NPTEL — Mechanical Engineering — Continuum Mechanics

Module-5: Constitutive Relations
Lecture-37: Linear Elasticity

In this lecture, we discuss the theory of linear elasticity. Though there are strong assump-
tions in this theory, due to simplicity, it is widely used for predicting the behaviour of
solids.

Kinematics:

We want to have a strain measure that is linear function of displacements. In order to
obtain such a linear strain, we assume that the displacement gradient Vxwu is small.
Therefore, the quadratic term that appears in the Green strain tensor (see Eq. (6) in
Lecture-20) can be neglected. Consequently, we have a linear strain measure

€ = ; (VX’LL + (VXu)T) .

This linear strain is also known as small strain tensor. In addition to small displacement
gradients, if the displacements are assumed to be small then the linearization of Almansi
strain tensor also coincides with the small strain tensor. In other words, if displacement
gradients and displacements are small then we have the linear strain

Q

€= ; (VXu + (qu)T) ; (vxu + (qu)T>

We note that there is no difference between material gradient and spatial gradient in
linear elasticity. Therefore, we can write the small strain tensor

€= ; (Vu + (Vu)T> : (1)

Characterization of rigid motion under small strain measure:
The displacement field u represents (infinitesimal) rigid motion (i.e., under the assumption
of displacement gradients are small) if and only if

u=WX +ec, (2)

where W is constant skewsymmetric tensor and ¢ is constant vector. An alternative form
of rigid displacements can be represented by

u=wx X +c, (3)
where w is the axial vector of W.

We now show that Eq. (3) represents the rigid motion with the assumptions of small
displacements and displacement gradients. Recall the following equation for rigid motion
from Lecture-18.

x=Q(t)X + c(t). (4)
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We note that Q(0) = I. Using Taylor’s expansion of Q(t) about t = 0, we get
Q(t) = Q(0) + Qli=ot + o(1).

It is easy to see @ is skewsymmetric tensor as QQT is skewsymmetric and Q(0) =1I. Let
us denote W = Q|;—¢. Then Q(t) can be written as

Q(t) =TI+ Wt+o(t). (5)
Let W = Wt. Then for small ¢ we have the following relation from Eqs. (4) and (5).
r—X=WX +ec (6)

Since displacement field u =  — X, we get the result stated in Eq. (2). It is easy to see
that W and ¢ can be function of X but they are not function of time ¢.

As defined in Eq. (1), six components of strain tensor depends on three components of
displacements. Hence, a unique strain field can be obtained for a give displacement field.
But for a given strain components, the displacement field is not necessarily unique and
compatible. In order to ensure a single valued displacement field, the given strain field
should follow compatibility conditions discussed below.

Compatibility conditions:
The strain field € should satisfy the following condition known as compatibility equations
to ensure single valued displacement field.

V x(Vxe)=0. (7)
In indicial notation
(Vx(Vxe). =¢ 4ﬂ—0 (8)
ij €imn€jpq aXmaXp - Y

Clearly, there are six equations as the strain tensor is symmetric. We now show that every
displacement field satisfies the compatibility conditions.

Let u be a displacement field. Then the strain field is defined by
1
€=3 (Vu + (Vu)T> :
Taking curl of curl of strain field, we get
1 T
Vx(Vxe = §V>< (Vx (Vu+(Vu) ))

— lv x (V x (Vu)) + ;V X (V X (Vu)T)

2
— ;V X (V X (Vu)T) (Since V x (Vu) = O)
- ;v x (V(V x u)) (Since V x (Vu)" = V(V x u))
= O (Since V x (Vv) =0, YveV)

Thus, for a given displacement field the compatibility conditions are automatically satis-
fied. On the other hand, for a give strain field the compatibility ensures the single valued
displacement field.
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We now state two important properties of curl of curl of strain tensor which will be
used for simplifying the compatibility conditions.

Properties of curl of curl of strain field:

e The tensor V x (V X €) is symmetric as the strain field is symmetric, i.e.,

(Vx(Vxe) =Vx(Vxe). (9)

e It follows from previous proof that the trace of tensor V x (V X €) is zero, i.e.,
tr (V x (Vxe)) =0, (10)

or, alternatively,
(Vx(Vxe), =0. (11)

Using € — 0 identity (see Lecture-3) and Eq. (8), we get
Vi(tre) =V - (V-€) =0. (12)

Problem 1. The compatibility stated in Eq. (7), i.e., VX (Vx€) = O, can be alternatively
expressed as

Vie+ V (V(tre)) —V(V-€)— (V(V-€)" =0. (13)

or, alternatively in indicial notation,
€ij kk T €kkij — €ikkj — €k ki = 0. (14)

It can be noted that comma represents partial derivative.

Proof. We use indicial notation to prove the result. Consider the 75" component of curl
of curl of strain field

0%,
(Vx(Vxe),; = Gimnﬁqum (15)
Recall the following general € — ¢ relation from Lecture-3.
0 Oip O
€imn€ipg = det | Omj Omp Omg
5nj 5np 5nq
= 51‘3’ (5mp5nq - 5mq5np) - 5ip(5mj5nq - 5mq5nj) + 5iq<5mj5np o 5mp5nj>-
Upon substituting the general € — ¢ relation in Eq. (15), yields
82€nn 82Emn 82€nn aQEjm
(Vx(Vxe)y = <8XmaXm B 8Xm8Xn> % (aXian - E)XiﬁXm)
+ 8267”' o 8263'2'
0X,;0X, 0X,0X,,
+[-V(V(tre) + V(V - €) + (V(V - €)" — V2| (16)

v
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Substitution of Eq. (12) in above equation give rise to
VX (Vxe)=—-Ve—V(V(tre)+V(V-e)+ (V(V-e) (17)
Since V x (V x €) = O, we get
Vie+ V(V(tre)) — V(V-¢€)— (V(V-€)" = 0.

The component form can be written as

D%€ij 0%€r B 0%€i B D%y o (18)
0X,0X, 0X;0X; 0X,;0X, 0X,0X}
Alternatively, it can be represented by
€ij kk T €kk,ij — €ikkj — Ejkki = 0.
This is a convenient component form of compatibility. O

The stress measure:

In linear elasticity, we assume that the displacement gradient is small and displacements
are small. Therefore, all the stress measures, i.e., Cauchy stress 7, first Piola-Kirchhoff
stress T' and second Piola-Kirchhoff stress S, are approximately equal. Recall the follow-
ing relations between Cauchy stress and Piola-Kirchhoff stresses from Lecture-28.

T=JrF "' and S=JF '7F 7, (19)

where F' and J are deformation gradient and its determinant, respectively. Since F' =
I + Vu (see Lecture-17) and the displacement gradient Vu is small, F' ~ I. Hence, the
relations shown in Eq. (19) imply

T~t and S~T. (20)

Thus, there is no difference between various stress measures in linear elasticity.

The governing equations:

From the above discussion, the Cauchy stress, first Piola-Kirchhoff stress, and second
Piola-Kirchhoff stress are identical. Thus, we have the following governing equation for
linear elasticity.

0*u

pOﬁ =V -7+ poby. (21)

Constitutive relation:
We now use the linear constitutive relation that is similar to St venant-Kirchhoff hypere-
lastic model. Of course the material is also assumed to be isotropic. The only difference
is that the small strain measure € is used in linear elasticity whereas Green strain is used
as strain measure in St venant-Kirchhoff model. Therefore, the constitutive relation is
given by

T = Mtre)l + 2pe, (22)

where \ and p are Lamé constants.
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We will show the relation between engineering constants (i.e., Young’s modulus £ and
Poisson’s ratio v) and Lamé constants using thought experiments. For isotropic material,

the strains can also be represented in terms of stress tensor
14+v v

= T — —tr(7)1I. 23

Ll Y ua(r) (23)

We now present relation between engineering constants (Young’s modulus £ and Poisson’s

ratio v) and Lamé constants along with bounds on these constants.

Bounds on Lamé constants:

We conduct three thought experiments to find bounds on Lamé constants and correspond-
ing Young’s modulus and Poisson’s ratio. We assume that the reference configuration is
stress free (i.e., in natural state) and material is isotropic. Since there is no difference

between Cauchy stress and second Piola-Kirchhoff stress in linear elasticity, we use the

Cauchy stress as stress measure.

Experiment of simple shear:
The following equation of motion (or mapping) represents the simple shear (see Fig. 1)

T :X1+’}/X2, i) :XQ, and T3 :Xg.
Evaluating € and substituting in Eq. (22), we get
Y Y
I e |<j_>'|
| !
H H
z| | .~'
— [ :
el :
U U
2

A =
fe———
1 unit
Figure 1: Simple shear
Ti2 = KY.

(24)

Since 119 > 0 for v > 0, we have
w> 0.

Experiment of uniform compression of a sphere:
The equation of motion for the uniform compression (hydrostatic compression) is given

by
z=(1—-¢X,

where the constant € € (0, 1).

The Cauchy stress tensor
T =—€(3N+2u)1.
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Since the Cauchy stress is hydrostatic pressure, i.e., 7 = —pI, and € and p are positive
constants, we have
3A+2u > 0. (25)

Experiment of uniform extension of a bar:

The following motion describes uniform extension (accounting Poisson’s contraction).
r1=(14+e6Xy, o= (1—-ve)Xy, and z3=(1—re)X;.
Substitution of computed strain tensor € in Eq. (22) yields
Too = T33 = € [AN(1 — 2v) — 2uv].

Since there are no lateral stresses, i.e, 799 = 133 = 0, we get

V=g (26)
The stress along e; direction on the e;-plane is given by
11 = € (M1 —2v) +2p].
Since the axial stress 77 = Fe, we get
= M (27)
(A+p)

The engineering constants £ and v are known as Young’s modulus and Poisson’s ratio,
respectively. In summary, we have

p(3A +2p) A
= N o V=
(A+p) 2(A + p)
E E
A= o o= (28)

(1+v)(1-2v) 21+v)

The inequalities shown in Eq. (24) and (25) are equivalent to £ > 0 and —1 < v < 0.5,
i.e.,
pw>0and 3\ +2u4 >0 <= EF>0and —1<v <0.5.

Approach for solving linear elasticity problems:

In linear elasticity, our aim is to find the stress and displacement fields for a given traction
and displacement boundary conditions. In order to find the stress and displacement fields,
there are two distinct approaches called displacement approach and stress approach.

In displacement approach, the governing equation shown in Eq. (21) is expressed in
terms of displacements known as Navier equation of elasticity. The solution is obtained
by solving the Navier equation subjected to the given boundary conditions.

In stress approach, the compatibility conditions shown in Eq. (7) is expressed in terms
of stress components known as Beltrami-Michell compatibility conditions. The stress field
is guessed such that it satisfies the Beltrami-Michell compatibility conditions and the
boundary conditions.
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We now present both the Navier equation of elasticity and Beltrami-Michell compati-
bility conditions.

Navier equation of elasticity:
Substitution of the strain displacement relation, i.e, Eq. (1) in constitutive relation (i.e.,
in Eq. (22)), we get

T =AMV - u)I + pu(Vu+ Vu'), (29)

Upon substituting Eq. (29) in Eq. (21), we get the following Navier equation of elasticity.
82

Py = A+ V(Y ) + V2 + pob, (30)

where pq is density, A and p are Lamé constants.

Beltrami-Michell compatibility conditions:

In theory of elasticity problems, it is easy to guess stresses rather than solving for displace-
ments. Therefore, it is necessary to verify the compatibility conditions. We now derive
the compatibility conditions in terms of stress components known as Beltrami-Michell
compatibility conditions.

We consider the static problem in linear elasticity. Hence, the governing equation Eq.
(21) for static case reduces to
V.14 pb=0. (31)
Substituting the constitutive relation shown in Eq. (23) in compatibility conditions (i.e.,
in Eq. (13)), we get

(1 i Z,VQ(trT)I) + (1 _Ez”v (V(tm)) _ (1 W) - Ly (V(m))>
- (A ) - vwen)) =0

Rearrangement of terms yields
1+ )V +V (V(trT) = vV (tr )T+ (1+2) (V(V-7) + [V(V-7)]7) .
Substituting the V - 7 = —ppb from equilibrium equation (see Eq. (31)), we get

Hlyv (V(trr)) = H%V%tr 7)I — po (Vb + (Vb)T) .

Taking trace on both sides of equation, we obtain

V(trr) = 1

Vir +

po(V - b). (32)

oz
Substituting this relation in above equation we get the following Beltrami-Michell com-
patibility equation.

1
2 _ = —
VT+1+VV(V(trT)) :

In any linear elasticity problem, the stress field should be guessed such that it satisfies
the Beltrami-Michell compatibility condition, i.e., Eq. (33).

v
— VPO(V -b)I — poVb — po(Vb)T. (33)
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