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AN EQUILIBRIUM FINITE ELEMENT METHOD
IN THREE-DIMENSIONAL ELASTICITY

MicHAL KRiZEK

(Received April 4, 1980)

INTRODUCTION

The aim of the present paper is to generalize the triangular composite equilibrium
element — introduced by Watwood-Hartz [6] — for the three-dimensional space
and to demonstrate its applicability to solving the dual three-dimensional problem
of linear elasticity (a weak version of the Castigliano-Menabrea principle [7]).

The triangular composite equilibrium element has also been analyzed by Hlavdcek
[8] and by Johnson-Mercier [9]. Stress tensors (2 x 2) of this element are defined
on a triangle which is composed of three subtriangles (see Fig. 1). These tensors
are symmetric and linear on any subtriangle and along any contact of subtriangles

Fig. 1.

the continuity of the stress vector is demanded. We emphasize that a single (not
composed) triangle with linear stresses cannot be employed, since it has a small
number of independent parameters on the sides to balance an arbitrary loading
which is linear on any side (see [6, 8]).

In Section 2, we introduce the composite tetrahedral stress element. Then we
investigate two different types of a finite (piecewise linear) approximation of the dual
elasticity problem on a polyhedral domain. For both types we establish a priori
error estimates O(h%) in Ly-norm and O(h'?) in L, -norm, provided the solution
is smooth enough. To obtain these estimates we also have to prove that for any
polyhedron there exists a strongly regular family of decompositions into tetrahedra.
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1. DUAL VARIATIONAL FORMULATION
OF THE LINEAR ELASTICITY PROBLEM

First, let us introduce some definitions and notations. Let Q + @ be a bounded
domain with a Lipschitz boundary [7, 10] in &” which is equipped with the Euclidean
norm |.|. Note that a normal to the boundary 0Q exists almost everywhere, the
outward unit normal being always denoted by v. Let y,, be the Lebesgue measure on &”.
Denote the space of real infinitely differentiable functions with a compact support
in by Z(Q). The Sobolev space of functions, the derivatives of which up to the
order m exist (in the sense of distributions) and arc square-integrable in €, is denoted
by H"(Q). The usual norm and semi-norm in H"(Q) are denoted by |.[[,, o and .|, o,
respectively. The usual scalar product in L,(Q) = H°(Q) is denoted by (., .)o.0
The space of real measurable functions which are essentially bounded (i.c., except
a set of measure zero) is denoted by L, (Q).

|
: Hm-ﬂ’

If Z is a closed domain, Z = Q, we shall write 2(Z), H"(Z), L..(Z),
instead of 2(Q), H"(Q), L,.(Q), | ‘Im,!) for the sake of simplicity.

If 4 4 = [#” is an open or closed domain, then C"(4) denotes the space of real
functions, the (classical) derivatives of which up to the order m are continuous in 4.
We write C(4) = C%(4). The space of polynomials of the order at most j defined
on the set 4 is denoted by P;(4) and we write

V= [P,(4)].

All vectors will be column vectors. Since there is no danger of ambiguity, the scalar
product of u = (uy,...,u,)", v = (v, ....,0,)7 € [L,(Q)] is denoted by (.. .)o.n
as in L,(€Q) and we put

lm,Z’ ! “im,Z

P
(t t)o.0 = (_Zl(”i’ vi)o.0)'? -
i

Similarly, for v = (vy, ..., v,)7 € [H"(Q)]” we put

2 1/2
m,2 .

p p
lome = (_Z} jvillme)'’® and I”Im,ﬂ = (,Zl‘“i
i= i=

For simplicity, the dual elasticity problem will be formulated only on polyhedral

domains as we shall consider some finite element methods for its approximate solu-

tion later. Notice that in the mathematical literature there are many different defini-

tions of the polyhedron. Only the convex polyhedron is defined almost cverywhere

in the same way as the intersection of a finite number of closed half-spaces in &>

which is bounded and has at least one interior point. In this paper we shall use the
following definition of the (generally non-convex) polyhedron.
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Definitior. A polyhedron is a nonempty closed bounded domain in R*, the bound-
ary of which can be expressed as a finite union of polygons (where a polygon is
a nonempty closed bounded domain in R*, the boundary of which can be expressed
as a finite union of line segments).

This definition evidently generalizes that of the convex polyhedron since it is known
[1, [1] that the boundary of any convex polyhedron is composed of a finite number
of convex polygons.

G
wO

Fig. 2.

From now on, let Q be the interior of the polyhedron on which the dual elasticity
problem will be formulated. Except for Section 3, we assume that Q has a Lipschitz
boundary, since this is assumed in the theory of elasticity. Fig. 2 shows a polyhedron
which has a non-Lipschitz boundary, since the boundary in any neighbourhood of the
points P, can be expressed only by a multivalued function in any coordinate system
(while any Lipschitz function is one-valued).

For simplicity, we put

(" ')0 = (-’ -)o.rza ”Hm = “'Hm,:za I
Assume that the boundary @Q is divided into mutually disjoint parts 'y, I'y, '
such that
(1-1) Foul,ul, =0Q,

m | m,0 -

where Iy is the union of a finite number of line segments and I',, I', are open in 02,
ie., for any xeI', i = 1,2, there exists an open sphere & < [R* such that xe &
and ¥ N 0Q c I',.

Henceforth, let a body force f e [L,(2)]*, a boundary force (load) g € [L,(I';)]*
and a displacement u, € [H'(Q)]* be given. In the case I', = §, we always assume
that the equilibrium conditions for forces f, g and their moments are satisfied, ie.,

(1-2) j‘fdx-i-J& gds =0, J‘xxfdx+~[x><gds~0.
2 o2 2 R

We define the space of symmetric 3 x 3 stress tensors on the open or closed
domain Z < R® as

T(Z) = {re[Ly(2))° |t = "}, T=T(Q),
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and the set of statically admissible stresses as

(1-3) E(f.g) = (re le T.¢(v) dx = J eTfdx + J vTgdsVee V),
Je o r,

where

V="{ve[H(Q))|v=0 on I,}

is the space of virtual displacements,

oo a\T
gv) =3~ + [
( ) : ((7): ((‘.\'> >

is the infinitesimal strain tensor, dv/dx is the 3 x 3 matrix of the first partial deriva-
tives of v, and

(1-4) . e(v) = tr(t" &(v) = 2‘1 T, 84(0) .

igj=
Further, we introduce the generalized linear inverse Hook’s law for a non-homoge-
neous and anisotropic material of the elastic body:

e=A.T (o= “5_:,1 Aipitii) -
where we assume that 4 = (A4,;,)];1=1 € [L(Q)]*",
A = Ajis = Auj
and that there exists a constant C, > 0 such that
(1-5) ¢ (A(x). 0) = Cylo|* Vo =T R’

holds almost everywhere in Q.

Definition. The dual problem of the linear elasticity consists in finding ¢ which
minimizes the functional (af the complementary energy) J : T — R" defined by

(1-6)  J(r) = ;J‘ t.(A4.7)dx —f 1. 8(up) dx = }a(r, 1) — b(z), 1€ T,
2 Q
over the set E(f, g)-

It is known [4, 5, 7] that this problem has a unique solution, since the symmetric
bilinear form a(., .) is T-clliptic by (1-5) and since E(f, g) is nonempty, closed
in T and convex. (Furthermore, (1) = A . o, where u is the solution of the primary
problem.)

Definition. Let f€[L,(Z)]>, where O &= Z < R* is a closed or open domain with
a Lipschitz boundary. If

Lf ce(v)dx = Lu Tdx Vee[2(2)]®
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holds for v € T(Z), then we say that the divergence of the tensor T exists in the sense
of distributions in Z and we define divt = —f in [L(Z)]>.

Note that the first generalized derivatives of 7 need not exist. But, if € T(Z) N
~ [H'(Z)]°, then it is easy to show that

3 ) ~ T
Ty Z 015, 0T3;
- > s .
Ox; j=1 ¢ s,

3 (‘}
le”EZ(Z =,
x; j=1 0x;

Mu

Jj=1
By the above definition, t € E(f, g) if and only if
(1-7) divt+ /=0 in [L(Q], w=g in [L(r)]?,

where v is the outward unit normal to I'y. (This easily follows by using the linear
functional — see e.g. [5] —

{(tv, w) = J (t.ev) + T dive)dx, wel[HY*0Q)]?,
2

which does not depend on the extension v e [ H'(Q)]° of the trace w = /6Q and which
is bounded on [H'"3(0Q)]’.)

In Section 4 we shall construct spaces of finite elements of stresses such that the
divergence of these elements will exist in the sense of distributions in Q. However,
before that we present two important sections.

2. THE TETRAHEDRAL COMPOSITE STRESS ELEMENT

Let K be an arbitrary tetrahedron with vertices A, B, C, D and let E be an arbitrary
fixed point of the interior of K. Divide K into four tetrahedra BCDE, ACDE, ABEDE,
ABCE and denote them by K;, K,, K;, K,, respectively (see Fig. 3). We call these
tetrahedra the blocks of the tetrahedron K. Now, we have 10 triangular faces in this
composed tetrahedron K: 4 external faces BCD, ACD, ABD, ABC and 6 faces
ABE, ACE, ADE, BCE, BDE, CDE, which we call internal faces of the composed
tetrahedron K. By a normal to an external or internal facc S we shall understand
a normal to the plane which contains S. Thus, we can consider a normal to S also
at the boundary points of S.

Now, we define an auxiliary space

T = {re T(K) | 1/K e [Py(K)]°, i = 1,2,3,4} .

If e Ty, then we denote the linear extension of r/K‘», i = 1,2, 3,4, to the whole
space B* by 1;, i.e., 1,€ [ P;(R*)]°.

Definition. Let 7€ Ty. Then the stress vector tn is said to be continuous at the
internal faces of K, if for any internal fuce S common to two different blocks
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K, K, 1 £2i<j<4, wehave
(2-1) h=1tn on S,
where n is a normal to S.
Next, we define the subspace Ty of Ty as
Ty = {re Ty | tn is continuous at the internal faces of K} .

The main purpose of this section is to show (similarly as in [9] for the triangular
element) that the stress tensor te Ty is uniquely determined by:

(i) the values of n at three points, not lying in one straight line, of each external
face of K, and

(i) ferdux.

Definition. A rerrahedral composite finite stress element is a triple (K, Tk | d)l,}
where @, are [unctionals defined on Ty in the following manner:

42
p=1

For any external face S; = K,n 0K, i = 1,2, 3,4, select a normal n; and three
points M;; € S, j = 1,2, 3, not lying in one straight line. Then for te Ty put

(y) Doicryrag-nyut) = (@M ) for i=1,2,34 jk=123.

(where (.), denotes the k-th component of a vector from R?),

(vy) o Pieu(T) :de.\» Jor 1=1,2,3,
K

D7) = J T, dx, @y(t) = J. Tady, @(1) = [ Ty3 dx .
K K Jk

The functionals @, ..., Py, are called thedegrees of freedom of the tetrahedral
composite finite stress element.

The motives for this defirition will be obvious from the proof of Theorem 2.1,
142

; I (hat § 3 aer ’
where we show that {®,172 is a basis of the dual space [ Ty ]".
Theorem 2.1. The dimension of space Ty is 42 and for arbitrary real numbers
Oy, ---y Oyq there exists a unique tensor v € Ty such that

(2-2) ¢ (t)=a, for p=1,...42

14

(i.e., the set {@ 132 is Ty-unisolvent — see [4], p. 78).

Proof is based on the following seven lemmas. We remark that the unisolvency
of the triangular composite stress element is proved in [9]. However, the proof
is based on the existence of Airy’s function, the analogue of which in the three-dimen-
sional space (Maxwell's or Morera’s stress functions) has a too complicated shape
for our purpose. Therefore, we have chosen a way which leans only in the geometrical
properties of tetrahedra and on basic results of linear algebra.
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Lemma 2.1. Given a composed tetrahedron K, there exist such normals ny, n,, ny e
€ R* of the external faces BCD, ACD, ABD, respectively, that n, — n,, n, — ns,
ny — ny are normals of the internal faces CDE, ADE, BDE, respectively.

Proof. Let v,, v, v; € R® be the outward unit normals of the faces BCD, ACD,
ABD, respectively, of the tetrahedron ABCD. Put n; = v,. Since the planes BCD,
CDE, ACD contain the straight line CD, their normal vectors are linearly dependent.

D

Fig. 3.

Hence, there exists a unique constant fe B! such that n, — fv, is the normal of
CDE and we put n, = fiv,. By investigating analogously the planes BCD, BDE,
ABD we find that there exists a unique y € ' such that yv; — n, is the normal
of BDE. Therefore, we put ny; = yv;.

To complete the proof, we must show that i, — n; is the normal of ADE. The planc
ADE has a common straight line, DE, with the planes CDE (with the normal n, — ny)
and BDE (with the normal n; — n,). Hence, there exists a unique o e R' such that

(2'3) afny ~ ”2) - (”3 —ny)

is the normal of ADE. However, the plane ADE has a common straight line, AD,
with ACD (with the normal n,) and ABD (with the normal n3). Therefore, the normal
of ADE can be expressed as a linear combination of only n, and n; (independently
of ny). Thus, « = —1in (2«3) and n, — ny is the normal of ADE. ®

Lemma 2.2. Let ny, n,, ny € B> be linearly independent vectors and let P, P,, P,
be symmetric 3 x 3 matrices such that

Pn, = P,n, = Pyny; =0,
Pn, = —-Pyn,, P,ny= —Pin,, Pyn = —Pny.
Then P, = P, = P; = 0.
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Proof. Wc show that n:-rPln_i = 0 forany i, j, | <j < i <3, since then certainly
P, = 0. Obviously,
n}rPln, =0 for i=1,2,3.

Further, the assumptions imply

T T T
n,Pny, = —nyPony = —n Py, =0,
T
nyPiny = —n3Pin, = —nlPyny = 0.
Finally,
T T T T T T
nyPiny, = —n3Pyny = —n Pong = nPyny, = nyPang = —nyPing = —nIPlnl,

which yields 03P n, = 0. Thus, P, = 0. Similarly, it can be proved that P, = P, = 0.
®

Lemma 2.3. If t€ Ty and tn = 0 on K, then v = 0 on 0K. (In detail: if Tn; = 0
on S; = K,n 2K, i=1,2.3,4, where n; is an arbitrary normal to S;, then 1, = 0
on S, for i=1,2,3,4)

Proof. Let t e Ty and let ny, n,, ny be the normals from Lemma 2.1, which are
evidently linearly independent. Since the external faces S, S,, S; contain the vertex
D, we have from the assumptions

(2-4) (D) ny = t5(D)ny = 14(D)ny = 0.

The vectors m, — n,, n, — n3, #3 — n,; are normals of the three internal faces,
which contain the vertex D. From the continuity of the stress vector at the internal
faces, we get
(D) (1, — ny) = (D) (n, — n,)
(D) (ny — ny) = 13(D) (ny — ny),
t3(D) (ny — ny) =t (D) (ns — ny).

’

Then by (2-4)

(D), = —1(D)ny, 1,(D)ny = —t5(Dyny. t4(D)n; = —1(D)njy.
Applying Lemma 2.2 to the matrices P; = 1:,-(1)) fori=1,2,3, we find
(2-5) (D)=0. i=1273.

In the samc way we find that

(2-6) T,(A’) =0, i=2234,
1‘,«(8):0, i=1,34
fC) =0, i=1.2.4

Hence, the linearity of t; implics that t; = Qon S, i = 1,2,3,4. =
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Lemma 2.4. Given a composed tetrahedron K, there exist such normals g, i,, ity €
€ R* of the internal fuces BCE, ACE, ABE, respectively, that iy — ii,, 1, — 0y,
ity — Hy are normals of the internal faces CDE, ADE, ABE, respectively.

Proof is identical with that of Lemma 2.1 afier interchanging the letters D and E.
[

Lemma 2.5. If v € Ty, then
(27) Tl(E) = 1(E) = 13(E) = t{E).

Proof. Let te Ty and let i1y, i1,, i; be the normals from Lemma 2.4, which are
linearly independent. Since all internal faces contain the point E, we have from
(2-1) that

t(E)ii, = t(E)iiy . w(EYi, = t{E)in,, w(E)iiy = ty(E)n,,
T (E) (i, — 1) = ©{E) (7, — 7)),
,(E) (7, — ;) = 15(E) (i1, — i),
13(E) (7, — i) = t,{E) (i, — 7).
Setting P; = r,-(E) — u(E) for i = 1,2,3, we can transform the above system

mto the form
Piii, = Pyiiy, = Piiiy = 0,

P, — i) = Pyit, — i),

Py(ity — ii3) = Psy(1, — 13),

Pyliiy — i) = Py — 01y).
Now, trom Lemma 2.2 we see that P, = P, = P, =0 8

Let us note that lemmas analogous to Lemma 2.3 and 2.5 could be casily proved
also for the triangular composite stress element. Finally, we shall use two following
well-known and simple lemmas for the proot of Theorcm 2.1.

Lemma 2.6. Let Y be a linear space of a finite dimension mand let A, p = 1,...r,

r < m, be linear functionals on Y. Then the dimension of the spuce
' R
{ye Y/ ALy)=0,p=1,.., r}

is at least m — r and the dimension of this space is equal to m — r if and only
if the functionals A, are linearly independent. ®

Lemma 2.7. Let K' be an arbitrary tetrahedron with vertices Ay, A5, A3, Ay and
a gravity center G. Then

4
J\ p dx = 1#3(1<’) ZIP(AI) = IIS(K,) p(G\)
K’ i=1-
Jor any pe [P(K)]" (m integer).
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Proof of Theorem 2.1. First we show that dim Ty < 42. Let te Ty and let
@,(t) = 0 for any p = 1,...,42. Then obviously tn = 0 on ¢K and |, tdx =0
From the linearity of ¢ on any block, from Lemma 2.7 and (2-5). (2-6). (2-7) it and
follows that

0 :chix = Z T dx = p5(K ) (1,(B) + 1,(C) + 1,(D) + 7,(E)) +
i=1

-+ zlzﬂs(K4) (74(/‘) + ('3) + 74 ((‘ + T4 (L = 42/’3(1() (

P=1
ie, t{E) = 0 for i = 1,2, 3,4 Thus, we see that 7, attains the zero value at all
vertices of any block K, i = 1,2, 3, 4. Hence, 7 = 0 on the whole K and by Lemma
2.6 we have @

(2-8) 0=dim{teT| @) =0, p=1..42} 2dim T, —42.

Further we show that dim T = 42. Since a symmetric stress tensor has six inde-
pendent components and since dim Py(K)) = 4 for i = 1,2, 3,4, we immediately
see that dim Ty = 6 x 4 x 4 = 96. Let ji be a normal of the internal face § = K, n
N K, and let Ne S. For te Ty we define functionals ¥, k = 1,2, 3, by

V) = ('E1<N) in— Tz(N) ) s

where, as above, ( ). denotes the k-th component of a vector from R*. If we select
from any of the six internal faces three points not lying in one straight line, we can
analogously define 6 x 3 x 3 = 54 linear functionals ¥,, ..., ¥s, on the space
T,. It casily follows that all these functionals vanish if and only if T e Ty, i.c., il the
stress vector is continuous at all internal faces of K (see (2-1)). Thus, by Lemma 2.6,

dim Ty = dim {re T [ V() =0, ¢=1 .. =296~ 54=42

4}
and together with (2-8) this gives dim Ty = 42.
Using Lemma 2.6 again, we observe that the functionals @, are linearly independent,

since now (2-8) turns to equality. The existence and unicity of the tensor te Ty
satisfying (2-2) are now obvious. @

3. EXISTENCE OF A STRONGLY REGULAR FAMILY OF DECOMPOSITIONS
OF A POLYHEDRON INTO TETRAHEDRA

The results of this section will be used not only to construct the space of the finite
elements, but also mainly for the convergence proofs of Sections 6, 7 and 8.

Definition. A finite set of tetrahedra is said to be a decomposition of the polyhedron
Q into tetrahedra if
(i) the union of all these tetrahedra is @,
(ii) the interiors of these tetrahedra are mutually disjoint,



Theorem 3.1. For any polyhedron there exists a decomposition into tetrahedra.

The proof is based on an auxiliary lemma.

Lemma 3.1. For any polyhedron Q there exist convex polyhedra Q,, ..., Q, such
that

(y) theunion of all Q,, p=1,... 1, is G,
(yy) theinteriors of these convex polyhedra are mutually disjoint,
(yyy) any face of any polyvhedron Q,, pe{l,...,r}, is either a face of another
polyhedron Q,, q = p, or a subset of the boundary é9Q.

Proofof Lemma 3.1. Let Q be an arbitrary polyhedrgn and let P', ..., P¥ be poly-
gons the union of which is 6Q. Let R', ..., R* be planes such that P' « R, i = 1, ...
k

..., k. Finally, let @, ..., 2, = B> be all components of the set @\ (J R’ (i.e., the
i=1
components which arise by “cutting™ @ by the planes RY). We show that Q,p=1,..
.., F, are the convex polyhedra sought (their number is finite, because k planes
divide the space R* into 2* parts at most).
k
Since ¢Q « {J RY, it follows that

i=1
k

k
ONUR =@\ UR'.
i=1 i=1
k

This set is open since Q is open and (J R’ is closed, i.c., 2, are open connected sets.
i=1

Let pe{l,....7} be fixed. Any plane R, i = 1, ..., k, splits the space B> into two
halfspaces. Denoting by Q' that closed halfspace with the boundary plane R’ which
contains Ql,, it is easy to show

k
Q,=N0".
i=1
Hence, Q, is a convex polyhedron, since the set @, is bounded and contains at least

one interior point.

r k
Using the definition formula U Q, = @~ {J R, we find that the condition (y)
i=1

p=1 i=

holds. Since any two components Q,, Q,, p + ¢, are separated by at least one plane
R, (yy) holds. Tt remains to verify {yyy).

Let x be an interior point of a face S of the convex polyhedron @, and let x € 6€,,
g % p. Suppose, for the moment, that x lies on an edge of the convex polyhedron Q.
Then x must lic in at least two different planes R®, R, s, t€ {l, lc}, But this is
a contradiction, since x is an interior point of S. Hence, x is also an interior point
of a face S’ of the polyhedron Qq and we deduce that S and S’ have common interior
points, i.e., S = §". If the face S of QI, does not coincide with a face of any other
polyhedron Q,, ¢ # p, then it is easy to see that S = ¢Q. =
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Proof of Theorem 3.1. Let @ < #* be an arbitrary polyhedron and let Q,, ...
..., Q. be the convex polyhedra from Lemma 3.1. We shall divide all these convex
polyhedra into tetrahedra in the way described in [ 11]. Let pe {1, ..., r} be arbitrary.
As has been said, all faces of the convex polyhedron @, are convex polygons. Denoting
by By, .... B; (for instance, counter-clockwise) the vertices of any face we can divide
this face into the triangles B,B,B;, ByBsBy. ..., B{B;_,B;. Let {S;}i2 be the set
of all triangles which are obtained in this way on the surface of the polyhedron €,
(see Fig. 4). In addition, we require that common faces of two convex polyhedra

Fig. 4.

(ie., faces S < Q,, ' = Q,, p =+ ¢, such that S = §') be divided into triangles
“in the same manner”. Let A4, be an arbitrary interior point of the polyhedron Q,.
The convex hull K of the triangle S, and the point A, is a tetrahedron. Introduce
the set
o g
7 = {K;

— . — 1
p=1 ., u=1...m;.

Utilizing the conditions (y). (yy), (yyy) from Lemma 3.1 as well as the fact that
a possible common face of two convex polyhedra Q,, @, p + g, is divided into
triangles in the same manner, it is easy to show that the finite set & satisfies (i), (ii),
(iii). =

Denote by fig (= diam K) the length of the largest edge of a tetrahedron K. To any
decomposition & if the polyhedron Q into tetrahedra we assign the real number

(3-1) h, = max hy .

Ke2

The number k., is called the norm of the decomposition <.

Definition. A set of decompositions W of the polyhedron G into teirahedra is called
a family decompositions if for any & > 0 there exists a decomposition % &M
such that h, < e.
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Definition. A family of decompositions I of the polyhedron Q into tetrahedra
is said io be regular (strongly regular) if there exists a constant x > 0 such that
Sor any decomposition & € W and for any tetrahedron K € & there exists a sphere
Sy with a radius oy such that &y < K and

(3-2) xhy < ox (hy < 04) -

(iii‘) any fuce of uny tetrahedron in the decomposition is either a face of another
tetrahedron in the decomposition, or a subset of the boundary ¢£.

The constant x is said to be coefficient of the regular (strongl_r regular) SJamily M.

Obviously, any strongly regular family is regular. Note that a strongly regular
family of triangulations of a polygon (the definition is analogous) is easy to obtain
due to the fact that any triangle in the triangulation is divided by midlines into four
coinciding triangles, which are similar to the original one. In three-dimensional space
the situation is considerably more complicated, since it may not be possible to divide
any tetrahedron into more coinciding tetrahedra which would be similar to the
original tetrahedron.

Theorem 3.2. For any polyhedron there exists a strongly rvegular family of de-
compositions into tetrahedra.

Proof will be composed of three parts — a), b), (,}

a) First, we prove the theorem for the simplest polyhedron — tetrahedron, which
will be particularly selected. So let @ = K, where K is the tetrahedron with the verti-
ces A, B, C, D having the coordinates (4,0, 0)7, (=1,0,0)7, (0. 1, ), (0. =4, )T,
respectively (see Fig. 5). The length of the opposite edges AB and CD is equal to 1
and the length of all other edges is \/3/2. Denote by My, M,, M. M,, My, M the
midpoints of AB, AC, AD, BC, BD, CD, respectively and divide the tetrahedron K
into eight tetrahedra (see Fig. 5):

AN, 01,81, BNE IRt . CRIT, BT, , DS1GRT T |
N PN B v O v Oy Sy 0 v o8 v S S B v O O

It is easily seen that all these tetrahedra form a decomposition of K. We denote
by &, this decomposition and put Z, = {K}. The length of the edge M Mg is &
since the coordinates of the end points are (O, 0, O)T, (O, 0, ;)T. The length of all
the edges which are the midlines of the external faces of K and which are parallel
with AB or CD is { as weel. Therefore, the length of the edges

AM,, BM,, M, M,, M3Ms, CMy, DMy, M, My, M M, M M,

is equal to 1 and for any tetrahedron of &, precisely two of these edges are opposite.
The length of all remaining edges of the tetrahedra of &, is \/3/4. Hence, all tetra-
hedra of &, are coincident and similar to the original tetrahedron K. If § is the
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Fig. 5.

radius of the inscribed sphere of K then the radius of the inscribed spherc of any
tetrahedron of &, is evidently 1g. Any tetrahedron of Z, can be divided in the same
way into eight coincident tetrahedra similar to K again and we obtain the next
decomposition &,. Repeating this process to infinity, we get the family of decom-
positions {E’zm}ff:o‘ since the norm of &, is 27™. Moreover. this family is strongly
regular since the corresponding coefficient % can be chosen as % = 27"§/27" = 4.

b) Consider Q = K, where K is an arbitrary tetrahedron with vertices 4. B, C, D,
the coordinates of which are

(3-3) a=(ayaya3), b=1(b.byb)T. ¢=(cp.cey)",
d = (dy, ds, 113)T .
We introduce an affinc one-to-one mapping F : K — K given by

(3-4) F(X)= Q% +gq, fek,
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where ¢ = (a + b)2 and Q ={u — b, ¢ —d,c + d — a — b) is a regular matrix
as F(A) = A, ..., F(D) = D. This mapping transforms the edges of K onto the corres-
ponding edges of K, the midlines of the faces of K onto the midlines of the correspond-
ing faces of K and so on. Therefore, for m = 0, 1, 2, ... the sct

2, = {F(R')|K'ed,}
is also a decomposition of K. Let e, be the largest edge of all tetrahedra from Z,,,

its length being A, , and let h,,, be the length of the corresponding edge é&,, =
= F~'(e,). According to (3-4) and part a) we have

(3-5) h, <|0|h, <02, m=o012,

Thus, {Z,,}m=0 is a family of decompositions of K.
Denote by & the inscribed sphere of K, i.c.,
F = x| |5 =%

c K,

[IA
=<

where ¥, = (0,0, ;)T is the centre. Then
F(?) & ch’Q (x—=q)— % £} =K

is the ellipsoid with the centre x, = Q~'q + X, which is inscribed in K. Denote by ¢
the length of the shortest semi-axis of & and let & be the sphere with the centre x,
and the radius o. Then & = & < K. According to a), the radius of all the inscribed
spheres of the tLtrahcdral from @,,, is 27"g. Hence, the mapping F transforms all
these spheres onto ellipsoids that are coincndmg and similar to &. These ellipsoids
will be inscribed in the corresponding tetrahedra from 2,, and, obviously, the length
of their shortest semi-axes will be 27"o. One immediately sees that for any K' € 2,
there ¢ xists a sphere &’ with the radius 27" such that &’ < K'. Consequently, the
family {. .} is strongly regular and since (3— 5) implies

& S 27" o
b, —20] el
the corresponding coefficient »x can be chosen as » = ¢ HQ[]
¢) Let Q be an arbitrary polyhedron and let & be an arbitrary decomposition
of Q into tetrahedra. According to b) a strongly regular family {2,,(K)}-, with
a coefficient x corresponds to any K € &. Setting
Dy=U2,(K), m=012,..,
Ke2
we can easily verify that @,, is a decomposition of Q. The norm of &,, is evidently

max kg, Thus, (D )iz is a family of decompositions of , since according to b)
Ke%
hgy, xy—0 as m— w

for any K from the finite set Z. This family is strongly regular, since the corresponding

cocfficient % can be chosen as % = min x,.
KeZ
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Now, we investigate the question whether there exists a decomposition of @ such
that the parts I'y, I, satisfying (l—l) are covered by whole faces of tetrahedra of the
decomposition (see Fig. 6).

AV

F NG

Fig. 6.

Definition. Let the parts Iy, I'y, I', of the boundary of Q satisfy (1-1). Then
a decomposition @ of Q is said to be consistent with I'| and I'y if the interior of any
face of any K € @ is disjoint with I',.

Theorem 3.3. Let the parts ', I'y, T, of the boundary of @ satisfy (1-1). Then there
exists a strongly regular family of decompositions of Q {into tetrahedra) consistent
with I'y and T .

Proof. Let P'and R', i = 1,..., k, be the polygons and the planes, respectively,
from the proof of Lemma 3.1. Let I'y & @ (the case I', = 0 was proved in Theorem
3.2) and let p’, ..., p’ be the line segments the union of which is I'y. Evidently, for
any p’,j = 1, ..., [, there exists a plane R*, s, € {I, ..., k} such that p’ = R¥. Denote
by R¥*/ the plane such that p/ < R**/, which is perpendicular to R¥. Let Q. ..., Q

k+1

be all components of the set @\ |J R’. Now, proceeding as in the proofs of Lemma
i=1

3.1, Theorems 3.1 and 3.2, we obtain the strongly regular family {Z,}7_, of de-

compositions of Q. Since any line segment p/, j = 1,..., [, is included in at least
two different planes R®, R, | < s,t < k + 1, the interior of any face of any K e &
m=0,1,2,...,is disjoint with I',. =

n>

4. FINITE ELEMENT SPACES

Let & be an arbitrary decomposition of Q into tetrahedra. We define the finite
element spaces corresponding to the decomposition & similarly as in [9] The space
of the finite elements of stresses is the space

T, ={teT,|divie[L,(Q)]}.
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where
T,={teT|t1/KeTy Ke2},

and the space of finite elements of displacements is
Vo = {ve[L(Q)]*|v/Ke Vi, Ke 2} .

Obviously, T, < T, but the analogous inclusion between ¥V, and ¥ does not hold
in general. Now, we describe the character of tensors of T,.

Definition. Let te T,, Then the stress vector tn is said to be continuous at the
external faces of the tetrahedra of @, if for any face S common to two different
tetrahedra K, K' € & we have
(4-1) m=1n on S,

where n is a normal to S, v; and t; are the linear extensions of t/K; and 1’/K1’-,
respectively, to the whole space B> and K; = K, K; < K’ are blocks such that
S =K;nKj.

Lemma 4.1. Let te T,. Thente T, if and only if tn is continuous at the external
faces of the tetrahedra of &.

Proof. Let 1€ T, and let S = K;n K}, K; c K,K; c K', K,K'e 2, K + K.
Using Green’s theorem, we have for ve [2(K; U K})]’

T
vievds = | o'ty ds,
K N

f (t.e(v) + o7 divr)dx = [ oty ds = f vt T ds,
Ky Ji, s

where v; = —v} is the unit normal to S (outward to K,). Since the divergence of
exists in the sense of distributions also on the subset K; U K < @, summing both

the above identities gives

I

J;_ _(r ce(v) + o7 divT)dx

0= J vty — Tv)ds Yee [2(K, VK)]?,
s

i.c., particularly for all ve [#(S)]’. Thus, 7y, — Tjv; = Oon S.

Conversely, let 7e T, and let tn be continuous at the external faces. Since div 1
exists in any block,

(4-2) J t.e(r)dx = J Tty ds — J vTdivedy Voe[2(Q)].
K K

CK;

i

Define fe [L,(2)]° by
JIKi= —divt VK, <K, i=1234, VKeZ.
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Summing (4-2) foralli = 1,2, 3 4andall K e &, we sce that

f T.e(v)dy =) Y ([ Tty ds + andx> = J‘ oTfdx Vee[2(Q)],
2 . K o

KeZ K;c K oK
since (2-1) and (4-1) hold. Thus, —f is the divergence of 7 in the sense of distributions
on the whole Qandte7,. =
Now, one sces that Green’s formula

(4-3) f 7. e(v)dx + j oT divrdx = f vTvds, ve Vg,
K K ;

oK
holds also for 7 & T (the components of which are not from H'(K)).
We denote by r(@) the set of all external faces of all K e &, i.e.,
(@) = {S = R*| S is an external face of K € @} .
Jt is clear from Section 2 that t € T, is uniquely determined by:
(i) the values of tn at three points, not lying in one straight line, of each Se F(?Z),
(i) [gtdx for each K e 2.

Analogously as in Section 2, we could define the degrees of freedom @', ..., &
of the space T,, where r = dim T, = 9 card F(f/) + 6card . Now, we show
that the definite clement spaces of stresses and displacements have the so-called
equilibrium property (see [9]).

s

Lemma 4.2. [f t€ T, and (v, div 1), = 0 for all ve V,, then divt = 0in [L,(Q)]°.

Proof. Let Ke & be arbitrary and let G;, i = 1,2, 3,4, be the gravity centers
of the corresponding blocks K. Clearly, G,G,G;5G, cannot be a degencrate tetra-
hedron, since it is similar to the tetrahedron G;G5G5G,, where G are the gravity
centers of the faces S; = K; n éK, and G;G5G5G, is similar to the mirror image
of K. Thus, we choose v, € Vi, j = 1,2, 3,4, k = 1, 2, 3, suchthat vjk/K' = 0 for any
K'e %, K’ # K, and we can define v, linear on K so that

0(G)) = (014 02 03)" 5 0(G)) = (0,0,0)7 for [j, le{l, 23,4},

where 9, 1s Kronecker’s symbol. Using Lemma 2.7, we obtain

4 4
0= J' ofdivedy =Y J v dive dy = Y i5(K,) 01 (G)) div T, =
o i1 JK; i .

i=1
= p13(K;) 05(G) div 7, = ps(K;) (div o)
where (div 7;), denotes the k-th component of the constant vector div 7;. Therefore,
dive, = (0,0.0)T for j =1,2,3,4. ®

5. EXTERNAL APPROXIMATION OF THE DUAL PROBLEM

As in Section 1, let fe [Ly (@)}, g € [Lo(I'{)]® and let (1-2) hold if I', = @. For
an arbitrary decomposition & of Q consistent with I'; and I", define the set of statically
admissible approximations of stresses (cf. (1-7))
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E, (f, g) = {re T, J " div T dx = —f vTfdx VreV,,
_ o e

J'DT‘L'\!dS:J‘DngS Yoe Vs, VSel(2), Scf,}.
S S

Definition. An external approximation of the dual problem (corresponding
to the decomposition &) consists in finding o, which minimizes the functional
(1-6) over the set E (/. g).

Theorem 5.1. There exists a unique solution o, of the external approximation

of the dual problem.
The proof is based on two auxiliary lemmas.
Lemma 5.1. Let Ke &, e [L,(6K)]? and let
(5-1) J wTfdx —I—J’ wigds =0 Ywe Wy = {ve Vi|ev) =
K 4K

(i-e., the equilibrium conditions for the forces f, g and their moments are satisfied
on K). Then there a unique e Ty such that

(5-2) J o' divrdx = —J vTfdx Vee Vg,
K K

(5-3) J vty ds *J‘ vTg ds Voe Vg
s s

and for all external faces S of K with the outward unit normal v.

Proof. Existence. By Riesz Theorem, for any external face S of K there exists

a unique € V5 such that

(5-4) ‘. o7t ds :J vTgds Vee V.
s s

o

We choose 7 e Ty such that (sce Section 2)

(i) v =1tonJK,

(i) fyrdx =3 (Jx(xfT + /xT) dx + [ox(xg" + gx7)ds).
Then evidently (5-3) holds. Let ve Vg be arbitrary and let
(5-3) v=u+w, uelUy, weW,

where Uy is the orthocomplement of Wy in V. Using (1-4) and the symmetry of the
constant tensor ¢(v), we see that

Lr.a(u)dx:ﬁ(f.z(u)dx_-zq(x/ +jx)dx+f (7" + gi” ) ofu) =
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z,(u)ng d.\'> =
[N

=1r (J‘ ufTdx +j- ug’ ds> = [uTj'dx + f u'gds.
K oK JK oK

Hence, (4-3), (5-1), (5-4) and (5-5) imply

j‘ o divedx = —J- T.¢(v) dx + J uTtvds + J~ wltvds =
K K cK oK

= —J‘ u'fdx —J u'g ds +J. u"g ds —J wifdx = J v fdx.
K K éK K K

Unicity. Let ¢/, " €Ty satisfy (5-2) and (5-3). By (4-3), we have [((<' — 17).
.8(v)dx = 0 for any ve V. Thus, [y(r' - 1")dx = 0 and since (z' — t")v =0
ondK,wegett — 1" =00onK. ®

- [ 6o+ [ s camyas ([ o vmacs |

Lemma 5.2. The set Eg(/f, g) is nonempty.

Proof. Let us number the tetrahedra of Z in this manner: Let K' € & be arbitrary.
Successively, we denote by K/ € 2, j = 2, ..., m (= card @), an arbitrary tetrahedron
which is different from K', ..., K/~ ! and which has a common face with at least
one tetrahedron K1, ..., K71 Let

k
Q=UK', k=1,...,m.

i=1
We shall define a certain extension g* of g to all faces S e [(9) in such a way that
the equilibrium conditions for the forces f, g* and their moments will be satistied
on any ¥, which is evidently a connected set (a poiyhedron).
First, we define g* on 6Q™ = 6Q. We put g* = g on I';. In the case y,(I';) > 0,
we put in addition

g*=0 onany S<rl,, S+5, Sel(2),

where S’ e I'(2) is a fixed face in I',. It is easy to see that on this remaining face
S' < 0Q", g* can be defined (e.g., as a linear function) so that

m

J wfdx + J‘ wigids =0 Ywe Wy = {ve ¥, l ¢(v) = 0} .
aom

Next, we define g* step by step on Se I'(%), S & Q. Let j successively attain the
values m,m — 1, ..., 2.

Let 87, ..., S, k;e {1, 2,3, 4}. be all external faces of K’ which belong to 8Q/'.
Then we define an auxiliary function g/ € [L,(¢K’)]* by

g'=0 on S5, ...S8,

* i J
g¥on Sg . Si,

i

gj
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and we choose g linear on the remaining face S{ so that

(5-6) j wifdx + J wig/ds =0 YweW,.
KJ oKJ

Setting now

(5-7) g*=—g’ on S| ..S,

we see that the forces f, g* and their moments are equilibrate on /71 ie.,

J- wfdx —i—\[ wigtds =0 YweW,,
Qi-t o1

since

J‘ wifdx + J wigtds =0 VYwe W,.
0J

00J
Finally, for j = | we put g' = g* on aK*'.
Let /e Tys j = 1, ..., m, be the tensor from Lemma 5.1 which corresponds to the
forces f. g’ satisfying (5-6) on K. Define T e T, by

" on K;, j=1,...,m.

T =7 ;

Using (5-3) and (5-7), it is easy to show that ©n is continuous at the external faces
of the tetrahedra of &. Therefore, by Lemma 4.1, T ¢ T, and evidently T e Eg(f, g). =

Proof of Theorem 5.1. The set E,4(0, 0) is closed in 7, since it is a finite-dimen-
sional subspace of T. Thus, the nonempty set

E (f. 9) = E,(0,0) + 7,

where 7 € E(/, g), is closed in T and cbviously convex. Using the T-cllipticity of the
symmetric bilinear form a(., .) in (1-6), we get that the solution o, € E,(f, g) exists
and is unique (see [4], Theorem 1.1.1). =

Lemma 5.3. E,(0,0) < E(0,0).
Proof. Let 1€ E,(0,0) = T. Since 1v/S e Vg for Se I'(Z) and

waM=ov%g,scn,
N

we get tv = 0 on I';. Together with divt = 0, which follows from Lemma 4.2, we
have by (1-3) and (1-7) for. ¢(v)dx = O Voe V. m

Theorem 5.2. There exists a constant C(a) such that
oltaeEs(f )} -

Proof. The functional (1-6) attains its minimum over the set E(/, g) at ¢ if and
only if (see [4], Theorem 1.1.2)

a(o, 1 —a) = bt — o) VieE(f, g).

e —o,llo £ C(a)inf {|o — 7,
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Therefore,

a(o, x) = b(x) VreE(0,0)
and analogously we obtain

a(ag, X.{‘/) = b(/f/) Vyg € Ef,,(O, 0) .
Thus, by Lemma 5.3,
a(oc — 64,0, —1,) =0 Vige E /. g).
Using (1-5), (1-6) and the Schwarz inequality, we obtain
Cullo — 045 € aloc — 04,0 — 0y) = alc — 6,0 —1,) £

= CSH(" — Tailo ! io

Oy — Ty

for any 1,€ E,(f,g). ®

Note that this theorem has been obtained by medifying Cea’s lemma (see [4],
Theorem 2.4.1), where the infimum is taken over the whole space of finite elements
and not only over a subsct, as was the case in the present proof.

6. L,-ESTIMATE FOR THE EXTERNAL APPROXIMATION

In this section we use a standard convergence technique (see [2, 4, 8, 9]) First, we
introduce the composed ;efe:eme tetrahedron K with the vertices A, B, €, D the co-
ordinates of which are (1, 0, 0)", (0, 1, 0)T, (0, 0, 1)7, (0, 0, 0)", reqpective]y, and with
an interior point £ which coincides with the gravity center, i.e., £ = (4, o 4)"'.

In the following, 9 denotes a fixed regular family of decomposition of Q (with
a coefficient 3) consistent with I'; and I",. Suppose, for simplicity, that the interior
point E of any K € & € Wi is the gravity center. Let A, B, C. D be vertices of some
Ke 2 eI, their coordinates being given by (3-3). Define an affine one-lo-one
mapping Fy : K — K by

(6-1) F(8) =Bt +d, fek,
where By = (@ — d, b — d, ¢ — d)is a regular matrix as Fy(d) = 4, ..., F(D) = D
Furthermore, Fy(E) = E. Clearly,

(6-2) IBi| = 3max ([la — d|. [|b — d]. [lc = d]) £ 3hy.

Since it is known that p(K) = }dct B,\‘ (see e.g. [11]), it follows from (3-2) that
(6-3) fmchy < Hdet By

Denoting by Bf the matrix of the algebraic adjoints of By, the components of which
can be evidently estimated by 2k%, we arrive at

(6-4) 1B = s S en =g

[det By| ' 24me by
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For e T(K) define 2 e T(K) by
(63) H8) = B (RS (B2 )T, ek

Further, for m = 0, 1,2, ... and a nonempty bounded domain Z < &* with a Lip-
schitz boundary define the space

H™(Z) = [H(Z)}’ n T(Z)

with the norm ||, ;. First, we shall approximate stresses e #'(K) as in [9] for
the two-dimensional problem:

To any te #'(K) assign [1% € Ty satisfying
(6-6) J 0TI ds = J 0T ds Vie Vg
8 3
for any external face S of K with the outward unit normal 9, and

(6-7) ‘. i ds = J tdsg.
R

K

o

By Theorem 2.1 it follows that 1% is uniquely determined by these requirements,
since for any S there exists a unique linear vector function ig e ¥ such that

j 575 d§ = J 8720 d§ Voe Vg
5 B

s

and thus, 19[S = i.
Lemma 6.1. There exists a constani C such that
IMt)ox = Cltllix vieH'(K).

®
Proof. By Theorem 2.1 there cxists a linear operator % : R** - Tg, which
assigns to any vector o = (ay, ..., #,,)" an element ¢ € Ty such that

D (p)=0o,, p=1,...,42,
where the degrees of freedom &, are defined, for simplicity, by the outward unit
normals 9, of K. Thus, there exists a constant C; > 0 such that

El‘ 10lon < 2] = (@ + oo + 22)"72 4 (625 + ..+ ady)V? =
B

G v / H [ A -
~ (% L0 opye v [ o0s voer..
i=1j=1 i il

Since all norms in a finite-dimensional space are equivalent and since
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is the norm in V5, for all external faces S, = K, i = 1,2, 3, 4, we arrive at

T
(69 bolhs = €. (Iol0us + | [ 2at)).

where C, does not depend on ¢ e Ty Let 2e #'(K). Applying & = [1t¥/se Vg
to (6-6), we obtain by the Schwarz inequality

(6-9)
Referring to (6-7), (6-8) and (6-9), we see that

ngqomw%m+fﬁm&>g
g |

gqﬁwhw+wgﬁbqu%m+meg,

Using the trace theorem [7, 10] and the Hélder inequality, we get

[12]o.k = CLC 2]k + V(a(R)) [tox) < Clitf e

(18955 < |20, [#9]o.s

(6-10) |14

Lemma 6.2. There exists a constant C such that
It — Mt]ok < Clt|,x Vie#™(R), m=1,2.
Proof. Form = 1,2 and € %”0(12) define the linear functional Z™ by
(6-11) E"#) = (2 — 0%, Y1)k, teA™(K).
Applying the Schwarz inequality and Lemma 6.1, we obtain
=) 5 ¢~ Ao [Pl = (1 + ) el [l
§ (l + C) ”f m,K Hl/;HOK .

Since 1 = ¢ for ¢ e [P,(K)]° n T(R), we see that 2" = 0 on [P,,_,(K)]° n T(R),
m = 1, 2. Using Bramble-Hilbert Lemma [2, 4, 8], we get

{5’”(%) wi [Wllox Vie#™(K),

which together with (6-11) proves the lemma. ®

IIA

=t

Now, we formulate an analogous lemma for te #'(K), K € & e M. Similarly
as for I1, we define the operator /1, : #''(K) — T by

(6-12) LUT(z — Igt)nds =0 YeeVs
for any cxternal face S of K with the normal n, and

(6-13) J.K(T — gt)dx = 0.

It is worth noticing that [Tyt does not depend on the size of n.
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Lemma 6.3. There exists a constant C' such that for any tetrahedron K of any
decomposition Z € MM we have

T — Myzlox < CHY

),k Vee#"(K), m=12.
Proof. Using the previous notation, we assign to any v e Vs a vector & € Vi by
08(5) = BE o(Fi(5)), seS§.

It is easy to show that n = (B¢ ')T # is the normal of the face S = F¢(S). Then (6-5),

(6-12) and (6-13) imply that
0= LUT(T — Hgt)nds = fﬁ*BK‘BK(f - 17?1) BY(Bg")T 9|det By ds,
$

N
0 :f (r — Hy1)dx = f By(t — I1) B;idet BK[ ds .
K K

N\ N\
Therefore, J' 67(2 — Myr) 9 ds = 0, J (¢ — Ht)ds = 0
N K

for any fe Vi and any external face S of K. Comparing this with (6—6) and (6-7),
we get

/\ o~
(6-14) Myt = 117
for any re #"(K), m = 1,2, and the corresponding te #"(K). By (6-5), (6-14)
and Lemma 6.2,
(6-15) It — Myzllo.x = | Bi|? [det By|'/? |¢ — MTt]o x < C|Bi|? |det By|"?

A

T

m,R
for m = 1, 2. It is known [3, 4] that any component 7;; € H™(K) fulfils

[t © Filmg < || Be|™|det By "2 ti|wis m=0,1,2,...
where Fy is defined by (6-1), ““o™ denotes the composition of the functions t;; and F.
Therefore, by (6-5),
(6-16) ok < 9B 1| Bil|™ [det Be| ™2 2],/ . m =0,1,2, ...
Referring to (6-15), (6-2) and (6-4), we sec that

[~ Ml £ 9C]BL " [ el < 37400

T m, K

form=12 n

Theorem 6.1. There exists a constant C such that for any & € I
o — 040 £ Chylo], if ocen'(),
0 S Chilo|, if oen(Q),

o — o
where o and 04 are the solution of the dual problem and the solution of its external

-
approximation, respecttvely.
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Proof. Let Z € 9 be arbitrary. For e #°(Q) define ,te T, so that
Hyr/,(: Ilyt, Ked.

Using Lemma 4.1 and (6-12) for each Se (@), it is easy to see that Izt e T,. By
Lemma 6.3 and (3-1) we obtain

(6-17) v = Hoafy = (Y v — Mgl ) = () Chg"
Ke@ Ke2

2 1/2 o 1 gm
T!m.l\') = C hf/

T

m

for te #™(Q) and m = 1, 2. If e #(Q) v E(f, g) then by Green's formula and
(1-7), (6-12), (6-13), (4-3) we get that for any Ke &

J Tfdx = — [ vTdivedrx = j' 7. &(v) dx —-J‘ vty ds =
K Jx K (

oK

= j Myt . o(v) dx —J v i tvds = —J~ oT div Hgrdx Vee by
K oK K

and

j vTg ds = J Tty ds = J. VT ,tvds Yoe Vg,
s s s

where S < I'y, Se I'(Z). Thus It € Ey(f, g). Using (6-17) for © = ¢ and Theorem
5.2 we obtain

o = o,

0 £ C(a) o — Hyolly < CHY

a\m, m=12 B =

7. L,-ESTIMATE FOR THE EXTERNAL APPROXIMATION

Given a closed domain 0 + Z < [*, we define the norm
Il
and set |.], = |.{,5 For m=0,1,2,..., put

w(z) = [C2) ~ T(2). 6(Z)= W(2).

Note that we can extend the domains of the operators IT, [Ty, I, also by tensors
of the spaces ¢(K), %(K), %(Q), respectively.

sz =essup )], e [L(2)

Lemma 7.1. There is a constant ¢ such that for any K€ % € I
[l x < élt]. « Ve ¢(K).

Proof. Since all norms in a finite-dimensional space are equivalent and since (6-10)
holds also for ¢ e 4(K), we have

0l = . (Jelose + | 205 ) = el

G0 s el

where ¢ does not depend on % e %(K).

71



VAN
Now, let K € & € M be arbitrary. Similarly as in (6-14), we can prove that [yt =

= [1t for t € %(K) and the corresponding € %(K). Thus, (6-5), {7-1), (6-2) and (6-4)
yield

N\
[l e = 1Bll® il e = (Bi[” [ 2]k = &[Bil 2] c =

= e Bl B |* el = ek ™

Lemma 7.2, For any te $*(Q) there exists a constant ¢, such that

(7-2) It — Oy, < c.hl, VZeM.

Proof. Let te%*(Q) and let K € 7 € M be arbitrary. Let x° = (x], x5, x3)T e K
be fixed. Then, for any x = (x,, ;. x3)" € K Taylor’s formula gives
(7-3) 1(x) = o(x%) + 7(x) + 47(x),
where the matrices 7'(x) and t"(x) have

3, 0t,;(x%) 3 0%, (0, {x) .
2 =) g g O ) )

in the position (i, j), respectively, and 0;;(x) = 0;,(x), i, j = 1,2, 3, lic on the line
segment xx. Since ITxgp = ¢ for ¢ € [P{(K)]” n T(K), we have from (7-3)

(”KI) (X) = T(xo) + ‘L'(X) + %(I_IKI”) (x) .

We again use (7-3) to obtain by Lemma 7.1 and (3-1) that

Y
2

L4 3 3 p2r. (2)\2\ 112
< 1EC s sup( Y ( S I(—E‘J(‘7);> ) hy S ok

2 e i,i=1 \I,I=1 1 0X; 0X;|

le = Ikt k=3

T — [Tt

oK = “T”Hw,K =

for any K € 2 e 9. Hence, (7-2) is valid. =

Theorem 7.1. Let 9 be strongly regular. If o € €%(Q), then
lo =04l = O(hY?) as h, -0, Ze.

Proof. Let K e Z e M be arbitrary. Then by (6-5), (6-16), (6-2), (6-3) and (6-4)
we obtain for 7€ Ty that

(7-4) [l = 1B* 2]k = col|Bill” [#[o.x =

< o B[ 9| B< ||? |det By,

T ek = hi o
where ¢, is from (7-1) and ¢’ does not depend K € 2 € M and 7 e Ty. Since M is
strongly regular — see (3-2) — we get

Il < Ch* o = cog™?

tlo = ¢ 2052 ok £ chy’|lllo
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for any 1e T, and K € 2 € 9&. Consequently,
(1-5) It £ ch3¥2|c]o Vee T,

Now, by Theorem 6.1, (7-2) and (6-17) we have

Og

lo w = o = Hyoll, + chg®? |0 — o]0 =

< e b+ cll§3/2(Ha — Hyof, + o — 0olo) S

< ¢ bl + ch;’*(C'hyo|, + Chilol,) = O(h/?)

foroe ¢¥Q). =

Remark. We have chosen the assumption of strong regularity of the family i,
because we cannot estimate ”G’ — 0glo,x locally in terms of k%, but only globally
in terms of k. Furthermore, note that the L_-estimate of the analogous two-dimen-
sional problem will be even O(hg), since we can bound the absolute value of the
determinant of the affine mapping (from the reference triangle to an arbitrary triangle)
from below in terms of hi-compare with (6-3) and (7-4).

8. INTERNAL APPROXIMATION OF THE DUAL PROBLEM

We introduce another type of the approximation of the dual problem which has
been studied by Hlavddek |8] in the two-dimensional elasticity.

Let T e E(f. g) be fixed. Using the substitution t = t° + 7, we can formulate the
dual problem of Section 1 equivalently in the following way:

Find ¢® which minimizes the functional J® : T — R' defined by

JO(TO) = %a(ro, ro) — b(fo) + a(%, 10), eT,

over the sct E(0, 0). (One casily sees that ¢° + 7 = 0.)

Definition. An internal approximation of the dual problem consists in finding o?,
which minimizes J° over the set E,(0,0). The tensor o3 + 7 is called the solution
of the internal approximation.

As in Section 5, we can show that ¢, exists and is unique. The previous problem is
called the internal approximation, since E,(0, 0) = E(0,0) by Lemma 5.3, i.e., we
approximate the set E(0, 0) internally. Obviously, J%¢°) < J°(c},), while the ana-
logous inequality for the external approximation does not hold in the general case,
since Eg,(j‘, g) is not a subset of L(j g) in general. Using the above inequality and
knowing, moreover, an approximation of the primary elasticity problem, we could
obtain a posteriori error estimates and two-sided bounds of energy [7]. Since o —
—~ (6% + 1) = ¢° — ¢, it is sufficient to study the convergence of the difference

6’ — ¢l
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Theorem 8.1. There exists a constant C independent od & € M such that

o S CHY

[6® — o2 G’UI ir ¢®ex™(Q). m=12.

m

Proof. It can be proved as in Theorem 3.2 that
(8-1) [6° — oofo < C(a)inf {|jo° — 5[, | 75 € E;(0,0)} .

If 6% e #'(Q), then we know from the proof of Theorem 6.1 that 1,6° € E,(0, 0).

Thus, by (6-17),
0

I6% — o3

o = Cla)] 0° — M0l < CHy

0
o°l

\7"
for c®e A™(Q), m=1,2 =

Remark. A question arises about the convergence of the method when ¢° is not
smooth enough. Thus let ¢° ¢ #'(Q) and let ¢° € E(0, 0) n #7'(Q). Then from (8-1),
lo® = a3l < Ca) ([ 0® = "o + int ([0 — )| < € £,00)}) =
< ((a)f 0 = o°|o + C(a)] " = M0°[, -

Since the second term is O(hg), in order to obtain convergence it is necessary to find
¢° € E(0,0) n #'(Q) sufficiently close to ¢° e E(0, 0) in the L,-norm. This can be
done in the same way as for the plane problem in [ 8] (Theorem 4.3). where it is proved
that the set E(0, 0) n [C”(@)]* is dense in E(0, 0) (with the topology of [L,(Q)]*)
provided certain assumptions on the domain Q < R? are satisfied; e.g., if I'; = 0Q,
the author supposes @ to be starlike.

Theorem 8.2. Let 9 be sirongly regular. Then for ¢° € 6%(Q),

o — o3

wsO(hL'/Z) as h, -0, Ze.

Proof. Referring to (7—5), (7-2), (6—17) and Theorem 8.1, we see that

|o° — oyl [6° = M,6°,, + chy®?| M y6° — o5y <
< cphy + chy? (|6 = Hy0®|o + |6 — 0 ]o) <

< cphl + chy? P (C'R

00!2 + Ch

o°l,) = O(hi?). =
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Souhrn

METODA ROVNOVAZNYCH PRVKU V TROJROZMERNE
PRUZNOST!

MicHAL KRiZEK

Je vySetfovan Ctyfsténny rovnovdzny prvek napéti. ktery vznikl zobecnénim
trojihelnikového rovnovéziného prvku zavedeného Watwoodem a Hartzem [6].
Na dané polyedrické oblasti jsou studovdny dva rizné typy po Cdstech linedrni
aproximace dudlni 0lohy linedrni pruznosti metodou konecnych prvkii. Pro oba typy
je dokédzdna konvergence v L,-normé& ¥ddu O(h*) a v L,-normé& fddu O(h'/?) pro
dostate¢né hladké feseni. Za tim alelem je také dokdzdna existence silné reguldrniho
systému rozklad( polyedru na étyistény.
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