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PERMEABILITY ENHANCEMENT USING EXPLOSIVE TECHNIQUES

W. J. Carter

Los Alamos Scientific Laboratory
Los Alamos, NM 87545

ABSTRACT

A problem common to all in gitu georesource
recovery techniques is creation or enhancemen: of
perneability vithin the bed to allow a uniform and
predictable flow of fluid. A new branch of rock
mechanics, devoted to computer prediction of frac-
ture patterns, void diseributionz, particle size
distributions, and path permeabilities resulting
from explosive loading, has developed in response
to these needs. The method requires step-wise so-
lution of the non-linear equations of compressible
flow, with the initial and boundary conditions de-
fined by the detconation properties of the explosive,
and the material wave propagation and dvnami: frac-
ture constitutive relations determined bv high
strain rare mechanical tests of the resource bed
material. Large-scale field tests are necessary
to establish confidence in the results, but once
this has been attained the codes may be used as a
predictive tool on a production basis. This new
branch of rock mechanics is Jeveloping and expand-
ing rapidly, and is proving a useful tool as guid-
ance for technical and economic optimization of wux-
plosive technology.

EXPLOSIVES HAVE PLAYED A ROLE IN GEORESOURCE
recovery since at least 1705 in this country. aid
since the early 1600's in Europe (1%). Howuver,
until recentlv it has no- generall: been necessary
to exercise great control over ‘wplosive
events in rocks since processin; .. JWavs becn
done agbove ground, although in practice a consid-
erable expertise has cvolved. With the cmergence
of in situ processcs for extracticn of cnergy and
ailneral resources, this picture has chanyed. There
is nov a need for & predictive dynanic fragmenta-
tion or fracture capatbility that can optimize both
technically and economically the preparation of
in situ coal or oll ahale retort beds, in ity
lesach or solution mines for copper, uranlum, or
othar materials, and stimulation from a well-bore
of oil, gas or geothormal resources in low-per-
seability remervoirs. Although the processing re-
quirements for each of these diverss operations
are quite different, the undarlying theorv ani
approach for preparation of the resource bed is
basically the saze for each operation. As an e:-
ample of such requirements, an explosivelv-prepared
in situ oil shale rctoret should have the followiag
charscteristicse:
a) A particle sizo distribution throughour

the retort volume which paaks in th. range

of that required for maximum sxtraction ef-

ficiency. Current chemi~al kinetics

and process studies place this range at
roughly 5-50 cm, with the peak around 10 cm.

b) Uniform void distributions in both the hori-
zontal and vertical sensc in order to achieve
a8 stable flame front and avoid channeling.

c) Permeability of the resultant rubble pi.e
which 1s sufficient to support pyrolysis and
allow removal of retorted produc:s without
excessive compressor costs.

d) Fines produced in the rubblization process
vhich are minimal in order to avoid plugging
the paths through which the gases and other
products must move. This 1s probably the
most important single factor to control.

¢) A rubblized volume which is well-detfined,
vith maxinum residual wall and roof integricy
in order to provide retort stability, con-
tainment of combustion products, safety for
vorkers in adjacent areas, prevention of
vater influx, and maximurm utilization of the
resource.

Similar criteria apply to successful explosive
stimylation of cil, ga~x or geothermal reservoirs in
tight formations, particularly if the explosive ex~
ercise is performwed in conjunctiomwith chemiczal
treatment or other completion technology. Clearly
a4 generalized approach to the prediction of blast
effects in rocks is required, one which can bc ap-
plied on a site-specific basis to anv gealocic fer=
mation, geometry, and need. The development of
large digital computere over the past few vears har
nide such an approach possible. Use of cuch a so-
phisticated tool for this purpose is actively being
studled at LASL and other laooratories in this coun-
try, including particunlarly SRl Internaticnal,
Sandia and Sclience Applications, Inc.

THEORY

The propagation of a streas wave through a sol-
id medium, such as might k> generated by an exple-
sive avent in rock, is roverned by the Euler equa-
tions of compresai '~ *lo. \2), which express con-
servation of mass, moment.?, and energy respectively:
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*Numbers in farentlicses designate references at end
of paper.
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This is a coupled, n~--!".1ear system of par-
tial differential equation, zhat cannot be solved

analytically except undes :“-e g.n-lest of condi-~
tions, 1t is the compl2r.ty of these equations
which has provided much of the impetus for develop-
ment of larger and faster computers by the scienti-~
fic community over the ;ast several decades. In
these equations, p is the aeneity, O the particle
or mass velocity, t the ::me¢, and E and P the in-
tarnal energy and pressu-c, respectively. Under
the assumption of a given sec of initial and bound-
ary conditionsg, these equarions can be solved by a
bootstrap method, in which the state variables at
any time are obtained from those at the previous
timestep through the difference forms of Eqns. 1-3.
Since the nuuber of time and space meshes required
for solution of a realistic field-size event must
be quite large, thc need for a large cowmputiug fa-
cilivy is apparent.

The equations 1-3 represent primarily kine-
matic relations of space and time. Real material
properties enter only through the stress terms in
the momentum and energy relations, eqns. 2-3. The
time dependence of the pressure, or stress, must be
independently specified in order to reproduce the
response of a given rock. This time-resolved pres-
sure dependence, loosely referred to as the '“con-
stitutive relation"”, is subject to experimental de-
terminarion using modern dynamic rock mechanics
techniques; <.1is behavior depenas on inherent mech-
anical and equation of state prcperties of the rock
governing the shock reaponse, such as the shock and
release wave profiles, visco-elasticity and visco-
plasticicty, phase transformations, anisotropy, and
fractura mechanisms. Since these properties are
often dependent on stress levels and strain rate,
and in fact are closely inter-related, a large
number of experiments are required to characterize
the rock fully., 1If other variables are present,
such as bedding, variable kerogen content, or sub-
stantial changes in mineral composition, these must
ba studied as well. Only when the constitutive re-
lations are determined will the calculations using
the Euler equations faithfully reproduce the flow
and breakage in the rock.

As for all much systems of partial differen-
tisl equation, the Euler equation.must be solved
subject to specified initial and boundary condi-
tions. Hence, the detonation properties of the
explosives must be specified in order to determine
the initial stresa distrubution and the time-re-
solved energy depositions resulting from the explo-
sion. Until recently, thease properties have not
been known for commercial non-ideal expiosives
comuonly used for blasting purpomes, that is, those
explosives whose properties depend on peometry,
confinement, and boostering. During the past
several years significant progress in our under-
standing of non-ideal axplosive behavior has been
achieved.

CONSTITUTIVE RELATIONS

No geologic material has yet been studied suf-
ficlently to allow unambiguous calculation of the
breakage pattern resulting from a giver explomive
loading. However, much work has been done on a
aumber of materials of interest, including Green
River oil shale (J), Antrim echal.s (4). and Dlevo-
nian gas shales (5), and calculations with theae

in Figure 1.

materials cau preceud with some confidence. Ex-
periments are moct conveni«n:ly done in plane geo-
metry, and fcr strain rates above 10“/s are most
often performed on a gas-driver gun. A schematic
drawving of such a laboratory-scale gun is shown

The instrumentation used to determine
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Fig. 1-Schematic of gas-driven gun used for dy-
namic rock mechanics experiment. The projectile/
driver assembly strikes the sample at a carefully
controlled velocity to achleve a controlled stress
level in the sample.
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Fig. 2-Stress-time and stress-strair protfiles
obtained from samples of Devonian shales. 1hrew
manganin gauges were embedded at diticrent levels
within the target; the effects of beddin; and at-
tanuation on the profiles is evident.

Page 2



the response of the target mareriia’ to plane wa -
impact by the projectile in-liI¢s voth free suriuc:
(laser interferometry, parsil.l plate capacitor:,
magnetic probes, quartz ~r l:thive niobate ervstals)
aad in-material (mangari- cr vtterbiun, magnetic
orobes) gauges. An exan;_e of such an experiment is
shown in Fig. 2. Here. manzanin gauges were inbed-
ded within a sample c¢f{ DJevonian shale and the
stress-time profile monit:red. These profiles are
transformed to the morc :su~l stress-strain con-
tours in Fig. 2-b. Such wave propagation data are
velatively straightforward, although tedious, to ob-
tain. Much more difficult are the dynamic fracture
properties. Guns are again useful in some cases,
in particular for dynacic spall strengths at strain
rates in excess of 10“/s. Split Hopkinson bars or
torsion bars can yield data on fracture strength

up to about 10%/s, although interpretation of re-
sults from these devices is still open to question.
These data are cssen:ial for determination of far
field behavior, several borehole diameters removed
from the explosion, where much of the damage oceurs
in the sub-kilobar pressure range and 1G°-10°/s
strain rate regime. Much experimental work remains
on this problem, as well as that of the impurtance
of gas fracture from the late-time explosive pro-
ducts.

EXPLOSIVE CHARACTERIZATION

Quantitative characterization of the perfor-
mance uf commercial blasting agents (non-ideal ex-
plosives) is crucial for success of a computer-de-
signed fragzentation or permeability enhancement
scheze, since these data provide the initial and
boundary conditions for solution of the Euler equa-
tions. If the rock response characteristics are
sufficiently well known, these calculations also
provide guidance for tailoring, or chemical modifi-
catirn, of the explosive for optimum breakage ef-
ficiency. ' Such tailoring can include modifications
of the detonation velocity, total energy, or peak
(C-J) pressure, control of the pulse duration, or
modification of the pulse rise time in order to pre-
vent formation of fines in the vicinity of the bore-
hole. Obviously, coupling of the detonation energzy
to the rock and the dvrnazic wmechanical response of
the rock itself are important considerations in ex-
plosive tailoring, and the cholce of explousives must
be specific to the reservoir bed. The explosive
characterizatior expe-iments are designed to deter=-
aine the importaance of diameter, confinement, and
the booster system, and to measure the time history
of energy release (3). A typical experiment is the
aquarium design, in which the test explosive induces

a shock into water or a similar transparent material.

The explosive, confined in a material of interest,
is centered in a large water tank and detonated

from one end. A measurement of shock poaition and
bubble radius in the wacter as a function of time
allovs calculaticn of detonation pressure and late
energy release. A record of guch an event is shown
in Fig. 3, vhere experimental shock and bubble con-
tours in vater resulting from detonai.on of a=mmenium
nitrate-fuel cil are matched by a two-dimensional
hydrocode computer calculation. Such analysis shows
that less than half the energy of the ANFQO detcna-
tion is released at the detonation front, the re-
mainder Laing released a few ten of microseconds

later. Such :xmariments have been performed on a
large number -f coirercial explosives, and a cor-
sistent theor: !s bepinnis: to emerge. This theory
is based on a non- -iges, 3K model (6), in which tne
components of tht expl.:ives are allowed to react
according to the kinetics of the individual reac-
tions to forz all possible final products. Such an
approach has proven very successful for calculation
of ideal explosives properties in the past; develop-
ment of such a tool for non-ideal explosives will
reduce the necessity for extensive experimental
work in 'He future.
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?ig. 3-An ipage~intensifier rvcorc of the dito-
nation of ANFO confined in Plexiglas and im-
mersed in water. The shock and bubble positions
ure clearly evident at all three times.

FRACTURE MODELS

A number of candidate models for the theoreti-
cal description of fracture under dynamic loading
exist and await experimental verification in large-
scale field tests. Most such descriptions are ho-
mogeneous, since they utilize parameters represent-
ing average properties associated with each comvu-
tation cell and do not attempt to follow tae propa-
gation of individual fractures. They uwayv range in
complexity from calculation of a scalar, such as
generalized strain, plastic work, or maximum tensile
stress, that can be tested against a threshoid value
(7), to much more subtle models which predict the
nucleation and growth of initial’flaws and their
coeleascence into fractures that intersect to fora
particles (8). Problems associated with all such
constitutive models of rock breakage are inclusion
of the non=zero inelastic volume strain (dilatancw)
and the loss of shear strength associated with
brittle fracture. The scalar approvach does ot pre=-
dict degree of rubblization, particle size, cr po-
rosity unless emilirical correclations between thesc
cuantities aancd the theorctical parameters arc tound.
A coatinuum mcdel which overcomes some of thuse dif-
ficulties is to characterize fracture in the form
of a single parameter that is equal to zetc¢ tor in-
tact rock and approaches unity for compiete pulveri=-
zation. The shear yield surface can then be written
as functions of this parameter and materiai con-
stants which can be determined directly from labora-
tory measureaents of shear and yielding on
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preiractured rock. This dama parazeter must .i'd
depend on the inelastic g'rain rate. Caleulatioas
based on this model (9} arc ~hown in Fig. 5 for two
explosives, low-densitv [*7 and ANFO, 0.12 M in
diameter and one meter _c:;, and buried at a depth
of 0.4 m. The contourt in Fig. 5 represent differ-
ent values of the dama;~ paraxzeter D; the region
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Pig. 4-Comparison of measured shock front and
Plexiglas/water interface positions circles)
obtained frrm Fig. 3 with computer cal-uylations
using a non-ideal BKW explosive equation of
state.

Free Surface

defined by ° : 1.5 ig arbitrarily chosen to repre-
sent the creier velume.

Other effects., such as anisorropy, inhomogenei-
ties, natural fractures and jonints, densit: vari-
ations or stratigraphy and the effects of gas frac-
ture also must be included in these calculations on
a site-gpecific basis. Because of these coxzplexi-
ties and uncertainties, computer design is more use-
ful as guidance for optimizing explosive technologv
rather than detailed prediction of fracture.

FIELD TESTS

In order to establish confidence in the codes
and material properties determinations, large-scale,
heavily inscrumented explosive field tests are re-
quired. Parameters necessary for direct comparison
wvith the calculations are stress wave profiles,
particle velocity and acceleration, free suriace
motion, and post-shot damage determination. Very
few such quantitative tests have been performed.
Examples of such quantitative experiments on large
scale blasting effects are the bed preparation
studies soon to be conducted by Los Alamos under
DOE auspices in close collabrration with the Colony
Development Operatlon in Green River oil shale.

The geometry for one of these experiments, a single
explosive hole parallel to the bedding planes, is
indicated in Fig. 6. The experiments must be
sufficlently simple that unambiguous interpretation
of the data is possible. They are not, therciore,
designed to optimize the loading, but rather to
yield understanding which can be used to optimize
the fragmentation process.

These tests will combine extensive pre-shot
diagnostics, including curing, acoustic mapping,
photography, and permeability measurements, with

—
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?ig. S-Hydrocode prediction of damage contours for
12 cm dia charges of ANFO and TNT, 1 m long and 0.4 =

below the free surface.
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shot-time diagnostics, including stress gauge measure-
cents, acceleraticn and velocity gauge measurements,
and high-speed photographv, and pcst-shot diagnostics
including acoustic mapping, sieve analysis, perme-
ability measurements, photographky, coring, and zine-
back. Effects of bedding orientation, keropen con=-
tent, explosive type, size, and depth of burial, and
constrained free volume will also be investigated.
These experiments are difficult and costly. However,
the potential payoff for improved blast control and
increase in our understarding of basic explosive
processes 1s so great as to fully warrent this extra
effort.
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The columm of explosive 18 at the center,
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designed to previde wave propagaiion and Iructule uata.



