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GeM, UMR CNRS 6183, Ecole Background: Contact mechanics involves models governed by inequality constraints.
Centrale de Nantes, 1 rue de E f he <i | bl . liti ise f he lack of inf .
Ja No&, 44321 Nantes, France ven for the simplest contact problem, inequalities arise from the lack of information
on the contact zone position. In addition to increasing the difficulty to solve such
problems, an unknown contact zone makes it difficult to use an appropriate mesh and
to represent efficiently phenomena on the contact zone boundary. Nevertheless these
phenomena are often crucial to have an accurate representation of the problem such
as weak discontinuity of the displacement.

Methods: In this paper, we propose a method specifically designed to solve inequal-
ity constraint problems linked to an unknown domain without remeshing. In order to
do so, level sets coupled with X-FEM is used to define the unknown domain and take
into account the specific behavior at the contact zone boundary. The key idea of the
method is to split the problem involving inequality constraints into two problems. In
the first problem, the unknown domain is set and therefore it only involves equalities.
Nevertheless, the constraints might be violated, meaning the set domain has to be
changed. Then, the other problem is a shape optimization of this domain and leads

to an updated set domain. These two problems are iterated up to convergence of the
algorithm. Moreover, the addition of adhesion to the problem will be considered.

Results: The studied case in this paper is a membrane in the context of small defor-
mations. First,a 1D example will be given to illustrate the method with and without
adhesion. Then 2D cases will be studied. Finally an example with an evolving load will
be given. Comparison will be made with a classical active-set method.

Conclusions: The ILS is proved to be an efficient method giving a convincing accu-
racy for the contact boundary without need of re-meshing. It is also able to naturally
handle adhesion.

Keywords: X-FEM, Level-set, Contact, ILS, Adhesion, Membrane

Background

Being able to predict how bodies in contact are going to behave is important. Indeed, such
situations are omnipresent in daily life. Thus, contact mechanics has been intensively stud-
ied. Nowadays several methods are available to tackle contact problems. In this paper we
will focus on the methods based on the finite element method [1] even if other options are
available such as iso-geometric methods, for which a review can be found in [2]. Further-
more, only contact with a rigid body will be studied, therefore avoiding, for now, the prob-
lem of non-matching meshes. Methods have been designed to overcome this challenge.
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Among them, the mortar methods [3, 4] have shown great effectiveness. For our focus of
study, the most common methods are the Lagrange multipliers method [5, 6], the penalty
method [5, 6] and the augmented Lagrangian method [6, 7]. One of the main difficulty
of contact is that the contact area is a priori unknown. This leads to the introduction of
an inequality and consequently, computational challenges even in the simplest contact
problem [5]. They usually require iterative algorithms and can be conditionally convergent.
These difficulties are common to any inequality problems. Another issue to be addressed
is the representation of the contact boundary area and the phenomena on it. In fact, the
finite element method is strongly dependent on a predefined mesh. However, as the con-
tact area is unknown, it is impossible to design a suitable mesh at first. In addition, low
regularity of the solution are often present at the boundary of the contact area. The X-FEM
[8] is a definite asset in representing these discontinuities, leading to a higher order con-
vergence rate with respect to element size. We propose in this paper a new approach for
contact, the ILS, which is using X-FEM and is designed to handle these problems.

In the first section of this paper we will state a general framework for the class of prob-
lem we are going to study. Then we will give a brief review of the most used methods. In
the next section, we will set up the ILS framework applied to contact. We will explain
how the variational inequality problem is transformed into an equality problem coupled
with a shape optimization. We will also emphasize the particular tools required such as
the notion of level-set and the X-FEM. The addition of adhesion behavior to the method
will be discussed. Finally we will give examples of our method applied to membrane
problems. First, a 1D case will be presented to allow an easier understanding of the
method. Then the 2D case will be studied in order to use the full extent of the method.

Description of the problem and classical methods

The problem

Overall, the goal of contact mechanics is to be able to handle the physics governing mul-
tiple bodies coming into contact with each other. In this paper we want to focus on the
understanding of the ILS method. Therefore, we will base our explanations on a simple
problem even if the ILS could be generalized. The studied problem is a deformable mem-
brane in contact with a rigid surface considered at least C1. We will assume the contact
to be friction-less and we will focus only on the static problem with small deformation
hypothesis. The deformable body occupies the volume €2, its frontier is 02 and x = (x,y, z)
is the coordinate of a point. We will denote u(x) the displacement of the point x and T
the tension of the membrane. The distance between the solid and deformable body with-
out any load applied is represented by a function d(x) > 0. The non penetration of the
two bodies can be written u + d > 0. Without loss of generality zero displacements are
imposed on 02 and only continuous body forces f; will be applied. Finally, the part of the
boundary in contact with the rigid surface will be called 2~ and its boundary I'. We will
denote everything defined only on the contact side of I" by a “—” and on the other side a “+”.
If we denote the closure of a domain 2 by £ then the domains must satisfy @ UQ = Q
and @ N Q™ = 0. We will define on every point of the boundary I the normal # to it con-
tained in the membrane surface. It is chosen to be directed towards Q. Figure 1 illustrates

this description.
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Figure 1 Membrane into contact with a rigid surface.

Our problem being parametrized, we can build the mathematical framework needed
to find the equilibrium solution of this problem. Of course, this framework has already
been settled and the reader can refer to [5] for more details. Indeed, we will only outline
the main results needed here.

The governing equations of the equilibrium of a membrane are well known. Without
contact, every point of the membrane has to fulfill the strong equations:

TAu+f;=0 ong,
u=0 ondQ. M

With contact, the set of equations is more complex and involves inequalities. If there is
contact the classical equivalent of (1) can be written with an addition of the Signorini
equations (3), also called Karush Kuhn Tucker (KKT) conditions:

Problem 1 Find u and p such as:

TAu+f;+p=0 onQ,
u=0 onodQ. 2
u+d>0onQ,
p>00nQ, 3)

plu+d) =0o0n Q.

where p is the normal reaction exerted by the rigid surface to the membrane.

In Problem 1, all the equations have been generalized to the whole domain. However,
if we split the domain into Q1 and Q~ (being the actual contact zone), as described pre-
viously, Problem 1 is equivalent to:
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Problem 2 Find u, p and Q7 such that:

InQ* InQ~ onT
Equality TAu+fy=0 TAu+fg+p=0 ut =u"
u=00n0dQ —u=d
Inequality —u<d p=>0

The separation of the two domains will be a key point for the method exposed
in "Method: the ILS applied to contact problems".
Another problem, which is closer to what is solved in practice, is to find the equilib-

rium solution assuming a contact zone.

Problem 3 Find u, pand /fora given Q7 such that:

InQt InQ~ onT
Equality TAuU+f3=0 TAu+f3+p=0 TIVull-n =1
u=00n0dQ —u=d ut =y

with [Vu(s)] = Vu(s)* — Vu(s)~ the jump of Vu at a point of I" located by its curvilin-
ear abscissa s and / the reaction on the boundary of the rigid solid (= 0 if 27 is exact). To
be equivalent to Problems 2, 3 needs to be solved for the right ™.

Let us show that if the contact conditions are fulfilled, i.e. the contact zone is the right
one, we must satisfy [Vu]l - n = 0. First, let us look at the case [Vu] - n > 0, thus 7> 0.
This means that the membrane is attracted by the rigid body. Without adhesion this is not
a physical solution. Now, if [Vu] - # < 0 and therefore Vu™(s) - n < Vu™(s) - n. As by
definition Vd(s) is continuous and V= (s) = Vd(s) we must have Vut(s) - n < Vd(s) - n
and therefore there is penetration of the rigid surface.

Hence,
[Vull - n=0 Vsel 4)

is a necessary condition to have the right contact zone. This property will reveal itself
quite useful in the next section.

In any case, a strong formulation is often not suited for computational purpose. The
classical approach is to derive the weak form of this formulation. Let us first define the
admissible displacements space that will be used in this article:

Va={ueH (@ UQ)lu=00n00} (5)

Therefore if u € V; it can admit a strong discontinuity on I'. Problem 3 can be written as
the weak formulation:

Problem4 FindueV; pePandile H~Y2(T") such that:

ﬂ(u, L[*) + (P:lf)P + <;L’ [[I/f]]>H*1/2 Zf(”f) Vi e Vd;
(W u+dp=0 Vp eP, (6)
(S Mul) -2 =0 V2 e HV2(D).
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with:

a(u, ) = /QTVU -V d§2 fw) = /Qfdu* dQ

(7N
O Tl v = (X 0) = /F X[u] dT

Two options for P are available. The most obvious one is L2(22~) meaning that the dual-
ity pairing reads therefore (p,u);> = [ pudS. Even if this formulation appears as the

Q
straightforward way to impose a Dirichlet condition it is not well suited to satisfy the
Babugka—Brezzi (BB) condition. The other choice is H'($27) and the duality pairing

becomes (p, u) 1 = / InVp - VudQ + / pudQ. The addition of [, is only there for
Q- Q-

dimensional homogenization and will be set to /,, = 1m?2 This last formulation fulfills
naturally the Babuska—Brezzi (BB) condition as the operator is the natural scalar prod-
uct associated to the space where both u# and p live. Consequently, it is chosen for this
paper and Problem 4 writes:

Problem 5 Findu € V,;, p € HY(Q7)and 4 € H~Y/2(I") such that:

a(u, ) + b(p, ) +c(Lu) =f () Yu €Vy,

b u) =L, VP e H(Q), (8)
c(Fu)=0 V¥ eH2D).

with:

‘ b(p,u*) = /7 InVp - Vu* + pudQ () =— /Qi InVp - Vd+ pddQ 9)

A drawback of this formulation is the loss of equivalence between both p and p just as )
and /. Therefore, post-processing will be needed to compute the reaction of the ground.
In this section, several ways of expressing a contact problem have been shown. To summa-
rize, it is convenient to break down the full problem given by Problem 1 into two problems:
solve Problem 5 for a given 2~ on one hand and find an admissible 2~ on the other hand.
We will now discuss a brief state of the art of the methods used to solve these problems.

Some existing approaches
As we said, this problem is numerically difficult due to the inequality constraint and iterative
algorithms are needed. The most common approach is to iterate on the set of degrees of free-
dom for which the constraint is active. Such methods are called active-set methods. Nonethe-
less, the contribution of the contact constraint have to be taken into account. The most spread
methods in the industry are the penalty method and the Lagrange multipliers methods. An
overview of these methods can be found in [5, 6]. Some methods combine both of them. This
is the case of the perturbed Lagrange formulation [9] or the augmented Lagrange formulation
[7]. Another approach is to use tools from mathematical programming like in [10].

The penalty method being the easier to implement is widely used. It also does not

need to compute extra degrees of freedom as in the Lagrange multipliers method.



Graveleau et al. Adv. Model. and Simul. in Eng. Sci. (2015) 2:16 Page 6 of 25

Nevertheless, it relies on the choice of a penalty parameter. If the latter is too small,
penetration is allowed whereas if it is too big, the problem might become ill-condi-
tioned. Another spread method is the Lagrange multipliers method which leads to an
exact fulfillment of the contact condition. However it does require additional degrees
of freedom and a special care is to be taken for rigid body motion between two con-
tacting bodies. To overcome these difficulties, an augmented Lagrange formulation
is often coupled to an Uzawa algorithm. Combining both advantages of the penalty
and Lagrange multiplier methods is more reliable but also more difficult to imple-
ment. Again, a comprehensive survey of these methods can be found in [6] or [11] for
instance.

Even with the latter one, other difficulties arise. One of the most obvious one is that
the representation of the contact zone is strongly linked with the discretization. As the
contact zone is a priori unknown it is impossible to use an appropriate mesh at first. A
solution to this problem is to move the nodes of the mesh to the approximated boundary
of the contact zone [12]. A comparison of this method against more classical ones can
be found in [13]. Obviously this method needs to update the mesh at each iteration. In
the next section, we propose a new method to tackle contact especially designed to solve
inequality constrained problems on a fixed mesh.

Method: the ILS applied to contact problems

The ILS method has been designed to be able to treat problems involving inequality constraints
arising from an unknown constrained region. This means that if we can predict the constrained
region there is no inequality anymore. Several problems fall into this category. Between them, a
differentiation can be made. In the case of 3D solids the constrained domain can be a volume or a
boundary of the domain (thus a surface). An example of the first case was treated in [14] where the
ILS was first applied. It dealt with volumetric kinematic constraints inside a 3D domain. Contact
problems are clearly part of the other category. Indeed if we know the contact area on the bound-
ary we can prescribe the distance of the body to the rigid surface to be strictly zero and no more
greater than zero. Nevertheless, even if the problem we are dealing with is also a contact problem
we neglected the thickness of the membrane. Therefore the dimension of the contact zone is the
same as the dimension of the membrane. This does not change the main idea of the ILS method
but only local details. The Dirichlet boundary condition on 2~ can be enforced using Lagrange
multipliers for instance. Therefore the challenge is to find this contact zone. Starting from an initial
contact zone, a shape optimization is set to make the contact zone evolve toward one which allows
all the contact conditions to be fulfilled. In short, the main idea of the method is to transform the
inequality problem to a sequence of equality problems involving a shape optimization at each step.

The equilibrium problem

To be able to solve the equilibrium problem we need to differentiate the domains and thus
to define the boundary of the contact zone I'. In order to do so , we are going to use a
level-set [15, 16] and particularly its iso-zero set to fit I' (cf. Figure 2b). A particular case
of level-set is a signed distance function ¢ (x) (cf. Figure 2c). There are several advantages
to using a level-set. The first one is that it is easy to define if a point is inside or outside the
contact zone by looking at the sign of the level-set. By convention we choose ¢ to be nega-
tive inside 27. Furthermore, it is easy to compute set theory operations such as the union
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Figure 2 The level-set has to fulfill the properties illustrated in (b). @ Shows one of the possible choice and
() the particular case of a signed distance function (dashed line represents the iso-zero).

or the difference of sets represented by a level-set. Usually it is only a question of finding
the maximum or the minimum of the related level-sets. Nevertheless, in order for ¢ to stay
a signed distance function it needs to be reset. To reset ¢ the iso-zero is kept and the dis-
tance to it is re-computed. Last but not least, a level-set can evolve on a fixed mesh so we
do not have to re-mesh.

To solve the problem with a given contact zone, a numerical strategy needs to be set.
A first step is to find a good discretization of the fields. We will start with classical shape
functions called N;. For instance it could be the well known hat functions. With such
functions we can approximate the value of the level-set at each point of the domain by:

@ =) N (10)

iel

where [ represents the number of shape functions. However in order to represent the
displacement field, this classical approximation is not enough. Indeed, the solution
might present weak discontinuities on the boundary. Hence, we are using the X-FEM
method [8] to enrich the displacement. If we choose to use an enrichment function F
suited to our problem an approximation of the field u is:

up(®) =Y wiNi(x) + Y ufNj(x)F (x)

iel j€l

(an

with J the subset of I which is enriched.

A straightforward choice for F would be a ridge function allowing a weak discontinuity
of the displacement field. Then Lagrange multipliers have to be defined on I' in order to
represent the linear force needed to physically allow a slope discontinuity in the mem-
brane. Nonetheless, an equivalent strategy is to set F to be an Heaviside function and to
use the above mentioned Lagrange multipliers to cancel the jump of the displacement [[«]].
A better numerical behavior of the Heaviside function, especially for high order finite ele-
ment, motivates this choice.

Lagrange multipliers also need to be discretized. In order to have good convergence
properties we need to use the right approximation for p and 4 such as the BB condi-
tion is satisfied. This problem was handled in [17] for Lagrange multiplier on a boundary
(i.e. for 1) coupled with X-FEM. Rather than degree of freedoms linked directly to the
front, a combination of degree of freedoms attached to the elements cut by the level-set
is used. Hence this discretization is used here. Furthermore, the choice of the formula-
tion guarantees a good behavior of p. We can then approximate p and A:
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() = ;;»Nf ) (12)
p(x) = Z 2N/ (x) (13)
iel*

with 7 and I” the set of degrees of freedom for each field. Finally, with such a discretiza-
tion we can apply a Galerkin method to approximate Problem 5 and write it in a matri-

cial form:

Problem 6 Find u, u’, p and 4 such that:

u f A€ A€ B C
ul fe AceT A B¢ C¢
[K] p (= 1, where [K] = BT BT 0 0 (14)
A ch ct oo
with:
9] Q
u = {uj} A= /QVNZ-‘ETVN]‘-5 aQ A = /QVNZTVN]‘-5 aQ ¢ = {/QN{:fdQ}
p={pi} Bi= /mNiNfdQ Bj; = /Q,NfNdeQ 1, = {_/QszpddQ
+/lmVN¢VN]’7dQ +/lmVNfVNJ’.’dQ —/ lmVNdedQ}
9) 9] Q-
A={\} Gy :/FNZ-N}dF s :/FNfN}dF
(15)

The size of the matrix A is usually very small compare to the size of A“. This last
matrix is not changing through the iteration, which is numerically convenient. Further-
more, from a broader point of view, when it will come to deal with plain solid both the
size of B and C will be modest compare to A*. Therefore a great deal of computational
effort can be spared by working on A“ only once.

Shape optimization

At this point, we can solve Problem 2 for a given contact zone. However the solution might
not fulfill the contact conditions (i.e. the contact zone is not the right one). We are going to
search for the exact contact zone with an iterative process. As with an active-set method,
we are using the fields computed at the current iteration to determine the evolution of
the contact zone. The main difference is that we are not using the same criterion as in
active-set method to make the contact zone evolve. An active-set method uses directly the
value of the fields. For instance a criterion would be if the Lagrange multipliers are positive
then remove the constraint at the node. The ILS is mainly using another criterion ¢ which
depend on the problem it is dealing with. This criterion is chosen strictly related to the
boundary of the contact zone rather than whole of the solid boundary. Let us denote '

Page 8 of 25
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the boundary of the contact zone at the kth iteration. To lighten the notations we will usu-
ally only write I'. The abovementioned criterion must satisfy:

r=r**=p=0o0nrl (16)

where I"** is the exact boundary of the contact zone. Thus if o # 0, the position of I' is not
the right one. This leads to try to find at each iteration the evolution of the contact zone
which cancel o. Nevertheless, having 0 = 0 is not always sufficient to insure that I’ = I'*%.
Indeed the KKT conditions might not be fulfilled everywhere. Therefore, time to time,
these conditions are checked on the full domain in order to take into account contact zone
nucleation and disappearance.

Here, the obvious choice for g is [Vu] - 1, see Eq. (4).

An efficient way to find the zero of a functional is to use a Newton method. Therefore, if
we can compute the derivative of o with respect to a variation of the contact zone shape we
can apply a Newton algorithm to update I'. The derivative which is going to be used is the
directional derivative D[ ]. Physically, this derivative is the variation of the quantity consid-
ered, following the moving interface. Without loss of generality, as we are only interested
in the change of shape of the boundary, we can only consider movement of the interface
in the normal direction. This special case is called normal directional derivative. To define
this derivative, let us introduce a normal displacement of the interface w- = wru. Then we
denote I' (0) the original position of the boundary and I" (¢ w-) the new position after a dis-
placement wr- (Figure 3). The normal directional derivative of o is then defined as:

iy 2 Cur)) — o(T(0)

D =1
olur] = lim : a7)
Then the zero of o can be found by solving:
Problem 7 Find wr € L?(T") such that:
o+ Do[wr]=0o0onT (18)
@/ owpdI' + / Dolwrlwfdl' =0 Vut € LA(T) (19)
r r

T(0)

Figure 3 Evolution of the boundary following a path wt.
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We will denote the normal directional derivative of a quantity a: D(a)[wp] = 4. In this
particular case, § = [VL;]] -n=1[Va]l-n—[Vul - Vwp - n+ [Vul - V- wr. To com-
pute it, we are using the same trick as in [18] or [19]. We assimilate the change of shape
to a body motion which is a classical problem with plenty of tools at our disposal.

With these new tools we are going to take the directional derivative of Problem 5 to have
a system with (&, p, /) as unknowns. In order to compute i, p and /. we need to extend the
definition of D[ ] to the whole domain. The boundary displacement wr- is then extended
onto this domain. This extended displacement is noted w. But, as we are only, in prac-
tice, interested by the evolution of ¢ on the contact boundary, we are going to introduce a
function 7(¢). This means that this function depends on the distance from I in the normal
direction. This function allows us to set the displacement value to zero after a certain dis-
tance § and thus to reduce the computational cost (cf. Figure 4). Finally, in order to keep
the extended displacement normal to the boundary of the contact area we are going to use
the gradient of the level-set V¢ (x) as its norm is one and it is normal to the iso-level-set.

w(x) = wr(s))Vox)r(s) (20)

where s, represent the curvilinear abscissa of the closest point of x onT.
Now with this extended displacement, the normal directional derivative can be defined
for any quantity fin the domain in the same fashion as before.

Dflw] = g%f(r<z@>§—f<r<0>>

21
It is shown in Appendix A that the derivative of Problem 5 is:
Problem 8 Findize V,;, p e HY(Q )and J. € H™Y2(I") such that:

a(it, ) + b(p, ) + cC, i) = fS@t,w) Vi € V,,

by, i) = L w) Vp e LX(Q), (22)
c(X,0) = E(*,w) V2 e H YD),

AN
dz)=0 T S
. N r=1
_ \\ r=20 o
""" T AN - -
e NN
7 |
N
oo T T \
Vo
Figure 4 Function rin the case of a circular level-set.
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where:
fflaf,w) = — / T (Vo' Vi divw — (Vu' (Vu” + Vw) V) dO
— /Z Im (VpTVu* divw — (Vp! (Vw! + Vw) V) dQ
- /Q pu divw dQ — /F A (diviw — n - Vo - ) dT" + /Q Faudiva dQ
B = 7/ ﬁ*édﬂf/ IV VddQ
BXw) = - /:)\*[[u]](divw —n-Vw-n)dl'

(23)

It is important to note that Problem 8 has the same left-hand side as Problem 5. Using
the discretization given in (11, 12, 13) Problem 8 allows the following discrete form:

Problem 9 Find &, p and J such that:

u I
KIS P o =41 (24)
A I

and thus the left-side matrice is the same as the one of Problem 8. Thereby we can use
the matrix decomposition already computed to speed up the process.

However, as wr is unknown, we cannot directly compute Problem 9. Therefore, wr is
going to be approximated by M given modes w,,. For each mode, a 7,, is associated and
represent the mth mode contribution to wr.

wr = Z TmWm- (25)

There is plenty of possibilities to construct the modes. In this paper we start for instance
with the Fourier modes w;,, = F,(«) (o being a parametrization angle for the contact
area boundary as in Figure 4). To conclude one step of the algorithm we have to solve
M-times Problem 9 in order to get all the ,, and then solve Problem 10.

Problem 7 can thereby be approximated using a Galerkin approximation:

Problem 10 Find t = {1,,} € R such that:

3 /F owndl + ) Z/F tmDo[Wunlw, dT =0 (26)

@Z/andFvLZZ/ TndmWn AT = 0 27)
n r m n r

Again, Problem 10 can be written as:

Problem 11 Find T € R” such that:

e

[Krlt =0 (28)



Graveleau et al. Adv. Model. and Simul. in Eng. Sci. (2015) 2:16 Page 12 of 25

END or
— New load-step

yes

Classical
problem (5)

(u,p, A) = K/(f,1p, 0)

Sensitivity

optimization pr oblem (8)
(]O) Vm (Qm, Py Am) =

T =Krp/er K/(£% (wm), 1 (wm), 13 (wm))

Figure 5 lterative algorithm to find I" for a given load and a fixed number of mode.

where:
Kom = / QiDN/ Wy 1wy, AT (29)
. I
L
o=> /r 0iN/w,, dT (30)
i

These steps (Problem 6, M-times Problem 9 and Problem 11), illustrated in Figure 5, are
iterated up to convergence. To be able to compute the new I" we need to update the level-set
using the displacement w. In order to do so, an Hamilton—Jacobi equation (9¢/3t = w - V¢)
is solved [15]. In the case where a fixed number of modes is used, the algorithm is stopped
when the norm of projection of ¢ noted 7 (0,;) onto the mode space is small enough (i.e.
inferior to a scalar 7in), which means that we could do no better with the modes used. It is
also interesting to have an increasing number of modes through the iterations. Indeed, at the
beginning, having only a few modes allow a fast computation to get closer to the solution.
Then a greater number of mode allows a better precision. The projection of 9, is checked at
every iteration, if it is too small—meaning that the modes are too poor to represent the vari-
ation of p—we increase the number of modes. Thus the criterion for convergence is to look
directly at the norm of g or to stop when a maximal number of modes M™2* is reached.

However, it was already pointed out that, by itself, the algorithm might not converge to a solu-
tion as o could be zero for another configuration. That is why, at the end of the convergence of
the algorithm (or if there is no convergence at all) extra steps are added. For instance, let us say
that the converged level-set is the one of Figure 6a. First, as in classical active set methods, we
check if there is penetration and also that the reaction of the support is not attracting the mem-
brane. This defines areas where the contact conditions are violated and they should be added in
case there is penetration or removed for attraction. Therefore creating level-sets with the val-
ues of the gap ¢, Figure 6b or the reaction of the support ¢, Figure 6c allows us to do easy set
operations. We only compute these level-sets where it is necessary, namely outside the contact
zone for the gap and inside for the reaction. A special care as to be taken to avoid the creation of
unnecessary iso-zero (dashed lines in Figure 6d). An easy way to do it is to shift slightly up (resp.
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Figure 6 Level-set values of the starting level-set (a), penetration (b), reaction (c), the newly computed level-
set (d) and the associated signed distance function (e). Solid lines represent the iso-zero of each one.

down) the reaction (resp. gap) in order to avoid a strict zero value on this lines. As it was said,
taking the minima (resp. maxima) of two level-sets allows the creation of a new level-set which
represents the union (resp. intersection) of the former level-sets. Nevertheless it was also high-
lighted that the property of signed distance function was lost in process. Thus we reset the level-
set after such operation. This means keeping the iso-zero of the level-set then computing the
distance to this front on the whole domain (cf. Figure 6e). It is to noticed that these operations
are weakly dependent on the mesh. The full method is summed up in the algorithm beneath.

Algorithm: ILS algorithm

Initialize: level-set ¢ «— ¢q; number of modes M «— Mj;
while M < M,,,, do

Solve the direct problem [K|U = F;

if criterium not small enough :| 0|/ 12 > Omin then

for m=1to M do

Compute modes wy, on I';

Extend w,,, on £2;

Solve the m™ sensibility problem [K|U?, = F% ;
Solve the shape optimization problem [Kr|T = o;
if | 7| < Tyin then

| M — M+1;

update ¢ with 7 and wy,, ;
elsecriterium small enough :||o||z2 < Omin
if check for penetration and traction — OK then
‘ return / ;
else
compute ¢4 and ¢ ;
L update ¢ with ¢, and ¢;;
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An easy adaptation to adhesion problems
Let us now consider the influence of adhesion in the contact zone and how it affects the
Inequality Level Set approach. For instance, consider that the floor in Figure 1 is covered
with a fluid with surface tension y. At equilibrium, the configurational force on the bound-
ary of the contact zone is no longer zero but needs to match the value of surface tension.
Indeed, with adhesion, it takes energy to create new surfaces as the contact zone is reduced
in size. As a consequence, at equilibrium the pressure on the boundary of the contact zone
is no longer zero but we have

S0 =r > o=0= 1" G
The ILS algorithm described in "Method: the ILS applied to contact problems" is still the
same except that the pressure is driven to g, and not zero.

It is interesting to note that the introduction of adhesive energy changes the solution
from an inflection point to a minimum point.

Regarding the literature on adhesion, contact under adhesion has been studied in
the papers [20-22] as well as the book [23] and the more recent book [24] for the
mathematical aspects. On the boundary of the contact zone, pressure is no longer
zero. Few papers exist in the literature on the numerical simulation of contact with
adhesion. Lately, micro/nano-scale adhesion has been investigated, motivated for
instance by microelectromechanical systems [25], nanoindentation [26] or biological
[27, 28] purpose. Numerical improvements of classical methods have been proposed
for example by Sauer [29]. Here, the macro-scale adhesion is investigated. Therefore
we do not aim to represent precisely the micro-scale behavior. Note also the paper
from the computational graphics community [30] which adapts classical contact algo-
rithms to adhesion. An example of this application can be found in the next section
(see Figure 7).

Results

In this section we are going to study the case of a membrane with a homogeneous loading.
Then, the full 2D problem will be dealt with.

0 T T

—— initial guess
—0.02F - - - solution without adhesion i
[ I R solution with p, =0.2
.
y
s
Y
Vs
£ —0.06 |- R7d i
El A
/’l-'..
~0.1 I N I L4 il
1 1 1 1 1 1 1 1 1

0 01 02 03 04 05 06 07 08 09 1

Figure 7 Solution given by the algorithm with an without adhesion.
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The axi-symmetric problem
We recall that the problem we are looking at is a circular membrane (Figure 8) with radius
R (set to 1 m for numerical purpose) and homogeneous tension T (set to 1 Nm™Y). This
membrane is loaded with an homogeneous loading f;. The quantity of interest is the verti-
cal displacement u which is prescribed to be zero along the border. This displacement is
limited by an undeformable horizontal plane of altitude d.

The problem can be summarized into the equations:

TAu+f; =0inQ

—u <dinQ (32)
u =0forr=R

The analytical solution of the equilibrium for a given r is:

_ far? r
u=—" +Aln<R)+B (33)
where:
Ao fa(R? — r2) — 4dT
 ATIn(R/r.)
g Jaf? (34)

r. is the radius of the contact zone

However, the only solution which fulfills the contact condition imposes that the exact

value of r, is:

1 44T —
r& = Rexp (2 <1 +W_ (efdfd>>> (35)

With W_j(x) the branch of the Lambert function defined for —1/e <x < 0 and
e = exp(1) In this section, for every numerical simulation f; =1 Nand # = 0.1 m.

With axi-symmetric hypothesis
As said before, if we take into account the axi-symmetry the problem is simplified in a 1D
problem (Figure 9). At a given contact area, we need to find u such that:

10 ou
——|r— | +f;=0 on|0,r]
ror\ or (36)
—u=4d on][rcR]
u=0forr =R

Let us illustrate what was described in "Method: the ILS applied to contact problems"
with this simplified problem. In order to impose # = d on [0, rc] we use Lagrange multi-
pliers p. Even if p is going to be defined on [0, R] we will be able to take into account their
influence only on the contact zone. Indeed, taking advantage of the level-set framework
we integrate only on the contact zone.



Graveleau et al. Adv. Model. and Simul. in Eng. Sci. (2015) 2:16

Problem 12 Findu € V,;, p € H'(Q7)and / € R such that:

a(u, ) + bp, ) +c(Lu) =f () Yu €Vy,

b, u) =L, Vp e H(Q), (37)
c(Fu)=0 V¥ el

with:

N B Ouour . R .
a(u,u) = /0 Trgﬁ dar fl) = faru dl

0
_ [, 9pou oo [, opod
b(u,p) = /0 (lmaa +pu> rdl L(p) = /0 (lm(?r o +pd> rdl
c(u, A) = Arefu]
(38)
As we are dealing with a 1D problem we will use only one mode for w which corre-

spond to a unit displacement of 7. in e, direction If we take the normal directional deriv-
ative of these equations we obtain the following sensitivity problem.

Problem 13 Findit € V,;, p € HY(Q7)and J. € R such that:

a(it, ) + b(p, ) + cCo ) = fS@*) Vit € Vy,
bt i) = L) VP e H(Q), (39)
e i) =B VX eR

with:
Frr) = —(refa + Nut (re)

l;(p*) =0 (40)
BX) = =Xre=

First we will use a linear approximation. The {N;} family is therefore the family of the
hat functions. The displacement field is enriched at r, with an Heaviside function. Thus
the enriched nodes are the ones surrounding 7, or the node itself if 7 is on a node. One
shall keep in mind that the integration of p only on the contact zone is enable by the

&L

Figure 8 Axi-symmetric membrane with an homogeneous load.
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knowledge of the position of r, between two nodes. This approximation fields are illus-
trated in Figure 10.

Once these two problems are solved we have access to o and ¢ and we can solve the
Problem 10 associated to our case.

0

o+0t=0 <& ‘L'=—5 (41)
Thus if we were at the kK iteration the next 71 would be:

k+1 _ k k_ @

rc+ =rc+7:=rc_5 (42)

An illustration of the results of the ILS method can be seen in Figure 7. This same prob-
lem was also treated adding adhesion as described in "An easy adaptation to adhesion
problems”. We need to apply the Newton algorithm on the function ¢ — g, The weak

&L

-

R

[——

771(1

Figure 9 Axi-symmetric simplification of the membrane (right side) and illustration of the solution.

f”
Y-
o u
re
enriched node
_—— ® r:‘ ( _——
u" <
X - -
Figure 10 Approximation of the fields.
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discontinuity of the displacement is well represented by the X-FEM Heaviside enrich-
ment combined with Lagrange multipliers.

We compared this method to an active set method with nodal Lagrange multipliers
(which will be referred as “classical”) in the case without adhesion. The set where the
constraint is active (namely where the contact is imposed) is a set of N, nodes. The coor-
dinates of the k! node in this set is noted g/g In order to make this contact zone evolve,
the penetration and the reaction of the support are checked as explained in the last sec-
tion. Then, every node which violates the penetration is added in the active set whereas
the ones violating the support reaction are removed. The same discretization of « is used

without the enrichment. The problem for a given Q7 is then:

Problem 14 Find u € V,;, p € RNe such that:

N
au, ) + ) il @) =f ) Vil € Va,

k=1
N, N, (43)
> A == pdah v e RV
k=1 k=1

The initial r, is chosen as r;, = 0.3m. In Figure 11a we are interested in the evolution of
the relative error on the position of r, with the size of the elements 4. With ILS method
we observe a better convergence rate than with the other one. The stages of the other
method are also avoided. They arise because as long as the refinement of the mesh does
not add a node closer to r¢* there is no better approximation available. This problem is
avoided by the enrichment of the ILS method. Figure 11b on the other hand shows the
power of having an evolution driven by the sensitivity. Indeed, by adding more degree of
freedom we increase the number of iterations needed with the classical active set as there
is more sets possibilities. Whereas it is not increasing in our case as it is sensitivity driven.

Without axi-symmetric hypothesis

Without this hypothesis, we recall that the direct problem is Problem 5. Then, if we use the
modal base {w,,} to approximate the displacement field and note w,,, = wy,,n, the sensitiv-
ity problem becomes similar to Problem 13 with the above notation and:

10 ! T *
S - 102 | /

10 2

- 10 4

10 °

10 6 | I
10! 10% 10° 10 10% 10°
1/h 1/h

a b

Figure 11 Evolution of a the error on r., b the number of iterations, with the size of the mesh.
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rflw) = - /Q T (V! Vit divw — (Vu” (Vu” + Vw) V) dO
= / i (VP! Vur divw — (Vp' (Vu' + Vw) Vi) dQ
— pu* divw dQ) — / Au](diviw — n - Vw - n) dT" + / Sfaudivw dQ2
BGtw) = 0 o r Q
53X, w) - /F Xu](divw — n - Vw - n) dl’

(44)

In order to improve the efficiency of the algorithm a limitation is added to the basic algo-
rithm described Figure 5. First, as the starting position of the interface can be far from the
converged one, the evolution of I is limited such that it does not evolve further than the
limit set by the value of § (which defined the restrained computational area specified in
Figure 4).

The primary task is to set the initial contact area boundary to be the solution of the
problem without any contact conditions. Therefore, the first guessed contact area is a
centered circle of radius 0.77 m. Only the first mode should be activated and we should
observe a proportional growth of the contact zone. Indeed, the first mode represent an
homogeneous growth of the front. The combination of the second and the third allows
a translation of the contact zone. Latter modes become more and more localize. A first
simulation is done with a non axi-symmetric mesh. The result can be seen Figure 12.
The jump in the membrane slope, clearly visible in the initial solution, is canceled at the
end of the iterations. Here, a small § was taken on purpose. This explained the constant
advance of the front for the first iterations.

In Figure 13a it can be seen that other modes than the first one are activated. This is
due to the numerical error during the level-set evolution which breaks the axi-symme-
try. Therefore the algorithm needs extra modes to compensate these errors. To ensure
that this is due to these numerical aspects an axi-symmetric mesh was used in another
simulation. Figure 13b confirmed that no other modes but the first one are activated at
first. The activation of the other modes at the 8th iteration is just due to the fact that the
convergence stage as been reached as Figure 14 shows.

A stage in the convergence can be observe after some iterations (cf. Figure 14). It is due
to the geometrical approximation of the level set on the mesh. Therefore, it is decreasing
with the size of the mesh as we get a better representation of the level-set.

Q Initial b Evolution C Final

Figure 12 Evolution of the contact interface from initial to final configuration (b) with the displacement
associated to these to extreme position (@, €).
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Figure 13 Evolution of the norm of T and percentage of the contribution of each mode.
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Figure 14 Error on the position of the contact interface compare to a reference solution for each problem.

Let us compare again the ILS method to the active set method. The behavior of these
methods is quite similar to the axi-symmetric hypothesis case, retrieving the same prop-
erties of convergence for the location of " (cf. Figure 15a).

In relevance to the efficiency of the algorithm, Table 1 gives the total computational
cost for each method up to convergence as well as the average time per iteration. First

10! 60 —
50 .
10 2 wa
; £ wf |
S = L
Z 102 g
2 S 301 e y
210 4k 2 IR
= 75 20 - x 1
107 T — 1
P
10 (;09 1(‘)1 ]67 0 2‘(] 4‘0 ﬁ‘O 8‘(] 160 1‘20
1/h 1/h
a b
Figure 15 Evolution of a the error on T, b the number of iterations, with the size of the mesh.
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Table 1 Time comparison between ILS and active set method. First on fixed meshes then
for a targeted error

Mesh ILS Classical
ILS IS ( “class
Vh tiet (5) tis (s) ot () £1255 (s)
04 0.08 0.06 0.02
1.06 0212 0.39 0.08
2.53 0.506 1.06 0.151
16 7.59 152 5.24 0476
32 364 7.28 487 243
64 2439 4878 6178 19.92
128 2,062 4124 20,971 3495
ErroronT ILS Classical
tiet (5 )
5x 1072 04 1.06
5% 1073 2.53 6178
5% 107 36.4 X
1072 2,062 x

All computations have been done on an AMD Opteron 6328 3.2 GHz octocore with 4Go of RAM.

the comparison is made for several fixed meshes and then for a targeted error on the
location of I'. First, let us discuss the computational times on fixed meshes. The ILS uses
more time on coarse mesh than the classical method. Nonetheless for regular sized or
fine meshes this trend is reversed. This is due to both the increase of iterations needed
by the classical method and the reduction of the difference of time needed by each
method for one iteration. This last point is explained by the change in the dominant time
consuming function. For a coarse mesh, the assembling takes the greatest computational
effort. Whereas, for a fine mesh, the solving is the main expense. Also, the ILS algorithm
is more elaborate. Thus, it takes more efforts to be optimized and we think there is still
room for improvement. But the comparison should also be made with a precision crite-
rion on I'. Indeed, we have already emphasized the importance of the contact boundary.
For this particular purpose, the ILS is far more efficient and does not require an overkill
mesh to obtain sufficient accuracy for the contact boundary position.

Non-axi-symmetric problems
In the previous section, we have dealt with axi-symmetric problems. The ILS has been
shown to be consistent when keeping the axi-symmetric features. However in these
cases, only the first mode was needed to converge. We will now seek examples which
need extra modes. In this part, we are going to see to the resolution of a membrane
coming into contact with a non-constant floor following the mathematical expression
d(x,y) = —1/1,000(15 + 5 cos(2mx) cos(2y)). A representation of the floor and the used
mesh can be found in Figure 16.

The loading will be increased and then decreased such that contact zones appear, then
merge and split (f;| = 0.1 - 0.2 — 0.3 - 0.4 — 0.3 — 0.2 — 0.1). Results of this pro-
cess can be found in Figure 17.
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Figure 16 Floor shape (2D and 3D representation) and associated mesh.

a f=-0.1,RT,3ILS b fa=-0.2,RT, AP,5ILS ¢ fa=—0.3,AP21ILS

d fi=-04,AP21ILS

e fa=—0.3,RT2ILS f fis=—0.2,RT, AP, 5ILS g fa=—0.1,RT,4ILS

-0,02 -0.01 0

S L ee—
Figure 17 Evolution of the solution and the contact boundary (green line) with the loading (AP meaning
addition of the area with penetration to the contact zone, RT meaning removal of the area where there is
traction on the membrane and ILS is short for ILS iteration).
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The method seems to be consistent as the results are similar for the loading and the
unloading of the membrane. The differences come from the different initial level-set
between the loading and the unloading. Indeed, using Fourier modes, their number is
limited by the number of elements cut by I' and therefore local errors (mainly arising
when penetration or release checks are done) are difficult to overcome. In a future work
localized modes will be developed to deal with this issue. Nevertheless, it is notable that
few iterations are needed between each steps.

Conclusion
The use of level-sets coupled with X-FEM seems to be a great asset to handle contact prob-
lems. The two key advantages are the capacity to represent:

— precisely the contact zone without mesh constraints,
— the low regularity of the solution on the boundary of the contact zone.

This leads to a good quality solution without use of an excessively refined mesh. On top of
it, the ILS takes advantage of configurational mechanics to make the contact zone evolve.
It has been shown in this paper to be an efficient way to find the contact zone with and
without adhesion. Numerical experiments did show that the convergence is fast.

In a future work, we will investigate the case of plain solids, particularly punch prob-
lems. Also the ILS framework offers a natural way to numerically analyze the bifurcation
of systems involving contact and adhesion. An example of such system is given in [31].

Abbreviations
ILS: inequality Level-Set; X-FEM: eXtended Finite Element Method; BB condition: Babuska—-Brezzi condition.
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Appendix A: calculus of the sensibility
Lets first recall some basic formulas:

o

Vu=Vi+VVu-w=V@+Vu-w)—Vu-Vw= Vi — VuVw (45)

>

( fdsz) w] = / D(F)Iw] + fdivw dS2 46)
Q Q

o
£

< de>[ =/D(f)[w] +f(divw —n-Vw - n)dl’ 47
r r
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We have

D(a(u, i) [w] = / T(ﬁ N+ Vu-ViE + Vu- Vit diw) ae
Q
= / T((Vit—Vu-Vw) - Vi + Vu - (Vi — VwVi) + Vu - Vit divw) dQ
Q

(48)

D(b(p,u)[w] = / In(VPVil' + VpVit — Vp(Vw" + Vw) Vi + VpVi divw) dQ
o

+/1°7Lf + put + pudivw dQ2
o=
(49)
D(e(%u))lwl = / A+ AL T + AL (divw — 1 - Vw - ) AT (50)
r
Q

D, () [w] = — / In(VrVd + Vpvd — Vi (Vw! + Vw)Vd + Vi Vd divw) dQ
o
- / pd+pd+pddivwde
o

(52)

The test fields u*, p* and A" are chosen such that for all x where the fields are defined,
w(x) =0, p*(x) = 0 and J* (x) = 0. This means that the test fields follow the movement
of the interface. Therefore if the imposed force field f; to also follow the movement of

the interface (i.e. j’dz 0) we find the formulation of Problem 8.
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