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ADDENDUM
TO
PEACEKEEPER QUANTITY-DISTANCE VERIFICATION PROGRAM

During the course of the study, a comprehensive effort was initiated to determine
appropriate drag coefficients for the fragments of interest. High speed photography for

the 1/4-scale test indicated substantial tumbling among fragments of all sizes. A
literature survey yielded considerable data for drag effects associated with constant
cross-sectional areas for bodies of various shapes; however, there appeared to be no
information regarding tumbling fragments. Discussions with several sources indicated a

consensus that the drag effect for a tumbling fragment was most probably comparable to
that of a sphere. Therefore, for the purpose of the study an assumption was made to
apply scale factors based on a drag coefficient of 0.5 toward development of Q-D
estimates.

During a presentation to the Department of Defense Explosives Safety Board
(DDESB) in July 1984 regarding results of the Peacekeeper Quality-Distance Verification
Program, an interest was expressed in determining the sensitivity of the Q-D estimates to
variations in the drag coefficient parameter from 0.5 to 1.0. An evaluation was
performed indicating that the average full-scale range corresponding to a drag coefficient
of 1.0 was 1644 feet, which is a factor of only 4.9% greater than the value of 1567 feet
established for a drag coefficient of 0.50. Details of the analyses are presented in the

following discussion.

A comparison is shown in Table A-1 of the upper bound range multiplication factors
that were developed on the basis of the trajectory limitation approach for drag
coefficients of 0.5 and 1.0. The average value of 2.29 determined for a Cp of 1.0 is a
factor of 2.2% greater than the value of 2.24 associated with a Cp of 0.50.

A calculation was performed for Case 13 based on the statistical simulation tech-
nique with the following assumptions: (a) skewed distribution for launch velocities and
angles, (b) QDT-3 shape factors, (c) fragment size gradient of 2/3, and (d) drag coefficient
of 1.0. These parameters are similar to those of Case 11 in the study except that the drag
coefficient is 1.0 instead of 0.5. Results of the analysis for Case 13 are presented in
Table A-2 in comparison with the associated data for the other 12 cases.
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The debris scaling factor based on the ratio of full-scale range to 1/4-scale range at a
density of 1 per 600 sq ft was evaluated to be 1.90 for Case 13 as compared to 1.75 for
Case 11, or an enhancement by about 8.6% for an increase in Cp from 0.5 to 1.0.

Tables A-3 and A-4 present Q-D estimates based on Cp values of 0.5 and 1.0,
respectively. The average full-scale range for Cp = 0.5 was determined to be 1567 feet,
whereas the corresponding value for Cp = 1.0 was evaluated as 1644 feet. The difference
of 4.9% indicates that Q-D estimates are relatively insensitive to drag coefficient
parameters.

Table A-1. Upp& Bound Range Multiplication Factors for Cp = 0.5 and 1.0

Fragment Length RyL/RL
(in.)

1/4 Scale Full Scale Cp=0.5 Cp=1.0
0.50 2 2.36 2.41
0.75 3 2.24 2.28
1.00 4 2.22 2.26
1.50 6 2.21 2.25
2.00 8 2.18 2.23

Average 2.24 2.29
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Table A-3. Full-Scale Quantity-Distance Estimates
Based on a Drag Coefficient of 0.5

Full
Debris Total Fragments | QDT-3 Scale
Scaling QDT-3 Fragment per 600 e Scale e
Method Radials Number ft2 (£t Factor (£t
Statistical | S, NE, NW No 1 812 1.75 1421
Simulation
2N, | 901 1.75 1577
NW No i 896 1.75 1568
2Ng 1 977 1.75 1710
Trajectory S, NE, NW No 5 604 2.24 1353
Limitation
2No 5 694 2.24 1554
NW No 5 706 2,24 1581
2No 5 790 2.24 1770
Average 1567
Table A-4. Full-Scale Quantity-Distance Estimates
Based on a Drag Coefficient of 1.0
Full
Debris Total Fragments | QDT-3 Scale
Scaling QDT-3 Fragment per 600 e Scale e
Method Radials Number 2 (ft Factor (ft
Statistical | S, NE, NW No 1 812 1.90 1543
Simulation
2N, | 901 1.90 1712
NW No | 896 1.90 1702
2N, 1 977 1.90 1856
Trajectory S, NE, NW No 5.24 598 2.29 1369
Limitation
2Ng 5.24 638 2.29 1575
NW No 5.24 701 2,29 1605
2Ng 5.24 782 2,29 1791
Average 1644
4o
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A detailed ovérvnew G—presentecbof the test program and analytical . - -
- investigations directed toward verification of the W&L
criteria associated with an accidental explosion of a Peacekeeper
missile in a Minuteman silo. Three tests were conducted involving the
detonation of Pentolite charges within scale model structures represen-
tative of a Wing V Minuteman silo. Measurements were made of
- airblast effects and structural debris and soil ejecta distributions.
_ Calculations of airblast phenomena were made by means of a computer
L program for the purpose of establishing test predictions. Structural
fragmentation characteristics were investigated with estimates estab-
'E lished of fragment dimensions, number and launch parameters. A debris
scaling methMMu developed consisting of a statistical simulation
technique and a trajectory limitation approach. Test data were
analyzed in relation to scaling of airblast effects over the domain of
. the test results, and identification of significant properties of the
structural debris and soil ejecta, such as dimensions, shape factor,
sources, and density variation with range. Scaling evaluations were

performed to determine appropnat%,rqun&ty—diomee values for air-

- blast and hazardous fragments corresponding to a full-scale event. y
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PREFACE

The Peacekeeper Quantity-Distance Verification Program was sponsored by
the Ballistic Missile Office (BMO/AWS) of the Air Force Systems Command,
Norton Air Force Base, California. Technical assistance was furnished by the TRW
Defense Systems Group. The BMO Program Manager was Maj. John Hammond and
the TRW Program Manager was Mr. Roy W. Harris. The BMO Project Officer was
Lt. Steve Mattern and the TRW Project Engineer was Mr. Richard Thibedeau.
Overall program technical direction was provided by Dr. Benjamin Sussholz of
TRW, who prepared the report.

The test program was conducted by the Structures Laboratory of the U.S.
Army Engineer Waterways Experiment Station (WES), Vicksburg, Mississippi, under
the direct supervision of Dr. Jimmy P. Balsara, Program Manager, Structural
Mechanics Division (SMD). The SMD work was performed under the supervision of
Mr. Gayle E. Albritton, Project Manager. The project engineers were Mrs. Patricia
S. Jones (SL) and Mr. David L. Tilson (SMD). Work performed by the Explosion
Effects Division (EED) was under the supervision of Mr. Landon K. Davis, Project
Manager. Material property tests were conducted under the supervision of Dr.
Joseph S. Zelasko, Project Manager, Geomechanics Division (GD). Structural
designs and details were furnished to WES by TRW.

Field support was provided to WES by the Field Command Defense Nuclear
Agency, under the direction of Maj. Mike Evinrude, and the White Sands Missile
Range, under the supervision of Mr. Lee Meadows. Photographic data reduction
was provided by Dr. John Wisotski of the Denver Research Institute, Denver,
Colorado.

The analytical program was performed under the direction of Dr. Benjamin
Sussholz, TRW Defense Systems Group, Redondo Beach, California. Principal
investigators in several of the key technical areas were Mr. Martin P. Bronstein
and Mr. Stanton F. Fink, responsible for the airblast analysis, Mr. James V.
Schuma_zcher, conducting the structural fragmentation studies, and Dr. Benjamin
Sussholz, developing the debris scaling methodology.
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EXECUTIVE SUMMARY

)

intrguction

A~ The Degme%of the Air Force Inspector General ﬁadZtablished, for planning
purposes, an estimate of 1750 feet as the quantity-distance (Q-D) for Peacekeeper
missiles in Minuteman silos, with the requirement that rigorous analyses and testing would
be performed to verify the planning criteria. The Peacekeeper Quantity-Distance
Verification Program was established to satisfy this requirement with the principal
objective of verification of’thez{adequacy of 1750 feet as the quantity-distance for the

—————.

Peacekeeper system. \‘5( Yo p red)
.

Requirements for quantity-distance verification, based on safety criteria speci-
fied in the Air Force Regulation (AFR) 127-100, consist essentially of determination of
(1) the ground range for a peak overpressure level of 1 psi and (2) the ground range for a
hazardous fragment areal density of one fragment per 600 square feet with impact energy
of 58 ft-1b or greater as associated with an in-silo explosion of a Peacekeeper missile or
equivalent TNT charge.

An upper bound value of 202,000 pounds of TNT had been assumed in the present
investigation for the net equivalent weight (NEW) of TNT corresponding to an explosion of
a Peacekeeper missile. This value is based on a conservative estimate of 1.20, 1.20, and
1.25 times the propellant weights of Stages I, II, and III, respectively, as the NEW for each
stage assuming full order sympathetic detonation of progressive stages following
initiation of Stage III.

Program Definition

Considerations were directed toward establishing a minimum test program ade-
quate for verifying the Q-D criteria. The tests are briefly outlined as follows:
@ Two 1/10-Scale tests of steel structures scaled to volume and mass of a

Minuteman Wing V silo; explosive charge 202 pounds of TNT; blast
measurements only.

e One 1/4-scale test of reinforced concrete structure with detailed repre-
sentation of a Minuteman Wing V silo; explosive charge 3156 pounds of
TNT; blast and debris/ejecta measurements.

e One 1000-pound TNT surface tangent sphere as a calibration shot; blast
measurements only.
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In the analytical program, attention was focused principally on three aspects:
airblast phenomena, structural fragmentation characteristics, and debris scaling proce-
dures. The airblast analytical model was calibrated by means of a calculation for a rigid
silo configuration similar to an analysis by S-Cubed of Albuquerque for DNA, and
determination of the blast effects associated with a selected previous experiment for
correlation with empirical results. Test predictions were to be developed for the airblast
and fragment distributions associated with the scale model tests. An evaluation was

performed of the quantity-distance corresponding to a full scale operational event.

Test Description

The schedule for the Q-D test program was as follows:

Test Date
QDT-1 26 Jan 84
QDT-2 01 Feb 84
QDT-3 29 Feb 84
Calibration 07 Mar 84

The quantity-distance tests (QDT) were conducted at the Permanent High
Explosive Test Site, White Sands Missile Range, New Mexico. This site was selected for
the flatness and area of cleared real estate. The water table was approximately 130 feet
in depth so that interference with the test beds was of no concern.

Figure | indicates the test bed layout for the 1/4-scale structure. The select
backfill was incorporated out to a distance of 7 feet at the depth of 159 inches
corresponding to the charge center of gravity (CG) and increased in radial extent linearly
up to a range of 20 feet at ground surface. The explosive charge consisted of Pentolite
rather than TNT, with appropriate modification in weight and dimensions due to the
energy density of Pentolite being 13% greater than TNT.

With reference to the test configuration, several of the most significant consider-
ations are noted as follows:

e Cylindrical explosive charges with diameter scaled to missile diameter of
92 inches; charge depths with CG same as scaled CG of missile
propellants; charge initiation point at scaled CG of Stage Il propellant;
steel containers for charges simulating missile canister.
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Blast measurements for the 1/10-scale tests, QDT-1 and QDT-2, were along two
- radials with 900 separation. Both tests were conducted with the same ground zero in
order to economize with only one set of instrumented blast lines. Three radials with 1200

separation, as depicted in Figure 2, were the zones for blast and debris/ejecta measure-
ments for the 1/4-scale test QDT-3.

Characteristics of the structural debris and soil ejecta in relation to dimensions,

— T— Mg oudl ot Sengn A IR ISR AR SRS B
Nl T Y 0N A EA A el S i gt il gy W RS A R -t e et
e el R N el N e e T e LT e e e e o -

Closures included in all tests.

Backfill soil specifications for 1/4-scale test similar to characteristics for
Wing V operational sites.

High speed photography for 1/4-scale test.

Analytical Investigations

Results of the analytical program may be briefly summarized as follows:

Airblast

Good correlation was observed between analytical results and empirical

data for the detonation of a 1000 pound TNT sphere tangent to ground
surface.

e Comparison of S-Cubed and TRW results for the rigid silo calculations
indicated certain anomalies which could not be resolved.

e Computation of airblast predictions for the 1/10-scale tests was not
completed due to time constraints.

e A ground range of 202 feet corresponding to a pressure level of 1 psi was
predicted for QDT-3.

Soil Ejecta

e Soil ejecta calculations for gradations, such as pebbles and rocks, esti-
mated a ground range of 390 for an ejecta density of 1 per 600 sq ft
resulting from the QDT-3 test.

°

.......

A very conservative estimate of the occurrence probability of large earth

clumps indicated a maximum range of 1600 feet for a full-scale density of
I per 600 sq ft.

.......................

weight, color, and location were measured in the three sectors for fragments with a
maximum dimension of 1/2 inch and greater. Distinctive dye coloring was added to the

various structural elements of the 1/4-scale model in order to permit post-test identifica-
tion of fragment sources.
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Structural Debris

e Breakup of the 1/4-scale structural model was analyzed in detail with
predictions developed for a broad spectrum of fragment sizes, launch
parameters and impact ranges.

e® Predictions for the QDT-3 debris distributions indicated a range of 721
feet for a density of 1 per 600 sq ft.

e Two independent analytical models, namely, a statistical simulation
technique and a trajectory limitation approach, were developed for the
purpose of debris scaling from the QDT-3 results to a full-scale opera-
tional event.

Results of the debris scaling evaluations associated with the statistical simulation
method are shown in Table 1. Pretest calculations for Cases | to 9 were based on shape
factors determined from the Distant Runner test data. Post-test calculations for Cases
10 to 12 were based on the QDT-3 shape factors. The various assumptions associated with
Case 11 appeared to be a reasonable representation of the parameters associated with the
QDT-3 results. Scaling approach A was selected for the purpose of establishing full-scale
estimates. In essence, it appeared reasonable to assume that the full-scale range for a
density of | per 600 sq ft may be determined by multiplication of the corresponding
1/4-scale QDT-3 range by a factor of 1.75.

The debris scaling approach based on trajectory limitation is demonstrated by the
family of contours plotted in Figure 3. The abscissa values represent the maximum range
Ry for a fragment of length L, whereas the ordinate values indicate the ratio of maximum
ranges Ry /R for fragments of lengths 4L and L, corresponding to ballistic trajectories
associated with the designated launch velocities and launch angles. An ordinate value of
2,24 was selected as a reasonable upper bound to encompass the broad spectrum of launch
parameters. The debris scaling procedure consists of determining the range corresponding
to a density of (2.24)2 or 5 per 600 sq ft and multiplying this range by 2.24 in order to
determine the full-scale range for a density of 1 per 600 sq ft.

Test Results and Analyses

Figure 4(a) presents a comparative plot of the QDT airblast measurements of peak
overpressures as a function of range. The ranges corresponding to the QDT-1 and QDT-2

data have been multiplied by a range scaling factor of 2.5 to coincide with the QDT-3

ranges in order to evaluate the applicability of cube root scaling on a common frame of
reference. The agreement is excellent indicating that the cube root law is effective for ERERNORCNS
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peak pressures over the domain of the 1/10- and 1/4-scale tests. The scaling comparison
of positive duration and arrival time presented in Table 2 similarly shows good agreement,
' as also determined by a comparison of airblast waveforms.

In Figure 4(a), a comparison is also shown of the analytical prediction for QDT-3
with the observed results. Although the analytical curve is somewhat lower than the test
data, the agreement is considered good, since it was anticipated that the predicted peak

- pressures would be lower due to a rounding of the sharp shock front caused by the
computer zoning process. The analytical curve predicted a ground range of 202 feet for a
pressure level of | psi. The QDT-3 data in Figure 4(a) indicates a ground range of 270

- feet corresponding to an overpressure of 1 psi.

o A calibration shot consisting of a surface burst of a 1000-pound tangent sphere

was conducted for the purpose of evaluating the reliability of the QDT sensors and
C recording system as a total integrated system. This test was conducted at the same
ground zero as QDT-3, permitting utilization of the same blast gage array. Excellent

agreement is observed between the recorded blast data and the pretest predictions as
shown in Figure 4(b).

A summary of th QDT-3 debris distribution for fragments of maximum dimension
ranging from 1/2 to 7 inches is shown in Table 3. The test data consisted of 4732
fragments covering an area of 190,000 sq ft. The total number of fragments of 1/2 inch

s diameter or greater was estimated to be about 76,000 for the circumferential zone
extending in radius from 125 to 1000 feet.

At QDT-3 shot time, there existed at ground zero a surface wind of 10 mph with
azimuth of 110° relative to True North. Post-test analysis of the debris data indicated
significantly higher quantities along the Northwest radial than along the other two. The
data asymmetry was attributed to the inflence of wind conditions.

rv

Analysis of the QDT-3 data yielded the debris density distributions shown in

Figure 5(a) for the case of all of the data from the South, Northeast, and Northwest

radials being given equal weight, and in Figure 5(b) for the case of the data only from the

Northwest radial being assumed as representative for all radials as an upper bound. A

t least squares analysis was performed for several analytic functions with the result that a
minimum standard deviation was obtained for the following exponential functions:
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6.3 (1 - %)
S, NE, and NW radials: Ni/g=e

R
7. - —
¢ (1 896 )

where N /4 is the number of fragments per 600 square feet and R is the range in feet.

NW radial only: Ni/jgy=e

For the first relation, the range corresponding to a density of 1 per 600 sq ft is
812 feet, and for the second relation, the range is 896 feet. There appears to be
reasonably good correlation with the test prediction of 721 feet. For the soil ejecta
distribution, the test data indicated a range of about 300 feet for a density of 1 per 600 sq
ft as compared to the prediction of 390 feet.

It is readily apparent that structural debris is the major contributor to the
fragment hazards with negligible inflence by the soil ejecta.

Quantity-Distance Verification

Results of the evaluation of the QDT airblast data, indicated the applicability of
cube root scaling for 1/10- and 1/4-scale tests. The computer analyses indicated a
similarity of effects at scaled times and scaled distances for the 1/10- and 1/4-scale
results implying the suitability of cube root scalings for all scale factors. As far as can be
judged from the analytical and experimental results, it appears reasonable to conclude
that cube root scaling would be applicable for a full-scale event. The ground range to

1 psi for the QDT-3 data was 270 feet. Therefore, the corresponding distance for a full e
scale event is estimated as 4x270 feet or 1080 feet. . .

A comparative plot is shown in Figure 6 of the peak overpressure versus scaled
distance for a TNT surface burst, results of the C-Cubed rigid silo analysis and QDT-3
test results. For a value of R = 1080 feet and W = 202,000 pounds, the scaled range is
R/WL/3 = 18.4 £t/1bl/3 for a Peacekeeper event. For the case of the Q-D planning range
of 1750 feet, the scaled range is 29.8 ft/Ibl/3,

The early calculations leading to the planning estimate of 1750 feet, were based
on a rigid silo model with 5% reduction in range to account for flexible walls, launcher
equipment room (LER) configuration, and closure. This range reduction corresponds to an
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1/4-scale events indicated in both cases an energy loss of 65% to the concrete and soil
within a period of several milliseconds. It is quite probable that this major reduction at a

very early stage in the energy available for airblast effects contributed significantly to
the relative low Q-D range of 1080 feet.

A scaling evaluation of structural fragmentation characteristics indicated that
geometric scaling of the QDT-3 fragments was most probable with an upper bound
estimate that the total number of fragments may be enhanced by a factor of 2.

Figure 7(a) indicates the results of scaling the QDT-3 data for the S, NE, and NW
radials by means of the statistical simulation method. Scaling results by the trajectory
limitation approach are presented in Figure 7(b). A summary tabulation of the Q-D debris
ranges based on the various assumptions and procedures is presented in Table 4. As an
upper bound, it appears reasonable to assume the overall average value of 1567 feet.

Summary and Conclusions

Results of the study may be briefly summarized as follows:

Airblast

® The airblast data for the 1/10-scale and 1/4-scale tests verified appli-
cability of cube root scaling.

® Excellent agreement between test data and predictions for a calibration
shot validated the reliability of the airblast measurements,

e Analytical predictions for the 1/4-scale test were in agreement with the
empirical data.

® The ground range to a peak pressure level of 1 psi for the 1/4-scale test
was determined to be 270 feet, with a corresponding full-scale value of
1080 feet.

Soil Ejecta

® The ejecta distribution for the 1/4-scale test extended out to relatively
limited ranges.

e The impact of ejecta on quantity-distance considerations was considered
to be negligible.

Structural Debris

e There was good correlation between predictions of structural fragmenta-
tion characteristics and test results.
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e Geometric scaling of fragment dimensions was considered applicable for a
full-scale event.

® A rationale was established for an increase in the fragment number by a
factor of 2 as an upper limit for a full scale explosion.

e Application of statistical simulation and trajectory limitation scaling
methods to the 1/4-scale test data results in an estimate of 1567 feet as a
conservative upper bound for the required quantity-distance.

Table 5 indicates the Q-D ranges for the various hazardous environments. Based
on the analytical and experimental results of the present study, it is concluded that the

adequacy of 1750 feet as the quantity-distance for the Peacekeeper system has been
verified.
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Table 2. Scaling Comparison of Positive Duration and Arrival Time

r of Airblast Waveforms
:
: Positive Duration (msec) Arrival Time (msec)
i Range* Average Average
- (ft) Value QDT-3 Value QDT-3
L QDT-1 and -2* QDT-1 and -2%
42 11.6 12.5 25 22
b 78 18.2 15.7 48 48
: 110 20.8 20.7 74 70
F 130 22.9 22.3 93 90
o 160 24,2 23.6 120 115
200 25.4 24.9 156 148
X 250 26.6 26.7 194 191
E‘ 325 28.7 28.9 260 259
» 400 30.5 30.9 326 324
500 32.5 32.8 415 415
610 33.7 34.8 515 513
740 35.0 36.1 627 629
830 36.0 37.7 750 752
1080 37.1 39.4 931 931
1320 39.0 40.7 1155 1147
*QDT-1 and QDT-2 values scaled to QDT-3 by multiplication by factor
of 2.5.
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Table 4. Full-Scale Quantity-Distance Estimates for Structural Debris

.
Full N

Debris Total Fragments | QDT-3 Scale o
Scaling QDT-3 Fragment per 600 Range Scale Range
Method Radials Number ft2 (ft) | Factor | (ft) -
Statistical | S, NE, NW No 1 812 1.75 1421 R
Simulation s
2N, 1 901 1.75 1577 .j
NW No 1 896 1.75 1568 LIy
2N, 1 977 1.75 1710 S
Trajectory | S, NE, NW No 5 604 2.24 1353 S
Limitation = ieeid
2N, 5 694 2.24 1554 L.
S

NW No 5 706 2.24 1581 S
2No 5 790 2.24 1770 A
- ——d oo
Average 1567 - !——-1
o]
Table 5. Quantity-Distance Ranges for All Environments : g
L
-
Q - D RANGE (FEET) L
HAZARDOUS L
ENVIRONMENT SR
0 500 1000 1500 1750 2000 B
1 1 i ] R
BLAST OVERPRESSURE v i - a2

L
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Figure 2. Locations of Areas Requiring Brush Clearing for
Airblast Gages and Fragment Surveys
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Figure 3. Comparison of Maximum Range Ratios Corresponding to QDT-3 o

Fragment Shape Factors and Drag Coefficient of 0.5
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1.0 INTRODUCTION

. 1.1 Background
When the decision was made to base 100 Peacekeeper missiles in Minuteman silos, the
Department of the Air Force Inspector General established, for planning purposes, an
estimate of the quantity-distance requirements as 1750 feet from inhabited buildings and
- 1050 feet from public traffic routes. The IG further stated that rigorous analyses and
. testing would be performed to verify the planning criteria. The implementing direction in
PMD No. 0075(13)/64312F/11215F, dated 14 September 83, Section 3a(I)XbXr) directs
AFSC to "Verify, through analysis and testing, the quantity-distance criteria established
by the HQ USAF/IG for planning purposes for Peacekeeper in Minuteman silos."

The basic issues associated with Q-D that were addressed in the Q-D Verification
Program are:

e Determine blast and fragment distribution characteristics for an explosion of
a Peacekeeper missile installed in an operational Minuteman launch facility.

® No experimental data exist on blast or debris effects associated with an in-
silo explosion corresponding to the charge geometry and location within a
' reinforced concrete structure of the nature of the operational configuration.

Requirements for Q-D verification based on safety criteria specified in AFR 127-100
consist essentially of determination of (a) the ground range for 1 psi peak overpressure
= level and (b) the ground range for a hazardous fragment areal density of one fragment per

- 600 square feet with impact energy of 58 ft-lb or greater, as associated with an in-silo
explosion of a full-scale missile or equivalent TNT charge.

An analytical effort could be performed toward investigation of the probability of ...*_,j
sympathetic mass detonation of Stages I and Il as a result of initiation of Stage Il by some :
arbitrary unspecified means. Detailed considerations would be directed toward evaluation f
of the effect of interstage separation, canister constraint, propellant geometry, and E
fragment characteristics. The purpose of the analytical program would be to determine .———;
- whether sympathetic detonation between stages is probable or not, which would result in a *
- significant difference in estimates of missile TNT equivalence. However, the capability ]
. of achieving a reduction in NEW from upper limits purely by theoretical analysis was not T ]
{_: considered feasible due to the extreme complexity of the associated phenomena. !——1

Therefore, for the purpose of the Q-D verification program, it was conservatively : 3
{
—

1-1




assumed that sympathetic detonation would occur, leading to of an upper bound of 202,000
Ib as the NEW for the Peacekeeper missile. This value is base on a conservative estimate

of 1.20, 1.20, and 1.25 times the propellant weights of Stages I, II, and III, respectively, as

the NEW for each stage assuming full order sympathetic detonation of progressive stages
following initiation of Stage III.

With reference to the blast arid debris phenomenology, efforts were directed toward
solely formulating analytical program which would be considered adequate for the purpose
of verification of the Q-D criteria. However, one limitation to this approach was that no
empirical blast or debris data exist for in-silo explosions corresponding to the charge
geometry or silo configuration of interest. The technical community have indicated that
in singular types of events where only analytical data may be available, it is essential that
at least one meaningful test be performed for correlation in order to eliminate the
possibility of unforeseen effects that may occur due to the complexity of the real world
which often cannot be adequately modeled in theoretical investigations. Supplementary
analyses would be essential where experimental programs were limited to subscale tests in
order to establish required estimates of effects associated with full-scale events.
Analytical models would be evaluated for the purpose of developing scaling laws for blast
and debris phenomenology associated with explosions in subsurface structures like the
reinforced concrete Minuteman silos.

Scaling of blast overpressure has generally been based on the cube root law, such that
the ratio R/W1/3, where R is the ground range to a specified overpressure level and W is
the charge weight, is conserved for a specified pressure level. No specific criteria for
debris scaling are currently available. Each configuration of charge and structure
requires an independent ejecta distribution evaluation.

1.2 Objectives

The principal objective of the present program was to verify the adequacy of 1750
feet as the quantity-distance criteria for an explosion associated with a Peacekeeper
missile within a Minuteman silo.
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2.0 PROGRAM DEFINITION

An effort was made to identify the minimum testing required to supply an empirical

frame of reference adequate to supplement an analytical program toward the required
Q-D verification. It appeared that a subscale silo test (approximately 1/10-scale) would
be sufficient to establish the necessary blast scaling data assuming the applicability of

cube root scaling. A simplified cylindrical pit with commercial pipe liner was considered
satisfactory for the purpose of obtaining the required empirical data point.

However, for the basic debris dispersal information, a minimum requirement
consisted of a 1/4-scale test of a reinforced concrete Minuteman Wing V silo. The blast
data associated with the 1/4-scale test would have been sufficient by itself for a scaling
analysis based on the cube root law. However, it was considered advisable to incorporate
both the 1/10-scale and 1/4-scale tests in the verification program in order to determine

the applicability of the cube root law over this domain of scaling. Two identical 1/10-
scale tests were planned for the purpose of evaluating the reproducibility of complex
phenomena associated with an event of this nature.

2.1 Test Requirements
The test requirements are briefly outlined as follows:
e Two 1/10-scale tests
- Steel structures scaled to volume and mass of Minuteman Wing V silo
- Explosive charge of 202 pounds TNT

- Blast measurements only on two radials at 90 degree separation

e One 1/4-scale test

- Reinforced concrete structure simulating detailed representation of
Minuteman Wing V silo

- Explosive charge of 3156 pounds TNT

- Blast and debris/ejecta measurements on three radials at 120 degree
separation

- Debris/ejecta measurements of dimensions, weight and location for frag-
ments of 1/2-inch maximum diameter or greater
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- High speed photography of explosion effects
e General
- Closures included on all tests

- Cylindrical explosive charges with center of gravity at scaled CG of
missile propellants during Peacekeeper operational alert stage

- Charge initiation at charge center with depth corresponding to scaled CG
of Stage Il propellant

- Steel containers for charges to simulate missile canister

2.2 Theoretical Investigations
Requirements for the analytical program were as follows:
e Airblast
- Calibrate analytical model by two methods
e Calculation for rigid silo configuration similar to DNA/S3 analysis

e Determination of blast effects associated with a selected previous
experiment for correlation with empirical results
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- Develop test predictions for the 1/10- and 1/4-scale tests

- Determine quantity-distance for full-scale operational event
e Debris/ejecta
- Develop test predictions based on analytical and empirical models

- Investigate structural fragmentation characteristics under high internal

blast pressure loading R 1
ST

- Develop debris scaling methodology —_ !.._..
- Determine quantity-distance for full-scale operational event. o 7
T

SN

-y




3.0 TEST DESCRIPTION

The following description of test procedures consists of segments reproduced from
the Test Plan prepared by the Waterways Experiment Station (WES), Test Conductor
(Reference 3-1).

3.1 Introduction

The tests associated with the Peacekeeper Quantity-Distance Verification Program
consisted of a series of three scaled tests (two at 1/10-scale and one at 1/4-scale) using
high explosives to simulate the blast and'ejecta effects associated with an explosion of a
Peacekeeper missile within an operational Minuteman silo.

3.1.1 Objectives

The overall objective of the test program was to provide experimental data to be
used as a basis for verification of the quantity-distance criteria corresponding to a full-
scale operational event. The primary objective of the 1/10-scale tests was to measure
airblast and corresponding distance associated with an explosion within a scaled buried
silo to verify airblast scaling relations. The primary objective of the 1/4-scale test was to
measure airblast, ejecta, and fragmentation with respect to distance due to an explosion
in a scaled silo to provide specific data to aid in the development of airblast and ejecta
scaling relations between the model test and a full-scale detonation.

3.1.2 Scope

The QDT program consisted of tests on two 1/10-scale structures and one 1/4-scale
structure. The 1/10-scale structures were a volumetric representation of the Minuteman
silo, constructed of steel plate, with a length of 8 feet 2-3/4 inches. The 1/4-scale
structure was a detailed representation constructed of concrete and steel, with an overall
length of 23 feet 7-1/2 inches. A high-explosive charge was placed in each structure to
simulate the airblast, ejecta, and fragmentation associated with an explosion in a
Minuteman silo.

The airblast measurements during the 1/10-scale tests were made on two radial lines
(15 gages on each line) out to 530 feet. During the 1/4-scale test, airblast was measured
on three radial lines (15 gages each) out to approximately 1320 feet, with debris/ejecta




measured out to 1750 feet. The 1/4-scale structure was placed in an 80 by 80-foot wide
test bed and backfilled with a simulated Wing V soil consisting of a blend of sand and

gravel. The crater ejecta and concrete fragmentation resulting from the explosion were
measured using plastic sheets. Colored sand columns and special ejecta pieces were
placed in the test bed for more accurate identification. The silo was instrumented with

16 strain gages to determine when the structure broke apart. High-speed photography of
the explosion events was incorporated in the 1/4-scale test program.

3.2 Test Site Description

The QDT tests were conducted on the Permanent High Explosive Test Site located at
the White Sands Missile Range, New Mexico. This site was selected because of its
flatness and lack of established real estate. The water table is approximately 130 feet
deep and would not interfere with the test beds.

3.3 Soil Backfill Description

A search was conducted to determine how many of the Minuteman sites in Wing V had
soil (as opposed to rock) in the upper 130 feet of the profiles for correlation with the
available soil gradation data (Figure 3-1). This information is given in Reference 3-2. It
was required that the backfill around the scaled structures should meet the limits of the
gradation curve shown in Figure 3-2 plus 1/2% of total mass distribution consisting of 3/4-
inch particles up to 12-inch particles. In order to obtain such material, it was necessary
to blend both sand and aggregate in proportions and check gradations until the objective
was satisfied. After the backfill had been selected, laboratory tests were performed to
determine the compaction required to achieve a relatively dense state. This number was
used as a guideline during field placement.

Once the backfill material had been blended and was on site, bag samples were
obtained for the purpose of laboratory tests. These tests included uniaxial strain tests up
to 1 kbar as well as triaxial tests. One bag sample was taken from every 100 yd3 of

material.

3.8 Test Concept for 1/10-Scale Structures

The 1/10-scale structures were designed to simulate the scaled volume of a
Minuteman silo. In addition, the volume and configuration of the LER was modeled so the
airblast exiting the structure would be correctly simulated.

3-2
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3.5.1 Structure Description and Fabrication

The 1/10-scale structure, shown in Figure 3-3, consisted of three sections: a launch

tube (LT), LER, and closure. The LT had an internal diameter of 1 foot 3 inches and a
length of 5 feet 10 inches. The LT was fabricated from 1/8-inch thick steel plate. The

plate was sheared and rolled to the correct diameter and then welded with full
penetration welds.

The LER had an internal diameter of 2 feet 6 inches and an internal height of 2 feet.
Steel plate, 1/2-inch thick, was used to build the LER. The plate was sheared and rolled
to form the side of the LER and joined by full penetration welds. A flat ring was torch
cut having an inside diameter of 1 foot 3 inches and an outside diameter of 2 feet 7 inches
and then welded to the top of the LER. Another l-inch thick ring in eight segments was
welded to the top as shown in Figure 3-3, to more closely scale the mass at the top of the
LER.

The closure consisted of l-inch and 1-3/4-inch thick steel plates torch cut to a
diameter of 1 foot 6 inches. The closure, which weighed 200 pounds, covered the opening
atop the LER.

3.4.2 Field Preparation

The field preparation at the test site began by laying out the first of the 1/10-scale
silo locations (QDT-1) and two 530-foot radial lines extending from ground zero at 90
degrees separation (Figure 3-4). The ground surface of the radials was smoothed over a
100-foot width to 500 feet and a 50-foot width to 530 feet. Next, an 8-foot 2-3/4-inch
hole, 9 feet square, was excavated at ground zero. The bottom of the excavation was
leveled and the LT lowered into place, the top opening covered, and the backfill soil
placed around the LT. The backfill (recompacted native material) was placed in 6-inch
lifts and approximately two vibration passes were made to achieve the desired density.
Density and moisture content readings were obtained at 1-foot intervals. When the
back{fill reached the top of the LT, the LER was emplaced and backfill continued. A test
bed layout for the 1/10-scale structure is shown in Figure 3-5.

Cables for the airblast gages were run from the instrumentation trailer to each gage
location on the two radial lines, and a gage mount within a 1-foot diameter concrete pad
placed at each gage position. Once the gages were installed and chec..:, the test

4
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explosive and simulated closure were placed. This field operation procedure was repeated
for the second’'1/10-scale silo (QDT-2) at the same location.

3.5.3 Explosive Charge

The explosive charges for the tests were Pentolite 50/50 (energy density 13% greater
than TNT) due to higher reliability than TNT, and were in a cylindrical form as shown in
Table 3-1. The 179-pound charges for the 1/10-scale silo tests were cast in a single
integral cylinder made from l6-gage steel plate. The bottom of the cylinder had a
permanent base. The charges had a well in the center of the top of the cylinder to place
the detonator. Charge detonation was 0.4 feet below the top. For each test, the charge
was suspended by a harness and cables in the LT so the center of gravity of the charge
was 58.2 inches below the ground surface (Figure 3.5).

3.5.4 Airblast Instrumentation

The instrumentation for each 1/10-scale test consisted of two radial lines of airblast
gages extending from ground zero at 90 degrees separation. Airblast instrumentation
locations are given in Table 3-2. There were 15 gages on each radial (total of 60 gages for
QDT-1 and -2) extending from 17 feet out to 530 feet from ground zero.

3.5 Test Concept for 1/4-Scale Structure

The 1/4-scale structure was designed to be a detailed scale model of an operational
Minuteman Wing V Silo. The mass of the structure, including concrete and steel, was
scaled and also included a scaled closure.

3.5.1 Structure Description

The 1/4-scale Minuteman model consisted of three structures: the LT, LER, and
closure (Figure 3-6). The LT was an axisymmetric reinforced concrete structure with an
inner steel liner with an internal diameter of 3 feet and an overall length of 18 feet 9
inches. The LER was an asymmetric reinforced concrete structure with an inner steel
liner with an internal diameter of 6 feet 3 inches and an overall length of 8 feet 1-1/2
inches. The asymmetry was due to the personnel access hatch (PAH) included in the LER.
The closure was constructed from reinforced concrete in a pie pan container with a depth
of 10.5 inches. A 2-1/2-inch layer of concrete was placed on top of the closure and LER.
All steel was ASTM A-36, or Grade 40, with the exception of the Number 2 bars
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which were Grade 60. The concrete had a compressive strength of 7,000 psi at 28 days.
The model LER is shown in Figure 3-6.

3.5.2 Structure Fabrication

The construction drawings for the model were prepared by TRW. The model was
fabricated at WES to these specifications.

The liner for the LT was sheared, rolled, and welded to the correct diameter with
concrete anchors welded to it. The hoop and longitudinal bars were tied to form the wall
reinforcing. The concrete for the LT was placed continuously in the walls with a cold
joint at the base.

The liner for the LER was sheared, rolled, and welded to the correct dimensions. The
reinforcing was placed in the structure according to drawings. Concrete, in four stages
was placed with each level having a different color. After the LER was completed, the
top of the structure was painted a contrasting color.

The steel container for the closure was fabricated and reinforcing bars placed inside.
Concrete, with another color added, was placed in the pie pan container. A 2-1/2-inch
layer of concrete was bonded to the top of the LER and closure by means of epoxy.

3.5.3 Test Bed Description

The test bed layout for the 1/4-scale structure is shown in Figure 3-7. An excavation
was made down to a depth of 25 feet. The top of the test bed was 80 by 80 feet.

3.5.% Field Preparation

The method for constructing the test bed is shown in Figure 3-7. The test bed was
constructed to provide an 80 by 80-foot wide by 20-foot deep open pit with the sides
having a one-to-one slope. The final excavation was a 10 by 10 by 5-foot deep inner bed,
making the total depth of excavation 25 feet. A ramp was dug to the north side of the
test bed to allow machinery to move in and out of the pit.

In the inner bed, all necessary work was completed before placing the LT. A l4-inch
life of native material backfill was added to bring the test bed to the proper depth of 23
feet 10 inches. The LT was placed and native material was backfilled in lifts of 2 feet up
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to the 12-foot mark. The material was compacted by means of a vibratory roller and hand
compacters.

Beginning at the 12-foot level, the simulated backfill was used to backfill around the
structure. This procedure was accomplished in a stair-step method so that the native

material and sand mixture would remain separate and the side would resemble a one-to-
one slope. When the backfilling procedure reached the 15-foot é-inch level, the LT liner
extension was welded to the inner liner and the LER lowered into position with the PAH
aligned to the northeast (120-degree radial).

After reaching the 16-foot é-inch level, the instrumentation cables were connected
and buried. These cables were protected by 6-inch PVC pipe and foam padding. Backfill
placement continued to the 21-foot 6-inch level, where track footing for the closure was
installed. The three tracks were then positioned and grouted into place. The remaining
structure was buried and the test bed cleared.

Instrumentation cables for the airblast gages were run from the instrumentation
trailer to each gage location on the three radial lines and a gage mount positioned. Once
the gages were installed and checked, the test explosive, held in place by a “:arness, was
positioned and the closure placed on the LER.

3.5.5 Explosive Charge

The explosive charge for the test was Pentolite 50/50 in a cylindrical form as given in
Table 3-1. The 2,790-pound charge was cast in a single integral cylinder made from 1/8-
inch thick steel plate. The charge had a well point in the center top of the container in
which to place a detonator for firing. Charge detonation was one foot below the top. The
charge was suspended by a harness and cables so its center of gravity was a distance of
159 inches below the ground surface (Figure 3-7).

3.5.6 Instrumentation

Test QDT-3 had 45 channels of airblast and 16 channels of strain on the silo. Airblast
gage locations are given in Table 3-3. Locations of the strain gages in the 1/4-scale
structure (QDT-3 test) are given in Table 3-4. Structure north is the positive x-direction
and structure east is the positive y-direction.

A summary of the instrumentation for the three tests is given in Table 3-5.
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3.6 Debris/Ejecta Studies

The objective of the ejecta studies was to document the ejecta/debris hazard

produced by a 1/4-scale model test of a missile detonation in a Minuteman silo. A
supporting objective was to provide specific ejecta/debris data to aid in the development

of ejecta scaling relations between the model test and a full-scale detonation.

The approach to this study involved both active and passive measurements of
ejecta/debris produced by a simulated missile detonation in a 1/4-scale model of a
Minuteman silo.

Active measurements of ejecta/debris consisted of motion picture photography of
both the early and terminal velocities of ejecta and debris missiles, and their early
ejection and final impact angles. Limitations due to dust cloud obscuration were to be
determined from the test results

Passive measurements consisted of searching, surveying, and recording the terminal
locations of ejecta/debris missiles in three sectors and two circumferential rings (or
portions thereof). One sector also included "seeded" artificial missiles, color-coded to
identify their exact origins. Figure 3-8 shows the general layout of these survey areas at
the test site. The ground surface within the surveyed radial sectors was cleared of brush
and smoothed over a maximum 100-foot width out to 1000 feet for QDT-3. The 400-foot
and 1000-foot rings were cleared to a 25-foot width in a 60-degree sector about each
radial. The 1750-foot ring was identified with flagging.

3.6.1 Active Measurements

Technical motion picture coverage of the 1/4-scale missile/silo detonation included
high-speed camera coverage of the initial rise and growth of the crater mound, early
trajectories of material thrown out by the detonation, and impact of ejecta/debris pieces
beyond the continuous ejecta field. Table 3-6 describes the camera coverage, Camera
stations and coverages are depicted in Figure 3-9,

The 70-mm film records gave information on particle ejection angles and velocities,
impact angles and velocities, and particle sizes. The exposure time of about 0.3 msec
allowed a slur factor of approximately 0.7 inch for particles having velocities around 200
ft/sec. The 16-mm film records were used to record and analyze initial silo cap and exit-
hole breakup symmetry and initial velocities of ejecta throwout.
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The ejecta parameters were determined from tracking records obtained from 16- and
70-mm Vanguard Motion Analyzers. The trajectories of selected ejecta/debris missiles
l were analyzed for initial ejection and terminal impact parameters.

Gridded reference boards were used as backgrounds for determining the size of and

i distance to falling missiles. To reduce dust obscuration produced by ground shock and
‘ airblast, the ground surface between detonation and the camera position was sprinkled
with oil, water, or other dust palliatives.

i 3.6.2 Passive Measurements
h The passive measurements included the following activities:

i a. Seeded debris. During construction of the 1/4-scale Minuteman silo, the
- concrete of the structure was color-coded by adding concrete dye to the
concrete mix.

b. Sand columns, After the mode! silo was constructed, an array of sand
columns was emplaced in one sector of the backfill area. A total of 90 linear
feet of columns were emplaced, ranging from 20 feet deep at 10 feet from
the silo axis to 10 feet deep at a range of 40 feet from the axis.

The columns were constructed as the backfill was placed around the
completed silo. Prior to placing the first lift of backfill, the lower portion of
the 6-inch diameter columns was drilled into the native soil and backfilled
with colored sand. Two-foot-long sections of PVC pipe were placed over the
columns. After two feet of fill had been placed around the structure, the
pipes were filled with colored sand and then raised another two feet to
accommodate the next lift of surrounding fill. Different colors of sand were
used for different columns, and colored plastic beads were mixed in the sand
to code the hole elevations at 3-foot intervals.

c. Seeded ejecta. In order to determine the origin of natural missiles impacting R
beyond the continuous ejecta region, the backfill and in situ soil in the I
expected crater area were seeded with artificial missiles along the sand -
column radial. Two types of artificial missiles were used. One-inch cubes of
colored plastic, each stamped with an identification number, were placed in
the sand columns at 6-inch vertical intervals as they were backfilled. The
second type of artificial missiles were aluminum cubes measuring one, two, sl
four, and eight inches on a side. These cubes also were stamped with IR
identification numbers corresponding to their emplacement locations.
Clusters of cubes were buried at 15 locations adjacent to the sand column

radial, before and during placement of backfill soil around the silo. Each —
cluster contained 16 one-inch, 8 two-inch, 4 four-inch, and 2 eight-inch
cubes.

d. Plastic witness sheets. Plastic sheets measuring approximately 10 by 10 feet
in area (100 sq It) were installed on the ground surface at selected locations
in all ejecta/debris survey areas for use in determining missile impact
densities. The edges of the sheets were staked or covered with soil to
prevent their damage or removal by wind or airblast. They were spaced in
groups of three at intervals of 125 feet out to a range of 1000 feet, and then S

3-8 - “—1
]
1




LR d
o

T —r J
e e e e e s e e .

placed in pairs at intervals of 250 feet out to a range of 1750 feet. In
addition, collector sheets were located at 10-degree intervals around each
-survey ring. After the shot, each witness sheet was examined for artificial
missiles, debris, and ejecta in that order.

e.

Ground survey. Immediately after the test, a survey was made of ejecta/
debris missiles lying within the three survey sectors and rings. The survey
was conducted using to the following procedures:

1) Beginning at the outer edge of the continuous ejecta region, one sector
was searched for artificial missiles. When located, the I.D. number was
recorded, as well as the range at which it was found.

2) After all artificial missiles and natural ejecta lying on the surface were
recorded and collected, a search was made for seeded pieces of concrete
debris. When found, the size and weight, cement color, and bead color
were recorded along with the range and/or azimuth. Although the search
for seeded concrete debris was concentrated in the survey sectors and

rings, it included the entire cleared area surrounding the silo test.

3) After all artificial missiles and seeded debris were recorded, the three
survey sectors and rings were systematically searched for any other

missiles with a maximum dimension of 1/2-inch or more.

4) The maximum missile range was determined by carefully searching the

survey sectors for ejecta/debris missiles lying at the greatest ranges from
the detonation, first within the ejecta sectors, and then around the
perimeter of the entire ejecta field. The survey was limited to missiles
having a maximum dimension of at least 1/2-inch.

3.7 Documentary Photography

Photographs, presented in Appendix A, indicate various stages in the construction of
the 1/4-scale model of the Minuteman silo and preparation of the QDT-3 test site
(Reference 3-3).

Table 3-1. Pentolite Test Charges

Charge Charge | Charge CG Below Charge
Test Weight | Diameter Leng)th Ground Surface Cmmﬁer
(b (in.) (in.. (in.)
1/10 179 8.7 50* 58.2 16 gage steel plate
150 2793 21.8 125%* 159 1/8-in. steel plate

Note: Charge detonation was on center at l-foot below top for 1/4-scale charge and
0.4-foot below top for 1/10-scale charge.

# Charge built as five cylinder lengths for 10 in. each.
## Charge built as five cylinder lengths of 25 in. each.
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Table 3-4. Strain Gage Locations for 1/4-Scale Silo

Gage X Y y A
X No. | (n) (in.) (in) ftem
Circumferential/Strain Gages* (8)
El +30.76 -30.76 +58.5 LER wall
E2 -30.76 -30.76 +38.5 LER wall
- E3 -30.76 | +30.76 | +58.5 LER wall
: E4 47 +15 +58.5 PAS wall
- E5 +18 +41 +58.5 PAS wall
— E6 +30.76 -30.76 +91.5 LER footing
E7 -30.76 -30.76 +91.5 LER footing
E8 -30.76 +30.76 +91.5 LER footing
. Axial Strain Gages** (6)
( E9 +29 -29 20 LER headworks
_ to wall joint O
E10 | -29 -29 20 SR
7 Ell -29 +29 20
B El2 | +29 -29 88 LER wall to ». .
foundation joint R
E13 | -29 29 28 REON
El4 -29 +29 33 B
- i |
- Closure Strain Gages*#*#* (2) '! =
v~~ '4 .. _-‘-“j
El5 0 0 3.25 X direction RN
El6 0 0 3.50 Y direction S
*The circumferential strain gages were placed on or in 1"“:'1
the vicinity of the outer LER wall hoop or PAS wall rebar. e
**These gages were in the vertical or "X" direction. Vo
*#*These gages were attached in the vicinity of the
closure upper rebar and located near the center of the S
closure. .
[ o -._-.1
R
L 2
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Table 3-5. QDT Instrumentation Measurement List

Test Type No. of
No. |Measurement | Gages Manufacturer Model No. Gage Range
QDT-1 Airblast 30 Kulite XT-190 5, 25, 100 psi
QDT-2 Airblast 30 Kulite XT-190 5, 25, 100 psi
QDT-3 Airblast 45 Kulite XT-190 5, 25, 100 psi
Strain 16 Micromeasurements | EA-06-250BZ-350 | 50,000 uin./in.
Table 3-6. Camera Requirements for Peacekeeper
1/4-Scale Test
Aim
WSMR Run Point
Camera FOV Frame | Reso- Exrosure Time Range X
No. | Number Purpose Format HXW) Rate | lution ms) (sec) Elevation
1 3714 Initial silo Fastax II 25'x 3% 6000 2" 0.1 0.6 0x8
breakup (ambient) | 16mm VNF
2 3715 Initial ejecta Photosonic | 375'x 375'| 64.0 4" 0.1 30 0x 150
: parameters 70mm VNF
3 3716 Initial ejecta Photosonic | 750'x 750* | 60.0 8" 0.1 30 0 x 300
parameters 70mm VNF
4 3717 Ejecta impact Photosonic | 180'x 180’ | 60.5 rAl 0.1 15 80'S x 80
parameters 70mm VNF
5 3718 Ejecta impact Photosonic | 180" x 180' | 64.0 2" 0.1 15 80'NE x 80'
parameters 70mm VNF
6 3719 Ejecta impact Photosonic { 180'x 180' | 63.9 2" 0.1 15 250'S x 80'
parameters 70mm VNF .
7 3720 Ejecta impact Photosonic | 180'x 180" | 62.3 Al 0.1 15 420'S x 80’
parameters 70mm VNF
8 3721 Initial silo Hycam 25'x 3% 6000 2" 0.05 0.6 0x8
16mm : IR EKTA
9 -- Ejecta impact Locam 150* x 200' 48 - 0.1 45 SGZ
along 09 radial 16mm VNF
10 3722 Ejecta impact Photosonic | 180'x 180' | 63.0 2" 0.1 15 590's x 80’
parameters 70mm VNF
11 3723 Ejecta impact Photosonic | 180'x 180* | 61.0 ra 0.1 15 760'S x 80'
parameters 70mm VNF
12 -- Ejecta impact Locam 150* x 200* 48 - 0.1 45 SGZ
along 120° radial 16mm VNF
13 3725 Ejecta impact Photosonic | 180'x 180' | 63.4 2" 0.1 15 250'NE x 80'
parameters 70mm VNF
3-12
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. 4.0 AIRBLAST PHENOMENA

In support of the planned scale model test program, an analytical effort was initiated
to determine by means of a computer program the nature of airblast phenomena
associated with the high explosive detonations within the 1/10-scale and 1/4-scale silo

structures.

Calculations performed by S-Cubed/Albuquerque at the direction of DNA (Reference
4-1) were used to help establish the guidelines presented by AF/IG for a quantity-distance
of 1750 feet. A detonation of a 101-ton TNT charge in ar open rigid cylindrical silo was
used to estimate the range to | psi for an explosion of a Peacekeeper missile in a
Minuteman silo. These computations were based on the HULL code developed by AFWL,
whereas calculations in the present report were undertaken with the CSQ II hydrocode
developed by Sandia Laboratories/Albuquerque. It was of interest to determine whether

similar conclusions would result for solutions of the same problem by the substantially
different computer programs.

A brief summary is presented of the computational results related to code calibration
for the case of a surface burst of a TNT tangent sphere, determination of airblast
characteristics for a detonation within an open rigid silo, and evaluation of blast pressure

distributions corresponding to explosions within the scale model facilities.

4.1 Hydrocode Description

CSQ I hydrocode was used for calculations of the DNA rigid silo configuration,
tangent sphere configuration, 1/10-scale and 1/4-scale Minuteman silo configurations.

CSQ II is a FORTRAN program for computation of two-dimensional material
response. It employs a finite difference method to solve the conservation equations of
mass, momentum and energy in either rectangular or cylindrical coordinates. CSQ II is
basically an Eulerian code. It also adopts a unique method to overcome distorted meshes
and avoid the small time steps and large numerical errors associated with two-dimensional
flow problems.

4-1
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CSQ II can treat detonation of high explosives (HE) such as Pentolite and TNT.
Equations-of-state for high explosives, and other materials including soil, concrete and
air, are available in the code. One of the useful features of the code is a restart
capability. At any time, the problem can be stopped, and material can be added or
deleted from the problem, input parameters can be changed, and a new computational grid
can be defined. In this way, different features of interest at different times can be
modeled with reasonable cost and computation time.

4.2 Tangent Sphere Calibration

' A tangent sphere computation was performed to check the CSQ II code against a
_ known solution. A 101-ton sphere of TNT high explosive was placed on a rigid surface as
shown in Figure 4-1. The sphere had an initial diameter of 473 cm, and initial density of
1.65 gm/cm3. The detonation point was the center of the sphere, with a detonation

velocity of 6.93 km/sec, and Chapman-Jouguet pressure of 2.10 x 1011 dynes/cm2, The
initial grid size was Ax =Ay =25 cm. This calculation was run until the shock had
propagated to a distance about 200 feet along the ground with an overpressure about
180 psi. Figure 4-2 compares the overpressure versus range from the CSQ II calculation
and the data taken from the scaled Prairie Flat test results. (Reference 4-2)

The shock overpressure is underpredicted at ground ranges less than 100 feet from
ground zero. Finer zoning would be needed at close range to resolve the interaction of
the shock wave emerging from the TNT high explosive and reflecting off the rigid surface.
However, the overpressures predicted by CSQ II code agree with the Prairie Flat test data
at ground ranges greater than 150 feet.

4.3 Rigid Silo Calculations

A calculation was performed for the same configuration used in the DNA calculation. K
This calculation consists of the detonation of 101 tons of TNT in a rigid wall silo without a 2
closure. The geometry for this problem is shown in Figure 4-3, The purpose of this .
comparison was to verify the CSQ Il code, which was to be used for later calculations with -

an operational silo with yielding walls and a closure.

_ The Jones-Wilkens-Lee (JWL) equation-of-state was used for the TNT high explosive.
A uniform sea-level atmosphere occupies the space above ground level and inside the silo.
The HE was detonated at t = 0 at the initiation point four feet below the top of the charge

g corresponding to the third stage ignition of the Peacekeeper as indicated in Figure 4-3,
Figure 4-4 shows the results of this calculation.
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The most obvious differences between the HULL and CSQ II calculations are the
much higher overpressures predicted by CSQ II for a given range, down to 20 psi. Problem
#100 shows the overpressure versus range curve dropping to meet the DNA curve at about
50 psi. This, however, is an artifact of the mesh zoning. Problem #100 includes only 35
feet of air above the ground, with a transmittive boundary at this height. For Problem
#200, 150 feet of air is included above ground and, as seen in Figure 4-4, the overpressure
versus range curve remains more or less parallel to the DNA curve. It seems that if the
mesh height above ground level is too low, material allowed to exit the calculational mesh
is forever lost to the problem. It is important to retain the venting HE products in the

calculation as much as possible since this material appears to ultimately influence the
problem later,

There is still the problem of higher overpressures at a given range than the HULL
calculation suggests. After several more attempts with different zoning the discrepancy
still remained. Figure 4-5 shows the final attempt to refine the zoning. It appears that as

long as enough air above the ground level is taken into account in the model, the
calculation is relatively insensitive to zoning.

The break in the curve for Problem #400 at 66 psi is due to the large zone size at
about the 150 foot range. At this point, the calculation was stopped and the problem was
rezoned, i.e., placing finer zones near the shock front. Upon continuation of the
calculation, the overpressure recovered from its drop to match the previous calculation,

A meeting was arranged with Mr. Charles Needham, who performed the full-scale
rigid silo calculation at S-Cubed. After thorough discussion with Mr. Needham, it was
concluded that, other than the fact that our calculations use a different hydrocode with a
different HE equation-of-state, it was impossible to pinpoint the cause of the discrepancy.
It was decided to continue the full-scale rigid silo calculation with the CSQ II code and
proceed with the subscale predictions.

Figure 4-6 shows the final result for the full-scale rigid wall silo calculation, along
with the DNA results and a 101-ton TNT tangent sphere curve. The tangent sphere data is
the test data from the Prairie Flat event (Reference 4-2) scaled to 101 tons of TNT at
sea-level atmosphere. Figure 4-6 suggests that a rigid silo detonation becomes similar to
a surface tangent at about 20 psi. While this is not the result reported by DNA based on
the S-Cubed calculation, it is not clear how the range to 1 psi was determined by DNA
based on the data given in Reference 4-1 and Figure 4-6 of this report. Initially, it was
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speculated that the differences between the results obtained with the two codes was
attributed to differences in the respective equations-of-state for TNT. However,

subsequent evaluations indicated that the equations of state were comparable. Therefore, .
there is no apparent resolution of this issue at the present time.

4.4 Scale Model Computations ol
4.43.1 Tenth-Scale Silo -

The 1/10-scale silo calculation was performed to determine overpressure versus
ground range for an in-silo explosion, taking into account the material properties of the =
silo structure and surrounding soil. This calculation also gives an insight as to how the >~
structure responds to high pressure detonation products. Upon studying the drawings for -
the 1/10-scale steel test facility, it became obvious there would be difficulty in modeling '
the structure, given the small thickness of steel relative to the overall problem

[

dimensions. In order to set up a reasonable model, the mesh zoning for the silo structure
would be very small, leading to crude zones for areas outside the silo since the total
number of zones allowed for a problem is limited by computer memory. Another problem
would be cycle time steps, which would be small due to a calculational stability criterion
essentially proportional to the smallest mesh zone size. This in turn would lead to long
execution times on the computer. It was decided to proceed with the calculation using a
1/10-scale mode! of the operational concrete Minuteman silo rather than the steel test
model. In this way, the preliminary job of obtaining the material properties and setting up -
the computer model would be complete, and the 1/4-scale calculation could proceed later e
simply by changing the model dimensions. Figure 4-7 shows the 1/10-scale silo model

used for this calculation.

Pentolite, chosen for the test, was used in the analysis instead of TNT. Since
Pentolite is more energetic than TNT, the total amount of explosive was 179 pounds. An
elastoplastic model was used for the concrete and soil. The Pentolite was initiated at
t = 0 at a point on the centerline 0.4 feet below the top surface of the charge. Only half

of the 1/10-scale shown in Figure 4-7 was modeled by taking advantage of symmetric —
configuration with an axis of symmetry at the centerline of the 1/10-scale configurations. s f.:::;
Figures 4-8 through 4-13 show how the calculation proceeds out to 2.4 msec. The ‘~
material boundaries shown in Figures 4-8 through 4-10 illustrate the effect of cavity -
formation on the silo tube and surrounding soil. The most extensive deformation occurs in Y
B

=)
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the silo tube directly opposite the original position of the HE charge. This expansion
allows loading on the LER footing from below, causing the inner footing to shear upward,
and the whole LER and headworks to accelerate vertically. This is clearly shown in
Figure 4-18 at 2.4 msec after detonation. This figure also shows venting of the HE gases
as the closure begins to lift off. For the pressure contours of Figures 4-11 through 4-13, a
shock wave is clearly seen transmitting into the soil and propagating nearly spherically at
a speed of about 8.0 x 104 cm/sec.

Because of a computational time constraint, the calculation for the 1/10-scale was
terminated at t = 2.4 msec after detonation. The computer running time was such that it
appeared advisable to revert to the 1/4-scale calculations prior to completion of the
1/10-scale analysis. The objective was to ensure adequate time for development of a

pretest prediction of the ground range to a peak overpressure of 1 psi for the 1/4-scale
test.

4.4.2 Quarter-Scale Silo

The 1/4-scale silo model is essentially the same as that used in the 1/10-scale
calculation, Figure 4-14 shows the model and the dimensions. The JWL equation-of-state
was used for Pentolite, and an elastoplastic constitutive model was used for the soil and
concrete. A tabular equation-of-state was used for air with an initial density of
1.1 x 10-3 gm/cm3 and pressure of 8.62 x 105 dynes/cm?2 to simulate the atmospheric
conditions of the test site at White Sands Missile Range, New Mexico with an elevation of

4900 feet above sea level. The HE charge was initiated at t = 0, and by 0.36 msec the
detonation is completed.

In Figure 4-15 at t = 0.4 msec, one can see the detonation products expanding into
the LER and the initial deformation of the silo tube below the LER footing. The HE
products have not yet expanded downward to the silo floor nor have they reached the
closure. Figure 4-16 shows the condition at about 3 msec. The LER walls are beginning
to deform, the closure has started to lift off, and at the same time the whole LER is being
heaved upward. The LER footing is pretty much deformed and the silo tube continues to
expand outward. By this time the concrete walls of the tube have probably been
rubbleized. Notice that the silo tube expansion occurs mainly opposite the initial position
of the HE charge. At t = 10.8 msec as shown in Figure 4-17, the silo tube has expanded to
about 14 times the original volume. The LER walls have fractured near the headworks
which have heaved upwards about 2.5 feet above ground level. The closure is separated
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from the headworks by about 2 feet. There was a strange phenomenon that happened in
that the high explosive products did not vent in spite of the rather large gap between the

closure and headworks. At t = 12.9 msec, as shown in Figure 4-18, the gases are beginning
to vent, but as seen in Figure 4-19, at t = 15.9 msec the venting is not continuous.

The venting problem is believed to be caused by two factors. The first factor is
zoning the mesh too coarsely around the closure and headworks. It is believed that the HE
product gases cannot diffuse through mixed cells, i.e., zones in the mesh where gas and
solids are both present. Once the closure has separated from the headworks far enough to
allow at least one row of cells in which no solids are present, i.e., only gas, the HE
products can vent. This could be solved by zoning more finely near the closure. The
second factor is illustrated in Figures 4-16 and 4-17. As the gases expand against the
closure, the closure expands radially to close the gap that initially existed between the
closure and the headworks. Once this occurs, there is a very narrow region intercon-
necting the closure and the headworks. This happens because the code sees the closure
and headworks as being of the same material and assumes they have rejoined. The gases
cannot readily vent until this band of concrete has broken. This problem can probably be
remedied by either defining the closure and headworks as separate materials with an
interface with no strength, or give the concrete a reasonably small failure criteria which
will allow this stretched band to break more easily. These remedies require, however,
greater computer time than was available.

Given these difficulties with the closure and gas venting, it was decided to restart
the calculation without the closure. This does not seem unreasonable since it is estimated
that only 0.6% of the explosion energy is carried away by the closure as kinetic energy.
The estimate of the maximum kinetic energy was obtained by taking the maximum
vertical velocity of the closure from CSQ II code to be 775 ft/sec at t = 19.8 msec after
detonation and the mass of the closure to be about 3000 pounds. The maximum Kinetic
energy of the closure would be then 3 x 107 ft-Ib which is 0.6% of the total energy of HE.

Figure 4-20 indicates the initial configuration at t = 0 msec. Figure 4-21 shows the
detonation gases expanding into the LER and towards the exit at t = 0.5 msec. At t=3
msec, as shown in Figure 4-22, the condition compares well with Figure 4-16. The LER
walls have started to deform and the footing has eroded away. The venting gases are
clearly seen exiting the silo opening. Figure 4-23 shows the gas cloud at t = 6 msec
extending 25 feet above ground and about 12 feet radially. The LER and headworks
continue to deform while the silo cavity increases.




Figures 4-24 through 4-26 are pressure contours corresponding to Figures 4-21
through 4-23. At t = 0.5 msec, a shock wave begins to propagate into the soil. Att=3
msec, the shock wave has spread out, noted by the larger spacing between contours. This
is due to the higher sound speed for elastic waves than for the higher pressure plastic
waves. Thus, the low pressure elastic waves will run out ahead as time progresses. The
structure of the venting gas cloud is also shown. Most notable is the rapid decrease
almost by a factor of 100 in pressure as the gases expand outside the opening. At t=6
msec, the ground shock has spread out with a peak pressure of about 5 x 108 dynes/cm?
located 525 cm from the silo center. Comparing this to the peak ground shock position
for the 1/10-scale calculation at 2.4 msec in Figure 4-13 one sees the same peak value at
210 cm radius, thus demonstrating that shock waves due to explosive detonation will
indeed scale by the cube root of the yield. The sharp decompression region is still
observed in Figure 4-26 at the silo exit in the venting gases. This appears to be a standing
shock indicating choked flow.

Several tracer points are located along the ground to give pressure-time histories as
the shock wave in the air passes. Figures 4-27 through 4-30 show these time histories at
ground ranges corresponding to 42, 78, 110, and 130 feet. The waves are about 20 msec
wide with a negative phase immediately following. All the peaks have a finite rise time
and are rounded at the top. This is an artifact of the computer code. All codes of this
type employ an artificial viscosity to spread out a shock wave over several zone
thicknesses. This is essential since these codes describe continuum physics and cannot
handle discontinuities on the scale of a mean free path, such as a shock wave. In addition,
the resolution of a sharp peaked waveform is limited by the size of the mesh zones; the
coarser the zoning the less resolution. This accounts for the rounded peaks. This fact
makes it necessary to periodically rezone the calculation. As the shock wave propagates
into coarser zones, the computation is stopped, and the space mesh is rezoned such that
finer zones are placed in front of the shock and coarser zones are placed behind the shock.

Ten rezones were required to carry this calculation out to the 1 psi overpressure range.

It is of interest to note that detailed comparisons of the pressure contours for the
1/10- and 1/4-scale calculations for the closure-on combination indicated excellent
agreement in pressure amplitude and spatial extent where the 1/10-scale time and

distance parameters were scaled by a factor of 2.5 to afford a common frame of
reference.
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4.5 Test Predictions

The final result of this computation is shown in Figure 4-31, where peak overpressure

J versus ground range is plotted, with the range to | psi as 202 feet from the silo centerline.
The figure also shows the reference tangent sphere data of the Prairie Flat event, scaled

down to 3156 pounds of TNT, or 2793 pounds of Pentolite. The range to 1 psi for the
tangent sphere is about 655 feet, giving a reduction in range of 69% for the silo
' detonation as compared to a surface tangent of equivalent yield. This is in contrast to the
: initial DNA estimate of a 30% reduction due to an underground in-silo explosion with non-
rigid walls.

. A significant reduction in the range to 1 psi is seen for the yielding silo model over
' the rigid-wall model, which was shown to be similar to the tangent sphere case in Figure
4-6. Several factors are responsible for this. Some of the detonation energy is directed
into, and absorbed by, the concrete and soil. By 6 msec, 27% of the explosion energy
released by the Pentolite is transferred to the concrete structure and 33% to the soil.
This energy is not available to the shock wave propagating in the air. A second factor to
consider is the volume increase of the silo interior due to cavity formation caused by the
high pressure gases. At 11.8 msec the volume of the silo tube has increased by a factor of
about 14, thereby reducing the pressure further.

. rmem

The presence of choked flow may also contribute to the reduction in range to 1 psi.

Since the gases cannot expand and propagate a shock into the air immediately, as with a
surface tangent burst, some of the internal energy is instead absorbed into the concrete

structure and soil, thereby cooling the gas and reducing the pressure. In contrast, with a
rigid silo that al~o experiences choked flow, the internal ener:y of the gas cannot L
partition into the surrounding media, since the walls are perfectly reflecting. All the B
energy remains in the gas until it eventually vents, therefore propagating the air shock in

greater strength to longer ranges. i
As far as can be judged from the analytical results covering the extent of parallel e
calculations for the 1/10-scale and 1/4-scale cases and evaluation of the nature of the .
computer program, it appears reasonable to conclude that cube root scaling would be
inherent in applications to any scale level. . CT-_'fj'j
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i . 5.0 SOIL EJECTA CHARACTERISTICS
} .

r

L

Fragments resulting from a silo explosion include structural debris and soil ejecta.
Basic sources of soil ejecta are boulders, rocks, and pebbles, inherently characteristic of

the Minuteman Wing V sites of interest, and large earth clumps that may evolve as a
result of the natural cementation and cohesiveness of the soil particulate.

Backfill specifications for the 1/4 scale test site were based on a direct simulation of
soil conditions at operational sites using gradations, density and stress-strain properties.
Since the precise soil cohesivity representative of media surrounding Wing V silos could
not be reproduced, estimates of size, number, and trajectories, as related to large earth
clumps, were developed primarily on the basis of an analytical evaluation.

Results of a literature survey of ejecta data from buried charges are briefly
summarized in the following discussion. Application of the data toward predictions of soil
ejecta distributions for a full-scale event is discussed. An independent approach is
described whereby specific fragment sizes are subjected to a spectrum of launch
velocities and launch angles generated by the CSQ analysis of the silo explosion, and
calculations are made of the ballistic trajectories to determine range and density
distribution characteristics.

5.1 Ejecta Data Review

The data presented is a representative survey for the major types of soil media. No
attempt was made to acquire a comprehensive collection of ejecta data.

The major types of soil media are:

Rock (represented by basalt) 1

Wet soil ]

Dry soil (represented by alluvium)
This review is limited to buried bursts (explosive all below grade). An explosion of a g

Peacekeeper missile in a silo is more like a buried burst than a surface burst or above- ]
ground burst, '

51 =7




Table 5-1 contains a summary of a data for the buried bursts considered here. Some
other tests were briefly reviewed but are not included. The Essex Phase 2 tests
(Reference 5-1) are not included because the results were similar to the results for
Phase 1.

A number of tests in alluvium are not included because the mass loading of interest is
beyond the radii where data were collected. These tests are Sedan (Reference 5-2),
Scooter (Reference 5-3), and Air Vent Phase Il (Reference 5-4).

The cube root of the crater volume has been used to nondimensionalize the radius
from ground zero. This use is not meant to imply that this is the best scaling. The
exponent 1/3.4 is probably used more often for buried burst crater/ejecta data. Because
of the large uncertainties, the two exponents do not differ significantly.

The apparent crater volume, Va, is not always given in the referenced reports.
Crater dimensions are given for Danny Boy. In this case, Vall 3 is calculated from

R=1.2V,l/3
D=0.5V,1/3

These relations for surface and near-surface bursts are taken from Reference 5-5.

The average of the two values is used when both dimensions are available. For the MTCE
event, only the radius is given,

Different cut-off sizes were used for counting missiles in the Wet Soil and MTCS
(rock) events. No attempt was made to correct the counts for this difference. The 2-inch
and 0.5-pound cutoffs are nearly the same. The cutoff used for Sprint is substantially
different. After the Sprint event, the area surrounding the crater was covered with big
clods of wet clay. The number of missiles might have been similar using a significantly
smaller cutoff.

5.2 Safe Distance

The "safe" distance, with respect to ejecta, is defined as that distance from ground
zero to missile densities of <1 per 600 sq ft with missile kinetic energy of 258 ft-lb,
This kinetic energy, together with ejecta trajectory data, will define a critical particle
diameter. Then the range to 1 per 600 sq ft can be estimated from the areal density on
the missile counts,

]




-----------------
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5.2.1 Particle Trajectories

Ejection velocity results are available caused by the initial and final positions of

artificial missiles and from following large particles photographically. The results for
maximum ejection velocity for 20 tons range from 1000 ft/sec (References 5-6 and 5-7)

to 300 ft/sec (Reference 5-8). The low result is caused by tracking particles
photographically and is probably appropriate to the most numerous class of fragments that
are visible. The higher value is only for missiles initially close to ground zero and to the
surface. Ejection velocities would be higher for 101 tons buried in the same way as in
Stagecoach (Reference 5-8) and Air Vent (Reference 5-6) tests. However, the silo
occupies the region near ground zero and probably absorbs some of the force tending to
accelerate soil ejecta.

The maximum soil particle ejection velocity for an explosion of a Peacekeeper in a
Minuteman Silo is probably near 1000 ft/sec. This velocity was used for trajectory
calculations with FETCH (Reference 5-9). These calculations indicate that particles
smaller than 4 cm cannot reach a range of 1750 feet for still air. The size which can
reach 1750 feet through the explosion flow-field will be somewhat different. The ejection
velocity and the drag control the critical size since 4 cm particles launched at 1000 ft/sec
will have a kinetic energy ~58 ft/lb on impact. Then, 4 cm is the critical particle size.
Note that 4 cm is close to the 2 inches (5 cm) used as the minimum missile size in the
missile counts of the more recent tests reviewed. .

For those events where number densities are given, Rg is the distance where

N = 1/600 £t2, Again, no correction was made for the difference between 4 cm and the
size used in the count. )

5.2.2 Size Distribution Effect

If areal density is given, data concerning the size distribution of the debris are
necessary to convert mass density to number density. Fits to the areal density data are
reported in the test results and are collected in Table 5-2.

For the case of a rock (basalt) medium for Danny Boy, it was determined from the

given size distributions that approximately one-third of the debris were particles larger
than 4 cm. Also, the hard rock distribution

N(o) = (K/O'a's)dU

5-3
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where: N = Number density
o = Particle diameter
K = Constant

can be applied to these larger particles. The maximum particle size can be determined
from the relation due to Gault, as quoted in Reference 5-7. This is 60 cm for the Danny
- Boy yield. Then the total mass required to give one particle per 600 ftZ for 4 cm<o>
. 60 cm is 3900 grams and the areal density at the safe distance is 6.99 x 10-2 kg/m2,

Where the test medium is dry soil (alluvium), particle size distributions of ejecta
from Reference 5-2 and 5-6 indicate that there is virtually no mass in particles larger
than 4 cm. On the other hand, it was observed in Sedan that there were many large
secondary craters but no large boulders remaining after the test. Apparently some of the
mass was excavated in large clumps which broke up on impact. A model based on this
observation considers some fraction of the mass breaks up like rock into large fragments
with the hard rock distribution. A reasonable choice of this fraction based on the Sedan
results is 10%. This assumption gives an areal density at the safe distance of 0.162 kg/m2
for 20-ton events where the maximum particle size is 28.5 cm. The values of Rg for this
areal density are listed in Table 5-1.

5.2.3 Data Correlation

It was desired to determine the safe distance as a function of burial depth and yield.
The yield scaling implies the dependence on yield and the normalized safe distance. In
Figure 5-1, Rg/V,1/3 is plotted against the normalized burial depth (ft/Kt1/3),

All of the results collapse on approximately parallel straight lines. This is a

F reasonable correlation of the data. The slope of the lines indicate the dependence of the
safe distance on burial depth.

All of the wet soil data should perhaps be shifted to the right because the critical
particle size of interest (4 cm) is less than the cut-off size used to count missiles in the e
experiments. The slope of the line would be little affected by this correction. Also, the - j'f%-"
Peacekeeper crater would be a dry soil crater; therefore, absolute values of the rock and .
wet soil results are secondary.
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5.2.8 Peacekeeper Application

Figure 5-1 can be used to predict the safe distance for the explosion of a

Peacekeeper in a Minuteman silo given the burial depth and volume of the expected
crater. The depth to the center of gravity of the Peacekeeper propellant is assumed to be

the value (44 feet) used in the DNA calculations reported in Reference 5-10. The crater
volume was calculated using Figure 4 of Reference 5-5. This gives V = 150 m3/ton for an
HE explosion in dry alluvium with a burial depth of HOB/Val/ 3 - -0.55. Then for 101 tons,
Va = 5.35 x 105 £t3, v 1/3 = 81.2 ft, and HOB/V, 1/3 = -0.542.

The quantity HOB/Kt!/3 is 94.5. Then from Figure 5-1, the predicted safe distance
is approximately 1600 feet.

5.3 Test Predictions

In Section 5-2 the discussion was directed toward application of available empirical
data to the question of a safe distance for large earth clumps for a full-scale silo
explosion. For the purpose of establishing test predictions of the soil ejecta density
variations with range for QDT-3, an independent approach involving direct calculations of
small fragment trajectories was developed.

Particle size distributions and mass fraction were defined by the upper bound of the
backfill gradation specifications described in Section 3-6. Ejecta diameters ranged from
0.5 to 3.0 inches and launch velocities covered a spectrum of 80 to 230 ft/sec over the
region of interest as observed from results of the CSQ computations discussed in Section
4.4.2. Launch angles in all cases were taken as 45 degrees.

The velocity and angle assumptions appear reasonable when compared with the scaled
data for the Stagecoach III and Scooter data shown in Figure 5-2. The Stagecoach event
consisted of detonation of a 20-ton TNT charge at a depth of 34 feet, and for the Scooter
event a 500-ton TNT charge was exploded at a depth of 125 feet. Both events were in

alluvium and fully tamped. The respective scaled depths of burst were 1.00 ft/1b1/3 for

Stagecoach and 1.25 ft/Ib1/3 for Scooter, relatively comparable to the value of 0.90
ft/Ibl/3 for QDT-3.

The shape for each particle was assumed spherical and trajectory calculations were
performed with the FETCH code to determine fragment density distributions as a function
of range. A plot of the analytical results is shown in Figure 5-3. It is estimated that a
density of one fragment per 600 square feet would occur at a range of 390 feet.
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I ﬂ Table 5-2. Areal Density Functions for Danny Boy
= and Dry Soil Events
Event Areal Density Function
. L} Danny Boy G(Rg/mz) = 2.69 x 1018 R(m)‘8'55
R Stage Coach II 6(kg/m2) = 1.95 x 105 R(m)-2.46
Stage Coach 1Nl 6(kg/m2) = 7.32 x 107 R(m)-3-39
| . Air Vent I 6(Ib/ft2) = 2.37 x 106 R(ft)-2.61
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Figure 5-1. Scaled Range to 1 Particle per 600 Square Feet
Versus Scaled Depth of Burst
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