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A CRACK ON THE INTERFACIAL BOUNDARY OF PRESTRESSED ELASTIC MEDIA*

V.B. ZELENTSOV and L.M. FILIPPOVA

The plane problem of the equilibrium of a piecewise-homogeneous body
weakened by a crack located on the interfacial boundary of the materials
and under uniform loading is considered. There are initial stresses in
the body that act in the direction of the interfacial boundary. The
solution of the problem is found by reduction to a system of singular
integral equations. It is established that exactly as in an analogous
problem without taking account of the initial stresses /1-3/, the
solution near the crack tip is rapidly oscillating in nature, where the
oscillation zone is broadened as the initial compression increases.

1. We consider a piecewise-homogeneous elastic body consisting of two half-planes inter-
connected along the whole interfacial boundary y =0 with the exception of the segment
|z 1< 1 which is a rectilinear crack in the form of an infinitely thin slit. Here z, y
are dimensionless coordinates referred to the crack length a. The body is subjected to a
preliminary homogeneous finite strain for which there are no stresses on lines parallel to
the r axis. The crack edges are loaded by uniform pressure p and a uniform shearing load of
intensity 7. The strain caused by the loading of the crack edges is assumed to be small,
and consequently, we use linearized equilibrium equations for a prestressed medium to solve
the problem /4/.

For non-linearly elastic materials of general form the solution of the problem gives rise
to serious technical difficulties. Consequently, we will investigate specific models of
materials. It is assumed in this section that the materials filling the lower and upper half-
planes are incompressible and described by the Mooney model /4, 5/ with shear modulus @, in
the lower y << 0 half-plane and shear modulus G; in the upper y<<0 half-plane.

The mathematical formulation of the problem constains boundary conditions on the line
y=0

Uy =ug, U =0y Oy =0 O =104, 1<|z|<<oo

Ops = Ohye = =P, Oy =By =7, |2 [ 1.1)
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in addition to the differential equations presented in /4/.

Here u, v are the horizontal and vertical components on the displacement, and 6,, 0,
are the Piola linearized stress tensor components. The subscript 1 refers to the lower and
the subscript 2 to the upper half-plane.

By using the Fourier integral transformation the problem formulated in the class of func-’
tions decreasing at infinity can be reduced to a system of singular integral equations in the
unknown displacement jumps at the slit y =0, |2 | <1

1
6 1 (¢
Aﬂu(z)‘“ﬁ‘s(_g%dé‘—:l’m =) <1 (1.2)

-1

1
6v'(z)+—:‘—s b® g —r,, |z]<1

E&—2P

u=1uh— :uz li=o» =13 fy=o — V2 ly=o
pe = PRE(A, e)a, T, = TRA% (A, &)a
E(A,e) =L(AY(1 —e?) —2(1 +e) A2 (A2+ 1) +2(1—¢)

(AT — 1)

L(A) =A%+ A*+3A* —1, RV =Ge(l+e(+ 4
6__1—(-‘ A —1 —-ﬁl_
ST ATl 2T

Here A =1 -+ ¢>0, where e is the magnitude of the preliminary homogeneous strain along
the z-axis and the prime denotes the derivative with respect to x.

The system of integral equations obtained reduces to the Hilbert problem on the slit.
Using /6/, we obtain the solution of the system in the form (Jz | < 1)

u (£) = —Ay (A, &) [tA cos o (z) + p sin o ()] (1 — 2" (1.3)
v (z) = % (A, &) [p cos » () — TA sin o (z)] (1 — 2?)":
1 (A e) =aRE (A, &) L1(A), o(@ =7vIn(l+2)/(1—2)
Yy=02n)'lna, a=(A—38/{A+8)

The solutions (1.3) found determine the divergence of the crack edges and enable the
displacement field to be obtained in the body. In particular, the displacements in the lower
half-plane (y<{0) are calculated from the formulas

vy (%, §) = aK, (A, &) {—Al; Re Fy (z) — I, Im F, (z,) + Al Re F, (2) + (1.4)
Ly Im F, (2)}
F,(z) = (2* — 1)":[p sin 0, — TA co8 0,] + Awz
F; (3) = — (22 — 1)1 [p sin 0, + 7A sin w,] + pz
= —e(A2—1) —4eA?(1 —e)+e(1 + A2 — e (1 + AY)]
Lo = —2e (At — 1) A — 2eA? (1 + A% — 26) + e (1 — &) (1 + A9)?
by=e(1 4+ A)(A2—1P +4e(1+e)A—e(1+ AY[2A2 + e (1 4
A%,
lg = 28 (A — 1)2 A% 4 2eA% (1 + A% 4 2eA?) — e (1 + &) A2 (1 + AY)?
K, (A, e) =GR (A*—1)L(A), 0o=vIn(z+ 1)/(z—1)
2, =2z 4+ iyAd, z=1a+ 1y
uy (2, y) = akK, (A, &) (A%, Im Fy () — (1.5)
ALy Re Fy (2,) — Alyy Im Fy (2) + Uy Re Fy (2)}
Fq(2) = (32 — 1)+ (p sin o (2) + TA cos o (z)) + TAz
F,(z) = (2> — 1)/s (p cos @ (z) — TA sin o (2)) — pz

An expression for the displacement of the lower crack edge results from (1.4) and (1.5)

v, (=) = 0,5aeR3L™ (A) [(pm_cos ® + TAm, sin ©) (1 — 2?)"r — (1.6)
AN (1 — AV 2T, |21
my = 4A (1 — A%) sh iy 4- 2g (A, ¢€)
g (A, e) = A8 + 3A* — A2+ 1 4+ eL (A)
v () = —2eaA (1 — A*) RIL7! (A) [(p sin @ 4+ At cos o) (22 — 1) +
+ 1Az, |z{>1 1.7)
u; (x) = —aeRIL? (A) {(pn_ sin @ — tAn, cos ) (1 — z?)"s —
202 (At — )}, 2| << (1.8)
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ny = 2A% (A* — 1) sh iy = Ag (A, &) (149)
u; () = —2ae (A* — 1) RL™ (A) [(p cos @ — TA sin @) (2* — 1) —
pl, Jx >t
Components characterizing the body displacement as an absolutely rigid solid are dis-

carded in (1.4)-(1.9).

As in /1-3/, the relative displacements u, v of the crack edges oscillate on approaching
the crack apex, where the oscillation frequency tends to infinity as |r|—1 Analysis of
the magnitude of the oscillation zone enables the interval of physical correctness of the
problems being solved to be indicated.

Three cases can be represented for Mooney materials.

For e+ 1 (different materials) and for A =1 (no prestresses) we have y =20, i.e.,
no oscillations. The system of integral equations decomposes here into two individual
equations. This essential difference from the analogous problem for an unstressed medium /1-
3/ is due to incompressibility of the material.

For ¢ =1 (identical materials) and A1 (prestresses present) there are also no
oscillations. Note that in this case the crack edges experience vertical displacement for
p=20,1%0 although a crack opening does not occur.

For ¢ =1 and A==1 (different prestressed materials) oscillation occurs, the par-
ameter o« characterizing the oscillation zone, here satisfies the inequality o, << a << a,

oy = max {fﬂ”’fw f+r'f—}v fi = A4 AP+ AF-1

The inequality mentioned is obtained under the assumption of the possibility of extreme
ratios of the material stiffnesses (¢ = 0, & = o). Then «, = (0, o), if A > A, = 0.5437, where
A, is the root of the equation f. (A)f, (A)=0 closest to one.

As A— A, the displacements in the body increase without limit, i.e., instability of
the piecewise-homogeneous prestressed medium with the crack sets in. Note that the magnitude
of the critical strain of a piecewise-homogeneous body A, is identical with the critical
strain of a homogeneous Mooney body with a crack /4/. This agreement is due to the fact that
the critical strain for a Mooney body is independent of the shear modulus. Computations show
that the displacement oscillation zone manifests itself appreciably just for A sufficiently
close to A,.

Values of the relative oscillation zone width Az = g 2/lna /3/ from the crack tip are
given in Table 1 for different ¢ and A. As (1.3), (1.6) and (1.8) show, in this case the
vertical displacements of the lower and upper crack edges are distinct for p =0, T 0. This
means that, unlike a homogeneous material, a crack opens under the action of a tangential
load.

Table 1

3 e = —0,455 e= —04% e==—02 e=102

0.5 1 2.107¢ 20 1078 8 6.10-2 3.b-10"4
0.1 2.6 1072 3.0 1073 8.3.10-10 9.1 10—
0.1 19.1071 1.6 10-2 3.4 108 12 10715

Using (1.4)-(1.9), we obtain for the true additional stresses ogx /4/

Oum = By = ASM {2430, Im £, (z) + 2A%, Re Fe (z) — A (1 + (1-10)
A by Im Fy (z) — (1 + A%) L, Re £ (2)}

Ml=c(14e) (AP —1)2 (A2 +1)L(A), z, ==z+iyA, z=12z + iy

z—1

Fy(z) = (—;:;)J/' (psin® — 1A cos w) + (22 — 1)-% X
[(2yp + At)cos® — (p — 2ATy) sin w]
Fy(z)= ( :Ii)J/'(pcosco +TAsine)—p —
(22 — 1)1 [(p — 2Ay7) cos @ + (2yp + At)sinw]
o =9yIn [z — 1)/(z + 1)]
o =B { Fo(a), fz|>1
1228 w1 —p, |I| <1

The deduction can be made from (1.10) that the normal stresses have the singularity
p~(p = V(2> — 1)®* + ¥*) on approaching z =1, y =0. In particular, for T=0, the
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asymptotic o,, has the form

Byyy == Oyyy =M (M cos @ 4 M, sinw)(2p)~1+ O(p*s) (1.11)
My=—40%(1 + y)ag' Iy sin Yy ¢y + 2A%g5",, c0s Yy gy +
2A(1 4 p)(1 + A% 1y sintfy — (1 + A% lyec08'5 @
M, = 2A%g"],, sin Y/, @, — 4yA%ag'l, c0s Yy @ — A(1 4 A%) Ly sint/ @ +
2y(1 + Ay c08, 0
z=14+pcosp, y==psing, a,==(cos? + A*sin?p)’
sin /s @y =sign @ [1 — o cos ¢]"/y 2
008y @y =[1 + " cos ]2

The stresses have oscillations near the crack tips on the continuation of the crack line.
The other stress components are expressed by the relationships

Oz = A2M{— A (A* + 1) I;;ReF(2)) — (A% + 1), ImF(z,) +
2Aly; Re Fy(z) + 21, ImFy(z))
F,(2) = ( :;1)_‘/’(psmm —Atcosw) + At —
(z* — 1)+ [(— 2yp + At)cos o + (p + 2yAT) sin @]
Bys1 = AIM {—2A%, Re F, (z) — 2A%L, Tm Fy (z) + (1 + A%).
*Aly; Re F, () + (1 + AY) Iy, Im Fy (2)]}
Oy = AM (D, (2, 2) + (A* + 3) D, (2, 2)]
D, (2, 2) = 2A0%,; Im F; (z,) + 2A%, Re Fo () — A (1 +
A% Iy Im Fy (z2) — (1 + A% L, Re Fq (3)
D, (2, 2) = A%l Im F, (z)) — A%y Re Fyy (5) —
Aly Im Fy (2) + Iy Re Fyy (3)
Fy (2) = (22 — 1) [(pz + 29A7) sin © + (Atz + 2yp) cos o] — At
Fio(2) = (3* — 1) [(pz + 2vAv) cos @ + (2yp — A7z) sin 0] — p
Fo(z) = — ( :;i )_""(pcosm + Atsinoe) +
(22 — 1) [(p — 2y7A)cos » + (2yp + Atsinw)]
o AT, (z), |z|>1
v { T lz[<1

All the formulas presented for ¢ =1 (identical materials) reduce to the corresponding
formulas in /4/.

2, We will now examine the problem of a crack on the interfacial boundary of two pre-
stressed media on the assumption that each medium is described by a model of a compressible
semilinear (harmonic) material). 1In this case the linearized equilibrium equations of the
plane problem for a homogeneous initial stress field have the form /5, 7/

) a0 6 a0
XX yx xy -
=+ = 0, Franies a;"’ =0 2.1)
in which
L ou v 2.2)
b =gy [ =V 55 + Vo]
. 2p du 24
b= [V 3% + =57 ]
_ 2p du v
Oy = TT(—2A [(1 —VA)"b'y—+(1 —V)A_aT]
_ 2p ou v
b = e E [ WA + (=) 5]

Here Z, y are Cartesian coordinates in the undeformed body state, u, v are displacement
components, p is the shear modulus, v is Poisson's ratio, and A is the multiplicity of the
elongation in the x axis direction for the initial plane state of strain. The boundary con-
ditions of the problem on the interfacial line of the materials (y =0) duplicate (1.1).

It is assumed that the displacements vanish at infinity. As in Sect.l, the problem is
reduced by a Fourier transform to the solution of a system of integral equations of the type
(1.2), which results, in turn, in the solution of one integral equation
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1
, P () dE nAa .
2y’ () =20 § FEG — — S (0 - )
1

8 =2A(1—v,+e(l—v)mgl, my=e( —28v)— (1 — 2Av,)
Yz) = v(@) + wlz), v = vily=o— Vely=o, ¥ = Uply=0— Uy |y=o

Solving the integral equation /6/, we obtain the function 1 () whose real and imaginary
parts are the desired divergences of the crack edges

al

T s —1) (1 -— 2%y {p s1n Yo - 7 cos yo] (2 4)

v — g (1 — 2 [p cosyo — Tsin ya] (2:5)
1

A=Vmm, v=@@u'lnea, o=mim, (2.6)

mo=2A—14e(l+-2001—2v), m=eC@A—1)+1+2A0—
2v;), o = Inl(1 4 2)/(1 — 2)]

To analyse the behaviour of the solution near the edges, on the basis of (2.4) and (2.5),
we write the displacement formulas for the medium of the lower half-plane

u, = M {—aly, Im [pg, + 18, + al,; Re [pgy — 1g,] — (2.7)

ylyy [Re g3 +Imgl, g = Rsino, g = Rcos o — 3}
gy = —prsmo +t(rcose —1) 4+ 2yp + 1) R cos 0 + (p —

2yt) R s o
g = —preoso + wsinw + (2yp +r) R7lsinw — 2yt + p) Rl cos @
M1 =2, QA — 1) Achay, I, =2A[(1 —v,) (1 — 2Av,) +
(1 — vy} (1 — 24w))]

y=eA—1)z+ lLpzyr, z,=1+4+2A01— 2v)

ly=x24+e2A—1), o=yhnlz4+1)/(z—1)), z=2+ 1y
R—= (22— 1)y r= ((z+ 1)z — 1)

For y =0 we have from (2.2)

uy, = ali ;M {p [(z® — 1)+ cos yo — 1] — 7 (2® — 1)1 sin yo} (2.8)
lz | >1, o=lnlz+ 1)/(z— 1]
u, = aM {—1;; (1 — 2%": (p sin yo + T cos yo) ch ny — 2.9)

Ly Ip (1 — 2%+ sin yo sh 7y 4 2) — © (1 — 2%)" cos yo sh ynl}
o=In[l+2/01—2] j2]<1

The vertical shifts of the medium are calculated from the formula

vy = M {—al; Re [pg;, + tg,] + aly; Im Ipg, — (2.10)
g1 + yly [Re g; + Im g1}
g, =p(rcosw —1) +wsinoe + 2yp + 1) Brsmoe + (p —
2yt) Rl cos ©
ge=prsmmwe —acoso 4 (2yp + 1) Rlcosw — (p — 2y7) R sin
by lymo = —alyM {p (a* — 1)+ s1n yo — g [(2* — 1) cos yo — al},

|z | >1 (2.11)

vy lymo = aM {li; shay [p (1 — 2®)"s cos yo + T [(1 — 28" —
(2.12)

2)l + L, chay (1 — )Y (p cos yo — tsinyo)}, | x| <1

Formulas (2.8), (2.9), (2.10) and (2.12) show that, as in the previous problem, the dis-
placements oscillate as the crack apex is approached. For the analysis of the oscillation
zone we note that for A =1 (no prestresses) the oscillation zone parameter o from (2.6)
is identical with its value in ordinary elasticity theory /1-3/. For e =1 (identical
materials) o =1 and there is no oscillation irrespective of the magnitude of the prestress.
In the case & =1 the coefficient o is within the limits a,? <o <<a,, where a,—(14+2A)1—
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2v,)/(2A—1). It is seen from (2.7) and (2.10) that for A = A* = 0.5 the plane becomes
unstable. On this basis, for A > A* the parameter « can vary between 0 and oo, where
a—>e(l —v){1—v) as A— A%,

The dependence of the displacement oscillation zone on the initial strain is given in

Table 2 for a semilinear material.

Table 2
e } e = —0,49 ’ e=—0,4 e=—0.2 ’ e=10,0 e=102
05 8,4.1077 1.1.10-8 3.7-10~1 7.3.10-% 5.8.10~%
0.1 2.1.1072 2,3.10-3 8.7-10-¢ 2.0-10-* 4.8.10-18
0.01 1.7 107 | 1.2.10-2 6.6.10-8 7.7-10°¢ 2.0.10"12

Because of their awkwardness, formulas are not presented for the stresses. Analysis

shows that the stresses have the classical root singularity at the crack ends and oscillate
near them. The oscillation zone width depends on the initial stresses. When the magnitude
of the prestress tends to the critical value corresponding to buckling of a body with a crack,
the displacement oscillation zone broadens and may cover the whole crack.

3.
4.

5.
6.
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