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NITSCHE’S METHOD FOR KIRCHHOFF PLATES*

TOM GUSTAFSSON', ROLF STENBERGT, AND JUHA VIDEMAN?

Abstract. We introduce Nitsche’s method for the numerical approximation of the Kirchhoff-
Love plate equation under general Robin-type boundary conditions. We analyze the method by
presenting a priori and a posteriori error estimates in mesh-dependent norms. Several numerical
examples are given to validate the approach and demonstrate its properties.
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1. Introduction. Implementation of H?-conforming finite element methods can
be a challenge due to the C'-continuity requirement of the finite element basis [7]. In
fact, it is a common motivation for developing discontinuous Galerkin techniques [5]
where it is sufficient to guarantee the conformity in a weak sense only, other non-
conforming methods using special finite elements [2, 3], or mixed methods [1] where
the fourth-order problem is split into a system of lower-order problems. At the same
time, however, finite element codes including classical H2-conforming elements—such
as, e.g., the Argyris triangle and the rectangular Bogner—Fox—Schmit element [25]—
abound, and many are free and readily available [8, 14, 22, 23] to be used in the
discretization of fourth-order differential operators. Thus, the main challenge remain-
ing for the end user is the proper implementation of external loads and boundary
conditions.

In [21], Nitsche introduced a consistent penalty-type method for imposing Dirich-
let boundary conditions in the second-order Poisson problem. Nitsche’s method was
extended to other boundary conditions (in particular, inhomogeneous Robin) in Jun-
tunen and Stenberg [16] by unifying the implementation and analysis via a parameter-
dependent boundary value problem; an improved a priori analysis was presented in
Liithen, Juntunen, and Stenberg [19]. Different boundary conditions (Dirichlet, Neu-
mann, Robin) were obtained by changing the value of a single nonnegative parameter.
The resulting method performed similarly well in all cases; i.e., altering the parameter
value did not deteriorate the conditioning of the resulting linear system or lead to an
overrefinement as in traditional methods.

In this study we explore the above ideas [16, 19, 21] in the context of fourth-
order H?-conforming problems. In particular, we seek to unify the implementation
and the analysis of different boundary conditions for the Kirchhoff-Love plate equa-
tion [17, 18] by presenting Nitsche’s method, which incorporates the boundary con-
ditions in the discrete formulation as consistent penalty terms. We consider elastic
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Robin-type boundary conditions for the deflection and the rotation including applied
external forces and moments. The classical boundary conditions for the Kirchhoff
plates (clamped, simply supported, and free) are recovered as special cases. More-
over, we allow general matching conditions at the corners of the domain so that ball
supports, point forces, and springs [4, 10, 24] are all covered by the same formalism.

The Nitsche method is not only practical to implement but has also other advan-
tages. For a very stiff support, i.e., with almost clamped conditions, the traditional
method leads to two potential problems: The corresponding stiffness matrix becomes
ill-conditioned, and the standard a posteriori estimators lead to overrefinement. As
for the Poisson problem, these phenomena can be avoided using the Nitsche method
presented in this work. Moreover, if one is using plate elements in which second
derivatives are included as degrees of freedom, e.g., the Argyris triangle and the
Bogner—Fox—Schmit element, and if the boundary conditions are enforced by elimi-
nating degrees of freedom, one must verify separately that the second-order derivatives
are zero along the boundary of the domain. In practice, e.g., in case of non-right an-
gles, this introduces additional linear constraints for the solution to satisfy. Nitsche’s
method circumvents this issue by enforcing the boundary conditions weakly.

The rest of the paper is organized as follows. In section 2, we introduce the
Kirchhoff plate bending model and its boundary conditions. In section 3, we derive
the Nitsche method by augmenting the model’s weak formulation with consistent
penalty-type terms. In section 4, we prove the stability of the resulting discrete for-
mulation and present the ensuing a priori error estimate. In section 5, we present
the residual a posteriori error estimators and prove an error estimate via a satura-
tion assumption. Finally, in section 6, we demonstrate the approach by performing
computational experiments.

2. The Kirchhoff plate model. We start by recalling the Kirchhoff plate
model with general boundary conditions; cf. [9, 10, 20]. Let Q@ C R? be a polygo-
nal domain, with corners ¢;, and the boundary 0Q = U2 I';, ¢ = 1,...,m, where
each I'; is a line segment; see Figure 1. Given the deflection u : © — R of the
midsurface of the plate, the curvature K is defined through

(2.1) K(u) = —e(Vu),
where the infinitesimal strain € is given by
1 Ov; .
(2.2) e(v) == (Vo+Vo'), (V) = Y , 4, =1,2.
2 al’j
The moment tensor M is given by the constitutive relation
Ed® v
2. Mu)=———| K —(tr K(u))I
(2.3 () = 3 (K0 + 12 (e K ).

where d denotes the plate thickness and I is the identity tensor. Above, F and v are
Young’s modulus and Poisson’s ratio, respectively.

The shear force @ is related to the moment tensor through the moment equilib-
rium equation

(2.4) div M (u) = Q(u),

where div is the vector-valued divergence operator. The transverse shear equilibrium
reads as follows:

(2.5) — divQ(u) = f,

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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F1G. 1. Definition sketch of the plate with different boundary conditions and elastic supports:
springs at c1 and cq, a ball support at ca, applied point forces at cq and c5, an applied shear force
on I'1, a spring support on I'2 and I's, an applied torque on I's, a torsion spring support on I'4.

where f is an external transverse loading. Combining the above expressions yields
the Kirchhoff-Love plate equation

(2.6) DA’y = f,
where D, the plate rigidity, is defined as

Ed?

(2.7) D= a7

We consider quite general boundary conditions. A vertical force gy and a bending
moment g; act on each segment I'; of the boundary, and the support is elastic with
respect to both the deflection and the rotation, with the spring constants 1/¢¥ and
1/el, respectively. At the corner ¢;, also connected to a spring with constant 1/,
acts a point force gf.

The energy associated with a deflection v € H?(Q) can be written as

I(v)=5 [ M(v): K(v)dx
(2.8) +§:{%/F, U2d8+2lr/ <38_Z> d8+%v(cl)2

_/ gfvds—i—/ A_ds—Zgl v(¢; }—/fvda:,
T Q
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from where follows the variational formulation: Find u € H?(Q) such that

Jr: swas 3 [ wase & [ S8t Lutenien |

/fvdm—&-Z{/ gzvds—/gza ds—i—Zgl cl} Vv € H*(Q).

The corresponding boundary value problem is posed using the normal shear force and
the bending and twisting moments

Qn(v) = Q(v) - m,
(2.10) Myn(v) =n-M(v)n
Mns(v) = Msn(w) =$s- M(U)n

Above, n denotes the outward unit normal on 052, and s = (—n2,nq) is the respective
unit tangent vector. Moreover, we define the Kirchhoff shear force as

(2.11) Va(0) = Qu(w) + P2nslv)

0s
and the jump in the twisting moment

(2.12) [Mys(v)]]e; = lim (MnS(U) cite(civi—ci) — Mps(v) C¢+6(Ci_1fc1-))7
e—0+
i=1,...,m, with ¢;,,41 = ¢1. After repeated integrations by parts, one then obtains

DA’uwvdz = | M(u): K(v)dz
Q o

(2.13) + i_n: { /F My (u) o

_ /F Vi (w)vds — [[Mns(u)ﬂlciv(cl‘)}

Substituting (2.13) into the weak form (2.9) leads to the differential equation (2.6)

and the boundary conditions on I';,
1 1 Ou

2.14 v, —u=g" My, =gl i=1,....m,

(2.14) (U)+€fu 9i (u) — Son 90 m

and the corner conditions,

1
A+ —u(e) =gi, i=1,...,m,
€

i

(2.15) [[Mm(u)]] ci

with the letters v,r, ¢ indicating vertical, rotational, and corner, respectively. The
boundary value problem is now formed by (2.6), (2.14), and (2.15).

Remark 1. The boundary and corner conditions (2.14) and (2.15) include
o clamped at edge I'; when €7, €7, €¢ €l+1 — 0,
o simply supported at edge F When €f,€5,€5.1 — 0,ef =00, g7 =0,
e free at edge I'; when €}, €], 67,65 | — oo and g7 =g; = g7 = g5, =0,
and various other combinations of prescribed forces and moments on the boundary
and at the corners of the domain.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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3. The finite element method. The domain € is split into nonoverlapping
triangular or quadrilateral elements K € Cj. As usual, the mesh parameter is h =
maxgec, hx. The set of the interior edges of the mesh is denoted by &£, and the set
of the boundary edges by G,. By hg we denote the length of the edge E € &, U Gy,
and by h; = maxgec, ;e hi the local mesh length around the corner c;.

At times, we write in the estimates a < b (or a = b) when a < Cb (or a > Cb), for
some positive constant C', independent of the mesh parameter h and the parameters
¥, e”, e¢. Moreover, we use the standard notation (-,-)g for the L?(R)-inner product
and write (-, -) for the L?(£2)-inner product.

The (conforming) finite element space is defined as

(3.1) Vi ={v e H*(Q) :v|g € Vg VK € Ch}

with the polynomial Vi space satisfying

(3.2) P(K)  Vic € B(K)

for some p and l; P(K) is the complete space of polynomials of degree ! in K.
Examples of such spaces include (cf. [6]), the Argyris triangle with p =1 = 5, the Bell
triangle with p = 3 and [ = 5, and the Bogner—Fox—Schmit rectangular element with
p =3 and [ = 6. The Hsieh—Clough—Tocher element is another option but will lead
to an additional term in the a posteriori estimator and hence is not included in the
analysis.

The starting point for the design of the Nitsche method is the integration-by-parts
formula (2.13). From this we conclude that the exact solution u satisfies the equation

/ M (u) : K(v)dx
Q
- v
(3.3) + ; { /F M ()5 ds — /F V, (u)vds — [[Mns(u)]]|civ(ci)}
:/fvdx Yv € V.
Q
Defining the bilinear form A(u,v) as the left-hand side in (3.3), it follows that
(3.4) A(u,v) = (f,v) Yo € V.

Next, we introduce the stabilizing and symmetrizing terms that will be added
to the bilinear form. The spring constants and the loads corresponding to an edge
E CT; are denoted by
(3.5) gle=cp ele=¢k gle=9p 9ile=9g
The first boundary condition in (2.14) at edge F can be written as
(3.6) epVn(u) +u=cpgp,
prompting the definition of the residual

(3.7) R (v) =ep(Valv) — g&) +v.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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Now let v > 0 denote the stabilization parameter. The boundary condition (3.6)
implies that

1
(3.8) ———(R%(u),v)p =0 YueV,
EEZQ;L EE + ’thE ;
and
(3.9) > ﬁ(R}’;(u) Vo), =0  YveV,.
Ee€gy, E% + ’yh%‘ ’ E

Similarly, we introduce the residuals for the remaining boundary conditions, namely,

(310)  Rp() = Sh(Mun(v) —~ 95) — 5or BE() = 6 IMs ()1, — ) + (e,

and write them all together as
(3.11) R (u,v) =0,

where

vh,

Riu(u,v) =Y {1(3%(u)aU)E + ER

v 3
Eegy ‘e Jr’th

1 r PYhE T
3.12) e (R (1)) + 2 (R, Mo (0) |

(RE(w), Va(v))

vhi
+Z{ 5 +’yh2 (u)U(Ci)_FT’th ( )[[Mns( )]ch}

i=1
Hence, the exact solution u € H?(Q) satisfies
(3.13) A(u,v) + Rp(u,v) = (f,v) Yv € V.
Finally, rearranging the terms, (3.13) can be written as
(3.14) Ap(u,v) = Lp(v) Yv eV
with the symmetric bilinear form A; and the linear form £; defined as

Ap(w,v) = a(w, v) + by (w,v) + ep(w,v) + dp(w, v)

(315) »Ch( ) l(’U + fh(v) —+ gh(’l)) + lh('U)a

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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where
(3.16) a(w,v) = /QM(w) K (v)dz, Il(v)= /vadx,

(3.17) bp(w,v) = Egh M{vh%((Vn(w),v)E + (w, Vo (v) B)

+ YRl (Va (W), Vo)) + (w,0) |

(3.18) cp(w,v) = Y M{ —vhg ((mew), SZ)E + (g:,Mnn(v)L)

Eegy
) ow Ov
+ ’thé‘E(Mnn(w)? Mn”(v))E + (8?’1/’ 8’I’L>E }’

m

(3.19) dp(w,v) =

i=1

o s @) ecv(e) + I ()] (er)

VhZ2S M ()] e [M (0)] s + w(es)o(cn) },
and
620 hw=3 o { 6h s + gk Va0
_ veEhE , Ov .,

(3.21) gn(v) = E%g:h M{ - (gE, an>E + 'YhE(gE,Mnn(U))E}>

- Eg c 2 ¢
(3.22) In(v) = Z m{%“(@) + 7hi g5 [Mns (v)] c}

i=1 "t v

The Nitsche method now reads as follows: Find u, € V}, satisfying
(3.23) Ah(uh, v) = £h<’l)) Yv € Vj,.

In the literature, it is often stated that Nitsche’s method and the stabilized method
are consistent only if one assumes that the solution is sufficiently smooth. In the
present case, one would typically assume that V,,(u)|g and M,,(u)|g are in L?(E).
However, this assumption is now satisfied automatically because g7, g;, g5 are con-
stants and u|gn € L?(99Q). Thus, interpreting the boundary conditions (2.14) in the
sense of distributions implies that V,,(u), My, (u) € L*(Q), and the following theorem
holds.

THEOREM 1 (consistency). The solution u to (2.9) satisfies

(324) Ah(u,v) = ,Ch(’l)) Yv € Vj,.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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4. Stability and a priori error analysis. The error analysis will be presented
in the mesh-dependent norms
2
E }

2 § 2
w = alw,w + —l|w 4+ —
|| Hh ( ) {EU h3 || ||O,E er h H )

EcGp
m 1 )

ol =l + S {bIVa ()l g + bl Man ()3,
Eegp

+ 3R (M)l

(4.1)

The following inverse estimate— true for every v € V}, with a constant C7 > 0 inde-
pendent of the parameters h,e? ef—can be proven by a scaling argument:

2
42) Y {REIVa@)IE 5 + hel Mun @)1 £ | + Zh? [Mas (0)]le,)” < Cra(o,v).
Ee€gGy

Consequently, the norms || - || and ||| - |||, are equivalent.
We will start by showing that the discrete bilinear form A is coercive.

THEOREM 2 (stability). Suppose that 0 < 27y < C;l. Then
(4.3) An(v,0) 2 |[v]|7 Yo € V.

Proof. For v € V},, the Schwarz and Young inequalities with some § > 0 give

j

1 J
n(o,0) = 3 S {2 (Va(), e + e V@) + ol
Eeg, F 2

1 )
> > e L 2V loslvllos
(4.4) EeG, B B
— e h Va3, + 013 2 }

1 5 o : _
> 3 o { bk + D IVa@)IE, + (1= 5 0l g }-

v 3
Eegn °p + ,th

Choosing § = 2 yields

e% + 2vh3 1
by (v,v) > — k3 E BNy ()12 ———————— |0
N >_E§h{ iy EETRENL 0B, + sy s

> ¥ {2t

EecgGp

(4.5)

I NS
e L

2
0,E

By similar arguments, we get

Lo
2(e% +vhE) || On

(4.6) Ch(U,U) > Z { - Q'YhEHMnn@)Hg,E +

EegGy,
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and
- 2 2 1 2
a0 o) 2 3 { RO 0e)? + gyl

i=1

This gives

An(v,v) = a(v,v) - m( > R IVa@)IE 5+ bl Man @) 3 1 |

Eegy,
67)2>

301 ([ M ()]

4 1 1 1 | ov|?
v
v3( S Azrmhet 5 o)
2<E§h ep+hy E et he ||On| g
+ f: 1 v(e;)?
eg+hy )
The assertion is thus proved after choosing 0 < v < C’I_1 /2. O

Stability, consistency, and the continuity of the bilinear form A; together imply
that

(4.9) lw = unlln S lllw—vlll, Vo€ Va.

Using standard interpolation theory, we thus arrive at the following error estimate.

THEOREM 3 (a priori estimate). Let 7/2 < s < p+ 1. For any solution u €
H*(Q) of (2.9), it holds that

(4.10) [ —wnlln S b7 |ulls.

Remark 2. The regularity assumption s > 7/2 stems from the use of the mesh-
dependent norm ||| - [[|,. When Nitsche’s method is applied to the Poisson problem, the
corresponding assumption can be avoided; cf. [19]. A similar approach could probably
be used for the plate problem as well, but it is bound to be very technical, and we
did not attempt to carry it out. However, numerical computations with less regular
solutions lead to optimal convergence rates also if s < 7/2.

5. A posteriori error analysis. The local error estimators are defined through

05 (v) = hic | DA% — f[§ « VK €Cy,
1%,5() = W[ [Va ()15 £ VE € &,
7)%4,15(71) = hE”[[Mnn(U)]]H(ZLE VE € &,
h3
2 — E v 2
(54) nv,E(U) = W HRE(’U)HO,E VE € gh,
h
2 _ E r 2
(55) nr’E(’U) — m HRE(U)”O,E VE S gh,
(5.6) 2.(v)fh7?(3¢(v))2 i1 m
. 770,1 7(Ef+h22)2 1 3 = 1,..., 5

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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for any v € V},, and the global error estimator 7, reads as

ma(un) = > micun) + Y 0ir g (un) + 03 g (un))

KeCy, Ee€é&)
(5.7) m
+ > (g p(un) + 07 p(un) + > nei(un)®.
EecGn 1=1

In order to prove the reliability of the error estimator, we will use the following
assumption, justified by the a priori estimate for a regular enough solution.

Assumption 1 (saturation assumption). There exists 0 < § < 1 such that
(5.8) lu = unsallnsz < Bllu —unlln,

where uy, /2 € V2 is the solution on the mesh C, /; obtained by splitting the elements
of the mesh Cj,.

THEOREM 4 (reliability). If Assumption 1 holds true, then we have the estimate

(5.9) lu —unlln < nn(un) -

Proof. From the coercivity of the bilinear form A,/ and the saturation assump-
tion, it follows that

(5.10) lu —uplln < llunse — unlln S Anj2(unj2 — un,v)

1
1-p
for some v € V}, /5 such that [v]|,/2 = 1. Let © € V}, be the Hermite interpolant of
v € Vj, /2. We have the following estimates:

—4 ~ — ~ — ~
S ontl-ilix+ Y R IV -0 s+ bl — 9l s}
KeChya E€grUEL o

+ Z {h?é'”‘/n(v_@)(2),E+hE|Mnn(U_f})”8,E
E€Gh 2

(5.11) N 1 o — 5|2 5 + 1 v —1)?
Y + hi, OF T eh+hg| on g
+ B ([Mas (0 = D)]e,)?
i=1
<Cllvlzp st
and
(5.12) o2 S vllne S lvlln S 1.
Let w = v — 9, and write
(513) Ah/g(uh/g — uh,v) = Ah/Q(Uh/Q — uh,w) + Ah/g(uh/g — uh,ﬁ).

To estimate the first term in (5.13), we write it as

Anj2(unj2 — un, w) = Apja(up 2, w) — Apj2(un, w)

(5.14) = (f,w) — A(upn,w) — Ry 2(un, w).
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A repeated partial integration and the fact that w vanishes at the nodes of C;, give

(f, w) = Alun, w)
— K;h {(f — DA2uh,w)K = (Va(un), w)ax + <Mnn(Uh)’ g::)aK }
(5.15) = > (f - DA’up,w)k
KeCp

Recalling that w = v — ¥, estimate (5.11) leads to the bounds

Z (f — DAQ’U,}L, w)K

KecCp,
1/2 1/2
(5.16) < (Z Wl | DA, f||%,K> (Z h;fnwaK)
KeCp, Kecy,
1/2
S < > bl DA%, — f||3,1<> S mn(un)
KeCp,
and
ow
> AWVt w)p + (Mn(n)]. 5 )}
Ecé&y, E
1/2 1/2
(Z W | Vi ()]G E) <Z h1_53|w||(2),E>
Eecé&y, EGSh
/2
(5.17) '
+{ D el [Man(un)]l5 2 > hE an
E€E E€E 0.E
1/2 1/2
(Z Wl TVa ()13, E> + (Z hE”[[M’rm(uh)]]”g,E>
Ecé&y, Ecé&y
S 1h(un)-

Moreover, using the Schwarz inequality on each E € Gy, /o, the Cauchy inequality for
sums, and estimate (5.11), we get

(5.18) = Ruya(un,w) < nnyj2(un) < malun).-

Next, we consider the second term in (5.13). First, we note that

Anj2(uny2 — un, ) = Apja(un /2, 9) — Apj2(un, 0)

(5.19) = R (up, ) — Ry (un, 0).

For an edge E € Gy, /9 such that E C F, with I € Gy, it holds that hr = 2hg. Thus,
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we get
R (un, 0) — Rp )2 (un, )

> { -7 h (R (un), )5

wéal, U (e T hg)(eg +8yh)

B 7Y h3,
(e% + vh%) (e + 8vhY)

(R (un), Va(9))

’}/hE . ov
R -
(5-20) " & + VR (e + 29hp) ( p(un). an)E

_ veghe
(€% +7he) (g + 2vhe)

+§:{— all RS (up)v(cs)
S (e b (e +Ayh3)

(R;E(uh)a Mnn(ﬁ))E}

B 3yech?
(€5 +vhi)(ef + 4vh3)

R (u) [Mns (0)]

3

We estimate the first term above as follows:

Tyh, -
RY%(up),0)E
oo R TR e e
K3, )
S Z m||R%(Uh)||O7E||U|O,E
BE€Gn ~ P E
( ) , 1/2 , 1/2
5.21 h h
S| Y. = EsslIRels D = wed Gl
~ v 3)\2 E\Yh)ll0,E v 32 0,E
EEGr s (g + hy) P (g% + hY)
, 1/2 1/2
h 1
S| Y. = EsslIRels > ==l
~ v 32 IHYE\MR)N0,E ) 3 0,E
E€Gn /2 (€p + hp) E€G /2 (ks + i)

S M2 (ui)llOllnge < mn(un)-

The other terms are estimated in the same way. Now, estimating separately each
term above, we conclude that

(5.22) R (un; ) = Rpy2(un, 0) < mn(un).

The claim is now proved by collecting the estimates. ]

Next we turn to the lower bounds. We denote by wg the union of two elements
that have E € &), as one of their edges and by K(E) the element which has E € G,
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as one of its edges. The data oscillations are defined as

osci (f) = hi | f = fullo.x,

3/2
osco.p(9) = =B [leb(gl — g ) lo.e.
ey +hy
1/2
oscrm(g) = — B |l (gl — gh oz
€+ hg ’

where fj,, 9% .n» 9p,, are polynomial approximations to f, g%, and g}, respectively.

THEOREM 5 (efficiency). For all v € V3, it holds that

(5.23) N (v), < |u—v|2 x +osck (f), K € Cp,
(5.24) mve), Slu—vhe+ > oscx(f), Eec&,
KCwg
(5.25) M), S Ju—vlaws + Y oscx(f), E € &,
KCwg
1
5.26 v E(V), S |lu—wv + —u—v
(5.26) M.5(v), < | 2,K(E) \/E%Th‘;’;” llo.z
+osci (g (f) +o0scy,E(9E), E € G,
1 o(u —v)
5.27 B (V) Slu—v +
( ) n 7E( ) | \Q,K(E) m on op
+ osck (g (f) + oscr 2 (9k), E € Gp.

Proof. The bounds (5.23), (5.24), and (5.25) are proved in [15]. Let us now
consider (5.26). The triangle inequality gives

13/
(5.28) ,5(V) < L==IR} ,(v)]l0.5 + 0scy 2(95),
ey +hy
where
(5.29) Ea(v) =ep(Va(v) — g ) + v

Let ¢ denote the eighth-degree polynomial with support in K (E) satisfying
ks

on oK (E)
(5.30) ¢r > 0 on E and in the interior of K,
¢ =00n OK(E)\ E,

max ¢p = 1.

Denoting w = ¢ Ry, ;,(v), we have

2 Sl RY ()12 5

= ( UE,h(U)vw)E = (RUE(’U)aw)E + (g% - g%,haw)E'

ooy IEEA)
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Integrating by parts, we have
(5.32) (Va(v), w)p = —(DA* v, w) e (my + (M (v), K () k(5)-
On the other hand, from (2.9), we get

(5.33) (g w0)z + (fr0) () = (M(w), K (0))xe(y + f;;(u,w)E,

and, hence, it holds that

(Ri(v), w)p =ep((M(v —u), K(w))k(m) + (f — DA%, w) k()

(5.34) + (v —u,w)g.

By scaling arguments, we have

(5.35) 1K ()| ke S hylwllos S h 2 I1RG., (0) o,
and
(5.36) lwllke < b lwloe S by IR 1 (0)]lo0,5-

This implies that

(R (), w)el £ (e (hp"u = vl + B2 IDA% = flloeir)
(5.37)

+ llu = vllo, ) 1R (0) lo,5-

From (5.37) and (5.31), we finally conclude that

132

E v
——||R
€UE+h3 || E,h(v)HO,E

EE ephy
< = lu—vlo k() + 225 | DA%v = fllo. (k)
+ hyg ey + hy
(5.38) i
B |y — v
+ = Jrh%Hu Vo, + oscu,£(9F)

< |u— vl re(m) + hIIDA* — fllo, 5 ()
+ (el + ) "2 llu = vllo, 5 + 0scu,m(gE)-
Estimate (5.38) together with (5.28) and (5.23) leads to the asserted estimate (5.26).

The lower bound (5.27) is proved in an analogous manner using a weight function
"> satisfying

P’y
on |E

<0,

P’y
on

(5.39)

)

OK(ENE
¢’z > 0 in the interior of K,
=0 on 0K (FE),
max ¢ = 1. O

Remark 3. We are unable to prove the efficiency of the corner estimators 7. ; for
all values 0 < ¢f,e¥,ef < oo, ¢ =1,...,m. In particular, when § # 0 and €} is close

R )

to zero, there seems to be a nontr1v1al coupling between 7.; and RY,.
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F1G. 2. Mesh sequence (top row) and the deflections computed with the classical method (middle
row) and Nitsche’s method (bottom row). The source code for reproducing these results is available
in [11].

6. Computational results. For numerical experiments, we implement a finite
element solver based on the Argyris element. Our solver allows enforcing boundary
conditions either via the Nitsche method of section 3 or, in simple cases, via the clas-
sical method of directly eliminating degrees of freedom. In all examples, we consider
the square domain Q = [0, 1]? defined by the corner points

C1 — (0,0), Cy = (1,0), C3 = (1, 1), Cq4 = (0, 1).

6.1. Clamped square plate. Let £ = 1, v = 0.3, and d = 1. The analytical
solution to the fully clamped problem (] =&y =¢&f =0, i =1,...,4) with loading
9 =9i=9;=0,i=1,....4
f(z,y) = 871 D(cos® mz cos® my — 2sin’ mx cos? 7y

— 2cos® masin® my + 3sin? wa sin’ y)
reads as follows:
u(z,y) = sin? 7z sin? 7y.

To validate our implementation, we solve the problem using a uniform mesh family for
both Nitsche’s method with v = 1072 and the classical method—the meshes and the
solutions are given in Figure 2. The approximate deflections uy,(1/2,1/2) presented in
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TABLE 1
Pointwise deflections in the midpoint of the clamped square plate.

h Nitsche, up(1/2,1/2)  Traditional, up(1/2,1/2)
0.7071068 1.0058542 1.0109074
0.3535534 0.9999617 1.000042
0.1767767 0.9999951 0.9999951
0.0883883 0.9999999 0.9999999

TABLE 2

Convergence of the error and the error estimator.

h [lu — up||n rate \/ X kee, E2 (up) rate2

0.7071068 2.5089 24.8552837

0.3535534 0.1935319 3.69638 2.3444698 3.40614
0.1767767 0.0130669 3.88846 0.161088 3.86324
0.0883883  7.6500122-10~%  4.09413 0.0103163 3.96474

Table 1 show how the exact maximum deflection u(1/2,1/2) = 1 is reproduced with
high accuracy by both approaches.

Continuing only with the Nitsche method, we evaluate the discrete norm ||u—up||s
and the following elementwise a posteriori error indicator:

1
Eic(un) = Wi |[DA%un = fllo.se + 50311V (un) oo

1 ]
+ §h}(/2||[[Mnn(uh)]]”0,8K + 132 unllo.0xmo0

8 4
L h}(ﬂ Oup, + h;(l Zuh(Ci)XK(Ci)v
on 0,0KNoQ i=1
where
1 ifze K
6.1 - 7
(6.1) X () {0 otherwise.

The results are summarized in Table 2. We observe that the convergence rates are
consistent with the expected rate O(h*) for fifth-degree polynomials and regular so-
lutions. Moreover, the error indicator converges with similar rates as the true error,
which is also a consequence of Theorems 4 and 5.

6.2. Plate supported at the corners. Next we consider the same problem
with loading f = 1 and €f =0, ] =€) =00, 97 =9/ =9 =0,¢=1,...,4;

1
i.e., the deflection is prevented only at the corners of the plate. We investigate the

convergence rate of the error indicator

1
Bic(un) = Wi | DA, = Ulo,sc + 50311V (wn)llo.ox

1. 1/2 3/2
+ i MM Can)lo.oxc + Hgl [ Via(un)|

0,0KNoS2

4

1/2 _
+ hK/ ||Mnn(uh)”0,aKn3§z + hKl Z up(ci)xk (ci)
i=1
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[ —e— Adaptive ||

| —=— Uniform ||

~ L ]
S

S -2 | =

) :

S r ]
w

& L ]

N - |

1072 £

b L1 L] ]

108 10*
N

Fic. 3. The first four meshes in the uniform (top row) and the adaptive (middle row) mesh
sequences with the corresponding solutions and the a posteriori error estimator (bottom row) plotted
as a function of the number of degrees of freedom N with v = 1073, The source code for reproducing
the ezample is available in [12].

as a function of the number of degrees of freedom N with uniform and adaptive
mesh refinement strategies. The results shown in Figure 3 indicate that an adaptive
refinement based on the error indicator Fx (uy,) successfully recovers the convergence
rate O(N~2).

6.3. Elastic support with applied loads at the boundaries. As the final
example, we consider the square plate problem with v = 0, €} = 1, €f = oo, the
loading f = 0, and

1 ify < 3/4, 10 ify < 1/4,
6.2 v V(y) = T — g"(y) =
(62) 9 =9"W) {0 otherwise, 9 =9'W) {0 otherwise
for each ¢« = 1,...,4. The results of this example are given in Figure 4. Our aim is

to compare the adaptive meshes resulting from the Nitsche method and the classi-
cal method when ¢} =¢" = 107%, k =0,2,4,6, i = 1,...,4. The error indicator for
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e =1
6
4
2
o
-2
—4
-6
" =102
0075
0050
0025
0.000
-0.025
—0.050
—0.075
e =10"*

no4

A
288
DR

—0.01 >

-0.04

Fic. 4. (Left column) The derivative of the deflection u with respect to x. The presence of a
singularity at y = 1/4—due to a jump in the applied bending moment—is evident in the two topmost
figures but not so much in the two bottom figures. (Middle column) The meshes corresponding to the
fifth adaptive refinement in the Nitsche method for different values of €”. If €” is small enough, the
estimators successfully discard the lower singularity at y = 1/4 and focus instead on the singularity
at y = 3/4 caused by a jump in the Kirchhoff shear force. (Right column) The meshes corresponding
to the fifth adaptive refinement in the classical method for different values of €”. The estimators of
the classical method remain dominant near the lower singularity for small values of €™ due to the
estimators scaling as O(1/e™). The source code for reproducing the example is available in [13].
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Nitsche’s method reads as

1 1
Eic(un) = Wi | DA uno.xc + 5l |1V Cun)lo.oxe + 5 hs | IMun (un)llo.oe

332
K v
+ m”vn(uh) — 9" + unllo,oxnon
h}(/z 8uh
+ —=—lle"(Mn(up) —¢") — —
e" + hg ( (wn) =) on 0,0KNQ

+ hK Z[[Mns (uh)]] ‘ciXK(Ci)'

i=1

The error indicator for the classical method is
1 1
Eic(un) = hic DA uno.xc + 5l |1V Cun)lo.oxe + i NI (un)llo.oe

+ h3f</2||Vn(uh) — 9" + upllo,0xno0

r 1 8uh
My (up) —g" — = on

+hyl?

)

0,0KNoQ2

where the two final terms are obtained from the homogeneous estimators in [15, p. 6]
by replacing V,,(up) and M, (up) with the correct residuals V, (up) — ¢g¥ + up and

My (up) — g" — 5%%, respectively. The results show that the classical method can

lead to overrefinement in the case of stiff elastic supports.
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