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la Noe, 44321 Nantes, France constitutive models suffering spurious localization. It has two major advantages
Full list of author information is compared to other delocalization methods. The first one is that the transition from

avallable at the end of the article localization to fracture is taken into account in the model. The second one is that the

delocalization only acts when and where needed. In other words, the TLS has no effect
when the local model is stable. The former advantage was already detailed in several
papers (JNME 86:358-380, 2011, CMAME 233:11-27, 2012, IJF 174:49-60, 2012). This
paper concentrates on the latter advantage.

Methods: The TLS delocalization approach is formulated as a bound on the damage
gradient. The non-local zone is defined as the zone where the bound is met whereas
the local zone is defined as the zone where it is not met. The boundary (localization
front) between the local and non-local zone is the main unknown in the problem.

Results: Based on the new model, a 1D pull-out test is solved both analytically and
numerically. Different regimes are observed in the solution as the loading progresses:
fully elastic, local damage, coupled local/non-local damage and, finally, purely
non-local damage.

Conclusions: The new model introduces delocalization as an inequality allowing local
damage to develop in zones whereas non-local damage may develop in other zones.
This reduces dramatically the cost of implementation of such models compared to fully
non-local models.

Keywords: Damage; Delocalization; Non-local damage models; Level set; TLS

Background

Although the scope of TLS application is much wider, we consider in this paper the
fracture of quasi-brittle structures under quasi-static loading and under small defor-
mation assumption. The loading is proportional to a scalar parameter. The material is
modelled by a time-independent elasto-damage constitutive model with scalar damage.
Due to quasi-static analysis, the loading parameter must be controlled especially when
bifurcation occurs.

The TLS model was introduced in several papers [1,2] and [3,4]. It lies between contin-
uum damage mechanics and fracture mechanics. Indeed, crack opening is allowed across
fully damaged zones (see [2] for instance). The fully damaged zone is located by a level
set. Let us note that the description above is different from a diffuse vision of the crack in
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which crack opening is not explicitly modeled as in the phase-field approach [5-7] or the
variational approach to fracture [8,9]. We are rather in the vein of transition from damage
to fracture as in [10]. However, the TLS will not be in need of a cohesive zone to perform
the transition. The model can be considered as a continuous transition from damage to
fracture.

The main idea of the TLS for quasi-brittle fracture is to bound the spatial gradient of
the damage variable d, thus avoiding spurious localization. One imposes that the spatial
damage distribution satisfies at all time

IVd]l < f(d) on Q (1)

where Q2 is the domain of interest. The choice of the function f(d) will be discussed in
what follows. As damage evolves, one eventually wants to locate the crack, i.e. the zone
for which d = 1. However, finding the iso-contour d = 1 for a quantity 4 than cannot
go beyond 1 is a tedious operation. This is where the level set ingredient comes into play.
Variable d is expressed in terms of a level set ¢ as depicted in Figure 1. This relation
introduces a length scale /.. Finding the zone d = 1, is now well-posed since the level set
¢ is not strictly limited to /. but may go beyond. With the use of the surrogate variable ¢,
condition (1) may be rewritten as

Vel <1
d=d)

where f(d) in (1) is related to d(¢) by f(d) = d' (¢ (d)) (the prime indicating the derivative
of d with respect to ¢). The function d(¢) is called the damage shape function and is the

()

main ingredient of the TLS. Equation (2) above indicates that ¢ is a distance function in
the zone where the constraint is active (we name this zone the localization zone). The
evolution of a distance function has been analyzed and updating algorithm proposed in
[11]. In the localization zone, the evolution of ¢ is non-local, indeed

IVl =1= V¢ Ve =0 3)

The rate of change of ¢ is thus uniform on any segment aligned with V¢ and the rate of d
is given by d = d'(¢)$. Such segments over which ¢ is uniform are depicted in Figure 2. In
the local zone, the evolution of ¢ stems from the evolution of d and the relation d = d(¢).

The delocalization (1) used in the TLS is different from existing delocalization tech-
niques. Indeed, it directly uses the norm of the damage gradient. It is thus a Hamilton-
Jacobi type equation. On the contrary, damage gradient models [12-14] yield Laplacian
damage type equation rising the question of proper boundary conditions.

1 ¢/l

Figure 1 An example of damage shape function.
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T -
Q
Figure 2 Local (27) and localization (%) domains as well as cracks faces (). Inside %, we have
[IV@]| = 1.t can be noted that V¢ (and thus Vd) is discontinuous along the dashed line which is the

so-called skeleton of the distance function.

The TLS shares some similarities with the so-called non-local integral approach
[15,16] in which weighted averages are performed over segments (1D), disks (2D)
and spheres (3D) of fixed size. In the TLS approach, however, weighted averages are
always performed on segments (Figure 2) whatever the dimension of the body and
over a length which is not fixed in time but evolves from zero to a maximum length

lc. Finally, note that as /. is the minimal distance between a point where d = 0
and a fully damaged point, d = 1, it plays the role of the fracture process zone
size.

After this quick introduction of the TLS, we get to the objective of the paper. In pre-
vious TLS paper, the delocalization condition (2) was considered as an equality on the
whole domain. It meant that d was zero on the domain except in zone where the gradi-
ent norm was fixed. The short-coming of this view was that uniform or smooth damage
field (because of damage hardening for instance) could not be modeled prior to localiza-
tion. The inequality analyzed in this paper allows a combination of local and non-local
evolutions. In the literature, the possibility to combine both local and non-local approach
is seldom discussed with the exception of the so-called morphing numerical technique
[17,18].

The paper is organized as follows. The TLS concept with the inequality constraint dis-
cussed above are detailed in the first section. Next, the TLS boundary value problem is
set up and a dissipation analysis is carried out. A 1D pull-out is solved semi-analytically
to show the main feature of the TLS solution. This 1D test is then solved numerically with
the TLS to observe the influence of the parameters choice in the model. A conclusion and
perspectives end the paper.

Methods
We consider a solid body occupying a domain 2. The external surface 92 is composed
of two parts 92, and dQ7 on which the displacements Aud and the loading AT9 are
prescribed, respectively. The parameter A is a loading parameter.

Small strains and displacements are assumed as well as quasi-static evolution. The
current state is characterized by the displacement field u, from which the strain field
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€= %(Vu + VuT) is derived. The current state is also characterized by an internal scalar
variable, the damage denoted d. In this paper, we will not consider other internal variables.

Regarding the material model, we consider a free energy v (¢, d) from which the stress
tensor ¢ and local energy release rate Y may be derived

CWed | (ed)
o= Y=oy @)

The potential i is assumed for now at least convex with respect to €. The need for other
properties will be discussed later.

Regarding the time-independent damage evolution, we consider a function y depending
on damage and strain history (through e) such that

d>0, yled —Y.<0, (yed) —Y)d=0 (5)
where
e=e(e(1), T <1t (6)

and Y, is some threshold. We believe the above formalism encompasses most of the dam-
age models in the literature. To be even more general, one may consider two relations of
the kind (5): one for damage in tension and a second one for damage in compression and
then combine these damages into d. One has a so-called associated damage model when
the y variable is Y. In this case, damage evolution is expressed in terms of the dissipation
potential ¢*(Y) which is the indicator function of ¥ — Y, < 0:

0p*(Y)
5y (7)

Such model was already considered in [1] for dissymmetric tension-compression evo-

de

lution. We emphasize the fact that the TLS description is not restricted to associated
damage models.

What we have described so far is a purely local damage model. This type of model is
known to suffer spurious localizations meaning that the damage gradient may become
infinite. The main idea of the TLS approach is to bound damage gradient as expressed
in (1). In the TLS model, damage is allowed to go to 1 (but not beyond of course). The
location of a crack (or fully degraded zones like in comminution problems) is defined by
the set of points for which d = 1. Numerically speaking, finding the set of points for
which d = 1 knowing that 4 may not go beyond 1 is not very practical. This is why the
TLS expresses damage in terms of a surrogate variable ¢ whose values are not limited as
depicted in Figure 1. We assume the following regularity on d(¢)

d(¢) € C°(] —o0, +00[) and monotonically increasing
d¢)=0if¢ <0

dig)=1it¢ > I ®
d(¢) € C1(10, LD
Finding the subdomain where d = 1 is equivalent to find the subdomain whose
boundary is the iso-contour ¢ = /.
In terms of the surrogate variable, ¢, condition (1) reads
Vol =1 )

provided f(d) is given by
fd)=d (@) (10)
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For instance, if d is linear with respect to ¢, the gradient of damage will be bounded by
a constant
1
d=¢/l,¢ €[0,l]= |Vd]| =< T (11)
(4
whereas for more complex function d(¢), the bound depends on the level of damage. For
instance, for the profile shown in Figure 1, we have
2
d=1-(1-(¢/l))* = IVdl = 7V1-d (12)
C
For a general power law with #n > 1, we obtain
d=1-(1-@/l)" = |Vd| < lfu —a)in (13)
C
Whether local or non-local constitutive model should be used at a point « is based on
condition (9).

IVé(x)| <1 = Local constitutive model at x (14)
IVé(x)]| =1 = Non-Local constitutive model at x (15)
IVox)| > 1 forbidden (16)

The first condition is the major novelty of this paper, compared to previous paper on
the TLS. At any time ¢, the domain may thus be decomposed into three non-overlapping
zones : a local zone 27, a non-local zone % and a fully damaged zone Q.

Q=QuUQtuQ- (17)
Q ={xeQ: (VoI <1 ¢ <L} (18)
Qt ={xeQ: VoW =1,¢x) <L} (19)
Qe ={xeQ:px) > L} (20)

We define also the boundary I'¢ of the fully damaged zone and the interface I" between
the local and non-local zones.

[e=0Q, '=QtNQ =9Q N~ (21)

The boundary I'c defines the crack faces. Figure 2 shows a typical scenario of a crack
appearing inside the localization zone.

Note that the volume measure of 2. may be zero. This information is part of the
solution process. We expect different shapes of Q2. in comminution and brittle crack
propagation.

Eikonal equation

Condition, || V¢ (x)|| = 1is a non-linear first-order partial differential equation. It is called
an eikonal equation and belongs to the Hamilton-Jacobi equation family. Among the pos-
sible solution satisfying || V¢ (x)|| = 1, we will pick the one corresponding to the vanishing
viscosity solution [19]. It is characterized by

P x) = ryréip((b ») +d@xy),x€Qt (22)

where d(x, y) is the length of the shortest path connecting x and y inside Q7. The value of
¢ atx € Q% can be thought as the minimal fare to go from I' to x. The fare being the sum
of the initial fare ¢ (y) plus the mileage from y to x. Damage on Q7 is thus fully determined

Page 5 of 21
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from values on I". A 1D example of ¢ satisfying the eikonal on a segment [b, d] is given in
Figure 3.

The fact that damage is related to a variable satisfying the eikonal equation, the cor-
nerstone of the level set technology [11], explains why the damage model is coined Thick
Level Set. In the non-local zone, damage is modeled over a thick layer in terms of level

sets.

Damage evolution
In the local zone, 27, damage evolution is local and given by (5). In the non-local zone,

Q*, damage rate is related to ¢ by

d=d@$)¢ (23)
where ¢ is uniform on segments aligned with V¢, see Equation (3). We denote this space
as A:

¢ e A= {ax) € [*(Q"):Va V¢ =0} (24)

Non-local damage evolution boils down to decomposing Q% into a set of independent
segments and finding a value ¢ over each of them. 7
As in [2], we suggest to introduce averaged quantities, ¥, d over each segments. This

may be expressed by a projection operation.
yeA: yd'a do = / yd'adw, Vac A (25)
Q+ o+

26./4: da dw = dadw, VYaec A (26)
Q+ Qt

We note that the averages satisfy the following property

f 5d do = / yd do 27)
Qt Qt

The above indicates that duality is preserved through the averaging technique. This is
not often the case in delocalization techniques as discussed in [20].
The local constitutive model, (5), is then expressed in terms of the non-local quantities

d>0, 7—Y. <0, (G—Y)d=0 (28)
1)
\,
T
d b c d e
=< > > >
Q- Qt Q-

Figure 3 Distribution of ¢ on a 1D domain: @ =[a,e], @* =[b,d], 2~ =I[a,blU[d, €], T = (b, d).
Slopes at 45 degrees on Q7 indicate that ¢ behaves as a distance function (|| V|| = 1) whereas |V¢|| < 1
on Q7. Point c is the skeleton of the distance function.
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where we have assumed Y. uniform (if not it needs to be averaged by formula (25)). Finally,
we write the relation giving ¢ in terms of d:

EZ%B, deA: yﬂda):/ dadw, VYaec A (29)
o+ o+

To end this section we illustrate the average formula on the 1D example depicted in
Figure 3. Averages are given by

_ fyd@dx = [iddx
On [b, C] Ly = W; d(x) = fbc dx (30)
d 7 _ d
On [c,d]:?:w d(x :fcddx (31)

[ld(¢) dx’ 14 dx

TLS boundary value problem
We are now able to define the boundary value problem. The set of admissible displace-
ments is given by

U= {u e C'(Q \ QC),/ Y(e(n),d(@)) dw < +oo,u = aud on BQM} (32)
Q\Q

The fact that the fully damage zones are removed from the domain is important. It
allows the displacement to be discontinuous across I'c. Regarding the regularity of the
displacement, we request that the energy, i.e. integral of ¥ over Q\ g, is finite. This space
is not simply H' as in elasticity since the stiffness is possibly vanishing on I'c boundary
[21].

Regarding the ¢ variable, it is required to be continuous over 2 and belong to the set K.
The admissible set for ¢ is denoted K.

K={$eC'@:IVo@|l = Laxe (Q"UQ),IVo@) < Lx e Q} (33)

The continuity requirement on ¢ leads to a Hadamard compatibility condition on the
moving boundary I'. Let us define the jump of a quantity f across I' by

[f]l‘ (xr t) :f+(x7 t) _f_(x! t) (34')

The exponent —/+ placed on some quantities f defined at x on I" has the following
meaning

fE@,t) = lim f(x £ hn(x, £), 1) (35)
h—0t
where 7 is the outward normal to Q7. With these notations we have

(8] +[Velr mvy =0 (36)

where vy, is the normal velocity of I counted positively along n. This gives the respective
evolution of domains Q% and Q™.
Potential energy of the domain is given by :

ucl, p €K
EP(u, 9, 0) = fQ— Y (e(u), d(¢)) dow + fg+ Y (e(u),d(¢)) do (37)
— fBQT 2T 4 da

Note that the same free energy expression, ¥, is used over Q7T and Q. In what follows,
n is the outward normal vector to 2 on 92 and to Q1 on dQT. The set of admissible
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displacements variations is denoted as Up. It has the same definition as I/ except that u is
set to zero on 0£2,,.

Assuming, that at time ¢, the spatial distribution of ¢ of the two volumes QT and Q™
is known, the displacement field u is the field that solves the stationarity of the potential
energy:

EX'su =0, Vou el (38)
This means;

/G:E(Su)dw—{—/ a;e(au)dw—/ AT Suda=0, VYéuel (39)
- Qt QT

For simplicity, we assume that the boundary I'¢ is traction free (no contact on crack
faces). The equilibrium (39) yields the following local equations

dive = 0 over 2\ Q. (40)
[elp-m=0o0onT (41)
o-n= 2T ondQr (42)
o-n=0onTl, (43)

We stress the fact that I'; denotes the boundary of the fully damage zone and thus in
case of a crack I'¢ indicates both crack lips. To complete the set of equations to be solved
for a known damage distribution, we add the stress definition and kinematic relations

= %Z’d) over Q \ €, (44)

1
€= (Vu n VuT> over 2\ Q¢ (45)
[ulr =0onTl (46)
u = udon dQ, (47)

Finally, we need to add damage evolution equations in the local zone (5) and non-local
zone (28).

Dissipation analysis and fields regularity
The goal of this section is to analyze the expression of the dissipation as well as looking at
the fields regularity across the boundary I'.

Taking into account the conservation law for the total energy during the evolution of

the system, the total dissipation associated with the loading rate  is:

D:/ ATd-itda+/ iud .o -nda (48)
QT 02y
d
- ( | weden dos [ viedi dw) (49)
Q- Qt

In the above, we did not consider the energy inside Q. because it is assumed to be zero.
Indeed, no compression is considered in this zone (see (43)).

Using Leibniz formula for the time derivative of moving domains as well as the relation:

v =0:€@)—Yd (50)

Page 8 of 21
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we obtain

D:/ )»Td-itda—{—f Xud-a~nda—/ a:e(it)da)—/ o :€(ir) do
Q7 0Qr - Q+

+/[1/f]rvnda—/¢vnda+f Yélda)+/ Yd dw
r e Q- o+

Integrating the domain integral by parts in the second line above and using the
equations characterizing the equilibrium state, we get

D:/[w]rvn—i—n-a-[it]rda—/l/fvnda—l—/ Yddw—i—/ Yd do (51)
r Te Q- Q+

During the propagation of the interface, perfect contact is assumed on I, that is the
displacement jump across I' must be zero at all time. As a consequence, the derivative
along the moving interface of the displacement jump must be zero, [22], yielding the so
called first Hadamard compatibility condition between the front velocity v, and the jump
in material velocities [#]r:

(#]r + [Vulr -nvp =0 (52)

Equation (51), now becomes

D:/I’l~[P]F'l’andﬂ— WVnda—{—/ Yc'ida)—i—/ Yd dw (53)
r r. Q- o+
where P is the Eshelby tensor

P=vyI—o0-Vu (54)

The first term is the dissipation created by the interface propagation. We show now that
due to damage continuity on I" this term is zero.

Since normal stress and displacement are continuous across I', the product of the jump
in stress and strain across I is zero, [23,24]:

[o]r: [e]r =0 (55)

Let 4(€) be the density of free energy for a given value of damage and let ¥/j (o) be
its dual by the Legendre-Fenchel transform. Since the couples (e*,6™) and (¢ 7,0 ™) do
satisfy the constitutive model (4), we have

YaE€) +YieT) —oT e =0, Yale)+Yie) -0 1€ =0 (56)
Summing the two relations above and using (55), we have
(VaeH +yi0 ) -0 t€h) + (Yae ) +yieh) —ot:e7)=0 (57)

Since both terms above are greater or equal to zero (classical property of convex
analysis, see [25]), we have

VaEeH) +yi0)—0 et =0, Yale ) +yic)—at:e =0 (58)

This implies that the couples (¢*,0 ) and (¢~,0 ™) do satisfy the constitutive model.
Assuming that the convex potential ¥4 (€) is such that the stress associated to any strain

is unique, we have

[o]r =[elr =0 (59)
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The continuity of the strain and displacement across I' leads to the continuity of the
displacement gradient

[Vulr =0 (60)

leading finally to the continuity of the Eshelby tensor.

[Plr =0 (61)
Dissipation is thus reduced to
D= Yddw+/ Yéldw—/ v vn da (62)
Q- o+ r.

The dissipation must be positive. For classical models in which Y is positive, this implies
that damage may only grow. Damage growth will create a growth of the fully damaged zone
Q. (and thus a negative velocity vy). The last term in (62) is thus automatically positive.
Whether this term is zero or not depends on the regularity of ¢ on the boundary I'¢. This
regularity must be assessed from the non-local constitutive model condition: y — Y. < 0.

Note that dissipation may also be written

D= Yddw+/ Yddo— | ¥ v, da (63)
Q- ot T.

where Y is defined by (25) (y replaced by Y). The above expression exhibits the duality
between Y and d in the localization zone.

Results

We consider a 1D axisymmetric fiber pull-out depicted in Figure 4. The fiber of radius
r; is considered rigid and infinitely long. It is pulled out of a clamped circular domain of
radius 7. = r; + L. The only non-zero stress component is the shear stress t satisfying the
following equilibrium conditions

(tr),=0=1t(r) = @ (64)

TT,U

i T Te r

Y

Figure 4 Pull-out of an infinite fiber of radius r; from a tube of radius r. Radius r; indicates the (evolving)
extent of the non-local damage zone.
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The only non-zero strain is the shear strain, derivative of the displacement along the

fiber direction
Y =u, (65)

We consider the following free energy density involving some hardening function x(d),
satisfying /(1) = 0. The shear stiffness is denoted p and Y is also a material parameter.

1
V() = Spd - dy’ + Yeh(d) (66)
So, state laws read
1
r=p-dy, Y=_py’ - Yo (67)
The local evolution model is given by
d>0, Y-Y.<0, (Y-Y)d=0 (68)

The condition Y = Y reduces to

L Q- 1, = 2uY, (69)
* g(d
Let us now be more precise on the type of function g(d) we will be considering. Basi-
cally, we are interested by C! positive concave functions with a maximum value at some
damaged. < 1:
gd) € C'(10,1]): g <0, g(0) =1, g1) =0, g'(de) =0 (70)

We shall use in what follows
d

=(1- 1

g(d) = ( d)eXp(l—dC) (71)

The corresponding stress strain curve is given in Figure 5. We will now search for the

complete solution linking the (non-dimensional) shear stress T needed to move by a (non-
dimensional) displacement U the fiber:

T — T(ri)’ u — M(VZ)I’L (72)

Tc rite

Four regimes will be observed. They are depicted in Figure 6: elastic, local damage, local

and non-local damage and finally purely non-local damage. The first two regimes may

.4

1.2
1t
L 0.8 7
© 0.6
0.47
0.2

0 ‘

o 1 2 3 4 5 6 7 8
Y/ (T/W)
Figure 5 Local constitutive model: stress versus rising strain (case d. = 0.5).
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.6 .
OA: elastic
-4 AB: loc. dam. B.C
1.2 BC: loc./non-loc.
1 CD: non-loc. A
= 0.8
0.6
0.4
0.2
0o D, ]
0 0.20.40.60.8 1 1.21.4
V)
Figure 6 Force-displacement curve in the case n = 2. The elastic part of the solution is on part [OA] of the
curve. The part [AB] corresponds to the development of local damage whereas part [BC] corresponds to both
local and non-local damage development. Finally, part [CD] is governed only by non-local damage. Letters A,
Band Carelocatedat T4 = 1,7 = 1.351 and Tc = 1.368, respectively. The latter being the limit load.

be solved analytically whereas the two last one may not. We however pursue as much as
possible the analytical path. Next section is devoted to a numerical solver.

Pure elastic regime: T €[0, T4 = 1]
The displacement solution is given by
. [Ter; T Y
ulr) = T= Ldr=T=w log(—e> (73)
m r m r

r

We thus have a linear relationship between the stress and displacement

1
Iu:u(bg<f)) (74)

Local damage regime: T €[1, Tg]
When T reaches 1 local damage starts around the fiber. Its distribution is obtained by
combining (64) and (69)

r
T'=g@d)— (75)
ri
This distribution of local damage is acceptable provided the condition below holds true
IVl < Lie. [|Vd| < d'(¢(d)) (76)
The norm of the damage gradient is maximum at » = r; and of value
dd 1 g(d;
dd| 1 g(d) o
dr|  rig'(dy)

where d; = d(r;). Considering a general power law damage profile (13), the condition (76)
is

g(d;)
g'(dy)

Let us denote by d? the smallest value of damage for which the condition above is vio-

< ?n(l —dytn (78)

lated and Tp the corresponding loading. Due to the fact that g’'(d;) = 0, it is clear that
df will be slightly lower than d.. We note that as the material length gets bigger with
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respect to r;, non-locality (violation of (78)) will step in for smaller and smaller damage
d;. Considering the choice (71), we get the condition
1- d (1 —dc)
—d;
For instance if n = 1, we get
4B — de — (1 —d)Uc/ri)
! 1— @1 —do)c/ri)

< 7 n(l —dy)'t=/n (79)

(80)

As a numerical application, with d. = 0.5 and /. /r; = 0.1, we get dlB = 047.

Combined local and non-local damage regime: T € [T, T¢]

For a loading higher than T, non-local damage will develop close to the fiber. Let [r;, 7]
be the current extension of the non-local damage zone in which damage ranges from dj;
to d; following:

r(d,di) =ri+ ¢(di) — ¢(d) (81)
The condition for the non-local zone to growis ¥ = Y, i.e.
/ Y — Y)—r dr=0 (82)

Using, (81), we may rewrite it as

d;
/ (Y — Yr(d,d;) dd =0 (83)
d,

1
Now, using (69), we get
A= d)2(d)(r(d, dp)[r;) dd

T = (84)
i = )2, dy) fr)~ dd

Since loading is rising, so does local d; damage at r = r/, following
ry
T= PR (dy) (85)
12

Given T, system (84)-(85) returns unknowns d; and d; as well as the extent of the non-
local zone r; = r(d}, d;). We note that for T = T, we have d; = d; and r; = r;. Let T¢ be
the loading above which the system has no solution.

Non-local damage regime: T decreases from T¢ to 0
There is no solution of the problem for a loading higher than T¢. When the loading
decreases below T, there is of course a possible elastic solution. Another possible solu-
tion is the further development of the non-local damage zone (while damage in the local
zone no longer evolves since loading is decreasing). The system of equations to solve still
involves (84)

[ = d)y 2 (d)(r(d, dy) /r:) dd

T = (86)
Jo, A= ad)~2(r(d,dp) /r)~" dd

Equation (85) is now different and reads

Tc = gf (dn) (87)
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Indeed the damage at r; did not change from its value at load T¢ because the load has
been decreasing afterwards.

Analysis of the displacement of the fiber
The displacement of the fiber is given by

Te 1
L[:T/ri e (88)

As the damage around the fiber goes to 1, the integrand goes to infinity. But, at the
same time the loading goes to zero. Let us study the limit of the fiber displacement for the
loading going to zero. The loading is given by (84) recalled below

i _ 1/2 : 1/2
. fd,l(l —d)2g%(d)(r(d, d;)/r;) dd _ fd, N(d,d;) dd (39)
S = dy2(r(d, dp) fr) =t dd Ji D, dy) dd

Due to the property of g(d), (70), we have

gd)=0(0—-d)asd - 1 (90)
So

0 <N(,d;) < +oo,Vd,d; €[0,1] 91)
Finally, we have

T:O( l—di) asd; —> 1 (92)

Note that this property does not depend on the choice of d(¢). Going back to the
displacement expression, (88), we have

d; X
U= T/ 1 - o dn- LY a0 cr (93)
i dd

where C is a finite constant and
rddi) = ri+¢(d) = p(d) = ri+ 1 (1= D) — (1 —d)™'") (94)
assuming a power law asymptotic behavior of ¢ (d) as d goes to 1:
¢d) = lc(1— (1 —d)"") (95)
Finally, we get
U=TO(A-d)/" ' +C)=0((1 —dp""1?) asd; —> 1 (96)

We conclude that there exists three regimes of delocalization.

dlim uUu=0 ifn <2 (97)

i—1

0<t}imLI<+oo ifn=2 (98)
i—1
dlim U= 400 ifn>2 (99)
i—1

When n < 2, the fiber displacement must be zero for total failure. When n = 2, there
exists a limit value of fiber displacement before total failure and when n > 2, it takes an
infinite displacement before total failure. It is interesting to note that these three regimes
also exist in gradient damage models [20].

Page 14 of 21
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Numerical solve

Last section gave some insight on the different regimes in the solution. In order to plot the
solution, we detail here a 1D numerical solver. This code is rather ad hoc for 1D problem,
since we force the advance of the I' boundary and find the corresponding loading and
fields. General 2D and 3D solvers will be detailed in a forthcoming paper. We search for
the solution at a set of discrete times. Consider the solution known at time ¢, the solution

at time £,41 must satisfy the following equations.

Kinematics and equilibrium on ] r;, re[.

TN U= {u e H'(riyrel) : u(re) = O} (100)
y(un-‘rl) _ u’r;ﬂ—l (101)
/ C ot y@*) rdr = . T" N (), Yu* el (102)

State laws and d(¢) relation on ] r;, r,[.

_L,n+1 — r(y(u”“) ’dn+1) — (1 _ dn+1) /,L)/(unJrl) (103)
Y™ = y(y (Mn+1) ,dn+1) _ %My(un+l)2 _ Ych/(dn+l) (104)
dn+1 — d(¢n+l) (105)
Non-local evolution law on ] r;, r;""l [.

rer-l

a = / (Y™ — v ) d'(¢"th) rdr <0, (106)
T

b= ¢" ' (r) —¢"(r) = 0, ab=0 (107)
¢n+1 — ¢n+1 (r;’l-‘rl) + r;’H-l —r, on ] i, r;’H-l[ (108)

Local evolution law on ] r;'+1, tel.
Y™ — Y. <0, 9" — 9" >0, (Y - Y) (9" —9¢") =0 (109)

Regarding space discretization, the segment ] r;, r,[ is discretized with a set of finite
elements. Initially, the non-local zone is empty and we proceed with a classical Newton-

Raphson scheme depicted in the solver flowchart without non-local zone.

Solver flowchart without non-local zone

initialization: u® = d® = 7% = 0

elastic step: find the load step for which damage starts
load step T"+1 = T" + AT

iterations initialization k = 0

oW
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5. solve linear system (110) to find Au
after the first iteration adapt the load step so that the maximum damage increment
is dinc
update using (111)-(118)
if residual < tol, go to 9 else go to 5

if [V¢" || < 1, go to 3, else go to solver flowchart with non-local zone

The linear problem at each iteration reads: find Au € U such that:
Te Te
/ H*y (Aw)y ™y dr = 1. T u* () —/ Xy () r dr,Vu* e U (110)
ri ri

where the right hand side is the residual at iteration k. Once the displacement correction
is obtained, the local update of the fields is computed from

W = k4 Au (111)
S r(y <Mk+1> ,dk“), yk+l Y(y (uk“) ,dk“) (112)
YA _y, < 0,d% —a" > 0, (Yk - YC> (d" - d”) =0 (113)
Pk — ¢<dk“> (114)
whereas tangent operators are obtained by
-1
k41 _ ppk41 _ kppk+l gkl k+1
H™ = Hy,," —nH, (Hdd ) Hy, (115)
nftt = 1, if @ — d* > 0 and 0 otherwise (116)
aT ot

HESY = oy k15 H];:;l =57 kv (117)

Yy Y

k+1 _ 9% k+1 _ 9L
H, =~ = oy k1, Hyy = ¥ lk+1 (118)

At the end of each load step, the gradient of the level set is computed. If it is below 1
everywhere the next load step is applied. If not, a non-local zone is placed and the solver

flowchart with non-local zone is used.

Solver flowchart with non-local zone

initialization: r? =r;

increase non-local zone: rf“ =r'+An

iterations initialization: k = 0

linear solve: solve (119) to find Au, AT, A¢

load update: Tkt = T% 4 AT

update in local zone (111)-(118), and non-local zone (120)-(124)
if residual < tol, go to 8, else go to 4

if domain not fully broken (d(r;) < 1), go to 2, else go to 9

O © N ook W

end

The extent of the non-local zone is imposed and one tries to find a continuous
displacement and damage field satisfying the problem.
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The linear symmetric problem to be solved at each iteration when the non-local zone is
not empty is to find Au € U, A¢p € A, AT € R such that

rl"Jrl Te
/ (H’;yy(Au) + H yd (¢k> Adb) v () dr + /M H*y (Aw)y (u*)r dr — 1, AT () =
ri Vl

. T*u* (i) — /.re ™y *)r dr,Vu* e U
7 00 0+ (0 ) () )0

n+1

/r' <Yk - YC> d’<¢k) b rdr, Vore A

ri

K\ gk
soe CEE )

(119)

where n¥ is evaluated following (116). The update in the local zone follows (111)-(118)
whereas in the non-local zone we have

W = uk 4 A, K = ¢F + Ag, (120)
dk+l — d(¢k+1) (121)
S r(y <Mk+1> ,dk+1>’ yk+l — Y(y <uk+1> ,dk+1> (122)
ot ot
k+1 _ 9% k+1 _ 7%
Y Y
gt = 00 gk OF 124
dy y k1 dd 9d lk+1 ( )

Is is interesting to note the difference between the two solver flowcharts. When the
non-local zone is empty, the linear solve deals only with displacement increments and the
local update deals with the damage variable. On the contrary, when the non-local zone is
not empty, the linear solve involves both displacement and damage (or more precisely the
surrogate ¢ variable) increment in the non-local zone (local zone being treated as before).

The mesh is built so that it is much finer in the localization zone. Node j is located at a
position x(j) given by
i (= D/N) e —0)? n

Te — T

(/)

v, j=1,...,N+1 (125)

where N is the number of elements considered. Results will be shown for the following
mechanical parameters:

ri=01m, re=02m, [.=002m -—<=10"% d.=05 (126)
"
and numerical parameters
N =200, dipc = 0.02 (127)

Regarding parameter Arj, the non-local zone is advanced by one element at a time or
smaller when damage gets close to 1 at r;. This is done in order to capture the full load-
displacement curve. The formula used in the simulation is

Arp = max(min(h*, (lC — qb”(ri)) /2) ,le 12 % lc) (128)
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Figure 7 Distributions of ¢ /I (top figure) and damage (bottom figure) for different loadings. Details
on the curves in each plot from bottom to top: Bottom curve corresponds to T = 1.232, damage evolution is
purely local. The next curve is for T = 1.351. It corresponds to the load at which ||V¢| = 1 atr = r; and
non-locality steps in. Next curve is for T = 1.368, it is the limit load. The load then decreases and damage
evolution is purely non-local. Last two curves are for T = 1.012 and T = 0.02, respectively. The latter case
depicts the profile at complete decohesion of the fiber.
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Figure 8 Force-displacement curves for n =1 (small dots), n =2 (solid line), n = 3 (big dots).
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Figure 9 Force-displacement curves (zoom) for n = 2 and dj, = 0.02 with different mesh sizes:
N =200 (solid line), N = 20 stars, N = 30 circles, N =40 plus sign.

where /1* is the size of the element adjacent to the non-local zone at time step 7. The initial
(n = 0) non-local zone needs to be more than one-element for convergence. Between 5
and 10 elements are used.

As a final remark on the solver flowchart with the non-local zone, we noticed that in
non-local zone update, it was more efficient (reduced number of iterations) to take A¢ as
the one ensuring damage continuity rather that picking the one coming from step 3.

Discussion

In Figure 6, the force-displacement curve in the case n =2 is shown. The figure indicates
the different regime of the solution (pure elastic, local damage, coupled and pure non-
local damage). Note that snap-back is taken into account automatically since the loading
is not imposed but an unknown in the numerical scheme. Profiles of ¢ and damage along
the radius at different loads are depicted in Figure 7.

1.4 T T T T T T T

1.38 t
1.36
1.34 ¢
1.32 ¢
= 1.3 ¢
1.28
1.26
1.24 ¢
1.22 ¢

1.2 ‘ ‘ ‘ ‘ ‘ ‘ ‘
0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2

U

Figure 10 Force-displacement curves (zoom) for n =2 and N = 50 with different values of dj:
dinc = 0.02 (solid line), dinc = 0.1 stars, dinc = 0.05 circles, di,c = 0.01 plus sign.
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Figure 8 shows the influence of the delocalization parameter #. Plots confirm the ana-
lytical limit results (97). As long as damage is purely local, all curves are superposed. As
non-locality steps in, the delocalization parameters # plays a role.

Finally, in order to show the insensitivity of the model with respect to the discretization
parameters N, dinc, we show Figure 9 the influence of the choice of the N parameter (for
the case » = 2 and dinc = 0.02). In Figure 10, we show the influence of din. (for the
case n = 2 and N = 50). Note that as expected, parameter dj,. has only an influence
when damage is purely local (rising part of the curve). For both figures, a zoom was used.
Otherwise, curves cannot be distinguished.

Conclusions

The Thick Level Set damage model allows coupling local damage evolution in some part
of the domain to a non-local damage evolution in the localization zone. Damage gradi-
ent is bounded. The bound is reached in the non-local zone (localization zone) and not
reached in the local one. The localization zone boundary is the main unknown in the
model. It evolves ensuring damage continuity. A semi-analytical 1D solution has been
developed showing different regimes in the solution (elastic, local damage, coupled local
and non-local damage and finally pure non-local damage). The solution was plotted using
a numerical scheme. This numerical scheme is ad hoc for the 1D problem considered.
The corresponding numerical implementation for 2D and 3D cases will be the subject of
a forthcoming publication.
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