A FINITE ELEMENT METHOD FOR STIFFENED PLATES

R1CARDO DURAN!, RODOLFO RODRIGUEZ? AND FRANK SANHUEZA?

Abstract. The aim of this paper is to analyze a low order finite element method for a stiffened
plate. The plate is modeled by Reissner-Mindlin equations and the stiffener by Timoshenko beams
equations. The resulting problem is shown to be well posed. In the case of concentric stiffeners it
decouples into two problems, one for the in-plane plate deformation and the other for the bending
of the plate. The analysis and discretization of the first one is straightforward. The second one
is shown to have a solution bounded above and below independently of the thickness of the plate. A
discretization based on DL3 finite elements combined with ad-hoc elements for the stiffener is proposed.
Optimal order error estimates are proved for displacements, rotations and shear stresses for the plate
and the stiffener. Numerical tests are reported in order to assess the performance of the method.
These numerical computations demonstrate that the error estimates are independent of the thickness,
providing a numerical evidence that the method is locking-free.

1991 Mathematics Subject Classification. 65N30, 74K10, 74K20.

INTRODUCTION

A stiffened plate is a plate reinforced with ribs to increase it capacity to resist loads. Such plates are used
typically in buildings, hulls of ships, aircraft and many other applications in the structural engineering.

Different models of stiffened plates have been used. See for instance [17] for a discussion of several simple
engineering models and further references. Another approach has been proposed in [20]. It consists of coupling
Kirchhoff-Love equations for the plate with Euler-Bernoulli equations for the stiffener. The constraint between
both structures is imposed by means of Lagrange multipliers. A particular finite element method is proposed.
Numerical experiments demonstrate the effectiveness of this approach although no analysis is given. The same
problem has been analyzed in [11] based in a model proposed in [18]. In this case C!—elements are proposed
for the plate combined with Py — P35 elements for the beam. A domain decomposition technique is proposed for
the solution of the resulting algebraic problem.

An alternative modeling approach consists of using Reissner-Mindlin equations for the plate and Timoshenko
beam equations for the stiffener. This model has been considered in [19], where an elementary finite element
method is proposed. However this method is shown to suffer from locking.

Locking consists in that very unsatisfactory results are obtained when the thickness is small with respect to
the other dimension of the structure. From the point of view of the numerical analysis, locking reveals itself in
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that the a priori estimates depends on the thickness of the structure in a such way that they degenerate when
this parameter become small.

Several finite elements have been proposed to avoid locking in Reissner-Mindlin equations (see [7] for a review
on this subject). A typical locking-free finite element method, MITC9, which was introduced in [5], is proposed
in [17] to discretize the stiffened plate equations. These elements are combined with standard quadratic element
for the stiffener. Once more, only numerical evidence of the performance of the method is reported.

In the present paper we use the same model, based on Reissner-Mindlin equations for the plate and Timo-
shenko equations for the stiffener. We introduce the constraint between both structures by means of Lagrange
multipliers. We prove existence and uniqueness of solution to the resulting problem.

A particular case of stiffened plates is when the mid-line of the stiffener lies on the mid-surface of the plate.
In this case the plate is known as concentrically stiffened and the problem decomposes into two simpler problems
as it happens for unstiffened plates: the in-plane and the bending plate problems. The analysis of the former is
quite simple since it leads to equations independent of the plate thickness. This is not the case with the bending
problem for the stiffened plate.

In this case we consider a family of problems parametrized by the plate thickness t. We show that the
mechanical coefficients of the stiffener must be taken proportional to 1/t to obtain a significant limit problem as
t goes to zero. We show that the solution of the stiffened plate bending problem is bounded above and below far
from zero, independently of {. We also prove additional regularity of the solution, although not independently
of t.

For the discretization of the in-plane stiffened plate we use standard linear elements, and the analysis is
straightforward. For the stiffened plate bending problem we use a low order plate finite element, DL3 [12],
combined with Py — P; elements for the stiffener. The choice of these hybrid elements for the rod allows us to
impose the constraint in an simpler way.

We prove optimal order error estimates depending on higher order norms of the solution. These higher order
norms are the same that appear in the case of uncoupled plates and rods. In such a case they are bounded
independently of ¢. For the stiffened plate bending problem we prove that these higher order norms are bounded,
although in principle these bounds could depend on ¢t. We report a thorough numerical experimentation which
gives numerical evidence that this is not the case, allowing us to assess the locking-free character of the method.

The outline of the paper is as follows. In Section 1 we present the mathematical setting of the load problem
and prove existence and uniqueness. In Section 2 we analyze the concentrically stiffened plate and prove stability
results, independent of the plate thickness for the in-plane and bending plate problems. In Section 3 we present
the finite element discretizations of both problems, we obtain error estimates for the former and prove that
the latter is well posed. In Section 4 we focus on the stiffened loading plate problem for which we prove error
estimates. In Section 5 we report numerical results which allow us to assess the performance of the proposed
method. First, to validate our code, we apply it to a vibration problem which was also solved in [17]. Secondly
we apply the proposed method to a couple of problems whose limit behavior as the thickness becomes small
is known. Finally we apply it to a family of problems which allow us to demonstrate that the method is
locking-free.

1. THE PROBLEM OF THE STIFFENED PLATE

We consider a plate entirely crossed by a rod which act as a stiffener. We restrict our attention to plates
with constant thickness and rods with uniform cross section. If the mid-line of the rod lies on the mid-surface
of the plate we call it a concentrically stiffened plate. Otherwise it is called an eccentrically stiffened plate (see
Figure 1). Most of this paper is devoted to concentrically stiffened plates except for the present section which
is valid for eccentrically stiffened plates too.

We consider a coordinate system such that the plate occupies the domain Q x (—t/2,t/2), where ¢ > 0 is the
plate thickness and 2 is the mid-surface of the plate, which is assumed to be polygonal. Moreover we assume that
the coordinate system is such that the mid-line of the rod lies on the plane y = 0. We denote by r the distance
between the rod mid-line and the plate mid-surface (r = 0 for concentrically stiffened plates). The problem will
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FIGURE 1. Transverse sections of concentrically (left) and eccentrically (right) stiffened plates.

be posed in the two dimensional domain Q. We denote I' := {(z,y) € Q: y =0}, Q1 = {(z,y) € Q:y >0}
and Qg := {(z,y) € Q: y < 0}. We illustrate these definitions in Figure 2.
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FIGURE 2. Geometry of a stiffened plate

We restrict our analysis to the case of a plate modeled by Reissner-Mindlin equations and completely clamped
by its lateral boundary 9. We denote by u = (u1,u2), w and 8 = (81, f2) the mid-surface in-plane plate
displacements, the transverse displacements and the rotations, respectively. In its turn, u°, v®, w® denote the
stiffener displacements in each coordinate direction and, 63, 7 and 67 the stiffener rotations with respect to
each axis.

To derive the equations of the stiffened plate we will obtain first an expression for its total energy. With
this aim, we add the corresponding energies of the plate and the stiffener. However, for the latter, the shear
and bending terms in the plane of the plate are typically neglected (see [17]). We consider a load acting on
the plate, and denote by f its in-plane component, and by g the transverse one. Therefore, the total energy
including the works of the loads reads

Boi= gor u)+ Sar (8.6) +4 [ (V-7 + [ £ (d”> /E<d9>
+/FuSJ<le?>2+/FHSMSA<dds—i—t‘)b) —t/f u—/gw

In the above equation

Ev . . FE _
ay (u,v) ::/delvu dlvv—l—/QlJrVe(u).e('u)

and

Ev E
az (B,m) == 112{ 171/2d1vﬁ divn + QlJrVe(ﬁ):e(n)}
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are the plane strain and plane stress bilinear forms, respectively. Above € (v) := %(Dv + Dv') denotes the

linearized strain tensor and the coefficients F and v are the Young and Poisson moduli. Moreover y := ﬁ

is the shear modulus of the plate. On the other hand, A is the area of the stiffener section, I, and I, are the
second moments of area with respect to y- and z-axes, respectively, J := I, + I.,, E° and v* the Young and
Poisson moduli of the stiffener and p° := z(lEiJ:VS) the shear modulus. Finally x and x° are the shear correction
factors for the plate and the rod, respectively . All the parameters are strictly positive constants. In the case
of the stiffener this corresponds to a rod of arbitrary uniform section. Notice that, since the bending and shear
energy of the stiffener have been neglected, the variables v® and 6, do not appear in the expression for the total
energy.

The appropriate functional spaces for displacements and rotations are the following: u,3 € Hg (Q)Q; w €
Hj (Q); vw®,w®, 63,605 € Hj (T). For the loads we consider f € L? ()% and g € L2(Q). The stiffened plate
problem is obtained by minimizing the total energy subject to the following kinematic constraints:

up = u® — 1B, (1.1)
w=w®, (1.2)
B = -0, (1.4)
z
,,,,,,,,,,,,,,,,, o 1 » ,,_,@,1,,,,,,,,,,,,,,,,,,,,,x
- Plate
us |/ By
Stiffener
_/81 :0y

FIGURE 3. Geometric illustration of (1.5)

The constraint (1.2) comes from the fact that the plate and the rod are joint monolithically. Moreover, the
rotations of the plate and the stiffener are the same in this model, which leads to (1.3) and (1.4). Finally (1.1)
can be easily deduced. In fact, using the notation from Figure 3, we have that

U1 u

r+e e

Therefore approximating —/3; by “;, straightforward computations lead to (1.1).
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For the analysis, we introduce these constraints by means of Lagrange multipliers as follows:

In the expressions above and throughout the paper, to simplify the notation, we write

/F/\n = <)\,T]>H_1/2(F)><Hé(§2(l“)’

where in this case Hl/2 (T') := {vlp : v € H} ()} endowed with the intrinsic norm of H'/2(T') (see [15]) and

H-Y2(I) := 01({2 (T")’, with L? (") as pivot space.

Therefore, by minimizing E; subject to the constraints (1.1)—(1.4), we arrive at the following clamped stiffened
plate problem:

Find (U, ) € H x Q such that

A (U, V)+B(VN=F (V) VVeH, (1.9)
#U,x)=0 VxeQ, (1.10)

where

U = (u,,&w u’,w*, 0° Hb) V= (v,n,z7zs,vs,cpi,g0;) cH:=H} (Q)2 x H} (9)2 x Hy () x H} (I‘)4

Yo Vy

A= (A A2, A3, M), X = (X1, X2y X3, x4) € Q= H™V2(D)*,

o (U,V) = tar (u,0) + s (B,) + / wp (Vw— B) - (V2 —n / At d

dw® dz® dey dy$ des dy®
SISA ESIL Y Y / s J =% T
+/F'”‘ <d )(d +¢y)+/r Wir dr P e de

(U, :=/F>\1(u1—us+rﬁ1)+/rx\2(w—ws)+/F/\3(62—9§)+/F>\4(ﬁ1+92),

y(V):zt/Qf-Ht/ng.

It is well known that the standard finite element methods applied to plates or rods are subject to “numerical
locking”. This means that they lead to unacceptable poor results for thin structures, unless the mesh size
is excessively small. The standard methodology to deal with locking-free methods is to consider a family of
problems depending on a small parameter: the plate thickness ¢. A method will be locking-free if the error
estimates do not deteriorate as the thickness becomes small. In our case, to avoid dealing with more than one
parameter, we restrict our attention to a stiffener such that

A=A, I, =t1, and J=t'J, (1.11)
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where A, fyy and J are constants. This corresponds to a rod with a section having width and height proportional
to t.

The stiffening effect of such a rod tends to disappear as ¢ tends to zero. To avoid this and obtaining a proper
limit problem, we assume that the physical parameters of the rod increase as t tends to zero. More precisely
we assume that

(1.12)

where E* is a ﬁxed constant See [11] for a similar choice in the case of Kirchhoff stiffened plates. Correspondingly

we define fi°* := 1+us so that p® = i*. Scalings (1.11) and (1.12) ensure that if the loads are scaled as usual for
plates, then the solution of problem (1.9)—(1.10) attains a limit as ¢ tends to zero and that, in the limit problem,
the rod remains as a stiffener. This will be clearly seen in the numerical examples of Section 5, where different
scalings of the physical parameters are considered. It is shown therein that (1.12) leads to a stiffened limit
problem (Test 4) whereas other scalings lead either to a vanishing or to a perfectly rigid stiffener (Section 5.2).

Using these scalings we write the bilinear form o/ as follows:

”Q{(va):tal(“’v)+t3az(6,n)+t/w(vw B)-(Vz—n —i—t/ES Cf;; CZC

s 5 [ dw® dz*® des d(p d@s dys
S~s S 3 ST Ty 3 ~S T
+t/rf$,uA( +9y>< +g0y) t/E Y +1 / J—= . (1.13)

We are interested in proving the existence and uniqueness of the solution to problem (1.9)—(1.10). For this
purpose we will show the ellipticity of & (-,-) in the whole space H and the inf-sup condition for £ (-,-) in
appropriate spaces.

Throughout the paper C will denote a strictly positive constant, not necessarily the same at each occurrence,
but always independent of ¢t and the mesh-size h, which will be introduced in the next section.

For the existence and uniqueness, we consider the continuous problem (1.9)—(1.10) with 0 < ¢ < 1 fixed. The
bilinear form .7 (-,-) is elliptic in H, with an ellipticity constant depending of ¢:

2 2 5112
o)+t (llie+1I3r) } -

2 2 s 12 5|2 s
A (V. V) 2 C{e (Il g + 20 o + 31} g + 12° 1 0 + N

In fact, the inequality above follows from
ta) (v,v) > Ct|vll} o Yoe H)(Q)?, (1.14)
ax(mm) = Clnlllg  VneH; (), (1.15)

Pas (n.m) +1 / wVz—nP = OB {Inl o + 430} Yme HY Q)2 € HE (),

(1.16)
A (G ) > Ct|ell, Vet e HY (D), (1.17)
( ) > ORI, ke HY ). (1.18)
3 s T dwz ? KSIS 2° 3 s s s 1
¢ Bh () ) idld — +4} o {IZ0c+ el ) vepzemm. 9

The inequalities (1.14) and (1.15) are consequences of Korn’s inequalities, whereas (1.16) is a classical result, (see
[6]). In its turn, (1.17)—(1.19) follow from the scalings (1.11)—(1.12), Poincaré inequality and a straightforward

computation for [, ‘Z—Z; + <pf/‘2 (see [1]).
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On the other hand, £ (-, -) satisfies an inf-sup condition: There exists C' > 0, independent of ¢, such that,

s= sup 2VoX)

> C x| Vx € Q.
ozven |Vllg Q

To prove this, we consider separately each component of x. For the first one, we take v; € H} (Q) arbitrary
and the remaining components of V' equal to zero, to write

g sup Jr x1v1 Jrx1¥

>4 sup
0#v1€HE () HU1||1,Q 0¢w€HééQ(F) ”le/Q,F

> =Clxall-yjar- (1.20)

For the second inequality, we have used the equivalence between the intrinsic norm of Héé 2 (") and the norm

inf {HU”lQ L, vEHNQ): v|p = 1/1} (see [15]). The same arguments allow us to prove that
S > Clxall_y/or and S=Clxsll_y/or- (1.21)

Finally, taking 1, € Hg (Q) arbitrary and the remaining components of V' equal to zero and using (1.20), we
have
Iall_yjar <€ (S+7lhall_yyor) <C (1418,
which, since r is bounded above, leads to
5= C||X4H—1/2,F‘
The inequality above together with (1.21) and (1.20) allow us to prove the inf-sup condition for . This

condition and the global ellipticity of o/ allow us to use the standard theory for mixed problems (see [6]) to
conclude the following theorem:

Theorem 1.1. For any t > 0 fived, problem (1.9)—(1.10) has a unique solution (U, ) € H x Q.

Remark 1.2. Solution to problem (1.9)—(1.10) is bounded in terms of |.%# 4. However, in principle, this
bound is not necessarily uniform with respect to t, since the ellipticity and continuity constants of the bilinear
form 7 depend on different powers of the thickness (see [6, Prop. I1.1.3]).

2. CONCENTRICALLY STIFFENED PLATES

The analysis of the previous section is valid for concentrically as well as eccentrically stiffened plates. For
the latter, in-plane and transverse terms are fully coupled and each one involve different scales with respect to
the thickness. In this regard, this resembles what happens in the shell problem, for which the analysis is much
less mature than for plates.

This is the reason why, from now on, we restrict our attention to concentrically stiffened plates (i.e, r = 0, see
Figure 2). In this case, the plate problem decomposes into two uncoupled ones: the in-plane and the bending
stiffened plate problems, as it happens for non stiffened plates. In fact, the in-plane displacements v and u®
relate with the remaining variables only through equation (1.5) which is part of (1.10) and this happen only if
r # 0. For r = 0 we are led to the following two uncoupled problems, the first one for the in-plane terms and
the second one for the bending terms:

Find (u,v’) € H! (Q)® x HL (T) and A\; € H~/2(I) such that

~ o du® dv®
tal(um)—l—t/FEAdx ir

+/F)\1(Ul—’vs):t/ﬂf~v YV (v,0%) € HE (2 x HY(T),  (2.1)

/er (up —u®) =0 Vx1 € H Y2 (D). (2.2)
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Find (8, w,w®,65,05) € Hi () x H () x H} (T)* and (A2, A3, \q) € H~Y/2(T")* such that

- . de? dy? =dO3 dpS
3 _ . _ 3 S Y Y 3 ~S T T
tag(ﬁ,n)—kt/ﬂm,u(Vw B)-(Vz—m)+t /FEIyydx Ir +t /F,uJ—dx Ir
S~s A dw® s dz® s s s s
+t | A ——4+60) (——+e)+ [ =2+ [ As(—el)+ [ M(m+¢) =t [ gz
r dx dxr r r r Q
V (n,2,2°, 95, ¢5) € Hy (Q)° x Hy () x Hy (I)°, (2.3)
[ratw=w)+ [xa@-0+ [xa(e6) =0 Ve e @) (2.4)
r r r

From now on, to simplify a bit the notation, we set all the following constants equal to one: 121, fyy, J, K, Kg,
E», %, as well as F (which appears in the definition of a; and ag). Moreover, we consider values of ¢ ranging
in (0,1]. Since these constants have been assumed to be independent of ¢, this does not affect any subsequent
asymptotic analysis. Moreover to obtain a family of problems uniformly stable with respect to ¢, we consider a
transverse load proportional to t2, namely

g=gt’ (2.5)
with g independent of ¢. Finally, it is also convenient for the analysis to rescale the Lagrange multipliers
according to the scales of the different problems in which they appear:

AM=Mt and X\ =NtP, i =2,3,4. (2.6)

In what follows we analyze the resulting rescaled problems.

2.1. Stiffened in-plane plate problem

Using the scaling (2.6) in (2.1)-(2.2) and setting the constants equal to one, we obtain the following rescaled
problem, in which we omit the tildes in A; to simplify the notation:
Find (u,v’) € H! (Q)® x HL () and A\, € H~/2(I) such that

al(u,v)+Aing+AA1(vl—vs):/Qf~'v V(U,US)EHé(Q)2xH5(F), (2.7)
/ x1(ug —u) =0 Yx1 € HY2(T). (2.8)
r

This is a well posed problem completely independent of the thickness ¢. In fact, all the bilinear forms in this
problem are continuous and the following ellipticity result holds:

dvs\? s s
aorr () zo{lla ol v e m <o, 29)
Moreover, the arguments leading to (1.20) show that there exists C' > 0, independent of ¢, such that

fr X1 (Ul - US)
sup -

— > Clxall_ Vxi1 € HV2(T).
0£(wwe)e i ()2 x H (D) 1Pl 0 + 0%l /e

Thus, using Babuska-Brezzi theory (see [6]), we have the a-priori estimate

[ Lot ||us||1,1‘ + H>‘1||—1/2,F <cC ||f||oQ .
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2.2. Stiffened bending plate problem
In this case we use the scalings (2.5) and (2.6) in (2.3)—(2.4). Thus if we denote
H:= H} (Q)?x H} (Q) x HY (D) and  Q:= H Y2(I)?,

and set the constants equal to one again, then we arrive at the following rescaled problem, in which we omit
the tildes in A\;, ¢ = 2, 3,4, and g:
Find (8,w,w*,65,65) € H and (A2, A3, A\4) € Q such that

z Yy
1 des dys gy dey, 1 dw® dzs
_ _ . _ T xr _Jg_ "9 _ - HS - S
ag(ﬁ,n)thQ/Q(Vw B)- (V= n)+/pdx dx +/ngc dm+t2 r dx+ Y dx+c'0y
d a2 [+ [Mlmre) = [o2 Vmass) B (210)
r r r Q
/X2 (w—w?) + / X3 (B2 — 63) + / Xa (Br46) =0V (x2,x3,x4) € Q. (2.11)
r r r

This problem has a unique solution. In fact, this is a consequence of Theorem 1.1 and the equivalence of problem
(1.9)—(1.10) with (2.7)—(2.8) and (2.10)—(2.11) in the case r = 0. However, this theorem does not imply that
the solution is bounded independently of ¢ (cf. Remark 1.2). Our next goal is to prove that, for a non vanishing
g, the solution of problem (2.10)—(2.11) is bounded above and below far from zero, both uniformly with respect
to t. More precisely, we will prove that for g # 0, there exist strictly positive constants C; and Cs such that
the solution of this problem satisfies

C1 < IBlly o + Wl + 1wl p + 10201 0 + 165 ]], 1 < Co, (2.12)

for all ¢ € (0,1].
With this aim we consider the space

dm dne dz
— 102 Ly, 4 42 4z o
Wi {(no) € 1 (@) x 3 @): G2 G F e 2.

endowed with the norm

2 2 2 2 2 2
I, 2)llw = [l o + 12l o + Imlly e + 2l p + 12lie,  (0,2) € W.

Equation (2.11) is equivalent to.

w® = w, 05 = [y and 0, =—p1 onT, (2.13)

which in its turn implies that (8,w) € W. Using this and testing (2.10) with functions satisfying the same
constraints, we arrive at

1 851 6771 862 8’172 1 ow 0z -
(@) g [ (Tw g veom e [ GG [T (G ) (5 m) = Lo

V(nz)eW. (2.14)

Testing the above problem with (7, z) = (8, w) we obtain

v [t [(G) s [(5) va [ (G on) < e ew
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On the other hand, from (1.16) we have that

1
18120+ lullq < € { 5 1V - Bl 0 + 2 (6.8)}. (2.16)
whereas from (1.17) and (1.19) we have

1

2 2 2
lwlyr+ 1Bl r + 1Bl <C {752

ow

%_ﬁl

2 2 2

+ —-— | + - . 2.17
or /F < ox r \ Oz ( )
Therefore, adding (2.16) and (2.17) and using (2.15), we obtain

18]

2 2 2 2 2
Yot lwl o+l x + 181 5 + 11 < C /Q gu,

from which it follows that

18110 + llwlly o + lwlly o + 181l p + [[Bally p < Co, (2.18)

with Cs only depending on g and the domain €.
To prove the other estimate in (2.12), we observe that the solution (8,w) € W to problem (2.14) is the
minimum in W of the energy functional E; (1, z) defined by

B(n,2) = {a2<n,n>+;/ﬂ<w—n>2+/r(%@)2+/F(%’f)2+;/r(g;—m)z}—/ﬂgz. (219

Consider the following closed subspace of W':
0%z 0%z
o ) — ) — 2 ) 2
Wo:={(n,2z) e W:Vz=n}= {(Vz,z) 2 € Hy (Q) - 920y’ 027 eL (F)}

For (n, z) € Wy, the associated energy reads

E, (1, 2) ;:é{az (v;:,v,z)Jr/F (?;)2+/F (afgy)Q} —/ng. (2.20)

min F; < min E; < 0.
w Wo

In fact, the first inequality is clear, whereas for the second one we observe that the minimum of E; in W is
attained at (1,z) = (Vzo,20) € W with 7o satisfying

We note that

0%zp 0%z 0%z 0%z
——— — = . . 1
as (Vzo,Vz) + 022 on? + . 920y 020y /ng V(Vz,z) e Wy (2.21)

The bilinear form on the left hand side is bounded and elliptic in W, the latter because of (1.15). Hence, from
the Lax-Milgram Lemma, there exists a unique solution of (2.21) (Vzo, 2z0) € W and it satisfies ||(V 2o, 20) |y <
Cllgllg.q- Therefore, for g # 0, replacing (2.21) in (2.20), we have

min F;(n,2) < min  E(n,2) = 1 as (Vz, Vz )+/ U +/ P\ = —-Cp<0
(n,z)eEW A T (n,2)EW, AL o 2 2 o 0 r 0x2 r axay o 0 '
(2.22)
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Since minw E; (1, z) is attained in the solution (B3, w) of problem (2.14), we use this equation in (2.19) and
(2.22) to write

1 2 9B\ 95\ dw ?
ag(ﬁ,ﬁ)th—Q/Q(Vw—ﬁ) +/p<8:z> +/F(ax) +t2/(8x —51> > 2C). (2.23)

On the other hand, testing (2.14) with (n, z) = (8, w), we have
1 dw 2 9p1\? 982\
= (Vw B)° + /(agg—ﬂ1> —/ng—@(ﬁﬁ)—/r(az) _/p(@:c)
€ 1
< [z 5loliat g lulin  veso (224
Q €

Substituting (2.24) in (2.23), choosing an adequate value of € and using the boundedness of as (-, -), we arrive
at

+ 11l 0 + B2l p = Cr (2.25)
Therefore, recalling (2.13), we obtain the following result as a consequence of (2.18) and (2.25)

Proposition 2.1. Given a non vanishing g € L? (Q), let (8, w,w",05,65) € H be the solution of (2.10)—(2.11).

»Vaxo Yy

Then, there exists strictly positive constants Cy, Co independent of t € (0,1] such that

Cr < 1Bl + lwlly o + 1wl o + 16311 + [165]], - < Co

In what follows we present some regularity results associated to the stiffened bending plate problem. First,
we define the shear terms in the plate and the stiffener as follows:

7= 5 (Vw—B), (2.26)
= (d;i + 05> (2.27)

Proposition 2.2. The solution of (2.10)-(2.11) satisfies Bl € H? ()7, wlg, € H? Q)% i =1,2, and 65,
05, w* € H°/2 (). Moreover, ~|,, € H' ()%, i=1,2, and a € H32(T).

Proof. Testing (2.10) with ¢ € H{ (T') and setting to zero all the other test functions, we have

d2 05
dx?

=M€ H'2(D) (2.28)

and hence 65 € H3/2(T). In a similar way, testing (2.10) with 2° # 0 and ¢y # 0, we obtain that a € HY?(T)
and 0 € H 3/2(T), respectively. Consequently, (2.27) yields w® € H3/2 (TI"). Next we extend w® to the whole
domain € in such a way that the extension belongs to H? of each subdomain €2;. More precisely, let wo € HE ()
be such that wol, € H? (), i = 1,2, (see [16, Theorem 1.5.2.8]) and

wolp = w.

Analogously, let B, € H} (Q)*: Bolg, € H? (%), i = 1,2, and

/BOIF = ( €Z>9;) .
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Let 8 € H} ()% and @ € H} (Q) be defined by
B=08+ B and w =W + wy. (2.29)

Since Bl = Bolp and w|p. = wo|p, we have that Blo, € HE ()* and o, € H (), i = 1,2. Our next goal
is to show that (B|q,,®|q,) is the solution of a plate problem for which an additional regularity result holds.
With this aim, we take n € H} (QZ-)2 and z € H} (€;) and extend them by zero to 2. These extensions, that
we also denote i and z, clearly satisfy n € H} (Q) and z € H} (Q). If we take such 5 and z with vanishing z*,
@5 and ¢} in (2.10), we obtain that

B+ [ (o= (Viom= [ g Vo em @ xH@), (230

i

where

a (B.m) 1{ BV v divn+/ﬂ

T 12 Vg, 112

Therefore, using (2.29), we have that B

(®):cm}.

o, € H} () solve the following problem:

€
S+
q, € H} () and @

s (Bn) + 5 | (99 -B) (V2 m = —ak (B~ 5 | (Two—B0) (-m+ [ g

i

= [ F-n+ [ Gz V(2 eH} () xH Q).
Q Q

Notice that F € L? (Q)2 and G € L?(Q), because Bolg, € H? (QZ-)2 and wolg, € H? (£;). Hence, using the
regularity results of [2, Theorem 2.1], we have that (3,@) € H? (€;)* x H2 (), which using (2.29) yields the
regularity for 3.

The next step is to prove additional regularity for v and «. With this aim, we observe first that by using the
definition of « in (2.26) and the regularity of 8 and w we have that v, € ! (Qi)2, 1=1,2.

On the other hand, testing problem (2.30) with z € Hg (€2;) and m = 0, we obtain that

—divy=g in €.

Therefore, testing (2.10) with z € H} () and all the other variables set to zero, integrating by parts in each
subdomain €2; and using the equation above, we have that

/F[h'n]] z+/r>\22=0

where [-] denotes the jump across I'. Consequently, from the regularity of 4, we obtain Ay € H 1/2 (T"). Therefore,
testing (2.10) with 2* € H}(T') and all the other variables set to zero, we have that o’ = Ay and hence
o € H3/2(T). Moreover, testing (2.30) with n € H} (Q;)* and z = 0, we obtain

—div(e (B)) =~ in €,

1+v 1—v2
H} (Q)2 and all the other test functions set to zero, integrating by parts in each subdomain 2; and using the
above equation, we arrive at

where o (8) == & {Le (B) + +£5 div ﬂ} is the plane-strain stress tensor. Thus, testing (2.10) with n €

/[[0(5)n]]p-77+/(/\3n2+A4m) =0.
r r
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Consequently, since B, € H? (), i = 1,2, we obtain that A3, Ay € H'/2(T). Therefore, from (2.28) and the
analogous expression for ¢, we obtain that 65 and 6 are in H 5/2(T'). Finally from these regularity results,
(2.27) and the additional regularity of o, we obtain w® € H%/?(I') and conclude the proof. O
Remark 2.3. According to Proposition 2.2, the solution of problem (2.10)—(2.11) satisfies additional regularity.

However, we have not proved that the corresponding norms are bounded independently of ¢. Indeed, we have
used that Ao, A3 and A4 belong to H~1/2(I"), which is true but we do not have bounds of ||\, 1120 (A3l 2y 2

and [[A4]|_; o r independent of ¢ (cf. Remark 1.2). In spite of this, the numerical results in Section 5 seem to
suggest that such bounds should hold true.

3. THE DISCRETE PROBLEMS

We consider separately the discretization of the stiffened in-plane and bending problems. Let {7} be a
regular family of triangulations consistent with I', in the sense that, for all meshes, I' is a union of edges of
Trn. Let T, be the partition induced by 7j, in I'. We assume that the family {75} is such that {77{} is quasi
uniform.

3.1. Stiffened in-plane plate problem
We define:

Xy = {Zh € H& (Q) : Zh|T e PLVT € 775},
Popi={vn € Hy(T) s vp|, € P VL ET, }, k€N,
where P}, denotes the polynomials of degree at most k. Let X} := X} x Xj. The discrete analogue to problem
(2.7)—(2.8) reads:
Find (up,u}) € X, X Pij, and Aqp, € Ppp, such that

a1 (un, vn) + r dxr dx

+ / M (o1 — 1) = / Foon Y (vnel) € Xn x Pun, (3.1)
T Q
/ Xt (uth —up) =0 Vxin € Prp. (3.2)
T

Since X, C H} (Q)2 and Py, C H} (D), by virtue of (2.9) we only need to prove the following inf-sup condition
to be able to apply the classical Babuska-Brezzi theory:

v1p — U
sup fp Xh( 1h h)

0% (vn,v5 ) EX 1 X Piy, ||”h||1,§2 + ||UZ||1,F

> CllxallZ1 /21 Vxn € Prp.
To prove this, we will define a Fortin operator II. With this aim we define several auxiliary operators.
First let # : L? () — Pyj, be the L2-projection. Clearly we have that
17vllgr < Cllvlloy Yo e L*(T).
Moreover, it is a classical result (see [14, Lemma 1.131]) that
7ol p < Cllollyp Vo€ Ho (T), (3.3)

provided {Thr} is a quasi-uniform family of meshes. Consequently, using interpolation of Banach Spaces we
arrive at

|\ﬁv||1/2,r < C||UH1/2,F- (3.4)
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Next, let Isz : Hi () — X, be a Scott-Zhang interpolation operator (see [22]) such that if v € H{ (Q) and
v|p € Pip, then (Iszv)|p = vp.

On the other hand, let E : HO1
Notice that

62 (T') — H} () be a continuous right-inverse of the trace operator on T.

Isy, (E’Uh) = Vp, Yo, € Pip,. (35)
Now we are in the a position to define the Fortin operator

II(v,v°) := ((Isz (B (7 (v1]))) s Iszvz) , T0°) .

As a consequence of (3.3), (3.4) and the boundedness of the operators E and Igz, we have
118 (0, 0%) |y ey ey < € {0l + 1} V(w,0%) € HE (@) x H (T).

Moreover II satisfies the commuting diagram property. In fact, because of (3.5),
[ 0= B (B Gl =0 Y€ P
r

Therefore II satisfies the assumptions of the Fortin lemma [14]. Consequently the Babugka-Brezzi theory (see
for instance [6]) allows us to prove the next theorem.

Theorem 3.1. Problem (3.1)-(3.2) has a unique solution (up,u;, \n) € Xp X Pip X Py, and there exists a
positive constant C such that, if (u,u®) is the solution to problem (2.7)-(2.8), then

Ju — uh||1,Q + [Ju® - “2”1,1“ + A — )‘1h||71/2,1“

<Cq inf |[u—w + inf ||u® — o} + inf  ||A — .
<of it le-vila+ of =il + 0 b= vl yer

The error estimate above depends as usual on additional regularity of the solution to the continuous problem
(2.7)~(2.8). In what follows we derive a simpler form of this problem. By testing (2.7) with v* € H} (T') and
setting the other variables to zero we have

d2 s

and hence, u® € H%/? (T'). Moreover, from (2.8), u; = u® on T'. On the other hand, using different test functions
in (2.7) it can be shown that

fotwynle=| | (35)

where o (u) = 14%6 (u) + Miﬁ (divu)I is the plane-stress stress tensor. Therefore, u € H{ (Q)* is the

solution to the following problem:

—div(e (u)) = f € L? (%), i=1,2,
uy =u® € HY? (T)n H¥?(I),

5u2 -
|:|:8n:|:| =0 onI'.
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This can be seen as the coupling of two elliptic problems, one in each subdomain §2;, ¢ = 1,2, with a Dirichlet

boundary condition for the component u; and a transmission condition for us. It seems reasonable to expect

additional regularity for the solution to this problem. In such a case, A\; = ﬁ [[88121 88“;]] would be more

regular, too.

3.2. The stiffened bending plate problem

To discretize this problem we consider the DL3 element introduced in [12]. For each T € Tp, let py, po, us
be its barycentric coordinates. We denote by 7; a unit tangent vector to the edge p; = 0 and define

P1 = M2/3T1, P2 = H1M43T2, P3 = H1H2T3. (3-7)
Let
Y = {n € Hy ()% : mlp € PL& (p1,p2,p3) VYT € 771} ;

W= {ve HY (@) olp € Py VT Ti},
Pop, := {SDELz(F)”PUGPO Véeﬂf}v

Ty, = {nh € Hy (rot, Q) : mp|p € PE@® Py ( _;”2 ) VT € Th} ,
1
the latter being the rotated Raviart-Thomas space (see [21]). Let II be the rotated Raviart-Thomas interpolant

on this space (see [21] again). This operator is well defined in H! (€2)°. Moreover for n € H' (Q)* N Hy (rot, ),
IIn € T', and there holds

n—Mnllyq < Chinll,q- (3.8)
Let w: L2 (T') — Pon be the orthogonal projection onto Pyp. It is well known that
v =mvllgpr < Chlvfly ¢ Yve H' (D). (3.9)

Let 7 : L? (T') — Pay, be the orthogonal projection onto Pyy,.
Finally, let

Hh = Yh X Wh X Plh X Plh X Pgh and Qh = Plh X Plh X Pgh

The discrete problem is defined as follows:
Find (gh,wh,w;,eih,egh) € H), and (Aan, Ashs Aan) € Q), such that

1 965, 0o 90 Ovyn
L I ) _1I zh zh Y Y
as (Bh,my) + tQ/Q(th Br) - (Vzy ) + R T + . 0z on

1 aZS S 8ZS S S S
+ tiz . < axh —+ 7 yh) (8; + ngyh> + \/F )\Zh (Zh — Zh) +AA3}L (’r]gh — (pwh)

+ / Aan (M — &) = / 9zn Y (M 20, 2%, Gons Oyn) € Hs (3.10)
N Q

/ Xa2n (wp — w}) + / X3n (Ban — O3p) + / Xan (Bin +65,) =0 V (X2hs X3h» X4h) € Q. (3.11)
r r r
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The existence and uniqueness of the solution to (3.10)—(3.11) is obtained using the Babuska-Brezzi theory.

The ellipticity condition
1 5 1 023 2 lol 2 oe),
) — v _1I — h S xh / Yy
az (nh T’h) + t2/Q| Zh nh| + 2 /I‘ < ox +7T<pyh> +/1; or + r ox
2 2 2 2 2
> C{lml o+ ol o+ 1222+ lgiallE e+ il o

v (nhv Zh; Zsa (p;h, <)0;h) € Hha

2

is obtained from the ellipticity of the discrete unstiffened plate problem (see for instance [12]), the ellipticity of
the discrete beam problem (see for instance [1]) and Poincaré inequality in Hg (T).

On the other hand, it is simple to show that the discrete inf-sup condition holds true (with a positive constant
in principle depending of h) if and only if

sup / Xah (2n — 23) + Xan (N2n — ¥on) + Xan (mh + gazh) >0 Y (X2h, X3h, Xan) € Q-
07 (120,25, 9505, )EH R /T

The latter can be proved by taking x2n = zn|p — 23, Xan = Nenlp — @5, and Xan = Minlp + ¢, Thus we arrive
at the following lemma.

Lemma 3.2. Problem (3.10)-(3.11) has a unique solution.

4. ERROR ESTIMATE

Let us introduce the discrete shear terms approximating (2.26) and (2.27):

1

Tn = 2 (Vwy —118) , (4.1)
1 [0z S

o= o3 ( a; +7r9yh> . (4.2)

The first step to obtain error estimates is to write an error equation.
With this aim, we test the continuous problem (2.10)—(2.11) and the discrete problem (3.10)—(3.11) with

(nha Zhs Z}SN Spi,hy @Zh> S Hh to obtain

w28 Bnm)+ [ (=) (o —tm) + [ (@) (5 + )

695 395 agps aes 895 a s
_Y _ yh Ty T oh & B .
+/F<6$ 5’55) Oz +/r(3x 8x> o +/r()\2 Aon) (2 — 2°)

+Auwmwwrwwfﬁw—amm—@)

= /Q’Y' (n, —ny,) +/F05 (mpgs,h - %S,h) v (nhazhszv‘Pi:thZh) € Hp, (4.3)
[ xan (= wn = 0 = i) + [ xan (82 = Ban (65~ )
r r
+ / Xan (B1 = Bin + 05 = 05,) =0 ¥ (X2, X3h, Xan) € Q- (4.4)
r

The following lemma well be used to prove the error estimates.
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Lemma 4.1. Given B € Y, & € Wy, let 4 = t2 (vw - HB) €Ty, 05 = BQ‘F € Pun, 05 := = L€ P,

@ = il € Py and 6= 72 (42 + 763 ) € Po. Then,

0y — Oy

ns S
99: — Yzh

Hﬁ - BhHl,Q Tty —vnlloo +tla —anllor + ’LF *

‘1,1"

0 — 0,

0y = 0,

_|_
1,0

Pl + il }-
(4.5)

<o{]B-], 15— oa+ tla—alyr +

Proof. Let R : H~1/2 (I = Py, and R : H™1/? (I') — Py, be the projectors respectively defined for any
Ae H/2(T) by

/F (A — R)\) Xn =20 Yxn € Pip, and /r ()\ — R)\) xn=0 Vxn € Pop.

Using this in the error equation (4.3) we have

S
0z,

asg (B —,Bhﬂlh) +/ (¥ =) - (Vzr —1Iny,) +/ (& —an) < 9 +7T§0,vs;h>
Q r €T
. f 00y 003\ Ok / oy _ 06y, Doy
r \ Oz ox Ox r\ Oz Ox Ox
= —/ (R)\z - )\2h) (zn — 2p) — / (R/\B - )\Sh) (mn — sﬂzh)
r r
- / (RM - )\4h) (M2n + Pon) + a2 (B - ﬂﬂ?h)
r
: . 9z, s
+ | =) (Ve —Hny) + | (G—a) (5 * =79
Q r €
N / 005 dos )\ 9¢s, N / 005 doy\ dpy,
r\ Oz dx ox r\ oz dx ox

+/Qv-(nh—th)+/ra(wi}h—90§}h)'

Now, take 0, = B—B),, zn = b —wy, 2° = 0% —w}, ¢, = 05— 05, and @3, = 05 — 6%, and use that ¥ = |y,
é; =Bl , éz =— Bg’ and (4.4), to obtain
I ‘ Iy

/F (R)\Q — )\2h> (W —wp, — (W° —wy)) +/1“ (R/\g — )\Sh) (Bl — Bin — (é; B 9;h>)
+/1“ (R)\4 — >\4h) (BZ — Bon + é; — th) —0.
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Hence, using the ellipticity of ay (cf. (1.15)), the definition of 4 and &, (4.1), (4.2) and a little of algebra, we
obtain

2 2 2

[8=8u 215 =l 216 = cnliE e+ 85— 03]+ 62 -6z
o 2 9 |~ 2 211~ 2 s S 2 s S 2
<C<|B-pB 1Q+t 1Y =loo +t & —allgr + C2 ||65 — 0 1F+ 6s — 63 i

+ o0 H (B - ﬁh) -1 (B - ﬂh) HO)Q +lledlor H (éz - Zh) -7 (é; - Zh)

Ho,r '
where we have used (3.8) and (3.9) to obtain the last two terms. Thus we conclude the lemma. O

Next step consists in defining ,3 and W so that appropriate error estimates hold for the right hand side of
(4.5). With this aim we will use the Lagrange interpolant I, of different functions 1, B2, w, 6%, etc. This
interpolant is well defined because of the additional regularity proved in Proposition 2.2. Moreover, for each
edge ¢ of the triangulation, let t, be a unit tangent vector and b, the piecewise quadratic bubble associated to
¢, so that bet, is a tangential bubble as defined in (3.7).

To define ,[:1 we use the Lagrange interpolant of 3 enriched with quadratic tangential bubbles so that, for all

edges /£,
/eﬂ'tsz/eﬂiz. (4.6)
Namely A
B:=1I.(B)+ Z cebety, (4.7)
¢
with 6
Cyp ‘= m/g(,@ - IL,B) . tg. (48)

Based on results from [15], it was shown in [12] that
l8-8, . <criBlog, =12 (4.9)

On the other hand, we use the standard Lagrange interpolant of w to define w:
w = Ipw. (4.10)

Our next goal is to estimate || — ||y o. Notice that, in spite of the fact that v ¢ H' (Q)?, its rotated Raviart-

Thomas interpolant is well defined because 7|, € H' (€,)* and the tangential components of Vg, and v|q,
coincide on I' (see [21]). Moreover, an error estimate similar to (3.8) also holds in this case; namely,

Iy = Mllg0 < Ch (I¥lg, + 7, ) - (4.11)

On the other hand another well known property of the rotated Raviart-Thomas interpolant is that II (Vw) =
V (Iyw) := Vb (see [21] again). Therefore,

. 1 . 1
g = ﬁ(Vw—Hﬁ) = t—QH(Vw—,B) =1II~.
Next, for 6%, since 63 = 5 (cf. 2.13), we have that

0 = ba| = (ILB2)lp = Inb;
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and hence
0 — 63

< Chl|6; . 4.12
L S ORIy (412)

Analogously, for é; we have

05 = — Bl‘r =— (ILBy)lp — Z ce by
ey
Since 65 = —f1|p (cf. (2.13)), there holds

The first term on the right hand side above is bounded by means of the standard estimates for the Lagrange
interpolant. For the second one we write

0y — 0y

A e 2 DXL

1,
leTyr

1,7

2

210 112
Z ce by = Z lcel™ [1belly -

LeTT 1.r LeTT

Straightforward computations show that Hb[”? s < %. On the other hand, for the coefficients ¢, we use that

B -ty = p1 = —0; on (. Consequently, I3 -t, = —I.0;, and we have from (4.8)

36
e” < 7105 = 103, < C 16 15115, (413)

Altogether, we obtain
ez -8,

It remains to estimate the term ||& — ||, in (4.5). With this aim we will show that & = wa. First, it is
simple to show that

- Chl|o,p - (4.14)

dw® d
= — (ILw®). 4.1
m— = gy L) (4.15)
Hence, from (2.13), (4.10) and the definition of @® given in Lemma 4.1, we obtain
des _du®
de  dz’
Secondly we will show that R
w0, =m0 (4.16)

To prove this it is enough to show that [, 65 = |, eé
definition of éf/ in Lemma 4.1:

, forall £ € T}, which follows from (2.13), (4.6) and the

Joi=—[o=-[a= [0
¢ ¢ ¢ ¢
Therefore, (4.16) and (4.15) lead to

1 (dus 1 (dws
= lw ) T e T T

Consequently, from (3.9) we have

||OA‘_04H0,F < ChHa”l,F' (4.17)
Now, we are in a position to prove the following theorem.
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»YYax Yy
(8.10)-(3.11), respectively. Let vy, o, v, and oy, be as defined in (2.26), (2.27), (4.1) and (4.2), respectively.
Then

Theorem 4.2. Let (ﬁ,w,wS 03 95) and (,Bh,wmwz,@hﬁzh) be the solutions of problems (2.10)—(2.11) and

18 = Bullyo + 105 = Ol o + 105 = O5all, r + Elly = Yalloo + tlle = anllor

<Ch {Ilﬁ oy T 1Bllaq, + 1Vl 0, + VI, + 1Vlo0 + 10212 + (1051l -+ tlledly r + Hallo,r} - (418)

Proof. Let /3 and  be as defined in (4.7) and (4.6), respectively. Let 4, 65, é; and & as in Lemma 4.1. Adding
and subtracting these terms on the left hand side of (4.18), using triangular inequality, Lemma 4.1 and estimates
(4.9), (4.11), (4.12), (4.14) and (4.17), we conclude the proof. O

Corollary 4.3. Under the same assumptions as in Theorem 4.2, there holds

lw —wally o + lw® = will;

< Ch {H,B 2,04 + HﬂHZ,Qz +t ||7

ey T V0, + 1Vloq + 102 la0 + 16511, -+ tllall, r + HOé||o,r} - (4.19)
Proof. From (2.26) and (4.1) we have

Vw = Vuwy, =t* (v = ;) + 8 —T18,,.
Hence,

w—wp|; o < |y - Yulloo T 118 =By o + T8 = Bu)lloo
< v = ulloo +1B8—TBloq +ClIB = Buliq

the latter because of (3.8). Analogously, from (2.27) and (4.2) we have

dw®  dw; s 5
—— = dxh =1* (a0 — ap) + 6 — 763,
and hence
w® — wlszh,r <t o — ah”o,l‘ + ||9; - 7Tazs;Ho,F + HW (02 - ;h) Ho,r
<t?la - anllor + 165 — 7“915;“0,1“ +1]65 — ZhHO,F'
Therefore, the corollary follows from these estimates, (3.8), (3.9) and Theorem 4.2. O

5. NUMERICAL EXPERIMENTS

In this section we report some numerical results obtained with a code which implements the method proposed
above. The aim of the numerical experimentation is to assess the performance of the method. The error
estimate from Theorem 4.2 involves higher order norms of quantities which are known to be bounded (cf.
Proposition 2.2). These bound are independent of the thickness ¢ for uncoupled plates [2] and rods [3]. However
analogous thickness-independent bounds have not been proved for a stiffened plate. Therefore, one of the goals
of the reported numerical experimentation is to test whether the method is actually locking-free. To solve
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FIGURE 4. Square plate. Finite element mesh (N = 4).

problem (3.10)—(3.11), first we eliminate the Lagrange multipliers and impose the constraints by writing the
variables corresponding to the stiffener in terms of those of the plate. In fact, (3.11) implies that

wi = Wh, G;h = Ban, ezh = —f1in on I'.

Thus, problem (3.10)—(3.11) turns out to be equivalent to the following one, in which we included again the
physical constants that have been set to 1 for the analysis:

Yoor Ox

s s 4 (02 0z < +0B2n ON
+/F/<; wA (Oxh wﬂ1h> ((9; 7r771h> +/Fu J G;h 8:2vh = t/ﬂgzh, YV (zn,myp,) € Wi x Y. (5.1)

Let us remark that the stiffness matrix of the problem can be easily obtained by static condensation from
the separate corresponding stiffness matrices of the plate and the rod. In all tests, we considered a square plate
of side length 60 cm. The stiffener crosses the plate joining the mid-points of two opposite edges.

We use uniform meshes obtained by refining the coarse one shown in Figure 4. The parameter N represents
the number of elements on each side of the plate. We took x = k° = 1 as correction factors in the plate and the
stiffener, respectively, for all the tests.

0B 0
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5.1. Test 1: A free vibration problem for a clamped stiffened plate

Since no analytical solution for the load problem of the stiffened plate is available to compare with, we used
a vibration problem solved in [17] by means of MITC9 elements.

For the vibration problem, we have to consider the mass terms of the plate and the stiffener instead of the
load terms. Thus, the vibration problem consists in finding wy, > 0 and (wp, B;,) € W, X Y, such that

Yedr  ox
[0z Oz, / . - 0Ba2n Onap,
S EA o o S
—’_/pl€ s (833 Wﬁlh) (63: Wmh) + F,u 4 Oxr Oz
43
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where wy, is the unknown vibration frequency and p and p° are the densities of the plate and the stiffener,
respectively. We applied the method to a square clamped stiffened plate with the same physical and geometrical
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parameters as in [17]:

t=1mm,

E = E® = 68.85 x 10° Pa,
v =1°%=0.34,

p=p° = 2780 kg/m3,

A = 67 mm?,

I, = 2290 mm?,

J = 22.33 mm?.

Table 1 shows the six lowest vibration frequencies computed with the method on four successively refined
meshes. The table includes extrapolated frequencies and the order of convergence in powers of h estimated by
means of a least squares fitting. It also includes the frequencies computed in [17] with MITC9 elements.

TABLE 1. Test 1: Lowest vibration frequencies of a square clamped stiffened plate.

Mode N =16 N =32 N =48 N =64 order extrapolated [17]

w1 50.919  50.527  50.452  50.426 1.97 50.392 50.36
w2 64.266 63.810 63.719  63.687 1.89 63.641 63.65
w3 76.221  75.298  75.124  75.063 1.97 74.982 74.95
w4 86.656  85.694  85.510 85.445 1.95 85.358 85.36

ws 116.762 114.468 114.022 113.865 1.93 113.650 113.63
we 123.714 121.363 120.895 120.729 1.89 120.493 120.52

We observe a very good agreement between the values computed with both methods. On the other hand,
a quadratic order of convergence can be clearly appreciated. Since typically the order of convergence of the
eigenvalues doubles that of the load problem, this corresponds to O(h) for the latter, which is the optimal one
for the elements we have used.

5.2. Test 2: Robustness with respect to the stiffener properties

The aim of this test is to assess the robustness of the method with respect to the physical parameters of the
stiffener.

We considered two asymptotics with respect to the thickness ¢. In the first one, the stiffener rigidity increases
as t becomes smaller. As discussed above, the proper scaling for attaining a limit as ¢ goes to zero is to take E®
proportional to 1/t (cf. (1.12)). Instead we used E® := E/t? for this experiment, so that, in the limit as ¢ goes
to zero, this problem corresponds to that of a clamped plate also clamped along its mid-line I'.

The material and the stiffener cross-sectional properties were taken as follows:

A =12

I, =t*/12,
J=1t*/6,

E = 68.85 x 10° Pa,
v=1°=0.34.

The load was taken as constant on the whole plate:
g =10% N/m* 2.

We took various decreasing values of the thickness ranging from 10 to 0.01 mm. We compared the transverse
displacement wy, and the rotation 3;, computed with the present method with those corresponding to the plate
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clamped along I", which were computed by DL3 elements [12]. We denote the latter by w§, and 3j,. We measure
the deviation between both models by means of the relative differences

1Br = Bilio
C and —_—
|wh‘1,Q 185,

lwn — wICz‘LQ

1,0

computed on the mesh corresponding to N = 64. It can be clearly seen that the relative differences decreases
linearly with the thickness t. Moreover, this experiment shows that the stiffened plate behaves as expected in
this limit case.

TABLE 2. Test 2: Comparison of stiffened plates with an almost rigid and a perfectly rigid stiffener.

Thickness (m) |w;ﬁ‘wi|179 2 iﬂ%‘l'”
il g AN
1072 2.6914 x 1072 1.6122 x 1072
1073 2.8980 x 1072  1.6167 x 1072
1074 2.9001 x 107* 1.6178 x 10~*
107° 2.9351 x 107°  1.6279 x 107°

As a second experiment we took E® = E and the same values as above for A, I, J, E and v. In this case,
as t becomes smaller, the effect of the stiffener tends to disappear. In fact, A = ¢2 corresponds to a rod section
with width and height proportional to ¢. In the limit as t goes to zero this problem correspond to that of an
unstiffened plate. Once more we took values of ¢ ranging from 10 to 0.0lmm and we compared the transverse
displacements and the rotations computed with the present method with those of the unstiffened plate computed
by DL3 elements. We denote the latter by w,fl and ,82. We report in Table 3 the relative differences between
both models computed again on the mesh corresponding to N = 64.

TABLE 3. Test 2: Comparison of a stiffened plate with a very soft stiffener and a plate without a stiffener.

i T
Thickness (m) |wh7§.wh|1’” |ﬁh:ﬂh‘1'“
[whli o 185, o
1072 1.4452 x 10~2  1.5399 x 10~ 2
1073 1.4624 x 1072 1.5650 x 1073
1074 1.4643 x 10™*  1.5687 x 107*
107° 1.5688 x 107°  1.6183 x 107°

Once more, it can be clearly observed a linear dependence with respect to ¢. Once more, the behavior of this
softly stiffened plates agrees with what is expected.

On the other hand, Tables 2 and 3 show that the method is thoroughly robust with respect to the physical
parameters of the stiffener. Moreover, in both cases the results do not deteriorate as t becomes smaller, which
suggests that the method is locking-free.

5.3. Test 3: Testing the locking-free character of the method

The main goal of this test is to confirm experimentally that the method is locking-free. In this case we took
the scaling E® := E/t, which allows us to achieve a well posed limit problem. We computed a very accurate
approximation of the solution with the mesh corresponding to N = 64 and we took it as an ‘exact’ solution.
We denote by w® the corresponding transverse displacement. We estimated the error of the numerical solutions
computed on coarse meshes (N = 8,12,16) by means of [w® — wp|; q.

We report in Table 4 the values of [w® — wy|, (, for different meshes and decreasing values of the thickness.
We also include the orders of convergence estimated by means of a least squares fitting and, in the last row, the
extrapolated limit values corresponding to ¢ = 0.
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TABLE 4. Test 3: Testing the locking-free character of the method. Computed error
|w — wpl; g X 108 for different plate thickness and meshes.

Thickness (m) N =8 N =12 N =16 N =20 order
1077 0.48539537 0.32111497 0.26220361 0.17661659 1.05
1073 0.48461630 0.32097671 0.26194608 0.17665166 1.05
1074 0.48460920 0.32097551 0.26194343 0.17665175  1.05
107° 0.48460877 0.32097521 0.26194321 0.17665155 1.05

t =0 (extr.) 0.48460875 0.32097512 0.26194319 0.17665121  1.05

FIGURE 5. Test 4: Transverse displacement field computed with the proposed method (N = 16)

We observe that the method is perfectly locking-free and that an order of convergence close to one is attained
even for extremely small values of the thickness. Thus, this experiment provides a solid numerical evidence of
the locking-free character of the method.

Figure 5 shows the transverse displacement field of the stiffened plate reported in Table 4 for ¢ = 0.001 m
and N = 16. In this case the relation E%/E = 10%. The effect of the stiffener can be clearly appreciated.

6. CONCLUSIONS

We analyzed the load problem of the clamped stiffened plate modeled by Reissner-Mindlin equations. We
restricted our analysis to the case of concentrically stiffened plates, in which the mid-line of the stiffener lies on
the mid-surface of the plate. In such a case, the problem decouples into two well posed problems: a stiffened
in-plate plate problem and a stiffened bending plate problem.

We propose a finite element method based on a standard linear triangular elements for the in-plane problem
and DL3 elements for the bending problem. The analysis of the former is straightforward, since it turns out a
standard elliptic problem not depending on the plate thickness.

The analysis of the bending problem is more involved. We proved optimal order error estimates for all the
quantities in terms of higher order norms of these quantities. We proved that these higher order norms are
bounded with bounds in principle depending on the plate thickness.

Because of this, the main goal of the numerical experimentation was to assess the locking-free character of
the method. The numerical tests also confirmed the optimal order of convergence and showed the robustness
of the method with respect to the physical parameters of the stiffener.
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