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A unified methodology to solve problems of frictionless unilateral contact as well as
adhesive contact between linear elastic solids is presented. This methodology is based
on energetic principles and is casted to a minimization problem of the total potential
energy. Appropriate boundary integral forms of the energy are defined and the quadratic
problem form of the contact problem is proposed. The problem is solved by the
collocation boundary element method (BEM). To solve the quadratic problem two
algorithms are developed, both being variants of the well-known conjugate gradient
algorithm. The difference between them is given by the explicit construction or not of
the quadratic-problem matrix. This matrix has the same physical meaning as the stiffness
matrix commonly used in the context of the finite element method (FEM). Both symmetric
and non-symmetric formulations of this matrix are presented and discussed, showing
that the non-symmetric one provides more accurate results. The present procedure, in
addition to its interest by itself, can also be extended to problems where dissipative
phenomena take place such as friction, damage and plasticity. Essential steps of the
numerical implementation are briefly presented and the numerical solutions of some
standard problems of frictionless contact are given and compared to those obtained
by other well-known BEM and FEM procedures for contact problems.

Keywords: unilateral frictionless contact, adhesive contact, linear elasticity, boundary element method, stiffness
matrix in BEM, total potential energy minimization

1. INTRODUCTION

Contact problems (Johnson, 1985), often present in engineering applications, represent one of
the most important and interesting topics of mechanics. Contact between deformable bodies is a
complex and inherently non-linear problem. It is essentially a boundary phenomenon which has a
strong effect on stress and displacement fields in the vicinity of the boundary of the contacting
bodies. Phenomenologically one of the simplest models of contact is given by the Signorini
(1959) contact condition, that imposes the strict non-penetrability of the bodies in contact. After
early studies by Hertz (1896), many contact problems have been solved analytically. However,
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complicated geometries or loads, as well as, more complex
interfacial conditions (e.g., adhesion, cohesion, friction, etc.),
require the use of numerical methods (Wriggers, 2006; Yastrebov,
2013). Unilateral frictionless contact problems for deformable
bodies are usually numerically solved by the finite element
method (FEM) or boundary element method (BEM).

For crack onset and growth modeling (see Panagiotopoulos
et al., 2013; Roubicek et al., 2013), the first two authors with
coworkers developed an energy based procedure implemented
by BEM. In these applications, contact between crack faces
should be considered, hence it is important to present in detail
the theoretical background as well as details of the numerical
procedure for problems of unilateral (i.e., Signorini) and adhesive
frictionless contact. Hereinafter, this framework is referred to as
Energetic approach for the solution of elastic Contact problems by
BEM (EC-BEM).

Unilateral frictionless contact stands for the case where there
is no other material in the interfaces (=contact zones) between
elastic bodies. For this case the (Signorini, 1959) condition
models the exact non-penetrability of the bodies in contact, by
the following relations, Eck et al. (2005):

e The relative normal displacement at the interface cannot be
larger than the initial distance between the bodies in contact.

e Stresses can be transmitted only if contact takes place.

e Only compressive normal tractions can be transmitted
through the contact zone.

Adhesive unilateral contact is represented by bodies connected
across their common interfaces by a continuous distribution of
springs, similar to the Winkler spring model, with (possibly)
distinct normal and tangential elastic stiffnesses whose values
range from zero to infinity.

Several approaches for solving contact problems by BEM
were developed in the past. In engineering literature an
approach based on incremental-iterative procedures was
developed and widely used from the very beginning (see Paris
and Garrido, 1989; Katsikadelis and Kokkinos, 1993; Paris
et al, 1995), among others. In this approach successive
increments of load are applied and the Signorini contact
condition is verified in each step by an iterative procedure.
A BEM methodology for frictionless contact problems,
based on the strong formulation of the problem, where the
position of contact zones is defined through geometrical
parameters is presented in Méchain-Renaud and Cimetiere
(2000).

In contrast to these approaches, the present approach
for solving frictionless contact problems is based on general
energetic considerations. Usually this approach requires
the minimization of the potential energy under unilateral
constraints on displacements (Gurtin, 1972; Lazaridis and
Panagiotopoulos, 1987; Panagiotopoulos and Lazaridis,
1987), although different approaches may also be found
(see  Kalker and Randen, 1972), where instead of the
potential energy the minimum enthalpy principle is employed,
formulated as a boundary integral equations method, valid
for frictionless contact problems in the absence of dissipative
processes.

In the present work the contact problem is modeled
as a quasi-static and rate-independent process, (Wriggers
and Panagiotopoulos, 1972) (neglecting inertial and viscous
forces) for linear elastic solids. In section 2 the energetic
approach employed is presented. In section 3, the energetic
principles formulated in boundary integral forms amenable to
numerical implementation are introduced. A particular BEM
implementation is presented in section 4. A procedure for
computation of matrices in an explicit form that may be used
in quadrature programming algorithms is described in section 5.
Some details for analysis of a possible contact between elastic
bodies, through interface elements, are presented in section 6,
while specific features of the minimization algorithms are
described in sections 7 through 10. Finally, in section 11, results
of two-dimensional multi-region simulations are presented and
compared to solutions obtained by other BEM and FEM
techniques available in the literature, showing that the present
framework is suitable to confront problems of contact between
elastic bodies.

2. THEORETICAL BACKGROUND

Consider a finite number N of linear elastic bodies possibly in
frictionless contact. Let these bodies be represented by mutually
disjoint subdomains Q' < R? (i=1,..,N) with Lipschitz
boundaries 9! =T (see Figure 1) and the unit outward normal
and tangential vectors viand 71, with ¥ = (=(v),, (V);).

Let CY denote the elastic stiffness tensor of subdomain
Qf, ul(x, t) the time dependent displacements on QL el(ul) =
%((vui)T + vyi) .the smal'l sFrain tensor, o' (1) = (C(i)e"(u")l the
stress tensor, p'(u') = o'(u')v' the boundary tractions, o, =
pi(ui)vi and oti = pi(ui)ri the normal and tangential component
of boundary tractions, respectively.

LetT J’ C I' denote the part of the boundary I' which possibly

can contact with &/ (j = 0,..,N and j # i), referred to as
potential contact zone of Q' with ©/. We also consider a possible
contact with a rigid obstacle on a part of I'' denoted as I'}.

We assume that the rest of I'! is partitioned into the Dirichlet
and Neumann parts of the boundary, ', and T}, respectively.
Time-dependent boundary displacement and traction vectors,
ul (x, t) and pi (x, t), are prescribed on T'} and T}, respectively.
Thus, e.g., any admissible displacement u/(x, t) on Q' has to be
equal to the prescribed displacement u, (x, £) on '\, Let

M= J Mhandy= | J Ik (1)

1<i<N 1<i<N

In the simplest case of conforming or receding contact with a zero
initial gap, I‘} can be equal to I‘f, but in general, e.g., in the case
of advancing contact or a positive gap, they do not coincide. The
initial contact zone (in the undeformed configuration) between
subdomains ©F and ¥/, and also the active contact zone (the set
of points on each subdomain which will enter in contact in the

deformed configuration) both should be included in F; and Ff: .

. » j ; j .
Specially, F} and I'; may be larger than 92 N 9€Y for modeling
an advancing contact.

Frontiers in Built Environment | www.frontiersin.org

November 2018 | Volume 4 | Article 56


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles

Panagiotopoulos et al.

BEM Energetic Approach to Contact

FIGURE 1 | Schematic illustration of the geometry and of the notation for the
2D case of N = 3 subdomains in contact including a rigid obstacle.

We assume that an intermediate contact surface, denoted as
[';j = T, can be defined for each couple of potential contact
zones, with one-to-one and onto (bijective) and continuous
mappings (projections) between I‘;, Fg and I'ji. A discretized
version of such mappings is briefly introduced in section 6. A
recent comprehensive revision of different projection techniques
for a general contact configuration can be found in Yastrebov
(2013). Additionally a normal direction is defined at each point
of I';j by a unit normal vector v]? (= — vl’ ) (outward with respect to

Q). Recall that all l"} , F{-l and Iy are defined in the undeformed
configuration. In the simplest case of conforming or receding
contact with a zero initial gap, typically, F} = F; = L.

The contact zone I'¢ in the present problem is defined by the
union of all intermediate contact surfaces

re= J Ty 2)

0<i<j<N

The initial normal distance (gap) between some points x' € F}

and ¥ € l"f corresponding each other by the above defined
mappings is given by the scalar gap function gj = (¥ — x")vji
defined on the intermediate contact surface I';;. A positive value
of the gap function means an initial separation whereas a negative
value means an initial overlapping between the bodies in contact.
This gap function is denoted as g, on I'c.

Similarly, we also define [u]; = W) — ul(x') on ['jj as the
signed difference of displacements (displacement jump) between
some points x’ € I‘Ji and ¥/ € I‘f corresponding each other by the
above defined mappings. The normal and tangential components
[u]n and [u]; on T'c, respectively, are defined as [u], = [u]ijvji

and [u]; = [u]ijrji. According to this definition, [u],, referred

On 0t

[t]n [ul

FIGURE 2 | Constitutive relations for the unilateral frictionless contact
considered.

to as opening, decreases when subdomains Q and €/ are getting
closer, and [u], +g, > 0 should hold. [u]; is referred to as sliding.
Therefore, [u]; = [u]nv; + [u]trji. In fact, the model does not
depend on the chosen orientation, and indices i and j are omitted
when displacement jump is defined on I'c. The relations between
the components of the tractions and displacement jump on a
unilateral contact surface are shown in Figure 2, which indicates
that o, < 0if [u]n + g» = 0 (contact), no overlapping being
allowed, whereas 0, = 01if [u], +g, > 0 (separation), and oy = 0
in both cases.

The elastic strain energy & stored in the volume Q =

UlfiSN Q'is
N N 1
& = (g)i i = 7C(i) iyt : iy dQ 3
w=Y =3 [ serduuin o
Then, the total potential energy functional, also referred to as the

stored energy functional, is defined as

Ew) — W (t,u) if u=uponTyp,
[uln > —gnon g, (4)
00 elsewhere,

I(t,u) =

where, 7 (t,u) = Zf\il frg u'(x, 1) ~pf\1(x, t) dS gives the work of
external forces in €2, the body forces being neglected for the sake
of simplicity.

According to Fichera (1964, see also Kalker and Randen, 1972;
Panagiotopoulos and Lazaridis, 1987), the minimizer u(t) of the
total potential energy functional I1(¢,u) at each time ¢ is the
solution of the unilateral frictionless contact considered.

Remark 1 (Adhesive unilateral frictionless contact). We refer to
adhesive unilateral frictionless contact as the case where a
continuous distribution of springs exists on an interface, i.e.,
a contact zone. The normal and tangential elastic stiffnesses
of an interface, k, > 0 and x > 0, respectively, may have
different values (Figure 3). The interface response is considered
frictionless, since no frictional dissipation of energy is considered,
the tangent stiffness describing an adhesive elastic behavior. The
elastic energy stored in such an adhesive interface (layer) is

&c(u) = éen(u) + Eau), ©)
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On Ot

Ahn [u],
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~ 1Kt
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FIGURE 3 | Constitutive relations for the adhesive unilateral contact
considered.

where the components corresponding to the normal and
tangential directions, respectively, are

& (Ll) — .[]"C%][u]nz ds if [u]n > —gnon e, (6)
o oo elsewhere,
and
K
Sexlu) = /F Sllas @)

The total potential energy is augmented by the elastic energy
stored in the adhesive interface layer giving

I1(t, u) = &) + Ec(u) — W (t, u). (8)

The relations between the components of the tractions and
displacement jump on an adhesive interface layer are shown in
Figure 3, which indicates that o, < 0if [u], + g, = 0 (contact),
whereas 0, = &[]y if [u]n + g» > 0 (separation). Additionally,
ot = k¢[u]; in shear. In this case, g, represents the width of
the adhesive layer. If [u], > O then the layer is under tensile
stresses and we do not allow to break it, whereas if [u], < 0 then
the layer is under compressive stresses and we assume a linear
behavior until the two domains enter in contact, no overlapping
being allowed.

It is easy to realize, that for vanishing interface stiffnesses, k, — 0
and k; — 0, the above described Signorini unilateral contact
model is recovered, cf. Figures 2, 3.

3. ENERGY PRINCIPLES IN BOUNDARY
INTEGRAL FORMS

For given body forces F' in the elastic domain ', the following
equilibrium condition holds:
—dive'(W) = F in ',

which multiplied by some virtual displacement field ' and
integrated by parts over Q' gives

/ ai(uf):ef(af)dsz—/ a"(uf)-v"a"dxzf FildQ. (9)
Qi ri Qi

This expression may be seen as the principle of virtual work,
for virtual displacements #'. The dependence of stresses and
subsequently tractions on displacements is explicitly indicated in
the notation used. By assuming zero body forces (F'=0) (in the
present work) and choosing #i'=ul, the volume integral in (3) is
replaced by the boundary integral

T B
E' W)= - /u’p’(u’)dS. (10)
2 ri
Furthermore, the total potential energy for Q' is
' (t, u') = &) — / L (x, Opl (x, 1) dS. (11)
I'n?

In order to formulate the problem as a quadratic programming
problem involving boundary values only, we further proceed
manipulating (11). Similar formulations may be found in Antes
and Panagiotopoulos (1992) (see chapter 8), where also a proof
of existence and uniqueness of solutions is provided, and in Aour
et al. (2007), however without the extent and the analysis
introduced in the present work.

In the following, the BVP for a sub-domain Q' is considered in
a similar way as in Panagiotopoulos et al. (2013). Hereinafter in
this section we will omit superindex i, for the sake of simplicity.
Let u, and p,, respectively, denote the displacement and traction
solutions of this BVP restricted to I';, n = C, D and N, e.g.
uc = ulr and pp = p|r,. We study here a mixed-type operator
A which formally assigns (pc, pp, tn) to the known boundary
data (uc, up, pn) of the original BVP #2° shown in Figure 4, and
may be partitioned using the following block structure as

Pc Mcc Mcp AMcex\ (e
( D) = (J//DC AMpp ///DN) <UD)-

un Mnc Mo Ann N
The columns of the aforementioned block operator .# are
associated to the sub-problems 27" defined in Figure4. The
displacement solution of a subproblem 2?7 is denoted as u".

From the principle of superposition the displacement solution of
the full problem £?° may be reconstructed by the sum:

(12)

u=u’~+uP+u". (13)

In view of (10) and (11), the total potential energy for the mixed
type BVP #7° may be written in an expanded form as

T1(t, U)ZE/uC(”)PC(”)dS'f'l/quD(u)dS_E/uN(u)PNdS’
2 Jr. 2Jry 2Jry
(14)

where we tacitly assumed that u fulfills the Dirichlet and
Neumann boundary conditions. By substituting the unknown
data for problem #7° from (12), the total potential energy can
be written as

1
H(t, MC) = E(/uc%ccuc dS+ /uC«%CDuD dS—I—/uC///CNpN ds

I'c
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320

I'c(uc, Accuc)
€ PP

I'n(up, #ppup)

L'c(0, Acpup)

FIGURE 4 | Solution of a mixed BVP 20 for a single elastic domain given as a superposition of the solutions of the three sub-problems 92€, 2P and &N,

I'n(#NNPN>PN)
I'n(ANpup,0)

I'n(0, #pNpPD)
WN

I'n(#NNPNsPN)

PN

L'c(0, #cNpN)

gN

+/MD%DCMC dS—i—/uD///DDuD dS+/MDL%DNpN ds
r r

D D I'p

— PN-%NCMC dS— /pN&/%NDMD dS— /pN-%NNPN dS) (15)
I'v I'nv I'nv

From (15) it is clear, that since, at time ¢, up and py are a priori
known prescribed values, the total potential energy is actually a
function of only the contact displacements uc. We further modify
(15) in order to keep the unknown contact displacements u¢ in
the integrals on I'¢ part only, by utilizing the following reciprocity
relations between the elastic solutions of ¢ and &N

— | pxAnctcdS = /MC///CNPN ds (16)
I'n I'c
as well as between the solutions of #¢ and #P,

/uD///DCuC ds = /MQ//CDMD ds. (17)
r I

D C

A similar reciprocal relation holds true for the solutions of &N
and 27,

- pNJ/lNDuD dS = /uD'%DNpN dS (18)
I'n I'p

Notice a somewhat surprising presence of the negative sign in
(16) and (18). It should be mentioned that (16), (17) and (18)
hold only approximately in the case of numerical solution of the
pertinent problems.

Substituting the relations (16) and (17) into the expression
(15) gives

1 1
T1(t, uc) :/”C(*x«%CCuC+~%CDuD+'//CNPN> dS+*/HD‘/ﬂDDMD ds
rc 2 2 Iy

+l/uD-//DNPN dS_l/PN///NDuD dS_l/PN-///NNPN ds (19)
2 Jrp 2 Jry 2 Jry

The present problem can be defined now in an explicit form as
a quadratic programming problem. By observing here that the
last four integrals in (19) are constant with respect to uc, we
may omit them in the minimization procedure since they do not
have influence on the minimizer of the total potential energy.
This leads to the following simplified expression including only
the variable part of the total potential energy functional (for
the sake of simplicity the notation of this functional is kept the
same):

1
I1(t, uc) = 5/ ucMccuc dS + / uc (.ﬂCDMD(t)-l-.//[CNPN(t)) dsS
I'c T'c

- b(t, uc)

o (uUc)
(20)

After a suitable discretization of uc by means of a linear
combination of standard vector shape-functions

Mc
uc(x) =) i @1
i=1
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where Mc is the number of displacement degrees-of-freedom
(DOFs), typically nodal values of displacement components, on
the contact zone I'c. The expression in (20) may be rewritten
as an algebraic representation of the corresponding quadratic
function
M1(,8) = 1§7AE — £7b(0), @2)

where £ is a vector of the nodal displacements uc on I'c, and A is
a kind of the boundary stiffness matrix associated to I'c.

Recall that (20), (21) and (22) refer to a single domain. Then,
the total potential energy for the assemblage of N bodies is
defined as follows

N
M= Tt up). (23)
i=1

This leads to the fact that the algebraic representation of the
total potential energy IT for the assemblage in of N bodies in
(23) adopts the same form as in (22), however, with the matrix
A defined as a block diagonal matrix formed by the individual
matrices A’ for subdomains Q’,

A = block-diag {A',..., AN}, (24)
and similarly the vector b defined as a block vector by formed by
the individual vectors b’ for &

bl = {(bl)T,...,(bN)T}. (25)

4. BOUNDARY ELEMENT METHOD

As can be seen, the possibilities for a numerical implementation
of the above framework are quite wide, the key issue is the
approximation of the operators .., .4}, and .4 for each
subdomain Q. Several numerical methods, such as the finite
element method (FEM) or boundary element method (BEM),
may be utilized. Since the adjacent bodies represented by !
(i=,1,...,N), possibly in contact, are linearly elastic, collocation
BEM or symmetric Galerkin BEM provide an intrinsic advantage
herein. In the present implementation, the collocation BEM has
been adopted.

The BEM is closely related to the map between the prescribed
boundary conditions in displacements or tractions and the
unknown boundary displacements or tractions. In pure Dirichlet
and Neumann boundary-value problems (BVPs), these maps are
called Steklov-Poincaré and Poincaré-Steklov maps, respectively,
and BEM can be considered as an approach to discretize these
maps. In the present computational procedure, the role of the
BEM analysis, applied to each subdomain Q' separately (which,
in fact, makes this problem very suitable for parallel computers),
is to solve the corresponding BVPs on each . For this goal, we
numerically solve the Somigliana displacement identity (see Paris
and Canas, 1997; Aliabadi, 2002),

0+ T 88 = [ UL ) ds,
o

where y € ' and ufn(x) and pﬁn(x) denote the m-component
of displacement and traction vectors, respectively. The weakly
singular integral kernel U:nl(x, ¥), two-point tensor field, given
by the Kelvin fundamental solution (free-space Green’s function)
represents the displacement at x in the m-direction originated
by a unit point force at y in the [-direction in the unbounded
linear-elastic medium defined by C'). The strongly singular
integral kernel Tﬁnl(x, ¥), two-point tensor field, represents the
corresponding tractions at x in the m-direction. The coefficient-
tensor cin ,(») of the free-term is a function of the local geometry of
the boundary I' at y, and may be evaluated by a closed analytical
formula for isotropic elastic solids (see Mantic¢, 1993). The symbol
f in (26) stands for the Cauchy principal value of an integral.

Consider a discretization of the boundary I'* by a boundary
element mesh, which is also used to define a suitable
discretization of boundary displacements u'(x) and tractions
p'(x) by interpolations of their nodal values along I'* denoted as
u’ and p', respectively. By imposing (collocating) the Somigliana
identity (26) at all boundary nodes (called collocation points) we
set the BEM system of linear equations for '/, typically written as
H'u' = G'p’ (see Paris and Caas, 1997; Aliabadi, 2002). The
solution of this system provides the unknown nodal values of
boundary displacements and tractions.

In the present computational implementation of BEM,
straight elements with piecewise linear continuous interpolation
for displacements and piecewise linear (possibly discontinuous)
interpolation for tractions are adopted, respectively. On the I'c
part of the boundaries, usually standard continuous interpolation
for tractions is used.

In the context of BEM, operators //{I’I, of (12), with I, J=C,D
and N do not need to be explicitly constructed, since what we
actually need are the resultant tractions or displacements for each
sub-problem, as also shown in Figure 4. Thus, we need to solve
these three sub-problems for each subdomain Q' by BEM.

5. EXPLICIT COMPUTATION OF THE
MATRIX A AND VECTOR B

The matrix A in (22) has the physical meaning of a boundary
stiffness matrix for a subdomain. Several established techniques
may be utilized for its computation, a survey of such techniques
based on the BEM may be found in Hartmann (1981) and
Tullberg and Bolteus (1982). Hereinafter a new methodology for
computing A is introduced. This methodology is consistent with
the present energetic approach and leads directly to a symmetric
form of A. From (20), the quadratic form </ and linear form b
write as

1 1 Me
o (E) = JETAE = - ; aiéikj, (27)
Mc
b(&) =&"b=" b, (28)
i=1

with Mc being the number of displacement DOFs on the contact
zone I'c.
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Choosing &7 defined as

g =167 =0vj#i (29)

then (27) simplifies to

Mc
A €)= Sai > ai= Y 6 fr brMecdS. (30)
kil=1 ¢

Solving the above problem Z¢ by BEM sequentially for all i =
1,...,Mc, and by utilizing the first integral of (20), we may
compute all the diagonal components a;; of matrix A.

Furthermore, in order to compute the non-diagonal
components a;; we choose & (1) defined as

6 =g =16 =0 vm £ (1)
then, similarly to (30),
(i) 1 1 1
dE) =3 (@i + ajj + aij + aji) = 2%+ Sajt+ai (32)
1 Mc
=3 Y 87 [ pescnas (33)
I'c

k=1

Having computed the diagonal elements a; we may compute
from the last equation also the non-diagonal elements,
considering a;; = aj;, by

Mc
a4ij = o Z flil’j)gl(l’]) /F b Mcch1 dS — aii — ajj (34)
C

2
k=1

Similarly, solving the above problems £ and 2N by BEM, the
computation of vector b is carried out by using the first set of

vectors £ and computed by the second integral in (20), and its
components are given as

Mc

bED) =bi > b= & /F O (Mcotp +-Moxpy) dS.
C

A more direct relation of the matrix A to a respective stiffness
matrix could be understood for the case of a single domain where
the whole boundary I' coincides with I'c (see also section 10).
Although by the procedure described above a direct symmetric
stiffness matrix may be constructed, this matrix was found to
lack the properties of equilibrium and rigid motion representation,
which are satisfied only approximately and although after a mesh
refinement their fulfillment is improved nevertheless they are
not fully satisfied. A further detailed study of the properties of
this matrix is given in section 10. Additionally in section 9,
some alternative modified procedure in order to construct a non-
symmetric matrix A together with the reasoning of its necessity
is proposed and discussed.

6. THE CONTACT DESCRIPTION VIA
INTERFACE ELEMENTS

Usually, a unilateral frictionless contact law is defined by a
geometric condition of non-penetration (also referred to as
compatibility of displacements), a static condition of no tension
and no friction and equilibrium of forces (see Renaud and Feng,
2003). In the context of small displacements deformation, we
may write the non-penetration condition in the normal direction
associated to the surfaces under contact (see below). The exact
portion of the boundaries Q' and €/ which will really contact, the
so-called active contact zone, is a priori unknown, for this reason
initially we consider I‘; and Ff as potential contact boundaries,
which should include the points of the active contact zone (see
Figure 1).

FIGURE 5 | (A) Interface elements constructed on an intermediate surface between two domains under possible contact, and (B) main and secondary elastic

domains, corresponding nodes and interface elements.

e BEM node

M Interface node

x Boundary point
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The establishment of relations that impose the non-
penetration also referred to as Signorini condition, is one of
the most crucial parts of the present formulation. Some of the
BEM formulations for contact problems enforce compatibility
of displacements on one of the domains, while on the other
the equilibrium is enforced (cf. Blazquez et al., 1998b; Graciani
et al., 2005). These equilibrium conditions might be given
in weak sense instead of their strong form (see Bldzquez
et al,, 1998a). In the present methodology only compatibility
conditions are enforced between the bodies in potential contact,
by establishing the non-penetration condition which include the
evaluation of the displacement jump [u] and gap g, along I'c,
while the equilibrium of contact tractions arises through the
enforcement of the principle of minimum of the total potential
energy.

The interconnection of the subdomains as well as the
consideration of Signorini kinematical conditions is succeeded
by the intermediate surface discretized by interface elements, as
shown in Figure 5A. Let us consider an intermediate surface
between two bodies. The gap g, at this surface may be
considered as finite or zero valued. For each node of the
interface elements we define a local reference system and each
relative displacement may have an opening (normal) and sliding
(tangential) component. In the case of contact problems of two
deformable bodies where only small changes in the geometry are
assumed and also the mesh of each elastic domain is a conforming
one, it is possible to incorporate the contact constraints on a
purely nodal basis. However, for the general case of nodes being
arbitrarily distributed along the potential contact zone between
two bodies, which can occur, e.g., when automatic meshing is
used for these bodies, further consideration must be taken into
account in the definition of Signorini contact conditions. Such
techniques have been developed in the case of BEM in Bldzquez
et al. (1998b), Graciani et al. (2005), Blazquez et al. (2006),
Graciani et al. (2009), and Vodicka (2000). Nevertheless, the
necessity of non-conforming algorithms may also occur in small
displacements contact problems and conforming discretizations
as shown in Bldzquez and Paris (2009). The non-penetration
conditions for the case of non-conforming mesh are considered
in the normal direction of the intermediate surface at interface
nodes. Each interface node, related to a pair of the adjacent
BEM node and boundary point, the latter may coincide with a
BEM node or just be located on a BEM element as depicted in
Figure 5B. For the latter case, the displacements of the boundary
point are computed by the respective displacements of the nodes
of this BEM element. The Signorini conditions, that also take into
account a possible initial gap (or a finite thickness of the adhesive
layer) are imposed on the normal displacements of those pairs.
We will write here the conditions taken into account for two
different cases referring to Figure 5B. In the first case, the BEM
node is denoted as i,, (main) and the adjacent boundary point
coincides with another BEM node denoted as is (secondary), and
the following condition is taken into account:

[um(im) - us(is)]n > —gu(i). (35)

In the next case, the BEM node is denoted as I, (main) and
the adjacent boundary point, denoted as I; (secondary), does not
coincide with any BEM node (see Figure 5B), then the following
condition is taken into account:

[um(lm) - us(ls)]n > —gu() =
Ly Ly

[um(lm) - T”S(ks) - 7us(”s)]n > —gu(D).
kn

Lo, (36)

The entire set of such equations may be given in a more compact
algebraic form in terms of new variables
f,' = Cijljs (37)
where f; is given by the i constraint expression, cij is the so-
called constraint matrix and u; are the components of normal
displacements on the potential contact zone, which are the
only variables included in the minimization procedure for the
frictionless contact as will be shown in the following section.
The inclusion of the tangential components of displacements on
the contact zone in the case of adhesive frictionless contact is
straightforward and will be omitted here for the sake of brevity.

7. MINIMIZATION OF TOTAL POTENTIAL
ENERGY

As shown in section 2, the contact problem can be formulated as a
minimization problem of the total potential energy functional
defined in (4). In section 3 appropriate boundary integral forms
of this functional were derived in order to generate a pure
boundary value problem, as in (10) or (11), which was further
manipulated in order to derive a quadratic functional in (20).
In section 1 it was assumed, that the problem is a quasi-static
one (neglecting inertial and viscous effects), introducing by this
way a (pseudo)time variable f into the stored energy functional
in (4). Finally, in section 6 it was shown that in order to define
the minimization problem as a simple bound constrained one it is
advantageous to work with variables f; defined by (37). Making a
time discretization by adopting, for simplicity only and without
loss of generality, an equidistant partition of [0, T] with a fixed
time-step T > 0, assuming T/t € N, the minimization of
the total potential energy functional defined in (4) leads to the
following (formally written) recursive minimization problem:
minimize ﬁk(f) = I (kt, u(f)) } (38)
subjectto f> —g

to be solved successively for k = 1,..., T/t. Here, f is the vector
defined by Equation (37) and g the vector that contains the gap
values.

For the numerical resolution of the above minimization
problem there are two possible approaches, always taking into
account the transformation in (37), the first is to directly
minimize the objective function of type given in (11). In this
case we may use a general algorithm for bound-constraint
optimization problems, such as the L-BFGS-B by Zhou et al.
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(1997). However, it is usually advantageous to solve the problem
as a quadratic one and for this reason we utilize (23) or its
algebraic form as in (22). A variety of algorithms for quadratic
programming may be found in Dostal (2009). Notice that,
using the algebraic form of (22), the problem may be stated
as a Linear Complementarity Problem (LCP), cf. (Gakwaya
et al., 1992; Stavroulakis and Antes, 1997), and may be solved,
for example, by Lemke’s algorithm. For the present EC-BEM
computer implementation, we use a modified conjugate gradient
method which does not need an explicit form of matrix A and
vector b in (22) and directly minimizes (23). Its pseudocode is
given in Table 1. Nevertheless, also the conventional conjugate
gradient method is reproduced in Table2 following Dostal
(2009). A further discussion on differences between these two
variants of the conjugate gradient algorithm is given in section 9.

Regardless of the minimization algorithm we use, except if it
would be a derivative free algorithm, we always need to calculate

TABLE 1 | (M1) Conjugate gradient method (CG) adapted for EC-BEM.

Given a quadratic form <7 (x) and a linear form b(x)
with x € R"
Step 0. {Initialization.}
Choose x0 € R, set g0 = o7/ (x9) — b}, (x0),
pl =g% k=1
Step 1. {Conjugate gradient loop.}
while | g€ > €
Solve BEM for displacements p* on I'c
o =) g2 /e ()
XK = xk—1 _ ok pk
g =g - K0
B =117 /11 g 12
pk = pk=T1 — gkpk
k=k+1
end while
Step 2. {Return the solution.}

% = xk

TABLE 2 | (M2) Conjugate gradient method (CG).

Given a matrix A
and a vector b with x € R"
Step 0. {Initialization.}
Choose x0 e R, setg? =Ax0 —b,p' =g% k=1
Step 1. {Conjugate gradient loop.}
while | g1 > ¢
of =1 g 12 /50N AR
XK = xk=1 _ okpk
gf =g — okApk
B =11 g 12 /11 g1 )12
pk = pk=1 — gkpk
k=k+1
end while
Step 2. {Return the solution.}

% = xK

the partial derivatives of the potential energy I'1. An alternative to
compute these derivatives would be to use finite differences but
such an approach was proved to be extremely time consuming.
For this reason, we set up an analytical computation of derivatives
of I. By applying the chain rule of differentiation we obtain

a1 oIl du;
= (39)
af; ouj f;
and by inverting (37)
up = rijﬁa (40)
where r;; = (c_l),-j, which substituted into (39) leads to
olT oIl (41)
el
3fi Buj s

Having established the quadratic formula for (23), the derivatives
in (41) can be easily defined. In section 8 we give a more general
treatment on how to define the derivatives of the total potential
energy (11) with respect to a displacement component.

8. DERIVATIVES OF THE TOTAL
POTENTIAL ENERGY WITH RESPECT TO
DISPLACEMENTS

When the minimization problem (38) is formulated as a
quadratic programming problem, derivatives of IT, for a single
domain, with respect to the degrees-of-freedom (DOFs) of
displacements uc on the potential contact zone can be easily
computed.

However, we might also treat the minimization problem as
a general one. In that case we might need the derivatives of
IT as given in (11). The total potential energy functional IT
from (11), for a single domain, is a function of u defined on
", but it also contains the tractions p, which are functions of
displacements, i.e., p(u), and for this reason the derivatives with
respect to u cannot be computed in a straightforward manner.
The displacement and traction variables, according to the BEM
formulation, are discretized for x € T as

ux) =) dil)ui, (42a)

P =Y vilx)ps (42b)

where ¢;(x) and v;(x) are the vector shape-functions associated
to DOFs i defining the boundary values of displacements and
tractions, respectively. The partial derivative of the total potential
energy with respect to a DOF u; is the functional derivative with
the test function being the vector shape-function ¢; associated to
this DOF

OM(u) IT (u + ¢i(x) Su;) — T1(u)
du;  Sui—0 Su;

, (43)
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where utilizing (11) leads to
I (u + ¢i(x) Su;) =
%/FP(M(X) + ¢i(x)8u;) (u(x) + Pi(x)du;) dx

- /F (u(x) + §:(x)5u;) py dx =

; /F (p (40 uCx) + p () i (x)61; + p(3()) )b

+ p(¢i(x))Sui di(x) ) dx

- /; (Pnu(x) + puoi(x)Su;) dx, (44)

where the linearity of the tractions p(u) with respect to the
displacements u was used. Note that the term in the above
integral which includes a higher order term (§u?) is dropped out
in the limit in (43). Introducing the above expression in (43) leads
to

oTT(u) 1
au,‘

= 2/ (P(u(x))¢i(x) +p(¢i(x))u(x)> dx
r

- / i) dx = / (1)) i) dx
I'n I

Pnoi(x) dux,
I'n

(45)

where the reciprocity between the two states: ((u(x), p(u(x)))
and (¢)i(x), p(¢)i(x))) was used. Equation (45), after introducing
also (42b) (actually the tractions computed by the (numerical)
solution of the Dirichlet problem with the boundary conditions
given by u on I'), will result in the following formula, for a single
domain, appropriate for the EC-BEM implementation:

oTT(u) .
Bui -

fw,-(xw,-(x)pjdx— / Pidpyidx. (46)
r 'n

The integration in (46) does not need to be extended all over
the boundary I since v; and ¢; are local vector shape-functions
whose support is given only by the boundary elements associated
to the DOFs j and i, respectively. Taking also into account that,
for the minimization problem under study, the relevant DOF are
associated to I'c and their support is a part of I'c, supp ¢; C I'c,
Equation (46) can be further simplified as

oTT(u)

311,’ - (47)

/r Yi(x)pi(x)p; dx.

This expression gives the relevant numerically computed
gradient of the potential energy in the present problem in terms
of the numerically computed boundary tractions on I'c.

9. A CRITICAL COMPARISON OF
ALGORITHMS M1 AND M2

In Tables 1, 2 of section 7, two variants of the conjugate gradient
method considered, M1 and M2, respectively, were described

by pseudocodes, where M2 is the original version introduced
by Dostél (2009). The main difference between these two variants,
is that in M1 we do not explicitly calculate the matrix A, since
instead of using the vector-matrix-vector product %XTAX and
the matrix-vector product Ax, we use the quadratic form <7 (x)
and the derivative .«7’(x). In reference to M2, we initially need
to compute the matrix A, as it is described in section 5 (actually
it is the Step 0 in Table 2), which might be time consuming,
but then the rest of the procedure, that is actually the conjugate
gradient loop, showed to be fast enough. On the contrary, for
M1 the initialization (Step 0) is direct and fast, however each
time we need to compute the value of the quadratic form «7(x)
and its derivative &’ (x), that is in each k™ step of the conjugate
gradient loop (Step 1 in Table 1), a BEM solution is required.
Nevertheless, the influence BEM matrices need to be computed
only once, for all the iterations and time steps. Additionally,
having decomposed the matrix of the linear algebraic system of
equations produced by BEM (e.g., by LU- or QR-decomposition),
each time that the solution of this system is required, only a
back-substitution takes place.

Details of the algorithms for constrained minimization
problems can be found in Dostal (2009). In this work, for
both variants of the conjugate algorithms, we employed Polyak’s
algorithm for bound constrained minimization (Algorithm 5.2
in Dostél, 2009), for which the number of iterations is bounded
by N = n?2", while for the standard conjugate gradient algorithm
by N = n, with n being the number DOFs, i.e., the order of the
matrix A. However, according to Dostél (2009), this bound for
Polyak’s algorithm may be considered too pessimistic.

It was found, in this work, that in M2 the usage of the
symmetric matrix described in section 5, leads to exactly the
same results for the energy calculation as in M1, i.e., &/ (x) =
%xTAx. However, the accuracy of the results for displacements
and tractions was worse in M2 using the symmetric matrix than
in M1, especially for points near a change of boundary condition
type (that is from I'c to I'y). Previously, similar observations were
made in BEM by de Paula and Telles (1989) and Tullberg and
Bolteus (1982), when the symmetric stiffness matrices was chosen
instead of the non-symmetric one. We conclude that the source
of this lose of accuracy in our context is because the numerically
computed derivatives (gradient) of the quadratic form used in
M1 and M2 may be quite different, i.e., &'(x) # Ax, when
the symmetric matrix A is used in M2 and if in M1, instead of
computing explicitly the gradient of the quadratic form, we use
its expression in terms of the boundary tractions according to
section 8. In order to overcome this difficulty in M2 application
we proceed to construct a consistent non-symmetric matrix A for
its usage in M2.

In Antes and Panagiotopoulos (1992), it is claimed that the
stiffness matrix constructed by BEM should be symmetric due
to Betti’s theorem, and not because of the numerical method
used to compute the unit displacement response. This might
be equivalent with our consideration here, that the reciprocity
statements in the context of a numerical implementation of BEM
are only approximately valid. In order to construct the non-
symmetric matrix A, we solve by BEM a problem, for each ith
DOF of displacements on I'c, such that each time this is the only
non zero component and equal to the unit value. The ith column
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of the A matrix consists of the derivatives %, with u; being a

DOF of displacements on I'c.
It can be shown, and also it was numerically verified, that
the matrix A of section 5, is the symmetric part of matrix A

. AT 1A
constructed here, i.e., A = %.

10. PROPERTIES OF THE SYMMETRIC
AND NON-SYMMETRIC BEM MATRICES: A
AND A

As mentioned in Table2, the matrix A is assumed to be
symmetric and positive definite. However, it is well known
that it is possible to apply the conjugate gradient method
of Hestenes and Stiefel (1952) also to non-symmetric systems
after a minor modification of the method (e.g., solving ATA§ =
ATb instead of A& b). The well established and reported
fact of a convergence property reduction in the conjugate
gradient method for nonsymmetric, Saad and Schultz (1985), and
general inconsistent systems, Axelsson (1980), did not have any
significant influence on the numerical examples studied here. The
linear system matrix computed by the collocation BEM, using
the procedure described in section 5, may not be positive definite
even if it is symmetric. Actually, this is the case when the Dirichlet
and potential contact boundary parts, I'y and I'c, are empty,
whereas a non-empty Dirichlet part guarantees also the positive
definiteness.

In order to numerically explore properties of the eigensystem
of the BEM system matrix, we consider a circular elastic body
of radius r=5.0, whose Young’s modulus is E=1000.0 and
Poisson’s ratio v 0. Assuming the entire boundary of the
body as a potential contact zone, i.e., 'c =TI", we construct the
matrix A as described in section 5, and compute its eigenvalues
and eigenvectors. It is observed that three small, possibly
negative, eigenvalues exist which approximate the theoretically
zero eigenvalues associated to the three rigid body motions of
the circular domain. Two negative eigenvalues have almost equal
value of —6.116E-6, and correspond to translations, whereas the
third one is several orders of magnitude smaller, taking the value
of 7.395E-9 and corresponds to a rotation. In Figure 6 deformed
shapes given by some eigenvectors of the matrix A are plotted, for
the above defined circular body. Note that for n nodes we have 2n
kinematic DOFs and eigenvectors.

In Figure7 (left) it is shown how the theoretically
zero eigenvalues associated to rigid body translations are
approximated by the two equal and small (possible negative)
eigenvalues of the symmetric and non-symmetric BEM matrices
A and A, respectively, for a refinement of the boundary
element mesh. The absolute values of the numerically computed
eigenvalues are plotted in logarithmic scale. These eigenvalues
are negative for the symmetric matrix A. Recall that the number
of nodes is one half of the number of DOFs. We may observe
that these two small eigenvalues are numerically zero regardless
discretization in the case of the non-symmetric matrix A. Thus,
the symmetric matrix A describes the rigid body motions only
approximately (an approximation which is improved with a
mesh refinement), while in the case of the non-symmetric matrix
A these rigid body motions are well represented. Finally, in

Figure 7 (right) the largest and smallest positive eigenvalues for
a mesh refinement are plotted, for both matrices A and A, a very
good agreement being observed.

In order to numerically study the influence of the application
of A instead of A in BEM calculations, we present the following
trivial example whose solution is a rigid body translation. A
quadrangular domain is considered with zero tractions on the
right and left sides, thus they belong to I'y. On the upper
side, which belongs to I'p, positive normal displacements (in
the outward normal direction) are prescribed together with
zero horizontal displacements. The bottom side is in frictionless
contact with an obstacle, thus it belongs to I'c. This problem is
quite trivial, since the solution is a rigid body translation in the
vertical direction with zero tractions along the whole boundary
of the domain. Recall, that in the present computational
implementation, both displacements and tractions along the
bottom side are considered as unknowns. Figure 8 (left) shows
that numerically zero horizontal displacements are obtained, and
similarly Figure 8 (right) shows that the vertical displacements
accurately represent the rigid body translation by applying the
method M1, and also by applying the method M2 where however
the non-symmetric matrix A is used. On the other hand, when
the symmetric matrix A is used in the method M2, both results
for horizontal and vertical displacements are not so accurate
although they improve with the mesh refinement. The main
difference from the exact solution is observed near the corners
where I'¢ intersects with I'y.

11. NUMERICAL EXAMPLES

A numerical implementation of EC-BEM for both cases of
contact was accomplished using an in-house BEM software
(Panagiotopoulos, 2017) developed, mainly by the first author,
in Java programming language. Linear continuous elements with
two nodes are used for the analysis of several examples assuming
plane strain conditions. The results obtained by this code are
compared with the results obtained by 2D BEM codes developed
previously by Blazquez et al. (1998a,b, 2006), and Graciani
et al. (2005) in which standard techniques of BEM for contact
problems essentially based on the so-called displacement and
load scaling techniques (recently also referred to as Sequential
Linear Analysis, SLA) (Paris and Blazquez, 1994) are deployed,
as well as by the commercial FEM code ANSYS.

The energetic implementation of the first case of contact
described, the Signorini contact, is tested in section 11.1 by
solving two problems: one of them with receding contact, in
section 11.1.1, and another with advancing contact in section
11.1.2. The case of adhesive unilateral contact is tested in section
11.2 with a similar problem to that used as example of receding
contact to test the numerical solution of the Signorini contact
problem.

11.1. Numerical Examples to Test the

Signorini Contact Implementation

11.1.1. A Case of Receding Signorini Contact

The first problem studied is shown in Figure 9. The geometry
is composed by two rectangular solids €2; and €2, in frictionless
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eigen-vector: 7; eigen-value= 119.891

eigen-vector: 10; eigen-value= 120.546

eigen-vector: 18; eigen-value= 239.627
e A= TN o

eigen-vector: 12; eigen-value= 159.467
-~ . g
.

FIGURE 6 | Some of the eigenvalues and the corresponding eigenvectors of the symmetric BEM matrix A represented by the deformed shapes for the circular body.
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FIGURE 7 | Left: Absolute values of the two equal and small eigenvalues (associated to rigid body translations) of the BEM matrices A and A for a mesh refinement.
Right: The largest and smallest positive eigenvalues of A and A for a mesh refinement.
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FIGURE 8 | Numerical results along the contact zone, for the trivial contact problem whose solution is a vertical rigid body translation. Left: Horizontal displacements,
4 represents the exact zero horizontal displacement. Right: Vertical displacements, Uy represents the exact vertical displacement.
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contact. The shorter rectangle 1, located below, has dimensions
(L7 + Lg + Lg) x hy, see Table3 for lenght values. Vertical
and horizontal displacements are restrained, respectively, along
a horizontal segment of length L; at the lower edge and the
lower-left corner of the rectangle. A larger rectangle €2, with
dimensions Z?Zl(Li) X h; is located at the top. Its vertical and
horizontal displacements are restrained, respectively, along an
horizontal segment at the lower edge and the upper-right corner.
In addition, a uniform vertical displacement up is imposed
along a segment with dimension L3 at the upper edge of this
rectangle. A segment of length Lg along the common edge of
both solids is defined as potential contact zone, while Ly and Lg
are assumed to be traction free zones, since separation of the
solids is expected, thus, no interpenetration of solids happens
along L7 and Lg. The material of both solids is assumed to be
linear elastic and isotropic with properties of aluminum shown
in Table 3.

In the case of the BEM models presented below, the mesh
used is set by the number of elements n; with i=1,2,..,9

A
Ly Lg Lo
bod UD %2
Q000 1
Pooog I -
L1 Lg L3 L4 L5 LG

FIGURE 9 | Representation of the receding problem studied: Two beams in
contact, €21 and €, subjected to bending.

corresponding to the segment of length L; and nj; and
npy corresponding to the segments with lengths h; and hy
respectively. Element length is constant along each segment. In
the case of the FEM model, solids are meshed in such a way
that the nodes along their edges coincide with those in BEM
models. Values for the different meshes used here are presented
in Table 4.
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TABLE 3 | Geometry, elastic properties and the imposed displacements.

Model A B
L7 (m) 0 0.32
Lg (M) 0.8 0.1
Lg (m) 0 0.38
up (mm) 0.035

Eq =Ep (GPa) 70

vy =vp 0.35

L4 (M) 0.1

Lo (M) 0.55

Lg (m) 0.1

Lg (M) 0.05

Lg (m) 0.5

Lg (m) 0.1

hy (M) 0.05

ho (M) 0.05

TABLE 4 | Values for the variables n;.

Mesh: 1 2 3 4
N4 20 20 20 20
no 110 110 110 110
na 20 20 20 20
n 10 10 10 10
ns 100 100 100 100
ng 20 20 20 20
ny 0 64 64 64
ng(21) 160 20 20 60
ng(o) 160 20 40 120
ng 0 76 76 76
N1 10 10 10 10
Nho 10 10 10 10

Along the potential contact zone defined between both solids,
two distinct types of contact are considered: (a) unilateral
frictionless Signorini contact analyzed in this section, as well as
(b) adhesive unilateral frictionless contact shown in section 11.2.

Firstly, computation is carried out taking the model A with
the mesh 1 (see Tables 3, 4 respectively). The boundary of the
domain 2; is discretized by 340 elements, and that of €,
by 580 elements. The EC-BEM computation works with 160
interface elements along the segment denoted as Lg, requiring the
optimization of a quadratic problem of 322 DOFs. Note that ng in
Table 4 is the same for both solids, so the mesh along the potential
contact zone is conforming.

The model is solved by applying the above algorithm.
Figure 10 shows the deformed shape, with the scale factor of 500,
predicted by the EC-BEM. Note that the potential contact zone is
divided into three regions: two segments at both extremes of the
initial contact zone where both solids are separated and an active
contact zone in the central segment.

The numerical results along the potential contact zone are
of most interest. Figure 11 shows the normal tractions and

relative normal displacements along this boundary part. The
central region has compressive tractions and null opening, as
expected. On the contrary, normal tractions are almost zero
along the regions with a positive relative normal displacement.
It is interesting to recall that, in any iteration, during the
minimization in the EC-BEM procedure the initial potential
contact zone is assumed as a Dirichlet boundary part. According
to this, the simultaneity between compressive tractions and null
opening or null tractions and positive opening is not explicitly
imposed by the algorithm used, as in most contact algorithms.
However, the results obtained show that these conditions are well
predicted by the energy optimization procedure.

Results from the EC-BEM algorithm described here are
compared in Figure 12 with the results computed for the same
problem with a classic point method algorithm implemented
in BEM and the code ANSYS using an Augmented Lagrange
algorithm. Note that the agreement between the predictions is
accurate in spite of the strong qualitative difference between
the different algorithms. The most significant difference is the
presence of fictitious oscillations predicted by the EC-BEM at
the extremes of contact zone, which do not appear in other
numerical results. Also in Figure 12, a second solution obtained
by the EC-BEM algorithm and a finer mesh (mesh 2 in Table 4),
where additionally a reduced potential contact zone (model B)
was assumed, is shown. As can be seen there, the oscillations
are reduced, together with the maximum values of the fictitious
tensional tractions.

Previous results were obtained using conforming meshes
along the potential contact zone. Results obtained with non-
conforming meshes are presented in the following. However,
strategies presented here for non-conforming meshes are very
simple, more advanced formulations may be combined with
the present framework for contact problems using energetic
principles.

In order to evaluate the influence of a non-conforming mesh
on the results obtained by the present algorithm, a computation
with the model B and the mesh 3 (see Tables 3, 4 respectively)
is carried out. Mesh 3 as well as mesh 4, which have a reduced
potential contact zone given by Lg, are defined in view of results
of the previous analysis. The number of elements along the
potential contact zone of €2, (top) is twice that of 2; (bottom).

As can be seen in Figure 13-top, the normal tractions along
the contact boundary of €, which is the one with finer mesh,
present some oscillation around the smooth solution of tractions
of ;. This behavior does not depend on the choice of main
and secondary domain, a distinction which actually is just
auxiliary. Note that, this oscillatory behavior reduces with mesh
refinement. In order to observe the reduction of these oscillation,
a finer mesh, at the contact boundaries, is employed (mesh 4
in Table 4), maintaining the ratio of number of elements at
both sides of the contact zone. Figure 13-bottom shows the
comparison of tractions along the boundary of €2, for the coarser
and finer mesh. Note that these oscillations are slightly reduced.

11.1.2. A Case of Advancing Signorini Contact
The indentation of a half cylinder against an elastic foundation is
considered. This is an advancing contact problem as the length of
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FIGURE 10 | Deformed shape for example A with Signorini contact, with the scale factor of 500.
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FIGURE 11 | Normal tractions and the relative normal displacements
computed along the potential contact zone by the algorithm EC-BEM, for both
domains Q1 and Q5.
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FIGURE 12 | Comparison of tractions computed along the contact zone by
the algorithm described here (EC-BEM) and the point method with BEM
(PM-BEM) and the FEM code ANSYS using an Augmented Lagrange
algorithm. The EC-BEM solution corresponds to model A with Mesh 1, while a
finer one also included here, for model B with Mesh 2 (see Tables 3, 4,
respectively).

the contact zone depends on the value of the prescribed loading.
The problem geometry, shown in Figure 14, is composed by a
rectangle with dimensions L; x hj and a half circle with radius

&—o Solid 1 (mesh 3)

e Solid 2 (mesh 3) |

—

B /3| E———— !

Normal tractions (kPa)

Y W

Solid 2 (mesh 3)
+——+  Solid 2 (mesh 4)
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FIGURE 13 | Normal tractions computed along the potential contact zone by
EC-BEM, for both domains and for two non-conforming Meshes 3 and 4 of
Table 4, with up = 0.035 mm.

h;. The potential contact zone is defined by the length L, and the
angle ¢ for the rectangle and the circle respectively. Vertical up
and null horizontal displacements are imposed along the whole
straight edge of the half circle.

Linear elastic and isotropic behavior is assumed for both
solids, values of Youngs moduli E and Poisson’s ratios v
being given in Table 5, where also the geometrical dimensions
can be found. The number of elements along each boundary
part are detailed in Table 6. Frictionless Signorini contact
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FIGURE 14 | A half elastic cylinder on an elastic rectangle.

TABLE 5 | Geometry, elastic properties and imposed displacements.
Model A B
up (mm) 37.5 37.5
Ey1 =E» (GPa) 70 70
vy =vo 0.35 0.35
Ly (m) 1.5 1.5
Lo (M) ho sin ¢ ho sin ¢
hy (m) 0.75 0.75
ho (m) 0.75 0.75
¢ () 18 45
TABLE 6 | Values for the variables n; defining the different meshes.
Mesh 1 2 3
ny 13 26 94
no 6 12 100
N1 7 13 47
Npo 7 13 47
ng 6 12 100
Nngpe —¢ 8 16 53
/’IL1 —Ly 11 22 61

is considered on the potential contact zone. Due to the
fact that this is an advancing contact problem, we are
interested in tracking the evolution of the load, which is a
non-linear function of the prescribed displacements. In the
numerical solution the vertical displacement is introduced
by increasing 10 times this displacement in a monotonic
way leading to the value up shown in Table5 at the
step 10.

The problem is solved using the EC-BEM code described
above with the mesh 1 (see Table 6), where 1y, n,, n,; and ng
correspond to the number of elements on the boundary part
defined by L1, Ly, h1 and ¢ respectively. ngpe_g is the number of

e—o Solid 1
#—  Solid 2

1.6

0.2p

000 =02 04 06 08 10 Lz 14 16
x (m)

FIGURE 15 | Deformed shape predicted by EC-BEM for Mesh 1 of Table 6.

elements along the arc of the half cylinder which is not a potential
contact zone and np,_r, is the number of elements at the two
parts of the upper edge of the rectangle which are not potential
contact zones.

The deformed shape predicted by this code is represented in
Figure 15. Consequently, as expected, the vertical displacement
imposed on the half circle results in its indentation onto the
rectangle. A part of the potential contact zone is in active
contact.

In a similar way to the example described in section 11.1.1
and for comparison purposes, the problem is solved by the BEM
code implementing a classic algorithm of contact by Blazquez
et al. (1998a, 2006). The results of the deformed shape around
the contact zone for both meshes in Table 6 are represented
in Figure 16. Results obtained by the codes using different
meshes (see Table 6) and distinct lengths of the potential contact
zone (see Table 5). The aim of this figure is to compare both
algorithms, and, for that reason, results obtained with the same
mesh are grouped. Macroscopically both solutions for EC-BEM
and PM-BEM show a very good agreement. However, it is
interesting to see in the detailed plot of solutions for mesh 1,
plotted in Figure 17, that results for EC-BEM, even for this
coarse mesh, show a very good agreement with the Reference
solution.

A comparison of tractions along the potential contact zone
predicted by EC-BEM, PM-BEM and the reference solution is
represented in Figure 18. In this figure, unlike those described
previously, results are grouped by the method, in order to
evaluate the influence of the mesh on the results for each method.
Notice that both codes present more accurate results for finer
meshes, thus confirming the expected solution convergence with
mesh refinement.

The resultant force along the upper part I'p of the half
cylinder can be estimated from the results of tractions predicted
by both methods. In particular, we focus on the vertical
component F, of this force because it is the only one which
produces work since horizontal displacements are zero by the
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FIGURE 16 | Comparison of the deformed boundaries around the contact
zone predicted by EC-BEM, for two different meshes (Mesh 1 and 2 of
Table 6 in the top and bottom plot, respectively) with the Reference solution
by PM-BEM (using Mesh 3 of Table 6).

boundary conditions. This value is calculated by the integration
of stresses over I'p,

F, = / oyydx (48)
I'p

where o), represent the normal tractions at the nodes. The
integral is calculated by a standard quadrature.

The values of the resultant force F), calculated for the 10
steps by both codes, are represented in Figure 19 as a function
of the vertical displacement imposed. Both codes predict that
stiffness is increasing with the vertical displacement, as typical
for the Hertz contact problems. The reason is that the contact
zone between both solids is enlarging, with a consequence that
the global system becomes stiffer.

&—o EC-BEM Solid 1
ke ' #—+ EC-BEM Solid2 [ '
omssl ~— PM-BEM Solid1 |
PM-BEM Solid 2 :
0.736} —  Reference solution | :
0.734 / SRR -
> 0732 PR aallaonenn i  monema il hansanssssonadinsnsssssssnenihssssnssssssssiessssss
0.728} » :
0.00 002 004 006 008 010 012 014
x (m)

FIGURE 17 | Detailed comparison of the deformed boundaries around the
contact zone predicted by EC-BEM and PM-BEM for coarse meshes (Meshes
1 and 2 of Table 6) together with the Reference solution by PM-BEM (using
Mesh 3 of Table 6).

11.2. Numerical Examples to Test the

Adhesive Contact Implementation

This section aims to compare the results obtained by the energetic
approach and commercial FEM code (ANSYS, 2010) in the case
of the elastic contact described in section 2. To this effect, the
problem of receding contact studied above is solved again, this
time with the contact conditions of the adhesive elastic contact.

The problem represented in Figure9 is studied with the
properties of model A, see Table 3, and the mesh 1, see Table 4.
The stiffness parameters, assumed for this example, are k=150
GPa/m and «=0.

Results from the EC-BEM computations for displacements
and tractions along the boundary between both solids are
presented in Figure 20. As expected, zones with tensions
correspond to positive relative displacements (external zones for
example) and zones with compressions correspond to vanishing
relative displacements (zones adjacent to the previous ones). In
this case, a strongly complex zone is predicted at the center of the
boundary, which will be studied below.

For comparison purposes, the problem is solved using the
FEM code (ANSYS, 2010) setting the contact properties in the
following way:

Contact behavior: No separation (always)

Contact: Surface to surface

Contact algorithm: Penalty method

Contact detection: At nodal points (normal from contact
nodes)

e Opening contact stiffness (KFOP): «p,

Results for tractions in the solids obtained by ANSYS and
the EC-BEM code are compared in Figure 21. In the upper
figure we can observe that the agreement along the four zones

Frontiers in Built Environment | www.frontiersin.org

17

November 2018 | Volume 4 | Article 56


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles

Panagiotopoulos et al.

BEM Energetic Approach to Contact

c—>o

EC-BEM Mesh 1
EC-BEM Mesh 2
Reference solution

A—i

Normal tractions (GPa)

0.5
X (m)

e—o PM-BEM Mesh 1
PM-BEM Mesh 2

Reference solution

Normal tractions (GPa)

00 0.1 0.2 03 0.4 0.5
X (m)

FIGURE 18 | Comparison of the normal tractions computed by EC-BEM and
PM-BEM along the interface for different meshes.

described above is accurate. It is interesting to focus on the
zone in the middle of the boundary where tractions looks
like vanishing at the scale of the upper figure. Lower figure
shows the complexity of this zone, which is composed by two
lateral regions where both solids are separated and a central
region where both solids are under contact (compression). The
agreement between both results is reasonable in spite of the very
small scale compared to the tractions obtained on the whole
boundary.

A subsequent analysis is carried out by multiplying the
displacement up by 100 without modifying any other parameters
in both codes. In this case, the results from the energetic
approach presented here remain qualitatively similar, whereas
the results from ANSYS present some problems to match
the complex central zone. To the knowledge of authors, this
could be solved by modifying some of the values of the key-
options which configure the contact algorithm of ANSYS. This
shows the robustness of the energetic approach compared to
other contact algorithms, where convergence depends on the
value of certain non-physical parameters of the numerical
model.

—o EC-BEM Mesh 1
12 +— PM-BEM Mesh 1
+—+ EC-BEM Mesh 2 |:
0.8}
]
é 0.6}
LL‘T)
0.4}
0.2}
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FIGURE 19 | Force Fy predicted by both methods as a function of the
imposed vertical displacement up.
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FIGURE 20 | Normal tractions and normal relative displacements along the
potential contact zone in the example of Figure 9 with the adhesive elastic
contact computed by EC-BEM, and with up = 0.035 mm.

12. CONCLUDING REMARKS

A novel approach for contact problems of elastic bodies was
presented. This method is based on the energy principles
expressed by boundary integrals. The solution of contact
problems is obtained by the minimization of the total
potential energy. Appropriate algorithms to solve the
quadratic problems were presented. The cases of conforming
as well as non-conforming meshes for contact zone were
addressed.

Numerical examples, showing the suitability of the present
framework to solve typical contact problems were examined,
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FIGURE 21 | Comparison of the normal tractions computed by EC-BEM and
ANSYS for the adhesive elastic contact, with up = 0.035 mm.

and also successfully compared to other well established BEM
methodologies as well as a commercial FEM code.

The proposed framework can be easily incorporated to
existing BEM or FEM codes. Possible extension to the case
of elastodynamics, where instead of the principle of virtual
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