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Summary

A disc shaped fracture at the bottom of a @ 12.7 mm borehole has
been created in a plane perpendicular to the borehole axis in

(100x100x150‘mm3) plexiglass blocks using a cylindrical punching
tool in contact with the borehole bottom. Cylindrical projectiles
with velocities 7.5 m/s and 9.5 m/s having different lengths were

used to hit the punching tool to create well controlled disc fractures
of different sizes at the bottom of the boreholes. Using an explosives

driven shock tube outputting a rectangular shaped air shock pulse
with a front speed of 1850 m/s and a duration of about 350 us the
disc fractures were extended during 100 ps until they reached the
free surface. The propagation of the air shock driven fracture tip
was recorded using high speed photography. The fracture tip speed
varied between 0.25 and 0.50 mm/us. It could be seen that the
fracture was pressurized all the way to the fracture tip when it
reached the free surface. The technique to initiate and drive disc
fractures described in this work should enable effective fracture
propagation in a plane perpendicular to the borehole axes. It should
be of interest in practical rock blasting and well stimulation work.
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1. INTRODUCTION

To fracture rocklike materials a borehole is often drilled into

the material and then pressurized statically or dynamically for
example using hydralic, explosive or high velocity impact techniques.
Due to the geometry of the borehole it is easy to obtain radial
fracturing starting at the borehole wall with the fracture planes
parallel to the borehole axes. The fracturing in a plane perpendi-
cular to the borehole axes is more difficult to obtain because of
the stress situation around the pressurized borehole.

This is observed in practise for example in rock blasting in

cratering geometry and in the bottom part of the borehole in

bench blasting geometry. To brake the bottom part of the hole it

has to be charged much more heavily than the upper part. This is
especially true in contour blasting (smooth wall blasting) where ‘the
bottom charge that has to be used to brake the toe causes excessive
damage to the remaining rock wall especially at toe level. The

heavy bottom charge also sends a gas pressure pulse along the

borehole that, at least for short boreholes significantlty exceeds

in amplitude what is required to brake the upper part of the borehole.

Fracturing of boreholes in a plane perpendicular to the borehole

axes at the bottom of a borehole has been studied by C Young and

D B Barker /1/. They made experiments in Plexiglass, Hydrostone and
rock similar to Westerly granite using mechanically notched and
unnotched boreholes at bottom level. Explosive charges decoupled by
air in the borehole and propellant charges were used for pres- 7
surization of the boreholes. Their blasting geometry was cratering which
means that the free surface was at the mouth of the borehole. In their
small scale test blasts in plexiglass and rock were stemming was given
by an efficient inertial stemming bar the critical depth to propagate
the disc shaped bottom fracture to the surface was only 2-3 borehole
diameters. The reason for the poor breakage efficiency seems to be
excessive. peak pressure resulting in early loss of pressure through
radial fractures.

Propellants gave better results than explosives because they gave a lower
peak pressure thereby reducing the early radial fracturing which causes
premature pressure drop.



Crucial for better control over fracture initiation and propagation
of the disc shaped fracture is thus improved pressure control and
a long duration pressure pulse.

A simple way to produce a controllied flaw or notch at the bottom
of the borehole good enough to ensure fracture initiation at a Tow
pressure level should also be developed.

The work reported here presents work aiming at controlled initiation
and efficient propagation of a disc shaped fracture from the

bottom of a borehole with the fracture plane normal to the borehole
axis.



2. A TECHNIQUE FOR INITIATION OF A DISC SHAPED FRACTURE AT THE
BOTTOM OF A BOREHOLE

A disc shaped fracture at the bottom of a borehole in plexiglass

has been initiated almost paralell to a plane perpendicular to the
borehole axis by placing a metal rod (punching tool) with a diameter
slightly smaller than the borehole in contact with the bottom of

the holes as shown in figure 1. A well controlled near rectangular
shaped strain pulse is then generated in the punching tool by

impacting it at its free end with a rod shaped projectile of
the same diameter.
Projectile
Ll steel rod

1=80 - 150 {mm)

Punching tool in
contact with
hole bottom

steel rod
Q125
=300

Detail showing hole bottom
with typical disc fracture
caused by punching tool
with flat end with 3° '
conical taper. ,m

| disc fracture,
created by
projectile impact
on punching tool.

150

Figur 1. Plexiglass blocks with punching tool used to generate
a disc shaped fracture at the bottom of the borehole.
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5. PROPAGATION OF A DISC FRACTURE USING A TAYLORED
GAS PRESSURE PULSE

To drive the disc shaped fracture created by the punching tool
further, the concept of a taylored gas pressure pulse at the
position of the borehole bottom has also been studied. To avoid
radial fracturing the pressure was kept below the critical pressure
for radial fracturing.

The pressurized gas at the bottom of the borehole serves as a
near constant gas pressure source feeding gas into the propagating
fracture thus making it possible to propagate it over long distances.

6. SHOCK TUBE DESIGN

To generate this gas pressure pulse a small shock tube driven by explosive
was built. Figur 5 shows the overall design. The output of the

shock tube is a gas pressure pulse that can be controlled in

amplitude and duration by chamging

o the length of the tube
o the amount of explosive driver
o the ambient gas pressure in the tube

The pressure multiplication effect given by reflection of the air
shock pulse against the bottom of the borehole is utilized to
initiate and control the fracturing.

The side-on pressure P1 and the reflected pressure P2 behind
an air shock front are given by the equations

20 U?
p . _0's
P,-P




a)

[mm]
Pressure
Driver section Shock tube @ 25.4/12.7 tra“Sducgg
steel 4130 < [~
&

1370

b)
Back plate bolted

to driver section.

Steel 4130.

1/4" bolts |

Charge: 1.20g PETN, p,=1.20 g/cm® in

plastic soda straw @ 3.8/3.6

2=95

Centralizer for charge,
Shock tube Mylar 0.1

driver section
steel 4130

//////////V///////////////////////////////zz((1r

@12.7

EBW detonator

AT A
0-ring sea

TG

025.4

95

Figure 5. a) Overall design of shocktube.
b) Detail of explosive driver section.
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where:
P0 = the initial pressure
Y = Cp/Cv (the ratio of molar specific heats for the gas)
P = the initial density of the gas
Us = the shock front velocity

For atmospheric air Py = 0.1013 MPa we have p, = 1.185 kg/m3 at 25°C
and vy = 1.4 for Us < 2500 m/s

Equation 3 then gives

2 0_g, (4)

When reflected by a rigid surface the shock pressure is thus
raised a factor 8.

The explosive driver section of the tube uses the concept of
a decoupled long cylindrical charge having a diameter about
30% of the shock tube inner diameter. When the charge is
detonated from one end it will drive an air shock in the air
gap between the charge and the shock tube ahead of the
detonation front. This air shock thus travels faster than the
detonation front in the driver section of the shock tube/2/.
During its travel down the tube the air shock velocity will
however decrease due to irreversibel losses.

The shock output characteristics of the tube as in figure 5

were measured using pressure transducers. The "side on" pressure

P1 at the mouth as measured by transducer no 1 and the reflected
pressure P2,60 mm further down stream as measured by transducer no 2
are given in figure 6 for an explosive driver of 1.2 g PETN and 1.0 atm.
initial pressure. Zero time is when the firing pulse was applied to

the exploding bridgewire (EBW). The EBW initiated the PETN charge to
detonation in about 1 ps. The pressure gages were PCB.
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Figure 6. a) Arrangement for pressure-time output characterization

of shocktube.
b) Pressure-time output of shocktube.



The noise present in the recording from transducer o 1 is
because it is sensitive to the accelerations set up by stress
waves in the shock tube generated by the explosive driver charge.
Transducer fto 2 is isolated from these shock waves by the rubber
gasket between the shock tube and the steel cylinder.

The output characteristics of the shock tube as measured by the
pressure transducers were:

U

s1 1850+50 m/s (measured from transducer no 1 to no 2)

u

650+25 m/s (reflected front velocity measured
from transducer no 2 to no 1)

s2

P,-P,= 3.5+0.2 MPa (side on pressure)

P,-P = 20+1 MPa (reflected pressure)

The calculated values using equations (2) and (3) with a shock speed
of 1850 m/s are:

P1-P0 = 3.4 MPa

PZ'Po = 26 MPa
We then get

P27 | 7.7

compared to the theoretical value of 8 using equation (4).

The shock tube survived 15 firings before the driver section developed
a radial fracture. To make the driver section survive several hundred
firings it should be built using higher strength material in
combination with autofertage technique and the use of a driver

charge with a density of about 1.0 g/cm® instead of 1.2 g/cm’.
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7. DISC FRACTURE EXTENSION EXPERIMENTS

Plexiglass blocks as in figure 1 with bottom fractures made by
the punching tool were put in contact with the shock tube so that
the shock tube and borehole axis were aligned. To extend the
disc shaped bottom fracture initiated earlier by the punching
tool the shock tube was then fired. Blocks with initial fracture
1engths‘%c of 11.9, 11.6, 9.5, 2.4 and 0 mm were used.

In all cases but one the plexiglass blocks were split into two
halves without initiating any radial fractures with fracture
planes paralell to the borehole axis. Figure 7 shows an example
of a block after firing of the shock tube. The fracture surface
was very smooth and optically clear.

vt

R

Figure 7. Example of splitting of plexiglass block into two pieces
using shock tube on disc shaped bottom fracture.



One block with 1C = 11.9 mm did not split. This was probably
because the gas pressure from the shock tube was prevented by
paint to enter the bottom fracture.

Before this test the borehole had been painted inside with
black paint. This was done to prevent 1ight emitted from

the very high temperature gas from the shock tube to interfere
with the high speed recording of the fracture propagation event
that was made using a Crantz Schardin camera.

Note that a block without any bottom fracture could be split.
The flat ended mi1l that was used to drill the boreholes gave

a very sharp.90° corner at the bottom of the borehole. This
corner was evidently a good enough flaw to initiate fracturing.

Data on the fracture tip advance as a function of time for a
block with a bottom fracture with 1c = 11.6 mmare presented in
table 2 and figure 8.

8. DISCUSSION OF DISC FRACTURE EXTENSION EXPERIMENTS

The results show that the disc shaped bottom fracture can be
extended over long distances by the taylored air shock loading
given by the shock tube without inducing any radial fractures
around the borehole.

From a fracture propagation point of view it is essential that

gas can enter and effectively pressurize the crack.This has also been
shown by calculations made by Nilson et al. /3/.

The arrival times of release waves from the side wall and bottom

face of the plexiglass blocks have been estimated and put into

figure 5. It is obvious that the air shock driven fracture

initiated and propagated before any information about the finite
size of the block had reached the fracture tip.

17
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In figure 8 is shown that it takes 10-15 us after the air shock
pulse arrived at the borehole bottom before the fracture tip 11.6 mm
further out starts to propagate. This delay time is probably

given by the time it takes for the gas to effectively pressurize

the fracture. The speed of the crack tip varied between about

0.25 and 0.50 mm/us for the test with a 11.6 mm bottom fracture
described in figure 8. This is 10-21% of the longitudional

wave speed of 2.4 mm /us for plexiglass.

The total time from the air shock arrived at the bottom of the
hole until the fracture tip arrived at the side face of the
plexiglass block was about 100 us. As seen from figure 6 this is
well below the duration of the near rectangular shaped air shock
pulse of around 350 us.

Assuming that the fracture tip travels at 0.5 mm/us during 350 us
the fracture can thus be driven 175 mm or about 14 borehole -
diameters. This is comparable to the practical burden in smooth wall
blasting in rock of about 15 borehole diameters. In crater blasting
geometry this fracture length should give an explosive consumption
of 0.2-0.3 kg of explosive per m® of broken material.

If one tries to extend fractures in rock using the technique
described here the rough fracture surface one gets compared to
plexiglass should however reduce the possibilities to effectively
pressurize and drive long fractures.

t | %

(us) (mm)

0 0

5.5 0

17.0 0.4
30.0 4.9 Table 2. Fracture tip
43.5 8.4 advance Qf as a function
55.5 10.8 of time t after air shock
70.0 16.4 - impact at borehole bottom.
81.0 - 19.6

96.5 26.4
109 ‘ 32.4
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