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ABSTRALT

Dynamisc stimulation technlgues that
produce mulkiple fracturing in a wellbore
are belry investlgated for snhanged gaa
recowery. Multiple fracturing appears to
be espeaially pramising for stimularbing
naturally—-fraestured reservolvrs, such as the
Devonian shaleg, since this may be the most
gifectiva technlgque for connasting & wellborce
to a pre-sxisting Fracture network. Pravious
gtudies have demonstrated that detrimantal
effects can occur with hiyh-strength ax-
plosive technigues and that these effects
be avolded throwgh the use of propellants.
The ume of prepellants and other so-called
tallored—pulee technigues depend on a con-
trolled pressure-time behaviar to minimize
wallpore damage and maximize fracture growth
by gas penetration.
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This papar describes a serles of five
full-scale tests performed to evaluate various
multi-frac concepts,. -The tests were conducted
at the Wevada Test Site in cased, horizontal
boreholes drilled in ash-fall taff from a
tunrel undar 430 m of overburden. This slte
provides both realistic ia sitw conditrions
for the tests and access to the stimulated
regicns by minesback which permits dirset
abservation of resalts. Thae fiva tallored-
pulse concepbs tested involve:

Caze A - a desoupled ExplOSiVEf3

Case B - a decouplead explosige with
propellant hoostar,

Case C — a small-diameter propellant
charge with pressurized water
Fad.

Cuge D - three successive shots of
Cage O, and

Caee E = a full-diameter charge of a

pragrsssively-burning propel -
lant.

While direct observation by mineback
{s highly benaficial, evaluation and analysis

Fefecences and illusktratiens at and of paper.

of these test results alac depended heavily
on other diagnostics. Thirty-six stress-
maters and acceleromekers were fielded in
the surrounding cock to record the dynamic
disturbances, and each borehole contained
traneducers Lo measure the actual cavley
presaures. ore-test and post-test evalua-
tiong ingclude TV log, caliper leg, and
permeabil ity measurements. Permeability,
whigh avaluates the sffectiveness of the
created fracture network to transmit £luids,
was determined by amalyzils of conzbtant-
pressure, water—Iipjection tests and khe
subsequent pressure decline after shot-in.

Besulta show a large inarease in forma-
tion permeability For Case B, modest Lh-
ereases for Cages B, C, and D and a2 deccoease
for Case A that appesars due to the formatiun
of a stress sage. A comparison of Case E
results with previous tasts suggests a mul-
tiple fracture gritervien based on pressure
rate with little effect of peak pressures.

INTRODUCTION

il and gas welle bhave bean sbimulated
with high-enargy explowives since the late
1800¢s. It appeals, howewvar, that the term
"well shooting™ originsted many years bafore
this in days when a water well was sometimes
re’uvenated by sheoting a rifle down the
wall. Well shooting ss discussed harein
rafars to any tapld releaze of energy from a
chemical ceaction in a wellbore for khe
purpose of stimulating prodection, presumably
by fracturing the resarveir vock. This
includes explosives (molid, ligeid, and gas)
and propellants that deflagrate rather than
explode, In a broad sense, well shootlng
has been applied in several geotechnleal
field=z; e.g., preparvation of oll shale beds
for true in situ processing, preparation of
undarground mineral deposits For solutlan
mining, e:ic.

Problems of wellbore damage, safety
hazards, and upredictable resulis have
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teduced the relatlve number of wells stimu-
ltated by high—strength explesives. In recant
vears hydranlie fracturing has been favared.
and sophisticated techniquesa, eguipment,
Eracturing fluids, and proppant have been
developed to optimize the hydraulle frac-
turing process.

Unfortunately, similar efforts toward
general understanding and process optimiza-
rinn have been lacking for well shecting.
However, recent [indings [(summarized in Ref.
1} nave shed new light on the process of
dynamic wallbore fracturing. These findings
indicate that whst improvemsnts may he
poszible using "tailored-palse" loading
technigues.

Tailsped=-pulza loading invalwves using
progellants, decoupled explosives, oOf
cxplosive gases to produce a controclled,
but rapid, release of energy. Thls concept
is more fully described in a later section,
but £first the general behavior and limita-
tions of conventional well shooting with
aigh-strength explosives need bo be degevribed
£ underetand better the benefits derived
frum tallored-pulse loading.

GENERAL BEHAVIQR OF A DEEPLY-BURIED CHARGE

One importent aspect common to most well
shouting configuraticns is the fact that
thers [& ne free surface near enouch to the
charge to atfect the oehavior. The phenomena
associated with degply-buricd charges, as
they are called, differ significantly from
those of blasts that occur near a free sur-
face as inm excavations, guarries, and raad
cuts,

Briefly, the high pressures of a detona-
tion in a wellbore are known to be sufficient
to cause the nearby vock ko yield and compact
{plastic flow!. When Ehe siress wave passes,
the rock unleads elastically leaving an
increased barehale diameter znd a residual
stress fleld which is compressive near the
wallbare. Figure 1 depicts khese general
steps that take place during such an event.

fha creation of thic residual atrecs
field is closmly analogous to the process
of aukcfrettage or the *gun barrel problem"
in which pressure vessels are often over=-
pressurized sulficiently to yield the inaide
wall and develop residual compressive
stresses that help prevent crack growth
during service, The zone of highly compactad
rook with Lts aszorciated residual compreszive
stresses L5 sometimes referced to as a stress
cage, and the phanomeng is sometimes called
the bladder effegt. Fracturing causad bv
high pressure gas may alac be inhibited in
thiz situation aince Fines are creatsd during
the compaction process thabk can plug newly
formed cracks and prevent gas penektraticn.
S8ome or all of these effects may Actually
cacse decreased permeability near the well-
bare and ars probably responsikle for many
well=shonting Eallures.

The axiatence of residual stress ragions
Fround borshoelos that haye been subjected to

explosive detomatfons Lls a well documented
pheanomancon. Most of these ohdgrvations hava
been made with regard t? Eield experiments
&t the Nevada Test Site~r” as well as labo-
ratary exTeEi entzf ang computer code cal=-
culations—*-'" for the purpose of understand-
ing contaimment of underground nuclear blasts.
This general behavior of a deeply-buried
charge, however, is cvather universal since

it has been demonstrated td acecur For detona-
tions ranglog foom a one pound charge of THT
to a nuclear detonation of several kilatons.
Further «deacriptisn oF these general phenom=
ena and detalls of the supporting evidence
can ke found in ReE. 1.

TALLOREC—PULSE LOADING

ADVANTAGES

With the basic khowledge that tha blad-
der effect impedes fracture growth near an
explogively loaded cavity, one might wondar
how conventional well shooting would ever
enhanee produstion. Experience haa shawn,
however, that iamproved production is some-—
times realized. There ace several reasons
for such reasults, including the possibility
that exploesive stimuelation may at times be
capahle of removing skin damage; and khak
leakage paths may be formed that connect
the cavicy bto the region outside the skrass
cage. Situations can alsw occur in which
the stress cage will break up and slough
into the wellbore. These possibilities are
not necessarily predictable or applicable
in all formations. Ik would, of coucse,
deesirable if reliabla procedures could he
developed to replace conventlonal well
shooting. '

be

Several viable alternatives to explesive
well shooting have been considared and begted
in recent yeavs that show promise of sub-
stantial improvement.<” an appreach that
has received considerable attention {5 to
tallar the pressure-time behavior of the
explosive or a suitable propellant so as o
keep the maximum pressore and the loading
rake below a level that would caunse khe ook
te arush and undergo plastie flow. The
intent here iz to avold entirely the forma-
tion of @ stress cage while zskill leading at
a sufficlently high raka ko produce multiple
fractures from the wellbore. Unfortunately,
the proper combinatisn of loading paramaters
that will produce optimal meltiple fracturing
and avoid the formation of a streas cage are
not, 43 y£t, well known.

Tailored-pulse loading of a wellbore has
zavoral advankages over hydraalic fracturing
that make this technigue attractive in cer—
tain sitaations. For example, hydraclic
fractures, which ars propagated at pressures
that are slightly higher than the minimun in
sito stress and pumping times that are on
the order of hundreds of seconds, typlrally
produce only a single fracture whose ocienta-
tion i=s pergeﬂdicular to the minimum princi-
pal stresas. Higher wellbove pressurds,
guch za are achieved in talloved-pulase Ioad-
ing, are needed to drive cracks 1in less
favorable dirsctions with respect te the in
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=ity stresses in order to produce multiple
fractures.

Multiple fractures may be highly desir-
able in naturally fractured resservoirs such
az Devonian shala for reasons depicted in
Figure 2. The production frowm an unskimalat-
ed well, Pigure 2a, depends strongly on the
tumber of Fractures intersactad. Hydraulice
fracturing typically praoduces & single frac—
ture tkat is likely to run parallel to most
of the existing fractures, figure 2Zb, since
it=s orientation is governsd by in sita
strasses that probably alss govern the pat-
tern of the natural fractures. Multiple
fractures may not e2xtend as far as a
bydraulile fracture but may link rhe well to
more, natural fractures, Figure 2c.

In addition, taileored-pulse loading with
propellants are likely to produce little
forrmation damage due to the interactlon of
Fluids with the rock. Very little water i=
produced by these materials, and the products
have very little tima to reack with the rock.
Some hydraulic fracturing fluids, on ths
other haad, are known to cause swelllng in
ghale and gther dcleterious effects.

Coat 1s also a factor that may make
tailered-pulae technlgues very abtractive,
particularly in margina]l walls that probably
are not promising enough for expensive
Evdraulic fracturlng treatments. Igniting
an explosive or & propellant charge in a
well reguires vary litkle squipment or time
when compared to even a amall hydraulilc
fracture job.

CONCEPTS

Several tailored-pulse concepts rely an
the use of propallants which deflagrata
rather than d«tonazte, Unlike explosives,
the burn front in these materials travels
slower than the soand spesd, and tha burning
rate can be varied over a wide rvange. FPres-
sure~time behavior nf propellants differ
Erom explosivas In thar peak pressures are
lower, and burn times are longer. Tokal
enargy available, hawever, is similar in
bBoth makerialc [(typically 4379},

One of the f£first taillored-pulse congepts
idnveastigated was a decnugled explos {ve sUCh
ids that used for Casa 4. A conventlonal
explosive ls uged, bLut the charge diameter

15 some eight times less bhan the wellbore
diametar. Tha charge is surrounded by water,
and the peak pressutre reaching the took after
detonation is thus mitigated, preaumakly to a
value below the yield stress. The total
explosive energy, however, iz limitad by the
&mall Aiameter of the charge.

The concept empleyed in Case B uses the
game decoupled axplosive i& conjuanction with
a small propellant charga. The decoupled
gxplozive is designed to Llnitiate multiple
eracks and the propellant {s then burned to
drive water intoc these cragks to extend
them. The gropellant 15 essentially a cotket
motor that burns for several seconds. Some

field kesting has kesn pevformed usimg this
device buobt results are inconclusive.

Case C is a small diameter {4om)
pressure-insensitive propellant charge that
iy designed baoth to initiakte and propagates
maltiple Cracks. L typical rise tinme i=
3 ms with a2 bupn time of 0.5 5. This device
in aley Qesigned to push water inko the
aracks akhead aof the gas gensrated by the
propallant reaction producks. It has baen
usad in the field as a cleaning tool and as
a frackure initiating device to reduce the
breakdown peressute for hydraulic fracturing.
The numper and size of the fractures created
by thia tool are largely unknown. Lase D
was rhres sucesssive shotz asing the =ame
conf lguration as Case <.

Cazme & cornsists of a4 gas-praducing,
progresaively-burning propellant with a suit-
able rige time to initiate and propagate
multizle fractureﬁ Tﬂile avoiding the damage
of a stress cage. <! Thiz concept differs
froin Ehe others in three main areas: 1) A
full-diameter charge i3 used that f£ills the
wallbore bto maximize khe ensrgy released,

2} Lightweight gas products from the propel-
lant itself, rather than wakter, are pushed
into the created fractures. This maximizes
Ehe zpeed in which fractures are penatrated
and pressure lsaded. 3} The propellant is
of the progressively-burning tywpe in that
the burpming rate increases as makerial is
consumed. Thiy allows onergy to be saved
and not released wuntil it is most needed,
later in time, when fracetures arse long and
syztem volume is large.

MULTI-FRAC TEST SERIES

PEASIBILITY STUHDY

Experiments ko investigate tailored-
pulas concepts have been conductad Lo a
tunnel complax at the Hevada Test Site. The
tunnel facility provides a means of perform-
ing realistic tests of deeply-huried charges
in rogk Eormations at depth and yet allows
For direct obaservation of resulting fracture
behavior by mining hack ta uncover the kest
bed itself. The purpose of thi= test series
is two-fold: (1) evaluate and compare
geveral tallored—-pulse concepts in a con-
Erolled tast bed ke Jatermine the ability of
eanh to produce multiple fractures and to
enhance formation pecmeability and (2} pro-
vide data for testing and verification of
various modeling schemes pregently belng
agad to describe the complex behavior of
tailored=-pulzse loading.

The feacsibility of perfarming such
expariments was demonatrated previougly in
3 test series conducked on Gas Frac. Thrae
canlsters, sach containing prepellant with
markedly diffarent buarning rates, were
ignited in grouted horizontal holes drilled
in a water=saturakted ash-fall tuff formation.
The results of the three besks showed pheno-
menolasgically dlfferant behavior as depleted
in Figure 3. The slowest-hurning propellant
created a single fracture similavr to a hy-
draulic fracture, the intermediate-rate

.
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propellant produced extensiva multiple frae-
tyres, and the fast-burning propellant pro-—
duced exploslve-type behavior as evidenced by
an enlarged borehele and minimal Evacturing.

TEST SETUP

The previous Gas Prac tezts were not
inztrumented axcepnt Far a prefouve Eransducer
to measure dynamic cavity pressures. The
five tasts descrizad below make up the so-—
called Multi-Frac Test Series and involved
thirty-six stressmetars and aceslerometars
to measore rock formation response as well as
pressure transducers to record dynamic cavity
pressures. Along wikth direct cheskvatlon
by mineaback, post-test syvaluvation included
a teentry lnto sach test zone for borvehole
television log, calipee log, and permeability
measurementsz. The caliper log is lntended
to detect the degree of borehale enlargement
(indigating piastic flow) and the pecne-
ablility test iz designed teo measure the
effeativenass of each test to increase the
formation's abllity to transmlt flulds
{i.e., conductivity of fracture network}.

The rock formation im a water-saturated
agh-fall tuff having matecial prapertiss as
listed in Table 1.

The experiments were all conducted in
15 am dAiamater, nearly horizontal holes
deilled 12,2 m deep from a tunnel drift as
depicted in Figure 4. The hales wers spaced
6.1 m apart. Experiments R and B were con-
ducted with 3.05 m of open hole and %.15 ©
of casing while Bxperiments C, D, and E
had h.l m af open hole and 6.1 m of casing.
The mineback [not completed as of this writ-
ing] is planned so that half of each test
zone will ke mined owt and examibed thor-
oughly, leaving any fracture patterns occur-
ring at the midpoint displayed on the rlght
rib of the tunnel (Figure 4). All test
sektups were similar and a cross-aectian of
the Case B configuratien is saan in Figure 5.

Rock mass instrumentabtion consisted of
an array of stressmeters and accelerometers
as depicted in Figure 4. This acray aof
gages was fizlded enly for Experiments B, I,
and E. The stressmeters were special, i;raln-
gaged, barehale-incluzion stressmekars. ™"
Two of Fhese transducers were sek and pre-
loaded in eack instromentation hole to measure
diameteral deformaticns in the radial and
transverse divections. Calibration of these
gagas was acconplished by static leading of
a block of ash-fall tutf that contalned a
gage mounted in a hole dcilled in the sanple.
Commercially avellable accelerometars ware
algo sat and preloaded in a similar Eashion
ko measnre radial and transverse acgelera-
tionz. [Hote that transverse acceleratlans
would net be expected in a symmetric displaca-
ment Field but could result from motions due
te the dynamic propagation of a nearby crack.,

SPECIFIC TEST CONFIGURATIONZ

The deviga fielded (n Experiment A was
simply a 2 cm diameter by 3 m long PVC tube
£illed with 2.3 kg of Comp T4 explosive.
This was centralized in the hoie and the

cavity filled with water under atmoavheric
preasure. The water contained a blus dye to
stain the greatbed fractures and to zase
idantlfication and mapping daring mineback.
ODynamic cavity pressuras was measured in this
eaperiment using both Kulite®* sens¢rs and
specially designed ytterbium paddle gage512
located near the end of the casing sectlon
{Figure 5]. The Eulite gage model AEM=-375,
iz a plegoresistive integreated sensor. 'This
gege has a 200 MPa pressure range and con-
sists of a minfature silleon member on which
a tempetature compensated wheakstone bridge
L5 atomically bonced. The minlaturization
cesults in a natural Sreguency of 400 kH=2.

Experiment B involved the zame Comp C4
explosive setup but elso containad a 2.7 kg
charge of propellant, This relatively
slow-burning propellant charge consisted of
a single, internal-star rocket grain ignited
with a black-powder-filled apit tube and
housed in a sealad aluninuim canister. The
canister was Located in the casing sectlon
agalnst the bulkhead and was designed ko actk
as a dynamic plunger ke push the dyed water
down khe casing and into fractures initliated
by the explosive charge. The fire set was
dezigned to ignite the propellant chacge
first and then to detonats the explasiva
70 maac later by which time the propellant
wer1ld have reached sufficient pressure.
Transducers fielded in thip experiment to
measure the dynaznic cavity pressurs event
included Kulite and ytterhium gages at the
and af the caszing T§Ction and a fluid-
coupled-plata gage logated at the bulkhead
near the propellant canister. The sensing
glement used Ln khe fluid-coupled-plate
transducer Lz the same Kullte gage mentioned
previcusly.

The device used Lor 2xperiments C and D
conslsted of a 2 om diameter by 6.1 m long
goft alumipum tubke Filled with 2.3 kg of
propellant which was [gnited at one end.

The device was gentralized in the best hele
and the gaviky filled wikh dyed water. The
water was pressurized statically to 3.4 MFPa
using & hydraulic pump just prier to these
gshots in order to simulate the contalnment
from a 300 m colomn of waker. Dynamic cavity
pressure was meazuced in &ach of rhese shots
by means of Xulite gage= lovated near the end
of the casing section.

The device fialded in Experiment E
included a numbker of deslgn impravements
over the previouwsz configuration. The device
{Figure 7} coreisted of six rcanisters, =ach
12.7 em diameter by 1 m long that screwed
rogether, The canisters wer= made of per-
forated plastic tubes with 2 heat-shrinkable
vinyl covering ko make the unit watertight.
Each canister contained 9.1 kg of M5 nulti-
perf propellant grains with a L mm web thick-
ness. Thig propellant was ignited by means
of a 1,2 em diapmeter perforated-steel primer
tube that runs through the center of each
panister and begomes a continuous igniter
when the units are screwed together, The

Frpli-e semiconductor ProductsS, ING.,
Ridgefield, WJ.
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primerc tuba ocntained an explesive and ig-
niter which provided {gnition aleong the
entlire & meter length in less than 1 msag.
The primer bube itgelf was lnitiaked with an
exploding bridge wire device as were all
other experiments.

Singe the propellant burns cleanly,
several bags containing carben black were
raped to tha out=zide of the caniskers (Fig-
ure 7} to act as crack markezsa so that the
created frackures would be nore viaible
during minchack. Also, a numbsr ©f 1.3 cm
diameter ceramic apheres and 0.6 com diameter
eylinders ware taped to this device in hopes
that they would be propelled inte the frac-
turz2s and thereby act as dynamie crack width
indicators when located during mineback.
{These spheres and oylinders were uded in
the other experiments as well.} The assembIy
wag placed in the dry 6.1 makber kest secktion
and sealed with a grount plug. The oppozite
end of the btest zone contained & Eluid-
coppled plate transducar ko meazure dynamic
cavity prasyure.

Esktimaktes of the grout-to-casing and
grout—to-rock shear atrength indicated that
sufficient lpad-carrying capacity was avail-
able to contain these ghaots [refer to Pig-
ure 5). Howewver, a sbtrang-hack brace was
added as a packup measure (Figure B). The
bhrace was desfgned ko transmit the lpad from
the casing and bulkhesd o the opposite
tuntel £ib 1f complete containment waz nob
aghieved. &ll shots were Fired vemokely and
wera monitored by eclose—circuit televislian.

hll shots were fired using a capacitive

dizcharge unit which dumps to an explading
oridge wire. Data waz recorded 1n a separate
instrumentaktion trailer using a 30 kHz analog
sygkem with voltage-controlled=-oscillatar and
myltipiexer. The analog data was recorded on
magnetic tape and latery digitized, reduced,
and platted.

RESULTS AND DISCUSSION

Note: DRedustion and analysis of the
test data and mineback evaluation were nok
complete at the deadline of thiz paper.
Thus, the resylts and conclusions presented
here are preliminarpy.

All shors were fired successfully except
Experiment B. On that test, the propellant
chatge was ignfited as planned. After a
M wsee delzy, a signal was sent ko khe
explosive charge, but detonation did not
oeeur. Post-shot evaluation disclosed thak
the epxploding bridge wire waz intack, but
that the daokpnation cablas had been severad
in two places by the propellankt charge, pre-
venting the bridge from recelving the impulse
reguirad.

Pressurs-time and stress-time records
from Experiment D are displayed in Figure 9.
The stress-btime behavior is Eor radiz]l and
transverse stresg at a logation 1 = from the
test section. Mote that the presupre-time
regord shows a second pressure peak that
ogours 9 msen afFker the fivast., This coctes-

ponds ko the transit time of the zkrass pulse
propagating from tha gage o the steel bulk-
head and back. This second pulse s also
gbservad in rhe =stress records.

Peak borshoele preszure Is =een to ba
46 MPa. If this pressure were assumad con-
stant and confined to the burehole, a
0.32 MPa stress would be expeckcsd abk Bhe 1 m
gtrazsmeters (with radial stress being com=-
prezsgsive and rangencial being tension). Peak
skraases, however, wetre much higher: l1.06 MPa
rangentlal tensicen and 2.16 MPa vadlal com-
pression. Wave-code analysis indicates that
Litkle dynamle =ffect 1s present in this rate
regime. HNote that the tangential aod radial
stress becore asarly egqual ip magnitude at
lake times as expected Erom gQuasi-static
analysis. The discrepancy is likely due,
instead, to presaure escazing from the bore—
hole and leading the freated fractures,
thershy atrongly affecting the loading con-
figuration.

Preliminary results of stressmeter data
EFrom Experiment E indigate that Stresses wara
more than 10 times lavrger than calculated
From assumptians of a static borehole pres—
sure. Thiszs discrepancy must be a rezult of
supstantial gas penetcation Into fractures
and Is consistent with obsecvations oF exten-
pive fracturing debected in this edpariment
as disrus=ad latar.

A pre—test and post—-temt evaluation of
in aitu permeability was made for cach test
ko indicate the capability of fach davice to
increase the L[ermation's ability to transmoit
fluids. 8inege this water-saturated ash-fall
ruff Formaktion has no "ressrvoir® pressure,

er S8, MeasUrems=nts were made by pressuriz-
ing =ach zone with water at a constant poes-
sure of 2.8 MPa and recording the decay of
flow with time. The flow rate data gould
then he Eit e glvye the sppropriate para-
meters which characterize the porous media
and boundary conditioena. However, ginge
flowirwy time was always qgreater than a few
minutes, the analysia was greatly simplified
hy an approximate logarithmic eguation. The
inverse of the flow rate (l/9) 1s pleotted
against the lagaritom of time, and the
permeakility is determined from the slope
of this line by

B = _LE85. T
HEPQ - P_m

where

K is permeability in md

W is viscosity 1ln kPa-s

H iz zone length in m,

F, = P_ 15 injection over-pressurse
in kPa, and 1

w is slope in {cm3faec}" Soyele

An example of this measurement scheme is
dizplayed in Figure 10, The pressure decay
after shubk-in was also amalyzed in a mannec
cimilar *o that for a standard prescuore
buildup cecord in a gas wall.
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Besults af the pre-teat and post-tost
permeability measureaments are presented in
Table 2. Each value of permeability is the
average of the flow test and the shut-in.
large permeability enhancement iz seen for
Eaperlment E which is a clear indication of
extensive fracturing. Experiments B, C,Iaqd
D display & mpderate incresse in permeabili-
£y. Expetiment A, however, produced a de-
crease in formakion permeability. This is
apparently dae ko the creation of a atress
caqe {the bladder effect) ewven though khe
explosive was "decoupled" from the formation
v an 3 to 1 ratis of hole diameker to charge
diameter.

A

These ohsarvations are consiestent with
post—-test TV logs. Several, wide radfal
fractures were seen ln the log of Experiment
E, and a few narrow fractures were saen In
C and D. While no fractures were =een in
the loyg of Exgeriment B, a single hydraulic-
type frackure is expected here dus to the
very low preszsure-loading rate oF the pro-
pellant used. The prasumption of a4 stress
cage in Experiment A was confirmed in the TV
log by the observation of an enlarged, dis-
torted borehols with no apparent fractures.

Closed eircuit televiasion of Experiment
F alan showed indications of extengive frace
turing. Shortly after ignition, a gas-driven
fracture apparently reached an instrumenta-
tion hole located 2 m from the test sSewtian,
which then pressarized the hole and propelled
a4 3 m long grouk plug acrosé the tunnel.
Shortly afber this anether fracture appar-
ently reached the tast sectlon of Bxoeriment
C {(gme Figure 4} 6.1 m away and proovelled
water and debris cut of that hala. These

ohservations were confirmed upon reentry in
the tuntiel when gsignificant leavels of com—
bustion gas f[carbon monsexide)] ware monitored
coming out of these holes.

An enlightening comparison can also ke
made ameng the three previous Gas Frag shots
and Experiment E. Pressure-time character-
istics and observed fracture behavior are
camparad in Table 3. Hete that a good cor—
relation hebtween pressure rate and resulting
behavior exists while no such cocrelatian
oecgurs with peak pressure. This indicates
that prassare rate may be the governing
parametaer In determining whether cesulting
behavior i= hydraulic fraeturing, muleiple
fracturing, or explosive compaction. &
preliminary closed-form analysis was per—
formed that indlcates tha pressure rates in
GFZ and Bxperiment E were Low enocugh such
that kangential stress at the borehole wall
begins and remaina tensile. Oh the other
hand, the pressuce rate of GFI was swffi-
=lently high te cagse tangentlal compression
initlally. These inirial compressions proba-
bly delay the tenszile failure until after the
compackion process has begun causing the
bladder effeckt. This suggests a4 multiple
Eracture eritarion that L% hazed on a pres-
gure rate heing less than a value that would
produce tangentizl compressive stress at the
borahole wall. This esrikerion wag previcusly
suggested by Bll%g as a means to avold explo-
give compaction.

2

CONCLUSIONS

These experiments have shown that multi-
ple fracturesz can be created from a borehole
while avolding the formatfon of a stress cage
by using an appropriately designed tailoved-
pulsa technigqua. In particular, resules of
TV logs, permeability tests and other indi-
rect data showed that the Case E technigque
produced a highly stimilataed zone arveund bBha
wellbore; Case B, C, and T resulted in a
medeat stimalation; and Caze A, which appar-
ently induced a stress cage ko be formed in
this roock even though it was 8 decoupled
chavge, acktually decreassed tha Formakion
permeability.

The rasultrs of these testE and pravious
experiments suggest that a multiple Tracture
criterion be based on borehole prassure-
lcading rate. FPeak pressure conditions may
not be important if leading-rtate ceguive~
menty Are adeguate.

Finally, these tesks =show the walue of
carefully designed in situ eiperiments Eor
gvaluating stimulation techniques. Ingtou-
mentation such 4 stresameters, acteleco-
meters, and pressure Eransducers gan be
fielded In eritlecal lecations, svaluatlion
technigques such a3 TV and caliper logs and
perneabllity tests can he gonvenlently em-
ploeyed, and ultimatsly, nminaback can provida
a camplete diagnosis of the resultanz frac-
ture patterns.
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" TABLE 1

ASH-FAIL TUFF MATERIAL PROPERTIES

*EXFLOSIVE DID WOT DETORATE
*“2IME PERMEABILITY [MCREASE MAY BE DUE TO FRRCTURE CAUSSR BY EXPERMERT E

TABLE 2

DERSITY 1.8 gmicm?
PORISITY (WATER FILLED) Lo
PERMEABILITY SEE TRBLE 2
ELASTIC MIDULUS 5 GPa
COMPRISSIONAL WAWE YELOCITY 2.1 mmiys
SHEAR WAYE VELOCTTY 1.2 mmles
“YERS]LE STRENGTH "0 kPa
"COMPRESSIVE STREWGTH {UNCOHFINED) 30 MPa
TRACTURE TOUGHNESS ueq kPa /m
THHLE 2
PESMEABILITY ENHANLEMENT
PRE-TEST FOST-TEST
) PERACARILITY  PERMEABILITY  FACTOR OF OBSERVATIONS
CASE TAILORED-PULSE CONCERT imd) tmd) IHCREASE  FRDM TV LOG
& DECOUPLED EXPLOSIVE *ENLARGED, DIS-
WITH NATER PAD 0.20 0,05 0.75  TORTED BOREMOLE
B DECOUPLED EXPLOSIVE®
WITH PROPELLANT PUSHER ) _ _ NO FRACTURES
ENATER PAD 0.3 5.5 7 PPARENT
T SMALL DIAMETER PROPELLANT MILTIPLE FRACTURES
WITH PRESSURLZED WATER PAD 0. 00115 0,GIe"* S% (YERY NARROW)
I THREE SHOTS OF CASE C WITH MILTIPLE FRACTURES
PRESSURIZED WATER PAT 0,007 0,034 5 (KARRON)
£  Flil. BORE, PROGRESSIVELY- .
BURKING PROPELLANT NITH _ ) ) MULTIPLE FRACTURES
AIR PAD 0,014 25,0 180 (NIDE

PRESSURE LOANTNG CHARACTERISTICS ¥E, DESEMWVED BEHAVIOR

PEAK PRESSURE
_ PRESSURE RATE )
DIPERIMINT {MPa) (kPalssh  RESULTING BEMAVICR
T B X HYDRAUL1C FRACTURE
PREVIOUS GAS FRAC a5 140 MILTPLE FRACTURES
TEST SERIES 2010 510, 000 £XPLOSIVE STRESS CAGE
EKPERIMENT £ 250 430 MULTIPLE FRACTURES
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