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Abstract

The methods of dynamic holographic interferometry, using a pulsed ruby laser, and
dynamic photoelasticity, using a Cranz-Schardin camera, have been applied to the study
of explosives and their effects in geologic applications. Specifically, the problem of stress
wave generation from a surface detonation and how these stress waves interact with surface
trenches was studied via holographic interferometry. This method was also applied to the
examination of the shock front emitted from a non-electric detonating cord. Dynamic
photoelasticity was employed to examine the role of remote discontinuities in explosive
fragmentation, and in the determination of the optimum placement of explosives for gas
and oil well stimulation.

Introduction

Dynamic holography and photoelasticity,can be valuable tools in the study of how
explosives can be more efficiently used in the civilian applications of mining, construction,
and natural resource stimulation. With the emphasis today on saving costs, improving
fragmentation results, improving the quality of the standing geologic material, and reducing
immediate and long-term environmental effects there is a need to examine how explosives
work to fracture rock. Holography and photoelasticity are convenient full field laboratory
methods that provide information on the relative importance of the many blasting para-
meters. The results from these tests have been both quantitative and qualitative, and in
many cases have been successfully scaled up for field application. This paper will focus on
some recent problems that our laboratory has studied.
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1. A Holographic Study of Dyaamic Surface Response to Ixplosive Loz'x'ding"____:f‘

Within the last several years there has been an increased need to control and reduce
ground vibrations from surface blasting. As population centers have spread, the number
of cases in which blasting must be done close to or even within developed areas has increa-
sed. Early studies attempted to identify characteristics of the stress waves which could be
correlated to structural damage, and then to quantify safe levels of blasting based on these
correlations. Another approach is to attempt to isolate structures or entire surroundings
from the detonation area. Since most of the stress wave energy produced from a detonatiop
is carried near the surface by Rayleigh type or R waves, it-as been:suggested that effective
isolation can be obtained by surrounding a blast area with trenches of some depth. For
a more detailed discussion of the background of this problem, see Holloway and Wilson
(1983). In order to study this approach, and to quantify such parameters as trench depth,
location, and effectiveness, we have made extensive use of holographic interferometry.

A complete description of the techniques used to produce photographs of dynamic
surface response by holographic interferometry can be found in Holloway and Patacca
(1975), and Holloway, Fourney and Patacca (1977). A pulsed ruby laser, operating at
6943 A, was used to generate double exposure holograms of the model surface. Typical
Q-switched pulse duration was 30 nanoseconds$, with a 200 microsecond delay between
pulses. An explosive charge of from 70 to 250 mg of PETN was detonated on the model
surface -at a controlled time between the two. laser pulses. Specimens tested were granite
blocks or cast.blocks of’ Hydrostone, a product of United States. Gypsum which when
cured has a specific.gravity of 1.69 and a:compressive strength -of 9,750 psi (67.2 mPa),

In each test; the charge was located -80 mm from a trench of rectangular cross section
cut into the model surface. Trench depths of 10 mm and 18 mm were used. The illumination

Fig. 1. R and RP wave patterns on a Hydrostone model, 90 s after detonatlon Lines 1, 2 and 3 used
in plots in Fig. 2. Points A through G (except C) show maximums, minimums and mflecuon pomts of the
vertical surface displacement -
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and viewing angles were arranged so that the fringe pattern in the hologram represents
a topological map of displacement normal to the model surface at the instant of the second
laser pulss. Thus, we were able to ‘study the overall effect on vertical ground motion
in the waves crossing the trench. Figure 1 shows the fringe pattern 90 ps after detonation,
for the case of an 18 mm trench depth. The radial lines marked [ and 2 and a line marked 3
along the trench have been used in the analysis of the surface displacements presented
in Figurc 2. At the far left along linc 1 (no trench) are seen remnants of a shear wave
recognized by its typically asymmetric pattern. Nearer the source, the peak positive displace-
ment of the R wave is located at point A. The region of steepest displacement gradient
then follows, as can be seen from the very tight clustering of the fringes. This is also the
region of highest particle velocity. A minimum or valley is reached at point B. The surface
then moves upward again. The air shock front is reached at point C, and all surface inler-
ferometric information is lost inside this radius. '

Maving Inward along line 2 from the right, we first notice a disturbance which has
no counterpart on line 1. A small positive peak is reached at point D, followed by a focal
minimum at £, This displacement profile is very similar to that of an R-wave. This wave
shows up consistently from test to test. Analysis of the tests show its velecity to be the
same as that of an R~wave, and it is found to have been located at the trench just as the
P-viave passed the trench. This R type wave (precursor to the main R-wave which {ollows),
is creatzd by the P-wave, and will be called an RP-wave. Further in along line 2, the relative
peak of the transmitted R-wave is found at point ¥, and its minimum at G. As can be sezn
from Figure 2 there is a reduction of amplitude and an increase in wavelength for the
transmitted wave; this has been found to be a general result.
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Fig. 2. Wave shapes 90 us after detonation, along lines /, 2 and 3 of test shown in Figure 1. Wave position
is relative to load location. Distance 7 is a repeatable feature in the R wave

Along line 3 on the far edge of the trench, there is at the iower end a very weak upward
motion in the head of the wave followed by a downward displacement which is greater
than the deepest part of the R-wave on line 1. We believe that there is another R-type
wave traveling on the vertical side of the trench that is contributing to the R-wave displace-
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ments on the horizontal surface. This observation points to the inadvisability of locating
a structure within an R wavelength of an isolation trench.

An easily identifiable feature of the R-wave is the portion of the wavelength between
the maximum upward and the deepest positions. The highest particle velocities occur in
this part of the R-wave. This distance has been labeled as % in Figure 2 and is used in
normalizing the results with trench depth, so that the effect of the trench can be measured,
Peak particle velocities were calculated for fourteen tests, comparing R-waves on each
side of the trench. The quantity (Vp-trench)/(Vp-no-trench), where Vp is peak particle
velocity, is plotted in Figure 3 as a function of the ratio of trench depth  over fractional,
wavelength 1 (H/1). The linear fit to the data in the region of analysis is good, with a least
squares correlation coefficient of .995. :

Figure 3 shows that trench effectiveness in R wave attenuation increases with the ratio,
trench depth over wave Jength. Thus, for a given trench depth, the higher frequency com-
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Fig. 3. Least squares linear fit for 14 tests, showing ratio of peak particle vertical velocity vs. H/g. His
depth of trench, and 7 is portion of wave from maximum to minimum. Typical 7 length is shown in Figure 2

ponents of the R-wave are more effectively attenuated. The effect of the trench on the
R-wave is to reduce the overall displacement and to broaden the wave, thus lowering its
frequency and reducing its particle velocity.

Our study also has identified other effects of the trench on the full wave system which
should be considered in design of screening trenches. The distance of the trench from the
source and trench depth are important factors, with some trade-offs involved. The P-wave,
upon crossing the trench, has part of its energy converted to a new RP-wave, attenuating
as 1/r?, while the RP-wave generated will attenuate only as 1/}/r. Althotgh increasing
trench depth improves R-wave blocking, it also increases the amount of P-wave energy
the trench will intercept and convert to RP-wave energy. Finally, it also was observed
that a high amplitude R-type wave propagates on the vertical surface of the trench.

2. Holographic Interferometry Applied to the Study of an Explosive Shock Front

Holographic methods are being used in our laboratory to study the behavior of shock
fronts from various explosive detonators and initiator systems. Important parameters to be
studied are the speed of the shock front, the pressure distribution behind the shock, and
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the shape of the shock as it advances. The advantage of holographic techniques is that we
cain information which can be related to all of these topics. Figure 4 shows a spherical
shock front generated 95 usec earlier at the end of an Ensign-Bickford Nonel detonating
tube. Nonel tube is a 3 mm diameter plastic tube coated internally with a thin film of high
explosive. It is used to initiate detonations from remote locations by propagating. an
explosive shock along the inside of the tube. It'is manufactured by Ensign-Bickford using

BB

Fig. 4. Gas shock 95 s after being fc;rmed at end _of Nonel detonator tube

proprietary and patented processes, under license from the Nitro Nobel Co. of Sweden,
its inventor. As the explosively driven shock front propagates away from the end of the
tube, the gas behind it is compressed, altering its index of refraction. Thus, the optical
path is changed due to both a pressure rise and a change in the explosive gas composition.
The combined effect produces interferometric fringes in the holographic image. By integra-
tion through the thickness of the spherical shock volume, we will be able to produce a
pressure map of the shock intensity. Holographic interferometry can be used in a similar
way to measure the strength and shape of other detonation system components, such as
blasting caps and detonating cord, and to illustrate the high speed effects of these detonators
on nearby components such as coupling blocks or other explosives.

3 A Dynamié Photoelastic Investigation of Fractare Initiation from Flaws Driven
by Explosively Generated Stress Waves

In order to gain a basic understanding of the various fragmentation mechanisms in
rock blasting, an experimental program was conducted with two dimensional polymeric
models. Dynamic photoelasticity permitted -the crack propagation behavior to be studied
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in detail. The use of the Cranz-Schardin camera to record dynamic photoelastic fringe
patterns, stress wave propagation, and crack propagation has been previously described:;
sec for example Riley and Dally (1969). The particular example presented in this paper
describes work conducted to study the initiation of cracks from flaws outside of the imme-
diate borehole vicinity, and the contribution of these remote cracks to the overall fragmen-
tation pattern. For a more detailed description, see Barker and Fourney (1978).

The fragmentation model was 305 mm in diameter and 6 mrm thick, made from a shect
of a brittle birefringent polymer known as Homalite 100. Approximately 250 mg of PETN
was tightly packed into a 6 mm diameter borehole in the center of the model. Pressure
containment within the borehole was obtained with steel end caps and a lever arm arrange-
ment that did not significantly' obscure the visibility of the experiment. The explosive was
detonated while the model was in a light field polariscope, and a Cranz-Schardin multiple
spark gap camera recorded the dynamic photoelastic fringe patterns.

Figure S is a photo of the model 65 psec after the explosive was detonated. The fringes
of the outgoing P-wave are just about to reach the model boundary. The dark vertical
shadows extending upward from the center of the model are the arms which hoid the
pressure containment caps over the borehole. At each grid intersection in the model small

Fig. 5. and 6. Stress waves in artxflclally f lawed photoelastxc mode] '} ime after delonalllon is shown Note
crack formation and growth at each flaw
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surface flaws exist. These were made by lightly tapping a sharp knife into the mode! whey
it was prepared. In this frame we see that cracks from the flaws close to the borehole haye
been initiated by the outgoing wave systems. These cracks are propagating in a radia
direction. In Figure 6, 135 psec aftér detonation, it can be seen that cracks at all of the small
flaw locations have been initiated by outgoing and reflected stress waves. By studying
the full sequence of photographs from the experiment it was possible to determine which
wave system initiates the flaws and how the stress waves control the direction of the cracks,
Figure 7 summarizes the regions where flaws are initiated by the outgoing, reflected, ang
combined wave systems.

4. A Dynamic Photoelastic Investigation of Gas
and Qil Well Stimulation by Means of Explosives

From the very beginning of our oil and natural gas industry, owners and operators
have attempted to recover a greater percentage of oil and gas from their wells. If the reser-
voir is not highly fractured, then drainage is poor and much of the oil and gas remains
trapped in the rock. An early technique to fracture the formation used nitroglycerin explo-
sive which was lowered into the producing zone and detonated. The results were mixed,
but in many cases recovery was enhanced. Analysis done since the oil shortage of the
early seventies has shown however that explosives can damage the well bore and actually
impede the flow of gas or oil because of fine material trapped in the fractures, aad the
residual compressive hoop stresses. Other modern methods have also evoived for well
stimulation. These include hydraulic fracturing with numerous combinations of liquids,
gases, and liquefied gases. In general these processes are quasi-static; only a few fractures
are formed, and their direction is controlled by the in-situ stresses. Propellants also have
been used, since it is possible to control to some degree the rate of chemical reaction, thus
reducing the well bore damage. See for example Cuderman and Northrop (1984). However,
propellants are 10 to 20 times more expensive than explosives. Because of these deficiencies
there has been renewed interest in developing a stimulation method that would provide
an optimum pressure pulse in terms of peak pressure, total duration and time to peak
pressure. In our laboratory we have investigated placing the explosive away from the zone
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{0 be stimulated (thus minimizing damage) and using the well bore geometry and end
conditions to tailor the explosive pressure. For further background see Fourney, Barker,
and Holloway (1981) and Fourney, Holloway, and Simha (1984).

The techniques developed, called stem induced fracturing, have been studied using the
Cranz-Schardin camera and dynamic photoclasticity. A typical model used in the testing
is depicted in Fig. 8. The models, made from 102 mm thick PMMA, were placed in front
of the camera so that fractures initiated at the tips of notches along the borehole length
would be seen as a plane. Stem induced fracturing utilizes a highly decoupled charge
placed in the bottom of the borehole. Small piezoelectric transducers were used to monitor
the pressures within the borehole and within the propagatin_g fractures, such as at locations
A and B. _

Four frames from a typical 16 frame test are presented in Figure 9. PMMA, commer-
cially known as plexiglas, is a birefringent material. The camera was fitted with circular
polaroids to permit areas of high stresses to be identified during the testing. The black
fringes in Figure 9 are isochromatics. For the test shown, a 250 mg charge was used. Frame
5, Figure 9a, shows the fracture location 90 ps after detonation (the fracture is the dark

. FRAME 15 .

Fig. 9. Sequence from stem induced fracturing test
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bladder-shaped area near the bottom of the model). Notice the two long straight fringes
Jocated in the upper third of the modcl. These show the P-wave in the PMMA which
is being generated by the gas shock wave traveling up the borehole from the detonation,
Fach fringe makes an angle of 40° with the borehole wall, from which it is calculated that
the ratio of shock wave speed to P-wave speed in the PMMA is 1.19. Note that there are
two bright areas in the borehole, one at the bottom where the charge was detonated, and
one near the top, at the stem. The bright area at the stem is due to an increase in pressure
and temperature, caused by the shock wave reflection from the stem. Light is emitted due
to ionization of the gas at that location. The camera used to record the photographs is
such that light emitted from any arca within the field of view will be visible in all 16 frames,
so it is not possible to determine at what time the light flash occurred.

By the time Frame 6 (Fig. 9b) was recorded, just 23 us later at 113 psec, a frasture is
seen to have initiated at the stemming area and has grown considerably. At this time the
charge area fracture continues to grow, but at a much slower rate. By:191 psec (Fig. 9¢)
the fracture that originated at the stem is larger than the charge area fracture. Frame
15 (Fig. 9d) shows the stem area fracture beginning to engulf the arrested charge area
fracture at 296 psec alter detonation.

Figure 10 is a sketch showing how the fracture grew from frame to frame. The times
at which each frame was photographed and the velocities computed from the cruck front
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positions are indicated. Numbers on the sketch represent the frame sequence and the
straight lincs indicate directions along which the veloeity measurements were made. Notice
how quickly the charge area fracture slows and arrests, while the stemming area fracture
continues to propagate at a somewhat erratic but high speed. The high velocity between
Frames 10 and 12 occured because the fracture reached the free edge of the model. The
reason for the low velocity between Frames 12 and 14 is not clear. In many similar tests
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using PMMA and geologic materials, this stem induced fracturing machanism has been
shown to be very cfficient in initiating and advancing fractures.

The important point of this work is that explosives can be efficiently used to generate
long fractures from well bores, which in turn connect natural fractures, thus mcreasmg
the yield from a well.
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Peswone

NPHMEHEHUE I'OJIOTPADHMUECKON HHTEPDEPOMETPHHI M GOTOVIIPYTOCTLU
D11 MCCHENOBAHMS TUHAMHMUYECKIX 3ADAY FEOTEXHWKKH

B palore ofcv:kaeHo npumeneHue ronorpadmueckoil MHTEpGhEPOMCTPHI 1 'hOTOYTPYTOCTH JUIs
HCCAEI0BAHMI B3PLIBOB H BO3HHKAIOMMX HPQEKTOB B I'EONOrHUECKHX 32/auaX.

OcoGenno meromoM rosorpaduueckoii HHTepdepoMCTprH 6blia HCCIENOBAHA 33[a4a BO3HIKHO-
BEIIS BOMI HANpsINEeHMH Ha [MOBEPNHOCTII OeTOHAUMH M HX BO3KEHCTBIISI 114 NEBEPXHOCTHDLIC K2HABBI.

Jmasirecicast roToynpyrocTs, npu npumesennn xamepbl Kpanua-llapprua Obwia npumeHena
A1 HCCIICOBaHUA BIHSAHUA NPEPUBHOCTH BO3PBLIBHOIO MATEPHANA, a TAIMKE IS ONpPENENCHHMS ONTH-
MAIILHOT'O PacnpefeNieH s B3PhIBHOIO MaTepana NpH HoObIBarMy HedTLI I Tada.
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Streszczenie

ZASTOSOWANIE INTERFEROMETRII HOLOGRAFICZNE) { ELASTOOPTYK(
" DO BADANIA DYNAMICZNYCH PROBLEMOW GEOTECHNIKI

W pracy opisano zastosowanie interferometrii holograficznej i elastooptyki do badai wybuchow i ich
efektoéw w zastosowaniach geologicznych, Metods interferometrii holograficznej badano szczegéinie problem
tworzenia sie fal naprezen na powierzchni detonacji i oddzialywania na rowy powierzchniowe.

Elastooptyka dynamiczna, przy zastosowaniu-kamery Kranza-Schadrina byta stosowana do badania
wplywu nieciaglosci materiatu wybuchowego oraz do wyznaczenia optymalnego rozkladu materiahu wybu-
chowego dla wydobycia gazu i ropy.

Praca zostala zlozonu w Reduleji dnia 20 kwietnia 1985 roku



