduced for the local models. The unique
change is that now the total energy of the structure involves the strain work function W instead
of Wo.

Accordingly, with (v,3) € C; x Dy, i.e. with a pair admissible at time ¢, is associated the
total energy & (v, ) of the body in its state

£,(v. B) = /Q W(e(v), B, VA)dz — WE(v). (25)

An important change is that the gradient damage field must be in the space L?(Q) of functions
which are square integrable in order that the energy of the body be finite. The consequence is
that the trace of the damage fields can be defined on the boundary of the domain. Hence one
can prescribe the value of the damage on 0€). However, to simplify the presentation, we will
assume that no constraint is prescribed to the damage on the boundary. Accordingly, the set of
admissible damage fields is Dy = H' (£, [0, 1]).

The evolution problem reads as
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PB 3. The evolution problem consists in finding, for every t > 0, (ws, o) € Cy X Dy such that

(IR) t — ay must be non decreasing;

(ST) (ut, ) must be stable in the sense that:
V(v,B8) € Ct x D(ar), Fh >0, Vhe]0,h],
E(uy + h(v —w), ap + h(B — o)) = E(uy, ap);

(EB) The balance of energy must hold:

t
St(ut, Oét) = 5()(110, Oéo) —|—/ </ gy - E(Ut/)d.r — Wﬁ(Ut/) — Wﬁ(ut/)> dt/.
0 Q

The evolution problem PB 3 is formally the same as PB 2. But, of course, because of
the presence of gradient damage terms in the energy, the two problems do not admit the
same solutions. Note also that the properties of irreversibility, stability and energy balance are
invariant by change of the damage variable. Therefore, if they are satisfied for the normalized
model, they are satisfied by any other represent of the same model.

4.2. THE FIRST ORDER LOCAL CONDITIONS

Let us assume that PB 3 admits a solution, that this solution is regular both in space and
time. Moreover, we will only consider times when there is no part in the body which is fully
damaged, i.e. we assume that a; < 1 everywhere in 2. Let us derive necessary conditions that
such a solution must satisfy. Dividing (ST) by h > 0 and passing to the limit when A — 0, one
obtains the first order conditions that (uy, a;) must satisfy at time ¢:

gtl(uty Oét)(v - ut7/8 - Oét) Z 07 V(V75) € Ct X D(at) <26)
where &/(uy, o;)(1, 3) denotes the directional derivative of & at (uy, oy) in the direction (u, 3),
i.e. the linear form defined by

OWy

((E(ut)a a)B+Vay - VB) da.

E(uy, oq)(1, B) = / dal

A ot -e(a)de — WE(a) —|—/

Q

Taking f = a4 in (26) and noting that C; is an affine space, then one recovers the variational
formulation of the equilibrium, i.e.

/ oy - e()de = We(a), Vae CP. (27)
Q
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Inserting into (26) gives the variational formulation of the non local damage criterion. Specifi-
cally, one gets

W
/ (880(5(1175)7 ar)(B —ar) +7Vag - V(8 - at))dx 20, V6 e Dlow) 2%)
Q o
After an integration by parts in (28), one gets: V3 € D(ay),
W,
/Q (aaao (e(wy), ) — div (y grad O‘t)) (B — o4)dz + /ag ’y(?;ént(ﬁ —a)dS 20 #9)

where n denotes the unit outer normal to €. Under the condition that the fields are sufficiently
smooth, a classical argument of Calculus of Variations leads to the following local conditions

OWg
da

(e(uy), o) —div (ygradey) >0 in Q| 'y({();; >0 on 09| (30)

Therefore, (30) constitutes the damage yield criterion for a gradient damage model. If we
compare them to their homologous (11) for local damage models, one sees that the damage
yield criterion in the bulk now contains a term involving the second spatial derivatives of the
damage field. Let us also that they give natural boundary conditions for the normal derivative
of the damage field, but that those conditions are inequalities.

Let us now use the energy balance with the same assumptions on the regularity and the
absence of fully damaged zone. Differentiating (EB) with respect to ¢ leads to

0 = —Et(ut,at) — / O - E(Ut)dﬂﬁ + Wte(Ut) + Wf(ut)
Q

dt
) . . : oWg

— . — —_ € — e
/QO't s(ut Ut)dIE Wt (ut Ut)"‘/ ( Ga

(e(uy), o)y + vV - Vo'zt) dx
Q

oW, ) .
= / (T;(s(ut), )iy +yVay - Vat) dx.
Q

The first two terms of the second line cancel by virtue of the equilibrium (27). Integrating by
parts the damage gradient term leads to

_ OWy ] ' oy
0= /Q (aT(E(ut)yat) — div(~y grad at)>atdq; + /89 Vaino‘tds‘

Finally, it suffices to take account of the irreversibility condition which requires that ¢; > 0 and
of the damage criterion (30) for obtaining the desired consistency conditions

aOét

'(6W°(e(ut),at)—div(vgradat))=o in Q, Gy =0 on 92, (31)

a Oa

Remark 3. The set (30)-(31) of local conditions for gradient damage models are obtained here
from the variational principles of stability and energy balance. They correspond to the conditions
which are set a priori in the literature, see Comi (1999 ), Lorentz and Andrieux (2003).
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4.3. THE SECOND ORDER STABILITY CONDITIONS

The damage yield conditions (30) are only necessary stability conditions. They are in general
not sufficient and one must also consider second order stability conditions in order that (ST) be
satisfied. Let us establish these second order stability conditions. Let (ut, ) be a state at time
t which satisfies the first order stability conditions (26) (or equivalently (27) and (28)). Let us
set (@, 3) = (v —uy, B — ay) and let us express (ST) by expanding & (u; + hit, oy + hf3) with
respect to h up to the second order. That leads to

2
0 < h&!(uy, oy) (@, B) + %a{’(ut, ar) (1, B) + o(h?) (32)

where &/’ (ug, ) denotes the second derivative of & at (ug,aq). It is a quadratic form with
respect to (11, 3). Using the compliance function S(a) = E(a)~! and this derivative with respect
to «, the second derivative of the energy &/ (uy, ) reads as

E(ug, o) (1, B) = /Q E(aw)(e(m) — BS' (ar)oy) - (e(u) — BS (aw)oy)dx + /Q VB - V3dx
+/ (w"(ar) = 48" (aw) s - 01) B (33)
Q

By virtue of (26), the first term in the right hand side of (32) is non negative. If it is positive,
then, for h small enough, the inequality (32) is satisfied and the state (u¢, a;) is stable in the

direction (1, #). On the other hand, if the first order term vanishes, then the state is stable in

the direction (u, ) only if the second derivative is non negative (and it will be stable in that
direction if the second derivative is positive).

Let us note that the first two terms in the expression (33) of the second derivative are non
negative by virtue of the positivity of E and +. The sign of the last term in (33) depends on the
sign of w”(at) — 1S” (e )0y - ¢ which is positive in the case of a stress-hardening behavior and
negative in the case of a stress-softening behavior. Let us discriminate between the two cases.

1. Case of stress-hardening. In such a case the second derivative is positive in any direction
(@, ) # (0,0). Indeed, the second derivative is non negative. It can vanish only if 3 = 0
and e(2) = 0 in © and hence, by virtue of the assumption made in Definition 2.1, only if
(@, ) = (0,0). Therefore, for h small enough, the inequality (32) is satisfied and the state
(ug, o) is stable in any admissible direction. So, we have obtained that, in the case of stress-
hardening, any state which satisfies the first order stability condition (st) automatically
satisfies the stability condition (ST). In other words, the problems PB 1 and PB 2 are

equivalent.

2. Case of stress-softening. By virtue of (29), the first order term &f(uy, a;)(1, B) vanishes if
and only if 8 = 0 in the part of € and the part of 92 where the equality does not hold
in (30). Therefore, let us define Qf and 0§ as the part of the domain and the part of the
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boundary where the damage criterion is satisfied as an equality (we can call such points
damaging points). Specifically,

W
Qf = {x eqQf: %(s(ut),at) —div (ygradoy) = 0} ; (34)
oJe"
@) = dQ . 7t == .

Let us consider the directions (i, ) € C”x D¢ with
D¢ ={BeH'(Q) : >0, B=0in Q\QY, 3 =0 on 0Q\Q}.

In such a direction (and only in these directions), one has & (u;, oy)(11, 3) = 0. Accordingly,
the stability of the state in such a direction will depend on the sign of the second derivative.
But in the case of stress-softening, the second derivative is the difference between two non
negative quadratic forms (one corresponding to the sum of the first two terms, the other
to the third term). Accordingly, the study of the sign of the second derivative is equivalent
to compare the ratio of the two quadratic forms to 1. That leads to consider the following
Rayleigh ratio defined on C° x Dg:

/QE(at)(s(ﬁ) — BS (aw)oy) - (e(w) — BS (ar)oy)dx + /m YV - Vpdz
Ri(@, 5) = ‘

- (36)
/ (18" (w)os - o — w”(at))ﬂzd:r
QF

In (36) we implicitly assume that R;(a,0) = +oc.

Therefore, the state (u;, ;) will be stable or unstable according to the minimum of the
Rayleigh ratio over C° x D¢ is greater or less than 1. Since v > 0, one sees that the gradient
damage terms have a stabilizing effect. Let us note also that this second order stability
condition is necessarily global, it is a structural property and not only a material property.

Let us summarize all the results that we have obtained in the present section by the following
proposition:

Proposition 4.1. In order that an evolution t — (g, «y), which starts from (ug, o) and is
regular both in space and time, satisfies the evolution problem (IR), (ST) and (EB), it is necessary
that this evolution satisfies at each time the equilibrium (27), the irreversibility condition, the
damage criterion (30) and the consistency condition (31). In the case of a stress-hardening
behavior, it is sufficient. However, in the case of a stress-softening, it is also necessary that the
minimum of the Rayleigh ratio be greater or equal to 1 at each time.
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Part 11

Stability and uniqueness of
homogeneous responses
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Abstract

A bifurcation and stability analysis is carried out here for a bar made of a material obeying a gradient damage
model with softening. We show that the associated initial boundary-value problem is ill-posed and one should
expect mesh sensitivity in numerical solutions. However, in contrast to what happens for the underlying local
damage model, the damage localization zone has a finite thickness and stability arguments can help in the
selection of solutions. The matter of this part is essentially borrowed from Benallal and Marigo (2007). A more

complete analysis can also be found in Pham et al. (2011b).

5. Setting of the problem

5.1. CONSTITUTIVE ASSUMPTIONS

We consider a one-dimensional non local damage model in which the damage variable « is a scalar
growing from 0 to infinity!. The behavior of the material at a material point z is characterized
by the state function W which depends on the local strain u/(z) (u denoting the displacement
and the prime denoting the spatial derivative), the local damage value «(z) and the gradient
o/(x) of the damage field at x:

W, o) = 3 E(0)u” + w(a) + 1 Eot*a” (37)

where F(a) represents the Young modulus of the material at the damage state o and w(«a) can
be interpreted as the density of the dissipated energy by the material during a homogeneous
damaging process (i.e. a process such that o/ = 0). The constant in front of the damage gradient
term is normalized and ¢ represents the internal length of the material associated with this
normalization.

5.2. VARIATIONAL APPROACH IN THE CASE OF THE TRACTION OF A BAR

In the spirit of the first part of these Lectures, we formulate here the damage constitutive
equations at the level of the whole structure. We consider a homogeneous bar whose natural
reference configuration is the interval (0, L). Thus, L is the bar length. The bar is made of the
non local damaging material characterized by the state function W given by (37). The end x = 0
of the bar is fixed, while the displacement of the end x = L is prescribed by a hard device to a

! Accordingly, in the present model a,,, = +00 and hence the material cannot be fully damaged. This restricted
assumption will be removed in the next part so that cracks can nucleate.
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value increasing with time from 0 to infinity:
u(0) =0, u (L) = te1 L, t>0, (38)

o
where ¢t denotes the time, u; is the displacement field of the bar at time ¢t and 7 = El is the

0
elastic yield strain.

The damage evolution problem of the bar is obtained via an energetic variational formulation. We
recall briefly the basic ingredients of a such variational formulation. Let C; and D be respectively
the affine space of kinematically admissible displacement fields at time ¢ and the convex cone of
admissible damage fields

Ci={ve HY0,L) : v(0)=0,v(L) =te L}, (39)

D={pecHY0,L) : B(z) >0}, (40)

H'(0, L) denoting the usual Sobolev space of functions defined on (0, L) which are square
integrable and the first derivative of which is also square integrable. The linear space associated
to Cy is H}(0,L) = {v € H*(0,L) :v(0) = v(L) = 0}.

At any pair (u,«) admissible at time ¢, we associate the total energy of the bar
L
(1,0) € Cy x D s Eu, ) = / W' (z), a(x), o/ (z)) da. (41)
0

Note that the energy functional does not depend explicitly on time.

By assuming that the bar is undamaged at time ¢ = 0, the damage evolution problem can be
read as (see part I):

PB 4. The evolution problem consists in finding, for t > 0, (uy, ) € Cp X D satisfying the
following three items

(ir) : >0,
(st) : E(ug,ap)(v—ug, B—ay) >0, V(v,8) €C x D(ay),
(eb) : 8'(ut, Odt)<0, Oét) = 0,

with the initial condition
ap(z) = 0. (42)

In the statement above &'(u,a)(v,3) denotes the Gateaux derivative of £ at (u,«) in the
direction (v, B), i.e.

L

E(u,a)(v, B) = /OL E(a)u'v'dz + /0 ((%E'(oz)u’2 + w'(a))ﬁ + E0€2a’ﬁ') dx. (43)
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The set of admissible displacement rates @ (the dot denoting the time derivative) can be
identified with C;, while the set of admissible damage rates & can be identified with D, the
inequality & > 0 denoting the irreversibility of the damaging process. Accordingly, the evolution
problem can be read in a more condensed form by virtue of the following proposition:

Proposition 5.1. The evolution problem PB 4 is equivalent to

Fort >0, find (ut, ) € Cy X D such that (i, ) € C1 X D
and &' (ug, ap)(v — 1, B — ) >0 V(v,B) €Cy1xD (44)

with the initial condition (42).

Proof. The proof is left as an exercice. O

5.3. NONLINEAR INITIAL BOUNDARY-VALUE PROBLEM FOR THE BAR

By inserting 8 = ¢4 and v = 4y + w, with w € H(0, L), into(44), we obtain the variational
formulation of the equilibrium of the bar, i.e.

L
/0 Elou(2) (@) (z)de = 0 Y € HA0, L), (45)

from which we deduce that the stress must be uniform:
E(ay(z))uy(x) = oy, Vo € (0,L). (46)

By using the boundary condition (38), we obtain the relation between the stress o, and the
damage field oy

¢ L dx
g =teg = —

L Jy Blog@)’ 47)

€ representing the overall strain of the bar at time t.

By inserting (45)-(47) into (44) we obtain the variational inequality governing the damage
field evolution:

L

1.2 L "(ov) L / E 02 13l
o Ela) 0 0

where the inequality must hold for all 5 € D and becomes an equality when 5 = ¢;. After an
integration by parts and by using classical arguments of the calculus of variations, we obtain
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the set of local conditions satisfied by the damage field at any point of (0, L)

Irreversibility condition : &y > 0 (49)
El/
Damage yield criterion : f := éatQE((al;)z +w'(ay) — Eolfa) >0 (50)
Qi
E/
Consistency condition : ¢ (;Uf (atl +w'(oy) — E0€2a2’> =0 (51)
E(Oét)
with the boundary conditions
a;(0) <0, @ (0)ey(0) =0,  aj(L) 20, d(L)aj(L) =0 (52)

and the initial condition (42). Conditions (49), (50) and (51) are nothing else than the Kuhn-
Tucker conditions &; > 0, f > 0 and fd&; = 0.

5.4. RATE BOUNDARY-VALUE PROBLEM

The properties of bifurcation, uniqueness or stability of the solutions of the damage evolution
problem can be obtained by analyzing the rate damage problem, i.e. the problem governing
at a given time ¢ the damage rate &; by assuming that the damage state «; is known. In its
variational form, the damage rate problem is obtained by differentiating the damage evolution
problem. Let us briefly recall how it is obtained.

Let a; be an admissible damage field and let u; be the associated displacement field giving the
equilibrium of the bar at time ¢, see (46). The total energy of the bar is given by the functional
a — &(a) defined on D by:

~ E 52 L L t2 2L2
Ei(a) = 02 / o (x)%dx + / w(a(z))dx + %dx. (53)
0 0 2 Jo Eaty
Its first directional derivative is the linear form defined on H'(0, L) by
< L t?e2L? E'(a
El(a)(B) = / (EOEQO/B' +w' ()3 + ; 1d 5 E(<a))25 dx. (54)
’ 2 (fi #t)

Thus, the variational inequation (48) is equivalent to &/(a;)(3) > 0 for all 8 € D. Let a; be a
solution at time t. Differentiating once more, we obtain the damage rate problem

Find &; € D such that
E () (6w, B — &) + & () (B — u) >0, VBED (55)

where the second directional derivative g{' (a) is a bilinear symmetric form defined on H'(0, L)?

and &/(oy) denotes the partial derivative of &(a) with respect to t at a = oy (it is a linear
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form defined on H'(0, L)). The explicit expression of £’ (ay) and é:{ (o) will be given in the next
section for a particular model.

6. Bifurcation phenomena with gradient damage model

To simplify the presentation and in order to obtain closed form solutions, we will only consider
in the sequel the following particular damage model:

2
Eo o1

E(a) = ma w(a) =

= B a, a>0, (56)
Ey denoting the initial Young modulus, o; the elastic yield stress and ¢ the internal length of
the material.

In this case, the damage yield criterion (50) and the relation (47) become

Eg?af(z) + o7 (1 + au(x)) < of, Vo € (0,L), (57)
L
o= . (58)
fo (14 ()2 dx

Moreover the second derivative reads as

5 2 L 2 4o} g ’ o} g 2
" = F / 1 _ b
& (1) (B) = o /0 B o+ 2l </0 (1+ar)8 daz) = /0 Bz, (59)
where o, denotes the equilibrium stress associated to the homogeneous damage «y, see (58), and

. 2
z 20}

L
Eio)(®) =~ [ +anpdn (60)

For t € [0,1), the response of the bar is elastic, the damage field remains at its initial value
0, the inequality in (57) is strict. At time ¢ = 1, the inequality is an equality at every material
point and the damage can evolve everywhere. The goal of this section is to prove that we can
construct a continuum of solutions for the damage evolution problem for ¢ > 1, when the length
of the bar is sufficiently large. Let us first note that, in any interval where the damage yield
criterion (57) is satisfied as an equality at time ¢ (such points are called damaging points), the
damage field is given by
ox ox
" Fol + b; cos Fol (61)

where a; and b; are two time dependent scalars.
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6.1. THE HOMOGENEOUS SOLUTION.

The homogeneous solution corresponds to the solution where the damage field is uniform at each
time, ay(z) = ay. This solution always exists and we easily deduce from (57) and (58) that

o=t =131, vt>1. (62)

In a diagram o — €, o being the equilibrium stress and ¢ the overall strain of the bar (g; = teq),
the overall response of the bar corresponds to the descending branch in Figure 6.1, showing a
softening behavior of the material.

o
O1

€1

Figure 1. Homogeneous response of the bar: the segment line corresponds to the elastic response (az = 0,
0 <t < 1), the decreasing branch corresponds to a spatially uniform damage growing with time (a¢(z) = t*/3 —1).

6.2. UNIQUENESS CRITERION

To see whether the solution can be unique, we can use the damage rate problem (55). Let ay
and o; be the homogeneous solution at time ¢ of the evolution problem and given by (62). The
rate variational problem admits the solution dy(x) = %t‘l/ 3 for all z € (0, L) which corresponds
to the rate of the homogeneous solution. This will be the unique solution provided E}(ay) is a
definite positive quadratic form on H'(0, L). Here, the second derivative reads as

- L 2 2 oL
E/'(ar)(B) = Eol? / B dx +§‘;z < / 6dm> —%0 /0 B2 dx. (63)

By introducing the Rayleigh ratio R; defined on H*(0, L) \ {0} by

E0€2/ 32 dz +2‘O’tL </L6d:c>
Eo/o B2 dx

34

2

Ri(B) =
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it immediately appears that

The rate damage problem admits a unique solution if ming1 (g )\ f01 Rt > 1.

After some calculations, too long to be reported here (see Pham et al. (2011b)[Appendix]), we

obtain ;
min  R; = min {4, (UC> } (65)
H1(0,L)\{0} Ot
where ’
e =1Eo—.
o =mEo+ (66)

Thus, we can conclude that

1. If o1 < 0g, i.e. if L < wl/eq, then the homogeneous solution is the unique solution of the
damage evolution problem. This feature can be used for instance in an experimental setting
to identify properly the homogeneous behaviour of the material.

2. If o1 > 0¢, i.e. if L > ml/eq, then the homogeneous damage rate é; = %t_1/3 is the unique

3
solution of the rate damage problem provided that o; < o, ¢.e. when t > Z—}; Bifurcations

3
are eventually possible from the homogeneous solution at any time in the interval [1, Z—;]
When available, first bifurcation will occur at ¢ = 1.

6.3. EXAMPLES OF BIFURCATED BRANCHES AT T=1

To construct non homogeneous solutions, we can investigate solutions where the equality in (57)
holds only in a time-dependent part of the bar, i.e the bar elastically unloads with the initial
stiffness Fy in the rest part. Different scenarii may exist depending on the length of the bar.

For instance, one can assume that the equality holds in the interval (0, D;) and in this case
we obtain the following solution

02 X
2(4—1) 2™ o<z <D
= cos” o, M0 <Dy (67)

0 , otherwise

a(x) =

where the width D, is related to the stress equilibrium oy by

E
D, = =24 (68)
Ot
and the overall response reads as
2
Ot Oc 0-1 Ul
t=— 3— —2—<5 -1 69
01 201 ( U;l O‘tz ) ( )



This half-sinusoidal damage field can appear provided that the bar is long enough so that D; < L,
i.e. provided that o, < 1. The length D; is the size of the damaging zone just after t = 1. For
t > 1, the irreversibility condition (49) is satisfied and the damage grows provided that 40, > o7;.
So, if

€1 /

dorl <

7 = 7I'L S &1, (70)
the solution is valid as long as D; < L, i.e. for t € [1,t.] with

2 2

91 (91
te=—135—-2]. 71
(%2 ™

During this time interval, the damaging zone extends gradually to all the bar, cf. Figure 6.3.

Remark 4. 1. One can construct symmetrically one half-sinusoidal damage field in the interval
(L — Dy, L). The global response is the same.

2. Att =t. the tip of the damaged zone reaches the end x = L and can no more propagate. To
continue this branch, we must consider solutions in which a part of the bar is in an unloading
phase (the inequality is then strict in (57)). The details are not given here.

3. If the bar is too small, i.e. if L < wl/eq, then the half-sinusoidal damage field cannot appear
for lack of place. We recover the uniqueness property that we have obtained from the rate
damage problem.

4. If the bar is too long, i.e. if L > 4wl/e1, then the global response o — e has a snap-back near
(e1,01), i.e. fl—g(sl—) > 0, ¢f. Figure 6.3. So, since the overall strain €; = teq must increase,
the stress must brutally decrease and the damage field must brutally increase. The response
1§ no more continuous in time.

Other similar but qualitatively different solution is when the equality holds in the interval
(xo — D¢, xo + Dy) where Dy is a variable length and xg is a given point. We obtain the following
solution

o2 ) o T(x — ) | B
an(z) = 2(022 cos ~%Dp, if | — xo| < Dy , (72)

0 , otherwise

with Dy still given by (68), but the overall response reads now as

4 2
t:Ut+UC<BU}l— ";—) (73)
o1 01\ 0} oh
This sinusoidal damage field can appear, centered at a given point g, provided that the bar is
long enough. Let us consider the case where zp = L/2. The sinusoidal damage field can appear,
centered at the middle of the bar, if 2D; < L, i.e. provided that 20, < 1. The length 2Dy is
the size of the damaging zone just after ¢ = 1. For ¢ > 1, the irreversibility condition (49) is
satisfied and the damage grows provided that 8¢, > 1. So, if

€1 4

— <2r=< 4
4_7TL_€1, (7)
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Figure 2. Global response of the bar corresponding to the growing of one half-sinusoidal damage field (thick line)
compared to the homogeneous response (thin line). The length is sufficiently large (L > 4ml/e1) and a snap-back is
present at the bifurcation point A. Consequently, the initiation of damage will be discontinuous, the global response
must jump from A to B or to a point below B at time t = 1.

the solution is valid as long as 2D; < L, i.e. for o, € [20,,01]. During this time interval, the
damaging zone extends gradually to all the bar, cf. Figure 6.3.

(0 (04

l\ A

D; L L/2 L

Figure 3. On the left: Growing of one half-sinusoidal damage field starting at the end x = 0. The size of the
damaged zone is equal to D1 at t = 14, then increases progressively with t and all the bar is damaged at t = t..
On the right: Growing of one sinusoidal damage field centered at the middle of the bar. The size of the damaging
zone is equal to 2D1 at t = 14, then increases progressively with t untill all the bar is damaging.

If the bar is longer, one can construct solutions with n sinusoidal waves and in this case (69)

is simply replaced by
4 2
tzat+nac<301— U;—). (75)
o1 o1\ 0} op

The global responses corresponding to these non homogeneous solutions are plotted in Figure 6.3.
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O1

€1

Figure 4. In thin lines, the global response due to the growing of m-sinusoidal damage fields. The lowest curve
corresponds to n = 0.5, the next ton =1, .... The number of curves depends on the length of the bar: the longer
is the bar, the larger is the number of curves. The curve n stops when the n-sinusoidal damage field covers all the
bar.

6.4. BIFURCATION FROM THE HOMOGENEOUS BRANCH.

We propose to construct in this subsection a continuum of solutions for the damage evolution
problem by considering bifurcation branches from any point of the homogeneous one when the
length of the bar is sufficiently large. We assume that

L>nlfe (76)

and we proceed as follows

1. Let ap > 0 be a given value of the damage variable. In the case of the homogeneous response,
the corresponding time at which this damage state is reached, the corresponding overall
strain and the corresponding equilibrium stress are given by

= (1 3/2 1 3/2 S — 77
b ( +ab) , Eb ( +ab) €1, Op m ( )

2. For t > t;, we seek for a non homogeneous solution, the damage growing in the part (0, Dy)
of the bar while the damage remains at the value oy in the remainder part (Dy, L) of the
bar. By using (57)—(61) we find

g _q_ ) 2 mx < p <
on(x) = ab+2(a§ 1 —ay)cos” 55, if0<z< Dy ’ (78)
ap, , otherwise
with 5
Dy = =24 (79)
Ot
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and

4 2
t=(1 2 L9201 21 .
( +Oéb) = + %01 (30_21 ( —i—ab) 0,52 ( —i—ab) > (80)

The damage field corresponds to the growing of one half-sinusoid from the initial value ay, cf.
Figure 6.4. This solution is valid as long as Dy < L, i.e. as long as oy > o.. So the value of
the initial damage oy must be chosen arbitrarily provided that o, > o.. Accordingly, by taking

2
ap € [0, % — 1), we have obtained an infinite family of solutions indexed by «ay, cf. Figure 6.4.

a

Op

X
L

Figure 5. Growing of one half-sinusoidal damage field from an initially homogeneous damage state ap.

Remark 5. These results reinforce those we have obtained from the rate damage problem, since
they prove that a bifurcation from the homogeneous branch is really possible at any time in the

interval [1, %].

o o
5 (i) (11)
1 o1
Ob
O¢ Oc
€ €
€1 €1

Figure 6. (i) Thick black line: the bifurcated branch; Thin line: the homogeneous branch; Thick gray line: the one
half-sinusoidal damage branch. (ii) Gray area: the continuum of possible global responses due to the possibility
of a bifurcation at any point of the homogeneous branch.
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7. Stability and selection of solutions

7.1. STABILITY CRITERION

The previous analysis shows that the damage evolution problem is ill-posed in the sense that
it admits a continuum family of solutions . Therefore, the question of selection of the solutions
raises in order to choose those solutions that can be really observed. We suggest here to answer
this question by stability considerations and postulate that the solutions that are potentially
feasible are the stable ones. And more precisely, those solutions that minimize the total energy.
Following the idea presented in part I, we can use the stability condition (ST) that we briefly
recall below?. Let o; be an admissible damage field and let u; be the associated displacement
field giving the equilibrium of the bar at time t, i.e.

tElL
L dx
0 E(at(z))

E(ay(x))up(z) = 0y, Vx e (0,L), with o= (81)

The total energy of the bar is given by the functional a — & (c) defined on D by (53). We say
that the bar is stable at time ¢ in its damaged state «y if and only if oy is a unilateral local
minimum of & on D, i.e.

(ST) VB eD, 3h>0suchthat Vh e [0,h], &E(ar) < E(as + hp).

Let us note that we have only to compare the energy of a; with the energy of the damage states
which are accessible from «ay. This unilateral restriction is due to the irreversibility condition.
This condition means that, if we can find in a neighborhood of a; an accessible damage state
with a smaller energy, then the state a; is unstable and the bar will evolve spontaneously to
some state with a smaller energy.

7.2. STABILITY OF THE HOMOGENEOUS STATES

For illustration, we will only study the stability of the homogeneous states of the bar, the analysis
can be extended to the other solutions but is too long to be reported here. Let oy = t2/3 — 1 be
the homogeneous damage state of the bar at the time ¢t > 1, h > 0 and 3 € D. By developing
Ei(ay + hB) with respect to h, we get

Er(aw + hB) = E(ou) + hE{(aw)(B) + Lh2E] (o) (B) + o(h?), (82)

where the primes denote directional derivatives. Since €/(az)(8) = 0, the stability condition
consists in finding the sign of the second derivative in any positive direction 8. In the particular

2 Here the stability condition is formulated in terms of the damage field alone because the displacement field
has been eliminated by using the equilibrium equation.
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Table I. Stability of an homogeneous state
and possibility of bifurcation from this
state following the value of the equilibrium

stress.

| Case | Stability | Bifurcation |
| ov>doe | No | Yes |
| o < ot < doe Yes | Yes |
| oi<oe | Yes | No |

case of the model (56), the second derivative is given by (59). By considering the Rayleigh
ratio (64), it immediately appears that for the the homogeneous damage state «; to be stable,
it is necessary that minp\ oy Rt > 1 . It is sufficient however for this state to be stable that
minp\ 103 R¢ > 1. After some calculations which are not reproduced here (see Pham et al.
(2011b)[Appendix]), we obtain

Ao 2/3
min R; = min ¢ 4, < C> (83)
D\{0} Ot

and we can conclude that

1. If 01 < 4og, i.e. if L < 4ml/eq, then all the homogeneous damage states are stable.

3
2. If o1 > 4o, i.e. if L > 47l /e, then only the homogeneous damage states at ¢ > (%ﬂ) are

stable. Consequently, since the beginning of the homogeneous branch is not stable, the bar
cannot be deformed uniformly and a non homogeneous solution will appear at t = 1.

Let us now compare the properties of stability and of bifurcation that we have obtained for
the homogeneous solution. Since D is included in H!(0, L), we always have

4> min R; > min Ry
D\{0} H'(0,L)\{0}

and uniqueness of the rate solution implies stability of the state. But the converse is not always
true, a homogeneous state could be stable even if a bifurcation is possible at this point. Let
us examine the different cases, oy and oy are still given by (62). Now, if we consider bars with
different length, we obtain the following scenarii:

1. Small bars: L < wl/e1. All the homogenous sates are stable and no bifurcation is possible.
The homogeneous response is the unique solution of the damage evolution problem.
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2. Intermediate bars: ml/e1 < L < 4ml/e;1. All the homogenous sates are stable, but bifurcations
3
are possible in the time interval [1, Z%].

3
3. Long bars: L > 4xl/e;. Since the homogeneous states are unstable for ¢ € [1, z713), a non
homogeneous solution appears at t = 1.

8. Conclusions

A Dbifurcation and stability analysis was undertaken here for a simple gradient damage model
in one-dimensional situation. The full nonlinear initial value problem was solved in closed form
for a bar with a finite length. A uniqueness criterion was obtained as well as conditions for
bifurcation. These are mainly dependent on the ratio L/¢ between the length of the bar to the
internal lengthscale involved in the model. The longer the bar (or the smaller the lengthscale),
the more solutions are obtained. The localization zone, represented here by the damaged zone,
has always a finite thickness. However, in contrast to the underlying local model where all the
damaged states are shown to be unstable, we have shown the existence of stable states and paths
for the gradient model and we suggested that these stable paths can be selected (among all the
solutions) as potential responses of the bar.

How these stability and uniqueness properties can be used to identify the state functions
a+— FE(a), a — w(a) and the internal length ¢ characterizing the material behavior is explained
in Pham et al. (2011b). Extension of the results to three-dimensional situations and their links
with the Hill’s general theory of uniqueness and stability (Hill, 1958) can be found in Pham and
Marigo (2013b).
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Part 111

Damage localization and crack
nucleation
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Abstract

In this part we construct solutions with damage localization until rupture for the traction problem of a bar made
of a strongly brittle material. We show that damage localization necessarily develops on parts of the bar whose
length is proportional to the material internal length and with a profile which is also a material characteristic.
From its onset until the rupture, the damage profile is obtained either in a closed form or after a simple numerical
integration. Thus, the proposed method provides definitions for the critical stress and fracture energy that can
be compared with experimental results. The matter of this part is essentially borrowed from Pham and Marigo
(2013a). A similar analysis can also be found in Pham et al. (2011b).

9. Setting of the damage problem

9.1. THE GRADIENT DAMAGE MODEL

We consider a one-dimensional gradient damage model in which the damage variable « is a
real number growing from 0 to 1, where @ = 0 is the undamaged state and « = 1 is the full
damaged state. The behavior of the material is characterized by the state function W which
gives the energy density at each point z. It depends on the local strain e(x) (if u denotes the
displacement field, then e(z) = u/(x) where the prime stands for the spatial derivative), the
local damage value a(x) and the local gradient o/(x) of the damage field at x. Specifically, we
assume that W takes the following form

W(e, a,a') = %E(a)s2 +w(a) + %w1£2a’2. (84)
In (84), wy := w(1) represents the energy dissipated in completely damaged volume element and
E(«) the Young modulus of the material in the damage state . The second term w(«) can be
interpreted as the density of energy dissipated by the material during a homogeneous damage
process (i.e. a process such that o/(z) = 0) during which the damage variable grows from 0 to
a. The last term in (84) is the “non local” part of the energy which plays, as we will see in
the next section, a regularizing role by limiting the possibilities of localization of the damage
field. For obvious reasons of physical dimension, this term involves a material characteristic
length ¢ which will give the size of the damage localization zone. Denoting by o the stress, the
stress-strain relation reads as

o= E(a)e. (85)

The expression of the energy density (84) is analog to the one proposed by (Comi and Perego,
2001). It implicitly assumes a symmetric behavior in tension and compression. It must be
modified to take into account asymmetric behaviors, like in (Comi, 2001) or (Pham and Marigo,
2010a; Pham and Marigo, 2010b). While remaining within the framework of symmetric behavior,
a model which can seem more general would consist in replacing the constant w1 ¢? by a function
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of a.. It can be shown in fact that after an adequate change of variable, the damage parameter «
can always be chosen so that the function becomes a constant, see Pham and Marigo (2010b).
We thus assume here that the damage parameter has been chosen to this end. Note that another
choice was made in Pham et al. (2011b).

The qualitative properties of the (gradient or local) model, in particular its softening or
hardening character, strongly depend on some properties of the stiffness function a — E(«),
the dissipation function a — w(«), the compliance function a — S(a) = 1/E(«) and their
derivatives. From now on we will adopt the following hypothesis:

Hypothesis 1 (Strongly brittle materials). « — E(«a) and o — w(«) are non negative and (at
least) twice continuously differentiable functions on [0,1) such that

E(0)=FEy>0, E'(a)<0, E(1)=0, (86)
w(0) =0, w'(a)>0, w(l)<+oo, (87)
a— —w'(a)/E'(a) is non decreasing, (88)

a— w'(a)/S'(«) is decreasing to 0. (89)

This corresponds to the family of strongly brittle materials with softening defined in Pham et al.
(2011D).

Let us comment this Hypothesis before giving an example

1. The interval of definition of a can always be taken as [0, 1] after a change of the damage
variable;

2. The condition £’ < 0 denotes the decrease of the material stiffness when the damage grows;
3. The condition F(1) = 0 ensures the total loss of stiffness when o = 1;

4. The positivity and the monotonicity of w is natural since w(«) represents the energy dissi-
pated during a damage process where the damage grows homogeneously in space from 0 to
a;

5. The boundedness of w is characteristic of strongly brittle materials with softening; this
condition disappears in the case of weakly brittle materials with softening or in the case of
brittle materials with hardening;

Remark 6. This condition plays an essential role in order to construct damage localization
up to the rupture of the bar. It was not satisfied in the model used in part II which belongs
to the family of weakly brittle damage models in the sense of Pham et al. (2011b).

6. The condition of monotonicity of w’/E’ is introduced for the sake of simplicity and is
unessential. In a homogeneous strain and damage response, it denotes that the strain does
not decrease when the damage grows, see Section 2.3. This refers to the strain-hardening

property;
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7. The condition of monotonicity of w’/S” is essential; it denotes the softening property. In
a homogeneous strain and damage response, this property leads to the decreasing of the
corresponding stress when the damage grows, see Section 2.3;

8. The condition lim,—,; w'(c)/S’(«) = 0 ensures that the material cannot sustain any stress
when its damage state is 1.

Example 5. A family of models which satisfy the assumptions above is the following one, when

qg>p>0:
“ e () _ (1 ay 90
(@) = Bofl=a)’, w() = 355 (1~ (1)) (90)
It contains five material parameters: the sound Young modulus Ey > 0, the dimensionless
parameters p and q, the critical stress o > 0 and the internal length £ > 0 whose physical
interpretation will be given in Section 10.2.

The condition q > 0 is necessary and sufficient in order that o — E(«) be decreasing from Ey
to 0 while the condition p > 0 is necessary and sufficient in order that o — w(«) be increasing
from 0 to a finite value. If p > 0 and q > 0, then the condition q > p is necessary and sufficient
in order that a — —w'(a)/E'(a) be increasing to oo while o — w'(a) /S’ («) is automatically
decreasing to 0.

A particularly interesting class of materials which satisfy the conditions of Hypothesis 1 is
that of perfectly brittle materials which corresponds to the models in which p = ¢ > 0 in the
previous example. By definition, these materials are such that w’/E’ is constant. This leads to
the following definition:

Hypothesis 2 (Perfectly brittle materials). They are strongly brittle materials such that w'/E’
is constant. Accordingly, these materials are characterized by the unique state function o — E(a)
which is twice continuously differentiable and must satisfy

E(0) = Ey > 0, E'(a) <0 VYae€l0,1), E(1) =0, (91)
while w(«) is given by ,
w(a) = (By — B(a) (92)

where €. 1s a given positive constant.

9.2. THE DAMAGE PROBLEM OF A BAR UNDER TRACTION

Let us consider a homogeneous bar whose natural reference configuration is the interval (0, L) and
whose cross-sectional area is 1. The bar is made of the nonlocal damaging material characterized
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by the state function W given by (84). The end x = 0 of the bar is fixed, while the displacement
of the end x = L is prescribed to a value U

w(0)=0, w(L)=U;>0, t>0 (93)

where, in this quasi-static setting, ¢ denotes the loading parameter or shortly the “time”, and u;
is the displacement field of the bar at time ¢. The dependence of U; on t is assumed to be smooth,
at least continuous and piecewise continuously differentiable. The evolution of displacement and
of damage in the bar is obtained using a variational formulation, the main ingredients of which
are recalled hereafter, see Benallal and Marigo (2007) for details and Pham and Marigo, Pham
and Marigo (2010a, 2010b), Pham et al. (2011a) and Pham et al. (2011b) for a general discussion
on the variational formulation of damage evolution problems.

For a given U € R, we denote by Cy the set of “smooth” fields v defined on [0, L] and such
that v(0) =0, v(L) = U, i.e.

Cu ={veH0,L):v(0)=0,v(L)=U} (94)

where H!'(0, L) denotes the usual Sobolev space of functions which belong to L?(0, L) and whose
distributional first derivative also belongs to L?(0, L). Accordingly, Cy, and Cyy, denote the sets
of kinematically admissible displacement fields and kinematically admissible displacement rate
fields, while Cy is their associated linear space. The set of admissible damage fields is the convex
set D defined by

D={BeH(0,L):0<B(z)<1, Vo e0,L]}. (95)

Let us note that the value 1 for the damage is excluded because some quantities like the
compliance S and its derivatives are no more defined when o = 1. It turns out also that the real
displacement field is no more regular but is discontinuous at points  where a(z) = 1. Since this
situation corresponds to the rupture of the bar, we will merely determine at which time ¢, that
happens and the analysis will stop at this moment.

By virtue of the irreversibility condition, damage can only grow and accordingly the convex
cone D of admissible damage rate is given by

D={BeH0,L): B(x) >0, Vo € [0,L]}. (96)
With any admissible pair (u, ), we associate the total energy of the bar
L
E(u,a) = / W' (z), a(x),d (z)) dx
0L
2 2

= [ (3me@ e + wew) + Jnla @) (o7)
0

We are in a position to set the evolution problem. Specifically, for a given initial damage field
a?; the damage evolution problem reads as (see part II, Proposition 5.1):
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PB 5 (Variational damage evolution problem). Find t — (u, ;) absolutely continuous and
such that

1. For allt >0, (u;,aq) €Cy, xD,

2. For almost all t >0, (i, dy) € Cpy, ¥ D,

8. For almost all t >0 and for all (v, B) € Cp, X D,  E(ug,ap)(v—1y, B — ) >0,
with the initial condition ag(x) = a°(x).

In the third item, &'(u, a)(v, ) denotes the derivative of £ at (u,«) in the direction (v, 3)
and is given by

& (u,a)(v, B) = /0 ’ <E(a)u'v' + (;E’(a)uQ + w’(a)) B+ w1€2o/ﬁ’) dz

Remark 7. Note that the second item contains the irreversibility condition & > 0 and that
our formulation makes sense only if the evolution is sufficiently smooth in time. Therefore,
we only consider evolutions such that the displacement field and the damage field are absolutely
continuous functions of time. To enlarge the search to evolutions which are discontinuous in time,
which is often necessary as we will see in the last section, one has to reformulate the evolution
problem and replace the third item by a condition which remains meaningful for discontinuous
evolutions. This is the essence of the variational formulation proposed in the first part of these
Lecture Notes where the third item of PB 5 is replaced by a stability condition and an energy
balance.

10. Preliminary properties of the traction problem

10.1. THE LOCAL CONDITIONS

Choosing 8 = &; and v = u; + vg with vg € Cy and inserting into the third item of PB 5, we
obtain the variational formulation of the equilibrium of the bar,

L
/0 E(ay(z))uy(z)v)(z) de = 0, Vg € Co (98)

From (98), we deduce that the stress is constant all along the bar and hence is only a function
of time

ot = E(au(2))uj(z), Vo e (0,L) (99)
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Dividing (99) by E(au(x)), integrating over (0, L) and using boundary conditions (93), we find
L
o [ Slaute))ds = U (100)
0
which gives the overall force-displacement response of the bar once the damage field is known.
To obtain the damage problem which governs the evolution of the damage field in the bar,

one inserts (98)-(100) into the third item of PB 5. This leads to the variational inequality
governing the evolution of the damage

L L
/ <2w'(at) - afs’(at)) (8 — éy) dz + / 2w 2a(f — &))da > 0 (101)
0 0

where the inequality must hold for all 3 € D and almost all ¢ > 0. Integrating by parts the
second integral in (101) leads to a new form of the variational inequality:

L
| (20 (@) =o2S (o) =220t ) (5=i) o202 (04(2) (3L ~60( 1)) = 0) (3(0)=6(0))) > 0,

(102)
Setting first 5 = 0 and then 5 = 24, in (102), we obtain the equality:

/0 ’ <2w'(at) — 028 () — 2w1£2ag) éy dz + 2w £ (ag(L)at(L) - ag(O)at(O)) —0.  (103)

Inserting this equality into (102) leads to the following inequality:
L
/ <2w’(at) — 028 (o) —2wle2a;') B da + 2w, £2 (a;(L)ﬁ(L)—a;(ow(O)) >0, VBeD. (104)
0

Choosing first 8 € C°(0, L) N D, where C5°(0, L) denotes the space of indefinitely differentiable
functions with compact support in (0, L), the inequality (103) becomes

L
/ <2w’(at) — 028 (ay) — 2w1£2a2'>6dx >0, VB e Cy(0,L), B >0,
0

from which we deduce by standard arguments that the following inequality must hold almost
everywhere in (0, L):
2w (o) — 028" (o) — 2w %) > 0. (105)

Choosing now 3(z) = (1—xz/h)" in (104) with 0 < h < L, a* = max{0, a} denoting the positive
part of a, one gets

h x
/ <2w’(at) — 028 (ay) — 2w1€2a2’) (1 - E) dz — 2w 0% (0) > 0.
0

Passing to the limit when A goes to 0, one obtains

al(0) < 0. (106)
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In the same way, choosing 3(z) = (1 — (L — x)/h)™ one gets
al(L) > 0. (107)

Hence, (102) is satisfied only if (105)—(107) are satisfied. Conversely, one immediately sees that
if (105)—(107) are satisfied, then (102) is also satisfied. Consequently, (102) and (105)—(107) are
equivalent.

Using (105)—(107) and taking into account the irreversibility condition & > 0, (103) gives
the following equalities:

(2w'(at) — 028" (o) — zwlea;’) qr=0,  al(0)an(0)=0,  ai(L)ay(L) =0,  (108)

where the first one must hold almost everywhere in (0, L). Finally, one has obtained the following
fundamental local version of the evolution problem PB 5:

Proposition 10.1. The pair of absolute continuous functions of time t — (uy, o) € Cy, X D is
solution of PB 5 if and only if, for almost all t > 0, the following conditions hold true

1. Equilibrium : w(z) = o¢ [ S(ew(y))dy and U; = oy fOL S(ay(y))dy,
2. Irreversibility : &; > 0 a.e. in (0, L),

3. Damage criterion in the bulk : 2w/ (a;) — 075" (ay) — 2w1£%a) > 0 a.e. in (0, L),
4. Consistency condition in the bulk: <2w’(at)—atQS’(at)—ZleQag’) & =0a.e in(0,L),,

5. Damage boundary condition : o/ (0) <0 and (L) > 0,
6. Consistency condition at the boundary : «;(0)c;(0) = 0 and oj(L)d (L) = 0.

Remark 8. We have implicitly assumed that © — oy (x) is a sufficiently smooth field so that the
integration by parts which leads to (102) is licit. The damage criterion in the bulk (105) makes
sense provided that oy is at least continuously differentiable. Such a regularity result could be
obtained after a careful treatment of the variational inequality (101), but it is outside the scope
of the present paper and this reqularity property will be admitted.

Remark 9. From the variational approach, we have deduced boundary conditions for the damage
field. These natural boundary conditions are due to the fact that no a priori restrictions are
imposed to the damage at the boundaries. Of course, these boundary conditions disappear if we
assume that the end points of the bar cannot be damaged. In such a case, the sets of admissible
damage fields and of admissible rate damage fields become

D={acHj(0,L): 0<a<1in[0,L]}, D={acH;0L):a>0inl0,L]}

and the conditions a;(0) = ay(L) = 0, &(0) = &4 (L) = 0 replace the items 5 and 6 in the setting
of the evolution problem above. More generally, a large variety of boundary conditions can be
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considered in our variational approach. In any case, by duality, a natural condition is associated
with each degree of freedom left by the evolution of damage at the boundary. It is one of the
numerous advantages of the variational approach. In the present paper, since no restrictions
are imposed to the damage at the boundaries, the homogeneous response is possible whereas
the response is necessarily non homogeneous if one constraints the ends to remain undamaged.
Howewver, the construction of the localized solution inside the bar does not depend on the damage
boundary conditions.

In terms of energy, we have the following property

Property 10.2 (Balance of energy). Let us assume that the bar is undamaged and unstretched
at time 0, i.e. ag = 0 and Uy = 0. By definition, the work done by the external loads up to time
t 1s given by

t
Wa(t) = / oUds, (109)
0
the total dissipated energy in the bar during the damage process up to time t is given by
1 L L
Ealt) = 2un? /O o (2)2dx + /O w(oy(2))da, (110)

while the elastic energy which remains stored in the bar at time t is equal to

0.2 L
t):;/o S(ou())da. (111)

By virtue of the conditions of PB 10.1 that the fields have to satisfy, the following balance of
energy holds true at each time:

We(t) = E.(t) + Ea(t).

Proof. By virtue of the equilibrium condition and by definition of the elastic energy, the
work done by the external load can read as

We(t) = /Ot O (('73 /OL S(as(x))dz + o /OL S’(as(a:))ds(as)dx> ds

_ /Otg'e(s)dH/Ot/OL "fs/(as(m))as(x)dxds.

Using the initial condition and the consistency condition in the bulk, one gets

We(t) = // (as asdxds—w1€2// ol s dx ds

— )+ /0 w(ag)de + w2 / / old. d ds — w2 /0 t (0 (L)ets (L) — 0 (0)css(0) ) ds.
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Using once more the initial condition and the consistency condition at the boundary, we obtain
the desired equality. O

10.2. THE HOMOGENEOUS SOLUTION AND THE ISSUE OF UNIQUENESS

If we assume that the bar is undamaged at t = 0, i.e. if a’(x) = 0 for all z, then it is easy to
check that the damage evolution problem admits a solution where a; depends on ¢ but not on .
This particular solution will be called the homogeneous solution. Let us construct it in the case
where the prescribed displacement is monotonically increasing, i.e. when U; = tL and under the
stronger assumption that a — —w'(«)/E’(«) is increasing from a positive value to 400 when «
grows from 0 to 1 (instead of being merely non decreasing as it is stated in Hypothesis 1, see
comment 6).

Since we assume spatial homogeneity for «;, we have u;(x) = tz and it remains to find the
two time functions ¢ — oy and ¢t — o¢. From (100), we get o = F(«y)t. Inserting this relation
into (105) and (108) leads to

2 w'(« 2 W«
2w <t2+ E'EaZD —0. (112)

Since ap = 0, the inequality for the damage criterion in (112) is strict at ¢ = 0 and hence by
continuity during a certain time interval. During this time interval, the bar remains undamaged
by virtue of the consistency condition in (112). Hence oy = 0 holds as long as the inequality in
(112) remains strict. Therefore a; remains equal to 0 as long as t < . with

2w'(0)

=\ TH) (113)

This corresponds to the elastic phase. For ¢ > ., since —w’/E’ is assumed to be increasing, the
first relation of (112) must be an equality. Therefore oy is given by

-(5)" ()

and grows from 0 to 1 when ¢ grows from €. to co. During this damaging phase, the stress oy is
given by
2w (o)
= . 115
Since w'/S’ is decreasing to 0 by virtue of Hypothesis 1, o decreases from o, to 0 when ¢ grows
from e, to co and the critical stress o is given by

[2w/'(0)
AT

= Eye.. (116)
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This last property corresponds to the softening character of the damage model as it was an-
nounced in comment 7 after Hypothesis 1. Note that o; tends only asymptotically to 0, which
means that an infinite displacement is necessary to break the bar in the case of a homogeneous
response. The damage rate and the stress rate are discontinuous at t = .. Indeed, just before ¢,
one has &; = 0 and 6y = Ey, while, just after, one has &; > 0 and ¢y < 0. For further comparison
with non-homogeneous solutions, let us calculate the stress rate at the beginning of the damage
phase. Differentiating (114) with respect to t gives the damage rate ¢y, while differentiating
(115) with respect to t gives the stress rate ¢ in terms of &;. Combining both relations finally
gives

lim 6 = — =

tlec t= QSI(O)QO‘CZEO

S7(0)o% — 2w (0)

In terms of energy, the dissipated energy during the damage process is given by

(117)

Eq(t) = w(ay)L.

Hence, it is proportional to the length of the bar. The total energy spent to obtain a fully
damaged state is equal to w(1)L and hence is finite by virtue of Hypothesis 1.

The non local term has no influence on the homogeneous solution. The length of the bar does
not play a role and the homogeneous response is the same whatever the bar length.

Let us now examine the issue of the uniqueness of the response. In the case of local damage
models (which are obtained by taking ¢ = 0), it is well known that the evolution problem admits
an infinite number of solution. Does the gradient term ensure the uniqueness? The answer
essentially depends on the ratio L/¢ of the bar length with the internal length, as it is proved
in part II in a particular case and in Pham et al. (2011b) in the general case. Specifically it was
shown in Pham et al. (2011b)[Proposition 4.4] that a bifurcation from the homogeneous solution
is possible at time t > ¢, if and only if L > D(¢) with

211)1

o= M\/azmat) —2uw(o)

In particular, a bifurcation can occur at the end of the elastic phase and leads to a non
homogeneous damage evolution if L > D, with

_ 211)1
D, = Trz\/UCQS,,(O) SEWTOR (118)

The main goal of the next section is to construct explicitly such a bifurcated solution from the
onset of damage to the break of the bar.

We assume throughout this section that the ratio L/¢ is sufficiently large in order that the
boundary conditions at x = 0 and x = L do not perturb the construction of the non homogeneous
solution.
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11. Construction of non homogeneous solutions

Let us consider a solution of the evolution problem. We deduce from (105) that 0 < oy < o.
Indeed, oy > 0 by virtue of (93) and (100). Then, integrating (105) over (0, L) and using the
boundary conditions (106) and (107), we obtain

L L L
U?/O S (o (z))dx < /0 2w (o (z))dz + 2w £%(a}(0) — a}(L)) < /0 2w (oy(z))dz.  (119)

But, since w’/S" is a decreasing function of a by virtue of Hypothesis 1 and since oy > 0, we
have
2w’ (oy(z)) < 028" (ew(x)), V€ (0,L).

Integrating over (0, L) and inserting the result into (119) gives 07 < o.2. Therefore o is the

maximal stress that the material can sustain in any evolution and not only during a homogeneous
damage process.

Let us remark that any solution of the evolution problem contains the same elastic phase,
i.e. ap = 0 as long as Uy remains smaller than e.L. Therefore, damage localizations can appear
only when U; has reached the critical value e.L and hence o; has reached the critical value o.
This critical time is denoted t..

The starting point in the construction of non homogeneous solutions is to seek for solutions
for which the equality in (105) holds only in some parts of the bar. For a given ¢ > t., the damage
field will be characterized by the set S, = |J; S; made of a finite number of intervals S} where
at > 0. In [0, L]\S;, the material is supposed to be sound and «; = 0. This part of the bar will be
called the (still) elastic part of the bar while the interval S will be called a (damage) localization
zone and the damage field inside a (damage) localization profile. We must discriminate an inner
localization zone where S! is an open interval of the form (z; — Di z; + Di) C (0,L) from a
boundary localization zone where S} is an interval of the form [0, D}) or (L — D%, L]. To simplify
the presentation, we first consider the inner localization zones. We will indicate after what is
changed in the case of a boundary localization zone. The successive steps of the construction
are as follows:

1. For a given t > t., assuming that o; is known, we determine the profile of the damage field
in a localization zone;

2. We study the dependence of the damage profile on the stress oy;

3. We analyze under which condition the irreversibility condition is satisfied.
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11.1. DAMAGE PROFILE IN A LOCALIZATION ZONE

Let o; be the stress at time ¢ > %, supposed to be known. We know that o¢, = 0. and that
o cannot be greater than o.. The limiting case o, = o. will be treated as a particular case
and hence one assumes that oy < o.. We will see that o; = 0 when the damage field takes the
critical value 1 somewhere in the bar. This limiting case will also be treated as a particular case.
Accordingly, by continuity, we first consider the cases where o; € (0, 0¢).

Throughout the remaining part of this subsection and up to the end of the next one, since ¢
is fixed, we omit the index ¢ in all quantities which are time-dependent. We omit also the index
i denoting the size D of the considered localization zone (it will appear that this size is, in fact,
the same for all localization zones). Let o be the stress and S; = (z; — D, x; + D) be a putative
inner localization zone. The damage field o must satisfy

a>0 and  —o?S'(a)+ 2w (a) - 2wl =0 in S, (120)

Since we assume by construction that the localization zone is matched to an elastic zone where
a = 0 and since a and o/ must be continuous (see Remark 8), the damage field also has to
satisfy the boundary conditions

a(z; £ D) = d/(z; £ D) = 0. (121)
Multiplying (120) by o’ and integrating with respect to x, we obtain the first integral
—0%8(a) + 2w(a) —w Pd?=C in S, (122)

where C is a constant. Using (121) and Hypothesis 1, we get C = —Sgo? with Sy = 1/Ey and
(122) can read as

2o () = F(o,a(x)) in S (123)
In (123), F denotes the function defined in [0, oc] x [0,1) by
_ow(B) o?
Fou ) i= 220 = 2 (5(8) — o). (124)

F
Since wlgﬁ(a, B) = 2uw'(B) — 025'(B) and since, by virtue of Hypothesis 1, w'(8) > 0 and
L 50)
2w'(B)
unique value of 8 in (0,1), say a*(o), for which OF /08 vanishes:

co-(3)(3)

Accordingly, F(o,-) vanishes at § = 0, is monotonically increasing in the interval (0, a*(o)), then
is monotonically decreasing in the interval (a*(¢),1) and tends to —oo when [ goes to 1. Hence
there exists a unique value of 5 in (0, 1), say @(c), for which F vanishes:

F(o,a(0)) =0, o*(0)<a(o) <1 (125)

decreases from 1 — 02/0.2 > 0 to —co when 3 grows from 0 to 1, there exists a
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Since @ > 0 and 4o/ = +4/F(0,a) in S;, by standard arguments for this type of ordinary
differential equations, one deduces that o/ (x;) = 0, a(x;) = @(o) and

’ ,:{ F(o,a) %n (x; — D, x;) (126)
—+v/F(o,a) in (z;,z; + D).

In other words, a(o) corresponds to the maximal value of damage (at the given time), taken at

the center of the localization zone. The damage state a*(o) corresponds to the damage state

of the bar under the same stress during a homogeneous damage process, see (115). This means

that the center part of any localization damage zone is more damaged while the remaining part

of the bar is less damaged than in a homogeneous process at the same stress level.

The size of the localization zone is deduced from (126) and (121) by integration. It also
depends only on ¢ and is given by

B a(o) ds
p) _E/O V2w (B)/wi — o2 (S(B) — So) /wi’

(127)

Hence D(o) is proportional to the internal length and is finite because the integral is convergent
3. Provided that L > 2D(0), it is thus possible to insert a localization zone of size 2D (o) inside
the bar. The position z; of the center can be chosen arbitrarily in the interval [D(c), L — D(0)].

We finally deduce from (126) and (121) that, in the localization zone, the damage field is
given by the following implicit relation between z and a:

a(o) dj
T —x;| =4 .
| | /a V2w (B)/wi — a2 (S(B) — So) [un

(128)

The damage field is symmetric with respect to the center of the localization zone, decreasing
continuously from @(o) at the center to 0 at the boundary. The spatial regularity of the damage
profile is governed by the regularity of the constitutive functions o — w(«) and o — S(«r). Under
Hypothesis 1, x — «a(x) as a solution of (120) is at least three times continuously differentiable
in §; provided that o € (0,0.). The damage profile is even indefinitely differentiable when the
constitutive functions are. We will see in the next subsection that this regularity is lost at the
limit o = 0.

Remark 10. The size of an inner localization zone and the damage localization profile depend
only on o. Since o is a global quantity, all the inner localization zones have the same size and
the same profile at a given time. One can also consider localization zones which start at the
boundary. In such a case, the consistency condition at the boundary enforces that oy vanishes
at the boundary and consequently the profile is still given by (127)-(128) with x; =0 or x; = L
and x € [0,D(0)] orx € [L— D(0), L]. In other words, the profile of a localization zone starting

% Indeed, F(o, ) behaves like §5(0,0)8 near 8 = 0 and like §E(0,a(0))(8 — @(0)) near § = a(o). Since
g—;(a, 0) > 0 and g—g(a,o_c(a)) < 0, the integral is convergent.
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at the boundary is a half of the profile of an inner localization zone, see Figure 7. Accordingly,
the total length of the set S of localization zones is nD (o) with n the number of half-localization
zones. Note, however, that such a half-localization zone becomes impossible when one changes
the boundary conditions and does not allow that the end of the bar be damaged.

We can summarize our construction of a localized solution by the following property:

Property 11.1 (Profile of a localized damage field). For a given stress o € (0,0c), the damage
field in an inner localized damage zone (z; — D(o),x; + D(0)) is given by (128) while the half-
length D(o) of the localized damage zone is finite, proportional to the internal length ¢ and
given by (127). The damage profile is symmetric with respect to the center x; of the localized
damage zone, mazximal at the center, the mazimal value &(o) being given by (125). The damage
profile is a continuously differentiable function of x, decreasing from a(o) at the center to 0 at
the boundary of the localized damage zone. The matching with the undamaged part of the bar
is smooth, the damage and the gradient of damage vanishing at the boundary of the localized
damage zone, see Figure 7.

a
a (o)

D() x—D(0) X x+D(0")

Figure 7. A typical damage profile in an inner localization zone and in a boundary localization zone when
0<o <o

11.2. DEPENDENCY OF THE DAMAGE PROFILE ON THE OVERALL STRESS

The maximal value of damage depends only on ¢ and enjoys the following property:

Property 11.2 (Variation of the maximal value of the damage with the stress). When o
decreases from oc to 0, the maximal value &(o) taken by the damage field at the center of a
localization zone increases from 0 to 1.

Proof. Let 0 < 01 < 03 < ¢c. Since 0 = F(o1,@(01)) = F(o2, a(02)) < F(o1,a(02)), and since
F(o1,8) < 0 when &(o1) < 8 < 1, we have &(o1) > @(o2). Hence 0 — a(o) is decreasing.

Let us prove that ap := lims_,, @(c) = 0. The limit exists and is non-negative because
o — a(o) is monotone and positive on (0, ). Passing to the limit in F(o,a(0)) = 0 when o
goes to 0 gives F(oc, &) = 0. Since F(o.,0) = 0 and 9F/95(oc, 5) < 0 for 5 > 0, we can conclude
that ag = 0.
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Let us prove that @; := lim,_,0 @(0) = 1. The limit exists and belongs to (0, 1] because a(o)
is decreasing and belongs to (0,1). If @ < 1, passing to the limit in F(o,@(c)) = 0 when o goes
to 0 gives 0 = F(0,a1) = 2w(ay), a contradiction. Hence @y = 1. O

Let us consider the limiting cases 0 = . or ¢ = 0, i.e. the onset of the damage localization
and the moment at which the bar breaks.

Case 0 = oc. In such a case, the differential system (120)-(121) governing the damage profile
in a damage localization zone becomes

—0.28" (@) + 20 (o) — 2w 2" =0 in S, a=ad =0 on IS,

Integrating the differential equation over S; and using the boundary conditions lead to

ac2/ S'(a)dx:2/ w'(a)dz.
Si Si

But, by Hypothesis 1, since 0.25'(a) < 2w'(a) for all a € [0,1] and since the equality holds if
and only if @ = 0, the unique solution of the differential equation is a(x) = 0 for all z. This is
in agreement with the previous analysis where it was shown that the amplitude of the damage
profile tends to 0 when o goes to oc. It means that the onset of the damage localization process
is progressive as a function of the overall stress. To find the shape of the damage profile when
o is close to o, one way is to expand the solution (127)-(128) in terms of the small parameter
0.2 — 0%. This requires a careful analysis of the behavior of the integrals when o goes to o.. One
can show for instance that limyys D(0) = D, > 0 whereas lim,4, &(0) = 0. This means that
the onset of damage localization is of small amplitude but occurs in a zone of finite length. This
result can be obtained directly by considering the bifurcation equation. Let us follow this latter
way as it is customary in bifurcation problems.

Specifically, since we are seeking for small damage fields for o close to o, one linearizes the
differential equation (120) which becomes

a>0 and (028" (0) —2w" (0))a 42w 20" = (0.2 —0?)S'(0) in S; = (x;— D¢, x4+ D,)

(129)
the boundary conditions remaining unchanged. To obtain (129) we have taken into account that
S'(0)o.2 = 2w'(0). This is the desired bifurcation equation. Then by standard arguments and
after easy calculations which are left to the reader, one gets

257(0)(02 — 0?) oz — 2y) 2wy
= DC = . 1
@) = g0y —2a7(0) 2D, ™\ %257(0) — 207 (0) (130)

One has thus obtained the following property:

Property 11.3 (The onset of a damage localization process). A localization of damage can
occur when the stress has reached the critical value oz given by (116). Damage then appears in
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one (or several) zones of finite size whose half-length D, is given by (130), with a profile which
18 approximately a sinusoid whose amplitude progressively increases when the stress decreases,
see (130).

Note that this value of D, is the same as in (118), which simply means that D, is the minimal
length of the bar for which one can construct a non-homogeneous solution at the end of the elastic
phase. The localized solution which requires less space is of course the one which starts at one
boundary, its size being half of the size of an inner localization zone, see Remark 10.

Example 6. In the case of the family of models of Example 5, the half-length of the damage
zone and the amplitude of the damage profile at the onset of damage are given by

2 2 2 0
@@:(1_02), D= | —2_m
p+q O (p+q)qec

Case o = 0. In this case, our previous construction of the damage profile is not valid. Indeed,
the differential system (120)-(121) becomes

a>0 and w'(a)-— Eyl?d" =0 in S;, a=ad =0 on IS,

Integrating the differential equation over S; and using the boundary conditions leads to |, S, w'(a)dr =
0, which is impossible by Hypothesis 1. As suggested by the fact that the maximal value of
damage tends to 1 when o goes to 0, one has to search for profile such that the damage field
takes the value 1 at the center of the zone. Since some quantities like the compliance function

a — S(a) and its derivatives become infinite when « goes to 1, the regularity of the damage
field is lost and o/(x) is no more defined at x = x; but undergoes a jump discontinuity. So the
differential system now reads

a>0 and w'(a) — Epf*d” =0 in S\, alz;) =1, a=ad =0 on IS

Multiplying by o the differential equation valid on each half-zone and taking into account the
boundary conditions at the ends, one still obtains a first integral wif2a/(x)? = 2w(a(z)) in
Si\ z;. Since a > 0 in §;, denoting by Dy the half-length of the localization zone, one necessarily
has

ol — +2w(a)/wy in (x; — Do, x;)
— 211)(0&)/11]1 in (%i, x; + Do)

Since a(xz;) = 1, the jump of o at z; is equal to —2,/2Syw(1)/¢. By integration, we obtain the
damage profile and the half-length of the localization zone:

(131)

s [t da
o=t | N ‘f V2w(a)jor

One can remark that this solution can be obtained formally by taking ¢ = 0 and @(0) = 1 in
(127)-(128). We have proved the following
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Property 11.4 (Rupture of the bar at the center of a localization zone). At the end of the
damage process, when the stress has decreased to 0, the damage takes the critical value 1 at the
center of the localized damage zone. The damage profile and the half length Do of the damage
zone are then given by (131). The profile is still symmetric and continuously decreasing to 0
from the center to the boundary, but its slope is discontinuous at the center.

Example 7. In the cases of the family of models of Example 5, the half-length of the damage
zone and the amplitude of the damage profile when the bar breaks are given by

¢ p (Y dv ¢ p (Y dv
|lv — x| = —, /= —_, Dy=—,/= e
Ec q.Jo \/].—’Up Ee q Jo /1 —P

For p =1, the profile is made of two symmetric arcs of parabola:
2

o 20

a(x):(1|””“”|) ’ Dy = ’

Dq 50\/6

For p =2, the profile is made of two symmetric arcs of sinusoid:

m|r — x| Do — ml
2Dy 0_60\/26‘].

The greater p is, the greater the size of the damage zone and the damage field, see Figure 8.

a(z) =1 —sin

«

1.0,

€c

-15 -10 05 0.5 10 15 ¢ (:c o x’)

Figure 8. Damage profile in the localization zone when the bar breaks, for ¢ = 4 and different values of the
parameter p (p = 1/2,1,2,4) in the family of brittle materials of Example 5

As we will see in the next subsection, the growth of the localization damage zone when
the stress decreases is essential in order to satisfy the irreversibility condition. However, if we
compare the size of the damage zone at the onset of damage with its size when the bar breaks,
i.e. if we compare D, with Dy, it is not clear whether Dy > D.. If we consider, for instance, the
family of models of Example 5 one has

Dy /plp+ 9l I _/1 dv
’ p =
0

D, 2 V1I—oP’
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Since ¢ > p > 0, the inequality Do > D, holds only if pI,, > 7. But, since pI}, is an increasing
function of p which is equal to m when p = 2, one has Dy > D, if and only if p > 2. If we plot
the graph of o — D(o) for different values of the parameters, one sees that D(o) is a decreasing
function of ¢ only for large enough values of the parameters p and ¢, see Figure 9. So, the

4. €D

14

L L L 1 L L L
0.0 02 04 0.6 0.8 10 0,

Figure 9. Evolution of the half-length of the damage zone as a function of the stress for three models of the family
of brittle materials of Example 5: for p = 1/2 and g = 2, D decreases all along the damage process; for p = ¢ = 2,
D remains constant; for p = 2 and ¢ = 4, D increases all along the damage process.

monotonicity of o — D(o) is a material property which depends only on the two state functions
a— E(a) and a — w(a). Note that the value of the internal length does not play a role. Since
the study of the general case is quite difficult, we will merely establish a sufficient condition for
the monotonicity of o — D(o) in the case of perfectly brittle materials.

Property 11.5 (Variation of the size of a localization zone with the stress.). For perfectly
brittle materials in the sense of Hypothesis 2, if a — \/E(«) is convex, then o — D(o) is non
increasing. In particular, this condition is satisfied in the family of models of Example 5 when
p=q=2.

Proof. Let us consider a perfectly brittle material and set oo = Fye., So = 1/FEy. For
o € (0,0c), the function F defined in (124) now reads

1-— S()E(a)

F(o,a) = Sp (Spo*E(e) — 0?) Bla) ae|0,1).

The maximal value a(o) of the damage is hence given by

stoy= 51 ().

Inserting into the definition of D(o) yields
() _%Em)
=/ dou.
/ \/ So0c2E(a) — 02) (1 — SoE(a))

62




Let us consider the change of variable a — 6 at given o:
o2
SoE(a) =1-0+0—.
Oc

6 increases from 0 to 1 when « increases from 0 to &(¢). Making this change of variable in the
integral giving D(o) yields

14 ! do
P0)= 5. |, T

where ® stands for the function o — ®(a) := /SpE(a) and ®'(«) is the derivative of ® at
a. If a = /E(«a) is convex, then @' is a non-decreasing function of «. Since E is a decreasing
function of «, so is ® and |®’'(«)| = —®'(«). Hence |®'(a)| is a non increasing function of .
Since « is a decreasing function of o at given 6 € (0,1), |®'(«)| is a non-decreasing function of
o at given 0. Accordingly D is a non-increasing function of o.

In the case of Example 5, the material is perfectly brittle when p = ¢ > 0 and then E(a) =
Ep(1 — «)P. Hence, a — /E(a) is convex when p > 2. Note that when p = 2, a straightforward
calculation gives

4
D(o) = —,
(7) =5
and hence the size of the localization zone remains fixed all along the damage process. O
e

-10 o5 T Tos 1.0 g(w_xi)

Figure 10. The damage profile for a given ¢ and its evolution with ¢ by assuming that ¢ +— o is decreasing in the
case of the model of Example 5 with p = 2 and ¢ = 4. The rupture occurs when o; = 0 and a@(o:) = 1. We check
numerically that o — D(o) is decreasing, see Figure 9.
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11.3. CHECKING THE IRREVERSIBILITY

It remains to check that the localized damage fields that we have constructed at different values
of o lead to an evolution in time which satisfies the irreversibility condition & > 0. Let us
reintroduce the time and the index ¢ in the notation. Since the center of the localization zone is
fixed, the condition of irreversibility is satisfied only if t — &(0¢) = a:(z;) is non-decreasing. Since
o — @(0o) is decreasing, this is possible only if ¢ + oy is non-increasing. Since oy (x;, z;+D(0y)) =
0 and since ay(z) > 0 for |z — z;| < D(o:) by construction, the condition of irreversibility is
satisfied only if t — D(oy) is non decreasing. This requires that o — D(o) is non increasing,
condition which is not automatically satisfied by the damage model, see Figure 9. When this
condition is not satisfied, our construction of localized solutions is no more valid. We must
consider an evolution of the damage where a part of the localization zone reenters in a non
damaging phase, the size of the still damaging part decreasing with time. To avoid such a
situation we make the following hypothesis:

Hypothesis 3. We assume that o — E(«a) and o — w(«) are such that o — D(0o) is non
INCreasing.

Note that this hypothesis is satisfied in the class of models of Example 5 when p = ¢ > 2 by
virtue of Property 11.5. Under this condition, it is possible to obtain the following property:

Property 11.6. Under Hypothesis 3, in order that t — oy given by (128) in a localization
zone (and equals to 0 otherwise) is non-decreasing, it is necessary and sufficient that t — oy is
non-increasing.

Proof. We know that it is necessary, it remains to prove that it is sufficient. Let us assume
that ¢ — o is non increasing. Then ¢ — a(oy) and ¢t — D(o;) are non decreasing. Let t1 < to
and z be such that |x — z;| < D(oy,). It is sufficient to prove that as := ay, () > oy, (x) =: ay.
Owing to (128), since F is a decreasing function of ¢ and since o4, < 0y,, we have

Doy [ LBt LRt
0< D(O'tz) D(Ut1) - /0 \/m 0 m = aig \/m
Hence as > aj. .

By virtue of this last property, our construction of a non homogeneous solution is valid provided
that the bar is sufficiently long for a localization zone to appear and grow without reaching the
boundary. Since the size of the localization zone increases with ¢, that leads to the inequality
L > 2Dy. If we consider a non homogeneous solution which starts at one end, our construction
is valid provided that the localization zone does not reach the other end of the bar and hence
provided that L > Dy. Owing to (131), that gives the following lower bound for L:

(132)

s o
> _—
- /0 V2w(a) /wy
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Proposition 11.7 (A solution of the evolution problem with damage localization). Under
Hypotheses 1 and 3, we have constructed a damage evolution t — oy which satisfies the evolution
problem PB 10.1 if the bar is long enough and if we can control the loading in such a manner
that the stress is continuously decreasing. A typical example of the evolution of the damage from
its onset to the rupture is given in Figure 10.

In the case where Hypothesis 3 is not satisfied, our construction is no more valid, the irre-
versibility condition is not satisfied because the size of the damage zone is decreasing. In such a
case, the construction of the solution must be refined. It is outside the scope of these Lectures.

11.4. ENERGY DISSIPATED IN A LOCALIZATION ZONE

By virtue of Property 10.2 and of (110) the energy dissipated in an inner localization zone when
the stress is o is given by

Exo) = /x e <;w1€20/(:1:)2 + w(oz(x))) da.

i—D(o)
By symmetry, it is twice the energy dissipated in a half-zone. Using the change of variable x — «
and (123), we obtain
(o) 4w(a) — o2(S(a) — Sp)
0 V2w(a) /wy — o2(S(a) — So) /w1
It is easy to check that o — &y(0) is decreasing with £;(o.) = 0, while £;4(0) represents the
energy dissipated in a localization zone during the process of damage up to rupture. Let us call

fracture energy and denote by G, this energy by reference to the Griffith surface energy density
in Griffith’s theory of fracture. Since a(0) = 1, we have

Eq(o) =1

dov. (133)

Property 11.8 (Fracture energy). The energy dissipated in an inner localization zone during
the damage process up to rupture is a material constant G. which is given by

G.= E/Ol V8w(a) /wida. (134)

Because of the lack of constraint on the damage at the boundary, the dissipated energy in a
boundary localization zone up to the rupture is G./2.

Example 8. In the case of the family of strongly brittle materials of Example 5, the fracture
energy is given by

1
G, = 2Jp\/gac€, Jp = / VI— P dv. (135)
0

Thus G, is proportional to the product of the critical stress by the internal length, the coefficient
of proportionality depending on the exponents p and q. This link between surface fracture energy,
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critical stress and internal length is quite similar to the link between the analogous quantities
in cohesive force models, see (Charlotte et al., 2000; Marigo and Truskinovsky, 2004). More
generally, cohesive force models and gradient damage models have very similar properties. Both
can be seen as reqularization of Griffith’s model in fracture mechanics, with in each case the
great advantage (by comparison to Griffith’s model)of containing a critical stress and an internal
length. A more fundamental comparison of these two reqularized models deserves to be made.
The interested reader can refer to (Lorentz et al., 2011) for a first interesting attempt in this
direction.

12. Concluding remarks

The solution of the evolution problem is characterized by the competition between two funda-
mental damage modes: solutions homogeneous in space and solutions with damage localization.
The study of their properties is fundamental to have a qualitative understanding of an evolution
problem. We focused on a class of damage models characterized by a finite elastic limit and
stress-softening. In this case, for sufficiently long bars, bifurcation from the homogeneous solution
toward a localized appears as soon as the stress reaches the elastic limit

2w'(0)
e =4 ——2. 136
=\ 50) (136)
We studied the evolution of the bifurcated branch until the complete failure of the bar, which
is obtained when the maximum value of the damage field reaches 1. The fully localized solution
is characterized by a localization width Dy and a dissipated energy G. given by:

D() = Cl/w 6, s GC = Cy W1 £ (137)

where ¢/, and ¢, are two dimensionless constants defined by

€1/ = \@/01 \/Kda, Cow = 2\@/01 \/T?)da (138)

The original expression of the energy density (84) was written taking as reference value for the
dissipation the energy dissipated per unit length in a uniform solution, w;. On the contrary the
characteristic dissipation per unit length in a localized solution is G. = ¢, wq £/ L, where L is the
length of the bar. Evidently, for small values of ¢/ L, damage localization is a convenient failure
mode. Indeed solutions with homogeneous non null damage are unstable for long bars. If one
want to focus on the failure induced by localized solutions, it is convenient to use equation (137)
to rewrite the energy density in the following form, where G. appears as independent variable
instead of wy

1 G. la?
W(e,a,o) = 5 B(a)e? + (:’;(f;) + ‘;‘ > . (139)

66



This form of the energy density underlines the links between the damage and brittle fracture.
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