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Abstract. Topological derivatives for elasticity problems are used in shape and topology
optimization in structural mechanics. We propose an approach to the asymptotic analysis
of singular perturbations of geometrical domains. This approach can be used in order to
determine the exact solutions of elasticity boundary value problems in domains with
small holes, and determine the explicit asymptotic expansions of solutions with respect
to small parameter which describes the radius of internal hole. The elastic potentials of
Muskhelishvili gives us an explicite solution in the ring C(p, R) = {p < |z| < R} in the
form of complex valued series. The series depends on the small parameter, the radius p of
the ring, and we are interested in the behavior of the series for the passage p — 0. Such
analysis leads to the expansion of the elastic energy in the form

E(p,R) = E(0,R) + p*E(R) + p*E*(R) + ... ,

where E(R) is used to determine the first order topological derivatives of shape func-
tionals, and £2(R) can be used to determine the second order topological derivatives of
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shape functionals. In the paper the first order term £'(R) is given, however the method
is general and can be used to determine the subsequent terms of the energy expansion
and the topological derivatives of higher order.

Key Words. Shape optimization, topological derivative, optimal design, contact prob-
lem, compliance optimization, topology optimization.

1 Introduction

In the engineering literature there are many results concerning the shape optimization
of contact problems in elasticity. The boundary variations technique for such problems
is described in [36] in the framework of nonsmooth analysis combined with the speed
method. Nonsmooth analysis is necessary since the shape differentiability of solutions
to contact problems is obtained only in the framework of Hadamard differentiability of
metric projections onto polyhedric sets in the appropriate Sobolev spaces. However, to
our best knowledge, there is no numerical methods for simultaneous shape and topology
optimization [41] of contact problems. The main difficulty in analysis of contact problems
is associated with the nonlinearity of the nonpenetration condition over the contact zone
which makes the boundary value problem nonsmooth. In the paper we propose a method
for numerical evaluation of topological derivatives for such problems.

In a series of previous works [37],[38],[39],[40] the authors introduced the notion and
developed a method of its efficient computing for the so-called topological derivative.
This derivative is applicable to domain functionals defined as integrals of some functions
depending on solutions to elliptic boundary value problems e.g. of the Poisson equation
or of the elasticity boundary value problems. This derivative approximates the effect of
making a small hole in a domain, allowing thus to consider topology changes.

The approach proved to be promising and has been used for shape optimization, the
identification of inclusions [14], and extended to other similar problems [20],[19]. Recently
it has been generalized to simultaneous topology and shape optimization [41], giving rise
to new necessary optimality conditions. We refer also e.g. to [19], [10], [33], for some
application of the topological sensitivity analysis in the linear case. Numerical methods
are presented in [1], [3], [8], [9], [18]. Asymptotic analysis, in particular in elasticity, is
described in [6], [2], [13], [21], [24], [26], [27], [28], [29], [30], [31], [32], [34], [38], [39], [40],
and of unilateral problems, including the sensitivity analysis, is considered in [4], [5], [15],
[35], [42].

The knowledge of topological derivatives is required for the optimality conditions of
simultaneous shape and topology optimization. The topological derivative of a given shape
functional can be determined from the variations of the shape functional created by the



variations of the topology of geometrical domains. The topology variations are defined
by nucleation of small holes or cavities or more generally small defects in geometrical
domains. The modern mathematical background for evaluation of such derivatives by the
asymptotic analysis techniques of boundary value problems is established in [26]. In [26]
the error estimates for asymptotic approximations of solutions to boundary value problems
in singularly perturbed geometrical domains are provided in the weighted Holder spaces.
The asymptotic approximations of solutions are used in order to established the explicit
formulae for the topological derivatives of shape functionals.

2 Shape optimization and topological derivatives

The shape and topology optimization is one of the most important mathematical problems
in structural mechanics. There are numerous application in solid mechanics, we refer to
the monographs [7], [17], [22], [23], [25], [36], for the specific examples. In the paper we
consider the elasticity boundary values problems, therefore we restrict ourselves to the
shape functional in the form of the elastic energy. This corresponds to the minimization
of the energy or equivalently maximization of the compliance.

2.1 Contact problems

Our goal is to establish the conical differentiability with respect to the topology variations
of solutions for two dimensional contact problem in the elasticity. Let us consider the
bounded domain 2 with the boundary 02 = I'o U T'.. On I'y the displacement vector
of the elastic body is given, on I'. the frictionless contact conditions are prescribed. To
specify the week formulation we need an expression for the symmetric bilinear form and
for the convex set K C H'(Q2)2.

The method of analysis is the same as in the case of Signorini problem for Laplacian.
We start with the formulation of the free boundary problem in unperturbed domain ).
The form of variational inequality is straightforward.

Contact problem in Q Find u=u(Q) = (u1,uy) and 0 = (0);5, i,j = 1,2, such that

—dive =f in Q, (1)

Co—¢(u)=0 in Q, (2)

u=20 on Iy , (3)

uv > 0, o, <0, o,uv =0 o,=0 onl, . (4)



Here

— — — {5012 — 2
0, = 0,jV;Vi, Op =0V — 0, = {OT}Z':1 , ov=A0yV;}iy s

1 .
ej(w) = 5wy +uja), 3, =12, e(u) = (€i)7 j=1,

{CU}U = Cijkt0ke, Cijke = Cjikt = Ckeij, Cijke € LOO(Q)-
The Hooke’s tensor C' satisfies the ellipticity condition
Cineljibee > col€l?, V& = &, co >0, (5)

and we have used the summation convention over repeated indices.
When the topology of € is changed, we have the following contact problem in the
domain Q, with the small hole B(p).

Contact problem in ,. Find u =u(Q,) = (u1,us) and o = (0);j, i,j = 1,2, such

that
—dive=f in Q,, (6)
Co—¢e(u)=0 in Q,, (7)
u=0 only, (8)
ov =0 onl,, 9)
ur > 0, o, <0, o,urv =0 o, =0 onl, . (10)

We assume for simplicity that the case of isotropic elasticity is considered, thus the sym-
metric bilinear form associated with the boundary value problem (1)-(4) is given by

aiw) = [ [ e + e+ e = e + 7] (1)

where 15 = 2¢15 and A, 4 are Lame constants.
The problem (6)-(10) is approximated by the problem with modified bilinear form in
the following way:.

Approximation of contact problem in 2,.  Let us surround the hole B(p) with
the circle T'r = OB(R) where R is fixed. Then in the set Qp = Q\ B(R) the solution to
the problem (6)-(10) may be approximated by the solution v of another problem in the
whole domain 2 with boundary conditions as in (1)-(4), but a modified bilinear form of
the energy functional

a(p;v,v) = a(v,v) + p*b(v,v) + o(p?) in H'(Q)?*. (12)
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The derivative b(v, v) of the bilinear form a(p; v, v) with respect to p? at p = 0+ is given
by the expression

2T
A+ 3

b(v,v) = —2me,(0) (01101 — 01202) (13)

where all the quantities are evaluated for the displacement field v according to formulae
given below in terms of the line integrals over I'y.
Hence, we can determine the bilinear form a(p; v, w) for all v, w, from the equality

2a(p; v, W) = a(p; v +w,v +w) —a(p;w,w) .

In the same way the bilinear form b(v, w) is determined from the formula for b(v, v).
The convex set is defined in this case by

K={ve H'(Q)?vw>0 onT., v=g only}. (14)

Let us consider the following variational inequality which provides a sufficiently precise
for our purposes approximation u, of the solution u(€2,) to contact problem (6)-(10),

u, €K : alpju,v—u)>L(p;v—u) YwekK. (15)

The result obtained is the following, for simplicity we assume that the linear form L(p;-)
is independent of p.

Theorem 1 For p sufficiently small we have the following expansion of the solution w,
with respect to the parameter p at 0+,

u, = u(Q) + p'q +o(p®) in H'(Q)?*, (16)

where the topological derivative q of the solution u(2) to the contact problem is given by
the unique solution of the following variational inequality

q € Sk(u) ={ve (H (Q)’lvv <0 onZ(u), a(0;u,v)=0} (17)
a(0;q,v—q)+b(u,v—q) >0 Vv eSk(u). (18)

The coincidence set =(u) = {x € ['s|u(z).v(z) = 0} is well defined [35] for any function
ue H'(Q)? and u € K is the solution of variational inequality (14) for p = 0.

Remark 1 In the linear case, it can be shown that ||u(2,) — u,|| = o(p?) in the norm of
appropriate weighted space. We refer the reader to [26] for the related error estimates in
the Holder weighted spaces. In general, we cannot expect that u, is close to u(,) in the
vicinity of B,, therefore the weighted spaces should be used for error estimates.
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For the convenience of the reader we provide the explicit formulae for the terms in b(v, v)
appearing in (13). They are

A+ ?
2mey(0) = oy (/F (v121 + vox2) ds) +
R

+#iﬁ(/ (u—gm@mm—vﬂ@ ﬁf@ﬂﬁ Uﬂg}mgz+ (19)

12k 2
7T2R6 (/ (14 9k)(vix9 + vox1) — e —(vy25 + UQ$1):| ds> ,

|
i),

with 19k
oy = % . |: 1 — 9]{7 01.731 — U2$2) + F(le? U2x3>:| dS’
12k
O19 = WLR?’ /FR { (14 9k)(v1x9 + vox1) — ﬁ(vll’g + sz?)] ds,
and
9k 4
01 = e {(mm — UglLy) — @(01% Uﬂg)} ds,
9k 4
09 = e i [(U1$2 + vomy) — ﬁ(“l% + UQx?)] ds
Here A\
p— 2N
A+ 3p

2.2 Correction to the energy functional

In this subsection we shall sketch the derivation of formulae for b(v,v) as given in [43].
Let us consider the contribution, in the absence of volume forces, of the energy integral
over the circle surrounding the origin (i.e. the potential location of the small hole)

1 1

eﬂm:54®@ﬂ@M:§A;F@ﬂMs (20)

to the global elastic energy. We shall leave the displacement on I'p unchanged and consider
the distortion to the stress field caused by introducing the small hole, denoted here by &

1

—/FR u’(6.n)ds. (21)

56R:2
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This distortion may be explicitely computed using the well known solution of the plane
elasticity system in R? with small circular void. To this end we need expressions for the
values of strains in the center of the circle in terms of the values of displacement on I'g.
These are calculated as follows (derivation is given in [43]).
Let us define I4(k,l) and I(k,!) as
1

I = —— Tl I = —/ vl 22
1(k, 1) i) /FR u ry Ty ds | o (k, 1) . U Ty dS | (22)

where

2T
alk,l) = RFHIT2 / cos" ™ ¢psin’ pdo |
0

27
Bk, 1) = RFHIT2 / cos® gsin'™ ¢ do |
0

whenever these expressions make sense, i.e. if k is odd and [ even or vice versa. Observe
that a(k,0) = (0, k) and

3 3 15 L s 5 7 L
a(l,0) =7R’, «3,0) = Z?TR , o al,2)= Z?TR . a(b,0) = §7TR , «f3,2) = gﬂ'R
and so on. Furthermore, let
0y = 9k ([I,(0,1) 4+ I5(1,0)] — [11(0,3) + I5(3,0)]) .

In terms of these symbols the formulae for the exact values of strain components at the
point @y = 0 read as follows:

enn + €2 = I1(1,0) + 1,(0,1),
enn — €0 = I1(1,0) — I,(0,1) — 61, (24)
’}/12 = 11(0,1) + 12(170) + (52 .

These values are used in (21), which may be rewritten as

1
dep = _5”92 (A + ) (en + €22)” + pulenn — €20)” + pyipt

+ (1 —7 + %E) (01161 — 01252)]-
Then due to Hooke’s law
1 1 21
Sep = —mpe,(0) — §7rp2 [ (1 T %%) (01101 — 01252)} (26)



which leads immediately to (13).
In order to make clear the origin of (19) we collect below the dependences given by
(23),(24) and write down the explicit expression for the terms appearing in (25):

€11 + €22 = %R?) /FR(ulxl + ugy) ds,
€11 — €29 = % . (1 — 9k) (urry — usxs) + 1;—5(“135? uQasg)] ds,
Yo = %}%3 g (1 + 9k) (ur e + ugwy) — g—f(ulxg - uzx?)} ds,
0 = WQ_}/; . :(ulxl — UsT) — %(ulxi’ ug%)] ds,
0y = Wg—]l; . :<U1$2 + ugxy) — %(ulxg’ + ugxi’)} ds.

The above derivation has one drawback, namely due to the use of the particular solution
in the infinite medium with a small hole it gives only the first term in the asymptotic
expansion of the energy. In the next section we propose the general procedure, so we are
able to produce as well the higher order terms in the asymptotic expansion.

3 Explicit elasticity solution in the ring

Let us consider the plane elasticity problem in the ring centered around zero with external
radius R and internal radius p. We use polar coordinates (r, §) with e, pointing outwards
and ey perpendicularly in the counter-clockwise direction. Assume that the displacement
on the outer boundary is given, while the inner boundary is free. We want to compare
solution to such a problem to the one defined in the full circle, with the same displacement
data. To this end we shall construct the exact representation of both solutions, using the
complex variable method of [23]. It has been shown there that

Oy — 7:0-7"9 = 2Re le - €2i9(2¢// + ,lvb/)
Opr + iJgg = 4Re ¢/ (27)
2p(ty + iug) = e (ko — 24’ — )



where ¢, ¢ are given by complex series

k=+oc0
¢ = Alog(z Z apz”
k=—o00
Y = —rkAlog(z Z by 2*
k=—0oc0

Here p — Lame constant, v — Poisson ratio, k = 3 — 4v in the plain strain case, and
= (3 —v)/(1 + v) for plane stress.
The displacement data are given in the form of Fourier series,

k=+o00

2p(uy + dug) Z Ayett? (29)

k=—o00

The traction-free condition on some circle means o,, = 0,9 = 0. After taking into account
simple relations

S]]
<
ST
I\
I
<
)
Q)
I
<
|

we get for displacements the formula

1 -1
2p(uy + iug) = 2kArlog(r)— — A;z+
z

p=+oo B (30)
+ Z [krapir — (1 — p)al—prﬁpJr1 — b—(p+1)7’72p71]3p

p=—00

Hence, comparing (29) and (30) gives, assuming substitution r := R,

p=—1 2k Arlog(r) + (kag — by) — 2a9r® = A_;
p =0: Kra; —ra; — —b_1 = Ay
r
_ ] (31)
p=L —A+/£7"2a2—b_2—2 = A
r
p ¢{—1,0,+1}: kP lay e — (1= p)ag_,r 7+ — l_)—(p+1)7'7(p+1) = A,
Similarly we obtain representation of tractions on some circle
Opr — 10, = 2A + (K + 1) Az+
p= +oo 1 (32>
+ Z [(1 +p)<]‘ - p>ap+1 + (]- - p)(_ll—pr_2p - (p - 1)ﬁbp_1]zp
p=—00



and the resulting traction-free condition, assuming substitution r := p,

1
p=—1: 2A + 2a91° +2—b_y = 0
T
1
pIOZ (11+C_Ll+—2671:0
r
) (33)
p=1: (/ﬁ—Fl)ﬁA:O

1
p&{—1,0,+1}: (1+p)(1 = p)ayss + (1 —p)ag_,r " — (p — 1)ﬁbp_1 =0

Denote dy = kag — by. For the full circle we must eliminate singularities, i.e. b_ = a_, =
A=0for k=1,2,... and then using (31) obtain

2 _
dg == A*l —+ _Al
K
Rea! = ;ReAO Ima! = ————Im A,
1
= —A;,_ k=23
Qg K?Rk k—1, P
1 1 -
by = _ﬁ[(k+2)EAk+l+A—(k+l)]7 k=1,2,...

Let us check the formulas for uniformly stretched (compressed) circle. Then Ay = 2pu,(R)
and other A; vanish. Hence only

21

0_

= (k — 1)RUT(R>

is different from 0 and ¥ = 0, ¢ = a%z. According to e.g. [16] the solution should be
ur(r) = u.(R)r/R. Indeed, using (27) we get

1
20 (u, +iug) = r—(raz — alz] = ZM%UT(R).
z

The other test of (31) is applying it to the ring with different displacement conditions at
r = p and r = R. Then these formulas allow, after longer calculations, to obtain the same
solution as in [11].

In further analysis we consider the ring and assume p < 0.5R. Then from (31) for
r = R and (33) for r = p, by considering first p € {—1,0,1}, we get A =0 and

2R*

do == Afl + mz‘h
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R2

Qg = ’<¢R4—+P4Al
Rea;, = (ﬁ—l)g2+2p2ReA07 Ima, = ﬁ—ll—IImAO
b_, = —2,02Re a; = —(K — 12>p;§+ 2szer
by = —p'as = _/d%/i—]fp‘* A

Here we may again test the correctness of formulas. From [16] we get the the solution for
the uniformly stretched ring with unloaded inner boundary: It reads, in the plain strain

case,
0 1 1—2v

= - 1
w) = i) T e a—2 ] e
Again, Ay = 2pu, (R = 1), and from (27)
1 2p?
ap = RS 2pur(1), b1 = —WQMUR(D-

Hence ¢ = a1z, ¥ = b_li and
1 1
2uu,(r) =r— |Kay z — za; — boi—z| =
z r
1 202 1
— (k=1 -
{(“ e nr2 T a2

Taking into account that k = 3 — 4v we get the same result.
Observe, that

} 2uup ().

9 B
. 0:_4—
do = do pli(/iR4+p4) !
2
R Re A
WO T TR - DR 4 27) (35)
1
GQ—G82—4 1

p kR?(KR* + p?)

There remains to compute the rest of terms. Taking p = +k, k= 2,3,...in (31) for
r = R and (33) for r = p gives

Kkap R+ (k= Da_ gy R —b_g oy B-*HY = 4,

(36)
(k + Dagp1p™™ ™V + @ g0yp® + bp1p™ =0
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and for p=—k, k=2,3,...
Iia_(k_l)R_(k_l) - (k‘ + 1)C_Lk+1Rk+1 - l_)k_le_l = A_k
—(k = Da—@-1)p" + arp1p” " + b_o1) = 0
We eliminate a_g,—1) and b_(;41) using
a—(e—1y | _ | —(k+ Dp* , —p**l) | Gk | | Gk
[ b_ (k1) } [ _k2p2(lc+1) . —(k— 1)p2kz b1 Tx(p) (38)

and get the system which may be rewritten as

A

e akﬂ]:{_k} 39
k(p) |: bk*l A*k ( )

with entries
Se(p)n = KR — (k2 — 1)R~K=1 2% 4 g2 p=(k+1) p2(k+1)
Se(p)ia = —(k — 1)(R~ =D g2kt _ g(b+1) ;2k)
Se(p)ar = —(k + 1)(RF! 4+ kR0 )
()
(

(40)
Sk:p22: Rkl R(klp(kl)

In fact the formulas (38), (40) are correct also for kK = 0,1 and p > 0.

The matrix Si(p) is a perturbation of Si(0), which would produce the solution for
the full circle, namely af_,, b)_,. Observe that 7;(0) = 0. Direct computations lead to
estimates

laz — a3| < A (|Az]p* + [A_s[p?) (41)
and for k =4,5,...

lar — aj| < A (JApoa P2 + Aoy [PPF272) (42)

where the exponent k/2 has been used to counteract the growth of k? in terms like k2p*/2.
Similarly
b — 18] < A (|4slo’ + |Al?) (13)

and for £k =2,3,...
(b — bRl < A (| Ak [p* "2+ Aoy [p772) (44)
From relation (38) we get another estimate

la_i| < Ap** (\Ak+1| + |A—(k+1)|) , k=12, (45)

12



end
|b_i| < Ap**Y (JAea] + |A—gopl) . k=3,4,... (46)

Here A is a constant independent from p and A;. Observe that the corrections proportional
to p* are present only in ay, as, b_1, a_;. The rest is of the order at least O(p?) (in fact

O(p"))-

The condition for A;, namely

k=-+oco
> VIR AP < Ag (47)

k=—o00

together with bounds (35),(41),(42),(43), (44),(45),(46) ensure, that the expression for
elastic energy concentrated in the ring splits into the one corresponding to the full circle,
correction proportional to p? and the rest, which is uniformly of the order O(p?) for all u
satisfying

HUH%IIM(FR) < Ao

4 Numerical illustration

Rugby ball. Let us take u, = sy cos?6 = %30 + %So cos 20. Hence

1 1
A = [---,§M3070> Ag = pso , 0, §M50>---]

The resulting distortion for p = 0.2 and r = 0.3 are shown in Fig.1 (solid line - undeformed,

dashed - deformed ring, dotted - deformed ball):

Bubble. Now we take u, = sgsin46. Hence
A =1[...,1180i,0,0,0, Ag=0,0,0,0, —pusgi, .. .|

The resulting distortions for p = 0.2 and r = 0.3 are shown in Fig.2 using the same types
of lines.

Asymptotics. In the second numerical experiment - bubble - only A_, and A, were
nonzero, what means, that the difference between positions of the contour » = 0.3 for full
circle and the ring should behave like p°. In the first experiment it should be p2. In Fig.3
we show the slopes of this difference for p = [0.05,0.10,0.15,0.20, 0.25] in log-log graph
(solid - rugby, dashed - bubble):

13
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Figure 1: Rugby-like distortion and the detail near the central hole (exaggerated).

05

L L L L L
-15 -1 -0.5 0 0.5 1 15 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Figure 2: Bubble-like distortion and the detail near the central hole (exaggerated).
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Figure 3: The slope of diminishing influence of the hole for rugby and bubble (below)
type of distortions.

Figure 4: The pattern of distortions for both experiments.

Comparison of distortions. The deformations for p = 0.2 and several intermidiate
radii (dashed - undeformed, solid - deformed contours) are shown in Fig.4. It may again
be seen that the influence of the outer boundary distortion vanishes quicker for the bubble
case, where A, with smaller indices are nonzero.
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5 Explicit expansion of elastic energy

The elastic energy contained in the ring has the form

28(p, R) :/ o(u,) : €(u,)dr :/ u,o(u,).nds. (48)
C(p,R) Ir
Since u, = w on Iy,
28(p,R) = / uo(u,).nds. (49)
T'r

Now o(u,) is in fact of the form o(u,) = o,(u), because u, = w on I'p, which means
that u, = u,(u). If we split o, into

oo(w) = 0+ 9™ () + (") (50)
then
2E(p, R) = 26(0, R) + 2p2/ uo!(u).nds + +0(p?). (51)

Thus the problem reduces to finding o!(u).

From (27), (28) we know that o ,(u) is a linear function of infinite vectors a, b, while
o'(u) is the same function of a®,b°. Here a’,b" are computed for B(R), while a,b
correspond to C'(p, R). In order obtain o'(u) it is enough to express a, b as

a=a’+p’a' +O(p*)

52
b=>5"+p’b' +0(p") (52

because then
o'(u) =o'(a',b';u).
Let us observe as well that

2w

2
/ uo'(u).nds = R/ (o}, + ogug) df = R R[(o}, —i0}y) (u, + iug)] df  (53)
Tr 0 0

The analysis of formulae (34) for a®, b° and their counterparts a, b leads to the conclusion,
that the only nonzero terms in a', " will be a}, al,a',,b",,bl.
Taking into account that A =0 in (28) for our problem,

¢ ="+ p*¢' + O(p")

¥ =00 + %+ O o
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where . )
o' =a' = +ajz+az’, =0 + bz (55)
z z
As a result
, 1 o z 1
L —iol, = 23‘3[—@1_1§ + aj + 3a32?] — e*®(6as|z|* + 2a1_1; + b} — bl_lg). (56)

0_1

s

Computing corrections to coefficients. The matrix Si(p) may be for £ = 2 ex-

pressed as
Sa(p) = 92(0) + p*S; + O(p").
Using (40)
0
Qs o 7A2
so) [ |- 1% ]
we may get
a ~1 1| a3
bl = =5 (O)SQ B0 (57)
1 1
where e IR
i K s 0 1 0 R —1
52(0)_[—3}%3 : —R} 52_[0, —R/R]'
Similarly
0o, -1
To(p) =0+ 9T, +O(p"), T, = {o o}'
Hence, using (38),(57) we get finally
- 1
a£1 = _b(l) ) azla = rmb?
3+ K2 2
1_ 0 1 0
h="g o a= Tt
bt = —2Ra?

Since, as is obvious, we need only Ay, As, A_5 and

L 2w )
Ay =72 / (uy + iug)e*? do
0

™

as well as
Uy + g = (uy + dug)e™?
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we obtain

2w
Ay = H/ (uy + iug)e " df
T™Jo
27
AQ = %/ (Ul + iUQ)6_3i0 df (59)
0

L 27 ]
AO = — / (Ul + Y:UQ)@—H@ do
T Jo

Now we shall return to the integral (53). Using (56) we get

0y — 10,9 = By + Bye™ + Blye™, (60)
where 1 1
Bl =24} — ﬁblp By = —;5&1 — 3a3R* + b;

3

From (53) is obvious that only a part of displacement will contribute to the integral,
namely

1 . .
Uy + 7;169 = @[A72€7219 + AO -+ A2€229].

Then
1 2m . ) ) .
ﬁ (Bé + B216219 + B£26—219)(A_26—210 + AO + A26229) d@ —
Kiv Jo (61)
T
_ E(B})AO + BlA_,+ B',Ay)

Now we are able to collect all formulae and obtain the final expression, using (34),(60),(61)

[ o)

2(k —2)

(62)
- ooy

(li—l—l)

(RAY)* — (k+ 1)|A]* —

A ‘2 6(k+1)
2 K

R(AsA_,)|.

Numerical scheme. From (59) it follows that

21
%AOZH/ (uy cos + ugsin ) df
™ Jo

27 2T
Ay = H / (w1 cos 30 + ug sin 36) df + 2 / (ug cos 30 — uy sin 30) db (63)
0 0

™

27 2T
Ay = H/ (uy cosf — uy sin 0) d9+iﬁ/ (ug cos 0 + uy sin 0) db
0 0

™
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Here values of displacements are taken as u;(Rcos@, Rsinf). After discretization these
integrals constitute weighted sums of values of u; at certain points on I'g. If we assume
piecewise linear approximation over triangles, then it is well known that

-1

ri oxy 1
1 1
uf’(a:) =z’ | 22 22 1 U =x"M'U = (M Tx)"U; = "U;
3w 1
where u?(z) is a value of the approximation of u; at a point « inside the triangle defined

by vertices ', x?, &3 and U; = [U}, U2, U2]" is a vector of the values of u; at these vertices.
Observe that ¢ is a vector of weights with which nodal values enter into the expression
for ul(x).

Let now U = [u},ud, ..., uls uf]" be a vector of nodal values of u for the global
triangulation. Then we may write down the following formulae

L 2m m 2m
—/ uy cosfdf = ¢, U —/ uysinf df = s5, U
T Jo T Jo
2w 2m
£ / uy cos 30 df = cl,U g / uy sin 30 df = st U
T Jo T Jo

L 27 L 2
—/ uysinfdf = s],U —/ uy cosfdf = e, U
T Jo T Jo
2m 2m
£ / uy sin 30 df = s1,U £ / uy cos 30 df = ci, U
T Jo T Jo

Here s;;, c;; are sparse vectors of weights with which nodal values of w enter into appro-
priate integrals. In this notation

(RA0)* = [|(enr + s21)" U|?
|Ao|* = ||(e13 + 823) U |I” + || (23 — s13) " U|? (64)
|A? = |[(en — 820)"U|* + || (c21 + s11) U]

%(AQA—Z) = UT(C13 + 823)(011 - 821)U - UT(CQ3 - 313)(021 + 811)U

Taking into account (62) we may conclude that the first term in the correction of energy
is a well defined quadratic form. Similar, only more complicated expressions may be
obtained for further terms corresponding to p* and higher.

The derivation described above is new and while it gives the same result as in Section
2 for the first term, it is much more general.
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