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Abstract. In this paper we consider a dynamic contact problem describing the me-
chanical and thermal evolution of a damped extensible thermoviscoelastic beam under
the Cattaneo law, relying the heat flux to the gradient of the temperature. The beam
is rigidly clamped at its left end whereas the right end of the beam is supposed to move
vertically between two stops reactive and behaving as a nonlinear spring. Existence and
uniqueness of the solution are stated, as well as the exponential decay of the related
energy. Then, fully discrete approximations are introduced by using the classical finite
element method and the implicit Euler scheme to approximate the spatial variable and to
discretize the time derivatives, respectively. An a priori error estimates result is obtained,
from which the linear convergence of the algorithm is deduced. Finally, a numerical
simulation is presented to demonstrate the behavior of the solution.

1 INTRODUCTION

We investigate here the longtime behavior of a nonlinear dynamic contact problem
describing the vibrations of a damped extensible thermoelastic beam of natural length £.
The model is derived combining the ideas of Woinowsky-Krieger [1] with the theory of
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thermoelasticity with second sound (see, e.g., [2]), assuming that the material is viscoelas-
tic of the Kelvin-Voigt type. Denoting by 7" > 0 the final time of interest, the mechanical
problem is written as follows:

Y4
0
"‘dummmmt('xv t) = O’ (1)

U (T, 1) + Kgpes (T, 1) — [5 + / g (2, 1) dx] Uz (T, 1) + MOy (, 1)

O, (x,t) + age(z,t) — mugy(x,t) =0,
Tq(x,t) + q(x,t) + aby(z,t) =0,

being v = wu(xz,t) : [0,4] x [0,T] = R, § = 0(x,t) : [0,¢] x [0,T] — R and ¢ = q(z,1) :
0, 4] x [0,7] — R the unknown variables. Here, u represents the vertical deflection of the
beam from its configuration at rest, the “temperature variation” # actually arises from an
approximation of the temperature variation with respect to a reference value (see, e.g.,
[3]), and the only nonzero component of the heat flux is its x-component ¢. Throughout
the paper, the subscripts x and ¢ indicate partial derivatives, and the coefficients &, d,
«, 7 and m represent the scaled elasticity modulus, the viscosity coefficient, the scaled
thermal diffusivity, the relaxation time and the coupling coefficient depending on the
material properties, respectively, with x,d, «, 7 € RT and m € R\ {0}. In particular, the
constant [ accounts for the axial force acting in the reference configuration: f is positive
when the beam is stretched and negative when compressed.

To complete the description of the problem we consider the following initial conditions:

u(z,0) = up(x), u(z,0) = uy(x), 6(z,0) = by(x), q(z,0) = go(x)in [0, ¢], (2)

for some given functions ug, u1, 0o, qo : (0,¢) = R.
In order to simplify the analysis, we assume that the beam is rigidly clamped at its
left end, that is:
u(0,t) =0, wu,(0,¢t)=0 1in[0,T], (3)

and also
0.(0,t) =0, ¢(0,t)=0 in [0,T]. (4)

For the sake of simplicity, we denote by ( the triplet ¢ = (u, 8, q) and by o(t, () the shear
stress at © =/, i.e.

o(t, () == —Kugee({,t) + {ﬁ + /f g (z, 1) dx] Uz (€,1) — mO,(€,1) — dugpe(£,1).
0

The right end of the beam is supposed to move vertically between two stops and the
joint is assumed to be asymmetrical, so that g = g; 4+ g2, where g; > 0 and g, > 0 are,
respectively, the upper and lower clearance when the system is at rest. In addition we
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suppose that the stops are reactive and behave as a nonlinear spring. More precisely, we
describe the stress using the so-called normal compliance condition (see, e.g., [4]):

5(t) = —= {[ult.) — )" — [u(6t) — ]} 9

where [f]T := max{f,0} denotes the positive part of a function f. The previous law
means that when there is no contact, namely —go < u(¢,t) < g1, the right end is free and
the stress vanishes. On the contrary, when the right end exceeds the clearance, namely
u(l,t) > g1 or u(l,t) < —go, 6(t) is proportional to the interpenetration and is opposite
to the displacement. Accordingly, at © = ¢ we have the boundary condition

o(t,¢) =a(t). (6)
Finally, we suppose that
Ry (0, 1) + duge (6, 8) =0, 0(¢,t) =0 in [0,T]. (7)

This means that, at this end z = ¢, a Dirichlet thermal boundary condition is given and
no moment is exerted.

2 EXISTENCE, UNIQUENESS AND ENERGY DECAY RESULTS

Given a Banach space X, let || - ||x be the usual norm defined on X. In particular, we
denote by (-,-), || -|| the inner product and the norm defined on L?(0, £), respectively. For
later convenience, we suppress the dependence on the spatial variable.

Before stating the existence and uniqueness results of problem (1)—(7), we define the
following notation for function spaces:

Vi = {peH(0,0); ¢(0

Ve = {p€H0,0); ¢(0

U = {peVsy —g <o) <g},

H o= {peH(0,0; ¢(0)=0}
and we construct the following functionals:

M(t,u) = B+ |lus(t)]?,

E(t,¢) = % @1 + Klluaa @1 + 10 + Tlla®)]*]

T0) = o { (1)~ " + |[u(tt) - gal [}

- 2e
E(t,¢)=E(t, )+ T(1).
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By using the Faedo-Galerkin method, we have the following theorem which states the
existence of solutions to problem (1)-(7) (see [6]).
Theorem 1. Let T' > 0 and initial data (ug,uy, 0y, qo) verifying the regularity

Uy € H4(0,€), U € H4(0,€), 0y € H2(O,€), o € L2(0,€),

and be compatible with boundary conditions (3)—~(7) fort = 0. Then, there exists a triplet
of functions (u, 0, q) with
w € W2 (0,75 L*(0,0)) N H? (0, T H*(0,£)) N WHe (0, T; H?(0, £)) ,
6 € W' (0,T; L2(0, ) N L*(0, T; H'(0, (), (8)
g € W (0,T; L*(0,0) 0 L=(0, T; H'(0,4)),
satisfying
<Utt(t)a w> + K’(“xw(t)a wxx> + <M(t’ ) (t)’ wx> - m<9$(t)’ wx)
—Fd(umpt(t),wmm) = O'(t)U)( )7
0u(t) + g (t) — mugm(t) =0, o
7q(t) + q(t) + al,(t) = 0,

for any w € Vy and initial and boundary conditions (2)—(7).

In the following theorem, proved in [6], we show that solution ¢ = (u, 6, q) to problem
(9) is unique.

Theorem 2. For any T > 0, the solution ¢ = (u, 8,q) to problem (9), with initial data
satisfying (2) and compatible with the boundary conditions (3)—(7), is unique.

In order to prove that the energy £(¢, (), given in (8) and associated to problem (9),
decays exponentially as time goes to infinity, we use some suitable Lyapunov functions
equivalent to the related energy and the multiplicative technique that allows us to show
explicit relations between the energy of the elastic and thermal components of the system
(see again [6] for details).

Theorem 3. Let (u,0,q) be the solution provided by Theorem 1. If B > —2k/(%, then
there exist two positive constants R and w such that

E(t, () < RE,()e ™, t>0. (10)
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3 FULLY DISCRETE APPROXIMATIONS

In this section we describe a fully discrete finite element scheme for numerical appro-
ximations of the normal compliance problem (1)—(7).

First, we write problem (1)—(7) in a classical variational form. Multiplying equilibrium
equations (1) by adequate test functions w € V,, z € H and £ € Vi, we obtain the
following variational formulation of problem (1)—(7) in terms of the velocity field v.

Findv:[0,T] = Vs, 0:[0,T] = H and q : [0,T] — Vy such that u(0) = ug, v(0) = vy,
6(0) = 6y and q(0) = qo, and for a.e. t € (0,7,

(Vg (t), ) + K{tgz(t), Wae) + (M (t, u)ug(t), we) — m{,(t), we) + d(Ves(t), Wey)

= {ule0) = gl = [~u(t,1) — g2 wlt) =0, (1)
(06 2) + {0 (0) — mua(0), 2) =0, (12)
(rat) + a(t) + a6(1),€) =0, (13)

where we recall that the displacement field w : [0,7] — V%, is obtained from the velocity
field v using the formula:

u(t) = ug +/0 v(s)ds, (14)

and we note that we suppressed the dependence on the spatial variable for the sake of

clarity.
Now, we obtain the fully discrete approximations of problem (11)—(14). First, we
approximate the spatial variable by using a uniform partition of [0, ¢], denoted by {; Z]-V:“{t,
Niot
in such a way that [0, (] = U I;. We let h denote the size of the partition, h = meas(/;)
i=1
and let V" be the finite element space approximating Vs,
vh— {wh €Va wlh €PR(L), 1<i< Ntot}, (15)

where P,(I) denotes the polynomial space of degree less or equal to g restricted to I.
We note that, since w" € V, C H%(0,¢), w" € C([0,¢]) and then V" is composed of C*
piecewise cubic functions.

Similarly, let E" and K" be the following finite element spaces approximating V; and
‘H, respectively, given by

B ={¢"evi ¢, eP(L), 1<i<Naf, (16)

K" = {zh €M, 2 eP(l), 1<i< Nwt}. (17)
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Since &M 2" € HY(0,0), then & 2" € C([0,/]) and so E" and K" are composed of
continuous and piecewise linear functions.

Secondly, to discretize the time derivatives, let 0 = tg < t; < ... < ty = T be a
uniform partition of the time interval [0,7]. We denote by k = t; —ty = T'/N the time
step size and, for a continuous function w(t), let w, = w(t,). Moreover, given a sequence
{w, }N_, let dw, = (w, — w,_1)/k represent the corresponding divided differences.

Then, using the implicit Euler scheme, problem (11)—(14) is approximated as follows.

Find v"* = {vﬁk}ivzo cVh o = {sz}nNzo C K" and ¢"* = {qzk}ivzo C E" such that
ubk = ult, vk = ol OhF = 0! and ¢b* = ql, and for allw" € V", b e K " € E" and
n=1,...,N,

(vn ") + 6 (U s i) + (M (s uy®) (") e, w) — m{(037) 0, w3)

n n

+ d{(V)*) 2y W) + % {[ul(0) — g1]* = [~ (0) — go] "} w"(€) = 0, (18)
(001%, 2"y + (a(gl*) — m(v*) 4w, 2") = 0, (19)
(16" 4 ¢ + ("), €M =0, (20)

where u, v, 0" and ¢! are the approximations of the initial conditions ug, v, 8y and o
0> Y0» Y0 0 ’ )

given by
ug = Pynruyg, Ug = Pynuy, 93 = Pynby, qg = Pprqp, (21)

where Pyn, Pgn and Ppr denote the standard projection operators over the finite element
spaces V" K" and E" respectively (see [5]). Moreover, u"™ = {u"*}_, denotes the
discrete displacement field defined by

ul™ = ul* |+ kit (22)

n

Proceeding as in the proof of the existence of the continuous solution, it follows that
problem (18)—(22) has a unique solution (v"*, 6" ¢"*) c V" x K" x E".

In [6] we proved the following a priori error estimates result assuming the additional
regularity conditions:

u € CY([0,T]; Vo) N C*([0,T7]; L*(0, £)),
0 € C([0,T7; L*(0,£)) N C([0, T; H), (23)
q € C*[0,T]; L*(0,£)) N C([0,T]; Vy).

Theorem 4. Under the assumptions of Theorem 1 and the additional reqularity (23),

if we denote by (u,v,0,q) and (u"®, "% "% ¢"*) the unique solutions to problems (11)—
(14) and (18)—(22), respectively, then we have the following error estimates for all wh =
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{wht, c VP =L C KM and & = {€'})L, C E",

. hk)|2 . hk _ phk)|2 _hky|2
max o, = ofF o max [lu, — ul[R, + max (16, — 6252 + max g — ol

N
+CkY |l — o3,
=1

N
Z loe(ts) = Sull* + 16e(t;) — 66511 + lae(t;) — dgsl|* + llv; — w3,

165 = 20 + g = 630y + Cllvo — v+ Clluo — w3,
_ ph|2 2 L h2
+Cly — 417 + Cllao — g + C v llon — ]

+C’ Jmax. 10, — 2"|? + C max g, — &
0<n<N

N-1
+OEY [l — wh — (v — )2+ 1185 — 22 — (8101 — 2|2
7j=1
+llg — & — (51 — j+1)||2} .

These estimates are the basis for the convergence analysis of the algorithm. Hence,
as an example, assume the following additional regularity conditions on the continuous
solution:

we H3(0,T; L*(0,0)) N Wh>(0,T; H3(0,7)),
6 € H*(0,T; L*(0,0)) N C([0,T]; H*(0,¢)), (24)
q € H*(0,T; L*(0,0)) N C([0,T]; H*(0,0)).
These regularity conditions imply that
llgo — g 1I” + 1100 — 6511 + llvo — w1 + lluo — w53, < CR,
and therefore we have the following.

Corollary 1. Let the assumptions of Theorem 4 and additional reqularity conditions
(24) still hold. Then, the numerical approximation of problem (11)—(14) by problem (18)-
(22) s linearly convergent; that is, there exists a positive constant C' > 0, independent of
the discretization parameters h and k, such that

0I<na<x ||vn—vhk||+0r<nax ||un—uhk||y2+ max. 16, —Qhk||+ max. |l gn — k|| < C(h+k).
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4 NUMERICAL RESULTS

We present in this section the results of some numerical experiments. Since problem
(18)—(20) is nonlinear, to solve it, we use an iterative algorithm that we now describe.

- hk

Assuming that v ul* 0" ¢"* - are known, we set
hk _  hk hk _ , hk Bk _ ghk _
UnO Un—1> unO Up—15 9 en 1 qnﬂ = qn-1>

hk hk
n]’enj

(00 2" — K{agl®, (2")a) = (0%, 2") — k(m(u)¥_))a, 22,
(Tl + k™, ") + k(a(60F),, € = (1¢)*, €M)

(ot w") + k(R (up'y) e, wag) + k(M (tmum 1) (Unty)e, wg) + (A0 aw, W)

= K025 )t —  {

and we look for a solution to the problem: find v and qﬁ@ satisfying

n,j— 1 91]+ - [_“2{3’—1(6) - 92]+} wh(g)
for all 2" € K", " € E" and w" € V", with w}¥, = ul* | + kol%, j=1,2,.... We remark
that, at each iteration j, first we solve a hnear system of algebraic equatlons to find 9
and q k and then, a second linear system is solved to obtain vﬁkj

In the simulations we take g1 = g5 = 0.02, / =k =m=d=a =1and ¢ = 0.01. A
tolerance of TOL = 107" is used to stop the iterations.

In this experiment we investigate the influence of 5 and 7. We choose
Oo(x) = 402*(z — 1)%, qo(z) =0, up(z) =0, ui(z) =2z,

and discretization parameters h = 1/100, k = 107%. As soon as we start the simulation,
the beam gets in contact with the upper stop, then contact is lost and the beam moves in
the direction of the lower stop and a large penetration in both stops is seen. During some
time it stays in contact with the lower stop. As the time increases, the system approaches
the steady-state 0 = ¢ = u = 0 and the discrete energy &, decays very fast to zero as
shown in Figures 1 and 2. The simulations performed indicate that the evolution towards
the stationary solution is faster when § = 2 and 7 = 0.1.
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Figure 1: The time evolution of the displacement at the point of contact and energy.
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Figure 2: The time evolution of the temperature, heat flux and displacement when 7 = 0.1, for § = —1

(solid) and 8 = 2 (dot).
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