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EXPLOSIVELY PRODUCED FRACTURE OF OIL SHALE 
OCTOBER—DECEMBER 1979

by

Los Alamos Oil Shale Working Group 
W. A. Morris, Project Leader

ABSTRACT

A Jones-Wilkins-Lee (JWL) equation of state for ammonium nitrate/fuel oil mixture 
(ANFO) and aluminized ANFO, somewhat different from the Becker-Kistiakowsky- 
Wilson (BKW) equation of state described in previous reports, is discussed. Included 
also are our present understanding of a steady, cylindrical detonation, a proposed 
computer model of a real detonation, the requirements for an equivalent equation of 
state to be used with the model, and the values for the equation-of-state parameters. An 
alternative explosive bum package has been implemented in the computer code YAQUI 
together with a slip-line capability at the explosive/oil shale interface. The code has been 
used for prediction of cratering and fragmentation experiment results on a field scale.

EXPLOSIVE CHARACTERIZATION

EQUIVALENT EQUATION OF STATE FOR ANFO 
AND ALUMINIZED ANFO 
(W. C. Davis)

INTRODUCTION

Our goal is to measure detonation properties of 
blasting explosives and use them in detailed computer 
calculations that predict effects of the explosive on the 
surrounding rock. Important properties are the equation 
of state (eos) of the detonation products and the rate of 
heat release from chemical reactions. If these properties 
are known, the behavior of an explosive in any con­
figuration can, at least in principle, be calculated. The 
calculations, however, are very complicated, and even if 
they can be done with existing codes, they provide more 
detail than can be used for any practical purpose. For 
practical engineering at reasonable cost, the calculation 
must be reduced in complexity. Our present approach is 
to use our knowledge of the existing system to produce a

calculation procedure that is simpler but that still gives 
an adequate approximation of the real detonation. Pre­
sented in this report are our present understanding of the 
steady, cylindrical detonation, the proposed computer 
model of the real detonation, the requirements for an 
equivalent eos to be used with the model, and values for 
the eos parameters.

STEADY DETONATION OF A CYLINDRICAL 
EXPLOSIVE CHARGE

Steady detonation of a cylindrical charge (for exam­
ple, an explosive in a borehole) has a leading shock wave 
followed by the chemical reaction and then by the main 
expansion of the reacted gases. Figure 1 is a diagram of 
the process. The shock wave is curved, so the streamlines 
bend outward from the very start, and the pressure just 
behind the shock is lower at the edge than at the center. 
The chemical reaction, with its pressure-dependent rate,
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Fig. i.
Diagram of detonation in a cylindrical borehole.

proceeds more slowly near the edge than at the center. 
The dashed line in Fig. 1 outlines the surface where the 
chemical reaction is complete. The flow immediately 
behind the shock is subsonic relative to the shock, and 
the flow far behind the shock is supersonic. The dividing 
surface, or sonic surface, is shown as a solid line in 
Fig. 1. Detonation velocity is less than that for a plane 
detonation because some of the chemical energy is not 
available to drive the wave forward. Some of the 
chemical energy goes into lateral kinetic energy of the 
divergent flow, and some of it is not available because 
energy liberated behind the sonic surface does not go 
forward to drive the wave. In this description, even 
though not all the energy is available to drive the 
detonation wave at full velocity, all the chemical energy 
is released and is available to drive the rock.

SIMPLE APPROXIMATION TO CYLINDRICAL 
DETONATION

If the computer programs could do the calculation 
required for Fig. 1, they could use the exact eos and rate 
law. Then the calculation of the motion of the rock 
would be precisely correct for any size borehole. Un­

fortunately, they cannot. An adjusted rather than exact 
rate and eos could be used in a simpler calculation so 
that the end result, the calculation of the rock motion, 
would be an acceptable approximation. Therefore, it 
seems best to use a model for the detonation that is 
independent of calculational details.

A simple approximation to the detonation is dia­
grammed in Fig. 2. The reaction rate is assumed to 
be infinite, so the shock, sonic surface, and com­
plete-reaction surface are all coincident. The detonation 
can be put into the calculation as a moving step at the 
proper velocity or can be modeled by a fast, plane, 
artificial reaction that approximates the instantaneous 
reaction. Then the main calculation is for an inert flow, 
using an eos for the reacted products.

For this system to work, the eos has to give the exact 
sonic flow at the detonation velocity for the size of 
cylinder. It must also give the proper product energy that 
transfers to the rock.

REQUIREMENTS FOR AN EQUIVALENT EQUA 
TION OF STATE OF ANFO

The requirements for the equivalent eos are
(1) the observed detonation velocity D = D(R), where 

R is the cylinder radius of the explosive, must take 
the material to the sonic point,
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Simple approximation to detonation in a borehole.
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(2) energy delivered to the rock must agree with ob­
servation,

(3) the total energy released at full expansion must equal 
the total chemical energy released in the reaction, 
and

(4) the Chapman-Jouquet (CJ) pressure at infinite radius 
must agree with the measurements made on large, 
plane detonations.

Preliminary analysis of the available detonation veloc­
ity measurements indicates that the velocity is given by 
the following confinements:

copper D = 4.78 — 40/R, Rf = 24 mm
rock D = 4.78 — 65/R, Rf = 38 mm
Plexiglas D = 4.78 — 75/R, Rf = 46 mm

where D is given in mm/ps or km/s, R is the cylinder 
radius in mm, and Rf is the failure radius below which 
the explosive will not detonate. All these values are 
adjusted for ANFO at a density of 0.85 g/cm3.

One measure of the energy delivered by the explosive 
is the standard cylinder test. There are a few experiments 
that have been done for ANFO by Lawrence Livermore 
National Laboratory (LLNL). The very limited data are 
fit by

where p is the pressure, then gives a CJ pressure of 0.059 
Mbar for D = 4.78.

PROVISIONAL EQUIVALENT EQUATION OF 
STATE FOR ANFO—JONES-WILKINS-LEE 
(JWL) FORM

The JWL eos has two main advantages for our present 
purposes. It has six constants, enough to allow calibra­
tion, but not so many as to make the calibration 
completely arbitrary. Also, most computer routines can 
use it without additional coding. Its disadvantage is its ad 
hoc form, which makes it impossible to relate it to the 
physics of the molecular interactions and the oscillatory 
shape of the y vs volume curve.

The centimeter-gram-microsecond system of units is 
always used with the JWL eos. Thus at the CJ state, 
the detonation velocity D i? 0.478 cm/ps, and with y 
= 2.28, the CJ pressure is 0.0592 Mbar. The relative 
volume Vj = 0.695, the explosive energy e0 = 0.02805 
Mbar-cm3/cm3, and the density p0 = 0.85 g/cm3.

The calibration is done by setting the energy, pressure, 
and slope of the isentrope to the CJ values. The 
equations are

58
V„ = 0.901 - p- ,

where VI9 is the velocity of the copper wall in mm/ps 
after expansion to 19 mm (a standard terminology), and 
R is the charge radius in mm. The data do not justify this 
fit, which was chosen after the interpretation of experi­
ment data of other explosives.

The chemical energy released by complete reaction of 
ANFO is 3.8 MJ/kg. It is widely believed that the 
reaction does not go to completion, and that perhaps an 
eighth of the available energy is not released. We will 
therefore use 3.3 MJ/kg as an approximate value.

A few of our measurements indicate that the CJ 
pressure for an infinite medium is ~0.060 Mbar. The 
density fit to apparent values of gamma is

e^-p^O-Vj)2 (r.')a+(r=
+ I-^|C ,

w

p0D2( 1 - Vj) = a,A + a2B + a3C , 

and

p0D2 = a^jA + a2R2B +
1 +wl
VjCj ’

(1)

(2)

(3)

where A, B, C, R,, R2, and w are constants and

y = 1.6 -I- 0.8po , a, = exp(—RjVj) a2 = exp(-R2Vj)

where p0 is the density. For p0 = 0.85, y = 2.28. The CJ 
relation

a3 = Vrw->. (4)

To give the JWL eos about the desired form, we choose 
R,/R2 = 4 and w = 0.3. Then any choice of R3 results in
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a set of linear algebraic equations in A, B, and C. 
Inversion of the matrix can be done easily.

The choice of a particular value for R, is made by 
requiring that the energy given to the cylinder wall in the 
standard cylinder test comes out right. This can be 
achieved by making the energy of the Fickett-Jacobs 
diagram truncated at V = 3.3 equal to the Gurney 
energy calculated from the cylinder test. The Gurney 
energy is given by

where M = 19.501 g/cm is the mass of the standard 
copper tube, and A =5.067 cm3/cm is the area of 
the tube. The data extrapolate to V19 = 0.0901 cm/ps for 
the infinite size. The Gurney energy eG =
0.01735 Mbar-cm3/cm3 is the area of the truncated 
diagram, and e0 is the area of the whole diagram. Thus 
e (3.3) = e0 — e0 = 0.01070. This energy is obtained 
from the energy equation

e =
Ri jexp(-R1V) + R2)exp(-R2V)

+ (6)

By iterating with different values of Rj, one can satisfy 
the condition e(3.3) = 0.01070 Mbar-cm3/cm3.

The results of the calibration are

Rj = 4.20 R2 = 1.05 w = 0.3
A = 0.74373 B = 0.02540 C = 0.00427 .

This calibration is for the extrapolation to infinite charge 
size. It gives the wrong detonation velocity for finite 
charges and slightly too much energy to the surround­
ings.

For finite diameter charges, an equivalent eos is 
needed. The procedure to calibrate it is almost the same 
as for the CJ eos, except that the equivalent CJ point for

the equivalent eos is not a real physical state but one 
chosen to fit the data. Therefore, we fix R2 at the value 
found above and adjust the eos by varying the equivalent 
Vt. The equations are Eqs. (1) through (5). The Gurney 
energy is taken from the fit to the cylinder test results for 
each detonation velocity. For each detonation velocity, 
there is a calibration for the parameters of the eos. These 
are fit to a quadratic curve for convenience of presenta­
tion. The final calibration for ANFO at initial density 
0.85 g/cm3 is

Rj =4.20 R2 = 1.05 w = 0.3 
Vj = 0.4239 + 0.6840D - 0.2433D2 
A =0.4624 - 3.915D + 9.420D2 
B =-0.1027 + 0.5997D-0.6939D2 
C =0.01853 - 0.06005D + 0.06321D2

Plots of the isentropes are given in Figs. 3 and 4.
The isentropes must be related to the diameter of the 

explosive charge by the detonation velocity vs radius 
data. We assume that the eos depends only on detona­
tion velocity and not on the other parameters of confine­
ment. The confinement data are

copper D = (cm/ps) = 0.478 — 0.80/diam (cm) 
rock or clay D = (cm/ps) = 0.478 — 1.30/diam (cm) 
Plexiglas D = (cm/ps) = 0.478 — 1.50/diam (cm)

0=0.478

0 = 0.400

0= 0.320

£ 0.02

Relative Volume 

Fig. 3.
Equivalent expansion isentropes for finite diameter charges of 
ANFO at three detonation velocities at low relative volumes.

4
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Fig. 4.
Equivalent expansion isentropes for finite diameter charges of 
ANFO at three detonation velocities at high relative volumes.

APPENDIX

THE JWL EQUATION OF STATE

The JWL isentrope is usually written 

P = A exp(—R,V) + B exp(—R2V) + CV1-* ,
+ B exp(—R2V) .

where p is the pressure on the isentrope, V = v/v0 is the 
volume on the isentrope relative to the initial volume of 
the explosive, and A, B, C, R„ R2, and w are constants. 
R! is chosen a few times larger than R2 so that the first 
term is important at high pressures, the second at middle 
pressures, and the third at low pressures.

Integrating the isentropic equation de = —pdV gives 
the energy on the isentrope

Notice that the first term is the polytropic gas eos to 
which the JWL goes at large volume.

The slope of the isentrope, found by differentiation, is

=-AR, exp(—RjV) - BR2 exp(-R2V)

-(1 + w)CV-w-2 .

e = exp(—R,V) +
B

*2

exp(—R2V) +

At the CJ point, the slope of the isentrope and the slope 
of the Rayleigh line — p0D2 are equal. This expression for 
the slope also allows us to find the isentropic exponent

with the constant of the integration chosen to make the 
energy go to zero at infinite volume.

The energy from the isentrope is usually obtained by 
eliminating C between the two equations to obtain

pV / V 1 \
e =----+ Al-------— ) exp(—R,V)

w \w R,/

along the isentrope. The form of the eos gives y an 
oscillatory form that is nonphysical, but that does not 
cause problems in any of the usual applications.

A general discussion of eos’s and particular references 
to the JWL form are given in Ref. 1.
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COMPUTER MODELING AND THEORY

A COMPARISON OF COMPUTER-MODELED 
HIGH EXPLOSIVE BURN WITH THE SELF­
SIMILAR TAYLOR WAVE 
(L. G. Margolin)

A high explosive burn package has been added to a 
version of the YAQUI stress wave propagation com­
puter code. The package includes a slip-line capability at 
the explosive/medium interface and an algorithm for 
chemical energy release to simulate burn. A calculation 
with YAQUI has been compared with the analytic 
solution for the ideal reactive shock (Taylor wave). The 
comparisons show excellent agreement between the 
computer-generated solution and the theoretical solution.

In calculating the hydrodynamics of two materials, the 
boundary condition at the material interface may be 
either nonslip or free-slip. Nonslip means that both the 
normal and the tangential components of velocity must 
be continuous across the interface. Free-slip means that 
only the normal component of velocity must be con­
tinuous across the interface. In general, it is appropriate 
to use a nonslip condition for viscous flow and a free-slip 
condition for inviscid flow.

Consider the case of a detonated column of high 
explosive contained in oil shale. The thickness of the 
viscous boundary can be estimated as being three orders 
of magnitude smaller than either the diameter of the 
column or the width of a computational cell. Thus, it is 
appropriate to characterize the interface as a free-slip 
surface. In the computer code, such an interface is 
termed a slip line.

The tangential component of velocity may vary signif­
icantly across a free-slip surface. The following values 
are typical for a high explosive (ANFO) burn in oil shale.

Just behind the burn front, the high explosive will reach 
velocities of ~8.0 X 104cm/s. At the same point, but in 
the shale, the velocities are ~4.0 X 103 cm/s—smaller by 
a factor of about 20. If the interface were treated as a 
nonslip surface, then each cell vertex lying on the 
interface would have to represent both these velocities 
simultaneously with just one value. The result would be a 
nonphysical coupling of energy from the explosive to the 
shale by shearing of the cells along the interface.

To complete the burn package, it is necessary to 
represent the release of the chemical energy of bum. This 
is done in YAQUI by the use of a burn line, that is, a line 
which progresses up the column of explosive with the 
experimentally measured bum-front velocity. In each 
time step, the volume of explosive passed by the burn line 
is “burnt” by the deposition of energy equal to the mass 
of the volume times the measured energy release per unit 
mass. The method has been generalized to account for 
the possibility of delayed burn behind the front as 
discussed by Mader.2

To check the burn package, a problem was run with 
YAQUI in which the shale density was set at 2000 g/cm3 
so that the explosive would be a rigidly confined one and 
all the energy would be released at the bum front. This 
problem is the one-dimensional reactive wave, or Taylor 
wave. An analytic solution to this problem can be 
constructed from similarity methods.3 Comparisons be­
tween the analytic solution and the computer-generated 
solution are shown in Figs. 5-8. The computer solution 
shows the rounding of the sharp maxima that is charac­
teristic of numerical methods. Otherwise, there is very 
little numerical diffusion or smearing, and agreement 
appears excellent.
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Fig. 5.
Density profiles from analytic theory (solid line) and computer 
results (dots) for the self-similar Taylor wave.

Fig. 7.
Pressure profiles from analytic theory (solid line) and com­
puter results (dots) for the self-similar Taylor wave.
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Fig. 6.
Material velocity profiles from analytic theory (solid line) and 
computer results (dots) for the self-similar Taylor wave.

Fig. 8.
Internal energy profiles from analytic theory (solid line) and 
computer results (dots) for the seif-similar Taylor wave.
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COMPUTER SIMULATION OF OIL SHALE 
FRAGMENTATION EXPERIMENTS 
(T. F. Adams)

INTRODUCTION

The YAQUI code is an explicit, finite difference, stress 
wave propagation code that was used for predicting the 
extent of the damaged or rubbled region for five pro­
posed single-borehole explosive tests in oil shale. These 
calculations primarily aid in the design of suitable field 
experiments as part of the larger program to develop and 
optimize techniques for the explosive rubbling of oil 
shale.

The calculations have been made with the assumption 
that ANFO is the explosive used in each of the 
experiments and that it is loaded into a 0.15-m-diam 
borehole. It is assumed that the boreholes will be drilled 
straight down into the mine floor so that the charge will 
be perpendicular to the free surface. The charges are to 
be detonated from the bottom so that the explosive will 
generate a shock wave traveling upward toward the free 
surface. The charge lengths and depths of burial (DOB) 
for the proposed experiments are given in Table I.

COMPUTATIONAL METHODS

The nonideal behavior of the explosive is simulated in 
the calculations by the use of the eos for the detonation 
products for 0.15-m-diam ANFO published by Craig et 
al.4 This eos was determined empirically by matching 
theoretical calculations with data from actual explosive 
tests. The traveling detonation front is implemented in

TABLE I

DESIGN PARAMETERS FOR FIVE 
OIL SHALE BLASTING EXPERIMENTS

Experiment

Charge
Length

(m)

DOB
(Charge Center) 

(m)

1 1.00 4.00
2 1.00 2.80
3 1.00 1.50
4 1.70 2.45
5 2.64 1.98

the code with a “sharp-shock programmed burn” similar 
to that described by Mader.2

The oil shale is modeled as an elastic/plastic solid with 
fracture. The material constants used in the calculations 
are given in Table II. The fracture is simulated with a 
scalar “damage model,” similar to one developed by 
J. N. Johnson.5 According to this model, each computa­
tional cell has associated with it a damage parameter, D. 
D varies from zero, the intact oil shale, to a one for fully 
fractured rock. As D increases, the yield strength y (in 
terms of the second invariant of the stress) drops 
according to the expression

In this expression, p* is a pressure associated with the 
brittle-ductile transition. During those time intervals 
when plastic flow is occurring, D increases according to 
the expression.

TABLE II

CONSTANTS FOR OIL SHALE USED IN 
THE YAQUI CALCULATIONS

Quantity Value

Initial Density 2.3 Mg/m3
Young’s Modulus 0.257 Mbar
Shear Modulus 0.1048 Mbar
High-Pressure Bulk Modulus 0.1584 Mbar
Poisson’s Ratio 0.226
Gruneisen Coefficient 1.4
Yield Surface Parameters8

Y0 0.69 kbar
AY0 4.7 kbar
Po 3.0 kbar

Brittle/Ductile Transition Pressure8 5.0 kbar
Damage Growth Rate Coefficient8 20.0 Mbar

“See Ref. 5 for definitions.

8







Calculations such as those presented here must be 
calibrated by a comparison with actual field experiment 
data. Such a comparison is in progress using the results 
of blasting experiments in oil shale in the Colony Mine. 
In the meantime, code calculations can be useful for 
engineering and planning purposes and as a means to 
study the basic phenomenology of blasting.
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