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A LAMINATE COMPOSITE WITH A CRACK NORMAL
TO THE INTERFACESt

p, D, HILTONt and G. C. SIH§

Lehigh University, Bethlehem, Pennsylvania

Abstract-The redistribution of stresses in a laminate composite due to the presence of a crack or flaw situated
normal to the bond lines is studied. The many-layered composite is idealized to the case of a single layer of
dissimilar material containing a crack which is sandwiched between two other layers ofinfinite height. The elastic
properties of the two outer layers are assumed to be averaged properties over a large number of layers. Using the
integral transform technique, the problem is formulated in terms of integral equations and solved for the singular
stress field near the crack tip. The effects of crack size, layer height and the material properties of the composite
on the stress-intensity factor are illustrated graphically. Presumably, this factor can be used to characterize the
strength ofa composite in the same way as it has been applied successfully to the single phase material within the
framework of the linear theory of fracture mechanics.

Calculations are also carried out for approximating the stress-intensity factors for a crack inclined at an
arbitrary position in the sandwiched layer. This is accomplished by taking the two extreme cases ofa crack parallel
and normal to the interfaces as the upper and lower bound solutions depending upon the relative stiffness of the
layers.

INTRODUCflON

A COMPOSITE being a man-made structure inherently contains some sort of imperfections in
the form ofeither small voids or cracks. Anyone of these flaws when it reaches a certain size
can have a significant influence on the load transfer behavior within the composite.
Generally speaking, it is the local intensification of the stresses around the dominant flaw
that triggers fracture and often leads to failure of the system. Hence, it is essential to include
pre-existing flaws in the strength analysis of composites.

The aim in composite studies ofan analytical nature [1-3J is to provide, in a fundamental
way, a set of mathematical formulas relating the influencing parameters of the composite in
the pre-failure state. In an analysis, which accounts for pre-existing flaws, these parameters
include the composite geometry, the flaw size, the level ofapplied load and the properties of
the material. The relationships derived would presumably provide a better insight into the
modes offracture ofcomposites. Solutions based on analysis of this type have been shown to
agree with experimental data for metals. This concept of failure, known as "fracture
mechanics", should apply equally well to non-metallic materials such as composites.
Needless to say, the degree of success in applying the theory of fracture [4, 5] depends
largely upon the accuracy achieved in the theoretical analysis. In a multiphase material,
this task is made more difficult as a result of the complexity of the composite geometry.
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For this reason, simplifying assumptions have often to be introduced to make the analysis
manageable.

In this study, the composite geometry consists of a cracked layer of material bonded
between two half-planes of different elastic properties. Both ends of the crack are located
at an equal distance away from the interfaces which are aligned normal to the crack plane.
The method of solution utilizes the displacement expressions derived by Sneddon [6],
dealing with a crack in a finite width strip and follows that used by the authors in a previous
paper [7] on a similar problem in which the crack is placed parallel to the bond lines.
Numerical results for the stress-intensity factors are obtained from a standard Fredholm
integral equation of the second kind and plotted against the ratio of the elastic moduli of
neighboring layers for various values of the layer height to crack length ratio. An approxi­
mate solution for the more general situation where the crack is directed at an arbitrary
angle to the interface is also discussed.

There is an analogous problem in cylindrical coordinates which consists of a penny­
shaped crack contained in an infinite solid cylinder that is surrounded by and bonded to an
infinite body of a second material. This penny-shaped crack problem can be formulated in
much the same manner as the laminate problem considered here by making use of the
corresponding displacement function for the cylinder which can be found in reference [6].
The analysis of this problem has not yet been attempted by the authors so there can be no
assurance that later difficulties will not arise.

FORMULATION OF PROBLEM

Assuming plane strain conditions, the laminate composite in Fig. 1 is made of a single
layer of width 2h with shear modulus J1.1 and Poisson's ratio v1 bonded to two half-planes
having elastic properties J1.2 and V2' A crack of length 2a(a < h) is centered along the x-axis
as shown in Fig. 1. Symmetrical normal tractions and skew-symmetric shear tractions are

y

FIG. I. Layer composite with a crack subjected to normal and shear tractions.
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(2)

(4)

applied to the crack surfaces. In the following, the subscripts 1 and 2 will be used to refer
the layer and surrounding half-planes, respectively.

The solutions within the layer will be required to satisfy matching conditions along
x = ±h and mixed boundary conditions on the x-axis. A solution with sufficient generality
to meet these conditions can be written as the superposition of the well known transform
solutions [7] for a strip of width 2h centered on the y-axis and a half plane whose edge
coincides with the x-axis. The resulting form which is assumed for the displacement field
within the layer is:

UI = -.j(2/n) {ro {~[fl(17)-(l- 2vl)gl(17)] [~~~~~;)J +xgl(17) [:~::i~=;J}

{
C?S(17Y)} d17-.j(2/n)foo 4>1(~)(1_2v -~y)e-'Y[ sin(~x) J d~
sm(17Y) 0 ~ I -cosRx)

VI = .j(2/n){' U[fI(17)+2(1-V I)gl(17)] [:~::~;;J+Xgl(X{ ~~~~~~J}

{
sin(17Y) } d + 1(2/n)f<Xl 4>1(~)(2_2v +~y)e-,y[C?S(~X)J d~ (1)

- COS(17Y) 17 y 0 ~ I sm(~x)

for the normal and shear loading problems, respectively. Symmetry arguments are used
to allow consideration of only the first quadrant with appropriate boundary conditions
along the coordinate axes. Additionally, the layer solutions are required to match those for a
half plane of the second material along x = h; namely,

U2 = .j(2/n) {<Xl 17[f2(17)+g2(17mX+(1-2V2)g2(17)]e-~x[:~:i;;J d17

V2 = .j(2/n)f
oo

17[f2(17)+g2(17)17X-2(1-V2)g2(17)]e-~X[ Sin(Y17())J d17
o -cos Y17

for normal and shearing tractions, respectively.

NORMAL LOADING
For normal loading, the boundary conditions along the Y and x-axes are

(O"xy)I(O,y) = 0

UI(O,y) =0

(O"xyMx, O) = 0 for Ixl ::;; h; (O"Xyh(x, O) = 0 for Ixl ;;::: h

(O"yMx, O) = -p(x) forlxl < a

vI(x,O) = 0 fora < Ixl::;; h; vz{x,O) = 0 forlxl;;::: h. (3)

The matching conditions along x = hare

ul(h, y) = u2(h, y)

vl(h, y) = v2(h, y)

(0"xMh, y) = (0"xh(h, y)

(O"xyMh,y) = (O"xyh(h,y).
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The stresses within the layer as obtained from the assumed displacement field (I) are

(11,x)1 J fOO .-2- = - (2/n) . [!1(11) cosh(11X ) + 11xg1(11) smh(11X )] COs(11Y) d11
J.ll 0

-J(2/n) {OO cf>1(~)(1- ~Y) e-~Y cos(~x) d~

(l1y ) 1 fOO
- = J(2/n) 0 ([!1(11)+ 2g1(11)] cosh(11x)+ 11xgl (11) sinh(11x)} COS(11Y) d11
2J.ll

-J(2/n) {OO cf>l(~)(I+~y)e-~Ycos<ex)d~

(11
2

,xY)1 = J(2/n) fOO ([!1(11) + gl(11)] sinh(11x)+ 11xg1(11) cosh(11X)} sin(11Y) d11
J.ll 0

-J(2/n)y100

~cf>l(~)e-~Ysin(~x)d~.

Note that u1(0, y) =°and (l1,xylt(O, y) = °by choice of the assumed form for the solution.
Also (l1,xylt(x,O) = 0.

It is further required that

(5)

and

(11 It(x,O) d {J foo cf>1 (~) • } j 2 foo
'2J.ll = - dx (2/n) 0 -~-sm(~x)d~ + ; 0 ([!1(11)+2g1(11)]cosh(11X )

+ 11xgl(11) sinh(11x)} d11 = -2P(X) for x < a. (6)
J.ll

Equation (5) is satisfied identically by the integral representation for cf> 1(~) :

cf>1(~) = j ~~ s: tt/Jl(t)Jo(~t)dt
where Jo(t) is the Bessel function of order zero. Substitution of (7) into (6) gives

~f.,x tt/Jl(t)dt
dx 0 J(x2

- t2
)

p(x) °S; x S; a.
2J.ll

(7)

(8)

This equation can be regarded as an Abel integral equation for t/J1(t) which, with the following
identities
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is inverted to give

2 f.t p(x) dx j 2 f.oo
t/ll(t) = -; 02J.1.1J(t2_X2)+ -; 0 U!1(")+2gl(")]Io("t)+"tg l(,,)I l(,,t)}d,,

for 0 S; t S; a.
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(9)

Here, Io("t) and I l("t) are the modified Bessel functions of order zero and one respectively.
The stress field in the half plane which results from the assumed displacement field (2) is

(20'xh = -J(2/1t) roo "2[!2(")+g2("),,x]e-~xcos(,,y)d,,
J.l.2 Jo

(20'yh = J(2/1t) f.oo ,,2[f2(") + g2("),,x-2g2(,,)] e-~X cos("y) d"
J.l.2 0

(0'2Xyh
= -J(2/1t)f.

oo

"2[!2(")+g2("),,x-g2(,,)]e-~xsin(,,y)d,,. (10)
J.l.2 0

This field automatically satisfies the conditions along y = o.
The matching conditions on the interface x = h, from equation (4), become

(11)

The unknowns !2(") and g2(") are eliminated, thus reducing these four equations to two
equations for!l(") and gl(") in terms of tPl(e), i.e.

(12)

where

Clj = [CX4(,,)dlj - CX2(,,)d2j]/[CX4(,,)al(,,) - CX3(,,)a2(")]

c2j = - [CX3(,,)dlj - CX l(,,)d2j]/[CX4(,,)CX l(,,) - CX3(,,)a2(")]
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with the (X j and dij defined as
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(Xl ('1) = {:: [cosh('1h)+(1- 2V2) e~h] - Sinh('1h)} /'1

(X2('1) = {J1.1 ['1h sinh('1h)+ (1- 2v2)(sinh('1h)+ '1h e~h)]
J1.2

-(1- 2v1) sinh('1h) +'1h COSh('1h)} 1'1

(X3('1) = {:: [cosh('1h) - 2(1- v2) e~h] - COSh('1h)} 1'1

(X4('1) = {J1.1 ['1h sinh('1h)-2(1-v2)(sinh('1h)+'1h e~h)]
J1.2

- 2(1- v1) cosh('1h) + '1h Sinh('1h)} IrJ.

The Dj in equations (12) represent the following integral expressions:

(13)
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in which

m( u h) = _! ~{ 2 CO' cosh(eh)Jo(eu) de}
11, , 1t a11 11 J0 e2(e2 + '12)

1 e-~h

= 2qr{(1+'1h)Io(11U)+t1Ult('1U)}' (15)

Now we make the substitutions for fl('1) and gl(t1) in the integral equation (9). The revised
equation is

2 it p(x) J2 i oo
I/tl(t) = - 2 J( 2 2) dx+ - {(Cli+2c2i>D.~e)Io(et)+etc2Pie)Il(et)} dt. (16)

1t 0 III t - X 1t 0

A change in order of integration reduces this to the following Fredholm integral equation
for I/tt(t):

(17)

where,

K(t,u) = J(2/1t) looo itl {(cli+2c2)LJ{'1,u)Io('1t)+'1tC2.;Li11,U)11('1t)}d'1. (18)

The kernel K(t, u) can be further simplified by writing

LJ{'1,u) = Mjolo('1u)+Mjl1l('1U), j = 1,4

where

(19)
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Then,
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K(t,u) = j ~{OO Jl {(Clj+2C2j)Mjolo("u)Io("t)

+(C1j+ 2c2j)Mj1 Io("u)Il("t) +"tc2jM joI l("u)Io("t)

+"tc2jM j1 I 1('1u)I l("t)} d1t. (20)

The Fredholm integral equation for t/!l(t) will be solved numerically for the case of uniform
pressure, i.e. p(x) = p. For this case, it is convenient to first perform the following non­
dimensionalization.

Let

(21)

The governing equation, in this notation, becomes

(22)

where K*(r, q) = K(r, q)/q which can be shown to be symmetric in rand q.

SHEAR LOADING

Again, consider only the first quadrant with the following boundary conditions

(u",MO, y) = °
Vl(O,y) = °

(UY)l(X, 0) = ° for Ixl ::;; h; (uyh(x, O) = ° for Ixl ~ h (23)

(u",yMx, 0) = - q(x) for Ixl < a

u1(x,0) = ° for a < Ixl ::;; h; U2(X,0) =° for Ixl ~ h.

These conditions lead to the integral equation for t/! 1(t).

which can be inverted to

0::;; x::;; a. (25)
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The solution for the layer is, as in the symmetric case, required to match that for the
half plane. This leads to relations for 11('1) and gl('1) in terms of integrals ofl/11(u~ i.e.

11('1) = b1)'1)D)'1)

gt ('I) = b2J{'1)DJ{,,)

where,

and

b1j = [f34('1)elj- P2('1)e2j]I[f34('1)Pt('1)- P3('1)P2('1)]

b2j = - [P3('1)elj- Pl('1)e2j]IUJ4('1)Pl('1)- P3('1)P2('1)]

(26)

ell = 0,

(27)

4'1
2
[Ill ]e23 = -- -(1- 21l2)+lll .

1t 112

The quantities PJ{'1) are defined as

Pl('1) = {~: [sinh('1h)+(1- 2v2)e'lh] +COSh('1h)} 1'1

fJ2('1) = {Ill ['1h cosh('1h)+(1-2v2)(cosh('1h)+'1h e'lh)]
112

- (1 - 2V2) cosh("h)+"h Sinh("h)} I"

P3('1) = { ~: [ - sinh('1h)+2(1- V2) e'lh] +Sinh('1h)} 1'1

P4(") = {Ill [ - '1h cosh("h)+2(1- v1)(cosh('1h)+'1h e'lh)]
112

+ 2(1- Vt) sinh(11h)+"h COSh('1h)} I".

From this point, the analysis is identical to that for the symmetric problem. The final
integral equation is

fa 2f' q(x)
l/11(t) + l/11(u)H(t,u)du=- 2 1(2 2)dx, O:::;;t:::;;a

o 1t 0 illY t -X
where,

J2f'" 4H(t, U) = ; 0 j~t {(b1j+b2j)MjO/o('1u)/o('1t)

+(blj+b2j)Mjl1O('1u)11('It) + '1tb2jMjOI 1('1u)/o('1t)

+ "tb2jM jl11("u)1 1(11t)) d".
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(28)

Numerical results will be presented for q(x) = q = const. Performing the same type of
non-dimensionalization (21) as for the symmetric case gives

'P1(r) = Jr-J(rs)f 'P1(s)H*(r,s)ds

where H*(r, s) = H(r, s)/s which is again symmetric in rand s.

THE STRESS INTENSITY FACTOR

For the case of normal loading, the stress intensity is found from the definition

k1 = lim J[2(x-a)](o)I(X,0)
x-a+

where for x ~ a, (O'y>t(x, 0) is determined from

(29)

(O'y~(k,O) = dd fa J;I/J/t) 2) dt-J(2/1t) fOO ([fl(f1)+2gl(f1)]cosh(f1x)
Jl.l x 0 X -t 0

+f1Xgl(f1) sinh(f1x)} df1. (30)

The stress intensity factor for the shearing mode is given by

(31)

(33)

where, for the skew-symmetric problem, (O'Xy)l(X, 0) is obtained from

(0'xyMx, 0) = ~ fa J tl/J/t) 2) dt+j~fOO ([fl (f1) + gl(f1)] cosh(f1x) +f1Xgl(f1) sinh(f1x)} df1.
2Jl.l dx 0 (X - t 1t 0

(32)

In both cases, the second terms are nonsingular at X = a, and thus do not contribute to the
stress intensity factors. Therefore,

kl = 2Jl.lJ(a)1/J1(a) = 'P l(l)pJ(a)

k2 = 2Jl.lJ(a)1/J1(a) = 'P l(1)qJ(a)

where, 'P1(1) is determined from equation (22) for the case ~ n~rmal loading and from
equation (28) for applied shearing tractions. In the case ofa homogeneous material Jl.l = Jl.2'
'P1(1) for either loading takes the value of unity and k l , k2 reduce to their respective limiting
values of pJa and qJa.

The function 'P1(1) has been calculated numerically for a range of the variables Jl.dJl.2'
VI' v2 and a/h. Figure 2 contains plots of the stress intensity factor, normalized by the
Griffith's solutions for a single material specimen of the same geometry, (kdpJa), against
the ratio ofthe shear module (Jl.2/Jl.l) for various values of a/h. These graphs are for normal
loading with both material Poisson's ratios equal (VI = V2 = 0·3). The intensity factor
increases as the relative shear modulus of the matrix to that of the layer (Jl.2/Jl.l) decreases.
This effect is amplified as the ratio of the crack length to layer thickness increases. Note
that all curves go through the point (1,1) representing the Griffith configuration for a single
material plate. The same data is plotted against a/h in Fig. 3. In the limit as a/h approaches
1·0, k/pJa approaches infinity for Jl.2/Jl.l < l.() and zero for Jl.2/Jl.l > 1·0. The limiting cases
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FIG. 2. Normalized stress-intensity factor k t VS. /l2/lJt for Vt = V2 = 0·3.
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FIG. 3. Variation of kt/p.,ja with alh for VI =V2 =()'3.
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of J1.2/J1.l = 0,00 have been calculated by Sneddon [6]. They represent a "stress-free" strip
and a "constrained" strip, respectively.

The effect of different values of the Poisson's ratio for each constituent of the composite
is demonstrated in Figs. 4-7. When the value of the Poisson's ratio for the layer is below
that for the matrix, the graphs ofkdp.Ja against J1.2/J1.l are shifted to the left, Le. at J1.2/J1.l = 1·0
the normal stress intensity factor is less than 1·0. The opposite effect is observed when
V2 < Vl'

Results for the case of shearing tractions are presented in Figs. 8 and 9. Note that the
same gross effects are observed.

DISCUSSION OF RESULTS

Our purpose in solving this problem is to enable the prediction of failure for laminates
in terms of the size and orientation of the "worst" flaw or crack within a layer of the
composite. In general, the flaw or crack direction relative to the bond lines is unknown.
Thus, for a given stress state, one would like to know the stress intensity factor for a crack of
arbitrary angle. Failure prediction would then be based on the maximum value for the
stress intensity factor associated with the "worst" crack angle.

Because of the lack of symmetry of the arbitrarily oriented crack problem, an analytical
solution to the problem would be most difficult, if not impossible. However, valuable
information can be gained from the knowledge of the solutions to the two extreme cases of a
crack parallel to the bond lines (considered by the authors in a previous paper [7]) and one

1.8

Normal Tractions

1.6 U," 0.2 • Uz" 0.4

1.4

0.6

0.4

FIG. 4. Plot of kllpJa vS.lJz/IJI for VI = ()'2 and Vz = ()'4.
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FIG. 5. Variation of ktlp.ja with a/h for "I = Q.2 and "2 = Q.4.
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FIG. 6. Plot of ktlp.ja VI. JlJJll for "I = Q.4 and "2 = Q.2.
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FIG. 7. Variation of kilp.ja with alh for Vi = 04 and V2 = 0·2.
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FIG. 8. Non-dimensionalized stress-intensity factor k 2 VS. Jl2/Jli for Vi = V2 = 0·3.
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FIG. 9. Variation of k2/q.Ja with a/h for v. = V2 = 0·3.

normal to them as dealt with here. For the case of normally applied tractions, the results
for the two foregoing cases are displayed in Figs. 10 and 11 for a number oflayer width to
crack length ratios, h/a. For short cracks, i.e. h/a » 1·0, the effect of the composite structure
on a crack parallel to the material interface is more severe than on one normal to it. As the
relative crack length increases, the influence ofthe bond lines on the crack tip for the normal
crack appears to take over and the composite effect on this case becomes increasingly
stronger than for the parallel crack. In the limit as h/a approaches 1'() the order of the
stress singularity for the normal crack becomes dependent on the material properties and the
problem has to be reformulated.

As mentioned earlier, it is not yet possible to get the solutions for a crack of intermediate
angles to the bond lines; however, it is reasonable to anticipate that these results will lie
between the two special cases. An approximate formula for cracks at intermediate angles
which is based on Mohr's circle will be presented next.

Consider a line crack in an infinite region of one material, oriented at an angle IX from
the horizontal axis Fig. 12(a). For applied biaxial stress u'; and u';, the stress intensity factors
are given by [4]

(34)
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1.8

1.6

Normal Tractions
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h/a 01.25
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FIG. 10. Comparison of non-dimensionalized stress-intensity factor, kl/p..}a, for parallel and normal
cracks at hla = 1·25.
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FIG. II. Comparison of non-dimensionalized stress-intensity factor, k lip..}a, for parallel and normal
cracks at hla = 2·5.
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I
~

(35)

(35)

FIG. 12(a). Crack in an infinite, single materia~ plate subjected to biaxial tension.

These equations can be rewritten in the form

[k(1) + k\Z)] [k(l)_k(2)]
k(IX)= 1 1 + 1 1 cos21X

1 2 2

k ( ) -1 [k~1)-k(i)] . 2 I
zlX- 2 SID IX

where k~1) = k1(OO) and k~2) = k1(900).
This demonstrates that, for the single-material problem, it is sufficient to know the stress

intensity factors for cracks oriented along two orthogonal planes and further that, with this
knowledge, the Mohr's circle technique can be employed to find the stress intensity factor
for a crack directed at any other angle to the loading.

Referring now to the problem of a crack in a layer between two half-planes of a second
elastic material, Fig. 12(b), the values for the stress intensity factors have been presented for
the cases of normal loading with the crack either parallel to [7) or perpendicular to the
bond lines. An approximation for the stress intensity factors for a crack oriented IX degrees
from the bond lines, Fig. 12(b), is given by the Mohr's circle technique, i.e.

(k(1) + k(2» (k(l) _ k(2»
k(IX)= 1 1 + 1 1 cos21X
122

j
(k(1) _ k(Z» I

kz(lX) = 1 2 1 sin 21X

FIG. 12(b). Crack at arbitrary angle in a sandwiched layer subjected to biaxial tension.
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where k~l) is the stress intensity factor for a crack parallel to the bond lines with normal
pressure p = q'; and k~2) is that for a crack n~rmal to the bond lines subjected to pressure
p = q':. Typical results for kl(O) are shown in Fig. 11 for the case p = q': = u'; with
h/a = 2·5. A caution is required here. For a crack at arbitrary angle, a, the normal and shear
modes of failure are interdependent, thus, any meaningful fracture criteria must take into
account both kl(a) and k2(a). Reference is made to [4].

Equations (35) are exact in the limit as h/a approaches infinity for any material properties;
as well as, for the special case J.l2/J.lI = 1, VI = V2' It is expected that their accuracy will
decrease as the actual problem deviates increasingly from both these limiting cases. The
range of applicability of these approximate equations is not yet known.

REFERENCES

[I] J. R. RICE an9. G. C. Sm, Plane problems ofcracks in dissimilar materials. J. appl. Mech. 32, 418--423 (1965).
[2] A. B. PERLMAN and G. C. SIH, Elastostatic problems of curvilinear cracks in bonded dissimilar materials.

Int. J. Engng Sci. 5, 845-867 (1967).
[3] G. C. Sm, P. D. HILTON and R. P. Wm, Exploratory Development of Fracture Mechanics of Composite

Systems, Technical Report AFML-TR-70-112 (1970).
[4] G. C. Sm and H. LIEBOWITZ, Mathematical Theories of Brittle Fracture, Mathematical Fundamentals of

Fracture, edited by H. Liebowitz, Vol. 2, pp. 67-190. Academic Press (1968).
[5] G. R. IRWIN, Fracture, Encyclopedia ofPhysics, Vol. 6, pp. 551-590. Springer (1958).
[6] I. N. SNEDDON and M. LoWENGRUB, Crack Problems in the Classical Theory of Elasticity, pp. 62-72. Wiley

(1969).
[7] P. D. HILTON and G. C. Sm, A Sandwiched Layer of Dissimilar Material Weakened by Crack-Like Imperfec­

tions, Proceedings: Fifth Southeastern Conference on Theoretical and Applied Mechanics, to be published.

(Received 20 August 1970; revised 8 December 1970)

A6cTpeKT-IofCCJle.lO'eTCli nepepacnpe,ll;eJIeHHe HanpllllCeHHA B CJlOHCTOM TeJIe, BCJIe,ll;CTBHe HaJIJI1IHlI I1(eJIH

HJIH ,lI;ecPeKTa, paCnOJIOllCeHHOro HOpMaJIbHO K JIHHHHlIM orpaHH'IeHHll. MHoro-eJIoHCToe TeJIO H,lI;eaJIH3H

pyeTcli ,lI;Jl1l CJly'lali O,ll;HHO'lHOrO CJIOli H3 pa3JlHlfHOrO MaTepHaJIa, CO,ll;epllCalOI1(ero I1(eJIb. 3TOT CJIoA

HaXO,ll;HTCli MellC.lO' ,lI;BYMlI CJlOllMH 6ecKOHe'lHOA BhlCOThl. YnpyrHe cBoAcTBa ,lI;BYX BHellIHHX CJloeB npHHHMa·

IOTCli B CMhlCJle Cpe,ll;HHX cBoAcTB 60JIbMOrO 'iHCJla CJloeB. TIOJIb3YllCb MeTO,ll;OM HHTerpaJIbHOro npeo6pa3o­

BaHHlI 4loPMYJIHpyeTcli 3a,ll;a'fa B HHTerpaJIbHhlX ypuHeHHlIX H pemaeTcli ,lI;Jl1l CHHrYJllIpHorO nOJlll HanplillC­

eHU, B6JIH3H KOHua I1(eJIH. IofJlJlIOCTPHPYIOTClI, rpa4!H'fecKH, 34J4JeKThl pa3Mepa I1(eJIH. BhlCOThl CJIOli H

CBOACTB Ma TepHaJIa OT,lI;eJIbHhlX CJlOeB Ha 4!aKTOP HHTeHCHBHOCTH HanpllllCeHHA. TIOBH,lI;HMY 3TOT 4!aKTOP

MOllCHO HCnOJIb30BaTb ,lI;Jl1l xapaKTepHCTHKH conpOTHBJleHHlI CJlOHCTblX MaTepHaJIOB TeMlICe nyYeM. KaK

npHHHMaeTCli y,ll;alfHO ,lI;JIli O,ll;HO-4!a30BOro MaTepHaJIa, B paMKax JIHHeAHOA TeopHH MexaHHKH pa3pymeHHlI.

TIpOBO,ll;llTCli pac'leThl ,lI;Jl1l npH6JlHlICeHHlI 4!aKTOPOB HHTeHCHBHOCTH HanplillCeHU ,lI;Jl1l I1(eJIH, pacnOJIO­

lICeHHoA Ha npOB3BOJIbHOA TO'fKe CaH,lI;BH'feBhlX CJIoeB. 3TO ,lI;OCTHraeTCli nyreM HCnOJIb30BaHHlI ,lI;Byx

3KCTpeMaJIbHhlX CJlY'laeB I1(eJIH napaJIJIeJIbHOA H HOPMaJIbHOA K nosepXHOCTH pa3,l1;eJIa, KaK sep3HU H

HHlICHHA npe,ll;eJI pemeHHA. 3aBHCHMhlX OT OTHOCHTeJIbHOA lICecTKOCTH CJloeB.


