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Abstract—The plane strain problem of a multi-layered composite with parallel cracks is con-
sidered. The main objective of this paper is to study the interaction between parallel and
collinear cracks. The problem is formulated in terms of a set of simultaneous singular integral
equations which are solved numerically. The effect of material properties on the interaction
between cracks is also demonstrated.

INTRODUCTION

Welded and bonded structures have been observed to contain multiple cracks. The study of
the interaction between such cracks has also been of considerable interest to reactor designers.
The problem of a multi-layered composite containing a single crack was studied by Erdogan
and Gupta[l, 2]. The interaction between multiple cracks in an isotropic medium and
collinear cracks in a layered composite has been considered by Ratwani[3, 4].

In the present study, the analytical methods of [1-4] have been extended to treat the layered
composite containing parallel and collinear cracks. In particular, the plane strain problem
of an elastic layer bonded to two dissimilar half-planes is considered. The layer medium
contains one or two symmetrically placed collinear flaws and one of the half-planes is
assumed to have a single parallel flaw. The procedure, of course, can easily treat any com-
posite containing » elastic layers and cracks located along m parallel planes. For the sake of
simplicity, only the symmetric problem is studied here. The anti-symmetric loading case
can be handled in an analogous manner.

Stress intensity factors at all the crack tips are computed. Their variation with respect to
the crack locations, geometry and material of the composite are presented graphically.

FORMULATION OF THE PROBLEM

Consider the plane problem, shown in Fig. 1, containing one or two collinear cracks in
each plane. The cracks are assumed to be located symmetrically with respect to the y-axis.
In this paper, our primary interest is in the disturbed stress state caused by the cracks.
Hence, assuming that the overall stress distribution a,-jo in the imperfection-free medium is
known, the stress state o,;” in the cracked medium may be expressed as

O'ij=‘7ij0+0'ij (1

T This work was supported by Institiit Fiir Festkdrpermechanik der Fraunhofer-Gesellschaft, 78 Freiburg,
1. Br., The National Science Foundation under the Grant GK-11977, and the National Aeronautics and
Space Administration under the Grant NGR-39-007-011.

I Present address: Northrop Corp., Hawthorne, California 90250, U.S.A.

§ Present address: Foster Wheeler Corp., Livingston, New Jersey 07039, U.S.A.

701

1JSS Vol10 No7 — A



702 M. Ratwani and G. D. Gupra

where o;; is the disturbed stress state obtained by subjecting the crack surfaces to the follow-
ing tractions.

ayyl(x; h) = —O-yyo(x’ h) = pl(x)

axyl(x, h) = —axyo(x, h) = p(x), C < |x| <D, @

ayy3(x’ _hl) = _o.yyo(xs ——hl) = qZ(X)

ny3(x, _hl) = _oxyo(x9 '—hl) = ql(-x) A < lxl < B

pd{x) and g,(x) satisfy a Holder condition in their respective ranges.

The integral transform technique, described in detail for a single crack[1] and for mul-
tiple cracks{3], is used here to formulate the problem in terms of four unknown functions
defined by

0 0
filx) = a(“z —uy), f{x) = b;(vz —vy), (C<|x| <D, y=h),
3

-

0 ¢ i
gi1(x) = x (3 — uy), g2(x) = — (03 — vy), (A<|x| <B, y=—hy).
X ox

where: u;(x, y) and v(x, y) are the displacement fields in the respective regions shown in
Fig. 1.

Note that the crack surfaces are the singular surfaces across which the displacement vector
suffers a discontinuity and the unknown functions define the derivatives of the crack opening
displacements. For the sake of simplicity, the central plane of the elastic layer is assumed to
have the cracks. The case when the crack lies at the interface between the bielastic media
has been treated in detail in [2].
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Fig. 1. Geometry of the layered composite with collinear and parallel cracks.
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Following the procedure of [1] and [3], a set of simultaneous singular integral equations
of the first kind is derived, expressed as follows:

J, SO} + Kymn] s [ 3 aoutx 0 de = mp),

1 1

C<|x| <D, i=1,2,

-+ Mik(x, T)} dr = !

3 z O + K
J, Sronmode [ 3 a2 ),

A<|x|<B, i=1,2, (4

where L, =(C < |x| < D)and L, =(4 < |[x| < B), and k; = 3 — 4v, for plane strain and
K; = (3 — v)/(1 + v;) for generalized plane stress. u; and v; are the shear modulii and the
Poisson’s ratios, for i = 1, 2, denoting the elastic layer by the subscript 1 and the half-planes
by 2. The functions K;;, L;;, Hy and M, are Fredholm kernels and are bounded in their
respective closed intervals. The expressions for these Fredholm kernels are given as follows:

® 5.(a) — dah 2

Kyi(x, 1) = f 2 e

D) sin ot — x) do

K, 1) = Ky(x, 1) =0

4
Ko(x, ) = f We’z“" sin ot — x) da
py  Ldwg @ g e Hho
H(x,7) = A + (1 — lah . -
1(x, 7) 24, o [A355(2) + ( ahy)sy(a)] D, sin o(7 — x) da
y 14w @ g ottt
H » = A— - I + 2 h . -
a0 ) = =t [ i@ = (L4 20)s5, @) =5 cos e — ) da
ﬂz 1 + Kl —a{h+hs)
21(x, 7) o f [A3ss5(0) = ( o 1}34(“)} D@ ————— 08 (T — x) da
H,(x,1)= — ——— A + {1 4+ 20h —x)d
22(x, 7) - 2% 4o [335("‘) ( ohy)sa(o)] . D, () sin a(r — x) dat
(u; ~ #1)2(}% —~ A)As ., &)
L.. s — 2ok N s fromen )
(%, 1) PRI Hjx,, i,j=1,2
M (x t)=-}foo_2. +s(oc)+—§-1————~——{ $4(00)
e L A Yo X R

+ [s7(0)sg(e) — 8ah(l — 20h))]e”™ 4"'“}] €™ 2™ gin aft — x) do

{23 57(0)

_ lyer, (4 —2,)
My(x, 1) = 2fo hf’ts Ss(a)'*‘m

+ [16a%hh, — sdo:)s-,(oc)]e"“""}} e” ™ cos a(t — x) da
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Myi(x, 1) = M;,(x, )

1 Gy — )
Maste. )= =3[ |1+ @)+ 2 50

— [57(2)sg(2) — 8ah(l + 2ah1)J e~ *MJe 2 sin a(t — x)da

where
Di(x) = — A, + (dah + A e~ 2ek)e~2ah
Dy(@) = 1 + (dach — Ao~ o)~ 2k
si(@) = 1 + A4, + 4a2h? — 23,072
5y(@) = — A, + (1 4 2ah)e ™2
s3(@) =1 — 2ah — ™2
s4(@) = A, — (1 — 2ah)e ™2 (6)
ss{a) = —1 — 20h + A~ 2%
se(@) = (1 — da®hy*)/A5
s1(@) = — 4, + A4
sg(@) = (1 — 2ah,)?/ 43
so(0) = (1 + 2ah;)?/25
and

K, — I, K
/1:“12 Hay Ky

Hy + HyK,
K
/12:#1 + Uz Ky %)
Ky =l
g, =t
Hy — 1y

The unknown functions f; and g; in equations (4) have integrable singularities at the end
points. Therefore, the equations (4) must be solved subject to the singlevaluedness conditions

D B
ff,.(t)dt=0=f g{nde, i=1,2. (8)
C A

The singular integral equations (4) are solved simultaneously by using the numerical
technique described in [5]. It may be noted that if one of the cracks lies on the interface, the
corresponding integral equation would become that of second kind. The numerical tech-
nique to treat such equations is described in [6] and is used to solve the interface crack
problems in [2]. The stress intensity factors K| and Kj, at all the crack tips are defined as in
[1]. As an example, for the crack in medium (1) near the crack tip x — D, these can be

expressed as
K', =lim \/2(x — D)s,,\(x, h)
x—+D
)

Ky = lin;), /2(x — D)o M(x, h).
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The stress intensity factors can also be expressed in terms of the unknown functions f(x).
The functions fi(x), which have integrable singularities, may be written as

_ G(x) . 10
i = == (10)

Equations (9) can now be written as

lim /2(D — x) f5(x)

Kl x-D

2/11\/2
= - GAD
T ND-C D)

Kin= 2 tim /2D = %))

Ki x=D
2u, \/ 2
= G,(D
Trr,ND_C 1(D).
Superscripts 1 and 2 on the stress intensity factors refer to the cracks in medium 1 and 2
respectively.

K'Y

(1)

DISCUSSION OF RESULTS

To demonstrate the interaction between parallel and collinear cracks, a layered composite
as shown in Fig. 1 is assumed to contain parallel cracks, one in the mid-plane of the elastic
layer and the other in one of the half planes. A realistic loading condition is that of uniform
loads acting far away from the cracks. The problem is usually divided in two parts. First the
unflawed layered composite is solved for the actual loading. Normal and shear stress com-
ponents at the crack locations are computed from this global solution. The second part of
the problem is to solve the disturbance problem with the tractions acting on the crack sur-
faces equal to negative of that obtained in the first (global) solutions. A superposition of the
two solutions provides the results for the original problem.

However, the main problem of interest in this paper is the disturbance problem. Two
numerical examples are presented. In all cases, an epoxy layer with elastic properties
Uy =45 x 10° psi, v; = 0-35 is sandwiched between two aluminum half planes: u, = 107 psi
and v, = 0-3. In the first example, the layered composite is assumed to contain only two
parallel cracks. The input tractions were assumed to be uniform uniaxial stresses with zero
shear component, i.e. in equation (2)

pi(x) =gq,(x) =

py(x)= -0 or (12)

92(x) = —o.
Relatively less common, however, equation (12) represents the pressurized crack situation.
In a particular problem, one may have arbitrary input tractions with appropriate symmetry
conditions. The effect of the distance between the two parallel cracks on the four stress
intensity factors (at each crack tip) is presented in Table 1. When the crack in medium 1
is loaded (p,(x) = —0), as expected, we get negative stress intensity factors for crack 2.
Similar effect is observed at crack 1, when the crack in medium 2 is loaded (g,(x) = — o).
Itisclear that the results need to be superimposed if both the cracks are loaded simultaneously.
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Table 1. Stress intensity factors vs hy/a for hjz=1-0, 2-0; p,(x) = ¢,(x) = 0-0; Material 1 = Epoxy
(u1 =45 x 10° psi, v; =0-35); Material 2= Aluminum (u, = 107 psi, v, =030); Ko = oVwa
(parallel crack configuration)

hia=1-0
ol P2(x) = —0,g2(x) = 0 P2x)=0,g(x) = - o
ila
K'YKo K'w/Ko K?/K, K*y /Ko  KY/Ky K'u/Ko K*3/Ke  K*u/Ko
0-2 0-695 0-080 —1-990 —1-033 —-0-182 —0-160 3-243 1-251
0-5 0-608 0-020 —1-132 —0-460 —0-064 —0-032 2-102 0-525
1-0 0-580 0-001 —0-620 —-0-184 —0-030 —0-011 1-450 0:163
2:0 0-576 0-000 —0-305 —0-078 —0-009 —0-001 1-149 0-031
o) 0-582 0-0 0-0 0-0 0-0 0-0 1-0 0-0
hla=2-0
02 0-817 0-027 —1-030 —0-494 —0-108 —0-040 2-738 0-978
0-5 0-785 0-008 —0-677 —0-251 —0-042 —-0-015 1-997 0-473
1-0 0-770 0-000 —0-393 —0-102 --0-020 —0-008 1-430 0-157
20 0.770 0-000 —0-220 —0-053 —0-009 —0-000 1-146 0-031
0 0-775 0-0 0-0 0-0 0-0 0-0 1-0 0-0

We observe that the absolute magnitudes of all the K values increase as crack 2 nears the
interface. Table 1 also shows an effect of the layered thickness on the resuits. Notice the
decrease in the interaction between the two cracks since they are farther apart now. This
effect is explicitly shown in Fig. 2, where crack 1 is loaded only. The stress intensity factors
at crack 1 due to this loading increase with increasing layer thickness. In limit when 4 — oo,
K, =1-0 and K';; = K? = K?; =0, which is the well known result for a homogeneous
material containing a crack. A reverse effect is observed at the stress intensity factors at
crack 2 due to the loading at crack 2 itself, as shown in Fig. 3. K% and K?|; decrease as the
layer thickness is increased and, in the limiting case when 4 — oo, these approach asympo-
totically to the values obtained for the problem of a bimaterial medium containing a single
crack in one of the halfplanes. Interaction terms, of course, vanish as 4 — co.
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Fig. 2. Stress intensity factors vs the layer thickness h/a for hy/a=1-0; p2(x) = —o, and
p1(x) = g,(x) = g.(x) = 0; configuration: parallel cracks.
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Fig. 3. The case with ¢.(x) = — ¢ and p,(x) = p2(x) = ¢q,(x) = 0; configuration: same as for

Fig. 2
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As a second example, the case of the elastic layer containing two collinear cracks at the
mid-plane and located symmetrically is considered. Since the problem is symmetrical, stress
intensity factors at only one of the collinear cracks need be computed. In all numerical
cases, the location of crack 2 and the layer thickness have been kept fixed. Again, either the
collinear cracks or crack 2 is loaded at a time. Variation of the mode I stress intensity factor
with respect to the distance between the collinear cracks is shown in Fig. 4. When these
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Fig. 4. Stress intensity factor K; vs the distance between the collinear cracks (a/c); p,(x) = —¢
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and pi(x) = q1(x) = q2(x) = 0; h/a = 2-0, hy/a = 1-0.
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collinear cracks are far away, only a little interaction between the parallel crack is observed.
Another interesting phenomenon observed is that, if the two collinear cracks are close by,
i.e. ¢/a > 1-25, the outer crack tips would become unstable before the inner crack tip. When
crack 2 is loaded, the stress intensity factors K2; and K2, (at the tips of crack 2) remain
practically unaffected due to the displacement of the collinear crack locations. However, the
interaction between the cracks is quite strongly affected by the distance between the two
collinear cracks, as shown in Table 2. As the two cracks come closer, | K;| at both crack tips
increases monotonically, with a faster rise at the inner tip. | Ki;| at the inner tip, on the other
hand, undergoes a maximum value and steadily decreases to a very low value.

Table 2. Stress intensity factors at the collinear crack tips
vs the distance between them (a/c): g.(x) = — a, p2(x) =
p1(x) = g,(x) = 0-0; Configuration: insert in Fig. 4

Crack tip C Crack tip D
/ KIC' chll KxDl KID"
aje — — — — — — — —
oVma oV'ma ov'ma oVma
0-:00 0-00-0 00 0-0 0-0
0-20 0-0022 0-0036 0-0004 0-0015
0-35 0-0056 0-0076 0-0018 0-0040
0-50 00110 0-0088 0-0048 0-0066
0-65 0-0162 0-0076 0-0072 0-0079
0-80 0-0205 0-0050 0-0092 0-0082
0-95 0-0248 0-0023 0-0106 0-0082

In conclusion, whenever there is a structure containing multiple cracks, an analysis of the
type described in this paper can be utilized in order to find the critical configurations under
which the structure may be most vulnerable. The result, in short, shows that cracks situated
at various locations in a structure do interact with each other and this interaction becomes
very important when they are rather closely spaced. In such cases, the strength predictions
would be much more adequate and safe if these interactions have been taken into account.
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A6cTpakT— PaccmarpuBaeTcs npof6nema IIOcko# aedopMalliy MEOTOCIIORHOrO COCTaBHOTO
BEHIECTBa ¢ MApaJUIEIbEBIMHA TpeluuHaMy. T TaBHOM Lebio 3T0H paboThl ABIAETCH H3ydeHHe
B3aMMONEHCTBHA MEXIY Napaiie/bHBIMM H KOJUIMHeapHbiMA Tpemmbamu. ITpo6Gmema
(OPMYNIHpYeTC B TEPMMHAX pPsia COBMECTHBIX CHHTYNADHBIX HMHTEIPATTHBIX ypaBHCHHI,
KOTOpPHIE pa3peNIaloTCs IuciieHHo. Takke NeMOHCTpHpyeTcs 3(dekT CBOUCTE MaTepHaia Ha
B3aMMOJEHCTBHE MEXAY TPEWMHAMHA.



