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ABSTRACT

This report presents results of calculations to predict ground shock effects from
earth penetrating weapons. The study models 500 kiloton explosions at two depths
below the ground surface in homogeneous, saturated, soft rock geology. Comparisons
of weapon lethal range are made using various free-field damage criteria for near-surface
and deeply-buried targets. Comparisons are also made with calculational results for
ground shock from above-surface and shallowly-buried selected bursts.
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2. Calculational Approach

The calculations reported here were performed with the two-dimensional, Eulerian
wavecode, CSQII (version 6/82) {3], assuming cylindrical symmetry about the penetra-
tor axis. The penetrator was modeled as a solid cylinder of iron, 30 cm in diameter and
180 cm long. The center of the penetrator was assumed to be at the nominal depth
of burst for each problem. Energy release for the the EPW burst was simulated by
uniformly depositing 500 kt (2.1 X 10?? ergs) of energy in the iron cylinder representing
the penetrator, with the energy being deposited at a constant rate over a time interval

of 20 nanoseconds.

The effects of the penetration event on the target material above the weapon were
assumed to be of negligible importance to the energy coupling and ground shock asso-
ciated with the EPW bursts. Thus, the target medium surrounding the weapon in all
directions was modeled as uniform and undisturbed. Air above the ground surface was

explicitly modeled in the calculations.

The ANEOS [4] equation-of-state (EOS) package associated with CSQ was used
to model the materials in the calculations. A library EOS (ANEOS Library Material
No. -5) was used for the iron penetrator, although, given the extremely high tem-
peratures reached by the penetrator materials, the ground shock effects are essentially
independent of the material chosen to model the projectile. A tabular EOS (Table No.
1885) was used for the air. The ANEOS input for the tuff is given in Appendix 1,
while principal material properties are listed in Table 1. Material properties for the
tuff were chosen to be the same as those used in an earlier Sandia calculational study
[5] of ground shock effects. Hugoniot and selected release curves generated with the

tuff model are shown in Figures 1 and 2.
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Figure 2: Hugoniot and release curves for wet tuff model. (P, is the shock pressure
from which release occurs.)




TABLE 1
Material Property Input for Wet Tuff

Property Symbol | Value
Initial Density Po 2.0 gm/cc
Sound speed Co 2.8 x 10° cm/sec
Poisson’s ratio n 0.31
Mises limit Yo 0.3 Kbar
Yield constant k 3.1 Kbar™?

The yield strength for the tuff was assumed to be pressure-dependent, with the

yield surface having the form
Y(P) =Yn(1—e*).

The strength constants Y,, and k used for the tuff are given in Table 1. The pressure,

P, in this relation is calculated from
P =pc*n ,

where p and ¢ are, respectively, the current density and sound speed of the material,

and

n=1-po/p .
The deviatoric stress state in the material is limited by the yield surface, Y(P), cal-
culated from the relation above, as described in Sect. II-4 of the CSQ documentation

[3]. Since this pressure-dependent strength model is not a standard option in CSQ, the

updates that were used to implement it in the code are included in the Appendix.

The initial zoning for the problem employed uniform, 5 cm square zones, to a radius
of 5 meters (100 zones) from the center of the explosion. Shortly before the shock
wave from the burst reached the edge of the initial mesh, the problem was rezoned
by doubling the zone size and the overall dimensions of the calculational grid. This
zoning/rezoning approach, in which square zones are used in the ground shock region,

with 100 zones in each direction (horizontally outward and vertically downward) from




the burst, and in which the zone size is doubled when the disturbance reaches the
edge of the mesh, was used throughout the calculations. The procedure providés a
minimum of 50 zones between the original center of the burst and the leading edge of
the ground shock at all times during the calculations. Above the ground surface, zones
were allowed to increase in vertical dimension by a constant ratio (always less than 5
percent) as the vertical distance increased. The calculations were rezoned eight times,

as indicated in Table 2, to reach the final problem time of 0.3 seconds.

TABLE 2

Zoning for EPW Calculations

Time ‘Shock Radius Zone Size’

0 — 30 usec 0-5m S5cm
30 - 200 usec 5-10m 10 cm
200 - 800 usec 10 - 20 m 20 cm
0.8 -4 ms 20 -40m 40 cm
4 - 12 ms 40 — 80 m 80 cm
12 - 35 ms 80 - 160 m 160 cm
35 — 80 ms 160 — 320 m 320 cm
80 — 175 ms © 320-640m 640 cm

*Zone size refers to side length in square-zoned region
of mesh extending 100 zones horizontally outward and
100 zones vertically downward from the center of burst.




3. Calculational Results and Description of Phe-
nomenology

Within a few microseconds after the burst, the expanding cavity of vaporized tuff
and weapon debris becomes essentially spherical. This can be seen in Figure 3, which
shows the 1 Mbar pressure contour for the 6 m DOB problem at 50 microseconds,
shortly before the burst breaks through the surface of the ground. Note that the
center of burst was at the origin of the coordinate system in both of the EPW cal-
culations. When breakout occurs, energy is rapidly lost from the cavity, as hot, high
pressure gases vent to the atmosphere. Figure 4 shows a sequence of early-time pressure
contours, where the strong hydrodynamic motions that occur following breakout are
evident. Velocity and temperature profiles on axis during this cavity breakout phase of
the problem are shown in Figure 5. Histories of total energy in the tuff and in the air
are cross-plotted to a problem time of 10 ms in Figure 6, where the rapid, early-time

transfer of energy from tuff to air can be clearly seen.

For the deeper burst, these processes occur later in time, and less energy is trans-
ferred to the air than for the shallower burst. Figure 7 compares pressure contours for
the two EPW bursts at problem times of 2 ms, 6 ms and 10 ms. Figure 8 shows the
time history of total energy in the air during the first 30 ms for the two problems. As
time progresses, the pressure in the cavity for both bursts drops well below that for a

fully-contained explosion [6], as shown in Figure 9.

Figure 10 compares late-time pressure contours for both problems and shows a
somewhat stronger ground shock for the deeper burst, as would be expected. This is
evident from the wider contours that are seen for the deeper burst at any given stress

level. Compare, for example, the 0.5 kb contours (level E) for the two cases.

With the contour levels chosen in Figure 10, the front of a pressure wave can be
seen propagating in the air along the ground surface, suggesting that some “airblast”

effects may be associated with the EPW bursts. The strength of this blast wave is




greatly reduced, however, from that produced by a surface burst and will decay to neg-
ligible levels at ranges where the ground shock is still well above its lethal level. Thus,
ground shock is definitely the dominant weapon effect against hardened structures for
the EPW bursts simulated here, with “airblast” making virtually no contribution to

the overall lethal radius of the weapon.
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4. Comparison of Ground Shock Effects

Peak ground shock quantities were monitored throughout the computational grid in
each calculation, so that direct, quantitative comparisons could be made of the regions
subjected to any particular level of free-field stress or velocity. In particular, peak val-
ues of stress and particle velocity were monitored in both the horizontal and vertical
directions at each point in the mesh. Tdg updates used in CSQ to save these quantities
are listed in the Appendix.

-mrt For evaluatiag weapon effects against deeply buried strategics targgts peak axial
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APPENDIX

A. ANEOS Input for Saturated Tuff

m-m_e-=ole-me _me=eQmeee_—me8-mee_—mmofe-o_co=-Bmnoe_-oo-f--=-_--==T
-2 TUFF
1.00 4.00 2.00 0.00 0.00  -2.80E+06  1.00
1.01 2.00 1.00E+11  0.11
1.20
9.0 1.0
IR TR EEETE TR EERE R 3----_---- 4----_----B----_---- 6----_----7

B. CSQII updates to provide pressure-dependent strength model for tuff

*ID PAULS

*I EP.716
YVSPT1=1.49E11*(RHOI(L)-2.0)
YVSPT2=0.30-0.30*EXP(-3.1E-09*YVSPT1)
YVSPT2=1.0E9*YVSPT2
IF(L.EQ.2) YOFMAT=AMIN1(YOFMAT,YVSPT2)
YOFMAT=AMAX1(YOFMAT,0.0)

C. CSQGEN/CSQII updates to save ground shock quantities in mesh

C.1 CSQGEN updates

*ID MORST
*I GIIR.4
C IMPULSE, PEAK STRESS, AND PEAK VELOCITY UPDATES FOR CSQGEN
NVAR=NVAR+1
LK21=NVAR
NVAR=NVAR+1
LK22=NVAR

NVAR=NVAR+1
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LK23=NVAR
NVAR=NVAR+1
LK24=NVAR
NVAR=NVAR+1
LK25=NVAR
*I CSQGEN.315
C LABELS FOR LINE PRINTER LISTING. NEED TO SET NEXTV1,NEXTV2,
C OR NEXTV3 TO 21-25(YOUR CHOICE) ON CARD 4 OF CSQGEN INPUT.
IF(L2.EQ.21) KLAB(I)=6HIMPULS
IF(L2.EQ.22) KLAB(I)=6HMAXSYY

IF(L2.EQ.23) KLAB(I)=6HMAXSXX
IF(L2.EQ.24) KLAB(I)=6HMAXVY
IF(L2.EQ.25) KLAB(I)=6HMAXVX
*] CSQGEN.924
STORE (JVAR+LK21) = (AMR*STORE (JVAR+LK21) +ANS*FITS(6,2) ) /AMT
STORE (JVAR+LK22) = (AMR*STORE (JVAR+LK22) +ANS*FITS(5,3) ) /AMT
STORE (JVAR+LK23) = (AMR*STORE (JVAR+LK23) +ANS*FITS(6,4) ) /AMT
STORE (JVAR+LK24) = (AMR*STORE (JVAR+LK24) +ANS*FITS(6,5) ) /AMT
STORE (JVAR+LK25) = (AMR*STORE (JVAR+LK25) +ANS*FITS(6,6) ) /AMT
*] CSQGEN.2654
C UPDATES FOR SUBROUTINE REZONE

IF(IK.NE.94) GO TO 201
DUM1=DUMMY (1)
DUM2=DUMMY (2)
DUM3=DUMMY (3)
DUM4=DUMMY (4)
DUMS=DUMMY (5)

DUMMY (1) =STORE (JVAR+LK21)
DUMMY (2) =STORE (JVAR+LK22)
DUMMY (3)=STORE (JVAR+LK23)
DUMMY (4) =STORE (JVAR+LK24)

DUMMY (8) =STORE (JVAR+LK25)
201 IF(IK.NE.95) GO TO 202

DUMMY (1) =DUM1

DUMMY (2)=DUM2

DUMMY (3) =DUM3

DUMMY (4)=DUM4
DUMMY (5) =DUM5

33



202

CONTINUE

C.1 CSQII updates

*ID XTRAV
*I CSQ.15610
C UPDATES FOR CSQ

STORE (JVAR+LK21)=STORE(JVAR+LK21) + PZ#DT
SIGYYM=STORE(JVAR+LK22)
SIGYY=PZ-STORE(JVAR+LK16)
STORE(JVAR+LK22)=AMAX1 (SIGYYM,SIGYY)
SIGXXM=STORE(JVAR+LK23)
SIGXX=PZ-STORE(JVAR+LK14)
STORE(JVAR+LK23)=AMAX1 (SIGXXM,SIGXX)
VYMAX=STORE (JVAR+LK24)

VYABS=ABS(VB)

STORE (JVAR+LK24)=AMAX1 (VYMAX,VYABS)
VXMAX=STORE (JVAR+LK25)

VXABS=ABS (VL)
STORE (JVAR+LK25) =AMAX1 (VXMAX , VXABS)

I EP.716

34

YVSPT1=1.49E11x(RHOI(L)-2.0)
YVSPT2=0.30-0.30*EXP(-3.1E-09*YVSPT1)
YVSPT2=1.0E9*YVSPT2

IF(L.EQ.2) YOFMAT=AMIN1 (YOFMAT,YVSPT2)
YOFMAT=AMAX1 (YOFMAT,0.0)
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