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Finite element discretization of a thermoelastic beam

by Christine Bernardi' and Maria Inés M. Copetti?

Abstract: We consider the steady case of a nonlinear model for a thermoelastic beam
that can enter in contact with obstacles. We first prove the well-posedness of this problem.
Next, we propose a finite element discretization and perform the a priori and a posteriori
analysis of the discrete problem. Some numerical experiments confirm the interest of this
approach.

Résumé: Nous considérons le cas stationnaire d’un modele non linéaire pour une poutre
thermoélastique qui peut entrer en contact avec des obstacles. Nous prouvons que ce
probléeme est bien posé. Puis nous écrivons une discrétisation par éléments finis et effec-
tuons ’analys a priori et a posteriori du probleme discret. Quelques expériences numériques
confirment 'intérét de cette approche.
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1. Introduction.

We consider in this work a homogeneous, thermoviscoelastic thick beam whose ref-
erence configuration is the interval I =]0,1[. The beam is rigidly attached at its left end
while its right end is free to come into frictionless contact with two pointed reactive ob-
stacles located at the vertical positions g; and g. A nonlinearity of Kirchhoff type taking
into account changes in tension due to variations in the displacement is incorporated in
the model and the temperature of the beam is prescribed at both ends.

Let u(z,t), ¢(z,t) and O(x,t) denote the vertical displacement, the angular rotation of
cross section and the temperature along the transversal direction of the beam, respectively.
Thus, the motion and thermal evolution of the beam are described by the system of
equations

1
Uit = Ugy _¢x+C(umxt_¢xt)+ (B—FP/ uidl) Urp, T € I,t >0,
0

¢tt:¢xm+ux_¢+C(¢xxt+umt_¢t)_a9xa $€I7t>07
gtzewm_a¢xta CUEI,t>O,

(1.1)

with the initial conditions

x,0) = up(x), u(x,0) =uy(x), z €1,

(z,0
d(2,0) = ¢o(x), ¢1(x,0) = ¢1(z), x €1, (1.2)
0(x,0) = bp(z), z €1,

u

and the boundary conditions

u(0,t) = ¢(0,t) =0, ¢t >0,
(z)m(lvt) + C(Zsmt(lvt) = 07 t> 07
0(0,t) =04, 6(1,¢) =0, t >0, (1.3)

o(1,8) = = (u(1,1) — ol ~loa — (L, 1)) ), # >0

Here, the stress field is given by 0 = u; — ¢ + ((ugzt — @) + <ﬁ + pfol uidw) Uz, where
¢ > 0 is a viscosity coefficient, 8 accounts for an axial force at rest and p > 0 is a constant

related to the material. Finally, we assume that g1 < 0 < gy. The symbol [f]; denotes the
positive part max{f,0} of a function f.

The boundary condition in the fourth line of (1.3) with £ > 0 is called normal compli-
ance condition. In the limit ¢ — 0 the obstacles become rigid and a Signorini condition is
obtained. The condition in the first line of (1.3) is assumed at x = 0 on the two unknowns
u and ¢, it means that the beam is clamped at this point. We remark that the temperature
acts on the motion of ¢ directly and indirectly on the displacement u through the coupling
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of the equations. We refer to the works of Lagnese, Leugering and Schmidt [7], Sapir and
Reiss [10] and Anh and Stewart [1] for details on the modelling.

In this work, we are only interested in the steady situation. Indeed, stationary prob-
lems for nonlinear, elastic, Euler—Bernoulli beams were considered previously in [9], [12],
[8]. An algorithm based on the Galerkin method was proposed by Peradze [9] to solve
an equation for a simply supported beam, while the influence of an external load was
investigated by Zelati, Giorgi and Pata [12]. In [8], Ma included a nonlinear boundary
condition, established existence of solutions and presented a numerical algorithm using
the finite difference method. A dynamic, nonlinear, elastic, Timoshenko beam problem
was studied by Sapir and Reiss [10]. In particular, stationary solutions were described and
their stability investigated. Recently, the quasi-static thermoviscoelastic nonlinear contact
problem for an Euler-Bernoulli beam was numerically studied by Copetti and Fernandez
[4]; in the latter case, a finite element discretization was proposed and analyzed and some
numerical experiments were performed. However, to our knowledge, the present paper is
the first work to consider a nonlinear, thermoelastic, Timoshenko beam model with contact
boundary conditions.

It can be noted that problem (1.1) when suppressing all time derivatives, results into
a system of ordinary differential equations. However in view of the discretization we write
its variational formulation. Even if the problem is simpler, proving its well-posedness is
not at all obvious due to the nonlinear terms. We study first the linear problem, next
we establish the well-posedness of the nonlinear problem under some conditions on the
coefficients.

Next, we propose a finite element discretization of this problem. We then perform
its a priori and a posteriori analysis. For both of them, the approach is the same: first
studying the linear problem, next extending by hand the results to the nonlinear problem.
All this justifies the choice of the discretization that we have made. Finally, we present and
analyze an iterative algorithm for solving the nonlinear discrete problem. Some numerical
experiments confirm the interest of our approach.

The outline of this article is as follows.
e In Section 2, we present the steady problem and its variational formulation. We prove
its well-posedness.
e Section 3 is devoted to the description and a priori analysis of the discrete problem.
e The a posteriori analysis of the discretization is performed in Section 4.
e An iterative algorithm for solving the discrete problem is studied in Section 5.
e In Section 6, we present a few numerical experiments.

Acknowledgement: The work of M.I.M. Copetti was partially supported by the Brazil-
ian institution CAPES under grant 8659-11-7. She also wishes to thank the Laboratoire
Jacques-Louis Lions of Université Pierre et Marie Curie for the hospitality during the
course of this work.
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2. The continuous problem and its well-posedness.

When forgetting all dependency with respect to ¢ of the unknowns, we observe that
the temperature 6 satisfies 6., = 0, so that in view of the boundary conditions in the third
line of (1.3) it is given by

O(x) =04(1 —x).

So we are led to consider the system with two unknowns, where I stands for the interval
10,1,

—Ugy + Gy — N(wtge =0 in I,
— gz — Uz + O =aby in 1,
u(0) = $(0) = 0, 21)

¢:(1) =0, o(u,d)(1) = g(u)(1),
where the quantity o(u, ¢) is defined by

U(ua d)) = Uy — @+ N(u)uoc
The nonlinear term N (u) reads
N(u)=8+p |u|§{1([),

where the constant p is positive. We also recall that the boundary quantity g(u) is equal
tO, with g1 S 0 S g2,

T(u(1) —g2)  ifu(l) > go,

g1y =14 0 if g1 < u(l) < go.
—Lu)—g1) ifu(l) < g

Let H!(I) stand for the space of functions in H!(I) which cancel at 0. We now
consider the variational problem

Find (u, ®) in H}(I)? such that

Ywe Ho (1), (g, ws) = (6, w) + (N (w)tte, ws) = g(u)(Lw(1),

X (2.2)
\V/XEH*(I)v (¢m;Xx)_(ux7X)+(¢>X) = (aGA;X)'

Indeed, the next lemma is an easy consequence of the density of D(]0,1]) in H}(I).

Lemma 2.1. Problem (2.2) is equivalent to system (2.1) (when satisfied in the distribution
sense).

2.1. The linear problem.



hal-00827531, version 1 - 29 May 2013

In a first step, we assume that N(u) is zero and we take g(u)(1) equal to a constant
g. We set: X = H}(I)? and we equip it with the semi-norm

1
1w, )l = (JulFrr 1y + 1l F 1)) *-

Indeed, it follows from the Poincaré-Friedrichs inequality that this quantity is a norm on
X, equivalent to || - || g1(r)2. For all (u, ¢) and (w, x) in X, we introduce the bilinear form

a(u, 3w, x) = (tz, wa) = (¢, we) + (b2, Xa) — (U2, X) + (&, X),
so that problem (2.2) can equivalently be written
Find (u, ¢) in X such that
V(w,x) €X, a(u, ¢;w,x) = gw(l) + (aba, x). (2.3)

The continuity of the form a(-;-) on X x X is obvious. In the next lemma, we study its
ellipticity.

Lemma 2.2. The form a(-;-) satisfies the following ellipticity property, for a constant
a >0,
V(u.¢) €X,  alu,diu,9) > al(u,9)|3.

Proof: We have
a(u, ¢;u, ) = llue — dlI72(ry + 1150 (1)
Since
|z — ¢H2L2(1) = Hum”%%n — 2(ug, ¢) + H(bH%Q(I)’
the Young’s inequality yields, for 0 < n < 1,

n—1
e — Gl 72(ry = (1= m)luallTe ) + TWH%%I)-

Owing to the Poincaré-Friedrichs inequality, we have ||¢||z2() < \/Li || 1 (1), whence

11—n
alus 61w, 6) = (1= mlulfy py + (1= 5 = )l

An appropriate choice of 1 (more precisely, taking n = %) gives the desired result with
1

a=s.
2

The well-posedness of problem (2.3) is a direct consequence of this lemma, combined
with the Lax—Milgram lemma.

Proposition 2.3. For any constants g, a and 0 4, problem (2.3) admits a unique solution.
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2.2. The full problem.

We go back to problem (2.2) and first prove a boundedness propety for its solution.
Lemma 2.4. For all § > —«, the part u of any solution (u, ¢) of problem (2.2) satisfies
[ulm (1) < clabal, (2.4)
where the constant ¢ only depends on « and o + f3.

Proof: Combining the ellipticity property of the form a(-,-), see Lemma 2.2, with the
definition of the nonlinear term N (u) gives

(o + B)ulfr gy + ldlip ) — 9(w)(Du(l) < |aballlgll L2 (r).

It is readily checked that, in all cases, the quantity —g(u)(1)u(1) is nonnegative. Thus the
desired result follows from the Poincaré—Friedrichs inequality.

Let us now introduce the mapping ® from X into itself by

(®(u; 0), (w, x)) = alu, ¢;w, x) + (N=(u)tz, we) = g(u)(Dw(l) — (aba; x),

where the quantities N, (u) and N (u) are defined, for a function z in H}(I), by

N.(u) = B+ p|(2z,uz)l, N7 (u) = p (22, ug)|-

In a first step, we wish to prove that the problem

V(w,x) €X, (®(u,9), (w,x)) =0, (2.5)
has a solution. The key idea for this consists in applying Brouwer’s fixed point theorem.

Proposition 2.5. There exists a real number 3y > —1 such that, for all 3 > [y and
all data g1, g2, a and 04, and also for any function z in H!(I), problem (2.5) admits a
solution.

Proof: We proceed in three steps.
1) The mapping @ is clearly continuous from X into itself. To go further, we use Lemma
2.2 combined with the imbedding of H!(I) in C°([0,1]). We also recall that the quantity
—g(u)(1)u(1) is nonnegative. All this yields that, for all (u, ¢) satisfying |u|z1(r) = p and
|l () = K,

(®(u, 9), (u,9)) > (2a + ) u* — cp,

where ¢ only depends on the product |af4|. So, for g > By > —2a, and u equal to Qj—iﬁ,
the quantity (®(u, ¢), (u, ¢)) is positive on the tensorized sphere of X with radius p.

2) Since H}(I) is separable, there exists an increasing sequence (X, ),, of finite-dimensional
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subspaces of X such that their union is dense in X. The properties of the mapping ® on
X,, being exactly the same as on X, Brouwer’s theorem [6, chap. IV, cor. 1.1] implies that
there exists a unique (u,, ¢,) in the tensorized ball of X,, with radius p satisfying

V(w, x) € Xpn,  (P(un, ¢dn), (w,x)) =0. (2.6)
3) Since the sequence (u,, ¢n), is bounded in X, there exists a subsequence, still denoted
by (tn, dpn)n for simplicity, which converges to a pair (u,¢) weakly in X. The sequence

(Xp)n being increasing, equation (2.5) can be re-written, for all m < n,

V(Wi Xm) € Xy (P(Un, n), (Win, Xm)) = 0,

We now pass to the limit on n (indeed, the problem only contains linear terms), then on
m. This yields that (u, ¢) is a solution of problem (2.5).

We are now in a position to prove the main result of this section. However a technical
lemma is needed for that.

Lemma 2.6. For all functions u; and us in H!(I), the quantity
X(ur,uz) = _(g(ul)(l) - 9(”2)(”)(“1 —u2)(1),
is nonnegative.

Proof: Owing to the symmetry property X(ug,u1) = X(uj,us), we assume without
restriction that: u1(1) > ug(1). We now consider the different values of us(1).
1) If ua(1) > g2, the quantity X (uq,us) satisfies

X (ur, up) = %(ul —up)(1) (w1 — up)(1) > 0.

2) If g1 < ua(l) < go, it is readily checked that g(us)(1) = 0. The quantity —g(u1)(1)
is either equal to 1(u; — g2) when u;(1) > g2 or to zero otherwise. In all cases, we have
X(ul,UQ) Z 0.

3) If ua(1) < g1, we observe that

X(ul,u2)
(u1 —u2)(1)
1 c(ui(1) = g1) = (w1 —u2)(1) if u1(1) < g1,
Z—g(uz(l)—gl)Jr 0= 1(g1 —uz(1)) if g1 <wui(1) < go,
L(ur(1) — g2) = L (w1 —u2)(1) + g1 — g2)  if us(1) > go.

By noting that (u; — u2)(1) > g2 — g1 in this last case, we also derive that X (uy,us) > 0.

Theorem 2.7. There exists a real number py > 0 such that, for all p < py and B > Sy
and all data g1, g2, a and 0 4, problem (2.2) admits at least a solution.
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Proof: Let ¥ denote the mapping from H}(I) into itself which associates with z the part
u of the solution (u, ¢) of problem (2.5) exhibited in Proposition 2.5. For all functions z;
and 2o in H(I), we set: u; = ¥(z1) and ups = ¥(z3). We see that, for any (w, ) in X,
and with obvious notation for ¢; and ¢o,

a(ur —uz, 91 — P2;w, x) + B(Urz — v2q, wz) — g(ur)(1)w(l) + g(uz)(1)w(1)

= —(Nz*l (u1)ure — N,; (u2)u2xawx)~
We now take (w, x) equal to (u1 — us, 1 — ¢2). We deduce from Lemmas 2.2 and 2.6
(a+ B) Jur — uz|g () < N7, (ur)ur — N7, (u2)us| gry.

If p is the real number introduced in the proof of Proposition 2.5, we now assume that z;
and zo belong to the ball B of X with radius u, and we observe that u; and us belong to
this same ball; then, several triangle inequalities lead to

(+ B) lur — uz|mi(r) < pep’ (|U1 — Uzl 1) + 21 — Z2|H1(1))-
Next, we choose pgy such that pocu? < # We thus derive
|ur — ua|grry < C'lzr — 22|m (1),

for a constant C' < 1. Consequently, the mapping V¥ is a contraction of 5 and then admits
a unique fixed point v dans B. The pair (u, ¢), where ¢ is the solution of the second line of
(2.2) for the datum wu, (its existence and uniqueness are obvious), is a solution of problem
(2.2).

It can be noted that the conditions on 8 and p which appear in the statement of
Theorem 2.6 seem too strong for the existence result (think of applying a Cauchy—Lipschitz
theorem). We conclude this section with the uniqueness result.

Theorem 2.8. For all 8 > —« and all data g1, g2, a and 64, problem (2.2) admits at
most a solution.

Proof: Let (u1,¢1) and (ug, ¢2) be two solutions of problem (2.2). The same arguments
as in the previous proof imply that

a(ur — ug, ¢1 — P25 w, X) + Bu1z — Uz, w) — g(ur)(Hw(1) + gluz)(1)w(1)
+ (N, (w1)ure — Ny (u2)uge, wy) = 0.
We now take (w,x) equal to (u; — ug,¢1 — ¢2). Lemma 2.6 implies that the quantity

—(g(u1)(1) — g(u2)(1))(ur — u2)(1) is nonnegative. On the other hand, we have the in-
equalities, see [3, Proposition 1] for their proof,

1 1
Nzl <u1>(u1$7u1m - U2x) > —|U1|A}11(1) - —|U2|A}11(1)7
4 4 (2.7)

x 1 1
- Nuz(u2)(u2xaulm - u2x) > Z|U2|§{1(I) - Z|u1|j~l{1(1)

7
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Combining all this with Lemma 2.2 yields
(a+B) |ur — u2’§{1([) <0,
so that u; and wug coincide. The functions ¢; and ¢- then, satisfy

VXEHi(I), (¢1x_¢2x;Xx)+(¢l _¢27X) = 0.

Taking x equal to ¢1 — ¢2 yields that they also coincide. This proves the uniqueness of
the solution of problem (2.2).
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3. The finite element discrete problem and its a priori analysis.

We introduce a regular family (7); of triangulations of I by closed intervals in the
sense that, for each h,
e The closure I = [0,1] of I is the union of all elements of Ty;
e The intersection of two different elements of 7}, is either empty or an endpoint of both
of them;
e If two intervals K and K’ of 7, are adjacent, i.e. share an endpoint, their lengths hx
and hg- satisfy

hx < ohg,

for a constant o independent of h.

As usual, h stands for the maximum of the lengths hx, K € T;,. In what follows, ¢, ¢/, ...
stand for generic constants that may vary from line to line but are always independent of
the parameter h.

For a positive integer k and each K in 7}, we introduce the space Py (K) of restrictions
to K of polynomials with one variable and degree < k. Then, we define the discrete spaces

Yy = {un € H(I); YK € Ty, pn|kx € Pr(K)}, Xy, = Y7. (3.1)
Due to the imbedding of Yj, into H}(I), the discretization that we consider is fully con-

forming.

3.1. The linear problem.

As previously, we assume that N(u) is zero and we take g(u)(1) equal to a constant
g. The discrete problem is constructed from the variational problem (2.3) by the Galerkin
method. So, it reads

Find (up, ¢p) in Xy, such that
V(wn, xn) € Xn,  a(un, dn; wh, xn) = gwn(l) + (aba, xn)- (3.2)
It follows from the imbedding of X; into X that the ellipticity property of the form
a(-;-) established in Lemma 2.2 still holds on Xj. This leads to the following result.
Proposition 3.1. For any constants g, a and 6 4, problem (3.2) admits a unique solution.

Another consequence of the ellipticity is the following version of the Strang’s lemma:

(v —un, ¢ —on)llx <c inf (v —vp, ¢ —n)|x. (3.3)
(vn,Yn)EXy

9
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So, the following result is easily derived from the approximation properties of the space
X}, see [2, chap. IX, lemma 1.2] for instance.

Proposition 3.2. If the solution (u,¢) of problem (2.3) belongs to H*T(I)? for a real

number s, 0 < s < k, the following a priori estimate holds between this solution and the
solution of problem (3.2)

lw = wnllmr(ry + 116 = Enllray < eh® (lullgecry + 10l mrr(r)- (3.4)

Remark 3.3. Clearly, the results stated in Propositions 3.1 and 3.2 are still valid when
the right-hand side of problem (2.3) and its analogue for problem (3.2) are replaced by

gw(l) - (fa wl‘) + (CLQA,X),

for any function f in L2(1).

3.2. The full problem.

There also, the discrete problem associated with problem (2.2) is constructed by the
Galerkin method and is stated as follows

Find (up, ¢p) in X}, such that

Vwy, € Yy, (Uhzs Wha) — (On, Whe) + (N (up)Ung, Wha) = g(un)(1)wy (1),

VXxn € Yp, (Dhas Xha) — (Whay Xn) + (Dn, xn) = (aB4, Xn)- (3:5)

The existence of a solution for problem (3.5) can be derived by the same arguments
as in Section 2. However, the proof is slightly simpler here since Y}, is finite-dimensional.

Proposition 3.4. For all p < py and B > [y and all data g1, g2, a and 04, problem (3.5)
admits at least a solution. Moreover, for all § > —a, this solution is unique and satisfies
(2.4).

To prove an a priori estimate, we deduce from the conformity of the discretization that

problem (2.2) can be written with (w, x) replaced by any pair (wp, xx) in X. Subtracting
problem (3.5) from this, we obtain

a(u—up, d—dn; wh, xn)+ (N (w)ug—N (up)the, Whe) — (9(w) (1) —g(un(1))wn (1) = 0. (3.6)
Thanks to this equation, we are in a position to prove a first error estimate.
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Proposition 3.5. For all p < pg and B > [y, if the solution (u, ¢) of problem (2.2) belongs
to H5*1(I)? for a real number s, 0 < s < k, the following a priori estimate holds between
this solution and the solution of problem (3.5)

lw = unllgr ) + 16 = Gl iy < eb® (lull gy + 1@l aer())- (3.7)

Proof. Let v, and ¢, be the Lagrange interpolates of u and ¢, respectively. By applying
equation (3.6) with wy, = up — vy, and xp = ¢ — ¥y, we derive

a(u —up, @ — onsu — Up, ¢ — ¢p) = a(u — Up, ¢ — Gp;u — vy, G — Yy)
+ (N(u)ug — N(up)tna, Unhe — vpa) — (g(u)(1) — g(un(1)) (up — vp)(1).

Owing to the choice of vy, v,(1) is equal to u(1), so that Lemma 2.6 implies that the
quantity —(g(u)(1) — g(un(1))(un — vy)(1) is nonpositive. Combined with the ellipticity
of a(-;-) established in Lemma 2.2, this yields

all(u—un, ¢ — on)llE < alu—un, ¢ — dn;u—wvp, ¢ —Py) (3.8)
+ (N (w)ug — N(up) Uz, Uhe — Vha)- .

The continuity of the form a(-,-) leads to estimate the first term. To handle the second
one, we oberve that

(N (u)ugz — N(up)Upg, Uhe — Vha)
= 6 (U'x — Uhg, Uhge — Uhx) + p(|uﬁ'—[1 1) Uz — |uhx|§‘—[1 ) Uhzy Uhy — Uhl‘)'
(I (I

We now estimate successively the two terms in the right-hand side.
1) We observe that

6 (u:c — Uhg, Uhze — Uha:) - B (um — Uhg, Uhe — ux) + /B (u:c — Uhg, Uy — Uh:c)~
When ( is positive, the first term is negative and the second one is bounded thanks to
a Cauchy-Schwarz inequality. When S is negative, the first term is transported in the
right-hand side of equation (3.8). The left-hand of this equation thus becomes

(@ + B)llu = unllF ) + @ llo = dnllF

and since § > By, o + [ is positive. The second term is there also evaluated thanks to a
triangle inequality.
2)The last term is treated by using triangle inequalities and noting that, since 5 > fy,
both u and wuy, are bounded in H!(I). This gives

P(’Uﬁp(]) Uz — ‘uhxﬁ{l(]) Uhz; Uz — vhm) <cplu— Uh!Hl(I)\uh - Uh\Hl([)-

There, we use the fact that p < py to conclude.
Combining all this leads to

[(w = un, & = én)llx < cll(w—vn, ¢ = vn)llx.

The approximation properties of the space X}, see once more [2, chap. IX, lemma 1.2],
thus give the desired result.

Even if the limitations on  and p are a little restrictive, estimate (3.7) is fully optimal.
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4. A posteriori analysis of the discretization.

Our a posteriori estimates rely on the residual equation satisfied by the discrete solu-
tion (up, ¢p). As previously, we write this equation successively in the linear and nonlinear
cases.

4.1. The linear problem.

Once more, we take N(u) equal to zero and g(u)(1) equal to a constant g. By sub-
tracting problem (3.2) from problem (2.3), we observe that, for any (w, x) in X and when
taking wy, and xj equal to the Lagrange interpolate of w and x (so that wy(1) is equal to

w(1))

a(u — up, ¢ — dn;w, x) = (aba, X — xn) — a(tn, Pp; W — Wh, X — Xn)-
By integrating by parts on each K in 7;, and noting that both w — wjy, and x — x» vanish
at all endpoints of elements K, we obtain

CL(U — Uh, ¢ - (ZSh; w, X) = Z (/ (uh:ca: - (bhx)(x) (w - wh)('r) dx
e, 78 (4.1)
[ (@ Bn + = ) (@) (x ) 0)
K

The definition of the error indicators follows from this last equation in a natural way.

Definition 4.1. Each error indicator ng, K € T, is defined by

Nk = hi || Uhee — OhalL2(k) + Pk |04 + Ghoa + Une — Ol L2(K)- (4.2)

It must be noted that these indicators can be computed easily since the norms only
involves polynomials. Moreover, they are of residual type: when suppressing the indices
h, everything vanishes, see problem (2.1). Moreover, it is very easy to bound the error as
a function of these indicators.

Proposition 4.2. The following a posteriori error estimate holds between the solution
(u, ) of problem (2.3) and the solution (up, ¢p) of problem (3.2)

lw = unll iy + 16 = Sullm ) < e D nik)
KeTy

=

(4.3)

Proof. By using the ellipticity of a(+; ), see Lemma 2.2, and a Cauchy—Schwarz inequality,
we deduce from equation (4.1) that

all(u—un ¢ — o)z < D ([thar — Snallzo v — whll2x)
KeTy,

+ |aba + Ghaz + wna — Onll L2 lIX — XallL2(x))

12
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with w = v and x = ¢. So the desired estimate is easily obtained from the basic ap-
proximation properties of the Lagrange interpolation operator, see [2, chap. IX, lemma
1.2].

Remark 4.3. The constant ¢ on the previous estimate mainly depends on the norm of
the interplation operator on a reference element, hence is easy to compute. This is of great
interest when the a posteriori error estimates are used for security criteria.

On the other hand, it can be noted that the residual equation (4.1) can also be written,
for any functions w and y vanishing at all endpoints of the elements K of Tj,

a(u — up, ® — Py w, X) = (Uhze — Ona)(z) w(x) dz
K%;h (/K (4.4)

+ / (CLHA + th:wc + upe — ¢>h)(90) X(CC) dm)
K
This leads to the upper bounds for the indicators.
Proposition 4.4. Each indicator ni, K € Ty, defined in (4.2), satisfies

N < ¢ (|lu—unllg k) + 16 — onlla(x))- (4.5)

Proof. We proceed in two steps, bounding separately each term in the indicator.
1) In equation (4.4), we first take w equal to wx and x equal to zero, with

{ (uhmm - ¢hx>’¢K on K7

WK =
0 elsewhere,

where 1k is the bubble function on K (equal to the product of the two barycentric coor-
dinates associated with the endpoints of K). This yields

1
(thae — Gna) Vi) < elllu = unllm oy + 16 — dnllm ooy llwic |l xc) -

We then use the inverse inequalities, valid for any polynomial z of fixed degree, see e.g.
[11, Proposition 3.37],

12022y < ellz¥illne (). 21| (r0) < € P 21| 22 (x0)- (4.6)
All this gives
hi |Uhow — Onall 2y < c(lJu— unllmr ey + |6 — Ol x))- (4.7)
2) Similarly, we take in equation (4.4) w equal to 0 and x equal to xx, with

i = { (@A + Ghew + Une — $n)Vx  on K,
0 elsewhere.

13
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Exactly the same arguments as previously yield

hicllaba + Gnea + tne = PnllL2(x) < clllu = unllmr ) + 1160 = dnlla x))- (4.8)
Estimate (4.5) is a direct consequence of (4.7) and (4.8).

4.2. The full problem.

The residual equation is a little more complex in this case. For brevity, we introduce
the nonlinear form

Alu, ¢5w, x) = alu, ¢;w, x) + (N (w)ug, we) — g(u)(L)w(l).
Thus, the residual equation can be written as
A('LL, ¢7w7 X) - A(uhv ¢h7 w?X) = (CLQA; X — Xh) - A(uha ¢h7 W — Wh, X — Xh)v

where we now take wj, and x5 equal to the Lagrange interpolate of w and Y, respectively.
By noting that (w — wp)(1) is equal to zero and integrating by parts on each K in 7y, we
obtain

A(u, ¢5w, x) — A(un, ¢n; w, X)
- Z (/K(uhmm - ¢h$ + N(uh)uhmx)(m) (w — wh)(fl?) dx

+ /K(CLHA + (bhxm + Upy — (,bh)(ai) (X — Xh)(x> d:l}) )

There also, this leads to the definition of the indicators in a natural way.

Definition 4.5. Each error indicator ng, K € Tj, is defined by
Nk = hi || Uhee — Ohe + N (Un)tneel|2(x) + hi |04 + Phoe + Une — Snl|lL2(x)-  (4.10)

Despite the nonlinear term, these indicators are still easy to compute. We need a
further lemma before proving the first estimate.

Lemma 4.6. For > [, the form A(-,-) satisfies the following property, for a positive
constant o, for all pairs (uy, ¢1) and (ug, ¢2) in X,

A(ur, ¢13u1 —uz, ¢1 — ¢2) — A(uz, d2;ur —uz, ¢1 — ¢2) > o™ (w1 —uz, 1 — ¢2)||3. (4.11)

Proof. By using Lemma 2.2, we have

Alug, ¢15ur — uz, 1 — ¢2) — A(ug, da;u1 — uz, ¢1 — ¢2)
> (a4 B)lur — uallin gy + ellér — d2llFn ) — (9(ua)(1) — g(uz)(1)) (ur — ug)(1)

+ Ny, (u1) (Ui, Uie — Uzz) — Ny, (u2) (U2g, U1, — Uog).

14
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So the desired result follows by applying formula (2.7) and Lemma 2.6 to handle the
nonlinear terms.

Applying Lemma 4.6 in equation (4.9) (with obvious choice of (u1,¢1) and (ug, ¢2))
and using exactly the same arguments as in the proof of Proposition 4.2 leads to the
following statement.

Proposition 4.7. The following a posteriori error estimate holds between the solution
(u, @) of problem (2.2) and the solution (up, ¢p) of problem (3.5)

I

lu = unll ey + 116 = Snllmay < e( D mk) (4.12)

KeT,

On the other hand, equation (4.9) can also be written, for any functions w and x
vanishing at all endpoints of the elements K of Ty,

Alu, ¢3w, x) — Aln, nsw, x) = (/ (Uhze — Pha + N(up)upzs)(z) w(z) do
KeT, (4.13)

+ A(QQA + ¢h:cm + Uhge — Qbh)(l‘) X(CB) diB) .

This yields the upper bound for the indicator.

Proposition 4.8. FEach indicator ng, K € Ty, defined in (4.10), satisfies

N < ¢ (|lu—wunllg k) + |6 — onlla(x))- (4.14)

Proof. In equation (4.13), we take successively (w,x) equal to (0g,0) and to (0, xx),
where the function wg is defined by

Gw — (Uhm:r - ¢hx + N(uh)uhmw)wl{ on K?
K pu—
0 elsewhere,

while the function yg is exactly the same as in the proof of Proposition 4.4. The same
arguments as in this proof combined with the continuity property (which requires the
boundedness of u and uy, see Lemma 2.4 and Proposition 3.4)

A(U, d)a w, X) - A(“h? ¢h; ’LU,X) <c H(’U, — Up, ¢ - ¢h)HXH(w7 X)”X?

yield the desired estimate.

When comparing estimates (4.12) and (4.14), we observe that the error is equivalent
to the Hilbertian sum of the error indicators, so that our estimates are fully optimal.
Moreover, estimate (4.14) is local, so that the proposed indicators are an efficient tool for
mesh adaptivity. We do not perform adaptivity in the next computations since we only
work with very smooth solutions.

15
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5. An iterative algorithm.

Since problem (3.5) is nonlinear, we now propose an algorithm for solving it. We start

from a given solution (u°, #°) (for instance, the solution of the linear problem (3.2) or an

approximation of it) and, assuming that (uZ_l, Z_l) is known, we look for a solution of

the following system
Find (u}, ¢}) in X}, such that

Vwy, € th (uvawhm) - (¢27whw) + (N(uz_l)u;iwa whw) = 9(“2_1)(1)1”11(1)7

" . o (5.1)
Vxn € Y, (D1s Xnz) + (1, xn) = (aba, xn) + (up ", xn)-

Since this problem is fully linear, proving the existence and the uniqueness of its solution
follows exactly the same lines as for Proposition 3.1. Moreover, the two equations in (5.1)
are fully uncoupled.

In a first step, we prove a bound for the part uy of the solution of this problem.

Lemma 5.1. For all B > —a, the part u}}, n > 1, of the solution of problem (5.1) satisfies,
for a constant c, independent of h and n

|uZ’|H1(1) < ¢, (|uZ — u2_1|H1(]) + |a9,4|). (5.2)

Proof: Equation (5.1) can be written, forall (wp, x) in Xp,
a(uy, opswni xn) + (N (uh ™)ty wha) — g(upy) (Dwn(1)
= (g(up (@) = g(up (1)) wn(1) + (@b, xn) + (upg " = uhz, Xn)-

Thus, by taking (wp, xp) equal to (u}, ¢)) and combining Lemma 2.2 with the positivity
properties of N and the fact that —g(u}})(1)u} (1) is nonnegative, we derive

(a+ 5)|UZ|%11(1) ta |¢Z|§11(1)
< g(up ™) (1) = glup (W) |ugy (V] + (Jafal + clup™ = upt | n) |65 5y

where the constant ¢ here comes from a Poincaré—Friedrichs inequality. We conclude thanks
to the Lipschitz continuity of g.

We now set: [up]” = uf —u}~" and [¢5]" = ¢} — ¢}~ '. Subtracting problem (5.1) at
step n — 1 from problem (5.1) at step n, we derive
Vwp € Yn,  ([un]z, wha) = ([9n]" whe)
+ (N (up™ Duy = N(up ™ up b wne) = (9(up ™) = glup™?)) (Dwn (1),
Vxn € Y, ([9nl5s xne) + ([90]" xn) = (funly ™ xn)-

16
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We are thus in a position to prove the key lemma in this section.

Lemma 5.2. There exists two real numbers pj > 0 and n, 0 < n < 1, such that the
following estimate holds for > % and p < p§, for all mn > 2

[un)™ oy < nlfun]™ ™ o (5.4)
Proof: First, by taking x, equal to [¢,]™ in the second line of (5.3) yields

1
[len]" sy + 5 lignl” 1220y < Gllun]™ iy

It follows from the Poincaré—Friedrichs inequality that

1 1 . 1
(5 + DMon" ey < 5l By (5.5)

Next, setting N*(u) = N, (u) for brevity and taking wy, equal to [up]™ gives
(L4 B)lun] 7y < Non]" L2 llun]™ Ly + [(g(up ™) = g(up ™)) (D] [un]™ (1)]
+HN*( )uhw N*( )uh:c1‘|L2(I)Huh]n‘H1(I)'

We thus simplify by |[us]"|g1(r). To go further,
1) we use (5.5) to bound the first term in the right-hand side, whence the constant ¢y =

(14 2)72
2) we observe that the function g is Lipschitz-continuous with Lipschitz constant %, see
the proof of Lemma 2.6;
3) we observe that the nonlinearity N* is also Lipschitz-continuous and we use a triangle
inequality. Combined with Lemma 5.1, this yields
IN* (up ™ iy, — N* (upy ™ yug 2y
<IN (™D funa] 22y + 1N (™) = N* (up = 2))ug ez
n— 2 n
< pcd (Ifun]™ ™ mr ) + labal) " [fun]™ oy
+pee([fun]™ ey + ladal) e (fun] " ay + [lun]" 2 gy + 2labal) [fun]" ™ a -

All this gives
n 1 n—1
(L + 8 = cup)llun]"mr(r) < (co + = + c2p)l[un]" " (),
where the constants ¢; and ¢y are defined by

er = e (|[un]" e (n) + laba])’,
Co = C*(‘[Uh]n_l‘Hl(I) + |a9A|)c*(\[uh]”_1\H1([) + Huh]n_2’H1(I) + 2‘&9,4‘).
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Next, we assume by induction that the sequence (u}")1<m<n—1 satisfies
[un)™ ey < un) iy, 1<m<n-1

This yields the desired estimate (5.4) when p is smaler than a constant pf independent of
n and also the induction hypothesis for m = n.

Even if the conditions on 8 and p are a little restrictive, the convergence of the
algorithm is a direct consequence of the previous lemma.

Theorem 5.3. For 8 > 1 and p < p};, the sequence (uj!, ¢7) defined from (5.1) converges
to the solution (up, ¢p) of problem (3.5). Moreover, the following estimate holds

g, = wpllzre ), (5.6)

,’,I’VL
lun = wh [y + llén = Sl ry < 25
for the constant n < 1 introduced in Lemma 5.2.

Proof: We proceed in two steps.
1) From Lemma 5.2, we deduce that, for any positive integers n and m,

n+m

up ™™ —up|lg oy < 0™

- [y, — upll e oy
Thus, (u}), is a Cauchy sequence in H}(I). This yields its convergence, and the first part
of estimate (5.6) follows from the previous line.

2) In the proof of Lemma 5.2, we have checked that

n 1 n—
[6n]"[F1 () < §|[Uh] -

Thus, exactly the same arguments as previously yield the convergence of (¢}), and the
second part of estimate (5.6).

From the previous theorem, the convergence is geometric, hence very fast. But, in
any case, the following question arises: When must we stop the iteration? To answer this
question, we follow the approach in [5]. Using the same notation as in Section 4.2 for the
form A(-,-) (and also as in the proof of Lemma 5.2 for N*), we have the following residual
equation, for all (wp, xp) in Xp,

A(uha ¢h;wh,Xh) - A(U’Z?Qsz;wha)(h) = _(UZJZ - UZ:C_17Xh)

*(0Mm *(, n—1 n n n—1 (57)
— (N () = N (™) )Ry ) + (9 = g™ )) (e (1).
This leads to the next result.
Proposition 5.4. For 8 > By, the following a posteriori error estimate holds
lun = ubllmcry + lon = Sl < cluh —up ™ ). (5.8)

18



hal-00827531, version 1 - 29 May 2013

Proof: Owing to Lemma 4.6; we derive from (5.7) that

o (|lun — gy + 116 — onllay) < llupte — ups ez
+ |N*(up) = N*(up™ w2y + [(g(ui) — glup="))(1)].

As for Lemma 5.1, evaluating the last two terms relies on the Lipschitz-continuity of g and
N* and the fact that the sequence of solutions (u}) is bounded, see Lemmas 5.1 and 5.2.

The constant ¢ in the previous proposition can be evaluated more precisely:
*\—1 1 n n n—1
c= (") (1+ =t lupt | ooy (Ju | gy + ugy ™ )

But, in any case, we stop to iterate when the quantity |u}} — uZ*1| mi(r) is smaller than a
given tolerance.
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6. Numerical experiments.

In all experiments, the coefficients of the equation are given by
a = 0.017, e=1, g1 = —0.01, gs = 0.1.

Piecewise affine functions are considered (i.e. kK = 1) and a uniform mesh with 100 nodes
is used.

2 -
=} 057 —
0+ —

| |

.6 T I
4 —
= - —
p=t L 4
2 — —
0+ —

| ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ |

Figure 1. Vertical displacement and angular rotation when 84 = 80 and p = 1.
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All experiments are performed in the nonlinear case p # 0. We initialize the iterative
algorithm with

— )3
u(@) = (o) +aba)e— 3+ Tt o),

(0(1) +ab)(1 — (1 - 2)%),

with (1) = ?’u(l)%e*‘ for a given value of u(1). Indeed, this is the solution of problem
(2.1) when 3 = p=0. A tolerance of 10~7 is used to stop the iterative process.

T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T
A= —
8 L _
5 05— —
07 —

| |

.6 T I
4 — —
= L _
= L ,
2 — —
07 —

| ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ |

Figure 2. Vertical displacement and angular rotation when 6,4 = 80 and p = 10.
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In the first example the temperature at the endpoint x = 0 is 4 = 80. Initially, we
choose p = 1 and after, we set p = 10. Figures 1 and 2 show the deformed configuration
of the beam and the rotation angle for 3 different values of 5. Contact with the upper
obstacle is observed for § = 2. No significant differences, apart from a slight movement of
the displacement when = 2, are observed when we increase p.

In the second example, we changed the temperature of the left endpoint to 4 = —20.
In this case and with p = 1, contact with the lower obstacle is seen for § = 2 and § =4
(see Figure 3).

-01 —

u(x)

-.02 —

-.03 ‘

-.05

$(x)

-.15

Figure 3. Vertical displacement and angular rotation when 6,4 = —20 and p = 1.
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