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Abstract

A finite element method which combines the Kirchhoff and Mindlin-Reissner plate models is in-
troduced. For this purpose a recently developed family of closely related continuous-discontinuous
finite element methods is used: the transverse displacements are approximated by continuous
polynomials of degree d > 2, whereas the rotation vector is approximated by discontinuous poly-
nomials of degree d — 1. The matrix formulation of the discrete problem is stated. An algorithm
is exemplified by simple examples in which the underlying model has been adapted locally in a
heuristic manner.
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1 INTRODUCTION

The idea of adapting the underlying physical model for a discrete problem is compelling: the least
computationally demanding model in an hierarchy, providing sufficient accuracy, should ideally be
used. In the context of plate theory, when considering bending problems for thin to moderately thick
structures, the hierarchy would include the Kirchhoff and Mindlin-Reissner (MR) plate models. The
former is given by a linear fourth-order partial differential equation (PDE), whose weak formulation
typically requires continuous first-order derivatives. However, the conforming approximation can be
cumbersome to construct, e.g., a well-known C! element, the Argyris triangle, carries 21 degrees of
freedom for a quintic approximation. In this paper the focus is different: a continuous-discontinuous
Galerkin (c/dG) finite element method (FEM) is used. It was first proposed by Engel et. al. [1], and
further developed for the Kirchhoff plate theory by Hansbo and Larson [5, 4]. The ¢/dG FEM is based
on a continuous polynomial approximation of degree d for the transverse displacement, but rather
than being a property of the approximating space, the continuity in the normal derivatives is enforced
weakly by means of Nitsche’s method [6]. The MR plate theory, which is an enhanced model by ac-
counting for first-order shear effects, in fact seems simpler from an implementation point-of-view: it
consists of a system of two second-order PDEs, and thus only requires a C° approximation. Neverthe-
less, for a FEM to work asymptotically, as the thickness of the plate tends to zero, the approximating
spaces for the transverse displacement and the rotation vector need to match. Should their difference
not vanish, the numerical solution is degraded by shear locking, caused by an increasing shear energy.
Hansbo and Larson [2] proposed a ¢/dG FEM which avoids shear locking, where the rotation vector
is approximated explicitly by discontinuous polynomials of degree d — 1: in the limit the MR model



simply transposes into the original Kirchhoff model. Consequently, there is the means to construct a
low-order ¢/dG FEM for combing the Kirchhoff and MR plate models; by doing so this paper extends
previous work with applications to model adaptivity in mind. The method is advocated as straightfor-
ward to implement by the formulation the discrete matrix problem. Lastly, the suggested ¢/dG FEM is
exemplified by simple problems, where the local model is refined by substituting Kirchhoff elements
for MR elements.

2 THE CONTINUOUS PROBLEMS

The continuous problems for the Kirchhoff and MR plate models—the strong and the corresponding
variational formulations—are introduced under the following assumptions: the domain {2 is a con-
vex polygon, clamped at its boundary 052, such that u|po= 0 and n - Vu|so= 0; the constitutive
parameters and the plate thickness are constants.

The standard plate theory, established by Kirchhoff, is described mathematically by the fourth-
order PDE

0? a'” (Vu) . 9
= QcR 1

which expresses equilibrium between internal and external forces. w is understood to be the transverse
displacement, whereas o represents the moment tensor,

o(Vu) := AV - Vul + 2ue(Vu),

given the constitutive relation corresponding to a linearly elastic material. Here 1 is the identity tensor,
and € is the curvature tensor, whose components are

. 1 0%u n 0%u fori i—1.2
ij = 3 ) L,)]=1,4
K 2 81‘26.%] 69036:61 J

The constitutive parameters are defined by

Ev E
>\ = 1571 o b= 7>
12(1 — v)? 241 +v)
where F and v are Young’s modulus and Poisson’s ratio, respectively. From (1) t3 f is recognized as
the surface load, acting on a plate with thickness ¢.
For thicker plates, however, the accuracy of the Kirchhoff solution tends to decay. The model is
then commonly replaced by the MR plate theory,

—V-0(0) — kt 2(Vu —80) = 0, @
—kt 2V - (Vu — 0) = f,
where 6 denotes the rotation of the median surface of the plate, the material parameter x = Ek/(2(1+
v)), and k = 5/6 is a shear correction factor.
The virtual work equation related to (2) can be derived by minimizing the sum of the bending
energy, the potential of the surface load, and the shear energy:

(u,0) = min(v,9) = 3a(9,9) + 3b(v,9; v,9) = (f,v)o. 3)
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Here v and 9 belong to admissible function spaces, and (-, -), represents the Lo inner product over
the indicated domain. The bending energy is defined in terms of the tensor contraction

a(6,9) := / o(0) :e(V)dx, 4)
Q
and the shear energy using
b(u,8; v,9) ;= Kkt 2(Vu — 0, Vv — 9)q. (5)
By omitting b(-, -; -, -) and substituting ¥ = Vv in (3), the corresponding minimization problem for

the Kirchhoff plate theory is obtained. Notice that when the displacement gradient equals the rotation
vector, higher regularity is required of the solution, owing to the second-order derivatives present in
the bilinear form (4). Solving (3) yields the equivalent variational formulations: find ugx € V() and
(uprr,0) € H(Q) x [HE(€2)])? such that
a(Vug,Vv) = (f,v)q, forallve V(Q),
a(6,9) + b(unr, 0;v,9) = (f,v)q, forall (v,9) € H}(Q) x [Hj(Q))?,

where the function space V = {v € HZ(2) : n - Vv = 0 on 90}

3 THE DISCRETE PROBLEMS

3.1 The mesh

Consider the partition T;, = {T'} of  into a geometrically conforming, quasi-uniform finite element
triangulation. Let A7 denote the local mesh size

hr =diam(T) = max |ly; —y2|, forallT € Ty,
Y1,Y2€T

and have

h = max hp
TeTy

to be the global mesh size parameter. Moreover, define a set € = {E'} to represent the edges in the
mesh, which can be divided into two disjoint subsets, € = €; U &g, where € = &\ 002 and € are
the sets of interior and boundary edges, respectively. Each edge is associated with a fixed unit normal
n, such that on the boundary, n is the exterior unit normal.

3.2 Function spaces

The function space
Vi, == {v € Hy(Q) : v|re Py(T) forall T € Ty}

of continuous, piecewise polynomials of degree d, that vanish on the boundary, is used to approximate
the transverse displacement. Likewise, for the rotation vector,

O :={V € [Ly(Q)]* : I|r€ [Py_1(T))* forall T € T}

is the function space of discontinuous polynomials of degree d — 1. The choice of approximating
spaces, as mentioned by Hansbo et. al. [3, Section 3], makes them compatible in the sense that

Vv C @y, forallv € V.



This property is important, since in the limit as ¢ — 0, it allows for functions in ®;, to belong to
VV;. Hence there exists non-trivial approximations, such that the difference Vu — @ in the shear
energy functional (5) vanishes, and consequently shear locking is alleviated. Another idea would be
to replace the rotation vector in (5) by a suitable projection. This approach was introduced by Bathe
et. al. [8]; the associated MITC element family has been further described in the literature [9, Section
54].

3.3 Jumps and averages

Two quantities on € are introduced: the jump [-] and the average (-). To this end, let 7} and 75 be
two neighboring elements, sharing the interior edge E. For a scalar function v € V}, define

[v] :=v" —vT, forE € &, [v] :=v", forFE € €p,
- 4t
(v) == %, for £ € €y, (v) :=v", forE € €p,
where
v™ = lim v(x —en), vT = lim v(x +en), forx € E.
ot e—0t

The definitions for a vector-valued function 1 € ®;, are analogous.

3.4 The finite element method
The ¢/dG FEMs can now be formulated as follows: find u’}< € Vj and (uﬁ/[, Oh) € Vj, x Oy, such that

an(Vul, Vo) = (f,v)q, forallv e Vj, (6)
an(0",9) + b(ul,, 0™ v, 9) = (f,v)q, forall (v,9) €V} x Oy, (7)

where the discrete bilinear form—which stems from using Nitsche’s method (see e.g. [5])—is defined
by

-y / 6"): e(®)dz — 3 ((n - o(6"), [9])

= Bee )
S Um0 @), [0")e + u+20)7 Y (h5' 16", [9]) e
Eece Ece

The last term in (8) penalizes jumps in the rotation vector, or the displacement gradient, across element
edges. Its stabilization parameter v must be chosen large enough to enforce coercivity on ay(-, -); the
penalty term in this sense controls the other edge integrals, the first of whom makes the formulation
consistent, whereas the addition of the second brings symmetry'. (They will be referred to collectively
as the symmetry terms.) Precise values of ~, for an arbitrary polynomial approximation d > 2, have
been calculated by Hansbo and Larson [4, Section 2.3] for the Kirchhoff plate model. Further analysis
[3, Section 4] shows that the results are valid also for the MR plate model (the presence of the shear
energy functional (5) in (7) rather stabilizes the numerical problem by being an inner product.) Lastly,
hg is given by

2[E]
|T|/|E|, forE € €p,

{T1|+T2| for E € €&,

'Tf applying a direct method to the discrete linear system, the stiffness matrix can now be subjected to Cholesky factor-
ization.



where |-| denotes the area of T" or the length of E.

4 IMPLEMENTATION

To define the method when combing both plate models, i.e., how to combine (6) and (7), the resulting
matrix problem Sw = f is considered. For simplicity the lowest-order scheme is applied with d = 2,
and the basis consists of standard Lagrange finite element shape functions. Hence all elements T’ € T,
carries six degrees of freedom associated with the transverse displacements, and should 7" be an MR
element, another six related to the rotation vector. The local element and edge matrices, which are
assembled into the global stiffness matrix S, are constructed. Note then that the suggested c/dG FEM
employs the same trial and test spaces. Finally a simple refinement criterion is introduced to exemplify
the use of the method in a model adaptive context.

4.1 Kirchhoff plate model
4.1.1 Domain integral

Consider the domain integral of the bilinear form (8). The integrand can be rewritten using the Voigt
form in the symmetric tensor contraction,

/U(Vu’}() ce(Vov)dx = / el(Vul)De(Vv) da, )
T T
where .

aQuK 82<,01 82506

hy = a2u?{ — 62901 824,06 . >
€V(VUK) - amg - (993% e (933% : = BTuT-
OPuli 9%y 9206 ug
0x10x2 Ox10x2 " 0x10x2

Here {¢;} € V}, are the local shape functions on element 7', whereas uy represents its nodal transverse
displacements, and the constitutive matrix is defined by

A+2u A 0

D = A A4+2n 0
0 0 I
Next substitute Vv = Vy; in (9) fori = 1, ..., 6, on which the integrand becomes constant, and the

element contribution to the stiffness matrix reduces to

Sy = |T|BEDBy, forallT € %, (10)

4.1.2 Symmetry terms

Firstly, at an interior edge common to the neighbors 77 and 75, consider

n- U(Vu}}() = Mot 201 = i 0 2 DBTUT == NDBTUT,
n1021 + N2022 0 no m

where n = [n1, ng]" is the exterior unit normal to 7} on E. Let By, and ur, be defined on the i:th
element. Now the average is

<n . U(VU}IL()> = %_Z\Z'D(Be’]“lll’]“1 + BT2UT2) = %NDB[Otutot, (11)



with By = [Brp,, Br,] and uy = [u7,, up,]". Ataboundary edge the average (11) simplifies to
(n - o(Vul)) = NDBrug. The introduction of the gradient matrix

% 96

BE

Gr =04 dgs |
Oxo Oxo

allows writing Vu’}( = Grur. Consequently, at an interior edge, the related jump is
[[VU}IL(]] = GTl up — GT2 ur, = Gtotut0t7 (12)

where Gaitt = [G1,, —Gr,]. Similarly, at a boundary edge, (12) reduces to [[Vuf;{]] = Grur. Hence
the integrands of the symmetry terms in (8) follow as

%GgiffN D Biguor, for £ € €&,

(n-o(Vug)) - [Vv] {G;[;NDBTuTv for £ € €p,

when testing against the local shape functions: either the union of {¢;} on 77 and {¢;} on T5 for
E € &,or{p;} onT for E € €. In the sequel a shorter notation is adopted,

(n-o(Vulk)) - [Vv] = a, 2,u,,

in this case by letting 3, = GIN DB,. When a quantity is indexed accordingly (%) it can be
evaluated at any edge F € €&; thus

aIZtEtutot, for F € &,
aBE%uT, for £ € €p,

(n-o (Vo)) - [Vudl] = {

with oy = 1/2 and ap = 1. Thereby the edge contributions to the stiffness matrix, Siym and ng,

can be written
Goym :/ o (5.+ 30 ds, forall e, (13)
E

for short.
4.1.3 Penalty term
From (12) it is clear that

G 5 Glitr ot for £ € &y,
GFIF’GTuTa for F € €p,

[Vui] - [Vo] = {

when testing against the local shape functions, and the edge contributions to the stiffness matrix, S‘}
and S%,, are readily identified by

SP = (21 + 2)\)y /E hy GiG.ds, forall E € €. (14)



4.2 Mindlin-Reissner plate model

4.2.1 Domain integrals

The integrand emanating from ay, (-, -) has the same form as (9), with the displacement gradient being
replaced by the discrete rotation vector 8" = [6%, §¥]T (here x = x1 and y = x» are used as indices

to distinguish coordinate axes from local node numbers). Hence consider

o0° 90, 90, 993
or or 0 ox1 0 ox1 0
hy _ [olkd — [eiis} [elii) 03 z g¥ gz gy
ey(0") = s =10 o 0 O 0 R [91 67 05 05 0
00% | 06Y 991 9% 0¥ 0¥y O¥3 OU3
Oxo ox1 Oxro Oz Ors Oz Oxre  Ox
= Bror,

where {1J;} are the linear Lagrange finite element shape functions?. 7 represents the nodal rotation

components on element 7'. Consequently,

/a’(@h):e(ﬂ) da;:/f-:I(oh)De(ﬁ)dm: |T|BYDBrér,
T T

following substitution of 19 for the local shape functions, i.e., each column vector in

R_191079201930
10 9 0 Wy 0 95

Furthermore, from the shear energy functional (5),

(Vu’j/[ — Hh, Vo —9)q = (Vu, Vu}j/[)g — (9, Vu%)g — (Vo, Oh)g + (9, Oh)g,

and by introducing the matrices
V=[G —-R], wr=[ur 0r],
the expansion (16), by substituting the test functions appropriately, can be rewritten as
(G'G - R'"G)ur + (R"R - G"R)fr = V'V uwr.
Hence it is that

Kt~ 2(Vul, — 0", Vo —9)q = kt 2 / VIV dx wr,
T

and the element contribution to the stiffness matrix becomes

Sr=S%+8% = |T'B"DB + mz—Q/ V'V, forallT € Ty,
T

where SbT, as opposed to the constant Sa., is computed using numerical quadrature.

15)

(16)

amn

2A simple alternative would be to use the set of monomials for local shape functions, so long as no direct physical

interpretation is of convenience, say for purposes of visualization and/or interpolation.



4.2.2 Symmetry terms

In the same manner as for the Kirchhoff plate model the averages are derived to be

%NDBM@M, for £ S QE[,

~ (18)
NDB0r, for E € €p,

(n-o(") = {

where By; = [Br,, Br,] and i,y = [0F,, 07,]". The corresponding jumps in the rotation compo-
nents are

RietOror, for £ € &,
[[Hh]]:{ diffUtot orrv €€y (19)

Rror, for F € €¢p,
for Rcliff =[Rp, — BT2] with Ry, defined as in (15) on element 7;. Now if combing (18) and (19),
with X, = RI N DB, it follows that
(n-o(8") 9] = 3,0, (n-o(9))-[6"] = o370,

when testing against the local shape functions. The edge contributions to the stiffness matrix, giym
and ng, become

gom _ / as (2} n 23) ds, forall E € €. (20)
FE

4.2.3 Penalty term

Using (19) the product between the jumps

Rt Raitiror, for E € €7,

0" - [9] =
[[ ]] [[]] {R;«RTQT, for £ € €p,

when testing against the local basis functions, and so the edge contributions to the stiffness matrix, Sf}
and S%, are

SP = (2u + 2)\)'y/ hz'RiR,ds, forall E € €. @1
E

4.3 Combined plate models

Note that the plate models are combined only on interior edges—the domain and boundary integrals of
the bilinear form are evaluated using either the Kirchhoff or the MR plate model. Let 8" and 1 denote
the discrete solution vector and the combined basis functions (even though half of the associated
degrees of freedom relate to displacements).

4.3.1 Symmetry terms
It is important to keep in mind which plate model is used locally: the average will be

%NDBlwl, if Ty is a Kirchhoff element,

2 o 22)
5INDBaws, if 71 is a MR element,

(n-o(6") = {



where By = [Bry, Bp], B = [Bry, By, wi = [ul, 0517, and wy = [0}, ul,]". The jump is
given by

(23)

[6"] = Jiwy,  if Ty is a Kirchhoff element,
Jows, if T7 is a MR element,

for J1 = [Gr,, —Rp,) and J2 = [Rp,, —Gr1,]. Let X, = %JINDB* and combine (22) and (23)
to get

(n-o(0") [0] = Zww., (n-a(9))-[6"] = T,
when testing against the (combined) local basis functions. Thus the interior edge contributions to the
stiffness matrix, ST and S5™, will be

Ssym — / (2, +X) ds, forall E € €. (24)
E
4.3.2 Penalty term
Following (19) it is that
[[Gh]] 9] = lelel, %f T %s a Kirchhoff element,
Jy Jawa, if T is a MR element,

when testing against the (combined) local basis functions, and the edge contributions to the stiffness
matrix, Sfl’ and Sg, are

SP = (2u+ 2/\)7/ hEIJEJ* ds, forall E € €. (25)
E

4.4 Load vector

The right-hand side load of the matrix problem is obtained as

f=> (f,v)r,

T

and the element contribution is

fr = (f,v)r =T wif(z)p(x;), forallT € Ty, (26)

where {w;} and {x;} are the corresponding sets of quadrature weights and abscissas, respectively,
and ¢ = [p1, ..., pg]T is the local basis function vector.

4.5 Model refinement

Now assume that an initial solution u}}{ has been computed. To improve its accuracy MR elements are
introduced locally where the transversal force at the edges,

T, = (V-o(uf)) - n+ 0 My, 27)
where 0, denotes the tangential derivative operator and M,,; = t- (a(u}}() n) is the twisting moment,

is large in magnitude. However, in this case M, is edgewise constant (when using the lowest-order



scheme with d = 2), and in order to approximate its tangential derivative patches of elements must be
considered. Thus, for simplicity, take

ng = ||[o(w) - n]|/h, foral E € €&, (28)

to substitute (27) as the edge refinement indicator. The normal derivative is approximated by the jump
in the bending moment divided by either: 1) the centroid-to-centroid distance between the neighbors
Ty and T5 when E € €r; or 2) the centroid-to-boundary distance on 7" should E € €p.

A fixed-ratio 0 < r < 1 of the Kirchhoff elements carrying the largest refinement indicators 77
will be replaced by MR elements. 77 is obtained by the weighted sum

3
nr =Y ainp withng; asin (28) for E C 9T, (29)
=1

where a; = 1/2 if E € € (the edge refinement indicator is split equally between neighbors) and
a; = 1 otherwise. The accuracy of the improved displacement approximation u(}} is compared to that
of u’[‘( in terms of the global L2 norm of the relative error,

e= (u—uf,u—ulj)

o/ u)g?,
with u as the exact solution of (2).

It is stressed that (28) is nothing but a heuristic measure; an actual error indicator should be based
on duality techniques, in which both discretization and modeling errors are estimated, with respect to
a user-specified goal quantity (a functional of the numerical solution). (28) provides no error control,
and its sole purpose is to hint where the numerical solution may benefit from local model refinement.

4.6 Adaptive algorithm

A way to organize the computations is presented in Algorithm 1. The implementation may be aided
by the following practical advices:

* Let the solution vector store degrees of freedom associated with transverse displacements first,
and then for each introduced MR element, add its rotational degrees of freedom in consecutive
order (no renumbering of the degrees of freedom is required).

* The computational cost for solving the additional matrix problem, when combing plate models,
can be reduced by using a sparse storage format during the assembly processes. If relying
on a COO format, i.e., storing non-zero elements S;; in a list of (row, column, value)
tuples, only entries associated with refined elements and edges need to be reassembled. For
h-adaptivity this is possible albeit less straightforward. Note also that the load vector f need not
be recomputed; it can simply be padded with as many zeros as the number of added rotational
degrees of freedom. The largest cost, however, ought to come from solving the larger linear
system and not from its construction.

S NUMERICAL EXAMPLES

Consider an isotropic and homogeneous material, represented by the unit square 2 = [0, 1] x [0, 1].
The plate is clamped at the boundary 092 = {(z1,22) : 1 =0, 1 = 1, x9 =0, zo = 1}, and is

10



Algorithm 1: Model adaptive scheme

Data: triangulation {7} = T}, and associated edges {E'} = &
Result: FE solutions u/; and w = (ulk, 6)

Kirchhoff plate model

forall T € ¥}, do

assemble element stiffness matrix S7 according to (10)
assemble element load vector f7 using (26)

end
forall &' € ¢ do
assemble symmetry edge matrices Siym and ngvia (13)

assemble penalty edge matrices S" and S, according to (14)
end
construct sparse stiffness matrix S g

solve linear system u’}< = S;{l fx (use that Sk is symmetric positive definite)

Model refinement

forall £ € ¢ do
| compute edge refinement indicators ng using (28)

end
select Kirchhoff elements to be substituted for MR elements based on (29)
introduce new rotational degrees of freedom on selected elements

Combined plate models
forall MR elements T" € ¢}, do
\ assemble element stiffness matrices Sy according to (17)

end

forall £’ € &; where neighbors 77 and 75 are MR elements do
assemble symmetry edge matrices S;ym via (20)
assemble penalty edge matrix SI} according to (21)

end

forall £ € &; where either 17 or 15 is a MR element do

assemble symmetry edge matrices Siym by (24)

assemble penalty edge matrix SI} using (25)

end

forall £ € ¢ where T is a MR element do

assemble symmetry edge matrices Ssgm via (20)

assemble penalty edge matrix Q% according to (21)

end
construct sparse stiffness matrix S¢ (reuse previous assembly data) and pad fo with zeros
solve linear system w = Salfc (use that S¢ is symmetric positive definite)

11



subjected to the transverse surface load

E

m(lQl‘g(ﬂfg —1)(5x? — 5xy 4+ 1) (223 (29 — 1) 4+ 21 (21 — 1) (53 — 5oy + 1)+

f =
1221 (21 — 1) (523 — 5z + 1)(22F (z1 — 1)® + 22(z2 — 1)(5af — 521 + 1)).
The exact solution of the MR formulation (2) for this plate problem was stated by Chinosi et. al. [7],

2t2
5(1—v)

1

u(xy, xe) = gac“rl)’(:vl — 1323 (ze — 1)% — ($%(IE2 — 1321 (z1 — 1) (527 — 5y + 1)+

x:{’(xl — 1)3:132(332 — 1)(530% — 529 + 1)),
and
0(z1,22) = [23(x2 — 1)%23(z1 — 1)?(221 — 1) a3 (z1 — 1)323 (22 — 1)%(225 — 1)]T.

Let E =1, v = 1/3, and set v = 10k? = 40 (sufficiently large by a margin). The computational
mesh, as shown in Figure 1, is dense in order to emphasize the modeling error. ¥}, is of criss-cross
type, which is a mesh less sensitive to locking for low-order approximations due to large stabilization
parameters, see [4, Section 4.2] and [3, Section 7.2]. The homogeneous Dirichlet boundary condition
on the displacements is set strongly, whereas the condition is enforced weakly on the rotation vector
(but this is rather a matter of choice).

The problem was solved numerically for different plate thicknesses, ranging from ¢ = 10~ to
t = 10~%. The results are presented in Table 1, and indicate the relative importance of model re-
finement for thicker plates. The underlying combined models, which are independent of the plate
thickness, are shown in Figure 3. The distributions of MR elements were symmetric, as is the analyt-
ical displacement solution, visualized by isolines in Figure 2.

6 CONCLUSIONS

The introduced method for combing the Kirchhoff and MR plate models has a drawback: the number
of degrees of freedom becomes larger, as compared to a purely continuous method. Hence the sug-
gested approach may not be computationally competitive (at least not if the number of MR elements
is large). However, its real strength is another—the ¢/dG FEM is simple and straightforward to im-
plement: it is relatively easy to change the order d of the polynomial approximation (especially if the
approximating space for the rotation vector is spanned by the corresponding set of monomials). In
particular, there is no need for projections of the rotation vector in the shear energy functional.

The suggested ¢/dG FEM appears to be a viable choice in the context of model adaptivity for plate
theory. As for the (small) hierarchy comprising the Kirchhoff and Mindlin-Reissner plate models,
it still remains to develop reliable a posteriori error estimates, which separate the discretization and
modeling errors.

12
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Figure 2: Transverse displacements (isolines) for the MR plate model with t = 10~*
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Figure 3: The underlying combined plate models: distribution of Kirchhoff (light gray) and MR (dark
gray) elements

15



References

(1]

(2]

(3]

(4]

(5]

(6]

(71

(8]

(9]

Engel G, Garikipati K, Hughes TJR, Larson MG, Mazzei L, Taylor RL. Continuous/discontinuous
finite element approximations of fourth-order elliptic problems in structural and continuum me-

chanics with applications to thin beams and plates, and strain gradient elasticity. Comput. Methods
Appl. Mech. Engrg. 2002; 191:3669-3750.

Hansbo P. Larson MG. A P2%-continuous, P!-discontinuous Galerkin method for the Mindlin-
Reissner plate model. Numerical Mathematics and Advanced Applications: ENUMATH 2001.
Brezzi F, Buffa A, Corsaro S, Murli A (Eds.), Springer, Milan, 2003, pp. 765-774.

Hansbo P, Heintz D, Larson MG. A finite-element method with discontinuous rotations for the
Mindlin-Reissner plate model. Preprint: Department of Mathematical Sciences, Chalmers Uni-
versity of Technology and Goteborg University, ISSN 1652-9715, 2010:16.

Hansbo P, Larson MG. A posteriori error estimates for continuous/discontinuous Galerkin ap-
proximations of the Kirchhoff-Love plate. Preprint: Department of Mathematical Sciences,
Chalmers University of Technology and Goteborg University, ISSN 1652-9715, 2008:10.

Hansbo P, Larson MG. A discontinuous Galerkin method for the plate problem. Calcolo 2002;
39:41-59.

Nitsche J. Uber ein Variationsprincip zur Losung von Dirichlet-Problemen bei Verwendung von
Teilrdumen, die keinen Randbedingungen unterworfen sind. Abh. Math. Sem. Univ. Hamburg
1971; 36:9-15.

Chinosi C, Lovadina C, Marini LD. Nonconforming locking-free finite elements for Reissner-
Mindlin plates. Comput. Methods Appl. Mech. Engrg. 2006; 195:3448-3460.

Bathe KJ, Dvorkin EN. A four-node plate bending element based on Mindlin/Reissner plate theory
and a mixed interpolation. Int. J. Numer. Methods Engrg. 1985; 21:367-383.

Bathe KJ. Finite Element Procedures. Prentice-Hall 1996; ISBN 0-13-301458-4.

16



