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LONGITUDINAL STRESS PULSE PROPAGATION IN
NONUNIFORM ELASTIC AND VISCOELASTIC BARS

M. Mao and D. RADER

Department of Engineering and Applied Science, Yale University, New Haven, Connecticut

Abstract—Stress pulse propagation along homogeneous but nonuniform bars is investigated. The bars have
two uniform end sections of different diameter joined by a finite transition region. When a pulse is incident on the
transition it is distributed over an infinite network of paths leading to transmission and reflection. In the analysis
the transition is approximated by a set of discrete steps in area. A finite set of paths which contribute significantly
to the pulses of reflection and transmission are identified and included in the calculations for the two pulses.
The basic analysis is suitable for elastic pulses of arbitrary shape and is reformulated in harmonic form for use in
viscoelastic bars. Calculated and experimental results are found to be in good agreement.

1. INTRODUCTION

IN THIS paper, the propagation of uniaxial longitudinal stress pulses is investigated in
bars having a region of continuously variable mechanical impedance. An analysis is
presented wherein such regions are approximated by a set of discrete impedance steps.

The analysis is applicable whether the physical basis for variable impedance is inhomo-
geneity of material properties or nonuniformity of geometry. However, since it is more
convenient to produce experimental specimens with prescribed geometry than with
prescribed material properties, the problem is considered in the context of homogeneous
but nonuniform bars.

Of specific interest is pulse propagation in elastic and viscoelastic bars having a single
nonuniform region which serves as a transition between two uniform end sections. When
a stress pulse impinges on the transition from one of the end sections there will be an
infinite sequence of transmissions, reflections, reflections of reflections and so forth.
Ultimately a net pulse of transmission and one of reflection can be observed in the end
sections. In general these pulses will be distorted versions of the original pulse.

The earliest investigations of wave propagation along nonuniform or inhomogeneous
bars were concerned with abrupt rather than gradual changes in impedance. Rayleigh [1]
considered the propagation of extensional waves along an elastic wire having an abrupt
change in impedance caused by joining two dissimilar segments; Kolsky and Lee [2]
studied the transmission and reflection of a pulse incident on the junction between two
viscoelastic bars of the same diameter ; Ripperger and Abramson [3] considered extensional
and flexural pulse propagation along an elastic bar in which an impedance jump was
brought about by an abrupt change in cross section.

Other workers have investigated wave propagation in bars and plates having regions
of continuously variable impedance. Thus, Donnell [4] discussed the transmission and
reflection of waves in bars with gradual changes in diameter, and suggested that nonuniform
regions be approximated by a set of discrete cylindrical elements. Reed [5] formulated a
computer code to keep account of reflections and transmissions along paths through such
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a set of discrete impedance steps. Lindholm and Doshi [6] obtained a solution for the
transmission of an extensional pulse along a uniform bar in which the elastic modulus
varied with position according to a simple power law.

In the present analysis it is possible to consider the transmission and reflection of a
pulse of arbitrary shape passing through a region in which the variation in impedance is
also arbitrary. This is done by tracing the paths of reflection and transmission through a
sequence of discrete impedance elements approximating the region in a manner similar
to that employed by Reed [5]. Requisite calculations are carried out at each impedance
step of a subdivided transition region to determine the amplitudes of the reflected and
transmitted portions of a pulse at that station. The sequence of calculations is ordered
in such a way as to include only those selected paths through the transition which contribute
significantly to the final transmitted and reflected pulses.

For the elastic problem, the incident pulse is approximated by a sequence of narrow
rectangular pulses. A set of reflection and transmission coefficients is computed for an
elemental rectangular pulse of unit amplitude incident on the transition region. These
coefficients determine the transmission and reflection shapes for the elemental pulse and
the results for an arbitrary incident pulse are obtained by superposition.

In the viscoelastic case, the coefficients of the elastic problem are incorporated in an
analysis which is formulated in terms of sinusoidal wave trains. This is then applied to
the Fourier spectrum of an arbitrary incident viscoelastic pulse.

The experimental specimens were given a simple geometry to facilitate machining.
In each bar two uniform circular end sections were joined by a transition regton in the form
of a frustrum of a right circular cone. Pulses were produced by the impact of a steel ball
at one end of a bar and were detected using paired semi-conductor strain gauges. The experi-
mentally observed incident pulses are used as data for the calculations, the results of
which are then compared with the experimental reflected and transmitted pulses.

2. ANALYSIS FOR ELASTIC BARS

The arrangement for the computational procedure is shown schematically in Figs. I(a)
and 1(b) for a conical transition in a bar with cylindrical end sections. In general, the transi-
tion will of course not be conical, but an arbitrary transition geometry can likewise be
approximated by a set of uniform elements.

In each element it is assumed that the equation of motion given by the elementary
theory of wave propagation along a uniform elastic bar can be used, i.e. the one dimensional
wave equation. It is implicit in the elementary theory that the ratio of wavelength to bar
radius is much greater than unity. For a pulse, this condition must be met by the wave-
lengths of the dominant harmonics in its Fourier spectrum. Thus for sufficiently long
wavelengths lateral inertia can be ignored and the stress distribution is sensibly uniform
through the cross section. The wave speed, ¢, is then a constant given by ¢ = (E/p)* where
E is Young’s modulus and p the density.

In Fig. 1(a) the transition of length L is divided into any number of desired increments,
each of length Ax. In the figure, there are 5 sections (6 junctions) for illustrative purposes.
The junctions between elements are numbered consecutively in the direction of propagation
of the incident pulse [Fig. 1(b)]. The elements are numbered in the same way, but the first
element is taken to be the uniform section on the incidence side of the transition. Thus.
junction j occurs between elements j and j + 1.
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FiG. 1. {a) Bar geometry. (b) Path network in position—time plane.

At each junction the equations relating o, 6, and ¢,, the incident, reflected and trans-
mitted stress amplitudes respectively, can be deduced starting from the well known solution
to the wave equation (e.g. [1, 3, 7]). As a result of internal reflections incidence can occur
from either side of a junction. Thus, if 4;and A, are the cross sectional areas of adjacent
elements, the sets of equations for reflection and transmission amplitudes at the jth junction
are

Gy = (0, G, = Pi0;. 83
and

G, = éjais Gy = ﬁ}gi (2)
where

gi= Az 2 3

J Aj+1+Aj I Aj+1+Aj
and

— A;— Ajyy - 24,44

=4 Tl pm gl 4
9 Ajey + A; 4 Pi Ajrr + Aj @

The unbarred guantities are appropriate when local incidence is in the direction of in-
creasing j, and the barred quantities are appropriate when local incidence is in the opposite
direction. In the more general case where material properties also vary, 4; and 4;,, are
replaced by p;c;A; and p;, i¢;. A+, respectively in (3) and (4). The cross sectional area
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of each element is based on the mean value of the diameter of the transition region over the
length Ax occupied by the element. In deriving (1) and (2) it is assumed that the angle of
incidence is ninety degrees at each junction. This limits the local slope of the transition
region to a reasonably small range of angles.

Consider now a rectangular stress pulse of unit amplitude [Fig. 1(b)] incident on the
small end of the transition. It is convenient to choose the time duration of the pulse equal
to twice the time of passage across a single element, i.e. At = 2Ax/c.

It is clear that the paths which lead to transmission and reflection [Fig. 1(b)] include
only even and odd numbers of internal reflections respectively. From the definitions of
4;, p;in (3} and g,, p, in (4) one has in general

lg)l. 1, « T and |pj, [p] >~ 1.

Thus the magnitude of a path contribution depends primarily upon the number of included
reflections and it is useful to introduce the terminology of ““path order”. For transmission
a first order or “primary” path includes two reflections, a second order or “‘secondary”
path includes four reflections, and so forth. Similarly, for reflection, a primary path includes
one internal reflection, a secondary path includes three internal reflections, and so forth.
In the case of transmission there is also a special direct path which undergoes no reflections
in passing through the transition region. This path leaves the transition on trajectory 1.
The contribution of individual paths of successive orders evidently diminishes approxi-
mately by the factor ¢* for both reflection and transmission trajectories provided that |g|
is approximately constant along the transition length.

In general there will be a combination of primary, secondary and higher order path
contributions leaving the transition region on the various exit trajectories of reflection
and transmission. Thus it is convenient to categorize paths in groups according to their
exit trajectories. The total amplitude of a group exiting from the transition on trajectory m,
say, will be designated as «,, for the transmission trajectories and f3,, for the reflection
trajectories.

The coefficients can be written as the sum of contributions of a hierarchy of paths of
several orders. Thus, in general,

ULy = Uy + Oy + O + ... {5

and

It

B =B + B + B + ... (6)

where the number of primes on each term indicates the order of all paths included in that
term. Except for the particular case when m = 1, the last term in (5) and (6) will include a
single path of order m — 1. Thus one is able in principle to include all possible path
contributions in a given group. In many cases of interest however, it is possible to neglect
all but the lowest order contributions without introducing significant error.

This can be illustrated by considering the reflection trajectories for a transition region
subdivided into k elements. It will be useful to first introduce the concept of “time zones™,
which are defined naturally by the round trip passage time of a wave over the length of
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the transition. If there are k impedance elements, the first time zone ends at trajectory
m = k + 1, the second at m = 2k + 1, the third at m = 3k + 1, and so forth. In each
successive zone the lowest order path included in the previous zone is deleted. In Fig. 1b
(k = 5) the first 6 trajectories fall within the first time zone and are shown as solid lines.
The second time zone begins with trajectory 7 which is shown as a dashed line. Thus,
there are no primary paths of reflection or transmission beyond trajectory 6.

For the reflection trajectories (in a transition of k elements) it will be noted that there
is only a single primary path on each of the trajectories in the first time zone. There are
no secondary paths in groups 1 and 2 but there is one included in group 3, three in group 4,
six in group 5 and so on. Thus in the first time zone the number of secondary paths, 7,
included in the mth reflection group is

(m = 2)(m — 1)

Me=1+2+3+.. . +m—2=- 5 , m=3435..k+1. (N

Beyond the first time zone the secondary paths decrease in number with only one remaining
on trajectory m = 2k + 1.

A somewhat more complicated analysis gives the following expression for 7, the
number of third order reflection paths within the first time zone:

— 3)m — 2% (m — 1
n;::(m )(mzz)(m )’ m=4567. . k+1. (8)

In a typical case considered in this paper the number of impedance elements is k = 20
and the approximate mean value of the local reflection coefficient is |g| = 0-03. In the
first time zone the contribution of third order reflection paths is small relative to those of
second order, but is greatest at m = 21. Thus, using (7) and (8), one has (n%,/15:) ¢*> ~ 0-05,
or about 5 per cent, and further, one has (15,/121) g° =~ 0-01 or about 1 per cent. Thus, in
this example, it is reasonable to restrict calculations for f, to primary and secondary
paths in the first time zone. These restrictions are likewise applicable to the transmission
paths. Primary and higher order transmission paths contribute chiefly to the tail of the
transmitted pulse which is dominated by contributions along trajectory 1.

Numerical calculations for a,, and f,, are simplified considerably, as in the foregoing
example, when the number of significant path orders and time zones can be ascertained.
In most of the examples given in this paper it is possible to restrict calculations to primary
and secondary paths in the first time zone without significant error.

However, in order to obtain an estimate of the relative contribution of two successive
path orders, it is necessary that |g| be reasonably uniform over the length of the transition
region. For a conical transition this requires that the ratio of the terminating areas not be
too great. When this is the case it follows in turn that the calculations can be satisfactorily
restricted to primary and secondary paths in the first time zone although the details of
the calculation depend upon the choice of k. If, however, the ratio of terminating areas
is of the order of 10 or greater, |g| changes rapidly along the transition and one finds that
lql is relatively large near the small end of a conical transition. In such cases it is difficult
to obtain reasonable estimates of path contributions and moreover the numerical cal-
culations cannot be restricted to primary and secondary paths within the first time zone.
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The procedure for calculating a,, and f, can be illustrated using the typical path
network of Fig. 1b. Considering the reflected pulse first, the primary path coefficients in
the first time zone are

By = q,

B2 = p1d2py

B3 = p1P2gabapy

Bi = P1P2P34aD3D2D: (9)

B5 = P1P2P3PaqsPaP3P2P:

Be = P1P2P3PaPsqeDsPaP3P2Ps
After appropriate grouping of terms one finds that the secondary path coeflicients can be
expressed in terms of the primary path coefficients (9) as follows

Bi=0
Bz =0
B3 = Brq2q,
54 = B3(d293 + G192} + P2(G1g3P2p2)
s = Bal@sqa + 4295 + §1q2) + B3(G29453P5 + §193P2P2) + Bo(G194P2P2P3P3) (10)

B = %(5144_5 +_(73114 + qaq3 + 5_1612)_*“ BuG3qsPaPa + G24aP3P3 + §143P2P2)
+ B3(G29sP3P3PaPs + G194DP2P2P3P3) + B2(G195P2P2P3P3DaPa)

The expressions in (9) and (10) can be generalized for a transition region divided into
k sections. Thus, considering only primary and secondary path contributions in (6), one
has

B =B =4,
/32 =f = pl‘hpl (an

m—n—1 n—1
m = 4m I_ijp1+ Z [[))m n 'Zl (Qiq:‘-f-n nlﬁi+jpi+j)], m=34 ... k+1
B i= J= B
The first and second terms on the right hand side of the expression for f,, are the respective
general forms for the primary (9) and secondary (10) path contributions,

It will be useful to consider secondary path contributions in the second time zone for
reference in a later example. The expressions for B, in the second time zone of Fig. 1(b)
are

B7 = 516 + 52B5 + safa + saffs + 55
Bs = s2B6 + 53B5 + safi + ssph

B = safle + safs + ssPs {12a)
Bio = saPe + ssBSs
P11 = ssPe

where
S1 = 4192 + G243 + 4ada + 4ags + ds9e o
$y = 4?1613[_7231’2 + 4294P3P3 4+ q3qspaPs + ¢514416P5P5

Sy = d1qa || PiPi + G245 [] Bipi + 3346 || Bip:
i=2 i=3 i=4 (12b)
5

4
se =195 [ ] Bipi + 4246 T pwps
i=2 i=3

55 = 414s H b
i=2
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If third and higher order contributions are ignored in the second time zone, B = B
Generalizing (12a) and (12b) one has

k
Bo= Y SBu-n, m=k+2k+3....2k+1 (13a)

n=m—(k+1)

where
k
Sy = Z qidj+1
j=1

(13b)

k+1—n j+n—1

S = Z ‘71‘Ij+n_n pipi» n=23,....k

j=1 i=j+1

Expressions for the transmission path coefficients in the first time zone can also be
deduced by examining the path network of Fig. 1(b) and can be written as

0(1:1—[17:'

k+1
Uy = 0y = oy Z (qidi-1) (14)
i=2
k+1 m—2 _ 1 m-—1 L
Uy = U z qii-m+1 n Di-jPi-j +5— o —i+ 1 m=34,.. ., k+ 1
i=m j=1 Ay i=2

The first term on the right hand side of the expression for «,, gives the primary path contri-
bution and the second term is an approximate representation for the secondary path
contribution. It is generally sufficient to include the latter in an approximate way since
secondary path contributions are significant only at the tail of the transmitted pulse.

3. RESULTS FOR ELASTIC BARS

Notation defining the geometry of the specimens is shown in Fig. 1(a). The diameter
of the small end of the bar is D, that of the large end is D,, and the corresponding cross
sectional areas are 4, and A, respectively. The coordinate measured along the cone axis
is x and the origin is at the projected cone apex. Truncation planes for the transition are at
positions x; and x;.

The particular geometry of the transition region ts immaterial in the analysis and
enters the computations only through (3) and (4). If however the transition shape is a
cone, the results of a given calculation set for a,, and f3,, depend only on x, and x, once the
number of elements k is chosen. Thus, changes in the terminating diameters affect only
the apical angle and this is immaterial in the problem, unless the angle is large enough to
invalidate the assumptions underlying the analysis. The coordinates x, and x, can be
expressed in any units since the input pulse duration is automatically scaled through the
definition of At. The geometry of the bars used in the experiments is given in Table 1.

In the previous section it was indicated that for moderate values of the overall area
ratio, A,/A,, calculations for §,, and a,, could be restricted to primary and secondary paths
in the first time zone without significant error. Thus for bars 1-5 8, and «,, were given by
(11) and (14) respectively. The geometry of bar 6 was extreme, however, in the sense that
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TABLE 1. GEOMETRY OF EXPERIMENTAL SPECIMENS

Bar dimensions in inches

Bar Xy X, D, D, o, d, L, L, Material
1 4 1 3 f 74 74 15 20 Commercialt
2 2 4 j I 7 7 16 22 Aluminum
3 4 8 3 1 10 10 20 20 (6061 To51)
4 8 10 H B 7 7 16 22
5 8 16 1 I 9 9 I8 24
6 1 i ] 4 8 9
7 4 4 1 10 10 20 20 Polymethyl-methyacrylate

T Wave speed ¢ = 20-0 x 10% in/sec.

the overall area ratio was 4,/4, = 64. In considering the reflected pulse for this bar it
was necessary to extend the calculations to the second time zone using (13a), (13b).

A set of calculated coefficients in the first time zone for bar 3 is shown graphically in
Fig. 2. The stepped curves are the net pulses of transmission and reflection arising from a
rectangular incident pulse of unit amplitude. Results for propagation in the positive and
negative x directions are designated T,(4.8), R(4,8) and T,(8.4) R.8.4) respectively.
In this notation the figures in parentheses are the terminating coordinates of the transition
and the order in which they appear depends on the propagation direction of the incident
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Fi1G. 2. Reflection and transmission curves due to unit rectangular incident pulse. {a) Small end to large
end. (b) Large end to small end.
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pulse. Thus, for example, R(x,, x,) and R(x;, x,) are the reflections due to an arbitrary
incident pulse propagating in the positive and negative x directions respectively. The sub-
script u indicates that the curves correspond to a unit rectangular incident pulse. In the
figure the reflection and transmission curves are drawn on the same time scale for con-
venience, but the transmitted pulse is actually delayed by an amount L/c relative to the
reflective pulse.

The transition region of bar 3 was divided into 20 elements and there are thus 21
transmission and reflection coefficients in the first time zone. The first and last steps of
the reflection curves [Figs. 2(a) and (b)] are about half the height of the respective adjacent
steps. This results from the fact that the jumps in diameter associated with the first and last
impedance elements [Fig. 1{a)] are approximately half that of the adjacent elements. The
basic time increment in Fig. 2 is At = 2-0 y sec so that the durations of the transmitted
and reflected portions of the pulse are 42 i sec. In fact the pulses are infinitely long but
the contributions along trajectories in time zone 2 and beyond can be neglected and are
not shown. For clarity, the vertical scales in Fig. 2 are exaggerated below the time axes.

The procedure for calculating the transmitted and reflected portion of an arbitrary
input pulse requires superposition of the results for each discrete rectangular input.
Thus ifan arbitrary input pulse I{t) has a time duration 1, it can be decomposed into Q = 1/At
rectangular pulses where At = 2Ax/c. If the incident pulse impinges on the transition at
t = 0, the reflection R(z) and transmission T(t) are given respectively by

R(t) = f ItnAr). R(t — nAY) (15)

Q
T(t) = > InAt). Tt — nAt — Lfc). (16

n=1
The functions R, and T, are determined for each bar specimen, as in Fig. 2. These functions
will depend upon the choice of k. Thus if k is doubled there will be twice as many steps
(Fig. 2) each of which is halved in width. Noting that |g| ~ 1/k it is clear that at a given
value of the time, the step height will be approximately halved if k is doubled. However,
apart from improved accuracy as k increases, the results given by (15) and (16) are sub-
stantially independent of k since Q ~ k. The choice of k is therefore chiefly a matter of

convenience.

Experimental pulses were produced by the impact of a small steel sphere on an end
of the specimen. The sphere was soldered to a fine steel wire and suspended from a pivot
in the configuration of a pendulum. With this arrangement the impact speed was readily
controlled and the pulses were therefore reproducible in a bar of given diameter. Contact
between sphere and specimen served to trigger the oscilloscope sweep via a time delay
circuit. The delay was set equal to the travel time of the pulse from the impact end of the
specimen to the first pair of strain gauges. The gauge pairs shown in Fig. 1 (G, ~ G,.
G; — G,) were connected in series to nullify the effects of any bending waves present and
the output of each pair was displayed on one trace of the oscilloscope.

Some typical experimental results are shown in Figs. 3(a-d). In Fig. 3(a), the first pulse
on the lower trace is the input pulse travelling in the positive x direction detected at the
first gauge station on bar number 5. The second pulse on the lower trace is the reflection
R(8, 16) detected at the first gauge station. The pulse on the upper trace is the transmission
T(8, 16) detected at the second gauge station.



528 M. Mao and D. Raper

In Fig. 3(b) corresponding results are shown for bar number 1. The reflected pulse
R(3, 1)and the transmitted pulse T(}, 1)areshownonthelowerand upper tracesrespectively.

Although the incident pulses are identical in Figs. 3(a) and 3(b), a marked difference is
found in the shapes and durations of the reflections. On the other hand the transmitted
pulses have about the same shape but differ in amplitude and duration. The specimens used
for the experiments in Figs. 3(a, b) (bars 5 and 1 respectively) are identical except for the
length of the transition region.

The upper trace in Fig. 3(c) shows an incident pulse propagating in the negative x
direction followed by the reflected pulse in bar 5. The transmitted pulse appears on the
lower trace. Oscillations in the tail of the transmitted pulses result from the effects of
lateral inertia which are not completely absent in the experiments. This occurs because of
the presence of high frequency components in the Fourier spectrum of the incident pulse.

Figure 3(d) shows the displacement profile of the transmitted pulse in bar number 6.
The pulse input was in the negative x direction and strain gauges could not be conveniently
used on the small end of the bar. The pulse was therefore detected using a condenser micro-
phone, of the type devised by Davies [8], at the free end on the transmission side of the
specimen.

The relation between the geometrical properties of the bars and the character of the
transmitted and reflected pulses is illustrated by grouping the results in three categories:
(a) the transition length, L, is fixed and x is varied; (b) x, is fixed and L is varied ; (¢) x, and
L are varied but the area ratio 4,/A; is fixed. Thus one can imagine constructing the speci-
mens by removing various sections from a cone of given apical angle and inserting them
between cylindrical end sections of appropriate diameters. In practice, however, it is
convenient to use a sequence of bars with the same end diameters and adjust the cone
angle to achieve the variations in (a), {(b) and (c) above. As indicated earlier, the cone angle
is not a parameter in the problem.

Since most of the bars had end diameters of 4in. and 1 in. it was possible to use two
standard incident pulses for the calculations. In the particular case of bar number 4. for
which one end had a diameter of 3 in., the input pulse shape was nearly identical to that
observed for 1 in. diameter bars. To facilitate comparisons, the incident pulse amplitude
for bar number 4 was normalized to match that for 1 in. diameter bars. The experimental
transmitted and reflected pulses for this bar were scaled by the same factor. In the case
of bar 6 there were no experiments involving impact on the small end of the bar.

In Figs. 4 and 5 calculated and experimental results are shown for bars 2 and 4 and
for an “imaginary” bar (dashed line} in which the transition length is constant at 2in.
As the transition region is taken nearer the cone apex in Fig. 4 the transmission amplitude
decreases and the reflection amplitude increases. The reverse is observed in Fig. 5. In
addition the reflected and incident pulses are of like sign in Fig. 4 and of opposite sign in
Fig. 5. The experimental and calculated pulses for bars 2 and 4 are evidently in satisfactory
agreement.

In these and subsequent figures the pulse amplitudes are given in units of stress with
compression positive. The amplitude is irrelevant as long as the elastic range of the material
is not exceeded, but is shown for reference.

The results illustrated in Fig. 6 show that as L increases for fixed x,, there 1s a sharp
decrease in transmission amplitude without a significant change in shape. However, the
duration of the reflected pulse increases markedly as L increases while the peak amplitude
remains nearly constant.
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In Fig. 7 results are shown for three bars in which the area ratio is fixed, i.e. 4,74, = 4,
as L and x, are varied. The three transmission pulses were nearly identical and one of them.
T(16, 8), is deleted from the figure for clarity. These results together with those of Figs. 4.
5 and 6 indicate that the transmission shape is not strongly affected by changes in the
transition parameters. When the area ratio varies, the effect on the transmission is chiefly
in amplitude. An exception occurs in extreme situations where 4,/4, » 1, in which case
a significant tail develops in the transmitted pulse. Such an example is discussed in
connection with Fig. 8.

The reflected pulses in Fig. 7 are significantly different in amplitude and duration
even though 4,/4, is fixed. From the previous results it is clear that for a given incident
pulse the reflection amplitude depends on the proximity of the transition to the conc
apex and the duration depends on the transition length.

In the case of bar | in Fig. 7 the ratio of spatial pulse length to transition length is about
16. The transmission and reflection pulse shapes, T(1,3) and R(1, }) are nearly identical to
the incident pulse and their amplitudes are about the same experimentally as would be
given by treating the transition as a single abrupt step. Thus the ratios of peak experimental
amplitudes in the figure are ¢,/0;, =~ —0-6, ¢,/6, ~ 1-6 and the same results are obtained
from (1) and (2) taking 4,/A4, = 4. Similar results are found when the incident pulse propa-
gates from the small end to the large end [Fig. 3(b)]. Hence, if the dominant wavelengths of
a pulse are large compared to L, the details of the transition region can be ignored and it
can be treated as an abrupt change.

In Fig. 8 the reflected and transmitted pulse shapes are shown for an incident pulse
propagating from the large end to the small end in bar 6. Here, the cross sectional area is
reduced by a factor of 64 and the pulse very nearly reaches the cone apex. The small end
of bar 6 was only § in. in diameter and detection of the transmitted pulse by means of strain
gauges was thus impractical. The free end displacement was observed instead using a
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FiG. 7. Transmitted and reflected pulses for fixed overall area ratio.
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condenser microphone [8]. Displacement profiles were also calculated from corresponding
stress profiles by numerical integration of the latter according to the well known relation
between stress and the time derivative of displacement at the free end of an elastic bar,
ie. o = (pcou/or)/2, [7].

The stress profile of the transmitted pulse was calculated using both the “regular
procedure”, based on (14) and (16), and a “modified procedure”. In the modified procedure
the transition was first divided into 3 subregions, each having a moderate overall area ratio
A,/A, = 4. The transmission through each subregion was calculated using the regular
procedure. Each transmission was then used as the input to the next subregion together
with back reflections from the previous one. This was continued until the final transmitted
pulse was obtained. By using the modified procedure it is possible to circumvent the direct
need for higher order paths and several time zones in calculations for bars with large over-
all area ratios.

In comparing the calculated and experimental displacement profiles [Fig. 8(a)] it is
clear that the regular procedure gives satisfactory results only over the head of the pulse.
In the tail region, however (beyond 40 y sec), the results of the regular procedure are in
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poor agreement with experiment. The discrepancy arises for two reasons: {a) in the time
between 40 u sec and the end of the first time zone (70 u sec) the error is primarily due to
the approximate way in which secondary path contributions are included in (14). This
approximate expression underestimates the contribution of secondary paths; (b) the
regular procedure totally omits the secondary (and higher order) path contributions in
the domain beyond the first time zone. The results of the modified procedure are however
in satisfactory agreement with experiment.

For the reflected pulse, the exact contributions of primary and secondary paths are
included in the first time zone. In the second time zone the exact contributions of secondary
paths are included using (11) and (13a, b) and this is termed the *“‘extended procedure”.
Comparison between calculated and experimental reflection pulses [Fig. 8(b)] indicates
satisfactory agreement over the main portion (up to 90 u sec) and less satisfactory agree-
ment thereafter. The discrepancy between calculation and experiment in the tail of the
reflected pulse results from the omission of third order path contributions in the second
time zone.

When the incident pulse propagates in the negative x direction the signs of odd order
path contributions are negative. As the positive contributions of secondary paths diminish
in the second time zone, the third order contributions become dominant. This accounts
for the oscillations in the tail of the reflected pulse in Fig. 8(b). These oscillations persist
indefinitely as successive path orders dominate, but with decreasing amplitude. Similar
oscillations are present in the reflected pulses in other bars, but thetr amplitudes are smaller
relative to the main part of the pulse.

For each of the bars used in the experiments, and a number of fictitious bars, calculations
were carried out to determine the momentum associated with the transmitted and reflected
portions of a rectangular incident pulse. This was done by numerically integrating over the
time duration of the stress pulse and multiplying by the cross sectional area of the bar.
The ratio of the momenta associated with reflection and transmission (Mg/M;, M /M,
respectively) is plotted against area ratio in Fig. 9. The momentum ratios depend only on
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Az/A, as is illustrated by the reflection pulses in Fig. 7 which vary in shape and amplitude
but enclose equal areas.

4. NONUNIFORM VISCOELASTIC BARS

Kolsky and Lee considered pulse propagation along a composite bar formed by joining
two dissimilar viscoelastic bars of the same cross section and deduced the counterparts
of (1) and (2). The simpler result needed for the present case, in which only the area is
changing, may be obtained by beginning with the complex modulus representation for a
linear viscoelastic solid under uniaxial stress [9]

8
a=w,+mg§ (17)

where du/0x is the strain and E, and E, are the real and imaginary parts of the complex
modulus respectively. Let a sinusoidal wave of angular frequency p propagate in the
positive x direction and encounter an area jump A;to 4;,; at x = 0. The incident, reflected,
and transmitted displacement profiles will have different amplitudes and can be represented
in the respective forms [2, 9]

u; = Uexp[—yx + ip(t — x/c)]
u, = Vexp[yx + ip(t + x/c)] (18)
u, = Wexp[—yx + ip(t — x/c)]

where y and ¢ are the frequency dependent attenuation and phase velocity respectively,
and U = U, + iU,, V =V, + iVy, W = W, + iW, are the complex amplitudes. Con-
venient expressions for y and ¢ are available from the linear theory of viscoelasticity. Thus,
one has [9]

ptan§/2

V= (19)
C

where 4 is the phase angle between stress and strain and is defined by tan 6 = E,/E,. For

many linear viscoelastic solids tan ¢ is approximately constant (independent of frequency)

and is small compared to unity. When these conditions hold it is possible to show that [10,
11]

¢= co[l T 51n(p/po)] 20)

where p, is a reference frequency and ¢, is the speed at that frequency.

The viscoelastic bar used in the present experiments (bar 7) was made of polymethyl-
methacrylate. In this material tan § ~ 0-036 over the range of frequencies in the Fourier
spectrum of the experimental pulse [12].

It is required that the displacement be continuous at x = 0, i.e.

U+V=W 1)
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and that the forces balance at the jump

oo+ a)4; = 0,4, ]x-0- (22}
Using (17), (18), (21) and (22) one finds
Wy =pU,, W, = p;Us
(23)

Vl:-CI'jUh Vy, = _quZ'

Substituting each displacement of (18) into (17), taking the real or imaginary part, and
using (23), one finds that the incident, reflected, and transmitted stress amplitudes at x = 0
are related as in (1) and (2). Similarly the relations between the strains at x = 0 are
& = q;&, & = p;& (or & = §,&, & = pj&;). In the viscoelastic case it is appropriate to deal
with the strains since it is the straips which are measured. The stress and strain profiles
of a viscoelastic pulse are not identical as in the case of elastic solids [2].

Thus the calcuiations for «,, and f,, in a homogeneous, nonuniform viscoelastic bar
depend only on geometry just as in the elastic case. The viscoelastic specimen used in the
experiments(bar 7)had the same geometry as one of the elastic bars(bar 3)and the previously
calculated coefficients could therefore be used again. However, in the viscoelastic case
one must account for the effects of dispersion and attenuation as a pulse propagates along
each uniform element of the transition. This necessitates a harmonic analysis.

Consider now an arbitrary pulse propagating toward the transition region along one
of the uniform end sections of a viscoelastic bar. If the strain pulse is observed at one of
the gauge stations it can be represented by a truncated Fourier series in the form

N
g =y A,explinpol)
O

n=

where p, is an appropriate reference frequency, and A, is a complex constant given by
A, = a, — ib,. The upper limit of the summation, N, is chosen large enough to obtain an
accurate representation of the pulse. The coefficients g, b, can be determined numerically
for an arbitrary pulse using the usual Fourier methods and are therefore regarded as known.

Let x’ be a coordinate axis which is positive in the propagation direction of the incident
pulse and which has its origin at the start of the transition region. Thus referring to Fig. 1(a),
if the incident pulse propagates from the small end to the large end one has x' = x — x,,
and if the pulse propagates in the opposite direction x" = x, — x. Consider for example
the former case in which the pulse propagates a distance d; between the first gauge station
and the transition. Then at x" = 0 one has

N
g0, 1) = Y. A,exp[—7.d; + inpolt — dy/c,)] (24)
n=0

where 7, and ¢, are the damping coefficient and phase velocity respectively for the nth
harmonic [(19) and (20)]. It is convenient to make the substitution t, =t — d,/v, where ¢
is the approximate pulse speed, so that the time coordinate system moves with the pulse.
Thus, taking the real part of (24), expanding and collecting terms, one has

N
ed0,t,) = 3 (a¥ cos npot; + b} sin npoty) + ao (25a)

n=1
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where
d
ar = exp(—vndi)[an cos npo(é - é) + b, sin "Po{il‘ - —ﬂ
vooc, v,
(25b)
dy d . d, d
bf = exp(—y,,dl)[b,, cos npo(—l - »—1‘) — a,sin npe[— — —1)] .
v Cy v Cn

The reflected and transmitted waves are composed of contributions along the respective
exit trajectories of Fig. 1(b) and the amplitude of each contribution is obtained using the
appropriatereflection or transmission coefficient. The reflection and transmission coefficients
are attenuated in the viscoelastic case according to the total path length associated with
each trajectory. The path length for the reflection trajectories can be written in the form
As,, = (m — 1)2Ax and for the transmission trajectories the path lengths are As,, + L.
For a given frequency the times between exit trajectories are equal and are given by
At, = 2Ax/c,. Thus, assuming the reflection and transmission pulses are adequately
represented by contributions in the first time zone, one hasat x' = 0and x' = L respectively :

N k+1
ed0.1) = 3. Y. Buexp(—71,As,){a¥ cos npolt; — (m — DAL,]
n=1m=1
k+1
+b¥sinnpolt; — (m — 1)At,]} + a, Z Bom (26)
m=1

n=1m=1 n

N k+1 L L
elL,t;) =3 Y a,exp[—yuAs, + L)]{a,‘{' cos np{tz + ST (m — I)At,,]

] L L k+1
+ b} sin npo[t2 + Pl (m— I)Atn] }+ ag Z - 27)
n m=1
where t; = t; — L/v.
Equations (26) and (27) can be rewritten in the respective forms:

N k+1

ed0.t1) = ) [a;cos npoty + B sinnpot,] + ap Y. B 28)
n=1 m=1
N k+1

eL,t;) = ) [d.cosnpot, + bl sinnpot,] + a, Y O (29)
n=1 m=1

where

k+1

2 {exp(=7,As,)Balar cos npo(m — 1AL, — b¥ sin npo(m — 1)At,]}
m=1

I

a
k+1 (30a)

b= 2 {exp(—7aAsp)BalbY¥ cos npo(m — 1)At, + ak sin npo(m ~ 1)At,]}

m=1
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k+ 1

L L
dy = Z {CXP{—}’,,(Asm + L)]am(ai'f cos npO:‘A —— +{m~ I)AI,,]
¢ v

m= | "

L L )
- b¥ sin npo[c— - + (m — I)At,,”}

n

(30b)

k+1

: L L
bn = z {exp[“?n(Asm + L)]am(b:r Cos ”Pol:” - IT -+ (m — I)A[,,]

me=1 "

+a¥ sin np £—£+( — 1A “
n Q ¢ P m ) tn

Thus (28) and (29) are the Fourier representations of the reflected and transmitted
pulses respectively at the ends of the transition region. To facilitate comparison with experi-
ment, each pulse must be calculated at the location of the appropriate gauge station:
x" = —d, for the reflection, and x" = d, + L for the transmission. Noting that 3, = 0,
multiplying each term in (28) and (29) by exp (—7,d,) and exp (—7y,d,) respectively, and
making the substitution 1} = ¢, — d,/v, and t§ = t, — d,/v, one obtains

N
gl—dy, t7) = Z exp(— yudy){(a, cos npob, + b, sin npeb,) cos npytt
n=1
k+1
+(b, cos npoll, — d sin npof,) sin npott} + ao Y. P (31
m= 1

N
eldy + L.t3) = 3 exp(—y.d,){{a}, cos npod, + b, sin npod,) cos npts

n=1

k-t
+ (b}, cos npop, — @, sin nped,) sin npots) + do Y, % (32)
m=1
where
dl (11 d') d'v
{)”:—__._w.,,.,._‘y n:;_,-:
v Cy ¢ v Ly

Equations (31) and {(32) are the desired final forms for the reflection and transmission
strain pulses respectively. These equations account for the total distortion of a visco-
elastic pulse resulting from propagation in both the uniform and transition sections.

Calculations were carried out for the reflected and transmitted pulses in a polymethyl-
methacrylate specimen (bar 7) based on an observed incident pulse. The basic interval
of the Fourier summation was 500 u sec which corresponds to a fundamental frequency
of po = 12:6 x 103 rad/sec. A value of ¢, = 8-66 x 10*in/sec was used for the wave
speed appropriate to this frequency. The pulses could be adequately represented by
N = 25harmonics. Experimental and calculated results are shown in Fig. 10 and are
evidently in satisfactory agreement. A separate calculation is shown for the same incident
pulse, assuming the bar to be elastic (tan é = 0). The elastic and viscoelastic pulses are
similar but the viscoelastic effect is clearly evident.

The computations were performed with the help of a digital computer throughout.
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5. CONCLUDING REMARKS

A method has been presented for computing the reflected and transmitted portions of
a longitudinal stress pulse propagating through a finite region of continuously variable
cross section in a bar. In an elastic solid the problem is treated in terms of discrete rect-
angular segments of a pulse. For a viscoelastic solid in which dispersion and attenuation
are significant, the elastic formulation is recast in terms of a harmonic analysis.

It has been shown that the transmitted and reflected pulse shapes are essentially the
same as that of the incident pulse if the dominant wavelengths of the latter are long
compared to the transition length. The amplitude of the reflection and transmission in
this case can be calculated in a single step by treating the transition as an abrupt change.

The regime of greatest interest, however, is that in which the dominant pulse wavelengths
are comparable to the transition length. In this regime the method presented is readily
applicable for pulses and transitions of arbitrary shape.

In cases where the overall area ratio is of the order of 10 or less, the basic method of
the paper works well even if computations are restricted to primary and secondary paths
in the first time zone. For larger values of the area ratio the method must be modified or
calculations must be carried beyond the first time zone and include third order paths and
higher.

The area ratio also determines the momentum associated with the pulses of reflection
and transmission. Thus, for a given area ratio, these momenta are not affected by making
the transition more or less gradual. The results in Fig. 9 and the foregoing remarks apply
equally in viscoelastic and elastic bars.

Finally it is clear that the method of the paper is applicable in a number of other
problems. These include stress pulse propagation along uniform bars with variable
mechanical properties, analogous optical problems, propagation of electromagnetic waves
in a waveguide of variable cross section, and so forth. In each case it is necessary to use
appropriate expressions for p; and g;. These coefficients may be functions of frequency in
some cases but this is readily incorporated in the harmonic analysis.
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Abcrpakr—WccneayeTcss pacnpoCTpPaHEHHE UMITYIbCA HANPSKEHUS BHOAb OLHOPOIHBIX, HO HEPABHO-
MEpHbIX cTepxkHEH. CTEpPXKHM HMMEIOT [BAa PABHOMEDHbLIE KOHLEBbIE CEYEHWS, Pa3HbIX [MAMETPOB,
COEJMHEHHBIX KOHEYHOM nepexoanoi soHoi. Koraa nmnynec geHcTByeT Ha NEPEXOAHYIO 30HY, TOTAA OH
pacnpocTpaHsieTcs Mo OecKOHEYHO CeTH TPaeKTOPHHR, BeAyLUMX N0 Nepelavyu v oTpaxeHus. B aHanuse
npubIMKaeTca NepexoiHas 30Ha MHOXECTBOM CKa4yK0-00pa3HbIX cTyiieHel B obnactu. OTOXAECTBAAOTCS
KOHCYHOE MHOXECTBO TPACKTOPMi, KOTOPBIE 3HAYMTEIBHO BHOCAT BKIAJ B WMIYJIbChl OTPAXKEHUS W
nepegaun. JlaroTca pacyeTsl Ais ABYX MMIYabcoB. OCHOBHBIN aHan3 sBJIAETCA YAOOHbIM Ansl yNPYrux
HMIYIbLCOB NPOM3BONBHON (opmel. BHOBL (GoOpMysupyeTcss ero B rapMoHH4YecKoii dopme, s
UCMONB3OBAHMA pacuyeTa BA3KOYNPYTHX cTepxkHeil. Haxoaurcs Hamnexkawas CXOAMMOCTL MEXAY
YHUCJIEHHBIMH M IKCIIEPUMEHTAIbHBIMH PE3Y/AbTaTaMH.



