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ABSTRACT 

Specimens of quarter-hard electrolytic copper, twenty feet 

in length and one-quarter inch in diameter, were statically pre-

stressed and subjected to impact loading,, Dynamic strain vs time 

traces, for both loading and unloading waves, were obtained using 

resistance-type strain gages mounted at various positions along the 

specimens,, Permanent strain increments resulting from each impact 

were determined, Prestress levels ranged from values well below 

the yield point of the material to values exceeding the yield point. 

Impact velocities and impact durations were also variedo 

The experimental strain wave shape and propagation velocity 

in bars prestressed well below the yield point were found to compare 

favorably with the theoretical elastic wave shape and velocity,, 

The unloading waves propagated in bars prestressed above the yield 

point were found to be similar in shape to the" elastic waves observed 

and to propagate at the elastic velocity without diminution of ampli­

tude. 

For loading waves propagated in material prestressed above 

the yield point the incipient portion of plastic strain wave's' was found 

to propagate at the elastic velocity.. The lower strain increments 

of the plastic strain waves were found to propagate at higher velo­

cities and the highest strain increments were found to propagate 

at lower velocities than would be predicted from a strain-rate-

independent theory. For the loading waves, a method was developed 



i i i 

to approximate the dynamic loading curves (stress-strain relation 

followed during impact loading). Prom the dynamic loading curves, 

the peak stress levels of the plastic strain pulses were found to 

be significantly higher than the stresses at equivalent strains on 

the static stress-strain curve„ 

The results tended, at least qualitatively, to support a 

strain-rate-dependent wave propagation theory rather than a strain-

rate-independent one. 

i 
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TABLE OP NOMENCLATURE 
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1. 

Up to the time that a theory for the propagation of plastic 

deformations was developed, two methods were used to evaluate the 

impact behaviour of materials. The methods were? the breaking of 

a notched bar and the failure in tension or compression of a short 

cylinder. These tests showed that for moderate impact velocity, 

the energy absorbed in an impact test was greater than the energy 

absorbed in a static test. It was also found that as the impact 

velocities increased beyond' a certain point, this tendency was 

reversed. No theory was available to explain the mechanism of 

plastic wave propagation which occurs in such tests, hence the 

observations stated above were accepted as physical facts without 

theoretical qualif ication. 

During the Second World War, a number of investigators 

became interested in the impact behaviour of materials in connection 

with the abi l i ty of structures to withstand shock loading due to 

bombing and armour penetration by projectiles. Prom these pre­

liminary investigations arose an interest in the theoretical aspects 

of impact loading of materials to stress levels well in excess of 

the yie ld point. This interest resulted in a formulation of a con­

cept of plastic wave propagation. With the f i r s t theoretical and 

experimental work in this f i e ld the idea of a c r i t i c a l impact velocity 

arose. It was theorized that subjection of a material to impaet 

velocities in excess of this c r i t i c a l velocity would result in pre­

mature rupture of the material with very l i t t l e energy being absorbed. 

A large amount of experimental and theoretical work in the 

f i e ld of plastic wave propagation has been carried out in the past 



few years and has resulted in both strain-rate-dependent and strain-

rate-independent theories being developed,, Experimental results 

tend to indicate that both theories have some merit* 

The overall f i e l d of plastic wave theory is now being inve 

tigated in relation to problems in projectile impaet and high speed 

machining as well as in relation to impact behaviour of structures. 



STATEMENT OP PROBLEM 



3. 

The preliminary phase of the problem was to design and 

construct apparatus capable of prestressing suitably sized specimens 

into the plastic state and of subjecting the specimens to short dura­

tion, small amplitude impact loads in a manner which permitted the 

loading and unloading strain waves to be studied simultaneouslyj 

Instrumentation was also required in order to permanently record the 

strain vs time plots and permanent strain magnitudes at a number of 
i 

positions on the specimens. 

The main phase of the problem was to determine the elastic 

and the plastic strain wave propagation velocities and to correlate 

these with the prestress positions on the static stress-strain curve 

for the material. The problem also entailed checking the elastic 

and plastic strain wave shapes against the theoretical wave shapes 

and determining whether the material was acting in a strain-rate-

dependent manner or in a strain-rate-independent manner. 
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4. 

The laws governing the propagation of elastic waves in 

bars have been known since 1807 when the problem was analysed by 

Thomas Young, (after whom the elastic modulus was named). Young 

showed.that the elastic propagation process was governed by the one 

dimensional wave equation, the solution of which describes two waves 

travel l ing, unchanged in shape, in opposite directions at a velocity 

The development of equations and determination of the 

influence of parameters governing the behaviour of materials sub­

jected to rapid deformations in the plastic region of the stress-

strain curve poses many problems. Consequently, conflicting theories 

have arisen in the past two decades. 

The simplest development of a plastic wave propagation theory 

was proposed by T. von Kâ rman £8~] * in 1941. The theory is based on 

the assumption that the dynamic response of the material follows the 

static stress-strain curve. 

The complete solution is expressed in three partes 

for OC > C 0 t i £- C where C 6 - (E/f) 

for C, t <(DC <^C 0ij £ y < £ < £ , where Q = ( 

for 3C < C,~t v (const.) where £, = ( ^ M l ^ ) ^ t 

f 

The solution describes an elastic wave front propagating 

at a velocity C q , a plastic wave front propagating at a velocity c^, 

and strain increments between propagating at velocities depending 

*Numbers in square brackets refer to numbered references in the 
Bibliography. 
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upon [jj (the tangent modulus to the static stress-strain curve) thus 

implying that the wave continually ohanges shape as i t propagates,, 

This analysis also gives an interpretation of the c r i t i c a l impact 

velocity. When y=0, the propagation velocity o.̂  » 0, hence any 

further strain increments of the wave do not propagate, and premature 

rupture occurs. 

- von Karman and Duwez £ 8 J attempted to correlate experi­

mental results with the foregoing plastic theory by means of an 

experiment in which measurements were taken after transients had died 

out. This was done by measuring the permanent strain distribution 

after impact. Results were obtained for annealed copper using impact 

velocities of 23.1 fps to 1 7 1 fps and varying impact durations. 

The results indicated that a region of constant plastic 

strain did exist for some distance from the impact point, the distance 

depending upon the impact duration. It was shown that the plastic 

strain agreed closely with the theoretical strain «£, , calculated from 

the impact velocity V . The shape of the experimental permanent 

strain distribution curve was found to vary considerably from the 

theoretical shape, suggesting the possibility that the simple strain-

rate independent plastic theory required revision to take into account 

a strain-rate effect, 

M.P. White and Le Van Griff is £lG-J presented a method of 

predicting the f i n a l strain distribution in a long ductile rod using 

the simple strain-rate-independent plastic theory based upon the 

assumption that dynamic loading followed the static stress-strain curve. 



They assumed c •= (^)Z for any increment of the strain pulse and 

worked with short duration, large magnitude pulses. 

The incremental velocity assumption when using short dura­

tion pulses results in an unloading wave travelling at the elastic 

velocity e which, after a f inite time, gives rise to a secondary o 

wave front travelling at a velocity C q and moving in a direction 

opposite to the primary wave front. The analysis gives permanent 

strain distribution consisting of a constant strain level for a 

certain distance from the impact point followed by a decreasing strain 

level approaching zero at some finite distance from the impact point. 

The only real difference between the White - Le Van Griff is 

analysis and the von Karman - Duwez analysis is the consideration of 

the secondary wave front in the former. 

Duwez and Clark [19J performed an experiment similar to 

that of von Ka'rman and Duwez in which they subjected copper specimens 

to high velocity impacts. By measuring the permanent strain in 

successive elements, they found that a region of constant plastic 

strain existed &% the impact end of the specimen. This again tended 

to support the simple strain-rate-independent plastic theory. 

It has been suggested that anomalies between experimental 

results and the simple plastic theory were due, at least in part, 

to strain-rate effects. A general development of strain-rate-

dependent theory was formulated by L . E . Malvern |jLl] , who has worked 

out numerical solutions assuming that the plastic creep rate is pro­

portional to the imposed stress minus the static stress at the same 

strain. 
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Malvern's solutions showed that the strain-rate effect 

causes small strains to be propagated more rapidly than would be 

predicted from the simple plastic analysis. The reverse effect is 

indicated in the case of large magnitude strains with the strain, rate 

effect giving lower propagation velocities than would be predicted 

using the simple theory. Also the solution considering the strain-

rate effect gave a much higher stress near the impact point since the 

dynamio loading was considered to be elastic, even above the statio 

y ie ld point. 

The strain-rate-dependent theory fa i l s to predict a constant 

strain region near the impact point, consequently i t does f a l l into 

considerable disagreement with many of the observed results. 

Alter and Curtis Q.3] in an experiment to correlate the 

theory of Malvern, observed the propagation of plastic strain pulses 

along a lead bar. In an attempt to determine decisively the impor­

tance of the strain-rate effect, they superimposed two strain pulses 

separated by a short time interval. The results of the experiment 

showed % 

(a) The head of the pulse travels at a velocity C Q . 

(b) Following the head is a large increment of strain which 

separates rapidly from the elastic head as the pulse 

propagates along the specimen. 

(c) With the superimposed strain pulses, the heads of both 

pulses travel at velocity C q but the plastic parts of 

the pulses tend to join together. 
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Alter and Curtis thus showed that the strain-rate effect 

is important in explaining the behaviour of strain pulses propagating 

in lead. 

Sternglass and Stuart £ 9 ] experimented with the propagation 

of strain pulses in prestressed materials in order to validate either 

the simple plastic theory or the strain-rate-dependent theory. 

Their experimental procedure was to prestress copper specimens in a 

tension testing machine, then to apply short duration I jr..sec), 

small amplitude \Q yui'n./fn.) strain pulses. The shape of the pro­

pagating wave was studied at various points along the specimen in 

order to determine the parameters governing the pulse amplitude, pulse 

width, propagation velocity, and change in shape of the pulse. 

The preliminary tests of Sternglass and Stuart in the 

elastic region agreed satisfactorily with theory. Results relating 

to propagation in the plastic region, however, seemed to point to 

inadequacies in the simple strain-rate-independent theory. The 

results showed: 

(a) Velocity of wave front (regardless of prestress) was C Q . 

o>> ^ » (%Y . 

(c) Dispersion of pulses propagating in the plastic region 

occurred and appeared to increase with increasing 

pulse width. 

(d) The percent broadening of the pulse did not depend 

upon the i n i t i a l amplitude. 

(e) The amplitude of the plastic pulse appeared to decay 

exponentially from the impact point. 
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(f) V * ) * . 

(g) The width, of the pulse increased linearly with the 

hammer mass. 

In general, the results of Sternglass and Stuart showed 

that the von Karman theory was not satisfactory to describe the 

transient phenomena of impact* 

Clark and Wood £14]] investigated the dynamic response of 

materials by rapidly loading specimens (at a rate of 5 x 10^ psi/sec) 

and simultaneously measuring the stress and strain in the material. 

They found that for mild steel, which is characterized by a well 

defined yield point, a finite time interval was required to initiate 

plastic flow. The time interval ranged from a few milliseconds at 

51,000 psi to a few seconds at 37,000 psi. This implies that in 

impact testing of mild steel where deformation pulses of short dura­

tion and of plastic amplitude are to be propagated, the measured 

pulse amplitude (strain) would be that of the elastic case. Wo 

experimentation was done, however, for the case of a material pre-

stressed plastically before impact loading. 

For materials with no well defined yield point, Clark and 

Wood found that no time lag occurred before initi a t i o n of plastic 

flow. They also showed that for materials such as 24 S-T aluminum 

alloy and 75 S-T aluminum alloy, the rapid loading stress-strain 

relations f e l l very close to the static stress-strain curves. This 

result implies that dynamic loading follows closely the static stress-

strain curve at least for these two materials. It must be realized, 
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however, that rapid loading in this case is much slower than the 

loading rate in impact testing. 

J.P. Bell and A. Stein [jisj discuss a trigger-mechanism 
in the incremental finite loading wave theory in relation to impact 

tests on annealed aluminum. In the Bell and Stein tests, incre­

mental compression loading waves were propagated following the 

application of a dynamic prestress. They found that only the i n c i ­

pient portion of the loading wave propagated at the elastic velocity, 

the rest of the strain wave propagating at velocities predicted from 

the quasi-static stress-strain curve. This result was observed even 

when the strain wave amplitude was greater than the original elastic 

limit of the material. The results quoted tended to support a 

strain-rate-independent theory with a small elastic strain trigger­

ing the plastic flow. The strain-rate-independent interpretation 

is further upheld by the fact that the incipient strain increment of 

the wave was found to propagate at C q only after the prestress had 

reached a quasi-static condition. 

Bell states that the strain-rate-dependent'theory 

(Malvern f l l j ) is inconsistent with results obtained from annealed 

aluminum, annealed copper, and lead, and that the rate-independent 

finite amplitude trigger-mechanism theory is in closer agreement with 

the results obtained from the aforementioned materials. 

The net result to date of the theoretical and experimental 

work done in the fi e l d of longitudinal strain-wave propagation in 

rods is that although the strain-rate-independent theory of 

von Karman does not describe adequately the propagation process, the 
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same rate-independent theory with the trigger-mechanism modification 

of Bell gives reasonable agreement with much of the experimental 

work. The strain-rate-dependent theory of Malvern, on the other •'; 

hand, also gives close agreement with some of the experimental work. 

Consequently, the validity of the strain-rate-dependent and strain-

rate-independent theories is s t i l l in question. 



IV THEORY 
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In order that the results obtained from experimental 

research be meaningful, consideration must be given to the theore­

t i c a l aspects of the problem being investigated. The theory developed 

in the following paragraphs gives a mathematical explanation of the 

stress wave propagation process, showing the effect of various para­

meters when the propagation is occurring in materials in the elastic 

or in the plastic state. 

The one-dimensional wave equation for longitudinal waves 

in elastic bars is; 

where / P" \ T 

The propagation velocity C q of deformation is governed 

by the parameters, density and Young's modulus. 

When a body travelling at a velocity V strikes the end of 

a semi-infinite elastic bar, the compressive stress or at the struck 

end.of the bar varies according to 

cr = VjTf ex/> [ - £ JtT/vn ]j , ( 3 ) 

where vn is the mass: of the impacting body per unit cross-sectional 

area of the bar £lJ . The maximum stress, whioh becomes the maximum 

amplitude of the stress pulse propagated into the bar at velocity C Q ^ 

depends linearly on the velocity of the striking body. The rate of 

decrease of the siress depends upon the mass of the striking body. 
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In the case of an impact where momentum is transferred 

from a hammer to a platform and then to a rod, and where only the 

hammer velocity is known, the hammer-platform impact must be con­

sidered in order to determine the impact velocity aoting on the 

specimen. Two extreme cases of hammer-platform impact may be con­

sidered; elastic and perfectly inelastic (the difference being only 

in the choice of value for the coefficient of restitution, e). 

The i n i t i a l platform velocity and the final 

platform velocity (Vp )^ = V where V is the velocity imparted to the 

specimen from the hammer-platform impaet. 

e - MrMf 

and from conservation of linear momentum 

where (V\̂  and Mpare the hammer and platform masses and where the sub­

scripts i and f refer to the i n i t i a l and fin a l conditions. Solving 

for (V̂> )f , we find 

-
For a perfectly elastic impact, 6 " / and 

where Y( is the velocity imparted to the specimen for a perfectly 

elastic hammer-platform Impact. 

For a perfectly inelastic impact where 6=6 ? we find 

V o MP+ M h

 1 V^<- (4b) 
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where V0 is the impact velocity acting on the specimen for a 

perfectly inelastic hammer-platform impact. 

These equations show that depending upon the nature of the 

hammer-platform impact, the peak amplitude of the elastic strain 

pulse should be in the.range 

This implies that i f e = constant for a range of V. values, the 

is easily described. The stress wave shape can be calculated 

theoretically and the wave is shown to travel in the material un­

changed in shape with a l l deformation being reversible. When stress 

waves are propagated in plastic materials, however, the wave pro­

pagation process is not easily described, due to the non-linearity 

and irreversibility of the stress-strain relationship. 

The set of three first-order differential equations govern­

ing the propagation of longitudinal stress waves in rods lss 

elastic strain amplitude € € should be linearly dependent upon V. 

In linear elastic materials, the wave propagation process 

(constitutive equation) (5a) 

2.* = f Hit (equation of motion) (5b) 

a x at 
(equation of continuity) (5c) 

The constitutive equation (5a) is in the general form used 

by J. Lubliner [ j j j . It can be shown that i f a €and F( s r
J6)= "jr s 

Numbers in curved brackets refer to equation numbers 
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then the situation is that of the elastic case, and the solution is 

identical to that given earlier. 

The general form of the constitutive equation contains a 

dynamic loading term and a creep term. 

The static stress-strain curve is described bys 

or cr-= f ce) 

For constant stress, 

M 
and 

— ^ €) (creep term). (6a) 

For an imposed stress less than the stress described by 

the corresponding strain position on the static stress-strain curve, 

<r-; < f <€) • 
then cf (V; €) = O 

Hence, (6a) becomes 

| f - < 3 O > . (6b) 

When the stress rate is very large, then the constitutive 

equation reduces to? 
de 

where FC°")0 is a function derived from the dynamic loading 

curve. 

The dynamic loading curve 

o - « f ( € , C p ) (7a) 
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Is a plot of cr vs. 6 for very large (theoretically infinite) loading 

rates. The parameter €pdescribes the i n i t i a l state of the material, 

consequently (7a) represents a family of dynamic loading curves, each 

curve corresponding to an i n i t i a l strain condition described by 6p 

The funotion F(rf€.) in the constitutive equation (5a) is related to 

a speoific dynamic loading ourve by 

de FC<*-,o (7b) 

Since the dynamic loading curve is assumed to vary for 

different values of £ p , the function F ^ O as used in ( 5 a ) w i l l 

also be different for different values of 6p . 

Unloading is generally assumed to occur elastically, there­

fore the complete constitutive equation becomest 

(8) 

By the suitable choice of terms in the general con­

stitutive equation ( 5 a ) , the strain-rate-independent theory of 

von Karman £ 8 ] or the strain-rate-dependent theory of Malvern []ll] 

can be derived as can the simple elastic theory. 

The von Karman theory assumes that during impact the load­

ing curve follows the static stress-strain curve for the material. 

With this assumption the constitutive equation becomes? 

at ~ y n ' (9) 
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In deriving (9), the following relations were useds 
<j ey = o 

The Malvern theory assumes that a strain-rate effect is 

present and that dynamic loading occurs along the elastic line of 

slope E. Malvern used the relations 

where f(£)la a function describing the static stress-strain relation, 

and F C^j. € ) = -jj-

to derive the complete constitutive equation 

and 

sT E it L - - " » J J • (10) 

The elastic theory is derived using the relations 

These relations form the constitutive equation 
A L = ± 

E 

which, when solved with (5b) and (5c) gives rise to the simple 

elastic result (2). 

In the case of the strain=.rate-independent theory, the 

strain wave propagation process is described by three equations, the 

constitutive equation being of the form of ( 9 ) ? 

> =s —- (constitutive equation] bt if o"t 

êr- , Sit* 

"r—- — y "TTT (equation of motion) 

^ \)~ ^ 6 

~ — — — — . (equation of continuity) 
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Prom this set of partial differential equations, the one-dimensional 

wave equation can be derived for longitudinal waves in plastic bars: 

st* ~ ? a^ 2- * (11) 

Considering a cross-section of material at a distance x from the 

origin in a semi-infinite rod (diameter small compared to the length 

of wave being propagated) stretching from the origin to minus 

inf in i ty , we find that the boundary conditions are [j3 3's 

a •» V* a t oc = O 

u. = o art rx. * - eo 

A solution satisfying the boundary condition at sc^o i s : 

a n d *u _ \/ ( 1 2 ) 

C, 
2 t a Another solution is found by setting ~ =• - — s A (.13./ 

Then € - f ^ A ) 

and u - j £ <U = f a ) J x = t j f (X) dA • 
„ CW _oo -CO 

Differentiating with respect to sc and "fc , we find 

J t 1 " * ' W J (14a) 

and = J . £ V V \ 

â V t * r M * (m) 
Substituting (l4a) and (14b) into ( l l ) , we find that? 

f'(\*)~0 leading to (12) 

or f \ X ~ V leading to (13) . 
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The complete solution for the strain-rate-independent 

theory is expressed in three parts? 
i 

for -X.yc„t j € =• o where ca - (-y ) 

for c^<-x<cjc , € y < € < £ , and ) ' 

* < c , t , c,-^ where C ( = ( t t p L ) \ 

The solution describes an elastic wave front of amplitude £y 

propagating at C q , a plastic wave front of amplitude , pro­

pagating at o^ and intermediate strain increments propagating at 

velocities C s (~£ )'*. 

A plot of constant strain values in the x-t plane results 

in a series of straight lines of varying slopes. The solution also 

gives an interpretation of c r i t i c a l impact velocity; when i^l—o , the 

propagation velocity c^ = 0, hence any strain increments above those 

corresponding to t^c o do not propagate. This results in premature 

rupture of the rod with l i t t l e energy being absorbedo 

It can be shown that the plastic strain as a function of 

the impact velocity V is described by the following equations 

Solution of the special case when ty>=E reduces to the familiar forms 

In the case of the strain-rate-dependent theory, a con­

stitutive equation of the form of ( io) can be used,. The strain wave 

propagation process can then be described by the following three 
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equations: 

* '+• K f ^ O J (constitutive equation) 

= f> (equation of motion) 
dx d t 

. v ~r~~ — T T T . (equation of continuity) dx. a T. 

The solution of the above equations has been carried out 

by Malvern f l l j using numerical techniques after assuming a suitable 

function for the quasi-static stress-strain relation. 

The significance of Malvern's strain rate solution is most 

apparent in the x-t plane. It is found that when strain-rate 

dependency is assumed, the constant strain lines appear in the x-t 

plane as concave-upward curves. The low magnitude strain increments 

propagate at higher velocity than would be predicted from the strain-

rate-independent theory, and the high magnitude strains propagate at 

a lower velocity than the rate-independent theory would predict. 



V EXPERIMENTAL APPARATUS 
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In general, the experimental apparatus is designed to load 

a specimen to a pre-determined stress level, initiate a strain 

pulse, measure the stress level, read out the shape of the strain 

pulse at speoific positions on the specimen, and to read out the 

static strain at specific points on the specimen. 

Because of these requirements, three distinct systems are 

needed? a mechanical system to load the specimen and to initiate 

the stress waves; an electronic system to measure the specimen pre­

stress, to read out the static strain at specific positions on the 

specimen, and to read out the dynamic strain at specific positions 

on the specimen after impact? and a recording system to preserve 

the strain vs time plots of a number of positions on the specimen. 
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5.1 MECHANICAL SYSTEM 

The mechanical system, although oomposed of many different 

components, can be described as being made up of two sub-systems, 

the load applying system and the impact producing system. 

The load applying system, Pig. 1. applies load directly to 

a suspended specimen through a lever. This method of loading does 

not allow the specimen to creep to a lower stress level during testing. 

The pin-connected grip arrangements at the upper and lower ends of the 

specimen provides for self-alignment of the specimen, and the vertical 

guide at one end of the loading beam provides lateral s tabi l i ty . 

Coarse and fine adjustments for the loading beam position are provided. 

The impact producing system, Fig . 2., consists of a hammer, 

fa l l ing a variable distance under the influence of gravity, striking 

a light platform fixed to the specimen at some position between the 

upper and lower grips. Unloading waves are propagated below the 

platform and loading waves, above. The hammer weight is variable 

by the addition of weights, and the impact velocity can be varied 

by changing the drop height of the hammer above the platform. The 

position of the hammer pivot point is adjustable as is the position 

of the impact receiving screws. 



1. Lower grip 

2. Pine adjustment 

3. Specimen 

4. Lateral guide 

5. Loading beam 

6 . Weights 

7 . Hamme r 

80 Hammer adjustments 

9o Platform 

Pig. 1, Mechanical Apparatus Photograph 
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Pig. 2c Hammer and Platform Photographs 
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5.2 ELECTRONIC SYSTEM 

The electronic system is designed to do three things? to 

determine the prestress level of the specimen; to drop the hammer 

positively, triggering the oscilloscopes at the instant of impact 

and recording on the oscilloscopes the strain vs time plots of 

specific points on the specimens, and to allow the accurate measure-

ment of static strain at specific points of the specimen. These 

functions are accomplished by five separate sub-systems integrated by 

a central control unit, Figs. 3. and 4. 

The five sub-systems are? 

(i) Load measuring circuit 

( i i ) Electromagnetic hammer release circuit 

( i i i ) Cathode-ray oscilloscope (C.R.O.) triggering circuit 

(iv) Dynamic strain readout circuit 

(v) Static strain readout circuit 



1. Baldwin SR-4 s t r a i n i n d i c a t o r f o r permanent s t r a i n readout 

2. Baldwin SR-4 s t r a i n i n d i c a t o r f o r load c e l l readout 

3 . Polyphase switch 8. Y a s h i c a 35 mm camera and o s c i l l o s c o p e a dapter 

4. C o n t r o l box 9 . - 1 2 . E l l i s BAM-1 u n i t s 

5. & 6. T e k t r o n i x 502-A o s c i l l o s c o p e s 1 3 . Knee operated on-off switch f o r electromagnet 

7. Dumont 3 5 mm o s c i l l o s c o p e camera 

P i g . 3 . Instrumentation 
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1. SR-4 readout for load c e l l . 
2. SR-4 static strain readout. 
3. Polyphase switch. 
4. Central control and switching unit< 
5. Electromagnet c ircui t . 

6. Triggering c ircui t . 
7. -10. E l l i s BAM-1 units. 
11.-12. Tektronix 502-A oscilloscopes. 
13. Static compensating gage leads. 
14. Active strain gage input leads. 

Pig. 4. Block Biagram of Electronic-Circuit 
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5.3 RECORDING SYSTEM 

The recording system consists of two 35 mm cameras suitably 

adapted for osoilloscope work. High speed black-and-white film 

is used with time exposure and large lens opening. 

Details of the experimental apparatus, calibration of 

equipment, and test procedure oan be found in Appendix A. 



RESULTS AND DISCUSSION 
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6.1 PRELIMINARY RESEARCH 

The f i r s t phase of the research was carried out using 

cold-drawn and hot-rolled mild.steel specimens. The prime purpose 

of testing in this phase was to check the equipment operation, gage 

mounting techniques and recording methods, and to become familiar 

with a l l facets of equipment operation. The small set of data 

obtained from this preliminary research served to show that pulse 

amplitudes could be predicted with reasonable accuracy and that the 

shape of the pulses could be reproduced provided that the parameters 

governing impact and the prestress were held constant. 

Certain problems associated with the testing of the cold-

drawn and hot-rolled mild steel rods prevented the gathering of any 

amount of significant data from these tests. The cold-drawn 

material was found to deform plastically only at the upper grip 

(on reflection of the strain wave) when the prestress was very high. 

No sign of plastic wave propagation was observed on the oscilloscope 

traces in the loading or unloading regions. The hot-rolled material, 

on the other hand, was decidedly inconsistent in cross-section so 

that the state Of stress at any given point on the specimen was 

indeterminable. Although no meaningful results were obtained from 

the hot-rolled or cold-drawn steel specimens, the tests did serve 

to give some indication of the problems in experimentation that 

would be encountered with specimens prestressed into the plastic 

region. 
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6.2 STUDY OP LOADING AND UNLOADING WAVES 

The second phase of the research program consisted of 

impact testing quarter-hard electrolytic copper specimens. Loading 

and unloading waves were studied by mounting strain gages above and 

below the impact point. In the series of tests, various hammer 

velocities and hammer masses were employed to init iate impacts at a 

number of specific prestress values, the prestress values being both 

in the elastic and plastic regions of the quasi-static stress-strain 

curve. 

Results in the Elastic Region 

In the elastic region, the loading and unloading waves 

were identical and did not appear to decay or disperse as they pro­

pagated. The amplitude of the strain waves was found to be linearly 

dependent on hammer velocity at impact, Pig. 26. and the calculated 

theoretical wave shapes compared favorably with the recorded shapes 

of the loading and unloading waves, Pig. 5. (Sample calculations can 

be found in Appendix B.) The propagation velocities of the waves 

were identical and were within the calculated elastic propagation 

velocity of 12,420 fps i 4%. 

Results in the Plastic Region 

In the plastic region, the unloading strain wave remained 

almost identical in shape to i ts appearance in the elastic region. 

The loading strain wave, however, started out after impact as a very 

Pigs. 26. to 41. inclusive are found in Appendix G. 
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Top trace is 1" from impact 
Bottom trace is 57" from impact 

Note reflected loading wave in 
lower trace occurring after 
about 1.7 m.sec. 
Reflected unloading wave 
appears in traoes after about 
0.9 m.sec. 

The wide superimposed curve is the 
theoretical exponential wave shape. 

n i i i i j i i ! 
• • B M M — — I 

W m 1.265 lb. 
1.977 lb. 
2.857 lb. 
8,750 psi 

• 11.66 psi 
-0.765 It. 

P 
Horizontal =0.2 m.sec/cm. 
Vertical « 250 yin./in. per cm. 

Pig. 5. Comparison of Theoretical and Experimental Shape of 
Elastic Strain Waves 



high amplitude wave, decaying rapidly as i t propagated. The complete 

shape of the loading wave is not dlscernable because of the occurrence 

of reflected waves. The unloading t a i l on the plastic loading wave 

does, however, appear to be quite different from the t a i l on the 

elastic loading wave, being much flatter in nature. 

It appears that there is no difference (within - 2%) between 

the propagation velocities of the f i r s t increments of the plastic 

loading and unloading waves and the elastic waves, a l l velocities 

being 12,420 fps. It is also apparent that strain increments above 

a certain strain level in the loading wave are propagated at sub-

elastic velocities. This accounts for the bending or flattening of 

the wave front as propagation of the wave progresses, Pig, 6. 

The fact that i n i t i a l increments of strain initiated at 

plastic prestress propagated at the elastic velocity while succes­

sively higher increments of strain propagated at successively lower 

velocities sparked an interest in establishing the complete shape 

of the dynamic deoay curves (plots of maximum strain wave amplitude 

vs distance from impaot) and permanent strain distribution curves 

at various levels of prestress. This interest motivated the third 

phase of the research program. 
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Note that the reflected unloading strain waves in the unloading 
region are very similar in shape in a l l three photographs. 

In the loading region, the reflected loading waves are lost at the 
higher prestresses. The strain waves in the loading region change 
shape considerably between the two gages at the higher prestress 
while the strain waves in the unloading region propagate with l i t t l e 
change in shape. 

V f a = 9 . 5 5 fpa. 
W =0.765 lb. P 
Wu - 2.417 lb. n 

Horizontal =0.2 m.sec/cm. 
Vertical = 200y in./in. per cm. 

The upper trace in each photograph is from the position closest 
to the impact point, the lower traces being from the more distant 
position. 

Pig. 6 . Comparison of Loading and Unloading 
Strain Waves. 
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6 . 3 DETAILED STUDY OP LOADING WAVES 

The third phase of research was carried out with the 

impact receiving platform being placed about one-third of the way 

from the bottom of the specimen and with a l l strain gages except one 

being mounted above the impact point. This arrangement was 

adopted to give a more complete picture of the decay and dispersion 

characteristics of the propagating plastic pulse. In each test 

series of the set, the prestress was increased to predetermined levels. 

In different series, the hammer velocity and hammer weight were varied 

independently at each prestress level . This, of course, gave a 

series of dynamic decay curves for different hammer velocities and a 

series of curves for different hammer weights at each prestress. 

For each series of dynamic decay curves, there was also a series of 

permanent strain distribution curves obtained. 

Results in the Elastic Region 

In the elastic region, i t was again found that the pro­

pagation velocity of the strain waves was 12,420 fps (t- 2%). The 

elastic pulses were found to attentuate negligibly, even over 

distances of from 8 to 10 feet, Pigs. 7. and 8. It was observed, 

however, that the pulse recorded very near the impact point was, 

in a l l cases, erratic and of slightly higher amplitude than the 

pulses recorded at successively more distant stations. No notice­

able permanent deformation was observed at the low elastic prestress 

levels. The reoorded wave shapes were found to agree satisfactorily 



0"~»r = 1 9 , 5 5 0 psi 

V - 1 1 . 6 6 fps n 
Wv - 1.977 lb . 
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p F ig . 7. 

IMPACT 
I J POINT 
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Vertical • 250 i n . / i n . per cm. 

Elastic Strain Wave at Eight 
Positions in Loading Region 



Cu specimen #2 
v^v- » 8,750 psi 
Wv • 2,867 lb. n 
W m 0.765 lb. P 
V » 11.66 fps 

20 60 
x (inches) 

Fig. 8, Dynamic Strain vs Distance From Impact vs Time for Elastic Strain Wave 
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with the calculated theoretical wave shapes except in the case of the 

recorded wave nearest the impact point. 

Results in the Plastic Region in the 6-xPlane 

In the plastic region, the pulses were found to change 

shape quite drastically from the impact point to successively 

further recording positions, Pigs. 9. and 10. The decay curves 

appeared to be exponential in shape, blooming much steeper and decay­

ing to lower values when the prestress level was raised, Pig. 28. 

It is also apparent that a l l pulses propagated at a given prestress 

level did not decay to a common strain level within the eight feet 

over which readings were taken. Pulses of large i n i t i a l amplitude 

were found to decay to higher strain levels than were pulses of low 

i n i t i a l amplitude, Figs. 29, and 30. In a l l cases, the pulses 

began with amplitudes larger than the elastic amplitudes and decayed 

to amplitudes below the elastic amplitudes, where the elastic ampli­

tude is the amplitude of an equivalent pulse propagated in the 

elastic region of the quasi-static stress-strain curve. 

The permanent strain distribution curves show that most 

of the impact energy was expended deforming the sections of the 

specimen very close to the impact point and close to the upper grip. 

Very l i t t l e deformation occurred in the central section of the load­

ing end of the specimen or below the impact point in the unloading 

section of the specimen. It is also apparent from the plots of 

permanent strain readings after successive impacts that the permanent 

strain increments for each impact at a given set of conditions were 

approximately the same, Fig. 11. However, a change in the prestress 



4 5 . 7 0 0 psi Horizontal - 0 . 2 m.sec/cm. 
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Pig. 9 . Plastic Strain Wave at Eight 
Positions in Loading Region 
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Fig. 11. Permanent Strain vs Distance from Impact for Six Impacts 
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level, hammer velocity or hammer weight greatly alters the shape of 

the permanent strain distribution curve, Pigs. 31. 32. and 33. 

Results in the Plastic Region in the x-t Plane 

The propagation velocity of the f i r s t increment of the 

plastic strain waves was invariably found to be the elastic pro­

pagation velocity C q = 12,420 fps ^ 2%. This velocity persisted 

regardless of the level of prestress to which the specimen had been 

loaded. Successive increments of strain (after the i n i t i a l elastic 

increment) were found to propagate at velocities successively lower 

than C q (which is evident as a flattening of the wave front as pro­

pagation progresses Pig. 12.), the propagation velocity of a given 

increment being dependent upon the prestress condition of the specimen. 

This fact can be seen by observing that as the, prestress level is 

raised, the wave front decreases in slope at a given position above 

the impact point, Pigs. 13. and 14. The loading wave at the 

highest prestresses appears to have a plateau of constant strain 

following the wavefront. This plateau is interrupted by the reflec­

tion of the unloading wave from the lower grip which occurs after a 

pulse length of about 0.8 milliseconds, Pig. 27. 

The plotting of constant strain levels in the x-t plane is 

accomplished by laying off the times t elapsed from initiation of 

impact until the strain rises to a given level € at a distance x 

from the impact point. Plotting the constant strain levels in the 

x-t plane gives a family of important curves. The plot of elastic 

wavefronts in the x-t plane would appear as a family of parallel 

lines of slope 1/c . The plot of constant strain curves for plastic 
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wave fronts, on the other hand, appears as a family of non-parallel 

curves. The f i r s t curve (corresponding to the f i rs t infinitesimal 

increment of strain) plots as a straight line of slope l / c Q . The 

curves for succeeding strain increments can be approximated by 

straight lines of slopes l / c , Pig. 15. Knowing the respective o 
n n 

for the n strain increments, the effective deformation moduli 4\> 

can be calculated. It is then possible to plot the dynamic loading 

(stress-strain) curve, Pig. 16. (See Appendix B for sample cal­

culation). 

The determination of the quasi-static stress-strain 

relation in i t se l f proved to be a challenging problem. Test speci­

mens with machined portions of reduced cross-section were found to 

give inconsistent diagrams. Consequently the stress-strain diagrams 

used in the results were obtained by pulling in tension 1/4 inch 

diameter test specimens that had previously been prestressed to 

42,500 psi , Pig. 25. Appendix A. The load value was read from an 

Instron testing machine, and strain was read directly from a resis­

tance strain gage (Budd Metalfilm C9-121) mounted on; the specimen. 

An interesting feature of the stress-strain diagram is that at a 

strain rate of .005 in/in/min. the ultimate limit appears to be 

50,500 psi , the curve being level at this stress up to about 3$ strain. 

When the strain-rate is suddenly increased by a factor of 100 dur­

ing the test, the ultimate limit appears to jump to about 52,500 psi 

from the previously established level of 50,500 psi . 

It is interesting to note that the dynamic loading curves 

in a l l cases begin with greater slope and end with lesser slope than 
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Pig. 16. Dynamic Loading Curve on Quasi-Static Stress-Strain Curve f o r -f>-
Cu. Specimen #3. • 
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the equivalent portion of the quasi-static stress-strain curve, 

Pigs. 16. 37. and 41. This implies that i n i t i a l increments of 

strain are propagated at higher velocities than would be predicted 

by the von Karman theory. Conversely, the highest increments of 

strain are propagated at lower velocities than the von Karman theory 

predicts. It is also notable that the peak stress to which the 

strain waves rise is in excess of the stress at the same strain posi­

tion on the quasi-static stress-strain curve. The results, in 

fact, tend to qualitatively support the Malvern strain-rate-dependent 

theory. Furthermore, although the constant strain curves in the 

x-t plane have been approximated by straight lines, i t is conceivable 

that concave-upward curves could be fitted to the plots near the 

impact position, Pigs, 34. to 36. and 38. to 40. This would further 

strengthen support of the strain-rate-dependent theory. Whether or 

not this curvature actually exists could only be determined by more 

extensive testing. 

The deformationsinitiated at low impact velocities were 

found to have wave fronts of lower amplitude and slightly different 

slope than those of the high impact velocity deformations. The only 

apparent difference due to the aforementioned observation is that 

for the low velocity impacts, the highest strain increments pro­

pagated at lower velocities than did the equivalent strain increments 

in the high velocity impact. This effect appears in the v~vs. € plot 

with the lower velocity impacts giving rise to dynamic loading curves 

which are located between the high velocity dynamic loading curve and 

the quasi-static stress-strain curve, Pig. 37. This implies that the 
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highest strain increments of the low impact velocity pulses are 

initiated at a lower strain-rate than are the equivalent strain 

increments in the high impact velocity pulse. Again, more extensive 

experimentation would be required to support this result, since the 

variation could be due to a statistical scatter. 

The particle velocity, at a position five inches from the 

impact point, as calculated by performing a numerical integration of 

the equation V =* ̂  ̂ 1^.^^ f ^ is found to compare reasonably well 

with the actual impact velocity. The particle velocity should agree 

exactly with the actual impact velooity only at the point of impact 

since the upper strain increments are out off and the strain energy 

absorbed into the material in the form of permanent deformation as 

the deformation wave propagates, thus causing a decrease in the par­

ti c l e velocity as the distance from impact increases. 

Results from Work-hardening Test 

In the fi n a l part of the experimental work, a deliberately 

work-hardened copper specimen prestressed into the plastic region 

(plastic region in the virgin quarter-hard material) was impact 

tested. In the work-hardened material, i t was found that the strain 

wave amplitude was lower just above the impact point and did not 

decay as rapidly,or to as low a strain level as did the identical 

pulse in the virgin material. It was also noted that for the work-

hardened material, less permanent deformation occurred than did for 

the virgin material, especially near the impact point. At the upper 

grip, the permanent deformation after impact was greater in the work-

hardened material than in the virgin material, Pig. 17. This effeot 
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Is due to the work-hardened material behaving in a more elastic 

manner than the virgin material, which causes less energy to be 

absorbed as permanent deformation along the specimen. The resulting 

high energy wave effectively doubles in amplitude upon reflection from 

the upper grip creating a region of large permanent deformation in 

the vicinity of the grip. 



V I I CONCLUSIONS AND REMARKS 
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It has been found that the equipment developed for this 

project provides an excellent method to study the strain wave pro­

pagation process. The direct method of applying prestress to a 

specimen is advantageous since i t prevents possible change in pre­

stress during testing due to creep. 

The amplitude of the elastic strain waves is found to be 

linearly dependent upon the hammer velocity of Impact for a given 

hammer to platform mass rat io . The actual elastic strain wave 

shape is described satisfactorily by the equation 

€ * € 0 exp [ - i t [ET~/m] 

provided a coefficient of restitution of 0.1 is assumed in cal­

culating the effective impact velocity of the hammer and platform. 

It is also found that the pulse shape is satisfactorily reprodu­

cible from impaot to impact provided the prestress and parameters 

governing pulse-shape are held constant. 

The erratic elastic wave shape in the neighborhood of 

four to eight diameters from the impact position is attributable 

to an inhomogeneous stress condition through the cross-section of 

the specimen. By St. Venant's principle, this effect disappears 

as propagation of the stress wave proceeds. Except for the f i r s t 

few diameters from the impact point, the elastic wave propagates 

at the elastic velocity, 12,420 fps, with the occurrence of negli­

gible decay or dispersion. 

The incipient strain increment of the loading and unloading 

waves propagates at the elastic velocity, C q , regardless of the 

prestress condition of the specimen. 
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The unloading wave is invariably elastic in shape and 

propagates with no noticeable shape change. The plastic strain 

wave amplitude, however, reduces rapidly as the wave propagates and 

becomes asymptotic to a constant strain level at infinity (the strain 

level depending upon the prestress condition of the specimen). 

The permanent strain distribution curves are similar in 

shape to the dynamic decay curves, the difference being generally 

attributable to the elastic recovery of the strain waves. The large 

amount of permanent strain observed near the upper grip is caused by 

the increase of the strain pulse amplitude in the region of the 

upper grip resulting from the reflection of the pulse from the fixed 

upper end of the specimen. 

The i n i t i a l increments of strain in the propagating wave 

travel at greater velocities than those predicted by the von Karman 

theory ê̂  ^ Q z ^ and the highest increments of strain in the 

propagating wave travel at lower velocities than those predicted by 

the von Karman theory (Cf^('^')t ) ' showing that the strain-rate-

dependent theory i s , at least qualitatively, supported for the case 

of strain wave propagation in quarter-hard electrolytic copper. 
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SUGGESTIONS FOR FURTHER RESEARCH 

It is believed that when further plastic stress wave 

research is carried out on the type of equipment used in this research 

project, the adoption of the following suggestions would allow the 

analysis of the problem to proceed in a more exact and meaningful way: 

(a) Annealed specimens should be used in order to give a lower 

yield point and easier reproducibility in future tests. 

(b) The specimens should be taken directly from the elastic 

condition to the plastic prestress at which the test is to 

proceed. A different specimen should be used for each 

plastic prestress level at which the material is to be tested. 

(c) A known, simple shape of impulse such as a square or t r i ­

angular wave should be propagated. This could be 

accomplished by using a cam or by stopping a heavy hammer 

and light platform against an anvil. 

(d) A readout of platform velocity from the time i t begins 

moving until i t comes to rest should be available. 

(e) As fast an oscilloscope sweep as possible should be used 

in order to study the wave fronts in greater detail, 

(f) The oscilloscope traces should be cleaned up by refining 

the shielding of leads and gages and by using gold-plated" 

switches throughout the switching control. The use of 

a faster film would also contribute to finer traces by 

allowing lower beam intensity to be used. 

For further research, i t would also be of considerable interest 

to study materials such as annealed mild steel (with its heterogeneous 

yielding) and materials with a cdncave-upward stress-strain relationship. 
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DETAILS OP EXPERIMENTAL APPARATUS 

Load Applying System 

The general criteria adopted in the loading system 

design was that a l l components should withstand a specimen load­

ing of up to 5,000 pounds. This permits a maximum stress of about 

100,000 psi to be imposed on 1/4 inch diameter specimen. The 

system was designed to be adaptable to specimen lengths of 17 feet 

to 20 feet and specimen diameters of 3/16 inch to 5/16 inch, with 

specimens of any material being acceptable... 

Because of the fact that the specimens were to be p las t i ­

cally prestressed, the method of gripping the specimen ends presented 

a di f f icul t and important design problem. It was assumed that 

threaded ends, vise grips or any of the conventional gripping methods 

would not suffice to hold the specimens at the highest prestresses. 

The result was that an inexpensive self-tightening grip was designed. 

In the grip, a circular tapered section, made of Keewatin tool 

steel hardened and tempered to Rockwipll G50 hardness,1 is drawn into 

a mating tapered section as the load is applied, Pig. 18. This 

action increases the normal force between the hardened tapered sec­

tion and the specimen as the load is increased. In i ts f ina l form, 

the taper is spl i t into three segments and threaded internally to 

provide a good gripping surface. The mating tapers are clamped 

together in the main grip body. 

The grips were tested on a tension testing machine up to 

5,000 pounds load and were found to work very well. 



P i g . 18. Grip Detail 
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One grip was designed with a section of reduced cross-

section on its shank upon which straingages (Budd Jfe t a l f i lmG6- l£l) were 

mounted. When calibrated, this provides an effective load measur­

ing device. 

The upper grip is pin-connected to a bracket which, in 

turn, is pin-connected to one end of a section of tubing. The 

two pins, being at right angles to each other, provide automatic 

longitudinal alignment of the specimen when a load is applied. The 

tube is provided with holes every four inches of i t s three foot length. 

A pin fastener through any one of the holes pins the tube-bracket-

grip arrangement to a plate which in turn, is supported by a pair of 

3 x 9 inch wooden beams. This mechanism serves as a coarse adjust­

ment allowing any specimen length from 17 to 20 feet in length to be 

accommodated in the apparatus. 

The lower grip is pin-connected to a bracket which 

attaches to the loading beam by means of a shaft riding in a phosphor 

bronze bearing. The pin and shaft are at right angles to each 

other to provide self-alignment of the specimen. 

The loading beam has been designed to give a 10 to 1 

mechanical advantage thus requiring 500 pounds of weights to impose 

the maximum stress for which the system is designed. The fulcrum 

of the beam is connected to a bracket by means of a shaft riding in 

a phosphor bronze bearing. The bracket, in turn, rides in a bearing 

in the lower end of the male portion of a soyew jack. The female 

portion of the jack is rigidly fastened to a frame which is anchored 

to the concrete floor. The beam overhangs the pivot point where i t 
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Is guided, by means of rollers* along a vertical member, thus 

providing lateral stability for the loading beam, Fig. 19. 

The screw-jack adjusting mechanism i s , of course, necessary 

for fine adjustments since small strains in the specimen are magnified 

ten times at the loading end of the beam. Adjustment of up to 

eleven inches is provided. 

Although the simple beam loading mechanism (as used here) 

does not appear to be an elegant method of imposing uniaxial tensile 

stress on a specimen, this device was deemed necessary due to the 

extreme length of specimens being used. This type of loading does, 

however, offer an advantage over strain imposing machines such as 

the Instron testing machine. The advantage is that direct loading 

does not allow the specimen to relax or to creep to a lower stress 

level during testing. 

Impact Producing and Transmitting System 

In general, the impact producing and transmitting mechanism 

consists of a hammer falling under the influence of gravity striking 

a platform mounted on the specimen. 

The platform was required to be light and to transmit 

the impact to the specimen without slipping. This function was 

f u l f i l l e d by fabricating the platform of aluminum, with hardened 

high-carbon steel impact-receiving inserts. The aluminum plat­

form was equipped with a tapered hole at i t s central position, which 

mates with three sections of a hardened and tempered Keewatin steel 

taper. The threaded interior surfaces of the taper with the 
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self-tightening principle has proved to be adequate to transmit 

impulses of large magnitude with no measurable slippage of the plat­

form. The impact receiving inserts are equipped with screw 

adjustments to provide for even transmission of the impact, thereby 

insuring that bending is not induced in the specimen, Pig. 20. 

The striking hammer, consisting of an aluminum head and 

a light tubular aluminum arm, is pivoted on a roller bearing. 

The hammer head is equipped with hardened, high-carbon steel impact-

transmitting pads, located 36 inches from the pivot point, and is 

designed for the addition of up to three pounds of lead weights. 

The hammer pivot point is equipped with a coarse adjustment allowing 

seven feet of vertical movement, and a fine screw adjustment allow­

ing the hammer to be accurately positioned and levelled before each 

impact. 

An electro-magnetic positioning and positive release 

mechanism is also included in the striking hammer system. The 

electro-magnet position is adjustable in two directions thus allow­

ing the hammer to be accurately positioned at any drop height from 0 

to 25 inches above the platform. This allows for impact velocities 

of 0 to 12 fps to be produced in the specimen by the hammer-platform 

impact. 

Load Measuring Circuit 

The upper grip is designed to serve as a load c e l l . Four 

Budd Metalfilm strain gages (G6-121 series) are mounted on the sec­

tion of reduced cross-sectional area on the shank of the grip} two 
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diametrically opposed gages mounted longitudinally and two 

diametrically opposed gages mounted eiroumferentially. The gages 

are wired into a four-arm wheatstone bridge; the longitudinal gages 

being in two opposing arms and the circumferential gages in the other 

two arms. Fig. 21. The bridge is read out on a Baldwin SR-4 strain 

indicator. Due to the features of a four-arm bridge, the strain 

reading is about 2.6 times the reading that would be given by a single 

tension strain gage thus allowing precise load measurements to be made. 

A further feature of the four-arm bridge is that is offers complete 

temperature compensation. 

Electromagnetic Hammer Release Circuit 

The electromagnetic hammer release cirouit is designed to 

hold a maximum hammer weight of six pounds, the hammer being released 

when the electromagnet is de-energized. The electromagnet is an 

eight ohm co i l of light insulated copper wire wound on a mild steel 

core. Energization is provided by a 9 volt D.C. potential supplied 

by six conventional D-cell batteries. 

In order to prevent C.R.Oc triggering with the collapse 

of the magnetio fi e l d when the magnet is de-energized, a. OJ jjf. 

capacitor is conneoted in parallel with the c o i l . A power on-off 

switch i s provided in the main control unit â nd a knee-pperated 

remote on-off switch is used to energize and de-energize the magnet, 

thus retaining and dropping the hammer when required, Fig. 22. 
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Cathode Ray Oscilloscope Triggering Circuit 

The C.R.O. triggering circuit is designed to provide 

single synchronized horizontal sweeps on the two beams of each of 

the oscilloscopes with the sweeps beginning at the instant of 

hammer-platform impact. By setting the frequency of the horizontal 

sweep to a suitable value, i t is possible to display ,on the C.R.O. 

screens the strain condition at specific points on the specimen' 

beginning at the instant of impact and continuing for a predetermined 

number of microseconds thereafter. 

The two oscilloscopes used are of the dual-beam 

Tektronix 502-A series. This model provides for two signals to 

be displayed simultaneously on each of the two instruments. The 

triggering inputs are designed to operate on a voltage spike and can 

be set to operate only on the largest voltage spike of the trigger­

ing signal. For this reason, the external triggering circuit was 

constructed with a resistance and capacitance in series with a 7.5 

volt DC supply. The time constant of the circuit was made large 

(one second). Across the capacitor another circuit is connected 

which is closed by the contact between the hammer and platform 0 

When this contact is made, the previously charged capacitor dis­

charges through the triggering circuits of the two oscilloscopes. 

Because of the high impedence input of the C.R.O. triggering circuits, 

i t is necessary to shunt the inputs with a low impedence to insure 

the complete discharge of the capacitor on the f i r s t contact of the 

hammer and platform, Pig. 22. If this shunt is not included, multiple 

traces are triggered on successive contacts of the hammer and platform. 
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The large time constant of the charging circuit is 

required so that during successive contacts of the hammer and plat­

form, the capacitor cannot charge sufficiently to trigger the 

C.R.O.'s on discharge. 

Dynamic Strain Readout Circuit 

The general strain gage circuitry provides for the simul­

taneous dynamic readout of four of the eight dynamic gages on the 

two oscilloscopes and individual static readout of the eight dynamic 

gages and up to eight static gages on a Baldwin SR-4- strain indicator. 

This versati l i ty is accomplished by connecting the eight dynamic 

gages to a set of four double-pole-double-throw (D.P.D.T.) switches, 

one gage to each end of each switch. The center terminals of these 

switches are then connected to the center terminals of a second set 

of four D.P.D.T. switches which serve to connect the gages either 

into the dynamic circuits or into the static c ircui t . Consequently, 

by manipulating the f i rs t set of D.P.D.T, switches, either set of 

four dynamic gages can be connected into the dynamic circuit at one 

time. Since the static circuit provides for individual gage read­

out, a l l eight dynamic gages and the static gages can be read out. 

The dynamic circuit consists of eight active strain gages, 

two sets of four D.P.D.T. switches, four compensating or dummy 

strain gages (mounted in the central control unit), four E l l i s 

BAM-1 (bridge amplifier and meter) units and two Tektronix 502-A 

dual-beam oscilloscopes. 
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The eight active strain gages (Budd Metalfilm C9-121 series) 

are connected to the central control unit and the f i r s t set of D.P.D.T. 

switches by means of four, four-lead, shielded cables which are 

grounded to the control box. (These cables are from 12 to 30 feet 

in length depending upon what part of the specimen they are servicing). 

The center terminals of the f i rs t set of D.P.D.T. switches are 

connected to the center terminals of the second set of D.P.D.T. 

switches. One side of each of these switches is then connected to 

a terminal block where the four dummy gages are also connected. To 

the terminal block, four, four-lead, shielded cables are connected, 

each one being connected to an active gage with two leads, and to a 

dummy gage with the other two leads. The four cables which are 

grounded to the central control box, are connected in half bridges 

to the four BAM-1 units, Pig. 23. A later addition to the dynamic 

readout circuit was to connect small resistances (2-5 ohm) in series 

with the compensating gages. This served to greatly extend the 

strain range over which the BAM-1 units could be zeroed. 

The four BAM-1 outputs are connected by means of standard 

phone jacks, one each to the upper and lower DC inputs of each of 

the two oscilloscopes. 

The central control unit, to which a l l shielding is 

grounded and to which the triggering circuit is grounded, is con­

nected to the common ground terminals of the two oscilloscopes, 

providing a common ground potential for a l l components of the system. 
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Static Strain Readout Circuit 

The static strain readout circuit oonsists of eight static 

strain gages, eight dynamic strain gages, one compensating strain 

gage, one twelve-channel polyphase switching unit, and one Baldwin 

SR-4 strain indicator. 

The eight dynamic gages are connected through the two 

sets of D.P.D.T. switches, the static readout being, itaken from the 

opposite side of the second set of switches to the dynamic readout. 

The four sets of terminals are then connected to four separate 

channels of the polyphase switch. 

The static gages are connected by means of shielded leads 

to terminal blocks in the central control unit (the shielding being 

grounded to the common ground). The terminal blocks are then 

connected to the polyphase switch, one gage being connected to each 

channel pf the switch. The switch output is connected to the 

active gage terminals of the Baldwin SR-4 strain indicator. By 

switching to any channel of the twelve channel switch, any one of 

twelve strain gages can be connected to the SR-4 indicator. The 

remaining four dynamic gages can be switched into the SR-4 indicator 

by throwing the f i r s t set of D.P.D.T. switches and turning the 

polyphase switch to the four channels involved. The compensating 

gage is connected directly from its permanent location in the 

central control unit to the compensating gage terminals on the 

Baldwin SR-4 strain indicator, and consequently takes the place 

of up to sixteen separate compensating strain gages, Fig. 23. 
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A later addition to the static readout c ircuit was the 

connection of a high-stability 4.7 ohm resistance in series with 

the compensating strain gage.. This addition extended the statio 

strain scale of the Baldwin SR-4 strain indicator by about 23?000 

micro-inches per inch giving a possible positive strain reading of 

up to 50,000 micro-inches per inch. 

Recording System 

Due to the high propagation velocity of strain pulses in 

metals (10,000 fps to 20,000 fps) and the undesirability of reprodu­

cing reflected waves on the C.R.O. screens, the f u l l sweep time of the 

osoilloscopes is in the order of one millisecond. Because of this 

rapid display of the strain vs time plots on the C.R.O. screens, 

i t is necessary to photograph the displays for future analysis. 

Photographs are taken using a Dumont 35 mm camera with oscilloscope 

adapter and a Yashica Model C 35 mm camera with a Konica #1 close-

up lens mounted on a suitable oscilloscope adapter. 

Satisfactory reproduction of the oscilloscope displays 

is obtained using Kodak Tri -X (ASA 400) black-and-white fi lm with 

lens settings of f 2.8. Time exposures are used, obtained by 

manually opening and closing the shutters before and after impact, 

giving an effective exposure time of approximately one second. 
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CALIBRATION 

Before the testing was begun, the load c e l l , the horizontal 

sweeps of the two Tektronix 502-A dual-beam oscilloscopes, and the 

specimen material were calibrated. 

The load cell was calibrated in an Instron testing machine, 

the readout of the oell being taken on an SR-4 strain indicator. 

The load (as read on the Instron) was increased in 250 pound incre­

ments from 0 to 4,000 pounds, the reading of the SR-4 indicator 

being recorded for each increment. A plot was then made of SR-4 

reading increment vs load increment. The inverse slope of the curve 

gives the factor by which the SR-4 strain indicator increment must be 

multiplied to give the actual load on the c e l l . The load is then 

easily converted to stress since the cross-sectional area of the 

specimen is known. The calibration curve is found in Fig. 24. 

The horizontal sweeps of the two oscilloscopes were c a l i ­

brated using a Hewlett-Packard function generator. : The sweep 

frequency of the oscilloscopes was set to the value used during 

testing (.2 m.sec/cm) and a signal of known frequency was fed in 

from the function generator. The traces were photographed and from 

the photographs, the accuracy of the sweep frequency was checked. 

The specimen material was calibrated by determining cross-

sectional area (for stress calculation) and by obtaining stress-strain 

diagrams. To obtain the stress-strain diagrams, short lengths of rod 

were cut from the end of some of the specimens. These samples were 
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then tested in tension in an Instron testing machine, which gave a 

graphical record of engineering stress vs strain, Fig. 25. 

Specimen Preparation 

A great amount of difficulty was encountered in getting 

the strain gages (Budd Metalfilm Types C9-121 and C6-121) to remain 

bonded to the specimens as the prestress was increased into the 

plastic region. It was found that Eastman 910 contact cement failed 

under dynamic loading at as low as 5,000 jJ in/in strain, while 

Budd B-3 two-component room-temperature curing epoxy failed at less 

than 15,000 jJ in/in. (These figures were the best results of a 

series of tests using different gage mounting techniques). 

The solution finally adopted was to use GA-5 two-component 

temperature-curing epoxy as the bonding agent. The curing temperature 

required by the epoxy necessitated construction of a 20 foot long 

electric oven to accommodate the specimens for curing. 

The most successful technique employed in mounting the 

gages was as follows? 

(a) The metal was prepared by cleaning and cross-hatching 

with fine emery paper. The metal was then cleaned 

with metal conditioner after which meutralizer was 

applied and wiped off. 

(b) The gage was prepared by carefully roughening the gage 

back with pumice powder, then cleaning thoroughly with 

metal conditioner. 
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(e) After the GA-5 was applied and the gage taped down, i t 

was found to be best to apply pressure by wrapping with 

rubber tape, (Pressure pads were frequently found to 

cause epoxy starvation of the gages resulting in a poor 

bond, 

(d) The epoxy was oured by heating the specimen from room 

temperature to 220°P, cycling the temperature between 

180°F and 220°F for two hours and cooling slowly to 

room temperature, 

(e) The bond quality was determined by checking the gage 

to ground resistance. If the resistance was greater 

than 2 meg.ohms, the bond was satisfactory, 

(f) The gages were wired up using standard techniques. 
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TEST PROCEDURE 

Preliminary to running a series of tests on a specimen, 

the electronic equipment had to be calibrated and checked, and the 

mechanical equipment and the cameras had to be set. 

After the specimen was erected in the test apparatus the 

platform located, and the grips locked, the strain gages were wired 

into the electronic circuit,, After each gage was connected, the 

respective channel was checked out to insure that the gage was work­

ing and that i t was connected into the correct channel. The checking 

out was done on the SR-4 indicator. The BAM-1's and oscilloscopes 

were then turned on and allowed a thirty minute warmup time. 

During the warmup time, the specimen was given a light 

load, to keep i t taut, and the striking hammer pivot was adjusted 

so that the hammer would be level when resting on the impact receiv­

ing screws. The lateral and radial positions of the hammer were 

also adjusted along with the vert ical placement of the impact 

receiving screws. The hammer was then level, centered on the plat­

form, and exerting equal force on the two impact receiving screws. 

The hammer drop height and hammer weight were also adjusted and set. 

Before the test could be started, the BAM-1's and C.R.O.'s 

had to be calibrated in terms of jJ in / in strain per cm. deflection 

on the C.R.O. screens. Calibration was done most simply by reading 

out the dynamic gages on the SR-4 for light loading, switching into 

the dynamic c ircui t , zeroing the BAM-1's and zeroing the C.R.O. traces. 
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Then a load was applied to the specimen, the static strains read out 

on the SR-4, static strain calculated by subtracting the two sets of 

readings, channels switched into the dynamic circuit, required deflec­

tion calculated from static strains, and deflection set on the C.R.O. 

traces by adjusting the BAM-1 gains. The calibration was then 

checked and re-checked0 Once calibration is complete, the gain con­

trols on the BAM-1 units cannot be touched. 

The cameras were loaded with Tri-X film and set with 

apertures at f 2,8 and shutter speeds on time exposure. The 

Yashica 35 mm camera was focused by holding a ground glass plate 

against the film plane and adjusting the focusing ring until a sharp 

image was projected. The DuMont camera has a fixed focus. 

The triggering level was set to give single sweeps on 

hammer-platform contact, The beam intensity was set to about 50 

per cent, the screen intensity to about 10 per cent, and the sweep 

frequency set to the desired value (o.l or 0,2 m.sec/cm). 

The testing oould then begin. First, the zero load SR-4 

indicator readings were recorded. The specimen was then loaded to 

the f i r s t prestress value (calculated from the load c e l l reading). 

Static readings were taken on the SR-4 indicator, and the dynamic 

channels switched into the dynamic circuit. The BAM-1's were zeroed 

and jacked into the oscilloscppes. The magnet was energized, hammer 

raised, shutters cocked open, magnet de-energized, hammer dropped, 

and shutters closed. The films were then advanced and the dynamic 

gages switched back onto the static circuit. Static strain readings 

were again taken on the SR-4 indicator. The differences between 



78. 

the two sets of SR-4 readings give the permanent strains due to 

impact. This procedure was then repeated at different prestress 

values until the series of tests was completed. 
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APPENDIX B 

SAMPLE CALCULATIONS 
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CALCULATION OP ELASTIC SHAPE 

Elastic Velocity C ( > " (-^)^ 

6 
E = 18.5 x 10 psi. 
f =0.322 lb./in. 3 

2 3 = 0.10 lb./sec. / f t . i n . 

C0 « 12,420 fps. 

Elastic Shape - for 3 hammer-mass values 

Data f =0.322 lb./in. 
g 

E = 18.5 x 10 psi. 

V h » 11,66 fps 

Wp=0.765 lb. 

1.265 lb. 

1.977 l b . 

2.867 lb. 

now e « e 0 exp [-2.t [FT/wi ] 

where vn = mass of impact obj./unit area of rod cross-sections. 

M = Hi + WP =0.634 W lb.see. / f t . 
.049 x 32.2 

Assume e = 0.1 
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11.66 1.265 , 
12,420 X 2.030 X * 

11.66 1.977 . 
12,420 X 2.742 

= 644 in./in. 

» 744 in./in.' 

03 -
11.66 2.8S7 
12,420 X 3.632 X ° = 815 in./in. 

£ = £ 0 exp [-2t |EF/.634 W]= £ oe" 4 6 9°W 

— 133 1 
now e = .875 » ~ decay 

— 29 1 e s .750 = T decay 4 

e~* 4 7 « .625 = i decay 
o 

— .70 1 
e ' B .50 B — decay 

e = .375 - * decay 

-1.38 .25 B — decay 4 

Solving for t 

Case #1, Wh — 1.265 case #2, W . = 1.977 h case #3, W. =2.86*7 n 

t ( ^ sec) € Cyjirj . / . 'O j t {ji sec) t(^sec) 

0 644 0 744 0 815 

58.6 563 77.7 650 103 713 

125 483 169 558 224 611 

204 402 275 465 363 509 

303 322 409 372 541 407 

432 242 584 279 772 305 

598 161 807 186 1065 204 

Theoretical curves (as derived above) are plotted over the 
experimental curves in Fig. 5. 
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CALCULATION OP DYNAMIC LOADING CURVE 

Loading curve from x-t plane (Pig, 38.) Specimen #2 

O-y = 45,700 p£i. 

- 2.867 It-

1 20 IO3
 c propagation vel. c

n = "g" x ^7 X FP S -
n 

and . - ( * ) 1 / 2 

n y 

o 2 
a o Deformation modulus ^ 

Calculation table on following page. 

The dynamic loading curve ((^y» +" ) Vs, £ ) is 

plotted in Pig, 41, 
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PARTICLE VELOCITY CALCULATION 

Value8 from Table #1 

Calculated at position 5 inches from impact 

V • £*25 x 12,620 + 50 (11,900 + 9,800 + 8,770 + 8,330 

+ 7,930 + 7,440 + 6,500 + 5,950) + 150 x 5,480 

+ 250 (4,170 + 3,385) + 125 x 2970^ x IO - 6 

• 6,36 fps. 

Calculated at position 57 inches from impact 

V = 4.1 fps. 
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SUPPLEMENTARY FIGURES 

Figs. 2 6 . - 41. 





Cu. Specimen #1 
c = 12,420 fpso 

Fig. 27. Plot of Incipient Increment of Strain Wave 
in x-t Plane Showing Reflections from 
Fixed Ends. 



x (inches) 

Hg. 28. Dynamic Strain vs Distance from Impact for Three Prestress Values. 
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Pig a 2 9 o Dynamic Strain vs Distance from Impact for Three Hammer Velocities, 







x (inches) ; 

Fig. 32. Permanent Strain vs Distance from Impact for Three Hammer Velocities 0 





Cu. Specimen #1 
(Tpy.= 45,700 psi. 

20 40 '60 80 100 120 
x (inches) 

Pig. 34. Constant Strain Curves in x-t Plane for Cu. Specimen #1, V » 11.66 fps. 



Cu. Specimen #1 
CTp'v- = 45,700 psi. 

0 20 40 60 80 100 120 
x (inches) ..... 

Pig. 35. Constant Strain Curves in x-t Plane for Cu. Specimen #1, V, » 10.04 fps. 
n VD 



Cu. Specimen #1 

Opr» 45,700 psi. 

0 20 40 60 80 100 120 
x (inches) 

Pig. 36. Constant Strain Curves in x-t Plane for Cu. Specimen #1, V = 7.45 fps 
VO 
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Pig. 37. Dynamic Loading Curves for Three Hammer Velocities on 
Quasi-Static Stress-Strain Curve, 



Cu. Specimen #2 
^~pv = 45,700 psi. 
Vv = 11.66 fps. n 

20 40 60 80 100 
x (inches) 

Pig. 38. Constant Strain Curves in x-t Plane for Cu. Specimen #2, W => 2.867 lb.' 



Cu. Specimen #2 
(Tpr"8 45,700 psi. 

= 11,66 fps. 
n 
W = 0.765 lb. P 
W. = 1.977 lb. 

20 40 60 8 0 100 
- /,•• x (inches) 

Pig. 39. Constant Strain Curves in x-t Plane for Cu. Specimen #2, W = 1.977 lb. 
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Pig. 40. Constant Strain Curves in x-t Plane for Cu. Specimen #2, W. =1.265 lb. 
n 



Dynamic loading Curves 

W = 0.765 P 

250 500 750 1000 1250 1500 
£ ( jj in./in.) 

Pig. 41. Dynamic Loading Curves for Three Hammer Weights on Quasi-
Static Stress-Strain Curve. 
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