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Abstract—The boundary layer method proposed by Everstine and Pipkin for the analysis of
highly anisotropic materials, such as fibre-reinforced materials, in elastic plane strain is
developed and extended also to include plane stress. It is applied to problems of point forces
acting on half-planes, and to two crack problems. The boundary layer solutions are compared
with known exact solutions in anisotropic elasticity, and it is found that the boundary layer
theory gives good results for elastic constants typical of a carbon fibre reinforced resin.

1. INTRODUCTION

Materials such as resins reinforced by strong aligned fibres exhibit highly anisotropic
elastic behaviour in the sense that their elastic moduli for extension in the fibre direction
are frequently of the order of 50 or more times greater than their elastic moduli in transverse
extension or in shear. An idealization of this property is to assume that the material is
inextensible in the fibre direction, and a simple theory has been constructed on this basis[1-4].
A feature of solutions using this theory, which has been illustrated in many examples, is the
occurrence of singular fibres or sheets of fibres, which support finite forces, and consequently
infinite stress, and transmit force for large distances without attenuation. By considering
some simple but illuminating examples Everstine and Pipkin[5] showed that in plane
elasticity for a highly anisotropic but not inextensible material these singular fibres become
regions of stress concentration which attenuates siowly with distance along the fibre, and
provided estimates for the stress in and dimensions of these layers. Subsequently Everstine
and Pipkin[6] formulated a boundary layer analysis for highly anisotropic materials in
plane strain, and applied it to the deflection of a cantilever beam under end load.

The purpose of this paper is to further develop and apply this boundary layer theory
proposed by Everstine and Pipkin[6] and compare its predictions with some exact solutions
in anisotropic elasticity.

The essential theory of plane anisotropic elasticity is summarized in Section 2. Both plane
strain and plane stress are considered. The corresponding inextensible theory is outlined
in Section 3. Unlike some previous work, it is not necessarily assumed that the material is
incompressible as well as inextensible in the fibre direction. The boundary layer equations
are formulated in Section 4. The formulation differs a little from that of[6], but the end
results are essentially the same although the present theory includes plane stress as well as
plane strain problems. The problem reduces to the solution of Laplace’s equation for the
two displacement components, in appropriately scaled coordinates.

The remainder of the paper is devoted to applications. Basic point force problems for
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the half-plane are solved in Section 5, and compared with known exact solutions. The prob-
lem of a crack parallel to the fibres is shear is solved in Section 6. In Section 7 the boundary
layer solution is obtained for a crack normal to the fibre direction opened by internal
pressure. This solution is compared with the exact anisotropic elastic solution, and very
satisfactory agreement is obtained for elastic constants typical of a carbon fibre reinforced
resin.

2. PLANE PROBLEMS FOR TRANSVERSELY ISOTROPIC MATERIALS

The constitutive equation for a transversely isotropic linear elastic material whose
preferred direction is that of a unit vector a is

ti; = Aew 05 + 2ure;; + Ay aneumdi; + €na;a;)
+ 2 — ur)aiace; + a;aiey) + fayanema;a;. (2.1)

Here ¢;; are components of stress, e;; components of infinitesimal strian, a; the components
of a, all referred to rectangular cartesian coordinates x;. The vector a may be a function of
position. Indices take the values 1, 2, 3 and summation convention is employed. The
coefficients A, ur, ur, , B are elastic constants with the dimensions of stress.

If a is chosen so that its components are (1, 0, 0), so that the preferred direction is every-
where that of the x; axis, (2.1) become

tll = (}4 + 20( + 4#L - 2#1‘ + ﬂ)ell + (l + a)elz '+' (/1 + a)e33,
2y = (A + ey + (44 2ur)ey; + Aessy,
33 = (A + dey; + deyy + (4 + 2pp)ess,

tys =2ureys, by =2l €13, bty =25 845,

2.2)

From these it is seen that u; can be identified as the shear modulus in transverse shear
across the preferred direction, and y; as the shear modulus in longitudinal shear in the
preferred direction. The other constants 4, o, f§ can also be related to more familiar quantities,
for from (2.2) it can be shown that

_Gtpu)p -G+’ g2l p)f’ - G+ 0)*]

E ) = ,
A+ pr (A + 2up)p’ — (O + @)? 2.3)
L, At e A — (A + ) '
204 + pr)’ (A +2upf — (A +a)*’
where
B =A+2a+4p —2ur+ B. (2.4

Here E is the extensional modulus for uniaxial tension in the direction of a, v the corre-
sponding Poisson’s ratio, E’ the extensional modulus for uniaxial tension in a direction
normal to «, and V' is the ratio —e;;/e,, for uniaxial tension in the x, direction. The con-
stants E, E’, v, v/ and G = y; are those used by Everstine and Pipkin[5,6]; they differ from
those used by Lekhnitskii[7] by interchange of primed and unprimed quantities.

In plane strain in the (x;, x,) plane, e;; =e,3 =33 =0, and (2.2) give

tyy = Peyy + (A + a)ey,y, Ly = (A +a)ey; + (A + 2ug)ey;, tia =2p e, (2.5)
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Similarly in plane stress, t;; = #,3 =33 =0,

_ G+ 2un)f — (A + ) 4 2l 4 o)

H A+ 2uq T A2
_2uA+ 4ur(4 + pr) (2.6)
2T 2 N a2y
ti =2p5€4,.
Thus in either case the equations are of the form
t1y = Leyy + Me,,, 1y = Mey; + Ne,,, tiy =2upe,, 27

where L, M, N can be related to the elastic constants by comparison with (2.5) or (2.6) as
appropriate.

In considering plane problems the coordinates x,, x, will be replaced by x, y respectively.
The stress components in the (x, y) plane are then denoted by ¢,,, ¢,,, ¢,,, and the corre-

sponding strain components by e,,, e,,, e,,. Components of displacement in the x and y
directions will be denoted u, v, so that

€., = Ou/ox, e,, = 0v/dy, e,y = 3(0u/dy + 0v/0x). 2.8)

In this notation (2.7) become
t,x =Le,, + Me,,, t,, = Me,, + Ne,,, Ly =2ue,,. 2.9

The trajectories of the vector a will, for convenience, be called fibres, and its direction the
fibre direction. The preferred direction is everywhere tangential to the fibres. In the present
case with a = (1, 0, 0), the fibres are all straight lines parallel to the x-axis. This terminology
is suggested by the possible application of the theory to materials reinforced with a family of
aligned fibres, but the theory of this section is applicable to any transversely isotropic linear
elastic material.

3. THE INEXTENSIBLE THEORY
The materials under consideration are ones which have (in an appropriate sense defined
below) a large modulus for extension in the fibre direction. A simple theory can be con-

structed[3,4] by idealizing this property by making the assumption that the material is
inextensible in the fibre direction, so that

a,-ajeij=0. (3.1)

The normal stress component corresponding to the fibre direction is then an arbitrary
tension which is a reaction to the constraint of inextensibility, and the constitutive equation
takes the form

tij=lend;; + 2ure; + 2 — pr)a,ave; + a;are) + Ta;a;, (3.2

where T represents the arbitrary fibre tension. Comparing (2.1) and (3.2), it is evident that
this inextensible theory requires the limit § — co.
If in addition the material is incompressible, then also

e =0, (3.3)
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the hydrostatic pressure becomes an arbitrary reaction to this constraint, and the constitutive
equation is

tij= —poi; + 2ure;; + 2u, — pr)a;ave; + a;ace) + Ta;a;, (3.4)

where p represents the hydrostatic pressure. Evidently (3.4) arises from (3.2) in the limit
A— o0, The theory then becomes that of the ideal fibre-reinforced solid described by Pipkin
and Rogers[1] and Spencer[2]. However, although incompressibility is often a valid approxi-
mation to make when dealing with finite deformations of solids, it is less often so in small
deformation theories, and so the less restrictive assumption (3.2) is adopted here. Never-
theless, many of the results will remain true in the limit 4 — co of an incompressible material,
and it is also worth noting that in many problems in linear elasticity values of the quantities
of interest are not sensitive to the compressibility of the material. The simpler incompressible
theory is therefore of considerable value in certain cases.
For plane strain, and a2 = (1, 0, 0), (3.2) give

txx = 7: tyy = ()‘ + 2“T)eyy’ txy = 2iuLe.xy7 (35)
and similarly, for plane stress, (3.2) give
dur(d + pr)
- =T, tyy :W [ ey =2#Lexy' (36)

In both (3.5) and (3.6) additional terms have, without loss of generality, been absorbed into
the arbitrary tension T. If the material is incompressible then A — co. Then in plane strain
e,, =0, and (3.5) become

txx=T1’ ty_v:TZ’ Ixy=2#Lexy’

and T, and T, are both arbitrary. These are also the appropriate equations for plane strain
of a material reinforced by two families of inextensible fibres[2,8]. In the case of plane
stress, however, incompressibility does not imply e,, =0, and in the limit A — o0 (3.6)
become

ty =T, t,, =4dpre,,, ey = 2Hpeyy. (3.7

Thus, as noted by England, Ferrier and Thomas[3], for either compressible plane strain,
or compressible or incompressible plane stress, the equations take the form

ty =T, t,, = Ne,,, ty, =2ure,,, (3.8)
where
A+ 2ur (compressible plane strain),
w (compressible plane stress), 3.9
A+ 2ur
4ur (incompressible plane stress).
Since e, = du/dx =0, there follows
u=fy). 3.10)
The equilibrium equations
Oty | Oy, ot, ot _o, G.11)

x o oy
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give, with (3.8) and (3.10)

or &%
9 " =0, 3.12
[+ | G.12)
2 2
v NI o, (3.13)

Mot N =

For convenience introduce a constant

¢t = w/N, (3.14)
and then v satisfies
% 1 8%
Il A o 3.15
=t P 0 (3.15)

A number of solutions of these equations, as well as a more detailed derivation of them,
are given in[3]. In the incompressible limit for plane strain, but not for plane stress, ¢ = 0.
For ¢ # 0, it is convenient to introduce a new variable

§ =x]e,
in terms of which (3.15) becomes
v %

st (3.16)

so that » is a harmonic function of £ and y.

4. BOUNDARY LAYER EQUATIONS

A feature of solutions of problems using the inextensible theory of the preceding section
is that they frequently predict the existence of singular sheets of fibres, which carry infinite
stress but finite force. This was first pointed out by Pipkin and Rogers[1] and has since been
demonstrated in numerous examples. These singular fibres may occur either adjacent to the
surface of a body or in its interior. In the case of incompressible plane strain it is also
possible for the normal curves, that is the orthogonal trajectories of the fibres, to be singular.
Everstine and Pipkin[5] demonstrated convincingly by considering some simple examples
that in reality these singular sheets of fibres represent narrow bands of intense stress con-
centration. If / is a characteristic length of a problem, these bands have width of order
(u/E)*1, and along them the stress decays in a length of order (u;/E)~'/%l. The inextensible
theory corresponds to the limit y;/E — 0. Thus for u,/E < 1 the singular fibres represent
boundary layers across which certain stress components vary rapidly, and Everstine and
Pipkin[5] pointed out that the equations are of a suitable form for the application of a
boundary layer or singular perturbation analysis. Subsequently[6] they developed such an
analysis and applied it to the problem of the deflection of a cantilever beam under end load.
The purpose of this paper is to give some further developments and applications of this
boundary layer theory.

Everstine and Pipkin[5] introduced the Airy stress function y which for anisotropic plane
elasticity satisfies the generalized biharmonic equation

4 4 4
clx, g T, X

ox* ax* oy? 7y 0. 1)
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For the isotropic case 4 = 3B = C = 1. The inextensible theory arises in the limit 4/B — 0.
We proceed somewhat differently directly from equations (2.9); the end result is effectively
the same. Substituting the stress components (2.9) in the equilibrium equations (3.11) gives

0%u R %u
L— M — — =0,
axz + ( + .u'L) ax ay + Hr ayz
KL o? a2
v u Y

Hy axz + ( + /'tL) axay + 6}12

Now introduce the notation

L M N
[the last of these is a repetition of (3.14)]. Then (2.9) may be written
t 1 1 ty, 1 1 Ly
— = —e,,, —==—e,.+e,, = =2e,
UL €2 xx + dl yy Uy d2 6‘2 e}’Y Uz € y

and (4.2) become

XX

1 8%u ( + 1) o +02u -0
€? ox? d?) oxay "oy
62v+(1+1) 62u+1620_0
dx? d*) oxéy oy

(4.2)

4.3)

44

(4.5)

In the limit of an inextensible compressible material f — oo while 4, ur, y. and o remain
fixed. It follows from (2.4), (2.5) and (2.6) that in this limit, for either plane strain or plane
stress, L — oo with gy, M and N held constant. It further follows from (4.3) that ¢ —» 0,
with 4 and ¢ constant. It is supposed for the present that ¢ is a small but finite parameter,
corresponding to a material which is *“ almost inextensible ”’. To illustrate how these assump-
tions relate to certain real materials, we refer to measurements by Markham[11] of the
elastic constants of a carbon fibre-expoxy resin composite. Markham obtains the following
values for the components ¢;; of the stiffness matrix (with the 3 axis corresponding to the

fibre direction)

¢y = 1057 x 10°Nm~2, ¢33 =241-71 x 16°Nm™2, ¢, =564 x 10°Nm~2,

i3 =437 x 10°Nm™2, ¢,y = =566 x 10°Nm ™2,  cg6 = py =246 x 10°Nm™2

The corresponding values of E, E’, v (also quoted by Bishop[9]) and v are

E =239 x 10°Nm ™2, E’' =754 x 10°Nm~?, v =027, v =0-53.

These give, for plane strain

L=c;33 =24171 x 10°Nm™2, M =¢,; =437 x 10°Nm™2,

N =c¢,; =10-57 x 10°Nm™2,

and for plane stress

t The constants € and c¢ differ slightly from the similarly denoted quantities in[6].
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L =(c;1033 — ¢23)/c;y = 2399 x 10°Nm ™2,
M = C13(C11 - clz)/clz =2'04 X 109Nm_2,
N = (Cfl — C%Z)/cll =756 x 10°Nm~ 2.

Then from (4.3) the values of the parameters ¢, ¢ and d are

Plane strain. €2 = 0023, c? =054, d? =1-29.
Plane stress. € = 0024, ¢ =075, d? =2-76.

Thus for this material it is not unreasonable to seek approximations based on the assumption
that ¢ is small, while ¢ and d are of order one, although it will be shown below that less
restrictive conditions on ¢ 'and d will suffice.

In plane strain (but not in plane stress) if the material is incompressible as well as in-
extensible, then ¢ = 0. Correspondingly for an * almost incompressible”” material in plane
strain ¢, as well as ¢, is a small parameter. For the present we place no restrictions on the
magnitude of c.

In the neighbourhood of a fibre which according to the inextensible theory is a singular
fibre, quantities may vary rapidly in the y-direction, which is normal to the fibres. Following
usual boundary-layer theory procedures, to accommodate such variations we “stretch” the
y-coordinate, the appropriate scaling factor being ¢. Hence we substitute

y=en. (4.6)
Equations (4.4) and (4.5) then become

e 1 0u 1 ov

=t —5 =
up  €20x ed*on

t, 1 ou 1 dv

by _1ow 1 0v 4.7
U d26x+602671 @7
t _lau ov

Xy

wooeon ox’

1% 1 1\ é% 1 0%

S o) 2 2 4.8
626x2+6( +d2) ax6n+626n2 ’ 48
621)_|_1(1+ 1) *u N 1 v 9)
ox? € d?) oxon et op®: ’

Everstine and Pipkin[6] show that in the boundary layer u/v is of order ¢, but (Ju/dx)/
(dv/dn) is of order 1/e. Hence the terms of lowest order in ¢ in (4.8) and (4.9) give

*u  J*u 0%
—+ =— =0, — =0 4.10
ox? + on? on? (4.10)
provided that

d = O(eP), ¢ = 0(e9), wherep<l,g> —l,p~—g<1l,as¢—0.

In particular, these restrictions are satisfied if p =0, so that d = O(1) and ¢ =0 or 1, so that
¢ = O0(1) or O(e).
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From (4.10) it follows that, to first order, in the boundary layer « is a harmonic function
of x and #, and v has the form

v = g(x) + nh(x). 4.11)

It is interesting to note the duality between (4.10) and (4.11) on the one hand, and (3.10)
and (3.16) of the inextensible theory on the other. In the inextensible theory u depends only
on y, and v is a harmonic function of £ = x/¢ and y.

For small values of ¢ the inextensible theory gives the first approximation to the solution
of a given suitably posed problem except in the neighbourhood of fibres which it predicts
to be singular. In the neighbourhood of a fibre which in the inextensible theory is singular
(the boundary layer region) the boundary layer equations (4.10) yield the first approximation
to the solution.

Now consider the boundary conditions which solutions of the boundary layer equations
must satisfy. Two main cases arise, according to whether the boundary layer is adjacent to a
boundary surface of the body or in its interior. Suppose first that the layer is adjacent to a
surface; for definiteness this is taken to be y =0 (or # = 0) and the material occupies part
or all of the region y > 0. Typical conditions on the surface are that either (i) # and v are
specified on y =0, or (ii) 7,, and ¢,, are specified on y =0.

As n — oo, the boundary layer solution must match the solution in the exterior region as
y — 0. Consider first the displacement component ». The inextensible solution yields values
of v which satisfy (3.15) and also any boundary conditions on y = 0 for v and dv/dy. Suppose
that as y — 0 in the exterior region

v - G(x), Ov/0y — H(x). 4.12)
In the boundary layer region v is of the form (4.11). If now g(x) and 4(x) are chosen so that
g(x) =G(x),  h(x)=eH(x), (4.13)

then boundary conditions on v or dv/dy are satisfied on y = 0 and, as regards v, the boundary
layer and exterior solutions coincide in the neighbourhood of y = 0. Thus v and its first
derivatives are continuous through the boundary layer.

For the displacement component u, the exterior solution gives, from (3.10), u — f(0) as
y — 0. Hence for the boundary layer solution it is required that

u— f(0) as y— oo,

where f(0) is given by the exterior solution. On the boundary y = 0 typically either u is given
or t, is given. Since v, and hence dv/dx is known, specifying ¢, is equivalent to specifying
du/dy on y = 0. Thus typical boundary conditions are that u or du/0n is specified on n =0
and as 7 — o0 ; these of course are boundary conditions typically encountered in the solution
of Laplace’s equation. To complete the boundary conditions for « it is necessary to state
conditions on two curves which close the boundary of the region in which the boundary
layer solution is required. In a finite body these intersect y =0 at finite values of x. In an
infinite body conditions are specified as x - +00. Various possibilities arise; no attempt is
made to enumerate them, but some are illustrated by exampiles in the following sections.

Now suppose that the boundary layer is in the interior of a body; for definiteness let it
again be in the neighbourhood of y =0, with both sides of y =0 now occupied by the
material. The inextensible solution will yield values of v in y > 0 and y < 0; these will be
such that v and dv/dy are continuous. Thus
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v - G(x), dvfdy — H(x) as y—-»0+ or y—-0-—. 4.14)
Consequently if v is again chosen in the boundary layer region to be
v = G(x) + enH(x), (4.15)

the continuity conditions for v and ¢,, are satisfied. In the inextensible solution du/dy may
be discontinuous across y = 0. Let the exterior solutions in y > 0 ; and y < 0 give

u—f*0) as y-0+, u-f"(0) as y—->0-—. (4.16)
Then in the boundary layer u must satisfy
u-f0) as n- o, u->f(0y as p—> —o0. “4.17)

As before, further conditions are required on the remaining boundaries of the boundary layer
region.

Since, in the boundary layer, u is a harmonic function of the variables x and 5, so also
are du/0x and du/dn harmonic functions of x and #. It often proves convenient to formulate
problems in terms of one of these derivatives of u rather than of u itseif. The boundary
conditions for du/0x and Ou/0n are analogous to those for u.

It is possible to formulate higher order approximations, in both the exterior and boundary
layer regions. However it seems likely that when the first order approximations described
above are inadequate it would be simpler to return to the exact equations rather than to use
such higher approximations.

5. POINT FORCE PROBLEMS FOR THE HALF-PLANE
To illustrate the theory in some problems in which comparisons can be made with exact
solutions several problems of point forces applied to the surface of a half-plane are investi-
gated in this section.
Consider first the half-plane x > 0 with the fibres y = constant normal to the surface
x =0, and suppose a point force of magnitude X acts on the surface in the positive x direction
at the origin. The inextensible theory gives the trivial solution

u =0, v=0, t., = —Xi(y), tyy =0, t,, =0. .1)

Thus the fibre y = 0 carries the force X, and has infinite stress, and so it is the centre of a
boundary layer in the interior of the material. Within this boundary layer v = 0, as given by
the inextensible solution, and u satisfies (4.10)

Pu *u
On the surface x == 0
1
txx = _Xé(y) == ; Xé(")s txy = 0’ (5~3)
and so, from (4.7)
du X Ju
e —€ !I_L o(m, % =), on x=0. (5.4)

It is also required that 7, and 7, tend to the values given by (5.1) as # — + 0o, which with
(4.7) give
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Ju du
——0, — 0 as y— Foo.
0x on
It is further assumed that the stress components tend to zero as x — o, so that
ou du
— =0, — 0 as x— o0,
Ox an

It is most convenient to work in terms of du/dx, for which the required solution is
du eX X

Pl ET& (_—_xz 5 (5.5)
It then readily follows that
du _ —eX n =X x
o mu P+ T e (P
eX x X n
f = o g tx = —_-—_-———, 56
yy d27'C (xl o+ nz) y T (x2 + ,’2) ( )

The resultant force in the x direction transmitted across a section x = constant is

[*2) w X «w
—J- txxdy:—ef txxdn=—[tan_1ﬁ] = X,
-0 -0 n X -0
so that the boundary layer carries the same force as the singular fibre y = 0 in the inextensible
theory.

For this problem there exists a well-known solution of the exact equations (2.9} of
anisotropic plane elasticity. This is most conveniently taken in the form used by Everstine
and Pipkin[5], which is

X €(1 +¢,.€)cosl

t,=—— : _ . g =1t,=0, 5.7
" nir (cos? 8 + €.* sin® 0)(sin? 0 + ¢,2 cos? ) o0~ e 57

where x =rcos 0,y =rsin 8, t,,, t5, 1,5 are stress components referred to (r, 8) coordinates,
and in the present notation the parameters ¢, and ¢, introduced by Everstine and Pipkin are
such that ¢,”2 and ¢,? are the larger and smaller roots 1 of the equation

A2 2 1 1 1
g"r(?“}*?-‘e—z;)i—i—g—i:{). (5.8)

Everstine and Pipkin showed that the exact solution (5.7) tends to the inextensible theory
solution (5.1) in the limit ¢, — 0. It is also evident, on setting n = y/e, that the boundary
layer solution (5.6) tends to (5.1) as € -+ 0. To complete the comparison it is necessary to
compare the boundary layer solution with the exact solution. The difference between the two
is greatest on the axis of symmetry y = 0 (or 8 = 0) where the boundary layer solution (5.6)
gives

X
e = — —— (5.9)
enx
and the exact solution (5.7) gives
by =l = — drec)x (5.10)

€,7X
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Thus the boundary layer solution replaces the exact coefficient (1 + ¢,.¢,)/¢, by 1/e. From
(5.8) it can readily be shown that

6 =€+ 0, € =c+ 0. (5.11)

and so the approximation amounts essentially to neglecting ¢ in comparison to unity.
Using the values of the elastic constants for a carbon fibre-epoxy composite measured by
Markham[11] and quoted in Section 4, Bishop[9] obtained, for plane stress ¢, = 0-157 and
€. = 0-883. With the same elastic constants € = 0-155 and ¢ = 0-:874. Thus the error in (5.9)
in this case arises almost entirely from omitting the term ¢_.¢, in the numerator of (5.10),
and in magnitude is about 14 per cent.

From (5.5) and (5.6) the displacement component « is, except for a constant

—eX

log (x* + 12). (5.12)
2npy

u =

The logarithmic singularity in u at the origin is present also in the exact solution, so its
presence in the boundary layer solution does not give rise to concern.
A point force acting on the boundary x =0 in the y-direction does not lead to singular
fibres in the inextensible theory, and so no boundary layers are to be expected in this case.
Now consider point forces applied to the half-plane y > 0 with the fibres again parallel
to the x-axis. Suppose first that a point force X acts at the origin in the positive x-direction.
The inextensible theory gives the solution

u=0, v =0, t,, =0, tyy =0,

= —3X6(y) (x>0), t..=1X5(y) (x <O0). (5.13)

txx

It can be verified that in this case also the solution (5.6) of the boundary layer equations
satisfies all the conditions of the problem. Also, (5.7) is again the exact solution. The
discussion of these solutions therefore applies also to this problem.

Of more interest is the case in which a point force Y acts at the origin in the positive
y-direction. The inextensible solution was given by England, Ferrier and Thomas[3] and is

—cY
u=0, v=—"log (x* + ),
2npy,
cY cty
fax = — [50) logx + 773 czyz]’ (5.14)
cY y cY X
t.VY =- (o2 5 2.2y byy = — T3 T3 oy H(y + 0)’

(X + A T (x* + )
where H(y + 0) is the Heaviside step function, equal to one when y > 0 and to zero when
¥ < 0. The edge fibre y =0 is a singular fibre.

The expression for v holds for all y > 0, including the boundary layer. Since #,, =0 on
y =0, we require

Ju v
dy  ox
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From (5.14), since y = ¢, this gives

du _ ecY
on  mupx

on n=0. (5.15)

This is one boundary condition for the boundary layer. In order to match the boundary
layer solution with the inextensible solution (5.14) it is also necessary that

——=0 as x?+yp*-c0. (5.16)

The solution of (5.2) subject to (5.15) and (5.16) is

du  ecY x

B A SR 5.17
on mu (xF+ %) e17
Consequently the boundary layer solution is
Y
U= %:#— tan~! Z,
L
(5.18)
(- cY n ‘= cY { X X
e (240 ¥ a gt x4 B

with v and f,, given by (5.14).

The exact solution to this problem is obtained from (5.7) by interchanging ¢, and ¢,,
replacing X by Y and setting x = r sin 8, y = r cos 8. This gives in the neighbourhood of the
singular fibre y =0

Y el +¢€.¢)y

t =
oy +elxt

which, after making use of (5.11), agrees with the expression for ¢, given in (5.18) to first
order in ¢. Similarly, on the axis of symmetry x = 0, the exact solution gives
Y {1+e¢e¢)

yy ny €

which agrees with the value given by (5.14) to first order in e.

Various other point force problems can be dealt with in a similar manner, such as those
of point forces acting in the interior of the whole plane, the half-plane x > 0, the half-plane
y > 0, or at the surface of or in the interior of an infinite strip. Many other problems can
then be solved by superpositions of these basic point force solutions, although this may not
necessarily be the easiest way to proceed in a given problem.

6. A CRACK PARALLEL TO THE FIBRES IN SHEAR

Consider an infinite plane region containing fibres parallel to the x-axis. A crack extends
along the x-axis y =0 from x = —a to x =a, and its surface is free from traction. As
x% 4 y? > oo the state of stress and deformation tends to one of simple shear

u=ySly, v=0, Ly =S, tix =1, =0
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If a uniform displacement # = —yS/p;, with the corresponding stress z,, = —S, is super-
posed on this deformation, then the boundary conditions become

ty = =5, t,, =0, y=0, —a<x<a ©D
Uy 0, begs byys by =0 as x4+ p2 > 00, )
It is clearly sufficient to solve this modified problem. The original problem is then solved
by superimposing a uniform shear stress and strain on the solution of the modified problem.
The problem is symmetrical about y = 0, so it is sufficient to consider the region y > 0.
The solution of the equations of the inextensible theory which satisfies (6.1) is one of zero
stress and displacement everywhere except on the fibre y =0, —a < x < a. This fibre is
singular, carrying a tensile force — Sx (with corresponding tensile stress —.Sx §(y)) and shear
stress ~S. Consequently there is a boundary layer in the vicinity of this fibre segment.

The solution v = 0 extends through the boundary layer. Hence the condition t,, = —Son
y=0, |x] <a, reduces to
Ou Ju S
H—=-=5, or — = —¢—, =0, x| <a. 6.2
L 3 an e y x| (6.2)

On the remainder of the line y = 0, by symmetry
u=0, y=0, x| >a. (6.3)
It is also required that
u—0, x*+y*> . 6.9

Thus the boundary layer problem reduces to solving Laplace’s equation (4.10) subject to
(6.2), (6.3) and (6.4). The solution is known, and can be expressed in various forms, one of

which is
S . 12 o
u= —¢ IT {psin ¢ — (pyp,)"'" sin ¥(¢, — &,)}, (6.5)
L
where
x+in=p"%  x—a+in=pe?, x+a+in=p,et. (6.6)

The stress components can be obtained by substituting (6.5) into (4.7). The component of
greatest interest is 7, on the surface y =0, x| < a. From (6.5)

S
u=e— (@ -x»"*, y=0, x| <a. 6.7
194
Hence, from (4.7)
S x
txx=—'z(a_2:";§5172's y=0, [|x|<a (6.8)

At x = Za, 1,, has singularities of the form often encountered in elastic crack problems.
In the neighbourhood of the crack tip (@, 0), p~ a, ¢ ~ 0, p, ~ 2a, ¢, ~ 0, and

AY
ur f;;{(zapom sin 3¢, — 1. (6.9)
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The corresponding stress components in the vicinity of the crack tip are

S a 1/2 .
fee = = 2 (5;)—1) sini¢;, ¢, =0,

a 1/2
Ley —zS{(z—pl) cos 3¢, — 1}.

The solution to the original problem of the crack subject to uniform shear stress at
infinity is obtained by superimposing on this solution a uniform stress 7,, = S and a dis-
placement u = Sy/y; .

(6.10)

7. CRACK NORMAL TO THE FIBRES UNDER INTERNAL PRESSURE

Suppose an infinite plane region, with fibres again parallel to the x-axis, contains a crack
lying along the y-axis from y = —a to y = a. No shear traction is applied to the crack
surface and, in the first instance it is assumed that the surface is subjected to a prescribed
normal displacement, so that the boundary conditions are

ty, =0, u=fy) on x=0, ly| <a. (7.1)

In plane strain of an ideal fibre-reinforced material, problems of this kind are dis-
cussed by England and Rogers[10]. For continuity of displacement, it is necessary that
fla) = f{—a) = 0. For simplicity, it is assumed that fis an even function of y. Since the
configuration is symmetrical, it is sufficient to consider the region x > 0.

The inextensible solution gives first

u=f(y)’ Iy\<a,
u="0 |y >a, (7.2)

throughout the region. In the inextensible solution v must now be chosen to satisfy the
condition #,, =0 on x =0, for — o0 <y < 0. With (7.2) this means

60
=-f'(» Iri<a
(1.3)
v _ y|>a
ox Y '
The solution of (3.15) which satisfies these, with dv/dx — 0 as x% + y? — oo, is
Oy
—= - 7.4
~a52+(y ¥y 79
For example, if the crack has a parabolic profile
y2
10) =0 (1-%).  16) = ~20uyie?, (1.9

then (7.4) gives

dv _ 2U, _,y—a ., y+a E+(y—a)l
| e 2 e s [m Gl 09
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However, an explicit knowledge of v is not necessary in order to find the boundary layer
solution,
Still within the inextensible solution, the stress components are given by

t,, = Nov/dy,
Ley = by Ov/0x, lyl >a,
ty = w(f'() + 0v/dx),  |y|<a, a.n

tee = F(O) — [ (0,/07) dx.

The arbitrary function F(y) can be chosen to satisfy a boundary condition on #... We
observe, however, that if /”(y) # 0 and F(p) is bounded, then |¢,,| - 0 asx— win |y| <a,
so that, as noted in[3], there are difficulties associated with applying the inextensible theory
to infinite regions. We return to these later. Since, when f'(a) # 0, ¢,, is discontinuous on
y = +a, the fibres y = +a are singular, and carry a force

T =To + X" () (7.8

Observe again that |T] - o0 as x - .
Now consider the boundary layer solution in the vicinity of y = 4. From (7.7) it follows
that in the boundary layer there is required a solution of (4.10) in x > 0 which satisfies

G
Zof(@,  as - —oo,
9y

(7.9)
Ou 0 as 0
e -
ay ’ nl L)
where for convenience we use %, = (y — a)/e =n — afe¢ as an independent variable. In
addition, the symmetry of the configuration requires that

u =0, when x =0, 7, >0, (7.10)

and for u to have its prescribed value on x = 0 for 7, <0 in the neighbourhood of y = q,
it is necessary that

u=en f'(@, when x=0, 7, <0, (7.11)
The required solution is
% —e e - -:; tan~? %) £ (.12)
or
Uu=c¢ (l n — lm tan~! + —l——x log (x* +1n%) + Cx)f’(a), (7.13)
2 T x 2n

where C is a constant which can be chosen to satisfy an additional boundary condition.
The stress components are determined from (7.4) and (7.13), but details are omitted for
reasons given below.

There are two difficulties associated with this solution. The first is that the boundary
layers increase in width with increasing distance from the crack tips, and the two boundary
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layers corresponding to the singular fibres y = @ and y = —a begin to interact at distances
of order af¢ from the crack tips. Hence the solution becomes invalid at such distances.

The second problem is associated with the assumption that the elastic region is infinite.
Suppose for definiteness that the crack is opened by internal pressure, with zero traction ona
boundary at large distance, of order /, from the crack tip; this can be converted to the prob-
lem of a crack opened by traction applied to the outer boundary in the usual way. Then from
(7.7) the pressure required to open the crack is of order — u; If"(y), and tends to infinity as
! — oo0. On the one hand it is necessary for //a to be large in order that the solution for » and
the boundary layer solution for u shall be valid; on the other hand, if / is large, then 7, is
large in magnitude for |¥| <<a and small values of x. But if |z.,| is sufficiently large then
du/dx is not small even if ¢ is small, and the assumption on which the inextensible theory
is based becomes invalid.

It is possible to resolve these difficulties and produce a uniformly valid approximate
solution in the following way. Near the crack |z,,] is large and 0%u/0x? is not necessarily
negligible compared to 6%u/0n*. On the other hand &%v/dx oy remains small. Hence in the
exact relation (4.8), the term in %v/0x 0y may be neglected but the term in 8%u/6x? should be
retained. This gives the boundary layer equation (4.10). At large distances from the crack,
as 1., — 0, the term 0%u/dx? is small compared to 9*u/dn*. However, there is no loss in
retaining this term, even though it has little effect on the solution. Hence, in order to have

the same equation for u throughout the plane, the approximate equation
tu  u
—+=—3=0 7.14
ox*  an? (7.19)

is adopted everywhere.
With this formulation, the boundary conditions for u (with y = en) are

u =0, x=0, | > a, In] > afe,
u = f(en), x=0, |yl<a |n| < ale, (7.15)
dujox -0, ujon -0, x> +n*- 0.

The solution of (7.14) which satisfies these is

1o xflen) dn’
=— ——, 7.16
Rf—a/e x2 + (’? - ’?')2 ( )

so that if, for example, the crack has the parabolic profile (7.5)

22 _ 2 -1 g
u =.q9.[{1 _er —x) 2 al )}{tan“ NEE @ gapt217° ¢ }
n a x x

enx {xz + - e‘la)z} B 2ex]
a’ Z+(+eta? @)

By expanding f(en) about y = en = a, it can be shown after a little manipulation that if
n < ale, x < afe, then to first order in € the expression for du/dn. given by (7.16) reduces to
(7.12). Thus the two methods of approximation are equivalent within the boundary layer
region.

When the problem is formulated in this way it becomes straightforward to deal with the
more realistic problem in which the pressure, rather than the normal displacement, is
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specified on the surface of the crack. Suppose a pressure p(y) is applied to the surface, so
that z,, = —p(y) on x =0, |y| < a. Tt follows from (4.7) that

10 1 ov F:832

prir i Bt

edx d*oy I
It is consistent with the boundary layer approximation to neglect €2 dv/dy compared to

d? 8ujox (the validity of this can be verified a posteriori), and so the boundary conditions for
# become

x =0, iri<a (7.173

du €
== ——p0)  x=0, |yl<a (7.18)
X He

u=0, x=0, |y| > a.
We consider the case in which the crack is opened by a uniform internal pressure, and
p(¥) = p,, Where p, is constant. Then the solution of {7.14) subject to (7.18), with du/éx and
dufon—0as x* + 42 > 0 is

2
u= =P fx— (ryr)* cos 46, + ) (7.19)
L

where
X+ i(n — e ta) = re’,
x+i(n+eta)=rye® (7.20)

Onx =0, |y| < a, (7.19) gives
2
u=220 (e 20> — )2 = Po (@ — yH)i? (7.21)
Ky, 554
so that the crack has the characteristic elliptical shape. From (7.21)

ou Do)
dy  wla® —yHV

and so, from (7.3), the boundary conditions for v are

x =0, |y| < a, (7.22)

o )

Za ol x=0, |yl<a
o _ =0, lpl>a

ox *=5% 4 )

The solution of (3.16) which satisfies (7.23) together with the symmetry condition v =0
on y =0 and with dv/oy -0 as x2 + y? > o is

== ‘%—{y — (s052)"% sin 3y + Yo}, (1.24)

where
E+ iy — a) = sV,

E+i(y +a) =s,eM (7.25)
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It can now be verified that dv/dy is of order ¢ times €2 du/dx, so it is justified to neglect the
term in dv/0y in (7.17).
From (7.19) and (7.24) there follows

du ep L+

ox M (
ou €o Iy — 1y
= sin (6, - 6,),
dy 2ptz (ryr )” G
) ' (7.26)
v &Py S
5= 2 ooy S 0 — ¥,
oy epy { s+ Sy sy }
By “r - 2(5‘ )1;2 S%@i’l ‘;{2} ?
which gives the stress components, to leading order in ¢
1 +r
= ot = 3 E5 T cos 36, ~ 0,)
€ s +s
t,vy = :: Po {1 2( L )1,%2 cos %(Wx lfi2)}s (7'27)

€p S — &
by = = 39{{ 5 {2 sin (6, — 8,) — (—;m sin 4(¢r; — ‘f’z)}‘

The quantities of most interest in this problem are probably the stress components in the
immediate vicinity of the tips of the crack. Let r, 8 be polar co-ordinates with origin at the
crack tip x =0, y = ¢, so that

X+ i(y - a) =re. (7.28)
Then from (7.20) and (7.25)

r? =r*cos? @ + e %sin?§), tan6, =¢ 'tané, (7.29)
s =r*(c 2cos’ @ +sin® @), tany, =ctan, :

and, forria <1,
rym2ta, Byxidn, s, 2a, Ypmim (7.30)
Hence for rija < 1, (7.27) are, approximately

N (a )1’ 2 cos(38; ~ in)
TTPoT PG ) (P cos? 6 + sin? )4

€ € , (2)1/2 . cos(ir, — 4m) (7.31)

fyy = = = Po + _ :
» Por Poly, 2 cos? 6 + sin® )1’

= ep:(g)m{ sin@36, — im) sin(3y, — {n) }

(2 cos? 6 + sin? 0)17* (¢~ % cos? B + sin® )74
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The variation of the stress components ¢, and ?,, (#,, is of less interest) with 8 is shown in
Figs 1 and 2 for the material constants given by Markham[11] for a typical carbon fibre-
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Fig. 1. Shows the variation of ., with the polar angle & from the crack tip. The crack lies on
x=0, |y| <a; x+i(y — a)=rexp(iff) and p, is the pressure applied to the crack surface.
The broken line shows the exact solution and the solid line the boundary layer solution.
Elastic constants for a carbon-fibre reinforced epoxy resin.
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Fig. 2. Shows the variation of #,, with . Notation as for Fig. 1.
epoxy composite, which give

€ =0-155, ¢ =0-874.

(1.32)
The exact solution to this problem is also known (Bishop[9] gives extensive numerical
results and references to original papers). In the neighbourhood of the crack tip, rfa <1,
the results analogous to (7.31) given by the exact solution are
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o= —p 4 Po ( a )1/2 { cos(}y — im) . cos(}6 — im)

= Por 1 €€ \2r (€2 cos? 0 + sin? 9)1/* Cete (¢,72 cos? 6 + sin? O)1/4)’
P& &P (0)1/2{ €,cos(3y — 4n) cos(30 — i) } (1.33)
W, Po 1 €€, \2r (e, cos? 0 + sin” O)'/* e (e.7? cos? O + sin? @)1/4)"
(= _EPo ( a )1/2 { sin3y —4m) sin(36 — §m) }

Tl —€,6 \2r (¢ cos? 0 + sin? )% (¢,~2 cos? 0 + sin? 6)'7*)

where

tany =¢, 'tanf, tang =e¢, tan . (7.34)

By using (5.11) it can be verified that (7.33) reduce to (7.31) to leading order in ¢ as ¢ = 0.
The values of 1., and ¢, given by (7.33) are also shown in Figs. 1 and 2 for the values

€, =0-157, €. = 0-883,

which follow from the elastic constants given by Bishop[9] and Markham[11].

On comparing (7.31) and (7.33) it can be seen that the boundary layer approximation
involves replacing ¢, and ¢, by ¢ and ¢ respectively, and omitting certain terms. For the
constants used here, the substitution of ¢ and ¢ for ¢, and ¢, has very little effect (at most
2 per cent) on the numerical values of the stress components, and the discrepancy between
the exact and approximate solutions results from the omission of terms of order € compared
to one. For 1,,, the approximation is essentially to replace the multiplier ¢,/(1 —¢.¢,) in
(7.33) by € in (7.31); for the constants used this means the boundary layer theory under-
estimates the magnitude of ¢,, by about 14 per cent. For 7, there are two effects; in
the approximation the last term (with the factor €,¢,) in (7.33) i1s omitted, and the factor
(1 —¢.e,)~ ! in (7.33) is replaced by one in (7.31). These two errors tend to cancel,
leaving an overall error of less than 14 per cent. These errors would of course be less if a
smaller value of ¢ had been chosen.

This problem may be regarded as a stringent test of the boundary layer theory, for it
involves a complicated singularity at the crack tip in which 7., has an infinite discontinuity.
In these circumstances the agreement between exact and boundary layer solutions, for a
value of ¢ which is not very small, is considered to be very satisfactory.

8. DISCUSSION

As pointed out by Everstine and Pipkin[6] the boundary layer analysis offers a theory
intermediate in difficuity between the simple inextensible theory and the exact anisotropic
theory. The examples discussed in this paper are ones for which solutions to the full aniso-
tropic problem are available; they were deliberately so chosen in order to enable comparisons
with the exact theory to be made.

For problems in which an exact solution of the anisotropic theory is not available or
readily obtained, the boundary layer approach seems to offer a number of advantages
(always provided, of course, that the parameter ¢ is sufficiently small). It requires only
solutions of Laplace’s equation, and it appears that in many cases familiar standard solutions
of this equation will suffice. It is often possible to analyse the stress and deformation in the
boundary layer without requiring a complete solution elsewhere. For example, to find the
boundary layer displacement %, given by (7.13), in the problem of a crack opened by internal
pressure, it is only necessary to know the slope f*(a) of the crack surface near the tip. Since
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the boundary layers are usually the regions of greatest stress, it is often sufficient to be able
to analyse these regions. For problems which require numerical solutions, the solution of
Laplace’s equation is a simpler proposition than that of the generalized biharmonic
equation, and the coordinate scaling introduced in the boundary layer analysis avoids the
appearance of large stress and displacement gradients which might cause difficulty and loss
of accuracy in numerical solution of the exact equations.

Of course the inextensible theory is even easier to apply and this, together with the order

of magnitude estimates given by Everstine and Pipkin[5], gives adequate information for

m

1

2.
3

4.

any applications.
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Abctpakt — Onpenensiercd )i 3a0ay¥ IUIOCKOM AedopMalMH METOA NOrpaHHYHOIrO Cof,
peaIoXeHHbIN 3BepcTaifiHOM ¥ [THHMKMHOM IUIs aHAJIM3a BHICOKO aHH3OTPOIHBIX MAaTEpHa-
JIOB, TAKHX Kak Marepuasibl yCHJEHHble BOJNOKHAMH. daneen o6oblaeTcs 3TOT METOH, C
3aK/IIOYEHHs, TAKXKe, IUIOCKOrO HaNPSDKEHHOIO COCTOAHHA. MeTOA NMpHUMEHSETCA K 3ajavyam
COCPENOTOYEHHBIX YCHITHM, NEHCTBYIOIHX Ha MOJTYIUIOCKOCTSIX, H K 3aa4aM ABYX TpemuH, Cpa-
BHHBAIOTCSI PEIIEHAA NOTPAHHYHOTO CJIOA C XOPOIIO U3BECTHBIMHU PELICHHSIMH B PAMKaX TEOPHH
YIIPYrOCTH aHM30TpOmHOro Tena. Haxomurcs, 4TO TEOpHs TIOTPAHUYHOTO CJIOS NAeT HajJle-
KalKe pe3yNbTATHI 41 YIPYTHX MOCTOAHHBIX, THIIA YTOIBHON CMOJIBI, YCHJIEHHOM BOIOKHAMH.



