Chapter 4
Linear Elasticity

1 Introduction

The simplest mechanical test consists of placing a standardized specimen with its ends in
the grips of a tensile testing machine and then applying load under controlled conditions.
Uniaxial loading conditions are thus approximately obtained. A force balance on a small
element of the specimen yields the longitudinal (true) stress as
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where F'is the applied force and A is the (instantaneous) cross sectional area of the specimen.
Alternatively, if the initial cross sectional area A is used, one obtains the engineering stress
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For loading in the elastic regime, for most engineering materials o, =~ o.
Likewise, the true strain is defined as
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while the engineering strain is given by
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Again, for loading in the elastic regime, for most engineering materials €, & €.
Linear elastic behavior in the tension test is well described by Hooke’s law, namely

o = Fe¢

where F is the modulus of elasticity or Young’s modulus. For most materials, this is a large
number of the order of 10! Pa.



Values of E can be readily determined by measuring the speed of propagation of longitu-
dinal elastic waves in the material. Ultrasonic waves are induced by a piezoelectric device on
the surface on the specimen and their rate of propagation accurately measured. The velocity
of the longitudinal wave is given by
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Transverse wave propagation rates are also easily measured by ultrasonic techniques and
the corresponding relationship is
|G
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where G is the modulus of elasticity in shear or shear modulus.

The shear modulus is involved in the description of linear elastic behavior under shear
loading, as encountered, for instance during torsion testing of thin walled pipes. In this case,
if the shear stress is 7 and the shear strain v, Hooke’s law is

T =Gy

2 Generalized Hooke’s Law

The statement that the component of stress at a given point inside a linear elastic medium
are linear homogeneous functions of the strain components at the point is known as the
generalized Hooke’s law. Mathematically, this implies that

o — Dz]klekl

where 0% and ¢;; are, respectively the stress and strain tensor components. The quantity
Dk is the tensor of elastic constants and it characterizes the elastic properties of the
medium. Since the stress tensor is symmetric, the elastic constants tensor consists of 36
components.

The elastic strain energy W is defined as the symmetric quadratic form

W = %O’”le = %D”MQ‘]‘EM

and has the property that 6"/ = 9WW/d¢;;. Because of the symmetry of W, the actual number
of elastic constants in the most general case is 21. This number is further reduced in special
cases that are of much interest in applications. For instance, for isotropic materials (elastic
properties the same in all directions) the number of elastic constants is 2. For orthotropic
materials (characterized by three mutually perpendicular planes of symmetry) the number
of constants is 9. If the material exhibits symmetry with respect to only one plane, the
number of constants is 13.



3 Stress-Strain Relations for Isotropic Elastic Solids

The generalized Hooke’s law for isotropic solids is

Oaa = 3Ke€na
r_ /
0 = 2G€Z-j

where K and G are the elastic constants bulk modulus and shear modulus, respectively and
the primes denote the stress and strain deviators.

Combination of the above with the definition of stress and strain deviation tensors yields
the following commonly used forms of Hooke’s law; for stress, in terms of strain

045 = )\eaaé.ij + 2G€ij

and for strain, in terms of stress

14+v v
Eij = Tgij — Eam@j
The constants A and G are called Lame’s constants, while £ is Young’s modulus and v is
Poisson’s ratio. Any of the above elastic constants can be expressed in terms of the others
and only two are independent. Values of the above elastic constants for a wide variety of
engineering materials are readily available in handbooks.
For an isotropic elastic solid in a rectangular Cartesian system of coordinates, the con-

stitutive equations of behavior then become

1
€xx = E[U:m: - V(Jyy + UZZ)]
1
Cyy = E[Oyy — V(0pz + 022)]
1
€2z = E[O-zz - V<O-ZEJB + Uyy)]
1
€xy = ﬁamy
1
€yz = ﬁayz
1
€2 = 7022
2G

4 Stress-Strain Relations for Anisotropic Elastic Solids

It is conventional in studying elastic deformation of anisotropic materials to relabel the six
stress and strain components as follows:

011 = 01



022 = 02

033 = 03

023 = 04

013 = 05

012 = Og¢

€11 = €1

€29 = €2

€33 = €3
1

€23 = 564
1

€13 = 565
1

€12 = 556

With the new notation and using the summation convention, Hooke’s law becomes
o; = Cjj€;

or equivalently
€ = Sij0;

where Cj; and S;; are, respectively the elastic stiffness and compliance matrices. Depending
on the symmetries existing in the material, only a few components of the above matrices
are nonzero. For instance, for single crystals with cubic structure only C4;, Co and Cyy
are nonzero. Values of the components of the above matrices for a variety of anisotropic
materials are readily available in handbooks.

5 Formulation of Linear Elastic Problems

For steady state conditions, the governing equations of the isotropic linear elastic solid are,
the equilibrium equations
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the stress-strain relations

Uij = )\ekkéij + QGEU
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and the small displacement, strain-displacement relations

613_2 ij (9$Z

Admissible strain fields are those that satisfy the equations of compatibility. The three
equilibrium equations together with the six stress-strain relations constitute a set of nine
equations for the nine unknowns u;,0;;. One can show this system is complete, yields an
unique solution under suitable boundary conditions and the resulting strain satisfies the
compatibility relations.

The above system of equations must be solved in each particular case subject to ap-
propriate boundary conditions. There are two fundamental boundary value problems of
elasticity:

e Problem 1: Determine the stress and strain fields inside the elastic body subject to
specified values of the displacement wu; at its boundary.

e Problem 2: Determine the stress and strain fields inside the elastic body subject to a
specified values of the surface tractions 7; at its boundary.

Because of the nature of the boundary conditions associated with the two fundamental
problems above, it is convenient to produce formulations of the elasticity problem involving
only displacements or stresses.

Specifically., combining the strain-displacement relationships with Hooke’s law and sub-
sequent introduction of the result into the equilibrium equations yields the Navier equations

G’ui,jj + (/\ + G)Uj,ji + XZ =0

The above is then a set of three equations for the three unknowns ;.
Alternatively, combination of the compatibility equations, Hooke’s law and the equilib-
rium equations yields the Beltrami-Michell equations

14

Vi + Xiekdi — (Xij + Xj4)
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An interesting special case of the equilibrium equations is obtained if the body force
vanishes. In this case, one can readily show that the two invariants, the dilatation e = €.,
satisfies

Ve =0

and the mean stress o = %aaa satisfies

Vie =0



Furthermore

V4Ui =0
V4€ij = O
V4O'Z‘j =0

i.e. the dilatation and the mean stress are harmonic functions while the displacement vector
components, the strain tensor components and the stress tensor components are all bihar-
monic functions.

6 Strain Energy Function

An important quantity in continuum mechanics is the energy associated with deformation.
The specific strain energy of the linear elastic material W was defined above as

1
W = §Cijk:leij5kl

It has the properties

ow_

8%- Y
and

ow

T = €j
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It can be shown that, as long as the strain energy function exists and is positive definite, the
two fundamental boundary value problems of elasticity have unique solutions. Non-unique
solutions may occur if W is not positive definite (e.g. buckling, inelastic deformation) or
when the linear equations break down (e.g. finite deformation, forces with memory).

7 Potential Methods

Helmholtz’ theorem states that any reasonable vector field u can be expressed in general in
terms of potentials, i.e.

u=Vo+V xv¢



where, here ¢ is the scalar potential and 1 is the vector potential. The scalar potential is
directly related to the dilation e by

e=o,ii
while the vector potential relates to the rotation vector w; by

A simple example of the use of potentials in elasticity is Lame’s strain potential function
¢ defined by

o¢
(933'1'
It can be shown that in the absence of body forces the potential is an harmonic function, i.e.
Vi =0

and the stress tensor components are given by
Tij = Pij

Since harmonic functions have long been studied and are well known, they can be readily
used to obtain solutions to many practical problems.

8 Two-Dimensional Problems in Rectangular Carte-
sian Coordinates

In Cartesian coordinates (x,y), the Airy stress function ®(z,y) is implicitly defined by the
equations

0?P

ap
e
oxdy ey

9*®

E Oy =V

where the potential V' is implicitly given by
VV =-X
where X is the body force vector.
If X =0 then
0P ) 0P n 0P
ox?t ox?0y*  Oy?

Hence, the stress function is a biharmonic function.

=0
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9 Two-Dimensional Problems in Polar Coordinates

The equations of equilibrium in two-dimensional polar coordinates (r, ), where the body
force acts only along the r—direction are

do, 10149 o0, —

ol
- X, =0
8r+r 00 r *

180‘9 07'7,9 27‘7,9
r 00 or r

One can show that the appropriate form of the stress function equation required to satisfy
compatibility is

(8_2+12+i8_2)(82_®+18_®+l82_®>_0
or2  ror  r2002’ 0or2  ror  r2o62’

where
100
Opp = — (7
r Or

and

9*P
Opg = ——
T or?

An important special case is obtained when the stress distribution is symmetrical about
an axis. The stress function equation in this case becomes

do 2480 1 PO 140

R R

0

One can show that a fairly general solution of the above is of the form

® = Alogr + Br*logr + Cr? + D

10 Thermodynamics of Elastic Bodies

Thermodynamics accounts for the effects of thermal phenomena on the response of materials
to mechanical loads. The first law of thermodynamics states that energy is conserved. The
second law states that entropy is always created. The combined statement of the first and
second laws of thermodynamics as applied to solid bodies is

1
P



where U is the specific internal energy or energy per unit mass and S is the specific entropy
or entropy per unit mass.

The Helmholtz and Gibbs free energy functions are often useful in solving practical
problems. They are defined respectively as

F=U-TS

and

1
G = U — TS — ;Uij‘sij

The equations of thermodynamics can be used to obtain expressions of the condition
required for thermodynamic equilibrium. Two equivalent statements of the condition are

e A system is in thermodynamic equilibrium if for all possible variations of the state
taking place at constant energy, the entropy change is negative, i.e. (AS)|y < 0, the
entropy is maximal.

e A system is in thermodynamic equilibrium if for all possible variations of the state
taking place at constant entropy, the energy change is non-negative, i.e. (AU)|s > 0,
the energy is minimal (or positive definite).

The laws of thermodynamics impose definite restrictions on the mathematical form of
constitutive equations. In the case of linear elastic bodies, combination of Hooke’s law with
the definition of strain energy yields

dW = Uijdeij = Aede + ZGEijdEij

For a point in a body going from zero stress to a particular stressed state, the total strain
energy becomes

A
W = /dW = 562 + Geijeij
or, in terms of the second invariant of the strain deviation tensor, J, =
L.,
W = §K e“ + 2GJ,
Since, thermodynamics requires the energy to be positive definite, necessarily

E>0

and

1
—1l<v<-—
V=3



The strain energy function must be modified when the body is subjected to thermal loads
in addition to mechanical ones since there is thermal expansion. The appropriate form of
the strain energy in this case is

1
W = —0;;(T' = To)e;; + §Cz(jkz€ij€kl

where [3;; is a tensor of thermal expansion coefficients and Tj is a reference temperature.
With this, the stress becomes

045 = Uijki€rl — ﬁij (T - TO)

As in the isothermal case, the number of elastic constants is significantly reduced for an
isotropic body and the expressions for stress, strain and energy become

E
Uij = )\G(Sij + 2G€ij — ﬁ(T — To)(sij
v 14+v
€ij = —ES(SU -+ TUU + Oé(T — To)él

and

Voo, 2<1+V)04(T—T0)e]

W=Clesei + 75, 79,

where « is the coefficient of thermal expansion, e = ¢; and s = o0y;.
With the above, expressions for the various thermodynamic functions applicable to
isotropic linear elastic solid can be derived. For instance, the internal energy is given by

FEa

1.1
U="[5Ke +2G); +

T Cy
p 1—-2v e+ p(C)

eijZU(T - TO)]

and for the Gibbs free energy

T T dT’
0ij045 — Oé(T — To)O’ + p/TO dT (Cp)

To

— E[LOQ _ 1ty
- p2E 2F

;=0 F]

Moreover, various equations connecting the thermal and mechanical properties of the
elastic solid are also readily derived. One example is the formula

. TaEi]’ 80'2']'
Cp = Co = p OT OT
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11 Thermoelasticity

When thermal energy is added to an elastic material it expands. For the simple unidimen-
sional case of a bar of length L, initially at uniform temperature 7; which is then heated
to a nonuniform temperature 7" and thus grows in length by an amount AL, the relative
uni-axial stretching due to thermal expansion is

AL _

7 e=ao(T —Tp)

where € is the strain and « is the thermal expansion coefficient. For an isotropic cube of side
L the (normal) thermoelastic strains are

€& =€, =€, =T —1Tp)

It is conventional but not necessary to take 7T = 0.

Since the heated region is joined to, and constrained by rigid surroundings, it can not
expand freely but becomes subjected to compressive stresses. At the same time the colder
portion is subjected to the pull exerted by of the adjacent hot portion and it is thus under
tension. Although Hooke’s law is still applicable, due account must be taken of the additional
stresses created by thermal expansion.

The governing equations for the isotropic thermoelastic solid include the equilibrium
equations

aO'Z'j

8—%+Xizo-ij,j+Xi:0

where 7,7 = 1,2, 3, the generalized thermoelastic stress-strain relations
0ij = Cijuen — Bij(T — To) = Newxdij + 2Gey; — 30450

where § = T — Ty is the excess temperature distribution, and f = «F/(1 — 2v) where « is
the thermal expansion coefficient.
Expressed as strain-stress relationships the above are

1+v v
eij = TO'Z'J' — _O-,u,u(sij —+ oz@éij

E
The small displacement strain-displacement relations are, as before
1
€ = 5 (Ui +uji)

Finally, the compatibility equations must also be satisfied.
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The temperature distribution § must be determined by solving the energy conservation
equation

aUu 08 N 1 v
dt o p 7Y
where U is the internal energy, S the entropy and
1 0%- an

Vi =

is the rate of deformation tensor where v; is the velocity.
One can show that the following from the differential thermal energy balance equation
can be derived from the above

(9H 8€ij
FRrT

where H is the enthalpy, ;; are experimentally determined numerical coefficients and 7 is
the rate of internal energy generation.

The energy equation above must be solved subject to suitable boundary and initial con-
ditions in order to determine the temperature field 6.

For steady state conditions in a medium of constant conductivity and without internal
heat generation

=V - (kVO) +r

V=0

i.e. solutions to steady state heat conduction problems are harmonic functions.

In uncoupled, quasi-static thermoelastic theory, the mechanical coupling terms in the
energy and the heat conduction equations are neglected. Therefore, the heat conduction
problem and the thermoelastic deformation problem are handled separately.

By substituting the generalized thermoelastic stress-strain relations and the small dis-
placement strain-displacement relations into the equilibrium equation one obtains the gen-
eralized Navier’s equation

Gui,,uu + ()\ + G)U%W' + XZ - 69,1 =0

The three thermomechanical equilibrium equations together with the energy equations
and the six stress-strain relations constitute a set of ten equations for the ten unknowns
u;, 7;; and 6. One can show this system is complete, yields an unique solution under suitable
boundary conditions and the resulting strain satisfies the compatibility relations.

For the solution of thermoelastic problems Goodier introduced the displacement potential
function ¢ as

d¢

W= Vo= = o
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The above, when substituted into the generalized Navier equation and integrated yields

1

O pp = m(P + 30)

where P is the potential for the assumed conservative body forces (i.e. X = =V P).

The solution of the above is the sum of a particular solution and the complementary
solution of Laplace’s equation (V?¢ = 0).

For plane strain conditions, on a x — y plane in rectangular Cartesian coordinates, com-
bination of the equilibrium equations and the compatibility condition yields

g

1—v

VQ(O';C;C +0yy> = \VAL)

Introducing the stress function ® defined by

0%
0*®
20

oy = _8x8y

yields
ak

— VUV

Vid = ———V?)

12 Finite Elements in Elasticity

Consider an elastic body being deformed by applied loads while constrained from rigid body
motion. The stress principle of Euler and Cauchy states that when the body is in mechanical
equilibrium the volume forces and surfaces at any small subdomain inside the body balance
each other, i.e.

/fvar/tds:O
Q N

where f is the volume force vector field, ¢ is the stress vector field and €2 and I' are the
volume and surface area of the subdomain.

Furthermore, Cauchy’s theorem states that related to the stress vector ¢ there is a stress
tensor o called the Cauchy stress tensor.

The displacement vector field u described the deformation everywhere inside the loaded
body. However, it is convenient to introduce the strain tensor € associated to the displacement
in the small deformation regime characteristic of elastic phenomena

e 1(% + Ou
i = 2 8@ 8@

) =Vu
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where €;; are the components of the strain tensor and V* is called the symmetric gradient
operator.

It is convenient in solid mechanics to state the condition of mechanical equilibrium in
variational form. In this representation, the deformation state corresponding to mechanical
equilibrium of the loaded body is the one that yields the minimum value of the functional

I:/V[%e:a—f.u]jt/rlg.uds

where € : 0 = Y, €04 This is just the expression of the principle of minimum energy. A
closely related variational statement is the principle of virtual work.

All materials satisfy the above equation as a condition for mechanical equilibrium. How-
ever, depending on the material constitution, the response to a given load varies. This
variation is described by means of constitutive equations of mechanical behavior. The con-
stitutive equation for elastic behavior is Hooke’s law

I1+v v
€= o— —oil

E E

where F is the elastic modulus, v is Poisson’s ratio. Sometimes, the shorthand notation
o = (e is used instead.

Te commonly used displacement formulation of the finite element method as it is applied
in solid mechanics is readily obtained by expressing the variational principle in terms of the
displacement, i.e.

I = / [lvsu : OVPu — fauldv+ | gauds
v 2 I

In the end, the variational formulation leads to the fundamental equation of the finite
element method, representing the condition of mechanical equilibrium between internal and
external forces

Ku=F
where K is the stiffness matrix
K=> ATKA°
with A€ is the Boolean matrix such that A? = 1 if the m-th elemental degree of freedom

corresponds to the n-th global degree of freedom and zero otherwise. Here, K¢ is the element
stiffness matrix defined by

K¢= | B CBV

VB
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where B¢ is the matrix containing the derivatives of the shape functions and C'is the elasticity
matrix containing the appropriate material properties. Moreover, u is the vector of nodal
displacements and F is the vector of externally applied loads. The above system of linear
algebraic equations can then solved using standard methods of numerical linear algebra once
the stiffness matrix components are calculated by evaluating the stated integrals.

13 Examples

13.1 Torsion of Elastic Bars

Saint-Venant produced solutions for the torsion problem of a long bar (aligned with the z—
direction), under small twist conditions by assuming the vector components of displacement
to be given by

U= —azy
V= QRT
w = ag(z,y)

where « is the angle of twist per unit length of the bar and ¢(x,y) is the warping function.
It can be shown that the warping function satisfies Laplace’s equation

V=0
subject to the condition

d¢

— =ycos(z,n) — xcos(y,n
22 = yeos(z,n) — x cos(y, n)
at the lateral boundary of the bar and is therefore an harmonic function.
Alternatively, Prandtl proposed, in analogy with the stream function of hydrodynamics,
the use of the stress function ¢ (z,y) defined by

Opr — —aw
O
o=

It can be shown that the equations of elasticity for the torsion problem in terms of the stream
function are equivalent to the problem of solving

V) = —2Ga
subject to
Y=0
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on the boundary of the bar.
For instance for the bar of elliptical cross section (axes a and b), a suitable expression for
the stress function is

=K+ ()~ 1]

With the above one can readily obtain closed form expressions for the shearing stresses 7.,
Ty and 7., = /72, + 72,, the torque M; = 2 [ [¢dzdy, angle of twist o and the warpage w.

13.2 Bending of Beams

Consider a cantilever beam (length L, moment of inertia of the cross section I), loaded at one
end with transverse force P. Select a rectangular Cartesian system of coordinates with the
z-axis aligned with the axis of the beam and the x —y plane coincident with its cross-section.
The equilibrium equations are

00 .4
=0

0z

oy,
Tz _

0z

and

00, N oy, L Px 0
Ox dy I
It can be shown that in order to satisfy the compatibility requirement (expressed in terms
of the stress tensor - Beltrami-Michell equations), the above problem can be represented by
the following equivalent one in terms of the stress function 1, namely, determine the function

Y(x,y) satisfying
O Y v Py df

- - - 2 — -z _ =
8x2+8y2 VY 1+v I dy

subject to the condition ¢» = 0 on the boundary of the cross section of the beam, where f(y)
is a conveniently defined but arbitrary function introduced by Timoshenko.
Specifically, for the beam of circular cross section (radius r), a suitable form for f(y) is

Fw) = 57— )

with this, the above equation for 1) becomes

1+2v Py
2 — R
V¢—1+V I
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with the solution

I+ P,
Y= 8(1+1/)I<x Yy -y

From this, the stress components are found to be

oy Pax? (3+2v) P

- - @ 7 _ 2_ 2_
A Y + /W) 8(1+1/)I<r o

_ W _ (1+2v)Pry
T T T 411w I

and, from elementary beam theory,

13.3 Pressurized Spherical Shell

For instance, for a hollow sphere (inner radius a, outer radius b) subjected to inner pressure
p and outer pressure q. Consider the potential function
C
= — + DR?

¢ R
where C' and D are constants and R* = x? + y* + 22. This potential function can be used
to determine the stress at (R,0,0). The values of the constants C' and D are determined by
incorporating the boundary conditions to yield

__(@®/RP-1  1-—(a/R)’
TRE= TP e —1 - U1 (a)0)

and

(b/R)? + 2 (a/R)®+ 2

_4
((b/a)3 — 1) 2( 1— (a/b)3)

Oy =

N3

13.4 Pressurized Cylindrical Tube

Consider a long cylindrical tube subjected to uniform pressures at its inner and outer surfaces
(—p at r = a and —q at r = b). Axial symmetry can be assumed and body forces may be
neglected. The equilibrium equation becomes

darr Orr — 099
+ =0

dr r
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Moreover, Hooke’s law reduce to

1 du
€Err = E(Urr - VUGQ) - %
and
1
€00 = E(Uee —VO,) = =

where u is the radial displacement.
It can be shown that an appropriate form for the stress function that yields physically
meaningful, single-valued displacement functions in this case is

® = Alogr +Cr*+ D
Taking derivatives of this and substituting the stated boundary conditions yields expres-
sions for the unknown constants A and C' and the stress field is given by
109 (b/r)* —1 1— (a/r)?
Opp = —(7— = — -
ror . Pjar—1 11— (a/b)

0?P (b/T)? +1 1+ (a/r)?
Ogp = 55 =P 2 —4q 2
or (b/a)? —1 1—(a/b)
And the displacement is given by
1—v(a®p—b*q)r 1+v(p—q)a®b?
u =
E b? — a? E (b —a?)r
In this particular case, the problem can also be solved without involving the stress

function by solving the equidimensional differential equation that results from substituting
Hooke’s law and the strain-displacement relationships into the equilibrium equation.

13.5 Bending of a Curved Bar

For the bending of a curved bar (inner curvature radius a, outer curvature radius b), by a
force P acting towards the origin at one end while the other end is clamped, one has

/

O = (dir® + % +djrlogr)sind

where

P
dll = —N(CZQ + b2)
where N = a? — b + (a* + 1) log(b/a).
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13.6 Rotating Disks

Consider the problem of a solid disk of material with density p, radius b, of uniform thickness
and rotating about its center with angular velocity w. If the disk thickness is small compared
to its radius, both, radial and tangential stresses can be regarded approximately constant
though the thickness Moreover, because of the symmetry, the stress components can be
regarded as functions of r only and the shear stresses vanish. The equilibrium equations
reduce to a single one, namely

do, o0, — 0g d

_a _ 2.2 _
o + " + X, = dr(rar) g+ pwrc =0

where X, = pw?r.
It can be shown that a stress function F' defined by the relationships

F=ro,

and
dF’ 5 o

— =09 — pwr
dr 60— P
produces stresses satisfying the equilibrium equation.

The strain tensor components in this case are

_du_l< )

& = = 5(0r — vy
u 1

GQI;IE(UQ—VO'T)

where u is the radial displacement and Hooke’s law has been used.
By eliminating u from the above equations and using Hooke’s law, the following differ-
ential equation for F' is obtained
,d°F dF

r Werﬂ—F—i-(?;—l—u)prr?’:O

The general solution is of the form

¢, 3
F=Cr+—— +pr2r3
r

Particular solutions to specific problems can now be obtained by introducing boundary
conditions. For instance, for a solid disk, the stresses are finite at the center and o, vanishes
at its outer radius r = b. The resulting stresses are then

g —17)
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1
oy = ’ —i8_ prQbZ — —;3ypw2r2

Alternatively, for a disk with a hole at the center (radius a), since o, = 0 at both r = a
and r = b, the stresses become
_3+v a’b?

2 pr(b2 +a?— 2T 7"2)

oy

3 22 143
ngjpw2<b2+a2+a__ o

2
8 r2 3—|—VT)

Note that as the size of the hole approaches zero, the maximum tangential stress does not
converge to the value obtained for the solid disk. This is the effect of stress concentration
associated with the presence of the hole.

13.7 Plate with a Hole under Uniaxial Tension

Consider a large plate with a circular hole (radius a) in the middle and under uniform
uniaxial tension S along the x—direction.
Far away from the hole (for radii b >> a), the stresses are given by

S
(07)|r=p = 5(1 + cos(20))
and
Trg = —g sin(26)

where 6 is the angle between the position vector and the positive x—axis measured clockwise.
It can be shown that the above stresses can be obtained from the stress function

¢ = f(r)cos(20)

by using the equations

5= 109
" ror
or?
and
0 10¢

0= "5 a0
20



By requiring the stress function to satisfy
2 10 1 0% ,0° 10 1 9
(55 +-=+ ——)(—gZS (100, 1079
or?2  ror  r200%0r?  ror r?200?
the compatibility condition is automatically satisfied. Introducing the assumed relationship
for ¢ yields

) =0

o 10 4 Pf 10f Af,
Brtier @ e T ) =0

This can be readily solved yielding the following general solution for the stress function
C
¢ = (AR + Br' + — + D) cos(26)
r

Finally, introducing the far-field stress conditions (at r = b) and the condition of zero external
forces at the hole boundary yields

7= S ()4 2030~ 40P cos(20)

S a.o S a.,
oy = 5(1 + (;) ) — 5(1 + 3(;) ) cos(26)

o =~ (1= 32"+ 2(%)?) sin(20)

13.8 Thermal Stresses in a Thin Plate

Consider an infinitely long plate of very small thickness and width 2¢. Let the long direction
be aligned with the z axis and the width with y. Assume that Ty = 0 and that the temper-
ature in the plate is only a function of y, (i.e. § = T'(y)). What would be the thermoelastic
states of strain and stress resulting from this temperature field?

The answer is obtained using the principle of superposition. First, one must determine
the amount of compressive stress that would have to be applied to keep the plate from
straining altogether in the longitudinal (z) direction.

From the above, the required stress would be

o = —aET(y)

Since one is interested in the thermal stress in an expanding plate, to the above stress
one must superimpose the stress generated in the plate when a uniformly distributed tensile
force of magnitude

L BT ()
2—C/y:ca (y)dy
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is applied at the x — +00 boundaries.
Therefore, the actual thermal stress in the plate is

1 yjy=+tc
Oy = —/ aET(y)dy — aET (y)
2C y=—c

Assume now that 7T'(y) is quadratic in v,

)
T(y) = Tymol1 — %)
I.e. the center of the plate is at temperature T)—, while the edges y = +c are at 0. Substi-
tuting this into the expression for o, gives

2 y>
Op = gOfETyZO — aETy:()(l — 0_2)

Clearly, the stress is quadratic in y. The maximum compressive stress is at y = 0 and
it is equal to 0, y—0 = —%aETyZO, while the maximum tensile stress is at y = £c and it is
O ymtc = %aETyZO. The stress is zero at y = +¢//3.

13.9 Thermal Stress in Disks and Cylinders

Consider a thin disk (radius b) with a hole of radius a at the center. Assume the temperature
in the disk §# = T'(r) is only a function of the radial position r measured from the center of
the hole.

If plane stress conditions are assumed, mechanical equilibrium requires

dr r
O'+0' O'(b:()

dr T

where r and ¢ are the radial and azimuthal directions, respectively.
The strain-displacement relations are

du
= ar
U
€p = —
* T

where u is the radial displacement.
Finally, for linear thermoelastic material the stress-strain relations are
E

o, = U[(Er +vey) — (1 +v)aT)|

E

Op = ———
¢ 2

[(eg + ve,) — (1 4+ v)aT]|
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Combination of the strain-displacement relations with the above and substitution into
the mechanical equilibrium equation yields

a2 " rdr 2 dr

with the general solution
17 1
=1+ y)a—/ Trdr + C'lf + Cy—
T Ja 2 r

where C, (5 are constants. The associated stresses are

E ﬁ_ E @
1—v 2 14+v1r2

E rr
oy, = —a—z/ Trdr +
r a

E g_'_ E @
1—v 2 14+vr?

E r
04 = ab Trdr — aET +
¢ 7'2 a

Since no radial stresses act at the inner and outer the outer radius of the disk (o, (a) =

Ur(b) = 0)7

1_
Cl V /TdT’

o b2 — g2
(1
Cy = + Y o;a / Trdr
—a
and the axial strain is
21/04
=(1+4+v)aT v / Trdr

If plane strain conditions are assumed instead (a good approximation in the case of a
tall hollow cylinder with its bases restrained from movement along the axial direction), the
corresponding results are, for the displacement

| (1—20)
I +V/Tdr+ ””/Trdr

rl— b? — a?

and for the associated stresses are

aF
o, = — = 1_V /Trdr—i— —a2/ Trdr]
aoF 1 r’+a
%:7"_21—1/[ Tr? —l—/ Trdr + _&2/ Trdr]
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and
1

1—v

2v b
0, = OéE [—T+ m/ﬂ TT'd?“]

The solution to the case of a tall hollow tube unrestrained from movement in the axial
direction is given by

a1 r (1=3v)r*+ (14 v)a?
U—?l_y[(1+u)LTrdr+ o2 /Trdr

the associated stresses are

aF
o =5 = [ Trdr+ —a2/ Trdr]
ab 1
U¢:T—21—V[ Tr? +/ Trdr + _a2/Trdr
and
aF 2 b
7= T g [ T

and the longitudinal strain is

—a2/ Trdr

Specifically, for a thin disk with radial steady state temperature distribution

T(r) =T, — (T) - T)EE%

where T, = T'(a), T, = T'(b). the stresses are

1 1—(a/r)* In(r/a)
or = 3080 = T =0 F ™ Tn(b/a).

1+ (a/r)? ~ 1+In(r/a)
1 —(a/b)? In(b/a)

with o, = 0. The corresponding stresses for the long hollow cylinder are obtained dividing
the above by 1 — v. but in this case with

7 = SO B(T, ~ T,)| ]

- _aE(Tb—Ta)[ 2 _ 1+2In(r/a)
T 2(1—v) '1—(a/b)? In(b/a)

]
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13.10 Thermal Stresses in Quenching

Consider the case of quenching a long free cylinder, initially at a uniform temperature 7'(r) =
Ty by maintaining its surface temperature at zero (T'(r = b) = 0). The solution of the
homogeneous linear transient 1D heat conduction problem is (see for example ”Conduction
of Heat in Solids”, 2nd ed, by Carslaw and Jaeger, Clarendon, Oxford, 1959, p. 199):

2 Ty (~rZ5e)
Tr) =T 2 55 5y Toon)e

where k is the thermal diffusivity, Jy and J; are the Bessel functions of first kind, of orders
zero and one, respectively and 3, are the eigenvalues of the problem, which are the roots of

Substituting the expression for T'(r) into the stress equations one obtains

_20BT &1 b ABar/b), ud
=1, L m am

C20ETy &1 1 bJ(Balr/b)  Jo(Balr/b), (.
=1, Z%T%WT%F LB Badi(Ba) Jef 7t

n=1
and
_2aBTy & 2 Jo(Ba(r/b); (nZhe)
O-Z(T>— 1—v nzz:l[ﬂr% 6n']1<ﬁn) ]6

If one is interested only in the maximum value of the stresses (which occur when ¢ =~ 0
at the surface), the results are

o.(b) =0
CYETO
Og = 0, = 11—,

L.e. the surface of the cylinder is under circumferential (hoop) and axial tensions of equal
magnitudes. The (cold) surface layers of the cylinder want to contract but are prevented
from doing so by the (still hot) core. If instead of quenching, a cold cylinder is heated, the
initial stress state at the surface is compressive.
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13.11 Thermal Stresses in a Sphere

Consider a sphere of radius b in which the temperature is only function of r. The differential
mechanical equilibrium equation is

do, 2
dr + ;(0-7’ — Ut) =0

where o, and o; are, respectively, the radial and tangential stress.
The stress-strain relations are:

1
e = oT + E(GT — 2v0y)
and

1
¢ =aol+ —|o

E[ t — v(o, + 0y)]

Finally, the displacement-strain relationships are

du
€ = —
" dr
and
U
€t — —
r

The solution in this case is

1
u(r) = +V / Tr"2dr’

1—v 7"2

208 1
o.(r) = T b3/ Tridr — 7’3/ Tr'dr']
and
o 2
o(r) = T b3/ Tererrg/ Tr?dr’ — T

If T'(r) is known, stresses are readily computed.

For instance, if a cold solid sphere, initially at Tj, is heated by maintaining its surface
at temperature 77, the maximum compressive stress (occurring at the surface at the very
beginning of the process) is

OéE(Tl — To)

1—v

o.(b) = o (b) = —
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13.12 The Finite Element Method for a One-Dimensional System

Consider an elastic bar loaded by a distributed internal body force f(x) constrained at the
end x = 0, attached to a rigid wall by a spring of spring constant k; at x = L and under
imposed axial tractions Tys = cu(x) due to a distributed spring acting along its length. The
goal is to determine the longitudinal displacement of the bar at equilibrium. If the cross
sectional area of the bar is A(x) the condition of mechanical equilibrium is obtained by
performing a force balance on a small element Az of the bar and then taking the limit as
|Deltax — 0. The result is

d du

The principle of virtual work is obtained by multiplying the equilibrium equation by a
reasonable function v(z) and then integrating from z = 0 to = L while using integration
by parts the result is, after minor rearrangement

L du dv L
/0 (AE%% + cuv)dr = /0 fvdx 4+ (Fv)p=r — (F)|s=0

The function v is called the virtual displacement and dv/dzx is the virtual strain. Intro-

ducing the notation

L du dv
a(u,v) = /0 (AE@@ + cuv)dx

and
L
(£.0) = | fode+ (Fo)lams, = (Fo)lmo

the principle of virtual work becomes

a(u,v) = (f,v)
Using the above notation one defines the elastic strain energy U as

1
U= —-a(u,u
Ja(u,u)

As in the general formulation of the finite element methodology, the function u that satis-
fyies the differential mechanical equilibrium equations subject to given boundary conditions
is the same that solves the variational problem expressed by the principle of virtual work
and it is also the same that minimizes the energy functional.
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14 Exercises

14.1
Consider a point inside an isotropic linear elastic solid where the stress tensor is given by
2 x 106 — 3 x 106 1 x 10°
o = | —3x10° 4 % 10° 5 % 10°
1 x 108 5 x 10° —1 x 108

in Pascals. Use Hooke’s law and determine the corresponding strain tensor components.

14.2

Show that the biharmonic equation for the Airy stress function ® corresponding to two-
dimensional, linear elastic systems in polar coordinates, reduces to the following form for the
axially symetric case

P 2480 1L 1dd

drt  rdr3  r2dr?2  r3dr

0

Obtain the solution ®(r) to the above equation. Then use the definitional relationships
for the stress function

1dd
Opp = ——5—
r dr
and
d*®
Opg = ——
0= 153

to obtain expressions for the radial and azimuthal (hoop) stresses inside the wall of a long
cylindrical pipe (inner radius a, outer radius b) pressurized internally to pressure p with
the outside pressure maintained at zero. Make plots of the dimensionless stresses o,.,./p and
09 /p versus the dimensionless thickness r/b (for the range a/b < r/b < 1).
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14.3

A cantilever beam has length L = 1, breadth b = 1 and height h = 0.1. The elastic modulus
is £ = 10" and Poisson’s ratio is v = 0.3. At the lower edge of the free end, a downward
load FF = 10° N is applied. Use the Ansys finite element software with linear elements
to determine approximate solutions to this problem. Compare your results against those
obtained from elementary beam theory.

14.4

A simply supported beam has length L. = 1, breadth b = 1 and height h = 0.1. The elastic
modulus is £ = 10 and Poisson’s ratio is ¥ = 0.3. In the middle of the upper edge of the
beam, a downward point force F' = 10° N is applied. Use the Ansys finite element software
with linear elements to determine approximate solutions to this problem. Compare your
results against those obtained from elementary beam theory.

14.5

The temperature inside a thin solid circular disk (radius b) is symmetrical about its center
and has the form

T(r) = To(1 - 7)

where Ty is a constant value. Hooke’s law taking into account the thermal expansion effect
gives the radial and azimuthal strain components

_du_l

€& =1 = E(UT—J/JQ)—FQT
U 1
== E(ag—yar)—i-aT

where u is the radial displacement and « the thermal expansion coefficient.

Solve the above for the stresses then substitute into the equilibrium equation appropriate
for this case and obtain a differential equation for the radial displacement. Finally, solve the
resulting differential equation and obtain expressions for u(r), o,.(r) and ogy(r).
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