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ABSTRACT

The technology for multiple fracturing of a 
wellbore, using progressively burning propellants, 
is being developed to enhance natural gas recovery. 
Multiple fracturing appears especially attractive 
for stimulating naturally fractured reservoirs 
such as Devonian shales where it is expected to 
effectively intersect existing fractures and connect 
them to a wellbore.

Previous experiments and modeling efforts^”^ 
defined pressure risetimes required for multiple 
fracturing as a function of borehole diameter, but 
identified only a weak dependence on peak pressure 
attained. Typically, from four to eight equally 
spaced major fractures occur as a function of 
pressure risetime and in situ stress orientation.

The present experiments address propellant 
and rock response considerations required to 
achieve the desired pressure risetimes for re
liable multiple fracturing.

IKTRODUCTION

Experiments at the Nevada Test Site (NTS) have 
demonstrated the existence of three distinct frac
ture r e g i m e s . D e p e n d i n g  on the pressure rise- 
time in a borehole, one can obtain hydraulic, 
multiple, or explosive fracture behavior. The use 
of propellants, rather than explosives, in tamped 
boreholes permits tailoring of the pressure risetime 
over a wide range, since propellants having a wide 
range of propellant b u m  rates are available.
This technique of using propellant combustion 
gases, from a full bore charge, to produce controlled 
borehole pressurization is termed "High Energy Gas 
Fracturing" (HEGF).

Several series of HEGF^”^*® experiments have 
been conducted in a tunnel complex at NTS where 
mineback permitted direct observation of fracturing 
obtained. Experiments and modeling have been 
conducted for borehole sizes from 0.032 m (1.25 in) 
diameter to 0.20 m (8 in) diameter. These resulted
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in a consistent set of predictions of pressure rise
time requirements as a function of borehole diameter 
However, the experimental data showed that while 
the fracturing behavior which occurred for a measured 
experiment pressure pulse was consistent with 
predictions, the pulse obtained was not necessarily 
that designed for the experiment. There was an 
apparent spread in risetimes and peak pressures 
for similar though not identical experiments.

Thus a series of small scale experiments (desig
nated GFSE#3) was designed to compare shot-to-shot 
variation for identical experiments in different 
boreholes and for successive shots in the same 
borehole. Two military surplus, M5 large gun propel
lants, designated H5(A) and M5(B), were used which 
bracket b u m  rates necessary for multiple fracture 
in most rock types of interest. The identical 
experiments in different boreholes were designed 
to establish shot-to-shot variability, those of 
successive shots in the same borehole were to 
determine the effect of damage caused in previous 
shots and variation of free volume on the resulting 
pressure pulse.

A related experiment (GFSE#S) was designed for 
a 0.100 m (4 in) diameter borehole to obtain data foi 
a borehole size intermediate between small scale ex
periments such as GFSKt3 and previous experiments in 
0.200 (8 in) and 0.150 m (6 in) diameter boreholes.
It used a mixture of M5(A) and M5(B) propellants.
The objective of the siixture was (1) to obtain data 
relating the risetime obtained with the mixture to 
the risetimes of its constituents, and (2) to 
obtain data relating risetime for this size borehole 
both with the 0.048 m (1.89 in) diameter boreholes 
and the previous larger experiments.

Data from previous experiments will be used to 
complement those of GFSE 93 and GFSE 95 where 
appropriate.

THEORY OF MULTIPLE FRACTURING

Considerable progress has been made in the 
understanding of multiple fracture behavior since 
the verification of the hypothesis that multiple 
fracturing might result from "intermediate" pressure
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rates.^*5.7 Specifically, given peak pressure, 
pressure risetime, principal in situ stresses, 
and material properties, the modeling can predict 
the type of fracture obtained and fracture lengths. 
Clearly this is more difficult to do a priori than 
after the fact, when the actual pressure profile 
is known. However, several generalizations can be 
extracted from the data which enhance the modeling 
predictive capability. These include, for ashfall 
tuff:

(1) Hydraulic type fracture occurs for pressure 
risetimes in the range of 1-10 msec depending 
on borehole diameter.

(2) Multiple fracture occurs for pressure risetimes 
ranging from 0.05 to 5 msec depending on bore
hole diameter.

(3) Peak pressures for hydraulic type fracture are 
about 50 MPa (7000 pal).

(A) Peak pressures for optimum multiple fracture
(near the multiple-explosive boundary) are about 
250 MPa (36000 psi).

(5) Propellant M5(A) produces ~ 0.1 msec risetimes 
in 0.0A8 m (1.89 in) diameter boreholes; pro
pellant M5(B) 5 msec risetimes. Pulse risetime 
can be tailored empirically, by mixing the two 
propellants to obtain risetimes intermediate 
between them.

Specific achievements of the modeling effort 
include:

(1) The multiple fracture regime is defined by 
the following semi-empirical criterion^*^ 
as a function of Rayleigh wave velocity Cr , 
pressure riaetime tgj and borehole diameter D:

2C„ (1)
For a material whose Polsson ratio is 0.3,
Cr « 0.5 Cp, where Cp is the compressive wave 
velocity. It was noted,^ in examining results 
from elastic wave modeling of dynamically pres
surized boreholes, that the onset of borehole 
crushing appears to occur when the risetime 
tj, “ xD/Cp, or more precisely, xD/2Cj.. The 
latter result was subsequently derived analyti
cally. ̂  The lower bound for multiple fracturing 
was obtained by assuming the same D/ta scaling 
dependence but with the constant adjusted to fit 
existing data from 0.15 m and 0.20 m diameter 
boreholes.

(2) Development of a finite element model^ which 
uses a tensile failure criterion and incorpor
ates in situ principal stresses and fracture 
pressurization. Its predictive capabilities 
include type of fracture obtained, fracture 
length, fracture orientation, and stress and 
displacement as a function of borehole pressure, 
fracture pressure, pressure risetime, in situ 
stresses, and material properties.

(3) Investigation of effect of in situ stress. Like 
hydraulic fracture, multiple fracturing behavior 
appears governed by the principal in situ

sf-esses. Major fractures generally occur 
radially from a wellbore along principal planes 
of stress. This observation has been verified 
by finite element modeling.^ An additional 
major fracture also usually occurs in each of 
the quadrants defined by the intersection of 
the principal planes of stress.^ This is 
also predicted by finite element modeling.
The modeling further predicts that the frac
turing is relatively insensitive to magnitude 
or differences in principal stresses. However, 
it appears crucial that there be either a dif
ference in the horizontal principal stresses 
Intersecting a vertical borehole or a variation 
in material strength around the borehole 
circumference,

EXPERIMENTAL HARDWARE AND TEST EKVIRONMENT

In situ experiments to test concepts and de
velop hardware are conducted in a tunnel complex 
at NTS.2>3>^ The experiments are done in this tunnel 
complex and location for several reasons. First, 
mineback can be done to observe fracturing results; 
second, the homogeneity of the beds and presence 
of realistic in situ stress fields, results in a 
nearly ideal test bed to evaluate modeling and 
fracture behavior, and, third, although the ash 
fall material properties differ considerably from 
those of Devonian shales, modeling efforts indicate 
that only relatively small adjustments in pressure 
rates should be required for experiments in Devonian 
shale.

Experiments of 0.100 m diameter or larger are 
emplaced from an existing drift at a 12 m depth 
and stemmed with wet sand. A mineback drift is 
subsequently extended to expose the fractured 
zones. Smaller "Scale Experio^ents" are emplaced 
in the end face of a drift and stemmed with sand. 
These experiments are typically at 3 meter total 
depths. Figure 1 is a schematic of the borehole 
configuration used in the small scale experiments.
For each individual test, a 0.10 m or 0.15 m diameter 
(Dg) borehole is drilled almost horizontally to 
a depth Lq . Then a smaller borehole, usually of 
0.0A8 m diameter D is drilled concentrically to a 
depth Lĵ , usually 1 m. Boreholes A, B, C, and D 
contain propellant canister-pressure transducer 
assemblies. Borehole E contains stress and accelera
tion instrumentation. The end of the scale experi
ment drift contains nearly homogeneous layers of 
two different kinds of tuff. The upper half of 
the drift face, in which the A and C experiment 
boreholes are drilled, is a porous, yellow, peralka- 
line tuff, with permeability typically in the 
10“1 md range. The lower half is a competent, 
red tuff of about 10~^ md permeability. However, 
the mechanical properties, listed in Table 1, are 
the same for both.

The canister assembly developed for the in 
situ experiments,® used in GFSE #3, consists of a 
FVC propellant canister attached to a pressure 
transducer assembly. Two exploding bridge wire 
initiators are installed 0.3 m from each end. The 
initiator cables and pressure transducer cables 
are brought out of the borehole through a pipe 
attached to the back of the pressure transducer 
units.



The experiment canister for GFSE #5 used the 
same pressure transducer assembly. It was also of 
PVC construction, but employed a centralized Rapid 
Ignition Propagation Ignitor, This ignitor, when 
initiated at one end with an exploding bridge wire, 
ignites the entire length of the canister simul
taneously.

Two types of propellants were used in these 
experiments. Their descriptions appear in Table 2. 
Both are H5-type. The smaller propellant M5(A) 
produces pulses whose risetimes are less than 
1 msec in small boreholes. The use of the larger 
grains M5(B) produces pressure risetimes of several 
msec in 0.048 m (1.89 in) diameter boreholes.^
Prior to experiment installation, the borehole 
transmissivities were measured using both constant 
pressure injection and shut-in tests.

After experiment Insertion, wet Overton, Nevada 
sand was mechanically tamped to fill the borehole.
A short plug of a fast setting, sulfur-based cement 
mixed with sand and water, was ordinarily set in the 
collar. This served to contain the propellant burn 
and retain the experiment and sand in the borehole.

A number of experiments were done in test 
series GFSE #3 to compare data scatter as a function 
of propellant and borehole condition. Referring 
again to Figure 1, a single experiment was done in 
borehole A, while two successive identical experi
ments were conducted in B. The propellant used in 
the Borehole A and B shots was M5(A). Similarly, 
only one experiment was done in Borehole C and 
four in Borehole D with M5(B) propellant. For the 
fourth experiment in D, the free volume around the 
canister was eliminated by filling with water.
The single shot data from A and C not only permits 
a comparison between single and multiple shot 
results, but results in an evaluation of the 
effect of material change, since the tuff in the 
top half of the drift face is more porous than 
that below it.

The canister used in the GFSE #5 experiment was 
first tested in a 90 mm army surplus cannon using 
M5(B) propellant. A 0.3 m (1 ft) long wet sand tamp 
at each end of the canister contained the burn to 
345 MPa (50,000 psi). It achieved the 250 MPa 
(36,000 psi) pressure, where multiple fracturing , 
is observed to occur, in 1.25 msec. Since there 
was essentially no annular free volume around the 
canister in the 90 mm cannon, this risetime is 
faster than would occur in a 0.10 m diameter bore
hole. A 2 msec risetime is estimated for straight 
M5(B) propellant in a 0.10 (4 in) diameter borehole. 
On the basis of previous tests, a 252 M5(A)/75Z M5(B) 
mixture, by weight, was specified for a 0.5 msec 
risetime.

DATA AND RESULTS

Figure 2 presents the pressure waveforms ob
tained for the slower of the two propellants, M5(B). 
These experiments were done in boreholes C and D.
(The number after the borehole designation denotes 
the shot number; for example, GFSE #3D2 refers to 
the second shot in borehole D in experiment GFSE #3.) 
In each case there is an initial pressure rise 
followed by a decrease of several msec duration.

The pressure then continues to rise to a maximum and 
subsequently decays. A borehole tv scan after each 
test revealed hydraulic type fracture. It appears 
likely that the break in the pressure rise coincides 
with fracture formation. The origin of the high 
frequency noise imposed on the pulse is unknown. It 
may be due to pressure wave phenomena in the bore
hole or to excitation of a resonance in the gage, 
although tests show its response is linear into the 
microsecond regime.

It is seen that there is a factor of three dif
ference In peak pressure between identical first 
shots In three different boreholes. However, for 
successive shots in the same borehole, the ampli
tudes are essentially Identical except for shot 4, 
where the hole was backfilled with water to reduce 
free volume. The presence of water In the borehole 
resulted in a decrease in pressure risetime to 
2 msec from the 5 to 8.5 seen In the preceding shots. 
It also attenuated the peak pressure attained by 
about a factor of two.

Figure 3 presents the pressure records from the 
0.048 m (1.89 In) diameter boreholes A and B of 
GFSE #3. The faster M5-A propellant was used in 
these tests. Typical risetimes are a few tenths of 
a msec to the "apparent" peak pressure. Expanded 
records show that the pulses have superimposed upon 
them a ringing frequency of 0.1 to 0.15 msec 
periodicity as did those of experiments C and D. 
However, here It is more serious, since it cuts 
off the pressure rise in a few tenths of a msec 
or less and makes identification of the true rise- 
tlme and peak pressure difficult if not Impossible.
In A1 and B2, the signal goes negative at 0.1 and 
0.2 msec respectively. A pressure drop of 110 MPa 
in 0.1 msec is unlikely, since fractures sufficient 
to relieve that much pressure in such a short time 
are Improbable. Therefore the "apparent" peak 
pressures should be regarded as lower bounds. This 
Is also true of B1 even though it did not go nega
tive, but suffered a pressure drop from 158 MPa 
(23000 psi) to 100 MPa(14000 psi) in less than 
0.1 msec at 0.2 msec into the pulse.

Because of the high frequency oscillations, it 
is not clear whether the observed large difference 
in peak amplitudes for shots A1 and B1 is real. It 
is noted that the pressure decay, starting 3 msec 
after the start of the Initial pressure rise, is 
only slightly less for A1 than for Bl. The differ
ence between Bl and B2, however, appears significant. 
A tv log of the borehole after shot Bl revealed a 
highly multiple fractured borehole condition.

This conclusion was further supported by a 
transmissivity increase from 5xlO“2 md before the 
test to 1.93 md post test. Measurement of trans
missivity after shot B2, however, showed a decrease 
to 0.96 md. Both the decrease in transmissivity and 
the 0.04 msec apparent risetime suggest that shot B2 
produced a crushed borehole. The GFSE experiment, 
designed to produce a 250 MPa (36,000 psi) peak pres
sure with a 0.5 msec risetime yielded a 258 MPa 
(37,500 psi) peak pressure at a 0.56 msec risetime.

Table 3 summarizes both the data obtained in 
the present experiments and those which are appro
priate from previous series for comparison with 
results of the present experiments.



INTERPRETATION OF DATA

Figure 4 is a plot of the boundaries of aultl- 
ple, hydraulic, and explosive fracture as defined by 
Eq. (1) In terms of borehole diameter, D, and pres
sure rlsetlme t̂ ,. Essentially all the experimental 
data points to date appear on Fig. A. Those Indi
cated only as Al, B2, Cl...on this and succeeding 
figures are all from GFSE #3. The fractures from 
experiments GFSE #5 and B2 and D4 have not yet 
been visually verified by borehole tv scans or 
mlnebaclc. However, from the post test Increase In 
transmissivity, GFSE #5 Is almost certainly 
multiple. Likewise, transmissivity as well as the 
rlsetlme data Identify D4 and B2 as hydraulic and 
explosive type fractures, respectively. Thus, for 
some 21 fracture experlsients to date there does 
not appear to be a single exception to the fracture 
type obtained and that predicted by the semlemplrlcal 
model In terms of borehole diameter and pressure 
rlsetlme.

A possible explanation for the apparent crushed 
borehole result of B2 Is that Shot Bl left the frac
tures propped open and the borehole surroundings 
highly stressed. A second shot, B2, could thus 
superimpose sufficient additional stress to cause 
crushing.

Figure 5 Is a log-log plot of peak pressure vs 
pressure rlsetlme. The data points on Fig. 5, as 
can be checked in Table 3, are plotted without regard 
to borehole size. The data spread for the dry hy
draulic fracture type experiments extends from 
30-100 MPa and from 5-8.5 msec In rlsetlme, and Is 
even greater when one Includes D4. The reasons 
for this large scatter may Include small differences 
In free volume, rock properties, material Inhomoge- 
neltles, propellant packing density, and small 
natural fractures. In any event such small pertur
bations or combinations of them Is expected to 
result In a greater data spread for small boreholes 
than for large ones. Thus, the nearly horizontal 
part of the curve In Fig. 5 was drawn with a bias 
toward the data of GF 1, 5, 6, and 8 and Is still 
consistent with the small borehole results. The 
Implication of the data plotted In Fig. 5 Is that 
the peak pressure Is Independent of borehole 
radius and Is determined strictly by the pressure 
rlsetlme.

Figure 6 Is a plot of borehole size vs pres
sure rlsetlme on which are plotted available data 
points for the M5(A) and M5(B) propellants. Since 
the rlsetlme for GF8 was detersdned to be "less than
0.02 msec," the curve for M5(A) was arbitrarily 
drawn through 0.01 msec for a 0.200 m diameter to 
make It parallel to that of M5(B). Figure 6 graphi
cally Illustrates the difficulty of specifying a 
propellant for a desired rlsetlme. A factor of 10 
difference In rlsetlme appears to occur between 
the two propellants for the same borehole size. 
Similarly, a factor of 10 difference In rlsetlme 
appears to occur for the same propellant for bore
holes ranging In size between 0.05 m and 0.15 m.

A method Is proposed, using the GFSE #5 data and 
Fig. 6 for specifying a propellant mixture for a 
given pressure rlsetlme and borehole size. It Is 
noted that for a constant borehole diameter In

Fig. 6, the rlsetlme varies logarithmically from one 
propellant to the other. It Is therefore suggested 
that the logarithm of the desired rlsetlme t„, ob
tained from a mixture of two propellants of rlsetlme 
t^ and t^ can be expressed as a linear combination 
of their logarithms weighted hy their mass fractions:

log t„ - K fA log tA + (1 - fA> log tg (2)
where

“ the desired pressure risetimes 
f^ •• mass fraction of propellant M5(A)

“ rlsetlme If borehole filled with M5(A) 
tg • rlsetlme If borehole filled with M5(B) 
K “ calibration fraction (obtained by

substituting GFSE t5 experimental data)

Solving for f;̂  and using the GFSE #5 data, one 
obtains:

t.

1.8 log r
(3)

CONCLUSIONS

The experiments described In this paper focused 
on the problems of shot-to-shot variability and the 
selection of propellants for multiply fracturing a 
wellbore. Factors of 1.7 and 3 were shown to occur 
as shot-to-shot variations In pressure rlsetlme and 
peak pressure, respectively, for M5(B) propellant.
The results for M5(A) propellant were Inconclusive 
because of high frequency oscillations In the pres
sure record.

The multiple fracturing data, to date, displayed 
In Figures 4, 5, and 6, Indicate that the critical 
parameters are the logarithms of t^ and and not 
their absolute values. Thus, factors of 2 or 3, or 
more. In shot-to-shot variability of P̂ , and t̂ j do 
not seriously affect the ability to design a multiple 
fracture experiment.

Data from previous experlments,^’^'^ established 
the specification of pressure pulse characteristics 
(tm, Pj,) required for multiple fracturing (Figures 4,
5). The present data permit a specification of pro
pellants for obtaining the required pulse (Figures 5,
6). More specifically. Figure 4, or Its equivalent 
for another rock type, allows selection of a rlsetlme 
t^ for optimal multiple fracturing as a function
of borehole size. Given the rlsetlme. Figure 5 
gives the expected peak pressure. The loading rate 
required for more detailed finite element modeling.
Is approximated by Pn/fm* Figure 6, for a given 
borehole size, yields the risetimes expected for 
each of the two available propellants If used 
alone. If the required rlsetlme Is Intermediate 
between them, a mixture of the two Is needed. In 
that case, Eq. (3) should give the fraction of 
M5(A), by weight, needed to produce the required 
rlsetlme t_.U
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NOMENCLATURE

Cp “ Compressive wave velocity (m/sec)
Cf " Rayleigh wave velocity (m/sec)
D ” Borehole dlamter (ra) 
f^ ” Mass fraction of M5(A) propellant 
K « Calibration factor obtained by using GFSE #5 

data In Eq. (2)
Pj, " Peak pressure occurring during propellant burn 
tA ~ Rlsetlme to peak pressure using propellant 

M5(A) for a given borehole size 
Cg Rlsetlme to peak pressure using propellant 

M5(B) for a given borehole size 
tj, “ Rlsetlme to peak pressure occurring during 

a given propellant burn.
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TABLE 1
ASHFALL TUFF MATERIAL PROPERTIES

1.8 gm/cm^ (112 Ib/ft^)Density
Porosity (Water filled)

Elastic Modulus 
Compressional Wave Velocity 

Shear Wave Velocity 
Tensile Strength

Compressive Strength (Unconfined) 

Fracture Toughness

40%

5 GPa (7.25x10^ psi)
2100 m/sec (6900 ft/sec) 

1200 m/sec (3900 ft/ sec) 
700 kPa (100 psi)

30 MPa (4350 psi)

400 kPa /m (105 psi /ft)

TABLE 2. 

PROPELLANT DESCRIPTION

Item M5(A) M5(B)

Grain Diameter 

Grain Length 
Perf. Diameter 

it Perfs 
Density

1.397 mm (0.055 in)

6.731 mm (0.265 in)

0.330 mm (0.13 in)

1
1.66 gm/cm^ (0.06 Ib/in^)

5 mm (0.197 in)
11 mm (0.433 in)

0.50 mm (0.019 in)

7
1.66 gm/cm^ (0.06 Ib/in^)



TABLE 3. SUMMARY OF DATA USED IN EXPERIMENT ANALYSIS

Experiment
Borehole Dia. 

m (in)
Propellant

Type P„[MPa(KPsi)l tm (msec)
Fracture 
.. Type

GFSE #2 Cl 0.0889 (3.5) 0.25 M5(A)/ 86 (12.5) 0.7 Multiple
(Ref. 5, 6) 0.75 M5(B)

D1 0.048 (1.89) M5(B) 36 (5.2) 6.5 Hydraulic

GFSE if3 Al 0.048 (1.89) M5(A) 110 (16) ** 0.1 ** Multiple
Bl 0.048 (1.89) M5(A) 162 (23.5) ** 0.2 ** Multiple
B2 0.048 (1.89) M5(A) 110 (16) ** 0.04 ** Explosive

NV*
01 0.048 (1.89) M5(B) 100 (14.5) 6.8 Hydraulic
D1 0.048 (1.89) M5(B) 52 (7.5) 5.2 Hydraulic
D2 0.048 (1.89) M5^) 48 (7) 5.0 Hydraulic
D3 0.048 (1.89) M5(B) 48 (7) 8.5 Hydraulic
D4 0.048 (1.89) M5(B) 28 (4) 2.0 Hydraulic

NV*
GFSE #5 -1 0.102 (4.00) 0.25 M5(A)/ 258 (37.5) 0.56 Multiple

0.75 M5(B) NV*
Multi-Frac (Ref . 5, 6)

GF4 0.150 (6.00) M5(B) 250 (36.3) 0.5 Multiple
GF5,6 0.150 (6.00) - 38 (5.5) 1.0 Multiple
GF8 0.150 (6.00) — 30 (4.35) 13 Hydraulic

Gas Frac (Ref. 1) ■

1 0.200 (8.00) M5 (very 47 (6.8) 8 Hydraulic
large grain)

2 0.200 (8.00) M5(B) 95 (14.0) 0.7 Multiple

3 0.200 (8.00) M5(A) ~200 (29) < 0.02 Explosive

* NV— The type of fracture data and modeling would predict is listed, but Not 
Verified (NV), by mineback or borehole tv.

** Should be regarded only as a lower bound.
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Figure 2, Pressure records for identical M5(B) propellant shots in different 
(a,b,cP, the same(a,d,e) and water filled (f) boreholes.
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 9.000

7.000

5.000

75 «

25

1,000
•1,000 4015 2010

TIME (MSEC)
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