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NUMERICAL SIMULATION
OF TWO IDENTICAL,

OF THE SIMULTANEOUS DETONATION
FULLY CONTAINED EXPLOSIONS

by

B. C. ‘I!rent

ABSTRACT

It has been proposed that a multiburst environment may have certain advan-
tages over a single burst for driving a stress wave with given characteristics
to a particular depth. This report describes a numerical study performed
with the SHALE code to look at the simultaneous detonation of two fully
contained, identical 500-kt bursts. Calculations are presented that show the
distance a given peak stress is propagated in a low-porosity, saturated lime-
stone and how this distance is enhanced if the stress waves from two bursts,
with known separation, are allowed to interact.

I. INTRODUCTION

The SHALE code is an explicit finite-difference computer program

stress wave propagation and interaction as described by Demuth et al.

for simulating

(1985). The

constitutive model predicts brittle fracture and volumetric compaction of geologic materials

(see Margolin and Smith, 1984). It has been used by DeVault (1987) and Margolin et al.

(1988) to simulate underground nuclear explosions and the associated ground motion to

the earth’s surface. The detonation of two equal sources is relatively easy to model with

the SHALE code.

a single explosive

This report

One symmetry axis and one reflection boundary condition exist, so only

source needs to be modeled.

gives detailed information on the calculational results in a saturated

material and in a material with one-half percent air-filled voids. Zoning and boundary

conditions are discussed along with time histones of various stress components. Previous

simulations of a multiburst environment simply superimpose the results of single bursts.

The mathematical basis for this and a discussion of some potential pitfalls are presented.

One-dimensional calculations were done to apply this technique and evaluate its accuracy
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with respect to fully two-dimensional calculations. Also, the stress field of a single l-Mt

burst has been compared with the peak stresses and with the “footprint” generated by

two separated 500-kt bursts. The results are discussed in light of the assumptions and

limitations of the modeling effort. A summary gives an overview and suggests where some

additional numerical and analytic work might be worthwhile.

II. TWO-DIMENSIONAL MULTIBURST CALCULATIONS

Several simplifying assumptions were made in these fist numerical simulations. The

effects of the stress wave interaction should first be fully understood before considering

the complications of a free surface, gravity, unequal yields, and differences in timing. This

simplest case was easily performed with the existing version of SHALE since the symmetry

of the problem resembles a containment calculation of an explosion above a very hard rock

layer.

A. Initial Conditions

A conceptual model is shown in Fig. 1 where two explosive sources are illustrated.

Clearly two axes of symmetry exist if the following conditions are satisfied: 1) both are

detonated at the same time, 2) both are of equal yield, 3) the medium is homogeneous

and isotropic, and 4) there is a uniform initial stress field. The explosion of two sources in

two different media were considered: the baseline case is for a saturated limestone and the

other case is for a limestone with one-half percent air-filled voids. The material properties

are given in Table I.

Notice that the unsaturated matrix has a slightly lower bulk density. This reflects

the slight decrease in water weight, resulting in a lower net bulk density. The total void

volume (air plus water) remains the same. Poisson’s ratio for both materials was 0.32. A

crushing strength of 47.5 MPa (0.475 kbar) was also specified in both cases. Above this

pressure, irreversible inelastic volume reductions occur.

B. Mesh Zoning

Figure 2 shows how a single source maybe modeled such that the horizontal reflection

plane causes a situation identical to Fig. 1. The mesh for a standard containment problem

is shown in Fig. 3. The coordinates in this figure are radial (x) and vertical (y) where the

2



Fig. 1. Conceptual drawing of two sources detonated simultaneously.

TABLE I. MaterialProperty Data for the Two UniformMaterials

Bulk Grain Water Sound Air-Filled Total
Bulk Density Density Content Speed Voids Voids Saturation
Material (g/cc) (g/cc) (wt % ) (m/s) (vol % ) (vol %) (Vol% )

Saturated 2.495 2.750 5.830 4500 0.016 14.56 99.89
0.5%air voids 2.490 2.750 5.646 4500 0.504 14.56 96.54

y-axis is a line of cylindrical symmetry. The mesh has 31 radial cell boundaries, or i-lines,

and 226 tangential lines, or j-lines. Figure 3 may be mapped into a rectangular “logical”

grid in i-j space, bounded by four boundaries as illustrated in Fig. 4. Typically, the logical

left side is simple free slip, or roller boundary, allowing vertical but no horizontal IITLOtiOn.
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The logical bottom is fixed such that no motion is allowed. In this case it consists of a single

point where all of the radial lines converge at the center of the source. The logical right

side allows vertical motion but no horizontal displacements exactly like the left side. The

top, which wraps around from the farthest point directly above the source to the farthest

point directly below the source, is usually unconstrained for that portion corresponding to

the free surface and fixed for all points with a nonzero depth.

The calculational mesh for the simultaneous detonation case is shown in Fig. 5. A

separation distance of 200 m was chosen, somewhat arbitrarily, since information was to

be obtained up to 600 m away. The limits of the mesh are 100 m from the source to the

horizontal axis of symmetry (one-half of the spacing), 900 m along this axis, and 800 m

from the source vertically upward. The mesh is elliptical since it gives the impression of

elliptical circumferential lines intersecting the two axes of symmetry. Initially there are 25

radial (i-lines) and 212 circumferential (j-lines) cell boundaries. The first i-line is vertical

and allows motion only in the vertical direction. The last (i=25) is also a “fre~slip” or

roller boundary, but the motion is vertical along the axis of cylindrical symmetry and

horizontal along the reflection axis. The stagnation point (initially j=l17) is fixed. The

mesh zoning consists of seven regions. The first consists of spherical zones, each spaced at

0.2-m intervals to a distance of 10 m. Then from j=51 to j=105 the zone spacing increases

geometrically by a factor of 1.05 out to a distance of 60 m. This ratio continues to 100 m

and j=l17, but the circumferential boundary at i=17, j=l17 to the stagnation point (i=25,

j=l17) is linear instead of circular. Additional regions are defined with radial boundaries

at 150, 200, 300, and finally 800 m, all of which terminate on the reflection axis (i=25).

Notice that the logical top now only extends from the top of the grid until the intersection

of the horizontal axis of symmetry. That axis is now part of the logical left side. The

corner directly below the source is fixed (the stagnation point), and the section above

allows vertical motion and the boundary to the right allows horizontal motion. Since this

is logically one continuous boundary (the left side), some minor code modifications had to

be made. The aspect ratio of zones in the region of highest expected stress is very nearly

one and the cell size growth is gradual. If the twofold symmetry is utilized, the implied

zoning of two separate sources is shown in Fig. 6.

4



Fig. 2 Single source showing an axis of cylindrical symmetry and a reflection plane bound-
ary condition.

Om 283m 707m

Fig. 3. Numerical mesh for a typical containment

5
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I
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‘J= J MAX

TOP

LUtilUAL 15U I

Fig. 4. Logical grid

C. Numerical Results

I UM

in i-j space and distortion for a grid as shown in Fig. 3.

The yield for (each) source is 500 kt and the separation distance is twice 100 or

200 m. To make comparisons between saturated and unsaturated material and to evaluate

the linear superposition technique, pressures and peak stress components were calculated

and plotted. Peak overstress was also determined to measure the distance a signal of a

given strength had traveled. The calculationa,l results presented in the following sections

consist of time histories at selected locations (see Fig. 7) as well as contour and surface

projection plots of certain variables over selected areas of the calculationa,l mesh.

1. Fully Saturated Limestone. Figures 8a-f show time histories of pressure along

the reflection axis (y = -900 m) every 100 m. The solid lines represent the behavior in

saturated material. The dashed lines are for limestone with one-half percent air-fll.led

voids and will be discussed in the next section. Notice there is only a single pulse; at these

locations the distance to each source is equal. The fist station at a range from the point

of double symmetry of 100 m shows a peak pressure of 2240 MPa (22.4 kba.r). The rise

times are similar here and at a range of 200 m, shown in Fig. 8b. A small precursor may
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axis of cylindrical symmetry

y=oln

dots are 25m :

Y..soom— .

y=-900m

x=Om

\ reflection plane

Fig. 5. Calculational mesh for the simultaneous detonation oftwo identical explosions.
Notice the axis of symmetry, the reflection plane, and the elliptical shape of the outer
circumferential lines.

be seen in Fig. 8c. This reflects the elastic range of the combined pulse that travels at a

slightly faster acoustic speed. The relative magnitude of the elastic portion has increased

at a range of 400 m as indicated in Fig. 8d. Figures 8e and 8f show the pulse at 500 and

600 m, respectively. The first arrival at 600 m is at 113 ms. The maximum time that the

calculation could be run is 200 ms, at which time the stress wave reaches the end of the

mesh. The most prominent feature of Figs. 8a-f is the smooth, continuous rise and drop-off

at each location. Recall from Table I that air occupied only one hundredth of one percent

7
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dots are :
50m .

I

reflection

plane

Iaxis of cylindrical
aymmetry

Fig. 6. The elliptical mesh in Fig. 5 plus the three images implied by the symmetry.

of the total volume, so no significant compaction could take place.

The next series of time histories is at the same elevation as one of the bursts. An angle

theta is defined counterclockwise positive from a horizontal line parallel to the reflection

axis and through the source. Figures 9a-f represent the response along the theta=zero line

(see Fig. 7). The effects of the two distinct bursts are clearly seen in Figs. 9a and 9b, 100

and 200 m from the nearest source, respectively. The location of the cell in 9a is actually

40% closer than the zone corresponding to the record in Fig. 8a. This is reflected in the

higher amplitude and the sharper pulse width. The second pulse arrives at about 20 ma

and has traveled through compacted, or preconditioned, rock. The significance of this will

be shown later during the discussion of superposition. The second p~se is of a simila
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q
AxIs of cylindrical symmetry

600m()
0=90°

500m()

400m() d

d.
300m()

/a’” ‘ 450

200m() ,!
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IOOm(

‘c)

Source
(0,-800)

&-o-o-0—o–o -00

n n
y=-900m

T“ Imaae source

Fig. 7. Locations ofthe time
41.

(0,:1000)

history stations

reflection
plane /

for Figs. 8,9,10, 11,34,35,36,39,40, and

magnitudein Fig. 9b, but at arangeof300 minFig. 9c both pulses have merged together.

This ismtinly due to the longer pulse width ofthe closest source at greater distances. By

the time the signal has gone 400 m as illustrated in Fig. 9d, the shape looks similar to

the response on the axis in Fig. 8d. In fact, the magnitude of the peak is 89.3% of that

pressure profile. The distance to each source in Fig. 8d is 412 m. The responses in Figs. 9e

and 9f also show single-source-like behavior.

Various histories along the theta=45° line are given in Figs. IOa-f. The responses are

similar to the theta=zero data in Figs. 9a-f. Arrival of the second pulse is clearly shown

up through the 500-m station (Fig. IOe) because the distance from the second (reflected)

source becomes significantly greater as the range increases. Notice that the peak values at

the 100- and 200- m depths agree well with the corresponding values in Figs. 8a and 8b
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2500.0

2000.0

500.0

0.0

------------ 0.005 Air Voids
— Saturated

I I I I I I I I I
0.0 20.0 40.0 60.0 80.0 100.0120.0140.0160.0 180.0200.0

Time (ins)

Fig. 8a. Pressure time histories for saturated and unsaturated limestone at a location of x
= 100 m, y = -900 m. This is along the reflection axis. Both curves show similar response
since the stresses are so great.

1400.0

1200.0

~ 1000.0

~
800.0t

;

~ 600.0
&

400.0

200.0

0.0

------------ 0.005 Air Voids
— Saturated

I t I [ I 1 1 1 ,
0.0 20.0 40.0 60.0 80.0 100.0120.0 14i10 16i).O180.0 2C

Time (ins)

Fig. 8b. Pressure time histories for saturated and unsaturated limestone at a location of
x = 200 m, y = -900 m. This is along the reflection axis. The unsaturated signal lags a
bit, and the peak is slightly lower.
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600.0

500.0

400.0

300.0

200.0

100.0

0.0

------------ 0.005 Air Voids
— Saturated.

:

I I ! I I I I i I

0.0 20.0 40.0 60.0 80.0 100.0120 .0140.0160.0180 .0200.o

Time (ins)

Fig. 8c. Pressure time histories for saturated and unsaturated limestone at a location
of x = 300 m, y = -900 m. This is along the reflection axis. There is more pronounced
material crushing in the unsaturated case.

500.0

400.0

300.0

200.0

100.0

0.0

------------ 0.005 Air Voids
————Saturated

I I I I I I I I I

0.0 20.0 40.0 60.0 80.0 100.0120.0140.0160.0 180.020

Time (ins)

)

Fig. 8d. Pressure time histories for saturated and unsaturated limestone at a location of
x = 400 m, y = -9OOm. This is along the reflection axis. The peak pressure is much lower
and it arrives later in unsaturated material.
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400.0 I

1
.....

350.0

300.0

250.0

i
200.0

150.0

1
100.0

1
50.0

i
0.0 +

------- 0.005 Air Voids

— Saturated

.,.............

I I i I 1 I I I

0.0 20.0 40.0 60.0 80.0 100.0120.0140.0160.0 180.020&0

Time (ins)

Fig. 8e. Pressure time histories for saturated and unsaturated limestone at a location
of x = 500 m, y = -900 m. This is along the reflection axis. ‘I’he crushing strength in

unsaturated material is a significant fraction of the peak.

250.0

2(-)().()

150.0

......... 0005 Air Voids

— Saturated

100.0-

) ‘
,,”

.’
.’

50.0-
,,,

,.,
,,’

. . .~----------------
,,

.,.
,,

0.0
.,,

I I I

0.0 20.0 40.0 60.0 90.0 100.0120 .0140.0160.0 180.0200.0

Time (ins)

Fig. 8f. Pressure time histories for saturated and unsaturated limestone at a location
of x = 600 m, y = -900 m. This is along the reflection axis. The peak pressure in the
unsaturated material has not arrived, even at 200 rns.
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3000.0

2500.0

g 1500.0

8
I& 1000.0

500.0

0.0

------------0.005Air Voids
- S&turated

I 1 I I I I I I

I 20.0 40.0 60.0 80.0 100.0 120.0 140.0 160.0 180.0200.0

Time (ins)

Fig. 9a. Pressure time histories for saturated and unsaturated limestone at a location of
x = 100 m, y = -800 m. This is along the theta=zero line (adjacent to a source). Note the
arrival of the second signal.

800.0

‘700.0

600.0

500.0

400.0

300.0

200.0

100.0

0.0 ,

--------- 0.005 Air Voids
!!

— Saturated
::: :# ,

...
.,’

iI ,..

I I I I I I I I I

0.0 20.0 40.0 60.0 80.0 100.0120.0140.0160.0 180.020

Time (ins)

Fig. 9b. Pressure time histories for saturated and unsaturated limestone at a location of
x = 200 m, y = -800 m. This is along the theta=zero line (adjacent to a source). Peak
pressure is still governed by the first signal only.
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500.0
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300.0-

200.0-

100.0-

0.0-,

.... . .- 0.005 Air Voids

— Saturated

... ‘..
..$

I I I I J I 1 I i

0.0 20.0 40.0 60.0 80.0 100.0120.0140.0160.0180.0200.0

Time (ins)

Fig. 9c. Pressure time histories for saturated and unsaturated limestone at a location of
x = 300 m, y = -800 m. This is along the theta=zero line (adjacent to a source). Both
signals have merged into one.

500.0

400.0

~
~ 300.0

e
2wVJ

E
200.0

100.0-
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............ 0.005Airvoids

— Saturated

I I I I I I I 1 1

0.0 20.0 40.0 60.0 80.0 100.0120 .0140.0160.0 180.0 2C

Time (ins)

o

Fig. 9d. Pressure time histories for saturated and unsaturated limestone at a location of x
= 400 m, y = -800 m. This is along the theta=zero line (adjacent to a source). Magnitude
is lower and arrives later for unsaturated case.
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400.0
............ 0.005 Alr voids

350.0- — saturated

.
300.0-

250.0-

200.0-

)L

,,’.; :
150.0-

,’ :,’ ‘,: ‘.; ‘.
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50.0- ...,.,...--------------
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.,.‘.-

1 I

0.0 20.0 40.0 60.0 80.0 100.0120.0140.0160.0 180.0200.0

Time (ins)

Fig. 9e. Pressure time histories for saturated and unsaturated limestone at a location of
x = 500 m, y = -800 m. This is along the theta=zero line (adjacent to a source). Much
smaller combined signal in unsaturated material.

250.0 -

T

------------ 0.005 Air Voids
— Saturated A
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100.0
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0.0 20.0 40.0 60.0 80.0 100.0120.0140.0160.0 180.0200.0

Time (ins)

Fig. 9f. Pressure time histories for saturated and unsaturated limestone at a location
of x = 600 m, y = -800 m. This is along the theta=zero line (adjacent to a source).
Unsaturated peak will arrive much later than 200 ms.
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since the response up to that point is from a single (one-dimensiona) source. Pseudo one-

dimensional response to 600 m is shown in Figs. ha-f (theta= 90°). These are time histories

taken at points directly above the first source so that most of the record is due only to that

burst. The distance to the second source is always 200 m farther than the first. Also, the

cavity “shields” any direct reflection from the boundary, so any influence from the second

source occurs from indirect refraction. Cavity growth at 200 ms was nearly complete, and

the cavity was slightly elliptical because of the reflection boundary. Its semi-major and

semi-minor axes were roughly 166 m (vertical) by 176 m, resulting in an average cavity

radius of 86 m. The pressure record at 100 m from the closest source is shown in Fig. ha.

Notice the arrival of the signal from the second source at about 90 rns and its relatively

low amplitude. The peak amplitudes of Figs. ha-f compare well with the records from

the theta=zero line in Figs. IOa-f. The differences are minor and may be attributed to

slight boundary effects along the theta=90° line. The pseudo one-dimensional results in

Figs. ha-f will be compared with true one-dimensional pressure histories in a later section.

The evolution of the calculational variables is of interest since it shows how cavity

growth and pore collapse proceed. Figures 12a-j show plots of the different material states

at 10, 15, 25, 50, 75, 100, 125, 150, 175, and 200 ms, respectively. Similar plots for the

case of one-half percent air-filled voids are shown at equivalent times for comparison in

Figs. 19a-j. At 10 rnsthe two sources are acting independently. The stress waves first come

into contact at about 15 ms. The symmetry of this calculation requires that a stagnation

point exist at the point where the two axes of symmetry intersect. Since the velocity of

this point is always zero, stresses accumulate rapidly and in fact become so great that this

region acts like a third source as material moves laterally into less compacted material.

This effect is observed at 25 and 50 ms where the shape of the crushed-out region loses its

“figure 8“ shape (as it would appear if the three images were shown) and becomes more

elliptical. At 50 rns the region of completely crushed-out pores begins to look more circular

than elliptical, and by 100 ms the stress wave has traveled nearly 500 m and significant

cracking has taken place in the solid material between the two sources. The evolution of

this pattern is shown to 200 ms in Figs. 12e-j. In this case of nearly 1007owater saturation,

the location of the boundary of crushed-out pore space is essentially the shock front.
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2500.0
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........... 0005 Air voids

I
————Saturated

1500.0-
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~
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).0

Fig. lOa. Pressure time histories for saturated and unsaturated limestone at a range of
100 m and along the theta=45° line. Nearly identical signals in both cases.
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500.0-
: $,
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400.0-
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0.0 I I [ I I I I I I

0.0 20.0 40.0 60.0 80.0 100.0120 .0140.0160.0 180.0 2[

Time (ins)

3.0

Fig. IOb. Pressure time histories for saturated and unsaturated limestone at a range
of 200 m and along the theta=45° line. Notice much smaller influence of second source
because of its much greater distance.
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Fig. 10c. Pressure time histories for saturated and unsaturated limestone at a range
of 300 m and along the theta=45° line. Peak pressures are governed only by the nearer
source, indicating this point is outside the enhanced footprint.
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Fig. led. Pressure time histories for saturated and unsaturated limestone at a range of
400 m and along the theta=45° line. Essentially single-source response.
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Fig. IOe. Pressure time histories for saturated and unsaturated limestone at a range of
500 m and along the theta=45° line. The arrival of the second source is now obscured.
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Fig. IOf. Pressure time histories for saturated and unsaturated limestone at a range of
600 m and along the theta=45° line. Significantly diminished signal in the unsaturated
case.
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Fig. ha. Pseudo one-dimensional pressure time histories for saturated and unsaturated
limestone along the vertical axis at a range of 100 m. Difficult to see the second source
arrival.
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Fig. llb. Pseudo one-dimensional pressure time histories for saturated and unsaturated
limestone along the vertical axis at a range of 200 m. Second signal arrives at about 100
ms.
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Fig. 1lc. Pseudo one-dimensional pressure time histories for saturated and unsaturated
limestone along the vertical axis at a range of 300 m. Delay in the peak pressure is nearly
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Fig. lld. Pseudo one-dimensional pressure time histories for saturated and unsaturated
limestone along the vertical axis at-a range of 400 m. Significantly diminished signal in
the unsaturated material.

21



250.0

200.0

150.0

100.0

50.0

0.0

------------ 0.005 Air Voids
— Saturated

,,”., ,.J
.’ ‘----”,..

----
,.. -

. .

I I I I I I I I I

0.0 20.0 40.0 60.0 80.0 100.0120 .0140.0160.0 180.020[

Time (ins)

!0

Fig. he. Pseudo one-dimensional pressure time histories for saturated and unsaturated
limestone along the vertical axis at a range of 500 m. Truly one-dimensional response in
the saturated material to 200 ms.
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Fig. hf. Pseudo one-dimensional pressure time histories for saturated and unsaturated
Iim-estonealong the vertical axis at a range of 600 m. Mostly crushing in the unsaturated
material by 200 ms. Note the second source is 800 m away from this station.
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Surface plots of pressure at 10 and 25 ms are shown in Figs. 13 and 14, respectively.

Notice that the peak pressure in Fig. 14 of 5100 MPa (51 kbar) where the interaction is

taking place is significantly higher than the pressure at the leading edge of either shock

acting independently. A similar plot of pressure at 200 ms is shown in Fig. 15. Although

the magnitude of the amplification effect is diminished from Fig. 14, it is still about 20%

greater than the single source. Figure 16 is a contour plot of pressure at 200 ms where it

is clearly seen that pressures greater than 100 MPa (1 kbar) extend well beyond 600 m.

The density of the area near the sources is represented in Fig. 17 in a surface plot. The

very low density region is where material has vaporized and melted. Notice the diminished

density directly between the sources where intense reflections have extensively cracked the

remaining solid material.

A revealing picture of what has happened is shown

of the maximum stress in the x-direction that has been

in Fig. 18. This is a surface plot

experienced at a given location.

An inner section with an approximate radius of 300 m has been omitted since the stresses

in the vaporized and melted material are so great that they overwhelm the data of interest
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1“0
Fig. 13. Surface plot of pressure at 10 ms in saturated limestone. The area grid is 400 x
400 m, and the maximum pressure is 9269 MPa (92.69 kbar). Notice the two signals have
not yet begun to interact.

‘.0
Fig. 14. Surface plot of pressure at 25 ms in saturated limestone.
500 m, and the maximum pressure is 3360 MPa (33.6 kbar). The
nearly twice as great as the one-dimensional pressure.
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2.0

Fig. 15. Surface plot of pressure at 200 ms in saturated limestone. The area grid is 200 x
200 m, and the maximum pressure is 195 MPa (1.95 kbar). Notice the region of combined
pressure and where the boundary is beginning to influence the calculation.
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Fig. 16. Contour plot of pressure at 200 ms in saturated limestone. The area grid is 1000
x 1000 m, and the maximum pressure is 195 MPa (1.95 kbar). None of the image regions
are represented here. The extent of significant amplification extends to the point (500 m,
400 m).
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I

Fig. 17. Surfaceplot of densityat 200 ms in saturatedlimestone.The area grid is 400 x
400 m, and the maximum density is 2.512 g/cc. This plot clearly shows the cavity regions
since the vapor and melted material have very low densities.

‘.0
Fig. 18. Surface plot of maximum stress seen at any point in saturated limestone by 200
ms. The area grid is 2000 x 2000 m, and the maximum stress seen is 1047 MPA (10.47
kbar). Notice that the center portion is not plotted (to a radius of about 100 m) since the
stresses inside are so great that they would overwhelm the rest of the data.
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on a linear plot. Clearly, a nonsymmetric region exists near the source. The multiplication

effect is diminished at greater ranges, but it is clear that even at 600 m the combined effect

of both sources is substantial.

2. Limestone with One-Half Percent Air-Filled Voids. The physical proper-

ties of this material are given in Table I. Recall that this material is exactly the same as

the saturated material except that a small amount of water volume has been removed. The

most significant feature of the pressure time histories for this case is the compaction that

takes place in the unsaturated material. The dashed lines in Figs. 8 to 11 represent the

response of the unsaturated material. Figures 8a-f show the response along the reflection

axis, i.e., where y = -900 m. They are histories for points spaced every 100 m from the

point of double symmetry, not from one of the sources. The peak pressure is 95% of the

saturated case at a range of 100 m and similarly resembles the saturated case at 200 m

(the solid line in Fig. 8b). The peak pressure at 300 m along the reflection axis is only 90%

of that for saturated material, and at 400 m the peak value has dropped to 7770. Notice

in Fig. 8e that much flatter response is observed before the rapid rise to a peak of just

over one-half the saturated peak. Notice also that at a range of 600 m the peak value has

not yet been attained at 200 ms because of a decrease in effective (peak pressure) sound

speed caused by pore crushing in the unsaturated case. The initial signals in both cases

arrive at about 116 ms, but the saturated case shows the peak value at just over 170 ms

(the solid line in Fig. 8f).

The response along the theta=zero line is given in Figs. 9a to 9f. The record at a

range of 100 m shows the arrival of the signal from the second source at about 40 ms.

The shape of the record in Fig. 9a is similar to the saturated case except the amplitude

everywhere is slightly reduced. It is likely that most of this record represents the behavior

of fully compacted material. The unsaturated record in Fig. 9b is also very similar in

shape and magnitude to the saturated case. The arrival from the second source is clearly

indicated, and the only difference seems to be a slightly lower amplitude caused by some

pore crushing indicated by the leveling out of the precursor, shown in the early part of

the record. This effect is more pronounced in Figs. 9Cand 9d, but the significant feature

of these two curves is that both signals have merged into a single waveform as in the

29



saturated case. As the peak amplitudes of pressure drop at distances of 500 and 600 m

as shown in Figs. 9e and 9f, respectively, the magnitude of the onset of pore crushing

becomes relatively more significant. Also notice the much later arrivals of peak pressure

but identical times-of-arrival of the initial precursor.

The records for the response along the theta=45° line are given in Figs. IOa-f. These

show similar relative behavior as previously discussed and are fairly unremarkable except

to note the low-amplitude arrival pulse in Fig. IOafrom the second source at about 75 ms.

The second hump in Fig. IOb is again caused by the second source at a distance of 369 m.

The pseudo one-dimensional response (theta=90°) is shown in Figs. ha-f. The his-

tory shown in Fig. llb is for a source 200 m away and one at 400 m. Notice the small

increase at 120 ms during the decline from peak stress. This is certainly the arrival of the

second source. It may be significant that the peak pressure at a range of 500 m shown in

Fig. lle results from the addition of the signals from the two sources. Although the peak

is much less than in the saturated case (the solid line in Fig. he), this qualitative feature

of a relatively slow first signal compared with the arrival from the second source is unique

to the unsaturated case. In the saturated case, almost no compaction takes place so the

second signal never catches up with the first (nearer) signal.

The regions of different material states from 10 to 200 ms are shown in Figs. 19a-j.

The corresponding times for the saturated case are given in Figs. 12a-j. The response

looks very similar until about 50 ms, by which time the region of fully cmshed material is

noticeably smaller for the unsaturated case in Fig. 19d. Similar regions of tension develop,

and by 125 ms the crushed region is significantly smaller. At 150 ms, this boundary no

longer looks elliptical but has begun to bulge out along the reflection axis as a result of

the influence from the stagnation pressures at the point of double symmetry. This effect

continues to 175 ms at which point the stresses are low enough that the fully crushed

region stops growing, as illustrated in Fig. 19j, which shows the same boundary at 200 ms.

Notice that similar regions of tension have developed at 200 ms for both the saturated and

unsaturated cases, shown in Figs. 12j and 19j, respectively.

A surface plot of the pressure at 150 ms is shown in Fig. 20 and shows the effect

of the second burst in increasing the peak pressure to more than double the single burst
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value along the reflection axis. Also note the low amplitude precursor followed by a much

stronger pulse. The peak pressure of 180 MPa (1.8 kbar) at 500 m should be compared with

the saturated case where a peak pressure of nearly 200 MPa (2 kbar) had been achieved

at nearly 700 m by 200 ms (see Fig. 15). Figure 21 shows the peak stress attained at all

points beyond a radius of about 100 m at 150 ms. Notice that the drop-off in peak stress

is much more dramatic than in the saturated case, shown in Fig. 18. A plot of density is

shown in Fig. 22 at 150 ms. It clearly shows the vaporized region and a peak density of

2.526 g/cc compared with a peak of 2.512 in the saturated case. Recall that the ambient

density from Table I was 2.495 in both cases. Clearly, the void volume occupied by air in

the unsaturated case allowed for higher compaction, resulting in greater energy losses and

a subsequently diminished shock magnitude as a function of distance. Also notice where

the density has decreased in the vicinity of the stagnation point, resulting from cracking

and accumulation of void strain in this highly tensile region.

To summarize the numerical results of the simultaneous detonation of two contained

nuclear bursts, the overwhelming conclusion is that the presence of one-half percent a.ir-
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Fig. 20. Surface plot of pressure at 150 ms in unsaturated limestone. The area grid is 1000
x 1000 m, and the maximum pressure is 250 MPa (2.5 kbar). Notice the near doubling of
the pressure amplitude along the reflection axis and the precursor.

Fig. 21. Surfaceplot of the maximumstressseenat”anypoint in unsaturatedlimestone
by 200 ms. The area grid is 1000 x 1000 m, and the maximum stress seen is 2000 MPa
(20 kbar). Notice that an intenor portion is not plotted (to a radius of about 100 m) since
the stresses inside are so great, they would overwhelm the rest of the data.
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Fig. 22. Surface plot of density at 150 ms in unsaturated limestone. The area grid is 400
x 400 m, and the maximum density is 2.526 g/cc. Notice the cavity region and the lower
density region along the reflection axis due to tensile cracking.

filled voids will significantly reduce the amplitude of the stress wave at ranges greater

than 400 m. The size of the mesh used in this study limited the simulated time of the

calculations. The saturated case provided meaningful information to 200 ms and indicated

that the depth to 100 MPa (1 kbar) along the reflection axis should be well beyond 700 m.

The unsaturated case had a much longer pulse width so that data obtained after 150 rns

are less reliable since the amplitude of the boundary effects begins to approach the signal

amplitude beyond this time. Still, the results were fairly conclusive that 100 MPa (1 kbar)

will be seen at much shorter ranges than for the saturated case.

III. ONE-DIMENSIONAL SINGLE-SOURCE CALCULATIONS

The numerical results above illustrate the effect of stress wave interaction for two

simultaneous detonations. One commonly used way of treating such simultaneous deto-

nations is linear superposition. Clearly, material compaction and other energy-absorbing

phenomena are highly nonlinear, especially near the source region. Still, much of the re-

sponse of the geologic media is elastic or quasi-elastic, and it may be that at the ranges of
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interest, i.e., at distances greater than 500 m from the source, superposition may not be

too bad. This was the motivation for the execution of one-dimensional calculations for the

saturated and unsaturated materials defined in Table I. Appropriate components of the

stress tensor were transformed and summed to compare with the results in Figs. 8 to 11.

A. Definition of Linear Superposition (afterMase, 1970)

An elastic solution may be found for a homogeneous, isotropic body if the following

three field equations are satisfied at all interior points:
1) the equations of motion, ~ji,j + pb; = O (elastostatic)

= pv (elastodynamic),
2) linear elasticity, ~~j = ~~~j~kk + 2/JGj, ~d

3) strain-displacement relations, ~ij = l/2(~~j + ~j,i).

The conditions must also be prescribed at the boundaries of the body, and initial

conditions must be specified for the elastodynamic case. The theorem of superposition

states that since all three equations above are linear equations, then two unique solutions

may be summed together to obtain a third solution. For example, if ~~jlu; represent a

solution with body forces, h: and ~~j>u? are a solution with body forces b?, then ~~j +

~~j>U; + U? represent a solution with body forces b: + b:.

B. Application to the Present Problem

The numerical results of boundary value problems obtained with the SHALE code

involve many nonlinear equations. In the sections that follow, a method will be described

whereby superimposed stress time histories are obtained that agree reasonably well with

the full two-source calculations, under certain circumstances. Recall that the components

of two nonelastic stress tensors are being summed to obtain a third solution. It is a drastic

step to take since uniqueness and energy conservation are sacrificed, but if reasonable solu-

tions are obtained then it is a simple matter to determine the general effects of timing and

of different yields, two parameters that are not varied in the SHALE calculations presented

above. Another benefit from running the one-dimensional problem is that cube-root scaling

may be used to determine the stress enhancement of the simultaneous detonation of two

equal explosions in a homogeneous medium compared with a single burst with equivalent

yield.
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C. Numerical Results

Full two-dimensional SHALE calculations were performed even though the solution

to a single burst in a homogeneous, isotropic medium is inherently one-dimensional. This

was done to evaluate the boundary conditions and to confirm that SHALE gives truly

one-dimensional results. The zoning for this problem was similar to that given in Fig. 6.

From zero to 10 m, the initial spacing was uniform at 20-cm intervals. Then from 10 to

100 m, the spacing increased geometrically to 5 m. Then 5-m spacing was maintained

to an outer boundary of 1000 m. This is much finer than would normally be required,

but time histories were to be obtained at 10-m intervals for the superposition program

explained below. The mesh is shown in Fig. 23. The time histories were obtained along

the x-axis so as to minimize the axis effects at ranges from 100 m to 1000 m. The time

histories obtained look very much like the initial portions of the two-source calculations

before the arrival of the second signal. Typical time histories at 100, 200, and 500 m are

shown in Figs. 24a-c. Figure 25 shows the pressure pulse at 200 ms. The signal peak is out

to about 700 m, and the shape is still fairly uniform. A contour plot shows greater detail

in Fig. 26. Similarly, the one-dimensional time histories for material with one-half percent

air-filled voids resemble the early portions of the dashed lines in Figs. 8 to 11. Pressure

time histones at ranges of 100, 250, and 500 m are given in Figs. 27a-c, respectively.

The pressure at 200 ms for the unsaturated case shows a significantly broader shape, as

illustrated in Fig. 28. The contour plot in Fig. 29 shows only slight boundary effects.

IV. LINEAR SUPERPOSITION OF THE ONE-DIMENSIONAL RESULTS

The initial comparisons of the superimposed results with the full two-source calcula-

tions will be a study of time histories of the pressure at equivalent locations. As mentioned

previously, time histories were generated every 10 m from distances of 100 to 1000 m. As a

result there are only certain locations that are available for comparisons, shown graphically

in Fig. 30. Notice that the two sources are plotted along with concentric circles around

each one beginning at 100 m (one-half the separation) and then at 10-m radial increments.

Superimposed time histories are therefore only available at locations where the sets of

circles intersect. The time histories shown in Figs. 8 to 11 were chosen for convenience.
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Fig. 23.Computational mesh for the one-dimensional calculations. The grid has 31 radial
lines and 291 circumferential lines. The grid represents a sphere with a radius of 1000 m.

It was necessary to find the closest point in Fig. 30 to the corresponding location for the

full two-source time history points, The orientation to each source must be determined so

that the one-dimensional results may be properly transformed. This process is shown in

Fig. 31.

It is important to recall from the definition of superposition that only equivalent

components of tensors may be added. For this reason the orientation of the stress tensor

is carefully determined in Fig. 31. Notice also that pressure, a scaler quantity, may not be

simply added to get an accurate superimposed mean stress value.

38



R=IOOm Saturated
2500”0~
2250.0-

2000.0-

_ 1750.0-

g 1500.0-

~ 1250.0-5

8 1000.0-
&

750.0-

500.0-

250.0-

0.0 1
I I I 1 I i I I i

0.0 20.0 40.0 60.0 80.0 100.0120.0 14b.O 160.0180.0 2(

Time (ins)

,0

Fig. 24a. Time history of pressure at a range of 100 m in saturated limestone. Notice the
rapid rise time and gradual decay.

R = 200m Saturated
600.0

550.0

500.0

450.0

g 300.0

B 250.0

& 200.0

150.0

100.0

50.0

0.0 I i I I I I 1 I I

0.0 20.0 40.0 60.0 60.0 100.0120.0140.0160.0180.0200.0

Time (ins)

Fig. 24b. Time history of pressure at a range of 200 m in saturated limestone. The peak
pressure is now only 540 MPa (5.4 kbar), and a slight precursor is observed.
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Fig. 24c. Time history of pressure at a range of 500 m in saturated limestone. The peak
pressure is significantly diminished, and the pulse shape is more spread out.
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Fig. 25. Snapshot of pressure for a radial slice at 200 ms in saturated limestone. Notice
the fairly sharp front and the cavity region and the lower pressures behind the front.
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of pressure for the single-source calculation in saturated limestone

at 200 ms. The areagridis 2000 x 2000 m, andthe peakpressureis 109 MPa (1.09 kbar).
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Fig. 27a. Time history of pressure at a range of 100 m in unsaturated limestone. Notice
the rapid rise time and gradual decay. The peak pressure is nearly as great as the saturated
case (see Fig. 24a.)
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Fig. 27b. Time history of pressure at a range of 250 m in unsaturated limestone. The
peak pressure is now only 450 MPa (4.5 kbar), and a more pronounced precursor is present.
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Fig. 27c. Time history of pressure at a range of 500 m in unsaturated limestone. The
peak pressure is now only 30% of the saturated peak, and the precursor dominates the
pulse shape.
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Snapshot of row 16, time= 200.01 ms cycle 17’245
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Fig. 28. Snapshot of a pressure for a radial slice at 200 ms in unsaturated limestone.
The peak pressure is only nominally greater than the pressure behind the front and in the
cavity. 21X10.O

1s00.0

lsaooo

1400.0

1200.0

lcao.o

600.0

Soo.o

400.0

200.0

0.0

.........

-.
.
...

?

,...

,..----”

.. . . . . . . .

0.0 200.0 400.0 600.0 S00.0 ICCKI.O 1200.0 1400.0 1600.0 1600.0 2000
x

Fig. 29. Contourplotof pressureforthesingle-sourcecalculationin unsaturatedlimestone
at 200 ms. The areagridis 2000 x 2000 m, and the peakpressureis 53 MPa (0.53 kbar).
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reflect ion
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Fig. 30. Possiblelocationsfor superimposedtime histories.Time historieswereobtained
from one-dimensionalcalculationsat rangesfrom 100 to 1000 m, every10 m. This plot
showsthose locations,assumingone sourceis at a depth of 1000 m and the otheris at
-800 m. The intersectionsof the concentriccirclesrepresentpointswheredata fromboth
sourcesmay be summed. Theselocationsare usedto determinethe time historiesshown
in Figs. 34, 35, 36, 39, 40, and 41, the surfaceplots in Figs. 37b, 38b, 42b, and 43b, and
the footprintcontourplots in Figs. 47b and 48b.

A. Description of the Superposition Program

The data structureis shownin Fig. 32, which represents 284 complete time histories

as generated by the SHALE code. The order of these histories is determined from the

code input. In a one-dimensional problem there are only two independent stress tensor

components, the radial stress and two equal orthogonal values of the tangential stress.

Since the calculation was performed with a two-dimensional code, four components were

available. As expected, the in-plane and out-of-plane hoop stresses were essentially equal

and the x-y shear stress along the x-axis was very nearly zero. Still, the program was made

general and all four of these components were independently summed to give an accurate

superimposed state of stress. The ordering was generated so that all 71 a== histories were

listed sequentially from 100 to 1000 m, then the aVV,at~ and r=g results, respectively. For

any x-y pair, two radial distances from each source may be calculated. Those radii have
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