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The Laplace equation in 3-D domains with
cracks: Dual singularities with log terms
and extraction of corresponding edge flux
intensity functions |

Samuel SHANNON *, Victor PERON % and Zohar YOSIBASH *

The singular solution of the Laplace equation with a straight-crack is represented by a series of eigenpairs, shadows
and their associated edge flux intensity functions (EFIFs). We address the computation of the EFIFs associated with
the integer eigenvalues by the quasi-dual function method (QDFM).The QDFM is based on the dual eigenpairs and
shadows, and we exhibit the presence of logarithmic terms in the dual singularities associated with the integer
eigenvalues. These are then used with the QDFM to extract EFIFs from p-version finite element solutions. Numerical
examples are provided. Copyright © 0000 John Wiley & Sons, Ltd.
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1. Introduction and notation

Solutions of the Laplace equation in the vicinity of singular points over two dimensional domains have been investigated
for over half a century. These are described by an infinite series of eigenpairs and their coefficients named flux intensity
factors (FIFs). The eigenpairs depend on the boundary conditions on the crack faces (see [15]). For example for crack with
homogeneous Dirichlet boundary conditions (BCs) the eigenvalues ay are: ax =---—2,-3/2,-1,-1/2,1/2,1,3/2,2--- .
For homogeneous Neumann boundary conditions same eigenvalues are obtained in addition of 0 [2]. The eigenpairs associated
with the negative eigenvalues are called dual eigenpairs. They are not a part of the solution because they are not in the
Sobolev space H! (do not belong to the energy space). The integer eigenpairs and their corresponding coefficients, especially
associated with o = 1, are important from the engineering point of view, as they may affect the path stability of slightly curved
or kinked cracks [5, 9], and play an important role in determining the size and shape of a crack tip plastic zone [17, 18].

In three dimensional domains such as polyhedra the Laplace equation, in cylindrical coordinates (p, ¢, z) located on the
straight singular edge, is (see Figure 1):

1 1
A(p‘zp‘z)'r = {app + ;8,3 + anp + OZZ} T=0 (1)

For a straight edge at a reentrant corner (see Fig. 1), the solution of the Laplace equation is represented by two infinite series,
the 2-D eigenpairs series and another series composed of shadow functions and the derivatives of the edge flux intensity
functions (EFIFs) which are functions along the edge (see [6, 14]). Explicit representation of the solution in terms of eigenpairs,
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Figure 1. A 3-D domain containing a straight singular edge at (x, y) = (0,0).

shadows and EFIFs is (see [8, 4, 13]):

0. 2) =3 Y A bralp) @

k £=0,2,46-

where a , are the 2-D eigenvalues (for a crack with homogeneous Dirichlet BCs the eigenvalue are ax = k/2, k=1,2,3,---
and for a crack with homogeneous Neumann BCs ax = k/2, k=10,1,2,--- ), ¢xs(p) are the 2-D eigenfunctions (£=10)
and their shadows (£ > 2 ) and Ak(z) are the edge flux intensity functions (EFIFs). It is important to note in the context of this
manuscript that the eigenfunctions and their shadows associated with integer eigenvalues are polynomials when represented
in Cartesian coordinates (see also [3]).

The EFIFs may be computed using the dual eigenpairs by an extraction method named the quasi-dual function method
(QDFM) (See [4, 13]). The QDFM has been successfully applied for the extraction of EFIFs associated with the non-integer
eigenvalues from finite element (FE) solutions, but it does not apply to EFIFs associated with the integer eigenvalues (see [4]).
Other methods for extracting EFIFs are available (see e.g. [1, 12]), however these methods do not apply to integer eigenvalues
either.

We first demonstrate that the dual singularities associated with integer eigenvalues for the Laplace operator over a 3-D
domain with a straight crack involve logarithmic terms. This is an interesting observation because it was proven in [3] that the
asymptotic solution in the vicinity of cracks under homogeneous Dirichlet or Neumann BCs do not contain logarithmic terms.
Although [3] addresses the asymptotic solution and not the dual, one may had thought that this message carries over to the dual
solution. Using the dual singularities with the logarithmic terms we extend the QDFM for the extraction of the EFIFs associated
with the integer eigenvalues. We implement the presented methods and provide numerical examples using the p-version of the
FE method.

2. The asymptotic solution in the vicinity of a straight 3-D crack front

The solution to (1) in the vicinity of a straight singular edge (crack as a particular example) is given by (2) (see [4]), with
homogeneous Dirichlet or Neumann BCs on the crack faces, that imply:

¢xe( = £m) =0, Homogeneous Dirichlet BCs (3)
¢ie(0 = £w) =0, Homogeneous Neumann BCs (4)

Substituting (2) in (1) one obtains:
At = Y o™ [Au(2) {akdro() + diol0)} (5)

+A%(2)0° {(ok +2)°Br2(0) + Ph2(0) + dro(0) }

+AP (2)0" { (ke + 4)*r4(0) + B a(0) + di2(0) }

+AL (2)0° {(ak + 6)*brs () + Bro(0) + Pra(0) }
+---]1=0
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Since (5) is equal to zero for any p small enough, the following recursive set of ODEs is obtained that together with the
boundary conditions determine the eigenvalues, eigenfunctions and their shadows:

akpro() + dio(w) =0, p € (—m ), (6)
(ak +0°bua(9) + P e(@) + draa(p) =0, @€ (-m, m), Le2N 7)

Equation (6) with the BC (3) or (4) is identical to the one obtained for the 2-D Laplace problem with the 2-D eigenvalues o

and the corresponding eigenfunctions ¢y o . For a crack with homogeneous Neumann BCs the eigenvalues are:
5 3 1 1 3 5
Qp = -+ _3,_5,—2,—5,—1,—5,0,5,1,5,2,5,3"'

whereas for the homogeneous Dirichlet BCs same eigenvalues are obtained excluding ao =0 [2]. We denote by 7 the
solution of the Laplace equation constructed by the positive eigenpairs and their shadows (2). A«(z) are the edge flux
intensity functions (EFIFs), and ¢, with £# 0 are the shadow functions. The negative eigenvalues and the corresponding
eigenfunctions are not a part of the solution because they are not in the Sobolev space H!, and these form the “dual solution”.
We define by K(p, , z) the "dual solution”:

Klo.p.2)=>_ > 8Bi(2)p™  vuslp, ) 8)
k £=0,2.4,6---
Here the dual eigenvalues are negative for both Dirichlet BCs or Neumann BCs : ax = —k/2, k=1,2,3,--- and ap =0

in the case of Neumann BCs. When the functions v« .(p, ¢) are independent of p, the dual eigenfunctions 1,0 and their
shadow functions 1, are obtained by solving the recursive relationship:

ak¥ro(9) + Vi o(w) =0, p € (-7, m), (9)

(o +£%Pka(0) + Via(0) + Yaaa(9) =0, @ E€(-mm), LeN (10)

with Dirichlet or Neumann BCs.

Remark 1 We show in the sequel that for the integer dual eigenvalues (i.e. ax =0, -1, =2, ... ) the solution of equations (9)-
(10) without logarithmic terms cannot satisfy the BCs and therefore logarithmic terms will be present in functions Y .(p, ©)

(8).

2.1. Computation of eigenfunctions and shadows for a crack with homogeneous Dirichlet BCs

Substituting a1 = % in (6) with homogeneous Dirichlet BCs (3) one obtains:

$10(0) = cos £ (1)

which is unique up to a multiplicative constant. To obtain the first shadow of ¢10(p) which is ¢12(p) , we substitute (11),
ar=13% and £=2 in(7):
(5 +22012(0) + dla(9) = —cos L g€ (-mm) (12
Then, a particular solution of (12)-(3) is
Br2(0) = —5 cos 2 (13)

Remark 2 Equation (13) is the particular solution of (12). As it satisfies (12) and the homogeneous Dirichlet BCs (3), the
coefficients of the homogeneous solution of (12) are zero (see chapter 10.2.2 in [16]).

We solve equations (6)-(7) for o, =1/2,1,3/2,2, obtaining ¢, up to order of p'*/2

solution for a straight crack with homogeneous Dirichlet BCs:

. These yield the following series

1 1
T = pf? {Al(z) cos g — A’{(z)pk cos f + Aﬁ‘*)(z)p4 L A9 (2)p° 5040 cos % +oee } (14)
+ {Az(z)smw As(2)p 75|n(p+A(4)(z)p —25|n<p A(6)( i 9216 sing + - }
30 30 @ 30

+ {Ag(Z)COS 5 Az )p 005 5 + AP (2)0* 280 cos + -

+ {A4(z) sin2p — Ay(2)0° —sm 2<p+A(4)(z)p @sm 2¢0 + - }

+
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2.2. Computation of eigenfunctions and shadows for a crack with homogeneous Neumann BCs

As in section 2.1, we solve equations (6)-(7) with homogeneous Neumann BCs (4) and for ax =0,1/2,1,3/2, obtaining
successively ¢., up to order of p**’?. These yield the following series solution for a straight crack with homogeneous
Neumann BCs:

1
r o= A2 - ARG + AP @0t — AP ()P (15)
2304
Y 1 (4) i LN ) v »
+ {Al(z)sm Ay (z)p sm +A (z)p* 120 sin 2 AP (2)p° 5040 sin 5 + - }
1 " 2 (O] 4
+ p {Ag(z)cosw—Ag (z)p 7cos<p+A2 (z)p —2cos<p+~~~}
3¢ _ 130 @ e o3
+ {Ag(z)sm 5 A (Z)p S|n > + AsY(2)p* 280 sin 5 =+ -

Remark 3 Notice that (15) is similar to (14) with the sin functions replaced by the cos functions. Here, as in the case of
homogeneous Dirichlet boundary conditions, the shadow functions are constructed by the particular solutions (see chapter
10.3.0.1 in [16]).

2.3. The problem with dual shadows associated with integer eigenvalues

The dual eigenfunctions associated with the negative non-integer eigenvalues (i.e. ax = —k/2, k=1,3,---) and their
shadows can be computed by (9)-(10) as shown in (11)-(13). Here, we emphasize the problem of computing dual shadows
associated with integer eigenvalues i.e. ax = —k/2, k=0,2,4,---). Consider for example a crack with homogeneous
Neumann BCs, for which the first non-zero integer dual eigenvalue is a» = —1 . To compute the first eigenfunction (@),
we substitute a, = —1 in (9):

(=1)"%20(9) + P30(9) =0, € (=7, m) (16)

The unique solution of (16) up to a multiplicative constant and with homogeneous Neumann BCs (4) on the crack faces is:

Yoo(p) =cosp, @€ (—m, ) (17)

We substitute (17) in (10), with ay = —1 and £ =2 to obtain (@) which is the first shadow of . (@) . Hence .2(p)
satisfies the ODE

V22(0) + P32(9) = —cosp, @ € (~m, ) (18)
The homogeneous solution of (18) is a linear combination of two linearly independent solutions that are identical to the solution
(17), and there is no particular solution of (18) that satisfies the homogeneous Neumann BCs (4).

Remark 4 This problem appears for all dual shadows associated with integer eigenvalues in the case of a crack with
homogeneous Dirichlet or Neumann BCs. It is expected that it appears for V-notches and for the elasticity system also.

3. Dual solution with logarithmic terms associated with integer eigenvalues

Let K be the part of the dual solution (8) associated with the negative eigenvalue «;, so that

Klp.,2) =Y K*p,0.2) and K(p,0.z)= > 8Bu(2)0™ “duelp. o) (19)

j £=0,2,4,6-

Following the construction of dual singularities introduced in [7], it appears here that the dual singularities K’ which are
associated with an integer eigenvalue «o; € Z_ contain logarithmic terms in p . In this paper we make the following ansatz for
these dual singularities

K, 0,2)= Y 8:Bi(2)p™™ (Yia(e) + log pjae)) (20)
£=0,2,4,6--

and hereafter we provide explicit recursive ODEs for the determination of the corresponding polar parts ,.(¢) and 9;.(¢) .

Copyright © 0000 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 0000, 00 1-13
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Substituting (20) in (1) and writing « = «; for shortness, one obtains:

MK = p*2B(2) {log p (o*W;0(0) + ¥jo()) (21)
+ (@’Wo(0) + ¥jo(0) + 2aj0(0)) }
+0"B"(2) {log p ((2 + @)*Pj2(9) + D2 (@) + Pj0(9))
+((2+ @) *Wi2(9) + ja(9) +2(2 + )Ps2(0) + Pio(9)) }
+0°*2BW(2) {log o ((4 + ) *Wya (@) + Va(@) + sa(0))
+ (4 + )" Wia(9) + U]a(9) + 2(4 + )Pia(0) + ¥i2(0)) }
+05H* B (2) {log o ((6 + @)’ Pje (@) + Vs (@) + Pja())
+ (6 + @)’ Wis(9) + () +2(6 + )Pjs(0) + Wja(v)) }
+...=0
with homogeneous Dirichlet or Neumann BCs at the crack faces:
Wie(p = +7) = P;(p = £7) =0, Homogeneous Dirichlet BCs (22)
Y = £m) = Pj,(9p = £m) =0, Homogeneous Neumann BCs (23)

Equation (21) results in the following set of 1-D recursive ODEs for 1;¢(¢) and ¥;.(¢p) :

For{=0:
o+ Ujo =0 (24)
o j0 + Wjo + 20950 = 0 (25)
Fore>2:
(j+ 0 Yo+ Wy + Pje2 =0 (26)
(aj + )% i + Wy + 2 (o + £) Yo + Y2 =0 (27)

Hereafter we focus on the derivation of the dual singularites K and K (Section 3.2).

3.1. Homogeneous Dirichlet BCs

The first integer dual-eigenvalue is: a; = —1, and K©2="Y js:

K=" = 571 {Bg(z) sinp — By (2)p log psmT(p (28)

3 1 )
-i—Bg‘)(z)p4 (—a + log p1—6) sin @

O [ oan ) e
+B57(z)p (2304 Iogp384)sm¢)+ }

3.2. Homogeneous Neumann BCs

For homogeneous Neumann BCs, we have first to consider oo = 0. For oo = 0 there is no dual eigenvalue, so we use the
logarithmic solution presented in (20) (see [11, 7]) to obtain K@= ;

_ 1
ke — —{Bo(z)loqs + By 51 - 1097) (29)
@t (3 1N @ (L L
+Bo7(2)p ( 128+|ng64>+ 0 (2)e (13824 ©9P5304 ) T
The next integer dual-eigenvalue is ay = —1 and forit K@= js:
K= = g7 {Ba(z) cos o — BY(2)6% Iog p 2 F (30)
@i (_3 1
+B57(z)p ( 64+Iogp16)cos<p
7 1
B(6) 6 — =
+B5”(z)p 5302~ °9P382 cos @ +

Remark 5 For non-integer eigenvalues and for positive integer eigenvalues the logarithmic terms in (20) vanish. This is of
course in accordance with [3].

Math. Meth. Appl. Sci. 0000, 00 1—13 Copyright © 0000 John Wiley & Sons, Ltd.
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4. Computing EFIFs associated with integer eigenvalues by the quasi-dual function
method

To compute the EFIFs we apply the QDFM [4]. A path integral Q, [7-, K,(,af)] over a cylindrical surface with a radius p
surrounding the straight singular edge is considered:

Qp ['r, K,(,aj)] = //_7r (GPTKEQJ) — TBpK,(,aj)) pdpdz (31)

Kﬁaf) is composed of the dual eigenfunction and its first n shadow functions.
Since the EFIFs Ax(z) are unknown, we approximate it (and also B;(z) ) by a family of orthogonal polynomials in the range
[=1, 1] . For this purpose we use the Jacobi polynomials as follows (see [13, 16]):

P
AP Z) = D a s (2) (32)
=0

BiM(z) = o 227t ((£+ m)!)2 (1-2")" J*"(2) (33)

where J¥*™(z) is a Jacobi polynomial of order m and a polynomial degree £ as follows:

J{f‘m}(z):(Z—i-m)!(Z—{—m)!:Zo : (Zgl)H(;l)s (34)

sll+m—s)l(m+5s)!(L—5)!

Remark 6 To avoid the integration over the bases of the cylindrical domain on which we perform the integration, we use m > n

(see [4]).
Since n is finite, the integral Q, [7-, K,(f'f)} is surface-dependent. For the computation of the coefficients a; in (32) we used

the Qg [T, K,(f‘f)] integral with a remainder of:

Q, 1. K [B7(2)]] = 2 + O (6772 (1 + | log o)) (35)

where a; is the smallest positive eigenvalue. For a crack with homogeneous Dirichlet BCs the smallest positive eigenvalues
is a1 = 1/2, and for a crack with homogeneous Neumann BCs the smallest positive eigenvaluesis ap = 0.

Remark 7 A preliminary analysis performed for the elasticity problem suggests that the coefficients a,, may be computed by
the QDFM with a remainder of O (p™~**"*'(1 + [log p|)) .

4.1. Analytical example of computation of the integer EFIFs by the QDFM

In this section we address the extraction of the integer EFIFs for homogeneous Dirichlet and Neumann BCs. We approximate
AP™(z) and B*"™(z) by Jacobi polynomials of order m = 4 and polynomial degree p =8 .

4.1.1. A crack with homogeneous Dirichlet BCs: To extract A,(z) (associated with a; = 1) for a straight crack with
homogeneous Dirichlet BCs, we compute Q, [’l’, K [Bée"‘}(z)ﬂ by (31) with 7 in (14) chosen up to order p°, for
z€[-1,1], £=0,1 and different values of n:

9, [T KV [B{O 4}(Z)H ar, — %pgaz2 - %pgaz‘ +o=an + O (o) (36)
Q, [’T KD [Béu}(z)ﬂ = ay — %pzag3 - %,02825 +=ay +0(0%) (37)
Q [r. KV [BPP ()] = - %p“m + %p“ log pas, + -+ = az + O (p* + p*| log p)) (38)
9, [T K [551‘4}(2)“ = a - %94825 + %p“ log pag, + -+ = a, + O (p* + p*[log p|) (39)
Q [T KV [Béo'”( )H = ay+ 261624875 Cass — 723%06 log pass + -+ = ax + O (0° + p°| log p|) (40)
o) [T- K [551‘4}(2)“ = a + 821027843 p°ay, — 222239 p’logpay, + -+ = az + O (0° + p°| log p|) (41)

Following (36)-(41), one notices that the term p*1™*> vanishes in the convergence analysis and the convergence rate in the
error of the extracted a,, is higher compared to (35).

E Copyright © 0000 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 0000, 00 1-13
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Figure 2. The FE model and the mesh.

4.1.2. A crack with homogeneous Neumann BCs: To extract A,(z) (associated with a, = 1) for a straight crack with
homogeneous Neumann BCs, we compute Q, [T, KD [Bé“}(z)ﬂ by (31) with 7 in (15) chosen up to order p°, for

ze€[-1,1], £=0,1 and different values of n. Same expressions exactly as (36)-(41) are obtained, i.e. the term p*1 72
vanishes in the convergence analysis and the convergence rate in the error of the extracted a., is higher compared to (35).

Extracting Ao(z) :
To extract Aq(z) , corresponding to the eigenvalue ao = 0 we use (29) and compute Q, [7-, K© [Bé“‘}(z)ﬂ by (31) with
(15) for z € [-1,1], £= 10,1 and for different values of n:

Q, [7— KO [Bé“}( )H = ag, — ?;—3;)2302 +§p2 log p ao, +---=a00+0(p2+p2|logp|) (42)
Q, [T, KO [Bé“}(z)ﬂ = ap — %pza% + %pz logpag, + -+ = ao, + O (p” + p’|log p|) (43)
9 [T, K [550'4}(2)” = agp, + 62%04%4 - 13%04 logpao, + -+ = ao, + O (p* + p*|log p|) (44)
Q, |:’T, Kéo) [Bé“}(z)ﬂ = ay, + % 4a05 - %p“ logpaos +---=ao, +0O (p4 +p*|log p|) (45)
Q1K B0 @)]|| = a, - 1223125 p a0, + 7266475 p°log pags + -+ = a0, + O (0° + p°|log o)) (46)
Q, [T- K [351’4}(2)” = ap, — 372265 % a0, + 222339 p®logpas, + - = a0, + O (0° + p°|1og p|) (47)

Following (42)-(47), one notices that the convergence rate in the error of the extracted ap, is as shown in (35).

4.2. Extracting A, and A, from p-FE solutions by the QDFM

Consider a finite elements model of a cracked cylinder of a radius 0.5 and a height 2 (z € [-1, 1]) , as shown in Fig 2.

4.2.1. Homogeneous Dirichlet BCs: On the crack faces of the FE model we prescribe homogeneous Dirichlet BCs. On the
cylindrical outer surface the following Dirichlet BC is prescribed:

2 4
. . 1/1 .
T = % (1+z+2+2°+2"sinp— é (2+ 6z + 122°) <%) sing + 2 (5) Sm(p} (48)
On the cylinder’s basis z = —1 the Dirichlet BC is:
. . 1 4
T:p<5|n(p—p25|n<p+§p4sm w) (49)
and on the cylinder’s basis z = 1 the Dirichlet BC is:
. 5 2 . 1 4 .
T=0p 55|n<p—§p S|n<p+§p sin @ (50)
Math. Meth. Appl. Sci. 0000, 00 1—13 Copyright © 0000 John Wiley & Sons, Ltd.
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Figure 3. A(z) for different values of n and the exact function - homogeneous Dirichlet BCs.
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Figure 4. Relative error in the extracted A.(z) in percentage - homogeneous Dirichlet BCs.

These boundary conditions resultin A(z) =14z + 224+ 2%+ z* and Ay =0 for k # 2 so that the solution is:
1 1
T=p {(1 +z4+22+2°+ 2" sing - 5 (24 6z +122°) p’sinp + §p4sin<p (51)

The integral Q, [TFE, Ko [Bf’"‘”(z)“ was computed at p = 0.1 with Jacobi polynomials of order m=6 and £=0---20

for different values of n. The solution 77 was extracted from the p-FE solution with 4387 DOF at p = 8 having an relative

error in energy norm of 0.1% . Figures 3-4 show the extracted ASE(z) for different values of n and the relative error in
the extracted A5E(z) in percentage. As expected, the error in the extracted EFIFs decreases as the number of the shadow
functions n that construct the quasi dual function K increases.

4.2.2. Homogeneous Neumann BCs: Consider again the FE model shown in in Fig 2. This time we prescribe on the domain’s
surfaces Dirichlet boundary conditions associated with an exact solution having Ao(z) =14z + 22+ 22 + 2% Axz) =
—2(1+z+2°+2°+z% and A« =0 for k #0,2 in (15). Homogeneous Neumann BCs are prescribed on the crack faces.
These boundary conditions result in an exact solution given by:

T o= {(1+z+zz+z3+z4)—%p2(2+6z+1222)+§p4} (52)

1 1
+p! {—2 (1+z+2+2°+2% cosp + Epz (1+3z+62")cosp — Zp“cosw}

The integral Q, [TFE, Ky [Bf”"‘}(z)” was computed at p = 0.1 with Jacobi polynomials of order m=6 and £=0---20

for different values of n. 77F was extracted from the p-FE solution with 5372 DOF at p = 8 having a relative error in energy

norm of 0.07% . Figures 5-8 show the extracted ASf(z) and A5E(z) for different values of n and the relative error in the
extracted AFE(z) and A5E(z) in percentage. As expected, the error in the extracted EFIFs decreases as the number of the
shadow functions n that construct the quasi dual function K increases.

E Copyright © 0000 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 0000, 00 1-13
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Figure 6. Relative error in the extracted Aq(z) in percentage - homogeneous Neumann BCs.

Figure 7. A>(z) for different values of n and the exact function - homogeneous Neumann BCs.

5. Summary and conclusions

We presented the dual solution of the Laplace equation in the vicinity of straight crack. It was demonstrated that for the dual
integer eigenfunctions and their shadow functions it contains logarithmic terms. We extended the QDFM for extracting the EFIFs
in the vicinity of a straight singular edge for the EFIFs that depend on the integer eigenvalues. The formulation and performance
of the method is demonstrated on the simplified Laplace equation. Although the QDFM is a mildly-surface-dependent integral,
we demonstrated that by using a proper quasi-dual function K,(,“f) and proper extraction functions B;(z) , one may extract the
functional representation of the EFIFs Ax(z) accurately and efficiently.

Because, in general, only a FE approximation of the solution is available,the QDFM in conjunction with p -FE methods
provide highly accurate EFIFs. These were obtained as a function along the straight edge, and are much more accurate
compared to the FE solution (superconvergence property). Another major advantage is the possibility to use the FE solution

Math. Meth. Appl. Sci. 0000, 00 1—13 Copyright © 0000 John Wiley & Sons, Ltd. E
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Figure 8. Relative error in the extracted A,(z) in percentage - homogeneous Neumann BCs.

on a cylindrical surface at a distance from the singular edge, thus it is not necessary to have a refined FE mesh in the vicinity
of the singularity (which is a complicated and tedious task in 3-D domains).

The presented methods may be extended to the elasticity system and to circular singular edges following the same
methodology presented herein.
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A. Computation of the dual functions for the crack problem - Multiplicity of the Integer
Dual eigenvalues

The set of "dual eigenvalues” for the crack problem is given by the sequence (a)ken- With oy = —% . We introduce the
coefficients
Ao =0k + 4,

where A\s € 1Z = {2 | p € Z} . In the following subsections, we solve the Sturm-Liouville equation
Pk + MegPre=1F in (=7, )
with either homogeneous Dirichlet or Neumann boundary conditions. In both cases, it is possible to adopt a shooting method

to reduce the Sturm-Liouville problem to an initial value problem. We refer also to [10, §3.2.2] for such an approach where the
author computes singularities associated with a Neumann problem for the Laplacian set in a sector.

A.1. The Sturm-Liouville problem with Dirichlet boundary conditions
We write the problem (7)-(3) when £ € 2N* as

(53)

Phg(@) + Mg Pra(p) = —Prsa(w), forall ¢ e (—m )
Dpe(p) 0 forall ¢ =—m, 7.

When Xy, =0, the Sturm-Liouville problem (53) is well-posed. However, when X4, € %Z , the ODE (53) has a solution
provided the right-hand side &, satisfies a compatibility condition (55).

Proposition 1 Let kK € N* and £ € 2N* . We set ®x (@) = ck sin(axp) , where ¢ is an arbitrary constant.
(i) Assume that \x, = 0. Then, the ODE (53) admits the unique solution

¢‘k_g((p) = — /:p((p — S)Cbk‘e_z(s) ds + % /jr (7r — S)Cbk‘e_z(s) ds . (54)
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(ii) Assume that A\x, € %Z* , then the ODE (53) admits solutions iff the data ®y,—o satisfies the compatibility condition
/ Sin(>\k‘g5)¢k.g72(5) ds=0. (55)
Under the condition (55), the ODE (53) admits the following solutions

1 P
Dre(p) = csin(Axep) — ez / sin (Ake(©0 — 5)) Pre—2(s) ds (56)

where c is an arbitrary constant.

Since the proof is rather classical we omit it, and we refer the reader to [10, §3.2.2].

A.2. Application to the computation of the dual functions

A.2.1. Computations of the functions ®,,, | =0,2,4 Weset k=2 .Thereholds a; = —1 andwe set ®,0(p) = —csingp .
We set £ =2.There holds X\»»> = 1. Then, the compatibility condition (55) writes wc: = 0 and is satisfied iff ¢; = 0. We

set ¢, =0, hence
P =0 (57)

and the compatibility condition (55) is satisfied when (k, £) = (2, 2) . Then the ODE (53) admits the following solutions
Poo(p) = csing,
where c is an arbitrary constant.
We set £ = 4. Then, the compatibility condition (55) is satisfied since

T
/ sin3ssinsds =0 .

s

Hence, the ODE (53) admits the following solutions

Po4(p) = dsin(3p) — %/w sin (3(p — s))sinsds,

where d is an arbitrary constant, i.e.
C . c .
Pra(p) = (d+ ﬁ)sm(&p) —gsine.
A.3. The Sturm-Liouville problem with Neumann boundary conditions

Here, we consider the Sturm-Liouville problem with homogeneous Neumann boundary conditions

he(©) + A1 Pre() f(p), forall ¢ e (—m, )
Do) = 0 forall ¢ =—-m 7.

(58)

When \g, € %Z* (resp. Ak = 0), the Sturm-Liouville problem (58) has a solution provided the right-hand side f satisfies a
compatibility condition (61) (resp. (59)).

Proposition 2 Let f € C([-m,7]) . Let k € N* and £ € 2N* .
(i) Assume that \«, = 0 . Then, the ODE (58) admits a solution iff the data f satisfies the compatibility condition

/ f(s)ds=0. (59)
Under the condition (59), the ODE (58) admits the following solutions
p
) =c+ [ (0=9)r(s)ds, (60)

where c is an arbitrary constant.
(i) Assume that \«. € 3Z* , then the ODE (58) admits solutions iff the data f satisfies the compatibility condition

/7r cos(AM(m—15))f(s)ds=0. (61)

-7

Under the condition (61), the ODE (58) admits the following solutions

1 ©
Drel) = CCosNiep) + 1 / sin (Aee( — 5)) F(s) ds 62)

where c is an arbitrary constant.
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A.4. The multiplicity of the integer dual eigenvalues

Denote by 7(*) the solution of the Laplace equation associated with the positive eigenvalue o .

0,0, 2) = D BA(2)0™ Hbra(p) (63)

£=0,2,4,--

Thus 7(*=1 associated with the second positive eigenvalue ax =1 is

2= (5 0, z) = ot {AQ(Z)d)ZO((p) + A5 (2)0°$22(0) + AL (2)0" o () + - } (64)

According to (6)-(7), the ODEs to determine ¢., are

(1)’¢o0+¢ho = 0, in (-mm) (65)
(14222 +¢52 = —¢20. in (—m m)
(1+4) ¢4+ s = —¢p2, in (—m, )

Let K be the part of the dual solution associated with a negative eigenvalue «; (19)

KD p,0,2)= Y 8Bi(2)0™ ™ u(p. 0), (66)

£=0,2,4,---

and assume that functions 1;+(p, ¢) are independent of p when «; is an integer. Specifically, K(*2==1 is

K@= (0,0,2) = o7 { Ba(2)9h20(0) + BY(2)0"2.2(0) + B (2)0" hna(0) + -+ | (67)

and according to (9)-(10) the ODEs to determine (@) are

(=120 +930 = 0, in (-mm) (68)
(=14+2)%%on+ Y5y = —too, in (—m,m) (69)
(—1+4) 24 +Y34 = —to2, in (—m7) (70)
As shown in equation (57), 120 = 0. So (68)-(70) reduce to:

(=142 oo +9s, = 0, in (-7, m (71)

(-14+4)%oa+Yss = —to2, in (-,

and K©@=-1 js;

K= D(0.p.2) = 57 {0+ BUOY2a0) + B ()" aa(e) + -} (72)

o {BY(2)922(0) + BO(2)0"wnalp) + -+ }

Hence, the primal eigenfunction ¢.0(¢) and shadows ¢, () that construct 7(*>=V in (64) coincide with the dual shadows
that construct K(®2==Y in (67). Therefore it is necessary to consider logarithmic terms for the dual solution of the Laplace
equation.
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