NRL Report 6987

Stress Intensity and Crack-
Opening Displacement for Coplanar
Cracks in Thermoelasticity

W.S. Fu

Ocean Materials Criteria Branch
Ocean Technology Division

February 25, 1970

NAVAL RESEARCH LABORATORY
Washington, D.C.

This document has been approved for public release and sale; its distribution is unlimited.



CONTENTS
Abstract
Problem Status
Authorization
INTRODUCTION
FORMULATION OF PROBLEM
BOUNDARY CONDITIONS AND SOLUTION
SOLUTION OF AN EXAMPLE PROBLEM
DISCUSSION
ACKNOWLEDGMENTS

REFERENCES

ii
ii
ii

14
14
15



ABSTRACT

The solution to the problem of two coplanar penny-
shaped cracks in an infinite elastic medium is sought for
the case where asymmetric heat flux or temperature dif-
ference is prescribed over the surfaces of the cracks. The
problem is reduced to determining the solution to two sets
of coupled Fredholm integral equations. An example is
worked for a case where the temperature is prescribed
over the crack faces and the heat flux normal to the plane
containing the cracks is zero. The integral equations are
then solved iteratively assuming that the spacing between
the cracks is large relative to their radii. Physical quan-
tities of interest, such as crack-opening displacement and
stress intensity factor, are investigated.

PROBLEM STATUS

This is an interim report; work is continuing on the
problem.
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STRESS INTENSITY AND CRACK-OPENING DISPLACEMENT
FOR COPLANAR CRACKS IN THERMOELASTICITY

INTRODUCTION

Reflection of compressive waves at free boundaries often results in the creation of
cracks associated with high temperature and heat flow in the material. The crack may
then grow under these thermal loadings. After the transient stage, the stress distribu-
tions in the material may be obtained by considering boundary value problems in thermo-
elasticity.

This report is the study of a reduced boundary value problem in thermoeleasticity --
the determination of the crack-opening displacement and the stress intensity factor for
the extension of two coplanar penny-shaped cracks opened by heating with additional
mechanical loadings. Only steady-state temperature fields are considered.

The problem of a single penny-shaped crack opened by axisymmetric thermal load-
ing was first solved by Olesiak and Sneddon (1) using the method of integral transforms.
Their solution to the equations of thermoelasticity is appropriate for the case of a crack,
which has stress-free faces and produces zero shear stress on the plane containing the
crack. Williams (2) subsequently showed that the displacement vector as described in
Ref. 1 can be written in terms of two harmonic functions, one which is directly related to
the temperature field, and indicated that the problem in Ref. 1 can be reduced to simple
boundary value problems in potential theory.

The problem of two coplanar penny-shaped cracks, each under asymmetric loading,
is formulated in terms of harmonic functions, and the method used is that of Williams (2)
and Collins (3) who solved the isothermal problem. The solution to the problem is re-
duced to the determination of some auxiliary function for a set of Fredholm integral
equations of the second kind, which may be solved by the method of successive approxi-
mation when the radii of cracks are small relative to the crack separation. The case
where constant temperature is prescribed over the faces of the cracks is given as an
illustrative example in which the crack-opening displacement, stress intensity factor,
and potential energy decrease per crack are determined.

FORMULATION OF PROBLEM

The solution to certain problems involving combined mechanical and thermal load-
ings on solids which contain two coplanar penny-shaped cracks is sought by techniques
appropriate to the classical theory of thermoelasticity. The two coplanar cracks s and
T are each of radius a, their centers being a distance 2h apart. Their planes coincide
with the plane z =0, and two sets of cylindrical polar coordinates (r,9,z) and (r.g,z)
are used, with the centers 0 and 0 of = and T as origins, 0 and 0 being the _points
(2h,0,0) and (2h,7,0) in these respective coordinates. The regions = and I are thus
given by

3 z=0(0<r<a, 0652w

and

M

Z=0(0<r<a, 0%9<52m).
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A solution is required to satisfy the equilibrium field equations in thermoelasticity:
(1-2v) A%u + grad [A-u-2(l+v) aT] = 0, (1)
and
AT = 0, @)

where A2, v, and o denote the Laplacian operator, Poisson's ratio, and the linear ther-
mal expansion of the solid, respectively, and u = (u,v,w), which are displacements in
the directions (r,6,z) for the cylindrical system of coordinates associated with crack >.
A similar set of equations can be written for the coordinate system (r,§,z) associated
with crack £. It is easily verified that Eqs. (1) and (2) are satisfied by the following
choice of u and T (Ref. 2):

2Gu = -grad ® + z grad 9¥/9z + &/ dzk -~ (1 - 2v) grad K
@)

- z grad 9K/9z + (3- 4v) dK/9z k
and

26T = [2(1-v)/a(l+v)] 920/92% , (@)

where ¢ and X are harmonic functions and G is the shear modulus. The shear stresses
vanish automatically on the plane z = 0, and the normal stress o, and normal displace-
ment w on this plane remain as

o, = 0%z - 920/ 22 (5)
and
26w = 2(1-v) ¥, (6)
where
Y= 9K/9z .

Since the problem possesses certain symmetry properties with respect to the plane
z = 0, only the solution for z > 0 is considered. The functions ¥ and ¢ are then repre-
sented by integrals involving Bessel functions of the first kind in the following form to
ensure that the stresses do not have singularities of too high an order:

Y= y(r.0,2) + ¢(7.0,7)

= Z (m/2)1/2 COSm(fﬂot,,,)f én(t) f A2 T, (M) T (Ar) e dadt
m=0 0 0
+ Z (m1/2)1/2 cos m(8 + 0p) f Ba(t) f A2 T (M) T, (AT) e"AZ drdt
m=0 0 [}

(7)

and
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920/922 = 929(r,0,2)/922 + I29(r,0,2)/322
= Z (m/2)1/2 cos m(0 + B,) f Jn(t) f A2 1,2 (At Ju(Ar) e"Az didt
m=0 [} 0

+ Z (1/2)1/2 cos m(6 +B,) f 7o) f“ (A2 () J,(Ar) eAE drdt
m=0 0 0
(8)

where ¢, 9, ¥, and ¢ are harmonic functions, and &,, jm, &, and Jj, are auxiliary
functions to be determined by boundary conditions; the barred quantities are taken with
respect to the coordinate system (r,d,z), and the unbarred quantities are taken with re-
spect to the coordinate system (r,¢, z).

It is assumed that the harmonic functions involved and all boundary data can be ex-
panded into the form of a Fourier series, and a subscript m will refer to the mth term in
the series. For example, boundary data may be given in the form

X

il

x(r,0,0) + x(r,6,0)

0

Z cos m (0 +1n,) X,(r) , on X,

m=Q

o]

Z cos m(5+;7_m) X,(r) , on 3.

m=0
The integral representations chosen for ¢, ¢, d29/dz2, and 9¢/9z2 in Egs. (7) and
(8) possess certain interesting properties on the plane z = 0. As z— 0, the functions
¢ and o yield

©

Y (r.0,0) = ) cos m(0+a,) r"’f ETM(E2-P2)"1/2g ($y dt , r <t
m=0Q T (9)
=0 forr>t;
therefore,
Y (r,0,0)/9z = - Z cos m(6 +a,) r-(m*1) C—i‘i f tmtlor2 - £2y"1/2 g (t) dt (10)
m=0 r 0

929(r,0,0)/92% = Z cos m (0 + B,) r"'"f tM(r2-t2)y"1/2 i (tydt, r>t, (11)

m=0 0

and

339 (r,6,0)/9z3 Z cos m(0+8,) r™t dif gmtloE2 - p2)"1/2 o (ty dt , r < t,
r

m=0

(12)

0, forr>t,
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where Eq. (7) in Ref, 4 is used. As z—0, the functions ¢ and ¢ will yield a similar set
of relations as in Egs. (9) through (12), except now corresponding quantities should have
bars. From these values it is easily seen that y is zero at all points except those on 3,
and ¢ is zero at all points except those on I; 939/923 is zero in =, and 93%/92% is zero
in 3. Hence, the choice of ¥ and ¢ as in Eqs (7) and (8) leads to the satisfaction of Eqgs.
(1) and (2) and also to the result that ¥ is zero at all points except those in = and 3. It

is also noted that ¢,(r) = 0 in Eq. (9) ensures that dy/9z will not have singularities of too
high an order on the edges of = and X.

BOUNDARY CONDITIONS AND SOLUTION

It is interesting to study two thermal loading conditions where cracks are opened by
(a) the application of a prescribed temperature to their flat faces which are stress free
and (b) the application of a prescribed heat flux to their faces. The boundary conditions
imposed on the harmonic function ¢ are, for case (a),

1
920/9z2 = —g—(-(l—Jrl:-)—)ciT Scos m(@+&,)p,(r) , inZ, (13)
v
1 - - _ -
=~ %To S cos m(6+&,) p,(r), in X, (14)
and
330/ = 0 at all other points on z = 0 ; (15)
for case (b),
2/9z3 = + LY 6 3 cos m(0+7,) gy(r) ., in 3, (16)
(1-1’) m=0
+ MG Z cos m(§+77m) q,(r) , in s, (17
(1' v) m=0
and
33®/3z3 = 0 at all other points on z = 0 , (18)

where T, is a positive constant, p, and g, are the prescribed temperature and heat flux,
respectively, and Eq. (4) is used. Let the cracks be opened by thermal loadings super-
posed on a uniform tension field at infinity, the elastic boundary conditions on z = 0 can
be written as (Ref. 5)

©

9Y/oz - 320/9z2 = ) cos m(f+¢y) f,(r) ., in X, (19)
m=0

= 7 cos m(8+ L) E(F), in T, (20)
m=0

and
Y= 0 at all other points on z = 0 , (21)
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where Eqs. (5) and (6) are used and f, and f, are related to the applied pressure on the

crack faces. It should be noted here that the additional requirement that shear must

vanish on plane z = 0 is satisfied automatically by the choice of u and T as in Egs. (4)

and (5) and hence imposes no condition on ¢ and VY.

From Egs. (9) through (12) it is easily seen that the conditions in Eqs. (15), (18), and
(21) are identically satisfied. Substituting Eq. (11) and a similarly written 42/9z2 in

Eq. (13) leads to a set of integral equations satisfied by j,, j., Bnm, and B, in 3:
o (t) + ,,Z=':> (-1)" cos nﬁnf L, o(5.t) Jo(s) ds = P (t) .
in(t) €05 By + 2 (-1 005 By [ [Laia(si£) + (G Ly _o(5.6)] Tp(s) ds

n=0 0

= P (t) cosmf, ,

and
in(E) sin By = 2 D sin B, [ [Ly (s06) = (17 Ly n(s6)] a(s) ds
n=0 0
= Pm(t) sin m&, ,
where
Ln,tm(s,t) = (st)1/2 f )‘Jn-l/z()‘s) jm_1/2()\t) Jnsm(2AR) dA
[1]

and

t

P, (t) == [2GaTy(1 + v)/m(1-v) t"] (% f r™1(t2~ r2y"/2p (r) dr.
0

To obtain Eqs. (22), the addition theorem involving Bessel (6) functions

©

- CoOs cOs
F) GGa m01 = ) Jpen(2AR) L0 Gim 10

n=~0

(22a)

(22b)

(22¢)

(23)

(24)

(25)

where 9! = 7- 6 must be used to transform all quantities in the (r,4,z) system to the
(r.6,2) system. Writing quantities in (r,4,z) and substituting Eq. (11) in Eq. (14) yield
a set of integral equations similar to those of Eqgs. (22) and can be obtained by replacing

the barred and unbarred quantities with P, defined as

) t
P, = (-1)™1 [2GaT,(1+v)/m (1= v) 7] C% f T ($2- F2y"1/2 B (F) dF .
0
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Considering j,, jm, Bm, and B, as known quantities and substituting Eqs. (10) and
(11) in Eq. (19) leads to a set of integral equations satisfied by &,, 8., 0m, and o, in =:

«©

Bo(t) + Z (-1)" cos nanf Mo o(sit) Bn(s) ds
0

n=0

t a

= <Ry(t) - [ gty ds 1 (<17 cos B, [ My o(si6) Tu(s) ds . (268)

0 n=0 0
a

&,(t) cos ma, + Z (-1)" cos nd, f (¥ (s &) + (~1) ¥, (s, 8)] 8,(s) ds

n=0 0

¢
= =F (t) cos m{, - cos mB, f (s/t)" j,(s) ds
0

+ i‘ (-1)" cos nB, f [N m(sit) = (=1)" Ny _n(s, )] Jn(s) ds , (26Db)
0
and
£,(t) sin ma, - Z (-1)7 sin n&nf [Mn'm(s,t) - (—1)"':,,'_,,,(s,t)] 8,(s) ds
n=0 0
= -F (t) sin m{, - sin mgB, f (s/t)" j,(s) ds
0
- Z (-1)" sin nE,,f (Mo, m(sit) = (1" N, (s, )] Ta(s) ds , (26¢c)
n=0 0
where
Wo sm(sit) = (st)1/2 f Mas1,2s) Jner /2 (M) Jnem(2)R) dX 27
0
Nn,im(s’t) = (St)1/2 f ‘]n"l/2()\s) Jm+1/2()\t) jnim(QAh) dx , (28)
0
and
d (4
F = . 2. ,2y"1/2 f . (29)
m = (2/m) ot _{ r(t=-r°) m(r) dr

When the temperature prescribed over the cracks are symmetric with respect to the
plane which is the perpendicular bisector of 00, namely, mirror symmetry is possessed
by the prescribed temperature, it is seen that
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P, = P, and ép == &, .
It follows that
in(t) = Ju(t) and B, =m- B, (30)
where j,(t) and the angles g, satisfy a set of coupled Fredholm integral equations
o(t) + ). cos nﬁnf Ly o(S:t) jn(s) ds = Py(t) (31a)

n=0 0

©

in(t) cos mpy 4 D cos nf, [ [Laa(s,6) ¥ D" Ly n(5.6)] Ja(s) ds
0

n=0 (31b)
= P (t) cos m¢, .,
and
Jn(t) sin mg, + sin ng, L, n(s,t) = (-1)"L, _.(s,t)] j,(s)ds
;0 ![,()() e (5 6)] n( (510

= P (t) sin m§, .

If the applied pressure also possesses the mirror symmetry with respect to a plane
perpendicular to 00, the following relations can be obtained:

fm=?m'¢m:77_zm’

m= 0

oo
E]
1
o]
3
R
3
i

and Egs. (26) reduce to

a

8o(t) + Z cos nanj My o(Sit) 8,(s) ds

n=0 0

t @® a
= <Rty = [ oCsy ds + ) cos ng, [ (sity o (sy ds (322)
0 n=0 0 '
&,(t) cos ma, + Z cos nanf [Mn'm(s.t) + (D) H, (s, t)] Eq(s) ds
n=Q 0

t

= -F (t) cos m{, - cos mﬁmf (s/t)" j,(s) ds
0

+ Z_‘:) cos nf, '0( [Nn,m(s,t) + (-7 n’_m(s,t)] Jn(s) ds (32b)
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and

£,(t) sin ma, - Z sin nanf [#n m(s.t) = ()" W, _,(s.t)] éa(s) ds
0

n=0

¢
= =F (t) sin m¢{, - sin mB, f (s/t)" j,(s) ds
0

fes]

- Y. sin ng, f (Mo m(sit) = (=)™ N, _ (5, 8)] jp(s) ds . (32¢)
0

n=0

Substituting Eq. (12) and 939/9z3 in Egqs. (16) and (17) leads to a set of integral equa-
tions satisfied by jn., im, Ba, and B, for case (b). If heat flux prescribed over the crack
faces has mirror symmetry with respect to the plane perpendicular to 00, the set of
coupled integral equations satisfied by j, and g, can be obtained in a manner similar to
that for case (a) as

a

Jo(t) + ) cos nﬁnf Ky o(sit) jn(s) ds = T0(t) (33a)
n=0 (]

@

in(t) cos my + ) cos By [ [Kn n(s8) + (1) Kip(56)] Jn(s) ds
0

n=0
= %0,(t) cos my, , (33b)
and
in(t) sin mB, + ) sin nﬁnf [Kn,m(s,t) - (-7 Kn,__m(s,t)] in(s) ds
0
= ;Qm(t) sin mn, , (330)
where
0, (t) = [2Ga(1+p)/m(1-n)] di; [ r(r?-t2)y"1/2 L s7(m=1) q_(s) dsdr
and

0

Kn,im(s' t) = t—2m+1 (st)l/Z f A-In-1/2()‘s) Jm-s/z(’\t) jnim(z)‘h) dx .
0

The set of integral equations to be satisfied by &, and «, is identical to Eqs. (32). It
should be noted that the relations



NRL REPORT 6987 9

and

are used.

The solution to the boundary value problems is now reduced to the determination of
the auxiliary functions j, and g, in Eqgs. (31) and (32) for case (a) and Egs. (32) and (33)
for case (b). In general, the solution of these equations must be found numerically; how-
ever, when the crack radii a is small relative to the crack separation 2h, and approxi-
mate solution can be developed in terms of a power series depending on the ratio o = a/2h.
This technique is demonstrated by an example where the temperature prescribed over the
crack faces is a constant; the method of successive approximation is used.

Certain quantities of physical interest can be written directly in terms of the auxiliary
functions. Manipulating Eqs. (6) and (7) gives the crack-opening displacement (C.0.D.) in
% and % as

oo

C.O.D. = (w'-w") =2 ) w(r) cos m(0+h,)

m=0
= [2(1-v)/G] ) cos m(f+a,) 1™ f £TmM(E2-r2)"1/2 g (t) dt . (34)
m=0 T

The stress intensity factor defined as

o= lim (r2-a%)? o (a*,0,0)

roat

is given as

«©

o = Z o,(r) cos m(6 +k,)

m=Q

© T

~lim (r2-a2)1/2 ) cos m(0+a,) ¢ ("D A gmeean g2y1s2 g,(t) dt , (35)

raat m=¢ dr a

where Egs. (5), (10), and (11) are used. It is noted here that 94/9z and 42®/9z?2 contain
no singularity as r — a* and hence are not ineluded in Eq. (35).

SOLUTION OF AN EXAMPLE PROBLEM

As an example, suppose the coplanar penny-shaped cracks are opened under the com-
bined loading of a constant applied tension at infinity and a uniform heating of the solid.
Using the standard procedure as described in Ref. 5, it is easily understood that solving
the stated problem is equivalent to solving the problem where constant pressure and tem-
perature are prescribed over the crack faces; at all other points on the plane z = 0 the
displacement normal to the plane and heat flux across the plane z = 0 must vanish. The
shearing stresses on z = 0 should be zero, as a point in the solid approaches infinity, the
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stresses, displacement, and temperature at that point must die off and approach zero. In
other words, this is a thermal condition as in case (a). Let the constant applied pressure
and constant temperature prescribed on the crack faces be f and k, respectively. Equa-

tions (31) and (32) are reduced, since o, = 8, = £, = 0, to

Jo(t) + ) f Ly o(s.t) jn(s) ds = - [26a(1+v) Tyk/m (1-v)] (362)
n=0 0
and
i)+ 2 [ [La(si6) # DLy n(5.6)] n(s) ds = 05 (36b)
n=0 0

a t

g, (t) + Z f Mn,o(s't) gn(s) ds = -2f/m - J‘ jo(s) ds
0

0

+ ) { My o(S.t) n(s) ds (372)

and
() + 0 [ Dom(s) ¥ Dy (5. 0)] £a(s) ds
n=0 0

t @
= f (/)" jp(s) ds + ) f (Mo m(S:t) + (1" Ny _n(s, 8)] n(s) ds . (37b)
[

n=0 0

Since the isothermal case for cracks under constant pressure was discussed in de-
tail by Collins (3), in what follows, f is taken as zero and the net effect of temperature
on the crack-opening displacement and stress intensity factor is sought.

The method of successive approximation for the Fredholm (7) integral equation is
used to obtain the interated values of j,(t) and g,(t), m=0,1,2, from Egs. (36) and
(37) when the ratio a/2h is small and the kernels in Eqs. (34) and (35) are expressed in
terms of the fourth type of Appell's hypergeometric function of two variables. The in-
tegrals L,, tm(s,t); M,, tm(s,t); and N,, m(s,t) in Egs. (23), (27), and (28) are
written as

25“t"'l"(n +om+ %)

el )]

Ly m(s:t) =

and
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(-1)"2s"t"
Lo, -m(s: ) = m(2h)m*meT Fyfn+

[ SRR

2 t2
N N L
2 2 2 2h 2h

_Sn+1tm+1[—- (n + m+ %)

M (s, t) =
m.m m1/2(2hyn*m+3 P (n + %) l"(m + %)
2 2
(3 SRR HONG
4 -2- f n+ m+ 3 H n 5 s m H >h N 2h
and
-1 m+12sn+1tm+1 2 ¢ 2
Mn_m(S,t):( ) F4m+§‘v n+§'v n+§1 m+ = (i) ) (_)
' m (2h)"*m3 2 2 2 2 2h 2h
stgmlp (n +m+ -;-)
N_ (s, t) =
e (2R)PHmHLp (n + %) r (m + %) ml/2
. 1 L3 ( sV (t )2
4 2 ! n m + ’ n + 2 ' m ’ 2h) ) 2h
and
-1 mzsntm-rl 2 ¢ 2
N, _(s,t) = b F, P P 1 n+ X, n+l, (—S-> (-)
' 7 (2m+ 1) (2h)"*mH1 2 2 2 2 2h 2h

where Bailey's (8) formula for integrals involving multiplication of Bessel functions is
employed. It is readily observed from L, ,, that to obtain j, correct to 0(h™%) the
functions j, for m > 5 may be neglected, and Eqs. (36) yield five simultaneous integral

equations for the functions j,(t), where m = 0,1,...,4. The solution to these equations
is found by iteration as

Jo(B) = -K[1-2¢/m+4€2/m?

- (1/37+ 8/m3)ed - eB2/m + (13/m2 + 16/73) €4

+ 2€282/m2 - 3e3B2/2m - (3/4m+ 4/m3) ept

- (3/207+ 38/m3) €3] , (38a)
Ji(B) = 4Kep/m(1-2¢€/m+ (1/2+ 4/m?) €?

+ 14p2%/m ~ (5/3m+8/m3) €3 ~ Tep2/n?] , (38b)

Ja(B) = 4Kep%/m[1-2€/m+4€?/m?] , (38c)
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i3(B) = 4Kep¥/mi1- 2¢/m] , (384d)
i (B = 4Kegi/m , (38c)
where
€ = a/2h ,
B = t/2h,
and

K=2Ga(l+v) Tjk/m (1-v) -

Using a similar procedure and solving Eqs. {(37) by iteration yield the values for
8.(t), where m =0,1,...,4, correct to 0[A"5] as

Kt[l-4e/m+8e2/m2~ 16€3/73 ~2e82/37

]

£0(B)
+ (47/372 + 16/7% + 16/m%y e + 2¢2 32/ 372
- (4/m?+12/m3) €3p% - (3/20m + 4/573) ap?

- (~3/107 + 1/m% + 86/373 + 32/m%) €57 , (39a)

8,(B) = - [8Ktep/3m] [1-2¢/m + (~3+2/15m+ 4/m?) €2

+ (2/5+21/57) 2 - 21€p2/10m2 - (-13/127+ 8/77?) €31, (39p)
£,(B) = - [8Ktep2/5m) [1-2¢e/m + (-5/4+ 25/8w+ 10/m2) €2 + B%/7], (39¢)
85(B) = - [BKtepd/Tml[1-2¢e/m] , (39d)
8,(B) = - [8Ktep*/9m]. (39e)

Substituting Eqs. (39) in Eq. (34) yields the Fourier coefficients for the crack-opening
displacement for each of the coplanar cracks as

2w, = H(1-p2)""? {1 - 4e/m + 8e2/m - (2m+ 16/73) &3
+ (49/372+ 16/73 + 16/7%) €4
- (=3/207+ 5/72%+ 622/1573 + 32/m*) €S
+ [4(1-p2)/311€3/3m - €%/372 + (3/20m+ 2/72% + 34/m3) 5]

- [8(1-p2)*/15](3/20m + 4/573)} , (40a)



NRL REPORT 6987 13

2w, = - [8He2p(1~p2) ?/37] (1 - 2e/m

+ (-13/5+65/157+ 4/m2)e? - (-13/127+ 101/72) €3

- (1-p2Y[(2/15+ 7/5m) €2 - 7€3/10m2]} , (40Db)
2w, = - [8He3p2(1- p2)/2/5m] [1 - 2e/m + (-31/28 + 25/87 +10/m2) €2
- (1-p2)e?/3], (40c)
2w, = - [8He*p3(1- p2) /27711 - 2¢/m]1 , (40d)
2w, = ~8HeSp% (1~ 02y 2/94 (40e)
where
p=r/a
and
H=da(1l+v) Toka/m.

Substituting Egs. (39) in Eq. (35) leads to the Fourier coefficients of the stress in-
tensity factor:

o, = -Kal[l - 4e/m + 8e?/m2 - (2/3m+ 16/m3) €3

+ (49/372 + (6/m3 + 16/m%)e*

- (-3/207 + 5/72 + 622/1573 + 32/m*) 5] , (41a)
o, = (8Kae?/3m)[1 - 2¢/m + (-13/5+ 13/3m+ 4/m?) €?

- (13/127+ 101/8m2) €3] , (41b)
o, = (8Kaed/5m)[1 - 2¢/m + (-31/28+ 25/87+ 10/m2) €21 , (41c)
o, = (8Kaed/7m) (1-2¢/m) , (41q)
o, = 8KaeS/97 . (41e)

It is also a simple matter to show that the decrease in potential energy of deforma-
tion per crack due to the temperature field is
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1 - -
?J;o'z(w*—w ) dE

a

(2m(1-0) /61 [ ta,(t) at
0

un

{4 (1+v)aT kfa®/3] [1- 4e/m

+ 8e2/m? - (2/57- 16/m3)€3

+ (241/1572+ 16/73 + 16/m%) €4

- (-33/14m + 17/57% + 3802/10573 + 32/m*) €] , (42)

where f is the applied constant pressure on the crack faces. It is noted that as 2h--o
the quantities in Eqs. (40) through (42) reduce to the known result for those of a single
crack.

DISCUSSION

In this analysis, the problem of two coplanar penny-shaped cracks in a heated, in-
finite elastic medium is formulated in terms of potential functions, and the solution is
reduced to that of sets of coupled integral equations for the auxiliary functions j,, Jn,
and &,, £,. An assumption that the applied loading and temperature field possess
mirror symmetry about the perpendicular bisector of 00 leads to the simple relations
that j,(t) = jn(t) and &,(t) = gx(t). The problem of two coplanar penny-shaped cracks
being opened by constant uniaxial tension when the heating of the solid is steadily uniform
is studied in detail. The magnitudes of auxiliary functions, crack-opening displacement,
stress intensity factor, and decrease in potential energy per crack are given in Eqs. (38)
through (42). It is noted that the effect of the presence of a second coplanar crack ap-
pears in the solution as a perturbation and when 24 — 0 the solution reduces to that of a
single crack.

The method of solution in this report follows that of Collins (3). It is capable of im-
mediate generalization to similar problems in which the cracks are of different radii.
Further, by combining this method with that of Shail (9) the solution to the two coplanar
cracks opened under tension in a heated thick elastic plate can be obtained easily.
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