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Abstract The present work deals with the development of
an energy-momentum conserving method to unilateral con-
tact constraints and is a direct continuation of a previous
work (Hesch and Betsch in Comput Mech 2011, doi:10.1007/
s00466-011-0597-2) dealing with the NTS method. In this
work, we introduce the mortar method and a newly developed
segmentation process for the consistent integration of the
contact interface. For the application of the energy-momen-
tum approach to mortar constraints, we extend an approach
based on a mixed formulation to the segment definition of
the mortar constraints. The enhanced numerical stability of
the newly proposed discretization method will be shown in
several examples.

Keywords Contact - Energy methods - Large deformation -
Mortar method

1 Introduction

The most common approach for the simulation of contact
problems in the context of large deformations is the well
known node-to-segment (NTS) method. This method is often
preferred due to its simple implementation and has also been
addressed in the precursor [16] of the present work. For a
survey of actual developments in the field of NTS meth-
ods we refer to the textbooks written by Laursen [22] and
Wriggers [35]. The collocation-type NTS method does not
pass the patch test and exhibits poor convergence properties.
In particular, the local errors at the contact region do not
necessarily diminish with mesh refinement (see [7]).
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To remedy this drawback, mortar formulations have
been used for unilateral contact problems for several years.
Originally developed in the context of domain decomposi-
tion problems (see [2] and for further details [21,27,33,34]),
they are nowadays well established for contact problems. The
extension to contact mechanics started with the application of
the mortar method to two-dimensional contact problems, see
McDevitt and Laursen [26], Yang et al. [37], Flemish et al. [9]
and Fischer and Wriggers [8]. Three dimensional implemen-
tations have been developed in Puso and Laursen [28,29].

Energy-momentum schemes for non-linear elastodynam-
ics have been developed in the beginning of the 1990s, start-
ing with the work of Simo and Tarnow [31] and Simo et al.
[32]. Further improvements have been achieved by Gonzalez
[10,12] for general non-linear systems and extended to sys-
tems subject to holonomic constraints by Gonzalez [11], see
also Betsch and Steinman [4].

A first application of energy-momentum schemes to uni-
lateral contact constraints within the concept of the NTS
method can be found in Laursen and Chawla [6,23] and in
Armero and Petocz [1]. Further developments, exclusively
within the framework of the NTS method, can be found
in Laursen and Love [24], Hauret and Le Tallec [14] and
Haikal and Hjelmstad [13]. A first application within the
mortar framework to two-dimensional contact problems and
three-dimensional domain decomposition problems can be
found in Hesch and Betsch [15,17].

For the construction of an energy-momentum method,
we use mixed or reducible formulations, see Zienkiewicz
et al. [38]. In particular, we apply a specific coordinate aug-
mentation technique, originally introduced by Betsch and
Uhlar [5] in the context of multibody dynamics. This con-
cept has already been modified for the construction of an
energy-momentum scheme within the framework of domain
decomposition problems [17]. Furthermore, we will show
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the drawbacks of this formulation and consider major
simplifications, reducing the numerical costs of the mortar
formulation to the costs of the widely used NTS method.
Although we sacrifice exact conservation of total energy due
to the proposed simplification, we are able to algorithmically
conserve at least both momentum maps.

An outline of the present work is as follows. Section 2
gives a short introduction to finite dimensional Hamiltonian
systems subject to unilateral contact constraints. The mortar
constraints and the necessary segmentation process will be
shown in detail in Sect. 3. In Sect. 4 follows the introduction
of mixed formulations and the reformulation of the mortar
constraints in terms of invariants. The objectivity of the semi-
discrete system will be shown in Sect. 5, followed by the
energy conserving time discretization scheme and the men-
tioned simplifications in Sect. 5.1. Representative numerical
examples are presented in Sect. 6. Eventually, conclusions
are drawn in Sect. 7.

2 Mechanical systems with unilateral holonomic
constraints

Without loss of generality we consider a two body contact
problem, where the reference configuration of the bodies in
contact is represented by the open sets ), i € {1, 2}. The
surfaces on the current boundary y ) = ¢ (9Q® | 1) of the
bodies are subdivided as follows

y@ =y uyPur®, vy ny® =0 e))

C

where yu(i) denotes the Dirichlet boundary, yéi) the Neumann
boundary and yc(') the contact boundary of the respective
body.

A comprehensive treatment of the governing equations
can be found in our previous paper [? ]. Here, we focus on a
finite-dimensional mechanical system, subject to unilateral
holonomic constraints. Within this framework, the aug-
mented Hamiltonian 7, a function of the configuration
vector ¢(t) € R”, the linear momentum p(¢) € R”" and
the Lagrange multipliers A () € R™ at time 7 reads

Hig, p.2) =T(p)+ Valq) @

where T (p) denotes the total kinetic energy related to a non-
singular mass matrix M € R" x R"

1
T(p)=5p- M 'p 3)

and V) (¢) denotes an augmented potential energy function,
given by
i@ =V +r @ “4)

The potential energy function V(gq) describes the strain
energy of the discretized bodies involved in a contact situa-
tion. Details concerning the strain energy function are given
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in standard textbooks (e.g. [20,22]). Note that we place no
restrictions to the strain energy functions, neither to the con-
stitutive law nor to the strain measures. Additionally, the
Lagrange multipliers A are used to enforce m holonomic con-
straints @ : R” — R™.

Throughout this paper, we use isoparametric displace-
ment-based finite elements in space for the approximation
of the configuration and its variation

¢ =3 NPqY. and 5V = > NDsq 5)

Aecw® Acw®
where A € 0 = {1,..., nfligde} defines a set of nodes
and nl(fgde the corresponding total number of nodes of the

body i € {1, 2}. For‘convenience, we introduce a subset
Aeo) = {1, e ”ilu)rf} of nodes on the respective contact
interfaces ycf') and the total number of constraints 7°". To
deal with unilateral contact constraints ¥, which are subject
to the classical Karush—Kuhn-Tucker conditions

W <0, A7 >0, A =0, Vie{l,....n*"} (6)

we replace the original constraints ¥ with the already intro-
duced constraints ®

®; = A7 —max{0,A; —c¥;}, ¢>0 (7)

For details on the corresponding active-set strategy see
Hiieber and Wohlmuth [19], for details concerning the differ-
entiability of the max-operator see Hintermueller et al. [18].

2.1 Mortar formulation

Once the actual contact boundary is determined, we can for-
mulate the local balance of linear momentum across the inter-
face (cf. [37])

D d)/(l) - @ dy(Z) 8)

where ¢ denotes the Cauchy tractions. Based on this bal-
ance principle we can postulate the virtual work of the contact
forces G° (cf. [30])

2
Gc:z/ta).(gq(wdy(z‘):/ D . 154D 547 dy

i=1 . 1
y& &)

©))

In correspondence with the literature, surface yc(l) is referred
to as non-mortar surface, while the opposing surface is called
mortar surface. In contrast to the NTS-method, which utilizes
a point wise evaluation of the Cauchy tractions, we interpo-
late the tractions using the shape functions N4 of the under-
lying discrete surface on the non-mortar side. Accordingly,

W= NED) (10)

A=



Comput Mech (2011) 48:461-475

463

Fig. 1 Three dimensional
segmentation problem

!
W

A

If we substitute (5) and (10) into (9) we obtain the discrete
contact virtual work!

G =n.5¢") —nC . 5¢% (1D
where the abbreviations

nb = / tANAEDINEED)dy, and

1
v

nC = / tANAEDINC(ED) dy (12)

1
P

have been used. The Cauchy tractions are decomposed into
the normal and the tangential part

ta=1t +th, withet) =xav, v =0 (13)

where v denotes the unit outward normal vector of the sur-
face yc(l) . Since we restrict ourselves to frictionless sliding,
we assume ¢ = 0. The mortar constraints in normal direc-
tions can now be written as follows

1 2
\IJA:nAB'q%)_nAC_q(C) (14)

where

nAB:/vNA(E(l))NB(S(l))dy and

1
g

nc = / yNAED)NC (D) dy (15)

1
v

1 If convenient and unique, the summation convention is used.

are referred to as mortar integrals. The evaluation of the
mortar integrals (15) is based on a segmentation process,
described in detail in the following section.

3 Mortar contact constraints

The evaluation of the mortar integrals relies on the simul-
taneous integration of both dissimilarly discretized surfaces
in contact. To deal with this matter, we subdivide both sur-
faces into segments and introduce a common parametrization
based on triangular shape functions within each single seg-
ment. Then we apply Gauss integration and assemble the
segment contributions into a global vector of constraints.

This section is organized as follows: In Sect. 3.1 we
discuss the newly developed segmentation process for arbi-
trary curved surfaces. There are well-established segmenta-
tion procedures (see [30,35] and the references therein); we
have to reconsider these procedures, since we assume the
segments to be configuration dependent. The evaluation of
the mortar constraints will be shown in Sect. 3.2, followed
by the assembly procedure outlined in Sect. 3.3.

3.1 Determination of the segments

A typical situation is depicted in Fig. 1. The lower surface of
the brick element (highlighted in yellow) on the mortar side
and the corresponding portions of the four opposing surface
elements on the non-mortar side are assumed to be in contact.
The following outlines the algorithm for the segmentation
process:

1. Loop over all nodes qﬁz) on the mortar side.
Similar on the standard orthogonal projection tech-
nique known from the NTS method we determine the
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Fig.

2 Orthogonal projection of the vertices

. . =\ . .
convective coordinates Eg ) corresponding to the verti-
ces qu) (see Fig. 2) by solving the non-linear equations

& E0), D (4@ 5 N, @Dy

JZ] Nj RO Eray e — Lgl NpEp gy

Yaverr =y ! 2D, (1 y & 2D, (1 =
ZIN -1 & )11(,) ( ‘,)—LZI NL(&; )qi))

(16)

with respect to the convective coordinates using a stan-
~(1
dard Newton method. Here, N] £ ('SE )) denotes the
STa

. . . =
derivative of the shape function with respect to gﬁ, i

Loop over all nodes q?l) on the non-mortar side.
Once again, we use the orthogonal projection technique

. . . z2
to determine the convective coordinates 5(1 ) correspond-

ing to the relevant nodes on the mortar side (see 5(12) in
Fig. 2). To deal with arbitrary curved surfaces, we pro-
ject the nodes to the projected surfaces defined by the

nodes qg‘ Z =1 NL (E I )q ) instead of the original

surface defined by the nodes q 1 ). Once again, we use a
Newton method to solve the non-linear equations

“I’Augz 1

leN <2>(El >q(1) ((1) Z Nk (E(z) )

I
B

JZIN m(s(f))q“) (qS” z Nk (;<2)>q<1>)
(17)

. . . Z2
with respect to the convective coordinates & 5 ).
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Fig. 3 Determination of the intersections

3. Loop over all edges on the non-mortar side.
To determine the projected intersections between the
edges (see the crosses in Fig. 2), we create a list of
all edges of all surface elements on the mortar side
and span on each edge, corresponding to the nodes

q(,g), K € {1, 2}, asurface using a normal field,? defined

by dx at both nodes q(lg). Then we create a second list
of all edges of the projected mesh. A specific line on the
projected mesh can be determined using the projected
nodes ¢ (1) =39, NL(E(jl))q(l) J € {1, 2}. At last,
we search for the intersection (see Fig. 3) between each
projected line and each possible surface. The correspond-
ing convective coordinates 51,1 and é 1.2 (as well as § 1.3
which is not needed in the sequel) follow from

2
Sz a0
Y Augy, 1 = ZNJ(EIJ)‘I(])

I=1

2
~ > NkGro@y +dPE =0 (18)
K=1

Note that in the above considerations the shape functions
1\7] (5‘1,,‘), i € {1, 2} on the edges are one dimensional
(see Fig. 3).

4. Delaunay triangularization of each element on the mortar
side.
Based on the results of the first three steps we apply
a Delaunay triangularization as shown in Fig. 4. Note
that several constraints (i.e. specification of nodes, which
must be connected) have to be predetermined. As shown
in Fig. 4, two segments Seg; and Seg, have been located
in the first square of Fig. 2.

For later use and guided by previous developments in [? ]
we introduce a global vector of coordinates f, collecting all
convective coordinates, determined by (16), (17) and (18).

2 Different definitions of a normal vector on a discrete surface are pos-
sible, see e.g. Yang et al. [37]. We use an averaged normal composed
of the normals of the adjacent elements.
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Fig. 4 Segmentation based on ) - 'V
a Delaunay triangularization 4 f2a s
Segy
Segy
z(D) &2
1
(1)
1
(2) -
4 &1
1 1 2
at” a5 a5”

3.2 Segment wise evaluation of the mortar constraints

After we have located all segments, we calculate the segment
contributions to the mortar constraints (14). Therefore we

. . . z (@
introduce for each segment a linear transformation » — gseg
via

; 3 )
Eoem =D M¥ sl ¢ (19)
K=1

where ‘g‘ié)g x denote the convective coordinates determined
in Sect. 3.1. For each segment we specify the associated
convective coordinates and collect them in the set neony =
{fsee) = {gg;)g’K},i e {1,2}, K € {1, 2, 3}. In accordance
with the results of the segmentation algorithm, linear trian-
gular shape functions M X are used. The approximations (5)
and (10) can now be recast in the form

10 =3 N Er )it (20)

gl => NP E gy @1
5

g2 = NG me? 22)

¢

For the application of a numerical quadrature rule, the Jaco-
bian

= z(D
Jeg = a1 (B x a2 (B | dervEm)  23)

is required, where the tangential vectors a, are calculated
via

z(D
ay, = Z NKS(I) (Eseg(”)) ql((])
K

Based on the tangential vectors, we specify a unit normal
vector v

aj (éii;(n)) X ay (gii;(n))
e (Bam) x a2 (B)|

(24)

(25)

The we cut the norm from both, the Jacobian and the normal
vector and receive

Jieg = det(DEM), 5 = a1 Elan(m) x axEn(m)  (26)

To prevent expensive calculations we propose at this point
a simplification and assume that v remains constant in each
segment, i.e. we evaluate the normal vector at a specific, con-
stant position within the segment.> Then we can rewrite the
constraints on segment level as follows

- - 2
W, = [n'(ﬂqu) — g )] 27)
using the mortar integrals
_cB 2D g,z -
n (fseg) = N (ggeg(”))N (Eseg("))'lseg d)’]
A
(28)

W) = [ N EIN G ) s
A

which we evaluate using a standard Gauss quadrature
(cf. [17,27]).

3.3 Assembly of the mortar constraints

Once we have determined all segment contributions, we have
to assemble the mortar constraints. Therefore, we arrange the
constraint functions in a global vector of constraints ¥(q)
in correspondence to the Lagrange multipliers, which are
related to the nodal points on the non-mortar side

> ravig, )=V, f)

AeoM

(29)

Each segment in turn corresponds to a pair of elements e €
€D, where €D denotes the set of elements on the contact
surface yc(l), and e, € € on the contact surface yc(z). Since
each constraint will be assembled out of a variable number of
segments, where each triangular segment relies on the four

3 It is important to note that the normal vector still depends on the cur-
rent configuration of the surface, only its relative position on the surface
remains constant.
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vertices of e; with local node number k¥ € {I1,...,4}, we
need a connection between the local node numbers and the
global location within the vector of constraints W (q). There-
fore we introduce a location array LM (see [15]), so that
A = LM(k, e1) and use this location array for the assembly
of the segment contributions

A v, @4, )

elee(‘)

W mortar (q’ f) =

U Ve, seg(qqeg’ fseg)
seg

eree®
q’f} sleg(qsegv fseg)
A : (30)

eree® S
4
£ \I’gl seg(qsegv fseg)

where A denotes the standard assembly operator (see [20])
and g, is defined by the set of relevant vectors ns g =

oee) = (0. aD) Y1, T €11, .... 41

4 Reformulation of the constraints

Regarding Cauchy’s representation theorem, we can rewrite
(cf. Sect. 4.1) the constraints in terms of invariants. For the
later application of the concept of a discrete gradient to con-
serve the total energy, we have to reformulate the constraints
in terms of invariants, which are at most quadratic. There-
fore, as outlined in Hesch and Betsch [? 17], we replace the
normal vector for each segment by augmented coordinates
d e, in the mortar constraints

\y:eg (qsegv fqeg’ dseg)

1 2
= dug [P (frepa) = (fuepa” ] (D)
Note that the additional constraints
dseg -aj
Wil = deg - a2 (32)
dseg : dseg — |lay x 02”2

are necessary to determine the actual value of the augmented
coordinates.

4.1 Reformulation in terms of invariants

Similar to the approach in Hesch and Betsch [? ] we rewrite
the mortar constraints (31) in terms of invariants. Therefore,
we introduce the following sets

SO =1 -4\ @V =g\ ie 1,2 Ly e, 2,3, 4y
SOnaug) =1a) —q'") - dseg, i € {1, 2}, T € (1, 2, 3, 4})
g(ﬂaug) = {dseg 'dseg}

S(77aug) = {fseg}

(33)
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and define a vector of possible invariants

7 e S(ﬂaug)
~ (i) - &
T € S(’?aug)
T=| , e 34
7t € S(Naug) G

S S(77aug)

Note that we have chosen qﬁl) such that all terms with [ = 1
in (33) vanish. Other choices using a different number of
invariants are possible. To rewrite (31) in terms of the invari-
ants (34) we rearrange the constraints as follows

seg(qsegv fseg’ dcg) = 1" (fseg)d%eg qﬁ
(fseg)dseg : q§ (35)

As shown in Puso [27], linear momentum can not be exactly
conserved due to the inexact numerical evaluation of the mor-
tar integrals. This drawback can be removed by assuming that

Z —Kﬂ ( ) Z -K{' (1) (36)

holds exactly. Note that the evaluation of the mortar integrals
(28) by means of quadrature rules violates condition (36) in
general. Inserting (36) in (35) yields

Seg (qqegv fqeg7 dseg)
=1 (fee) @ — g\") - doy

(37)

¢") g = f o) (@ —

Applying the sets of invariants (33) the mortar constraints
(31) can now be written as follows

(m) = b )y — i i) (38)

Seg
The additional constraints (32) used to determine the actual
values of the augmented coordinates dg; have also to be
rewritten in terms of invariants

u )
pIpANE
‘I,normal (]t) — Z (39)
seg z I E(|)7'[1
- 7w —K
with
_ — (1) - (1)
K = |:(N1~,§1(1>NJ E(1)71’1 ]) (lez(l)N-]fz(l)nl*J)
_(N o N (1)7'_[(1))2 (40)
Lgl j’gz 1,J
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The corresponding reformulation of the constraints in (16),
(17) and (18) can be found in Appendix A. Note that the
constraints W ayg, in (18) have to be modified as follows

2 2 ~
aV - [IZI Nr@Enald - PR &'l +d5”53>}

2 2
ed (1) (1) o Ea(D 7 (E (§)] Mz
\I’Au[gé =|(;" —4q; E 1§1 NI(El)qI —12::1 NJ(EZ)(qJ +dj §3)

2 . . 2, . .
@ -a"- Lgl NyEngyd - P GO +d(,”s_s)]
(41)

As will be shown in the following, the premultiplication of
the original, nonlinear constraints using a local basis com-
posed of d(Jl>, (q(ll) — qg)) and ((}il) — q(z“) is necessary for
the conservation of angular momentum.*

At last, we collect all constraints in one global vector

VYinortar (T (¢, f, d))
Winormal (T (g, f, d))
Yaug, (m(q, f,d)) (42)
W Aug, (T (g, f.d)
W Aug, (T (g, f.d)

V(r(q. f.d) =

Remark The original constraint (27) can be rewritten in
terms of invariants, which are at most cubic
1 1
(a1 x a2) - (q,(g) ~q¢")
s 2 1
Tseg= | (a1 X a2) - (q§ ' —qi")

f seg

VB, ¢ e{l,..., 4}

(43)

The segment contributions to the mortar constraints based on
(43) can now be written as follows

W (m) = Py — i (44)

After the assembly procedure (see (30)) we obtain the
reformulated mortar constraints W,orar (7T (¢, f, d)). Note,
however, that cubic invariants prevent the application of the

concept of a discrete gradient in the sense of Gonzalez [11].
4.2 Frame indifference of the constraints

According to Noether’s theorem, conservation laws are
related to the invariance properties of the system. In par-
ticular, conservation of linear and angular momentum can be
linked to the invariance of the Hamiltonian under translations
and rotations, assuming the absence of external forces. With
regard to (4) we postulate the invariance of the strain energy
function V(q) (cf. [3]) and concentrate our investigations
on the constraint functions. To verify the frame indifference,
rigid body motions of the form

qﬁl,seg =c+ qu,seg (45)

4 Other local bases are possible.

are considered, where ¢ € R is a constant vector and Q €
SO (3) is a rotation tensor. Due to the definition of the sets
in (33) and the demonstrated reformulation of the segment
contributions in terms of invariants (38) we can state that

wé{eg(n (C + Qq I seg’ fseg’ dseg))
_\Ijé(eg(”(qseg’ fsegv QTdseg)) =0 (46)
Next, we substitute ¢ = e and Q = I, where I denotes

the unity matrix, o € R? is constant and € € R arbitrary.
Accordingly, we receive for the translational part

d
0= a4 Wieo (T (G [ geg + €Rs [segs dseg))
€ le=0
= D\p;(eg(”)) ’ Z aql,segn(qseg’ fseg’ dseg) -u=0 (47)
I
For the rotational part, we substitute ¢ = 0 and Q =

exp (eft), where exp(eft) € SO(3) denotes the exponential
map of a skew-symmetric tensor fi, which can be associated
with an axial vector u € R3, so that fta = p x a for any
a € R? and receive

d A
0= de L:Olygeg(” (exp(fﬂ)ql,sega fsegv dseg))
_q"é(eg(": @seg: fseg: exp(—€f)dseg))

= DU+ D [0 ™ Gsc: S icps sce) - (B X 1.50)
1
+ 8dseg”(qsegv fseg» dseg) (X dseg)] (48)
Since we rewrite the additional constraints (32), (16), (17)

and (18) in terms of the same invariants, analogues proper-
ties are also valid for them.

5 Equations of motion

Regarding the Hamiltonian (2), the constrained semi-discrete
system under consideration can be recast in the form

(49)
0=V, H(z,2)
Here, J denotes the canonical skew symmetric matrix
0 1
J= |:_1 0] (50)

and z = [q, p] the canonical phase space variables. Con-
cerning the augmentation technique introduced in Sect. 4,
the corresponding equations of motion take the form

Z ZJVZ H(Z’ f7d3)")

Vy Hz, f.d,})
0= |V, H(z f.d,}) (51)
VX H(Z, f, d, A,)
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For the semi-discrete system at hand, various constants of
motion exist (cf. [25, Chapter 3.3]). First, we consider the
components of the momentum maps

G@)=m-D ps GR=n-D qsxpa (52)

Aew Acw

and show that

%G(Z)ZVZ G(z)- 2=V, G(z)- IV, H(z. f.d.})=0
(53)

Again, . € R? denotes a constant vector. Since we are not
interested in the strain energy function (cf. [3]), we consider
only the contributions of the reformulated active constraints.
For the total linear momentum (52); follows

d .
0@ =n2 b
A€w

=A-DV¥(r)- Z(ann(q,d, f)-n=0 (54

Aew

where use of (47) has been made. Similarly, for the total
angular momentum (52); follows

d . .
7,0@ = B (GaxPa+qaxp)

Acw

n- Z(M_IPA XPa—4qa

Acw

x(3g,7(q, f.d) Vy W(x) -\
—1 D qu x (0g,m(q. f.d)T Ve W(m) A

Aew

=X-D¥(m)- D (3,m(q. f.d) gam (5

Aew

With regard to (48) we can state that

DV (m) - Z(anﬂ(lI, d, ) qan

Aew

— > (aym(g.d, f))-dgp| =0 (56)

Bewseg

where wseg denotes the set of all segments. Insertion in (55)
together with (51)3 yields

d A
;0@ =4 D¥(@)- > (Baym(g.d, f)-dpp

Bewseg

=0 (57)

As before, only the contributions of the constraints have been
considered. This demonstrates, that the frame-invariance is
anecessary condition for the conservation of the momentum
maps, which is in agreement with Noether’s theorem. The
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last constant of motion considered here is the Hamiltonian
itself, representing the total energy of the system

G(z,d, f)=H(z, f,d, L) (58)

The invariance of the Hamiltonian with respect to time is a
consequence of the skew-symmetry in (53). Due to the aug-
mented coordinates, we have to consider the additional terms
in (51) as well

%G(z, d, f)=V. H(z, f,d, Vi + Vs Hz, f.d, N\ f

+V; H(z, f.d,\d
=V, H(z, f,d,\)IV, H(z, f,d, L)
+V; H(z, f.d, \d
+V; H(z, f.d, \) f
=0 (59)

representing the consistency condition of the Hamiltonian.

5.1 Discretization in time

To solve the semidiscrete system at hand, we have to imple-
ment an appropriate time stepping scheme. Three approaches
for the discretization in time with different degrees of com-
plexity are considered below.

1. The most complex approach rests on the configuration
dependency of the mortar integrals. For a typical time
step [#n, tn+1] of length At the equations of motion (51)
can be recast in the form>

-1
91 —4n =AM Pn+%
Pny1 —Pn = —Ath(qn, qn+1)

=
—At(D|n(qn+%,dn+%, ‘fn+%)) Ve W(n, Tpi1) - Apgl

1 ))Ti V(Tn, Tnt1)  Aptl

0= (D2n(qn+% ’ dnJr%’ fn+§

0= (D37, 1-d,, 1 f, 1) % W0 Tai) Mgy

0= V(m(qy41- dyy1, fn+l))
(60)

Here, (.)n+% = %((o)n“ + (e),) denotes a mid-point

evaluation and VV (q,,, q,, +1) is the discrete gradient of
the strain energy function as proposed in Betsch and
Steinmann [3]. The equivariant discrete gradient of the

3 Here, D;_3 denotes the derivative with respect to the 1 — 3 slot.
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constraints %,, W (7, 7,4 1) consists on the one hand of ~ approach
the segment contributions (see Sect. 3.3)
Gans1) —G@) =1 D (Pansi — Pan)
< K K Aew
Vi Weo (T, pg1) = VW (T, 1) =
4 segK n n ) segr " n+5 . =n- Z(ann(qn+%$dn+%» fn+%))TV7r V]
lIlseg(":n+1) - "Ijseg(nn) - V"Ijseg(nn-i-%)An A Aed
I 12 4 X (T, 1) - Ang1 =0 (65)
(61) and
= G —G@n)=p- -
where A = m 41 — m,. On the other hand, V, @n+1) @n) = n Z [(qA’"H 94.n)

W (i, ,+1) consists of the contributions of the refor-
mulated constraints (42),_5, using the same vector of
invariants and the same definition for the discrete gradi-
ent.

2. A tremendous decrease of the size and the complexity of
the system can be achieved by evaluating the convective
coordinates f only at time #,. The equations of motion
can now be recast in the form

—1
dn+1 —9n = AtM pn+%
Puny1 —Pn = _Atvv(q;v qn+l)

~A DI, 1o d, 1 ) Y WO T A1 (62)

0=(Dom(g, 1.d, 1 fu)" % WOtn i) A

0= ‘I’(n(qn+ls dll+] s fn))

Here, the constraints are assembled as follows

_ | Ymortar (T (q 41 dpt1, fn))]
7 vyt f)= 63
(T (gns1-dns1s f1)) |:\I’normal(7r(qn+lv dpit. fn) (63)

Note that the segments have to be generated merely once
for each time step and are held constant until the next
time step.

3. A further decrease of the size and the complexity of the
system can be achieved by eliminating the augmentation
of the normal vector and sacrificing exact conservation
of energy. In particular, we retain the augmented coor-
dinates f, and make use of the cubic invariants 7 (see
(43)) instead of the quadratic invarinats

9n+1 —4n = AtM_lp,H_%

Puny1t — Pn = —At%V(qn, qn+1)
—AU(D1E (g, 1. o) Vha ¥ (T 1) A

9

0 = Winortar (T (q,11, f ) (64)
Analogues to the time-continuous case we can identify sev-
eral constants of motion in the discrete setting. Again we
focus on the constraint contributions and start with the con-
servation properties of the momentum maps for the first

Aew
XPppt T dans) X Pyt — pn)]

=AY [qA,nJr%

Acw

T:
% (0,7, 1y 12 Sy ) S R ) -xnﬂ}

_ T
= Akt (S W0t )

' z (anft(qu_%, dn+%’ fn-i-%))

Acw
TR (66)

With regard to (56) we can state

% Wn wur)! - [Z(a“n(qﬁé,dnﬂ, Fug Dy g

Aco

-2 (3d37f(¢1n+;’dn+;’fn+;))'3B,n+;ﬂ}=0 (67)

B Ewseg

and rewrite the last equation

G(Zn+l) - G(Zn)
— T
= Athpty - @ ‘I’(”nv”n+l))

> I:(adBn(qn+%’dn+%’ fn+%)) 'aB,n+%”}

Bea)seg

= Atp - Z dB,;H—%
Bewseg

T—=
% (ay 7@,y 1,y S ) S WO ) Ay =0

(68)

Next, we verify algorithmic conservation of energy. Since the
original system deals with inequality constraints, an addi-
tional error in energy arises due to the application of the
active set strategy. As shown in Hesch and Betsch [? ], this
error is negligible and can be treated as described in the afore
mentioned paper. For the algorithmic conservation of energy
the net power input to the system within each time step has
to be zero. After a few calculations we receive

T=
(@01 — 40 (69)
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where AE denotes the change in total energy. Introducing
the discrete consistency condition

T:
D]ﬂ(qn+%,dn+%, fn+%) Vi ‘I’(nl’lv nn+1)(qn+] _q}l)
T:
+D2”(‘1n+%’dn+%’ fn+%) Vo W(itn, Tpp1)(dpt1 —dn)
7=
+D3ﬂ(qn+%, d, 1. fn+%) Ve W(n, T ) (f 1= Fn)

=V Y(Tp, Tyt1) Tyl — )

=V(m,t1) — V(T =0 (70)
we can show that
T
AE = =Xy - [Dzn (qn%’ dy 1 fn+%)
X vﬂ W (m,, In+l)(dn+l —dy)
T
+Dsm (anr%’ dnJr%’ fn+%)
XV W ) = )]
=0 (71)

is valid. Thus, total energy is conserved.

Similarly, the second approach yields for the momentum
maps

G(ns1) =G @) =t D (Pans1 — Pan)

Aew

=D g, @,y d, . )

Aew
XV, W0, Tns1) - Mps
=0 (72)
and
Gans) =G =k D [@ant1 = dan) X Pans)

Acw

Tl X Pogr — pn)]

= —Atp - Z [qA,nJr%

Acw

T —
% (0,7 (13 g £1)) e ¥ Ts) -MH}

— T
= —Atkpq1 - (Vrr W (r,, nn+l))

' Z(an”(qn—&-%’ dn—&-%’ fﬂ)) ’ l}A,n—F%”’

Acw

(73)

With regard to (56) we obtain immediately

G W, may)]

: [Z(a“n(qnﬂ,dnﬂ, Iy in

A€

> (adB”(anri’dnJr%’f”))'aB,n+§uj| -

Bewseg
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and rewrite Eq. (73) as follows
G(znt+1) — G(zn)

e A Z e )

' z I:(adBn(qn+%’dn+%’fn)) "?B,n+%ﬂi|

Bewseg

= Arp - Z dB,n+%

Bewseg

T

T=
X (00 @1y f)) Ve WO Te) A
=0 (75)

Again, both momentum maps are algorithmically conserved.
For the total energy we get

T=
AE =Xyt D1 (4,1, d, 10 ) Ve W00 Ts)
o1~ 4) (76)

The discrete consistency condition reads
T:
Dlﬂ(anr%,dH%, Su) N Y@, Tnp 1) @1 — 4n)
+D2m(q, 1. d, 1 f) Ve WO T ) g1 —dn)

= 671 W(Tn, Tpt1)(Tpy1 — Tn)

=¥(myy)) — Wy =0 (77
and insertion in (76) yields
Xvﬂ V(y, Tpr1)(@nt1—dy)] =0 (78)
Thus, total energy is conserved.
At last, we can show for the third approach that
G@znt1) = G(zp) = - Z(pA,n—H —Pan)
Aew
~ T =4 ~ ~
=13 (90,7 ye £)) Va¥GEn Hrg)) A
Aew
=0 (719)
and
G(zZnt1) —G(zn) =i - Z [(qA,n+] ~dan) X Panil
Acw
+qA,n+% X (Ppg1 — pn)]
=-Ap- z |:qA,n+%
Aecw
~ T 4 - “
X (ann(qu»%’ fn)) ViV (T, Tht1) A'n+1j|
o T
= —Al‘l,ﬁ.] . (vﬁ‘l’(ﬁ:ns in-%—l))
. Z(E)qur(qH%, Fu)) qq it
Acw -
=0 (80)
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Fig. 5 Configurations at time
t=2andt =5

Fig. 6 Segmentation at time
t=2andt =5

Accordingly, both momentum maps are algorithmically con-
served. Since we can not apply the concept of a discrete gra-
dient, total energy is not conserved.

6 Numerical investigations

In this section we investigate the performance of the differ-
ent proposed approaches. Two model problems have been
taken from Yang and Lausen [36] and applied to the newly
developed schemes.

6.1 Two tori impact problem

As a first example we consider an impact simulation of
two tori. Both tori are discretized using 8,024 eight-node
brick elements with overall 72,216 degrees of freedom.
The inner and outer radii are 52 and 100, respectively,
the wall thickness of each hollow torus is 4.5. A stan-
dard Neo-Hookean hyperelastic material with £ = 2,250
and v = 0.3 is used. The initial density p = 0.1 and
the homogeneous, initial velocity of the left torus is given

21 T T T T T

Fig. 7 Total energy versus time using approach 1

by v = [30,0,23]. A time-step size of Ar = 0.0025
has been used for the first approach, whereas a time-
step size of both simplified approaches has been set to
At =0.01.
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2.2 T T T T T

Fig. 8 Total energy versus time using approach 3

x 10~

Fig. 9 Values of change of the first component of angular momentum
versus time using approach 3

Excluding the augmented coordinates f from the calcula-
tions as shown in (62), a reduction of the average calculation

time of a Newton step of about 12% could be achieved in

Fig. 10 Configuration at time
t=0andr =538
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this specific example. Furthermore, we were able to use four
to ten times larger time-step sizes. This stability feature is of
major importance especially in large sliding situations.

InFig. 5 the configurationatt = 2and¢ = 5isshown. The
associated segmentations are displayed in Fig. 6. 2,318 seg-
ments are automatically constructed at time r = 2 for overall
331 mortar constraints. For the first approach where the mor-
tar integrals remain not constant throughout each time step,
an additional 355 constraints for W ayg, , 240 constraints for
W Aug, and 703 constraints for W ayg, are necessary. Further-
more, 6,954 constraints for the augmentation of the normal
vector have to be considered. At = 5 5,896 segments with
overall 755 mortar constraints are determined. Correspond-
ingly, we need 923 constraints for W ayg, , 529 constraints for
W Aug,, 1,866 constraints for Way,, and 20,862 constraints
for the augmentation of the normal vector. Clearly, this is not
acceptable. In contrast, if we apply approach 3, we only have
to add 755 mortar constraints to the global system. We then
need the same amount of constraints as for the NTS method,
since each mortar constraint refers to a specific node on the
non-mortar side. Although the evaluation of the mortar con-
straints is more involved, the solver clearly dominates the
overall calculation time and thus, we have no drawback in
the calculation time due to the use of mortar methods.

In Fig. 7 total energy versus time is displayed using the
proposed energy-momentum scheme together with deform-
able mortar segments. As shown in Fig. 8, approach 3 does
not conserve energy. The increase in total energy is accept-
able, since we used relatively large time steps. The last dia-
gram shows the values of change of the first component of
angular momentum. Note that the values are below the stop-
ping criterion of the Newton iteration (1079) (Fig. 9).

6.2 Torus-cylinder impact example

Asbefore, we utilize a problem introduced by Yang and Laur-
sen [36], see Fig. 10 . The material properties and the initial
geometry of the torus are the same as in Sect. 6.1. The inner
diameter of the cylinder is 100, the wall thickness is 7.5 and

&
&
Tt
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o .s:.‘:.“
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Fig. 11 Segmentation at time t = 5.8 (rotated 90°)

2.5859 £ . . .

2.5858
0

Fig. 12 Linear momentum versus time

Fig. 13 Third component of the angular momentum versus time

the initial velocity of the torus is [0, 0, 20]. The Torus con-
sists of 4,992 elements and 22,464 degrees of freedom, the
cylinder of 4,960 elements and 23,040 degrees of freedom.
Furthermore, the time-step size has been set to At = 0.005.
A standard Neo-Hookean hyperelastic material with £ =

12000 and v = 0.3 is used. In Fig. 11 a typical segmentation
after 5.8 s is displayed.

As before, the vector of augmented coordinates would
become unacceptably large. Thus, we concentrate on
approach 3. As can be seen in Figs. 12 and 13, respectively,
linear and angular momentum are algorithmically conserved.

7 Conclusions

This paper extends the mixed energy momentum approach,
developed previously in the context of the NTS method, to
the mortar method. The proposed methods conserve linear
and angular momentum algorithmically, which is new in the
context of mortar contact methods. To achieve this benefit,
an accurate segmentation procedure as well as the reformula-
tion of the constraints in terms of invariants using reducible
coordinates is presented in detail. Furthermore, an energy
conserving algorithm has been applied to the constraints.

We have also shown how to apply several simplifica-
tions without affecting conservation of the momentum maps.
These simplifications lead to a reduction of the numerical
costs of the mortar method to a level, similar to the costs of
the traditional NTS method. This comes at the expense of
algorithmic energy conservation.
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Appendix A: Reformulation of the additional
constraints

For the reformulation of (16) in terms of invariants similar
to (34), we define a vector of possible invariants as follows

_(q(f) - qﬁ”) : (qﬁz) - qﬁ”)_
@V -4 - @ —¢"
1 1 1 1
™= (q%;_qéli)'(q%;_qéli) - el 3.4 B
(qz —q, )'(44 _ql)
(qél) - qi“) . (qff) - q(ll))
i & |

for all projected nodes /. For the reformulated constraints we
obtain

‘I‘Augl,l(”)

Tl T4 7 8
[Nz,nlo N3 710 N4,7r10] 1|72 | = N2 |m7 | =N3|ws | —Ng|mo

73 g 9 6

bl 4 7 g
[Nz,n“ N3 7q4 N4,7r11] : '[ﬂz} M |:ﬂ7} -N3 |:ﬂ5} =Ny [@} ]

73 g 79 76

(82)
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where Ny 7,,(m10, 711) denotes the derivative of the shape
function J with respect to m19. Moreover, we have to refor-
mulate (17). It is easy to show, that (17) can be rewritten as
follows

() 2 () ik —ah) |
) ) (@)
(a0l - £ (E) £ (@) k- o)) |

‘I’A“Szyl =\|r

(83)

Although tedious, it is straight forward to reformulate
Eq. (83) in terms of the invariants

(g5, — a5 (q(l) a5
T = g] (84)
£
I

Note, thateachq(;z, q(JlI)(, VL, K € {2, 3, 4} depends on the

corresponding position of the projection J € {1, 2, 3, 4}.
Note that we search for the convective coordinates of the

mortar side in terms of the projected mesh.
At last we rewrite (41) as follows

edyy
‘I’Aug3

- 2 . . [4 _
SRIGY { > N (&) (af *qﬁl))}
I=1 L=1

2, . .
-2 M@[a @) e +al”a Vg ]

J=1
lez@l) ZNL@S”M“) ") -@!) - q%”)}

2 ~
- 8@l —a - @ —a") + @V = ¢ a5

TMN

z Ne @)@l - q“))) [( > Nu @) (alh) - ‘1(1”))]
N . 4
Nj(sz)( P2 V&M@l —af) -

o) [af? ot e

Nuél)(z NL @)@l — gD -

FMN

1
4
Z, N GR

(85)

Even more tedious as before, but straight forward we can
reformulate the last set of equations in terms of the invariants
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d .du)

1 1 1
(q() ¢y

@D —q").a?
= (86)

@ —q")- @) — g
@ —q")- @ — g
(q(]) qll)) . (qél& ql”)
(q(]) a\") - (qél,& i)

1 (1 1 (1
(qﬁL)—ql ). (q() q, Wy
1 (1 1 1
L >) (q<> qg >)_

| (g%

together with the convective coordinates Eﬁ”, 51, %2, 53 for
all combinations of L, M, K € {1,2,3,4} and I,J €
{1, 2, 3, 4}.
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