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ABSTRACT

High resolution calculations have been performed to simulate the detonation and subsequent
blast propagation of 37.3 kg/m®(TNT equivalent) of Comp B in an under-ground complex of
chambers and tunnels like that of the Linchburg Mine near Magdalena, New Mexico. Tests
were performed in this complex by the U.S. Army Water-ways Experiment Station (WES) in
support of ajoint US/ROK program and also for the KLOTZ Club.

The calculations were performed with S-Cubed's second-order, general-purpose Eulerian
hydrocode, SHARC. Because of the importance of replicating a complex facility with high
fidelity so that accurate predictions of blast waveforms can be made, not only within the
detonation chamber and in nearby access tunnels, but in other chambers and at the remote
mine portal, the calculation was undertaken in several stages. The first stage was atwo-
dimensional representation, in Cartesian coordinates, of the explosive detonation and
surrounding chamber. For propagation throughout the complex, atwo-dimensional Cartesian
"plan view" representation was used. Finally, atwo-dimensional cylindrical simulation was
used to propagate the blast signal to the mine portal. Careful representation of grid-scale
roughness elements of the mine walls were incorporated into the calculation.

The calculations are described, and results, in the form of station plots of measurable
hydrodynamic parameters, are shown. The test was performed on 26 May, 1994. Limited,
prelimininary comparisons between calculated and experimental results are made.

* Support for this work was provided by the KLOTZ Club, a group consisting of
representatives from seven nations with mutual interests in safety issues of underground
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explosive storage.
TEST PROGRAM; BACKGROUND

The Linchburg Mineis an inactive lead and zinc mine located in the Magdalena Mountains,
about 18 miles west of the town of Socorro in the State of New Mexico. Privately owned, it
was leased to the U.S. Government in 1992 for the Underground M unitions Storage Test
Project. The project is part of ajoint United States/Republic of Korea cooperative research
and development program for new underground ammunition storage technologies.

Two new "test adits" were mined to the north and south of the main drift between 200 and
250 meters from the portal. From these adits, several test chambers were excavated, as shown
in Figure 1. A series of '/3-scale explosive experiments is being performed to test the ability
of the various chamber configurations to limit the escape of airblast and fragments in case of
accidental detonation of stored explosives.

So far, five tests have been executed in the Linchburg complex, one in the main tunnel and
the other four in Chamber #4 of the left adit, shown in Figure 2. Test 1 consisted of asingle,
14.3-kg charge of cast Comp-B detonated between the two adits in the main tunnel. Its
purpose was to provide experimental data for a calculational study of the effects of the rough
tunnel walls on shock wave propagation. As can be seen in Figure 3, where the overlay is
experimental over pressure vs. time data and the main plot shows the results of two
hydrodynamic code calculations with different tunnel roughness simulations, the calculations
were very successful at reproducing the measured wave-formsin Test 1.

Tests 2 through 5 consisted of various charges and loading densities detonated in Chamber
#4. Loading densities ranged from 1 to 37.3 kg/m*TNT equivalent of cast Comp B, and all
four tests provided good airblast data. Test 5, the largest of the four, consisted of 180 of the
14.3-kg cast Comp-B blocks, for atotal charge weight of 2570 kg. This test has been
designated as the vehicle for the "No Excuses’ KLOTZ Club simulation calculations. This
means that both calculators and experimenters were charged with providing their best possible
results, with "no excuses' accepted on either side as to why those results were not the best
that could be obtained. This does not mean, however, that the calculational techniques are
perfect or that all the required physics is modeled. The calculations performed for this test
simulation, done "blind" before the experimental results were made available to us, and
comparison with the experimental data, are the subject of this paper.

CALCULATIONAL CONFIGURATION

The SHARC hydrodynamic code calculation for Test 5 was set up in five phases, in order to
concentrate attention on different portions of the complex as required, and not to waste
calculational resources on area/time regimes of limited interest. SHARC (SCubed
Hydrodynamic Advanced Research Code) is a fully second-order, two- or three-dimensional,



multi-material hydrocode. All of the calculations done for this test were two-dimensional: the
first three phases were run in a Cartesian coordinate system; the remaining two phases were
transferred to cylindrical coordinates.

The first phase was a representation of only the detonation chamber (Chamber #4) and the
detonating explosive. Figure 4 is a density contour plot just after initiation of the detonation.
The entrance is at the top, and the explosive has been detonated at the end nearest the door.
Note that an effort has been made to configure the chamber as it actually appeared when the
test was performed. The earlier tests in the same chamber had loosened some of the material
from the walls and ceiling, which was removed prior to Test #5. Thus the chamber was
slightly bigger than originally planned. Information taken at the site just prior to the Test #5
detonation was used to modify the configuration. Zone dimensions for this phase were 2.5 x
2.5cm.

At atime 0.5 ms after initiation of detonation, the results from the complete detonation in
Chamber #4 were mapped into a larger grid including the entrance to Chamber #4 and part of
the left adit tunnel. This phase, illustrated in Figure 5, used 5 x 5 cm zonal resolution. Both air
and detonation products from the explosive were incorporated into this phase from the earlier
detonation phase. Phase 2 covered the time period from 0.5 msto 3 ms.

Phase 3 covered the entire left adit, asillustrated in Figure 6. This diagram included, to the
extent possible, irregularities and as-built features in this portion of the underground complex.
An example of our attempt to set up the calculation in away that would closely model the
actual configuration is given in Figures 7 and 8. Figure 7 is an as-built drawing of the
entrance to Chamber #2. Figure 8, an overlay, is the computer model of this same area. The
computer model is more irregular than the drawing, partly because we recognized that all of
the actual irregularities could not be reproduced in the drawing, and partly because the
boundaries in the calculation are constrained along cell edges. Note that the tunnel to
Chamber #2 is narrower in the calculational representation. Thisis because the overhead in
this tunnel was lower than that in the left adit. In atwo-dimensional plan-view calculation, a
unit height valid for all regions must be chosen; the tunnel must be made narrower to preserve
the cross-sectional area under the unit height restriction.

Zone size for Phase 3 was 20 cm in the x-direction (horizontal) and 10 cm in the y-direction
(vertical). Y-zone sizes were gradually increased with distance toward the top of the grid, so
that Chambers #1, #2, and #3 were not as finely-zoned as the adit tunnel itself.

At atime of 43 ms, the calculation was converted from the Cartesian to a cylindrical
coordinate system, in order to calculate propagation efficiently in the long, straight main
tunnel from the adit to the portal. For this phase, a feed-in boundary for conditions from
Phase 3 was established at the bottom of the mesh, with the portal at the top. Phase 3 had to
be continued beyond this time, of course, in order to provide the feed-in conditions. Zone
sizes for Phase 4 were 10 cm in the radial (x) direction and 20 cm in the axial (y) direction.



We used the same characterization for wall roughness, based on actual measurements, that we
had developed for the calculation of Test 1. Figure 9 is a distorted view of the tunnel as set up
for this phase of the calculation. The distortion ratio is 13/1 (axial distance/ radial distance) in

order to allow the entire tunnel to be portrayed on a single plot. The extra chamber at y = 200

m isasimulation, in this coordinate system, of the right adit.

Finally, Phase 5 was begun, initiated from Phase 4 at 10 m from the portal at 430 ms. This
phase was also set up in cylindrical coordinates, and was driven using the boundary feed-in
technique with station records from Phase 4. It was designed to simulate airblast behavior
outside the portal region. The calculational configuration isillustrated in Figure 10.

RESULTS

To demonstrate the results of the calculations, we have compared a selection of station
records from the cal culation with gage records obtained in the experiment. | want to
emphasize again that thiswas a"blind" calculation; that is, we were not given access to the
experimental records until the calculational results were delivered to the sponsors. We have
not had time or funding to adjust the calculation or make any changes in input parameters
since the data was received.

The first comparison is from Station 27, which isin the entrance passage to the detonation
chamber (Figures 11 and 12). The arrival times are in agreement, and the over pressure peak
values are not that different, about 23 MPafor the calculation and 19 M Pa for the test. Quasi-
static values near the end of the shock pulse (200 ms) are also similar, but in between there
are some differences that we have not been able to explain, and these will also make a
difference in the impulses. The calculation predicts significantly greater impulses than are
observed in the test.

At Station 26, in the left adit just outside of the detonation chamber, again the arrival times
and the late-time quasi-static pressures are in agreement, but the peak values differ by afactor
of about three (Figures 13 and 14). In order to try to understand this, we looked at a contour
plot of thisregion at 10 ms (Figure 15). Note that there is a standing wave formed by
stagnation of flow on the wall opposite the chamber passageway. We found that, by moving
to a calculational station further from the wall, outside of the standing-wave region, we could
get better agreement between the two records (Figures 16 and 17). The experimental record
shown in Figure 17 is the same as the one in Figure 14, but plotted to a different scale.

By the time we get to Station 17, which is also in the left adit, but at the entrance to Chamber
#2, differencesin arrival time are beginning to show up (Figures 18 and 19). The higher-
pressure shock waves propagate more rapidly and hence arrive at a given station earlier. The
differences m over pressure are about a factor of two for most of the record, although the peak
experimental value is actually alittle higher than anything in the calculation.



Finally, one comparison is shown from Station 7, in the main tunnel (Figures 20 and 21).
Again, the calculation is early and high. We do not have a good explanation as to the reasons
for this.

CONCLUSIONS

In undertaking this calculation, we made a significant effort to reproduce the "as built"
characteristics of the tunnel complex. We also assured ourselves that a quality explosive was
used for which we have a good equation-of-state. We are convinced that the hydrocode,
including the explosive detonation routines, is working correctly. This has been tested over
many years with numerous free-air experiments. We believe that we lived up to the "no
excuses' requirement placed on us by our sponsors, in that we did the best job that we know
how to do on this calculation.

However, as with all scientific endeavors, you do the best you can, using the best ideas and
the best tools that are available, but sometimes you fall, or at least you are less successful than
you had hoped to be. If this happens, there is nothing for it but to try to learn from your
failures, generate better ideas and better tools, and try again.

To review our position: We have been successful in the past with small-scale experimentsin
smooth tunnels. We've also been successful with intermediate-scale experimentsin rough
tunnels, in which low explosive loading densities were used. An example of thisisthe
Magdalena Test 1 comparisons. For the Test 5 investigation, we made a significant effort to
measure and characterize wall roughness, and to measure and characterize as many features
as possible of the "as built" facility. However, as for previous calculations with large loading
densities in geologic materials, we have generally produced over pressure and dynamic
pressure results that are too high, when compared to experimental data. These results are
conservative from a safety analysis point of view.

So what should be the next step? We believe that, especially for large loading densities, there
is a mechanism whereby energy can be removed from the blast wave that is not currently
accounted for in the calculations. A number of possibilities have been suggested:

1) Direct transfer of blast energy to ground displacement. Absorption of the energy
may occur through crushing, dosing up of veins and fissures, or some other mechanism, or it
may be by dissipation through the outward propagation of ground motion.

2) Loss of heat energy by conduction into the rock walls of the chamber.

3) Loss of energy to vaporization of water in the tunnel complex.



4) Trapping of energy in the wire mesh that is sometimes used to prevent sloughing off
of the overburden.

5) Loss of energy to rock dust or other loose solid particulate in the tunnel complex, either by
scouring/lofting or material vaporization.

Although we have looked at the first idea in some earlier tests with limited success, we have not
combined this area of investigation with the rough-wall investigation. It may be that the appropriate
combination of wall roughness and wall energy absorption would solve the problem, but both of these
areinfinitely variable, and it is hard to get a handle on the problem without a controlled set of data. It
seems highly likely that both effects will depend on explosive loading density, but in different ways.
Ground motion experts are generally of the opinion that only afew percent of the energy can be lost to
ground motion in an uncoupled detonation.

The other ideas have been considered, but essentially nothing has been done to attempt to model them.
The Linchberg mine Chamber #4 series may provide a set of datathat can help to investigate these
possibilities as functions of loading density. The series consists of three tests with cast Comp B, at
loading densities of 1, 5, and 37.3 kg/m®. It is the opinion of the authors that, by careful study of
airblast records in and near the detonation chamber, and a few sample hydrocode calculations, models
could be developed for energy trapping or absorption as a function of loading density, at least for the
wiremesh covered Magdalena limestone of Chamber #4. Combining this model or models with the
wall roughness characterization outlined and used here for propagation down long tunnels may allow
the development of increased knowledge of effects associated with the detonation of explosivesin
underground facilities.
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FIGURE 6., FIGURE 7. AND FIGURE 8.

Figure 6. Left adit as-built, as modeled for calculation, Phase 3
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FIGURE 20. AND FIGURE 21.
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