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ABSTRACT

Two series of dynamic photoelastic cxperiments
utilizing line charges of lead azide are described. [In the
first series of tests, the stress waves generated in a full-
plane model by three different ignition methous are investi-
gated. Igniting the line charge at one end and igniting
simultaneously at both ends result in comoarable magnitudes
of shear stresses and highly stressed regions. Center igni-
tion of the line charge is the least effective method.

The second series of experiments is performed on
photoelastic models of a quarter-plane where the distance
between the line charge and the parallel free surface is
varied for these tests, double-end ignition is employed. The
reinforcement of the incident shear wave by reflected stress
waves is studied and the effects of varying the spacing be-

tween tne lin2 charge and the free boundary are indicated.
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i INTROBUCTION

The apolication of dynamic photoelasticity to the
study of rock bhlasting techniques offers anm erperimental
method which can adequately treat the comples phenomens fn-
volved. However, the use of dynamic photoelastic methods in
this important problem area is very limited. Tandanand and
Martnan[‘]. have used a multiple spark camera to Study frac-
ture in glass and plastic plates impacted by a chisel-shaped
tool. In the semi-annual technical reportlz] of this contin-
uing investigation, stress waves generated by multiple dila-
tational sources in a half-plane were examined in consider-
able detail. In this final report, stress waves due to line
sources are examined in detail,

The interaction of the stress waves from a line
charge of explosive with a bench face has been studied by
Reinhardt and Da]]y[3], They compared four different methods
of igniting the line charge and concluded that simultaneous
ignition at both ends was the most effective method.

In the present investigation, the generation and
attenuation of stress waves due to various ignition procedures
were studied in detail. A comparison of the ignition methods
was made based on free propagation of stress waves in a full-

plane. Next, the reflection and reinforcement of stress waves

* Numbered references are listed in the Bibliography

1
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In Uhe series of seperinests en the fulleplane,
thiree Eifferenl T1gaition precedures were conpared. im Lhe
firgl tesl, US¢c charge was igsited at one end. In the
seCosg, Lhe Ignition was Imitiated at the center of the line
Charge. And in the third experiment, the line charge was
igaited simyltareovusly at both ends by weans of two bridge
wire detonetors whose resistances were closely matched. The
model dimensinng and groove location are shown in Fig. 1.

For the tests with the quarter plane, one of the
ends of the groove was positioned 3 in. from on¢ of the
boundaries, the top face. The distance between the groove
and the parsllel boundary or the front face, denoted by s in
Fig. 1, was varied in the three tests. The values of s used
were 3,4.5 and 6 in.

The dynamic polariscope used in recording the

photoclastic fringe patterns has been described in sufficient
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Three different methods of ignition of the line
charge were compared by testing three photoelastic models.

The models were large enough to avefd interaction with the
boundaries. The line charges in these full-plane wodels

were fgnited at one end, at the center and at both ends, re-
spectively. The resulting fringe patterns are shown in Figs.
A-1, A-2 and A-3 in the appendix. Selected frames from the
three tests are shown in F'g. 2. The frames have been se-
lected so that the line charge was completely burnt and the
fringe patterns were fully developed in each case.

The fringe pattern shown for single end ignition of
the line charge corresponds to a time of 74 ysec. after the
charge was ignited at the right end. Two distinct groups of
fringes can be recognized, one due to the dilatational or
P wave followed by the other due to the shear or S wave. The
sets of fringes exhibit nearly plane fronts, whose inclin-
ations to the line charge are donoted by angles o and g, for
the P and the S waves, respectively. The wave speeds and the
velocity of detonation of theline charge are related through

these angles as

C _ -p _ S
o sina sinB (1)

where Cq is the velocity of detonation of the explosive
cp is the velocity of the P wave
and c is the velocity of the shear wave.

The angles a and B were measured as 38 and 20 degrees,

6



FIG,2 TYPICAL ISOCHROMATIC FRINGE PATTERNS FOR THE FULL-PLANE EXPERIMENTS



respectively, in the frame corresponding to 74 ,sec. Teking
velves of 70,000 ips (in. per sec.) and 41,000 ips for the P
énd the S waves in CR-39, the velocity of detonation of the

line charge in this experiment was 118,000 ips.

The fringe pattern for center fgnition of the line
charge, in Fig. 2, corresponds to a time of 56 usec. after
fgnition. This fringe pattern is very similar to that due to
single end ignition. In fact, center ignition of the 6 in.
line charge can be considered equivalent to ignition at the
common end of two 3 in. line charges placed end to end in
a line. Again the P and the S waves can be observed with
nearly plane fronts inclined at angles « and 8 to the line
charge, respectively. In this experiment,a was 40° and ¢
was 229, corresponding to a velocity of detonation of the line
charge of 110,000 ips. This value is slightly less than the
value measured for the case of end ignition, the difference
in the velocities of detonation being due to the difference
in the packing density of lead azide.

The isochromatic fringe pattern due to simultaneous
ignition of the 1ine charge at both the ends, shown in Fig. 2,
corresponds to a time of 56 usec. after ignition. This fringe
pattern is different from the other two and can be visualized
as the resultant of the interaction between two 3 in. line
charges placed end to end and ignited at opposite ends sim-
ultaneously. The fringe pattern is symmetrical with respect
to the perpeadicular bisector of the line representing the
explosive charge. The dilatational wave is followed by the

shear wave as before. The two P waves due to the two 3 in.



line charges e»hibit thefr individual characteristics on
ecither side of the center line but have interacted near this
line. The two S waves also have interacted with each other
fn the middle region but on either sfde they resemble the S
wave due to single end ignition.

The frinoe order, N, due to any of the stress waves

fs related to the difference in the principal stresses in the

plane of the model by the stress optic 1aw(a)
Nf
oy - ot (2)

where p and g, are the principal stresses
f0 is the material fringe value

and 1t is the model thickness.

In the fringe packet associated with the S (equivoluminal)
wave, the first stress invariant must vanish. This requires

that
¥

Sy

g (3)

0‘] = -02 =

[aV]

t

so that the individual principal stresses can be found from
the isochromatic fringe order, for the S wave.

(a) Single end ignition:

When the line charge is ignited at one end, the
resulting P and S waves exhibit nearly plane fronts. The
normals to these wave fronts are denoted by lines OA and 0B
in Fig. 2 and are drawn perpendicular to the plane wave
front through the point exhibiting the respective maximum

fringe order. It is clear that eéch wave normal passes



)

through DO Lhe frimge mackels bul Uhe masinen fringe order
along any wave normal corresponds to the wave for which Lhis
line is the normal. for the frame in Fig. 2 shown for single
end fgnition, the maximum fringe order dlong the wave norwa)
OA is 7 end the maximum fringe order elong the wave normal
0'B s also 7.

From the fringe patterns for single end i9nition
shown in Fig. A-1 in the appendix, the fringe orders along
the two wave normals were measured as a function of position.
The variation of the fringe order along the shear normal,

OA, is shown in Fig. 3 for different times after the deton-
ation of the explosive. It should be noted that the dis-
tances were measured along the wave normal startine from the
point '0' on the line charge. The position of point 'O’

on the line charge thus shifted from frame to frame. The
maximum fringe order, corresponding to the shear wave, drops
from a value of 8.5 at a position 3 in. from the line charge
(along the shear normal) to a value of 3 at a distance of
6.5 in.

The fringe orders corresponding to the dilatational
wave are shown in Fig. 4 as a function of position along the
wave normal 0'B at different times. The maximum fringe order
at a position 1.5 in. from the line charge (along the wave
normal) is 8 and occurs at 65 psec. The pcak fringe order
gradually decreases with increasing time and distance and
drops to 3 at a distance of 9.5 in. at 152 usec.

The burning of the line charge with one end ignited
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sive., Mowever, 11 15 Clear that for both the P and ihe §
waves, Lhe peal intemsities should imcreasse first amd thes
decreases This fact is tllustrated in Fig. 5 where the ¢e-
velopment of the fringe patterns during the burning of the
explosive is shown. The first two frames were toben 2t )8
and 46 usec. and the explosive was only partially burnt. At
56 usec. after ignition, tne explosive was almost totally
burnt, as shown by the third frame. The last frame corresponds
to 65 usec. when the fringe patterns were corpletely developed.
For the P wave the maximum fringe order is 8 at 38 usec.,
increases to 9 at 46 usec. and 56 :=sec. and then drops to 8
at 65 usec. Of course, the maximum fringe order corresponding
to the P wave could have been more than 9 at a time intermedi-
ate between 46 and 56 usec. and peak may have been missed be-
cause no frames were recorded during this interval.

The peaks of the P wave and the S wave indicated in
Figs. 3 and 4 show only the downward trend. The build-up of
these fringe maxima is not shown because this tuild-up occurs
in the early frames when the fringe aradients are very high for
proper resolution and also *he fringes are partially hidden

by the smoke shield. However, it is to be expected that in
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tion. The development of the fringe pattern from 22 .sec.
to 195 usec. s fllustrated in Fig. R-3 in the appendis. As

the fringe pattern is symmetrical about the )ine normal to
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the line charge at the middle, the fringe orders are shown
as a function of position along the line of symmetry in Fig.
8. For clarity, the P wave fringe orders are shown below
the position-axis.

The dilatational wave corresponds to a state of
biaxial compression. As the isochromatic fringe order gives
only the difference in the principal stresses, comparison of
the P wave fringe orders does not give a comparison of the
stress levels. This fact is illustrated in Fig. 9 where
the P waves due to two point sources are shown reinforcing
each other. The two wave normals are chosen, first, to be
inclined at 45%° to the line of centers and therefore at
right angles to each other. The state of stress on an element
in the zone of reinforcement is shown in the figure. The
subscripts for the stresses refer to the principal directions
and the superscripts refer to the point source which is
responsible for the stress component. It is clear that an
isotropic state of stress is produced on the element result-
ing in zero isochromatic fringe order. The stress levels,
however, are increased due to the reinforcement.

When the element under consideration is located on
the line of centers, however, the difference in the principal
stresses is doubled, resulting in a doubling of the isochro-
matic fringe order. The fringe order at any other point will
be intermediate between these two extremes.

The interaction between the two P waves due to the
two 3 in. halves of the line charge is more complex than the

simple case of two point sources. However, the wave normal



FRINGE ORDER, N

WAVE

SHE AR

WAVE

DILATATIONAL

r
56 1 SEC.
f
a
]
-~
(ML T
- = i -
[ 2
X n
i
|'|
|
|
! i
L i | I
| Al
| |
{
| |
9 i | L]
I L]
I
J |
|
i 1 =
. L)
¥
e { A
T {
u =,
=)
P
‘\ r"\.
3 2) 3 4 5y 6] 73 8;
POSITION  ALONG NORMAL TC LINE CHARGE , X (IN.)
o 4
ol
FIG. 8  FRINGF ORDER AS A FUNCTION OF POSITION ALONG  THL
NORMAL 70 THE LINt  CHARGE FOR  DOURI ¢ FND  IGNITION



FOR ELEMENT (1), N=O

FOR ELEMENT (2), N= NS4 NS2

FIG.9. INTERACTION OF DILATATIONAL WAVES
DUE TO TWO POINT SOURCES

20



for the P wave is inclined at about 40° to the line charge
and therefore conditions are closer to the case of the 45°
element described above. Thus there is a decrease in the
isochromatic fringe order due to interaction although the
individual principal stressss are raised in magnitude.

Selected frames showing the initial development of
fringes are presented in Fig. 10. The first frame shows that
at 25 Usec. the charge is not completely burnt. There are
two unconnected sets of fringes, each due to single end ig-
nition of a 3 in. line charge. The second frame at 34 usec.
shows that the burning is complete and the outer regions of
the two sets of fringes have begun to interact. The inner
regions of the two sets of fringes retain their character-
istics of similarity to the single end ignition. The maxi-
mum fringe order, associated with the P wave, along the
line of symmetry is only 4.5 whereas to either side of this
line, P wave attains a maximum fringe order of 8. The frame
at 40 Usec. shows that the P wave has attenuated consider-
ably. The maximum fringe order on the line of symmetry is
4 and the maximum to either side of this line is 6.5. At
48 usec., as shown in the last frame, the maximum P wave
fringe order on the line of symmetry as well as to either
side is close to 5. 1In the succeeding frames, shown in Fig.
11, the P wave exhibits its maximum fringe order over a re-
gion encompassing the line of symmetry and either side of
this line.

The dilatational wave, producing a state of bi-

axial compression, is not effective in brea ing a brittle
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material such as rock whose compressive strength is many
times the tensile strength, except when the P wave is re-
flected from a free boundary and the compressive stresses
are converted to tensile stresses. Therefore, the shear
wave, which produces equal tension and compression, is more
significant in the full-plane experiments. The variation

of the fringe order associated with the shear wave along
the axis of symmetry is shown in Fig. 8. The shear wave
exhibits a maximum of 9.5 fringes at a distance of 1.3 in.
from the Tine charge. This high fringe order is due to the
reinforcement of the two S waves from the two halves of the
line charge and is beneficial in rock breakage. The select-
ed fringe patterns shown in Fig. 11 clearly illustrate the
interaction between the two shear waves due to the two
halves of the line charge. At 56 usec., as illustrated by
the first frame, the two shear waves have interacted in the
middle (near the line of symmetry) but still exhibit their
individual characteristics on either side. The maximum
fringe order is 9.5, both at the middle as well as at either
side of the center. In the frame corresponding to 76 usec.
the two individual incident shear waves are difficult to
recognize as interaction is more extensive. The maximum fringe
orders on the line of symmetry and on either side of it are
the same and equal to 6.5. At 96 psec. the maximum fringe
order at center is 7 while on either side it is only 6. In
succeeding frames, the shear wave peak occurs on the line of

symmetry only, as clearly evident from the frame at 106 psec.



The variation of fringe order along a 1line 3 in.
distant from the line charge is shown in Fig. 12. The in-
crease in fringe order between 48 psec. and 66 psec. is
due to the incident P wave. As the P wave passes through
the 1ine under consideration, the fringe order drops from
66 usec. to 86 ysec. Between 86 usec. and 106 usec. the
fringe order increases rapidly due to the shear wave. There-
after there is a steep decrease in the fringe order as the
crests of the stress waves pass beyond the line.

The peaks at 66 usec. occur at two points on the
line parallel to the line charge and are due to the crest of
the P wave. The maximum fringe order at 106 usec. occurs
over a localized region at the center and is due to the shear
wave. These two curves illustrate the phenomenon already
mentioned, namely that after the interaction of the stress
waves from the two halves of the line charge is complete,
the crest of the P wave is spread out whereas the crest of
the shear wave is localized.

Comparison of the Three Methods of Ignition:

The objective of the full plane experiments was to
study the interaction and reinforcing process when a line
charge was ignited in the three different ways. The three
ignition procedures can be compared on the basis of the maxi-
mum isochromatic fringe order corresponding to the shear
wave and on the basis of the extensiveness of the high shear
stress regions. The isochromatic fringe order corresponding
to the dilatational wave are not meaningful for the compari-

son because these fringes are assocjated with a state of

25
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FIG.12. VARIATION OF FRINGE ORDER ALONG A LINE
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biaxial compression which is not significant in producing
damage in brittle materials.

The maximum values of the isochromatic fringe
order corresponding to the shear wave are shown for the
three methods of ignition in Fig. 13 as a function of the
distance from the line charge. This figure is derived from
Figs. 3, 6, and 8. It should be noted that in the case of
single end ignition and center ignition the distances are
measured along the shear wave normal. The fringe order
peaks for the center ignition are well below the values for
the other two ignition procedures. Between 2.5 in. and 5
in. double end ignition produces higher shear stresses than
single end ignition but beyond 5 in. the reverse is true.

As mentioned before, in addition to the stress in-
tensities, the extensiveness of the high stress regions are
also important in comparing the various ignition procedures.
The regions in which the fringe order due to the shear wave
is equal to or greater than 3.5 for the three full-plane
experiments are shown in Fig. 14. Only half of the regions
are shown because of symmetry about the line charge. The
areas were obtained by tracing the shape of the N = 3.5
fringe order at different times and enclosing the fringes
in an envelope. The areas indicated are those beyond 1 in.
from the line charge. The area for center ignition is 0.53
times that for single end ignition and for the double end
ignition the area is 1.08 times the value for single end
ignition. The areas corresponding to N = 2,5 and N = 4.5 were

also determined and the results are summarized in Table I.
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Table [

Comparison of the Shear Stress Regions due to Different

Ignition Procedures

Fringe order 5gg ég_
N Ase Ase
2.6 0.98 0.56
3.5 1.08 0.53
4.5 1 L

de: double end ignition
se: single end ignition
c: center ignition

Single end ignition and double end ignition are
almost equally effective in producing highly stressed regions
and center ignition is only half as effective.

In summary, center ignition is the least effective
ignition procedure. Single end ignition and double end ig-
nition are comparable in their effectiveness both in terms
of the magnitude of the shear stresses and in terms of the
areas of high shear stress. The ignition procedures could
not be compared on the basis of the dilatational wave because
the isochromatic fringes give only the principal stress
differences; besides, the biaxial compressive state of stress
due to the dilatational wave is not significant in producing
fracture in materials with low tensile strength.

In the next chapter, quarter-plane experiments are
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described in which the double end ignition was employed. In
these experiments, reflections from a boundary parallel to
the line charge were studied. For this particular orient-
ation, Reinhardt and DaHy(3 ) have found that double end
ignition produces higher tensile stresses at the boundary
compared to single end ignition or center ignition. For
other rientations of the free boundary, with respect to the
line charge, single and double end ignition procedures will

have to be compared to judge which is more effective.



IV QUARTER-PLANE EXPERIMENTS

The results from the full-plane experiments have
shown that, of the three ignition procedures studied, center
ignition of the line charge is the least effective. Igniting
at one end and at both ends produce comparable effects, both
in terms of the shear stress magnitudes and the extensiveness
of the high shear stress regions. Although the P wave was
not considered a significant factor for comparison in the
full-plane experiments, it assumes a prominent role when
reflections from free boundaries are of interest, because of
the reflected P (PP) and reflected shear (PS) waves. Reinhardt

and Da]]y(3)

» in their dynamic photoelastic study of a bench
face, compared different ignition procedures and concluded
that simultaneous ignition at both ends was the most effective
technique. In the quarter plane experiments described in
this Chapter, where the line charge was parallel to one of
the free boundaries, double end ignition was employed.

The photoelastic models employed in the series of
experiments are schematically shown in Fig. 1. The two free
boundaries of the quarter plane are labelled top face and
front face. The line charge was positioned parallel to the
front face with one end of the line charge 3 in. from the top
face. The distance between the line charge and the front
face, denoted by s in Fig. 1, was varied. Four photoelastic

models were tested, with values of 6, 4.5, 3 and 1.5 in. for

s. In the case of 1.5 in. spacing, the number of fringes
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and the fringe gradients were so high that fringe resolution
was not adequate. Hence only the results for the other three
experiments are reported here.

A set of sixteen fringe patterns for each quarter
plane experiment is given in the Appendix in Figs. A-4, A-5
and A-6. In each case, the photographic record was started
just when the incident stress waves reached the boundary.
The timing between the frames was adjusted to obtain photo-
graphs of the interaction process until the reflections were
essentia}ly complete. Selected fringe patterns from each of
the three tests are shown in Figs. 15 and 16 and 17. The
first frame, taken at 80p sec., shows the undistorted shape
of the incident waves prior to interaction with the front
face. At this time, the two groups of stress waves due to
the two halves of the line charge have interacted with each
other. Also, interaction with the top face has occurred.
The next frame, at 122y sec. shows the result of the inter-
action of the incident P wave with the front face. The in-
cident P wave has produced two waves upon reflection, the
PP or reflected dilatational wave and the PS or reflected
shear wave. In the second frame, the PP wave is reinforcing
the incident shear or S wave at about 2 in. from the front
face. The PS wave has travelled about 1 in. away from the
boundary. In the third frame, corresponding to 130y sec.,
the PS wave is reinforcing the S wave at about 1.5 in. from
the front face. In the final frame, at 171y sec., the PS
wave and the S wave have crossed each other, the former

travelling about midway to the line charge and the crest



FIG.15

REPRESENTATIVE FRINGE PATTEZRNS FOR THE QUARTER-PLANE TEST WITH s&=6 in,
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FIG.16

t=56 micromec, '

REPRESENTATIVE FRINGE PATTERNS FOR THE QUARTER-PLANE TEST WITH s=4,5 in.
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FIG.17

REPRESENTATIVE FRINGE PATTERNS FOR THE QUARTER-PLANE TEST WITH s

=3 in,
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of the latter reaching the front face.

The important features in the reflection of stress
waves when S = 4.5 in. are illustrated in Fig. 16. The re-
flection process follows essentially the same pattern as that
described for S = 6 in., except that now the corresponding
events occur at shorter times and the amplitudes of the stress

waves involved are higher., Both these differences are due to

the shorter spacing between the line charge and the front face.

Selected frames from the test for s = 3 in. are
presented in Fig. 17. The fringe patterns are more complex
compared to the other two cases, because of the higher fringe
orders and fringe gradients involved. In the first frame,
taken at 34 ysec., the incident stress waves are about to
reach the front face. The second frame shows a complicated
fringe pattern with many fringe order peaks and valleys. The
P wave has produced the PP and the PS wave at this time. The
PP wave has interacted with the incident shear wave, S, and
the PS wave has travelled about 0.3 in. away from the bound-
ary. At 80 usec., as shownin the third frame, the PS wave
is reinforcing the S wave. In the final frame, corresponding
to 100 ysec., the PS wave has travelled half way towards the
line charge and the S wave is interacting with the front
face. In the right half of the photograph the S wave exhibits
a maximum fringe order of 8 whereas the maximum fringe order
at the front face is 10. The increase of two fringe orders
at the free boundary is due to the reinforcement of the S
wave by the reflected shear wave, SS.

The fringe order along the front face for the three

37



quarter plane experiments is presented for different times in
Figs. 18, 19 and 20. When the spacing between the line charge
and the front face is 6 in., Fig. 18 shows that the fringe
order at the point on the boundary directly in line with the
center of the line charge is negative between 114 and

130 usec., 1indicating a compressive state of stress in the
tangential direction. At later times the stress at this
point becomes increasingly tensile as shown by the curves for
140, 156, 162 and 171 usec. The stress peaks move towards
the center from both sides till a maximum fringe order of 4
is reached at 171 psec. This maximum of 4 fringes is due to
the reinforcement of S wave by the SS wave. The asymmetry

in the fringe order-position curves is due to the difference
in the amount and packing density of the explosive in the

two halves of the line charge. From the first frame in Fig.
15, the fringe pattern before the stress waves have started
interacting with the front face is asymmetrical and this
asymmetry persists later. After the stress reaches the peak
on the front face, the fringe order peaks start decreasing
and moving to either side of the center.

The fringe order-position curves for 4.5 in. spacing
are shown in Fig. 19. These variations exhibit the same
characteristics as those for s = 6 in. The maximum fringe
order at the center is now 8, attained at 132 usec., and
is again due to the reinforcement of the incident shear or
S wave by the reflected shear or SS wave.

The variation of fringe order along the front face

when s = 3 in. is shown in Fig. 20. The reinforcement of the
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incident shear wave, S, by the reflected shear wave, SS, has
now produced a maximum fringe order of 10 on the front face.
An examination of the changes in the fringe order
along the normal to the front face makes it possible to iden-
tify the individual reflected stress waves which reinforce
the incident shear wave. 1In Fig. 21, the variation of the
fringe order, along the 1ine normal to the front face and
passing through the center of the line charge, is shown for
selected times. The isochromatic fringe patterns illustrating
the importart features of stress wave interaction are pre-
sented in Fig. 22. For clarity, the following discussion

is divided into four parts.

(1) Incident S wave uninfluenced bv the reflected stress waves:

As shown in Fig. 21, at 86 usec. the incident shear wave, S,
shows a peak of 8.5 fringes at 2 in. from the free boundary.
The incident dilatational wave, P, has produced & shear wave,
PS, which shows 8 maximum fringe order of 4 at 3/8 in. from
the front face. Both the S and the PS waves are moving to-
wards each other, as shown by the curve for 92 usec. At this
time the PS wave has increased in amplitude to 4.5 fringes at
about 5/8 in. from the front face and the peak of the S wave
has shifted to 1-7/8 in. with practically no decrease in
amplitude. The fringe pattern corresponding 20 92 unsec. fis
shown in the first frame in Fig. 22.

(11) Incident S wave reinforced by the P wave: The curve,

in Fig. 21, corresponding to 98 sec. shnws that the S wave

has a maximum of only 6.5 fringes, compared to 8.5 at 92 u:ec.
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The fringe pattern corresponding to 98 psec. is shown in
the second frame in Fig. 22. From this frame, the S wave
has a maximum fringe order of 8.5 on the right side of the
line charge where there is no interaction. Thus the drop
in the intensity of the S wave from 92 psec. to 98 psec. is
too sudden to be due to natural attenuation. The cause of
this decrease in the S wave fringe order is the reinforcement
by the PP wave. The effect is similar to that described in
connection with the fuli-plane experiments where the inter-
action between two P waves resulted in an increase in in-
dividual stress magnitudes but also in a decrease in the
principal stress difference.

The stress state due to the shear wave, as shown
in Fig. 23 (a), is composed of equal tension and compression
in two perpendicular directions. While the P wave is associ-
ated with a state of biaxial compression, the PP wave pro-
duces a state of biaxial tension. Thus, when the PP wave
interacts with the S wave, the individual stress magnitudes
in Fig. 23(b) are algebraically increased but the resulting
principal stress difference is less than that due to the S
wave alone. The isochromatic fringe order, N, being direct-
ly proportional to the principal stress difference, also
drops. The decrease in v e fringe orders associated with

the S and the PS waves continues up to 104 ysec.

(iii) Incident S wave reinforced by the PS wave: At a time

corresponding to 116 sec., as shown in Fig. 21, the incident



G=as v P+ o

(A) STRESS STATE DUE TO S WAVE

0~ 0p = (0'|5+0' )(0'2—0'2) 0'|+0'2—( o B F’P)<(c7' +0'2)
(B) STRESS STATE DUE TO REINFORCEMENT OF S
WAVE BY THE PP WAVE

FIG. 23. REINFORCEMENT OF INCIDENT SHEAR(S)  WAVE
BY THE REFLECTED DILATATIONAL (PP)  WAVE

YL



47

S wave and the reflected shear wave due to incident P wave,
the PS wave, reinforce each other. The resulting fringe
pattern, shown in the third frame of Fig. 22, exhibits a
maximum fringe order of 8.5. In the absence of the front
face, as shown in the right half of the frame for 116u sec.
in Fig. 22, the peak fringe order due to the S wave alone

is 7.5.

(iv) Incident S wave reinforced by the SS wave: The fringe

order at the front face at 1324 sec., as shown in Figs. 21
and 22, is 8 and is due to the reinforcement of the S wave
by the SS wave. In the frame corresponding to 132y sec.,
for s = 4.5 in., the stress waves have propagated out of
the field on the side of the line charge opposite to the
front face. Therefore, the reinforcement of the S wave by
its own reflected shear wave or SS wave, is illustrated in
the case of ¢ = 3 in.

The first frame in Fig. 24, corresponding to
92 u sec. shows a maximum fringe order of 10 for the rein-
forced S wave near the front face and 9 for the undisturbed
S wave on the opposite side of the line charge. This in-
crease in the stress wave intensity is due to the reinforce-
ment of the incident shear wave by the PS wave. The next
frame at 100y sec. shows that the crests of the S waves, on
either side of the line charge, have moved 0.3 in. compared
to the previous frame. While the S wave on the right side

of the line charge has attenuated to 8 fringes, the S wave
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at the front face still shows a peak of 10 fringes. The
reason is that while the S wave (already reinforced by the
PS wave) did attenuate in travelling the 0.3 in. distance
to the front face, it has been reinforced by its own re-
flected shear wave.

The tensile component of the S + PS combination,
corresponding to a time of 116 usec. in Fig. 21, produces
sub-surface tension in the material and results in the
phenomenon known as "scabbing" in materials which have a
low tensile strength. Because of the importance of this
sub-surface phenomenon, the variation of fringe order along
a line 0.3 in. below the front face, for the case of s = 3
in. is shown in Fig. 25. A fringe order maximum of 10 is
attained at a point directly in line with the center of the
Tine charge and is due to the reinforcement of the S wave
by the PS wave. If the tensile stress associated with the
state of pure shear exceeds the tensile strength of the
material, then scabbing occurs.

Comparison of the three quarter plane experiments:

As mentioned in the comparison of the different
ignition procedures in the full plane experiments, not only
the stress magnitudes but also the extensiveness of the high-
ly stressed regions must be considered for applications in-
volving material breakage, such as rock blasting. In this
section a brief comparison of the three quarter plane experi-
ments, based on these factors, is given.

The maximum isochromatic fringe order at the front
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face is shown in Fig. 26 as a function of the spacing between
the line charge and the front face. As explained before,
this maximum fringe order is due to the reinforcement of
the incident shear wave, S, by the reflected shear wave, SS,
When the spacing, s, is reduced from 6 in. to 4.5 in., the
maximum fringe order is dcubled from 4 to 8. But a further
reduction in s from 4.5 in. to 3 in. results only in an in-
crease from 8 to 10 fringes. The reason for the diminish-
ing slope of the curve for decreasing values of s, in Fig.
26, is illustrated in Fig. 27, where selected fringe patterns
for the double end ignition in a full plane are presented.
In the first frame the two shear waves due to the two halves
of the line charge have reinforced each other and the re-
sulting maximum fringe order of about 7 occurs at 2 in.
from the Tine charge. In the second and third frames the
crest of the shear wave has moved to 2.5 in. and 2.7 in.
respectively, without a decrease in intensity. In the last
frame, the maximum fringe order is still 6.5 although now
occurring at 3.7 in. from the line charge. Thus, between
the first and thé last frames, although the shear wave has
travelled almost 2 in., the maximum fringe order associated
with the wave has dropped by only 0.5. The slow attenuation
of the shear wave between 2 and 5 in. from the line charge
is responsible for the flattening of the curve in Fig. 26
between 3 and 4.5 in.

The spatial disnosition of the stress wave peaks

due to the PS and the S waves for the three values of s is



MAXIMUM FRINGE ORDER AT FRONT FACE
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| 2 3 4 5 6
DISTANCE BETWEEN LINE CHARGE & FRONT FACE,S, (IN.)
FIG. 26. MAXIMUM FRINGE ORDER AT THE FRONT FACE AS A

FUNCTION OF THE DISTANCE BETWEEN THE FRONT FACE
AND THE LINE CHARGE (S)
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f1lustrated in Fig. 28. In the first frame, corresponding
to s =6 in., the crest of the S wave (already reinforced
by the PS wave) exhibits a maximum fringe order of 4.5

and the PS wave shows a maximum of 3, the two crests cepar-
ated by a distance of 3 in. along a line 1 in. away from the
front face. In the second frame, corresponding to s = 4.5
in., the S wave shows a maximum fringe order of 9, the PS
wave has a maximum of 3.5 and the two maxima are separated
by a distance of 2 in. along a line parallel to the front
face. When s = 3 in., as shown in the third frame, the
maximum fringe orders for the S and the PS wave are 10.5
and 4.5 respectively and the distance separating them is 1
in. only, parallel to the boundary.

Thus, changing the spacing between the line charge
and the front face results not only in different amplitudes
of the stress waves but also in different spatial distri-
butions of the crests of the stress waves. In evaluating
the distribution of the stress wave peaks, it is necessary
to consider the requirements of a line charge and the pro-
perties of the material used. It is obvious that if the
peaks of the stress wave: are too far apart, cracks will be
induced in the material but these cracks will not always
join to fragment the material. Cn the other hand, if the
stress wave peaks occur too close to each other, the material
will be damaged over a small reqion. An optimum spacing
between the maxima due to the stress waves depends on the

properties of the material dealt with.
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V. CONCLUSIONS

Summary of Results:

Three different ignition methods for a line
charge of explosive - ignition at the center, ignition
at one end and simyltancovs ignition at both ends - were
investigited. These ignition procedures were compared on
the basis of the stress waves produced when the lime charge
wis ignited in a ful) plane model of 2 photoelastic
material. The line charge produced, for all three methods
of ignition, two types of stress waves, the dilatationa)
(F) wave and the shear (S) wave. Tme dilatationra) wave
wds not considered as a factor of comparisem between ULhe
ignition procedures because the Stress state atsociated
with the P wave i3 blasial compression which ¢ mot sigri-
ficant in producing fractyure 1m brittle materials, The
magritude of the shear stress associated with the shear
wive and the estensiveness of the high shear slress reglons
were considered im comparimg the fgnition metheds. Gased
on these criteria, i6~iling the line charee al 1S cemter
vas found Lo be the ‘east effectlive Tgnition procedure.
Single end ignition and double end Ignition were conpar-
able In thelr effectiveress, Both in terms of The magrilude
of the shear stresset and In terns of the areas of migh

shear stress,

In the second series of soperinente, The meChanlsn
of reflection and reimforcement of ttress waves from a
free bourdary, when 1his Bowsdary was paralle) 1o the Vime

Charge, was investigated, The ignilion proCedure enployed

3¢
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in these testls was that of double end ignition. Results

from three dysamic photoelastic tests were presented,

with the spacing between the line charge and the free
boundary equal to 3, ¢.% and 6 inches. The two incident
stress waves, P and S, produced four reflected stress
waves, PP, PS, SP amnd SS. For reasoms esplained in the
case of the full plame esperinents, only ihe incident
Shear wive wis sludied Im the quarter plane eaperiments.
The refinforcement of the S wave ty the PP, PS and SS
waves was comsidered. Unile the interaction of the S
wave with the PP wave resulted inm & decrease in the
1sockromatic frimge order, refinforcement by the PS  and
$S waves produced significant increases im the fringe
order, Ieteractiom of S amd PSS waves was responsible
for subsurface stress peaks which could cavse scabbing,
Beimforcemenl of § wave by the S5 wave produced high
shear sirecies atl the free boundary ftself, A&s the spacing
between Lhe line Charge and the free boundary was reduced,
the imtemsities of the S and the PS waves increased
aed the peals of Uhese sirass waves were brogght closer.
Am oplingn Spacing Cepemds uwpon the requirements of erten-

siveress of fracture anmd Lhe degree of fraguentation,

Folure Vord:

Dymamic photoelastic esperiments, of the type
described Im Lhis study, can generale very vseful informa-
tien. The comclusions from the full plane erperiments,
that cemter Jgnition of the line charge Is the least ef-

fective and that simgle and double end ignition methods
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are comparable in their effectiveness, belong to this

class of information. However, if the ultimate objective

is to cause fracture and fragmentation in brittle materials,
it is necessary to conduct tests with brittle models.

In the following discussion three classes of experiments

are suggested to generate information in the laboratory

before the results are applied in the field.

(1) Photoelastic study of stress waves:

This series of experiments is an extension of the
tests conducted in this study. In the case of the full-
plane, the line charge can be ignited at more than two
points simultaneously (for instince at the two ends and
at the center). In the case of the quarter plane, the line
charge can be oriented at different angles to the free
boundary and an optimum orientation can be found for single
end ignition., These results may necessitate a fresh com-

parison of the single and double end ignition procedures.

(i1) Photoelastic study of stress waves and fracture:

In the case of brittle materials, stress waves
induce fracture whicn in turn influences the stress waves.
This interaction between stress waves and fracture can be

studied if glass is used as the photoelastic material.

(ii1) Laboratory study of fracture:

Verification of the conclusions from the two
series of experiments listed above can be conveniently ac-
complished in the laboratory by testing slabs of material

which are encountered in the field.



APPENDIX A

FRINGE PAVTERNS
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Reproduced from
best available copy.

FIG,A-1 ISOCHROMATIC FRINGE PATTERNS FOR SINGLE END IGNITION OF A LINE CHARGE

IN A FULL FLANE
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FIG.A=t ISOCHROMATIC FRINGE PATTERNS FOR THE QUARTER PLANE EXPERIMENT WITH

S=6 in.
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FIG.,A=5 ISOCHROMATIC FRINGE PATTERNS FOR THE QUARTER PLANE EXPERIMENT WITH

S=I4.5 ino
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FIG.A-6 ISOCHROMATIC FRINGE PATTERNS FOR THR QUARTER PLANE EXPERIMENT WITH

5=3 in,
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