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Abstract

Within the framework of damage mechanic, numerous anisotropic damage models
have been proposed in the literature with the aim to represent the anisotropic degrada-
tion of quasi-brittle materials. The benefits from such models arise from the fact they
are consistent with the principles of the continuum mechanics enabling easy numerical
implementation in the majority of finite element codes. Despite the wealth of anisotropic
models in the literature, further developments are needed to simulate correctly the re-
sponses involving phenomena related to crack closure. The present paper proposes a new
class of anisotropic damage models characterized by its capabilities to describe non linear
progressive stiffness recovery with the possibility to introduce permanent strains. The
theoretical framework takes benefits from some results of the operator function theory.
Further mathematical features are established for sets of functions, which are termed
opening (closure) cracking functions. These features are useful to control the material
behavior when the tensile or the compressive strains are activated (deactivated) with
more or less smoothness. The thermodynamical admissibility condition is fulfilled, as
long as the damage variable and the cracking functions satisfy further conditions. The
robustness associated with the time integration of the proposed class of models is illus-
trated by a structural case study.
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Nomenclature

o Schur product (Hadamard product)

I Bound norm

|-l Frobeinus norm

(-,-)  Scalar product on R"

c* Set of opening cracking functions

c- Set of closure cracking functions

D Second order damage tensor

1573 The Fréchet derivative with respect to the variable x
E Young’s modulus
n

Material parameter

é Mazars’s equivalent strain

€ Strain tensor

H Second order integrity tensor
1 Identity matrix

Ko Damage threshold

A, o Lamé’s coefficients

v Poisson’s ratio

P Free Helmohltz energy

R™ Real space of n dimensions
s Triaxiality exponent

S Damage strength

Sn Space of symmetric (n X n) matrices
St Space of positive symmetric (n X n) matrices
o Stress tensor

tr(-) Trace operator

Tx Stress triaxiality



1. Introduction

Within the framework of structural design, efficient numerical analysis requires robust
constitutive material models to predict satisfactorily the non linear behavior of structures
under static or cyclic loading. As one of the most commonly used materials, concrete
is viewed as a complex heterogeneous medium, characterized by significant density of
micro-cracks with different orientations, generally normal to the extension strains. The
evolution of these micro-defects results in the degradation of the modulus which itself
leads to a non linear response of the structure [1]. When compressive loading is applied,
the cracks close, leading to the stiffness recovery. This phenomenon is known as the
unilateral effect and has to be considered in the numerical computations when dealing
with cyclic loads. Although many damage models, especially isotropic ones ([2, 3, 4, 5,
6, 7]), have been developed to reproduce the crack closure effect, further efforts still need
be made to simulate correctly the structure response under cyclic loads. Besides this

specific feature, additional ones can be summarized as follows:

e stiffness degradation due to the rise of defects in the micro-structure,

e anisotropic behavior in the sense that the degradation depends on the directions,
e dissymmetry between tension and compressive response,

e permanent strains when unloading,

e continuity of stress with respect to both strain and damage variables,

e single damage variable to describe the damage process whatever the complexity of

the loading path [8].

The concept of continuum damage mechanics has been developed to describe the
material degradation in an equivalent continuous media, by means of internal variables
that decrease the elastic modulus. This is generally achieved by using a scalar dam-
age variable when a random distribution of micro-cracks is assumed or using a more
or less complex variable (tensor) leading to a more realistic representation of the ma-
terial anisotropy. As reported by several researchers, elasticity coupled with damage is

generally sufficient to describe the concrete behavior, especially when the tension is the
3



main cause of structural failure. During the last decades, several anisotropic models have
been proposed in the literature. One of the earliest development concerns the extension
of the concept of equivalence between fictitious undamaged configuration and the real
damaged configuration in three dimensions suggested by Murakami [9] leading to the
definition of an effective stress tensor using a symmetric second order damage tensor.
Based upon the effective stress concept, Lemaitre et al. [10] proposed one of the most
popular damage-based anisotropic model established within the framework of the strain
equivalence principle, where the elasticity is written through a partition technique be-
tween the deviatoric part and the hydrostatic part of the elastic energy. However, the
relations controlling the damage evolution does not prevent the damage variables from
evolving beyond the unity and losing their physical meaning. Consequently, additional
improvements have been proposed recently by Desmorat [8] where the damage state is
described using the integrity tensor instead of the damage tensor. An attempt to cou-
ple the hysteretic effects (due to frictional mechanisms between the lips of the cracks)
with anisotropic damage has been suggested by Halm et al. [11], using a spectral de-
composition. Nonetheless, some thermodynamical inconsistencies reflected by the non
uniqueness of the potential have been reported by Cormery et al. [12]. Similar draw-
backs were expressed regarding the anisotropic model developed by Chaboche [13]. In
order to move forward, enhancements of the original Halm’s model have been proposed
by Bargellini et al. [14] using fixed micro-crack directions in such a way that the damage
evolution is controlled by functions, called micro-crack densities. Despite the wealth of
the proposed formulations, further developments are still needed to build a consistent
thermodynamical model.

The paper aims to present a family of anisotropic damage models for quasi-brittle
materials characterized by (more or less) regular stiffness recovery to describe a more
realistic unilateral effect. The model is based upon a second order integrity tensor as a
damage variable and is built using two classes of functions defined here as the opening
(closure) cracking functions which generalize the notion of positive (negative) part func-
tions. Theoretical results related to the cracking functions are established to ensure the
thermodynamical consistency of the model on one hand and to point out some valuable

features of the proposed formulation on the other hand. The mathematical developments
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take advantage of existing results associated with the operator function theory and have
been extensively studied by several investigators since the beginning of the 20" century
and becomes popular thanks to the works of K. Lowner [15], J. Bendat and S. Sher-
man [16] and A. Kordnyi [17]. Following the discussion presented above, it is assumed
the damage evolution is driven by a second order tensor for all loading paths. This is
generally achieved by imposing a particular evolution of the rate of the tensor D or an
associated tensor f(D), where f is a matrix function. Ensuring the boundedness of the
damage variable is one of the crucial conditions to keep a physical meaning of the results.
The recent developments proposed by Desmorat [8] uses the rate of the Cordebois tensor
H=(- D)fé instead of the classical tensor D to obtain the desired boundedness. A
specific attention is paid to this issue in this paper and it will shown later that weak
assumptions on the regularity of H with additional conditions are sufficient to guaranty
that the damage eigenvalues can be represented by continuous non decreasing positive
functions bounded by unity. Many tensorial representations of the damage variable can
be found in the literature satisfying the above properties which, in general, can be ex-
pressed in the form ¢ = (I — D)”, where p is a real (see for instance [18] [19] [20] [21]).
It is seen that the rate d) depends on the exponent p and, in many cases, there is no
equivalence between the positivity of ¢ and D, i.e. for instance if p = —% the positivity
of (/) does not imply the positivity of D. This issue is also discussed in the present.

The paper is organized into three parts. The first part reviews some notions and
basic results related to the matrix function theory. The second part is devoted to the
construction of a new class of damage models characterized by its abilities to take into
account the unilateral effect with the possibility to introduce permanent strains. Fur-
ther fundamentals mathematical results concerning the well-posedness of the boundary
problem at fixed damage state as well as the thermodynamical consistency in the sense
of distributions are shown. The relation between the rates associated with the damage
tensor and different form of the integrity tensor is also investigated. The last part is

focused on the numerical examples to highlight the robustness of the model.



2. Trace functions background

2.1. Definitions and notations

Let S,, denote the space of n X n symmetric matrices, equipped either with the bound
norm ||.|| or the Frobeinus norm [|.|[,. The identity matrix is denoted I. There is a

natural partial order on S,,, a matrix A is said to be positive semi-definite in case:

2T Az >0 VaxeR" (1)

and we write A > 0. A is said positive definite if the inequality (1) is strict for all
z # 0 in R™ and we write A > 0. Finally, the space S, is partially ordered by defining
A > B as A— B > 0. The subset of positive matrices is convex and is denoted by S;I.

Let f be a real function on an interval J. If A is a symmetric matrix, with its

eigenvalues, denoted aj, ..., ay,, are in J, we define the operator function f in S, by:

n

f(A):Zf(ai)Pi (2)

i=1
where P; are the spectral projections of A. For any orthonormal basis, says {e1, ..., e, },

the trace function, defined on S,,, and associated with the function f is given by:

n

tr(f(4)) =Y (ei, f(A)es) 3)

i=1
where (.,.) is the inner product on R™.
f is said to be a monotone matrix function if for any symmetric matrices A and B
such that A > B, we have f(A) > f(B).
Finally, two matrices A and B from S,, are equivalent if there exist a non-singular

matrix R, not necessary symmetric, such that:

A=R"BR (4)

As a consequence of the equation (4), if the matrix B is positive (resp. negative) then

A is also positive (resp. negative), and conversely.



2.2. Basic results

Let J =la, b[ be an interval and f a continuously differentiable function on I. Then

we denote by f[I the function defined on J x .J such as [22]:

ey ()
f[l] (1‘733) :f’(:L')

If K is a diagonal matrix with diagonal entries dy, ..., d, which are selected from I,

M (@, y) =

we denote by fIU(K) the n x n symmetric matrix whose (4, j)-entries are fl!l(d;, d;). If
A is a symmetric matrix and A = QTKQ, denote fI(A) = QT f(K)Q. The map f is
Fréchet differentiable at A and is given by:

Bf(A) () = tim {ATHD) = F(4)

lim . = Q" [M(K) 0 Q™| Q (6)
where o denotes the Schur-product. Recall that the Schur product (or the Hadamard
product) of two matrices A and B is defined to be as the matrix A o B whose (i, j)-entry
is a;;jbs;.
The trace function defined above is also Fréchet differentiable at A and its derivative
is given by:

Dr(f(A)(H) = tr (f (A)H) (™

Generally, if L* is the adjoint of a linear operator L defined on S,, then:

Dir(f(L(A))) = L*(f (L(A))) (®)

As an example which will be used later, let L(A) = KAK for any symmetric matrix
K, then L is symmteric and L = L*.

The relation between the convexity of f and ¢r(f(.)) is the most interesting feature
of this class of functions. An immediate corollary of the Peierls’s Inequality [23] shows
that if f is convex (resp. strictly convex) then A — tr(f(A)) is convex (resp. strictly
convex). Furthermore if the map is assumed convex, a practical inequality implying the

Peierls Inequality states that for any unitary vector wu:



f((u, Au)) < (u, f (A) u) (9)

where the eigenvalues of A belong to the domain of f.

3. A new class of damage models and fundamental results

3.1. Motivations and definition of cracking functions

The unilateral effect is considered as an intrinsic feature of quasi-brittle materials
such concrete. This phenomenon is described by the majority of isotropic (or anisotropic)
damage models using a split technique between the compressive and the tension behaviors
by means of the positive part function z — <oc>+ = max (z,0). This function is generally
introduced into the stress or strain tensor in order to distinguish the compressive strain
(stress) from the tension strain (stress). Nonetheless, the lack of differentiability at x = 0
may cause serious numerical issues when the tangent (or the secant) stiffness matrix is
updated. Indeed, when the positive part function is applied to a symmetric matrix A,
in the sense of the definition (2), it is seen that the resulting matrix, denoted (A)+, is
positive and belongs to S;. According to relation (6), one may infer that A —s (4)"
is differentiable if and only if A is non singular. Thus, the stiffness operator is only
meaningful for this set of matrices. In addition to this drawback, such function cannot
represent the non linear progressive behavior of the material during the stiffness recovery
stage.

Given the aforementioned shortcomings, the aim of the following parts is to introduce
new families of functions, called opening cracking functions (resp. closure cracking func-
tions) playing a similar role as the function  — ()% (resp. # — (2)” = min (z,0))

enjoying more valuable features in term of smoothness as detailed later.

8.1.1. Opening cracking functions
Definition Let C* be the the set of the opening cracking real-valued functions f defined

on R and satisfying the following properties:

1. f is convex on R,

2. xll)a[_loo (f (z) — z) is finite,
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. f is integrable in the neighborhood of —oc.

CT is clearly convex and not empty since the function f (x) = max (z,0) fulfills all the

aforementioned items. It will be shown that, in addition to the statements (1), (2) and

(3)a

valuable features characterizing the opening cracking functions can be derived which

provide new information on the regularity of such functions or their behaviors at —oo.

Recall that the interest of such functions is to build, not a single, but a class of elastic

damage models that fit into the thermodynamic framework and satisfy some classical

properties such as the positivity of the potential energy and the convexity with respect to

the strain tensor. Since no regularity is imposed, each model from the previous class may

differ from each other in terms of capabilities of smoothing the responses when switching

from tension to compression. Further properties of the opening cracking functions are

given in the following proposition.

Proposition 3.1. Let f be of CT, then:

—_

- W N

. f belongs to C° (R), i.e., f is continuous on R,
. [ is a non decreasing positive function and lim f (z) =0,
r——0o0

. F(x) = ffoo f(w)du is a convex positive function,

. f is a 1-Lipschitz function.

Proof :

1
2

. The continuity results from the convexity of f [24].

. Let (z,), be a strictly non increasing sequence such that lirf x, = —oo. If
n—-+0oo

there exist an integer p > 1 such as f(zp+1) > f(xp), then (f(z,))n>p is non
decreasing sequence. Indeed, since z,+9 < 11 < Zp, there exist ¢ €]0,1[ such
Tpy1 = txp + (1 — t)xppo. Thus, using the convexity of f, we conclude that
(f(xptr2) — fxp+1)) > ﬁ (f(zps1) — f(xp)) > 0. By induction, the result re-
mains valid for all n > p.

In all cases, it is seen that (f(z,)), admits a limit [ € R which is not necessary
finite when n goes to +00. The next step consists in establishing that two sequences

(pn),, and (gy),, of the same nature as (,),, have the same limit. For this purpose,

we build another sequence (z,),, of the same nature as (z,),, such that (z2,), and
9



(22n+1),, are sub-sequences of (p,), and (gy),, respectively (this is possible by
construction). It is clear that (z,), has at least two adherent points in R which

are the limits of (p,),, and (g,),. Moreover, (z,), converges (since (z,),, shares

n
the same properties of (x,),,) with a unique adherent point. Thus, both sequences
(pn),, and (gn),, have the same limit [ as (x,), which is evidently the limit of f
when z — —oo since f is continuous. Moreover, if [ # 0 then the function f cannot
be integrable in the neighborhood of —oo which contradicts the definition of CT.

Hence, for all (z,y) € R? we have:

T —y z——00 Z—vy
In the equation (10), we use the fact that the map z — %ﬁ(y) increases with

x (classical result from the convex function theory). Given this result, we deduce
that f is a non decreasing positive function since f (z) > f(—o0) = 0.

. Since f is positive, then F(z) = ffoo f (u)du > 0. Moreover, the monotony of f,
previously demonstrated, implies the convexity of F.

. Using the assumption lim (f (z) — ) < 400, we infer:
r—+00

o 1O @) T@ 1) )
z—+00 z—y r—y
Thus,
[f (@)= fW)] <z —yl (12)

O

Before going further, same comments on the physical interpretation of the previous

proposition can be given. Since the present model is built using the Helmohltz free

energy (expressed in term of the strain tensor), the continuity of the opening cracking

functions is needed to ensure the continuity of the stress tensor with respect to the strain

tensor, as highlighted later. The second property shows, in conjunction with the role

played by the positive part function, that any function from this family is deactivated

once the compressive strains become sufficiently large. The third property is useful to

build a positive convex free energy with respect to the strain tensor using the primitives

10



of the form F (z) = [*_ f(u)du. Finally, the assertion 4 implies that f is differentiable
almost everywhere in the sense of Lebesgue measure. This is also a direct consequence
of a deeper result in the convex analysis (see [24]). For practical applications, we restrict
ourselves to smooth functions that belong, at least, to the space C* (R) except for a finite
set of points.

From a physical point of view, the second assumption of the above definition indicates
that the term f(z) is approximately equal to « up to a constant when the tension strains
are sufficiently significant. This condition, when considered without further assumptions,
is not sufficient to conclude that f/(z) is close to 1 when z is sufficiently large and thus to
provide information on the behavior of the tangent stiffness for a fixed damage state. In
order to achieve a better convergence of the Hessian operator, it is necessary to control
the behavior of the derivative at (+o00) in order to satisfy similar properties as the ones
fulfilled in case of the positive part function. In this case, the derivative of each function
should converge to unity for important tension strains and vanish (or converge to 0) for

compressive strains. This is ensured by the following proposition:

Proposition 3.2. Let f be an element of Ct, which is differentiable except in finite

number of points, then:

’

im () =1 (13a)
dim_f () =0 (13D)

Proof :

We restrict ourselves to the first assertion since the second holds by analogy. Forn € N
sufficiently large, using the mean value theorem, there exist an increasing sequence (&,),,
such that n < &, <n+1 and:

f+)—f)
e A ) (14)

Taking into account the fact that f is convex, f/ is an increasing function, which

means that lim f (z) exits and equals to lim f (&)
T—+00 n—-+4oo

In other hand, we have:

fn)—n=c+o(l) (15)
11



for some constant c¢. Thus, using the above relation for n and n + 1, respectively, we

deduce f' (€,) = LnED=S) — 1 4 (1), O

n+l—n

Remark :

Because f increases with  and f  (—oo) = 0, the derivative f* is non-negative which
means that the function F' is convex (since F' = f/) as claimed by the proposition
3.1. Moreover, it should be noted that the relations (13a) and (13b) do not always hold

without the convexity assumption. O

3.1.2. Closure cracking functions
In the same spirit, we define C~, the set of the closure cracking functions f satisfying

the following properties:

e f is concave on R,

e lim f(z)— x is finite,
Tr—r—00

e f is integrable in the neighborhood of +oco.

From the definition above, the set C'~ is also convex characterized by the following

properties:
Proposition 3.3. Let f be of C™, then:

1. f belongs to C° (R), i.e., f is continuous on R,
. [ is a non decreasing positive function and lim f(z) =0,
T—r+00

. F(x) = fjoo f(w)du is a convex positive function,

= W N

. [ is a 1-Lipschitz function.
Proof : similar to proposition 3.1 O

Furthermore, if each function f € C~ belongs to C! (R) except in a finite set of

points, then:

Proposition 3.4. Let f be an element of C~, which verifies the above assumption, then:

12



lim f (z)=0 (16a)

r—+00
Jim f (@) =1 (16b)
Proof : similar to proposition 3.2 (I

3.2. The free energy expression

One of the challenges encountered in the thermodynamical formulation for quasi-
brittle material models is the description of the unilateral effect using single damage
variable [25]. In this section, the free energy associated with the new class of damage
models is elaborated by means of the cracking functions, introduced in section 3.1. The
unilateral effect is taken into account by splitting the free energy, denoted v (¢, H), into
two different parts. The first part affected by the second order integrity tensor H, related
to the damage tensor D and defined by H = (I —D)_% as pointed out in the introduction,
describes the behavior of the material as long as the tension strains are activated. The
second part, partially affected by the second order damage tensor, describes the behavior
when compressive strains are activated. Theoretical results from the previous section are
used to describe the main properties of the free energy, regarding to the smoothness and
the convexity character. Further mathematical results concerning the boundary value
problem are also investigated.

Let € be the strain tensor and H the integrity tensor, the free energy potential ¢ (e, H)
is defined by:

» (67 H) = ¢;+7G+ (67 H) + 1/}1;—7(;7 (6) (17)
where,
Pt o (e, H) = 2utr (F+ (H—%EH—%)) A ﬁ G* (tr (€)) (18)
and,
PUp- - (€) =2 (L= |ID)) tr (F~ () + X G~ (tr (¢)) (19)

13



where F* iz [*_ f* (u)duand Gt :x— [* g% (u)du, where f* and g* are
the opening cracking functions selected from the set CT, while F~ : 2 — fj:oo f~(w)du
and G~ : z —> fj:oo g~ (u)du where f~ and ¢~ are the closure cracking functions
selected from the set C~. The norm ||.|| is the bound norm or the norm associated
with the inner product (.,.) on R™. The parameters A and p are the Lamé coefficients
for undamaged material and 7 is a positive parameter selected between 0 and 1. As
mentioned above, the potential ¢;+,G+ (e, H) represents the behavior affected by the
damage controlled by the tensor H, while w;,’ G- (€) represents the behavior partially
affected by the damage. When the parameter n is equal to 1 the unilateral effect is
total as will be shown later. Note that the non linearity of the cracking functions has
the advantage to reproduce a progressive crack opening that match the experimental
observations [26]. Moreover, smoothing the behavior has also the benefit to improve
the numerical convergence comparing with the damage models with abrupt contact as
reported by [27]. This can be achieved by selecting sufficiently smooth cracking functions,
at least of class C*, to ensure the continuous differentiability of the functional v (e, H)
in one hand and the continuity of the corresponding Hessian matrix on the other hand.

Note that the matrix H~2eH 2 in the relation (18) is equivalent to the strain tensor
e following the definition given in section 2. Thus, it is clear that if the tensor e is
negative semi-definite (i.e. —e est positive semi-definite), the stress tensor related to the
damaged part tends to vanish when the eigenvalues of € are negatives and sufficiently
high. Conversely, if € is positive, the stress tensor related to the undamaged (or partially
damaged) part becomes inactive when the eigenvalues of € are positive and sufficiently

large.

Remark : The concept of special positive part of the stress tensor, denoted oT, has
been proposed by Ladevése [18] which is built using the positive part of eigenvalues of
the matrix Ho. Indeed, it can be verified that the previous definition is related to the

positive part function (see Appendix A) by:

tr (HiotHyot) = tr <(<H10H1>+>2> (20)

14



One can notice that the proposed Helmholtz free energy 1 has the property to be
independent on the basis in which it is expressed. In other words, one can observe that
Y (e, H) =1 (UTe UUTH U) for all orthogonal matrix U. The convexity is ensured for
all of cracking function, while the strict convexity can be ensured if one the functions F'*
or F'~ is strictly convex. It is worth noticing that the strict convexity of the potential
is generally essential (of course with further assumptions) to construct a one to one and
onto operator between the strain and the stress tensor spaces. Due to thermodynamic
requirement (see section 3.3), the function F'* can only be strictly convex in R*. This
constraint, combined with a weak assumption on F~, provides a strict convexity of the

potential as stated by the proposition 3.5.

Proposition 3.5. If f and f~ are strictly monotone on RT and R™, respectively; then

the potential ¥ is strictly convex on S,

Proof : The proof is divided into two steps:

Step 1: Let x > 0, then for real y, we have F*(’%‘y) < w Similarly, if
z < 0 then for each real y we have F'~(Zf) < w

Indeed, if 0 < = < y, the result is obvious using the convexity of F*. Since F'T
is convex we have for each real z; such z1 < x : f* (1) < mﬁ%ff(m If the
equality holds, then there exist (using the mean value theorem) a real zy € I = (z1,%)
such f* (z1) = f* (x9). Given the monotony of f*, we have f* (z1) = f* (y) for
all y € [x1,70]. Let 2, such o = 2x; — xo then by the convexity of f*, we have
fH (@) < 3(f (z2) + f* (z0)) which means f*+(z1) < fF(22). But 2o < z; and
[T (@2) < f*(21) then f* (z1) = f* (z2) = [T (y) for all y € [z2,20]. Let (zn)n>0
a sequence such as ¥,4o = 2T,11 — T,,. By recurrence, one may infer that fT () =

fH(zo) = fT(y) for all y € [x,,z0]. Since (z,),>0 is arithmetic, z, — —oc and

/1 (—o0) = 0, we conclude that F* (x) = F* (x1). This is absurd since F'™ is strictly

Ft(z)—F*(z1)
r—T1

monotone on R*. Thus f* (z;) < . Putz; = XY we have also fT (21) (y—
x1) < (F*(y) — F* (21)). Summing the two previous inequalities, we obtain the result.
The case related to F'~ is proved by analogy.

Step 2: If A and B are symmetric matrices such as @ZJ(#) = v | ¥B) then

2 2
A=B.
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First, let us observe that the convexity of the functions involved in the potential im-
poses that tr(F+(EABEY) — L (FH(K BK))+tr(FT(KBK))) and tr(F~(4££)) =
tr(E (A)) + tr(EB) (B)) where K = H™2 (note that the matrix K is positive definite).

Let {ej,...,en} be an orthonormal basis consisting on eigenvectors of #. Then, we

have:

tr(F( A+B :Z (< A;Bei>> (21a)
SZ% ((es. Aei)) + F~ ({ei, Be))) (21b)

§Z% ((e;, F~ (A)e;) + (e;, F~ (B)e;)) (21c)
:% (tr (F~ (A)) + F~ (B)) (21d)

In the previous inequality, we use the fact that F~ is convex and F~ ({u, Au)) <
(u, F~ (A) u) for all unitary vector. The equality between the first and the last term
implies that F~ ({e;, Ae;)) = (es, F~ (A)e;) and F~ ({e;, Be;)) = (e;, F~ (B)e;) for
all i. Let Aa = (Aa1,..-,Aan) be the eigenvalues of A, then there exist a doubly
stochastic matrix (a;;) such F~ (2??:1 aijAAj) — F ({es, Aey)) = (ei, F~ (A)e;) =
Z;—;l a;jF'~ (Aa;). Since for all j, there exists o (j) such as a,(;); # 0, then the strict
convexity of '~ on R™ implies that we have a,(;); = 1 and ay; = 0 for any k # o (j)
as soon as Aa; < 0. In this case, we have (e;, Ae;) = A4;. From the equality between
the first and the second lines of the equation (21), one can notice that we have necessary
<el, AJQFB ez> = (e;, Ae;) = (e;, Be;) once (e;, Ae;) < 0 or {e;, Be;) < 0. Consequently, the

matrices A and B take the following expression in the basis {eq, ...,e,}:

AT 0 AT 0
A= B= (22)
0 XA 0 XB
where A7 is a negative definite diagonal matrix, X4 and X p are positive submatrices.
We deduce that A and B have the same restriction on the subspace in which the both
matrices are strictly negative, that is denoted here W.

Now, we use the same strategy on the function F*. The matrices KAK and KBK

can be expressed in some basis {u1, ..., u, } such as:
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Ya O Yg O
KAK = KBK = (23)

0 A* 0 A
where A" is a positive definite diagonal matrix, X4 and Xp are negative matrices.
From (23), the matrices KAK and K BK coincide on the subspace where both matrices
are strictly positive and coincide on the subspace where both matrices are strictly nega-

tive, which is K~1(W). From this, we deduce that both matrices have the same kernel,

which leads to the fact that KAK = KBK or A = B because K is non singular. O

The stress tensor can be derived using the expression of the free energy (17). Here,
we assume that the stress tensor is related to the damage tensor H and the strain tensor

€ by:

o(e, H) Eew(e, H)

o e (H-%EH—%)H—%H% Fr) I (24)
T

@) ?

+2u (L=nl[[DI) f~(e) +Ag™ (tr(e) I
The first term is obtained using theequation (8) with the linear operator L(e) =
H~%e¢H~* whereas the other the terms are derived straightforwardly using the equation
7. It should benoticed that the stress tensor is continuous with respect to the damage
and strain tensors, since the cracking functions and the norm ||.|| are continuous. The
proposition 3.6 shows that the stress tensor, when considered as an operator, is Liptchiz

with respect to the strain tensor.
Proposition 3.6. We claim:

e Each function f € CTUC™ satisfies || f (A) — f(B)|l, < ||[A — Bl|, for any couple
(A,B) € (S,)%.

e The operator 1361/)(., H) is Lipschitz with respect to € and we have, for some constant

C that depends on H, X\ and p:
| Detea, 1) = Devter, )| < Clea =l

for all (e1,€2) € (Sn)?.
17



Proof :

The proof of the first assertion focus on the set C* (similar proof is applied to C~)
and can be achieved in two steps:

Step 1: The set CT N C> (R) is dense in Ct with respect to the uniform norm.

Let f € CT and p. € C* (R) a positive function such supp(p.) C (0,1) and fR pe = 1.
We introduce a sequence of infinitely differentiable functions (f,), defined on R by:
fu(@) = [gpe(n(z—y)) f(y)dy

We claim that f, belongs to CT N C*> (R) for each n. Indeed, we have f,(z) =
Jg pe (ny) f (x —y) dy. Using the definition of the convexity and the positivity of p, it
is clear that f, is convex. Since x — f,(x) — x is convex, the limit zgr}rloo (fn(x) —x)
exists. In addition, we have f,(z) —2z = [z pc (n(z—y)) (f (v) — f (®))dy + f(z) — =
It is seen that the last term is bounded due to the definition of f and the first is also
bounded by |fy pe (n (1)) (f (4) — £ (@))dy| < fy pe (n (@ =)o —yldy < L. Thus
the limit N lim (f, (z) — x) is finite. The integrability of f,, in the neighborhood of —oo

—+oo

is a direct consequence of the Fubini theorem.

To conclude we have |f,(z) — f(z)| = UR pen(z—y)(fly)—f (a:))dy’ < L which
leads to lim |f, — f|. =0
n—-+oo
Step 2: Let f € CT and (f,), be the sequence defined in step 1 which converges
uniformly to f. For each couple (4, B) € (S,)* we have:

1 ~
fu (B) — fu(A) = / Df (B+1(B— A)) (B — A)dt (25)

Using expression (6), it is easy to check that:

[[fn (A) = fu(B)ll, < sup
teR

Ja ] 14 = B, (26)

Taking into account the proposition 3.2 we deduce sup;cg |f;, (t)‘ < 1. Taking the
limit to infinity, we obtain the result.

The proof of the second assertion is a consequence of the previous one. Indeed, each
function from CT U C~ is 1-Lipschitz. As a consequence, there exists a constant C' that

depends only on A and y such as for all couple (e, e2) € (Sn)?, we have:
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| Detten, ) = Deten, )| < C(8H) fle2 = el (27)

O

For small strains, the strain tensor € is the linear operator defined on a displacement
field vector u, such as e(u) = % (Vu + VTU). Let Prigiq be the vector space defined by
P.rigia = {u c (Wl’2 (Q))" Ju(x) =a+0bx ac} which represents the rigid-body motions.
Let ©Q be bounded and open domain characterized by a Lipschitz boundary I" devided
into disjoint parts I, I'; and 7. I, Iy are open while 7 has a measure equal to
zero. Let W and P be the vector spaces defined by W = {u e (W'2(Q))" /u |r,= 0}
and P = W N Pyjgiq. P is a finite dimensional space and consequently, admits and
orthogonal complement P+ in W. Assuming that H is an element of the space Vi =
{X € (W ()" /X;; = X;; and X > I}.

Now, we consider the following problem (P*). Find u € (W2 (Q))" such as:

/ tr(oc(e(u),H)e(v)) = fext (v) Vv € P+
. (28)

ulr,=ug|[r,
Here, we assume that the vector u, € (W172 (Q))n and fepr € (VV‘L2 (Q))n Sext

represents the sum of the body forces and of the external forces applied on I';.

Theorem 3.7. Let f+ and f~ such as the ones defined in proposition 3.5. Then, there

exists one unique solution of the problem (P*).

Proof :
Let’s define the function 7" on P+ by:

7w) = [ wetutug) )= (0 (29)
Step 1: T is well defined and strictly convex on P*. In particular, T' is continuous
on P+.

As a consequence of the convexity of v, for each v € (VVL2 (Q))n we have:

[otew.m < [ vot + [t (Bev (c0) 1) e) (30)



The first term on the right side of the inequality is well defined since H € V. Using
the Lipschitz property of the operator ﬁew demonstrated in proposition 3.6 and the

assumption on H, we can find a constant C' such as:

[t (P (ew). e c/ne o (14 e ()1) (31)

From the continuity of the operator €(.) = 3 (V(.) + V7(.)), we conclude that T is
well defined.

The convexity of 1 leads to the convexity of T'. Let u; and us from P+ and r € (0,1)
such T'(ruj; + (L —r)ug) =rT(u1) + (1 —7) T(uz). We deduce € (u1) = €(uz) a.e..

The well-known Korn’s inequality provides us with:

1
[ur = uallyr2iqy < € </Q lle (ur) — 6(uz)|§> 2 (32)
where ||.||y1.2 is the norm associated with the space (W2 (Q)". Thus u; = us.
Step 2: T'is coercive, i.e., T'(u) = +00 as [[uly1.2(q) = 00
Let f be function of C*. From proposition 3.1, the existence of a constant c¢; such as
f(x) > x + ¢y is ensured. This implies that ffoo fly) dy > "”—22 + c1z for each positive z.

From this result, we deduce that:

[ o) o3 oy

Similarly, for some constant ¢y, we have:

/Qtr /H —l—cz/Qtr (t07) (34)

Since H € Vg there exist a positive constant C, such ||H(2)| < Cx (a.e.). Let A

z+cl/ﬂtr (<H—%eH—%>+> (33)

and B be two symmetric matrices such as B > 0; then we have either | A|| = H (A)~ H or
12

|BABJ = H(BAB)JFH when ||A]| = H (A) +H Furthermore, we have [, HH_%EH_E , >

7= Jo ||6H§ and (1 —n || D)) > (1 —n(1 - 0—2)) (a.e.). We conclude using the equiva-

lence between the norms that strictly positive constants C3 and C4 exist such as:

Lo (Fr (mrtert))« [ a=gipher (7 (@ @) >

Cs [ 11l = Cu [ el

(35)
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Applying this to the definition of T' and using the Korn inequality we may find other

strictly positive constants still denoted C'5, Cy and Cj5 such as:

T(u) > Cs [[ullfyr20) — Callullyroq) — Cs (36)

Therefore, we have T'(u) = +00 as [[ully1.2(q) = 0©.

Step 3: T achieves its minimum at P+ at a unique point.

P+ is reflexive since it is a closed subspace of the reflexive space (W!2 (Q))n More-
over, T is proper lower semi-continuous (since T is well defined and continuous). We
deduce (see for example Corollary 3.23 in [28]) that the minimum of T is achieved for
some ug. The uniqueness of g is a consequence of the strict convexity of T' ( cf. step 1).

Step 4: limy_g w = [otr(o(e(ug +ug))e(v) — f(v) =0
Let g(t) = v (€ (uo + uy) + te (v) , H). g is differentiable and ¢’ is a Lipschitz function.

From proposition 3.6 we can write:

l9(t) — g(0) — g’ (0)t] < M [l (v)[[5 ¢* (a.e. in Q) (37)

For some constant M; Using the previous inequality we deduce the result.

Step 5: The vector u = ug + ug is the unique solution of the problem (P*). ([

The well-posedness of the problem (P*) established above shows that any evolution
of the damage variable leads to a unique solution as soon as the damage variable and
the external loading satisfy some regularity conditions. In particular, when the domain
behaves with a fixed damage state, the response is unique. This suggests to prescribe
a damage evolution such as the tensor H remains bounded, except in a set with a null
measure. As pointed out in the introduction, the damage evolution adopted in this work
is controlled by the same relations as the ones proposed by Desmorat and investigated

in detail in section 3.4. Next section focuses on the positivity of the intrinsic dissipation.

8.3. Positivity of the intrinsic dissipation

As required by the second principle of thermodynamics, the rate of energy dissipation
must be non-negative to ensure the irreversibility of damage process. By definition, the

rate of energy dissipation is written as the difference between the mechanical power
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and the variation of the Helmholtz energy under isothermal condition. Moreover, the
thermodynamical consistency condition is given by the Clausius-Duhem inequality which

takes the following form:

oé—pp >0 (38)

where the time derivatives are in the sense of distributions [29]. It is noteworthy that,
for practical cases, the internal variables may be smooth with respect to the time variable
through an interval [0, T'], except in a set of points with zero measure. For instance, when
suddenly the variables stop flowing. For that reason, we should select the tensors € and
H in appropriate spaces which take into account this feature in order to verify the above
inequality. It should also be highlighted that, even if the strain tensor and the internal
variables are differentiable with respect to the time variable, the Helmholtz energy 1 can
be not always differentiable with respect to the time variable, in the classical sense, due
to the presence of the term ||D|| which is not always differentiable with respect to D.

Let LP((0,T), S,) be the space of all strongly melasurable functions X : (0,T) — S,
for which the norm [ X1/, 07).5,) = (fOT HX||129)E is finite, where 1 < p < oo. For
p = oo, L>=((0,T),S,) is the space of measurable functions X : (0,7) —— S, such
[X(¢)ll, < C ae. for some constant C' equipped with the norm || X||;w« 15, =
inf {C; || X(t)|l, < C(a.e.)}. Similarly, let W?((0,T),S,) be the space of all mea-

surable functions X : (0,7) +— S, for which the norm [ Xlly1s07)s,) =

1 w~n
- 1P\ p .
(fOT 1 X115 + fOT HXH )p is finite, where X stands for the time derivative of X in the
2
sense of the distribution. The following lemma, considered as a starting point to prove
the positivity of the dissipation, shows that a weak assumption on the rate H is sufficient

to ensure a continuous growth of the principal damage variables.

Lemma 3.8. Let’s assume that H belongs to the space WH'((0,T),S,) such as H >0
a.e.. Then the eigenvalues of D(t) can be represented by continuous and non decreasing
functions. In other words, non decreasing continuous functions D1 (t),...,D,(t) such that,
for t a.e., are the eigenvalues of D(t) exist. Moreover, if H(t = 0) = I, then the
eigenvalues of D(t) belong to [0,1] for all times t > 0.

Proof :
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Since H € WH1((0,T), S,), H can be represented by a continuous function on the
compact [0,T] with respect to the norm |.||,, denoted also H.

Let (Hj(t)) e be the eigenvalues of H(t) arranged in decreasing order, i.e., H¥ <
< H 1¢ . Since H (E) is Hermitian, the Weyls perturbation theorem ensures that for all

(tl, tg) S [O,T]Q:

max [} (1) = HE (t2)] < 1H (0) = H(5)] (39)

where ||.|| is the bound norm. Given the equivalence between the norms |.|| and ||.|[,,
the continuity of the function H(¢) and the norm ||.||, we deduce that the functions Hj (1),
1 <i < n, are continuous using the previous equation (39).

Let’s assume that ¢, < t9, the hypotheses on H(t) allow us to write:

ta .
H(ty) — H(ty) = / H(t)dt>0 (40)
t1
which is equivalent to write for all z € R™ such as ||z|| = 1:
(x, H(t1)x) < {x, H(t2)x) (41)

For all ¢ such as 1 <14 < n, the well-known Minmax principle yields:

HY(t)=  max min  (z, H(t)z) (42)
M C S, e M
dim(M) =k |z||=1

Combining the equation (42) with the inequality (41), we deduce Hf(tl) < Hii(tz).

For 1 < i < n,let Di(t) = 1— (Hj(t)>_2. It is clear that (D;(t))1<i<n are the
eigenvalues of D(t) a.e. which are, according to the above results, represented by non
decreasing continuous functions. Moreover, if H(0) = I, then D;(t) are positive and

bounded by the unity. O

Lemma 3.9. Let f be an operator function of class C1(J), where J is an interval. If
H € WH((0,T),S,) such as the eigenvalues of H(t) are in J for all t then f(H(t)) €
WLL((0,T),S,) and the weak derivative is equal to Df (H) (H(t)), where Df (H) is
given by the equation (6). Moreover, for the couple (t1,t2) (a.e.) we have:
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P (62) = 10 (1)) = [ By (01) (Fre)) a (3

1

Proof :

From the The continuous differentiability of f(.), it is clear that f(X(¢)) and
Df(X(t))(Y(t)) are measurable, for all measurable functions X () and Y (¢) on (0, 7).

Since H € W1 ((0,T),S,), then H(t) is bounded (a.e.). In this case, it is straight-
forward that f(H) € L'((0,T),S,) using the mean theorem. The continuous differ-
entiability of f(.) implies that Df(.) is bounded on H((0,T)) (a.c.). We deduce that
Df(H) e (L' ((0,T),5,))* and Df(H)(H) € L* ((0,T), S,,).

Since CL(R, S,,) is dense in H € W ((0,7T),S,,), we can choose a sequence that
converges to H in W11 ((0,7),5,). Taking into account the continuous injection
wti((0,T),S,) € L*((0,T),S,) and the dominated convergence theorem, the result

follows immediately. O

Remark Following the proof of Lemma 3.5, each element of W' ((0,7),S,) can be
represented by a continuous function. We can assume, henceforth, that H is continuous

on [0, 7] but not necessary with continuous first derivative. (]

Proposition 3.10. Let F'T, GT, F~ and G~ be the functions defined above. Let’s
assume that ¢ € W1 ((0,T),S,) and H € WY ((0,T),58,) N C°([0,T],S,). If H >0
a.e. such H(0) =1 and f+ = 0 within the interval | — oo, 0], then oé — pih > 0.

Proof :

In order to prove the inequality (38), it is sufficient to show that:

/0 (tr(08) ~ o) 20 VpeD=CF(0.7) >0 (44)

It is clear that fOT tr(oé) is well defined since o € L>((0,T), S,) = (L* ((0,T), Sn))*,
following the definition (24) and the injection W11((0,T), S,) € L>((0,T),S,).

The relation D = I — H=2 is well defined since H > 0 and H(0) = I. Lemma 3.9
and the continuity of H show that D € W1 ((0,7T),S,). Moreover, t — ||D(t)]| is
D

absolutely continuous, given that | ||D ()| — || D(t1)|| |< || D(t2) — D(t1)] < ftt12 , We

conclude that the function ¢t — ||D(t)|| has a pointwise defined (a.e.) derivative which
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is integrable on (0,7"). Moreover, the eigenvalues of D are non decreasing with respect

to the time (in the sense of the representations) provided that H remains positive (a.e.)

T 9||D]|
0 Ot

as stated in lemma 3.8. Thus, the derivative of ||D(¢)|| is positive, i.e.,
limy, 0 foT ||D(t+h)}\l—|\D(t)|I ¢ > 0.

The integral fOT p is well defined. It can be shown that, in the sense of distributions,
we have <1’[}’<’0>D*,D = fOT 1/}<pdt. Indeed, it is sufficient to assume that H and € are
differentiable with respect to the time in the classical sense, then we conclude by density
argument and the dominated convergence theorem using the continuity feature of the

cracking functions. Using this last argument and the relation (24), we end up with the

following development:

[ (o=mi)o=o [ (Buvieam () -aZ220) e

each term of the above integral can be written as:

[ Bt (5 (tem4)) (i) o= [ (00 (bt i)

and:

T _ ) T 4,
[t o=+ e o

where h is the matrix function defined by h : z — xfT (), which is non-negative.
From the assumptions on the tensor H we conclude that fo (aé — pq/;) ¢ > 0 using the

equivalence property and Fejer’s theorem (see section 2). (Il

3.4. Damage evolution

Generally, the damage evolution law is classically ensured by the normality rule, such
as the damage rate belongs to the subdifferential of a convex set bounding the elastic
domain. The initial Desmorat’s model [30] uses simply the hyperplan to define the elastic
domain as ®(D) = tr (D ((¢)")®), where « is a damage exponent. Thus, the evolution
law reads D = A ((¢) ). The last version of the model [8] is based upon a flow rule of the
form H = A (&), where (¢)" is the effective strain. Despite the fact that both relations
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lead to a non decreasing damage principal variables in the sense of the representations
discussed in lemma 3.8, it should be pointed out there is no equivalence between the

positivity of the tensor rates when they are sufficiently smooth. Indeed, we claim:

Lemma 3.11. Let’s consider ¢ = (I — D)?, where —1 < p < 0 then the positivity of the

rate D implies the positivity of the rate d) The converse is not true.

Proof :

It is sufficient to prove that if Dy > Dy then ¢(D1) > &(D2). Indeed, we have
I—Dy <I-—Dsyand x — 27P is a monotone matrix function (see [22]), then (I —
Dy)™? < (I —D3) P and (I — D1)? > (I — D3)P. The converse is not true. In fact, let’s
h:x— (14 x)_% defined on the real line [0,4o00[. h cannot be a monotone matrix
function since h is not concave (see theorem V.2.5 [22]), then positive matrices A; and
As such as Ay > Ay and (I + Ay) % # (I + As)"7 exist. Let’s be ¢y = (I + A1) and
do = (I + Az) and ¢(t) = (1 —t)po + téy for 0 <t < 1. Tt is clear that ¢ >0 but D %0
because D(t = 1) 2 D(t = 0). O

In this work, the damage evolution is governed, almost, by the same equations as
the ones proposed in [8, 30]. Indeed, the integrity tensor rate H is proportional to the
positive part of the real strain tensor instead of the positive part of the effective strain

tensor, as suggested in [8]. The damage criterion is given by:

f=e—k<0 (48)

where € = /tr (<e>+ <e>+> is the Mazars’s equivalent strain [31] and  is called the

consolidation function which is linear with respect to tr(H):

Kk =ko+ SR, (tr(H) — 3) (49)

Here, k¢ is the damage threshold, S the damage strength and s the triaxiality ex-
ponent. The triaxiality function R, is written in term of the stress triaxiality Tx and

bounded by a material constant B as follows:

1—2U 2
“T)?, B| Tx =
1+u< X" X7 3o,
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3.5. Numerical tmplementation

The integration procedure is quite simple and follows the same steps as the ones
proposed by Desmorat in [8] without the need to compute the effective strain and the
effective stress tensors. The time discretization of the damage evolution equation is
performed using an Euler explicit scheme. One can summarize the integration process

in Algorithm 1.

Algorithm 1: Time integration algorithm to compute the stress tensor o,

W,

Input : strain tensor €,, equivalent strain €, = , kn—1, Ry n—1 and

Hy 1
Output: stress tensor o,
H,=H, 1;
if f=¢,—kp_1 <0 then
| AXN=0;
else
tr(Hn) =3 + gg=";

— tr(Hn)—tr(Hn_1).
AN = tr((en)+) )

Kn = €n;
end
H, =H, 1+ AMX\{en)";
D, =1—-H2
o = 2 By (Ha b e ® ) Ha® 0 s g (b (en) T
O =20 f7 (en) + A g™ (tr (€n));

_ -+ —.
op =0, +0,;

TX,n = ;ij;’;)l;
. _ 2
R, ., = min [1 + %11+2V” (=Txn)" B};

With the aim to control the mesh dependency effects, an integral non-local regulariza-
tion approach ([32, 33]) is adopted to ensure numerical convergence to physical solutions.
It consists in replacing the local equivalent strain by its non-local value obtained by av-

eraging over the space domain as follow:
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1) = 0 ) @o(||xl_c£”>€(§) ¢ (51)

where V,.(x) is given by:
Vi) = [ ao (FE1) ae (52)

The quantity V; is the representative volume and plays the role of a normalizing
coefficient. The function «q is called the nonlocal weight function which often selected
to be the Gaussian function ag (£) = exp (—$&?) or bell shaped function [34]. I, is the

characteristic length. As a result, the criterion function is substituted by:

f=é&1-k<0 (53)

4. Numerical examples

In order to assess the numerical robustness of the proposed model, several tests are
carried out using different cracking functions satisfying the conditions mentioned in sec-
tion 3.1 with less or more regularity properties. In this work, three different opening

cracking functions f;", f;" and f; are considered:

i (2) = max 0,)
f5 () =max (O,xexp (—%)) (54)

fi (@) :é In (1 + exp (caz))
where ¢; i € {1,2} are positive constants. It can be checked that the smooth func-
tions (f;" and f;) are convex by studying the sign of the second derivative. Moreover,
the functions f;” and f; are infinitely differentiable in the neighborhood of 0, unlike
the function f;", leading to a smooth tangent modulus when cracks open or to close.

Similarly, we define three closure cracking functions f;, fy and f; as:

fi (2) =min (0,)
f5 () =min (O,xexp (%)) (55)

fs(x)=— éln(l + exp (cax))
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4.1. Uniazial loading path

The first example concerns the classical uniaxial test by considering one multilinear
cubic element of the size equal to the unity. The mechanical properties are selected as
the ones adopted in [8], such as: the Young’s modulus F = 36000 M Pa, the Poisson’s
ratio v = 0.2, damage threshold kg = 9 x 107°, the damage strength S = 1.45 x 1074,
the triaxiality exponent s = 4.9, and the material constant B = g The parameters c;
have to be chosen in such a way that the cracking functions are sufficiently close to the
line 2 — z, up to a constant. They are chosen such as ¢; = 10719, ¢o = 10%.

In figure 1(a), the response under tension and compression are shown. We can notice
that the results are consistent with the experimental evidences, in particular, the re-
sponses exhibit a softening behavior with asymmetry between tension and compression.
The failure surface is plotted in Figure 1 (b). It is worth noticing that the same curve
would have been obtained using the Desmorat’s model, since the damage criterion, in
the proposed model, remains unchanged (see section 3.4) and the new model behaves

approximately linearly close to the peak stresses.
[Figure 1 about here.]

The effect of the regularity is shown in Figure 2, for n = 1. The non regular case
is obtained by selecting f* = g+ = f;” and f~ = g~ = f; , whereas the regular case
is obtained by selecting f* = fif, gt = fi, f~ = f; and g~ = f;. During the
elastic undamaged stage, the behavior is slightly non linear due to the nature of the used
cracking functions. Moreover, the regular functions bring smoothness in the response
with residual strains when unloading, whereas the non regular functions reverse abruptly
the behavior around the origin, from tension to compression, with discontinuous tangent
modulus.

As depicted in Figure 3(a), when the parameter n is modified using the proposed
regular functions, it is seen that thestiffness recovery is influenced by the parameter 7 .
As expected, the secant modulus is totally recovered for n = 0 and partially recovered
for n = 0.5 and n = 1. The effect of the constant ¢y is shown in Figure 3 (b) using
only n = 1. One can notice that the residual strains increase when the parameter co
decreases. Obviously, this can be explained by the fact that the coefficient associated
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with the function ¢, in the equation (24), becomes more significant than the coefficient
associated with the function g* when the damage is activated. Thus, the proposed
model gives some flexibility regarding the unilateral effect and the opportunity to include

residual strains.
[Figure 2 about here.]

[Figure 3 about here.]

4.2. Pure distorsion

Regarding the case of a pure distortion loading, the results obtained by the proposed
model are illustrated in Figure 8 using the same parameters as the ones used before and
the following family of cracking functions: f* = f;7, gt = ff, f~ = f; and g~ = f;,
for various values of n are used. Despite the fact that the responses are quite different,
it is easy to check that each curve follows an asymptote characterized by a positive slope
equal to (1 —n)u, when the strain increases indefinitely. Especially, the case n = 1 leads
to softening behavior with indefinitely decreasing stresses while the other cases exhibit
softening at the beginning but, sooner or later, the stress stops increasing. Equivalent
results, for the cases n < 1, have been observed by Carol et al. following their proposed
anisotropic model [35]. According to the same authors, this behavior can be explained,
from a physical point of view, by the fact that the increase of compression exceeds the
decrease in tension since the damage is only developed in one direction [36] (like in
the present model). The last case n = 1 exhibits a different behavior compared with
the previous cases but which is similar to the majority of the anisotropic (or isotropic)
damage models proposed in the literature. Because of the lack of experimental results, it
is difficult to decide which of the previous responses is the right one, i.e., with softening
or hardening.

Paying attention to cyclic loading, the results are shown in Figure 5 with restriction
to the case n = 1. It is observed that the stiffness is almost completely recovered when
the direction of loading is reversed after the first softening stage. This result can not
be obtained using isotropic models for which the slope is unchanged after the inversion
of the sign of the loading. For this particular loading case, it can be verified that the

damage and the strain matrices have the same eigenvectors due to the proportionality
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relation entailing that the first principle damage variable D; grows while the second Do
remains equal to zero during the first loading stage. The roles are reversed when the
strain flows in the negative direction except that D; is constant but no more equal to

Z€r0.
[Figure 4 about here.]

[Figure 5 about here.]

4.8. Willam’s test

Unlike isotropic damage models, it is well-known that anisotropic models no longer
ensure that the principal directions between the stress and the strain tensors are the
same when the damage starts flowing. In order to investigate this effect, the plane stress
problem proposed by Willam et al. is considered following two loading stages. The first
step consists in applying tensile strain in the x-direction combined with lateral contraction
in the y-direction in the proportions (1, v) when the peak of the uniaxial stress-strain
law is reached, combination of strain components €, ., €,, and €., are prescribed in the
proportions (0.5, 0.75, 1).

Figure 6 (a) illustrates the evolution of the different stress components using regular
functions with = 1 and ¢y = 10*. Before reaching the peaks, the normal stress responses
are elastic. It is observed that the component o,, exceeds 0., at some point during the
softening response whereas the shear stress evolves with negative values after a small
positive peak with respect to the other components. The response of isotropic models
would be very different regarding the two previous aspects as observed by Carol et al. in
[36], i.e., the shear stress keeps on evolving with positive value and the component o,
remains always bellow the evolution of o, .

The evolution of the principal direction angles associated with different quantities are
shown in Figure 6 (b). It is seen that the rotation of the damage principle directions
follows the ones of the strain tensor while the rotation of the stress principal directions is
widely significant. It is interesting to emphasize that similar results have been reported
by Carol et al. in [36]. A similar gap seems to be related primarily to the fact the stress

is recovered by the principal axis that correspond to the stiffer part.
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However, the lack of experimental results remains a major drawback to determine if

the response is physical or not.

[Figure 6 about here.]

4.4. Single edge notched concrete beam

The following test is the three-point bending test. It is carried out using a beam with
a square cross section with height @ = 0.07 cm and length equal to 4a. The beam is
characterized by a Young modulus E = 36000 M Pa and a Poisson’s ratio v = 0.2. The
parameters related to the damage model remain the same as the ones used in previous
examples. A mnotch of depth § and thickness e = 3mm has been added in the middle
of the specimen. Progressive displacement is prescribed at the upper center of the beam
with one cycle. The aims is to check whether the model is able to recover the stiffness
when the cracks close.

The numerical analysis is carried out using a plane stress assumption. Figure 7 (a)
illustrates the mesh that is composed of linear triangular elements of the size equal to
5 mm. The characteristic length is . = 2 cm. The finite element solution is computed
using the non local strategy, using ¢ = 10 mm to avoid the spurious mesh-dependent

effects.
[Figure 7 about here.]
[Figure 8 about here.]

Figure 7 (b) illustrates the response for two different values of 7. In the both cases, it
is seen that stiffness recovery occurs with a smooth transition when the loading switches
from tension to compression. As expected, the full recovery is obtained for the case
1 = 0, where slope almost equal to the initial one. Contours of the different components
of the damage tensors are shown in Figure 8 at the maximum damage state. From a
quantitative point view, the component D;; describing microcracks density caused by
tensions direction 1 is more significant compared with other components. Especially,
the component Dj, is too small. This shows that the crack paths are only developed in

directions 1 and 2.
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4.5. Tensile test for double edge notched concrete specimen

The above developments are also validated in case of a tensile test carried out on a
double edge notched specimen, as described in [37] where the off-set value is restricted
to 10 mm. The mesh, depicted in Figure 9, is composed of linear triangular elements of
the size equal to 5 mm with 672 elements. The characteristic length is [, = 1 cm. The
following test consists in prescribing a displacement on the top of the specimen while the
bottom edge is fixed. The material properties are the same as the ones adopted in the

previous examples.
[Figure 9 about here.]
[Figure 10 about here.]

The load/displacement curves are presented in Figure 9 (b) for different values of 7.
After the softening response, it is seen that the initial stiffness slope is completely or
partially recovered with smooth transition according to the choice of 1. Once again, the
damage contours, plotted in Figure 10, show that the predominant cracks appear in the

direction 2 and this seems meaningful.

5. Conclusions

A class of damage models based upon the second order integrity tensor has been
developed by means of family of functions called here opening (closure) cracking func-
tions. The unilateral effect is taken into account by a split between the damaged part
and the undamaged (or partially damaged) part, where the transition between open and
close cracking state could be smoothed using the cracking functions. The model has
also the property to introduce irreversible strains during the unloading regime. As re-
quired by the thermodynamic principles, the positivity of the intrinsic dissipation has
been demonstrated rigorously. The Clausius-Duhem inequality is satisfied in the sense
of distributions.

A well posedness result has also been established, for a given damage state where
the damage tensor should be strictly bounded by unity, in the sense of the bound norm,
in the whole domain except in a set of zero measure. The relationship between the
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integrity tensor rate and the damage tensor rate has been analyzed. It turns out that
no equivalence between the rate positivity can be established for a wide class of integrity
tensors frequently used in the literature. Despite this drawback, it has been shown that
the damage principle values could be represented by non decreasing positive functions,
strictly bounded by unity provided that the integrity tensor satisfies some weak positivity
assumptions. The damage flow rule proposed by Desmorat has been adopted in this work
which satisfy all the requirements cited above. The time integration procedure is similar
to the one that proposed by Desmorat. Its implementation does not require to iterate in
order to compute the Lagrange multiplier associated with damage rate. The non-local
approach has also been introduced to limit the mesh dependency effects.

Numerical examples have been performed to demonstate the robustness of the model.
The dissymmetry between tension and compression behaviors has been highlighted using
the uniaxial test. The pure distortion test has shown that the stiffness is almost recovered
when the load is switched from one direction to the opposite one. The Willam’s test
exhibits similar results to the ones obtained in the work of Carol et al.. The last tests
carried out on the notched specimens have shown qualitative results which are similar to

that observed during the experiments.
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Appendix A
A general quadratic form of the elastic potential coupled with anisotropic damage
proposed by Ladevese [18] for composite materials can be written in term of stress tensor
1

o using four damage variable H; = (I — Dl)%7 Hy = (I — D3)? (Ladevese’s tensor) and

dy, do (scalar) as:

altr (H10'+H10'++H2(T—H20'_) +U«2t7“ + (56)
1—d; 1—dy

Here, the tensor ot (07), called the special positive (negative) part of o, is built using
the eigenvectors and the positive part of eigenvalues of the matrix Ho which is of course
diagonalisable [18]. In addition, we can show that the relation (56) can be expressed by
other means using solely the positive and the negative part functions. In fact, the matrix
Ho = H2Hzo is similar to the symmetric matrix HigHz (AB and BA are similar for
all matrices A and B), given the positivity of H (not necessary positive definite) and the

symmetry of o . Using the similarity property, one can notice that:

tr (Hyo Hyo™) = tr <(<H10H1>+>2> (57)

and:

tr (Hyot Hyo) = tr <(<H§aH§>+)2> (58)

Therefore, we can observe that the model is also built by means of the equivalent
stress tensor oy = H2oH? and a specific set of the cracking functions making some
similarities with the model developed in this paper. However, the Ladevese’s model is
considered inappropriate to predict the behavior of monolithic materials, such as concrete
material, subjected to one damage mechanism [10] for which a single damage variable

has to be used.
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Figure 1: Local responses in uni-axial and bi-axial loading.
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Figure 6: Stress and angle evolutions for Willam’s test using the proposed model.
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Figure 7: Finite element mesh and reaction curve (three point bending test).
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Figure 9: Finite element mesh and reaction curve (Shi’s test).
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Figure 10: Damage isovalues for each component in the neighborhood of the notches (Shi test).



