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Preface

The subject of Elasticity can be approached from several points of view, de-
pending on whether the practitioner is principally interested in the mathe-
matical structure of the subject or in its use in engineering applications and,
in the latter case, whether essentially numerical or analytical methods are
envisaged as the solution method. My first introduction to the subject was in
response to a need for information about a specific problem in Tribology. As a
practising Engineer with a background only in elementary Mechanics of Ma-
terials, I approached that problem initially using the concepts of concentrated
forces and superposition. Today, with a rather more extensive knowledge of
analytical techniques in Elasticity, I still find it helpful to go back to these
roots in the elementary theory and think through a problem physically as
well as mathematically, whenever some new and unexpected feature presents
difficulties in research. This way of thinking will be found to permeate this
book. My engineering background will also reveal itself in a tendency to work
examples through to final expressions for stresses and displacements, rather
than leave the derivation at a point where the remaining manipulations would
be mathematically routine.

The first edition of this book, published in 1992, was based on a one
semester graduate course on Linear Elasticity that I have taught at the Uni-
versity of Michigan since 1983. In two subsequent revisions, the amount of
material has almost doubled and the character of the book has necessarily
changed, but I remain committed to my original objective of writing for those
who wish to find the solution of specific practical engineering problems. With
this in mind, I have endeavoured to keep to a minimum any dependence
on previous knowledge of Solid Mechanics, Continuum Mechanics or Math-
ematics. Most of the text should be readily intelligible to a reader with an
undergraduate background of one or two courses in elementary Mechanics of
Materials and a rudimentary knowledge of partial differentiation. Cartesian
tensor notation and the index convention are used in a few places to shorten
the derivation of some general results, but these sections are presented so as
to be as far as possible self-explanatory.

Modern practitioners of Elasticity are necessarily influenced by develop-
ments in numerical methods, which promise to solve all problems with no more
information about the subject than is needed to formulate the description of
a representative element of material in a relatively simple state of stress. As
a researcher in Solid Mechanics, with a primary interest in the physical be-
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haviour of the systems I am investigating, rather than in the mathematical
structure of the solutions, I have frequently had recourse to numerical meth-
ods of all types and have tended to adopt the pragmatic criterion that the
best method is that which gives the most convincing and accurate result in
the shortest time. In this context, ‘convincing’ means that the solution should
be capable of being checked against reliable closed-form solutions in suitable
limiting cases and that it is demonstrably stable and in some sense conver-
gent. Measured against these criteria, the ‘best’ solution to many practical
problems is often not a direct numerical method, such as the finite element
method, but rather one involving some significant analytical steps before the
final numerical evaluation. This is particularly true in three-dimensional prob-
lems, where direct numerical methods are extremely computer-intensive if any
reasonably accuracy is required, and in problems involving infinite or semi-
infinite domains, discontinuities, bonded or contacting material interfaces or
theoretically singular stress fields. By contrast, I would immediately opt for a
finite element solution of any two-dimensional problem involving finite bodies
with relatively smooth contours, unless it happened to fall into the (surpris-
ingly wide) class of problems to which the solution can be written down in
closed form. The reader will therefore find my choice of topics significantly bi-
assed towards those fields identified above where analytical methods are most
useful.

As in the second edition, I encourage the reader to become familiar
with the use of symbolic mathematical languages such as MapleTM and
MathematicaTM, since these tools open up the possibility of solving consid-
erably more complex and hence interesting and realistic elasticity problems.
They also enable the student to focus on the formulation of the problem (e.g.
the appropriate governing equations and boundary conditions) rather than
on the algebraic manipulations, with a consequent improvement in insight
into the subject and in motivation. Finally, they each posess post-processing
graphics facilities that enable the user to explore important features of the
resulting stress state. The reader can access numerous files for this purpose
at the website www.elasticity.org or at my University of Michigan homepage
http://www-personal.umich.edu/ jbarber/elasticity /book.html, including the
solution of sample problems, electronic versions of the tables in Chapters
21,22, and algorithms for the generation of spherical harmonic potentials.
Some hints about the use of this material are contained in Appendix A, and
more detailed tips about programming are included at the above websites.
Those who have never used Maple or Mathematica will find that it takes
only a few hours of trial and error to learn how to write programs to solve
boundary-value problems in elasticity.

This new edition contains four additional chapters, including two con-
cerned with the use of complex-variable methods in two-dimensional elastic-
ity. In keeping with the style of the rest of the book, I have endeavoured to
present this material in a such a way as to be usable by a reader with minimal
previous experience of complex analysis who wishes to solve specific elasticity
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problems. This necessarily involves glossing over some of the finer points of the
underlying mathematics. The reader wishing for a more complete and rigorous
treatment will need to refer to more specialized works on this topic. I have
emphasised the relation between the complex and real (Airy and Prandtl)
stress functions, including algorithms for obtaining the complex function for
a stress field for which the real stress function is already known. The com-
plex variable methods and notation developed in Chapter 19 are also used
in the development of a hierarchical treatment of three-dimensional problems
for prismatic bars of fairly general cross-section in Chapter 28. The other
major addition is a new chapter on variational methods, including the use
of the Rayleigh-Ritz method and Castigliano’s second theorem in developing
approximate solutions to elasticity problems.

The new edition contains numerous additional end-of-chapter problems.
As with previous editions, a full set of solutions to these problems is available
to bona fide instructors on request to the author. Some of these problems
are quite challenging, indeed several were the subject of substantial technical
papers within the not too distant past, but they can all be solved in a few
hours using Maple or Mathematica. Many texts on Elasticity contain problems
which offer a candidate stress function and invite the student to ‘verify’ that it
defines the solution to a given problem. Students invariably raise the question
‘How would we know to choose that form if we were not given it in advance?’
I have tried wherever possible to avoid this by expressing the problems in the
form they would arise in Engineering — i.e. as a body of a given geometry
subjected to prescribed loading. This in turn has required me to write the
text in such a way that the student can approach problems deductively. I
have also generally opted for explaining difficulties that might arise in an
‘obvious’ approach to the problem, rather than steering the reader around
them in the interests of brevity.

I have taken this opportunity to correct the numerous typographical errors
in the second edition, but no doubt despite my best efforts, the new material
will contain more. Please communicate any errors to me.

As in previous editions, I would like to thank my graduate students and
more generally scientific correspondents worldwide whose questions continue
to force me to re-examine my knowledge of the subject. I am also grateful
to Professor John Dundurs for permission to use Table 9.1 and to the Royal
Society of London for permission to reproduce Figures 13.2, 13.3. Vikram
Gavini, David Hills and Alexander Korsunsky were kind enough to read drafts
of the complex-variable chapters and made useful suggestions on presentation,
but they are in no way responsible for my rather idiosyncratic approach to
this subject.

J.R.Barber
Ann Arbor
2009
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INTRODUCTION

The subject of Elasticity is concerned with the determination of the stresses
and displacements in a body as a result of applied mechanical or thermal
loads, for those cases in which the body reverts to its original state on the
removal of the loads. In this book, we shall further restrict attention to the
case of linear infinitesimal elasticity, in which the stresses and displacements
are linearly proportional to the applied loads and the displacements are small
in comparison with the characteristic length dimensions of the body. These
restrictions ensure that linear superposition can be used and enable us to
employ a wide range of series and transform techniques which are not available
for non-linear problems.

Most engineers first encounter problems of this kind in the context of the
subject known as Mechanics of Materials, which is an important constituent of
most undergraduate engineering curricula. Mechanics of Materials differs from
Elasticity in that various plausible but unsubstantiated assumptions are made
about the deformation process in the course of the analysis. A typical example
is the assumption that plane sections remain plane in the bending of a slender
beam. Elasticity makes no such assumptions, but attempts to develop the
solution directly and rigorously from its first principles, which are Newton’s
laws of motion, Euclidian geometry and Hooke’s law. Approximations are
often introduced towards the end of the solution, but these are mathematical
approximations used to obtain solutions of the governing equations rather
than physical approximations that impose artificial and strictly unjustifiable
constraints on the permissible deformation field.

However, it would be a mistake to draw too firm a distinction between
the two approaches, since practitioners of each have much to learn from the
other. Mechanics of Materials, with its emphasis on physical reasoning and a
full exploration of the practical consequences of the results, is often able to
provide insights into the problem that are less easily obtained from a purely
mathematical perspective. Indeed, we shall make extensive use of physical
parallels in this book and pursue many problems to conclusions relevant to
practical applications, with the hope of deepening the reader’s understanding

J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 3
DOI 10.1007/978-90-481-3809-8 1, © Springer Science+Business Media B.V. 2010
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of the underlying structure of the subject. Conversely, the mathematical rigour
of Elasticity gives us greater confidence in the results, since, even when we have
to resort to an approximate solution, we can usually estimate its accuracy with
some confidence — something that is very difficult to do with the physical
approximations used in Mechanics of Materials!. Also, there is little to be
said for using an ad hoc approach when, as is often the case, a more rigorous
treatment presents no serious difficulty.

1.1 Notation for stress and displacement

It is assumed that the reader is more or less familiar with the concept of stress
and strain from elementary courses on Mechanics of Materials. This section is
intended to introduce the notation used, to refresh the reader’s memory about
some important ideas, and to record some elementary but useful results.

1.1.1 Stress

Components of stress will all be denoted by the symbol o with appropriate
suffices. The second suffix denotes the direction of the stress component and
the first the direction of the outward normal to the surface upon which it acts.
This notation is illustrated in Figure 1.1 for the Cartesian coérdinate system
z,Y, Z.

%3

Figure 1.1: Notation for stress components.

Notice that one consequence of this notation is that normal (i.e. tensile and
compressive) stresses have both suffices the same (e.g. 044,04y, 0., in Figure
1.1) and are positive when tensile. The remaining six stress components in
Figure 1.1 (i.e. 0y, Oyz; Oyz, Osy, Oz, 0z) have two different suffices and are
shear stresses.

! In fact, the only practical way to examine the effect of these approximations is to
relax them, by considering the same problem, or maybe a simpler problem with
similar features, in the context of the theory of Elasticity.
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Books on Mechanics of Materials often use the symbol 7 for shear stress,
whilst retaining o for normal stress. However, there is no need for a different
symbol, since the suffices enable us to distinguish normal from shear stress
components. Also, we shall find that the use of a single symbol with appro-
priate suffices permits matrix methods to be used in many derivations and
introduces considerable economies in the notation for general results.

The equilibrium of moments acting on the block in Figure 1.1 requires
that

Oy = Oyz ; Oys = 0y and 0.y = 0y . (1.1)

This has the incidental advantage of rendering mistakes about the order of
suffices harmless! (In fact, a few books use the opposite convention.) Readers
who have not encountered three-dimensional problems before should note that
there are two shear stress components on each surface and one normal stress
component. There are some circumstances in which it is convenient to combine
the two shear stresses on a given plane into a two-dimensional vector in the
plane — i.e. to refer to the resultant shear stress on the plane. An elementary
situation where this is helpful is in the Mechanics of Materials problem of
determining the distribution of shear stress on the cross-section of a beam
due to a transverse shear force?. For example, we note that in this case, the
resultant shear stress on the plane must be tangential to the edge at the
boundary of the cross-section, since the shear stress complementary to the
component normal to the edge acts on the traction-free surface of the beam
and must therefore be zero. This of course is why the shear stress in a thin-
walled section tends to follow the direction of the wall.

We shall refer to a plane normal to the z-direction as an ‘z-plane’ etc. The
only stress components which act on an z-plane are those which have an x as
the first suffix (This is an immediate consequence of the definition).

Notice also that any z-plane can be defined by an equation of the form
x=c, where c is a constant. More precisely, we can define a ‘positive z-plane’
as a plane for which the positive z-direction is the outward normal and a
‘negative x-plane’ as one for which it is the inward normal. This distinction
can be expressed mathematically in terms of inequalities. Thus, if part of the
boundary of a solid is expressible as x =¢, the solid must locally occupy one
side or the other of this plane. If the domain of the solid is locally described
by x < ¢, the bounding surface is a positive x-plane, whereas if it is described
by x> ¢, the bounding surface is a negative x-plane.

The discussion in this section suggests a useful formalism for correctly
defining the boundary conditions in problems where the boundaries are par-
allel to the coordinate axes. We first identify the equations which define the
boundaries of the solid and then write down the three traction components
which act on each boundary. For example, suppose we have a rectangular solid
defined by the inequalities 0 <z <a, 0 <y <b, 0<z<ec. It is clear that the

2 For the elasticity solution of this problem, see Chapter 17.
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surface y = b is a positive y-plane and we deduce immediately that the cor-
responding traction boundary conditions will involve the stress components
Oya, Oyy; Oy — i.€. the three components that have y as the first suffix. This
procedure insures against the common student mistake of assuming (for exam-
ple) that the component o, must be zero if the surface y=»b is to be traction
free. (Note : Don’t assume that this mistake is too obvious for you to fall into
it. When the problem is geometrically or algebraically very complicated, it is
only too easy to get distracted.)

Stress components can be defined in the same way for other systems of
orthogonal cotrdinates. For example, components for the system of cylindrical
polar coordinates (r, 0, z) are shown in Figure 1.2.

Oz
Gy&zﬁ r
(&)
. Gro| "G Ogg

Figure 1.2: Stress components in polar coordinates.

(This is a case where the definition of the ‘-plane’ through an equation, 6 =,
is easier to comprehend than ‘the plane normal to the -direction’. However,
note that the #-direction is the direction in which a particle would move if
were increased with r, z constant.)

1.1.2 Index and vector notation and the summation convention

In expressing or deriving general results, it is often convenient to make use of
vector notation. We shall use bold face symbols to represent vectors and single
suffices to define their components in a given cotrdinate direction. Thus, the
vector V' can be written

V =iVu 434V, +kV, = {V,,V,,V.}" | (1.2)

where where 2, 7, k are unit vectors in directions x,y, z respectively.

In the last expression in (1.2), we have used the convenient linear algebra
notation for a vector, but to take full advantage of this, we also need to
replace V,, V,,, V, by V1, V2, V3 or more generally by V;, where the index ¢ takes
the values 1,2, 3. Further compression is then achieved by using the Einstein
summation convention according to which terms containing a repeated latin
index are summed over the three values 1,2,3. For example, the expression
o;; 1s interpreted as
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3

Uiizzaii:(fll + 099 + 033 . (13)
i=1

Any expression with one free index has a value associated with each
coordinate direction and hence represents a vector. A more formal connec-
tion between the two notations can be established by writing

V=eVi+eVa+e3Vz=¢eV;, (1.4)

where e; = %,e2 = j,e3 = k and then dropping the implied unit vector e; in
the right-hand side of (1.4).
The position of a point in space is identified by the position vector,

r=1ir+jy+kz, (1.5)

which in the index notation is simply written as x;, whilst the Cartesian stress
components
011 012 013
O = | 021 022 023 (1.6)
031 032 033

are written as o;;.

1.1.3 Vector operators in index notation

All the well-known vector operations can be performed using index notation
and the summation convention. For example, if two vectors are represented
by P;, Q; respectively, their scalar (dot) product can be written concisely as

P-Q=PQ1+ PQ:+ Qs =PF0Q; , (1.7)

because the repeated index ¢ in the last expression implies the summation
over all three product terms. The vector (cross) product

1 3 k
PXQ: P1P2P3 (18)
Q1 Q2 Q3
can be written in index notation as
P x Q = GijkPin R (19)

where €;;1, is the alternating tensor which is defined to be 1 if the indices are
in cyclic order (e.g. 2,3,1), —1 if they are in reverse cyclic order (e.g. 2,1,3)
and zero if any two indices are the same. Notice that the only free index in
the right-hand side of (1.9) is k, so (for example) the z1-component of P X Q
is recovered by setting k=1.
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The gradient of a scalar function ¢ can be written

_ .09 .09 d¢ _ 09
V(b_z@x +‘78y +k82 9z,

(1.10)

the divergence of a vector V is

. oV, 0V, OV 9V
=V.V=_"+14+" 243 1.11
divv vV 8951 + 8302 + 8333 811 ( )

using (1.7, 1.10) and the curl of a vector V is

)%
cuerszV:qjka—xi, (1.12)

using (1.9, 1.10). We also note that the Laplacian of a scalar function can be
written in any of the forms
Pp  Pp ¢ 9

2, 99 09 0¢_ . —
V¢_8x2+8y2+8z2 div V¢ Ox;0x;

(1.13)

1.1.4 Vectors, tensors and transformation rules

Vectors can be conceived in a mathematical sense as ordered sets of numbers or
in a physical sense as mathematical representations of quantities characterized
by magnitude and direction. A link between these concepts is provided by the
transformation rules. Suppose we know the components (V,, V;) of the vector
V in a given two-dimensional Cartesian cotrdinate system (z,y) and we wish
to determine the components (V;, V) in a new system (z’,y') which is inclined
to (z,y) at an angle 0 in the anticlockwise direction as shown in Figure 1.3.
The required components are

Vy=Vycos+V,sind; V,=V,cos0 —V,sinf. (1.14)

Figure 1.3: The coordinate systems z,y and z’,y'.

We could define a vector as an entity, described by its components in a
specified Cartesian codrdinate system, which transforms into other coordinate
systems according to rules like equations (1.14) — i.e. as an ordered set of
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numbers which obey the transformation rules (1.14). The idea of magnitude
and direction could then be introduced by noting that we can always choose
0 such that (i) V=0 and (ii) V;>0. The corresponding direction 2’ is then
the direction of the resultant vector and the component V is its magnitude.

Now stresses have two suffices and components associated with all possible
combinations of two codrdinate directions, though we note that equation (1.1)
shows that the order of the suffices is immaterial. (Another way of stating this
is that the matrix of stress components (1.6) is always symmetric). The stress
components satisfy a more complicated set of transformation rules which can
be determined by considering the equilibrium of an infinitesimal wedge-shaped
piece of material. The resulting equations in the two-dimensional case are
those associated with Mohr’s circle — i.e.

0l = Oy c08” 0 + 0y sin® 0 + 20, sin 6 cos 0 (1.15)
Oy = Oy (05”0 —sin®0) + (0 — 0ug) sin b cos f (1.16)
Oyy = Oyy cos® 0 + 04y sin 0 — 20, sinf cos @ , (1.17)

where we use the notation o7, rather than o,,s in the interests of clarity.

As in the case of vectors we can define a mathematical entity which has
a matrix of components in any given Cartesian coérdinate system and which
transforms into other such coordinate systems according to rules like (1.15-
1.17). Such quantities are called second order Cartesian tensors. Notice in-
cidentally that the alternating tensor introduced in equation (1.9) is not a
second order Cartesian tensor.

We know from Mohr’s circle that we can always choose 6 such that 0;@ =0,
in which case the directions ', ¢’ are referred to as principal directions and the
components oy, g, as principal stresses. Thus another way to characterize a
second order Cartesian tensor is as a quantity defined by a set of orthogonal
principal directions and a corresponding set of principal values.

As with vectors, a pragmatic motivation for abstracting the mathematical
properties from the physical quantities which exhibit them is that many dif-
ferent physical quantities are naturally represented as second order Cartesian
tensors. Apart from stress and strain, some commonly occurring examples are
the second moments of area of a beam cross-section (I, Iy, I,), the second
partial derivatives of a scalar function (9% f/0x2; 02 f /0xdy; 0% f /0y?) and the
influence coefficient matrix Cj; defining the displacement u due to a force F
for a linear elastic system, i.e.

where the summation convention is implied.

It is a fairly straightforward matter to prove that each of these quanti-
ties obeys transformation rules like (1.15-1.17). It follows immediately (for
example) that every beam cross-section has two orthogonal principal axes of
bending about which the two principal second moments are respectively the
maximum and minimum for the cross-section.
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A special tensor of some interest is that for which the Mohr’s circle de-
generates to a point. In the case of stresses, this corresponds to a state of
hydrostatic stress, so-called because a fluid at rest cannot support shear stress
(the constitutive law for a fluid relates velocity gradient to shear stress) and
hence o7, =0 for all 6. The only Mohr’s circle which satisfies this condition is
one of zero radius, from which we deduce immediately that all directions are
principal directions and that the principal values are all equal. In the case of
the fluid, we obtain the well-known result that the pressure in a fluid at rest
is equal in all directions.

It is instructive to consider this result in the context of other systems
involving tensors. For example, consider the second moments of area for the
square cross-section shown in Figure 1.4. By symmetry, we know that Oz, Oy
are principal directions and that the two principal second moments are both
equal to a*/12. It follows that the Mohr’s circle of second moments has zero
radius and hence (i) that the second moment about any other axis must also
be a*/12 and (ii) that the product inertia I}, must be zero about all axes,
showing that the axis of curvature is always aligned with the applied moment.
These results are not at all obvious merely from an examination of the section.

P

|
"

S L
|
|
|

Figure 1.4: A beam of square cross-section.

As a second example, Figure 1.5 shows an elastic system consisting of three
identical but arbitrary structures connecting a point, P, to a rigid support,
the structures being inclined to each other at angles of 120°.

The structures each have elastic properties expressible in the form of an
influence function matrix as in equation (1.18) and are generally such that
the displacement w is not colinear with the force F. However, the overall
influence function matrix for the system has the same properties in three
different codrdinate systems inclined to each other at 120°, since a rotation of
the Figure through 120° leaves the system unchanged. The only Mohr’s circle
which gives equal components after a rotation of 120° is that of zero radius.
We therefore conclude that the support system of Figure 1.5 is such that (i)
the displacement of P always has the same direction as the force F and (ii) the
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stiffness or compliance of the system is the same in all directions®. These two
examples illustrate that there is sometimes an advantage to be gained from
considering a disparate physical problem that shares a common mathematical
structure with that under investigation.

Figure 1.5: Support structure with three similar but unsymmetrical
components.

Three-dimensional transformation rules

In three dimensions, the vector transformation rules (1.14) are most conve-
niently written in terms of direction cosines l;;, defined as the cosine of the
angle between unit vectors in the directions z; and z; respectively. We then
obtain

V! =1;V;. (1.19)

For the two-dimensional case of Figure 1.3 and equations (1.14), the matrix*
formed by the components [;; takes the form

cosf  sinf
s = [—sin@ COSQ:l ' (1.20)

We already remarked in §1.1.1 that only those stress components with an
z-suffix act on the surface x = ¢ and hence that if this surface is traction-
free (for example if it is an unloaded boundary of a body), then o, =0,y =

3 A similar argument can be used to show that if a laminated fibre-reinforced com-
posite is laid up with equal numbers of identical, but not necessarily symmetri-
cal, laminge in each of 3 or more equispaced orientations, it must be elastically
isotropic within the plane. This proof depends on the properties of the fourth or-
der Cartesian tensor ¢;;5; describing the stress-strain relation of the laminge (see
equation (1.55) below).

4 Notice that the matrix of direction cosines is not symmetric.
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04> =0, but no restrictions are placed on the components oy,,0y.,0... More
generally, the traction t on a specified plane is a vector with three independent
components t;, in contrast to the stress o;; which is a second order tensor with
six independent components. Mathematically, we can define the orientation
of a specified inclined plane by a unit vector n in the direction of the outward
normal. By considering the equilibrium of an infinitesimal tetrahedron whose
surfaces are perpendicular to the directions x1, s, z3 and n respectively, we
then obtain

ti = 045Ny , (121)

for the traction vector on the inclined surface. The components ¢; defined
by (1.21) are aligned with the Cartesian axes x;, but we can use the vector
transformation rule (1.19) to resolve ¢ into a new codérdinate system in which
one axis (2] say) is aligned with n. We then have

n; = llj ; ti = O'ijllj and t;c = l/ﬂ‘ti = lkilljdij

If we perform this operation for each of the three surfaces orthogonal to
xh, xh, x respectively, we shall recover the complete stress tensor in the ro-
tated coordinate system, which is therefore given by

a;j = lipljqOpq - (1.22)

Comparison of (1.22) with (1.15-1.17) provides a good illustration of the ef-
ficiency of the index notation in condensing general expressions in Cartesian
coordinates.

1.1.5 Principal stresses and Von Mises stress

One of the principal reasons for performing elasticity calculations is to deter-
mine when and where an engineering component will fail. Theories of material
failure are beyond the scope of this book, but the most widely used criteria
are the Von Mises distortion energy criterion for ductile materials and the
maximum tensile stress criterion for brittle materials®.

Brittle materials typically fracture when the maximum tensile stress
reaches a critical value and hence we need to be able to calculate the maxi-
mum principal stress o1. For two dimensional problems, the principal stresses
can be found by using the condition o7, =0 in equation (1.16) to determine
the inclination 6 of the principal directions. Substituting into (1.15, 1.17) then
yields the well known results

2
o1, 0y = 22 ;UW + \/(0” 5 ayy) +03y - (1.23)

5 J.R.Barber, Intermediate Mechanics of Materials, McGraw-Hill, New York, 2000,
§2.2.
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In most problems, the maximum stresses occur at the boundaries where
shear tractions are usually zero. Thus, even in three-dimensional problems,
the determination of the maximum tensile stress often involves only a two-
dimensional stress transformation. However, the principal stresses are easily
obtained in the fully three-dimensional case from the results

I 2

“’13+3( If”“‘)‘”w 12y
I 2 27

Oy = 3 4 ( I? - 31, ) cos (gb + 5 ) (1.25)

3
I 2 4
03:314-3( 112—312>cos(¢+;), (1.26)
where 5
1 203 — 9L I, + 2715
¢ = 3 arccos ( 1% = 31,)72 (1.27)
and
Il = Ogz + Oyy + 022 (128)
Iy = 0400y + Oyy0zz + 022000 — Ugy - O—zz - ng (1.29)
I3 - wao'yyo-zz - wao-jz - O'yyo-gz - Uzzo'iy + QUwyUyzazw . (130)

The quantities I, I, I3 are known as stress invariants because for a given
stress state they are the same in all coordinate systems. If the principal value
of @ =arccos(z) is defined such that 0 <6 <, the principal stresses defined
by equations (1.24-1.26) will always satisfy the inequality o1 > 03> 09.

Von Mises theory states that a ductile material will yield when the strain
energy of distortion per unit volume reaches a certain critical value. This
enables us to define an equivalent tensile stress or Von Mises stress og as

OfF = \/112—312

— 2 2 2 _ _ _ 2 2 2
= \/om + 05y 0%, — OuaOyy — OyyOszz — 022045 + 303, + 30, + 30, .

(1.31)

The Von Mises yield criterion then states that yield will occur when o reaches
the yield stress in uniaxial tension, Sy. The Maple and Mathematica files
‘principalstresses’ use equations (1.24-1.31) to calculate the principal stresses
and the Von Mises stress from a given set of stress components.

1.1.6 Displacement

The displacement of a particle P is a vector

U = tuy + juy + ku, (1.32)



14 1 Introduction

representing the difference between the final and the initial position of P —
i.e. it is the distance that P moves during the deformation. In index notation,
the displacement is represented as u;.

The deformation of a body is completely defined if we know the displace-
ment of its every particle. Notice however that there is a class of displacements
which do not involve deformation — the so-called ‘rigid-body displacements’.
A typical case is where all the particles of the body have the same displace-
ment. The name arises, of course, because rigid-body displacement is the only
class of displacement that can be experienced by a rigid body.

1.2 Strains and their relation to displacements

Components of strain will be denoted by the symbol, e, with appropriate
suffices (e.g. ez, €2y). As in the case of stress, no special symbol is required
for shear strain, though we shall see below that the quantity defined in most
elementary texts (and usually denoted by <) differs from that used in the
mathematical theory of Elasticity by a factor of 2. A major advantage of this
definition is that it makes the strain, e, a second order Cartesian Tensor (see
§1.1.4 above). We shall demonstrate this by establishing transformation rules
for strain similar to equations (1.15-1.17) in §1.2.4 below.

1.2.1 Tensile strain

Students usually first encounter the concept of strain in elementary Mechan-
ics of Materials as the ratio of extension to original length and are sometimes
confused by the apparently totally different definition used in more mathe-
matical treatments of solid mechanics. We shall discuss here the connection
between the two definitions — partly for completeness, and partly because the
physical insight that can be developed in the simple problems of Mechanics of
Materials is very useful if it can be carried over into more difficult problems.

Figure 1.6 shows a bar of original length L and density p hanging from the
ceiling. Suppose we are asked to find how much it increases in length under
the loading of its own weight.

It is easily shown that the tensile stress o,, at the point P, distance x
from the ceiling, is

Opze = pg(L — ) , (1.33)
where g is the acceleration due to gravity, and hence from Hooke’s law,
py(L — x)

‘ - (1.34)
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Figure 1.6: The bar suspended from the ceiling.

However, the strain varies continuously over the length of the bar and
hence we can only apply the Mechanics of Materials definition if we examine
an infinitesimal piece of the bar over which the strain can be regarded as
sensibly constant.

We describe the deformation in terms of the downward displacement wu,
which depends upon x and consider that part of the bar between = and x+dx,
denoted by PQ in Figure 1.7.

/)

xr——

u P

dx

r+0r——

ur(Q)

Figure 1.7: Infinitesimal section of the bar.

After the deformation, PQ) must have extended by u,(Q)—u,(P) and hence
the local value of ‘Mechanics of Materials’ tensile strain is

_ ug(Q) —ug(P) _ Ug (2 4 0x) — ug () .

zz = 1.35
ox ox ( )
Taking the limit as dx — 0, we obtain the definition
Ouy
ez = . 1.36
e B (1.36)

Corresponding definitions can be developed in three-dimensional problems
for the other normal strain components. i.e.
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Ouy ou,
eyy:aiy;ezzzaz.

(1.37)

Notice how easy the problem of Figure 1.6 becomes when we use these
definitions. We get
Ouy _ pg(L —x)
— = 1.38
ox E ( )

from (1.34, 1.36) and hence

py2Lo—a?)

1.39
=3 , (139)

Uy =
where A is an arbitrary constant of integration which expresses the fact that
our knowledge of the stresses and hence the strains in the body is not sufficient
to determine its position in space. In fact, A represents an arbitrary rigid-body
displacement. In this case we need to use the fact that the top of the bar is
joined to a supposedly rigid ceiling — i.e. u,(0) =0 and hence A =0 from
(1.39).

1.2.2 Rotation and shear strain

Noting that the two a’s in ey, correspond to those in its definition du,/0x,
it is natural to seek a connection between the shear strain e, and one or
both of the derivatives Ou, /0y, Ou,/0x. As a first step, we shall discuss the
geometrical interpretation of these derivatives.

3

y ’
Q
P o
ay( P) ll}/( Q)
Py Q (@+Ox,y)
0 z

Figure 1.8: Rotation of a line segment.

Figure 1.8 shows a line segment PQ of length dx, aligned with the z-axis,
the two ends of which are displaced in the y-direction. Clearly if u,(Q) #
uy (P), the line PQ will be rotated by these displacements and if the angle of
rotation is small it can be written

u, (@ + 82) — u, (2)

¢ = 5% ;

(1.40)



1.2 Strains and their relation to displacements 17

(anticlockwise positive).
Proceeding to the limit as dz— 0, we have
Ouy
o= o (1.41)
Thus, Ju, /0z is the angle through which a line originally in the z-direction
rotates towards the y-direction during the deformation®.

Now, if PQ is a line drawn on the surface of an elastic solid, the occurence
of a rotation ¢ does not necessarily indicate that the solid is deformed — we
could rotate the line simply by rotating the solid as a rigid body. To investigate
this matter further, we imagine drawing a series of lines at different angles
through the point P as shown in Figure 1.9(a).

(@) ®) ©

Figure 1.9: Rotation of lines at point P; (a) Original state, (b) Rigid-body
rotation; (c) Rotation and deformation.

If the vicinity of the point P suffers merely a local rigid-body rotation,
all the lines will rotate through the same angle and retain the same relative
inclinations as shown in 1.9(b). However, if different lines rotate through dif-
ferent angles, as in 1.9(¢), the body must have been deformed. We shall show
in the next section that the rotations of the lines in Figure 1.9(c) are not
independent and a consideration of their interdependency leads naturally to
a definition of shear strain.

1.2.3 Transformation of coordinates

Suppose we knew the displacement components u,, u, throughout the body
and wished to find the rotation, ¢, of the line PQ in Figure 1.10, which is
inclined at an angle 8 to the z-axis.

We construct a new axis system Oz’y’ with Oz’ parallel to PQ as shown,
in which case we can argue as above that P(Q rotates anticlockwise through

the angle
ou!
PQ)=—2%. 1.42
6(PQ) = (1.42)
5 Students of Mechanics of Materials will have already used a similar result when
they express the slope of a beam as du/dz, where z is the distance along the axis
of the beam and u is the transverse displacement.
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Figure 1.10: Rotation of a line inclined at angle 6.

Furthermore, we have

a s (.0 .ON ., . .0 . ., 0
Bm’_v ¢ _<16m+J6y> v z[“)964_‘7 ’ay

0 ., 0
= cos 9% + sm08—y , (1.43)

and by similar arguments,

!

o N .
Uy = Uy COSO +uysinb ;  u,

Uy oS 0 — Uy sinf . (1.44)

In fact equations (1.43,1.44) are simply restatements of the vector transfor-
mation rules (1.14), since both u and the gradient operator are vectors.
Substituting these results into equation (1.42), we find

0 ., 0 .
d(PQ) = <cos 0% + s1n98y> (uy cosf — u, sinB)

_ % 2 % 22 % Oug e
= o cos“ 0 By sin® 0 + ( By o sin 6 cos 6
1 (0uy, Ouy 1 (0uy = Ouy
= (=x_ - 2
2(830 8y>+2<8x+8y>008(9)
1 /0uy, Ouz\ .

In the final expression (1.45), the first term is independent of the inclina-
tion 6 of the line PQ and hence represents a rigid-body rotation as in Figure
1.9(b). We denote this rotation by the symbol w, which with the convention
illustrated in Figure 1.8 is anticlockwise positive.

Notice that as this term is independent of € in equation (1.45), it is the
same for any right-handed set of axes — i.e.

1 [(Ou, Ouy\ 1 [0u, Ou
“’—2<ax‘ay)—z(ax1‘ay/ , (1.46)
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for any ', y’.

In three dimensions, w represents a small positive rotation about the z-
axis and is therefore more properly denoted by w, to distinguish it from the
corresponding rotations about the x and y axes — i.e.

1 /0u, Ouy 1 /0u, Ou, 1 /0u, Ouy
We = = - Qa3 y Wy = o - y W= | 5 — .
2\ Oy 0z 2\ 0z Ox 2\ Oz Ay
(1.47)
The rotation w is therefore a vector in three-dimensional problems and is

more compactly defined in vector or index notation as

1 1 1 ;
w = icurl u= §V><u or  wi = 3 (E”kguZ) , (1.48)

where ¢;;;, is defined in §1.1.3. In two dimensions w behaves as a scalar since

two of its components degenerate to zero’ .

1.2.4 Definition of shear strain

We are now in a position to define the shear strain e;, as the difference
between the rotation of a line drawn in the z-direction and the corresponding
rigid-body rotation, w,, i.e.

_ Ouy _ 1/ 0uy  Ouy
Coy = Py TYET 3 ( or Ay > (1.49)

and similarly

1 (Ou, Ouy 1 (0Ou, Ou,
P D ey = — . 1.50
“ 2<8y+3z> c 2<8z+8x> (1.50)
Note that e,y so defined is one half of the quantity v,, used in Mechanics

of Materials and in many older books on Elasticity.
The strain-displacement relations (1.36, 1.37, 1.49, 1.50) can be written in

the concise form L /8 5
U; U
== . 1.51
s 2(axj+azi> (L51)

With the notation of equations (1.36, 1.37, 1.47, 1.49), we can now write
(1.45) in the form

P(PQ) = w, + ey (cos® O — sin® 0) + (e, — e4z) sin 6 cos 6 (1.52)

and hence

7 In some books, wg, wy,w; are denoted by wy.,w.z, wsy respectively. This notation
is not used here because it gives the erroneous impression that w is a second order
tensor rather than a vector.
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€y = O(PQ) — w; (by definition)

= eyy(cos? 0 — sin® 0) + (e, — €xy)sinfcosf . (1.53)

This is one of the coordinate transformation relations for strain, the other one

/

€y

» = €xp 08> 0 + €y, 80”0 + 2e,,, sin 6 cos 0 (1.54)
being obtainable from equations (1.36, 1.43, 1.44) in the same way. A com-
parison of equations (1.53, 1.54) and (1.15, 1.16) confirms that, with these
definitions, the strain e;; is a second order Cartesian tensor. The correspond-
ing three-dimensional strain transformation equations have the same form as
(1.22) and can be obtained using the strain-displacement relation (1.51) and
the vector transformation rule (1.19). This derivation is left as an excercise
for the reader (Problem 1.9).

1.3 Stress-strain relations

The fundamental assumption of linear elasticity is that the material obeys
Hooke’s law, implying that there is a linear relation between stress and strain.
The most general such relation can be written in index notation as

Oij = CijklCkl ; €ij = SijkiOkL (1.55)

where c¢;j11, sijk1 are the elasticity tensor and the compliance tensor respec-
tively. Both the elasticity tensor and the compliance tensor must satisfy the
symmetry conditions

Cijki = Cjiki = Cklij = Cijlk » (1.56)

which follow from (i) the symmetry of the stress and strain tensors (e.g. 0;; =
0j;) and (ii) the reciprocal theorem, which we shall discuss in Chapter 34.
Substituting the strain-displacement relations (1.51) into the first of (1.55)
and using (1.56) to combine appropriate terms, we obtain

Ouy,
Oij = Cijle; . (1.57)

In this book, we shall restrict attention to the case where the material is
isotropic, meaning that the tensors c;;xi, sijr are invariant under codrdinate
transformation. In other words, a test specimen of the material would show
identical behaviour regardless of its orientation relative to the original piece
of material from which it was manufactured.

We shall develop the various forms of Hooke’s law for the isotropic medium
starting from the results of the uniaxial tensile test, in which the only non-zero
stress component is 0,,. Symmetry considerations then show that the shear
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strains egy, €y, €., must be zero and that the transverse strains ey, ., must
be equal. Thus, the most general relation can be written in the form

_ Ozz . _ _ VOgzq
exz—Ev eyy_ezz—_E ’

where Young’s modulus EE and Poisson’s ratio v are experimentally determined
constants. The strain components due to a more general triaxial state of stress
can then be written down by linear superposition as

Crx = == — (158)

- _V(Tmm _ I/O'yy [
e = ——5 2t (1.60)

The relation between e, and 0., can then be obtained by using the
coordinate transformation relations. We know that there are three principal
directions such that if we align them with x,y, z, we have

Opy = Oy, =0, =0 (1.61)
and hence by symmetry
€ry = €yr = €5 = 0. (1.62)
Using a system aligned with the principal directions, we write
€y = (€yy — €zq) sinf cos b (1.63)

from equations (1.53, 1.62), and hence

, (0yy — 0zz)(1 +v)sinfcosd
Cry = z
(14 ),
== 1.64
ey (1.64)
from (1.58, 1.59, 1.16, 1.61).
We define
__ B (1.65)
F=5ayv) '
so that equation (1.64) takes the form
0_/
e, =—=2. (1.66)
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1.3.1 Lamé’s constants

It is often desirable to solve equations (1.58-1.60) to express o, in terms of
ezz etc. The solution is routine and leads to the equation

_ Ev(egteyyte..) | Eeg

Opa = 1.67
(14+v)(1-2v) (1+v) (1.67)
and similar equations, which are more concisely written in the form
Opz = A&+ 2lesy (1.68)
etc., where
Ev 2uv
A = = 1.69
1+v)(1-2v) (1-2v) (1.69)
and
e=e€rpteyyte=e; =divu (1.70)

is known as the dilatation.
The stress-strain relations (1.66, 1.68) can be written more concisely in
the index notation in the form

05 = Aéijemm + 2Meij , (1.71)

where 0;; is the Kronecker delta, defined as 1 if i =7 and 0 if ¢ # j. Equivalently,
we can use equation (1.55) with

Cijki = A0ijOki + p (03051 + 05%0i1) - (1.72)

The constants A, u are known as Lamé’s constants. Young’s modulus and Pois-
son’s ratio can be written in terms of Lamé’s constants through the equations

opBA+2p) A
_W, I/—m. (1.73)

1.3.2 Dilatation and bulk modulus

The dilatation, e, is easily shown to be invariant as to codrdinate transfor-
mation and is therefore a scalar quantity. In physical terms it is the local
volumetric strain, since a unit cube increases under strain to a block of di-
mensions (14+ez;), (14+ey,), (14+e..) and hence the volume change is

AV = (14 eza)(I+eyy)(1+es:) — 1 =egp +eyy + €2+ Oenzeyy) . (1.74)

It can be shown that the dilatation e and the rotation vector w are har-
monic — i.e. V2e = V2w = 0. For this reason, many early solutions of elas-
ticity problems were formulated in terms of these variables, so as to make use
of the wealth of mathematical knowledge about harmonic functions. We now
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have other more convenient ways of expressing elasticity problems in terms of
harmonic functions, which will be discussed in Chapter 20 et seq..

The dilatation is proportional to the mean stress @ through a constant
known as the bulk modulus K. Thus, from equation (1.68),

Ope + Oyy + 02 1
( é’y ) gO’ii = Kbe s (175)

o

where
E

3(1—2v) "

We note that K — oo if v — 0.5, in which case the material is described
as incompressible.

2

PROBLEMS

1. Show that
(1) il = 6ij and (11) R = VT4,
833‘]‘

where R = |R)| is the distance from the origin. Hence find 0R/Jz; in index
notation. Confirm your result by finding OR/0z in z,y, z notation.

2. Prove that the partial derivatives 02 f /0z?; 0% f /0x0y; 0 f /0y? of the scalar
function f(z,y) transform into the rotated coordinate system 2’4y’ by rules
similar to equations (1.15-1.17).

3. Show that the direction cosines defined in (1.19) satisfy the identity
lijlik = 5jk .

Hence or otherwise, show that the product o;;0;; is invariant under coérdinate
transformation.

4. By restricting the indices ¢,j etc. to the values 1,2 only, show that the
two-dimensional stress transformation relations (1.15-1.17) can be obtained
from (1.22) using the two-dimensional direction cosines (1.20).

5. Use the index notation to develop concise expressions for the three stress
invariants I, Is, I3 and the equivalent tensile stress op.

6. Choosing a local cotrdinate system x1, x2, x3 aligned with the three princi-

pal axes, determine the tractions on the octahedral plane defined by the unit
vector

)
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which makes equal angles with all three principal axes, if the principal stresses
are 01,09, 03. Hence show that the magnitude of the resultant shear stress on
this plane is v/20 /3, where o is given by equation (1.31).

7. A rigid body is subjected to a small rotation w, = {2 < 1 about the z-
axis. If the displacement of the origin is zero, find expressions for the three
displacement components g, Uy, 4, as functions of z,y, 2.

8. Use the index notation to develop a general expression for the derivative

3Ui
8xj

in terms of strains and rotations.

9. Use the three-dimensional vector transformation rule (1.19) and the index
notation to prove that the strain components (1.51) transform according to
the equation

e;j = lipljq€pq -
Hence show that the dilatation e;; is invariant under codrdinate transforma-
tion.

10. Find an index notation expression for the compliance tensor s;;x; of equa-
tion (1.55) for the isotropic elastic material in terms of the elastic constants
E v

11. Show that equations (1.58-1.60, 1.64) can be written in the concise form

(1 +I/)O’ij V(Sijo'mm
E E

(1.77)

61']' =
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EQUILIBRIUM AND COMPATIBILITY

We can think of an elastic solid as a highly redundant framework — each par-
ticle is built-in to its neighbours. For such a framework, we expect to get some
equations from considerations of equilibrium, but not as many as there are un-
knowns. The deficit is made up by compatibility conditions — statements that
the deformed components must fit together. These latter conditions will relate
the dimensions and hence the strains of the deformed components and in or-
der to express them in terms of the same unknowns as the stresses (forces) we
need to make use of the stress-strain relations as applied to each component
separately.

If we were to approximate the continuous elastic body by a system of
interconnected elastic bars, this would be an exact description of the solution
procedure. The only difference in treating the continuous medium is that
the system of algebraic equations is replaced by partial differential equations
describing the same physical or geometrical principles.

2.1 Equilibrium equations

We consider a small rectangular block of material — side dz,dy,dz — as
shown in Figure 2.1. We suppose that there is a body force!, p per unit
volume and that the stresses vary with position so that the stress components
on opposite faces of the block differ by the differential quantities d0 4,004,y
etc. Only those stress components which act in the z-direction are shown in
Figure 2.1 for clarity.

1 A body force is one that acts directly on every particle of the body, rather than
being applied by tractions at its boundaries and transmitted to the various parti-
cles by means of internal stresses. This is an important distinction which will be
discussed further in Chapter 7, below. The commonest example of a body force
is that due to gravity.

J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 25
DOI 10.1007/978-90-481-3809-8_2, © Springer Science+Business Media B.V. 2010
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Figure 2.1: Forces in the x-direction on an elemental block.

Resolving forces in the z-direction, we find

(Opz + 0020 — O3z )0Y02 + (Ogy + 004y — Ogy)020T
+(Opz + 004, — 022)0x0Yy + proxdydz =0 . (2.1)

Hence, dividing through by (dzdydz) and proceeding to the limit as these
infinitesimals tend to zero, we obtain

004y 004y 004,
+ +

ox y 0z TP (22)
Similarly, we have

0oyy Ooyy 00y,
=0 2.3
or + dy + 0z + Py (2:3)

6‘on 3azy 8022
ox "oy "o, TR0 (2.4)

or in index notation 9
Oij

— ; =0. 2.5
axj + i ( )

These are the differential equations of equilibrium.

2.2 Compatibility equations

The easiest way to satisfy the equations of compatibility — as in framework
problems — is to express all the strains in terms of the displacements. In
a framework, this ensures that the components fit together by identifying
the displacement of points in two links which are pinned together by the
same symbol. If the framework is redundant, the number of pin displacements
thereby introduced is less than the number of component lengths (and hence
extensions) determined by them — and the number of unknowns is therefore
reduced.
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For the continuum, the process is essentially similar, but much more
straightforward. We define the six components of strain in terms of displace-
ments through equations (1.51). These six equations introduce only three un-
knowns (ug,uy,u.) and hence the latter can be eliminated to give equations
constraining the strain components.

For example, from (1.36, 1.37) we find

2 3 2 3
0o Oug 0%yy  0%uy

0y? - Ox0y? C oz Oydx? (2:6)
and hence
2 2 2 2
682? + aa;gy = 65@;, (65;6 * {Zf) = 2333655 ) 27)
from (1.49) — i.e.
0%, B 262emy D%eyy 0 28)

Oy? Oxdy 0x?
Two more equations of the same form may be obtained by permuting
suffices. It is tempting to pursue an analogy with algebraic equations and
argue that, since the six strain components are defined in terms of three
independent displacement components, we must be able to develop three (i.e.
6 — 3) independent compatibility equations. However, it is easily verified that,
in addition to the three equations similar to (2.8), the strains must satisfy
three more equations of the form

D%e.. D (Dey. N Deze  Deay
0xdy 0z \ Ox Oy 0z )~

The resulting six equations are independent in the sense that no one of them
can be derived from the other five, which all goes to show that arguments for
algebraic equations do not always carry over to partial differential equations.

A concise statement of the six compatibility equations can be written in
the index notation in the form

(2.9)

826]’[]

€iikEpgr —— =
ik PA" DOz
.

The full set of six equations makes the problem very complicated. In prac-
tice, therefore, most three-dimensional problems are treated in terms of dis-
placements instead of strains, which satisfies the requirement of compatibility
identically. However, in two dimensions, all except one of the compatibility
equations degenerate to identities, so that a formulation in terms of stresses
or strains is more practical.

(2.10)

2.2.1 The significance of the compatibility equations

The physical meaning of equilibrium is fairly straightforward, but people of-
ten get mixed up about just what is being guaranteed by the compatibility
equations.
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Single-valued displacements

Mathematically, we might say that the strains are compatible when they are
definable in terms of a single-valued, continuously differentiable displacement.

We could imagine reversing this process — i.e. integrating the strains
(displacement gradients) to find the relative displacement (up—w4) of two
points A, B in the solid (see Figure 2.2).

/3
S

A

Figure 2.2: Path of the integral in equation (2.11).

Formally we can write?

B ou

A 555 (2.11)

Up —uUpA =

where s is a coordinate representing distance along a line S between A and B.
If the displacements are to be single-valued, it mustn’t make any difference if
we change the line S provided it remains within the solid. In other words, the
integral should be path-independent.

The compatibility equations are not quite sufficient to guarantee this.

They do guarantee
Ou

gds =0 (2.12)
around an infinitesimal closed loop.

Now, we could make infinitesimal changes in our line from A to B by
taking in such small loops until the whole line was sensibly changed, thus
satisfying the requirement that the integral (2.11) is path-independent, but
the fact that the line is changed infinitesimally stops us from taking a qual-
itatively (topologically) different route through a multiply connected body.
For example, in Figure 2.3, it is impossible to move S; to S by infinitesimal
changes without passing outside the body?.

2 Explicit forms of the integral (2.11) in terms of the strain components were
developed by E.Cesaro and are known as Cesaro integrals. See, for example,
A.E.H.Love, A Treatise on the Mathematical Theory of Elasticity, 4th edn., Dover,
1944, §156A.

3 For a more rigorous discussion of this question, see A.E.H.Love, loc.cit. or
B.A.Boley and J.H.Weiner, Theory of Thermal Stresses, John Wiley, New York,
1960, §83.6-3.8.
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Figure 2.3: Qualitatively different integration paths in a multiply
connected body.

In practice, if a solid is multiply connected it is usually easier to work in
terms of displacements and by-pass this problem. Otherwise the equivalence
of topologically different paths in integrals like (2.11, 2.12) must be explicitly
enforced.

Compatibility of deformed shapes

A more ‘physical’ way of thinking of compatibility is to state that the separate
particles of the body must deform under load in such a way that they fit together
after deformation. This interpretation is conveniently explored by way of a
‘jig-saw’ analogy.

We consider a two-dimensional body cut up as a jig-saw puzzle (Figure
2.4), of which the pieces are deformable. Figure 2.4(a) shows the original
puzzle and 2.4(b) the puzzle after deformation by some external loads Fj.
(The pieces are shown as initially rectangular to aid visualization.)

The deformation of the puzzle must satisfy the following conditions:-

(i) The forces on any given piece (including external forces if any) must be
in equilibrium.

(ii) The deformed pieces must be the right shape to fit together to make the
deformed puzzle (Figure 2.4(b)).

For the continuous solid, the compatibility conditions (2.10) guarantee that
(ii) is satisfied, since shape is defined by displacement derivatives and hence by
strains. However, if the puzzle is multiply connected — e.g. if it has a central
hole — condition (ii) is not sufficient to ensure that the deformed pieces
can be assembled into a coherent body. Suppose we imagine assembling the
‘deformed’ puzzle working from one piece outwards. The partially completed
puzzle is simply connected and the shape condition is sufficient to ensure the
success of our assembly until we reach a piece which would convert the partial
puzzle to a multiply connected body. This piece will be the right shape for
both sides, but may be the wrong size for the separation. If so, it will be
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possible to leave the puzzle in a state with a discontinuity as shown in Figure
2.4(c) at any arbitrarily chosen position*, but there will be no way in which
Figure 2.4(b) can be constructed.

Figure 2.4: A multiply connected, deformable jig-saw puzzle: (a) Before de-
formation; (b) After deformation; (c) Result of attempting to assemble the
deformed puzzle if equation (2.12) is not satisfied for any closed path encir-
cling the hole.

The lines defining the two sides of the discontinuity in Figure 2.4(c¢) are
the same shape and hence, in the most general case, the discontinuity can
be defined by six arbitrary constants corresponding to the three rigid-body
translations and three rotations needed to move one side to coincide with the
other®. We therefore get six additional algebraic conditions for each hole in a
multiply connected body.

4 since we could move one or more pieces from one side of the discontinuity to the
other.

5 This can be proved by evaluating the relative displacements of corresponding
points on opposite sides of the cut, using an integral of the form (2.11) whose
path does not cross the cut.
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2.3 Equilibrium equations in terms of displacements

Recalling that it is often easier to work in terms of displacements rather
than stresses to avoid complications with the compatibility conditions, it is
convenient to express the equilibrium equations in terms of displacements.
This is most easily done in index notation. Substituting for the stresses from
(1.57) into the equilibrium equation (2.5), we obtain

(92’U,k

ikl ——— i =0. 2.13
Cijkl axjaxl + pi ( )
For the special case of isotropy, we can substitute for ¢;;x; from (1.72),

obtaining
2

0
AdijOrr + p (801 + 5jk51'l)} Tg’; +pi=0
J

or
R, 9%u; 0%uy
A + +
8:51-8951 uaxlf)xl Maxkaxi
The first and third terms in this equation have the same form, since k,[ are
dummy indices. We can therefore combine them and write

+p;=0.

A+ p) aijg;k + “af:g;k +pi=0. (2.14)
Also, noting that
)\+,u:u(1+ 2 )z a (2.15)
1-2v (1-2v)
from (1.69), we have
P (1 gy P Q=i (2.16)
Ox;0xy, Oz 0xy, 4
or in vector notation
(1-2v)p

Vdiv u + (1 — 2v)V3u + - 0. (2.17)
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PROBLEMS

1. Show that, if there are no body forces, the dilatation e must satisfy the
condition

VZe=0.

2. Show that, if there are no body forces, the rotation w must satisfy the
condition
Viw=0.

3. One way of satisfying the compatibility equations in the absence of rotation
is to define the components of displacement in terms of a potential function
1) through the relations

_o 0 _ 0¥
Tor W Ty T 8z

Ug

Use the stress-strain relations to derive expressions for the stress compo-
nents in terms of 1.

Hence show that the stresses will satisfy the equilibrium equations in the
absence of body forces if and only if

V24 = constant .

4. Plastic deformation during a manufacturing process generates a state of
residual stress in the large body z > 0. If the residual stresses are functions of
z only and the surface z =0 is not loaded, show that the stress components
Oyz, 02,0, must be zero everywhere.

5. By considering the equilibrium of a small element of material similar to that
shown in Figure 1.2, derive the three equations of equilibrium in cylindrical
polar coordinates r, 0, z.

6. In cylindrical polar coordinates, the strain-displacement relations for the
‘in-plane’ strains are

ou, 1 (1 Oou,  Ouy ue) u. 1 0ug
) ;€00 = -

T+TW.

Erpr =

o 5\coe o v

Use these relations to obtain a compatibility equation that must be satisfied
by the three strains.

7. If no stresses occur in a body, an increase in temperature 7' causes unre-
strained thermal expansion defined by the strains

Cpp = Cyy = Coy = T 5 epy =€y, =€, =0.
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Show that this is possible only if T is a linear function of x,y, 2z and that
otherwise stresses must be induced in the body, regardless of the boundary
conditions.

8. If there are no body forces, show that the equations of equilibrium and
compatibility imply that
820'1‘]‘ 620’kk

1 =
( + V) al'kafﬂk + 8:528% 0

9. Using the strain-displacement relation (1.51), show that an alternative
statement of the compatibility condition is that the tensor

826”‘ 626kl 32621 626jk o

Orydx;  Ox;0x; Ox;0xi,  OwiOx

Cijr =
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TWO-DIMENSIONAL PROBLEMS
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PLANE STRAIN AND PLANE STRESS

A problem is two-dimensional if the field quantities such as stress and displace-
ment depend on only two codrdinates (z,y) and the boundary conditions are
imposed on a line f(z,y)=0 in the zy-plane.

In this sense, there are strictly no two-dimensional problems in elastic-
ity. There are circumstances in which the stresses are independent of the
z-coordinate, but all real bodies must have some bounding surfaces which are
not represented by a line in the xy-plane. The two-dimensionality of the re-
sulting fields depends upon the boundary conditions on such surfaces being
of an appropriate form.

3.1 Plane strain

It might be argued that a closed line in the zy-plane does define a solid body
— namely an infinite cylinder of the appropriate cross-section whose axis is
parallel to the z-direction. However, making a body infinite does not really
dispose of the question of boundary conditions, since there are usually some
implied boundary conditions ‘at infinity’. For example, the infinite cylinder
could be in a state of uniaxial tension, o,, = C, where C is an arbitrary
constant. However, a unique two-dimensional infinite cylinder problem can be
defined by demanding that wu,,u, be independent of z and that u, =0 for all
x,9, z, in which case it follows that

Cop =€oy =€, =0. (3.1)

This is the two-dimensional state known as plane strain.
In view of the stress-strain relations, an equivalent statement to equation
(3.1) is
Ospg =05y =03 u, =0, (3.2)

and hence a condition of plane strain will exist in a finite cylinder provided
that (i) any tractions or displacements imposed on the sides of the cylinder
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are independent of z and have no component in the z-direction and (ii) the
cylinder has plane ends (e.g. z==c¢) which are in frictionless contact with two
plane rigid walls.

From the condition e,, =0 (3.1) and the stress-strain relations, we can

deduce
0. V(0ze + Uyy)

0="7%~ E
— i.e.
02z = V(0ga + Oyy) (3.3)
and hence
o _ Tz _ VOyy V(0 g + Tyy)
"R E E
(1—=1v%)0u  v(1+v)oy,
= — ) 3.4

Of course, there are comparatively few practical applications in which a
cylinder with plane ends is constrained between frictionless rigid walls, but
fortunately the plane strain solution can be used in an approximate sense for
a cylinder with any end conditions, provided that the length of the cylinder
is large compared with its cross-sectional dimensions.

We shall illustrate this with reference to the long cylinder of Figure 3.1, for
which the ends, z==c are traction-free and the sides are loaded by tractions
which are independent of z.

\ Tractions

Independent of =

Traction-free

Figure 3.1: The long cylinder with traction-free ends.

We first solve the problem under the plane strain assumption, obtaining an
exact solution in which all the stresses are independent of z and in which
there exists a normal stress 0., on all z-planes, which we can calculate from
equation (3.3).

The plane strain solution satisfies all the boundary conditions of the prob-
lem ezcept that o, also acts on the end faces, z = ¢, where it appears as
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an unwanted normal traction. We therefore seek a corrective solution which,
when superposed on the plane strain solution, removes the unwanted normal
tractions on the surfaces z = +¢, without changing the boundary conditions
on the sides of the cylinder.

3.1.1 The corrective solution

The corrective solution must have zero tractions on the sides of the cylinder
and a prescribed normal traction (equal and opposite to that obtained in the
plane strain solution) on the end faces, A.

This is a fully three-dimensional problem which generally has no closed-
form solution. However, if the prescribed tractions have the linear form

0., =B+ Cx+ Dy, (3.5)

the solution can be obtained in the context of Mechanics of Materials by
treating the long cylinder as a beam subjected to an axial force

F:/azzdxdy (3.6)
A

and bending moments

Mm:/azzydxdy s M :f/ 0. xdxdy (3.7)
A A

about the axes Ox, Oy respectively, where the origin O is chosen to coincide
with the centroid of the cross-section!.

If the original plane strain solution does not give a distribution of o,
of this convenient linear form, we can still use equations (3.6, 3.7) to define
the force and moments for an approrimate Mechanics of Materials corrective
solution. The error involved in using this approximate solution will be that
associated with yet another corrective solution corresponding to the problem
in which the end faces of the cylinder are loaded by tractions equal to the
difference between those in the plane strain solution and the Mechanics of
Materials linear form (3.5) associated with the force resultants (3.6, 3.7).

In this final corrective solution, the ends of the cylinder are loaded by
self-equilibrated tractions, since the Mechanics of Materials approximation is
carefully chosen to have the same force and moment resultants as the required
exact solution and in such cases, we anticipate that significant stresses will
only be generated in the immediate vicinity of the ends — or more precisely,
in regions whose distance from the ends is comparable with the cross-sectional

! The Mechanics of Materials solution for axial force and pure bending is in fact
ezact in the sense of the Theory of Elasticity, since the stresses clearly satisfy the
equilibrium equations (2.5) and the resulting strains are linear functions of z,y
and hence satisfy the compatibility equations (2.10) identically.
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dimensions of the cylinder. If the cylinder is many times longer than its cross-
sectional dimensions, there will be a substantial portion near the centre where
the final corrective solution gives negligible stresses and hence where the sum
of the original plane strain solution and the Mechanics of Materials correction
is a good approximation to the actual three-dimensional stress field.

3.1.2 Saint-Venant’s principle

The thesis that a self-equilibrating system of loads produces only local effects
is known as Saint-Venant’s principle. It seems intuitively reasonable, but has
not been proved rigorously except for certain special cases — some of which
we shall encounter later in this book (see for example Chapter 6). It can be
seen as a consequence of the rule that alternate load paths through a structure
share the load in proportion with their stiffnesses. If a region of the boundary
is loaded by a self-equilibrating system of tractions, the stiffest paths are the
shortest — i.e. those which do not penetrate far from the loaded region. Hence,
the longer paths — which are those which contribute to stresses distant from
the loaded region — carry relatively little load.

Note that if the local tractions are not self-equilibrating, some of the load
paths must go to other distant parts of the boundary and hence there will be
significant stresses in intermediate regions. For this reason, it is important to
superpose the Mechanics of Materials approximate corrective solution when
solving plane strain problems for long cylinders with traction free ends. By
contrast, the final stage of solving the ‘Saint-Venant problem’ to calculate
the correct stresses near the ends is seldom of much importance in practical
problems, since the ends, being traction-free, are not generally points of such
high stress as the interior.

As a point of terminology, we shall refer to problems in which the boundary
conditions on the ends have been corrected only in the sense of force and
moment resultants as being solved in the weak sense with respect to these
boundaries. Boundary conditions are satisfied in the strong sense when the
tractions are specified in a pointwise rather than a force resultant sense.

3.2 Plane stress

Plane stress is an approximate solution, in contrast to plane strain, which is
exact. In other words, plane strain is a special solution of the complete three-
dimensional equations of elasticity, whereas plane stress is only approached in
the limit as the thickness of the loaded body tends to zero.

It is argued that if the two bounding z-planes of a thin plate are sufficiently
close in comparison with the other dimensions, and if they are also free of
tractions, the stresses on all parallel z-planes will be sufficiently small to be
neglected in which case we write
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Oop =04y =05, =0, (3.8)
for all x,y, z.
It then follows that
€rp =€y =0, (3.9)
but e,, #0, being given in fact by
v
€y = —E(ng +oyy) - (3.10)

The two-dimensional stress-strain relations are then

Owx  VOyy
zz = — 3.11

e Oyy VO o

(3.12)

The fact that plane stress is not an exact solution can best be explained
by considering the compatibility equation

D?ey, D% d%e
-2 = =0. 1
072 Oyoz * Oy>? 0 (3.13)

Since ez-hypothesi none of the stresses vary with z, the first two terms in
this equation are identically zero and hence the equation will be satisfied if
and only if

&e,,
Oy>?

=0. (3.14)

This in turn requires
0% (0w + oyy)

5 =0, (3.15)

from equation (3.10).

Applying similar arguments to the other compatibility equations, we con-
clude that the plane stress assumption is exact if and only if (0,,+0y,) is a
linear function of x,y. i.e. if

Ope +0yy =B+ Cx+Dy. (3.16)

The attentive reader will notice that this condition is exactly equivalent to
(3.3, 3.5). In other words, the plane stress solution is exact if and only if the
‘weak form’ solution of the corresponding plane strain solution is exact. Of
course this is not a coincidence. In this special case, the process of off-loading
the ends of the long cylinder in the plane strain solution has the effect of
making o, zero throughout the cylinder and hence the resulting solution also
satisfies the plane stress assumption, whilst remaining exact.
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3.2.1 Generalized plane stress

The approximate nature of the plane stress formulation is distasteful to elasti-
cians of a more mathematical temperament, who prefer to preserve the rigour
of an exact theory. This can be done by the contrivance of defining the average
stresses across the thickness of the plate — e.g.

1 c

o % Orpzpdr . (3.17)

—C

It can then be shown that the average stresses so defined satisfy the plane
stress equations ezactly. This is referred to as the generalized plane stress
formulation.

In practice, of course, the gain in rigour is illusory unless we can also
establish that the stress variation across the section is small, so that the local
values are reasonably close to the average. A fully three-dimensional theory
of thin plates under in-plane loading shows that the plane stress assumption
is a good approximation except in regions whose distance from the boundary
is comparable with the plate thickness?.

3.2.2 Relationship between plane stress and plane strain

The solution of a problem under either the plane strain or plane stress assump-
tions involves finding a two-dimensional stress field, defined in terms of the
components gy, Oay, 0yy, Which satisfies the equilibrium equations (2.5), and
for which the corresponding strains, e, €y, €yy, satisfy the only non-trivial
compatibility equation (2.8). The equilibrium and compatibility equations are
the same in both formulations, the only difference being in the relation be-
tween the stress and strain components, which for normal stresses are given
by (3.4) for plane strain and (3.11, 3.12) for plane stress. The relation between
the shear stress 0., and the shear strain e, is the same for both formulations
and is given by equation (1.66). Thus, from a mathematical perspective, the
plane strain solution simply looks like the plane stress solution for a material
with different elastic constants and wvice versa. In fact, it is easily verified that
equation (3.4) can be obtained from (3.11) by making the substitutions
E’ v

Ezi' = —
T o=y

T (3.18)

and then dropping the primes. This substitution also leaves the shear stress-
shear strain relation unchanged as required.

An alternative approach is to write the two-dimensional stress-strain rela-
tions in the form

2 See for example S.P.Timoshenko and J.N.Goodier, Theory of Elasticity, McGraw-
Hill, New York, 3rd. edn., 1970, §98.
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. k+1 3—K . k+1 3—K

T — Oxx — g ; = Oyy — Ozx
me

xX = ) .].

where k is Kolosov’s constant, defined as

k= (3—4v) for plane strain

3
= (1 " Z) for plane stress. (3.20)

In the following chapters, we shall generally treat two-dimensional prob-
lems with the plane stress assumptions, noting that results for plane strain
can be recovered by the substitution (3.18) when required.

PROBLEMS

1. The plane strain solution for the stresses in the rectangular block 0 <z <
a,—b<y<b,—c<z<c with a given loading is

3Fxy 3FE(V? —y?) 3vFzy
Ogx = 23 y Ozy = 4b3 g ooy =03 0. = 23
Find the tractions on the surfaces of the block and illustrate the results on a
sketch of the block.

We wish to use this solution to solve the corresponding problem in which
the surfaces z = £c¢ are traction-free. Determine an approximate corrective
solution for this problem by offloading the unwanted force and moment resul-
tants using the elementary bending theory. Find the maximum error in the
stress o, in the corrected solution and compare it with the maximum tensile
stress in the plane strain solution.

2. For a solid in a state of plane stress, show that if there are body forces p, py
per unit volume in the direction of the axes x, y respectively, the compatibility
equation can be expressed in the form

V(040 + 0yy) = —(1+ 1) (ap”” + 6’7?’) .

ox oy

Hence deduce that the stress distribution for any particular case is inde-
pendent of the material constants and the body forces, provided the latter are
constant.

3.(1) Show that the compatibility equation (2.8) is satisfied by unrestrained
thermal expansion (ez; = eyy =T, ez =0), provided that the temperature,
T, is a two-dimensional harmonic function — i.e.
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o1 0T _
0x2 = oy?

(ii) Hence deduce that, subject to certain restrictions which you should explic-
itly list, no thermal stresses will be induced in a thin body with a steady-state,
two-dimensional temperature distribution and no boundary tractions.

(iii) Show that an initially straight line on such a body will be distorted by
the heat flow in such a way that its curvature is proportional to the local heat
flux across it.

4. Find the inverse relations to equations (3.18) — i.e. the substitutions that
should be made for the elastic constants F, v in a plane strain solution if we
want to recover the solution of the corresponding plane stress problem.

5. Show that in a state of plane stress without body forces, the in-plane
displacements must satisfy the equations

1+v\ 0 [Ou, Ou 14+v\ 0 (Ou, Ou
Vot (10) o (G2 52) =05 Vur (1) 4 (G4 52) o
6. Show that in a state of plane strain without body forces,
de _(1-2w\dor O (1-2) O,
or \1—-v ) 0y = 0y 1-v ) 0z

7. If a material is incompressible (¥=0.5), a state of hydrostatic stress o, =
Oyy =0 produces no strain. One way to write the corresponding stress-strain
relations is

045 = 2,ueij — qéw s

where ¢ is an unknown hydrostatic pressure which will generally vary with
position. Also, the condition of incompressibility requires that the dilatation

e=epr=0.

Show that under plain strain conditions, the stress components and the
hydrostatic pressure ¢ must satisfy the equations

V3¢ =divp and o,y + Oyy = —2q ,

where p is the body force.
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STRESS FUNCTION FORMULATION

4.1 The concept of a scalar stress function

Newton’s law of gravitation states that two heavy bodies attract each other
with a force proportional to the inverse square of their distance — thus it is
essentially a vector theory, being concerned with forces. However, the idea of a
scalar gravitational potential can be introduced by defining the work done in
moving a unit mass from infinity to a given point in the field. The principle of
conservation of energy requires that this be a unique function of position and
it is easy to show that the gravitational force at any point is then proportional
to the gradient of this scalar potential. Thus, the original vector problem is
reduced to a problem about a scalar potential and its derivatives.

In general, scalars are much easier to deal with than vectors. In particu-
lar, they lend themselves very easily to coordinate transformations, whereas
vectors (and to an even greater extent tensors) require a set of special trans-
formation rules (e.g. Mohr’s circle).

In certain field theories, the scalar potential has an obvious physical sig-
nificance. For example, in the conduction of heat, the temperature is a scalar
potential in terms of which the vector heat flux can be defined. However, it is
not necessary to the method that such a physical interpretation can be given.
The gravitational potential can be given a physical interpretation as discussed
above, but this interpretation may never feature in the solution of a particu-
lar problem, which is simply an excercise in the solution of a certain partial
differential equation with appropriate boundary conditions. In the theory of
elasticity, we make use of scalar potentials called stress functions or displace-
ment functions which have no obvious physical meaning other than their use
in defining stress or displacement components in terms of derivatives.
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4.2 Choice of a suitable form

In the choice of a suitable form for a stress or displacement function, there
is only one absolute rule — that the operators which define the relationship
between the scalar and vector (or tensor) quantities should indeed define a
vector (or tensor).

For example, it is appropriate to define the displacement in terms of the
first derivatives (the gradient) of a scalar or to define the stress components
in terms of the second derivatives of a scalar, since the second derivatives of
a scalar form the components of a Cartesian tensor.

In effect, what we are doing in requiring this similarity of form between
the definitions and the defined quantity is ensuring that the relationship is
preserved in codrdinate transformations. It would be quite possible to work
out an elasticity problem in terms of the displacement components gz, ty, U,
treating these as essentially scalar quantities which vary with position — in-
deed this was a technique which was used in early theories. However, we would
then get into trouble as soon as we tried to make any statements about quan-
tities in other coordinate directions. By contrast, if we define (for example)
Uy =0V /0x; uy =00 /0y; u,=0¢/0z, (ie. u= V1), it immediately follows
that ul, =0y /02" for any z'.

4.3 The Airy stress function

If there are no body forces and the stress components are independent of z,
they must satisfy the two equilibrium equations

0040 004y 00yy  O0yy

= M = . 41
Ox Oy 0; Ox + Oy 0 (4.1)

The two terms in each of these equations are therefore equal and opposite.
Suppose we take the first term in the first equation and integrate it once with
respect to z and once with respect to y to define a new function ¥ (x,y). We
can then write

002y 7 00 2y 0%

= = 4.2
Ox Oy 0x0y ’ (4.2)
and a particular solution is
o oY
xx — 4 Ty — T/ - 4.
g ay g Yy ax ( 3)

Substituting the second of these results in the second equilibrium equation and
using the same technique to define another new function ¢(z,y), we obtain

doyy 0oy Oy _ 3%

(4.4)

Oy oxr  0x2  0x20y’
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so a particular solution is

9 o¢
Tyy = g2 ¢=8fy (4.5)

Using (4.3, 4.5) we can then express all three stress components in terms of
¢ as
_ P _ o 9
Urm—TyQ ) O—yy—@ ; Uzy—_axay .

This representation was introduced by G.B.Airy! in 1862 and ¢ is therefore
generally referred to as the Airy stress function. It is clear from the derivation
that the stress components (4.6) will satisfy the two-dimensional equilibrium
equations (4.1) for all functions ¢. Also, the mathematical operations involved
in obtaining (4.6) can be performed for any two-dimensional stress distribu-
tion satisfying (4.1) and hence the representation (4.6) is complete, meaning
that it is capable of representing the most general such stress distribution. It
is worth noting that the derivation makes no reference to Hooke’s law and
hence the Airy stress function also provides a complete representation for
two-dimensional problems involving inelastic constitutive laws — for example
plasticity theory — where its satisfaction of the equilibrium equations remains
an advantage.

The technique introduced in this section can be used in other situations
to define a representation of a field satisfying one or more partial differential
equations. The trick is to rewrite the equation so that terms involving differ-
ent unknowns are on opposite sides of the equals sign and then equate each
side of the equation to a derivative that contains the lowest common denomi-
nator of the derivatives on the two sides, as in equations (4.2, 4.4). For other
applications of this method, see Problems 4.3, 4.4 and 21.2.

(4.6)

4.3.1 Transformation of codrdinates

It is easily verified that equation (4.6) transforms as a Cartesian tensor as
required. For example, using (1.43) we can write

82¢ 0 . 1o} 2
o7 = <C089833 +Sln98y) ¢
2 2 2
= %0052 0+ %sinQG + 251;; sinf cosf (4.7)

from which using (1.17) and (4.6) we deduce that o], =08%¢/dx"* as required.
If we were simply to seek a representation of a two-dimensional Cartesian
tensor in terms of the derivatives of a scalar function without regard to the

! For a good historical survey of the development of potential function methods in
Elasticity, see H.M.Westergaard, Theory of Elasticity and Plasticity, Dover, New
York, 1964, Chapter 2.
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equilibrium equations, the Airy stress function is not the most obvious form.
It would seem more natural to write 0., = 0%1/02%; 0y, = 0% /0y?; 04y =
0% /020y and indeed this also leads to a representation which is widely used
as part of the general three-dimensional solution (see Chapter 20 below). In
some books, it is stated or implied that the Airy function is used because
it satisfies the equilibrium equation, but this is rather misleading, since the
‘more obvious form’ — although it requires some constraints on v in order to
satisfy equilibrium — can be shown to define displacements which automat-
ically satisfy the compatibility condition which is surely equally useful®. The
real reason for preferring the Airy function is that it is complete, whilst the
alternative is more restrictive, as we shall see in §20.1.

4.3.2 Non-zero body forces

If the body force p is not zero, but is of a restricted form such that it can be
written p=—VV, where V is a two-dimensional scalar potential, equations
(4.6) can be generalized by including an extra term +V in each of the normal
stress components whilst leaving the shear stress definition unchanged. It is
easily verified that, with this modification, the equilibrium equations are again
satisfied.

Problems involving body forces will be discussed in more detail in Chapter
7 below. For the moment, we restrict attention to the the case where p =10
and hence where the representation (4.6) is appropriate.

4.4 The governing equation

As discussed in Chapter 2, the stress or displacement field has to satisfy the
equations of equilibrium and compatibility if they are to describe permissi-
ble states of an elastic body. In stress function representations, this generally
imposes certain constraints on the choice of stress function, which can be
expressed by requiring it to be a solution of a certain partial differential equa-
tion.

We have already seen that the equilibrium condition is satisfied identi-
cally by the use of the Airy stress function ¢, so it remains to determine
the governing equation for ¢ by substituting the representation (4.6) into the
compatibility equation in two dimensions.

4.4.1 The compatibility condition

We first express the compatibility condition in terms of stresses using the
stress-strain relations, obtaining

2 See Problem 2.3.
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02010 820yy 820my 820yy 020 10
oy v 0y? —201+v) 0zdy + 922 922

=0, (4.8)

where we have cancelled a common factor of 1/FE.
We then substitute for the stress components from (4.6) obtaining

0*¢ 0% e
W + - 0 3 (4.9)

o¢ 0% o¢ 0%
Oxt 0x20y?

ay4 VW+2(1+V)

i.e.

2
09 o 00 a4¢<82 a2>¢_0. (4.10)

At 0x20y? ' oyt \ 022 ' 9y?

This equation is known as the biharmonic equation and is usually written
in the concise form
Vig=0 . (4.11)

The biharmonic equation is the governing equation for the Airy stress
function in elasticity problems. Thus, by using the Airy stress function repre-
sentation, the problem of determining the stresses in an elastic body is reduced
to that of finding a solution of equation (4.11) (i.e. a biharmonic function)
whose derivatives satisfy certain boundary conditions on the surfaces.

4.4.2 Method of solution

Historically, the boundary-value problem for the Airy stress function has been
approached in a semi-inverse way — i.e. by using the variation of tractions
along the boundaries to give a clue to the kind of function required, but then
exploring the stress fields developed from a wide range of such functions and
selecting a combination which can be made to satisfy the required conditions.
The disadvantage with this method is that it requires a wide experience of
particular solutions and even then is not guaranteed to be successful.

A more modern method which has the advantage of always developing
an appropriate stress function if the boundary conditions are unmixed (i.e.
all specified in terms of stresses or all in terms of displacements) is based on
representing the stress function in terms of analytic functions of the complex
variable. This method will be discussed in Chapter 19. However, although it
is powerful and extremely elegant, it requires a certain familarity with the
properties of functions of the complex variable and generally involves the
evaluation of a contour integral, which may not be as convenient a numerical
technique as a direct series or finite difference attack on the original problem
using real stress functions. There are some exceptions — notably for bodies
which are susceptible of a simple conformal transformation into the unit circle.
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4.4.3 Reduced dependence on elastic constants

It is clear from dimensional considerations that, when the compatibility equa-
tion is expressed in terms of ¢, Young’s modulus must appear in every term
and can therefore be cancelled as in equation (4.8), but it is an unexpected
bonus that the Poisson’s ratio terms also cancel in (4.9), leaving an equation
that is independent of elastic constants. It follows that the stress field in a
simply connected elastic body? in a state of plane strain or plane stress is in-
dependent of the material properties if the boundary conditions are expressed
in terms of tractions and, in particular, that the plane stress and plane strain
fields are identical.

Dundurs* has shown that a similar reduced dependence on elastic con-
stants occurs in plane problems involving interfaces between two dissimilar
elastic materials. In such cases, three independent dimensionless parameters
(e.g. p1/p2,v1,v2) can be formed from the elastic constants ui,v1, pa, v2 of
the materials 1, 2 respectively, but Dundurs proved that the stress field can
be written in terms of only two parameters which he defined as

1 1 1 1
_ (m-i— ket >/(/€1+ Jr:‘€2+ > (4.12)
%31 H2 M1 M2

-1 —1 1 1
5= (“1 _ K2 > /(”1 o retl > : (4.13)
%51 H2 M1 M2

where £ is Kolosov’s constant (see equation (3.20)). It can be shown that
Dundurs’ parameters must lie in the range -1 <a < 1; -0.5<3<0.5 if
0§V1,V2§0.5.

3 The restriction to simply connected bodies is necessary, since in a multiply con-
nected body there is an implied displacement condition, as explained in §2.2
above.

4 J Dundurs, Discussion on ‘Edge bonded dissimilar orthogonal elastic wedges un-
der normal and shear loading’, ASME Journal of Applied Mechanics, Vol. 36
(1969), pp.650-652.



Problems 51
PROBLEMS
1. Newton’s law of gravitation states that two heavy particles of mass m, mo

respectively will experience a mutual attractive force

- Yymims
F= Tz
where R is the distance between the particles and v is the gravitational con-

stant. Use an energy argument and superposition to show that the force acting
on a particle of mass mg can be written

F = —ymyVV |

Vi) /// V@E-9 M;)dfsmf(z—of

{2 represents the volume of the universe and p is the density of material in
the universe, which will generally be a function of position (&, 7, ().

Could a similar method have been used if Newton’s law had been of the
more general form

where

ymims

R
If so, what would have been the corresponding expression for V7 If not, why
not?

F =

2. An ionized liquid in an electric field experiences a body force p. Show
that the liquid can be in equilibrium only if p is a conservative vector field.
Hint: Remember that a stationary liquid must be everywhere in a state of
hydrostatic stress.

3. An antiplane state of stress is one for which the only non-zero stress com-
ponents are 0,,0,, and these are independent of z. Show that two of the
three equilibrium equations are then satisfied identically if there is no body
force. Use a technique similar to that of §4.3 to develop a representation of
the non-zero stress components in terms of a scalar function, such that the
remaining equilibrium equation is satisfied identically.

4. If a body of fairly general axisymmetric shape is loaded in torsion, the only
non-zero stress components in cylindrical polar coérdinates are gy,., 0y, and
these are required to satisfy the equilibrium equation

Oogr " 200, n 00
or T 0z
Use a technique similar to that of §4.3 to develop a representation of these

stress components in terms of a scalar function, such that the equilibrium
equation is satisfied identically.

=0.
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5.(1) Show that the function
¢ =yw+y

satisfies the biharmonic equation if w, are both harmonic (i.e. VZw =
0, V2 =0).

(ii) Develop expressions for the stress components in terms of w, v, based on
the use of ¢ as an Airy stress function.

(iii) Show that a solution suitable for the half-plane y > 0 subject to normal
surface tractions only (i.e. o5, =0 on y=0) can be obtained by writing

oY

w=—-—
dy

and hence that under these conditions the normal stress 0., near the surface

y=0 is equal to the applied traction oy,.

(iv) Do you think this is a rigorous proof? Can you think of any exceptions? If
so0, at what point in your proof of section (iii) can you find a lack of generality?

6. The constitutive law for an orthotropic elastic material in plane stress can
be written

€xy = S110zx + S120yy ; €yy = S120zgx + S220yy § €xy = S440zy ,

where s11, S12, S22, S44 are elastic constants.
Using the Airy stress function ¢ to represent the stress components, find
the equation that must be satisfied by ¢.

7. Show that if the two-dimensional function w(x,y) is harmonic (V2w =0),
the function
¢ = (% +y*)w

will be biharmonic.

8. The constitutive law for an isotropic incompressible elastic material can be
written
045 = Eéij =+ 2,[1,61']‘ s

where
Tkk

3
represents an arbitrary hydrostatic stress field. Some soils can be approx-
imated as an incompressible material whose modulus varies linearly with
depth, so that

o =

w=Mz

for the half space z>0.
Use the displacement function representation
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u=Vo

to develop a potential function solution for the stresses in such a body. Show
that the functions ¢, must satisfy the relations
9]
V2=0; o= 22
0z
and hence obtain expressions for the stress components in terms of the single
harmonic function ¢.
If the half-space is loaded by a normal pressure

Jzz(xayao) = 7p(l’,y) ; Uz:c(zvyao) = O—zy(‘rayao) =0 )

show that the corresponding normal surface displacement u, (z, y, 0) is linearly
proportional to the local pressure p(z,y) and find the constant of proportion-
ality®.

9. Show that Dundurs’ constant § — 0 for plane strain in the limit where
v1 =0.5 and pq/pe — 0 — ie. material 1 is incompressible and has a much
lower shear modulus® than material 2. What is the value of « in this limit?

10. Solve Problem 3.7 for the case where there is no body force, using the
Airy stress function ¢ to represent the stress components. Hence show that
the governing equation is V4¢=0, as in the case of compressible materials.

® For an alternative proof of this result see C.R.Calladine and J.A.Greenwood,
Line and point loads on a non-homogeneous incompressible elastic half-space,
Quarterly Journal of Mechanics and Applied Mathematics, Vol. 31 (1978), pp.507—
529.

5 This is a reasonable approximation for the important case of rubber (material 1)
bonded to steel (material 2).
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PROBLEMS IN RECTANGULAR
COORDINATES

The Cartesian coordinate system (z,y) is clearly particularly suited to the
problem of determining the stresses in a rectangular body whose boundaries
are defined by equations of the form x = a,y = b. A wide range of such
problems can be treated using stress functions which are polynomials in x, y. In
particular, polynomial solutions can be obtained for ‘Mechanics of Materials’
type beam problems in which a rectangular bar is bent by an end load or by
a distributed load on one or both faces.

5.1 Biharmonic polynomial functions

In rectangular coordinates, the biharmonic equation takes the form

¢ ¢ 0o

0x20y? oyt (5:1)

and it follows that any polynomial in x,y of degree less than four will be bi-
harmonic and is therefore appropriate as a stress function. However, for higher
order polynomial terms, equation (5.1) is not identically satisfied. Suppose,
for example, that we consider just those terms in a general polynomial whose
combined degree (the sum of the powers of x and y) is N. We can write these
terms in the form

Py(x,y) = Aoz + ApaN 1y + ApaV 722 + 4 AnyY (5.2)
N

=> ANyt (5.3)
i=0

where we note that there are (N+1) independent coefficients, A;(i=0, N). If we
now substitute Py (z,y) into equation (5.1), we shall obtain a new polynomial
of degree (N —4), since each term is differentiated four times. We can denote
this new polynomial by Qn_4(z,y) where

J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 55
DOI 10.1007/978-90-481-3809-8_5, © Springer Science+Business Media B.V. 2010
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Qn-a(z,y) = V*Py(z,y) (5.4)
N—4

= Z Biz(N=4=0y0 (5.5)
=0

The (N —3) coefficients By, ..., By_4 are easily obtained by expanding
the right-hand side of equation (5.4) and equating coefficients. For example,

By=N(N—1)(N —2)(N —3)Ag + 4(N —2)(N — 3)Ay + 2444 .  (5.6)

Now the original function Py (z,y) will be biharmonic if and only if
QnN—a(z,y) is zero for all z,y and this in turn is only possible if every term in
the series (5.5) is identically zero, since the polynomial terms are all linearly
independent of each other. In other words

B;=0; i=0to (N —4). (5.7)

These conditions can be converted into a corresponding set of (N —3)
equations for the coefficients A;. For example, the equation By=0 gives

N(N —1)(N —2)(N —3)Ag +4(N —2)(N —3)Ay + 244, =0, (5.8)

from (5.6). We shall refer to the (N —3) equations of this form as constraints
on the coefficients A;, since the coeflicients are constrained to satisfy them if
the original polynomial is to be biharmonic.

One approach would be to use the constraint equations to eliminate (N—3)
of the unknown coefficients in the original polynomial — for example, we could
treat the first four coefficients, Ag, A1, Ao, Az, as unknown constants and use
the constraint equations to define all the remaining coefficients in terms of
these unknowns. Equation (5.8) would then be treated as an equation for A4
and the subsequent constraint equations would each define one new constant in
the series. It may help to consider a particular example at this stage. Suppose
we consider the fifth degree polynomial

Ps(x,y) = Aoz® + Aty + Asa®y? + Asz?y® + Ayzy® + Asy® (5.9)

which has six independent coefficients. Substituting into equation (5.4), we
obtain the first degree polynomial

Q1(z,y) = (12040 4+ 24 A5 + 24 A4)x + (24A1 + 24A5 + 12045)y . (5.10)

The coeflicients of x and y in @1 must both be zero if Ps is to be biharmonic
and we can write the resulting two constraint equations in the form

Ay = —5Ag — Ay (5.11)
As = —Ay/5— A3/5. (5.12)
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Finally, we use (5.11, 5.12) to eliminate A4, A5 in the original definition
of Ps, obtaining the definition of the most general biharmonic fifth degree
polynomial

Ps(x,y) = Ag(z® — 5ay*) + Ar(zty — y° /5)
+A2(:z:3y2 — xy4) + Ag(x2y3 —y°/5). (5.13)

This function will be biharmonic for any values of the four independent
constants Ag, A1, As, As. We can express this by stating that the biharmonic
polynomial Ps has four degrees of freedom.

In general, the polynomial @ is of degree 4 less than P because the bi-
harmonic equation is of degree 4. It follows that there are always four fewer
constraint equations than there are coefficients in the original polynomial P
and hence that they can be satisfied leaving a polynomial with 4 degrees of
freedom. However, the process degenerates if N < 3.

In view of the above discussion, it might seem appropriate to write an
expression for the general polynomial of degree N in the form of equation
(5.13) as a preliminary to the solution of polynomial problems in rectangular
codrdinates. However, as can be seen from equation (5.13), the resulting ex-
pressions are algebraically messy and this approach becomes unmanageable
for problems of any complexity. Instead, it turns out to be more straightfor-
ward algebraically to define problems in terms of the simpler unconstrained
polynomials like equation (5.2) and to impose the constraint equations at a
later stage in the solution.

5.1.1 Second and third degree polynomials

We recall that the stress components are defined in terms of the stress function
¢ through the relations

0%¢
o = 5% (5.14)
0%¢
0%¢

It follows that when the stress function is a polynomial of degree N in x,y,
the stress components will be polynomials of degree (N —2). In particular,
constant and linear terms in ¢ correspond to null stress fields (zero stress
everywhere) and can be disregarded.

The second degree polynomial

¢ = Agx® + Ajxy + Agy? (5.17)

yields the stress components
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Opg =249 ; Oy =—A1 5 0yy =240 (5.18)

and hence corresponds to the most general state of biaxial uniform stress.
The third degree polynomial

b= Apx® + A2y + Asxy® + Azy® (5.19)
yields the stress components
Ope = 2400 + 643y ; 04y = —2A120 — 243y ; oy = 640z + 241y . (5.20)

If we arbitrarily set Ag, A1, Ao = 0, the only remaining non-zero stress will
be
Ope = 6A3y , (5.21)

which corresponds to a state of pure bending, when applied to the rectangular
beam —a <z <a,—b<y<b, as shown in Figure 5.1.

/\ v

077 ~y

Traction-free

Figure 5.1: The rectangular beam in pure bending.

The other terms in equation (5.19) correspond to a more general state
of bending. For example, the constant Ay describes bending of the beam by
tractions oy, applied to the boundaries y = &b, whilst the terms involving
shear stresses o, could be obtained by describing a general state of biaxial
bending with reference to a Cartesian codrdinate system which is not aligned
with the axes of the beam.

The above solutions are of course very elementary, but we should remember
that, in contrast to the Mechanics of Materials solutions for simple bending,
they are obtained without making any simplifying assumptions about the
stress fields. For example, we have not assumed that plane sections remain
plane, nor have we demanded that the beam be long in comparison with its
depth. Thus, the present section could be taken as verifying the exactness of
the Mechanics of Materials solutions for uniform stress and simple bending,
as applied to a rectangular beam.
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5.2 Rectangular beam problems

5.2.1 Bending of a beam by an end load

Figure 5.2 shows a rectangular beam, 0 < z < a,—b < y < b, subjected to
a transverse force, F' at the end = = 0, and built-in at the end = = a, the
horizontal boundaries y =+b being traction free. The boundary conditions for
this problem are most naturally written in the form

Opy =0 5 y==b (5.22)
oyy =03 y==b (5.23)
Ozz=0; =0 (5.24)
b
/ orydy=F ; 2=0. (5.25)
—b
Y
a
b
0
a v
b
/

Figure 5.2: Cantilever with an end load.

The boundary condition (5.25) is imposed in the weak form, which means
that the value of the traction is not specified at each point on the boundary
— only the force resultant is specified. In general, we shall find that problems
for the rectangular beam have finite polynomial solutions when the boundary
conditions on the ends are stated in the weak form, but that the strong (i.e.
pointwise) boundary condition can only be satisfied on all the boundaries
by an infinite series or transform solution. This issue is further discussed in
Chapter 6.

Mechanics of Materials considerations suggest that the bending moment
in this problem will vary linearly with x and hence that the stress component
0z Will have a leading term proportional to xy. This in turn suggests a
fourth degree polynomial term xy> in the stress function ¢. Our procedure is
therefore to start with the trial stress function

¢ = Cray®, (5.26)



60 5 Problems in rectangular coérdinates

examine the corresponding tractions on the boundaries and then seek a cor-
rective solution which, when superposed on equation (5.26), yields the solution
to the problem. Substituting (5.26) into (5.14-5.16), we obtain

Oze = 6C12Y (5.27)
Oy = —3C1y? (5.28)
Oy =0, (5.29)

from which we note that the boundary conditions (5.23, 5.24) are satisfied
identically, but that (5.22) is not satisfied, since (5.28) implies the existence of
an unwanted uniform shear traction —3C;b? on both of the edges y=+b. This
unwanted traction can be removed by superposing an appropriate uniform
shear stress, through the additional stress function term Coxy. Thus, if we
define

¢ = Crzy® + Cazy (5.30)

equations (5.27, 5.29) remain unchanged, whilst (5.28) is modified to
Ouy = —3C1y% — Co . (5.31)

The boundary condition (5.22) can now be satisfied if we choose Cy to
satisfy the equation
Cy = =301V, (5.32)

so that
oy = 3C1(b* — y?) . (5.33)

The constant Cy can then be determined by substituting (5.33) into the
remaining boundary condition (5.25), with the result

F
The final stress field is therefore defined through the stress function
_ F(zy® — 3b%xy)
o= — (5.35)
the corresponding stress components being
3Fzx
Ozx = 2b3y (536)
3F(b? —y?)
oyy = 0. (5.38)

The solution of this problem is given in the Mathematica and Maple files
‘Sh21°.
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We note that no boundary conditions have been specified on the built-in
end, r=a. In the weak form, these would be

b
/ 0udy=0; z=ua (5.39)
—b
b
/ owydy=F ; x=a (5.40)
—b
b
/ ozydy=Fa ; z=a. (5.41)
—b

However, if conditions (5.22-5.25) are satisfied, (5.39-5.41) are merely
equivalent to the condition that the whole beam be in equilibrium. Now the
Airy stress function is so defined that whatever stress function is used, the cor-
responding stress field will satisfy equilibrium in the local sense of equations
(2.5). Furthermore, if every particle of a body is separately in equilibrium,
it follows that the whole body will also be in equilibrium. It is therefore not
necessary to enforce equations (5.39-5.41), since if we were to check them, we
should necessarily find that they are satisfied identically.

5.2.2 Higher order polynomials — a general strategy

In the previous section, we developed the solution by trial and error, starting
from the leading term whose form was dictated by equilibrium considerations.
A more general technique is to identify the highest order polynomial term from
equilibrium considerations and then write down the most general polynomial
of that degree and below. The constant multipliers on the various terms are
then obtained by imposing boundary conditions and biharmonic constraint
equations.

The only objection to this procedure is that it involves a lot of algebra.
For example, in the problem of §5.2.1, we would have to write down the most
general polynomial of degree 4 and below, which involves 12 separate terms
even when we exclude the linear and constant terms as being null. However,
this is not a serious difficulty if we are using Maple or Mathematica, so we
shall first develop the steps needed for this general strategy. Shortcuts which
would reduce the complexity of the algebra in a manual calculation will then
be discussed in §5.2.3.

Order of the polynomial

Suppose we have a normal traction on the surface y =b varying with ™. In
Mechanics of Materials terms, this corresponds to a distributed load propor-
tional to 2™ and elementary equilibrium considerations show that the bending
moment can then be expected to contain a term proportional to x"+2. This
in turn implies a bending stress o,, proportional to "2y and a term in
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the stress function proportional to z"72y3 — i.e. a term of polynomial or-

der (n+5). A corresponding argument for shear tractions proportional to 2™
shows that we require a polynomial order of (m-+4).

We shall show in Chapter 28 that these arguments from equilibrium and
elementary bending theory define the highest order of polynomial required
to satisfy any polynomial boundary conditions on the lateral surfaces of a
beam, even in three-dimensional problems. A sufficient polynomial order can
therefore be selected by the following procedure:-

(i) Identify the highest order polynomial term n in the normal tractions o,
on the surfaces y==b.

(ii) Identify the highest order polynomial term m in the shear tractions o,
on the surfaces y==b.

(iii) Use a polynomial for ¢ including all polynomial terms of order max(m +
4,n 4+ 5) and below, but excluding constant and linear terms.

In the special case where both surfaces y==+b are traction-free, it is sufficient
to use a polynomial of 4th degree and below (as in §5.2.1).

Solution procedure

Once an appropriate polynomial has been identified for ¢, we proceed as
follows:-

(i) Substitute ¢ into the biharmonic equation (5.1), leading to a set of con-
straint equations, as in §5.1.

(ii) Substitute ¢ into equations (5.14-5.16), to obtain the stress components
as functions of x,y.

(iii) Substitute the equations defining the boundaries (e.g. x=0,y=b,y=—b
in the problem of §5.2.1) into appropriate! stress components, to obtain
the tractions on each boundary.

(iv) For the longer boundaries (where strong boundary conditions will be
enforced), sort the resulting expressions into powers of x or y and equate
coeflicients with the corresponding expression for the prescribed tractions.

(v) For the shorter boundaries, substitute the tractions into the appropriate
weak boundary conditions, obtaining three further independent algebraic
equations.

The equations so obtained will generally not all be linearly independent, but
they will be sufficient to determine all the coefficients uniquely. The solvers
in Maple and Mathematica can handle this redundancy.

! Recall from §1.1.1 that the only stress components that act on (e.g.) y = b are
those which contain y as one of the suffices.
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Example

We illustrate this procedure with the example of Figure 5.3, in which a rect-
angular beam —a <z < a, —b <y < b is loaded by a uniform compressive
normal traction p on y=> and simply supported at the ends.

illiliil¢l¢llilill

pal|l t+———mm——— 0 ———- | pa

b

Figure 5.3: Simply supported beam with a uniform load.

The boundary conditions on the surfaces y==+b can be written

Oye =0 5 y==b (5.42)
Oyy=—D; y=b (5.43)
Oy =03 y=-b. (5.44)

These boundary conditions are to be satisfied in the strong sense. To com-
plete the problem definition, we shall require three linearly independent weak
boundary conditions on one or both of the ends x =+a. We might use sym-
metry and equilibrium to argue that the load will be equally shared between
the supports, leading to the conditions?

b
Fia)= [ ey =0 (5.45)
b
R0 = [ onlandy = (5.46)
b
M(a) = /_bam(my)ydy =0 (5.47)

2 Tt is not necessary to use symmetry arguments to obtain three linearly indepen-
dent weak conditions. Since the beam is simply supported, we know that

M(a) :/ oz (a,y)ydy =0 ; M(—a):/ 02z (—a,y)ydy =0

—b —b

b
Fy(a) = / Ozz(a,y)dy =0.

—b

It is easy to verify that these conditions lead to the same solution as (5.45-5.47).
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on the end z = a. As explained in §5.2.1, we do not need to enforce the
additional three weak conditions on = —a.

The normal traction is uniform — i.e. it varies with 2° (n = 0), so the
above criterion demands a polynomial of order (n+ 5)=>5. We therefore write

¢ = Cra? + Coxy + Csy? + Cuz® + Csa’y + Coxy? + Cry® + Cga?
+C'9x3y + 01033‘22./2 + C’nxy3 + 012y4 + 0131‘5 + 0141‘43/
+C152°y* + Cr2°y® + Crrzy® + C1sy® . (5.48)

This is a long expression, but remember we only have to type it in once to
the computer file. We can cut and paste the expression in the solution of
subsequent problems (and the reader can indeed cut and paste from the web
file ‘polynomial’). Substituting (5.48) into the biharmonic equation (5.1), we
obtain

(120C15 + 24C)5 + 24C17)x + (24C14 + 24C16 + 120C15 )y
+(24C5 + 8Co + 24C15) =0 (5.49)

and this must be zero for all z,y leading to the three constraint equations

120C13 + 24C15 + 24C17 =0 (5.50)
24C14 + 24C1g + 120C18 =0 (5.51)
24Cg 4+ 8C1g + 24C15 =0 . (5.52)

The stresses are obtained by substituting (5.48) into (5.14-5.16) with the
result

0z = 2C3 + 2Cgx + 6Cry + 2010I2 + 6C11xy + 120123/2 + 2015$3

+6C162%y + 12C177y* + 20C18y° (5.53)
Opy = —Cy — 2052 — 2Csy — 3Cox? — 4C 1 gzy — 3C11y? — 4C 142>

—6C152%y — 6C1gzy> — 4C179° (5.54)
oyy = 201 + 6Cyx + 2C5y + 12Csz? + 6Cyzy + 2C10y° + 20C,32°

+12C142%y + 6C152y> + 2C16y° (5.55)

The tractions on y=0b are therefore

Oyz = —46141)3 — (309 + 6015())132 — (205 + 4C10b + 6016172)3}

—(Cy +2Csb + 3C11b* + 4C7b°) (5.56)
0yy = 20C132% + (1205 + 12014b)x% + (6Cy + 6Cob + 6C15b)x
+(201 + 2C5b + +2C19b* + 2C46b*) (5.57)

and these must satisfy equations (5.42, 5.43) for all z, giving
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4014, =0 (5.58)

3Cy +6C15b = 0 (5.59)

2C5 + 4C19b + 6C16b* = 0 (5.60)

Cy + 2Csb + 3C11b* +4C17b° = 0 (5.61)
20C13 =0 (5.62)

1205 +12C14b = 0 (5.63)

6Cy + 6Cob + 6C150* = 0 (5.64)

207 + 205b + 200b* 4 2C16b° = —p . (5.65)

A similar procedure for the edge y=—b yields the additional equations

3Cy —6C15b =0 (5.66)

2C5 — 4C19b + 6C16b° = 0 (5.67)

Cy — 206b + 3C11b* — 4C17b° = 0 ( )
1205 — 12C14b = 0 (5.69)

6Cy — 6Cob + 6C150* = 0 (5.70)

20, — 2C5b 4+ 2C10b* — 2C16b° = 0 . (5.71)

On z=a, we have

0z = 2C3 + 2Cga + 6Cry + 2010&2 + 6Cr1ay + 12012y2 + 2015(13

+6C16a2y + 12017&2/2 + 200183/3 (572)
Oy = —Co — 2Cs5a — 2Csy — 3C9a® — 4Cpay — 3C11y* — 40 4a°
—6015a2y — GC’lﬁayQ — 4017y3 . (573)

Substituting into the weak conditions (5.45-5.47) and evaluating the integrals,
we obtain the three additional equations

4C3b + 4Csab + 4C19a*b + 8C12b + 4C15a°b + 8C17ab® =0 (5.74)

72021) - 4C’5ab - 6C9a2b - 2011[)3 - 8C14a3b - 4016ab3 = pa (575)

4C7b% + 4C11ab® + 4C16a*b® + 8C1gb° = 0. (5.76)

Finally, we solve equations (5.50-5.52, 5.58-5.71, 5.74-5.76) for the unknown
constants C1, ..., C1g and substitute back into (5.48), obtaining

b = ﬁ@ﬁyg — P — 15b%%y — 5a2y® + 267 — 106%22) . (5.77)
The corresponding stress field is
_ b 2, 3 2 2
Tae = 5003 (15z°y — 10y° — 15a°y + 6b°y) (5.78)
3px , 9
p
Oyy = @(y?’ — 3b%y — 2b%) . (5.80)



66 5 Problems in rectangular coérdinates

The reader is encouraged to run the Maple or Mathematica files ‘S522’,
which contain the above solution procedure. Notice that most of the algebraic
operations are generated by quite simple and repetitive commands. These
will be essentially similar for any polynomial problem involving rectangular
coordinates, so it is a simple matter to modify the program to cover other
cases.

5.2.3 Manual solutions — symmetry considerations

If the solution is to be obtained manually, the complexity of the algebra makes
the process time consuming and increases the likelihood of errors. Fortunately,
the complexity can be reduced by utilizing the natural symmetry of the rect-
angular beam. In many problems, the loading has some symmetry which can
be exploited in limiting the number of independent polynomial terms and
even when this is not the case, some saving of complexity can be achieved by
representing the loading as the sum of symmetric and antisymmetric parts.
We shall illustrate this procedure by repeating the solution of the problem of
Figure 5.3.

The problem is symmetrical about the mid-point of the beam and hence,
taking the origin there, we deduce that the resulting stress function will con-
tain only even powers of x. This immediately reduces the number of terms in
the general stress function to 10.

The beam is also symmetrical about the axis y=0, but the loading is not.
We therefore decompose the problem into the two sub-problems illustrated in
Figure 5.4(a,b).
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Figure 5.4: Decomposition of the problem into (a) antisymmetric and (b)
symmetric parts.

The problem in Figure 5.4(a) is antisymmetric in y and hence requires
a stress function with only odd powers of y, whereas that of Figure 5.4(b) is
symmetric and requires only even powers. In fact, the problem of Figure 5.4(b)
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clearly has the trivial solution corresponding to uniform uniaxial compression,
o4y =—p/2, the appropriate stress function being ¢ =—pz?/4.

For the problem of Figure 5.4(a), the most general fifth degree polynomial
which is even in z and odd in y can be written

¢ = Csz’y + Cry® + Crazty + Cigzy® + Cigy® | (5.81)

which has just five degrees of freedom. We have used the same notation for
the remaining constants as in (5.48) to aid in comparing the two solutions.
The appropriate boundary conditions for this sub-problem are

Opy =0 ; y==b (5.82)
Ty = q:‘g Ly =b (5.83)
b
/ Opzdy =0 ; z==a (5.84)
—b
b
/ Oraydy =0 ; x==a. (5.85)
—b

Notice that, in view of the symmetry, it is only necessary to satisfy these
conditions on one of each pair of edges (e.g. on y =b,z = a). For the same
reason, we do not have to impose a condition on the vertical force at x=+a,
since the symmetry demands that the forces be equal at the two ends and the
total force must be 2pa to preserve global equilibrium, this being guaranteed
by the use of the Airy stress function, as in the problem of §5.2.1.

It is usually better strategy to start a manual solution with the strong
boundary conditions (equations (5.82, 5.83)), and in particular with those
conditions that are homogeneous (in this case equation (5.82)), since these
will often require that one or more of the constants be zero, reducing the
complexity of subsequent steps. Substituting (5.81) into (5.15, 5.16), we find

Opy = =205z — 4C1a2° — 6C162y° (5.86)
Oyy = 205y + 12014.1‘2]/ + 2016y3 . (587)

Thus, condition (5.82) requires that
4C142% + (2C5 4+ 6C16b%)x = 0 ; for all (5.88)
and this condition is satisfied if and only if
Ciy =0 and 2C5+6C16b> =0. (5.89)

A similar procedure with equation (5.87) and boundary condition (5.83)
gives the additional equation

205b + 2C16b% = —g . (5.90)
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Equations (5.89, 5.90) have the solution

3p

05:*%

p
We next determine Cig from the condition that the function ¢ is bihar-
monic, obtaining

(24C14 + 24C16 + 120C18)y = 0 (5.92)
and hence »
018 == —M 5 (593)

from (5.89, 5.91, 5.92).

It remains to satisfy the two weak boundary conditions (5.84, 5.85) on
the ends x = 4a. The first of these is satisfied identically in view of the
antisymmetry of the stress field and the second gives the equation

4C7b% + 401600 + 8C180° = 0, (5.94)
which, with equations (5.91, 5.93), serves to determine the remaining constant,

p(2b% — 5a?)

Cr =10

(5.95)
The final solution of the complete problem (the sum of that for Figures
5.4(a) and (b)) is therefore obtained from the stress function
p

¢ = m(&x?gﬁ — 5 — 15b%2%y — 5a%y® + 20%y> — 10632?) | (5.96)

as in the ‘computer solution’ (5.77), and the stresses are therefore given by
(5.78-5.80) as before.

5.3 Fourier series and transform solutions

Polynomial solutions can, in principle, be extended to more general loading
of the beam edges, as long as the tractions are capable of a power series
expansion. However, the practical use of this method is limited by the algebraic
complexity encountered for higher order polynomials and by the fact that
many important traction distributions do not have convergent power series
representations.

A more useful method in such cases is to build up a general solution by
components of Fourier form. For example, if we write

o= f(y)cos(Ax) or ¢ = f(y)sin(Ax), (5.97)

substitution in the biharmonic equation (5.1) shows that f(y) must have the
general form
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f(y) = (A+ By)e + (C + Dy)e ™ | (5.98)

where A, B,C, D are arbitrary constants. Alternatively, by defining new ar-
bitrary constants A’, B, C’, D' through the relations A = (A’+C")/2, B =
(B'+D")/2, C=(A'"-C")/2, D=(B’'—D")/2, we can group the exponentials
into hyperbolic functions, obtaining the equivalent form

f(y) = (A" + B'y) cosh(\y) + (C" + D’y) sinh(\y) . (5.99)

The hyperbolic form enables us to take advantage of any symmetry about y=
0, since cosh(\y),ysinh(Ay) are even functions of y and sinh(\y), y cosh(\y)
are odd functions.

More general biharmonic stress functions can be constructed by superpo-
sition of terms like (5.98, 5.99), leading to Fourier series expansions for the
tractions on the surfaces y==b. The theory of Fourier series can then be used
to determine the coefficients in the series, using strong boundary conditions
on y=+b. Quite general traction distributions can be expanded in this way,
so Fourier series solutions provide a methodology applicable to any problem
for the rectangular bar.

5.3.1 Choice of form

The stresses due to the stress function ¢ = f(y) cos(A\x) are

Tuw = ["(y) cos(Az) 5 00y = A (y) sin(Az) 5 0y = A f(y) cos(Ax)
(5.100)
and the tractions on the edge x=a are

ouz(a,y) = f(y) cos(Aa) ; o4y(a,y) = Af'(y) sin(Aa) . (5.101)

It follows that we can satisfy homogeneous boundary conditions on one (but
not both) of these tractions in the strong sense, by restricting the Fourier
series to specific values of A. In equation (5.101), the choice A=nn/a will give
0y =0 on x==a, whilst A=(2n — 1)7/2a will give 0, =0 on x==a, where
n is any integer.

Example

We illustrate this technique by considering the rectangular beam —a <z <a,
—b <y < b, simply supported at x = +a and loaded by compressive normal
tractions pi(x) on the upper edge y=>b and ps(x) on y=—b — i.e.

Oy =0 ; y==b
oyy =-p1(z) ; y=10

=—p2(z) ; y=-b
Ore =0 ; x==a.
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Notice that we have replaced the weak conditions (5.84, 5.85) by the strong
condition (5.105). As in §5.2.2, it is not necessary to enforce the remaining
weak conditions (those involving the vertical forces on x = +a), since these
will be identically satisfied by virtue of the equilibrium condition.

The algebraic complexity of the problem will be reduced if we use the
geometric symmetry of the beam to decompose the problem into four sub-
problems. For this purpose, we define

fi(z) = fi(—z) i{pl(az) + p1(—=z) + pa(z) + pa(—2)}  (5.106)
f2(x) = —fa(—2)
f3(x) = f3(—x)

fa(z) = —fa(—z) = i{m(l’) —p1(—x) — pa(z) + p2(—2)}  (5.109)

(@)~ pi(2) 4 pole) ~ pa(-2)} (5.107)

L) pa() — pale) ()} (5.108)

and hence

pi(z) = fi(z)+ fo(2) + f3(2) + fa(2) 5 p2(2) = fi(2)+ falz) — f3(2) —(f4($))-
5.110

The boundary conditions now take the form
Ozy =05 y==%b (5.111)
oyy = —[1(x) = fa(x) — f3(x) — fa(x) ; y=0b (5.112)
= —fi(x) — fa(@) + f3(x) + fa(2) ; y=-b (5.113)
0wz =0 ; z=1=a (5.114)

and each of the functions fi, fo, f3, f4 defines a separate problem with either
symmetry or antisymmetry about the x- and y-axes. We shall here restrict
attention to the loading defined by the function f3(x), which is symmetric in
x and antisymmetric in y. The boundary conditions of this sub-problem are

Opy =0 ; y==b (5.115)
oyy = Ffs(x) ; y==+b (5.116)
Ope=0; =1=%a. (5.117)

The problem of equations (5.115-5.117) is even in z and odd in y, so we
use a cosine series in x with only the odd terms from the hyperbolic form
(5.99) — i.e.

¢ = i{Any cosh(A,y) + By sinh(A,y)} cos(Apz) | (5.118)

n=1

where A,,, B, are arbitrary constants. The strong condition (5.117) on . =+a
can then be satisfied in every term by choosing
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2n — )m

My = o (5.119)

The corresponding stresses are

UM:Z {24, X, sinh(A,y) + A A2y cosh(A,y)+ B, A2 sinh(A,y) } cos(A,z)

n=1

Umy:Z {An/\n cosh(A,y) —&—An)\fly sinh(Any) —&—Bn)\i cosh(/\ny)} sin(A,x)
n=1
o0

Oyy=— Z { A, A2y cosh(Any) + BpAZ sinh(A,y) } cos(A, ) (5.120)

n=1

and hence the boundary conditions (5.115, 5.116) on y==4b require that

> {An A, cosh(Anb)+ A, A2bsinh (X, b)+ By A2 cosh(Anb) } sin(Apz) = 0

n=1
(5.121)
> {AnAbcosh(Anb)+ By A2 sinh(Anb) } cos(Anz) = f3(x) - (5.122)
n=1

To invert the series, we multiply (5.122) by cos(A\,,z) and integrate from —a
to a, obtaining

Z {A AZbcosh(Apb) + BpA2 sinh(A,b) } cos(A,z) cos(Ap,z)da

= fg( ) cos(Apz)de . (5.123)

The integrals on the left-hand 51de are all zero except for the case m=n and
hence, evaluating the integrals, we find

{Am)\fnb cosh(Ab) + B2, sinh(/\mb)} a= fg( ) cos(Apz)dx .

(5.124)
The homogeneous equation (5.121) is clearly satisfied if

A A cosh( A\ b) 4+ A A2 bsinh(\,,b) + B A2, cosh(A\,b) = 0. (5.125)
Solving (5.124, 5.125) for A,,, B,,, we have
cosh(A,b)
M@ b — sinh(Amb) cosh(Amb)} f3( ) cos(Amr)da
(cosh(Amb) + Ambsinh(Amb))  [©

B = =35 alunb — snb(Amb) cosh (b} ., 2() csAma)de,

Am =

(5.126)
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where A, is given by (5.119). The stresses are then recovered by substitution
into equations (5.120).

The corresponding solutions for the functions f1, fo, f4 are obtained in
a similar way, but using a sine series for the odd functions fo, f4 and the
even terms y sinh(\y), cosh(\y) in ¢ for fi, fo. The complete solution is then
obtained by superposing the solutions of the four sub-problems.

The Fourier series method is particularly useful in problems where the
traction distribution on the long edges has no power series expansion, typi-
cally because of discontinuities in the loading. For example, suppose the beam
is loaded only by a concentrated compressive force F' on the upper edge at
x=0, corresponding to the loading p;(z)=Fd(z), p2(x)=0. For the symmet-
ric/antisymmetric sub-problem considered above, we then have

fs(@) = Fi(x) (5.127)

from (5.108) and the integral in equations (5.126) is therefore

’ fa(x) cos(A\ppx)dx = % , (5.128)

for all m.

This solution satisfies the end condition on o, in the strong sense, but the
condition on o, only in the weak sense. In other words, the tractions o, on
the ends add up to the forces required to maintain equilibrium, but we have
no control over the exact distribution of these tractions. This represents an
improvement over the polynomial solution of §5.2.3, where weak conditions
were used for both end tractions, so we might be tempted to use a Fourier
series even for problems with continuous polynomial loading. However, this
improvement is made at the cost of an infinite series solution. If the series
were truncated at a finite value of n, errors would be obtained particularly
near the ends or any discontinuities in the loading.

5.3.2 Fourier transforms

If the beam is infinite or semi-infinite (@ — o), the series (5.118) must be
replaced by the integral representation

o(x,y) = /000 F(A ) cos(Az)dA , (5.129)

where
f\y) = A(N)y cosh(Ay) + B(A) sinh(Ay) . (5.130)

Equation (5.129) is introduced here as a generalization of (5.97) by super-
position, but ¢(z,y) is in fact the Fourier cosine transform of f()\, y), the
corresponding inversion being
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f\y) = i/ooo o(z,y) cos(Azx)dz . (5.131)

The boundary conditions on y==+b will also lead to Fourier integrals, which
can be inverted in the same way to determine the functions A()), B()\). For
a definitive treatment of the Fourier transform method, the reader is referred
to the treatise by Sneddon?®. Extensive tables of Fourier transforms and their
inversions are given by Erdelyi*. The cosine transform (5.129) will lead to a
symmetric solution. For more general loading, the complex exponential trans-
form can be used.

It is worth remarking on the way in which the series and transform solu-
tions are natural generalizations of the elementary solution (5.97). One of the
most powerful techniques in Elasticity — and indeed in any physical theory
characterized by linear partial differential equations — is to seek a simple form
of solution (often in separated-variable form) containing a parameter which
can take a range of values. A more general solution can then be developed
by superposing arbitrary multiples of the solution with different values of the
parameter.

For example, if a particular solution can be written symbolically as ¢ =
f(z,y,\), where X is a parameter, we can develop a general series form

i=0
or an integral form
b
o) = [ AN N)ar. (5.133)

The series form will naturally arise if there is a discrete set of eigenvalues,
A; for which f(z,y, \;) satisfies some of the boundary conditions of the prob-
lem. Additional examples of this kind will be found in §§6.2, 11.2. In this case,
the series (5.132) is most properly seen as an eigenfunction expansion. Inte-
gral forms arise most commonly (but not exclusively) in problems involving
infinite or semi-infinite domains (see, for example, §§11.3, 30.2.2.).

Any particular solution containing a parameter can be used in this way
and, since transforms are commonly named after their originators, the reader
desirous of instant immortality might like to explore some of those which have
not so far been used. Of course, the usefulness of the resulting solution depends
upon its completeness — i.e. its capacity to represent all stress fields of a given
class — and upon the ease with which the transform can be inverted.

3 1.N.Sneddon, Fourier Transforms, McGraw-Hill, New York, 1951.
4 A Erdelyi, ed., Tables of Integral Transforms, Bateman Manuscript Project, Cal-
ifornia Institute of Technology, Vol.1, McGraw-Hill, New York, 1954.
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PROBLEMS

1. The beam —b<y<b, 0<z <L, is built-in at the end z=0 and loaded by a
uniform shear traction o,, =S5 on the upper edge, y =b, the remaining edges,
x =L, y= —b being traction-free. Find a suitable stress function and the
corresponding stress components for this problem, using the weak boundary
conditions on x=L.

2. The beam —b<y<b, —L <x < L is simply supported at the ends x ==L and
loaded by a shear traction o,y =Sz/L on the lower edge, y=—b, the upper
edge being traction-free. Find a suitable stress function and the corresponding
stress components for this problem, using the weak boundary conditions on
r==L.

3. The beam —b<y<b, 0<x <L, is built-in at the end x = L and loaded
by a linearly-varying compressive normal traction p(xz)=Sz/L on the upper
edge, y = b, the remaining edges, x = 0, y = —b being traction-free. Find
a suitable stress function and the corresponding stress components for this
problem, using the weak boundary conditions on x=0.

4. The beam —b<y<b,—L <x <L is simply supported at the ends xt=+L
and loaded by a compressive normal traction

on the upper edge, y =0, the lower edge being traction-free. Find a suitable
stress function and the corresponding stress components for this problem.

5. The beam —b<y<b, 0<z <L, is built-in at the end =L and loaded by
a compressive normal traction

T
-5 (3)

p(x) sin 57
on the upper edge, y =b, the remaining edges, x =0, y= —b being traction-free.
Use a combination of the stress function (5.97) and an appropriate polynomial

to find the stress components for this problem, using the weak boundary
conditions on x=0.

6. A large plate defined by 3 >0 is subjected to a sinusoidally varying load
Oyy = SsinAT ; 04y =0
at its plane edge y = 0.

Find the complete stress field in the plate and hence estimate the depth y
at which the amplitude of the variation in oy, has fallen to 10% of S.
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Hint: You might find it easier initially to consider the case of the layer
0<y<h, with y=h traction-free, and then let h — oo.

7. The beam —a<x <a, —b<y<bisloaded by a uniform compressive traction
p in the central region —a/2 <x <a/2 of both of the edges y==+b, as shown
in Figure 5.5. The remaining edges are traction-free. Use a Fourier series with
the appropriate symmetries to obtain a solution for the stress field, using the
weak condition on o, on the edges x = +a and the strong form of all the
remaining boundary conditions.

FETTITTIVIN

EERELEERE

Figure 5.5

8. Use a Fourier series to solve the problem of Figure 5.4(a) in §5.2.3. Choose
the terms in the series so as to satisfy the condition o,,(+a,y) =0 in the
strong sense.

If you are solving this problem in Maple or Mathematica, compare the
solution with that of §5.2.3 by making a contour plot of the difference between
the truncated Fourier series stress function and the polynomial stress function

p

¢ = M(&vzy?’ —y® — 15b%2%y — 5a’y® + 20%y°) .

Examine the effect of taking different numbers of terms in the series.

9. The large plate y >0 is loaded at its remote boundaries so as to produce a
state of uniform tensile stress

Opz =8} Opy=0yy =0,

the boundary y=0 being traction-free. We now wish to determine the pertur-
bation in this simple state of stress that will be produced if the traction-free
boundary had a slight waviness, defined by the line

y = ecos(A\x) ,

where Ae < 1. To solve this problem
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(i) Start with the stress function

2
6 =L 4 (y) cos()
and determine f(y) if the function is to be biharmonic.

(ii) The perturbation will be localized near y =0, so select only those terms
in f(y) that decay as y— oc.

(iii) Find the stress components and use the stress transformation equations
to determine the tractions on the wavy boundary. Notice that the incli-
nation of the wavy surface to the plane y =0 will be everywhere small if
Ae <1 and hence the trigonometric functions involving this angle can be
approximated using sin(z) =z, cos(z)=1,z < 1.

(iv) Choose the free constants in f(y) to satisfy the traction-free boundary
condition on the wavy surface.

(v) Determine the maximum tensile stress and hence the stress concentration
factor as a function of Ae.



6

END EFFECTS

The solution of §5.2.2 must be deemed approximate insofar as the boundary
conditions on the ends x = £a of the rectangular beam are satisfied only in
the weak sense of force resultants, through equations (5.45-5.47). In general,
if a rectangular beam is loaded by tractions of finite polynomial form, a finite
polynomial solution can be obtained which satisfies the boundary conditions
in the strong (i.e. pointwise) sense on two edges and in the weak sense on the
other two edges.

The error involved in such an approximation corresponds to the solution
of a corrective problem in which the beam is loaded by the difference between
the actual tractions applied and those implied by the approximation. These
tractions will of course be confined to the edges on which the weak boundary
conditions were applied and will be self-equilibrated, since the weak conditions
imply that the tractions in the approximate solution have the same force
resultants as the actual tractions.

For the particular problem of §5.2.2, we note that the stress field of equa-
tions (5.78-5.80) satisfies the boundary conditions on the edges y = +b, but
that there is a self-equilibrated normal traction

p

2 3
- - 1
Oza = 7055 307y = 59°) (6.1)

on the ends z = +a, which must be removed by superposing a corrective
solution if we wish to satisfy the boundary conditions of Figure 5.3 in the
strong sense.

6.1 Decaying solutions

In view of Saint-Venant’s theorem, we anticipate that the stresses in the cor-
rective solution will decay as we move away from the edges where the self-
equilibrated tractions are applied. The decay rate is likely to be related to
the width of the loaded region and hence we anticipate that the stresses in

J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 77
DOI 10.1007/978-90-481-3809-8_6, © Springer Science+Business Media B.V. 2010
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the corrective solution will be significant only in two regions near the ends,
of linear dimensions comparable to the width of the beam. These regions are,
shown shaded in Figure 6.1. It follows that the solution of §5.2.2 will be a
good approximation in the unshaded region in Figure 6.1.

FERERRERSRRRRNAny

Figure 6.1: Regions of the beam influenced by end effects.

It also follows that the corrective solutions for the two ends are uncoupled,
since the corrective field for the end x=—a has decayed to negligible propor-
tions before we reach the end x =+a and vice versa. This implies that, so far as
the left end is concerned, the corrective solution is essentially identical to that
which would be required in the semi-infinite beam, x> —a. We can therefore
simplify the statement of the problem by considering the corrective solution
for the left end only and shifting the origin to —a, so that the semi-infinite
beam under consideration is defined by = >0, —b<y<b.

It is also now clear why we chose to satisfy the strong boundary condi-
tions on the long edges, y=4b. If instead we had imposed strong conditions
on x = ta and weak conditions on y = +b, the shaded regions would have
overlapped and there would be no region in which the finite polynomial so-
lution was a good approximation to the stresses in the beam. It also follows
that the approximation will only be useful when the beam has an aspect ratio
significantly different from unity — i.e. b/a>>1.

6.2 The corrective solution

We recall that the stress function, ¢, for the corrective solution must (i) satisfy
the biharmonic equation (5.1), (ii) have zero tractions on the boundaries y =
+b —ie.

Oyy =0yz =0 ; y==b (6.2)
and (iii) have prescribed non-zero tractions (such as those defined by equation
(6.1)) on the end(s), which we can write in the form

Uzz(oay) = fl(y) 5 Ua:y(()’y) = f2(y) ) (6-3)
where

b b b
/_ iy = /_ iy = / Ry =0, (6.4)
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since the corrective tractions are required to be self-equilibrated.

We cannot generally expect to find a solution to satisfy all these conditions
in closed form and hence we seek a series or transform (integral) solution as
suggested in §5.3. However, the solution will be simpler if we can find a class
of solutions, all of which satisfy some of the conditions. We can then write
down a more general solution as a superposition of such solutions and choose
the coefficients so as to satisfy the remaining condition(s).

Since the traction boundary condition on the end will vary from problem
to problem, it is convenient to seek solutions which satisfy (i) and (ii) — i.e.
biharmonic functions for which

¢ _ 9% _
0x2  Oxdy

0; y==b. (6.5)

6.2.1 Separated-variable solutions

One way to obtain functions satisfying conditions (6.5) is to write them in the
separated-variable form

o= f(x)g(y), (6.6)
in which case, (6.5) will be satisfied for all z, provided that
9y)=4'(y)=0; y==b. (6.7)

Notice that the final corrective solution cannot be expected to be of separated-
variable form, but we shall see that it can be represented as the sum of a series
such terms.

If the functions (6.6) are to be biharmonic, we must have

d*f d’f d?g d*g
— 4+2—=— — =0 6.8
I dat + dz? dy? + fdy4 ’ (6:8)
and this equation must be satisfied for all values of x,y. Now, if we consider
the subset of points (z,c), where ¢ is a constant, it is clear that f(x) must
satisfy an equation of the form
d*f d?f
A— +B—=+Cf=0 6.9
Td T B3 +Cf=0, (6.9)
where A, B,C, are constants, and hence f(x) must consist of exponential
terms such as f(z) = exp(Az). Similar considerations apply to the function
g(y). Notice incidentally that A might be complex or imaginary, giving sinu-
soidal functions, and there are also degenerate cases where C' and/or B=0 in
which case f(z) could also be a polynomial of degree 3 or below.
Since we are seeking to represent a field which decays with =, we select
terms of the form

¢ =g(ye ", (6.10)
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in which case, (6.8) reduces to

d'g d’g
—= 4205 +X'g=0 6.11
gt TN gt e=0, (6.11)
which is a fourth order ordinary differential equation for g(y) with general
solution

9(y) = (A1 + Azy) cos(Ay) + (A3 + Agy) sin(Ay) . (6.12)

6.2.2 The eigenvalue problem

The arbitrary constants Ai, Ao, A3, A4 are determined from the boundary
conditions (6.2), which in view of (6.7) lead to the four simultaneous equations

(A1 + Azb) cos(Ab) + (As + Aab)sin(Ab) =0  (6.13)
(A — Asb) cos(Ab) — (A3 — Ab)sin(Ab) =0 (6.14)
(Ag + Az 4+ AyAb) cos(Ab) — (A1 A + Aa\b — Ay)sin(Ab) =0 (6.15)
(Ag + AsA — AgAb) cos(Ab) + (A1 A — A Ab — Ayg)(sin Ab) = 0. (6.16)

This set of equations is homogeneous and will generally have only the
trivial solution A; = As = A3 = A4 =0. However, there are some eigenvalues
of the exponential decay rate, A, for which the determinant of coefficients is
singular and the solution is non-trivial.

A more convenient form of the equations can be obtained by taking
sums and differences in pairs — i.e. by constructing the equations (6.13 +
6.14), (6.13—6.14), (6.15+6.16), (6.15 —6.16), which after rearrangement and
cancellation of non-zero factors yields the set

Aq cos(Ab) + Agbsin(Ab) =0 (
A1 Asin(Ab) — Ag{sin(Ab) + Ab(cos(Ab)} =0 (6.18
Asbcos(Ab) + Az sin(Ab) =0 (
Aa{cos(Ab) — Absin(Ab)} + Az cos(Ab) = 0. (

What we have done here is to use the symmetry of the system to partition
the matrix of coefficients. The terms A; cos(Ay), Asysin(Ay) are symmetric,
whereas Aoy cos(Ay), Assin(Ay) are antisymmetric. The boundary conditions
are also symmetric and hence the symmetric and antisymmetric terms must
separately satisfy them.

We conclude that the set of equations (6.17-6.20) has two sets of eigenval-
ues, for one of which the resulting eigenfunction is symmetric and the other
antisymmetric. The symmetric eigenvalues A(°) are obtained by eliminating
Ay, Ayq from (6.17, 6.18) with the result

sin(2A) + 2205p =0 (6.21)



6.2 The corrective solution 81

whilst the antisymmetric eigenvalues A(4) are obtained in the same way from
(6.19, 6.20) with the result

sin(2AAp) —20Ap =0 . (6.22)

Figure 6.2 demonstrates graphically that the only real solution of equations
(6.21, 6.22) is the trivial case A =0 (which in fact corresponds to the non-
decaying solutions in which an axial force or moment resultant is applied at
the end and transmitted along the beam).

27\,6//

sinzhb

Figure 6.2: Graphical solution of equations (6.21, 6.22).

However, there is a denumerably infinite set of non-trivial complez solu-
tions, corresponding to stress fields which oscillate whilst decaying along the
beam. These solutions are fairly easy to find by writing A\b=c+1d, separating
real and imaginary parts in the complex equation, and solving the result-
ing two simultaneous equations for the real numbers, ¢, d, using a suitable
numerical algorithm.

Once the eigenvalues have been determined, the corresponding eigenfunc-
tions g%, g4 are readily recovered using (6.12, 6.21, 6.22). We obtain

g =cC {y sin(A)y) cos(A ) — bsin(Ab) COS()\(S)y)} (6.23)
¢ =D [y sin(A)b) cos(AS)y) — bsin(Ay) cos(MS)b)} . (6.24)

where C, D are new arbitrary constants related to A1, A4 and As, A3 respec-
tively. We can then establish a more general solution of the form

= S — (.S)a: - A — <.A)w
o= CigP (e ™7 + > Dig™M (y)e N (6.25)
=1 =1

where )\ES),)\Y‘) represent the eigenvalues of equations (6.21, 6.22) respec-
tively.

The final step is to choose the constants C;, D; so as to satisfy the pre-
scribed boundary conditions (6.3) on the end x = 0. An improved but still
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approximate solution of this problem can be obtained by truncating the infi-
nite series at some finite value i =N, defining a scalar measure of the error £
in the boundary conditions and then imposing the 2N conditions

o _,  OE
ac,

=0 for ¢=1,N 6.26
oD, (6.26)
to determine the unknown constants. An appropriate non-negative quadratic
error measure is

b
£= /—b {AW) = 0000} + {2) = 02y 0,0)} |y, (6.27)

where 0.5,0,, are the stress components defined by the truncated series.
Since biharmonic boundary-value problems arise in many areas of mechanics,
techniques of this kind have received a lot of attention. Convergence of the
truncated series is greatly improved if the boundary conditions are continuous
in the corners’. It can be shown that the use of the weak boundary conditions
automatically defines continuous values of ¢ and its first derivatives in the
corners (0, —b), (0,b) in the corrective solution. However, convergence prob-
lems are still likely to occur if the shear tractions on the two orthogonal edges
in the corner are different, for example if

lir% oyz (T, ) # lin}) 02y(0,9) . (6.28)
T— y—

Since the tractions on the boundaries are independent, this is a perfectly
legitimate physical possiblity, but it involves an infinite stress gradient in
the corner and leads to a modified Gibbs phenomenon in the series solution,
where increase of N leads to greater accuracy over most of the boundary,
but to an oscillation of finite amplitude and decreasing wavelength in the
immediate vicinity of the corner. The problem can be avoided at the cost
of a more complex fundamental problem by extracting a closed-form solution
respresenting the discontinuous tractions. We shall discuss this special solution
in §11.1.2 below.

Completeness

It is clear that the accuracy of the solution (however defined) can always be
improved by taking more terms in the series (6.25) and in particular cases
this is easily established numerically. However, it is more challenging to prove
that the eigenfunction expansion is complete in the sense that any prescribed
self-equilibrated traction on z =0 can be described to within an arbitrarily

! M.I.G.Bloor and M.J.Wilson, An approximate solution method for the bihar-
monic problem, Proceedings of the Royal Society of London, Vol. A462, pp.1107—
1121.
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small accuracy by taking a sufficient number of terms in the series, though
experience with other eigenfunction expansions (e.g. with expansion of elas-
todynamic states of a structure in terms of normal modes) suggests that this
will always be true. In fact, although the analysis described in this section
has been known since the investigations by Papkovich and Fadle in the early
1940s, the formal proof of completeness was only completed by Gregory? in
1980.

It is worth noting that, as in many related problems, the eigenfunctions
oscillate in y with increasing frequency as )\; increases and in fact every time we
increase i by 1, an extra zero appears in the function g;(y) in the range 0 <y <
b. Thus, there is a certain similarity to the process of approximating functions
by Fourier series and in particular, the residual error in case of truncation will
always cross zero once more than the last eigenfunction included.

This is also helpful in that it enables us to estimate the decay rate of the
first excluded term. We see from equation (6.12) that the distance between
zeros in y in any of the separate terms would be (w/Ag), where Ag is the real
part of \. It follows that over a corresponding distance in the z-direction, the
field would decay by the factor exp(—m)=0.0432. This suggests that we might
estimate the decay rate of the end field by noting the distance between zeros
in the corresponding tractions®. For example, the traction of equation (6.1)
has zeros at y=0,3b/5, corresponding to Ag=(57/3b)=5.23/b.

An alternative way of estimating the decay rate is to note that the decay
rate for the various terms in (6.25) increases with ¢ and hence as x increases,
the leading term will tend to predominate. The tractions of (6.1) are antisym-
metric and hence the leading term corresponds to the real part of the first
eigenvalue of equation (6.22), which is found numerically to be Agb=3.7.

Either way, we can conclude that the error associated with the end trac-
tions in the approximate solution of §5.2.2 has decayed to around e™*, i.e. to
about 2% of the values at the end, within a distance b of the end. Thus the
region affected by the end condition — the shaded region in Figure 6.1 — is
quite small.

For problems which are symmetric in y, the leading self-equilibrated term
is likely to have the form of Figure 6.3(a), which has a longer wavelength than
the corresponding antisymmetric form, 6.3(b). The end effects in symmetric

2 R.D.Gregory, Green’s functions, bi-linear forms and completeness of the eigen-
functions for the elastostatic strip and wedge, J.Elasticity, Vol. 9 (1979), pp.283—
309; R.D.Gregory, The semi-infinite strip x > 0,—1 < y < 1; completeness
of the Papkovich-Fadle eigenfunctions when ¢z.(0,y), ¢yy(0,y) are prescribed,
J.Elasticity, Vol. 10 (1980), pp.57-80; R.D.Gregory, The traction boundary value
problem for the elastostatic semi-infinite strip; existence of solution and complete-
ness of the Papkovich-Fadle eigenfunctions, J.Elasticity, Vol. 10 (1980), pp.295-
327. These papers also include extensive references to earlier investigations of the
problem.

This assumes that the wavelength of the tractions is the same as that of ¢, which
of course is an approximation, since neither function is purely sinusoidal.
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problems therefore decay more slowly and this is confirmed by the fact that
the real part of the first eigenvalue of the symmetric equation (6.21) is only
Arb=2.1.

(@) ®)

Figure 6.3: Leading term in self-equilibrated tractions for (a) symmetric
loading and (b) antisymmetric loading.

6.3 Other Saint-Venant problems

The general strategy used in §6.2 can be applied to other curvilinear coérdinate
systems to correct the errors incurred by imposing the weak boundary condi-
tions on appropriate edges. The essential steps are:-

(i) Define a coordinate system (£,7) such that the boundaries on which the
strong conditions are applied are of the form, n= constant.

(ii) Find a class of separated-variable biharmonic functions containing a pa-
rameter (A in the above case).

(iii) Set up a system of four homogeneous equations for the coefficients of
each function, based on the four traction-free boundary conditions for the
corrective solution on the edges 1= constant.

(iv) Find the eigenvalues of the parameter for which the system has a non-
trivial solution and the corresponding eigenfunctions, which are then used
as the terms in an eigenfunction expansion to define a general form for
the corrective field.

(v) Determine the coefficients in the eigenfunction expansion from the pre-
scribed inhomogeneous boundary conditions on the end &= constant.

6.4 Mathieu’s solution

The method described in §6.2 is particularly suitable for rectangular bodies
of relatively large aspect ratio, since the weak solution is then quite accurate
over a substantial part of the domain and the corrections at the two ends are
essentially independent of each other. In other cases, and particularly for the
square b= a, we lose these advantages and the inconvenience of solving the
eigenvalue equations (6.21, 6.22) tilts the balance in favour of an alternative
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method due originally to Mathieu, who represented the solution of the en-
tire problem as the sum of two orthogonal Fourier series of the form (5.118).
The general problem can be decomposed into four sub-problems which are
respectively either symmetric or antisymmetric with respect to the z- and
y-axes. Following Meleshko and Gomilko?, we restrict attention to the sym-
metric/symmetric case, defined by the boundary conditions

Oaa(a,y) = 0a(—a,y) = f(y) ; ouyla,y) = —ouy(—a,y) =g(y)  (6.29)
Oya(2,0) = =0y (2, =b) = h(z) ; oyy(z,b) = oyy(z,—b) = L(x), (6.30)

where f,¢ are even and g, h odd functions of their respective variables. We
shall also assume that there is no discontinuity in shear traction of the form
(6.28) at the corners and hence that g(b)=h(a).

We define a biharmonic stress function with the appropriate symmetries
as

= Aoy + Z Apysinh(amy) + Ch, cosh(amy)) cos(amz)

+Boz? + Z (Bra sinh(B,x) + Dy, cosh(B,x)) cos(Bry) . (6.31)

As in §5.3.1, the a,,, 8, can be chosen so as to ensure that each term gives
either zero shear tractions or zero normal tractions on two opposite edges, but
not both. For example, with

the second series makes no contribution to the shear traction on y=»a, whilst
the first series (that involving the coefficients A,,, Cy,) makes no contribution
to the shear traction on x=a. The shear traction on x=a is then given by

51] + Dn> sinh(8,a) sin(B,y) ,

Ozy(a,y) Zﬂ ( n [a coth(Bpa) +
n

using (4.6), and substituting into (6.29)2 and applying the Fourier inversion

theorem®, we have

1 1 b
5n] *Dn ~ B2bsinh(Bna) /_ g(y) sin(Bny)dy ,

4 V.V.Meleshko and A.M.Gomilko, Infinite systems for a biharmonic problem in a
rectangle, Proceeedings of the Royal Society of London, Vol. A453 (1997), pp.2139—
2160. The reader should be warned that there are several typographical errors
in this paper, some of which are corrected in V.V.Meleshko and A.M.Gomilko,
Infinite systems for a biharmonic problem in a rectangle: further discussion, Pro-
ceeedings of the Royal Society of London, Vol. A460 (2004), pp.807-819.

5 See for example equation (5.123).

B, [a coth(Bra) +
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which defines a linear relation between each individual pair of constants
B, D,,. A similar relation between A,,,C,, can be obtained from (6.30);
and these conditions can then be used to eliminate C,,, D,, in (6.31), giving

¢ = Agy? — Z A B(Y, am, b) sinh(a,,b) cos(a,x)

m=1

+Boz? — i B, B(z, By, a) sinh(8,a) cos(6ry)

n=1

Z gn cosh(Brx) cos(Bny) n i hm cosh(amy) cos(am,x)
B2bsinh(5,a) a2 asinh(a,,b)

)

m=1

(6.33)

where

b a
In = / g(y)sin(Bry)dy 5 hm = h(z) sin(amz)dz ,

—b —a

and
cosh(\z) sinh(Az)

sinh(Mr) sinh(AR)

The normal stress components are then obtained as

B(z,\h) = {h coth(Ah) + ﬂ

Oaw =240 — > A0, A(y, am, b) sinh(aymb) cos(am)

m=1
£3° BuB B, 50, a) sinh(6na) cos(5ny)
n=1

gn cosh(B,2) cos(Bny) = hm cosh(amy) cos(am)
Z +> : :
bsinh(G,a) asinh(a,,b)

m=1

oyy = 2By + Z A0, B(y, i, b) sinh(a,b) cos(am )

m=1
- Z BnﬂZA(.’E, Bn, CL) 51nh(ﬂna') COS(ﬁny)

Z gn cosh(Bnz) cos(Bry) i B cosh(any) cos(au, )
bsinh(Gna) a sinh(a,,b)

)
m=1

where
cosh(\z) sinh(\z)

Sinh(M:)  sinh(AMh)
Imposing the remaining two boundary conditions (6.29)1, (6.30)2 and applying

the Fourier inversion theorem to the resulting equations, we then obtain the
infinite set of simultaneous equations

A(z, A\ h) = {h coth(Ah) — ﬂ
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2 4V,
XmbB(b, i, b) = Y ——— oz g T
n:l
o 4X,,02
Y CLB 6%7 Z Oé2 +ﬁ2 Kn ’ (634)
m:l

for m,n>1, where

(=1)m*+1 A, a2 sinh(a,,b) (—=1)"B,, 32 sinh(B,a)

Xm = ; Yn -
b a
(=)t [, 4 coth(amb)hm] = 2(=1)"Bngn
H,, =
a nz:l a2, —I—ﬁQ ab
( n" [fn"'COth(ﬁn )gn = 2 mPm,
K, =
" b mzl (a2 +62)ba

and
a

b
fu= [ f@cosBapdy: o= [ ta)eos(anads

—a

Also, the zeroth-order Fourier inversion yields the constants Ag, By as

fo <= (=D"hm b = (=1)"gn
Ag=20 g fo m D00
O 4p mz=1 2amba ' 0 4a ; 20,ab

With this solution, the coefficients X,,,Y,, generally tend to a common con-
stant value G at large m,n and the series solution exhibits a non-vanishing
error near the corners of the rectangleS. A more convergent solution can be
obtained by defining new constants through the relations

Xpm=Xmn+G: Y, =Y, +G.
so that X, ,ffn decay with increasing m,n. The terms involving G can then
be summed explicitly yielding the additional polynomial term

b= o [ 1) ~ (2 — @) (6.3)

in the stress function ¢. Unfortunately, the required value of G cannot be
obtained in closed form except in certain special cases. However, an approxi-
mation can be obtained using the Rayleigh-Ritz method”, leading to the result

Lo S)a-tnole-5)4]
(6.36)

This agrees with the exact value cited by Meleshko and Gomilko for the special
case of the square b=a with £(z) a quadratic function of x.

15
— 4(at + 1Y)

6 Meleshko and Gomilko loc. cit.
7 See §33.5 and Problem 33.5 below.
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Alternative series solutions

In the technique described above, the parameters a.,, 3, were chosen so as to
simplify the satisfaction of the shear traction boundary conditions, after which
the normal traction conditions led to an infinite set of algebraic equations. An
alternative approach is to reverse this procedure by choosing

(2m - 1)1 ~ @n—-1)r

Qo = g i O = % (6.37)
and omitting the terms with Ag, By. Equation (6.31) then defines a stress
field in which the first series makes no contribution to the normal tractions
on x=a and the second series makes no contribution to the normal tractions
on y = b. These boundary conditions imply a one-to-one relation between
A, Cp, after which the shear traction boundary conditions lead to an infinite
set of algebraic equations. One advantage of this version is that it leads to a
convergent solution even in the case where g(b) # h(a) and hence the shear
tractions are discontinuous in the corners®, though convergence is slow in
such cases. An alternative method of treating this discontinuity is to extract
it explicitly, as discussed in §11.1.2 below, and then use ‘even’ series defined
by equations (6.32) for the corrective problem.

PROBLEMS

1. Show that if (=x+wy and sin(¢)—( =0, where z,y are real variables, then
f(z) = coszVa? —sin® x + sinz In(sinz) — sinz In (x + Va2 —sin? 1:) =0.

Using Maple or Mathematica to plot the function f(z), find the first six
roots of this equation and hence determine the first six values of Arb for the
antisymmetric mode.

2. Devise a method similar to that outlined in Problem 6.1 to determine the
first six values of Agb for the symmetric mode.

3. A displacement function representation for plane strain problems can be
developed? in terms of two harmonic functions ¢,w in the form
oler Ow 0¢ Ow

Uty = — +y—— : 2uu, = — +y— — (3—4
Bue = 2 Yo 2y 8y+y6y( v)w

8 Meleshko and Gomilko loc. cit.
9 This solution is a two-dimensional version of a three-dimensional solution devel-
oped in Chapter 19 and tabulated in Table 19.1 as solutions A and B.
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_ 9 Puw 9, % . _ 0% n Pw (1- 21,)87“}
Toz = Hpz TV g2 Oy ’ Toy = 0xdy yaxﬁy Ox
2 2
0 (z)-|-y7a d —2(1—V)a—w.

Oyy = Dy dy?
Use this representation to formulate the eigenvalue problem of the long strip
x>0, —b<y<b whose edges y==+b are both bonded to a rigid body. Find the
eigenvalue equation for symmetric and antisymmetric modes and comment on
the expected decay rates for loading of the strip on the end z=0.

4. Use the displacement function representation of Problem 6.3 to formulate
the eigenvalue problem for the long strip x>0, —b<y <b whose edges y==+b
are in frictionless contact with a rigid body (so that the normal displacement
is zero, but the frictional (tangential) traction is zero). Find the eigenvalue
equation for symmetric and antisymmetric modes and comment on the ex-
pected decay rates for loading of the strip on the end z=0.

5. Use the displacement function representation of Problem 6.3 to formulate
the eigenvalue problem for the long strip x>0, —b <y <b which is bonded to
a rigid surface at y=—>b, the other long edge y=0> being traction-free. Notice
that this problem is not symmetrical, so the problem will not partition into
symmetric and antisymmetric modes.

6. Use Mathieu’s method to approximate the stresses in the square —a <z <
a, —a<y<a subjected to the tractions

Sy?

Ua:z(aay) = O—mx<*a,y) = ? ;

all the remaining tractions being zero. Start by using (6.35, 6.36) to define a
polynomial first approximation to the solution. Then use the series (6.31) to
define a corrective solution — i.e. the stress function which when added to ¢q
defines the complete solution. The constants X,,, Y, in the corrective solution
will then decay with increasing m,n and a good approximation can be found
by truncating the series at m=n=2.
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BODY FORCES

A body force is defined as one which acts directly on the interior particles
of the body, rather than on the boundary. Since the interior of the body is
not accessible, it follows necessarily that body forces can only be produced
by some kind of physical process which acts ‘at a distance’. The commonest
examples are forces due to gravity and magnetic or electrostatic attraction.
In addition, we can formulate quasi-static elasticity problems for accelerating
bodies in terms of body forces, using D’ Alembert’s principle (see §7.2.2 below).

7.1 Stress function formulation

We noted in §4.3.2 that the Airy stress function formulation satisfies the
equilibrium equations if and only if the body forces are identically zero, but
the method can be extended to the case of non-zero body forces provided the
latter can be expressed as the gradient of a scalar potential, V.

We adopt the new definitions

0%¢
0%¢
9?%¢
Opy = = 78m8y , (7.3)

in which case the two-dimensional equilibrium equations will be satisfied if

and only if
ov aVv

== =—— 7.4
Pe=—gg i Pv= "0 (7.4)
ie.
p=-VV. (7.5)
J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 91
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Notice that the body force potential V appears in the definitions of the two
normal stress components gz, oyy (7.1, 7.2), but not in the shear stress oy,
(7.3). Thus, the modification in these equations is equivalent to the addition
of a biaxial hydrostatic tension of magnitude V', which is of course invariant
under codrdinate transformation (see §1.1.4).

7.1.1 Conservative vector fields

If a force field is capable of being represented as the gradient of a scalar po-
tential, as in equation (7.5), it is referred to as conservative. This terminology
arises from gravitational theory, since if we move a particle around in a gravi-
tational field and if the force on the particle varies with position, the principle
of conservation of energy demands that the work done in moving the particle
from point A to point B should be path-independent — or equivalently, the
work done in moving it around a closed path should be zero. If this were not
the case, we could choose a direction for the particle to move around the path
which would release energy and hence have an inexhaustible source of energy.

If all such integrals are path-independent, we can use the work done in
bringing a particle from infinity to a given point as the definition of a unique
local potential. Then, by equating the work done in an infinitesimal motion to
the corresponding change in potential energy, we can show that the local force
is proportional to the gradient of the potential, thus demonstrating that a con-
servative force field must be capable of a representation like (7.5). Conversely,
if a given force field can be represented in this form, we can show by integra-
tion that the work done in moving a particle from A to B is proportional to
V(A)—V(B) and is therefore path-independent.

Not all body force fields are conservative and hence the formulation of §7.1
is not sufficiently general for all problems. However, we shall show below that
most of the important problems involving body forces can be so treated.

We can develop a condition for a vector field to be conservative in the
same way as we developed the compatibility conditions for strains. We argue
that the two independent body force components p,, p, are defined in terms
of a single scalar potential V' and hence we can obtain a constraint equation
on pg,py by eliminating V' between equations (7.4) with the result

e o
Ox dy

In three dimensions there are three equations like (7.6), from which we
conclude that a vector field p is conservative if and only if curl p=0. Another
name for such fields is irrotational, since we note that if we replace p by w,
the conditions like (7.6) are equivalent to the statement that the rotation w
is identically zero (cf equation (1.47)).

If the body force field satisfies equation (7.6), the corresponding potential
can be recovered by partial integration. We shall illustrate this procedure in
§7.2 below.
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7.1.2 The compatibility condition

We demonstrated in §4.4.1 that, in the absence of body forces, the compati-
bility condition reduces to the requirement that the Airy stress function ¢ be
biharmonic. This condition is modified when body forces are present.

We follow the same procedure as in §4.4.1, but use equations (7.1-7.3) in
place of (4.6). Substituting into the compatibility equation in terms of stresses
(4.8), we obtain

¢ 0%V 0*¢ 0%V o
oyt oy V8x23y2 v Oy? +2(1+v) 0x20y?
¢ 0%V 0*¢ o*vV

+@ + ox? 1/5'1:28y2 TV T 0, (77

i.e.

Vig=—(1-v)VV. (7.8)

Methods of obtaining suitable functions which satisfy this equation will be
discussed in §7.3 below.

7.2 Particular cases

It is worth noting that the vast majority of mechanical engineering compo-
nents are loaded principally by boundary tractions rather than body forces.
Of course, most components are subject to gravity loading, but the boundary
loads are generally so much larger that gravity can be neglected. This is less
true for civil engineering structures such as buildings, where the self-weight
of the structure may be much larger than the weight of the contents or wind
loads, but even in this case it is important to distinguish between the gravity
loading on the individual component and that transmitted to the component
by way of boundary tractions.

It might be instructive at this point for the reader to draw free-body
diagrams for a few common engineering components and identify the sources
and relative magnitudes of the forces acting upon them. There are really
comparatively few ways of applying a load to a body. By far the commonest
is to push against it with another body — in other words to apply the load
by contact. This is why contact problems occupy a central place in elasticity
theory!. Significant loads may also be applied by fluid pressure as in the case
of turbine blades or aircraft wings. Notice that it is fairly easy to apply a
compressive normal traction to a boundary, but much harder to apply tension
or shear.

This preamble might be taken as a justification for not studying the sub-
ject of body forces at all, but there are a few applications in which they are

! See Chapters 12, 29.
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of critical importance, most notably those dynamic problems in which large
accelerations occur. We shall develop expressions for the body force potential
for some important cases in the following sections.

7.2.1 Gravitational loading

The simplest type of body force loading is that due to a gravitational field. If
the problem is to remain two-dimensional, the direction of the gravitational
force must lie in the zy-plane and we can choose it to be in the negative y-
direction without loss of generality. The magnitude of the force will be pg per
unit volume, where p is the density of the material, so in the notation of §2.1
we have

p:=0; p,=—pg. (7.9)

This force field clearly satisfies condition (7.6) and is therefore conservative
and by inspection we note that it can be derived from the body force potential

V = pgy . (7.10)

It also follows that V2V =0 and hence the stress function, ¢ for problems
involving gravitational loading is biharmonic, from (7.6).

7.2.2 Inertia forces

It might be argued that D’Alembert achieved immortality simply by moving
a term from one side of an equation to the other, since D’Alembert’s principle
consists merely of writing Newton’s second law of motion in the form F—ma=
0 and treating the term —ma as a fictitious force in order to reduce the
dynamic problem to one in statics.

This simple process enables us to formulate elasticity problems for accel-
erating bodies as elastostatic body force problems, the corresponding body
forces being

Pe = —pay ; Py = —pay , (7.11)

where a,,a, are the local components of acceleration, which may of course
vary with position through the body.

7.2.3 Quasi-static problems

If the body were rigid, the accelerations of equation (7.11) would be restricted
to those associated with rigid-body translation and rotation, but in a de-
formable body, the distance between two points can change, giving rise to
additional, stress-dependent terms in the accelerations.

These two effects give qualitatively distinct behaviour, both mathemat-
ically and physically. In the former case, the accelerations will generally be
defined a priori from the kinematics of the problem, which therefore reduces
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to an elasticity problem with body forces. We shall refer to such problems as
quasi-static.

By contrast, when the accelerations associated with deformations are im-
portant, they are not known a priori, since the stresses producing the de-
formations are themselves part of the solution. In this case the kinematic
and elastic problems are coupled and must be solved together. The resulting
equations are those governing the propagation of elastic waves through a solid
body and their study is known as FElastodynamics.

In this chapter, we shall restrict attention to quasi-static problems. As a
practical point, we note that the characteristic time scale of elastodynamic
problems is very short. For example it generally takes only a very short time
for an elastic wave to traverse a solid. If the applied loads are applied gradually
in comparison with this time scale, the quasi-static assumption generally gives
good results. A measure of the success of this approximation is that it works
quite well even for the case of elastic impact between bodies, which may have
a duration of the order of a few milliseconds?.

7.2.4 Rigid-body kinematics

The most general acceleration for a rigid body in the plane involves arbitrary
translation and rotation. We choose a coordinate system fixed in the body and
suppose that, at some instant, the origin has velocity vg and acceleration ag
and the body is rotating in the clockwise sense with absolute angular velocity
2 and angular acceleration 2. The instantaneous acceleration of the point
(r,0) relative to the origin can then be written

ar = 2% ; ag=—0r. (7.12)

Transforming these results into the x, y-codrdinate system and adding the
acceleration of the origin, we obtain the components of acceleration of the
point (x,y) as

4y = gy — 2°x + 2y (7.13)
ay = agy — 2%y — Oz (7.14)

and hence the corresponding body force field is

Pe = —plags — 2%z + Qy) (7.15)
py = —plaoy — 2%y — Q) . (7.16)

2 For more information about elastodynamic problems, the reader is referred to
the classical texts of J.D.Achenbach, Wave Propagation in FElastic Solids, North
Holland, Amsterdam, 1973 and A.C.Eringen and E.S.Suhubi, FElastodynamics,
Academic Press, New York, 1975. For a more detailed discussion of the impact of
elastic bodies, see K.L.Johnson, Contact Mechanics, Cambridge University Press,
Cambridge, 1985, §11.4, W.Goldsmith, Impact, Arnold, London, 1960.
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The astute reader will notice that the case of gravitational loading can be
recovered as a special case of these results by writing ag, = ¢ and setting all
the other terms to zero. In fact, a reasonable interpretation of the gravita-
tional force is as a D’Alembert force consequent on resisting the gravitational
acceleration. Notice that if a body is in free fall — i.e. if it is accelerating
freely in a gravitational field and not rotating — there is no body force and
hence no internal stress unless the boundaries are loaded.

Substitution of (7.15, 7.16) into (7.6) shows that the inertia forces due
to rigid-body accelerations are conservative if and only if 2 =0 — i.e. if
the angular velocity is constant. We shall determine the body force potential
for this special case. Methods of treating the problem with non-zero angular
acceleration are discussed in §7.4 below.

From equations (7.4, 7.15, 7.16) with £2=0 we have

ov
5 = Plaoe — 2%2) (7.17)
ov
oy = plaoy — 2%y) (7.18)

and hence, on partial integration of (7.17)
L2 o
V=p a()xa:—iﬁ x| + hly), (7.19)

where h(y) is an arbitrary function of y only. Substituting this result into
(7.18) we obtain the ordinary differential equation
dh

o = ploo, — @) (7.20)

for h(y), which has the general solution

02 2
h(y) = p (aoyy - 2y ) +C, (7.21)

where C' is an arbitrary constant which can be taken to be zero without loss

of generality, since we are only seeking a particular potential function V.
The final expression for V is therefore

1
V=p <a0xx + agyy — 5(22(332 + y2)> . (7.22)

The reader might like to try this procedure on a set of body forces which do
not satisfy the condition (7.6). It will be found that the right-hand side of the
ordinary differential equation like (7.20) then contains terms which depend
on z and hence this equation cannot be solved for h(y).
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7.3 Solution for the stress function

Once the body force potential V' has been determined, the next step is to find
a suitable function ¢, which satisfies the compatibility condition (7.8) and
which defines stresses through equations (7.1-7.3) satisfying the boundary
conditions of the problem. There are broadly speaking two ways of doing this.
One is to choose some suitable form (such as a polynomial) without regard to
equation (7.8) and then satisfy the constraint conditions resulting from (7.8)
in the same step as those arising from the boundary conditions. The other
is to seek a general solution of the inhomogeneous equation (7.8) and then
determine the resulting arbitrary constants from the boundary conditions.

7.3.1 The rotating rectangular beam

As an illustration of the first method, we consider the problem of the rect-
angular beam —a <z <a, —b <y <b, rotating about the origin at constant
angular velocity (2, all the boundaries being traction-free (see Figure 7.1).

Figure 7.1: The rotating rectangular bar.

The body force potential for this problem is obtained from equation (7.22)
as
1
V= —§p(22(3:2 +9?), (7.23)

and hence the stress function must satisfy the equation
Vigp =2p(1 —v)02?, (7.24)

from (7.8, 7.23).

The geometry suggests a formulation in Cartesian codrdinates and equa-
tion (7.24) leads us to expect a polynomial of degree 4 in x,y. We also note
that V is even in both = and y and that the boundary conditions are homo-
geneous, so we propose the candidate stress function

¢ = Azt + Agx®y? + Azyt + Agx? + Asy? (7.25)

which contains all the terms of degree 4 and below with the required symmetry.
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The constants Aj, ..., As will be determined from equation (7.24) and
from the boundary conditions

Oye =0 ; y==b (7.26)
Oyy =0 ; y==b (7.27)
b
/ Opzdy =0 ; x==a, (7.28)
—b

where we have applied the weak boundary conditions only on z = +a. Note
also that the other two weak boundary conditions — that there should be no
moment and no shear force on the ends — are satisfied identically in view of
the symmetry of the problem about y=0.

As in the problem of §5.2.3, it is algebraically simpler to start by satisfying
the strong boundary conditions (7.26, 7.27). Substituting (7.25) into (7.1-7.3),
we obtain

1
Opz = 24027 + 12A45y% + 245 — 5/)!22(332 + %) (7.29)
1
Oyy = 12412° + 240y° + 244 — 5prz“'(gcz + %) (7.30)
Oye = —4Aszy . (7.31)

It follows that conditions (7.26, 7.27) will be satisfied for all = if and only
if
Ay =p2)24 5 Ay =0 ; Ay=pQ*?/4. (7.32)
The constant A3 can now be determined by substituting (7.25) into (7.24),
with the result
24(A; + A3) = 2p02*(1 —v) | (7.33)

which is the inhomogeneous equivalent of the constraint equations (see §5.1),
and hence
Az = p§2*(1 —2v) /24 , (7.34)

using (7.32).
Finally, we determine the remaining constant As by substituting (7.29)
into the weak boundary condition (7.28) and evaluating the integral, with the

result 2 )
As = p? (”6 n ‘;) . (7.35)
The final stress field is therefore
a? — z? v(b% — 3y?
ps?°
Tyy = 5 v* —y?) (7.37)

Ope =0, (7.38)
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from equations (7.29-7.31).

Notice that the boundary conditions on the ends z==+a agree with those
of the physical problem except for the second term in o,,, which represents a
symmetric self-equilibrated traction. From §6.2.2, we anticipate that the error
due to this disagreement will be confined to regions near the ends of length
comparable with the half-length, b.

7.3.2 Solution of the governing equation

Equation (7.24) is an inhomogeneous partial differential equation — i.e. it
has a known function of z,y on the right-hand side — and it can be solved
in the same way as an inhomogeneous ordinary differential equation, by first
finding a particular solution of the equation and then superposing the general
solution of the corresponding homogeneous equation.
In this context, a particular solution is any function ¢ that satisfies (7.24).
It contains no arbitrary constants. The generality in the general solution comes
from arbitrary constants in the homogeneous solution. Furthermore, the ho-
mogeneous solution is the solution of equation (7.24) modified to make the
right-hand side zero — i.e.
Vip =0 (7.39)

Thus, the homogeneous solution is a general biharmonic function and we
can summarize the solution method as containing the three steps:-

(i) finding any function ¢ which satisfies (7.24);

(ii) superposing a sufficiently general biharmonic function (which therefore
contains several arbitrary constants);

(iii) choosing the arbitrary constants to satisfy the boundary conditions.

In the problem of the preceding section, the particular solution would be
any fourth degree polynomial satisfying (7.24) and the homogeneous solution,
the most general fourth degree biharmonic function with the appropriate sym-
metry.

Notice that the particular solution (i) is itself a solution of a different
physical problem — one in which the body forces are correctly represented,
but the correct boundary conditions are not (usually) satisfied. Thus, the
function of the homogeneous solution is to introduce additional degrees of
freedom to enable us to satisfy the boundary conditions.

Physical superposition

It is often helpful to think of this superposition process in a physical rather
than a mathematical sense. In other words, we devise a related problem in
which the body forces are the same as in the real problem, but where the
boundary conditions are simpler. For example, if a beam is subjected to grav-
itational loading, a simple physical ‘particular’ solution would correspond to
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the problem in which the beam is resting on a rigid foundation and hence
the stress field is one-dimensional. To complete the real problem, we would
then have to superpose the solution of a corrective problem with tractions
equal to the difference between the required tractions and those implied by
the particular solution, but with no body force, since this has already been
taken into account in the particular solution.

One advantage of this way of thinking is that it is not restricted to problems
in which the body force can be represented by a potential. We can therefore
use it to solve the problem of the rotationally accelerating beam in the next
section.

7.4 Rotational acceleration

We saw in §7.2.4 that the body force potential cannot be used in problems
where the angular acceleration is non-zero. In this section, we shall generate
a particular solution for this problem and then generalize it, using the results
without body force from Chapter 5.

7.4.1 The circular disk

Consider the rotationally symmetric problem of Figure 7.2. A solid circular
disk, radius a, is initially at rest (£2=0) and at time ¢ =0 it is caused to
accelerate in a clockwise direction with angular acceleration 0 by tractions
uniformly distributed around the edge r = a. Note that we could determine
the magnitude of these tractions by writing the equation of motion for the
disk, but it will not be necessary to do this — the result will emerge from the
analysis of the stress field.

Figure 7.2: The disk with rotational acceleration.

At any given time, the body forces and hence the resulting stress field will
be the sum of two parts, one due to the instantaneous angular velocity and
the other to the angular acceleration. The former can be obtained using the
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body force potential and we therefore concentrate here on the contribution
due to the angular acceleration. This is the only body force at the beginning
of the process, so the following solution can also be regarded as the solution
for the instant, t=0.

The problem is clearly axisymmetric, so the stresses and displacements
must depend on the radius r only, but it is also antisymmetric, since if the
sign of the tractions were changed, the problem would become a mirror im-
age of that illustrated. Now suppose some point in the disk had a non-zero
outward radial displacement, u,. Changing the sign of the tractions would
change the sign of this displacement — i.e. make it be directed inwards —
but this is impossible if the new problem is to be a mirror image of the old.
We can therefore conclude from symmetry that w, =0 throughout the disk.
In the same way, we can conclude that the stress components o,.., 099 are
zero everywhere. Incidentally, we also note that if the problem is conceived as
being one of plane strain, symmetry demands that o,, be everywhere zero.
It follows that this is one of those lucky problems in which plane stress and
plane strain are the same and hence the plane stress assumption involves no
approximation.

We conclude that there is only one non-zero displacement component,
ug, and one non-zero strain component, e,.9. Thus, the number of strain and
displacement components is equal and no non-trivial compatibility conditions
can be obtained by eliminating the displacement components. (An alternative
statement is that all the compatibility equations are satisfied identically, as
can be verified by substitution — the compatibility equations in cylindrical
polar coérdinates are given by Saada?).

It follows that the only non-zero stress component, 0,9 can be determined
from equilibrium considerations alone. Considering the equilibrium of a small
element due to forces in the #-direction and dropping terms which are zero
due to the symmetry of the system, we obtain

dUTG QUTQ :
= —pr{? 7.4
dr + r pries (7.40)
which has the general solution
__plrt A (7.41)
Orp = 4 r2 y .

where A is an arbitrary constant which must be set to zero to retain continuity
at the origin. Thus, the stress field in the disk of Figure 7.2 is

p{2r?
1

(7.42)

Org = —

In particular, the traction at the surface r = a is

3 A.S.Saada, Elasticity, Pergamon Press, New York, 1973, §6.9.
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Q 2
—orgla) =L 4“ (7.43)
and the applied moment about the axis of rotation is therefore
Q 4
M = —2ra20,9(a) = -2 5 @ (7.44)

since the traction acts over a length 2ma and the moment arm is a. We know
from elementary dynamics that M = I{2, where I is the moment of inertia
and we can therefore deduce from (7.44) that

npa’

2 )
which is of course the correct expression for the moment of inertia of a solid
disk of density p, radius a and unit thickness. Notice however that we were
able to deduce the relation between M and £2 without using the equations of
rigid-body dynamics. Equation (7.40) ensures that every particle of the body
obeys Newton’s law and this is sufficient to ensure that the complete body
satisfies the equations of rigid-body dynamics.

I =

(7.45)

7.4.2 The rectangular bar

We can use the stress field (7.42) as a particular solution for determining the
stresses in a body of any shape due to angular acceleration. One way to think
of this is to imagine cutting out the real body from an imaginary disk of
sufficiently large radius. The stresses in the cut-out body will be the same as
those in the disk, provided we arrange to apply tractions to the boundaries of
the body that are equal to the stress components on those surfaces before the
cut was made. These will not generally be the correct boundary tractions for
the real problem, but we can correct the boundary tractions by superposing
a homogeneous solution — i.e. a corrective solution for the actual body with
prescribed boundary tractions (equal to the difference between those applied
and those obtained in the disk solution) but no body forces (since these have
already been taken care of in the disk solution).

As an illustration, we consider the rectangular bar, —a <z <a, —b<y<b,
accelerated by two equal shear forces, F', applied at the ends x =4a as shown
in Figure 7.3, the other boundaries, y=4b being traction free.

Y

PR

| | |
[ a \ a |

Figure 7.3: The rectangular bar with rotational acceleration.
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We first transform the disk solution into rectangular coordinates, using
the transformation relations (1.15-1.17), obtaining

p2r2 sin 6 cos 0 B pQzy

Oy = —20,95in0cosf = 5 5 (7.46)
Qr2 sinf cos § 0
Oyy = 20,9 sinf cosd = P Sl; kA me (7.47)
5 5 pS2r2(cos® f — sin® f) pQ(z? — y?)
= 0 —sin” ) = — = — )
Ogy = Org(COS sin” 6) 5 1
(7.48)

This stress field is clearly odd in both x and y and involves normal tractions
on y==+b which vary linearly with . The bending moment will therefore vary
with 23 suggesting a stress function ¢ with a leading term 2%y — i.e. a sixth
degree polynomial.

The most general polynomial with the appropriate symmetry is

¢ = AyxPy + AgayP + Aszy® + Ayady + Asxy® + Agzy (7.49)

The stress components are the sum of those obtained from the homo-
geneous stress function (7.49) using the definitions (4.6) — remember the
homogeneous solution here is one without body force — and those from the
disk problem given by equations (7.46-7.48). We find

1 . ) .
O = 5 pxy 4+ 6A22%y + 20A3xy> 4+ 6 As2y (7.50)
1 .
Oyy = —ip()xy + 204123y 4+ 6 Aszy® + 6 Aszy (7.51)
1 .
Opy = —Zpﬁ(f —y?) = 5A 2% — 9Ayx?y>
—5A3y* — 3442% — 345y° — Ag . (7.52)

The boundary conditions are

Oyz =0 ; y==b (7.53)
Oyy =0 ; y==b (7.54)
b
/ Yozedy =0 ; x=+a, (7.55)
—b

where we note that weak boundary conditions are imposed on the ends x =+a.
Since the solution is odd in y, only the moment and shear force conditions
are non-trivial and the latter need not be explicitly imposed, since they will
be satisfied by global equilibrium (as in the example in §5.2.2).

Conditions (7.53, 7.54) have to be satisfied for all z and hence the corre-
sponding coefficients of all powers of x must be zero. It follows immediately
that A; =0 and the remaining conditions can be written
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1 .
—5p2+ 6A2b% + 64, =0 (7.56)
1 .
e 9A50* — 34, =0 (7.57)
1 .
Zpr2 — 5A3b" —3A50% — Ag =0 . (7.58)

We get one additional condition from the requirement that ¢ (equation
(7.49)) be biharmonic
72A5 4+ 12043 =0 (7.59)

and another from the boundary condition (7.55), which with (7.50) yields
é P82+ 2450% + 4A3b* + 245 =0 . (7.60)
The solution of these equations is routine, giving the stress function
o= fﬁ(fmgy?’ —3xy® — 100%23y + 110% 2y — 5a’xy® + 15a2b*zy — 33b1ay) .

6002
(7.61)
The complete stress field, including the particular solution terms, is

2 2 _ 2
o (y* 3 (a®—2?)
pQy y?

Tyy = 5 (1 - b2> (7.63)

2., 2 2

. +a* —3x 11

— 00 — ) (Y _ = 64
ey =000 ) (- ) (7.64)

from (7.50-7.52).
Finally, we can determine the forces F' on the ends by integrating the shear
traction, o, over either end as

b
2 .
Fe- / Try(a)dy = S pOH(a® + 7). (7.65)

—b

Maple and Mathematica solutions of this problem are given in the files ‘S742’.
As in §7.4.1, the relation between the applied loading and the angular accel-
eration has been obtained without recourse to the equations of rigid-body
dynamics. However, we note that the moment of inertia of the rectangular
bar for rotation about the origin is I =4pab(a®+b?)/3 and the applied mo-
ment is M =2Fa, so application of the equation M = I2 leads to the same
expression for F' as that found in (7.65).
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7.4.3 Weak boundary conditions and the equation of motion

We saw in §5.2.1 that weak boundary conditions need only be applied at one
end of a stationary rectangular bar, since the stress field defined in terms of
the Airy stress function must involve tractions that maintain the body in equi-
librium. Similarly, in dynamic problems involving prescribed accelerations, an
appropriate set of weak boundary conditions can be omitted. For example,
we did not have to specify the value of F' in the problem of Figure 7.3. In-
stead, it’s value was calculated after the stress field had been determined and
necessarily proved to be consistent with the equations of rigid-body dynamics.

If a body is prevented from moving by a statically determinate support,
it is natural to treat the support reactions as the ‘neglected’” weak boundary
conditions. Thus, if the body is attached to a rigid support at one boundary,
we apply no weak conditions at that boundary, as in §5.2.1. If the body is
simply supported at a boundary, we impose the weak boundary condition
that there be zero moment applied at the support, leading for example to the
conditions stated in footnote 2 on Page 63.

Similar considerations apply in a dynamic problem if the body is attached
to a support which moves in such a way as to prescribe the acceleration of the
body. However, we may also wish to solve problems in which specified non-
equilibrated loads are applied to an unsupported body. For example, we may
be asked to determine the stresses in the body of Figure 7.3 due to prescribed
end loads F'. One way to do this would be first to solve a rigid-body dynamics
problem to determine the accelerations and then proceed as in §7.4.2. How-
ever, in view of the present discussion, a more natural approach would be to
include the angular acceleration £2 as an unknown and use equation (7.65) to
determine it in terms of F' at the end of the solution procedure.

More generally, if we have a two-dimensional body subjected to prescribed
tractions on all edges, we could assume the most general accelerations (7.13,
7.14) and solve the body force problem, treating ao,, aoy, 2 as if they were
known. If strong boundary conditions are imposed on two opposite edges and
weak boundary conditions on both the remaining edges, it will then be found
that there are three extra conditions which serve to determine the unknown
accelerations.

PROBLEMS

1. Every particle of an elastic body of density p experiences a force

Com

F=—

r

directed towards the origin, where C' is a constant, r is the distance from the
origin and dm is the mass of the particle. Find a body force potential V' that
satisfies these conditions.
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2. Verify that the body force distribution
pe=Cy 5 py=—-Cx

is non-conservative, by substituting into equation (7.6). Use the technique of
§7.2.4 to attempt to construct a body force potential V for this case. Identify
the step at which the procedure breaks down.

3. To construct a particular solution for the stress components in plane strain
due to a non-conservative body force distribution, it is proposed to start by
representing the displacement components in the form
1oy 1oy ~0
ux—ﬂa—y ; uy__ﬂ% ; u,=0.

Use the strain-displacement equations (1.51) and Hooke’s law (1.71) to find
expressions for the stress components in terms of 1. Substitute these results
into the equilibrium equations (2.2, 2.3) to find the governing equations for
the stress function .

What is the condition that must be satisfied by the body force distribution
p if these equations are to have a solution? Show that this condition is satisfied
if the body force distribution can be written in terms of a potential function

W as
oW oW

px_Ty ; py—_E~

For the special case
pz=Cy ; py=—-Cr,
find a particular solution for ¢ in the axisymmetric polynomial form
b= A@@® +y*)"

where A is a constant and n is an appropriate integer power. Show that this
solution can be used to obtain the stress components (7.46-7.48). Suggest
ways in which this method might be adapted to give a particular solution for
more general non-conservative body force distributions.

4. If the elastic displacement u varies in time, there will generally be acceler-
ations @ =1 and hence body forces p= —pii, from equation (7.11). Use this
result and equation (2.17) to develop the general equation of linear Elastody-
namics.

Show that this equation is satisfied by a displacement field of the form

Uy = flx —cit) 53 uy=g(x—cot) ; u, =0,

where f,g are any functions and ¢y, co are two constants that depend on the
material properties. Find the values of ¢1,co and comment on the physical
significance of this solution.
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5. The beam —b<y<b, 0<x <L is built-in at the edge x=L and is loaded
merely by its own weight, pg per unit volume.
Find a solution for the stress field, using weak conditions on the end z=0.

6. One wall of a multistory building of height H is approximated as a thin
plate —b <z < b, 0 < y < H. During an earthquake, ground motion causes
the building to experience a uniform acceleration a in the z-direction. Find
the resulting stresses in the wall if the material has density p and the edges
x==b, y=H can be regarded as traction-free.

7. A tall thin rectangular plate —a <z <a, —b<y<b (b>>a) is supported on
the vertical edges © =4a and loaded only by its own weight (density p). Find
the stresses in the plate using weak boundary conditions on the horizontal
edges y==b and assuming that the support tractions consist only of uniform
shear.

8. Figure 7.4(a) shows a triangular cantilever, defined by the boundaries y=
0, y = ztana and built-in at x = a. It is loaded by its own weight, pg
per unit volume. Find a solution for the complete stress field and compare
the maximum tensile bending stress with that predicted by the Mechanics of
Materials theory.

Would the maximum tensile stress be lower if the alternative configuration
of Figure 7.4(b) were used?

Figure 7.4

9. The thin rectangular plate —a <z <a, —b <y <b with a>>b rotates about
the y-axis at constant angular velocity §2. All surfaces of the plate are traction-
free. Find a solution for the stress field, using strong boundary conditions on
the long edges y==+b and weak boundary conditions on the ends z=x=a.

10. Solve Problem 7.9 for the case where a < b. In this case you should use
strong boundary conditions on z = 4+a and weak boundary conditions on
y=x=b.
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11. A thin triangular plate bounded by the lines y= + x tana, = =a rotates
about the axis x=a at constant angular velocity (2. The inclined edges of the
plate y = 4+ x tan « are traction-free. Find a solution for the stress field, using
strong boundary conditions on the inclined edges (weak boundary conditions
will then be implied on x=a).

12. A thin triangular plate bounded by the lines y = txtana, = = a is
initially at rest, but is subjected to tractions at the edge = = a causing an
angular acceleration {2 about the perpendicular axis through the point (a, 0).
The inclined surfaces y = £ x tan « are traction-free. Find a solution for the
instantaneous stress field, using the technique of §7.4.2.

13. The thin square plate —a <z <a, —a <y < a rotates about the z-axis at
constant angular velocity (2. Use Mathieu’s method (§6.4 and Problem 6.6)
to develop a series solution that satisfies all the boundary conditions in the
strong sense. Make a contour plot of the maximum principal stress based on
truncating the series at m=n=2, and identify the location and magnitude of
the maximum tensile stress. By what percentage does this value differ from
the approximation obtained from §7.3.17
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PROBLEMS IN POLAR COORDINATES

Polar codrdinates (r, 6) are particularly suited to problems in which the bound-
aries can be expressed in terms of equations like r = a,6 = «. This includes
the stresses in a circular disk or around a circular hole, the curved beam with
circular boundaries and the wedge, all of which will be discussed in this and
subsequent chapters.

8.1 Expressions for stress components

We first have to transform the biharmonic equation (4.11) and the expressions
for stress components (4.6) into polar coordinates, using the relations

r=rcosf ; y=rsind (8.1)

r=+/z2+y% ; 0 =arctan (%) . (8.2)

The derivation is tedious, but routine. We first note by differentiation that

9 _oro o _ 0 sno0 .
oz Ozor  0x00 " or r 08 '
0 _0r0 060 _ G0 b (8.4)
dy Oyor Oyoo or r 00 '
It follows that
8727 cosﬁg—smog COSQQﬁsin@ﬁ
0x? or r 00 or r 00
0? 10 1 62
_ 2np~ in2 [ T
- oo 987"2 sin™0 (7“ or + 72 (‘302>
. 10 1 02
+281n9cos¢9<r289746r69) (8.5)
J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 109
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and by a similar process, we find that

2 2 2
8—sin208+00529<18+ L 0 )
Y

dy? 2 ror 12062
1o 102
—2sinfcosf | = — - .
ST CO8 (7“2 00 r 87‘86) (86)
O npeosp (10 18
0xdy SMUCOSU G2 T rar T 12 o

(8.7)

2
—(c0529—sin29)(1 0 19 )

200 rOrdd

Finally, we can determine the expressions for stress components, noting
for example that

Opp = Opy COSZ 0 + Oyy sin? @ + 204, sin 0 cos 0 (8.8)
%9 %9 9’9
2 .2 .
= cos 087312 + sin Qw — 2s1n000s06xay
19¢ 1 0%
~ror T roe (®.9)

after substituting for the partial derivatives from (8.5-8.7) and simplifying.
The remaining stress components, ggg, 09 can be obtained by a similar
procedure. We find

19 19% 9%

= T e ¢ 0T g (8.10)
109 10% 0 [(10¢

0= 305 7 ord0 ar<rae : (8:.11)

If there is a conservative body force p described by a potential V', the
stress components are modified to

109 18% _ 9%
UTT_;E—FT?W—FV 5 U@G—w"'v (8'12)
10 10% 0 (10
T 2090  roro0  or <rao ’ (8.13)
where oV LoV
Py P g 819

We also note that the Laplacian operator

0?2 2 H? 10 1 92
2 = 1
v Ox? + Oy?  Or? + ror + r2 092’ (8.15)

from equations (8.5, 8.6) and hence
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0? 10 1 02 ¢ 109 1 0%¢
4 id Lo\ (00 1 0%
Vo= (62+r87‘+r2392> <8r2+r8r+r2392> ' (8.16)

Notice that in applying the second Laplacian operator in (8.16) it is neces-
sary to differentiate by parts. The two differential operators cannot simply be
multiplied together. In Mathematica and Maple, the easiest technique is to
define a new function

82¢ 19¢ 1 9?¢

[=Y=gst o T o (8.17)
and then obtain V4¢ from
2 1 1 2
V4¢=V2f—af+—g o/ (8.18)

orz " ror | r2002

8.2 Strain components
A similar technique can be used to obtain the strain-displacement relations
in polar coordinates. Writing
Uy = U, COS O — ugsin @ (8.19)
Uy = Uy sin 6 + ug cos (8.20)

and substituting in (8.3), we find

_ Ouy 8ur g2 ug Oug 10u,
Cor = 5~ = 5" C 9+<r ~ 5 80)811190059
(Y 1O g (8.21)
r 0 ' '

Using the same method to obtain expressions for e,y, ey, and substituting
the results in the strain transformation relations analogous to (8.8) etc., we
obtain the polar coérdinate strain-displacement relations

o U(10n Pw w) 10w w
e”_ar’ere_2(r89+8r_r) e =y T (522

8.3 Fourier series expansion

The simplest problems in polar coordinates are those in which there are no -
boundaries, the most general case being the disk with a central hole illustrated
in Figure 8.1 and defined by a <r <b.
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/A

Figure 8.1: The disk with a central hole.

The stresses and displacements must be single-valued and continuous and
hence they must be periodic functions of 8, since (r, 0+2mm) defines the same
point as (r,#), when m is any integer. It is therefore natural to seek a general
solution of the problem of Figure 8.1 in the form

o= Z fn(r) cos(nd) + Z gn(r)sin(nd) . (8.23)
n=0 n=1

Substituting this expression into the biharmonic equation, using (8.16), we
find that the functions f,,, g, must satisfy the ordinary differential equation

(d2 i li _ TLQ) <d2f7z +1dfn o n2fn> ZO, (824)

a2 " rdr r? dr?2  rdr r2
which, for n#0, 1 has the general solution
fo(P) = Apar™2 4 Apgr ™" 4 Apar™ 4 Apar ™" (8.25)

where A,1,... A4 are four arbitrary constants.
When n =0, 1, the solution (8.25) develops repeated roots and equation
(8.24) has a different form of solution given by

fo(r) = Aorr® + Agar® In(r) + Aoz In(r) + Aos (8.26)
fl (7‘) = A117"3 —+ AlgT‘ln(T') -+ A137" -+ A147"71 . (827)

In all the above equations, we note that the stress functions associated
with the constants A, 3, An4 are harmonic and hence biharmonic a fortiori,
whereas those associated with A,,1, A2 are biharmonic but not harmonic.

8.3.1 Satisfaction of boundary conditions

The boundary conditions on the surfaces r=a, b will generally take the form
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o = F1(0) 5 r (8.28)
=) ; r=0 (8.29)
org=F50) ; r=a (8.30)
=F40) ; r=0, (8.31)

each of which has to be satisfied for all values of §. This can conveniently be
done by expanding the functions F1, ... Fy as Fourier series in 6. i.e.

F;(0) = Z Ch;j cos(nb) + Z Dyjsin(nd) ; j=1,...,4. (8.32)

n=0 n=1

In combination with the stress function of equation (8.23), (8.28-8.31) will
then give four independent equations for each trigonometric term, cos(nf),
sin(n#) in the series and hence serve to determine the four constants A1, A2,
Aps, Anga. The problem of Figure 8.1 is therefore susceptible of a general so-
lution.

8.3.2 Circular hole in a shear field

The general solution has some anomolous features for the special values n=
0,1, but before discussing these we shall illustrate the method by solving a
simple example. Figure 8.2 shows a large plate in a state of pure shear 0., =9,
perturbed by a hole of radius a.

—_— — —> —> —

Figure 8.2: Circular hole in a shear field.

A formal statement of the boundary conditions for this problem is

o =05 r=a (8.33)
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o0 =03 r=a (8.34)
OpzyOyy — 0 5 T — 00 (8.35)
Opy = S 5 7 —00. (8.36)

Notice that we describe a body as ‘large’ when we mean to interpret the
boundary condition at the outer boundary as being applied at r — co. No-
tice also that we have stated these ‘infinite’ boundary conditions in (x,y)
coordinates, since this is the most natural way to describe a state of uniform
stress. We shall see that the stress function approach makes it possible to
use both rectangular and polar coordinates in the same problem without any
special difficulty.

This is a typical perturbation problem in which a simple state of stress is
perturbed by a local geometric feature (in this case a hole). It is reasonable
in such cases to anticipate that the stresses distant from the hole will be
unperturbed and that the effect of the hole will only be felt at moderate
values of r/a. Perturbation problems are most naturally approached by first
solving the simpler problem in which the perturbation is absent (in this case
the plate without a hole) and then seeking a corrective solution which will
describe the influence of the hole on the stress field. With such a formulation,
we anticipate that the corrective solution will decay with increasing 7.

The unperturbed field is clearly a state of uniform shear, o,, =5, and this
in turn is conveniently described by the stress function

Sr? sin(26)

¢ =—Sxy=—Sr’sinfcosf = — 5 ,

(8.37)
from equation (4.6). Notice that although the stress function is originally
determined in rectangular coordinates, it is easily transformed into polar
coordinates using (8.1) and then into the Fourier form of equation (8.23).

The unperturbed solution satisfies the ‘infinite’ boundary conditions (8.35,
8.36), but will violate the conditions at the hole surface (8.33, 8.34). However,
we can correct the stress field by superposing those terms from the series (8.23)
which (i) have the same Fourier dependence as (8.37) and (ii) lead to stresses
which decay as r increases. There will always be two such terms for any given
Fourier component, permitting the two traction boundary conditions to be
satisfied. In the present instance, the required terms are those derived from
the constants Agg, Agy in equation (8.25), giving the stress function®

2 . .
Sr 81211(20) + Asin(20) + BSH12(29) .
T

¢ =— (8.38)
The corresponding stress components are obtained by substituting in (8.10,

8.11) with the result

! It might be thought that the term involving Ass is inappropriate because it does
not decay with r. However, it leads to stresses which decay with r, which is of
course what we require.
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4A 6B .
Orr = (S — 7"72 — 7"4> Sln(?@) (839)
2A 6B
Org = (S + TT + ’I“4> COS(QG) (840)
B

The two boundary conditions at the hole surface (8.33, 8.34) then yield
the two equations

4A 6B
2A 6B
for the constants A, B, with solution
S 4
A=Sa*; B= —7“ (8.44)

and the final stress field is

a? a*\ .
Opp = S (1 - 4r—2 + 37"4> sin(26) (8.45)
a? a
org =S (1 + 2T—2 - 3T4> cos(26) (8.46)
o
oog = S (—1 — 31"4> sin(20) . (8.47)

Notice incidentally that the maximum stress is the hoop stress, ogg =4S
at the point (a,3w/4). At this point there is a state of uniaxial tension, so the
maximum shear stress is 25. Since the unperturbed shear stress has a mag-
nitude S, we say that the hole produces a stress concentration of 2. However,
for a brittle material, we might be inclined to define the stress concentration
factor as the ratio of the maximum tensile stresses in the perturbed and un-
perturbed solutions, which in the present problem is 4. In general, a stress
concentration factor implies a measure of the severity of the stress field —
usually a failure theory — which serves as a standard of comparison and the
magnitude of the stress concentration factor will depend upon the measure
used.

The determination of the stress concentration due to holes, notches and
changes of section under various loading conditions is clearly a question of
considerable practical importance. An extensive discussion of problems of this
kind is given by Savin? and stress concentration factors for a wide range of
geometries are tabulated by Peterson?
design.

in a form suitable for use in engineering

2 G.N.Savin, Stress Concentration around Holes, Pergamon Press, Oxford, 1961.
3 R.E.Peterson, Stress Concentration Design Factors, John Wiley, New York, 1974.
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8.3.3 Degenerate cases

We have already remarked in §8.3 above that the solution (8.25) degenerates
for n=0, 1 and must be supplemented by some additional terms. In fact, even
the modified stress function of (8.26, 8.27) is degenerate because the stress
function

¢p=A+Bx+Cy=A+ Brcosf + Crsinf (8.48)

defines a trivial null state of stress (see §5.1.1) and hence the constants
Apg, A13 in equations (8.26, 8.27) correspond to null stress fields.

This question of degeneracy arises elsewhere in Elasticity and indeed in
mathematics generally, so we shall take this opportunity to develop a general
technique for resolving it. As we saw in §8.3, the degeneracy often arises from
the occurrence of repeated roots to an equation. Thus, in equation (8.25), the
terms A,or 12, A,37" degenerate to the same form when n=1.

Suppose for the moment that we relax the restriction that n be an integer.
Clearly the degeneracy in equation (8.25) only arises exactly at the values
n = 0,1. There is no degeneracy for n = 1+ ¢ for any non-zero €, however
small. We shall show therefore that we can recover the extra solution at the
degenerate point by allowing the solution to tend smoothly to the limit n—1,
rather than setting n=1 ab initio.

For n=1+z¢, the two offending terms in (8.25) can be written

f(r) = Arl=c+ Brite, (8.49)

where A, B, are two arbitrary constants.

Clearly the two terms tend to the same form as e — (0. However, suppose
we construct a new function from the sum and difference of these functions
in the form

f(r)=C@e 4717 4 D(rite —pl7e) . (8.50)

In this form, the first function tends to 2Cr as € — 0, whilst the second
tends to zero. However, we can prevent the second term degenerating to zero,
since the constant D is arbitrary. We can therefore choose D= FEe~! in which
case the second term will tend to the limit

1+e Tl—e

lim B — 2Ern(r) (8.51)
e—0 €
where we have used L’Hopital’s rule to evaluate the limit. Notice that this
result agrees with the special term included in equation (8.27) above to resolve
the degeneracy in ¢ for n=1.

This procedure can be generalized as follows: Whenever a degeneracy oc-
curs at a denumerable set of values of a parameter (such as n in equation
(8.25)), we can always make up the defecit using additional terms obtained
by differentiating the original form with respect to the parameter before al-
lowing it to take the special value.
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+2 p—n+

The pairs ™™=, r 2 and r™, 7~ both degenerate to the same form for
n=0, so the new functions are of the form

] d(rn+2) o

}ng}) =T In(r) (8.52)
Ay
i:rr%) in = 1In(r), (8.53)

again agreeing with the special terms introduced in (8.26).

Sometimes the degeneracy is of a higher order, corresponding to more
than two identical roots, in which case L’Hopital’s rule has to be applied
more than once — i.e. we have to differentiate more than once with respect
to the parameter. It is always a straightforward matter to check the resulting
solutions to make sure they are of the required form.

We now turn our attention to the degeneracy implied by the triviality of
the stress function of equation (8.48). Here, the stress function itself is not
degenerate — i.e. it is a legitimate function of the required Fourier form and
it is linearly independent of the other functions of the same form. The trouble
is that it gives a null stress field. We must therefore look for stress functions
that are not of the standard Fourier form, but which give Fourier type stress
components.

Once again, the method is to approach the solution as a limit using
L’Hopital’s rule, but this time we have to operate on the complete stress
function — not just on the part that varies with r. Suppose we consider the
axisymmetric degenerate term, ¢ = A, which can be regarded as the limit of
a stress function of the form

¢ = Ar€cos(efl) + Bresin(ed) , (8.54)

as e—0.
Differentiating this function with respect to ¢ and then letting € tend to
zero,we obtain the new function

¢ =Aln(r)+ Bf . (8.55)

The first term is the same one that we found by operating on the function
fn(r) and is of the correct Fourier form, but the second term is not appro-
priate to a Fourier series. However, when we substitute the second term into
equations (8.10, 8.11), we obtain the stress components

B

O =099 =0 Jr0:r72 > (856)

which are of the required Fourier form (for n=0), since the stress components
do not vary with 6.

In the same way, we can develop special terms to make up the deficit due

to the two null terms with n =1 (equation (8.48), obtaining the new stress

functions
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¢ = Brfsinf + Crfcosf , (8.57)
which generate the Fourier-type stress components

_ 2Bcos? B 2C sin 0
o r r ’

oo =009 =0 ; oy (8.58)

8.4 The Michell solution

The preceding results now permit us to write down a general solution of the
elasticity problem in polar coérdinates, such that the stress components form
a Fourier series in #. We have

¢ = Ap1r? + Agar® In(r) + Ags In(r) 4+ Agsf
+(A1173 + AporIn(r) + Apar ) cos O + Aqzr0sin 6
+(B1173 + BiorIn(r) + Byar ') sinf + By376 cos 6

o0
+ Z(Anlr"+2 + Apor ™2 Apar™ 4 Apgr™™) cos(nb)
n=2

+ > (Buar™™? 4 Buar "2 + Bpar™ + Buar ") sin(nf)  (8.59)
n=2

This solution is due to Michell*. The corresponding stress components are
easily obtained by substituting into equations (8.10, 8.11). For convenience, we
give them in tabular form in Table 8.1, since we shall often wish to select a few
components from the general solution in the solution of specific problems. The
terms in the Michell solution are also given in the Maple and Mathematica files
‘Michell’, from which appropriate terms can be cut and pasted as required.

Notice that there are four independent stress functions for each term in
the Fourier series, as required by the argument of §8.3.1. If the disk is solid,
there is no inner boundary and we must exclude those components in Table
8.1 that give stresses which go to infinity as r—0.

In addition to the special stress functions necessitated by the degeneracy
discussed in §8.3.3, the cases n=0,1 exhibit other anomolies. In particular,
some of the stress functions for n = 0,1 correspond to multiple-valued dis-
placement fields and cannot be used for the complete annulus of Figure 8.1.
Also, equilibrium requirements place restrictions on the permissible boundary
conditions for the terms n=0,1 in the Fourier series (8.32).

Detailed discussion of these difficulties will be postponed to §9.3.1, after
we have introduced methods of determining the displacements associated with
a given stress field. In the present chapter, we shall restrict attention to cases
where these difficulties do not arise.

4 J.H.Michell, On the direct determination of stress in an elastic solid, with appli-
cation to the theory of plates, Proceedings of the London Mathematical Society,
Vol. 31 (1899), pp.100-124.
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Table 8.1. The Michell solution — stress components

1) Orr Oro T96

r? 2 0 2

r%1In(r) 2In(r) +1 0 2In(r) + 3
In(r) 1/r? 0 —1/r?

0 0 1/r? 0

% cos 2r cos 27 sin 6 61 cos @
r0sin 0 2cosf/r 0 0

r1n(r) cos @ |cosf/r sin@/r cos@/r
cosO/r —2cosf/r3 —2sin /13 2cos /13
r®sin @ 2rsin @ —2rcos 6 6rsin 0
r6 cos 0 —2sinf/r 0 0
r1n(r)sin@ [sinf/r —cosf/r sin@/r
sin@/r —2sin0/r3 2cos0/r® 2sin 0 /r®

r™2cosnf |-(n+1)(n—2)r"cosnd |n(n+1)r"sinnd (n+1)(n+2)r"cosnd

r~™2cosnf|—(n+2)(n—1)r""cosnd|-n(n—1)r "sinnf |(n—1)(n—2)r "cosnb
r"cosnf  |—n(n—1)r"2cosnf n(n—1)r"2sinnd |n(n—1)r"2cosnf
r "cosnf |—n(n+1)r " 2cosnd |—n(n+1)r " Zsinnb|n(n+1)r " 2cosnd

r™2sinng |—(n+1)(n—2)r"sinnd |—n(n+1)r"cosnd |(n+1)(n+2)r"sinnd
r~™2sinnd |—(n+2)(n—1)r "sinnd [n(n—1)r""cosnd |(n—1)(n—2)r "sinnd
r"sinnd  |-n(n—1)r"2sinnd —n(n—1)r""2cosnf

n(n—1)r"2sinnd
r"sinnd |—n(n+1)r " Zsinnd  |n(n+1)r""2cosnd |n(n+1)r " 2sinnd

8.4.1 Hole in a tensile field

To illustrate the use of Table 8.1, we consider the case where the the body of
Figure 8.2 is subjected to uniform tension at infinity instead of shear, so that
the boundary conditions become

o =05 r=a (8.60)
o =0 r=a (3.61)
Opy,0yy — 0 5 7 — 00 (8.62)
Ope — S 5 17— 00. (8.63)

The unperturbed problem in this case can clearly be described by the
stress function
Sy?  Sr?sin?0  Sr?  Sr?cos(26)

e e B T e (8.64)
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This function contains both an axisymmetric term and a cos(26) term, so
to complete the solution, we supplement it with those terms from Table 8.1
which have the same form and for which the stresses decay as r— o0.

The resulting stress function is

b= STTQ — M + Aln(r) + B8 + C cos(20) + DC%@&) (8.65)
and the corresponding stress components are

- ; N 5’0%(29) N 7% _4C c:2s(20) _ 6D 0:5(20) (8.66)

o — _SsinT(w) g B 2Csi121(29) _ 6D sfz(%) (8.67)

Uee:g_&%@@_%JrﬁD#f(%), (8.68)

The boundary conditions (8.60, 8.61) will be satisfied if and only if the
coefficients of both Fourier terms are zero on r =a and hence we obtain the
equations

S A
—+—==0 8.69
2 + a2 ( )
B
P 0 (8.70)
S 4C 6D
z_ = _ = _ 71
> 2 i 0 (8.71)
S 2C 6D
which have the solution
Sa? Sa? Sa*
A=—: B=0 ; =— : D= ——"—. .
5 0; C 5 1 (8.73)
The final stress field is then obtained as
S a? Scos(20) (3a*  4a®
e N SiAR (Rt | .74
Irr 2 ( T2) + 2 ( rd r2 + ) (8.74)
Ssin(20) (3a*  2a?
S a? S cos(20) (3a*
=2 (145 ) 2222 (224 .
000 5 ( + 7"2) 5 ( ! + ) (8 76)

The maximum tensile stress is ogg =35 at (a,7/2) and hence the stress
concentration factor for tensile loading is 3. The maximum stress point and the
unperturbed region at infinity are both in uniaxial tension and hence the stress
concentration factor will be the same whatever criterion is used to measure
the severity of the stress state. This contrasts with the problem of §8.3.2,
where the maximum stress state is uniaxial tension, but the unperturbed field
is pure shear.
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PROBLEMS

1. A large plate with a small central hole of radius a is subjected to in-plane
hydrostatic compression 0., = 0y, = =S, 04y =0 at the remote boundaries.
Find the stress field in the plate if the surface of the hole is traction-free.

2. A large rectangular plate is loaded in such a way as to generate the unper-
turbed stress field

2 . _ 2, _
Opz = CY~ 5 oyy=—Cx" ; 04y =0.

The plate contains a small traction-free circular hole of radius a centred on
the origin. Find the perturbation in the stress field due to the hole.

3. Figure 8.3 shows a thin uniform circular disk, which rotates at constant
speed (2 about the diametral axis y =0, all the surfaces being traction-free.
Determine the complete stress field in the disk.

Traction:free

Figure 8.3: Thin disk rotating about a diametral axis.

4. A series of experiments is conducted in which a thin plate is subjected
to biaxial tension/compression, o1, 09, the plane surface of the plate being
traction-free (i.e. o3=0).

Unbeknown to the experimenter, the material contains microscopic de-
fects which can be idealized as a sparse distribution of small holes through
the thickness of the plate. Show graphically the relation which will hold at
yield between the tractions o1, 09 applied to the defective plate, if the Tresca
(maximum shear stress) criterion applies for the undamaged material.

5. The circular disk 0 < r < a is subjected to uniform compressive tractions
orr=—>_5 in the two arcs —m/4<0<7/4 and 37/4 <0 <57 /4, the remainder
of the surface r = a being traction-free. Expand these tractions as a Fourier
series in # and hence develop a series solution for the stress field. Use Maple
or Mathematica to produce a contour plot of the Von Mises stress o, using
a series truncated at 10 terms.
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6. A hole of radius a in a large elastic plate is loaded only by a self-equilibrated
distribution of normal pressure p() that varies around the circumference of
the hole. By expanding p(#) as a Fourier series in § and using Table 8.1, show
that the hoop stress ogg at the edge of the hole is given by

oeg(a,0) =2p —p(0) ,

where

is the mean value of p(6).
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CALCULATION OF DISPLACEMENTS

So far, we have restricted attention to the calculation of stresses and to prob-
lems in which the boundary conditions are stated in terms of tractions or force
resultants, but there are many problems in which displacements are also of
interest. For example, we may wish to find the deflection of the rectangular
beams considered in Chapter 5, or calculate the stress concentration factor
due to a rigid circular inclusion in an elastic matrix, for which a displacement
boundary condition is implied at the bonded interface.

If the stress components are known, the strains can be written down from
the stress-strain relations (1.77) and these in turn can be expressed in terms
of displacement gradients through (1.51). The problem is therefore reduced
to the integration of these gradients to recover the displacement components.

The method is most easily demonstrated by examples, of which we shall
give two — one in rectangular and one in polar coordinates.

9.1 The cantilever with an end load

We first consider the cantilever beam loaded by a transverse force, F, at
the free end (Figure 5.2), for which the stress components were calculated in
§5.2.1, being

_ 3Fzy _3F(b* —?)
i

from (5.36-5.38).
The corresponding strain components are therefore

7 Oyy =0, (9.1)

Ozw  VOyy  3Fxy

ax = — = 9.2

“r="F T E ~ 25K (0.2)

e — Umy(l + V) — 3F(1 + V)(b2 B y2) (9 3)

w E 4Eb? '
Oyy VOrg 3Fvxy

- 2y _ = — 9.4

‘w=p T E 2B (9-4)
J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 123

DOI 10.1007/978-90-481-3809-8_9, © Springer Science+Business Media B.V. 2010
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for plane stress.
We next make use of the strain-displacement relation to write

Ou, 3Fxy
T — - s 9.5
‘v = 9r T 2EL (9:5)
which can be integrated with respect to x to give
3Fz2%y
we =2l 1) (96)

where we have introduced an arbitrary function f(y) of y, since any such
function would make no contribution to the partial derivative in (9.5). A
similar operation on (9.4) yields the result

3Fvzy?

Uy = (9.7)
where g(z) is an arbitrary function of x.

To determine the two functions f(y), g(x), we use the definition of shear
strain (1.49) and (9.3) to write

1 %4_81% _ 3F(1+4v)(b* —y?)
“ov= 9\ oy ) T AEb3

(9.8)

Substituting for us, u,, from (9.6, 9.7) and rearranging the terms, we ob-
tain
3Fz*  1dg 3Fvy* 1df N 3F(1+4v)(b* — y?) 9.9)
8EB3  2dx  SEW  2dy 4FEDb3 ' '
Now, the left-hand side of this equation is independent of y and the right-
hand side is independent of z. Thus, the equation can only be satisfied for all
x,y, if both sides are independent of both x and y — i.e. if they are equal to
a constant, which we shall denote by %C .
Equation (9.9) can then be partitioned into the two ordinary differential
equations

dg 3F2?
27" .1
dx 4FEb3 +C (9.10)
df  3Fvy? 3F(1+v)(b? —y?)
& — 11
dy ~ AEv 2B ¢ (9.11)
which have the solution
Fa?
= B 12
g(x) Vo Cx + (9.12)
Fvy®  F(1+v)(3b%y —y°)
pr— - A .1
1) = s g Cy+A,  (913)

where A, B are two new arbitrary constants.
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The final expressions for the displacements are therefore

3Fz?y 3F(1+v)y F2+v)y?

Ue = s + 5D T T IER +A-Cy (9.14)
3Fvxy?  Fa?

This partial integration process can be performed for any biharmonic func-
tion ¢ in Cartesian coordinates, using the Maple and Mathematica files ‘uxy’.

9.1.1 Rigid-body displacements and end conditions

The three constants A, B, C' define the three degrees of freedom of the can-
tilever as a rigid body, A, B corresponding to translations in the z-, y-
directions respectively and C' to a small anticlockwise rotation about the
origin.

These rigid-body terms always arise in the integration of strains to deter-
mine displacements and they reflect the fact that a complete knowledge of the
stresses and hence the strains throughout the body is sufficient to determine
its deformed shape, but not its location in space.

As in Mechanics of Materials, the rigid-body displacements can be deter-
mined from appropriate information about the way in which the structure is
supported. Since the cantilever is built-in at z = a, we would ideally like to
specify

Upg=uy=0; z=a, -b<y<b, (9.16)

but the three constants in (9.14, 9.15) do not give us sufficient freedom to
satisfy such a strong boundary condition. We should anticipate this defi-
ciency, since the complete solution procedure only permitted us to satisfy
weak boundary conditions on the ends of the beam and (9.16), in addition to
locating the beam in space, implies a pointwise traction distribution sufficient
to keep the end plane and unstretched.

Many authors adapt the Mechanics of Materials support conditions for
a cantilever by demanding that the mid-point (a,0) of the end have zero
displacement and the axis of the beam (y=0) have zero slope at that point.
This leads to the three conditions

0
Uy = Uy =0 ; %zo;xza,yzo (9.17)
and yields the values
Fa3 _ 3Fa?

A=0; B= (9.18)

. 0=
2Eb3 4Eb3 ’
when (9.14, 9.15) are substituted in (9.17).
However, the displacement u, at =a corresponds to the deformed shape
of Figure 9.1(a). This might be an appropriate end condition if the cantilever
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is supported in a horizontal groove, but other built-in support conditions
might approximate more closely to the configuration of Figure 9.1(b), where
the third of conditions (9.17) is replaced by

Ouy
dy

=0; z=a,y=0. (9.19)

Figure 9.1: End conditions for the cantilever.

This modified boundary condition leads to the values

Fa? b? 3Fa? b2

A=0: B=— 1430+0)2) 5 c= 1+ 2(1 4+ v)—
0; 2Eb3< +3( +V)a2) 3 © 4Eb3< +2 +V)a2)
(9.20)

for the rigid-body displacement coefficients.

The configurations 9.1(a, b) are clearly extreme cases and we might antic-
ipate that the best approximation to (9.16) would be obtained by an inter-
mediate case such as Figure 9.1(¢). In fact, the displacement equivalent of the
weak boundary conditions of Chapter 5 would be to prescribe

b b b
/ ugdy =0 ; / uydy =0 ; / yugdy=0; r=a. (9.21)
—b —b —b

The substitution of (9.14, 9.15) into (9.21) gives a new set of rigid-body
displacement coefficients, which are

3 2 2 2
A=0. B= Fa (1 (12+11V)b> e 3Fa (1 (8+9u)b>.

Yo 5 a2 ~ 4EB 5 a2
(9.22)

9.1.2 Deflection of the free end

The different end conditions corresponding to (a, b, ¢) of Figure 9.1 will clearly
lead to different estimates for the deflection of the cantilever. We can inves-
tigate this effect by considering the displacement of the mid-point of the free
end, z=0,y=0, for which

uy(0,0) = B, (9.23)
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from equation (9.15).
Thus, the end deflection predicted with the boundary conditions of (a, b, ¢)
respectively of Figure 9.1 are

Fa3
uy(0,0) = Yo (a)
Fad b?
= —5Ep (1 +3(1 + 1/)a2) (b) (9.24)
Fa3 (12 + 11v) b?
= T 2ED (H 5 a?) (©)-

The first of these results (a) is also that predicted by the elementary
Mechanics of Materials solution and the second (b) is that obtained when a
correction is made for the 'shear deflection’, based on the shear stress at the
beam axis. Case (c), which is intermediate between (a) and (b), but closer
to (b), is probably the closest approximation to the true built-in boundary
condition (9.16).

All three expressions have the same leading term and the corrective term
in (b,c¢) will be small as long as b < a — i.e. as long as the cantilever can
reasonably be considered as a slender beam.

9.2 The circular hole

The procedure of §9.1 has some small but critical differences in polar coérdin-
ates, which we shall illustrate using the problem of §8.3.2, in which a traction-
free circular hole perturbs a uniform shear field. The stresses are given by
equations (8.45-8.47) and, in plane stress, the strains are therefore

" ="F T E E

4a? *
Orp Vogo S (1 +u— Ti + W) sin(26) (9.25)

(1+v)og S 2(1+v)a?  3(1+v)a*
o= =% 1+ v+ 3 — o cos(20) (9.26)
ogg Vvop S dva®  3(1+wv)at\ .
cop = 200 Yo _ 5 <_1 v - B Y dingae) - 9.27)

Two of the three strain-displacement relations (8.22) contain both dis-
placement components, so we start with the simpler relation
_ Ou,

Err = or )

(9.28)

substitute for e, from (9.25) and integrate, obtaining

40>  (1+v)a?

Up = % ((1 +v)r+ - 7"3> sin(260) + f(0) , (9.29)
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where f(6) is an arbitrary function of 6.
Writing the expression (8.22) for egy in the form

ou
8790 =regp — Uy , (9.30)

we can substitute for egg, u, from (9.27, 9.29) respectively and integrate with
respect to 6, obtaining

u9=5(<1+u>r+

2(1—v)a®>  (1+v)a*
+ 3
r T

I ) cos(20) — F(0) +g(r), (9.31)
where g(r) is an arbitrary function of r and we have written F() for [ f(6)d0.

Finally, we substitute for u,, ug, €,9 from (9.29, 9.31, 9.26) into the second
of equations (8.22) to obtain an equation for the arbitrary functions F'(6), g(r),
which reduces to

FO)+ F"(0)=g(r) —rg'(r) . (9.32)

As in §9.1, this equation can only be satisfied for all r, 8 if both sides are
equal to a constant!. Solving the two resulting ordinary differential equations
for F'(0), g(r) and substituting into equations (9.29, 9.31), remembering that
f(8)=F'(0) we obtain

4a* (1 4
Up = % <( +v)r+ o Hg”) sin(260) + Acosf +Bsin 6 (9.33)
r r

1—v)a? 1+ v)at
y (v | (+y

S 2
E <(1 +v)r+ 3 ) cos(26)
—Asinf + Bcosl + Cr (9.34)

for the displacement components.

This partial integration process can be performed for any biharmonic func-
tion ¢ in polar coordinates, using the Maple and Mathematica files ‘urt’. As
before, the three arbitrary constants A, B,C correspond to rigid-body dis-
placements, A, B being translations in the z-, y-directions respectively, whilst
C describes a small anticlockwise rotation about the origin.

In the present problem, we might reasonably set A, B, C to zero to preserve
symmetry. At the hole surface, the radial displacement is then

_ 4Sasin(20)

which implies that the hole distorts into the ellipse shown in Figure 9.2.

! Tt turns out in polar codrdinate problems that the value of this constant does not
affect the final expressions for the displacement components.
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kSY

—_— — —> —> —>

Figure 9.2: Distortion of a circular hole in a shear field.

The reader should note that, in both of the preceding examples, the third
strain-displacement relation gives an equation for two arbitrary functions of
one variable which can be partitioned into two ordinary differential equations.
The success of the calculation depends upon this partition, which in turn is
possible if and only if the strains satisfy the compatibility conditions. In the
present examples, this is of course ensured through the derivation of the stress
field from a biharmonic stress function.

9.3 Displacements for the Michell solution

Displacements for all the stress functions of Table 8.1 can be obtained? by the
procedure of §9.2 and the results® are tabulated in Table 9.1. In this Table,
results for plane strain can be recovered by setting x = (3—4v), whereas for
plane stress, k = (3—v)/(14+v) (see equation (3.20)). Note that it is always
possible to superpose a rigid-body displacement defined by u, = Acosf+
Bsinf, ug=—Asin0+ B cosd + Cr, where A, B, C are arbitrary constants.

9.3.1 Equilibrium considerations

In the geometry of Figure 8.1, the boundary conditions (8.28-8.31) on the
surfaces r =a, b are not completely independent, since they must satisfy the

2 The reader might like to confirm this in a few cases by using the Maple and
Mathematica files ‘urt’. Notice however that the results for the ‘n=0, 1’ functions
may differ by a rigid-body displacement from those given in the table.

3 These results were first compiled by Professor J.Dundurs of Northwestern Uni-
versity and his research students, and are here reprinted with his permission.
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Table 9.1. The Michell solution — displacement components
10} 2p, 2pue
r? (k= 1)r 0
72 In(r) (k= 1rln(r) —r (k4 1)ro
In(r) —1/r 0
0 0 —1/r
73 cos 0 (k — 2)72 cos 0 (k +2)r?sin@
rfsin 6 1{(k —1)fsinf — cos @ |3{(x—1)0cosh —sinb

r1n(r) cos 0

+(k+ 1) In(r) cos 6}
{(k+1)0sin@ — cos o
+(k —1)In(r) cos 6}

1
2

—(k+1)In(r) sin 0}
1{(k+1)fcosf — sinb
—(k —1)In(r)sin O}

r1n(r)sinf

—(k+1)In(r)sin 0}
%{—(/{ +1)0cos® — sinf
+(k —1)In(r)sin 6}

cos@/r cos 0 /12 sin 6 /r?
3 sin 0 (k —2)r?sin g —(k 4+ 2)r% cos 6
r6 cos 0 1{(k—1)fcosf +sinf |3{—(k—1)0sind — cosb

—(k+ 1) In(r) cos 0}
1{(k+1)0sinf + cos 6
+(k —1)In(r) cos 6}

sin@/r sin 0 /r? —cosf/r?

r"T2cosnd |(k—n—1)r"Ttcosnd |(k+n+ 1)r" T sinnd

r~ "2 cosnf|(k +n— 1)r " cosnd |—(k —n+ 1)r "Tsinnd
r"cosnf  |-nr" "' cosnd nr™~!sinng

r~"cosn® |nr~""!'cosnd nr~""!sinnd

" 2sinnd |(k —n—1)r"sinnd |—(k+n+ 1)r" cosnd
r~" P2 sinnd|(k +n — 1)r "Tlsinnd |[(k —n+ 1)r " cosnd
r™ sin nf —nr™ ! sinnd —nr™ ! cosnf

r~"sinnd |nr~""'sinnd —nr~""! cosnf

condition that the body be in equilibrium. This requires that

/27r (F1(0) cos @ — F5(0) sin6) adf
0

21
- / (Fy(0) cos 0 — Fiy(6) sin 0)bdd = 0
0

2m
/ (F1(0)sin 6 + F3(0) cos8)adl
0

2m
7/ (F2(0)sin® + F4(0) cos@)bdd = 0
0

(9.36)

(9.37)
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27 2

F3(0)a*df — / Fy(0)b%d6 =0 . (9.38)
0 0

The orthogonality of the terms of the Fourier series ensures that these
relations only concern the Fourier terms for n=0, 1, but for these cases, there
are then only three independent algebraic equations to determine each of the
corresponding sets of four constants, Agy, ... Ags, 411, .. A14, B11, ... B1a.

The key to this paradox is to be seen in the displacements of Table 9.1.
In the terms for n =0, 1, some of the displacements include a #-multiplier.
For example, we find 2uug = (k+1)rf for the stress function ¢=7r2In(r). Now
the function 6 is multi-valued. We can make it single-valued by defining a
principal value — e.g., by restricting 6 to the range 0 <8 < 2w, but we would
then have a discontinuity at the line # =0, 27 which is unacceptable for the
continuous body of Figure 8.1. We must therefore restrict our choice of stress
functions to a set which defines a single-valued continuous displacement and
it turns out that this imposes precisely one additional condition on each of
the sets of four constants for n=0, 1.

Notice incidentally that if the annulus were incomplete, or if it were cut
along the line =0, the principal value of # would be continuous and single-
valued throughout the body and the above restrictions would be removed.
However, we would then also lose the equilibrium restrictions (9.36-9.38),
since the body would have two new edges (e.g. =0, 27, for the annulus with
a cut on #=0) on which there may be non-zero tractions.

We see then that the complete annulus has some complications which the
incomplete annulus lacks. This arises of course because the complete annulus
is multiply connected. The results of this section are a direct consequence of
the discussion of compatibility in multiply connected bodies in §2.2.1. These
questions and problems in which they are important will be discussed further
in Chapter 13.

9.3.2 The cylindrical pressure vessel

Consider the plane strain problem of a long cylindrical pressure vessel of inner
radius a and outer radius b, subjected to an internal pressure pg. The boundary
conditions for this problem are

Orr=-—po ; 0rg=0; r=a (9.39)

Orr=0,=0; 7=0. (9.40)

The loading is clearly independent of 8, so we seek a suitable stress function in
the n=0 row of Tables 8.1, 9.1. However, we must exclude the term 72 In(r),
since it gives a multivalued expression for ug. We therefore start with

¢ = Ar*+ Bln(r) + C0 , (9.41)

for which the stress components are
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B C B
JT.T:2A+T—2 P One =g 099:2A—r—2. (9.42)
The boundary conditions (9.39, 9.40) then give the equations
B
C
=0 (9.44)
B
24435 =0 (9.45)
C
with solution
2 272
Poa poab
A=—+—— ; B=———+—— :; C=0. 9.47
202 —a2) ’ 2(0%2 —a2) ’ (9.47)
The final stress field is therefore
2 2
Poa b
=00 (2 9.48
= (1) 945)
o9 =0 (9.49)
2 2
Poa b
=— |14+ —= 9.50
o= (1) (%50

from (9.42, 9.47). Notice that the equations (9.43-9.46) are not linearly inde-
pendent. This occurs because the loading must satisfy the global equilibrium
condition (9.38), which here reduces to

a*o.e(a) = b%0,g(b) . (9.51)

If this condition had not been satisfied — for example if there had been a
uniform shear traction on only one of the two surfaces r = a, b, the above
boundary-value problem would have no solution. Of course, with this loading,
the cylinder would experience rotational acceleration about the axis and this
would need to be taken into account in formulating the problem, as in the
problem of §7.4.1.

PROBLEMS

1. Find the displacement field corresponding to the stress field of equations
(5.78-5.80). The beam is simply-supported at z=+a. You will need to impose
this in the form of appropriate weak conditions on the displacements.

Find the vertical displacement at the points (0,0), (0, —b), (0,b) and com-
pare them with the predictions of the elementary bending theory.
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2. The rectangular plate —a <z <a, —b<y<b is bonded to rigid supports at
x ==+a, the edges y ==+b being traction-free. The plate is loaded only by its
own weight in the negative y-direction.

(i) Find a solution for the stress field assuming uniform shear tractions on
x ==a. Use strong boundary conditions on x = +a and weak conditions
on y==b.

(ii) Find the displacements corresponding to this stress field. Do the result-
ing expressions permit the built-in boundary condition at x = +a to be
satisfied in the strong sense?

(iii) What are the restrictions on the ratio a/b for this solution to be a rea-
sonable approximation to the physical problem?

3. A state of pure shear, o,, =S5 in a large plate is perturbed by the presence
of a rigid circular inclusion in the region r < a. The inclusion is perfectly
bonded to the plate and is prevented from moving, so that u, = upg =0 at
r=a.

Find the complete stress field in the plate and hence determine the stress
concentration factor due to the inclusion based on (i) the maximum shear
stress criterion or (ii) the maximum tensile stress criterion.

Is it necessary to apply a force or a moment to the inclusion to prevent it
from moving?

4. A thin annular disk, inner radius b and outer radius a rotates at constant
speed {2 about the axis of symmetry, all the surfaces being traction-free. De-
termine the stress field in the disk.

5. A large rectangular plate is subjected to simple bending, such that the
stress field is given by

Opa =CY 5 Ogy=0yy =0.

The plate contains a small traction-free circular hole of radius a centred on
the origin. Find the perturbation in the stress field due to the hole.

6. A heavy disk of density p and radius a is bonded to a rigid support at r=a.
The gravitational force acts in the direction § = —m/2. Find the stresses and
displacements in the disk.

Hint: The easiest method is to find the stresses and displacements for a
simple particular solution for the body force and then superpose ‘homoge-
neous’ terms using Tables 8.1 and 9.1.

7. A heavy disk of density p, elastic properties u, v and radius a + € is pressed
into a frictionless hole of radius a in a rigid body.

What is the minimum value of € if the disk is to remain in contact with the
hole at all points when the gravitational force acts in the direction §=—m/2.
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8. A rigid circular inclusion of radius a in a large elastic plate is subjected to
a force F' in the z-direction.

Find the stress field in the plate if the inclusion is perfectly bonded to the
plate at r=a and the stresses tend to zero as r — cc.

9. A rubber bushing comprises a hollow cylinder of rubber a <r < b, bonded
to concentric thin-walled steel cylinders at r=a and r=»b, as shown in Figure
9.3. The steel cylinders may be considered as rigid compared with the rubber.

N\

steel

Figure 9.3

The outer cylinder is held fixed, whilst a force F' per unit axial length
is applied to the inner cylinder in the x-direction. Find the stiffness of the
bushing under this loading — i.e. the relationship between F' and the resulting
displacement 0 of the inner cylinder in the z-direction.

In particular, find the stiffness for a long cylinder (plane strain conditions)
and a short cylinder (plane stress), assuming that rubber has a shear modulus
w and is incompressible (v=0.5).

Plot a graph of the dimensionless stiffness F'/ud as a function of the ratio
a/b in the range F/ud < 100. Can you provide a simple physical explanation
of the difference between the plane stress and plane strain results?

Hint: The hollow cylinder is a multiply connected body.
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CURVED BEAM PROBLEMS

If we cut the circular annulus of Figure 8.1 along two radial lines, 8=, 3, we
generate a curved beam. The analysis of such beams follows that of Chapter
8, except for a few important differences — notably that (i) the ends of the
beam constitute two new boundaries on which boundary conditions (usually
weak boundary conditions) are to be applied and (ii) it is no longer necessary
to enforce continuity of displacements (see §9.3.1), since a suitable principal
value of 6 can be defined which is both continuous and single-valued.

10.1 Loading at the ends

We first consider the case in which the curved surfaces of the beam are
traction-free and only the ends are loaded. As in §5.2.1, we only need to
impose boundary conditions on one end — the Airy stress function formu-
lation will ensure that the tractions on the other end have the correct force
resultants to guarantee global equilibrium.

10.1.1 Pure bending

The simplest case is that illustrated in Figure 10.1, in which the beam a <r <
b, 0 <0 < « is loaded by a bending moment My, but no forces. Equilibrium
considerations demand that the bending moment M, and zero axial force and
shear force will be transmitted across all for f-surfaces and hence that the
stress field will be independent of . We therefore seek the solution in the
axisymmetric terms in Table 8.1, using the stress function

¢ = Ar? + Br*In(r) + Cln(r) + D@, (10.1)

the corresponding stress components being

J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 135
DOI 10.1007/978-90-481-3809-8 10, © Springer Science+Business Media B.V. 2010
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orr =2A+ B(2In(r) +1) + ¢

2 (10.2)
D
C
g9 = 2A+ B(21n(r) 4+ 3) — 3 (10.4)
MO
Figure 10.1: Curved beam in pure bending.
The boundary conditions for the problem of Figure 10.1 are
o =0 ; r=a, (10.5
or=0; r=a,b (10.6)
b
/ ogedr =0 ; 6=0 (10.7)
ab
/ ogrdr=0; 6=0 (10.8)
b
/ ogerdr =My ; 6=0. (10.9)

Notice that in practice it is not necessary to impose the zero force con-
ditions (10.7, 10.8), since if there were a non-zero force on the end 6 =0, it
would have to be transmitted around the beam and this would result in a non-
axisymmetric stress field. Thus, our assumption of axisymmetry automatically
rules out there being any force resultant.

We first impose the strong boundary conditions (10.5, 10.6), which with
(10.2, 10.3) yield the four algebraic equations

2A+B(21na+1)+a% =0 (10.10)

C
24+ B2Inb+1) + 35 =0 (10.11)
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D
D
=0, (10.13)

and an additional equation is obtained by substituting (10.4) into (10.9),
giving

(A+B)(b* — a*) + B(b’Inb —a®Ina) — Cln(b/a) = My . (10.14)
These equations have the solution
M,
A= ——O(b2 —a?+2b*Inb — 2d*Ina)
0
2My .5 o AMy 5. 5. b
B = _ . - In=- : D= 10.1
No(b a®) ; C Noab n- 0, (10.15)
where

No = (® — a®)? — 4a*b* In*(b/a) (10.16)

The corresponding stress field is readily obtained by substituting these
values back into equations (10.2-10.4).

The principal practical interest in this solution lies in the extent to which
the classical Mechanics of Materials bending theory underestimates the bend-
ing stress ogp at the inner edge, r = a when a/b is small. Timoshenko and
Goodier give some numerical values and show that the elementary theory
starts to deviate significantly from the correct result for a/b<0.5. The theory
of curved beams — based on the application of the principle that plane sec-
tions remain plane, but allowing for the fact that the beam elements increase
in length as r increases due to the curvature — gives a much better agreement.
However, the exact result is quite easy to compute.

M,

Figure 10.2: Bend in a rectangular beam with a small fillet radius.
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An important special case is that of a ‘rectangular’ bend in a beam, with
a small inner fillet radius (see Figure 10.2). This is reasonably modelled as the
curved beam shown dotted, since there will be very little stress in the outer
corner of the bend.

10.1.2 Force transmission

A similar type of solution can be generated for the problem in which a force is
applied at the end of the beam. We consider the case illustrated in Figure 10.3,
where a shear force is applied at #=0, resulting in the boundary conditions

b
/ ogedr =0 ; 6=0 (10.17)
"
/ ogrdr=F ; =0 (10.18)
b
/ ogerdr =0 ; 6 =0, (10.19)

which replace (10.7-10.9) in the problem of §10.1.1.

Figure 10.3: Curved beam with an end load.

Equilibrium considerations show that the shear force on any section =«
will vary as F' cosa and hence we seek the solution in those terms in Table
8.1 in which the shear stress ¢, depends on cosf — i.e.

¢ = (Ar® + Br=' + Crin(r))sinf + Dré cos , (10.20)

for which the stress components are
o = (2Ar —2Br=3 + Cr~' —2Dr ') sin@ (10.21)
oo = (—2Ar +2Br=2 — Cr~ ') cosf (10.22)

g9 = (6Ar + 2Br—3 + Cr_l) sin@ . (10.23)
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The hoop stress gy is identically zero on § =0 and hence the end conditions
(10.17, 10.19) are satisfied identically in the strong sense, whilst the strong
boundary conditions (10.5, 10.6) lead to the set of equations

2B 2D
2Aa——3+9——=0 (10.24)
a a a
2B C 2D
24b— G5+ 5 =5 =0 (10.25)
2B
240 — = + Sy (10.26)
a a
2B C
24b— S5 + 5 =0. (10.27)

The final solution that also satisfies the inhomogeneous condition (10.18)
is obtained as

F Fa?b? F(a® +b?)
A=——: B=— ; =———= : D= 10.2
v i C D=0, (102)
where
Ny = (a® = %) + (a* +b*) In(b/a) . (10.29)

As before, the final stress field is easily obtained by back substitution into
equations (10.21-10.23).

The corresponding solution for an axial force at the end # = 0 is obtained in
the same way except that we interchange sine and cosine in the stress function
(10.20). Alternatively, we can use the present solution and measure the angle
from the end 8 =7/2 instead of from 6 =0. Notice however that the axial force
at @ = m/2 must have the same line of action as the shear force at # =0 in
Figure 10.3. In other words, it must act through the origin of coérdinates. If
we wish to solve a problem in which an axial force is applied with some other,
parallel, line of action — e.g. if the force acts through the mid-point of the
beam, r=(a + b)/2 — we can do so by superposing an appropriate multiple
of the bending solution of §10.1.1.

10.2 Eigenvalues and eigenfunctions

A remarkable feature of the preceding solutions is that in each case we had a
set of four simultaneous homogeneous algebraic equations for four unknown
constants — equations (10.10-10.13) in §10.1.1 and (10.24-10.27) in §10.1.2
— but in each we were able to obtain a non-trivial solution, because the
equations were not linearly independent!.

Suppose we were to define an inhomogeneous problem for the curved beam
in which the curved edges r=a, b were loaded by arbitrary tractions o, o.¢.

! In particular, (10.12, 10.13) can both be satisfied by setting D =0 and (10.24—
10.27) reduce to only two independent equations if D=0.
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‘We could then decompose these tractions into appropriate Fourier series — as
indicated in §8.3.1 — and use the general solution of equation (8.59) and Table
8.1. There would then be four linearly independent stress function terms for
each Fourier component and hence the four boundary conditions would lead to
a well-conditioned set of four algebraic equations for four arbitrary constants
for each separate Fourier component.

In the special case where there are no tractions of the appropriate Fourier
form on the curved surfaces, we should get four homogeneous algebraic equa-
tions and we anticipate only the trivial solution in which the corresponding
four constants — and hence the stress components — are zero.

This is exactly what happens for all values of n other than 0,1, but, as
we have seen above, for these two special cases, there is a non-trivial solution
to the homogeneous problem. In a sense, 0,1 are eigenvalues of the general
Fourier problem and the corresponding stress fields are eigenfunctions.

10.3 The inhomogeneous problem

Of course, eigenvalues can be viewed from two different perspectives. They are
the values of a parameter at which the homogeneous problem has a non-trivial
solution — e.g. the frequency at which a dynamic system will vibrate without
excitation — but they are also the values at which the inhomogeneous problem
has an unbounded solution — excitation at the natural frequency predicts an
unbounded amplitude.

In the present instance, we must therefore anticipate difficulties in the
inhomogeneous problem if the boundary tractions contain Fourier terms with
n=0or 1.

10.3.1 Beam with sinusoidal loading

As an example, we consider the problem of Figure 10.4, in which the curved
beam is subjected to a radial normal traction

Opp = Ssin€ ; r==b, (10.30)

the other boundary tractions being zero.

A ‘naive’ approach to this problem would be to use a stress function com-
posed of those terms in Table 8.1 for which the stress component o, varies
with sin 6. This of course would lead to the formulation of equations (10.20-
10.23) and the strong boundary conditions on the curved edges would give
the four equations

2B 2D

2Aa7—3—|—97f:0 (10.31)
a a a
2B 2D

oy 28,0 2D (10.32)
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2B

2Aa——3+9:0 (10.33)
a a
2B C

24b— 2+ = =0. 10.34
mty =0 (10.34)

Ssin (9)

Figure 10.4: Curved beam with sinusoidal loading.

This looks like a well-behaved set of four equations for four unknown con-
stants, but we know that the coefficient matrix has a zero determinant, since
we successfully obtained a non-trivial solution to the corresponding homoge-
neous problem in §10.1.2 above.

In such cases, we must seek an additional special solution in which the
dependence of the stress field on 6 differs from that in the boundary conditions.
Such solutions are known for a variety of geometries, but are usually presented
as a fait accompli by the author, so it is difficult to see why they work, or how
we might have been expected to determine them without guidance. In this
section, we shall present the appropriate function and explain why it works,
but we shall then develop a more rational approach to determining the class
of solution required.

The special solution can be generated by expressing the original function
(10.20) in complex variable form and then multiplying it by In(, where (=
x +1y is the complex variable and the conjugate = — 2y is denoted by (. Thus,
(10.20) consists of a linear combination of the terms 3({¢?;¢~1;¢In¢; ¢ In (),
so we can generate a new biharmonic function from the terms (¢¢2In(;
¢ 1In¢; ¢n?¢; ¢ In? (), which can be written in the form

¢ = A'r3(In(r)sin® + O cos ) + B'r~ (0 cos§ — Inrsin )
+C'rIn(r)f cos @ + D'r(In rsinf — 6% sin6) . (10.35)

The corresponding stress components are
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o = (2A'r —2Br 2 4+ C'r~t —4D'r 10 cos 0

+2A'rIn(r) — A'r +2B'r 3 1In(r) — 3Br 3

—2C"r ™ In(r) +2D'r~'In(r) — 2D'r ') sin 6 (10.36)
o0 = 2Ar —2B'r 3 + C'r~1)fsin 6

+(—=2A"rIn(r) — 3A'r — 2B'rIn(r) + 3B'r 3

—C'r~t —2D'r 1n(r)) cos 6 (10.37)
oo = (6A'r +2B'r 3 + C'r 10 cos b

+(6ArIn(r) + 5A'r — 2B'r*In(r) + 3B'r*

+2D'r ! n(r) +2D'r ") sin 6 . (10.38)

Notice in particular that these expressions contain some terms of the re-
quired form for the problem of Figure 10.4, but they also contain terms with
multipliers of the form 6sin#, 0 cos, which are inappropriate. We therefore
get four homogeneous algebraic equations for the coefficients A’, B’,C’, D’
from the requirement that these inappropriate terms should vanish in the
components o,.-, g9 on the boundaries r=a, b, i.e.

_QB’+£’_4D’

24’ =0 10.39
“Ts a a ( )
2B’ C' 4D’
2B’ ('
2BI !
24b — o + % =0. (10.42)

Clearly these equations are identical? with (10.24-10.27) and are not lin-
early independent. There is therefore a non-trivial solution to (10.39-10.42),
which leaves us with a stress function that can supplement that of equation
(10.20) to make the problem well-posed.

From here on, the solution is algebraically tedious, but routine. Adding
the two stress functions (10.20, 10.35), we obtain a function with 8 unknown
constants which is required to satisfy 9 boundary conditions comprising (i)
equations (10.39-10.42), (ii) equations (10.31-10.34) modified to include the
sin @, cos f terms from equations (10.36, 10.37) respectively and (iii) the weak
traction-free condition

b
/ or=0; 8=0 (10.43)

on the end of the beam. Since two of equations (10.39-10.42) are not indepen-
dent, the system reduces to a set of 8 equations for 8 constants whose solution
is

2 except that 4D’ replaces 2D.
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Sb Sa?b? Sb(a? + b?)
r_ MY I _ . I _
A AN, B AN, ¢

A= ;sz{?(bz —a®) = (3a® +v*) Inb + (30> + a*) Ina
1

; D'=0
2N, '

—2(a®Ina + bv*Inbd)In(b/a)} ;

Sa2b3 o2 ) ) ) )

—2(a Inb+b*Ina)ln(b/a)}

C= 1&2{2(174 +a*)In(b/a) — (b* —a*)} (10.44)
Sb 2 2 2 2
D= N, (b —a®) +2(b° + a®)Ina}

where N; is given by equation (10.29).

Of course, it is not fortuitous that the stress function (10.35) leads to a
set of equations (10.39-10.42) identical with (10.24-10.27). When we differ-
entiate the function f(¢,¢)In(¢) by parts to determine the stresses, the extra
multiplier In(¢) is only preserved in those terms where it is not differentiated
and hence in which all the differential operations are performed on f(¢, ().
But these operations on f((,() are precisely those leading to the stresses in
the original solution and hence to equations (10.24-10.27). The reader will
notice a parallel here with the procedure for determining the general solution
of a differential equation with repeated differential multipliers and with that
for dealing with degeneracy of solutions discussed in §8.3.3.

10.3.2 The near-singular problem

Suppose we next consider a more general version of the problem of Figure
10.4 in which the inhomogeneous boundary condition (10.30) is replaced by

Orr = Ssin(M); r=5b, (10.45)

where )\ is a constant. In the special case where A =1, this problem reduces
to that of §10.3.1. For all other values (excluding A=0), we can use the stress
function

¢ = (Ar*2 4+ Br* + Cr=> + Dr- M 2)sin(\) | (10.46)
with stress components

Orr = —{AN = 2)(A + 1)r* + BA(X — 1)1 2

FOAA+ 1D)r 272 £ DA+ 2)(A — 1)r ™} sin(\0)
o0 = {—AXAN+ 1)r* — BA(A — 1)r* 72

+CAA+1)r 272 £ DA(X — )r*}cos(w) (10.47)
099 = {AN+ 1)(A + 2)r* + BA(A — 1)r?~

+OAA+1D)r 2724 DA = 1)(A = 2)r ) sin(N\9) .
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The boundary conditions on the curved edges lead to the four equations

AP ) a* + BAA-D)a* 2 +CAN) a2+ D) (\—
AP ) + BAA-D) 2 CANH) D2+ D) (-
— AN = BAA-1)a* 2+ CANH)a A2+ DA

— AANOFD)LN = BAO-D)b* 2+ O A2 DA

Na~

Db = —S

a

A
A
-
b)\

i
D
(10.48)

which have the solution

s
T 200+ DNV

B o (1) - (A= DR}
20 =1)N(\)

oo TSN e A 10.49
= m{ F)+ (N} (10.49)
Sa2’\_2b’\

D= 3oy WO+ @I}

[(A+ 1)) = f(A = 1)}

where

NO) =AM fA=1fA+1) - (A2 =1)f(N\)? (10.50)
f(p) = b*" —a®. (10.51)

On casual inspection, it seems that this problem behaves rather remarkably
as A\ passes through unity. The stress field is sinusoidal for all A # 1 and
increases without limit as A approaches unity from either side, since N(\)=0
when A=1. (Notice that an additional singularity is introduced through the
factor (A—1) in the denominator of the coefficients B, D.) However, when A
is exactly equal to unity, the problem has the bounded solution derived in
§10.3.1, in which the stress field is not sinusoidal.

However, we shall demonstrate that the solution is not as discontinuous
as it looks. The stress field obtained by substituting (10.49) into (10.46) is
not a complete solution to the problem since the end condition (10.43) is not
satisfied. The solution from (10.46) will generally involve a non-zero force on
the end, given by

b
F()\)Z/ O’rgdr

A ) e (2o ()

(10.52)

To restore the traction-free condition on the end (in the weak sense of zero
force resultant) we must subtract the solution of the homogeneous problem
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of §10.1.2, with F' given by (10.52). The final solution therefore involves the
superposition of the stress functions (10.20) and (10.46). As A\ approaches
unity, both components of the solution increase without limit, since (10.52)
contains the singular terms (10.49), but they also tend to assume the same
form since, for example, 727* sin(\@) approaches r3sin@. In the limit, the
corresponding term takes the form

A (N)r? A sin(A\) — Az (M) sin 6

Jim NOY ! (10.53)
where
A0 = D0 - MR- D) (1059
YT o+ 1) '
As(\) = %]\JZ(A) . (10.55)
Setting A=1 in equations (10.54, 10.55), we find
A1) = Ay(1) = w . (10.56)

The zero in N () is therefore cancelled and (10.53) has a bounded limit which
can be recovered by using L’Hopital’s rule. We obtain
(A1) — AL} sing  Ar(1)g(r,6,1)
N'(1) N'(1) ’

(10.57)

where
g(r,0,\) = %r2+”\ sin(A0) = r2 M In(r) sin(A0) + Ocos(NF)},  (10.58)

which in the limit A=1 reduces to r3{In(r) sin @ + 6 cos #}. The coefficient of

this term will be
;L Aq(1) _Sb

CON'(1) 4N
agreeing with the corresponding coefficient, A’, in the special solution of
§10.3.1 (see equations (10.44)).

A similar limiting process yields the form and coefficients of the remain-
ing 7 stress functions in the solution of §10.3.1. In particular, we note that
the coefficients B, D in equations (10.49) have a second singular term in the
denominator and hence L’Hopital’s rule has to be applied twice, leading to
stress functions of the form of the last two terms in equation (10.35).

Thus, we find that the solution to the more general problem of equation
(10.45) includes that of §10.3.1 as a limiting case and there are no values of A
for which the stress field is singular. The limiting process also shows us a more
general way of obtaining the special stress functions required for the problem

(10.59)
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of §10.3.1. We simply take the stress function (10.46), which degenerates when
A=1, and differentiate it with respect to the parameter, A\, before setting A\=1.
Since the last two terms of (10.20) are already of this differentiated form, a
second differentiation is required to generate the last two terms of (10.35).

10.4 Some general considerations

Similar examples could be found for other geometries in the two-dimensional
theory of elasticity. To fix ideas, suppose we consider the body a < £ < b,
c<n<d in the general system of curvilinear codrdinates, £, . In general we
might anticipate a class of separated-variable solutions of the form

¢ =f(A8Eg(An), (10.60)

where A\ is a parameter. An important physical problem is that in which
the boundaries 1 = a,b are traction-free and the tractions on the remain-
ing boundaries have a non-zero force or moment resultant. In such cases, we
can generally use dimensional and/or equilibrium arguments to determine
the form of the stress variation in the £-direction and hence the appropriate
function f(Ag,&). The biharmonic equation will then reduce to a fourth or-
der ordinary differential equation for g(\g,n), with four linearly independent
solutions. Enforcement of the traction-free boundary conditions will give a
set of four homogeneous equations for the unknown multipliers of these four
solutions.

If the solution is to be possible, the equations must have a non-trivial so-
lution, implying that the matrix of coefficients is singular. It therefore follows
that the corresponding inhomogeneous problem cannot be solved by the stress
function of equation (10.60) if the tractions on n=a,b vary with f(Ag,&) —
i.e. in the same way as the stresses in the homogeneous (end loaded) prob-
lem. However, special stress functions appropriate to this limiting case can be
obtained by differentiating (10.60) with respect to the parameter A and then
setting A= M\p.

The special solution for A = )y is not qualitatively different from that
at more general values of A\, but appears as a regular limit once appropriate
boundary conditions are imposed on the edges E=c,d.

Other simple examples in the two-dimensional theory of elasticity include
the curved beam in bending (§10.1.1) and the wedge with traction-free faces
(§11.2). Similar arguments can also be applied to three-dimensional axisym-
metric problems — e.g. to problems of the cone or cylinder with traction-free
curved surfaces.

10.4.1 Conclusions

Whenever we find a classical solution in which there are two traction-free
boundaries, we can formulate a related inhomogeneous problem for which the
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equation system resulting from these boundary conditions will be singular.
Special solutions for these cases can be obtained by parametric differentiation
of more general solutions for the same geometry. Alternatively, the special case
can be recovered as a limit as the parameter tends to its eigenvalue, provided
that the remaining boundary conditions are satisfied in an appropriate sense
(e.g. in the weak sense of force resultants) before the limit is taken.

PROBLEMS

1. A curved beam of inner radius a and outer radius 5a is subjected to a force
F' at its end as shown in Figure 10.5. The line of action of the force passes
through the mid-point of the beam.

T

Figure 10.5: Curved beam loaded by a central force.

By superposing the solutions for the curved beam subjected to an end
force and to pure bending respectively, find the hoop stress ogy at the point
A(a,m/2) and compare it with the value predicted by the elementary Mechan-
ics of Materials bending theory.

2. The curved beam a <r <b, 0 <@ < /2 is built in at § =7/2 and loaded
only by its own weight, which acts in the direction § = —7/2. Find the stress
field in the beam.

3. The curved beam a <r<b, 0<0<7/2 is built in at =7 /2 and loaded by a
uniform normal pressure o,..=—S5 at r =b, the other edges being traction-free.
Find the stress field in the beam.
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4. The curved beam a<r<b, 0<f<7/2 is built in at § =7/2 and loaded by
a uniform shear traction o,9 =S at r=»5, the other edges being traction-free.
Find the stress field in the beam.

5. The curved beam a <7 <b, 0 <6 <7/2 rotates about the axis § =m/2 at
speed (2, the edges r=a,b and § =0 being traction-free. Find the stresses in
the beam. Hint: The easiest method is probably to solve first the problem of
the complete annular ring a < r <b rotating about § =7 /2 and then correct
the boundary condition at #=0 (in the weak sense) by superposing a suitable
homogeneous solution.

6. Figure 10.6 shows a crane hook of thickness ¢ that is loaded by a force
I acting through the centre of the curved section. Find the stress field in
the curved portion of the hook and compare the maximum tensile stress with
that predicted by the elementary bending theory. Neglect the self-weight of
the hook.

Figure 10.6: The crane hook.
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WEDGE PROBLEMS

In this chapter, we shall consider a class of problems for the semi-infinite
wedge defined by the lines a <6< g3, illustrated in Figure 11.1.

L

Figure 11.1: The semi-infinite wedge.

11.1 Power law tractions

We first consider the case in which the tractions on the boundaries vary with
r™, in which case equations (8.10, 8.11) suggest that the required stress func-
tion will be of the form

¢ =1r"T2f(0) . (11.1)

The function f(6) can be found by substituting (11.1) into the biharmonic
equation (8.16), giving the ordinary differential equation

(dd;—k(n+2)2) (j; +n2) f=0. (11.2)

For n#0, —2, the four solutions of this equation define the stress function

¢ = r"T2{ A cos(n + 2)0 + Ay cos(nf) + Azsin(n +2)0 + Aysin(n)} (11.3)

J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 149
DOI 10.1007/978-90-481-3809-8 11, © Springer Science+Business Media B.V. 2010
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and the corresponding stress and displacement components can be taken from
Tables 8.1, 9.1 respectively, with appropriate values of n.

11.1.1 Uniform tractions

Timoshenko and Goodier, in a footnote in §45, state that the uniform terms in
the four boundary tractions are not independent and that only three of them
may be prescribed. This is based on the argument that in a more general non-
singular series solution, the uniform terms represent the stress in the corner,
r=0 and the stress at a point only involves three independent components in
two-dimensions.

However, the differential equation (11.2) has four independent non-trivial
solutions for n=0, corresponding to the stress function'

¢ = r2{ A1 cos(20) + Ay + Assin(26) + A46} . (11.4)

The corresponding stress components are

Orr = —2A7 c08(20) 4+ 2A5 — 2A3 sin(26) + 2440 (11.5)
oro = 2A15in(20) — 2A3 cos(20) — Ay (11.6)
og9 = 2A1 cos(20) + 2A5 + 2A3sin(20) + 24460 , (11.7)

and, in general, these permit us to solve the problem of the wedge with any
combination of four independent traction components on the faces?. Timo-
shenko’s assertion is therefore incorrect.

Uniform shear on a right-angle wedge

To explore this paradox further, it is convenient to consider the problem of
Figure 11.2, in which the right-angle corner >0, y >0 is subjected to uniform
shear on one face defined by

Opy =835 022=0; =0 (11.8)
Oyy =03 0ye=0; y=0. (11.9)

! Another way of generating this special solution is to note that the term in (11.2)

which degenerates when n =0 is A4 sin(nf). Following §8.3.3, we can find the
special solution by differentiating with respect to n, before proceeding to the
limit n—0, giving the result A46.
This problem was investigated by E.Reissner, Note on the theorem of the sym-
metry of the stress tensor, Journal of Mathematics and Physics Vol. 23 (1944),
pp-192-194. See also D.B.Bogy and E.Sternberg, The effect of couple-stresses on
the corner singularity due to an asymmetric shear loading, International Journal
of Solids and Structures, Vol. 4 (1968), pp.159-174.
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Figure 11.2: Uniform shear on a right-angle wedge.

A
Q<—<—<—4—4—

Timoshenko’s footnote would seem to argue that this is not a well-posed
problem, since it implies that o,y # 0y, at z=y=0.
Casting the problem in polar coordinates, (r,8), the boundary conditions
become
m
ogr = —S ; 099 =0 ; 925 (11.10)
ogr =0 ; 0g9p=0; 6=0. (11.11)

Using the stress field of equations (11.5-11.7), this reduces to the system
of four algebraic equations

243 — Ay = -8 (11.12)
—2A1 + 245+ Ay =0 (11.13)
—2A3— A4 =0 (11.14)
2A1 +2A5, =0, (11.15)
with solution
S S S S

A1—§,Az——§,Ag——Z,A4—§, (11.16)

giving the stress function

mr?cos(20)  wr?  rZsin(20)  r?0
_ R S E ) B 11.1

$=>5 ( 8 8 4 + 2 ) ( 7

Timoshenko’s ‘paradox’ is associated with the apparent inconsistency in
the stress components o,,0,, at =y =0, so it is convenient to recast the
stress function in Cartesian coordinates as

2,2 2 .2
(;S:S(g(a:Q—yQ)—W(x;y)—a;y-i-(x;_y)arctani) . (11.18)
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We then determine the shear stress o, as

_ 9% _ Syt
oxdy a2 +y2

(11.19)

O'my -

It is easily verified that this expression tends to zero for y =0 and to S
for =0, except of course that it is indeterminate at the point xt=y=0. The
first three terms in the stress function (11.18) are second degree polynomials
in z,y and therefore define a uniform state of stress throughout the wedge,
but the fourth term, resulting from A4720 in (11.4), defines stresses which are
uniform along any line  =constant, but which vary with 6. Thus, any stress
component ¢ is a bounded function of # only. It follows that the corner of
the wedge is not a singular point, but the stress gradients in the 6-direction
(L22) increase with r~! as r —0. This arises because lines of constant 6 meet

r 00
at r=0.

11.1.2 The rectangular body revisited

We noted in Chapter 6 that convergence problems are encountered in series so-
lutions for the rectangular body when the shear tractions are discontinuous in
the corners. One way to circumvent this difficulty is to extract the discontinu-
ity explicitly, using appropriate multiples of the stress function (11.4) centred
on each corner. In fact, it is clear from the Cartesian codrdinate expression
(11.18) that only the term

2 2
@T—’—y) arctan y

contributes to the discontinuity. For example, we can construct a particular
solution for the symmetric/symmetric problem of equations (6.29, 6.30) in the
form

¢p = C[f(a,b) + f(—a,b) + f(a, =b) + f(—a, =b)] (11.20)

where
((ZL' — 0)2 -;— (y - d)2) arctan <z : (ci> (1121)

and C is a constant. The corresponding shear tractions in the corner (a,b)
then have a discontinuity defined by

f(ca d) =

limb Ozy(a,y) — lim oy, (z,0) = C'. (11.22)
y— r—a

Thus, if we choose C'=g(b)—h(a), the corrective boundary value problem de-
fined by the stress function ¢ =¢—¢p will involve continuous shear tractions
at all four corners (because of symmetry) and the series solution of §6.4 will
converge.
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It is interesting to note that the form of the corner stress field defined
by equation (11.20) was obtained by Meleshko and Gomilko® using the series
(6.31) with parameters (6.38), by examining the limiting form of the coeffi-
cients at large m,n.

11.1.3 More general uniform loading

More generally, there is no inconsistency in specifying four independent uni-
form traction components on the faces of a wedge, though values which are
inconsistent with the conditions for stress at a point will give infinite stress
gradients in the corner.

For the general case, it is convenient to choose a coordinate system sym-
metric with respect to the two faces of the wedge, which is then bounded by
the lines 6 =+a.

Writing the boundary conditions

oor =11 ; 0=« (11.23)
oor =15 ; 0= —« (11.24)
opg =Ny ; 0=q (11.25)
ogg =N2 ; 0=—a, (11.26)

and using the solution (11.5-11.7), we obtain the four algebraic equations

11.27

2A; sin(2a) — 243 cos(2a) — Ay = Th )
11.28)
)
)

—2A1 sin(2a) — 2A3 COS(QQ) — A4 = T2
24, cos(2a) + 245 4+ 2A38in(2a) + 24400 = Ny
241 cos(2a) + 245 — 2A3 sin(2a) — 2440 = Ns .

(
(
(11.29
(11.30

As in §6.2.2, we can exploit the symmetry of the problem to partition the
coeflicient matrix by taking sums and differences of these equations in pairs,
obtaining the simpler set

—4Asco8(2a) =244, =Th + 15 (
4A;sin(2a) =Ty — Ts (

4A; cos(2a) + 442 = N1 + Ny (11.33
4A3sin(2a) + 4440 = N1 — No | (

where we note that the terms involving Aj, As correspond to a symmetric
stress field and those involving A3, A4 to an antisymmetric field.

3 V.V.Meleshko and A.M.Gomilko, Infinite systems for a biharmonic problem in a
rectangle, Proceeedings of the Royal Society of London, Vol. A453 (1997), pp.2139—
2160.
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11.1.4 Eigenvalues for the wedge angle

The solution of these equations is routine, but we note that there are two
eigenvalues for the wedge angle 2o at which the matrix of coefficients is sin-
gular. In particular, the solution for the symmetric terms (equations (11.32,
11.33) is singular if

sin(2a) =0, (11.35)

i.e. at 2a=180° or 360°, whilst the antisymmetric terms are singular when
tan(2a) = 2a (11.36)

which occurs at 2a =257.4°. The 180° wedge is the half plane = > 0, whilst
the 257.4° wedge is a reéntrant corner.

As in the problem of §10.3, special solutions are needed for the inhomoge-
neous problem if the wedge has one of these two special angles. As before, they
can be obtained by differentiating the general solution (11.3) with respect to
n before setting n=0, leading to the new terms, r?{In(r) cos(26) — sin(26)}
and r2In(r). A particular problem for which these solutions are required is
that of the half plane subjected to a uniform shear traction over half of its
boundary (see Problem 11.1, below).

The homogeneous solution

For wedges of 180° and 257.4°, the homogeneous problem, where N7 = Ny =
Ty =T5 =0 has a non-trivial solution. For the 180° wedge (i.e. the half plane
2 >0), this solution can be seen by inspection to be one of uniaxial tension,
oyy = S, which is non-trivial, but involves no tractions on the free surface
x = 0. The same state of stress is also a non-trivial solution for the 360°
wedge, which corresponds to a semi-infinite crack (see Figure 11.6 and §11.2.3
below).

11.2 Williams’ asymptotic method

Figure 11.3 shows a body with a notch, loaded by tractions on the remote
boundaries. Intuitively we anticipate a stress concentration at the notch and
we shall show in this section that the stress field there is generally singular
— i.e. that the stress components tend to infinity as we approach the sharp
corner of the notch.
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Figure 11.3: The notched bar in tension.

Williams* developed a method of exploring the nature of the stress field
near this singularity by defining a set of polar coordinates centred on the
corner and expanding the stress field as an asymptotic series in powers of r.

11.2.1 Acceptable singularities

Before developing the asymptotic solution in detail, we must first address the
question as to whether singular stress fields are ever acceptable in elasticity
problems.

Engineering criteria

This question can be approached from various points of view. The engineer
is usually inclined to argue that no real materials are capable of sustaining
an infinite stress and hence any situation in which such a stress is predicted
by an elastic analysis will in practice lead to yielding or some other kind of
failure.

We also note that stress singularities are always associated with disconti-
nuities in the geometry or the boundary conditions — for example, a sharp
corner, as in the present instance, or a concentrated (delta function) load.
In practice, there are no sharp corners and loads can never be perfectly con-
centrated. If we are to give any meaning to these solutions, they must be
considered as limits of more practical situations, such as a corner with a very
small fillet radius or a load applied over a very small region of the boundary.

Yet another practical limitation is that of the continuum theory. Real
materials are not continua — they have atomic structure and often a larger

4 M.L.Williams, Stress singularities resulting from various boundary conditions in
angular corners of plates in extension, ASMFE Journal of Applied Mechanics, Vol.
19 (1952), pp.526-528.
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scale granular structure as well. Thus, it doesn’t make much practical sense
to talk about the value of quantities nearer to a corner than (say) one atomic
distance, since the theory is going to break down there anyway.

Of course, we find this kind of argument whenever we try to idealize a
physical system, which means essentially whenever we try to describe its be-
haviour in mathematical terms. Because there are so many idealizations or
approximations involved in the modeling process, it is never certain which
one is responsible when mathematical difficulties are encountered in a prob-
lem and often there are several ways of reformulating the problem to introduce
more physical reality and avoid the difficulty.

Mathematical criteria

A totally different approach to the question — more favoured by mathemati-
cians — is to make choices based on questions of uniqueness, convergence and
existence of solutions, rather than on the physical grounds discussed above.
In terms of the functional analysis, we choose to locate the theory of elasticity
in a function space which guarantees that problems are mathematically well-
posed. A function space here denotes a set of functions in which the solution
is to be sought, and generally this involves some statement about the strength
of acceptable singularities in the solution.

In this context, the engineer’s objections outlined above can be addressed
by limiting arguments. It is not logically impossible that a material should
have a yield strength of any arbitrarily large (but finite) magnitude, that the
radius of a corner should be arbitrarily small, but finite, etc. Solutions of prob-
lems involving singularities are then to be conceived as the result of allowing
these quantities to tend to their limits. Generally the difference between the
real problem and the limiting case will be only localized.

In regions of a body or its boundary where no concentrated traction etc. is
applied, we adopt the criterion that the only acceptable singularities are those
for which the total strain energy in a small region surrounding the singular
point vanishes as the size of that region tends to zero.

If the stresses and hence the strains vary with r* as we approach the point
r = 0, the strain energy in a two-dimensional problem will be an integral of

the form )
1 s s ‘s
U= f/ / oijeirdrdd = C’/ r2etlqr (11.37)
2Jo Jo 0

where C' is a constant which depends on the elastic constants and the nature
of the stress variation with 6. This integral is bounded if a > —1 and other-
wise unbounded. Thus, singular stress fields are acceptable if and only if the
exponent on the stress components exceeds —1.

Concentrated forces and dislocations® involve stress singularities with ex-
ponent a=—1 and are therefore excluded by this criterion, since the integral

5 See Chapter 13 below.
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in (11.37) would lead to a logarithm, which is unbounded at r=0. However,
these solutions can be permitted on the understanding that they are really
idealizations of explicitly specified distributions. In this case, it is important
to recognize that the resulting solutions are not meaningful at or near the
singular point. We also use these and other singular solutions as Green’s func-
tions — i.e. as the kernels of convolution integrals to define the solution of a
non-singular problem. This technique will be illustrated in Chapters 12 and
13, below.

11.2.2 Eigenfunction expansion

We are concerned only with the stress components in the notch at very small
values of r and hence we imagine looking at the corner through a strong
microscope, so that we see the wedge of Figure 11.4. The magnification is so
large that the other surfaces of the body, including the loaded boundaries,
appear far enough away for us to treat the wedge as infinite, with ‘loading at
infinity’.

Traction-free

Figure 11.4: The semi-infinite notch.

The stress field at the notch is of course a complicated function of r,6,
but as in Chapter 6, we seek to expand it as a series of separated-variable
terms, each of which satisfies the traction-free boundary conditions on the
wedge faces. The appropriate separated-variable form is of course that given
by equation (11.3), except that we increase the generality of the solution by
relaxing the requirement that the exponent n be an integer — indeed, we shall
find that most of the required solutions have compler exponents.

Following Williams’ notation, we replace n by (A—1) in equation (11.3),
obtaining the stress function
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¢ = 1M A cos(A41)0 + Ag cos(A — 1)0 + Az sin(A + 1)0 + Ay sin(A —1)6} ,
(11.38)
with stress components

O = T H =AM 4 1) cos(A + 1)0 — A A(A — 3) cos(A — 1)
—AsA(A+ Dsin(A+1)0 — Ag (A — 3)sin(A—1)8}  (11.39)
org = T TH{AIN + 1) sin(A + 1)0 + A (A — 1) sin(\ — 1)
—AsA(A+ 1) cos(A+1)0 — Ay (A — 1) cos(A — 1)0}  (11.40)
ogo = " HAINA 4 1) cos(A + 1)0 4+ A (A + 1) cos(A — 1)
+AsA A+ 1) sin(A +1)8 + A (A + 1) sin(A — 1)} . (11.41)

For this solution to satisfy the traction-free boundary conditions
oor = 099 = 0; 0 ==« (11.42)
we require

MAI(A+1)sin(A+1)a+ As(A — 1) sin(A — 1)«
—As(A+1)cos(A+ 1)a— Ag(A—1)cos(A —1)a} =0  (11.43)
M=-A41(A+1)sin(A+ Da — A2(A — 1) sin(A — 1)«
—As(A+1)cos(A+ Da— Ay(A—=1)cos(A—1Da} =0 (11.44)
MAT(A+ 1) cos(A+ Da+ As(A+ 1) cos(A — 1)
+As3(A+ 1) sin(A + Da+ Ag(A+ 1)sin(A —1)a} =0 (11.45)
MAI(A+ 1) cos(A+ 1)a+ Az (A + 1) cos(A — 1)a
—As(A+ 1) sin( A+ Da — Ay(A+ 1) sin(A — 1)a} =0. (11.46)

This is a set of four homogeneous equations for the four constants A;, As,
Az, A4 and will have a non-trivial solution only for certain eigenvalues of the
exponent A. Since all the equations have a A multiplier, A = 0 must be an
eigenvalue for all wedge angles. We can simplify the equations by canceling
this factor and taking sums and differences in pairs to expose the symmetry
of the system, with the result

A1 (A4 D) sin(A + 1)a + As(A—1)sin(A —1)aa =0 (11.47)
Ai( A+ 1) cos(A+ 1)a+ As(A+1)cos(A—1)a =0 (11.48)
As(A+ 1) cos(A+ 1)a+ Ag(A —1)cos(A —1)a =0 (11.49)
As(A+ D sin(A+ 1a+ Ag(A+ 1)sin(A—1)a=0. (11.50)

This procedure partitions the coefficient matrix, to yield the two independent
matrix equations

(A + 1) sin(A + Do (A — 1) sin(\ — 1)04} {A1 }

(A+1)cos(A+ 1)a (A + 1) cos(A — 1) =0 (11.51)
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and

(A+1)cos(A+1)a (A — 1) cos(A — 1)0‘] {A3 } —0. (11.52)

A+ 1)sin(A+ 1) (A+1)sin(A—1)a | | As

The symmetric terms A;, As have a non-trivial solution if and only if
the determinant of the coefficient matrix in (11.51) is zero, leading to the
characteristic equation

Asin 2 + sin(2Aa) =0, (11.53)

whilst the antisymmetric terms As, A4 have a non-trivial solution if and only
if

Asin 2a — sin(2Aa) =0, (11.54)
from (11.52).

11.2.3 Nature of the eigenvalues

We first note from equations (11.39-11.41) that the stress components are
proportional to 7*~! and hence ) is restricted to positive values by the energy
criterion of §11.2.1. Furthermore, we shall generally be most interested in
the lowest possible eigenvalue®, since this will define the strongest singularity
that can occur at the notch and will therefore dominate the stress field at
sufficiently small 7.

Both equations (11.53, 11.54) are satisfied for all o if A=0 and (11.54) is
also satisfied for all a if A=1.

The case A =0 is strictly excluded by the energy criterion, but we shall
find in the next chapter that it corresponds to the important case in which a
concentrated force is applied at the origin. It can legitimately be regarded as
describing the stress field sufficiently distant from a load distributed on the
wedge faces near the origin, but as such it is clearly not appropriate to the
unloaded problem of Figure 11.3.

The solution A=1 of equation (11.54) is a spurious eigenvalue, since if we
compute the corresponding eigenfunction, it turns out to have the null form
¢=A4sin(0). The correct limiting form for A=1 requires the modified stress
function (11.4) and leads to the condition (11.36) for antisymmetric fields,
which is satisfied only for 2a=257.4°.

Some insight into the nature of the eigenvalues for more general wedge
angles can be gained from the graphical representation of Figure 11.5, where
we plot the two terms in equations (11.53, 11.54) against & =2\«. The sine
wave represents the term sin(2Aa) (=sinz) and the straight lines represent
various possible positions for the terms +Asin(2a) =42 (sin(2a)/2a).

5 More rigorously, a general stress field near the corner can be expressed as an
eigenfunction expansion, but the term with the smallest eigenvalue will be arbi-
trarily larger than the next term in the expansion at sufficiently small values of
T.
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Figure 11.5: Graphical solution of equations (11.53, 11.54).

The simplest case is that in which 2o = 27 and the wedge becomes the
crack illustrated in Figure 11.6. We then have sin(2a) =0 and the solutions
of both equations (11.53, 11.54) correspond to the points where the sine wave
crosses the horizontal axis — i.e.

13
A - 5, 1, 5, “ee
This is an important special case because of its application to fracture
mechanics. In particular, we note that the lowest positive eigenvalue of A is %
and hence the crack-tip field is square-root singular for both symmetric and
antisymmetric loading.

(11.55)

Figure 11.6: Tip of a crack considered as a 360° wedge.

Suppose we now consider a wedge of somewhat less than 27, in which case
equations (11.53, 11.54) are represented by the intersection between the sine
wave and the lines A, A’ respectively in Figure 11.5.

As the wedge angle is reduced, the slope (sin(2a)/2a) of the lines first
becomes increasingly negative until a maximum is reached at 2a = 257.4°,
corresponding to the tangential line B’ and its mirror image B. Further re-
duction causes the slope to increase monotonically, passing through zero again
at 2a=m (corresponding to the case of the half plane) and reaching the limit
C,C" at 2a=0.

Clearly, if the lines A, A" are even slightly inclined to the horizontal, they
will only intersect a finite number of waves, corresponding to a finite set of
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real roots, the number of real roots increasing as the slope approaches zero.
Increasing the slope causes initially equal-spaced real roots to become closer
in pairs such as b, ¢ in Figure 11.5. For any given pair, there will be a critical
slope at which the roots coalesce and for further increase in slope, a pair of
complex conjugate roots will be developed.

In the antisymmetric case for 360° > 2« > 257.4°, the intersection b’ in
Figure 11.5 corresponds to the spurious eigenvalue of (11.54), but o’ is a
meaningful eigenvalue corresponding to a stress singularity that weakens from
square-root at 2a=360° to zero at 2« =257.4°. For smaller wedge angles, a’
is the spurious eigenvlaue and b’ corresponds to a real but non-singular root.

200
180 ° 240 ° 300 ° 360 °

L B S ) BN B S R B

LA L L L B S B BB A R |

-0.1

Antisymmetric
-0.2

(A1)

-0.3 .

Symmetric

-0.4

-0.5

Figure 11.7: Strength of the singularity in a reéntrant corner.

In the symmetric case, the root a gives a real eigenvalue corresponding
to a singular stress field whose strength falls monotonically from square-root
to zero as the wedge angle is reduced from 27 to w. The strength of the
singularity (A—1) for both symmetric and antisymmetric terms is plotted
against total wedge angle” in Figure 11.7. The singularity associated with
the symmetric field is always stronger than that for the antisymmetric field
except in the limit 2a = 27, where they are equal, and there is a range of
angles (257.4° > 2« > 180°) where the symmetric field is singular, but the
antisymmetric field is not.

For non-reéntrant wedges (2« <), both fields are bounded, the dominant
eigenvalue for the symmetric field becoming complex for 2a < 146°. Since
bounded solutions correspond to eigenfunctions with r raised to a power with

" Figure 11.7 is reproduced by courtesy of Professor D.A.Hills of Oxford University.
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positive real part, the stress field always tends to zero in a non-reéntrant
corner.

11.2.4 The singular stress fields

If A=M\g is an eigenvalue of (11.53), the two equations (11.47, 11.48) will not
be linearly independent and we can satisfy both of them by choosing A1, A
such that

Ay = A(dg — 1)sin(Ag — Do (11.56)
As = —A(As + 1)sin(Ag + 1), (11.57)

where A is a new arbitrary constant. The corresponding (symmetric) singular
stress field is then defined through the stress function

ps = Ar*stH{(Ag — 1)sin(As — 1)acos(As + 1)0
— (As + 1)sin(Ag + 1)acos(Ag — 1)0} . (11.58)

A similar procedure with equations (11.49, 11.50) defines the antisymmet-
ric singular field through the stress function

¢pa=Br* T {(A4 + 1)sin(Aa — L)asin(As + 1)0
— (A4 +1)sin(Ag + Dasin(Ay — 1)6} (11.59)

where A4 is an eigenvalue of (11.54) and B is an arbitrary constant.

For the crack tip of Figure 11.6, the eigenvalues of both equations are given
by equation (11.55) and the dominant singular fields correspond to the values
As=Aa=1. Substituting this value into (11.58) and the resulting expression
into (8.10, 8.11), we obtain the symmetric singular field as

K (5 (6 1 (30

Orr = 27(_*7, {4 (¢0)-] <2> — Z (2>} (1160)
 Kp 3 0 1 30

o9 = 2WT{4COS<2> +1 (2)} (11.61)
LR [ (0 1 (3

Org = \/ﬁ{4sln<2>+4 (2)} , (11.62)

where we have introduced the new constant

K= SA\/Z, (11.63)

known as the mode I stress intensity factor®.

COS
COS
Sin

8 Brittle materials typically fail when the stress intensity factor at a crack tip
reaches a critical value. This will be discussed in more detail in §13.3.
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The corresponding antisymmetric singular crack-tip field is obtained from

(11.59) as
Kir 5. (0 3 . (30
- Zsin( =)+ sin (= 11.64
o \/ﬁ{ 451n<2)+451n<2>} (11.64)
Kip 3 . (0 3 . (30
= ) Cn(2) — Zsin (2 11.
oo 2777‘{ 4sm<2) 45111(2)} (11.65)
Ky f1 [0\ 3 (30
oo = V2rr {4COS <2> e <2>} ’ (11.66)

where Ky is the mode II stress intensity factor.

11.2.5 Other geometries

Williams’ method can also be applied to other discontinuities in elasticity
and indeed in other fields in mechanics. For example, we can extend it to
determine the strength of the singularity in a composite wedge of two different
materials®. A special case is illustrated in Figure 11.8, where two dissimilar
materials are bonded!?, leaving a composite wedge of angle 37/2 at the points
A, B. Another composite wedge is the tip of a crack (or debonded zone) at
the interface between two dissimilar materials (see Chapter 32).

ARRRR

Figure 11.8: Composite T-bar, with composite notches at the reéntrant cor-
ners A, B.

9 D.B.Bogy, Two edge-bonded elastic wedges of different materials and wedge an-
gles under surface tractions, ASME Journal of Applied Mechanics, Vol. 38 (1971),
pp-377-386.

10°A problem of this kind was solved by G.G.Adams, A semi-infinite elastic strip
bonded to an infinite strip, ASME Journal of Applied Mechanics, Vol. 47 (1980),
pp-789-794.
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The method has also been applied to determine the asymptotic fields in
contact problems, with and without friction!! (see Chapter 12 below).

These problems generally involve both traction and displacement bound-
ary conditions. For example, if the dissimilar wedges a; < 6 < «ap and
ap < 0 < as are bonded together at the common plane § = ag and the other
faces 0 =aq, ay are traction-free, the boundary conditions are

oge(r, 1) =0 (11.67)

op,(ron) =0 (11.68)

99 (r, 0) — oy (1, 0) = 0 (11.69)
g, (r,a0) — 04, (r,a0) = 0 (11.70)
uy (r, a0) = ug(r,a0) = 0 (11.71)
ug(r, ag) — ug(r, ap) = 0 (11.72)
gy (r,az) =0 (11.73)

e (rya) =0 (11.74)

where superscripts 1, 2 refer to the two wedges, respectively. Equations (11.69,
11.70) can be seen as statements of Newton’s third law for the tractions trans-
mitted between the two wedges, whilst (11.71, 11.72) express the fact that if
two bodies are bonded together, adjacent points on opposite sides of the bond
must have the same displacement.

To formulate asymptotic problems of this type, the stress equations (11.39—
11.41) must be supplemented by the corresponding expressions for the dis-
placements u,, ug. These can be written down from Table 9.1, since in that
table the parameter n does not necessarily have to take integer values. Alter-
natively, they can be obtained directly by substituting the expression (11.38)
into the Maple or Mathematica file ‘urt’. Omitting the rigid-body displace-
ments, we obtain

2uny = M= Ar (A + 1) cos(A + 1)8 + Az (k — A) cos(A — 1)8
—As(A+1)sin(A+ 1)8 + Ay(k — N) sin(A — 1)6} (11.75)

2uug = M { A1 (A + 1) sin(A + 1) + Ay (k + A) sin(A — 1)0
—As(A+1)cos(A+1)8 — Ay(k + X) cos(A —1)0}  (11.76)

The results of asymptotic analysis are very useful in numerical methods,
since they enable us to predict the nature of the local stress field and hence
devise appropriate special elements or meshes. Failure to do this in problems
with singular fields will always lead to numerical inefficiency and sometimes
to lack of convergence, mesh sensitivity or instability.

11 3. Dundurs and M.S.Lee, Stress concentration at a sharp edge in contact problems,
Journal of Elasticity, Vol. 2 (1972), pp.109-112, M.Comninou, Stress singularities
at a sharp edge in contact problems with friction, Zeitschrift fir angewandte
Mathematik und Physik, Vol. 27 (1976), pp.493-499.
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To look ahead briefly to three-dimensional problems, we note that when
we concentrate our attention on a very small region at a corner, the result-
ing magnification makes all other dimensions (including radii of curvature
etc) look very large. Thus, a notch in a three-dimensional body will generally
have a two-dimensional asymptotic field at small r. The above results and the
underlying method are therefore of very general application. Another conse-
quence is that the out-of-plane dimension becomes magnified indefinitely, so
that plane strain (rather than plane stress) conditions are appropriate in all
three-dimensional asymptotic problems.

11.3 General loading of the faces

If the faces of the wedge € = +« are subjected to tractions that can be ex-
panded as power series in r, a solution can be obtained using a series of terms
like (11.1). However, as with the rectangular beam, power series are of limited
use in representing a general traction distribution, particularly when it is rel-
atively localized. Instead, we can adapt the Fourier transform representation
(5.129) to the wedge, by noting that the stress function (11.38) will oscillate
along lines of constant 6 if we choose complex values for A. This leads to a
representation as a Mellin transform defined as

1 c+100 .
o(r,0) = %/C_wo f(s,0)r—*ds (11.77)
for which the inversion is'2
f(s,0) :/ o(r,0)r*tdr . (11.78)
0

The integrand of (11.77) is the function (11.38) with A = —s—1. The
integral is path-independent in any strip of the complex plane in which the
integrand is a holomorphic'® function of s. If we evaluate it along the straight
line s=c+ww, it can be written in the form

1 o0
reo(r,0) = 7 / fle+w,0)r “dw
. 1 > w In(r)
=5 [m fle+w)e dw (11.79)

which is readily converted to a Fourier integral'* by the change of variable
t=In(r). The constant ¢ has to be chosen to ensure regularity of the integrand.

12 1.N.Sneddon, Fourier Transforms, McGraw-Hill, New York, 1951.

13 See Chapter 18 and in particular, §18.5.

14 The basic theory of the Mellin transform and its relation to the Fourier transform
is explained by [.N.Sneddon, loc. cit.. For applications to elasticity problems for
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If there are no unacceptable singularities in the tractions and the latter are
bounded at infinity, it can be shown that a suitable choice is c¢=—1.

The Mellin transform and power series methods can be applied to a wedge
of any angle, but it should be remarked that, because of the singular asymp-
totic fields obtained in §11.2, meaningful results for the reéntrant wedge
(2a>7) can only be obtained if the conditions at infinity are also prescribed
and satisfied.

More precisely, we could formulate the problem for the large but finite
sector —a < § < a, 0 < r < b, with precribed tractions on all edges'®. The
procedure would be first to develop a particular solution for the loading on
the faces § =+« as if the wedge were infinite and then to correct the boundary
conditions at 7=b by superposing an infinite sequence of eigenfunctions from
§11.2 with appropriate multipliers'®. For sufficiently large b, the stress field
near the apex of the wedge would be adequately described by the particular
solution and the singular terms from the eigenfunction expansion.

the wedge, see E.Sternberg and W.T.Koiter, The wedge under a concentrated
couple: A paradox in the two-dimensional theory of elasticity, ASME Journal of
Applied Mechanics, Vol. 25 (1958), pp.575-581, W.J.Harrington and T.W.Ting,
Stress boundary-value problems for infinite wedges, Journal of Elasticity, Vol. 1
(1971), pp.65-81.
A problem of this kind was considered by G.Tsamasphyros and P.S.Theocaris, On
the solution of the sector problem, Journal of Elasticity, Vol. 9 (1979), pp.271—
281.
This requires that the eigenfunction series is complete for this problem. The proof
is given by R.D.Gregory, Green’s functions, bi-linear forms and completeness of
the eigenfunctions for the elastostatic strip and wedge, Journal of Elasticity, Vol.
9 (1979), pp.283-309.

15
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PROBLEMS

1. Figure 11.9 shows a half plane, y <0, subjected to a uniform shear traction,
04y =S5 on the half-line, >0, y=0, the remaining tractions on y =0 being
Zero.

Y

O— — — —»

7 x
i
[
\
I

Figure 11.9: The half plane with shear tractions.

Find the complete stress field in the half plane. Note: This is a problem
requiring a special stress function with a logarithmic multiplier (see §11.1.4
above).

2. The half plane y <0 is subjected to a uniform normal pressure o, =—5 on
the half-line, x >0, y =0, the remaining tractions on y =0 being zero. Find
the complete stress field in the half plane.

3. The wedge —a <0 <« is loaded by a concentrated moment My at the apex,
the plane edges being traction free. Use dimensional arguments to show that
the stress components must all have the separated-variable form

_ [0

r2

Use this result to choose a suitable stress function and hence find the complete
stress field in the wedge.

4. Show that ¢ = Ar26 can be used as a stress function and determine the
tractions which it implies on the boundaries of the region —7w/2 < 6 < 7 /2.
Hence show that the stress function appropriate to the loading of Figure 11.10
is

F
¢ = —m(rfel +756,)

where 71,713,671, 602 are defined in the Figure.
Determine the principal stresses at the point B.
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Towal load F

o Lo

a

Figure 11.10: Uniform loading over a discrete region.

5. A wedge-shaped concrete dam is subjected to a hydrostatic pressure pgh
varying with depth A on the vertical face =0 as shown in Figure 11.11, the
other face § =« being traction-free. The dam is also loaded by self-weight, the

density of concrete being p.=2.3p.
Find the minimum wedge angle « if there is to be no tensile stress in the

dam.

v 0
0

o

opo Voo
0o
Oq
o

Figure 11.11: The wedge-shaped dam.
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6. Figure 11.12 shows a 45° triangular plate ABC built in at BC' and loaded
by a uniform pressure py on the upper edge AB. The inclined edge AC is
traction-free.

Find the stresses in the plate, using weak boundary conditions on the
edge BC (which do not need to be explicitly enforced). Hence compare the
maximum tensile stress with the prediction of the elementary bending theory.

Po

RN

45" B

Figure 11.12

7. The wedge —a < 6 <« is bonded to a rigid body on both edges § =+q«. Use
the eigenfunction expansion of §11.2.2 to determine the characteristic equa-
tions that must be satisfied by the exponent A in the stress function (11.38) for
symmetric and antisymmetric stress fields. Show that these equations reduce
to (11.53, 11.54) if ¥=0.5 and plane strain conditions are assumed.

8. Find the equation that must be satisfied by A if the stress function (11.38)
is to define a non-trivial solution of the problem of the half plane 0 <6 <,
traction-free on # = 0 and in frictionless contact with a rigid plane surface
at § = . Find the lowest value of A\ that satisfies this equation and obtain
explicit expressions for the form of the corresponding singular stress field near
the corner. This solution is of importance in connection with the frictionless
indentation of a smooth elastic body by a rigid body with a sharp corner.

9. Two large bodies of similar materials with smooth, continuously differen-
tiable curved surfaces make frictionless contact. Use the asymptotic method
of §11.2 to examine the asymptotic stress fields near the edge of the resulting
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contact area. The solution of this problem must also satisfy two inequalities:
that the contact tractions in the contact region must be compressive and that
the normal displacements in the non-contact region must cause a non-negative
gap. Show that one or other of these conditions is violated, whatever sign is
taken for the multiplier on the first eigenfunction. What conclusion do you
draw from this result?

10. Find the equation that must be satisfied by A if the stress function (11.38)
is to define a non-trivial solution of the problem of the wedge 0 < 6 < 7/2,
traction-free on =0 and bonded to a rigid plane surface at § =7 /2. Do not
attempt to solve the equation.
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PLANE CONTACT PROBLEMS'

In the previous chapter, we considered problems in which the infinite wedge
was loaded on its faces or solely by tractions on the infinite boundary. A
related problem of considerable practical importance concerns the wedge with
traction-free faces, loaded by a concentrated force F' at the vertex, as shown
in Figure 12.1.

Figure 12.1: The wedge loaded by a force at the vertex.

12.1 Self-similarity

An important characteristic of this problem is that there is no inherent length
scale. An enlarged photograph of the problem would look the same as the

! For a more detailed discussion of elastic contact problems, see K.L.Johnson, Con-
tact Mechanics, Cambridge University Press, 1985 and G.M.L.Gladwell, Contact
Problems in the Classical Theory of Elasticity, Sijthoff and Noordhoff, Alphen
aan den Rijn, 1980.

J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 171
DOI 10.1007/978-90-481-3809-8 12, © Springer Science+Business Media B.V. 2010
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original. The solution must therefore share this characteristic and hence, for
example, contours of the stress function ¢ must have the same geometric shape
at all distances from the vertex. Problems of this type — in which the solution
can be mapped into itself after a change of length scale — are described as
self-similar.

An immediate consequence of the self-similarity is that all the stress com-
ponents must be capable of expression in the separated-variable form

o= [(r)g(0). (12.1)

Furthermore, since the tractions on the line r =a must balance a constant
force F for all a, we can deduce that f(r)=7r"1, because the area available
for transmitting the force increases linearly with radius?.

12.2 The Flamant Solution

Choosing those terms in Table 8.1 that give stresses proportional to !, we

obtain
¢ = C1r0sind + Carf cos 0 + CsrIn(r) cos @ + Cyrln(r)sind | (12.2)
for which the stress components are

Opp = T_1(201 cosf — 2C5sinf + C3 cos + Cysin )
o9 =1 (Cssinf — Cycos ) (12.3)
ogg =1 (C3cosf + Cysinf) .

For the wedge faces to be traction-free, we require
097«20'99:0 3 9204,5, (12.4)

which can be satisfied by taking C3, Cy=0.
To determine the remaining constants C7, Co, we consider the equilibrium
of the region 0 <r <a, obtaining

ﬂ _ .
F, + 2/ (Cl cost = Ct sm9> acosfdf =0 (12.5)

a

B .0 — .
Fy+2/ <010050 C2bm0)asin9d9=0. (12.6)

a

These two equations permit us to choose the constants C7, Cs to give the
applied force F' any desired magnitude and direction. Notice that the radius a

2 In the same way, we can deduce that the stresses in a cone subjected to a force

at the vertex must vary with r—2.
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cancels in equations (12.5, 12.6) and hence, if they are satisfied for any radius,
they are satisfied for all.

This is known as the Flamant solution, or sometimes as the simple ra-
dial distribution, since the act of setting C3 = C4 =0 clears all #-surfaces of
tractions, leaving
_ 2C1cosf)  2C;sind

r T

(12.7)

Orr

as the only non-zero stress component.

12.3 The half-plane

If we take a=—m and 8=0 in the above solution, we obtain the special case
of a force acting at a point on the surface of the half-plane y <0 as shown in
Figure 12.2.

y<O
Figure 12.2: Force acting on the surface of a half-plane.

For this case, performing the integrals in equations (12.5, 12.6), we find
0
F, + 2/ (Cy cos? 0 — Cysin B cos 0)d0 = F, +7C1 =0 (12.8)
0
F,+ 2/ (Cy cosOsin® — Cysin®0)do = F,, — 7Cy = 0 (12.9)

—T

and hence

F, F,
Cr=—-"; Co=-. (12.10)
71' ™

It is convenient to consider these terms separately.

12.3.1 The normal force F),

The normal (tensile) force F, produces the stress field

2F, sin
Opp = — 9 ST (12.11)
™r
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which reaches a maximum tensile value on the negative y-axis (0 =—7/2) —
i.e. directly beneath the load — and falls to zero as we approach the surface
along any line other than one which passes through the point of application
of the force.

The displacement field corresponding to this stress can conveniently be
taken from Table 9.1 and is

F,
2uu, = Q—U{(/@ —1)fcosf — (k+1)Inrsinf +sind} (12.12)
T

F
2uug = 2—@'{7(% —1)0sinf — (k + 1) In(r) cos§ — cosf} . (12.13)
™
These solutions will be used as Green’s functions for problems in which
a half-plane is subjected to various surface loads and hence the surface dis-

placements are of particular interest.
On =0, (y=0, £>0), we have

2puy =2pu, =0 (12.14)
F,

2uug = 2puy = 2—‘/{—(/—1 +1)In(r) — 1}, (12.15)
7r

whilst on §=—m, (y=0, <0), we have

F,

2py = =2pmy = (K — 1) (12.16)
F,

2uug = —2puy = Q—y (k+1)In(r)+1}. (12.17)
7r

It is convenient to impose symmetry on the solution by superposing a
rigid-body displacement

Fy(r 1)

2uu, = 1

F,
; 2puy = ﬁ , (12.18)

after which equations (12.14-12.17) can be summarised in the form

F,(k — 1)sgn(x)

g = = 12.19
Fy(k+1)In|z|
= 12.2
Uy 47T,u ) ( O)

where the function sgn(z) is defined to be +1 for >0 and —1 for x<0.
Note incidentally that r=|z| on y=0.

12.3.2 The tangential force F,

The tangential force F,, produces the stress field
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gy = — 2Fac0S6 (12.21)
T
which is compressive ahead of the force (§=0) and tensile behind it (6 =—)
as we might expect.
The corresponding displacement field is found from Table 9.1 as before
and after superposing an appropriate rigid-body displacement as in §12.3.1,
the surface displacements can be written

F.(k+1)In|z|

= 12.22
F.(k—-1
Uy = _”%)Sgn(m) . (12.23)

12.3.3 Summary

We summarize the results of §§12.3.1, 12.3.2 in the equations

~Fy(h+1)Infz[  Fy(s —1)sgn(x)

o 12.24
u A * 8 | !
W _ _Fe(s—Dsgn(x) Fy(s+1)lnjal (12.25)
Y 8y 4y ’ .
see Figure 12.3.
A
A
uy
FI Uy
—_— ————
e

Figure 12.3: Surface displacements due to a surface force.

12.4 Distributed normal tractions

Now suppose that the surface of the half-plane is subjected to a distributed
normal load p(§) per unit length as shown in Figure 12.4. The stress and
displacement field can be found by superposition, using the Flamant solution
as a Green’s function — i.e. treating the distributed load as the limit of a set
of point loads of magnitude p(&)d€.

Of particular interest is the distortion of the surface, defined by the normal
displacement wu,,. At the point P(z,0), this is given by
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(k+1)
AT

Uy:

lAp@ﬂﬂxfﬂ%7 (12.26)

from equation (12.20), where A is the region over which the load acts.

y p@ﬁ&
7%

& o~

* !

Figure 12.4: Half-plane subjected to a distributed traction.

The displacement defined by equation (12.26) is logarithmically unbounded
as x tends to infinity. In general, if a finite region of the surface of the half-
plane is subjected to a non-self-equilibrated system of loads, the stress and
displacement fields at a distance r > A will approximate those due to the
force resultants applied as concentrated forces — i.e. to the expressions of
equations (12.11-12.13) for normal loading. In other words, the stresses will
decay with 1/r and the displacements (being integrals of the strains) will vary
logarithmically.

This means that the half-plane solution can be used for the stresses in a
finite body loaded on a region of the surface which is small compared with
the linear dimensions of the body, since 1/r is arbitrarily small for sufficiently
large r. However, the logarithm is not bounded at infinity and hence the rigid-
body displacement of the loaded region with respect to distant parts of the
body cannot be found without a more exact treatment taking into account
the finite dimensions of the body. For this reason, contact problems for the
half-plane are often formulated in terms of the displacement gradient

duy  (k+1) / p(§)d€
— = — , (12.27)
A (I - 5)

thereby avoiding questions of rigid-body translation.
When the point x =¢ lies within A, the integral in (12.27) is interpreted
as a Cauchy principal value — for example

Pp@de _ ([P p@de
/a (l‘—f)!—»o(/a +/{L’+6> ($—€) ’ < <b. (1228)

dx Ay
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12.5 Frictionless contact problems

The results of the last section permit us to develop a solution to the problem
of a half-plane indented by a frictionless rigid punch of known profile (see

Figure 12.5).
\\ A
Rigid Punch

o p

O / x
Uy
N Flastc

v Halfplane

A

Figure 12.5: The elastic half-plane indented by a frictionless rigid punch.

We suppose that the load F is sufficient to establish contact over the whole
of the contact area A, in which case, the displacement of the half-plane must
satisfy the equation

Uy = —UO(LL’) + Cix + Cy (1229)
in A, where ug is a known function of x which describes the profile of the
punch.

The constants Cy, C; define an unknown rigid-body translation and rota-
tion of the punch respectively, which can generally be assigned in such a way
as to give a pressure distribution p(§) which is statically equivalent to the
force ' — i.e.

/A p(E)ds = —F (12.30)
/Ap(ﬁ)fdf =—Fd, (12.31)

where d defines the line of action of F' as shown in Figure 12.5 and the negative
signs are a consequence of the tensile positive convention for p(§). These two
equations are sufficient to determine the constants Cy, C'.

If the contact region, A, is connected, we can define a coodrdinate system
with origin at the mid-point and denote the half-length of the contact by a.
Equations (12.27, 12.29) then give

dug __(k+1) [ p(§dE
" T T /_a(xff) ’

which is a Cauchy singular integral equation for the unknown pressure p(§).

—a<z<a, (12.32)
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12.5.1 Method of solution

Integral equations of this kind arise naturally in the application of the com-
plex variable method to two-dimensional potential problems and they are
extensively discussed in a classical text by Muskhelishvili®*. However, for our
purposes, a simpler solution will suffice, based on the change of variable

x=acos¢ ; £=acosb (12.33)

and expansion of the two sides of the equation as Fourier series.
Substituting (12.33) into (12.32), we find

L duw ¢ 7('”1)/ (p<9)sm0d0 L 0<p<m, (12.34)
0

1=

asing d¢ 4T cos ¢ — cos f)
which can be simplified using the result*
/‘n' cos(nf)do _ _FSi.Il(nqb) . (12.35)
o (cos¢ —cosb) sin ¢
Writing
Pr, cos(nd)
12.36
Z sin 0 ( )
duo
Zun sin(ng) , (12.37)
we find
1 n S
Z Up sin(neg) + Crasin ¢ = (ko + asmqﬁ Z L ém(mﬁ)
= sin ¢
- M 3 pasin(ng) (12.38)
ErTp :
and hence, equating Fourier coefficients,
dpuy,
n=-———; n>1 12.39
Pn= i Da b " (12.39)
4u(Cra+ uq)
= 12.40
P T e Da (12.40)

3 N.I.Muskhelishvili, Singular Integral Equations, (English  translation by
J.R.M.Radok, Noordhoff, Groningen, 1953). For applications to elasticity prob-
lems, including the above contact problem, see N.I.Muskhelishvili, Some Ba-
sic Problems of the Mathematical Theory of Elasticity, (English translation by
J.R.M.Radok, Noordhoff, Groningen, 1953). For a simpler discussion of the solu-
tion of contact problems involving singular integral equations, see K.L.Johnson,
loc. cit, §2.7.

4 For a method of proving this result, see Problem 18.7.
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Thus, if the shape of the punch ug is expanded as in equation (12.37), the
corresponding coefficients in the pressure series (12.36) can be written down
using (12.39), except for n=0, 1.

The two coefficients pg, p1 are found by substituting (12.36) into the equi-
librium conditions (12.30, 12.31). From (12.30), we have

—-F = / p(x')dx' = / p(0)asin 6do
0
=a an/ cos(nd)df = mapg (12.41)
0
and from (12.31),

—Fd:/ p(x’)x’dx’:/ p(0)a? sin @ cos Ad
0

—a

o iy 2
= a? an/ cos 0 cos(nf)df = % . (12.42)
n=0 0
Hence,
F 2Fd
Po=——; pp=——5. (12.43)
ma a

The rigid-body rotation of the punch C; can then be found by eliminating
p1 between equations (12.40, 12.43), with the result
Fd 1
Cy = —(572) 4 (12.44)
2mpa a
Alternatively, if the punch is constrained to move vertically without rotation,
C4 will be zero and we can solve for the applied moment F'd as
2T pura

Fd = GiD (12.45)

from (12.44).

12.5.2 The flat punch

We first consider the case of a flat punch with a symmetric load as shown in
Figure 12.6. The profile of the punch is described by the equation

duo

w =05 G-

=0 (12.46)
and hence p,, =0 for n>1 from equation (12.39). Furthermore, since the load
is symmetric (d =0), p; is also zero (equation (12.43)) and pg is given by
(12.43).
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\\\F

-—a——a—

Figure 12.6: Half-plane indented by a flat rigid punch.

The traction distribution under the punch is therefore

pla)y= 20 = r
sin ¢ ma/1 — 22 /a?
F
S — (12.47)
ma? — x?

We note that the sharp corners of the punch cause a square root singularity
in traction at the edges, x=4a. This is typical of indentation problems where
the punch has a sharp corner and could have been predicted by performing
an asymptotic analysis of the local stress field, using the methods developed
in §11.2 (see Problem 11.8). The traction distribution is illustrated in Figure

I

-a 0 a
Figure 12.7: Contact pressure distribution under the flat rigid punch.
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12.5.3 The cylindrical punch (Hertz problem)

We next consider the indentation of a half-plane by a frictionless rigid cylinder
(Figure 12.8), which is a special case of the contact problem associated with
the name of Hertz.

r

A

Figure 12.8: The Hertzian contact problem.

This problem differs from the previous example in that the contact area
semi-width a depends on the load F' and cannot be determined a priori.
Strictly, @ must be determined from the pair of inequalities

p(z) <0 ; —a<z<a (12.48)
—uy(x) > uo(z) ; |z|>a, (12.49)

which express the physical requirements that the contact traction should not
be tensile (12.48) and that there should be no interference between the bodies
outside the contact area (12.49). However, it can be shown that these condi-
tions are in most cases formally equivalent to the requirement that the contact
traction should not be singular at x ==a. This question will be discussed more
rigorously in connection with three-dimensional contact problems in Chapter
29. Here it is sufficient to remark that a traction singularity such as that
obtained at the sharp corner of the flat punch (equation (12.47)) causes a dis-
continuity in the displacement gradient du,/dz, which will cause a violation
of (12.49) if the punch is smooth.
If the radius of the cylinder is R, we have

== (12.50)

and hence
=0 ——=0— ——> — — . (12.51)

Thus
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dug a®sin 2¢

— = 12.52
d¢ 2R ( )
and the only non-zero coefficient in the series (12.37) is
2
a
=—. 12.
It follows that 9
1na
== 12.54
bz R(k+1)’ ( )

from (12.39).
For the cylinder, the load must be symmetrical to retain equilibrium and
hence p; =0. As before, pg is given by (12.43) and hence

p(0) = (—F + % cos(29)>/sin0 . (12.55)

Ta

Now this expression will be singular at #=0, 7 (z=+a) unless we choose
a such that

F_ 2pa
ma R(k+1)’
ie.
Fk+1)R
=4 —. 12.56
a T (12.56)

Note that for plane strain, k=(3—4v) and

21 E

= 12.57
(k+1) 41 -v2)" ( )
whilst for plane stress, k= (3—v)/(1+v) and
20 E
=—. 12.58
(k+1) 4 ( )
With the value of a from (12.56), we find
F{1 - 2 2F si
p(o) = - TAL—cosZO)} 2P s (12.59)
masin 6 Ta
ie. JE—
2FVa? — x?

This pressure distribution is illustrated in Figure 12.9.
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?J/

-a 0

Figure 12.9: The Hertzian pressure distribution.

12.6 Problems with two deformable bodies

The same method can be used to treat problems involving the contact of
two deformable bodies, provided that they have sufficiently large radii in the
vicinity of the contact area to be approximated by half-planes —i.e. Ry, Ro>>
a, where Ry, Ry are the local radii® (see Figure 12.10). We shall also take the
opportunity to generalize the formulation to the case where, in addition to
the normal tractions p,, there are tangential tractions p, at the interface due
to friction.

r
\
Y 2.
Ha Ky
e / yaya X
BN
R, 7
A
ﬁw

Figure 12.10: Contact of two curved deformable bodies.

We first note that, by Newton’s third law, the tractions must be equal and
opposite on the two surfaces, so the appropriate Green’s function corresponds
to the force pairs Fy, F, of Figure 12.11.

5 In fact the same condition must be satisfied even for the case where the curved
body is rigid, since otherwise the small strain assumption of linear elasticity
(ei; < 1) will be violated near the contact area.
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1

Figure 12.11: Green’s function for contact problems.

Suppose that the bodies are placed lightly in contact, as shown in Figure
12.12, and that the initial gap between their surfaces is a known function

go(x).

Figure 12.12: Initial gap between two unloaded contacting bodies.

We now give the upper body a vertical rigid-body translation Cy and a small
clockwise rotation C; such that, in the absence of deformation, the gap would

become
9(z) = go(z) — Co — Ch. (12.61)

In addition, we assume that the contact tractions will cause some elastic de-
formation, represented by the displacements wq,us in bodies 1,2 respectively.
As a result of these operations, the gap will be modified to

9(x) = go(x) — uy1(x,0) + uy2(z,0) — Co — Chz (12.62)
and it follows that the contact condition analogous to (12.29) can be written
Uy1(x,0) — uya(z,0) = go(z) —Cop —Ciz ; in A, (12.63)

since, in a contact region, the gap is by definition zero.
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The surface displacement w1 (x,0) of body 1 is simply (12.26) generalized
to include the effect of the tangential traction p, (see equation (12.25)) — i.e.

wn,0) = =2 [ e mie - elag

_ (mg—ul) /_(;pgp@)sgn(m —&)d¢ (12.64)

and hence®

- » . 12.
dzr 4 Px(7) (12.65)

—a (37 - g) 4:“

We also record the corresponding expression for the tangential displace-
ment u,1, which is

dugy _ (k+1) /" pz(§)ds (v —1)

dugy (r+1) /“ py(§)dg (k1)

de  drp ), (x—€) I py(2) , (12.66)

from (12.24).

Comparing Figure 12.11 with Figure 12.3, we see that equations (12.65,
12.66) can be used for the displacements u,, u, of body 1, but for the corre-
sponding displacements of body 2 we have to take account of the fact that
the tractions p,,p, are reversed and that the y-axis is now directed into the
body. It is easily verified that this can be achieved by changing the signs in
the expressions involving u,, p;, whilst leaving those expressions with wu,, py
unchanged. It then follows that

d A [ d
d A [ p.(&)d
ﬁ(u"pl - U/w2> = —E . lzx(f)ff gpy(l‘) s (1268)
where
gttt (retl) (12.69)
H1 M2
po = (=1 (12.70)
251 M2

5 Notice that an alternative representation of sgn(zx) is 2H (x)—1, where H(z) is
the Heaviside step function. It follows that the derivative of sgn(z) is 26(z) and
that the derivative of the integral in the second term of (12.64) is simply twice
the value of p,(£) at the point {=uz.
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12.7 Uncoupled problems

We can now substitute (12.67) into the derivative of the contact condition
(12.63), obtaining

_% 7“ Zfi(f)g - %w) p —a<w<a. (1271

go(z) —C1 =

This equation is similar in form to (12.32), except for the presence of the
term involving p,.. It can therefore be solved in the same way if for any reason
this term is identically zero. Four important cases where this condition is
satisfied are:-

(i) The contact is frictionless, so p, =0.

(ii) The materials are similar (k1 =kg, 1 =p2) and hence B=0.

(iii) Both materials are incompressible (141 =12 =0.5, k1 =Ko =1, p1 # o).
(iv) One body is rigid (41 =00) and the other incompressible (ka=1).

Of course, no real materials are even approximately rigid, but the coupling
terms in equations (12.67, 12.68) — i.e. those connecting uy, p, and ug,py —
can reasonably be neglected provided that the ratio

ﬁ:B:((m—m_(H2_1>>/<<m+1)+(m2+1)) <1. (127)

A 1 2 M1 M2

This will be true if py > po and (ke —1) < 1 and it is a reasonable ap-
proximation to the practically important case of rubber in contact with steel.
The dimensionless parameter 3 is one of Dundurs’ bimaterial parameters (see
§4.4.3).

In the rest of this chapter, we shall restrict attention to problems in which
the coupling terms can be neglected for one of the reasons given above.

12.7.1 Contact of cylinders

If the two bodies are cylinders with radii Ry, Rs (see Figure 12.10), we have

1 1 Ri+Ry 1
)= —+—=—""= . 12.73
Hence, comparing equations (12.73, 12.50) and (12.71, 12.32), we find that
the solution can be written down from equations (12.56, 12.60) by replacing
(k+1)/p by A of equation (12.69) and R by Ry Rs/(R1+R2) — i.e.

. FR{Ry (Iil + 1) (Kjg + 1)
a = \/27T(R1 n Rz) ( " + 1 ) (12.74)

2FVa? — x?
py(z) = R (12.75)




12.8 Combined normal and tangential loading 187

12.8 Combined normal and tangential loading

Tangential tractions can be transmitted between contacting bodies only by
means of friction and the complete specification of the problem then requires
an assumption about the friction law relating the tangential traction to the
relative tangential motion at the interface.

As in the normal contact analysis, tangential relative displacement or shift,
h(z), can result from rigid-body motion, C, and/or elastic deformation, being
given by

h(z) = uga(z,0) — ugy (z,0) + C, (12.76)

where a positive shift corresponds to displacement of the upper body to the
right relative to the lower body.

We shall define a state of stick as one in which the time derivative of the
shift, h(z)=0. A state with A(z)#0 will be referred to as positive or negative
slip, depending on the sign of h(a:)

The simplest frictional assumption is that usually referred to as Coulomb’s
law, which, in terms of the above notation, can be defined as

h(x) = gy — lipy +C =0 i py() < po(z) < —fpy(2) (12.77)

in stick regions and

px(x) = —fpy(x)sgn(h(z)) (12.78)
in slip regions, where f is a constant known as the coefficient of friction”.
We make no distinction between dynamic and static friction coefficients. In
interpreting these equations, the reader should recall that the normal traction
py(x) is always compressive and hence negative in contact problems.

The function sgn(h(z)) in (12.78) ensures that the frictional traction op-
poses the relative motion and hence dissipates energy. This condition and
the inequality in (12.77) serve to determine the division of the contact region
into positive slip, negative slip and stick zones in much the same way as the
inequalities (12.48, 12.49) determine the contact area in the normal contact
problem.

Notice that both of equations (12.77, 12.78) involve time derivatives. Thus,
frictional contact problems are incremental in nature. It is not generally suf-
ficient to know the final loading condition — we also need to know how that
condition was reached. In other words, frictional contact problems are history-
dependent. They share this and other properties with problems involving an-
other well-known dissipative mechanism — plastic deformation.

" The more usual symbol p for the coefficient of friction would lead to confusion
with Lamé’s constant.
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12.8.1 Cattaneo and Mindlin’s problem

Consider the problem of two elastic cylinders which are first pressed together
by a normal compressive force F' and then subjected to a monotonically in-
creasing tangential force T' as shown in Figure 12.13. We restrict attention to
the uncoupled case, 3=0.

7
M { NS
W 7 777>>~
7

Figure 12.13: Loading for Cattaneo and Mindlin’s problem.

The first phase of the loading is described by the analysis of §12.7.1, the
contact semi-width a and the normal tractions p,(x) being defined by equa-
tions (12.74, 12.75). The condition f=0 ensures that these normal tractions
produce no tendency for slip (see equations (12.68, 12.72)) and it follows that
no tangential tractions are induced and that the whole contact area remains
in a state of stick as the normal force F' is applied.

The absence of coupling also ensures that the contact area and the normal
tractions remain constant during the tangential loading phase. Suppose we
first assume that stick prevails everywhere during this phase as well.

Differentiating (12.77) with respect to  and substituting for the displace-
ment derivatives from (12.68) with B=0, we obtain

LA [T paode
4m —a (m—f) B

This equation is identical in form to (12.32) and is solved in the same way.
The solution is easily shown to be

0; —a<z<a. (12.79)

_ T
Po(2) = — (12.50)
ma -z
by analogy with (12.47) and hence
T
pu(x) = — . (12.81)
m™a?—z

since a is independent of time during the tangential loading phase.

This result shows that the assumption of stick throughout the contact
area —a < x < a leads to a singularity in p, at the edges x = 4+a and hence
the frictional inequality (12.77) must be violated there for any f, since p, is
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bounded. We deduce that some slip will occur near the edges of the contact
region for any non-zero 7', however small.

The problem with slip zones was first solved apparently independently by
Cattaneo® and Mindlin®. In the slip zones, the tractions satisfy the condition
Pz =—fpy. We therefore consider the solution for the tangential tractions as
the sum of two parts:-

(i) a shear traction

pa(z) = —fpy(x)

2 _ 2
_ AfEVe m ot (12.82)

ma
from equation (12.75) throughout the contact area —a<x <a.

(ii) a corrective shear traction p%, which must be zero in the slip zones and
which is sufficient to restore the condition (12.77) in the stick zone.

As a first step towards finding the corrective traction pZ, we find the shift
due to the traction distribution (12.82), which is defined by

o d A [*2fF\/a2—€2d¢  fFA [T sin®0do
W (z) = —(ug1 — Ug2) = — =—
dx A J_, wa*(x —&) 2ma? J, (cos ¢ —cosb)
_ fFA _ [FAx
=5 cos ¢ = org2 5 @ <zr<a. (12.83)

Now, in the stick zone, we require the shift to be independent of z and
hence we seek corrective shear tractions in the stick zone that will cancel the
right-hand side of equation (12.83). By analogy with equations (12.82, 12.83),
it is clear that this cancellation can be achieved by the distribution!®

2fF+/c? — x?
p;(x):—ficzx ; —c<z<c, (12.84)
Ta
— l.e. a traction similar in form to equation (12.82), but distributed over a
smaller centrally located slip zone of width 2c.

8 C.Cattaneo, Sul contatto di corpi elastici, Accademia dei Lincei, Rendiconti, Ser
6, Vol. 27 (1938), pp.342-348, 433-436, 474-478.

9 R.D.Mindlin, Compliance of elastic bodies in contact, ASME Journal of Applied
Mechanics, Vol. 17 (1949), pp.259-268.

10 Notice that the assumption is that all points in —c¢ < z < ¢ are in a state of
stick throughout the loading process. It is therefore possible to integrate (12.77)
and write the boundary condition in terms of h(z) instead of h(x). In general,
this is possible as long as no point passes from a state of slip to one of stick
during the loading. In particular, the stick zone must not advance into the slip
zone during loading. For an exhaustive study of the effect of loading history
in frictional contact problems, see J.Dundurs and M.Comninou, An educational
elasticity problem with friction: Part 1, Loading and unloading paths for weak
friction, ASME Journal of Applied Mechanics, Vol. 48 (1981), pp.841-845; Part
2: Unloading for strong friction and reloading, ibid., Vol. 49 (1982), pp.47-51;
Part 3: General load paths, ibid, Vol. 50 (1983), pp.77-84.
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Thus, the complete shear traction distribution is

pm(:c):2fF{\/a2fofH(czf:cz)\/CQf:ﬂ} ; —a<z<a, (12.85)

Ta?

which is illustrated in Figure 12.14.

\J

-a -c 0 ¢ a
slip stick slip

Figure 12.14: Shear traction distribution for Cattaneo and Mindlin’s
problem.

The stick zone semi-width ¢ can be determined by requiring

T= / pol@)dz = fF — fF (2)2 : (12.86)

c:a“lfle. (12.87)

As we would expect, the stick zone shrinks to zero as the applied tangen-
tial force T' approaches fF, after which gross slip (i.e. large scale rigid-body
motion) occurs.

Finally, we note that it can be shown that the signs of the displacement
derivatives satisfy the condition (12.78), provided that T increases monoton-
ically in time (i.e. 7>0 for all £)!!.

from (12.85) and hence

' The effect of non-monotonic loading in the related problem of two contacting
spheres was considered by R.D.Mindlin and H.Deresiewicz, Elastic spheres in
contact under varying oblique forces, ASME Journal of Applied Mechanics, Vol.
21 (1953), pp.327-344. The history-dependence of the friction law leads to quite
complex arrangements of slip and stick zones and consequent variation in the load-
compliance relation. These results also find application in the analysis of oblique
impact, where neither normal nor tangential loading is monotonic (see N.Maw,
J.R.Barber and J.N.Fawcett, The oblique impact of elastic spheres, Wear, Vol.
38 (1976), pp.101-114).
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The related solution for two spheres in contact (also due to Mindlin) has
been verified experimentally by observing the damaged regions produced by
cyclic microslip between tangentially loaded spheres!2.

A significant generalization of these results has recently been discovered
independently by Jiger'® and Ciavarella'*, who showed that the frictional
traction distribution satisfying both equality and inequality conditions for
any plane frictional contact problem (not necessarily Hertzian) will consist
of a superposition of the limiting friction distribution and an opposing dis-
tribution equal to the coefficient of friction multiplied by the normal contact
pressure distribution at some smaller value of the normal load. Thus, as the
tangential force is increased at constant normal force, the stick zone shrinks,
passing monotonically through the same sequence of areas as the normal con-
tact area passed through during the normal loading process. These results can
be used to predict the size of the slip zone in conditions of fretting fatigue'®.
One consequence of this result is that wear in the sliding regions due to an
oscillating tangential load will not change the extent of the adhesive region,
so that in the limit the contact is pure adhesive and a singularity develops in
the normal traction at the edge of this region!.

12.8.2 Steady rolling: Carter’s solution

A final example of considerable practical importance is that in which two
cylinders roll over each other whilst transmitting a constant tangential force,
T. If we assume that the rolling velocity is V, the solution will tend to a
steady-state which is invariant with respect to the moving coérdinate system

E=z—Vt. (12.88)

In this system, we can write the ‘stick’ condition (12.77) as

h(z,t) = % {uga(z = Vt) —up(z - Vt) + C} = Vdi‘g’(uxl —Uy) +C =0,
(12.89)

12 K L.Johnson, Energy dissipation at spherical surfaces in contact transmitting os-
cillating forces, Journal of Mechanical Engineering Science, Vol. 3 (1961), pp.362—
368.

13 J Jager, Half-planes without coupling under contact loading. Archive of Applied
Mechanics Vol. 67 (1997), pp.247-259.

14 M.Ciavarella, The generalized Cattaneo partial slip plane contact problem. I-
Theory, II-Examples. International Journal of Solids and Structures. Vol. 35
(1998), pp.2349-2378.

5 D.A.Hills and D.Nowell, D. Mechanics of Fretting Fatigue. Kluwer, Dordrecht,
1994, M.P.Szolwinski and T.N.Farris, Mechanics of fretting fatigue crack forma-
tion. Wear Vol. 198 (1996), pp.93-107.

16 M.Ciavarella and D.A.Hills, Some observations on the oscillating tangential forces
and wear in general plane contacts, European Journal of Mechanics A-Solids. Vol.
18 (1999), pp.491-497.
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where C is an arbitrary but constant rigid-body slip (or creep) velocity. Sim-
ilarly, the slip condition (12.78) becomes

pz(§) = —fpy(§)sgn (V (21 — umg)) +C. (12.90)

d
dg

At first sight, we might think that the Mindlin traction distribution (12.85)
satisfies this condition, since it gives

dig(uml — qu) =0 (1291)

in the central stick zone and C' can be chosen arbitrarily. However, if we
substitute the resulting displacements into the slip condition (12.90), we find
a sign error in the leading slip zone. This can be explained as follows: In the
Mindlin problem, as T is increased, positive slip (i.e. h(x) =1tz2 — U1 +C’>O)
occurs in both slip zones and the magnitude of h(z) increases from zero at
the stick-slip boundary to a maximum at = =a. It follows that d%(umfumg)
is negative in the right slip zone and positive in the left slip zone. Thus, if
this solution is used for the steady rolling problem, a violation of (12.90) will
occur in the right zone if V' is positive and in the left zone if V' is negative. In
each case there is a violation in the leading slip zone — i.e. in that zone next
to the edge where contact is being established.

Now in frictional problems, when we make an assumption that a given
region slips and then find that it leads to a sign violation, it is usually an in-
dication that we made the wrong assumption and that the region in question
should be in a state of stick. Thus, in the rolling problem, there is no leading
slip zone!”. Carter'® has shown that the same kind of superposition can be
used for the rolling problem as for Mindlin’s problem, except that the correc-
tive traction is displaced to a zone adjoining the leading edge. A corrective
traction

Pl = ”F\/(g) (e tr) S 2EaaEa e

Ta? Ta?

produces a displacement distribution

d ( ) fFA ¢ a+c

— (Ug1 — Ug2) = —5 —

d¢ o 2 2ma? 2

7 Note that this applies to the uncoupled problem (8 = 0) only. With dissimilar
materials, there is generally a leading slip zone and there can also be an additional
slip zone contained within the stick zone. This problem is treated by R.H.Bentall
and K.L.Johnson, Slip in the rolling contact of dissimilar rollers, International
Journal of Mechanical Sciences, Vol. 9 (1967), pp.389—404.

18 B W.Carter, On the action of a locomotive driving wheel, Proceedings of the Royal
Society of London, Vol. A112 (1926), pp.151-157.

) ; e<é<a, (12.93)
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which cancels the z-varying term in (12.83), leaving only an admissable con-
stant C' (see equation (12.89)). Hence, the traction distribution for positive V'
is

pal@) =@ E - HE -V} 5 —a<g<a,
(12.94)
which is illustrated in Figure 12.15.
Stick occurs in the leading zone ¢ < £ < a and positive slip in the trailing
zone —a<¢<c.

Direction of motion
of contact region

0

stick

slip

Figure 12.15: Shear traction distribution for Carter’s problem.

The corresponding total tangential load is

Iﬂ—fF{l—»<i;c)2} (12.95)

and hence the stick-slip boundary £=c is given by

| T
c=a<1—2 1—fF>. (12.96)

An interesting feature of this solution is that the creep velocity C is not
zero — i.e. there is a small steady-state relative tangential velocity between
the two bodies. This has the effect of making the driven roller rotate slightly
more slowly than a rigid-body kinematic analysis would lead us to expect.
This in turn means that more energy is provided to the driving roller than is
recovered from the driven roller, the balance of course being dissipated in the
microslip regions in the form of heat. The creep velocity can be calculated by
substituting the superposition of (12.83) and (12.93) into (12.89), with the
result
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. fVa T
C=-"% (1_’/1_]’F> , (12.97)

where R is given by (12.73).

It is interesting to note that Carter’s solution was published 20 years before
Mindlin’s, but there is no evidence that either Mindlin or Cattaneo was aware
of it, despite the similarity of the techniques used!®.

PROBLEMS

1. Figure 12.16 shows a disk of radius a subjected to two equal and opposite
forces F' at the points A, B, the rest of the boundary r=a being traction-free.

Figure 12.16: Disk loaded by concentrated forces.

The stress function

(;5 = —%(Tlal sin 61 + ry64 sin92)
is proposed to account for the localized effect of the forces. Find the stress
field due to this function and, in particular, find the tractions implied upon
the boundary r =a. Then complete the solution by superposing appropriate
stress functions from Table 8.1, so as to satisfy the traction-free boundary
condition.

19 For a more extensive discussion of frictional problems of this type, see
K.L.Johnson, loc. cit., Chapters 5,7,8.
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2. The disk 0 <r < a is accelerated from rest by two concentrated forces F
acting in the positive §-direction at the points (a, £7/2), as shown in Figure
12.17. Use the Flamant solution in appropriate local coordinates to describe
the concentrated forces and the solution of §7.4.1 to describe the inertia forces.
Complete the solution by superposing appropriate stress functions from Table
8.1, so as to satisfy the traction-free boundary condition.

Figure 12.17: Disk accelerated by concentrated tangential forces.

3. Figure 12.18 shows a heavy disk of radius @ and density p supported by a
concentrated force ma?pg. Find a solution for the stress field in the disk by
combining the Flamant solution with appropriate terms from Table 8.1 in a
coordinate system centred on the disk.

Figure 12.18: Heavy disk supported by a concentrated force.
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4. A rigid flat punch of width 2a is pressed into an elastic half-plane by a force
F whose line of action is displaced a distance b from the centreline, as shown
in Figure 12.19.

Figure 12.19: Punch with an eccentric load.

(i) Assuming that the punch makes contact over the entire face —a <z <a,
find the pressure distribution p(z) and the angle of tilt of the punch.
Assume the half-plane is prevented from rotating at infinity.

(ii) Hence find the maximum value of b for which there is contact throughout
—a<zr<a.

(iii) Re-solve the problem, assuming that b is larger than the critical value
found in (ii). Contact will now occur in the range ¢ < z < a and the
unknown left hand end of the contact region (z=c) must be found from
a smoothness condition on p(z). Express ¢ and p(z) as functions of F,x
and b.

5. Two half-planes y >0 and y < 0 of the same material are welded together
along the section —a <x < a of their common interface y = 0. Equal and op-
posite forces F' are now applied at infinity tending to load the weld in tension.
Use a symmetry argument to deduce conditions that must be satisfied on the
symmetry line y =0 and hence determine the tensile stresses transmitted by
the weld as a function of x. Find also the stress intensity factor K, defined
as
K;= lim o,y(x,0)y/27(a —x) .

r—a—

6. A flat rigid punch is pressed into the surface y = 0 of the elastic half-
plane y >0 by a force F'. A tangential force T is then applied to the punch.
If Coulomb friction conditions apply at the interface with coefficient f and
Dundurs constant 8 = 0, show that no microslip will occur until 7" reaches
the value fF at which point gross slip starts.
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7. Express the stress function

_ Fyrfcosf
N s

¢

in Cartesian codrdinates and hence find the stress components 0.z, 0zy, Oyy
due to the point force Fy in Figure 12.2.

Use this result and the integration procedure of §12.4 (Figure 12.4) to
determine the stress field in the half-plane y <0 due to the Hertzian traction
distribution of equation (12.60). Make a contour plot of the Von Mises stress
o of equation (1.31) and identify the maximum value and its location.

8. From §12.5.2 and equation (12.47), it follows that the contact traction
distribution

p(r,a) = W% lz| < a

=0 izl >a

produces zero surface slope du,/dz in |z| <a. Use equation (12.27) to deter-
mine the corresponding value of slope outside the contact area (|x| >a) and
hence construct the discontinuous function

_ duy

u(z,a) = T

such that p(x,a) produces u(z,a).
Linear superposition then shows that the more general traction distribu-
tion

b
p(z) = / g(a)p(z,a)da
0
produces the surface slope

duy

b
T :/0 g(a)u(z,a)da ,

where g(a) is any function of a. In effect this is a superposition of a range of
‘flat punch’ traction distributions over different width strips up to a maximum
semi-width of b, so the traction will still be zero for |z|>b.

Use this representation to solve the problem of the indentation by a wedge
of semi-angle 7/2—a (a< 1), for which

duo
dx

where b is the semi-width of the contact area. In particular, find the contact
traction distribution and the relation between b and the applied force F'.

Hint: You will find that the boundary condition leads to an Abel integral
equation, whose solution is given in Table 30.2 in Chapter 30.

=—|a|; |z|<b,
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9. Modify the method outlined in Problem 8 to solve the problem of the
indentation of a half plane by an unsymmetrical wedge, for which

du
—O:—a; O<x<c
dx

=0; —-d<z<0,

where the unsymmetrical contact area extends from —d to c. In particular,
find the contact traction distribution and both ¢ and d as functions of the
applied force F.

The modification involves moving the origin to destroy the symmetry once
the function w(x,a) has been determined. In other words, instead of super-
posing a set of symmetrically disposed ‘flat punch’ distributions, superpose a
similar set arranged so that the common point is displaced from the origin.
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FORCES, DISLOCATIONS AND CRACKS

In this chapter, we shall discuss the applications of two solutions which are
singular at an interior point of a body, and which can be combined to give
the stress field due to a concentrated force (the Kelvin solution) and a dislo-
cation. Both solutions involve a singularity in stress with exponent —1 and
are therefore inadmissable according to the criterion of §11.2.1. However, like
the Flamant solution considered in Chapter 12, they can be used as Green’s
functions to describe distributions, resulting in convolution integrals in which
the singularity is integrated out. The Kelvin solution is also useful for describ-
ing the far field (i.e. the field a long way away from the loaded region) due to
a force distributed over a small region.

13.1 The Kelvin solution

We consider the problem in which a concentrated force, F' acts in the z-
direction at the origin in an infinite body. This is not a perturbation problem
like the stress field due to a hole in an otherwise uniform stress field, since the
force has a non-zero resultant. Thus, no matter how far distant we make the
boundary of the body, there will have to be some traction to oppose the force.
In fact, self-similarity arguments like those used in §§12.1, 12.2 show that the
stress field must decay with r—1.

The Flamant solution has this behaviour and it corresponds to a concen-
trated force (see §12.2), but it cannot be used at an interior point in the body,
since the corresponding displacements (equations (12.12, 12.13)) are multival-
ued!. However, we can construct a solution with the same character and with
single-valued displacements from the more general stress function (12.2) by
choosing the coefficients in such a way that the multivalued terms cancel.

! This was not a problem for the surface loading problem, since the wedge of Figure
12.1 only occupies a part of the #-domain and hence a suitable principal value of
0 can be chosen to be both single-valued and continuous.

J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 199
DOI 10.1007/978-90-481-3809-8 13, © Springer Science+Business Media B.V. 2010
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In view of the symmetry of the problem about =0, we restrict attention
to the symmetric terms

¢ = Cirfsind + Csr1n(r) cos (13.1)
of (12.2), for which the stress components are

2C1cosf  Cszcosf
+

rr — 13.2

o . . (13.2)
in 0

o = 3 = (13.3)
9

Cop = C‘”’% , (13.4)

from Table 8.1 and the displacement components are

2uu, = %{(f; —1)0sinf — cos + (k + 1) Inrcos 0}

—&—% (k+1)0sinf — cosf + (k — 1) In(r) cos 6} (13.5)

2uug = %{(n —1)fcosf —sinf — (k+ 1) Inrsin b}

—&—% (k+1)0cosf —sinf — (k — 1)In(r)sinf}, (13.6)
from Table 9.1.

Suppose we make an imaginary cut in the plane at # = 0,27 and define
a principal value of 6 such that 0 < 6 < 27. This makes 6 discontinuous at
0=2m, but the trigonometric functions of course remain continuous. The only
potential difficulty is associated with the expressions #sin6, 6 cos 6.

Now 0sin=0 at § =27 and hence this expression has the same value at
the two sides of the cut and is continuous. We can therefore make the whole
displacement field continuous by choosing C7, C3 such that the terms 6 cos 6
in ug cancel — i.e. by setting?

Cl(lﬁj — ].) + Cg(/i + 1) =0 5 (137)
which for plane stress is equivalent to
(1 — V)Cl +2C3=0. (138)

This leaves us with one degree of freedom (one free constant) to satisfy the
condition that the force at the origin is equal to F'. Considering the equilibrium
of a small circle of radius r surrounding the origin, we have

2 Notice that this choice also has the effect of cancelling the 6 sin @ terms in (13.5),
so that the complete displacement field, like the stress field, depends on 6 only
through sine and cosine terms.
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27
F+ / (o cosl — opgsin®)rdd =0 . (13.9)
0

We now substitute for the stress components from equations (13.2, 13.3),
obtaining

F
- 13.1
o 5 (13.10)
after which we recover the constant C3 from equation (13.8) as
(1-v)F
Cy3=——". 13.11
3 47 ( )

Finally, we substitute these constants back into (13.2-13.4) to obtain
(3+v)F cosb

= T V)T COSE 13.12

7 drr ( )
(1—-v)Fsinf

= ———— 13.13

aro 47r ( )
(1—-v)Fcosf

= 13.14

090 o (13.14)

These are the stress components for Kelvin’s problem, where the force acts
in the z-direction. The corresponding results for a force in the y-direction
can be obtained in the same way, using the antisymmetric terms in (12.2).

Alternatively, we can simply rotate the axis system in the above solution by
redefining 0 — (0 —7/2).

13.1.1 Body force problems

Kelvin’s problem is a special case of a body force problem — that in which
the body force is a delta function at the origin. The solution can also be used
to solve more general body force problems by convolution. We consider the
body force p,dxdy acting on the element dxdy as a concentrated point force
and use the above solution to determine its effect on the stress components at
an arbitrary point. Treating the component p, in the same way and summing
over all the elements of the body then gives a double integral representation
of the stress field.

This method is not restricted to the infinite body, since we only seek
a particular solution of the body force problem. We can therefore use the
convolution method to develop a solution for the stresses in an infinite body
with the appropriate body force distribution, after which we ‘cut out’ the
shape of the real body and correct the boundary conditions as required, using
an appropriate homogeneous solution (i.e. a solution without body forces).

Any body force distribution can be treated this way — the method is
not restricted to conservative vector fields. It is generally more algebraically
tedious than the methods developed in Chapter 7, but it lends itself natu-
rally to numerical implementation. For example, it can be used to extend the
boundary integral method to body force problems.
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13.2 Dislocations

The term dislocation has related, but slightly different meanings in Elasticity
and in Materials Science. In Elasticity, the material is assumed to be a contin-
uum — i.e. to be infinitely divisible. Suppose we take an infinite continuous
body and make a cut along the half-plane >0, y=0. We next apply equal
and opposite tractions to the two surfaces of the cut such as to open up a
gap of constant thickness, as illustrated in Figure 13.1. We then slip a thin
slice of the same material into the space to keep the surfaces apart and weld
the system up, leaving a new continuous body which will now be in a state of
residual stress.

Figure 13.1: The climb dislocation solution.

The resulting stress field is referred to as the climb dislocation solution. It can
be obtained from the stress function of equation (13.1) by requiring that there
be no net force at the origin, with the result C; =0 (see equation 13.10). We
therefore have

¢ = Csrln(r)cosf . (13.15)

The strength of the dislocation can be defined in terms of the discontinuity
in the displacement ug on =0, 27, which is also the thickness of the slice of
extra material which must be inserted to restore continuity of material. This
thickness is o

5 = up(0) — up(2m) = — T F s (13.16)
2p
Thus, we can define a climb dislocation of strength B, as one which opens a
gap 0 =B,, corresponding to

2uB,

O = et

(13.17)

where
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(k+1) 2
__ K __E
S 2(1—v) 41 —v?)

2 1 E
o pi+v) 1 (plane stress)

(plane strain), (13.18)

using equation (3.20).
The stress field due to the climb dislocation is

2uB, cos 6
o = =y 13.19
? 700 m(k+ D)r ( )
2uBy sin 6
=" 13.20
o m(k+ 1)r ( )
We also record the stress components at y = 0, — i.e. § = 0,7 — in
rectangular codrdinates, which are
2uB,
o Oyy 7T(I€ + 1)1, ( )
Oy = 0. (13.22)

This solution is called a climb dislocation, because it opens a gap on the
cut at 6 = 0,27. A corresponding solution can be obtained from the stress
function

2uB,rIn(r)siné

¢= m(k+1)
which is discontinuous in the displacement component u,, — i.e. for which the
two surfaces of the cut experience a relative tangential displacement but do
not separate. This is called a glide dislocation. The stress field due to a glide
dislocation is given by

(13.23)

2uB; sin 6

rr = = 13.24
7 700 w(k+ 1)r ( )
2uB,; cos 6

g = ————— 13.25
oo m(k+ Dr ( )

and on the surface y = 0, these reduce to
Oz = Oyy =0 (13.26)

2uB;

= 13.27
Ty m(k+ Dz ( )

where B, = u,(0) — u,(27) is the strength of the dislocation.

The solutions (13.19, 13.20) and (13.24, 13.25) actually differ only in orien-
tation. The climb dislocation solution defines a glide dislocation if we choose to
make the cut along the line  =—37/2, /2 (i.e. along the y-axis instead of the
z-axis?). The dislocation strengths B, B, can be regarded as the components
of a vector, known as the Burgers vector.

3 In fact, the cut can be made along any (not necessarily straight) line from the
origin to infinity. The solution of equations (13.19, 13.20) will then exhibit a
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13.2.1 Dislocations in Materials Science

Real materials have a discrete atomic or molecular structure. However, we
can follow a similar procedure by imagining cleaving the solid between two
sheets of molecules up to the line z = y = 0 and inserting one extra layer
of molecules. When the system is released, there will be some motion of the
molecules, mostly concentrated at the end of the added layer, resulting in
an imperfection in the regular molecular array. This is what is meant by a
dislocation in Materials Science.

Considerable insight into the role of dislocations in material behaviour was
gained by the work of Bragg? with bubble models. Bragg devised a method of
generating a two-dimensional collection of identical size bubbles. Attractive
forces between the bubbles ensured that they adopted a regular array wherever
possible, but dislocations are identifiable as can be seen in Figure 13.2.

Figure 13.2: The bubble model — a dislocation®.

When forces are applied to the edges of the bubble assembly, the disloca-
tions are found to move in such a way as to permit the boundaries to move.
This dislocation motion is believed to be the principal mechanism of plastic
deformation in ductile materials. Larger bubble assemblies exhibit discrete
regions in which the arrays are differently aligned as in Figure 13.3. These are
analogous with grains in multigranular materials. When the structure is de-
formed, the dislocations typically move until they reach a grain boundary, but
the misalignment prohibits further motion and the stiffness of the assembly

discontinuity in u, of magnitude B, at all points along the cut, as long as the
principal value of 0 is appropriately defined.

4 L.Bragg and J.F.Nye, A dynamical model of a crystal structure, Proceedings of
the Royal Society of London, Vol. A190 (1947), pp.474-481.

5 Figures 13.2 and 13.3 are reproduced by kind permission of the Royal Society of
London.
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increases. This pile-up of dislocations at grain boundaries is responsible for
work-hardening in ductile materials. Also, the accumulated dislocations coa-
lesce into larger disturbances in the crystal structure such as voids or cracks,
which function as initiation points for failure by fatigue or fracture.

AR AXR IR
X

Figure 13.3: The bubble model — grain boundaries.

13.2.2 Similarities and differences

It is tempting to deduce that the elastic solution of §13.2 describes the stresses
due to the molecular structure dislocation, if we multiply by a constant defin-
ing the thickness of a single layer of molecules. However, the concept of stress is
rather vague over dimensions comparable with interatomic distances. In fact,
this is preéminently a case where the apparent singularity of the mathematical
solution is moderated in reality by the discrete structure of the material.

Notice also that the continuum dislocation of §13.2 can have any strength,
corresponding to the fact that B,, B, are arbitrary real constants. By con-
trast, the thickness of the inserted layer is restricted to one layer of molecules
in the discrete theory. This thickness is sufficiently small to ensure that the
‘stresses’ due to a material dislocation are very small in comparison with
typical engineering magnitudes, except in the immediate vicinity of the de-
fect. Furthermore, although a stress-relieved metallic component will gener-
ally contain numerous dislocations, they will be randomly oriented, leaving
the components essentially stress-free on the macroscopic scale.
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However, if the component is plastically deformed, the dislocation motion
will lead to a more systematic structure, which can result in residual stress.
Indeed, one way to represent the stress field due to plastic deformation is as a
distribution of mathematical dislocations. For example, the motion of a single
dislocation can be represented by introducing a dislocation pair comprising a
negative dislocation at the original location and an equal positive dislocation
at the final location. This implies a closure condition as in §§13.2.3, 13.2.4
below.

13.2.3 Dislocations as Green’s functions

In the Theory of Elasticity, the principal use of the dislocation solution is
as a Green’s function to represent localized processes. Suppose we place a
distribution of dislocations in some interior domain {2 of the body, which is
completely surrounded by elastic material. The resulting stress field obtained
by integration will satisfy the conditions of equilibrium everywhere (since
the dislocation solution involves no force) and will satisfy the compatibility
condition everywhere except in §2. There is of course the possibility that the
displacement may be multiple-valued outside {2, but we can prevent this by
enforcing the two closure conditions

//Q B, (z,y)dzdy =0 ; //Q By(z,y)dzdy =0, (13.28)

which state that the total strength of the dislocations in §2 is zeroS.

13.2.4 Stress concentrations

A special case of some importance is that in which the enclosed domain 2
represents a hole which perturbs the stress field in an elastic body.

It may seem strange to place dislocations in a region which is strictly not
a part of the body. However, we might start with an infinite body with no
hole, place dislocations in {2 generating a stress field and then make a cut
along the boundary of {2 producing the body with a hole. The stress field
will be unchanged by the cut provided we place tractions on its boundary
equal to those which were transmitted across the same surface in the original
continuous body. In particular, if we choose the dislocation distribution so as
to make the boundaries of {2 traction-free, we can cut out the hole without
changing the stress distribution, which is therefore the solution of the original
problem for the body with a hole.

The general idea of developing perturbation solutions by placing singu-
larities in a region where the governing equations (here the compatibility
condition) are not required to be enforced is well-known in many branches of

5 This does not mean that the stress field is null, since the various self-cancelling
dislocations have different locations.
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Applied Mechanics. For example, the solution for the flow of a fluid around a
rigid body can be developed in many cases by placing an appropriate distribu-
tion of sources and sinks in the region occupied by the body, the distribution
being chosen so as to make the velocity component normal to the body surface
be everywhere zero.

The closure conditions (13.28) ensure that acceptable dislocation distri-
butions can be represented in terms of dislocation pairs — i.e. as matched
pairs of dislocations of equal magnitude and opposite direction. It follows
that acceptable distributions can be represented as distributions of disloca-
tion derivatives, since, for example, a dislocation at P and an equal negative
dislocation at @ is equivalent to a uniform distribution of derivatives on the
straight line joining P and Q”.

Now the stress components in the dislocation solution (equations (13.19,
13.20)) decay with =1 and hence those in the dislocation derivative solution
will decay with r—2. It therefore follows that the dominant term in the per-
turbation (or corrective) solution due to a hole will decay at large r with r—2.
We see this in the particular case of the circular hole in a uniform stress field
(§88.3.2, 8.4.1). The same conclusion follows for the perturbation in the stress
field due to an inclusion — i.e. a localized region whose properties differ from
those of the bulk material.

13.3 Crack problems

Crack problems are particularly important in Elasticity because of their rel-
evance to the subject of Fracture Mechanics, which broadly speaking is the
study of the stress conditions under which cracks grow. For our purposes, a
crack will be defined as the limiting case of a hole whose volume (at least in
the unloaded case) has shrunk to zero, so that opposite faces touch. It might
also be thought of as an interior surface in the body which is incapable of
transmitting tension.

In practice, cracks will generally have some small thickness, but if this is
small, the crack will behave unilaterally with respect to tension and compres-
sion — i.e. it will open if we try to transmit tension, but close in compression,
transmitting the tractions by means of contact. For this reason, a cracked body
will appear stiffer in compression than it does in tension. Also, the crack acts
as a stress concentration in tension, but not in compression, so cracks do not
generally propagate in compressive stress fields.

13.3.1 Linear Elastic Fracture Mechanics

We saw in §11.2.3 that the asymptotic stress field at the tip of a crack has
a square-root singularity and we shall find this exemplified in the particular

" To see this, think of the derivative as the limit of a pair of equal and opposite
dislocations separated by a distance 5 whose magnitude is proportional to 1/4.5.
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solutions that follow. The simplest and most prevalent theory of brittle frac-
ture — that due to Griffith — states in essence that crack propagation will
occur when the scalar multiplier on this singular stress field exceeds a certain
critical value. More precisely, Griffith proposed the thesis that a crack would
propagate when propagation caused a reduction in the total energy of the
system. Crack propagation causes a reduction in strain energy in the body,
but also generates new surfaces which have surface energy. Surface energy is
related to the force known as surface tension in fluids and follows from the
fact that to cleave a solid body along a plane involves doing work against the
interatomic forces across the plane. When this criterion is applied to the stress
field in particular cases, it turns out that for a small change in crack length,
propagation is predicted when the multiplier on the singular term, known as
the stress intensity factor, exceeds a certain critical value, which is a constant
for the material known as the fracture toughness.

It may seem paradoxical to found a theory of real material behaviour on
properties of a singular elastic field, which clearly cannot accurately repre-
sent conditions in the precise region where the failure is actually to occur.
However, if the material is brittle, non-linear effects will be concentrated in a
relatively small process zone surrounding the crack tip. Furthermore, the cer-
tainly very complicated conditions in this process zone can only be influenced
by the surrounding elastic material and hence the conditions for failure must
be expressible in terms of the characteristics of the much simpler surrounding
elastic field. As long as the process zone is small compared with the other
linear dimensions of the body® (notably the crack length), it will have only a
very localized effect on the surrounding elastic field, which will therefore be
adequately characterized by the dominant singular term in the linear elastic
solution, whose multiplier (the stress intensity factor) then determines the
conditions for crack propagation.

It is notable that this argument requires no assumption about or knowledge
of the actual mechanism of failure in the process zone and, by the same token,
the success of Linear Elastic Fracture Mechanics (LEFM) as a predictor of
the strength of brittle components provides no evidence for or against any
particular failure theory”.

8 This is often referred to as the small scale yielding condition.

9 For more details of the extensive development of the field of Fracture Mechan-
ics, the reader is referred to the many excellent texts on the subject, such as
M.F.Kanninen and C.H.Popelar, Advanced Fracture Mechanics, Clarendon Press,
Oxford, 1985, H.Leibowitz, ed., Fracture, An Advanced Treatise, 7 Vols., Aca-
demic Press, New York, 1971. Stress intensity factors for a wide range of geome-
tries are tabulated by G.C.Sih, Handbook of Stress Intensity Factors, Institute of
Fracture and Solid Mechanics, Lehigh University, Bethlehem, PA, 1973.
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13.3.2 Plane crack in a tensile field

Two-dimensional crack problems are very conveniently formulated using the
methods outlined in §§13.2.3, 13.2.4. Thus, we seek a distribution of disloca-
tions on the plane of the crack (which appears as a line in two-dimensions),
which, when superposed on the unperturbed stress field, will make the sur-
faces of the crack traction-free. We shall illustrate the method for the simple
case of a plane crack in a tensile stress field.

Figure 13.4 shows a plane crack of width 2a occupying the region —a <
z<a, y=0 in a two-dimensional body subjected to uniform tension o, =95
at its remote boundaries.

SERYRRVERY

AEREERRRRR

Figure 13.4: Plane crack in a tensile field.

Assuming that the crack opens, the boundary conditions for this problem
can be stated in the form

Oye =0yy =03 —a<z<a,y=0; (13.29)

Oyy =S § Opy, 02z =0 ;5 7 —00. (13.30)

Following the procedure of §8.3.2, we represent the solution as the sum of
the stress field in the corresponding body without a crack — here a uniform
uniaxial tension o, =S — and a corrective solution, for which the boundary
conditions are therefore

Oye =0 ; oyy=-5; —a<z<a,y=0; (13.31)

OpzsOpy, Oyy — 0 5 17— 00 . (13.32)
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Notice that the corrective solution corresponds to the problem of a crack
in an otherwise stress-free body opened by compressive normal tractions of
magnitude S.

The most general stress field due to the crack would involve both climb
and glide dislocations, but in view of the symmetry of the problem about the
plane y =0, we conclude that there is no relative tangential motion between the
crack faces and hence that the solution can be constructed with a distribution
of climb dislocations alone. More precisely, we respresent the solution in terms
of a distribution By(x) of dislocations per unit length in the range —a <z <
a, y=0.

We consider first the traction oy, at the point (z,0) due to those dislo-
cations between ¢ and £ + 6¢ on the line y = 0. If ¢ is small, they can be
considered as a concentrated dislocation of strength B, (£)d¢ and hence they
produce a traction

2uBy (§)0€

= > 13.33
W e -6 (13.3)
from equation (13.21), since the distance from (,0) to (x,0) is (x—&).
The traction due to the whole distribution of dislocations can therefore be
written as the integral

2 * By(§)d¢
Oyy = g /_a -9 (13.34)

and the boundary condition (13.31) leads to the following Cauchy singular
integral equation for By (§)

/“ By(©)d¢ _ m(s+1)S
—a (x - 5) 2:” ’

This is of exactly the same form as equation (12.32) and can be solved in
the same way. Writing

—a<z<a. (13.35)

r=acos¢ ; £=acosh, (13.36)
we have ™ B,(0)sin6dd  w(k+1)S
y(0)sin (K +
= 5 . ]. .
/0 (cos ¢ — cos h) 2u 3 0<<m (13.37)
Now (12.35) with n=1 gives
T cosfdf
= 7 13.
/0 (cosd — cosB) T 0<op<m (13.38)

and hence
k+1)Scosf A

2usin 0 sing ’

B, () = ! (13.39)

— i.e.
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(k+1)S¢ Aa
. + .
2u\/a2 e \/a2 e

The arbitrary constant A is determined from the closure condition (13.28)
which here takes the form

By(¢) = (13.40)

a
By(§)d§ =0 (13.41)
—a
and leads to the result A=0.
From a Fracture Mechanics perspective, we are particularly interested in
the stress field surrounding the crack tip. For example, the stress component
oyy in |z|>a, y=0 is given by

_ 2u “ By(§)ds
Tyy = n(ﬁ+1)/a (x—¢)

SLY
N P W
|| >
=S|-14———) ; |z|>a, y=0 13.43
(14 o) ks (13.43
using (13.40) and 3.228.2 of Gradshteyn and Ryzhik!°.

Remembering that this is the corrective solution, we add the uniform stress
field o,y =S to obtain the complete stress field, which on the line y=0 gives

Slx|

g e r———
vy
2 — a?

(13.42)

szl >a. (13.44)

This tends to the uniform field as it should as x — oo and is singular as
x—at. We define'! the mode I stress intensity factor, K as
K; = lim+ oyy(2)V/2m(x — a) (13.45)

I Szy/2m(x — a)
im ———

et 22 _ a2
= Sy/ma. (13.46)

We can also calculate the crack opening displacement

¥ 1)S
§(z) = uy(z,07) —uy(x,07) = / B, (§)d¢ = (ﬁ;u)\/ a? —a? . (13.47)
—a
Thus, the crack is opened to the shape of a long narrow ellipse as a result
of the tensile field.

10 1.9.Gradshteyn and I.M.Ryzhik, Tables of Integrals, Series and Products, Aca-
demic Press, New York, 1980.

11 Notice that the factor 27 in this definition is conventional, but essentially arbi-
trary. In applying fracture mechanics arguments, it is important to make sure
that the results used for the stress intensity factor (a theoretical or numerical
calculation) and the fracture toughness (from experimental data) are based on
the same definition of K.
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13.3.3 Energy release rate

If a crack extends as a result of the local stress field, there will generally be
a reduction in the total strain energy U of the body. We shall show that the
strain enerqgy release rate, defined as

ou

“="33

(13.48)
where S is the extent of the crack, is a unique function of the stress intensity
factor. We first note that in the immediate vicinity of the crack tip x = a, the
stress component o, can be approximated by the dominant singular term as

K

;7 s>0, (13.49)
2T

oyy(s) =

V)

from equation (13.45) with s=(z—a). A similar approximation for the crack
opening displacement d(s) is

5(s) = 5(221) 2a(—s)

using (13.46, 13.47).

_ Ki(h+1) [2(=s)

13.50
o — (13.50)

before crack extension

Figure 13.5: Geometry of crack extension.

Figure 13.5 shows the configuration of the open crack before and after
extension of the crack tip by an infinitesimal distance AS. The tractions on the
crack plane before crack extension are given by (13.49), where s is measured
from the initial position of the crack tip. The crack opening displacement in
AS after extension is given by

3(s) = K’(’;: D Q(Ai_ 5) (13.51)

since the point s < AS is now a distance AS—s to the left of the new crack tip.
The reduction in strain energy during crack extension can be found by follow-
ing a scenario in which the tractions (13.49) are gradually released, allowing
work W = —AU to be done on them in moving through the displacements
(13.51). We obtain
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1[4 K2(k+1) [25[(AS —5) K?AS(k+1)
W= 5/0 Oyy(s)0(s)ds = e /0 . ds = Su

(13.52)

and hence
ou  ow K?(k+1)
oS 9S8 8u
A similar calculation can be performed for a crack loaded in shear, causing a
mode II stress intensity factor K;;. The two deformation modes are orthogonal
to each other, so that the energy release rate for a crack loaded in both modes
I and IT is given by

G = . (13.53)

2 2
o= Kt I;I;)(’H N (13.54)

This expression can be written in terms of E, v, using (13.18). We obtain

(K + K7)
E
(K7 + Ki)(1—v?)

= i (plane strain). (13.56)

G= (plane stress) (13.55)

As long as the process zone is small in the sense defined in §13.3.1, a
component containing a crack loaded in tension (mode I) will fracture when

KI:K]C or G:GC,

where K., G, are interrelated material properties, the former being known as
the fracture toughness. The critical energy release rate G. seems to imply a
single failure criterion under combined mode I and mode II loading, but this
is illusory, since experiments show that the value of G, varies with the mode
mixity ratio K;;/K7.

13.4 Method of images

The method described in §13.3.2 applies strictly to the case of a crack in an
infinite body, but it will provide a reasonable approximation if the length of
the crack is small in comparison with the shortest distance to the boundary
of a finite body or to some other geometric feature such as another crack or
an interface to a different material. However, the same methodology could be
applied to other problems if we could obtain the solution for a dislocation
located at an arbitrary point in the uncracked body.

Closed-form solutions exist for bodies of a variety of shapes, including
the traction-free half plane, the infinite body with a traction-free circular
hole and the infinite body containing a circular inclusion of a different elastic
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material'?. These solutions all depend on the location of image singularities
at appropriate points outside the body. The nature and strength of these
singularities can be chosen so as to satisfy the required boundary conditions on
the boundary of the original body. Earlier treatments of the subject proceeded
in an essentially ad hoc way until the required boundary conditions were
satisfied, but a unified treatment for the case of a plane interface was developed
by Aderogba'3.

We consider the case in which the half plane y >0 with elastic constants
11, K1 is bonded to the half plane y <0 with constants ps, ke. Suppose that a
singularity (typically a dislocation or a concentrated force) exists somewhere
in y >0 and that the same singularity in an infinite plane would correspond
to the Airy stress function ¢g(z,y) defined throughout the infinite plane.
Aderogba showed that the resulting stress field in the bonded bi-material
plane is defined by the stress functions

P1(z,y) = do(z,y) + L{do(x,—y)} y>0
¢2(z,y) = T {do(z,y)} y<o0, (13.57)
where the linear operators £, J are defined by

a}:AP—%%+fWYHA;m/ V2{ }dydy
gty =1+a+ EL2 [ [ 0aay -2 [ 23] |

(r-1) I’k — K2) _ B2
(Fe1+1) 7 7 (D+we) 7
These bimaterial constants are related to Dundurs’ constants (4.12, 4.13)
through the equations

with

(13.58)

_ o~ g . B= atp
1+ T 1-p
Notice that the arbitrary functions of x implied in the indefinite integrals with
respect to y in (13.57) must be chosen so as to ensure that the resulting stress
functions ¢1, ¢ are biharmonic.
The special case of the traction-free half plane can be recovered in the
limit I"—0 and hence A, B— —1, giving

M}:4+%£—2W. (13.59)
Ay

12 See for example J.Dundurs, Concentrated force in an elastically embedded disk,
ASME Journal of Applied Mechanics, Vol.30 (1963), pp.568-570, J.Dundurs and
G.P.Sendeckyj, Edge dislocation inside a circular inclusion, Journal of the Me-

chanics and Physics of Solids, Vol.13 (1965), pp.141-147.
13 K.Aderogba, An image treatment pf elastostatic transmission from an interface
layer, Journal of the Mechanics and Physics of Solids, Vol. 51 (2003), pp.267-279.
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Example

As an example, we consider the case where a glide dislocation is situated at
the point (0, a) in the traction-free half plane y > 0. The corresponding infinite
plane solution is given by equation (13.23) as

_ 2uBgrin(r)sinf

%o m(k+1)

)

where r, 0 are measured from the dislocation. Converting to Cartesian coor-
dinates and moving the origin to the surface of the half plane, we have

(b()({L‘7y) = W In (;132 + (y — a)2) .

Substituting into equation (13.59), we have

£ {dola, )} =~ [<y (2?4t a)?) +

_ 4ay(y+a>}
m(k+1)

22+ (y +a)?
and hence the complete stress function is

l‘Bac)[(ya)lanHya)?) day(y + a) ] _

qz):71'(,%4—1 22+ (y+a)? 22+ (y+a)?

The circular hole

A similar procedure can be used to find the perturbation in a stress field due
to the presence of the traction-free circular hole r=a. If the unperturbed field
is defined by the function ¢g(r,8), the perturbed field can be obtained as

Cf")} PRl iﬁ Inr)

¢ = ¢o(r,0) — L [;% ( (13.60)

where )
r2 r? 0 a? r?
d=—= l—-—=)r—+—1(1—-—= 2
£ a2+< a2)r8r+ 4 ( a2> v
and the constant C' is defined as

C = lim V2o (r,0) .

These mathematical operations are performed by the Maple and Mathematica
files ‘holeperturbation’ and the reader can verify (for example) that they gen-
erate the solutions of §8.3.2, §8.4.1, starting from the stress functions defining
the corresponding unperturbed uniform stress fields.
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PROBLEMS
1. Figure 13.6 shows a large body with a circular hole of radius a, subjected

to a concentrated force F', tangential to the hole. The remainder of the hole
surface is traction-free and the stress field is assumed to tend to zero as r — oo.

Figure 13.6

(i) Find the stress components at the point B(a, 8) on the surface of the hole,
due to the candidate stress function

o= ERz/Jcosz/J
7r

in polar coordinates R, centred on the point A as shown.

(ii) Transform these stress components into the polar codrdinate system r, 0
with origin at the centre of the hole, O.

Note: For points on the surface of the hole (r = a), we have R =
2asin(6/2), sintp=cos(6/2), cosp=—sin(6/2).

(iii) Complete the solution by superposing stress functions (in r,8) from Ta-
bles 8.1, 9.1 with appropriate Fourier components in the tractions and
determining the multiplying constants from the conditions that (a) the
surface of the hole be traction-free (except at A) and (b) the displace-
ments be everywhere single-valued.

2. Use a method similar to that outlined in Problem 13.1 to find the stress
field if the force F' acts in the direction normal to the surface of the otherwise
traction-free hole r=a.

3. A large plate is in a state of pure bending such that 0., =0,,=0, 0,y =Cxz,
where C' is a constant.
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We now introduce a crack in the range —a <z <a, y=0.

(i) Find a suitable corrective solution which, when superposed on the simple
bending field, will make the surfaces of the crack free of tractions. (Hint:
represent the corrective solution by a distribution of climb dislocations in
—a<z<a. Don’t forget the closure condition (13.41)).

(ii) Find the corresponding crack opening displacement as a function of x and
show that it has an unacceptable negative value in —a <x <0.

(iii) Re-solve the problem assuming that there is frictionless contact in some
range —a <x <b, where b is a constant to be determined. The dislocations
will now have to be distributed only in b <z < a and b is found from a
continuity condition at & =b. (Move the origin to the mid-point of the
range b<z<a.)

(iv) For the case with contact, find expressions for (a) the crack opening
displacement, (b) the stress intensity factor at = =a, (c) the dimension
b and (d) the contact traction in —a < x < b and hence verify that the
contact inequalities are satisfied.

4. A state of uniform shear o,, =S, 0,, =0y, =0 in a large block of material
is perturbed by the presence of the plane crack —a <z <a,y=0. Representing
the perturbation due to the crack by a distribution of glide dislocations along
the crack line, find the shear stress distribution on the line z > a,y =0, the
relative motion between the crack faces in —a <x <a,y=0 and the mode II
stress intensity factor Kj; defined as

K= lim+ oyz(2,0)v/2m(x — a) .

Tr—a

5. A state of uniform general bi-axial stress 044 = Sz, Oyy = Syy, Ozy = Say
in a large block of material is perturbed by the presence of the plane crack
—a<z<a,y=0. Note that the crack will close completely if S, < 0 and will
be fully open if Sy, >0. Use the method proposed in Problem 13.4 to find the
mode IT stress intensity factor Kj; for both cases, assuming that Coulomb
friction conditions hold in the closed crack with coefficient f.

If the block contains a large number of widely separated similar cracks of
all possible orientations and if the block fails when at any one crack

K} + K3 = Kr.

where the fracture toughness K. is a material constant, sketch the biaxial
failure surface for the material — i.e. the locus of all failure points in principal
biaxial stress space (01, 02).

6. Find the stress field due to a climb dislocation of unit strength located
at the point (0,a) in the traction-free half-plane y > 0, using the following
method:
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(i) Write the stress function (13.15) in Cartesian codrdinates.

(ii) Find the solution for a dislocation at (0, a) in the full plane —oo <y < oo
by making a change of origin.

(iii) Superpose additional singularities centred on the image point (0, —a)
to make the surface y = 0 traction-free. Notice that these singularities
are outside the actual body and are therefore admissible. Appropriate
functions (in polar codrdinates centred on (0, —a)) are

C5cosf

Cyrln(r)cos@ ;
r

; Cssin(26) .

7. Solve Problem 6 using Aderogba’s result (13.59, 13.57) for step (iii).

8. Find the stress field due to a concentrated force F' applied in the z-direction
at the point (0,a) in the half-plane y > 0, if the surface of the half-plane is
traction-free. Verify that the results reduce to those of §12.3 in the limit as
a—0.

9. Two dissimilar elastic half planes are bonded on the interface y =0 and
have material properties as defined in §13.4. Use Aderogba’s formula (13.57)
to determine the stress field due to a climb dislocation at the point (0,a) in
the half-plane y > 0. In particular, find the location and magnitude of the
maximum shear traction at the interface.

10. Use equation (13.60) to solve Problem 8.2.



14

THERMOELASTICITY

Most materials tend to expand if their temperature rises and, to a first ap-
proximation, the expansion is proportional to the temperature change. If the
expansion is unrestrained, all dimensions will expand equally — i.e. there will
be a uniform dilatation described by

€rp = €yy = €, = aT (14.1)
€y = €yz = €33 =0, (14.2)

where « is the coefficient of linear thermal expansion. Notice that no shear
strains are induced in unrestrained thermal expansion, so that a body which
is heated to a uniformly higher temperature will get larger, but will retain the
same shape.

Thermal strains are additive to the elastic strains due to local stresses, so
that Hooke’s law is modified to the form

gy = 2 — 2w ZCTEE 4 T (14.3)

14.1 The governing equation

The Airy stress function can be used for two-dimensional thermoelasticity, but
the governing equation will generally include additional terms associated with
the temperature field. Repeating the derivation of §4.4.1, but using (14.3) in
place of (1.58), we find that the compatibility condition demands that

02044 82oyy 9T 820% 820yy 02044 0T

EaZ T —o(1 50T _
Oy? v Oy? + a8y2 (1+v) Oxdy oz ox? + e 0
(14.5)

and after substituting for the stress components from (4.6) and rearranging,
we obtain

J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 219
DOI 10.1007/978-90-481-3809-8 14, © Springer Science+Business Media B.V. 2010
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Vip = —EaV>T, (14.6)

for plane stress.

The corresponding plane strain equations can be obtained by a similar pro-
cedure, noting that the restraint of the transverse strain e,, (14.1) will induce
a stress 0,, = —FEaT and hence additional in-plane strains vaT. Equation
(14.6) is therefore modified to

Fa
(1-v)

for plane strain and we can supplement the plane stress to plane strain con-
versions (3.18) with the relation

a=d(1+V). (14.8)

Vip=— VAT, (14.7)

Equations (14.6, 14.7) are similar in form to that obtained in the presence
of body forces (7.8) and can be treated in the same way. Thus, we can seek any
particular solution of (14.6) and then satisfy the boundary conditions of the
problem by superposing a more general biharmonic function, since the bihar-
monic equation is the complementary or homogeneous equation corresponding
to (14.6, 14.7).

Example

As an example, we consider the case of the thin circular disk, r < a, with
traction-free edges, raised to the temperature

T = Toy? = Tyr?sin?0 | (14.9)

where T} is a constant.
Substituting this temperature distribution into equation (14.6), we obtain

Vip = —2EaTy (14.10)
and a simple particular solution is
EaoTyr*
= 14.11
®o 5 ( )
The stresses corresponding to ¢ are
EaTyr? 3EaTyr?
Orr = — a807“ ;000 = — ag - 7 org =0 (14.12)

and the boundary r =a can be made traction-free by superposing a uniform
hydrostatic tension EaTya?/8, resulting in the final stress field!

EaTy(a? —r?) EaTy(a® — 3r?)
s E T

L It is interesting to note that the stress field in this case is axisymmetric, even
though the temperature field (14.9) is not.

Opr =

; org=0. (14.13)
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14.2 Heat conduction

The temperature field might be a given quantity — for example, it might be
measured using thermocouples or radiation methods — but more often it has
to be calculated from thermal boundary conditions as a separate boundary-
value problem. Most materials approximately satisfy the Fourier heat conduc-
tion law, according to which the heat flux per unit area q is linearly propor-
tional to the local temperature gradient. i.e.

q=-KVT, (14.14)

where K is the thermal conductivity of the material. The conductivity is
usually assumed to be constant, though for real materials it depends upon
temperature. However, the resulting non-linearity is only important when the
range of temperatures under consideration is large.

We next apply the principle of conservation of energy to a small cube of
material. Equation (14.14) governs the flow of heat across each face of the
cube and there may also be heat generated, () per unit volume, within the
cube due to some mechanism such as electrical resistive heating or nuclear
reaction etc. If the sum of the heat flowing into the cube and that generated
within it is positive, the temperature will rise at a rate which depends upon
the thermal capacity of the material. Combining these arguments we find that
the temperature T must satisfy the equation?

pc%—f =KV?T+Q, (14.15)
where p, ¢ are respectively the density and specific heat of the material, so
that the product pc is the amount of heat needed to increase the temperature
of a unit volume of material by one degree.

In equation (14.15), the first term on the right-hand side is the net heat
flow into the element per unit volume and the second term, @ is the rate of
heat generated per unit volume. The algebraic sum of these terms gives the
heat available for raising the temperature of the cube.

It is convenient to divide both sides of the equation by K, giving the more
usual form of the heat conduction equation

10T Q
r=-_—_-= 14.1
v K Ot K’ ( 6)
where K
- = 14.1
K p (14.17)

2 More detail about the derivation of this equation and other information about the
linear theory of heat conduction can be found in the classical text H.S.Carslaw
and J.C.Jaeger, Conduction of Heat in Solids, 2nd.ed., Clarendon Press, Oxford,
1959.
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is the thermal diffusivity of the material. Thermal diffusivity has the dimen-
sions area/time and its magnitude gives some indication of the rate at which
a thermal disturbance will propagate through the body.

We can substitute (14.16) into (14.6) obtaining

Vip = —Ea (18T - Q) (14.18)

for plane stress.

14.3 Steady-state problems

Equation (14.18) shows that if the temperature is independent of time and
there is no internal source of heat in the body (Q=0), ¢ will be biharmonic. It
therefore follows that in the steady-state problem without heat generation, the
stress field is unaffected by the temperature distribution. In particular, if the
boundaries of the body are traction-free, a steady-state (and hence harmonic)
temperature field will not induce any thermal stresses.

Furthermore, if there are internal heat sources — i.e. if Q #0 — the stress
field can be determined directly from equation (14.18), using @, without the
necessity of first solving a boundary value problem for the temperature 7.
This also implies that the thermal boundary conditions in two-dimensional
steady-state problems have no effect on the thermoelastic stress field.

All of these deductions rest on the assumption that the elastic problem is
defined in terms of tractions. If some of the boundary conditions are stated in
terms of displacements, the resulting thermal distortion will induce boundary
tractions and the stress field will be affected, though it will still be the same
as that which would have been produced by the same tractions if they had
been applied under isothermal conditions.

Recalling the arguments of §2.2.1, we conclude that similar considerations
apply to the multiply connected body, for which there exists an implied dis-
placement boundary condition. In other words, multiply connected bodies will
generally develop non-zero thermal stresses even under steady-state conditions
with no boundary tractions. However, the resulting stress field is essentially
that associated with the presence of a dislocation in the hole and hence can
be characterized by relatively few parameters3.

Appropriate conditions for multiply connected bodies can be explicitly
imposed, but in general it is simpler to obviate the need for such a condition
by reverting to a displacement function representation. We shall therefore
postpone discussion of thermoelastic problems for multiply connected bodies
until Chapter 22 where such a formulation is introduced.

3 See for example J.Dundurs, Distortion of a body caused by free thermal expan-
sion, Mechanics Research Communications, Vol. 1 (1974), pp.121-124.
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14.3.1 Dundurs’ Theorem

If the conditions discussed in the last section are satisfied and the temperature
field therefore induces no thermal stress, the strains will be given by equations
(14.1, 14.2). It then follows that

?u, 0%u,,
= - 14.1
Ox2 0xdy’ (14.19)
because of (14.2)
Oers oI agy
e N ') 14.2
By By " K (14.20)

from (14.1, 14.14). In view of (14.8), the corresponding result for plane strain

can be written )
Ouy _ ol ¥ v)gy (14.21)
ox? K
In this equation, the constant of proportionality a(1+v)/K is known as the
thermal distortivity of the material and is denoted by the symbol 4.

Equations (14.20, 14.21) state that the curvature of an initially straight
line segment in the x-direction (8%u,/dx?) is proportional to the local heat
flux across that line segment. This result was first proved by Dundurs* and is
referred to as Dundurs’ Theorem. It is very useful as a guide to determining
the effect of thermal distortion on a structure. Figure 14.1 shows some simple
bodies with various thermal boundary conditions and the resulting steady-
state thermal distortion.

Notice that straight boundaries that are unheated remain straight, those
that are heated become convex outwards, whilst those that are cooled become
concave. The angles between the edges are unaffected by the distortion, be-
cause there is no shear strain. Since the thermal field is in the steady-state
and there are no heat sources, the algebraic sum of the heat input around the
boundary must be zero. Thus, although the boundary is locally rotated by
the cumulative heat input from an appropriate starting point, this does not
lead to incompatibility at the end of the circuit.

Many three-dimensional structures such as box-sections, tanks, rectangu-
lar hoppers etc., are fabricated from plate elements. If the unrestrained ther-
mal distortions of these elements are considered separately, the incompatibili-
ties of displacement developed at the junctions between elements permits the
thermal stress problem to be described in terms of dislocations, the physical
effects of which are more readily visualized.

4 J.Dundurs loc. cit.
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Figure 14.1: Distortion due to thermal expansion.

Dundurs’ Theorem can also be used to obtain some useful simplifications
in two-dimensional contact and crack problems involving thermal distortion®.

PROBLEMS

1. A direct electric current I flows along a conductor of rectangular cross-
section —4a < ¢ < 4a, —a <y < a, all the surfaces of which are traction
free. The conductor is made of copper of electrical resistivity p, thermal con-
ductivity K, Young’s modulus F, Poisson’s ratio v and coefficient of thermal
expansion «. Assuming the current density to be uniform and neglecting elec-
tromagnetic effects, estimate the thermal stresses in the conductor when the
temperature has reached a steady state.

2. A fuel element in a nuclear reactor can be regarded as a solid cylinder of
radius a. During operation, heat is generated at a rate Qo(1+ Ar?/a?) per

® For more details, see J.R.Barber, Some implications of Dundurs’ Theorem for
thermoelastic contact and crack problems, Journal of Strain Analysis, Vol. 22
(1980), pp.229-232.
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unit volume, where 7 is the distance from the axis of the cylinder and A is a
constant.

Assuming that the element is immersed in a fluid at pressure p and that az-
ial expansion is prevented, find the radial and circumferential thermal stresses
produced in the steady state.

3. The instantaneous temperature distribution in the thin plate —a < z <
a,—b<y<b is defined by

T(z,y) =To <332 — 1) ,

a2

where Tj is a positive constant. Find the magnitude and location of (i) the
maximum tensile stress and (ii) the maximum shear stress in the plate if the
edges x==a,y==b are traction-free and a>>b.

4. The half plane y >0 is subject to periodic heating at the surface y =0, such
that the surface temperature is

T(0,t) = Tp cos(wt) .
Show that the temperature field
T(y,t) = Toe ™ cos(wt — \y)

satisfies the heat conduction equation (14.16) with no internal heat generation,
provided that

w

2k

Find the corresponding thermal stress field as a function of y, ¢ if the surface
of the half plane is traction-free.

Using appropriate material properties, estimate the maximum tensile
stress generated in a large rock due to diurnal temperature variation, with
a maximum daytime temperature of 30°C and minimum nighttime tempera-
ture of 10°C.

A:

5. The layer 0 <y <h rests on a frictionless rigid foundation at y=0 and the
surface y = h is traction-free. The foundation is a thermal insulator and the
free surface is subjected to the steady state heat input

gy = qo cos(mz) .

Use Dundurs’ theorem to show that the layer will not separate from the foun-
dation and find the amplitude of the sinusoidal perturbation in the free surface
due to thermal distortion.
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ANTIPLANE SHEAR

In Chapters 3-14, we have considered two-dimensional states of stress involv-
ing the in-plane displacements u;,u, and stress components 0.z, 05y, Tyy.
Another class of two-dimensional stress states that satisfy the elasticity equa-
tions exactly is that in which the in-plane displacements u,, u, are everywhere
zero, whilst the out-of-plane displacement u, is independent of z — i.e.

Uy =uy =0 ; u,= f(z,y). (15.1)

Substituting these results into the strain-displacement relations (1.51) yields

Cxx = Cyy = €z = 0 (152)

and 10f 10f
a::O 5 2= 55 zx — 5 - 15.3
Cay “ 2y © 2 Ox ( )

It then follows from Hooke’s law (1.71) that

Opg = Oyy =04, =0 (15.4)

and of of
Ouy =0 5 0y, = ,ua—y i O = ,u% . (15.5)

In other words, the only non-zero stress components are the two shear stresses
0.x,0y and these are functions of x,y only. Such a stress state is known as
antiplane shear or antiplane strain.

The in-plane equilibrium equations (2.2, 2.3) are identically satisfied by the
stress components (15.4, 15.5) if and only if the in-plane body forces p,, p, are
zero. However, substituting (15.5) into the out-of-plane equilibrium equation
(2.4) yields

uVif4+p. =0. (15.6)

Thus, antiplane problems can involve body forces in the axial direction, pro-
vided these are independent of z.

J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 227
DOI 10.1007/978-90-481-3809-8 15, © Springer Science+Business Media B.V. 2010
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In the absence of body forces, equation (15.6) reduces to the Laplace equa-
tion

Vif=0. (15.7)

15.1 Transformation of coordinates

It is often convenient to regard the two stress components on the z-plane as
components of a shear stress vector

T =10, +jgzy =uVf (158)

from (15.5). The vector transformation equations (1.14) then show that the
stress components in the rotated coordinate system z’,y’ of Figure 1.3 are

Org) = O2gCO80 + 0,y sin 6 (15.9)

Oayl = 04y COSH — 0,806 . (15.10)

Equation (15.8) can also be used to define the expressions for the stress com-
ponents in polar coordinates as

of . _nof
For & 707 00 -

The maximum shear stress at any given point is the magnitude of the
vector T and is given by

=l (Z) + (Z) a5

15.2 Boundary conditions

(15.11)

Ozr =

Only one boundary condition can be imposed at each point on the boundary.
The axial displacement u, = f may be prescribed, or the traction

_ 9
~Hon
may be prescribed, where n is the local outward normal to the cross-section.
Thus, antiplane problems reduce to the solution of the Poisson equation (15.6)
(or the Laplace equation (15.7) when there is no body force) with prescribed
values of f or df/0n on the boundary. This is a classical boundary-value prob-
lem that is somewhat simpler than that involved in the solution for the Airy
stress function, but essentially similar methods can be used for both. Simple
examples can be defined for all of the geometries considered in Chapters 5-13.
In the present chapter, we shall consider a few special cases, but a wider range
of examples can be found in the problems at the end of this chapter.

(15.13)

Onz
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15.3 The rectangular bar

Figure 15.1 shows the cross-section of a long bar of rectangular cross-section
2a x b, where a>>b. The short edges x==a are built in to rigid supports, the
edge y =10 is loaded by a uniform shear traction oy, =S and the remaining
edge y=0 is traction-free.

S
N
oo
b %
a a %
] %
0 x

Figure 15.1: Rectangular bar with shear loading on one edge.

Using equations (15.4, 15.5), the boundary conditions can be written in
the mathematical form

f=0; z=x=a (15.14)
of S
L2 =0 15.15
oy Y (15.15)
of
— . =0. 15.1
ay 0 ; y=0 (15.16)

However, as in Chapter 5, a finite polynomial solution can be found only if the
boundary conditions (15.14) on the shorter edges are replaced by the weak
form, which in this case take the form

b
/f(z,y)dyzo . r=+a. (15.17)
0

This problem is even in x and a solution can be obtained using the trial

function
f=0C12% 4+ Coy? + C3y +Cy . (15.18)

Substitution into equations (15.7, 15.15-15.17) yields the conditions

2C) +2C, =0 (15.19)

205 + C3 = % (15.20)

Cs =0 (15.21)

Cra?b + U L Cy=0 (15.22)

3 2
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with solution

S S S(3a2 — b?)
L Oy O5=0 : C=2Y ) (152
g =g 0 Ca=0 Ci (15.23)

C =
! 6ub

The final solution for the stresses and displacements is therefore

S (o o, o b
_ S (.2 v 15.24
Uy S0 (y “+a 3 (15.24)
o = —% (15.25)
Ouy = % , (15.26)

from equations (15.23, 15.1, 15.5).

15.4 The concentrated line force

Consider an infinite block of material loaded by a force F' per unit length
acting along the z-axis. This problem is axisymmetric, in contrast to that
solved in §13.1, since the force this time is directed along the axis rather
than perpendicular to it. It follows that the resulting displacement function f
must be axisymmetric and equation (15.7) reduces to the ordinary differential
equation

?f  1df 0

dr?2 = rdr
since there is no body force except at the origin. Equation (15.27) has the
general solution

(15.27)

f=C ln(r) +Cs (1528)
leading to the stress field
C
Ops = % 05, =0, (15.29)

from (15.11). The constant C; can be determined by considering the equilib-
rium of a cylinder of material of radius ¢ and unit length. We obtain

27
F +/ or-(a,0)add = 0 (15.30)
0
and hence
o =-t (15.31)
1 — 27{_” . .

The corresponding stresses are then obtained from (15.29) as

F

- ,=0. 15.32
o2rr 70 ( )

Orzy =
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Of course, the same result could have been obtained without recourse to elas-
ticity arguments, appealing simply to axisymmetry and equilibrium and hence
the same stresses would be obtained for a fairly general non-linear or inelastic
material, as long as it is isotropic.

The elastic displacement is

_ Fln(r)

uz:f: 27TM

+Cy (15.33)
where the constant C5 represents an arbitrary rigid-body displacement.

F/ unit length

Figure 15.2: Half-space loaded by an out-of-plane line force.

All #-surfaces are traction-free and hence the same solution can be used
for a wedge of any angle loaded by a uniform force per unit length acting at
and parallel to the apex, though the factor of 27 in C will then be replaced
by the subtended wedge angle. In particular, Figure 15.2 shows the half-space
—m <0 <0 loaded by a uniformly distributed tangential force along the z-axis,
for which it is easily shown that
o=~ ) o, (15.34)

r T

This result can be used to solve frictional contact problems analogous to those
considered in Chapter 12 (see Problems 15.11, 15.12).

15.5 The screw dislocation

The dislocation solution in antiplane shear corresponds to the situation in
which the infinite body is cut on the half-plane = > 0,y = 0 and the two
faces of the cut experience a relative displacement § = B, in the z-direction.
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Describing the cut space as the wedge 0 <6 <27, the boundary conditions for
this problem can be written

uy(r,0) —uy(r,27) = B, (15.35)
and a suitable solution satisfying equation (15.7) is

_B.f uB,

o ;er:();UzG:

Uy =

o (15.36)
The corresponding material defect is known as a screw dislocation. Notice that
the stress components due to a screw dislocation decay with »~! with distance
from the origin, as do those for the in-plane climb and glide dislocations
discussed in §13.2.

A distribution of screw dislocations can be used to solve problems involving
cracks in an antiplane shear field, using the technique introduced in §13.3.

PROBLEMS

1. The long rectangular bar 0 <z < a,0 <y <b, a>b is built in to a rigid
support at £ =a and loaded by a uniform shear traction oy, =5 at y=5b. The
remaining surfaces are free of traction. Find a solution for the displacement
and stress fields, using strong boundary conditions on the edges y=0, b.

2. Figure 15.3 shows the cross-section of a long bar of equilateral triangular
cross-section of side a. The three faces of the bar are built in to rigid supports
and the axis of the bar is vertical, resulting in gravitational loading p, = —pg.

J/

60 ° 60 °

0

Figure 15.3: Cross-section of the triangular bar.

Show that an exact solution for the stress and displacement fields can be
obtained using a stress function of the form
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[f=Cy— \/ga:)(y—i— V3z) (y — \/2%) )

Find the value of the constant C' and the location and magnitude of the
maximum shear stress.

3. A state of uniform shear o,, = S,0,, =0 in a large block of material is
perturbed by the presence of a small traction-free hole whose boundary is
defined by the equation r=a in cylindrical polar coordinates 7,6, z. Find the
complete stress field in the block and hence determine the appropriate stress
concentration factor.

4. A state of uniform shear o,, = 5,04, = 0 in a large block of material
is perturbed by the presence of a rigid circular inclusion whose boundary
is defined by the equation r = a in cylindrical polar coordinates r, 6, z. The
inclusion is perfectly bonded to the elastic material and is prevented from
moving, so that u, =0 at r = a. Find the complete stress field in the block
and hence determine the appropriate stress concentration factor.

5. The body defined by a<r<b,0<0<7/2, —00<z< o0 is built in at §=7/2
and loaded by a shear force F' per unit length in the z-direction on the surface
#=0. The curved surfaces r =a, b are traction-free. Find the stress field in the
body, using the strong boundary conditions on the curved surfaces and weak
conditions elsewhere.

6. The body defined by a <7 < b,0< 60 < 7/2,—00 < z < oo is built in at
0 =m/2, such that the z-axis is vertical. It is loaded only by its own weight
with density p, the curved surfaces r =a, b being traction-free. Find the stress
field in the body, using the strong boundary conditions on the curved surfaces
and weak conditions elsewhere.

7. The body defined by a < r < b,0 <0 < 7/2,—00 < z < 0o is built in at
0 = w/2 and loaded by the uniform shear traction o,, =S on r = a, the
other surfaces being traction-free. Find the stress field in the body, using
the strong boundary conditions on the curved surfaces and weak conditions
elsewhere. Hint: This is a degenerate problem in the sense of §10.3.1 and
requires a special stress function. Equilibrium arguments suggest that the
stress component gy, must increase with 6, implying a function f varying
with #2. You can construct a suitable function by starting with the harmonic
function r™ cos(n#), differentiating twice with respect to n and then setting
n=0.

8. The body —a <0 < a,0<r <a is supported at r =a and loaded only by
a uniform antiplane shear traction gy, =S on the surface 6 = «, the other
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surface being traction-free. Find the complete stress field in the body, using
strong boundary conditions on # ==+« and weak conditions on r=a.

9. The half-space —m <8 <0 is bonded to a rigid body in the region § =0, the
remaining surface # = —m being traction-free. If the rigid body is loaded in the
z-direction (out-of-plane), use an asymptotic argument analogous to that in
§11.2 to determine the exponent of the most singular term in the stress field
near the origin.

10. The wedge —a < 0 < o has traction-free surfaces § = +a and is loaded at
large r in antiplane shear. Develop an asymptotic (eigenfunction) expansion
for the most general stress field near the apex r» =0 and plot the exponent
of the dominant term for (i) symmetric and (ii) antisymmetric stress fields as
functions of the complete wedge angle 2a.

11. Two large parallel cylinders each of radius R are pressed together by a
normal force P per unit length. An axial tangential force @) per unit length is
then applied, tending to make the cylinders slide relative to each other along
the axis as shown in Figure 15.4. If the coefficient of friction is f and Q < f P,
find the extent of the contact region, the extent of the slip and stick regions
and the distribution of normal and tangential traction in the contact area'

P /1/

o
¥
s

(5
&

ph

Figure 15.4: Contacting cylinders loaded out of plane.

! This problem is analogous to Mindlin’s problem discussed in §12.8.1.
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12. Solve Problem 15.11 for the case where the cylinders are rolling against
each other, as in Carter’s problem (§12.8.2). If the rolling speed is (2, find the
relative (axial) creep velocity.

Now suppose that the axes of the cylinders are very slightly misaligned
through some angle € which is insufficient to make the contact conditions vary
significantly along the axis. If the cylinders run in bearings which prevent
relative axial motion, find the axial bearing force per unit length and the
maximum misalignment which can occur without there being gross slip.

13. A state of uniform shear o,, =0,0,, =5 in a large block of material is
perturbed by the presence of the plane crack —a <x <a,y=0. Representing
the perturbation due to the crack by a distribution of screw dislocations along
the crack line, find the shear stress distribution on the line z > a,y =0, the
relative motion between the crack faces in —a<x <a,y=0 and the mode III
stress intensity factor Kjj; defined as

K= hm+ oy (x,0)\/2m(x — a) .
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END LOADING OF THE PRISMATIC BAR
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One of the most important problems in the technical application of Elas-
ticity concerns a long? bar of uniform cross-section loaded only at the ends.
Recalling Saint Venant’s principle®, we anticipate a region near the ends where
the stress field is influenced by the exact local traction distribution, but these
end effects should decay with distance from the ends, leaving the stress field
in a central region depending only upon the force resultants transmitted along
the bar. In this section we shall consider the problem of determining this ‘pre-
ferred’ form of stress distribution associated with various force resultant end
loadings of the bar.

The most general end loading of the bar will comprise an axial force F,
shear forces V;,V,, in the z- and y-directions respectively, bending moments
M, M, about the - and y-axes and a torque 7. The axial force and bending
moments cause normal stresses ., on the cross-section, whilst the torque and
shear forces cause shear stresses 0., 0.,. Notice however that the existence
of a shear force implies a bending moment varying linearly with z. These
problems are strictly three-dimensional in that the displacements vary with
z, but this variation is at most linear or quadratic and the mathematical
formulation of the problem therefore reduces to the solution of a boundary
value problem on the two-dimensional cross-sectional domain.

Elementary Mechanics of Materials solutions of these problems are based
on ad hoc assumptions, most notably the assumption that plane sections re-
main plane during bending. In Elasticity it is legitimate to use the same
approach provided that the final stress field is checked to ensure that it satis-
fies the equilibrium equations (2.5) and that the corresponding strains satisfy
the six compatibility equations (2.10). However, a more satisfactory starting
point is to note that in the central region the stress state is independent? of z
and hence each ‘slice’ of bar defined by initially parallel cross-sectional planes
must deform in exactly the same way. Thus, if initially plane sections deform
out of plane, this deformation is independent of z and the distance between
corresponding points on two such sections after deformation will be defined
by a general rigid-body translation and rotation. This argument is sufficient
to establish that the strain e, is a linear function of x,y, as assumed in the
classical theory of pure bending. Notice incidentally that the constitutive law
is not required for this argument and hence the conclusion holds for a general
non-linear or inelastic material®.

Using these arguments, it is easily shown that the elementary Mechanics
of Materials results are exact for the case where the bar is loaded by an axial
force and/or a bending moment. It is convenient to locate the origin at the
centroid of the cross-section, in which case a tensile force F' acting along the

2 Here ‘long’ implies that the length of the bar is at least several times larger than
the largest dimension in the cross-section.

3 See §3.1.2 and Chapter 6.

4 Except for the linear increase of bending stresses due to a shear force.

5 See J.R.Barber, Intermediate Mechanics of Materials, McGraw-Hill, Burr Ridge,
2000, Chapter 5.
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z-axis will generate the uniform uniaxial stress field
Ozz = — 3 ayyzayyzawy:Uyzzazwzoa

where A is the area of the cross-section. For the bending problem, some simpli-
fication results if we choose the coordinate axes to coincide with the principal
axes of bending of the bar®. The bending stress field is then given by

Mly Mgl‘
Ozz = -
I I

; Uyy:Uyyzaxy:Uyz:sz:O,

where I, I5 are the principal second moments of area of the cross-section and
My, M5 are the bending moments about the corresponding axes, chosen to
coincide with the x, y-directions respectively.

The problem of the bar loaded in torsion or shear cannot be treated exactly
using elementary Mechanics of Materials arguments’ and will be discussed in
the next two chapters.

6 See for example J.R.Barber, Intermediate Mechanics of Materials, McGraw-Hill,
Burr Ridge, 2000, Chapter 4.
" Except for the special case of a circular bar loaded only in torsion.
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TORSION OF A PRISMATIC BAR

If a bar is loaded by equal and opposite torques T on its ends, we anticipate
that the relative rigid-body displacement of initially plane sections will consist
of rotation, leading to a twist per unit length 3. These sections may also
deform out of plane, but this deformation must be the same for all values of
z. These kinematic considerations lead to the candidate displacement field

where f is an unknown function of z,y describing the out-of-plane deforma-
tion. Notice that it is convenient to extract the factor g explicitly in w,, since
whatever the exact nature of f, it is clear that the complete deformation field
must be linearly proportional to the applied torque and hence to the twist per
unit length.

Substituting these results into the strain-displacement relations (1.51)
yields

Cox = Cyy = €zz = Cay = 0 e”:§<af_y) ; ezy:ﬂ(w+x>

ox 2 \ 0y
(16.2)
and it follows from Hooke’s law (1.71) that
Opg = Oyy = 05, =0 (16.3)
and
0 0
Oy =0 azx—,uﬂ(a‘gi > ; azy—,uﬂ(a‘ngx) . (16.4)

There are no body forces, so substitution into the equilibrium equations
(2.5) yields
V2f=0. (16.5)

The torsion problem is therefore reduced to the determination of a harmonic
function f such that the stresses (16.4) satisfy the traction-free condition

J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 241
DOI 10.1007/978-90-481-3809-8 16, © Springer Science+Business Media B.V. 2010
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condition on the curved surfaces of the bar. The twist per unit length § can
then be determined by evaluating the torque on the cross-section (2

_ / /Q (202 — you)dady . (16.6)

16.1 Prandtl’s stress function

The imposition of the boundary condition is considerably simplified by intro-
ducing Prandtl’s stress function ¢ defined such that

T =10, + jo.y = curl ko (16.7)
or 5 5
¥ ¥
zx = [ 3 zy — 3 - 168
Ozx 8y g Y 8{17 ( )
With this representation, the traction-free boundary condition can be written
0
ren=o,=2_0, (16.9)

ot
where n is the local normal to the boundary of {2 and n, ¢ are a corresponding
set of local orthogonal coordinates respectively normal and tangential to the
boundary. Thus ¢ must be constant around the boundary and for simply
connected bodies this constant can be taken as zero without loss of generality
giving the simple condition
p=0. (16.10)
on the boundary.
The expressions (16.8) satisfy the equilibrium equations (2.5) identically.
To obtain the governing equation for ¢, we eliminate 04, 0., between equa-
tions (16.4, 16.8), obtaining

Oy of dp f
o = _ [ s - 16.11
= (L v) s o= (G (16.11)
and then eliminate f between these equations, obtalmng
Vip=—2u8. (16.12)

Thus, in Prandtl’s formulation, the torsion problem reduces to the determina-
tion of a function ¢ satisfying the Poisson equation (16.12), such that ¢ =0 on
the boundary of the cross-section. The final stage is to determine the constant
{3 from (16.6), which here takes the form

T=-— //Q( +ya)dacdy (16.13)

Integrating by parts and using the fact that ¢ =0 on the boundary of {2, we
obtain the simple expression

T = 2// pdxdy . (16.14)
Q
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16.1.1 Solution of the governing equation

The Poisson equation (16.12) is an inhomogeneous partial differential equation
and its general solution can be written

p=vp+vg, (16.15)

where @p is any particular solution of (16.12) and g is the general solution
of the corresponding homogeneous equation

Viog =0 (16.16)

— i.e. Laplace’s equation. Since (16.12) is a second order equation, it will
yield a constant when substituted with any quadratic polynomial function
and hence suitable particular solutions in Cartesian or polar codrdinates are

por®
.

pp =—pbr’; op=—ufy’; ¢p= (16.17)
The homogeneous equation (16.16) is satisfied by both the real and imag-
inary parts of any analytic function of the complex variable

C=x+w=re?
— l.e.

o =R(f(C)  or  eu=3(f(C), (16.18)

where f is any function. Simple functions obtained by taking f=(" are
Cyr™cos(nf) ; Cor™sin(nf); Csr~"cos(nf); Cyr "sin(nd), (16.19)

where C1,...Cy are arbitrary constants. The first two of these correspond to
polynomials in Cartesian coordinates, such as

r; oy x2—y?; wy; 2 —3fr; yP — 327y (16.20)

etc.

Approximate solutions of the torsion problem for particular cross-sections
can be obtained by combining functions such as (16.17, 16.18) and adjusting
the multiplying constants so as to achieve a contour approximating the re-
quired shape. A relatively small number of simple shapes permit exact closed
form solutions, including the circle (Problem 16.1), the equilateral triangle
(Problem 16.4), a circle with a semicircular groove (Problem 16.5) and the
ellipse, which we solve here as an example.



244 16 Torsion of a prismatic bar
Example — the elliptical cross-section

We consider the bar of elliptical cross-section defined by the boundary
2?2
7+b72_1_0 (16.21)

loaded by a torque T'. The quadratic function
2?2
p=C ( + b—Q - 1) (16.22)

clearly satisfies the boundary condition (16.10). Substituting into (16.12), we
obtain

2 2
Vip=C < b2) = —2up, (16.23)
which will be satisfied for all z,y if
 pBa’h?
= . 16.24
¢ T aZb? (16.24)
The torque T is obtained from (16.14) as
1 y /b y2
= 20/ / ( + = - 1> dxdy = —mabC (16.25)
b2
—a(1—y2/b2)
and hence T T(a? 4 1)
a” +
C=—— = —. 16.26
Tab’ b mpasdh? ( )

The stresses are then obtained from (16.8) as

_O0p 20y 2Ty

O = G = TR T ra (16.27)
uy = —g—i = 22’;1" = % . (16.28)
The torsional rigidity of the section K, defined such that
T =uKp, (16.29)
is
K= LBbS . (16.30)

(a2 +02)
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16.2 The membrane analogy

Equation (16.12) with the boundary condition (16.10) is similar in form to
that governing the displacement of an elastic membrane stretched between
the boundaries of the cross-sectional curve and loaded by a uniform normal
pressure. This analogy is useful as a means of estimating the effect of the cross-
section on the maximum shear stress and the torsional rigidity of the bar. You
can perform a simple experiment by making a plane wire frame in the shape
of the cross-section, dipping it into a soap solution to develop a soap film and
then blowing gently against one side to see the shape of the deformed film.
The stress function is then proportional to the displacement of the film from
the plane of the frame. The transmitted torque is proportional to the integral
of the stress function over the cross-section (see equation (16.14)) and hence
the stiffest cross-sections are those which permit the maximum volume to be
developed between the deformed film and the plane of the frame for a given
pressure. The shear stress is proportional to the slope of the film. For sections
such as squares, rectangles, circles, ellipses etc, the maximum displacement
will occur near the centre of the section and the maximum slope (and hence
shear stress) will be at the point on the boundary nearest the centre. For
thin-walled sections, the maximum displacement will occur where the section
is thickest and the maximum stress will be at the corresponding point on the
boundary. However, if there are reéntrant corners in the section, these will
cause locally increased stresses which are unbounded if the corner is sharp.

Notice that it is not really necessary to perform the experiment to come
up with these conclusions. A ‘thought experiment’ is generally sufficient.

16.3 Thin-walled open sections

Many structural components consist of thin-walled sections, for example I-
beams, channel sections and turbine blades. Figure 16.1 shows a generic thin-
walled section of length b, whose thickness ¢ varies with distance & along the
length. As long as the thickness t of the section does not vary too rapidly with
&, it is clear from the membrance analogy that we can neglect the curvature of
the membrane (and hence of the stress function) in the &-direction, reducing

the governing equation to
o o (16.31)
dnz - /.L 9 .
where 7 is a coordinate orthogonal to £ measured from the local mid-point of
the cross-section. The solution of this equation satisfying the condition

t
p=0; n=4=45 (16.32)

is
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t2
¢ =up <4 - 772> (16.33)
and the stress field is
0
ue = a—;’; = 2By 0. =0. (16.34)

Thus, the shear stress is everywhere parallel to the centreline of the section
and varies linearly from that line reaching a maximum

Tmax (§) = pBt(E) (16.35)

at the edges of the section £ = +t(£)/2. It follows that the overall maximum
shear stress must occur at the point where the thickness is a maximum and is

Tmax = /B tmax - (16.36)

Figure 16.1: Thin-walled open section with variable thickness.

The torque transmitted by the section is obtained from equations (16.14,

16.33) as
b rt(€)/2 uB [°
T= 2/ / pdndé = —/ t(&)3d¢ (16.37)
0 J-t(e)/2 3 Jo
and hence the torsional rigidity of the section is
1 b
K= §/ t(€)3de . (16.38)
0

In the special case where the thickness is constant, we have

bt3 T
KZ*; Tmax:/iﬁt:%

. = (16.39)
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16.4 The rectangular bar

The results of the previous section can be used to obtain an approximate
solution for the torsion of the rectangular bar —a <z < a,—b <y < b, when
b>a. Taking the origin at the centre of the cross-section, we obtain

¢ = pf(a® —2?) (16.40)

from (16.33). The corresponding torsional rigidity and maximum shear stress

are 3
16a 3T
5 max — 2 = 35 o7 °*
3 0 mba = g5

The stress function (16.40) satisfies the governing equation (16.12) and
the boundary condition on the long edges

K =

(16.41)

p=0; z==a, (16.42)

but it does not satisfy the corresponding boundary condition on the short
edges
p=0; y==b. (16.43)

To satisfy this condition and hence to obtain an exact solution for all val-
ues of the ratio a/b, we need to supplement the stress function (16.40) with
appropriate solutions of the homogeneous equation (16.16). These additional
functions must preserve the condition (16.42) and we therefore seek separated-
variable solutions, as in §6.2.1. Indeed the whole procedure of ‘correcting’ the
approximate solution (16.40) is exactly analogous to that discussed in §6.2.
For harmonic functions, separation of variables demands that the functions
be trigonometric in one coordinate and exponential in the other and the sym-
metry of the boundary-value problem about both axes suggests harmonic
functions of the form cos(Ax) cosh(Ay). Selecting those values of A that satisfy
(16.42), we obtain the stress function

(o)
9 9 (2n — 1)z (2n — 1)my
= - C 5 | ———— sh | —————— 16.44
¢ = pp(a J3)+TLZ::1 nC05< 50 )COb ( 50 . (16.44)
where C,, is a set of arbitrary constants. The function (16.44) will satisfy
(16.43) if

nil C,, cos ((2"1)”> cosh ((2”1)7”)) — _uB(a® —22).  (16.45)

2a 2a

To evaluate the constants C,,, we multiply both sides of (16.45) by cos((2m—
1)z /2a) and integrate in —a < x < a, obtaining



248 16 Torsion of a prismatic bar

I R L e T

=—up ’ (a® — %) cos ((2mz—al)7rx> dx  (16.46)

—a

and hence ( - B(1)mad
2m — )7 32uB(—1)"a
h = 16.4
Cmacos ( 5 ) @ = 1) (16.47)
or )
2up(—1)™
Com 32up(=1)"a (16.48)

~ 73(2m — 1)® cosh((2m — 1)7b/2a) ’

where we have used the orthogonality condition

[ oo (21 con (BT o s a6

The transmitted torque is obtained from equations (16.14, 16.44) as

T

_ 16p6a®b B i 32(=1)"C,a? sinh((2n — 1)7b/2a)
3 72(2n —1)2

n=1

1618a3b > 192a (2n — 1)7b
= (1-Y ——— tanh | ———— 16.
3 ( 2 2150 < 2a , (16:50)

using (16.48) to substitute for the constants C),. The maximum shear stress
occurs at the points (£a,0) and is

B 8780 B B © 16p8a
Tmax = ‘ O (ia70)‘ - 2!“’/6(1 Z 7T2(27’l — 1)2 COSh((Qn - 1>7Tb/2a) '

(16.51)

n=1

We can define the codrdinate system such that 0 < a/b < 1 without loss
of generality and in this range the series (16.50, 16.51) converge extremely
rapidly. In fact, taking just one term of each series gives better than 0.5%
accuracy. Figure 16.2 shows the effect of the aspect ratio on the torsional
rigidity and the maximum shear stress, normalized with respect to the thin-
walled expressions (16.41).
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Figure 16.2: Effect of aspect ratio a/b on the torsional rigidity and maximum
shear stress in a rectangular bar.

16.5 Multiply connected (closed) sections

The traction-free boundary condition (16.9) implies that the stress function
remains constant as we move around the boundary I' and we chose to take
this constant as zero in equation (16.10). However, if the bar contains one or
more enclosed holes, the boundary will be defined by more than one closed
curve Iy, I't, I's etc. The condition (16.9) implies that the value of ¢ on each
such curve will be constant — e.g.

o=@ onlp; @=1 only,

but we cannot conclude that ¢; =y, since the curves I, Iy do not connect.

Since the expressions for the stresses involve derivatives of ¢, one of the
values g, 1, ... can be selected arbitrarily and it is convenient to define ¢y =0,
where the corresponding curve Iy defines the external boundary of the bar.
If there is a single hole with boundary I, the constant ¢ is an additional
unknown which must be determined by imposing a Cesaro integral condition,
as discussed in §2.2.1. In the present case, this condition is easy to define,
since we started from a displacement formulation in equations (16.1).

We require that the displacements be single-valued functions of z,y and
hence that the integral

of , of of .\ _
f{as 7£<ad +8y )o (16.52)
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for all closed curves S. The stress function representation guarantees this for
infinitesimal curves, but as in §2.2.1, we must explicitly enforce the condition
around a representative curve S that encircles the hole.

Eliminating f from (16.52) using (16.4), we obtain

1
M 7{5 (020dx + 04ydy) — ﬁjé(mdy —ydz) =0. (16.53)

The second integral in (16.53) is equal to twice the area A enclosed by S, so
we obtain the condition
j{ 02sds = 2uBA (16.54)
s
which serves to determine the free constant ¢;.

If the section contains several holes, there will be a corresponding number
of additional unknowns, but for each hole we can write an integral of the form
(16.54) where the corresponding path S is taken to encircle that particular
hole.

The torque transmitted by a multiply connected section can still be calcu-
lated by (16.13), provided that we recognize that there will be no contribution
from those parts of the total domain {2 within the holes. This can be achieved
by adopting the convention that ¢ =7 throughout the area enclosed by I
as well as along the boundary. The derivatives in the integrand in (16.13) in
this area will then be zero as required. With this convention we can still use
the simple expression (16.14) for the torque T, with the result

T = 2// pdrdy +2) " Aip; , (16.55)
0

where_ A; is the area of the hole enclosed by the boundary I'; on which o =;
and 2= — > A; — i.e. the ‘solid’ area of the bar excluding the holes.

16.5.1 Thin-walled closed sections

Most practical applications of multiply connected sections have thin walls,
relative to the other dimensions of the section, as shown for example in Figure
16.3. In this case, the stress function ¢ can reasonably be approximated as a
linear function between (; and zero on the two adjacent boundaries, implying

a local shear stress

A
t )

where t is the local wall thickness. The value of 1 can then be determined

from (16.54) as
p1= QMﬂA/% % (16.57)
S

and the torque is approximately

(16.56)

zSs
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T =2Ap, (16.58)

from (16.55), where A is the area enclosed by the mean line equidistant be-
tween the inner and outer boundary.

Figure 16.3: A thin walled closed section.

It follows that the torsional rigidity of a thin-walled closed section is approx-

imately
K =442 /]{ ds . (16.59)
g t

These results can also be derived without reference to a stress function,
using Mechanics of Materials arguments!. For more details, including practical
examples, the reader is referred to the many texts on Advanced Mechanics of
Materials?.

PROBLEMS

1. Find the solution for torsion of a solid circular shaft of radius a by setting
b = a in the solution for the elliptical bar. Express the stress function and
hence the stress components in polar coordinates and verify that these results
and the relation between T and ( agree with those given by the elementary

1 JR.Barber, Intermediate Mechanics of Materials, McGraw-Hill, Burr Ridge,
2000, Chapter 6

2 See for example A.P.Boresi, R.J.Schmidt and O.M.Sidebottom, Advanced Me-
chanics of Materials, John Wiley, New York, 5th edn., 1993, Chapter 6,
W.B.Bickford, Advanced Mechanics of Materials,, Addison Wesley, Menlo Park,
1998, Chapter 3.
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Mechanics of Materials theory of torsion. Also, verify that there is no warping
of the cross-section f=0 in this case.

2. A bar transmitting a torque 7" has the cross-section of a thin sector 0 <
r<a,—a <60 < «a, where o < 1. Develop an approximate solution for the
shear stress distribution and the twist per unit length, using strong boundary
conditions on the edges =4« only.

3. A bar transmitting a torque 7" has the cross-section of an equilateral trian-
gle of side a. Find the equations of the three sides of the triangle in Cartesian
coordinates, taking the origin at one corner and the x-axis to bisect the op-
posite side. Express these equations in the form f;(x,y)=0, i=1,2,3.

Show that the function

¥ = C’f1(x,y)f2(x,y)f3(x,y)

satisfies the boundary condition (16.10) and can be made to satisfy (16.12)
with a suitable choice of the constant C. Hence find the stress field in the bar
and make a contour plot of the maximum shear stress. Why can this method
not be used for a more general triangular cross-section?

4. A bar transmitting a torque T has the cross-section of a sector 0 < r <
a, —a <0 <a, where « is not small compared with unity.

(i) Find a combination of the functions r? and 72 cos(26) that satisfies the
governing equation (16.12) and the boundary condition (16.10) on the
straight edges 0 ==+« only.

(ii) Superpose a series of harmonic functions of the form r7 cos(v6) where
is chosen to satisfy (16.10) on §==+o.

(iii) Choose the coefficients on these terms so as to satisfy the boundary
condition on the curved edge r =a and hence obtain expressions for the
torsional rigidity K and the maximum shear stress.

(iv) Evaluate your results for the special case a=m/6 and compare them with
those obtained using the thin-walled approximation of §16.3.

5. Figure 16.4 shows the cross-section of a circular shaft of radius a with a
circular groove of radius b whose centre lies on the surface of the ungrooved
shaft. Construct a suitable stress function for this problem using the particular
solution

op=C(z* +y*> - b?)

and a homogeneous solution g comprising appropriate multipliers of the
harmonic functions 7 cosf and 7~ !cosf centred on the point B, which in
Cartesian coordinates can be written

T

z and —— .
$2+y2
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Remember that the resulting function must be zero at all points on both the
circles 22492 = b? and (x—a)?+y? = a?. Hence find the stress field in the
bar and make a contour plot of the maximum shear stress for the case where
b=0.1a.

Y

B

Figure 16.4: Circular shaft with a semi-circular groove.

6. Figure 16.5 shows part of a thin-walled open section that is loaded in
torsion. Find the stress function ¢ in the curved section, assuming that it
depends upon 7 only and hence estimate® the maximum shear stress in the
corner if the twist per unit length is 8 and the shear modulus is pu.

Figure 16.5: Stress concentration due to a bend.

Find the corresponding maximum shear stress in the straight segment, distant
from the corner and hence find the stress concentration factor due to the
corner. Plot the stress concentration factor as a function of the ratio of the
inner radius to the section thickness (b/c).

3 This solution is approximate because the stress function is not independent of 6 in
the curved region. Otherwise there would be a discontinuity at the curved /straight
transition.
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7. Approximations to the stresses in a square bar in torsion can be obtained
by adding harmonic functions of the form 7" cos(nf) to the axisymmetric
particular solution (16.17).
Express the function
© =12 +r* cos(46)

in Cartesian codrdinates and make a contour plot. Select the contour which
is the best approximation to a square with rounded corners and scale the
resulting function to obtain an approximate solution for the maximum shear
stress in a square bar of side a when the twist per unit length is 5. Compare
the result with that obtained from Figure 16.2 when b/a=1.

8. We know from Mechanics of Materials that a bar cross-section posesses a
shear centre which is the point through which a shear force must act if there
is to be no twist of the section. Maxwell’s reciprocal theorem? implies that
the shear centre must also be the only point in the section that has no in-
plane displacement when the bar is loaded in torsion and hence that equations
(16.1) are correct if and only if the shear centre is taken as origin.

Rederive the torsion theory using a more general origin and hence show
that the formulation in terms of Prandtl’s stress function remains true for all
choices of origin.

9. A titanium alloy turbine blade is idealized by the section of Figure 16.6.
The leading edge is a semicircle of radius 2 mm and the inner and outer edges
of the trailing section are cylindrical surfaces of radius 43 mm and 35 mm
respectively, with centres of curvature on the line Oy. Find the twist per unit
length 4 and the maximum shear stress when the section is loaded by a torque
of 5 Nm. The shear modulus for the alloy is 43 GPa.

b

all dimensions
mmm

Figure 16.6: Turbine blade cross-section.

4 See Chapter 34.



Problems 255

10. The W200x22 I-beam of Figure 16.7 is made of steel (G =80 GPa) and
is 15 m long. One end is built in and the other is loaded by two forces F
constituting a torque, as shown. Find the torsional rigidity K for the beam
section and hence determine the value of F' needed to cause the end to twist
through an angle of 20°. Does the result surprise you? How large an angle of
twist® could a person of average strength produce in such a beam using his
or her hands only?

Y
N 1 N : F
8 mm
"N 62 mm
200 mm
0] T

/<_F_/ —

F 102 /nm %

Figure 16.7: I-beam twisted by two forces.

11. Show that the torsional rigidity of a closed thin-walled steel tube of uniform
thickness is reduced by the factor

1242
A2

when a longitudinal slit is made down the whole length of the tube to form
an open section. In this expression, A is the area enclosed by the mean line
of the closed section and A, is the cross-sectional area of the steel.

Find also by what ratio the maximum shear stress will increase for a given
applied torque.

5 If you want to impress your unsuspecting colleagues with your engineering exper-
tise (or your immense strength), ask them to guess the answer to this question
and then perform the experiment.
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12. The outer and inner circular walls of a closed thin-walled circular tube
have slightly different centres, as shown in Figure 16.9, so that the thickness
of the section varies according to

t =to(1 —ecosh),

where € < 1. The mean radius of the tube is a. Find the torsional rigidity K
and the maximum shear stress when the bar is loaded by a torque T'. Plot
your results as functions of € in the range 0 <e<1.

Figure 16.8: Cylindrical tube with variable wall thickness.

13. Show that the stress function

ouB o 9 4a’z
(p——2<l‘ +y° —2a —2al‘+m

defines the exact solution for the cross-section defined by the intersection of
the circles
22+ 9> =2d%> and (z—a)’+9°=0d’.

Find the corresponding torque T and the maximum shear stress Tya.x and
express the latter as a function of T, a only.

Now find an approximate solution to this problem by assuming that it
is a ‘thin-walled section’ — i.e. using equations (16.36, 16.38). What is the
percentage error in the approximate solution (i) in the stiffness K and (ii) in
Tmax! Are these quantities overestimated or underestimated by the approxi-
mate solution?
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14. Figure 16.9 shows the cross-section of a solid circular bar of radius a which
is slit to the centre along the line § =4m. The bar is subjected to a prescribed
twist § per unit length.

Figure 16.9

(i) Show that the particular solution
pp = —puBy* = —puBr® sin®(0)

satisfies the governing equation and also satisfies the condition that =0
on the slit 6 =+m.

(ii) To complete the solution, we need to superpose a series of stress functions
each of which satisfies the homogeneous equation

Vo =0

and ¢ = 0 on 6 = 7. Show that the functions 7 cos(yf) meet these
conditions with a suitable choice of ~.

(iii) Use these solutions to construct a series solution of the problem and use
the boundary condition on the curved edge r=a to define equations that
the coeflicients of the series must satisfy.

(iv) Solve the equations and hence determine the mode III stress-intensity
factor Ky;r at r=0, defined as

K]I[ = hH%)O’z@(’I“, O) V 27r .



17
SHEAR OF A PRISMATIC BAR'

In this chapter, we shall consider the problem in which a prismatic bar oc-
cupying the region z >0 is loaded by transverse forces Fy, Fy, in the negative
z- and y-directions respectively on the end z =0, the sides of the bar being
unloaded. Equilibrium considerations then show that there will be shear forces

Vlz// Ozpdaxdy = Fy Vyzf/ oydrdy = F, (17.1)
Q Q

and bending moments

M, = // o..ydady = 2F, ; M, = 7// osxdxdy = —2F, , (17.2)
Q Q

at any given cross-section {2 of the bar. In other words, the bar transmits
constant shear forces, but the bending moments increase linearly with distance
from the loaded end.

17.1 The semi-inverse method

To solve this problem, we shall use a semi-inverse approach — i.e. we shall
make certain assumptions about the stress distribution and later verify that
these assumptions are correct by showing that they are sufficiently general to
define a solution that satisfies all the equilibrium and compatibility equations.
The assumptions we shall make are

(i) The stress component o, varies linearly with z,y, as in the elementary
bending theory.

! In many texts, this topic is referred to as ‘bending’ or ‘flexure’ of prismatic bars.
However, it should not be confused with ‘pure bending’ due to the application
of equal and opposite bending moments at the two ends of the bar. The present
topic is the Elasticity counterpart of that referred to in Mechanics of Materials
as ‘shear stress distribution in beams’.

J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 259
DOI 10.1007/978-90-481-3809-8 17, © Springer Science+Business Media B.V. 2010
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(ii) The shear stresses 0,4, 0, due to the shear forces are indpendent of z.
(i) The in-plane stresses 0y = 0gy = 0yy = 0.

A more direct justification for these assumptions can be established using
results from Chapter 28, where we discuss the more general problem of the
prismatic bar loaded on its lateral surfaces (see §28.5).

The bending moments vary linearly with z, so assumption (i) implies that

0., = (Ax + By)z, (17.3)

where A, B are two unknown constants and we have chosen to locate the
origin at the centroid of (2. To determine A, B, we substitute (17.3) into
(17.2) obtaining

z2Fy = (Al,y + Bl,)z ; —zF, = —(Al, + Bl,,)z, (17.4)

where

I, :// yidedy ;5 I, z// w?drdy ; Iwy:// wydrdy  (17.5)
2 2 2

are the second moments of area of the section. Solving (17.4), we have

_ F, — FylL,

e . Fuly = Fulsy

; B= (17.6)
LI, — I2, LI, —I2,

17.2 Stress function formulation

are satisfied identically, whilst (2.4) requires that

00, 00y

or oy

+Ax+By=0. (17.7)

This equation will be satisfied identically if the shear stresses are defined in
terms of a stress function ¢ through the relations

2 2

am::gg——égf; aw::fgfg—ggf. (17.8)
This is essentially a generalization of Prandtl’s stress function of equations
(16.8, 16.9). The governing equation for ¢ is then obtained by using Hooke’s
law to determine the strains and substituting the resulting expressions into
the six compatibility equations (2.10). The procedure is algebraically lengthy
but routine and will be omitted here. It is found that the three equations of
the form (2.8) and one of the three like (2.9) are satisfied identically by the
assumed stress field. The two remaining equations yield the conditions
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) 2 By d s Av
= ;= = 17.9
oY P ) ooy YT ) (17.9)
which imply that
V2 Ay — Bx) +C, 17.10
o= (1+ )( y — Bx) + ( )

where C' is an arbitrary constant of integration.

17.3 The boundary condition

We require the boundaries of {2 to be traction-free and hence
dy dx 0
A

dt Yt ’

where n,t is a Cartesian coordinate system locally normal and tangential to
the boundary. Substituting for the stresses from equation (17.8), we obtain

(17.11)

Ozn = Oz

2 2
Opdy  Opdv _ Av"dy By dv (17.12)
Oy dt = Oz dt 2 dt 2 dt

or

Op Ax’dy By?dx

b il Nt il 17.1
ot 2 dt 2 dt (17.13)

17.3.1 Integrability

In order to define a well-posed boundary-value problem for ¢, we need to
integrate (17.13) with respect to t to determine the value of ¢ at all points
on the boundary. This process will yield a single-valued expression except for
an arbitrary constant if and only if the integral

Az?dy By?dx
_ =7 = 17.14
7F<2 dt 2 dt)dt 0, (17.14)

where I is the boundary of the cross-sectional domain (2, which we here
assume to be simply connected. Using Green’s theorem in the form

af 0dg B dy  da
// ( + ) dxdy = /F ( pm dt) dt , (17.15)
we obtain

Ax?dy By?dx
2T ) dt = Ax + By)dxdy . 17.1
ﬁ(?dt 2dt> /Q(x+ y)dwdy (17-18)

The integral on the right-hand side of (17.16) is a linear combination of the
two first moments of area for {2 and it is zero because we chose the origin to
be at the centroid.
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We conclude that (17.13) can always be integrated and the problem is
therefore reduced to the solution of the Poisson equation (17.10) with pre-
scribed boundary values of ¢. This problem has a unique solution for all
simply connected? domains, thus justifying the assumptions made in §17.1.

17.3.2 Relation to the torsion problem

In the special case where F, =F, =0, we have A=B=0 from (17.6) and the
problem is defined by the equations

Vip=C in#2 (17.17)
dyp
i 0 onl (17.18)

Ty 7T Tor

which are identical with (16.12, 16.9, 16.8) of the previous chapter if we write
C'=—-2up. Thus, the present formulation includes the solution of the torsion
problem as a special case and the constant C' is proportional to the twist of
the section and hence to the applied torque.

When the resultant shear force F'#0, superposing a torque on the loading
is equivalent to changing the line of action of F'. The constant C' in equation
(17.10) provides the degree of freedom needed for this generalization. It is
generally easier to decompose the problem into two parts — a shear loading
problem in which C' is set arbitrarily to zero and a torsion problem (in which
A and B are zero). These can be combined at the end to ensure that the
resultant force has the required line of action. In the special case where the
section is symmetric about the axes, setting C' =0 will generate a stress field
with the same symmetry, corresponding to loading by a shear force acting
through the origin.

17.4 Methods of solution

The problem defined by equations (17.10, 17.13) can be solved by methods
similar to those used in the torsion problem and discussed in §16.1.1. A partic-
ular solution to (17.10) is readily found as a third degree polynomial and more
general solutions can then be obtained by superposing appropriate harmonic
functions. Closed form solutions can be obtained only for a limited number
of cross-sections, including the circle, the ellipse and the equilateral triangle.
Other cases can be treated by series methods.

2 If the cross-section of the bar has one or more enclosed holes, additional unknowns
will be introduced corresponding to the constants of integration of (17.13) on the
additional boundaries. A corresponding set of additional algebraic conditions is
obtained from the Cesaro integrals around each hole, as in §16.5.
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17.4.1 The circular bar
We consider the case of the circular cylindrical bar bounded by the surface
2? +y? = a? (17.20)

and loaded by a shear force F}, = F acting through the origin®. For the circular
section, we have

and hence AF
A=0; B= — 17.22
B=1 (17.22)
from (17.6). Substituting into (17.13) and integrating, we obtain
2Fy2da:
— 17.23
o—- [ TLE, (17.23)

where the integration must be performed on the line (17.20). Substituting for
y from (17.20) and integrating, we obtain

2 2 2 3
(p:_/QF(a 4x)dx:_2F(3aa:4 x?) on2?+y=a?, (17.24)
a 3Ta
where we have set the constant of integration to zero to preserve antisymmetry
about x=0.
Equations (17.10, 17.24) both suggest a third order polynomial for ¢ with
odd powers of x and even powers of y, so we use the trial function

0 = Chz® + Coxy? + Csx . (17.25)

Substitution into (17.10, 17.24) yields the conditions

4Fvx
6C 2000 = ————
1o 2o ma*(1+v)
2F(3a%x — 23
Ciz® + Coz(a? — 22) + Caa = —% 7 (17.26)
which will be satisfied for all z if
4Fv
6C1 +2Cy = —————
e mat(1+v)
2F
—(Cy= —— 17.27
G 27 3rad ( )
2F
02(12 + 03 = Y
Ta

3 This problem is solved by a different method in §25.3.1.
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with solution

F(1—2v) O F(1+42v) o F(3+2v)

— = 7 =— . (17.28
YT bmat(l4v) T 7 orat(l+v) = P 2ra?(1+v) ( )
The stress components are then recovered from (17.8) as
F(1+42 F{(3+2v)(a*® — y?) — (1 — 2v)a?
mat(l+v) 2ra* (1 +v)
The maximum shear stress occurs at the centre and is
F(3+2v)
max — o _ 571 1 . ° 17.30
n 2wa?(1+v) ( )
The elementary Mechanics of Materials solution gives
4F
Tk = (17.31)

max 3ra )

which is exact for v=0.5 and 12% lower than the exact value for v=0.

17.4.2 The rectangular bar

As a second example, we consider the rectangular bar whose cross-section is
bounded by the lines x ==+a,y==b loaded by a force F}y =F in the negative
y-direction acting through the origin. As in the corresponding torsion problem
of §16.4, we cannot obtain a closed form solution to this problem. The strategy
is to seek a simple solution that satisfies the boundary conditions on the two
longer edges in the strong sense and then superpose a series of harmonic
functions that leaves this condition unchanged, whilst providing extra degrees
of freedom to satisfy the condition on the remaining edges.
For the rectangular section, we have

4ab® 4a3b
I, = 3 ; Iy = 3 3 Loy =0 (17.32)
and hence 3

from (17.6). The boundary condition (17.12) then requires that

B o

9¢ _3F Oy
2 8ab ' Oy

o (z,+b) =

(£a,y)=0. (17.34)

The governing equation (17.10) is satisfied by a third degree polynomial
and the most general such function with the required symmetry is

Y= Cl.%‘g + ngyz + Csx . (1735)
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Substitution in (17.10) shows that

3Fv

20y = —— 17.
6C1 + 20, 11 1 1) (17.36)
and on the boundaries of the rectangle we have
dp 2 2 dp
%(x, +b) = 3C12° + Cab* + Cs 8—y(:ta,y) = +Chay . (17.37)

This solution permits us to satisfy the conditions (17.34) in the strong sense
on any two opposite edges, but not on all four edges. In the interests of con-
vergence of the final series solution, it is preferable to use the strong boundary
conditions on the long edges at this stage. For example, if b > a, we satisfy the
condition on z==a by requiring

Cy=0 (17.38)
and hence P
v
R d— 17.
G 8ab3(1+v) (17.39)

from (17.36). The remaining boundary conditions are satisfied in the weak
sense

“ F
/ (301x2 + Cob? + C3 + ;b) dr =0 (17.40)

from which P 3
Cs - (17.41)

T 8B(1+v) Bab’

To complete the solution, we superpose a series of harmonic functions
@n chosen to satisfy the condition ¢, =0 on x = +a. In this way, the gov-
erning equation and the boundary conditions on x = +a are unaffected and
the remaining constants can be chosen to satisfy the boundary conditions on
y = £b in the strong sense. This is exactly the same procedure as was used
for the torsion problem in §16.4. Here we need odd functions of = satisfying
©n(£a,y) =0, leading to the solution

Fug? Frax 3Fzx = nwT nmy
= - - Dn i - h ({—= )
Y= T RaP(l+r) 8B(1+v)  sab +n§::1 sin ( a ) cosh ( p )
(17.42)

where D,, is a set of arbitrary constants. This function satisfies the first of
(17.34) if

= nwD, nmwe nwb Fu(3z% — a?)
Z cos(—)cosh — =m0 —a<z<a.
— a a a 8ab3(1 +v)

(17.43)
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Multiplying both sides of this equation by cos(mmz/a) and integrating over
the range —a <z <a, we then obtain

mb Fv @ 9 9 mmT
ma Dy, cosh( . ) = S (14 0) [a(3x —a”)cos (—a )da:
—_1\mFE 2
_ 3" Fra (17.44)

C2m2m2b3(1 4 v)

and hence

D,, = W /cosh (Tngb) . (17.45)

2m3m3b3 (1 4+ v

The complete stress field is therefore

3F1/a > )" T il nmy " nmb
gt S A s (15 (1) oo (12

) (17.46)

o 3F(V? —y?)  Fv(32? —a?)
o 8ab3 8ab3(1 +v)

27r223Fll/i ” Z ( Zm) cosh (nzy)/cosh (n;rb) , (17.47)

from (17.8, 17.33, 17.42, 17.45)
The maximum shear stress occurs at the points (£a,0) and is

3F Fra 5 nwb
ax = —_— h| — . 17.4
Tmax 8b+4b3(1—|—y { sz /n cos (a)} (17.48)

The first term in this expression is that given by the elementary Mechanics of
Materials theory. The error of the elementary theory (in the range 0 <a <b) is
greatest when v =0.5 and a=»5, for which the approximation underestimates
the exact value by 18%. However, the greater part of this correction is asso-
ciated with the second (closed form) term in (17.47). If this term is included,
but the series is omitted, the error in 7. is only about 1%.

This solution can be used for all values of the ratio a/b, but the series
terms would make a more significant contribution in the range b>a. For this
case, it is better to use the constants in (17.35) to satisfy strong conditions
on y==b and weak conditions on x==+a (see Problem 17.5).

PROBLEMS

1. Find an expression for the local twist per unit length of the bar, defined as

Ow,
0z’

B(w,y) =
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where w, is the rotation defined in equation (1.47). Hence show that the
average twist per unit length for a general unsymmetrical section will be zero
if C =0 in equation (17.10).

2. A bar of elliptical cross-section defined by the boundary
2?2
) + oh 1=0
is loaded by a shear force F,, = F acting along the negative z-axis. Find

expressions for the shear stresses o, Oy ON the cross-section.

3. A bar of equilateral triangular cross-section defined by the boundaries

3a
y=V3z ; y=—V3z ; yzi\g

is loaded by a shear force F,, = F' acting along the negative y-axis. Find
expressions for the shear stresses o,,, 0., on the cross-section for the special
case where v = 0.5. Note: You will need to move the origin to the centroid of
the section (0, a/v/3), since equation (17.3) is based on this choice of origin.

4. A bar of equilateral triangular cross-section defined by the boundaries

3
y=V3z ; y=—V3z ; yzixga

is loaded by a shear force F, = F. Find expressions for the shear stresses
0.z, 02y ON the cross-section for the special case where v = 0.5, assuming the
constant C'=0 in equation (17.10). You will need to move the origin to the
centroid of the section (0, a/v/3), since equation (17.3) is based on this choice
of origin. Show that the resultant force F' acts through the centroid.

5. Solve the problem of the rectangular bar of §17.4.2 for the case where a > b.
You will need to satisfy the boundary conditions in the strong sense on y==+b
and in the weak sense on z==+a. Compare the solution you get at this stage
with the predictions of the elementary Mechanics of Materials theory. Then
superpose an appropriate series of harmonic functions (sinusoidal in y and
hyperbolic in z) to obtain an exact solution. In what range of the ratio a/b
is it necessary to include the series to obtain 1% accuracy in the maximum
shear stress?

6. Find the distribution of shear stress in a hollow cylindrical bar of inner
radius b and outer radius a loaded by a shear force F,, = F' acting through the
origin. You will need to supplement the polynomial solution by the singular
harmonic functions z/(z?+y?) and (23 —3zy?)/(2?+y?*)® with appropriate
multipliers?.

4 These functions are Cartesian versions of the functions ! cos@ and r 3 cos 30
respectively.
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7. A bar has the cross-section of a sector 0 <r < a,—a < 0 < «, where « is
not small compared with unity. The bar is loaded by a shear force F' in the
direction 6=0.

(i) Find a closed form solution for the shear stresses in the bar, using the
strong boundary conditions on the straight edges # = £ and a weak
boundary condition on the curved edge r=a.

(ii) Superpose a series of harmonic functions ¢, of the form 7 sin(v6) where
v is chosen to satisfy ¢, =0 on ==a.

(iii) Choose the coefficients on these terms so as to satisfy the boundary
condition on the curved edge r=a and hence obtain an expression for the
maximum shear stress.

8. Solve Problem 17.7 for the case where the force F' acts in the direction
0 =m/2. Assume that the line of action of F' is such as to make the constant

C in (17.10) be zero.



Part IV

COMPLEX VARIABLE FORMULATION
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In Parts II and III we have shown how to reduce the in-plane and an-
tiplane problems to boundary value problems for an appropriate function of
the codrdinates (z,y). An alternative and arguably more elegant formula-
tion can be obtained by combining z,y in the form of the complex variable
¢ = x + 1wy and expressing the stresses and displacements as functions of (
and its complex conjugate (. A significant advantage of this method is that it
enables a connection to be made between harmonic boundary-value problems
and the theory of Cauchy contour integrals. In certain cases (notably domains
bounded by a circle or a straight line), this permits the stresses in the interior
of the body to be written down in terms of integrals of the boundary tractions
or displacements, thus removing the ‘inspired guesswork’ that is sometimes
needed in the real stress function approach. Furthermore, the scope of this
powerful method can be extended to other geometries using the technique of
conformal mapping.

In view of these obvious advantages, the reader might reasonably ask why
one should not dispense with the whole real stress function approach of Chap-
ters 4 to 15 and instead rely solely on the complex variable formulation for
two-dimensional problems in elasticity. An obvious practical reason is that
the latter requires some familiarity with the niceties of complex algebra and
the notation tends to reduce the ‘transparency’ of the physical meaning of the
resulting expressions. Also, although we might be able to write down the solu-
tion as a definite integral, which is certainly a very satisfactory mathematical
outcome, evaluation of the resulting integral can be challenging. Indeed, the
cases where the integral is easy to evaluate are usually precisely those where
the real stress function solution also permits a very straightforward solution.
One final point to bear in mind in this connection is that although Mathe-
matica and Maple have the capacity to handle complex algebra, they do not
generally perform well, at least at the present time of writing.

On the positive side, the complex variable approach extends the scope of
exact solutions to a broader class of geometries and boundary conditions and
it offers significant advantages of elegance and compactness, which as we shall
see later can also be used to simplify some three-dimensional problems. It can
be said with some confidence that the development of this theory was the
single most significant contribution to the theory of linear elasticity during
the twentieth century and no-one with serious pretensions as an elastician
can afford to be ignorant of it.

In the next two chapters we shall give merely a brief introduction to the
complex variable formulation. In Chapter 18, we introduce the notation and
establish some essential mathematical results, notably concerning the integrals
of functions of the complex variable around closed contours and the technique
known as conformal mapping. We then apply these results to both in-plane
and antiplane elasticity problems in Chapter 19. We shall endeavour to demon-
strate connections to the corresponding real stress function results wherever
possible, since the two methods can often be used in combination. Readers
who wish to obtain a deeper understanding of the subject are referred to



272

the several classical works on the subject®. More approachable treatments for
the engineering reader are given by A.H.England, Complez Variable Methods
in FElasticity, John Wiley, London, 1971, S.P.Timoshenko and J.N.Goodier,
loc. cit. Chapter 6 and D.S.Dugdale and C.Ruiz, Elasticity for Engineers,
McGraw-Hill, London, 1971, Chapter 2.

5 N.I.Muskhelishvili, Some Basic Problems of the Mathematical Theory of Elas-
ticity, P.Noordhoff, Groningen, 1963, A.C.Stevenson, Some boundary prob-
lems of two-dimensional elasticity, Philosophical Magazine, Vol. 34 (1943),
pp-766-793, A.C.Stevenson, Complex potentials in two-dimensional elasticity,
Proceedings of the Royal Society of London, Vol. A184 (1945), pp.129-179,
A.E.Green and W.Zerna, Theoretical Elasticity, Clarendon Press, Oxford, 1954,
1.S.Sokolnikoff, Mathematical Theory of Elasticity, 2nd.ed., McGraw-Hill, New
York, 1956. L.M.Milne-Thomson, Antiplane Elastic Systems, Springer, Berlin,
1962, L.M.Milne-Thomson, Plane FElastic Systems, 2nd edn, Springer, Berlin,
1968.



18

PRELIMINARY MATHEMATICAL
RESULTS

The position of a point in the plane is defined by the two independent
codrdinates (z,y) which we here combine to form the complex variable ¢
and its conjugate (, defined as

C=z+w; C=z—w. (18.1)

We can recover the Cartesian codrdinates by the relations x=%(¢), y=(¢),
but a more convenient algebraic relationship between the real and complex
formulations is obtained by solving equations (18.1) to give

_ 7 _

r= (0 s y= a0, (15.2)
At first sight, this seems a little paradoxical, since if we know (, we already
know its real and imaginary parts x and y and hence ¢. However, for the
purpose of the complex analysis, we regard ¢ as the indissoluble combination
of x+1y, and hence ¢ and ¢ act as two independent variables defining position.
In this chapter, we shall always make this explicit by writing f(¢,¢) for a
function that has fairly general dependence on position in the plane.

In polar codrdinates (r, 8), we have the alternative expressions

¢ =rexp(10); (=rexp(—b) (18.3)

for the complex variable, with solution

r=(c0": 6=3m (g) - (18.4)

Any real or complex function of z, y can be expressed as a function of ¢, ¢
using (18.2). For example

1 - 1 - - ) - - 1,2
2 2 2 2 2
2yt = (0 - 7= 02 =¢Cs ay=—1(C+OC-0) = 1= ¢?).
J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 273
DOI 10.1007/978-90-481-3809-8 18, © Springer Science+Business Media B.V. 2010



274 18 Preliminary mathematical results

The derivative of a function f((, () with respect to ¢ can be related to its
derivatives with respect to x and y by

of Ofox Ofdy of  of
%= aea o2 (5 'oy) (185)
and by a similar argument
of 1 /0f f
o¢ 2(8x+ By) (186)
Substituting (18.1) into (18.5, 18.6), we find that
¢ _ a¢
5= =" (18.7)

showing that (¢, () represent an orthogonal codrdinate set.

18.1 Holomorphic functions

If a function f depends only on ¢, so that 0f/0¢=0, and if it is also infinitely
differentiable at all points in some domain {2, it is referred to as a holomorphic
function of ¢ in 2. The complex conjugate f of a holomorphic function f can
be obtained by replacing ¢ by ¢ and replacing any complex constants by their
conjugates. Thus, f is a differentiable function of ¢ only and will also be
described as holomorphic. We shall see in the next section that holomorphic
functions always satisfy the Laplace equation and hence are harmonic.

If f({)=fs+1fy is a holomorphic function of ¢ whose real and imaginary
parts are fg, f, respectively, we can write

Of _1(0fs  Ofs  Of, 0fy) _
6€_2< 1 )—07

or 6 ox oy
using (18.6). For this to be satisfied, both real and imaginary parts must be
separately zero, giving the Cauchy-Riemann relations

Ofe _0fy  Ofc _ _0fy
Ox oy ' Oy ox

(18.8)

Since a holomorphic function f(¢) is infinitely differentiable in {2, it can
be replaced by its Taylor series

FO = Cu(¢—=Co)" (18.9)

in the neighbourhood of any point ¢, in 2, where C,, is a set of complex
constants.
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18.2 Harmonic functions

It follows from (18.5, 18.6) that
Pf _Pf  Pf_ o
ee o T =V (18.10)

and hence the Laplace equation (V2¢=0) in two dimensions can be written

9?%¢
- = 18.11
The most general solution of (18.11) can be written
¢=fi+/[s, (18.12)

where f1, fo are arbitrary holomorphic functions of ¢ and gi, respectively. No-
tice that instead of making the argument explicit as in f,((), we can identify
a holomorphic function of ¢ by the condensed notation f,.

The function defined by equation (18.12) will generally be complex, but its
real and imaginary parts must separately satisfy (18.10) and hence a general
real harmonic function can be written

p=R(fi +[2) - (18.13)
As in equation (18.2), it is convenient to avoid the necessity of extracting real

and imaginary parts by recognizing that the sum of a function and its complex
conjugate will always be real. Thus the function

p=g+7 (18.14)

represents the most general real solution of the Laplace equation, where g is
an arbitrary holomorphic function of ¢ only and g is its complex conjugate.

18.3 Biharmonic functions

It follows from (18.10) that the biharmonic equation V*¢=0 reduces to

4
82 ¢,2 =0 (18.15)
¢ 0¢
and has the general complex solution
d=fi+fo+{fs+(fs, (18.16)

where fi, f3 are arbitrary holomorphic functions of ¢ and f,, f, are arbitrary
holomorphic functions of (.
The most general real solution of the biharmonic equation can be expressed
in the form
¢=g1+791 +Cg2+(G> (18.17)
where gi1,gs are arbitrary holomorphic functions of ¢ and g,,g, are their
complex conjugates.
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Example

As an example, we can generate a real biharmonic polynomial function of
degree n by taking g1 () =(A+2B)¢", g2({)=(C+1D)¢" ', where A, B,C, D
are real arbitrary constants. Equation (18.17) then gives

¢ =(A+1B)" + (A—1B)" + (C+1D)¢C" ' 4 (C —1D)¢C" ™. (18.18)

This expression can be used in place of the procedure of §5.1 to develop the
most general biharmonic polynomial in x,y of degree n. For example, for the
special case n=>5 we have

¢ = (A+1B)(z +1y)° + (A —1B)(z — w)” + (C +1D)(z — 1) (z + )"
+(C —1D)(x + ) (z —y)* . (18.19)

Expanding and simplifying the resulting expressions, we obtain

¢ =2A (a:5 —1023y% + 53:3/4) — 2B (5x4y —102%y% + y5)
+2C (x5 — 223y — 3J;y4) —-2D (33:43/ +22%y° —¢°) , (18.20)

which can be converted to the form (5.13) by choosing

_ (2A0 + Ag) ) . (3A3 — 2A1) ) _ (10140 + Ag)
A= 16  B= 80 i C= 16
24, + A
D = —(117;;3) . (18.21)

Alternatively, using the polar codrdinate expressions (18.3) in (18.18) we
have

¢ = (A+1B)r" exp(inf) + (A—1B)r"™ exp(—nd) + (C+1D)r"™ exp(1(n—2)0)
+(C—1D)r" exp(—1(n—2)0) , (18.22)

which expands to

¢ = 2Ar" cos(nf) — 2Br" sin(nf) + 2Cr™ cos((n—2)0) — 2Dr" sin((n—2)0) .

(18.23)
This is of course identical to the general form of the Michell solution for a
given leading power r", as shown for example by comparison with equation
(11.3) with n replaced by (n—2).

18.4 Expressing real harmonic and biharmonic functions
in complex form

Suppose we are given a real harmonic function f(x,y) and wish to find the
holomorphic function g such that
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g+9=f(z,y). (18.24)

All we need to do is to use (18.2) to eliminate z,y in f(xz,y). If f is
harmonic and real, the resulting function of ¢,¢ must reduce to the sum of
a holomorphic function of ¢ and its conjugate and these functions can then
often be identified by inspection. Alternatively, starting from the form

9+9=1(0), (18.25)
we differentiate with respect to (, obtaining
of
= — 18.26
9 =90 (18.26)

since 9g/0¢ =0. The right-hand side of (18.26) must be a function of ¢ only
and hence g can be recovered by integration. This operation is performed by
the Mathematica and Maple files ‘rtoch’.

Example

Consider the function

zln (x2 + y2)

f(a:,y)z 2

(%)
—yarctan | = | ,
T

which is easily shown to be harmonic by substitution into the Laplace equa-
tion. Using (18.2, 18.4) we have

2?24y =r?=¢C; arctan(%) :0:1111 (C)

2" \¢
and hence
We conclude by inspection that
_ ¢In(¢)
9773

18.4.1 Biharmonic functions

The same procedure can also be used to express real biharmonic functions in
the form (18.17). We first use (18.2) to express the given real function as a
function of ¢, (. Equation (18.17) can then be written

91+ 71+ Cg2 + (g2 = f(¢, Q) (18.27)



278 18 Preliminary mathematical results

where f((,() is a known function. Differentiating with respect to ¢ and ¢, we
obtain
o*f

9o+ 95 =
and the function g; and hence g2 can then be obtained using the above pro-
cedure for harmonic functions. Once g is known, it can be substituted into
(18.27) and the resulting equation solved for the harmonic function g; using
the same procedure. The Maple and Mathematica files ‘rtocb’ perform this
operation for any biharmonic function specified in Cartesian coordinates.

18.5 Line integrals

Suppose that S is a closed contour and that f(¢) is holomorphic on S and at
all points in the region enclosed by S. It can then be shown that the contour
integral

}iﬂod( =0. (18.29)

To prove this result! we write f(¢) = f, + 1fy, d¢ = dx + 1dy, separate real
and imaginary parts and use Green’s theorem to convert the resulting real
contour integrals into integrals over the area enclosed by S. The integrand of
each of these area integrals will then be found to be identically zero because
of the Cauchy-Riemann relations (18.8).

B
S

A

Figure 18.1: Path of the integral in equation (18.30).
As in §2.2.1, we can use (18.29) to show that the line integral

5 ¢
/A Q) = /c F(O)de (18.30)

along the line S in Figure 18.1 is not changed by making any infinitesimal
change in the path S as long as this does not pass outside the region within
which f({) is holomorphic. It follows that (18.30) is path-independent if S
lies wholly within a simply connected region (2 in which f(¢) is holomorphic.

! See for example E.T.Copson, An Introduction to the Theory of Functions of a
Complex Variable, Clarendon Press, Oxford, 1935, §4.21, G.F.Carrier, M.Krook
and C.E.Pearson, Functions of a Complex Variable, McGraw-Hill, New York,
1966, §2.2.
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18.5.1 The residue theorem

Next suppose that the function f({) is holomorphic everywhere in a simply
connected domain {2 except at a point P, where it is singular. As before, we
can use (18.29) to show that the value of the contour integral is not changed
by making any infinitesimal deviation in the path S. It follows that all contour
integrals whose paths pass around P once and only once must have the same
value.

Suppose that P is defined by (=(, and that the singularity has the form

f1(6)

f(Q) C—Cor + f2(0) (18.31)
where f1(C), f2(¢) are holomorphic throughout the domain enclosed by S (in-
cluding at P) and n is an integer. The function f(({) is then said to have a
pole of order n at ( =(,. Since the contour integral is the same for all con-
tours enclosing P, we can evaluate it around an infinitesimal circle of radius
e centred on ¢ =(,. For the special case n=1, f({) has a pole of order unity
(also known as a simple pole) at ( =, and if € is sufficiently small, we can
replace the continuous function f1(¢) by f1(¢,) giving

dc Coteexp(a(6r+2m))

50 = 716 § =2 = Ao e =) T

= 2mf1(¢y) (18.32)

where 6; is defined such that {=(,+€exp(:6;) is any point on the path S and
the integral is evaluated in the anticlockwise direction (increasing ¢). Notice
that the second term in (18.31) makes no contribution to the integral, because
of (18.29). The quantity

fi(Go) = Tim f(C)(C — (o) = Res(C) (18.33)
C‘)CQ
is known as the residue at the simple pole P. It then follows from (18.32) that

ﬁf(()d( = 2m Res((y) - (18.34)

For higher order poles n > 1, the limit (18.33) does not exist, but we can
extract the residue by successive partial integrations. We obtain

jg AQdC £(Q) ot % F1(¢)d¢

(€= Co)" (n=1)(¢ = ¢o)~ Y (n=1)(¢ = ¢o)m=1 7
(18.35)

where we have used the same circular path of radius e. The first term is zero

for n#1, so

eexp(261)
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filQd¢ fi(€)d¢
f{ (C=Co)" f{ (n—1)(C - Cg)m1 (18.36)

Repeating this procedure until the final integral has only a simple pole, we

obtain 1]
[Qds A NQd .
i erad Aoy (=t 847
where (ne1)
n— a"-
o) = — C(nfﬁEO . (18.38)
The residue at a pole of order n is therefore
[n—1]
(o)
Res((y) = ﬁ : (18.39)

where fl[nfl] is defined through equations (18.38, 18.31).
P

P,

Figure 18.2: Integral path around three poles at Py, P, Ps..

Suppose now that the function f({) posesses several poles and we wish to
determine the value of the contour integral along a path enclosing those at
the points ¢y, (s, ..., (- One such path enclosing three poles at P;, P, P5 is
shown in Figure 18.2. It is clear that the contributions from the straight line
segments will be self-cancelling, so the integral is simply the sum of those for
the circular paths around each separate pole. Thus, the resulting integral will
have the value

k
7{ f(Q)d¢ = 2mZRes(Cj) . (18.40)

This result is extremely useful as a technique for determining the values of
complex line integrals. Similar considerations apply to the evaluation of con-
tour integrals around one or more holes in a multiply connected body.
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Example

As a special case, we shall determine the value of the contour integral

feea

where the integration path S encloses the points ( =0, a. The integrand has
a simple pole at (=a and a pole of order n at (=0. For the simple pole, we
have

Res(a) = —

an’

from (18.33). For the pole at (=0, we have

(=1 D(n — 1)t

[n—1]
= and = )
S0
1]y, _ (D" V(0 —1)! _ ey
1 (0) = (—a)n and RES(O) = W = —ain 5
(18.41)
from (18.39). Using (18.40), we then have
d¢ ( 1 1 >
=2m|(——— | =0; n>1 18.42
focma (= (18.42)
=27 n=0, (18.43)
since if n=0 we have only the simple pole at {=a.
18.5.2 The Cauchy integral theorem
Changing the symbols in equation (18.32), we have
1 f(s)ds
18.44
1) = 5 § L2 (18.44)

where the path of the integral, .S, encloses the point s=(,. If S is chosen to
coincide with the boundary of a simply connected region {2 within which f
is holomorphic, this provides an expression for f at a general point in 2 in
terms of its boundary values. We shall refer to this as the interior problem,
since the region {2 is interior to the contour. Notice that equation (18.32) and
hence (18.44) is based on the assumption that the contour S is traversed in the
anticlockwise direction. Changing the direction would lead to a sign change
in the result. An equivalent statement of this requirement is that the contour
is traversed in a direction such that the enclosed simply connected region {2
always lies on the left of the path S.
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A related result can be obtained for the exterior problem in which f is
holomorphic in the multiply connected region {2 exterior to the closed contour
S and extending to and including the point at infinity. In this case, a general
holomorphic function f can be expressed as a Laurent series

f=Oo+ZC—,’§, (18.45)
i €

where the origin lies within the hole excluded by S. For the exterior problem
to be well posed, we must specify the value of f at all points on S and also
at infinity (— oo. We shall restrict attention to the case where f(c0)=0 and
hence Cy =0, since the more general case is most easily handled by first solving
a problem for the entire plane (with no hole) and then defining a corrective
problem for the conditions at the inner boundary S.

Sy

Figure 18.3: Contour for the region exterior to a hole S.

To invoke the Cauchy integral theorem, we need to construct a contour
that encloses a simply connected region including the general point (=(,. A
suitable contour is illustrated in Figure 18.3, where the path S corresponds
to the boundary of the hole and S; is a circle of sufficiently large radius to
include the point ¢ =(,. Notice that the theorem requires that the contour be
traversed in an anticlockwise direction as shown.

Equation (18.44) now gives

1 f(s)ds
feo) = 2m 7{s+51+52+ss (s =Co) (18.46)

In this integral, the contributions from the line segments Sy, S5 clearly cancel,

Joavi
e 1 f(s)ds N 1 f f(s)ds
S

f(CO): I(S_CO)'
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The remaining terms are two separate contour integrals around S and S; re-
spectively in Figure 18.3. Notice that we have changed the sign in the integral
around S, since S is now a closed contour and the convention demands that it
be evaluated in the anticlockwise direction, which is opposite to the direction
implied in (18.46) and Figure 18.3.

Using (18.45) and recalling that Cy = 0, we have

% Z% des —0
S S—Co s, F(s —Co) ’

from (18.42). Thus, the second term in (18.47) is zero and we have
1 f(s)ds
2m Js (s = Go)

which determines the value of the function f at a point in the region exterior
to the contour S in terms of the values on this contour.

f(Co) =~ (18.48)

18.6 Solution of harmonic boundary value problems

At first sight, equations (18.44, 18.48) appear to provide a direct method for
finding the value of a harmonic function from given boundary data. However,
if the required harmonic function is real, we meet a difficulty, since we know
only the real part of the boundary data.

We could write a general real harmonic function as

dp=f+T1, (18.49)

in which case we know the boundary values of the function ¢, but not of
the separate functions f, f. However, we shall show in the next section that a
direct solution can be developed for both the interior and exterior problems in
the special case where the boundary S is circular. Furthermore, this solution
can be extended to more general geometries using the technique of conformal

mapping.

18.6.1 Direct method for the interior problem for a circle

We consider the simply connected region interior to the circle r = a. The
boundary of this circle, S, is defined by

s=aexp(ih); s=aexp(—0) (18.50)

and hence
ss=a"; 5=—; sS€ES. (18.51)
s
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Consider the problem of determining a real harmonic function ¢(z,y) from
real boundary data on r=a. We choose to write ¢ as the sum of a holomorphic
function f and its conjugate as in (18.49). We then expand f inside the circle
as a Taylor series

F(Q)=Co+ > Cic" (18.52)
k=1
in which case
=0+ Z C"a . seS, (18.53)

using (18.51).
We now apply the Cauchy operator to the boundary data, obtaining

1 p(s)ds 1 [ f(s)ds N i]{ f(s)ds

2m ) (s—¢ 2m /) (s=0) 2m.) (s—()
_ 1 [[&)ds, Co a*tds
C2m (S—C)+27TZ]{( QWZZij{SkS—C)
= f(O)+Co, (18.54)

using (18.44) for the first two integrals and noting that every integral in the
third term summation is zero in view of (18.42). Thus, we have

1 o(s)ds
= C _—
after which the real harmonic function ¢ can be recovered from (18.49) except
for the unknown complex constant Cj. To determine this constant, we equate
(18.55) to the Taylor series (18.52) and evaluate it at (=0, obtaining

(18.55)

Co=-Co+ L fel)ds

2m s
or . p
Co+ o= L § 2ls)ds (18.56)
2 S
Alternatively, writing
s=ae?; ds=wme?dl
from (18.50), we have
1 2m
Co+ Co o qﬁ(a, 9)d9 . (18.57)
T

Thus, the real part of the constant Cy can be determined, but not its
imaginary part and this is reasonable since if we add an arbitrary imaginary
constant into f it will make no contribution to ¢ in (18.49).
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Example

Suppose that ¢(a, )= ¢ cos(20), where @5 is a real constant and we wish to
find the corresponding harmonic function ¢(r, ) inside the circle of radius a.
Using (18.50), we can write

_ ¢2(e220+e—220) _ @ (82 a2)

@2 cos(20) 5 5 \ 2

a2 ' 2
and it follows that

1 [ ¢(s)ds _ ¢o ff%s+@ﬁf§ﬁs S

2m ) (5—¢) 4dma ) (s—¢)  4m s—¢) 2a%’

where we have used (18.44) for the first integral and the second integral is
zero in view of (18.42).
Using (18.55), we then have

=2

2
F=2 T 7=
and . o
o= f+F=22 ) o7,
2a?

Evaluating the integral in (18.57), we obtain
- ¢2 2 -
Co+Co=—= cos(20)df =0,
2T 0

and hence the required harmonic function is

$2(C> +C°) _ par®cos(20)

2a? a? ’

¢ =

using (18.3). Of course, this result could also have been obtained by writing
a general harmonic function as the Fourier series

(o] o0
¢ = Z Apr™ cos(nb) + Z B,r" sin(nd)
n=0 n=1
and equating coefficients on the boundary r = a, but the present method,

though longer, is considerably more direct.

18.6.2 Direct method for the exterior problem for a circle

For the exterior problem, we again define ¢ as in (18.49) and apply the Cauchy
integral operator to the boundary data, obtaining
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1 P(s)ds 1 f(s)ds 1 mds
2m ) (s—¢)  2m 7{ (s =) + 972 7{ 5-0)° (18.58)

where points on the contour are defined by (18.50). We assume that the func-
tion ¢ is required to satisfy the condition ¢ — 0,7 — oo, in which case the
function f, which is holomorphic exterior to the circle, can be written as the
Laurent expansion

w\Q

— = Cist
and hence  f(s) = Z —i
a

k=1 k=1
using (18.51). It follows that the second integral on the right-hand side of

(18.58) is

1 mds 1 kds
om [ (s—¢) 27?1 a% }{

and this is zero since ( lies outside the circle and hence the integrand defines
a holomorphic function in the region interior to the circle. Using this result
and (18.48) in (18.58), we obtain

1 @(s)ds
FO=-55 P 625 (18.59)
after which ¢ is recovered from (18.49).

The reader might reasonably ask why the method of §§18.6.1, 18.6.2 works
for circular contours, but not for more general problems. The answer lies in
the relation (18.51) which enables us to define the conjugate 5 in terms of s
and the constant radius a. For a more general contour, this relation would also
involve the coordinate r in s=rexp(:0) and this varies around the contour if
the latter is non-circular.

18.6.3 The half plane

If the radius of the circle is allowed to grow without limit and we move the
origin to a point on the boundary, we recover the problem of the half plane,
which can conveniently be defined as the region y >0 whose boundary is the
infinite line —oco < <00,y =0. The contour for the integral theorem (18.55)
then comprises a circle of infinite radius which lies entirely at infinity except
for the line segment —oco <x < oo, y=0 and we obtain

F(¢) =—Co+ Zim/_oo fo_)‘g : (18.60)

In some cases, an even more direct method can be used to solve the
boundary-value problem. We first note that the holomorphic (and hence har-
monic) function f(¢) reduces to f(z) on y=0. Thus, if we simply replace x by




18.6 Solution of harmonic boundary value problems 287

¢ in the boundary function ¢(x), we shall obtain a function of ¢ that reduces
to ¢(z) on the boundary y=0.

Unfortunately, the resulting function ¢(¢) will often not be holomorphic,
either because the boundary function ¢(z) is not continuously differentiable,
or because ¢(¢) contains one or more poles in the half plane y > 0. In these
cases, the integral theorem (18.60) will always yield the correct solution. To
illustrate this procedure, we shall give two examples.

Example 1
Consider the boundary-value problem

d(xz,0)=1; —a<z<a
=0; |z|>a. (18.61)

Since the function is discontinuous, we must use the integral theorem (18.60),
which here yields

= 1 [* dz 1 (—a
HO==Cot o | a0~ C°+2mln(<+a>'

The corresponding real function ¢ is then obtained from (18.49) and after
using (18.1) and simplifying, we obtain

_1 y o\ _ y
o(z,y) = - {arctan (x —a) arctan <x—|—a>} ,

where the real constant Cy+Cy can be determined to be zero by equating
¢(x,y) to its value at any convenient point on the boundary.

Example 2

Consider now the case where

1

¢(x,0) = m .

This function is continuous and differentiable, so a first guess would be to
propose the function

b

(1+¢%"

which certainly tends to the correct value on y = 0. However, f; has poles
at (=du, i.e. at the points (0, 1), (0, —1), the former of which lies in the half

plane y > 0. Thus f;(¢) is not holomorphic throughout the half plane and its
real part is therefore not harmonic at (0,1).

¢ =R(f1(¢) where fi(¢) =
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As in the previous example, we can resolve the difficulty by using the
integral theorem. However, the fact that the boundary function is continuous
permits us to evaluate the integral using the residue theorem. We therefore
write

_ 1 ds — 1 ds
FQ)=~Cot o Sm:_c(ﬂ—%?g(s—i—z)(s—z)(s—f)’

where the contour S is the circle of infinite radius which completely encloses
the half plane y > 0. The integrand has simple poles at s =1, —1,(, but only
the first and third of these lie within the contour. We therefore obtain

i % ds B 1 n 1 B 7
2m Js (s+9)(s—)(s=¢)  (C+9)(C—2)  2(e—¢) 2(C+2)
and the real harmonic function ¢ is then recovered as

B =f+T=Co=Co= 5= 55—y~ Co—Co.

The constants can be determined by evaluating this expression at the origin
¢ = 0 and equating it to ¢(0,0), giving

1 1 — _
5—{—5—00—00:1 or Co+Cop=0.

We then use (18.1) to express ¢(¢,¢) in terms of (z,y), obtaining

(1+y)

(z,y) = m .

This function can be verified to be harmonic and it clearly tends to the re-
quired function ¢(x,0) on y=0.

18.7 Conformal mapping

In §18.6, we showed that the value of a real harmonic function in the region
interior or exterior to a circle or in the half plane can be written down as
an explicit integral of the boundary data, using the Cauchy integral theorem.
The usefulness of this result is greatly enhanced by the technique of conformal
mapping, which permits us to ‘map’ a holomorphic function in the circular
domain or the half plane to one in a more general domain, usually but not
necessarily with the same connectivity.

Suppose that w(¢) is a holomorphic function of ¢ in a domain 2, whose
boundary S is the unit circle |(|=1. Each point (x,y) in {2 corresponds to a
unique value

w=E+m,
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whose real and imaginary parts (£,7) can be used as Cartesian coordinates
to define a point in a new domain {2* with boundary S$*. Thus the function
w(¢) can be used to map the points in {2 into the more general domain 2*
and points on the boundary S into S*. Since ( € 2 and w € 2%, we shall refer
to §2,82* as the (-plane and the w-plane respectively.

Next suppose that f(w) is a holomorphic function of w in 2*, implying
that both the real and imaginary parts of f are harmonic functions of (¢, 7),
from (18.11). Since w is a holomorphic function of ¢, it follows that

fe = F@(Q)

is a holomorphic function of ¢ in 2 and hence that its real and imaginary
parts are also harmonic functons of (z,y). Thus, the mapping function w((¢)
maps holomorphic functions in 2* into holomorphic functions in 2. It follows
that a harmonic boundary-value problem for the domain S$* can be mapped
into an equivalent boundary-value problem for the unit circle, which in turn
can be solved using the direct method of §18.6.1 or §18.6.2.

Example: The elliptical hole

A simple illustration is provided by the mapping function

w:§+m—c<(+rg> , (18.62)

where ¢, m are real constants and m < 1. Substituting ¢ =7 exp(26) into (18.62)
and separating real and imaginary parts, we find

fzc(r—i—%)cos@; nzc(r—%)sin@. (18.63)

Eliminating 6 between these equations, we then obtain

& 0
where m m
a:c(r—&—?); ﬁ:c(T—7). (18.65)

Equation (18.64) with (18.65) shows that the set of concentric circles (lines of
constant r) in the {-plane maps into a set of confocal ellipses in the w-plane.
In particular, the unit circle =1 maps into the ellipse with semi-axes

a=c(l+m); b=c(l—m). (18.66)

If f(w) is a holomorphic function in the region interior to the ellipse, the
mapped function fC will generally be unbounded both at (=0 and at {( —oco.
This mapping cannot therefore be used for the interior problem for the ellipse.
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It can however be used for the exterior problem, since in this case, f(w) must
posess a Laurent series, every term of which maps into a bounded term in fC'

Equation (18.62) can be solved to give ¢ as a function of w. We obtain the

two solutions
w+ Vw? —4dmc?
¢= 5 :
c

The positive square root maps points outside the unit circle into points outside
the ellipse, whereas the negative root maps points inside the unit circle into
points outside the ellipse. Either mapping can be used when combined with
the appropriate solution of the boundary-value problem. Thus we can use
§18.6.1 and the negative root in (18.67), or §18.6.2 and the positive root.

The present author favours the exterior-to-exterior mapping implied by
the positive root, since this preserves the topology of the original problem
and hence tends to a more physically intuitive procedure. We then have

w4+ Vw? — 4dmc?
2¢ '

(18.67)

(=

(18.68)

and it is clear that circles of radius r > 1 in the (-plane map to increasingly
circular contours in the w-plane as r— o0. To solve a given problem, we map
the boundary conditions to the unit circle in the (-plane using (18.62), solve
for the required holomorphic function of ¢ using §18.6.2 and then map this
function back into the w-plane using (18.68).

PROBLEMS

1. By writing
é-n — m ln(C)

Y

show that gm
S (¢ = ¢ Q).

Using equations (18.3), find the real and imaginary parts of the function
¢"In*(¢) in polar coordinates r, 6 and verify that they are both harmonic.

2. Verify that the real stress function ¢ =12 satisfies the biharmonic equation
(8.16). Then express it in the complex form (18.27).

3. Express the real biharmonic function ¢ =r6siné (from equation (8.59) or
Table 8.1) in the complex form (18.27).

4. Find the imaginary part of the holomorphic function whose real part is the
harmonic function In(r).

5. Use the residue theorem to evaluate the contour integral
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j{ ¢"d¢
s (¢2—a?)’

where n is a positive integer and the contour S is the circle || = 2a.

6. Find the real and imaginary parts of the function sin(¢) and hence find the
points in the z, y-plane at which sin(¢) = 0.
Use the residue theorem to evaluate the integral

fomte

for a contour S that encloses only the pole at ( = 0. By choosing S as a
rectangle two of whose sides are the lines x = +7/2, —oo <y < 0o, use your
result to evaluate the real integral

[
o COshy

7. Show that on the unit circle,

<+1:cost9; C"+in:cos(n9).
¢ ¢
Use this result and the notation w = €'® to express the real integral (12.35) in
terms of an integral around the contour shown in Figure 18.4. Use the residue
theorem to evaluate this integral and hence prove equation (12.35). Explain
in particular how you determine the contribution from the small semi-circular
paths around the poles ( = w, ( = 1/w.

Figure 18.4.

8. Find the real harmonic function ¢(r,6) defined inside the circle 0 <r <a
whose boundary values are

9la,0)=1; —a<f<a
=0; a<l|l<m.
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9. Find the real harmonic function ¢(r, ) defined in the external region r >a
satisfying the boundary conditions

¢(a,0) = ¢3sin(30) ; ¢(r,0) - 0; r— o0,
where ¢3 is a real constant.

10. Find the real harmonic function ¢(z,y) in the half plane y > 0 satisfying
the boundary conditions

1

¢(z,0) = 227 ;

o(z,y) — 0; 2% +y? = 00.

11. Use the mapping function (18.62) to find the holomorphic function f(w)
such that the real harmonic function

p=f+[
satisfies the boundary condition ¢ = A on the ellipse

2 2
CLT
a b2
and f — 0 as |w|— 0o, where A is a real constant. Do not attempt to express
¢ as an explicit real function of &, 7.

12. Show that the function
w(¢) =¢'?

maps the quarter plane £ > 0,7 > 0 into the half plane y > 0. Use this result
and appropriate results from the example in §18.6.3 to find the real harmonic
function ¢(&,7) in the quarter plane with boundary values

1 1
¢(§70):1+£4; §>0, ¢(07U)=m§ n>0.
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APPLICATION TO ELASTICITY
PROBLEMS

19.1 Representation of vectors

From a mathematical perspective, both two-dimensional vectors and complex
numbers can be characterized as ordered pairs of real numbers. It is therefore
a natural step to represent the two components of a vector function V' by the
real and imaginary parts of a complex function. In other words,

V =iV, +3V, (19.1)
is represented by the complex function
V=V, +V,. (19.2)

In the same way, the vector operator

0 0 7] 0

0
V=i—+j—=—+1— =2— 19.3
Yor "oy T ax Tlay T Tac (19.3)
from equation (18.6).
If two vectors f, g are represented in the form
f=fetfy; 9=9z+19y (19.4)

the product

Fa+1g = (fo—2£y)(9a+19y) + (fo+2£y) (92 —19y) = 2 (f2ge + fygy) - (19.5)

It follows that the scalar (dot) product
1 - _
fr9=50g+f3) . (19.6)

This result can be used to evaluate the divergence of a vector field V' as

J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 293
DOI 10.1007/978-90-481-3809-8 19, © Springer Science+Business Media B.V. 2010
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ov. v
1 = . = — — 19.
divV=VV=Zr+ 57 (19.7)

using (19.3, 19.6).
We also record the complex variable expression for the vector (cross) prod-
uct of two in-plane vectors f, g, which is

I3 - —

fxg=(fogy = fygu)k = 5 (fg—f9) ke , (19.8)
where k is the unit vector in the out-of-plane direction z. It then follows that
v _ 5‘/) k
aC ¢ ’

from (19.3, 19.8). Also, the moment of a force F'=F, + +F, about the origin
is

curl V=VxV =1 ( (19.9)

M=rxF=2(F-(F)k, (19.10)

where ( =x + 1y represents a position vector defining any point on the line of
action of F'.

19.1.1 Transformation of codrdinates

If a vector V =V, + 1V}, is transformed into a new codrdinate system (', y’)
rotated anticlockwise through an angle a with respect to x, y, the transformed
components can be combined into the complex quantity

Vo =V, +1V,, (19.11)
where
Vy=Vecosa+Vysina; V) =V,cosa—V,sina, (19.12)
from (1.14). Substituting these expressions into (19.11), we obtain
Vo = (cosa —1sina)V, + (sina +1cosa)V, = e "V . (19.13)

In describing the tractions on a surface defined by a contour S, it is some-
times helpful to define the unit vector

As
4s]
in the direction of the local tangent. If the contour is traversed in the con-
ventional anticlockwise direction, the outward normal from the enclosed area

#i is then represented by a unit vector rotated through 7/2 clockwise from #
and hence

t= (19.14)

n=1te""? = —if (19.15)
For the special case where s represents the circle s=aexp(:0), we have
arexp(10) Af

t= D =1exp(s) and 7 =exp(h) .
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19.2 The antiplane problem

To introduce the application of complex variable methods to elasticity, we first
consider the simpler antiplane problem of Chapter 15 and restrict attention to
the case where there is no body force (p, =0). The only non-zero displacement
component is u,, which is constant in direction and hence a scalar function
in the zy-plane. From equations (15.1, 15.6), we also deduce that w, is a real
harmonic function, and we can satisfy this condition by writing

2uu, =h+h, (19.16)

where h is a holomorphic function of ¢ and h is its conjugate. The non-zero
stress components o0,, 0, can be combined into a vector which we denote as

Ou, 8uz> _5 Ou, (19.17)

+1 :uaié_.a

chrzx+zazy=u<ax By

from (15.5, 18.6). Substituting (19.16) into (19.17) and noting that A is inde-
pendent of {, we then obtain
=T, (19.18)

We can write the complex function
h=hg +1hy, (19.19)

where hg, h, are real harmonic functions representing the real and imaginary
parts of h. Equation (19.18) can then be expanded as

1/0 0 1 [ 0h oh oh oh
/- — == T4 Y L= 19.2
2(8m+28y)(hI thy) 2<8:c * dy +Z3y l8x> (19:20)

and hence

1 (0h, Oh, | (Ohy Oh,
o= AT D %) 19.21
7z 2<8m+8y> Tz 2(83} 830) (19.21)

However, the Cauchy-Riemann relations (18.8) show that

Oh, _Oh, ~ Oh,  Oh,

=4 =-——2 19.22
Ox Oy ' Oy Ox ( )
so these expressions can be simplified as
Ohy  Ohy Ohy Ohy
zxr — = ) zy — — = —— . 19.23
7= or dy T2y dy Or ( )

Comparison with equations (16.8) then shows that h, is identical with the
real Prandtl stress function ¢ — i.e.
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hy 21

3(h) 0. (19.24)

It follows as in equation (16.9) that the boundary traction

oh,,

n — "5, 19.2
0. Bt (19.25)

where ¢ is a real coordinate measuring distance around the boundary in the
anticlockwise direction. Also, from (19.16), we have

h+h

ha: = T = puy = uf(x,y) 5 (1926)

where f(z,y) is the function introduced in equation (15.1). Thus,
h=hgy+ihy =pf +p, (19.27)

showing that the real functions pf and ¢ from Chapters 15,16 can be com-
bined as the real and imaginary parts of the same holomorphic function, for
antiplane problems without body force.

19.2.1 Solution of antiplane boundary-value problems

If the displacement u, is prescribed throughout the boundary, equation (19.16)
reduces the problem to the search for a holomorphic function h such that h+h
takes specified values on the boundary. If instead the traction o.,, is specified
everywhere on the boundary, we must first integrate equation (19.25) to obtain
the boundary values of h, and the problem then reduces to the search for a
holomorphic function h such that h—h takes specified values on the boundary.
This is essentially the same boundary-value problem, since we can define a
new holomorphic function g through the equations

_th

hy=g+3 with g=—7. (19.28)

Example

As an example, we consider Problem 15.3 in which a uniform antiplane stress
field o,, =S is perturbed by the presence of a traction-free hole of radius a.
As in §8.3.2, §8.4.1, we start with the unperturbed solution in which o,, =5
everywhere. From (19.17, 19.18),

U=h=_5

and hence a particular solution (omitting a constant of integration which
corresponds merely to a rigid-body displacement) is
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h=2SC; h=5¢,
where we note that S is a real constant, so S=.5. In particular,
hy = S(h) = Sy = Srsinf .

To make the boundary of the hole traction-free, we require h, to be constant
around the hole and this constant can be taken to be zero without loss of
generality. Thus, the corrective solution must satisfy

hy(a,0) = —Sasin§ .

It is possible to ‘guess’ the form of the solution, following arguments analogous
to those used for the in-plane problem in §8.3.2, but here we shall illustrate
the direct method by using equation (18.59). On the boundary r=a, we have

20 —6 1
s=aexp(e0); sinh = % =5, (2 — g) . (19.29)
Since this is an exterior problem, we use (18.59) with (19.28, 19.29) to obtain

1 Sa%(sa)(ds (19.30)

2 2m % a s/ (s=¢)’

A o3

We can use the residue theorem (18.40) to compute the contour integral.
Since ( is outside the contour, only the pole a?/s at s =0 makes a contribution
and we obtain

or

2 2
Res(0) = QS:z( giving h = STQ . (19.32)
The complete stress function (unperturbed + corrective solution) is then
Sa?
h=8C+—
¢
and the stress field is obtained from (19.18) as
2
=T = iﬁ.

As a check on this result, we note that on { = s,

2
h:SerSTa:S(erE),

using a?=s3 from (18.51). Thus, on the boundary, h is the sum of a complex
quantity and its conjugate which is real, confirming that the imaginary part
hy =0 as required.
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19.3 In-plane deformations

We next turn our attention to the problem of in-plane deformation, which was
treated using the Airy stress function in Chapters 4-13. Our strategy will be
to express the in-plane displacement

U= Uy + Uy (19.33)

in terms of complex displacement functions, much as the stresses in Chapter
4 were expressed in terms of the real Airy function ¢. By choosing to repre-
sent the displacements rather than the stresses, we automatically satisfy the
compatibility conditions, as explained in §2.2, but the stresses must then sat-
isfy the equilibrium equations and this will place restrictions on our choice of
displacement functions.

In vector notation, the equilibrium equations in terms of displacements

require that

1-2
Vdiv u + (1 - 2v)Vu + (uy)p =0, (19.34)

from (2.17). Using (19.33, 19.3, 19.7, 18.10), we can express the two in-plane
components of this condition in the complex-variable form

0 (Ou Ou Pu  (1-2v)p
90 (L)) L4 — ) 2L 4 ~0, 19.35
gz (3 + 36) 0 -2 + 5 (19:35)
where the in-plane body force
P =Dz +1py . (19.36)

Integrating (19.35) with respect to ¢, we obtain

ou Ou (1-2v) / -
3—)—+ —==f—-———+ d¢ , 19.37
R 7l ¢ (19.37)
where f is an arbitrary holomorphic function of (. This complex equation
really comprises two separate equations, one for the real part and one for
the imaginary part, both of which must be satisfied by w. It follows that the
conjugate equation

(3—4@32%22 :f—(lzjy)/pdg (19.38)

must also be satisfied. We can then eliminate 9u/0( between (19.37, 19.38)
to obtain

8(1—2u)(1—u)@ (34u)ff+(12;y) Updc(szw)/pd{] ,

¢
(19.39)
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with solution

(1= 20)(1~vju= (3~ 4v) [ fdC~(T+3

+(1gu2”)/ [/pdg (34y)/pd§] d¢ , (19.40)

where g is an arbitrary function of (.

The functions f, g are arbitrary and, in particular, | fd(¢ is simply a new
arbitrary function of {. We can therefore write a more compact form of (19.40)
by defining different arbitrary functions through the relations

41—-v)(1 -2 41 —v)(1 —2v)0
/fd<: (1= -2v)x G=_ (1—v)(d-2v) , (19.41)
K K

where y, 6 are holomorphic functions of ¢ and ¢ only respectively. We then

have -

— 40 -v)(1 —-2v)X
;A1) - )Y 19.42)

I

where Y/ represents the derivative of ¥ (which is a function of ¢ only) with
respect to (.
With this notation, equation (19.40) takes the form

2 = (3—41/)X—§X/—e+8(111/)/Updg—(s—zxu)/pdg]dg. (19.43)

From this point on, we shall restrict attention to the simpler case where
the body forces are zero (p=p=0), in which case

2uu = (3 —4v)x — (X — 0. (19.44)

It is a simple matter to reintroduce body force terms in the subsequent deriva-
tions if required.

19.3.1 Expressions for stresses
The tractions on the z and y-planes are

To = Ogz +10gy ; Ty = Oyz + 104y (19.45)
and these can be combined to form the functions

O =Ty, — 1Ty =0z +0yy - (19.47)

We note that @ is a real function and is invariant with respect to coordinate
transformation, whilst @ transforms according to the rule
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Dy, = 0l + 20, — 0y, =€ D (19.48)

where @, and the stress components o’ are defined in a coordinate system ', 3/’
rotated anticlockwise through an angle o with respect to z,y. This result is
easily established using the stress transformation equations (1.15-1.17).

Substituting (19.44) into (19.7) and recalling that the state is one of plane
strain so u, =0, we find

2pdiv u =2(1 - 2v) (X' + X') (19.49)
and hence, using the stress-strain relations (1.71)

6 =2(\ + p)div u

=2(x"+x) (19.50)
B Ougy  Ouy Ou,  Ouy

é‘z"{ax ay+’<ay+8x>}
= 4“22 =20Cx"+9). (19.51)

These expressions can also be written in terms of the single complex func-
tion

»(CC) =x+CX +6. (19.52)
We then have o ”
ac =X +X'; 876:(:)(”4-9/ (19.53)
and hence o0 oy

Notice however that 1) depends on both ¢ and ¢ and is therefore not
holomorphic.

19.3.2 Rigid-body displacement

Equations (19.54) show that all the stress components will be zero everywhere
if and only if 1({, ) is a constant. Expanding the holomorphic functions x, 6
as Taylor series

x=Ao+ A+ AP+ ... 0= DBy+ Bi(+ B(? + ... (19.55)
and substituting into (19.52), we obtain
= Ao+ By + (A1 + A)C + Bil + AsC? + 2450¢ + Bol® + ... (19.56)

This will be constant if and only if (4; + Ay) =0 and all the other coefficients
are zero except Ag, Bp. The condition (A; + A;) =0 implies that A; is pure
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imaginary, which can be enforced by writing A; = :Cy, where C; is a real
constant. Substituting these values into (19.44), we then obtain

2pu = (3 — 4v)Ag — By + 4(1 — vuC1C . (19.57)

The first two terms correspond to an arbitrary rigid-body translation and the
third to a rigid-body rotation. In fact, either of the complex constants Ag, By
has sufficient degrees of freedom to define an arbitrary rigid-body translation,
so one of them can be set to zero without loss of generality. In the following
derivations, we shall therefore generally set By = By =0, implying that 6(0)=0.

19.4 Relation between the Airy stress function and the
complex potentials

Before considering methods for solving boundary-value problems in complex-
variable notation, it is of interest to establish some relationships with the Airy
stress function formulation of Chapters 4-13. In particular, we shall show that
it is always possible to find complex potentials x, 8 corresponding to a given
Airy function ¢. This has the incidental advantage that the resulting complex
potentials can then be used to determine the displacement components, so
this procedure provides a method for generating the displacements due to
a given Airy stress function, which, as we saw in Chapter 9, is not always
straightforward in the real stress function formulation.

We start by using the procedure of §18.4.1 to express the real biharmonic
function ¢ in terms of two holomorphic functions g1, go, as in equation (18.27).

The stress components are given in terms of ¢ as

9?¢ 0%¢ 9%¢
Ogpy — aiyz y Ogy = —axay ;o Oyy = w 5 (1958)
from equations (4.6). It follows that
0%¢
O=V3p=4 _ 19.59
6=t (19.59
and
9%¢ 9% 0% o 9\ 920
S=—= -2 - =—|=—+41— | =—-4— 19.
ay2  “'9zoy 02 (5‘:c —H@y) ac’ (19.60)
using (18.10, 18.6).
Substituting for ¢ from (18.27) into (19.59), we then have
6 = V2 =4 (gs+5) (19.61)

and comparison with (19.50) shows that
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X = 2¢s . (19.62)

Similarly, from (18.27, 19.60) we have

o =4 (gl +Cqf) = 2N +247) (19.63)
using (19.62). Comparison with (19.51) then shows that
0 =24, . (19.64)

Example

As an example, we consider the problem of §5.2.1 in which the rectangular
beam = >0, —b<y<b is loaded by a shear force F' at the end £ =0. The real
stress function for this case is given by (5.35) as

F(xy? — 3b%xy)

¢= 453

Using (18.2), we have
zy=—2(C=¢") and ayt= (=) (-7,

from which

1F

T

(g‘* o3¢ +2¢C% — & 12622 — 12b2§2)

Comparison with (18.27) shows that

WF oy 5.0 WFE3
= —— 12 ; = — .
9 64b3 (C +12b C ) 792 3903
‘We then have 5
1F'¢ 1P
=—Te V=g (¢ +6bv%¢) (19.65)

from (19.62, 19.64) and hence

2uu = 2pu(uy + 2uy) = (3 —4v)x — X -0
- 12671;3 (—3—40)¢* = 3¢C" +2¢" + 126%)
= % ([3(1—1/)x2y_(2—1/)y3+3b2y] + [3()21._31/1,?]2_(1_”)3:3]) ’

agreeing with the plane-strain equivalents of (9.14, 9.15) apart from an arbi-
trary rigid-body displacement.
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19.5 Boundary tractions

We denote the boundary traction (i.e. the force per unit length along the
boundary S) as T'(s), where s is a real codrdinate defining position around S.
The traction is a vector which can be expressed in the usual complex form as

Ts)=il, +jT, =T, +:T, =T . (19.66)

Following the conventions of Chapter 18, the coordinate s increases as we tra-
verse the boundary in the anticlockwise direction as shown in Figure 19.1(a),
which also shows the traction components 17, T, .

Tcyy dx
nydx
T_>’I;C Gxﬁdy_l Tj\fds
T,
Y G dy TTyds

(a) (b)

Figure 19.1: (a) The boundary tractions T, T, and (b) equilibrium of a
small element at the boundary.

Figure 19.1(b) shows the forces acting on a small triangular element chosen
such that z,%, s all increase as we move up the inclined edge®. We recall the
convention that the material lies always on the left of the boundary as s
increases.

Equilibrium of this element then requires that

Tpds = 0gady — oygdx ; Tyds = o,ydy — oyyde (19.67)
and hence
Tds = (0gy + 104y)dy — (Oyg + 10yy)dx = T,dy — Tydx | (19.68)

using the notation of equation (19.45).
We can solve (19.46, 19.47) for 7,, 7, obtaining

Ty = %(6+¢) ;T = %(9 - P) (19.69)

and hence

L If any other orientation were chosen, one or more of the increments dz,dy,ds
would be negative resulting in a change in direction of the corresponding forces,
but the same final result would be obtained.
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Tds = % (O(dy — dx) + P(dy + wdx)) = % (®d¢ — ©dC) . (19.70)
Using (19.54), we then have
(e
Tds =1 ( aC_dC ac dC) = —udy . (19.71)
In other words,
__Ww__d v @ _
T= v = zds(x—i—(X +6) or dS—zT. (19.72)

Thus, if the tractions are known functions of s, equation (19.72) can be inte-
grated to yield the values of ¢ at all points on the boundary. We also note
that 1) must be constant in any part of the boundary that is traction-free.

Example

To illustrate these results, we revisit the example in §19.4 in which the rect-
angular bar —b <y <b, x >0 is loaded by a transverse force F' on the end
x =0, the edges y==+b being traction-free. The complex potentials are given
in (19.65). Substituting them into (19.52), we find

oF . _ _
V=15 {C= 0P +3C[(C= O +4¥°] } . (19.73)
In complex coordinates, the boundaries y==+b correspond to the lines
¢—C=+2b),

from (18.2) and it follows that the second term in the braces in (19.73) is zero
on each boundary, whilst the first term takes the value

F
F&b®,  corresponding to 1) = :FE .

This confirms that 1 is constant along each of the two traction-free boundaries.
We also note that as we go down the left end of the bar (thereby preserving
the anticlockwise direction for s), ¢ increases by F, so

C:—zb dw C:—zb
F= —ds = Td
/C_’Lb ds i /(—zb ! *

using (19.72). It follows that the resultant force on the end is

<=—’Lb
/ Tds = —F
C:lb

which corresponds to a force F' in the negative y-direction, which of course
agrees with Figure 5.2 and equation (5.25).
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19.5.1 Equilibrium considerations

The in-plane problem is well posed if and only if the applied loads are self-
equilibrated and since we are assuming that there are no body forces, this
implies that the resultant force and moment of the boundary tractions must
be zero.

The force resultant can be found by integrating the complex traction T'
around the boundary S, using (19.72). We obtain

dip

F,+F, = 7{ Tds=—-1¢9 —ds=0, (19.74)
S S ds

which implies that @ must be single-valued. This condition applies regardless
of the shape of the boundary, assuming the body is simply connected.

The contribution to the resultant moment from the traction T'ds on an
element of boundary ds can be written

AM = © (sTds — 3Tds) = — (sdf +5d) = ~R(sd) ,  (19.75)

[N

using (19.10) and (19.71). The resultant moment can then be written
M= % dM = —%% §%d§ (19.76)
S S 0s

and integrating by parts, we have

ﬁs?ﬁdg_sws—]ﬁd;dg_—j{swds,

since 59 is single-valued in view of (19.74). Thus, the condition that the
resultant moment be zero reduces to

Mz?)?(?izﬁds) 0. (19.77)

19.6 Boundary-value problems

Two quantities must be specified at every point on the boundary S. In the
displacement boundary-value problem, both components of displacement are
prescribed and hence we know the value of the complex function

2uu(s) =rx —Cx' —0; seS, (19.78)

where we recall that k= (3—4v). In the traction boundary-value problem, both
components of traction T'(s) are prescribed and we can integrate equation
(19.72) to obtain
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W(s) = Z/T(s)ds +C, (19.79)

where C' is an arbitrary constant of integration. The complex potentials must
then be chosen to satisfy the boundary condition

X(s)+sx'(s)+0(s)=v(s); s€8. (19.80)

Notice that the variable of integration s in (19.79) is a real curvilinear
coordinate measuring the distance traversed around the boundary S, but since
we shall later want to apply the Cauchy integral theorem, it is necessary to
express the resulting function ¢ as a function of the complex céordinate s
defining a general point on S.

The displacement and traction problems both have the same form and can
be combined as

x(s) +s X' (s) +6(s) = f(s); s€S, (19.81)

where y=—k, f(s) =—2uu(s) for the displacement problem and v=1, f(s)=
¥(s) for the traction problem.

One significant difference between the displacement and traction problems
is that the former is completely defined for all continuous values of the bound-
ary data, whereas the solution of traction problem is indeterminate to within
an arbitrary rigid-body displacement as defined in §19.3.2. Also, the permissi-
ble traction distributions are restricted by the equilibrium conditions (19.74,
19.76). Notice incidentally that the constant C in (19.79) can be wrapped into
the arbitrary rigid-body translation Ay in (19.57), since a particular solution
of the problem ({,()=C on S is 1=C (constant) throughout 2.

19.6.1 Solution of the interior problem for the circle

As in §18.6.1, we can use the Cauchy integral theorem to obtain the solution
of the in-plane problem for the region {2 bounded by the circle r = a with
prescribed boundary tractions or displacements.

Applying the Cauchy integral operator to both sides of equation (19.81),
we obtain

v [x(s)ds 1 [sx'(s)ds 1 [0(s)ds 1 f(s)ds
2m J (s =) 2%2]{ j{ (s—¢)

(s—CO) "2m ) (s—¢) 2m . (19.82)

Since  is a holomorphic function of ¢ in {2, equation (18.44) gives

1 [ x(s)ds
2m J (s —Q)

=x(¢) -
Also, writing

X = i A" 5 X = i nA, (" (19.83)
n=0 n=1
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and noting that 5=a?/s on the boundary S, we have

2n—2

0o
Z Sn2

Using the residue theorem, the second term in (19.82) can then be evaluated
as

1 A 2n—2 ds _ _
i — A 2
2m1 Z f s 2(s = () 16+ 24z07,

since all the remaining terms in the series integrate to zero as in (18.42).
A similar argument can be applied to the third integral in (19.82). Ex-

panding
0(¢) = > _ Bic"
k=0

we obtain
1 0(s)d _
Py (S) i = BO ’
2m J (s =)
and we note from §19.3.2 that this can be set to zero without loss of generality.
Assembling these results, we conclude that

x(¢) = %f (J;(S_)CS — A = 2450% . (19.84)

To determine the constants A1, Ay, we first replace x in (19.84) by its Taylor
series (19.83) giving

1 d _ _
L f s g et 9Aya® 4y Ag £ A 4y ACE . (19.85)
2m ] (s =Q)
Differentiating twice with respect to ¢, we obtain
1 f(s)ds
- L =A A 4+ 2+A
om f (s— 0 1+7AL + 27Ax( + ..
1 f(s)ds
— = 27yAs + 6vA 19.86
m ) (s—¢)3 2+ 67As¢ + ( )
and evaluating these last two expressions at ¢ = 0,
! f(s)ds < 1 f(s)ds
’}/AQ = o % 83 y A1 +’)/A1 = o 32 . (1987)

Equations (19.87) are sufficient to determine the required constants for
the displacement problem (y = k), but a degeneracy occurs for the traction
problem where 7y=1 and the second equation reduces to
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1 [ap(s)ds .

21 52

A+ A = (19.88)
This implies that the right-hand-side must evaluate to a real constant, which
(i) places a restriction on the permissible values of 1(s) and (ii) leaves the
imaginary part of A; indeterminate. We saw already in §19.3.2 that the imagi-
nary part of A; corresponds to an arbitrary rigid-body rotation. The condition
that the right-hand side of (19.88) be real is exactly equivalent to the condi-
tion (19.77) enforcing moment equilibrium. To establish the connection, we
note that for the circular boundary
a? a’ds

5= — sothat ds=-— 5
s s

Using this result in (19.77), we obtain

(o) n(f2) o

showing that the integral is pure imaginary and hence that the right-hand
side of (19.88) is real.

Once x is determined, we can apply a similar method to determine 6. We
first write the conjugate of equation (19.81) as

0(s) = f(s) —yx(s) —=3x'(s); s€S, (19.89)

and apply the Cauchy integral theorem, obtaining

1 [O(s)ds 1 f(s)ds R x(s)ds 1 sx/(s)ds
Q(C)_Qm%(sfg)_%m%(sf{) 27TZ%(S*C) 2m%(37C) '

(19.90)
The last two integrals on the right-hand side can be evaluated using (19.83)
and the residue theorem leading to

L [ F@ds - @ (X0 — X(0)
74 oo M- ¢ |

Once this expression has been evaluated, the remaining constant Ay can be
chosen to satisty the condition 6(0)=0 as discussed in §19.57. However, there
is no essential need to do this, since this constant corresponds merely to a
rigid-body displacement and makes no contribution to the stress components.

0(¢) =

T 2m

(19.91)

19.6.2 Solution of the exterior problem for the circle

For the exterior problem, we again apply the Cauchy integral operator, leading
to (19.82), which we repeat here for clarity
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A fx()ds 1 [sx(s)ds 1 [ O(s)ds _ 1 [ f(s)ds
2m | (s =) 2727{ (s=0¢) +2m (s —¢) 27”74(8_0. (19.92)

In this equation, the first term

v [ x(s)ds

from (18.48). For the third term, we note that 6(¢) is holomorphic in the
exterior region and hence permits a Laurent expansion

By | B
0(C) =L+ 22 4 ..
SO _ _ _ _
Bl BQ - Bls 3282

0 = - -z .
(s) 3 +§2+ a2 al

This can be regarded as the surface value of a function that is holomorphic
in the interior region and hence, since ( is outside the contour S,

1 0(s)ds
— =0. 19.93
2m ) (s =) ( )
For the second term in (19.92), we write
Ay Ay | Az
=+ =+ =+ 19.94
SO
— A1 21212 3A3 7 A153 2121284 3121385
X=—=Z——5 — =1t sX(§)=-—F - —%———=%
¢ ¢ ¢ a a a
and as before, we conclude that
1 sx'(s)ds
— 27—,
2m | (s =)
L[ f()d
s)ds
=—— . 19.95
(@) =5 -0 (19.95)

To determine 6, the conjugate equation (19.89) and (18.48) lead to

0(¢) = 1 [f(s)ds 1 f(s)derl% X(s)ds+i ?{ 5x'(s)ds

Co2m) (s—¢) 2m) (s—¢) 2m /) (s—¢) 2m) (s—¢()
and the second integral on the right-hand side is clearly of the same form as
(19.93) and is therefore zero. For the third integral, we have

1 sx'(s)ds _ 1 a?x'(s)ds _a2x’(§)

om [ (s—¢)  2m s(s—¢) ¢
using (18.48). We conclude that

0(¢) = —i i’;(s)c?) _ XCI(O . (19.96)
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Example

To illustrate the procedure, we consider the problem shown in Figure 19.2 in
which a circular hole of radius a is loaded by equal and opposite compressive

forces F' on the diameter.

Figure 19.2: Hole in a large body loaded by equal and opposite forces F.

In this case, we have

F5(0)  F5(0—r)

a a

T =

and a suitable integral of (19.72) yields

oF

b(s) = —Zsgn(®) so D) = Ssgn(h) |

2 2

(19.97)

where sgn(f)=+11in 0<f <7 and —1 in —7 <0< 0. Notice that in performing
this integral, it is necessary to traverse the contour in the direction that keeps
the material of the body on the left, as explained in §19.5. Substituting in

equation (19.95) with v=1, f(s)=1(s), we obtain

1 P(s)ds  F s=a
K©) = g p I L (-0 - -0
_ Eln (+a
o (—a)’
from which 7
oy a
X(C)_ 7T(C2—a2) .

The integral term in (19.96) is evaluated in the same way as

1 [Y(s)ds  F (<+a>

2m (sfo:gln (—a

and it follows that

_F (+a Fa?
G(C)%ln<4_a) +7TC(C2—G2) .
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Finally, the complex stresses can be recovered by substitution into (19.61,
19.63), giving

Jp— Fa 1 1
9:2(x+x’)=—7r<(<2_a2)+( )

¢* - a?)
7 — 7\ _ 2Fa [2(a®—¢0) 1
S A

This problem could have been solved using the real stress function approach
of Chapter 13 (for example by superposing the solution of Problem 13.2 for
two forces at #=0, ), but the present method is considerably more direct.

19.7 Conformal mapping for in-plane problems

The technique of conformal mapping introduced in §18.7 can be applied to

in-plane problems, but requires some modification because of the presence of

the derivative term x’ in the boundary condition (19.81). Suppose that the

problem is defined in the domain {2* and that we can identify a mapping

function w(¢) that maps each point w € 2* into a point ¢ € 2, where {2

represents the domain either interior or exterior to the unit circle |¢|=1.
The boundary condition (19.81) requires that

yx(Ww)+wx' (w)+0(w) =fw); weS", (19.98)

where S* is the boundary of 2*. If we substitute w=w((), the functions x, 6
will become functions of ¢, but to avoid confusion, we shall adopt the notation

x¢(©) =x(@(@) 5 0c(Q) =0(w(C)) 5 (€)= fw(())
for the corresponding functions in the {-plane. We then have

o dy  dxcdc  Xg
X = o ~wdw~ w

Using the conjugate of this result in (19.98), we obtain

w(s)
'(s)

where S is the unit circle. This defines the boundary-value problem in the
(-plane.

The mathematical arguments used in §§19.6.1, 19.6.2 can be applied to
this equation and will yield identical results except in regard to the second
term. To fix ideas, suppose {2* is the region exterior to a non-circular hole

X/Q(S) + QC(S) = fC(S) ; sES, (19.99)

x¢(s) +

&
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and w(¢) maps into the region exterior to the unit circle S. Then, the second
term in equation (19.92) must be replaced by

| @)

N . T 19.100
2m Js w'(s)(s = ¢) ( )
and after evaluating the remaining terms as in §19.6.2, we obtain
1 [ fe(s)ds g % w(s)xe(s)ds
=—— —— ) = 19.101
elQ) =5 60 e ( )

The integral (19.100) will be zero if the integrand has no poles inside the
contour and can be evaluated using the residue theorem if it has a finite
number of poles. As in §19.6.2, we can represent X¢ by its Laurent series

(19.94) and hence write

X’C(s) = —A15* —2455% — 3435 + .., (19.102)

since on the unit circle ss = 1. Equation (19.102) can be regarded as the
surface values of a holomorphic function that has no poles within the circle,
but the mapping function w must be holomorphic in the region {2 exterior to
the circle S, and this generally implies that it will have poles in the interior
region.

Since both (2, 2* extend to infinity, it is reasonable to choose a mapping
function w(¢) such that concentric circles in the ¢-plane map into increasingly
circular contours as we go further away from the hole. This is achieved by the
function B B

w(¢) :c<+—1+—§+B—§+..., (19.103)

¢ ¢ <
since at large (, only the first term remains, which represents simply a lin-
ear scaling. The series in (19.103) may be infinite or finite, but in either case
w(¢) clearly posesses poles at the origin. If the series is finite, the integrand
in (19.100) will have at most a finite number of poles and the integral can
be evaluated using the residue theorem. It follows from (18.39) that the re-
sulting expression will contain unknowns representing the derivatives of Q
evaluated at the origin, which in view of (19.102) comprises a finite number
of the unknown coefficients A1, As, .... However, a sufficient number of linear
equations for these coefficients can be obtained by constructing the conjugate
X¢ from (19.101) and equating it or its derivatives to the corresponding values
at the origin. This is of course precisely the same procedure that was used to
determine the constants A;, A in §19.6.1.
This procedure can be generalized to allow w to be a rational function

(o) = S8t Co® + ..+ Cu ("
D¢+ Do+ 4 D™
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which will posess simple poles at each of the m zeros of the finite polynomial
representing the denominator. In this case, the unknowns appearing in the
integral (19.100) will be the values of X¢ at each of these poles and a set of
equations for determining them is obtained by evaluating (19.101) at each
such pole?.

Once X¢ has been determined, 6 can be obtained exactly as in §19.6.2.
We take the conjugate of (19.99) and apply the Cauchy integral operator
obtaining

v wds 1 %W(S)X%(S)ds 1 %HC(s)ds 1 fc(s)ds

mf =0 mfos-0 mf -0 mf -0

The first integral is zero, as in §19.6.2 and applying (18.48) to the third term,
we obtain

1 [ fels)ds 1 W(S)X'C(S)ds
T f (s 0) *szmw—m

At this stage, all the quantities on the right-hand side of (19.104) are known
and the integrals can generally be evaluated using the residue theorem.

0c(¢) = (19.104)

19.7.1 The elliptical hole

A particularly simple case concerns the elliptical hole for which
w=c (g n ’?) , (19.105)
from (18.62), where ¢, m are real constants. We then have

w’(s):c(l—g) =c(1—ms?)

and

w(s) 1 s24+m
W'(s) T s \1-ms2/) "

This expression has a simple pole at the origin, but when introduced into
(19.100) this is cancelled by the factor s in (19.102). The simple poles at
s==4/1/m lie outside S, since m < 1. It follows that the integral (19.100) is

zero and Fr(s)d
1 C s)as
o 57(3—0 , (19.106)

from (19.101). Using (19.105), in (19.104), we obtain

x¢(Q) =

2 For more details of this procedure, the reader is referred to A.H.England, loc.cit,
85.3, 1.S.Sokolnikoff, loc.cit, §84.
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1 fc(s)ds 1 s(1+ msQ)X’C(s)ds
Tom <s—<>+%f{ (2 —m)(s— )
and since the integrand in the second term has no poles in the region exterior

to the unit circle (except for the Cauchy term (s — ()), we can evaluate it
using the Cauchy integral theorem (18.48), obtaining

0c(Q) =

| Fe®ds L mEN(Q)
o) (s—¢) (P -m)

0:(C) = (19.107)

Example
The ellipse corresponding to the mapping function (19.105) has semi-axes
a=c(l+m); b=c(l-m),

from equation (18.65), so with m = 1, we have a = 2¢,b = 0. This defines
an ellipse with zero minor axis, which therefore degenerates to a plane crack
occupying the line —a < ¢ <a,n=0. Equation (19.105) then takes the special

form 1 1
a _ a (-

We shall use this and the results of §19.7.1 to determine the complete stress
field in a cracked body opened by a far-field uniaxial tensile stress o, =S.
This problem was solved using a distribution of dislocations in §13.3.2.

As usual, we start by considering the unperturbed solution, which is a
state of uniform uniaxial tension o¢e =0¢, =0, 0y, =95 and hence

0=5; o=-85,

from (19.47, 19.46) respectively. It is clear from equations (19.50, 19.51) that
a particular solution can be obtained in which the unperturbed potentials
X0, 0o are linear functions of w. Elementary operations show that the required
potentials are

X():S—w; Gozs—w and hence 1/)0:&—&—&,
2 2 2
from (19.52).
For the complete (perturbed) solution, we want the crack S* to be traction-
free and hence ¥ (w) =g (w) + 11 (w)=0 for we S*, where 9 is the perturba-
tion due to the crack. Using (19.108) to map the perturbation into the {-plane

and then setting ( =s, ¢ =1/s, corresponding to the unit circle |¢| =1, we

have s )
Vels) = 77“ <5 + S) .
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Substituting this result into (19.106) with y=1, fC :wg, we obtain

x¢(Q) = ﬁf% <s+ 1) (isc) : (19.109)

Since this is an exterior problem, ( is outside the unit circle and the only pole
in the integrand is that at s=0. The residue theorem therefore gives

_Sa 1l _ Sa (19.110)

20 %
Substituting into (19.107) and noting that

Sa (1 S
=5 (+5) xe=3a

x¢(©)

we then obtain

1 Sa (1 ds Sa(¢®+1
=g 5 (1) e S,
2my 2 \s (s—=¢) 2¢(¢*—1)
The contour integral is identical with that in (19.109) and after routine cal-
culations we find

Sal
0-(C) = — . (19.111)
SRRCEESY
To move back to the w-plane, we use (18.68), which with m=1,c=a/2
takes the form
(VT
—

Substituting this result into (19.110, 19.111), adding in the unperturbed so-
lution xjg, fp and using the identity

1 L w—Vw?—a?  w—Vw?—a?
wHVwr—a2 w?—(w?-a?) a2 ’
we obtain the complete solution to the crack problem as
() SerS\/wQ—a2 0(w) Sw Sa?
Ww)y=—+ —; Ww)=—-— ————.
X 4 2 ' 2 2V w2 — a2
Finally, the complex stresses are recovered from (19.47, 19.46) as

Sw . Sw
Vw2 —a?  \B? —a?
— Sa?(w —w)
@Z—Q(MXN‘FHI) :—S"‘rm .
Notice that these expressions define the stress field throughout the cracked
body; not just the tractions on the plane y = 0 as in the solution in §13.3.2.

O=2(x"+x)=-5+
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PROBLEMS

1. A state of uniform antiplane shear o,, =S5, 0,.=0 in a large block of mate-
rial is perturbed by the presence of a rigid circular inclusion whose boundary
is defined by the equation r = a in cylindrical polar coordinates r, 8, z. The
inclusion is perfectly bonded to the elastic material and is prevented from
moving, so that u, =0 at r=a. Use the complex-variable formulation to find
the complete stress field in the block and hence determine the appropriate
stress concentration factor.

2. Show that the function (18.62) maps the surfaces of the crack —a < ¢ <
a,n=0 onto the unit circle if m=1,c=a/2. Use this result and the complex-
variable formulation to solve the antiplane problem of a uniform stress field
oy, =S perturbed by a traction-free crack. In particular, find the mode III
stress intensity factor Kyjy.

3. Show that the function w(¢)=¢> maps the wedge-shaped region 0< 19 <
in polar codrdinates (p,¥) into the half-plane y >0 if A=a/7.

Use this mapping to solve the antiplane problem of the wedge of subtended
angle « loaded only by a concentrated out-of-plane force F' at the point p=
a,9=0.

4. Use the stress transformation equations (1.15-1.17) to prove the relation
(19.48).

5. Express the plane strain equilibrium equations (2.2, 2.3 with o,,=0,,=0)

in terms of @,®,p and (, (.

6. By analogy with equations (19.46, 19.47), we can define the complex strains
e, € as
€=¢Cppteyy; €= eyt ey —ey,

where we note that e = div w is the dilatation in plane strain. Express the
elastic constitutive law (1.71) as a relation between e,e and O, P.

7. Express the compatibility equation (2.8) in terms of the complex strains
e, € defined in Problem 6 and (, C.

8. Use (19.9) and (1.46) to obtain a complex-variable expression for the in-
plane rotation w,. Then apply your result to equation (19.57) to verify that
the term involving C is consistent with a rigid-body rotation.

9. Use the method of §19.4 to determine the displacements due to the Airy
stress function ¢ =r26. Express the results in terms of the components u,., ug,
using the transformation equation (19.13).
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10. Substitute the Laurent expansion (19.94) into the contour integral

j{ 5x(s)ds

s (s=0Q 7

where ( is a point outside the circular contour S of radius a. Use the residue
theorem to evaluate each term in the resulting series and hence verify that

1 ad(s)ds | a?(Q)
mf (5= ¢

11. Use the method of §19.6.1 to find the complex stresses @, ® for Problem
12.1, where a disk of radius a is compressed by equal and opposite forces F’
acting at the points ( ==+a.

12. A state of uniform uniaxial stress, 0., =5 is perturbed by the presence of
a traction-free circular hole of radius a. Use the method of §19.6.2 to find the
complex stresses O, P. [Note: the Airy stress function solution of this problem
is given in §8.4.1.]

13. A state of uniform shear stress, o,, =S is perturbed by the presence of a
bonded rigid circular inclusion of radius a. Use the method of §19.6.2 to find
the complex stresses 6, .

14. A state of uniform uniaxial stress, oy, =5 is perturbed by the presence
of a traction-free elliptical hole of semi-axes a,b. Find the complex potentials
X, 0 as functions of w and hence determine the stress concentration factor as
a function of the ratio b/a. Verify that it tends to the value 3 when b=a.

15. Use the method of §19.7.1 to find the complete stress field for Problem
13.4 in which a state of uniform shear stress o,, = S is perturbed by the
presence of a crack occupying the region —a<z<a,y=0.
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20
DISPLACEMENT FUNCTION SOLUTIONS

In Part I, we chose a representation for stress which satisfied the equilibrium
equations identically, in which case the compatibility condition leads to a
governing equation for the potential function. In three-dimensional elasticity,
it is more usual to use the opposite approach — i.e. to define a potential
function representation for displacement (which therefore identically satisfies
the compatibility condition) and allow the equilibrium condition to define the
governing equation.

A major reason for this change of method is simplicity. Stress function for-
mulations of three-dimensional problems are generally more cumbersome than
their displacement function counterparts, because of the greater complexity
of the three-dimensional compatibility conditions. It is also worth noting that
displacement formulations have a natural advantage in both two and three-
dimensional problems when displacement boundary conditions are involved
— particularly those associated with multiply connected bodies (see §2.2.1).

20.1 The strain potential

The simplest displacement function representation is that in which the dis-
placement is set equal to the gradient of a scalar function — i.e.

2uu=Ve. (20.1)

The displacement w must satisfy the equilibrium equation (2.17), which
in the absence of body force reduces to

Vdivu+ (1 - 20)V2u =0. (20.2)
We therefore obtain
VV24=0, (20.3)
and hence
J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 321
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V2 =C, (20.4)

where C' is an arbitrary constant. The displacement function ¢ is generally
referred to as the strain or displacement potential.

The general solution of equation (20.4) is conveniently considered as the
sum of a (harmonic) complementary function and a particular integral, and for
the latter, we can take an arbitrary second-order polynomial corresponding to
a state of uniform stress. Thus, the representation (20.1) can be decomposed
into a uniform state of stress superposed on a solution for which ¢ is harmonic.

It is easy to see that this representation is not sufficiently general to rep-
resent all possible displacement fields in an elastic body, since, for example,

the rotation
o — %_61@ _82¢_82¢:
= \ox oy ) 0xdy oyor

In other words, the strain potential can only be used to describe irrotational
deformation fields!. It is associated with the name of Lamé (whose name also
attaches to the Lamé constants A, ), who used it to solve the problems of an
elastic cylinder and sphere under axisymmetric loading. In the following work
it will chiefly be useful as one term in a more general representation.

(20.5)

20.2 The Galerkin vector

The representation of the previous section is insufficiently general to describe
all possible states of deformation of an elastic body and in seeking a more
general form it is natural to examine representations in which the displacement
is built up from second rather than first derivatives of a potential function.
Using the index notation of §1.1.2, the second derivative term

0’F
8.’L’ia$j ’

where F' is a scalar, will represent a Cartesian tensor if the indices i,j are
distinct. Alternatively if we make ¢ and j the same, we obtain
0’F  0°F L 0%F L 0%F
szaxl - 8x18x1 8$an2 ax3a.’£3

=V?F, (20.6)

which defines the Laplace operator and returns a scalar. What we want to
obtain is a vector, which has one free index, and this can only be done if
F also has an index (and hence represents a vector). Then we have a choice
of pairing the index on F' with one of the derivatives or leaving it free and
pairing the two derivatives. The most general form is a linear combination of
the two — i.e.

1 'We encountered the same lack of generality with the body force potential of
Chapter 7 (see §7.1.1).
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0*F; 0%F;
6$j317j (993181‘3 ’
where C' is an arbitrary constant which we shall later assign so as to simplify

the representation. The function F; must be chosen to satisty the equilibrium
equation (20.2), which in index notation takes the form

2uu; = C (20.7)

0%uy 0%u;
1-2 = 20.8
from (2.14).
Substituting (20.7) into (20.8), and cancelling non-zero factors, we obtain
O*F,, O*F, O*F,
C - J c(l-2v)————*
81’]6%8@8@ 8xk81j8xi8xk + ( V) 8xj8xj8xk8xk
(1—2v) O'F, 0. (20.9)
-1-20)——— =0. )
6$i8x]—8xk8xk

Each term in this equation contains one free index 4, all the other indices
being paired off in an implied sum. In the first, second and fourth term, the
index on F' is paired with one of the derivatives and the free index appears in
one of the derivatives. [Aftérexpanding thelimplied summations; these terms
are therefore all identical and the representation can be simplified by making
them sum to zero. This is achieved by choosing

C—-1-(1-2v)=0 or C=21-v),

after which the representation (20.7) takes the form

2pu; = 2(1 — v) 85?(1’;;]» - aijg;j : (20.10)
or in vector notation
2uu = 2(1 — v)V?F — Vdiv F . (20.11)
With this choice, the equilibrium equation reduces to
L S 0 or VF=0 (20.12)
0x;0x;0x,0z)

and the vector function F' is biharmonic.

This solution is due to Galerkin and the function F' is known as the
Galerkin vector. A more detailed derivation is given by Westergaard?, who
gives expressions for the stress components in terms of F' and who uses this

2 H.M.Westergaard, Theory of Elasticity and Plasticity, Dover, New York, 1964,
866.
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representation to solve a number of classical three-dimensional problems, no-
tably those involving concentrated forces in the infinite or semi-infinite body.
We also note that the Galerkin solution was to some extent foreshadowed by
Love3, who introduced a displacement function appropriate for an axisym-
metric state of stress in a body of revolution. Love’s displacement function is
in fact one component of the Galerkin vector F'.

20.3 The Papkovich-Neuber solution

A closely related solution is that developed independently by Papkovich and
Neuber in terms of harmonic functions. In general, solutions in terms of har-
monic functions are easier to use than those involving biharmonic functions,
because the properties of harmonic functions have been extensively studied in
the context of other physical theories such as electrostatics, gravitation, heat
conduction and fluid mechanics.

We define the vector function

1
P = f§v2F (20.13)

and since the function F' is biharmonic, 9 must be harmonic.
We also note that

VE(r - ap) = V2 (e + yiby + 292)

L0 Y, O
=2, F2g T2
= 2div 1 . (20.14)

Substituting for 1 from equation (20.13) into the right-hand side of
(20.14), we obtain

V3(r - ) = —div V2F = —V3div F (20.15)

and hence
—divF=7r-¢Y+¢, (20.16)

where ¢ is an arbitrary harmonic function.
Finally, we substitute (20.13, 20.16) into the Galerkin vector representation
(20.11) obtaining

2Quu = —4(1—-v)Yp+V(r-¢+¢), (20.17)

where 1 and ¢ are both harmonic functions — i.e.

3 A.E.H.Love, A Treatise on the Mathematical Theory of Elasticity, 4th.edn., Dover,
New York, 1944, §188.
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V3 =0; V?¢=0, (20.18)

but notice that ) is a vector function, whilst ¢ is a scalar. This is known as
the Papkovich-Neuber solution and it is widely used in modern treatments of
three-dimensional elasticity problems. We note that the scalar function ¢ is
the harmonic strain potential introduced in §20.1 above.

20.3.1 Change of coordinate system

One disadvantage of the Papkovich-Neuber solution is that the term 7 - 4
introduces a dependence on the origin of coordinates, so that the potentials
corresponding to a given displacement field will generally change if the origin
is changed. Suppose that a given displacement field is characterized by the
potentials 1, ¢1, so that

2pu = —4(1 —v)yp, + V(rip, + ¢1) (20.19)

where 71 is a position vector defining the distance from an origin O;. We
wish to determine the appropriate potentials in a new coordinate system with
origin Os. If the coordinates of O; relative to O are defined by a vector s,
the position vector r5 in the new codrdinate system is

ro=8-+7]. (20.20)
Solving (20.20) for r; and substituting in (20.19), we have
2pu = —4(1 =)y + V[(ra — s)- 9y + ¢1],
or
2pu = —4(1 = v)hy + V(rapy + ¢2)
where
Yy =915 d2=d1—5-9;. (20.21)

Thus, the vector potential ¢ is unaffected by the change of origin, but there
is a change in the scalar potential ¢. By contrast, the Galerkin vector F is
independent of the choice of origin.

20.4 Completeness and uniqueness

It is a fairly easy matter to prove that the representations (20.10, 20.17) are
complete — i.e. that they are capable of describing all possible elastic displace-
ment fields in a three dimensional body*. The related problem of uniqueness

4 See for example, H.M.Westergaard, loc. cit. §69 and R.D.Mindlin, Note on the
Galerkin and Papcovich stress functions, Bulletin of the American Mathematical
Society, Vol. 42 (1936), pp.373-376.
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presents greater difficulties. Both representations are redundant, in the sense
that there are infinitely many combinations of functions which correspond to
a given displacement field. In a non-rigorous sense, this is clear from the fact
that a typical elasticity problem will be reduced to a boundary-value prob-
lem with three conditions at each point of the boundary (three tractions or
three displacements or some combination of the two). We should normally
expect such conditions to be sufficient to determine three harmonic poten-
tial functions in the interior, but (20.17) essentially contains four independent
functions (three components of ¥ and ¢).

Neuber gave a ‘proof’ that one of these four functions can always be set
equal to zero, but it has since been found that his argument only applies
under certain restrictions on the shape of the body. A related ‘proof’ for the
Galerkin representation is given by Westergaard in his §70. We shall give a
summary of one such argument and show why it breaks down if the shape of
the body does not meet certain conditions.

We suppose that a solution to a certain problem is known and that it
involves all the three components v,,,,1, of 9 and ¢. We wish to find
another representation of the same field in which one of the components is
everywhere zero. We could achieve this if we could construct a ‘null’ field —
i.e. one which corresponds to zero displacement and stress at all points — for
which the appropriate component is the same as in the original solution. The
difference between the two solutions would then give the same displacements
as the original solution (since we have subtracted a null field only) and the
appropriate component will have been reduced to zero.

Equation (20.17) shows that 1, ¢ will define a null field if

Vr-p+¢)—4(1—v)p=0. (20.22)
Taking the curl of this equation, we obtain
curl V(r - ¢+ ¢) —4(1 —v)curl p =0 (20.23)
and hence
curl ¢ =0, (20.24)

since curl V of any function is identically zero.
We also note that by applying the operator div to equation (20.22), we
obtain
Vir-¢+¢)—4(1—v)divy =0 (20.25)

and hence, substituting from equation (20.14) for the first term,
2div ¢ —4(1 —v)div ¢p = —2(1 — 2v)divep = 0. (20.26)

Now equation (20.24) is precisely the condition which must be satisfied for
the function 1 to be expressible as the gradient of a scalar function®. Hence,
we conclude that there exists a function H such that

5 See §7.1.1.
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Y =VH. (20.27)

Furthermore, substituting (20.27) into (20.26), we see that H must be a
harmonic function.

In order to dispense with one of the components (say 1) of ¥ in the given
solution, we need to be able to construct a harmonic function H to satisfy the

equation
OH
—— =, . 20.2
==y (20.28)

If we can do this, it is easily verified that the appropriate null field can be
found, since on substituting into equation (20.22) we get

V(r-VH+¢—-4(1—-v)H)=0, (20.29)
which can be satisfied by choosing ¢ so that
¢p=4(1—v)H —r-VH . (20.30)
Noting that

OH OH OH
2 . — 2 - - -
Vi(r-VH) =V <x6x+y6y +zaz)

=2V?H , (20.31)

we see that ¢ will then be harmonic, as required, since H is harmonic.

20.4.1 Methods of partial integration

We therefore consider the problem of integrating equation (20.28) subject to
the constraint that the integral be a harmonic function. We shall examine two
methods of doing this which give some insight into the problem.

The given solution and hence the function 1, is only defined in the finite
region occupied by the elastic body which we denote by (2. We also denote
the boundary of {2 (not necessarily connected) by I.

One candidate for the required function H is obtained from the integral

H, :/ V.dz (20.32)

where the integral is performed from a point on I" to a point in the body along
a line in the z-direction. This function is readily constructed and it clearly
satisfies equation (20.28), but it will not in general be harmonic. However,

%V2Hl — VQL@T -0 (20.33)

and hence
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V2H, = f(z,y) . (20.34)

Now a harmonic function H satisfying equation (20.28) can be constructed
as
H=H,+ H,, (20.35)

where Hs is any function of x,y only that satisfies the equation
V2Hy = —f(z,y) . (20.36)

A suitable choice for Hs is the logarithmic potential due to the source
distribution f(z,y), which can be explicitly constructed as a convolution in-
tegral on the logarithmic (two-dimensional) point source solution. Notice that
H, is not uniquely determined by (20.36), but we are looking for a particular
integral only, not a general solution. Indeed, this freedom of choice of solu-
tion could prove useful in extending the range of conditions under which the
integration of (20.28) can be performed.

At first sight, the procedure described above seems to give a general
method of constructing the required function H, but a difficulty is encoun-
tered with the definition of the lower limit zp in the integral (20.32). The path
of integration is along a straight line in the z-direction from I to the general
point (x,y, z). There may exist points for which such a line cuts the surface
I' at more than two points — i.e. for which zp is multivalued. Such a case is
illustrated as the point P(x,y,z) in Figure 20.1. The integrand is undefined
outside 2 and hence we can only give a meaning to the definition (20.32) if we
choose the point A as the lower limit. However, by the same token, we must
choose the point C as the lower limit in the integral for the point Q(z,y, 2’).

+0(x,y,2°)

Figure 20.1: Path of integration for equation (20.32).

It follows that the function f(x,y) is not truly a function of z, y only, since
it has different values at the points P, (), which have the same coordinates
(z,y). The f(z,y) appropriate to the region above the line T'T" will generally
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have a discontinuity across the line TR, where T is the point of tangency of I’
to lines in the z-direction (see Figure 20.1). Notice, however that the freedom
of choice of the integral of equation (20.36) may in certain circumstances
permit us to eliminate this discontinuity.

Another way of developing the function H; is as follows:- We first find
that distribution of sources which when placed on the surface I' in an infinite
space would give the required potential ¢, in 2. This distribution is unique
and gives a form of continuation of v, into the rest of the infinite space which
is everywhere harmonic except on the surface I'. We then write —oo for the
lower limit in equation (20.32).

The function defined by equation (20.32) will now be harmonic except
when the path of integration passes through I', in which case V2H; will con-
tain a term proportional to the strength of the singularity at the appropriate
point(s) of intersection. As these points will be the same for any given value
of (z,y), the resulting function will satisfy equation (20.33), but we note that
again there will be different values for the function f(x,y) if the appropriate
path of integration cuts I" in more than two points. Furthermore, this method
of construction shows that the difference between the two values is propor-
tional to the strength of the singularities on the extra two intersections with
I' (i.e. at points B, C in Figure 20.1). One of the consequences is that f(x,y)
in the upper region will then show a square root singular discontinuity to the
left of the line TR, assuming that I" has no sharp corners. This question is
still a matter of active interest in elasticity®.

20.5 Body forces

So far we have concentrated on the development of solutions to the equation of
equilibrium (20.2) without body forces. As in Chapter 7, problems involving
body forces are conveniently treated by first seeking a particular solution
satisfying the equilibrium equation (2.17)

(A-2v)p

Vdiv u + (1 — 2v)VZu + =0 (20.37)

and then superposing appropriate homogeneous solutions — i.e. solutions
without body force — to satisfy the boundary conditions.

5 For further discussion of the question, see R.A.Eubanks and E.Sternberg, On the
completeness of the Boussinesq-Papcovich stress functions, Journal of Rational
Mechanics and Analysis, Vol. 5 (1956), pp.735-746., P.M.Naghdi and C.S.Hsu,
On a representation of displacements in linear elasticity in terms of three stress
functions, Journal of Mathematics and Mechanics, Vol. 10 (1961), pp.233-246,
T.Tran Cong and G.P.Steven, On the respresentation of elastic displacement fields
in terms of three harmonic functions, Journal of Elasticity, Vol. 9 (1979), pp.325—
333.
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20.5.1 Conservative body force fields
If the body force p is conservative, we can write
p=-VV (20.38)

and a particular solution can always be found using the strain potential (20.1).
Substituting (20.1, 20.38) into (20.37) we obtain

(1-v)VV%%—(1-20)VV =0, (20.39)
which is satisfied if 1)V
—2v

Solutions of this equation can be found for all functions V. The corresponding
stress components can then be obtained from the stress-strain and strain-
displacement relations. For example, we have

Ouy ¢ vV 0%

A
2z = Adi 2 = Vp+ > = — 20.41
Tz v u Ly ZMV ¢+0m2 (1-v) +8x2 ’ (20.41)
using (1.68-1.70, 20.40). For the shear stresses, we have for example
ou ou 0%¢
o = 2ty = -y ) = . 20.42

20.5.2 Non-conservative body force fields

If the body force p is non-conservative, a particular solution can always be
obtained using the Galerkin vector representation of equation (20.11). Sub-
stituting into (2.16), we obtain

O*F; Di
= — 20.4
8xj8xj8xk8:nk (1 — V) ’ ( 0 3)
or
viF=__P (20.44)

(1-w)

This constitutes three uncoupled equations relating each component of the
Galerkin vector to the corresponding component of the body force. Particular
solutions can be found for all functions p.
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PROBLEMS

1. Show that the function

2600

—Y Ox dy

will be harmonic (V21 =0) if ¢ is harmonic. Show also that ¢ will be bihar-
monic if ¢ is biharmonic.

2. Find the most general solution of equation (20.4) that is spherically sym-
metric — i.e. depends only on the distance R=+/x2+y2+22 from the origin.
Use your solution to find the stress and displacement field in a hollow spher-
ical container of inner radius b and outer radius a, loaded only by internal
pressure pg at R=0. Note: Strain-displacement relations and expressions for

the gradient and Laplacian operator in spherical polar coordinates are given
in §21.4.2 below.

3. By expressing the vector operators in index notation, show that
Vdiv Vdiv V = V2Vdiv V = Vdiv V2V |
where V is any vector field.

4. Starting from equation (20.10), use (1.51, 1.71, 1.69) to develop general
expressions for the stress components o;; in the Galerkin formulation, in terms
of F; and the elastic constants p, v.

5. Verify that the function v =1/+/22+y?+ 22 is harmonic everywhere except
at the origin, where it is singular. This function can therefore be used as a
Papkovich-Neuber displacement function for a body that does not contain the
origin, such as the infinite body with a spherical hole centred on the origin.
Show by partial integration that it is impossible to find a function H such

that
o

0z
and V2H =0, except possibly at the origin.

6. Repeat the derivation of §20.3 using equation (20.44) in place of (20.12)
in order to generalize the Papkovich-Neuber solution to include a body force
field p. In particular, find the governing equations for the functions ), ¢.

7. Find a particular solution for the Galerkin vector F' for the non-conservative
body force field

pr=—pQRy ; py=pQRz ; p.=0.
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8. Prove the result (used in deriving (20.24)) that
curl Vo =0,

for any scalar function ¢.

9. (i) Verify that the Galerkin vector
F = Caz3yk

satisfies the governing equation (20.12) and determine the corresponding dis-
placement vector u.
(ii) Show that
Fo=(1-20)V?>+ Vdiv ) f

defines a null Galerkin vector (i.e. the corresponding displacements are every-
where zero) if V4 f=0.

(iii) Using this result or otherwise, find an alternative Galerkin vector for
the displacement field of part (i) that is confined to the zy-plane — i.e. such
that F,=0.
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THE BOUSSINESQ POTENTIALS

The Galerkin and Papkovich-Neuber solutions have the advantage of pre-
senting a general solution to the problem of elasticity in a suitably compact
notation, but they are not always the most convenient starting point for the
solution of particular three-dimensional problems. If the problem has a plane
of symmetry or particularly simple boundary conditions, it is often possible to
develop a special solution of sufficient generality in one or two harmonic func-
tions, which may or may not be components or linear combinations of com-
ponents of the Papkovich-Neuber solution. For this reason, it is convenient to
record detailed expressions for the displacement and stress components aris-
ing from the several terms separately and from certain related displacement
potentials.

The first catalogue of solutions of this kind was compiled by Boussinesq!
and is reproduced by Green and Zerna?, whose terminology we use here.
Boussinesq identified three categories of harmonic potential, one being the
strain potential of §20.1, already introduced by Lamé and another compris-
ing a set of three scalar functions equivalent to the three components of the
Papkovich-Neuber vector, @. The third category comprises three solutions
particularly suited to torsional deformations about the three axes respectively.
In view of the completeness of the Papkovich-Neuber solution, it is clear that
these latter functions must be derivable from equation (20.17) and we shall
show how this can be done in §21.3 below?®.

1 J Boussinesq, Application des potentiels ¢ Uétude de I’équilibre et du mouvement
des solides élastiques, Gauthier-Villars, Paris, 1885.

2 A.E.Green and W.Zerna, Theoretical Elasticity, 2nd.edn., Clarendon Press, Ox-
ford, 1968, pp.165-176.

3 Other relations between the Boussinesq potentials are demonstrated by
J.P.Bentham, Note on the Boussinesq-Papkovich stress functions, J.FElasticity,
Vol. 9 (1979), pp.201-206.

J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 333
DOI 10.1007/978-90-481-3809-8_21, © Springer Science+Business Media B.V. 2010
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21.1 Solution A : The strain potential

Green and Zerna’s Solution A is identical with the strain potential defined in
§20.1 above (with the restriction that V2¢=0) and with the scalar potential
¢ of the Papkovich-Neuber solution (equation (20.17)).

We define
0¢ 0¢ 0¢
Uity = =2 ¢ 2y = — 3 2, = — 21.1
ity = p 3 2y =5 2 = (21.1)
and the dilatation
2ue = 2udiv u = V¢ =0 . (21.2)

Substituting in the stress-strain relations, we have

0%¢

Opx = A+ 2z, = ) (21.3)
and similarly

0%¢ 0%¢
== 0, = —— . 21.4
i . (21.4)

We also have
0%¢

9% 0%¢ (21.6)

Tyz = oydz ’ T2 = 501

21.2 Solution B

Green and Zerna’s Solution B is obtained by setting to zero all the functions in
the Papkovich-Neuber solution except the z-component of 1, which we shall
denote by w. In other words, in equation (20.17), we take

p=kw; ¢=0. (21.7)
It follows that
2, = Z% ; 2uuy = zg—j (21.8)
2pu, = zg—j - (3 —4dv)w (21.9)
2ue = 2V3w + g—j - (3- 4u)g—j
— o -wm (21.10)

0z
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since V2w =0.
Substituting these expressions into the stress-strain relations and noting
that

_ 2pv
A= i) (21.11)
we find
9w ow
Opz = Ae + 2uez, = zw — 21/5 (21.12)
0w Oow
02w Oow
0w
1 /0w 02w 0%w ow
yz — o (3—4dv)—
2 \ Oy 0y0z Y0z oy
0%w Ow
Z@y@z -(1- 21/)8—y (21.16)
0%w ow
Oog = 25 5 = (1- I/)a . (21.17)

This solution — if combined with solution A — gives a general solution for
the torsionless axisymmetric deformation of a body of revolution. The earliest
solution of this problem is due to Love* and leads to a single biharmonic
function which is actually the component F. of the Galerkin vector (§20.2).
Solution B is also particularly suitable for problems in which the plane surface
z=0 is a boundary, since the expressions for stresses and displacements take
simple forms on this surface.

It is clearly possible to write down similar solutions corresponding to
Papkovich-Neuber vectors in the z- and y-directions by permuting suffices.
Green and Zerna refer to these as Solutions C and D.

21.3 Solution E : Rotational deformation

Green and Zerna’s Solution E can be derived (albeit somewhat indirectly)
from the Papkovich-Neuber solution by taking the vector function ) to be
the curl of a vector field oriented in the z-direction — i.e.

P =curl ky . (21.18)

It follows that
4 A.E.H.Love, loc. cit.
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Ox  Ox
== —y= 21.19
and hence o2 o2
X X
Vi (r ) = —2 =0 21.20
— i.e. 7 - 1 is harmonic. We can therefore choose ¢ such that
r-yp+o=0 (21.21)
and hence
2uu = —4(1 — v)curl ky . (21.22)

To avoid unnecessary multiplying constants, it is convenient to write
U =-2(1-v)x, (21.23)

in which case

ov

= 2uu, =0, 21.24
5, | 2Hu ( )

ov
Uy = 28—y ; 2puy = —2
giving
2pe =0. (21.25)

Substituting in the stress-strain relations, we find

o*w 0w
oy g =2 o — 21.2
T 0zdy Tuy 0zdy 7 0 ( 6)
0w 9w o?w o*w
. _ Doy —2 = (212
oy (8y2 Ox? > Y 920z Oy0z (21.27)

As with Solution B, two additional solutions of this type can be constructed
by permuting suffices.

21.4 Other coordinate systems

The above results have been developed in the Cartesian codrdinates x,y, z,
but similar expressions are easily obtained in other coordinate systems.

21.4.1 Cylindrical polar coordinates

The cylindrical polar co6rdinate system r, 6, z is related to the Cartesian sys-
tem through the equations

xr=rcosf ; y=rsind (21.28)
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as in the two-dimensional transformation (8.1). The gradient operator takes
the form

= erg - 00 k& s (2129)

where e,., eg are unit vectors in the r and 6 directions respectively, and the two-
dimensional Laplacian operator (8.15) aquires a z-derivative term, becoming

10 18 o2

2—7 — — R — —
v _6r2+r8r+1"2892+822'

(21.30)

The in-plane strain-displacement relations (8.22) need to be supplemented

by
1 ou, n Ou,, ) 1 % n lauz . _ Ou,
“2=95\8: Tar ) T3\ Trae ) 0 T 9z

(21.31)

Calculation of the stress and displacement components then proceeds as in

§621.1-21.3. The corresponding expressions for both Cartesian and cylindrical

polar coordinates are tabulated in Table 21.1. Also, these expressions are listed
in the Maple and Mathematica files ‘ABExyz’ and ‘ABFErtz’.

21.4.2 Spherical polar codrdinates

The spherical polar coérdinate system R, 0, is related to the cylindrical
system by the further change of variables

r=Rsin3 ; z=Rcosf3, (21.32)

where

R=\r2+22= /22 +12 + 22 (21.33)

represents the distance from the origin and the two spherical angles 6, 5 are
equivalent to measures of longitude and lattitude respectively, defining posi-
tion on a sphere of radius R. Notice however that it is conventional to measure
the angle of lattitude from the pole (the positive z-axis) rather than from the
equator. Thus, the two poles are defined by § = 0,7 and the equator by
B=m/2.
The gradient operator takes the form
0 €9 0 €g 0

=er-—— —+ == 21.34
V=ergpt rampos T ROF (21.34)

where e,, eg,es are unit vectors in the R,f and § directions respectively.
Transformation of the Laplacian operator, the strain-displacement relations
and the expressions for displacement and stress components in Solutions A,B
and E is algebraically tedious but mathematically routine and only the prin-
cipal results are summarized here.
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Table 21.1. Green and Zerna’s Solutions A, B and E

Solution A Solution B Solution E

[o10} Ow o
2#”7: ™ - 267;

99 w e
2ty By %3y 20z
2uu, % zg—‘;’ e G ) 0

¢ Pw 0w ?w
Ozx Oz? % 922 oy 2 Ox0y
o 9%¢ 9w v v

Yy Oz0y # 90y Oy Ox?
o %9 32 _ 50w o*w
vy dy2 Zoy? Yoz dxdy

02¢ Pw Ow 82w
Oxz 0x0z %020z (1-2v) oz Oyodz

824 Pw dw 8%

Oyz Oydz # dydz (1-2v) Oy 0x0z

02 9?2 o]
fo 9 a—zf 255 —201-v)50 0

[l) w 20%

2/”L Ur or Zor r 06

199 z w _,0¥
2[LU9 r 00 r 00 2 or
o %9 Pw 0w 20%0 _ 200

" or? Zor? Yoz rordd 12 80
o 19% _ 199 2% _ z 8w l@_a%ff_’_ 1 9*w
r0 r Orof r2 00 r Orol r2 90 r Or or? 2 962
19¢ | 19%¢ 20w | 2 0%w _ , Ow 2 9w 2 ¥
000 |vor Tr7aee |rar T r2a0r ~ Xa.| “roree T rZog
¢ 92w ow 102w
Orz 9= Zgro; — -2, " 9002
o 0%¢ z 0%w 1-2v dw _ 9w
0z r 900z r900z __r 00 ordz
The Laplacian operator is
V2 = 0? . 2 0 1 0? n 1 02 L cot B 0O
OR? R 3R R2sin? 3 I} 802 ' R? 032 R2 05
and the strain-displacement relations® are
OuR ur  ugcotf 1 Oug
€ERR = —— ; €gg = — —
RE=9rR "~ R R Rsin B 00

5 See for example A.S.Saada, FElasticity, Pergamon Press, New York, 1973, §6.7.

(21.35)
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ey tr  L0us o L[ 1 Our  Oup g
PR "Rop T 2\ Rsinp 90 ' OR R

1 < 1 Ouy ug cot B 1 8u5)

“=5\Ro8 R Rsinfg 00
1 /10ur Oug ug
_1/1 _ sy 21.
R = 3 (R 23 TR R (21.36)

The corresponding displacement and stress components in Solutions A,B
and E are given in Table 21.2 and are also listed in the Maple and Mathematica
files ‘ABErtb’.

21.5 Solutions obtained by superposition

The solutions obtained in the above sections can be superposed as required to
provide a solution appropriate to the particular problem at hand. A case of
particular interest is that in which the plane z=0 is one of the boundaries of
the body — for example the semi-infinite solid or half-space z >0. We consider
here two special cases.

21.5.1 Solution F : Frictionless isothermal contact problems

If the half-space is indented by a frictionless punch, so that the surface z=0
is subjected to normal tractions only, a simple formulation can be obtained
by combining solutions A and B and defining a relationship between ¢ and w
in order to satisfy identically the condition 0., =0,y =0 on z=0.

We write 9
14
=(1-22)p ; w= -~ 21.37
b=(1-2)p 5 w="F (21.37)
in solutions A, B respectively, obtaining
3 3
zx — 5 zy — 5 21.38
7 “or922 7 Zayazz ( )

which vanish as required on the plane z = 0. The remaining stress and dis-
placement components are listed in Table 21.3 and at this stage we merely
note that the normal traction and normal displacement at the surface reduce
to the simple expressions
2
Ozz = —27('; ; 2pu, = —2(1 — V)g—f . (21.39)
It follows that indentation problems for the half-space can be reduced
to classical boundary-value problems in the harmonic potential function .
Various examples are considered by Green and ZernaS, who also show that
symmetric problems of the plane crack in an isotropic body can be treated in
the same way. These problems are considered in Chapters 29-32 below.

5 A.E.Green and W.Zerna, loc. cit. §§5.8-5.10.
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Table 21.2. Solutions A, B and E in spherical polar coordinates
Solution A Solution B Solution E
QIMUR % Rcosﬁg%—(Sfllu)wcosﬂ %%
109 Ow oW ., 2cosf OV
2| Fanpoe cot 859 25RSMAT TR 93
QIMUQ %g% cosﬁg% + (3—4v)wsin g 2C§t’g%
92 92 ) 2 9% 2 o
ORR o5 Reosfgpz —2(1-v)gpeosh| R oRes — T2 06
2V dw .
+§Vafgsmﬁ
1 9¢ | cotB 9o Ow 2v ow . 2 o _ 2 9w
000 | Rar T m op| 12 arcsA T R o5l | REanG 00 — R 9RO6
+ 1 9%¢ _i_coszﬁ(‘)iw_i_ cot B 9%w _ 2cot B 9w
R2sin? 3 662 Rsin 3 88 Rsin 3 962 R?  9p306
1 0¢ 1 824 | cosf 92w Ow 2cot 3 92w 2cot? 3 oW
988 |mor T REop?| R opz T (RSP | TRe o595~ T RZ o0
2(1—-v)sin B dw
+ R a8
o 1 9%¢ cot 8 932w + 2(1-v) dw cot B 0w _ sinf 9*w
o8 RZsin 3 0003 R 9098 R 90 |R?sinB 002 R ORJB
___cotp 9¢ . 1 Ow _cosﬁ62W+ 1 o
R?sin 3 00 Rsin® 3 06 R?2 9B2 ' R?sinB 083
1 9% 1 9¢ Ow . 92w 1 2%w cot B 92w
OBR |Ragor  RZap| 1~2W)arsnBtcosBasn | RZogos T R o00R
_ 2(1-v)cos B dw _ 2cot B oW
R a3 RZ 90
1 0% 9w 1 92w . 9w
ORY | Rsinp 0RO ot B 5Roa RZsnpog®  SmPaRe
. 1 ¢ _ 2(1-v)cot B fw __cosf3 9w _'_2cos,88£
RZsin 3 00 R a0 R 0RO T RZ 98
sin 8 ¥
+ R OR

21.5.2 Solution G: The surface free of normal traction

The counterpart of the preceding solution is that obtained by combining Solu-
tions A,B and requiring that the normal tractions vanish on the surface z=0.
We shall find this solution useful in problems involving a plane interface be-
tween two dissimilar materials (Chapter 32) and also in certain axisymmetric
crack and contact problems.

The normal traction on the plane z=0 is

Oow

_ 9%

72 T 92

2(1 —v)

0z’

(21.40)
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Table 21.3. Solutions F and G

341

Solution F

Frictionless isothermal

Solution G

214U, 8va + (- 21/)— 2(1711)‘3—;< + zaa;;;
2, {;9;82 + (1721/)8—2’ 2(1— 1/) ay + Zay&z
2uu, '3222 2(1—1/)%’0 (1 21/) >+ zdz
Oz 282252 + ngf + 2”% 2(1- V) 8902 + 28x282 2”%
Oy z%;az + (1 2u)§;8y 2(1—1/)% + zax;j%z
Oyy agzaz + 8y 5+ 2”82::; 2(1- ) 5t Z(’?y28z 2”%
3 2 3
Oz a?;az aa:caz Za?;ﬁ
O'yz z% % + ZTBXZQ
0. 5 — 5
2, Zaaréoz + (1—2u)g—f 2(1—1/)8—" + zg:gz
2,LLU9 %(;992(;; + (1_2'/)87(‘0 g + 7'393,2
Orp z% + ngf — 2v ( o2 ) 2(1—1/)67)2( + zarggz — 21/227)2(
oo : e = 9%¢ 2(1-v) (82x _ lflx)
r Ordfoz o0 82 T oroo r 00
4+ (=) (82<p _ lfl) 42 &x 2 0%
r orol r 00 r 820r00 r2 0200
O —(1— 2u)a—7f§ — 27‘5 —2(1—1/)‘32—’2‘ - ?)27)2‘
g0 — 5 +E5K + Foon
Orz Z% 88:('% += 81”;);
90z %ang2 %aaegz + %agaz'z
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from Table 21.1 and hence it can be made to vanish by writing

Ix
=2(1—- ; = = 21.41
¢=201-v)x; w= 5=, (21.41)

where x is a new harmonic potential function.

The resulting stress and displacement components are given as Solution
G in Table 21.3.

21.6 A three-dimensional complex variable solution

We saw in Part IV that the complex variable notation provides an elegant
and powerful way to represent two-dimensional stress fields and it is natural
to ask whether any similar techniques could be extended to three-dimensional
problems. Green” used a solution of this kind in the development of higher
order solutions for elastic plates and we shall see in Chapter 28 that similar
techniques can be used for the prismatic bar with general loading on the
lateral surfaces.

We shall combine the displacement and stress components in the same way
as in Chapter 19 by defining

U=Up +Wy; O=040+0yy; P=0s0+20,y —0yy; ¥Y=0.+10.

(21.42)

Following the convention of §19.1 and §21.2, we write the components of
the Papkovich-Neuber vector potential as

V=1, Fuhy; w=1, (21.43)
and hence )
T =P+t 2w, (21.44)

from (19.6). Using these results and (19.3) in (20.17), we obtain the in-plane
displacements as

0P oy O Ow
2uu =2— —(3—4 — — + 22— . 21.45
pu =257 ( v)w+<84+ca<+ 5 (21.45)
and the antiplane displacement as
L0 1[0 08N 0w
2uu, = 92 +3 <§ ER +C@z) +zaz B-—4w. (21.46)

Once the displacements are defined, the stress components can be found from
the constitutive law as in §§21.1,21.2. Combining these as in (21.42), we obtain

7 A.E.Green, The elastic equilibrium of isotropic plates and cylinders, Proceedings
of the Royal Society of London, Vol. A195 (1949), pp.533-552.
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o= (B ) ()

*Zgi; - 4V%j (21.47)
¢—4£—4(l—2)?§+2<8?+ Ca?f+4a<2 (21.48)
e G- (3 ) ()

+Z327f —2(1- V)?Ti (21.49)

+2288ng 2(1 —2v )ZC (21.50)

where ¢((, ¢, 2),w(¢,C, 2) are real three-dimensional harmonic functions and
¥((, ¢, z) is a complex three-dimensional harmonic function. Notice that we
can write the three-dimensional Laplace equation in the form

e 9 P 0% o2 9%
IO 1400 _g, TW 4OV, TV O
522 T acoc ~ V7 a2 thacac TV a2 T tacac

=0, (21.51)

using (18.9). Thus, if the functions ¢,9 depend on z, they will not generally
be holomorphic with regard to ¢ or (. We shall explore categories of complex-
variable solution of equation (21.51) in §24.8. below.

PROBLEMS

1. Use solution E to solve the elementary torsion problem for a cylindrical
bar of radius b transmitting a torque T', the surface r =10 being traction-free.
You will need to find a suitable harmonic potential function — it will be an
axisymmetric polynomial.

2. Find a way of taking a combination of solutions A,BE so as to satisfy
identically the global conditions

Oy =0,,=0; allz,y, 2=0
Thus, 0., should be the only non-zero traction component on the surface.

3. An important class of frictional contact problems involves the steady sliding
of an indenter in the z-direction across the surface of the half-space z > 0.
Assuming Coulomb’s friction law to apply with coefficient of friction f, the
appropriate boundary conditions are
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Ogz = _fazz ;o Ozy = 0 5 (2152)

in the contact area, the rest of the surface z=0 being traction-free.
Show that (21.52) are actually global conditions for this problem and find
a way of combining Solutions A,BE so as to satisfy them identically.

4. A large number of thin fibres are bonded to the surface z=0 of the elastic
half space z >0, with orientation in the z-direction. The fibres are sufficiently
rigid to prevent axial displacement u,,, but sufficiently thin to offer no restraint
to lateral motion wu,,u..

This composite block is now indented by a frictionless rigid punch. Find a
linear combination of Solutions A, B and E that satisfies the global conditions
of the problem and in particular find expressions for the surface values of the
normal displacement u, and the normal traction o, in terms of the one
remaining harmonic potential function.

5. Show that if ¢,w are taken to be independent of x, a linear combination
of Solutions A and B defines a state of plane strain in the yz-plane (i.e.
Uy =0, 0y =04, =0 and all the remaining stress and displacement components
are independent of ).

An infinite layer 0 < z < h rests on a frictionless rigid foundation at z=0,
whilst the surface z="h is loaded by the normal traction

0z = —Po+D cos(my) s

where p; <pg. Find the distribution of contact pressure at z=0.

6. A massive asteroid passes close to the surface of the Earth causing gravita-
tional forces that can be described by a known harmonic body force potential
V(x,y, z). Assuming that the affected region of the Earth can be approximated
as the traction-free half space z > 0, find a representation of the resulting stress
and displacement fields in terms of a single harmonic potential function. An
appropriate strategy is:-

(i) Using the particular solution of §20.5.1, show that the potential ¢ must
be biharmonic.

(ii) Show that this condition can be satisfied by writing ¢ =2y, where x is a
harmonic function, and find the relation between x and V.

(iii) Find the tractions on the surface of the half space in terms of derivatives
of x.

(iv) Superpose appropriate combinations of Solutions A and/or B so as to
render this surface traction free for all functions y.

Find the resulting stress field for the special case of a spherical asteroid of
radius a, for which

Vo_ dmyppoa®
3vVe2+ 2+ (z + )2’
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where « is the universal gravitational constant, p, pp are the densities of the
asteroid and the Earth respectively, and the centre of the sphere is at the
point (0,0, —h), a height h>a above the Earth’s surface.

If the Earth and the asteroid have the same density (po=p) and the self-
weight of the Earth is assumed to cause hydrostatic compression of magnitude
pgz, where g is the acceleration due to gravity, is it possible for the passage
of the asteroid to cause tensile stresses anywhere in the Earth’s crust. If so,
where?



22

THERMOELASTIC DISPLACEMENT
POTENTIALS

As in the two-dimensional case (Chapter 14), three-dimensional problems of
thermoelasticity are conveniently treated by finding a particular solution —
i.e. a solution which satisfies the field equations without regard to bound-
ary conditions — and completing the general solution by superposition of an
appropriate representation for the general isothermal problem, such as the
Papkovich-Neuber solution.

In this section, we shall show that a particular solution can always be
obtained in the form of a strain potential — i.e. by writing

2uu =Vo. (22.1)
The thermoelastic stress-strain relations (14.3, 14.4) can be solved to give

Oz = Ae+2pes, — (BN +2p)aT (22.2)
Opy = 2/UEqy (22.3)
etc.

Using the strain-displacement relations and substituting for w from (22.1),
we then find

2ue = V3¢ (22.4)
N, 0%
Ore = 3 VP9 + 5 — (BA+ 2u)al (22.5)
¢
%0 = gy (22.6)

etc. and hence the equilibrium equation (2.2) requires that

o [ A

— | =V?+ V20— (3A+2u)aT ) =0. 22.7

5 (5720 + 26— (31 + 2007 ) (227)
Two similar equations are obtained from (2.3, 2.4) and, since we are only

looking for a particular solution, we can satisfy them by choosing

J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 347
DOI 10.1007/978-90-481-3809-8_22, © Springer Science+Business Media B.V. 2010
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2u(3XN +2u)aT  2p(1 +v)aT
Gz (-v)
Equation (22.8) defines the potential ¢ due to a source distribution pro-
portional to the given temperature, 7. Such a function can be found for all T’
in any geometric domain' and hence a particular solution of the thermoelastic
problem in the form (22.1) can always be found.

Substituting for T from equation (22.8) back into the stress equation
(22.5), we obtain

Vi = (22.8)

(X A2 e 32¢ P
Oz = (2M 2 ) ¢+ = o2 V¢
¢ 0%¢
Y _Yv 22.
oyz 022 (22.9)
The particular solution can therefore be summarized in the equations
9 2u(1 +v)aT
= /7 22.1
Vi = (22.10)
2uu = Vo (22.11)
__ P e _ P 0% _ P 0%
ez = Oy? 022 TwWT T2 T a2 ) T T T g2 Oy?
0%¢ 0%¢ 0%¢
Uzy—m y O'yz—m y Ozgp = azax . (2212)
The equivalent expressions in cylindrical polar coérdinates are
0o 10¢ 09
2 = e = D 5 2Hus = 5
- 106 13°¢ _, R
Trr =53 -V ; o 0—;E+ﬁw_v¢,gzz—@_v¢
a (19¢ 1 0% 0%
o= — (-2 ¢ g == D Oy = , 22.1
0= By (r 80) 70 r 000z 0z0r (22.13)
where V2¢ is given by equation (21.30).
In spherical polar coérdinates, we have
HUE=3r * M= Rsmnpoo = """~ Rop
0% 5 1 0¢  cotB ¢ 9
ORR=5p3 ~ V' 0 5 0o =pop+ RQ%—Vfﬁ
1 9¢ 1 0%¢ 2, 1 0%
7= Ror " ®opE ° " "™ ReinpoRoo
2 2
1 ¢ 1 9%¢ 1 0¢ (22.14)

700 = R2sinp 0608 © """ T ROBOR  R20B’
where V?2¢ is given by equation (21.35).

! For example, as a convolution integral on the point source solution 1/R.
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22.1 Plane problems

If ¢ and T are independent of z, the non-zero stress components reduce to

8¢ ¢ ¢
Umm:*aiy2 3 O'my:m ) O'yy:*ﬁ (2215)
»Fp ¢
Ozz = oz (97(7;2 (22.16)

and the solution corresponds to a state of plane strain. In fact, the relations
(22.15) are identical to the Airy function definitions, apart from a difference
of sign, and similarly, (22.10) reduces to a particular integral of (14.7). How-
ever, an important difference is that the present solution also gives explicit
relations for the displacements and can therefore be used for problems with
displacement boundary conditions, including those arising for multiply con-
nected bodies.

22.1.1 Axisymmetric problems for the cylinder

We consider the cylinder b<r <a in a state of plane strain with a prescribed
temperature distribution. The example in §14.1 and the treatment of isother-
mal problems in Chapters 8, 9 show that this problem could be solved for a
fairly general temperature distribution, but a case of particular importance is
that in which the temperature is an axisymmetric function T'(r).

If ¢ is also taken to depend upon r only, we can write (22.10) in the form

Ld do  2u(1+4v)ad(r)

sk ek S Al S 22.17
rdr dr (1-v) ’ ( )
which has the particular integral
dp  2u(1+v)a /T
L= T(r)d 22.18
dr 1=v)r Jy rT(r)dr, ( )

where we have selected the inner radius b as the lower limit of integration,
since the required generality will be introduced later through the superposed
isothermal solution.

The corresponding displacement and stress components are then obtained

_Ldo_ (4w T
T ke /b T(r)d (22.19)
__Ldo  2tvia [T,
o = =2 F T /b T(r)d (22.20)
oo9 = —% - M <:2/b rT(r)dr — T(r)) (22.21)

org=0; ug=0. (22.22)
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The general solution is now obtained by superposing those axisymmetric
terms? from Tables 8.1, 9.1 that give single-valued displacements, with the
result

(1+v)a /T B
=7 T Al = 2v)r — = 22.2
=T (r)dr + A(1 = 2v)r — — (22.23)
2u(l+v)a [T 2uB
. = (1(—V)7")2/b rT(r)dr +2uA + 2 (22.24)

_2u(l+v)a (1 Tr N — T(r _ 2uB
opyp = 7(1 — l/) ( /b T( )d T( )) +2uA (22.25)

r2 r2
oo =0; upg=0. (22.26)

The constants A, B permit arbitrary axisymmetric boundary conditions
to be satisfied at r =a,b. The same equations can also be used for the solid
cylinder or disk (b=0), provided the constant B associated with the singular
term is set to zero.

A similar method can be used for the hollow or solid sphere with spherically
symmetric boundary conditions and whose temperature is a function of radius
only. The analysis is given by Timoshenko and Goodier, loc. cit., §152.

22.1.2 Steady-state plane problems

The definitions of the in-plane stress components in equation (22.15) are iden-
tical to those of the Airy stress function except for a difference in sign. Fur-
thermore, if the temperature T is in a steady state, it must be harmonic and
hence ¢ must be biharmonic, from (22.10). It follows that if we superpose a
homogeneous stress field derived from an equal Airy stress function ¢ = ¢, the
resulting in-plane stress components will be everywhere zero. This provides
an alternative proof of the result in §14.3 that for steady-state plane prob-
lems in simply connected bodies, there will be no in-plane thermal stress if
the boundary tractions are zero.

The displacements of course will not be zero, as we know from §14.3.1.
Suppose we are given a temperature distribution T satisfying V2T =0 and
are asked to determine the corresponding displacement field. If the body is
simply connected there are no in-plane stresses, so

aum aua: _
Car = 5~ = a(l+v)T; ey = B a(l+v)T
1 (Ouy = Ouy
== = 22.2
Cay 2(8x+8y) 0, (22.27)

where we have used (14.1, 14.2) modified for plane strain by (14.8). It is
convenient to formulate this problem in the complex variable formalism of
Chapter 19. We then have

2 Notice that since this is the plane strain solution, we have used x = (3 — 4v) in
Table 9.1.
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%fl 24,12 (u +zu)*1 aum,% +£ %4,8/“1

a¢C  2\ox Oy * Y2\ ox Oy 2\ oz oy )’
from (18.6, 19.33). Comparing with (22.27), we see that both real and imagi-
nary parts of the right-hand side are identically zero, so

ou
—— = 22.2
ac 0, ( 8)

implying that u is a holomorphic function of ¢ only. We also have

@_1 g_lﬂ (u —l—zu)—l auw+% _A'_E %_61@3
¢ 2\ox oy) " Yoo\ o oy 2\ 0z Oy

= g + w, (22.29)
and we know the real part of this holomorphic function since
5 = all+ )T =a(l+v) (9(Q) +3(0) . (22.30)
where the (harmonic) temperature is defined as
T=g(¢)+3(C) , (22.31)

as in equation (18.13). The most general holomorphic function of ¢ satisfying
(22.29, 22.30) is

Ju

ac =2a(1+v)g(¢) + wy , (22.32)
where wg is a real constant representing an arbitrary rigid body rotation
w, = wp. Thus, if we know the temperature and hence the function g(¢) in
equation (22.31), we can determine the displacement field simply by integrat-
ing equation (22.32) with respect to ¢. The translational rigid body terms will
arise as an arbitrary complex constant during this integration.

22.1.3 Heat flow perturbed by a circular hole

If the body is multiply connected, the function ¢ = ¢ may correspond to
multiple-valued displacements and hence not represent a valid homogeneous
solution. In this case, additional biharmonic terms terms must be added as in
§13.1 and the resulting stress field will generally be non-zero.

Consider the case in which a uniform flow of heat ¢, =qq in a large body
is perturbed by the presence of an insulated circular hole of radius a. We can
write the temperature field in the form

T'=Tyo+T1,

where T} is the temperature that would be obtained if there were no hole and
Ty is the perturbation in temperature due to the hole. Following the strategy
of §8.3.2, we first consider the unperturbed problem of uniform heat flow, in
order to determine the appropriate Fourier dependence of the terms describing
the perturbation.
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The unperturbed problem

In the absence of the hole, the body would be simply connected and we know
from the previous section that the in-plane stresses would be everywhere zero.
However, as in §8.3.2, an examination of the unperturbed problem enables us
to determine the appropriate Fourier dependence of the terms describing the
perturbation.
The heat flux will then be the same everywhere and we have
qox qor cos 6

a1y
K= —an s T = == = 22.33

O qo0 3 0 K K ) ( )
where we have chosen the zero of temperature to be that at the origin. This
expression varies with cos @ and we conclude that the perturbation in both T

and ¢ will exhibit similar dependence on 6.

Qe =

The temperature perturbation

The temperature perturbation 77 must be harmonic and decay as r— oo and
the only function with the required Fourier form satisfying these conditions
is cos0/r. We therefore write

qorcosf  Cqcosf
K r ’
where the constant C; must be determined from the condition that the radial
heat flux ¢, =0 at r=a. In other words,

T=Ty+T = (22.34)

or
—K—/(a,0) =0. 22.35
T (0.0) (2235)
Substituting for T from (22.34) and solving for C}, we obtain
a? a®cosf
Oy = —% and hence T} = —%T . (22.36)

The thermoelastic particular solution

We can now obtain a particular thermoelastic solution ¢; for the perturbation
problem by substituting 77 into (22.10), writing ¢1 = f(r) cosf and solving
for f(r). We obtain

w(1 + v)agoa®rIn(r) cos d

= 22.37
¢1 ) ( )
and the corresponding in-plane stress components are
w(1 + v)agoa® cos @ w(1 +v)agoa®sinf
Orp = y Oro =
K(1—-v)r o K(l—-v)r
1 2 cos B
- w(1 4 v)agoa? cos (22.38)

K1-v)r ’
from (22.13).
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The homogeneous solution
The surface of the hole must be traction-free — i.e.
orr=0,0=0; T=0 (22.39)

and these conditions are clearly not satisfied by equations (22.38). We must
therefore superpose a homogeneous solution which we construct from the Airy
stress function terms

@ = Corfsin® + Csrln(r) cos 6 + Ca ios b , (22.40)

from Table 8.1. The choice of these terms is dictated by the Fourier dependence
of the required stress components and the condition that the perturbation
must decay as r — oo. The corresponding in-plane stresses (including the
particular solution) are

w(l +v)agea®cosf  2Cs cosd n Cscosf B 2C4 cos 0

Orpr =

K1 -v)r T r r3
u(l +v)agea®sing  Czsing  2C,sind
o = - 22.41
o0 K1 —-v)r r r3 ( )
u(l+v)agea®?cos® Czcos  2C,cosb
Ogg = + ;
K1 —uv)r r r3
and the boundary conditions (22.39) then require that
20, Cs3 204 w(l + v)agoa
= == /= 22.42
a + a a3 K1-v) ( )
Cg 2Cy ,LL(]. + V)Oéqoa
- = 22.4
a ad K(1-v) (22:43)

A third equation for the three constants Cs, C3, Cy is obtained from the re-
quirement that the displacements be single-valued, as in §13.1. This condition
is automatically satisfied by the particular solution, since it is derived from
a single-valued displacement function ¢1, so we simply record the potentially
multiple-valued terms arising from ¢. The first two terms in (22.40) are identi-
cal to (13.1) except that C; is replaced by Cs and hence the required condition
is

Co(k—1)+Cs3(k+1)=0, (22.44)

by comparison with (13.7). The use of the thermoelastic potential independent
of z implies plane strain conditions, so we set kK =3—4v obtaining

21— 20)Cy +4(1 —v)C3 = 0. (22.45)

We can then solve (22.42, 22.43, 22.45) for Cs, C3,C4, obtaining
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o ~ pa(l+v)goa®
Cy=C5=0: 04_—21((1—1/) . (22.46)

The final stress field is then obtained as

~ pa(l+v)gea®(r? — a?) cosf

" K(1-v)r
pa(l +v)goa®(r? — a?)sin @
ro = 22.4
oo K(1— vy (22:47)
pa(l + v)goa®(r? + a?) cos 0
Onp =
00 K1 —-v)r
In particular, the maximum tensile stress is
2 1
e = o0 (a,0) = 21 F V)aoa (22.48)

K(l1-v)

22.1.4 Plane stress

All the results in §22.1 have been obtained from the three dimensional repre-
sentation (22.1) under the restriction that ¢ be independent of z and hence
u, =0. They therefore define the plane strain solution. Corresponding plane
stress results can be obtained by making the substitutions

v a1+

i v=——  a= 22.4
HE VS ay YT ) (22.49)

and then removing the primes.

22.2 The method of strain suppression

An alternative approach for obtaining a particular solution for the thermoe-
lastic stress field is to reduce it to a body force problem using the method of
strain suppression. Suppose we were to constrain every particle of the body so
as to prevent it from moving — in other words, we constrain the displacement
to be everywhere zero. The strains will then be identically zero everywhere
and the constitutive equations (22.2, 22.3) reduce to

2u(1+v)aT

Opg = Oyy = 04, = —(3A+2p)aT = =)

Opy = Oy, = 0,5 = 0.

(22.50)
Of course, these stresses will not generally satisfy the equilibrium equations,
but we can always find a body force distribution that will restore equilibrium
— all we need to do is to substitute the non-equilibrated stresses (22.50)
into the equilibrium equation with body forces (2.5) and use the latter as a
definition of p, obtaining
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~ 2u(1+v)
p= maVT. (22.51)

It follows that (22.50) will define the stresses in the body for the specified

temperature distribution if (i) body forces (22.51) are applied and (ii) purely
normal tractions are applied at the boundaries given by

_ 2u(1+v)
t= "5y 0T (22.52)

where T is the local temperature at the boundary and n is the local outward
normal unit vector.

To complete the solution, we must now remove the unwanted body forces
by superposing the solution of a problem with no thermal strains, but with
equal and opposite body forces and with surface tractions that combined with
(22.52) satisfy the traction boundary conditions of the original problem.

The resulting body force problem might be solved using the body force
potential of §20.5.1, since (22.51) defines a conservative vector field. However,
the boundary value problem would then be found to be identical with that
obtained by substituting the original temperature distribution into (22.8), so
this does not really constitute a new method. An alternative strategy might
be to represent the body force as a distribution of point forces as suggested
in §13.1.1, but using the three-dimensional Kelvin solution which we shall
develop in the next chapter.

22.3 Steady-state temperature : Solution T

If the temperature distribution is in a steady-state and there are no internal
heat sources, the temperature T is harmonic, from equation (14.16). It follows
from equation (22.10) that the potential function ¢ is biharmonic and it can
conveniently be expressed in terms of a harmonic function y through the
relation

6= 2x. (22.53)
We then have V2 28x (22.54)
- Tz .
and hence (1—-v) dx
_ m@ 7 (22.55)

from equation (22.10). Expressions for the displacements and stresses are eas-
ily obtained by substituting (22.53) into equations (22.11-22.12) and they are
tabulated as Solution T in Table 22.1 (for Cartesian and cylindrical polar
coordinates) and Table 22.2 (for spherical polar codrdinates).

We also note that the heat flux ¢ = —K'VT and hence, for example,
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Table 22.1. Solutions T and P

Solution T Solution P
Williams’ solution| Thermoelastic Plane Stress
ox oY
2,U/UI 250 2(1—v) O
Ix (L)
24y By 201-v) 3,
) )
2IUUZ x + 287;( _2(1—V)67/f
Px _ ,0x _ %Y
Orr 25 2 B2 2(1—v) g2
92 )
Oy #dz0y 2(1-v) Ox0y
92 ) 92
Tyy 25 ~ 2 —2(171/)8—;5
9x 9’x
Oxz ox + %820z 0
x 9?x
Tyz y + # ydz 0
82
o vy 0
9x L)
20, 25 2(1-v) 5.
z0x 2(1-v) 9y
2pug r 09 v 99
0?2 le) 10 1 02
Trr iy~ 2(1-v) (;aif + 727802)
2 9x _ 2 0x 19 _ 19
Tro roro6 12 09 2(1-v) (7" 9190 12 00
) 9 ) 92
o G- ARE B e
x 92x
Orz or + 2 9roz 0
2 9%x | 10x
06~ r 000z + r 00 0
T _l-wv dx _ -y &y
po(l+v) 0z pa(l4v) 822
_ (A-v)K 9%y (1-v)K 3%
7~ pa(l+v) 022 pa(l4v) 8z3
_ (1=v)K 9% (1-v)K 83
qr po(l+v) 0z0r po(14v) 8z20r
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Table 22.2. Solution T in spherical polar coérdinates

Solution T
QIMUR Rcosﬁ% + xcos 3
QIMUQ cotﬁ%
o) .
2/L’LL5 cosﬁﬁ — xsin g
52 2sin 8 0
URR RCOSﬂaRXQ + %ﬂﬁﬁ
cot x _ 9x . (+sin®B) 9x
996 Rsing 002 — PR T " Rsmp 03
cos 8 9%x ox
03p R 032 RS b
cotB 9%x 1 0x
995 R 0003  Ren2j o0
0? . 0
OBR cos,@ﬁ — smﬁ%
62
OR# cot,BiaRge
1—v Ox __ sing dix)
T pa(140) (aRCOSﬁ R 98
(1-v)K (sinﬂ 2x 9%x . sinﬂ@l)
qr pa(l4+v) \" R 0ROB — oRZP ~ "Rz 953
(1-v)K (L 9?x _ cotB 9%x )
e pa(l o) \ R? 9596 R OR00
(A=K (MELX _cosf x4 snB O Mix)
96  |uaitv) \' R 8R R OR03 ' R® 082 ' R® 08

B or  (1-v)K 9x
qz__K§__ua(1+l/)@’
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(22.56)

where K is the thermal conductivity of the material. These expressions are
listed in the Maple and Mathematica files ‘Txyz’, ‘Trtz’ ‘Trtb’ for Cartesian,
cylindrical polar and spherical polar coordinates respectively.

The solution here described was first obtained by Williams® and was used

by him for th

22.3.1 Ther

e solution of some thermoelastic crack problems.

moelastic plane stress

An important thermoelastic solution is that appropriate to the steady-state
thermoelastic deformation of a traction-free half-space, which can be obtained

3 W. E. Williams, A solution of the steady-state thermoelastic equations, Zeitschrift
fiir angewandte Mathematik und Physik, Vol. 12 (1961), pp.452—455.
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by superposing solutions A,B,T and taking

p=21—-v)Y; w=—x= 9 . (22.57)
0z

The resulting expressions are given in Table 22.1 as Solution P. A striking
result is that the three stress components 0,4, 0.y, 0, are zero, not merely on
the plane z =0, where we have forced them to zero by the relations (22.57), but
throughout the half-space. For this reason, the solution is also appropriate to
the problem of a thick plate a <z <b with traction free faces. Because of this
feature, the solution is henceforth referred to as thermoelastic plane stress.

Notice also the similarity of the expressions for the non-zero stresses
Oxas Ozy, Oyy tO the corresponding expressions obtained from the Airy stress
function. However, the present solution is not two-dimensional — i.e. the
temperature and hence all the non-zero stress and displacement components
can be functions of all three coérdinates — and it is exact, whereas the two-
dimensional plane stress solution is generally approximate.

Another result of interest is

0%u, L Pu,  (1—v) ( &Y n Py (11— l/)@
0220z  0y20z w023

Ox? oy? ]

(because ¥ and hence 0v/0z is harmonic)

~a(l+v)g.

= =04s (22.58)

where § is the thermal distortivity (see §14.3.1).

In other words, the sum of the principal curvatures of any distorted z-plane
is proportional to the local heat flux across that plane*. The corresponding
two-dimensional result was proved in §14.3.1.

PROBLEMS

1. The temperature T'(R) in a hollow sphere b < R < a depends only on
the radius R and the surfaces of the sphere are traction-free. Use a method
similar to that in §22.1.1 to obtain expressions for the stress and displacement
components for any function T'(R).

Note: The most general spherically symmetrical isothermal state of stress
(i.e. the general homogeneous solution) can be written by superposing (i) the
function A/R in solution A of Table 21.2 and (ii) a uniform state of hydrostatic
stress. The identity

4 Further consequences of this result are discussed in J.R.Barber, Some implications
of Dundurs’ theorem for thermoelastic contact and crack problems, Journal of
Strain Analysis, Vol. 22 (1980), pp.229-232.
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P 2d_1d(pd
dR? RdR R2dR dR

may also prove useful.

2. The temperature field in the elastic half-space z >0 is defined by
T(x,y,2) = f(z) cos(mzx) ,

where f(z) is a known function of z only. The surface z=0 of the half-space
is traction-free. Show that the normal surface displacement w,(z,y,0) can be
written

uz(z,y,0) = ug cos(mz) ,

where -
up = 2a(1 +v) / e~ f(s)ds .
0

Important Note: This problem cannot be solved using Solutions T or P,
since the temperature field will only be harmonic for certain special functions
f(2). To solve the problem, assume a strain potential ¢ of the form

¢ = g(2) cos(mz) ,

substitute into (22.10) and solve the resulting ordinary differential equation
for g(z). You can then superpose appropriate potentials from solutions A and
B of Table 21.1 to satisfy the traction-free boundary condition.

3. During a test on an automotive disk brake, it was found that the temper-
ature T of the disk could be approximated by the expression
5 7“2 T4
T:Z(l—e T)—ﬁ(l—e T)—&—@Te T,
where 7 =1t/ty is a dimensionless time, a is the radius of the disk, r is the
distance from the axis, t is time and tg is a constant. The disk is continuous
at 7=0 and all its surfaces can be assumed to be traction-free.

Derive expressions for the radial and circumferential thermal stresses as
functions of radius and time, and hence show that the maximum value of the
stress difference (cgg—o,) at any given time always occurs at the outer edge
of the disk.

4. A heat exchanger tube consists of a long hollow cylinder of inner radius a
and outer radius b, maintained at temperatures Ty, T}, respectively. Find the
steady-state stress distribution in the tube if the curved surfaces are traction-
free and plane strain conditions can be assumed.

5. The steady-state temperature T(&,n) in the quarter plane £ > 0,7 > 0 is
determined by the boundary conditions
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70 =0 ; £>0
TO,n)=Ty; 0<n<a
=0 ; n>a.

Use the function
w(¢) = ¢
to map the problem into the half plane y >0 and solve for T" using the method
of §18.6.3.
Then determine the displacement throughout the quarter plane, using
equation (22.32).

6. Use dimensional arguments and continuity of heat flux to show that the
two-dimensional steady-state temperature field in the half plane y >0 due to
a line heat source @) per unit length at the origin is

T(z,y) = %M(T) +C,
where r=+/x2 + y?2 is the distance from the origin, K is the thermal conduc-
tivity and C' is a constant.

Use this result and equation (22.32) to determine the displacement through-
out the half plane. Assume that C'=0 and neglect rigid-body displacements.
In particular, determine the displacements at the surface y =0 and verify that
they satisfy Dundurs’ theorem (14.21).

7. A uniform heat flux g, = g in a large body in a state of plane strain is
perturbed by the presence of a rigid non-conducting circular inclusion of radius
a. The inclusion is bonded to the matrix at » =a. Find the complete stress
field in the matrix and identify the location and magnitude of the maximum
tensile stress. Assume plane strain conditions.

8. A uniform heat flux g, =¢qp in a large body in a state of plane strain with
elastic and thermal properties ui,v1, a1, Ky is perturbed by the presence of
a circular inclusion of radius a with properties ps, v2, ag, Ko. The inclusion is
bonded to the matrix at » = a. Find the complete stress field in the matrix
and the inclusion and identify the location and magnitude of the maximum
tensile stress in each. Assume plane strain conditions. Note: You will find the
algebra for this problem formidable if you do not use Maple or Mathematica.

9. A rigid non-conducting body slides at velocity V' in the positive z-direction
over the surface of the thermoelastic half-space z >0, causing frictional trac-
tions o,, and frictional heating ¢, given by

Uzz:_fazz 5 Uzyzo ; qz:VUz:ra

where f is the coefficient of friction. Find a solution in terms of one potential
function that satisfies these global boundary conditions in the steady state.
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If the half-space remains in contact with the sliding body throughout the
plane z =0, we have the additional global boundary condition u, =0. Show
that a non-trivial steady-state solution to this problem can be obtained using
the harmonic function

Ce™™% cos(my) ,

where C' is an arbitrary constant and m is a parameter which must be chosen
to satisfy the displacement boundary condition. Comment on the physical
significance of this solution.

10. The half-space z >0 is bonded to a rigid body at the surface z=0. Show
that in the steady state, the surface temperature T'(z,y,0) and the normal
stress o..(x,y,0) at the bond are related by the equation

2pa(l+v)T(z,y,0)

Uzz(xv Y, 0) = (3 — 41/)

11. The traction-free surface of the half space z >0 is uniformly heated in the
annular region a <r <b and unheated elsewhere, so that

Q
QZ(T79aO) = 7T(b2—G,2) ) a<r<b

=0 ; 0<r<a and r>b.
Use equation (22.58) to determine the slope of the surface

Ou,
or

(r,6,0)

in the steady state. By taking the limit of this solution as a—b or otherwise,
find the surface displacement due to a heat input @ uniformly distributed
along a circle of radius b. Comment on the implications for steady-state ther-
moelastic contact problems.
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SINGULAR SOLUTIONS

Singular solutions have a special place in the historical development of poten-
tial theory in general and of Elasticity in particular. Many of the important
early solutions were obtained by appropriate superposition of singular po-
tentials, noting that any form of singularity is permitted provided that the
singular point is not a point of the body?!.

The generalization of this technique to allow continuous distributions of
singularities in space (either at the boundary of the body or in a region of
space not occupied by it) is still one of the most widely used methods of
treating three-dimensional problems.

In this chapter, we shall consider some elementary forms of singular so-
lution and examine the problems that they solve when used in the various
displacement function representations of Chapter 21. The solutions will be
developed in a rather ad hoc way, starting with those that are mathematically
most straightforward and progressing to more complex forms. However, once
appropriate forms have been introduced, a systematic way of developing them
from first principles will be discussed in the next chapter.

23.1 The source solution

A convenient starting point is the most elementary singular harmonic function

1 1
=== ———, (23.1)
R /332 _|_ y2 + 22
which is easily demonstrated to be harmonic (except at the origin) by substi-
tution into Laplace’s equation. We shall refer to this solution as the ‘source’
solution, since it describes the steady-state temperature in an infinite body

L If it 4s a point of the body, certain restrictions must be imposed on the strength
of the singularity, as discussed in §11.2.1 and §33.8.1.

J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 363
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with a point heat source at the origin or alternatively the potential in an in-
finite space with a point electric charge at the origin. It is clearly spherically
symmetric — i.e. the potential depends only on the distance R from the ori-
gin — and it can be developed from first principles, starting with Laplace’s
equation in spherical polar codrdinates (21.35) and imposing the condition
that ¢ be a function of R only. The governing equation then reduces to

d?¢ 2 do
2 23.2
dR?>  RdR 0 (23.2)
of which (23.1) is clearly the only singular solution.
We shall examine the stress fields corresponding to the use of the source
solution in Solutions A and B of Tables 21.1, 21.2.

23.1.1 The centre of dilatation

The strain potential solution (Solution A) is isotropic — i.e., the stress and

displacement definitions preserve the same form in any Cartesian coordinate

transformation — and hence the spherically symmetric function 1/R must

correspond to a spherically symmetric state of stress and displacement.
Substituting ¢=1/R into Table 21.2, we obtain

2uur = — i 2pup =2pug =0 (23.3)

1
R2
2 1
"3 ) 09020,852—?

Consider points on the spherical surface R = a, whose area is 4ma?. These
points move radially outwards through a distance ur(a) and hence the mate-
rial inside the imaginary sphere increases in volume by

ORR = ; Ugﬁ:UﬁR:O'RQZO. (234)

AV = 4ra*ug(a) = 2 ,
1
using (23.3). Notice that AV is independent of a, implying that the volume
of the imaginary hollow sphere b < R < a remains constant. In other words,
the volume change is all concentrated at the origin, and we can construct a
solution for a prescribed volume change AV through the potential

_HAV

9= 2rR

(23.5)

This defines the singularity known as the centre of dilatation or centre of
compression?. Combined with a state of uniform hydrostatic stress, it can be
used to describe the stresses and displacements in a thick-walled spherical

2 S.P.Timoshenko and J.N.Goodier, loc. cit., §136.
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pressure vessel loaded by arbitrary uniform pressure at the inner and outer
surfaces. This solution was first obtained by Lamé.

The centre of dilatation is not admissable at an interior point of a continu-
ous body — it would correspond to an infinitesimal hole containing a fluid at
infinite pressure. However, a distribution of centres of dilatation can be used to
describe dilatational effects such as those arising from thermal expansion. In
fact, the thermoelastic potential of equations (22.10-22.12) could be regarded
as being derived from Solution A by distributing sources of strength propor-
tional to o1 throughout the space occupied by the body, to take account of
the thermal dilatation. A similar technique can be used for dilatation arising
from other sources, such as phase transformation.

23.1.2 The Kelvin solution

In Solution B, the stress components contain terms that are first derivatives of
the potential w or second derivatives multiplied by z. Hence, if we substitute
w=1/R, we anticipate that the stresses will vary inversely with the square of
the distance from the origin and hence that the force resultant over a spherical
surface of radius a, with centre at the origin will be independent of a. In fact,
this potential corresponds to the three-dimensional Kelvin problem, in which
a concentrated force in the z-direction is applied at the origin in an infinite
elastic body.

We shall demonstrate this by evaluating the stress components o,,, 0,
and considering the equilibrium of the region —h < z < h, which includes the
origin.

Noting that

0 (1 z 0 (1 r
7z (R> = ® o (R> R (23.6)
we obtain
0w ow 322 1
z 323
= (1-2) 55 + 55 (23.7)
0w ow
T T 0L (- QV)E
r 3rz?
= (1—2) 5 + 5 - (23.8)

We now consider the equilibrium of the cylinder r <a, —h <z <h, which
is shown in Figure 23.1.
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Figure 23.1: The Kelvin problem

The curved surfaces r = a of this cylinder experience a force in the z-
direction because of the stress o,.,, but this force decays to zero as a — oo,
since, although the area increases with a (being equal to 2wah), the stress com-
ponent decreases with a?. We can therefore restrict attention to the surfaces
z=x=h if a is sufficiently large.

The stress component o, is odd in z and hence the forces transmitted
across the two surfaces are equal and have the total value

e (1 —2v)h  3h3
FZ:2/; 27TT(R3+R5 dr
(1—-2v)h R3]
=4r {_R B L =8r(l—-v), (23.9)
where we note that R=|z| when r=0.
It follows that there must be an equal and opposite force at the origin.

Hence, the function
F
= 23.10
YT 81— )R (23.10)
in Solution B corresponds to the problem of a force F' acting in the z-direction
at the origin in the infinite elastic body. The complete stress field is easily
obtained by substituting (23.10) into the appropriate expressions from Table
21.1 or Table 21.2.

23.2 Dimensional considerations

In the last section, we developed the Kelvin solution ‘accidentally’ by exam-
ining the stress field due to the source potential in Solution B. However, a
more deductive development of the solution can be made from equilibrium
and dimensional considerations.
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We first note that the Kelvin problem is self-similar (see §12.1), since
there is no inherent length scale. It follows that the form of the variation of
the solution with 6, 8 must be independent of the distance R from the origin
and hence that the solution can be expressed in the separated-variable form

f(R,0,8) = g(R)h(B,0) (23.11)

where f is any field quantity such as a stress or displacement component.

Given this result, we can deduce from equilibrium considerations that the
function g(R) appropriate to the stress components must be R~2, since the
total resultant force across any one of a class of self-similar surfaces (i.e.
surfaces of the same shape but different size) must be the same, and the
surface area of such surfaces will be proportional to the square of their linear
dimensions. Thus, any stress component must decay with distance from the
origin according to R~2.

We now examine solutions A and B to see what type of singular function
would satisfy this condition. On dimensional grounds, we find that the poten-
tial would have to be of order R? in Solution A and of order R~! in Solution
B. We shall see in the next section that there are singular potentials of order
R, but that they involve singularities not merely at the origin, but along at
least half of the z-axis. Thus, they cannot be used for a problem involving
the whole infinite body. We are therefore left with the function 1/R — which
we know to be harmonic — in Solution B, which can then be developed as in
§23.1.2.

23.2.1 The Boussinesq solution

We shall now apply similar arguments to solve the Boussinesq problem, in
which a point force F' in the z-direction is applied at the origin R=0 on the
surface z=0 of the half-space z >0, as shown in Figure 23.2. In particular, it
is clear that this problem is also self-similar and equilibrium arguments again
demand that the stress components decay with distance from the origin with
R2.

This problem is treated by Timoshenko and Goodier® by superposing fur-
ther singular solutions on the Kelvin solution so as to make the surface z=0
free of tractions except at the origin. A more direct (and modern) approach
is to seek a special potential function solution which identically satisfies two
of the three boundary conditions at the surface.

3 loc. cit., §138.



368 23 Singular solutions

<«

Q<

Figure 23.2: The Boussinesq problem

y

We note that the force is normal to the surface, so that there is no tan-
gential traction at any point on the surface* — i.e.

Oz =04y =0; allz,y, 2=0. (23.12)

Since this condition applies at all points of the surface z = 0, we shall
refer to it as a global boundary condition and it is appropriate to satisfy it
by constructing a potential function solution which satisfies it identically, this
being Solution F of Table 21.3. It then remains to find a suitable potential
function which when used in Solution F will yield stress components which
decay with R~2.

Examination of Solution F shows that 1/R will not be suitable in the
present instance, since the stresses are obtained by two differentiations of the
stress function and hence we require ¢ to vary with R®. We therefore seek a
suitable partial integral of 1/R — to be dimensionless in R and singular at
the origin, but otherwise to be continuous and harmonic in z>0.

It is easily verified that the function

_/0 dg
N V2 + 2 + (2 = ()?

satisfies these requirements. Notice that this function is singular on the nega-
tive z-axis, where R=—z, but not on the positive z-axis, where R=z. In fact,
it can be regarded as the potential due to a uniform distribution of sources
on the negative z-axis (r=0, 2<0).

Substituting into Solution F, we find

= In(R + 2) (23.13)

Po 09 327
923 922 RS

Oyy = Z

(23.14)

and hence the surface z=0 is free of traction except at the origin as required®.

4 The normal traction is zero everywhere except at the origin, where there is a delta
function loading, i.e. 0., =—Fd(x)d(y).
5 The condition ¢, =0 on the surface is guaranteed by the use of Solution F.
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The force applied at the origin is
F= —27r/ ro..(r, h)dr
0

3 = rdr _
= —67h /0 7(7"2 R 2w (23.15)
and hence the stress field due to a force F' in the z-direction applied at the
origin is obtained from the potential

=5 In(R+ z) . (23.16)
The displacements at the surface z =0 are of particular interest, in view
of the application to contact problems®. We have
Op F(1-2v)

Syt (r,0) = —2(1 — ) 22 = U =¥)

=0. 23.1
0z T » #=0 (23.18)

Thus, both displacements vary inversely with distance from the point of
application of the force F', as indeed we could have deduced from dimensional
considerations. The singularity in displacement at the origin is not serious,
since in any practical application, the force will be distributed over a finite
area. If the solution for such a distributed force is found by superposition
using the above result, the singularity will be integrated out.

We note that the displacements are bounded at infinity, in contrast to the
two-dimensional case (see Chapter 12). It is therefore possible to regard the
point at infinity as a reference for rigid-body displacements, if appropriate.

The radial surface displacement w, is negative, indicating that a force F’
directed into the half-space — i.e. a compressive force — causes the surround-
ing surface to move towards the origin”. We can define a surface dilatation e
on the surface z=0, such that

Ouy Ouy Oup u, 10ug
es = 4 -

o T 5 = or S T (23.19)

Substituting for the displacement from equation (23.17), we obtain

5 ¢f. Chapter 12.

" Most engineers would say that this is what they would intuitively expect, but the
validity of this intuition is suspect, since the corresponding result for a tensile
force — for which the radial displacement is directed away from the origin — is
counter-intuitive. Our expectation here is probably determined by the thought
that forces of either direction will stretch the surface and hence draw points
towards the origin, but this is a second order (non-linear) effect and cannot be
admitted in the linear theory.
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Fl—20)( 1 1
=y ) =0, 23.2
€ drp ( 72 + 7“2) 0 (23.20)

In other words, the normal force F' does not cause any dilatation of the
surface z =0, except at the origin. However, if we draw a circle of radius a,
centre the origin on the surface, it is clear that the radius of this circle gets
smaller by the amount of the inward radial displacement and hence the area
of the circle A increases by

AA =2mau, = _F=2v) . (23.21)
2u

This result is independent of a — i.e. all circles reduce in area by the
same amount® and all of this reduction must therefore be concentrated at
the origin, where in a sense a small amount of the surface is lost. We can
generalize this result by superposition to state that, if there is an arbitrary
distribution of purely normal (compressive) traction on the surface z =0 of
the half-space, the area A enclosed by any closed curve will change by AA
of equation (23.21), where F' is now to be interpreted as the resultant of the
tractions acting within the area A.

23.3 Other singular solutions

We have already shown how the singular solution In(R+z) can be obtained
from 1/R by partial integration, which of course is a form of superposition.
A whole sequence of axially symmetric solutions can be obtained in the same
way. Defining

1
Po=7F> (23.22)
we obtain
$p_1=In(R+2) ; ¢p_o=zIn(R+2)—R
1
¢-_3 = I {(22> =) In(R+ 2) — 3Rz + 1} (23.23)
1
-4 = 3 {3(22% = 32r*) In(R + 2) + 92r° — 112°R+ 4r*R} ; ...
by the operation®
0
bus(r2) = [ onlrnlz—oac. (23.24)

8 as could be argued from the fact that the surface dilatation is zero.

9 Some care needs to be taken with the behaviour of the integral at the upper limit
to obtain bounded partial integrals by this method. A more systematic method
of developing this sequence will be introduced in §24.6 below.
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All of these functions are harmonic except at the origin and on the negative
z-axis, where R + z—0. A corresponding set of harmonic potentials singular
only on the positive z-axis can be obtained by setting z — —z in (23.23), which
is equivalent to reflecting the potentials about the plane z=0. It is convenient
to define the signs of these functions such that

¢p-1=—In(R—2); ¢_a=—zIn(R—2)—R
1

o5 =—7 {(22> = r*)In(R — z) + 3Rz +r°} (23.25)

Py = f% {3(22% — 32r®) In(R — 2) 4+ 92r® + 112°R — 4r*R} ; ...,

since with this convention, the recurrence relation between both sets of po-
tentials is defined by

aan—l
O = P

The sequence can also be extended to functions with stronger singularities
by applying (23.26) to (23.22), obtaining

z 322 1 1523 9z
¢1:—ﬁ§¢2:ﬁ—ﬁ;¢3:—ﬁ+ﬁ;-~ (23.27)

These functions are harmonic and bounded everywhere except at the origin.

We can also generate non-axisymmetric potential functions by differenti-
ation with respect to x or y. For example, the function

(23.26)

9 (-2) = vz _ 3sin(25)cosf (23.28)

or R3) RS 2R3
in spherical coordinates, is a non-axisymmetric harmonic function. However,
these solutions can be obtained more systematically in terms of Legendre
polynomials, as will be shown in the next chapter.

The integrated solutions solutions defined by equation (23.24) can be gen-
eralized to permit an arbitrary distribution of sources along a line or surface.
For example, a fairly general axisymmetric harmonic potential can be written
in the form

b g(Qat

o VIP+(z=0?
which defines the potential due to a distribution of sources of strength g(z)
along the z-axis in the range a < z <b. Such a solution defines bounded stresses
and displacements in any body which does not include this line segment. When
the boundary conditions of the problem are expressed in terms of a represen-
tation such as (23.29), the problem is essentially reduced to the solution of
an integral equation or a set of integral equations. This technique has a long
history in the solution of axisymmetric flow problems around smooth bodies
and it can be used for the related elasticity problem in which a uniform tensile
stress is perturbed by an axisymmetric cavity. We shall also use an adaptation

of the same method for solving crack and contact problems for the half-space
in Chapters 30,31.

o(r,2) = (23.29)
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23.4 Image methods

As in the two dimensional case, singular solutions for the half space can be
obtained by placing appropriate image singularities outside the body. We con-
sider the case in which the half space z > 0 with elastic constants ui, %7 is
bonded to the half space z < 0 with constants o, k2. Suppose that a singu-
larity such as a concentrated force exists somewhere in the half space z >0
and that the same singularity in an infinite body can be defined in terms
of the complex Papkovich-Neuber solution of §21.6 through the potentials
d0(, ¢, 2), 00, ¢, 2),w@(¢,C, 2). In other words these are the potentials
that would apply if the entire space had the same elastic constants pq, 1.

Aderogbal® shows that the stress field in the composite body can then be
obtained from the potentials

8= 60 —am [p0] 4 (4x] - B) [/w(mdz}

Z——2Zz 2

e fuonl]  cels{[fumnr)]

P = y© _ g [1#(0)}

Z——Z

z 82’

(96
w® = O — Ak, [w(o)] +24 99 ]

—(H — Ary) {\7 {];(O)dz” w2 [,c {w(mH (2330

for z > 0 and

¢ = (A+1)p0 + (A“%mp /w(o)dz +(1+D—Ar)IL {/ ¢<0>dz}
+Crg { / / w(o)dzdz}

@ = _Dry©®

w® = (B11)6® _ (DI + B+ 17 {/¢<0>dz} (23.31)

for z < 0, where

o 0P
ac o

0

T} = L = g (B C0) 2T (), (28.32)

and the composite material properties are defined as

10 K.Aderogba, On eigenstresses in dissimilar media, Philosophical Magazine, Vol.
35 (1977), pp.281-292.
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pote, g (T-D L C-) Ly (D)

[25% (F—f—l), 7([‘[{1—{-1)’ (F+H2)

C= %[2H(/{1 +1) = Ari(k1+2) = B]; D= (H—1)(k1 +1)(k2+1).

The arbitrary functions implied by the partial integrals in equations (23.30,
23.31) must be chosen so as to ensure that the resulting terms are harmonic
and non-singular in the corresponding half space.

23.4.1 The traction-free half space

The special case of the traction-free half space is recovered by setting I"=0.

We then have
(r2 - 1)

A=B=H=-1; C="—

and

¢ = ¢@%+mkw} _<”§‘”{/wwm4

senfeffomsd] R ol ffamea]

v =y@ + 9]

N 7 - [322‘”}
(k1) [ {/w O)dzH —9 {ﬁ {”’(O)}LH% (23.33)
Example

As an example, we consider the case of the traction-free half space with a
concentrated force F acting in the z-direction at the point (0,0, a), a distance
a below the surface'!. The unperturbed field for a concentrated force at the
origin is given in §23.1.2 by the potential
F F

8m(l—v)R 8m(1 — V)2 + 22 p=1 ( )
For an equal force at the point (0,0, a) in the infinite body, we need to make
use of the results of §20.3.1 with s=ka, ¥ =kw and z— (z — a). We obtain

11 This problem was first solved by R.D.Mindlin, Force at a point in the interior of
a semi-infinite solid, Physics, Vol.7 (1936), pp.195-202. A more compendious list
of solutions for various singularities in the interior of the half space was given by
R.D.Mindlin and D.H.Cheng, Nuclei of strain in the semi-infinite solid, Journal
of Applied Physics, Vol.21 (1950), pp.926-930.
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S =aw
and hence, using equation (20.21),
RO I 0 Fa
8n(1 —v)y/r2+ (2 —a)? 8m(l —v)y/12 4 (2 — a)?
(23.35)
and 9(® = 0. In constructing the partial integral of w(®) for (23.33), we can
ensure that the resulting term is harmonic by using the results of §23.3, but
we must also ensure that the resulting potential has no singularities in the half

space z>0. We therefore modify the first of equations (23.25) by a change of
origin and write

F
/w(o)dz: mln( r2+(z—a)2—(z—a)) ;
which after the substitution z — —z yields

F
- - 2 2
877(1—V)1n( 2+ (z+4a) +z+a).

This function is singular on the half line r =0, z < —a, but this lies entirely
outside the half space z >0 as required. Using this result and (23.35) in (23.33)
and substituting k= (3—4v), we obtain

Fa . F(3—4v)a
8r(l—v)y/r2+(z—a)®> 8r(l—v)\/r?2+ (24 a)?

F(1-2
7M1H( 2+ (z4+a)?+z2+4a

o F F(3— 4v)
_87r(1—u) 2+ (2 —a)? _87r(1—u) 2+ (24 a)?
B Fa(z+a)

(1 —v) (12 + (2 +a)2)**

¢ =

The full stress field is then obtained by substitution into equations (21.45—
21.50) and it is easily verified in Maple or Mathematica that the traction
components g,.,0,9,0,, g0 to zero on z=0.

In the limit @ — 0, we recover the Boussinesq solution of §23.2.1 in which
the force F is applied at the surface of the otherwise traction-free half space.
The potentials then reduce to

b _F(12— 2) F
T

1 D w=
n(R+2)5 w=-52,

agreeing with (23.16) and (21.37).
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PROBLEMS

1. Starting from the potential function solution of Problem 21.2, use dimen-
sional arguments to determine a suitable axisymmetric harmonic singular po-
tential to solve the problem of a concentrated tangential force F in the z-
direction, applied to the surface of the half-space at the origin.

2. Find the stresses and displacements!? corresponding to the use of ¥=1/R
in Solution E. Show that the surfaces of the cone, r = ztan 3 are free of
traction and hence use the solution to determine the stresses in a conical
shaft of semi-angle 3y, transmitting a torque, 7T'.

Find the maximum shear stress at the section z=c¢, and compare it with
the maximum shear stress in a cylindrical bar of radius a = ctan 3y trans-
mitting the same torque. Note that (i) the mazimum shear stress will not
generally be either 0.9 or .9, but must be found by appropriate coordinate
transformation, and (ii) it may not necessarily occur at the outer radius of
the cone, r=ctan Jy.

3. An otherwise uniform cylindrical bar of radius b has a small spherical hole
of radius a on the axis.

Combine the function ¥ = Az/R? in solution E with the elementary torsion
solution for the bar without a hole (see, for example, Problem 21.1) and show
that, with a suitable choice of the arbitrary constant A, the surface of the
hole, R=a can be made traction-free. Hence deduce the stress field near the
hole for this problem.

Assume that b>> a, so that the perturbation due to the hole has a negligible
influence on the stresses near the outer surface, r=».

4. The area A on the surface of an elastic half-space is subjected to a purely
normal pressure p(x,y) corresponding to the total force, F'. The loaded region
is now expanded in a self-similar manner by multiplying all its linear dimen-
sions by the same ratio, A. Each point in the new contact area is subjected to
a self-similar loading such that the pressure at the point (Az, Ay) is Cp(z,y),
where the constant C' is chosen to ensure that the total force F' is independent
of \.

Show that the deflection at corresponding points (Az, Ay, Az) will then be
proportional to F'/\.

5. The surface of the half space z>0 is traction-free and a concentrated heat
source () is applied at the origin. Determine the stress and displacement field
in the half space in the steady state.

The traction-free condition can be satisfied by using solution P of Table
22.1. You can then use dimensional arguments to determine the dependence
of the heat flux on R and hence to choose the appropriate singular potential.

12 This solution is known as the centre of rotation.
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6. Use Aderogba’s formula (23.33) to determine the potentials ¢, 1, w defining
the stress and displacement fields in the traction-free half space z > 0, sub-
jected to a concentrated force in the z-direction acting at the point (0,0, a).

7. Determine the potentials ¢, 1, w defining the stress and displacement field
in the traction-free half space z >0 due to a centre of dilatation of strength
AV located at the point (0,0, a).
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SPHERICAL HARMONICS

The singular solutions introduced in the last chapter are particular cases of
a class of functions known as spherical harmonics. In this chapter, we shall
develop these functions and some related harmonic potential functions in a
more formal way. In particular, we shall identify:-

(i) Finite polynomial potentials expressible in the alternate forms P, (x,y, z),
P, (r, z) cos(mb) or R™P,(cos3)cos(mb), where P, represents a polyno-
mial of degree n.

(ii) Potentials that are singular only at the origin.

(iii) Potentials including the factor In(R+2) that are singular on the negative
z-axis (z < 0,7 =0).

(iv) Potentials including the factor In{(R+z)/(R—z)} that are singular ev-
erywhere on the z-axis.

(v) Potentials including the factor In(r) and/or negative powers of r that are
singular everywhere on the z-axis.

All of these potentials can be obtained in axisymmetric and non-axisymmetric
forms. When used in solutions A,B and E of Tables 21.1, 21.2, the bounded
potentials (i) provide a complete set of functions for the sphere, cylinder or
cone with prescribed surface tractions or displacements on the curved sur-
faces. These problems are three-dimensional counterparts of those considered
in Chapters 5, 8 and 11. Problems for the hollow cylinder and cone can be
solved by supplementing the bounded potentials with potentials (v) and (iv)
respectively. Azisymmetric problems for the hollow sphere or the infinite body
with a spherical hole can be solved using potentials (i,ii), but these potentials
do not provide a complete solution to the non-axisymmetric problem'. Func-
tions (ii) and (iii) are useful for problems of the half space, including crack
and contact problems.

1 See §26.1.

J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 377
DOI 10.1007/978-90-481-3809-8_24, © Springer Science+Business Media B.V. 2010
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24.1 Fourier series solution

The Laplace equation in spherical polar coordinates takes the form

9% 209 1 @+i@ cot 5 I¢
T OR? ROR R2sin®’p00°  R? B2 R 08

0. (24.1)

We first perform a Fourier decomposition with respect to the variable 6,
giving a series of terms involving sin(m#f), cos(m#f), m=0,1,2,...,00. For
the sake of brevity, we restrict attention to the cosine terms, since the sine
terms will be of the same form and can be reintroduced at the end of the
analysis. We therefore assume that a potential function ¢ can be written

o= Z fm (R, B) cos(m@) . (24.2)
m=0

Substituting this series into (24.1), we find that the functions f,, must
satisfy the equation

0%f 2 0f m2f 1 0%f Cotﬂﬁi

A R B L S R =0. 24.
orR2 " ROR R2?sin? 8 TR 032 TR B 0 (243)
24.2 Reduction to Legendre’s equation
We now cast equation (24.3) in terms of the new variable
x=cosf3, (24.4)
for which we need the relations
0 0 Ox 0 0
— = — -~ = _—ginfB— = -1 —x2— 24.
o5 —osop o " o (245)
02 0 0 0? 0
—_ = _ 22 (= 2 ) = (1 — ) —
5 Vi-z &C( Vi—z a;::) (1-0%) 5 — o . (246)

Substituting into (24.3), we obtain

0*f 2 0f m2f 20 0f  (1—2?)d%f
o "RoR BO-) o @ a2 0 (D

Finally, noting that (24.7) is homogeneous in powers of R, we expand
fm(R,x) as a power series — i.e.

fm (R x) = Z R"gmn(x) , (24.8)

n=—oo
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which on substitution into equation (24.7) requires that the functions g, (x)
satisfy the ordinary differential equation

d?g dg m?
j— 2 —_— S —_ —
1-= )dx2 2xdm + (n(n +1) = x2)> g=0. (24.9)

This is the standard form of Legendre’s equation?.

24.3 Axisymmetric potentials and Legendre polynomials

In the special case where m =0, the functions (24.2) will be independent of 6
and hence define axisymmetric potentials. Equation (24.9) then reduces to
d*g dg
2 _

(1—2z )@—2.%%-‘1-%(%4-1)9—07 (24.10)
which has a polynomial solution of degree n, known as a Legendre polynomial
P, (x). It can readily be determined by writing ¢ in polynomial form, substi-
tuting into equation (24.10) and equating coefficients. The first few Legendre
polynomials are

Po(l') =1

Py(z) = x =cosf

Py(z) = %(312 -1)= i {3cos(208) + 1}

Py(x) = %(5303 —37) = é {5cos(33) + 3 cos B} (24.11)
Py(z) = é(35x4 — 3002 +3) = 6i4 {35cos(48) + 20 cos(28) + 9}

1
128
where we have also used the relation x=cos 3 to express the results in terms
of the polar angle (.

The sequence can be extended to higher values of n by using the recurrence
relation?

Ps(z) = é(63x5 —702% + 15z) = {63 cos(53) + 35 cos(33) + 30cos 8}

(n+1)Puy1(x) — 2n+ DaPy(x) +nPy_1(z) =0 (24.12)

or the differential definition
1 a
T onpl dan

P, (x) (% —1)". (24.13)

2 See for example 1.S.Gradshteyn and I.M.Ryzhik, Tables of Integrals, Series and
Products, Academic Press, New York, 1980, §8.70.

3 See 1.S.Gradshteyn and I.M.Ryzhik, loc. cit. §§8.81, 8.82, 8.91 for this and more
results concerning Legendre functions and polynomials.



380 24 Spherical harmonics

In view of the above derivations, it follows that the axisymmetric functions
R" P, (cos 8) (24.14)

are harmonic for all n. These functions are known as spherical harmonics.

24.3.1 Singular spherical harmonics

Legendre polynomials are defined only for n >0, so the corresponding spherical
harmonics (24.14) will be bounded at the origin, R=0. However, if we set

n=-p—1, (24.15)
where p>0, we find that
n(n+1)=(-p-1)(-p) =p(p+1) (24.16)
and hence equation (24.9) becomes

d%g dg m?
1—a2%)— — 22—~ )——]g=0. 24.17
(-8 =2+ (ot 1) - s ) o (2417
In other words, the equation is of the same form, with p replacing n. It
follows that
R™""'P,(cos B) (24.18)

are harmonic functions, which are singular at R=0 for n>0. If n is allowed
to take all non-negative values, the two expressions (24.14, 24.18) define ax-
isymmetric harmonics for all integer powers of R, as indicated formally by the
series (24.8). These functions are generated by the Maple and Mathematica
files ‘sp0’, using the recurrence relation (24.12). In combination with solutions
A.B and E of Chapter 21, they provide a general solution to the problem of
a solid or hollow sphere loaded by arbitrary axisymmetric tractions.

24.3.2 Special cases

If we set n=0 in (24.18), we obtain

1

E )

which we recognize as the source solution of the previous chapter.
Furthermore, if we next set n=1 in the same expression, we obtain

¢ =Py(z/R)R™' = (24.19)

z

¢=P(z/R)R* = ik (24.20)
which is proportional to the function ¢; of (23.27). Similar relations exist
between the sequence ¢2, @3, ..., and the higher order singular spherical har-

monics.
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24.4 Non-axisymmetric harmonics

When m # 0, equation (24.2) will define harmonic functions that are not
axisymmetric. Corresponding solutions of Legendre’s equation (24.9) can be
developed from the axisymmetric forms by the relations

P™(z) = (—1)™(1 — x2)m/2;memPn(x) (24.21)

for m<n, or

PR =a-a) e [ [ @@, e

for m>mn. The functions PJ*(x) are known as Legendre functions. For problems
of the sphere, only the harmonics with m < n are useful, since the others
involve singularities on either the positive or negative z-axis.

The first few non-axisymmetric Legendre functions are

Pl(z) = —(1 —2?)? = —sinf3

Pl(z) = —3x(1 — 2%)? = —g sin(24)
P3(a) =301 — %) = 2{1 — cos(20)} (24.23)
Pla) = — (522 — 1)(1 — 22)} = —%{sinﬂ + 55in(39)}

PE(z) = 152(1 — 2%) = %{COSB — cos(303)}

%,
—
~
I
\
—_
ot
—~
[a—y
\
8
[V
~—
[N
I

15
The spherical harmonics

R" P (cos 3) cos(mb) ; R"P}(cosf3)sin(mb) (24.24)
R 'P™(cos B) cos(mf) ; R 'P™(cosfB)sin(mf)  (24.25)

in combination with solutions A,B and E of Chapter 21 can be used for prob-
lems of a solid or hollow sphere loaded by non-axisymmetric tractions, but
the solution is complete only for the solid sphere. The functions (24.24, 24.25)
are generated by the Maple and Mathematica files ‘spn’.

24.5 Cartesian and cylindrical polar coordinates
The bounded Legendre polynomial solutions (24.14, 24.24) also correspond

to finite polynomial functions in cylindrical polar codrdinates and hence can
be used for the problem of the solid circular cylinder loaded by polynomial



382 24 Spherical harmonics

tractions on its curved boundaries. For example, the axisymmetric functions
(24.14) take the form
R"P,(z/R) (24.26)

and the first few can be expanded in cylindrical polar coordinates as
R°Py(z/R) =1
R'Pi(z/R) =
1 1
R?Py(z/R) = 5(322 —R?) = 5(222 —r?)

1 1

R3Ps(z/R) = 5(523 —32R?) = 5(223 — 32r?) (24.27)
1 1

R*Py(z/R) = §(35Z4 —3022R* + 3R*) = §(8z4 —242%r% + 3r?)

R°Ps(z/R) = %(6325 —T702°R? 4 152R") = é(825 — 4027 + 152r%) |

where we have used the relation R? = r2+22. This sequence of functions is
generated in the Maple and Mathematica files ‘cyl0’.

These functions can also be expanded as finite polynomials in Cartesian co-
ordinates, using the relations x =7 cos, y=rsin §. For example, the function
R3P}(z/R)sin 0 expands as

R*Pj(z/R)sinf = *2(522 — R*)VR2 — 22sinf = 72(422 —rH)rsinf

3
= —5(4z2y — 2%y —yP). (24.28)

Of course, these polynomial solutions can also be obtained by assuming a
general polynomial form of the appropriate order and substituting into the
Laplace equation to obtain constraint equations, by analogy with the proce-
dure for biharmonic polynomials developed in §5.1.

24.6 Harmonic potentials with logarithmic terms

Equation (24.10), is a second order ordinary differential equation and as such
must have two linearly independent solutions for each value of n, one of which
is the Legendre polynomial P, (z). To find the other solution, we define a new
function h(z) through the relation

g(x) = P, (z)h(z) (24.29)
and substitute into (24.10), obtaining

(1= 2*)Py(2)h" (z) + 2{(1 — 2*) Py (x) — P, (z)}h' ()
+{(1 = 22 P! (x) — 22P. () + n(n + 1) Py (2) th(z) = 0 . (24.30)
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The last term in this equation must be zero, since P, (z) satisfies (24.10). We
therefore have

(1 — 2Py (2)h"(z) + 2{(1 — 22) P’ () — ePu(x)}W/(z) =0,  (24.31)

which is a homogeneous first order ordinary differential equation for A’ and
can be solved by separation of variables.

If the non-constant solution of (24.31) is substituted into (24.29), we obtain
the logarithmic Legendre function @, (z), the first few such functions being

Qule) = 51 (12

@1<x>—;”1n(1ji> 1

Qa(w) = 2(3:1:2 1) sz) _ 3?%

Qs(z) = i(5z33z)1n(iz) 757+§ (24.32)
Qa(x) = 1—16(3593 3022 +3)1 ( ) 350 55x

1 1 4 4 2
Qs(z) = T6(63x5 — 7023 + 15z) In < + {E> _ 63z 9z

1—=x 8 8 15 °
The recurrence relation
(n+1)Qnt1(z) — 2n+1)2Qn(x) + nQpr—1(x) =0 (24.33)

can be used to extend this sequence to higher values of n.
The corresponding harmonic functions are logarithmically singular at all
points on the z-axis. For example

R°Qo(z/R) = 3 In (ﬁji)
R'Qu(z/R) = oTn (gfj) R (24.34)
R2Qs(2/R) = i( 2R @*z) _%

and the factor (R—z) — 0 on the positive z-axis (r = 0,z > 0), where
R=+r2+22 — 2, whilst (R+2) — 0 on the negative z-axis (r =0,z < 0),
where R=+/r2+22 — —z. These potentials in combination with the bounded
potentials (24.14), permit a general solution of the problem of a hollow cone
loaded by prescribed axisymmetric polynomial tractions on the curved sur-
faces. They are generated in the Maple and Mathematica files ‘Qseries’, using
the recurrence relation (24.33).
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The attentive reader will recognize a similarity between the logarithmic
terms in this series and the functions ¢_1,¢_o,... of equation (23.23), ob-
tained from the source solution by successive partial integrations. However,
the two sets of functions are not identical. In effect, the functions in (23.23)
correspond to distributions of sources along the negative z-axis, whereas those
in (24.34) involve distributions of sources along both the positive and nega-
tive z-axes. The functions (23.23) are actually more useful, since they are
harmonic throughout the region z >0 and hence can be applied to problems
of the half space with concentrated loading, as we discovered in §23.2.1.

The functions @, (z) can all be written in the form

Qu(@) = Po(z)In G fi > Wi (2), (24.35)
where .
Wioi(z) =Y %Pk,l(x)Pn,k(m) (24.36)
k=1

is a finite polynomial of degree of degree (n—1). In other words, the multi-
plier on the logarithmic term is the Legendre polynomial P,(z) of the same
order. This is also true for the functions of equation (23.23), as can be seen
by comparing them with equations (24.34). A convenient way to extend the
sequence of functions (23.23) is therefore to assume a solution of the form

¢—n—1=R"P,(z/R)In(R+ 2) + Ru(R, 2) , (24.37)

where R, is a general polynomial of degree n in R, z, substitute into the
Laplace equation
¢ 109 108% 02%¢
Vip=—+-—"+ - +=>=0 24.38
¢ 8r2+r€)r+r2892+822 ( )
and use the resulting equations to determine the coefficients in R,. This
method is used in the Maple and Mathematica files ‘sing’.

24.6.1 Logarithmic functions for cylinder problems

The function In(R+2) corresponds to a uniform distribution of sources along
the negative z-axis. A similar distribution along the positive z-axis would lead
to the related harmonic function In(R—z). Alternatively, we could add these
two functions, obtaining the solution for a uniform distribution of sources
along the entire z-axis (—oo <z <o00) with the result

In(R+ 2) +In(R — 2) = In(R? — 2%) = 2In(r) . (24.39)

Not surprisingly, this function is independent of z. It is actually the source
solution for the two-dimensional Laplace equation
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P¢ 106 1 0%

and could have been obtained directly by seeking a singular solution of this
equation that was independent of 6.

More importantly, a similar superposition can be applied to the functions
(24.37) to obtain a new class of logarithmically singular harmonic functions
of the form

¢ = R"P,(z/R)In(r) + Sy(r,z) , (24.41)

where S, is a polynomial of degree n in r, z. These functions, in combination
with the bounded harmonics of equation (24.27) and solutions A,B and E,
provide a general solution to the problem of a hollow circular cylinder loaded
by axisymmetric polynomial tractions on the curved surfaces. As before, the
sequence (24.41) is most conveniently obtained by assuming a solution of
the given form with S,, a general polynomial of r,z, substituting into the
Laplace equation (24.38), and using the resulting equations to determine the
coefficients in S,,. This method is used in the Maple and Mathematica files
‘hol0’. The first few functions in the sequence are

%o = In(r)

p1 = zIn(r)

2 = %{(2,22 —r3)In(r) +r?}

oo = (2~ 3 nlr) + 320%) (1.02)

1 4 2,.2 4 or 2,.2
p1=g (82" — 24z°r +3r)ln(r)—7—|—24zr

45274

1 . .
¥s5 =g {(825 — 402372 + 152r") In(r) — + 40231"2} .

Notice that only even powers of r can occur in these functions.

24.7 Non-axisymmetric cylindrical potentials

As in §24.4, we can develop non-axisymmetric harmonic potentials in cylin-
drical polar coordinates in the form

sin(m@)

cos(mf) (24.43)

o = In(r:2){

with m #£0. Substitution in (24.38) shows that the function f,, must satisfy
the equation

ame 10fm mem a2fm -
or? A o r? * 022 =0 (2444)
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A convenient way to obtain such functions is to note that if ¢,, is harmonic,
the function

Gmt1 = fmt1(r, ) cos ((m + 1)0) (24.45)

will also be harmonic if

i1 = % - mfm = rm% (ﬁj) : (24.46)
which can also be written
fm=r"L"fo  where L{}= 1o . (24.47)
ror
To prove this result, we first note that
Pl _ Pfm  10fnm 0 fm (24.48)

022 - or? r Or 72

from (24.44). We then substitute (24.46) into (24.45) and the resulting ex-
pression into (24.38), using (24.48) to eliminate the derivatives with respect
to z. The coefficients of all the remaining derivatives will then be found to be
identically zero, confirming that (24.45) is harmonic.

The relation (24.46) can be used recursively to generate a sequence of
non-axisymmetric harmonic potentials, starting from m =0 with any of the
axisymmetric functions developed above. For example, starting with the axi-
symmetric function

1
¢o = fo= R*'Py(2/R) = §(8z4 —242%r% + 3r) | (24.49)

from equation (24.27), we can construct

8fO 3 2 3 afl fl 2
= — = — —4 M = —-—— = — =
=R =St = oD,
from which we obtain the harmonic potentials
3 2 3 2
¢1 = —(—4z"r +1°)cosf ; ¢a = 3r°cos(20) . (24.50)

2

Similarly, from the logarithmically singular function
1
o = fo =2 = 5{(222 — 3 In(r) +r*} (24.51)

of equation (24.42), we obtain

_9fo _ 2 r . h f 222
=y - T r A= =g o Tl

N

defining the potentials
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2

¢1 = (—rln(?") + 272 + ;) cost ; ¢p = (—1 - 2:2) cos(20) . (24.52)

This process is formalized in the Maple and Mathematica files ‘cyln’ and
‘holn’, which generate a sequence of functions F,,,, Sy, such that the poten-

tials

Fyp, cos(m) ;

Fnsin(mb) ;  Spmpcos(mb) ; Sy sin(mé) (24.53)

are harmonic. These files are easily extended to larger values of m or n if
required. For convenience, we list here the first few functions of this sequence

for the case m=1.

S14 =

315 =

F11 =T

Flg = 3zr

Fi3 = 2(42% —73) (24.54)

Fiy = 2(4237" — 32r%)

15 ¢ 4 2,3 4,5

Fis = §(82 r—12z°r° +1°) .
1
r
z
r

22
—rin(r) + — + 3 (24.55)
3
3
—3zrin(r) + S %
3 4 1573
5(7"3 —42%r)In(r) + 27 +32%r — 87“
5 5 75213
5(3%3 —12237r) In(r) + 2 45— ;T .
r

24.8 Spherical harmonics in complex notation

In §21.6 we developed a version of the Papkovich-Neuber solution in which the
Cartesian coordinates (z,y, z) were replaced by (¢, (, z), where { =z 4y, (=
x—1y. In this system, the Laplace equation takes the form

0%y 0% _

2 =4 -+ —
V=gt T o

(24.56)

We consider solutions of the series form



388 24 Spherical harmonics

pnlc.Gon) = 3 26O 5 J)(C 3 (24.57)
Jj=0 J
Substitution into (24.56) then shows that
k 42% 92 f, k 2272
J k—j
- - =0 24.58
]Z oot * 2 @ o) (245%)
and equating coefficients of 22#=2=2, we have
P fin fi
(06— 24.59
a<—8< 4 ) ( ? ) ’ ( )
9 fo
=0 24.60
oh o, (2460

which defines a recurrence relation for the functions f;. Furthermore, equation
(24.60) is the two-dimensional Laplace equation whose general solution can
be written

fo=91(0) +72(0) , (24.61)

where ¢1,7, are general holomorphic functions of the complex variable ¢ and
its conjugate C, respectively. Thus, the most general solution of the form
(24.57) can be constructed by successive integrations of (24.59), starting from
(24.61). This defines an even function of z, but it is easily verified that the
odd function

Yar+1(¢, €, 2) (24.62)

(25 + 1)!
also satisfies (24.56), where the functions f; again satisfy the recurrence rela-
tions (24.59, 24.60).

24.8.1 Bounded cylindrical harmonics

The bounded harmonics of equations (24.26, 24.27, 24.54) can be obtained
from equations (24.57, 24.62) by choosing

fol¢.O) =qi(Q) =¢™. (24.63)
Successive integrations of equation (24.59) then yield
~ Cm+1<T . —- <m+2€2
fi(€.¢) = Cm+D) f2(¢.¢) = C2m + ) m+2(2) (24.64)
or in general -
_ (O™
Fi€.§) = —ee)e (24.65)

(—4)i(m + i)l ’
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where we have omitted the arbitrary functions of integration. Substituting f;
into (24.57, 24.62), we can then construct the harmonic functions

mlz? (GO ~I¢"

M=

X3 = p (—4)F=d(m+k — Ik — 5)1(25)!
s i A (SONRI S (24.66)

(=4)F=7(m+ k= )l(k — )25 + D

<.
I
o)

the first few functions in the sequence being
X6 (¢, Coz) =¢"

A(GG,2) = 2 ]
S (<S5

R e (2467)
mo- 7oy 2¢" z(¢)¢™
X366 = Thm )

4 -m 2 =\ ~m \2 ~m
U (<3 N (91

4! (=) (m+1)(2)  (—4)2(m+1)(m+2)(2)

The functions (24.66, 24.67) are three-dimensionally harmonic and satisfy the
recurrence relations

m m m m+1
ag; = Xno1; agg =mxy agg = —45:;;21) : (24.68)
or
Xnm+1 = m—1
Ja =it [amac= 2 [aat= <z
The factor

() =rePre ™ =r? and (™ = r™(cos(mh) +1sin(mb))  (24.69)

and hence the functions x]* can be expanded as functions of r, z with Fourier
multipliers as in (24.53, 24.54). In fact they are related to the spherical har-
monics (24.24) by the expressions

- —2)™mml!
X;ﬂ(c, <7 Z) — ( ) RnL-l—nan

where
R=1\/22+4+(( =22 +y2+22. (24.71)

A few low order potentials that we shall need later are
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2 3 ~
1 0 02 . o_#  z¢
XO 9 Xl Z 5 X2 2 47 X3 6 4 )
2 2% 3 2~
1 1 1 2¢ ¢°¢ 1 2°¢ 2¢°C
_ _ _ _Ss6 _Z5_ 24.72
Xo=C5 x1=20; 2= g X3= ¢ g ( )
¢ (¢ 2 2(°C
o= xi=20; 3= Ty Xa= 1

24.8.2 Singular cylindrical harmonics

A similar procedure can be used to develop complex versions of the singular
harmonics of equations (24.53, 24.55), starting with the function

oG, =¢™ 5 m>1
=In(¢(¢); m=0. (24.73)

Notice that in the complex variable formulation of two-dimensional problems,
In(¢) is generally excluded as being multivalued and hence non-holomorphic.
However,
In(¢¢) = In(¢) + In(¢) = 21n(r)

is clearly a real single-valued harmonic function (being of the form (24.61).
Singular potentials with m > 0 will eventually integrate up to include loga-
rithmic terms when following the procedure (24.59). We see this for example
in the real stress function versions (24.55) for m=1.

PROBLEMS

1. Use equation (24.22) to evaluate the function P?(z) and verify that it
satisfies Legendre’s equation (24.9) with m = 2 and n = 1. Construct the
appropriate harmonic potential function from equation (24.24) and verify that
it is singular on the z-axis.

2. The functions (23.23) are singular only on the negative z-axis (r=0, z<0).
Similar functions singular only on the positive z-axis are given in equations
(23.25). Develop the first three of (24.42) by superposition, noting that In(R+
z)+In(R—z)=2In(r).

3. Use the methodology of §5.1 to construct the most general harmonic poly-
nomial function of degree 3 in Cartesian cooérdinates x,y, z. Decompose the
resulting polynomial into a set of spherical harmonics.

4. Express the recurrence relation of equations (24.43-24.46) in spherical polar
coordinates R,0,(. Check your result by deriving the first three functions
starting from the source solution ¢g=1/R and compare the results with the
expressions derived in the Maple or Mathematica file ‘spn’.



25

CYLINDERS AND CIRCULAR PLATES

The bounded harmonic potentials of equations (24.27) in combination with
solutions A, B and E provide a complete solution to the problem of a solid
circular cylinder loaded by axisymmetric polynomial tractions on its curved
surfaces. The corresponding problem for the hollow cylinder can be solved by
including also the singular potentials of equation (24.42). The method can be
extended to non-axisymmetric problems using the results of §24.7. If strong
boundary conditions are imposed on the curved surfaces and weak conditions
on the ends, the solutions are most appropriate to problems of ‘long’ cylinders
in which L > a, where L is the length of the cylinder and a is its outer
radius. At the other extreme, where L < a, the same harmonic functions
can be used to obtain three-dimensional solutions for in-plane loading and
bending of circular plates, by imposing strong boundary conditions on the
plane surfaces and weak conditions on the curved surfaces. As in Chapter
5, some indication of the order of polynomial required can be obtained from
elementary Mechanics of Materials arguments.

25.1 Axisymmetric problems for cylinders

If axisymmetric potentials are substituted into solutions A and B, we find
that the circumferential displacement wg is zero everywhere, as are the stress
components oy,,0g,. There is therefore no torque transmitted across any
cross-section of the cylinder and no twist. The only force resultant on the
cross-section is a force F' in the z-direction given by

b p2m b
F :/ / 0,,rd0dr = 27r/ 70,.dr (25.1)
a JO a

where a, b are the inner and outer radii of the cylinder respectively.
By contrast, substitution of an axisymmetric potential into solution E
yields a stress and displacement state where the only non-zero displacement

J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 391
DOI 10.1007/978-90-481-3809-8_25, © Springer Science+Business Media B.V. 2010
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and stress components are ug, 0g,, 0g.. In this case, the axial force F'=0, but
in general there will be a transmitted torque

b 27 b
T= / / op,r2dfdr = 277/ r2og,dr . (25.2)
a 0 a

Notice that the additional power of  in equation (25.2) compared with (25.1)
is the moment arm about the z-axis for the elemental force gg,rdrdf.

Axisymmetric problems are therefore conveniently partitioned into irrota-
tional (torsionless) problems requiring solutions A and B only and rotational
(torsional) problems requiring only solution E. There is a close similarity here
with the partition of two-dimensional problems into in-plane problems (Chap-
ters 5 to 14) and antiplane problems (Chapter 15). Notice that the rotational
problem, like the antiplane problem, involves only one non-zero displacement
(ug) and requires only a single harmonic potential function (in solution E). By
contrast, the irrotational problem involves two non-zero displacements (u,, u )
and requires two independent harmonic potentials, one each in solutions A and
B. In the same way, the in-plane two-dimensional solution involves two dis-
placements (e.g. uz,u,) and requires a single biharmonic potential, which we
know to be equivalent to two independent harmonic potentials.

25.1.1 The solid cylinder

Problems for the solid cylinder are solved by a technique very similar to that
used in Chapter 5. We shall find that we can always find finite polynomials
satisfying polynomial boundary conditions on the curved boundaries in the
strong (pointwise) sense, but that the boundary conditions on the ends can
then only be satisfied in the weak sense. Corrective solutions for these end
effects can be developed from an eigenvalue problem, as in Chapter 6.

A torsional problem

As an example, we consider the solid cylinder (0<r<a,0<z<L), built in at
the end z = L and subjected to the traction distribution
O'ng%; o =0,,=0; r=0a (25.3)
Oy =0, =0,,=0; 2=0. (25.4)

In other words, the end z=0 is traction-free and the curved surfaces are loaded
by a linearly varying torsional traction. This is clearly a torsional problem and
elementary equilibrium arguments show that the torque must increase with
2% from the free end. This suggests a leading term proportional to z2r in
the stress component 0.9 and we therefore use solution E with a 5th degree
polynomial and below.
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We use the trial function®

Y= %(825 — 402372 + 152r%) + %(824 — 242%r% + 3r?)

—i—%@z?’ — 32r?) + %(222 —r%)  (25.5)

from equation (24.27) and substitute into solution E (Table 21.1), obtaining
the non-zero stress and displacement components

2uug = 5C5(42%r — 32r3) + 3C4(42°%r — r3) + 6C32r + 2Cor  (25.6)

org = —15C52r% — 3Cyr? (25.7)
3
0.0 = 15C5 <2z27~ — TQ) +12C,2r + 3C37 . (25.8)

The boundary condition (25.3) must be satisfied for all z, giving

S
05 = —m 5 C4 =0. (259)

The traction-free condition (25.4) can only be satisfied in the weak sense.
Substituting (25.8) into (25.2), and evaluating the integral at z=0, we obtain

ma*(3C3 — 5C5a?)

T = 25.10
. (25.10)
and hence the weak condition 7" = 0 gives
505(12 S
Cs = =—— 25.11
T3 9L’ (25.11)
using (25.9). The complete stress field is therefore
Szr?
oro = o (25.12)
Sr(r? 222 1
i - 1
70 = <2a2 a? 3) (25.13)

Notice that the constant C5 is not determined in this solution, since it de-
scribes merely a rigid-body displacement and does not contribute to the stress
field. In order to determine it, we need to generate a weak form for the built-in
condition at z=L. An appropriate condition is?

a 2w
/ / ugr?dfdr =0 ; z=1. (25.14)
0 JO

! Notice that the first two functions from equation (24.27) give no stresses or dis-
placements when substituted into solution E and hence are omitted here.
2 See §9.1.1.



394 25 Cylinders and circular plates
Substituting for ug from (25.6) and using (25.9, 25.11) we obtain

2512

Cy = 25.15

2 302 ( )
and hence X 4o ) A2
2r z2°r 2r r

2 =9 _—_— — — —_— 25.16

po (azL 3L 3L ' 342 ) ( )

A thermoelastic problem

As a second example, we consider the traction-free solid cylinder 0 < r <
a, —L <z< L, subjected to the steady-state thermal boundary conditions

gr(a,z) =—qo ; T(r,+L)=0. (25.17)

In other words, the curved surfaces r =a are uniformly heated, whilst the ends
z==+L are maintained at zero temperature.

The problem is clearly symmetrical about z=0 and the temperature must
therefore be described by even Legendre polynomial functions. Using solution
T to describe the thermoelastic field, we note that temperature is proportional
to dx/0z and hence y must be comprised of odd functions from equation
(24.27) — in particular

X = %(223 —32r%) + Oz (25.18)

Substituting (25.18) into solution T (Table 22.1), yields

- (1 — V) C3 .
" pa(l+v) (2(622 3r°) + Cl) (25.19)

T 3(1-)KCyr
=" = pa(l+v) (25.20)

and hence

 pa(1+ v)qo
3Ka(l—v) "’

from (25.17, 25.21). The constant C; can be determined® from the weak form

of (25.17)y — i.e.

Oy = (25.21)

3 The constant C; serves merely to set the base level for temperature and since no
stresses are generated in a traction-free body subject to a uniform temperature
rise, we could set C1 =0 at this stage without affecting the final solution for the
stresses. Notice however, that this choice would lead to different values for the
constants A4, Az, B3, B1 in the following analysis. Also, a uniform temperature
rise does cause dilatation and hence non-zero displacements, so it is essential to
solve for C; if the displacement field is required.
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“ 27 (1 — . 4 2
27r/ T(r,+L)rdr — M{Cs (3L2a2_ 3a >+ Cha }:0
0

pa(l+v) | 2 4 2
(25.22)
and hence
3C3(4L? —a?)  po(l+v)qe(4L? — a?)

! 4 4Ka(1—v) (25.23)

It follows that the complete temperature field is

4 L2 2 2 2 2

T(r, 2) = PALT=27) £2r7 = @) (25.24)

4Ka ’

from (25.19, 25.21, 25.23).

A particular solution for the thermal stress field is then obtained by sub-
stituting (25.21, 25.23, 25.18) into Table 22.1. To complete the solution, we
must superpose the homogeneous solution which is here given by solutions A
and B, since axisymmetric temperature fields give dilatational but irrotational
stress and displacement fields. To determine the appropriate order of polyno-
mials to include in ¢ and w, we compare Tables 21.1 and 22.1 and notice that
whilst solution B involves the same order of differentials as solution T, the
corresponding components in solution A involve one further differentiation,
indicating the need for a higher order polynomial function. We therefore try
the functions

A A B
o= ?(82’4 — 242717 4 3r*) + 72(222 -7 w= ?3(223 —32r%) + Byz .
(25.25)
Substitution into Tables 21.1, 22.1 then yields the stress components

9 2
Orr = Au (; — 62:2) — Ay — 3B3(2* + 2v2* —vr?) — 2uB;

—3C5(322 —r?) — 204
Ory = —6(244 + vB3 + C3)zr (25.26)
0., = 6A44(22% —r?) + 245 + 3B3(2% — vr? + 2v2?) + 2uB; + 6C32% .
The strong traction-free boundary conditions
orr(a,2) =03 opy(a,z)=0 (25.27)
yield the three equations

*6A4 — 383(1 + 21/) = 903

9A4a? 2 2
— Ao + 3B3va® — 2vBy; = —3C3a” + 2C, (2528)

2A4 +vB3 = —Cjs

and another equation is obtained from the weak condition F'=0 on the ends
z==+L. Substituting for o, into (25.1) and evaluating the integral, we obtain
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1 _ 2
A=va” | 2uL2) 424,

F = 7a? {3A4(4L2 —a*) +3B; << 5
—Bi(1-v)+ 66‘3L2} =0. (25.29)

Finally, solving (25.28, 25.29) for A4, As, Bs, B and substituting the resulting
expressions into (25.25) and Tables 21.1, 22.1 yields the complete stress field

o Qopala® =1 gopa(a® —3r%) - qopa(2r? —a?)
e 4Ka » c00 4Ka v Tz T 2Ka
Ory = Opg = 09y = 0. (2530)

25.1.2 The hollow cylinder

Problems for the hollow cylinder a < r < b can be solved by supplementing
the bounded potentials (24.27) with the logarithmically singular potentials
of equation (24.42). The bounded potentials required are the same as those
needed for a solid cylinder with similar boundary conditions, but the loga-
rithmic potentials are generally several orders lower, being typically no higher
than the order of the most rapidly varying traction on the curved surfaces?.

To illustrate the procedure, we consider the hollow cylinder a < r < b
subjected to the torsional tractions

Jr(;:% i Opp=0p,=0; r=0> (25.31)
Org=0ppr=0,.,=0; T=0a (25.32)
Ouw =09 =0,,=0; 2=0. (25.33)

This is the hollow cylinder equivalent of the torsional example considered in
§25.1.1 above and hence the required bounded potentials are given by equa-
tion (25.5), though of course the values of the multiplying constants will be
different. In the interests of brevity, we shall solve only for the stress field
and hence the potential Cy(222—72)/2 can be omitted, since it defines only a
rigid-body displacement.

The traction varies with 2!, so for the hollow cylinder, we need to add in
the logarithmic potentials 1, ¢g, giving the potential function

C C C
Y= §(825 — 40237 + 1520r%) + %(824 —242%r% 4 3r%) + ?3(223 — 32r%)
+A1zIn(r) + ApIn(r) . (25.34)

4 This arises because when we differentiate the potentials by parts, some of the
resulting expressions involve differentiation only of the logarithmic multiplier,
leaving higher order polynomial expressions for the stress and displacement com-
ponents on a given radial surface.
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Substituting into solution E (Table 21.1) we obtain

241z 2A
1+TO

oo = —15C521r% — 3Cyr? + (25.35)

r

020

73 A
15C5 <2z r— 2) + 12C4zr + 3Csr — a1 (25.36)
r

The boundary conditions (25.31, 25.32) must be satisfied for all z, giving the
four equations

24
~15C5a* + =5+ =0 (25.37)
a
24
—3C4a® + 720 =0 (25.38)
24, S
2 1
~15C50° + S5t = 7 (25.39)
24
—3C4b* + bzo =0. (25.40)

A fifth equation is obtained by substituting (25.36) into (25.2) and enforc-
ing the weak condition 7'=0. Solving these equations for the five constants
Cs5,Cy,C3, A1, Ap and back substitution into (25.35, 25.36) yields the final
stress field

Sb2z(r* — a*)
TR at)

B SH2(3(b* + a?)(a* — 42%r% +r?) — 2(4a* + a®b% + b*)r?)
7= = 6Lr (b2 + a2)(b* — a?) ‘

Org =

25.2 Axisymmetric circular plates

Essentially similar methods can be applied to obtain three-dimensional solu-
tions to axisymmetric problems of the circular plate 0<r <a, —h/2<z<h/2
loaded by polynomial tractions on the surfaces z==+h/2 (or with a polynomial
temperature distribution), where h < a. In this case, we impose the strong
boundary conditions on the plane surfaces z=+h/2 and weak conditions on
r = a. As in the corresponding two-dimensional problems of Chapter 5, we
generally need to start with a polynomial up to 3 orders higher than that
suggested by the applied loading.

Weak boundary conditions at » = a can be stated in terms of force and
moment resultants per unit circumference or of averaged displacements. The
force resultants are a membrane tensile force N and shear force V' defined by

h/2 h/2
N = / orrdz = / or.dz (25.41)
h/2 —h/2
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whilst the moment resultant is

h/2
M :/ 20ppdz . (25.42)
—h/2

Weak displacement boundary conditions can be defined by analogy with equa-
tions (9.21).

25.2.1 Uniformly loaded plate on a simple support

As an example, we consider the plate 0 <r < a, —h/2 < z < h/2 loaded by
a uniform compressive traction py on the surface z =h/2, simply-supported
at the edge r = a and otherwise traction-free. Thus, the traction boundary
conditions are

Ose=—Ppo ; Ozr=0; z="h/2 (25.43)
Oy =0, =0; z=—h/2 (25.44)
h/2 h/2
/ orrdz =0 ; / z0dz=0; r=a. (25.45)
—h/2 —h/2

The loading is uniform suggesting potentials of degree 2 in ¢ and degree
1 in w, but as in the plane stress problem of Figure 5.3, the loading will
generate bending moments and bending stresses, requiring potentials three
orders higher than this. We therefore start with the potential functions

A . A A .
¢ = §(8z5 — 40237 4+ 152rt) + §(8z4 — 242272 4 3r%) + 73(2 3 32r?)

A
+72(222 —1?) (25.46)

B B B
w= §(8z4 — 242272 4 3r%) + 73(22'3 —32r%) + 72(222 — %)+ Bz,
(25.47)

where we have omitted those terms leading only to rigid-body displacements.
Substituting into Table 21.1, the stresses are obtained as

Opp = 5§5 (9r?z — 42°) + %(37“2 —42%) — 3A3z — Ay — 2B, (3 + 4v)23
-1—%(3 + 80)r?z — 3B3(1 + 2v)2% + 3vBsr? — By(1 4 4v)z — 2Byv
g = %(37"22 —42°) + 3—144(7"2 —42%) — 3A32 — Ay — 2B, (3 + 4v)2?
+%(1 + 80)r?z — 3B3(1 + 2v)2% + 3vBsr? — By(1 — 4v)z — 2Byv
Oy = 1545 (13 — 4rz?) — 12A4m2 — 3A37r — 6B4(1 + 2v)2%r

2
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3B
—74(1 — 20)r® — 6Bsvzr + Bo(1 — 2u)r (25.48)
0., = 10A45(22% — 3r?2) + 6A44(22% — %) + 6432 + 24,
+4B4(1 +2v)2% + 6B4(1 — 2v)1*2 + 6 Bsvz? + 3B3(1 — v)r?

—2B5(1 —2v)z —2B1(1 —v) .

Notice that o, is even in  and o, is odd in r. The strong boundary conditions
(25.43, 25.44) therefore require us to equate coefficients of 2 and 7° in o,
and of 73 and 7! in o,, on each of the boundaries z = +h/2, leading to the
equations

1545 3By

2 y (1= =0
15A45h? Byh?
- 525h —6A4h—3A3—3 4h (1+2V)—3B3l/h+32(1—21/)20
15A5h2 B4h?
- 525 +6A4h—3A3—3 2 (14 2v) + 3Bsvh + By(1 —20) = 0

—15A5h - 6A4 + 334(1 - 2V)h + 333(1 - Z/) =0
15A5h — 64, + 3B4(1 — 2v)h — 3B3(1 — v) = 0

5Ash? By(1+2v)R3
;’ 4 34,02 + 3A3h + 244 + %
3B3vh?
+223 Byl - 20)h — 2B1(1 — v) = —po
5Ash? By(1+2v)h3

5 T 3A4h% — 3Ash + 24, — 5

2
3BsVh” | B (1 — )b — 2B, (1 — 1) = 0.

+

Two additional equations are obtained by substituting (25.48) into the weak
conditions (25.45) and evaluating the integrals, with the result

A4(9a2h — h?) Bs(1 + 2v)h?

5 — Ash — 1 + 3Bsva’h — 2B1vh = 0
A5(15a2h3 - h5) . Aghg B B4(3 + 4V)h5
8 4 40
+B4(3 +8v)a’h®  By(1+4v)h® 0

8 12
Solving these equations for the constants As, A4, A3, Ao, B4, B3, By, By

and substituting the resulting expressions into (25.48), we obtain the final
stress field as

Orr = ${3<3+”>§j2‘“2>2 +(2+v) (};2;—23)}

b B0 {3[(1 H3) - @4l o (hQZ - Z3>}

T B3 4 20
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3po(h? — 422
5. — 3pol — r (25.49)
po(42% — 3h%z — h3)

2h3

UZZ -

The maximum tensile stress occurs at the point 0, —h/2 and is

33+ v)poa® (24 v)po
max — . 25.
o 2 + 0 (25.50)

The elementary plate theory predicts the stress field®

33 +v)po(r? —a?)z
4h3
3po{(1+ 3v)r? — (3 +v)a?}z
4h3

Orr =

099 =

Orz =0, =0,
with a maximum tensile stress

2
_ 3B+ v)pa” (25.51)

Um X
* 8h?2
Thus, the elementary theory provides a good approximation to the more exact

solution as long as h < a. For example, it is in error by only about 0.2% if
h=a/10.

25.3 Non-axisymmetric problems

Non-axisymmetric problems can be solved by expanding the loading as a
Fourier series in # and using the potentials of §24.7 in solutions A,B and
E. All three solutions are generally required, since there is no equivalent of
the partition into irrotational and torsional problems encountered for the ax-
isymmetric case. The method is in other respects similar to that used for
axisymmetric problems, but solutions tend to become algebraically compli-
cated, simply because of the number of functions involved. For this reason we
shall consider only a very simple example here. More complex examples are
readily treated using Maple or Mathematica.

25.3.1 Cylindrical cantilever with an end load

We consider the case of the solid cylinder 0 <r < a,—L < z < L, built in at
z =L and loaded only by a shear force F' in the z-direction at z =0. Thus,
the curved surfaces are traction-free

5 S.Timoshenko and S.Woinowsky-Krieger, Theory of Plates and Shells, McGraw-
Hill, New York, 2nd edn., 1959, §16.
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Oprp = Opg = Opz = 0 ; r=a, (2552)

and on the end z=0 we have o,,=0 and

a 2m
/ / (04r cOsO — 0,9 sinO)rdfdr = —F', (25.53)
o Jo

from equilibrium considerations.

As in §13.1, loading in the z-direction implies normal stress components
varying with cos 6 and these will be obtained from potentials ¢, w with a cos 6
multiplier and from v with a sin  multiplier®.

From elementary bending theory, we anticipate bending stresses o, vary-
ing with zr cos 6, suggesting fourth order polynomials in ¢, and third order
in w. We therefore try

5A
¢ = 74(4,237“ —32r%) cos 0 + 3As27 cos f
B .
w= %(4227" —1%) cosf (25.54)
5E,

= —=(42%r — 32r)sind ,
2

from equations (24.54). Notice that the problem is antisymmetric in z, so
only odd powers of z are included in ¢, and even powers in w. Also, we have
omitted the second order term in 1 and the first order term in w, since these
correspond only to rigid-body displacements.

Substituting (25.54) into Table 21.1, we obtain

orr = —3(15A4 + (3+ 8v) B3 + 10E4)rz cos
org = 3(5A4 + B3 + 10Ey)rzsinf
099 = —3(5A4 + (1 + 8v)Bs — 10E,)rz cos § (25.55)

%{5A4(422 — 3r%) + 245 + B3(4(1 + 2v)2% + 3(1 — 2v)r?)

Ozr
+ 5F,4(42% — %)} cos 0

020 = —3{5144(422 —72) 4+ 245 + Bs(4(1 + 2v)2% + (1 — 2v)r?)
+ 5F,(42% — 3r%)} sin 0

0.2 = 12(5A4 — (1 — 2v)B3)rzcosf .

Substituting these expressions into (25.53) and evaluating the integral, we
obtain the condition

3mra?
2

(=5A4a® 4+ 2A5 + B3(1 — 2v)a? — 5E4a%) = —F (25.56)

6 Notice that the expressions for normal stresses in solution E involve a derivative
with respect to 0, so generally if cosine terms are required in A and B, sine terms
will be required in E and vice versa.
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and the strong boundary conditions (25.52) provide the three additional equa-
tions

—3(15A4 + (3 + 8v)Bs + 10Ey) = 0
3(5A44 + B3 + 10E,) = 0 (25.57)
—3(5A4 + (1 +8v)Bs — 10E4) = 0.

Solving (25.56, 25.57) for the four constants Ay, As, B3, E4 and substituting
the resulting expressions into (25.55), we obtain the final stress field

Orr = 0rg = 0gg =0

F(3+2v) (a* —r?) cosf

o = 25.
7 2ra*(1+v) (25.:58)
_F (34 2v)a? — (1 — 2v)r?] sinf
7:0 = 2ma*(1+v)
4Frz cosf
Oz = ——— -
Ta

PROBLEMS

1. The solid cylinder 0 <r <a, 0< z< L is supported at the end z=L and
subjected to a uniform shear traction o,, =S on the curved boundary r=a.
The end z=0 is traction-free.

Find the complete stress field in the cylinder using strong boundary con-
ditions on the curved boundary and weak conditions at the ends.

2. The hollow cylinder b<r <a, 0<z <L is supported at the end z=L and
subjected to a uniform shear traction o,, =S on the outer boundary r = a,
the inner boundary r=5b and the end z=0 being traction-free.

Find the complete stress field in the cylinder using strong boundary con-
ditions on the curved boundary and weak conditions at the ends.

3. The solid cylinder (0 < r < a,—L < z < L) is subjected to the traction
distribution

2 2 . _ . — .
Urr:_pO(L _Z) i 0 =035 r=a;

Find the complete stress field in the cylinder using strong boundary con-
ditions on the curved boundary and weak conditions at the ends.

4. The hollow cylinder b < r < a,0 < z < L is subjected to the traction
distribution
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Opp = 0pg =07, =0 y r=a
Urz:S;Urr:UTGZO;r:b
Opr =0,,=0; 2=0.

Find the complete stress field in the cylinder using strong boundary con-
ditions on the curved boundary and weak conditions at the ends.

5. A heat exchanger tube b<r<a, —L <z < L is subjected to the steady-state
temperature distribution

T:T0<1+ﬁ) =1
T()Z .
10a '

Find the complete stress field in the tube if all the surfaces are traction-
free. Find the location and a general expression for the magnitude of (i) the
maximum tensile stress and (ii) the maximum Von Mises equivalent stress for
the case where b=0.8a and L =20a. Find the magnitude of these quantities

when Ty =50°C and the material is copper for which £ =121 GPa, v =0.33
and a=17 x 107% per °C.

r=a.

6. The circular plate 0 <r <a, —h/2 <z < h/2 is simply supported at r =a
and loaded by a shear traction o,,. = Sr on the top surface z=h/2. All the
other tractions on the plane surfaces z==+h/2 are zero. Find the stresses in
the plate, using strong boundary conditions on z==+h/2 and weak boundary
conditions on r=a.

7. The circular plate 0 < r < a, —h/2 < z < h/2 rotates at constant speed
{2 about the z-axis, all the surfaces being traction-free. Find the stresses in
the plate, using strong boundary conditions on z==+h/2 and weak boundary
conditions on r=a.

8. The solid cylinder 0<r <a, 0<z < L with its axis horizontal is built in at
z=1L and loaded only by its own weight (density p). Find the complete stress
field in the cylinder.

9. The hollow cylinder b<r <a, 0<z< L with its axis horizontal is built in at
z=1L and loaded only by its own weight (density p). Find the complete stress
field in the cylinder.

10. The hollow cylinder b <r < a, —L < z < L rotates at constant speed {2
about the x-axis, all the surfaces being traction-free. Find the complete stress
field in the cylinder.

11. The solid cylinder 0 <r < a, —L < z < L is accelerated from rest by two
equal and opposite forces F' applied in the positive and negative y-directions
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respectively at the ends z=+L. All the other surface tractions are zero. Find
the complete stress field in the cylinder at the instant when the forces are
applied” (i.e. when the angular velocity is zero).

12. The circular plate 0 < r < a, —h/2 < z < h/2 rotates at constant speed
{2 about the z-axis, all the surfaces being traction-free. Find the stresses in
the plate, using strong boundary conditions on z==+h/2 and weak boundary
conditions on r=a. Note: This problem is not axisymmetric. It is the three-
dimensional version of Problem 8.3.

T This is a three-dimensional version of the problem considered in §7.4.2.
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PROBLEMS IN SPHERICAL
COORDINATES

The spherical harmonics of Chapter 24 can be used in combination with Tables
21.2, 22.2 to treat problems involving bodies whose boundaries are surfaces
of the spherical coordinate system, for example the spherical surface R =a
or the conical surface 3= (3, where a, 3y are constants. Examples of interest
include the perturbation of an otherwise uniform stress field by a spherical
hole or inclusion, the stresses in a solid sphere due to rotation about an axis
and problems for a conical beam or shaft.

26.1 Solid and hollow spheres

The general solution for a solid sphere with prescribed surface tractions can
be obtained using the spherical harmonics of equation (24.24) in solutions A,B
and E. The addition of the singular harmonics (24.25) permits a general solu-
tion to the axisymmetric problem of the hollow sphere, but the corresponding
non-axisymmetric solution cannot be obtained from equations (24.24, 24.25).
To understand this, we recall from §20.4 that the elimination of one of the
components of the Papkovich-Neuber vector function v is only generally pos-
sible when all straight lines drawn in a given direction cut the boundary of
the body at only two points. This is clearly not the case for a body containing
a spherical hole, since lines in any direction can always be chosen that cut the
surface of the hole in two points and the external boundaries of the body at
two additional points.

A similar difficulty arises for a body containing a plane crack, such as the
penny-shaped crack problem of Chapter 31. There are various ways of getting
around it. For example,

(i) We could decompose the loading into symmetric and antisymmetric com-
ponents with respect to the plane z = 0. Each problem would then be
articulated for the hollow hemisphere with symmetric or antisymmetric
boundary conditions on the cut surface. Since the hollow hemisphere sat-
isfies the conditions of §20.4, a general solution can be obtained using

J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 405
DOI 10.1007/978-90-481-3809-8_26, © Springer Science+Business Media B.V. 2010
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solutions A B and E, but generally we shall need to supplement the po-
tentials (24.24, 24.25) with those of equations (24.37) that are singular on
that half of the z-axis that does not pass through the hemisphere being
analyzed.

(ii) We could include all four terms of the Papkovich-Neuber solution! or
the six terms of the Galerkin vector of section §20.2. The former option
is equivalent to the use of solutions A and B in combination with two
additional solutions obtained by permuting suffices x, ¥, z in solution B.

(iii) In certain cases, we may be able to obtain particular non-axisymmetric
solutions by superposition of axisymmetric ones. For example, the spher-
ical hole in an otherwise uniform shear field can be solved by superposing
the stress fields for the same body subject to equal and opposite tension
and compression respectively about orthogonal axes.

26.1.1 The solid sphere in torsion

As a simple example, we consider the solid sphere 0 < R <a subjected to the
torsional tractions
ore = Spsin(20) (26.1)

on the surface R=a, the remaining tractions orr,org being zero.

This is clearly an axisymmetric torsion problem, for which we require only
solution E and the axisymmetric bounded potentials (24.14). Substitution of
the first few potentials into Table 21.2 shows that the problem can be solved
using the potential

Y = E3R*P3(cos ) = %(5 cos® B+ 3cos ) , (26.2)

where E5 is an unknown constant. The corresponding non-zero stress compo-
nents in spherical polar coordinates are

ore = 3E3Rsinfcos 3 ; opg = —3E3Rsin 3, (26.3)

so by inspection we see that the boundary condition (26.1) is satisfied by
choosing F3=35p/2a.

26.1.2 Spherical hole in a tensile field

A more interesting problem is that in which a state of uniaxial tension o,, =5y
is perturbed by the presence of a small, traction-free, spherical hole of radius
a— i.e.
1 See for example, A.ILur’e, Three-Dimensional Problems of the Theory of Elas-
ticity, Interscience, New York, 1964, Chapter 8.
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0. =S ; R— o0 (26.4)
Orry 000,070,002, 02r — 0 3 R — 00 (26.5)
JRR:JRQZJRgZO; R=a. (26.6)

This problem is the axisymmetric equivalent of the two-dimensional problem
of §8.4.1 and as in that case it is convenient to start by determining a stress
function description of the unperturbed uniaxial stress field. This is clearly
axisymmetric and involves no torsion, so we use solutions A and B with the
polynomials (24.27) in cylindrical polar codrdinates. The stress components
involve two differentiations in solution A and one in solution B, so we need
the functions R2P5(z/R) in ¢ and R'P;(z/R) in w to get a uniform state of
stress. Writing

A
o= —21 (222 —r%) ; w= DBz (26.7)
and substituting into Table 21.1, we obtain

orr =099 = —(A1+VB1) ; 0., =241 -2B1(1—v) ; 0, =0 =09, =0.
(26.8)
The conditions (26.4, 26.5) are therefore satisfied by the choice

Sv S
Al = ;s Bi=———. 26.9
1 (1+V) 9 1 2(]_+V) ( )

To satisfy the traction-free condition at the hole surface (26.6), we now change
to spherical polar codrdinates and superpose singular potentials from (24.18)
with the same Legendre polynomial form as those in the unperturbed solution
— i.e.

¢ = A1 R*Py(cos ) + Ag R™3Py(cos 3) + A3R™ ' Py(cos ) (26.10)
w = B1R'P;(cos ) + BaR™?Pi(cos f3) . (26.11)
Notice that in contrast to the two-dimensional problem of §8.4.1, we need to
include also any lower order Legendre polynomial terms that have the same

symmetry (in this case even orders in ¢ and odd orders in w).
Substituting (26.10, 26.11) into Table 21.2, we obtain

ORR = <3A1 + 71;/512 — 2(1 — 21/)B1 + 72(5 — Z/)BQ> cos? 1]

i3
_Al_ﬁ+ﬁ_2VBl_F (26.12)
124 20+v)By\ .
ORp = <_3A1 + R52 —2(1-2v)B; + (R3)2> sin 3 cos
(26.13)

and hence the boundary conditions (26.6) require that
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184 2(5—-v)B
34, + 842 9 g, 207 B
a a
A 2A 2vB
—A1—6752+733—21/Bl— V32:0
a a a
12A 2(1 B
s, B o0 gyp,  HLTDB
a a
Solving these equations and using (26.9), we obtain
Sab® Sa3(6 — 5v) —5Sa?
A= —— ; A3=————F—= = — 26.14
D D T ) > 2(7T—bv) (26-14)

and the final stress field is

orr = Scos® B+ S (ag (6 —5(5 —v) cos? ) + fo” (3cos™ 6 - 1)>

(7—5v) \R® RP
oo9 = 2(73_% (1‘;(51/ — 2+ 5(1 — 2v) cos® B) + %2(1 — 5 cos? 6))
ogg = Ssin? 3
+2(73_S5V) (;33(4 — 5v +5(1 — 2v) cos® ) — S;i;(i’) cos® 3 — 1)>
org =S {—1 + 7 —15u) <_ 5a3(}1%3+ v) + 1]2%?5) } sin fcos 3 . (26.15)

The maximum tensile stress is ogg at f=m/2, R=a and is

35(9 — 5v)
max — . 26.16
7 2(7 — 5v) (26.16)
The stress concentration factor is 13/6 =2.17 for materials with »=0.5 and
decreases only slightly for other values in the practical range.

26.2 Conical bars

The equation 3 = 3y, where [y is a constant, define conical surfaces in the
spherical polar coordinate system and the potentials developed in Chapter 24
can therefore be used to solve various problems for the solid or hollow conical
bar.

Substitution of a potential of the form R™f(6, 3) into Table 21.2 will yield
stress components varying with R"~2 in solutions A and E or with R"~!
in solution B. The bounded potentials of equations (24.14, 24.24) therefore
provide a general solution of the problem of a solid conical bar with polynomial
tractions on the curved surfaces.

If the curved surfaces are traction-free, but the bar transmits a force or
moment resultant, the stresses will increase without limit as the vertex (the
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origin) is approached, so in these cases we should expect to need singular
potentials even for the solid bar.

For the hollow conical bar, we need additional potentials with the same
power law variation with R and these are provided by the Q-series of equa-
tions (24.34). Notice that the singularity of these solutions on the z-axis is
acceptable for the hollow bar, since the axis is not then contained within the
body.

26.2.1 Conical bar transmitting an axial force

We consider the solid conical bar 0 < (< 3y transmitting a tensile axial force
F, the curved surfaces §= [y being traction-free. We shall impose the strong
(homogeneous) conditions

opr =09 =033 =0 ; [B=0 (26.17)

on the curved surfaces and weak conditions on the ends. If the bar has plane
ends and occupies the region a <z <b, we have

27 pbtan Bo
/ / 042(r,0,b)rdrd0 = F (26.18)
0 0

and a similar condition? at z=a. Alternatively, we could consider the equiv-
alent problem of a bar with spherical ends R, < R < Ry, for which the weak
boundary condition takes the form?

27 rfo
/ / {orr(Rs, 0, 3) cos B — ors(Ry, 0, 3) sin B} Ry sin BdBd0 = F .
0 0

(26.19)
The cross-sectional area of the ends of the conical bar increase with R?
(the radius increases with R), so the stresses must decay with R2 as in the
point force solutions of §23.1.2 and §23.2.1. This suggests the use of the source
solution 1/R in solution B and the potential In(R+z) in solution A. Notice
that this problem is axisymmetric and there is no torsion, so solution E will
not be required. Also, notice that the bar occupies only the region z > 0
in cylindrical polar coordinates, so the singularities on the negative z-axis
implied by In(R+2) are acceptable.
Writing these potentials in spherical polar codrdinates and introducing
arbitrary multipliers A, B, we have

2 As in earlier problems, the weak condition need only be imposed at one end, since
the condition at the other end will be guaranteed by the fact that the stress field
satisfies the equilibrium condition everywhere.

3 To derive this result, note that the element of area on a spherical surface is
(RdB)(rdf) = R?sin 3d(3d0 and the forces on this element due to the stress com-
ponents o0rr, 0rg must be resolved into the axial direction.
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B

R

and substitution into Table 21.2 gives the non-zero stress components

¢ = A{ln(R) + In(1 + cos(B))} ; w= (26.20)

A 2(2-v)Bcosp

ORR = ~p3 + I — (26.21)
700 = Re(1 +Acos6) - 2253 — (26:22)

The strong conditions (26.17) will therefore be satisfied as long as

A

oo~ (1-2v)B (26.25)

and the weak condition (26.19) after substitution for the stress components
and evaluation of the integral gives

2m(1 — cos By) {A + (cos® By + cos o +2 —2v) B} = F . (26.26)
Solving equations (26.25, 26.26) for A, B, we obtain

F(1—2v)(1 + cos ()
27(1 — cos Bo) (1 + 2v cos By + cos? By)
F

B = 27(1 — cos By) (1 4 2v cos By + cos? ) (26.27)

A:

and the stress components are then recovered by substituting for A, B into
equations (26.21-26.24).

Elementary Mechanics of Materials arguments predict that the axial stress
0., would be uniform and equal to F/7b? at z =b. We can assess the ap-
proximation involved in this prediction by recasting the present solution in
cylindrical coordinates — i.e. writing

B
VT2 4+ 22

with A, B given by (26.27) and substituting into the cylindrical polar form
of solutions A and B (Table 21.1). This is done at the end of the Maple file
‘conetension’. The normalized stresses on a cross-sectional plane are shown
in Figure 26.1 for various cone angles (y. The axial stress is largest at the
axis r = 0, but remains fairly uniform across the cross-section for gy < 10°.
Significant non-uniformity occurs for larger cone angles. For example, even for
a 30° cone, the maximum stress exceeds the elementary prediction by 46%.

¢:A1n( 7’2+22+z) ;w= (26.28)
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O, T4
F
0 0.2 0.4 0.6 0.8 7
/b
Figure 26.1: Distribution of the axial stress o, for the cone loaded in
tension.

In the special case where Sy =m/2, the cone becomes a half space and we
recover the Boussinesq solution of §23.2.1, albeit expressed in spherical polar
codrdinates. For values of § in the range 7/2 < 8y <, the solution defines the
problem of a large body with a conical notch loaded by a concentrated force
at the vertex of the notch.

The related problem of the hollow conical bar 81 <3< (3> can be treated
in the same way by supplementing ¢ in solution A by the term As{In(R)+
In(1—cos(3))}. This is similar to the term in equation (26.20), except that
the singularities are now on the positive z-axis, which of course is acceptable
for the hollow bar, since this axis does not now lie inside the material of the

bar?.

26.2.2 Inhomogeneous problems

If polynomial tractions are applied to the curved surfaces of the cone, but
there are no concentrated loads at the vertex, the stresses will vary with the
same power of R as the tractions and the order of the corresponding potential
is easily determined® by examining the derivatives in Table 21.2.

4 See Problem 26.13.

5 As in Chapter 8, some of the lower order bounded potentials correspond merely to
rigid-body displacements and involve no stresses. In such cases, we need additional
special potentials which are obtained from the logarithmic series of equations
(24.37, 23.23), see for example Problem 26.17. Similar considerations apply to the
cone loaded by low-order non-axisymmetric polynomial tractions. These special
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Example

As a simple example, we consider the hollow cone 81 < 8 < B2 loaded by
quadratic torsional shear tractions on the outer surface, the othere tractions
being zero — i.e.
o9 =SR® ; opr=033=0; B=0
U@QZUﬁRZ(ng:O y ﬂZﬂl. (26.29)
This is clearly an axisymmetric torsion problem which requires solution E only.
The tractions vary with R? and hence ¥ must vary with R*, from Table 21.2.

Since the cone is hollow, we require both P and Q series Legendre functions
of this order, giving

W = C1R*Py(cos B) + C2R*Q4(cos 3) , (26.30)

where P, Q) are given by equations (24.11, 24.32) respectively. Substituting
into Table 21.2 yields the non-zero stress components

R? . ) 1 —cos
965 = Ty {3001 sin” B cos § + 15C; sin” § cos S 1n <1+cosg>
C (30 cos* 5 — 50 cos® 3 + 16
5 (30cos 5.2 cos” f + )} (26.31)
sin® 8
R2sin 8 1—cosp
org = g {6 (505 1) 1302 (50w - 1) n (o)
Cs (30 cos® 3 — 26
O COS_ﬁ2 cos ) } (26.32)
sin® 3
and the boundary conditions (26.29) will therefore be satisfied if
1 — cos
6C; (5co8® 1 — 1) +3Ca (5eos® B — 1) In (1+CO£>
Ca (30 cos® By — 26
LG (30 cos .ﬂ; cosfpr) _ 0  (26.33)
sin” 5y
6Cy (5cos® B2 — 1) +3Ca (5eos” B2 — 1) In T
1 ) 2 2 1+ cos 32
+02 (30cos® By — 26cos fa) 28

sin? 3, sinfy

(26.34)

Solution of these equations for C7, C and substitution of the result into (26.31,
26.32) completes the solution of the problem.

solutions are related to the two-dimensional corner fields described in §11.1.2,
§11.1.3 and are needed because a state of uniform traction on the conical surface
is not consistent with a locally homogeneous state of stress near the apex of the
cone.
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26.2.3 Non-axisymmetric problems

Non-axisymmetric problems for the solid or hollow cone can be solved using
the potentials®

cos(md)

R" P (cos 3) { sin(mé) i R"Q(cosB) {

cos(m@)
sin(m@)

cos(mb)

R peos ) { Sl R ) |

cos(md)
sin(m@)

As a simple example, we consider the solid cone 0 < 8 < 3y loaded only
by a concentrated moment M about the z-axis at the vertex, the curved
surfaces 3= [y being traction free. There is no length scale, so the problem
is self-similar and both the stresses and the potential functions must be of
separated-variable form.

The applied moment leads to the transmission of a bending moment M
along the cone and we anticipate stress components varying with y and hence
with sin #. The stress components on a given spherical surface will have mo-
ment arms proportional to the radius R and the area of this surface is pro-
portional to R2, so if the same moment is to be transmitted across all such
surfaces, the stresses must decay with R~3. This implies the use of a poten-
tial proportional to R~2 in solution B and to R~! in solutions A and E. We
therefore choose

_ Asin Gsin 6
= AR P! inf=—————— 26.
o) R~ Py (cos 8) sin R+ cos 3) (26.35)
B sin 3si
w = BR 2P} (cos ) sinf = w (26.36)
_ C'sin 3 cos 6
= tpd = 26.
CR™"Py(cos ) cosb R+ cosd) ’ (26.37)

where we have used (24.22) to evaluate Py.
Substituting these expressions into Table 21.2, we obtain the stress com-
ponents

2{A+2C + (5 —v)Bcos (1 + cos 3)} sin Bsin

ORR = R3(1 + cos 3)
B {(A+20C)(2 + cos B) + 3(1 — 2v) B cos B(1 + cos 3)*} sin Bsin f
700 =~ R3(1 + cos 3)?
oo = {A+2C+ (1 —2v)B(1 + cos $)*} cos 3sin 3 sin 6 (26.38)

R3(1 + cos 3)?
~ {A+2C+ (1 —2v)B(1 + cos 8)} sin B cos 0
708 = R3(1 + cos 3)?

5 but see footnote 5 on Page 411.
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{2A+ C(1-3cos B) + 2B(1 + cos 3) (1—-2v + (1 + v) cos? 3) } sin 6
R3(1 + cos 3)

{244 C (4 —3cos B —2cos? ) +2(2 — v)Bcos B(1 + cos 3) } cos b
a R3(1 + cos )

O’[-}R:—

ORo =

and hence the traction free boundary conditions ogr =09 =033 =0 on =0y
will be satisfied provided

24+ C(1 —3cos fBy) + 2B(1 + cos By) (1 —2v + (1 +v) cos® By) =0
A+2C+ (1 —20)B(1 +cosBy)? =0
A+20 4 (1 -2v)B(1+cosfy)> =0.
(26.39)

These three homogeneous equations have a non-trivial solution, since the last
two equations are identical. The resulting free constant is determined from
the equilibrium condition

Bo p2m
/ / (cRecosfcos B+ opgsin 0)R? sin BdAdB = M , (26.40)
o Jo

which states that the resultant of the tractions across any spherical surface
of radius R is a moment M about the z-axis. Substituting for the stress
components and evaluating the double integral, we obtain

T (—2A(1 — cos f3y) + C cos fy sin? By
+2B {cos® By + (1 —2v) cos By —2(1 —v)}) = M . (26.41)

The final stress field is obtained by solving (26.39, 26.41) for A, B,C and
substituting into (26.38). These operations are performed in the Maple and
Mathematica files ‘conebending’.

PROBLEMS

1. A traction-free solid sphere of radius a and density p rotates at constant
angular velocity {2 about the z-axis”. Find the complete stress field in the
sphere. Find the location and magnitude of (i) the maximum tensile stress
and (ii) the maximum Von Mises stress and also (iii) the increase in the
equatorial diameter and (iv) the decrease in the polar diameter due to the
rotation.

2. A traction-free hollow sphere of inner radius b, outer radius a and density
p rotates at constant angular velocity {2 about the z-axis. Find the complete

" This problem is of some interest in connection with the stresses and displacements
in the earth’s crust due to diurnal rotation.
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stress field in the sphere. Find also the increase in the outer equatorial diam-
eter and the decrease in the outer polar diameter due to the rotation.

3. A hollow sphere of inner radius b and outer radius « is filled with a gas at
pressure p. Find the complete stress field in the sphere and the increase in the
contained volume due to the internal pressure..

4. A state of uniaxial tension, o,, = S in a large body is perturbed by the
presence of a rigid spherical inclusion in the region 0 < R <a. The inclusion is
perfectly bonded to the surrounding material, so that the boundary condition
at the interface in a suitable frame of reference is one of zero displacement
(up=up=ug=0; R=a).

Develop a solution for the stress field and find the stress concentration
factor.

5. A rigid spherical inclusion of radius a in a large elastic body is subjected
to a force F' in the z-direction.

Find the stress field if the inclusion is perfectly bonded to the elastic body
at R=a and the stresses tend to zero as R— o0.

6. Investigate the steady-state thermal stress field due to the disturbance of
an otherwise uniform heat flux, ¢, =@, by an insulated spherical hole of radius
a.

You must first determine the perturbed temperature field, noting (i) that
the temperature T is harmonic and hence can be represented in terms of
spherical harmonics and (ii) that the insulated boundary condition implies
that 0T /OR=0 at R=a.

The thermal stress field can now be obtained using Solution T supple-
mented by appropriate functions in Solutions A,B, chosen so as to satisfy the
traction-free condition at the hole.

7. A state of uniaxial tension, 0., =S in a large body (the matrix) of elastic
properties pq, 1, is perturbed by the presence of a spherical inclusion in the
region 0 < R < a with elastic properties pso,v5. The inclusion is perfectly
bonded to the matrix.

Develop a solution for the stress field and find the two stress concentration

factors . o
o ax 0.2 ax

K1: 1 ,KQZ S )

S
where o]"®*, 05'®* are respectively the maximum tensile stresses in the matrix
and in the inclusion.
Plot figures showing how K7, K5 vary with the modulus ratio uq/ps and

with the two Poisson’s ratios.
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8. A sphere of radius a and density p rests on a rigid plane horizontal surface.
Assuming that the support reaction consists of a concentrated vertical force
equal to the weight of the sphere, find the complete stress field in the sphere.

Hint: Start with the solution for a point force acting on the surface of
a half-space (the Boussinesq solution of §23.2.1) and determine the tractions
on an imaginary spherical surface passing through the point of application of
the force. Comparison with the corresponding cylindrical problems 12.1, 12.2,
12.3, would lead one to expect that these tractions could be removed by a
finite series of spherical harmonics, but this is not the case. In fact, the trac-
tions are still weakly (logarithmically) singular, though the dominant (1/R)
singularity associated with the point force has been removed. A truncated
series of spherical harmonics will give an approximate solution, but the series
will be rather slowly convergent. A more rapidly convergent solution can be
obtained by first removing the logarithmic singularity.

9. A sphere of radius a is loaded by two equal and opposite point forces F'
applied at the poles 3=0,27). Find the stress field in the sphere. (Read the
‘hint’ for Problem 26.8).

10. A cylindrical bar of radius b transmits a torque 7. It also contains a small
spherical hole of radius a (<« b) on the axis. Find the perturbation in the
elementary torsional stress field due to the hole.

11. A vertical conical tower, 0 < 3 < By of height h and density p is loaded
only by its own weight. Find the stress field in the tower.

12. A vertical hollow conical tower, 51 < 8 < (3 of height h and density p is
loaded only by its own weight. Find the stress field in the tower. Are there
any conditions (values of 81, O2) for which tensile stresses are developed in the
tower? If so, when and where?

13. The hollow conical bar (1 <3< 2 is loaded by a tensile axial force F', the
curved surfaces §=[f1, B2 being traction-free. Use the stress functions

B
¢ =A1{ln(R) + In(1 4 cos(B))} + A2{In(R) + In(1 — cos(B))} ; w= =
to obtain a solution for the stress field.

14. A horizontal solid conical bar, 0 < < 3y of length L and density p is built
in at z=L and loaded only by its own weight. Find the stress field in the bar
and the vertical displacement of the vertex.

15. Figure 26.2 shows the cross-section of a concrete dam which may be ap-
proximated as a sector of a truncated hollow cone. The dam is loaded by
hydrostatic pressure (water density p) and by self weight (concrete density
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pe=2.3p). Assuming the stress field is axisymmetric — i.e. that the tractions
at the side support are the same as those that would occur on the equivalent
plane in a complete truncated hollow cone loaded all around the circumfer-
ence — determine the stress field in the dam using strong conditions on the
curved surfaces and weak (traction-free) conditions on the truncated end.

N

Figure 26.2: Truncated hollow conical dam.

16. Find the stress field in the solid conical shaft 0 <3< 5y, loaded only by a
torque T at the vertex.

17. The solid conical bar 0 < 8 < B is loaded by uniform torsional shear
tractions og9 =5 at 3 = [y, all other traction components being zero. Find
the stress field in the bar. Note: The ‘obvious’ stress function for this prob-
lem is R2P,(cos 3), but it corresponds only to rigid-body rotation and gives
zero stress components. As in Chapter 8, we need a special stress function for
this case, which is in fact ¢_3 from equation (23.23). You will need to write
z=Rcos 3 to express this function in spherical polar coordinates. It will con-
tain the term R?In(R), but as in §10.3, the same degeneracy that causes the
elementary potential to give zero stresses will cause there to be no logarithmic
terms in the stress components.

18. Use spherical polar coordinates to find the stresses in the half-space z >0
due to a concentrated tangential force F' in the x-direction, applied at the
origin. Note: The half-space is equivalent to the cone 0 < 8 < 7/2. This
problem is the spherical polar equivalent of Problem 23.1.
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19. A solid sphere of radius a is loaded only by self-gravitation — i.e. each
particle of the sphere is attracted to each other particle by a force ymimsy/R?,
where mq, mgy are the masses of the two particles, R is the distance betwen
them and ~ is the universal gravitational constant. Find the stress field in
the sphere and in particular the location and magnitude of the maximum
compressive stress and the maximum shear stress.

Assuming that the solution is to be applied to the earth, express the results
in terms of the gravitational acceleration g at the surface.

20. The solid cone 0 < 8 < [y is loaded by a force in the z-direction applied at
the vertex. The surface of the cone is otherwise traction-free. Find the stress
field in the cone. Notice that Problem 18 is a special case of this solution for

60:71'/2.

21. The surface of a solid sphere of radius a is traction-free, but is subjected
to the steady-state heat flux

qr = qo(3cos(23) + 1) .

In other words, it is heated near the equator and cooled near the poles.

Find the complete stress and displacement field in the sphere. Also, find the
difference between the largest and smallest external diameter of the thermally
distorted sphere.
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AXISYMMETRIC TORSION

We have already remarked in §25.1 that the use of axisymmetric harmonic
potential functions in Solution E provides a general solution of the problem of
an axisymmetric body loaded in torsion. In this case, the only non-zero stress
and displacement components are

owv 100 0*w o*w
Ug=——; Ogp=——— — —= ; 0y = — .

po or o= Y or T o2 b oroz
A more convenient formulation of this problem can be obtained by consid-
ering the relationship between the stress components and the torque transmit-
ted through the body. We first note that the two non-zero stress components

(27.1) both act on the cross-sectional 6-plane, on which they constitute a
vector field og of magnitude

loe| = \/agr + crgz . (27.2)

This vector field is illustrated in Figure 27.1. It follows that the stress compo-
nent oy, normal to any of the ‘flow lines’ in this figure is zero and hence the
complementary shear stress 0,9 =0. Thus, the flow lines define traction-free
surfaces in r, 0, z space.

(27.1)

Figure 27.1: Vector representation of the shear stresses on the cross-sectional
plane.

J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 419
DOI 10.1007/978-90-481-3809-8 27, © Springer Science+Business Media B.V. 2010
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Consider now the equilibrium of the axisymmetric body defined by ABC D
in Figure 27.1. The surfaces AB and C'D are flow lines and are therefore
traction-free, so we must conclude that the resultant torque transmitted across
the circular surface AD is equal to that transmitted across BC. Thus the flow
lines define surfaces enclosing axisymmetric bodies that transmit constant
torque along the axis. Conversely, if we use the torque T'(r,z) transmitted
across the disk of radius r as our fundamental variable, a traction-free surface
will then correspond to a line in the cross-section along which T is constant.
This has many advantages, not the least of which is that we can make contour
plots of candidate functions T'(r,z) and then adjust parameters in order to
approximate the shape of the required body by one of the contours.

27.1 The transmitted torque

The torque transmitted across a disk of radius r is
T(r,z) = 27T/ r2o.edr . (27.3)
0

To avoid the factor of 27, we shall define a stress function ¢ such that

T(r,z) =2n¢p(r, z) . (27.4)

Differentiation of (27.3) with respect to r then yields
1 or 109

Tom2or r2or
The torque transmitted into a disk of thickness §z and radius r across the
curved surface is

00 (27.5)

6T = —21120,902 (27.6)
and hence 1 8T 1 06
= — —_— = 27.
aré 2mr2 Oz r2 Oz (27.7)

27.2 The governing equation

Equations (27.5, 27.7) and (27.1) are alternative representations of the stress
field and hence

106 100 20 19 W

29z rdr o2 r2or  ordz

(27.8)

Multiplying through by 72 and differentiating these expressions, we obtain

@__ 0*w , 03U .@__2 82W_283W
022~ oroz " or2oz oz oro: | or2oz

(27.9)



27.3 Solution of the governing equation 421
and hence
Fo P _ 0 _ 300
orz 922 "0rdz  ror’
from (27.8). Thus, the stress function ¢ must satisfy the equation

(27.10)

¢ 309 0%
— -+ —=0. 27.11
or2  ror + 022 ( )
The axisymmetric torsion problem is therefore reduced to the determi-
nation of a function ¢ satisfying (27.11), such that ¢ is constant along any
traction-free boundary. The stress field is then given by
109 1 0¢

O’ng_ﬁg 5 UZQZEE. (2712)

Recall also that the transmitted torque is related to ¢ through equation (27.4).

27.3 Solution of the governing equation

Equation (27.11) is similar in form to the Laplace equation (24.38) and solu-
tions can be obtained in terms of Legendre functions, using a technique similar
to that used in Chapter 24. A relationship with harmonic functions can be
established by defining a new function f through the equation

o(r,z) =r2f(r,2) . (27.13)
Substitution into (27.11) then shows that f must satisfy the equation

O?f 10f 4Af 0°f

—+-=—-=+5=0 27.14

or? * ror  r? * 022 ’ ( )
which is (24.44) with m = 2. It follows that (27.13) will define a function
satisfying (27.11) if the function

f(r, 2) cos(20)
is harmonic. In particular, we conclude that the functions

r2R"P?(cos 3) ; m?R"Q3(cosB) ; r*R™" " 'P%(cosf) ; r*R"1Q%(cos3)

(27.15)

satisfy (27.11). More generally, we can use equation (24.46) recursively to
show that the function

9’9 199 0 (1 (9g>

A Rl T R v or

o2 ror or (27.16)

will satisfy (27.14) if g(r, z) is an axisymmetric harmonic function and hence
the function
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_ 2% 09 _ 50 (199
or? or or \r Or

satisfies (27.11). This can also be verified directly by substitution (see Problem
27.1). Any axisymmetric harmonic function g can be used to generate solutions
in this way, including for example those defined by equations (24.14, 24.18,
24.27, 24.34, 24.42).

The functions

¢ (27.17)

R"P?_,(cosfB) ; R"Q%_,(cosf) ; R¥"P2 ,(cosf) ; R¥*"Q%_,(cosp3)

(27.18)
define solutions to equation (27.11) for n > 4. The P-series functions define
the bounded polynomials

¢4 = R*sin* g =1
¢5 = Rosin Bcos 8 = rtz
¢6 = RO (Tcos® B — 1) sin® B = r* (62> — r?) (27.19)
¢7 =R" (3 cos? f — 1) sin* Bcos B = rtz (2,22 — r2)
and a corresponding set of functions

4

¢4 =R lsinp = %

$_o = R %sin* Bcos B = 7;—:

$_3=R3= 7;—5 (70052ﬁ — 1) sin* g = W (27.20)
¢_4 =R (30082ﬁ — 1) sin? Bcos f = W .

that are singular only at the origin. The @-series functions include logarithmic
terms and are singular on the entire z-axis.
The two solutions of (27.11) of degree 0,1,2,3 in R are

R"P, 2, (cos ) ; R"Q?_,(cosf), (27.21)
which can be expanded as

(R—2)2(2R + 2)
R3

po = R°(1 — cos 3)%(2 4 cos B) =

1= R'(1 — cos §)? = %

$2 = R*(1 —cos 3)* = (R — 2)? (27.22)
$3 = R*(1 — cos 3)%(2 4 cos B) = (R — 2)*(2R + z)
(27.23)
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and
wo =1
w1 =RcosfB =z
@o = R*cos 3 = Rz (27.24)
03 = R®
respectively.

27.4 The displacement field

Eliminating ¥ between equations (27.1), we have

. Oug Up ) B Oug
Tgr = W (ar - 'r) y 00z = ‘UJE . (2725)

Once the stress field is known, these equations can be solved for the only
non-zero displacement component ug.
An alternative approach is to define a displacement function ¢ through
the equation
ug =11, (27.26)

in which case

0
Ogr = UT—— ; gy = UT id (27.27)

or 9z
from (27.25, 27.26) and more generally the vector traction on the f-plane is
o9 = purVi . (27.28)
It follows from (27.28) that on a traction free surface

9 _
on
where n is the local normal to the surface. Thus lines of constant ¢ and lines

of constant 1 are everywhere orthogonal to each other.

Equations (27.12) and (27.27) are alternative representations of the stress
components and hence

o 109 9 199

0, (27.29)

=__ 7 = —=—. 27.30
K or 2oz Mo T 2oy ( )
Eliminating ¢ between these equations, we obtain
2 2
oY 39y O =0, (27.31)

o2 " ror 022
which is the governing equation that must be satisfied by the displacement
function .
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27.5 Cylindrical and conical bars

The formulation introduced in this chapter is particularly effective for deter-
mining the stresses in an axisymmetric bar loaded only by torques on the
ends. In this case, the curved surfaces of the bar must be defined by lines
of constant ¢ and the problem is reduced to the determination of a solution
of (27.11) that is constant along a specified surface. It may be possible to
determine this by inspection, using a suitable combination of functions such
as (27.18-27.24). In other cases, an approximate solution may be obtained by
making a contour plot of a candidate function and adjusting multiplying con-
stants or other parameters until one of the contours approximates the required
shape of the bar.
A simple case is the solid cylindrical bar of radius a, transmitting a torque
T. Clearly the function
¢ =Co¢y=Cr? (27.32)

is constant on r = a, so the traction-free condition is satisfied along this
boundary. To determine the multiplying constant C, we use equation (27.4)
to write

T = 271¢(a, z) — 27¢(0, 2) = 2rCa* (27.33)

and hence T
= . 27.34
2mat (27:34)

The stress components are then recovered from (27.12) as

0.0 =4Cr = g i 00 =0, (27.35)
Ta
agreeing of course with the elementary torsion theory.

A more interesting example concerns the conical bar 0 < (< Gy transmit-
ting a torque T'. The traction-free condition on the boundary 8=y will be
satisfied if ¢ is independent of R and hence a function of § only in spherical
polar coordinates. This condition is clearly satisfied by the functions ¢q, @ of
equations (27.22, 27.24), but the latter leads only to a null state of stress, so

we take

C(R—2)%(2R + 2) .

¢ = C¢y = C(1 —cos B)*(2 + cos 3) = 3

(27.36)

For the constant C, we have
T =271¢(R, Bo) — 2mp(R,0) = 2mrC (1 — cos fp)*(2 +cos o) ,  (27.37)
from (27.4) and hence

T
¢= 271'(1 — COSﬁO)Q(Z 4 COSﬁO) . (27.38)
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The stress components are then obtained from (27.12) as

3Trz ] 3Tr?
27(1 — cos (Bp)2(2 + cos o) R® ' oo = 27(1 — cos (3p)%(2 4 cos Bo)R®
(27.39)
Simpler expressions for the stresses are obtained in spherical polar coordinates.
Vector transformation of the tractions (27.12) on the #-plane leads to the
general expressions

020 =

op L1006 1 0 106 1 09
R 2R3 Rsn250B8 T r20R - Rsm’BOR’
(27.40)

Substitution for ¢ from (27.36, 27.38) then yields

3T sin 3 .
27(1 — cos (p)%(2 + cos Bo)R3

Opr = oo = 0, (27.41)
showing that the traction on the #-surface is purely radial. Of course, this
follows immediately from the fact that ¢ is a function of 8 only and hence is
constant on any line 3 = constant.

The displacements for the conical bar can be obtained by equating (27.41)
and (27.28), which in spherical polar codrdinates takes the form

.0 . 0
ogr = pRsin ﬂ% ; Opp = psin ﬂ% . (27.42)
Using (27.41), we therefore have
T
% _ 5 % _y. (27.43)

AR~ 2mp(1 — cos (o)2(2 + cos Go) R ; B

Thus ¢ must be a function of R only and integrating the first of (27.43) we
have

T
=— . 27.44
v 2mp(1 — cos By)%(2 + cos fy) R? ( )
The displacements are then recovered as
_ Tr _ Tsin g
uo = 2mp(1 — cos Bg)2(2 + cos Bo)R3  2mp(1 — cos Bo)2(2 + cos By)R? '
(27.45)

from (27.26).

27.5.1 The centre of rotation

The stress function (27.36) can also be used to determine the stresses in an
infinite body loaded only by a concentrated torque 7" about the z-axis acting
at the origin. Using (27.40), we have
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3C'sin 3

w0 0= 0 (27.46)

O0R =

and the torque transmitted across the spherical surface R=a is
T =2n / ore(a, B)a?sin’® Bdf = 8nC' . (27.47)
0

It follows that C' = T'/87 and the stress field is

3T sin 8

O9R =

The same result can be obtained from (27.41) by setting 5y =, since a cone of

angle 7 is really an infinite body with an infinitesimal hole along the negative
fol
z-axis

27.6 The Saint Venant problem

As in Chapter 23, bounded polynomial solutions of (27.11) can be used to
solve problems of the cylindrical bar with prescribed polynomial tractions on
the curved surfaces, but the boundary conditions on the ends can generally
only be satisfied only in the weak sense. The corrective solution needed to re-
establish strong boundary conditions on the ends is a Saint Venant problem
in the sense of Chapter 6 and can be treated by similar methods.

We first postulate the existence of solutions of (27.11) of the separated-
variable form

¢=eNf(r). (27.49)
Substitution in (27.11) then yields the ordinary differential equation
d’f  3df
A T ) 27.
dr2  rdr A (27.50)

for the function f(r). This equation has the general solution
fr) = Cur J2(Ar) + Cor®Ya(Ar) (27.51)

where Js, Y5 are Bessel functions of the first and second kind respectively of
order 2 and C4,Cs are arbitrary constants. The boundaries r = a,b of the
hollow cylinder a <r <b will be traction-free if f(a)= f(b)=0 and hence

Cng()\a) + CQYQ()\Q) =0

These equations have a non-trivial solution for C7,C5 if and only if

! This hole does not alter the stress field, since the stresses are zero on the axis.
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Jo(Aa)Ya(Ab) — Ya(Aa)Ja(Ab) = 0, (27.53)

which constitutes an eigenvalue equation for the exponential decay rate .
The function Y5 is unbounded at » — 0 and hence must be excluded for the
solid cylinder 0 <r < a. In this case, the eigenvalue equation reduces to

Jo(Aa) =0. (27.54)

As in Chapter 6, a more general solution can then be constructed for the
corrective stress field in the form of an eigenfunction expansion.

In contrast to the plane problem, the eigenvalues of equations (27.53) are
real. The first eigenvalue of (27.54) is A\a=5.136, showing that self-equilibrated
corrections to the boundary conditions on the ends decay quite rapidly with
distance from the ends.

PROBLEMS

1. Verify that equation (27.17) defines a function satisfying equation (27.11)
by direct substitution, using the result

0%g B 0%¢ 10yg

022 Or2  ror
(which is a restatement of the condition V?¢ = 0) to eliminate the derivatives
with respect to z.

2. The solid cylindrical bar 0<r <a, 0< z< L is loaded by a uniform torsional
shear traction o, =5 on the surface r = a, the end z = 0 being traction-
free. Find the stress field in the bar, using bounded polynomial solutions to
equation (27.11).

3. Show that the function
w1L =z

satisfies equation (27.11) and defines a state of stress that is independent of
z. Combine this solution with a bounded polynomial solution of (27.11) to
determine the stress field in the hollow cylindrical bar a <7 <b,0< 2z < L
built in at z = L and loaded by a uniform torsional shear traction o,.9 =5
on the inner surface r = a, the outer surface r = b and the end z =0 being
traction-free.

4. A solid cylindrical bar of radius b transmitting a torque 7', contains a
small spherical hole of radius a (< b) centred on the axis. Find a bounded
polynomial solution to equation (27.11) to describe the stress field in the bar
in the absence of the hole and hence determine the perturbation in this field
due to the hole by superposing a suitable singular solution.

5. Develop a contour plot in the r, z plane of a function comprising
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i) the function ¢4 of equation (27.19),
(ii) a centre of rotation, centred on the point (0, a),
(iii) an equal negative centre of rotation, centred on the point (0, —a).
By experimenting with different multiplying constants on these functions,
show that the solution can be obtained for a cylindrical bar with an approx-
imately elliptical central hole, transmitting a torque 7. If the bar has outer
radius b and the hole has radius 0.1 at the mid-plane and is of total axial
length 0.4b, estimate the stress at the point (0.1b,0).

6. Show that the lines R — z = C define a set of parabolas, where C' is a
constant. Combine suitable functions from equations (27.18-27.24) to obtain
a solution of (27.11) that is constant on these lines and hence solve the problem
of a paraboloidal bar transmitting a torque 7. Comment on the nature of the
solution in the region z < 0 and in particular at the origin. Do your results
place any restrictions on the applicability of the solution?

7. The solid cylindrical bar 0 <r < a, z >0 is bonded to a rigid body at the
curved surface r=a and loaded by torsional tractions on the plane end z=0.
Using a displacement function

b =eNf(r),

find suitable non-trivial solutions for the stress field and hence determine the
slowest rate at which the stress field will decay along the bar.
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THE PRISMATIC BAR

We have seen in Chapter 25 that three-dimensional solutions can be obtained
to the problem of the solid or hollow cylindrical bar loaded on its curved
surfaces, using the Papkovich-Neuber solution with spherical harmonics and
related potentials. Here we shall show that similar solutions can be obtained
for bars of more general cross-section, using the complex-variable form of the
Papkovich-Neuber solution from §21.6.

We use a codrdinate system in which the axis of the bar is aligned with
the z-direction, one end being the plane z = 0. The constant cross-section
of the bar then comprises a domain {2 in the xy-plane, which may be the
interior of a closed curve I', or that part of the region interior to a closed
curve Iy that is also exterior to one or more closed curves 17,5, etc. The
following derivations and examples will be restricted to the former, simply
connected case, but it will be clear from the methods used that the additional
complications asssociated with multiply connected cross-sections arise only in
the solution of two-dimensional boundary-value problems, for which classical
methods exist. As in Chapter 25, we shall apply weak boundary conditions at
the ends of the bar, which implies that the solutions are appropriate only for
relatively long bars in regions that are not too near the ends.

28.1 Power series solutions

The most general loading of the lateral surfaces I" comprises the three traction
components T, T,,T,, which we shall combine in the complex variable form
as

T=T,+L,, T,.

Consider the problem in which T, T, can be written as power series in z —

i.e.
m—1

T = Z fi(8)227 Y T, = igj(s)zj_l ) (28.1)
j=1 j=1

J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 429
DOI 10.1007/978-90-481-3809-8_28, © Springer Science+Business Media B.V. 2010
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where f, g are arbitrary complex and real functions respectively of the curvi-
linear coordinate s defining position on I'. We shall denote this system of
tractions by the symbol 7™ Notice that the in-plane tractions T" are carried
only up to the order z™~2 whereas the out-of-plane traction 7, includes a
term proportional to z™~!. Practical cases where the highest order term in
all three tractions is the same (2" say) can of course be treated by setting
m =mn+ 2 and g,,(s) = 0. We describe the problem (28.1) as P,, and denote
the corresponding stress and displacement fields in the bar by

o) {@<m>, o) gm), Ug;)} o = {u<m>, ugm)} . (28.2)

respectively, using the complex-variable notation of §21.6.

The bar will transmit force resultants comprising an axial force F),, shear
forces F, I, a torque M, and bending moments M, M, which are related
to the stress components (28.2) by the equilibrium relations

Fz(z)://nazzd(); F(z) = Fy +1F, ://Qwrz

M) = [ [ @F-imaes me) = vt == [ [ o

(28.3)
Consideration of the equilibrium of a segment of the bar shows that these
resultants will also take the form of finite polynomials in z, with highest
power z™ in F,, M and z™ ! in F, M,.

The complete definition of problem P, requires that we also specify the
force resultants F'(0), F,(0), M(0), M,(0) on the end z = 0. However, it is
sufficient at this stage to obtain a particular solution with any convenient
end condition. Correction of the end condition in the weak sense can then be
completed using the techniques of Part III.

28.1.1 Superposition by differentiation

Suppose that the solution to a given problem P, is known — i.e. that we
have found stress and displacement components o™, u(™) that reduce to a
particular set of polynomial tractions (28.1) on I' and that satisfy the quasi-
static equations of elasticity in the absence of body forces, which we here
represent in the symbolic form

c (a<m>, u(m>) —0, (28.4)

where £ is a set of linear differential operators. Differentiating (28.4) with
respect to z, we have

0 da (™M) gy ™)
9 (g gy — _
azﬁ(a u ) c( - ) 0. (28.5)
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It follows that the new set of stresses and displacements defined by differen-
tiation as

Ho (M) Au™)
(m—1) _ v . (m—1) = 92
o 5, 0 U P (28.6)

will also satisfy the equations of elasticity and will correspond to the tractions

T = i (G—1)f(s)27 25 T.= Z(j —1)g;(s)2" 2. (28.7)

This process of generating a new particular solution by differentiation with
respect to a spatial coordinate can be seen as a form of linear superposition
of the original solution on itself after an infinitesimal displacement in the
z-direction and was already used in §23.3 to generate singular spherical har-
monics. The resulting tractions (28.7) are polynomials in z with highest order
terms ™3, 2m=2 in T, T, respectively and hence are of the form TV,
Thus the stress field 0o (") /0z is the solution of a particular problem of the
class P, _1.

28.1.2 The problems Py and Py

Repeating this differential operation m times, we find that the stress and
displacement fields

m g (m) gy (m)
o0 _ 9" ) 9Tuw™

= 28.
62’7” azm ( 8 8)

correspond to the physical problem Py in which the tractions T'=0, and the
only non-zero force resultants are the axial force F, and the bending moment
M, which are independent of z. This is a classical problem for which the only
non-zero stress component is

o9 = Ap¢ + Aol + Bo (28.9)

where Ag is a complex constant and By a real constant.

The class P; includes the problems of Chapters 16,17, where an otherwise
traction-free bar is loaded by a lateral force F/(0) and a torque T, (0) at the end
z = 0. However, it also permits z-independent antiplane tractions 7, on the
lateral surfaces, which also generally lead to the bending moment M and/or
the axial force F, varying linearly with z. This generalization is described by
Milne-Thomson® as the ‘push’ problem. In Py, the in-plane stress components
OW (1) remain zero, the antiplane stress components %) are independent
of z and crg) has the form

ot) = (AoC + Aol + Bo)z + Ar¢ + A1l + By . (28.10)

! L.M.Milne-Thomson, Antiplane Elastic Systems, Springer, Berlin, 1962.



432 28 The prismatic bar
28.1.3 Properties of the solution to P,

From these results, it is clear that the solution of problem P,, posesses the
following properties:-

(i) The stress and displacement components, o™ u(™) can be expressed as
power series in z.

(ii) The highest order terms in z in the in-plane stress components eim) glm)
are of order 2™ 2, since after m—1 differentiations with respect to z they
are zero.

(iii) The highest order terms in z in the antiplane stress components ¥ (™) are
of order 2™ 1, since after m—1 differentiations with respect to z they are
independent of z.

(7zn)

(iv) The highest order terms in the stress component o’ are of the form

(Ao + AoC + Bp)z™ . (A1¢ + A1C+ By)z"t

(m) _
Tz m! (m—1)! ’

(28.11)

from (28.8, 28.10).

at 2™ 2 in T and at 2™ ! in T..

28.2 Solution of P,, by integration

The process of differentiation elaborated in §28.1.1 shows that for every prob-
lem P,,, there exists a set of lower order problems P;, j=(0,m—1) satisfying
the recurrence relations

(G+1) j+1
orvT gy _0eU) Gy

HuU+D)
0z 0z 0z

T = (28.12)

The lowest-order problems in this set, Py, P;1 can be solved by the methods
of Part III, so the more general problem P,, could be solved recursively if we
could devise a method to generate the solution of P;4; from that of ;. This
process clearly involves partial integration of o?), w9 with respect to z. In a
formal sense, we can write

oU+l) = /a(j)dz—l— f(z,y), (28.13)

where f(z,v) is an arbitrary function of z,y only. Since o) is in the form of
a finite power series in z, it is always possible to find a particular integral for
the first term in (28.13). The function f must then be chosen to satisfy two
conditions:-

(i) The complete stress field ¢+ including f(x,y) must satisfy the equa-
tions of elasticity (28.4), and
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(ii) the stresses must reduce to the known tractions T+ on I

Condition (ii) involves only the coefficient of 20 in TUTV | since the coeffi-
cients of higher order terms will have been taken care of at an earlier stage in
the recursive process. Similarly, the conditions imposed by the equations of
elasticity can only arise in the lowest order terms in the stress field. We shall
show that the determination of f is a well-posed two-dimensional problem.
The concept of a recursive solution to problems P,, was first enunciated
by Iesan?, who started from a state of arbitrary rigid-body displacement,
rather than Py of §28.1.2. A rigid body displacement lies in the class P_; and
since it involves no stresses, it is the same for all domains (2. The present
treatment will place emphasise on the analytical solution of specific problems
rather than on general features of the solution method and is based on the
paper J.R.Barber, Three-dimensional elasticity solutions for the prismatic bar,
Proceedings of the Royal Society of London, Vol. A462 (2006), pp.1877-1896.

28.3 The integration process

The recursive procedure is most easily formulated in the context of the
complex-variable Papkovich-Neuber (P-N) solution of §21.6 and equations
(21.45-21.50). The prismatic bar satisfies the condition that all lines drawn in
the z-direction cut the boundary of the body at only two points (the ends of
the bar), which is the criterion established in §20.4.1 for the elimination of the
component ¥, in the P-N solution without loss of generality. We can there-
fore simplify the solution by omitting all the terms involving w in equations
(21.45-21.50), giving

9¢ o -0

Qi = 2&75 — (3 —4v)p + g—c + C—C (28.14)
i, = ? + 5 (C&b + Caw) (28.15)
9_22;32<81§+81é}> < g?f+c‘gif) (28.16)

P = 462‘25 —4(1—2v )g? +2ga?/’ + ca?/’ (28.17)
Our = % — 2 <‘?;§ + ?;é) (gé;zf + ggiqf) (28.18)
¢=288;§Z—(1 2v )‘?Hgg;;/} +<§§§Z (28.19)

2 D.Iesan, On Saint-Venant’s Problem, Archive for Rational Mechanics and Anal-
ysts, Vol. 91 (1986), pp.363-373.
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where ¢, 1) are respectively a real and a complex harmonic function of ¢, ¢, z.

None of the expressions (28.14-28.19) include explicit z-multipliers and
hence the integration (28.13) can be performed on the P-N potentials ¢, v,
rather than directly on the stress and displacement components. The require-
ment §28.2(i) that the solution satisfy the equations of elasticity (28.4) will
then be met by ensuring that the integrated potentials are three-dimensional
harmonic functions.

Suppose that the complex potential ¢ in (28.14-28.19) for problem P; is
given by a known function ;. This must be three-dimensionally harmonic,
and hence

2. — 82%‘ 62% _
Vi = G T geae =0 (28.20)
from (24.56). We next write
’(/)j-i-l = hl(Ca 67 Z) + h2(€a E) ) (2821)
where
= [ 66.¢.2)z (28.22)

is any partial integral of 1;. The recurrence relations (28.12) then imply that
hs is independent of z. Applying the Laplace operator (28.20) to the function
1j4+1 of equation (28.21), we obtain

02hsy

48@5 -

~V?hy , (28.23)

and the function hs can then be recovered by integration with respect to ¢
and (. These integrations will introduce arbitrary holomorphic functions that
will be used to satisfy the zeroth-order boundary conditions in problem Pj;.

We know from §28.1.3 that at any given stage in the recurrence procedure,
1) can be written as a finite power series in z and one way to write this series
is as a set of terms of the form

- o2t (¢ C _ noo2ily
¢2n(<,C,Z) :ZW ) ¢2n+1(<a<7’z) :ZW

i=0 =0

from §24.8, where the functions fi satisfy the recurrence relations (24.59,
24.60). It is easily verified that suitable z-integrals of these functions that
satisfy the three-dimensional Laplace equation (28.20) are

/1;/}271(() C_v Z)dZ = ¢2n+1(<; C_v Z) 5 /¢2n+1(<; C_v Z)dz = ¢2n+2(C; C_a Z) )

(28.24)
where 19,12 is obtained from 19, by replacing n by n+1.
The first term of this form is the two-dimensionally harmonic function

Yo = fo(¢, ) = 91(¢) +92(0)
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from (24.61). Thus, if the above integration process is applied sequentially, the
arbitrary functions of ¢ and ¢ that are introduced at stage i can be expressed
in the form of the function g and this will integrate up to the corresponding
function ;_; at stage j.

In the special case where the functions f, are finite polynomials in ¢, ¢, the
potentials can be expressed as a series of the bounded cylindrical harmonics
X7 defined in equations (24.66, 24.67), which can be integrated using the
relation

/x;”dz = Xn41 (28.25)

from (24.68).

Similar procedures can be used to produce harmonic partial integrals of
the real potential, ¢;, in which case the the arbitrary holomorphic functions
in ho must be chosen so as to ensure that the resulting potential is real.

28.4 The two-dimensional problem P,

Problem Py corresponds to the elementary stress field in which the lateral
surfaces of the bar are traction-free and the bar transmits a bending moment
M and an axial force F,. The only non-zero stress component is ag‘? given by
equation (28.9), but to start the recursive process, we need to express this in
terms of the P-N solution of §28.3.

It is readily verified by substitution in (28.16-28.19) that this elementary

stress field is generated by the choice of potentials
$0=0G0; vo=MHp, (28.26)

where we introduce the notation

(1-2v) 1 T BimXny2
n=———" (A, A, —=
gnL 2(1 _ ]/2) ( Xn+2 + Xn+2) + (1 + l/)
H = AmX9L+2 _ (1 B QV)AmXi _ BmX}z (28 27)
™= (1= 02) 8(1— 12) A(1+v) ‘

and x)'" are the bounded cylindrical harmonics defined in §24.8.1 and equations
(24.66, 24.67). The recurrence relation (28.25) implies that

/ Grdz=gntt, / Hdz = HIH (28.28)

and we shall find this useful in subsequent developments.

Since the stress components O ¢ W) are identically zero, no trac-
tions are implied on any surface I" and hence that the potentials (28.26) define
the solution of problem Py for a bar of any cross-section f2.
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28.5 Problem P,

Problem P; could be solved using the methods of Part III, but here we shall
develop the solution by integration using the P-N solution, since similar pro-
cedures will be needed at higher-order stages of the recursive process. The
strategy is first to develop a particular solution describing the most general
force resultants that can be transmitted along the bar, but without regard to
the exact form of the antiplane tractions on I". We then superpose a corrective
antiplane solution, in the spirit of Chapter 15, but within the P-N formalism,
to satisfy these boundary conditions in the strong sense.

Starting with the solution ¢,y of equation (28.26), we first generate a
trial solution for ¢, by integration with respect to z. Using the recurrence
relations (28.28) to ensure that the resulting functions are harmonic, we obtain

¢=Gp; v="Hy. (28.29)

The constants Ay, By in these functions provide the degrees of freedom to
define the lateral force resultants F', but in problem P;, we also need to allow
for the transmission of a torque M,. Any particular solution of the torsion
problem can be used for this purpose (remember we are going to correct the
tractions on the lateral surfaces at the next stage) and the simplest solution
is described by the potentials

1Cox1

® —q- ® — _

(28.30)

where Cj is a real constant.
Combining these results, we define the particular antiplane solution as

b =G5 v =y — 5 (28.31)

for which the corresponding non-zero stress components are
0.. = Aoz( + Aoz( + Boz (28.32)
o At Al BC 1CoC (28.33)

4(1+v) 2(1+v) 2

from (28.31, 28.18, 28.19).

Notice that in this solution, the real constant By corresponds to an axial
force F, that varies linearly with z and this will arise only when there are
non-self-equilibrating uniform antiplane tractions on the surface I'. Thus, if
this method is used to solve the problems of Chapters 16 or 17, By can be set
to zero.
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28.5.1 The corrective antiplane solution

Equation (28.33) defines non-zero values of ¥ and hence generally implies non-
zero tractions T, on I', which however are independent of z. We may indeed
have non-zero tractions T, but these will not generally correspond to those
of the particular solution. It is therefore necessary to superpose a corrective
solution in which the tractions are changed by some known function AT,
without affecting the force resultants implied by the constants Ay, By, Co.
Thus, the corrective solution satisfies the conditions

ov
O=9= =0; —=0 28.34
Ozz O ) ( )
with self-equilibrated tractions AT, and it is an antiplane solution in the
sense of Chapter 15 and §19.2.
A convenient representation of the corrective solution in P-N form can be
written in the form
= 2(CH +C) W
=z(h+h) — ————=; = — 28.35
o=2(h+ ) - Tt = s (28.35)
where h is a holomorphic function of (. These potentials satisfy the Laplace
equation (28.20) and substitution into (28.14-28.19) show that the homoge-
neous conditions (28.34) are satisfied identically. The non-zero displacement
and stress components are obtained as

2uu, =h+h; ¥=~Hn, (28.36)

agreeing with the notation of equations (19.16, 19.18).
It follows from (19.25) that

Ohy
AL =55

(28.37)
where s is a real coordinate locally tangential to the boundary I', and hence h,
is identical to the real Prandtl stress function ¢ for the antiplane correction.
Since the corrective tractions AT, are known everywhere, we can integrate
(28.37) around I to determine h,, at all points on the boundary. Interior values
of the real two-dimensionally harmonic function b, and hence the holomorphic
function of which it is the imaginary part can then be obtained using the real
stress function methods of Chapters 15-17, or the complex variable method
of §19.2. Tt is important that the integration of (28.37) should yield a single-
valued function of s. This is equivalent to the requirement that the tractions
in the corrective antiplane problem should sum to a zero axial force F,. If the
applied tractions do not meet this condition, F, will be a linear function of z
and hence the constant By in (28.33) will be non-zero. Thus, the single-valued
condition on h, serves to determine the constant By.
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28.5.2 The circular bar

To illustrate the process and to record some useful results, we consider the
antiplane problem P; for the circular bar of radius a, with zero tractions 7.
The potentials ¢p, ¥ p define the stress field

Aor?2(1+2v)e  Agr?e™  Byr

—10
zr 20 — v 79 = I C 3
Our +10.0 =€ (r,0) 0+ 2057 5 +1Cor
(28.38)

from (28.33), where we have also used the codrdinate transformation relation
(19.13). On the boundary r = a, we have { = aexp(:f), ¢ = aexp(—0) and
hence the antiplane traction is
(34 2v)a® (R{Ao}cosf — S{Ap}sind) Boa 10h,
Tz = Ozr 79 = - - T 5 ~Tap
o=r(a,0) A(1+v) > .00
(28.39)
where we have added in the antiplane corrective term from (28.37). Equating
T, to zero, we obtain
Ohy (34 2v)a® (R{Ao} cosd — I{Ag} sin0) n Boa?

00 4(1+v) 2

and this integrates to a single-valued function of 6 if and only if By =0, giving

(3 +2v)a® (R{ Ao} sind + I{Ag} cos )
41+ v)

The holomorphic function A whose imaginary part takes this boundary value
can be obtained using the direct method of §19.2.1, but it can also be seen by
inspection that the appropriate function is

3+2v)Apa%¢ (3 +2v)Agax}

_( _
h= 414+v) 41 +v) (28.40)

hy =

using (24.72).
Substituting this result into (28.35) and adding the results to (28.29, 28.30)
with By=0, we obtain

o1 =90; 1=V, (28.41)
where we introduce the notation
(1-2v) 1 i =1
Q= m (Aan+3 + Aan+3)
. (3 —4v)(3 + 20)a®(AmXhiq + AmXhit)
16(1 — v?)
Y — AWLX?H_:; o (1 - 2V)AmXi+1 (3 + 21/)[1ma2x%+1
™ (1 —1?) 8(1 —1?) 8(1 —12)

1
- ZC"an-‘,—l

o (28.42)
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Equation (28.41) defines the solution to P; for the traction-free circular cylin-
der in P-N form. Notice that we have chosen to describe the new polynomial
terms arising from (28.40) in terms of the functions x* of equations (24.66),
since this and the notation (28.42) facilitates subsequent integrations through
the recurrence relation (28.25), which here implies that

/ Qrdz=Qutt / Vidz = yrtl (28.43)

The stress functions (28.41), excluding the torsion term, can be used as an
alternative solution to the problem of §17.4.1 and §25.3.1.

28.6 The corrective in-plane solution

In higher order problems P;, j > 1, we shall also need to make corrections
for zeroth-order in-plane tractions 7', using an appropriate form of the two-
dimensional plane strain equations. If we use the complex form of the P-N
solution (28.14-28.19) and define plane harmonic functions through

p=f+F; v=g, (28.44)
where f, g are holomorphic functions of (, we obtain
2uu=—(3—4v)g+Cgd +2f; 2uu, =0. (28.45)

This is identical to the classical form of the plane strain complex variable
solution (19.42) under the notation relation

g=—-x; 2f =-0. (28.46)

We recall from §19.3.2 that we can set 6(0) =0 without loss of generality, so
the implied integration in obtaining f from 6 does not require a constant of
integration. The corresponding stress components are given by

O=-2g+g); D2=2(Cg"+2f"); o0..=-2v(d+g); ¥=0.
(28.47)

28.7 Corrective solutions using real stress functions

We have seen in §28.3 that the integration process is greatly facilitated by the
use of the complex-variable notation. However, for many geometries, the in-
plane and antiplane corrections are easier to perform using the real Airy and
Prandtl stress functions of Parts II and III. In Chapter 19 we established sim-
ple relations between the real and complex formulations for two-dimensional
problems. Here we shall use these relations to convert real stress function
expressions to complex P-N form.
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28.7.1 Airy function

If we define a corrective field by the Airy stress function ¢, we can write it in
the form

e=01+91+C92+(72, (28.48)
using the procedure defined in §18.4.1 or the Maple and Mathematica files
‘rtocb’, where g1, g2 are holomorphic functions. The relations (19.62, 19.64)
and (28.46) then imply that the appropriate complex P-N potentials are

p=—-91—0G1; ¥=-2g2. (28.49)

28.7.2 Prandtl function

If a solution of problem P; is defined in terms of the Prandtl function ¢,
the first stage is to determine the real constants A, B, C' by substituting into

equation (17.10)
Avy Bvz
Vip = — +C
T 0 y) (1+v)
and equating coefficients. By expressing the antiplane stress ¥ from equation
(28.33) in terms of ¢,;,0,, and comparing the results with (17.8), we can
show that the complex potentials ¢p,1p of equation (28.31) are equivalent

to the Prandtl function
B[3(1 +2v)y?z — (1 — 2v)23] N A[3(1 + 2v)2?y — (1 — 2v)y?]

pp=—

24(1 +v) 24(1 4 v)
C 2 2
+ w : (28.50)
if the constants Ag, By, Cy are replaced by
A—1B C
Ag = ;i Bo=0; Co=——.
0 5 i Po i Co 9

Next, we construct the real harmonic function

or(z,y) =9 —vp,

representing the difference between the actual Prandtl function and the par-
ticular solution (28.50). This can be converted to complex form as discussed
in §19.2.1. We first find the holomorphic function g such that gy = g+7 (for
example, using the Maple or Mathematica procedure ‘rtoch’) and then define

h =2 . (28.51)

It then follows from (19.28), that ¢ = (k) and the corresponding complex
potentials ¢,y are obtained by substituting h into (28.35). Finally, the
complex potentials appropriate to ¢ are recovered as

¢=0¢p+ou; v=vp+vu. (28.52)

This procedure is contained in the Maple and Mathematica files ‘Prandtl-
toPN’.
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28.8 Solution procedure

We are now in a position to summarize the solution procedure for the three-
dimensional problem P,,. We first differentiate the tractions T' m times with
respect to z in order to define the sub-problems P;, j = (1,m). We shall be
particularly interested in the zeroth-order tractions in each sub-problem —
i.e. the terms in TV that are independent of z, since these are the only terms
that are active in the incremental solution.

Suppose the potentials ¢;,1; corresponding to problem P; are known. In
other words, if we substitute these potentials into equations (28.14-28.19), the
resulting stresses satisfy the boundary conditions on the tractions TY) on the
lateral surfaces in problem P;. This solution will contain two undetermined
constants A;_1,Cj_1, corresponding to a lateral force and a torque on the
end of the bar, but we do not concern ourselves with end conditions at this
stage.

To move up to the solution of problem P;, 1, we proceed as follows:-

(i) Define new potentials by adding in the pure bending solution (28.26) with
new constants A;, B; — i.e.

¢:¢j+g]0; ¢=¢j—|—H§). (28.53)

(ii) Integrate ¢, with respect to z as in §28.3. Notice that any terms in these
potentials of the form x7', G, Hy, Qr ., Vy can be integrated using the
recurrence relations (28.25, 28.28, 28.43).

(iii) Add in the torsion solution (28.30) with a new constant C;. At this
stage, @, ® will generally contain terms up to order j—1 in z and ¥ will
contain terms up to order j. However, all except the zeroth order terms
(those independent of z) will satisfy the boundary conditions on the lateral
surfaces, since both the tractions and the stresses were obtained by one
integration with respect to z from the given solution P;.

(iv) To satisfy the boundary conditions on the zeroth order terms in the in-
plane tractions 77U we add in the in-plane solution from §28.6 and
solve an in-plane boundary value problem, using the methods of §19.3.
Alternatively, we could solve the corrective in-plane problem using the
real Airy stress function of Chapters 5-13 and then use the relations in
§28.7.1 to convert the resulting biharmonic function to P-N form. Solv-
ability of this in-plane problem requires that the corrective tractions be
self-equilibrated in the plane (see for example §19.5.1 and §19.6.1) and
this provides a condition for determining the constants A;_1,C;_1.

(v) To satisfy the boundary conditions on the zeroth order term in the an-
tiplane tractions Tz(j +1), we add in the antiplane corrective solution from
(28.35) and determine the function h((), using the procedure outlined in
§28.5.1. This solution is possible only if the tractions associated with h
alone are self-equilibrating and hence the solution at this stage will also
determine the constant B;.
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This completes the solution of problem P;, 1, except for the constants A4;, C;.
The same procedure can be adapted to give the solution of problem P; by
setting j = 0 and replacing (28.53) by (28.26).

After repeating the procedure m times, a solution will be obtained that
satisfies the traction conditions T' completely and which contains two free con-
stants A,,_1, Cy,—1. To complete the solution, we once again add in the zeroth
order solution, as in equations (28.53), using constants A,,, B,,. Finally, we
determine the constants A,,_1,Cp_1, Am, By, from the weak end conditions
(three force and three moment resultants) at z=0 in P,,,. More specifically, the
conditions on axial force and torque determine the real constants B,,, Cy,_1,
respectively, the conditions on lateral forces determine A,,_1 (which is a com-
plex constant and hence has two degrees of freedom) and the conditions on
bending moments determine A,,.

28.9 Example

The solution procedure described involves a sequence of essentially elemen-
tary steps, but for a problem of significant order the number of such steps is
large and the solution can become extremely complicated. For this reason, in
most cases it is only really practical to undertake the solution using Maple or
Mathematica. However, to illustrate the procedure we shall give the solution
of a suitably low-order problem.

We consider the circular bar of radius a defined by 0<r<a, 0<z<L, in
which the end z = 0 is traction-free and the curved surfaces are subjected to
the tractions

T=0; T,=Szcosf,

where S is a real constant. It is clear that the loading is symmetrical about
the plane =0, 7 (y=0) and hence that the bar will not be subject to torsion,
so the constants C; in §28.8(iii) will all be zero and can be omitted.

Comparison with (28.1) shows that this is a problem of class P2. The
sub-problem P; corresponds to the tractions

T=0; T,=Scosh. (28.54)

28.9.1 Problem P,

The solution of problem Py is defined by the functions ¢g, 1y of equation
(28.26). Integrating with respect to z as in §28.5, but omitting the torsion
term, we obtain

6=Gy: ="H;. (28.55)

There are no in-plane stresses or tractions in problem P;, so no in-plane
correction is required.
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Antiplane correction

The antiplane stress components ¥ are then obtained as

A1 +2)¢ A B

T 21+v) 2 °

(28.56)

from (28.19). The antiplane traction T, is obtained exactly as in §28.5.2 as

(834 2v)a* (R{Ao} cosf — 3{Ap}sinf)  Boa N 10h,
A1+ v) 2 409
(28.57)

T, =0.-(a,0) =

and equating this to the boundary value (28.54), we obtain

Ohy (34 2v)a® (R{Ao}cosf — I{Ap}sinf)  Bya® ]
50 ) + 5 + Sacosf .

This integrates to a single-valued function of 6 if and only if By=0, giving

3 ' S
hy = (3 + 2v)a” (R{ Ao} sin 6 + S{Ao} cos 0) + Sasinf
)

and the holomorphic function h whose imaginary part takes this boundary

value is
(3 + 2v)Aga®C

41+ v)
Substituting this expression into (28.35) and adding the results to (28.55),
we obtain

h = +S¢. (28.58)

(3 —4v)S(xi +Xx1)
4(1 —v)

SxY

. —_ 10
9 wl_V0+2(17V)7

¢ = Q0+ (28.59)

which defines the solution to P; in P-N form.

28.9.2 Problem P-

The next stage is to substitute ¢1,1; into (28.53) with j = 1 and perform a
further integration with respect to z, using equations (28.25,28.28, 28.43) to
ensure that the potentials ¢, 1 are three-dimensionally harmonic. We obtain

(3 —4v)S(x3 +X3)
4(1—v)

Sx9

11 +Hi . (28.60)

6=+ +Gi; Y=V +
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In-plane correction

There are no z-independent components in the in-plane tractions 7" for prob-
lem P, and we anticipate requiring a corrective solution to satisfy this con-
dition. Substituting the partial solution (28.60) into equations (28.16, 28.17),
we obtain the in-plane stress components

[2(1 — v)¢C — B+ 2v)(3 — w)a?] (AoC + AoC)  S(3—4v)(C +C)

©= 16(1— 12 T
(L4 AC 20— v)(C— (34 2w)a? | Ag¢ S¢
?= 24(1 + VO) 16(1 — v2) T (28.61)

From equation (19.70), we have

Tds = - (¢d — Od()

[N

and on r=a,
C=ae?; (=ae™™; d¢=1ae?dd; dl= —wae "do, (28.62)

so the integral around a portion of the boundary of the complex traction T is

/ Tds = % / (e + ©e?) db . (28.63)

Substituting the boundary values (28.62) in (28.61), we obtain

o0 (19 — 18y — 161%) Aga®e*?  Sa(3 — 4v)e*”

—10
PO 48(1 — 12) 41— v)

Ao a3
2

~ Sa. (28.64)

The in-plane corrective problem is solvable if and only if the tractions on the
boundary are self-equilibrating, which requires that the integral (28.63) return
a single-valued function of §. This condition requires that

25

A_0a3 -
5~ Sa=0 and hence Ag=-—=Ap. (28.65)
a

Notice that since the constant Ag is real it is also equal to Ag. Using this
result, we then obtain

Sa(l —12v + 8v2)e?

P —10 W0 _
e " 4 Be 11— %)

(28.66)

To satisfy the homogeneous in-plane boundary conditions on I' in Py, we
superpose holomorphic functions f,g through equations (28.44, 28.47) and
choose them so as to reduce (28.66) to zero for all 8. This can be done using
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the direct method of §19.6.1, but the form of (28.66) makes it clear that low
order polynomial terms in f, g will give an expression of the appropriate form.
Choosing

f=0; g=0C*=0Cx? andhence ¢=0; tp=Cx2 (28.67)

from (28.44), where C' is a real constant, we obtain the additional stress com-
ponents

6= —4C(C+(); @ =4CC,
from (28.47) and on the surface r=a,
e 4 0e? = —4Cae® .
The boundary condition T'=0 will therefore be satisfied for all 4 if

S(1—12v + 82)
96(1 — )

C:

Antiplane correction

Since there are no zeroth-order antiplane tractions in P, the antiplane cor-
rection is identical to that in §28.5.2. In particular, we have B; =0 and the
additional potentials are derived from (28.40) with A replaced by A;.

Applying this and the in-plane correction (28.67) to (28.60) and using
(28.65) to eliminate Ap, we then have

br = S () - 5 (W) + O (2869

= — 25x3 _ SA-2v)x3 _ Sxp
T2 —?) T 4a2(1—12) 41 —1?)
S(1—12v + 8v%)x2 o
561 2% +V7, (28.69)

which completes the solution of problem Ps.

28.9.3 End conditions

It remains to satisfy the weak traction-free conditions on the end z =0. We
add the pure bending solution (28.26) with new constants As, By into (28.68,
28.69), which is achieved by adding the terms G9,H9 into ¢,1) respectively.
We then substitute the resulting potentials into (28.18, 28.19) to obtain the
complex stress components o,,,¥. In particular, the tractions on the end of
the bar z=0 are obtained as
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06,0 = SEEILCLD  SOBCHD) |y ot

_ s o e
5(0.6.0) = Ay[(3+ 2v)a 4(123%) A +2)¢ (28.70)

Clearly the shear tractions ¥ =0, + 10, on z = 0 can be set to zero in the
strong sense by choosing A; = 0. For the normal tractions, we use (28.3) to
calculate the force and moment resultants

a 27
F, = / / 0.2(0,7,0)rdddr = 7 Bya?
o Jo

78(1 —2v%)a*  7wAzat
12(1 +v) 2

Thus, the weak traction-free conditions are satisfied by setting

a 2m
My + 1M, = / / 0..(0,7,0)r?e?drdd = —
o Jo

oz _S(1—2u2). B
AQ—AQ—W7 BQ—O

Substituting these constants into the potentials and simplifying, we obtain

_ o S-2v) oy _S(?+u—8u2—81/3) 1
= i) ) T Ty g, TR
b= 25y n S(1—2v)x3 B S(1+3v+4v2)x) S(1+ 7v)xE

a?(1—v2)  4a?(1—v?) 20— (1+v)  96(1—12)(1+v)’

which defines the complete solution of the problem. The complex stress com-
ponents can be recovered by substitution into equations (28.16-28.19) as

_S(E+Q) _ 8¢CE+9)

o 3 414 v)a?
& S¢[2a% — 3¢C — (14 4v)¢* +2(1 — 2v)a?)
B 12(1 + v)a?
= SCHVBC-2a)(C+Q) 92+
= 12(1 + v)a? a?
Sz [(1 + 2U)C2 +2¢¢ — a2]
U= :
2(1+v)a?

We have deliberately given a very detailed and hence lengthy solution of
this example problem in order to clarify the steps involved, but the astute
reader will realize that many steps might reasonably have been omitted as
trivial. For example, the original problem is even in z, which immediately
allows us to omit the terms involving the constants A, A;, By, causing the in-
plane correction to be trivial in problems P; where j is odd and the antiplane
correction to be trivial when j is even.
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PROBLEMS

1. A circular cylindrical bar of radius a is loaded by the tangential tractions
0.9 =Scosf on r = a. The end of the bar z =0 is traction-free. Find the
complete stress field in the bar.

2. A circular cylindrical bar of radius a is loaded by a uniform radially-inward
load Fp per unit length along the line # = 0. The end of the bar z =0 is
traction-free. Find the complete stress field in the bar.

3. A circular cylindrical bar of radius a is loaded by a uniform tangential load
Fy per unit length along the line § =0. The load acts in the positive -direction
and the end of the bar z=0 is traction-free. Find the complete stress field in
the bar.

4. The lateral surfaces I' of a bar of equilateral trianglular cross-section are
defined by the equations z = +v/3y,z = a. The bar is twisted by in-plane
tractions 7" on I" that are independent of z, the end z = 0 being traction-free.
The tractions on the surface x = a are defined by

Opz =03 0gy =09

and those on the other two surfaces are similar under a rotation of +120°.

This problem lies in class P5. Use the strategy suggested in Problem 16.3
to find a Prandtl stress function solution of the corresponding problem Pi,
convert it to P-N form as in §28.5.4 and then integrate with respect to z
to obtain a particular solution of Ps. Determine the tractions on the surface
x = a implied by this solution and discuss possible strategies for completing
the in-plane correction, but do not attempt it.

5. The rectangular bar —a<z<a,—b<y<b,0<z<L is built in at z=L and
loaded only by the uniform shear tractions

Uwy(a7y’z) = S ) ny(_a7y7z) = _S

on the surfaces x = t+a. Find the complete stress field in the bar using weak
conditions on the end z = 0. Assume that b > a and use weak boundary
conditions on the edges y = +b. Hint: The problem is even in x and odd
in y, which implies that R(Ag) = Cyp = 0. The easiest way to impose these
symmetries on the rest of the solution is to use an Airy function for the in-
plane corrective solution.

6. A bar of square cross-section —a<z<a,= —a<y<a,0<z<L is built in
at z=L and loaded only by the uniform tractions

O'yy(x7aa Z) = —Po
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on the surface y = a. Find the complete stress field in the bar using only
the closed-form terms from the solution of §17.4.2 for the problem P; and
an appropriate finite polynomial as an Airy stress function for the in-plane
correction in P,. Plot appropriate stress components to estimate the errors in
the elementary bending solution.



29

FRICTIONLESS CONTACT

As we noted in §21.5.1, Green and Zerna’s Solution F is ideally suited to the
solution of frictionless contact problems for the half-space, since it identically
satisfies the condition that the shear tractions be zero at the surface z=0. In
fact the surface tractions for this solution take the form

ot
022:7@ ) Uzz:UzyZO ; 2=0, (29'1)
whilst the surface displacements are
(1—2v) 0p (1—2v)0p (1—-v)0p
x = o Uy = Uy =—————— ; 2=0,
2 Ox 21 Oy w0z
(29.2)

from Table 21.3.

29.1 Boundary conditions

Following §12.5, we can now formulate the general problem of indentation
of the half-space by a frictionless rigid punch whose profile is described by
a function ug(z,y) (see Figure 12.5). Notice that since the problem is three-
dimensional, the punch profile is now a function of two variables x,y and the
contact area will be an extended region of the plane z =0, which we denote
by A.

Within the contact area, the normal displacement of the half-space must
conform to the shape of the punch and hence

uy = ug(z,y) + Co+ Crz + Coy in A, (29.3)

where the constants Cy, C1, Co define an arbitrary rigid-body displacement of
the punch. Outside the contact area, there must be no normal tractions. i.e.

0,,=0 inA, (29.4)

J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 449
DOI 10.1007/978-90-481-3809-8_29, © Springer Science+Business Media B.V. 2010
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where we denote the complement of A — i.e. that part of the surface z =0
which is not in contact — by A.

We now use equations (29.1, 29.2) to write these conditions in terms of
the potential function ¢ with the result

Oy w o

= () ¢ 4 (20.5)
0% .

@ = O ;1 A 5 (296)

where for brevity we have omitted the rigid-body displacement terms in equa-
tion (29.3), since these can easily be reintroduced as required or subsumed
under the function ug(z,y).

29.1.1 Mixed boundary-value problems

Equations (29.5, 29.6) define a mized boundary-value problem for the potential
function ¢ in the region z > 0. The word ‘mixed’ here refers to the fact
that different derivatives of the function are specified at different parts of the
boundary. More specifically, it is a two-part mixed boundary-value problem?,
since the boundary conditions are specified over two complementary regions
of the boundary, A, A.

Similar mixed boundary-value problems arise in many fields of engineering
mechanics, such as heat conduction, electrostatics and fluid mechanics. For
example, in heat conduction, a mathematically similar problem arises if the
region A is raised to a prescribed temperature whilst A is insulated. They can
be reduced to integral equations using a Green’s function formulation. Thus,
considering the normal traction o..(z,y,0) = —p(z,y) in A as comprising a
set of point forces F =p(x,y)drdy and using equation (23.18) for the normal
surface displacement due to a concentrated normal force at the surface, we

can write i o6, m)ded
il n 77
ua(23,0 21 / A r(zy,6m) (29-1)
where
r(z,y,6m) =V (x — €2+ (y —n)? (29.8)

is the distance between the points (£,7,0) and (x,y, 0). Substitution in (29.3)
then yields a double integral equation for the unknown contact pressure
p(x,y). This is of course a generalization of the method used in Chapter 12.
However, in three-dimensional problems, the resulting double integral equa-
tion is generally of rather intractable form. We shall find that other methods
of solution are more efficient (see Chapter 30 below).

! Strictly this terminology is restricted to cases where the two regions A, A are
connected. A special case where this condition is not satisfied is the indentation
by an annular punch for which A has two unconnected regions — one inside the
annulus and one outside. This would be referred to as a three-part problem.
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The fact that Solution F is described in terms of a single harmonic function
enables us to use results from potential theory to prove some interesting re-
sults. For example, we note that the derivative dp/dz must also be harmonic
in the half-space z > 0. Suppose we wish to locate the point where dp/dz is
a maximum. It cannot be inside the region z >0, since at a such a maximum
we would need

d¢

v2a <0 (29.9)

and the left-hand side of this expression is zero everywhere. It follows that
the maximum must occur somewhere on the boundary z=0 or else at infinity.
Furthermore, if it occurs on the boundary, all immediately adjacent points
must have lower values and in particular, we must have

0%

542 <0 (29.10)
at the maximum point.

Recalling equations (29.1, 29.2), we conclude that the maximum value of
the surface displacement u, must occur either at infinity or at a point where
the contact traction o, is compressive. If we choose a frame of reference such
that the displacement at infinity is zero, it follows that the maximum can
only occur there if the surface displacement is negative throughout the finite
domain, which can only arise if the net force on the half-space is tensile. Thus,
when the half-space is loaded by a net compressive force, the maximum surface
displacement must occur in a region where the surface traction is compressive,
and must be positive.

29.2 Determining the contact area

In many contact problems, the contact area is not known a priori, but has
to be determined as part of the solution?. As in Chapter 12, the contact area
has to be chosen so as to satisfy the two inequalities

0..<0: in A (29.11)
u, > ug(x,y) + Co+ Crx+Cay ; in A, (29.12)

which state respectively that the contact traction should never be tensile
and that the gap between the indenter and the half-space should always be
positive. It is worth noting that physical considerations demand that these
conditions be satisfied in all problems — not only those in which the con-
tact area is initially unknown. However, if the indenter is rigid and has sharp
corners, the contact area will usually be identical with the plan-form of the
indenter and conditions (29.11, 29.12) need not be explicitly imposed. Notice

2 See for example §12.5.3.
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however that if there is also distortion due to thermoelastic effects or if there
is a sufficiently large rigid-body rotation as in Problem 12.4, the contact area
may not be coextensive with the plan-form of the indenter. In general, condi-
tions (29.11, 29.12) define a solution space in which the mathematical solution
will be physically meaningful. If any further restrictions are imposed in the
interests of simplicity, it is always wise to check the solution at the end to
ensure that the inequalities are satisfied.

In treating the Hertzian problem in §12.5.3, we were able to satisfy the
inequalities by choosing the contact area in such a way that the contact trac-
tion tended to zero at the edge. A similar technique can be applied in three-
dimensional problems provided that the profile of the indenter is smooth,
but now we have to determine the equation of a boundary line in the plane
z =0, rather than two points defining the ends of a strip. This is generally
a formidable problem and closed form solutions are known only for the case
where the contact area is either an ellipse or a circle.

Boundedness of the contact traction at the edge of the contact area is
a necessary but not sufficient condition for the inequalities to be satisfied.
Suppose for example the indenter has concave regions as shown in Figure 29.1.
For some values of the load, there will be contact in two discrete regions near
to A and B. However, we could construct a mathematical solution assuming
contact near B only, in which the traction was bounded throughout the edge
of the contact area and in which there would be interpenetration (i.e. violation
of inequality (29.12)) near A. In general, the boundedness condition may be
insufficient to determine a unique solution if the physically correct contact
area is not simply connected.

v

B
A

Figure 29.1: Contact problem which will have two unconnected multiply
connected contact areas in an intermediate load range

In a numerical solution, this difficulty can be avoided by using the inequal-
ities directly to determine the contact area by iteration. A simple approach is
to guess the extent of the contact area A, solve the resulting contact problem
numerically and then examine the solution to determine whether the inequal-
ities (29.11, 29.12) are violated at any point. Any points in A at which the
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contact traction is tensile are then excluded from A in the next iteration,
whereas any points in A at which the gap is negative are included in A.

This method is found to converge rapidly, but it involves the calculation
of tractions or displacements at all surface nodes. An alternative method is
to formulate a function which is minimized when the solution satisfies the
inequalities and then treat the iterative process as an optimization problem.
Kalker? and Kikuchi and Oden? have explored this technique at length and
used it to develop finite element solutions to the contact problem.

A simpler method is available for the special problem of the indentation of
an elastic half-space by a rigid indenter. Suppose we select a value at random
for the contact area A, solve the resulting indentation problem, and then
determine the corresponding total indentation force

F(A) = —//A 0..(z,y,0)dzdy , (29.13)

where o, is the contact traction associated with the ‘wrong’ contact area, A.
It can be shown that the maximum value of F(A) occurs when A is chosen
such that the inequalities (29.11, 29.12) are satisfied — i.e. when A takes its
correct value. Thus, we can formulate the iteration process in terms of an
optimization problem for F(A). The proof of the theorem is as follows:-

Proof

Consider the effect of increasing A by a small element JA.

If F(A) is thereby increased, the corresponding differential contact traction
distribution — i.e. the difference between the final and the initial traction —
amounts to a net compressive force on the half-space. Now we proved in §29.1.1
that in such cases, the maximum surface displacement must occur in a region
where the traction is compressive and be positive in sign. Thus, the maximum
differential surface displacement du, must occur somewhere in A or §A and
be positive in sign. However, du, is zero throughout A, since the process of
including a further region in the contact area does not affect the displacement
boundary condition in A. It therefore follows that the differential displacement
in 0A is positive and that the contact traction there is compressive.

We know that the final value of u, in §A is f(z,y)+Co+Crx+Cay. The
effect of the differential contact traction distribution has therefore been shown
to be an increase of u, at §A to the value f(z,y)+Co+Ci2+Coy and it follows
that 6 A must be an area for which initially

uy < f(z,y) + Co+ Crax + Cay (29.14)

3 J.J Kalker, Variational principles of contact elastostatics, Journal of the Institute
for Mathematics and its Applications, Vol. 20 (1977), pp.199—221.

4 N.Kikuchi and J.T.Oden, Contact Problems in Elasticity: A Study of Variational
Inequalities and Finite Element Methods, SIAM, Philadelphia, 1988.
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— i.e. for which the gap is negative.

Hence, an increase in F(A) can only be achieved by increasing A if there
are some areas A outside A satisfying (29.14). By a similar argument, we can
show that an increase in F'(A) can follow from a reduction in A only if there
exist areas §A inside A for which

02 >0 (29.15)

— i.e. for which the contact traction is tensile.

It follows that the maximum value of F'(A) must occur when A is chosen
so that there are no regions satisfying (29.14, 29.15) — i.e. when the original
inequalities (29.11, 29.12) are satisfied everywhere®.

The above method has the formal advantage that it replaces the intractable
inequality conditions by a variational statement, but in order to use it we
need to have a way of determining the total load F'(A) on the indenter for an
arbitrary contact area® A. We shall show in Chapter 34 how the reciprocal
theorem can be used to simplify this problem”.

29.3 Contact problems involving adhesive forces

At very small length scales, the attractive forces between molecules (van der
Waals forces) become significant and must be taken into account in the solu-
tion of contact problems. This subject has increased in importance in recent
years with the emphasis on micro- and nano-scale systems. One approach is to
apply the same arguments as in the Griffith theory of brittle fracture (§13.3.1)
and postulate that the contact area will adopt the value for which the total
energy (comprising elastic strain energy, potential energy of external forces
and surface energy) is at a minimum. Perturbing about this minimum energy
state, we then obtain

G=Ay, (29.16)

where G is the energy release rate introduced in §13.3.3 and A~y is the interface
energy of the two contacting materials — i.e. the work that must be done per
unit area against interatomic forces at the interface to separate two bodies
with atomically plane surfaces®. It follows from equation (13.54) that the
contact tractions will exhibit a tensile square-root singularity at the edge of
the contact area characterized by a stress intensity factor

5 For more details of this argument see J.R.Barber, Determining the contact area
in elastic contact problems, Journal of Strain Analysis, Vol. 9 (1974), pp.230-232.

5 Even then, the variational problem is far from trivial.

7 See also R.T.Shield, Load-displacement relations for elastic bodies, Zeitschrift fiir
angewandte Mathematik und Physik, Vol. 18 (1967), pp.682-693.

8 This will generally be less than the sum of the surface energies v1 + 72 of the two
contacting materials, except in the case of similar materials.
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K= HII(I) 0:2(8)V2rms | (29.17)

where o, (s) is the normal contact traction (tensile positive) at a distance s
from the edge of the contact area. For the more general case of frictionless
contact between dissimilar materials, equation (13.54) is modified to

G:[(%<K1+1+H2+1>
M1 M2

16

and for three-dimensional problems, the local conditions at the edge of the
contact are always those of plane strain (k=3—4v) giving

1— 1—
K = 2\/A7/( oy ”2> , (29.18)
H1 H2

using (29.16). This approach to adhesive contact problems was first intro-
duced by Johnson, Kendall and Roberts? and has come to be known as the
JKR theory. Notice that it predicts that the stress intensity factor is constant
around the edge of the contact region, regardless of its shape. Of course, in
the special case where adhesive forces and hence surface energy are neglected,
this stress intensity factor will be zero and the theory reduces to the classical
condition that the contact tractions are square-root bounded at the edge of
the contact area.

The JKR theory is approximate in that it neglects the attractive forces
between the surfaces in the region where the gap is small but non-zero. More
exact numerical solutions using realistic force separation laws show that the
theory provides a good limiting solution in the range where the dimensionless
parameter

1/3

2 _ _ 2
R(A%) (1 1/1+1 1/2>‘| 1,

v = 3
4e M1 H2

where R is a representative radius of the contacting surfaces and e is the

equilibrium intermolecular distance'®.

9 K.L.Johnson, K.Kendall and A.D.Roberts, Surface energy and the contact of elas-
tic solids, Proceedings of the Royal Society of London, Vol. A324 (1971), pp.301-
313.

10 3 A.Greenwood, Adhesion of elastic spheres, Proceedings of the Royal Society of
London, Vol. A453 (1997), pp.1277-1297.
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PROBLEMS

1. Using the result of Problem 23.4 or otherwise, show that if the punch profile
uo(z,y) has the form
ug = r? f(6)

where p >0 and f(6) is any function of 6, the resulting frictionless contact
problems at different indentation forces will be self-similar!!.

Show also that if [ is a representative dimension of the contact area, the
indentation force, F', and the rigid-body indentation, d, will vary according to

FrPt o gapp
and hence that the indentation has a stiffening load-displacement relation
Frdtr

Verify that the Hertzian contact relations (§30.2.5 below) agree with this
result.

2. A frictionless rigid body is pressed into an elastic body of shear modulus p
and Poisson’s ratio v by a normal force F', establishing a contact area A and
causing the rigid body to move a distance §. Use the results of §29.1 to define
the boundary-value problem for the potential function ¢ corresponding to the
incremental problem, in which an infinitesimal additional force increment AF
produces an incremental rigid-body displacement Ad.

Suppose that the rigid body is a perfect electrical conductor at potential
Vo and the ‘potential at infinity’ in the elastic body is maintained at zero.
Define the boundary-value problem for the potential V' in the elastic body,
noting that the current density vector ¢ is given by Ohm'’s law

7= —lVV ,
p
where p is the electrical resistivity of the material. Include in your statement
an expression for the total current I transmitted through the contact interface.
By comparing the two potential problems or otherwise, show that the
electrical contact resistance R = V/I is related to the incremental contact
stiffness dF'/dd by the equation

1 (1-v)dF

R T

11D A.Spence, An eigenvalue problem for elastic contact with finite friction, Pro-
ceedings of the Cambridge Philosophical Society, Vol. 73 (1973), pp.249-268, has
shown that this argument also extends to problems with Coulomb friction at the
interface, in which case, the zones of stick and slip also remain self-similar with
monotonically increasing indentation force.
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3. Use equations (18.9, 18.11) to show that the function

S5 =S { (””Z )}

satisfies Laplace’s equation. Show that the function

9 _

5, = A+ Bf(x,2)

can be used to solve the plane strain equivalent of the flat punch problem
of §12.5.2 with suitable choices for the constants A, B. In particular, obtain
expressions for the contact pressure distribution and for the normal surface
displacement u, outside the contact area.

Note: For complex arguments, we can write!'?

arcsin(¢) = %ln(zg ++/1-¢?).

4. Show that for frictionless contact problems for the half-space z > 0, the
normal stress components near the surface z = 0 satisfy the relation

Opa + 0yy = (1 +20)0,, ,

where o, is the applied traction.

12 Qee I.S.Gradshteyn and I.M.Ryzhik, Tables of Integrals, Series and Products, Aca-
demic Press, New York, 1980, §1.622.1.
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THE BOUNDARY-VALUE PROBLEM

The simplest frictionless contact problem of the class defined by equations
(29.3-29.6) is that in which the contact area A is the circle 0 < r < a and
the indenter is axisymmetric, in which case we have to determine a harmonic
function ¢(r, z) to satisfy the mixed boundary conditions

I P

P (1_V)u0(r) ; 0<r<a,z=0 (30.1)
2

37(';:0;7“>a,z:0. (30.2)

30.1 Hankel transform methods

This is a classical problem and many solution methods have been proposed.
The most popular is the Hankel transform method developed by Sneddon® and
discussed in the application to contact problems by Gladwell?. The function

f(r,z) = exp(—=£2)Jo(Er) , (30.3)

where £ is a constant, is harmonic and hence a more general axisymmetric
harmonic function can be written in the form

F(r,2) = /O " A(€) exp(—€2)Jo(er)de | (30.4)

where A(£) is an unknown function to be determined from the boundary
conditions.

! I.N.Sneddon, Note on a boundary-value problem of Reissner and Sagoci, Journal
of Applied Physics, Vol. 18 (1947), pp.130-132.

2 G.M.L.Gladwell, Contact Problems in the Classical Theory of Elasticity, Sijthoff
and Noordhoff, Alphen aan den Rijn, 1980.

J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 459
DOI 10.1007/978-90-481-3809-8_30, © Springer Science+Business Media B.V. 2010
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Using this representation for ¢ and substituting into equations (30.1, 30.2),
we find that
o0

= | EA@ (e = — T suo(r) s 0Sr<a (305)

/0 T A I(ENdE=0 ;T >a. (30.6)

These constitute a pair of dual integral equations for the function A(§).
Sneddon used the method of Titchmarsh® and Busbridge* to reduce equations
of this type to a single equation, but a more recent solution by Sneddon® and
formalized by Gladwell® effects this reduction more efficiently for the classes
of equation considered here.

30.2 Collins’ Method

A related method, which has the advantage of yielding a single integral equa-
tion in elementary functions directly, was introduced by Green and Zerna’
and applied to a wide range of axisymmetric boundary-value problems by
Collins®.

30.2.1 Indentation by a flat punch

To introduce Collins’ method, we first examine the simpler problem in which
the punch is flat and hence wug(r) is a constant. This was first solved by
Boussinesq in the 1880s.

A particularly elegant solution was developed by Love®, using a series
of complex harmonic potential functions generated from the real Legendre
polynomial solutions of Chapter 24 by substituting (z+:a) for z. This is
tantamount to putting the origin at the ‘imaginary’ point (0, —2a). The real
and imaginary parts of the resulting functions are separately harmonic and
have discontinuities at r=a on the plane z=0.

3 E.C.Titchmarsh, Introduction to the Theory of Fourier Integrals, Clarendon Press,
Oxford, 1937.

4 1.W.Busbridge, Dual integral equations, Proceedings of the London Mathematical
Society, Ser.2 Vol. 44 (1938), pp.115-129

% I.N.Sneddon, The elementary solution of dual integral equations, Proceedings of
the Glasgow Mathematical Association, Vol. 4 (1960), pp.108-110.

5 G.M.L.Gladwell, loc. cit., Chapters 5,10.

" A.E.Green and W.Zerna, loc. cit..

8 W.D.Collins, On the solution of some axisymmetric boundary-value problems
by means of integral equations, II: Further problems for a circular disc and a
spherical cap, Mathematika, Vol. 6 (1959), pp.120-133.

9 A.E.H.Love, Boussinesq’s problem for a rigid cone, Quarterly Journal of Mathe-
matics, Vol. 10 (1939), pp.161-175.
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For example, if we start with the harmonic function In(R+z) from equation
(23.22) and replace z by z+1a, we can define the new harmonic function

¢ =¢1+ 12 =In(R" + 2 +10a) , (30.7)

where
R =1?+ (2 +1a)”. (30.8)

We also record the first derivative of ¢ which is

1) 1
F Yl (30.9)
On the plane z=0, R* —+/r2—a? and hence
&(r,0) = In(v/r2 — a® + 1a) (30.10)
0¢ 1
—(r,0) = —— . A1
R (30.1)

Both the real and imaginary parts of these functions have discontinuities
at r=a on the plane z=0. For example

b2 (r,0) = S{(r,0)} = g L 0<r<a (30.12)
— sin~! g S r>a, (30.13)
whilst
Oy 1
g(ﬁo)——\/ﬁ N 0§T’<a (3014)
=0; r>a. (30.15)

Comparing these results with the boundary conditions (30.1, 30.2), we see
that the function

% _ 2pug

9 = =y SUnE 4z} (30.16)

identically satisfies both boundary conditions for the case where the function
uo(r) is a constant — i.e. if the rigid indenter is flat and is pressed a distance
ug into the half-space, as shown in Figure 30.1.
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\ r

Figure 30.1: Indentation by a flat-ended cylindrical rigid punch.

The contact pressure distribution is then immediately obtained from equa-
tions (29.1, 30.14, 30.16) and is

2

T(l— o)W 12

We also use (30.13) to record the surface displacement of the half-space
outside the contact area, which is

p(r) = —0,.(r,0) =

0<r<a. (30.17)

u,(r,0) = ugsin~! a ;i T>a (30.18)
r

and the total indenting force

@ 4pug dpuga
F=2 = = . 1
7T/O rp(r)dr = -0 / = r2 ) (30.19)

The remaining stress and displacement components can be obtained by
substituting (30.16) into the corresponding expressions for Solution F from
Table 19.3.

This is Love’s solution of the flat punch problem. To gain an appreciation
of its elegance, it is really necessary to compare it with the original Hankel
transform solution'® which is extremely complicated.

30.2.2 Integral representation

Green and Zerna'! extended the method of the last section to give a general
solution of the boundary-value problem of equations (30.1, 30.2), using the
integral representation

10 1.N.Sneddon, Boussinesq’s problem for a flat-ended cylinder, Proceedings of the
Cambridge Philosophical Society, Vol. 42 (1946), pp.29-39.
1A E.Green and W.Zerna, loc.cit., §§5.8-5.10.
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do o [* glt)dt 10 glhat (30.20)

0z 0 12+ (z+1t)? 2 ) (z+1t)?

where ¢(t) is an even function of ¢. It can be shown that equation (30.20)
satisfies (30.2) identically and the remaining boundary condition (30.1) will
yield an integral equation for the unknown function g(t).

In effect, equation (30.20) is a superposition of solutions of the form
R(r2 + (z+1t)?)~1/2 derived from the source solution 1/R. We could there-
fore describe ¢ as the potential due to an arbitrary distribution g(¢) of point
sources along the imaginary z-axis between (0,0) and (0,:a). It is therefore
a logical development of the classical method of obtaining axisymmetric po-
tential functions by distributing singularities along the axis of symmetry'2. A
closely related solution is given by Segedin'?, who develops it as a convolution
integral of an arbitrary kernel function with the Boussinesq solution of §30.2.1.
He uses this method to obtain the solution for a power law punch (ug(r) ~ r™)
and treats more general problems by superposition after expanding the punch
profile as a power series in 7. It should be noted that Segedin’s solution is
restricted to indentation by a punch of continuous profile'* in which case the
contact pressure tends to zero at r = a. The idea of representing a general
solution by superposition of Boussinesq-type solutions for different values of
a has also been used as a direct numerical method by Maw et al.'®.

Green’s method was extensively developed by Collins, who used it to treat
many interesting problems including the indentation problem for an annular
punch'® and a problem involving ‘radiation’ boundary conditions'”.

30.2.3 Basic forms and surface values

To represent harmonic potential functions we shall use suitable combinations
of the four basic forms

by = R /0 G (B F(r, 2, 1)dt

O = S‘E/ 92(t)F(ry z,t)dt

12 see §23.3 and particularly equation (23.29).

13 C.M.Segedin, The relation between load and penetration for a spherical punch,
Mathematika, Vol. 4 (1957), pp.156-161.

1 see §29.2.

15 N.Maw, J.R.Barber and J.N.Fawcett, The oblique impact of elastic spheres, Wear,
Vol. 38 (1976), pp.101-114.

16 W.D.Collins, On the solution of some axisymmetric boundary-value problems
by means of integral equations, IV: Potential problems for a circular annulus,
Proceedings of the Edinburgh Mathematical Society, Vol. 13 (1963), pp.235-246.

7 W.D.Collins, On the solution of some axisymmetric boundary-value problems
by means of integral equations, II: Further problems for a circular disc and a
spherical cap, Mathematika, Vol. 6 (1959), pp.120-133.
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3 = %/ g3(t)F(r, z,t)dt (30.21)
0
o0
P4 = %/ ga(t)F(r, z, t)dt |

where

F(ryz,t) =In (\/rz + (2 +1t) —|—z—|—zt> . (30.22)

The square root in (30.22) is interpreted as
124 (2 +11)2 = pe'/? (30.23)

where

2zt
p= (T2 B4 5 v=tan” <r2+;_t2> (30.24)

and p>0, 0<v <.
Equations (30.21) can be written in two alternative forms which for ¢, are

L= ;/Oa Gi(O{F (r.z,8) + F(r, 2, —t)}di (30.25)
and e
$1=75 /_ g1 () F(r, 2, t)dt . (30.26)

We note that (30.25) is exactly equivalent to (30.26) if and only if g; is an
even function of ¢. If the boundary values of ¢,9¢/0z etc. specified at z =0
are even in r, it will be found that g1, go are even and g3, g4 odd functions of
t and forms like (30.26) can be used. The majority of problems fall into this
category, but there are important exceptions such as the conical punch (where
u, is proportional to r) and problems with Coulomb friction for which o, is
proportional to o, in some region. In these problems, forms like (30.26) can
only be used if g;(t) is extended into ¢ <0 by a definition with the required
symmetry.

Expressions for the important derivatives of the functions ¢; at the surface
z=0 are given in Table 30.1. In certain cases, higher derivatives are required —
notably in thermoelastic problems, where heat flux is proportional to 93¢ /023
(see Solution P, Table 22.1). Higher derivatives are most easily obtained by
differentiating within the plane z = 0, making use of the fact that for an
axisymmetric harmonic function f,

2f 19 of
52 raror (80-27)

The reader can verify that this result permits the expressions for 82¢; /922
in Table 30.1 to be obtained from those for d¢;/0r.
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Table 30.1. Surface values of the derivatives of the functions ¢; (Equations (30.21)).

O<r<a r>a
B[R L B oo
or 0 91 t2—r2 rJo 91
Op1 fr g1(t)dt a g1(t)dt
6z |J0 \/r2 t2 0 V22
82¢)1 fa tg1 0
822 |rdr ,/t2,T
A¢a |1 oo oo tga(t)dt|1 oo 1 roo tga(t)dt
87: T Ja gQ(t)dt - f VEZ—rz|r Ja gZ(t)dt - J; V22
99 r go(t)dt
8722 O fa T2—t2
2?2 |1 f°° tga(t 1d I tgo(t)dt
022 rdr \/t2 2 rdrdr 22
O3 1 r tgs(t)dt 1 ra tga(t)dt
or 0 m rJ0 22
9¢3 a gs(t
9z f p— 0
0%¢3|1 d pr tgs(t)dt fa tgs(t)dt
822 |rdr Y0 /r2_32 rd'r 0 V22
941 | 1 fr tga(t)dt
ar m
[elo2y — [ ga(t)dt foo ga(t)dt
0z o VP2 m
8%¢4 0 1.d pr tga(t)dt
922 rdrJa 22

30.2.4 Reduction to an Abel equation

Table 30.1 shows that we can satisfy the boundary condition (30.2) identically
if we represent ¢ in the form of ¢; of equations (30.21). Substitution in the
remaining boundary condition (30.1) then gives the integral equation

T ogi(t)dt
gi(t)dt w(r) : 0<r<a, (30.28)

o VrZ—t2 (I-v)
for the unknown function g;(t). Notice that there is a one-to-one correspon-
dence between the points 0 <t < a in which g¢;(¢) is defined and the domain
0 <r<a in which the integral equation is to be satisfied. This is a necessary
condition for the equation to be solvable!®
Equation (30.28) is an Abel integral equation. Abel equations can be in-
verted explicitly. We operate on both sides of the equation with

18 It is akin to the condition that the number of unknowns and the number of
equations in a system of linear equations be equal.
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obtaining the equation

/ / rg1(t)dtdr _p ¥ rug(r)dr 0<r<a.

V(82 —12)(r2 —2) (I-v)Jo VsZ2—7r2

(30.29)

Since the unknown function, ¢;(¢) does not depend upon r, it is advanta-
geous to reverse the order of integration on the left-hand side of (30.29) and
perform the inner integration. To obtain the limits on the new double integral,
we consider r,t as coordinates defining the two-dimensional region of Figure
30.2, in which the domain of integration is shown shaded. It follows from this
figure that when we reverse the order of integration the new limits are

/ / /(& Tgfrz dtdr_ = /Osgl(t)dt/: \/(52—:;1;@2—1&2) . (30.30)

A

4 r=it

O Ky ro

Figure 30.2: Domain of integration for equation (30.29)

The inner integral can now be evaluated as

™

* rdr
/t V(2 —r)(r? —12) 9 (30.31)

and hence from equations (30.30, 30.31) we have

8 o 2u * rug(r)dr
/Ogl(t)dtf e | e (30.32)

Differentiating with respect to s, we then have

20 d[7 rug(r)dr
7T(].—V)d8 0 \/32—7“2 ’

which is the explicit solution of the Abel equation (30.29).

g1(s) = — (30.33)
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In general, we shall find that the use of the standard forms of equations
(30.21) in two-part boundary-value problems leads to the four types of Abel
equations whose solutions — obtained by a process similar to that given above
— are given in Table 30.2.

Table 30.2. Inversions of Abel integral equations.

If f(x) _ for g(t)dt fa g(t)dt

r2—¢2

then g(x) = %i I tf(t)dt | 2 d pa tf(t)dt

If f(l') = f“’c g(t)dt foo g(t)dt
then g(z) =24 [* YOt 2 d oo tf(dl

Once g7 is known, the complete stress field can be written down using
equation (30.21) and Solution F of Table 21.3. In particular, the contact pres-

sure
9% _Ld [P tgi(t)dt

p(r) = —022(r,0) = 55 (1, 0) = —— | T (30.34)

from Table 30.1, and the total indenting force

@ “©1d [ tgy(t)dt @ tgy(t)dt 17
F=2 dr =2 -— | —|rdr=2 ——
7T/0 7”]9(7“) T 7r/0 (Tdr : 72 rar s : P T:O

=27 /Oa g1(t)dt . (30.35)

Example

As an example, we consider the problem in which a half-space is indented by
a rigid cylindrical punch of radius b with a spherical end of radius R > b. The
function ug is then defined by

up =d— (30.36)

2R’
where d is the indentation at the centre of the punch. We suppose that the
force is sufficient to ensure that the punch makes contact over the entire
surface 0 < r < b.

Substituting (30.36) in (30.33) and performing the integration and differ-
entiation, we obtain

91(s) = - (d - S;,) : (30.37)
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Using this result in (30.34) the contact pressure distribution is obtained

2/ Rd +b* — 2r?
p(r) =
m(1—v)R p2 — p2

as

(30.38)

and the total force is

F= (147“1/) /Ob (d— ’;) dt = (14“by) (d— ;;) , (30.39)

from (30.35, 30.37).
Equation (30.28) defines a positive contact pressure for all r < b if and
only if d > b*/R and hence

3
P> Kb

= (30.40)

For smaller values of F', contact will occur only in a smaller circle of radius
a < b. In this case, the material of the punch outside r = a plays no role in
the problem and the contact pressure can be determined by replacing b by a
in (30.38). Furthermore, the smooth contact condition requires that the p(r)
be bounded at r = @ and this is equivalent to enforcing the equality in (30.40)
and solving for a, giving

a= (3(1_8:)1”%)1/3 : (30.41)

However, we shall introduce a more systematic approach to problems of this
class in the next section.

30.2.5 Smooth contact problems

If the indenter is smooth, the extent of the contact area must be found as part
of the solution by enforcing the unilateral inequalities (29.11, 29.12). One way
to do this is first to solve the problem assuming a is an independent variable
and then determine it from the condition that p(r) be non-singular at the
boundary of the contact area r=a, as in the two-dimensional Hertz problem of
§12.5.3. Alternatively, we recall from Chapter 29 that the appropriate contact
area is that which maximizes the indentation load F', so for a circular contact
area of radius a,

dF

= 0 and hence g¢1(a) =0, (30.42)
from (30.35).

However, more direct relationships can be established between the con-
tact radius, the indenting force and the shape of the indenter, defined merely
through its slope ug(r). Starting with the right-hand side of equation (30.34),
we integrate by parts, obtaining
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“tgi()dt 2y
\/7 )V / Vi — 24t (30.43)

and hence .
V-2 ), VE-r
The second term is bounded at » — a and hence the tractions will be bounded
there if and only if g1 (a) =0, as in (30.42). Using this result, we can then write
a simpler expression for the contact pressure in smooth contact problems as

oy — [ 0
oA /12 — p2
Since the contact pressure depends only on the derivative gj, we can also

achieve some simplification by performing a similar integration by parts on
the right-hand side of (30.33). We obtain

* rug(r)dr /5 ,
——Zz = g(0)s + vV 82 — rZug(r)dr 30.46
0 m 0( ) 0 0( ) ( )

(30.44)

(30.45)

and hence
2u ug(r)dr

= - d _—
gl(s) 71_(171/) |: +s 0 /—82—7’2:| ;
where d =ug(0) represents the rigid-body indentation of the punch. We can
determine d by setting g1(a)=0 in (30.47), giving

(30.47)

@ ug(r)dr
d=— 2 30.48
s (30.48)
and hence
2u @ g (r)dr * ug(r)dr }
= — —_— - —_— . 30.49
91(e) m(1—v) {a o V-2 Jo VP - (30.46)

Notice that this result depends only on the shape of the punch as defined by
the derivative u((r). Also, differentiating (30.49), we obtain

24 d[ s ()dr]

(1 —v)ds V=2 (30.50)

g1(s) = —
Substituting (30.49) into (30.35), we have

[/m / /\/lrdﬂ (30.51)

Changing the order of integration in the second term and performing the inner
integral, we have

F=—
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r)drds / sdsdr Y e
= a? — r2up(r)dr
/ / Vs V212 0 0 olr)
(30.52)

and hence, after some algebraic simplification,

4pu @ r2uf(r)dr
G-y Va2

In a typical problem, the shape of the punch u{(r) is a known function and
either the force F' or the indentation d will be prescribed. The contact radius
a can then be determined by evaluating the integrals in (30.53) or (30.48) and
solving the resulting equation. The function ¢{(s) and the contact pressure
can then be obtained from equations (30.50) and (30.45) respectively.

F=-

(30.53)

Example — The Hertz problem

As an example, we consider the problem in which a half-space is indented by
a rigid sphere of radius R, in which case the slope of the indenter is defined
by

r

uy = —— . 30.54
why=—% (30.54)
Substituting in equation (30.53) and performing the integration, we obtain
4 a .3 d 8 3
F=_"F r)dr __Spa” (30.55)
(1 —V)R 0 \/0,2 —7’*2 3(1—V)R
Also, the rigid-body indentation is obtained from (30.48) as
2
a a
d=— —_—= . 30.56
R 0 /a2 — 7’2 R ( )

Alternatively, we can eliminate a between equations (30.55, 30.56), obtaining

8 R1/2d3/2
- ol AL N (30.57)
3(1—v)
which exhibits a stiffening characteristic with increasing indentation.
For the contact pressure distribution, we first note that
S / d 1 S d
up(rydr 1 L (30.58)

o Vs2—r2 N R
Substituting this result into the rlght—hand side of (30.50), we then obtain
4us
T(g) —
91(s) = -k (30.59)
after which (30.45) gives
4pva? —r?

IJ, a
) == V)R/r JEZ 12  n(l-)R (30.60)




30.3 Non-axisymmetric problems 471
30.2.6 Choice of form

Each of the functions ¢; in Table 30.1 has a zero in d¢/dz or 9?¢/0z? either
in 0<r<aorinr>a. Thus, in the above examples it would have been
possible to satisfy (30.2) by choosing d¢/0z=¢3 instead of p=¢;.

The choice is best made by examining the requirements of continuity im-
posed at r=a, z=0 by the physical problem. It can be shown that, if g;(a) is
bounded, the expressions in Table 30.1 will define continuous values of 9¢;/9z,
but 92¢, /022 will be discontinuous unless g;(a)=0. Thus if, as in the present
case, the function d¢/0z represents a physical quantity like displacement or
temperature which is required to be continuous, it is appropriate to choose
0p/0z = 0¢1/0z. The alternative choice of dp/Jz = ¢35 imposes too strong
a continuity condition at r = a, since it precludes discontinuities in second
derivatives and hence in the stress components.

Of course, in problems involving contact between smooth surfaces, the
normal traction o, must also be continuous at the edge of the contact region.
The most straightforward treatment is that given in §30.2.5, in which the
continuity condition furnishes an extra condition to determine the radius of
the contact region, which is not known a priori. However, it would also be
possible to force the required continuity through the formulation by using
0p/0z=¢3 in which case the contact radius is prescribed and the rigid-body
indentation d of the punch must be allowed to float. This is essentially the
technique used by Segedin'®.

30.3 Non-axisymmetric problems

The method described in this chapter can also be applied to problems in which
non-axisymmetric boundary conditions are imposed interior to and exterior to
the circle r=a — for example, if the punch has a profile ug(r, #) that depends
on both polar coordinates. The first step is to perform a Fourier decomposition
of the profile, so that the boundary conditions can be expressed as a series
of terms of the form f,,(r)cos(mf) or f,,(r)sin(mé), where m is an integer.
These terms can then be treated separately using linear superposition.

Copson?? shows that if a harmonic potential function ¢(r, 0, z) satisfies the
mixed boundary conditions

¢(r,0,0) = f(r)cos(mf) ; 0<r<a

%(nﬂ,o) =0; r>a, (30.61)

the surface value of the derivative in 0 <7 <a can be written

19 C.M.Segedin, The relation between load and penetration for a spherical punch,
Mathematika, Vol. 4 (1957), pp.156-161.

20 E.T.Copson, On the problem of the electrified disc, Proceedings of the Edinburgh
Mathematical Society, Vol. 8 (1947), pp.14-19.
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a¢ _.m—1 i “ tg(t)dt
o (r,0,0) = r™™" cos(mb) i) Jee (30.62)
where R
oty = 24 [ Fs)ds (30.63)

T wem gy o 12— g2
This result can clearly be used to solve non-axisymmetric problems of the
form (30.1, 30.2) by setting

d¢

o= (30.64)

With this notation, equations (30.61, 30.62) reduce to the equivalent expres-
sions for ¢; in Table 30.1 in the axisymmetric case m=0.

Example: The tilted flat punch

We suppose that a cylindrical rigid flat punch of radius a is pressed into the
surface of the elastic half space z >0 by an offset force F', whose line of action
passes through the point (e, 0,0) causing the punch to tilt through some small
angle . We restrict attention to the case where the offset is sufficiently small
to ensure that the complete face of the punch makes contact with the half
space. The boundary condition in 0<r <a is then

uy(r,0,0) = d+ arcosb (30.65)

and since the problem is linear, we can decompose the solution into an axisym-
metric and a non-axisymmetric term, the former being identical to that given
in §30.2.1. To complete the solution, we therefore seek a harmonic function ¢
satisfying the boundary conditions

0 0
9 _ _HATCOST . gcpca, =0

0z  (1-v)
¢
P20 rsa.io0, (30.66)

from (30.1, 30.2). Using (30.64), these conditions are equivalent to (30.61)
with m=1 and

__par
f(’l") - (1 _ I/) .
Equation (30.63) then gives
2pe d (' $Pf(s)ds 4o

g(t) =

a(l-v)2dt J, VE—s2  w(l1—v)

and substituting into (30.62), we obtain

@(7‘9 0)20050i ¢ tg(t)dt _  Aparcosd
92" dr ), 12 —r2 W(l—y)m
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The contact pressure distribution under the punch is then obtained as

¢ 24
p(r,0) = 5.2 = SR g (d+2arcosb)

where we have superposed the axisymmetric contribution due to the term d
in (30.65) using (30.17). This solution of the tilted punch problem was first
given by A.E.Green?!

Contact will occur over the complete face of the punch if and only if
p(r,8) > 0 for all (r,6) in 0 < r < a. This condition will fail at (a,—m),
implying local separation, if

d
a> o (30.67)

The rigid-body motion of the punch defined by the constants d, « can be
related to the force F' and its offset € by equilibrium considerations. We obtain

a p2m 4uad
F:// p(r,0)rdddr =
0 Jo () (1-v)

a 2w 3
Fe= / / p(r,0)r? cos Odfdr = Sua’a
0 Jo 31-v)

and using (30.67), we conclude that for full face contact, we require

€<

wl e

In other words, the line of action of the indenting force must lie within a
central circle of radius a/3.

30.3.1 The full stress field

In his solution of the tilted punch problem, Green used a semi-intuitive method
similar to that introduced in §30.2.1 to deduce the form of the harmonic
potential ¢ throughout the half space from the surface values obtained above.
A more formal approach is to use the recurrence relation (24.45, 24.46) to
relate the non-axisymmetric problem to an axisymmetric problem that can
be solved using the method of §30.2.2 and Table 30.1.

For example, in the case of the tilted punch problem, the non-axisymmetric
term in ¢(r, 0, z) can be written fi(r, z) cos 6, where f; satisfies the boundary
conditions

df1 par

9% (171/),0_7"<a,z 0

2

%Z];1:0;r>a,z:(), (30.68)

21 A .E.Green, On Boussinesq’s problem and penny-shaped cracks, Proceedings of
the Cambridge Philosophical Society, Vol. 45 (1949), pp.251-257.
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from (30.66). Setting m =0 in (24.46) we can define an axisymmetric harmonic
function fo(r, z) such that

0]
filr,2) = % . (30.69)
Substituting this relation into (30.68); and integrating with respect to r, we

conclude that fo must satisfy the boundary condition

9o _ [Of
9 "0= | 5

par?

(r,0)dr = —72(1 )

+C; 0<r<a,z=0, (30.70)

where C'is a constant of integration. Since the stress field must decay at large
values of r, the corresponding integration of the outer boundary condition
(30.68)2 leads simply to

82
aZJ;():O;T>a,z:0. (30.71)

Equation (30.71) can be satisfied identically by representing the axisymmetric
harmonic fy(r, z) in the form ¢; of equation (30.21). Table 30.1 then gives

"aldt  par®
o ViE B 21-v)

and the Abel equation solution is obtained from Table 30.2 as

24 [ pat3 dt 2 pox?
9= 2% (‘2(1@*“) W?tz‘w<‘<1u>+c |

The constant C' must be chosen so as to satisfy the condition of continuity
of displacement at r=a. As explained in §30.2.6, the representations (30.21)
ensure continuity of the derivative d¢;/0z at r =a as long as the corresponding
function g;(t) is bounded. In the present case, this means that dfy/0z will
be continuous for all values of C. However, the differentiation in (30.69) will
introduce a square-root singularity in df;/0z unless the constant C' is chosen
so as to satisfy the stronger condition g;(a)=0, giving

~ 2poa® — a?)
9@ =0

The function fo(r, z) is then given by (30.21); with this value of g; after which
fi(r,z) is defined by (30.69).

For higher-order problems (larger values of m in ¢ = f,,(r, 2) cos(mb)),
additional constants of integration will appear in the boundary conditions for
fo(r, z) and stronger continuity conditions must be imposed at r =a. In fact
¢1(¢) and its first m—1 derivatives must be set to zero at t=a.
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PROBLEMS

1. A harmonic potential function w(r, z) in the region z >0 is defined by the
surface values w(r,0) = A(a®—72) ; 0<r<a; w(r,0)=0; r>a. Select
a suitable form for the function using Table 30.1 and then use the boundary
conditions to determine the corresponding unknown function g;(t).

2. Use equation (30.27) to derive the expressions for 9%¢; /922 in Table 30.1
from those for 9¢,/0r.

3. An elastic half space is indented by a rigid cylindrical punch of radius a with
a concave spherical end of radius R>>a. Find the contact pressure distribution
p(r) and hence determine the minimum force F required to maintain contact
over the entire punch surface. Do not attempt to solve the problem for F' < Fj.

4. A rigid flat punch of radius a is bonded to the surface of the elastic half
space z > 0. A torque T is then applied to the punch. Use Solution E to
describe the stress field in the half space and Collins’ method to solve the
resulting boundary-value problem for ¥. In particular, find the distribution of
traction between the punch and the half space and the rotation of the punch
due to the torque.

5. A rigid sphere of radius R is pressed into an elastic half space of shear
modulus g and Poisson’s ratio v. Assuming that the interface energy for this
material combination is A<, find a relation between the indenting force F'
and the radius of the contact area a. You should use the conditions (29.17,
29.18) to determine the unknown constant d in (30.36) and then (30.35) to
determine F'.

Hence determine the contact radius when the sphere is unloaded F' =0
and the tensile force required to pull the sphere out of contact?2.

6.(1) An elastic half-space is indented by a conical frictionless rigid punch as
shown in Figure 30.3, the penetration of the apex being d. Find the contact
pressure distribution, the total load F' and the contact radius a. The semi-

angle of the cone is § —a, where a<1.

22 This solution was first given by K.L.Johnson, K.Kendall and A.D.Roberts, Sur-
face energy and the contact of elastic solids, Proceedings of the Royal Society of
London, Vol.A324 (1971), pp.301-313.
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Figure 30.3: The conical punch.

(ii) What is the nature of the singularity in pressure at the vertex of the cone
(point A).

(iii) Now suppose that the cone is truncated as shown in Figure 30.4. With-
out finding the mew contact pressure distribution, find the new relationship
between I’ and a. Note: Take the radius of the truncated end of the cone as
b and refer the profile to the point A where the vertex would have been before
truncation.

(iv) Would you expect a singularity in contact pressure at B and if so of what
form. (The process of determining p(r) is algebraically tedious. Try to find a
simpler way to answer the question.)

Figure 30.4: The truncated conical punch.

7. A rigid flat punch has rounded edges, as shown in Figure 30.5. The punch
is pressed into an elastic half space by a force F'. Assuming that the contact
is frictionless, find the relation between F', the indentation uy and the radius
a of the contact area.
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Figure 30.5: Flat punch with rounded corners.
8. An elastic half space is indented by a smooth axisymmetric rigid punch
with the power law profile Cr®, so the displacement in the contact area is
uo(r) =d—Cr?®,

where C| s are constants. Show that the indentation force F', the contact radius
a and the indentation depth d are related by the equation

P (sjl) |

9. The profile of a smooth axisymmetric frictionless rigid punch is described
by the power law

ug(r) = Ap,r®™

where n is an integer. The punch is pressed into an elastic half space by a force
F. Find the indentation d, the radius of the contact area a and the contact
pressure distribution p(r). Check your results by comparison with the Hertz
problem of §30.2.5 and give simplified expressions for the case of the fourth
order punch

ug(r) = Agr .

10. For a smooth axisymmetric contact problem, the contact pressure must
be continuous at r = a. Usually this condition is imposed explicitly and it
serves to determine the radius a of the contact region. However, it can also
be guaranteed by ‘choice of form’ as suggested in §30.2.6. Use this strategy to
solve the Hertzian contact problem, for which

r
UG(T):fé )

where R is the radius of the indenter.
You will need to find a suitable representation of the form
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gﬁ = ¢’L )

z

where ¢; is one of the four functions in equation (30.21), chosen so as to satisfy
the homogeneous boundary condition (zero contact pressure in r > a). Then
use Tables 30.1, 30.2 to set up and solve an Abel equation for the unknown
function g;(¢). In particular, find the contact pressure distribution p(r) and
the total load F' needed to establish a circular contact area of radius a.

11. The flat end of a rigid cylindrical punch of radius a is pressed into the
curved surface of an elastic cylinder of radius R > a by a centric force F
sufficient to ensure contact throughout the punch face. Use Copson’s formula
(30.61-30.63) to determine the contact pressure distribution and hence find
the minimum value of F' required for full contact.

12. Solve Problem 11 by relating the non-axisymmetric component of ¢(r, 6, z)
to a corresponding axisymmetric harmonic function fo(r,z), as in §30.3.1.
Notice that the required function varies with cos(26), so you will need to
apply equation (24.46) twice recursively to relate fa(r, z) to fo(r, z). This will
introduce two arbitrary constants in the boundary conditions for fy and these
must be determined from the continuity conditions g;(a)=g¢}(a)=0.
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THE PENNY-SHAPED CRACK

As in the two-dimensional case, we shall find considerable similarities in the
formulation and solution of contact and crack problems. In particular, we
shall find that problems for the plane crack can be reduced to boundary-value
problems which in the case of axisymmetry can be solved using the method
of Green and Collins developed in §30.2.

31.1 The penny-shaped crack in tension

The simplest axisymmetric crack problem is that in which a state of uniform
tension 0,, =S in an infinite isototropic homogeneous solid is perturbed by
a plane crack occupying the region 0 < r < a, z = 0. Thus, the crack has
the shape of a circular disk. This geometry has come to be known as the
penny-shaped crack?!.

As in Chapter 13, we seek the solution in terms of an unperturbed uniform
stress field o,, =S (constant) and a corrective solution which tends to zero
at infinity. The boundary conditions on the corrective solution are therefore

o =—8; 0, =0; 0<r<a, 2z=0 (31.1)

Uzzao—rmo—rr;O—Oé’_)O ; R— . (312)

The corrective solution corresponds to the problem in which the crack is
opened by an internal pressure —S and the body is not loaded at infinity.

The problem is symmetrical about the plane z =0 and it follows that on
that plane there can be no shear stress 0., 0., and no normal displacement
u,. We can therefore reduce the problem to a boundary-value problem for the
half-space z >0 defined by the boundary conditions

1 I.N.Sneddon, The distribution of stress in the neighbourhood of a crack in an elas-
tic solid, Proceedings of the Royal Society of London, Vol. A187 (1946), pp.226—
260.
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Owy =0z = 0 ; allr, 2=0 (31.3)
0.,=—5; 0<r<a, 2z=0 (31.4)
u,=0; r>a, z=0. (31.5)

Equation (31.3) is a global condition and can be satisfied identically? by
using Solution F of Table 21.3. The remaining conditions (31.4, 31.5) then
define the mixed boundary-value problem

0%p
@=S;O§r<a,z:0 (31.6)
0
8—5:0;7”>a)2:0, (317)

This problem can be solved by the method of §30.2. We note from Table
30.1 that (31.7) can be satisfied identically by representing ¢ in the form of
¢s3 of (30.21) — i.e.

=3 A C () F(r, 2, )t (31.8)

and the remaining boundary condition (31.6) then reduces to

1d (7 tg(t)dt
rdr Jo Vr2—12

We now multiply both sides of this equation by r and integrate, obtaining

=5;0<r<a. (31.9)

" otg(t)dt  Sr?
BB _ 2" o 0<r<a, 31.10
-5 (31.10)
where C' is an arbitrary constant.
Equation (31.10) is an Abel integral equation similar to (30.28) and can
be inverted in the same way (see Table 30.2), with the result

2d [*[Sr? rdr
and hence 5 o0
glz) = 224 = (31.12)
T T

The second term in this expression is singular at £ — 0 and it is readily
verified from Table 30.1 that /02 and hence u, would be unbounded at the

2 More generally, any problem involving a crack of arbitrary cross-section A on
the plane z = 0 and loaded by a uniform tensile stress o,. at z = too has the
same symmetry and can also be formulated using Solution F. In the general case,
we obtain a two-part boundary-value problem for the half-space z >0, in which
conditions (31.6) and (31.7) are to be satisfied over A and A respectively, where
A is the complement of A in the plane z=0.
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origin if C'#0. We therefore set C'=0 to retain continuity of displacement at
the origin.
We can then recover the expression for the stress .. in the region r >
a, z=0 which is
toalt 28 d [* a2dx

Oyy = =

S 022 wrdr ), Vr2—22
25
N TR - (31.13)
™ r r2 — g2

This of course is the corrective solution. To find the stress in the original
crack problem, we must superpose the uniform tensile stress o,, =.5, with the
result

25 1 a a
Uy e R I N 31.14
o - (cos . + —— a2) ( )

The stress intensity factor is defined as

r—a

K; = lirn+ 022/ 2m(r —a) = 25\/E. (31.15)
7r

We could have obtained this result directly from g(z), without computing
the complete stress distribution. We have

1d [* zg(x)de

g (31.16)
__gla) g [ g(z)dx (31.17)

2 _ 42 r 0 Vi —z2

Now, unless ¢'(x) is singular at z = a, the only singular term in (31.17)
will be the first and the stress intensity factor is therefore

r

K; = lim+ 022\ 2m(r —a) = g(a)\/?. (31.18)
r—a [¢

In the present example, g(a)=2Sa/m, leading to (31.15) as before.
We also compute the displacement u, at 0<r<a, z=0%, which is

_(A=rdp _ (A-v) [* g(z)de
H 0z K r VvV 2 —r2
— 7 _ 2
_ 21 —v)Sva? —r . (31.19)
T

u,(r,07) =

Since the crack opens symmetrically on each face, it follows that the crack-
opening displacement is

41 —v)Sva? —r?

(5(7’) :'U,Z(T,OJ’_)_U’Z(T?O_) = T

(31.20)
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31.2 Thermoelastic problems

In addition to acting as a stress concentration in an otherwise uniform stress
field, a crack will obstruct the flow of heat and generate a perturbed tem-
perature field in components of thermal machines. The simplest investigation
of this effect assumes that the crack acts as a perfect insulator, so that the
heat is forced to flow around it. For the penny-shaped crack®, the appropriate
thermal boundary conditions are then
or
qz:—Ka—:0;0§r<a,z=0 (31.21)
z
—-Q; R—oc. (31.22)

As in isothermal problems, we construct the temperature field as the sum
of a uniform heat flux and a corrective solution, the boundary conditions on
which become

¢.=-K—=-0Q ; 0<r<a, z=0 (31.23)
i R— o0 (31.24)

— 0

This problem is antisymmetric about the plane z=0 and hence the tem-
perature must be zero in the region r >a, z=0. We can therefore convert the
heat conduction problem into a boundary-value problem for the half-space
z>0 with boundary conditions

.=-Q; 0<r<a (31.25)
T=0; r>a. (31.26)
The temperature field and a particular thermoelastic solution can be con-

structed using Solution P of Table 20.1, in terms of which (31.4, 31.5) define
the mixed boundary-value problem

P pa(l+v)Q

— L = < .
553 -0k 0<r<a (31.27)
9%

We require that the temperature and hence 9%t/3z be continuous at
r=a, z=0 and hence in view of the arguments of §30.3, we choose to satisfy
(31.28) using the function ¢3 — i.e.

g—f = %/a 93(t)F(r, z,t)dt . (31.29)
0

3 This problem was first solved by A.L.Florence and J.N.Goodier, The linear ther-
moelastic problem of uniform heat flow disturbed by a penny-shaped insulated
crack, International Journal of Engineering Science, Vol. 1 (1963), pp.533-540.
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Condition (31.27) then defines the Abel equation

1d [7 tgs(t)dt pa(l+v)Q
—— = - ; 0< 31.30
rdr Jo rZ—t2 (1-v)K =r<e, ( )

which has the solution

2pa(l4+v)Qt

Y (31.31)

g3(t) =

This defines a particular thermoelastic solution. We recall from Chapter
14 that the homogeneous solution corresponding to thermoelasticity is the
general solution of the isothermal problem. Thus we now must superpose a
suitable isothermal stress field to satisfy the mechanical boundary conditions
of the problem.

The mechanical boundary conditions are that (i) the surfaces of the crack
be traction-free and (ii) the stress field should decay to zero at infinity. How-
ever, the antisymmetry of the problem once again permits us to define bound-
ary conditions on the half-space z >0 which are

0, =0, =0; 0<r<a, 2z=0 (31.32)
0,,=0; u.=0; r>a, 2=0. (31.33)

Equations (31.32) state that the crack surfaces are traction-free and (31.33)
are symmetry conditions.

We notice that taken together, these conditions imply that o,, =0 through-
out the plane z=0. This is therefore a global condition and can be satisfied
by the choice of form. It is already satisfied by the particular solution (see
Table 20.1) and hence it must also be satisfied by the additional isothermal
solution, for which we therefore use Solution G of Table 21.3.

The complete solution is therefore obtained by superposing Solutions P
and G, the surface values of 0, and u, being

9*x
zr — 1.34
7 Oroz (31:34)
_ o Ox
The mixed conditions in (31.32, 31.33) then require
0%x
—0;0< = 1.
505 0; 0<r<a, 2z=0 (31.36)
oY Oy
2 _0 - =0. 1.
3T+8r 0; r>a, z=0 (31.37)

We can satisfy (31.37) by defining x such that

= —t+R /O C (O F (2, t)dt (31.38)
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with the auxiliary condition

/a g1(t)dt =0, (31.39)

(see Table 30.1).
The other boundary condition (31.36) can then be integrated to give

ox
0z
where C' is an arbitrary constant of integration, and hence

Togdt o
= 8Z+C,O_r<a, (3 )

using (31.38) and Table 30.1.
To solve for g1 (t), we use the result

1d d (o) Y  po(l+v)Q
(5:) =5 - "oix

C;0<r<a 2z=0, (31.40)

1.42
T drrdr (3 )

(see equation (30.27)), which can be integrated in the plane z = 0 to give

oY pa(l+v)Qr’

= B; 0L =0 31.43
0z 41 -v)K tEi Uar<aez ’ ( )

where B is an arbitrary constant?.
Substituting (31.43) into (31.41) and solving the resulting Abel integral
equation using Table 30.2, we obtain

2
R

(31.44)

91(2)

(B+C—|— uoz(l—FV)sz) .

2(1-v)K

Since B and C are two arbitrary constants and occur as a sum, there is
no loss in generality in setting B to zero. The auxiliary condition (31.39) can
then be used to determine C' giving

_pa(1+v)Qa?

O Ao K

(31.45)

Finally, we can recover the expression for the stress o,, on r >a, z=0,
which is
% d [T git)dt 1 [ tgs(t)dt
C0z0r  dr Jy Vr2—t2  r o VrZ_—t2
2pa(1 + v)Qa?

_ , 31.47
3n(1 —v)Krvr? — a? ( )

4 The other constant of integration leads to a term which is singular at the origin
and has therefore been set to zero.

O—ZT’

(31.46)
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from Table 30.1 and equations (31.31, 31.44, 31.45).

Notice that the antisymmetry of the problem ensures that the crack tip is
loaded in shear only — we argued earlier that o,, would be zero throughout
the plane z=0. It also follows from a similar argument that the crack remains
closed — there is a displacement u, at the crack plane, but it is the same on
both sides of the crack.

The stress intensity factor is of mode II (shear) form and is

. _ 2pa(l+ v)Qa’/?
Kir _rliglJrUzr 2r(r —a) = — N T (31.48)

PROBLEMS

1. An infinite homogeneous body contains an axisymmetric external crack —
i.e. the crack extends over the region r >a, z=0. Alternatively, the external
crack can be considered as two half-spaces bonded together over the region
0<r<a, z=0.

The body is loaded in tension, such that the total tensile force transmitted
is F. Find an expression for the stress field and in particular determine the
mode I stress intensity factor K.

2. An infinite homogeneous body containing a penny-shaped crack is subjected
to torsional loading 0,9 =Cr, R— 0o, where C is a constant®. Use Solution E
(Table 21.1) to formulate the problem and solve the resulting boundary-value
problem using the methods of §30.2.

3. The axisymmetric external crack of radius a (see Problem 31.1) is unloaded,
but is subjected to the steady-state thermal conditions

T(r,z) =Ty ; z— o0
—Th ; z— —00

q:(r,0) =0; r>a.

In other words the extremities of the body are maintained at different tem-
peratures 11,75 causing heat to flow through the ligament z=0, 0<r <a and
the crack faces are insulated.

Find the mode II stress intensity factor K.

4. The antisymmetry of the thermoelastic penny-shaped crack problem of
§31.2 implies that there is no crack-opening displacement and hence the as-
sumption of insulation (31.21) is arguably rather unrealistic. A more realistic
assumption might be that the heat flux across the crack faces is proportional
to the local temperature difference — i.e.

5 This is known as the Reissner-Sagoci problem.
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¢-(r,0) = h (T(r,07) = T(r,0%)) ; 0<r<a.

Use the methods of Chapter 30 to formulate the heat conduction problem. In
particular, express the temperature in terms of one of the forms (30.21) and
find the Abel integral equation which must be satisfied by the function gs(t).
Do not attempt to solve this equation.

5. A long rectangular beam defined by the cross-section —c<zx<c, —d<y<d
transmits a bending moment M about the positive z-axis. The beam contains
a small penny-shaped crack of radius a in the cross-sectional plane z = 0
with its centre at the point (0,b,0) — i.e. the crack surface is defined by
0 < /z?24+(y—b)? < a ; z=0. Assuming that the crack opens completely
and that c¢,d,d—b are all large compared with a, find the variation of Kj
around the crack edge and hence determine the minimum value of b for the
open-crack assumption to be valid. Find also the crack-opening displacement
as a function of position within the crack.

Notice that the corrective problem involves both axisymmetric and non-
axisymmetric terms. For the latter, you will need to apply the methods intro-
duced in §30.3.
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THE INTERFACE CRACK

The problem of a crack at the interface between dissimilar elastic media is of
considerable contemporary importance in Elasticity, because of its relevance
to the problem of debonding of composite materials and structures. Figure
32.1 shows the case where such a crack occurs at the plane interface between
two elastic half-spaces. We shall use the suffices 1,2 to distinguish the stress
functions and mechanical properties for the lower and upper half-spaces, z >0,
2z <0, respectively.

L’Lz: V2

L’LI’ V7

'z

Figure 32.1: The plane interface crack.

The difference in material properties destroys the symmetry that we ex-
ploited in the previous chapter and we therefore anticipate shear stresses as
well as normal stresses at the interface, even when the far field loading is a
state of uniform tension. However, we shall show that we can still use the
same methods to reduce the problem to a mixed boundary-value problem for
the half-space.

32.1 The uncracked interface

The presence of the interface causes the problem to be non-trivial, even if
there is no crack and the two bodies are perfectly bonded.

J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 487
DOI 10.1007/978-90-481-3809-8_32, © Springer Science+Business Media B.V. 2010
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Consider the tensile loading of the composite bar of Figure 32.2(a).

“ @ttt

Ak

_
T

Figure 32.2: The composite bar in tension.

If we assume a state of uniform uniaxial tension o,, =S exists through-
out the bar, the Poisson’s ratio strains, ey, = ey, = —1;S/E; will imply
an inadmissible discontinuity in displacements u,,u, at the interface, unless
v1/FEy = vo/FE5. In all other cases, a locally non-uniform stress field will be
developed involving shear stresses on the interface and the bar will deform as
shown in Figure 32.2(b). Indeed, for many material combinations, there will
be a stress singularity at the edges A, B, which can be thought of locally as
two bonded orthogonal wedges! and analyzed by the method of §11.2.

We shall not pursue the perfectly-bonded problem here — a solution for the
corresponding two-dimensional problem is given by Bogy? — but we note that
as long as the solution for the uncracked interface is known, the corresponding
solution when a crack is present can be obtained as in §§13.3.2, 31.1, by
superposing a corrective solution in which tractions are imposed on the crack
face, equal and opposite to those transmitted in the uncracked state, and the
distant boundaries of the body are traction-free. Furthermore, if the crack
is small compared with the other linear dimensions of the body — notably
the distance from the crack to the free boundary — it can be conceived as
occurring at the interface between two bonded half-spaces, as in Figure 32.1.

! D.B.Bogy, Edge-bonded dissimilar orthogonal elastic wedges under normal and
shear loading, ASME Journal of Applied Mechanics, Vol. 35 (1968), pp.460—466.

2 D.B.Bogy, The plane solution for joined dissimilar elastic semistrips under ten-
sion, ASME Journal of Applied Mechanics., Vol. 42 (1975), pp.93-98.
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32.2 The corrective solution

If we assume that the loading conditions are such as to cause the crack to
open fully and therefore to be traction-free, the corrective solution will be
defined by the boundary conditions

O—mzl(xvyaOJr) - J$22(x y> ) = _Sl( ) (321)
O'yzl(xvy?0+) = Uyz2(1’7y70 ) = _SZ(:E7y) (322)
0221 (x,y70+) = 0222($7y70_) = —Sg(l‘,y) ) (323)
for (x,y) € A and
Oxxiy Oyyis Ozziy Oxyis Oyzis Ozxi — 0 5 R — o0 ) (324)

where A is the region of the interfacial plane z=0 occupied by the crack and
S1,595, 53 are the tractions that would be transmitted across the interface in
the absence of the crack.

We shall seek a potential function solution of the problem in the half-space,
so we supplement (32.1-32.4) by the continuity and equilibrium conditions

0221(2,9,0%) = 0az2(x,y,07) (32.5)
0y1(2,y,07) = 0yna(2,y,07) (32.6)
021 (2,y,07) = 0.20(2,,07) (32.7)
Ug1(x,y,04+) = uga(z,y,0—) (32.8)
uy1(x,y, 04+) = uya(x,y,0-) (32.9)
Uzt (2, y,0+) = uze(x,y,0—), (32.10)

in A — i.e. the uncracked part of the interface?.

It is clear from (32.1-32.3) that (32.5-32.7) apply throughout the interface
and are therefore global conditions. We can exploit this fact by expressing the
fields in the two bonded half-spaces by separate sets of stress functions and
then developing simple symmetric relations between the sets.

32.2.1 Global conditions

The global conditions involve the three stress components ¢.4,0,y,0,, at the
surface z=0, so it is convenient to choose a formulation in which these com-
ponents take simple forms at the surface and are as far as possible uncoupled.
This can be achieved by superposing Solutions E,F |G of Chapter 21, for which

3 Notice that only those stress components that act on the interface (and hence
have a z-suffix) are continuous across the interface, because of the equilibrium
requirement. The remaining three components will generally be discontinuous
because of (32.8-32.10) and the dissimilar elastic properties.
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;0
022i(7,9,0) = 990z 020> (32.11)
82Lpi 82)@
2yt ) 70 = - 32.12
7y (2,4, 0) 0x0z + Oyoz ( )
i
Ozzi = _W 5 (3213)

from Tables 21.1, 21.3, where the suffix i takes the value 1,2 for bodies 1,2
respectively.
The global condition (32.7) now reduces to

82(,01
072

02 _
(z,9,07) = a:f (2,y,07) (32.14)

and, remembering that ¢; is defined only in z >0 and @2 only in z <0, we
can satisfy it by imposing the symmetry relation

o1(z,y,2) = pa(x,y, —2) = p(z,y, 2) (32.15)

throughout the half-spaces. In the same way?, the two remaining global con-
ditions can be satisfied by demanding

Wl(xvyvz) = _w2($7y7 _Z) = Lp(xvyvz) (3216)
Xl(zayvz) = *XQ(I,?L 72) = X(Ivyaz) ’ (3217)

where the negative sign in (32.16, 32.17) arises from the fact that symmetry
of the derivatives 0¥ /dz,0x/0z implies antisymmetry of ¥, x.

32.2.2 Mixed conditions

We can now use the remaining boundary conditions (32.1-32.3) and (32.8-
32.10) to define a mixed boundary-value problem for the three potentials
©, ¥, x in the half-space z>0.

For example, using the expressions from Tables 21.1, 21.3 and the defini-
tions (32.15-32.17), the boundary condition (32.8) reduces to

1 ov (1—21/1)8790_‘_(1—1/1)87)(_ 107 (1-21)0p (1—1a)0dx

- + =
11 Oy 241 Ox p1  Ox o Oy 2us Oz te  Ox

in A, z=0.

4 This idea can also be extended to steady-state thermoelastic problems by adding
in Solution P of Table 22.1, which leaves the expressions (32.11-32.13) for the
interface stresses unchanged and requires a further symmetry relation between
1,72 to satisfy the global condition of continuity of heat flux, ¢.1(z,y,0") =
qz2 (:C, Y, O_)'
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Rearranging the terms and dividing by the non-zero factor {(1—v1)/u1+
(1—wv2)/ua} (which is A/4 in the terminology of equation (12.69) for plane
strain), we obtain

—-— —+==0; inA 32.19
78y+6ax+ax ; in A, (32.19)
where 8 is Dundurs’ constant (see §§4.4.3, 12.7) and
1 1 1-— 1-—
= ( + > /<( m) | VQ)) . (32.20)
M1 pe2 H1 K2
A similar procedure applied to the boundary conditions (32.9, 32.10) yields
ov dp  Ox
—Y = — + == 32.21
K Or dy Oy ( )
Op ax
—-— — =0 32.22
0z + 0z ’ ( )

in A.
In addition to (32.19, 32.21, 32.22), three further conditions are obtained
from (32.1-32.3), using (32.11-32.13) and (32.15-32.17). These are

0*w %x
By0= + 9205 —S1(z,y) (32.23)
0w 9%y
“ow0s T agos — @) (82.24)
82
~5 = —Ss(xy), (32.25)

in A. The six conditions (32.19, 32.21-32.25) define a well-posed boundary-
value problem for the three potentials ¢, ¥, y, when supplemented by the
requirements that (i) displacements should be continuous at the crack bound-
ary (between A and A) and (ii) the stress and displacement fields should decay
as R— oo in accordance with (32.4).

The two boundary conditions (32.19, 32.21) involve only two independent
functions ¥ and (Bp+x) and hence we can eliminate either by differentiation
with the result

o*w 0w 0w
i 0 (32.26)

”? 0 Pp  Px
(mz*ayz)w”)—‘ 522 92" (82.27)

in A, where we have used the fact that the potential functions are all harmonic
to express the boundary conditions in terms of a single derivative normal to
the plane.

In the same way, (32.23, 32.24) yield
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3
ow = 95 _ 9% (32.28)
0z3 Ay ox

3
I'x = 951 + 052 ; (32.29)
0z3 ox Oy
in A.

Equations (32.26, 32.28) now define a two-part boundary-value problem
for ¥, similar to those solved in Chapter 30 for the axisymmetric geometry.
It should be noted however that it is not necessary, nor is it generally possi-
ble, to satisfy the requirement of continuity of in-plane displacement u,, u, at
the crack boundary in the separate contributions from the potential functions
», W, x, as long as the superposed fields satisfy this requirement. Thus, the ho-
mogeneous problem for ¥ obtained by setting the right-hand side of (32.28) to
zero has non-trivial solutions which are physically unacceptable in isolation,
since they correspond to displacement fields which are discontinuous at the
crack boundary, but they are an essential component of the solution of more
general problems, where they serve to cancel similar discontinuities resulting
from the fields due to ¢, x. This problem also arises for the crack in a homo-
geneous medium with shear loading® and in non-axisymmetric thermoelastic
problems®

The remaining boundary conditions define a coupled two-part problem for
©, X- As in the two-dimensional contact problems of Chapter 12, the coupling
is proportional to the Dundurs’ constant (. If the material properties are
such that 0 =0 (see §12.7), the problems of normal and shear loading are
independent and (for example) the crack in a shear field has no tendency to
open or close.

32.3 The penny-shaped crack in tension

We now consider the special case of the circular crack 0 <r <a, subjected to
uniform tensile loading S5=5, S; =52 =0. The boundary-value problem for
©, X is then defined by the conditions”

® See for example J.R.Barber, The penny-shaped crack in shear and related contact
problems, International Journal of Engineering Science, Vol. 13, (1975), pp.815—
832.

6 1.Rubenfeld, Non-axisymmetric thermoelastic stress distribution in a solid con-
taining an external crack, International Journal of Engineering Science, Vol. 8
(1970), pp.499-509, J.R.Barber, Steady-state thermal stresses in an elastic solid
containing an insulated penny-shaped crack, Journal of Strain Analysis, Vol. 10
(1975), pp.19-24.

" This problem was first considered by V.I.Mossakovskii and M.T.Rybka, General-
ization of the Griffith-Sneddon criterion for the case of a non-homogeneous body,
Journal of Applied Mathematics and Mechanics, Vol. 28 (1964), 1277-1286, and
by F.Erdogan, Stress distribution on bonded dissimilar materials containing circu-
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0%y
%:0;220,0§r<a (32.30)
62
@ng;,%:QO§r<a (32.31)
dp ox .
$+ &—O,Z—O,r>a (32.32)
0%y 0%
ﬁ@+@=0;z:0,r>a. (32.33)
From Table 30.1, we see that we can satisfy (32.32, 32.33) by writing®
Be+x=0¢1, p+Bx =03 (32.34)
— i.e.
¢3 - 5¢1 1 — B3

where ¢1, ¢3 are defined by equation (30.21).

The remaining boundary conditions then define two coupled integral equa-
tions of Abel-type for the unknown functions g; (), g3(¢) in the range 0 <t<a.
To develop these equations, we first note that the condition V?y=0 and the
fact that the solution is axisymmetric enable us to write (32.30) in the form

1d dox
—_—— —_— = . = < . .
rdrrdrﬁz(r’o) 0; 2=0,0<r<a (32.36)
This can be integrated within the plane z=0 to give
0
5§=C7;ZZQ0§T<a, (32.37)

where C' is a constant which will ultimately be chosen to ensure continuity of
displacements at r=a and we have eliminated a logarithmic term to preserve
continuity of displacements at the origin.

Table 30.1 and (32.35, 32.37) now enable us to write

72 N ' a .
W 6/W (1-FC ; 0<r<a,  (3239)

whilst (32.31, 32.35) and Table 30.1 give

1d ["tgs()dt B d [* tgu(t)dt
rdr Jo Vr2—t2 rdr ), V122

lar or ring-shaped cavities, ASME Journal of Applied Mechanics, Vol. 32 (1965),
pp-829-836. A formulation for the penny-shaped crack with more general load-
ing was given by J.R.Willis, The penny-shaped crack on an interface, Quarterly
Journal of Mechanics and Applied Mathematics, Vol. 25 (1972), pp.367-382.

8 This method would fail for the special case 8 =+1, but materials with positive
Poisson’s ratio are restricted by energy considerations to values in the range

—3<B<3

=(1-8%S; 0<r<a, (32.39)
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which can be integrated to give

" tgs(t /a tg1(t)dt (1 - 32)Sr?
= +B; 0<r<a, (3240
1ﬁ_ =~ F ﬁ_ = 5 (32.40)

where B is an arbitrary constant.
We now treat (32.38) as an Abel equation for g;(¢), carrying the gs integral
onto the right-hand side and using the inversion rules (Table 30.2) to obtain

25/ tgs(t 0(1—52)

:c27t2 7r ’

(32.41)

where we have simplified the double integral term in g3 by changing the order
of integration and performing the resulting inner integral.
In the same way, treating (32.40) as an equation for tgs(t), we obtain

26 [*q(t)dt 2B 28(1—p%)a?

o 32.42
T Jo (@2—t2) ™ ( )

zg3(r) = —

The function gs(z) must be bounded at =0 and hence B must be chosen
so that

B=- dt . 32.43
5 [ oy (32.49
Thus, (32.42) reduces to
28z [* qi(t)dt | 2S(1 - %)z
g3(w) = —— /O 22— 7) + - : (32.44)

32.3.1 Reduction to a single equation

We observe from equations (32.41, 32.44) that g; is an even function of z,
whereas g3 is odd. Using this result and expanding the integrands as partial
fractions, we arrive at the simpler expressions®

B[t sl 2008

g1(z) - @—1) - ; —a<z<a (32.45)
g3(x) = —g ' ?;(i)ctl;f + 251 ; Bz ; —a<z<a. (32.46)

Two methods are available for reducing (32.45, 32.46) to a single equa-
tion. The most straightforward approach is to use (32.46) (for example) to
substitute for g5 in (32.45), resulting after some manipulations in the integral
equation

9 ¢f. equation (30.26) and the associated discussion.
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g1(z) + ﬂlﬁiﬁz) /_ Z (m ) gi(t)dt

(t—x)
— 2
:_252S<2a+x1na x>+0 ;o —a<z<a. (3247)
s a+x s

a—x
a—+x

a—t‘
—— | —1In
a+t

The kernel of this equation is bounded at ¢t = x, the limiting form being
obtainable by L’Hépital’s rule as 2a/(z2 —a?). Equations of this kind with
definite integration limits and bounded kernels are known as Fredholm integral
equations'©.

However, the identity of kernel and range of integration in equations (32.45,
32.46) permits a more direct approach. Multiplying (32.46) by @ and adding
the result to (32.45), we find that both equations are contained in the complex

equation ,
9(z) +§ 3 é(ﬂit) = 2(1;6 )(C’—i—sz), (32.48)

where g(z) = ¢g1(z) + 1g3(x). Furthermore, this equation can be inverted ex-
plicitly'! in the form of an integral of the right-hand side, leading to a closed-
form solution for g(x). The tractions at the interface can then be recovered
by separating g(x) into its real and imaginary parts and substituting into the
expressions

1 d [* gi1(t)dt

e GRS ——; 2=0, 32.49
(o (1_52) d,r o m z r>a ( )

1 d [ tgs(t)dt
—_— —; z2=0,r>a. 32.50
1=p8%)rdrJy Vr2—1¢2 ( )

Ozz = —

32.3.2 Oscillatory singularities

An asymptotic analysis of the integrals (32.49, 32.50) at r=a+s, s< a, shows
that they have the form

s\ 3t
Oor + 1020 = SK (%> +o(1) (32.51)
= 51 ()7 feos (e ) + usin (el )] + o)
(32.52)
where
€= % In <1J_rg> (32.53)

10 B G.Tricomi, Integral Equations, Interscience, New York, 1957, Chapter 2.
' N.I.Muskhelishvili, Singular Integral Equations, (English translation by
J.R.M.Radok, Noordhoff, Groningen, 1953)
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and Kassir and Bregman'? have found the complex constant K to be
1 I(2+1e)
CVED(L 4ae)

Equation (32.52) shows that the stresses are square-root singular at the
crack tip, but that they also oscillate with increasing frequency as r approaches
a and In(s/2a) — —oo. This behaviour is common to all interface crack prob-
lems for which 80 and can be predicted from an asymptotic analysis similar
to that of §11.2.2, from which a complex leading singular eigenvalue A= %ize
is obtained.

(32.54)

32.4 The contact solution

A more disturbing feature of this behaviour is that the crack opening dis-
placement, (u1(r,0)—u2(r,0)), also oscillates as r —a~ and hence there are
infinitely many regions of interpenetration of material near the crack tip.

This difficulty was first resolved by Comninou'® for the case of the plane
crack, by relaxing the superficially plausible assumption that the crack will be
fully open and hence have traction-free faces in a tensile field, using instead the
more rigorous requirements of frictionless unilateral contact — i.e. permitting
contact to occur, the extent of the contact zones (if any) to be determined
by the inequalities (29.11, 29.12). She found that a very small contact zone
is established adjacent to each crack tip, the extent of which is of the same
order of magnitude as the zone in which interpenetration is predicted for the
original ‘open crack’ solution. At the closed crack tip, only the shear stresses in
the bonded region are singular, leading to a ‘mode II’ (shear) stress intensity
factor, by analogy with equation (13.45). However, the contact stresses show
a proportional compressive singularity in »—a~. Both singularities are of the
usual square-root form, without the oscillatory character of equations (32.52).

Solutions have since been found for other interface crack problems with
contact zones, including the plane crack in a combined tensile and shear field'4.
These original solutions of the interface crack problem used numerical meth-
ods to solve the resulting integral equation, but more recently an analytical
solution has been found by Gautesen and Dundurs'®.

12 M.K.Kassir and A.M.Bregman, The stress-intensity factor for a penny-shaped
crack between two dissimilar materials, ASME Journal of Applied Mechanics,
Vol. 39 (1972), pp.308-310.

13 M.Comninou, The interface crack, ASME Journal of Applied Mechanics, Vol. 44
(1977), pp.631-636.

4 M.Comninou and D.Schmueser, The interface crack in a combined tension-
compression and shear field, ASME Journal of Applied Mechanics, Vol. 46 (1979),
pp.345-358.

5 A K.Gautesen and J.Dundurs, The interface crack in a tension field, ASME Jour-
nal of Applied Mechanics, Vol. 54 (1987), pp.93-98; A.K.Gautesen and J.Dundurs,
The interface crack under combined loading, ibid., Vol. 55 (1988), pp.580-586.
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The problem of §32.3 — the penny-shaped crack in a tensile field — was
solved in a unilateral contact formulation by Keer et al.'6. They found a small
annulus of contact b<r <a adjacent to the crack tip. In fact, the formulation
of §32.3 is easily adapted to this case. We note that the crack opening dis-
placement must be zero in the contact zone, so the range of equation (32.32) is
extended inwards to b<r, whilst (32.31) — setting the total normal tractions
at the interface to zero — now only applies in the open region of the crack
0<r<b. This can be accommodated by replacing a by b in the definitions of
¢3, so that (32.38, 32.39) are replaced by

_ 32 .
wf—* 5/i =(1-6%C; 0<r<a (3255)
1d tgs( )t B d tgl( )dt )

rdr)y itz rdr). JE_r2 =(1-6%S; 0<r<b, (32.56)

and (32.45, 32.46) by

B/ z_t Cu_ﬁ%;—a<x<a (32.57)

%@ﬁz—f o)t 2501 - F)e

7w J_q (x—1) T '

—b<z<b. (32.58)

The difference in range in the integrals in (32.57, 32.58) now prevents us
from combining them in a single complex equation, but it is still possible
to develop a Fredholm equation in either function'” by substitution, as in
equation (32.47).

32.5 Implications for Fracture Mechanics

When an interface crack is loaded in tension, the predicted contact zones are
very much smaller than the crack dimensions and it must therefore be possible
to characterize all features of the local crack-tip fields, including the size of the
contact zone, in terms of features of the elastic field further from the crack tip,
where the open and contact solutions are essentially indistinguishable. Hills
and Barber!® have used this argument to derive the contact solution from the
simpler ‘open-crack’ solution for a plane crack loaded in tension.

16 T, M.Keer, S.H.Chen and M.Comninou, The interface penny-shaped crack recon-
sidered, International Journal of Engineering Science, Vol. 16 (1978), pp.765-772.

17 The best choice here is to eliminate g (z), since the opposite choice will lead to
an integral equation on the range —a <x <a, which might have discontinuities in
at the points x = 4b. These could cause problems with convergence in the final
numerical solution.

18 D A Hills and J.R.Barber, Interface cracks, International Journal of Mechanical
Sciences, Vol. 35 (1993), pp.27-37.
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The contact zones may also be smaller than the fracture process zone de-
fined in §13.3.1, in which case the conditions for fracture must also be capable
of characterization in terms of the open-crack asymptotic field. If the Griffith
fracture criterion applies, fracture will occur when the strain energy release
rate G of §13.3.3 exceeds a critical value for the material. For a homogeneous
material under in-plane loading, the energy release rate is given by equation
(13.56) and is proportional to K7+ K%,. For the open solution of the inter-
face crack, the oscillatory behaviour prevents the stress intensity factors being
given their usual meaning, but the energy release rate depends on the asymp-
totic behaviour of 02,402, , which is non-oscillatory. The contact solution
gives almost the same energy release rate, as indeed it must do, since the two
solutions only differ in a very small region at the tip.

Experiments with homogeneous materials show that the energy release
rate required for fracture varies significantly with the ratio K;; /K, which is
referred to as the mode mizity'®. This is probably more indicative of our over-
idealization of the crack geometry than of any limitation on Griffith’s theory,
since real cracks are seldom plane and the attempt to shear them without
significant opening will probably lead to crack face contact and consequent
frictional forces.

It is difficult to extend the concept of mode mixity to the open interface
crack solution, since, for example, the ratio 0., /0., passes through all values,
positive and negative, in each cycle of oscillation. However, the change in the
ratio with s is very slow except in the immediate vicinity of the crack tip,
leading Rice?? to suggest that some specific distance from the tip be agreed
by convention at which the mode mixity be defined.

An interesting feature of the asymptotics of the open solution is that, in
contrast to the case 8 =0 (including the crack in a homogeneous material),
all possible fields can be mapped into each other by a change in length scale
and in one linear multiplier (e.g. the square root of the energy release rate).
Thus, an alternative way of characterizing the conditions at the tip for fracture
experiments would be in terms of the energy release rate and a characteristic
length, which could be taken as the maximum distance from the tip at which
the open solution predicts interpenetration. Conditions approach most closely
to the classical mode I state when this distance is small.

It must be emphasised that these arguments are all conditional upon the
characteristic length being small compared with all the other dimensions of
the system, including the anticipated process zone dimension. If this condition
is not satisfied, it is essential to use the unilateral contact formulation.

19 See for example, H.A.Richard, Examination of brittle fracture criteria for over-
lapping mode I and mode II loading applied to cracks, in G.C.Sih, E.Sommer and
W.Dahl, eds., Application of Fracture Mechanics to Structures, Martinus Nijhoff,
The Hague, 1984, pp.309-316.

20 J .R.Rice, Elastic fracture mechanics concepts for interfacial cracks, ASME Jour-
nal of Applied Mechanics, Vol. 55 (1988), pp.98-103.
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VARIATIONAL METHODS

Energy or variational methods have an important place in Solid Mechan-
ics both as an alternative to the more direct method of solving the governing
partial differential equations and as a means of developing convergent approx-
imations to analytically intractable problems. They are particularly useful in
situations where only a restricted set of results is required — for example, if
we wish to determine the resultant force on a cross-section or the displacement
of a particular point, but are not interested in the full stress and displacement
fields. Indeed, such results can often be obtained in closed form for problems
in which a solution for the complete fields would be intractable.

From an engineering perspective, it is natural to think of these methods
as a consequence of the principle of conservation of energy or the first law of
thermodynamics. However, conservation of energy is in some sense guaranteed
by the use of Hooke’s law and the equilibrium equations. Once these physical
premises are accepted, the energy theorems we shall present here are purely
mathematical consequences. Indeed, the finite element method, which is one
of the more important developments of this kind, can be developed simply by
applying arguments from approximation theory (such as a least-squares fit) to
the governing equations introduced in previous chapters. For this reason, these
techniques are now more often referred to as Variational Methods, meaning
that instead of seeking to solve the governing partial differential equations
directly, we seek to define a scalar function of the physical parameters which
is stationary (generally maximum or minimum) in respect to infinitesimal
variations about the solution.

In this chapter, we shall introduce only the principal theorems of this kind
and indicate some of their applications'. We shall present most of the deriva-
tions in the context of general anisotropy, using the index notation of §1.1.2,

! For a more comprehensive review of variational methods in elasticity, the reader is
referred to S.G.Mikhlin, Variational Methods in Mathematical Physics, Pergamon,
New York, 1964 and S.P.Timoshenko and J.N.Goodier, loc. cit., Chapter 8.

J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 499
DOI 10.1007/978-90-481-3809-8_33, © Springer Science+Business Media B.V. 2010
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since this leads to a more compact presentation as well as demonstrating the
generality of the results.

33.1 Strain energy

When a body is deformed, the external forces move through a distance asso-
ciated with the deformation and hence do work. The fundamental premise of
linear elasticity is that the deformation is linearly proportional to the load,
so if the load is now removed, the deformation must pass through the same
sequence of states as it did during the loading phase. It follows that the work
done during loading is exactly recovered during unloading and must therefore
be stored in the deformed body as strain energy.

Suppose that the body {2 with boundary I" is subjected to a body force
distribution p; and boundary tractions t; = o;;n; (1.21), where n; defines a
unit vector in the direction of the local outward normal to I'. If the loads are
applied sufficiently slowly for inertia effects to be negligible?, and if the final
elastic displacements are wu;, the stored strain energy U in the body in the
loaded state will be equal to the work W done by the external forces during
loading, which is

2 2 2 r

33.1.1 Strain energy density

The same principle can be applied to determine the strain energy in an in-
finitesimal rectangular element of material subjected to a uniform state of
stress o;;. We conclude that the strain energy density — i.e. the strain energy
stored per unit volume — is given by

1
UO = 50'”'61‘]‘ . (332)
Substituting for the stress or strain components from the generalized Hooke’s

law (1.55, 1.57), we obtain the alternative expressions

1 8ui auk 1
Uy = 5 CigkiCijhl = icijkl%jaixl = 5 SiiklOiOkL - (33.3)

Notice incidentally that Uy must be positive for all possible states of stress
or deformation and this places some inequality restrictions on the elasticity
tensors ¢;jxi, Sijkl-

2 This implies that the stress field is always quasi-static in the sense of Chapter 7
and hence that all the work done by the external loads appears as elastic strain
energy in the body, rather than partially as kinetic energy.
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If the material is isotropic, these expressions reduce to

Uy = [ (aim + ng + ng) — 20(0yyOss + 022000 + Oza0yy)

3F
+2(1+v) (02, + 0%, +0%,)|

ve
=pu {(1_%) teh, Fe, el 2, +2e2, +2e;,| . (33.4)

33.2 Conservation of energy

The strain energy U stored in the entire body {2 can be obtained by summing
that stored in each of its individual particles, giving

U= ///Q Uds2 (33.5)

This expression and equation (33.1) must clearly yield the same result and

o L[ e [[war= [[[ van.

This argument appeals to the principle of conservation of energy, but this
principle is implicit in Hooke’s law, which guarantees that the loading is re-
versible. Thus, (33.6) can be derived from the governing equations of elasticity
without explicitly invoking conservation of energy. To demonstrate this, we
first substitute (1.21) into the second term on the left-hand side of (33.6) and
apply the divergence theorem, obtaining

1 1 1 0
5//FtiUidF_ 5//1—~ njajiuidf— 5///{2 T%(Uﬂuz)dﬁ (337)
1 80']'2‘ 1 Ouy;
== A2+ = —df2 . .
2///9 axjuld +2///Qaﬂaxjd (33.8)

Finally, we use the equilibrium equation (2.5) in the first term on the right-
hand side of (33.8) and Hooke’s law (1.57) in the second term to obtain

// tiugdlh = —7/// piwd2 + = /// €t Qur Oi ) - (33.9)
I 6%

from which (33.6) follows after using (33.2) in the last term.

33.3 Potential energy of the external forces

We can also construct a potential energy of the external forces which we de-
note by V. The reader is no doubt familiar with the concept of potential
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energy as applied to gravitational forces, but the definition can be extended
to more general force systems as the work that the forces would do if they were
allowed to return to their reference positions. For a single concentrated force
F displaced through w this is defined as

V=-F-u= —Fiui . (3310)

It follows by superposition that the potential energy of the boundary tractions
and body forces is given by

_//p ti“idf—///gpiuidﬁ, (33.11)

where I} is that part of the boundary over which the tractions are prescribed.
We can then define the total potential energy II as the sum of the stored strain
energy and the potential energy of the external forces — i.e.

H=U+V=- /// cwklaul %d(g // tiu;dl — /// piu;dS2 .
8 axl I

(33.12)

33.4 Theorem of minimum total potential energy

Suppose that the displacement field wu; satisfies the equilibrium equations
(2.13) for a given set of boundary conditions and that we then perturb this
state by a small variation du,;. The corresponding perturbation in IT is

1T = /// c”kla&“%dﬂ // tiduidf—/// piduid2,  (33.13)
Oxj Oxy r 2

from (33.12). Notice that du; =0 in any region I, of I" in which the displace-
ment is prescribed and hence the domain of integration I} in the second term
on the right-hand side of (33.12) can be replaced by I'=17,+1}.

Substituting for ¢; from (1.21) into the second term on the right-hand side
of (33.13) and then applying the divergence theorem, we have

r r 0 Ox;
B 00i; 0du;
= /// o, 5u1d9+///9 Wjawdrz. (33.14)

Finally, using the equilibrium equation (2.5) in the first term and Hooke’s law
(1.57) in the second, we obtain

0du; Ouy,
// tiou;dl = — /// p25uld(2+/// Cijkl—— oz, O, —df?, (33.15)
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and comparing this with (33.13), we see that 61T = 0. In other words, the
equilibrium equation requires that the total potential energy must be station-
ary with regard to any kinematically admissible? small variation du; in the
displacement field u;, or

on

6ui -
A more detailed second order analysis shows that the total potential energy
must in fact be a minimum and this is intuitively reasonable, since if some
variation du; from the equilibrium state could be found which reduced II, the
surplus energy would take the form of kinetic energy and the system would
therefore generally accelerate away from the equilibrium state. However, we
emphasise that the above derivation of equation (33.16) makes no appeal to
the principle of conservation of energy.

0. (33.16)

33.5 Approximate solutions — the Rayleigh-Ritz method

We remarked in Chapter 2 that the problem of elasticity is to determine
a stress field satisfying appropriate boundary conditions such that (i) the
stresses satisfy the equilibrium equations (2.5) and (ii) the corresponding elas-
tic strains satisfy the compatibility conditions (2.10). The compatibility con-
ditions can be satisfied by defining the problem in terms of the displacements
u; and we have just shown that the equilibrium equations are equivalent to the
principal of minimum total potential energy. Thus, an alternative formulation
is to seek a kinematically admissible displacement field u; such that the total
potential energy I is a minimum.

This approach is particularly useful as a method of generating approxi-
mate solutions to problems that might otherwise be analytically intractable.
Suppose that we approximate the displacement field in the body by the finite
series

ui(l‘l,ilig,l’g) = ZAkfi(k)(,Il,xz,x:;) s (3317)
k=1

where the fi(k) are a set of approximating functions and A are arbitrary con-

stants constituting the degrees of freedom in the approximation. The fi(k) must
be continuous and single-valued and must also be chosen to satisfy any dis-
placement boundary conditions of the problem, but are otherwise unrestricted
as to form.

We can then substitute (33.17) into (33.12) and perform the integrals over
{2, obtaining the total potential energy as a quadratic function of the Aj. The
theorem (33.16) demands that

3 i.e. any perturbation that is a continuous function of position within the body
and is consistent with the displacement boundary conditions.



504 33 Variational methods

o1l
6Ak_07 k=1,n, (33.18)
which defines n linear equations for the n unknown degrees of freedom Ay. The
corresponding stress components can then be found by substituting (33.17)
into Hooke’s law (1.57).

If the approximating functions fi(k) are defined over the entire body {2,
this typically leads to series solutions (e.g. power series or Fourier series) and
the method is known as the Rayleigh-Ritz method. It is particularly useful in
structural mechanics applications such as beam problems, where the displace-
ment is a function of a single spatial variable, but it can also be applied (e.g.)
to the problem of a rectangular plate, using double Fourier series or power
series.

Example

To illustrate the method, we consider the problem of a rectangular plate —a <
x < a,—b <y <b which makes frictionless contact with fixed rigid planes at

y==b and which is loaded by compressive tractions
Sy?
0zz(Ea,y) = TN

at x==+a. The problem is symmetric about both axes, so u, must be odd in
x and even in y, whilst u, is even in z and odd in y. Also, the displacement
boundary condition requires that u, =0 at y = +b. The most general third
order polynomial approximation satisfying these conditions is

Uy = A1z + Asay® + Asz ; Uy = A4(62 - yz)

and the corresponding strains are

Cxax = % = '?)All'2 + A2y2 + A3
ox
ou
Eyy = 87; = —2A4y
1 (Ouy = Ouy
T = — —_— = A .
Cay 2<8x+8y> 2%Y

Substituting these results into (33.4) and then evaluating the integral (33.5),
we obtain

b a
4 1-—
U= / / Uo(z, y)dady — “PL=V) [(27A§a4 + 3A2b* + 1542 + 20A2p2

v J)a 15(1 — 2v)

8puA2a3b3

+ 10A2A3b2 + 30A1A3a2 —|— 10A1A2@2b2)] + 9
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The potential energy of the tractions on the boundaries x = +a is

b Sy?(Aja® + Asay® + Aza)
V=2 Z
—b

2 A A
dy = 4Sab (Ala + 20 3) ,

3 5 3

where the factor of 2 results from there being identical expressions for each
boundary. Calculating IT=U 4V and imposing the condition (33.18) for each
degree of freedom A;, i=1,4, we obtain four linear equations whose solution
is

S(1—2v)

w51 —2v)a? + 2(1 — v)b?]
5Sa%(1 — 2v)? .

6p(l —v)[5(1 — 2v)a? +2(1 —v)b?] ’

Ale; AQZ—

A3:— A4=O

Rayleigh-Ritz solutions are conceptually straightforward, but they tend to
generate lengthy algebraic expressions, as illustrated in this simple example.
However, this is no bar to their use provided the algebra is performed in
Mathematica or Maple. Also, if Fourier series are used in place of power series,
the orthogonality of the corresponding integrals will often lead to significant
simplifications.

However, if high accuracy is required it is often more effective to use a set
of piecewise continuous functions for the fi(k)(fEl, x9,x3) of equation (33.17).
The body is thereby divided into a set of elements and the displacement
in each element is described by one or more shape functions multiplied by
degrees of freedom Ay. Typically, the shape functions are defined such that
the A represent the displacements at specified points or nodes within the

body and the fi(k) are zero except in those elements contiguous to node k.
They must also satisfy the condition that the displacement be continuous
between one element and the next for all Ag. Once the approximation is
defined, equation (33.18) once again provides n linear equations for the n
nodal displacements. This is the basis of the finite element method*. Since the
theorem of minimum total potential energy is itself derivable from Hooke’s law
and the equilibrium equation, an alternative derivation of the finite element
method can be obtained by applying approximation theory directly to these
equations. To develop a set of n linear equations for the Ay, we substitute
the approximate form (33.17) into the equilibrium equations, multiply by n
weight functions, integrate over the domain {2 and set the resulting n linear
functions of the Ay to zero. The resulting equations will be identical to (33.18)
if the weight functions are chosen to be identical to the shape functions.

4 For more detailed discussion of the finite element method, see O.C.Zienkiewicz,
The Finite Element Method, McGraw-Hill, New York, 1977, K.J.Bathe, Finite
Element Procedures in Engineering Analysis, Prentice-Hall, Englewood Cliffs, NJ,
1982, T.J.R.Hughes, The Finite Element Method, Prentice Hall, Englewood Cliffs,
NJ, 1987.
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33.6 Castigliano’s second theorem

The strain energy U can be written as a function of the stress components,
using the final expression in (33.3). We obtain

1
U: 7/// sijklaijakldﬂ. (3319)
2 Q

We next consider the effect of perturbing the stress field by a small variation
d0;j, chosen so that the perturbed field o;; +d0;; still satisfies the equilibrium
equation (2.5) — i.e.

an' 0

The corresponding perturbation in U will be

5U:/// s”klakldawdﬂz/// %5()’13619 (3321)
0 o Ox;

The divergence theorem gives

0
Sonadl — Y s dR
//F u;doin;d // 9, (uidoij)d
uy; ddo;;
- —l(Soi-dQ+/// YudS2  (33.22
// o Ox; Y o Ox; ( )

and by taking the difference between the two equations (33.20), we see that
the second term on the right-hand side must be zero. Using (33.21, 33.22) and
doijnj=dt;, we then have

T Iy

u

where the integral is taken only over that part of the boundary I, in which
displacement u; is prescribed, since no perturbation in traction is permitted
in I} where t; is prescribed. It follows that the complementary energy

C=U- // UitidF (3324)
Iy

must be stationary with respect to all self-equilibrated variations of stress
501’]’, or
oc

80’1']'

0. (33.25)

This is Castigliano’s second theorem. It enables us to state a second alterna-
tive formulation of the elasticity problem as the search for a state of stress
satisfying the equilibrium equation (2.5), such that the complementary en-
ergy C is stationary. It is interesting to note that the theorem of minimum
potential energy and Castigliano’s second theorem each substitutes for one of
the two conditions equilibrium and compatibility identified in Chapter 2.
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33.7 Approximations using Castigliano’s second theorem

We recall that both the Airy stress function of Chapters 5-13 and the Prandtl
stress function of Chapters 15-17 satisfy the equilibrium equations identically.
In fact, these representations define the most general states of in-plane and
antiplane stress respectively that satisfy the equilibrium equations without
body force. Thus, if we describe the solution in terms of such a stress func-
tion, Castigliano’s second theorem reduces the problem to the search for a
stress function satisfying the boundary conditions and equation (33.25). This
leads to a very effective approximate method for both in-plane and antiplane
problems in which the stress function ¢ is represented in the form

$(x,y) =Y Arful(z,y) (33.26)
k=1

by analogy with (33.17). Also, the traction boundary conditions can generally
be fairly easily satisfied by (33.26), making use of the mathematical descrip-
tion of the boundary line I'. We shall start the discussion by considering
the torsion problem of Chapter 16, for which this procedure is particularly
straightforward. We shall then adapt it for the in-plane problem in §33.7.2.

33.7.1 The torsion problem

If the torsion problem is described in terms of Prandtl’s stress function ¢,
the traction-free boundary condition for a simply connected region {2 can be
satisfied by requiring that ¢ =0 on the boundary I'. Suppose this boundary
is defined by a set of m line segments f;(z,y) =0, i =1, m. Then the stress
function

cp=fl(ﬂc,y)fz(ai,y)---fm(x,y)g(ﬂzy) (3327)

will go to zero at all points on I for any function g(x,y). We can therefore
choose a function g(z,y) with an appropriate number of arbitrary constants
A, k=1,n and then use Castigliano’s second theorem to develop n equations
for the n unknowns. For example, the equations x =0 and 22+y?—a?> =0
define the boundaries of a semicircular bar of radius a whose centre is at the
origin. Thus, the stress function

o =x(2® +y* — a*) (A1 + Asx) (33.28)

satisfies the traction-free condition at all points on the boundary and contains
two degrees of freedom, Ay, As.
Once a function with an appropriate number of degrees of freedom has
been chosen, we calculate the stress components
I¢ d¢

Oup = a—y ;o Oay = ~ 35 (33.29)
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from (16.8) and hence the strain energy density from (33.4), which in this case

reduces to ) )
02, +o? 1 Op Op
_ Yz 2y e it
vy = 2 ( m) + ( 8y> . (33.30)

The torque corresponding to this stress distribution is given by equation

(16.14) as
Tz?// wdf2 (33.31)
2

and hence the complementary energy per unit length of bar is

C’://QUOdQ—Tﬁ
=5 [, (5) + (5) -

where [ is the twist per unit length. Substitution in (33.25) then provides a
set of equations for the unknown constants Ay.

an (33.32)

Example

To illustrate the method, we consider a bar of square cross-section defined
by —a < x < a, —a < y < a. The boundaries are defined by the four lines
x+a=0, y £ a=0 and the simplest function of the form (33.27) is

0 = A(z? — a®)(y? — d?), (33.33)

which has just one degree of freedom — the multiplying constant A. Substi-
tuting into equation (33.32) and evaluating the integrals, we have

1 [256A42%a8 B 64u3Aab

=— 34
o | 45 9 (33.34)
To determine A, we impose the condition
oC . S5ufB
a =0 giving A= @ s (3335)
after which the torque is recovered from (33.31) as
20p8a*
T = “96 ‘. (33.36)

The exact result can be obtained by substituting b = a in equation (16.50)
and summing the series. The present one-term approximation underestimates
the exact value by only about 1.3%. Closer approximations can be obtained
by adding a few extra degrees of freedom, preserving the symmetry of the
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system with respect to = and y. For example, Timoshenko and Goodier® give
a solution of the same problem using the two degree of freedom function

o= (2® = a®)(y® — a®)[A1 + Az (a® + 97)]

which gives a result for the torque within 0.15% of the exact value.

33.7.2 The in-plane problem

We showed in Chapter 4 that the most general in-plane stress field satisfying
the equations of equilibrium (2.5) in the absence of body force can be expressed
in terms of the scalar Airy stress function ¢ through the relations

0% ¢ 9%¢
Tor =gy T Togay T W T 9a2

(33.37)

We also showed in §4.4.3 that the traction boundary-value problem — i.e. the
problem of a two-dimensional body with prescribed tractions on the bound-
aries — has a solution in which the stress components are independent of
Poisson’s ratio. We can therefore simplify the following treatment by consid-
ering the special case of plane stress (0., =0,y =0,,=0) with »=0 for which
equation (33.4:1) reduces to

(02, +03) , o2

— _Ty
Uy = 1 + 2
1 [7026\°  [0%¢\° 26 \?

We express the trial stress function ¢ in the form

¢ =op+oH , (33.39)

where ¢p is any particular function of x, y that satisfies the traction boundary
conditions and ¢y is a function satisfying homogeneous (i.e. traction-free)
boundary conditions and that contains one or more degrees of freedom Ay.
The stress components (33.37) will define a traction-free boundary if

9¢ _

¢=0 and o

0, (33.40)
on the boundary, where n is the local normal. In order to satisfy these con-
ditions, we note that if f;(z,y) = 0 defines a line segment that is part of
the boundary I', and if f; is a continuous function in the vicinity of the line
segment, then we can perform a Taylor expansion about any point on the

5 loc. cit. Art.111.
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boundary. It then follows that the function [f;(z,y)]? will satisfy both con-
ditions (33.40), since the first non-zero term in its Taylor expansion at the
boundary will be quadratic. Thus, the conditions on ¢y can be satisfied by
defining

or = [f1(z,y) f2(2, ) fin (2, 9)] (@, ) (33.41)

where f;(z,y) =0 ¢ =1, m define line segments comprising the boundary I"
and g(z,y) is any function containing one or more degrees of freedom.

Example

Consider the semicircular plate of Figure 33.1 subjected to the self-equilibrated
tractions 5
3
Opz =S <1 — y2>
a

on the straight boundary z =0, the curved boundary r? —a? =22 +y% —a?=0
being traction-free.

A

Figure 33.1: The semi-circular plate.

A particular solution maintaining the traction-free condition on the circle
can be written

op = A(r? — a?)? = A(z* + y* + 22%% — 2622 — 2a%y* + a?) .
The stress components

o %r

2 2 2 >op
=A(12y" +4a* —4a”) ; 04y = T —8Axy

and on the boundary x=0,
Opz = 4A(3y2 — a2) i Oay =0

Thus, the boundary conditions can be satisfied by the choice
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S S
A= oi gp=—pnl? —a?).
Notice that if the tractions on £ =0 had been higher order polynomials in y,
we could have found an appropriate particular solution satisfying the traction-
free condition on the curved edge using the form ¢p = (r? —a?)%g(x,y), where
g(x,y) is a polynomial in z,y of appropriate order.

The stress function ¢p provides already a first order approximation to the

stress field, but to improve it we can add the homogeneous term

o Ar?(r? —a?)?(1 + cos 20)
= 5 ,

b = Arz?(r? — a?)

which satisfies traction-free conditions on both straight and curved boundaries
in view of (33.41). The stress components in polar codrdinates are

2
Opp = S (1 — r) + A (3r* — 4a®r? + a*) + A1 (r* — a*) cos 20

a2
3 2

ogo = S (1 — g) + Ay (157* — 12ar% + a*) (1 + cos 20) (33.42)
a

org = Ay (5rt — 6ar? + a*) sin 26

from (8.12, 8.13) and the total strain energy is then calculated as

1 /2 a
U=— / / (Ufr + 05y + 2039) rdrdf
4p —7/2J0

ma’ 8 42 4 2
= 30, (14a°AT — 5a* A1 S + 557)
(using Mathematica or Maple). There are no displacement boundary condi-
tions in this problem, so C =U and the degree of freedom A; is determined
from the condition

aC 55
_— = A =
oA, 0 o A=

after which the stress field is recovered by substitution in (33.42).

33.8 Uniqueness and existence of solution

A typical elasticity problem can be expressed as the search for a displacement
field u satisfying the equilibrium equations (2.13), such that the stress com-
ponents defined through equations (1.57) and the displacement components
satisfy appropriate boundary conditions. Throughout this book, we have tac-
itly assumed that this is a well-posed problem — i.e. that if the problem is
physically well defined in the sense that we could conceive of loading a body
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of the given geometry in the laboratory, then there exists one and only one
solution.

To examine this question from a mathematical point of view, suppose
provisionally that the solution is non-unique, so that there exist two distinct
stress fields o1, o2, both satisfying the field equations and the same boundary
conditions. We can then construct a new stress field Ao =01 — o2 by taking
the difference between these fields, which is a form of linear superposition.
The new field Ao clearly involves no external loading, since the same external
loads were included in each of the constituent solutions ez hyp. We therefore
conclude from (33.1) that the corresponding total strain energy U associated
with the field Ao must be zero. However, U can also be written as a volume
integral of the strain energy density Uy as in (33.5), and Uy must be everywhere
positive or zero. The only way these two results can be reconciled is if Uy is zero
everywhere, implying that the stress is everywhere zero, from (33.3). Thus,
the difference field Ao is null, the two solutions must be identical contra hyp.
and only one solution can exist to a given elasticity problem.

The question of existence of solution is much more challenging and will not
be pursued here. A short list of early but seminal contributions to the subject
is given by Sokolnikoff © who states that “the matter of existence of solutions
has been satisfactorily resolved for domains of great generality.” More recently,
interest in more general continuum theories including non-linear elasticity has
led to the development of new methodologies in the context of functional
analysis’.

33.8.1 Singularities

In §11.2.1, we argued that stress singularities are acceptable in the mathemat-
ical solution of an elasticity problem if and only if the strain energy in a small
region surrounding the singularity is bounded. In the two-dimensional case
(line singularity), this leads to equation (11.37) and hence to the conclusion
that the stresses can vary with r* as r—0 only if a > —1. We can now see the
reason for this restriction, since if there were any points in the body where
the strain energy was not integrable, the total strain energy (33.5) would be
ill-defined and the above proof of uniqueness would fail.

If these restrictions on the permissible strength of singularities are not im-
posed, the uniqueness theorem fails and it is quite easy to generate examples in
which a given set of boundary conditions permits multiple solutions. Consider
the flat punch problem of §12.5.2 for which the contact pressure distribution
is given by equation (12.47). If we differentiate the stress and displacement
fields with respect to x, we shall generate a field in which the contact traction
is

5 1.S.Sokolnikoff, Mathematical Theory of Elasticity, McGraw-Hill, New York,
2nd.ed. 1956, §27.

" See for example, J.E.Marsden and T.J.R.Hughes, Mathematical Foundations of
FElasticity, Prentice-Hall, Englewood Cliffs, 1983, Chapter 6.
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(x)*i NN S [ L — —a<zr<a
p ~ dr v —=22/) m(a? — x2)3/2

and the normal surface displacement is

uy(x,O):%(C):0, ; —a<z<a

from (12.46). The traction-free condition is retained in |z|>a,y=0. We can
now add this differentiated field to the solution of any frictionless contact
problem over the contact region —a < x <a without affecting the satisfaction
of the displacement boundary condition (12.29), so solutions of such problems
become non-unique. However, the superposed field clearly involves stresses
varying with r3/2 near the singular points (+a,0) and if (non-integrable) sin-
gularities of this strength are precluded, uniqueness is restored.

The three-dimensional equivalent of equation (11.37) would involve a stress
field that tends to infinity with R* as we approach the point R =0. In this
case, the integral in spherical polar coordinates centred on the singular point
would take the form

1 27 pm pR R
U=- / / / oijei; R? sin BdRdBdO = C / R?*"24R |
2 0 0 J0 0

where C' is a constant. This integral is bounded if and only if a > —2.

In both two and three-dimensional cases, the limiting singularity corre-
sponds to that associated with a concentrated force F' applied to the body,
either at a point on the boundary or at an interior point. An ‘engineering’
argument can be made that the real loading in such cases consists of a distri-
bution of pressure or body force over a small finite region A, that is statically
equivalent to F', in which case no singularity is involved. Furthermore, a unique
solution is obtained for each member of a regular sequence of such problems
in which A is progressively reduced. Thus, if we conceive of the point force
as the limit of this set of distributions, the uniqueness theorem still applies.
Saint-Venant’s principle §3.1.2 implies that only the stresses close to A will
be changed as A is reduced, so the concentrated force solution also represents
an approximation to the stress field distant from the loaded region when A is
finite. Sternberg and Eubanks® proposed an extension of the uniqueness the-
orem to cover these cases. Similar arguments can be applied to the stronger
singularity due to a concentrated moment. However, there is now some ambi-
guity in the limit depending on the detailed sequence of finite states through
which it is approached®.

8 E.Sternberg and R.A.Eubanks, On the concept of concentrated loads and an
extension of the uniqueness theorem in the linear theory of elasticity, Journal of
Rational Mechanics and Analysis, Vol. 4 (1955), pp.135-168.

9 E.Sternberg and V.Koiter, The wedge under a concentrated couple: A paradox
in the two-dimensional theory of elasticity, ASME Journal of Applied Mechanics,



514 33 Variational methods

PROBLEMS

1. For an isotropic material, find a way to express the strain energy density Uy
of equation (33.4) in terms of the stress invariants of equations (1.28-1.30).

2. An annular ring a <r <b is loaded by uniform (axisymmetric) shear trac-
tions 0,9 at r=a that are statically equivalent to a torque T per unit thickness.
By considering the equilibrium of the annular region a < r < s where s < b,
find the shear stress 0,9 as a function of radius and hence find the total strain
energy stored in the annulus. Use this result to determine the rotation of the
outer boundary relative to the inner boundary, assuming the material has a
shear modulus p.

3. The isotropic semi-infinite strip —a < y < a, 0 < z < oo is attached to
a rigid support at y = t+a, whilst the end = =0 is subject to the antiplane
displacement

Since the resulting deformation will decay with x, approximate the displace-
ment in the form )
uz(mvy) = Uo <1 - zQ) e—kx

and use the minimum total potential energy theorem to determine the optimal
value of the decay rate .

4. The rectangular plate —a < z < a,—b < y < b is subject to the tensile

tractions
y2

on the edges x = +a, all the other tractions being zero. Using appropriate
third-order polynomials for the displacement components s, uy, find an ap-
proximation for the displacement field and hence estimate the distribution of
the stress component ¢, on the plane x=0. Comment on the way this result
is affected by the aspect ratio b/a.

5. Use the Maple or Mathematica file ‘uxy’ or the method of §9.1 to find the
displacement field associated with the Airy stress function

G 2 2\2 2 2\2
6= o (0 = 1) = (@2 = a®)?) .

Vol.25 (1958), pp.575-581, X.Markenscoff, Some remarks on the wedge paradox
and Saint Venant’s principle, ASME Journal of Applied Mechanics, Vol.61 (1994),
pp.519-523.
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Using this displacement field, find the value of the single degree of freedom G
that best approximates the stress field in the rectangular bar —a <z <a, —b<
y < b subjected only to the normal tractions

0w = fy); T=*a.

6. A simple two-dimensional finite element mesh can be obtained by joining a
series of nodes (z;,y;) i=1, N by straight lines, forming a set of triangular ele-
ments. If the antiplane displacement u, takes the values u; at the three nodes
i=1,2,3, develop an expression for a linear function of x,y that interpolates
these nodal values. In other words determine the three constants A, B, C in

ux(z,y) = Az + By +C

such that w.(z;,y;) =u; for i=1,2,3. Hence determine the strain energy U
stored in the element as a function of u; and use the principle of stationary
potential energy to determine the element stiffness matrix k relating the nodal
forces F; at the nodes to the nodal displacements through the equation

Fi = kijuj .

7. Use a one degree-of-freedom approximation and Castigliano’s second theo-
rem to estimate the twist per unit length 8 of a bar whose triangular cross-
section is defined by the three corners (0, 0), (a,0), (0,a) and which is loaded
by a torque T. Also, estimate the location and magnitude of the maximum
shear stress.

8. Using the single degree of freedom stress function
p= Ax(a2 — 2= y2) ,
estimate the torsional stiffness of the semicircular bar of radius a.

9. The rectangular plate —a <z <a, —b<y<b is subject to the tractions

_ Sy
Oxx = bT

on the edges © = *+a, all the other tractions being zero. Find an approximate
solution for the stress field using Castigliano’s second theorem. An appropriate
particular solution is
Syt
OP = Top
Use a single degree of freedom approximation of the form (33.41) for the
homogeneous solution.
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10. A plate defined by the region a <r<2a, —a <6<« is loaded only by the
uniform tensile tractions

F F
UTT‘(aao) = %0 ; UTT‘(2a70) = dac
on the curved edges r=a, 2a. Find an approximate solution for the stress field
using Castigliano’s second theorem. Use a single degree of freedom approxi-
mation of the form (33.41) for the homogeneous solution ¢g.
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THE RECIPROCAL THEOREM

In the previous chapter, we exploited the idea that the strain energy U stored
in an elastic structure must be equal to the work done by the external loads, if
these are applied sufficiently slowly for inertia effects to be negligible. Equation
(33.1) is based on the premise that the loads are all increased at the same
time and in proportion, but the final state of stress cannot depend on the
exact history of loading and hence the work done W must also be history-
independent. This conclusion enables us to establish an important result for
elastic systems known as the reciprocal theorem.

34.1 Maxwell’s Theorem

The simplest form of the theorem states that if a linear elastic body is kine-
matically supported and subjected to an external force F'; at the point P,
which produces a displacement u(Q) at another point @, then a force F5 at
@ would produce a displacement us(P) at P where

Fl'UQ(P) = Fg'ul(Q) . (341)

To prove the theorem, we consider two scenarios — one in which the force
F'; is applied slowly and then held constant whilst F'5 is applied slowly and
the other in which the order of application of the forces is reversed. Suppose
that the forces F'1, F'5 produce the displacement fields uy, us, respectively. If
we apply F'; first, the work done will be

1
W11 = §F1'U1(P) . (342)

If we now superpose the second force F'5 causing additional displacements us,
the additional work done will be Wi5+4+Wss, where

W12 = Fl'UQ(P) (343)

J.R. Barber, Elasticity, Solid Mechanics and Its Applications 172, 517
DOI 10.1007/978-90-481-3809-8_34, © Springer Science+Business Media B.V. 2010
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is the work done by the loads F'; ‘involuntarily’ moving through the additional
displacement us(P) and

Wag = %F2'U2(Q) (34.4)

is the work done by the force F'5. Notice that there is no factor of % in Wia,
since the force F'; remains at its full value throughout the deformation. By
contrast, F'5 only increases gradually to its final value during the loading
process so that the work it does Wy is the area under a load displacement
curve, which introduces a factor of % The total work done in this scenario is

1 1
W1 = W11 =+ W12 =+ W22 = §F1"U,1(P) =+ F1°’u,2(P) =+ §F2"LI,2(Q) (345)

Consider now a second scenario in which the force F'5 is applied first,
followed by force F';. Clearly the total work done can be written down from
equation (34.5) by interchanging the suffices 1,2 and the locations P, () — i.e.

1 1
Wy = Waos + Woy + Wiy = §F2'U2(Q) + F2'U1(Q) + §F1U1(P) . (346)

In each case, since the forces were applied gradually, the work done will be
stored as strain energy in the deformed body. But the final state in each case
is the same, so we conclude that W7 = W5. Comparing the two expressions,
we see that they will be equal if and only if Wi5=W5; and hence

Fl"U,Q(P) = Fg"u,l(Q) 5 (347)

proving the theorem. Another way of stating Maxwell’s theorem is “The work
done by a force F'1 moving through the displacements us due to a second force
F'5 is equal to the work done by the force F'o moving through the displacements
uy due to F'1.”

34.2 Betti’s Theorem

Maxwell’s theorem is useful in Mechanics of Materials, where point forces are
used to represent force resultants (e.g. on the cross-section of a beam), but in
elasticity, the reciprocal theorem is more useful in the generalized form due to
Betti, which relates the displacement fields due to two different distributions
of surface traction and/or body force.

Suppose that the surface tractions t; and body forces p, produce the dis-
placement fields u;, where i takes the values 1 and 2 respectively. Once again
we consider two scenarios, one in which the loads ¢, p; are applied first, fol-
lowed by ta,p, and the other in which the order of loading is reversed. An
argument exactly parallel to that in §34.1 then establishes that “The work
done by the loads t1, p, moving through the displacements us due to ta, py is
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equal to the work done by the loads te, p, moving through the displacements
uy due to t1,p;.”

The mathematical statement of Betti’s theorem for a body {2 with bound-
ary I is

//Ftl-quFJr///Qpl.quQ://Ft2.u1dp+///9p2.uldﬂ' (348)

34.3 Use of the theorem

Betti’s theorem defines a relationship between two different stress and dis-
placement states for the same body. In most applications, one of these states
corresponds to the problem under investigation, whilst the second is an auz-
iliary solution, for which the tractions and surface displacements are known.
Often the auxiliary solution will be a simple state of stress for which the
required results can be written down by inspection.

(a) (b)

deformed

undeformed

Figure 34.1: Increase in volume of a body due to two colinear forces.

The art of using the reciprocal theorem lies in choosing the auxiliary solu-
tion so that equation (34.8) yields the required result. For example, suppose
we wish to determine the change in volume of a body {2 due to a pair of equal
and opposite colinear concentrated forces, as shown in Figure 34.1(a). Figure
34.1(b) shows an enlarged view of a region of the boundary in the deformed
and undeformed states, from which it is clear that the change in volume as-
sociated with some small region dI" of the boundary is dV =wu;-ndl’, where
n is the unit vector defining the outward normal to the surface at dI". Thus,
the change in volume of the entire body is

AV; :// ui-ndl . (34.9)
r
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Now this expression can be made equal to the right-hand side of (34.8) if
we choose to =m and p,=0. In other words, the auxiliary solution corresponds
to the case where the body is subjected to a purely normal (tensile) traction
of unit magnitude throughout its surface and there is no body force.

The solution of this auxiliary problem is straightforward, since the trac-
tions are compatible with an admissible state of uniform hydrostatic tension

Ope =Oyy =02 =13 Opy =0y, =0, =0 (34.10)

throughout the body and the resulting strains are uniform and hence satisfy
all the compatibility conditions. The stress-strain relations then give

1-2
Cox = Cyy = €2z = % P Cay = €yz = €z =0 (34.11)

and hence, in state 2, the body will simply deform into a larger, geometrically
similar shape, any linear dimension L increasing to L(1+4(1—2v)/E).

It remains to calculate the left-hand side of (34.8), which we recall is the
work done by the tractions ¢; in moving through the surface displacements
uo. In this case, t; consists of the two concentrated forces, so the appropriate
work is F'do, where 5 is the amount that the length L of the line AB shrinks
in state 2, permitting the points of application of the forces to approach each
other.

From the above argument,

(1-2v)L

by =~ (34.12)

and hence we can collect results to obtain

AV1 :// ul-ndF:// ’LL1°t2dF
r r

= // Uyt dl’ = Foy = _Fa-2i : (34.13)
1" E

which is the required expression for the change in volume.

Clearly the same method would enable us to determine the change in
volume due to any other self-equilibrated traction distribution %, either by
direct substitution in the integral [ pu2-t1dl’ or by using the force pair of
Figure 34.1(a) as a Green’s function to define a more general distribution
through a convolution integral. It is typical of the reciprocal theorem that it
leads to the proof of results of some generality.

34.3.1 A tilted punch problem

For any given auxiliary solution, Betti’s theorem will yield only a single result,
which can be the value of the displacement at a specific point, or more often, an
integral quantity such as a force resultant or an average displacement. Indeed,
when interest in the problem is restricted to such integrals, the reciprocal
theorem should always be considered first as a possible method of solution.
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%
rigid
by
0 f y
8o (V)
b b
elastic r
|
1
\
|
rigid

Figure 34.2: The tilted punch problem

As a second example, we shall consider the two-dimensional plane stress
contact problem of Figure 34.2; in which a rectangular block with a slightly
irregular surface is pressed down by a frictionless flat rigid punch against a
frictionless rigid plane. We suppose that the force F' is large enough to ensure
that contact is established throughout the end of the block and that the
line of action of the applied force passes through the mid-point of the block.
The punch will therefore generally tilt through some small angle, «, and the
problem is to determine a.

We suppose that the profile of the block is defined by an initial gap function
go(y) when the punch is horizontal and hence, if the punch moves downward
a distance ug and rotates clockwise through «, the contact condition can be
stated as

9(y) = g9o(y) + wa(y) —uo —ay =0, (34.14)

where u1(y) is the downward normal displacement of the block surface, as
shown in Figure 34.3(a). Since the punch is frictionless, the traction ¢; is also
purely normal, as shown.

The key to the solution lies in the fact that the line of action of F', which
is also the resultant of ¢;, passes through the centre of the block. Taking
moments about this point, we therefore have

/b ytai(y)dy = 0. (34.15)
—b
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Figure 34.3: Tractions for the original and auxiliary problems for the tilted
punch.

We can make this expression look like the left-hand side of (34.8) by choos-
ing the auxiliary solution so that the normal displacement us(y)=Cy, which
corresponds to a simple bending distribution with

ECYy

ta(y) = ——, (34.16)

as shown in Figure 34.3(b).
Betti’s theorem now gives

E
/ Cyul / Cyti(y (34.17)

and hence, treating (34.14) as an equation for u(y) and substituting into
(34.17), we obtain

b
/_ o+ o)y = 0 (34.18)

3 b
o= bfg/bygo(y)dy, (34.19)

which is the required result.

This result is relevant to the choice of end conditions in the problem of
§9.1, since it shows that the end of the beam can be restored to a vertical
plane by a self-equilibrated purely normal traction if and only if

b
/_bygo(y)dy =0, (34.20)

which is equivalent to condition of (9.21)s.
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However, unfortunately we cannot rigorously justify the complete set of
conditions (9.21) by this argument, since the full built-in boundary conditions
(9.16) also involve constraints on the local extensional strain ey, =0du,/dy. It
is clear from energy considerations that if these constraints were relaxed, any
resulting motion would involve the end load doing positive work and hence
the end deflection obtained with conditions (9.21) must be larger than that
obtained with the strong conditions® (9.16).

In the above solution, we have tacitly assumed that the only contribution
to the two integrals in (34.8) comes from the tractions and displacements at
the top surface of the block. This is justified, since although there are also
normal tractions ti,ts at the lower surface, they make no contribution to
the work integrals because the corresponding normal displacements (us, uy
respectively) are zero. However, it is important to consider all surfaces of the
body in the application of the theorem, including a suitably distant boundary
in problems involving infinite or semi-infinite regions.

34.3.2 Indentation of a half-space

We demonstrated in §29.2 that the contact area A between a frictionless rigid
punch and an elastic half-space is that value which maximizes the total load
F(A) on the punch. Shield? has shown that this can be determined without
solving the complete contact problem, using Betti’s theorem.

The total load on the punch is

F(A) = //A p1(z,y)dxdy , (34.21)

where py(z,y) is the contact pressure. We can make the left-hand side of
(34.8) take this form by choosing the auxiliary solution such that the normal
displacement wus(x,y) in A is uniform and of unit magnitude.

The simplest result is obtained by using as auxiliary solution that corre-
sponding to the indentation of the half-space by a frictionless flat rigid punch
of plan-form A, defined by the boundary conditions

uy =uy(z,y)=1 ; (zr,y) €A
p2=—0.:(x,y) =0 ; (z,y) €A (34.22)
Opz =0y, =0 i (z,y) € AUA.

! J.D.Renton, Generalized beam theory applied to shear stiffness, International
Journal of Solids and Structures, Vol. 27 (1991), pp.1955-1967, argues that the
correct shear stiffness for a beam of any cross-section should be that which equates
the strain energy associated with the shear stresses o,.,0,. and the work done
by the shear force against the shear deflection. For the rectangular beam of §9.1,
this is equivalent to replacing the multiplier on b?/a? in (9.24b,c) by 2.4(1+4v).
This estimate differs from (9.24c) by at most 3%.

2 R.T.Shield, Load-displacement relations for elastic bodies, Zeitschrift fiir ange-
wandte Mathematik und Physik, Vol. 18 (1967), pp.682-693.
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Since the only non-zero tractions in both solutions are the normal pressures
in the contact area A, equation (34.8) reduces to

// p1(z,y)dedy = // po(x, y)ur(x, y)dxdy , (34.23)

where uy(x,y) is the normal displacement under the punch, which is defined
through the contact condition (29.3) in terms of the initial punch profile
uo(z,y) and its rigid-body displacement.

In problems involving infinite domains, it is important to verify that no
additional contribution to the work integrals in (34.8) is made on the ‘infi-
nite’ boundaries. To do this, we consider a hemispherical region of radius b
much greater than the linear dimensions of the loaded region A. The stress
and displacement fields in both solutions will become self-similar at large R,
approximating those of the point force solution (§23.2.1). In particular, the
stresses will tend asymptotically to the form R=2f(6, ) and the displacements
to R71g(0, ).

If we now construct the integral [ ¢;-usdI” over the hemisphere surface,
it will therefore have the form

/2 27
/ / b2 f1(0,)b  g2(0, )b*dbdox
0 0

which approaches zero with ! as b— oo, indicating that the distant surfaces
make no contribution to the integrals in (34.8).

Of course, we can only use (34.23) to find F(A) if we already know the
solution py(z,y) for the flat punch problem with plan-form A and exact so-
lutions are only known for a limited number of geometries, such as the circle,
the ellipse and the strip®. However, (34.23) does for example enable us to
write down the indenting force for a circular punch of arbitrary profile* and
hence, using the above theorem, to determine the contact area for the general
axisymmetric contact problem.

34.4 Thermoelastic problems

We saw in §22.2 that the thermoelastic displacements due to a temperature
distribution T'(z,y, z) can be completely suppressed if we superpose a body

3 An approzimate solution to this problem for a punch of fairly general plan-form
is given by V.I.Fabrikant, Flat punch of arbitrary shape on an elastic half-space,
International Journal of Engineering Science, Vol. 24 (1986), pp.1731-1740. Fab-
rikant’s solution and the above reciprocal theorem argument are used as the bases
of an approximate solution of the general smooth punch problem by J.R.Barber
and D.A.Billings, An approximate solution for the contact area and elastic com-
pliance of a smooth punch of arbitrary shape, International Journal of Mechanical
Sciences, Vol. 32 (1990), pp.991-997.

4 R.T.Shield, loc. cit..
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force p and tractions ¢ defined by equations (22.51, 22.52) respectively. It
follows that the displacements w1 in an unloaded body due to this temperature
distribution are the same as those caused in a body at zero temperature by
body forces and tractions equal and opposite to p, t — i.e.
2p(l4+v 2u(l+v

We can use this equivalence to derive a thermoelastic reciprocal theorem,
relating the displacements w; and the temperature T' through an auxiliary
isothermal solution p,, ta, us. Substituting (34.24) into the left-hand side of
(34.8), we obtain

2“11_+2Z ( / / Tusndl — / / / . VTd!Z)
://FtQ-uldF—l—///sz-uldﬂ. (34.25)

From the divergence theorem, we have

//F Tugndll = ///Q div(Tug)ds?
- ///Q Tdiv ung—l—///Q up VIdS2, (34.26)

after differentiating the integrand by parts. Using this result in (34.25), we
obtain

2“11_+2Z /// Tdiv us d2 = // £y uldF+/// pyruid, (34.27)

which is the required result®.

The thermoelastic reciprocal theorem can be used in exactly the same
way as Betti’s theorem to develop general expressions for quantities that are
expressible as integrals. For example, the change in the volume of a body
due to an arbitrary temperature distribution can be found using the auxiliary
solution (34.10, 34.11), for which t2=n and p,=0. From (34.11) we have

3(1—-2v) 3(1-2v)

div ug = ezp + eyy + €25 = 7 = o+ 1) (34.28)

and hence (34.27) reduces to

oV = // u-n dF— /// Tdiv us df?
:304///Q TdS2 . (34.29)

5 This proof was first given by J.N.Goodier, Proceedings of the 3rd U.S. National
Congress on Applied Mechanics, (1958), pp.343-345.
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In other words, the total change in volume of the body is the sum of that
which would be produced by free thermal expansion of all its constituent
particles if there were no thermal stresses. For additional applications of the
thermoelastic reciprocal theorem, see J.N.Goodier, loc. cit. or S.P.Timoshenko
and J.N.Goodier, loc. cit., §155.

PROBLEMS

1. Figure 34.4 shows an elastic cube of side a which just fits between two
parallel frictionless rigid walls. The block is now loaded by equal and opposite
concentrated forces, F', at the mid-point of two opposite faces, as shown.
‘Poisson’s ratio’ strains will cause the block to exert normal forces P on the
walls. Find the magnitude of these forces.

lF

T

Figure 34.4: Loading of the constrained cube.

Would your result be changed if (i) the forces F' were applied away from
the mid-point or (ii) if their common line of action was inclined to the vertical?

2. Use the method of §29.2, §34.3.2 to find the relations between the indenta-
tion force, F', the contact radius, ¢ and the maximum indentation depth, d,
for a rigid frictionless punch with a fourth order profile ug=—Cr* indenting
an elastic half-space.

3. The penny-shaped crack 0 <r < a, z=0 is opened by equal and opposite
normal forces F' applied to the two crack faces at a radius r1. Find the volume
of the opened crack.

4. A long elastic cylinder of constant but arbitrary cross-sectional area and
length L rests horizontally on a plane rigid surface. Show that gravitational
loading will cause the cylinder to increase in length by an amount
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vpgLh

E )
where p, E, v are the density, Young’s modulus and Poisson’s ratio respectively
of the material and h is the height of the centre of gravity of the cylinder above
the plane.

5:

5. A pressure vessel of arbitrary shape occupies a space of volume V; and
encloses a hole of volume V5, so that the volume of solid material is V; =
V1—V5. If the vessel is now subjected to an external pressure p; and an internal
pressure po, show that the total change in Vj; is

_ph-mh
K,
where Kj is the bulk modulus of equation (1.76).

o0V

6. The long rectangular bar 0 <z <a,—b<y<b, a > b is believed to contain
residual stresses o,, that are functions of y only, except near the ends, the
other residual stress components being zero. To estimate the residual stress
distribution, it is proposed to clamp the bar at z =0, cut a groove as shown
in Figure 34.5, using laser machining, and measure the vertical displacement
u, (if any) of the end x=a due to the resulting stress relief.

?)/

b

a’e : a2

N

Figure 34.5: Groove cut in a bar with residual stresses.

What would be the auxiliary problem we would need to solve to establish
an integral relation between the residual stress distribution and the displace-
ment u,, using the reciprocal theorem. (Do not attempt to solve the auxiliary
problem!)

7. By differentiating the solution of the Hertz problem of §30.2.5 with respect
to x, show that the contact pressure distribution

p(r,f)= ——; 0<r<a
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produces the normal surface displacement

_ mC(1 —v)rcosf

; 0<r<a, 2z=0.
4p

u(r,0)
Use this result and the reciprocal theorem to determine the angle through
which the punch in §34.3.2 will tilt about the y-axis if the force F' is applied
along a line passing through the origin.

8. A long hollow cylinder of inner radius a and outer radius b has traction
free surfaces, but it is subjected to a non-axisymmetric temperature increase
T(r,0). Find the change in the cross-sectional area of the hole due to ther-
moelastic distortion.

9. The long solid cylinder 0 <r <a, 0<z<L, L>>a is built in at z=L and
all the remaining surfaces are traction free. If the cylinder is now heated to
an arbitrary non-uniform temperature 7', find an integral expression for the
displacement u,, at the free end.

10. A body 2 is raised to an arbitrary temperature field T'(z,y, z), but the
boundaries are all free of traction. Show that the average value of the bulk
stress & of equation (1.75) is zero — i.e.

fff s
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USING MAPLE AND MATHEMATICA

The algebraic manipulations involved in solving problems in elasticity are rel-
atively routine, but they can become lengthy and complicated, particularly for
three-dimensional problems. There are therefore significant advantages in us-
ing a symbolic programming language such as Maple or Mathematica. Before
such programs were available, the algebraic complexity of manual calculations
often made it quicker to use a finite element formulation, even when it was
clear that an analytical solution could in principle be obtained. Apart from
the undoubted saving in time, Maple or Mathematica also make it easy to
plot stress distributions and perform parametric studies to determine opti-
mum designs for components. From the engineering perspective, this leads to
a significantly greater insight into the nature of the subject.

Using these languages efficiently necessitates a somewhat different ap-
proach from that used in conventional algebraic solutions. Anyone with more
than a passing exposure to computer programs will know that it is almost
always quicker to try a wide range of possible options, rather than trying to
construct a logical series of steps leading to the required solution. This trial
and error process also works well in the computer solution of elasticity prob-
lems. For example, if you are not quite sure which stress function to use in
the problem, the easiest way to find out is to use your best guess, run the cal-
culation and see what stresses are obtained. Often, the output from this run
will make it clear that minor modifications or additional terms are required,
but this is easily done. Remember that it is extremely easy and quick to make
a small change in the problem formulation and then re-run the program. By
contrast, in a conventional algebraic solution, it is essential to be very careful
in the early stages because repeating a calculation with even a minor change
in the initial formulation is very time consuming.

The best way to learn how to use these programs is also by trial and error.
Don’t waste time reading a compendious instruction manual or following a
tutorial, since these will tell you how to do numerous things that you probably
will never need. On the web site www.elasticity.org we provide the source code
and the resulting output for the two-dimensional problem treated in §5.2.2.
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This file has sufficient embedded explanation to show what is being calculated
and you can easily copy the files and make minor changes to gain experience
in the use of the method. The web site also includes an explanation of the
commands you will need most often in the solution of elasticity problems and
electronic versions of the Tables in the present Chapters 21 and 22 and of the
recurrence relations for generating spherical harmonics.
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Abel integral equations, 463-465, 472, 478,
481, 482
inversion, 465
adhesion, 452-453
Airy stress function, 46-49, 91-93, 110, 135,
219-220, 301, 349, 438, 507
relation to complex potentials, 301-302
alternating tensor, 7, 19, 27
antiplane shear (antiplane strain), 227-232,
295-297, 435
approximate methods, 501-503, 505-509
auxiliary solution, 517
axisymmetric problems, 391-400, 406412,
419-427
plane thermoelastic, 349-350
torsion, 419-427
asymptotic methods, 157-164
bending, 58-61, 240, 259, 433
Betti’s theorem, 516-522
biharmonic equation, 49, 55, 79, 93, 111, 149,
220
body force, 25, 48, 91-105, 201, 220, 227,
329-330, 354-355
bonded interfaces, 163-164, 485-496
boundary conditions, 5, 228, 261
global, 368, 478, 481, 487-488
mixed, 448, 457, 478, 488-490
weak, 40, 59, 61-63, 72, 105, 391, 397,
409
Boussinesq potentials, 333-336
Boussinesq problem, 367-370
bubble model, 204-205
bulk modulus, 23
Burgers’ vector, 203
Carter’s problem, 191-194
Cartesian tensors, 9
Castigliano’s second theorem, 504-509

Cattaneo’s problem, 188-191
Cauchy integral equations, 177, 210, 493
Cauchy integral theorem, 281-283, 306
Cauchy-Riemann relations, 274, 278, 295
centre of compression, 364
centre of dilatation, 364
centre of rotation, 425-426
change in volume, 517-518
circular cylinder, 263—264, 349-350, 391-397,
400-402
circular disk, 100, 112, 220
circular hole, 113-115, 119-120, 215, 351—
354
circular plates, 397-400
circular sector, 166
closed sections, 249-251
closure conditions, 206, 207, 211
coefficient of friction, 187
Collins’ method, 458-469
compatibility equations, 26-27, 93
compliance tensor, 20
completeness, 73, 82-83, 325
of Papkovich-Neuber potentials, 325-329
complex variable formulation, 273 et seq.
axisymmetric complex potentials, 459—
463
concentrated force, 171-175, 199-201, 230,
365-370
conformal mapping, 288-290, 311-315
conical bar, 408414, 424-425
conservative vector fields, 92
constraint equations, 56
contact problems, 93, 164, 171-194, 447-453,
518-522
adhesive contact, 452-453
frictionless contact, 177-183, 186, 339,
447-453, 518-522
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smooth (incomplete) contact problems,
466-469
unilateral inequalities, 181, 449
continuity of displacement, 131, 135, 199-
200, 469, 479, 491
contour integrals, 279 et seq.
corner fields, 88, 152
coordinate transformation, 8-12, 17-20, 228,
294
corrective solution, 39, 78-84, 114, 189, 192,
209-211, 352, 353, 407, 478-479, 487
490
Coulomb friction, 187, 462
crack opening displacement, 211, 212, 479,
494
cracks, 160, 162-163, 207-213, 314-315, 339,
477-483, 485-496
creep velocity, 192, 194
curved beams, 135-147
cylindrical cantilever, 263264, 400-402, 436—
437
D’Alembert’s principle, 94
degeneracy, 116-118
special solutions, 116118, 141-142, 145—
147
dilatation, 22,23
centre of, 364
surface dilatation, 369
direction cosines, 11
dislocations, 202-206, 213, 222, 231
climb dislocation, 202-203, 210
dislocation derivatives, 207
glide dislocation, 203
screw dislocation, 231
displacement, 13
calculation from stress components, 123—
129
notation for, 13
rigid-body, 14, 125-126, 128, 174, 175,
300
single-valued, 28, 131, 135, 199-200
displacement gradient, 176
Dundurs’ constants, 50, 186, 489, 490
Dundurs’ theorem, 223-224
eigenvalue problems, 80-84, 139-140, 157—

165
eigenfunction expansion, 81, 84, 157, 166
elasticity tensor, 20
elastodynamics, 95
elliptical bar, 244
elliptical hole, 289, 313
end effects, 77-88, 426-427
energy release rate, 212-213, 496
equilibrium equations, 25, 26, 31, 101, 321,
322, 347, 354
existence of solution, 510
finite element method, 503
Flamant solution, 172-175, 199
flat punch indentation, 179-180
fracture mechanics, 207-208, 213, 495-496
fracture toughness, 208, 213
Fredholm integral equations, 493, 495
friction, 187
Fourier series methods, 68-72, 84-88, 111-
113, 247-249, 264-266, 378
Fourier transform methods, 72-73, 165, 178—
179
Galerkin vector, 322-324, 330
gap function, 184-186, 518
global boundary conditions, 368, 478, 481,
487488
gravitational loading, 14-16, 91, 94,
Green-Collins representation, 460-463
Green’s functions, 157, 174, 175, 184, 199,
206, 448, 518
Griffith fracture theory, 208, 495-496
gross slip, 190
half-plane, 154, 160, 173-176, 286288
surface displacements, 173-175, 369
half-space, 339-341, 357-358, 367-370, 447,
487
coupling between normal and tangential
effects, 186, 490
surface displacements, 369, 447
Hankel transform, 457-458
heat conduction, 221-222
Hertzian contact, 181-183, 186, 468
history-dependence, 187-194
holomorphic function, 274
Hooke’s law, 3, 20-22, 220



hydrostatic stress, 10, 518
image methods, 213-215, 372-374
inclusions, 133, 207, 213
incompressible material, 23, 186
index notation, 6-8
vector operators in, 7-8
inertia forces, 94
integral equations, 177, 210, 448, 458, 463,
493, 495
interface crack, 485-496
contact solution, 494-495
irrotational vector field, 92, 322
isotropy, 20
Kelvin problem, 199-200, 365-366
Kronecker delta, 22
Lamé’s constants, 22
Laurent series, 282
Legendre’s equation, 378-379
Legendre functions, 381, 383, 421
recurrence relations, 379, 381, 383, 386
Legendre polynomials, 371, 379, 384
Love’s strain potential, 324, 335
Mathieu’s method, 84-88
Maxwell’s theorem, 515-516
Mellin transform, 165
membrane analogy, 245
Michell’s solution, 118, 119, 129, 130, 276
microslip, 190, 193
Mindlin’s problem, 188-191
mixed boundary-value problem, 448, 457, 478,
480, 488-490
mode mixity, 496
Mohr’s circle, 9
multiply-connected bodies, 28-30, 131, 222,
249-251, 349
notches, 154-155, 157
oscillatory singularities, (see singular stress
fields)
Papkovich-Neuber solution, 324-329, 334-335
in complex variable notation, 342-343,
431
change of codrdinate system, 325
particular solution, 99-100
path-independent integrals, 28, 92, 279
penny-shaped crack, 477-483

Index 533
at an interface, 490-495
obstructing heat conduction, 480-483
in tension, 477479
phase transformation, 364
plane crack in tension, 209-211
plane strain, 37-40
relation to plane stress, 42, 220
solution in complex variables, 298 et seq.
plane stress, 40-42
generalized plane stress, 42
Poisson’s ratio, 21
pole, 279-281
polynomial solutions, 55-68
potential energy, 499-500
theorem of minimum total potential en-
ergy, 500-501
Prandtl’s stress function, 242-243, 260, 295,
435, 438, 505
Prismatic bar, 427-444
process zone, 208, 213, 496
Rayleigh-Ritz method, 87, 501-503
reciprocal theorem, 515-524
rectangular bar, 229-230, 247-249, 264-266
rectangular beams, 55-73, 84-88, 97-99, 102—
104, 123-127, 152
end conditions, 77-88, 125-126, 520-521
shear deflection, 127
residue, 279-281
residue theorem, 279, 288
rigid-body displacements, (see displacements)
rolling contact, 191-194
rotation of a line, 16, 17
rotation vector, 18, 19, 322
rotational acceleration, 100-104
Saint-Venant’s principle, 40, 77, 239
self-equilibrated tractions, 39, 40, 77
self-similarity, 171-172, 199, 367
separated-variable solutions, 73, 79, 84, 172
shift, 187
simple radial distribution, 173
singular stress fields, 155-157, 162-163, 180,
205, 211, 364-370, 486, 510-511
oscillatory singularities, 493-494
slip, 188-194
source solution, 363-366, 368, 371, 461
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specific heat, 221
sphere, 405-406
spherical harmonics, 377-390
in complex variable notation, 387-390
spherical hole, 406-408
spherical polar angle, 337
stick, 188-194
strain,
notation for, 14
shear strain, definition, 19
tensile strain, 15-16
strain-displacement relations, 15-16, 19
in polar coordinates, 111
strain energy, 156, 498-499
strain energy density, 498
strain energy release rate, 212-213, 496
strain potential, 322, 325, 334
strain suppression, 354-355
strain transformation relations, 20
stress,
equivalent tensile stress, 13
hydrostatic stress, 10, 518
mean stress, 23
notation for, 4
principal stress, 9, 12-13
shear stress, 5
stress concentrations, 113—-115, 119-120, 137,
154, 406-408
stress concentration factors, 115, 120, 206,
408
stress intensity factors, 162, 163, 208, 211-
213, 479, 483, 494, 496
stress-strain relations, 20-22, 220
stress transformation relations, 9, 47, 103
summation convention, 6
surface dilatation, 369
surface energy, 208, 452-453
symmetry, 66, 69, 80, 85, 101, 153, 158, 339,
394, 483
thermal conductivity, 221
thermal capacity, 221
thermal diffusivity, 221
thermal distortivity, 223, 358
thermal expansion coefficient, 219

thermoelastic displacement potential, 347—
348, 364
thermoelasticity, 219-224, 347-358
axisymmetric stress in the cylinder, 349—
350, 394-396
heat flow obstructed by a crack, 480-483
plane problems, 219-224, 349-354
steady-state temperature, 222-224, 350—
354, 355-358
Williams’ solution, 357
thick plate, 358
thermoelastic plane stress, 357-358
thermoelastic reciprocal theorem, 522-524
thin-walled sections, 245-246, 250251
tilted punch, 470-472, 518-521
torsion, 241-251, 262, 419-427, 505-506
torsional rigidity, 244, 246, 247, 251
traction, 12, 303, 306
transformation of codrdinates (see codrdinate
transformation)
transverse shear, 259-266
twist, 241-242
uniform rotation, 97-99
unilateral contact (see contact problems - uni-
lateral inequalities)
uniqueness, 325-329, 509-511
variational methods, 497-511
vector notation, 6-8
vector operators in complex notation, 293—
294
Von Mises stress, 13
wedge problems, 149-166
Williams’ asymptotic method, 154-166
Young’s modulus, 21
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