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EXECUTI VE SUMMARY

As a part of Science Applications' support of the Eastern Gas Shal es
Project, a research programis being conducted to eval uate unconventiona
wellbore stimulation technol ogies. Included in this effort is the devel op-
ment of nunerical nodels to describe and predict |aboratory experinent and
field denonstration results. The nunerical nodel devel opnent is also being
used in parameter sensitivity analyses to determine the inportance of various
aspects of the dynanmic wellbore |oading phenonenol ogy.

This report presents the results of a conputational investigation of
three NTS Multi-Frac Test Series experiments. The evaluation was perforned
to compare the results as conputed by the STEALTH/CAVS codes against the
field results as observed by mneback. Field record data of the borehole
cavity pressure history were approximated and applied as wellbore boundary
pressure-tine histories in the one-dinensional cylindrical geonetry calcul a-
tions. Stresses and material property data for the stimulated ash-fall tuff
were nmodeled to replicate in situ conditions. The three field experiments
that were nodel ed are

e Unaugrmented Dynafrac; a small-dianeter explosive decoupled with
a water pad,

e Single-shot Kinefrac; a small-diameter propellant charge with
a pressurized water pad, and

e Gas-Frac; a full-diameter charge of progressively burning
propel | ant.

Model s of compaction and yielding were included in the tuff constitutive
description. Tensile fracture of the tuff, as described by the CAVS node
was described, including the influence of gas or water penetration and
pressurization of the induced cracks.

Results of the conmputational evaluation of the three treatnments addressed
are as follows:



1) In all calculations, the conputed radial acceleration, radial
stress and tangential stress histories at the instrunmentation
| ocations were about an order-of-nagnitude |arger than the
field records. The discrepancy is predom nantly attributable
to the fact that the cal cul ations were one-di mensional descrip-
tions of a three-dimensional event. Aso, the material descrip-
tions used to nodel the water saturated tuff were probably not
conpl etely adequate. The material properties were obtained
from quasi-static laboratory experiments where drainage of the
pore fluid was allowed, in contrast to the dynanmic probably
undrained conditions of the field tests.

2) The Gas-Frac shot produced peak borehole pressures of severa
hundred nega-pascal s (an order-of -magnitude |arger than the
Kinefrac shot and about three times that of the Dynafrac shot).
The high peak cavity pressures induced considerabl e conpaction
of the tuff near the wellbore, as conmputed in the nunerica
simulation. This conpaction was not observed in the field and
suggests inappropriate conpaction and/or yield nodels for the
tuff, at least at these high stresses. The computed radial
fracture devel opnent (using the CAVS nodel of tensile failure)
was, in an absolute sense, sonmewhat |less than the field results
although in a relative sense (when conpared to the Kinefrac and
Dynafrac sinmulations) is noderately good. The nmaxi mnum conput ed
radial crack length was about 1.5 neters. Cbserved field
results indicated concentrated cracks (radial and circunferential)
to about 0.5 neter; a few radial radials to about .5 neters

and a major crack to about 6 meters.

3) The Kinefrac shot produced peak borehole pressures of severa
tens of nega-pascals. Only mininal permanent wellbore expan-
sion was observed upon nineback. Conpute results compare quite
favorably. The single Kinefrac test produced radial cracks
extending to a maxinum distance of about 1 neter. All cracks
were tight. The conpute crack void strain (a neasure of the
crack width) is mnimal and in agreement with observed results
The distribution of radial cracks, as conputed, is also in
good agreenent with observed results. The maxi num | ength of
computed radial cracks is about 0.3 neter.

4) The unaugnmented Dynafrac shot did not produce any significant
crack devel opnent. The wellbore Was enlarged by 15 - 35 percent
due to yielding of the tuff. The computed wellbore exransion was
about an order-of-magnitude less than the observed results. Tne
conputed maxinmum radial fracture extends to about 6 inches with
very nminiml crack void devel opment or fluid penetration into
the cracks. This conpares quite well with the observed results.



PREFACE

The Eastern Gas Shal es Project (EGSP) of the Department of Energy (DOE)
has the goal of exanining nmarginal gas resources and to deternine what nethods
woul d be required to extract vast amounts of natural gas trapped in eastern
Devoni an shales. As part of this project the Mrgantown Energy Technol ogy
Center (METC) is conducting a research program to evaluate stinulation
technologies in these relatively inperneable gas shales. One aspect of the
program is concerned with numerical nodel devel opnment which would be used in
assessing the suitability of various stinulation treatments. Part of this
study is being conducted by Science Applications, Incorporated (SAl) under
contract to METC. This report presents the results of a conparative eval u-
ation between observed borehole expansion and fracture devel opment in the
Nevada Test Site (NTS) Multi-Frac Test Series and the results of SAI's
STEALTH/CAVS conputational nodel to sinulate these experinments.
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1. | NTRODUCTI ON

1.1 NTS Multi-Frac Test Series

The Multi-Frac Test Series, recently conpleted at the Nevada Test Site
(NTS) had two purposes: (1) evaluate and conpare five tail ored-pul se-loading
stinulation treatnments under in situ conditions to determne the ability of
each to produce nultiple fractures and to enhance formation perneability and
(2) provide data for testing and verification of various nunerical nodeling
schemes presently being devel oped to describe the conpl ex behavior of
dynam ¢ wellbore stimulation in a deep wellbore.

Five full-scale shots were performed in a thick ash-fall tuff formation.
Conducted in horizontal boreholes drilled froma tunnel under 430 nmeters of
overburden, the test site provided both realistic in situ conditions and access
to the test zone by mineback pernitting direct observation of the test results.
Data for nodel verification were collected during each test using stress gages
and accel eroneters enbedded in instrumentation holes in the surrounding rock.
Each test nonitored the cavity pressure using transducers in each borehole.
Pre-test and post-test evaluation included TV and caliper logs and perneability
measurenents. Laboratory experinents were performed on the core obtained from
the boreholes to determne the static and dynamic material properties. The
conmbi nation of the site specific material data, actual cavity pressure, rock
stress and acceleration data and direct observation of the induced fractures
provi ded the necessary information required to nunerically npbdel each test.

The five tailored-pul se-1oading concepts tested involved:

a) a snall-dianeter explosive decoupled with a water pad,

b) a small-dianeter decoupled explosive with water pad and
an added propel |l ant booster,

c) a small-dianeter propellant charge with a pressurized
wat er pad,

d) three successive shots of case ¢, and

e) a full-dianmeter charge of progressively burning propellant.



A thorough discussion of the specific test configurations and an eval ua-
tion of the test results are presented by Schnidt (12, 13, 14). Post-test
eval uation of the nunerical nodels that are currently being used to describe
the effects of dynamic wellbore stinulation is currently in progress. This
report presents an evaluation of three of the Milti-Frac experiments: a) the
unaugmented Dynafrac (11) experiment (test a above), b) the single shot
Kinefrac (8) experiment (test ¢ above), and c) the Gas-Frac (15) experinent
(test e above).

1.2 Post-Test Eval uation

A conputational evaluation of three Milti-Frac experinents has been
performed to conpare the observed field results against the conputed results
by the STEALTH/CAVS numerical code and fracture description. Two of the
experiments were not considered in the evaluation; the augnmented Dynafrac
experinent (test b above) because of its unsuccessful conpletion, and the
nul tiple Kinefrac experinent (test d above) because it represents a duplica-
tion of the single Kinefrac shot. The STEALTH* (9) finite-difference codes
were Used to replicate the rock notion as a result of the energy release and re-
action product expansion of the unaugmented Dynafrac, Gas-Frac, and single Kinefrac
stinulation treatments. Constitutive descriptions of the rock's response in-
cluded yielding, conpaction, and tensile failure. Tensile failure was described
using the CAVS (5,10) cracking and void strain nodel. Field records of the
borehole cavity pressure histories were approxi mated and applied as boundary
histories to the conputational nodels to simulate the induce stress waves.
Fluid flow fromthe wellbore into the induced fractures is nodel ed
within the context of CAVS

*STEALTH (Solids and Thermal Hydraulic code for EPRI adapted from Lagrange
TOODY and HEMP) devel oped under EPRI contract RP-307



2. COVPUTATI ONAL EVALUATI ON OF NTS MULTI - FRAC EXPERI MENTS

A method which is beconing increasingly useful in the analysis of
dynamic rock fracture and fragmentation utilizes stress wave propagation codes.
These codes solve by finite-difference techniques the equations of continuum
mechanics and, with appropriately defined constitutive equations describing
the rock's response to the applied | oad, serve as a unique means of analyzing

non-linear, inelastic, dynamc events

An instance where these codes have proven particularly useful is in
the study of the rock's response to the dynamic loading inparted in a wellbore
by an explosive stinulation treatnment. Wth explicit finite-difference codes
such as STEALTH, the physical phenonena controlling the dynanic events that
occur during explosive wellbore |o0ading can be better understood wth ap-
propriately designed parameter sensitivity analyses. Sensitivity calcul a-
tions used to establish the relative inportance on fracture devel opment of
paranmeters, such as the |oading and decay rates of applied wellbore pul ses,
the rock's defornmational and failure description, and in situ stress and
geonetry conditions, have been addressed in previous reports of SAI's current
eval uation of unconventional wellbore stimulation (2 ,3,4),

In addition to sensitivity analyses, it is possible to perform conpara-
tive evaluations of field demonstrations of unconventional wellbore stinula-
tion treatnents. The recently conpleted NTS Milti-Frac Test Series is a
part of METC's current EGSP program and provides an ideal case for conparative
anal ysis between the observed field results and the results conputed by
present conputational models. |n addition to direct mineback observations,
the NTS experinents have provided stress and accel eration measurenents in
the rock adjacent to each wellbore and pressure histories in the wellbore
cavities. These measurements provide a record of the loading conditions which
produced the observed results.

Material properties of the NTS G Tunnel ash-fall tuff are summarized first.
The conputational nodel used in the calculations and the applied wellbore pressure
histories, which approximate the field records, are then presented fol | owed by
cal culated fracture and wellbore Yielding results.



2.1 Ash-Fall Tuff Material Properties

The proper execution of the calculations described herein required suitable
material properties of the NTS tuff. As the existing data on the nechanical
properties of the G Tunnel tuff is quite limted, it has been necessary to
carefully review existing data on the tuff and to generate additional data as
required. The review, experiments and eval uation have been conducted by SAl
and summarized in a recent report by Blanton, et al. (6). Principal
conclusions of this effort are as follows:

The yield surface defined by triaxial experinents for the
G Tunnel tuff is significantly lower from that defined
for other tuff beds at the NTS.

Direct-pull tensile strength data obtained within the SAI testing
program conpares favorably with that obtained by Sandia on the
same tuff bed.

e The tensile strength of this rock, although quite variable,
is moderately low with values on the order of 1.6 MPa being
typical .

Fracture energy,values nmeasured for the G Tunnel tuff,
averaging™9 J/m, are quite low as conpared to nost other
rock types, and are a measure of the very fragile nature
of the rock.

Dynam c experinents enploying nodified Split-Hopkinson-Bar
techniques, indicate that the dynanic strength of this rock
is only slightly higher than the static strength.

The dynanic yield data suggests that quasi-statically
deternmined yield surfaces would be suitable for inclusion
in calculations to evaluate various dynamc stinulation
creatments in the NTS tuff.

The dynamic data reveal that the sanple deformation is
characterized by an initial conpaction followed by sanple
bul king (dilatancy) associated with failure.

As the relationships between conpaction, yielding and failure
mode will depend strongly upon pore-pressure effects, as con-
trolled by the degree of sanple saturation, additional ex-
perimental data will be required to conpletely describe the
i nportance of saturation.



Table 1 is a summary of the tuff material properties used in the calculations
of this report and was conpiled from Reference . The in situ density is only
1800 kg/m3 because a significant portion of the bulk naterial is water. The
tuff has a porosity of about 40% and it is water-saturated. The pores are not
wel | connected, however, with perneabilities ranging from0.01 to 0.80 nd.

The water that saturates the pores will have a significant influence on the
experimental ly determned conpressibility and yield surface depending on whether
or not the sample is allowed to drain during |oading. Under dynam c |oading
conditions, the low perneability also could cause pore pressures to build up
thus reducing the effective stresses. These conditions nmust be kept in mnd in
anal yzing the mechanical data and interpreting the conputed conpaction and
yielding that occurs during the nunerical simulations.

The constitutive behavior typical of the tuff's conpressibility is shown
in Figure 1. The dashed line on the figure defines the mbdel used in the
cal cul ations and represents an approximation of the typical conpaction behavior
obtai ned from hydrostatic conpression tests. The relatively |ow slope for
volumetric strains less that 1% is due to closing of mcroflaws and is typica
behavi or for nost rocks at |ow stresses. Between 3 and 30 MPa the curves
steepen and becone linear. During this range the rock behaves elastically and
slope of the curve is the bulk nodulus. An average bulk nodulus for 14 deter-
mnations is approximately 2.1 GPa. Between 30 and 50 MPa of hydrostatic stress
the slope begins to decrease probably representing the onset of pore coll apse.
Wien the pressure is conpressive, unloading and reloading as defined by the
comput ati onal nodel (dashed line of Figure 1) allows for irretrievable conpac-
tion by unloading and reloading along a linear path defined by the bul k mdul us.
Wen the pressure is tensile, unloading and reloading occurs along a linear path
defined by the initial slope of the compressibility curve when the pressure and volu-
metric strain are zero. Tensile pressures in the conputational nodel will not
be of significant magnitude or maintained for very |ong because of the tensile
stress relaxation that is nodeling within the CAVS tensile failure nodel.

The two test results, as shown in Figure 1 and as nentioned above, are
typical results. The results, however, are for tests in which the pore water
of the specimen was allowed to drain during the quasi-static conpression. |f



drai nage was prohibited a stiffer response woul d be expected. The rapidness

of the dynanic conpression expected near the wellbore, during the explosive
stimulation treatments considered in this report, would probably not allow suf-
ficient time for pore fluid drainage. The conputational nodel of conpressibility,
therefore, mght be better described with a stiffer nodulus than that shown in
Figure 1.

The results of fifteen quasi-static differential conpression tests perforned
by Atkinson-Nolan (A-N) and Associates (1) for SAI were used to generate a yield
envel ope for the G Tunnel tuff. The results of these tests are shown in Figure 2.
A yield envel ope for another tuff at the NIS, as defined by Terra Tek (7) is shown
in Figure 2 and is designated TT. Both pressure dependent yield surfaces are
shown to indicate site-to-site variability of the NTS tuff. The results of the
tests by Atkinson and Nolan are for tests in which the pore water of the specinen
was allowed to drain during the quasi-static loading. For the same reasons given
above prohibiting drainage of the specinen pore fluids, which is likely during
dynanmic compression, will increase the yield strength. For these calcul ations
the yield envel ope defined by Terra Tek and shown in Figure 2 is used as the
conputational nodel. Conparison calculations were perforned for the Gas-Frac
experiment using the yield envel ope descriptions of Atkinson-Nolan, Terra Tek and
a constant, very high yield strength to deternine the influence on plastic flow
near the wellbore and on tensile fracture devel oprent.

2.2 Gas-Frac Experinent

The Gas-Frac wellbore stinulation treatnment devel oped by Sandia Laboratories
(15) consists of a gas-producing, progressively-burning propellant with a rise
time suitable for the initiation and propagation of multiple fractures
whil e avoiding the near-wellbore damage. The concept provides for 1) a full-
di ameter charge, 2) lightweight gas products fromthe propellant itself, rather
than water, are pushed into the created fractures, and 3) a progress burning
propellant in which the burning rate increases as the material is consuned.

Specific NTIS field test set-up and data records are presented in References 12,
13 and 14.



Figure 3 is a schematic of the one-dinensional cylindrical geonetry
cal cul ati onal nodel used in simulating the Gas-Frac experinment (and the other
NTS experinents considered in this report). Initial conditions of stress were
defined, as shown in Figure 3, to replicate the nmeasured in situ stresses for
the G Tunnel area in Rainier Mesa at the NTS. The stinmulation treatments were
run in horizontal, 15 cmholes drilled 12.2 m deep fromthe tunnel. The over -
burden stress in the vicinity of the tunnel is 8.6 MPa. The m nimum horizonta
principal stress is 5.4 MPa and is oriented at 15° to the drilled holes. The
maxi mum horizontal principal stress is 10.3 MPa. One-dinensional analysis does
not allow distinction of radial stress anisotropy, thus an average of 8.6 and
10.3 MPa (9.45 MPa) was used to represent to initial radial plane stress. A
constant boundary pressure-history is applied at the outer boundary of the nodel
which is at 30 meters. Field record pulses are approximted and applied as
boundary pressure-time histories at the wellbore wall. The actual field record
of the Gas-Frac cavity pressure (12) and the approximted pul se (heavy dashed
line) used in the simulation are shown in Figure 4. Equivalent pulses for the
Kinefrac and Dynafrac shots are shown in Figures 5 and 6, respectively.

The nmaterial properties of the tuff defined in the nodel, as mentioned
above, are summarized in Table 1. The conpaction nodel is shown in Figure 1
and the yield nodel (designated TT) is shown in Figure 2. Because of the high
peak cavity pressures (several hundred MPa) experienced in the Gas-Frac ex-
periment consi derable conpaction/yielding was computed. The yielding was not
observed in the field test and suggests that the material nodels representing
the Figure 1 and 2 behavior are inappropriate in this range of induced stresses.
As mentioned in the discussion on the ash-fall tuff material properties (Section
2.1) the dynamc field response and the |aboratory neasured quasi-static response
are based on different conditions of water drainage of the saturated tuff
(40% porous). The conpaction and yield nodels probably represent a less stiff
and weaker response than the in situ behavior, partially explaining the discrepancy
bet ween t he computed and observed results. As a conparison, two calcul ations
were performed for the Gas-Frac evaluation; one with yielding plus conpaction
and one which sinulated a totally elastic response. The results of these two
conmput ations are summarized bel ow.



Figures 7 through 13 are results fromthe Gas-Frac sinulation which allowed
compaction and yielding of the tuff. Figures 14 through 21 are equivalent plots
for the similation that was elastic. Figures 7 and 14 are time histories of
radi al acceleration, radial stress and tangential stress at the wellbore wall
for the two calculations. Figures 8 and 15 are equivalent history plots at
1.5 feet fromthe wellbore center. Figures 9 and 16 are plots at 3.0 feet
and Figures 10 and 17 are at 6.0 feet fromthe wellbore center. In conparing
the conputed results against the field records of acceleration and stress at
the above mentioned radial distances, the conputed results in these two
calculations and the others of this evaluation are an order-of-magnitude |arger.
Results of the Gas-Frac stressmeter and accel eroneter data indicate that the
stressesarenore than an order-of-magnitude larger than cal culated from
assunptions of a static borehole pressure. The discrepancy may be explained

by substantial gas penetration into induce fractures which resulted fromthis
treat ment

An indication of the yielding of the near wellbore tuff is shown in the
wellbore expansion. Figures 11 and 18 are histories of the wellbore wal l
movenent for the two Gas-Frac calculations. Permanent wellbore expansion
is computed for the case with yielding (Figure 11); the final wellbore radius
bei ng approximately 0.25 neters. This is significantly different fromthe
observed field results where very little permanent wellbore expansion was
observed. The discrepancy is attributed partially to the inadequate nodels
of conpaction and yielding, and partially to sinulating the three-dinensional
event with a one-dinensional analysis. Figure 18 shows the wellbore wall position
as a function of tinme for the elastic calculation. Only mniml permanent ex-
pansion is conputed. The residual expansion seen in Figure 18 is a result of
the residual quasi-static pressures at the end of the calculation (see
Figure 4)

The crack void distribution at 2.5 milliseconds, as conputed using the
CAVS tensile fracture model and for the calculation with yielding, is shown
in Figure 12. The distribution for the elastic calculation is shown in Figure
19a. Note that because of the conpaction in the first case, no cracks devel op
adj acent to wellbore wall (Figures 12a and 12b), and as a result, no gas flow
fromthe wellbore is conputed. In the elastic case cracking and internal gas
pressurization of the cracks is conputed adjacent to the wellbore. Figure 19b

is a profile of internal crack pressure.



The crack distributions for these one-dinensional calculations
are shown in Figures 13, 20 and 21. Figure 13 is for the first case
which allows yielding, and Figures 20 and 21 are for the elastic calculation.
Notice that in both cases the outside boundary of the plots are the sane
(3.0 meters). The borehole expansion in the first case (Figure 13)is to
0.25 nmeters and in the second case (Figure 20) is to 0.10 neters.

The computed radial crack distributions do not match the observed field
results in an absol ute sense. In a relative sense however, when conparison
is made between the conputed crack distributions of the other tests considered
in this report, the cracking computed is noderately good. Mineback ob-
servations of the Gas-Frac experinent showed that radial and circunferential
cracks developed to about 0.5 nmeters fromthe center of the hole. A few

| onger radial cracks developed to a few neters with a predom nate radial
crack extended to about 6 neters.

2.3 Kinefrac (Single Shot) Experinent

The Kinefrac wellbore stinulation teatment devel oped by Kinetech
Corporation (8 Yy is a snall dianmeter (4 cm) pressure-insensitive propellant
charge that is designed both to initiate and propagate multiple cracks. The
charge is centralized in the wellbore and is surrounded by a water buffering
fluid. The device is designed to push water into the cracks ahead of the gas
generated by the propellant reaction products. A typical rise tinme is about
3 mlliseconds with a burn tine of about % second. Details of the field
test set-up and the neasured pressures, accelerations and stresses are given
in References 12, 13 and 14.

The cal cul ational nmodel and initial conditions used in the sinulation of
this experiment are shown in Figure 3. The applied wellbore wall pressure

history is shown in Figure 5. The tuff material properties are summarized
on Table 1 and Figures 1 and 2. The multiple shot Kinefrac experinent was

not considered in these cal cul ations.

The peak cavity pressures achieved in the wellbore for the Kinefrac shot
were about one-fifth those achieved in the Gas-Frac shot. As such, the



comput ed near-wel l bore yielding is nuch smaller. The extent of wellbore
expansion, the conputed cracking and void strain distribution and internal

crack pressure profiles conpare quite favorably with the observed mineback
resul ts.

Figures 22 through 25 respectively, show the conputed radial acceleration,
radial stress and tangential stress at the wellbore wall, at 1.5 feet from
the wellbore center, at 3.0 feet fromthe wellbore center, and at 6 feet
fromthe wellbore center. Wellbore expansion in the shot was observed to be
mniml. Figure 26 shows the computed history of the wellbore wall position.
The conputed results follow, in time, the applied pressure pulse and are
quite mnimal.

Figures 27 through 20 are the results of the CAVS conputed fracture
description. These results are quite favorable in conparison to observed
mineback results. The single Kinefrac shot produced radial cracks to 1 to
3 feet. Al cracks were tight. Figure 27a shows the computed crack void
strain distribution and Figure 27b shows the conputed crack internal pres-
surization profile. Note that the crack void strains and the extend of the
fluid penetration into the induced cracks are mnimal. This conmpares quite
well with observed results. The distribution of induced radial cracks is
shown in Figures 28 and 19. At the end of the 20 millisecond calcul ation
the longest crack extends to above 0.3 nmeter, which also conpares quite
favorably with observed mineback results

2.4 Dynafrac (Unaugnented) Experiment

The Dynafrac wellbore stinulation treatment devel oped by Physics
International (l1) is one of the first tailored-pulse concepts investigated.
A conventional explosive is used, but the charge diameter is sone eight times
| ess than the wellbore dianeter. The decoupl ed explosive charge is surrounded
by wat er whi ch mitgatest he peak pressure reaching the rock to a val ue
bel ow that which will cause yielding. The total energy release is linited
by the small dianmeter of the charge. The decoupl ed explosive is designed to
initiate multiple cracks and force water into the induced cracks to assist

intheir extension. Details of the field test set-up and data records are
given in References 12, 13 and 14.
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The cal culational nodel and initial conditions used in the simulation
of Dynafrac experinent are as shown in Figure 3. The applied wellbore wal l
pressure history is shown in Figure 6. The tuff material description is
summarized on Table 1 and Figures 1 and 2. The augnented Dynafrac experinent

did not function as planned and was not addressed in this eval uation.

Radi al acceleration, radial stress and tangential stress histories
at the wellbore wall, at 1.5 feet fromthe wellbore center, at 3.0 feet
fromthe wellbore, and at 6.0 feet fromthe wellbore center are shown in
Fi gures 30 through 33.

The unaugnented Dynafrac shot did not produce any significant crack
devel opnent (radially or circunferentially). However, the wellbore was
enlarged by 15 - 35 percent due to yielding of the tuff. The conputed
wellbore expansion is shown in Figure 34 and is about an order-of-magnitude
| ess than the observed results. The extent of the crack void strain, interna
crack pressurization, and radial crack devel opment conpares quite favorably
with the observed results. Conmputed crack void strain is mniml (Figure
35a and 36a) and conputed fluid penetration fromthe wellbore is also
mnimal (Figure 35b and 36b). The CAVS conputed radial fracture distribution
is shown in Figure 37. Cracking is very mininmal extending only to about
6 inches into the tuff.

11



3. SUMVARY AND CONCLUSI ONS

In support of METC's continuing evaluation of the tailored-pul se-1oading
concept of wellbore stimulation, five full-scale experinents have been per-
formed under jn situ conditions to evaluate five different tailored-pul se
concepts in initiating and propagating nultiple fractures from a
wel | bore. Five horizontal boreholes were drilled into a thick ash-fall tuff
formation from a tunnel in Rainier Mesa under 430 meters of overburden. Each
borehole was fielded with different TPL well stimulation treatnents. The five
concepts investigated involved:

a) a small-dianeter explosive decoupled with a water pad,

b) a smal | -diameter decoupl ed explosive with water pad and an
added propellant booster,

c¢) a small-diameter propellant charge with a pressurized
wat er pad,

d) three successive shots of case ¢, and

e) a full-diameter charge of progressively burning propellant.

Each test was executed after pre-test evaluation of the borehole con-
dition and permeability. Cavity pressure records were obtained in the well-
bore for each test. Acceleroneter and stressneter data were al so obtained
at several locations in the tuff for each test. Post-test evaluation in-
cluded caliper and TV logs of the wellbore, perneability neasurenents and
mineback for direct observation of the induced fracture patterns.

Field record data, material property data of the tuff, and iLn situ
initial stresses enabled a conputational evaluation to be performed. This
eval uation was performed using the STEALTH finite-difference codes and was
intended to provide a conparison between observed results and conputed
results. O primary concern in the conputational investigation was the degree
of wellbore expansion due to yielding and conpaction of the near-borehole
rock and the extent of induce fractures. Three of the above mentioned
experiments were considered for evaluation; the Gas-Frac experinent (test e),
the single Kinefrac experiment (test ¢), and the unaugnented Dynafrac
experiment (test a). The augrmented Dynafrac test (test b) failed to perform

12



as planned and was not considered. The multiple Kinefrac test (test d) was
a repetition of the single Kinefrac shot.

Results of the conputational evaluation of the three treatnents addressed
are as follows:

1) In all calculations, the conputed radial acceleration, radial
stress and tangential stress histories at the instrunentation
| ocations were about an order-of-magnitude |arger than the
field records. The discrepancy is predomnantly attributable
to the fact that the cal cul ati ons were one-di nensi onal descrip-
tions of a three-dinensional event. Aso, the naterial descrip-
tions used to nodel the water saturated tuff were probably not
conpletely adequate. The material properties were obtained
from quasi-static |aboratory experiments where drainage of the
pore fluid was allowed, in contrast to the dynanic probably
undrai ned conditions of the field tests.

2) The Gas-Frac shot produced peak borehole pressures of severa
hundred mega-pascal s (an order-of-nagnitude |arger than the
Ki nefrac shot and about three times that of the Dynafrac shot).
The high peak cavity pressures induced considerable conpaction
of the tuff near the wellbore, as conputed in the nuzerical
sinulation. This conpaction was not observed in the field and
suggests inappropriate conpaction and/or yield nodels for the
tuff, at least at these high stresses. The conputed radial
fracture devel opnent (using the CAVS nodel of tensile failure)
was, in an absolute sense, somewhat |ess than the field results,
although in a relative sense (when conpared to the Kinefrac and
Dynafrac sinulations) is noderately good. The maxi num conputed
radial crack |ength was about 1.5 neters. Observed field
results indicated concentrated cracks (radial and circunferential)
to about 0.5 neter; a fewradial radials to about 1.5 neters;
and a najor crack to about 6 neters.

3) The Kinefrac shot produced peak borehole pressures of severa
tens of nega-pascals. Only minimal pernmanent wellbore expan-
sion was observed upon mneback. Conpute results cozpare quite
favorably. The single Kinefrac test produced radial cracks
extending to a maximum distance of about 1 meter. Al cracks
were tight. The conmpute crack void strain (a neasure of the
crack width) is mniml and in agreement with observed results.
The distribution of radial cracks, as conputed, is also in
good agreement with observed results. The naxi mum | ength of
conputed radial cracks is about 0.3 neter.

13



4) The unaugnent ed Dynafrac shot did not produce any significant
crack development. The wellbore was enlarged by 15 - 35 percent
due to yielding of the tufi. The computed wellbore exgansion was
about an order-of-magnitude less than the observed results. The
conputed maxi mum radial fracture extends to about 6 inches with
very mniml crack void devel opment or fluid penetration into
the cracks. This conpares quite well with the observed results.

14
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TABLE 1. NIS G TUNNEL ASH-FALL TUFF MECHANI CAL PROPERTI ES*

DENSI TY

ELASTICITY (isotropic)

Compressibility (equation-of-state) 0<p <0.01
- see Figure 1

0.01<1x0.0232

0.0232<

unl oadi ng/ r el oadi ng
when P is conpressive

unl oadi ng/ r el oadi ng
when P is tensile

Distortion (constant shear nodul us)

PLASTICITY (isotropic)

Yield Stress (V) P< O
-See Figure 2 0.0<P< 1.01 x 10%Pa

17

> U < <X <

QO/V, kg/m3
relative vol une
initial density,
1800 kg/ nf

A+ By + Cuz, Pa
pressure

(1-v) /v
relative vol une
0.0 Pa

3.160 X lO8 Pa
3.735 x 10lo Pa

D + Eu, Pa
6.895 x 106 Pa
2.09 x 109 Pa
F + Hu, Pa
3.448 X 107 Pa
1.026 x 10° Pa
Eu, Pa

2.09 x 109 Pa
Tu, Pa

3.160 x 108 Pa

1.72 x 10° Pa

0.0 Pa
A+ BP + CP2, Pa
yield stress

nean stress
2.0 X 107 Pa



TABLE 1. NIS G TUNNELL ASH FALL TUFF MECHANI CAL PROPERTI ES* ( Conti nued)

B =1.01
C = -50x 10 1/Pa
1.01 x 108 <P Y = 7.10 x 10’ Pa
Yield Criterion von Mses as defined in STEALTH
Flow Rule non-associ ative Prandt|-Reuss as defined in STEALTH
TENSI LE FAI LURE (i sotropic)
t
Virgin tensile strength o E = 1.58 x 106 Pa
CAVS ratio of crack initiation -
to - crack propagation strength (constant) R = 2.0
CAVS crack initiation and propagation
strengths adjusted according to the N N
degree of nearby cracking c E = oko (s k)
tC
o, = current

crack initiation
strength of three
ort hogonal cracks
(k = 1,2,3), Pa

= 1.05 (constant)

N = nunber of zone
t hrough cracks

Tensile Bul k Mydul us (constant) T = 3.160 x 108 Pa
CAVS Crack Propping

Bul ki ng B = 10%

CAVS Crack Internal Pressurization not al | owed
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TABLE 1. NTS G-TUNNELL ASH FALL TUFF MECHANI CAL PROPERTI ES* (Conti nued)

IN SI TU STRESSES (initial, anisotropic)

5.40 x 10° Pa
. 6
Borehole Radi al Pl ane O, = 9.45 x 10 Pa

Borehole Axi al Pl ane

INITIAL JONTS (simulating bedding planes) No

*Conpi | ed from Reference
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FI ELD RECORD OF
CAVITY PRESSURE
HI STORY P

l ASH FALL TUFF
|
|

0.075n 30.0
ZONI NG [ NI TI AL CONDI TI ONS
Tuf f
51 Zones (geomnetric o (tuff), borehole -5.40 x lO6 Pa
ratio = 1.075, from Z axial plane
0.075 to 10.0m)
25 Zones (equal, o and o (tuff), -9.45 x 10° Pa
from10.0 to 30.0m) X y :
borehole radial plane
6
P, (constant) 9.45 x 10" Pa

b

FIGURE 3. (One-dimensional Calculational Mdel (CGeormetry and Initial
Conditions) for NTS Milti-Frac Experinents
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conmpaction and vyi el di ng)

30



(Buip @ 1A peu uo112eduod Jyn1 Yyim) spuodasi||N OT
pue G2 le uolinqliisiq ulelis pPIOA Yo - Jel4-SB) 2T 4O |4

Q) (®)

(s191aN) NOILISOd TV lavd (s1919N) NO 1L I1SOd TV Iavd
8+Nﬁ.¢ 00+300° 2 o+ ¥ 8+.UQ_U 4
_|_.____|____ 1 _E_ _ _I____l___________: _____
YO-305" T~ 7 _1I|I¢Q..NMNI
- }
O V- M _ $O-300" Z-
< _
@]
[l
0-30'7T- © _
o )
ﬁH . m _l PO-30S" T
_nul.mYmm;T H |
mm m, ||— vo-3007-
oS g |-
— = o =
— oasz- S | — 0305
— ot I
S 0]
— ® _
)
[ oo+30° 0 /l‘r 00+300°0

| | 9
210qTToM 210qTToM

31

(SSOTUOTSUSWIQ) NIVYIS QIOA MOVHD



Borehole Radi us

= 0.25 neters
Qut si de Boundary =

3.0 neters

a) Radial Cracks at 3 MIliseconds

Borehole Radius = 0.25 neters
Qut si de Boundary = 3.0 neters

b) Radial Cracks at 5 MII|iseconds

(no additional conputed cracking after 5 mlliseconds)

FIGURE 13. Gas-Frac - CAVS Fracture Plot at 3 and 5
MIliseconds (with tuff conpaction and vyielding)
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FIGURE 18. Gas-Frac - Wellbore Expansion (wthout tuff
compaction or yielding)
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FI GURE 20.

orehole Radius
Outside Boundary

a) Radial Cracks at 1 MIlisecond

b) Radi al

Borehole Radius
Qut si de Boundary

Cracks at 2 MI1iseconds

Gas-Frac - CAVS Fracture Plot at 1 and 2
M1 liseconds (wthout tuff
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Borehole Radius = 0.1 neter
Qutside Boundary = 3.0 neters

a) Radial Cracks at 3 MIIiseconds

net er
neters

Borehole Racius
Outside Boundary

"o
wo
or

b) Radial Cracks at 5 MIIliseconds

(no additional conputed cracking aftre 5 mlliseconds)

FI GURE 21. Gas-Frac - CAVS Fracture Plot at 3 and 5 .
M| liseconds (without tuff conpaction or yielding)
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WELLBORE RADIUS (Meters)

-
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FI GURE 26. Kinefrac - Wellbore Expansion
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Borehole Radius
Qut si de Boundary

a) Radial Cracks at 3 MIIiseconds

Borehole Racius
Cut si de Boundary

b) Radial Cracks at 5 MIIiseconds

Kinefrac - CAVS Fracture Plot at 3 and 5 MII|iseconds

FI GURE 28.
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Borehole Fadius = 0.1 meter

Outside Boundary 1.0 meter
a) Radial Cracks at 10 MIIliseconds
CD\/O. 28 meters
Borehole Radius = 0.1 meter
Outside Boundary = 1.0 meter

b) Radial Cracks at 16 MIIiseconds

(no additional conputed cracking after 16 milliseconds)

FI GURE 29. Kinefrac - CAVS Fracture Plot at 10 and 16 MIliseconds
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WELLBORE RADIUS (Meters)

765602

IIIIIIIII

3
;
|

[11]

7 .60E-02

7 5702

75502

75202 —

7 .50E-02 —

Ilﬂ|l||l IIIIFIII 11 IIIII |I
0.00E+00  1.00E-03 2.00E-03 3.00E-03

TI ME (Seconds)

FIGURE 34. Dynafrac - Well Expansion
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RADI AL POSI TI ON (Met ers)
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FI GURE 36.



Borehole Radius
Outside Boundary

a) Radial Cracks at 0.25 MIIiseconds

Borehole Radius
Qutside Boundary

b) Radial Cracks at 2.0 MII|iseconds

(no additional computed cracking after 2.0 milliseconds)

FIGURE 37. Dynafrac - CAVS Fracture Plot at 0.25 and 2.0 Milliseconds
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