UNIVERSIDAD DE CONCEPCION

CENTRO DE INVESTIGACION EN
INGENIERIA MATEMATICA (CT°MA)

A

Centro de Investigacion en Ingenieria Matematica

Locking-free finite element method for a bending moment
formulation of Timoshenko beams

FELIPE LEPE, DAVID MORA,
RODOLFO RODRIGUEZ

PREPRINT 2012-24

SERIE DE PRE-PUBLICACIONES







LOCKING-FREE FINITE ELEMENT METHOD FOR A BENDING
MOMENT FORMULATION OF TIMOSHENKO BEAMS

FELIPE LEPE, DAVID MORA, AND RODOLFO RODRIGUEZ

ABSTRACT. In this paper we study a finite element formulation for Timo-
shenko beams. It is known that standard finite elements applied to this model
lead to wrong results when the thickness of the beam ¢ is small. Here, we
consider a mixed formulation in terms of the transverse displacement, rota-
tion, shear stress and bending moment. By using the classical Babuska-Brezzi
theory it is proved that the resulting variational formulation is well posed. We
discretize it by continuous piecewise linear finite elements for the shear stress
and bending moment, and discontinuous piecewise constant finite elements for
the displacement and rotation. We prove an optimal (linear) order of conver-
gence in terms of the mesh size h for the natural norms and a double order
(quadratic) in L2-norms for the shear stress and bending moment, all with con-
stants independent of the beam thickness. Moreover, these constants depend
on norms of the solution that can be a priori bounded independently of the
beam thickness, which leads to the conclusion that the method is locking-free.
Numerical tests are reported in order to support our theoretical results.

1. INTRODUCTION

Beams used in practice, like in buildings and bridges as well as in aircrafts,
cars, ships, etc., commonly present continuous and discontinuous variations of the
geometry and the physical parameters. They may also have appreciable thickness
where the shear stress is not negligible. As a result, the thick beam model based
on the Timoshenko theory have gained more popularity (see for instance [2, 9, 10,
14, 19)).

In this paper, we study the numerical approximation of the bending of a non-
homogeneous beam modeled by Timoshenko equations. Despite its simplicity, the
numerical approximation of this problem often presents some difficulties. Indeed, it
is very well known that standard finite element methods applied to models of thin
structures, like beams, rods and plates, are subject to the so-called locking phenom-
enon. This means that they produce very unsatisfactory results when the thickness
is small with respect to the other dimensions of the structure (see [8]). Indeed, sev-
eral methods for this model have been rigorously shows to be free from locking and
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optimally convergent by resorting to a mixed formulations, discontinuous Galerkin
methods, considering p and h — p versions of the finite element method or based on
reduced integration; let us mention, for instance [1, 5, 6, 7, 11, 12, 13, 15].

The purpose of this paper is to propose a mixed finite element method for a
bending moment formulation of non-homogeneous Timoshenko beams and to pro-
vide an a priori error analysis. This approach follows the strategy used in [3]
for Reissner-Mindlin plates, where a finite element method was introduced for the
approximation of the bending of a clamped plate. However, the one-dimensional
character of the problem allows us to give simpler proofs valid in a more general
context. In particular, the results of this paper are valid for non-homogeneous
beams, whose physical and geometrical properties may be discontinuous, and the
error estimates are fully independent of the beam thickness. To cover such cases,
a key point in our analysis is an improved regularity result, which we are able to
prove exploiting, once more, the one-dimensional character of the problem.

In the present paper we consider a bending moment formulation for the Timo-
shenko beam problem. We introduce the bending moment together with the shear
stress as new unknowns in the model (we note that the bending moment usually
represents a quantity of major interest in engineering applications), which together
with the rotation and the transverse displacement lead us to a mixed variational
formulation. Using the Babuska-Brezzi theory, we show that the proposed varia-
tional formulation is well posed and stable in the natural norms of the considered
Sobolev spaces . For the numerical approximation, piecewise linear and continuous
finite elements are used for the bending moment and the shear stress and piece-
wise constants for the transverse displacement and rotation. We prove a uniform
inf-sup condition with respect to the discretization parameter h and the thickness
t. We note that one advantage of this formulation is that, the bending moment
and the shear stress are computed directly instead of by a post-process which may
produces loss of accuracy. The method is proved to have an optimal (linear) order
of convergence in terms of the mesh size h for the natural norms and a double
order (quadratic) in L2-norms for the shear stress and bending moment. Moreover,
the obtained estimates only depend on norms of quantities which are known to be
bounded independently of ¢. Therefore, the method turns out to be thoroughly
locking-free.

The outline of this paper is as follows: In Section 2, we recall the differential
equations governing the problem, and state a mixed variational formulation. Then,
we prove the unique solvability and stability properties of the proposed formulation
and some regularity results. In Section 3, we present the finite element discretiza-
tion of our variational formulation, for which we prove a discrete inf-sup condition
uniformly with respect to the beam thickness ¢ and the mesh parameter h. Then,
we establish the linear convergence of the method for the natural norms and a qua-
dratic order in L?-norm for the shear stress and bending moment. In Section 4,
we report some numerical tests which confirm the theoretical error estimates and
allow us to assess the performance of the proposed method. Finally, we summarize
some conclusions in Section 5.

We will use standard notations for Sobolev spaces, norms and seminorms. For [ >
0, ||-||z1 stands the norm of the Hilbertian Sobolev space H'(I), with the convention
HO(I) := L*(I). Moreover, we will denote with ¢ and C, with or without subscripts,
tildes or hats, a generic positive constant, possibly different at different occurrences,
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independent of the beam thickness ¢t and the mesh parameter h introduced in the
next section.

2. TIMOSHENKO BEAM MODEL.

Let us consider an elastic beam which satisfies the Timoshenko hypotheses for
the admissible displacements. We assume that the geometry and the physical pa-
rameters of the beam may change along the axial direction. The deformation of
the beam is described in terms of the transverse displacement w and the rotation
of the transversal fibers 5. Let x be the coordinate in the axial direction.

The equations for the bending of a clamped Timoshenko beam subjected to a
distributed load p(z) reads as follows (see [16, 17, 18]):

Find (B(z),w(z)) € H(I) x H}(1) such that
(2.1)

/IE(I)H(CC)ﬂ/(x)W’(x) da + /IG(I)A(CC)kc(x)(ﬂ(x) —w'(x))(n(z) — v'(x)) do
= /p(x)v(:c) dx

i

for all (n(z),v(x)) € H}(I) x HL(I), where I := (0,L), L being the length of the
beam, F(x) is the Young modulus, I(z:) the moment of inertia of the cross-section,
A(x) the area of the cross-section, G(x) := E(z)/(2(1 + v(z))) the shear modulus,
with v(x) the Poisson ratio, and k.(x) a correction factor. We consider that F(z),
I(z), A(z) and v(z) are piecewice smooth in I, the most usual case being when all
those coefficients are piecewise constant. Moreover, primes denote derivatives with
respect to the x-coordinate.

It is well known that standard finite element procedures, when used in formu-
lations such as (2.1) for very thin structures are subject to numerical locking, a
phenomenon induced by the difference of magnitude between the coefficients in
front of the different terms (see [1]). The appropriate framework for analysing this
difficulty is obtained by rescaling formulation (2.1) so as to identify a family of
problems with a well-posed limit as the thickness becomes infinitely small. With
this aim, we introduce the following nondimensional parameter, characteristic of
the thickness of the beam,

1 I(x)
2.2 2= — d
(22) L /1 Az "
which we assume may take values in the range (0, tmax]-
We define

flx):= %, I(z) := Hi—j), Alz) := A(tzzr)7
E(z) := E(z)I(z) and k(z) := G(z)A(zx)k.(z).
Then, problem (2.1) can be equivalently written as follows:
Find (B,w) € H}(I) x H}(1) such that
(2.3)
JE@8 @0 @) do + 55 [ w(@)(3() w2 0(a) ~/(2)) dx = [ Fla)o(a) da

I I I
for all (n(z),v(x)) € HY(I) x Hi(T).
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Now, we assume that there exist constants E, E, s, % € R such that
E>E(@)>E>0 Vzel

(2.4) g
E>k(r)>k>0 Vel

In such a case, for each ¢ > 0, the bilinear form on the left hand side of (2.3) is
elliptic and hence this problem has a unique solution.

The aim of this paper is to consider a bending moment formulation of this
problem. With this end, by introducing the bending moment o(x) := E(z)f'(x)
and the shear stress v(z) := t2k(z)(8(z) — w'(z)) as new unknowns in the model,
problem (2.3) can be equivalently rewritten as follows (see [5]):

o(r) = E(z)p'(x) in I,
—o'(x) +v(x) =0 in I,
(2.5) V' (x) = f(x) in 1,
(@) = t~2k(x)(B(z) — w'(x)) in T,

w(0) = B(0) = w(L) = B(L) = 0.

Finally, testing the equations (2.5) with adequate functions and integrating by
parts, we obtain the following variational formulation, where from now on we omit
the dependence on the axial variable z:

Find ((o,7), (B,w)) € V x @ such that

/UTHQ/75 /[3 - /wg’:o (&) eV,

(2.6)
/177(0 v) — / /fv Y(n,v) € Q,
where
V= HY 1) x H'(I),
and

Q = L2(1) x LX(1),

each one endowed with the corresponding product norm.
Finally, we endow V x @ with the corresponding product norm.
We rewrite the variational problem (2.6) as follows:
Find ((o,7v), (B,w)) € V x @ such that

(2.7) a((0,7), (1,€)) + (7€), (B,w)) =0 V(1,§) €V,
(2.8) b((0,7), (n,v)) = F(n,v) ~ V(n,v) € Q,

where the bilinear forms a : VxV — Rand b : V x@Q — R and the linear functional
F:@Q — R are defined by

(29) o). (r) = [T+ [ 2,
(2.10) b(7.€), (n,0)) == / 0 —€) - / ve',
and

—/va,

for all (o,7), (1,§) € V and (n,v) € Q.
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Next, we will prove that problem (2.7)-(2.8) satisfies the hypotheses of the
Babuska-Brezzi theory, which yields the unique solvability and continuous depen-
dence on the data of this variational formulation.

We first observe that the bilinear forms a and b and the linear functional F' are
bounded with constants independent of the beam thickness ¢.

Let

K:={(r,§) € V': b((7,€), (n,v)) = 0V(n,v) € Q}

be the so-called continuous kernel; hence (cf. (2.10))
K={(r,¢eV: (=& =0,and ¢ =0inl} = {(r,7") : 7 e P1(D}.

The following lemma shows that the bilinear form a is V-elliptic in K uniformly in
t.

Lemma 2.1. There exists a > 0, independent of t, such that

a((1,6),(1,€) Z all(r, I}, V(1,6) € K.
Proof. Given (7,§) € K, from (2.9) and (2.4) we obtain

1
a((Tv 5)7 (7—7 5)) > E”ﬂ

where the last inequality because of the equivalence between || - [|o,1 and ||-||1,1, with
a constant independent of ¢ in K 2 Py(I). Thus, the result follows from the fact
that

t? 1
2 2

+ — > —||r
0,1 - ||§||o,1 = IE” |

(2J,I > C”TH%,D

I, O = Il + 1715, ¥(7,6) € K.
Therefore, we end the proof. O

Now, we are in a position to prove an inf-sup condition for the bilinear form b
uniformly in ¢.

Lemma 2.2. There exists C > 0, independent of t, such that

b v
sup AT 0) Sy e Wnw) € Q.
ooy 1Oy
(7,£)#0

Proof. Let (n,v) € Q. Let 7(r) := [; n(s)ds, 0 < r < L. We have that 7 =17 €
L?(I). Hence 7 € H'(I), and

B L2+2 1/2
|T||1,Is( ) Illos.

2
Therefore,
(211) sup b((Ta 5)7(7751})) 2 b((T;(f)V%(T],U))
(1,£) eV ”(Ta g)”V ”THLI
(7,6)#0

(2 1/2H|
e~ \z2+2) or

Finally, let £(r) := — [; v(s)ds, 0 < r < L. The same arguments as above allow
us to prove that
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Hence, it follows that

B, () (0.8, (n.)
o Tl S el

(1,£)#0
|‘U||(2)I_f’l]g 2 1/2
) Ha\I 2(L2+2> ollo,r = linlo.-
1,1

From this inequality and (2.11), it is immediate to show that

b((7,§), (1, v))

2
P - lello.
moev @ OIv VIZ 1 2(VIZ 2+ 2)
(m,£)#0
Thus, the proof follows from this estimate, and (2.11). 0

We are now in a position to state the main result of this section which yields the
solvability of the continuous problem (2.7)—(2.8).

Theorem 2.1. There exists a unique solution ((a,7),(B,w)) € V x Q to prob-
lem (2.7)~(2.8) and the following continuous dependence result holds:

[((a,7), (B, w))llvxq < Cllfllo.1,

where C' is independent of t.

Proof. By virtue of Lemmas 2.1 and 2.2, the proof follows from a straightforward
application of [4, Theorem I1.1.1]. O

The following result establish an additional regularity result for the solution of
problem (2.7)-(2.8). This result will be the key point to prove the convergence of
the propose method.

Proposition 2.1. Suppose that f € H'(I), I =0,1. Let ((c,7),(B,w)) € V x Q be
the solution to problem (2.7)~(2.8). Then, there exists a constant C, independent
of t and f, such that

lwllix+ 118l + Ivllic1s + oz < Cllfllir

Proof. Because of the equivalence between problems (2.6) and (2.3), we will consider
the latter to prove the result.
Consider the following decomposition for the scaled shear stress:

(2.12) v=1 +Ek,

with ¢ € H{(I) and k = (1 [;7) € R. We have that problem (2.3) and the
following are equivalent:
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Given f € H'(I), 1 = 0,1, find (¢, 8,k,w) € Hi(I) x HI (1) x R x HE(I) such

that
/z//v’ = —/fv Vv € Hy(I),
I I

/Eﬁ’n’+/lm=—/w’n v € Hy (1),
1 I I

!
/[3q—1t2/@:—152/M Vq € R,
I 1 K 1 R

IS4
/w’5’:/55’+t2/ﬂ Vo € Hy(T).
I I 1 K

For this problem, we have that for any ¢ € (0,tmax] and f € H'(I), | = 0,1,
there exists a unique solution (¢, 3, k,w) € H}(I) x H}(I) x R x H}(I). Moreover,
there exists a constant C' independent of ¢t and f, such that

19ll+21 + 1Bllx + [k + lwllir < Cll fllx

In fact, given f € H'(I), | = 0,1, from problem (2.13); and the Lax-Milgram’s
Theorem, we have that there exists a unique ¢ € HE(I) N H*2(I), solution and
llli42,0 < C|lflli1, I = 0,1. Now, for all ¢t € (0, tmax] we can apply Theorem 5.1
of [1] to obtain that there exists a unique solution (3,k) € H}(I) x R of problem
(2.13)2_3, moreover,

(2.13)

181111+ k| < CllYll1x < Cll fllo,

where the constant C' is independent of .
Finally, we obtain from the Lax-Milgram’s lemma, that there exists a unique
solution w € H}(I) of problem (2.13)4, and taking & = w, we obtain

lwllir < CAUIBlox + 1¥llox) < Cllf o

Consequently, by virtue of (2.12), (2.4), the first and the second equation of
(2.5) and the equivalence between problems (2.3) and (2.13), we have that there
exists C independent of ¢ and f such that for [ = 0,1

181111+ llwll; + Ivllicas + oz < Cllfllr

The proof is complete. O

Remark 2.1. [t is possible to refine the proposition above by considering piecewise
smooth loads. Suppose that there exists a partition 0 = sg < --- < s, = L, of
the interval 1. If we denote S; := (si—1,8;), i = 1,...,n, then, we assume that
f € HY(S;). Then, repeating the arguments used in the proof, we have the following
result for the solution of problem (2.7)—(2.8): There exist a constant C, independent
of t and f, such that

n 1/2 n 1/2
11+ Iyl + <Z |7H|3,Si> +lloll2x+ <Z |Um||(2),si>

i=1 i=1

" 1/2
<C <||f||§,1 +> ||f’|3,si> :

i=1

[[wllr+ 18]
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3. THE MIXED FINITE ELEMENT SCHEME

In this section, we present our discrete methods for the Timoshenko beam prob-
lem. With this aim, first we consider a family of partitions of I
Thi=0=x0<---<ay=0L.
We denote I, = (z;_1,x;), with length h; = x; — xz;_1, j = 1,..., N, and the
maximun subinterval length is denoted h := maxi<;<n h;.

To approximate the shear stress and the bending moment, we consider the space
of piecewise linear continuous finite elements:

Wi = {& e H'(I) : &, € P1(I;), j=1,...,N}.
Let £(¢) € W), be the Lagrange interpolant of & € H'(I), we recall that
(3.1) 6= L(E)11 < Chl€l2x V¢ € HA(I),
(3.2) €= L(E)]log < Ch*|¢|21 V¢ € HA(1).

To approximate the transverse displacement and the rotation, we will use the
space of piecewise constant functions:

Zp == {vn, € L*(1) : wply, € Po(I;), j=1,...,N}.
We also consider the L?-proyector onto Zp,:
P L*(1) — Zy,

v Pv):=0€Z : /(U—T))qh:() Yaqi, € Zy,.
I

Then, we have
(3.3) lv = P@)lloxr < Chlv|11 Yo e HY(I).
Defining V}, := Wj, x W, and Qj, := Zj, X Zp,, the discretization of problem (2.7)-
(2.8) reads as follows:
Find (o, Y1), (Br,wn)) € Vi X Qp, such that
(34) (l((O’h, /Yh)a (Thu gh)) + b((Th7 gh)u (Bha wh)) =0 V(Th, gh) S Vh7
(3.5) b((on, V), (Mhsvn)) = F(npsvn)  Y(h,vn) € Qh.

Our next goal is to show the corresponding discrete versions of Lemmas 2.1 and
2.2 to conclude the solvability and stability of problem (3.4)-(3.5). With this aim,
we note that the discrete null space of the bilinear form b reduces to:

K = {(1h,&n) € Vi b((h,€n), (nsvn)) =0 V(nn,vn) € Qn}

Let (1n,&n) € Ky, taking (0,v,) € Qp and using that & |1, is a constant, since
vp 1, is also a constant, we conclude that &, =0 in L

Now, taking (n4,0) € Qp, since 77 |1, is a constant and &1, is also a constant,
we conclude that (75, — &) = 0 in I; and hence 7}, = §, in I. Thus, we obtain

K, = {(Th,fh) eV, : (T,’L —fh) =0 and 5;1 =0 in I} = {(Th,T,/L) L TH € Pl(l)}.
Hence, we have that K, coincides with K, thus, we have

Lemma 3.1. There exists a > 0 independent of h and t such that
a((Th, &), (T, €n)) = ol (h, E)IIT V(Ths &) € K.
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We continue with the following lemma establishing the discrete analogue to
Lemma 2.2.

Lemma 3.2. There exists C > 0, independent of h and t, such that

b JE1), (1,
Sup ((Tr(gh) (77h Uh)) Z CH('I’]}L,’U}L)”Q V(’,’I}“/Uh) c Qh'
(Th:€n)EVh Thvgh)”V

(T1,€n)#0

Proof. Let (nn,vn) € Qp. The arguments used in the proof of Lemma 2.2 can
be applied. In fact, 7(r) := for Nr(s)ds lies in Wp,, and the same happens with

£r) = Jo vn(s)ds. O

We are now in a position to establish the unique solvability, the stability, and
the convergence properties of the discrete problem (3.4)-(3.5).

Theorem 3.1. There exists a unique ((on,Yn), (Bn, wn)) € Vi, X Qp, solution of the
discrete problem (3.4)-(3.5). Moreover, there exist C,C > 0, independent of h and
t, such that

1((ohs 11)s (Brs wi))llvxa < Cllfllo
and

”((Uu ’7)7 (ﬁ,w)) - ((Uh,’Yh)7 (ﬁhvwh))HVXQ

(3.6) <C inf o w)) — ((7 )
<C it () (Bw) — (7). (o) v

where ((0,7), (B,w)) € V x Q is the unique solution of the mized variational for-
mulation (2.7)-(2.8).

Proof. Existence and uniqueness of problem (3.4)-(3.5) and the error bound (3.6)
follow from the abstract theory for the saddle point problem [4, Theorem II.2.1]
and Lemmas 3.1 and 3.2. g

The following theorem provides the rate of convergence of our mixed finite ele-
ment scheme (3.4)-(3.5).

Theorem 3.2. Let ((0,7), (8,w)) € VXQ and ((on, 1), (Bh, wr)) € Vi, X Qp, be the
unique solutions of the continuous and discrete problems (2.7)-(2.8) and (3.4)-(3.5),
respectively. If f € H*(I), then,

1((a,7), (B, w)) = ((on: 1), (Br, wr))lvxe < Chll fllvx,
where the constant C' > 0 is independent of h and t.

Proof. From Theorem 3.1 we have
H((Uv v)s (Bu w))_((ahv /Vh)v (Bn. wh))HVXQ
< Cll((o,7), (B, w)) = ((£(0), £(7)), (P(B), P(w)))llv xq-

Then, the proof follows from the term above, and using error estimates for P
(see (3.3)) and L (see (3.1)-(3.2)), and Proposition 2.1. O

(3.7)

The theorem above, implies that ||c — onllor + |7 — Ynlloa = O(h), but it is
possible to refine this estimate as show the following result.

Theorem 3.3. Under the assumptions of Theorem 3.2

1/2
1o = on, v =w)lle = (lo = onllgc + Iy —mlE.) ™ < Cr? /|
where C' > 0 is independent of h and t.

1,1,
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Proof. We resort to a duality arguments. First, we consider the following well posed
problem: Given g = (g1, 92) € L2(1)27 find ((¢, p), (x,u)) € V x @Q such that

(3.8) a((7,€), (¢, p)) +b((7:€), (0, w)) = (9, (T, €))ox  V(1,§) €V,
(3.9) b((¢,p), (n,v)) =0 V(n,v) € Q.

The unique solution of the problem above satisfies the following additional reg-
ularity result: There exists a constant C' > 0, independent of ¢ and g such that

(3.10) Jullir + Xl + [[ollzx + 1821 < Cligllo.r

In fact, considering a decomposition similar to (2.12) for the variable p (namely,
writing p = N +r, with A € H{(I) and r := (1 [;p) € R), we have that prob-
lem (3.8)—(3.9) and the following are equivalent: Given g = (g1, g2) € L*(I)?, find
(A, x,mu) € Hi (1) x Hi (1) x R x H}(I) such that

/IXU’ =0 Yoe Hy(),

/IEX/n'—I—/Tn:—/Egln’—/)\'n vn € H (1),
I I 1 I

A/
/xq—tQ/E=—/gzq—t2/—q Vg € R,
1 IR 1 I R

N
/u’a’:/xd’+/gzd’+t2/ Vo € Hy(I).
I I I 1 K

From the first of these equation we have that A = 0. Then, reapeating the arguments
used to prove Proposition 2.1, we conclude the additional regularity (3.10).

On the other hand, by choosing (7,&) = (0 — op,y — 1) in problem (3.8)—(3.9),
we obtain

(3.11)

(3-12) (g, (0—0n, y=m))o1 = al(0—0n,7=m), (¢, p))+b((0—0n, 7 =), (x; u)).
Substracting (2.7) and (3.4) and using (3.9), we have
a((o —Oh,Y — ’Yh)u (¢h7 Ph)) = _b((¢h7 ph)a (ﬁ - Bha w — wh))
:b(((b_¢h7p_ph)7(ﬁ_ﬁhuw_wh)) V((bhaph) S Vh'
Moreover, from (2.8) and (3.5), we also have
b((0 = oy = Y0)s (Xn, un)) =0 V(Xn,un) € Qn.
Substituting the last two terms into (3.12) we obtain:
(9, (0 = on,y = m))ox = al(o = on, ¥ = 1): (& = Pns p = pr))
+ b((O’ — Op,Y — /Yh)a (X — Xh, U — Uh)) + b((¢ - (bhap - ph)u (B - ﬁhu w — wh))
for all (¢n, pr) € Vi, and for all (xp,un) € Qp. Hence,
(g, (0 = on, v =)ol < Cl(e —on,y = )lIvII(¢ = dn, p = pn)llv
+ llo = on,y = w)llvIi(x = xn,u = un)llq

+ (6 — bn, p— pr) ||V II(B = Br,w —wn)|Q)
< Ch|fllx(ll( = bny p— pr)llv + [ (X = Xn> u — un)|lQ)
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for all (¢n,pn) € Vi and (xp,un) € Qn, where in the last inequality we have
utilized Theorem 3.2. Taking in particular (én, pn) := (L(¢), L(p)) and (xn,un) =
(P(x), P(u)) in the above estimate we obtain:

(9, (@ = on, v —n))oxl SCh[ fll11([(¢ — L(®), p — L(p))lv + [[(x = P(x),u —P(u))le)
<CR?| fllra(l@ll2,x + llollzx + Ixllig + [lull11)
<CR?||fll1.1llg]

where in the last inequality, first we consider the error estimates for P (see (3.3))
and £ (see (3.1)-(3.2)), and then additional regularity result (3.10).

Finally, from the estimate above and the definition by duality of || - || we have
that:

0,I,

94,\0 —Oh,Y —7n))o,1
I —omy—mllg= sup &L Dot < o2 fllu

g€L2(1)2 Hg||O7I
97#0
where the constant C is independent of h and t.
The proof is complete. O

Remark 3.1. It is possible to refine Theorems 3.2 and 3.3, considering piecewise
smooth loads. Considering a family of partitions of 1

77L1202$0<"-<£L'N=L,

which are refinements of the initial partition 0 = sg < -+ < s, = L (see Re-
mark 2.1). We denote I; = (v;—1,2;), 7 = 1,...,N, and note that for any mesh
T, each 1; is contained in some subinterval S;, i = 1,...,n. Hence, if f € H'(S;),
then,

n 1/2
1((257); (B, w)) = ((on, 7), (Br, wn))[vx@ < Ch <||f||3,1 + ||f’||3,si> :

i=1
and

n 1/2
(o = ony —m)llq < Ch? <||f||3,1 +y ||f’||3,si> :
i=1
where the constants C,C > 0 are independent of h and t. In fact, the first estimate
follows from inequality (3.7), the local character of the Lagrange interpolant of ~
and the additional reqularity result given in Remark 2.1. In its turn, the second one
follows from the first one and Theorem 3.3.

4. NUMERICAL RESULTS.

We report in this section some numerical experiments which confirm the theoret-
ical results proved above. The numerical method analyzed has been implemented
in a MATLAB code.

In what follows, N denotes the number of degrees of freedom, namely, N :=
dim(V}, x Q). Moreover, we define the individual errors by:

eo(0) == [lo —onllog, eilo) =o' —apllor, eo(7):= v —nlor,

er(7) =" = llor, eo(B) =8 Bullor,  eo(w) = [lw—wnlo,,
where ((0,7), (8,w)) € V x Q and ((oh,Vn), (Br,wr)) € Vi, x Qp are the solutions
of problems (2.7)-(2.8) and (3.4)-(3.5), respectively.
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We define the experimental rates of convergence (rc;) for the errors e;(+) by
log(e;(-)/e"i(:
() o s )/e)

log(h/h)
where h and k' denote two consecutive meshsizes and e and €', denote the corre-
sponding errors.

i=0,1,

4.1. Test 1. As a first test, we take I := (0,1) and solve the equations (2.5) with
f(z) = €%, E(x) = €%, and k(z) = e *. Thus, we obtain the following exact
solution:

’Y(CC) =e" + C1,

o(z) = e* + c1a + co,

Bla)y=xz—c1((x+1)e" = 1) —ca(e™™ = 1),

2

2

t
w(z) = % +ea((z4+2)e+rx+t3(1—e") = 2)+ (e +a— 1)+ —(1 — ),

where

First, we analyze the convergence properties of the elements proposed here, and

keep the thickness fixed ¢ = 0.01. Then, we also show an analysis for various

t2(e? - 1) —

2
l1—e

-1

1 =
Ge= ' +2t2(1 —e) —

and

2(e~1-1)"

l1—e

Coy =

2

em1 -1

C1l—ci(2e7t—1)

thickness in order to assess the locking free nature of the proposed method.

Tables 1 and 2 show the convergence history of the mixed finite element scheme

(3.4) applied to our test problem.

TABLE 1. Convergence analysis for ¢ = 0.01. Errors and experi-
mental rates of convergence for variables ¢ and ~.

N h eo(o) rco (o) ei(o) | rei(o) eo(7y) rco(y)
34 0.125 1.6539¢-3 - 6.4508e-2 - 2.6697e-3 -
66 0.0625 4.1355e-4 | 1.98 | 3.2249e-2 | 0.99 || 6.6905e-4 | 2.00
130 | 0.03125 || 1.0339¢-4 | 1.99 || 1.6124e-2 | 1.00 || 1.6736e-4 | 2.00
258 | 0.015625 || 2.5848e-5| 2.00 || 8.0617e-3 | 1.00 || 4.1847e-5| 2.00
514 | 0.0078125 || 6.4621e-6 | 2.00 || 4.0309¢-3 | 1.00 || 1.0462e-5| 2.00
TABLE 2. Convergence analysis for ¢ = 0.01. Errors and experi-
mental rates of convergence for variables v, § and w.
N h e (7) re(y) eo(B) reo () eo(w) rco(w)
34 0.125 6.4474e-2 | - 1.3298e-3 - 2.1197e-4 -
66 0.0625 3.2245e-2 | 0.99 || 6.7574e-4 | 0.98 || 1.0523e-4 | 1.01
130 | 0.03125 || 1.6123e-2 | 1.00 || 3.3923e-4 | 1.00 || 5.2507e-5| 1.00
258 | 0.015625 || 8.0618e-3 | 1.00 || 1.6978e-4 | 1.00 || 2.6240e-5| 1.00
514 | 0.0078125 || 4.0310e-3 | 1.00 || 8.4912e-5 | 1.00 || 1.3118e-5| 1.00
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We observe from Tables 1 and 2 that the rates of convergence O(h) and O(h?)
predicted by Theorems 3.2 and 3.3 are attained for all the variables.

Secondly, we solve the same problem with a varying thickness to asses the locking
free character of the method. We report in Table 3 the errors and the rates of
convergence for the transverse displacement.

TABLE 3. Locking free analysis for variable w (eg(w)).

t=1.0e-3 t=1.0e-4 t=1.0e-5
N h eo(w) |reg(w) | eo(w) |reo(w) | ep(w) | reo(w)
34 0.125 2.0928e-4 - 2.0929e-4 - 2.0925e-4 -
66 0.0625 1.0388¢-4 | 1.01 | 1.0387e-4 | 1.01 | 1.0386e-4 | 1.01
130 | 0.03125 || 5.1831e-5| 1.00 | 5.1824e-5| 1.00 | 5.1824e-5| 1.00
258 | 0.015625 || 2.5902¢e-5 | 1.00 | 2.5898e-5| 1.00 | 2.5898e-5| 1.00
514 | 0.0078125 || 1.2949e-5 | 1.00 | 1.2947e-5| 1.00 | 1.2947e-5| 1.00

We observe from Table 3 that our method does not deteriorate when the thickness
parameter becomes small. The same happens with all the other variables, so that
we can assert that the method is locking free.

4.2. Test 2. As a second test, we take I := (0,1) and solve the equations (2.5)

with
’ E(z) = { L.

x?
ﬂ@:{ T 05<az<l,

e
e’, 0<z<0.5

K(z) =
1, 05<zxz<l1.

In this case, we have consided a piecewise smooth load f(z). As required by
the theory (see Remark 3.1), we analyze the convergence properties of the elements
proposed here, keep the thickness fixed ¢ = 0.01 and taking meshes where the point
x = 0.5 is always a node.

For this particular test, the analytical solution can be obtained by solving the
corresponding problems in (0,0.5) and (0.5,1) in terms of the unknowns values at
x = 0.5 and matching the solutions at this point.

Tables 4 and 5 show the convergence history of the mixed finite element scheme
(3.4)-(3.5) applied to our test problem.

0<z<0.5,

e 0.5 <x <1,

)

and

TABLE 4. Convergence analysis for ¢ = 0.01. Errors and experi-
mental rates of convergence for variables ¢ and ~.

N h eo(o) rco (o) ei(o) | rei(o) eo(7y) rco(y)
34 0.125 4.6083e-4 - 1.4357e-2 - 1.2335e-3 -

66 0.0625 1.1605e-4 | 1.99 || 7.1723e-3 | 0.99 || 3.0852¢e-4 | 1.99
130 | 0.03125 || 2.9063e-5 | 2.00 | 3.5854e-3 | 1.00 || 7.7138e-5 | 2.00
258 | 0.015625 || 7.2691e-6 | 2.00 || 1.7926e-3 | 1.00 || 1.9285e-5 | 2.00
514 | 0.0078125 || 1.8175e-6 | 2.00 | 8.9628e-4 | 1.00 || 4.8213e-6 | 2.00
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TABLE 5. Convergence analysis for ¢ = 0.01. Errors and experi-

mental rates of convergence for variables v, # and w.
N h ei(y) |re(y) eo(B) | reo(P) eo(w) | reg(w)
34 0.125 2.8322e-2 | - 9.6598e-4 - 1.5040e-4 -
66 0.0625 1.4163e-2 | 0.99 || 4.9102e-4 | 0.98 || 7.3356e-5 | 1.02
130 | 0.03125 || 7.0817e-3 | 1.00 || 2.4652e-4 | 0.99 || 3.6417e-5| 1.00
258 | 0.015625 || 3.5409e-3 | 1.00 || 1.2338e-4 | 1.00 || 1.8175e-5| 1.00
514 | 0.0078125 || 1.7705e-3 | 1.00 || 6.1707e-5 | 1.00 || 9.0830e-6 | 1.00

We observe from Tables 4 and 5 that the rates of convergence O(h) and O(h?)
predicted by Remark 3.1 are attained for all the variables.

5. CONCLUSIONS.

In the present paper, we analyzed a mixed finite element method to approxi-
mate the bending of a non-homogeneous Timoshenko beam. We proposed a mixed
variational formulation in terms of the bending moment, shear stress, rotation and
transverse displacement, which has been shown to be well posed by the Babuska-
Brezzi theory. The proofs cover the cases of non-homogeneous beams with varying
geometry and physical parameters. The formulation was discretized by continuous
P1 and discontinuous PO finite elements and we proved linear convergence with
respect to the mesh size in the natural norm and a quadratic order for the bending
moment and the shear stress in L2-norm, all the estimates being uniform in the
beam thickness. Finally, we reported numerical results that confirm the numerical
analysis of the proposed method.
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