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Introduction

Earthquakes are detected and studied by measuring the waves they create.
Waves are transmitted through the Earth to detect oil and gas deposits and
to study the Earth’s geological structure. Properties of materials are deter-
mined by measuring the behavior of waves transmitted through them. In recent
years, elastic waves transmitted through the human body have been used for
medical diagnosis and therapy. Many students and professionals in the various
branches of engineering and in physics, geology, mathematics, and the life sci-
ences encounter problems requiring an understanding of elastic waves. In this
book we present the basic concepts and methods of the theory of wave propa-
gation in elastic materials in a form suitable for a one-semester course at the
advanced undergraduate or graduate level, for self-study, or as a supplement in
courses that include material on elastic waves. Because persons with such dif-
ferent backgrounds are interested in elastic waves, we provide a more complete
discussion of the theory of elasticity than is usually found in a book of this type,
and also an appendix on the theory of functions of a complex variable. While
persons who are well versed in mechanics and partial differential equations will
have a deeper appreciation for some of the topics we discuss, the basic material
in Chapters 1-3 requires no preparation beyond a typical undergraduate calculus
sequence.

Chapter 1 covers linear elasticity through the displacement equations of
motion. Chapter 2 introduces the one-dimensional wave equation and the
D’Alembert solution. We show that one-dimensional motions of a linear elas-
tic material are governed by the one-dimensional wave equation and discuss
compressional and shear waves. To provide help in understanding and visual-
izing elastic waves, we demonstrate that small lateral motions of a stretched
string (such as a violin string) are governed by the one-dimensional wave equa-
tion and show that the boundary conditions for a string are analogous to the
boundary conditions for one-dimensional motions of an elastic material. Using

the D’Alembert solution, we analyze several problems, including reflection and
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transmission at a material interface. We define the characteristics of the one-
dimensional wave equation and show how they can be used to obtain solutions.
We apply characteristics to layered materials and describe simple numerical al-
gorithms for solving one-dimensional problems in materials with multiple layers.

Chapter 3 is concerned with waves having harmonic (oscillatory) time de-
pendence. We present the solution for reflection at a free boundary and discuss
Rayleigh waves. To introduce the concepts of dispersion and propagation modes,
we analyze the propagation of sound waves down a two-dimensional channel. We
then discuss longitudinal waves in an elastic layer and waves in layered media.

Chapter 4 is devoted to transient waves. We introduce the Fourier and
Laplace transforms and illustrate some of their properties by applying them
to one-dimensional problems. We introduce the discrete Fourier transform and
apply it to several examples using the FFT algorithm. We define the concept of
group velocity and use our analyses of layered media from Chapters 2 and 3 to
discuss and demonstrate the propagation of transient waves in dispersive media.

Chapter 5 discusses some topics in nonlinear wave propagation. Although
few applications involving nonlinear waves in solid materials can be analyzed
adequately by assuming elastic behavior, we discuss and demonstrate some of
the important concepts using an elastic material as an heuristic example. After
presenting the theory of nonlinear elasticity in one dimension, we discuss hyper-
bolic systems of first-order equations and characteristics and derive the class of
exact solutions called simple waves. We introduce singular surface theory and
determine the properties of acceleration waves and shock waves. The chapter
concludes with a discussion of the steady compressional waves and release waves
observed in experimental studies of large-amplitude waves.



Nomenclature

Definitions of frequently-used symbols. The pages on which they first appear

are shown in parentheses.

a, ar  Acceleration (2).

b, b, Body force (28).
By Basis function (81)
¢1  Phase velocity (146).
¢y Plate velocity (151).
¢g  Group velocity (183).

¢ Slope of characteristic (221).
Constant in Hugoniot relation (244).

C, Crm Mass matrix (84).
d, d;;  Vector of nodal displacements (84).
ekmn Alternator (3).
E,., Lagrangian strain (15).
E  Young’s modulus (34).
F, F}, Force (2).

f  Frequency, Hz (112).

F  Deformation gradient (214).
)
Fh(s)

Fourier transform of f (164).

Laplace transform of f (159).
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Nomenclature

t, ik

Tk m

ix
Discrete Fourier transform of f,,
(172).
Force vector (84).
Step function (76).
Unit direction vector (1).
Vv—1 (113).
Nondimensional time (100).
Wave number (111).
Stiffness matrix (84).
Nondimensional time (175).
Unit vector to surface (4).
Nondimensional position (100).
Pressure (25).
Magnitude of complex variable (354).

Laplace transform variable (159).
Constant in Hugoniot relation (244).

Surface (4).

Time (4).
Traction (24).
Stress tensor (26).

Window length of FFT (172).
Period (112).
Normal stress (215).

Displacement vector (9).

Dependent variable (48).
Real part (354).

Shock wave velocity (243).



Nomenclature

Vv, Vg

X, Tk

X, X

Vem

5k m

Velocity (9).

Velocity (93).
Imaginary part (354).

Volume (4).
Position (9).
Reference position (9).

Acoustic impedance (72).
Complex variable (353).

Compressional wave velocity (55).
Phase velocity (111).

Shear wave velocity (58).
Shear strain (18).
Kronecker delta (3).
Time increment (100).

Longitudinal strain (15).
Negative of the longitudinal strain
(214).

Characteristic coordinate (218).
Steady-wave variable (243).

D’Alembert variable (49).
Characteristic coordinate (218).

Propagation direction (120).
Phase of complex variable (354).

Critical propagation direction (135).

Lamé constant (34).
Wavelength (111).

Lamé constant, shear modulus (34).

Poisson’s ratio (34).



Nomenclature xi

¢ D’Alembert variable (49).
p Density (20).
po Density in reference state (21).
o Normal stress (25).
7 Shear stress (25).
¢ Helmholtz scalar potential (43).
1, ¢, Helmholtz vector potential (43).

w  Frequency, rad/s (110).



Chapter 1

Linear Elasticity

To analyze waves in elastic materials, we must derive the equa-
tions governing the motions of such materials. In this chapter we
show how the motion and deformation of a material are described
and discuss the internal forces, or stresses, in the material. We define
elastic materials and present the relation between the stresses and
the deformation in a linear elastic material. Finally, we introduce
the postulates of conservation of mass and balance of momentum
and use them to obtain the equations of motion for a linear elastic

material.

1.1 Index Notation

Here we introduce a compact and convenient way to express the equations used
in elasticity.

Cartesian coordinates and vectors

Consider a cartesian coordinate system with coordinates x,y, z and unit vec-
tors i,j,k (Fig. 1.1.a). We can express a vector v in terms of its cartesian
components as

v=uvgit+v,j+uk

Let us make a simple change of notation, renaming the coordinates i, z2, T3
and the unit vectors iy, ip, i3 (Fig. 1.1.b). The subscripts 1, 2, 3 are called indices.
With this notation, we can express the vector v in terms of its components in
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Figure 1.1: A cartesian coordinate system and a vector v. (a) Traditional
notation. (b) Index notation.

the compact form

3
V=U1i1—|—’U2i2—|—’U3i3= E ’Ukik.
k=1

We can write the vector v in an even more compact way by using what is called
the summation convention. Whenever an index appears twice in an expression,
the expression is assumed to be summed over the range of the index. With this

convention, we can write the vector v as
V = Vg ik.

Because the index k appears twice in the expression on the right side of this
equation, the summation convention tells us that

v:vkik Z’Ulil —|—’U2i2 —|—’U3i3.
In vector notation, Newton’s second law is
F = ma.

In index notation, we can write Newton’s second law as the three equations

Fy = ma,
Fy = mas,
F3 = mas,

where Fi, Fy, F3 are the cartesian components of F and aq, as, ag are the carte-
sian components of a. We can write these three equations in a compact way by
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using another convention: Whenever an index appears once in each term of an
equation, the equation is assumed to hold for each value in the range of that
index. With this convention, we write Newton’s second law as

Fj. = may.

Because the index k appears once in each term, this equation holds for k& = 1,
k=2, and k = 3.

Dot and cross products

The dot and cross products of two vectors are useful definitions from vector
analysis. By expressing the vectors in index notation, we can write the dot
product of two vectors u and v as
u-v = (urir) - (Vmim)
= UV (i - im)-
The dot product i - i, equals one when k = m and equals zero when k # m.
By introducing the Kronecker delta

P 1 when k = m,
Fm = 0 when k # m,

we can write the dot product of the vectors u and v as
U-V = UUmOkm-
We leave it as an exercise to show that
UV O = U101 + UV + U3V3,

which is the familiar expression for the dot product of the two vectors in terms
of their cartesian components.

We can write the cross product of two vectors u and v as
u X v = (ugir) X (Vmim)
= UV (I X im)-
The values of the cross products of the unit vectors are
ix X iy = €mn in,
where the term ey, called the alternator, is defined by

0 when any two of the indices k, m,n are equal,
Chmn = 1 when kmn =123 or 312 or 231,
—1 otherwise.

Thus we can write the cross product of the vectors u and v as

U X V= UpUmChmn in.-
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Gradient, divergence, and curl

A scalar field is a function that assigns a scalar value to each point of a region in
space during some interval of time. The expression for the gradient of a scalar
field ¢ = ¢(x1, x2, x3,t) in terms of cartesian coordinates is
99 .
V(b = —(b 1. (1.1)
8xk
A wvector field is a function that assigns a vector value to each point of a
region in space during some interval of time. The expressions for the divergence
and the curl of a vector field v = v(x1, x2, 23, t) in terms of cartesian coordinates
are
_ Oy, ov

V XV =""Ckmnlin- (1.2)

VoV o oz

Gauss theorem

We need the Gauss theorem to derive the equations of motion for a material.
Here we simply state the theorem and express it in index notation. Consider
a smooth, closed surface S with volume V' (Fig. 1.2). Let n denote the unit

Figure 1.2: A closed surface S with volume V. The unit vector n is perpendic-
ular to S.

vector that is perpendicular to S and directed outward. The Gauss theorem for

a vector field v states that

/V-vde/v-ndS
1% s

when the integrands are continuous. In index notation, the Gauss theorem is

9k gy — /vknk ds. (1.3)
v Oy, S
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Exercises
In the following exercises, assume that the range of the indices is 1,2,3.

EXERCISE 1.1 Show that 0ppurvm = UrVk.

Discussion—Write the equation explicitly in terms of the numerical values
of the indices and show that the right and left sides are equal. The right side
of the equation in terms of the numerical values of the indices is uxvr = uiv1 +

U2V2 + U3V3.

EXERCISE 1.2
(a) Show that dkmermn = 0.
(b) Show that Ogm0kn = Omn-

EXERCISE 1.3 Show that Tk, 0mn = Tkn.
EXERCISE 1.4 If Tpmermn = 0, show that Tr,, = Tink.

EXERCISE 1.5 Consider the equation

o = 20k 4 v
o T o, ™

(a) How many equations result when this equation is written explicitly in terms
of the numerical values of the indices?
(b) Write the equations explicitly in terms of the numerical values of the indices.

EXERCISE 1.6 Consider the equation

Thm = Clmij Eij.

(a) How many equations result when this equation is written explicitly in terms
of the numerical values of the indices?
(b) Write the equation for T1; explicitly in terms of the numerical values of the

indices.

EXERCISE 1.7 The del operator is defined by

_00). 00, 90).

83?1 8332 ! 8333 13 (1 4)
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The expression for the gradient of a scalar field ¢ in terms of cartesian coordi-
nates can be obtained in a formal way by applying the del operator to the scalar
field:
Vo = 9 i.
8xk

(a) By taking the dot product of the del operator with a vector field v, obtain
the expression for the divergence V - v in terms of cartesian coordinates. (b) By
taking the cross product of the del operator with a vector field v, obtain the
expression for the curl V x v in terms of cartesian coordinates.

EXERCISE 1.8 By expressing the dot and cross products in terms of index no-
tation, show that for any two vectors u and v,

u-(uxv)=0.

EXERCISE 1.9 Show that
ii iy i3
UV, Ckmnin = det U1 Uz U3

v1 V2 U3

EXERCISE 1.10 By expressing the divergence and curl in terms of index nota-
tion, show that for any vector field v for which the indicated derivatives exist,

V- (Vxv)=0.

EXERCISE 1.11 By expressing the operations on the left side of the equation in
terms of index notation, show that for any vector field v,

82vk

V(VV)—VX(VXV):W

iy

EXERCISE 1.12

S

Consider a smooth, closed surface S with outward-directed unit normal vector n.

Show that
/ ndS=0.
s
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EXERCISE 1.13
T2

1

An object of volume V' is immersed in a stationary liquid. The pressure in the
liquid is p, —yx2, where p, is the pressure at xo = 0 and -y is the weight per unit
volume of the liquid. The force exerted by the pressure on an element dS of the
surface of the object is —(p, — yx2) ndS, where n is an outward-directed unit
vector perpendicular to the element dS. Show that the total force exerted on the
object by the pressure of the liquid is vV iz. (This result is due to Archimedes,
287-212 BCE).
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1.2 Motion

We will explain how to describe a motion of a material and define its velocity
and acceleration. The motion is described by specifying the position of the

material relative to a reference state. Figure 1.3.a shows a sample of a material

Reference Time ¢

Reference Time ¢

Figure 1.3: (a) A material point in the reference state and at time ¢. (b) The
position vector X of the point in the reference state and the position vector x
at time ¢t. The vector u is the displacement.

(imagine a blob of dough) in a reference state and also at a time ¢ when the
material has moved and deformed relative to its reference state. Consider a
particular point of the material when it is in the reference state. (It’s helpful to
imagine marking the point with a pen.) As the material moves to its state at
time ¢, the point moves along the path shown.

Figure 1.3.b shows the position vectors of the point relative to the origin of
a cartesian coordinate system when the material is in the reference state and
at time ¢t. The vector X is the position vector of the point when the material
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is in the reference state and the vector x is the position vector of the point at
time t. The displacement u is the position of the point at time ¢ relative to its
position in the reference state:

u=x-—X,

or in index notation,
ur = T — Xk- (1.5)

The motion and inverse motion

To describe the motion of a material, we express the position of a point of the
material as a function of the time and the position of that point in the reference
state:

Tk = (X, t). (1.6)

The term X, in the argument of this function means that the function can
depend on the components X7, X5, and X3 of the vector X. We use a circum-
flex (7)) to indicate that a function depends on the variables X and ¢. This
function, which gives the position at time t of the point of the material that
was at position X in the reference state, is called the motion. The position of a
point of the material in the reference state can be specified as a function of its
position at time ¢ and the time:

Xk :Xk(xm,t). (17)

This function is called the inverse motion.

Velocity and acceleration

By using Egs. (1.5) and (1.6), we can express the displacement as a function
of X and ¢:
up = E1(Xm, t) = Xp = (X, 1) (1.8)

The velocity at time ¢ of the point of the material that was at position X in the

reference state is defined to be the rate of change of the position of the point:

o J . .
Uk = Gk (Xom, £) = 3 00 (Xn, 1) = 0 (Xom, ), (1.9)

The acceleration at time ¢ of the point of the material that was at position X
in the reference state is defined to be the rate of change of its velocity:

J . .
ar = avk (Xma t) = a/k(Xm,a t)
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Material and spatial descriptions We have expressed the displacement,
velocity, and acceleration of a point of the material in terms of the time and the
position of the point in the reference state, that is, in terms of the variables X
and t. By using the inverse motion, Eq. (1.7), we can express these quantities
in terms of the time and the position of the point at time ¢, that is, in terms of
the variables x and t. For example, we can write the displacement as

ug = Uk (X (Tn, 1), t) = uk(Tn, t). (1.10)

Thus the displacement u can be expressed either by the function g (X,,,t) or
by the function ug(x.,,t). Expressing a quantity as a function of X and ¢ is
called the Lagrangian, or material description.  Expressing a quantity as a
function of x and ¢t is called the Eulerian, or spatial description. As Eq. (1.10)
indicates, the value of a function does not depend on which description is used.
However, when we take derivatives of a function it is essential to indicate clearly
whether it is expressed in the material or spatial description. We use a hat (")
to signify that a function is expressed in the material description.

In Eq. (1.9), the velocity is expressed in terms of the time derivative of the
material description of the displacement. Let us consider how we can express
the velocity in terms of the spatial description of the displacement. Substituting
the motion, Eq. (1.6), into the spatial description of the displacement, we obtain
the equation

ug = uk(Tn(Xom, t), t).

To determine the velocity, we take the time derivative of this expression with X

held fixed:
ou k ou k 8.f3n

YT o T ow, o i)
_ Ou  Ou |
= ot T ow, ™

This equation contains the velocity on the right side. By replacing the index k

by n, it can be written as

ou, Ou,
vy =

v

ot " om,, U™

We use this expression to replace the term v, on the right side of Eq. (1.11),
obtaining the equation

Vg =

Oui | Dug (Oun | Oun
ot oz, \ ot " ox, ™)
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We can now use Eq. (1.11) to replace the term v, on the right side of this
equation. Continuing in this way, we obtain the series

_ Oug | Ouy Oup, | Ouy Ouy Ouy,

_ 7R R —_r - 1.12
V= o T oz, ot T ow, or,, Ot (1.12)

This series gives the velocity in terms of derivatives of the spatial description of
the displacement.
We leave it as an exercise to show that the acceleration is given in terms of
derivatives of the spatial description of the velocity by
- 8’Uk 8’Uk

ap = W_’_%Un (113)

The second term on the right is sometimes called the convective acceleration.

Velocity and acceleration in linear elasticity In linear elasticity, deriva-
tives of the displacement are assumed to be “small,” meaning that terms con-
taining products of derivatives of the displacement can be neglected. From
Egs. (1.12) and (1.13), we see that in linear elasticity, the velocity and accel-
eration are related to the spatial description of the displacement by the simple

expressions
8uk 82uk
= — = . 1.14
T T R T T (1.14)
Exercises
EXERCISE 1.14
T2
— I
| |

| I'm |
A 1l-meter bar of material is subjected to the “stretching” motion
$1=X1(1+t2), ro = Xo, x3= X3.

(a) Determine the inverse motion of the bar.
(b) Determine the material description of the displacement.
(¢) Determine the spatial description of the displacement.
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(d) What is the displacement of a point at the right end of the bar when ¢t = 2
seconds?

Answer:
(a) X1=$1/(1+t2), Xo =9, X3 =1x3.
(b) Uy = X1t2, Ug = 0, us = 0.
(c) uy =z1t2/(1 +12), us =0, wuz=0.
(d) w; = 4 meters, us =0, uz=0.

EXERCISE 1.15 Consider the motion of the bar described in Exercise 1.14.

(a) Determine the material description of the velocity.

(b) Determine the spatial description of the velocity.

(¢) Determine the material description of the acceleration.

(d) Determine the spatial description of the acceleration by substituting the
inverse motion into the result of Part (c).

(e) Determine the spatial description of the acceleration by using Eq. (1.13).

Answer:
(a) v = 2X1f,, Vg = 0, V3 = 0.
(b) v = 2$1ﬁ/(1 + t2), v =0, v3 =0.
(C) a; = 2X1, as = U, az = 0.
(d),(e) a1 =2x1/(1+t?), ay =0, az =0.

EXERCISE 1.16
)

T

1m

i

T
e
A 1-meter cube of material is subjected to the “shearing” motion

J?1=X1+X22t2, ro = Xo, x3= X3.

a) Determine the inverse motion of the cube.

(a)
(b) Determine the material description of the displacement.

(¢) Determine the spatial description of the displacement.

(d) What is the displacement of a point at the upper right edge of the cube

when ¢ = 2 seconds?
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Answer:
(a) X1 =T — x%tQ, X2 = T2, X3 = I3.
(b) Uy = X22f,2, U = 0, us = 0.
(c) u1 = 23t?, upg =0, uz=0.
d) u; =4 meters, wuy =0, uz=0.

EXERCISE 1.17 Consider the motion of the cube described in Exercise 1.16.
(a) Determine the material description of the velocity.

(b) Determine the spatial description of the velocity.

(¢) Determine the material description of the acceleration.

(d) Determine the spatial description of the acceleration by substituting the
inverse motion into the result of Part (c).

(e) Determine the spatial description of the acceleration by using Eq. (1.13).

Answer:
(a) vy =2X2t, vy =0, v3=0.
(b) vy =223, vy =0, v3=0.
() a1 =2X2, az=0, a3 =0.
( _

EXERCISE 1.18 Show that the acceleration is given in terms of derivatives of
the spatial description of the velocity by

8vk 8vk
—Unp.

ot T on,

ar =

Discussion—DBegin by substituting the motion,Eq. (1.6), into the spatial
description of the velocity to obtain the equation

Vg = U (n (X, 1), ).

Then take the time derivative of this expression with X held fixed.
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1.3 Deformation

We will discuss the deformation of a material relative to a reference state and
show that the deformation can be expressed in terms of the displacement field
of the material. We also show how changes in the volume and density of the

material are related to the displacement field.

Strain tensor

Suppose that a sample of material is in a reference state, and consider two
neighboring points of the material with positions X and X + dX (Fig. 1.4). At

Reference Time ¢

T3

Figure 1.4: Two neighboring points of the material in the reference state and
at time ¢.

time t, these two points will have some positions x and x + dx, as shown in the
figure.
In terms of the motion, Eq. (1.6), the vector dx is related to the vector dX
by
0%
dry = —dX,,. 1.15
Tk X, m ( )

We denote the magnitudes of the vectors dx and dX by
ldx| =ds, [|dX]|=dS.
These magnitudes can be written in terms of the dot products of the vectors:

ds? = dXpdXy,

dapdry = %dxmaﬂdxn.

2
ds X, “mox,
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The difference between the quantities ds? and dS? is

0z 0y
00X, 0X,,

ds® — dSs? = ( — 5mn> dX mdX,,.

By using Eq. (1.5), we can write this equation in terms of the displacement u:

L gs? - (aam din iy O

90X, | 0Xm | 0Xnm axn> dXmdXn.

We can write this equation as

ds* —dS? = 2E,,,d X nd X, (1.16)
where L /54 . 90 i
U, Uy, Uk OUk

Epn == 1.17

me9 (8Xn + 0X + 0X 8Xn> (1.17)

The term FE,,, is called the Lagrangian strain tensor. This quantity is a

measure of the deformation of the material relative to its reference state. If it
is known at a given point, we can choose any line element dX at that point in
the reference state and use Eq. (1.16) to determine its length ds at time ¢.
Recall that in linear elasticity it is assumed that derivatives of the displace-
ment are small. We leave it as an exercise to show that in linear elasticity,

8’&k - 8uk
0X,,  Oxpm

(1.18)

Therefore in linear elasticity, the strain tensor is

Epin = % (8“’”’ + 8“") : (1.19)

or, Oz,

which is called the linear strain tensor.

Longitudinal strain

The longitudinal strain is a measure of the change in length of a line element in
a material. Here we show how the longitudinal strain in an arbitrary direction
can be expressed in terms of the strain tensor.

The longitudinal strain e of a line element relative to a reference state is
defined to be its change in length divided by its length in the reference state.
Thus the longitudinal strain of the line element dX is

_dx| = [dX| ds—dS

R (R T (1.20)
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Reference Time ¢

T2 |[dX| =dS |dx| = ds

x1

T3

Figure 1.5: The vectors dX and dx and a unit vector n in the direction of dX.

Solving this equation for ds and substituting the result into Eq. (1.16), we obtain
the relation
(2e +£%)dS? = 2E,,,d X, d X, (1.21)

Let n be a unit vector in the direction of the vector dX (Fig. 1.5). We can
write dX as
dX =dSn, or dX,, =dSn,,.

We substitute this relation into Eq. (1.21) and write the resulting equation in
the form
2 + &% = 2B nnmin. (1.22)

When the Lagrangian strain tensor F,,, is known at a point in the material,
we can solve this equation for the longitudinal strain € of the line element that
is parallel to the unit vector n in the reference state.

Equation (1.22) becomes very simple in linear elasticity. If we assume that €
is small, the quadratic term can be neglected and we obtain

e = EmnmNn. (1.23)

We can determine the longitudinal strain of the line element of the material
that is parallel to the x; axis in the reference state by setting ny = 1, no = 0,
and ng = 0. The result is € = FE7;. Thus in linear elasticity, the component
FE1 of the linear strain tensor is equal to the longitudinal strain in the z; axis
direction. Similarly, the components FEs2 and Fs3 are the longitudinal strains

in the x9 and z3 axis directions.
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Shear strain

The shear strain is a measure of the change in the angle between two line
elements in a material relative to a reference state. Here we show how the shear
strains at a point in the material that measure the changes in angle between
line elements that are parallel to the coordinate axes can be expressed in terms
of the strain tensor at that point.

Figure 1.6 shows a point of the material at position X in the reference state

Reference Time ¢
w dx(2) L 5 — 2
dX.(Q) 2 AQ/v'
dX(l)
)
x1
T3

Figure 1.6: A point of the material and two neighboring points in the reference
state and at time ¢.

and two neighboring points at positions X + dX(;y and X + dX (), where we
define dX(1y and dX(2) by

dX ) = dSiy, dX() = dSis.

(We use parentheses around the subscripts to emphasize that they are not in-

dices.) At time ¢, the two neighboring points will be at some positions x + dx 1)
and x + dx(9). From Eq. (1.15), we see that

0Ty, 0Ty,

d = —dSi d = —dSi. 1.24

X(1) oX, I, X(2) 59X, 1y ( )

The angle between the vectors dX (1) and dX o) is 7/2 radians. Let us denote

the angle between the vectors dx(1y and dx(y by 7/2 — v12. The angle ;2 is

a measure of the change in the right angle between the line elements dX()
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and dX () at time ¢. This angle is called the shear strain associated with the
line elements dX ;) and dX(s).

We can obtain an expression relating the shear strain ~;5 to the displacement
by using the definition of the dot product of the vectors dx(;) and dxg):

dX(l) . dX(Q) = |dX(1)||dX(2)| COS(?T/2 - ’)/12). (1.25)

From Egs. (1.24), we see that the dot product of dx(;y and dx (o) is given by
dX(l) . dX(Q) = ——dSQ.

By using Eq. (1.5), we can write this expression in terms of the displacement:

B 0t 0ty Oty Oty 2
dx) - dx(9) = (8X2 Toax, T ax, 3X2> o

= 2F1,dS?,

(1.26)

where we have used the definition of the Lagrangian strain tensor, Eq. (1.17).
Let us denote the magnitudes of the vectors dx(;y and dx9) by |dx(1)| =
ds(1), |dxa| = ds(z). From Eq. (1.16),

dstyy = (14 2E11)dS?,  dsfy) = (1 + 2Ea,)dS>.

We substitute these expressions and Eq. (1.26) into Eq. (1.25), obtaining the
relation
2E12 = (1 + 2E11)1/2(1 + 2E22)1/2 COS(?T/2 - ’)/12). (127)

We can use this equation to determine the shear strain ;5 when the displace-
ment field is known. The term ;2 measures the shear strain between line
elements parallel to the x; and 2 axes. The corresponding relations for the
shear strain between line elements parallel to the xo and x3 axes and for the
shear strain between line elements parallel to the 1 and x3 axes are

2E23 = (1 + 2E22)1/2(1 + 2E33)1/2 COS(?T/2 — ’)/23),
2E13 = (1 + 2E11)1/2(1 + 2E33)1/2 COS(?T/2 — ’)/13).

In linear elasticity, the terms FE,,, are small. We leave it as an exercise to
show that in linear elasticity these expressions for the shear strains reduce to
the simple relations

Y12 = 2FE12, 723 = 2E323, 713 = 2E13.

Thus in linear elasticity, the shear strains associated with line elements parallel
to the coordinate axes are directly related to elements of the linear strain tensor.
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Changes in volume and density

We will show how volume elements and the density of a material change as it
deforms. We do so by making use of a result from vector analysis. Figure 1.7
shows a parallelepiped with vectors u, v, and w along its edges. The volume of

w

Figure 1.7: A parallelepiped with vectors u, v, and w along its edges.

the parallelepiped is given in terms of the three vectors by the expression

Ul ug us
Volume =u-(vxw)=det| v1 wva w3 |. (1.28)
w1 W2 W3

Now consider an element of volume dVj of the reference state of a sample of

material with the vectors
dX(y=dSi, dX@)=dSiy, dX(z) =dSi3

along its edges (Fig. 1.8). At time ¢, the material occupying the volume dVj in
the reference state will occupy some volume dV. From Eq. (1.15), we see that
the vectors dx(1y, dx(2), and dx3) along the sides of the volume dV are given
in terms of the motion by

0Ty, 0Ty, 0Ty,

dX(l) = 8—)(1dSik, dX(Q) = 8—)(2dSik, dX(g) = 8—)(3d5ik

From Eq. (1.28) we see that the volume dV is

S

8.251 8.%2 83A73
0X1 45 00X, 45 00X, d

8.151 8.%2 83A73
8X2ds 8X2dS 8X2d

8.151 8.%2 83A73
8X3dS 8X3dS 8X3dS_

S

dV = dX(l) . (dX(Q) X dX(g)) = det
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Reference
Time ¢t

x1

T3

Figure 1.8: The material occupying volume dVj in the reference state and a
volume dV at time t.

Because the volume dVy = dS3, we can write this result as
[ O0t; Ofs 0%3z ]
0X, 0X1 0X,
0Ty 0%y Oi3

_ ave.
dV=det| 5% 3%, ox, | WP

01 0%y O3
0Xs3 0Xs 0Xs3 |

By using Eq. (1.5), we can write this relation in terms of the displacement field:

r " 0t Ol ous
8X1 8X1 8X1
8’0,1 8’&2 8'&3
dV = det — — — dVp. 1.29
“Noax, Toax,  ox, 0 (129)
014 Ol n Ot
L 0X3 0X3 0X3 |

When the displacement field is known, we can use this equation to determine the
volume dV at time ¢ of an element of the material that occupied a volume dVj
in the reference state.

The density p of a material is defined such that the mass of an element of
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volume dV of the material at time ¢ is
mass = pdV.

We denote the density of the material in the reference state by pg. Conservation
of mass of the material requires that

podVy = pdV. (1.30)

From this relation and Eq. (1.29), we obtain an equation for the density of the
material p at time ¢ in terms of the displacement field:

i - 0y 0ty 0ls
0X1 00X, 00X,
£0 8’0}1 8’0}2 8’0,3
— =det — — — 1.31
14 ¢ 8X2 + 8X2 8X2 ( )
0ty 0ty n 0us
L  0X3 0X3 0Xs |

In linear elasticity, products of derivatives of the displacement are neglected.
Expanding the determinant in Eq. (1.29) and using Eq. (1.18), we find that in
linear elasticity the volume dV at time ¢ is given by the simple relation

0
dv = <1+ﬂ> dVy = (1 + Exy) dVa. (1.32)
8xk
From this result and Eq. (1.30), it is easy to show that in linear elasticity, the

density of the material at time ¢ is related to the displacement field by

8uk
= (1—-E =(1- === . 1.33
P ( kk)pO ( 8xk> Po ( )
Exercises
EXERCISE 1.19
)
-
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A 1l-meter bar of material is subjected to the “stretching” motion
v1=X1(1+1%), 22=2Xs, w3=Xs.

a) Determine the Lagrangian strain tensor of the bar at time ¢.

(

(b) Use the motion to determine the length of the bar when ¢ = 2 seconds.

(¢) Use the Lagrangian strain tensor to determine the length of the bar when
t

= 2 seconds.

Answer: (a) The only nonzero term is Eyq = t* + 1¢%. (b) 5 meters

EXERCISE 1.20
T2

T 7
1m /
NNV
A}*lm»{B

An object consists of a 1-meter cube in the reference state. At time ¢, the value

x1

of the linear strain tensor at each point of the object is

0.001 —0.001 0
[Erm] = | —0.001  0.002 0
0 0 0

(a) What is the length of the edge AB at time ¢?
(b) What is the length of the diagonal AC at time ¢?
(¢c) What is the angle 0 at time ¢?
Answer: (a) 1.001 m (b) 1.0005v/2 m (c) (7/2 — 0.002) rad

EXERCISE 1.21 Show that in linear elasticity,

8’&k - 8uk

X, Oxm

Discussion—Use the chain rule to write

Oty Duy, iy
0X,  Oxp OXp

and use Eq. (1.5).
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EXERCISE 1.22 Counsider Eq. (1.27):
2E12 = (1 =+ 2E11)1/2(1 =+ 2E22)1/2 COS(?T/2 — ’)/12).

In linear elasticity, the terms FE11, Foo, E12, and the shear strain -1 are small.

Show that in linear elasticity this relation reduces to
M2 = 2E12.

EXERCISE 1.23 By using Egs. (1.30) and (1.32), show that in linear elasticity
the density p is related to the density pgy in the reference state by

p=po(l— Egp).

Discussion—Remember that in linear elasticity it is assumed that derivatives

of the displacement are small.
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1.4 Stress

Here we discuss the internal forces, or stresses, in materials and define the stress

tensor.

Traction

Suppose that we divide a sample of material by an imaginary plane (Fig. 1.9.a)
and draw the free-body diagrams of the resulting parts (Fig. 1.9.b). The material

(b)

Figure 1.9: (a) A plane passing through a sample of material. (b) The free-body
diagrams of the parts of the material on each side of the plane.

on the right may exert forces on the material on the left at the surface defined
by the plane. We can represent those forces by introducing a function t, the
traction, defined such that the force exerted on an element dS of the surface is

force =tdS.

Because an equal and opposite force is exerted on the element dS of the material
on the right by the material on the left, the traction acting on the material on
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the right at the surface defined by the plane is —t (Fig. 1.9.b).

The traction t is a vector-valued function. We can resolve it into a compo-
nent normal to the surface, the normal stress o, and a component tangent to
the surface, the shear stress 7 (Fig. 1.10). If n is a unit vector that is normal to

Figure 1.10: The traction t resolved into the normal stress o and shear stress 7.

the surface and points outward, the normal stress ¢ = t - n and the shear stress
7 is the magnitude of the vector t —on. As a simple example, if the material is
a fluid at rest, the normal stress o = —p, where p is the pressure, and the shear
stress 7 = 0.

Stress tensor

Consider a point P of a sample of material at time ¢. Let us introduce a cartesian
coordinate system and pass a plane through point P perpendicular to the x; axis
(Fig. 1.11.a). The free-body diagram of the material on the side of the plane
toward the negative x;1 direction is shown in Fig. 1.11.b. Let the traction vector
acting on the plane at point P be t(1). The component of t(;) normal to the
plane—that is, the normal stress acting on the plane at point P—is called T1;.
The component of t(;) tangential to the plane (that is, the shear stress acting on
the plane at point P) is decomposed into a component Tis in the xo direction
and a component T3 in the x3 direction.

Next, we pass a plane through point P perpendicular to the xs axis. The
resulting free-body diagram is shown in Fig. 1.11.c. The traction vector t(s)
acting on the plane at point P is decomposed into the normal stress 75, and
shear stress components T3, and T53. In the same way, we pass a plane through
point P perpendicular to the w3 axis and decompose the traction vector t(s)
acting on the plane at point P into the normal stress T33 and shear stress
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To )

t)

1 x1

x3 €3

)

x1

x3 x3

() (d)

Figure 1.11: A point P of a sample of material and free-body diagrams obtained
by passing planes through P perpendicular to the x1, 2, and x3 axes.

components T3; and T3y (Fig. 1.11.d).
We see that when the components of the stress tensor

T T2 Tis
[Tem] = | Tor Too Tos
T31 T32 133

are known at a point P, the traction vectors acting on three mutually perpen-
dicular planes through the point P are known. Note that the component T}, is
the stress acting on the plane perpendicular to the zj axis in the z,, direction.
An exercise later in this chapter will show that the components of the stress
tensor are symmetric: Ty, = Thk-

Tetrahedron argument

We have shown that when the components of the stress tensor are known at
a point, we know the traction vectors at that point acting on planes perpen-
dicular to the three coordinate axes. However, suppose that we want to know
the traction vector acting on a plane that is not perpendicular to one of the co-
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ordinate axes. A derivation called the tetrahedron argument shows that when
the components T}, are known at a point P, the traction vector acting on any
plane through P can be determined.

Consider a point P of a sample of material at time ¢. Let us introduce a
tetrahedral volume with P at one vertex (Fig. 1.12.a). Three of the surfaces

)

T3

Figure 1.12: (a) A point P of a material and a tetrahedron. (b) The tetrahedron.
(¢) The stresses acting on the faces.

of the tetrahedron are perpendicular to the coordinate axes, and the point P
is at the point where they intersect. The fourth surface of the tetrahedron is
perpendicular to a unit vector n. Thus the unit vector n specifies the orientation
of the fourth surface.

Let the area of the surface perpendicular to n be AS, and let the area of
the surface perpendicular to the x; axis be AS; (Fig. 1.12.b). If we denote the
angle between the unit vector n and the x; axis by 6, the 1 component of n
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is n1 = cos . Because n is perpendicular to the surface with area AS and the
x1 axis is perpendicular to the surface with area AS;, the angle between the
two surfaces is #. Therefore

AS; = AScosf
= ASnl

By using the same argument for the surfaces perpendicular to the zo and x3
axes, we find that
ASy =ASng, k=1,23. (1.34)

Figure 1.12.c shows a free-body diagram of the material contained in the
tetrahedron. To obtain the result we seek we must write Newton’s second law
for this material. The vector t shown in Fig. 1.12.c is the average value of the
traction vector acting on the surface with area AS, defined by

ASEz/ tds.
AS

The 21 component of the force exerted on the material by the average traction t
is t1AS. Figure 1.12.c also shows the stress components acting on the other
surfaces of the tetrahedron that exert forces in the x; direction. These terms
are also average values; for example, T is defined by

ASl Tll = / T11 ds.
ASy

In addition to the surface tractions, we must consider body forces distributed
over the volume of the material, such as its weight. Let b denote the average
value of the force per unit volume acting on the material. Thus the force exerted
on the material in the z; direction by body forces is b AV, where AV is the
volume of the tetrahedron.

The 1 component of Newton’s second law for the tetrahedron is

tiAS — TnASl — TQlASQ — T31A33 + BlAV = ﬁAVal,

where p is the average density of the material and a; is the x; component of
the acceleration of the center of mass of the material. Dividing this equation
by AS and using Eq. (1.34), we obtain the expression

y - = = - AV AV
tr —Tiina —Toing — Tsing + blA—S = ﬁA—Sal.

We now evaluate the limit of this equation as the linear dimension of the tetra-

(1.35)

hedron decreases; that is, as AL — 0 (Fig. 1.12.b). Because AS is proportional
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to (AL)? and AV is proportional to (AL)3, the two terms in Eq. (1.35) con-
taining AV/AS approach zero. The average stress components in Eq. (1.35)
approach their values at point P, and the average traction vector t approaches
the value of the traction vector t at point P acting on the plane perpendicular
to n. Thus we obtain the equation

t1 =Thiing + Toing + T31ns.

By writing the x2 and z3 components of Newton’s second law for the material
in the same way, we find that the components of the traction vector t are

te = TrkNom. (1 36)

This important result can be stated as follows: Consider a point P of a material
at time ¢t (Fig. 1.13.a), and suppose that we know the components Ty, of the

(a) (b)
Figure 1.13: (a) A point P. (b) The unit vector n and the traction vector t.

stress tensor at point P. Let us pass a plane through P and draw a free-body
diagram of the material on one side of the plane (Fig. 1.13.b). The unit vector n
is perpendicular to the plane and points outward, that is, it points away from
the material. Then the components of the traction vector t acting on the plane
at point P are given by Eq. (1.36).
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Exercises

EXERCISE 1.24

X2

E= | {_371 Efoo []

(1)
30°

WECN

(2)

A stationary bar is subjected to uniform normal tractions o at the ends (Fig. 1).
As a result, the components of the stress tensor at each point of the material
are
(o1) 0 0
Teml=1] 0 0 0
0 0 0
(a) Determine the magnitudes of the normal and shear stresses acting on the
plane shown in Fig. 2 by writing equilibrium equations for the free-body diagram
shown.
(b) Determine the magnitudes of the normal and shear stresses acting on the
plane shown in Fig. 2 by using Eq. (1.36).
Answer: (a),(b) normal stress = o cos? 30°, shear stress = o sin 30° cos 30°

EXERCISE 1.25

— 1 — 1

(1) (2)

The components of the stress tensor at each point of the cube of material shown
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in Fig. 1 are

Tiw T2 O
Tem]=1| T2 Toa O
0 0 133

Determine the magnitudes of the normal and shear stresses acting on the plane

shown in Fig. 2.
Discussion—Assume that the components of the stress tensor are symmetric:

Tkm = Lmk-
Answer: normal stress = |T11 cos? +Tso sin? 042715 sin 6 cos 0|, shear stress

= |Ty2(cos? 6 — sin? §) — (T11 — Tho) sinf cos 6].

EXERCISE 1.26

To X2

| |

(1) (2)

The components of the stress tensor at each point of the cube of material shown

in Fig. 1 are
100 —100 O
[Tim] = | —100 100 0 Pa.
0 0 300

A pascal (Pa) is 1 newton/meter?. Determine the magnitudes of the normal
and shear stresses acting on the cross-hatched plane shown in Fig. 2.
Answer: (a),(b) normal stress = 100 Pa, shear stress = 1001/2 Pa.
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1.5 Stress-Strain Relations

We will discuss the relationship between the stresses in an elastic material and
its deformation.

Linear elastic materials

An elastic material is a model for material behavior based on the assumption
that the stress at a point in the material at a time ¢ depends only on the strain
at that point at time t. Each component of the stress tensor can be expressed
as a function of the components of the strain tensor:

Tkm = Tkm (E'L'j) .

We expand the components T}, as power series in terms of the components of
strain:
Thm = brm + CkmijEij + dkmijrsEijErs + -

where the coefficients by, Ckmaj, - - - are constants. In linear elasticity, only the
terms up to the first order are retained in this expansion. In addition, we assume
that the stress in the material is zero when there is no deformation relative to
the reference state, so bi,, = 0 and the relations between the stress and strain

components for a linear elastic material reduce to
Tym = CkmijLij- (1.37)

Isotropic linear elastic materials

If uniform normal tractions are applied to two opposite faces of a block of wood,
the resulting deformation depends on the grain direction of the wood. Clearly,
the deformation obtained if the grain direction is perpendicular to the two faces
is different from that obtained if the grain direction is parallel to the two faces.
The deformation depends on the orientation of the material. A material for
which the relationship between stress and deformation is independent of the
orientation of the material is called isotropic. Wood is an example of a material
that is not isotropic, or anisotropic.

Equation (1.37) relating the stress and strain components in a linear elastic
material can be expressed in a much simpler form in the case of an isotropic
linear elastic material. A complete derivation of the relation for an isotropic
material is beyond the scope of this chapter, but we can demonstrate the kinds
of arguments that are used.
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If we solve Egs. (1.37) for the strain components in terms of the stresses, we
can express the results as

Eij = hijkmThm, (1.38)

where the h;;im are constants. Suppose that we subject a block of material

to a uniform normal stress ¢ as shown in Fig. 1.14.a, so that T1; = o and the

L 1
T T

(a) (b)
Figure 1.14: (a) The stress T11 = 0. (b) The stress Tho = 0.

other stress components are zero. From Eq. (1.38), the equation for the strain
component Fyi is

E11 = h1111T11 = hiino. (1.39)
If we apply the stress ¢ as shown in Fig. 1.14.b instead, the equation for the

strain component Fao is
Eg9 = ha222T52 = hoogoo. (1.40)

If the material is isotropic, the strain F1; in Eq. (1.39) must equal the strain Eos
in Eq. (1.40), so the constant haooo = hi111-

As a second example, suppose we subject the block of material to a uniform
shear stress 7 as shown in Fig. 1.15.a, so that Ti2 = 7 and all the other stress

components are zero. From Eq. (1.38), the strain component Fy; is
Ei1r = hi12Tha + hiioiTo

(1.41)
= (h1112 + h1121)7.

If the material is isotropic, the constants in Eq. (1.38) must have the same
values for any orientation of the coordinate system relative to the material. Let
us reorient the coordinate system as shown in Fig. 1.15.b. With this orientation,

the stress Tio = 151 = —7, and the strain component Fq; is
Eui = hueTiz + hiioaTo

(1.42)
= —(h1112 + h1121)7.
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)

x1

i) T

(a) (b)

Figure 1.15: (a) A uniform shear stress. (b) Reorienting the coordinate system.

Because the z; directions are the same in the two cases, the strain Fi; in
Eq. (1.41) must equal the strain Eq; in Eq. (1.42). Therefore hi112+ hi121 = 0.

By continuing with arguments of this kind, it can be shown that the relations
between the stress and strain components, or stress-strain relations, for an
isotropic linear elastic material must be of the form

Tim = ANkmEjj + 2uEkm, (1.43)

where Jg,, is the Kronecker delta and A and p are called the Lamé constants. .
The constant p is also called the shear modulus.

We see that the stress-strain relations of an isotropic linear elastic material
are characterized by only two constants. Two constants called the Young’s
modulus E and the Poisson’s ratio v are often used instead of the Lamé
constants (see Exercise 1.29). In terms of these constants, the stress-strain

relations for an isotropic elastic material are

v 14+v
Eym = —Eékajj + (T) Tom. (144)

Exercises

EXERCISE 1.27 The Lamé constants of an isotropic material are A = 1.15(10!) Pa
and pu = 0.77(10'!) Pa. The components of the strain tensor at a point P in
the material are

0.001 —-0.001 0

[Bgm] = | —0.001  0.001 0
0 0 0.002
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Determine the components of the stress tensor Tk, at point P.

Answer:
6.14(10%) —1.54(10%) 0
[Tim] = | —1.54(10%)  6.14(10%) 0 Pa.
0 0 7.68(10%)

EXERCISE 1.28

Uog l—xl gUo Dg%mm
20— skt

A bar is 200 mm in length and has a square 50 mm x 50 mm cross section
in the unloaded state. It consists of isotropic material with Lamé constants
A = 4.5(10'%) Pa and p = 3.0(10'%) Pa. The ends of the bar are subjected to a
uniform normal traction oo = 2.0(10%) Pa. As a result, the components of the
stress tensor at each point of the material are

2.0(10%) 0 0
[Them) = 0 0 0 | Pa.
0 00

(a) Determine the length of the bar in the loaded state.
(b) Determine the dimensions of the square cross section of the bar in the loaded

state.
Answer: (a) 200.513 mm. (b) 49.962 mmx49.962 mm.

EXERCISE 1.29

The ends of a bar of isotropic material are subjected to a uniform normal traction
T11. As aresult, the components of the stress tensor at each point of the material

are
Ti: 0 0

[Tim] = 0 0 O

0 0 O
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(a) The ratio E of the stress T11 to the longitudinal strain E1; in the x; direction,

_In

E= ;
Ei

is called the Young’s modulus, or modulus of elasticity of the material. Show
that the Young’s modulus is related to the Lamé constants by

g HBA+2)
A
(b) The ratio
P
E1

is called the Poisson’s ratio of the material. Show that the Poisson’s ratio is

vV =

related to the Lamé constants by

L
20+ )

EXERCISE 1.30 The Young’s modulus and Poisson’s ratio of an elastic material
are defined in Exercise 1.29. Show that the Lamé constants of an isotropic
material are given in terms of the Young’s modulus and Poisson’s ratio of the

material by

N vE _ E
Ty —22) T2ty

Discussion—See Exercise 1.29.

EXERCISE 1.31 Show that the strain components of an isotropic linear elastic
material are given in terms of the stress components by

1 A

Ekm = _Tkm

OkmTyj.
20 o

C2u(3A + 2
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1.6 Balance and Conservation Equations

We now derive the equations of conservation of mass, balance of linear mo-
mentum, and balance of angular momentum for a material. Substituting the
stress-strain relation for an isotropic linear elastic material into the equation of
balance of linear momentum, we obtain the equations that govern the motion
of such materials.

Transport theorem

We need the transport theorem to derive the equations of motion for a material.
To derive it, we must introduce the concept of a material volume. Let V be
a particular volume of a sample of material in the reference state (Fig. 1.16).
As the material moves and deforms, the material that was contained in the

Reference Time ¢

Figure 1.16: A material volume in the reference state and at time t.

volume V} in the reference state moves and deforms. The volume V' occupied
by the material as it moves and deforms is called a material volume, since it
contains the same material at each time ¢. It is helpful to imagine “painting”
the surface Sy of the material in the reference state. As the material moves and
deforms, the material volume V' is the volume within the “painted” surface S.

Consider the spatial representation of a scalar field ¢ = ¢(x,t). The integral

£(t) = /V bav,

where V is a material volume, is a scalar-valued function of time. Let us deter-
mine the time derivative of the function f(¢). The value of f(t) at time ¢ + At
is

flt+At) = /V <¢+ %fm) dv + /qu(v -n)AtdS + O(A#?).
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v S at time ¢

n /S at time t + At

Figure 1.17: The motion of the surface S from ¢ to ¢ + At.

The second term on the right accounts for the motion of the surface S during
the interval of time from ¢ to t + At (Fig. 1.17). The symbol O(At?) means
“terms of order two or higher in A¢”. The time derivative of f(t) is

are) S+ AD = ()

dt At—0 At
= / 8—¢ dV + /qbvknk ds.
v ot s
By applying the Gauss theorem to the surface integral in this expression, we
R aft) _ d 9 olou)
t Vi
—_— = — = — + ——=| dV. 1.45
at dt/v¢dv /V[at+ Frm ] (1.45)

This result is the transport theorem. We use it in the following sections to

derive the equations describing the motion of a material.

Conservation of mass

Because a material volume contains the same material at each time ¢, the total

mass of the material in a material volume is constant:

d
2 pav =o.
at /"

By using the transport theorem, we obtain the result

[ ]2 2]

ot oxy,

This equation must hold for every material volume of the material. If we as-

sume that the integrand is continuous, the equation can be satisfied only if the
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integrand vanishes at each point:

dp | 9(pvk)
ot " omy

=0. (1.46)
This is one form of the equation of conservation of mass for a material.

Balance of linear momentum

Newton’s second law states that the force acting on a particle is equal to the

rate of change of its linear momentum:

d
F= %(mv). (1.47)

The equation of balance of linear momentum for a material is obtained by
postulating that the rate of change of the total linear momentum of the material
contained in a material volume is equal to the total force acting on the material

4 pvde/tdS—l—/de.
dt )y s v

The first term on the right is the force exerted on the surface S by the traction

volume:

vector t. The second term on the right is the force exerted on the material by
the body force per unit volume b. Writing this equation in index notation and
using Eq. (1.36) to express the traction vector in terms of the components of
the stress tensor, we obtain

i PUm, de/kank dS’—l—/bm dV. (1.48)
dt Jy s v

We leave it as an exercise to show that by using the Gauss theorem, the trans-
port theorem, and the equation of conservation of mass, this equation can be
expressed in the form

OT ke
m _—_— m p— 3 1.4
/V(pa, B b >dV 0 (1.49)
h
where B Do, N Do,
R TR

is the acceleration. Equation (1.49) must hold for every material volume of the
material. If we assume that the integrand is continuous, we obtain the equation

Tk
o k

Pl = + by, (1.50)

This is the equation of balance of linear momentum for a material.
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Balance of angular momentum

Taking the cross product of Newton’s second law for a particle with the position
vector x of the particle, we can write the result as

xxF = xx—(mv)

dt

—(x x mv).

dt

The term on the left is the moment exerted by the force F about the origin.
The term x x mv is called the angular momentum of the particle. Thus this
equation states that the moment is equal to the rate of change of the angular
momentum.

The equation of balance of angular momentum for a material is obtained
by postulating that the rate of change of the total angular momentum of the
material contained in a material volume is equal to the total moment exerted

on the material volume:

4 XXdeV:/XXtdS—I—/XdeV.
dt Jy s v

We leave it as an exercise to show that this postulate implies that the stress

tensor is symmetric:
Tem = Tink-

Exercises

EXERCISE 1.32 By using the Gauss theorem, the transport theorem, and the
equation of conservation of mass, show that Eq. (1.48),

i/ PUm, de/kank dS’—l—/bm dV,
dt Jy 5 v

can be expressed in the form

/ (pam — % — bm> dV =0,
v Oz,

where a,, is the acceleration of the material.

EXERCISE 1.33 Show that the postulate of balance of angular momentum for

i/xxpvdV:/xxtdS’—l—/xxde
dt Jy s v

implies that the stress tensor is symmetric:

a material

Tkm = ka-
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EXERCISE 1.34 For a stationary material, the postulate of balance of energy is

d
T VpedV = —/qunj ds,

where V' is a material volume with surface S. The term e is the internal energy
and g; is the heat flur vector. Suppose that the internal energy and the heat
flux vector are related to the absolute temperature T of the material by the

equations

orT
GZCT, q; = — %a
J

where the specific heat ¢ and the thermal conductivity k are constants. Show
that the absolute temperature is governed by the heat transfer equation

or_ K o
ot pcdx;0x;’
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1.7 Equations of Motion

The balance and conservation equations and the stress-strain relation can be
used to derive the equations of motion for a linear elastic material. We begin by
obtaining equations of motion that are expressed in terms of the displacement
of the material.

Displacement equations of motion

The equation of balance of linear momentum for a material is

(1.51)

Notice that we do not include the body force term. In many elastic wave propa-
gation problems the body force does not have a significant effect, and we neglect
it in the following development.

Recall that in linear elasticity it is assumed that derivatives of the displace-
ment are small. In this case we can express the acceleration in terms of the
displacement using Eq. (1.14),

% uy,

o’

Ay =

and express the density in terms of the density in the reference state and the

divergence of the displacement using Eq. (1.33):

- 1 8uk
P = Po orr )
From these two equations, we see that in linear elasticity, the product of the

density and the acceleration can be expressed as

LT
Pl = ,OOTQT”- (1.52)

The stress-strain relation for an isotropic linear elastic material is given by
Eq. (1.43),
Tk = ANomrEjj + 2uE .,

and the components of the linear strain tensor are related to the components of
the displacement by Eq. (1.19):

1 /0u,, Ouy
B = = [ Zm S8k )
D (8xk + 8xm>
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Substituting this expression into the stress-strain relation, we obtain the stress
components in terms of the components of the displacement:

ou; ou ouy,
Tk = Nk —2 7).
e e 0z bl (8xk + 8xm>
Then by substituting this expression and Eq. (1.52) into the equation of balance
of linear momentum, Eq. (1.51), we obtain the equation of balance of linear

momentum for an isotropic linear elastic material:

82um_()\+ ) A% uy n 0% uyy,
T T L . T

(1.53)

By introducing the cartesian unit vectors, we can write this equation as the
vector equation
U, . 0 (8uk>. P .

Powlmz()ﬂ‘/ﬁ)% 8—3% lm+umlm-

We can express this equation in vector notation as

9%u

Pz = A+ u)V(V-u) + pViu, (1.54)

The second term on the right side is called the vector Laplacian of u. It can be

written in the form (see Exercise 1.11)
ViZu=V(V-u) -V x(Vxu). (1.55)

Substituting this expression into Eq. (1.54), we obtain

9%u

PG = A+2u)V(V -u) — uV x (V x u). (1.56)

Equations (1.53) and (1.56) express the equation of balance of linear momen-
tum for isotropic linear elasticity in index notation and in vector notation. Both
forms are useful. One advantage of the vector form is that it is convenient for
expressing the equation in terms of various coordinate systems. These equations
are called the displacement equations of motion because they are expressed in
terms of the displacement of the material.

Helmholtz decomposition

In the Helmholtz decomposition, the displacement field of a material is ex-
pressed as the sum of the gradient of a scalar potential ¢ and the curl of a
vector potential 1:

u=Vo+V x. (1.57)
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Substituting this expression into the equation of balance of linear momentum,
Eq. (1.56), and using Eq. (1.55), we can write the equation of balance of linear

momentum in the form
82
\Y [po% — A+ 2u)v2¢]

2

oY —MVQ'Q/)] = 0.

+V X [pow

We see that the equation of balance of linear momentum is satisfied if the
potentials ¢ and 1 satisfy the equations

82

Wf =a?V?¢ (1.58)
and o

R (1.59)

where the constants « and § are defined by

o= ) B: - .
] Po

Equation (1.58) is called the wave equation. When it is expressed in terms

of cartesian coordinates, Eq. (1.59) becomes three wave equations, one for each
component of the vector potential 1. Because these equations are simpler in
form than the displacement equations of motion, many problems in elastic wave
propagation are approached by first expressing the displacement field in terms
of the Helmholtz decomposition.

Acoustic medium

Setting the shear modulus g = 0 in the equations of linear elasticity yields the
equations for an elastic medium that does not support shear stresses, or an
elastic inviscid fluid. These equations are used to analyze sound propagation
or acoustic problems, and we therefore refer to an elastic inviscid fluid as an
acoustic medium. In this case, the equation of balance of linear momentum,

Eq. (1.56), reduces to
0%u

The displacement vector can be expressed in terms of the scalar potential ¢,

u= Vo,
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and it is easy to show that the equation of balance of linear momentum is

satisfied if ¢ satisfies the wave equation

82
g =V

where the constant « is defined by

A\ /2
o= (_> |
Po

The constant A is called the bulk modulus of the fluid. Thus acoustic problems
are governed by a wave equation expressed in terms of one scalar variable.

Exercises

EXERCISE 1.35 By substituting the Helmholtz decomposition u = V¢ +V x 9
into the equation of balance of linear momentum, Eq. (1.56), show that the
latter equation can be written in the form

0%¢ 0%

\Y oo~ (A + 2u)v2¢] +V x [pow — ;N%/;] =0.

EXERCISE 1.36 We define an acoustic medium on page 44. Show that the
density p of an acoustic medium is governed by the wave equation

82
%g = onVQp.

Discussion—See Exercise 1.33.
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1.8 Summary

We will briefly summarize the equations that govern the motion of an isotropic
linear elastic material.
Displacement equations of motion

The displacement equations of motion for an isotropic linear elastic material in
index notation are (Eq. (1.53))

0%y, A% uy 0%y,
- = —. 1.
m e = A g G T oe (1.60)
They can be expressed in vector notation as (Eq. (1.53))
2u
=A+2u)V(V-u) — uV x (V x u). (1.61)

Po —8t2

The vector u is the displacement of the material relative to the reference state.
The scalar py is the density of the material in the reference state. The con-
stants A and p are the Lamé constants of the material. The Lamé constants are
related to the Young’s modulus E and Poisson’s ratio v of the material by (see

Exercise 1.30)
vE E

M-y My

Helmholtz decomposition

The Helmholtz decomposition of the displacement vector u is [Eq. (1.57)]
u=Vé+Vxp, (1.62)

where ¢ is a scalar potential and 1) is a vector potential. The displacement
equations of motion are satisfied if the potentials ¢ and 1) satisfy the equations
(Egs. (1.58) and (1.59))

W = OKQVQ(b (163)
and 522
S = V3, (1.64)

where the constants « and § are defined by

1/2 1/2
o= <A+2”> - <ﬂ> . (1.65)
Po Po
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Strain tensor and density

The components of the linear strain tensor Ej,, are related to the components
of the displacement vector by (Eq. (1.19))

1/ 0ur Oumnm
Ekm = 5 (—8% + . > . (1.66)

The density p of the material is related to its density po in the reference
state by (Eq. (1.33))

ou;
p=po(1—Ej;) = po (1—%;) (1.67)

Stress-strain relation

In isotropic linear elasticity, the components of the stress tensor T, are related
to the components of the strain tensor by (Eq. (1.43))

Tirm = ANkmEjj + 2uEkm, (1.68)

where A and p are the Lamé constants of the material.

Traction

If a plane is passed through a point p of a sample of material and a free-body
diagram is drawn of the material on one side of the plane, the traction t exerted
on the plane at point p (Fig. 1.13) is given in terms of the components of the
stress tensor at p by (Eq. (1.36))

te = ThmMm. (169)
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One-Dimensional Waves

When you see straight, parallel waves approach a beach, you are

observing one-dimensional waves. The heights of the waves depend

on time and a single spatial variable, the distance perpendicular to

the beach. We begin our discussion of waves in elastic materials

with one-dimensional waves because they are simple both from the

intuitive and theoretical points of view. After introducing the one-

dimensional wave equation and deriving its general solution, we show

that this equation governs one-dimensional motions of an elastic

material. To aid in visualizing solutions, we demonstrate that the

same equation also governs lateral disturbances in a stretched string.

We obtain solutions to several important problems, including the

reflection of a wave at the interface between two elastic materials.

We present examples of the use of characteristics to solve simple

one-dimensional problems, then apply them to materials consisting

of multiple layers.

2.1 One-Dimensional Wave Equation

The one-dimensional wave equation,

0%u 5 0%u

oz Y a2

is a second-order partial differential equation in one dependent variable v and

two independent variables t and z. The term « is a constant. We will show

that this equation has the remarkable property that its general solution can

be obtained by expressing the equation in terms of the independent variables

48



Chapter 2. One-Dimensional Waves 49

& =x —at and n = ¢ + at. The dependent variable v can be expressed either

as a function of the variables z,t or of the variables &, n:
u=u(x,t)=ua(n).

By using the chain rule, we can write the partial derivative of u with respect

to t as
ou _ o dmou
o ot oE ot Oy
_ o, oa
B o o’

Then we apply the chain rule again to determine the second partial derivative
of u with respect to t in terms of derivatives with respect to £ and n:
0u 0 aaa n ot
- = g
ot? ot 0¢ on
o0 (_ on o
ot 0¢ 0¢ on
on 0 ot ot
+ - —
ot dn
5 (0% o?a  0*u
= ?(Zs 22— 42 ).
ogz  0son - on?
The second partial derivative of u with respect to = in terms of derivatives with

respect to £ and 7 can be obtained in the same way. The result is

Pu  0%*u o?u  0%a
a5 = A+ 2——+ 55"
ox 0¢ o&on  On
Substituting these expressions for the second partial derivatives of v into Eq. (2.1),
we obtain the one-dimensional wave equation in the form
0%a

acon

We can integrate this equation twice to obtain its general solution. Integrating

0.

with respect to n yields

where h(£) is an arbitrary function of £. Then integrating with respect to &

gives the solution

u = /h(é) dé + g(n),
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where ¢g(n) is an arbitrary function of 7. By defining

1€ = [nie) de.
we write the solution in the form

u = f(&) +g(n), (2.2)

where f(£) and g(n) are arbitrary twice-differentiable functions. This is called
the D’Alembert solution of the one-dimensional wave equation.

Consider the function f(£) = f(z—at). Suppose that at a particular time g,
the graph of the function f(z — atp) is the curve shown in Fig. 2.1.a. Our

f() Time tg

Figure 2.1: The function f(£) at time tg and at time ¢.

objective is to show that as time increases, the graph of the function f(£) as
a function of x remains unchanged in shape, but translates in the positive x
direction with velocity a.

The value of the function f(z—atg) at a particular position xq is f(xo—atp).
The graph of f(£) at a time ¢t > tg is shown in Fig. 2.1.b. Its value f(x — «at) at
a position z is equal to the value f(xg — atp) if x — at = xg — atg, or

x =z + at —to).

This expression shows that during the interval of time from ¢y to ¢, the graph
of the function f(£) translates a distance «(t — o) in the positive z direction.
Thus as time increases the graph of the function f(£) as a function of 2 moves
in the positive x direction with constant velocity « (Fig. 2.2). By using the
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f \(f)/\/\ Time ¢

I

Time t + At

£)

f() Time ¢t + 2At
DA
! 200At !
f() Time ¢t + 3At

/\/\ .
—saat—

Figure 2.2: The function f(£) translates in the positive 2 direction with constant
velocity .
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same argument, we can show that the graph of the function g(n) as a function
of x translates in the negative x direction with constant velocity «.

The behavior of the functions f(£) and g(n) agrees with our intuitive notion
of a wave. Roughly speaking, a wave is a disturbance in a medium that moves
or propagates through the medium. The functions f(£) and g(n) describe waves
that propagate in the positive and negative x directions with constant velocity
or wave speed «. This explains why Eq. (2.1) is called the one-dimensional wave
equation. In the next section, we show that one-dimensional disturbances in a
linear elastic material are governed by this equation.

Exercises

EXERCISE 2.1 A function f(z) is defined by

x<0 f(x)=0,
0<z<1 f(z)=sin(rz),
x>1 f(x)=0.

Plot the function f(§) = f(x — at) as a function of x for t = 0, ¢t = 1 s, and
t=2sifa=1.

EXERCISE 2.2 Show that as time increases, the graph of the function g(n) =
g(x + at) as a function of z translates in the negative z direction with constant

velocity a.

EXERCISE 2.3 By using the chain rule, show that the second partial derivative
of u = u(x,t) with respect to x can be expressed in terms of partial derivatives

of u=1u(¢n) by
oo, v o
ox? 02 otom  On?’

EXERCISE 2.4 Show that the D’Alembert solution u = f(§) + g(n), where £ =
r — at and = x 4 «at, is a solution of the one-dimensional wave equation

0u 5 0%u

— =a‘=—.
ot? Ox?
Discussion—Substitute the solution into the equation and show that the
equation is satisfied. Use the chain rule to evaluate the derivatives.

EXERCISE 2.5 Consider the expression

u— Actlkr —wt)
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What conditions must the constants A, k, and w satisfy in order for this expres-
sion to be a solution of the one-dimensional wave equation?
EXERCISE 2.6 Consider the first-order partial differential equation

bu  Ou
ot Yoz

where « is a constant. By expressing it in terms of the independent variables

:0,

& =x — at and 7 = = + at, show that its general solution is

u = f(£),

where f is an arbitrary twice-differentiable function.
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2.2 One-Dimensional Motions of an Elastic Ma-
terial

We will describe two kinds of one-dimensional motion that can occur in an
elastic material and show that they are governed by the one-dimensional wave

equation.

Compressional waves

Figure 2.3.a shows a half space of material. The material is assumed to be
unbounded to the right of the infinite plane boundary. A cartesian coordinate
system is oriented with the positive z; direction pointing into the material and
the xo-z3 plane coincident with the boundary of the half space.

X9 o o
X1 X1 X1
u1(0,1) = p(t) T11(0,t) = p(t)

(a) (b) ()

Figure 2.3: (a) A half space of material. (b) Displacement boundary condition.
(¢) Normal stress boundary condition.

The motion of the material is specified by its displacement field u = u(x, t).
Suppose that the half space of material is initially undisturbed, that is, u(x, t) =
0 for t < 0, and we give the boundary a uniform motion in the x; direction
described by the equation

u1(0,t) = p(t), (2.3)

where p(t) is a prescribed function of time that vanishes for t < 0 (Fig. 2.3.b).
This is called a displacement boundary condition. — The displacement of the
boundary is specified as a function of time. The resulting motion of the material
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is described by the displacement field

Uy = ul(xl, f,),
U2 = 0, (24)
us = 0.

Because the motion of the boundary in the x; direction is uniform—that is, it
is the same at each point of the boundary—the resulting motion of the material
cannot depend on x5 or x3, and the material has no motion in the x5 or x3
directions. Each point of the material moves only in the z; direction. This is
a one-dimensional motion: it depends on only one spatial dimension and the
time.

For the one-dimensional motion described by Eq. (2.4), the displacement
equation of motion, Eq. (1.60), reduces to

2 2
8’(1,1_ 2811,1

a2 ¢ oz’

where the constant « is defined by Eq. (1.65). We see that one-dimensional
motions of a linear elastic material described by Eq. (2.4) are governed by the
one-dimensional wave equation with wave speed

()\+2u>1/2
a= :
Po

Waves of this type are called compressional, or P waves, and « is called the

compressional, or P wave speed. Figure 2.4.a shows an array of material
points in the undisturbed half space. Figure 2.4.b shows the displacements of
the material points at a time ¢ resulting from a compressional wave. The points
move only in the z; direction, and their motions depend only on z; and ¢.
From Eq. (1.67), we see that in a compressional wave described by Eq. (2.4),
the density of the material is given by

o1 Om
P = po ory )
Compressional waves described by Eq. (2.4) are also obtained if the boundary

of the undisturbed half space is subjected to a uniform normal stress described
by the equation

T11(0, ) = p(t),

where p(t) is a prescribed function of time that vanishes for ¢t < 0 (Fig. 2.3.c).
This is called a stress boundary condition.  The stress on the boundary is
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Y

Figure 2.4: (a) An array of points in the undisturbed half space. (b) Displace-
ments of the points due to a compressional wave.
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specified as a function of time. By using the stress-strain relation, Eq. (1.68),
this boundary condition can be expressed in terms of the displacement:

21 0,0) = (),
where )
() = 355 710 25

If the boundary is free, meaning that the applied stress is zero, the boundary
condition is 5
Ui
—(0,t) =0.
pral Gl

Shear waves

Suppose that the half space of material shown in Fig. 2.5.a is initially undis-
turbed and we give the boundary a uniform motion in the x5 direction described
by the equation

u2(0,t) = p(1), (2.6)

where p(t) is a prescribed function of time that vanishes for t < 0 (Fig. 2.5.b).
The resulting motion of the material is described by the displacement field

To T2 T2

1 1 T

(a) (b) ()

Figure 2.5: (a) A half space of material. (b) Displacement boundary condition.
(¢) Shear stress boundary condition.

uy = 0,
Ug = U;Q(l‘l, f,), (27)
us = 0.
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Because the motion of the boundary in the x5 direction is uniform, the resulting
motion of the material does not depend on z5 or x3, and each point of the
material moves only in the x5 direction.

For one-dimensional motions described by Eq. (2.7), the displacement equa-
tion of motion, Eq. (1.60), reduces to

82’(1,2

ot?

82’(1,2
2
oy

=2

where the constant § is defined by Eq. (1.65). We see that one-dimensional
motions of a linear elastic material described by Eq. (2.7) are governed by the
one-dimensional wave equation with wave velocity

i\ /2
5= (_> . 2.8
Po (2:8)
Waves of this type are called shear waves, or S waves, and [ is called the shear
wave or S wave speed. Figure 2.6.a shows an array of material points in the
undisturbed half space. Figure 2.6.b shows the displacements of the material
points at a time ¢ resulting from a shear wave. The points move only in the
xo direction, and their motions depend only on z; and ¢. From Eq. (1.67), the
density of the material in a shear wave described by Eq. (2.7) is given by

p=po.

Thus the density of the material is unchanged by a one-dimensional shear wave.
Shear waves described by Eq. (2.7) are also obtained if we subject the bound-
ary of the undisturbed half space to a uniform shear stress described by the
equation
Th2(0,1) = p(t),

where p(t) is a prescribed function of time that vanishes for ¢t < 0 (Fig. 2.5.¢).
By using the stress-strain relation, this boundary condition can be expressed in
terms of the displacement:

ou
X1
where .
p(t) = —p(t
(t) u()
If the boundary is free, the boundary condition is
0
222 (0,¢) = 0.

83?1
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Figure 2.6: (a) An array of points in the undisturbed half space. (b) Displace-
ments of the points due to a shear wave.
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2.3 Motion of a String

We will show that small lateral motions of a stretched string are governed by the
one-dimensional wave equation. This problem has important practical applica-
tions, for example in explaining the behaviors of stringed musical instruments.
However, the reason we discuss it here is that waves in a string are easier to
visualize than one-dimensional compressional and shear waves in an elastic ma-
terial. In addition to the governing equation being identical, we will show that
the boundary conditions discussed in the previous section for one-dimensional
waves in an elastic half space have equivalents in the lateral motion of a string.
As a result, the motion of a string makes an excellent analog for visualizing

one-dimensional waves in elastic materials.

Equation of motion

Consider a string that is stretched between two points (Fig. 2.7.a). We can
describe the lateral motion of the string in terms of its lateral displacement u =
u(zx, t) relative to the equilibrium position, where x is the position (Fig. 2.7.b).
Figure 2.7.c shows a free-body diagram of an element of the string of length ds.
We assume the tension T of the string to be uniform. The angle 6 is the angle
between the centerline of the string and the x axis. Newton’s second law for the

lateral motion of the string is

. 00 . 0?
sin <9+ %dx> —Tsinf = (pr, ds)%’

where py, is the mass per unit length of the string. Expanding the first term on
the left side in a Taylor series, we obtain the equation

o0 9%u
T— = o . .
% dx = py, BT ds (2.10)

We can write the length of the element ds in terms of dz:

1/2
L (Y
— x.
Or
If we assume that the term du/0z (the slope of the string relative to the x axis)

is small, then ds = dz and § = du/Jx. Therefore we can write Eq. (2.10) in the

form

ds = (da? + du®)'/? =

0%u 0%u
w = 062@, (211)

7 \/2
o- (_> |
PL

where
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(b)

T 0
y/erJrade
V

T dx
()

Figure 2.7: (a) A stretched string. (b) A lateral motion. u is the lateral dis-
placement. (c¢) Free-body diagram of an element of the string.

So small lateral motions of a stretched string are governed by the one-dimensional
wave equation. The wave velocity a depends on the tension and mass of the
string.

Boundary conditions

When a string is fixed at the ends as shown in Fig. 2.7.a, the boundary condition
at the fixed ends is simply that the displacement u = 0. Suppose that the string
is supported at = 0 so that it can move in the lateral direction (Fig. 2.8.a).
If the lateral displacement of the string at x = 0 is specified, the boundary
condition is

u(0,t) = p(t),

where p(t) is a prescribed function of time (Fig. 2.8.b). This boundary condition
is identical in form to Eqgs. (2.3) and (2.6).

Suppose that a prescribed lateral force F'(t) is applied to the string at x =0
(Fig. 2.8.c). As shown in Fig. 2.8.d, the force F'(t) is related to the tension in
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z=0
(a)
b/—ﬂc
U(O, t) = p(t)
(b)
F(t) (c)
T
0
F(t)
(d)

Figure 2.8: (a) A string that can move in the lateral direction at z = 0. (b) A
displacement boundary condition. (c¢) A force boundary condition. (d) Free-
body diagram of the left end of the string.
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the string by F'(t) = T'sinf. (We neglect the mass of the support.) Because we
assume 6 to be small,

ou
Ft)=T0=T—.
(t) o
Therefore the boundary condition at z = 0 is
Ju
5, 0 t) = 1),
x

where p(t) = F(t)/T. This boundary condition is identical in form to Eqgs. (2.5)
and (2.9). If the end of the string is “free,” that is, F(t) = 0, the boundary
condition at =0 is

%(0 t) = 0.

or

Thus the slope of the string is zero at the “free” end.

2.4 One-Dimensional Solutions

We now apply the D’Alembert solution to some important problems in one-
dimensional wave propagation. We state the problems in terms of compressional
wave (P wave) propagation in an elastic material. However, as we pointed out
in Sections 2.2 and 2.3, they can also be interpreted in terms of shear wave
(S wave) propagation in an elastic material or in terms of the propagation of
disturbances in the lateral displacement of a stretched string.

Initial-value problem

Suppose that at t = 0, the z; components of the displacement and velocity of

an unbounded elastic material are prescribed:

ui(r1,0) = p(z1),
oy (2.12)
W(m,o) = q(z1),

where p(x1) and ¢(x1) are given functions. Let us further assume that the
displacements and velocities of the material in the x5 and x3 directions are
zero at t = 0. These initial conditions cause one-dimensional motion of the
material described by the displacement field given in Eq. (2.4), and the motion
is governed by the one-dimensional wave equation

82’(1,1 2 82’(1,1
=
ot? ox?

(2.13)
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()\+2u>1/2
o= :
Po

Although we have stated this problem in terms of one-dimensional motion

with wave velocity

of an elastic material, it is easier to visualize when it is stated in terms of the
lateral motion of a string: at ¢ = 0, the lateral displacement and the lateral
velocity of an unbounded string are prescribed as functions of position.

To obtain the solution, we write the displacement wu;(x1,t) in terms of the
D’Alembert solution:

ui (1, t) = f(§) +9(n) = fx1 — at) + g(z1 + at). (2.14)

This solution satisfies the one-dimensional wave equation. Our objective is to
determine functions f(£) and g(n) that satisfy the initial conditions.
We can obtain an expression for the velocity from Eq. (2.14) by using the

chain rule:

o D =0 T T
df (&) dg(n)

=0T Ty
By setting t = 0 in this equation and in Eq. (2.14), we can write the initial

conditions, Eq. (2.12), as

duq df (§) 0§ n dg(n) on

f@1) +g(z1) = p(z1), (2.15)
df(z1)  dg(z1)
—a e +a i q(zx1). (2.16)

We integrate the second equation from 0 to z1, obtaining the equation
/M
~fa) o) = 3 | al@) da = 1(0) +900), (217)
0

where Z is an integration variable. Now we can solve Egs. (2.15) and (2.17) for

the functions f(x1) and g(x1):

fa=gple)) — oo [a@ds + 310) — Se00)
o) = 5p(e) + 3o [Cal@ds — 370) + Fe00)

Substituting these expressions into Eq. (2.14), we obtain the solution of the

initial-value problem in terms of the initial conditions:

1 1 x1+oat
u(zy,t) = =p(z1 — at) + =p(r1 + at) + —/ q(z)dz. (2.18)
2 2 20/,
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This solution is easy to interpret when the initial velocity is zero: ¢(z1) = 0.
In this case, the solution consists of the sum of forward and rearward propa-
gating waves that have the same form as the initial displacement distribution
p(x1) but have one-half its amplitude:

1 1
u(zy,t) = 5])(3:1 —at) + 5])(3:1 + at). (2.19)

The displacement distribution at any value of time can be constructed by su-
perimposing the forward and rearward propagating waves. Figure 2.9 shows an

1.0 — ta =0
p(l‘l) 05 I PN
0 ~ T

1.0

B ta =10
(V51 05 — //>(
0 =7 N T
L0~ ta =20

1.0
ur 0.5

ta = 30

1.0 ta =40
ur 0.5 F

N

x1

Figure 2.9: An initial displacement distribution and the displacement distribu-
tions at subsequent times.

initial displacement distribution p(x1) [the solid line] and the resulting displace-
ment distribution at several values of time. Observe that for times such that
ta > 30, the displacement distribution consists of forward and rearward propa-
gating waves having the same form as the initial distribution but with one-half
its amplitude.
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The solution given by Eq. (2.18) is not as easy to interpret when the initial
velocity is not zero, because the solution involves the integral of the initial
velocity distribution. At a given position x; and time ¢, the solution depends
on the initial velocity distribution over the interval from x; — at to 1 + at. In
Fig. 2.10 we illustrate an example in which the initial displacement distribution
is zero and the initial velocity is constant over an interval of the x; axis and zero
everywhere else. (To visualize this initial condition, imagine hitting a stretched
string with a board 2 units wide.) The resulting displacement distribution is
shown at several values of time. For times such that ta > 1, the solution consists
of forward and rearward propagating “ramp” waves with a uniform displacement
between them.

Initial-boundary value problems

Suppose that a half space of elastic material is initially undisturbed, that is,
u(x,t) = 0 for t <0, and we subject the boundary to the displacement boundary
condition

u1(0,t) = p(t), (2.20)
where p(t) is a prescribed function of time that vanishes for ¢ < 0 (Fig. 2.11).
This is called an initial-boundary value problem: the initial state of the material
and the displacement at the boundary of the half space are prescribed.

We can determine the solution by expressing the displacement in terms of the
D’Alembert solution. We expect the imposed motion of the boundary to give rise
to a wave propagating in the positive x; direction but not a wave propagating
in the negative x; direction. Therefore we express the displacement in terms
of the part of the D’Alembert solution that represents a forward propagating
wave. To do so, it is convenient to redefine the variable £ by

§=—l(x1—ozt)=t—ﬂ. (2.21)
« «

Thus we assume that

(e t) = &) =7 (- ).

By setting x1 = 0 in this expression, we can write the displacement boundary
condition as
f(t) = p().
We see that the function f(t) is equal to the prescribed function p(t), so the
solution for the displacement field is
x1

no,t) = f§) =p(t-2).

(07
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Figure 2.10: An initial velocity distribution and the displacement distribution

at subsequent times.
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x1
—

—

—

u1(0, 1) = p(t)
Figure 2.11: Half space subjected to a displacement boundary condition.

Because the function p(t) vanishes for ¢ < 0, note that u; = 0 when t < x1/a.
Figure 2.12.a shows a particular function p(t). The resulting displacement field
at time tg is plotted as a function of z; in Fig. 2.12.b.

uy(0,t) = p(t)
V\A\
to ¢

(a)

w1 (z1,to)
time to

x1

—ats—]
(b)

Figure 2.12: (a) A displacement boundary condition. (b) The resulting dis-
placement field at time tg.

Suppose that we subject the boundary of the half space to a normal stress
boundary condition

where p(t) is a prescribed function of time that vanishes for ¢ < 0 (Fig. 2.13).
The stress component T7; is related to the displacement field by
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x1
—]

|

-~

T11(0,t) = p(t)

Figure 2.13: Half space subjected to a stress boundary condition.

ou
T = (A +2u)En = (A+2u)8—xl, (2.23)
1
so we can write the boundary condition as
%(O,t) =p(t), (2.24)
X1
where 5t
p(t) = <2

Tt 2u
Let us assume that the displacement field consists of a forward propagating

wave:

(e t) = f&) =7 (- =)

«
The partial derivative of this expression with respect to z is

oy~ WO %1

O

83?1

d¢ 0r1 o df
By setting 1 = 0 in this expression, we can write the boundary condition as

%(tt) = —ap(t). (2.25)

Integrating this equation from 0 to ¢ yields the function f(¢) in terms of p(t):

f(t) = £(0) —a / p(D) di,

where ¢ is an integration variable. Thus the displacement field is

t—xz1 /o B
wr(a0,1) = F(€) = £(0) —a / p(D) di.
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The initial condition is violated unless the constant f(0) = 0. Therefore the

solution is
t—xz1/a B
up(x1,t) = —a/ p(t) dt. (2.26)
0

This problem can be approached in a simpler way. We take the partial

derivative of the one-dimensional wave equation with respect to x; and write

0% [ Our , 0% [ Ouy

This equation shows that the strain du;/0x; is governed by the same one-

the result as

dimensional wave equation that governs the displacement. Therefore we can
write a D’Alembert solution for the strain field:

QUL (0 1) = () = b (t - ﬂ) .

0x1 o

By setting 1 = 0 in this expression, we can write the boundary condition as

We see that the function h(t) is equal to the prescribed function p(t), so the
solution for the strain field is

)= hie) =p (- 2.

Although this approach is simpler, it results in the solution for the strain field
instead of the displacement field.

Reflection and transmission at an interface

Suppose that half spaces of two different elastic materials are bonded together
as shown in Fig. 2.14. Let the left half space be material L and the right half
space material R. The interface between the two materials is at 1 = 0. Let us
assume that there is a prescribed incident wave in the left half space propagating
in the positive x; direction (Fig. 2.15.a). The interaction of the wave with the
interface between the two materials gives rise to a reflected wave propagating
in the negative x; direction in material L and a transmitted wave propagating
in the positive 1 direction in material R (Fig. 2.15.b).
We can write the displacement field in the material L as

b =pler)+ o) =p (0= ) g (04 22, (2.28)
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x1

.13120

Figure 2.14: Bonded half spaces of two elastic materials.

ar

A
A

x1

(a)

oy, aR
A 1

(b)

Figure 2.15: (a) The incident wave. (b) Reflected and transmitted waves.

where the function p is the incident wave and the function g is the reflected

wave. The displacement field in material R is the transmitted wave

ul = h(¢g) = h (t -~ ﬂ) : (2.29)

QR

Our objective is to determine the reflected and transmitted waves in terms of
the incident wave, that is, we want to determine the functions g and h in terms
of the function p.

At the bonded interface the displacements of the two materials are equal,

ut (0,¢) = uf'(0, 1), (2:30)
and the normal stresses are equal,

T{1(0,t) = TH (0, t).
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By using Eq. (2.23), we can write the relation between the stresses as

ou¥ oult
prag g (0,1) = praqig -(0,1), (2.31)

where pr, and pgr are the densities of the two materials in the reference state.
The partial derivatives of Eqgs. (2.28) and (2.29) with respect to z; are

Quf _ dp(€r) %€ | dg(nw) O
8.131 de 8331 d77L 8371
_ 1dp(&) | 1 dglng)
aj, de Qag, d77L ,
Ouft _ dh(¢r) O¢r _ 1 dh(&r)
01 déRr 0y ar dir .

Using these two equations and Egs. (2.28) and (2.29), we can write the dis-
placement condition, Eq. (2.30), and the stress condition, Eq. (2.31), in the

forms
p(t) +g(t) = h(t), (2.32)
dp(t)  dg(t) dh(t)
_— —_— p— —K_ 2'
dt + dt dt -’ (2.33)
where we define
o _ PR _ PROR

zL pLor’
The term z = po« is called the acoustic impedance of a material. Integrating
Eq. (2.33), we obtain the equation

—p(t) +9(t) = —Kh(t) + C,

where C' is an integration constant. Solving this equation and Eq. (2.32) for
the functions g(¢t) and h(t), we determine the reflected and transmitted waves
in terms of the incident wave:

g (t + %) (;—§> p (t + %) , (2.34)

h (t - z—;> = (HLK> p (t - z—;> . (2.35)

We see that the reflection and transmission of a compressional wave at an in-

terface between two elastic materials is characterized by the ratio of acoustic
impedances K = zg/zy,. If the two materials have the same acoustic impedance,
there is no reflected wave and the transmitted wave is identical to the incident

wave.
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Reflection at a rigid boundary

Suppose that the right half space in Fig. 2.14 is rigid. That is, the left half space
is bonded to a fixed support at 1 = 0. Let us assume that there is a prescribed
incident wave in the left half space propagating in the positive x; direction. We
can determine the wave reflected from the boundary from Eq. (2.34) by letting
the acoustic impedance zgr — 00, which means that K — oo. The reflected

X1 X1
gG+—>=—pO+—).
g, g,

This result has a simple interpretation. Consider the incident wave shown in

wave is

Fig. 2.16.a. The reflected wave is identical in form to the incident wave and is of
opposite sign. It can be visualized as shown in Fig. 2.16.b. As the incident wave
reaches the boundary, the solution is obtained by superimposing the incident
and reflected waves (Figs. 2.16.c and 2.16.d). Notice that the displacement
is zero at the boundary. After the incident wave has “passed through” the
boundary, only the reflected wave remains (Fig. 2.16.e).

Reflection at a free boundary

Now suppose that the left half space in Fig. 2.14 has a free boundary at x1 = 0,
and let us assume that there is a prescribed incident wave in the left half space
propagating in the positive x; direction. We can determine the wave reflected
from the boundary from Eq. (2.34) by letting the acoustic impedance zp — 0,
which means that K — 0. The reflected wave is

X1 X1
gG+—>=pG+—>.
g, g,

Consider the wave approaching a free boundary shown in Fig. 2.17.a. The
reflected wave can be visualized as shown in Fig. 2.17.b. The solution as the
incident wave reaches the boundary is shown in Figs. 2.17.c and 2.17.d. Notice
that the slope is zero at the boundary. After the incident wave has “passed
through” the boundary, only the reflected wave remains (Fig. 2.17.¢).
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Figure 2.16: Reflection of a wave at a rigid boundary.
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x1

Figure 2.17: Reflection of a wave at a free boundary.
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Exercises

EXERCISE 2.7 A particular type of steel has Lamé constants A = 1.15 x 10" Pa
and g = 0.77 x 101! Pa and density pp = 7800 kg/m3. Determine (a) the
compressional wave velocity «; (b) the shear wave velocity 3.

Answer: (a) a =5.87 km/s. (b) §=3.14 km/s.

EXERCISE 2.8 Consider the steel described in Exercise 2.7. A compressional
wave propagates through the material. The displacement field is

u; = 0.001sin[2(z; — at)l m, ug =0, wug=0.

Determine the maximum normal stress 771 caused by the wave.
Answer: 538 MPa.

EXERCISE 2.9 Suppose that at ¢ = 0 the velocity of an unbounded elastic ma-
terial is zero and its displacement field is described by wuj(x1,0) = p(z1), where

21 <0 p(x1) =0,
0<z <1 p(x1)= Asin(rzy),
1 >1 p(x1) =0,

where A is a constant. Plot the displacement field as a function of x; when
t=0,t=1/(2a), and t = 1/a.

EXERCISE 2.10

1
-

-~

-~

T11(0,1) = ToH()

Suppose that a half space of elastic material is initially undisturbed and the
boundary is subjected to a uniform normal stress T11 = Ty H(t), where Tj is a
constant and the Heaviside, or step function H(t) is defined by

0 when t<0,
H(t) = { 1 when ¢t>0.
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(a) Show that the resulting displacement field in the material is

OéTQ X1 X1
= STy g (-,
“ A+ 2u (t @ ) (t @ )
(b) Assume that Tp/(\ 4+ 2u) = 1. Plot the displacement field as a function
of 1 when t =1/, t =2/c, and t = 3/av.

EXERCISE 2.11

4—\—/\J-\/
T11(0,t) = ToH(t)

Consider a plate of elastic material of thickness L. Assume that the plate is
infinite in extent in the x2 and x3 directions and that the right boundary is free
of stress. Suppose that the plate is initially undisturbed and the left boundary
is subjected to a uniform normal stress T11 = Ty H(t), where Ty is a constant
and H (t) is the step function defined in Exercise 2.10. This boundary condition
gives rise to a wave propagating in the positive x; direction. When t = L/a,
the wave reaches the right boundary and causes a reflected wave. Show that
from t = L/a until t = 2L/« the displacement field in the plate is

T 2L 2L
n= e (=) H (=2 ) 4 (0 2 - ) (04 222
A+ 2u Q@ Q@ « Q@ o} o}
EXERCISE 2.12 Confirm that the solution given by Eq. (2.18) satisfies the initial
conditions, Eq. (2.12).

EXERCISE 2.13 Confirm that the solution given by Eq. (2.26) satisfies the bound-
ary condition, Eq. (2.24).
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2.5 The Finite Element Method

The finite element method is the most flexible and widely used technique for
obtaining approximate solutions to problems in fluid and solid mechanics, in-
cluding problems involving the propagation of waves. In this section we apply
finite elements to one-dimensional wave propagation in a layer of elastic mate-
rial. This simple example permits us to introduce the terminology and concepts
used in finite-element solutions of more complex problems. In particular, read-
ers familiar with applications of finite elements to static problems will recognize
how the approach we describe can be extended to two- and three-dimensional
problems in elastic wave propagation. Persons interested in wave propagation
who are new to finite elements may be motivated to seek further background.
Our discussion is based on Becker, et al. (1981) and Hughes (2000).

One-dimensional waves in a layer

Figure 2.18 shows a layer of isotropic elastic material with thickness H that is
unbounded in the x5 and x3 directions. The layer is fixed at the right boundary
xr1 = H. We assume that the material is initially stationary, and at ¢ = 0 is

)

" T

—x

T11(0, f,) = ﬁ(t) ’U,l(H, f,) =0
| H |

Figure 2.18: A layer subjected to a uniform normal stress boundary condition
at the left boundary and fixed at the right boundary.

subjected to the normal stress boundary condition

Tll(oat) :ﬁ(f')a (236)
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where p(t) is a prescribed function of time. The stress component T7; is related
to the displacement field by

)
Tip = (A +2u) By = ()\+2u)8—2, (2.37)

so the conditions at the left and right boundaries of the layer can be written

A+ ZM)g—Zi(O, t) = p(t), (2.38)

wi(H,t) = 0. (2.39)

The uniform stress boundary condition will give rise to one-dimensional waves
in the layer governed by the wave equation (2.2),

82u1 282u1
= a*— 2.40
a2 ¢ oz’ (2.40)
where At 2
o? = L (2.41)
Po

Our objective is to determine the displacement field u;(x1,t) in the layer
by solving Eq. (2.40) subject to the boundary conditions (2.38) and (2.39).
For example, at a particular time ¢ the displacement field might be as shown
in Fig. 2.19. To apply the finite element method, we divide the layer into N

U1

T
0 H

Figure 2.19: Distribution of the displacement in the layer at a time t.

parts (elements) of equal width h = H/N and seek an approximation to the
displacement field that is linear within each element (Fig. 2.20). That is, the
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Ui

x1

Figure 2.20: Approximate solution for the displacement in the layer with N = 4.
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displacement field is approximated by a continuous, piecewise-linear function.
In the example shown, N = 4. The boundaries 1, 2, 3, and 4 are called the
nodes. Before explaining how to determine the approximate displacement field
in terms of a piecewise linear function, we must discuss how such functions are

expressed in the finite element method.

Basis functions

A key step in the finite element method is the introduction of basis functions
that describe the displacement of the material within the elements. For our
one-dimensional example, the most commonly used basis functions are shown
in Fig. (2.21). The functions By, B, ..., By depend upon z; but not time. The
displacement uq(x1,t) is expressed in terms of these functions as

N
u1 =Y dpBp =dmBp, 0<x <H, (2.42)
i=1
where the coefficients d,,, depend upon time but not z;. Because of the way the
basis functions are defined, at a given time ¢ Eq. (2.42) describes a continuous,
piecewise-linear function of z;. Furthermore, the coefficients d,,, are the values
of the displacement at the nodes. Any piecewise-linear displacement distribution
in the domain 0 < z; < H that vanishes at 1 = H can be represented in this
way. The displacement distribution in Fig. 2.20 is described by

as shown in Fig. 2.22. We see that obtaining an approximate solution for the
displacement field u;(x1,t) requires determining the coefficients d,,, as functions

of time.

The finite element solution

Let w(x1) be a function of x; that equals zero at the fixed end of the layer:
w(H) = 0. We multiply Eq. (2.40) by w(x1) and integrate the resulting equation
with respect to z1 from 0 to H:
H o2 H 92
0%uq 0%uy
—wdry = (A+2 —wdzx. 2.44
w | Gwdn= 02 [ e, (249

Using the result

2
0 (8u1 > 0%uy 8u1d_w (2.45)

o \on®) = 92 T an ey
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Figure 2.21: Basis functions for the displacement in the layers.
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dy =4.35

x1

Figure 2.22: Displacement distribution described by Eq. (2.43).

83
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we integrate the right side of Eq. (2.44) by parts, obtaining
H 52 H H
0“uq Oouq Ouy dw
—wdry = A+ 2u) | =— —(A+2 —
[ it dn = (1+20) [8xlzu]0 (g [ St
Using the imposed condition w(H) = 0 and the boundary condition (2.38), this
becomes

dxl. (246)

H a2 H
0“uq B ouy dw
—_— = — — 2 — —dx. 2.47
2Y R wdzy = —p(t)w(0) — (A +2u) o Ory doy (2.47)

This equation, together with the boundary conditions (2.38) and (2.39), is called
the weak, or variational, formulation of this boundary-value problem. Instead
of imposing a condition at each point of the domain of the solution, as is done by
the differential equation (2.40), the weak form imposes a condition on integrals
over the entire domain of the solution. Notice that we are implicitly assuming
that the displacement distribution u; and the function w(z1) are such that the
integrals in Eq. (2.47) exist.

To solve Eq. (2.47) using finite elements, the displacement field is expressed
in terms of the basis functions we introduced:

Uy = dem- (248)
The function w(zx1) is also expressed in terms of the basis functions,
(1) = em B, (2.49)

where the ¢, are arbitrary constants. (This representation of w(x;) ensures
that w(H) = 0.) Substituting the expressions (2.48) and (2.49) into Eq. (2.47)
yields

H 52 H

d*d,, dB,, dB

po/ ——"B,,c.Bi dx1 = —ﬁ(t)ckékl—()\—l—Zu)/ dm—ck—k dzy. (2.50)
o dt? 0 dr, " dzy

The Kronecker delta in the first term on the right arises because the only basis
function that is not equal to zero at x1 = 0 is By. Therefore w(0) = ¢, B (0) =
ck0k1- Using (2.41), Eq. (2.50) can be written

C %JFK dm — fr | ek =0 (2.51)
km de2 kmUm k k — Y, .

where

H
Ckm = po/ BkBm dxl,
0

(1B (1B .

Kym = (>\+2M)/

0 dﬂ?l dﬂ?l

Jr = —D(t)0p1-
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The terms Cy,, and Ky, are constants that can be evaluated by integration
of the basis functions and their derivatives. Because the coefficients ¢ can be
chosen arbitrarily, the expression in parentheses in Eq. (2.51) must vanish for
each value of k, resulting in the equations

d?d,,
Ckm,W_‘_Kkm,dm,:fka k:1,2,...,N, (253)
or
d2
Cod+Kd—f. (2.54)

The matrix of the linear transformation C is called the mass matriz for this
problem, the matrix of K is the stiffness matriz, and f is the force vector.!
Completing the solution for the vector of nodal displacements d requires nu-
merical integration of Eq. (2.54). Before carrying out that step, we briefly
discuss the evaluation of the matrices of C and K.

Evaluation of the mass and stiffness matrices

The basis functions By and By are shown in Fig. 2.23. The function Bj is

1
Blzl_ﬁxla 0<z <h,

(2.55)
Bl = 0, T > h.
Its derivative is
dB1 1
— =—-, 0<z <h,
dxl h
B (2.56)
bt Yy 0, x1 > h.
dxl

Using these expressions and Eq. (2.52), the coefficient C1; is

H
Ci1 = po/ B1Bj dz;
0

h 1 2
0 h

_ poh

= —3 ,
1Solving two- and three-dimensional problems using finite elements involves dividing the
domain of the solution into finite parts, or elements, and defining suitable basis functions
to describe the solution within each element. If the problem is time dependent, the weak

formulation of the governing differential equations leads to an equation identical to Eq. (2.54).
If the problem is static, the first term in Eq. (2.54) does not appear.
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Figure 2.23: The basis functions By and Bs.

and the coefficient K11 is

H
dB, dB,
Kqi1 = 2 _—
11 ()\ + M) o d.]?l d.]?l d.]?l
h 1 2
= (A—I—Zu)/ (——> dxy (2.58)
0 h
A+ 2pu
==
The basis function Bs is
1
3225331, 0<a <h,
1
By =2- -1, h<uz <25h, (2.59)

By =0, 2h < x5.
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Its derivative is
dBs

1

= — < <
o —n VsTmsh
dBs 1
—_— = —— <2
da n h<z < h,
@ZO, 2h < x1.
dxl

Using these expressions, the coefficient Css is

H
Coy = po/ Bs B> dxy
0

h 1 2 2h 1 2
= / — dl‘l + p()/ 2 — —T1 dl‘l
7 \n™ n h

- 2p0h
= 3

and the coefficient Kos is

"B, dB,
0 dxl dxl

[ G e [ (55)
200+ 2p)

- .
The coefficients C15 = Ca1 and K5 = K51 are

Koy = ()\—FQM) €1

(A +2p)

H
Ciy = po/ B1Bs dzy
0

_ /” 11 LI
= Po o hJ?l hJ?l T1
_ poh
6 )
H 4B, dB,
— 4
0 dxl dxl

wenf (D))

_ A+2p
==

Kio = ()\—FQM) €1

87

(2.60)

(2.61)

(2.62)

(2.63)

(2.64)

All of the coefficients Cj,, and Ki,, are determined by similar calculations.

The task is greatly simplified by the repetitive nature of the basis functions.
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For example, if N =4,

11
s 5 00
12 1
3 6
Com=poh | © 7 0 ], (2.65)
05 3 %
00 42
1 -1 0
At2u| -1 2 -1 0
K = , 2.66
b h 0 -1 2 -1 (2.66)
0o -1 2
1
_ 0
0
Numerical integration with respect to time
We now address the problem of integrating Eq. (2.54):
d2
C@d+Kd:f. (2.68)
Let the velocities and accelerations of the material at the nodes be denoted by
v id,
dt
(2.69)
ey
dt? dt

Equation (2.68) can be solved for the accelerations in terms of the displacements:
a=C"'(-Kd+f). (2.70)

Let v(t) denote the nodal velocities at time ¢. If v(¢) is known, the “trapezoidal”

method of approximating the velocities at time ¢ + At is

v(t+ At) =v(t) + % [a(t + At) +a(t)]. (2.71)

That is, the change in the velocity is calculated using the average acceleration
during the interval of time A¢. Then the change in the nodal displacements can

be determined in the same way using the average velocity:

d(t+ At) =d(t) + % [v(t+ At)+ v(1)]. (2.72)
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However, Eqgs. (2.71) and (2.72) cannot be solved sequentially, because a de-
pends on d. From Eq. (2.70),

a(t) = C7'[-Kd(t) + £(1)],

(2.73)
a(t + At) = CTH[-Kd(t + At) + £(t + At)].
We substitute these expressions into Eq. (2.71):
At
v(t+AY) = v(t)+5-C {—K[d(t + At +d(1)]
(2.74)

HE(E+ AL) + f(t)}.

Substituting this expression for v(¢t+At) into Eq. (2.72) and solving the resulting
equation for d(¢ + At) yields

d(t+ At) = R_l{Sd(tH—Atv(t)

. (2.75)
+(%) CU[f(t+ At) +f(t)]},
where
R—1I+ (%)QC*K, S—1- (%)20—11{, (2.76)

and I is the identity transformation, I, = dkm. Equation (2.75) determines
d(t+ At) using information known at time ¢. (The force vector f is a prescribed
function of time.) Once d(¢t + At) has been determined, v(¢t + At) is given
by Eq. (2.74). In this way the time evolution of the nodal displacements and
velocities can be determined iteratively. The slope of the displacement in each
element, and therefore the stress, can be calculated using the nodal displace-

ments.

Example

Let the width of the layer be H = 4. Let the density of the material be p =1
and let A+ 2 = 1, so that the wave velocity o = 1. Suppose that at t = 0, the
left side of the stationary layer is subjected to a pulse of compressive stress of

unit duration:
—sinmt, 0<t <1,
T11(0,1) = { 0 L<t (2.77)

This pulse is shown in Fig. 2.24. The exact solution for the displacement field
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Normal stress

Figure 2.24: Normal stress applied to the right side of the layer.

due to the pulse boundary condition is

2
_oz, 1 < a(t—1),
T
wi(rnt) =49 ¢ [1 —cosT (t - E)} ,oalt—1) <z <o, (2.78)
T a
0, at < x1.

In Fig. 2.25, the nodal displacements obtained using N = 80 and At =
0.01 seconds are compared to the exact solution at ¢ = 2 seconds. The circles
are the nodal displacements and the line is the exact solution. In Fig. 2.26, the
nodal velocities are compared to the exact solution at t = 2 seconds. The small
oscillations near the leading edge of the wave are an artifact arising from the

artificial discretization of the material into layers.
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Figure 2.25: Displacement distribution at t = 2 seconds.
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Figure 2.26: Velocity distribution at ¢ = 2 seconds.
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2.6 Method of Characteristics

Our objective is to define the characteristics of the one-dimensional wave equa-
tion and show how they can be used to obtain solutions. This approach is
widely used in solving practical one-dimensional wave problems and also helps
to explain the boundary and initial conditions that must be prescribed in such
problems.

The one-dimensional wave equation is

0u 5 0%u
— =a"—. 2.79
a2~ ¢ a2 (2:79)
By introducing the notation
_ Ou o ou
o 8If ’ o 8331,
we can write Eq. (2.79) as a first-order equation:
ov 5 Oc
— =a"—. 2.80
ot~ " o (2.80)
Because the variables v and ¢ are related by
ov Oe
— = = 2.81
83?1 8If ’ ( )

we obtain a system of two first-order equations, Egs. (2.80) and (2.81), in place
of the second-order wave equation. When u represents the displacement of an
elastic material, v is the velocity of the material and ¢ is the strain. When u
represents the lateral displacement of a stretched string, v is the lateral velocity
of the string and ¢ is the slope.

Let us assume that v(z1,t) and e(x1, t) are solutions of Egs. (2.80) and (2.81)
in some region of the x1-t plane. Our objective is to show that there are lines
within that region along which the quantity v — ae is constant. The change in
the quantity v — ae from the point z1,t to the point x1 + dx1,t + dt is

d(v — ae) = %(v —ag)dt + %(v — ag) dxy

— @ — a% dt + ﬁ — aﬁ dx
“\ar Tt dry  0x )
By using Eqgs. (2.80) and (2.81), we can write this expression in the form

3} 10
d(v— ae) = (8—31)1 - Ea—::) (dx1 — adt).
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From this equation, d(v — «eg) is zero if

dzy
dt

That is, the quantity v — ae is constant along any straight line in the z;-t plane

= .

having slope «. In the same way, it can be shown that the quantity v + ae is

constant along any straight line in the x1-t plane having slope

dzy
dt

Straight lines in the x1-t plane having slopes « and —« are called character-

= —qQ.

istics of the one-dimensional wave equation. When the x1-t plane is represented
as shown in Fig. 2.27, we refer to the two types as right-running and left-running
characteristics. The quantity v —ae is constant along a right-running character-
istic, and the quantity v + ae is constant along a left-running characteristic. In
the following sections we show that these two conditions can be used to obtain
solutions to Eqgs. (2.80) and (2.81).

t

left-running right-running

1% 91

x1

Figure 2.27: Left- and right-running characteristics in the x;-t plane.

Initial-value problem

Suppose that at ¢ = 0, the velocity and strain of an unbounded elastic material

are prescribed:

0

’U(J?l,O) %(331,0) _p($1),
0

5(331,0) 8—::(33150) = q($1),

where p(z1) and ¢(x1) are given functions. We assume that the velocities and
displacements of the material in the xo and x3 directions are zero at t = 0. We
can use characteristics to determine the velocity and strain of the material as
functions of position and time.

Consider an arbitrary point x1,t in the x;-t plane. We can extend a right-
running characteristic ab and a left-running characteristic ac from this point
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back to the x; axis (Fig. 2.28). They intersect the z; axis at x1 — ot and at
x1+at respectively. Along the right-running characteristic ab, v—ae is constant:

t

a_ x1,t

b c

4 i)
xr] — at xr1 + at

Figure 2.28: Characteristics for the initial-value problem.

v(xy,t) — aeg(xy, t) = p(xr — at) — aq(ry — at).
Along the left-running characteristic ac, v 4+ ae is constant;:
v(xy,t) + ag(z1,t) = p(z1 + at) + ag(zy + at).

We can solve these two equations for v(x1,t) and (z1,t):
1 Q
o) = Slple +at) + pla — )] + 2ol +af) - glar - at)]

e(z1,t) = %[p(xl +at) - plar — at)] + %[q(ml +at) +glz1 — ab)].

Thus we have determined the velocity and strain fields in the material in terms

of the initial velocity and strain distributions.

Initial-boundary value problem

Suppose that a half space of elastic material is initially undisturbed, and at
t = 0 we subject the boundary to the velocity boundary condition

(0, ) = %(0,1&) = p(t), (2.82)

where p(t) is a prescribed function of time that vanishes for ¢ < 0 (Fig. 2.29).
Consider an arbitrary point z1,t in the z1-t plane. We can extend a left-
running characteristic ab from this point back to the x; axis (Fig. 2.30). Because
the material is undisturbed at t = 0, the velocity v = 0 and the strain e = 0
at each point on the x; axis. Along the left-running characteristic ab, v + ac is
constant. Therefore
v(xy,t) + ag(z,t) = 0. (2.83)
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x1
e

—>

—_—>

8’(1,1

’U(O, t) = W

(0,8) = p(t)

Figure 2.29: Half space subjected to a velocity boundary condition.

~+

a _x,t

» » x1

Figure 2.30: Characteristics for a velocity boundary condition.

We can also extend a right-running characteristic ac from the point x1, ¢ back to
the t axis. As indicated in the figure, it intersects the ¢ axis at ¢t — x1/a. Along
the right-running characteristic ac, v — ae is constant. However, although we
know the velocity v at point ¢ because the velocity is prescribed as a function
of time at z; = 0, we do not know the strain at point ¢. To determine it, we
can extend a left-running characteristic from point ¢ back to the z; axis. From
the characteristic cd we obtain the relation

v (O,t— ﬂ) +ae (O,t— ﬂ) —0. (2.84)
« «
Thus the value of the strain at point c is

1 1
a(o,t—ﬂ) :——v(o,t—ﬂ) :——p(t—ﬂ),
« « « « «

where we have used Eq. (2.82). Now that the strain at point ¢ is known, the
right-running characteristic ac gives the relation

v(xy,t) — aeg(x1,t) = U(O,t—ﬂ)—aa(o,t—ﬂ)
a a
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We can solve this equation and Eq. (2.83) for v(x1,t) and &(z1,t) in terms of
the prescribed boundary condition:

v(zy,t) = p(t— ﬂ) ,

1 T
e(x1,t) = —oP (t - El) .

These results show that the solution has a remarkably simple structure: the
velocity v and the strain € are constant along right-running characteristics.

On page 95, we considered initial-boundary value problems in a half space
and assumed that either the displacement or the stress was prescribed at the
boundary. Our discussion in this section explains why both the displacement
and the stress are not prescribed in such problems. Prescribing the displacement
implies that the velocity is prescribed, and prescribing the stress is equivalent
to prescribing the strain. Equation (2.84), which we obtained from the charac-
teristic cd, shows that the values of the velocity and the strain at the boundary
are not independent, but are related through the initial condition. As a result,
it is possible to prescribe either the velocity or the strain at the boundary, but
not both.

Exercises

EXERCISE 2.14 By using Egs. (2.80) and (2.81), show that the quantity v+ ae
is constant along any straight line in the x-t plane having slope

dx
= —a.

=

EXERCISE 2.15

T

T11(0,t) = p(t)
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Suppose that a half space of elastic material is initially undisturbed, and at
t = 0 the boundary is subjected to the stress boundary condition

T11(0, ) = p(t),

where p(t) is a prescribed function of time that vanishes for ¢ < 0. Use the
method of characteristics to determine the velocity and strain of the material
at an arbitrary point x1,t in the x1-t plane.

Answer:

X1
at - (t _) ’
v(wy,t) = P -
x1
e(xy1,t) = (t —)
(z1,t) = Mp -
EXERCISE 2.16
2L ZR
Vo (%)

Half spaces of materials with acoustic impedances z;, = prar and zgr = prag
approach each other with equal velocities vg. Use characteristics to show that

the velocity of their interface after the collision is vo(zr, — zr)/(21 + 2R)-

EXERCISE 2.17 Consider the first-order partial differential equation

ou n ou
g
ot Or
where « is a constant. Show that its solution u(x,t) is constant along charac-

teristics with slope dz/dt = a.

:0,
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2.7 Waves in Layered Media

In the previous section we used the method of characteristics to analyze one-
dimensional waves in a plate, or layer, of elastic material. The same approach
works for waves in several bonded layers (Fig. 2.31), although it is tedious
because of the number of equations involved. In this section we describe two
procedures that efficiently analyze waves in a particular class of layered elastic

media.

Figure 2.31: Bonded layers of elastic materials.

Along right-running characteristics within each layer,
v — ae = constant, (2.85)
and along left-running characteristics,
v 4+ ae = constant. (2.86)

The product of the acoustic impedance z = pga and the term ae is

ou ou
zaE = poon—l =+ 2@)—1 =1T11.
83?1 83?1

In the following development we denote the component of normal stress 77,
by o. Multiplying Eqgs. (2.85) and (2.86) by z yields the relations

2v — o = constant (2.87)
along right-running characteristics and
2v + o = constant (2.88)

along left-running characteristics. This transformation of the equations is conve-
nient because, while the strain € is not continuous across the interfaces between
layers, both the velocity v and normal stress o are.
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Define new independent variables n and j by
t = Aj, (2.89)

dry = alAn, (2.90)

where A is a time interval. Consider a finite number of bonded layers with the
left boundary of the first layer at n = 0 and the right boundary of the last layer
at n = L, where L is an integer. We assume that the time interval A can be
chosen so that interfaces between layers occur only at integer values of n.

First algorithm

As a consequence of Egs. (2.89) and (2.90), left-running and right-running char-
acteristics join points defined by integer values of j and n (Fig. 2.32). The

t/A / layer interface
Q

IS N N

left-running

" characteristic

'
]
|
L
]
|
1
]
]
|
1
|

1

1

1

1 . .

! right-running
E characteristic
r

1

1/

=

Figure 2.32: Points corresponding to integer values of j and n.

methods we describe evaluate the dependent variables v(n, j) and o(n, j) only
at these points. However, that does not mean that solutions can be obtained
only at boundaries of layers. By dividing an individual layer into several sub-
layers, solutions can be determined at points within a layer.

For a given position n, we denote the acoustic impedances to the left and
right by z(n)~ and z(n)T, respectively. Notice that z(n)™ = z(n — 1)T. We
also define

z(n) = $[z(n)" + z(n) 7). (2.91)

With Egs. (2.87) and (2.88), we can establish relationships between the values

of v and o at the points shown in Fig. 2.32. From the two characteristics at the
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top of the “diamond,” we obtain
zn)"v(n,j+1)—o(n,j+1)=2(n)"v(n—1,5) —o(n —1,4) (2.92)
and
zim)tom,j+ 1) +on,j+1)=zn) vn+1,5)+on+1,5). (2.93)
Addition of these two equations yields

2z(n)v(n,j+1) = zn)To(n+1,5) +2(n)"v(n —1,5)

+o(n+1,5) —o(n—1,7). (2:94)

We can use Egs. (2.92) and (2.94) to analyze initial-boundary value problems
in the layered medium. Initial conditions o(n,0) and v(n,0) must be specified.
Then Eq. (2.94) determines v(n,1) and Eq. (2.92) determines o(n,1). These
calculations can be carried out in any order for all values of n except n = 0
and n = L. At the left boundary, n = 0, Eq. (2.93) must be used, and either
v(0,1) or ¢(0,1) must be specified. Similarly, at the right boundary, n = L,
Eq. (2.92) must be used, and either v(L,1) or o(L,1) must be specified. This
process can be repeated for successive values of j until a prescribed final time
is reached.

Each application of Eqgs. (2.92) and (2.94) requires nine arithmetic opera-
tions. In the next section we describe an alternative algorithm that determines
only the velocity, but is simpler and more efficient, both for computing simple
examples by hand and for solving problems involving many layers by computer.

Second algorithm

In this method we employ four relations: Egs. (2.92) and (2.93), together with
the two characteristic relations obtained from the bottom of the diamond in
Fig. 2.32,

zn)"v(n,j—1)+0o(n,j—1)=2(n)"v(n—1,5) +o(n —1,5) (2.95)
and

zn)to(n,j —1) —o(n,j—1)=zn) vn +1,5) —on +1,5). (2.96)
Addition of these four relations yields the new algorithm:

z(n)[v(n,j+1)+v(n,j —1)] = zn) vn +1,5) + 2(n) " v(n —1,5). (2.97)
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This equation determines v(n, j+1) with only four arithmetic operations. When
the acoustic impedance is continuous at n, z(n) = z(n)* = z(n)~, it further
simplifies to

v(n,j+1) +o(n,j—1) =vn+ 175 +v(n—1,7). (2.98)

The sequence of calculations using Eq. (2.97) is roughly the same as for the
first algorithm, but because o does not appear explicitly, the initial and bound-
ary conditions are handled somewhat differently. The initial conditions o(n, 0)
and v(n, 0) must be specified as before. Then Eq. (2.94) determines v(n, 1), and
from that point onward, Eq. (2.97) determines v. When o is specified at the
left boundary, Egs. (2.93) and (2.96) are evaluated for n = 0 and summed to
obtain

v(0,j+1)+v(0,5 —1) =2v(1,5) — %[U(O,j +1)—0(0,5—-1)], (2.99)

2(0

and when o is specified at the right boundary,

o(L, j+1)+v(L, j—1) = 2v(L—1,j)+ [0(L,j+1)—a(L,j—1)]. (2.100)

1
z(L)~
These two algorithms have an interesting property. The values of ¢ and v at
points where j+n is even are determined by the boundary and initial conditions
at points where j 4+ n is even, and the values of o and v at points where j+ n is
odd are determined by the boundary and initial conditions at points where j+n
is odd. This is most apparent in Eq. (2.98). We can compute either the even or

odd solution independently, requiring one-half the number of computations.

Examples

1. A single layer Consider a layer of an elastic material that is initially
undisturbed, and suppose that for ¢ > 0 the left boundary is subjected to a unit
step in velocity, v(0,¢) = 1. Let the right boundary be fixed. We divide the
layer into 5 sublayers to determine the solution, so that in terms of n and j, the
boundary conditions are v(0,j) = 1 and v(5, j) = 0.

Using Eq. (2.98) to obtain the odd solution, we obtain the results in Fig. 2.33.
The numbers in the figure are the values of the velocity corresponding to the
indicated values of n and j. The three zero values of the solution for j = 0 come
from the initial conditions. The next row of values, at j = 1, is determined by
the left boundary condition v(0,1) = 1 and Eq. (2.94), which reduces to

2v(n,1) =v(n +1,0) +v(n —1,0).
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Figure 2.33: A layer with a specified velocity at the left boundary and fixed at
the right boundary.

(Because o(n,0) = 0 and z(n) = z(n)* = z(n)~, the solution does not depend
on the acoustic impedance.)
The next row of values is obtained using the right boundary condition and
Eq. (2.98),
v(n,2) =v(n+1,1)+v(n —1,1) — v(n,0).

The remaining rows are determined by repeated applications of Eq. (2.98). A
hand calculation of this part of the solution is simplified by visualizing each
solution point as the top of the diamond in Fig. 2.32 and noticing from Eq. (2.98)
that the sum of values at the top and bottom of the diamond equals the sum of
the values on the left and right sides.

Figure 2.33 shows the wave initiated at the left boundary at j7 = 0 propa-
gating at velocity «, advancing one integer value of n for each integer increase
in j. Behind the wave front, the velocity equals the constant velocity at the left
boundary. When the wave reaches the fixed right boundary, a reflected wave
propagates back toward the left boundary. The velocity behind the reflected
wave is zero.

If the right boundary of the plate is free instead of fixed, the only difference
in the computation is that we use Eq. (2.100),

v(5,7+1)=2v4,5) —v(5,j — 1),
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to calculate the values of v(5,7 + 1). In this case we obtain the results in
Fig. 2.34. The velocity behind the reflected wave is twice the velocity imposed

v(0,7) =1 o(5,5) =0

gf17 T2" T2
sl 1 2 2]
701 1 2 |
6] 1 1 2]
jo5l1t 11
4l 1 1 0]
3(1 10 |
ol 1 0o 0]
11t o o |
o 0, ,0, IO_{v(n,O)za(n,O):O

01 2 3 45
n

Figure 2.34: A layer with a specified velocity at the left boundary and free at
the right boundary.

at the left boundary.

2. Two layers Let two bonded layers have acoustic impedances z = 1 in
the left layer and z = 2 in the right one, and suppose that the left layer is
subjected to a step in velocity v(0,t) = 3 for t > 0. We divide each layer into
5 sublayers. The solution is given by Eq. (2.98) for all values of n except the
interface between layers at n = 5. At the interface, 2(5)% # 2z(5)~, so we must
use Eq. (2.97),

(5,5 +1) = 5v(6,5) + (4, j) —v(5,j — 1).

The results (Fig. 2.35) show that when the wave initiated at the left boundary
reaches the interface, a reflected wave propagates back toward the boundary
and a transmitted wave propagates into the right layer. The velocity behind
both the reflected and transmitted waves is v = 2.

3. Unbounded medium Here we solve an initial-value problem in an infinite
elastic medium by dividing a portion of it into sublayers. At the left boundary
of the first layer, n = 0, and the right boundary of the last layer, n = L, we
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Figure 2.35: Two layers with a specified velocity at the left boundary.

impose conditions that prevent reflections of waves and thus simulate an infinite
medium. The D’Alembert solution for a right-traveling wave is

Uy = f(g)a
where £ = 21 — at. The velocity and normal stress are
df df
= —— = 2 -
v=—age @ (A + ”)dg’

so in a right-traveling wave, v and ¢ are constant along characteristics £ =
constant. Equations (2.89) and (2.90) imply that within a sublayer, £ is constant
when n — j is constant. Because

n—@G+1)=mn-1)-j

reflected waves are prevented at the right boundary, n = L, if we impose the

conditions
U(L)j + 1) = U(L - 1)j)a
o(L,j+1)=0(L—1,j).
By similar arguments, reflected waves are prevented at the left boundary, n = 0,

if we impose the conditions

(0,5 +1)
(0,5 +1)

(1, §), (2.101)
o(1, 7). (2.102)
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We assume that at ¢ = 0 the strain is zero and the velocity is zero except in a
finite region in which v(z,0) = 2 (Fig. 2.36). The solution is given by Eqs. (2.94)
and (2.98) together with the conditions imposed at the boundaries. The results

v(0,7 4+ 1) =v(1,7) (10,7 + 1) =v(9,7)

.
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n

Figure 2.36: An unbounded medium subjected to an initial velocity.

show waves propagating to the left and right within which the velocity of the
material equals one-half of the velocity imposed at t = 0. Behind these waves,
the medium is stationary. Notice that the conditions imposed at the boundaries
prevent reflected waves.

4. Periodically layered medium Our first three examples illustrate wave
behavior using cases simple enough to compute by hand, but the real utility of
these methods becomes evident when they are applied to layered media with
large numbers of layers. As an example, we consider a medium consisting of
alternating layers of two elastic materials. One material has acoustic impedance
z = 1 and consists of layers of thickness 10aA, and the other material has
acoustic impedance z = 200 and consists of layers of thickness aA.

Suppose that the left boundary of the medium is subjected to a unit step in
velocity, v(0,¢) = 1, for t > 0. We evaluate the odd solution from Eq. (2.97) by
using the following program:

° ‘ Initialize storage: ‘

e 2 is a vector with 1101 elements initialized to 1. v is a matriz with
(1101, 1501) elements initialized to 0. Subscripts start at 0.

e for (n =11 to 1100 by increments of 11) z(n) = 200.
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° Using Eq. (2.91), compute % and ZZ((Z))_
e for (n =1 to 1099 by increments of 1) begin
— zp(n) =2x2(n+1)/(2(n) + 2(n + 1))
— zm(n) =2x*z(n)/(z(n) + z(n + 1))
e end for
. ‘ Specify left boundary condition: ‘

o for (j =1 to 1499 by increments of 2) v(0,7) = 1.

° ‘ Start time loop to compute solution: ‘

o for (j =1 to 1499 by increments of 1) begin

—if jis evenns =2 else ns =1

— ‘ Using Eq. (2.97), compute odd solution—exclude right boundary: ‘

— for (n =ns to 1099 by increments of 2) v(n,j+ 1) =
zp(n) xv(n +1,7) + zm(n) x v(n — 1,j) —v(n,j — 1)

e end for

The computer’s memory must be large enough to hold the values of v for
all values of n and j simultaneously, including the values of the even solution
that remain as zeros. To simplify the program, we used only Eq. (2.97), even
though Eq. (2.98) is more efficient at interfaces between sublayers where zp(n) =
zm(n) = 1.

The computed velocity at the center of the thirty-first layer (n=170) is shown
as a function of j (nondimensional time) in Fig. 2.37. As a result of the mul-
tiple reflections and transmissions at the layer interfaces, the velocity has an
oscillatory history. This oscillatory profile is seen in sound propagation through
ducts, elastic waves in channels and bars, and ocean tidal surges, or bores, into
rivers and channels, and is called an undulating bore. This behavior results from
a phenomenon known as dispersion, which we discuss in the next chapter.



Chapter 2. One-Dimensional Waves 108

15 T T T T T T T T

1.0

0.5

0.0
0.5 1.0

—
ot

/1000

Figure 2.37: Velocity at a point in a periodically layered medium resulting from
a unit step in velocity at the boundary.
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Exercises
EXERCISE 2.18 Use D’Alembert solutions to verify the values shown in Fig. 2.34.

EXERCISE 2.19
(a) Use Eq. (2.98) to verify the values shown in Fig. 2.34.
(b) Extend the calculation shown in Fig. 2.34 to j = 15.

EXERCISE 2.20 Extend the calculations used to obtain Fig. 2.34 to j = 15,
assuming that at ¢ = 0 the left boundary is subjected to a unit step in stress,
a(0,t) = 1.

EXERCISE 2.21 Repeat the calculations used to obtain Fig. 2.33, replacing the
unit step in velocity at the left boundary by the pulse

, L j=0,
“(O’J):{ 0 j>0.

EXERCISE 2.22 Calculate the results shown in Fig. 2.37.



Chapter 3

Steady-State Waves

Steady-state waves are waves in which the dependent variables
are harmonic, or oscillatory functions of time. Waves that are not
steady-state are said to be transient. Most of the waves we en-
counter, both natural and man-made, are transient. We study steady-
state waves for the insights they provide and because, at least con-
ceptually, transient wave solutions can be obtained by superimposing
steady-state solutions. Furthermore, with modern ultrasonic devices
it is possible to create steady-state waves.

We begin by discussing one-dimensional steady-state waves, then
derive representations of steady-state compressional and shear waves
in two dimensions. Using these representations, we obtain solutions
for the reflection of plane waves at a free boundary, Rayleigh waves,
waves in a layer of elastic material, and waves in layered media.

3.1 Steady-State One-Dimensional Waves

We will first show that the one-dimensional wave equation admits a solution
that has a harmonic dependence on time. We then introduce the terminol-
ogy of steady-state waves and consider some one-dimensional problems having
harmonic boundary conditions.
Consider the one-dimensional wave equation
0%u 5 0%u
a2 = Y e

Let us seek a solution of this equation that is a harmonic, or oscillatory function

(3.1)

of time:
u = f(z)sin wt, (3.2)

110
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where w is a constant and f(z) is a function that must be determined. Sub-
stituting this expression into Eq. (3.1) shows that Eq. (3.1) is satisfied if the
function f(z) is a solution of the equation

d2 2
dj;(;) + %f(x) =0.

The general solution of this ordinary differential equation can be expressed in
the form
LW w
f(z) =2Asin —x + 2B cos —x,
e e

where A and B are arbitrary constants. Substituting this expression into
Eq. (3.2), we obtain a solution of the one-dimensional wave equation:

LW . w .
u = 2Asin —z sinwt + 2B cos —x sin wt.
o o

We can write this equation in the form

u = A[cosw(g—t)—cosw(gﬂﬂ
~B [sinw (2 —t) —sinw (g +1)].

Observe that we have obtained D’Alembert solutions in terms of sines and

cosines. Solutions of this form are called steady-state solutions. With = held

fixed, the dependent variable undergoes a steady harmonic oscillation in time.
Let us consider a wave represented by the steady-state solution

u= Acosw (E - t) = Acos(kx — wt). (3.3)
a

The constant
k=— (3.4)

e
is called the wave number of the steady-state solution. The absolute value of
the constant A is called the amplitude of the wave, and the speed « is called
the phase velocity of the wave.

Figure 3.1.a shows a graph of w as a function of x with the time ¢ held fixed.
The distance A required for the solution to undergo a complete oscillation is
called the wavelength of the wave. From Eq. (3.3) we see that with ¢ held
fixed the solution undergoes one complete oscillation when kx changes by 2.
Therefore kXA = 27, so the wave number is related to the wavelength by

27
=
Figure 3.1.b shows a graph of u as a function of ¢ with the position = held

k (3.5)

fixed. The time T required for the solution to undergo one complete oscillation
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Figure 3.1: The dependent variable u: (a) as a function of x; (b) as a function
of t.

is called the period of the wave. From Eq. (3.3), we see that with = held
fixed the solution undergoes one complete oscillation when wt changes by 2.
Therefore wT = 27, so the constant w is related to the period by

_27T
=

w (3.6)
The inverse of the period f = 1/T is the number of oscillations per unit time
at a fixed position x. It is called the frequency of the wave. From Eq. (3.6), we

see that )
w
I=7% %

When the position z is held fixed, there is a one-to-one correspondence

(3.7)

between the value of u and the vertical position of a point moving in a circular
path of radius |A| with constant angular velocity w. Figure 3.2 shows this
correspondence for the position x = 0. The period T is the time required for
the point to move once around the circular path. The frequency f is the number
of revolutions of the point around the circular path per unit time, and w = 27 f
is the number of radians around the circular path per unit time. Thus f and w
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Figure 3.2: Correspondence between the dependent variable u and the motion
of a point in a circular path.

are both measures of the frequency. The term f is measured in oscillations
or cycles per second, which are called Hertz (Hz). The term w is measured in
radians per second, and is sometimes called the circular frequency to distinguish
it from f. From Egs. (3.4), (3.5), and (3.7), we obtain a simple relation between
the phase velocity, the wavelength, and the frequency:

a=A\f. (3.8)

It is often convenient to use the complex exponential function, Eq. (A.2), to

express steady-state waves in the form
u = Actlkr —wt) _ Alcos(kx — wt) + isin(kz — wt)],

where the constant A may be complex. The magnitude of A is the amplitude
of the wave. We call A the complex amplitude of the wave.

For example, suppose that a plate of elastic material of thickness L is sub-
jected to the steady-state displacement boundary condition

u1(0,t) = Ue~wt

at the left boundary, where U is a constant, and the plate is bonded to a fixed
support at the right boundary (Fig. 3.3). Let us determine the resulting steady-
state motion of the material.

The steady-state boundary condition gives rise to a steady-state wave prop-
agating in the positive x; direction. Due to reflection at the boundary, there is
also a steady-state wave propagating in the negative x; direction. Therefore we
assume a steady-state solution of the form

Uy = Tk — wt) + Rel(—kx1 — wt), (3.9)
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x1

Figure 3.3: Plate with a steady-state displacement boundary condition.

where T is the complex amplitude of the forward-propagating transmitted wave
and R is the complex amplitude of the rearward-propagating reflected wave.
Substituting this expression into the boundary condition at the left boundary,
we obtain the equation

T+R=U.

Requiring the displacement to be zero at the right boundary yields the equation
TetkL + Re— kL _ g,

The solution of these two equations for the values of the complex amplitudes

are

o—ikLy kL

T="9r _xr "= kL _kr-

By using these results, we can express Eq. (3.9) in the form

_ Usin[k(zy — L)] oWt

= sin kL

This solution exhibits the interesting phenomenon of resonance. It predicts
that the amplitude of the displacement is infinite when sin kL = 0; that is, when
kL = nm, where n is an integer. From Eq. (3.5), we see that this occurs when
the wavelength satisfies the relation n\/2 = L. That is, the width of the plate
equals an integral number of half-wavelengths (Fig. 3.4).
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L=

Figure 3.4: Resonance occurs when the width of the plate is equal to an integral
number of half-wavelengths.
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Exercises

EXERCISE 3.1 Show that
uw = Aeilkr — wt)

is a solution of Eq. (3.1) if k = w/a.

EXERCISE 3.2

x1
—]

]

-~

TH(O, f,) = Toe_iwt
A half space of elastic material is subjected to the stress boundary condition
TH(O, f,) = Toe_iwt,

where Ty is a constant. Determine the resulting steady-state displacement field
in the material.

Answer:
To Jkz1 —wt)
ik(A +2p) ’

Uy =

where k = w/a.

EXERCISE 3.3 }_7 I 4_{
————

AN —T
—>M
u1(0,t) = Ue Wt

A plate of elastic material of thickness L is subjected to the steady-state dis-

placement boundary condition

u1(0,t) = Ue~wt
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at the left boundary. The plate is free at the right boundary. Determine the
resulting steady-state displacement field in the material.
Discussion—Assume a steady-state solution of the form
Uy = Tk — wt) + Rel(—kx1 — wt),
where T and R are constants and k = w/a.

Answer:
_ U cosl[k(z1 — L)) it

cos kL

=

U1

EXERCISE 3.4

\/\J-\/
T12(0, f,) = T()e_w)t

A plate of elastic material of thickness L is subjected to the steady-state shear
stress boundary condition

T12(0, f,) = T()e_iwt

at the left boundary. The plate is bonded to a rigid material at the right bound-
ary. Determine the resulting steady-state displacement field in the material.

Answer: )
o Tosin[k(z1 — L)] ;¢

N kpcoskL c ’

where k = w/(.
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3.2 Steady-State Two-Dimensional Waves

We will begin by obtaining “building-block” solutions that will be used in the
following sections to analyze several important problems in elastic wave propa-
gation. Consider the elastic half space and coordinate system shown in Fig. 3.5.
We assume that the motion of the material is described by the displacement

field
ur = ug (@1, x3,t),

Ug = 0, (310)
ug = us(x1, 3, t).

Thus the motion is two-dimensional: it does not depend on the coordinate

x1

3
Figure 3.5: An elastic half space.

normal to the plane in Fig. 3.5, and the component of the displacement normal
to the plane is zero. This type of motion is called plane strain. Using the

Helmholtz decomposition

u=Veo+V x,
we can express the displacement components in terms of two scalar potentials:
_ 09 O
1= 5.~ 3.
83?1 8333
o0, ous (3.11)

U - )
3 8333 83?1
where ¢ = ¢(x1, x3,t) and o = Ya(x1, 3,t). The scalar v is the 29 component
of the vector potential 1. To simplify the notation, we will drop the subscript 2
and write the scalar 1y as 1.
The potentials ¢ and 1) are governed by the wave equations

¢ o (00 %0
Pt I S 12
oz~ @ (ax% + ax§> (312)

P o (P O
o = (%*%) (3.13)

and
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where the compressional and shear wave speeds a and (3 are defined in terms of
the Lamé constants A and p and the density pg of the material:

()\+2M>1/2 (M>1/2
a = ) 6: - .
Po Po

Let us assume that the potential ¢ is given by the steady-state equation

6 = f(ws)et 1z —wh) (3.14)

where the wave number k£ and the frequency w are prescribed and the func-
tion f(x3) must be determined. Thus we assume that the solution for the
potential ¢ has the form of a steady-state wave propagating in the positive x;
direction, but we make no assumption about the behavior of the solution in
the z3 direction. Substituting this expression into Eq. (3.12), we find that the
function f(x3) must satisfy the ordinary differential equation

2 2
%(?) + (% - k%) Flas) = 0. (3.15)

The solutions of this equation result in solutions for ¢ that have very different
characters depending on whether k% < w?/a? or k? > w?/a?. We discuss these
cases separately.

Plane waves propagating in the x;-z3 plane

If k2 < w?/a?, it is convenient to write the solution of Eq. (3.15) in the form

f(xg) — Aeikjgﬂ?g _’_Be—ikigxg,

where A and B are constants and

2 1/2
w 2
k?3: (ﬁ—kd) .

Substituting this form of the solution for f(x3) into Eq. (3.14), we obtain the
solution for the potential ¢ in the form

¢ = Aei(klxl + ksxs — wt) + Bei(klxl — ka3 — wt). (316)
Consider the first term of this solution:
¢ = Act(kizr + kazs —wi), (3.17)

This function describes a plane wave. That is, at any time ¢t the value of ¢ is
constant on planes defined by the equation

kix1 + kzr3 = constant.



Re(¢)

X3

Figure 3.6: Real part of ¢.

Figure 3.6 shows a plot of the real part of ¢ as a function of x; and x3. The
value is constant along lines x3 = —(k1/ks)x1 + constant. The wave propagates
in the propagation direction 6 with wave speed «.

Figure 3.7 shows straight lines along two succeeding “peaks” of the wave.
The distance A is the wavelength of the plane wave. It is related to the wave
number k of the wave by A = 27 /k. From Fig. 3.7 we see that the wavelength A
of the wave in the x; direction is related to A by

A= Ajcost,
and the wavelength A3 of the wave in the x3 direction is related to A by
A= )\3 sin 6.

Using these expressions, we can write the wave numbers k; and k3 in Eq. (3.17)
in terms of the wave number k of the wave and the propagation direction 6:

21 21

k1 = )\—1 = Tcos@zkcos@,
ks = i—: = 2Twsine = ksind.

With these results, we can express Eq. (3.17) in terms of the propagation direc-

tion 6:
b= At (k1 cos 0 + kassinf — Wt), (3.18)

where the wave number k = w/a.
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Figure 3.7: Lines along two succeeding peaks of the plane wave.

We can further explain the form of Eq. (3.18) by deriving it in another way.
Let us express ¢ as a one-dimensional steady-state wave propagating in the Z;
direction of a coordinate system Z1, Z2, T3 (Fig. 3.8):

¢ = Act (k1 —wt), (3.19)

If we orient a coordinate system x1,x2, x3 as shown in the figure, with the x;
axis at an angle 0 relative to the Z; axis, the position of a point on the Z; axis is
given in terms of the coordinates of the point in the 1, x2, x3 coordinate system
by

T1 = x1c08 0 + x38in 6.

Substituting this coordinate transformation into Eq. (3.19), we obtain Eq. (3.18).
From Egs. (3.11), the components of the displacement field of the steady-
state compressional wave, Eq. (3.18), are

up = 99 — ik A cos get(kx1 cos O + k3 sin 6 — wt)
83?1 ’

o ik Asin gt (k1 cos 0 + kxzsinf — wt)

U’BZ—:

8333

From these expressions we can see that the displacements of the points of the
material are parallel to the propagation direction of the compressional wave.
The displacement parallel to the propagation direction is

uc = uicosb +uzsinf
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Figure 3.8: One-dimensional plane wave propagating in the direction of the
T1 axis.

_ ik:Aei(kxl cos @ + kxgsinf — wt).

The amplitude of the displacement of the compressional wave is |uc| = k| A|.

Equation (3.18) is a convenient expression for a plane compressional wave
with propagation direction  relative to the x; axis. We can obtain an expression
for a plane shear wave with propagation direction 6 relative to the x; axis by
assuming a solution for the potential ¢ of the same form:

b = Cei(kswicosf + ks sin6 — wt) (3.20)

where the wave number ks = w/f3. From Egs. (3.11), the components of the

displacement field of this steady-state shear wave are

Uy = _8_1# = —iksC'sin gei(ksrycosd + ksrssind — wt)
8.233 ’
Uz = g_w — ikgCcos gei(ksr1cos 0+ ksrasint — wt)
X1

From these expressions we can see that the displacements of the points of the
material are transverse to the propagation direction of the shear wave. The

displacement transverse to the propagation direction is

ug = —uqsinf + uscosf

ikscei(ksxl cos @ + kgx3sinf — wt).

The amplitude of the displacement of the shear wave is |ug| = ks|C|.
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Plane waves propagating in the z; direction and attenuating
in the z3 direction

If k2 > w?/a?, it is convenient to write the solution of Eq. (3.15) in the form
Jws) = Ae™Is 4 BT,

where A and B are constants and

w2 1/2

Substituting this form of the solution for f(x3) into Eq. (3.14), we obtain the
solution for the potential ¢ in the form

(b — Ae—hxgei(klxl — wt) 4 Behxgei(kil.l?l — wt). (3.21)

These solutions represent waves that propagate in the z; direction and whose
amplitudes attenuate or grow exponentially in the x3 direction. If this expression
is to represent a solution for ¢ in the half space shown in Fig. 3.5, the constant B
must be zero since the second term grows without bound in the positive x3
direction. The first term

b = Ae—has ik —wi) (3.22)

represents a steady-state wave propagating in the x; direction whose amplitude
decays exponentially in the positive x3 direction. The real part of this solution
is plotted as a function of x; and z3 in Fig. 3.9.

Equation (3.22) describes a compressional wave. We can obtain an expres-
sion for a shear wave that propagates in the z; direction and whose amplitude
decays exponentially in the positive x3 direction by assuming a solution for the
potential ¥ of the same form:

Y= C«e—hsxgei(klxl — wt), (3.23)

2\ 1/2
hs = (kf— %) .

where
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direction whose amplitude decays

Figure 3.9: A wave propagating in the x
exponentially in the positive x3 direction.
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Exercise

EXERCISE 3.5 A compressional wave is described by the potential

¢ = Aei(kz1cos 0 + krzsind — wt)

(a) The Lamé constants of the material are A and p. Determine the stress
component T33 as a function of position and time.
(b) The density of the material in the reference state is pg. Determine the
density p of the material as a function of position and time.

Answer: (a) T3 = —k2¢(\ + 2usin®6), (b) p = po(1 + k2¢).
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3.3 Reflection at a Plane Boundary

Here we determine the solutions for the reflected waves that result when a
steady-state plane compressional or shear wave is incident on the free boundary

of a half space of elastic material.

Incident compressional wave

Consider the elastic half space shown in Fig. 3.10, and let us assume that a
plane compressional wave with known frequency and known complex amplitude
propagates toward the free boundary of the half space in the direction shown.

We can express the compressional wave with a potential of the form of Eq. (3.18):

T3

Figure 3.10: Elastic half space with a plane compressional wave incident on the
boundary.

b= 1ei(kx1 cos O — kxzsind — wt) (3.24)

where I is the complex amplitude and the wave number k¥ = w/a. We have
chosen the signs in the exponential term so that the wave propagates in the
positive z; direction and the negative z3 direction. Our objective is to determine
the wave reflected from the boundary.

The boundary condition at the free boundary of the half space is that the

traction is zero (see Section 1.4):
[tk]x;;:O = [kanm]x;;:o =0.

The unit vector normal to the boundary has components ny = 0, no = 0,
ng = —1, so from this condition we obtain the three stress boundary conditions

T13)as—0 = 0, [T23]ay—0 =0, [T33]zy3—0 = 0.

That is, the normal stress and the two components of shear stress on the bound-
ary are zero. For the two-dimensional motion we are considering, the stress



Chapter 3. Steady-State Waves 127

component Ths is identically zero. The other two boundary conditions give us
two conditions that the displacement field must satisfy:

B Juy dug —
[T13]9C3:0 - [M (8.133 + 8x1>]x3=0 -

. 8’&1 8U3 =
[T33)0y—0 = [)\83:1 + (A +2p) f‘hngzo =0.

(3.25)

It is easy to show that the boundary conditions cannot be satisfied if we
assume that the incident compressional wave causes only a reflected compres-
sional wave. The boundary conditions can be satisfied only if we assume that
there is also a reflected shear wave. Therefore we assume that the compressional
potential ¢ and the shear potential ¥ are of the forms

b = 1ot (kw1 cos ) — kxzsin ) — wi)

4+ peikzicosOp + kassinfp — wi) (3.26)

v = Seli(kswicosfs + kszzsinbs — wt)

where P and S are the complex amplitudes of the reflected compressional and
shear waves. The propagation direction of the reflected compressional wave
is Op and the propagation direction of the reflected shear wave is g (Fig. 3.11).
The wave numbers k¥ = w/a and ks = w/3. We have chosen the signs so that
the reflected waves propagate in the positive x; direction and the positive x3

direction.

T3

Figure 3.11: The reflected compressional and shear waves.
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Substituting Eqgs. (3.26) into Eqgs. (3.11), we obtain the displacement field

ur = (ul)l + (ul)P + (’U,l)s
—  ikcos@lci(kw1 cost — kagsind — wi)
~+ik cos HpPei(k?l‘l cosOp + kxzsinfp — wt)
—ikg sin gsgei(ksxl cosOs + ksxssinfs — wt) :
(3.27)
uz = (’U,g)[ + ('U'B)P + (’U,g)s

—  _iksin@rei(kzicost — krgsinf — wt)
~+ik sin HpPei(kxl cos Op + kx3sinfp — wt)
tikg cos O Set(ksT1cos s + kgrgsin g — wit)

where the subscripts I, P, and S refer to the incident, compressional, and shear
waves. Substituting these expressions into the boundary conditions, we obtain
the two equations

—[Acos? @ + (A + 2pu) sin? G]k:QIei(kxl cos ) — wi)
—[Acos? Op + (N + 2p) sin? 9p]k:2PeZ(kx1 cos fp — wt)

—2uk? sin Os cos GsSei(ksxl cosfs —wit) 0,

. (3.28)
2k2 sin 0 cos Ot (k1 cos § — wt)

—2k2 sin 0p cos GPPei(kxl cosfp — wt)
+kg~(sin2 0s — cos? GS)Sei(kal costls —wt) _ .

The exponential terms in these equations are linearly independent functions
of x1, and therefore the equations have only trivial solutions for the complex
amplitudes P and .S unless the coefficients of z; are equal:

kcosf = kcosOp = kg cosfg. (3.29)

From these relations we see that the propagation direction of the reflected com-
pressional wave fp = 6. We also obtain an equation for the propagation direc-
tion of the reflected shear wave:

cosls = —cosf

b (3.30)

= —cos#f.
o

Equation (3.29) has an important interpretation. Let A\ = 27 /k be the
wavelength of the incident and reflected compressional waves and let Ag =
27 /ks be the wavelength of the reflected shear wave. We can write Eq. (3.29)

as
A As

cosf  cosfg’

(3.31)
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Figure 3.12 shows straight lines representing successive crests of the incident
compressional wave and the reflected shear wave. From this figure we see that
Eq. (3.31) implies that the wavelengths of the waves along the boundary are

equal:
A As

B = = .
cosf)  cosfg

AB

Figure 3.12: Successive crests of the incident compressional wave and the re-
flected shear wave.

The Poisson’s ratio v of an elastic material is related to its Lamé constants

by (see Exercise 1.29)
A

V= 2N+ )

From this relation it is easy to show that

32 i 1—2v
_— = p— . . 2
o “a42n 20— (3.32)

With this result, we can express Eq. (3.30), which relates the propagation di-
rection fg of the shear wave to the angle 6, in terms of the Poisson’s ratio.
Figure 3.13 shows a plot of g as a function of 6 for v = 0.3.

Because of Egs. (3.29), the exponential terms cancel from Eqgs. (3.28) and

we can write them in the forms

2sin fg cos g
1—1(26%2/a2)cos? 6
1 —2cos?6g
(202 /) sin O cos 0

(P/T) + [
/- |

Js/m =1
] (/1) = 1.
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Figure 3.13: The propagation direction of the reflected shear wave for Poisson’s
ratio v = 0.3.

We can solve these two equations for the ratios P/I and S/I. Due to Egs. (3.30)
and (3.32), the coefficients of these equations depend only on 6 and the Poisson’s
ratio v.

From Eq. (3.27), the amplitudes of the displacement of the incident, reflected
compressional, and reflected shear waves are

lur] = |(u1)rcosf — (ug)rsinf| = k|I|,
lup| = |(u1)pcosf + (ug)psinf| = k|P|,
lus| = |(u1)s sinfs — (us)s cos Os| = ks|S]|.

Figure 3.14 shows plots of the amplitude ratios |up/us| = |P/I| and |ug/ur| =
|ksS/(kI)| as functions of 6 for v = 0.3. The reflected shear wave vanishes at
0 = 0 and at # = 90°. The amplitude of the shear wave is a maximum at ap-
proximately # = 40°, where its amplitude is actually larger than the amplitude
of the incident compressional wave.
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Amplitude ratio

o
N

0.2

0 20 40 60 80
0, deg.

Figure 3.14: Amplitude ratios of the reflected compressional and shear waves

for Poisson’s ratio v = 0.3.
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Incident shear wave

We now assume that a plane shear wave with known frequency and known
complex amplitude is incident on the free boundary of an elastic half space.
We begin by assuming that it causes a reflected shear wave with propagation
direction g and a reflected compressional wave with propagation direction 6p,
as shown in Fig. 3.15. (We show subsequently that this is true only for a
particular range of values of the propagation direction 6 of the incident wave.)

] x1
0 Op g

T3

Figure 3.15: Elastic half space with a plane shear wave incident on the boundary.

We write the compressional potential ¢ and the shear potential ¢ in the
forms
b = pei(kpricostp + kprssinfp — wt)
—  1ei(kricosf — kr3sing — wt) (3.33)
—l—Sei(kxl cos g + kxssinfs — wt)

where I, P, and S are the complex amplitudes of the incident wave, the reflected
compressional wave and the reflected shear wave. The wave numbers k = w/f3
and kp = w/a. From these potentials we obtain the displacement field

Uy = (u1)p + (u1)r + (u1)s
= ikp Coseppei(k;pxl cosOp + kprzsinfp — wt)
+ik sin 0Tt (kz1 cos @ — kzzsing — wt)
_iksin essei(ijl cos g + kxgsinfg — wt),

(3.34)
uz = (uz)p+ (us)r + (us)s

= ikp Sin@pPei(kle cosOp + kprssinfp — wt)
+ik cos It (kx1 cos ) — kxgsinf — wi)
+ik cos g Sel(kr1 cos s + ks sinOs — wt)
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where the subscripts I, P, and S refer to the incident, compressional, and shear
waves. Substituting these expressions into the boundary conditions, we obtain

—[Acos?Op + (A + 2u) sin? 9p]k;123Pei(kPx1 cos Bp — wt)
+241k? sin 0 cos g1¢i (ke cosf — wt)

—2uk? sin Og cos HSSei(kxl cos fs — wt) _ 0,

) (3.35)
—2k?% sinfp cos 9pPeZ(k?P$1 cosfp — wt)
+k? (SiHQ 0 — cos? 9)[61(k$1 cos ) — wt)
+kj2(sin2 0s — cos? gs)Sei(kxl cosfs — wt) _ 0.

These equations have only trivial solutions for the complex amplitudes P and S

unless the coefficients of x; are equal:
kcos® = kcosfOg = kpcosOp. (3.36)

Thus s = 6. The angle between the direction of propagation of the reflected
shear wave and the boundary is equal to the angle between the direction of
propagation of the incident shear wave and the boundary. The equation for the
angle between the direction of propagation of the reflected compressional wave

and the boundary is

cosfp = —cosf
r (3.37)

o
= —cos#f.

B
Let A = 27/k be the wavelength of the incident and reflected shear waves and
let Ap = 27 /kp be the wavelength of the reflected shear wave. Equation (3.36)

states that
A Ap

cosf cosflp’

(3.38)

Figure 3.16 shows straight lines representing successive crests of the incident
shear wave and the reflected compressional wave. The wavelengths of the waves

along the boundary are equal:

So far, our analysis of the reflection of a shear wave has been similar to
the reflection of a compressional wave. However, at this stage a new and in-
teresting phenomenon arises. Recall that the wave speed « of a compressional
wave is larger than the wave speed [ of a shear wave. For angles 6 such that
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Figure 3.16: Successive crests of the incident shear wave and the reflected com-
pressional wave.

(a/B) cos® > 1, we cannot solve Eq. (3.37) for the direction of propagation of
the reflected compressional wave. This condition can be written

A
gC089=7P>1.

B A
(cos@)

We can explain what happens with Fig. 3.16. When the propagation direction 6

of the incident shear wave decreases to a certain value, the wavelength Ap =
A/ cosf of the shear wave along the boundary becomes equal to the wave-
length Ap of the reflected compressional wave. This value of 8 is called the
critical angle 6. When 6 decreases below this value, the reflected compres-
sional wave cannot have the same wavelength along the boundary as the in-
cident shear wave, and Eq. (3.38) cannot be satisfied. Figure 3.17 shows the
propagation direction 6p as a function of 8 for » = 0.3. In this case the critical
angle 6o = 57.7°.

When the angle 6 is greater than the critical angle, the analysis of the reflec-
tion of a shear wave is similar to our analysis of the reflection of a compressional
wave. When the angle 6 is less than the critical angle, the solution is obtained
by assuming that the compressional wave is one that propagates in the x; di-
rection and attenuates in the x3 direction. (See our discussion of this type of
wave on page 123.) We present these cases separately.
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40 50 60 70 80 20
0, deg.

Figure 3.17: Propagation direction of the reflected compressional wave for Pois-
son’s ratio v = 0.3.

Angle 0 greater than the critical angle 6¢

Because of Egs. (3.36), we can write Egs. (3.35) in the forms

[2(62/a2) sinfp cosfp
sin? 6 — cos2 6

1 —2(8%/a?) cos? 0p
2sin 6 cos 6

(/1)
(/D) + [

Lt

(3.39)
] (P/I)= 1.

We can solve these two equations for the ratios S/I and P/I. As a result of
Egs. (3.32) and (3.37), the coefficients of these equations depend only on 6 and
the Poisson’s ratio v.

From Eq. (3.34), the amplitudes of the displacement of the incident, reflected
shear, and reflected compressional waves are

lur] = |(u1)rsin€ + (ug)rcosf| = k|1,
lus| = |(u1)ssin® — (us)scosf| = E|S|,

lup| = |(u1)p cosOp + (ug)psinfp| = kp|P|.
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With these relations and the solutions of Eqs. (3.39), we can determine the
amplitude ratios |ug/ur| = |S/I| and |up/ur| = |kpP/(kI)| as functions of 6
for angles greater than the critical angle.

Angle 6 less than the critical angle 0¢

In this case the boundary conditions cannot be satisfied by assuming that there
is a reflected compressional wave. Instead, we assume that the compressional
wave propagates in the x; direction and attenuates in the x5 direction. To do
so, we write the compressional potential ¢ in the form of Eq. (3.22):

— Pe—hxgei(kpxl —wt),

v = Iet (kw1 cos ) — kxzsin 6 — wi) (3.40)
—l—Sei(kxl cos g + kxssinfs — wt)

w2 1/2

The wave number k = w/3. From these potentials we obtain the displacement
field

where

uy = (u1)p + (u1)r + (u1)s
— ikPPe—hxgei(kaxl — wt)
+iksin @It (kr1 cost — kxgsinf — wt)
_iksin essei(ijl cos s + kxssinfs — wt) :
(3.41)
usg = (ug)p+ (us)r + (us)s

= _hpPe—hwsi(kpri — wt)
+ik cos 01t (k1 cosb — kxzsinf — wt)
Fik cos Og Sel(kr cosOg + kassinfs — wt)

where the subscripts I, P, and S refer to the incident, compressional, and shear
waves. Substituting these expressions into the boundary conditions, Egs. (3.25),
we obtain
[—AE2 + (A + QM)hQ]Pei(kle — wt)
+241k? sin 0 cos g1¢i (ke cosf — wt)

—2uk? sin Og cos HSSei(kxl costs —wt) _ 0,
. (3.42)
—2ikphpPel(kpa1 — wi)
k2 (sin2 6 — cos? g)jei(k?ﬂﬁl cosf — wt)
k2 (sin? fg — cos? es)Sei(kxl cosfs —wt) _ .
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These equations have only trivial solutions for the complex amplitudes P and S
unless

kcosf = kp. (3.43)
By using this result, we can write Eqgs. (3.42) in the forms

2i cos 0(cos? 0 — 32 /a?)'/?
sin 6 — cos? 0

s/~ | | (i =-1

(3.44)
1 —2cos?6

2sin 6 cos 6

(S/I) + [ ] (P/I)=1.
From Egs. (3.41), the amplitudes of the displacement of the incident and
reflected shear waves are

lur| = [(u1)rsind + (ug)ycosf| = k|I|,
lug| = [(u1)ssin® — (uz)s cos@] = kS|,

and the amplitude of the horizontal motion of the compressional wave at x3 = 0
is

|(u1)p| = kp|P| = kcos8|P|.
With these relations and the solutions of Eqs. (3.44), we can determine the
amplitude ratios |ug/ur| = |S/I| and |(u1)p/ur| = cos 0| P/I| as functions of 6
for angles less than the critical angle.

Figure 3.18 shows the amplitude ratios of the shear and compressional waves
as functions of 6 for v = 0.3. (For angles below the critical angle 8¢, we plot the
amplitude ratio of the horizontal motion of the compressional wave at x3 = 0.)
Below the critical angle, the amplitude of the reflected shear wave is equal to
the amplitude of the incident shear wave.
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Figure 3.18: Amplitude ratios of the reflected shear and compressional waves

for Poisson’s ratio v = 0.3.



Chapter 3. Steady-State Waves 139

Exercise

EXERCISE 3.6 The motion of an elastic material is described by the displace-
ment field

Uy = 0,
ug = ug(x1, 3, 1),
us = 0.

(a) Show that us satisfies the wave equation

82’(1,2 _62 82’(1,2 82’(1,2
o2 oz 02} )

T x1

T3

For the half-space shown, suppose that the displacement field consists of the

incident and reflected waves
u, = Ieilkwycost —kassing —wi)

+ Rei(kx1cosOp + krzsinfp — wt)

(b) Show that k = w/g.
(¢) Show that g =6 and R = 1.

Discussion—The waves described in this exercise are horizontally polarized
shear waves. They are plane waves that propagate in the x;-z3 plane, but the

motion of the material particles is perpendicular to the x;-x3 plane.
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3.4 Rayleigh Waves

Consider the elastic half space and coordinate system shown in Fig. 3.19. In
Section 3.2, we obtained two types of solution for two-dimensional steady-state
waves. One type consisted of plane waves propagating in an arbitrary direction
in the x1-x3 plane, and the second type consisted of waves that propagate
in the x; direction and whose amplitudes attenuate exponentially in the xj
direction. Let us determine whether a wave of the second type can exist in

x1

T3

Figure 3.19: An elastic half space.

an elastic half space. That is, can a wave that propagates in the x; direction
and whose amplitude attenuates exponentially in the x3 direction satisfy the
boundary conditions at the free surface?

We assume solutions for the compressional and shear potentials ¢ and 1) of
the forms given by Egs. (3.22) and (3.23):

(b — Ae—hxg ei(kﬁ1$1 — wt),

. 3.45
= C«e—hsxgel(klxl - wt), ( )
where A and C' are constants and
w2\ /2 w2\ /2
h = (k% — §> ., hsg= (k% — @> . (3.46)
From Egs. (3.45) we obtain the displacement field
uy = (iky Ae=h3 4 poCe—hsT3)ei(kim _Wt>,
1= (ks s ) (3.47)

uz = (—hAe_hx3 +ilee_h5x3)ei(k1x1 —wt),

The boundary conditions at the free surface are

T13)zs=0 =0,  [T33]25—0 = 0.
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From Eq. (3.25), the expressions for the boundary conditions in terms of dis-

placements are

Oouq Ous Juy Ous
et M) = -— 2u) — = 0.
[M (8373 * 83’31>L3=0 " [Aaxl T2 8x3:|9c3=0

Substituting Eqs. (3.47) into these boundary conditions, we obtain a system of
homogeneous equations for the constants A and C that we write as

dikih 2w/ ][ A
[2kf—w2/52 ~2ikihs || C |7 (3:48)

This system has a nontrivial solution for A and C' only if the determinant of
the coefficients is equal to zero:

w2 2
4k3hhg — (21@% — @> =0. (3.49)

We denote the phase velocity of the wave in the z; direction by

w

CR = k;_
1

By using Eqgs. (3.46), we can write Eq. (3.49) in terms of cg in the form

2\ 2 2 .2\ 1/2 2\ 1/2
5D D) e

This expression is called the Rayleigh characteristic equation. It has one root
which yields a wave that propagates in the x; direction and whose amplitude
attenuates exponentially in the x3 direction. This type of wave is called a surface
wave, because it has significant amplitude only near the surface. The particular
example we have derived is called a Rayleigh wave.

From Eq. (3.32), we see that the solution of Eq. (3.50) for cr/( depends
only on the value of the Poisson’s ratio v of the material. Figure 3.20 shows a
plot of the value of cg/8 as a function of Poisson’s ratio. The Rayleigh wave
phase velocity is slightly less than the shear wave velocity.

From Eq. (3.48), we can write the constant C' in terms of the constant A as

2ik1h

w2

@—21@%

Substituting this result into Eqgs. (3.47), we obtain expressions for the displace-

C= A.

ment components in terms of A. The real parts of the resulting equations can
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Figure 3.20: Rayleigh wave phase velocity as a function of Poisson’s ratio.

be written in the forms

Real (é—l) = —{e_[l —(B/a)?(cr/B)*M k123

62 C% 1/2 C% 1/2
2@‘@@> (‘@> — (1= /%) K
CR/B ) 13 } Sin(kilxl - (Ut);

+ 2 €
%
us B AN 11— (8/a)2 (/B 2hne
real () = (12 < e
( 5 c%)” :
2(1- =2
N 62042 B2 o~ (1- C%/BQ)UQ kizs } cos(k1x1 — wt).
R _
62

These equations determine the displacement field in terms of the arbitrary con-
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stant A. The wave number k1 = w/cg depends on the frequency. For a given
Poisson’s ratio v, we can hold the position fixed and determine the displacement
components of a point as functions of time. Figure 3.21 shows the resulting tra-

0 2 4

T T T 1 k1$1

0 Counterclockwise

2 Clockwise

4 4@— Clockwise

6 4@7 Clockwise

k1$3

Figure 3.21: Particle trajectories at the surface and at several depths for Pois-
son’s ratio v = 0.3.

jectories of points of the material at depths k1z3 = 0, 2, 4, and 6 for a Rayleigh
wave propagating in the positive x; direction. The points of the material move
in elliptical paths. The points near the surface move in the counterclockwise di-
rection. At approximately kyx3 = 1, the horizontal motion vanishes, and below
that depth the points move in the clockwise direction.

3.5 Steady-State Waves in a Layer

We want to analyze the propagation of waves along a layer of elastic material.
So that some of the concepts can be more easily understood, we first discuss
the simpler case of acoustic waves in a channel.

Acoustic waves in a channel

The theory of acoustic or sound waves can be obtained from the equations
of linear elastic wave propagation by setting the shear modulus p = 0. (See
page 44.) Shear waves do not exist, and the displacement field can be expressed
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in terms of the potential ¢:

u=Vo.

Suppose that an acoustic medium occupies the space between two unbounded,
rigid plates, as shown in Fig. 3.22, and consider two-dimensional motion of the
medium described by the displacement field

uy = uy (1, 3, 1),
UQZZO,

ug = us(x1, 3, t).

In terms of ¢, the displacement field is

T3

Figure 3.22: Acoustic medium between two unbounded rigid plates.

9 _ 9

Uy = us = .
8$1, 8$3

We assume a solution for ¢ that describes a steady-state wave propagating along

the channel:
6= flag)elimn = wh),

where the function f(x3) that describes the distribution of ¢ across the chan-
nel must be determined. This is the same form of solution we discussed in

Section 3.2. Substituting it into the wave equation

Po_ (00 00
o2 ox? 023 )’

we find that the function f(z3) must satisfy the equation

Eilzs) | (‘a"_z - kf) f(as) =0,

dx3
In this case we express the solution of this equation in the form

f(x3) = Asinksxs + B cos kzxs,
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where

The resulting solution for ¢ is
¢ = (Asinkzzz + Bcos k;gxg)ei(k?lxl —wt)

From this expression we can determine the displacement component u:

9¢

za—xl

The term containing A describes an odd, or antisymmetric distribution of wu;

U1 = (ik1Asin ksxs + ik B cos k;gxg)ei(klxl - wt).

with respect to the centerline of the channel (Fig. 3.23.a). The term contain-
ing B describes an even, or symmetric distribution of u; with respect to the
centerline of the channel (Fig. 3.23.b).

—
x1
—/
A—]
72

(a) (b)
zs3
Figure 3.23: (a) Antisymmetric and (b) symmetric distributions of uy.
Consider the part of the solution for ¢ that results in a symmetric distribu-

tion of uq: '
¢ = Bcos kszrs ke —wt) (3.51)

The boundary condition at the rigid walls of the channel is that the normal
component of the displacement must equal zero:

[U3]x3=i;,, =0. (3.52)

The solution for us is
_ 9¢
n 8333

Substituting this expression into the boundary condition, we find that it is

satisfied if sin ksh = 0. This equation requires that

2 1/2
kish = (“’— - kf) h = nn,

a?

U3 = —Bkssinksxs ei(klxl - wt).
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where n is any integer. We can solve this equation for the wave number k; as a
function of the frequency:

w2 n2n2 1/2

With this result, we can also solve for the phase velocity of the wave in the x;
direction ¢; = w/ky as a function of the frequency:

1
o (3.54)

eyt

For a given frequency w and integer n, we can substitute Eq. (3.53) into

Eq. (3.51) to determine the potential ¢. Thus we have obtained an infinite
number of solutions that satisfy the boundary condition. These solutions are
called propagation modes, or simply modes.  The solution for n = 0 is called
the first mode, the solution for n = 1 is called the second mode, and so forth.
The solutions of Eq. (3.54) for the phase velocities of the modes are shown as
functions of frequency in Fig. 3.24. The phase velocities of all the modes except

wh

e

Figure 3.24: Phase velocities of the modes as functions of frequency.

the first one depend on the frequency. When the phase velocity of a wave varies
with the frequency, the wave is said to be dispersive, or to exhibit dispersion.
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For this reason, Eqs. (3.53) and (3.54) are called dispersion relations. In this
example all of the modes except the first one are dispersive.

The phase velocities of all of the modes except the first one approach in-
finity when the frequency approaches the value w = anw/h. From Eq. (3.53),
we see that when the frequency approaches this value the wave number k; ap-
proaches zero (which means that the wavelength of the wave in the z1 direction
approaches infinity), and below this frequency the wave number k; is imaginary.
When k; is imaginary Eq. (3.51) does not describe a propagating wave, but os-
cillates in time and attenuates exponentially in the z; direction. The frequencies
below which the wave number is imaginary are called cutoff frequencies. A
mode does not propagate when the frequency is below its cutoff frequency.

Figure 3.25 shows the distributions of u; as a function of x3 for the first
three modes. The first mode is one-dimensional motion: the distribution of w4
is uniform and usz = 0. This mode propagates at the wave speed « for any

frequency.
< i
1 x1
n=>0 n=1 n=2
T3

Figure 3.25: Distributions of u; for the first three modes.

Waves in an elastic layer

We now turn to the propagation of two-dimensional steady-state waves along
a plate of elastic material with free surfaces (Fig. 3.26). The analysis is very
similar to our treatment of acoustic waves in a channel in the previous section.

We consider two-dimensional motion described by the displacement field

ul Zul($1,$3,t),
U = 0,
uz = u3(71, T3, 1).
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T3

Figure 3.26: A plate of elastic material with free surfaces.

In terms of the potentials ¢ and 1, the displacement field is

_9 _ %
= 8$1 8$3,
_9 %

us = .
8$3 8$1

We assume solutions for ¢ and 1 that describe a steady-state wave propagating
along the plate:

6= f(xg)ei(klxl - wt), = g(xg)ei(klxl — wt).

Substituting these expressions into Eqgs. (3.12) and (3.13), we find that the
solutions for the functions f(xz3) and g(x3) can be written in the forms

f(x3) = Asinkpxs + Bcoskpxs,
g(x3) = Csinkgxs + D cos ksxs,

W2 1/2 W2 1/2
p = (?_1@) ke (@_1@) |

The resulting solutions for ¢ and 1 are

where

¢ = (Asinkpxs + Bcos kpx3)ei(k?1$1 - wt),
Y = (Csinksws + D cos k;sxg)ei(klm —wt)

Let us use these solutions to determine the displacement component wuy:
uy = [ik1(Asinkpxs+ Beoskprs) —ks(C cos ksxs — D sin k;sxg)]ei(klxl — wt) )

The terms containing A and D describe antisymmetric distributions of u; with
respect to the centerline of the channel (Fig. 3.23.a). The terms containing B
and C' describe symmetric distributions of u; with respect to the centerline of
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the channel (Fig. 3.23.b). Consider the parts of the solutions for ¢ and ¢ that
result in a symmetric distribution of u;:

¢ = Bcoskpxs ei(klxl —wt), ¥ = Csinkgzs ei(klxl —wt). (3.55)

The resulting expressions for u; and uz are

uy = (ik1 B cos kpxs — ksC cos k:sxg)ei(klxl - Wt>, (3.56)
uz = (—kpB sink:pxg—l—ileSinksxg)ei(klxl —wt) .
The boundary conditions at the free surfaces of the plate are
ou ou
o= o (250 25Y] o
8333 83?1 r3=+h
5 5 (3.57)
(V5] us
T33]psetn = |A5— A+ 2u)— =0.
Tobamss = P+ 00 232]

Substituting Egs. (3.56) into these boundary conditions, we obtain two homo-
geneous equations in terms of B and C:

21k — (A + 2u)w?/a?] coskph 2ipki kg cos ksh B | 0
—2tk1kpsinkph (w?/B% — 2k?) sin kgh c|

This system has a nontrivial solution for B and C only if the determinant of
the coefficients is equal to zero:
20k — (N + 2u)w? /a?](w? /32 — 2k?) cos kphsin ksh
—4/”(3%](313](35 sin kph cosksh = 0.
This is the dispersion relation for symmetric longitudinal waves in a layer. It

determines the wave number k; as a function of the frequency. If we express it
in terms of the phase velocity in the x; direction ¢; = w/kq, it can be written

in the form
1/2
o tan l(l - 6_22> %] 1/2 1/2
i a/ b & p? i
(2_@> [ B2 g2\ uh +4(@5_1> (@_1> -0
tan (—2 — —2> —]
! ct B8
(3.58)

For a given frequency w, this equation can be solved numerically for the phase

velocity ¢1. The equation is transcendental, and has an infinite number of roots.
Each root yields a propagation mode that satisfies the boundary conditions at
the free surfaces of the plate. These solutions are called the Rayleigh-Lamb
modes.
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The solution for ¢;/3 as a function of wh/3 depends only on the param-
eter §/a. From Eq. (3.32), we see that this parameter depends only on the
Poisson’s ratio v of the material. Figure 3.27 shows a plot ¢;/8 as a function
of wh/ 3 for the first and second propagation modes for v = 0.3. This figure is

®|.2
N
:

mode 1
15 ' , ‘ .

CrRq| ]

0.5 y

0 i i i i i i i
0 1 2 3 4 5 6 7 8

wh

B

Figure 3.27: Phase velocities of the first two Rayleigh-Lamb modes as functions
of frequency.

qualitatively similar to Fig. 3.24 for acoustic waves in a channel. However, in
the acoustic problem the first mode was not dispersive. In the case of waves
along an elastic plate, even the first mode is dispersive. At high frequency,
the phase velocities of the modes approach the Rayleigh-wave phase velocity cr
(Section 3.4).
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Elementary theory of waves in a layer

It is instructive to compare the results of the previous section with a simple
approximate analysis of longitudinal waves in a layer. Consider a layer of linear
elastic material with arbitrary dimensions in the z; and zo directions that is
unbounded in the x3 direction. If the stationary layer is subjected to a uni-
form normal stress T1; (Fig. 3.28), the relation between T7; and the resulting

longitudinal strain F1q is

8’(1,1

Ti1 = EpyEqy = EP%, (3.59)
1
where I )
p\ + p
= 3.60
is called the plate modulus.
Z2
-~ T e
Ty ~— lll 1 T11

Figure 3.28: Subjecting a stationary layer of finite length to a uniform normal
stress.

Now we assume that the layer undergoes motion in the x; direction and
neglect variations in the displacement u; and the normal stress 777 in the x5
direction. From the free-body diagram of an element of the plate of width dz;
and unit depth in the x3 direction (Fig. 3.29), we obtain the equation of motion

2

0
(poh dz1)

oT;
WU; =-Thh+ (Tn + =1 d$1> h.

83?1

Substituting Eq. (3.59) into this equation, we obtain the one-dimensional wave

equation
82u1 2 82’(1,1
=c, =, (3.61)
ot? P 9z

where the plate velocity c), is

E
cp =] 2. (3.62)
Po
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oT;
T Ty + =2

! 83?1
_.1 |._
dxl

dxl

Figure 3.29: Free-body diagram of an element of the layer of width dx;.

Equation (3.61), which predicts a single, nondispersive propagation mode
with phase velocity cp,, provides an approximate model for longitudinal waves
in a layer valid for very low frequencies. (Notice that we obtained Eq. (3.59)
by applying a uniform normal stress to a stationary layer.) In fact, the exact
theory we discussed in the previous section reduces to this elementary model in
the limit as w — 0, and the phase velocity of the first mode of the exact theory
(Fig. 3.27) approaches ¢,. (For Poisson’s ratio v = 0.3, the ratio of the plate
velocity to the shear wave velocity is ¢,/8 = 1.69.)

Exercises

EXERCISE 3.7 Show that in terms of Poisson’s ratio v, the ratio of the plate
velocity to the shear wave velocity is

e 9 \1/2
i)

EXERCISE 3.8 Show that in the limit as w — oo, Eq. (3.58) for the velocities of
the Rayleigh-Lamb modes becomes identical to Eq. (3.50) for the velocity of a

Rayleigh wave.

EXERCISE 3.9 Show that in the limit as w — 0, the solution of Eq. (3.58) for
the velocities of the Rayleigh-Lamb modes is the plate velocity cj,.
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EXERCISE 3.10

~

153

upper material

\

x1

>

lower material

T3

A wave analogous to a Rayleigh wave can exist at a plane, bonded interface

between two different elastic materials. This wave, called a Stoneley wave,

attenuates exponentially with distance away from the interface in each material.

Derive the characteristic equation for a Stoneley wave.
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3.6 Steady-State Waves in Layered Media

Layered media occur in nature, and are also manufactured by bonding layers of
different materials together to obtain composite materials with desired mechan-
ical properties. A wave propagating through a layered elastic medium behaves
quite differently from a wave in a homogeneous medium, due to the effects of the
interfaces between the layers. In this section, we consider steady-state waves in
a medium consisting of alternating plane layers of two elastic materials a and b
(Fig. 3.30). Two adjacent layers form what is called a unit cell of the material.

ISH

x1

%_J
unit cell

Figure 3.30: Medium of alternating layers of elastic materials a and b.

Suppose that a plane compressional steady-state wave propagates in the x;
direction perpendicular to the interfaces between layers. Let the subscript &
denote either a or b. The displacement within each layer of a unit cell is governed
by the one-dimensional wave equation:

82’M5
ot?

82’M5
ox?

_ 2
_o[g

We express the solution within each layer as a sum of forward and rearward

propagating waves,

ue = Agei(kgxl — wt) + Bgei(—kgxl - wt), (3.63)
where the wave number k¢ is
w
ke = —. 3.64
€= o (3.64)

In terms of the displacement, the normal stress 771 within each layer is

8’&5 2552 8’&5
Te = peai— = —— 3.65
5 pﬁag 8]}1 pg axla ( )
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where the acoustic impedance z¢ = peo.
Let 1 = 0 be the interface between the layers of the unit cell (Fig. 3.31).
The displacements and normal stresses in the two materials must be equal at

material a material b
e P R P
x1
A — N\
J?lz—da 331:0 J?lzdb

Figure 3.31: A unit cell.

the interface:

ua(0,8) = up(0,1), (3.66)
T,00,t) = Ty(0,1). (3.67)

Because the solutions given by Eq. (3.63) contain four constants, A,, B, Ay,
and By, two more conditions are needed. We obtain them from the periodicity
of the problem with a result called the Floguet theorem. We recast Eqs. (3.63)
and (3.65) into steady-state wave expressions having the same wave number &
for both materials,

ue = Ue(zy)elkT1 —wt), (3.68)
T, = To(ay)etkor—wt), (3.69)

where we define

Ue(21) = AgeZKﬁ T + Bee ik xl,

. — s =+
Te(21) = i25w[AgeZK5 1 _ Bee iKe T,

and
K& =ke+k.
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Because the functions Ue (x1) and Z¢(x1) are continuous across the layer inter-
faces and do not depend on time, the Floquet theorem states that they must be
periodic functions of 1 with period equal to the length d = d, + dp of the unit
cell:

Us(—da) = Up(dp), (3.70)
Ta(=da) = Ty(dp). (3.71)

We can write these two conditions, together with Eqs. (3.66) and (3.67), in

matrix form as

1 1 1 1
Aq
Za —Za Zb —Zb
B, | _ 0]
—iKody  iKFd,  gKpdy  —iKGdy —a, | =10
. — . . — .7+ _B
zpe— Ko da _ZaezK(jda zbeZKb dp —zbe_ZKb dy b
(3.72)
Equating the determinant of the coefficients to zero, we obtain
d d
coskd = cos (w a> cos [ %
fa ab (3.73)

d d
— % (Z—a—l— Z—b> sin (w a>sin <ﬂ> .
2b Za Qg ap

This is the dispersion relation for the steady-state wave. For a given frequency w,
we can solve it for the wave number k£ and then determine the phase velocity
1 =w/k.

Special cases

When 2, = 25, Eq. (3.73) yields a simple expression for the phase velocity ¢; in
terms of the compressional wave speeds of the two materials:

d_do b (3.74)

o g ap
If, in addition, o, = ap = «, the two materials are identical and ¢; = a.
In the limit w — 0, the solution for the phase velocity is

(3.75)

2 2
A% = (ﬁ> + (Z—“ + Z—”) dady | (@> : (3.76)
Qg 2b Za ) OqQp Qp

where
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Equation 3.76 gives the approximate value of the phase velocity if the wavelength
is large in comparison to the width of the unit cell. In the special case when o, =
ap = « but the densities of the two materials are unequal, it yields the curious
result that the phase velocity of the wave is smaller than the compressional wave
speed in the two materials, ¢; < a.

Pass and stop bands

Equation (3.73) yields real solutions for k only for values of frequency within
distinct bands. Between these bands, they are complex. Writing k in terms of
its real and imaginary parts as k = kg + ik; and substituting it into Eqgs. (3.68)
and (3.69), we see that the expressions for the displacement and stress fields

contain the term e~ FIZ1,

This means that within the bands of frequency in
which k is complex, the amplitudes of the displacement and stress decrease, or
attenuate exponentially with x;. For this reason, these bands of frequency are
called stop bands, and the bands within which k is real are called pass bands.
Figure 3.32 shows the real solutions for k for a layered material in which
the ratio of the acoustic impedances is 2;/2, = 5 and the ratio of transit times

across the layers is dqap/dpa, = 10. The shaded areas are the stop bands. The

15 ..... T T T USSR 10008 IEERS PERRE PESRL SEPLESER!

wAd
2m

kd_d
o2r A

Figure 3.32: Pass and stop bands for a layered medium.

frequency range of the first pass band is 0 < wA4/27 < 0.42. Its upper limit
occurs at kd/2m = 0.5, which corresponds to a wavelength twice the thickness
of the unit cell.

Although an infinite number of solutions for k are obtained from Eq. (3.73)
for a given value of frequency, these roots do not represent different propagation
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modes. They result in identical solutions for the displacement field, so there is a
single propagation mode. To emphasize this point, we plot only one “branch” of
each pass band as a solid line and show the other branches as dashed lines. As
the ratio of the acoustic impedances of the two materials approaches one, the
stop bands narrow, and the branches we show as solid lines approach a single
straight line, the dispersion relation of the resulting homogeneous material.

When superimposed waves having different frequencies propagate through a
layered medium, the waves having frequencies within stop bands are attenuated,
altering the character of the superimposed wave. We examine this phenomenon
in the next chapter.

Exercises

EXERCISE 3.11 Show that when z, = 25, Eq. (3.73) yields the expression given
in Eq. (3.74) for the phase velocity ¢; = w/k in a layered material.

EXERCISE 3.12 Show that in the limit w — 0, the solution of Eq. (3.73) for the
phase velocity of a steady-state wave in a layered material is given by Eq. (3.75).

EXERCISE 3.13 For the layered material discussed in Section 3.6, the fraction
of the volume of the material occupied by material a is ¢ = d,/(dq +dp) = do/d.
Derive an equation for the low-frequency limit of the phase velocity as a function
of ¢. Using the properties of tungsten for material ¢ and aluminum for material b
(see Table B.2 in Appendix B), plot your equation for values of ¢ from zero to

one.



Chapter 4

Transient Waves

Analytical and numerical solutions to transient wave problems
in elastic materials can be obtained by integral transform methods,
particularly Fourier and Laplace transforms. We discuss these trans-
forms in the next two sections. We then define the discrete Fourier
transform and demonstrate the use of the numerical algorithm called
the fast Fourier transform (FFT). In the concluding section, we in-
troduce the most important technique for transient waves in elastic
wave propagation, the Cagniard-de Hoop method, by determining
the response of an elastic half space to an impulsive line load. (This
chapter involves integration in the complex plane. The necessary

material from complex analysis is summarized in Appendix A).

4.1 Laplace Transform

The Laplace transform of a function f(¢) is defined by

Lig) — = e 5t
75 (s) /Of(t) d,

where s is a parameter called the transform wvariable. The Laplace trans-
form fL(s) can be inverted to recover the function f(¢) through the equation

1) = 5 /C F(s)et ds, (4.1)

where C, denotes a contour integral evaluated along an unbounded straight line
parallel to the imaginary axis of the complex s-plane (Fig. 4.1). The distance D
must be chosen so that all singularities of f¥(s) are to the left of Cy.

159
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Figure 4.1: Contour for inversion of the Laplace transform.

The Laplace transform is an example of an integral transform. Applying
an integral transform to a partial differential equation reduces its number of
independent variables. In particular, applying the Laplace transform to the
one-dimensional wave equation reduces it from a partial differential equation
in two independent variables to an ordinary differential equation. Solving the
ordinary equation yields the Laplace transform of the solution, which must be
inverted to obtain the solution.

To demonstrate this process, we consider a half space of elastic material that
is initially undisturbed and is subjected to the displacement boundary condition

ur (0, 1) = H(t)te 0, (4.2)

where H(t) is the step function and b is a positive real number (Fig. 4.2). The

x1
—

—

—

ur (0,1) = H(t)te b
Figure 4.2: Half space with a displacement boundary condition.

motion is governed by the one-dimensional wave equation

0%u 0%u
T; = OKQW%. (43)
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To take the Laplace transform of this equation with respect to time, we multiply

it by eS8t and integrate with respect to time from 0 to co:
©0%u; _ < ,0%u; _
131 e St dt = / o? u21 et dt. (4.4)
0 8t 0 81/'1
Integrating the term on the left side by parts, we obtain the expression
es} 2 oo o]
—st 8 (V51 —st 8’(1,1 —st 8’(1,1
——dt = — — dt. 4.5
/Oe a1 ¢ 8t0+5/06 ot (45)

If we define the step function so that H(t) = 0 for ¢ < 0, the velocity du; /0t
is zero at t = 0. Because the inversion integral for the Laplace transform is

—st

evaluated along a contour for which Re(s) > 0 (Fig. 4.1), e —0ast — oo.

Evaluating the integral on the right side of Eq. (4.5) by parts, we obtain the

4 0? _ 0 <
/ e Stidt = se Stul‘ +52/ e Stul dt.
0 0 0

result

ot?
We see that the left side of Eq. (4.4) assumes the form

o0 92 o]
Me_‘gt dt = 52/ ule_St dt
o Ot? 0
= 52uf.

By using this expression, we can write Eq. (4.4) as

duf 2

The Laplace transform of the boundary condition, Eq. (4.2), with respect to

time is

W0 s) = [ gt gy 1
L0, ) /Ot dt P (4.7)

We can write the solution of Eq. (4.6) in the form
ub = AeST1/@ + Be—sT1/@, (4.8)

Substituting this result into Eq. (4.1), we can see that the first term represents
a wave propagating in the negative x; direction. Thus we conclude that A = 0.
From Eqgs. (4.8) and (4.7), we find that

_ 1
C(b+s)?
so that the solution for the displacement is
= ;es(t —@1/a) g, (4.9)

M=o o (b+s)?
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The Laplace transform is usually inverted by using one of the closed contours
shown in Fig. 4.3. We denote the straight vertical part of the contour by C.
The straight horizontal parts of the contour in Fig. 4.3.a are denoted by Cy
and C4, and the semicircular part of the contours is denoted by Cs.

Im(s) Im(s)
Co
R o o
t — Re(s) u Re(s)
Cg b D CB
Cy
(a) (b)

Figure 4.3: Closed contours in the complex s-plane.
If we denote the integrand in Eq. (4.9) by

_ 1 s(t—x1/«
g(s) - m@ ( / ), (410)

the integral we must evaluate to determine the displacement is

up = lim g(s)ds. (4.11)
R—oo Jo,

The integral along the closed contour in Fig. 4.3.a can be expressed in terms of
the residues of the integrand within the contour:

4
Z/ g(s)ds = 27TiZResidues.
k=17 Cr

The integrand, Eq. (4.10), has a second-order pole at s = —b. From Eq. (A.13),

the residue of the second-order pole is

tim, 4 {(s4 0)20(6)] = o (1 21) b= /o),

s——b ds 211 «

We see that the limit of the integral over the closed contour as R — oo is

R—o0

lim kZZF/Ckg(s) ds = (t - %) bt —z1/0) (4.12)
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We can show that the integrals along Cy and Cy approach zero as R — oo.
On Cy, s = x + iR, where x < D. Therefore, on Co

‘es(t - xl/oz)‘ < DIt —x1/al
On Coy, |b+s| > (R* +b*)'/2, s0 |(b+s)?| > (R* +b?). As a consequence,

DIt —z1/al DDt — x1/al
/g(s)ds < / =
Ca Ca

— 27(R?+b?)  2m(R2 +02)
From this expression we see that the integral along C5 vanishes as R — oo.
The same argument can be used to show that the integral along C; vanishes
as R — oo.

To evaluate the integral along the semicircular contour Cs, we use a result

called Jordan’s lemma:

Let C'4 denote a circular arc of radius R in the complex s-plane,

and consider the integral
I= / h(s)e® ds,
Ca

where h(s) is analytic on C4 and a is a complex constant. Jordan’s
lemma states that if the maximum value of the magnitude of h(s)
on C4 approaches zero as R — oo and Re(as) < 0 on Cg, then

I —0as R— oo.

From Eq. (4.10), we see that on C5, Re[s(t — z1/a)] < 0 when t > z1/a.

Also, on C3
1 1

<
2mi(b+5)2| — (R—0)%’
which approaches zero as R — co. Therefore Jordan’s lemma states that

lim g(s)ds =0 when ¢ > ey

From Egs. (4.11) and (4.12), we obtain the solution for the displacement:
= (t — ﬂ) e_b(t —r1/a) when ¢ > ﬂ.
a a
When ¢ < z1/a, we can evaluate the displacement by using the closed con-
tour shown in Fig. 4.3.b. In this case the contour does not contain the pole,
so the integral over the closed contour is zero. Jordan’s lemma states that the
integral over C% vanishes as R — oo when ¢ < z1/c, so the displacement is

up = lim g(s)ds =0 when t< I
R—o0 o «Q

The time ¢ = 21/« is the time at which the wave arrives at the position z.
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4.2 Fourier Transform

The Fourier transform of a function f(¢) is defined by
o) .
= [ e ar (4.13)
—o0

where w is the transform variable. The Fourier transform f* (w) can be inverted
to recover the function f(¢) through the expression

1 [ ;
£t = — / FF (@) du, (4.14)
21 J_ o
These two equations are called the Fourier integral theorem.

Example

For comparison with the Laplace transform, we apply the Fourier transform
to the example discussed in the previous section: an undisturbed half space is
subjected to the displacement boundary condition

ur (0, 1) = H(t)te 0, (4.15)
where H(t) is the step function and b is a positive real number (Fig. 4.2).
The motion is governed by the one-dimensional wave equation

0%u 0%u
81&21 = a? 8335. (4.16)

To take the Fourier transform of this equation with respect to time, we multiply
it by e~ W and integrate with respect to time from —oo to co:

o] 82 . e’} 2 .
/ %e wwt dt:/ QQ%e wt g (4.17)
—00 —0o0 1

Integrating the term on the left side by parts, we obtain the expression

o] . 82 . 8
/ o~ lwt U1 dt — e iwt 9U1
oo ot? ot

(o] [ee]
—iwt Ou
+ iw/ WL gy (4.18)
= oo ot
Because the material is initially undisturbed, the velocity Oui /0t is zero at
t = —oo. We assume that the velocity is zero at t = co. Evaluating the integral
on the right side of Eq. (4.18) by parts, we obtain the result

/ e_Wt ahn dt = e_Wtiwul‘ — w2/ e_Wtul dt.
— 0 —00

—0o0
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The displacement is zero at t = —oo and we assume it is zero at t = co. By
doing so, we obtain the left side of Eq. (4.17) in the form
oo 82 . [es} .
/ 131 e_Wt dt = —w2/ ule_Wt dt
= -l

By using this expression, we can write Eq. (4.17) as
duf’” Ww? L
dl‘% OKQ 1 ( )
By using the Fourier transform, we have reduced the partial differential equa-

tion, Eq. (4.16), to an ordinary equation. We also take the Fourier transform of
Eq. (4.15) with respect to time:

/ ul(o,t)e—i“’tdtz/ H(t)te ble= it gt

—0o0

which we can write as
o .
ul' (0,w) = / te—(b+iw)t gy
0

Evaluating the integral on the right yields the Fourier transformed boundary

condition: .

(b +iw)?’
We now proceed to obtain the solution for u{". We write the solution of

Eq. (4.19) in the form

uf (0,w) = (4.20)

ul’ = Adwri/a + Bewai/a (4.21)

Substituting this result into the inversion integral, Eq. (4.14), we obtain an

expression for the displacement:

w= g [ adem/ad g, LT pdecn/at 0 )
— 0 —00

We see that the first term represents a wave propagating in the negative x

direction and the second term represents a wave propagating in the positive x;

direction. Because the boundary condition can give rise only to a wave propa-

gating in the positive z; direction, we conclude that A = 0. From Egs. (4.21)

and (4.20), we find that

1 .
F_ —iwz /o 49
uy (b—l—iw)Qe . (4.23)



Chapter 4. Transient Waves 166

Therefore Eq. (4.22) for the displacement assumes the form

= 1 iw(t —x1/a)
= . 4.24
" ,/_Oo 27T(b—|—iw)2€ dw (424)

This expression for the displacement is an integral with respect to a real
variable w. However, to evaluate the integral it is convenient to let w be a
complex variable. By doing so, we can interpret Eq. (4.24) as a contour integral
along the real axis from Re(w) = —oo to Re(w) = +oo (Fig. 4.4.a).

Im(w) Im(w)

by
Z1
Re(w) } Re(w)

(a) (b)

Figure 4.4: (a) Path along the real axis in the complex w-plane. (b) A closed
contour.

Consider the closed contour shown in Fig. 4.4.b, where Cg is the part of the
contour along the real axis and Cyg is the semicircular part of the contour. If
we denote the integrand in Eq. (4.24) by

_ 1 w(t— 21/«
g(w) —me ( / ), (4.25)

the integral we must evaluate to determine the displacement is

up = lim g(w) dw. (4.26)

R—o0 Cr

The integral along the closed contour can be expressed in terms of the residues
of the integrand within the contour:

/ g(w) dw + / g(w) dw = 2mi Z Residues.
CR CS

The integrand, Eq. (4.25), has a second-order pole at w = bi. From Eq. (A.13),

the residue of the second-order pole is

. d N 1 X1 _ —zi/«
Tim < [(w— bi)g(w)] = 5 (1 - L) e HE— /@)
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Therefore we find that the integral along the closed contour is

/CRg(w) dw+/csg(w) dw = (t _ ﬂ) bt —z1/a)

(07

This result is independent of R. Therefore, the limit of the integral over the
closed contour as R — oo is

dimn | [ oo+ [ gy = (1= Z) et a/

By using Jordan’s lemma (page 163), it is easy to show that

lim g(w)dw =0 when t> mn
R—o0 Cs «Q
Therefore, from Eqs. (4.26) and (4.27), we obtain the solution for the displace-
ment:
up = (t - ﬂ) eVt —21/a) ypen t> %. (4.28)
a

Notice that ¢t = 1/« is the time at which the wave arrives at the position x.

Fourier superposition and impulse response

If we know the solution of a problem with a steady-state boundary condition, we
can (in principle) use the Fourier transform to determine the solution of the same
problem with a transient boundary condition. This powerful and commonly
used procedure is called Fourier superposition. Suppose that a problem has a
steady-state boundary condition represented by the expression h(x)eth, where
h(x) may depend on position but not time, and let the resulting steady-state
solution of the problem be represented by g(x,w)eWt. Our objective is to
determine the solution for a transient boundary condition h(x)f(t), where f(t)
is some prescribed function of time.

Let f¥(w) be the Fourier transform of f(t). For a given value of w, if
we multiply the steady-state boundary condition by (1/27)f% (w), obtaining
(1/2m) fF (w)h(x)eth, the resulting steady-state solution is (1/27) fF (w)g(x, w)eth.
(Notice that this is true only if the governing equations are linear.) Integrating
the boundary condition with respect to frequency from —oo to oo, we obtain

the transient boundary condition,
1 [ ;
o | TP @G do = 100

and (again because the governing equations are linear), the solution is

%/00 fF(w)g(X,w)eth dw. (4.29)
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This is Fourier superposition; by integrating, we have superimposed steady-
state solutions to obtain the solution of the transient problem. Notice that the
product f¥(w)g(x,w) is the Fourier transform of the transient solution.

Now suppose that f() is a delta function, f(¢) = §(¢). This transient bound-
ary condition is called an impulse, and the resulting solution is the impulse

response. The Fourier transform of f(t) is

oo .
FF(w) = / S(t)e W gp =1,
—o0
so that the Fourier transform of the transient solution is

Frw)glx w) = g(x,w).

The Fourier transform of the transient solution resulting from an impulse bound-
ary condition equals the compler amplitude of the steady-state solution. The
function g(x,w) is the impulse response in the frequency domain and its inverse
is the impulse response in the time domain. This result has important impli-
cations from both computational and experimental points of view: by applying
an impulse boundary condition, the steady state solution can be obtained as a
function of frequency.

As an example, we apply Fourier superposition to the problem discussed in
the previous section. We considered a half space subjected to a transient dis-
placement boundary condition u;(0,t) = H(t)te_bt (Fig. 4.5.a). This boundary

1 x1
ur (0,8) = H(t)te b ur (0, ) = et

Figure 4.5: (a) Half space subjected to a transient boundary condition. (b) The
corresponding steady-state problem.

condition is of the form h(x)f(t) with h(x) = 1 and f(t) = H(t)te_bt. We
must first solve the problem for the steady-state boundary condition u;(0,t) =
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h(x)eth = it (Fig. 4.5.b). The result is

ui(z1, ) = Jwt —z1/a) e—xl/aeiwt,

so the steady-state solution is of the form g(x,w)e'™? with g(x,w) = e~ r1/a
The next step is to determine the Fourier transform of f(¢):

W) = / T H(tte bt it gy

1
b+ iw)?

Substituting our expressions for g(x,w) and f¥(w) into Eq. (4.29), we obtain
the transient solution
)
up = /_Oomeiw (t —z1/a) dw, (4.30)

which is identical to Eq. (4.24). Thus Fourier superposition gives the same result
obtained by applying the Fourier transform to the transient problem. The task
of inverting the transform, evaluating the integral in Eq. (4.30), remains. As
we saw in the previous section, analytical evaluation of such integrals is difficult
even in simple cases. We discuss efficient computational methods for evaluating
them in the next section.

Notice that if the half-space in this example is subjected to an impulse
boundary condition, u(0,t) = §(t), the Fourier transform of the transient solu-
tion is

IF@glxw) = (1) (e71/@) = emm/e,

which is the complex amplitude of the steady-state solution.
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Exercises

EXERCISE 4.1

x1

Suppose that an elastic half space is initially undisturbed and is subjected to

the velocity boundary condition

ur o _ —bt
8t (O)t) - H(t)@ ]

where H(t) is the step function and b is a positive real number.
(a) By using a Laplace transform with respect to time, show that the solution
for the Laplace transform of the displacement is

=571 Ja

s(s+b)

uy =

(b) By inverting the Laplace transform obtained in Part (a), show that the
solution for the displacement is

1
Uy = - [1 _ bt —21/a) when ¢> 2L
b o
uy =0 when t < ﬂ.
o
EXERCISE 4.2 Use Jordan’s lemma to show that
1 .
lim %ezw(t —a1/a) dw=0 when t> ﬂ,
R—o0 | og 27(b + iw)? a

where Cyg is the semicircular contour shown in Fig. 4.4.b.

EXERCISE 4.3 Show that when ¢ < z1/a, the solution of Eq. (4.26) is

u; = lim g(w)dw = 0.

R—o0 Cr

Discussion—Evaluate the integral by using a closed contour with the semi-
circular contour in the lower half of the complex w-plane:
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Im(w)

Cr

R /
/
S

EXERCISE 4.4 Suppose that an unbounded elastic material is subjected to the

initial displacement and velocity fields

uy(21,0) = p(x1),
8’(1,1

W(Jﬁl,O) = 0,

where p(x1) is a prescribed function. By taking a Fourier transform with respect
to x1 with the transform variable denoted by k, show that the solution for the
Fourier transform of the displacement is

uf = 1pF (e—zakt + ezakt) :

where pf’ is the Fourier transform of the function p(z1).
Discussion—To determine the solution for the displacement, it is not necessary
to invert the Fourier transform. By substituting the expression for u{" into the

inversion integral, you obtain

1 > .
P 2_/ %pFezk;(xl —at) dk
TJ -0

1 [ ;
_‘_%/ %pFezk;(xl +at) g5,

You can see by inspection of this expression that

uy = 3p(z1 — at) + 3p(z1 + at).
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4.3 Discrete Fourier Transform

The exponential form of the Fourier series of a function of time f(¢) over the
interval 0 < ¢ <T'is

ft) = i Apelont, (4.31)

n=—oo

where the discrete frequencies w,, are
wp, = 2mn/T. (4.32)

The terms in this series are called the frequency components of f(t). This
representation is periodic over the interval T":

FE+T) = £(2).

By multiplying Eq. (4.31) by e_iwmt, integrating from ¢ = 0 to t = T, and

using the orthogonality condition

T . .
/ eWwnle—twmt gy { 0 m#n, (4.33)
0

T m=n,

we obtain an expression for the coefficients A,, in terms of f(t):

T .
A, = % /0 F(t)e " wmtqy, (4.34)

In general, these coefficients are complex. A graph of their magnitudes as a
function of the frequencies w,, is called the frequency spectrum of f(t).

We divide the time interval T" into an even number N of intervals of length A,
so that T'= NA. Let the value of f(¢) at some time within the nth interval be
denoted by f,,n=0,1,2,..., N — 1. In terms of these samples of the function
f(t), we can approximate Eq. (4.34) by

A = fRF, (4.35)
where
L, —2mimn/N
DF _ ~ > fe mimn/N (4.36)
n=0
The array f2F m=0,1,2,...,N — 1, is called the discrete Fourier transform

of the discrete function f,,. It converts the N time-domain samples f,, into N
frequency-domain samples fPF. Evaluation of this equation for m = n + N
shows that the fPF are periodic over the interval N:

Foin =17 (4.37)
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Comparison of Eq. (4.34) to Eq. (4.13) shows that the Fourier transform of the
sampled function f(t) is related to the discrete Fourier transform by

fFwn) =TfPF. (4.38)

A function f(t) that has a finite Fourier series representation over a time
interval 0 < ¢t < T is said to be band-limited on that interval. That is, such a
function has a maximum frequency in its Fourier series. The truncated Fourier

series
N/2-1 '
fy= > Ape@nl, (4.39)
n=—N/2
where
wp, =2mn/NA, (4.40)

is an exact representation of a band-limited function f(¢) in the interval 0 <
t < T provided the frequency wy/o = 27/(2A) is greater than the maximum
frequency in the Fourier series of f(t). This connection between the sampling
interval and the exact representation of band-limited functions is called the
sampling theorem, and wyy/o is called the Nyquist frequency.

By using the periodicity condition, Eq. (4.37), together with Egs. (4.35) and
(4.39), it can be shown that

n=0

which is the inverse discrete Fourier transform. Thus Egs. (4.36) and (4.41) are
analogous to the Fourier transform and its inverse, Egs. (4.13) and (4.14). The
difference is that the discrete Fourier transform is defined in terms of a function
with a discrete domain.

Data are often obtained at discrete values of time, and in such cases the
discrete Fourier transform and its inverse can be applied in the same way the
Fourier transform and its inverse are applied to functions defined on continuous
domains. Because the discrete transform and its inverse can easily be evaluated
by computer, even when we deal with continuous, or analog data, it is often
advantageous to sample it at discrete times (a process called analog-to-digital
conversion) and use the discrete transform.

According to the sampling theorem, there is a one-to-one relation between a
band-limited function f(¢) and its discrete samples f,, if the sampling interval A
is chosen so that at least two samples occur within each period of the maximum
frequency in the spectrum of f(¢). Of course this is not possible if a function
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is not band-limited, but in such cases it may be acceptable to approximate the
function by one that is band limited.

When the transform or its inverse is computed as indicated in Eqgs. (4.36)
and (4.41), the amount of computation is proportional to N2. When N is a
power of 2, a sequence of computations can be chosen so that only N log, NV
operations are required. This procedure is called the fast Fourier transform, or
FFT. For example, when N = 2% = 16384, the FFT algorithm is 1170 times
faster. This algorithm has become the most important computational algorithm
in digital electronics and signal processing, and is contained in many types of

commercial software.

Examples

1. Half space with displacement boundary condition In Section 4.2, we
apply the Fourier transform to a half space of elastic material subjected to the
displacement boundary condition

u(0,t) = H(t)te b,

where H (t) is the step function and b is a constant. By taking Fourier transforms
of the governing wave equation and the boundary condition, we obtain the
Fourier transform of the displacement field. The result, Eq. (4.23), is

S e 1
We can begin with this expression and use the inverse discrete Fourier transform
to obtain the displacement field wu.

Applying the inverse FFT algorithm to this example results in a sequence
of N real numbers representing the displacement at IV discretely spaced intervals
of time and at one position x;. These times are separated by the sampling
interval A, and it is up to us to specify not only the number of points N but
also A and the position .

The solution we want to approximate is a transient function whose amplitude
is significant only over a finite range of time. However, the solution obtained
with the algorithm is periodic with period NA. While we are free to specify any
values for N and A, the quality of our results suffers if we make bad choices.
For example, if A is too large, we cannot resolve the profile of the transient
wave from the discrete solution. But selecting a very small value for A causes
another difficulty. The period of the FFT results, and consequently the “time
window” within which we can view the results, is given by the product NA.
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Therefore the choice of a small value for A must be offset by a large value of N,
which results in large computation times.

For the present example, we can choose a value of A based on the functional
form of the boundary condition. To obtain sufficient resolution of the transient
wave, we select a sampling interval such that the quantity bA is small. This
ensures that the part of the propagating wave that is of significant amplitude
is sampled by a suitable number of points. Next, we select N large enough
to obtain a time window beginning at t = 0 sufficiently long to “capture” the
solution.

Let the discrete values of the displacement be u,,. The relation between
the time ¢ and the index m is m = t/A. For convenience, we introduce the

parameters
r =1/bA,
n =x1/aA.

We obtain u2F (n) from Eqgs. (4.38), (4.40), and (4.42):

e—2mimn/N
—uf (nal, wy,)

- N2 N/2
L BT+ Zmimr N2 <m < N/2,

0, m = N/2.
(4.43)
The function uf'(x1,w) is non-zero for all frequencies. However, its ampli-
tude decreases monotonically with frequency, and we can approximate u’' (21, w)
by uP¥(n) if its magnitude at the Nyquist frequency is small compared to its
magnitude at zero frequency:

U'F(xla 0)

——— | = |(L+imr)?| > L. (4.44)
u (J?l,wN/Q)

This requires that r be large or, equivalently, that bA be small. This requirement

was satisfied by our choice of the sampling interval A.

DF
m

Eq. (4.43) and employ the inverse FFT algorithm to determine wu,,(n). The

For a given value of the nondimensional position n, we obtain u:”* (n) from
resulting solution for the displacement obtained with A = 1/b is compared to
the exact solution in Fig. 4.6. Only the portion of the time window 0 < m < N
is shown. Even with this coarse sampling, the discrete solution approximates the
actual displacement. By decreasing the sampling interval A by a factor of 10,
we obtain the comparison shown in Fig. 4.7. The discrete and exact solutions
are indistinguishable.
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0.4

0.35

0.3

0.25

Exact solution
FFT ©

0.2
0.15

0.1

Displacement X b

0.05

-0.05 ]

-0.1 v !
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m=t/A

Figure 4.6: Exact and FFT solutions for N = 256, » = 1, and n = 100.
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Figure 4.7: Exact and FFT solutions for N = 1024, » = 10, and n = 100.
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2. Half-space with embedded layer If the impulse response of a problem
is known, its Fourier transform is the solution of the corresponding steady-
state problem. Here we demonstrate this procedure by obtaining the steady-
state solution for a half space containing a layer of higher-impedance material
(Fig. 4.8). We determine the impulse response by the method of characteristics,
applying the procedure described in Section 2.7.

300, A 500, A

NN

i WA T SN\
xr1 = 0 —
100sz

Figure 4.8: Elastic half space with an embedded layer.

The compressional wave velocities in the half space and the layer are denoted
by a, and ay, respectively, the densities are p, and py, and the ratio of acoustic
impedances is z,/z, = 3. To apply the method of characteristics, we select a
time increment A for the calculation that divides the portion of the half space to
the left of the embedded layer into 300 sublayers and the embedded layer itself
into 10 sublayers. We divide the portion of the half space to the right of the
embedded layer into 50 sublayers and impose a condition at the right boundary
that prevents the reflection of waves (see page 104).

The method of characteristics solution is evaluated at integer values of time
m = t/A. We apply an impulse in velocity at the left boundary:

. N m=0
=10 0<m<N-1"

and terminate the calculation at m = N — 1. (In the subsequent application of
the FFT algorithm, N is the size of the FFT array.) The velocity calculated
at the right “boundary” of the half-space using N = 1024 is shown in Fig. 4.9.
It consists of a sequence of impulses with diminishing amplitude separated in
time by 20A, the time required for an impulse to complete two transits across
the thickness of the embedded layer.
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A
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m=t/A

Figure 4.9: Impulse response of the layer.
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We apply the FFT algorithm to these results using a sampling interval and
sampling length equal, respectively, to the A and N used for the method-of-
characteristics calculation. The result is the solution for the velocity at the
right “boundary” resulting from a steady-state velocity boundary condition
(Fig. 4.10). At certain frequencies, waves propagate through the layer with-

1.00
0.90 |

0.80
DF

| UTYI,

0.70 1 T

0.60 1

050 1 1 1 1
0.00 0.10 0.20 0.30 0.40 0.50

wmA /27

Figure 4.10: FFT of the impulse response, N=1024.

out reduction in amplitude. These frequencies occur when an integer multiple
of half-wavelengths equals the layer thickness. Between these frequencies, the

amplitude is reduced by 60 percent.

Transient versus steady-state wave analysis

These examples raise an issue often faced when solving problems in elastic wave
propagation. In Example 1, we started with a steady-state solution and used
the inverse FFT to obtain a transient solution. In Example 2, we started with a
transient solution and used the FFT to generate a steady-wave solution. Both
approaches are adaptable to large-scale calculations of problems with complex
geometries, boundary conditions, and initial data. For problems in two or three
spatial dimensions, the approach in Example 1 is usually preferable. For prob-
lems with one spatial dimension, the method in Example 2 can produce both
transient and steady-state results with much less computation time than a direct
steady-state wave analysis.
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Exercises

EXERCISE 4.5 Consider the function of time f(¢) = ¢.
(a) If you represent this function as a discrete Fourier series

fO) = 3 Ageient

n=—oo

over the interval 0 <t < 1, show that the coeflicients are
A, =— " 7 _ - (4.45)

(b) Show that Ag = 1/2.
Discussion—To do part (b), express the term e~ '“n as a Taylor series.

EXERCISE 4.6 Calculate the results shown in Fig. 4.6. Use T'= 100 and o = 1.
Repeat the calculation using N =256, 128, and 64. What causes the solution
to change?

Discussion—In carrying out these computations, you need to be aware that
commercial implementations of the FFT vary. Some are specialized to real
values of f,, but some accept complex values. The particular implementation
used influences the choice of N. Another variation is the placement of the
normalization factor 1/N; it can appear in Eq. (4.36) or in Eq. (4.41), with a
corresponding affect on Eq. (4.43).

EXERCISE 4.7 In Exercise 4.6, assume that there is a second boundary at a
distance x1 = L = 200aA from the existing boundary. Assuming the material
is fixed at the new boundary, derive the finite Fourier transform of the displace-
ment field.

Discussion—Accounting for the new boundary requires new expressions for
the constants A and B in Eq. (4.21).

EXERCISE 4.8 The discrete Fourier transform converts N real numbers into N
complex numbers. Use the properties of periodicity and symmetry of fPF to
show that half of the values of the fP¥ are sufficient to determine the other
half.
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4.4 Transient Waves in Dispersive Media

In Chapter 3 we demonstrated that steady-state longitudinal waves in an elastic
layer and steady-state waves in layered materials are dispersive: the phase ve-
locity depends on the frequency of the wave. Dispersive waves commonly occur
in problems involving boundaries and interfaces. The Fourier integral theorem
expresses a transient wave in terms of superimposed steady-state components
with a spectrum of frequencies. If there is dispersion, each component prop-
agates with the phase velocity corresponding to its frequency. As a result, a
transient wave tends to spread, or disperse, as it propagates. This is the origin
of the term dispersion. Because the different frequency components propagate
with different velocities, it is not generally possible to define a velocity of a
transient wave. However, we will show that a transient wave having a narrow

frequency spectrum propagates with a velocity called the group velocity.

Group velocity

Let us consider waves propagating in the positive x; direction, and suppose that
the phase velocity ¢;(w) = w/k1(w) depends on frequency. First we consider a
steady-state wave with frequency wq:

Fla1,t) = Aetlwot = ki(wo)z1] — geiwo€(wo), (4.46)
where b ()
1(W)T1 X1
fw)=t- w =t c1(w)

Its Fourier transform is
fF(xl, w) = 27rAe_ik1 (wo)xlé(w — wp),

which you can confirm using the Fourier integral
1 > it
flx1,t) = %/ fF(z1,w)e™ dw. (4.47)
—0o0

Thus the frequency “spectrum” is a single frequency (Fig. 4.11.a).
We now consider a narrow, uniform frequency spectrum (a narrow-band spec-

trum) centered about the frequency wg (Fig. 4.11.b):

A —ik;l(w)xl
— N<w-—wy <O
fFlanw =4 a° S@Tes (4.48)

0 otherwise,
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(a) (b)

Figure 4.11: (a) Spectrum of a wave with a single frequency wp. (b) Spectrum
of a narrow-band wave.

where €2 is a constant. We assume {2 to be sufficiently small that we can ap-
proximate the wave number by retaining only the first-order term in its Taylor

series expansion:

dk w
ey (w) = k1 (wo) + d—l(wo)(w — wo) = ki (wo) + —— (4.49)
W cg(wo)
where we define
W =w—wy
and p
W

Substituting Eqgs. (4.48) and (4.49) into Eq. (4.47), we obtain the time-domain
expression for the narrow-band wave:

Flar, 1) = Aeiwo€(wo) % (4.51)
where
§lw) =t — % (4.52)

Notice that when @ — 0, Eq. (4.51) reduces to Eq. (4.46), which describes a
wave with frequency wgy propagating at the phase velocity ¢1(wg). The wave
described by Eq. (4.46) is called the phase wave.

The terms {(wp) and &,(wo) in Eq. (4.51) are D’Alembert independent vari-
ables associated with forward propagating waves. Thus this equation is the
product of two waves: the phase wave, propagating with the phase veloc-

ity c1(wo), and a group wave propagating with the group velocity cg(wp). In
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Fig. 4.12, we plot Eq. (4.51) for x = 0 and wy = 20€2. The very short-wavelength
phase wave is “enveloped” by the group wave. The group wave characterizes
the gross shape and propagation velocity of the transient wave. The velocity

0.5

0.0

J(0,8)//4

-0.5

-1.0

—30 -20 —10 0 10 20 30
wot /2

Figure 4.12: Phase wave (—) and group wave (— —) with wg = 209.

of the phase wave relative to the group wave is determined by the dispersion
curve relating w to k1 (Fig. 4.13). When the curve is concave upward, the phase
wave propagates more slowly than the group wave. An observer stationary with
respect to the group wave sees phase waves being “created” at the front of the
group wave, traveling backwards, and disappearing at the back. When the curve
is straight, the phase wave and group wave move together. When the curve is
concave downward, the observer sees phase waves being created at the back of
the group wave, moving forward, and disappearing at the front.

In Fig. 4.14, we compare the phase and group velocities of the first mode
for longitudinal waves in an elastic layer for Poisson’s ratio v = 0.3. (See
Section 3.5). The group velocity is approximately equal to the phase velocity
at very low frequency, but is smaller than the phase velocity at all frequencies.
At high frequency, both the phase and group velocities approach the Rayleigh

wave velocity.
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Figure 4.13: Dependence of the group velocity on the relation between frequency
and wave number.

Transient waves in layered media

In Section 2.7 we used the method of characteristics to analyze transient waves
in layered materials, and we discussed steady-state waves in such materials in
Section 3.6. With the FFT and the concepts of Fourier superposition and group
velocity, we can now reexamine and interpret the properties of transient waves
in layered media. The approach we describe is applicable to other problems
involving dispersion.

The medium we consider consists of alternating layers of two elastic materials
that form a wunit cell (Fig. 4.15). We denote the materials by a and b. The ratio
of the acoustic impedances is z;/2, = 5, and the ratio of transit times across the
layers is dgp/dpa, = 10. The resulting dispersion curve is shown in Fig. 4.16,
where d = d, +dp and Ay is given by Eq. (3.76). The three solid curves are the
first three pass bands, defining ranges of frequency within which steady-state
waves propagate without attenuation.

At very low frequency, the dispersion curve is nearly straight. The group
and phase velocities are nearly equal and independent of frequency, and waves
propagate in the layered material as if it were homogeneous. As the frequency
increases, the slope of the dispersion curve in the first pass band decreases.
Both the phase and group velocities decrease, but the group velocity decreases
more rapidly. At the highest frequency in the first pass band, the dispersion
curve has zero slope, so ¢, = 0. (A wave having zero group velocity is called a
stationary wave.) At this frequency, the wavelength equals two unit cell widths.
The dispersion curve in the second pass band is “flatter” than in the first pass
band, which indicates lower group velocities, and ¢; > ¢4. This flattening trend
continues with successively higher pass bands at first, but eventually reverses
itself. The layered medium acts as a frequency filter, selectively blocking the
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Figure 4.14: First-mode phase and group velocities for symmetric longitudinal
waves in a layer of thickness 2h.
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Figure 4.15: Medium of alternating layers of elastic materials a and b.
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Figure 4.16: Dispersion relation for a layered medium.
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propagation of steady-state components with frequencies within stop bands.
Within a given pass band, the dispersion increases with frequency. Within each
pass band, the group velocity varies from zero at the “edges” to a maximum
value near the center.

With these observations in mind, we examine two types of waves. By sub-
jecting the layered medium to an impulse boundary condition, we obtain a wave
having a broad spectrum of frequencies. We then apply a boundary condition
resulting in a wave with a narrow frequency spectrum. We obtain the solu-
tions for the transient waves by a simple modification of the program given on
page 106, dividing a into 10 sublayers and treating b as a single layer. As a
result, Eq. (3.76) gives A% = 153A2

Impulse boundary condition For the first calculation, the velocity on the
left boundary is 1 at ¢ = 0 and zero thereafter. The velocity of the layered
medium at the left boundary of layer 71 is shown in Fig. 4.17. The results show

0.05

S 0.00 W

-0.05 .

0100

0.0 0.5 1.0 1.5 2.0
t/1000A

Figure 4.17: Impulse response at a point in the layered medium.
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that the impulse, which originally had thickness A, has dispersed over many
time increments. Another distinctive feature of the impulse response is the
low-frequency oscillation near the leading edge of the wave, which is expected
because the maximum group velocity occurs at w = 0. The velocity of the
leading edge of the wave should correspond to the maximum group velocity,
which is equal to the low-frequency limit of the phase velocity, Eq. (3.75). From
this equation, the time required for the wave to travel across 35 unit cells to
layer 71 is 35d/(d/A4) = 433A, which is verified by Fig. 4.17.

The FFT of the impulse response, Fig. 4.18, clearly exhibits the pass bands
and stop bands of the layered medium. The frequencies in this figure are scaled

V™|

0.4

0.2

0.0

0.0 0.5 1.0 1.5
wol\y/ 2T

Figure 4.18: The impulse response. The shaded regions indicate the stop bands.

to the parameter Ay to allow comparison to the dispersion curves. Notice the
agreement between the pass-band boundaries obtained by the two methods.

Narrow-band boundary condition To obtain a narrow band of frequen-
cies, we subject the layered medium to a velocity boundary condition described
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by a finite series of sine waves of frequency wA4/27 = 0.8 (Fig. 4.19). The

Figure 4.19: A narrow-band boundary condition—ten periods of a sine wave.

dominant portion of the frequency spectrum lies in the second pass band of the
medium (Fig. 4.20). The values of the phase and group velocities obtained from
Eq. (3.73) are c1A/d = 0.0817, ¢;A/d = 0.0618.

Figure 4.21 shows the velocity histories at the left boundary of layer 71 and
at the left boundary of layer 75. The distance between these two locations is
two unit cells, 2d, so the time for the group wave to travel between them is
0t = 2d/cy = 32.4A. Figure 4.22 shows the two velocity histories with the
one for layer 75 shifted in time by —dt. This comparison clearly shows the
group-wave envelope propagating at the group velocity c,. The phase wave,
propagating with the higher velocity c1, is shifted in this comparison.

The method-of-characteristics solution provides another way to illustrate the
contrast between the phase and group velocities. To see how, consider Figs. 2.33
through 2.36, where we present solutions of this type as tables of values. By
replacing the smallest number in these tables by a white dot, the largest number
by a black dot, and intermediate numbers by graduated shades of grey, we can
transform them into “images” of the solutions.

To demonstrate this process, we use the velocity boundary condition in
Fig. 4.19 extended to 30 periods. The resulting image is shown in Fig. 4.23.
Time is the vertical coordinate, 0 < ¢ < 1500A, and position is the horizontal
coordinate, 0 < x < 750d/11. (There are 11 sublayers in a unit cell.) The left
ordinate of the image is the left boundary of the layered medium. The layered
medium extends well beyond the right ordinate, so no reflections are present.

We have overlayed two solid parallel lines and a dashed line on the image.
The slope of the solid lines equals the group velocity predicted by the character-
istic equation for the frequency of the sine wave. The group wave is the broad
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Figure 4.20: Frequency spectrum of the boundary condition superimposed on
the pass bands (light areas) and stop bands (shaded areas) of the medium.
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Figure 4.21: Velocity histories at layer 71 (—) and at layer 75 (- - ).



Chapter 4. Transient Waves 193

0.5

-0.5

L L V L L L
0.6 0.8
t/1000A

©
o~
O

Figure 4.22: The time history at layer 71 (—) compared to the time-shifted
history at layer 75 (- --).
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Figure 4.23: Image of the transient wave.
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grey band contained between these lines. The slope of the dashed line equals
the phase velocity. The propagation of the phase wave appears in the pattern as
lines parallel to the dashed line. The phase wave travels faster then the group
wave, appearing at the back edge of the group and disappearing at the front
edge.

Exercises

EXERCISE 4.9 Show that the group velocity ¢, = dw/dk is related to the phase
velocity ¢; by

dCl C1
e T e
c1 dw

EXERCISE 4.10 In Section 3.5, we analyzed acoustic waves in a channel.

(a) Show that the group velocity of such waves is related to the phase velocity
by cye1 = a?.

(b) What is the maximum value of the group velocity?

Answer: (b) a.

EXERCISE 4.11 Use Eq. (3.73) to derive an expression for the group velocity of
a layered medium with periodic layers.

EXERCISE 4.12 Use the result of Exercise 4.11 to show that the group velocity
is zero at the edges of a pass band.
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4.5 Cagniard-de Hoop Method

This integral transform method has yielded solutions to many important tran-
sient problems in elastic wave propagation. We will demonstrate the procedure
by obtaining the solution to a transient problem known as Lamb’s problem.

Let us consider a half space of elastic material that is initially stationary. Let
a cartesian coordinate system be oriented with the z1-x2 plane coincident with
the boundary of the half space and the z3 axis extending into the material. We
assume that at ¢t = 0 the boundary of the half space is subjected to the stress
boundary condition

[T33)25=0 = —ToH (t)0(21),

where Ty is a constant, H(t) is the step function, and §(x1) is a Dirac delta
function (Fig. 4.24.a). Thus at ¢ = 0 the half space is subjected to a uniform
line load along the x5 axis (Fig. 4.24.b).

T3 = —ToH(t)0(x1)

P

?xl ‘ xl

x3 €3

T3 = —ToH(t)o(x1)

(a) (b)

Figure 4.24: FElastic half space subjected to a uniform line load along the x-
axis.

From the boundary condition we see that no motion occurs in the x4y direc-
tion. The motion is described by the displacement field

u = ui(wy,ws,t),

us = U3($1,$3,t).

For this displacement field, the expressions for the stress components T53 and T3

in terms of displacements are

8’(1,1 8’(1,3
— 20u)—.
83?1 + ()\ + M) 8333

Oua %)

8—333 83?1

T35 =\
(4.53)
Tis=p (
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In terms of the Helmholtz decomposition
u=Veo+V x,

the displacement components u; and us are expressed by

R )
! 3 8333 8331,

4.54
83?1 8333, ( )

where 1) is the x5 component of the vector potential 1. Using these expressions,

we can write Egs. (4.53) in terms of the potentials ¢ and :

9?¢ 0%y 0%
Tis—p (2 oV _ov
18 =M ( 0z1013 + 0z? 83:%)

(4.55)
92 92 2
97¢ 9”9 0%
= 21
Toa = Mgz T A 20 s 4 2 g oy

The potentials ¢ and 1 are governed by the wave equations

o _ (PP ¢ Py o (P 321#

2l _2 (228 4,

oz~ (ax% + ax§> o P ( 83:3) (4:56)

By using Eqs. (4.55), we can write the stress boundary conditions in terms of ¢

and

82 2¢ 82,¢ B
Mo OGS ] D (i),
[2 9?¢ 0%y 0%

(4.57)
Z - =0.
8.1318333 8371 8373]@:0

The Laplace transforms of the potentials ¢ and 1 with respect to time are

defined by
L z/ qbe_St dt, / we_St dt.
0

We take the Laplace transforms of Eqgs. (4.56),

2o = a? (% + 82¢L> o suh = 2 (W + WL) @)

Ox? ox? ox? ox?

and also take the Laplace transforms of the boundary conditions, eqs(4.57):
2 1L 82 L 82 L TS
)\8 ¢ ¢2 +ou Y ] _ 1o (71)
0z? Oxs 01013 230 s
2 1L 82 L 82 L
) P08 Oyt Py .
Or10xs  Ox3 o3 |,._o

+ (A +2p)

)

(4.59)




Chapter 4. Transient Waves 198

The next step is the key to the Cagniard-de Hoop method. We define Fourier
transforms of ¢ and " with respect to x; by

(bLF _ /°° ¢Le—iksx1 iy, wLF _ /°° wLe_iksxl dry.

Notice that in place of the usual transform variable, we use the product of a
parameter k and the Laplace transform variable s. The corresponding inversion
integrals are

1 [ ; 1 [ .
=5 squFestxl dk, of = —/ swLFestxl dk. (4.60)
T ) _oo 27 ) _

(bL

Using these definitions, we take the Fourier transforms of Egs. (4.58) and write
the resulting equations in the forms

2 LF
ddq; — (k% +v%)s2ptE =0,
3
i (4.61)
o (k* 4+ v%)s?yplt =0,
3

where vp and vg are the compressional and shear slownesses defined by vp =
1/a, vs = 1/8. We also take the Fourier transform of the boundary conditions,
Egs. (4.59), obtaining

d2 LF d LF T
[—kQSQAquF + (A4 2u) ¢2 + 2uiks i ] S——
dzxs dxs £3=0
d(bLF dQ’LpLF (462)
[Zik:s— — k2s2plF — —2] —0.
dxs dzxs £3=0
The solutions of Egs. (4.61) are
GLF — Ae— (K> +0p) 2sa3 | po (kK + ’U123)1/25133,
(4.63)

WLF = Ce— (K +v3)Psz3  po (K 4 v8) 25wy,

Substituting these expressions into the inversion integral for the Laplace trans-
form, we can see that the terms containing A and C represent waves propagating
in the positive x3 direction and the terms containing B and D represent waves
propagating in the negative x3 direction. Because the boundary conditions do
not give rise to waves propagating in the negative z3 direction, we conclude
that B =0 and D = 0. Substituting Egs. (4.63) into the boundary conditions,
Eqgs. (4.62), we obtain two equations we can solve for A and C:

B ~To(2k? + v%)

A=—"90" TS5/ ¢
SpQ

_ Tp2ik(k* 4+ v3%)1/?
B s3uQ ’
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where @ is defined by
Q = (2k* +v3)” — 4k* (K> + vp) 2 (K 4+ 03) /.

(In obtaining these expressions we have used the relation (A + 2u)v% = uv%.)
Substituting these expressions for A and C into Eqgs. (4.63), we obtain the
solutions for the transformed potentials ¢* and ="

GLF — —To(2k* +v3) (k2 + ’U123)1/25133,

SuQ
por - To2k(2 g vE)? (k2 + v3) 252y
2

We substitute these expressions into the Fourier inversion integrals, Egs. (4.60),
to obtain the solutions for the transformed potentials ¢* and *:

(bL — _ L * T0(2k2 + ’Ug') e—[(kﬁQ + ’U123)1/2.233 — zk:xl]s dk‘,
2 ) _o  S2u@Q

’LpL _ L/oo TQZikJ(kJQ + U123)1/2 e—[(kﬁQ + ’Ug.)l/ng — zkm]s dk.
27 ) _ oo s2uQ

By using these two results and Eq. (4.55), we obtain the solution for the Laplace
transform of the stress component 733 in the form of the sum of two terms:

[e ) e}

g1(k) dk+/ g2(k) dk, (4.64)

—0o0

Th = (Th) + (Th)2 = /

—0o0

where

2 212 '
g1(k) = _Me—[(kQ + %) 25 — zkxl]s,
27Q)
_ 2T0k2(k32 + U%);Q(kQ + U]23)1/2 e_[(kQ + 'Ugv)l/ng _ kal]s
T

Our objective is to determine the stress component T33 by inverting the

g2(k)

Laplace transforms (T%); and (T4)s. (The other components of stress can be
determined by procedures similar to the one we use to determine T33.) These
terms are expressed in terms of integrals along the real axis of the complex k-
plane. The Cagniard-de Hoop method involves changing the integration contour
in the complex k-plane in such a way that the integrals assume the form of the
definition of the Laplace transform. By doing so, the terms (T33); and (T33)2
can be determined directly.
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Evaluation of (T33)1

To make the integral (T4); assume the form of the definition of the Laplace
transform, we define a real parameter ¢ by the expression

t = (k% 4+ v3)Y x5 — ik,
We can write this equation in the form
(22 + 22)k? — 2itw k +vbai — 2 = 0. (4.65)
We introduce polar coordinates r, 8 in the x1-z3 plane (Fig. 4.25), so that
r1 =rcosf, x3=rsind.

In terms of r and 6, we can write Eq. (4.65) as

— I

T3

Figure 4.25: Polar coordinates r, 6 in the z1-x3 plane.

r?k? — 2itrk cos§ + vhr?sin? 0 — t? = 0.

The solutions of this equation for k& are

it 2 N\
ky = ?cosei (r_Q —’UP> sin 6. (4.66)
As the value of the parameter ¢ goes from vpr to oo, the values of k given by
this equation describe the two paths in the complex k-plane shown in Fig. 4.26,
starting from the point (vp cos )i and approaching the asymptotes shown in
the figure.

Consider the closed contour in the complex k-plane shown in Fig. 4.27. The
solution k4 describes the path labeled By and the solution k_ describes the
path labeled B_. The contour consists of a straight portion Cy along the real
axis from —R to R, closed by two circular arcs Cy and C5 and two portions
along the contours By and B_. Our goal is to express the integral (T%%);
in terms of integrals along the contours By and B_ by applying the Cauchy
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Figure 4.26: The two paths B, and B_ in the complex k-plane.

integral theorem to the closed contour. Before we can apply the Cauchy integral
theorem, we must determine the poles and branch points of g1 (k).

The function g1 (k) has branch points at k = +vpi and at k = +vgi. The only
poles of the integrand are the zeros of the function Q. If we set k = i/cg in the
function @, the equation @ = 0 becomes identical to the Rayleigh characteristic
equation, Eq. (3.50). Therefore two of the zeros of Q are k = +i/cg, where cp is
the Rayleigh wave velocity. We define the Rayleigh wave slowness by vg = 1/cgr
and write these zeros of ) as k = *wvgi. These poles are not within the closed
contour. We show these branch points and poles of ¢;(k) in Fig. 4.28, and also
show suitable branch cuts to make g1 (k) single-valued. The branch points and
poles shown in Fig. 4.28 are not within the closed contour shown in Fig. 4.27,
and the contour does not cross the branch cuts. Therefore, we can apply the
Cauchy integral theorem to the closed contour:

/clgl(k)dk+/02g1(k>dk+/c3gl(k)dk
_/]3+g1(k)dk+/ g1(k) dk = 0.

(4.67)

The reason for the minus sign on the integral along B is that the integral is

evaluated in the direction shown in Fig. 4.27. The integral (T4); is

(ng)l = Rlim g1 (k) dk.

—00 4

The integrals along the circular contours Cs and C'3 vanish as R — oo. Therefore
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Figure 4.27: Closed contour in the complex k-plane.

Eq. (4.67) states that

(Tg3)1 = Jim [/B 91(k) dk?—/ g1 (k) dk] :

By using the Cauchy integral theorem, we have expressed the integral (T43)1
in terms of integrals along the contours shown in Fig. 4.26. We express these

integrals in terms of the parameter ¢ by making a change of variable:

° Ok ° Ok _
Thh = [ a0t [ )G

PT PT

Recall that k4 and k_ are the values of k on By and B_. By introducing a step
function H(t — vpr), we can change the lower limits of the integrals to zero:

Ok_

(T331—/ H(t —vpr)gi(ky) 8k+dt /Ht—UPTQI( )wdt

We substitute the explicit expressions for the integrands g (k4) and g1 (k—) into
this equation, obtaining the result

o} 2](32 2\2
(i = 32 [ (- opry B O st
2m 0 Q+ ot
T (2k% +v3)? Ok (4.68)
o [¥ -~ tus - —st
20 [ H(t = opr) =TSN O st gy
+ 7T/0 (t —vpr) 0 5 ¢ ,

where 4+ and ()_ indicate that the function @ is expressed in terms of k4
and k_.
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Figure 4.28: Poles and branch points of the function g;(k) and branch cuts to
make it single-valued.

This completes the application of the Cagniard-de Hoop method to the
term (T%)1. The terms on the right of Eq. (4.68) have the form of the definition
of the Laplace transform: the transform variable s does not appear anywhere
except in the exponential term. Therefore we conclude that the term (T33)1 is

Ty (2k% +v3)? 0ky  (2K2 4+ 0v%)? Ok
Tss) = —H(t — S T s P e TS T b (4.69
(Tis)s = 22 vm{ ] SCE)
Because k4 and k_ are known as functions of position and time, Eq. (4.66), this
is a closed-form solution for the term (753);.

Evaluation of (T33)2

To make the integral (T3)2 in Eq. (4.64) assume the form of the definition of
the Laplace transform, we define the real parameter ¢t by

t= (kJQ + ’Ugv)l/Q.l?g — ik?l?l.

In terms of the polar coordinates r, f, the solutions of this equation for k are

ot 2 1z
ky = —cosf £ (—2 — v%) sin 6. (4.70)
r r
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As the value of the parameter ¢t goes from vgr to oo, the values of k given by
this equation describe the two paths in the complex k-plane shown in Fig. 4.29,
starting from the point (vscosf)i and approaching the asymptotes shown in
the figure. The solution &, describes the path labeled B, and the solution k_
describes the path labeled B_.

Re(k)

Figure 4.29: The two paths B4 and B_ in the complex k-plane.

The branch points and poles of g2(k) are identical to the branch points and
poles of the integrand gy (k) of T4#. They are shown in Fig. 4.28 together with
branch cuts that make go(k) single valued. In this case, when we construct
the closed contour in the k-plane along the contours By and B_, the contour
intersects the imaginary axis above the branch point £ = vpi when vg cos 8 > vp
(Fig 4.30). We therefore modify the closed contour so that it goes around the
branch cut by introducing two branch-line contours L4 and L_.

As the value of the parameter ¢ goes from vsr to oo, the functions k+ given
by Eq. (4.70) describe the paths B} and B_ in the k-plane. We can also use
the function k_ to describe the branch-line contours L, and L_. We write k_
in the form ' 2x 1/2

k;z%cos@—i(v%—%) sin 6.
When t = vsr, k. = (vgcosf)i. As t decreases below the value vgr, we can
see that the value of k_ moves downward along the imaginary axis, that is, it
moves along the branch-line contours L, and L_. To determine the value of ¢
for which k_ reaches the bottom of the branch-line contours, we set k_ = vpi
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Figure 4.30: Closed contour in the complex k-plane that goes around the branch
cut.

and solve for t. We denote the result by :

1/2

t =r[vpcosf + (vi — v%)/?sin 6] (4.71)

Thus as the value of the parameter ¢ goes from £ to vgr, the function k_ describes
the paths Ly and L_.
We can apply the Cauchy integral theorem to the closed contour shown in

Fig. 4.30:
/ ga(k) i + / ga(k) dk + / ga(k) dk
C1 Cs C3

[ w@dr [ g (4.72)
By

_/L+g2(k)dk+/ go(k) d = 0.

The reason for the minus sign on the integrals along By and L, is that we
evaluate the integrals in the directions shown in Fig. 4.30. The integral (7}%)2
is

(TE), = Rlim g2 (k) dk.

—00 4

The integrals along the circular contours Cs and C'3 vanish as R — oo. Therefore
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Eq. (4.72) states that

(1) = Jim. [/B )tk = [ gwiis [ mwa- [ g2<k>dk].

We can express these integrals in terms of the parameter ¢t by making a change
of variable:

o Ok o — Ok_
@l = [ wlaTGra- [ wt) G

1),5'7' vsTr

[ s a1 G

t

t

The subscripts L, and L_ mean that the function g»(k_) is to be evaluated
on the right and left sides of the branch cut. By introducing appropriate step
functions, we can make the limits of the integrals be from 0 to infinity:

Ok _

(TE)- / H(t —vsr)ga(ky) 8k+ dt — / H(t —vsr)go(k_ )w dt

—|—/OOOH(US cos —vp)H(t —t)H (vsr — t)[gz(/;?—)]Ler dt

—/OOOH(US cos —vp)H(t —t)H (vsr — t)[g2(k_)]|r_ —— dt.

We include the step function H(vs cosf —vp) in the last two terms because the
branch-line contours exist only when v, cosf > vp. We substitute the explicit
expressions for the integrands g» (k) and go(k_) into this equation, obtaining
the result

2T, k?2 k?2 1/2 kj2 1/2 8/(3
(1o = 22 [ (s oy S B) Ohe oty

Qy ot
k2 (k2 1/2(7:2 211/2 i
2T0/ Hit — vsr) (k2 +vg )Q (k2 +vp) aaite_stdt
52 (k2 211/2(];2 211/2 of.
2T0/ H(vscos —vp)H(t —t)H(vsr — t) =( _+US)7 (= +vp) %1 e stat
Q- L
52 (k2 211/2(];2 211/2 i
2To/ H(vs cos 0 — vp)H (t—ﬂH(vsr—t)[ 2( _+Us)Q (k2 +vp) %] =5t dt.

where Q4 and Q_ indicate that the function @ is expressed in terms of k,
and k_.
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This completes the application of the Cagniard-de Hoop method to the
term (T4)s. The term (T33)9 is

2T; k2 (k2 4+ v3) 2 (k2 +v3)'/? Ok
T: = —H(t— = —
(T33)2 - (t —wvsr) { N g
CRR(R2 4 0d) 2R+ 0B)2 0k
Q- ot

B2 (B2 4 o2)1/2(E2 + 02)1/2 9%
+%H(USCOSG—UP)H(1§—ﬂH(vsr—t) l = _+U5>Q (k2 + vp) 88%
7.r —

Ly

) le_(kQ_ + o) V2(R2 +0})V2 Ok ]
Q- ot .
(4.73)

Solution for T33
From Egs. (4.69) and (4.73), the closed-form solution for the stress compo-
nent 133 is

T35 = (Ts3)1 + (T33)2

To

Dot [

(2/(:3_ +v%)? 81@__,_ . (2k% + v%)? 81@__
0. o o o
e
™ Q+ 8t
R2 (B2 +02)12(R2 +2)1/2 Ok }

Q_ ot

T 52 (B2 211/2(%:2 211/2 9%
+2TOH(USCOSG—UP)H(1§—ﬂH(vsr—t) l =( _+US)7 (k= +vp) Ok
Ly

Q_ ot

[ RE(RE 4 0R) PR 4 op)' Ok
Q- ot .

The first term in the solution (the term containing the step function

H(t — vpr)) is a disturbance that propagates with the compressional wave ve-
locity o« (Fig. 4.31). The second term (the term containing the step function
H(t —wvgr)) is a disturbance that propagates with the shear wave speed 8. The
wavefront that moves with the compressional wave speed causes a secondary
disturbance at the surface that propagates with the shear wave speed, shown as
the cross hatched area shown in Fig. 4.31. This disturbance is the third term
of the solution, which originates from the branch-line integrals.
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Bt ot

x1

T3

Figure 4.31: The disturbances traveling at the compressional and shear wave
velocities.

Figure 4.32 provides insight into the secondary disturbance generated at the
surface. We plot the normal stress at the surface as a function of r/at assuming
that the Poisson’s ratio v = 0.3. The term (733); is the normal stress due to the
disturbance that propagates with the compressional wave speed. This term does
not satisfy the boundary condition [T53],—0 = 0 in the region 5t < r < at. The
term (T33)2 is the normal stress due to the secondary disturbance, the cross-
hatched area in Fig. 4.31. The sum of these two normal stresses does satisfy
the boundary condition. We saw in Chapter 3 that a compressional wave alone
cannot satisfy the conditions at a free boundary of an elastic material. The
situation here is analogous: the secondary disturbance is “necessary” for the
boundary condition to be satisfied.

Figure 4.33 shows a plot of the normal stress T33 as a function of r/«at for
several values of the angle 8. When the Poisson’s ratio v = 0.3, the front of
the disturbance propagating with the shear wave speed is at r/at = 0.534. The
front of the secondary disturbance generated at the surface can be seen on the

curve for 6 = 30°.
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Figure 4.32: The normal stresses at the boundary for Poisson’s ratio v = 0.3.
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Figure 4.33: The normal stress T33 for Poisson’s ratio v = 0.3.
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Exercise

EXERCISE 4.13 Consider Lamb’s problem for an acoustic medium. (See the
discussion of an acoustic medium on page 44.) Use the Cagniard-de Hoop

method to show that the solution for the stress component T3z is

T in 6
T33=——OH(1‘,—£) Sin
s

o 7“2 1/2°
7“(“@)



Chapter 5

Nonlinear Wave
Propagation

To obtain the equations governing a linear elastic material, we
assumed that the stresses in the material were linear functions of
the strains and that derivatives of the displacement were sufficiently
small that higher-order terms could be neglected. In large-amplitude
waves, such as those created by high-velocity impacts or explosions,
these assumptions are violated, and the equations governing the be-
havior of the material are nonlinear. In this chapter we discuss the
theory of nonlinear wave propagation and apply it to a nonlinear
elastic material. We derive the equations of one-dimensional non-
linear elasticity and discuss the theory of characteristics for systems
of first-order hyperbolic equations in two independent variables. We
give a brief introduction to the theory of singular surfaces and discuss
the properties of shock and acceleration waves in elastic materials.

Materials subjected to large-amplitude waves do not usually be-
have elastically. The stress generally depends upon the temperature
and the rate of change of the strain in addition to the strain. Nev-
ertheless, we can demonstrate some of the qualitative features of
waves of this type, and methods used to analyze them, using a non-
linear elastic material as an example. The concluding discussion of
the steady compressional waves and release waves observed in ex-
perimental studies of large amplitude waves will not be limited to
elastic materials.

212
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5.1 One-Dimensional Nonlinear Elasticity

Here we summarize the theory of one-dimensional nonlinear elasticity. We first
show how the motion and strain of the material are described, then obtain the
equations of motion from the postulates for conservation of mass and balance of

linear momentum without making approximations or assumptions of linearity.

Motion

To describe the one-dimensional motion of a material, we express the position of
a point of the material as a function of the time and its position in the reference
state:

x=z(X,t).

This equation gives the position at time ¢ of the point of the material that was
at position X in the reference state (Fig. 5.1).

Figure 5.1: The position X of the material in the reference state and the posi-
tion x at time t.

The displacement and velocity fields are defined by
u=z(X,t) - X,

0
__A .
v = tx()(,t)

Deformation gradient and longitudinal strain

Consider an element of material that has width dX in the reference state
(Fig. 5.2). The width of this element at time ¢ is

do = #(X +dX,t) — #(X,t) = FdX, (5.1)
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CTe C tEIIIl 9/\
.

is called the deformation gradient.

dX dx

X X+dX =z T +dz

Figure 5.2: An element of the material in the reference state and at time ¢.

In this chapter we define the longitudinal strain of the material by

5:—(%):1—F (5.3)

This definition, commonly used in studies of nonlinear waves in solids, is the
negative of the traditional definition of the strain. It is positive when the length
of the element dX decreases. This definition is used because in experimental
studies of nonlinear waves in solids the material is most often compressed, so
it is convenient to use a definition of strain that is positive when the material
is in compression. We see from Eq. (5.3) that the deformation gradient F' can

also be used as a measure of the longitudinal strain.

Conservation of mass
From Fig. 5.2, we see that conservation of mass requires that
] dX = pdxa

where p is the density of the material and pg is the density in the reference state.
From Eq. (5.1), the deformation gradient is related to the density by

="
P
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We take the partial derivative of this equation with respect to time, obtaining

the expression
90 podp

X~ pPot’

where we use a hat "~ to indicate that a variable is expressed in terms of the

(5.4)

material, or Lagrangian, variables X, ¢. Using the chain rule, we can write the
left side of this equation as

@:@@:F@:pﬁ@. (5.5)
0X  0X ox oxr  p Ox
We can also write the partial derivative of 5(X, ) with respect to time as

9 _9p , Op
ot ot oz

where p is the spatial, or Eulerian representation for the density. Using this
expression and Eq. (5.5), we can write Eq. (5.4) as

dp  0(pv)
ot T ox

which is the equation of conservation of mass for the material, Eq. (1.46).

=0, (5.6)

Balance of linear momentum

Figure 5.3 shows the free-body diagram at time ¢ of an element of material that
has width dX in the reference state. 7" is the normal stress.

4_/\/\/\/\_,
e L of
T T+ —dX
X
—N N ———A——

—a
Figure 5.3: Free-body diagram of an element of material.

Newton’s second law for the element is

o . oT .
deXa = <T+8_de> —T.
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Thus we obtain the equation of balance of linear momentum for the material in

Lagrangian form:

oo oT

— = —. 5.7
Po It X (5.7)
Applying the chain rule to the right side of this equation,
or _oioT _por
0X 0Xox  p Ox’
and using the result
00 _ov, v
ot~ ot o
we obtain the equation of balance of linear momentum in the spatial, or Eulerian
form: 5 5 o
v v T

Stress-strain relation

To obtain a model for a nonlinear elastic material, we assume that the stress T’
is a function of the deformation gradient:

T =T(F). (5.9)

Lagrangian and Eulerian formulations

The material, or Lagrangian, form of the equation of balance of linear momen-
tum is Eq. (5.7),

00 _ of
ot~ ox
Using Eq. (5.9), we can write the equation of balance of linear momentum as
oy~ OF
L =T 1
Por ~ Fox (5.10)

where Tp = dT'/dF. From the definition of the deformation gradient F', Eq. (5.2),

we see that

oF  0v
o X
This completes the Lagrangian formulation of one-dimensional nonlinear elas-

(5.11)

ticity. Equations (5.10) and (5.11) are two first-order differential equations in
the two dependent variables © and F. We can write these equations in the

IR

matrix form
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where the subscripts ¢t and X denote partial derivatives.
The spatial, or Eulerian form of the equation of balance of linear momentum,
Eq. (5.8), can be written

ov  Ov op
—+ v =—F 5.13
p<8t+8xv> oz’ (5.13)
where p = —T is the pressure. For an elastic material, the pressure is a function
of the longitudinal strain:
p = ple), (5.14)
where
Po
e=1-2, (5.15)
p

The motion of the material is also governed by the equation of conservation of
mass, Eq. (5.6):

dp | 9(pv)

ot + ox
This completes the Eulerian formulation of one-dimensional nonlinear elastic-
ity. Equations (5.13), (5.14), (5.15), and (5.16) are four equations in the four
dependent variables v, p, €, and p.

=0. (5.16)

5.2 Hyperbolic Systems and Characteristics

In Section 5.1 we showed that the equations governing one-dimensional nonlin-
ear elasticity can be written as a system of first-order differential equations in
two independent variables, Eq. (5.12). Let us consider a generalization of that
system of equations:

a1x a2 - Aln Uy b1 b1z - big Ui
G21 Q22 -°° A2n U2 bar baz -+ bag U2
+ . . . . =0,
Gn1 Ap2 **° OGnn Un |, b1 bn2 o bnn Un |,
where the dependent variables wy, us, ..., u, are functions of two independent

variables x,t. The subscripts ¢ and x denote partial derivatives. We assume
that the coefficients a11,a12, ..., an, and by1,b19, ..., by, may be functions of
the dependent variables, but do not depend on derivatives of the dependent
variables. We write this system of equations as

Au; +Bu, =0. (5.17)
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Characteristics

Suppose that u is a solution of Eq. (5.17) in some region R of the z,t plane.
We assume that u is continuous in R and that the derivatives u; and u, are
continuous in R except across a smooth curve described by a function n(x, t) = 0
(Fig. 5.4.a). We define new independent variables 7, such that the curve
n(xz,t) = 0 is a coordinate line (Fig. 5.4.b). Using the chain rule, we can write

¢ = const. lines

/ 7 = const. lines

(a) (b)
Figure 5.4: (a) The curve n(x,t) = 0. (b) Curvilinear coordinates 7, C.
the derivatives u; and u, as

u; = nauy,+ Gue,

u; = 7NgUuy+ (uc.
With these expressions we can write Eq. (5.17) in terms of the variables 7, (:
(mA + n,B)uy + (GA + (:B)uc = 0. (5.18)

By evaluating the left side of this equation at two points p_ and py on either
side of the curve n(x,t) = 0 and taking the limit as the two points approach a
point p on the curve (Fig. 5.5), we obtain the equation

(A +n,B)[u,] = 0. (5.19)
The jump [u,] of u, is defined by
[un] = (up)4 — (uy)-,

where the symbol (u,)_ means the limit of u,, evaluated at p_ as p_ — p and

(u,,)+ means the limit of u,, evaluated at p4 as p;+ — p.
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P+
n(z,t) =0

pP—

Figure 5.5: Points p_ and p4 on either side of the curve n(x,t) = 0.

Along the curve n(z,t) =0,
dn = npdt + n, dx = 0.

The slope of the curve is

dx Ui
c=—=——.
dt Ny

Dividing Eq. (5.19) by 7., we can express it in terms of the slope c:
(—cA + B)[u,] =0. (5.20)

This is a homogeneous system of equations for the components of the vec-
tor [u,]. It has a nontrivial solution, that is, the derivatives of u can be dis-
continuous across the curve n(z,t) = 0, only if the determinant of the matrix of
the coefficients equals zero:

det(—cA +B) =0. (5.21)

Equation (5.21) defines the slope of a curve in the z,¢ plane across which
the derivatives u; and u, may be discontinuous. A curve in the x, t plane whose
slope ¢ is given by this equation is called a characteristic of Eq. (5.17).

Interior equation and hyperbolic equations

Suppose that the curve n(z,t) = constant is a characteristic of Eq. (5.17). That
is, it is a curve whose slope is given by Eq. (5.21). We write Eq. (5.18) as

Du, + Eu¢ =0, (5.22)
where D and E are

D=nA+nB, E=GA+GB. (5.23)
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Equation (5.21) implies that the determinant of the matrix of D is zero. Because
the determinant of a square matrix is equal to the determinant of its transpose,
det(D7T) = 0. This is the necessary condition for the existence of a non-zero
vector r such that

Dr =0. (5.24)

The product of Eq. (5.22) with the transpose of r is
r'Du, +r"Eu; = 0. (5.25)
The first term in this equation is equal to zero as a consequence of Eq. (5.24):
rTDu,, = uTT,DTr = 0;
therefore Eq. (5.25) reduces to
r'Bu; = 0. (5.26)

This differential equation governs the variation of the solution u along a charac-
teristic. It is called the interior equation, and is the foundation of the method of
characteristics. Dividing Eq. (5.24) by 7,, we obtain a more convenient equation
for determining the vector r:

(—cAT +BT)r = 0. (5.27)

When the roots of Eq. (5.21) are real and there are n real, linearly indepen-
dent vectors r that satisfy Eq. (5.27) in a region R of the x, ¢ plane, Egs. (5.17)
are said to be hyperbolic in R.

Examples

A first-order hyperbolic equation

Consider the first-order partial differential equation

ou ou

where oo = @(u) is a function of the dependent variable u. When « is a constant,
it is easy to show that the solution of this differential equation is the D’ Alembert
solution u = f(x — at). When « depends on wu, the differential equation is
nonlinear. Although it is a very simple equation, its solution has some of the

same qualitative features exhibited by waves in nonlinear elastic materials.
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Equation 5.28 is of the form of Eq. (5.17). Because there is only one equation,
the matrices reduce to scalars: A =1 and B = «, and Eq. (5.21) for the slope ¢
becomes the scalar equation

—c(1)+a=0.

Thus ¢ = o = @&(u), and we see that the slope of a characteristic depends on
the value of w.

We use the variable ¢ in the interior equation, Eq. (5.26), to measure distance
along a characteristic. In this example we can simply let ¢ = ¢. From Eq. (5.23),
the scalar E = 1. Substituting the values of A and B into (5.27), it becomes
the scalar equation

[—c(1) + a]r =0,

which is satisfied for any scalar r since ¢ = . As a result, the interior equation
reduces to the scalar equation

’U,CZO.

Thus u is constant along a characteristic. Because the slopes of the character-
istics depend only on u, the characteristics are straight lines.

Let us assume that the value of &(u) decreases monotonically with u (Fig. 5.6).
Suppose that at ¢ = 0, the value of u as a function of x has the distribution

a(u)

Increases
Constant

Decreases

u

Figure 5.6: The function a(u).

shown in Fig. 5.7.a. Thus we know the slopes of the characteristics ¢ = a(u)
at ¢ = 0. This information is sufficient to determine the characteristics since
they are straight lines (Fig. 5.7.b). The slopes dz/dt of the characteristics in-
crease with increasing x because the initial distribution of u decreases with
increasing x. Because the value of u is constant along a characteristic, we can
use the characteristics to determine the solution at any time (Figs. 5.7.c, d,
and e). The distribution of u as a function of = changes as a function of time;
the wave “spreads” with increasing time.
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1 t=t
() \

1 t=1ts
(d) K

1 t=1ts
@ | TS~

Figure 5.7: A spreading wave. (a) The initial condition. (b) The characteristics.
(¢),(d),(e) The distribution of u at progressive values of time.
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Now let us assume that the value of &(u) increases monotonically with u
(Fig. 5.6), and that at ¢ = 0 the value of u as a function of z has the distri-
bution shown in Fig. 5.8.a. The characteristics are shown in Fig. 5.7.b. The

h t=1
(©) A

h t =1y
(@) \

h t=1t3
(@) /

Figure 5.8: A steepening wave. (a) The initial condition. (b) The characteris-
tics. (c),(d),(e) The distribution of u at progressive values of time.

slopes dx/dt of the characteristics now decrease with increasing x. The distri-
bution of u is shown in Figs. 5.8.c, d, and e. In this case the wave “steepens”
with increasing time. As shown in Fig. 5.8.e, if we interpret the characteristics
literally, the wave eventually “breaks” and u is no longer single valued. How-
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ever, when the slope du/0x of the wave becomes unbounded, we can no longer
trust Eq. (5.28).

Simple waves in elastic materials

The Lagrangian equations governing the one-dimensional motion of a nonlinear

elastic material, Egs. (5.12), are

B 0)[e] e[S e e e

These equations are of the form of Eq. (5.17), where

0 0 -7
Akm:|:%0 1:|; Bkm:|:_1 OF:|-

Equation (5.21) for the slope ¢ of a characteristic is

det(—cA + B) = det [ —_Cfo __TCF ] —0.

This equation has two roots for c:

-\ 1/2
T

c==% -r .
Po

Thus there are two families of characteristics with slopes +a and —« in the
X-t plane, where o = (T /po)'/?. If T depends on F (that is, if the material
is not linear elastic), the slopes of the characteristics depend on the value of F.

In a special class of solutions called simple waves, the dependent variables
are assumed to be constant along one family of characteristics. Here we describe
an important example of a simple wave in a nonlinear elastic material. Suppose
that a half space of material is initially undisturbed and at ¢ = 0 the boundary
is subjected to a constant velocity vy (Fig. 5.9). We can obtain the solution to
this problem by assuming that the dependent variables v and F' are constant
along the right-running characteristics in the X-¢ plane.

Let us assume that the dependent variables are constants along the right-
running characteristics shown in Fig. 5.10. A characteristic “fan” radiates from
the origin. Because the slopes of the characteristics depend only on the value
of F, the right-running characteristics are straight lines. The fan separates
two regions in which the values of the dependent variables are assumed to be
uniform. In region 1, “ahead” of the wave, the material is stationary (0 = 0)
and undeformed (F = 1). In region 2, “behind” the wave, the velocity matches
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]

]

-~

(0, 1) = —H(t)vo

Figure 5.9: Half space subjected to a velocity boundary condition.

t
Region 1
v = —0
F=7

Region 2
0 =0
F=1

Figure 5.10: A characteristic fan radiating from the origin.

the boundary condition (¢ = —vg) and F is unknown. To determine the extent
of the fan of characteristics (that is, to determine the boundary between the fan
and region 2) we must determine the value of F in region 2.

We can determine the value of F' in region 2 and also the variation of the
velocity © within the characteristic fan by determining the values of the de-
pendent variables along a left-running characteristic (Fig. 5.11). To write the
interior equation, Eq. (5.26), for the variation of the dependent variables along
a left-running characteristic, we define ¢ = ¢. From Eq. (5.23), the matrix of E
is

0
Eym = CtAkm + Ckam = |: p(;) 1 :| .

We determine the vector r in the interior equation from Eq. (5.27):

apg —1 1
(=i + Bin)rm = [ ~Tr « ] [ ro ] -0
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Left-running
characteristic

X

Figure 5.11: A left-running characteristic.

It is easy to see that this equation is satisfied by the vector
T1 . 1
2 apo |’
Therefore we obtain the interior equation
r’Euc=[1 app ] po 0 0 =0
¢ o 1] F [ "7
which reduces to the simple equation
’0( = —Och.

Integrating this equation, we determine the velocity as a function of F':

F
b= —/ adF. (5.30)
1

This result completes the solution. When the stress-strain relation T = T'(F)
of the material is known, we can determine a = (Tr/po)'/? as a function of F.
Therefore we can evaluate Eq. (5.30), numerically if necessary, to determine
the velocity v as a function of F'. In this way, we determine the value of F in
region 2 since the velocity in region 2 is known. Also, since the velocity ¢ is
then known as a function of the characteristic slope «, we know the velocity at
any point within the characteristic fan.

Weak waves

On page 218, we introduced characteristics by assuming that the solution u of
Eq. (5.17) was continuous in a region R of the x,t plane and that the deriva-

tives u; and u, were continuous in R except across a smooth curve described



Chapter 5. Nonlinear Wave Propagation 227

by the function n(z,t) = 0 (Fig. 5.12). Such a “wave front” across which the
dependent variables are continuous but their derivatives are discontinuous is
called a weak wave.

n(z,t) =0

T

Figure 5.12: Path of a weak wave in the x-t plane.

The curve describing the path of a weak wave in the z-t plane is a charac-
teristic. Therefore the velocity ¢ = dx/dt of a weak wave is given by Eq. (5.21):

det(—cA +B) =0. (5.31)

Because A and B generally depend on the solution u, using this expression to
determine the wave velocity requires that we know the solution at the wave
front. One case in which this is true is when the weak wave propagates into an
undisturbed region.

Evolution of the amplitude

We can define the amplitude of a weak wave to be the value of the discontinu-
ity in one of the dependent variables across the wave. In some cases, we can
determine the rate of change of the amplitude with respect to time. Consider
Eq. (5.22):

Du, + Eu¢ =0.

In index notation, this equation is

1) 87’]

ou:
+E; 52 <.

The derivative of this equation with respect to 7 is

0 ou; 0 ou;
— | Dj; =2 — | E,, =) =0.
377( ”877>+877< Ja<> !
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The terms D;; and E;; may depend on the dependent variables u;. Therefore

we use the chain rule to express this expression in the form

dup On OC

Py 0Dy 0w Ouj o O (0w D Our Oy
o2 T ou, an oy Yac \ oy

Our next step is to determine the jump of this equation by evaluating the left
side at two points p_ and py on either side of the curve n(x,t) = 0 and taking
the limit as the two points approach a point p on the curve (Fig. 5.5). By using

the identity
Oug Ous || [ Ouk || [10us | [ Ouk ] (Ous
on omll — Lon]lon on |\ on)_
Ouy, Ou;
i (8—77>_ [[a—n]] |
we obtain the result
9%u; 0D;; [[ Oug ou; 0D;; [[ Ouy ou;
Di' et 1] hthals2 et 1] il et}
J[[f‘?UQ]]Jr Duy, [[877]] [[%]]Jr Duy, [[377]] (877>_

({)Dij 8uk 8’(1,]' d 8’(1,]' ({)Eij 8uk 8’(1,]'
il -7 E.— || =2 R =L =
" ou (8n>_[[877]]+ JdC[[an " Bu Lo | o "

If we take the dot product of this vector equation with the vector r defined by

Eq. (5.24), the first term vanishes and we can write the resulting equation in

the form
o d 0wl 0Dy [Ouy || [ duy
mE”dC[[an]]_ "By, [[877]“[877]]
2D [Que |l (Ouy 0Dy (Our ) O
T Oug [[877]](877)_ " Oug on ) | On (5.32)
B[O Dy
“Oup || On || o¢”

Because the variable ( measures distance along the path of the weak wave in the
z-t plane, this equation governs the evolution of the values of the discontinuities
in the dependent variables as the weak wave propagates. This is only a single
equation, but the values of the discontinuities are not independent. They are
related by Eq. (5.20):

(—cAjij; + Bij) H%H —0. (5.33)



Chapter 5. Nonlinear Wave Propagation 229

Weak waves in elastic materials

Consider the one-dimensional motion of a nonlinear elastic material described
by Eq. (5.29). The matrices of A and B are

_| P O _[ o -Tp
Akm—|:0 1:|; Bkm—|:_1 0 :|

Suppose that a weak wave propagates into undisturbed material. From Eq. (5.29),

Loy 1/2
c=ap= (T—F> . (5.34)

the velocity of the wave is

Po

The velocity ag of the wave is constant because the deformation gradient is
uniform (F' = 1) ahead of the wave (Fig. 5.13). To obtain a coordinate 1 that

X

Figure 5.13: Path of the weak wave in the X-t plane.

is constant along the path of the wave in the X-¢ plane, we define
X
n=t——.
&)
To obtain a coordinate ¢ that measures distance along the path of the wave, we
define ¢ = t. From Eq. (5.23), the matrices of D and E are

Tr /o
D — A B-— Lo F/ Qo
km = MeA + 1x [ /e 1 )

0
Erm = GA+(xB = ['000 1]-

The vector r is defined by Eq. (5.27):

_ AT .. _ | —2po —1 Lo
(-cA* +B )r—[ T —040][ ]—0.
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This equation is satisfied by the vector

=L e |

If we let the — and + subscripts denote values ahead of and behind the wave
respectively (Fig. 5.13), the terms (u;/0n)— in Eq. (5.32) are zero because the
material is undisturbed ahead of the wave. Also, the terms dJu,;/9¢ vanish since
the velocity and the deformation gradient are uniform ahead of the wave (v = 0
and F =1). As a result, Eq. (5.32) reduces to

g, [Qw ] . 9Dy | Quk [ O
”E“dc[[an]]“”auk [[anMan '

Substituting the expressions for the matrices of D and E and the components

of r into this equation, we obtain the expression

T
IR, (5.35)
(87s)

d d
Po d_C [[v,,]] — QpPo 3_C [[Fn]] = -
where Trp = d*T /dF?. The values of the discontinuities are related by Eq. (5.33):

conem] [ [ ]-o

From this equation we see that the discontinuities [v,] and [F)] are related by
[vn] + ao[F7] = 0.

With this expression we can eliminate [F},] in Eq. (5.35), obtaining the equation

d Trrp 2
d_C[[Un]] == ( ) [vn]*. (5.36)

2/)00[8

This equation governs the evolution of [v,] as the weak wave propagates. Eval-
uating the jump of the chain rule expression

Uy = nyoy + Gug,
we see that in this example [v,] is equal to the discontinuity in the acceleration:
[0e] = ne[on] = [onl-

Therefore, recalling that ¢ = ¢, we can write Eq. (5.36) as

d. . Trr \ ;o 1o
Splod =~ <—> [o.1°. (5.37)

2/)00[8
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We have obtained an equation that governs the evolution of the discontinuity,
or jump, in the acceleration across a weak wave. Suppose that at ¢ = 0, the
value of the jump in the acceleration across the wave is [0;]o. We can integrate
Eq. (5.37) to determine the jump in the acceleration as a function of time:

R 1
Lo = 1 T
FF
~ + t
[9]o (200048>

In a linear elastic material, the slope Tg is constant, so Trr = 0. In this case,

(5.38)

we see that [0¢] does not change and the amplitude of a weak wave is constant.
Suppose that Trp # 0. The signs of the two terms in the denominator of
Eq. (5.38) depend on the signs of the initial value of the jump in the acceleration
and the term Trp. If the two terms have the same sign, the magnitude of the
wave decreases monotonically with time and the amplitude of the weak wave
decays. If the two terms are of opposite sign, the amplitude of the weak wave

grows to infinity when
—2/)00[8

B [o:]oTrr

When this occurs, the wave is no longer weak. It becomes a shock wave.

t

Exercises

EXERCISE 5.1 Consider the one-dimensional linear wave equation

0%u 5 0%u

= a?,

ot? Ox?
where « is constant. Introducing the variables v = du/dt and w = Ju/dz, it
can be written as the system of first-order equations

oo aw
ot Oz’
o0 _ ow
dr ot

(a) Use Eq. (5.21) to show that there are two families of right-running and left-
running characteristics in the -t plane and that the characteristics are straight
lines.

(b) Show that the system of first-order equations is hyperbolic.

EXERCISE 5.2 Consider the system of first-order equations in Exercise 5.1. Use
the interior equation, Eq. (5.26), to show that v — aw is constant along a right-
running characteristic and v+ cw is constant along a left-running characteristic.



Chapter 5. Nonlinear Wave Propagation 232

EXERCISE 5.3 Consider the simple wave solution beginning on page 224. Sup-
pose that the relationship between the stress and the deformation gradient is
T(F) = EoInF, where Ej is a constant.
(a) Show that within the characteristic fan, the velocity is given in terms of the
deformation gradient by

v = —2a0(FY? - 1),

where ag = (Eo/po)*/?.

(b) Show that within the characteristic fan, the deformation gradient and ve-

locity are given as functions of X, ¢ by

212
agpt agpt
F:F, 1):—2040(7—1))

EXERCISE 5.4

-~

-~

-~

T(0,t) = H()Tp

A half space of elastic material is initially undisturbed. At ¢t = 0 the boundary
is subjected to a uniform constant stress Ty. The stress is related to the defor-
mation gradient by the logarithmic expression T' = T(F) = EoIn F, where E,
is a constant. Show that the resulting velocity of the boundary of the half space
is L

(@) ! [e(To/QEo) —1].

Po

Discussion—See the discussion of simple waves in elastic materials on
page 224.

EXERCISE 5.5 Consider a weak wave propagating into an undisturbed nonlinear
elastic material. Show that the equation governing the rate of change of the

discontinuity in 0x is

d . Tre \ . 19
@[[vx]] = <2p0a3> [ox]*.
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5.3 Singular Surface Theory

A singular surface is a surface across which a field (a function of position and
time) is discontinuous. In this section we show how the theory of singular
surfaces can be used to analyze the propagation of waves in materials. For
particular classes of waves called shock and acceleration waves, we derive the
velocity and the rate of change, or growth and decay of the amplitude for a

nonlinear elastic material.

Kinematic compatibility condition

Consider a scalar field ¢(z,t). Suppose that at time ¢, the field is discontinuous
at a point z, (Fig. 5.14). We denote the regions to the left and right of x5 by +

¢(,t)

X
Ts

Figure 5.14: A discontinuous field.

and — , and define ¢4 and ¢_ to be the limits of ¢(x,t) as x approaches x4
from the + and — sides:

¢+ = lim (b(.l?, t)a (b— = lim (b(.l?, t)

(= 5)+ (x = xs)-

The jump of ¢(x,t) is defined by

[¢] = ¢4 — .

Now let us assume that during some interval of time the field ¢(z,t) is

discontinuous at a moving point xs given by a function
s = xs(t).

The velocity of the point x, along the z axis is

_da(1)
Cdt

Us
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e

Vg dt

Figure 5.15: The field ¢(z,t) at time ¢ and at time ¢ + dt.

During the interval of time from ¢ to t + dt, the point x5 moves a distance vy dt
(Fig. 5.15). We can express the value of ¢ at time ¢ + dt in terms of its value

at time t:
_ 9¢ 9¢
O (t+dt) = o4 (t) + (E)_i_(t) dt + (8$>+(t) vs dt.

From this expression we see that the rate of change of ¢, can be expressed in

terms of the limits of the derivatives of ¢4 at x,:

d 0 0
— ¢y = (—> + (—> Vs. (5.39)
dt ot ), ox ) |
We can derive a corresponding expression for the rate of change of ¢_:
d, —_ (0¢ 0
P (8t>_+(8x>_vs' (5.40)

Subtracting this equation from Eq. (5.39), we obtain an equation for the rate

of change of the jump of ¢(z,1):

=5+ 5] o4y

This equation is called the kinematic compatibility condition. When the field ¢(x, t)
is continuous at z; during an interval of time, [¢] = 0 and the kinematic com-

patibility condition states that

[[?)_f]] + [[g_f]] vs =0 (when ¢ is continuous). (5.42)
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Acceleration waves

The one-dimensional motion of a nonlinear elastic material is governed by the

equation of balance of linear momentum,

oy~ OF
— =Tr—. 4
rog =Trax (5.43)
The deformation gradient and the velocity are related by
oF 00
— = . 44
ot 00X (5:44)

An acceleration wave is a propagating singular surface across which the veloc-
ity v and strain F' of a material are continuous but the first partial derivatives of
the velocity and strain are discontinuous. Thus an acceleration wave is identical
to the weak wave we discuss on page 226. Here we use the kinematic compat-
ibility condition (5.41) to determine the velocity and the rate of change of the
amplitude of an acceleration wave in an elastic material.

Velocity

Because v and F' are continuous across an acceleration wave, by substituting
them into Eq. (5.41) we obtain the relations

%]+ 5% ] =0 (5.45)
N B

From Eq. (5.44) we see that
oF 0
| = ==1". A4
EIRE] (547

The jump of the equation of balance of linear momentum, Eq. (5.43), is

o0v - OF
oo H =1r [[a—x]] |

Using Eqgs. (5.45)-(5.47) we can write this equation in the form

2 Tr ) [o8] _
(vs s 5 =0.

Thus the velocity of an acceleration wave in an elastic material is

7 1/2

F

vg = | — . 5.48
s <p0> (5.48)

This result is identical to Eq. (5.34).

and
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Rate of change of the amplitude

We can use the jump in the acceleration of the material as a measure of the
amplitude of an acceleration wave. Substituting the acceleration 99/0t and
OF /0t into Eq. (5.41), we obtain the relations

d Joo] _ [fore] [ 0%
at ot || ~ o2 | T |atox ||
- i (5.49)
_ e L [eE
Tl T |
and d [[oF [0%F ] O*F
at [[E]] e " [&faX]]vs' (5:50)

From Egs. (5.45) and (5.47),

-4 121

The time derivative of this equation is

dor] __1d o], 1[oe] dv
dt | ot || wedt |0t v2 || ot dt’

With this expression and Eq. (5.50), we obtain the relation

R _ _1dfoo] 1 [oo] dvs [ O°F
o | T “weat |or ) T2 o ar ~ |awox |

We substitute this result into Eq. (5.49), obtaining the expression

Qi @ - @ — o°F 2, 1 @ dvs (5.51)
at | ol ~ | a2 aox | o o] ar '

We next take the partial derivative of Eq. (5.43) with respect to time:

o _ 5 OF 5 OFOF
Mo = Faowox T o ox

where Trp = 0°T /OF?. Taking the jump of this equation, we obtain the result

0% _[O*F 7] »_ Ter [OF OF
12 atox | =T T |0t ax |-

Using this result, we can write Eq. (5.51) in the form

d [[o6 1 097 dvs Tpp [OF OF
2— =l —-==| =2=—||—=1. .
77 -+ 7] = 5 (552
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Consider an acceleration wave that propagates into undisturbed material.

In this case the velocity vy is constant and

7] =[5 [5]
From Egs. (5.45)-(5.47),
EIEEE

d [00]  Ter [[00]°
a[[a]]—‘zpovz H - (5.53)

This equation governs the amplitude of an acceleration wave propagating into

Thus Eq. (5.52) is

an undisturbed elastic material. It is identical to Eq. (5.37).

Shock waves

A shock wave in an elastic material can be modeled as a propagating singular
surface across which the motion #(X,t) of the material is continuous but the
velocity v and strain F' are discontinuous. Shock waves occur commonly in
supersonic gas flows, and can also occur in solid materials subjected to strong
disturbances.

Suppose that X is the position of a shock wave, and let us draw a free-body
diagram of the material between positions X; and Xg to the left and right
of X, (Fig. 5.16). The equation of balance of linear momentum for the material

-~ —
Ty, +| = Tr
-~ —
X
-~ —
-~ —
— AN~

X, Xs Xr

Figure 5.16: Free-body diagram of the material between positions X; and Xg.

is

d [* d [*r
TR—TL:%/X po’@dX—l-%/ ,OQ’(A)dX.
L Xs
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Recalling that the point X, moves with velocity vs, we can write this expression

as
X N

. s 00
Tr —TL = podyvs + / Pog,
X

Xr 9
dX — pov_vg —l—/ poa dX.
XS

From the limit of this equation as Xg — X, and Xr — X we obtain the result
7] + polelvs = 0. (5.54)

This equation relates the jump in the stress to the jump in the velocity across
a shock wave. Using it together with the kinematic compatibility condition,
Eq. (5.41), we can determine the velocity and the rate of change of the amplitude
of a shock wave in a nonlinear elastic material.

Velocity

Because the motion #(X,t) is continuous across a shock wave, by substituting
it into Eq. (5.41) we obtain the relation

[v] + [F]vs = 0. (5.55)

From this relation and Eq. (5.54), we find that the velocity of a shock wave is

o= ()"

This result is independent of the stress-strain relation of the material.

given by

Rate of change of the amplitude

Substituting the velocity and the deformation gradient into Eq. (5.41), we obtain
the relations

L= 28] + T 22]
a T e ] T lax ]
- - (5.57)
_[lee] o [rex
o] o]
and d OFT  [[OF
1= o |t lax ] v (5.58)

The jump of the equation of balance of linear momentum, Eq. (5.43), is

JEN



Chapter 5. Nonlinear Wave Propagation 239

We substitute this relation into Eq. (5.57) to obtain

Ly = ~ [[g—f(]] + [[%—f]] . (5.59)

Taking the time derivative of Eq. (5.55), we write the result in the form

d d dvs
Sl = —u ZIF1 - [F152.

We set this expression equal to Eq. (5.59) to obtain

oF d 1 dvs 1 oT
PN = Ly — e g
[[81&]] dt[[ ] Vs L] dt  povs H@X]] ’

and we substitute this result into Eq. (5.58), which yields the equation

d dvs _[OF] o» 1 [oT
20, = [F] + [F] =2 = [[8)(]] L [[ax]]' (5.60)

Consider a shock wave that propagates into undisturbed material. In this

[2]-(2),-(2) (20),- 0. [28]

and by taking the time derivative of Eq. (5.56), we find that

case

1
e -2
m%=bbz—iﬁw

Therefore we can write Eq. (5.60) in the form
- OF
—[(Tr)+ = pov?] [[8_X]]

@H+—mﬁ]

d
—1F]= (5.61)

2p0vs |1+

4/)01)2

This equation governs the rate of change of the jump in the deformation gradient
of a shock wave propagating into an undisturbed elastic material. It determines
whether the amplitude of the wave grows or decays given the value of the defor-
mation gradient (or the density) and the value of the gradient of the deformation
gradient (or the gradient of the density) behind the wave.
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Exercises

EXERCISE 5.6 (a) Determine the relation 7' = T'(F) for a linear elastic material.
(b) What is the velocity of an acceleration wave in a linear elastic material?
(¢) What is the velocity of a shock wave in a linear elastic material?

Answer: (a) T = (A +2u)(F —1). (b) a = /(A +2u)/po. (c) a =
V(A +2p)/po.

EXERCISE 5.7 The relation between the stress and the deformation gradient in
a material is T = T(F) = EoIn F, where Ej is a constant. The density of the
undeformed material is pg.
(a) What is the velocity of an acceleration wave in the undeformed material?
(b) If the material is homogeneously compressed so that its density is 2pg, what
is the velocity of an acceleration wave?

Answer: (a) vy = (Eo/po)*/?. (b) vs = (2Eo/po)*/?.

EXERCISE 5.8 The relation between the stress and the deformation gradient
in a material is T = T(F) = EglnF, where Ey is a constant. The density
of the undeformed material is py. An acceleration wave propagates into the
undeformed material. At ¢ = 0, the acceleration of the material just behind
the wave is ag in the direction of propagation. What is the acceleration of the
material just behind the wave at time t7

Answer: )

1 (",
ap 4E0

EXERCISE 5.9 If a gas behaves isentropically, the relation between the pressure

and the density is
P _m
PPy
where -y, the ratio of specific heats, is a positive constant. In the one-dimensional
problems we are discussing, the stress T = —p.
(a) Show that the velocity of an acceleration wave propagating into undisturbed

gas with pressure py and density pg is

1
_ ('Yp0> &
Vs = | — .
£0

(b) If the amplitude [00/0t] of an acceleration wave propagating into undis-
turbed gas with pressure py and density pg is positive, show that the amplitude

increases with time.
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EXERCISE 5.10 The relation between the stress and the deformation gradient
in a material is T = T(F) = EoInF, where Ej is a constant. The density of
the undeformed material is pg. A shock wave propagates into the undeformed
material. If the density of the material just behind the wave is 2pg at a particular
time, show that the velocity of the wave at that time is

[2E01n2]1/2
Vg = .
Po

EXERCISE 5.11

The stress-strain relation of an elastic material is given by the solid curve. The
point labeled minus (—) is the state ahead of a shock wave and the point labeled
plus (+) is the state just behind the wave at a time ¢. Consider three possibilities
for the variation of F' as a function of X at time ¢:

F F F
+ — + — + —
Xg Xg Xs

Determine whether [F] increases, remains the same, or decreases as a func-
tion of time in cases (a), (b), and (c).

Discussion—Notice that [T]/[F] is the slope of the straight dashed line and
(Tr)4 is the slope of the solid curve at point (+).

Answer: (a) Decrease. (b) Remain the same. (c¢) Increase.
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5.4 Loading and Release Waves

In the examples we have used to analyze nonlinear wave propagation in the
previous sections of this chapter, we assumed that the material was elastic; that
is, we assumed there was a one-to-one relationship between the stress and the
strain. In some applications, waves are created that involve deformations so
large and rapid that materials no longer behave elastically. In this section we
discuss an important example.

We consider a type of experiment in which a large, nearly constant pressure p
is applied to the plane boundary of a sample of initially undisturbed material,
causing a compressional loading wave to propagate into the material (Fig. 5.17).
After a period of time, the pressure at the boundary decreases, causing an

Figure 5.17: A pressure p applied to a sample of a material.

expansional unloading wave or release wave to propagate into the material.
A graph of the strain of the material at a time ¢t shows two distinct waves
(Fig. 5.18). The strain rises due to the arrival of the loading wave. The material

¢ Release wave

Loading wave

T

Figure 5.18: Loading and release waves resulting from a step increase in pressure
at the boundary of a sample.

is in an approximately constant or equilibrium state until the arrival of the

release wave.
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Loading wave

Experiments have shown that after an initial transient period, the loading wave
propagates with nearly constant velocity and its “shape,” or waveform, is ap-
proximately constant. It is then referred to as a steady wave. During this period,

we can express the dependent variables in terms of a single independent variable
¢ =z —Ut,

where U is the velocity of the steady wave.
The equation of conservation of mass of the material, Eq. (5.16), is

dp | 9(pv)

— =0. .62

ot " ox (5.62)
By using the chain rule, we can express this equation in terms of ¢ as

d

— —-U)]=0.

aclPv=U)

We see that in the steady wave, conservation of mass requires that
p(v —U) = constant. (5.63)

The equation of balance of linear momentum, Eq. (5.13), is

ov  Ov op
) = 22 5.64
P (8t + ax“> oz (564)
In terms of (, it is
dv dp
s .
plv —U) TS
Using Eq. (5.63), we can write this equation in the form
d

d—c[p(v —U)v+p]=0.

Thus in the steady wave, balance of linear momentum requires that

p(v —U)v + p = constant. (5.65)

Suppose that the steady loading wave propagates into undisturbed material
with density pg and pressure p = 0. From Egs. (5.63) and (5.65), we obtain the
relations

pv —=U) = —poU (5.66)

and
plo=U)v+p=0. (5.67)
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Using Eq. (5.66), we can write Eq. (5.67) in the form
poUv = p. (5.68)

The strain e of the material is related to its density by Eq. (5.15):

Ezl—p—o.

p

By using this relation to eliminate the density from Eq. (5.66), we obtain a very
simple relation between the strain, the wave velocity, and the velocity of the
material in the steady wave:

v
= —. 5.69
e=2 (5.69)
With this relation we can express Eq. (5.68) in the form
p = poU%. (5.70)

After the passage of the steady loading wave, we assume the material is in a
homogeneous, equilibrium state until the arrival of the release wave. Let v, be
the velocity of the material in the equilibrium state. Experiments have shown
that for many (but not all) materials, the velocity v, is related to the wave
velocity U by a linear relation

U =c+ sve, (5.71)

where ¢ and s are material constants. The equilibrium state of the material
at the end of the passage of the steady wave must also satisfy Egs. (5.69) and
(5.70):

E, = %
U’ (5.72)
pe = poU?c..

Using these two relations and Eq. (5.71), we find that

2
poc’ee

Pe = m- (5.73)

Once the constants ¢ and s have been determined from experiments for
a particular material, the pressure p. in the equilibrium state following the
passage of the steady loading wave can be plotted as a function of the strain e,
in the equilibrium state by using Eq. (5.73). The resulting graph is called a
Hugoniot curve (Fig. 5.19). The pressure p. approaches infinity at the finite
strain e, = 1/s. This is an artifact of the empirical Eq. (5.71). Each point
on the Hugoniot curve for a material defines an equilibrium state following the
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Rayleigh line
Hugoniot
curve

[ I i R s et T ———

Figure 5.19: The Hugoniot curve and a Rayleigh line.

passage of a steady loading wave. If any one of the four variables U, v, pe, €c is
measured following the passage of the wave, the other three can be determined
from the Hugoniot curve and Eqgs. (5.72).

From Eq. (5.70), we see that the pressure is linearly related to the strain
during the passage of the steady loading wave. The resulting straight line is
called a Rayleigh line (Fig. 5.19). The intersection of the Rayleigh line with the
Hugoniot curve is the equilibrium state following the passage of the wave.

Release wave

In some materials, experiments have shown that the pressure of the material and
the strain approximately follow the Hugoniot curve during the passage of the
release wave. That is, the loading of the material occurs along the Rayleigh line
and the unloading occurs (approximately) along the Hugoniot curve (Fig. 5.20).

During the passage of the release wave, the state of the material changes
relatively slowly in comparison to the rapid change of state in the loading wave.
As a result, the unloading process approximately follows the Hugoniot curve,
which represents equilibrium states of the material. That is, during the passage
of the release wave the material can be modeled approximately as an elastic
material whose stress-strain relation is given by Eq. (5.73). By doing so, we can
model the unloading wave as a simple wave. (The analysis of simple waves is
discussed beginning on page 224.) This means that in the unloading wave the

dependent variables are constant along right-running characteristics in the x-t
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Loading

path Unloading

path

[ I i s et T ———

Figure 5.20: The loading and unloading paths.

plane.
We can express the equations of conservation of mass, Eq. (5.62), and balance

of linear momentum, Eq. (5.64), in matrix form as

1 0 p_'_;pp N
0 p v |, d—ppv C

From Eq. (5.21), the slope ¢ of a right-running characteristic is given by

1/2 2 1/2
1—
cmvt (2N, Az dr]
dp po  de

This expression relates the slopes of the characteristics defining the motion of the
release wave to the slope of the Hugoniot curve. We can arrive at two conclusions
from this relation and Fig. 5.20. First, since the slope of the Hugoniot decreases
as the strain decreases, the high-strain (leading) part of the release wave travels
faster than the low-strain (trailing) part. As a result, the release wave “spreads”
with increasing time. Second, because the slope of the Hugoniot curve at high
strain is larger than the slope of the Rayleigh line, we see from the second
of Egs. (5.72) that the high-strain part of the release wave travels faster than
the loading wave. Eventually (if the sample is large enough) the release wave
overtakes the loading wave. As a result, the amplitude of the loading wave is
attenuated.

The integral of the pressure with respect to the strain as the loading and
unloading waves pass through the material is the cross-hatched area between
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the Rayleigh line and the Hugoniot curve in Fig. 5.20. This integral is the net
work per unit volume done to the material by the passage of the wave. This
work creates thermal energy in the material, and is called shock heating.

Flyer plate experiment

The first shock wave experiments in solid materials involved striking a stationary
target material with a “flyer plate” set into motion by explosives (Fig. 5.21).
As the flyer plate approached the target, its velocity vy was measured by two
electrical “shorting pins.” Another shorting pin measured the arrival time of
the shock wave at the back surface of the target. From this the velocity of the
shock wave passing through the target was determined. Therefore, these first
Hugoniot experiments were simply time measurements.

Vo

Flyer plate — "~ Target

Figure 5.21: Flyer plate experiment.

When the flyer plate strikes the target, a steady loading wave propagates
into the undisturbed target material. From Egs. (5.68) and (5.71), the pressure
of the equilibrium state behind the loading wave is

pr = pr(cr + sTvr)vr, (5.74)

where pr is the density of the undisturbed target material and vp is the velocity
of the material in the equilibrium state behind the wave. This relationship
between pr and vy is a form of the Hugoniot relationship, which is the locus
of all possible equilbrium states behind a loading wave. The loading path to
a given equilibrium state is the straight line between the origin and the point
(vr, pr)-

When the flyer plate strikes the target a steady loading wave also propagates
into the flyer plate material. Equation (5.74) can be written for the pressure of



Chapter 5. Nonlinear Wave Propagation 248

the equilibrium state behind the loading wave in the flyer plate,
pr = pr(cr + SpUr)ur, (5.75)

where v is the velocity of the material in the equilibrium state toward the left,
relative to the undisturbed flyer plate. Relative to a stationary reference frame,
the velocity of the flyer-plate material in the equilibrium state toward the right
is vg — v, where vy is the initial velocity of the flyer plate. Because the flyer

plate and target are in contact,
PT =PF (5.76)

and
v = Vg — VF. (5.77)

Loading path AN Loading path
Hugoniot \ / Hugoniot

pr pPFr AN

Figure 5.22: Hugoniot curves for a flyer plate experiment.

Figure 5.22 shows the locus of equilibrium states for the target material given
by Eq. (5.74). Using Egs. (5.75) and (5.77), we also show the locus of equilib-
rium states for the flyer plate material as a function of vy. The point where
these curves intersect determines the velocity and pressure of the materials in
the equilibrium regions behind the steady loading waves. The dashed straight
lines are the Rayleigh lines, the loading paths followed by the two materials in
changing from their undisturbed states to the equilibrium state.
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A Little History

As we have mentioned, large-amplitude steady loading waves are also called
shock waves, and the pivotal relationship to the development of the field of
shock physics was Eq. 5.70:

p=poU?(1 = po/p)-

This relationship was derived in 1859 by the Reverend S. Earnshaw. Unfor-
tunately, he assumed that all steady waves must be elastic phenomena. He
concluded that steady waves could only exist in materials with a one-to-one
relationship between stress and strain given by this expression. As he believed
that air obeyed Boyle’s Law,

P = Pop/po,

he concluded that, because these two expressions do not agree, shock waves
could not exist in air. As anyone who has heard a supersonic aircraft pass
knows, Earnshaw’s conclusion was wrong. Indeed shock waves will propagate
in nearly all materials, because they induce behaviors that are not elastic. As
we have observed, shock waves induce heating in materials.

The study of thermal phenomena was undergoing fundamental change dur-
ing Earnshaw’s day. The old caloric theory of heat was being abandoned and
replaced by the modern laws of thermodynamics. We now understand that en-
ergy is conserved while being converted in part from a mechanical form to heat.
And in fact, shock waves cause entropy to increase. In contrast, as the release
wave passes, the material response is isentropic. While we have approximated
the release path by the Hugoniot, the path is actually an isentrope (path of
constant entropy) that falls slightly above the Hugoniot and accounts for the
effects of thermal expansion in the material (Fig. 5.23).

It would be another decade before Rankine analyzed the shock wave and
concluded that ”there must be both a change of temperature and a conduction
of heat” in order that steady waves might exist. And it was not until the late
1880’s that Hugoniot eliminated the need for heat conduction from the theory
of shock waves. See Drumbheller (1998).
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Figure 5.23: The isentrope and resulting thermal expansion.
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Exercises

EXERCISE 5.12 Consider a flyer plate experiment in which the flyer plate and

the target are identical materials with mass density 2.79 Mg/m?, the measured

shock wave velocity is 6.66 km /s, and the measured flyer-plate velocity is 2 km/s.

What is the pressure in the equilibrium region behind the loading wave?
Answer: 18.6 GPa.

EXERCISE 5.13 (a) Suppose that in the experiment of Exercise 5.12, the flyer
plate is aluminum with properties py = 2.79 Mg/m? ¢ = 5.33 km/s, and
s = 1.40, the target is stainless steel with properties pg = 7.90 Mg/m?, ¢ =
4.57 km/s, and s = 1.49, and the velocity of the flyer plate is 2 km/s. What
is the pressure in both materials in the equilibrium region behind the loading
wave, and what is the velocity of their interface?

(b) If the materials are interchanged so that the flyer plate is stainless steel and
the target is aluminum, what is the pressure in both materials in the equilibrium
region behind the loading wave and what is the velocity of their interface?

Answer: (a) Pressure is 27 GPa, velocity is 630 m/s.

EXERCISE 5.14 In Exercise 5.13, assume that the target is much thicker than

the flyer plate. After the loading wave in the flyer plate reaches the back surface

of the flyer plate, it is reflected as a release wave and returns to the interface

between the materials. Determine whether the plates separate when the release

wave reaches the interface: (a) if the flyer plate is aluminum and the target is

stainless steel; (b) if the flyer plate is stainless steel and the target is aluminum.
Answer: (a) Yes. (b) No.
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one-dimensional waves, 48
initial-boundary value problems,
66
reflection and transmission of,
70
wave speed of, 50

pass band, 157

period, 112

phase velocity
of a one-dimensional wave, 111

phase wave, 183

plane strain, 118

plane waves, 119
displacement field of, 121
wavelength of, 120

plate velocity, 151
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shear (5) wave, 58
critical angle of, 134
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transmitted wave, 70, 114
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vector Laplacian, 43
vector potential, 43, 46
velocity, 9
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D’Alembert solution of, 50, 63
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wave speed
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wavelength, 111
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Solutions to the Exercises

Chapter 1. Linear Elasticity
EXERCISE 1.1 Show that 0ppurvm = UrVk.

Solution—In terms of the numerical values of the indices, the left side of
the equation is
OkmUkUm =  011U1V1 + d12U102 + 613U1U3

+021Uav1 + O22U2v2 + d23Urv3
+031U3v1 + 032u3v2 + d33U3V3

= (1)U1U1 =+ (O)U1U2 =+ (O)U1U3
+(0)ugvr + (1)ugvs + (0)ugvs
+(0)uzvi + (0)ugve + (1)usvs

= ULV1 + UV + U3 V3.

The right side of the equation is

UKV = ULV T+ U2V2 + U3V3.

EXERCISE 1.2
(a) Show that dgmexmn = 0.
(b) Show that 6km5kn - 5mn-

Solution—

(a)
6k’m,ek’m,n = 61161171, + 61261271, + 61361371,
+d21€21n + d22€22y, + d23€235
+031€31n + 0326321 + 033€330

= €11n 1+ €22n + €33n-

258



Solutions, Chapter 1. Linear Elasticity 259

Because ey, = 0 if any two of its indices are equal, e, = 0, €22, = 0, and
e3sn, = 0 for any value of n.

(b) Let m =1 and n = 1.

011011 + 021021 + 631631

0k10k1

= O11.

The procedure is the same for each value of m and n.

EXERCISE 1.3 Show that Tk 0mn = Tkn-
Solution—Let k =1 and n = 1.

Timdm1 = Th11011 + Th2021 + T13031
= Ti1.

The procedure is the same for each value of k£ and n.

EXERCISE 1.4 If Timermn = 0, show that Tr,, = Tink.

Solution—Let n = 1 and recall that ey, = 0 if any two of the subscripts
k, m, and n are equal. Thus

Timerm1 = Tazeaz1 + Ta2e301 = To3 — T30 = 0,

so T390 = Ts3. By letting n = 2 and then n = 3, the same procedure shows that
T3 = T3 and Tio = To1.
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EXERCISE 1.5 Consider the equation

8Uk 8Uk
%= 3t oz,

(a) How many equations result when this equation is written explicitly in terms
of the numerical values of the indices?
(b) Write the equations explicitly in terms of the numerical values of the indices.

Solution—
(a) The equation holds for each value of k, so there are three equations.

(b) The equations are
8’()1 8’()1 8’()1 8’U1

a1 = ﬁ + 8—3311)1 + 8—332U2 + 8—3331)3’
a 8’()2 + 8U2U + 8’()2 + 8’()2
=+ V2 +
T 0t Oz ' Owg 0 Oxs
ov ov ov ov
asz = 5 —31+—32+—303

EXERCISE 1.6 Consider the equation

Tim = CkmijEij.

(a) How many equations result when this equation is written explicitly in terms
of the numerical values of the indices?
(b) Write the equation for T1; explicitly in terms of the numerical values of the

indices.

Solution—
(a) The equation holds for each value of k and for each value of m, so there are

3 X 3 =9 equations.
(b)

T = cii11 1 + criie B2 + ci113Fis
+cr121F21 + cr120F22 + c1123E23

+c1131831 + c1132832 + c1133E33.
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EXERCISE 1.7 The “del operator” is defined by

_o0(), oC).,  9().
- 8.131 b+ 8.132 2 8.133 13

_ 90,
8xk ke

V()
(1.78)

The expression for the gradient of a scalar field ¢ in terms of cartesian coordi-
nates can be obtained in a formal way by applying the del operator to the scalar
field:

99 .

V(b: %k,lk).

(a) By taking the dot product of the del operator with a vector field v, obtain
the expression for the divergence V - v in terms of cartesian coordinates. (b) By
taking the cross product of the del operator with a vector field v, obtain the
expression for the curl V x v in terms of cartesian coordinates.

Solution—
(a) The divergence is

V.-v= [— ik] : [Um im]

- a$k (ik . im,)

avm
i 6k’ m

8xk
9ok
(‘)xk'

(b) The curl is
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EXERCISE 1.8 By expressing the dot and cross products in terms of index no-
tation, show that for any two vectors u and v,
u-(uxv)=0.
Solution— . .
u- (11 X V) = (UT 17‘) : (ukvmekmn ln)
= UrULVUmCkmn (iT . in)

= UrUkUmC€kmn 67‘71,
= UnUKUmCkmn-

The term u,ug€gmn = 0. For example, let m = 1. Then

UpUkCr1n = U2U3E312 + U3U€E213 = U2U3 — U3U2 = 0.

EXERCISE 1.9 Show that

UkUmEkmnln = det U U2 U3
U1 V2 V3

Solution—The i; component of the left side of the equation is
Uk UmErml = U20V3€231 + U3V2€321 = UV3 — U3V2.
The i; component of the determinant is
U2V3 — U3vV2.

In the same way, the is and i3 components can be shown to be equal.

EXERCISE 1.10 By expressing the divergence and curl in terms of index nota-
tion, show that for any vector field v for which the indicated derivatives exist,

V- (Vxv)=0.
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Solution—The curl of v is

v, .
Vxv= %}iek’mn 1pn.
Therefore 9 /8
N Um,
A\ (V X V) oz <8$k ekmn)
82'Um

Let m = 1. Then

82’()1 82’()1 82’()1
0T, 0T}, Chin = 0r2013 €31z + 013012 c213
- 82’()1 82’()1
n 8.1328.133 B 8.1338.132
=0.

The result can be shown for m = 2 and m = 3 in the same way.

EXERCISE 1.11 By expressing the operations on the left side of the equation in
terms of index notation, show that for any vector field v,

82Uk

iy

Solution—The first term on the left is

0 8Um, . 82 Um .
V(v . V) B 8—37k (837”1,) R 83%837”1, -

The curl of v is
8/[)7”, .
V XV =e€rmn 1,

8$k

SO

0 8Um . 8Q’Um .
V x (v X V) =€mr3 | CkmnP7 | Ir = €pnrCkmny 7 Ir:
0y oxy, 0x,0xy

Interchanging the indices £ and r in this expression, it becomes

2
0 Um

V X (V X V) = epnk€rmn 78331,83:,« i.
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Therefore we must show that

82 Um 82 Um 82 Vk
= (%)

— €pnkCrmn = .
0T 0Ty, P 0rp0x,  0Tm 0Ty,

This equation must hold for each value of k. Let k = 1. The right side of the
equation is
82’()1 _ 82’()1 + 82’()1 + 82’()1 .
0T 0T,y,  Ox1011 Ox20x0  OT30T3
On the left side of Eq. (), let us sum over the index n:

82 Um e e 82 Um 82 Um (6 e +e e +e e ) 82 Um
a. a. 1 X0 = - 11€rml 21Crm2 31¢rm3) 5 . -
Oxy,Oxr, T 0rp,0x,  0rp0z1 P P P 0z ,0,

The term ep11 = 0. Also, epa1 is zero unless p = 3 and ep3; is zero unless p = 2.
Therefore this expression is

82Um, 82Um, 82Um, 821}1 821}2 82’()3 82’()1
—F— teéem2s——F— —€m3g—F— = + + +
0T, 011 0r30z, 0x20T, 0r10r1  Ox20x1 Ox30x1 013073
82’()3 82’()2 + 82’()1
8.1338.131 8.1328.131 8.1328.132
82’()1 82’()1 82’()1

8.1?18.131 * 8.1328.132 * 8.1338.1?3.

Thus the left side of Eq. (%) equals the right side for k = 1. The procedure is
the same for £ = 2 and k = 3.

EXERCISE 1.12 Consider a smooth, closed surface S with outward-directed unit

/ndSzO.
s

Solution—The z; component of the integral is

/n1 dS.

S

/vknk dS,
S

vector n. Show that

This integral is of the form
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where v1 = 1, v = 0, and v3 = 0. Let us define a vector field v on the volume V'
of the surface S by v1 = 1, vo = 0, and vs = 0. Because the vy are constants,
the Gauss theorem states that

/UkndeZ/%dVZO.
S Vaﬂ?k

By the same procedure, the x2 and x3 components of the integral can be shown

to equal zero.

EXERCISE 1.13 An object of volume V is immersed in a stationary liquid. The
pressure in the liquid is p, — yx2, where p, is the pressure at z = 0 and =y is the
weight per unit volume of the liquid. The force exerted by the pressure on an
element dS of the surface of the object is —(p, — yx2) ndS, where n is a unit
vector perpendicular to the element dS. Show that the total force exerted on
the object by the pressure of the water is vV is.

Solution—The x> component of the force exerted on the object by the

pressure is

/ — (po — y2)N2 dS.
s

/Uknk dS,
S

This is of the form

where v1 = 0, v2 = —(po — Y22), and v3 = 0. We define a vector field v on the
volume V by v1 =0, v2a = —(po — y22), and vz = 0. The Gauss theorem states
that

/S_(po_yxg)ngdsz/vwcﬂ/=/vvd‘/=w-

T2

By the same procedure, it can be shown that the z; and x3 components of the

force equal zero. Therefore the total force is vV is.
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EXERCISE 1.14 A bar of material 1 meter long is subjected to the “stretching”
motion
1 =X1(14+¢%), z2=2Xp, z3=Xs.

a) Determine the inverse motion of the bar.

)
b)
¢) Determine the spatial description of the displacement.

d) What is the displacement of a point at the right end of the bar when ¢ = 2
seconds?

Determine the material description of the displacement.

(
(
(
(

Solution—
(a) Solving the motion for X;, Xo, and X3 in terms of x1, x2, x3, and ¢, we
obtain
X1 =x1/(1 —|—t2), X5 =129, and X3 = z3.

(b) By using the motion, the three components of the displacement are

’U,1=$1—X12X1(1—|—t2)—X1=X1f,2,
’U,QZJ?Q—XQZXQ—XQ:O,
’U,3=$3—X3=X3—X3=0.

(¢) From the results of Parts (a) and (b),

T

=X = —2
e )

t2, uy =0, and ug = 0.

(d) At the right end of the bar, X; =1 m. From the result of Part (b),

up = X1t2 = (1)(2)> =4m, upy =0, and uz = 0.

EXERCISE 1.15 Consider the motion of the bar described in Exercise 1.14.

(a) Determine the material description of the velocity.

(b) Determine the spatial description of the velocity.

(¢) Determine the material description of the acceleration.

(d) Determine the spatial description of the acceleration by substituting the
inverse motion into the result of Part (c).

(e) Determine the spatial description of the acceleration by using Eq. (1.13).
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Solution—
(a) From the motion,

oz 0
U= % = X+ )] =2Xut,
_ 09 _ g _
Vg = 8t - 8t(X2) - 0)
03 0
v =Ty = 5 (Xs) =0

(b) By using the inverse motion and the expressions we obtained in Part (a),

vy = 2X1t =21t/ (1 +t%), v, =0, and vz = 0.

(c) - 5
U1
=" = [2X3t] = 2X
@ = = 52Xl L
b D02 _
2_8t_a
b 0 _
T ot
(d) )
T
a1=2X1=1+—t2, a2=0, and a3=0.
(e)
g = o O L Ou
Y70t T 0 Y Ox 2 O ©

- g 2.1?1lf + i 2.1?1lf 2.1?1lf
TOt \1+¢2 Orq \1+¢2 14 ¢2

- 2.131 2.1?1lf (Qt) + 2t 2.1?1lf
T (1412 (1+12)2 (1+1t2) (1+12)
N 2.131

142

EXERCISE 1.16 A 1 meter cube of material is subjected to the “shearing” mo-

tion
$1=X1+X22t2, ro = Xo, x3= X3.
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a) Determine the inverse motion of the cube.

)
b)

¢) Determine the spatial description of the displacement.

(
(b) Determine the material description of the displacement.

(

(d) What is the displacement of a point at the upper right edge of the cube
when t = 2 seconds?

Solution—
(a) Solving the motion for X;, Xo, and X3 in terms of x1, x2, x3, and ¢, we
obtain

X1 =1 —X22f,2 =1 —Jﬁth, X2 = T2, and X3 = 3.

(b) By using the motion, the three components of the displacement are

’U,1=$1—X1=X1—|-X22t2—X1=X22f,2,
’U,QZJ?Q—XQZXQ—XQ:O,
’U,3=$3—X3=X3—X3=0.

(c) From the results of Parts (a) and (b),

up = Xat? = 23t%, uy =0, and ugz = 0.

(d) At the upper right edge of the cube, X; = 1 m and X5 = 1 m. From the
result of Part (b),

up = Xat? = (1)*(2)2 =4m, uy =0, and uz = 0.

EXERCISE 1.17 Consider the motion of the cube described in Exercise 1.16.
(a) Determine the material description of the velocity.

(b) Determine the spatial description of the velocity.

(¢) Determine the material description of the acceleration.

(d) Determine the spatial description of the acceleration by substituting the
inverse motion into the result of Part (c).

(e) Determine the spatial description of the acceleration by using Eq. (1.13).

Solution—
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(a) From the motion,

ot; 0

I
0o 0
2=y = X2 =0
03 0
U3 = o = Q(Xs) =0.

(b) By using the inverse motion and the expressions we obtained in Part (a),

v = 2X22t = 23:31&, vg =0, and vz = 0.

001 0
= =_[2X2t] = 2X2
@ = = 52X 2
009
2= =0
0v3
az — —8t =0.

ay =2X3 =2x3, a; =0, and a3 = 0.

ov ov ov ov
! + —1U1 + —1U2 + —11)3

ﬁ 8.1?1 8.132 8.133

a]; =

— 9 2

_ 9.2
= 2x3.

EXERCISE 1.18 Show that the acceleration is given in terms of derivatives of
the spatial description of the velocity by
8Uk 8Uk
ar = — + —Up.
Mot T oy,
Solution—By substituting the motion into the spatial description of the
velocity field, we obtain the expression

Vg = Vg (xna t) = Uk (-f:n (Xm; f,), t) = g (Xma t)-
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The acceleration is the time derivative of this expression with X held fixed:

0 8Uk 8Uk 8.f3n
= — 0 (X t) = — -.
ak = o (Xmst) = J5+ 5
Because R
0%,
=,
ot '
we obtain the result
a 8Uk 8Uk
: = Tar Un
ot T Ony, "

EXERCISE 1.19 A bar of material 1 meter long is subjected to the “stretching”
motion
xr] = Xl(l +f,2), o = Xo, x3= X3.

a) Determine the Lagrangian strain tensor of the bar at time ¢.

(

(b) Use the motion to determine the length of the bar when ¢ = 2 seconds.

(¢) Use the Lagrangian strain tensor to determine the length of the bar when
t

= 2 seconds.

Solution—
(a) The material description of the displacement field is
u =x1 — X1 = Xl(l + f,Q) - X = X1t2,
’U,QZJ?Q—XQZXQ—XQ:O,
’U,3=$3—X3=X3—X3=0.

The Lagrangian strain tensor is

b L (O D D D
m 2 8XTI, 8Xﬂ’1, 8Xﬂ’1, 8XTI,

The only non-zero component is

1 [ 9iy n 0ty n 0ty 0y
2 8X1 8X1 8)(1 8)(1
= 3[t? + 2+ (1) (*)]

=12+ 3t

Ei =

(b) From the motion we can see that at t = 2 seconds the left end of the bar is
located at

1= Xi(1+£2) = (O)[1 +(2)7 =0
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and the right end of the bar is located at

71 = X1 (1+t%) = (1)[1 + (2)] = 5 meters.
Therefore the length of the bar is 5 meters.
(¢) From Part (a), at t = 2 seconds

En=t+i =22+ 12" =12

N[

We can determine the longitudinal strain € of the material from the equation
2e + 62 = 2Em,nnm,nn-

Let us determine the longitudinal strain in the z; direction by setting n; = 1,
ng = 0, and ng = 0:
2¢ + €2 =2E1;(1)(1) = 24.

The solution of this equation is € = 4. (The root ¢ = —6 can be ignored since
the longitudinal strain must be greater than -1.)
At t = 2 seconds, the length ds of an element of the bar parallel to the
x1 axis is related to its length dS in the reference state by
ds —dS
s

€ =4.

Therefore
ds=(1+4)dS =5dS,

and the length of the bar at t = 2 seconds is

1
/ 5dS = 5 meters.
0

EXERCISE 1.20 An object consists of a 1 meter cube in the reference state. At
time ¢, the value of the linear strain tensor at each point of the object is

0.001 —0.001 0
[Bgm] = | —0.001  0.002 0
0 0 0

(a) What is the length of the edge AB at time ¢?
(b) What is the length of the diagonal AC at time ¢?
(¢c) What is the angle 0 at time ¢?
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Solution—
(a) In linear elasticity, the longitudinal strain € is given by € = E,nnmny,. To
determine the longitudinal strain in the direction of the edge AB, let n; = 1,
ng = 0, and ng = 0:
e = Ey1(1)(1) = Ey; = 0.001.

Therefore at time ¢ the length ds of an element of the edge AB is related to its
length dS' in the reference state by

ds — dS
= ¢=0.001
= ¢ = 0.001,

SO
ds = (1+0.001) dS

The length of the edge AB at time ¢ is

1
/ (14 0.001)dS = 1.001 meter.
0

(b) To determine the longitudinal strain in the direction of the diagonal AC,
we let ny = 1/v/2, ny = 1/4/2, and nz = 0:

€ = E11ning + Ei1aning + Eginang 4+ Eeanang

= (0.001)(1/v2)(1/v2) +2(=0.001)(1/v2)(1/v2) + (0.002)(1/v2)(1/V?2)
= 0.0005.

Therefore at time ¢ the length ds of an element of the diagonal AC' is related to
its length dS in the reference state by

ds —dS
as

= ¢ = 0.0005,

SO
ds = (1+ 0.0005) dS

The length of the diagonal AC at time ¢ is

NG
/ (1+0.001)dS = 1.0005v/2 meter.
0

(c) At time ¢, the angle between line elements originally parallel to the x1 and x2
axes is given in terms of the linear strain tensor by 7/2 — 2F15. Therefore the

angle 6 at time ¢ is

9=7T/2+2E12 = (7‘(’/2—0.002) rad.
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EXERCISE 1.21 Show that in linear elasticity,

8’0Jk 8uk

8X m B 8.137” .

Discussion—Use the chain rule to write
8’&k - 8uk 8.13"
8Xm, 81"71, 8Xm, ’

and use Eq. (1.5).

Solution—The displacement is
U = Uk (xn; t) = Uk (-f?n(Xm; t); t) = Uy, (Xm; t)-
Therefore

8’0Jk - 8uk 8.13"
8Xﬂ’1, N 81"” 8Xﬂ’1, .

(%)

From the relation

Ty = Xn + Un
we obtain the result
0%y P Oty
8XTYL B nm 8XTYL '

Substituting this into Eq. () gives

8’&k - 8uk + 8uk 8’&7,, (**)
8Xﬂ’1, N 81"7)’1, 81"” 8Xﬂ’1, .

This equation contains the derivative 9., /0X,, on the right side. By changing
indices, we can write the equation as

iy, Oun | Ouy Oy
8X7n, N 8'1:771, 8'7’"7‘ 8X7n, .

We can substitute this expression into the right side of Eq. (x%). Continuing in
this way, we obtain the infinite series

Oty ou,,  Oup Ou,  Oup Ou, Ou,

8Xﬂ’1, N 81"7)’1, 81"71, 81"7)’1, 81"71, 81"7‘ 81"7)’1,

In linear elasticity, we neglect higher order terms in the derivatives of the dis-

placement and this equation reduces to

8’&k - 8uk
8Xﬂ’1, N 81"7)’1,.
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EXERCISE 1.22 Counsider Eq. (1.27):
L L
2F19 = (1 + 2E11) 2 (1 + 2E22) 2 COS(?T/2 — ’)/12).

In linear elasticity, the terms FE11, Foo, E12, and the shear strain -y;5 are small.
Show that in linear elasticity this relation reduces to

Y12 = 2Fq2.

1
Solution—TLet us expand the term (1 + 2F11)2 in a Taylor series in terms

of the small term F11:

1 1
(1+2E11)2 = [(142E11)2]g,,=0 +
dEy,

=1+Fn+--

1
[(1+2E11)§]} Eyp+---

Next, we expand the term cos(w/2 —~12) in a Taylor series in terms of the small

term ~yp2:

cos(m/2 —m2) = [cos(m/2 = 12)]y1.=0 + {%[COS(WM - 712)]} et

:')/12+...

Therefore the equation can be written
2B10=(14+FEn+-- )1+ Eaa+--)(y2+ ).
If we neglect higher order terms, the equation reduces to

2E12 = m12.

EXERCISE 1.23 By using Egs. (1.30) and (1.32), show that in linear elasticity
the density p is related to the density po in the reference state by Eq. (1.33).

Solution—From the equations

podVo = pdV
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and
dV = (1 + Ek’k’) dVp,

we see that

L = (1 + Ekk)_l.
Po

We expand the expression on the right in terms of the small term Ejy:

(1+Ekk)_1 = [(1+Ekk)_l]Ekk=0+{dE [(1+Ekk)_1]} Ekk+
kk Epr=0
Therefore in linear elasticity
L1 By
Po

EXERCISE 1.24 A stationary square bar is acted upon by uniform normal trac-
tions op at the ends (Fig. 1). As a result, the components of the stress tensor
at each point of the material are

(o1) 0 0
[Tim] = 0 0 O
0 0 0

(a) Determine the magnitudes of the normal and shear stresses acting on the
plane shown in Fig. 2 by writing equilibrium equations for the free body diagram
shown.

(b) Determine the magnitudes of the normal and shear stresses acting on the
plane shown in Fig. 2 by using Eq. (1.36).

Solution—

(a) The normal stress o and shear stress 7 acting on the plane are shown:

T
_ o
(o1) ::
pa— .~ 30°
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If we denote the cross sectional area of the bar by AA, the area of the plane the

stesses o and 7 act on is AA/ cos 30°:

Area = AA Area = AA/ cos 30°
30°

The sum of the forces in the direction normal to the plane must equal zero:
a(AA/cos30°) — (0pAA) cos 30° = 0.

Therefore |o| = o cos? 30°.
The sum of the forces in the direction parallel to the plane must equal zero:

T(AA/ c0s30°) + (69AA)sin30° = 0.
From this equation we see that |7| = o sin30° cos 30°.

(b) In terms of the coordinate system shown, the components of the unit vector n
normal to the plane are n; = cos30°, no = sin30°, and ng = 0. Therefore the

components of the traction vector acting on the plane are

t1 = Timnm = T11m1 + Tiong 4 Ti3ng = og cos 30°,
to = Tomnm = To1ng + Toong + Thang = 0,
t3 = T3mNm = T31m1 + T32n2 + T33n3 = 0.

The normal stress acting on the plane is
o=t -n=tng + tans + tsns = o cos> 30°.

The shear stress is the component of the vector t parallel to the plane. Its
magnitude is
|t1 8in 30° — t2 cos 30°| = o sin 30° cos 30°.

EXERCISE 1.25 The components of the stress tensor at each point of the cube
of material shown in Fig. 1 are
Ty Tz O

[Tkm] = T12 T22 0
0 0 Ti3
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Determine the magnitudes of the normal and shear stresses acting on the plane
shown in Fig. 2.

Solution—The components of the unit vector normal to the plane are n; =
cosf, no = sinf, and n3 = 0. The components of the traction vector acting on
the plane are

t1 = TN = T11ng + Thong + T13ns = 111 cos 0 + T2 sin 0,

to = Tomnm = To1n1 + Toong + Thgng = Tz cos O + Thasin b,
t3 = T3mNm = T31m1 + T32n2 +T33n3 = 0.

The normal stress acting on the plane is

o=t -n=1tiny + tang + t3ns
= (T11 cos 0 + Tyo sin 0)(cos 0) + (T2 cos 6 + Ths sin 0)(sin 9)
= Ty1 cos2 0 + 2T 5 sin 6 cos 0 + Ty sin? 6.

The shear stress is the component of the vector t parallel to the plane. Its
magnitude is

|t1sin@ — to cos @] = |T12(cos2 6 — sin? @) — (T11 — Thy)sin b cos 6].

EXERCISE 1.26 The components of the stress tensor at each point of the cube
of material shown in Fig. 1 are

100 —-100 O
[Tim] = | —100 100 0 Pa.
0 0 300

A pascal (Pa) is 1 newton/meter?. Determine the magnitudes of the normal
and shear stresses acting on the plane shown in Fig. 2.

Solution—The unit vector perpendicular to the plane is

1 C
n= —(i1—|—12—|—13).

V3

The traction vector acting on the plane is

100 —100 0 1/V3
{tx} = [Tem){nm} = | —100 100 0 1/V3
|0 0 300 1/V3
[0
= 0 Pa.
| 100V/3
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The normal stress is
o =1tiny + tong + tgng = (100\/5)(1/\/5) =100 Pa.

The component of t parallel to the surface is the shear stress:

0 VBT g0 [ 2
{ty, —ony} = 0 —100| 1/vV3 | =— | -1
100v/3 1/v/3 V3| o

The magnitude of this vector is 7 = 100v/2 Pa.

EXERCISE 1.27 The Lamé constants of an isotropic material are A = 1.15(10!) Pa
and pu = 0.77(10'!) Pa. The components of the strain tensor at a point P in
the material are

0.001 —0.001 0
[Erm] = | —0.001  0.001 0
0 0 0.002

Determine the components of the stress tensor Tk, at point P.

Solution—From the stress-strain relation, Eq. (1.43), the stress component
T11 is
Ti1 = M1 (B + Eaa+ Es3) +2uF1 = (A4 2p)Er + AN(Eaz + Es3)
= [1.15(10') + 2(0.77)(101)](0.001)
+1.15(1011)(0.001 + 0.002)

= 6.14(10%) Pa.

The stress component T}s is

Tio = Ad12(E11 + Eoo + Ess) + 2uE12 = 2uFE12

= 2(0.77)(10*1)(—0.001)
= —1.54(108) Pa.

Continuing in this way, the stress tensor is

6.14(10%) —1.54(108) 0
[Tem) = | —1.54(10%)  6.14(108) 0 Pa.
0 0 7.68(10%)
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EXERCISE 1.28 A bar is 200 mm long and has a square 50 mm x 50 mm cross
section in the unloaded state. The bar consists of isotropic material with Lamé
constants A = 4.5(10'%) Pa and g = 3.0(10'°) Pa. The ends of the bar are
subjected to a uniform normal traction og = 2.0(10%) Pa. As a result, the
components of the stress tensor at each point of the material are
2.0(10%) 0 0
[Tim] = 0 0 0| Pa.
0 0 0

(a) Determine the length of the bar in the loaded state.

(b) Determine the dimensions of the square cross section of the bar in the loaded

state.

Solution—Because the stress components are known, the stress-strain re-
lation, Eq. (1.43), can be solved for the components of the strain. The results

are

2.564(1073) 0 0
[Ekm] = 0 —7.692(107%) 0
0 0 —7.692(107%)

The length of the loaded bar is
(200mm) (1 + E11) = (200mm)[1 + 2.564(10~%)] = 200.513 mm.
The height and width of the loaded bar are
(50mm)(1 + Ez2) = (50mm)[1 — 7.692(10%)] = 4.9962 mm,

so the dimensions of the cross section are 4.9962 mm x 4.9962 mm.

EXERCISE 1.29 The ends of a bar of isotropic material are subjected to a uni-
form normal traction T71. As a result, the components of the stress tensor at

each point of the material are

711 0 O
[Tk’ m,] = 0 0 0
0 0 O
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(a) The ratio E of the stress T11 to the longitudinal strain E1; in the x; direction,

_In

E= ;
Ei

is called the Young’s modulus, or modulus of elasticity of the material. Show
that the Young’s modulus is related to the Lamé constants by

g HBA+2)
A
(b) The ratio
_Ea
E1

is called the Poisson’s ratio of the material. Show that the Poisson’s ratio is

vV =

related to the Lamé constants by

L
20+ )

Solution—From the stress-strain relation, Eq. (1.43),
Ty1 = ME11 + Eaz + Es3) + 2AE11 = (A + 2p)E11 + 20Eas, (%)
where we have used the fact that Foy = E33, and
Too = 0= A(E11 + Faz + E33) + 2A\E22 = AE11 + 2(A + p) Eaa.
From the latter equation,
=

FEog = —F1;.
22 2()\+M) 11 (**)

Substituting this relation into Eq. (*) yields

Ti = (04 20) s — =22
11 = )11 2()\+M) 11,
So Young’s modulus is
T A2 3N+2
Eziz)\+2u— :M( +M),
Ell A + 12 A + 12
and from Eq. (**), Poisson’s ratio is

vV =

CEu 200+
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EXERCISE 1.30 The Young’s modulus and Poisson’s ratio of an elastic material
are defined in Exercise 1.29. Show that the Lamé constants of an isotropic
material are given in terms of the Young’s modulus and Poisson’s ratio of the

material by
vE E

M-y My

Solution—The relations derived in Exercise 1.29 are

_ p(BA+2p)
p=tOLEE)
A
TN
Solving Eq. (**) for p,
W= %)\. (s * x)

Substituting this expression into Eq. (*) and simplifying yields

(1+v)1-2v)

E= A,

SO VE
(1+v)1-2v)

Then substituting this result into Eq. (***) gives the result

A:

_ E
r= 21+v)’

EXERCISE 1.31 Show that the strain components of an isotropic linear elastic
material are given in terms of the stress components by

1
Eym = ZTk’m - 51&’771/Tjj'

2u(3X +2p)

Solution—The stress-strain relation is

Thm = )\6k’mEjj + 2uEkm. (*)
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Setting m = k,
T = 3)\Ejj + 2uFEg, = (3)\ + 2M)Ek’k’;

and solving for Fyg,

Eip = ——Tik.
kk = gy o ke (%)
Solving Eq. (*) for Egm,
1 A
Eym = ZTk’m - ﬂék’mE]]

and substituting the expression (**) for E;; yields

A

1
Eim = —Tkm — ——=————0km1}j;-
km 2% km 2#(3)\"‘2#) kmLjj

EXERCISE 1.32 By using the Gauss theorem, Eq. (1.3), the transport theorem,
Eq. (1.45), and the equation of conservation of mass, Eq. (1.46), show that

Eq. (1.48),
i/ PUm, av = /ka’nk’ as + / b, dV,
dt Jy s v

can be expressed in the form

/ (pam - 8ka - bm,> dV = 0,
v Oxy

where a,, is the acceleration of the material.

Solution—Applying the transport theorem to the term on the left,

d
dt/pvm av = / [(‘% (pom) + T,
_ “F ( ) Ovm Ovm,
_‘/V{'Um, |:8f, + 8 +p ot + 8.13,« Uy dVv
=0

= Gm
= / Plm av.
\%

Applying the Gauss theorem to the first term on the right,

8Tm k
/ mkTlk as = / 8$k

Substituting these two expressions into the equation gives the desired equation.

9 —(pvm v,«)] dVv
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EXERCISE 1.33 Show that the postulate of balance of angular momentum for

a material

d/xxpvdV /thdS—l—/Xxde
dt v

implies that the stress tensor is symmetric:

Tkm = ka’-

Solution—In terms of indices, the postulate is

d

df, ekmnxkpvm av = /ekmnxktm as + / ekmnTibm dV. (*)

Using the transport theorem, the left side of this equation is

d

0 0
df,/ CkmnTkPUm av = / |:8f, (ekmnxkpvm) + 8—W(ek’mnxk’pvmvr):| av

0 O0vy,
= / |:ek*mnxk’ ( p'Um + pa—;n> + ek7r1,n5krpv7r1,vr
14

8Um
+ermnTk Um + €kmnTkPUr av

(pvr
ox, oz,

8 8 (Y 8U7r,
= / {ekmnxk’vm |:_p + (p T):| + €kmnTrP |: 1 +
14

ot oz,

= / CkmnTkPlm av,
14

where we have observed that egmn Ok PUmVr = €xmn PUmvVE = 0.
The first term on the right side of Eq. (x) is

/ ekmnTrtm dS / ekmn@iLmrny dS
S S

0
mn o ’Tmr dV
/V Chmn (@kTomr)

8Tn
/ <6k7717L6kTT7r1r + ekmnTk—4— p) . > av.
1% Lr

8UT n

oz,

]} av



Solutions, Chapter 1. Linear Elasticity 284

Therefore we can write Eq. (x) as

8Tn,
/ |:ek’m,nxk’ (pam - 8 T bm,> — Ckmn mk:| dV =0.
1% Lr

The term in parentheses vanishes due to the balance of linear momentum, re-

/ ek’m,nTm,k’ dV = 0.
\%

Thus exmnTmir = 0 at each point. This equation must hold for each value of n.
For n =1, it states that

sulting in the equation

€231132 + e321To3 =T33 — Tz = 0.

Therefore T35 = Th3. By letting n = 2 and n = 3, we find that Tx,, = Tink-

EXERCISE 1.34 For a stationary material, the postulate of balance of energy is

il,
pedV = —/q-n-dS,
dt S] J

where V' is a material volume with surface S. The term e is the internal energy
and g; is the heat flur vector. Suppose that the internal energy and the heat
flux vector are related to the absolute temperature T of the material by the
equations
e=cT, = —k;a—T
Oxj’
where the specific heat ¢ and the thermal conductivity k are constants. Show
that the absolute temperature is governed by the heat transfer equation
or  k 0°T
E - E 83?]'8.13]' '

Solution—Because the material is stationary, v,, = 0 and p = pg. There-
fore, applying the transport theorem to the term on the left gives

Ci/pedV /po—dV /poc—dV

Using the Gauss theorem, the term on the right is

9q; 0*T
/q]n] as = / Dz, -dV = k(‘)xjax] av.
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The balance of energy postulate becomes

or . T
k2| av,
/V [poc ot " ox,0n; | 0

which yields the heat transfer equation.

EXERCISE 1.35 By substituting the Helmholtz decomposition u = V¢ +V x 9
into the equation of balance of linear momentum (1.56), show that the equation

of balance of linear momentum can be written in the form

92 92
v pog‘f — A+ 2u)v2¢] +V x [p()% — ;N%/;] =0.

Solution—Substituting the Helmholtz decomposition into Eq. (1.56), it
becomes
0? 9
P55 (VO+ T x ) =+ 20)V(V260) — ¥ x [V x (V x )],
where we have used the identies V- (V x 1) = 0 and V x V¢ = 0. This equation
can be written
0%

\Y L r (A+2u)v2¢] +V x [p

2

0%+MVX(VX'¢/)) =0. (x)

Taking the curl of the definition
V2 = V(V- 1) =V x (V x )

gives

Vx V% =0-Vx[Vx(Vx).

Using this expression in Eq. (*) gives the desired result.
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EXERCISE 1.36 An acoustic medium is defined in Section 1.7. Show that the

density p of an acoustic medium is governed by the wave equation

9?p

272
w—an

Solution—The motion of an acoustic medium is governed by the equation

82
W;‘ = a?V(V - u),
or in terms of indices,
82’U,k 2 82um QaEmm

02~ Y oznome " om

Let us take the divergence of this vector equation by taking the derivative with

respect to xg:
82Ekk 2 82Ekk
=« . (%)
ot? 8$m8xm

Notice that we interchanged the indices on the right side of the equation.

The density p is given in terms of the strain by
p=po(l — Exg).

From this equation we see that

82p - 82Ekk 82p - 82Ekk

a2 = 7o bmnon, P 0x,0m.,

With these results we can write Eq. (*) in the form

Pp 4, Pp

a2 ¢ 0T mOTm
or
9?p

272
w—an

Chapter 2. One-Dimensional Waves

EXERCISE 2.1 A function f(z) is defined by

x <0 f(x)=0,
0<z<1 f(x)=sin(rz),
x>1 f(x)=0.
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Plot the function f(§) = f(x — at) as a function of x for ¢ = 0, ¢t = 1 s, and
t=2sifa=1.

Solution—

1 t=20 _|
flx —at)

0 x

-1 0 1 2 3 4

L t=1s _

flx —at)

0 x

-1 0 1 2 3 4

1 t=2s _
fx —at)

0 x

-1 0 1 2 3 4

EXERCISE 2.2 Show that as time increases, the graph of the function g(n) =
g(x + at) as a function of z translates in the negative  direction with constant
velocity «.

Solution—Modify the argument used on page 50 to show that the graph
of f(&) translates in the positive z direction with constant velocity a.

EXERCISE 2.3 By using the chain rule, show that the second partial derivative
of u = u(x, t) with respect to z can be expressed in terms of partial derivatives
of u=a(¢,n) by

v 0%u 0%u  0%u

35 = 53 T2 T A

ox o0& 0&0n  On
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Solution—The dependent variable u is

u=u(z,t) = a(&n),

where £ = x —at and n = x+ «at. Applying the chain rule, the partial derivative

of u with respect to x is

ou _ ocon  onon

dxr  O0x ¢ Oz On
_ oo
o oy

Then by applying the chain rule again,

Pu _ 0 (0 o
oz2 0z \9¢  On
_ %o (o, o
Oz 0 \ ¢ On
o0 (0u on
Ox On \ 0§  On

249 bl
2e2 " “ocon T o

(8211 0%u 8211>

EXERCISE 2.4 Show that the D’Alembert solution

u=f(§) +g(n)
is a solution of the one-dimensional wave equation

0%u 5 0%u

o2~ Y a2

Solution—Because the equation is linear, it is sufficient to show that f(&)
and g(n) are each solutions. The partial derivative of f(£) with respect to ¢ is

of _ogdf __ df
ot otde T de’
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Then by applying the chain rule again,

Of _ 0 ( df\_0¢d [ df\_ .df
oz~ ot (‘O‘d§> YT (‘O‘d§> Y e

It can be shown in the same way that

of _ &
ox2  der’

Thus f(§) is a solution of the one-dimensional wave equation. The same proce-
dure can be used to show that g(n) is a solution.

EXERCISE 2.5 Consider the expression

u— Adtlkr —wt)

What conditions must the constants A, k, and w satisfy in order for this expres-

sion to be a solution of the one-dimensional wave equation, Eq. (2.1)7

Solution—=Substituting the expression into the one-dimensional wave equa-
tion, the result can be written

Alw? — azkz)ei(ij —wt) _ .

Except for the trivial solutions A = 0 and w = k = 0, the expression is a solution
only if the constants w and k satisfy the relation w?/k? = o2. In that case, no
constraint is placed on the constant A.

EXERCISE 2.6 Consider the first-order partial differential equation

%—Fa%—
ot or

where « is a constant. By expressing it in terms of the independent variables

0,

& =x — at and 7 = = + at, show that its general solution is

u = f(£),
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where f is an arbitrary twice-differentiable function.

Solution—TLet u = u(z,t) = @(&,n). Then

Ou _0§0u  Onou _ _ ou %
ot ot oc " ot o ac %o

and

ou 8{ ou 877 ou  0Ou 8u
or Oz 8{ ox 877 8{

Substituting these expressions into the first-order equation yields the equation

i
= _o.
on

Integrating yields the general solution

= f(§)

EXERCISE 2.7 A particular type of steel has Lamé constants A = 1.15x 10*! Pa
and g = 0.77 x 101! Pa and density pp = 7800 kg/m3. Determine (a) the
compressional wave velocity «; (b) the shear wave velocity 3.

Solution—(a

)\+2M \/ (1.15 x 10M) +2(0.77 x 10'1)
=4/ 00 = 5870 m/s.
[0.77 x 1012
= 2 =2 3140 mys.
0 7800

EXERCISE 2.8 Consider the steel described in Exercise 2.7. A compressional

wave propagates through the material. The displacement field is

u; = 0.001sin[2(z; — at)] m, ug =0, wuz=0.
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Determine the maximum normal stress T7;1 caused by the wave.
Solution—From the stress-strain relation
Tim = MkmEjj + 2uEkm,
The stress component T7; is
Ti1 = MEr1 + Bz + Es3) +2uF1;.

For the given displacement field, F22 and E33 are zero and

8’(1,1 -

Fi1=—
11 92y

(0.001)(2) cos[2(z1 — at)].
The maximum value of Ey; is 0.002, so the maximum value of T is
Ti1 = (A +2u)Eyy = [1.15 x 10* +2(0.77 x 10*'](0.002) = 538 MPa,

where MPa denotes a megapascal, or 10% pascals.

EXERCISE 2.9 Suppose that at ¢ = 0 the velocity of an unbounded elastic ma-
terial is zero and its displacement field is described by wuq(x1,0) = p(z1), where

T < 0 p(xl) = 0)
0<z <1 p(x1)= Asin(rzy),
1 >1 p(x1) =0,

where A is a constant. Plot the displacement field as a function of x; when
t=0,t=1/(2a), and t = 1/a.

Solution—The displacement field at time ¢ is given by Eq. (2.19):
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AL t=20 _
U1

0 r1

-2 -1 0 1 2 3

Al t=1/2a |
U1

0 r1

-2 -1 0 1 2 3

AL t=1/a
U1

0 r1

-2 -1 0 1 2 3

EXERCISE 2.10 Suppose that a half space of elastic material is initially undis-
turbed and at ¢ = 0 the boundary is subjected to a uniform normal stress
Ty, = T H(t), where T is a constant and the Heaviside, or step function H ()

is defined by
0 when t<0,

H(t) = { 1  when t>0.

(a) Show that the resulting displacement field in the material is

oI x1 r1
= - t——)H(t——).
“ )\—|—2u( « o}

(b) Assume that T/(A+2u) = 1. Plot the displacement field as a function of x;
when at =1, at = 2, and at = 3.

Solution—(a) The solution to this type of problem is discussed in the sec-
tion beginning on page 66. The displacement field is given by Eq. (2.26), where

1
t) =
p(t) Nt

2
In this exercise, p(t) = [T/(A+ 2u)]H (L), so

T t—xl/()( B B T
up = ——mt / H() df = ——2 (t—ﬂ)H(t—ﬂ).
A+2u /g A+ 2u Q@ Q@

T11(0,7).
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EXERCISE 2.11 Consider a plate of elastic material of thickness L. Assume that
the plate is infinite in extent in the x5 and x3 directions. Suppose that the plate
is initially undisturbed and at ¢t = 0 the left boundary is subjected to a uniform
normal stress Ty1; = T H(t), where T is a constant and the step function H(t)
is defined in Exercise 2.10. This boundary condition will give rise to a wave
propagating in the positive z; direction. When ¢ = L/«, the wave will reach
the right boundary and cause a reflected wave. Show that from ¢ = L/« until
t = 2L/« the displacement field in the plate is

T 2L 2L
w= o (=) H (=2 ) 4 (2 -2 (e 2 - 22
A+ 2u Q@ Q@ « Q@ o} o}

Solution—The solution for the wave propagating in the positive x; direc-

tion is discussed in the section beginning on page 66. The displacement field is
given by Eq. (2.26):

4 TL

i (1,1) = f(6) = —a / " p@)di, (%) (2.79)

where

1
p(t) = an(OJ)-

Setting T71(0,¢t) = T H(t), we obtain the displacement field

T
e ey (),
A+2u Q@ o}
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After the wave reaches the boundary at x; = L there will be a reflected wave
propagating in the negative x; direction. Assume a displacement field

ur(z1,t) = f(§) +g(n). (+%)
The boundary condition at x; = L is T11(L,t) = 0, which means that

8’(1,1 -
aa, (L) =0,

Evaluating the partial derivative,
Our _ df(§) 9§ | dg(n) In
dx1 d§ Oy dn Oxy
_ _LdfE) , 1dgm)
o d a dn

The boundary condition is

Q a
L L
Cae-2) Tdi+ )
a
Defining ¢ = t + L/, this is
_ 2L
dg) _ -
£t 2L
dt A — 22
a
Integrating this equation yields
2L
o(t) = St = 22+ C,

where C' is a constant. Using this expression and Egs. (*) and (*) gives the

solution.

EXERCISE 2.12 Confirm that the solution (2.18) satisfies the initial conditions (2.12).

Solution—It’s obvious that the displacement initial condition is satisfied,
u1(z1,0) = p(x1). To confirm that the velocity initial condition is satisfied, we
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use the following result from calculus: if the limits of an integral are functions

of a parameter y,
b(y)
I= f(z)dz,

a(y)

the derivative of the integral with respect to y is

ar _
dy

db(y)

fy)—== — fla(y))

da(y)
dy ’

dy

The solution (2.18) is

1 1 1 [
u(xy,t) = = = — T)dz,
(#2,) = 9l + 3900 + 5 [ @)

2 2
> our  1dp(€)dc  Ldp(m)on 1 o 0¢
ur _ rapls)os | lapin)on L an _ 98
ot 2 de ot 2 dy ot 2a [ ()5 — &) at]

— SO 2Dy )+ o)

Setting ¢t = 0 in this expression yields

0
%(3?1,0) = q(x1).

EXERCISE 2.13 Confirm that the solution (2.26) satisfies the boundary condi-
tion (2.24).

Solution—The solution (2.26) is

3
w(zn ) = —a /O (D) di.

Using the result from calculus quoted in the previous solution,

8’(1,1 - 8§ -
8—331 = ozp(f) 021 =

p(§)-

Setting 1 = 0 in this expression yields

2L (0,1) = plo).
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EXERCISE 2.14 By using Eqgs. (2.80) and (2.81), show that the quantity v+ aw
is constant along any straight line in the x-t plane having slope

dx

dt

Solution—The change in the quantity v + cw from the point x, ¢ to the
point = + dx,t + dt is

d(v + aw) = 5 (v + aw) dt + ai(v—l—ozw) dx
ov ow
(2 (240
By using Eqgs. (2.80) and (2.81), we can write this expression in the form
ov 10v
d(v+ aw) = (8 + = 8t> (dz + adt).
Thus d(v + aw) is zero if
% _ s
dt '

EXERCISE 2.15 Suppose that a half space of elastic material is initially undis-
turbed, and at ¢ = 0 the boundary is subjected to the stress boundary condition

T11(0,t) = p(t),

where p(t) is a prescribed function of time that vanishes for ¢ < 0. Use the
method of characteristics to determine the velocity and strain of the material
at an arbitrary point x1,t in the x1-t plane.

Answer:

v(xy,t) = —

w(xy,t) =

Solution—The boundary condition is

0
T11(0,t) = (A + 2u)ﬂ

e (Oa t) = ()‘ + 2u)w(0a t) = p(t),
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or

w(0.6) = 575l

We want to determine the solution at a point x1, ¢ in the z;-t plane. Extend-
ing left-running and right-running characteristics from this point, we obtain the

following diagram:

t

.131,t

t—x1/a &b

T

The initial condition states that v and w equal zero on the x; axis. From the

characteristic ad, we obtain the equation
ad: v(x1,t)+aw(zy,t) =0.
From ab, we obtain
ab: v(x1,t) —aw(zy,t) =v(0,t — %) — aw(0,t — %),

and from bec, we obtain

T T

0,t — — 0,t——)=0.
o0t~ ) +aw(o,t - 2
From the boundary condition, the value of w at b is

T 1 T
0,t— 1) = t— by
w( O[) )\+2Mp( O[)

We can solve the three equations obtained from the characteristics for the three
unknowns v(0,t — z1/a), v(z1,t), and w(xy,t), which yields the solution.



Solutions, Chapter 2. One-Dimensional Waves 298

EXERCISE 2.16 Half spaces of materials with acoustic impedances zy, = prayr,
and zr = prap approach each other with equal velocities vy. Use characteristics
to show that the velocity of their interface after the collision is vo(zr, —2r) /(2L +

ZR).

Solution—The point @ in the following x;-t diagram represents the state
of the interface at an arbitrary time after the impact:

t
RL, L 2R, QR
vV =" a V= —Vo
e=0 e=0
b c
L ® T

Two characteristics extend from a back to the 1 axis. The right-running char-
acteristic yields the equation

ab: vg =v(0,t) — arer(0,t),
and the left-running characteristic yields the equation
ac: —vg =v(0,t) + arer(0,1).

The normal stresses in the materials have the same value at the boundary.
Denoting it by T11(0, ), the stress-strain relations in the two materials are

T11(0,t) = ()\L + QML)EL(O,t) = ZLOéLEL(O,t),

T11(0,t) = (Ar + 2pr)er(0,t) = zrarer(0,t).

Using these two relations, we multiply the right-running characteristic equation
by zr to obtain
zrvo = zpv(0,t) — T11(0, ),

and multiply the left-running characteristic equation by zr to obtain
—zrvo = zrv(0,t) + T11(0, t).

Summing these two relations and solving for v(0,t) gives the desired result.
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EXERCISE 2.17 Consider the first-order partial differential equation

ou ou

- -0
ot "%

where « is a constant. Show that its solution u(x,t) is constant along charac-
teristics with slope dz/dt = a.

Solution—The change in u from the point x,t to the point x + dx, t + dt is

ou ou
= —dr+ ——dt
=5 T
By using the first-order equation, we can write this as
0
du = —u(dx — adt).
Oz

Thus du = 0, and u is constant, along a line with slope dx/dt = alpha.

EXERCISE 2.18 Use D’Alembert solutions to verify the values shown in Fig. 2.34.

Solution—The D’Alembert solution for the initial wave propagating from
the left boundary and the first reflection from the right boundary can be ob-
tained from the solution to Exercise 2.11. That solution gives the displacement
of a plate of thickness L subjected to the stress T11 = Tp H(t) at the left bound-
ary and with the right boundary free of stress. From ¢ = 0 until ¢t = 2L/a, the
displacement is

3 3
mz(t—ﬂ)H(t—ﬂ)Jr<t+ﬂ——>H<t+ﬂ——>,
(0% (0% (0% (0% (0% (0%

where we have set Top = —(\ + 2u)/a. The velocity field in the plate is

2L
uz%zﬂ(t—ﬂ)JrH(Hﬂ——).
ot Q Q Q

The velocity at the left boundary is

(0,1) = H(t) + H(t _ %) ,
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which satisfies the velocity condition applied to the left boundary in Fig. 2.34.
Equations (2.89) and (2.90) give

t=jA, x1 =nal, L=>5aA.

Because A is a positive constant, substitution of these expressions into the
equation for v gives

v(n,j) = H(j —n)+ H(j +n—10),

which agrees with the values shown in Fig. 2.34.

EXERCISE 2.19 (a) Use Eq. (2.98) to verify the values shown in Fig. 2.34.
(b) Extend the calculation shown in Fig. 2.34 to j = 15.

Solution—
(a) Use the procedure beginning on page 101 to generate the solution. An

example calculation at an interior point is
v(3,8) =v(4,7) +v(2,7) — v(3,6)
=24+1-1
= 2.

This calculation is shown by the bold-face entries in the solution to part (b).
(b) The solution to j = 15 is:
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—_
—_
—_
\)
[\)

10 2 2 2

S = N W ks Ut O 00 ©
—
—
—

0 0 0| {U(n, 0)=0(n,0)=0

EXERCISE 2.20 Extend the calculations used to obtain Fig. 2.34 to j = 15,
assuming that at ¢ = 0 the left boundary is subjected to a unit step in stress:
a(0,t) = 1.

Solution—The initial conditions are v(n,0) = 0 and o(n,0) = 0. The
velocity at the left boundary v(0, 1) is computed from Eq. (2.93):
2v(0,1) + 0(0,1) = 2v(1,0) + ¢(1,0) = 0.

This yields v(0, 1) = —a, where 2z is the acoustic impedance of the layer and the
parameter a = 1/z. The values of velocity for the odd solution in row j =1 are
computed from Eq. (2.94), which reduces to

2v(n,1) =v(n +1,0) + v(n —1,0).

As the solution progresses, the values of v(0, j) are computed from Eq. (2.99),
which (because of the constant applied stress) reduces to

v(0,7 4+ 1) =2v(1,5) —v(0,5 —1).
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The values v(5, j) at the stress-free right boundary are computed from Eq. (2.100):
U(5aj + 1) = 2“(45]) - U(5aj - 1)

The values v(n, j) at the interior points are computed by application of Eq. (2.98).
The results are:

a(0,5) =1 a(5,7) =0
—_——— —_———
15| —3a I '_3q ' ' 3q
14 —3a ~3a —2q |
13 _—3a —3a —2a |
12| —3a —2a —2a |
11[-3a —2a —2a )
ol —2a —2a —2a |
9 _—a —2a —2a |
7 8 i —a —2a —2a |
7 | —a —a —2a |
6 i —a —a —2a |
5 _—a —a —a |
4 i —a —a 0 |
3 _—a —a 0 |
2| —a 0 0 |
1] —a 0 0 )
ol Lo, o, o {0 =am0)=0
0 2 4
n

EXERCISE 2.21 Repeat the calculations used to obtain Fig. 2.33, replacing the
unit step in velocity at the left boundary by the pulse

. 1 j=0,
wi={ 4 120

Solution—Because of the boundary condition, the odd solution (points at
which n + j is odd) is zero everywhere, and the even solution is computed
instead. The initial conditions are v(n,0) = 0 for n > 0 and o(n,0) = 0 for
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all n. The values of the velocity for the even solution in row j = 1 are computed
from Eq. (2.94), which reduces to

2v(n,1) =v(n +1,0) +v(n —1,0).

The boundary conditions for j > 0 are v(0,j) = v(5,j) = 0. The values v(n, j)
at the interior points are computed by application of Eq. (2.98). The results

are:

v(0,0) =1,

v(0,7>0)=0 a(5,7) =0

—_— —_——
9 T 1 T T 0 T 0

i 8| 0 1 0 )
d 0 1 0 |
6] 0 0 g i
5[ 0 0 0
4l 0 0 1 )
3| 0 1 0
2] 0 1 0 )
1] 1 0 0 |
o[ 1 L0 S0 _{U(n>0,0)=0(n,0)=0

0 1 3 5
n

EXERCISE 2.22 Calculate the results shown in Fig. 2.37.

Solution—Write a program to carry out the algorithm described in exam-
ple 4 beginning on page 106.

Solutions, Chapter 3. Steady-State Waves

EXERCISE 3.1 Show that
uw = Act(kr —wt)

is a solution of Eq. (3.1) if k = w/au.
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Solution—The second partial derivative of u with respect to ¢ is

Pu _ 0 i(kx — wt)
T [‘4‘? ]
— _ 2 Ak — wt)

The second partial derivative of u with respect to x is

02 92 |7
— _ 2400 (kT — wt)

*u _ 0 [Aei(k:x — wt)

Substituting these expressions into Eq. (3.1), the equation is satisfied if k = w/a.

EXERCISE 3.2 A half space of elastic material is subjected to the stress bound-
ary condition
TH(O, f,) = T()e_zwt,

where Ty is a constant. Determine the resulting steady-state displacement field

in the material.

Solution—The displacement field resulting from this boundary condition
will be of the form u; = ui(x1,t), us = uz = 0. For this displacement field, the
equations of motion (1.60) reduce to

82’(1,1 2 82’(1,1
=« .
ot? 0z?

Assume a solution '
Uy = eilkr — wt), (+)

which represents a right-running wave of undetermined constant amplitude U.
Substituting this solution into the equation of motion yields

Wuy = a2k2u1,

which is satisfied if & = w/a. From Eq. (1.66) and the stress-strain rela-

tion (1.68),

0
T =+ 2#)8—:;1
1

=1k(\ + ZM)Uei(kxl —wt),
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At the boundary x; = 0, this is
Ti1(0, 1) = ik(\ + 2u)Ue @t

This expression matches the given boundary condition if the constant U is

To
U= ik(A+2p)

Substituting this expression into (), the displacement field is

To Skz1 —wt)

Y700 2p)

EXERCISE 3.3 A plate of elastic material of thickness L is subjected to the
steady-state displacement boundary condition

u1(0,t) = Ue~wt

at the left boundary. The plate is free at the right boundary. Determine the
resulting steady-state displacement field in the material.

Solution—Assume a solution consisting of right-running and left-running
waves:
Uy = Tei(kr1 — wt) + Rel(—kr1 — wt)

3

where T and R are constants and k = w/«. By evaluating this solution at z; = 0
and equating the result to the displacement applied to the left boundary, we
obtain

T+R=U (%)

Because the right boundary is stress free, the stress-strain relation gives

0
Tii(L,t) = (A +2p) 5r (L, t) = 0.
8.1?1
Therefore
%(L, t) = kT L = W) _jppet(=kL = wt) _ g,
T

which yields ' '
TethL _ ge—ikL — . (%)
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Solving Egs. (x) and (xx) for T and R, we obtain
—ikL ikL
r_Ye g Ue”
2coskL 2coskL

Substituting these expressions into the assumed solution for u; gives

U(eik$1e—ikL + e—ik$1eikL) it

= 2coskL € ’

which can be written as

_Ucosk(xy — L) _jot
= cos kL ¢ '

EXERCISE 3.4 A plate of elastic material of thickness L is subjected to the

steady-state shear stress boundary condition
T12(0, f,) = T()e_iwt

at the left boundary. The plate is bonded to a rigid material at the right bound-
ary. Determine the resulting steady-state displacement field in the material.

Solution—The displacement field resulting from this boundary condition
will be of the form us = us(x1,t), u; = uz = 0. For this displacement field, the

equations of motion (1.60) reduce to

82’(1,2

ot?

_ 62 82’(1,2

>
oy

Assume a solution for the shear displacement consisting of right-running and

left-running waves:

Uy = Tk — wt) + Rel(—kr1 — wt)
This solution satisfies the equation of motion if k¥ = w/f3. From Eq. (1.66) and
the stress-strain relation (1.68), the stress resulting from the assumed solution

is

= z’k;uTei(kxl —wt) _ ikjuRei(_kxl —wt)
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The boundary condition at x1 = 0 is
T12(0,t) = ik;uTe_iwt — ikuRe_iwt = Toe_iwt,

which yields the equation

The boundary condition at 1 = L is

us(L, t) = Tet (kL —wt) | pei(—kL —wt) _ g

)

which yields '
TethL 4 ge—thL — . (%)

Solving Egs. (x) and (*x) for T and!R, we obtain

—iTOe_ikL iTOeikL

~ 2kpcoskL’ ~ 2kpcoskL’
Substituting these expressions into the assumed solution for uy gives
—iTo(eikxl e—ikL _ e—ik$1 eZkJL) it

w2 = 2k cos kL c ’

which can be written as

w Tosink(zy — L) o—iwt
2 kpcoskL '

EXERCISE 3.5 A compressional wave is described by the potential

¢ = Aei(kx1cos O + krzsind — wt)

(a) The Lamé constants of the material are A and p. Determine the stress
component T33 as a function of position and time.

(b) The density of the material in the reference state is pg. Determine the
density p of the material as a function of position and time.
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Solution—
(a) The components of the displacement are

up = 8_(;5 = ik¢ cos b,
8.1?1
o

U = 8—332 = 0,

Uz = 8_(;5 = ik¢psiné.
8.133

From the stress-strain relationship (1.68),

Ous 8%2+%> ot
8.1?1

Ty =\ — + —
33 A (8.1?1 + 8.132 8.133

Substituting the components of the displacement into this expression, we obtain
T3z = —k?¢p(\ + 2usin’ 6).
(b) The relationship between the density and the displacements is given by

Eq. (1.67):
(1O Oua Ous
p=ro 8.1?1 8.132 8.133 '

Substitution of the components of the displacement yields

p=po(1+k>¢).

EXERCISE 3.6 The motion of an elastic material is described by the displace-
ment field

uy = 0,
ug = us(x1, x3,t),
us = 0.

(a) Show that us satisfies the wave equation
0%u 0%u 0%u
a7 =P (Gt )
ot Oy Oxs
For the half-space shown, suppose that the displacement field consists of the
incident and reflected waves
ug 1¢t (kw1 cos ) — kxzsin 6 — wi)
+ Rei(kx1costp + krzsinfp — wt)
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(b) Show that k = w/g.
(¢) Show that g =60 and R = 1.

Solution—
(a) Note that, for the given displacement field,
& uy, 0 % —0
0r,0%m  Oxm \Oxip )

so the equation of motion (1.53) reduces to

2 2
Uy o OFup

o2 Ox10zy’

where 32 = u/po. For the given displacement field, the equation of motion is
identically zero for m = 1 and m = 3. The desired wave equation is obtained
from m = 2.

(b) The second partial derivatives of uy are

% — k2 cos2 gIei(kr1 cosO — kxssind — wt)
1
—k? cos? HRRei(kxl cosOr + kx3sinfr — wt),
% —  _k2sin2 gIei(kr1 cos O — kxssind — wt)
3

— k2 sin? O Ret (k1 cos Ok + kxgsin O — wt)

82
Wu; = —wus. (%)
1

Using these results and the identity

sin? 6 + cos? 0 = 1,

we obtain o o
U2 U2 2
— = —k“us. *%
ox? ox? 2 (x%)
Substituting the expressions (%) and (x*) into the wave equation for us gives
k=w/p.

(¢) The surface of the half space is stress free. The components of the unit
vector normal to the surface are ny =0, no =0, n3g = —1, so from Eq. (ref) the

components of the traction vector on the surface are
tg(21,0,t) = —Ti3(21,0,t) = 0.

Therefore t1(x1,0,t) = —T13(x1,0,t) = 0, ta(x1,0,t) = —Th3(x1,0,t) = 0, and
t3(x1,0,t) = —T33(x1,0,t) = 0. From Eq. (1.66) and the stress-strain relation
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(1.68), the stress components T35 and T} 3 are identically zero and the component

T23 is P
U2
T = _— =
23 = D
Thus the boundary condition at the surface is
0
22 (21,0,) = 0,
8.133

which yields the equation

Isin getkr1 €080 _ g g pikei cosOr

This equation must hold for all values of x;, which implies that g = 6 and
R=1

EXERCISE 3.7 Show that in terms of Poisson’s ratio v, the ratio of the plate

velocity ¢, to the shear wave velocity 3 is

Cp 2 1/2
()"

Solution—Using Eqs. (2.8), (3.60) and (3.62),

4p(A +p)
G _ [po(AJrZu)] _Am
2 » oA +2u
Po

From Appendix B, the term p is given in terms of A and the Poisson’s ratio by

A1 —2v)

R

Substituting this result into Eq. (*) and simplifying yields the desired result.
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EXERCISE 3.8 Show that in the limit w — oo, Eq. (3.58) for the velocities of
the Rayleigh-Lamb modes becomes identical to Eq. (3.50) for the velocity of a
Rayleigh wave.

Solution—By reversing the order of the terms raised to the one-half power,
we can write Eq. (3.58) as

1/2
o tan ll (6_22_1> w_h] 1/2 o 1/2
R
32 [(52 7 1/2 wh] 32 o2 32 .
tan [i [ & — =) 2
a2>

2
51

By using the identity
e_y — ey
taniy = ——,
V=i v oy

2 1/2 h
tan lz (f—% — 1> %1
lim

w—00 ) 62 62 1/2wh =5
o [ (5-%) ﬂ

so that we obtain Eq. (3.50).

we can see that

EXERCISE 3.9 Show that in the limit as w — 0, the solution of Eq. (3.58) for
the velocities of the Rayleigh-Lamb modes is the plate velocity cj,.

Solution—We write Eq. (3.58) in the form
2\ 2 2\ 1/2
2— a tan || 1 — 6—2 w_h
p? 1 B

2 52 1/2 , 2 1/2 3 3P 1/2 h
A1) () w(E-F) F)-

By expanding the tangents in Taylor series in terms of their arguments, dividing
the equation by w and then letting w — 0, we obtain

2\ 2 2\ 1/2 2 1/2 2 1/2 2 2 1/2
B p= B
(-%) (-%) ~(@E) () (%) -
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With some rearrangement and cancellation, this equation reduces to

2\ 2 2
1 1
(”m) +4<a2 ‘1> -

Solving for ¢;, we obtain
4
2 2 B
c1 = 4 ( — §> .

Setting a? = (A +2u)/po and B2 = u/po, we obtain

o Au\+p) B,
G=—F7F5="L=c.
po(A+2u)  po

EXERCISE 3.10 A wave analogous to a Rayleigh wave can exist at a plane,
bonded interface between two different elastic materials. This wave, called a
Stoneley wave, attenuates exponentially with distance away from the interface
in each material. Derive the characteristic equation for a Stoneley wave.

Solution—Potentials are required for both the upper and lower half spaces.
Based on the solution for the phase velocity of Rayleigh waves in Section 3.4,
let the potentials in the lower half space be

(b _ Ae—hxgei(klxl — wt),
,Lp _ Ce—hs$3ei(l€1$1 — wt),

where A and C are constants and

w2 1/2 w2 1/2

In the upper half space let the potentials be
(E _ Ae—ﬁﬂﬁgei(k}lxl — wt),
,LL — C‘ve—ilslﬁgei(k?l.l?l — wt),

where A and C are constants and
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The assumed potentials have the same wave number, which is necessary to
satisfy the boundary conditions at the interface. Also, the signs of h, hs, h,
and h, have been chosen to yield solutions in both half spaces that decay with
distance from the interface.

The components of displacement in the lower half space are

6
' Oy 0x3
= (iky Ae %3 4 p e~ has)ci(hrzs — wt)
_ 09 Oy
s = 81}3 + 8]}1

— (_hAe—hJ?g + iklc«e—hsﬂﬁg)ei(klxl — wt)

)

with comparable expressions for the components of displacement #; and %3 in
the lower half space. The components of displacement in the upper and lower
half spaces are equal at 3 = 0:

Substituting the expressions for the displacement components in terms of the

potentials, these two boundary conditions result in the equations

Zk?p‘i + B;C =ik A+ hsC, ( )
_ _ _ *
—hA+ ikiC = —hA + ik, C.

The assumed solutions must also satisfy the stress boundary conditions
(T13)25=0 = (T13)z5=0,
(T33)25=0 = (T33)z5=o0-

From Eq. (1.66) and the stress-strain relations (1.68),

T — 8’(1,1 8’&3
13 = M 8.133 8.131 )
- 8’(1,1 8’&3
Ts3 = )\83:1 + A+ 2#)8x3-

Substituting these relations into the stress boundary conditions and using the
expressions for the displacement components in terms of the potentials together
with the relations

OKQ OKQ
)\+2M=/)0042=M@, )\ZM(——2>,
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the stress boundary conditions yield the equations
—2ik1hA — (h2 + k3)C = —2ik1hA — (h2 + k?)C,
_9 2
i %(k% ~ 2y —2k?| A — 20k hsC = ip %(k% ~h?) —2k2| A — 2ukhsC.

The four equations (x) and (%) can be written in the matrix form

[M] = [0},

Q= Qi

which has a nontrivial solution only if the determinate |M| = 0. In terms of the
wave number k; and frequency w, the Stonely wave phase is ¢ss = w/k1. Note
from the definition of h that

1/2 1/2
e gy @ b (@ k(Y
62 62’ kl ) .

1/2 1/2
B2 B2
c2 1/2 2 1/2
(1—%) -1 (1—%) 1
a «
=0.
1/2 1/2
_ G (o By G _ Gt
2(1-— 2 7 2= {1 2 2 32
a m «
1/2 1/2
L-%) (-2)" (D) (%
B B2 Iz B B2

This equation, which can be solved for the phase velocity cs, is the characteristic

TE EIE

equation for a Stonely wave. Notice that the phase velocity does not depend on
the frequency or wave number, but is a function solely of the properties of the

two materials.

EXERCISE 3.11 Show that when z, = 25, Eq. (3.73) yields the expression given
in Eq. (3.74) for the phase velocity ¢; = w/k in a layered material.
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Solution—Setting 2z, = 2, in Eq. (3.73) yields

wd, wdy, o (wdy\ . [ wdy
cos kd = cos cos | — | —sin sin [ — | .
O ay 079 Qyp

By using the identity cos(0; +62) = cos 01 cos 6 —sin 0; sin 0, this equation can

be written

cos kd = cos (wda + w—db> ,

Qg (67

which has solutions

kd = (ﬁ—l—@)w—l—%rm, m=0,1,...
Qg (67

The solution for m = 0 is the desired result.

EXERCISE 3.12 Show that in the limit w — 0, the solution of Eq. (3.73) for the
phase velocity of a steady-state wave in a layered material is given by Eq. (3.75).

Solution—Expressing the sine and cosine terms in Eq. (3.73) as Taylor
series of their arguments and dividing the equation by k2, it can be written

@+ O(K) = (A2 + O, ()

where ¢; = w/k is the phase velocity and

Az (Ga 2+ Zo 2 dady | (b 2
Qg 2b Za ) OqQp ap .

The notation O(k?) means “terms of order 2 or greater in k.” Solving Eq. (¥)
for the phase velocity yields

A non-zero limit of ¢; = w/k as w — 0 exists only if K — 0 as w — 0. Therefore
we see from Eq. (xx) that

=Ry
which is Eq. (3.75).
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EXERCISE 3.13 For the layered material discussed in Section 3.6, the fraction
of the volume of the material occupied by material a is ¢ = d,/(dq +dp) = do/d.
Derive an equation for the low-frequency limit of the phase velocity as a function
of ¢. Using the properties of tungsten for material ¢ and aluminum for material b
(see Table B.2 in Appendix B), plot your equation for values of ¢ from zero to

one.
Solution—Noting that ¢ = d,/d and 1 — ¢ = d},/d, we can write Eq. (3.76)

) Lo (2 a)do9) 0os

2 Za Qi o

(%)

From Table B.2 in Appendix B, the density of tungsten is p, = 19.4x 103 kg/m3
and its compressional wave velocity is o, = 5.20 x 10% m/s. Its acoustic
impedance is
Za = Palqa
= (19.4 x 10® kg/m*)(5.20 x 103 m/s)
= 1.01 x 108 kg/m”s.

The density of aluminum is p, = 2.70 x 10® kg/m? and its compressional wave
velocity is ap = 6.42 x 10% m/s. Its acoustic impedance is

Zb = PrQyp
= (2.70 x 10® kg/m*)(6.42 x 103 m/s)
= 1.73 x 107 kg/m”’s.

Using this data, we solve Eq. (%) for ¢; as a function of ¢:
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6500

6000

4500

4000
0

Notice that there is a range of values of ¢ for which c¢; is less than the

compressional wave velocity in either material.

Chapter 4. Transient Waves

EXERCISE 4.1 Suppose that an elastic half space is initially undisturbed and is
subjected to the velocity boundary condition

oup —bt
— =H
5 (0,1) (t)e ,

where H(t) is the step function and b is a positive real number.
(a) By using a Laplace transform with respect to time, show that the solution

for the Laplace transform of the displacement is

e—sxl/oz

%= s(s+b)°

(b) By inverting the Laplace transform obtained in Part (a), show that the
solution for the displacement is

1
up = - [1 — bt —a1/a) when ¢> %,
b o

T
ur =0 when t<—1.
o
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Solution—
(a) The Laplace transform of the wave equation for an initially undisturbed
material is given by Eq. (4.6):
duf 2,

— —uy =0.
a2

dr?
The solution for a wave propagating in the positive x; direction is

uf = Be~sT1/a, (%)

To determine the constant B in this expression, we evaluate the Laplace trans-

form of the boundary condition:

TG pe _Stdt:/ Hit 5+b)tdt
. ot

s+b)

 s+b 0
1

s+b

Integrating the left side of this equation by parts,

1

oo
0.1 —st‘ —
U’l( Y )e 5+b

(oo}
+ s/ uq (0, t)e_St dt =
0 0

we obtain .

L
(U1 )r=0 = m
Using this expression to evaluate the constant B in Eq. (x) gives the desired
result.
(b) The inversion integral (4.1) gives

1 oSt — w1 /a) .
wend =g [ S

The integrand

_ 1 s(t—xz1/a)
9(s) = 2mis (s + b)e
has first-order poles at s = 0 and s = —b. By using the closed contour in

Fig. 4.3.a and evaluating the residues, we obtain

lim Z/ s)ds = lim 1 es(t —z1/a) + lim les(t —r1/a)
R—o0 Ch s—08+Db s——b §

= L[ttt = /)
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Using the arguments on page 163, the integrals along Cy and Cy approach zero.

Jordan’s lemma shows that the integral along C'5 also approaches zero provided

that ¢ > x1/a. Therefore

1
up(xy,t) = b [1 — e_b(t —r1/a) when ¢ > z1/a.

When ¢ < z1/a, we can evaluate the displacement using the closed contour

shown in Fig. 4.3.b. In this case the contour contains no poles, so the integral

over the closed contour is zero and the resulting displacement is zero.

EXERCISE 4.2 Use Jordan’s lemma to show that

1 Jw(t —x1/a) Z1

lim dv=0 when t>—,
«

where Cy is the semicircular contour shown in Fig. 4.4.b.

Solution—If we let

' L= h(s) 1
s=iw, a=t—— =—
’ a’ 2mi(b+ 5)2’
the integral becomes
I= h(s)e®® ds.
Cs
Along the contour Cg, w = d + ie and s = —e + id, where e and d are real and
e > 0. Thus Re(as) = —e(t — x1/a) < 0 when t > x1/a. Also, as R — oo,

h(s) — 1/2mis?, so |h(s)| — 0. Therefore Jordan’s lemma states that I — 0 as

R — 0.

EXERCISE 4.3 Show that when ¢ < x1/c, the solution of Eq. (4.26) is

u; = lim g(w)dw = 0.
R—o0 CR
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Solution—From Eq. (4.25),

where

Y o
hw) = 27 (b + iw)?’ ez (t oz)'

The function g(w) has a second-order pole at w = bi.
Consider the contour composed of segments C'r and C shown in this exer-

cise. It contains no poles, so

lim g(w)dw + lim g(w)dw = 0.

R—o CR R—o C,S
On C§, w = d —ie, where d and e are real and e > 0. Also on Cf%, |h(w)] — 0
as R — oo, and Re(aw) = e(t — x1/a) < 0 provided that ¢ < x1/«. Therefore

Jordan’s lemma states that the second integral in the above equation approaches

zero as R — 0, giving the desired result.

EXERCISE 4.4 Suppose that an unbounded elastic material is subjected to the
initial displacement and velocity fields

uy(21,0) = p(x1),
8’(1,1

W(Jﬁl,o) = 0,

where p(x1) is a prescribed function. By taking a Fourier transform with respect
to x1 with the transform variable denoted by k, show that the solution for the
Fourier transform of the displacement is

uf = 1pF (e—zakjt + ezozk;t) :
where pf is the Fourier transform of the function p(z1).

Solution—We take the Fourier transform of the wave equation with respect
to x1 with the transform variable denoted by k:

oo 92 . o0 2 .
/ 88:;1 e—zijl dzy :/ o2 %;21 e—zk:xl dry.
—00 —0o0 1
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Integrating the left side by parts twice and using the conditions that u; and
Ouy/0xq are zero at x1 = Fo00, we obtain
d*uf’
dt?
The solution of this ordinary differential equation is

+ k2 oPul = 0.

ul’(k,t) = Ae~ ikt | peakt
The initial conditions give
uﬂt:o =pI'=A+B
and
duf’
dt
Solving these two equations, we obtain A = B = p’ /2, which yields the desired

=0= —ikaA + ikaB.
t=0

solution.

EXERCISE 4.5 Consider the function of time f(¢) = ¢.
(a) If you represent this function as a discrete Fourier series

f(t) = i Aneiw"t

n=—oo

over the interval 0 <t < 1, show that the coeflicients are

—iwr ; , 1 1
A, = lent ) 1 (4.80)

2 2°
Wn Wn

(b) Show that Ag = 1/2.

Solution—
(a) The coefficients are

1 .
A, = / f(t)e~Wwnt gy

1
= / te~wnt gt
0

e—iwnt !
= 72 (—Z’wn — 1)
0

(—iwn)

e~ Wn (jw, +1) 1
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(b) The Taylor series of the term e~ Wn ig

_J . 1 1.
e Wn _ 1-— Wy — 5(4)72) + Ezwg + O(wf,),

where O(w?) means “terms of order 4 or greater in w,.” Dividing this expression

2 .
by w? gives '
— W 1

1 1
= — — — Z 4 Zjw, + O3
w? w2 w, 2 6 n (wn)

€

Substituting this series into the expression for A,, gives

1
A, = 5 + O(wn);

so that Ag =1/2.

EXERCISE 4.6 Calculate the results shown in Fig. 4.6. Use T'= 100 and o = 1.
Repeat the calculation using N =256, 128, and 64. What causes the solution
to change?

Discussion—In carrying out these computations, you need to be aware that
implementations of the FFT vary. Some are specialized to real values of f,,, but
some accept complex values. The particular implementation used influences
your choice of N. Another variation is the placement of the normalization
factor 1/N; it can appear in Eq. (4.36) or in Eq. (4.41), with a corresponding
affect on Eq. (4.43).

Solution—The FFT solution is a periodic function over the interval 0 <
m < N. The dashed lines show the periodic continuations of the solutions.
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0.4 T T
o
O
0.3 o
- O
X e}
< 02 N = 256
5}
g O
o)
2
- 0.1 o
R
@)
I(‘\HHHHHHHHHHH-Z-Z-Z-HHHHHHHHHHHH-Z-Z-Z-HHHH\HHHHHHH-Z-Z-Z-HHHVHP;
-0.1 ; ! :
50 100 150 200
m=t/A
0.4 T T T
O
0.31 9 1
- O
X e}
“E 0.21 N =128 b
5}
&
o)
Q
= i
=%
R
A h N
-0.1 ; ! :
0 50 100 150 200

323
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0.4
/\ /\
;N o
N=64 ;| ;oY
\ \
- : \ : \
X ; \ 1’ \
= \ \
é \ ! \ ! \
g \ I \ I \
= \ I \ ' \
% \\ l! \\ |
A I
Sl S
-0.1 - - -
50 100 150 200
m=t/A

EXERCISE 4.7 In Exercise 4.6, assume that there is a second boundary at a
distance 1 = L = 200aA from the existing boundary. Assuming the mate-
rial is fixed at the new boundary, derive the finite Fourier transform of the

displacement field.

Solution—We substitute the conditions at the two boundaries into Eq. (4.21),

obtaining

1
uf(O,w)zm:A+B,

uf (L, w) = 0
Solving these equations for A and B and substituting the results into Eq. (4.21),
the resulting expression for the Fourier transform of the displacement field is

= A¢iwL/a | pe—iwL/a

uF — sinjw(z1 — L)/a]
L7 (b +iw)2 sin(—wL/a)’

To obtain the digital Fourier transform, we apply Eq. (4.38) with w,,, = 2rm/NA,

obtaining
uWPF (o) = sin[2rm(n — 200)/N]
2T (1 + 2wimr /N)? sin[—27m/(200) /N

where we have set L = 200aA and introduced the parameters r = 1/bA and

n =x1/aA.
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EXERCISE 4.8 The discrete Fourier transform converts N real numbers into N
complex numbers. Use the properties of periodicity and symmetry of f2F to
show that half of the values of the fPF are sufficient to determine the other
half.

Solution—From the definition of the discrete Fourier transform, Eq. (4.36),

we obtain
| V-1 Srimn /N
DF
Cm =N Z fe2mimn/N.
n=0
Because f,, is real, the complex conjugate of fPF is
| V-1 o N
7DF — DF
—m - N Z f/n/e Trlmn/ = f—m,' (*)
n=0

Application of the periodicity condition (4.37) gives

FDF _ ¢DF
N—m — Jm
For m = 1,2,..., N — 1, half of the values of f2F are equal to the complex

conjugates of the other half. For the case m = 0, Eq. (*) gives fPF = fPF.

Thus
Im(fPF) = 0.

Consequently, of the 2N real numbers representing the N complex values of
PF one of them is zero and N — 1 other values are negatives of the remaining

numbers.

EXERCISE 4.9 Show that the group velocity ¢, = dw/dk is related to the phase
velocity ¢; by

dCl C1
P T wde
c1 dw

Solution—Beginning with the definition ¢; = w/ky, we obtain

dcy 1 dw w 1

d b R k)
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which yields the first result. Similarly,
dCl 1 w dkﬁl 1 ( Cl>

1t
Cg

dw ki Kl dw ks

which yields the second result.

EXERCISE 4.10 In Section 3.5, we analyzed acoustic waves in a channel.

(a) Show that the group velocity of such waves is related to the phase velocity
by c4c1 = a?.

(b) What is the maximum value of the group velocity?

Solution—
(a) We write the dispersion relation, Eq. (3.54), in the form

k;fozz =w? - (%)2.

The derivative of this expression with respect to ki yields

dw
2 _
ko —wdkl,

or

a? =cicy. (¥)
(b) By substituting Eq. (3.54) into the relation (x), we obtain
a? anmy 2] /2
cgzaza[l—(m)] .
For frequencies above the cutoff frequency, 1 > 1 — (ann/wh)? > 0. Therefore

cg < a.

For frequencies below the cutoff frequency, c¢; and ¢, are imaginary and the
solution does not describe a propagating wave.
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EXERCISE 4.11 Use Eq. (3.73) to derive an expression for the group velocity of
a layered medium with periodic layers.

Solution—Differentiation of Eq. (3.73) with respect to k yields
dsin(kd) = dw [ da sin wda cos wdy + d cos wda sin wdy
dk | aq g Qap Qap Qg Qp
1 (za zb> [da (wda> ) (u)db>
+-{—+— ] |—cos sin | —
2\ z Za Qg Qg Qp
—l—ﬁsin (wda> cos (w_cl;,) ] }
(67 Qg (67
Solving for dw/dk = ¢4 and rearranging terms yields
a 1 a . a
g = dsin(kd)/{ [d— + = (Z— + ﬁ) @] sin (wd > cos (w_cl;,)
ag  2\2  2Za) @ Qq Qp
as (G n) e (5= ()}
+|—+5| —+— ) —|cos sin (| — .
ayp 2\ z Za ) Qg Qq Qp

EXERCISE 4.12 Use the result of Exercise 4.11 to show that the group velocity
is zero at the edges of a pass band.

Solution—In Fig. 3.32, the edges of the pass bands separate intervals
where k is real from intervals where k is complex. From the dispersion re-
lation (3.73), the boundaries between real and complex solutions are where
cos(kd) = £1. At these values of k, sin(kd) = 0. Provided the denominator of
the result for ¢, from Exercise 4.11 is not zero, c,4 is zero at the edges of the
pass bands.

EXERCISE 4.13 Consider Lamb’s problem for an acoustic medium. (See the
discussion of an acoustic medium on page 44.) Use the Cagniard-de Hoop
method to show that the solution for the stress component T33 is

T in 6
T33=——OH(1‘,—£) Sin
s

o 7“2 1/2°
7“(“@)
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Solution—An acoustic medium is a linear elastic material with zero shear
modulus (@ = 0). This exercise requires modifying the solution of Lamb’s
problem presented in Section 4.5 to the case of an acoustic medium.

Because pu = 0, the Helmholtz decomposition is

u=Vo,
and, from Egs. (4.53) and (4.55),
8’(1,1 8’&3 82¢ 82¢
Ty = A (S L 9B N\ (22, 22) (4
5 )\(8331_‘_83:3) A(ax%_‘_ax% )

From Eq. (4.56), the wave equation satisfied by ¢ is

0 2(32¢ @) -

i 92 o2

The Laplace transform of the potential ¢ is
[ee]
o= [ ot
0
and the Fourier transform of ¢ with respect to x3 is defined to be
e .
HLF :/ que_stxl dry.

—00

From Eq. (4.61) and the discussion that follows it, applying the Laplace and

Fourier transforms to the wave equation (2) leads to the solution

GLF — Ae—(k:2 +0%)1/2?

sT3.
where A is a constant and vp = 1/« is the compressional “showness.” From
Eq. (4.62), applying the Laplace and Fourier transforms to the normal stress
boundary condition leads to the equation
d2pLF
da3

T
122, LF __ =0
k“s“¢ s

$3=0

Using this equation to solve for A, we obtain the solution for ¢p=*:

SLF = ZOQ o— (k2 +vp) 2sxs
AsPvp

We apply the Fourier inversion integral to this expression:

¢r = ‘2L ) Af—oze_[(kQ + o) 2y — ikar]s g,
T ) — oo AS2V%
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We substitute this result into the Laplace transform of Eq. (1), obtaining

T .
TL = 27(;/ —[(k? + vp) x5 — ikzi]s gy 3)

To evaluate this integral, we define a real parameter ¢t by
t = (k% 4+ v3)Y 23 — ik,

From Eq. (4.66), the solutions for k in terms of ¢t are

it 2\
ky =—cosf+|— — ing. (4
+ = Cos (7“2 ’UP> sin (4)
As the value of the parameter ¢ goes from vpr to oo, the values of k given by
this equation describe the two paths B_ and B in the complex k-plane shown
in Fig. 4.27.

The integrand of Eq. (3) has branch points at kK = +wvpi but no poles. The
discussion on page 200 applies to this integral. Consequently, the integration
along the path C can be replaced by integration along the paths B_ and Bj:

Ti _gt Ok 4 Ok_
Tf=-= [/ e St—+dt—/ e 5t dt]
2 opr ot opr ot

By introducing the step function H (¢t —vpr), the lower limits of integration can
be changed to zero:

T;“B_——/ H(t —vpr) (%—:—8& >e_5tdt.

Because the parameter s appears only in the exponential term, this integral
matches the definition of the Laplace transform. Therefore

To Ok,  Ok_
Tys = — =2 H(t — ki
=5 Ht )< ot ot >

From Eq. (4),
8l€+ ok_ 2t sin 6

ot ot 2 1/2°
2 t 2
T T_Q—UP

which completes the solution.

Chapter 5. Nonlinear Wave Propagation

EXERCISE 5.1 Consider the one-dimensional linear wave equation
0u 5 0%u

o2~ ¢ 922
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where « is constant. Introducing the variables v = du/dt and w = Ju/dz, it

can be written as the system of first-order equations

dv 0w
o Y o
dv  Ow
or Ot

(a) Use Eq. (5.21) to show that there are two families of right-running and left-
running characteristics in the -t plane and that the characteristics are straight
lines.

(b) Show that the system of first-order equations is hyperbolic.

Solution—
(a) Express the system of first-order equations in the form of Eq. (5.17) by

v 1 0 0 —a?
U}k’:|:w:|a Ak’m:|:0 1:|a Bk’m:|:_1 0 :|

Equation (5.21) becomes

letting

which has the roots

c = *a.

Because « is a constant, the characteristics are straight lines.
(b) Equation (5.27) becomes

1
L] [n ]
a® ¢ T9
There are two solutions for the vector r:

ro = —ary for c=«

and

ro =ar; for c=—a.

The system is hyperbolic because the roots ¢ are real and two linearly indepen-

dent vectors r exist.
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EXERCISE 5.2 Consider the system of first-order equations in Exercise 5.1. Use
the interior equation, Eq. (5.26), to show that v — aw is constant along a right-
running characteristic and v+ cw is constant along a left-running characteristic.

Solution—For a right-running characteristic, ¢ = « and ro = —ary. The

interior equation for this characteristic is

_ Ct _QQCx v¢ :|
7"1[1 Oé]|:_<.x Ct :||:’LU< ’
which can be written

(v —aw)cd¢ =0.

Along a right-running characteristic, dn = 0, and consequently
d(v — aw) = (v — aw)¢ d¢ = 0.

Therefore v — aw is constant along a right-running characteristic. Use the same
argument to show that v 4+ aw is constant along a left-running characteristic,

for which ¢ = —« and 9 = ar;.

EXERCISE 5.3 Consider the simple wave solution beginning on page 224. Sup-
pose that the relationship between the stress and the deformation gradient is
T(F) = EgInF, where Ej is a constant.
(a) Show that within the characteristic fan, the velocity is given in terms of the
deformation gradient by

v=—200(F/? - 1),

where ag = (Eo/po)*/?.
(b) Show that within the characteristic fan, the deformation gradient and ve-
locity are given as functions of X, t by

242
agpt agpt
F=Zxz v="2 (7‘”>-

Solution—
(a) The derivative of the stress with respect to the deformation gradient is
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-\ 1/2
_(Te) %
o= . =iz (*)

Substitution of this expression into Eq. (5.30) gives

therefore

v=—200(F?—-1).

(b) Because each characteristic within the fan is a straight line through the
origin, @ = X/t. From Eq. (),

al  adt?
a2 X2

Substituting this expression into the answer to Part (a) yields the desired result.

EXERCISE 5.4 A half space of elastic material is initially undisturbed. At ¢ =0
the boundary is subjected to a uniform constant stress Typ. The stress is related
to the deformation gradient by the logarithmic expression T = T(F) = EyIn F,
where Ej is a constant. Show that the resulting velocity of the boundary of the
half space toward the left is

(@)1/2 [e(To/QEo) —1].

Po

Solution—In Fig. 5.10, the characteristic fan separates region 1 from region
2. The stress T and deformation gradient F' in region 2 are determined by the
applied stress:
T=FEyInF =Ty.

We solve for F,
F—lo/ Eo,

and substitute this result into the expression for v from Part (a) of Exercise 5.3,
obtaining

oo (f_>/ [oTo/250) ).
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EXERCISE 5.5 Consider a weak wave propagating into an undisturbed nonlinear
elastic material. Show that the equation governing the rate of change of the

d ... Trr ~oT2
o ix] = (2000é(2)> [ox]°.

Solution—Applying the chain rule,

discontinuity in 0x is

Ux = Nxvy + (xvc.
Letting ¢ = ¢ and n = t — X/ap in this equation, we obtain
vy = —olx.

Substitution of this expression into Eq. (5.36) yields the desired result.

EXERCISE 5.6 (a) Determine the relation 7' = T'(F) for a linear elastic material.
(b) What is the velocity of an acceleration wave in a linear elastic material?
(¢) What is the velocity of a shock wave in a linear elastic material?

Solution—
(a) In one-dimensional motion of a linear elastic material, the density is related
to the longitudinal strain by

B —14Ey,

p

SO

En="_1-F_1,
P

and the stress-strain relation is
T11 = ()\ + 2M)E11

Therefore

T =T(F) = (A +2u)(F —1). ()



Solutions, Chapter 5. Nonlinear Wave Propagation 334

(b) From Eq. (x), Tp = dT'/dF = X+ 2p. Then from Eq. (5.48), the velocity of

an acceleration wave is
-\ 1/2
Tr ()\ + 2M> 1/2
vg = | — = .
£0 £0

(¢) From Eq. (x), [T] = (A + 2u)[F]. Then from Eq. (5.56), the velocity of a

shock wave is s o
. _( [[T]]>/ _<A+2M>/
’ polF] £0 '

EXERCISE 5.7 The relation between the stress and the deformation gradient in
a material is T = T(F) = EoInF, where Ej is a constant. The density of the
undeformed material is pg.

(a) What is the velocity of an acceleration wave in the undeformed material?
(b) If the material is homogeneously compressed so that its density is 2pg, what
is the velocity of an acceleration wave?

Solution—
(a) The velocity of an acceleration wave is

-\ 1/2
vg = | — = — (%)
Po poF

The deformation gradient in the undisturbed material ahead of the wave is
F = 1. Consequently, in the undisturbed material

vy = | — .
Po

(b) In a material compressed to 2pg, F' = 1/2. From Eq. (), the velocity is

<2E0>1/2
Vg = | — .
Po
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EXERCISE 5.8 The relation between the stress and the deformation gradient
in a material is T = T(F) = EolnF, where Ej is a constant. The density
of the undeformed material is py. An acceleration wave propagates into the
undeformed material. At ¢ = 0, the acceleration of the material just behind
the wave is ag in the direction of propagation. What is the acceleration of the
material just behind the wave at time t7

Solution—Because F' is continuous across an acceleration wave, F' = 1 just
behind the wave. The growth of the amplitude of the wave is given by Eq. (5.53):

o] Fer [oo]'_ 1 oo’
dt [ot] — 2p0v3 [[Ot]  2(Eo/po)/? [0t

Integrating this equation with respect to time yields

oot ot 1
ot ~ 2(Eo/po)/? " ag’

which after rearrangement yields the result.

EXERCISE 5.9 If a gas behaves isentropically, the relation between the pressure

and the density is
»_m
PPy
where -y, the ratio of specific heats, is a positive constant. In the one-dimensional
problems we are discussing, the stress T = —p.
(a) Show that the velocity of an acceleration wave propagating into undisturbed

gas with pressure py and density pg is

1
('Yp0> &
Vg = | — .
Po

(b) If the amplitude [00/0t] of an acceleration wave propagating into undis-
turbed gas with pressure py and density pg is positive, show that the amplitude

will increase with time.

Solution—(a) Expressing the isentropic relation in terms of the stress T =
—p and F = pgy/p, we obtain

T =T(F)=—pyF .
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Therefore .
~ dT
Tpr = — = -+
F=0F YPo (*)

At the wavefront, p = pg, so F =1 and Tr = ~po. Therefore the acceleration
LN 1/2 179
[ Tr _ ('Ypo> /
vy = | — =(— .
Po Po

Trr = —(y + 1)ypo F =0+,

wave velocity is

(b) From Eq. (%),

At the wavefront, Trp = —(v + 1)ypo. Because Trr is negative, Eq. (5.53)
indicates that the rate of change of [09/0t] with respect to time is positive.

EXERCISE 5.10 The relation between the stress and the deformation gradient
in a material is T = T(F) = EoInF, where Ej is a constant. The density of
the undeformed material is pg. A shock wave propagates into the undeformed
material. If the density of the material just behind the wave is 2pg at a particular
time, show that the velocity of the wave at that time is

[2E01n2]1/2
Vg = .
Po

Solution—The velocity of a shock wave is given by Eq. (5.56):

e (p([)[ff]]”]]y/z'

In the undisturbed material, F = 1 and T = 0. Behind the shock wave, F =
po/2p0o =1/2 and T = EyIn(1/2). Therefore
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EXERCISE 5.11 The stress-strain relation of an elastic material is given by the
solid curve. The point labeled (—) is the state ahead of a shock wave and the
point labeled (+) is the state just behind the wave at a time ¢. Determine
whether [F] will increase, remain the same, or decrease as a function of time in
cases (a), (b), and (c).

Solution—From Eq. (5.56),

pvzzm:T——T+
T IF] T F-Fy

The expression on the right is the slope of the dashed straight line from point (+)
to point (—). The term (Tr)4 in Eq. (5.61) is the slope of the solid curve at
point (4), which is greater than the slope of the dashed straight line. Therefore
the term
(TF)+ - Povg

in Eq. (5.61) is positive. In cases (a), (b), and (c), [0F/0X] is positive, zero,
and negative, respectively, so Eq. (5.61) indicates that [F] will decrease with
time in case (a), remain constant in case (b), and increase with time in case c.
(Because Fy is negative, notice that this means that the magnitude of the jump
in F will increase with time in case (a), remain constant in case (b), and decrease
with time in case (c).)

EXERCISE 5.12 Consider a flyer plate experiment in which the flyer plate and
the target are identical materials with mass density 2.79 Mg/m?, the measured
shock wave velocity is 6.66 km /s, and the measured flyer-plate velocity is 2 km/s.
What is the pressure in the equilibrium region behind the loading wave?

Solution—From Egs. (5.72), the pressure in the equilibrium region behind
the loading wave can be expressed as p. = pgUv., where U is the shock wave
velocity and v, is the velocity of the material behind the loading wave. Because
the flyer plate and the target are identical materials, the Hugoniot curves in
Fig. 5.22 intersect at vp = vo/2 = 1 km/s. Another way to obtain this result is
to view the experiment using a reference frame that is moving to the right with
velocity vp/2. Relative to this reference, the flyer plate and the target approach
each other with the same velocity vg/2. Because the flyer plate and the target
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consist of the same material, the velocity of the materials behind the loading
waves must be zero. Then if we revert to the fixed reference frame, the velocity
of the target material behind the loading wave is vg/2. Therefore, the pressure
of the material behind the loading wave is

Pe = poUve
= (2.79 x 103 kg/m?)(6660 m/s)(1000 m/s)
=18.6 x 10° Pa (18.6 GPa).

EXERCISE 5.13 (a) Consider a flyer plate experiment in which the flyer plate is
aluminum with properties pg = 2.79 Mg/m?, ¢ = 5.33 km/s, and s = 1.40, the
target is stainless steel with properties pg = 7.90 Mg/m?, ¢ = 4.57 km/s, and
s = 1.49, and the velocity of the flyer plate is 2 km/s. What is the pressure in
both materials in the equilibrium region behind the loading waves, and what is
the velocity of their interface?

(b) If the materials are interchanged so that the flyer plate is stainless steel and
the target is aluminum, what is the pressure in both materials in the equilibrium

region behind the loading waves and what is the velocity of their interface?

Solution—
(a) We use Eq. (5.74) to obtain the graph of pr as a function of v (the Hugo-
niot) for the stainless steel target. We use Eqs. (5.75) and (5.77) to obtain
the graph of pp as a function of vy for the aluminum flyer plate, obtaining
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10} pr (Steel) pr (Aluminum)

0 0.5 1 15 2 2.5
v, km/s

The point where the two curves intersect, vy = 0.634 km/s and p = 27.6 GPa,
are the velocity and pressure of the materials in the equilibrium region.

(b) Reversing the materials, we obtain the graph

40
35}

30F

| pr (Aluminum) pr (Steel)

0 0.5 1 15 2 2.5
vr, km/s

The curves now intersect at vr = 1.37 km/s and p = 27.6 GPa
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EXERCISE 5.14 In Exercise 5.13, assume that the target is much thicker than
the flyer plate. After the loading wave in the flyer plate reaches the back surface
of the plate, it is reflected as a release wave and returns to the interface between
the materials. Determine whether the plates separate when the release wave
reaches the interface: (a) if the flyer plate is aluminum and the target is stainless
steel; (b) if the flyer plate is stainless steel and the target is aluminum.

Solution—
(a) We use Eq. (5.74) to obtain the graph of pr as a function of v (the Hugoniot)
for the steel target. We use Egs. (5.75) and (5.77) to obtain the graph of pr as a
function of vy for the aluminum flyer plate. These Hugoniots are the solid curves
shown below. Because the back surface of the flyer plate is free of stress, the
loading wave reflects as a release wave. The release path from the equilibrium
state is approximated by the aluminum Hugoniot, shown as a dashed line:

40

30F

@
¥

U 20F  Aluminum J
s release path,

Aluminum Hugoniot |

Steel Hugoniot
and release path

-1 -0.5 0 0.5 1 15 2 25 3
ur, km/s

Within the release wave in the aluminum, the pressure decreases to zero as the
material velocity decreases to —732 m/s. When the release wave reaches the
interface between the materials, the steel unloads along its original Hugoniot
and the pressure and material velocity decrease to zero. Because the interface
cannot support tension, the materials separate when the pressure in the steel
reaches zero.

(b) The Hugoniots for the steel flyer plate and the aluminum target are the solid
curves shown below. The release wave that reflects from the back surface of the
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flyer plate causes the pressure in the steel to decrease to zero and the velocity
to decrease to 732 m/s. When the release wave reaches the interface between
the materials, the aluminum unloads along its Hugoniot. However, because the
steel is moving toward the aluminum target at 732 m/s, the pressure in the
aluminum does not drop to zero. The target and flyer plate remain in contact,
a partial release wave continues into the aluminum, and a reloading wave is
formed in the steel. Because the release wave spreads as it travels from the free
left surface of the aluminum plate to the interface, the reloading wave in the
steel is not a shock wave and approximately follows the steel Hugoniot shown.

40

35t , 1

f{ Aluminum Hugoniot / Steel Hugoniot
U 20} and release / R
g

A / Steel release
\ /

5r \\ﬁ/i Steel reloading
N/

0 . . .
0 0.5 1 15 2 25

v, km/s

Appendix A. Complex Analysis

EXERCISE A.1 Show that the magnitude of a complex variable z is given by

the relation

ol = (:2)1.

Solution—
(22)'/2 = [(x + iy) (x — iy)]*/?
2
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EXERCISE A.2 Show that for any two complex numbers z; and 29,

|21]

|2a]

21

|z122| = |21]|22] and

Solution—Consider the polar form of a complex variable

2 =rell = r(cos@ + isinf).

Its magnitude is ,
|re’| = |rcos @ + irsin 6|

= (r? cos? 0 + r? sin® 9) /2

=r.

Using that result, we express z; and 2o in polar form and obtain

|z1]] 22| = |r1ei91||r26i92| = 7179,
|z122] = Im“zei(el +02)| =y,
and .
lal _ e
| z2] |roeifz| Ty’
Al | i(0r —6) 1L
22 T2 T2

EXERCISE A.3
(a) Show that the exponential function f(z) = e is analytic.
(b) Show that the function f(z) = Z is not analytic anywhere.

Solution—
(a) Letting z = x + 4y, the exponential function can be written

e? = e%(cosy +isiny).

Its real and imaginary parts are

u=ceVcosy, v=-elsiny.



Solutions, Appendix A. Complex Analysis 343

Evaluating their partial derivatives,

0 0
8—2 = e% cosy, 8_Z = —eTsiny,
0 0
% = e¥siny, 8_Z = e cosy,
we see that
ou_ v
oxr Oy’
ou  Ov
oy Oz’

Thus the Cauchy-Riemann equations hold for all values of z, so the exponential
function is analytic everywhere.
(b) The real and imaginary parts of the conjugate function f(z) = z are

u=x, v=-y.
Their partial derivatives are
ou_, 0w,
ox dy
o, w
ox dy
Consequently,
ou v
a.. 7é a0
ox dy
ou
oy ox

The Cauchy-Riemann equations do not hold for any value of z, so the conjugate

function is not analytic everywhere.

EXERCISE A.4 Evaluate the contour integral

/C(1+z)dz

along the contour shown from the point z = 0 to the point z = 1 + . Compare
your result with the result of the example on page 357.

Solution—Consider two contours:
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Y

1474

. Gz

> x

Ch

The contour Cy + Cs is the integration path for this exercise. The contour C,
is the integration path in the example on page 357.

Expressing the integrand in terms of its real and imaginary parts, for any
path C,

/C(1+z)dz:/c[(1+x)dx—ydy]+i/c[ydx+(1+x)dy].

To integrate along the path C + C5, we note that y = 0 on C; and x = 1 on Cy,

1 1 1
/ (1+z)dz:/(1+x)dx—/ydy+i/ 2dy
C1+4Co 0 0 0

AYE 192 ! 1
= — - — 2
(x+2)‘o 2 O+ ylo

=1+ 2.

obtaining

This is the same value we obtained on page 357 for integration along the path C..
This result is confirmed by the Cauchy integral theorem. Because the integrand
1 + z is analytic and Cy, C3 and C, form a piecewise-smooth closed contour,
the theorem states that

/Cl(l+z)dz+/02(1+z)dz—/c (1+2)dz=0.

e

EXERCISE A.5
(a) Show that the function

has a first-order pole at z = 1.
(b) Show that the function
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has a second-order pole at z = 1.

Solution—
(a) From Eq. (A.8), the function f(z) = 1/(z — 1) is analytic except at z = 1.
Because

(: = Df(z) =1

is analytic, f(z) has a first-order pole at z = 1.
(b) From Eq. (A.8), the function f(z) =1/(z — 1)? is analytic except at z = 1.

Because 1

z—1

(=~ 1)f(2) =

has an isolated singularity at z = 1 that is not removable and

(: = 12f(z) = 1

is analytic, f(z) has a second-order pole at z = 1.

EXERCISE A.6 Evaluate the contour integral

dz
CZQ+1

for the closed contour shown.

Solution—Write the contour integral as

dz / dz
c22+1  Jolz+i)(z—1d)
The integrand has first-order poles at z = —i and z = ¢, shown below.

Y

XJ
2 41
T

—1
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Only the pole at z = ¢ is within the closed contour. Its residue is

. 1 1
lim -] = —.
z—>i<Z+Z> 21

The value of the contour integral is 27i times the sum of the residues of the

poles enclosed by the contour:

dz - 1
= 2Tl | — =T.

EXERCISE A.7 Evaluate the contour integral

/cz(z—lc)lﬁ

for the closed circular contour shown.

Solution—The integrand has poles at z = 0, z = 1, and z = 3, shown
below. Only the first-order poles at z = 0 and z = 1 are within the closed

)
\C
2
. — T
01

3

contour.

The residue of the pole at z =0 is

lim [;] .
z—0 | (z —1)(2 — 3)2 9
The residue of the pole at z =1 is
lim [#] _ L
z—1 | z(z — 3)2 4

The value of the contour integral is 27i times the sum of the residues of the

poles enclosed by the contour:

/L_Q (L1 _1\_5 .
czz—1D(-32 “™\179) " 18™
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EXERCISE A.8 By using the definition of the square root of the complex vari-
able z given in Eq. (A.15), show that:

(a) the two values of the square root of 1 are +1 and —1;

(b) the two values of the square root of i are (1 +i)/v/2 and —(1 +14)/v/2.

Solution—
(a) From Eq. (A.15),

. 1

o —1
il/zzei(w/2+27rm)/2, m=0,1

eTif4

=\ 5mi/4

oTif4
- { _mi/4

(b) Similarly,

EXERCISE A.9 By using the definition of the square root of the complex vari-
able z given in Eq. (A.15), show that there are only two values of the square
root of z.

Solution— From Eq. (A.15),

Z1/2:T1/267;(9—|—27Tm)/2, m=0,1

#1/2410/2

= { F1/241(0/2 4 )
#1/2410/2
:{ —r1/26i9/2
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EXERCISE A.10 Suppose that you make the function f(z) = (z + 1)'/2 single
valued by using the branch cut shown. If f(i) = 1.099 + 0.455¢, what is the
value of f(—4)?

Solution—Let the complex variable z be written as
0

z=—1—|—7“ei ,

where the argument 6 is measured counterclockwise from the positive z axis:

Y

z
X

Then

z+1 zreie,

and the two branches of (z + 1)!/2 are (see the solution to Exercise A.9)

71/2410/2
(z+ 1)V = { 1/2,i0/2
When z = i,
Y
, ¥
4
(i X

so that r = 1/(1)2 + (1)2 = v/2 and 0 = 71/4, the first branch of (z 4+ 1)'/2 gives
(z4 1)'/2 = (2)/4(cos 7/8 4+ isin7/8)
= 1.099 + 0.4551.
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To have a single-valued function, we must remain on the first branch. When

z = —1,

<

so that 7 = /2 and § = 7n/4, the first branch of (z + 1)'/2 gives

(z+ 1)Y/2 = (2)V/%(cos T /8 + isin 77 /8)
= —1.099 + 0.455:.

EXERCISE A.11 Suppose that you make the function f(z) = (22 + 1)!/2 single
valued by using the branch cuts shown. If f(1 + 2i) = 1.112 + 1.7997, what is
the value of f(—1 4 2¢)?

Solution—Notice that
fz) = (z= )Pz +0)'/2,

so f(z) is the product of two multivalued functions. We introduce variables r,
ro, 01, and 6y defined as shown below:
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x
T2
—1 @ﬁv
If the complex variable z is written as
z=1i+ rleiel ,
then
z—1i= rlezel

and the two branches of (z —i)'/2 are (see the solution to Exercise A.9)

1/2 601 /2
(z —i)'/? = /et
RO

Then if we write the complex variable z as

z=—i+ rger,

the expression

z+1= 7”26192
and the two branches of (z +1i)'/? are
FY/2i02 /2

/2022

(z+i)1/2={

When z =1 + 2i,
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T1
01
P
T2
x

/ E 02
—1

the terms

r=V1)?2+(1)?2 =2,
r2=/(1)? + (3)2 = V10,
01 = arctan(1/1) = 45°,
0> = arctan(3/1) = 71.6°.
Using the first branches of the two square roots, we obtain
fl+2i) = r}/Qr%/Qei(el +62)/2
= 1.112 + 1.799;.

To obtain a single-valued function, we must continue to use the first branches
of the square roots. When z = —1 + 24,

Y

T1
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the terms
T = \/5,
T =V 10,
6, = —225°,

62 = 90° + arctan(1/3) = 108°.
Using the first branches of the two square roots, we obtain
f(=142¢) = r}/Qr%/Qei(el +62)/2

=1.112 — 1.799:.



Appendix A

Complex Analysis

Complex variables are used extensively in the theory of elastic
wave propagation. In this appendix we briefly summarize the results
from complex analysis used in this book.

A.1 Complex Variables

Here we define a complex variable, give examples of functions of a complex
variable, and show how complex variables can be represented by points on a
plane. We also define the derivative of a function of a complex variable and
analytic functions.

A complex variable is a variable of the form x + iy, where x and y are real
variables and 7 is defined to have the property that 2 = —1. The variable z is
called the real part of z, and the variable y is called the imaginary part. We
denote the real and imaginary parts of a complex variable by the notations

z =Re(z), y=Im(2).
The magnitude |z| of a complex variable z is defined by
2| = (&% + )%,
and the conjugate z of z is defined by

zZ=x—1y.

353
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Functions of a complex variable

A function of a complex variable f(z) is simply a function of z. Functions of a
complex variable obey the usual rules of algebra; for example,
f(z) = 2* = (z +iy)?
= 22 + 2ziy + i%y? (A.1)
=22 — y? +i2zy.

The real and imaginary parts of a function f(z) are denoted by
f(z) =u+iv.

From Eq. (A.1), we see that the real and imaginary parts of the function f(z) =
2% are u = 22 — y? and v = 2zy.
Another example of a function of a complex variable is the exponential func-

tion e®, which is defined by
e? = e¥(cosy +isiny). (A.2)

€T €T

The real and imaginary parts of e* are u = e cosy and v = ¥ siny.

Graphical representation

The values of a complex variable z can be represented by points on a plane by
plotting = Re(z) along the horizontal axis and y = Im(z) along the vertical
axis (Fig. A.1). This plane is called the complex plane. The distance r =

Figure A.1: The complex plane.

(22 4+ y?)/? from the origin to z is equal to the magnitude |z|. The angle 6 is
called the argument of z. Because x = rcos @ and y = rsin, we can write z as
z=ux+1iy = r(cosd + isinh)

10

=re”,

(A.3)

where we have used Eq. (A.2). This expression is called the polar form of the

complex variable z.
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Derivatives and analytic functions

The derivative of a function of a complex variable f(z) is defined in exactly the
same way as the derivative of a function of a real variable:

YE) o Se+A) = f()

dz =~ Az=0 Az

By writing f(2) = u(z,y) + iw(z,y) and Az = Az + iAy, we can express this
definition in the form

%Ax + %Ay + i@Ax + i@Ay
df (2) —  lim ox Ay Ox Oy (A.4)
dz Az, Ay—0 Az +iAy '

Depending upon how Az and Ay approach zero, the point z + Az approaches z
along different paths in the complex plane. We set Az = Arcosf and Ay =
Arsind, where Ar is the magnitude of Az and the angle 0 is the argument
of Az (Fig. A.2). Equation (A.4) becomes

Figure A.2: Points z and z + Az in the complex plane.

%cose—l— %Sine—l—i@cose—l—i@sine

df(z) Oz Ay Oz Oy

dz cosf + isinf

Multiplying this equation by cos # — isin 6, we obtain the result

df(z)  (Ov Ou\ ., du Ov  Ou  Ov\ .
7 = ( >Sln 0+ 8y+18y zax—l—ax sin 6 cos 6

- — ] —

Ay Ay

ou .0Ov 9
+ (% + z%> cos* 0.

(A.5)
This expression is independent of the angle 6 (that is, the value of the derivative
of f(z) is independent of the path along which z + Az approaches z) only if the
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coefficients of sin? @ and cos? 6 are equal and the coefficient of sin 6 cos 6 equals
zero. This requires that

ou_ o
oxr Oy’
o w (A.6)
oy Oz’

These two equations, which are necessary conditions for the derivative of f(z)
to have a unique value at z, are called the Cauchy-Riemann equations. When
they are satisfied, Eq. (A.5) becomes

df(z) Ou Ou Qv .Ov

i: oz oy oy oz
If the partial derivatives du/dz, du/0y, Ov/Ox, and Ov/dy are continuous
and the Cauchy-Riemann equations are satisfied at a point z, the function f(z)
is said to be analytic at z. When a function is analytic at every point, we simply
say that it is analytic.
Several important classes of functions are analytic or are analytic almost
everywhere in the complex plane.

e Polynomials of the form
f(z) =ao+ a1z +a2” + -+ anz", (A.7)
where ag, a1, as, .. .,ayN are constants, are analytic.

e Rational functions of the form

2 ... N
) = p(z) _aotaz+ a2 4+ avz" (A8)
q(z)  bo+biz+ba22+ - +byz

are analytic except at points of the complex plane where ¢(z) = 0.

e Analytic functions of analytic functions are analytic.

A.2 Contour Integration

We first introduce the concept of contour integration and state the Cauchy
integral theorem. We then define poles and show how to evaluate contour inte-
grals around closed contours that contain poles. We also discuss multiple-valued
complex functions and describe the use of branch cuts.
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Cauchy integral theorem

A contour integral is an integral of the form

Iz/cf(z) dz, (A.9)

where C' denotes that the integral is evaluated along a prescribed contour in the
complex plane (Fig. A.3). By writing f(2) = v+ v and dz = dx + i dy, we can

Y

Figure A.3: A contour C in the complex plane.
express this integral in terms of two real line integrals:

I:/(udx—vdy)—l—i/(vdx—l—udy).
c c

For example, suppose that f(z) = 1+ z and the contour C is the curve y = z2

(Fig. A.4). Let us evaluate the integral in Eq. (A.9) from the point x =0,y =0

Y

Figure A.4: The contour y = 22.

on the contour to the point z =1, y = 1.

/(1+z)dz _ /(1+x+iy)(dx+idy)
C C



Appendix A. Complex Analysis 358

/[(1+x)dx—ydy]+i/ [ydx + (1 + z)dy]
c c

1 1 1 1
/(1+x)dx—/ydy+i/ xQdaH-i/ (1+y"?) dy
0 0 0 0

1424,

The Cauchy integral theorem states that if a function f(z) is analytic on and
within a closed, piecewise smooth contour C,

/Cf(z) dz = 0.

Poles

If a function f(z) is not analytic at a point 2y of the complex plane, but is
analytic in some neighborhood 0 < |z — zg| < €, where € is a positive real
number, the point zq is called an isolated singularity of the function f(z). If
a point 2 is an isolated singularity of f(z), but the limit of f(z) as z — 2z
exists and is single valued, the point zq is called a removable isolated singularity
of f(z). When this is the case, the function f(z) is analytic at the point zq if
the value of f(z) at zg is defined to be
f(z0) = lim f(z).

zZ—2z20

Let k be a positive integer. If the function (z — 20)*f(2) is analytic or
has a removable isolated singularity at z, but (z — 29)* ! f(2) has an isolated
singularity at 2o that is not removable, f(z) is said to have a kth-order pole
at zg.

Suppose that we wish to evaluate the contour integral of a function f(2)
about a closed contour C, and let us assume that f(z) is analytic on and within C
except at a finite number N of poles (Fig. A.5.a). That is, we want to evaluate
the integral

I= f(z)dz, (A.10)
c+

where the superscript + indicates that the integral is evaluated in the counter-
clockwise direction. We cannot use the Cauchy integral theorem to evaluate this
integral because the function f(z) is not analytic within the contour. However,
we can apply the Cauchy integral theorem to the contour shown in Fig. A.5.b:

N
C+f(z)dz+kZ=1/Ck_f(z)dz =0,
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Y
C
(a)
Y
i ° C
(b)
Y
0,
NG

()

Figure A.5: (a) A contour C containing a finite number N of poles. (b) A con-
tour that doesn’t contain the poles. (c) Circular contours around the individual
poles.
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where C is a circular contour about the %k th pole. The — superscript indicates
that the integral is evaluated in the clockwise direction. This result shows that
the integral over the contour C' can be expressed as the sum of integrals over
closed circular contours about the poles of f(z) within C' (Fig. A.5.c):

N
2)dz = Z f(z)dz
k=17C%

The usefulness of this result derives from the fact that simple expressions can

be derived for the contour integral of a function f(z) about a pole.

Residues

Suppose that a function f(z) has a first-order pole at a point zp. From the
definition of a first-order pole, this means that the function ¢(z) = (2 — 20) f(2)
has a removable isolated singularity at zp. We make the function ¢(z) analytic
at zp by defining

¢(z0) = lim (z = 20) f(2)-

zZ—2z20

Our objective is to evaluate the integral

/f 2@ (A.11)

Z—ZQ

for a closed circular contour C of radius R around zg (Fig. A.6.a). (We choose R
so that the function ¢(z) is analytic on and within C.) Let z be a point on the

(a) (b)

Figure A.6: (a) Circular contour around a pole zp. (b) A point z on the contour.

contour C. We can express z — zg in polar form as (Fig. A.6.b)

z— 2y = Reze
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Using this expression, we can write Eq. (A.11) as
2m .
/ Fdz = [ id(z + Rei?) do. (A.12)
c 0

To evaluate the integral on the right side, we express the function ¢(z + Reie)
in a Taylor series:

é(z0+ R0y = 4(z0) +

We substitute this result into Eq. (A.12), obtaining the equation
i dn 27,
/f zo/o d9+z ,df "/O ¥ g,

The integrals
27,
/ e qp = 0
0
forn =1,2,... Therefore we obtain the result

/Cf(z) dz = 2mig(z0) = 2mi lim (z — 20) f(2).

zZ—2z0

This equation gives the value of the contour integral of a function f(z) when
the function is analytic on and within the contour except at a first-order pole z
within the contour. This result can be extended to the case when f(z) is analytic
on and within the contour except at a kth-order pole zg:

/f )dz = 27rz( — 1)' zh—>zo ddz’f Tz — 20)F £(2)].

The term
1 dkt

(k—UJE%dﬁlﬂz_%wf@ﬂ (A.13)

is called the residue of a kth-order pole. Using this terminology, we can write

the value of the contour integral of a function f(z) that is analytic on and within
the contour except at a finite number of poles in the simple form

/ f(z)dz =2mi Z Residues.
c

As an example, we evaluate the integral

222
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Q

Figure A.7: A closed contour C.

for the closed contour C' shown in Fig. A.7. The integrand is a rational function
(see Eq. (A.8)) and is analytic except at points where the denominator equals
zero. It can be written

222
16 = o=
This function has first-order poles at z = —1 and at z = 3. The pole at z = 3
is not within the contour. The residue of the pole at z = —1 is
. . 22° 1
Residue = ZEIill(Z + 1)m =—3-
The value of the integral is 2mi(—1) = —mi.

Exercises

EXERCISE A.1 Show that the magnitude of a complex variable z is given by

the relation

ol = (z2)"/2

EXERCISE A.2 Show that for any two complex numbers z; and 29,

|21]

|za|”

21

|z122| = |21]|22] and

Discussion—Express z; and z; in polar form.

EXERCISE A.3

(a) Show that the exponential function f(z) = e®

is analytic.
(b) Show that the function f(z) = Z is not analytic anywhere.
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EXERCISE A .4

1+

Evaluate the contour integral

/C(1+z)dz

along the contour shown from the point z = 0 to the point z = 1 + . Compare
your result with the result of the example on page 357.

EXERCISE A.5
(a) Show that the function

1
fe) = —
has a first-order pole at z = 1.
(b) Show that the function
1
f(Z) (Z _ 1)2
has a second-order pole at z = 1.
EXERCISE A.6
Y
C

Evaluate the contour integral
/ dz
C 222 =+ 1

Discussion—Find the poles of the integrand by locating the points where
224+1=0.
Answer: The value of the integral is 7.

for the closed contour shown.
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EXERCISE A.7

2\0 $
N

Evaluate the contour integral

/cz(z—f)lﬁ

for the closed circular contour shown.

Answer: The value of the integral is %m’.
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A.3 Multiple-Valued Functions

Some functions f(z) can have more than one value for a given value of z. In
this section we describe the most common multiple-valued functions and show
how branch cuts are used to insure that they remain single valued.

Examples

Only three types of multiple-valued functions occur commonly in complex anal-
ysis: roots, logarithms, and complex variables with complex exponents.

Roots

The square root of the complex variable z is defined by the expression

V2 _ (peify1/2 — 1/2,10/2, (A.14)

z

That is, the square root of z is defined in terms of its magnitude r and its

argument 6, and we see that
(rl/QeiG/z) (rl/QeiG/z) — et — o

If we increase the argument by 27, the magnitude r and the argument 6 + 27
define the same point z in the complex plane. However, this magnitude and
argument give us a different value of the square root of z:

S1/2 [rei(e + 27r)]1/2 — p1/2,i(0 +2m) /2

It is easy to confirm that this square root is equal to the negative of the square

root in Eq. (A.14):
F1/200(0 +2m) /2 _ —7”1/2629/2,

which is analogous to the square root of a real number.

A natural question is whether there are more values of the square root of z.
Although the magnitude » and the argument 6 + 27n, where n is any integer,
also define the same point z in the complex plane, it is easy to confirm that
there are only two values of the square root of z. In fact, the complex variable z
raised to the 1/n power has exactly n roots:

zl/"zrl/"ei(e_’_zﬂm)/n, m=0,1,---,n—1. (A.15)
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Logarithms

The natural logarithm of the complex variable z is defined in terms of its mag-
nitude r and argument 6 by

Inz =1Inr+ 6. (A.16)

Because the argument of z is uniquely defined only within a multiple of 27, this

definition has infinitely many values for a given value of z:
Inz =Inr+i(0 + 27m),

where m is any integer.

Complex variables with complex exponents

The value of the complex variable z raised to a complex exponent « is defined
by the expression
& =lnz, (A.17)

Because In z is a multiple-valued function, the function z® is multiple valued.

Branch cuts

The definitions given in Egs. (A.14), (A.16), and (A.17) yield single-valued
functions only if the range of the argument 6 is less than 27w. This has an
important implication when we evaluate contour integrals using the Cauchy
integral theorem; if the integrand contains multiple-valued functions, the ranges
of their arguments must be prevented from exceeding 27. If this is not done,
the values of these functions are discontinuous and the theorem is invalid.

For example, the function

L2 T1/26i6/2

defines a single-valued function if the range of the argument is 0 < 6 < 27. If
the argument does not remain in this range, the function is multiple valued.
This can be illustrated as shown in Fig. A.8.a, which shows what are called the
Riemann sheets of the function z!'/2. On the “front” sheet, the value of the

function is
L1/2 7”1/2626/2,

and on the “rear” sheet, its value is

S1/2 — 1/2,i(0 + 2m) /2
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Branch point Branch cut

(a) (b)

Figure A.8: (a) The Riemann sheets of the function f(z) = z'/2. (b) A branch
cut in the complex plane.

In the figure we show an integration path in the complex plane that goes from
a point z with argument 7/4 to the same point z with argument 7/4 + 2.
Observe that the function is multiple valued at z. As a consequence, its value
on the integration path is discontinuous.

Multiple-valued functions are avoided by using what are called branch cuts
in the complex plane. A branch cut is simply a line in the complex plane that
integration paths are not permitted to cross. This line is said to be “cut” from
the complex plane. Figure A.8.b shows a branch cut along the positive real axis.
On any integration path that does not cross this branch cut, the argument of z

1/2 is single valued. The

remains in the range 0 < 6 < 27 and the function z
endpoint of a branch cut is called a branch point. Notice that any continuous
line that begins at z = 0 and extends to infinity is an acceptable branch cut to

1/2

make the function z'/° single valued.

As a second example, consider the function

f(z) = (z = 20)"/2.

By writing z as z = 29 + ret? (Fig. A.9.a), we can see that f(z) has the two

T1/26i9/2,
1z) = { 1/2,0(0 +27) /2

values

We can make this function single valued by introducing the branch cut shown
in Fig. A.9.b. It insures that 6 remains in the range —37/2 < 6 < /2. Observe
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Y Y

r z Branch ? ~— Branch
0 point \\ g cut
20

20

xT x

(a) (b)

Figure A.9: (a) The points 2p and z. (b) A branch cut in the complex plane.

that the branch point is the point at which the expression within the square
root equals zero.

Exercises

EXERCISE A.8 By using the definition of the square root of the complex vari-
able z given in Eq. (A.15), show that:

(a) the two values of the square root of 1 are +1 and —1;

(b) the two values of the square root of i are 2v/2(1 + 1) and —2v/2(1 + ).

EXERCISE A.9 By using the definition of the square root of the complex vari-
able z given in Eq. (A.15), show that there are only two values of the square
root of z.

EXERCISE A.10 Suppose that you make the function f(z) = (z + 1)!/2 single
valued by using the branch cut
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If f(i) = 1.099 + 0.455¢, what is the value of f(—4)?
Answer: f(—i) = —1.099 + 0.455.

EXERCISE A.11 Suppose that you make the function f(z) = (22 + 1)!/2 single
valued by using the branch cuts

Y

If f(1+2i)=1.112+ 1.799¢, what is the value of f(—1 + 2i)?
Answer: f(—i) =1.112 — 1.799;.
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Tables of Material
Properties

Table B.1: Relationships between the elastic constants,
where R = vV E2 +9)\2 +2FE)\

E v I A
E E
E v Y
2(1+v) 1+v)1-2v)
B E-2p P(E —2p)
»
2u 3u—FE
2\ E—-3\+R
E
X E+A+R 4
2uv
v 2u(1 +v) T 5
A A1+v)(1-2v) Al —2v)
v 2v
LA w(BA+2p) A
A p 2N+ )
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Table B.2: Properties of various solids

Material p @ 1) E v A I
(Mg/m?3) (km/s) (km/s) (GPa) (GPa) (GPa)
Aluminum (rolled) 2.70 6.42 3.04 67.6 035 613 24.9
Beryllium 1.87 12.8 8.88 309 0.04 15.7 147
Bismuth 9.80 2.20 1.10 31.6 0.33 23.7 11.8
Brass (yellow) 8.64 4.70 2.10 104 037 114 38.1
Cadmium 8.60 2.80 1.50 50.2  0.29  28.7 19.3
Copper (rolled) 8.93 5.01 2.27 126 037 132 46.0
Epon 828 1.21 2.83 1.23 5.06 0.38 6.02 1.83
Fused silica 2.20 5.70 3.75 69.2 0.11 9.60 30.9
Glass (pyrex) 2.24 5.64 3.28 59.9 0.24 230 24.0
Gold (hard drawn) 19.7 3.24 1.20 80.5 042 150 28.3
Ice 0.91 3.99 1.98 9.61 0.33  7.40 3.59
Iron 7.69 5.90 3.20 203 0.29 110 78.7
Tron (cast) 7.22 4.60 2.60 123 0.26 55.1 48.8
Lead 11.2 2.20 0.70 15.8 0.44 43.2 5.48
Magnesium 1.73 5.80 3.00 41.2 0.31 27.1 15.6
Molybdenum 10.0 6.30 3.40 299 0.29 165 115
Nickel 8.84 5.60 3.00 206 0.29 118 79.5
Platinum 21.4 3.26 1.73 167 0.30  99.3 64.0
Silver 10.6 3.60 1.60 747  0.37 83.1 27.1
Steel (mild) 7.80 5.90 3.20 206 0.29 111 79.8
Steel (stainless) 7.89 5.79 3.10 196  0.29 112 75.8
Titanium carbide 5.15 8.27 5.16 323 0.18 77.9 137
Tungsten 19.4 5.20 2.90 415 0.27 198 163
Zircaloy 9.36 4.72 2.36 139 0.33 104 52.1
Nylon (6/6) 1.12 260 110  3.77 039 486  1.35
Polyethylene 0.90 1.95 0.54 0.76 0.45 2.89 0.26

Polystyrene 1.05 2.40 1.15 3.75 035 3.27 1.38
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Table B.3: Properties of various liquids

Material P Q@ A
(Mg/m?)  (km/s) (GPa)

Acetonyl acetone 0.72 1.40 1.42
Alcohol (ethanol 25°C) 0.79 1.20 1.15
Alcohol (methanol) 0.79 1.10 0.96
Argon (87K) 1.43 0.84  1.00
Carbon tetrachloride (25°C) 1.59 0.92 1.36
Chloroform (25°C) 1.49 0.98 1.45
Fluorinert (FC-40) 1.86 0.64 0.76
Gasoline 0.80 1.25 1.25
Glycol (polyethylene 200) 1.08 1.62 2.85
Helium-4 (2K) 0.14 022 0.00
Honey (Sue Bee orange) 1.42 2.03 5.85
Kerosene 0.81 1.32 1.41
Nitromethane 1.13 1.33 1.99
0il (baby) 0.82 143 1.67
Oil (jojoba) 1.17 1.45 2.47
Oil (olive) 0.91 1.44 1.91
Oil (peanut) 0.91 1.43 1.88
0il (SAE 30) 0.87 170  2.51
Oil (sperm) 0.88 1.44 1.82
Turpentine (25°C) 0.88 1.25 1.38

Water (20°C) 1.10 140  2.16
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Table B.4: Properties of various gases

Material P Q@ A
(kg/m?) (km/s) (MPa)

Air (dry at 0°C) 1.29 0.33 0.14
Carbon dioxide (0°C) 1.97 0.25 0.13
Helium (0°C) 017 096  0.16
Nitrogen (0°C) 1.25 0.33  0.13
Oxygen (0°C) 1.42 0.31 0.14

Oxygen (20°C) 1.32 0.32 0.14




