Electronic Journal of Differential Equations, Vol. 2013 (2013), No. 85, pp. 1-23.
ISSN: 1072-6691. URL: http://ejde.math.txstate.edu or http://ejde.math.unt.edu
ftp ejde.math.txstate.edu

DYNAMIC CONTACT OF VISCOELASTIC BODIES
WITH TWO OBSTACLES: MATHEMATICAL AND
NUMERICAL APPROACHES

JEONGHO AHN, JON CALHOUN

ABSTRACT. The motion of viscoelastic (Kelvin-Voigt model) bodies between
an upper and a lower obstacle is studied both mathematically and numeri-
cally. The two obstacles are assumed to be stationary perfect rigid, therefore,
Signorini contact conditions are imposed at each obstacle, which can be in-
terpreted as a couple of complementarity conditions (CCs). The convergence
of numerical trajectories for general dimensional problems is shown based on
the box constrained variational inequality (VI) which is equivalent to the two
CCs. A one-dimensional example is provided. Unlike higher dimensional cases,
different perspectives are used to prove the results of its existence. Numeri-
cal results are also presented and discussed, showing a typical behavior of the
system

1. INTRODUCTION

This article considers a dynamic model for frictionless contact of an elastic or a
viscoelastic body with two flat rigid obstacles situated above and below it, while
most articles (e.g., see [4, [12] 15, [I8]) deal with the related problem with only
one obstacle. Thus, we impose Signorini contact conditions on the two obstacles,
since the body may bounce off each of them. We note that mathematical and
numerical approaches for more generalized obstacles seem to be very challenging;
for instance, a more general dynamic case is when a viscoelastic body moves around
inside a room enclosed by a rigid obstacle. Therefore, we commence by considering
dynamic frictionless contact problems with two flat obstacles in order to extend
into more general types of obstacles in our future research.

We remark that many questions on the class of dynamic problems with purely
elastic bodies Q ¢ R? with d > 3, for example, the existence of solutions and their
regularity, remain still open. Adding a wiscosity term into the equation of motion
allows us to avoid some of these mathematical difficulties. Petrov and Schatzman
[15] study a one-dimensional problem where a viscoelastic rod is considered in the
half space and the original partial differential equations (PDEs) with unilateral
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boundary conditions are switched to a VI on the end of the rod, using both con-
volution and CCs. In the paper [4], Ahn and Stewart extend the viscoelastic rod
problem into a higher dimensional case. They use the trace theorem to set up the
VI on the boundary 9 which is equivalent to the complementarity problem (CP).
In addition to that, numerical schemes are developed, convergence of numerical
trajectories are shown, and some numerical results are presented, too. One of their
major concerns is to show energy balance because the viscosity in the system causes
energy loss. A significant issue is addressed in the two papers on how the viscos-
ity affects the magnitude of contact forces, i.e., a viscoelastic body produces higher
singularity than a purely elastic body. The paper [I5] proves the issue theoretically,
and the paper [4] provides numerical evidences for it. In Kuttler and Shillor’s pa-
per [12], frictional contact is considered which is described by a slip rate dependent
coefficient. They also regularize the nonlocal stress by using an averaging opera-
tor. In the paper [18], Shi studies a contact model with a purely elastic rod and
derives explicit formulas for the rebounding time period and the dependence of the
coefficient of restitution on the initial condition. Indeed, imposing the coefficient
of restitution (see the paper [0]) may be a good idea to show the uniqueness of
solutions.

Iy Iy

FIGURE 1. Dynamic contact model with two obstacles

Among the recent works on the contact of beams, the Gao beam [9], which is
highly nonlinear, has received considerable attention. In the recent papers [I1 2], nu-
merical algorithms are proposed and numerical results (simulations) are presented.
In particular, the convergence theory for the Gao beam with dynamic contact has
been initially studied in the paper [I].

Even though the existence of solutions for the purely elastic case (d > 3) is still an
open question, many numerical schemes which are based on the Newmark schemes
[14] have been proposed recently (see the paper [II] and the references therein).
Applying Newmark schemes into the viscoelastic cases can provide a great idea to
obtain higher stability of numerical solutions. This will be our future work when
we develop numerical schemes on higher dimensional problems.

The remaining sections of this paper is structured as follows. Section [2] which
deals with higher dimensional problems (d > 2) consists of two Subsections. In
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Subsection 2.1} some mathematical background and notations are introduced. In
Subsection the dynamic contact problem is formulated and its existence re-
sults are shown, using a box constrained VI on the boundary 0. In Section
a one dimensional problem is considered with different methods, since it satisfies
the strong pointedness unlike the general dimensional problems. The convergence
of numerical trajectories is shown through the first two Subsections and [3:2]
Subsection [3:3] proposes the fully numerical schemes, and numerical results are pre-
sented and discussed in Subsection [3.4l This work concludes with some remarks in
the last Section B4

2. GENERAL DIMENSIONAL PROBLEMS

This dynamic contact problem is considered with the Lipschitz domain Q C R?
(with d = 2,3 in applications) over the bounded time interval [0,7]. The deforma-
tion field and velocity of viscoelastic bodies are denoted by the functions u = u(t, x)
and v = v(¢,x), where x = (z1,22,...,24) € Q is a material particle and time
t € [0, T}, respectively. The bodies move between two fixed rigid foundations which
are expressed by functions xq = ¢p(x1, Z2,...,24-1) and x4 = or(21,T2,...,T4-1)
and ¢ < @7 for all points (2, 72,...,24_1) on the boundary 9Q c R4~ By
the proper transformation, we shall assume that g < 0 < ¢, which may assist
to avoid geometrical complexities. The stress and the strain are denoted by the
tensors o = (0;5) and € = (g;;) for 1 <4, j < d. In this paper, all vectors or tensors
are written by boldface characters or component forms.

Since our viscoelastic bodies are of type of the Kelvin-Voigt, we introduce its
constitutive relation

olu,v] = Ae(u) + Be(v), (2.1)
where A is is called a linear elasticity operator and B is called a linear viscosity
operator and the linearized strain tensor is expressed by

c(u) = Vu+ (Vu)T.
2
Those tensors are the symmetric; i.e., (;;) = (0;:) and (g;;) = (g;;). In the tensor
form , A and B can be reformed by the fourth order tensor in the component
form;
Oij = Qijkicki(W) + bijricri (V) = @ijritn, + bijrivi,,

where A = (ai;r1) and B = (byjr) with 1 < k, | < d are an elasticity tensor and a
viscosity tensor, respectively, and ug ; = Ouy/Ox; and vy ; = Qv /Jz; are partial
derivatives.

Since there are the upper and lower rigid obstacles, we assume that the boundary
of the body consists of four disjoint subsets; Q2 = 'y UTT UTyUTZ and 'y NTT N
Iy NTE = () with meas(T';), meas(I'y) > 0 such that contact forces do not take a
place at 'y, 'y C 9. Thus, on I'" and I'Z the body may come in contact with the
upper obstacle x4 = ¢ and the lower obstacle x4 = ¢p. Those stationary obstacles
are perfectly rigid and thus do not allow penetration of the viscoelastic body. The
boundary 99 of the body is assumed to have the unit outward normal vector
n(x) = (n1(X),n2(X),...,nq(X)) for almost all X € 9Q. This physical situation is
illustrated in Figure [T}

Thus, we are led to formulate the following PDEs:

v=V-.ouv]+f in(0,7] x Q, (2.2)
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olu,v] = Ae(u) 4+ Be(v),
ofu,v]-n=N(t)n in (0,7] x (IT UTH),
olu,v] - n=0 in (0,7] x 9Q\(TT UT?H),
0>N(t) Lu-n—@r <0 in (0,7] x T2,
0<N()Lu-n—pg>0 in(0,7] xT7T,

u’ =u(0,x), v’=v(0,x) in,

where u® and v° are initial data and f is a body force and the normal contact forces
N are occurring at the top and the bottom obstacles. Defining the normal contact
forces o;jm; = Nn; in enables them to be frictionless, since the normal stress
o, = 0;;n;n; and the tangential stress (or); = 04jn;—0o,n; = N n;—oynnin; = 0.
A couple of CCs — which is equivalent to Signorini’s contact conditions
will be explained in the next Subsection [2.1

The two natural boundary conditions 7 do not guarantee the coercivity
of operators for the static or even quasistatic problems. Nevertheless, we are still
able to verify the existence of solutions for this type of dynamic frictionless contact
problems.

2.1. Mathematical preliminaries. In this Subsection, mathematical background
and notation are introduced to present the existence results. The solution spaces
that we mostly deal with are based on the Gelfand triples; V C H = H' =V’ (see
the book [20]), where all spaces are separable Hilbert spaces and all inclusions are
densely compact. Here (") denotes the dual space. For Banach space X, the duality
pairing between X’ and X is denoted by (-,")x/xx. When a duality pairing is
defined on a known space, the simpler notation (-, -) may be used. In our problem,
the Hilbert space V will be Sobolev spaces typically.

Now we define the linear operators A and B from V to V' with appropriate
boundary conditions by

(Au, w) := /QAE(U) s e(u)dz,

(Bu,w) := /QBE(u) e(u)de,

where the notation (:) means the product of tensors.

In general, the CCs 0 < a 1L b > 0 implies that a,b > 0 and a-b = 0, and similarly,
0> alb < 0 means that a,b < 0 and a-b = 0. Due to the nonpenetration of
the rigid obstacles, the CCs f can be understood in the following way. If
viscoelastic bodies are not in contact with either of the obstacles; i.e., N(t) = 0,
then u(t,X) - n(X) — ¢p > 0 for x € I'? and u(t,X) - n(xX) — pr < 0 for x € I'L.
However, if the body is in contact with the the bottom obstacle, then N(¢t) > 0
and u(t,X) - n(X) — pp = 0 for all X € TZ. If the body is in contact with the top
obstacle, then N(¢) < 0 and u(¢,X) - n(X) — ¢r = 0 for all X € 'Y, Interpreting
Signorini’s contact conditions as CCs is an easier way to develop finite dimensional
approaches and numerical algorithms, while using the indicator function and its
subdifferential for Signorini’s contact conditions can be a more theoretical way to
prove the existence of solutions in the infinite dimension (see the paper [13] and
references therein).
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In this dynamic contact problem, applying trace theorems (see the books [10,
pp-83-89]) plays an essential role in deriving a box constrained (VI) on the boundary
02 which is equivalent to the PDEs and CCs 7. Since our dynamic contact
problem is frictionless, we are able to apply the trace operator v from H(Q)) =
(H())%onto HY2(99Q) = (HY?(99))? such that

V(W) =y(w)-n for w e H(Q),

where 7, from H(Q) onto H'/2(9Q) is the normal trace operator. Let the Sobolev
spaces H'(Q) and H'Y/2(9Q) be V and W, respectively. Now the formal adjoint
operator 7, : W' — V' can be defined to be

(@, WmW)w xw = (Viw,w)yxy forallwwe W and w e V. (2.9)

Since 7, is subjective, there is an extension operator £ : W — V so that Iyy =
Y& : W — W is the identity operator.

2.2. Existence results for the general dimensional problems. Let K = [a, ]
be a closed interval with a < b; therefore, K is a closed convex set. Then, we
introduce the following complementarity problem (CP) which consists of a couple
of CCs; given a mapping F': R — R.

findzeK: 0<z—alF(x)>0 and 0>2—-01 F(x) <0. (2.10)
Also, the interval (box) constrained VI is formally defined below;
findee K: (y—xz)F(x)>0 foralyekK. (2.11)

The equivalence of the CP (2.10]) and the box constrained VI (2.11)) will be shown
in the following Lemma Readers may refer to the book [8 Section 1.2] to see
other relations and equivalences between problem classes, i.e., the modified CCs
and Vls.

Lemma 2.1. Let K = [a,b] C R be a closed interval. © € K solves the CP (12.10)
if and only if © solves the interval constrained VI (2.11)).

Proof. Suppose that z € K solves the two CPs in (2.10). Then it is easy to see
that the two CCs are equivalent to the following; find z € K such that case I:
a<z<b=F(x)=0,casel: x =a= F(z) >0, and case III: z = b = F(z) <0.
Choose any y € K. Then the case II and III give the inequality . In case I,
we have (y — x)F(z) = 0.

Suppose that x € K solves the box constrained VI. Let z = a. Then we choose
any y € K such that ¢ < y < b. Thus (y — z)F(x) > 0 means that F(z) > 0.
Similarly, if = b, then F(x) < 0. Now we claim that if a < z < b, then F(z) = 0.
We take any y € K such that a < z <y < b. The box VI gives F(z) > 0.
On the other hand, we also choose y € K such that a < y < z < b. Similarly, we
can obtain F(z) < 0 from (2.11). Thus F(z) = 0. The proof is complete. O

The previous Lemma [2.1] can be easily extended to a vector solution and a
vector-valued mapping. When we consider dynamic contact problems with multiple
contact zones, vector forms with CPs will be useful to compute numerical solutions
and applying box constrained VIs will be helpful to show the existence of solutions.

The formulations f can be easily switched into the following formula-
tions in the distributional senses:

v=—-Au—Bv+f+9,N(t) in (0,7] x Q, (2.12)



6 J. AHN, J. CALHOUN EJDE-2013/85

0> N(t) Lvpu(t)—@r <0 on (0,7T], (2.13)
0 < N(t) Lvpu(t)—¢p >0 on (0,7], (2.14)
u’ =u(0,x), v’=v(0,x) inQ. (2.15)

Then, we can set up the interval VI which is equivalent to the two CCs (2.13)—(2.14):
for almost all ¢ €€ [0, T

find u(t) e K: (N{#),yn(w(t) —u(®)))wxw >0 forallwe K, (2.16)

where K = {w | w : [0,T] — V,op < 7,w(t) < pr}. Additionally, the VI
has to be understood over the time space [0, 7] in the sense of measures; i.e.,
Jp(N(t), v (w(t) —u(t)))w:xw > 0 for any Borel set B C [0,T7].

Finally, using and the VI , we arrive at the following main result
for the general dimensional problems, thanks to normal trace operator -, and its
adjoint operator ;.

Theorem 2.2. Let the initial data be u®,v? € V. We assume that o < @7
and op,or € W and £ € L>=(0,T; H). There exist solutions u € L>(0,T;V) N
CY2(0,T;V)NK and v € L*(0,T; V)N L>(0,T; H) and v € L*(0,T;V) such that

/0 (¥, w(t) — u(t))dt + /0 (Au(t), w(t) — u(t))dt + /O (Bu(t), w(t) — u(t))dt

T
> / (£(t), w(t) —u(t))dt for allw e W,
0

where W = {w € L?(0,T;V) | o5 < yw(t) < 7 for almost all t € [0,T]}.

The notation for the Holder space C''/? will be explained in the next Subsec-
tion[3:1} The previous Theorem [2.2]can be easily proved, using the similar approach
of the paper [4]. Therefore the proof shall be omitted. However, we will analyze
the one-dimensional problem, keeping a couple of CCs and using the strong point-
edness. The detailed illustration will be presented in the following Section [3] We
remark that the previous Theorem for one obstacle with frictional contact has
been initially proved in the paper [12].

— S—
l Nr Pr

IN B YB

FIGURE 2. Rod model
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3. ONE DIMENSIONAL PROBLEM

In this Section, a viscoelastic rod (d = 1) which moves between two horizontal
obstacles is modeled and studied, where its deformation and velocity are denoted
by u = u(t,z) and v = v(t, z) for all (t,z) € [0,T] x [0,!], respectively. Therefore I
is the initial length of the rod. This example is originally motivated by the Routh
model [I7] where only the endpoint of an elastic rod is in contact.

3.1. Continuous formulations for the model and the existence results. In
this Subsection, we establish continuous formulations of a one dimensional problem
and thus we assume that a viscoelastic rod moves vertically and impacts each
obstacle only at its two end points x = 0,[. So it has a longitudinal motion. Using
the change of a variable, the actual displacement of the rod can be written by
w(t,z) = u(t,x) + x for all (¢t,z) € [0,T] x [0,{]. Let v = v(t,z) = w(t,x). We
notice that the contact forces N are decomposed into Np on the top and Npg at
the bottom.

This one-dimensional dynamic contact model is formulated by the following
PDEs:

vtzcuxx+ocvxx+f(t z) in (0,7T] x (0,1), (3.1
Np(t) = c(uz(t,0) + 1) + v, (¢,0) on (0,77, (3.2
Np(t) = c(ug(t, l) +1) 4+ av,(t,1) on (0,T], (3.3

0 < Np(t) L u(t,0) —¢p >0 on (0,77, (34

O>NT(t)J_u(tl)—|—l—<pT<0 on (0,7, (3.5

u’(z) = u(0,z), v°(z)=wv(0,2) in (0,1), (3.6

where ¢ > 0 is the coefficient of elasticity. Since there are not simultaneously occur-
ring contact forces at the two obstacles, we could impose the orthogonal condition
f[O,T] Np(t)Np(t)dt = 0 for all ¢ € [0,T]. However, it seems not necessary for
improving the existence results. In addition, another possible contact model will
be the compression of the rod applied by contact forces at each obstacle, without
taking into consideration moving of the rod.

For now, H,V will become the spaces L?(0,1), H'(0,1), respectively. We also
define the self adjoint operator A : V — V' by

1
(Au, w) :=/ UpWodT.
0

While we apply the trace operator for higher dimensional problems, we use two
restriction operators 8p(u) = u(0) and fBr(u) = u(l) which are bounded operators
0, Br : V. — W. Moreover, the bounded operators provide the adjoint operators
8%, 65 : W' — V' where f5(Ng) = Np(t) 6(z) and 85-(Nr) = Nr(t) 6(z—1). Here
¢ is the Dirac delta function which is the identity in the set of all distributions.
Using integration by parts with the two natural boundary conditions 7
and applying the convergence of distributions, we can get to the following.

Lemma 3.1. If Nr(t), Ng(t) € W' with all t € [0,T] are given, then (3.1)—(3.3)
are equivalent to the variational formulation; for all t € [0,T]
u(t) €V i (v, wyvixy = —(cAu+ aAv,w)vrxv + (f,w)n
+ (Np(t)o(x —1) — Np(t)d(z),w)y'xyv for allw € V.
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Referring to [B, Lemma 1.1] will be helpful for understanding the proof. The vari-
ational formulation in Lemma[3.1| will be used to set up the semi discrete numerical
formulations in the time interval [0, 7.

A set K is called a cone if Az € K when x € K and A > 0. Then, its dual cone
denoted by K’ is defined as

K' ={y e W | (y,2)wxw >0 forall z € K}.

To prove the existence of solutions, the CCs will be interpreted with closed convex
cones rather than with the original CCs and . Let K7 and K5 be closed
convex cones such that K7 N Ky = {0}. Finally, the equation of motion with two
contact conditions is reformulated in a more abstract setting:

vy = cAu+ o Av + 35 (Np) — B5(N) + f(t,z) in (0,T] x (0,1), (3.7)
W'D K] 2 Np(t) L fpu—pp e Ky CW on (0,7], (3.8)

W'D K> Np(t) L Bru+1—9r € Ko CW on (0,7T], (3.9)

u’(z) = u(0,z), v°(x) =v(0,z) in (0,1). (3.10)

Unlike the higher dimensional problems, we are able to show the boundedness of
contact forces N7, Np on a suitable space. In order to do so, we require the following
definition.

Definition 3.2. A dual cone K’ is said to be strongly pointed if there exist x € K
and 7 > 0 such that for any £ € K’,

nlEllw: < & m)wrxw-

This definition can be founded in the papers [3, [19]. Indeed, definition is not
a perfect sufficient condition for purely elastic problems, since they require a gap
in the scale of interpolation spaces. See the paper [3] for the detailed illustration.
However, in this viscoelastic problem, being strongly pointed without considering
a gap between interpolations spaces is sufficient to show the existence results. For
now, we set W = R and thus W/ = R. Then we can have K = Ry ¢ W
and Ko = R_ C W and thus their dual cones become K; = Ry C W’ and
K, =R_ C W’. Thus it is easy to see that the two dual cones K| and K} satisfy
the strong pointedness.

When we show the compactness of solutions, the Holder space C?(0,T; V) with
the norm is needed:
[u(t) = u(s)llv

i 7 for0<s<t<T,
-5

lullceo,rvy = llullcgo,r;vy + sup
sF#t
where the exponent 6 is 0 < 6 < 1.
Finally, to show the existence results for this one dimensional example, we list
the following assumptions:
Two obstacles o7, o5 € W and u°,v° € V and f € L*(0,T; H).
There is a suitable coefficient of viscosity a > 0.
The linear operator A : V — V' is self adjoint.
The space of solutions over the spacial domain is based on Gelfand triples;
VCH=H CV.
e There exists a linear operator Bp,Br : V. — W such that its adjoint op-
erator is S5, 05 : W' — V'’ and fp, fr are subjective and ﬂ;l,ﬂgl are
bounded right inverse, i.e., ﬁ;lﬂT = ﬂglﬂg = Iw.
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e The convex cones K1, Ko C W are closed and its dual cones K1, K} satisfy
the strong pointedness.
Here is an important remark; for the convergence of numerical trajectories, two

CCs (3.8) and (3.9) have to be understood in the sense of measures; i.e.,
[ a(0) Baut) ~ ompww = [ (o) Bratt) — erhwrar =0,
B B

where any Borel set B C [0,T]. Under those assumptions, we can arrive at the
following main result.

Theorem 3.3. There are solutions (u,v) with u € C(0,T;C[0,1]) N C*2(0,T;V)
and v € L2(0,T; V)N L>®(0,T; H) satisfy the equations (3.7)—(3.10).

The proof of this theorem will be shown through several steps in the following
Subsection 3.2

3.2. Numerical formulations with time discretization and its convergence.
Time discretization is carried out by partitioning the time interval with a small time
step size h; > 0;

to=0<t <ty < - <tp1 <tp <tpg1 < - <tpe1 <ty=T,

where the uniform spacing is used; i.e., hy = tx+1 — tx for integers k > 0. The
main numerical scheme over the time interval is to use the implicit Euler method.
The displacement u is approximated by the linear interpolant, denoted by up, such
that up, (tpe1,-) = uF* and up, (tg, ) = u¥. The velocity v is approximated by the
constant interpolant vy, (¢,-) = vk*! for t € (¢1,t141]. The approximations of the
contact forces (Np)p, and Ny, = (N7 )p,are also defined by
m—1
(Np)n, (t,z) =hy > Npo(t — (k+ 1)hy)d(x) and (3.11)
k=0
m—1
(Np)n, (£, ) = he Y NES(t— (k+ 1)he)d(z — 1). (3.12)
k=0

The energy function E* at t = t;, in the semi-discrete case is defined to be
1
E* = E(ty) = E[u*,v"] = §(||”k\|fq + ef At u)yrr).

Based on the implicit Euler method with time discretization, we are led to the
following numerical formulations in the distributional senses:

VR _ ok
. =cAu+a Av + B3 (Nr) — B(Np) + f  in (0,1), (3.13)
t
k+1 _ .k
AR S 5} [0,1], (3.14)
hy
W' > K| 3Nk L Bg(u*t) —pp e K; C W, (3.15)
W' > Ky > NE L Br(u*t) +1—pr € Ky Cc W. (3.16)

The numerical schemes suggested above enable us to obtain uniform bounded so-
lutions over some Banach spaces, which will be proved in the following Lemma[3.4]

For the static and quasistatic frictionless contact problems, the self adjoint op-
erator A needs to be elliptic to show the existence of solutions. However, it is not
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necessary in the dynamic case. The next step solution (u**1, v*+1) satisfying our
time discrete formulations 3.137 is unique at each time step t = t;. This
can be seen by applying the Lax-Milgram Lemma [7, Subsection 6.2.1] after we
derive the bilinear form. Define the following bilinear form on V; for v, w € V with
any hy >0

a(u,w) = (I + he(chs + a)A)u, w),

where [ is the identity operator. Then it is easy to check that the linear operator
I+h(ch+a)A with any h; > 0 is bounded and elliptic on the space V. Substituting
(3.14) in the left side of the equation (3.13]), we can easily obtain

a(u w) = (®F w)  for all w €V, (3.17)

where ®F = u¥ + h2v* + ahyAu* + h2(NE — NE + f) € V’ can be found at the
previous step. Therefore, by the Lax Milgram Lemma we can conclude that there
is a unique next time stepping solution u**! € V.

Unlike the general dimensional problems, we have to impose an additional condi-
tion in order to prove boundedness of numerical trajectories in appropriate spaces.
The condition in Lemma is required only for numerical trajectories. The
reason can be justified from the CCs . If Ng = 0, then Ngv(t,0) = 0, but
if Ng > 0, then u(¢,0) = ¢p and thus Ngov(¢t,0) = 0. From the numerical point
of view, we can guess that the left side will be very close to zero, which implies
that we can choose any suitable viscosity quantity o > 0. This argument will be
support by numerical results in Subsection [3.4

For the rest of this article, a quantity C' > 0 does not depend on any parameters
but it may be different in each occurrence.

Lemma 3.4. Suppose that the numerical solutions (uk_l,vk_l,Nﬁfl,Ngfl) sat-

isfy the discrete formulations (3.13|)—(3.16)). If there exists an o > 0 such that

- / (N3t (7 + he). B (on, (7)) < / (A, (7),on, ())dr, (3.18)
0 0

then each time step solutions u* and vF with k > 1 are uniformly bounded, inde-
pendent of hy > 0. Furthermore, we can obtain the following estimates;

I’?;ii(H’UkHH <A/ E°(14+CTeT) < oo and

(3.19)
max [u* | < /(T EOQT + C)(1+ CTeT) + [u]3) < oo.
Proof. Multiplying the left side of (3.13) by the left of (3.14)) we have
1 1
7(Uk+1 _ ’Uk,vk—H) _ 7(1}k+1 _ Uk,vk+1 + Uk+1 =+ vk _ ’Uk)H
i 2hi (3.20)

1
= Tm(llvk“\\?{ — oM lIF + (M = M =) ).
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Similarly, we use (3.14) to modify the right side of (3.13));

a h%<A“k+1auk+1 —u?) — a(AoPT R 4 hit<qu~75T(uk+1 —u"))

— fZLht<Auk+1’uk+l> " 2iht<’4uk’uk> 7 Q%AA(UJCH k), R kY (3.21)
— a(AMT ) %<N§75T(UH1) +1—1—Br(u*) + or — or)
- %<N§753(uk+1) — B(WF) +op —op) — (f,0"Th).

From 7, it follows that
EFY < BEF — ahy (AvFT MY 1 (NE B (WP 41— por)
— (NF, Br(u?) +1 = pr) — (N, Bp () — 05)
+(NE. Bp(u*) — pp) + he(f, o).
It follows from the two numerical CCs 7 that
EML < EF — ahy (AVPHE oYY 1 (NE B (u¥) — o) + hy(f, 05 H). (3.22)

By using the CCs (3.16) and the extra equation (3.14)), the second term on the
right side of (3.22)) becomes

(NE:Bp(u") = pp) = (N§, Bp(u"*1) = hefSp(v" ) — op) = —hi(NE, Bp ("))

Let Ny, (t) = 0 for all t € [—hy, 0]. The telescoping series and the assumption enable
us to get to the following; for any integers k > 1

E* < B° - / (Nt + o), B (om, ()t + / " ), on ()t

b te (3.23)
—a [ (o O, on )t < B+ [ 1£O allon, (0.

0 0

Now, we can use Holder’s inequality to see that
tr
V41 < B0+ C [ o 0
0
It follows from Grownall’s inequality that
05|13 < E°1+CTe") forany k > 1.

Since (A(-),-) is not equivalent to the V norm || - ||y, we claim that ||u*||y is

uniformly bounded for any k > 0. Since u*(-) = fg’“ vp, (t,+) dt + u%(+), we can see
that for any £ > 1

tk
[u® I < 2(T/0 l[on, I3t + [[u®||7) < 2(T*E°(1+CTe") + [|u°||)-

Therefore, we can obtain the two estimates (3.19)). O

As we observe Lemma the interpolants up, is uniformly bounded in C(0,T; V)
and vy, is uniformly bounded in L*>(0,T; H).
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Lemma 3.5. Under the same assumption of Lemma we have the following
estimate, independent of hy > 0:

T
/ ||vht|\%/dt <M < oco.
0

Proof. Tt follows from the two estimates (3.21]) and (3.23)) that for any h; > 0,
0o >E1+CT(+CTe™))

m—1 T
> ah, Z (ApFH k1) = a/ |vn, ||3-dt,
k=0 0
as required. -

Using energy boundedness and Lemma [3.5] it is easy to prove that wuy, is uni-
formly bounded in the Holder space C1/2(0,T; V). Thus, we can apply the Arzela-
Ascoli Theorem [I6], pp.114] and Sobolev imbedding Theorem [I6], pp.215] to show
that there is a subsequence, denoted by wup, such that up, — w in C[0,T] x C[0,1],
as h | 0.

Next, we want to show that (Ng)p,, (N1)n

It follows from (3.11))—(3.12) that
T m—1 T m—1
|1t = S N[O et = S [N
0 k=0

k=0

., are bounded in the measure senses.

Since our one dimensional problem satisfies strong pointedness, there are 11,72 > 0
and k1 € K1, k9 € K5 such that

T T
/ (V) et + / (N2 ) [l
0 0

m—1 m—1
< m hy Z (N, K1) + 12 by Z (NF, ).
k=0 k=0

We can choose w as w(z) := —x+1/2 and thus k1 =1/2 € K7 and ke = —1/2 € K>.
Then by using the discrete equations 7, we can show easily that two
contact forces are bounded as W’ -measures, independent of h; > 0. Therefore,
there are subsequences, denoted by (Ng)p, and (Np)p, such that (Ng)y, —=* Np
and (N7)p, —* Nr as hy | 0 in the sense of measures. Finally, we need to prove
that the solutions which are convergent by the subsequences satisfy the CCs (3.4
and (3.5)). Since (N7)p, < 0and (Ng)p, > 0, it turns out that Ny < 0 and Ng > 0.
Similarly, since up, —¢p > 0 and up, +1—pr <0, u—pp > 0and u+1—pr <0.
We also need to show that the limits of subsequences satisfy the CCs in a measure

sense. It is easy to see from (3.11)—(3.12]) that
T
| (@ V)T an (t,2) = o, (8.2) +1 = o) de =0
o Jo

By the convergence of subsequences (Nr)p,, (Np)p, and up, as h; | 0, we can obtain

T l T l
0:/ / (NB)ht(uht —@B)dl'dt—‘r/ / (NT)ht(uht -l—l—gDT) dx dt
0 0 0 0

T pl T
—>/ / NB(u—apB)dxdt—l—/ / Nr(u— or)dzdt.
o Jo o Jo
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From Lemmas and vp, is bounded in L>(0,T; H) N L*(0,T;V). There-
fore, by applying the Alaoglu’s theorem, we can say that there exists a subsequence,
denoted by vy, such that vy, —* v in L>®(0,7;H) N L*(0,T;V) as hy | 0, since
L>(0,T; H) ~ L*(0,T; H) and L?(0,T;V) ~ L*(0,T;V)".

3.3. Fully discrete numerical schemes. Finite Element Methods (FEMs) are
popular numerical schemes which are used to find approximations of solutions for
elliptic PDEs. Our FEM is accomplished by the uniform partitioning:

$Q=0<x1<1‘2<"'<I]’_1<£Ej<93j+1<"'<$n_1<l‘n:l.

Each partition of the spacial domain is of size hy = 41 — x; > 0 for non-negative
integers j > 0. Then, the finite dimensional space is chosen by

th = {whx € Hl(()?l) | Wh, € E([$j7$j+1]),0 < j <n-— 1}7
where L is a family of piecewise linear functions. Thus, the basis functions, associ-
ated with the each node z; with 1 < j <n — 1 are set up as follows;
(—xj-1)/ha on[zj_1,2;],
Vj(z) = § (zj41 —2)/he  on [zj,511],
0 on [0,1]\[zj—1, zj11],

and the first and last basis functions are

_ @ —a2)/he on[0,ha],
\IIO(x) - {0 on [O,l]\[oyhlL
_J@—zn)/he on [l —hg,l],
U, (r) = {O on [0,I\[l — hy,1].

Having applied time discretization into the time interval [0, 7] and partitioned the
spacial domain [0, ] into small sub-intervals, we now assume that all full approxi-
mations of deformation and velocity, denoted respectively by u’,f% p, and v’,f% h, are
written at each time step t; as follows;

n n
Uy, (@) = g (@) = Y uf W), op, g, () = of (@) = Y 0f ().
§j=0 j=0

Recalling the semi-discrete formulations (3.13)—(3.16)), we establish fully discrete
formulations with two natural boundary conditions (3.2)) and (3.3)):

k+1 k
v —
e P . = c(upt™)” + a(op ™) + f, (3:24)
t
k+1 k
u — U
e - he = yftt, (3.25)
t
0 < NE Luy™(0) —pp >0, (3.26)
0> Ng Luf™ (1) +1—or <0, (3.27)

where (") is the second derivative with respect to = € (0,1). We notice that the
contact forces N, N are approximated only over the time space [0, T, since those
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are computed only at two end points = 0,!. Using the extra equation ([3.25) we
can set up the following recursive formula;

Iopy1 @ g k+1 1 k k Lok

n2 U~ Iy —up = e(up )" = h2 ~h (uhz)// + Ty Ve + /. (3.28)
For our actual simulations, we shall assume that the body force f is expressed by
f= Z?:o g; ¥;(z). Multiplying both sides in (3.28) by the basis function ¥,(z)
with 0 < ¢ < n and then using integration by parts with the boundary conditions,
we obtain

1 /< !

h%<;u§+1/o \I/j dx—z / dx)
1 & !

_ht;v;/o ()W, (x) da

n

=cy ubth [ W(z) W . ()W () dz + NEW;(1)
> /[ e / ;
—Z;ug?/ow;(x) dx+z / x)dz — NEW,(0).

(3.29)
Before switching the integrations in (3.29) into a linear system, we introduce two
matrices, mass M and stiffness K, which are defined in ([3.30)), respectively;

l l

The next step deformation vector #*+! € R"*! can be computed by the following
linear system at each time step;

<h2M+(c+h )K)ﬂ’“+1 = [( M+

hK)N’th +NF+Mf], (3.31)
t

t
where the previous fully discrete approximations are given by the following vector
forms;

~k ko, k
= (ug,uy,...,u

r'n

k)T, o = (vg,vlf,...,vfl)T

Nk:(Ng70’,.,’0,fN,1}2)T, .}?: (g()agZa"'agn)T-

Here each component g; will be taken to be g; = —9.81 for all 0 < ¢ < n in our
actual simulations. The linear system (|3 is incomplete because the next step
solution 7**! needs to satlsfy the two numerlcal CCs and (8.27). Now, we
consider the linear system (|3 as the simplified form A u’”‘1 = b* with

)

A= (h2M+ (c+ P DVK) € ROHDX(+D - ang

b = ( 2M+ 2Ry + LMt 4 W+ MJ e RO,

h; hy he

Next, we break apart the matrix A into the submatrices A1, Ay € R™*™, column
vectors as = a,_1n€2, A5 = G21€5, TOW vectors a3 = an,n_1€3, dg = a12€g, and
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entries a,n, agy as shown below;
| | ag

A, | ao - | - = =

| ] or A= |

— as | Ay
as ‘ Anpn |
where e; = (0,...,0,1)T € R, e5 = (1,...,0,0)7 € R", e3 = el, and e5 =
el. From those submatirces we split the linear system A u**! = bk into a vector

equation ([3.32)) and a scalar equation ([3.33));

AT kTG, = (3.32)

3T+ apput Tt = bk, (3.33)

0>quftl 428 Lkt 41— pp <o, (3.34)

where TFt1 = (uf, b, .. uE_ T € R, gF = bk ok, 0E_ )T € R, ¢ =

(—a3 AT dg + any), and 2F contains the quantities coming from the previous data.
One can notice that N% is replaced by quf*! + 2% in the CCs . Thus we can
compute uF*! from the CCs and use the vector equation to compute
the rest of components in the next step solution #**! by finding z**!. Similarly,

using the submatrices A4, we can arrive at the following equations:

A b TG = 3 (3.35)

667k+1 + a00u§+1 = bg, (336)

0 <puf™ +d¥ Lubt —pp >0, (3.37)

where 781 = (uk bk .. uE)T € R 3P = (B 0k, 68)T € R? and p =

(—EGAZI% + ago). Therefore, #*+! can be computed through 7.

Finally, we present the numerical algorithm which summarizes our numerical
schemes proposed above. Additionally, the initial contact forces are assumed to be
zero, since the rod moves down initially without any contact.

Algorithm. Suppose that the initial data u°, v°, and NO =0 are given.

fork=1:T/h;
if Néf_l =0 % Assume that a rod drops down
if ulg = ¢B

NE e opp+d* % use (B.37)
elseif uf > pp
N g_l —0
uf — —d* /p % use (3.35)—(3.36)
endif
Compute 7 and then obtain u* from
endif

if Ni <o
if uf = —1
NETY e (uf — 1) g + 2% % use (3.34)
elseif u* < o7 —1
Ny te—o

ul — —2% /g +1 % use (3.32)—(3.33)
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endif
Compute 7* and then obtain #* from ([3.32)
endif

Compute 9% from ([3.25)

Compute the actual displacement using the change of a variable
endfor

In the fully discrete case the energy function at each time step t = t; can be
defined as

B = B(ty) = 5[0 M + e (@) K] — ()T M (3.38)

The energy function will be evaluated at each time step ¢;. We monitor the energy
throughout the simulation because our numerical scheme does not permit the energy
to be unbounded. The numerical evidence of bounded energy function is supported
in Lemma

Lemma 3.6. Suppose that numerical solutions satisfy the fully discrete formulation

(13.24)—(3.27). If there is an o > 0 such that
k k
ad UK+ Y Ng v >0 (3.39)
=1 =1

for any integer k > 1. Then E* < EO.

Proof. The next solutions are decomposed as follows; the displacement can be
(u lfLH)” = 2((u ]fLH)” - (ufl )+ (u Ifb"'l)” + (u’,i )")] and the velocity can be
ot = %[((v,’fjl) (vf )+ () + (vf )] We mtegrate over the length of the

original rod, and by recalhng the extra equation ([3.25)), the CCs (3.26 and
the boundary conditions (3.2] allow us to cancel some terms

n

l
2%2@?“—@/0%() o (o = of)

ij—O
+ Z kH/ dka'H Z / dmv
4,7=0 i,7=0
c
N n/o W ()] () (T~ )
,J;O
k41 / k+1 /
2ht Z / W ( x)dz u; Z / W( dmu
3,7=0
1 o !
_|_h7 Zgj/ \Ijj( ) ( )dl’( k+1 _ — Z k+1/ \I// diZ?’Uk+1
t i =0 0 i,j=0
1
&IV ) - N )]
Thus, we can obtain the following equations in terms of matrices and vectors;
1 . ~ ~ ~ " ~
7[(vk+1 )TM( k+1 Uk) + (Uk+1)TMUk+1 _ (,Ulc)TM,Uk]

2h
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TABLE 1. Data with a = 0.0001 and a = 0.01

l u? u? T | or | ¢B hy h c g

1[[0,1][—20[1.0] 3 | 0 |0.0002 | 10~® or 10-° | 100 | —9.81

_ _%[(akJrl _ ’Ek)TK(ﬂkJrl _ ﬂk) + (ﬁkJrl)TKakJrl _ (ﬂk)TKak]
t
+ hi[(f)TMﬂkJrl _ (f)TMak] _ a(5k+1)TK5k+1
t
NE k NE i1 k
G 1= pr) = (6 1= o)) = GE[(S™ - ) — (uf — o)
_ —%[(ﬂkﬂ TR (@R — o) 4 (@) TKE - () TR
t
)M ()M - o) TR
t
1
- E[N%(Uﬁ +1—or) = Nj(ug — ¢B)]-

Since M is a positive definite matrix and K is a semipositive definite matrix, re-
calling the energy function in the fully discrete case, we can obtain the following
inequality;

c
2
+ [NE(upy +1— 1) = NE(ug — op)] + ahy (0" ) TKG*

> BN NE(uf — o) + ahy (0" T TKD T

Ek > Ek+1 + %(:Jk%kl o ;ch)TM(ngrl . 5]{}) + (ak+1 o ak)TK(ak+1 . ak)

(3.40)
Now, we use the extra equation (3.25) to switch the second term in (3.40) into the
following; N&(uk — op) = NE(ug™ — op — byl ™) = —hNEvb™!. By using the
telescoping sum from time ¢ = ¢y to t = ty, it follows from (3.39) that

k k
E°>EF+a) (3K + Y Ny 'vp > B,
=1 =1

as desired. 0

3.4. Numerical results and discussion. In this Subsection, the numerical re-
sults (simulations) are presented and discussed. We simulate the almost elastic case
(o« = 0.0001) and the viscoelastic case (o = 0.01). For both cases we use the data
displayed in Table[I] Note that g = g; with 0 < i < n and the unit of measure shall
not be considered in our simulations. We also provide numerical evidences for a
pure elastic case (o = 0) in support for the conclusions in the paper [I8], although
the existence results for the purely elastic case are not mentioned in this paper.

Before we show any numerical results, we consider the Courant-Friedrichs-Lewy
(CFL) condition (y/ch¢)/h, < 1. The CFL condition is necessary for the conver-
gence of a finite difference scheme for hyperbolic PDEs. Therefore our selection of
h¢, hy for both simulations conform to the CFL condition and may be helpful to
obtain numerically stable results.

Numerical simulations were preformed using Matlab R2010b on a Windows 7
workstation computer with an Intel Core i5 650 processor running at 3.20 GHz.
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Since the construction of the mass and stiffness matrices have nonzero entries only
on the main, upper, and lower diagonals we chose to use the sparse matrices in order
to save system memory. From Table [I| we can see that each matrix in our linear
system is of size 5000 x 5000 and each vector is therefore of size 5000. The linear
system is solved by performing a direct method, Gaussian elimination. Thanks to
the use of a sparse matrix which greatly reduces computation time dealing with
matrix operations we are able to complete each time step in about 0.0085 seconds.
Over the time interval [0, 7], an adaptive method is used to maintain reasonable
computation time. When the rod is not in contact with either obstacle we take a
larger time step size, by = 1072, because it is more important to accurately show
what happens to the rod as it contacts the obstacles (the time step size h; = 107°
used) than how it travels between them.

251 T

151 A

Vertical Displacement

0.5 b

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time

151 b

Vertical Displacement

Time

FIGURE 3. Motion of two rods: a = 0.0001 (top) and o = 0.01 (bottom)

Shown in Figure [3| is the actual displacement, w for both cases over the whole
simulation. The almost elastic rod (v = 0.0001) falls as expected toward the bottom
obstacle, and when contact occurs, the rod starts to undergo deformation by being
compressed. As time passes we see the rod expand and lift off the bottom obstacle
and regain its original length. A similar effect can be seen during the contact on the
top obstacle and subsequent contacts on either obstacle. As we see the viscoelastic
case (a = 0.01), similarities to the almost elastic simulation can be drawn, but it is
of greater interest to investigate the changes in the model caused by moving from
an almost elastic to a viscoelastic rod. When the first contact occurs, we notice
that the degree of deformation is nowhere near that of the almost elastic case. Over
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the duration of the simulation we can see that the viscosity of the rod acts as a
damper that retards velocity causing it contact the obstacles less frequently than
in the almost elastic case. Each subsequent contact occurs later in the simulation
than its corresponding contact in the almost elastic simulation.

Energy Function
T T Energy Function

Energy
o
8
3

02 04 06 08 1 o 02 04 06 08 1 12
Time Time

(A) a = 0.0001 (B) a = 0.01

FIGURE 4. Energy function

Figure 4| displays a plot of the energy function for the two simulations
which supports numerical stability. From the numerical observation, we would not
have to impose the condition , due to the fact that the contact forces and
the velocity are orthogonal. This has been already justified theoretically in Subsec-
tion Lemma [3.6] provides validity to our simulation as evidence of its numerical
stability. While the rod is not in contact with either obstacle and regaining its
original length, we see the energy function decreasing less and less returning to a
more stable constant state. Comparing the two energy functions, the graph (A) is
more flat than (B), because of a bigger viscous quantity used in (B).

o 10° Contact Force 7000

0 6000
-05 5000
= 4000

3000

Force
|
[
«
Force

2 2000

25 1000

-35 L L L L ~1000
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time Time

(A) (B)

FIGURE 5. Contact force for o = 0.0001

In Figure|5| (A) shows the graph of the contact force for the almost elastic case.
(B) is only a zoomed in version of (A). It is zoomed in to show the contact force
on the bottom obstacle in more detail.

In Figure[6] (A) and (B) show the graph of the contact force for the viscoelastic
case. As when using an almost elastic rod there is a non-zero contact force only
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when there is contact, and the magnitude of the contact force on the upper obstacle
is much higher than the contact force on the lower obstacle. This may happen due to
the fact that our physical configuration is not symmetric with respect to the origin.
In Figure |§| (B) shows in more detail the contact force on the lower obstacle. This
difference in magnitude is only magnified during the viscoelastic simulation with
the contact force’s magnitude for each obstacle being larger than the corresponding
magnitude from the almost elastic case. We observe that contact force on the lower
obstacle is not as uniform as it was in the almost elastic case.

Contact Force
x10° Contact Force 1

10000

Force
|
Force

5000

02 0.4 06 08 1 12 0 02 04 06 08 1 12
Time Time

(A) (B)

FIGURE 6. Contact force for o = 0.01

Longitudinal waves of an almost elastic rod is depicted in Figure[7] While the rod
is not in contact with a obstacle, in (B) and (D) of Figure|7| the waves are sampled
every 600 time steps, but because the duration of contact is short in comparison,
the waves in (A) and (C) of Figure [7| are sampled every 186 time steps. Note that
before the initial velocity is uniform across the rod and is not presented in a graph.
We see in (A) of Figure[7]over the local time interval [0.05,0.05637), that as the rod
contacts the bottom obstacle waves propagate across the compressed rod with the
end that is in contact with the obstacle having a zero velocity. As velocity becomes
all positive we see (B) of Figure |7} the local time interval [0.05637,0.1621), which
details the rod’s ascent to the top obstacle. When the rod contacts the upper
obstacle, in (C) of Figure [7] over the local time interval [0.1621,0.1687], we can see
that velocity becomes zero near the top of the rod. In (D) of Figure [7| during the
local time period [0.1687,0.277], the waves of velocity traverse the length of the rod
as it falls toward the bottom obstacle. As shown in (A) of Figure [3| there is more
than one contact on either obstacle, but since each subsequent contact is similar to
the corresponding previous contact, the graphs of wave propagation for the later
contacts are omitted.

(A)—(D) in Figure [§] contain velocity along the rod for the viscoelastic case. The
waves in (B) and (D) of Figure [8| are sampled every 625 time steps, and the waves
in (A) and (C) of Figure |8|are sampled every 200 time steps after a contact occurs.
In Figure (A) over the time period [0.05,0.05625], as the rod contacts the bottom
obstacle we see waves of velocity appear, but they are not as extreme in magnitude
as they were in (A) of Figure We also can see that the wave itself is much
smoother as it propagates along the rod. This is evident in the near flat lines that
appear in (B) and (D) of Figure |8} over the two time intervals [0.05625,0.1866)
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FiGURE 7. Longitudinal waves of the rod for a = 0.0001

and [0.1929,0.3523] respectively, as the rod is not undergoing deformation when
traveling between the obstacles. We can see in (C) of Figure [§ over time interval
[0.1866,0.1929) when contact occurs on the top obstacle the wave behaves similarly
to the previous contact on the bottom obstacle. Evidence shows that viscosity
acts as a damper by decreasing the magnitude of velocity dramatically after each
contact more so than in Figure [7}

TABLE 2. Numerical results for contact duration

c Expected contact duration | Observed contact duration | Rel. error

1 2 0.0633 0.96835
100 0.02 0.00234 0.883
200 0.01 0.00448 0.552
500 0.004 0.00285 0.2875
1000 0.002 0.00202 0.01

Another interesting numerical experiment is performed to support important
theoretical results in the paper [I8]. The results for contact characteristics can be
summarized in the notation of our model with i being the distance from the bottom
of the rod to the lower obstacle: the first case states that if 2gl < c\/v3 + 2gh,
then the duration of the impact is 2//c, and the second case states that if 2gl >
c\/vg + 2gh, then the duration of the impact is longer than 2{/c. From the data
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F1GURE 8. Longitudinal waves of the rod for a = 0.01

presented in Table 2] we can see a general trend that as you increase ¢ we achieve
a smaller error value. However, the numerical results for the second case are not
quite as clear as for the first case. The only thing that we can mention in the second
case is that as vy approaches zero, we can get smaller errors.

Conclusion. This paper extends into dynamic contact models which have more
complicated physical configuration. Although considering multiple contact zones
with more general shaped rigid obstacles causes complexity in numerical compu-
tations, proving the existence of solutions seems to be relatively easier. Proposing
numerical schemes for higher dimensional problems that guarantee numerical stabil-
ity will be our possible future work. In order to do so, many variations of Newmark
schemes [I4] will be investigated and developed.
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