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ABSTRACT 

Three  techniques of holographic Interferometry were developed to 

study  the response of geological materials  to propagating stress waves. 

Two of these techniques,  stored-beam Interferometry and double-exposure 

Interferometry, were found effective when applied to studying small- 

amplitude wave propagation.    The third technique,  a form of time-average 

holographic Interferometry (which produces fringes  relating to velocities), 

was employed when studying higher stress levels   (up  to 30 kb).    Low 

amplitude stress waves were generated by pendulum Impacts;  a gas gun 

was used to obtain higher stress levels.    A complete description of 

each  technique is given herein, together with    a    comparison of 

experimental results  (using Westerly granite) and theoretical predictions. 



FOREWORD 

This report was prepared by the Applied Mechanics Laboratory of TRW 

Systems Group, Redondo Beach, California under Defense Atomic Support Agency 

Contract DASA-01-69-C-0152.  Mr. C. B. McFarland served as the contract 

monitor for DASA.  Program manager at TRW Systems was Mr. R. Aprahamian. 

Technical support was contributed by Mr. J. L. Jacoby, Mr. J. D. O'Keefe, 

Dr. D. A. Evensen and Mr. J. E. Wright.  Dr. T. J. Ahrens of the California 

Institute of Technology served as consultant. 

Initially the research carried out on this program was directed 

toward developing holographic instrumentation and techniques which could 

be used to measure the effects of cracks and porosity in geological 

materials on stress wave propagation.  Several promising techniques were 

uncovered in the initial months of this Investigation. As our work progressed 

and as a result of discussions with the DASA technical monitor, our research 

objectives developed toward applying our holographic instrumentation to 

measuring the constitutive properties of Westerly granite.  This report 

summarizes the results of both the techniques development phase and the 

equation of state measurement phase of the present program. 

11 



TABLE OF CONTENTS 
Page 

ABSTRACT   1 

FOREWORD  11 

LIST OF ILLUSTRATIONS  V 

LIST OF TABLES  vlll 

1.0 INTRODUCTION  1 

2.0 MATERIAL DESCRIPTION  3 

3.0 PHENOMENOLOGY OF IMPACTS  5 

3.1 Mechanism of Impact     5 
3.2 Plane Stress Regime    9 
3.3 Plane Strain Regime     17 

4.0    LOW AMPLITUDE ELASTIC WAVE PROPAGATION STUDIES  IN THE PLANE 
STRESS REGIMES  23 

4.1 Experiments Employing Double-Exposure Holographic 
Interferometry (Longitudinal Waves In a Rod   23 

4.1.1 Experimental Technique.   .  24 
4.1.2 Test Procedure and Results  30 

4.2 Measurement of the Time-Dependent Displacement of 
the Free End of an Impacted Rod  38 

4.2.1 Experimental Technique  39 
4.2.2 Longitudinal End Displacement  (Thecretlcal 

Results)  42 
4.2.3 Experimental Resulte  47 
4.2.4 Evaluation of Stored Beam Interferometry.  ... 50 

5.0    LARGE AMPLITUDE STRESS WAVE PROPAGATION STUDY    53 

5.1 Experimental Method   53 

5.1.1 Constraints of Wedge and Flyer Plate 
Geometries  56 

5.1.1.1 Catch-up Waves  56 
5.1.1.2 Lateral Release Waves  ........ 59 

5.1.2 Experimental Facilities   '.  61 
3.1.3 Target 'Alignment  63 
5.1.4 Instrumentation  67 
5.1.5 Holographic Technique   72 

5.2 Determination of the Shock Parameters  from the 
Experimental Observable»  73 

5.3 Experimental Result«  81 

ill 



TRW 

5.4  Determination of the Sonic Velocity in the Shocked 
Material by the Use of Lateral ^5^&Sg£ Waves  93 

6.0 SUMMARY AND CONCLUSIONS  9b 

7.0 REFERENCES  99 

APPENDIX A  102 

APPENDIX B  117 

iv 



LIST OF ILLUSTRATIONS 
Page 

1. Westerly granite specimens used In this Investigation. ... 4 

2. Test setup to measure Polsson's ratio and Young's Modulus 
of Westerly granite  5 

3. Semi-infinite rod with an applied stress  12 

A.  Longitudinal and radial displacements as a function of 
distance along the rod  17 

5. Evolution of a compresslonal stress pulse Into a shock wave. 19 

6. Schematic representation of a pulsed ruby laser  26 

7. Experimental setup used to make double-exposure holographic 
interferograms of a rod supporting a stress pulse  30 

8. Longitudinal and radial displacements as a function of 
distance along the rod  32 

9. Holographic interferogram of a stress pulse propagating 
in an aluminum rod  34 

10. Stress pulse measured by a manganln gauge (pendulum Impact). 35 

11. Double-exposure holograms showing stress waves In a granite 
rod  38 

12. Schematic of stored beam interferometry test set-up  41 

13. Granite cylinder and spherical ballistic pendulum used to 
develop the stored-beam Interferometry technique   42 

14. Rectangular stress pulse   43 

15. Oscilloscope traces of photocell outputs during spherical 
pendulum- aluminum cylinder tests  44 

16. Superposition of two step functions  43 

17. Reflection of pulse at the right end of the bar  46 

18. End displacement, C, for a rectangular compression pulse . . 47 



19. Oscilloscope record of spherical pendulum granite cylinder 
Impact  49 

20. Displacement time history of the free end of the granite 
cylinder as determined from the oscilloscope trace shown in 
Figure 19  49 

21. Oscilloscope record of spherical pendulum-granite cylinder 
impact  52 

22. Displacement time history of the free end of the granite 
cylinder as determined from oscilloscope record shown in 
Figure 21  52 

23. Wedge configuration used to holographically determine a 
material's shock properties   56 

24. X-T diagram of the Impact of a flyer plate on a target 
halfspace  58 

25. Geometric construction of the lateral release waves   61 

26. Lexan projectile and granite impactor   63 

27a. Gas gun and vacuum chamber  64 

27b. Holographic apparatus  65 

28. Wedge-shaped granite target   67 

29. "Exploded" view of impact configuration   68 

30. Capacitor discharge circuit used for trigger  70 

31. Launch tube extension with four trigger stations  70 

32. Alignment assembly for trigger stations   72 

33. Tilt pin coding circuit  72 

34. Wedge Geometry  75 

35. Tilt pin configuration  76 

36. Vertical section of wedge through point A   76 

37. Horizontal section of wedge through point A   79 

38. Geometry of projectile and shock front trajectories   79 

vi 



39. Single-exposure hologram taken in experiment 13-2 showing 
a granite-on-granite impact   85 

40. Reconstruction of a holographic image of an unstressed 
wedge   85 

41. Side view (normal to wedge axis) of the wave positions in 
granite in experiment 13-2   87 

42. Hugonoit for Westerly granite   89 

4 3.  Interferogram of a stress pulse propagating in a granite 
wedge   90 

44. Interferogram of a stress pulse propagating in a granite 
wedge   91 

45. Shock, and release wave positions in a stressed aluminum 
wedge   95 

A.l. Typical experimental setup to make holograms of optically 
opaque objects    102 

A.2.  Photograph of a small area of a hologram magnified 1000 
times original 105 

A. 3.  Image retrieval process 106 

A.4.  Phase change of light due to the motion of the object 108 

A.5.  Three double-exposure holographic interferograms of a 
transverse wave propagating in a prismatic beam 112 

A.6.  Intensity of the holographically reconstructed image taken 
of a moving object 116 

B.l.  Changing the direction of a light beam with a Pockels cell - 
calcite prism combination 118 

B.2. One possible arrangement to make two Interferograms of an 
event in rapid succession 118 

B.3.  Reconstruction of two interferograms made on the same 
hologram 119 

vli 



LIST OF TABLES 

Page 

I. Longitudinal deformation data    33 

II. Radial deformation data    33 

III. Results of granite Impact experiments    84 

IV. Experimental parameters    94 

vili 



' 

>. 

■ 

V 

r 

"' 

■ i*4 

BLANK PAGE 

' 

-^ 



1.0  INTRODUCTION 

The equation of state of the geological material in which an under- 

ground explosion is detonated affects the stress wave which is propagated 

out to telescismic distances.  Knowledge of the equation of state of the 

medium permits theoretical calculation of stress wave profiles and is thus 

important in distinguishing underground tests from naturally occurring 

earthquakes.  In addition to the discrimination problem, ultimate under- 

standing of the interactive effects of the explosive configuration and 

various surrounding media will provide the quantitative basis for placing 

bounds on test parameters when events are monitored at ti leseismic distances. 

To properly describe the wave propagation phenomena, usually by means 

of finite difference techniques, the medium in which the waves propagate 

must be correctly modeled.  Material models, or constitutive relations, for 

geological materials are difficult to obtain.  For most geological materials, 

the combined effects of inhomogeneity, stress relaxation, phase changes, 

strain-rate effects and porosity give rise to a complex mechanical response. 

Even for the simplest geological materials, constructing a complete con- 

12 2 
stitutive relation from 10 ' to 1 dyne/cm stress levels (12 orders of 

magnitude) presents a challenging problem. The fresent prugran has been 

concerned with developing and applying liolographii techniques in obtaining 

equation of state data in the 0.1 to 30 kbar stress range. 

When studying a material undergoing dynamic loading and subsequent 

unloading, the problem of describing tiie constitutive relation naturally 

dlvides itself into the following two phases: 

(1)  describing the state achieved during what is usually the slunk 

compression.  (This often amounts to describing the material's 

Hugoniot curve.) 



(2)  description of the state achieved during unloading which Involves 

determining both the release adlabats, and roost Importantly, prescribing 

the rheological behavior, i.e., the relationship between principnl 

stresses and strains, of the medium after it has undergone an Initial 

finite, high-strain-rate deformation. 

As in conventional shock wave experiments, states along the Hugoniot, 

in the 30 kbar range were obtained by measuring the shock velocity and 

particle velocity and applying the Rankine-Hugonlot Jump conditions.  This 

determines the thermodynamic state variables: pressure, density and 

specific internal energy.  These experiments involved a form of time- 

average holography and are described in Section 5.  The rarefaction wave 

or unloading velocity in Westerly granite was also studied in these experi- 

ments.  Loading and unloading states in the 0.1 kbar range were measired 

by the relatively new methods of stored^beam and double-exposure holo- 

graphic interferometry.  The techniques and results arc discussed in 

Section 4.  Initially, 2024 aluminum and then Westerly granite were studied 

under this program. These materials were chosen so as to obtain results 

which would overlap with previous experimental work and hence establish 

the credibility of the data obtained with our new techniques. 

The objective of this program was to develop instrumentation to record 

holographically the profiles of propagating stress waves in granite speci- 

mens.  Three techniques of holographic interferometry were developed to meet 

this objective, viz., storod-beam, double-exposure and a form of time averaged 

interferometry (which produces fringes relating to velocities). 



These techniques were successfully applied to obtain data, such as 

o The axial and radial deformation of a cylinder impacted at 

one end by a spherical penduluci 

o The displacer.ent-time history of the free-end cf a cylinder 

impacted at one end by a spherical pendulum 

o Hugoniot data pointJ, and 

o Lateral release wave and catch-up wave velocities in 

dynamically stressed granite, 

while still retaining the noncontacting advantage of the techniques.  In 

each instance, the data obtained by these techniques compared favorably 

with data published in the literature. 

In the course of this study it was found that data "an be generated by 

the velocity interferometric technique which cannot be attained by any other 

method.  For example, the catch-up wave and lateral release wave velocities 

can be measured for a given event allowing the sonic velocity in two different 

directions to be measured simultaneously.  From these data, the anisotropy in 

the sonic velocity induced by the uniaxial straining of the shock wave can 

be determined.  This is possible because of the full field recording capajility 

of holography. 

The development of the holographic techniques achieved a major objective 

of this phase of the study.  Further work should be done to exploit the 

capabilities of these techniques and to generate more extensive and 

accurate data on geologic materials uf interest. 



2.0    MATERIAL DESCRIPTION 

Westerly granite was chosen as the material used in this study 

because some of its properties are relatively well known. Data published 

In the literature serves as a useful guide in evaluating the new holographic 

techniques. Specimens of granite which were mined from a quarry in Westerly, 

Rhode Island, were obtained from the Bottinelli Granite Company, New London, 

Connecticut. Forty cylinders measuring 2" in diameter with a minimum length 

of 10" were received in a rough core cut state (Figure 1). Cutting and 

centerless grinding of the specimens was later performed by bianchard Masters 

Grinding Corporation of Hawthorne, California. 

Figure 1:  Westerly granite specimens used in this 
investigation 

Before using the granite in experiments, a number of tests were 

made to determine its static properties. After machining, a representative 

sample of granite was measured geometrically and weighed. The density, p. 



was found to be 2.616 gm/cm . Poisson's ratio, #( and Young's Modulus, E, 

of a representative sample was measured using a miiaxial compression test. 

Foil strain gauges (Figure 2) were used to measure longitudinal and traverse 

strain produced upon compressing the sample in a Baldwin Universal Testing 

Machine. The stress was obtained from the force gauge on the machine and is 

known to a precision of + 0.33%. For the Maple tested, it was found that 

the average elastic constants over the longitudinal stress range from 0 to 

1 kbar were: 

i     » Ü.23 + .005 

E - 5.0 + ,02 x 1011 dyne/cm2 

Corresponding values tabulated from the Handbook of Physical 

Constants vary from .065 to .271 for Poisson's ratio and from 3.99 x 10 

11        2 
to 7.05 x 10  dynes/cm for Young's Modulus. 

Figure 2:   Test setup to measure Poisson's ratio and 
Young's Modulus of Westerly granite 



3.0      PHENOMENOLOGY OF IMPACTS 

Wave propagation In cylindrical ban Is a long standing problan 

of both academic and great practical Interest.    The first analytical 

solutions to the problem of elastic wsve propagation in an infinite bar 

2 3 were obtained by Pochhaoner    in 1876 and Independently by Chree   in 1889. 
a 

In 1941, Bancroft   obtained numsrlcal values for the Pochhssasr-Chree 

frequency equation.   Work has continued up to the present tims in obtaining 

solutions to the exact equations of motion.  '      The analytical solutions 

which were obtained by    theae early researchers are valid only asyaptotically, 

i.e., on the order of ten bar diameters from point of lapact, and are of 

little value for the determination of the initial lopact pulse.    Numsricsl 

codes have been developed which will Integrate Che exact aquations of 

7 8 motion for both elastic and non-elastic madia.   *      Few numerical solutions 

have been obtained because   of the cost of long naming timss of multi- 

dimensional codes.    In the following sections, the physics of lip act of 

identical elastic, purely plastic and elastic-plastic bars will be present- 

ed and the derivation of   constitutive relations will be discussed. 

3.1     Mechsnism of Inpact 

The ainplest csse of Impact la the symmetrical Impact of two identical 

perfectly elastic cylinders.      Upon lopact, two plane elastic shock waves 

propagate from the plane of Impact into the two rods.     (The shock front 

here is defined ss a finite step in the stress magnitude).    The shocked 

material is in s state of uniaxlal strain in the axial direction, i.e., 

particle motion in the axial direction only, and triaxlal atrees.    Since 

the surface of the cylinder Is unconstrained,  those particles near the 



surface which have been engulfed by   the shock  front  are  accelerated  in 

the  radial  direction  (Poisson's effect).     It  is  this  lateral  inertia 

which  causes   the  complex spatial  and  temporal  response of  the  rod  to the 
9 

simple step  loading of  the  impact.       The   rt-lease waves  associated with 

this  radial  acceleration of particles will have both shear and dilatational 

components.     The state of  uniaxial  strain  in  the elastic shock has  a 

duration determined by  the  time   it  takes  dilatational elastic: waves  excited 

by  the passage of  the shock across   the  surface  to diminish  the  thickness 

of the shock  front  to infinitesmal proportions.     This occurs  at an axial 

position on the order of several bar diameters.     From this point on,   the 

wave evolves   from the previous uniaxial strain state  to a strain state 

characterizing a plane stress wave.     Oscillations occur behind the stress 

wave   front  due   to multiple  reflections   from the bar surface of waves  that 

were excited by  the  initial passage of  the shock.     Elastic waves   in bars 

propagate  dispersively with   the higher  frequency waves  propagating more 

slowly   than  the   lower.     This  causes   the  sharp   fronted elastic shock in 

the propagation  to spread out  and asymptotically approach  to profile 

associated with  the  lowest order mode  that  can propagate. 

The symmetical  impact of  two  identical,  perfectly-plastic bars 

would be   the next  order of  complexity.     Here,  as  opposed  to  the  elastic 

case,   the velocity of propagation of  the wave is not  constant, but depends 

on the changing slope of  the stress-strain curve.    The greater the slope 

the higher the velocity of propagation. The stress-strain curve for 

2        2 uniaxial strain is such  that  3 O/;>E     > 0.     This means   that higher velocities 

of propagation are associated with  larger strains, and stable shock waves 



will thus   form.     The stress-strain curve for unlaxlal stress is such 

2 2 that  9 o/3c     < 0.    Here  the  larger the strain,  the lower the velocity 

of propagation,  and hence   the shock waves are not stable and spread out 

In  time. 

The case where the bars are elastlc-perfectly plastic, as the name 

Implies, combines some of the aspects of both t'.ie elastic and perfectly- 

plastic cases.    However,   there are considerable complications Introduced 

8  10 by  the  Interaction and coupling of the elastic and plastic wave systems.   ' 

The stress-strain curve  for plane-stress Is linear up to the yield point 

2        2 and  from  then on 3 a/9e     < 0.     At the Intersection point of the elastic 

and elastic-plastic regime,the slope of the stress-strain curve decreases 

dlscontinuously.  This  gives  rise  to both an elastic and plastic wave 

propagation  for states at stresses  above the Intersection point.    This 

implies   that the elastic wave velocity is greater than the plastic wave 

velocity.     The stress-strain curve  for unlaxlal    strain is also linear 

2        2 up   to the yield point but at higher stresses,   3 a/3e     > 0.     At some poinf 

(Rayleigh Point)  on the plastic portion of the plane strain curve,  the 

slope of the  line  from the initial to final state will be equal to the 

slope of  the elastic regime.     Below this point,  plastic waves will 

propagate with velocities  less  than the elastic waves  and above  that point 

plastic waves will propagate with velocities  that are greater than the 

elastic waves.    The condition that  3 a/3E    > 0 satisfied by  the stress- 

strain curve will allow  the  formation of staMe plastic shocks;  and an 

initially sharp  fronted stress pulse can break up into an elastic and a 

plastic wave depending on the Initial stress magnitudes.     For very low 



velocities of impact, the stresses will be elastic and the waves will 

propagate in the manner previously discussed.     For very high velocities, 

the initial uniaxial plastic shock will propagate in a stable manner with 

a velocity  exceeding  the elastic  longitudinal velocity.     The  uniaxial 

strain wave will propagate  until   release waves having both elastic and 

plastic components overtake  and attenuate it.     As   the plastic wave is 

attenuated,  a point will be  reached where  the elastic wave  velocity 

exceeds   the  local plastic wave  velocity  and the wave will become    unstable 

and break up into an elastic and plastic portion. 

For propagation in a finite diameter rod,   the plastic wave will 

deviate from a state of plane strain at an axial position on the order of 

one bar diameter, while  the elastic portion of the wave will be in a state 

of plane strain for several bar diameters.     For intermediate velocities 

of impact the initial uniaxial plastic shock will be unstable and break 

up into plastic and elastic waves.     The attenuation of  these waves will 

proceed as before.      Both the elastic and plastic uniaxial strain waves 

will evolve into plane stress waves. 

Some of the other major material properties   that  can complicate the 

bar response are strain rate effects,  phase changes  and porosity.    One of 

the  manifestations  of strain rate  is  a variation in  the  amplitude of 

precursor elastic waves.     Phase  changes  can  cause  the  initial  uniaxial 

shock  to become  unstable  and break up  into two or more shocks.     This would 

be  especially  important  in  rocks whose mineralogical  constituents may have 

high pressure polymorphs.    Porosity can greatly effect   the initial uniaxial 

shock and  the partitioning of  the  thermal and lattice  components  of energy 

in the wave. 

9 



At   this  point   it .should be  apparent  tiiat  there  are   two spatial 

regimes   in  the  bar  in which  the wave systems  Induced are  simple enough 

that  surface  measurements   can yield information  as   to   the   constitutive 

properties  of  the bar material.     These are  the plane strain  regime near 

the  impact end  and  the plane  stress   regime  on  the order of  ten bar  radii 

from  the   impact end. 

3.2      I'JiLHjLSAEe3s  Regime 

The plane  stress  regime has   long been used in  the measure of material 

response.     An enormous  number of experiments have been performed on metals, 

9  11  12  13 simple materials  and  rocks.   '     '     ' Simultaneous  measurement of any 

two of the   following,   axial strain,   axial particle velocity,   axial stress 

or wave  velocity suffices   to determine  a point on  the material's  stress- 

strain  curve.     The  planarlty of  the  impact has  little effect in  the plane 

stress  region.     A non-planarity  in  the impact serves   to excite higher modes 

of  the  rod.     Since,  however,   the  rod is  dispersive  and  the higher modes 

have  lower propagation velocities,   the wave  front  is  dominated by  the 

lowest  mode.     The  one-dimensional  uniaxia.l stress  non-linear wave prop- 

agation  theory  of G.   I,  Taylor,  T.   von Karman and K.  A.   Rakhatulln provides 

interrelationships  between  the  above  variables. The explicit applications 

of one-dimensional stress propagation  in  an elastic  rod  to measuring 

constitutive  properties  is  discussed below. 

To  understand longitudinal wave propagation in a rod,   the simplest 

theory   to apply  is  based upon  the assumption of plane,  elastic waves. 

Tliis   theory  assumes   that plane  cross  sections  remain plane,  and that  only 

axial stresses  are present,  being uniformly distributed across   the 

10 



cross-section.     The equations  comprising  this  theory  are 

3a Sv 
-— =  p-— (Equation of  motion) (1) 
i)X .it 

3v 3c 
X X 

3x " "  3t 
(Equation of  continuity) (2) 

n    =  Ei (Constitutive behavior) (3) 
x x 

In  theto equations,   the  following definitions  apply: 

o = Axial Stress 
x ,, 

»u 
f. = Axial Strain, E * r— 
x x  Hx 

u = Longitudinal Displacement 

x = Axial Coordinate 

v = Axial Particle Velocity 
x 

t = Time 

E = Modulus of Elasticity 

P = Mass  Density 

The preceding equations  can be  combined  into single wave equations 

s uch  as 

3 a ,       3 o 

,2 2 2 W 

.)x c .»t o 

or 

.2 2 
i    U                        ,               i    U 
 X J^_ X .    . 

; 2     s     2      2 ^^ 
3x c .it 

o 

11 



I? .u where  the wave speed,   c    »   '-     ,  Is  the so-called "bar velocity".     The 
o     >. p 

limitations of  tills elementary  theory have been discussed extensively 

by Uavles   (Ref.   9).     DavUn points out that the elementary  theory is 

verv  nearlv  oomcl  wlien the duration of   the pulse  is  long compared with 

the  time   required  Jor a wavefront   to move across   the diameter of  the 

rod. 

Consider a circular rod of  radius a, which  Is subjected to a stress- 

time hlstorv 

x    Sln   f o 
011 4.1 

T<t < 

(6) 

at  the  end x • U.     (See   Figure   3) 

1     ■ o       sin   ._ xx T o 

3 
i 
T 

2a 

Figure   ):     Semi-infinite  rod with  an  applied stress 

L2 



The general solution of equation (A) is of the form 

n   (x,t) - F(x - c t) + G(x + c t) 
X o o 

(7) 

which  can be  combined with   (6)   to give 

0   (x,t)  ■ o       sin r   (c  t  -  x) x x La o 
(8) 

For 0<ct-x<cT 
o o 

a   (x,t)  - 0    For x 

x>c  t o 

x<c   (t  - T) 
o 

In equation (8), the pulse length is 1. - c T, where T Is the pulse duration 

It should be noted that a is the maximum value of the applied stress x o 

and also is  the maximum stress  in the  red. 

To compute  the  longitudinal displacements,  we have 

•u 

x       .x 
(From Hooke's  Law) 

or 

u X X o         .             ^                     .   . .__    sin  ,-   (c  t       x) 
•x E                L      0 (9) 

By  integration, we have 

/ 

x «  c  t 
o 

'U 
x   I — dx ■  u 

• x x - ux(x,t) 

X  ■   c   t o 

where u    «  0,   at x ■  c  t   (the wavefront) x o 

(10) 
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UslnR equation  (9)   in  (10) gives 

ji - et 
a 

ux(x.t) .    |      ^sln^ (cot - x) dx 

I 

/ 

%<«•'>•-ßvö - £ <v - 
X •  c t 

o 

x) 

»x< --ft)(0[ COS   r    (C   t   ~   X) -] 
For    0<x - c t<c T o    •   o 

(ID 

At  Cine t ■ T,   (when the pulse has  fully entered the rid) we have 

(12) V^-lrMOh^v-^-1] 
Expanding equation  (12) gives 

V-"--(-r)(;)Kr ♦»] (13) 

which has a maximum value of 

.<..«•(*)» wlier« ^j,   <   0 
o 

Similarly, the radial displacement on the surface can be calculated 

from: 

u * Radial Displacement a - v -=;- a 
r t (U) 
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where v is Poisson's ratio.    At time t * T, we have 

u-- va^ ^   sin  J 

c T - x) 
o 

(15) 

where a is the radius of the circular rod. The maximum radial displacement 

is given by 

(u )   - val -^J , 
r nax    \ E / 

(u_)   ■ vai 1 , where o  < 0 
E / Xo 

The ratio of the maximum radial displacement to the maximum longitudinal 

displacement is 

R - -"    f- | at time t - I 
va /n\ 

As an example of thesu calculations,  consider the case of an 

aluminum rod, with an input pulse of 60 usec duration and an amplitude of 

8 2 1360 psi  (1.08 x 10    dyne/cm )   (compression).    Then we have 

c    -  «/-    -  .1965 in/usec ■ 0.50 cm/„sec 

E - 9.3 x 106 lb/in2 - 6.A1 x 1011 dynes/cm2  ,(v - 0.M8) 

L ■ c T ■   .50 cm/usec x 60 lisec -  30 cm o 

a - 1 Inch - 2.54 cm    (bar Radius) 

^•farf )(*=■)[—«] 
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For Che  longitudinal  displacement 

ux(xfT) -   (1.60 x 10"3 cm)   (1 + cos  g) (16) 

and the  radial displacement  l.s   (from equation  IS) 

o  <^/   Lfi! x 10\i     n3 
(2.54)1   —— nJsin  ^ 

\6.A1 x lO11/        " 
ur(x.T)  -   (.348)(2.54)l     ^l)81"  35 

ur(x,T) -   (.148 x 10"3 cm)(sin  **) 

(17) 

Equations   (16)  and  (17)   for the  longitudinal and radial displacements 

as  a  function of    x    are shown graphically  in  Figure 4.    The holographic 

measurement  of  the  resultant strains   from the  impact at the end of a ro«'. 

such as  described above,   is discussed in the next section. 
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3.3      Plane Strain Regime 

Measurements  in the plane strain regime are commonly made with 

impacts  involving flat plates   (i.e.,   length of bar much shorter than 

radius).     Particle motions  are measured on the surface opposite  to that 

impacted.     In this  configuration,   the shock wave is not affected by erig? 

effects  in the  region of interest. 

When a  finite amplitude,  one-dimensional strain wave propagates  in 

a simple material,   the wave  form changes  in time even in the absence of 

14 viscous  or dissipative mechanisms. This non-linear aspect of the wave 

propagation is a consequence of the increase of propagation velocity with 

stress wave amplitude.    Thus,  in a simple compresslonal pulse as  illustrated 

in Figure 3,  the high pressure elements of the wave propagate  faster than 

the  lower pressure elements M that the compression wave front steepens 

in time.    Eventually these elements overtake one another and a discontinuity 

in a mathematical sense occurs.     This  discontinuity Is  called a shock 

wave.     If viscous and dissipative effects are present,they are necessary 

but not sufficient to preclude the existence of the discontinuity. 

The  field equations    ,  a complicated set of non-linear partial differential 

equations along with appropriate constitutive functlonals  for the medium, 

describe  the evolution of the stress wave.    The occurence of the shock 

wave, which appears as e multivalued region in state space, is predicted 

by tne  field equa.iunä, but its subsequtnt evolution must be described 

14 both by  the  field equations  and the Jump conditions. The Jump conditions 

for a normal discontinuity in the field variables yield the well known 

conservation of mass, momentum and energy. 
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These  are  for a shock propagating into a medium at  rest: 

p ( U -  u) = p   II (18) o 

P -  P    = p   U2  -  p(U -  u)2 (19) 
o        o 

l/2r L'3 + P   E  U + P  I' =  1/2 p(tJ --  u)3 + pE(U -  u) + P(U ■-  u) (20) 
o o o o 

where p,  P,   E,   U,   and  u are  the density,   pressure,  specific internal 

energy,  shock velocity  and particle velocity respectively on either side 

of  the shock  front.     Using V =  -,   these equations   can be manipulated  to 

give  the  following, 

P - P    = p   Uu, (21) 
o        o 

and E -  E    = J(P + P   )(V    - V). (23) 
o       2 o       o 

Equations   (21),   (22)  and  (23)  are  the Rankine-Hugoniot equations. 

In  general, we  concern ourselves with pressures P  so  large  that  the 

ambient pressure P     can be  ignored.     Clearly  then,  equations   (21)  and 

(22)   reveal  that,   for a material whose  densitv  p     is known,  measurements 
0 

of  the shock velocity,U. and the particle velocity,u,determine the peak 

pressure just behind the shock and the corresponding density, p.  The 

curve generated by the corresponding values of P and V is by definition 

the Hugoniot or the Hugoniot equation of state for the solid.  This curve 

then represents physically those states P, V which can be obtained by 

shock compression from the initial state P , V .  Finally, equation (23) 

20 



can be used to calculate the internal energy difference, E - E ,   for 

the corresponding pairs of points P,  V.     The equation of state, along 

with  certain of the specific heats, is sufficient  for a complete  Uhermo- 

18 dynamic description of  a material. The equation of state in P,   V, 

E variables  is  a surface  in P,   V,  E space.     The  Hugoniot with a given 

Initial state P   ,  V ,   E  ,   describes  a line on  the equation of state surface, o      o       o 

The  initial states  can be  varied in order  to map  out  the equation of state 

surface.     One of the  common  techniques   for this  is   to vary  the porosity 

of the material.     The porosity,  m,  is  defined as   the ratio of the normal 

density  to the porous  density.    Besides using  the Hugoniots  to empirically 

determine  the high pressure equation of state,   they are used as  reference 

states in many of the semi-analytical equations  of state.     Thus,   the 

Hugoniot can be used in a series of reference states  in the Mle-Grunisen 

equation of state enabling states which are not on the Hugoniot to be 

described.     For more complex responses in which elastic-plastic strain 

rate effects may be manifest,  a constitutive model must be assumed and 

its parameters adjusted to characterize the observed response.    One of 

19 the several codes available for accomplishing  this is SWAP. 

For the experiments  described in Section 5,  it is important to 

minimize the tilt or the degree of non-planarity of impact.    The reason 

for this is   that measurements of the shock and particle velocities  cannot 

be made  locally but  along various portions of  the wave and therefore depend 

on the planarity and known orientation of the wave  for their accuracy. 

When a shock wave impinges  upon a free surface,  a rarefaction wave 

is  generated upon reflection.    A mass element which becomes encompassed 

21 



by such  a  rarefaction wave will  undergo  an adlabatlc,  although not 

necessarily  isentropic,  process   taking the material from the shocked 

state  to ambient pressures.     Since  the shock process  takes   the particles 

from  the  ambient  state  to  the shock state  in a non-equilibrium manner, 

only     information about  the  final state  can be obtained.     In  contrast, 

the  release process,  at least for non-pathological materials,  is a 

continuous   thermodynamic process  and thus,  in theory,   information can be 

20 obtained about  all  the states  along  the adlabatlc release path. 

In  the  case of geologic materials,   the equation of state is  complicated 

21 by  the many high pressure polymorphs of  the mineraloglcal constituents. 

A phase change causes an initial step  function shock to become unstable 

and break up  into two shocks.     By applying  the jump conditions  across  the 

two shocks,   the point of phase  transition can be determined.   Knowing the 

release adlabats  in this  case is especially Important since it provides 

a continuous sampling of the states off of the Hugoniot.     The retention 

of a strength or difference in principal stress in the high pressure 

shock state also plays a central  role in  the attenuation of strong shock 

waves.     Tills  is especially  the case  in rocks in the regime above a few 

kilobars and below  the pressures  at which phase transitions   take place. 

When release waves,   such as   those emanating  from free surfaces,  propagate 

into shocked material,   they  travel at the local sonic velocity and overtake 

and reduce  the magnitude of  the shock  front.    Measurements of the release 

wave  velocity  are  given in Section 5.     The propagation  characteristics  of 

the release waves  can be used  to obtain Information as  to the state of 

the material behind the shock wave.     Finite strength,  phase changes and 

porosity strongly  influence  this velocity. 
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The    above discussion has Just touched upon some of the aspects 

of stress and shock propagation and their relation to the equation of 

state.     For most geologic materials  the combined effects of inhomogeneity, 

stress  relaxation,  phase changes,   friction on crack surfaces, strain rate 

effects and porosity give rise  to a complex mechanical response.    Even 

for the simplest structural and geologic materials, we do not have a 

complete theoretical description of this  response.    It  is with  this 

realization that we turn to the techniques  for experimentally obtaining 

these data. 

In the following two sections,  data obtained using the holographic 

techniques are compared with the analyses described above. 
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4.0   LOW AMHLITUDt ELASTIC WAVE PROPAGATION STUDIES IN THE PLANE 
STRESS REGIMES 

This section describes two holographic techniques to study low 

amplitude (~0. I kluir), plane stress waves propagating in cylinders.  The 

first technique, double-exposure interferometry, was developed allowing 

both the axial and radial deformation of a stressed cylinder to be 

measured simultaneously over the entire length of the rod.  A comparison 

of experimental data with analytical predictions is also presented. 

Together with this technique, a method was developed allowing multiple 

holographic frames of a single event to be recorded.  This technique 

permits a 1 psec time separation between frames which record the dynamic 

strain.  This capability, however, has not yet been fully integrated 

into the holographic system.  A description of this method is given in 

Appendix B. 

The second technique, stored beam holographic interferometry, Is 

applied to monitoring the axial motion of the end of a rod which has been 

impacted by a spherical pendulum. A comparison of the experimental 

results with the analytical predictions is given. 

A.l  Experiments Employing Double Exposure Holographic Interferometry 
(Longitudinal Waves in a Rod) 

The application of double-exposure interferometry to dynamic events 

is made possible by the use of the pulsed ruby laser. The time duration 

of the laser pulses is short enough (-40 nanoseconds) to "stop" the motion 

of most events.  This method involves making two holographic exposures in 

succession on the same piece of film.  Typically, the first exposure is 

made of the undisturbed specimen.  The second exposure is made a short 
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time after a disturbance has been introduced into the specimen.  The 

result is two superimposeo' images (one formed by each exposure) which show 

a contour fringe pattern which Is related to the deformation of the «speci- 

men between exposures.  <A dlscn«?«?ion of this technique is found in 

Appendix A.) The significance of this technique is that the spatial rela- 

tionship of the deformation over the entire surface can be observed. 

4,1.] Experimental Technique 

Ute pulsed ruby laser which was used for this study has the unique 

capability of producing up to four, long-coherence, optical pulses (wave- 

o 

length, A ■ 694JA) within one millisecond.  The separation betwetn pulses 

can be varied from one to 250 microseconds. 

The main experimental problem which had to be overcome was that of 

synchronizing the laser with the wave propagation event.  In order to 

understand how this timing problem was solved, it is first desirable to 

discuss the characteristics of the pulsed ruby laser. 

The basic components of the ruby laser used in this experiment are 

two mirrors, a 'uby rod, a flashlamp, and a Pockels cell. These are 

shown schematically in Figure 6.  The two mirrors form opposite ends of 

the optical cavity. The ruby rod provides the optical energy CigLO in 

a coherent, monochromatic form.  The flashlamp "punips" the ruby rod, 

making it ready to läse.  The Pockels cell is situated between the mirrors 

and acts as a shutter for the cavity.  When the proper voltage is applied 

to the Pockels cell, light is allowed to pass through It forming a com- 

plete optical cavity allowing the laser to läse.  When there is no voltage 

applied, the Pockels cell Isolates one mirror from the other and the 

optical cavity is no longer complete. 
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Precise timing is required for successful operation of the laser. 

The voltage to the Pockels cell Bust be  applied from 800 to 900 psec 

after pumping the ruby rod by the flashlamp has begun.  Only during this 

time period is the ruby rod sufficiently energized by the flashlamp for 

lasing. 

In summary, the laser requires two separate ccnnands, namely, one 

to trigger the flashlamp about 850 psec before lasing is to occur, and 

the second to activate the Pockels cell 800-900 usec    after the flashlamp 

has been triggered. To meet these requirements for the proper operation 

of the pulsed ruby laser system, careful experimental procedures must be 

used.  In effect, one must predict to within + 50 psec when the light 

pulse from the laser is required and then supply proper triggering signals 

to the laser system. The experiments which we performed require that the 

Pockels cell be opened about 50 psec after rod Impact by a pendulum. 

This means that the trigger signal to the flashlamp be supplied about 

800 psec before impact. The flashlamp was triggered by means of a photo- 

cell and light beam arrangement. This light beam was interrupted by the 

spherical pendulum which was used to initiate the stress wave in the rod. 

When the light beam was broken, the pulse from the photocell was used to 

trigger a digital delay generator. This delay generator was set so that 

its output would trigger the laser flashlamp about 800 psec before impact. 

The second triggering pulse (needed for the Pockels cell) was provided 

by the electrical contact between the steel pendulum ball and the rod speci- 

men.  (A thin coat of conductive paint was applied to the impacted face 

of the granite rod.)  The signal from this contact was then applied to 

the Pockels cell control. This control could be set for a desired time 
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delay.  At,   before  switching of  the  Pockels  cell and subsequent   lasing 

action.     The  time delay.   At,   together with  the wave speed  c    can be used 

to calculate  the  position of  the wavefront   at  the time the hologram was 

made. 

With  this  timing arrangement,  small   fluctuations In the pendulum 

velocity   (Av,   say)   affect only the pumping time of the  flashlamp but do 

not  cauKe errors  in  the  time delay of the Pockels cell.  At.     The actual 

time delay.  At, was  recorded on an oscilloscope and as such could be 

determined  to within 0.5  psec. 

The  optics were arranged  in such a manner that two holograms can 

be made of  the stressed  rod simultaneously.     The positions of these 

holograms were chosen  in accordance with  the analyses given in Appendix A, 

Section A.2.2.1. 

Referring to equation A.15,  the displacement required to form a 

fringe on a double exposure hologram is  given by 

(2n-l)A ,_,. 
m " T7—^—i  r~r (24) 2(cos0    + cose.) 

where 

-8 A = wavelength of light being used  (equals 6943 x 10      cm for 

a pulsed  ruby  laser) 

angle between  the  ir 

displacement vector 

B.  ■ angle between  the  incident  illuminating light and the 

>'„ • angle between the line of sight  through  the hologram and 

the displacement vector 

n ■   integer 
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One hologram, labeled film plane 1 In Figure 7, is arranged such that for 

the radial component of the displacement 9.   x  ''^  " 0* or 

m (2n-m 
rad  2(cos 0° + cos 0°) 

(2n-l)A 
4 

(25) 

while for the axial component of displacemt-nt, ••. ■ *• ■ 90° or 

■ item  
axial  2(cos 90° + cos 90°) 

(26) 

Interpretation of equations (25) and (26) is as follows.  For this 

hologram a finite radial displacement [given by equation (25)] will cause 

a fringe to form.  However, it takes an infinite axial displacement 

[equation (26)] to form a fringe on this hologram.  That is to say, this 

hologram is sensitive to radial deformations only.  The second hologram., 

labeled film plane 2 in Figure 7, is placed such that a line of sight 

through it forms a 45° angle with respect to the axis of the cylinder. 

This hologram is sensitive to both the axial and radial deformation. 

However, since the radial deformation is obtainable from the other holo- 

gram, it can be subtracted out to yield the axial deformation alone. 

A schematic of the experimental apparatus is shown in Figure 7. 

Light emitted from the pulsed ruby laser is split into two parts by means 

of a beam splitter.  The light transmitted through the beam splitter 

serves as the scene beam.  A lens placed in the path of the light expands 

the beam.  A second lens collimates the expanding beam.  The collimated 
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Figure   7:     KxperImental   setup  used  to make  double-exposure 
holographic  interferograms of a rod supporting 
a stress pulse. 
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light then Illuminates the cylinder.  The light reflecting from the beam 

splitter serves as the reference beam.  By means of a mirror this beam 

of light is directed throug.i a lens where it becomes expanded.  The 

expanding light is collimated by means of a second lens.  The collimated 

light reflects from two mirrors (positioned in two dlffer^nt planes) and 

Illuminates the holograms, i.e., film plane 1 and film plane 2.  Film 

plane 1 consists of a 11-1/2" long strip of 33 mm film (with proper 

emulsions).  This length was chosen so that the observer may view any 

part of the cylinder perpendicularly to its axis. Film plane 2 consists 

of a 4" x 5" plate of film. 

A.1.2 Test Procedure and Results 

With the apparatus arranged as shown in Figure 7, double exposure 

holograms were made of a stressed aluminum rod (2024-T6). The rod 

measured 2" in diameter and was 11-3/4" long. The stress pulse was intro- 

duced into the rod by impacting one end with a spherical pendulum« The 

first exposure of the rod was made before impact. The second exposure 

was made 60 psec after impact.  First the data contained on the radial 

sensitive hologram was reduced In a manner described in Section 4.1.1. 

This gave the radial component of the deformation which is shown by the 

lower set of data points in Figure 8. A photograph taken through this 

hologram is shown in Figure 9a.  It should be noted that this photograph 

was taken through one part of the hologram and does not show the fringe 

pattern in the same way as the scanning analysis, i.e., line of sight 

always perpendicular to the axis of the rod. The wavefront is to the 

right in this photograph. The radial deformation reaches a maximum near 

the position where the fringes form a hyperbola. The large number of 

fringes on the left of Figure 9a are believed due to the large longitudinal 

deformations in that area. 
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(b) 

Figure 9.  Holographic Lnterferogram of a Stress Pulse Propagating 
in an Aluminum Rod. 

(a) Lnterferogram sensitive to radial displacements 

(b) tnterferogram sensitive to both axial and 
radial displacements 
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The longitudinal deformation was determined from the second 

hologram of the same event, i.e., film plane 2.  In this case the 

hologram is sensitive to both the radial and longitudinal components. 

The radial component, having already been determined separately, can be 

subtracted out yielding the longitudinal component.  The resulting curve 

of longitudinal displacement vs position on rod is shown in Figure 8(data 

tabulated in TaDles 1 & 11).  A photograph taken through this hologram 

is shown in Figure yb.  Again the hyperbola in the fringe pattern is 

related to a maximum in the radial displacement; it was not readilly 

apparent how to interpret the fringes to the left of the hyperbola. 

Also shown in Figure 8 are the calculated axial and radial displace- 

ments., based upon elementary plane wave theory discussed in Section 2.2. 

These calculations are in good agreement with the experimental data.  The 

analysis assumed a stress pulse having a half-sine wave shape. 

This theoretical stress pulse was a close approximation to the 

actual stress pulse in the rod, which was measured using the well-known 

manganin gauge technique. The shape of the measured stress pulse is shown 

in Figure 10. 
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Figure 10.  Stress Pulse Measured by a Manganin Gauge (Pendulum Impact) 
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From the measurod values of longitudinal displacement (u ) and 

radial displacement (u ), it is possible to compute the dynamic Poisson's 

ratio.  For example, in the middle section of the rod (x = 10 to 16 cm 

in Figure 8) we have 

Aux   1203 - 668    -6 
x 10 

Finally, we have 

Ax   11.5 - 15.8 

'  " -124.5 x 10 (compression) 

r   156.2 x 10 cm  ,., _  1r>-t) 
E = — =  T—r;  = 61.5 x 10 
r   a     /. 54 cm 

tr - 61.5 x 10"
6 

v =   =  * _ = .494 for Poisson's Ratio 
cx  124-5 

Tills calculation assumes that the rod behaves according to elementary 

plane stress theory.  The calculated value of v = .5 strongly suggests 

that tiie waves are not plane at the station x = 13 cm.  This suspected 

non-planar behavior results from the central, point impact which the 

steel pendulum ball imparts to the rod. 

A similar calculation between the stations x = 22 cm and x = 26 cm 

gives 

225 - 39.7  1rt-6   ., _  in-o 
f = oi' Q TZ" x iO  = -44.0 x 10 x   21.8 - 26 

52.07 x 10"° 9„ ,.  in-o e =  T-f;—  ■ 20.5 x 10 
r     2.54 

v = = .. V. = .466 for Poisson's Ratio e   44. ü 
x 
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The value of v = .466 for 2024 aluminum Is high compared to the 

value of v = .348 given in Reference 22. This result again suggests 

that the elementary theory does not apply to our impact problem.  It is 

suspected that the  wavefronts are non-planar, because of the point load 

at x = 0. 

Once this double-exposure technique had been demonstrated on the 

aluminum rod, similar holographic experiments were done using granite 

rods.  The results of the experiments are shown in Figure 11, which shows 

four interferograros made at various time delays, At.  Shortly after these 

photos were obtained, the experimental program was redirected toward 

obtaining higher stress levels. The latter experiments are discussed in 

Section 5. 
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Figure 11.  Double-Exposure Holograms Showing 
Stress Waves in a Granite Rod 
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4.2  Measurement of the Time-Dependent Displacement 
of the Free End of an Impacted Rod  

The experiment described here was originally designed to assess effects of 

cracks and porosity on »rave propagation in rods of geological materials. 

Most conventional techniques for dynamic stress and strain measurements, 

such as foil gauges, accelerometers, etc., monitor the deformation of the 

specimen at discrete locations as a function of time.  On the other hand, 

double exposure holographic interferometry can measure deformations over 

a large area, but only at discrete times.  It was decided to Investigate 

a holographic technique which could be used to measure deformations con- 

tinuously in granite and aluminum rods.  For this purpose, a stored beam 

interferometry technique was developed which can measure the axial and 

radial deformation of the surface of a specimen on a real-time basis. 

A stored beam interferogram is made by superimposing the virtual 

holographic image taken of an object before stresses are applied onto the 

actual object (see Appendix A for a discussion of this technique).  This 

is accomplished by viewing the object through the hologram which has been 

repositioned into the exact position it assumed during its exposure.  If 

the surface of the object is then deformed, an interferometric fringe 

pattern is observed in real-time.  The fringes which form due to deforma- 

tions caused by dynamic impact events of interest for this study occur too 

rapidly to be observed with the unaided eye, or even a high speed motion 

picture camera.  For this reason, it was necessary to develop a photocell 

readout technique to monitor the displacement fringes.  This imposes the 

restriction of observing discrete locations on the surface of the specimen. 

One point of particular interest in an experiment involving a stress wave 
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traveling down a cylindrical rod is the center of the end of the rod opposite 

to the struck end.  Thus, a stored beam system was constructed to monitor 

the axial deformation at the end if a struck granite rod.  These data may 

then be used to calculate the dynamic modulus and attenuation for one- 

dimensional stress waves in the material. 

4.2.1 Experimental Technique 

The stored beam interferometry system was set-up on an 8000-lb granite 

table to insure the stability of all components during the tests.  A 15 

o 

milliwatt HeNe laser (wavelength 6328A, Spectra Physics Model 124A) was 

used to make a hologram of the end of a cylindrical specimen.  A schematic 

of the holographic setup is shown in Figure 12.  A photograph of the actual 

laboratory setup is shown in Figure 13. 

The light constituting the scene beam illuminated only a small area 

at the center of the rod.  The hologram was placed in a holder which allowed 

it to be precisely repositioned after its development. Using a lens placed 

behind the hologram, the interferometric fringe pattern was focused onto 

the face of a photocell. The output of the photocell was then displayed on 

an oscilloscope where it was photographed. 

Tests were made using a 2" diameter granite rod. The granite rod was 

supported by two v-shaped holders as shown in Figure 13. Because of the 

diffuse scattering of the light from the granite surface, it was necessary 

to use a highly sensitive photo pickup device.  A photomultiplier tube 
o 

(RCA type 7265) with a high sensitivity at 6328A was employed.  The output 

was read onto a dual beam oscilloscope (Tektronix //556) so that it could 

be recorded for a longer time. 
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A thin metal foil was attached to the Impacted end of the granite 

rod.  The electrical contact between this foil and the pendulum was used 

to trigger the scope.  Certain discrepancies In the initial delays of the 

fringes can be attributed to poor contact of the foil with the granite. 

As the end of the rod is deformed outward, the photocell reads 

alternatively light and dark, corresponding to the change in path length 

of the light. One fringe (dark) will form whenever the displacement of 

the end of the rod meets the condition imposed by equation A.15: 

(2n - 1) 
2(cose + cose ) 

(27) 

The sensitivity of this measure can be adjusted by varying 6.. and 6-. 

Figure 13: Granite Cylinder and Spherical Ballistic Pendulum Used 
to Develop the Stored-Beam Interferometry Technique 
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An elastic stress wave was introduced into the rod by impacting one end 

with a pendulum.  The oscilloscope traces of two such events are shown in 

Figure 14.  In both cases, the oscilloscope was triggered by the impact. 

The trace in the upper photograph is traveling at 50 ysec/cm.  The initial 

stress pulse only produced four fringes indicating that the cylinder was 

not struck very hard.  The cylinder was hit much harder for the event in 

the lower photograph as evidenced by the 21 fringes produced by the initial 

stress pulse.  (Here the trace has been delayed by 40 ysec after impact and 

sweeps at 10 psec/cm.)  In these photographs, each succeeding fringe can 

be interpreted as a displacement of k X/2, where k is found by inserting 

the proper angles into equation 27.  The theory of the wave propagation in 

a rod, as it pertains to these experiments and the resulting data analyses 

are presented in the next two sections. 

4.2.2 Longitudinal End Displacement (Theoretical Results) 

The stress wave profiles induced by ball impacts are, in general, 

not simple analytic flunctions.  It is useful, however, to consider a rectangular 

pulse propagating to the right along a rod, as analyzed by elementary 

theory.  The pul^se height is o and its width is A (sec). Figure 15. 

Figure 15:  Rectangular Stress Pulse 
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Time  Axis:     50  usec/cm 

A) Lime  equals   zero -   impact   occurs 
B) first   fringe beings   to  form 
C) first   fringe  is   fully   formed 

Time  Axis:     10  usec/cm,   delayed 40  psec 

Figure   14.       Oscilloscope  Traces  of PI 
Spheri cal  Pendulum-AlumitiL 

■ell Outputs During 
'.li  ler Tests 
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This rectangular pulse can be considered as the superposition of two 

step functions, separated in time by a delay, A. 

t 
a 

o 

1 
Pulse   I 

■*— - A — t 

_t 
a 

Pulse   II 

i 

Figure 16:  Superposition of Two Step Functions 

When the first pulse (I) strikes the free end of the bar, the dis- 

placement starts from zero with a velocity given by 

^I  pc 

The corresponding end displacement is 

2a 

o 
for 0 < t - £/c < A 

—      o — 

where £/c is the time required for the pulse to travel the length of the 

rod.  When the second pulse (II) arrives, it imparts a velocity given by 

2o 

II   PC 

since Pulse II is the negative of Pulse I.  Superimposing the results from 

Pulse I and Fulse II, we have 
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f, 
Total f'I + «II 

2o 

C 
Total  pc 

c 
2o 

'     -—S 
'Total  pc 

2o 

PC. 

for 0 < t - ä/C < A 
-      o - 

for A < t - lie 

as long as no reflections from the left end of the bar occur. However, 

the original rectangular compression pulse (which started out moving to 

the right) reflects as a tension pulse moving to the left.  (See Figure 17) 

0 , compression   pn  C 

u 

Before Reflection 

After Reflection 

0 , tension 

Figure 17:  Reflection of Pulse at the Right End of the Bar 

When the tensile pulse reaches the left end of the rod, it reflects 

as a compression pulse moving back to the right, since the left end is 

stress-free.  This second compression pulse can be handled just like the 

original one, and the process is repeated.  The second pulse arrives at 

the right end at a time 21/c    after the first pulse.  This is the time 
o , 

required for the pulse to travel once to the left and then back to the 

right along the rod.  The resulting displacement-time history (at the right 

end of the rod) is shown in Figure 18 by the solid line. 
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In actual experiments, the pulse shape is not rectangular, but Is 

rounded off at the corners.  The effect of a rounded pulse is to alter the 

displacement-time history, as shown qualitatively by the dashed line in 

Figure 18. 

4.21 3 Experimental Results 

Figure 19 shows the oscilloscope record of a spherical pendulum- 

granite cylinder impact.  A dual-beam oscilloscope was used to extend the 

time span over which the record was taken.  Both traces swept at 20 psec/cm. 

The upper trace was triggered by an electrical contact just prior to the 

impact.  The lower trace has been delayed 180 usec, so that the total 

record extends for 380 usec.  For these tests, the angles of incidence 

and reflection of the light off the granite cylinder were both 18°, there- 

fore, from equation 27, each fringe represents a surface displacement of 

-5 • 
1.66 x 10  cm. 

The data from Figure 19 was interpreted to yield a time history of 

the free end displacement of the granite rod (Figure 20). The stress 

pulse due to the impact reached the free end of the bar at 80 usec after 

the scope was triggered. At this time, the surface was accelerated outward. 

An analysis of this curve can yield information on a number of material 

properties of the granite specimen. 

The stress pulse had a duration of ~90 psec. Differentiating this 

curve would yield its magnitude and time history. Upon reaching the free 

end of the rod, the stress pulse is reflected, travels back down the rod 

and is eventually reflected back to the free end at 208 psec. At this 

time the free surface is again accelerated. The sound velocity of the 

rod can be calculated from this round trip transit time of 128 ysec.  The 

length of the granite rod is 11-1/4 Inches yielding a velocity of .45 cm/ysec. 
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Figure    19 Oscilloscope  record  of  *ph«rlcal  pendulum pranita 
cylinder impact.     Time  scale  is   20 /jsec/cm.     Lower 
trace  is  delayed by  180 /isec. 
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Figure    20   : Displacement   time history  of  the  free end of the  granite 
cylinder as  determined  from the oscilloscope  tract shown in 
Figure  19. 

(Each  fringe  corresponds   to a displacement  of  1.66  x 10       cm) 
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Note that the time lag between the second and third pulses yields the same 

result: c - 0.45 cm/ sec. The sound velocity can then be used to find 

Young's Modulus for the material: 

E - c 2p 
O  0 

- 5.3 + 0.1 x 1011 dyne/cm2 

We note that this stress pulse as a dynamic Young's 

Modulus which is 6% higher than that determined by the static com- 

pression test (section 2). The maximum free surface velocity can be found 

by taking the slope of the curve: 9.5 cm/sec. From these numbers, the 

stress, strain and rate of strain can be calculated: 

FS • 
maximum stress m a    - —=— p c where 5F« is the velocity of 

the free surface 

■ 5.6 x 10 dyne/cm 

o 
strain ■» e ■ — 

x   E 

- 1.1 x 10"5 

strain rate - e x  1 x pulse duration 

- 0.24 sec" 

Attenuation effects In the specimen can be measured by comparing the 

stress pulses for successive reflections and noting the total displacement 

due to each pulse. The test shown  In Figure 20 shows that both the first 

-4 
and second pulses produced a displacement of 39 fringes or 6.5 x 10  cm. 

Thus, the attenuation of the stress curve, a, is measured to be less than 
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-4 
2.62 x 10  nepers/cm. One would expect that the attenuation constant 

could be measured to greater accuracy If the time history was recorded 

for longer times. 

Figures 21 and 22 show a record of another granite Impact test. 

Here, the rod was not Impacted as hard as In the previous case as evidenced 

by less fringes per pulse (34 as compared to 39 previously). Analysis of 

these data yields results similar to those discussed above. 

4,2.4 Evaluation of Stored Beam Interferometry 

The ability of this system to record dynamic events is limited by 

its high sensitivity.  For fast events, too much data is acquired too fast 

to be handled by conventional recording equipment.  The photomultipller 

tube used in these tests had a rise time of 6 nanoseconds. Faster photo 

devices are available, however, the system is limited by other components. 

Most conventional recording instruments such as charts, tapes, disc or 

even on-line computer cannot record data as fast as it is processed by 

the photomultipller tube. One practical method is an oscilloscope which, 

although it has the speed, is limited in the amount of data which can be 

recorded, i.e., only a finite number of data points can be resolved on a 

single trace. A dual-beam scope was used for this study to double the 

storage capacity.  Other solutions could be to use a larger number of 

oscilloscope traces with consecutive time sweeps or to use a raster type 

of display.  In any cape, it appears that the type ol recording instrumentation 

used will determine the limitations of system. 

o 
The recording of fringes at the rate of 2 x 10 per second w»s 

attainable with instrumentation used for this study.  If each fringe 
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Figure   21: 

Test B 

Oscilloscope record of   spherical pendulum-granite 
cylinder impact.    TimL! scale is  20 /usec/cm.     Lower 
trace  is  delayed by  180 /usec. 
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Figure   22:        Displacement  time history of the  free end of the granite 
cylinder as  determined from   oscilloscope record shown in Fig.   21. 

(Each  fringe  corresponds  to a displacement of  1.66 x 10      cm) 
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represents a displacement of A/2 = (3.164 x in  cm), then this represents 

a surface velocity of 6.328 x 10 cm/sec. From equation 27, It Is apparent 

that the system can be de-sensltlzed by increasing 6. and 0„.  In practice, 

this allows a maximum readable surface velocity to be increased by about 

a factor of 3 or in this case to 1.9 x 10 cm/sec.  While this is adequate 

for many txperiments, it is too low for the high stress level experiments 

which were planned for the second part of this study. 
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5.0 LARGE AMPLITUDE STRESS WAVE PROPAGATION STUDY 

The experiments described In the previous section were performed 

at relatively low stress levels.  There, emphasis was placed on developing 

general holographic techniques which could be applied to study low 

amplitude elastic wave propagation In geological materials. This section 

describes efforts applied to developing holographic Instrumentation to 

study large amplitude stress propagation In the plane strain regime. 

In this regime, very close to the point of impact, the stress wave has 

not yet been Influenced by edge effects.  In the sections which follow, 

a description of the experimental apparatus, experimental results and 

correlation with other published data is presented.  The theoretical 

aspects of wave propagation in the plane strain regime are given in 

Section 3.3. 

5.1 Experimental Method 

A straightforward technique for producing plane shock 

waves in target materials is by impaction with a flat plate which has 

23 
been accelerated to high velocity by means of a gas gun.   Upon impact 

of the plate with the target, plane shock waves are driven into both the 

target and impactor. Two of the many simple target geometries which can 

be used in such experiments, are a flat plate and a wedge. The flat plate 

target is the conventional configuration which has been used to obtain 

Hugoniots of materials.  The shock wave velocity Is obtained from the 

known thickness of the target, and the measured transit time of the shock. 

The particle velocity is either deduced from the target free surface 

18 
velocity or from use of the impedance mismatch technique.   In the latter 
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case,the projectile velocity must be measured.     From the previous discussions 

it should be apparent  that  these two measurements  are sufficient to 

define a state on  the material's Hugoniot.    Holography could,  in principle, 

be  used here  to obtain either the surface displacement or velocity  at 

specific  times.     This  configuration,  however,   does not exploit the     vlque 

capapility  that holography offers;   that is,   the  determination    of  the 

three-dimensional  displacement or velocity  field at specific times.     By 

inclining the surface opposite  the impacted surface at some angle,   the 

whole  temporal history of  the wave interaction with  the  free surface  can 

be determined from a single hologram.     Figure  23 is  an illustration of 

a wedge configuration of granite,  in which a flyer plate of granite impacts 

and drives  a shock into  the wedge.     The  geometrical  constraints  on   the 

flyer plate's   thickness  and wedge  angle  are  to be  discussed in Section 

5.1.1.     The shock wave,  upon reflection,  accelerates  and deforms   the 

free surface.     The  displacement  of  the  free surface  at various  times,   or 

in  the  case  of a wedge,  at various shock propagation path lengths,   provides 

:'.nformation on  the states  achieved by  the material  during  the shock  and 

subsequent  adiabatic  release processes.     If  the material were elastic- 

plastic,   the positions  at which  changes  in  the   free surface velocities 

take place    reflect  the positions  of  the various  shock and release waves. 

Also,   values  of  the  resultant  free surface  velocities  reflect  the  amplitudes 

of  these waves.     In the  case where a material exhibits    a phase change, 

this would manifest itself in a variation in  the  gradient of the displacement 

along  the wedge  surface.     If  the material work hardens,   then the  displacements 

and velocities between the elastic and plastic waves would not have a 

55 



Di reel ion of 
Impact 

Surface 
l)f formations 

Lexan  Sabot 

ciranite 

Head  of   Release Wave 

"Holocaroera Shock  Front 

Locua of Lateral 
Release Wave and 
Shock Wave 
intersection 

FIGURE 23 WEDGE CONFIGURATION USED TO HOLOGRAPH ICALLY 

DETERMINE A MATERIAL'S SHOCK PROPERTIES 

S6 



constant gradient.     Release wave positions and the subsequent expansion 

can also be determined from changes  In the displacements and from the 

free surface velocities.     Therefore,   an examination of the morphology 

of  the holographlcally determined displacement or velocity  field would 

quickly  determine  the material  class  of  the  target. 

It will be demonstrated In the  following sections how,  using holo- 

graphy and wedge shaped targets,   release wave velocities  can be obtained. 

Further refinements within the state-of-the-art should enable the whole 

velocity or displacement history of the  release to be determined.    But 

just  the knowledge of the release wave velocity is  an important and 

hitherto very difficult property  to measure. 

5.1.1 Constraints of Wedge and Flyer Plate Geometries 

In designing experiments in which plane shock waves  are  desired, 

the effects of release waves  generated from the boundaries must be considered. 

There are  two main classes  of wave systems,   catch-up and lateral release. 

Catch-up wave systems are a result of the  flyer plate having a finite 

thickness  and lateral release wave system are a result of the  target having 

finite lateral dimensions. 

5.1.1.1    Catch-up Waves 

When a flat  flyer plate impacts a semi-Infinite halfspace with a 

24 velocity V,   two shock waves  are generated.        See Figure  24.     From the 

Interface,   a shock propagates into the  target hallspace at a velocity 

U and another shock propagates  into the flyer plate at a velocity -(U-V), 

in the laboratory  reference system.     From the relations   for the position 
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of the shock  line and the  rear of the  flyer plate 

X =  -(U - V)t (28, 

and X = Vt (29) 

we obtain  the position and  time uf  the shock when it  reaches  the  rear 

of the  flyer plate,   they are 

H ■ - M (30) 

and t1 - J (31) 

where l is  the flyer plate  thickness. 

Upon reflection of this shock wave from the  rear of the flyer plate, 

a rarefaction wave is  generated.     The head of this  rarefaction wave 

propagates at a velocity  u + c into the  flyer plate and  target halfspace. 

Since  u + c  is greater than U,   this  rarefaction release wave will overtake 

the shock wave and attenuate  it.     The equation of  the  release wave  is 

X - X 
 r* - u + c (32) 

Cl 

Substituting in expressions   (30)  and  (31) we have  for the position of  the 

rarefaction wave -M h' -rirj' +  C«*C)(t.|) (33) 

If the properties of the material behind the shock wave are  to be measured, 

it  Is Important that measurements be made before  the  release wave overtakes 

the shock wave.    The ratio of the point where this occurs   to the flyer 

plate  thickness or the ratio of  target thickness to flyer plate thickness 

is given by 
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I = -C^^ (3A) 

If the  release wave position Is known along with  the shock and particle 

velocities,  Equation   (33)   can be used to obtain the sonic velocity behind 

the shock.     Solving for C we have, 

5.1.1.2      Lateral Release Waves 

I 
-    - u (35) 

The use of  flyer plates  of finite  lateral dimensions places  another 

constraint on the  thickness  and the geometry of  the  targets  that can be 

used If plane unattenuated shock waves are desired.     Consider the 

symmetrical Impact of  two semi-infinite bars, with one bar being Initially 

at  rest In the plane of  Impact.    Two plane shock waves  are generated upon 

Impact and propagate In the axial direction along the bars.    Because the 

surfaces of the bars are unconstrainted,   the passage of the shock waves 

generates release waves at the surfaces.    The lateral release waves propa- 

gate at a velocity u + C.     Because this Is greater than the shock velocity 

U,  they will gradually overtake more and more   of   the shock front and reduce 

25 
the plane shock area.     Following Al'tshuler, et.al..   the expression for 

the  relaxation angle, which Is defined as  the locus of the intersection of 

the lateral release waves and the shock front, can be easily obtained from 

the  triangle ABF In Figure    25.    This angle is given by 

, . t„-l    1C2 - <U-u>V/2 (36) 
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5.1.2      Experimental _Facilitl^s 

TRW lias   two ballistic  ranges which  are  used  to support  research 

in  reentry  physics,   gun phenomena,  and materials studies.     One of  these 

ballistic  ranges  provided the necessary  impact  facilities   for this  study. 

Ballistic  Range B  consists of a light  gas  gun.    The gun is  a two stage, 

accelerated  reservoir device  utilizing hydrogen to launch  1.5  inch  diameter 

projectiles.     The  gun  is  designed  to  launch  a 50 gram mass  at  12,000  ft/sec. 

The gun Is   free  to move axially in a rigid mount and is designed to launch 

a 1.5 Inch diameter projectile such that  the circular probable error at 

the instrumentation tank,  about 40 feet  from the muzzle, is  less  than 

0.5 inch.     Because of the  lower projectile velocities desired for the 

present study,   this  gun was modified to serve as a pressurized air gun. 

The projectile was placed in the launch  tube immediately  in  front of a 

mylar diaphragm.     The chamber behind the diaphragm was pressurized with 

air.    The air was   fed in until  the diaphragm bursts.    The expanding gas 

accelerates   tho projectile down the launch  tube. 

The projectile  consists of a 1-1/2" diameter lexan cylinder.     It 

was designed with a cavity in front to support an impactor which served as 

the  flat plate,   (Figure 26).    The cavity was  designed to accommodate 

impactors of any desired thickness.     For simplicity In analysis,   the disc- 

shaped Impactor Is made out of the t ame material as  the target thus 

eliminating impedance mismatch problems.       0-rings are used to form a tight 

seal between the projectile and the launch  tube. 

The projectile exited Che launch  tube  into a blast tank which was 

evacuated to about   litm Hg.    The projectile inpacted the granite specimen 

inside the  tank.    The tank contained a large window through which the 

holograms could be made.    All optics, with the exception of one or, in 
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several of  the experiments,   two mirrors,   remained outside  the tank.    A 

number of vacuum feed-through    coaxial connectors perndt electronic 

instrumentation of  the specimen.     The holographic apparatus  rested on a 

table  adjacent  to the blast  tank window and all other associated electronic 

equipment was  located in  this  area.     Figure 27 shows  the gas  gun,  vacuum 

chamber and holographic apparatus. 

5. 1. 3    Target Alignment 

As  in the pendulum experiments,   the timing sequence of the pulsed 

ruby laser imposed constraints on the experimental technique.     It is 

necessary  to receive a fairly reliable trigger signal at least 850 jxsec 

before  impact.    The gun being used for these tests had no provisions 

for providing a trigger signal before the projectile left the launch tube. 

It was possible  to instrument the mylar diaphragm, however. It was  felt 

that  the  timing from this source would contain too much error.    Thus, it 

was necessary  to allow the projectile to travel approximately two feet In 

free  flight prior to impact.    This  complicated the preparations necessary 

to insure a flat impact between the projectile and target. 

The granite wedges were made by obliquely cutting a 1-1/2" diameter 

right cylinder of Westerly Granite  (Figure 28).    These wedges were then 

mounted on an aluminum V-block which was  7/8" long.    The V-block (shown 

in Figure 28) was positioned and then glued to the top of a pedestal which 

was mounted to a positioning table.    This apparatus, having adjustments about 

five degrees of freedom, allowed the wedge to be precisely orientated. 

Figure 29 shows the relative orientations of the pedestal, V-block, 

granite wedge with contact pins,   lexan projectile and granite impactor in 

an "exploded" view. 

The  target wedge was positioned on axis with the launch tube with 

the impacted face perpendicular to   its   axis.    For the short free flight 
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involved, tho projectile stayed on axis and exhibited very little tilt. 

An alignment rod was inserted into the launch tube such that its end 

protruded into the blast tank and made physical contact with the target. 

This rod was precisely machined so that the perpendicularity of its end 

face to the tube axis was held to better than 2 minutes.  The target was 

then positioned using this alignment rod.  The support pedestal for the 

wedge was hinged so that the alignment rod could be removed. This did 

not affect the alignment. 

Figure 29.  "Exploded" View of Impact Configuration 

5.1.4   Ins trumentation 

It was necessary to Instrument the experiment to obtain the 

following data:  projectile velocity, projectile tilt, laser pulse 

shape, and the time the laser pulse occurred. In addition, a signal was 

needed to trigger the laser flashlamp at the correct time. In order to 

trigger the flashlamp and to measure the projectile velocity it was 
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necessary to construct a device which could be  triggered by the projectile 

in free flight.    For this purpose,  an open "extension" of the gun tube was 

constructed which provided for four trigger stations.     At each  trigger 

station,  two  .010" diameter wires were Inserted into the path of  the 

projectile.    A thin coating of conductive paint was  applied to the face 

of the projectile so  that its  contact would short circuit  these wires.     The 

wires were part of a capacitor discharge circuit   (Figure 30) which provided 

a fast  rise pulse into a SOU   coaxial line.    The boxes  containing these 

circuits were located inside  the blast tank to minimize cable lengths. 

Positioning of the wire pairs into the projectile path was  facilitated 

by use of an alignment assembly.     The launch  tube extension  (Figure 31) 

was  removed from the gun and placed over the alignment assembly,   (Figure 32), 

the base of which was machined to match  the end of the gun.    The center rod 

indicated the path of the projectile.    The four rings which were situated 

on this rod could be moved into contact with the wire pairs and used for 

their alignment.    The rings were locked in place when they made electrical 

contact with the wires.    The alignment assembly was  then removed with the 

rings still in place.    When the extension was  fitted to the gun,   the wire 

pairs would protrude about 1/8" into the path of the projectile.     The 

locations of these wires were determined by measuring the positions of the 

rings on the alignment assembly. 

The signal from the first  trigger station on the extension was made 

to trigger the laser flashlamp.    The velocity of the projectile was estimated, 

and a digital delay generator used so the  flashlamp would be  fired ^- 850 fisec 

before impact.     Signals  from the other three trigger stations were used to 

measure  the velocity and acceleration of the projectile.     IWo counters 

(with 0.1 /jisec resolution) were started by the second trigger.     The third 
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Figure   30:     Capacitor discharge circuit used for trigger 

Figure 31:    Lanuch tube extension with four trigger stations 
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and fourth  triggers each stopped one of the counters,   thus providing  two 

Independent measurements cf  the projectiles  velocity.     The  trigger stations 

were spaced nominally  at  intervals of  four inches,  however,  the alignment 

assembly  made  it  possible   to measure  their positions   to within one- 

thousandth of an inch.     Thus,   the velocity  could be measured with 0.1Z 

accuracy. 

The  tilt of  the projectile was measured bv means of  five contact 

pin;, which were inserted into saw cuts about  the circumference of the 

wedge,   (Figure  28).     E.G.&G.  Inc.   32-mil  ionization pins model CA-1040 

were used.     These pins  act a-   a switch closure when contacted with the 

conductive  face of  the projectile.     Four of these pins protruded   - .025" 

(the exact positions of all pins were measured to  .0001" after insertion) 

26 and their output  coded to provide  tilt  information.     Each pin produced 

a different voltage signal so that it  could be  identified on the 

oscilloscope  trace.    The  four outputs were then added and appeared on a 

single oscilloscope  trace so that  the  relative  times of contact  for the 

four pins was obtained.    Figure  33 shows  the tilt pin coding circuit. 

A fifth contact pin  (labeled pin 0 in Figure 28) was located on the 

Cop of the wedge and was  used  to trigger the  laser's Pockels  cell.    This 

pin protruded 0.010"  from the Impacted surface and thus was contacted 

after the  tilt pins.     The delay between this  trigger and  the  lasing was 

set so  that  the shock  front would be at a predetermined position in the 

wedge when  the hologram was made.    The actual   time  interval between this 

trigger signal and the lasing was  recorded on an oscilloscope.    The tilling 

of pin 0 with respect to the  tilt pins was also recorded.    Another 

oscilloscope was used to record the amplitude time-history of the laser 

output. 
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Figure  32:    Alignment assembly  for trigger stations 
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Figure 33: Tilt pin coding circuit 
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5.1.5     Holographie Technique 

The pulsed  laser holographic system was set-up on a table adjacent 

to the blast  tank which housed the impact,   (Figure  27b). The holographic 

plate was on  the  table and captured the scene  through  the window.     It 

was our original  intent to use  the double-exposure  technique  to record 

the displacement  field of the wedge surface.     It was  discovered that  the 

surface velocity was so high  that  the  50 nanosecond  laser pulse    was not 

short enough  to "stop"  the motion.    Several holograms were made in this 

fashion,  but upon  reconstruction only  the  location of the shock  front was 

discernible.     Displacement  information  (i.e.,   fringes) behind the shock 

front was not  tou clear. 

It was  determined that  the  free surface velocity of  the wedge was 

so  large  that  the surface moved a significant  distance durlnp  the  50 

nanosecond exposure of the hologram and  thus  did not  pr     ice an image. 

A second approach was  adopted which   lakes  advantage  of  this  situation. 

In  this  case,   the  reference exposure   is  not  made.     The movement  of  the 

surface  during  the  single exposure  causes   fringes   to be   formed which  can 

be  related directly   to the  free surface  yelocJUy of   the wedge.     This method 

is  discussed  in Appendix A.     Tills  single exposure  technique was  used   for 

the  remainder of   the  tests with satisfactory  results. 
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3.2  Determination of the Shock Parameters from the Experimental 
Observables  

Electronic instrumentation provides the following data:  the 

times of flight of the projectile between known distances; and the 

relative time between closure of the tilt pins and the time of firing 

of the laser.  From the photograph of the hologram, the position of 

the shock front and the catch-up, or following rarefaction waves are 

measured in the photograph coordinates.  From these data and the geometry 

of the experiment, it is possible to determine the shock, particle and 

rarefaction wave velocities. 

The determination of the projectile velocity and transformations 

from photograph to physical coordinates is straightforward and will not 

be discussed here.  In Che experiments that were performed, the pro- 

jectile and target materials were identical so that the particle 

velocity was one half of the projectile velocity. 

Figure 34 shows the wedge and the coordinate system used to 

describe the impact event.  The shock front will appear as a straight 

line near the center, and will have some curvature near the edges due 

to release waves emanating from the free surface.  Point A Is defined 

as the intersectinn of the line at which the shock front intersects 

the wedge face and the plane formed by the horizontal ^xls along the 

center line of the wedge.  X  is the distance from the point A on the 

shock front to the Impact surface as measured parallel to the center 

line of the wedge.  X  is distance from the center line of the wedse 
m 0 

to the point A, In the horizontal plane. 

The projectile tilt is measured using impact pins arranged as 
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Vertical 

Pin <) 

Horizontal 

Shock   Front  Position 
on   the   Face  of   the Wedfje 

dge  Lurvaturt- 

'enter  line 

Figure 3^: Wedge Ceometry 

shown in Figure 35.  The tilt pins and the laser trigger pin are on 

the circumference of a circle of diameter d.  The average time 

difference between pins A and H,and D and C is a measure of the vertical 

impact time difference, t .  The average time difference between pins 

A and D.and B am! (' is ■ measure of the horizontal impact time difference, 

t„.  In practice, all of the pin heights are not the same so that correctlonr 

for actual pin positions, must be made in calculating these time averages. 

The projectile tilt is defined in terms of the vertical angle •■. and 

horizontal angle B« between the normal to the projectile and the wedge 

center line.  From Hgures 36 and 37 this angle is 

! ■ tan 
-1 

t    V/(.707d) (37) 
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e2 - tan "Mt,, V/(.707d)j (38) 

where V Is the impacting projectile velocity. 

The angles 0. and 6. given in equations (37) and (38) represent 

initial (i.e., incoming) angles of tilt.  These tilt angles remain 

constant as the projectile impacts the target (see Figure 36), since 

the closure velocity of point I exceeds the sonic velocity of signals 

propagating in either the target or the projectile. 

The index time^T , is taken as the time the projectile hits the 

target surface at the point of the location of pin "0". 

o   m   c 

where T is the time it takes for the holocamera to fire from the time 
m 

that pin "0" is triggered, and *  is the offset of pin "0" from the 

target surface. 

The tilt of the shock wave will be defined in terms of the vertical 

angle 9. and the horizontal angle 6. between the normal to the shock 

front and the wedge centerline.  Figure 36 is a vertical section of the 

wedge through the point A, parallel to the axis of the cylinder, and 

similarily, Figure 37 is a horizontal section through the point A. 

The time for the shock to travel along the line I-A (see Figure 

36), (where the point I is as yet not determined) is given by 
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(X tan 6* + d/2) 
T1 = To + Tk + -2   tan ei (40) 

where the plus sign In the second terra in the expression in parenthesis 

is used when the impact is on the side of the wedge opposite to pin "0" 

and the minus sign is used where the impact is on the tip of the wedge 

and 

Tk = + Xm tan 62/V (41) 

In this case the plus sign is used when the impact and the intersection 

of the shock front and wedge face are on the same side of the wedge 

centerline and the minus sign when they are on opposite sides. 

The component of the shock velocity in the 9, direction is given 

by 

ui= V(Ticos ei) (42) 

Using Figure 38.the following relation between the projectile velocity 

and shock velocity can be derived 

Ul      V 1 (43) .  •  tan 9, 
sin 8       1 

Eliminating the shock velocity in equations (42) and (43) we get 

i 

a transcendental equation for 6. in terms of measurable quantities 
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Figure  38.    Geometry of Projectile and Shock Front Trajectories 
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sin o!   = X     tan e./EV cos  o!   {T    + T,   +  (X    tan 8,  + d/2)   tan e.'/V}]    (44) 
Is 1 loks 1— 1 

Having  the value of 9    one can then determine the horizontal component 

of  the shock velocity  from 

U1 = V sin e|/tan 6 (45) 

In a similar manner^the time corresponding to shock propagation 

along I' - A In the horizontal plane is given by 

where 

T- = T + T. + AT + DT, (46) 
z   o   k        J 

DT. = X tan2 e' tan 9-/V (47) 
J   s      12. 

and 

AT = + d tan Oj/V 

where the plus sign is used when the projectile Impacts opposite to 

the pin "0" and the minus sign when the Impact and pin "0" are on the 

same side. 

The 9  component of the shock velocity relationship can be readily 

seen Lo be 

U2      V (48) 
.   •  tan 9- 

sin 6.       2 

and the shock velocity in the horizontal plane 
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U2 - Xs/(T2 COS 02) 
(49) 

and again eliminating the shock velocity in expressions (48) and (49) 

i 

we get a transcendental equation for 0 

sin 6  = 
X tan 0., 
s     2 

(V cos e') (T + T, + (X  tan o' + rt tan ft.) tan «./V) 
I o K s 2 — 1      2 

(50) 

From the above solution for 69 we can then obtain the o component of 

the shock velocity 

U, - sin 8- V/tan 6, (51) 

Combining the horizontal and vertical projections of the vectors U. 

and U_ yields for the magnitude of the shock velocity 

U - U, 

2  « 
cos  6 

-T7 + sin 01 
cos  0^ 

1/2 

(52) 

Once the shock velocity has been determined then the catch-up wave 

velocity can be calculated.  Equation (35) can be used to obtain the 

catch-up wave velocity 

i*tek 
^s - $ 

(53) 
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X  is the position of tht* catch-up wave and the time of travel of the 

shock wave Is 

t • X 
8     S 

■>     , 2 «I172    i 
i + tan' 0, + tan 02     U "^ (54) I T   "2 

If the shock wave is elastic then the particle motion with respect to 

27 
normal of the wedge surface can be obtained from elasticity theory. 

This is given by 

,   ,  2v - 1  . 2 /_.. cos • • 1 r sin > (5S) 
v - I 

where   '   is   the angle between the  normal  and  the direction of  particle 

motion,   y   is  Püisson's  ratio and  .   is ansle of  InclHunc*» of the •i»w* 

and  the wedge face.     The angle A,  can  In principle be determined 

holographically,  and  then,from equation  (55)tthe dynamic  Polsson's 

ratio could  be determined.     The  free surface velocity is   related to the 

particle velocity bv 

U,  - U -T—j *ln 2Y, I   l -rr       . (56) 
fs    sin fl cos Y ♦ cos I sin(Y " IJ 

5. 3  Experimental Results 

A number of fullv Instrumented Impact experiments were performed 

on bb*  wedges of Westerly granite.  Stress levels for these tests were 

In the 25-30 kilobar range.  Several of these tests produced data which 

was amenable to complete analysis using the expressions derived in 
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Section 5.2.    As  indicated in Table  Ill^a measurable shock tilt was ob- 

served  in all our experiments.    We have corrected  for  the shock tilt 

in calculating the shock and rarefaction velocities but  have not  taken 

the slight obliquity of   impact   into account   in calculating the resulting 

particle velocity.     The   latter  is  extremely  insensitive  to small  impact 

tilts.     A summary of  the results   is given in Table III. 

The  reconstructed imaec of the holnpra»" taVm  in oxnerf"«>nt  n-2 

is shown  in  Figure  39.     For ease in  identification.  Figure AD is  included 

to show  the  reconstructed  image of an unstressed wedge.     Referring to 

Figure  39  there are  four areas which can be Interpreted in terms of the 

wave system that was propagating  in  the wed^e.     Three of the areas can be 

easily seen on this photograph,   the  fourth    requires another view  for 

Maximum clarity.     This  fourth area  Is   Indicated on the  figure.     From the 

photograph  In the  figure.   It is apparent that the shock wave has some tilt 

with  respect  to the  centerline of   the wedge.     This  shock  tile was measured 

-3 
with our Impact tilt pins and found to bi' -5.42 x 10  radians in the 

-.3 
vertic.tl direction and -5.85 x 10  radians in the horizontal direction. 

The shock tilt measured by the pins in the vertical plane is consistent 

with that which may be seen in that plane in the photograph.  Note also 

the curvature in the shock front at points off of the centerline of this 

wedge.  Tl is is due to the effects of the lateral release waves. 

Starting from the tip oi the wedge on the right side of the figure, 

the uright area is the unshocked region, the bright gray area is the 

region stressed bv the shock wave, but not attenuated by release waves 

(catch-up waves) emanating from the rear of the fiver plate, the light 

gray area (indicated but not discernible in the reproduced interferogram) 
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Figure  39:    Single-exposure holoRram taken In experiüient 
13-2 showing a granitf-on-granite Impact 

Figure  40:     Reconst ruction of a holographic 
ImaRc of an  unstressed wedge 



Is Che region chat ins been stressed by Che shock wave, but subsequent 

release waves emanating from the rear of the flyer plate have partially 

released this stress, and lastly the black area is the region that has 

been subjected to the shock wave and has released to very low stress levels. 

Both the experimentally induced wave system and that which would be 

theoretically predicted are illustrated in Figure 41. The relaxation 

angle, which delineates the intersection of the release waves emanating 

from the periphery of the cylindrical surface shock front was calculated 

for these conditions to be 28s. This angle defines the region in which 

the shock front remains plane and unattenuated. The wedge angle in these 

experiments was chosen to be 45°, so that the closure velocity of the shock 

wave with the wedge surface exceeded the release wave velocity and there- 

fore disturbances emanating from the intersection of the impact plane and 

the wedge face could not interact with the shock front. 

The shock velocity was calculated from the position of the shock 

along the centerline and the time of fire of the laser system. The method 

of analysis was given in Section 5.2. 

The shock velocity was found to be .618 cm/usec. Since both the 

flyer plate and target were granite, the particle velocity behind the 

shock wave was one-half of the impact velocity. Therefore the particle 

velocity was .0176 en,', sec. The stress in the shock vave using these values 

was computed and found to be 28.6 kilobars. The above values of particle 

velocity and stress compare favorably with the values of .01735 cm/usec for 

28 
the particle velocity at 27.20 kilobars found by Jones and Froula .  For 

westerly granite this stress is less than the Hugoniot elastic limit; 

therefore, a single elastic shock would be expected to occur. This is 
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consistent with the photograph o£  the hologram. The Hugoniot data reported 

In these experlitents compared closely with tiiose reported by Jones and 

28 
Froula.       (See Figure 42) 

The flyer plate thickness in this experiment was chosen so that 

release waves emanating from the rear of the flyer plate would overtake 

a significant fraction of the shock pulse so that release wave position 

and velocity data could be obtained.  This release wave position is indi- 

cated in the photograph of the hologram (Figure 39) and illustrated in 

Figure 41.  Having knowledge of the shock and particle velocities and 

release wave position, one is able to calculate the sonic velocity behind 

the shock wave.  (See Equation S3). Using the values of the shock parameters 

found in this experiment, the calculated value of the sonic velocity is 

29 
.64 cm/usec.  Simmons and Brace  found the sonic velocity to be .6252 cm/usec 

at a hydrostatic pressure of 10 kilobars.  It appears from the work of 

30 
Tocher  that the maximum compressional stress determines the measurable 

sonic velocity in rocks. Thus,although the principal stress configuration 

under one-dimensional compression differs from the hydrostatic case, the 

measured sonic velocities should be comparable. Taking the possible 

stress configuration differences into account, the measured value of .64 cm/usec 

is commensurate with an equivalent hydrostatic pressure of 30 kilobars. 

The reconstructed image of the hologram taken in experiment No. 14-1 

is shown in Figure 43. lr.  this event the position of the shock front: is 

Interpreted as having Just reached the tip of the wedge when the laser 

fired. The catch-up wave position is not discernible in the photograph. 

The shock velocity was found to be .56 cm/usec and the particle velocity 

.0179 cm/psec. The pressure from these values was 26.2 kilobars. These 
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values compare favorably with the values of .56 cm/psec at 25. !2 kilobars 

28 
reported elsewhere 

Figure 43:  Interferogram of a stress pulse 
propagating in a Granite wedge 
(Exp, No. 14-1) 

The reconstructed image of the hologram in the experiment No. 17-1 

has several interesting features. (See Figure 44.) The shock wave clearly 

has a large tilt.  The tilt was accurately predicted by the pin timing 

data.  Another feature Is the break in the shock front from the effects 

of lateral release waves.  From the position of this break, the sonic 

velocity of material behind the shock wave can be calculated.  Problems 

were encountered when the shock velocity for this case was calculated and 

a consistent value could not be obtained. By assuming the value of the 
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shock velocity in this experiment scaled with the value found in experiment 

No.   1A-1,  a sonic velocity from the lateral release wave position could be 

calculated.    This value was  found to be .66   cm/ysec. 

Figure 44:     Interferogram of a stress pulse 
propagating in a Granite wedge 
(Exp.  No.   17-1) 

The above cases have demonstrated how time average holographic 

interferograms producing fringes  relating to velocities  can be used to 

obtain the shock,  catch-up and lateral release wave positions.     From 
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this  information, the shock velocity and sonic velocities were calculated. 

In principle,   the catch-up wave and lateral release wave velocities can be 

measured  for a given event,   therefore sonic velocity in two different 

directions  can be measured simultaneously and the degree of anlsotropy 

in the sonic velocity  induced by  the uniaxial straining of the shock wave 

can be determined.    The  full capability of the time averaged holographic 

interferometry  technique has not been exploited.    Besides  the wave  front 

positions,   the complete  three-dimensional velocity field can be,  in 

principle, measured.    Presently  this is a difficult measurement, because 

the  resulting fringe density was  found to be a sensitive function of the 

holocamera viewing angle that was used.     But this difficulty can be 

resolved by refinement of the technique.    It was previously mentioned    that 

the double-exposure holographic interferometry technique could not be used 

since the shock front and material particle movement was   too large for the 

laser pulse widths of 50 nanoseconds.    Subsequent to the performing of 

these experiments, we developed the capability of producing nanosecond laser 

pulses.    With this capability,  the double-exposure technique now appears 

to be a promising technique to measure the displacement field.    Therefore, 

the holographic techniques mentioned have the capability of measuring either 

the displacement on the velocity  fields directly. 
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5.4 Determination of the Sonic Velocity In the Shocked 
Material by the Use of Lateral Release Waves  

In designing experiments to measure shock wave parameters, con- 

figurations are usually chosen to minimize the effects of release waves, 

e.g. one-dlmenslonal.  However, measuring these effects can sometimes 

provide useful data.  It was previously stated that release waves are 

primary in determining the attenuation rate of shock waves, but they 

also have another fundamental use in shock wave experiments.  They 

provide a separate and important measure of the material properties in 

the shocked state.  If the material behaves hydrodynamically, then the 

bulk sonic velocity, or the slope of the isentrope, in the shock state 

can be obtained.  If the material exhibits finite strength, then besides 

the above information, the degree of rigidity can be determined. Material! 

which undergo phase changes may lose their initial rigidity upon transi- 

tion. The release wave provides a measure of this effect.  For porous 

or locking solldSj the degree of rigidity In the collapse state can be 

determined. At low stress levels^friction on crack surfaces plays an 

Important role In determining the release path and rate. 

Previously an expression for the relaxation angle was derived, i.e., 

the locus of the Intersection of the lateral release waves and the shock 

front. If this angle is measured along with the shock and particle 

velocities, then the sonic velocity behind the shock wave can be deter- 

mined. From equation 36tve have for the sonic velocity 

CLR - [D2 tan2 a + (D - u)2]1/2 (57) 
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A preliminary experiment was carried ouC using aluminum to show the 

feasibility of the technique. A single exposure hologram was taken of 

the Impact event.  Figure 45 shows a photograph of the hologram and 

Table IV summarizes the conditions of the experiment. 

TABLE IV 

Experimental Parameters 

Type of Interferometry Time Average 

Target Material Aluminum 2024 T6 

Projectile Material .125" Aluminum 2024 T6 

Projectile Velocity 1175 ft/sec 

Projectile Tilt NA 

Exposure Time 4.3 usec after impact 

Pressure 29 kilobars 

Referring to Figure 45, five distinct areas are evident, labeled a, b, 

c, d, and L. Area a corresponds to the part of the target ahead of the 

stress pulse; area b corresponds to the elastic precursor; area c corre- 

sponds to the plastic shock and d the area enveloped by the catch-up 

wave. The areas L are the regions encompassed by the lateral release 

waves. The positions of the heads of the lateral release waves are at 

the kinks in the fringes delineating regions c and d. These positions 

were measured and a relaxation angle was determined. The sonic velocity 

behind the shock wave from this value was .68 + .03 cm/psec. This value 

is in excellent agreement with the theoretical value of .68 cm/usec at 

31 
29 kilobars calculated by Pastine «uu o'Ueefe . 
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Figure A5:  Shock and Release Wave Positions 
in a Stressed Aluminum Wedge 
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6.0  SUMMARY AND CONCLUSIONS 

A series of scored-beam, double-exposure and time-average holographic 

Interferometrlc techniques have been developed to carry out equation of 

state measurements on geologic materials. This development of holographic 

measurement techniques achieved a major objective of the study.  Now that 

the feasibility of these methods has been demonstrated, similar mrasurements 

can be made In more extensive test programs.  It should be recognized that 

these techniques are still in the early stages of development, moreover, 

they can be refined to yield much more extensive and accurate data than 

that presented herein. 

Of particular significance from a holographic standpoint is the 

"holographic velocity interferogram" introduced herein for the high-pressure 

experiments. The velocity interferogram is a form of time-average holography 

where the average Is taken over the pulse duration of the laser. Another 

holographic development was the simultaneous measurement of longitudinal 

(In-plane) and radial (out-of-plane) deformations by double-exposure 

holography. These new techniques can be applied to a wide variety of 

structural response problems and constitute the most significant contribu- 

tion of this study. 

The major advantage of this technique over conventional forms of 

Interferometry Is .')at it does not require that the specimen surface 

receive any special treatment or preparation. Other forms of interferometry 

require a specular reflection of light whereas holography actually works 

better with a rough surface which reflects diffusely. Another advantage 

Is that holography Is a noncontacting measuring technique. No sensor need 

be attached to the object which may actually alter the event being recorded. 
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Using the tine average holographic Interferometry technique, shock wave 

measurements were carried out Initially on a series of 2024 aluminum, and 

later on a series of Westerly granite specimens using plane shock, one- 

dlmenslonal compression techniques. Wedge-shaped samples permitted the 

observation of the shock, high pressure region and onset of the rarefaction 

wave in a single exposure hologram. A compressed gas gun was used to obtain 

shock pressure on the order of ^30 kb in both materials.  In the case of 

Westerly granite, Hugoniot states were obtained in the vicinity of 30 kb. 

These results indicate that this stress level is below the Hugoniot elastic 

limit for this material. The resulting data agree closely with those 

28 
reported by Jones and Froula    The velocity of the rarefaction waves 

propagating into the granite shocked to this pressure level could be 

measured in the same series of experiments.  Three determinations of the 

release wave velocity, one obtained by the lateral relaxation method, gave 

unloading velocities of between .64 and .66 cm/usec. These values indi- 

cate that the material is unloading as an elastic solid, rather than 

behaving hydrodynamically upon dynamic stress release.  A velocity of 

.45 cm/psec would be obtained if the latter rheological description were 

appropriate. A similar measurement of the lateral relaxation velocity in 

2024 Al at a shock pressure of 29 kb gives a speed of .6« + .03 cm/..sec.  in 

this case the aluminum was shocked above the Hugoniot elastic limit into 

the deformation regime and this material was unloading as an elasto-plastic 

solid.  This longitudinal elastic velocity also agrees closely with the 

30 
theoretical results of Pastine and O'Keefe 
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A series of one-dimensional stress experiments on granite and aluminum 

rods carried out with double-exposure holographic interferometry permitted 

measurement of the spatial distribution <>f the dynamic longitudinal and 

transverse deformation Induced by a projectile impa t at one end of the rod. 

The experimental data were in qualitative agreement with elementary plane 

stress theory, and it is felt that three-dimensional effects (such as non- 

j lunar wuvefroau) account for the quantitative differences. 

With the stored beam holographic method, a series of low stress level 

one-dimensional stress experiments were carried out on rods of Westerly 

granite.  In these experiments, a holographic interferometer measured the 

displacement of the end free surface of the granite rod.  Stress pulses 

of 5 bar amplitude, with strain rates of 10 /sec, were induced into the 

rod by a low velocity Impact.  We found that the dynamic Young's Modulus 

under these conditions was 0.53 + 0.01 Mbar.  This was slightly higher than 

the value of 0.50 + .002 Mbar measured in a separate static compression 

test.  At this stress level, which is low, by shock standards, but con- 

siderably higher than those normally induced in ultrasonic measurements 

-3       2 
(M0  dynes/cm ) the dry granite behaved as a high Q material.  We found 

a lower bound to the attenuation coefficient of 3 x 10  nepers/cm.  This 

corresponds to a (} value greater than 78. 
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APPENDIX A 

A.O       HOLOGRAPHIC TECHNIQUES 

A.l       Image  Recording and^ Reconstruction 

The  recent  development of holography has  made practical a new 

type  of  interferometry.     Precise  displacement measurements  can be made 

over  the  surface of an object by holographically  recording  its  complete 

three-dimensional  image.     A brief  review of  the holographic process would 

be helpful in understanding its  capabilities. 

Holograms are made using coherent, monochromatic light sources,   the 

best known of which  is  the laser.     The light  from the  laser serves both 

to illuminate the object whose Image is  to be  recorded and to provide a 

reference beam.     Figure A.l shows schematically a typical set-up used 

to obtain holograms of optically opaque objects. 

Laser 

^Spatial Filter 

Reference Beam,  R(x,y,z;t) 

Film plane 
(hologram 

Mirror 

Object 

Figure A.l:     Typical experimental setup  to make 
holograms of optically opaque objects 
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Referring to Figure A.l, a narrow pencil of light from the laser enters 

a spatial filter consisting of a lens and pinhole.  The function of the 

lens is to focus the light in the plane of the pinhole and to diverge 

the narrow beam.  The pinhole spatially filters the light by removing 

any aberrations caused by the lens.  The expanding light illuminates a 

mjrror and the object. Part of the light is reflected by the mirror onto 

the film plane (reference beam).  Light reflected by the object (scene 

beam) also propagates back to the film plane where it interacts with the 

reference beam.  This interaction is recorded by the film forming a 

hologram.  The interaction of the scene beam with the reference beam 

is amenable to analysis. 

Denote by R(x,y,z;t) and S(x,y,z;t) the amplitude of the reference 

and scene beams, respectively.  One may separate these functions into 

spatial and temporal components 

R(x,y,z;t) ■ r(x,y,2)e 

S(x,y,z;t) - s(x,y,z)e 

The  film responds  to the intensity,   I, of light reaching it. The intensity 

is in turn given by  the square of the modulus of the light amplitude,  i.e., 

I =  |A|2 -   |R+ l-\2 (A.l) 

where |   {   denotes absolute value.    Since the film is exposed to the light 

for a finite time,   tp,  its exposure,  E, is given by 

E = I        I dt 

■/ 

t Asterisks denote complex conjugates 
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+ S  dt r. 
I       (RR* + SS* + RS* + R*S)dt 

/  (rr* + ss* + rs* + r*s)dt (A.2) 

Notice that the integrand is independent of time so that it can be taken 

outside the integral sign.  This would not be true if the object were 

moving during the exposure time; a case which is discussed in Section A.2.3. 

Integrating equation (A.2) under the assumption stated above results in 

E = (rr* + ss* + rs* + r*s)tc, (A. 3) 

Inspection of equation (A.3) suggests that the film is exposed in a 

fashion having no immediate resemblance to the object.  That this is the 

case is evidenced by Figure A.2 which shows an area of a hologram magnified 

1000 times. 

The dark areas are regions where the function 

(rr* + ss* + rs* + r*s)tt;, 

attains maximum values (i.e., reference beam and scene beam are in phase 

and constructively interfere thereby exposing the film).  Conversely, the 

light areas denote positions where the reference beam and scene beam are 

180° out of phase. No image of the object can be discerned. 
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Figure A. 2: Photograph of a small area of a hologram 
magnified 1000 times original 

The image is retrieved by illuminating the developed transparency 

(termed the hologram) with light from a laser at approximately the same 

angle the reference beam made with the hologram during the recording phase 

as shown in Figure A. 3. 

The fraction of light transmitted through the hologram is given by 

T = (1 - kE) 

where k is a constant which depends on the characteristics of the film 

used.  Illuminating the hologram with a reference beam identical to the 

recording reference beam yields the transmitted amplitude, 

RT = R(l - kE) 

= R = kRE (A.4) 
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Spatial Filter 

Laser 

Observer 

Mirror 

Virtual 
image of the 

Object 

Image Retrieval Process 

For unit exposure time, i.e., t = 1, 

RT =■ R - k [(rr* + ss*)R + rs*R + Rr*8] 

Since the last term Rr*s = re  r*s ■ rr*8e   = rr*S, we obtain 

RT = [1 - k(rr* + ss*)]R - krs*R - krr*S (A.5) 

For our discussion only the last term, -krr*S, Is meaningful.  Careful 

inspection of this term shows that it represents the original amplitude 

of the scene beam, S, altered in amplitude and phase by the multiplicative 

factor -krr*. This suggests that the three-dimensionality of the image Is 

preserved. The intensity of this reconstructed Image Is then given by 

,2 
I = -krr*S| 
o   ' (A.6) 

or T   i 2| 1^1 |2 I
0 

= k irl M (A. 7) 
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The other two terms [1 - k(rr* + ss*)]R and -krs*R represent In the first 

case a transmitted reference beam and in the second a conjugate object beam 

which comprises the real image of the object. 

A.2.2 Holographic Interferometry 

A holographic interferogram is made by superimposing the three- 

dimensional recorded image with either a second image recorded on the same 

film or the actual object. If the object has been slightly deformed for 

the second image, a pattern of fringes will appear which will map out the 

contour of the deformation. There are numerous techniques for employing 

holography to measure displacements. Three techniques which have been used 

during this program are discussed below. 

A.2.2.1 Double-Exposure Interferometry 

Suppose a hologram was made of an object having a scene beam ampli- 

tude, S.<  If the object is strained and a second exposure made corre- 

sponding to scene beam amplitude, S-, on the same (yet undeveloped) hologram, 

then upon reconstruction, two virtual images will be seen when viewing 

through the hologram. Their composite amplitude is given by 

A = -krr* (S1 +  S^ (A.8) 

These two scene beams will interfere with one another constructively or 

destructively, depending on their relative phase. Areas of destructive 

interference will cause fringes (absence of light). The intensity of the 

composite image, I , is given by 

Ir = |-krr*(S1 + S2)|2 

= (krr*)2(S1 + S2)(S1* + S2*) (A.9) 
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The two scene beam amplitudes, S and S~, can be related by simple geometry. 

Let I.   +  I- be the path length of liKht taken by the scene beam when exposing 

the film to the unstrained object.  Similarly, £'  + i'     is  the path length 

ot the scene beam when the second exposure is made.  Then, referring to the 

following Figure A.4, 

9    2   2 
t I • t|  + ra - 2mi    cos  0. 

2    2   2 
I*.    = ^o ■*" m " 2m£„ cos 0? 

Solving for l*.   and «I' 9 , 

1    1 t(^-n-4"'^-t -7- cos Ü ) 
m    , 

);or —- << 1 
Vl 

,2  ,      -.1/2 
2m    „        ,,   m 
T2 

cos 02|   ^ l2a - r2 
cos 02) 

.   m    , for -— << 1 

Laser ^| [^ 
Reference Beam 

Mirror 

Hologra 

Object After 
Displacement 

Object before 
Displacement 

Figure A.A: Phase change of light due to 
the motion of the object 
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Solving for pathlength change due to motion results In 

«,'-£= -m cos 6 or      £  - £'  - m cos Q^ 

£'  - £„ - -m cos 0 £2 - £'2 - m cos 02 

Total pathlength change AL -■   il1L + i^  -   (t* + Z*2) 

m  m(cos 0 + cos 0„) 

The difference in phase Is given by 

A0 - -^ AL = Y ni(cos B. + cos 02) (A. 10) 

The scene beam, S1 , during the first exposure is given by 

S1 = s e v 

and the scene beam, S„, during the second exposure is given by 

_  , o ei(0+^) (A. 11) 

S2 = S^
1? m(coS ei + cos e2>        (A. 12) 

Then equation (A.9) becomes 
0 4 9 

I    =  (krr*)2 8,5 *   ll + e"T ra(cOS  ei + COS  e2)  " r 111 

= (krr*)2 Isl2 

2k2 Irl4 

2 + 2 cos f~ m(cos 6. + cos e2)j 

|s|2 1 + cos ("Y m(cos Q.  +  cos e2)]    (A. 13) 
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Note that the intensity given by equation (A.13) has zeros Indicating the 

presence of fringes, namely, when 

or 

or 

1 + cos (—  m(co8 0l  + cos 0 )) - 0 (A. 14) 

AB 
— (cos Ü + cos Ü )m ■ (2n - 1)TI  n = 1,2,3.... 

m = o7 1—1 ^TT ^ (A.15) 2(cos Ü. + cos 0 ) 

If 0. = Ü- = 0, that is, normal Incidence and reflection of the illuminating 

light and normal displacement, then 

2n - 1 . 
m = ~r~ A (A.16) 

This says that a fringe will be formed whenever the body moves an odd number 

of quarter wavelengths between exposures. 

The first exposure (reference exposure) of a double-exposure hologram 

is usually made with the object at rest.  The second exposure is made after 

the object has been disturbed. The timing of the second exposure Is adjusted 

according to the particular experiment.  As the object should not move more 

than A/2 during the exposure, most experiments require that the exposure be 

very short. The pulsed ruby laser is ideal for this purpose producing a 

light pulse having a duration on the order of 50 nanoseconds, fast enough 

to "stop" most events. The developec! hologram Is a frozen fringe Interfero- 

gram which can be viewed by reconstructing with a continuous wave laser. 

Figure A.5 shows an experimental arrangement to measure the propaga- 

tion of transverse bending waves in an aluminum beam. The beam was loaded 

by Impact with a spherical pendulum on the back (unexposed) surface. The 
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laser triggering circuit was timed to make the second exposure at various 

times after the initial impact.  Figure A.5 also shows the resulting inter- 

ference pattern at 12.5, 25.0 and 50.0 usec after impact. The displacement 

after each of the times is shown on the right of Figure A.5.  The measured 

displacements are in good agreement with those calculated from beam theory. 

A.2.2.2 Stored Beam Interferometry 

A single exposure of the undisturbed object is made for a stored beam 

interferogram.  After developing the photographic plate containing the holo- 

gram, it is carefully replaced into the same position it assumed during the 

exposure. When looking through the hologram at the object, an observer will 

see two images superimposed.  One is due to the interaction of the reference 

beam with the hologram forming the reconstructed image and the second being 

the object itself.  These two images interfere with one another producing 

fringes.  The mathematical discussion is essentially the same as that given 

in Section A.2.2.2.This stored beam method differs from the double-exposure 

method in that the displacement fringes are produced in real-time.  Dynamic 

events can be observed or recorded as they occur provided that they are 

slow enough to be detected. 

A.2.2.3 Time Averaged Holographic Interferometry 

A time averaged interferogram is made when the surface of the object 

moves a significant amount (>> X/2) during the exposure of the hologram. 

This may be considered a generalization of multiple-exposure interferometry 

to the case where the moving object is continuously exposed, i.e., the film 

gets exposed to light from the object in each position the object assumes 

during the exposure.  Referring back to Section A.l, the film is exposed 

according to equation A.2. 
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/ 
(RR* + SS* + RS* + R*S)dt 

Considering only  tlie  last  term,   since  It  alone  contributes  to  the  holo- 

graphic virtual   image,  we get 

E =  r*s 

=  r*s 

/E  -iwt ♦ iut + L\0 lfc e 

(A.17) 

where A0 Is the change in phase due to the motion. 

Suppose that the velocity of the surface is given by v.  Then, as 

in equation (A.10), 

A* = I1 I m P-    (cosei + cos92)v 

27ri (cosö. + cose-)vt 
e —7—     1      2 dt 

The intensity of  the reconstructed  image  is given by 

'E 

I ^ r e  
i r (C0S  01 + COS  B2)vt dt 

Ae 
T— (cos  9    + cos  e„)vt 

2Tri(cos 6.  + cos e-)v 

2TTi(cos  6.  + cos  e2)v 
—r— (cos  9    + cos  62^ ^P 
e -1 
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—77 r—T r N I   1 - cos [ —(cos 9. + cos e^vt.,!! 
Tji(co.S 0. + COS öo^l \ ^ / 

(-7 r—x S-wl   sin2 1 T (cos 6i + cos 0o)vtp) (A-1^) n(io.s b  + cos 0,,)vl        I A      1       2  El 

Note that this function has zeros (an indication of fringes) whenever 

Y (cos 9 + cos 6 )vE = HIT     n = 1,2,... 
A i ^    t 

This suggests that areas of the object which move with a velocity 

nX 
v = 

(cos ei + cos 92) tE 

will be covered with a fringe.  To get a feeling for the velocities, 
o 

assume a ruby laser ( X • 6943A) is used to expose the subject for 

50 nsec, and 9,« B = 0. 

Then 

-8 
n 6943 x 10      ca.   ,  cm v ■  Q " 694.3 n  
2 x 50 x 10"y Sec 

v -  .0007 n cm/ysec n ■ 1,2,3,... 

A more convlenent way of expressing this condition may be in terms of 

displacement during the exposure, (ie) resulting in 

vt nX 

E  cos 9. + cos 9 

Y    for  8ia 92 « 0. 
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This equation says that if a particle moves at constant velocity an 

integral number of half-wavelengths during an exposure, it will be 

covered by a fringe. The general relationship between the intensity, 

I  , versus the velocity is shown schematically in Figure A.6 below. 
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APPENDIX 11 

U.O Multlframe Recording Technlquü 

TRW Systtms has developed a multilrame recordiriK teclinique which 

can be used to measure dynamic strain fields in rock samples at a series of 

closely spaced time intervals using a multipulse ruby lasi-r.  The ruby laser 

used in this technique has the capability of producinj-, up to four coherent 

pulses with variable time spacings.  The use of electro-optic beam switching 

eliminates the need for mechanically moving or shuttering the film and thus 

makes it practical to make several holograms or Interferograms in rtpld 

succession.  One property of a hologram la that image reconstruction is 

possible only when it is  llluminr.Led by a coherent, light source at nearly 

the same angle assumed by the reference beam during the recording process. 

(See Appendix A for a discussion of holography).  This property allows 

multiple holograms or interferograms to be recorded on a single piece of 

film simply by using a  different reference beam angle for each one. 

To produce reference beams at different angles and In rapid 

succession, use is made of Pockels  Cells, calcite prisms and the intrinsic 

polarization of light from the ruby laser.  A Pockels  eel] is a device 

which rotates the plane of polarization of transmitted light when a voltage 

is applied to it.  The light is transmitted without alteration when no 

voltage is applied.  A calcite prism changes the direction of transmitted 

light according to its polarization, i.e., light of vertical polarization 

is transmitted undisturbed whereas light of horizontal polarization is 

deflected by some angle a.  An illustration of these concepts is shown in 

Figure B.l. 
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Using conventional equipment,  the switching required for this 

operation can be accomplished in nanosecondt', between two successive laser 

pulses.     Figure B.2 shows schematically an experimental arrangement by 

which two interferograms can be made in rapid succession of a single dynamic 

event. 

Laser 

a) 

Laser b)   ♦- 

Polarization 

I 
Voltage ■• 0 

Pockels 
Cell 

Pockels 
Cell 

Voltage j  0 

Lx^J 

|  Calclte Prism . 

Calcite Prism 

T^R 
Figure B.l: Changing the Direction of a Light Beam 

with a Pockels Cell - Calcite Prism 
Combination 
(a) No voltage across Pockels Cell 
(b) Voltage applied across Pockels Cell 

Mirror / 

Laser <H^ 

Scene    Beam 
Spatial Jilter 

1 
Voltage 

Beam 
Splitter 

i ̂A 
2^7 

Hologram 

^> 

Tr 

Mirror 

Mirror 

Reference  Beam 

Figure B.2:   One  Possible Arrangement   to Make Two Interfero- 
grams  of an Event in Rapid Succession 
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The hologram exposed in this way can be developed and viewed with conven- 

tional continuous wave lasers as shown schematically In Figure B3. 

(a) 
Continuous Wave 

iff Lasers 

Hologram 

Observer 

Hologram 

Figure B3: Reconstruction of Two Interferograms Made on 
the Same Hologram. 
(a) First interferogram reconstruction 
(b) Second interferogram reconstruction 
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