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ABSTRACT

In this investigation the photoelastic technigue was employed to
determine the maximum dynamic stress concentration factors in a
dynamically loaded strut due to symmetrically located elliptical discon—
tinuitj. The two parameters time after impact and size of discontinuity
were considered. The struts were made from a high modulus photoelastic
material and éll ellipses were oriented with the major axis perpehdiculaf
to the longitudinal axis of the strut.

A dynamic loading system incorporating a 22 caliber projectile was
designed for load repeatability and timewise synchronization with the
output from a modulated rqu lagser. Using this system and a still
camera, the 1oéd cycle was repeated many times to obtain photographs
at different times after impact showing the stress wave in the model
material., The light pulse from the laser was intense, polarized, mono-
chromatic and of short enough duration (0.1 microseconds) to stop the
rapidly propagating stress waves.

The results of this experiment indicated that the maximum dynamie
stress concentration factors are independent of the time after impact
at least for the time interval (50 to 140 microseconds) studied here.

At a specific time after impact these factors were also found to be
independent of the edge distance (a/a) and depended only on (2a/r) where
“a 1s the semi major axis of the ellipse,.d ig half the model width and
r is the radius at the end of the major axis.
Additional information was available for calculating the stress

concentrations at the top and bottom of the discontinuity and the edge

111
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of the model adjaéent to the discontinuity. These factors were generally
quite small as compared to the maximum dynamic factors. The positions' -
of the maximum and zero fringe orders were also recorded.

Using some simplifying assumptions and the one and two dimensional
theory of stress wave propagation, a theoretical equation was déveloped
which expresses the ratio of the static to the dyﬁamic stress concentra-
‘tion factors as a function of poisson's ratio and the model geometry.

For the material (PSM-1) used in this investigation, the difference
between the theoretical and experimental (Ks/Kd)T,E was 5 to 104. This
'equation was also compared to the experimental results of an independent
investigator who studied photoelasticaily the problem of a dynamically
loaded strut contéining a circular discontinuity. For the material used
(CR-39) the difference between the theoretical and experimental ratios

was less than 10%,

iv
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NOMENCLATURE

A Area, 1n?

3 Angstrom unit, 10'8cm.

a Semi major axis of ellipse, in.

B Constant

[ Velocity of propagation of longitudinal wave, in./sec.
d Half the width of photoelastic model, in.

E Modulus of elasticity, 1lb./in®

F Force, lb.

£ Material fringe value, psi - in/fringe (tension)

h Thickness of model, in.

K Stress concentration factor

N Fringe order

R Constant |

r ’Radius of ellipse at end of major axis, in.
t Time

u Longitudinal displacement, in.

v Particle velocify, in/sec.

X Longitudinal co-ordinate, in.

Q Anguler Positions of the Maximum and Zero Fringe Orders, degrees.
A Microseconds, 10"6 sec.

Y Poisson's ratio

/° ‘Mass density, 1b. - secz/in4

q Stress, 1b/in®
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1. INTRODUCTION

1.1 Subject of the Investigation.

The purpose of this investigation was twofold
(a) To synchronize a modulated ruby laser aé a light séurcé in a
polariscope designed to study transient streéées. |
‘(b) To determine experimentally using this photoelastic procedure, the
stress concentratlon factors in a strut loaded by high velocity"

impact and containing a symmetrically located elliptical discontinuity.

1.2 The Importance of Dynamic Stress Concentration,

A member which contains a discontinuity such as‘a hole, notﬁh, or a
change in cross section cannot be analysed by the elemehtary stress
equations at least in the neighbourhood of the discontinuity.

A considerable amount of work has been done to determine static stress
concentration factors for the more common discontinuities. These results
have been tabulated in the form of graphs of experimental data, empifical
formulae, and in some cases the more difficult fdrm of a theoretical solu-
tion, (1)(2)(3) 1In the past, the effects of dynamic stress were estimated
either from the results of an experiment on the member or by adding a
safety factor to the static stress concentratioﬁ criterion which would
hopefully copeAwith the unknown dynamic effect. ’

The increasing trend toward.higher performance and lower weight to
strength ratios of dynamically loaded machine members has made it im-
perative that the phenomenon of dynamic stress concentration and dis-
tribution be well understood.

Unlike static loading, impacf forces are not transmitted immediately

1l
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or invariably to all parts of the member. Thus, the deformations and
corresponding stresses propagate through the member in the form of stress

waves. Because of the resulting unknown variables dynamic stress concen~

tration is not easily analysed.

1.3 Plen of Treatment.

In this investigation a photoelastic analysis“emplsying a modulated_
ruby laser light source coupled to a repeatable dynémic loading systenm
was synchronized to photograph stress wave propagation in high modulus
photoelastic models., The photographic records of the isochromatic
fringes were stored on a still camera by repeating the loading cycle at
various intervals of time after impact.

In order to stob photographically the rapidly propagating stresé
waves (wave front velocity 63000 inches per second) the fast light shutter
action of the modulated (Q-spoiled) ruby laser was employed to eliminate
the need of a complex camera system. The laser also supplied the intense,
parallel, poldarized and monochroﬁatic light, making it compatible with
the photoelastic technique.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2. LITERATURE REVIEW

2.) Static Stress Concentration.

Considerable interest has been focused on the study of static stress
concentration factors. Coker and Filon (4), Neuber (5), Howland (6),
Wahl and Beeuwkes (7), and Frocht (8), are just a few of the investi-
gators who have written papers on static stress concentration. A
collection of static stress concentration factors for various geometrics
have been presented by Peterson (1), Roark (2), and the Engineering
Science bata Unit (3); The case of an elliptical hole in a strut has

been determined theoretically and experimentally in references (4) and (3).

2.2 Dynamic Stress Concentration.

The study of dynamic stress concentration is much more difficult
bacause of the number of variables involved and the demand for sophis-
ticated experimental equipment. In the area of dynamic photoelacticity,
most investigators have turned to low modulus materials such as ﬁysol 8705
in which the stress wave propagation has been slowed down sufficiently so
that existing equipment can be used (9)(10)(11)(12). Durelli and Dally
(9) have studied the'problem of a Hysol 8705 strut containing a gymmetri-
¢ally placed circular hole and being loaded axially by a falling wéight.
The hole diameter to model width was 0.29 and the dynamic stress concen;
tration factor was 3.35 which was essentially constant with time after
impact and virtually identical to the static value. The problen of a
Hysol 4485 strut loaded by a falling weight and containing a semicirculaf

discontinuity located symmetrically on opposite gides was studied by

3
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Kumar (10). The results of this experiment indicated that the dynamic
stress concentration factors were dependent on tine after impact and
always lower than the static values. ]

Unfortunately, the low modulus materials exhibit rate dependent pro-
perties, In fact, statically, the material is non-linear to the extent
that it is seldom used,

In an effort to avoid these undesirable properties,.several photoelastic
investigations (13)(14)(15) have been carried out using conventional high
modulus photoelastic materials such as Columbia Resin (CR-39) and Epoxy
Resin Araldite 6020. Of these investigations, the photoelastic records
have been either too poor to interpret accurately or simply reéords of
various effects. Goldsmith and Norris (14), using the repeatability
technique of lbading, have obtained clear photographs of dynamlc stresses
in a CR-39 cantilever beam loaded on its free end by 'a steal sphere.
Certainly, any attempts to date to record the entire event with a high
speed camera have been somewhai unsatisfactory since the intensity and
regsolution are insufficient. _

Dally and Halbleidb (15) studied photoelastically the dyﬁamic stress
concentration in a CR-39 strut éontaining‘é circular hole and loaded
axiaily by a falling ﬁeight. They used the repeatability technique and
the spark gap method of lighting., This investigation showed the dynamie
stress concentration factor to be independent of the time after impact,
and that for a constant time after impact, the factors were dependent on
the hole diameter to model width ratio. (fig. 10)

North and Taylor (16) studied photoelastically the same problem as

Dally and Halbleib but used Araldite 6020 ~ an epoxy resin model material.
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5
In this investigation, the ordinsry light source with its many problems

was replaced by a modulated ruby laser. The laser output was intensse,
polarized, monochromatic, and of short enought timé dnration‘(o?l
microseconds) to easily stop the rapidly propagating stress wave. The
results of this expefiment indicated that the dynamic stress concentra-
tion factor is dependent on the time after impact. For a constant time
after impact, the factors varied linearly with the hole diameter to model
widths (fig. 10).

Pao (17) suggests that the dynamic stress concentration factor depends
on the impulse wave length and polsson's ratio. Since Dally gnd Hzlbleib,
North and Taylor, and the author all used different maferials, and impact
times, the results of fig, 10 cannot be compared directly.

A comprehénsive reviev of dynamic photoelasticity in general is given
by Goldsmith (18). The detection and measurement of stress waves by

other methods than a photoelastic procedure are given by Kolsky (19).
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3. OUTLINE OF THE PROBIEM STUDIED

3.1 Stress Concentration Factor,

The generally accepted definition for the static stress concentration
factor (K’) in a strut under a uniform stress distribution is the ratio
of the maximum streas at the discontinuity (q“ ) to the average stress

(Q") at the game section.

Ks,= Gax

= (3-1)

This definition implies that an accurate-measurement of the load on
the member be known in order to find the average stress. For a dynamic
loading condition, an aﬁcurape determination of the applied load is
difficult to obtain, As a result, the definition of the average stress
was assumed to be that based on the nominal section at the‘disqontipuity
when the discontinuity does not exist. For this condition, the dynamic

stress concentration factor Ka is defined as

. _
Ky = Q— ' (3-2)

no

B

when 0;;% is the maximum dynamic stresa at the bogndary of the discon- -
tinuity as a function of time after impact and q~d is the stress that
would occur for the same time after impact and at the same position with
- no dchontinuity present. It is not possible to compare directly the
stress concentration factors K; and Ky as defined here., If, however,

the values of K; are multiplied by a suitable geometric constant based
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7
on the model width and discontinuity size, coﬁcentration factors K8 based
oﬁ the gross area of the section can be obtainéd. The values of K8 and Kﬁ
can then be compared without difficulty. In this investigatibn the con-

stant of equality between K8 and K; is

K, = K/ (1-2/d) (3-3)

whers a is the semi major axis of the .ellipse and d is half the model width

(see fig. 1).

3,2 Major Assumptions Involved,

1. The stress concentration factor (Ks) which is normally applied to the
gtatic loading can be considered a valid and sufficient definition for »
dynamic loading.

2, Since the model thickness (4") is small relative to the other dimen-
sions (13" wide X 8" long) it is assumed that a condition_éf plane stress
exists. A free boundary experiencés only a uniaxial state of atress
having a direction tangent t6 the boundary. Thus, the stress optic

r

equation for ¢;a§ becomes:

£ N
qmed = ‘fmaxh_w  (3-4)

-

where: fc'max is the maximum material fringe constant psi - in/fringe.
h is the model thickness in inches |
Nmax is the maximum isochromatic fringe order at the boundary of

the discontinuity.
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) A 8
3. At the central portion of the strut yzheri no discontinuity is present,

it is assumed that the transverse atress is negligible, Thus, the stress

optic equation for o% becomes

g 4 _ e nom_Ellom o (3-5)
nom = h
vhere s fﬂ'nom is the nominal material fringe congtant.
N oo i8 the nominal fringe at the axial centerline of the

gtrut with no discontinuity pi'esent.
Combining equations 3-2, 3-4, and 3-5:

K. = q ma% = fcrmax Nmax - ‘
d ~ AR L22.9 (3-6)
qas d £
nom anom nom

e Although £ ~—end £ ~ are probably‘ rate dependent for the material
studied here, it is agsumed that the ratio of theue two quantities is equal .
to one, Considering the work done by Dally, Durelli and Riley (20) on
hysol 8705 and investigations made by Clark (21) _-a.nd Frocht (22) on the
high modulus materials CR-39 and Castolite respsctively, this e.séumption
probably does not lead to appreciable error in the maferial used here,

Thus equation (3-6) reduces tos

K, - Tued | Moex
d = —a - _N— (3-7)
_q—nom nom '

5, Elastic stress conditions exist for all the configurations tested.
(appendix 4) ' ’
6. A dynamic state of stress exists. To obtain this the longitudinal

atress wave pulse must be short relative to the model length if a
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9
quasi-static state of stress is to be eliminated. However, to maintain

a.plene stress condition, the stress pulse must be long relative to the
rodel thickness. (17)(23)

3.3 The Geometric Configurstions Tegted

A total of sixteen models as seen in fig. 1 with various sizes.of
elliptieal discontiﬁuities were tested. The dimensions of all the models
were 3% thick by 13" wide by 8" long. One additional model was tested
without the discontinuity. This model was marked by a line acrogs its
width at the location where the discontinuity would appear, The material
used was a high modulus material acquired from Photolastic Incorporated
under the code number of PSM-l. See Appendix A for more detalls concerning

this materizal.
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L. EXPERIMONTAL ARRANGEMENT AND PROCEDURE

4ol The Light Sourcs.

Dynamic photoelastic investigations have been hampered primarily by
the lack of an intense light source. If ordinary light is used, it
must be polarized, made monochromatic (3004 band width) and stopped
‘down at the focal plane of the collimating lens to obtain a parallel
light field., Thus, only a fraction of the soﬁrce‘intensity ig ugable.
~ In order to avoid the requirement for a complexvcamera,aystem,_thé_
light must be controlled to produce a light pulse of one microsecond or
less if the rapidly propagating stress waves are to be stopped photo-
graphically én a 8till camera. The above restrictiona_mgke conventional
1ight sources difficult to use for dynamic phbtoelasticity.b‘On the other
hand, the use of a pockels céll modulated ruby laser completely overcomes
the light source problem. The advantages of the ruby laser light are
given below., (24) | |
(a) The output is polarized (100%)

(b) The light is monochromatic (6943K band width”O,lz).
(c) The light is parallel. (less than one degree divergencs)

Thus, the total output can be used. |
(d) The output is intense, In this experiment several neutral filters

had to be used so that the film would not be overexposed.

(e) The laser is easily modulatedvby_means,of.a_ﬁoqkela_géll toTproduce

a light pulse of 0.1 micfoseconds or less, a fechnique termed

Q-spoiling.

The sbove characteristics make the laser compatible with

10
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11
dynamic photoelasticity. Appendix B and C contain a more complete

description of the laser, its operation and assoclated equipment.

4e2 The Integrated System of Components to Record the Birefringence.

The conventional polariscope used in this system was modified by
changing the quarter-wave plates to make it compatible with the red
(69432) laser light. Since the laser output is polarized, the polarizer
of the polariscope could be omitted.

A loading mechanism incorporating a 22 caliber air pistol was designed
to load the model with a repcatable, short, time duration impact load.
The load duration was 30 microseconds or less which is compatible with
sssumption 6 of section 3.2. The pistol charging gas (nitrogen) was
stored in avwelder's tank and released to the gun by & pressure reducing
regulator which was preset to 500 psig.

After the pellet is fired, it first activates a photoéell. The re-
gulting electrical pulse, which is amplified and delayed, triggers the
laser power supply releasing energy to the laser head flash tube, When
the pellet reaches the top of the model, it activates a mechanical trigger
by forcing a strong spring returned steel plunger into contact with the
steel model cap. This contact action simultaneously loads the model and
triggers the multiple pulse hold-off circuit and pockels cell delay cir-
cult. The output pulse from the pockels cell delay circuit cuts the hglf
vave bias voltage off the laser head pockels cell at a predetermined time
after impact. Immediately, thereafter, a short pulse of laser light (0.1
nicroseconds duration) passes through the polariscope and model into the

opzn still camera,.
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A block diagram of the experimental appsratus is shown in fig. 2, while
fig. 3 shows the laboratory arrangement. See Appendix B and C for a more

complete descriptidn of the.equipment and its operation.

4.3 The Dats Recorded.

The first part of the problem was to determine how the maximum dynamic
stress concentration factor depended on the time after impact. To do this,
a model without a discontinuity and a representative model with a discon-
tinuity was tested to determine the nominal and maximum fringe orders
respectively at approximately 10 microsecond intervals between limits of
50 and 140 microseconds after impact., The results of thils test plotted
in fig. 7 indicate the dynamic stress concentration factors are essen-
tislly independent of the time after impact,

The second part of the problem was to determine the dynamic stress
concentration factors for the various sizes of discontinuities, Sincé

K, 1s independent of time aftef impact, a time of 100 microseconds was

d
used and was chosen on the basis of the maximum number of fringes that
could be counted accurately considering the severest geometry tested and
the resolution of the photographs. The photographs of both tests gave
additional information concefning the stresses at the top and bottom of
the discontinuity as-well as the stress at the edge of the model adjacent

to the discontinuity. The position of the maximum and zero fringe order

locations on the discontinuity were slso recorded.
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5. RESULTS AND DISCUSSION OF THE ANALYSIS

5.1 Birefringence Photographs,

5.1.1 Fringe Propagation in Models with Time afger Impact: Figure 4
13 a typical selection of photographs showing the-propagating stresé wave
identified by the isochromatic fringes at various times after_impact._‘A
linq,across the model without a discontinuity marks the position along
which the major axis of the discontinuity would appéar. ,Tha,tép 0.275
inches of the models across their widths is covered by the metal cap;
thué, the top edge of the models where the stress is initiated cannot be
seen, Near the loading point, the stafe of stress is biaxial;.but_at the
centerline of the model the uniaxial state of stress assumption is ap-~
proached. Furthermore, fig. 7 indicates that Kﬁ is_easentiallywconétaﬁt
over the time interval considered which indicates that the assumption of
a negligible trénsverse stress at the model centerline is justified.

The time of impact is 30 microseconds or ;ess (appendix_C)_and»ﬁhe
wave front velocity (zero fringe order) is 63000:in¢hes per second
(appendix A). Thus, the length‘of the stress wave pulase is_l.9-inches.
For & model length of 8 inches and a model thickness of 3 inch, this

stress pulse length obviously satisfies assumption 6 of gection 3,2,

5.1,2 Fringe formation about Digcontinuities at 100 microseconds after
Jmpact: Figure 5 shows a typical set of discontinuities tested for a con=-
gtant a/d of 0.58. For a particular photograph ahown,in;fhiqhﬁiguré,,
there were at least two other photographs taked and the,avefage fringe
count for the three photographé was used in_the“analysis. The resolu-

tion of all the photographs was good and washout of the higher order

13
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fringes was negligible which is probably due to the highly monochromatic
lager light. |

Figure 6 shows a typical set of discontinuities for a constant 2a/r = 2.
The maximum fringe order is nearly the gsame for each photograph regardless

of the edge distance.

5,2 Graphical Interpretation of the Birefringence.

52,1 The Maximum Dynamic Stress Concentration Factor as s Function of

Time after Impact: Figure 7 is a grgph of the_fringe'ordar agéinsb time
after impact. OCurve Nmax represents the maximum fringe order at the en@
of the méjor axis for the constant geometry indicated. The fringe count
at both ends of the major axis was noted and the average of the two values

was plotted. The Nno curve was plotted‘fromAthe information of fig, 18

m
shown in appendix A. The dynamic stress concentration factor Kﬁ is the

ratio of N to N  for any given time after impact. Inset in fig. 7

is K.d plotted against time and shows Ka to be relatively constant over the
time interval considered. The remainder of the tests were then taken at
100 microseconds after impact based on this figure and the fact that N;;;
was reliable for this time, |

5.2.2 The Maximum Dynamice Stress Concentration Factor at a Constant

Time after Impact: Figure 8 is a graph of the maximum dynamic stress fac- |

| tor Kd against 2a/r for various ratios of a/d and at a constant time after
- . impact of 100 microseconds. The value of Nnom =.2.25 was determinedvfrom
fig. 7. The experimental static stress concentration factors shown here
for comparison purposes were taken.from reference (3). This reference
indicated that the curves were an approximate solution for three different

shapes of discontinuities, Ons of these discontinuities was the ellipse
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glthough, unfortunately, it was not clear which shape was actually tested
and plotted. ‘ | |

‘The dynemic stress concentration factors Kﬂ’ unlike the static factors,
are independent pf a/d. Although this was not eﬁpected, it may be ex-
plained by considering the effeét of a discontinuity on the propaggting
gtress wave, At the upper boundary of the discontinuity, a fraction of
the incident compression wave is reflected as a tension wave from the
free boundary and this fraction tends to increase as a/d or a increases
(@ = 0,75"% is constant), |

Consider a constant value of a/d approximately equal to 0.42 where
the dynamic factorg Kﬁ are approximately equal to the static factors Ké-
If 2a/r increases, r must decrease and a decreésing r is associated

with an increase in stress concentration which is consistent with fig; 8.

It 25/r is constant and a/d is alloved to increase, the met section
decreases but the net section sees less of the incident stress wave.
Thua, the increase in average stress - across the net section is reduced
and this reduced average stress would tend to lower the stress concentra-
.tion factor., But, as a inéreases, then r must also increase if 2a/r is
to remain constant and an increasing r is associated with a decrease of

stress concentration, Thé two effects of an increasing r and an in-

creasing stress wave reflection dué to an increasing a combine to reduce
the stress concentration factor Ka to the éoint where it is independent

of é/a. This same argument can also be applied to the case when 2a/r is
constant and a/d is reduced below the value of a/d = 0,42, In this case,

the net result is to increase Ka beyond the value of Ks in such a way thét
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K

4 1s still independent of a/d.

Figure 9 is a graph of the experimental (K8 / K4)gp against 2a/r for
various values of a/d. The graph indicates that Ky varies from a maximum
of 1.84 Kj at a/d = 0.75 to a minimum of 0.89 K4 at a/d = 0.25. At
a/d = 0.42, K is approximately equal to K. |

Figure 10 shows a graph of Kd against a/d for circular discontinuities‘
(2a/r = 2). The author's curve, the static curve, and the results ob-
tained by other investigators are indicated. , N

5.2.3 The Dynamic Stress Concentration Factors at the Top and Bottom

of the Discontinuity: The dynamie stress concentrations associated with

the top and bottom of the discontinuity were also determined. These re-
sults were obtained for a constant model geometr& (a/d = 0.58; 2a/r = 5,6)
and various times after impact as well as a constant time after impact
(100 mictasecohds) and various model geonmetries., The plotted data is
represented in fig. 11 and fig. 12 respectively. Figure 11 indicates
that K, and K, increase with time after impact. These curves could not
be plotted for times after 120 microseconds because Noom was not clearly
defined beyond this time. Figure 12 shows that K; and Ky vary with 2a/r
and'also a/d. Kt is 'always highér than K except for the case of the
emallest discontinuity where K, appears to equal Ky. This is likely due
to the length of the propagating wave front; thaﬁ is, it envelopes the
smallest discontinuity completely.

5¢2+4 The Dynamic Stress Concentration Factors at the Edge of the

Model Adjacent to the Digcontinuity: Figure 11 shows Ke for a constant
geonetry and various times after impact., The fringe order Ne at the edge

of the model was small and not greater than two. Thus, it was difficult
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to determine Ne accurately since the best fringe count estimates were |
generally not better than the nearest half order.

Figure 13 shows Ke at 160 microseconds after impact for various model
geometries. This graph indicates that K depends on both a/d and 2a/r;
but, at a/d = 0.42 to 0.25, K, appears to be nearly independent 6£ 2a/r.
That is, ag the discontinuity becomes small', its_ influence on the wave
front at the edge of the model becomesvless pronéunced, indeed, for the
smallest discontinuity the trend is to indicate no effect at all (Ké =1).

5.2.5 The Angular Pogition of the Maxirum and Zero Fringe Orders: The

angular positions of the maximum and zero fringe orders on the boundary
of the hole for a constant model geometry are plotted in fig. 14 as a
function of time. The maximum stress occurs initially at some point
removed from the net section and as £ime increases the maximum fringe
order moves toward the net section,

This figure also shows the zero fringe order positiona above and below
the centerline of the discontinuit&. The zero position in both cases
tends to move toward the net section as time increases.

Figure 15 ghows the zero fringe order positions on the upper boundary
of the discontinuity against 2a/r at a constant time after impact (100
microseconds)vfor the geoﬁetries studied. These curves indicﬁte that the
position of N = O depends on both a/d and 2a/r. The N = 0 positions on

the lower boundary of the hole were quite similar,

5.3 Egtimate of the Experimental Error.

This estimate is confined to the error in the maximum dynamic stress
concentration factor (Kﬂ) at 100 microseconds after impact, Errors in

load repeatability and the repeatability of the time after impact are
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included in the measurement of the fringe orders.

Considering the ceverest geometry tested, each photograph showed a
fringe count of about 16 fringes for Nmax’ It is possible for the error
in this figure to approach * 1 fringe or * 6%. This 6% error may be over-
estinated since the value of Nmax is the average of at least three separate
photographs,

The nominal fringe order obtained from fig. 7 at 100 microseconds after

impact is 2,25 which is the value used to calenlate Kj. The Moo Curve of
figure 7 is based on the results of ten photographs taken at ten differ-

ent times after the impact. Hence, the error in this value of Nnom is
probably not greater than * 0,1 fringe or * 4.5%.

Since Kd is equal to the ratio N

nax / N then the error in Ky is

cbout * 10%.

5.4 Theoretical Considerations,

Using some simplifying assumptiéns and the one and two dimensional
theory of stress wave propagation, an equation can be developed which
shows the relationship between»the incident and transmitted longitudinal
waves in a strut which has a change in cross sectién. |

Consider a strut as shown'in the sketch which is assumed to be very
Jong. That is, the assumption is made that the ends of the strut are
far enpugh avay from.the'cbange in cross section so that feflections
from the ends do not interfere with the initisl stress pulse. Further

assuned, is & uniformly distributed compressive stress pulse that is long

with respect to the discontinuity and suddenly applied to the free end,
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The conditions of continuity at the change in cross section require
that
Fi = Fy  (5-1)

vy = vy ( 5-2)

where F-is the force and v is the particle velocity. Let Trons Ty and ’(]:

be the stress in the incident, reflecfed and transmitted pulse respecti-

vely. From equation (5-1)_ and (5-2)

b @Woont T2 = (95 45 (5-3)
vn;)m -V = Y, : (5~4)

From the elementary theory of wave propagation (25)(26)
= /ev (5~-5)-

vhere £ is the mass density of the bar, and ¢ is the wave velocity

(Appendix A). Solving equation (5-3)(5-4) and (5-5) gives

A, /% cé

@ = aadli
¢ A, /7 Cpom + 22/% %

Toom (5-6)
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dr - Az/g. °s T~ Alﬁl ®nom_ ., (oo (5-7)
Al/Ji non ¥ AZ/Z %

If the assumption is made that the velocity Cq at the net section of
a strut containing an elliptical or circular hole is better represented

by the two dimensional plane wave propagation theory, then ¢ is given

o

by the dilational wave equation.

e = [ E2(1-V)
° (t+V) (1-2V) /5

Furthermore, if the simplifying assumptions of/l =f2, E, = E, and

poissonts ratio (V) is not rate dependent are msde and since Crom = /E,//‘-’

then,

Chom - [(+0)(1-2Y)

o »(:—v)

= R (constant) (5-8)
Substituting equation (5-8) into (5-6) yields

A R+ A e
Qpom = 21 Z- = B (constant) (5-9)

7o _2A1

Using equation (5-9) and the equation for the dynamic stress concentra-
tion factor we have

4

- q.?ﬂ;)x - (5- . Gﬁx = KS

K
=10
Ynom  (rnonm Jo B (5-10)

d

vhere rmax is the stress at the ends of the major axis of the ellipse

and the ratio of q;ax to the transmitted nean stress q; is assumed to be
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: N
equal to the static stress concentration factor K.8 based on the net
gsection, Since Ka’ is equal to K multiplied by the ratio of the net

area to the gross area then (5-10) after substitution for B becomes

K A R+ A
2 At (5-11)
d 2

Substituting for A, and A, -in terms of the geometric properties of the

1 2
strut, the theoretical equation (5-11) becomes

2 L Re (- w0 (5-12)

KT 2(1-a/d)

Equation (5-12) indicates that the rafio of the static to the dynamic
stress concentratioh factor depends only‘on a/d and poisson's ratio.

For a given a/d, the value of K, depends primarily on tﬁe redius (z)
at the end of the major axié of the ellipse and is not too sensitive to
the curvature of the upper and lower boundaries of the ellipse., Al-

though the value of Kﬁ fof any a/d depends on r, it is also dependent
on the proportion of stress wave reflection at the discontihuity. This
gtress wave reflection is primarily a function of a/d and increases aa/k
a/d increases., Within limits, the curvature‘ofvthe upper and lower
boundary of the discontinuity does not affect the ﬁrOportion of the
incident wave reflected. |

The result of these effects is that the ratio Ks to Ka tends to be
independent of the radius r and becomes primarily a function of a/d.

This can be geen experimentally from fig. 9. In this figure at
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a/d = 0,75, r varies from 1/16" to 9/16" but Ky / K3 is nearly invariant
in the change in r.

Figure 16 is a graph of the theoretical and experimental (K8 /Kd)T "
. H

against a/d (V = 0.38). For a partiéular value of a/d, the experimental
point plotted reﬁresents the average (K8 /‘Kd)E for the four models tested.
Tais graph indicates that equation (5-12) is in very good agreement with
the experimental (g / Kd)E; the theoretical values being 5% to 10% higher
than the experimental values, -

The experimental results of Dally and Halbleib (15) who tested only
circular discontinuities are also plotted in fig. 16. The theoretical
results of their experiments also shown, var& from those of this inves-
tigation largely because poisson's ratio for their model materisl was
0.42 or approximately 10% higher. Their experimental results also £it

this propoged theoretical solution very nicely.
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6. RECOMYENDATIONS

6.1 Suggestions for Experimental Improvement.,

In this experlment, the maximum duration of iméaét was not greater
than 30 microseconds. Thig wes determined by measuring thé electriecsl
contsct period and it is quite probable that the duration of impact was
considerably shorter than this. Therefore, a measurement of the actual
pulse duration gnd the associated load variation would be of interest.
It would make experimental procedures more versatilé if this lead time
puise could be changed in both magnitude and time.

The nominal fringe orders and thus the nominal stresses were somewhat
difficult to analyse., It would be helpful if another method could be
used to verify'the nominal stresses. Thig might be done by using a very

fast response strain gauge.

6.2 Suggestions for Further Vork.

- 1. Accurate measurements should be carried out to determine the stress
optic coefficients and the rodulus of elasticity over a wide range of
strain rates to definitely establish the effect of strain rate on these
quantities,

2, It has been recognized thaf d&namic gtress concentration depends on
poisson's ratio and the pulse length (17). Hence, investigations should
be carried out with these two qﬁantities as parameters,

3; Since the ruby laser supplies a very intense short duration light
pulse,Mthe extension of dynamic photoelasticity to the three dimensional

analysis using the scattered light technique is adviseble. Probably wore

importent is the use of holography in three dimensional dynamic

23
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photoelastic investigations. |
. It would be of interest to study the difference between the statié
aind dynamic stress concentration for the same confipgurations tested here
bat with the ellipse oriented 90 degrees so that 1lts major axis is para-
1lel té the longitudinal axis of the strut. In this case, the deviation

bztween KS and K4 measured at the end of the minor axis may be a minimum,

5. The static stress concentration factors fron reference (3) are ob-
viously wrong for various values of a/d at 2a/r = 2 (circular holes)
indicatiﬁg that thoze facltors sre likely in error for other values of

2a/r. Therefore, these values should bs checked out experimentally.
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7. CONCLUSIONS

1, The nominal fringe orders propagate in the model with different but
constant velocities. These velocities range from 63,000 inches per
socond for the zero fringe order to 54,500 inches per second for the

first third order fringe encountered.,

2. The maximum dynamic stress concentration factor Kq was fbund to be
easentially constant with time for the interval 50 to 140 microseconds

after iwmpact.

3. At 100 microseconds after impact, the mexiwmum dynamic stress concen-
tration factors are independent of the ratio a/d and depend only on the
ratio 2a/r. Vhen a/d is approximately 0.42, the dynamic and static stress
concentration factors are approximately equal. As a/d increases Beyond

the value 0.42, the deviation between-Ks and K, increases and K8 is alwéys
higher than Kd with a maximum difference of 45.6% based on Ks at a/d = 0.75.

As a/d decreases below the value of 0.42, the deviation between Ks and Kd

again increases; but now KS is always less than Kd with a maximum differ-

ence of 12.2% based on K_ at a/d = 0,25,

Lo The isochromatic fringe photographs provided additional information
about the stress concentrations at the top and bottom of the discontinu-
ities and the stress concentrétions af the edge of the models adjacent to
the discontinuities. These stréss concentratiohs vere generally quite
small as compared to the values of Kd. The positions of the maximum and
zero fringe orders were also obtained and were plotted as additional

information.
2 =
2 | 99571
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5. The static modulus of elasticity E for this msterial is 340,000 |

1b./in.2 and the rate dependeht dynamic modulus was calculated as

440,000 1b./in.? This represents an increase of 29.5%¢ (Appendix A).

6. The objective of incorporating a modulated ruby iaser as the light
source in dynanic photoelasticity was accomplished. The advantages of
the ruby laser are as follows: ‘
(a) The very intense short duration Q-spoiled pulse is monochromatic,
polarized, and parallel. Obviously then, the laser is an ideal
light source for dynamic photoelasticity. ,
(b) The intensity of this laser was tremendous. Even though the light
pulse was only 0.1 microseconds or less in duration, several neutral
density filters had to be used to prevent overexposure of the film,
This is in contrast to the use of conventional light.sourcesAwhere
every precaution is used to minimize the logs of intensity.
(c) The resolution of the photographs ﬁas very good. This can be
attributed to the high degree of monochromaticity aﬁd the very
short duration of the output pulse. |
There are some disadvantages associated with thé use of the laser. Thesé
ere as follovws:
| (a) The wavelength of the output being near the infrared decreases

the material fringe sensitivitj by 21%. ,

(b) To obtain good contraét, Polaroid infrared film type 413 had to be
used. The standard Polaroid film type 47 3000ASA was not sensi-
tive enough to the laser output and only limited success was

obtained with this film.'

(c) Some focusing problems were encountered since an ordinary light
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source had to be used. The use of a8 gas laser for this purpose
would have been ideal,

(a) The output of the laser is hazardous to the human eye. Hence, it
is important that the output not be viewed directly or as reflected
from a good reflecting surface., There are additional personal
hazards in that.the pockels cell power supply maintains a bias of
12,000 volts while the laser maintains some 1,400 volts. |

With due respect to the disadvantage (d), the other disadvantages are

far outweighed by the advantages.

7. The agreement between the theorstical and experimental KS / Kd is
very good and therefore certainly noteworthy. The versatility of this
equation is encouraging since it fits very well the results of‘an inde-
pendent ihvestigator who used a different pulse length and a different

photoelastic materisl.
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a/d=0,25 a/d=0.012

a/d=0,58 a/d=0.75

Pe. 6 Isochromatic Fringe Pattern about Discontinuities
for 2a/rs2 and Time after Impact of 10Q¢Seconds
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9Cusec. 11Cusec.
Nominal Fringe Photographs

TOusEC o busec,
a/d=0.58,2a/r=5,.6

Fig. |1 Isochromstic Fringe Propagation with Time after Impsect

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2a/r=5.6 28./1":2

Fig. 5 Isochromatic Fringe FPattern about Discontinuities
for a/d=0.58 and Time after Impact of 1l0QuSeconds
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APPENDIX A

MATERIAL CALIBRATION

The material used here was a polyester material obtained from
Photolastic Incorporated under the code number of PSM-1l. The manufac—
turer states that the material exhibits low creep, minimun time edge
effects and good machining characteristics, The listed elastic constants
are:

poisson's ratio (V) = 0,38
modulus of elasticity (E) = 340,000 1b,/in®

static material fringe constant (fg) = 40 psi - in./fringe (tension)

In this investigation, it was found that this material could be machined
quite well Qithout obtaining machining étresses if an ordinary two-fluted
or four-fluted milling cutter was used at normal drilling speeds. The |
multiple flute cutter and high speed miller technique was found to be com-
pletely unsatisfactory. The resistancé to time edge effects (absorption of
moisture at the model boundaries producing undesirable'stresses) is note-

worthy since models two weeks after machining were still in good condition.

A.,1l _Static Calibration.

A static calibration was carried out on the PSM-1 maferial using a
constant moment beam to determine the linegrity of load versus fringe
arder. The results are shown in fig. 17 and'indicate a véry good linear

' relétionship to a fringe ofder of at least fifteen. An additionsl point
vas plotfed with a fringe order of approximetely twenty. This point was

difficult to determine with accuracy since the high fringe orders were

47
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48
quite narrow and almost washed out. Thus, no attempt was made to |
determine the fractional fringe order at this point. From this figure,
the materisl fringe value (static) vas calculated as f¢ = 37.7 psi -
in./fringe using standard green light (5461R). If the red light of the

ruby laser (69432) had been used, f¢ would be 47.9 psi - in,/fringe.

A.2 Dynsmic Calibration.

Figure 18 shows the nominal fringe order displacements measured from
the photographs along the longitudlnal axis of the model against time
after impact. The slope of these lineg whien is constant giveé the
individual fringe order velocities when the slopes are multiplied by

- the model to photograph scale factér of 2,65:1., Although the zero,
first, and second orders plotted very well, difficulty was encountered
in trying to interpret the two third order fringes particularly at 130
and 140 nmicrogeconds after impact. These fringes tended to run to-
goether at these times.

Figure 19 is a graph of fringe order velocity against fringe order
where it is obvious that as the fringe order increases the velocity
decreases. ’

From the theory of elasticity (26), the diffefential eguation of a

longitudinal wave propagating In an elastic bar is given by:

azu - ¢ 9%u (a-1)

The general solution of (A-1l) is:

u=7f (x+ ct) +‘g (% - et) (a-2)

wvhere: x is a point along the longitudinal axis of the bar measured

from the impact end.
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u is the displacement of this point for any time t after impact.
¢ is the constant longitudinal wave velocity and is a function

of the modulus of elasticity E and the mass density of the bar

c = [E/P — (a-3)

The mass density and wave front velocity of this material is

i

c 63,000 in/sec

/0

Using equation (A=3) the dynamic modulus of elasticity can be found.

1]

111.8 ¥ 1070 1b. seq./in®

By = (%® = 440,000 1b/in®

Thus, Ey is 29,5% greater than the static modulus of elasticity.
No attempt was made to determihe the dynamic fringe constant f .
The dynamic modulus of elastiéity Ed is rate dependent and this is
. probably true of the material fringe constant fg. However, the stress

congentration factor Kd involvesvthevratio f¢max/qrnom and the effect

is cancelled assuming the fringe velocities about the discontinuity are

not too different from the veloclity at points farther removed from the

discontinuity.
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Fig. 17 load against Fringe Order for a Beam in Pure Bending



Displacement of Fringes from Centerline of Photograph (in.)
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APPENDIX B

THE_MODULATED RUBY LASER LIGHT SOURCE

The laser output contains some very desirable characteristics which

are quite cdmpatible with the requirements of dynamic ppotoelasticity

(24). These characteristics are shown in a tabulated form in the fol-

lowing table.

OUTPUT GHARACTERISTIC

REMARKS

Monochromatic

69434 with a band width of 0.1A

Parallel Output

Less than one degreé divergence

Polarized

100 percent

i

Oatput Intensity
(watts/cmz)

1

For this system the output was 2 joules or

3500 watts/bmzlbased on random mode of

operation. For Q-spoiled mode, the

infensity increases by 2 orders of

magnitude.

Spatial Coherence -

Not of importance in this experiment but

necessary in the field of holography.

the lasing cavity.

With an input of 1000 joules (maximum for this system), the efficiency
is 0.2% in the random lasing mode and an order of magnitude less in

the Q-spoiled mode. The efficiency also depends on the mirrors bounding

53
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The intensity (3500 watts/bmz) is based on the cross gsectional area of
the ruby (dis. =‘3/8“) and is calculated for 800 microseconds random

lasing.' This time can vary depending upon the condition of the laser.

B.l . The Lagser Head and Its assocliated Elements

Figure 20 shows a schematic arrangement of the laser head elements
for the lsger used in this experiment. The ruby and flash tube are
placed in a highly reflective elliptical cavity with the ruby at one
focus and the flash tube at the other focus. This is to ensure that
the ruby receives as much of the flash tube light as possible. The
flash tube receives 1000 joules from the laser head bower supply (LPS84)
and supplies this energy to the rﬁby in approximatély 2 milliseconds.

It has been found that iq order to have sufficient amplification for
lasing action, it is necessary to have a long lasing medium. Since
this is not pfactical, a system of two reflecting mivrors producing s
feedback system is used with the ruby rod between them. One ﬁirror
(483 reflective) is on one end of the ruby rod and the other mirror
(99% reflective) is displaced so that a pockels cell and prism can be
placed within the lasing cavity. The partially reflective nirror al—
lows the output of the laser to escape after sufficient amplificatibn
has occurred. If optinum pérformance is expected, these mirrors must

be lined up parallel to each other.

B.1l.1 Operation in the Random Lasing Mode: If the pockels cell and

prism are removed from the lasing cavity, the output appears as a number
of randomly spaced spikes. This random lasing will continue for some 800
ricrogeconds if the laser is in optinmum operasting condition. Using a

photo multiplier output recorder (Appendix C) and an ogcilloscope, the
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random lasing shown in fig. 21 was obtained., Each spike in the photograph
indicates lasing has occurred and the curvature of the sweep represents

the flagh tube envelopa,

B.2 Operation in the Q-gpoiled Mode,

To operate the léser in the Q-spoiled mode, a pockels cell and a
prism are introduced into the lasing medium as shown in fig, 20. The
pockels cell is an electrically sensitive birefringent crystal that
produces half wave retardation for the 6943X red ruby output at 12KV
potential and the prism is nothing more than a good polarizer, For
operation, the polarization axis of the prism and y axis of the pockels
cell must be oriented to a position parallel to the polarization axis
of the ruby énd to minimize losses, the faces of the prism and cell
mist be parallel to the mirrors.

When the polarized ruby light enters the energized pockels cell, it
is split into two equal orthogonal components which are in phase but
at 45 degrees to the initial rﬁby axis of polarization. When the cdm-
ponents emerge from the cell, the relative phase difference between them
is 180 degrees. Thus, the vector sum of these components is equal in
magnitude‘to the incident polarized ruby light but at 90 degrees to the
axis of ruby polarization, This light is now absorbed by the prism
since the axis of polarization of this prism is parallel to the axis

- of polarization of the ruby. Thué, no amplification occurs and lasing
is held off. 1If, however; the cell voltage is removed, the light from
the ruby will pass through the prism»and‘to the mirror. Amplification
due to oscillations in the lssing cavity can now occur and a very short

(0.1 nicroseconds) intense, Q-spoiled light pulse emerges from the laser.
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The pockels cell voltage must then be quickly re-established to stop
random lasing from following a Q-spoiled pulse. The two photographs
in fig. 21 show the difference between random lasing and Q-spoiling.
The. Q-spoiled pulse is so very short that the oscilloscope (Tektronix
type 564) is unable to record it faithfully although its position is'

identified by a break in the sweep.
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Handom Lasing

Q-Spoiled Pulse
vertical scale,0.05v/cm
horizontal scale,200usec/cm

Fig.21 Random Lasing and Q-Spoiling Photographs
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APPENDIX G

THE AUXILIARY EQUIPMENT AND ITS OPERATION

C.l Loading Mechanlsm.

In this experiment, the dynamic load was produced by a 22 caliber
projectile from an air pistol, The pistol was modified to accept
nitrogen from a welders' tank which was released to the gun by a
pressure reducing regulator set to a constant pressure of 500 psig.

Two separate triggering systems consisting of a photocell and a mech-~
anical trigger were incorporated as part of the loading mechanism such
.that the laser output could be synchronized with the load cycle. A
cycle begins as the pellet first activates a photocell and the resulting
electrical pulse after being amplified and delayed, triggers the lager
hecad power supply to relesse energy to the laser. |

The pellet activated mechanical trigger which congisted of a steel
modol cap and a steel plunger was designed to simultaneously load the
model and close an electrical contact. The metal cap, as shown in
fig. 1, was placed in contact with the end of the model. The 0,73 oz.
plunger separated from the cap Ey 3/32 ‘inches was held in place by
strong return springs under initial tension and requiring a static
force 6f 5.5 1b, to bring the plunger in contact with the model cap.
Figure 22(a) shows that the electrical output.pulse from the mechanical
trigger was approximately 30 microseconds in duration. Thus, the load
duration was no more thaﬁ 30 microseconds and could have been as little .

as 15 microseconds,

59
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The time after impact was measured from the instant of plunger

contact. This resulting trigger pulse after being delayed was then

used to trigger a Q-spoiled pulse from the laser, Although this would

appear to be difficult to control accurately, it is estimated thatl the

experinent could be repeated with an accuracy of 2 microseconds at a

constant deley setting for the interval of time (50 to 140 microseconds)

studied here representing an average error (in time) of only 2%. This

estimate is based on the similarity between photographs obtained for a

constant time after impéct. The average shell velocity over a distance

of 12 3/16 inches for eleven separate tests was 360 ft/sec.

The following sequence of events in conjunction with fig. 23 describes

what took place to obtain each photograph for a particular delay time (t)

after impact,

A.

C.

D.

E.

The amplified photocell pulse triggers the delay in the pulse
genera{or.

The laser power supply is triggered gnd immediately energy is
released to the flash tube. |

This is the time interval for the pellet to travel from some
locatién bejond the photocell to the mechanical trigger at the

top of the model.

At this point, the model is loaded and simultaneously an electrical

pulse enters the pockels. cell delay circuit to be delayed a time (t).
At the end of time (t), the pockels cell biss voltage is removed

“and immediately thereafter a Q-spoiled laser spike occurs.

Random lasing would occur for approximately 800 microseconds if

~ the pockels cell is not used.
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G. This intervel represents the approxinate time that energy is

supplied to the flash tube,

C.2 Equipment Circuit Diagrams.

The following subsections describe the equipment which was built by
the Electrical Division of The Central Research Shop at the University

of Windsor.

C.2,1 Photocell and Amplifier Circuil: TFigure 24 shows the photocell

circiut, The rise time of the output pulse was 50 microseconds and the
peak voltage was 0,05 volts. This pulse was delivered to the amplifier
where it was amplified to 3 volts peak. Figure 25 shows the amplifier
circuit and the photograph in this figure shows the output pulse from
the amplifier. | |

C.2.2 Mechanical Trigger and Multiple Pulse Hold-Off Circuit: Figure 26

shows the mechanical irigger and multiple pulse hold-off circuit. The
top trace of photograph (b) shown in fig. 22 is the mechsnical trigger
output and the bottom trace is the output from the multiple pulse hold-
off circuit. The mechanical trigger shows two step pulses about 600
microseconds apsrt. The second step pulse ig due to contact bounce and
produces electrical contact but no load on the model, Since this second
pulse could trigger the laser a second time and further expose the bire-
fringence photographs, the multiple pulse hold-off circuilt was designed
to accept only the first and most important step pulse,

C.2.2 Lagser Output Recording System: The laser output recorder shown
in fig, 27 is capable of a rise time of 10 nanoseconds. This is necessary

since the laser spikes have a rise time and duration in the order of
nanoseconds. The output recordsr was placed behind the 997 reflective

mirror vhere it received flash tube light and approximately 1% of the
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laser light. The essociated power supply is shown in fig. 28. The

design of the recording system was obtained from reference (24).

C.3 The Commercial Eguipmesnt Used.

The following list of equipment was used.

1. Crossman Mark I (0.22 caliber) single shot co, pistol.

2, Milbro "Caledonian® waisted pellets (0.22 caliber) manufactured in
Great Britain. ' |
3. Hewlett Packard Pulse Generator (rodel 2224) and two D.C. power
supplies (model 7214). ' |
4., Raytheon Laser N
(a) Laser head (LH6) delivering 2 joules output with a 3% in. long
by 3/8 in. diameter ruby.
(b) Power supply (LPS8A) delivering 1000 joules.
(c) Pockels cell Q-switech containing a potassium dihydrogen phosphate
(KDP) birefringent crystal. | |
(d) Pockelé cell power supply (LA1RA) capable of OnlvaVDC and
containing a delay circuit with a range of 5 microseconds to
3 milliseéonds.
5. Graphlex camera with extension bellows and uéed with 3} in. X 4% in.

infrared Polaroid film type 413.

6. Tektronix (564) storage oscilloscopé with type 3A1 dual trace

amplifier and type 3B3 time base plug-in units.
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(a)

Mechanical Trigger Output--horizontal
scale 20usec/cm,vertical secale lv/cm

(b)

Upper Trace--llechanical Trigger Output(2v/cm)
Lower Trace--ilultiple Pulse Hold-Off Output(10v/cm)
horizontal scele 200usec/cm

Fig. 22 Output Pulse of Hechanical Trigger and Multiple
Pulse Hold=Off Circuits
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Fig.25 Photocell Amplifier Circuit Diagram
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