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Abstract—In this paper the general problem of a shallow shell with constant curvatures is considered. It is
assumed that the shell contains an arbitrarily oriented through crack and the material is specially
orthotropic. The nonsymmetric problem is solved for arbitrary self-equilibrating crack surface tractions,
which, added to an appropriate solution for an uncracked shell, would give the result for a cracked shell
under most general loading conditions. The problem is reduced to a system of five singular integral
equations in a set of unknown functions representing relative displacements and rotations on the crack
surfaces. The stress state around the crack tip is asymptotically analyzed and it is shown that the results are
identical to those obtained from the two-dimensional in-plane and anti-plane efasticity solutions. The
numerical results are given for a cylindrical shell containing an arbitrarily oriented through crack. Some
sample results showing the effect of the Poisson’s ratio and the material orthotropy are also presented.

1.INTRODUCTION

Because of their potential applications to the strength and failure analysis of such structurally
important elements as pressure vessels, pipes, and a great variety of aerospace and hydrospace
components, in recent past the crack problems in shells have attracted considerable attention.
Typical solutions obtained by using the classical shallow shell theory may be found, for
example, in[1-4]. In a Mode I type of shell problem (that is, in a shell for which the geometry
and the loading are symmetric with respect to the plane of the crack), particularly for
membrane loading, the solution based on the classical theory seems to be adequate. However,
in skewsymmetric or nonsymmetric problems, because of the Kirchoff assumption regarding
the transverse shear and the twisting moment, in the classical solution it is not possible to
separate Mode Il and Mode IHII (i.e. respectively in-plane and anti-plane shear) stress states
around the crack tips. In this case a singularity of the form r™*® in Mode, II stress state
automatically implies r~*? singularity in Mode III. For flat plates such drawbacks of the
classical theory was pointed out in[5] where it was found that the asymptotic results obtained
from plate bending and two-dimensional elasticity could be brought in agreement provided one
uses a sixth order plate theory (e.g. that of Reissner’s[6]).

In the crack problems for shells even though the membrane and bending results are coupled,
the asymptotic behavior of the membrane and bending stresses around the crack tips should be
identical to those given by respectively the plane stress and plate bending solutions. This was
shown to be the case for the classical shell results (see, for example, the review article[7}).
Recent studies using a Reissner-type shell theory[8, 9] show that similar agreement is also
obtained between shell results and those given by the plane elasticity and a sixth order plate
bending theory[10-13].

Because of the high likelihood of Mode I type fracture most of the previous studies of crack
problems in shells were on the symmetrically loaded structures in which the crack is located in
one of the principal planes of curvature. The advantage of this crack geometry is that one can
always formulate the problems for one half of the shell only as a symmetric or an antisym-
metric problem and reduce the number of unknowns. However, in such structural components
as pipes and pipe elbows, if, in addition to internal pressure and bending the external loads
include also torsion, then the most likely orientation of the crack initiation and propagation
would be along a helix rather than a principal plane of curvature. In this case, the problem
would have no symmetry and all five stress intensity factors associated with the five membrane,
bending, and transverse shear resultants on the crack surface would be coupled. Consequently,
the related mixed boundary value problem would reduce to a system of five pairs of dual
integral equations or five singular integral equations.

tThis work was supported b); NSF under the Grant CME 78 09737, NASA-Langley under the grant NGR 39 007 011,
and by the U.S. Department of Transportation under the contract DOT-RC-82007.
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In this paper we consider the simplest and yet, from a practical viewpoint, perhaps the most
important such problem, namely a cylindrical shell containing a through crack along an
arbitrary direction with respect to the axis of the cylinder. In formulating the problem it is
assumed that the regular solution of the shell without the crack for the given applied loads is
obtained and the problem is reduced to a perturbation problem in which the self-equilibrating
crack surface tractions are the only external loads.

2. THEBASIC EQUATIONS

As pointed out in the introduction, in solving the general nonsymmetric crack problems in
shells it is necessary to use a transverse shear theory in order to obtain a singular behavior for
the stress state around the crack tip which is consistent with the elasticity solutions of the
in-plane and anti-plane crack problems. For shallow shells perhaps the simplest such theory
would give the following equilibrium equations{9, 10]:

N;; =0, m
Vit (Z.iNij),j +q(x,,x7) =0, i)
M,',‘_]' - V,' = 0, (i,j = 1, 2), (3)

where x, x,, x5 are the rectangular coordinates, x,, x, plane being tangent to the middle surface of
the shell, Z = Z(x,, x,) is the equation of the middle surface, q is the transverse load, and N;;, M;
and V,, (i,j = 1,2) are, respectively, the membrane, the moment and the transverse shear resultants.
The displacement quantities corresponding to the stress resultants Ny, M;; and V, are (u,, u,), (8;,
B2) and u,, respectively.

For an orthotropic shellt the stress~strain relations may be expressed as follows:

1 1
€= 'E']‘(Un —V0p), €n= ‘E;(O’zz' 1,011), €32 = 012f2G1y, WIE, = vofE,. 4)

If we now assume that the material is specially orthotropic, the elastic constants satisfy the
following factorization condition[12):

__(EE)"”
o= R+ ™ ®

Thus, by defining the effective material constants as
E=(EE)", v=(nn)'", G=ER01+v), c=(E/E)", (6)

and by observing that a; = N;/h, where h is the shell thickness, eqns (4) may be written as:

1 (N 1 1+
&g = FE(?‘?" Vsz), €= E(Czsz‘ YNy, €2= TEK Nia. )]
In shallow shells the in-plane components of the strains are given by
1 ..
€ = ‘i[uu +u;; + Z,iu3,,- + ZJ“;_,'], (i,j = 1,2). (8)

Similarly, the remaining stress resultant-displacement relations may be expressed as fol-

tThe results given in[12] show that the effect of material orthotropy on the stress intensity factors can be quite
significant. In practice the material may be orthotropic because it is either a composite laminate or a rolled sheet metal
alloy. Orthotropic materials are also anisotropic with regard to their resistance to fracture and crack propagation. Hence in
a cylindrical shell if the axes of orthotropy do not coincide with the axial and circumferential directions, the solution of the
general inclined crack problem becomes all the more important. The solution is also necessary to analyze the weld defects
and cracks initiated in the weak cleavage plane of the rolled sheet in spirally welded pipes.
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lows:
= D(c’By + vB22), My = D(¥B),+ Baalc?),
M= 20 (p 148, ): ©)
hB
Vi=chB(u;,+By), Vo= T(";.z"' B2, (10)
where ({8, 9])
3
p=—Eh __p=3_E (1)

12(1 - vy 62(1+»)

It may easily be seen that by substituting from (7)-(10) into (1)—(3) one obtains a system of
five second order partial differential equations in the displacement quantities u,, u;, u;, 8, and
B, which are equivalent to Navier’s equations in elasticity. Thus, the unique solution of the
system requires that five conditions be prescribed on the boundary. For example, on a
boundary defined by x, = constant one function from each of the following five complementary
pairs (or some suitable linear combinations of them) must be prescribed: (N, uy), (Nya, ),
(M1, By, (M3, B) and (V,, uy).

3. THECRACK PROBLEM

The particular crack problem under consideration is described in Fig. 1. Seemingly the
problem appears to be quite complicated. However, by using the standard Fourier transforms it
can be reduced to a system of integral equations in a relatively straightforward manner,
Therefore, in this paper only the significant aspects of the analysis will be pointed out. For
details of the analysis and for complete results we refer to reference[14].

By using the normalized quantities defined in Appendix A and a stress function ¢ the
problem may be formulated as follows:

8° ]
Ve - —:(A. zmzaxanya?)wo, (12)
V‘w+)\2(1—xV2)(Aza PR LN ")4, A(l—sz)( ) (13)
Tayr ““axay "% ax?
V2= = w =0, (14)
f(lz’—”—)vzn- Q=0 (15)

The shell parameters A, Ay, A2, A and « are defined in Appendix A, g(x, y) is the transverse
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Fig. 1. Geometry of a cylindrical shell containing an inclined crack.
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loading, and the curvatures are given by

2

3’z
dx,9x5

@
N

1_.9z 1 __
"R, xRy,

(16)

°’J

1
R,
where Z = Z(x,, x,) is the equation of the middle surface of the shell. The functions ¢ and Q

are related to the components of the rotation vector by

o, 1-vaQ 1-v Q)

P ™ Ty BTy TN an
The normalized membrane, moment, and transverse shear resultants are given by
v,=24p, v, =‘3—‘y”+ B, (20)

The differential eqns (12)~(15) are solved by expressing the unknown functions in terms of
Fourier integrals. As pointed out earlier, the system is equivalent to a tenth order partial
differential equation. Also, the geometry of the shell indicates that the problem has no
symmetry. Thus, the solution involves ten characteristic roots and ten “integration constants”
for each half of the shell x,>0 and x, <0 (Fig. 1). Eight of the characteristic roots are found
from

D(m) = m® - (4a®+ kA, )m® — 4kA 1) aim®
+[6a+ k(@A 1+ 20" A2+ AY)a’ + A I m*
+AA B+ k(A + AD)aleim®
—[da*+ ke (@A 1+ 20707+ A )+ 4A T, + 20700 e’ m
— 4051+ kaHalim + a¥(a’+ kA faP+ AN =0, e3)

and two are given by

, 2 12
r1=—r2=~[a'+m] (22)

where « is the transform variable. In (21) by substituting m = is it may be seen that
8
D(is) =D, ala)s* =0, (23)
0

where the coefficients a, are real and hence the complex roots are in conjugate form. Since
Re(m;) = Im(s;), (j = 1,....,8), by ordering the roots m; of (3.2) properly it may be shown that
they have the following property:

Re(m;.,) = —Re (m;), Re(m) <0, (j=1,...4). (24)
Since the problem under consideration is one of perturbation with the selfequilibrating crack

surface tractions as the only external loads, because of the factors exp (mxx) and exp (rx),
(j=1,...8; k=1.2), associated with each integration constant, for each half of the shell only
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five constants must be retained in the analysis which correspond to m,...,m4 and r; for x, >0
and ms,...,mqg and r, for x <0. The problem may then be reduced to the determination of ten
unknowns, R,(a),....Rd{a) and A,(a) for x, >0 and R«a), . . ..Rs(a) and A(a) for x,<0.

In the crack problem these ten unknowns are obtained by using the following continuity and
boundary conditions:

Nu(+0,9)= N, (—0,y), ~o<y<x, 25)
M, (+0,y)=M,(-0,y), ~®o<y<o, (26)
N, (+0,y)=N,y(-0,y), —~o<y<ex, 27N
M,(+0,y)=M,;(-0,y), ~2o<y<x, (28)
Vi(+0,y) = Vy(=0,y), —o<y<e; 29)
N (+0, y) = F,(y), lyl<V(c),
u(+0,y)- u:— 0, 3 -0, l?l >b\"/(c), ! } (30a.5)
M (+0,y) = F(y), [y|<V(e),
B(+0,y) = B,(= 0, %) =0, Iy] > V(c), ‘ (31a,6)
N, (+0,y) = F;(»), |y} <V(c),
(40, y) - o(~0, ii “o, l.?l >i y\|/<c), © } (32,0)
M, (+0, y) = F(»), [y| < V@), }
B,(+0,y) - B,(-0,9) =0, |y|>V(0), (332,0)
V,(+0,y) = F(y), y|< Vi), ]
w(+0,y) - w(=0,5) =0, |y]>V(0), (34.5)

where F,,...,Fs are the known crack surface loads.

All the field quantities which appear in (25)-(34) may be expressed in terms of the unknown
functions R,, ... ,Rs, A, and A,. It is, therefore, clear that the homogeneous conditions (25)~(29)
may be used to eliminate five of the unknowns. The remaining five are then obtained from the
mixed boundary conditions (30)~(34). The mixed boundary conditions may be reduced to either
a system of dual integral equations in the transform domain or a system of integral equations in
the physical domain. As in many complicated mixed boundary value problems, in this case, too,
the latter approach is by far the simpler of the two. From (30)-(34) it is seen that the mixed
boundary conditions are given in terms of complementary stress and displacement quantities
and the displacement quantities would be the natural new unknown functions in the system of
integral equations to be derived. However, in order to avoid kernels with strong singularities in
the resulting integral equations, it is necessary that the new unknown functions be selected as
the derivatives of the displacement quantities rather than displacements and rotations them-
selves. Of the displacement quantities which appear in the mixed boundary conditions, 8,, B,
and w can be expressed in terms of A; and R; directly. However, to obtain u and v eqns (7), (8)
and (18) must be used. Because of this, the selection of a(u* — u~)/3y and 3(v* ~ v7)/3y (which
would otherwise have been the natural choice) as the new unknown functions becomes
extremely cumbersome and more suitable combinations are needed. In the present problem the
derivation of the integral equations and the asymptotic analysis become relatively simple if the
complementary displacement quantities (which are the new unknowns) are selected as follows:

= oU_ (A —tim [ _ (Ae) _'92_!

Gy = xh..'?o[ay ( )I 6y’ dy] ,l'_f".o[ay (A) y day a |- (33)
= 1 - a

GAy) )lm -E—ay ,llToLay (36)

- dv )\2)2 aw] [gg_ &)2 éﬂ]
Gi(y) = hm [ay (A yay xlf.n-lo ay (A yay ? @7
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aB B

°Py _ 38

Giy)= thgo 3y X!m:ao 3y’ (38)
Gyy) = lim w_ fim w {39)

x=+0 a} x =) ay

By using (25)~(29) and (35)-(39) the unknowns R;(a) and A;(e) may be obtained as,
. ‘
Ri(a) = 2, iBila)g(e), (j=1,...8), (40)
5
Afla) = ?-:1 Ci(a)g(a), (1=1,2), (1
where By and C;, are known functions[14] and
Vie) )
a@=[  Guoeds, (k=1,...5) (@)
-Vi(c)

From the conditions (30b)-(34b) it may be observed that G,(y) =0, (k = 1,...,5) for {y| > V(e).
However, further conditions must be imposed on G, in order to insure the continuity of
displacements and rotations in the shell along x =0, |y} > V/(c). Clearly, G,(y) must be such
that

Vic) 3
[ Etat0 -0y =0, k=1,...9), @)
Vi)

where wy, . . ..ws represent the displacement quantities u, v, B,, 8, and w. From (35)~(39) it may
be shown that the single-valuedness conditions are satisfied if

Viel 2 pVie) t
LY j I _
J:Vm [G (t)+( ) th(t)] dt (A) det e Gs(y)dy =0, (44)
Vi)
f Gy(1)dt =0, (45)
Vi)
Vie)
j [ 1(!)+( ) th(I)] dt=0 (46)
~V{e)
Vie)
[ Gtydt =0, én
~Vie)
Vi)
f G«(t)ydr=0. (48)
-V(c)

With the conditions (44)(48) and the requirement that G,(y) be zero for |y|>V{(c), the
second part (30b)-(34b) of the mixed boundary conditions is satisfied. The first part (30a}-(34a)
relating to the crack surface loading would then give the integral equations to determine
Gy, ....Gs. After some lengthy asymptotic analysis it can be shown that the kernels of the
resulting integral equations have simple Cauchy type singularities which may readily be
separated and the integral equations may be expressed as follows:

Viey
-V(c) t
Vie) 1—szz(t)+ 3 k tG(t)]dt—4 f.p Iyl <V(c) (50)
J\f‘c)[ AV t-y 2 (%, )G =7y A¥), 1y c),
Vie
[ \; ) [?i(‘)+ > ksi(v, G, (t)] dt = 4xFy(y), [yl < Vo), 51
-Vic)
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Vic) _
L/m [ 1-» G4(t)+2 kqi(y, t)G; (t)] dt = 411 F,(y), Iy < V(e), 52)
V(e)
I veo [Gsm 2 ki ‘)Gi("] dt = 4aFy(y), hl<V(e). (53)

The expressions of the Fredholm kernels, ky(y,t), (i.j=1,...,5), as well as details of the
analysis may be found in[14]. The system of singular integral eqns (49)-(53) must be solved
under the additional conditions (44)~(48). They may be solved in a straightforward manner by
using the Gaussian integration technique (see, for example, [15]). The major work in this
problem is the evaluation of the Fredholm kernels k;(y,t), (i,j=1,...,5) which are given in
terms of Fourier integrals. To improve the accuracy the asymptotic parts of all integrands are
separated and the related integrals are evaluated in closed form. The details of this analysis may
also be found in[14].

4. ASYMPTOTIC STRESS FIELD AROUNDTHE CRACK TIPS
For the numerical solution of the system of singular integral eqns (49)~(53) the interval

(- V(c), V(c)) is normalized by defining
r=tV(c), n=yV(c), &= x/V(c),
Hi(1)=Gi(+V(c)), (j=1,...5), —1<r<1. (54)

We now observe that the index of the system of singular integral equations is + 1 and its
solution is of the following form:

Hi(n)=h(DI1-H" (-1<1<1), j=1,....9), (55)

where h,, .. .,hs are unknown bounded functions. Going back to the original formulation of the
problem and by using (40)—(43), (54) and (55), after again some lengthy asymptotic analysis, in a
small neighborhood of the crack tip (¢ = 1, n =0) the stress resultants may be expressed as
follows:

N,xs—‘w"’%:—%sm%+lsm—]— [i %-:]i 55—0] (56)
Ny.‘,s—“—%%{-%sm%—-zlsin ] [3 g+‘1‘cos ] 57
O T P
S r S ST e MY IO R
Mw:‘4h‘8)r)%5['%5i“g‘21§ 50] ‘th%%l;a[s g :°°s§22]’ €0
M,, —ﬁg—)r)%[%cosgﬂicoség] —vzg—)r—lga[ 1smg %singzg], (61)
v, hsg)) cos g, (62)
Yy = st in g, ©3)

where r, 6 are the polar coordinates at the crack tip defined by

rsin@=¢ rcosf=m-1. (64)
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By observing that the membrane and bending components of the stresses are given by (see
Appendix A)

12az
“h

of =Ny o= M, (ij=xy) (65)

from eqns (56)~(61) for the leading terms of the combined in-plane stresses o; =aj + o},
(i,j = x,y) we obtain

_ _ hs()) + zh(1) l Q 1. () +zh, (D[S 6_1_  56]
o == gsng g ] o e S
_ _ hs(1) + zh (1) _z Q_l . 567 () +zh (13 _Q 1. 50]
Ty = W[ Fa) 45"‘ T2 [4 sptgcosz | 6D
__ hy(D)+ zh(1) 6,1 . SO]_m+zh(Df 1. 6 1. 56]
Oxy =~ W[ C082+4 cos 2] —lw(—zr)—[ 3 m2+4sm 7| (68)
Similarly, for the transverse shear stresses from
3 az\’ .
o =3vi[1-(5) | i=x». )
we obtain
3 h(1) az
R bk A (h/z)] a0
_ 3 hs(1) _(az \
M (2r)5“‘2[‘ (h/2)] 7y

Note that for the isotropic materials ¢ =1 and the asymptotic stress fields (66)—(68) and
(70)~(71) found from the shell solution are identical to those given by respectively the in-plane
and the anti-plane elasticity solutions of a two-dimensional crack problem. If we now define the
Modes I, II and III stress intensity factors (for a crack along x, =0, —a <x,<a) by

ki(x3) = lim V(2(x,— a)) (0, x5, x3), (j = 1,2,3), (72)

xy—a

from (66)—(68) and (70) and Appendix A we obtain

k(x) =~ V(@) [0+ Zhv |, 3
o =~ 24 @ 1) + 2o ] 74

2
k(w) = - 3BV@VEro|[1- (%) ] as)

S. THE RESULTS AND DISCUSSION

The main interest in this study is in evaluating the stress intensity factors in shells for
various crack geometries and loading conditions. For each crack geometry the problem is
solved by assuming only one of the five possible crack surface loadings to be nonzero at a time.
For a general loading the results may then be obtained by superposition. From (73) and (74) it is
seen that the in-plane stress intensity factors k, and k, have a “membrane” and a “bending”
component, and h, and h; are related to the membrane and h, and h, are related to the bending
stresses. For simplicity, the related stress intensity factors are defined separately. The cal-



A cylindrical shell with an arbitrarily oriented crack 963

culated results are normalized with respect to a standard stress intensity factor a,-\/(a) where o;
stands for any one of the following five nominal (“membrane”, “bending”, in-plane ‘‘shear”,
“twisting™", and “transverse shear”’) stresses:

m=Nulh, 0, = 6Mn/h2» o, = Nylh, ;= 6M12/h2, a, =@ V/h, (76)

where crack lies in x,x; plane and N,;, M,;, Ny, M}, and V, are (a measure or amplitude of) the
crack surface tractions.

The normalized stress intensity factors are then defined and calculated in terms of h(1),
(i=1,...,5) as follows:

o = 505 = ~ e D, )
(- MODEO__E by, -
k= 70 =~ D, 9)
g =S 41; B, -
ki = o= 2 VORAD, G =m. b5, 1,9), @81)

where for each individual loading o; is given by (76). In the case of uniform crack surface loads
Ny, My, Nyg, My, and V,, referring to (30a)-(34a), Appendix A, and (76) the input functions of
the system of integral eqns (49)-(53) are given by

F) =22 ) =g, FO)=% o) = & FO) =i 555 (82

Fig. 2. Stress intensity factor ratio kem in an isotropic cylindrical shell containing an inclined crack under
uniform membrane loading Ny;; g =45°, ¥ =0.3.
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h

Fig. 3. Stress intensity factor ratio kys in an isotropic cylindrical shell containing an inclined crack under
uniform bending moment Myy; B = 45°, »=03.

Even though the formulation given in this paper is valid for any shell with constant curvatures
1/R:, 1/R; and 1/R,,, the results are obtained for the practical problem of a cylindrical shell
containing an arbitrarily oriented crack only (Fig. 1). The crack is assumed to be in a plane defined
by the angle 8 shown in Fig. 1. For the shallow cylindrical shell the curvatures referred to x,, x,
axes shown in the figure and defined by (16) may be expressed as

. 2 2 1
d_sinp 1 _cosp 1 __ sinfcosp (83)
Rk R’'R, R 'Ry R

Some numerical results obtained for an isotropic cylinder are shown in Figs. 2-11. Figures
2-6 show the primary stress intensity factor ratios Kpm, Kups Koo ke and k,, for a cylinder having

Fig. 4. Stress intensity factor ratio ks in an isotropic cylindrical shell containing an inclined crack under
uniform in-plane shear loading Npp; B=45%, » =03,
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Fig. 5. Stress intensity factor ratio ky in an isotropic cylindrical shell containing an inclined crack under

uniform twisting moment Myy; g =45°, v =0.3.
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Fig. 6. Stress intensity factor ratio k., in an isotropic cylindrical shell containing an inclined crack under
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uniform transverse shear loading V;; g =45°, v =0.3.
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I I
R 5

Fig. 7. Stress intensity factor ratio kmm in an isotropic cylindrical shell containing an inclined crack under
uniform membrane loading Nv,; »=0.3, h/R = 1/5.

a crack inclined 45° with respect to the axis (see (77)-(81) and (73)~(75)). The unusual resuits
here are those found for k, and k,. Under a twisting moment M), uniformly distributed along
the crack, the Mode II stress intensity factor ratio k, appears to be nearly independent of the
shell curvature 1/R but highly dependent on afh. Figure 6 shows that the monotonic variation of
the stress intensity factor ratios with a/k and h/R observed in Figs. 2-5 and in previous shell
solutions is not valid for k.. This seems to be the case for all values of 8 varying from zero to
ninety degrees.

The effect of B on the primary stress intensity ratios Ky, Kps» Kss» ke and k,, is shown in
Figs. 7-11. Extensive results giving all stress intensity ratios k; (i, j=m, b, 5, t, v) for B =0, 15°,
30°, 45°, 60°, 75°, 90° and for varying h/R and a/h may be found in[14]). Table 1 shows some
sample results regarding the secondary stress intensity ratios in a cylinder with a 45° crack
under torsion (i.e. N,, = constant and all other crack surface tractions zero).

The stress intensity factors given in Figs. 2-11 and in Table 1 are obtained for the Poisson’s
ratio v =0.3. Some sample results showing the effect of » on the stress intensity factors are
given in Table 2. It is seen that this effect is not really significant.

It should be noted that the Poisson’s ratio v in isotropic shells and v = V(v,v,) and the

— a/m=1 e

Fig. 8. Stress intensity factor ratio ke in an isotropic cylindrical shell containing an inclined crack under
uniform bending moment My;; v =0.3, h/R = 1/5.



Fig. 9. Stress intensity factor ratio kg, in an isotropic cylindrical shell containing an inclined crack under

A cylindrical shell with an arbitrarily oriented crack

h 1

Iy e 3

uniform in-plane shear loading Niz; v =0.3, h/R = 1/5.

967

stiffness ratio ¢ = (E,/E,)"* in specially orthotropic shells appear in the expressions of the
kernels of the integral equations. Thus, to investigate the effect of the material orthotropy on
the stress intensity factors both v and ¢ must be varied. However, as seen from Table 2 the
influence of v is rather insignificant. Therefore, to study the effect of the material orthotropy it
may be sufficient to vary ¢ only. For a strongly orthotropic material (in this case a graphite-
epoxy composite) this effect is shown in Table 3. The axes of material orthotropy are along 45°
directions with respect to the cylinder axis and the crack is located along one or the other axis
of orthotropy. The Poisson’s ratio is » = V(v;v;) = 0.037 for the orthotropic shells and v = 0.3
for the isotropic results which are included for the purpose of comparison. The table shows that

the effect of material orthotropy on the stress intensity factors could be very significant.

The quantity which is of some interest in certain fracture studies is the rate of internally

Fig. 10. Stress intensity factor ratio ky in an isotropic cylindrical shell containing an inclined crack under

[‘ /—‘/hzv

0.8

0.4

0.3~ /— 3

uniform twisting moment My, v =0.3, h/R = 1/5.
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Fig. 11. Stress intensity factor ratio k., in an isotropic cylindrical shell containing an inclined crack under
uniform transverse shear loading Vy; v =03, h/R = 1/5.

released or externally added energy per unit fracture area created as a result of crack
propagation. If U is the work of the external loads, V the total strain energy, and A the
fracture surface, then in a quasistatic problem the rate of energy available for fracture would be
d(U - V)/dA. For elastic problems this energy rate is known to be the same for ““fixed grip” and
“fixed load™ conditions. It can therefore be calculated as the crack closure energy under fixed
grip conditions. Under these conditions, dU = 0 and for a crack going from x, = a to x, = a + da,

Table 1. Stress intensity factor ratios in an isotropic cylindrical shell containing an inclined crack under uniform
membrane loading Nyy; v =0.3, g = 45°

3/
h/g 1 2 3 5 10
02 44 2.030
/ g gtg . ?7 .321 .Js;e
. . .23 0 9
K 5 020 .07 .148 4 .
50 .010 .03 .079 .19 .563
—1/100 1.005 .019 .04 .10 .337
17200 1.002 .010 .02 .056 . 19:
T 0.084 | 0.122 | 0.100 [~0.069 |-0.7
/10 0.058 | 0.108 | ©0.126 | 0.079 |-0.29¢
1/15 0. 0.093 | 0.12) g _1-0.125
kpm [ 172 0.032 | 0.073 | 0.104 1 0.132 0.023
1 0.0? 0.04 0.07 0.117 0.120
17700 0.012 | 0.031 | 0.05 0. 0.139
17200 0.007 | 0.019 .033 0.062 0.120
/5 - -0.108 | - -0.333 | -0.517
10 - -0, -0.113 | -0.227  |-0.424
Kem /15 -0.012 | -0.04) [ -0.081 [-0.123 [-0,365
/25 -0 -0.025 1-0.052_ |-p.119 |-0.2
750 -0.004 | -0.013 | -0.028 [-0.068 [-0,
00 | -0 -0.007 1-0.014_ 1-0.037 [-0.117
/200 ] -0 -0, -0.007 1-0.019 [-0.067
012 1-0.0 -0.118 |-0.4 -4,232
/ 010 | -0.0K -0.053 1-0,219 |-1.853 |
Kem . 0.0 =0.031 1-0,1a4 |-1.284
) 0! -0.015_1-0.082  {-0.757
/50 . b, -0.004 | -0.036 |-0.379
/100 . 003 0.00 . 000 -g. 5 1-0.
00 . 002 -0, -
<0.05) | -0.139 | -0.261 | - -2.630
0 -0, =0.070 | =0.13] |- -1.117
Kym /15 -0.018 | -0.047 | -0.088 |-0.20 -0.73
/25 -0.011 | -0.029 | -0.053 | =0.12 -0.44
750 -0.005 | -0.015" ] -0.028_ | -0.062 | -0.22
100 | -0.003 [ -0.008 | -0.014 |-0.032 [-0.111
B /760 | -0.001 ] -0.004 | -0.008 | -0.017 |-0.056
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Table 2. The effect of Poisson’s ratio on the stress intensity factor ratios in an isotropic cylindrical shell
containing an inclined ¢rack; B = 45° a/h =3, W/R = 1/10

v
N 0.0 0.1 0.2 0.3 0.4 0.5

K 1.166 1.167 1.167 1.167 1.166 1.164

om 0.063 0.077 6.092 0.708 0.724 6.140

% -0.058 | -0.059 | -0.059 | -0.060 | -0.060 | -0.0%9
-0.008

-0.009 | -0.008 | -0.008 | 3
|1 -0.075 | <0.073 | -0.072 | -0.070 | -0.069 | -0.067
[ 0.018 0.023 | 0.028 0.034 6.035 | 0.085
Kob 0.605 0.617 0.626 0.632 0.634 0.631
-0.016 | -0.018 | -0.019 | -0.021 | -0.024 | -0.026
Kep | -0-005 | -0.005 | -0.006 | -0.006 | -0.006 | -0.006
0.004 0.003 0.003 0.003 0.003 0.003
Kys | -0.058 | -0.059 | -0.059 | -0.060 | -0.060 | -0.060
Ky | -0.054 | -0.055 | -0.064 | -0.069 | -0.074 | -0.080

keo .059 1.059 1.059 1.059 7.058 1.057
Rts 0.007 0.007 0. 0.008 0.008 0.010
kys 0.133 0.131 0.129 0.128 0.126 0.724

Rmt 0.005 0.005 0.005 0.004 0.004 0.003
-0.005 [ -0.005 ~0.006 -0.006 -0.006 -0.006
[T -0.007 -0.007 -0.007 -0.006 ~0.006 -0.005

st
[ 0.309 0.5 0.339 0.353 0.366 0.379
k |=0095 1 7-0.094 | =0.083 | -0.007 | <0.050 | -0.088

Koy -0.223 | -0.244 | -0.266 -0.287 | -0.308 | -0.330
ky -0.004 0.0017 | 0.007 0.0 0.022 0.032

Esv -0.174 -0.187 -0.200 -0.212 -0.226 -0.238
Etv .138 1.766 | 1.191 | T1.215 1.233 1.250
T‘vv 2.304 2.287 2.272 2.256 2.244 2.231

Table 3. The effect of material orthotropy on the stress intensity factor ratios in a cylindrical shell
containing an inclined crack; g = 45°,a/h =3, /R = 1/10

Bl

‘ 0.037 | 1.000 | 26.667
Koen 1.127 | .3 1.984
[ 0.078 | 0.126 6.125
Kem =0.056 | -0.113 | -0.181
Kem =0.010 | -0.063 | -0.179
Kym 20.074 | -0.131 ] -0.263
b 0.028 | 0.044 0.050 |
Kb 0.569 | 0.567 0.53%
Kep -0.611 | -0.026 | -0.028
Kep 0,004 | -0.005 | -0.002
Ko 6.004 | 0.007 0.012
Kns ~6.057 | -0.115 | -0,189
ke ~0.011 | -0.073 | -0.079
Koo T.082 | 1.111 1.205 |
Ko 0.019 | 0.068 G.179
Ko 0.238 | 0.228 0.331
Kt 0.005 | 0.002 §.003

‘_E;; -0.008 | -0.006 | -0.005
st ~0.010 | -0.006 | <-0.005
K 0.318 | 0.273 0.189 |
Fone <0.766 | -0.577 | -1.%

"_k;: =0.005 | 0.030 0.090 |
K\ -0.277 | -0.891 | -0.872
Ky T.033 | 1.888 | 2.724
Koy 2.08% | 2.671 3.573
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dV may be expressed as

hi2 da 3
1

I j ig‘ 0'1,'(0, X2, x})[uj(+ 0, X~ da, X3) - uj("' 0, Xy — da, x;)] dXQ dx; (84)
where the minus sign is due to the fact that during the ‘“release™ of the crack surfaces in
a<x,<a+da, —h/2<x;<h/2 the tractions and displacements are in opposite directions
(consequently, the total strain energy of the shell decrease). For small values of da we now
observe that

70, %059 = T (=1,2,9 ()
uj(+ 0, x,~ da, x3) — u;(— 0, x, — da, x3) = ﬂ(’é—x—ﬂ\/(zm +da—x9)),(j=12) (86)
s+ 0, X~ da, x3) - us(—0, x,— da, x5) = 5-3%3—)\/(2@ +da-xy)), (87)

where k,, k; and k; are the Modes I, II and III stress intensity factors around the crack border
X = a.

Referring to the definitions of the stress intensity ratios k; (i,j=m,b, s, t,v), given by
(77—(81) we can define the “membrane”, “bending”, “shear”, “twisting” and the “‘transverse
shear”” components of the stress intensity factors at the crack tip x, = a as follows:

k=2 kyoyV(a), (i,j=m,b,s,1t,0). (88)
1

From (73)-(75), (77)~(81) and (88) the stress intensity factors may then be expressed as

ki(x9) = ko +k,,(h/2) (89)
ko(x3) = k, + k, (h/z) (90)
r-n -]

By substituting from (85)-{87) and (89)—(91) into (84) we obtain

dV——E[k +> +k2+ 3 +4(11;V)k ]hda. (92)

Observing that hda = dA, for the rate of externally added or internally released energy (at one
crack tip x, = a, per unit shell thickness, per unit crack extension in the plane of the original
crack) we find

d -l k,, kZ . 401+ v) ]
U v)_E[ +k? + 3T ke 93)

Finally it is again worthwhile to remember that all shell theories are, to varying degrees,
approximations of the three dimensional elasticity. Therefore, even if the “‘shallowness”
assumption is satisficd, the theory used in this paper and the results given are only approximate.
Strictly speaking, the crack problems considered in plates and shells are three dimensional
elasticity problems. Such problems in their simplest form do not seem to be as yet analytically
tractable. However, from a structural viewpoint, the shell solutions can be useful in the sense
that the “plane stress” crack solutions are, that is, the results should be interpreted and used in
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a certain thickness-average sense. Since the shell theories are quite numerous, there is always
the question as to what theory to use in the crack problem. Clearly there is no unique answer for
this question. However, one could try to establish some guidelines and set certain minimum
requirements. In crack problems the most important information (from an application view-
point) is embedded in the asymptotic solution of the problem around the crack tips. The first
requirement then is that the asymptotic results found from the shell solution must be
compatible with that of the in-plane and anti-plane elasticity solutions of the crack problem.
This means that the stresses around the crack tips must have the standard square root
singularity and their angular distribution must be identical to that given by the related
two-dimensional elasticity solutions.

In crack problems since one is interested in the behavior of the solution very near the crack
tip, it is natural to assume that all local length parameters would have some influence on the
results which are of interest. In a general shallow shell there are five local length parameters,
namely three radii of curvature, R,, R,, Ry the crack length 24, and the thickness h. A
particular shell theory to be suitable for crack problems should therefore contain four
dimensionless (independent) length parameters.

Again, since it is desired that the shell theory give a reasonably accurate solution near the
crack tip, it would be necessary that the theory should accommodate all the stress boundary
conditions on the crack surfaces separately.

Reissner's transverse shear theory, which has been used in this paper, seems to be the
simplest theory which satisfy all these requirements. Aside from a certain degree of confidence
one may have in its results, an advantage of such a compatible theory, is that it makes it
possible to carry out calculations such as that of energy release rate (see (93)) routinely. This,
of course, is primarily due to the fact that the asymptotic results (65)<67) and (69)~(70) are
identical to that of the corresponding elasticity solutions. However, since a higher order shell
theory does not necessarily imply higher accuracy in (certain calculated) results, there are still
unresolved questions. Are the results of the crack problems obtained from the Reissner’s shell
tyeory, for example, more reliable than that given by the classical shell theory? For the stress
intensity factors we think the answer is yes. The reason for this is largely the fact that the
classical theory satisfies none of the requirements listed above. Could one improve the solution
further by considering ‘‘higher order” theories which may take into account additional features
of deformations and stresses (such as, for example, the stretch in thickness direction)? Even if
one can solve such problems with the same degree of numerical accuracy as the problems
based on simpler shell theories, it would be difficult to know which solution is more reliable. In
our view, therefore, it would be very difficult to justify the use of a more complex theory than
Reissner’s in solving the crack problem in shells unless one has a demonstrable reason for it.
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APPENDIX A
Dimensionless and normalized quantities used in the analysis.

x=xlaV(c), v = x;V(c)la, 2= x/a; (AD
u=uV©o)a, v =ulaVic), w=uila; (A2)
Bx = BiV(c), By = BafV(c); (A3)
#(x, y) = F(x), x)){Eha®; (A4)
g2 oo w0y V(e (AS)
*TE T ETE "B ey ™ TR \
Nix = NulEhe, Ny = ¢NnJEh, Nyy = NpfEh; (A6)
My = My/Ech?, My, = cMz/ER’, M.y = Myp/ER; (AD
V.= Vi/BRV(c). V, = ViV(c)/Bh; (A8)

2.4
‘_ _.acCa 4_ _2_ @
AT =121 V)P-R—l-z, Ay =12(1 V)W’

4 2

A= l2(l—-v2)-’;-1%r, A =120- 95, k= EIBAY (A9)
12 h

E=V(EJE), v =V, (mE = wlEy, c'=5 p= 3L (A10)

E U 1201+



