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FOREWORD

. This report contains the proceedings of the DICE THROW Symposium held 21-23
June 1977 at the Ballistic "esearch Laboratory (BRL), Aberdeen Yroving Ground, Mary-
land. The report is divide  /nto four volumes. Volumes 1 through 3 contain the unclassi-
fied prescntations arrd \ olume 4 contains the classified presentations. .

The DICE THROW Event, which was conducted ncar the Giant Patrict site on
the White Sands Missile Range (WSMR), 6 October 1976, was the final test of tt2 DICE
THKOW Program. The charge for this test was composed of approximately 628 tons
(570 metric tons) of ammonium nitrate fucl oil (ANFO). The charge corfiguration was a
right-circular-cylinder base tangent to the surface with a hemispherical tnp, the same
configuration as the second event in the Pre-DICE THROW I Series. The r.rimary abjec-
tives of this test were to provide a simulated nuclear blast ard saock environment for
tange! response experiments that are vitally needed by the military service: and defense
agencies cuncemed with nuclear weapons efiects, and to confitim emipinical peedictions
and theoretical calculations for shock response of military structures, cquipment, and
weapon systems. |

A complemeznt of 33 experimentais and supporti 2gencies (including foreign
governments) participated in Event DICE THROW. For details p rtaining to the as-built
experinent configurations, site and charge descriptions, and fielding requirements in
support of this program, refer to the DICE THROW Test Execution Report, POR 6965.
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BLAST EFFECTS ON THE CREWS OF
U. S. ARMY TACTICAL EQUIPMENT

FOREWORD

This report presents information obtained by the
Lovelace Biomedical and Environmental Research Institute,
Inc. in support of U. 8. Army projects on Event Dice Throw.
Anthropomorphic dummies were placed within U. S. Army equip-
ment ltems in order to evaluate the blast effects on crew

personnel.

The Dice Throw Event was a 600-Ton (ANFO) charge de-
tonated on the surface, October 1976, at White Sands Mis-
sile Range, Giant Patriot Site.

Funding was provided to Lovelace by the U. S. Army
Ballistic Research Laboratories through an interagency
agreement with the U. S. Energy «esearch and Development
Administration, Albuvquergue Operations Office.

The underground comrand post included in the field
test was a coordinated effort. The structure was prefab-
ricated at the Lovelace Fcundation and funded by the Defense
Nuclear Agency, Contract No. DNA 001-75-C-0237.
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INTRODUCTION

The Lovelace Foundation provided support to four
Army projects on the Dice Throw Event. The support in-
cluded providing dummies that were instrumented with peak-
€ reading gages, placing the dummies inside on, or near the
various equipmentc items, and, from the results, predicting
what the blast effects might be on the crew personnel asso-
ciated with these equipment items. The projects were: (1)
U. S. Army Weapon Systems, (2) Command Contrcl and Communi-
cation Shelter Systems (Electronic Equipment Shelters).
{3) a foreign Vehicle, and (4) a Drcne Helicopter.

In evaluating the blast effects on the crew person-
nel, information obtained from other projects was utilized,
i.e., motion-picture films of the dummy motions, electronic
accelerometer measurements from inside the dummies, and
pressure-time measurements.

PRGCEDURES
Dummies

A total of 37 anthropomorphic dummies were used nn
the test. Each weighed 185 1b and was 5 ft 8 in. tall. Six
of the dummies, numbered 1 through 6, were manufactured by
Alderson and were of a 1960 vintage. All the other dummies
were fabricated at the Lovelzce Foundation and were roughly
equivalent to the Alderson dunmies in the degree of sophis-
tication.

All the dummies contained a skeletal-like structure
of steel around which expandable polyurethane foar plastic
was cast. There were joints at the neck, shoulder, elbuws,
wrists, hips, knees, and ankles. The Lovelace dummies did
not have ankle joints. The dummy joints were adjustaople;
e.g., the standing dummies would have the hip and the kiace
Jjoints tightened more than the dummies that were in a sezted
position.

Each dummy contained a chest cavity in which accel-
erometers, electronic and/or passive, could be installed.
All the dummies wore G.I. fatigue uniforms and G.I boots.
¥hite motorcycle helmets were worn by most of the dummies
to simulate those worn by crew members inside vehicles and
to provide corntrast in the camera viewing field. The few
exceptions will be mentioned later.

-9-
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Impact-O-Graphéa

Omni-g, all-directional g-indicators (Impact-0-
GraphO Corporation) were placed on a shelf inside the chest
cavity of each dummy. &ach gage contained twvo sets of
spring-loaded, steel balls that were held in a recess in
the side of a transparent housing formed from impact-resist-
ant plastic. The steel balls would unload if impact or
shocs forces from any angle ~xceeded their rated values.

T ATET s gV

These gages measured peak g only, and according to
the manufacturer, they have a freguency response that is
virtually flat from zero to 60 Hz. The omni-g Impact-O-

. _ graph® must receive a pulse of at least the instrument's
4 rated g for at least 8.4-msec duration to unload the steel
balls.

O JTEWN, AW 4T WA T T

In the laboratory, calibratiun curves were compiled
: relating the impact velocity of dummies free falling flat
3 onte a concrete slab to the g level at which the Impact-O-
Graphse'located in the chest cavity would unload, Figure
A-1, Appendix A. Each dummy contained four gages that
spanned the ranges of impact velocities required for no in-
jury up to a high probability of injury for whole-body im-
pact, Table A-1, Appendix A. Illigker impact velocities were
required to unload an Impact-O-Graph® of a given rating in-
side the Alderson dummies than inside the lLovelace dummies.
The Lovelace ones were constructed of a softer and thicker
foam plastic.

Figure A-2 and Table A-2 of Appendix A present
blast displacement rriteria (Reference 1). One criterion
was based on laboratory experiments wherein sheep were
dropped in different impact orientations onto a concrete
slab. “he other critexrion, for tumbling impacts, was ob-
tained by blast displacing sheep out of the end of a 6-ft-
diameter shocktube over flat ground.

Motion-Picture Cameras

All the dummies were viewed with 1l6mm-motion--picture
camerzs during the blast. Moticn-picture cameras viewed
the equipment items from both the inside and outside. The
motion-picture cameras were the responsibility of the Denver
Research Institute project.

-3-
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Film Analysis

The fims taker of the dummies during the blast wave
were projected onto a small screen and their displacements
recorded firame--by-frame. Usually, the head was used as a
reference point. Velocities toward ground zero were laheled
rositive and those awzy from ground 2zero labeled regative.
Charts giving displacement vs time were prepared for each
Tilin. The peak velocity and distance of travel were indi-
cated on each chart.

Electronic Accelerometers

Tri-axial accelerometers (Columbia Model 512) were
placed in nine of the dunmles iocated within the Army Weap-
on Systems. Accelerometer mcunts were cemented to the back
uwpper center of the thorax cavity. Signals from the gages
were hard wired back to a tunuker at the 1370-ft range. The
records provide acceleration vs time on three axes (x, y.
and z). Because of the way the gage was mounted to the back
of the thorax, the directions of the x, y, and 2 axes differad
from those normally used in human and dummy nomenclature.
Instead it was the following: x axis was up (-) and -down
(+); z axis was front (+) and back (-); and y was thce lateral
axis. Movement to the left would generatc a (+) signal and
movement to the right a (-) signal.

Dummies numbered %, 4, 5, 7 thrcugh 10, 44, and 45
cuntained electronic accelerometers inside their chest cavi-
ties.

Acceleration measurenents were the responsibility
of the Nuclear Weapons Effect Branch at White Sauads Missile
Range (WSMR).

Accelerometers were also placed at selected locations
on the weapon systems by the WSMR group.

Pressure-Time Measurements

Pressure transducers were placed on the surface ad-
jacent to most of the Army equipment items. The Nuclear
Weapons Effects Branch undertook the P-T measurements in
connection with the U. S. Army Weapon Systems, and the Bal-
listics Research Laboratories (BRL) undertook the measurements

ik hind
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ia ccnnection with the Electronic Equipment Snelters, Blast
Line 2; Foreign Vehicle, Blast Line 2; and Drone Helicopter,
Blast Line 1.

Because the free-field airblast measuremeits were
limited within the U. S. Army Weapon Systemrs layout, those
measurements taken in the open along Blast Line 3 by BRL
(Reference 2) were applied to and considered to be the blast
levels received at the various stations. Blast Line 3 was
located along the south edge of the weapon systems layout.

U. S. Army Weapon Systems

A layout drawing for the U. S. Army Weapon Systems
appears in Figure B-1, Appendix B, giving the station num-
bers, dummy numbers, camera iocations, along with the ranges
and corresponding measured overpressures. The precise bear-
ings of these items on the test bed are listed in Table B-1
in Appendix B.

Station 1 -~ M60 Main Battle Tank

There were three dummies seated inside the
M60 at the 580-ft range: one each in the driver's (no. 1),
gunner's (2), and commander's (11) position, Figures B-2
through B-4, Appendix B. In addition, a prone dummy (35)
was positioned head-on to the blast adjacent to the M60 at
Station 1. Dummy No. 2 was equipped with an electronic ac-
celerometer inside its chest cavity.

Station 2 - M551 Sheridan

There were two dummies seated inside the
M551 at the 820-ft range: one in the gunner's (3) and one
in the commander's (4) position. In addition, there were
two dummies positioned outside the M551: one dummy (36) was
standing facing ground zero 7.5 ft from the left side of the
vehicle and one dummy (37) was standing 4 ft to the rear of
the vehicle, Figure B-5, Appendix B. Dummy No. 4 contained
an electronic accelerometer inside its chest cavity.

Station 3 - M109 Self-Propelled Howitzer

There were two dummies inside the M109 at
the 740-ft range. One dummy was standing in a gunner's (7)
position and the other was standing in back of the gunner
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as a secction chief (5}, Tigure B-6, Appendix B. Each dummy
contalned an electronic accelerometer incide its chest cavi-
ty. In addition, a dummy (40)was positioned standing 7.5

ft to the rear ¢f the M109, Figure E-7, Appendix B.

Station 4 - Undergrourd Command Post

‘There were three dummies inside the Under-
ground Command Post at the 740-ft range. One dumny (14) was
S ft inside and in line with the entryway. The Gther two
dummies (13 and 12) were 5 and 10 ft, respectively, from
the upstream wall and to the left of Dumn' No. 14. Figure
B-8, Appendix B. The personnel chamber was 14 x 14 x 6.5
xt. The roof of the shelter was approximately 2 fi beneath
ground level with a 2-ft earth mourd. The entryway and
entryway tunnel were 2 x 4 ft ir cross section. The verti-
cal portion of the entryway was 8.5 ft deep followed by the
entryway tunnel that was approximately 10 ft long. The
shelter was tested open. A diagram of the Underground Com-
mand Post is shown in Figure B-9, Appendix B.

Station 5 - M551 Sheridan 90°

There were two dummies inside the MH51
Sheridan that was left-side-on at the 820-ft range One
dummy (5) was located ia the gunner's seat the the other
dummy (6) was in the loader's position. Dummy No. 5 con-
tained an electronic accelerometer inside its chest cavity.

Station 6 - M377 Communications Van

There were two Jlummies seated inside the
M577 communications van which was right-side-on to the blast
at the 965-ft range. One dummy was in the driver's (9) and
one was in the commander's (10) pesition. The latter was
facing the rear of the vehicle. Both dummies contained
electronic accelerometers inside theixr chest cavities.

Station 7 - M110 Self-Propelled Hu itzer

There were three dummies positioned on the
M110 at the 965-ftv range. Oie was scated in the gunner's
(44) seat and one was in the assistant gunner's (45) position.
The third dwmmy (38) was standing at the right-rear portion
of the vehicle facing ground zero. 1t was held erect by
leaning slightly against the folded sest, Figure B-10, Appen-
dix B. Dummy Nos. 44 and 45 contained electronir: accelerom-
eters inside their chest cavities.

-6-
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Stetion 8 - CLGP Laser-Guided Projectile
A dummy (15) was standing 7.5 ft from the
CLGP facing ground zero at the 1050-ft range, Figure B-11,
Apperidix B.
Station 9 - XM204 Towed Howitzer

A dummy (16) was standing 3.5 ft from the
XM204 at the 1112-ft range, Figure B-1Z, Appendix B.

LA . sl

Station 10 - Forward Observer

L
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A prone dummy (17) was head-on to the blast
- in the forwa:d observer's position at the 1370--ft range,
; Figure B-13, Appendix B.

Station 12 - M577 Deployed

There were two dummies positioned beneath
the deployed M577 at the 1370-ft range. One dummy (18)
was standing face-oin to the blast and the other dummy (19)
was scated at a table right-side-on to the blast. As seen
in Figure B-13, Appendix B, a portion of the canopy was left
open.

Station 14 - XM198 Towed Howitzer

One dummy (41) was positioned standing in
front of the XM198 at the 2400-ft range, Figure B-14, Appen-
dix B.

All the vehicles were completely closed dur-
ing the test, except the deployed M577 at Station 12. None
of the dummies inside the vehicles wore seat belts and were
not restrained in any way. The seated ones could be rocked
from side-to-side with a minimum of force. Likewise, the
standing ones could easily be pushed over. This demonstra-
ted the fact that they could be expected to topple over with
minimal vehicle movement.

The dummies which were standing in the open
were held erect by leaning them against an inverted U-shaped
pipe structure (goal post). During the blast, their arms
were down at their sides and not in front of the goal post
as shown in the preshot photographs that were taken a few
days before shot time.
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Electronic Equipment Shelters

Figure C-1, Appendix C, gives the layout of those
shelters that contained dummies. The shelters were all
truck-mounted and left-side-~on to ground zero. Each shelter
contained two dummies, one standing and one sitting. All
the dummies were equipped with Impact-O-Graph® gages but not
with helmets. The shelters were closed during the blast.
The cameras that viewed the dummies were mounted on the rear
wall adjacent to the door. The dimensions of the S280
shelters were 7.2 x 12 x 7 ft.

Shelter R1/C10

The 5250 retrofit shelter at the 1120-1ft
range did not contain electronic equipment. Dummy No. 28
was standing facing ground zero with its right arm extended
against the upstream wall for support. Dummy No. 27 was
seated facing ground zero, Figure C-2, Appendix C.

Shelter 04/C16

The S280 shelter was at the 1370-ft range
and contained electronic equipment on racks across the
front wall. Dummy No. 28 was standing left side toward
ground zero with its right arm extended against the elec-
tronic equipment. Dummy No. 29 was seated and faced ground
Zero.

Shelter 07/C26

This S280 shelter was at the 2000-ft range
with electronic equipment in racks along the front wall.
Dummy No. 31 was standing left side toward ground zero with
its right arm extended against the electronic equipment.
Dummy No. 30 was seated and faced ground zero.

Foreign Tactical Vehicle

Figure D-1, Appendix D, gives a layout drawing show-
ing the one foreign vehicle, a Dutch Armored Infantry Fight-
ing Vehicle, on the test bed. DNummies were placed in the
driver's (34), commander's (33, and passenger's (32) seats.
The commander's hatch was left open for the test with the
commander's head extending above the hatch opening, see Fig-
ures D-2 and D-3 of Appendix V. The two firing ports on the
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rignt side of the vehirle were open during the blast. All
three of c¢he dummies were secured in their seats with lap
seat belts. The dummles contained Impact—O—GrapH® gages
only. Dumry Mc. 32, seated toc the right rear side cf the
vehicle, was viewed with a camera mounted near the left wall.
The commandar was viewed by a camera outside the venicle.

Drone Helicopter

he test array for the dummy (39) in the UHi Drone
Helicopter appears in Figure E-1, Appendix E. The helicopter
wvas left-side-on tc the blast at the 2750--ft range. The
dunny was seased on the 1left side ¢f the aircraft in the
pilot’s poslvion and was secured in its seat with the air-
craft's restrainiuag harness. The dummy wore a helicopter
pilot's helmet with the visor down, Figucre E-Z, Appendix E.
To ensurce trat the dumny's 1imbs wouid not interfere with
the controls of the aircraft Jduring its interaction with
the blast wave, the arms were placed under the harness strups
and the feet wer: secur:d with nylon 1lines tv the seat. The
motion-picture camera viewed the dummr from the rea: of tie
cabin. ir addition tu four Impact-C-Graphs®, the chest co-
vity coatained a pressure-time gage.

R%SULTS
U. 5. Army Weapon Systems

Tahie B-? lists the pre- and postshot positions of
dummies, damage t¢ the dummies themselves as well as to
their clothing and the Impact-O-Graphs® ihat were unloaded.
Included in the table are summaries orf the dumm motions
obtained from the motion-picture analysis. The detatled
displacemerc vg. time curves from the film analysis uappear
in Figures B-15 torcugh B-26 in Appendix B. In gereral, the
blas‘'~displacement effects exhibitid by the dummies that
were inside the weapon sys*ems were minimal, and most of ihe
dumries were ioind in their eaact preshot posit.on without
aamage to theuselves nr their clcthing. The lack of blast-
displacement effects on the dummies was substantiated by the
Impact-0-Craphs® not unloading and the very low velorities
attained by the dummies as determined from the film analysis.
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Stavion 1 - MG6O Ma'n Battle Tank

punmy No. 1, in the driver's seat of the
M60 tank, was moved 3 inckes in its seat to the 1lr 7% trom
its original position, and there was a small tear .bove the
right knee o' its trouscrs which was probably caused by the
periscope assemhly that was blown in by the blast and was
found postshot purtially on the dummy's arm, Figure B-47,
Appendix B. Lummy Nc. 2, in the gunner's seat, and No. 11,
in the commander's s@at, were in their exact preshot loca-
tions. None cf the Impact-O-Graphs® were unloaded ir these
three dumries.

That the 10-g Impact-O-Graph® wus not dis-
lodyed in the cammy (11) in the commander's position was
remarkable rnd indicated less than A 10 g accei 'ration and
probatly a0 impacts.

Dummy No. 35 that was prone on the ground
outside the M306 tank was displaced 87 ft downstream. Film
records were not obtained at station 1. Both the 10-g and
40-g Irpact-0O-Graphs® were unloaded.

Statvion 2 - M551 Sheridan

Dummy No. 3 in the gunner's seat shifted a
little back and right in its seat from its preshot location
and wus leaping slightly forward. The film record showed
chat its head moved forward at 5§ ft/sec for 1 inch before
being obscured by the dust. The results of other film anal-
'3is shcwed the dummies reached their peak velocities with-
in the first few inches of travel so that 5 ft/sec was prob-
ably the peak velocity for that dummy.

The dummy in the commander's {(4) seat was
undamaged and was in its exact preshot position. The film
analysis showed that its head moved fo.ward at 2 ft/sec for
1 inch before being obscured by dust. The Impact-0-Graphs®
were not unloaded irn either of the dummies.

OQutside the Sheriden Tank, Dunny No. 36,
that was staunding to the left of the vehicle, was displaced
about 38 ft downstream by the blast, and the film record
showed that it reacined a peak velocity of 37 ft/sec, Figure
B-28, Appendix B. There was no damage to the dummy or its
clothing. The 10-g Impact-O-Graph® was unloaded.

-10-
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_ In contrast, Dummy No. 37 that was standing

i 4 ft to the rear of the vebicle was displaced only 6 ft,

: Figure B-28. Appendix B. Moust of this distance cculd be at-
L tcributed to just falling over. The camera view of Dummy 37

i #1S obscurcd by dust. The 10-g Impect-O-Graph® was unloaded.

: Station 3 - M109 Self-Praopelled Howitzer

Neither Dummy No. 7 that was standing in the

i gunner's position nor Dummy No. § that was standing in back
ot the gunner was damaged by the blast. Postshot, Dummy No.
# was found tilted back against the reax wall and the gunner
(7) was leaning against him and the loading ram, Figure E-29
of Appendix B. According to the film record. the heads of
both dummies movea initially toward ground zero at 3 ft/sec
for just 2 inches and then moved toward the rear of the ve-
hicle without sustaining ary inpacts in the farward direction.

Dummy No. 40 that was standing 7.5 ft to the
rear of the M109 was moved only 5 ft downstream by the blast.
The 10-g Impact-O-Graph® was unloaded. There was nc damage
to the dummy or its clothing. The camera view of this dum-
my was obscured by dust.

Station 4 - Underground Command Post

Only one dummy (14) was disvlaced by the
blast wave entering the Underground Command Post. The dum-
my, initially standing 5 ft inside the door, was found on
its back against th: rear wall, Figure B-30, Appendix B.
This dummy sustained a 2-inch-long laceration beneath its
chin. The motion-picture films showed that this dummy
rcached 2 velocity of 18 ft/sec and impacted the rear wall
after its center of mass had nioved about 6 ft backwards.

The other two dummies inside the Underground
Commana Post were not damaged by the entering blast wave.
No. 13, standing 5 ft inside the door to the left, simply
fell forward. The camera view was obscured by dust in that
area of the shelter so the veason for Dummy No. 13 falling
over could not be determined. Its head was not damaged be-
cause the top center was metal to receive an eye bolt and
was the point of contact with the wall, Figure B-31, Appendix
B.

Figure B-30, Appendix B, shows Dummy No. 12
remained standing.

-11-

AR A sane Adad ladae s

- = e X E N e emalil 54 P o L -
O e e e ke aia - haka e in etemmal Lt Aabada kAl kb ad AA Ml caantitiin s oK A

P S TP P i .



PEEY TR

foadlhob g

wre

Lo 2 ek o

aadic e AbM AR < mciey nest

Station 5 - M551 Sheridan

Inside the M551 that was left-side-on to
the blast, Dummy No. 5 in the gunner's seat moved about 6
inches to the right in its seat and slid forward about 3
inches. The film record showed the dummies head moved
initially to the left, toward ground zero, at 2 ft/sec for
s inches and then to the right at 2 {t/sec for 3 inches with
no evidence of impacts. Dummy No. 6, in the loader’s seat,
was found postishot leaning over in its secat against the
commander's step, Figure B-32, Appendix B. Some moveinent
was observed on the motion-picture films, but there were
no good reference points from which to cbtain displacement
data. No impacts were observed. Dummy Nos. 5 and 6 were
not damaged, their clothing was intact, and the Impact-0O-
Graphs® were not dislodged.

Station 6 - MH77 Communicatioas Van

Dummy No. 9 in the driver's seut remained
in its preshot position. It was not damaged, nor were any
of the Impact-O-Graphs® dislodged. The filimn record did not
show movement of this dummy for 25 msec before it was ob-
scured by dust. However, any moverent would have begun
within this time period. Dummy No. 10 in the comniander's
seat was not damaged and was found lcaning over to the right
in its seat. Film analysis showed that its head moved tc
the left toward ground zero at 3 ft/sec for a distance of 5
inches and then moved to Lhe right at 5 ft/sec for 20 inches
as it leaned over in its seat. There were no impacts.

Station 7 - M110 Self-Propelled Howitzer

Therzs was no damage to Dummy No. 44 in the
gunner’s seat oun the upstream side of the M110. This dum-
my remained in its preshot position and the film record
showed that it moved to the right at 8 ft/sec for 11 inches
before being obscured by dust. The assistant gunner, 45,
on the right side of the wecapon, also remained undamaged in
its preshot location. No movement was detected in the films
for 43 msec when the camera's view was obscured by dust.
Again, if movement did occur, it should have started duriag
this relatively long time period. Dummy No. 38 that was
standing on the rear porti n of the M110 was blown from the
vehicle for a distance of about 3 ft. The 10-g Impact-O-
Graph®was dislodged and the dumm: sustained damage to the
soft portion of both hands, alopg with small laceratioans on
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the rignt shoulder und left elbow. According to the film
record analysis, this dummy attained a velocity of 15 ft/sec
snd moved 10 inches before dust obscured the camera's view,

Station 8 - Laser-Guided Projectile

The dummy (15) that was starnding adjacent
to the Laser-Guided Projectile was displaced 11.5 ft by the
blast, Figure R-33, Appendix B. The film record analysis
showed that its center of mass reached a peak velocity of
7 ft/sec. The dummy was not damaged and the 10-g Imnact-
O-GraphkV was unloaded.

Station 9 - XM204 Towed Howitzer

The dumnmy (16) at this station was not dam-
aged efter being displaced 10 ft by the blast, and accordin,
to the film record, it attained a peak velccity of 14 ft/sec,
Figure B-34, Appendix B.

Stationx 10 - Forward Observer

Dummiy No. 17 that was prone, face-on to
ground zero at this station was not moved by the blast and
remained in its exact preshot locatiun, Figure B-35, Appen-
dix B. There was no damage tothe dummy or to its clothing
and the Impact-O-Graph® was intact.

Station 12 - M577 Deployed

The dummy (18) that was standing beneath
the canopy was displaced 6 ft downstiream. In contrast to
the other ones standing in the open, it was found face down.
The seated one was displaced about 4 ft, Figure B-35, Appen-
dix B. The 10-g Impact-O-Graphs® were unloaded in both dum-
mies. Film recnrds were ~%tuined, but, hecause the camera
positions were upstream and downstream of the station, dis-
placement time was not obtained.

The canuopy was first shredded by the blast
and then the frame of tubing narrowly missed the dummies as
it rotated about 180 degrees to the downstream side of the
vehicle.

Station 14 - XM198 Towed Howitzer

Dummy No. 41 that was standing in front of
the howitzer facing ground zero was displaced 5 ft 1 inch
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downstream. The displacement distances were measured from
the goal post to the belt buckle of the dummy. Consequently,
most of this distance resulted from merely falling over back-«»
wards. The dummy's initial velocity was 1-2 ft/sec; and, f
as the film record showed, in simply falling over backwards

in a rigid posture, its center of mass impacted the ground

at 13 ft/sec and its head at 21 ft/sec. The 10-g Impact-0,-
Graph® was dislouged. !

Electronic Acceleration Records

Acceleration records from the electronic gages in-
side the dummies are illustrated in Figures B-36 through
B-53, Appendix B. Two sets of records for each gage are
included: one nonfiltered and one filtered wherein the sig-
nal from the gage was fed through a 200-Hz filter at the time
of the recording. The peak-g values for all of the records
were read by the Nuclear Effects Group at White Sands Missile
Range. The peak-g values are indicated on the illustrated
records. Calibration bands were placed on the left side of
each record and the time to detonation zero (det. zero) was
indicated. The curved line drawn through the initial portion
of the nonfiltered records was used in obtaining preliminary
peak-g values and does not represent the final. These curved
lines do not represent the final peak-g readings and should
be ignored.

There was considerable noise evident in all the rec-
ords whichusually showed the same waveshape on all three
axes of a particular gage. The extensive amount of noise on
the record made it difficult to distinguish the true shape
of the acceleration signal. The duration of the accelera-
tions appears to be on the order oi 30 to 40 msec.

The peak-g measurements are summarized in Table B-3,
Appendix B. The highest g values were measured in the gunner
(44) and assistant gunner (45) on the M110 at Station 7.

Less than 10 g was measured inside four of the dummies: No. 2
in the gunner's seat of the M60, No. 4 in the commander's
seat of the M551 (Station 2), and Nos. 6 and 10 in the
driver's and commander's positions inside the M577 (Station

6).

-14-
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Pressure Time Measured Inside Vehicles

There were three successful pressure-time measure-
ments taken inside the vehicles by the WSMR Nuclear Effects
Group. These waveforms appear in Appendix B, Figure B-54.
Inside the M60 Tank a peak pressure of 19 psi was measured
by the gage located on the rear wall. The time-to-peak
pressure was on the order of 15 msec and the pressure dura
tion was near 220 msec. The outside pressure was 43 psi &.
the 580-ft range.

Inside the M109 the gage on the left wall recorded
2.5-psi peak pressure, a time-to-peak of 15 msec, and a
total pressure duration on the order of 190 msec. The out-
side pressure at the 740-ft range was 21 psi.

Inside tne M577, Station 6, that was at the 965-ft
range, a peak pressure of 2.6 psi with a time-to~peak of
20 msec was recorded inside the vehicle on the upstream
wall. The outside pressure was 9.2 psi.

Electronic Equipment Shelters

All three of the vehicles with electronic equipment
shelters containing dummies were in an upright position
postshot. The four dummies inside the two forward shelters
at the 1120- and 1370-ft ranges had been cdisplaced as a
consequence of the blast. In the shelter at the 2000-ft
range, dummy displacements appeared minimal. Table C-1,
Appendix C, summarizes the effects on dummies in the elec-
tronic equipment shelters and the results of the motion-
picture film analysis. Figures C-3 through C-8 give the dis-
placement vs time curves obtained from the film analysis
for each dummy.

Shelter R1/C10

In the retrofit shelter, the dummy (26) that
was initially standing was lying flat on its back on the
floor of the shelter with its feet toward ground =zero.

There was no damage eitherto the dummy or to its clothing.

The 10-g Impact-0-Graphs® were unloaded. The film analysis
showed that this dummy moved forward and its head impacted

the upstream wall at 14 ft/sec, then it moved backward and

impacted the downstream wall at 12 ft/sec.
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Dummy No. £7 was found seated in its chair
which was leaning back against a shelf on the downstream
wall. This dummy sustained a deep laceration across its
forehead and a smaller lacerat&Pn across the bridge of its
nose. The 10-g Impact-0-Graph® was unloaded. The film
record showed that the dummy's head impacted the shelf in
front of him at 11 ft/sec--which no doutt produced the la-
ceration across its forehead. Then, the subject moved back
into the chair and again moved forward striking the shelf
at 8 ft/sec.

Shelter 04/C16

Inside ths S280 shelter at the 1370-ft range,

Dummy No. 28 initially standing left side toward ground zero
; was found sitting on the floor witu its head leaning against
= a shelf on the downstream wall, Figure C-9, Appendix C.
i This dummy sustained several slight lacerations to the back
of its head and right shoulder. Both 10-g Impact-O-Graphs®
were unloaded. The motion pictures showed this subject
moved to its left toward ground zero at 10 ft/sec for 6 in.
before dust obscured the camera's view. The dummy then must
have rotated 90 degrees to its left and fallen backwards
against the downstream wall. As it slid down the wall, bits
of expanded plastic from the head became embedded in some
wire connectors. The connectors can be seen in Figure C-9,
Appendix C, just above the durmy's head.

Dummy No. 29, initially seated facing the
blast, was found lying back-down on th~o floor in the col-
lapsed chair with its feet tcward ground zero. The film
showed that the dummy was struck by a large metal antenna
traveling at 38 ft/sec resulting in a V-shaped laceration
on the left side of its face, Figure C-10, Appendix C.
Postshot the antenna was found partially dislodged from its
mountings on the upstream wall of the shelter as seen in
the upper left of Figure C-9, Appendix C. The 10-g Impact-
0-Graph® was unloaded. According to the motion-picture
the dummy's head moved forward at 5 ft/sec and moved 2
inches before dust obscured the camera's view.

Shelter 07/C26

Inside the S280 shelter at the 2000-ft range.
there was no damage to either of the dummies or to their
clothing and no Impact—O—Graphs® were unloaded. Dummy No.
30 remaized in its seat. The legs of the chair were within
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0.75 inch of their original positinon. The film record
showed that the head of this dummy moved forward 5 inches
(toward ground zero) at 4 ft/sec, then 20 inches backward
at 4 ft/sec, and then returned to within 0.5 inch of its
original position. There were no impacts.

Dummy No. 31 was still standing postshot
and was leaning forward against the instrumen* panel. Its
feet were located 4 inches from their original position as
indicated by an outline of its boots traced on the floor
preshnt.

Results of the film analyses were that its
head moved tc the left (toward ground zero) at 6 ft/sec
for 9 inches, then to the right at 7 ft/sec for 19 inches,
and then settled at 10 inches to the right of its original
position. There were no impacts.

Figure C-11, Appendix C, gives a postshot
view of Dummy Nos. 30 and 31. This photograph could serve
as a preshot view of these dummies as well as those in the
N4/C16 shelter.

Foreign Vehicles
Table D-1, Appendix D, lists the preshct and post-

shot nositions of the dummies, the condition of the dummies,
and the results of the Impact-O-Graph® gages. Included in

the table are the dummy motions taken from the motion-pictures.

Figures D-4 and D-5 give the displacement-time curves of
Dummy Nos. 32 and 33 ob*tained from the film analysis. In-
cluded in the figures were the peak veiocities and distances
traveled.

The commander dummy (43) was shifted 2 inches over
the left edge in its seat and the upper part of its tody
was tilted slightly toward ground zero. Its shirt was tcran
at the right pocket and along the front buttons. Both 10-g
Impact-0-Graphs® were unloaded. Remnants of some cjecta
were present on the hatch adjacent to the commander. The
ejecta narrowly missed the command < head at impact.

The film record taken by the camera sutside the
vehicle revealed that the commander dummy's head first
moved toward ground zero at 13 ft/sec and stopped after
3 inches of travel. The movement stopped presumably from
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some other portion of the bedy impacting the upstream part
of the vehicle.

LAl ok B

The dummy (32) seated inside the troop compartment
was found in its preshot position undamaged. No Impact-O-
Graphs were unloaded. The film record taken by the camera
ins“de the troop compartment recorded the dummy's head moved
to the right at 5 ft/sec and impacted after 2 inches of
truvel, then the head moved to the left at 3 ft/sec for 8
inches (rno impact), and then to the right at 6 ft/sec with
impact 2 inches to the right of the original position.

b ol el

As seen in Table D-1, Appendix D, the dummy (34)
on the driver's seat was not damaged and was found in its
original preshot position. One set of balls in the 10-g
Impact-C-Graph® was unloaded. The subject was not viewed
with a motion-picture camera.

Postshot photographs were not available to this
project.

A T T L T . 7 R (TR A T b T T TR AR T AT TR S -

Drone Helicopter

M ARl

The helicopter remained flying duriag and after the
blast. Dummy Nn. 39 inside the helicopter remained seated
i with the harness restraint system intact. As seen in Table
. E-1, Appendix E, the only findings were five scratches on
the top of its helmet that were obviously caused by plexi-
glas fragments from a small window that shattered in the
ceiling of the aircraft. None of the Impact-O-Graphs® were
unloaded.

The camera film record showed little movement of
the dummy. Its head moved to the left for 2 inches at a
velocity of 4 ft/sec and returned to within 0.5 inch of
its original position going 2 ft/sec, Table E-1 and Figure
E-3, Appendix E.

R e ———
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DISCUSSION
U. S. Army Weapon Systeias
Closed Armored Vehicles
3 Blast displacements. Based on the results

of this test, it seems reasonable to predict that the crew
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personnel inside the five closed armored vehicles would not
have been injured as a consequence of blast displacements at
corresponding ranges from a 1-KT nuclear surface burst.

This applies to the M60 tank, the two Sheridan tanks, the
M109 Self-Propelled Howitzer, and the M577 Communications
Van that was at the 960-ft range.

The results obtained from the different
test methods wvere consistent with one another in indicating
that only minor displacements were encountered. The dummies
were not damaged, the Impact~-O-Graphs® were not unloaded,
and the film records showed initial movements of 5 ft/sec
or less with just a few inches of travel without impacts.
If the peak-g levels measured by the electronic accelerometers
were true, no injuries should result from accelerations of
less than 20 g because they were of very short duration--less
than 0.05 sec (References 3 and 4).

Only four ¢f the dummies inside the closed
armored vehicles had moved noticeably from their preshot
positions. The durmmy in the loader's seat in the M551 at
Station 5 and the <¢ur in the commander's seat in the M557
at Station 6 apparently just leaned over ir their seats.
Likewise, the two standing dummies in the M109 apparently
lost their footings after an initial forward movement of
Just 3 ft/sec after which they merely fell over backwards.
As already mentioned, these dummies were not restrained in
anyway so that the slightest motion of the vehicle would
be all that was necessary to topple them over. Personnel
under similar circumstances probably would not fall over.

Direct blast. The direct-overpressure
effect mechanism would not be expected to injure personnel
inside these vehicles. Peak pressures on the order of
2.5 psi that were recorded inside the M109 and inside the
M577 were well below those required for a l-percent proba-
bility of =zardrum rupture (3.4 psi). Even the 19 psi re-
corded inside the M60 tank, if true, would not be expected
to injure personnel because of the shape of the pressure-
time curve. It has been demonstrated in animal experiments,
Reference 5, that wave shapes of that character, having rise
times of 15 msec without strong shocks at the leading edge,
were far less damaging than those recorded in the open
wherein the peak pressures were at the leading edge of the
waves, i.e., in the incideunt shocks. For slow-rising blast
waves, peak pressures have to be well over 50 psi to cause
lung hemorrhages in dogs and monkeys. The one exception
is eardrum rupture wiiich is apparently a function of the

-19-
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peak pressure. However, since the crew members in the M60
would be wearing head sets this should provide protection
against eardrum rupture.

Open Armored Vehicles

In regard to the results obtained with dum-
mies on the M110, it could be expected that personnel stand-
ing on the vehicle would be swept from the vehicle by blast
waves on the order of 10 psi. That the dummies seated in
the gunner's and assistant gunner's positions remained in
place duringthe blast suggests that the vehicle itself alters
the form of the shockwave and flow at those positions thereby
reducing the likelihood of personnel being displaced. Crew
members thrown from the M110 vehicle by the blast at a veloc-
ity of 15 ft/sec would also develop a downward velocity of
approximately 22 ft/sec merely from the freefall of about 7
ft (height of vehicle about 4 ft). The probability of injury
would be influenced by the nature of the terrain. As seen
in Figure A-2, Appendix A, there would be greater than a
S50-percent probability of injury if the impact surface was
nonyielding.

The dummies that were standing and sitting
beneath the deployed canopy of the M577 at approximately 5
psi were displaced 4 and 6 ft by the blast. The calculated
peak velocities were 6 ft/sec and 12 ft/sec which could not
be expected to produce injury to personnel unless they col-
lide with rigid objects.

Personnel in the Open

Blast displacement. The peak velocities and
total distance of travel measured for the dummies that were
standing face-on in the open were in close agreement with
those predicted from the model reported in Reference 1. The
model was used to calculate the curves in Figure A-3, Appen-
dix A, relating displacement velocity for personnel in the
open at different orientations to ground range for a 1-KT
nuclear surface burst. The peak overpressures in the ranges
between 820 and 1370 ft for the 1-KT nuclear surface burst
and the 600-ton charge measured along Line 3 wer. within 1
psi of each other. Dummy No. 36, subjected to 12.7 psi,
attained a peak velocity of 34 ft/sec as measured by the
camera compared to 35 ft/sec calculated using the model.
According to Figure A-2, Appendix A, there would be a 3-
percent probability of significant injuries for tumbling
displiucements in the open terrain at that velocity.

-20-



Dummy No. 15, standing adjacent to the
Laser-Guided Projectile subjected to 8.1 psi at the 1050-
ft range, had a measured velocity of 17 ft/sec compared
to 20 ft/sec based on the model. For tumbling displace-
ments in the open, there would be less than a l-percent
probability of injury. Dummy No. 16 that was at the 1112-
ft range next to the XM204 subjected to 6.7 psi was dis-
placed about 10 ft and its measured peak velocity was 14
ft/sec compared to 16 ft/sec calculated from the model.
There would be less than a l-percent probability of injury
at this velocity.

Although there would be very little prob-
ability of injuries resulting from tumbling across level
terrain at velocities of 16-20 ft/sec, if impact against
rigid objects were to occur, there would be a high prob-
ability of significant ianjuries, Figure A-2, Appendix A.

Dummy No. 41 that was at the 2400-ft range,
subjected to about 2.4 psi (predicted), attained a velocity
of just 1-2 ft/sec and merely fell backwards. Personnel at
that range probably would not have been knocked down by the
blast.

TERTIPTY SV S A e N WTTIN IR AT W WY T R

Direct blast. As far as direct-blast ef-
( fects were concerned, Figure A-4, Appendix A, shows the
probability of the different direct-blast injuries in rela-
tion to overpressure and range for a 1-KT nuclear surface
burst. For standing or prone broadside-oriented personnel
inside the 1000-ft rnage, 10-psi level and above, lung dam-
age can be expected. The severity would range from pinhead
size petechial hemorrhages at 10 psi to over a 50-percent
incidence of serious lung hemorrhage at 27 psi (600-ft range).
Eardrum rupture would vary from a 50-percent incidence at
"3 psi (800-ft range) down to a l-percent probability at 3.4
vsi (2100-ft range). Corresponding overpressure levels and
anges for personnel prone, head-on to the blast, and against
« reflecting surface were included in Figure A-4, Appendix A.
The overpressures were calculated using equations in Reference
6 and the biological criteria were taken from Reference 7.

Personnel Behind Vehicles

The results obtained with dummies located
in the open behind the M109 at 21 psi and the M551 at 12.7
psi suggest thaet perscnnel would probably be afforded con-
siderable protection against blas. displacements when

21~
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located on the lee side of the vehicles. This location could
also be expected to afford considerable protection against
other nuclear weapon effects, including the direct-overpres-
sure effects. Because the idzal shockwave becomes altered in
defracting around the vehicle, the overpressure probably rose
in several steps to peak. Blast wave forms of this nature
have been shown to be less damaging to biological systems
than ones having an ideal wave form, Reference 8.

Underground Command Post

The results obtained with dummies inside the
Underground Command Post were used as input to a model de-~
signed to calculate blast displacement velocities of person-
nel inside open field fortifications. The model was based on
laboratory shock tube studies dealing with scaled models of
structures, inciuding the Underground Command Post, contain-
ing 1/8-scale dummy men. Predictions based on the model and
the results of the field test agreed in that blast displace-
ment occurred only in the area of the personnel chamber that
was in line with the entryway. There was little, if any,
displacement in other areas of the shelter. Dummy No. 14,
standing 5 ft inside the entryway, attained a velocity of
18 ft/sec on the present test and sustained some damage.
Corresponding velocities calculated Zrom the displacement
prediction model for personnel 5 ft inside the =ntryway for
other surface incident shock levels of equivalent yield were
as follows: 13 ft/sec at 15 psi, 9 ft/sec at 10 psi, and S
ft/sec at 5 psi. According to the model study and the re-
sults of a previous field test (Reference 9), personnel
prone, head-on and in line with the entryway would not be
displaced by blast levels of these magnitudes.

Additional information on blast displacement
inside the Underground Command Post may be found in a report
presented at this symposium by R. O. Clark et al entitled
"Blast Displacement Effects in Field Fortifications on Dice

Throw Event," Reference 10.

Electronic Equipment Shelters
Shelter R1/C10
Significant displacement of the two dummies

occurred inside the retrofit shelter at the 1120-ft range
where the measured overpressure was 6.6 psi. The seated
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duminy moved toward and struck the upstream wall at 11 ft/sec
and the standing dummy impacted the wall at 14 ft/sec. Ac-
cording to Figure A-2, Appendix A, there would be a 20- and
40-percent probability of injury from whole-body impact at
these impact velocities. The curves in Figure A-2, Appendix
A, strictly apply to a flat, hard surface. The probability
of injury would be influenced by the nature of the surface
or object struck.

The 10-g Impact-0O~Graphs® were unloaded in-
dicating an impact velocity greater than 5 ft/sec and less
than 8 ft/sec. Specifically, these calibrations apply to
dummies impacting flat against a smooth, rigid surface. In-
side the electronic equipment shelters this probably did not
occur. If just the head strikes the wall, velocities higher
than 5 to 8 ft/sec would be required to unload the 10-g rated
Impact-O-Graphs® mounted inside the chest cavities.

Shelter 04/C16

The dummies were displaced inside the S280
shelter at the 1370-ft range, where the measured peak over-
pressure was 4.7 psi. The standing dummy's initial velocity
was 10 ft/sec and the geated dummy's was 5 ft/sec. The prob-
ability of injury at these velccities would be 13 and 0.2
percent. The severe laceration on the face of Dummy No. 29
demonstrated that objects inside the shelter dislodged by
the blast can become dangerous missiles.

Shelter 07/C26

Only minor displacement effects were noted
inside the shelter at the 2000-ft range where the overpres-
sure was measured at 2.8 psi. The dummy velocities were 4
and 6 ft/sec with only 5- and 9-inch distances of travel,
respectively. There were no impacts. There wculd be a very
low probability of injury--0.02 and 0.6 percent--even if im-
pact occurred at these velocities.

Foreign Vehicle

Inside the armored infantry figuting vehicle at
the 820-ft range with measured overpressures of 12.7 psi
there was no damge to the dummies. The initial velocities
toward ground zero of the commander anrnd passenger were 13
and 5 ft/sec, respectively. As seen in Figure A-2, Appendix
A, there would be an assoclated probabi:ity of injury of 33
and 0.15 percent. As already mentioned, the curve in Figure
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A-2, Appendix A, applies to whole-body impact parallel with
a flat surface; this curve would not apply to hcad impacts
when helmets were worn,

Drone Helicopter

There would be little or no probability of injuries
to the pilot from blast-induced motions of the drone heli-

copter at the 2750-ft range with measured pressures of 2.5
psi.

The only effect on the dummy was & few scratches on
its heimet from the smal) plexiglnas window in the roof of
the aircraft that was shattered by the blast. The fragments
from the windows present a sepurate problem and depend on the
iype of plexiglas, its thickness, etc.

CONCLUSIONS

The following conclusions apply to blast waves from
explosive yields equal to orv un the order of 1-KT nuclear.
Admittedly, the conclusions arc based on a very limited
amount of data.

1. Crew members of an M60 Main Battle Tank should
not be injured by blast waves of 40 psi when
the tank is closed and oriented head-on to the
blast.

2. The crew inside a closed M103 Howitzer, oriented
head-or to the blast, should not be injured from
dispalcement at incident overpressure levels of
21 psi.

3. Crew personnel would be unharmed from the blast
displacement within closed M551 Sheridan Tanks
oriented haad-on or side-on to incident overpres-
sures of 13 psi.

4. Personnel inside an M577 Communications Van that
is closed should not be injured at incident over-
pressures as high as 9 psi.

5. At a 9-psi overpressure level, personnel standing
on an M110 Howitzer would be blowr from the
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vehicle at velocities of 15 ft/sec or more,

The probability of injury would be near 50
percent if the terrain is hard. Crew members
who are standing on the ground near the weapon
would be displaced at peak velocities of 25
ft/sec. The probability of injury would range
from less than 1 percent, if tumbling decelera-
tions occur over flat terrain, to 90 percent if
whole-body impact occurs against nonyielding
surfaces,

The crew of the XM204 Howitzer subjected to 6.7
psi would be thrown ahout 10 ft by the blast and
would attain a vel.city of 14 ft/sec. For tumb-
ling in the open on a smooth surface, there would
be an associated 0.0l-percent probability of
injury. If Impact occurs at peak velocity with
rigid obstacles, the probability of injury would
be near 40 percent.

Forward obhservers, if prone anJd orieated head-on
to the detonation, would not be translated by
overpressures of 5 psi.

Personnel seated or standing beneath the deployed
portion of the M577 Communications Van side-on to
a blast of 5 psi would be displaced 4 "o 6 ft and
would attain velocities of 6 to 12 ft/sec. There
would be less than a l~percent probability of in-
Jury unless impact occurs against rigid objects.
Movement of the canopy's frame could present a
hazard to personnel.

Crew members of the XM198 Howitzer should not be
injured by blast overpressures of 2.4 psi.

There would be a 20- to 40-percent probability
of blast displacement injuries among crew members
inside closed retrofit electronic equipment shel-
ters side~on to blast overpressures of 6.6 psi.

There would be a low provability of injury (<0-13
percent) to the crew members within electronic
equipment shrlters of the 8280 type subjected to
5-psi overpressure.
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14.

There would be less than a l-percent probability
of any significant injuries toc the occupants of
the S280 equipment shelters subjected to 3-psi
overpressure.

Inside an Armored Infantry Fighting Vehicle,
oriented 315 degrees to a blast wave of 13 psi,
the commander and crew members seated on the
upstream side would be subjected to iimpacts
with the wall at velocities of 6-13 ft/sec.

For nonhead impacts, there would be a 1-30
percent probability of injury.

The pilot would not be injured as a consequence
of blast displacements in a UH-1 Helicopter
subjected to 2.5 psi while in flight.

RECOMMENDAT IONS

10

o

In general, the cooperation ‘and coordination
among groups participating ¢n the projects was
very good, It is recommended that the coordi-
nation among groups involved in the immediate
postshot evaluation of the different facets of
the equipment be improved. This includes post-
shot still photography, assessment of vehicle
damage, operatiop of the vehicle itself, as-
sessment of the exact postshot position of the
dummies, and, especially, the control of visi-

tors.

It is recommended that the vehicles be left on
the test bed for a longer length of time, at
least through D+1.

More attention should be given to the placement
of the Golden Bear dust-retardant on the layout
before the shot. In addition to covering the
surface in the upstream direction from the tar-
gev, it should be applied on the downstream
side as well to eliminate dust entering the
cameras field of view on the negative phase.
The film records would be greatly improved if
the dust-retardant was placed on the ground
underneath the vehicles themselves. 1In addi-
tion, the vehicles should be wet down with water
inside and outside late on D-1.
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APPENDIX A

BLAST CRITERIA
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c. prone, side-on; and d. standing,
front- or back-on to the blast.
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TABLE A-1

UNLOADING IMPACT VELOCITY FOR VARIOUS
G-RATED IMPACT-0-GRAPHS
IN RELATION TO INCIDENCE OF INJURIES

Impact-O-Grapho, Impact Velocity, Incidence of
g€ ft/sec? Injuries, %P

Lovelace Dummies:

800 28 g5
(2.5%
mortality)
200 17 50
40 8 5
10 5 (o}

Alderson Dummies:

800 18 70
400 14 40
140 10 11

40 6 <1

2 Based on the results of dropping dummies onto a concrete
slab with Impact-0-Graphs® in the thorax.

b Injury based on sheep impact study.
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TABLE A-2
BLAST DISPLACEMENT CRITERIA

' % Impact Velocity, ft/sec, Maximum Velocity, ft/sec, 1
: Probahility of for Normal Incidence for Decelerative
; Serious Injury, Against a Nonyielding, Tumbling Over
! Percent Flat Surface Open Terrain
‘.
; 1 6.5 (4.5-8.2) 28.8 (12.7-37.8)
. : 2.5 7.5 (5.4-9.2) 32.9 (16.7-41.4)
5 8.4 (6.3-10.1) 36.8 (21.1-44.8)
: 50 15.4 (13.5--17.3) 66.4 (58.2-82.9)
95 28.4 (24,8-34.7) 120 (91.8-268)
y = -2.384+6.211 log x y = -6.705+6.423 log x
y is the probability of injury in probit units.
x s the velocity.
95% confidence limits for the velocities are given
‘4 zarent™ es.
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APPENDIX B

U. S. ARMY WEAPON SYSTEMS
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Figure B--27.

Postshot View, Station 1, Dummy No. 1
in Driver's Compartment, M60 Tank.
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Station 3, 1109 Sel f-Propelled
7 and 8 View Toward the

TFigure B-29. Postshot View,
Fowitzer, Dumny Nos.
Rear of the Vehicle.
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Figure B-37. Station 1, M60 Main Battle Tank. Filtered acceleration
record for Dummy No. 2 in gunner's seat.
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Figure B-41.

Station 3, M109 Self-Propelled Howitzer. Filtered acceleration
record for Dummy No. 7 standing in gunner's position.
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Station 7, M110 Self-Propelled Howitzer. Acceleration rs-ord
for Dummy No. 45 in assistant gunner's seat, right side.
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TABLE B-1

REFERENCE POINT LOCATIONS—U. S. ARNY WEAPON SYSTEMS

T T P [y r— Ty s g -

Station Ground Raage,
No. Item Azimuth ft
1 M60 580.00
; Mzin Battle Tank 66%31°' 00"
: Camera 1 50°31° 38" 740.00
2 M551 Sheridan 55°06'11" 820.00
Camera 3 58°16'45" 820.00
K 8109 Self- 69°52' 18" 740.00
Propelled
F Howitzer
3 Camera 5 66°07°' 04" 742.00
4 Underground 64%19'54" 740.00
Command Post
5 M551 Sheridan 90 63°32'04" 820.00
3 61°09°'41" 820.00
Camera 8 65%°55°17" 820.00
6 M577 Communica- 72°18'59" 965 .00
; tions Van 71°07'32" 865.00
Camera 10 68%44°'13" 965 . 00
7 M110 Self- 67°21'29" 965 .00
Propelled 65°40°' 21" 965.00
Howitzer
] Camera 12 63°25'51" 965.00
e CLGP 64°07'43" 1950.00
Laser-Guided
Projectile
r Camera 13 6550 07" 1059.63
¢

-96-

A e iedn e e s



N ——

TABLE B-1—Continued

REFERENCE POINT LOCATIONS—U. S. ARMY WEAPON SYSTEKS

Station Ground Range,
No. Item Azimuth ft
9 XM204 62°19°' 09" 1112.00
Towed Howitzer
Camera 14 64°55'50" 1112.00
10 Forward 67°56°'36" 1370.00
Observer
12 M577 67°23'39" 1370.00
Communications
Van Deployed
Camera 15 68°48' 08" 1443.34
Camera 16 68°04'30" 1323. 64
14 XM198 73°23°'49" 2400.00
Towed Howitzer
Camera 18 71°50' 33" 2400.00
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TABLE B-2
BLAST EFFECTS ON DUMMIRS - U. S. ARMY WEAPON SYSTEMS
Dummy
Stati« ~O. Cusiy Preshot Location | Dummy Postshot Location { Condition of Nummy Pilm Analysis
. P
1 M6u Main Battle Tank 1t In driver's sect. Moved 3 in. to lsft in | No damsge to dummy. |No filw record.
580-ft range seat. Helmet strap loose.
43.4 pai overpressure Clothing torn at
right knee and
thigh.
2t In gunner's ssat. Same as ..~esho’ Hand | No damage to dummy -Ditto-
still on cratrol. or clothing.
——
118 In commnder s Same as prsshot. Haad No damage to dummy -Ditto-
seat, still on con’rol. or clothing.
3sh Prons on groand, Displaced 87 ft down- Soft portions torn -Ditto-
hsad-on adjacsnt strsam and 8 ft 68 in. off elbow and trunk
to M60, 12°'. to the right, right side. Right
kpee joint and left
ankle hent in ah-
normal direction.
Right hand bent.
Coveralls olown off.
. ———t
2 M551 Sheridan 3% ' In gunner's seat. Moved hack and right No damage to dummy Head moves forwurd
820-ft rangs in ssat, leaning over, or clothing. (toward GZ) @ 5 ft/sec,
132.7 psi ovsrprsssure head against azimuth obacured by dust aftsr
indicator. Left hand moving 1 in.
still nn control,
right arm down to
side.
4" In commander's Same as prsshot. Hand No damage. to dummy Head moves forward
seat. . still on control. or cloth-ag. (towerd GZ) @ 2 ft/assc,
ohacured hy dust after
moving 1 in.
38¢ Standing in open Displacsd 37 f¢t 9 in. No damage to dummy, |Dummy moves hackward
7.5 f. from left downsirsam, 3 in. tear &t col. (away from GZ), rotates
side of M551 lar. head-first, COM @ 34 ft/
sec, head @ 37 ft/ssc,
after 9 ft of travel COM
approximately initial
hsight above grovad.
37¢ Standing in open Displacuu 6 ft No damage to dumxy Obacured hy dust.

4 ft to rsar of MSSi.

or clothing.

P
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TABLE B-2 - CONTINUED
BLAST EFFECTS ON DUMMIRS - U. S. ARMY WEAPON SYSTEMS

Station

3 N109 Self-Propelled

Bowitzer
740-1t range
21.3-psi overpressure

4 Underground Command Post

740-1t range
31.3-psi overyressure

entryway.

Dumsy

No. Dummy Preshot Location | Dummy lMostshot Location | Condition of Cusmy File Analysis

7% | Standing, gunner's po- Leaning backwards at No damage to dummy Head moves forward
sition looking into 30 degree angls against | or clothing. (toward GZ) @ 3 ft/sec
sight. loading ram and chief for 2 in. thea head

of section. Feet in moves backward @ 1t

origiaal location. ft/sec with an impact
@ 43 in., hsad comes
to rest after moving
58 in.

L Standing, chief of Leaning hack against No damage to dusmmy Head moves forward
section in hack of rear wall, Peet in or clothing. (toward GZ) @ 3 ft/sec
gunnoer. original location. for 2 ic., then head

moves hackward @ 4

ft/sec with an impact

@ 19 in., head leaves

field-of-view :fter
| moving 33 in.

40° Standing in open 7.5 Displaced 5 ft 2 in. No dJamage to dummy Obscured hy dust.
to rear of MiO09. downst ream. or clothing.

14% | Standing 5 ft inside Against rear wall on Two-in.~1long 1la- Dummy moves backwerd,
and in line with floor. ceration under rotates feet first @
entryway of person- chin, 1 in. deep. 0.8 rev/sec, CCM at 18
nel chamber. ft/sec, feet impact on

rear wall after COM has
moved about 6 ft.

13* Standing 5 ft inside Fell forward, face- No damage to dummy Ohscured hy dust.
and to the left of down. or clothing.
entryway.

12% | Standing 10 ft inside | Same as preshot. No No damage to dummy | Obacured hy dust.
and to the left of movement . or clothing.
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TARLE

BLAST EFFECTS ON DUMMIES - V.

B-2 - CONTINUED

8. ARMY WEAPON SYSTENS

Dummy
Station No. Dummy Preshot Location | Dummy Postshot Location | Condition of Dummy Film Analysis

5 M551 Sheridan 90° 5k In gunner's seat. Moved in seat 6 in. to No damage to dummy Head moves to left
820-ft range the right and 3 in. or clothing. (toward GZ) @ 2 ft/sec
12.7-psi overpressure forward. Left band for 3 ia., then head

still on transverse moves to right @ 2

control. ft/sec for 3 in., then
head moven to left at
1 ft/sec before being
obscured by dust.

€% | Loader. Leaning over in seat No damage to dumamy | Movement obsersed but

asainst commander's or clothing. no good refereace for
step. the motion. No impact.

8 M577 Communications Van -0 In driver's seat. Same as preshot. No damage to dummy Head did not move for
965-ft range or clcthing. 25 msec. then obacured
9.2-psi overpressure by dust.

10* In commander's seat Leaning over in sgeat. No dimage to dummy Head moves to left
facing rear of or clothing. (toward GZ) @ 3 ft/sec
vehicle. for 5 in., then head

moves to right at 5
ft/sec for 20 ia. and
comea to rest.

7 M110 Self-Propelled 448 In gunner's seat, Same aa preshot. No damage to dummy Head moves to right
Bowitzer left side. or clothing. (away GZ) @ 8 ft/aec,
965-ft range obscured by duast after
9.2-psi overpressure moving 11 im.

458 In assistant gunner's 3ame as preshot. Ko damage to dummy Head did not move for
seat, rigbt side. or clothing. 43 maec, then obscured

by duat.

38°¢ Standing, facing Displaced 4 ft 8 in. Damage to soft por-| Head moves backward
GZ on the right downstream, face-down tiona of both (awny GZ) @ 15 ft/sec,
rear portion of on ground. hands. Lacera- obscured by duat after
¥110. tions: 2 in. rigbt moving 10 in.

shoulder, 3 in.
above left elbow.
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TABLE B-2 - CONTINUED
BLAST XFYECTS ON DUMMIES - U. 3. ARNY WEAPON SYSTEMS

o Wia W

eyl e -~

Station

Dusmy Preshot Locatioa

Dussry Postshot Location

Condition of Dummy

fils Analyatls

8 CLGP Laser-Guided
Projectile
1050-ft range
7.6-psi overpreasure

Standing 7.5 ft from
CLGP.

Dieplaced 11 ft 6 in.
downatream on bhack.

No damsage to dummy
or clotying.

Dusmy mcves backward
(away GZ), rotates
head first, COM & 17
ft/sec, bend € 28
ft/sec, aftar 3.3 ft
of travel COM approxi -
wmately initial leight
above ground.

9 XMI04 Towed Howitzer
1112-ft rsage
8.7-psi ovarpresaure

16¢

Standiong 3.5 ft from
XN204 .

Displaced ¢ 't 11 ia.
downstream on back.

Ko damage to dusmy
or clothing.

Dusmy movee backword
(away GZ), rotates head
first, COM @ 14 ft/sec,
head @ 19 ft/esec, after
4.2 1t of travel COM
approximately 1 ft be-
low initial kreight.

10 Forward Observer
1370-ft range
4.9-psi overpressure

178

Prone face-on to
ground zero.

Same as preshot.

No damage to dusmy
or clothing.

Head d1d pot sove for
=00 masec. then obscured
by dust.

12 377 Deployed
1370-ft range
4.9-psi overpressure

18¢

Standing beneath de-
ployed portion,

Displaced 8 ft down-
atream.

No damage to dusmy
or clothing.

Movesent observed but
no good reference for
the motion,

19¢

Seated at table be-
reath deployed por-
tion. Right side
to GZ.

Displaced 4 ft 2 in.

Soft material off
rig*t hand.

¥ovement observed but
ac good refercnce for
tae motion.

14 XM198 Towed Howitzer
2400-ft range
2.4-psi overpressure

41°¢

Standing io front of
XW189.

Displac2d 5 ft 1 in.
downstream.

No damage to dummy
or clothing.

Dummy moves backward
(avay GZ). rotates head
first, COM @ 1-2 ft/sec,
COM impacts ground @

'3 {t/sec, head impacts
ground & 21 ft/s~c.

lmp;ct-o—Graph-\Q" Unloaded

2 None.

h [FPLEI (PN
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TABLE B-3

ACCELERATIONS MEASURED INSIDE DUMMIES

U. S. ARNT WEAPON SYSTEMS

Peak g Peak g (Filtered Record)
Range,

Station 44 Dummy X-Axis | Y-Axia | Z-Axis X-Axis | Y-Axis | Z-Axis
wso 580 32 In gunner's seat 8 6 8 8 3.3 5
Mais sattle Tank
uss1 320 4 In cosmander's seat 2.5 3 S XD w ND
Sheridaa
109 740 7 Standing in guaner’'s 18 4 12 25 4 3.3
Self-Propelled position
Bowitzer

8 Standing, section 36 ND 14 40 ND 14
chief
uSS)1 a20 5 In gunner's seat 8 17 ! 10 7 i7 9
Sheridan 90° |
- T
w577 265 9 In driver's seat 2.5 3 $ 1.5 3 3.8
Communicstions Van
10 Io corsander's seat 5.5 4 4 S 4 3.5
M110 965 44 In gunner's seat 35 110 100 ND 120 90
Self-Propelled
Bowitzer
45 In aasistant gunner's 10 30 7C ND ND ND
szat

¥D - Indicates no data.
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APPENDIX C

ELECTRONIC EQUIPMENT SHELTERS
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RANGE, OVERPRESSURE,
ft psi
20 — s 2 s 6.6
|
5250 |y DO |
E 37— oarcie T
5280 @@'f;:ﬂ
' 30 3i
E- =000~ T 07/C26 28
E D@7 [] s280
; M 7
] @ Standing
' @ Seated
D Camera

Figure C-1. Layout of Electronic Equipment Shelters.
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Figure C-2. Dummies in Retrofit Shelter Viewed Through
Door, R1/C10, 1120-Ft Range.
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Figure C-3. Displacement vs Time, Dummy No. 26 Standing
in 5250 Retrofit Shelter R1/C10, 1120 ft.
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Figure C-4. Displacement vs Time, Dummy No. 27 Seated
in Retrofit Shelter Ri/C10, 1120 ft.
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- OUMMY & 28 =
2.25H051

308 tAec o

DISPLACEMENT, H

o 4 s 12 & 20 2¢ 28
FRAME NUMBER, 1

Figure C-5. Displacement vs Time, Dummy No. 28 Standing
in S280 Shelter 04/C16, 1370 ft.

-109-

by

PO TG 4 s STV PPN -

EURURNEE N RS S N e Rl T T e R T T



o it e & o it o lbih ot el amnd

TV

SET, , LT T T

DISPLACEMENT, H

Figure C-6.

(] ' 1 § I 1 T— 1§ ' T l i ' h |
DUMMY @ 29
3.65H-0.57 & iben 7

388 t/sec -

. |
4 8 12 16 20 24 28

FRAME NUMBER, f

Displacement vs Time, Dummy No. 29
Seated in S280 Shelter 04/C16, 1370 ft.
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Figure C-7. Displacement vs Time, Dummy No. 30

Seated in S280 Shelter 07/C26, 2000 ft.
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Figure C-8. Displacement vs Time, Dummy No. 31 Standing
in S280 Shelter 07/C26, 2000 ft.
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Figure C-9.

Postshot View of Dummy Nos. 28 and 29, Shelter 04/C16
at 1370-Ft Range,
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30 and 31,
elter 07/C26,

Postshot View of Dummy Nos.
Electronic Equipment Sh

2000-Ft Range.

Figure C-11,.
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T2BLE C-1

BLAST EFFECTS ON DUMMTES INSIDE ELECTRONIC EQUIPMZNT SEELYERS

Siation

Dummy Preabot location

Dusemy Postshot Location

Condition of Dummy

Fila Analysis

8-250 Retrofit, R1/Cl0

1120-ft rangas

6.5-psi overpressurse

2¢*

Stending facing ground
zero 23 in. from up-
strean wall*; right
shoulder 8 in. from
front wall.

Lying on face feet
pointed toward grouad
zero.

o dsmage to dummy
or clothing.

Dummy moves forward
(toward GZ), hesd hits
wall @ 14 ft/sec aftsr
traveling 20 i{n., thea
dusmy moves backward,
head hits wall @ 12
ft/sec after traveliag
33 inm.

Seated between racks
facing ground zero,
47 in. from upstream
wall.

Remained seated tilted
:way from ground zero
at 47 degree angle
leaning agaiast rack.

Laceration 4 in.
in length ovsr
orbital ridge ex-
tending 1.5 in.
down both sides
of eyes into metal
skull, 3/4-in.-
laceration ovsr
bridge of nose
1/2 in. deep;
clothing intact.

Dusmy ucves forward
(toward GZ), bhead

hits shelf @ 11 ft/sec
after traveling 20 ia.,
then dummy movss back-
ward and returns o
chuir, back hits chair
@ 168 ft/sec, chair tilts
backward, bead 17 N
behind original posi-
tion, thea Guamy moves
forward, head hits
shelf @ 8 ft/sec aftsr
traveling 23 in., then
duxmy moves baskward
axd resits ip chair,
back bits chair @ 7

1t /sec.

3-280, 04/C1is
1370-1t range

4. 7-pal overpressure

20*

Standing, facipg and
18 in. from instru-
ment panel; left
shoulder 25 iu. from
upstream wall.

Sittiag, head lsan-
ing againet down-
strean wall feet
torard ground zero.

Three lacerations
down back of hwad:
0.7¢ ic.4, 0.25

in. deep; 1.0 in.2,
0.28% in. deep;

9.75 1n.2, 0.50 in.
deep. 1.0-in.-long
laceration on right
shoulder; tear in
blouse over righy
shoulder.

Head moves to lsft
(toward GZ) @ 10 ft/sec,
obscured by dust after
wmoving 6 in.

29D

Seated, facing grouand
sero 30 in. from up-
stream wvall®*; right
shoulder 27 in.

from instrument panel.

Lying on back dowan
on floor, etill in
chair.

Pour-in.-long, V-
shaped laceration
on left sids of
face. Clotbing
torn over both
kneee.

dead moves forward
(toward GL) @ 5 ft/sec,
obscured by dust after
moving 3 in.
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TABLE C-1 - CONTINUED
INSIDE ELECTRONIC EQUIPMENT SEELTERS

BLAST EFFECTS ON DUMMIRE

Station

Dusmy Presbot Lccation

Durwy Postshot lLocation

Condition of Dummy

Film Anslysis

5-280, 07/Ca6
2000-ft range
2.8-psi overpressure

ag¢c

Seated, facing ground
zero 32 in. from up-
stream wall®; right
shculder 25 in. from
instrument panel.

Seated upright in
chair ian preshot
position; chair
slid 0.75 inm.
downstreasm.

No damage to dummy
or to clothing.

Head moved forward
(toward GZ) @ 4 ft/sec
for 5 in. (no impact),
then head moved back-
ward @ 4 ft/sec for 20
ia. (o impact), theo
head woved forward and
came to rest within 0.4
in. of original positioa

n°

Standing, facing and
10 in. froa iastru-
weat panel; left
shculder 33 in. froa
upstreans wall.

Standing, leaning
neck against in-
strusent pansl.
Foot 4 in. down-
stream of preshot
location.

No damage to dummy
or to clothing.

Head moved to left
{(toward GZ) @ 6 ft/sec
for 9 in. (mo impact),
then head woved to
right @ 7 ft/gec f{or
19 ia. (no impact), thea
hea 3oved to lsft and
cam to rest 10 in. toc
right of original po-
sition.

I1apact-0-Graphe® paloaded:
% moth 10g.
% one 10g.

€ Nome.

* Neasured to ceater of truak.
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FOREIGN VEHICLE
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820 127

@ Seated
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Figure D-1, BRL/Foreign Vehicle Layout Drawing.
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Figure D-3. Dummy No. 32 Seated Inside Troop Compartment and Dummy No. 33 in
: Commander's Position Viewed from Back Dcor Preshot.
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Figure D-4. Displacement vs Time, Dummy No. 32 Seated
in Troop Compartment, Armored Infantry
Fighting Vehicle GON, 820 ft.
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APPENDIX E

DRONE HELICOPIER
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Figure E-1. BRL/Drone Helicopter Layout Drawing.
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DUMMY # 39 =

3.04H =051
407 (/sec

Final Position:
0.4 Inch —
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Figure E-3. Displacement vs Time, Dummy No. 39 Seated in
Drone Helicopter, 2750 ft.
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TABLE E-1

BLAST EFFECTS ON DUMNY IN DRONE HELICOPTER

P T R

cr3 e

Dusmy Preshot Location

Dummy Postshot Location

Condition of Dummy

Film Analysis

/XELO

(Left Side to Ground
Zaro)

2750-ft range
2.5-psi overpressure

Seated, left front
seat. Seat belt
Sarness attached.

Same as preshot.

Five scgﬁtches on
helmet. No damage
to dusmy or to
clothing.

Head moves to left
(toward GZ) @ 4 ft/sec
for 2 in., then head
moves to right @ 2
ft/sec for 1 in., then
head moves to left and
comes to rast withic
0.5 in. of original
position.

a anct.-O—Gmh' not unlcaded.

b Small window ia ceiling blown in by blast.

Helicopter bearing 288°54°'0S".
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12. DICE THROW OFF-SITE BLAST
PREDICTIONS AND MEASUREMENTS

by.
s*. Reed
Sands. ..aromatories,
Environmental Resesrch Division
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“DICE THROW - OFF~SITE BLAST PREDICTIONS AND MEASUREMENTS"*

Final Report on Experiment No, 122

Jack W, Reed
Environmental Research Division
Sandia Laboratories
Albuquerque, New Mexico

ABSTRACT

Predictions and measurements of distant propagations were
made of airblasts from Project DICE THROW, including two Pre-
DICE THROW events. The purpose was to identify, controcl, and
document the cff-site environmental impact from these large
explosions. A weather-watch was maintained, using special
meteorological observations, to assure that atmospheric
acoustic refraction would not cause significant nuisance
damage or hazard to surrounding communities. Weak propaga-
tion conditions prevailed during the two Pre-DICE THROW events.
A moderately strong propagation directed toward the southeast
from DICE THROW caused some disturbance in Tularosa and
Alamogordoc but no damage claims were submitted.

*This work was jointly supported by the Energy Research and
Development Administration and the Department of Defense
Nuclear Agency.
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INTRODUCTION

At the request of the Defense Nuclear Agency Field Command,
Sandia iaboratories evaluated the potential for Project DICE
THROW airblasts to hazard, damage, or irritate communitics
surrounding White Sands Missile Range XWSMR). Preliminary
evaluations showed that under particular weather conditions,
the nuisance damage threshold, often assumed to be near 400-Pa
peak-to-peak pressure amplitude, could extend 80 km from the
two Pre-DICE THROW calibration shots and over 135 km from the
final DICE THROW event. Considering the exposed nopulations,
it appeared that windows could be broken as far away as
Albuguerque.

A weather-watch was instituted to determine what propaaa-
tions could be exnected at shot time and provide for delays
in case such extreme conditions were encountered. Microbaro-
graph pressure measurements were made in various communities
to document the actual wave passage, for use in verification
of predictions as well as validation or rejection of any
damage claims that resulted.

As it turned out there were no atmospheric propagation
prcblems associated with either calibration event, and only a
moderately focused wave was ducted toward Tularosa and
Alamogordo from DICE THROW. There may have been some minor
damages from this final blast, but no serious claims were

made.

Several smaller tasks were also pertormed for tihs piro-
ject. A dratt knvironmental fmpact aAsscssment |1 was
revicwec and corrected.  Sate separaticn distances ana
altitudes were estimated tor project facilities and partici-
pating aircratt. Plinaily, consultant service was provided

tor evatuatina several damage claims that resulted from an
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associated experiment with 1200 pounds (540 kg) of high-
explosives (HE) at Kirtland AFB on March 25, 1975.

SHOT DESCRIPTIONS

Pre-DICE THROW I was a 100-ton (91 Mg) TNT sphere, on
and tangent to the ground surface, fired at 1100 MDT (17002),
August 12, 1975. This explosion ground zero {Gl) was located
about 2 km south of the WSNR "Queen 15" Station and 46 km NW
of Tularosa, NM.

Pre-DICE THROW II was a 120-ton (109 Mg) ANFO (ammonium
nitrate and fuel oil slurry) surface tangent sphere, fired at
1200 MDT (18002), September 22, 1975, at a point just east from
the previous calibration shot. It was tested to verify that
120~-ton ANFO was indeed the equivalent blast generator to
100~ton TNT.

DICE THROW was a 600-ton (344 Mg) ANFO surface tangent
sphere, fired at 0800 MDT (1400Z), October 6, 1976. The GZ was
located about 5 km west of Trinity Site, thus 56 km SE from
Socorro, NM. Various measurements [2] showed that it well
simulated the intermediate and distant blast wave phenomena
expected from a source of l-kt NE (nuclear explosion, 4,2TJ)
surface burst, or 2-kt NE free-air burst.

DISTANT AIRBLAST PREDICTIONS

Sound or blast waves may be distorted by atmospheric
temperature and wind strata. Sound rays are bant away from
(toward) ground while passing through layers where sound
velocity decreases (increases) with altitude. Sound velocity,
a vector, is made up of isotropic sound speed, dependent on
temperature, plus a directed wind component. 1In general, if
a Jdirected sound velocity at altitude is greater than at
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ground level, there will be acoustic ducting or trapping that
may considerably amplify airblast ovarpressures or acoustic
amplitudes, ahove the levels expected from purely spherical

(or hemispherical) wave expansion. On the other hand, with

a etrong gradient of sound velocity with height, much red iced
pressures are observed along the ground. More details are
available from many sources, a recent one being a Sandia report
for Project MIXED COMPANY [3], and will not be repeated here.

Various studies have led to a statistlical estimator for
window damage as a function of airblast overpressure [4].
Simply stated, Ap(50) = 7.5 x (2.5)2'kpa, or 50 percent ot
typical window panes are broken by an incident overpressure,
Ap, of 7.5 kPa, with a lognormal uistribution of failure
occurrenczs and a geometric standard deviation factor of 2.5.
Also zssumed in damage estimation was an average of 19 window
panes per person in a community [S]. Standard explosion
wver. =2ssure versus distance relations [6] were scaled to
yields of calibration shots and DICE THROW as shown in Figure
1l and 2, respectively. Test results have been included for
later discussion. Magnifications of 3X for atmospheric
boundary layer inversion propagations and 5X for atmospheric
focusing were assumed, along with an increased amplitude decay
with distance for gradient conditions, for estimating possible
w’=%.. dar :z to neighboring communities shown in Table I.

Predictions for calibiration shots showed thal damage levels
from airblar’ focusing on several communities ougnt to be
avoided, 1le .aeighborhood opposition be generated against
the much larger final event.. Thoe necaessary weather restiaic-
tion was slight, because such focusing at 50-km o 10U-km
ranges is associated with iet stream winds alott that are
relatively infrequent at this latitude, even in mid-winter.
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Table I. Predicted Window Damages with Various Airblast Propagations

City: Al amogordo Tularosa Carrizozo Socorro Albuguerque
Population (1970): 23, 035 2,851 1,123 4,687 270,000

Atmospheric Propagation Type

Pre-DICE THROW I, 1II

-l -

; Distance (km) : 56 47 56 91 --

1 Broken Panes

: Gradient 0 [4] 0 0 0
Standard 0 0 0 0 0

f Inversion 1l 1 0 0 0
Focusing 7 11 2 1 0
DICE THROW

: Distance (km): 100 81 60 53 158

f Broken Panes
Gradient 0 0 0 0 0
Standard 0 0 ¢ 1 1
Inversion 0 1 1 13 17
Focusing 38 6 5 51 70




DICE THROW predictions caused more concern in that low

, level inversion or down-wind propagations could cause aumerou;y
t _ complaints and claims from both Socorro and Albuquerque. J‘
' Lower pressures at the longer range to Albuquergue than to
Socorro were counteracted in this damage estimate by the
much larger exposed population in Albuquerque. Climatic
weather patterns, with south and southwest winds, made delays
; ‘ for weather quite likely, even with mid-day firing and near
maximum surface temperatures. Late in field test preparations
it was found that at mid-day, very low frequercy (VLF) radio
1 noise caused great difficulty with electrical grounding of
i various experiment. recording systems, and an 0800 MDT shot
' time was established. That made a strcng suriace temperature
inversion likely, with enhanced airblast propagation. As it
turrnied out, this project was very lucky and no delays were
neceded.

OPERATING PLAN

A blast prediction service was chartered, as Experiment
F Number 122, which used special WSMR weather observations to
establish whether enhanced airblast propagation conditions
were occurring toward any of the surrounding communities.
1 Results were relayed to the Test Group Director for considera-
: tion in making final firing decisions.

Airblast measurements were made in vulnerable communities
to verify predictions and provide bases for validating or
1 rejecting any damage claims that arose. Calibration shots were
monitored by pressure gages at Oscuro, Carrizozo, Tularosa,
and Alamogordo, connected by radio-telemetry (TM) link to a
recording van at D-7 Site, near the test control center. There
were problems with line-of-sight TM communications for the
DICE THRCW plan, so it was monitored by manned microbarograph

(MB) units located at Stallion $ite, Uocorro, Carlizuzo,

.
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Tularosa, and Alamogordo. These mobile MB units could be
moved to more vulnerable locations if warranted by D-1 day
weather forecasts.

Meteorological observations were provided by AVCO, a WSMR
contractor. A mobile rawinsonde weatber balloon facility was
operated at SW.70 Site, 5 km southw:st of Queen-15, for pre-
DICE THROW events. A permanent rawinsonde station at Stallion
Site was used for DICE THROW, 19 km north of the test but
with a clear view of it over flat terrain, so that representa-
tive weather dara were assured. A regular balloon ascension
is made at WSMR, near the Small Missile Range, daily at 12002
(0600 MDT) on the international synoptic schedule, and results
were made available for early morning planning. For calibra-
tion shots, special ascensions from SW.70 were made at H-2.5,
H-1, and H hours. Special DICE THROW ascensions from Stailion
Site were scheduled for H-4, H-2, H-1] and H hours.

AIRCRAFT SAFE SEPARATION

Explosion wave scaling laws, including the shock streagth
dependence on ambient pressure at altitude, were used to
derive isobar cross-sections in Ficure 3 for the two yields.
Lignt aircraft and helicopters are safe from 0.2 psi (1.4 kPa)
incident overpressures, although an added safety factour of
2 is often employed for aircraft positioning in association
with explosion tests [7]. More substantial jet transports
and bombers are safe from 0.5 psi (3.5 kPa), while fighters
are safe from 2 psi (14 kPa).

RISULTS

Pre-DICE THROW I:

Distant propagations were expected and verified to be
quite weak, so that no disturbance was created among the WSMR
neighbors. Rawinsonde measurements, for blast prediction
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calculations, are listed in Table II for both 8/11/75 (dry

run) and 3/12/75 (live run). On Monday (8/11) there was a
layer of northerly winds at 2.7-3.6 km MSL (above mean sea
level) that would have ducted, and possibly focused, relatively
strong airblasts toward Tularosa and Alamogordo.

On test day (8/12) there was never any indication of
blast ducting toward either NE or SE directions of concern,
after the night-time temperature inversion had been destroyed
by solar heating. Sound velocity versus height functicns
from pre-test (H-2.5, H-1 hours) and shot time (1100 MDT)
scundings are shown toward NE in Figure 4 and toward SE in
Fiqgur= 5. The strong gradient of sound velocity toward NE
was expected tc give relatively weak propagations in that
direction. Toward SE, less upward blast refraction was expected
because of an inversion at 2.1-2.6 km MSL, but no strong blast

ould be refracted into the surface high velocity layer.

Recorder traces from the TM gage network are reproduced
in Figure 6., with numerical results shown in Table III. The
microbarograph at Carrizozo disagreed with the TM amplitude,
but both weak signals were difficult to distinguish from ambient
noise. This discrepancy was not significant. Peak amplitudes
were shown in Figure 1 for comparison with various prediction
curves. Propaaations toward NE, to Oscuro and Carrizozo, were
indeed as expuvcted from the strong gradient shown in Figure 4.
Stronger SE propagations toward Tularosa and Alamcgordo,
resulted from the weaker overall gradient of Figure 5, as could

well be expected.

In summary, p:edic..ons, measurements, and off-site

protect.on .rom nuisance airblasts were all successful.
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TARLFE II. PRE-DICE THROW 3 RAWINSONDE UPPLR AIR REPORTS

Tewperatuses (K); Winds (dcg./nn°l)
shot Time Surface Pressure: 6.75 kPa

8/11/75. DRY RN 8/12/75, LU IUN
1500 1650 18.5 TZan 1555 1377 (r---
= W T W T T T i = & -

Surface 1.341 295.2 CALM 299.5 180/8.7 { 301.2 190/7.2 | 22%.1 138%/3.1 | 262.0 1rcsell 2016 ozt
1.524 234.6  380/5.1 | 296.9 1%0/6.7 ] 277.9 200/6.2 | z23 5  180/3.6 § 296.1 17%5/4.14 239.9 I3
1.82% 293.1 185.9.3 293.8 190/7.2 295.1 200/6.% 293.7 185/4.1 222.5 1R%,5.1 1 295.2 1’-/7.2§
2.134 290.5 185/7.7 | 290.8  190/7.7 | 2°2.4 190/6.7 | 279.%  199/4.1 | 280.3  XF3/6.2 ) 22P.3 If.70.7|
2.438 28E.€  1on/5.) | 288.2 240/7.2 | 289.4 160/G.2 | 235.8 zars41l | 2303 1eas4.n I, Litgalr
2.742 276€.6  245/2.5 | 285.9  020/7.7 | 287.2 iSc/3.1 } 255.%  255G/4.1 1 3403 2297300 ) 2Lt iTst.
3.048 284.5  32%/3.1 284.8  035/4.6 | 285.5 03ty/3.1 | 274,09 279/5.7 ) 234.2 z3%/5.%1 | zf4ld 277 5.¢
3.6€58 281.2 (040/6.7 | 280.5 015/4.1 | 281i.0 040/4.1 | 279.8  z20/4.1 | 27?.4%4  26%/3.1| 282.3 ?20/%.%
4.267 278.1 080/6.7 | 276.3 050/2.1 | 276.8 C65/4.1 | 275.3 {75/2.6 | z74.2  133/I.0727€.0 111/ 1.3
£.877 274.4  0€0/4.6 | 274.1 095/2.6 | 274.8 045/4.1 | 27¢.2 680/6.2 | 270.4 45/6.2 b 27003 127/2.¢
S.486 270.4  050/3.6 | 270.1 040/5.7 | 270.6 050/6.2 | 262.2 2°0/2.1 | 257.0  3i0/4.i | 266.6 G os2a
6.095% 266.3 055/6.2 | 265.6 05n/6.2 | 266.6 050/6.7 } 2621.5  148/z.1 | 263.1  070/2.6 | 263.2 $22/5.:

*Creerwich Ti~e (Z) - § hoars = Mountain Paylicht Savinas Time (MDT)
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TABLE III. PRE-DICE THROW I
Off-Site Airblast Measurements

Arrival Arrival Velocity Pregssure Amplitude

Station Gage Distance (m) Time (sec) (m/s) (ft/sec) (pascals) {psi)
Oscuro ™ 31,176 88.33 353 1158 26.3 0.00382
Carrizozo ™ 52,920 157.87 335 1100 10.4- 0.00151
MB 148.5 356 © 1169 5.8 0.000848
Tularosa T™ 46,080 133.14 346 1136 43.6 0.00633
Alamogordo ™ 66,240 196.90 336 1104 38.2 0.00554
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Pre-DICE THROW II:

Distant propagations were again expected'and verified
to be relatively weak, so that no significant disturbance was
created among the WSMR neighbors.

Meteorological observations of rawinsonde ascensions are
listed in Table IV, as used in blast prediction calculations.
During the final dry run on 9/21/75 a layer of moderate
westerly winds at 3.7-4.9 km MSL would have ducted, and
possibly focused, relatively strong airblasts toward Oscuro
and Carrizozc.

On the test date there was no indication of blast ducting
toward either NE or SE directions of concern, after the sun
had destroyed a night-time surface temperature inversion. Sound
velocities versus height at 1200 MDT are shown in Figures 7 and
8, for dry run and event days, respectively. On shot day a
strong sound velocity gradient in both directions was expected
to give relatively weak propagations at all off-site airblast
measurement sites.

Recorded wave data are listed in Table V. Figure 9 shows
the weak waves recorded at Oscuro, with an indication of back-
ground wind noise levels. In general, amplitudes over about
10 Pa can be heard, but more than 100 Pa is usually required
to get people's attention and start them to complaining. At
400 Pa window breakage becomes likely.

Figures 10 and 11 show recordings at Carrizozo, by micro-
barograph and the telemetered blast gages, respectively. Wind
noise was better filtered by the microbarograph, which has only
30-Hz high frequency response capability, while blast gages
respond to about 2 kHz. A discrepancy in timing and general
wave appearance cannot be explained:; the two sensors were

T e T
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TABLE IV. PRE-DICE THROW II RAWINSONDE UPPER AIR REPORTS
Tenmperature (K): Winds (deg./ms-l)
Shot Time Surface Pressure: B87.65 kPa
DAY 9/21/75, DRY RUN 9/22/75, LIVE RN
TIME (2)* 1530 1800 1540 1780 ._L_f 1320 {Shssd

Tonrerature’wind T W T W T W T b T w j
ALTITUDE MSL (km) ; !
Surface 1. 341 288.3 350/10.3 290.7 360/10.3 287.3 162/1.5 239.6 CALN 232.2 0290,4.6 %

1.524 2%6.7 360/12.4 287.9 010/11.3 284.3 045/i.0 287.7 235/4.1 29¢C.4 03C/&.7

1.823 283.3 015/15.4 285.2 020/11.3 282.5 010/5.7 284.7 046G/7.2 237.3 63c/6.2
2.134 283.8 015/11.3 282.3 010/10.8 280.5 925/2.3 233.1 “55/8.3 2482 £25/4.¢ !

2.438 283.1 360/6.7 281.4 355/7.7 278.4 040/11.8 280.5 045/8.8 22.1 812/3.¢

2.743 281.0 350/10.3 280.6 355/5.1 276.5 045/11.8 278.2 053/3.8 277.7 t308/45.4

3.048 278.8 345/9.3 278.8 250/3.1 274.5 08G6/10.3 276.0 €55/8.2 276.3 353/4.0

3.658 2°7.5 300/8.8 274.1 265/7.7 272.2 050/8.8 272.4 055/8.2 273.4 €55/5.1

4.2€7 271.8 280/8.2 271.1 285/8.2 271.5 625/5.7 271.3 C45/3.2 274.2 SI5/T.T

4.877 267.1 285/9.3 266.2 275/16.5 267.5  015/5.1 267.9 €30/7.2 69.3 $18/7.%

5.486 262.3 275/16.0 263.0 29G/17.0 263.3 355/2.8 263.4 355/7.2 | 2h4.3 2150/7.7

6.096 260.7 300/12.9 259.5 300/19.6 259.4 345/9.3 259.1 325/7.2 i 252.4 3:8/7.7

*Greenwich Time (2) - 6 hours = Mountain Daylight Time (MDT)
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Figure 7. Pre-DICE THROW 11 Dry Run Sound Velocities at 1200 MDT, 9/21/75.
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PRE-DICE THROW II
Off-Site Airblast Measuremants

TABLE V.

T T Ly AT e ey ey

- v o

Distance Arrival Arrival Velocity Pressure Amplitude

Station Gage Time (sec) (ft/sec) (pascals) (psi)
™ 1100 14.96 0.00217
Carrizozo ™ 1052 12.69 0.00184
1027 8.13 0.00118
Tularosa T™ 1043 13.17 0.00191
Alamogordo ™ Recording failure; Moderate rumbles and echoes.
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Figure 9. Pressure Gage Record, Pre-DICE THROW |1,

at Oscuro, New Mexico, 31.1 km Range.
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co-located, side-by-side, so there should have been better

ayreement. The TM timing was from the IRIG standard, while

the MB set used a radio receiver on WWVB, world time trans-
' mitted from Boulder, Colorado.

There also was trouble with the Alamogordo TM record.
A paper record made on-site at blast time showed only an
extremely we=ak, possible signal from Alamogordo, but the
channel did appear to have been energized. There was no
indication of the easily audible signal that was reported
by our technician at the gage si:e. There was a mix-up in
cape channel identifications that. we have not heen able to
correct to allow further playbacks.

On the other hand, ray path calculation. have been made
from shot time meteorological datx that showed arrival times
that were consistent within aboat 1 second for the Oscuro,
Tularosa, and Carrizozo MB signals, as reported herein. Ray
calculations for Pre-DICE THROW I had also confirmed arrivals
from that event where Carriznzo TM and MB recnrds were in
disagreement, but the MB operation was suspec. in that case.
Previous comparison tests Letween TM and MB systems had not
found such troubles.

The Tularosa record is shown in Fiqure 12, although this
was made from a digitized playback of the Alamogordo-labelled
tape track. In consequence, because of the uncertainty about
which gage calibration was appropriate, reported amplitudes for
Tularosa may be low by a factor of two. This would extrapolate
f-om 26 Pa at Tularosa to abow. 13 Pa at the distance of Alamo-
gorde, and exrlain the reported easy andibility, where half
that amplitude probably would not.

amplitude and distance lata were shown in Figure 1, in com-
parigcon with prediction curves for various atimospheric propagation

. . o a ew e s F -
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Figure 12, Pressure Gage Record, Pre-DICE THROW 11, at Tularosa, New Mexico, 46 km Range.
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conditions. Clearly, these records show correct magnitudes

for gradient propagations, as determined by meteorological
input. That plot also showed that the Carrizozo MB amplitude
was in better agreement (pressure-distance decay rate) with

the Oscuro amplitude, on nearly the same azimuth, than was

the Carrizozo TM recording. Greater propagation strength
toward the SE direction may be qualitatively explained by

the presence of an upper sound velocity inversion at 3.7-4.3 km
MSL for the 140° azimuth in Figure 8.

Most ¢f these details are of little practical importance
to test operations, as they deal with problems of working in
a low signal-to-noise environment. The important conclusion,
is, of course, that recorded signals were weak, as predicted
from the weather-watch. If this event had been fired just
24 hours earlier, without weather and blast prediction services,
amplitudes at Oscuro and Carrizozo could have been as much as
50 to 100 times greater and caused some window breaking and
public relations problems,

DICE THROW:

The schedule for weather balioon observing and blast pre-
diction calculation was exercised during the FPFF (full power,
full frequency) dry run on 10/4/76. On shot day, 10/6/76,
balloon observations were made on schedule with all results
shown in Table Vi. There was indeed a 2.0-2.5 K surface
temperature inversion, that remained from night-time cooling.
Predictions on D-2 days for a southeasterly low level (2-3 km)
atmospheric circulation did not materialize, because z low
pressure wave had developed on an approaching polar front in
Colorado. Instead, general northwesterly circulaticn persisted
throughout the entire period from D-3 days. In result, Tularosa
and Al mogordo were threatened with relatively strong blast
waves, rather than Socorro and Albuquerque.
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:i TABLE VI. OICE THROW RAWINSONDE UPPER AIR REPORTS
Températures (K); Winds (deg/ms 1)

3

{ shot Time Surface Pressures: B84.98kPa @ Stallion Site; estimated 85.63kFa @ DICE THROW (1442m MSL)

1

DAY 10/4/76, DRY RUN 10/6/76, LIVE RUN
TIME (=2)* 1300 1500 1000 1200 1259 1400 fzZhot)

- Tamperature/wWind T W T W T W T W T W T W

. ALTITUDE MSL (km)

f Surface 1.506 ] 281.6 CALM 228.2 330/6.7 284.1 200/?.1 282.8 CALM 282.9 2139/5.1 2R2.9 200/2.1 :,

:! 1.829 ] 283.4 350/8.8 285.7 355/8.8 286.1 235/11.3 }283.0 235/7.2 285.4 230/5.1 225.1 230/7.2 1’
2.1341281.4 350/10.3 {283.2 0025/8.2 286.0 260/10.3 {283.2 270/7.7 225.8 270/%.1 283,46 289/6.2
2.4381 279.0 34¢/8.8 280.6 360/7.7 283.2 290/10.3 §281.4 395/€.2 283.2 270/8.8 203, 325/7.7
2.743)276.5 325/6.7 |278.3 330/5.7 |280.8 295/9.8 ]279.0 3190/9.8 280.8 3IC5/1n.8 t281.2 210/10.3
3.048 1 274.3 290/4.6 275.7 310/4.6 278.2 295/9.3 276.4 1300/12.4) 278.3 320/9.3 278.7 220/14.8

3 3.658 4§ 2¢3.4 250/7.2 271.1 295/6.7 272.8 300/13.4 j272.3 305/13.2 ] 274.8 310/8.2 275.2 3i5/11.32
4.267 1 26C.0 250/10.3 ] 266.4 295/7.2 269.2 315/16.0 {270.4 305/15.4 ) 272.3 320/14.9 }272.2 310/15.%
4.877 ) 259.5 27¢/10.8 ) 261.5 300/8.2 269.2 320/16.0 §267.0 305/9.8 2658.3 36S5/18.5 }z68.6 210/19.0C
5.486 | 256.9 290)10.3 256.9 310/8.2 263.7 320/18.0 |263.1 310/19.6 | 263.5 305/19.C }263.% 310/19.0
6.096 ] 251.5 305/8.8 252.0 320/190.3 257.2 315/20.1 | 258.8 305/20.1 |258.5 310/22.1
7.c10 254.0 29/21.6 29400 315722..7
7.620 37.2  210/724.2 1245001 31572106

*Sroeanwich Time (2Y - 6 hours = Mountain Daylight Time (MDT)
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Figure 13 shows the sound velocity versus height structures
' at shot time toward the 095° azimuth of Carrizozo and 140°,
: between Tularosa and Alamogordo. There were only minor varia-
; tions from the H-4 hour scunding and predictions relayed to
! the Test Group Director during the count-down. The Carrizozo
j curve showed a strong inversgion ducting layer to 2.1 km MSL,
; buc it did not extend above the Oscuro Peaks (2.4-2.7 km MSL),
80 they provided some protection. The high sound velocity
at 5.2 km MSL apparently helped propagate a moderate strength
wave into Carrizozo.

Tularosa and Alamogordo were nearly downwind from Gz, and
on the 140° azimuth sound velc~ities increased to a maximum
at 5.2 km MSL. There was a strong surface inversion to carry
a wave southeast tihirough Mockingbird Gap, as well as a complex
ducting structure between 2.7 km and 4.3 km MSL that could
cause distant blast focusing. Detailed acoustic ray calculations
showed a caustic ring about 10 km short of the distance to
Tularosa. Experience has shown that this focal range can only
be predicted within several kilometers. Therefore, predictions
were made that a few windows could be broken in both Tularosa
and Alamogordo, but the . robability of dozens being broken was
quite small, depending on just whe:e the focus or caustic wave
might strike.

Eai s ade Saiah o us S iun ol ot £ doa ok anl - i

Propagation toward ''ruth or Consequences, NM, shown by
Figure 14, was slightly ducted below 2.4 km MSI, but little
energy could be trapped by the 0.15 m/8 excess sound velocity
at that height. This was not of sufficient concern to warrant
moving a microbarograph to that community.

T e

Propagation toward 320° azimuth, toward Stallion Site and
Bocorro, was minimized by z strong gradient of sound velocity
with height. The averaged sound velocity gradient from 1.8 km
MSL was -7.6 x 1075 3-1, compared to the calm standard
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atmosphere gradient of -4 x 10™° & (0.0065 K/m). Thus, minimized

propagation was expected for that direction.

Surface weather conditions at Stallion Weather Station
(1506 m MSL) were not the same as at DICE THROW GZ (1442 m MSL).
This elevation difference was used to estimate GZ ambient air
pressure from the Stallion barometer reading given in Table VI.

Reproductions of MB recordings at the five measurement
locations are shown in Figures 15-17. Numerical data are listed
in Table VII. Each recorder was operated with two pens with
set ranges that differed by a factor of four, as shown by
Figure 16 and 17. I1f a signal was weaker than expected it
could still be accurately measured from the "High Sensitivity
A-Per". If the signal exceeded expectations it was contained
by the scale of the "Low Sensitivity B-Pen". Timing marks
were made by a side-marking pen connected to a radio receiver
on WWVB.

The Stallion signal consisted of a severely damped explo-
sion waveforn, from gradient propagation, tollowed by two
sinusoidal) ~vcles of similar frequency. There were several
later cycles of much weaker echo waves that were not reproduced
for this report. The 8-Hz oscillations which were superimposed
on the fundamental waves probably resulted from weak temperature
inversion ducting in the boundary layer which was almost, but
not quite, overcome by wind effects, as was shown in Figure 14,

The Socorro record posed a problem with the late arrival
time. The first indication of noise came at 159 s, in rcugh
accord with the wave speed determined en route at Stallion.
The largest amplitude wave came 50 8 later but there w~as no
possible acoustic ray path for this propagation. Ray path
analysis has shown this wave probably was a collection of
scattered compressions from the proper acoustic wave passing
w—-7€¢ 9 km MSL.
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Fiqure 15,
Project DICE THROW Micrabarograph Records
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Figure 17.
Project DICE THROW Microbarograph Records
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At Carrizo:o the record showed two cycles of damped
sinusoidal oscillation much as could be expected. Oscuro
Peaks blocked any strong inversion propagation indicated by
the weather data, but diffraction over Oscuro Peak appears
to have been facilitated by high sound velocities up to 5.2 km
MSL. Other experience has shown that mountain shielding may
attenuate blast amplitudes by about a factor of two at long
ranges.

Strong propagations, predicted for Tularosa and Alamogordo,
were verified by recordings shown in Figures 16 and 17, respec-
tively. The Tularosa wave went off-scale on the sensitive A-Pen
but was containcd by the less sensitive B-Pen recording. There
does not appear to be any sign of strong magnification with a
pressure spike, caused by the complex upper level ducting layer.
Thus there probably was no focus or caustic that struck any
part of that small town. The recorded signal with 370-Pa
amplitude was noisy, easily heard, and approached the 400-Pe
rule-of-thumb threshold for window-breaking waves. According
to our station operator this blast wave set off a burglar alarm
in a building near our sensor. Also, one resident informed him
that the blast had caused a crack in his plastered wall, but
he probably would not take any claims action.

The Alamogordo recording was also driven off-scale on the
sensitive A-Pen, but a complete record was made by the B-Pen.
The amplitude of 390 Pa was slightly higher than that recorded
at Tularosa. This blast was loud at the station but our
operator reported no sounds of breaking glass. A personal
report from a Holloman Air Weather Service contact also reported
that considerable house rattling was heard indoors but there
was no damage, and little disturbance noted by children playing
outdoors. This recorded wave amplitude could indeed be expected
to break a few windows in so large a population (24,000 people,

_——matin  dt s vt a i Wl v
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estimated 460,000 window panes), but no claime repurts were
received. Also, in the 5-km extent of that community there
could have been wave focusing that was not detected by our
single microbarograph sensor. This may provide a useful data
point near the "threshold"™ for annoying cosmetic architectural
damages. One previous incident ir Las Vegas, Nevada, and two
incidents in St. George, Utah, from atmospheric nuclear tests
in the 1950's, each resulted in one window damage claim from
just over 400 Pa recorded amplitudes, but the so-called
“threshold"™ interpretation cannot be taken as well-established
from such meager data.

Pressure~time signatures of waves recorded at bovh Tularosa
and Alamogordo indicate that these large amplitudes were probably
rropagated by an upper lcvel duct betwaen 4.3 km and ".2 km MSL.

There was a prcblem with arrival timing and blast wave
velocity at Socorro, as shcwn by results in Table VII. It
appearad that waves traveled faster upwind toward Socorro than
downwind toward Alamogordo. Explanation may lie in erioneous
mapping. If the map distance from GZi to Stallion were reduced
by 508 m (2 1/2%), the recorded arrival time would be consistent
with the 339 m/8 surface velocity of Figure 14. This incremental
distance, added to the Alamogordn map distance, wouid give
342 m/s wave velocity, congistent with maximum propagation
speed under the inversion in Figure 13. With such sensitivity
to location, surveyed station sites, detailed ray path time
calculations, and time correction for strong shock source con-
ditions would be required to reach full internal consistency
in results.

Pressure amplitudes shown by the microbarograph records were
entered on the pressure-distance graph ¢f Figure 2 for comparison
with planning predictions. Amplitudes al»ong the 320° azimuth
to Socorro were much below even an average gradient curve. The
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TABLE VII. OICE THROW MICROBAROGRATH AIRBLAST MEASUREMENTS
Arrival Arrival Pressure
Distance Time Velocity Amplitude
Station Azimuth {km) (sec) (ms~1) (ft/sec) Pen (pascals) {psi)
Stallion 321° 19.17 56.07 339.3 113 A 97.73 0.014
B 100.96 0.015

Socorro 320° 55.81 159.00 350.1* 1149 A First detectable arrival

164.35 338.7 1111 A 1.13 0.0001%

197.40 282.7 927 A First late arrival

222.00 251.4 825 A 6.25 0.00091

222.00 251.4 825 B 6.30 0.00091
Carrizozo-I 095° 60.44 174.04 346.4 1136 A 211.6 0.0307

174.04 346.4 1136 B 217.9 0.0316
Carrizozo-11 1. :.04 346.4 1136 A 220.1 0.0319

174.04 346.4 1136 B 260.2 0.0377
Tularosa 144° 81.50 238.54 341.0 1119 A First arrival

244.30 333.6 1094 A >329.5 >0.0478

244.30 333.6 1094 B 369.0 0.0535
Alamogordo 148° 102.51 299.76 341.5 1120 A First arrival

306.43 334.1 1096 A >309.8 >0.0449

306.43 334.1 1096 B 377.1 0.0547

*Stallion arrival speed would give

54.09 km range,

1.72 xm short of map location.
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actual sound velccity gradient toward 320° was indeed gstronger
than the average gradient encountered in other ducting test
er.vironments. The isolated pnint representing the wave
scattered from high altitude down to Socorro also fell well
below “ne gradient curve. Amplitudee frcm the two MB sets
operated at Carrizozo fell almost exactly on the Standard
curve, but that is a coincidence of little significance.
Lacking the mountain barrier of Oscuro Peaks, appreciably
larger amplitudes would have been expected ~t that station.
Roth Tularosa and Alamogordo amplitudes were near the upper
limit of expecta:ions for inversion propagations but below
likely caustic or focus amplitudes. Focus factors at those
“wo stations were abcut 2.5X and 3.5X above the Standard, and
entirely reasonahle for the strong propagations indicated

by weather data. Both points fell below the windcw-breaking
threshold but with no signjificant margin of safety. Some
windows may nave been broken under these conditions. There
should not, however, have becen any hazard from flying glass,
because the breaks wonld nct likelv have be more than cracks,
with little likeliltood of even falling glas

CONCLUSIONS

The P1oject DICE THROW explos‘on airblast wave could have
broken windows and c.r-acked interior wall plaster to more than
100-km ranjes under weather conditions that caused refractive
blast focusing. Weathter observations snowed that there should
nave becn relatively strong propagations toward the southeast
ané weak propagations toward the northwest. Microl. ~ograph
recordings verified these propagation conditions and that wave
amplitudes in Tularosa ard Alamogordo were large enough to
rattle houses, possibly causing some damage. No audible wave
was propagated in the opposite direction to the shorter distance
of Socorro. Weather c¢’'.servations, blast predictions, and off-
site measurements were all perfor.aed surces .fully by, or in

~upport of, this project.
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AIRCRAFT SHELTER TESTS IN THE DICE THROW EVENT

INTRODUCTION

In the early 1960 time frame, an intensive effort began within the Air
Force to develop « protective arch shelter for tactical aircraft. The prime
impetvs for shelter development at that time was the need to protect parked
aircraft at Southeast Asia (SEA) installations.

Early tests sought to define an optimum configuration of arch structure
and protective cover. Later, when the requirement for hardened shelters was
defined by 0 for European theater airbases, the shelter previously designed
and deployed in SEA was adapted for construction at NATO installations throughcut
Europe.

The introduction of newer and larger aircraft such as the F-111 and F-15
necessitated modification of the basic 48 foot arch. Therefore, the Second
Generation Shelter was developed to have an elliptical shaped 82 foot span.
Later a Third Generation Shelter was also developed from the basic configura-
tion and has a 71 foot span. It shculd be noted that while the overall shelter
geometry was modified to provide larger span arches, the wall material cross-
section was not changed from the basic 18-inch thick minimum concrete cover.

Recognizing the liklihood of future requirements to upgrade existing
alrcraft shelters to defeat a more serious conventional weapons threat, the
AFWL initiated two concurrent research efforts during FY74. The efforts were
for conceptual design studies directed toward developing an upgraded closure
3ystem ana an upgraded arch sidewall. These efforts were successfully completed
and both upgrades were tested in the DICE THROW event as was the basic 48 foot

arch shelter.



During this same time frame, the Boeing Corporation developed a completely
new aircraft shelter concept under their IR&D program. AFWL later initiated a
contract with Boeing for the design and test plan of a 1/3 size model of this
new concept. This model was later tested in the DICE THROW event.

The closest of rhe four models to be tested in the event was the Hardened
Flush Aircraft Shelter {HFAC) developed by the Boeing Corporation (TBC). The
shelter was located 90 meters from ground zero (GZ), with an expected incident
overpressure level of approximately 265 psi.

The upgraded shelter arch and the upgraded closure were both located 150
meters from GZ with an expected incident overpressure of approximately 65 psi.

The unupgraded or prototype shelter arch was located 180 meters from GZ
with an expected incident overpressure of approximately 35 psi.

All four of the test models were located at ranges where preliminary
predictions indicated measurable inelastic response of the shelters would occur
due to the airblast loads. Complete failure of the structures was not expected
or deeired.

Shelter B, the Unupgraded arch was a modified 1/3 size model as were the
other three aircraft shelter models. Shelter B was 10.4 m in long with a
5.4 m span. The standard USAF aircraft shelter crocs-section, consisting of a
steel corrugated liner with a minimum 18 inch concrete cover was scaled down
by 1/3 and the steel liner was simulated witk the use of a concrete T-beam. This
was done on all three of the arch structures, as a cost savings. It would have

been extremely costly to have had cpecialiy fabricated 1/3 size steel cocrrugated



liners. The purpose of testing this model was for a direct comparison with
the upgraded arch. The model was also tested to pravide correlation between
the DICE THROW event and the full size standard aircraft shelter tested in the
MIXED COMPANY event (500 ton TNT). The scale models tested in MIXED COMPANY
vere located at 500 and 6C0 feet from ground zero side-on to the airblast.
Shelter C, the Upgraded Arch was slightly longer (11.7 m) and wider (7.85 m)
than Sbelter B. Shelter C had the same basic arch cross-section as Shelter B
with the addition of a concrete overlay. The overlay was not bonded to the basic
arch. The model overlay was .5 m (20 inches) at the crown and flared to 1.2 =
(4 ft) at the foundation. This would scale up to 1.5 m (60 inches) at the
crcwn and 3.6 m (12 ft) at the foundation of a full size shelter. The upgrade
was the result of prior conceptual studies, design, and testing. Much of this
work was accomplished through AFWL/DE and the Naval Weapons Center at China
Lake, California. The goal of the upgrade was increased to survivability of
the shelter to conventional weapons, while recognizing that any significant
upgrade, if properly designed could also enhance the blast resistance of the
structure to a tactical nuclear environment. Several upgrade techniques were
developed; the concrete overlay upgrade was chosen for testing in DICE THRCW
because it seemed the most viable upgrade concept considering available land
area and economic conditions in Europe.
Poth Shelters B and C were placed side-on to the blast as the worst case
condition and for direct comparison with each other, as well as with the shelters

tested in MIXED COMPANY.
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The actual incident airblast pressure received by Shelters B and C were
very cloaa to the predicted incidant cveir pressures of 35 psi and 65 psi incident.
The peak reflected pressure on the CZ side of Shelter B was approximately 220
psi, while the corresponding pressure for Shelfrer  which was at a much higher
incident overpressure was only 290 psi. This i{liustrates the upgraded shelter
is obviously more aerodynamically shaped than the unurgraded shelter.

The peak horizontal displacements, derived by integrating velocity gages
were in general much higher for Shelter B, than Shelter C. The horizontal
displacement of the crown of Shelter B was approximately 170 mm away from GZ.
The Lorizontal displacement of thn crown of Shelter C was only about 65 mm
away from GZ. Shelter C appeared t~ be much stiffer than Shelter B from the
displacement data.

These same trends were also noted when comparing the strain of the two
arches. In general the strains in Shelter C remained below the elastic liwmit,
while those in Shelter B normally exceeded the elastic strength of the reinforced
concrete.

Post-test observations of Shelter C showed it to have only minor dumage.
Minor cracks were noted on the leeward exterior surface of the arch. Minor
tensile cracks were also noted on the interior arch surface at the 45 degree
point on the windward side of the arch. These cracks were at most 1-2 mm wide
running longitudinal with the arch.

Post-test observations of Shelter B indicated considecrable inelastic
ressponse occurrced with resulting large extensive cracking and spalling. The

most severely damaged purtion of the arch was the stiffener collar, on which the



shelter door is normally attached. This collar, or ring insiGe the arch makes
the arch much less flexible at this location. Severa cracking occurred on the
collasr with some of the crack  being over 75 mm wide. Lzrge spalls were
noticeable, revealing the reinforcement and several large piaces of the concrate
coller had become completely separated and had falien. Severe longitudinal
cracking at the 45 degree point on windward side of the arch was evident.

Severe cracking and distress was also evident on the exterior of the arch. The
rear wall of the shelter was partially separated from the arch. Severe longitudinal
cracking was noticeable on the leeward side of the arch at approximately the 45
degrae point. Apn extremelv large circumferential crack was observed immediately
in front of the stiffener collar. A somevhat smaller crack was also noticeable
ismediately behind tha coilar. It appeared that ti‘e middle of the arch between
the end wall and the stiffener had deformed relatively more than the remainder

of the arch. This again would indicate that the arza of the arch adjacent to the
collar was much less flexible than the remaining arch.

Shelter A, consisted of a shortened 1/3 uize standard (48 ft span) alrcrefr
shelter arch supporting the newly developed hi-threat closure system, Prior
aircraft shelter studies and tests (MIXiD COMPANY) have shown the present
closure to be much less capable of protecting sheltered aircraft than the arch
wall. The closure tested in this event was developed as a result of these earlier
efforts. It was designed to afford the same protection level to sheltered
aircraft as the arch wall.

The closure consists of a massive one-pilece reinforced concrete slab with
reinforcing webs along the oute: edge and at the center line. The closure is

designed to roll on roller units located in a foundation trench across the
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face of the arch. The closure model tested in this event weighed approximately
15 tons. This wouLld scale up to 375 tons for a full size closure.

The closure was located face on to the airblast at a range of approximately
65 psl (.5 MPa) irncident overpressure. The maximum peak reflected pressure on
the face of the closure occurred on a panel near the bottom rib of the closure.
This peak pressure was approximately 520 psi (3.5 MPa).

An acceleration gage at approximately mid-height on the back of the closure
registered peak accelerations of approximately 240 g's. Other integrated
accelerators and velocity gages recorded peak longitudinal displacements of the
closure into the arch wall of about 250-300 mm.

Post—-test observation of closure indicated its general response was to move
upward with the top 0. closure moving towards the shelter arch and the bottom of
the closure moving away from the arch and coming to rest on the top of the
foundation slot. Some permanent inelastic deformation was also noted in the
center rib and panels of the closure. Some shear failure was also observed in
the closure panels. It also appeared that the front of the arch wall may have
lifted and pulled out of the foundation key.

The inelastic response of the closure did not appear to be sufficient to
have prevented post-test opening. However, sufficient rigid-body displacement
of the closure did occur to prevent it {from being opened after tie test. No
attempt was made to move the closure back into the foundation slot and open it
post-test.

The Hardened Flush Aircraft (HFAC) Shelter concept was originally developed
by the Boeing Company (TBC) under their IR&D program. AFWL later accepted the

concept as having strong potential as an advanced aircraft shelter.
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The Boeing HFAC shelter is a compact building design which solvee the
problem cf aircraft access by the use of a roof elevation system and an aircraft
elavation system allowing vertical access for the aircraft. This vertical
access technique allows vertical columns to be placed such that the 24 m (80 ft)
roof span 18 broken up into three 8 m (26 ft) sr as. Consequently, a flat
plate roof design 1is possible.

The HFAC shelter was designed for a composite aircraft and can provide shelter
for the following aircraftr: F-4, F-15, P-16, F-101, F-105 and the F-1l1.

The shelter also provides space for equipment rooms and personnel living areas.

A 1/3 size model of this system vwithout the aircraft parking platfors or
the two elevator systems was tested in the DICE THROW event. The model was
placed 90 m from GZ, with an expected incident overpressure of 265 psi.

As Shelter D was flush with the ground there was no reflected pressures. The
incident overpressure on the structure varied from 270 psi on the GZ side to
250 psi on the other side.

The motion of the movable roof of the shelter was fnitially downwards
followed by an upward rebound. As expected the motions became more severe as
one moved further from the vertical columms,

The flexure caused by this movement of the roof wcs responsible for some
cracks on the surface of the roof. These cracks ran perpendicular to the blast
and were approximately 2.5 m in length and as wide as 10-15 mm,

Post-test visual ol servation of this tesc model indicated it sustained
only very minor damage. Damage'inside the slielter was limited to minor cracks

and one large spall on the fixed cantilever roof. A large steel frame placed
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in the shelter to support hydraulic jacks for lifting the movable roof was
displaced on 6 mm by the shock. The pre- and post-test lifting of the roof
required approximately the same force. There were also some external diagonal
cracks at the top corners of the walls towarde GZ.

In susmary, the aircraft shelter experiments in the DICE THROW event were
very successful. A data recovery rate of 867 was obtained from the approximately
300 data channels which were installed and recorded by AFWL personnel. The test
results validated the upgraded arch and closure concepts and these will be kept
ready should the requirement to upgrade existing shelters ever develop. The
HFAC shelter's potential as an aavanced shelter to protect ageinst much higher
threat levels was demonstrated.

This has only been a very prelizinary assessment of the test results.

One contract is underway and two other contracts are in the process of being

negotiated for a detailed analysis of the test results.
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ABSTRACT

The Swedish Government, represented by the Royal Fortification Administration
(RFA), fielded an experiment in the DICE THROW Project. The RFA experiment con-
sisted of erecting and exposing two Group Helmet Army personnel shelters to over-
pressures of 690 and 380 kPa. The University of New Mexico's Civil Engineering
Research Facility (CERF) was responsible for construction, instrumentation, moni-
toring, and reporting of the experiment. The purpose of the experiment was to
verify the shelter survivability design overpressure in order to establish a
standard personnel shelter design. Each shelter was instrumented with six pres-
sure gages: ftive inside the shelter and cne external to the shelter. Both shel-
ters survived the blast environment with a relatively small amount of damage.
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SECTION 1
INTRODUCT ION

The Swedish Govermment, represeni.d by the Roya: Fortification Adninistraticn
(RFA), fielded an experiment in the DICE THROW Project, a 600-ton, high-explosive
test conducted at the White Sands Missile Range in New Mexico on October 6, 1976.
The RFA experiment consisted of erecting and exposing two Group Helmat Army per-
sonnel shelters to overpressures of 690 and 380 kPa. The Defense Nuclear Agency's
Field Command supported the experiment and the University of New Mexico's Civil
Engineering Rcsearch Facility (CERF) was responsible for construction, instrumen-
tation, monitoring, and reporting of the experiment.

The purpose of the Swedish experiment in Project DICE THROW was to verify the shel-
ter survivability design overpressure (380 kPa) in order to establish a standard per-
sonnel shelter design.

l
.’v
a
;
F
e
'
J

3/4

i

A A S A L5t @ e e e o s M L e e ) b S e D it e i b, £



SECTION 2
EXPERIMENTAL PROGRAM

The two test shelters were shipped directly to the White Sands Missile Range from
Sweden. Appendix A contains the packing and assembly instructions for the shelters.
After the necessary excavation was accomplished, the shelters were assembled accord-
ing to these instructions by four experimental technicians. A backhoe and front-end
loader were used for the excavation and backfilling. Figure 1 shows the Jayout with
respect to ground zero. Figure 2 shows various stages of the shelter erection.

Instrumentation consisted of six Kulite HKS and XTS type diffused silicon, full-
oridge, piezoresistive pressure gages for each shelter. Figure 3 shows the location
of these gages. The external gages (gage 6) were located on the longitudinal axis
of the shelter at the foot of the backfill., Gages 1, 4, and 5 were mounted in con-
crete cylinders, 305 mm in diameter and 305 mm in height. Gages 2 and 3 were piaced
on the simulated dummy shown in figure 3. The dummy was constructed with plywood
sides and filled with sand to obtain the proper weight. Gage 5 was placed on the
Tower girder at the back of the shelter. Figure 4 shows the inside of one shelter
prior to the test; figure 5 shows the pretest shelter berms.

The gages were connected to a steel junction box located approximately 300 m from
the shelters with 4-conductor lead wire buried 1.2 m deep. The junction box was
connected to the recording van by 20-pair cables. The recordirg van was approxi-
mately 1800 m from the junction box.

The recording van used for data acquisition was supplied by DNA (Van No. 36040).

In the van, the bridge-type pressure gages were excited and conditioned by B&F 1-
171 Signal Conditioners. The conditioned signals were amplified with Bay Labs

5503 Amplifiers (dc - 50 kHz). Recording was accomplished on Sangamo Type 4784
32-Track Tape Decks. Wideband FM recording (108 kHz center with t 40 percent de-
viation) was used.

. Preplacement gage calibration was ac.cnpliished at CERF with stimuli provided by a

dead weight tester or regulated baffles with calibrated Heise gages. Simple shunt
calibration resis’ rs were selected in the field to provide step bridge upsets with
known pressure equivalents.
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Figure 4. Shelter Before Test
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In addition to data, IRIG-B time code and fiducial signals were recorded on each

tape deck. During the event, the van was operated remotely from the timing and
firing van.

After the evant, quick-look data were played back on 0-graph paper. Final copy
data were prepared at the Air Force Weapons Laboratory data-reduction facility.

A sampling rate of 20;000 points per second and a filter frequency of 5 kHz were
used in digitizing the analog data. Each channel was scaled in engineering units
and plotted against time.
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SECTION 3 ‘
TEST RESULTS

The pressure gage data are presented in Appendix B; posttest photographs are pre-
sented in Appendix C.

Both shelters survived the blast. The 690-kPa shelter suffered more damage as evi-
denced by the larger deformation and the greater displacement of the footing mem-
bers. Also, some of the intake pipe was knocked down during the blast. A compar-

ison of the two sets of posttest photographs shows the relative damage to the two
structures.
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NDCX Sneet No GENERAL INFORMATICN
’ i 1 1. Pupose. This description shows the material ond work
. ) needed to asiomble the shelter with ordinory
indes, Generol intormation 2 wlidiers as lobour force.
Foundation 3 The elements and certain cccessories ond
List ot lies M ather equ'npmmt are. dolivered on heo .Iooding
Compilotion ools, coch weighing obout onc merric ton
(cf Sheer 4)
. 2. Terms. The sheets of this description ore colied
Packing plon 4 SHEETS  Trc Jdlustrarions ore collen FIGURES,
Ercovation 6 . o ..
Assomelirg ine poa plonks 3. Giouwping The 1hects of tris descriprion orc divided < f
7 tue ivdes s in twn moir roups intended for:
Droinogs = goemal inleroiion, tecormmitring, ploaning
A ol cloment . 8 ond moleriol suppl o
Mounting cf defails in clamenis 2 ond 3 - sequertisl ocunmt lnqe .
fAsemiling the sheltar croments, rellows, 9 4. Terr indicating stepy i chrcnolagicel sequence
stove s, stove ond csbousl pioc are colled STAGES ord denoled with shcer
|assemuiing entronce alements 10, 11 and 12 T rurber ond comecutisc oroer ‘e, v, 31, €2,
JAucmuling sentilotion pipe 8:3-.
Assemnling cotrance clements 12, 13, 14, 15 uad o " 4. Figures ore o.moted in alaroneticol order, A, 8, C,
Bockfill ond cover &¢. 079 1ne rurier of the octual sheet
re.5 A3, BI15, CI5).
6. Dimensions are Jivern in millimetrces, if not ormerwise

indicoted,
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JC3 SPECIFICATION

SHEET

INDEX, GENERAL INFORMATION
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EXTENSION IN BOTTOM VIEW AND SECTION

DEPTH OF FOUNDATION

MEASLRES AT 2LANE GROUND LFVEL . — -

A 3 8OV\TOM VIEW
bo EDGE OF COVER

Fourdation on o bed >f grovel or comne sond makes peciol
dreinage unnecessary .

Slope gl srosvmtivn
£on sory Ew I
J:-i o) T
|
o Final heignt over surrourdirg ground.

& Depm of faunaotion. If 1riy is 180G mr, there will be

bolance betwzen escovated moses 57d ~ockfill

< Distorcc 19 nighest yrderground water level, mimimyr

™,

A1 a slopc of eacovation of 4:1 the evcovated mosses
orount to 52 m3 witn gepth of foundation '800 mer.
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LIST OF SuUPPLIES

romber ol 1 gration Lmeting [piicm | Omiwrsrion Marting COMPATION

3 Loabng stecd No. | i n Laaer Ne. | .

2 Pad plenia i ] Bollow

2 Pod plenks 5 1 Seliows Wecket

i $Sove 8 Boln M8 x 22 with discs

1 Exnay 8 pipe 4 folts 5/8°x 35 with aun

t £.ove box é Cotten with wam pim

v Entrace element L} 4 Plastic covers

I Veul:od elements i, 2-8 1 Tersion spring

2 Goviz elemenn 2,9 1 Tenion swring

8 Intevior ventilation pipes 2-9

] Loading 180l No. 2 2 2 Ernnougt trunks

4 Pad plenks '}

N I 1 In chew No. 2

2 ' N - 2 \ Srocket for stove bon

» - 3 2 Anchor wircs for stove box orocket

H " - 6, 7 1 Bucket with bolt and ~uts

1 Cormer eloment with blast volve 12 ! Blost volve

and ventilation pipe i Woter level
1 Corner efement 13 1 folding rule
' Entronce e!-ncnl with hatch and 16 8 Lifting hooks
covle taahings ' Straightening tocl

3 Entronce elementy 10,11,14

2 Chrests e | Alitte wTenc

\ Branch pipe {ventilotion) : Sepeadriche

1 Beonch pipe exhaust) : :: :::: ::;‘::":;:9 o

2 Connecior pipes ’

\ Box wrench, jinglz open 29 mm ottoched
wor grFoRTs'! ‘ :’I"""""' Ne- '6, .

. v o Mm-rcuﬂz'mm e mover . S:::: ::::; 22 ::‘ i ﬁ © 1AL TONTIOR (L THINGA
K only . v -a} .
ki A e 8 et /) SH10-GROUP HELMET
Excovation 150 5 7
Pt e e JOB SPECIFICATION SHEET
S 275-300 90-95 9

1) Work for drainoge not inchuded

2, Statemenn are bosed on experience from work wim o 10 men

rew

LIST OF SUPPLIES, COMPMLATION
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A; $TOOL |

VAULTED ELEMFNT

GABLE ELEMENT

e
LOADING STOOL WiTH paps
DETAIL

O

EXTERIOR VENTILATION SPE

STOOL 2

Loading yeool 1, ct Fig AS

J"‘Hmﬂ!,dlau

5:1 Poce pods No. 2 on ool olong the longer sides. 5:11 Plece peds an el eccerding Jo deteil » Fig BS.

5:2 Mace pads No. 5 wavening pads No. 2. 5:12 m ’dhlo.(isd-lb-”dnnd

5:3 Moca sove sox ovd eisment (3) on me pos. 5:13 Mece chant Ne. | in oamemt (@

5:4 Pile me seven veulted clomenn on the stool. 3:14 Mece crmt Ne. wngoummw
Note me linerr of wooden sirigs. pipe n slomeni

3. Ploce me gasie slomenn (2) ond (5) on meiv rewpective sidmefS:15 Pleve slemane Oﬁ%a"“@

5:6 Lasn me pochege togetrer or stool, [3:16 Mace clement - olament
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MOUNTING MOUNTING
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06

EXCAVATION

6:1 Depth o excovetion shovuid be 1000 ~w

©0:2 Decide lett or cight maunticg (cf F.g AS).

6:3 A escovotion by herd e heiched aresy de avt rand
10 be toxen out.

64 U omtn move: n vecd, the l@t 150 rw ot nottom
hould o2 Fnd-erCOovoled GNyROw

ASSEMMAGE OF P03

6:11 Check e oo0°tom 10 tx = level ord norizonsel .
6:12 The plonks arc merked on coxh 1de

6:13 €uening under the planks hould be made with cove.
The plards should heve a good eod eamimt me growd

6:14 Tum me guide bant of T™e path in right dicecrion when
loying out e plenk,, cf Fig C6.

415 '—t@o’\d 2) under the snelter are ploced dwecHy
on the groumd, cf Figs C6 ond D6.

6:16 Tra pods (D) urter e sneiver and (), (). @.u

under e enirencs whovid he dug demn in of

75 wem dapin, Firol plocing might be adpsted when
omemdling Me snelter elemenn, ¢f Fis C2 e D 6.

617 Ploks (2) mouid be fined 1o plonks The fit con
be odpired in the cun berween plenks (9) ovd (D).
¢! Figa COand DO

6:18 The plenks should be m level ond Porizentel  Use e
weter-leve!,
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:\ Ly )

L | i
TEH_M{EJNT@;E)_
HORLI DRTALLY

WVIEW FROM OUTSIDE

EB

RIGHT MOUNTING

e

ELEMENT TranseoRy §v HAND
Example on trarmpent of slemants in terrein ond on e
vite of amemblege vee Fign AG, B8 ond C8.

8:1 Lift nooks sheuld oo weed for lifting end wrenaport,

ASSEMBIAGE OF DETAILS

8:11  Assemtle details in Figs D8, 8 and G 9 defore e
elemern are sunk down into the pit.

B:12  Irstall bellows trocket in element 8 , ci Fig D8,

8:13  Install bt volve For exhant pipe connection in
goble slement 2 from imside, <f Fig E8.

8:14  Tum me blat volve 1o get e cotter dot in horizon-
tol porition before maunting, cf Fig E8.

8:15 Bolt te viar volve from me ounide.

8:16  Protect me blamt valve uring plastic cover over the
outer opening,

8:17  lmtall the stove box bracket on goble alement 2

ond creck-mount the box for it 1o the blast volve,
cf Fig £8.

8:18 Mount tne ventilation pipes 6 ond 7 1o mc bellows,
in left or right-mounting, respectively.

Note :not plostic covens should be used over openings
not used cf Fim G8 or HB (aembloge seen from
tha rear side of the bellows).

;_ 3 FORTHIRATIONSFORV ALTHINGEN
A
U5} SH10-GROUP HELMET
JOB SPECIFICATION SHEET
Lo

MANUAL ELEMENT TRANSPORY
MOUNTING OF DETAILS IN CLEMENTS 2 AND 8 8
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ASSEMBLAGE OF ELEMENTS

9.1  Place element | according to Fig A9
Y2 Hoce ~loment 2 Gecording i Fig 89

23 Dig out for the exhaust pipes, Fig CO

94  Mount exhaust pipss on the blost vojve, Tig C9
9:5  Mount oll cottens (3 piecw), of Fig C9

964 Mount stove ond stove box, Fig D9

97 Asemble elemeny 1 - B in sequence, cf E9
98 Mount element 9, Fig F9

LU IR L e B L raddatasale o 0 a0l e o aiaanantic Chage s S (o S
. - R - R

—

v

-1

t.' The elements should overlap occording to marking

M OVIR - UNDER.

11

3 In coch joint the lowest boln are fint placed on

'; eoct side. The nut cen be hali-way drewn, There-
Ty afrer ine rest of e bolh are ploced ond the run
- halleway drown, When the sneiter it cosembled,

all e bolni thould te drowm.

ve

99 At hond-excovotion backfilling could start et this
stoge, cf Fig F9.

9:10 Mount e  bellows ond pipe-parts for left or right-
mounting ot element 8 , we Figs G9 or H?,
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E. JOA SPECIFICATION SHEET
[; ASSEMMLING THE SHELTER ELEMENTS, JELLOWS , o
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B10 5] 010
LEFT MOUNTING RIGHT MOURTING
(Y .
ASSEMBLAGE OF ELEMENTS
OBV A DIONSIOR Y AL TNING N

10:4

10:2

10:2
104
10:5

Lifs loop ond top is mownted in the roof for wmpension
of exrant pipes Nos. 8 ond 9, <f Fign E10 or F 10,

Lifs loop ond tap is bolted in the bore-hole ot the
cut in element 10 .

Mount element 10 , Fig ATD.
Mount element 1) | Fig B0,
Mount elemens 12, Fi, C10.

10:6 Mount exterior ventilation pipe, Fig Bl

10:7 Turn pipe Ino. | towords the sheiter port, Fig D10,
10:8 Asemble remaining ventilation pipes, Figs €10 or F10.
10:9 Ventiigtior, left mounting, Fig €10.

10:10 Venilotion, right raunting, Fig F10.
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Y SH 10- GROUP HELMET

JOB SPECIFICATION SHEET

ASSEMBLING ENTRANCE ELEMENTS 10, 11 AND
12, ASSEMILING VENTILATION PIPE ] 0
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ASSEMNAGE OF ELEMENTS
1151 Maunt olement 13, Fig ALY
112 Maunt clememt 14, Fig 8 11,

PR PLE WV TNED TS S0P Mot

e’

i
1 11:3 Mount elevenn 15 and 16, Fig CIY,
3
9 MACKFILL AND COVER
11:1  Use sncovered meem for wackfill and cover.

LLH ¥ ‘qnﬁllmhﬁﬁﬁd he thelter at e
e time.

n:a YMmmvahcncmdqomno.

1:le Uumwdm-m~.ka-hhphn
whon covering the shelrer, cf Fig E 1. The
nmmkmhaﬂa’-ﬁi\shw.l.

A hRASOSRE A

g
3 11:15 There must be ¢ 1600 wem cover.
: 11:16  If necemary, dig 100 wen duep grooves around
H mmupdn«n«.l“uum
,. " core of ron-we:.
: o
g;
2
{
r
E:.
3
}
E.. A SORTHR A TIONSI ORVALTNIGAN
M
: A2l SH10- GROUP HELMET
e
JOB SPECIFICATION SHEET

N
ASSEMBLIMG SNTRANCE ELEMENTS 12, 13, 14,
15 AND ‘5. BACKFILL AND COVER ] ]
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APPENDIX C

SHELTER DAMAGE
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Shelter erm: 380 kPa
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PROJECT €-4  FREE-FLIGHT MEASUREMENT OF THE DRAG_FORCES ON CYLINDERS
- EVENT vICe THROW

A.W.M. Gibb and D.A. Hi
Cetfence Research Establishment Suffield
Ralston, Alberta, Canada

ABSTRACT

Results are presentea from a Canadian experiment to measure aerodynamic drag on
circular cylinders under unsteady flow conditions in a long duration free-field plast wave.
These results provided drag loading information required for analysic of the structural
response tests on Canadian Navy masts and antennae reported herein. Seven cylinders, dis-
tributed at nominal 20, 1C, and 7 psi peak overpressure locations and spanning three
different diameters (2.5, 3.5, and 18 inches) were studied. The 18-inch diameter cylinder
at 20 psi with 48-inch diameter end plates was partially destroyed by a sidewise blast
pressure anomaly travelling from east to wast. No usetul data were obtained for this
cyiinder, but the remaining six cylinders yielded valid data. A free-flight method,
deveioped in earlier trials (Prairie Flat, Dial Pack, Mixed Company) was employed to
measure time-dependent drag pressures. For every cylinder, one velocity transducar was
attached to each end of the ceantral shi¥ft to record cylinder velocitv vs time, while a
high-speed camera recoraed displacement vs time. Cylinder acceleration, and hence drag
pressure, was obtained from the slope and curvature, respectiveiy, of th2sie curves.
Generaliy good agreement was obtained between results derived from camera and transducer
data. Dynamic pressure (needed to extract drag coefiicients) was calculated, assuming a
Friedlander-type overpressure decay, from ground-level gauge measurements of Overpressure-
time histories at the 20, 10, and 7 psi peak overpressure locations. Scme cvlinders were
fitted with extended end plates to reduce end effects. Comparison of results for cylinders
with and without extended end plates indicated the presence of substantial enc effects at
critical and supercritical Reynolds aumbers. Dust samples were collected at each cylinder
location vn vertical aluminium channels filled with grease. These samples, combined with
camera vecords, cuggest that dust loading was insignificant at the initial cylinder
positions § or 6 feet above ground. Measured drag coefficients for Mach number <0.4 were
in agreeiserit with steady-state values for Reynolds numbers in the range (4-30):325, but
were lower than steady-state values in the range (30-40)x10CS.
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1. INTRODUCTION

One of the Crnadian projects in tvent Dice Throw was the measurement of derodynamic
drag on right circular cylinders, using the free-flight method. The purpose of the project
wias to provide blast loading information for the lattice mast!, polemast2, and whip
antennae3, which underwent structural response testing during this trial. This project was
a continuation of research begun in Operation Prairie Flat and continued in Events Dial
Pack5°6 and Mixed Company’.

i Seven cylinders of circular cross-section were employed. Their basic properties
are sunmarized in Table 1. Two of the diameters employed, 3.5 inches and 9.5 inches. were
chosen because they correspond closely to the diameters of the main structural members of
the related structures (3.5 inches - whip antenna and lattice mast; 9.5 inches - polemast).
The third diameter, 18 inches, was included to support future mast designs. The cylinders
were located at the same neak overpressure levels as their related structures (3.5-inch
diameter at 10 psi, 9.9-inch diameter at 7 psij. An additional 3.5-inch diameter cylinder
was located at 20 psi peak overpressure. The major unrasolved problem chosen for study in
this test was the Influence of end effects on the measured drag coefficient. With this
goal in mind, the cylinders of a given diameter were grouped in pairs. In each pair, one
cylinder had end plates with the same diameter as the cylinder diameter; the second
cylinder had end plates with a diameter» which was 3 times the cylinder diameter. The
purpose of the extended end plates was to eliminate end effents by cutting off the air flow
over the ends of the cylindar.

The methods of data recording were the same as those developed and used in previous
trials employing the free-flight method. Velocity transducers iwere used on all test
cylinders to record cylinder velocity as a function of time. In addition, a high-speed
camera, operating at approximately 1000 frames/second, was stationed at each cylinder
location to record cylinder displacewent as a function of time. The slope of the
velocity-time curve, and the curvature of the displacement-time curve provided {ndependent
measurements of cylinder acceleration, and hence drag fcrce, as a function of time. The
camera records also provided secondary information on possible complicating factors such
as cylinder rotation and the presence of solids (both fine dust or massive particles) in
the blast wave.

A1 of the measurements reported herein refer to the drag phase of loading on the
cylinder. No measurements of loading durinj the initial shock diffraction phase are
reported.
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2. APPARATUS
2.1 TEST CYLINDERS AND MOUNTS

Figure 1 indicates the relative position of each cylinder with respect te Ground
lero.

A typical test set-up is shown in Figure 2.

At each location, support for the cylinders was provided by two vertical
rectangular plates, made of 0.25-inch steel with their bottum edges fastened firmly to a
concrete base. Additiuvnal rigidity for these plates was provided by triangular support in
the form of two one-inch diameter steel bars welded to the outside of the support plates at
an angle of 30 degrees approximately 5 feet above ground level. The lower ends of these
bars were set into the concrete base.

The construction of a typical cylinder is illuscreted in Figure 3. Each was a
right circular cylinder with a solid centre shaft of 0.75 or 1.0-inch diameter which
extended 14 inches beyond the ends of the cylinder. Flats were cut in the shaft nine
inches from each end of the cylinder, and the cylinder was suspended between the support
stand with the flats resting on the tops of the support plates. The purpose of the flats
was to prevent the cylinders from rolling off of the supports under the nfluence of small
gusts of wind priov to the shot. The coefficient of siiding friction between support plate
and cylinder shaft was minimized by application of silicone grease to the top of the
support plate.

2.2 VELOCITY TRANSDUCERS

The velocity transducers for measuring cylinder velocity directly as a function of
time consisted of seven pairs of Hewlett-Packard Sanborn 7LV9 transducers. dn a given
cylinder, two transducers were used, one coupled by a mechanical linkage to each end of the
cylinder shaft. The transducer signals were recorded separately, on a tape recorder with
nominal 4 KHz recording bandwidth. This provided two independent measurements of velocity
for each cylinder. A close-up view prior to the shot showing the transducer coil in its
gimbal mount, and the mechanical linkage which couples the magnet inside the coil to
the end of the cylinder shaft, is presented in Figure 4.

The Sanborn 7LV9 transducers used in this trial had two working lenuths (each 9
inches). The overall recording length of approximately 20 inches was sufficient to permit
between 80 and 290 miiliseconds of cylinder motion to be recorded.

The transducers were calibrated by an electroiwchanical method which employed a
Kistler standard accelerometer and shake table. The calibration error was estiiated to be
+3%. In addition, careful inspection of transducer traces indicated possible variations of
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12% in the uniformity of response over any working length. An over.1l uncertainty of 5%
in the velocity calibration was assumed when analyzing the data.

2.3 CAMERAS

Photosonic framing cameras, operating at riominal speeds of 1000 trames/second were
set on camera posts at each cylinder location to record displacement of the cylinders as a
function of time. A camera set on fts mounting pust can be seen in Figure 5. Relevant
information on the cameras and their locations is given in Table 2.

The cameras provided internal timing mirks which were project: onto the fiim at 10
millisecond intervals to permit the framing rate to be established and the constancy of the
raming rate over the recording iaterval to be checked. The timing mark generators
functioned on all cameras. To signal the time of arrival of the shock front in the film
tframe, a red ribton was glued to the back edge of the support plate. Horizontal distance
calibration was provided by a photomarker plate with a 12-inch scale marked off in inches.
Both of these aids can be seen clearly in Figure 4.

Approximately one week before shot day, Test Command moved the shot time forward
from 1300 hours to 0800 hours. This change provided potentially serious problems for the
camera recording system. The position of the sun at 0800 hours was such that
it came close to shining divectly into the camera lenses. The cylirder ends to be photo-
graphed were in shadow, and the high background 1ight level caused extremely »our iinage
contrast. Hastily-constructed aluminium foii reflector panels, bolted to each camera post
(Fiu. 5), provided sufficient reflected 1ight to permit pictures of acceptable contrast to
be recorded at shot tiwe by 211 cameras. However, a slightly denser cloud cover at shot
time could have ruined the camera experiment entirely.

2.4 DUST COLLECTORS .

Since it was known that dust entrained in the blast wave could significantly alter
1 e measured drag pressure, 1t was felt to be impo-tant tc obtain some indication of the
contribution of dust loading. A series of simple dust collectors consisting of 6-foot hign
vertical aluminium channels filled with grease were located at strategic poirts on the
layout (Fig. 6). The results of this experiment are the subject of a separate repart®

The ground surrounding the Canadian projects was treated with a sprayad-on plastic
coatina approximately 1/8-inch thick. Camera records and dust collectors confirmed tnat
the coating was highly effective in suppressing dust. The extent of the treated ground can
be clearly seen in Figure 7.
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3. DATA ANALYSIS
3.1 GEMERAL

The goal of the analysis wac to obtain the aerodynamic drag coefficient as a
function of time, Cp(t). Cp is defined by the equationl!

Pplt) = Cplt) q(t) (1)
where P0 is drag pressure
CD is drag coefficient

q is dynamic pressure
and the time-dependente of each quantity is noted explicitly.

The velocity-time data,v(t), and displacexent-time data, x(t), were fit by power
sertes in time, as described in Sections 3.z and 3.3.

Orag pressure is related to the slope of v(t) and curvature of x(t). through the

relations
dt) . ey, L) L g (2)
dt2
and  P,(t) = Fa(t) ')

where x 1s cylinder displacement
v is cylinder velocity
a is cylinder acceleration
m is cylinder mass
A is frontal area of cylinder
t is elasped time after arrival of shock frout at cylinder.

T V. T W 4 e s TR SR e

For the purposes of this exveriment, dynamic pressure, q{t), was replaced in
Equation (1) by the closely-related quantity impact pressure, q(t), in an attempt to
reduce the dependence of cn(t) on Mach number. The derivation of ql(t)fron measured
free-field overpressure-time histories, and the reason for reclacing q(t) with ql(t). are
elaborated in Sections 3.4 and 3.5.

3.2 VYVELOCITY TRANSDUCER DATA
3.2.1 Conversion from Analog to Digital Velocity-Time Signal. The analog signals

recorded on magnetic tape during the trial were digitized after the trial at a digitizing
rate of 16 KMz using an analog-to-digital converter. A previously-determined calibration
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factor was applied to each vol*-ge-time record to convert it to a velocity-time reccrd.

After establishing by visual inspection that digital smoothing of the transducer
signals would not suppress any cignificant features in the data, a smoothing was performed
by averaainj sach consecutive interval of 8 pcints. At the time that the curve ficting was
performed, the interval between data points was 0.5 msec.

The characteristic transducer response time (approximately 2 msec) was not fast
enough to follow the abrupt change in velocity occurring during the initial diffraction
phase of shock loading on the cylinder, which lasts for about 1 millisecond. There was,
therefore, little point to analyzing velocity-time data during the initial recovery time of
the transducer. For this reason, only data {rcm 3 msec onward were retained for analysis.

3.2.2 Philosophy of Curve-Fitting. A power series in time was chosen to fit the
velocity-time data, for three reasons:

(1) Such a series provides a simple analytic expression for acceleration as a function
of time, and it is the latter which is required to obtain drag pressure vs time.

(2) A power series in time is linear in the fitting parameters. This fact permits a

linear Teast squares criterion te be used to determine the best-fit function. The theory

of Tinear least squares fitting provides a straight“orward prescription for the uncertain-
ties in the fitting parameters, as well as for uncertainties in functions linear in these
parameters. This faci permits one to derive the uncertainty in ¢ :g pressure 1n terms of
the uncertainties in (he original velocity-time data.

(3) Available evidence on the expected shape of Cy(t), and on the known shape of ql(t)
(impact pressure) suggests that, for the Mach and Reynnlds number ranges studied in this
experivent, the varfation of PD(t) is sufficiently smooth to be well described by a low-
order power series in time.

Before a fi.ted function was accepted as an accurate description of the variation of
¢-ag pressure with time, three conditions had to be satisfied:

(1) Reasonable 1imits on uncertainty in acceleration (low order pawer series),
(2) Stable Tirst derivative,

(3) Correct physical behaviour at early times (when dynamic pressure is large and decays
vapidly) and at Jater times (when drag pressure is decaying to zeruv asymptotically).

IT the fitting functions failed to meet all of these criteria for a particular data
set, then all high-order fits were rejected as unsuitabie and a linear fit to drag pressure
(quadratic fit to velocity data, cubiz fit to displacement data) was chosen. The linear
function correctly describes the trend in pressure in that it decreases with time, but is
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physically unrealistic to the extent that it lacks curvature. It should be considered as a
coarse averaging function which contains no infermation on the detailed shepe of drag
pressure as a function of time. For this reason, in comparing 1inear znd higher-order fits
to drag pressure, only averages over, say, 25 msec intervals should be used.

3.2.3 Effect of Non-Random Fluctuations in Velocity-Time Data. As was the case in
all previous trials, non-random fluctuations were evident in all transducer signals.
These can be subdivided into two categories:
- pure(damped) sinusoidal oscillations
- frregular fluctuations.
Pure sinusoidal oscillations: Large single-frequency osci lations were
observed in the velucity-time spectra from transducers attached to Cylinders, 3, 4, and 5.
By inspection of the corresponding camera records, it was established that they were
oscillations of the solid centre shaft of the cylinder to which the transducers were
attached. An attempt was made to remove this single-frequency component using Fourier
analysis. Due to the short length of the v(t) spectrum, the presence of gaps at the
beginning and in the middle of the spectrum, and the fact that the oscillation was damped,
it proved impossible to apply a sufficiently precise frequency filter which woulc remove
tpe oscillatory component without simultaneously distorting the shape of the velocity-time

teace.

The next approach employed was an attempt to fit the velocity-time spectrum with a
function of the form:

vit) = vl(t) + vz(t) (4)

where

-agt

5
vi(t) = a; + t+at? v, (t) = ae ﬁfn(Zwast +a,) . (5)

This function,which ficludes an explicit damped sinusoidal term, contained seven fitting
parameters (a;- - - - a;). A least squares best-fit criterfon was adopted, and the best-fit
function was found by a parameter search method. It was useful to compare the best-fit
coefficients a;, a,, a; obtained using this function with the best-fit coefficients
obtained by a 1inear least squares procedure using a second order power series only. The
results irdicate that, at least for a second order polynomial fit to velocity, the two
methods give simflar answers for the polynomi~1 describing the velocity-time curve. The
parametes search method could not be extended to v; functions containing powers of t

higher than two because of the inordinatc demands on computer time.
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The results for second order lend credence to the assumption that, when the sinus-
oidal term 1s omitted from the fitting functions, oscillations in the data about the mean
value are sufficiently rapid that they do not serjously affect the choice of best-fit power
serfes. As explained in Section 3.2.2, a simple power series fitting function was adopted.

Irregular fluctuations: On Cylinders 2, 6, and 7, irregular fluctuations were
superimposed on the sinusoidal oscillations. The fluctuations are most 1ikely caused by
static friction between the moving magnet and surrounding coil housing at the turning

points in the coil motion. In the error analysis, it was assumed that the fluctuations
were random.

3.3 CAMERA DATA

3.3.1 Use of Film Reader. Developed films from the high-speed cameras were analyzed
with the aid of a precision film reader. Timing marks projected onto the film at 10 milli-
second intervals were used to establish the framing rate. A horizontal distance scale in
each film frame was provided by a photomarker plate attached to the support plate nearest
the camera and marked off over a 12-inch interval in alternate black-and-white 1-inch wide
bands. The zero of coordinates was defined for each film frame to be the junction of the
photomarker plate with the vertical back edge of the support plate.

for those cameras with 50mm focal length lenses (Table No. 2), non-linearity across
the field of view could be neglected. For those cameras with 13mm lenses, a correction had
to be applied for non-linearity across the field of view.

The measuring position on the cylinder was defined by the junction of alternate
black and white sectors painted onto the end plates. Because the end plate is 9 inches
farther from the camera than the photomarker plate, a simple geometrical correction had to
be applied to the measured position coordinates.

It was necessary to apply a correction the the measured position coordinates to
account for motion of the camera and mounting post under blast loading. The accuracy of
position measurement was estimated to be t.04 inch before any corrections were applied.

3.3.2 Philosophy of Curve-Fitting. The same consideraticns which governed the fitting
of the velocity-time data discussed in Section 3.2 applied to the fitting of the displace-
ment-time record from the high-speed cameras, except that one is interested in the second,
rather than the first, derivative, and the record is continuous. In addition, the ability
to observe the cylinder end, rather than the end of the cylinder shaft, meant that the
oscillations of the cylinder shaft, so promirent in the velocity transducer data, were
absent in the camera data.

3.4 FREE-FIELD OVERPRISSURE MEASUREMENTS
Side-on pressure gauges mounted at ground level were used to record overpressure-
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§ ! time histories of strategic points on the Canadtan layout. These measurements are the
subject of a relate¢ report.? Four gauges were located in the vicinity af the 20 psi over-
pressure position, six gauges in the vicinity of the 10 psi cverpressure position, and four
gauges in the vicinity of the 7 psi overpressure position.

i
§ Each overpressure-time curve was assumed to follow the empirical Friedlander decay
L
: formula
| p(t) = pF (6)
l where -
: Fes |- _t- e t+
t+

with % " peak overpressure (psi)
t, * duration of positfve overpressure phase

k = Friedlander decay constant (empirically determined).
The positive duratfon, t,, was determined by visual inspection of the digitized
pressure-time records.

+?

The overpressure fmpulse, I, defined by

t’+
1 L p(t) dt )
was obtained by numerical fntegration of the area under the measured pressure-time record
from t=0 to t=t,. Integration of Eq. 6 from t=0 to t=t_ leads to the equatfon
1 1 (-
t, |x° . (8)

The function on she right is an unique functior of the decay constant k only. This
function was plotted and the value cf k determined graphically for each pressure gauge by

calculating the ratio - using experimental values of I, Po’ and t, determined directly

Pt
from the measured pressﬁre-tine records. Once the parameters I, Por &, and k were
determined for each gauge at a given nominal peak overpressure location, a best value was
determined for each parameter by averaging the results from all the gauges at that peak
overpressure location. The scatter in the values of the parameters about the mean value
was used to provicde an estimate of the uncertainty in each parameter.

3.5 [MPACT PRESSURE CALCULATIONS Lo
The dynamic pressure o and impact pressure q were assumed to decay as F2, , t.e.,

4

a(t) = q,F? (9)

o
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a(t) = a2 (10)

whera the peak dynamic pressure, Qg» is determined from the Rankine-Hugcniot relations at
the shock front to be 10

2
5 Po
q * -2"(——7—”0"’ b ()
and the peak impact pressure is determined to be !l
9,2
Qr, = 9, * (12)
Io 0 2.5(po + pa)

where Py = peak overpressure

Py = ambient pressure.

It has been the practice in recent years at our Establishment to define drag
coefficient irn terms of impact pressure, rather than dynamic pressure (see £q. 1) because
drag force for compressible fluids 1s directly related to impact, rather than dynamic
pressure. This practice has been continued in this report. The ratios of impact pressure
to dynamic pressure at the 20.1, 9.7 and 6.7 psi peak overpressure locations were 1.103,
1.039, 1.022, respectively, based on Equations 9, 10, 11 and 12.

3.6 CALCULATION OF MACH AND REYNOLDS NUMBERS

Free stream Mach and Reynolds numbers were calculated using standard definitions!!.
Fluid velocity was assumed to decay as u = u,F (13)
where F i35 defined in Equation 6,

and u, was derived in terms of Po anrd Pa from the Rankine-Hugoniot relations across
the shock front.

The temperature of the flow behind the shock front was approximated by the
isentropic relation. The kinematic veloctiy was described by a power series in temperature,
where the coefficients of the series were obtained* by fitting a power series to values of
kinematic viscosity for air at specit.c temperatur.s.
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4. RESULTS
4.1 GENERAL

Figures 8 thruugh 18 present results of fits to velocity transducer data and camera
data for Cylinders 2 through 7 (except for Cylinder 2 where only transducer data are
available). The case of Cylinder 1, which fajled to undergo free flight under the influence
of a blast anomaly, ic discussed below. Figures 19 through 23 preseat derived drag
pressures and drag coefficients for Cylindeirs 3 through 7 from both camera and transducer
data. A summary of results for each cylinder, with qualifying remarks, is presented in
Table 3. Tables 4, 5, and 6 have been included because they summarize the variation of
dynamic pressure and impact pressure, as well as Mack number and Reynolds number, as a
function of time after shock arrival, at the 9.7 and 6.7 psi peak overpressure location for
18~inch, 9.5-inch, and 3.5-inch diameter cylinders.

4.2 VELOCITY TRANSDUCER DATA

The data from east and wast ends on a2 given cylinder were analyzed separately.
The best-fit curve is drawn through the velocity-time data as a solid 1ine. The dotted
lines in the figures represent + one root mean square (RMS) deviation in the scatter of
data about the best-fit curve. It was assumed for purposes of error analysis,and in the
absence of better information, that the RMS deviation had a constant value at &11 points on
the curve. The acceleration curve is the first derivative of the best-fit velocity function.
The dotted lines on the acceleration-, drag pressure-, and drag coefficient-time curves,
however, respresent t three standard deviations (99% confidence interval).

Velocity data for Cylinders 3, 4, 6, and 7 were fit by power series with terms up
to the fourth power in time (5 parameters). Transducer data for Cylinders Z and 5 were fit
by power series with terms up to the second power in time (3 parameters).

4.3 HIGH-SPEED CAMERA DATA

Camaras recorded the motion of the west cylinder ends only. In the figures, the
best-fit power series curve is drawn as a solid line through the displacement-time data.
Dotted lines representing + one RMS deviation, are also drawn, but are not evident on most
drawings because the deviation is so small. On the velocity-, acceleration-, drag pressure-,
and drag coefficient-time curves, however, the dotted 1ines represant t+ three RMS deviations
about the best-fit curve (99% confidence interval). Displacement data for Cylinders 3, 4, 5
and 6 were fit by a power series with terms up to the fifth power in time (6 parameters).
Displacement data for Cylinder 7 were fit by a power series with terms up to the third power
in time (4 parameters).
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4.4 DRAG COEFFICIENT VS REYNOLDS NUMBER - BEFORE CORRECTIONS (FIG. 25)

For a given data record, the drag pressure-time curve was divided by the approp-
riate impact pressure-time curve (Fig. 24) to obtain drag coefficient as a function of
time,CD(t).

In Figure 26, the resultant CD(t) curves are plotted as a function of Reynolds
aumber for all cylinders for which the free stream Mach number is less than the critical
value Mc = 0.48. For this Mach number range, the dependence of CD upon Mach number 1is
slight.

The use of impact pressure in place of dynamic pressure probably reduces this
dependence even further.

In Figure 26, data which required a linear fit to drag pressure have not been
included because 2 linear fit was felt to provide no detailed information on the shape of
the drag pressure-time curve (see Section 3.2).The CD(t) values are presented as bands of
uncertainty for three reasons:

(1) To permit a visual comparison of the relative accuracies of the velocity
transducer and high-speed camera techniques.

(2) To emphasize that, for a given data record, the uncertainty in the
derived drag coefficients is not constant across the record. The uncertainty is least near
the middie of each record.

(3) To show the measure of agreement between drag cozfficients obtuined using
the velocity transducer and high-speed camera technique.

In this Figure, and in the plots of CD(t) in Figure 19 through 23, no uncertainty
in the calculated impact pressure has becn included. This nas been done so that the ratio
of drag coefficients with and without extended end plates could be formed directly to assess
the importance of end effects. In such a ratio, impact pressure cancels out, sa the
uncertainties in Figures 19 through 23 and Figure 26 are the appropriate ones to use for
assessing end effects.

Included for completeness in Figure 26 is a solid curve representing drag
coefficients measured in a wind tunnel under steady-state flow conditions.12+13  The
extension of the steady-state results to higher Reynolds numbers!* 1is represented by the
dotted portion of the curve.

4.5 END EFFECTS (FIG. 27)

The flow of air over the ends of finite-length cyli~ders can produce a measured
drag coefficient which is different than the value that would be measured for an infinitely-
long cylinder. Since the main structural members of the Canadian Navy masts and antennae
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tested in Dice Throw had relatively large length/diamater (L/D) ratios, drag coeffizients
for infinite-1ength cylinders were the appropriate input to structural response calculations
for these structures.

In the present expeariment, thin extended end plates were attached to the ends of
some cylinders (Figs. 4 and 5) to prevent air flow around the ends of the cylinders, there-
by eliminating end effects.

There was, of course, a contribution to theoverall drag on the cylinder due to drag
on the end plates themselves. However, because the end plates had bevelled knife edges,
and the air flow is expected to be parallel to the faces of the end plates, the main con-
tributfon to end plate drag was skin friction drag, for which the maximum drag coefficient,
according to Hoerner!5, is .008. Using this value for CD’ the firactional contribution by
the end plates to the overall measured cylinder drag pressure was assumed to be given by

(CA)end prate _
(cai)end plate + (CDA)cylinder

where Aend plate is the total exposed surface area of the two end plates

A is the frontal area of the cylinder

cylirder

(Cp) ena plate = -008

(cn)cylinder = measured vzlue from experiment.

These calculated contributions from the end plates to the measured drag coefficient
(approximately 10X for Cylinder 7, 7% for Cylinder 5, and less than 1% for Cylinder 2) were
then subtracted from the measured coefficients to produce a set of corrected coefficients
appropriate to infinite-lenyth cylinders. It is these coefficients which are plotted in
Figure 28.

Since the experiment included pairs of identical cylinders with and without extended
end plates, at the same peak overpressure locations, it was possible to measure end effects
directly by forming the ratio

CD (with extended end plates, corrected for end plate drag)
CD‘Tﬁffhout extended end plates)
These ratios were Tormed, using drag coefficients averaged over 25 msec intervals.

for Cylinders 6 and 7 (velocity transducer data) and Cylinders 4 and 5 (camera data). The
results are plotted in Figure 27 as a function of elapsed time after shock arrival,

For Cylinders 6 and 7, with an L/D ratio of 17, the first two points in Fig. 27
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covering 50 msec of motion correspond to Reynolds numbers (2-5)x10°, i.e., just above the
critical Reynolds number range (5-3)x105. The value of the CD rativ 1s slightly less than
1 but consistent with unity. The next three points carrespond to Revniolds numbers in the
critical range (5-3)x105. For these points, the Cp ratiu lies below 1. A slight tendency
for the ratio to decrease with time is noted. All points are consistent with the weighted
average value of 0.78.

For Cylinders 4 and 5, which have an L/D razio of 5, all of the data points
correspond to Reynolds numbers in the supercritical range (16-9)x10%. Initiail values of
the cD ratio are substantially greater than 1 and are not consistent with unity within
error. Moreover, the ratio increases markedly for later times. The average value for the
first 50 msec of moction is 1.43 while for the second 50 msec of motion 1t is 1.95. The
average value for the first 100 wsec of motion is 1.58, hut not all of the data points
agree with this value within errcr.

Due to the fatlure cf Cylinder 1, the 18-inch diameter cylinder with exteaded end
plates, it was not possible to measurs end effects directly using Cylinders 1 and 3. In
view of the large end effects otserved for Cylinders 4 and 5 in the supercritical Reynolds
number range witn aa L/D ratio of 5, it was felt that substantial end effecis could also
be expected for the 18-inch diameter Cylinder 3 whose motion spanned a somewhat higher
Reynolds “ rarge and which also had an L/D ratio of 5. Since no direct information
was avai. ‘orr Cylindar 3, the average end effect factor of 1.58 measured for Cylinders
4 and 5, was applied to the camera data for Cylinder 3. These corrected data are plotted
in Figure 28. It is notable in thkis Figure that,even after substanitial end effect
corrections, the two data points at highest Reynolds number (first 50 msec of motion) for
the 18-inch aiameter cylinder 11e well below steady-state values. To obtain agreement with
the steady-state values, the measured drag coefficients would have to be multiplied by an
approximate factor of 2. If, instead of an average end effect factor, one employed the
measured values fcr each 25 msec interval recorded in Figure 27, the two points at highest
Reynolds numbers in Figure 28 would be depressed a further 10%, while the third point would
be elevated a ruriher 20% to lie above the steady-state value.

4.6 DUST LDADING

Both the greasy dust collectors described in Section 2.4 and the high-speed camera
records provided qualitative information on the amount of dust entrained in the blasi wave
during the cylindar motion. Both dust co’.lectors (see 7-foot tall dust collector in Figure
6) and camera records confirmed that a significant dust cloud existed only to a height of
about ‘hree feet above ground, ana that relatively little dust existed at the initial
cylinder height 5 to 6 feet above ground. One would expect any dust loading to increase the
effectise drag force on the cylinder, thereby increasing the mecsured drag coefficiant. The
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insignificance of dust loading is supported by the fact that the measured drag coefficients
in Figure 28 were consisted with steady-state values over most of the range of measurement.
The plastic coating sprayed onto the grourd in the Canadian sector proved highly etffective

in suppressing dust, as evidenced by the relatively Tow dust levels in this trial compared

to previous trials.

4.7 DRAG COEFFICIENT VS REYNOLDS NUMBER - AFTER CORRECTIONS (F1G. 28)

Figure 28 is a composite semi-log plot showing measured drag coefficients for
"infinitely Tong" smooth cylinders in unsteady flow cunditions for Reynolds numbers from
(3-40)x105. For the 3.5 inch and 9.5 inch diameter cylinders, data from cylinders with
extended end plates were used, after subtracting a correction for end plate drag. For the
18-inch diameter cylinder without extended end plates, the average end effect factor of
1.58 measured for the 9.5-inch diameter cylinder was applied to the 18-iich cylinder
results to convert them to values appropriate to a cylinder of infinite length. The error
bars on the data points in this Figure include the uncertainties in impact pressure plotted
in Figure 24. As in Figure 26, the solid line represents results from wind-tunnel experi-
ments in steady-state flow conditions!2:13, he extension by other workers of these
results to higher Reynolds numbers!* {s represented by the dashed portion of the curve.

4.8 SURFACE ROUGHNESS

A1l of the cylinders were sanded and pulished,after deep scratches were filled in
with body-filler compound to ensure that all surface imperfections were less thin 1/1000
of the cylinder diameter and that all scratches present were in the direction of air flow
over the cylinder. Under these conditions, according to Hoerner!>, the cylinder couid be
considered aerodynamically smooth and the effect of surface imperfections on the air flow
would be negligible.

4.9 DRAG COEFFICIENTS FOR SUPERCRITICAL MACH NJUMBERS - CYLINDER 2

For Cylinder 2 at 20.1 psi peak overpressure, the fiow Mach number feil from 0.63 to
0.50 during the first 20 msec of motion, and 0.50 to 038 during the next 20 msac of motion.
During these intervals, Mach number was above "critica] = .48, so a large drag coefficient
was expected. For Cylinder 2, only one transducer record provided useful data and these
data contained large irregular fluctuations on the main signal. It was necessary to accept
a Tinear fit to drag pressure to obtain reasonable uncertainty limits; only average drag
coefficients over 20 msec intervals were considered meaningful (see Section 3.2.2). The
large scatter in results from pressure gauges at the 20 psi peak overpressure location
caused a correspondingly large uncertainty in impact pressure which reached 100% after only
60 msec of cylinder motion (Fib. 25). The net result was that only average drag coeffi-

cients for 0-40 msec were obtained, and these had large uncertainties associated with them.
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The results were:

For 0-20 msec co"g"-' = .76 + .20.

avyje

for 20-40 msec CD = .98 t .21.

8.10 BLAST ANOMALY

High-speed camera records showed that the large end plates on Cylinder 1 distorted
and separated from the main body of the cylinder shortly after the cylinder left the
support stand. Available evidence suggests that a blast anomaly, in the form of a surface
precursor jet moving up the east side of the Canadian sector, was responsible for the
fatlure of Cylinder 1. This anomaly produced a secondary pressure wave which moved
diagonally from east tc west across the layout behirnd the main shock front. The dust-
raisirg precursor jet could be clearly se2en on overhead photographs of the charge just
after detonation. The evidence for the laterally-moving pressure wave follows:

(1) Small secondar, pressure peaks ware oLserved® on pressure records at the
20 and 10 psi overpressure locations. Correlation of the time of arrival of these
secondary puises with the gauge positions indicated that the pressure wave responsible was
moving diagonally from east to west.

(2) Al cyiinders which translated laterally did so from east to west.

(3) The west support stand for Cylinder 1 had been twisted toward Ground Zero
and the stand had been collapsed. The east support stand was somewhat distorted but stili
norigit. The only explanation consistant with these and other pieces of evidence is that
the cylinder or cylinder end plates delivered a series of rapid blows to each support
plate. The fact that the west support plate collapsed first suggested that it had received
the first major blow from the cylinder. This conclusion in turn implied that the cylinder
initially had to translate laterally from east to west. An east-west pressure component
would have been required to produce this motion.
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5. DISCUSSION OF RESULTS

5.1 GENE

—

The principal information gained from the present experiment is (1) the variation
of drag coefficient in the range of critical and supercritical Reynolds numbers under
unsteady flow conditions of a free-field blast wave, and (2) a measurement of ond effacts
under these same conditions for cylinders with length/diameter ratios of 5 and 17.

A1l of the measuremen < recorded in Figures 2€. 2/, and 28 are for Mach number
less than the critical value (Mc=0.41). For M<Mc, ¢ is primarily a function of Reynolds
number. For M>Mc, CD depends mainly upon Mach number. As M increases throuyh Mc, an
abrupt rise in CD from 0.3 to approximately 1.2 is observed. This is a rasult of the fact
that, for MsMc, flow becomes supersonic at some point on the cylinder. The local shock wave
which forms causes a buildup in thickness of the boundary layer and a rapid movement of the
separation point forward on the cylinder with an attendant rapid rise in drag coefficient.

The principal difference between measurements made in steady and unsteady flow
arises from the fact that the unsteady flow is preceded by a shock front which diffracts
over the cylinder, sending reflections back and forth several times across the cylinder.
The passage of the shock front can "condition” the following air blast flow to produce drag
coefficients which are different than one would measure in the steady-flow conditions
encountered in wind tunnel tests. The duration of the diffraction phase, v, is typically
2 msec, so one might expect quasi-steady flow to develop after, perhaps 5+ to 10, (10 msec
to 20 msec).

5.2 VARIATION OF DRAG COEFFICIENT WITH REYNOLDS NUMBER (FIG. 28)

.5.2.1 Cylinder with 3.5-Inch Diameter. The points for Reynolds number in the range
5x10% to 8x105 are in good ‘agifeement with steady-state values. The points between 3x10S
and 5x105, in the critical range, fall well below steady-state values. This result might
be attributable to surface roughness, which tends to move the critical Reynolds region
towsrd lower Reynolds numbers!S. However, as discussed in Section 4.8, precautions were taken
to ensure that the cylinder surface was aerod/mamically smooth, so this explanation §s an
unlikely one. It is more probable that the lack of agreement is caused by the simple fact
that the low order power series used to fit the data is not capable of responding to the
rapid change in CD which occurs in this range of Reynolis number.

5.2.2 Cylinder with 9. 5-Inch Diameter. Drag coefficients derived for the 9.5-inch
diameter cylinder for Reynolds numbers in the range 9x105 to 17x105 are consistent with the
steady-state values within error, but tend to 1ie somewhat higher on average.

5.72.3 Cylinder with 18.0-Inch Diameter. The two CD values spanning the first 50 msec

17




of motion (R=42.7x10° to 29.5x103) lie well below steady-state values. The Cp value for the
50-75 msec interval (R=29.5x105 to 24.0x10%) is slightly larger than the steady-state value,
but consistent with it within error.

It is possible that ihe discrepancy between steady and unsteady cD values observed
at highest Reynolds numbers is due to an inadequate end eifect corraction over this raage
of Reynolds number. However, to obtain agreement with steady-state values for all three
points, 't would be necessary toapply an end effect correstion which decreased with time
after shock arrival. This is contrary to the observed end effect variation for the 9.5-inch
diameter cylinder.

If one accepts the data as presented in Figure 28, they suggest that, in the early
stage of unsteady flow for Reynolds numbers of order 40x105, CD is lower than the steady-
state value. As time progresses, the drag coefficient increases to a value somewhat higher,
but consistent with, the steady-state vaiue. The mechanisi responsible for -he increase in
drag coefficient for R>105 is not completely understood, hut Roshko has pointed outl* the
strong similarity in shape of the CD vs R and 1/S vs R curves, where S is Strouhal number
(S=(fd)A where d is cylinder diameter, u is free-stream velocity, and f is tne frequency of
vortex skedding at the rear of the cylinder). This similarity suggests that drag coeffici-
ent is related to the frequency of vortex shedding. If the initial shock front conditioned
the following flow pattern in such a way as to artificially increase the frequency of
vortex shedding, it is likely that a decreased drag coefficient would result. One might
then expect drag coefficient to increase as quasi-steady flow developed.

5.3 COMPARISON WITH RESULTS OF OTHER WORKERS

A limited number of drag coefficient measurements in unsteady flow are available.
These have been carried out primarily at AWRE (UK)16:17 518 §p shock tubes and by DRES in
previous free-field blast trials®»5:6-7, In severai instances, drag coefficients well in
ex.::ss of steady-state values were observed. In the case of past DRES results, some of this
discrepancy can be accounted for by a largely unknown amount of dust loading. Dust loading
seens to have been a more serious problem in previous t=ials than in Dice Throw (see Section
4.6). Some work is underway at DRES to examine the problem of dust loading on circular
cylinders using a mathematical model in order to provide some theoretical limits on the
potential Seriousness of the problem for some repressntative field conditions.

In the case of at least one set of results from AWRE 17, the high measured drag
coefficient of 0.67 for M<Mc way be attributable to the fact that, early in the flow history,
the fluw Mach number M was >Mc. The authors suggest that the drag coefficient measured for
M<Mc may depend upon "conditioning” of the flow while M>Mc. This contention that, in unsteady
flow conditions, the measurcd drag coefficient may depend upon the history of the flow, is
carried toward in other work at AWRE!® by Martin, Mead, and Uppard. In this work, the
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authors show from shadowgraph records during the shock diffraction phase, that the boundary
layer separation point has been moved well forwa:'d on the cylinder, and they arque that,
because it is unlikely to re-attach downstream during the subsequent flow, #n abnormally
high drag coefficient is expected {in zgreement with observations).

The present data are perhaps notable because they agree with steady-state values
over & wide range of Reynolds number. The data for the 18-inch diamuter cylinder are new.
Until now, no known unsteady flow measurements extsted at such high Reynolds anumber and low
Mach number (M<Mc at all times). Dryden and Hi111? measured Cp for a 12-foot diameter,

120 foot loug smoke stack (L/D=10) in a natural wind of about 25-40 mph, which cnrresponds
to Reynolds numbers of 30x105 to 50x105. These measurements were, however, for estremely

low Mach numbers, and were not made in a decaying blast wave which was preceded by a shock
front.,

5.4 END EFFECTS (FIG. 27)

It has been shown from shadowgraph records that it can take as lonyg as 10 msec for
quasi-steady flow to develop over the cylinders after passage of the shock wave. It is
somewhat surprising, however, to find that the ratio of CD's for infinite ard finite length
cylinders is strongly varying as late as 75 msec into the motion (Fig. 27). Refore any
conclusions can be drawn, it will be necessary to re-analyze the data to ensure that the
observed strong variation in ¢ ratio for the 9.5-inch diameter cylinders is not simply an
artifact of the data analysis. The average value of the ratio over 100 msec of motion,
1.58, is quite close to the value of 1.67 measured by Dryden and Hi1119 (see Section 5.3) for
very low Mach numbers and R in the range 30x10% to 50x10°. This agreement helps to justity
the decision to apply the average end effect factor for the 9.5-inch diameter cylinders to
the 18-inch diameter cylinder {R=24x105 to 43x10S).

The results for the 3.5-inch diameter cylinder ve consistent with a value of 1 for
the CD ratio, for Reynolds numbers just above the crit. 4l region. This ratic appedrs to
drop below unity by as much as 25% as the critical Reynolds region is entered. The latiter
must be treated with caution because it is likely that the power series fit to the . .-
unable to follow the rapid chang= in CD in this region, $o the results may ©¢ soucr@at
misleading.

5.5 PESULTS FOR SUPERCRITICAL MACH NUMBERS - CYLINDER 2

Thae initial CD value of .76¢.20 neasured vor Cylinder 2 is more consistent with the
results for a finite-length cylinder, with L/D ratio of 17 (CD=0.9). than for an infinite-
length cylinder (CD=I.3. Gowen and Perkins!3). Examinatior of the velocity-time curve in
Figure 8 indicates that the initial acceleration values obtained from the fitted curve may
well be too 'oew. A more reliable determination of acceleration is not possible, however,
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6. CONCLUSIONS

1. Aerodynamic drag coefficients measured for "infinite-length" cylinders under unsteady
flow conditions in a long-duration (160-300 msec) free-field hiast wave were in generally
good agreement with steady-state values for Reynolds numbers in the range 5x10° to 16x10°
and Mach numbers <0.41. In the critical Reynolds numbei range 3x10° to 5x105, the measured
drag coefficients lay well below the steady-state values, but this was felt to be due to the
inability of the power series fi.ting function to respond to the very rapid changes in drag
coefficient occurring in this region. In the Reynolds number range 30x105 to 40x103,
measured unsteady flow drag coefficients were approximately 30% lower than steady-state
values. Further experiments would Le necessary to establish whether this difference is due
to an inadequate correction fur end effects or due %0 a real physical effect associated with
the diffraction of the shock front across the cylinder.

]

2. Measurement of drag coefficients for identical cylindars with and without extended end
piates permitted the direct measurement of end effects for finite-length cylinders by
forming the ratio CD(infinite)/CD(finite). For ine cylinders with a length/diameter (L/D)
ratio of 5. an average CD ratio of 1.6 was observed over a Reynolds number rarge of 9x10°
to 16x10°(M<0.41). For the cylinder with L/D of 17, an average CD ratio of 0.8 was
coservad for Reynolds numbers in the range 3x1U° to 8x105. The ratio was observed to
decrease as Revnolds number dropped from the supercritical to critical range. Further data
analysis and experimentation are required to confirm the strong increase in end effect
ratio with time after shock arrival which was observed for the cylinder with an L/D ratio
of 5.

3. Greasy-stake dust collectors ane nigh-speed camera records confirmed that the plastic
coating sprared onto the ground in the Canadian sector proved highly effective in suppress-
ing dust. It is protable that the dust loading or the cylinders was negligible during the
first 100-150 msec of motion over which measurenents were taken.

4. Cylinder 1 at the 20.1 psi peak overpre<siure lcration failed due to thke influence of a
ground precursor type of blast anomaly which moved up the east side of the Canadian sector
and produced a secondary pressure wave travelling diagonally from east to west across the
Canadian layout.
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TABLE NO. 1 SIZE, WEIGHT AND LOCATION OF TEST CYLINDERS
End Plate Reight Distance
Cylinder Peak Ofameter Length L/D Diameter £/D Total of Axis +rom
Number Overpressure v] L 3 Weight Above Ground
Ground i&ro
(psi) . (inches) (inches) (inches) (1b) (feet) (feet)
1 20.1 18.0 90.0 5.0 48.u 2.87 266.7 6.0 139
2 20.1 3.5 60.0 17.1 10.5 3.0 63.3 5.0 739
3 9.7 18.0 9.0 5.0 18.0 1.0 162.3 6.0 964
4 6.7 9.5 48.0 5.1 9.5 1.0 37.4 5.9 1139
5 6.7 9.4 48.0 5.1 28.5 3.0 60.0 5.0 1139
6 9.7 3.5 60.0 17.1 3.5 1.0 20.6 5.0 964
7 9.7 3.5 60.0 17.5 17.5 5.n 21.8 5.0 964
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TABLE NO. 2 SUMMARY OF CAMERAS USED IN TRIAL
Field of View in
Focal Plane of Photomarker
Cylinder Overpressure . Camera Length F ng Rate Plate
Width Height
(pst) (rm) (frames/sec) (inches) (inches)
1 20.1 Photosonic 13 .- 85 53
2 20.1 Photosonic 13 1090* 35 22
3 9.7 Photosonic 13 1130 40 25
4 6.7 Photosonic 50 1000 16 10
5 6.7 Photosonic 50 990 16 10
6 9.7 Photosontc 50 941 16 10
7 9.7 Photosonic 50 1090 16 10

* not constant



TABLE NO. 3  SUMMARY OF RESULTS FOR EACH CYLINDER

Cylinder Useful Data
Number Type of Data* Obtained Remarks
? v.T. (East) No Cylinder failed to undergo free flight due to side-
V.T. (Mest) No .- wise blast anomaly at 20 psi peak overpressure
Cam. (West) No Jocation acting on large end piates.
2 V.T. (East) No - East magnet broke shortly after shock arrival.
V.T. (West) Yes - Pocr signal/noise due to error in circuit controlling
sensitivity.
Cam. (West) No - Non-constant fiim speed; violent displacement of
camera post.
3 V.T. (East) Yes _|[Large amplitude 79 Hz oscillations on signal produced
V.T. (West Yes large uncertainties in derived drag pressure.
| Cam. (West Yes =~ Oscillations absent; smaller uncertainties than for
: V.T. data.
Both - - - Eocst-West V.T. results consistent over range of

measurement. V.T. and Cam. results consistent over
entire range of measurement.

4 V.T. (East Yes _| Moderately large 60 Hz oscillations on signals pro-
; V.T. (West Yes duced increased uncertainties in derived drag
1 pressure.
1 Cam. (West) Yes - Excellent data;only small corrections for cameca motion.
: Both - - - East-West V.T. results consistent over range of

measurement. V.T. and Cam. data consistent over
~ most ot range of measurement.

5 V.T. (East) Yes _.[#oderately large 60 iz oscillations on signals;

V.T. (West) Yes signals terminated orematurely due to contact of
cylinder shaft with photomarker plate.

Cam. (West) Yes - Excellent data; only small corrections for camera
motion.

Both - « = Linear drag pressure from V.T. data in agreement over
most of range with (approximately) linear drag
pressure f-om higher order fit to Cam. data.

6 V.T. (Fast) Yes _| Smaller 59 Hz oscill-tions with irregular fluctuations

V.T. (West) Yes superposed.

Cam. (West) Yes - Excellent data; Jlarger corrections for camera motion
than for Cyl. 4,5.

Both - - = East-West V.T. results consistent over entire range of
measurement. V.T. and Cam. data consistent over
most of range of measurement.

7 V.T. (East Yes _|{ Smaller 59 Hz oscillations with irregular fluctuations

V.T. (West Yes superposed. Uncertainties in drag pressure
competitive with Cam. data.

Cam. (West) Yes - Large corrections for camera post motion £Greed iinear
fit to drag pressure.
Both - - East-West V.T. results consistent over entire range of
measurement. V.T. anc¢ Cam.data consistent over most
of range of measurement.

* V.T. - Velocity Transducer. Cam. - High-Speed Camera
(East, West) - refers to end of cylinder where mezsurement recorded.
Both - Comments refer to both V.T. and Cam. data
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ADe O 0¢301 04097 1849 Ce07 [ 1% 1] 10039 0s330 0eD82 0e201
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720 0.2308 [- 2114 39:1 QoY Ga72 1:03° 0e329Y 04109 0e2):
Tael 04220 06063 364 Osbl [-1Y 3] 14039 0e327 Os1l¥ "e23)
71840 0.2108 0.008 409 Oebt (- Y1} 12039 0e324 Oe131 0.229 23,91
The 0 04207 Ce082 [YYLS Oeél Oebt 1:039 o322 [ T30 3] 0229 23407
0.0 0.197 0.00) 8.7 0499 0s61 1.029 0ed13 04199 04221 22406
2.0 0.106 0s101 4.9 (- 1313 0499 1039 ve31d 0elTC 0.218 22421
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3 LT ] 04199 0.11% Taol 0490 0.92 14039 0e29¢ 0.219 00206 20.96
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100.0 Ne049 0. 004 171.4 036 0440 1039 04121 0.2017 Qelba 1.9
102.0 0.081 0. 007 2112.1 0.37 0.38 1039 00106 02329 0eldl) 18.04
104:0 0.039 0.0%0 27267 0439 043¢ 10038 04009 0e263 Gel?? 17.78
10A.0 0,029 0:09) 372.0 0+33 0.3% 14038 0.070 0s261 Celll 17,40
100.0 n.017 0.0% 98,7 0432 0.39 14035 04090 0e2084 Oel?e 17.02
110.0 0.009 Ce 099 1100.0 0430 [-T$ }H 1.019 04027 0-307 Celad 1509
112.0 0,001 0:103 10300.0 0.2° 0.90 1.039 0.00% 0.33% Oelol 16.28
1140 «0:687 0.220 =32.9 0e28 029 14C39 =24277 0e191 Celo0 15.91
116.0 =0.600 0s19¢ =30.9 Oel2é 0.27 1:029 2,387 ve 112 Oslds 15%.9%
1180 =NeA3é 0.7 =26.8 029 0.26 1019 =24392 [ ZY Y3 ] 0s151 1%.19
120.0 «0.009 Oelba 284 Oe26 0.2% 1.0%9 =2.540 .7y 1Y ] Cols? 14,80
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TABLE NO. 4
DRAG COEFFICIENT VS TIME FOR CYLINDER 3 - CAMERA DATA
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VS TIME FOR CYLINDER 4 - CAMERA DATA
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TABLE NO. 7 SUMMARY OF BEST VALUES FOR DRAG COEFFICIENT®

! Cylinder Time After Avera Average
: Diameter Shock Arrival Reynoids 0:ag
: ‘immS) ‘Bx) r Coe. f'C'Qﬂt
. 3.5 3-25 7.66 . 2741, 0544
i 25-50 603‘ ozsst.mz
. 50-75 5.4 .251¢.049
: 75-100 4.08 .282:.065
E 100-125 3.13 .382+.148
S
9.5 3-25 15.5 .508+.1086
25~-50 13.3 .482+.085
50-75 11.3 .455+.106
3 75-100 9.4 .4011.160
f 18.0 3-25 39.4 420121
j 25-50 32.6 449+ 099
; 50-75 26.5 .625+,13?
* Data plotted in Figure 28.

** 3 Standard deviations of uncertainty (99% confidence interval)
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PROJECT C2  BLAST RESPONSE OF UHF POLEMAST ANTENNA
- EVENT DICE THROW

C.G. Coffey and G.V. Price

DEFENCE RESEARCH ESTABLISHMENT SUFFIELD
RALSTON, ALBERTA, CANADA

ABSTRACT

The blast rasponse of 2 23 ft UHF Polemast Antenna was investigated in a
free-fiecld blast trial and in numerical simulation experiments. The antenna satis-
5 factorfly withstood the air blast loading at the nominal 7,0 psi peak overpressure
‘ location in Event Dice Throw, and the numerical mudel predictions for the natural

frequencies and transient strain were in excellent agreement with the values obtained
experimentaily.
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INTRODUCTIOK

The Defence Research Establishment Suffield (DRES), in support of the
Canadian Forces (Maritime) policy on blast hardening of ships and sub-components, has
conducted a series of tests to determine the ability of certain antenna designs to
withstand blast overpressures of various intensities. ODuring Event Dice Throw, a 62v
ton AN/FO free-field blast trial conducted by the United States Defence Nuclear Agency
at the White Sands Missile Range in New Mexico on 6 October, 1976, several antenna
designs were tested at various overpressure levels. One of the antennas evaluated
in the trial was a 23 ft UHF Polemast Antenna, of the type intended for several
classes of ships (IRE-257, DDE-261, DDH-2€5, and AORS508).

The objectives of this study were to determine the ability of the Polemast
Antenna Assembly, complete with attached fibreglass covered radiators, to withstand
a blast wave at the 7.0 psi peak overpressure level, and to compare the measured
antenna response against theoretical predictions determined by a computer model
recently developed at DRES [1]. It is intended that experimental verification of
the computer model would lead to a criterion for predicting the blast response of
polemast designs in general.
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CONSTRUCTION OF THE PROTOTYPE POLEMAST ANTENNA

A prototype Polemast Antenna was constructed at DRES in accordance with
drawings supplied by DMCS-6. During the fabrication of the prototype, design mod-
ifications were required in order to accommodate the facilities of the DRES Machine
Shop. The design modifications are examined in detail in Appendix A. It is
anticipated that the suggested design changes will generally make the antenna more
cost effective by simplifying the fabrication procedures.

A schematic view of the Polemast Antenna is shown in Figure 1. The
structural portion of the antenna is a seamless aluminum tube 9.5" 0.D. x .261 " wall
x 19'-7" long. The tubing was fabricated by Alcan Canada Products Ltd., and a summary
of the physical properties of the tubing is provided in Appendix B. Attached to the
aluminum tubing were an Upper and Lower Radfator, a Lower Transformer, a Cross Arm,
and an AN/SRD-501 Antenna at the mast head. The Lower Radiator and Transformer were
actual test items, while the Upper Radiator and the AN/SRD-501 Antenna were mock-ups
constructed to simulate the approximate weight, and projected cross-sectional area
of the respective items.

The Prototype Polemast Antenna was mounted vertically in a lattice struc-
ture at the nominal 7.0 psi peak overpressure (evel, 1135 ft from ground zero (GZ).
The lattice structure was used in a previous multi-ton trial ("Event Dial Pack" held
at DRES in 1970) as a mounting for a GRP Topmast [2]. The lattice structure and
mountings for the Polemast are shown in Figure 2. As shown in the figure, the distance
between the clamp assemblies attaching the Polemast to the lattice structure was 36
in. The upper clamp assembly was in accordance with drawing DDDS-000143 supplied by
DMCS-6 (a2 change in this design is recummended, as noted in Appendix A). The lower
clamp assehbly, as shown in Figure 2, was different from that specified in drawing
DDDS-000157 supplied by DMCS-6. Changes to this assembly were introduced to expedite
assembly in the field (see Figure 2, Section B-B). The modifications to the lower
clamp assembly did not in any way affect the structural integrity of the joint.

The lattice structure was mounted on & 12 ft x 6 ft x 2.5 ft heavy rein-
forced concrete foundation (DRES drawing MES-CDT-100-C2-1). The Polemast and
Antenna components were assembled while 1ying horizontal, and the complete assembly
was 1iFted with a crane over the lattice structure and lowered into place. After
the upper and lower clamp assemblies were secured, no further adjustments were
required since the upper and lower mounting plates on the lattice structure were
normal to the uprights and parallel to the level of the concrete pad. The complete
Polemast assembly (excluding the lattice structure) weighed appraximately 348 pounds.

3
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This may be compared to the weight of the corresponding Polemast Antenna for ship
use, estimated at 463 pounds. The difference in weight is due to the weight of
additional clamps and cables used aboard ship which were considered unnecessary for
tte blast trial.

A photograph of the completed prototype Polemast Antenna installed for
the Event Dice Throw field trial is shown in Figure 3. The orientation of the
Polemast with respect to the direction of the blast is shown in Figure 1. As
indicated in the figure, the fore-aft line of the Polemast was orientated normal to
the direction of the blast, thereby resulting in the maximum blast loading on the
brackets supporting the Radiators.
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INSTRUMENTAT ION

Five pairs of MICRO-MEASUREMENTS type CEA-13-250UM-120 strain gauges were
bonded directly to the aluminum tubing of the prototype Polemast. The strain gauge
Tocations are shown in Figure 1. The gauges which constitute a strain gauge pair
were bonded to opposite sides of the aluminum tubing on a 1ine corresponding to the
blast direction, thereby measuring the maximum flexural s‘rain at the specified
cross-sections. The signals from the strain gauge pairs were conditioned with bridge
and halance units, amplified, F.M. multiplexed and then recorded on 14 track magnetic
tape with a frequency response of DC to 4 KHz. In this fashion, five channels of
experimental data were multiplexed onto one tape channel, a procedure which was
required by the large number of DRES data channels and 1imited number of tape
recorders. A block diagram describing the instrumentation is shown in Figure 4, and
2 photograph of the DRES Instrumentation Bunker in which the data signals were
processed and recorded is shown in Figure 5.

In addition to the strain gauge data, the response of the prototype Polemast
was recorded on a LOCAM high-speed camera pre-set to run at 500 {rames per second.
Confirmation of the camera speed was arranged through the use of a time mark generator.

et
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COMPUTER MODEL SIMULATION

A numerical procedure was developed at DRES to predict the elastic response
of a variable cross-section cantilever beam when subjected to a transient afir blast
load [1]. The procedure begins with the Bernoulli-Euler equation of a vibrating beam.
The normal modes and natural frequencies of the beam are determined by solving the
differentia)l equations for free vibration using successive relaxation, Rayleigh quotient
and Gram-Schmidt orthogonalization numerical techniques. The forced vibration
solution is obtained using norma® mode coordinates and Laplace transforms.

The computer model simulation used in pin-pin-free boundary condition of
the form

(1) pin at x=0, zero displacement and moment,

(2) pin at x=3 ft, zero displacement, ’ (1)

(3) free at x=L, zero moment and shear,

where x is a distance coordinate measured from the base of the antenna, and L is the
length of the antenna. In addition, the following values for the drag coefficient

CD were used in computing the aerodynamic drag portion of the blast wave loading on
the antenna: [3, 4].

0.7 , Mz0.48, Rea3x103,
CD = 0.6 , M<0.48, Rex23x103, (2)
1.2 , M<0.48, Re<3x105.

In the above equation, M is the instantaneous Mach number of the flow incident on
the antenna, and Re is the instantaneous Reynolds number (based on local diameter).
The structure of the Polemast Antenna was represented in the computer model
in such a way as to simulate the mass and projected (normal to blast direction) cross-
sectional area profiles of the prototype. The physical features which describe the
prototype Antenna and the corresponding computer simulation of the antenna are
respectively outlined in Tables 1 and 2. It should be noted that the computer
simulation of the antenna agrees with the actua) structure of the prototype in the
following critical area: weight distribution, total weight, projected (normal to

blast direction) cross-sectional area distributi.n, and total projected cross-sectional
area,
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COMPARISON OF THEORETICAL AND EXPERIMENTAL NATURAL FREQUENCIES

THANG TEST

Prior to the blast trial, a "Twang Test" was performed to obtain free
vibration strain data for the prototype Polemast. A static load was applied near the
top of the antenna using an anchored wire rope at a pull angle of 30° to the horizontal.
The load was sudsequently released electrically and the strain data for free vibration
was recorded. The experiment was performed to determine the natural frequencies of
the antenna and to verify the test instrumentation.

A photograph of the Twang Test apparatus is shown in Figure 6. The apparatus
consisted of a 1/4 in wire rope attached to a bracket at the top of the Polemast and
anchored to a truck, a 6000 1b capacity L.A.B. Corp. Quick Release Hook, a hand-
operated mechanical winch to take up slack in the system, a hydraulic (pull) cylinder
for fine load adjustments, and a Transducers Inc. strain-type load cell (model ML2-151-
1K) with a Budd strain indicator readout (model P-350) to measure the applied load.
The applied load was monitored locally with the load cell while the bending strains
as measured by the strain gauges bonded to the antenna were recorded remotely in the
Instrumentation Bunker.

A comparison of predicted and measurcd peak bending strains (prior to the
electric release of the load on the antenna) is presented in Table 3. The predicted
strains were found to be in good agreement with the values obtained experimentally.

The load on the antenna was released electrically and the bending strain
data for free vibration were recorded in the Instrumentation Bunker. In this fashion
it was possible to establish that the field instrumentation was operational.

A Fourier analysis was subsequently performed for the experimental strain
data to determine the natural frequencies of the antenna. The free vibration strain
history and corresponding Fourier analysis for gauges 3 and 5 are presented in
Figures 7 and 8. The lowest natural frequency is sharply identified as 4.00 cps by
the Fourier analysis, while the higher natural frequencies are less distinct or not
apparent. The best resolution of the higher natural frequencies occurs for the
gauge located closest to the centre of the antenna, gauge 5. and only a weak band of
indistinct higher frequencies in the range 19.7 to 32.1 cps is apparent.

The theoretical (numerical simulation) predictions for the three lowest
natural frequencies and corresponding normal modes are presented in Figure 9, and a
comparison of theoretical and experimental natural frequencies is presented in Table
4. It is apparent from this comparison that the predicted frequencies are in gnod
agreement with the values obtained experimentally.
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COMPARISON OF THEORETICAL AND EXPERIMENTAL BENDING STRAIN HISTORIES
EVENT DICE THROM

i The theoretical (numerical simulation) model was used to generate two sets
i of bending strain predictions. The first predictions (set A) were produced using a
Friedlander overpressure wave which corresponds to the nominal Defense Nuclear Agency
(DNA) pre-trial predictions for pezk overpressure (7.0 psi), positive duration (242
msec) and positive phase impulse (600 psi-msec). The second predictions (set B) were
produced using a Friedlander overpressure wave which corresponds to the average
measured! peak overpressure (6.6 psi), positive duration (25] msec) and positive phase
impulse (705 psi-msec) of the blast wave itself.

A comparison of the above two overpressure waves is presented in Table 5
and Figure 10. It should be noted that despite the lower peak overpressure in the
experimental Friedlander wave, the total impulse associated with the experimental wave
is approximately 18% higher than the corresponding impulse of the predict2d wave.

- A comparison of theoretical (numerical simulation) and experimental (blast
' trial) strain histories for the two sets (A and B) of bending strain predictions is
presented in Figures 11 and 12, The comparison for prediction set B8 is repeated in
Figures 13 to 17 in an enlarged format; in general, the predicted strains are found
1 t~ %2 in excellent agreement with the experimental strains.

The strain predictions B are somewhat larger than predictions A, a result
d. to the larger positive phase impuise over the first guarter period (63 msec) in
B ..npared to A.

The very sm.11 bending strains measured by gauge 1 and the corresponding
smali redicted strain at this location provided experimental verification of the
assum~d "pin" boundary condition (zero displacement and moment) at the base of the
simu. .2d antenna.

As expected, the largest predicted and measurcd strains occur at gauge 3,
located s1ightly above the upper clamp assembly.

Finally, it is noted that the predicted strains for gauge 5 display
excessively strong contributions from the second natural frequency (25.5 cps) and
normal mode compared to the measured strain history at this location. Although the
measured strain history at this location begins with a superimposed strain component

€ . e Y O e T T e TR T T T T g TR
- . - ere e e

The free-field overpressure at the base of the antenna was measured using four
Bytrex Model HFH-100 strain-type pressure transducers [3]. The "measured"

overpressure wave properties were considered to be the average of the properties
determined by the individual pressure transducers.
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corresponding to the second natural frequency, the superimposed component rapidly
diminishes with time, demonstrating strong selective damping of the second mode
compared to the tundamental mode. Since the numerical simulation model has no
provisions for demping, the second mode in the strain predictions does not diminish
with time. This accounts for the observed differences between the predicted and
measured strains at Jauge 5. The differences would be reduced significantly if the
numerical simulation model was extended to include the effects of damping.

A general evaluation of the ability of the numerical simulation model to
predict peak tending strains is presented in Table 6. It is apparent from this table
that there {s excellent agreement between predicted and experimental peak bending
strains, since the average ratio of peak theoretical to experimental bending strain
from all five gauge pairs 1s 1.19 for predictions A and 1.25 for predictions B.
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SUPPLEMENTAL CXPERIMENTS
SIMPLIFIED ANTENNA SIMULATION

A third set of strain predictions (set C) was produced to determine the
effect of the mass of the antenna assemblies (Lower and Uppar Radiator, SRD-501 Antenna)
on the transient response of the Polemast in general. The structure of the simulated
antenna in this case was assumed to be the same as the structure described in Table 2,
with the exception of the interior diameter profile (ID) which was changed to 8.978
in at a1l positions along the antenna. This change was equivalent to neglecting the
mass of the antenna assemblies and including only the unifoim mass distribution of the
aluminum tubing. In all other regards, this simulation experiment was identical to the
previous prediction experiment A.

A comparison of strain prediction set C against the measured natural
frequencies and bending strains is presented in Figure 18 and Table 7. It {s apparent
from this comparison that the natural frequencies and bending strains C are consid-
erably poorer than the corresponding predictions A which were obtained using a more
realistic simulated mass profile. This demonstrates the critical importance of

having the computer mass profile simulation agree with the actual structure of the
antenna. '

VOLTAGE STANDING WAVE RATI0 TEST

Tests were performed befove and after the blast trial to determine the effect
of the blast wave on the Voltage Standing Wave Ratio (VSWR) of tha fibreglass covered
Radiator, Only the Lower Radiator was evaluated, since the Upper Radiator was a
mock-up unit. The pre-trial and post-trial VSWR tests were conducted by the DMCS-6
Project Officer on 30 September- and 6 Ociober, 1976 [4]. Additiona! information
relating to the VSWR measurement techniques and equipment may be cgbtained from the
DMCS-6 Project Officer.

The pre-shot and post-shot VSWR test results are shown in Figure 19.
Calculations for the VSWR versus frequency are shown in Figure 20. It should be noted
that the pre-shct VSWR test was performed without the Screen (Drawing Number 000-000145)
while the post-shot test was performed with the Screen in place. However, the presence
or absence of the Screen was found to have no influence on the VSWR test, since a
further post-shot VSWR test without the Screen procduced results imperceptibly different
from the post-shot VSWR test with the Screen in place.

It is apparent trom the VSWR measuremerts and comparisons in Figures 19 and
10
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20 that the blast wave caused no fmmediate deterforatfon in the eiectrical performance
of the Lower Radfator. In addition, 2 visual inspection of the Lower Radiator
indicated no evidence of physical damage arising from the blast wave.

CROSS-ARM DEFLECTION TEST

At the request of the Polemast design authority, a simple bending test was
conducted on the fross-Arm Assembly (Drawing DDDS-0C0146) located at the Mast Head.
The test was performed to determine the load versus deflection on one of the four
arms, the yield point of the arm, and the corresponding arm safety factor.

The apparatus consisted of a 1/2 in wire rope attached to one of the four
arms (the attachment point was a hole in the web on the arm, 16 in from the mast
centreline) and anchored to a bolt in the concrete base (loading was normal to the
arm), a turnbuckle to apply the load, and a Transducer Inc. strain-type load cell (model
BTC-FM52-CD-10K) with a Budd strain indicator readout (model P-350) to measure the
applied load.

The results from this test are presented in Table 8. In the first loading
application, the cross-arm demonstrated a linear load-deflection behavior up to
3500 ib, and the arm rctained a permanent deflection of 1/4 in on release of the
load. A similar linear relationship (up to 3500 1b) was apparent in a second
loading application, and increasing the load to 6000 1= resulted in a p..rmanent
deflection of 7/8 in on release of the load. No other deformation of the assembly
was appavent.

It was concluded that the cross-arm yield point is in the .icinity of
3000 1b (vertical load) and the arm is capable of withstanding a vertical load of
6000 1b with only a small amount of permanent deformation.

11
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CONCLUSIONS

The blast response of a 23 ft UHF Polemast Antenna was investigated in a
free-field blast trial and in numerical simulation experiments. The Polemast Antenna,
complete with fibreglass covered radiators, satisfactorily withstood the air blast
loading at the nominal 7.0 psi peak overpressure location in Event Dice Throw. The
corresponding antenna response was modelled numerically, and the computed natural
frequencies and transient strains were in excellent agreement with the values obtained
experimentally. Subject to an accurate numerical simulation of the antenna's mass
and projected (normal to blast direction) cross-sectional area profiles, the computer

model is recommended as a design tool in the development of polemast designs in
general.

12
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1 2 2 3
| x (ft) ID (in) 0D (in) 00 (4n) Height (1b)
: ] 8.978 9.5c0 9.500
: 26.8
' 3 8.978 9.500 9.500
' 26.8
6 8.978 9.500 9.500 "
w | 26.8+24.0
9 8.978 9.500 22.81 N
E 26.8+24.0
12 8.978 9.500 9.500
26.8
{ 15 8.978 9.500 s s
22.81 26.8+37.0
18 8.978 9.500
13.4
21 SRD-501 SRD-501 .
Antenna Antenna 25.75 89.0°
(19.58 to (19.58 to
22.83 ft) 22.83 ft)
& Total

|

b ie dllen fhatt b mcn 2t o gb
1

antenna assemblies).
“Lour Radiator.
sUppcr Radiator.
6Sl!l)-!'aOl Antenna.

E = 10x10° psi

- i

TABLE 1:

L T P PPy

p = 0.003044 slugs/in3

e e v . . R 2 JELNEERY

Distance from the oase of the antenns,

14

2
This profile corresponds to the extruded aluminum tubing.

3
This profile corresponds to the complete antenna (tubing plus

Physical features of the prototype Polemast Antenna.
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1 2 2 3
x (ft) 10 {in) 00 (in) 00 (in) | Weight (1b)
7
0 8.978 9.500 9.500
. 26.8
3 8.978 9.500 9.500
26.8
6 8.978 9.500 9.500 4
Y 50.8
9 7.950 9.500 17.22 "
50.8
12 8.978 ~.500 9.500 "
s 35.9
15 8.600 9.500 13.36 5
5 45.1
18 8.600 9.500 13.36
52.46
21 8.290 9.500 10.086 6
, 6 59.6
24 8.290 9.500 10.08
348 Total

1
Distance from the base of the antenna.

2
This profile is calculated to stablish the correct mass distribution,
assuming a fixed 0D equal to that of the seamless extruded aluminum
tubing which constitutes the primary structural portion of the antemna.

3
This profile is calculated to establish the correct projected (normal
to blast direction) cross-sectional area distribution.

ty
Includes a contribution from the Lower Radiator.

(4]

Includes a contribution from the Upper Radiator.
6
Includes a contribution from the SRD-531 Antenna.

7
Boundary conditions: pii. at x-0 ft, pin at x=3 ft, free at x=24 ft.

E = 10x10% psi
p = 0.003044 slugs/in3

ax = 3 f¢
N=38
L=24 ft

TABLE 2: Physical features of the computer simulation of the prototype
Polemast Antenna. The calculated profiles in this table are
dependent on the distance between data points (ax).
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!
{ Bending Strain (vin/in)?
; Gauge’ Cable Load is 808 1b
; Predicted | Measured -| Pred./Meas.
] 68 43 1.58
2 408 328 1.24
3 817 m 1.06
4 743 767 0.97
5 n 400 0.93
Avg. 1.16

The cable load of 808 1b was applied to the antenna at a pull
angle of 30° to the horizontal. The corresponding horizontal
component of the load was 700 1b. This loading was reached

in three approximately equal stages. The horizontal deflection
at the top of the mock-up SRD-501 Anter.a corresponding to the
808 1b cable load was 3.5 in (measured using a transit, 5%
reading uncertainty).

»

The bendiny strains were recorded in the Instrumentation Bunker
gsin$fthe same procedures to be followed in the blast trial
tself.

TABLE 3: Twang Test bending strains prior to the electric release
of the load.
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Natural Frequencies (cps)
Theoretical | Experimental| Theo./Exp.
3.62 4.00 1.16
25.5 281! 1.06
72.4 - _

ORIt L VIRVA RN LTV AP 0 R S SR My

N R s B

1
This value represents an average of indictinct frequencies
which appear in band over the range 19.7 to 32.1 cps.

TABLE 4: A comparison of theoretical (numerical simulation) and
experimental (Twang Test) natural frequencies for the
Polemast Antenna.
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: Symbol Description Set A Set B
§‘ Py (psi) atmospheric pressure 12.58 12.42
? Ta (°F) atmospheric temperature 54.0 48.0
E Po {psi) peak overpressure 7.0 6.6
; 2 tq (msec) positive phase duration 242 251
- Ip (psi-msec) | positive phase impulse 600 705
] : K (computed)2 Friedlander decay constant 1.1272 0.5052
o At (msec) time step 1n_the numeri~l’ | 1.00 ' 1.00
integration !

The numerical simulation of the time response is formed using only
the Towest 3 natural frequencies and corresnonding normal modes.

el -l R e ot 4
s e oo
-t

Tei

[ The decay constant is computed based on the condition that the
{ Friedlander wave be characterized by the specified values of Po*
ty and ID.

S

- A e e

TABLE 5: Air blast cata used in the theoretical (numerical simulation)
model to generate prediction sets A and B.
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Peak Bending Strafins (uin/in)
lGauge
Experimental Predictions A Predictions B
Theoretical| Theo./Exp. | Theoretical| Theo./Exp.
1 132 208 1.58 222 1.68
2 973 1248 1.28 1333 1.37
3 2010 2414 1.20 2582 1.28
4 1917 2008 1.05 2160 1.13
5 927 714 0.83 737 0.80
‘ Avg-'l_.'.lz Avg 1_2-5_

TABLE 6: Comparison of peak theoretical and experimental bending strains
B : - (first quarter cycle only).
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Natural Frequencies (cps)
Predictions C Experimental Pred/.Exp.
1 5.03 4.00 1.26
2 30.2 24.1 1.25
3 79.7 ' — —_

1
Twang Test data reported in Tahle 4.

Gaiiie Peak Bending Strain (pin/in)
Predictions C Experimental F Pred./Exp.

1 295 132 2.23
2 1769 973 1.82
3 3445 2010 1.7
4 2985 1917 1.56
5 1399 927 1.51

Avg lLZZ

2
Blast trial data reported in Table 6.

JABLE 7: Comparison of strain prediction set C against the
measured natural frequencies and bending strains.
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First Loading Second Loading
Load'(1b) | Deflection’(1n |Load’ (1b) Deflection (in)
100 0 100 0
1000 /4 1000 /4
2000 12 2000 12
3000 4 3000 34
4000 1-1/16 | 4000 /8
100 1/4 5000 1-5/16
6000 1-5/8
100 7/8

2

at
mn

TABLE 8: Cross-arm deflection test.

2]

. e =

1
The Toad was measured by a load cell and is accurate to 0.1%.

The deflection was measured by hanging a weight from the
cross-arm and measuring the vertical displacement of the weight
gn')u;nd level (measurement uncertainty is of the order of

n).
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SCHEMATIC OF THE PROTOTYPE POLEMAST ANTENNA, INCLUDING THE LOCATIONS OF THE

STRAIN GAUGES
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FIG. 3 PHOTOGRAPH OF THE PROTOTYPE POLEMAST ANTENNA IN EVENT DICE THRON
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APPEIDIX A

PROTOTYPE UHF _POLEWAST ANTENKA DCSIGN MODIFICAT IONS

During the fabrication of tha grototype Polemast at DRES, design wmodifica-
tions were required in order to accosmodate the facilities of the Machine Shop (the
DRES Muchine Shop is considered to be well equipped). It is anticipated that the
suggested design changes will generally make the item more cost effective and open
to & groater number of fabricators during the tendering for the lot preduction.

The design modifications are summarized below in tabular form. A justifi-
cation for the individual modifications is considered tmm:diately following the table.

] _

Description Drawing No. Modification
g (a) Top Inside Flange Ring DODS-000147 - see Figure Al
' (b) Polemast Weldment DODS-000159 - material change
Assembly !

- delete machining on the 0D
and ID of the mast

(c) Screen : DDD-000145 - delete welding and assemble
by riveting
- replace round bar stock
with square
f {d) Clamp Assembly DDD-000143 - see the footnote

(e) ToIennco‘ - sce the footnote

TABLE Al: UHF Pclemast Antenna design modifications.

(a) Wel-ding the bottom face of the flange as shown in the drawing to the
inside diameter of the tube was not possible. In addition, to ensure a flat surface
without machining the top face of the flange, it was necessary to design a mounting
as shown in Figyre Al.

(b) The original material specifization was 6061-T6 2luminum with a 1/4 in
wall and a 9-1/2 in outside diameter (00). Based on the recommendation of an Alcan
representative and a preliminary strese analysis [5], the meterial was changed to

Lk l ) ﬂ
PRECEIING PAOR RLAMK .
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6351-T6 2luminum. A 9-1/2 in OD by 1/4 in w&ll extrusion was not ava‘lable in
Canada. 1he closest acceptable substitute «s a 9-1/2 in 0d by 0.261 in wall
extrusion die.

Machining, as specifiad on the drawing was deleted since a lathe of
sufficient size was not available. This should be considered a permanent modification
since the dimensions of the top clamp can accommodate the tolerance of seamless
extruded tubing as spacified by the Aluminum Association, and the bottom and top
rings can be machined to suit the tube.

1t should be noted that tube ovaiity was removed both when determining the

! diameter by the use of "C" clamps and when fitting the bottom ring to the tube. Heat
distortion in welding the ring to “he tube produced a 0.020 in ovality in the ring.
This did not cause a prublem with assemoly. Complete circumferential seating was
achieved when the Polemast was mounted into the lower clamp.

(c) Welding, as specified in the drawing, was unacceptable due to heat
distortion. Substituting a heavier gauge materiai did not resolve the welding heat
distortion problem. Following are the design modifications which resolved the preoblem:
(1) replace 20 gauge material with 14 gauge; (ii) replace round stock with 1/4 in
square stock (cold rolled steel was used in place of 606! -T6 AL as the AL was not
available in time for the trial); and (iii) welding was replaced with rivetirg,
using 1/8 in dfameter by 7/16 in 1long 16 ST AL rivets on a 1/2 in pi zh. Al
surfaces were zinc chromaved before assembly.

{
]

{
b
E

(d) Clamp Assembly was fabricated according to the drawing. However, due
to the large heat distortion caused by welding (approximately 1/16 in on the 9-1/2
in diametey and 3/32 in curvature on the flange), the following design modifications
are recommended: 3/8 in thick material should be used for the collar, and 3/4 in
plate should be used for the flange (machined perpendicular to the 9-1/2 in diameter
after welding).

(e) Based on modification (b) described above, items such as the Clamp
Assemdly, Top Inside Flange Ring, and Bottom Ring could have looser tnlerances to
accommodate the tube as suppliel., The following information was determined for a
random sample of aluminum tubes tsken from the 25 20-ft (nomonal) lengths (measure-
ments at 32°F): minimum OD - 9.507 in, maximum 0D - 9.548 in, minimum wall thickness
~ 0.248 in, maximum wall thickness 0D - 0.271 in. It is noted that the above dimen-
sions are will within the allowable specifications for seamless extruded tubing, as
specified by the Aluminum Association.
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APPENDIX B

PHYSICAL PROPERTIES OF THE POLEMAST ANTENNA ALUMINUM TURJNG

The structural portion of the prototype Polemast Antenna is a seamless
aluminum tube of length 19 ft 7.5 in. This tubing was fabricated by Alcan Canada
Products Ltd. according to Department of Supply and Services Contract No. CAL75-5942/1
[6]. Following is a summary of the physical and chemical prcperties of the aluminum
tubing, as provided by an Alcan "Release Note and Certific:ie" [7]:

Material: 6351-T6 aluminum extruded seamless tubing with a 0.26% in wall and

9.5 in outside diameter, supplied in nomina® )-ft lengths. Total
weight of the 25 pieces supplied was 4430 1t

Alcan Order Number: 11-76-02595.

Consignee: Wilkinson Co. Ltd., Calgary, Albert:,
dlentification: 12-47-209.

Tensile Strength (psi): 49,300.

Yield Stress (psi): 45,000 (0.2% offset).
Elongation (X): 14.

cauge {in): 2.

Chemical Compositions Limits (% wefght):

Other
Al Cu Fe Mg Mn Ni St 1 Zn Cr Ir Each Total Fe + S{
Max. .10 .50 .8 .8 1.3 .20 .20 .05 .15

Min, .40 .40 4

In order tc obrain confirsation of the tensile properties of the aluminum
tubing in tha prototype Polemast, four test specimens were machined from the 4.5 in
surplus piece which was removed tuo hring the tube to its design length. The specimens
were fabricateu according to ASTA standard A370-71 for round tensfon test specimens.
The tests were performed and certified by R.M. Hardy and Associates Ltd., Metalurgical
Division, Calgary. Tensile properties of the specimens are outlined belew in tabular
form [8]. It may be concluded from this table tuat the aluminum tubing mests or
exceeds the manufacturer's spacifications for tensile properties of §35L-16 aluminum,
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Specimen deminsions:

Specimens were cut parallel to the longitudinal axis of the tube.

Gauge length: 0.750 in

Gauge diameter: 0.160 in

Specimen overall length: 4.5 in

Grip section diameter: .25 in

Grip section thread: 20 threads/in

Stress Specimen Number

(psi)
1 2 3 4 Average

Ultimate 51,650 51,083 51,243 50,845 51,205

Yield ! 48,058 46,851 47,263 47,263 47,358

—

i:
k
¢
;F’
¥
X
g
(-
:
I
g
E
i

0.2% offset

TABLE B1:
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Tensile tests on 6451-T6 aluminum tubing.
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ABSTRACT

Some experimental results are presented for the response of a 30 feet
high lattice mast structure to air blast loading in the 600 ton AN/FO (ammonium
nitrate - fuel oil) explosion known as Event Dice Throw which was held in
October, 1976 at the White Sands Missile Range, New Mexico, U.S.A. The tubular
seamless steel mast, with an eccentric side antenna responded in the elastic
range under a free-field overpressure of 10 psi. No permanent deformations of
the structure were observed. Analysis of the data generated has shown that
there is a good agreement between measured results (both static and dynamic)
and results predicted using a design procedure and associated computer code
developed by Martec Limited, Ocean Science and Engineering Consultants, Halifax,
Nova Scotia, Canada, thereby validating the procedures. Previously established
analysis procedures developed by Defence Research Establishment Suffield,
Alberta, Canada, (DRES) also produced an acceptable correlation between
theoretical and experimental strains. In both cases the DRES computer code
TOCCP (Transient Drag on Circular Cylinders and Plates) was used and has been
shown to provide very reasonable air blast loading for the theoretical analysis.
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1. INTRODUCTION
1.1 OBJECTIVES

The purposes of this work are to determine the blast resistance of a
lattice antenna mast which has been constructed in accordance with a computerized
design procedure developed by Martec Limited (formerly Can Plan Oceanology Ltd.)
and 1o compare the theoretical predictions with the experimental results thereby
validating this procedure and hence “inalizing the development of an engineering
design standard for lattice antenna mast structures presently used on Canadian
naval ships.

1.2 BACKGROUND

This report represents the culmination of the studies carried out by
Mechanics Research lacorporated (MRI), Royal Military College of Canada, Defence
Research Establishment Suffield (DRES) and Martec Limited on the design and
testing of shipboard lattice antenna masts currently used by the Maritime Branch
of the Canadian Forces. The overall aim of the project was to develop a computer
based design/analys’s standard for such stru :tures which would yield a more
efficient design in a shorter time in comparison to the older manual procedures.

T o T T Tl

Three simulated model lattice antenna masts were analytically designed
by Mechanics Research Incorporated and exposed to air blast loading in Overation
Prairie Flat. The results of this study are presented in Reference 1. Royal
. Military College of Canada meanwhile was considering the preliminary design phase
of the problem. The experimental results obtained in Event Dial Pack were
reported and compared with those obtained in Operation Prairie Flat in Reference
3 2, Standard finite element techniques were used to calculate the dynamic response
of the structures and it was found that calculated stresses were generally about
two-thirds as large as those obtained experimentally (Reference 3), a discrepancy
attributed to inadequate definition of the structural loading as used in the
transient response analysis. A final report outlining 2 systematic afr blast
analysis procedure along with analytical procedures to be considered for prediction
of response due to underwater shock concluded the DRES program (Reference 4) at
the and of 1974.
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A further contract for development of an engineering design standard
was iet to Can Plan Oceanology who created a design standard (Reference 5) and
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designed a model mast (Reference 6) to be exposed to a 10 psi overpressure air
blast 1oading in Event Dice Throw.

This report presents some of the results obtained from Event Dice
Throw and compares the experimental results with both the theoretical values
provided by Martac Limited (formerly Can Plan) and the theoretical values
provided by Beta Machinery Analysis Ltd. who utilized the former DRES analysis
techniques. Transient drag loading functions for both programs were generated
using the DRES program TDCCP (Transient Drag on Circular Cylinders and Plates).
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2. DESCRIPTION OF THE TEST STRUCTURE

A photograph of the 30 foot mast is shown in Figure 1. The mast was
§ mounted on a 27' x 15' x 5.5' reinforced concrate base and was constructed of
seamless tubular steel pipe with nominal pipe diameters ranging from 2 to 3 1/2
inches. The structure weighed about 7000 1bs. The cylinder members terminating
at a joint are slit at the ends and gusset piates connecting adjacent members
are inserted. All connections are welded. The front of the mast faced the

point of blast origin since this orientation was assumed to yield maximum
response to blast.

et e ML el e e e

i On previous tests, modeling the antenna was a very difficult task due
' to the compiex interaction, shading and solidity effects creaced by the closely
spaced cylindrical meabers. To eliminate this prohlem a flat pilate for which
the drag loading 1s well known was ured to simulate the antenna <ompenent.
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3. EXPERIMENTAL PROCEDURE

The 30 foot mast was located at a free-field overpressure of 10 psi.
Free-field overpressures at the base of the mast were measured with three piezo-
alectric transducers. Drag pressures on cylindrical models were recorded at
the same overpressure location.

Three accelerometers were placed on the mast to record rectilinear
accelerations in the vertical and horizontal directions as well as rocking
acceleratian in the blast direction. The motitn of the mast in the blast
direction was recorded using a high speed camera. Axial and bending strains
were recorded for members on the mast, mast support and antenna; the thirty-
eight positions are shown in Figure 2. The bending stvain gauges were located
on tubular members a few inches from joint gussets, recording bending in
directions both parallel and perpendicular to the blast travel.

A1l data signals were conditioned and then rccorded on 14 track Ampex
tape recorders. Combined bridge supply and signal conditioning amplifiers were
used on all strain gauges and accelerometers. Al1 pressure, acceleration and
strain data were multiplexed in groups of five and recorded on tape channels
using a constant frequency bandwidth division system which limited frequancy
response to 4000 Hz.

A static free vibration test (S/FV) was performed on the mast prior
to the blast test tov check out the instrumentation mounted on the mast and the
associated recording channels, to check the linearity of the mast response, to
compare the measured experimental strains with the theoretical predictions for
a static load in order to confirm the validity of the mathematical mast mcdel,
and to record the natural frequencies of the mast. To perform these tests, 3
static load was applied at the top of the mast acting at 256.2° to the horizontal.
This load was released suddenly by an electrical release system. Strain gauge
outputs were recorded for 22 of the 38 positions.







4., RESULTS

Only a few representative results of this project are prasented. A
oore comprehensive report on all the experimental data and their correlation to
the theoretical model is now in the draft stages.

4.1 S/FV TEST

Records obtained from the free vibration portion of the test were
used to determine the modal frequencies of the structure. This was done
by digitizing the records and calculating Fourier amplitude spectra using a
standard FFT (Fast Fourier Transform) computer code. The experimental results
are listed in Tables 1 and 2 with those predicted by Martec Ltd. (Reference 7)
and Beta Machinery Analysis Ltd. {Reference 8). There is a reasonably good
agreement between the theoretical and experimental static strcins.

The incident free-field pressure seen by the mast was 10.1 psi and
had a positive duration of 230 msec. Two of the three accelercmeters functioned
indicating very small displacements. The camera coverage of the mast was murh
better than in previous tests due to a lower density of dust. The largest
displacement observed was no more than a few inches.

4.2 MEASURED TRANSIENT STRAINS

A1l test data were demultiplexed and read directly from the magnetic
tape into the DRES IBM 1130 digital computer using a Miniverter analogue-to-
digital converter operating at a rate of 1600 samples per second. The maximum
values for arxial and bending strains recorded are listed in Table 3 as well as
the theoretical predictions.

Predicted and measured strains at four positions are compared in
Figure 3.
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Table 1. Predicted and Observed Natural Frequencies of Mast

Martec Beta Experimental
Mod Frequency Frequency Frequency

Hz (7] Ha [8]) Ha

1 8.7 8.8 -

2 9.9 10.2 10

3 21.8 21.5 23

4 28.4 29.6 3

3 37.6 -- --

6 -~ -- 44

7 -- 50.9 48

8 -- 57.7 55

3 9 - -- 60

10 - 68.0 68
:
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Table 2. Measured and Predicted reak Static Strains for S/FV Test

L°g::g:“ preg?:§§§ (73 Pred?gtzd (8] Measured

Code pec® et u-e

1 -74.4 .72 ..

2 -75.3 -73 <76

3 -55.3 -54 _53

4 62.7 62 59

5 62.8 62 65

5 84.7 a4 50

7 -57.2 ~-56 -54

8 -67.8 6] _40(?)
2 ~54.3 -53 -57.2

19 54.0 53 56

n 57.9 57 50

12 48.6 49 ]

: 13 4.7 41 an
i i4 16.5 1 .-
15 3.2 -3 -3

16 ¢.8 1 -6

17 -13.1 -13 " 214

18 1.5 12 0

19 -20.6 -20 -19

20 16.8 17 17

27 -4¢.3 -47 -57

28 -33.1 -32 -N

* Microstrain
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; ; Table 3. Measured and Predicted Peak Transient Strains
'* Gauge Measured
§ Location Type Predicted [7] Predicted [8]
2 No. u-¢ u-e w-e
S 3 Membrane 565 578 530
‘t 2 " 469 489 461
3 270 304 310
4 L -568 -585 -594
5 " 461 -490 -486
6 " -280 -319 -285
'f 7 4 521 557 412
| ] u 472 495 480
£ 9 ’ 320 354 338
; 10 s -512 -542 -490
i N " -470 -491 -481
3 2 " -320 -357 -322
13 " -223 -207 -234
14 " -87 -86 -80
15 " 459 500 440
16 " -506 -481 -479
17 " 325 310 301
18 * =320 -312 =306
19 " 406 425 366
20 " -400 -420 -363
21 " 357 387 329
22 # -407 -374 -330
23 u 211 164 153
24 " -239 -172 -169
25 " 191 169 164
26 - -20¢ 174 -163
27 u 221 216 207
28 " 452 450 428
29 " -96 -- -85
30 " -103 -- -125
3 Berding -130 -- -165
32 " 194 -- 432
33 " 128 -- 209
34 " -182 - ~-185
35 s -47 -- -72
36 4 -29 -~ -48
37 " 63 -- 53
38 " 79 -- -12
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5. DISCUSSION AND CONCLUSION

The computer code Transient Drag on Circular Cylinders and Plates
(TDCCP) was used to calculate the transient drag pressures required for input
for both theoretical programs. This program was developed at DRES and takes
into consideration the cumulative results of the DRES drag program conducted
on circular cylinders, known loading functions for plates and correction
factors to account for shading, solidity, and plate cylinder interaction,
again based upon past DRES experiments in these areas of study.

The agreement between calculated and measured results is very
satisfactory with the exception of bending stresses. These were not dealt with
at all by Beta Machinery Analysis Ltd. and the Martec Ltd. predictions are not
as reliable as their other results. However, the magnitude of the bending
E stresses indicate they cannot be ignored. This is one area which requires
further study.

> AN WS R - e R T L e T A Ny, e T TR e T

E In both theoretical approaches the predicted axial strains were
] 51ightly conservative which 1s good from a design stand point.

Effectively, this concludes the study on lattice mast structures
as the results of this study validate TDCCP, the analytical procedures previously
developed by DRES and the design procedure and associated computer code developed
by Martec Ltd. The result is a computerized engineering design standard that
can be used by the Maritime Branch of the Canadian Forces to effectively design
lattice-type masts.
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PROJECT C3 BLAST RESPONSE OF 35 FT FIBREGLASS
WHIP ANTENNA - EVENT DICE THROW

>.V. Price and C.G. Coffay

DEFENCE RESEARCH ESTABLISHMENT SUFFIELD
RALSTON ALBERTA

ABSTRACT

The blast response of 35 ft fibreglass Whip Antennas was investigated
in a free-field blast trial and in numerical simulation experiments. The antennas
satisfactorily withstood the air blast loading at nominai 7.0, 10.0 and 12.2 psi
peak overpressure locations in Event Dice Throw. The numerical model predictions
for the natural frequencies are n excellent agreement with results obtained
4 experimentally, however the corresponding predictions for the transient strain
: using pre-trial drag coefficients were approximately double the values obtained
experimentally. Subsequent revised numerical predictions for the transient strains
using experimental drag coefficients obtained ind2pendently in the blast tria]

itself have produced results in more reasonable agreement with the experimental
transient strains.
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INTRODUCT ION

The Defence Research Establishment Suffield (DRES), in support of the
Canadian Forces (Maritime) policy on blast hardening of ships and components, has
conducted a series of tests to determine the ability of certain antenna designs to
withstand blast overpressures of various intensities. During Event Dice Throw, a
620-ton AN/FO free-field blast trial conducted by the United States Defense Nuclear
Agency at the White Sands Missile Range in New Mexico on October 6, 1976, several
antenna design were tested at various overpressure levels. One of Lhe antenna
designs evaluated in the trial was a 35 ft fibreglass Whip Antenna.

‘The objectives of this study were to determine the ability of three
35 ft fibreglass ¥hip Antennas to withstand the effects of blast waves at the
nominal 7.0, 10.0 and 12.2 psi peak overpressure levels respectively, and to compare
the measured response of the antennas against theoretical predictions determined by
a computer model recently depeloped at DRES {1]. It was intended thz: experimental
verification of the computer model would lead to a criterion for predicting the
blast response of whip zntenna designs in general.
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INSTALLATION AND INS/RUMENTATION OF THE WHIP ANTENNAS

i The Whip Antenna design evaluated in the study was Model ASS085-SR
manufactured by Valcom Ltd., Guelph, Ontario. A schematic of the antenna is

shown in Figure 1. According to the manufacturer [2], the main shaft of the
antenna was composed of alternate fibreglass layers at 9° and 0° anglas relative
to the axis of the antenna. The volume ratio of longitudinal to circumferentiai
fibres was approximately 2:1 throughout the antenna except in the region of the

t base of the antenna. The lower threes feet of the shaft was increased in size

by additional circumferential wrappings up to 3/4 in thick (the additional
wrappings at the base added no additional flexural strength to the antenna).

The antenna was fabricated in two pieces which joined together through an embedded

» brass coupling located approximately 18 ft from the base (see Figure 1). Additional
) physical characteristics cf the antenra, as supplied by the manufacturer, are

l presented in Table 1.

'i

Three Whip Antennas were installed for the Zvent Dice Throw field trial.
The antennas were located at the nominal 7.0, 10.0 and 12.2 psi peak overpressure
locations (1135, 940 and 875 ft respectively firnin ground zero). For discussion
purposes, the antennas will be referred to by the nominal peak overpressure
k locations at which they were installed. Each antenna was mounted on a 24 in x
3 30 in x 21.5 in steel box {DRES drawing MES-CDT-100-C3-2) of a type used in a
f previous multi-ton field trial (“Event Dial Pack" held at DRES in 1970) as a
mounting for a GRP Whip Antenna [3]. The steel box assemblies were sutsequently
bolted to 5 ft x 8 ft x 2 ft heavy reinforced concrete foundations (DRES drawing '
MES-CDT-100-C3-1). A photograph of the three Whip Antennas installed for the
Event Dice Throw field trial is shown in Figure 2,

Five pairs of MICRO-MEASUREMENTS type EA-41-10CBE-120 strain gauges were
bonded directly to the outer surface of the nominal 7.0 psi Whip Antenna. The gauge
locatiors are shown in Figure 1. In addition, two strain gauge pairse were bonded
to the outer surface of the nominal 10.0 and 12.2 psi Whip Antennas. The locations
of the nine strain gauge pairs are summarized in Table 2. The gauges which constitute
a strain gauge pair were bonded to onposite sides of the antennas on a line
corresponding to the blast direction, thereby measuring the maximum flexural s.rain
at the specified cross-sections.

1 The signals from the strain gauge pairs were conaitioned with bridge and
balance units, amplified, F.M. multiplexed and then recorded on l4-track magnetic
tape with a frequency response of DC to 4 KHz. In this fashion, five channels of
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experimental data were multiplexed onto one tape channel, a procedure which wes
required by the large number of DRES data channels and limited number of tape
recorders. A block diagram describing the instrumentation 1s shown in Figure 3,
and a photograph of the DRES Instrumentation Bunker in which the data signals were
processed and recorded is shown in Figure 4.

In addition to the strain gauge data, the response of the 7.0, 10.0
and 12.2 psi Whip Antennas was recorded recpectively on a LOCAM high-spred camera
at 500 frames per second, a FASTAIR high-sheed camera at 320 frames per second and
a FASTAIR high-speed camera at 600 frames per second. A time mark generator was
used to confirm the above film speeds.

papaioal s leny Rl ot At et e Tt D Rt L T

VT

it m e L

P

A e AT gAY ST

y
ROt B e e TR L W . - TEeN DR S e . "o K . - -
L”-L’.',m L /N PRI S et M i 3 YU A SAlPI. S 43 2 v S0 S

ALY Ve whad xS ol i i ok B Al s s T A




COMPUTER MODREL SIMULATION

A numerical procedure was developed at DRES to predict the elastic response
of a variable cross-section cantiliver beam when subjected to a transient air blast
load [1]. The procedure begins with the Bernoulli-Euler equation of a vibrating
besm. The normal modes and natural frequencies of the beam are determined by solving
the differential equations for free vibration using successive relaxation, Rayleigh
quotient and Gram-Schmidt orthogonalization numerical technigues. The forced
vibration solution is obtained using normal mode coordinates and Laplace transforms.

The computer model simulation used a clamped-free boundary condition of
the form

g (a) clamp at x-0, zero displacement and slope, (1)
(b) free at x=L, zero moment and shear,

where x is a distance coordinate measured from the base uf the antenna and L is the
length of the antenna. In addition, the following values for the drag coefficient
cD weres used in computing the aerodynamic drag portion of the blast wave loading on
the antenna in the first set of simulation experiments:

0.7 . %:0.48, Realdxi0s,

0.6 , M<0.48, Rez3x10°, (2)
1.2 , M<0.48, Re<3x105.

ol o e i R T
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| In the above equation, M is the instantaneous Mach mumber of the flow incident on
the antenna, and Re is the instantaneous Reynolds number (based on local diameter).
A revised set of drag coefficients (based on independent drag experiments in Event
Throw itself) were used in a subsequent simulation experiment, to be considered in
detail in a later section.

The structure of the Whip Antenna was represented in the cumputer model in
such a way as to simulate the mass and p-ojected (nomnal to blast direction) cross-
sectional area profiles of the antenna. Three different mass/projected cross-sectional
area profiles were considered. The first profile (simulation A) corresponded
to physical data supplied by the manufacturer (Table 1; [2]). The second profile
(simulation B) corresponded to antennz wall thicknesses mesasured from x-ray
examination of the nominal 7.0 psi Whip Antenn2 (radiography examination by
R.M. Hardy and Associates [4]). The final profile (simulation C} corresponded
to micrometer measurements of test samples cut out of the antenna to determine
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the wall thicknesses for the nominal 7.0 psi Whip Antenna. With these measurewments,

4 : adjustment to the profiles near the base and in the vicinity of the junction between

3 lower and upper portions of the antenna were made to account for the additional

mass (measured) and stiffening 1n the indicated regions. In addition, the third
simulation used a mass-weighted average value for Young's Modulus based on tensile
tests performed by R.M. Hardy and Associates (Figure 5; [5]). In summary, simulations
A and B were based on antenna features which were known or measured prior to the

blast trial, while simulation C was based on antenna piroperties which were obtained

in destructive tests and measurements of the nominal 7.0 psi Whip Antenna following
the blast trial,

A comparison of the three simulations for the mass/projected cross-sectional
area profiles of the nominal 7.0 psi Whip Antenna i presented in Table 3. Simulation
A (manufacturer's data) is found to differ significantly from simulation B and C
{measured data) above the lower 3 ft portion of the antenna. The differences in the
profiles will result in differences in the corresponding strain preuictions, a goint
which will be examined in more detail in Section 5.
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COMPARISON OF THEORETICAL AND EXPERIMENTAL NATURAL FREQUENCIES: TWANG TEST

Prior to the blast trial, a "Twang Test" was performed to obtain free

vibration strain data for the Whip Antennas. A stutic load was applied near the top
of each antenna using an anchored nylon rope at a pull angle of 30° to the horizontal.

The load was subsequently released electrically and the strain data for free
vibration was recorded. The experiment was performed to determine tne natural
frequencies of the antennas and to verify the test instrumentation.

A photograph of the Twang Test apparatus is shown in Figure 6. The
apparatus consisted of a 1/4 in nylon rope attached to a bracket at the 30 ft
location on each of the antennas and anchored to a truck, a 6000 1b capacity L.A.B.
Corp. Quick Release Hook, a hand-operated mechanica! winch to take up slack in the
system, and a Transducers Inc. strain-type load cell (mode) ML2-151-1K) with a Budd

train indicator readout (mode) P-350) to measure the applied load. The applied

Yoads were monitored locally with the load cell while the bending strains as measured

by the strain gauges bonded to the antenra were recorded remotely in the Instru-
mentation Bunker.

The loads on the antennas were released electrically and the bending
strain data for free vibration ("Twarg Test") were reccrded in the Instrumentation
Bunker. In this fashion i1t was possible to establish that the tect ‘nstvumentation
was operational.

A Fourier analysis was subsequently performec ¢cr the experimental strain
data to determine the naturai frequencie; of each antenne “re ‘ree vibration
strain history and corresponding Fourier enalysis for pgauvges £ and % ave presented
in Figures 7 and 8. As shown, the '"west natura! frecuency for the 7.0 psi Whip
Antenna is sharply identified as 1.2/ cps by the Fourier aralysis, whiie the higher
natural frequencies are less distinct. The best resolution of the higher natural
frequencies occurs for the gauge located in the upper region of the antenna, gauge
5. The three lowest natural frequencies of the three antenras, as determined from
a Fourier analysis of the Twang Test strain measurements, ire presented in Table 4.
Tlie observed difterence: between the experimental natural frequencies of the three
antennas are due to differences in antenna construction. In particular, the 10.0
and 12.2 psi antennas were 15 inches longer than the 7.0 psi antenna [6].

The theoretical (numerical simulation) predictions for the three lowest
natural frequencies and corresponding normal meces for simulation A of the 7.0 psi
Whip Antenna are presented in Figure 9. Normal modes of a simiiar general shape
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were obtained for simulations B and C. A comparison of the natural frequersies
for simulations A, B and C of the 7.0 psi Whip Antenna against the experimental
values obtained from the Twang Test is presented in Table 5. It is apparent from
.‘ this comparison that the predicted frequencies are in excellent agreement with the
E values obtained experimentally.
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COMPARISON OF THEORETICAL AND EXPERIMENTAL BENDING STRAIN HISTORIES: EWENT DICE THROW

The numerical simulation model was used to generate bending strain
predictions corresponding to two types of Friedlander overpressure waves. The two
sets of overpressures respectively correspond to Defense Nuclear Agengy (DNA) pre-
trial predictions (blast data A) and average measured! blast wave properties (blast
data B8) at the nominal 7.0, 10.0 and 12.2 psi peak over pressure locations.

A comparison of the two sets of Friedlander overpressure waves is
presented in Table 6 and Figure 10. It should be noted that despite the lower peak
overpressure in the experimental Friedlander waves, the total inpulse associated
with the experimental waves is 18 to 49% higher than the corresponding impulse of
the 7.0, 10.0 and 12.2 psi predicted waves.

PREGICTIONS BASED ON PRE-TRIAL DRAG COEFFICIENTS

Three sets of bending strain predictions were calculated using the pre-
trial drag coefficients summarized in equation (2). The discussion which follows
considers only the predictions for the 7.0 psi Whip Antenna, cince the trends
apparent in this set of results are representative of the results obtained with the
other antennas. A summary of the essential features of the three prediction
experiments is presented in Table 7.

The first set of predictions (predictions 1) used physical data supplied
by the contractor (simulation A) together with pre-trial blast data provided by
DNA (blast data A). This set of pradictions is therefore based on pre-trial physical
and blast data suppiied by external agencies.

A comparison of predicted against experimental strain histories for the
7.0 psi Whip Antenna.is presented in Figure 11, and an evaluation of the ability nf
the model to predict peak bending strains is given in Table 8. Although certain
gauge locations display reasonably good agreement between predicted and experimental
strains, most gauges indicate considerably large~ predicted strains compared to the
experimental results. This is apparent from the large value for the average ratio
of peak theoretical tu experimental strains (1.62; see Table 8). In addition, the
ratio of peak theoretical to experimental strains fluctuates considerably from gauge

1 The free-field overpressure at the base of the three anteinas measured using ten
Bytrex Model HFH-100 strain-type pressure transducers [?]. The "measured" over-
pressure wave properties were considered to be the average of the properties
determired by the individual pressure transducers.
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to gauge, indicating that the mass profile sizulation does not accurately follow the
mass distribution trernds in the antenna itsely.

The second set of predictions (predictions 2) used physical dats corres-
ponding to x-ray measurements at DRES (simulation B) together with pre-trial blast
data provided by DNA (blast data A). As in the previous prediction experiment, this
calculation is based on pre-trial data since ron-destructive techniques were used to
determine the antenna oroperties.

A comparison of the corresponding predicted strains against the experi-
mental results is provided in Figure 12 and Table 8. It is noted that the predictions
are in poorer agreement with the experimental results than ‘n the first predfction
set, a result which was rot anticipated since more accurate similation dsta was used
to describe the antenna structure in this case cumparad to the former. It {s
therefore apparent that th2 earlier prediction set 1 involved compensating errors {n
that an erronevus simulated mass profile produced errars which compencated for an
unknown factor which is causing the strain predictions to be much larger than the
experimental values would fndicate.

The third set of predictions (pradictions 3) used experimentally deter-
mined physical and blast data as input to the numeriral prediction model. This
represents the best available input data to the numerical prediction model, &nd
should tnherefore produce the best strain predictions. The mass profile in the
calculation corresponds to measurements obtained from post-trial destructive tects
performed on the 7.0 psi Whip Antenru {simulation C), and the uir biast data corres-
ponds to average messured blast wave properties (blast cdata B).

A comparison of the corresponding predicted strains against the experimen-
tal results {is presented in Fiqure 13 and Table 8. Similar to the previous pre-
diction experiments, the predictions are consideratly larger tian the expcrimental
results. However, the ratio of peak thecretical to experimental strains fluctuates
considerably less from gauge to gauge compared to the earlier predictions, tndicating
that the mass profile simulation mnre accurately foliows the actual mass distribution
trends in the antenna 1tself. In addition, it should be noted that this prediction
is based on blast datz which has an 18 to 49% larger positive phase impulse than in
the earlier prediction experimsnts. The earlier prediction sets 1 and 2 therefore
had compensating errors, since artificially low pre-tvial DA blast data compensated
for an unknown factor which 1s causing the strain predictions to be much larger than
the experimental values would ‘ndicate.

At this point, the only remaining area to be evaluated in assessing the
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cauce of the poor performance of the numerical pradiction model lies with the
empirical drag confficients. This will be considered in cetar) in the following
section.

PREDICTIONS BASED OK DICE THROW DRAG COEFFICIENTS

An aerodynamic drag prolect was independently undertaken in the Event
Dice Throw field trial [8]. The drag fcrces on cylinders of various diameters were
determined ucing free-f1ight measuremert techniques, and preliminary drag coefficient
results, as shown in Figure 14, are now available in the low Reynolds number regime,
applicable to the Whip A/ @nna study.

It is apparznt tfrom these [-reliminary results that the drag coefficients
at low Reynolds number in Event Dice Throw dre much smaller than anticipated from
earlfer field trials. Based on ¢he preliminary results presented in Figure 14, a
drag coefficient profile appropriate to the iow Reynolds number regime in Event
Dice Throw Is of the form

C.2 , M<0,.48, Readx105, (3)
D 0.6 , Mc<0.48, Re<4x105.

1t should be noted that this proffle is based on prelimipary drag messurements, and
the reader is referred to the final drag study report [8] for more details and
revisad CG prafiles.

B final set of strain predictions was produced using the drag coefficient
profiie specified by equation (3). The predictions were computed using experimentally
determined physical and blast data (mass profile simulatinn C, blast data B) as input
to the numerical predictinn model (see Table 7). A comparison of thes corresponding
predicted strains against the experimental results is presented in Figures, 15, 16,
and 17, and Takle 8. Tphe compariscrs for the 7.0 psi Whip Antenna are repeated in
Figures 18 to 22 in an enlarged format.

'n gersral, the predicied strains are found to be in '+ asonable agresment
with the experimental strains. The average ratio of pesk theorerical to experimental
bending strains 1s 1,27, a value significantly less thar the results from the
previous prediction experiments. The best agreement between the predicted and
experimental strains occurs with gauges 4 and 5, located in the upper portion of
the 7.0 psi Whip Antenna.

1




The poorest agreement in this prediction experiment is obtained for gauge
6, located in the lower portion of the 10.0 psi Whip Antenna (see Fijures 1 and 16).
This result is in part a consequence of using a mass profile simulation based on
the 7.0 psi antenna (simulation C) in generating the time respons~ ¢f the 10.0 psi
antenna. As noted earlier, the three antennas differ in construction [6], and
measured mass profile data was not available for the 10.0 and 12.2 psi antennas.

Due to strain gauge failure early in the time response, experimental
verification of strain predictions from three of the four strain gauge pairs on
the 10.0 and 12.2 psi Whip Artennas is not available,
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CONCLUSIONS

The blast response of 35 ft fibreglass Whip Antennas was investigeted in
a free-field blast trial and in numerical simulation experiments. The antennas
satisfactorily withstood the air blast loading at nominal 7.0, 10.0 and 12.2 psi
peak overpressure locations in Event Dice Throw. The corresponding antenna
response was modelled numarically, and predictions of natural frequencies and
transient bending strains were generated for varjous antenna mass profile simu‘a-
tions and air blast loadings.

The predicted natural frequencies were in excellent agreement with
experimental results and the transient strain predictions using experimental drag
coafficie.'s obtained independently in the blast trial itself were in reasonable
agreement with the expecrimental transient strains.

Accuracy of the transient strain predictions was found to depend sig-
nificantly on the following three conditions:

(a) the computer simulation must agree with the mass profile and physical
oroperties of the actual antenna,

(b) the computer simulation must agree with the air blast properties of the
actual blast wave {peak overpressure, positive phase duration, and part-
icularly the positive phase impulse),

(c) the computer simulation must agree with the aerodynamic drag coefficient
(CD) relevant to the antenna geometry and blast wave in question.

Conditions (a) and (b) are generally known with some degree of certainty prior to a
blast trial (if necessary, destructive material tests may be carried out on a
dupljcate antenna to establish the correct mass profile and physical properties for
the numerical simulation). However, there appears to be some duubt rejarding
correct drag coefficient relationship for air blast waves (as function of Reynolds
number, Mach number, and blast wave properties) particularly in the low Reynolds
number regime which applies to whip antennas. Evidence of drag coetficient uncer-
tainty was apparent in this study thrcugh the large differences in transient strain
predictions obtained using pre-trial CD profiles and profiles of cD determined from
the blast trial itself, Reducing the uncertainty in CD at low Reynolds and Mach
numbers represents an area requiring further investigation.
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Subject to an accuract simulation of the antenna muss profile, blast wave
properties, and drag coefficient profiles, the computer model is recom.ended as a
design tool in the development of whip antennas in general.

14

v
PR



l.

REFERENCES

G.V. Price, "Numerical Simulation of The Air Blast Response of Tapered
Cantilever Beams (U)". Defence Research Estadlishment Suffield, Ralston Alberta
Suffiald Technical Peper No. 447. 1977. UNCLASSIFIED.

$.8. Clarke, "Private Communi. ation to G.V. Price", April 23, 1976.

L.W. Tamke and B.R. Long, “Evaluation of GRP Whip Antenna - Event Dial Pack (U)".

Event Dial Pack Sﬁ;sim Report, Vol. 1. Defence Research Establishment Board
0 nada, pp. - 5 .

R.D. Yergetti, "Private Communication to G.V. Prive Reqarding a Radiographic
Inspection on April 21, 1976 by D.R. Shannon. File No. CXR76-82%. May 4, 1976.

R.M. Hardy and Assocfates Metal Test Report, Lab Ordar No. 6103-1795, "Private
Communication to G.V. Price". December 8, 1976.

G.V. Price, "Private Communication to R. McInnis, OMCS-6, DRES File No. 3611F-
8(M ;). May 27, 1976.

F.H. Winfield, "Event Dice Throw - Canadian Air Blast Measursmants {(U)".
Defence Research Establishment Suffield, Ralston, Alberta., Suffield Technical
Paper Mo. 451. 1977. UNCLASSIFIED.

A.N.r.. Gibb and D.A. Hi11, "Free-Flight Measurement of The Dreg Forces (n
Cylinders in Evert Dice Throw (L)". Defence Research Establishment Suffield,
Ralston, A'berta. Suffield Technical Paper No. 453. 1977. UMNCLASSIFIED.

15




x' (ft) 00’ (1) 10° (4n)
2 6.5 4.4
6 5.0 a0
10 4.5 1.7
14 4.15 3.4
18 3.9 1.0
22 3.0 2.6
2 2.4 2.1
20 2.1 1.8
) 1.9 1.5

o et Al dw TR

1
Distance from the base of the antenna.
2
Outside diameter,
3
Inside diameter.
E = 3.9210% psi

e = 0.002298 slugs/in?

Table 1: Physical features of the Valcom AS5085-SR fidreglass
Whip Antennz, a: supplied by the manufacturer [2].
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Gauoe Antenta x (ft)
] 7.0 psi 3.5
2 7.0 pst 10.5
3 7.0 psi 17.0
4 7.0 psi 8.4
5 7.0 psi 24.0
6 10.0 psi 10.5
7 10.0 pst 24.0
8 12.2 p3f 0.5
9 12.2 psi 24.0

Table 2: Strair gauge locations for the three Whip
Antennas.
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: Simulation A Siewlation 8 Simulation C
x (in) T
ID (In)} 0 Lin;y Wt (10) | 1D (in)| OO (in){ Wt (Ib) | ID (in){ GD (in)| Wt (b)
1 1 1 1 1 2
0.0 4.400 6.500 5.537 6.457 5.540 9.640
.4 22.63 84.54
41.9 4.283 5.942 4.41) 5.199 4.167 4.965
30.03 15.89 15.90
83.7 4.002 4.878 3.845 4.503 31.545 4.535
17.30 11.73 12.18
125.6 3.655% 4.459 3.678 4.205 3.640 4.177
14.74 9.93 10.04
167.4 3.403 4.154 3.381 3.929 3.3 3.90)
14.37 8.96 2 12.81
209.2 3.056 3.935 3.224 3.709 2.581 3.609
11.33 6.67 10.72
251.1 2.707 J.2&1 2.619 2.997 2.659 3.067
5.9%0 4.37 4.65
292.9 2.298 2.638 2.280 2.582 2.251 2.562
3.57 3.22 31.54
334.8 1.957 2.257 2.0A7 2.319 2.021 2.346
3.05 2.49 2.91
376.6 1.695 2.030 1.851 2.0Nn 1.825 2,378
1 1 3.7 1 1 1.82 ) 1 2.06
418.5 1.500 1.900 1.777 1.947 1.741 1.937
Total: Total: Total:
15187 g.n 159.32
E = 3.9x10€ psi IZ' 1 E = 3.9x106 pst [2 E = 4.27x106 psi [5]
o= V. sfugs/in5, ax « 47, .88 ft)
1
Extrapolated.

2
Calculated based on the measured mass distribution; calculation depcnds on Ax.

Physical features of the three computer simulations of the 7.0 psi fibreglass

Whip Antenna.




E Natural Frequancies (cps)
. Mode —_
7.0 psi 10.0 psi 12.2 psi
|
' 1 1.27 1.03 1.82
2 4.20 3.46 3.52
3 9.50 8.25 7.78

Table 4: Natural frequencies of the three Whip Antennas as
[ determined from a Fourier analysis of the Twang
Test strain measurements.

19
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Natural Frequencies {cps)
Simulation A Simulation 8 Stmylation C
Mode
Experimental
Theoretical{ Theo./Exp. { Theoretical | Theo./Exp. | Thecretical | Theo./Exp.

] 1.27 1.47 1.16 1.33 1.05 1.34 1.06
2 4.20 4,09 0.97 4.08 0.97 4.06 0.97
3 9.50 9.55 1.01 9.47 1.00 10.16 1.07

Avg.1.05 Avg.1.01 Avg.1.03
Table 5: Comparison of theoretical (numerical simulations A, B and C) and experimental (Twang Test)

natural frequencies for the 7.0 osi Whip Antenna.
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| Blast Data A Blast Data B
: ! Symbo1 Units Description |
7.0 10.9 12.2 7.0 10.0 12,2
P psi a2tmospheric pressure 12.58 12.58 | 12.58 |12.42 | 12.42 {12.42
E Ta F atmospheric temperature 54 54 54 48 48 48
Po rsi peak overpressure 7.0 10.C 12.2 6.6 3.9 (12.0
1
é; ty msec positive phase duration 242 189 172 250 231 | 254
|
~
- ID psi/msec positive phase impulse 600 695 750 707 863 1119
1
g K -- Friedlander decay constant 1.137 | 1.002 ) 1.164 | 0.482 0.911l1.009
:
1
] The decay constant is computed based on the condition that the Friedlander wave is to be
characterized by the specified values of Py td and Id.
i Table 6: Air blast data corresponding to the pre-t-ial DNA predictions (blast data A)
and the average measured blast wave properties (blast data B).



Trancient Strains Mass Profile Air Blast Drag Coefficient
Prediction Set Simulation ! Data 2 Equation No.
1 A A 2
2 B A 2
3 c 8 2
4 c B 3
|

1

| See Table 3. .
2
See Table 6.

Jable 7: Summary of the four numerical prediction experiments for
transient bending strains,
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134

ol e o e 2o+ AR KD

gempey A TR

Peak Bending Strains {pin/in)

Gauge Experi- | Predictions 1 Predictions 2 Predictions 3 Predictions 4
rente! Theore-| Theo./Exp. | Theore~ | Theo./Exp. | Theore-| rheo.sexp. | Th0r®" | Theo./Exp
1 | 2009 | 2050 1.02 4601 2.29 | 537 2.67 2768 1.38
2 | 23m 3443 1.45 6300 2.65 | 6656 2.80 2438 1.4
3 | 1335 | 3n2 2.33 5773 8.3z | 3579 2.68 1238 1.28
4 | 2376 | 3578 1.51 6263 2.66 | 4066 1.7 2020 0.88
s | 3 | 7nn 1.93 M2 2.06 | 733 1.98 3777 1.02
6 | 3902 | 575 1.48 | 10574 2.1 | 11584 2.97 5993 1.54
7| --1 12w - 13137 - | 1328 -- 6784 --
8 | --1! | 7609 - 13748 - | mnso -- 895¢ --
9 [ --1 [16510 -- 17136 - |19 -- 10099 --
Avg.1.62 Avg.2.78 Avg.2.47 Avg.1.27

“Strain gauge failure.

Table 8:

Comparison of peak theorz2tical and experimental bending strains
(first quarter cycle ouly).
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FIG. 4

DRES INSTRUMENTATION BUNKER IN EVENT CICE THROW.
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ANALYSIS FOR GAUSGE 2.
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ONA PREDICTIONS (BLAST DATA A), (B) AVERAGE MEASURED BLAST WAVE
PROPERTIES (BLAST DATA B), AND (C) COMPARISON OF THE DNA PREDICTION
AGAINST THE MEASURED WAVE AT THE 7.0 PSI LOCATION.
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STRAINS (SOLID LINES) FOR THE 7.0 PSI WHIP ANTENNA AT GAUGE LOCATION 2.
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3, PROJECT C5 CANADIAN AIR BLAST MEASUREMENTS
- EVENT DICE THROW

F.H. Winfield
Defence Research Esta>lishment Suffield
Ralston, Alberta, Canada

ABSTRACT

Results are presented for air blast measurements made in the Canadian sector in
Event Dice Throw. These measurements were made in support of other Canadian projects whose
objectives were the study of aerodynamic drag on circular cylinders and the determination
of the structural response of Canadisn Navy masts and antennae. A total of seventeen
strain-type pressure gauges, mounted six inches above ground level and located at
strategic points between the 50 psi and 5 psi peak overpressure locations, recorded over-
pressure-time histories. The measured values for peak overpressure impulse, and positive
duration were quite clese to the predicted values; the overpressure-time records showed
classic waveforms. An anomaly which developed to the east of the Canadian sector produced
a weak shock wave which traversed diagonally across the layout behind the main shock front.
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INTRODUCT ION

Canadian participation in Event Dice Throw was comprised of five projects.
Projects C1, C2 and C3 involved the m:asurement of structural response of a lattice mast,
UHF polemast and three whip antennae, respectively. Project C4 involved the ireasurement
of aerodynamic drag on cylinders due to the passage of the blast wave and Project C5
involved measuremert of the blast envircnmunt to which Projects C1, €2, C3 and C4 were
exposed. The layout of projects and assuc fated pressure transducers is shown in Figure 1.
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INSTRUMENTAT [ux

A total of 17 Bytrex model HFH-100 strain type ,ressure transducers was used in
this event. Each transducer was mounted in an airfoil type stand so that the transducer
was 6 inches above the surface of the ground. Fifteen of them were installed ahead of, or
adjacent to, the structural response targets and the aerndynamic drag experiments to define
the blast envirorment to which they were exposed and one transducer was installed at each
of the 50 psi and 5 psi locations to extend the range over wh:ich pressure versus distance .
data would be obtained for this type of charge.

At the 20 osi. 10 psi and 7 psi levels, transducers were set out so that two trans-
ducers were on a radis! line through ground zero. The time of arrival of the shock wave at
the successive gauges would be used to calculate the shock front velocity from whicn peak
overpressure could be calculated for comparison with the results obtained from individual
transducers.
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RESULTS AND DISCUSSION

T TR, TR

A1l instrumentation functioned correctly and good quality records were obtained.
The records from all the transducers are included in Appendix A.

The increase in overpressure seen on most of the records, at times varying from 20
msecs to 80 msecs after arrival of the shock front, was caused by a jet which developed to
the east of the Canadian layout and produced a weak shock wave which moved diagonally
across the layout behind the main shock front at these distances from giround zero.

TR TR WY TR e oTme e 7

E The results obtained from the pressure-time records are presented in Table 1.

1 Peak overpressure was obtained directly from the records, while time of arrival, pesitive
duration and overpressure impulse were obtained by digitizing the records and using
numerical integration techniques, (Ref. 1). Pressure-distarce data and its relztionship
with the pre-test predictions (Ref. 2) are shown in Figure 2 as well as given in Table 1.
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1. Anderson, J.H.B. and Fenri:k, W.J., "Canadian Air Blast Mcasurements on Event Dial Pack"
Suffield Technical Note No. 296, 1972.

2. :g;;blast Predictions for Dice Throw", Defense Nuclear Agency, Field Command, 9 March,
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CABLE 1. SUNMARY OF RESULTS FROM PRESSUME-TIME TRANSDUCERS
Sauga Location Prcjc«:t': 0istance Predicted | Shock Wave |Positive Positive Peak Dverpressure
Nusber ) (see Fig.2) Sumber | from 61 Overpressure{ Time of Duratisr |Overpressyre)Overpressure [from Velocity
(See Fig.2) t , Arrival Inpulse Fjl_lrs
] {49 (pst) (rs) (ws) (ps1-us) (pst) {rst)
 — vous5
1 ‘ pressure-distance o 538.9 53 107.8 162.0 1328.5 54.7
2 drag cyltnder #2 "L 735.0 20.3 206 1271 | 123.3 206 |}
3 drag cylinders 9182 | 24 i N3 9 21.8 193.8 168.2 | 145.7 22 | 23
4 darag cylinders #7142 % L 72,2 21.0 199.3 286.9 1609.9 21.£
5 drag cylinde~ £ cé ; 735.0 20.3 202.6 160.0 785.5 18.5
6 whip antennz o3 : 875.3 12.5 293.6 250.4 1130.6 12.5
7 whip antenma P ; $40.4 10.4 337.6 238.5 9G3.8 10.4
8 lattice mas? ce 949.8 10.7 34,2 229.3 829.1 10.5
9 ¢rag cylinder #§ e 64,5 10.0 354.5 225.8 834.7 9.3
10 drag cylinders {647 ¢, S80.0 10.4 337.5 144.4 479.5 10.0 } 19.1
1 drag cylinders #647 tr 0 95g.1 10.7 344.6 227.8 862.0 10.1
12 drag cylinder #3 i l 953.2 50.6 3073 230.0 945.9 5.8
13 wip antenna £: 1:25.4 7.3 471.9 2161 694.2 7.0
14 UHF polemast [y 1:35.1 7.1 473.5 212.1 S84.5 6.7 L
15 drag cylinders #425 o~ 1115.1 7.5 455.0 303.9 88i.3 7.2 } 1.3
16 drag cylinders #4435 ¢ . 1135.0 1.3 472.4 242.0 700.0 6.8
17 pressure-distance cs ; 1%69.4 5.0 661.1 298.4 519.2 4.9




il e -

CONCLUSION

The results obtained from the air blast measurements carried out on Event Dice
Throw to define the blast environment in the vicinity of the structural response and aero-
dynamic drag projects were close to those predicted. Pressure-distance data for a

hemispherically capped, cylindrical 628-ton AN/FO charge were obtained between the 50 pst
and 5 psi 1evels.
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2. UHF/SHF TRANSMISSION EXPERIMENT

Alan A. Buras
SRI Intermational
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UHY /SHF TRANSMISSION ®XPERIMENT

ABSTRACT

A UHF/SHF transmission experiment was fielded to measure
the effects on signal propagation of the dust cloud lofted by
the DICE THROW detonation. CW s2ig' ls at eight frequencies
between about 400 MHz and 10 GHz w .e transmitted along six
paths peretrating the space above and near ground zero,
although not all frequencies were uascd on each path, All the
signals were derived from a common source, and, because a
phase reference from the transmitter was supplied to the
rzceiving system along a path stirting the detonation, phase
as well as amplitude perturbations could be measured. Spe-
cial photographic ccverage designed to record tue evolution
of the dust cloud from several vantage points supplemented
and supported the R measurements,

Amplitude fluctuations were as great as 20 dB pcak-to-
peak at 400 MHz, and exceeded 50 dB at 10 GHz in some
instanceg, A measured phase change of about 4 radians at
400 MHz on a path passing directly above grounc zero corres-
ponded to an integrated dust density, or dust content, of
about 120 gm/cmz; a uniform dust density of 4 x 1073 gm/cm
over a 300-m dust cloud diameter would result in a 100-gm/cmg
duast content, However, the possibility that diffraction
distorted the phase measurcments means that one should be
cautious about associating phase shift with integrated dust
deasity, Some decorrelaticn occurred between the fluctu-
ations of mignals spaced about 35 MHz spart, around 400 MHz,

Extensive dust clouds can be lofted by surfuce and
near surface nicclear detonations, Such clouds may serinusly
affect co>mmun’:a-ions and radar systems, particularly at
shorter wave,engths, especially miliimeter wavelengths,
Experiments such as the one described here serve to quantify
the effects of duat clouds on RF propagation,
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I INTRODUCTION

SRI fielded a UHF/SHF iransmission experiment, sponsored by the
Atmospheric Effects Division of the Nefense Nuclear Agency under Con-
tract DNAOO1-75-C-0206, to meadure the effects of dust and debris on
signals passing through the cloud lofted by the DICE THROW main event,
Since the explosion apparently lofted about 3 to £ kt of soil, it simu-
lated in at least one way a much larger nuclear detonation than its 500-
ton TNT equivalent, Measurement ot dus t-induced perturbations und
degradations of UHF and microwave sigial propagation constituted the

overall objective of this experiment,

An impertent specific objective of the transmission experiment . 8
to provide inputs for develorers of codes for predicting the effects and
characteristics of dust clouds, Cudes such as HULL, DUSTY, DICE, VORDUM,
SCOUR, etc,, are the only means of generalizing or extrapolating from
one situation to another (e.g., HE to nuclear), Comparison between code
predictions and experimenial data for the DICE THROW test leads cither
to more confiderce in the code predictions or to improvement of the
cogdos themselves, The grouundwoirk for comparisons between theory and
experiment was begun prior to the DICE THROW test., This experiment was
the first to measure amplitude and phase perturbations due to a dust

cloud from an explosion,

Another objective war to establish an effects threshold., It is

agsumed that the nuclear situation will be far worse,

- o
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The matter present Iln the dust cloud increases the refrsctive inde:
of the medium, which causes a retardation of the phase of an RF signal
passing through the cloud. This lccalized phase retardation, in turn,
car. give risme to refractive (focussing) nud diffractivc (scattering)
effects tnat can seriously disrupt a communications (or radar) signal
through effects such as fading and bandwidth reducticn., Because the
dust particles are aiso losey, sigrificant absorptio. of RF energy by
the dust cloud can also occur. Scattering of RF energy out of the beam
is a further source of attenuation, Ucher objectives of the experiment
were to determine the relative magnitudes of the two componnents of
attennation and tne phase shift and t» esteblish their wavelength

dependencies.

When all of the dust particles are much smaller than the wavelengths,
the phase shift and absorp‘ion can be theoretically related in a very
straightforward way to the integrated dust density through the cloud,
Thus, in the absence of significant distortion due to diffractive
effects, an average value for the dust density as a function of time can
be computed, Such diagnostic measurements of dust density comprised

another experimental objective,

These measurements have important ‘mplications for communications
and radar systems, The much larger dust clouds following nuclear
detonations may seriously disrupt SHF and EHF systems for prolonged
periods of time, Even in the UHF range, a dust cloud could disturb e
low-uargln syrtem, Thus it is important to quantify the effects of dust

clcuds on RF propagation in order to properly take them into acrount,

11 EXPERIMENT DESCRIPTION

Figure 1 shows the layout of the UHF/SHF transmisslion experiment,
A hardencd main transmitting system was placed atop on earthen mound
630 m from ground zero, Its signals were received at three antenna
locations about 4 km on thc other side of ground zero., Path 1 went

directly through ground zero, 11 m above the surface, The mni;
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transmiiter location was a conmpromise between equipment survivability

eIl e ST W e SRS e e e s SR N

and the desire¢ to reduce the Frarnel zone at zround zera, thus increass'ng
the lateral spatial resvlution ol the experiment, A "phase repeater”
system rclayed a signal from the main transmit.er around the region dis-

turbed by the duat clond to sgrve asg the pnase reference signal at the

dhe e hal Ehiai

receiver, '"Clutter fences' were constructed to holp suppress ground-

reflected multipath signals,

MR C i S

A remoie transmitter was located on I, Oscuro Peak directly in line

¥ith the receiving system, ground zero, and the mein tranamitter (Figure

2). This transaitter was phase locked to the mein tranamitter and it

radinaten signals wlong paths passing about 190 m above ground zero to

the receiving antennvs, Figure 3 shows the penetration poinis of the

signal paths in a vertical plane through ground zero and perpendicular
to paths 1 and 4, Table 1 lists the #SMR courdinates of the various

UHF/SHF transmission exverimen® siten,

Table 1

WSMR CCORDINATES OF DICE THROW MICROWAVE
TRANSMISSION EXPERIMENT SITE LOCATIONS

WSMR Coordinatcs
81 e (ft)
E N H
!
Main Trensmityer 444,781 851, 129 4756
Remote Transmittev 483,230 376,96 7948
(North Oacuro Peak)
Pheso Repeater 444,300 513,660 4729
Receivi g Site 1 131,805 643,672 4689
‘Main)
Receiving Site 2 432,556 643,028 4689
. (Qusirigger 1)
. Receiving Site 3 432,079 64,811 4687
(Vutrigger 2)
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?oqrteen different combinations of asignal paths and frequencles
were used (Table 2), The 424,.5-MHz signal from N, Oscuro Peak vas
received at all three receiving antenna locations but recorded on u
time-shared basis wvith a 2-s commutatiorn cycle (1 s, Path 4; 0.5 s,

Path 5; 0,5 s, Path 8). Although Path 6 passed quite far away from
grouad zero, it was believed that there weep 8 reasonsble chance that the

cloud might drift into that path at later tiwes,

Slow-rate lraming cameras were ins:alled to record the evolution
of the dust cloud in support of the transmission experiment, The SRI
camera locations are shown in Flgure 1, and Table 3 1lists their oper-

ating charncoteristics,
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Table 2

MEASUREMENT FREQUENCIEE

ittty o il e A

Frequency
Path (MHz)
1 37,808, 413,028, 447,447

. 1273.503
3 2891,196
f 10188, 024
: 2 413,028
' 10188.024
b 3 413,028
5 10188, 024
E 1 424,501

8914,521
b
g 5 424,501
3
; 6 424,501

24

All of the transmissions were CW signals derived from a single

Gt

reference, Powe~ levels ranged from less than 1 mW to about 10 mW,
resulting in signal-to-noise ratios ranging from 35 to 53 dB in the

300-Hz receiver bandwidths, The quadrature components of the complex

dimate $

envelopos of the received signale were obtained by means of a pair ef

synchronous demodulators in each of the receiver channels,

The primary data acquisition system consisted of a 500-sample-per-
second~per-chunnel analog-to-digital conversion system and a pair of
digital tape rscorders under the control of an HP-2100 minicomputer,
Zech ¢f thu tape recorders operated independently of the other so as to
prnvide redundancy in case of rscorder failure, A separate analog

recorder was uded as well as an overall backup asystem,

2rior to T - 10 min the main transmitter and phase repeater were

connectird to dummy loads. They were switched sutomatically to their

9
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Table 3

AUTOMAX 35-mm FRAMING CAMERA DATA

No, Location Focat-:ingth Fi:gg §r°:;°' f;::l::cgzs;
1 R1 35 30 x 38 S, then 1
2 Rl 85 12 x 17 5, then 1
3 MT 18 53 x 70 2
4 PR 35 30 x 38 2
5 PR 85 12 x 17 2
6 NOP a5 12 x 17 S, then 1
7 NOP 300 3.6 x 4.8 5, then 1

Rl--Receiver Site 1
Mi7--Mgin Transmitter
PR--Phase Repeater
NOP--North Oscuro Peak

antennas st T - 10 min by means of appropriate signals from the timing
and firing (TkF) system, The N, Oscuro Peak transmitter was operated
manually, The camerae were turned on at T ~ 1 min either by T&F signals
or manually, depending on their locations, System tests and calibrations

were carried out before and after the detonation,.

II1 RESULTS

Figures 4 and 5 predent the principal raw amplitude and phamse datwu
from Path 1 up to T + 15.5 8. A large number of 360-degree phase wrap-
ups occurred on all but the UHF signals, where a peak phase change of
about 4 radians occurred. Because only one sanple in 1000 is plotted
here, phase discontinuities at +180° are not wrll resolved; thia effect
is more noticeable nt the higher frequencies w'iere larger and more rapid
phase shifts occurred. The 379- and 447-MHz perturbations were somewhat
different from the 413-MHz perturbation, which indicates that the co-
herent bandwidth at 400 MHz was not much greater than 70 MHz,

10
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Al though the atrongest perturbationa died down by about T + 6 a,
dust effects on the phass shifts persisted until about T + 268 8 before
suddenly ceasing (Figure 6), At T + 10.4 s the arrival of the ahock
wave at the receiving aite shook the phase-reference receiving antenna
enough to csuse the three phasa-locked oscillgtors in the 10.2-GHEz
receiving syatema to loae lock, The effects of the oscillating antenna
msy be sean in all of the lower-frequency records (the pesk antenna

displscement waa about 5 mm),

Figurea 7 and £ ahow similar plots of the raw amplitude and phase
of the UHF and X-band signala for Paths 2 snd 3, Again, the atrongest
perturbstiona of the UHF aignal died out by about T + 5 or 6 8, At
X-bsnd, however, the strongest perturbations aeem to be progressively
more delayed in time @s the offsets of the paths from ground zero in-
crease. This effect ia probably due to scattering from the larger
crater ejecta particles that follow ballistic trajectories. VWhile
larger particles are more effective acatterers at ahort wavelengths,

they only slightly affect the UHF signala.

Sudden ceaaationa of phase effects mimilar tc that at T + 36 &
noted for Path 1 also occurred on Pathas ?2 and 3, but at T + 23 and
T + 16 s, reapectively. These times sre consistent with the rspid
right-to-left laternl motion of the dust cloud as seen from the receiving
sites, and iuply a 10-to-12-m/s surface wind velocity. This value
agrees very well with the 11,5-n/8 velocity of the cloud base determined
from the photographic data, and ia substantially larger than the 1,5-a/a
surfsce wind velocity reported at Stsllion Range Center. The rapid
lsteral motion of th¢ cloud wsa probably the mosi important factor that

limited the duration of ajignal pertu-bations.

Hocause of its rapid latersl motion, only a amall part of the cloud
interdicted Path 4, Figure 9 ahowa four viawa of the cloud, two at
T+ 2083 aid two at T + 20 8, in relstion to the signal paths. The only
part of the cloud affecting Path 4 war the single convective cell pro-
truding from ths south side of the cloud, Figure 10 preaents the X-band
anplitude and passe for Path 4, Signel perturbations rasocisted with

13

v A

[RTPIPIPRGEE Y WV ETEN 3 i iai



U ST+ VU T SO & PPy VRreryy s - € Wy ' ey

LI

[ et |

T UHFE (413 MHI)
PATH 1
c <20 b —
g 30 p—
w 40—
>
3 -0 |—
g oo
a0l
180 (—
k UKF (413 MH2)
| 0 PATH 1

ao - b
o prr—
i
® -w0o}l— L-8AND (1273 MHz)
] PATH 1
x O '
o
w =40+
2
= b
3
g o
70—
190 —
I L.-BAND (1273 MH2)
w © PATH 1
o0
<
X
‘ -
‘ il
190 }— »
| | 1 ] L | | |
-20 -0 o 10 20 30 « 80 80
TIME AFTEH DETONATION — ¢ LA-3972-18
FIGURE 8 PATH 1 UHF AND L-BAND AMPLITUDES AND PHASES
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FIGURE 9 DUST CLOUD VIEWS AT T + 20 AND 7 + 30s AS SEEN FROM RECEIVER AND PHASE REPEATER SITES
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FIGURE 10 PATH 4 AMPLITUDL AND PHASE v,. TIM< AT 0.9 GHz

the passage of the primary and reflected ahock waves through the 1line

of sight can be seen prior to the occultation by the dust clouc between
T+ 17 and T + 36 », Just before occultation & negative phuse shift
occurred, which was apparenrly caused by a thermally enhanced low~
density air bubble surrcunding the dust cioud, Weak ampiitude fluctua-
tions superimposed on a small decline in general mignal strength also
occurred during the ocecultation, The wavelength-scaled UHF phase effects

wvere in very close agreement witi: the X-bLand effects,

Fart of thir effort was to Jatermine the dielectric p)_peities of
the dust cloud, 7Yoward that end several samples of powdered material

were collected from the crater and vim and analyzed in the laboratory.
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The samples, which vwere named "'sand,’ "caliche A," and '"celiche R" on
the basis of their appesrrnce, are thought to be reascnably representa-
tive of the muterial comprising the dust cloud, Table 4 summarizes the
results of the laboratsry measurements for twn of the samples. The
solid particle density wam outeined using Avogadro's method, and the
averaye dielectric properties n? the individual grains comprising the
particles werz computed using two "mixing laws''--the Payleigh and the
Lichtenecker formulas, It was found that the dieloctric content de~
creased slowly as the frequency increased, anil that the loss tangent
could be characterized by two terms, The first term, vhich exhibited
an inverse frequency cCependence, is due to the electrical conductivity
(0) of the grains, while the constant second term (tan §.) 15 a "molecu-
1ar loss’ term, (As expected, both terms were very sensitive functionr
of the moisture conten{ of the samplss, which was determined by drying

the samples in a vacuum,)

The theoretical diolectric properties of the low-density dust
cloud could then be computed from the average properties of the grains,
Figure 11 shows the refractivity--defined as N = (n - 1) X 106, where n
is the refractive index--as ao function of dust cloud massr density for
two of the samples, For reference, the typical range of the ambient
atmospheric surface refractivity was included in Figure 11, Figure 12
shows the ratio of throretical sigaal attenuation in dec’bels per radian
of phase retardation suffered by a signel! pasaing through dust clouds
composed of the three mample materials, The increase in the ratio at

low frequencies is due to the conductivity term.

The results shown in Figure 11 can bLe used to inter dust densities
in the cloud. In the abaence of distortious due to effects such as
diffraction, the phase shift is proportiona) to the integratad refrac-
tivity and hence to the integrated dust denaitiy along u line of sight,
Figure 13 shows the UHF and X-band phases with the 360> ambiguities
removed, Only the 413-MHz results can be used for this purpose because
the X-band perturbations wero so severe that there was a complete loss
of the coherent signal component. And even the UHF curve should be used

with caution becsuse the substantial accompanying amplitude fluctuaticons

19
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Table 4

' -

INFERRED AVERAGE DIELECTRIC CONSTANT, MOLECULAR

108S TANGENT, AND CONDUCTIVITY FOR SOLID PARTiCLES

R e e R e T

LA T e mem g

Solid Particle | Moisture t Rayleigh Lichtenecker
Sample Densit Content (GH=z) [o4 c
(gn/c-!) (percent) ¢ ten 6o maho/m cr ten 60 walbo/m
Sand 2.56 2,74 * 6.6 ] 0.051 | 4.9 16.0] 5002 4.0
10 4.8 0.343 4.1 4.7
Caiiche A 2.64 12.73 1 14.7 0.11 14.2 9.5 0.052 6.7
10 7.9 0.672 9.3 6.8
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FIGURE 12 ATTENUATION PGR RADIAN OF EXCESS PHASE SHIFT vs. FREQUELLY

(see Figure 4) indicate that subsiantial 4iffraction was present. But
if we asrume that the 4-radian peak phase shift at 113 MHz is a reason-
ably accurate number, an integrated dust density of about 1llo g-/cn2
Zollows, which imnlies & 3.7 X :9-3 g-/cn3 average dust density over

the 315-m puth length througl the cloud., Diffractior calculations using
simple models for thas duat cloud give results for both Paths 1 and 2

consistent with average dust dendities on the order of 10 8!/0!3, and

indicate that the Path 1 results may be reasonably accuratc,

Diffraction was not a factor in the Path 4 occultation described
above (Figures ©® and 10), The peak phase shift at X-band of about
1,8 radiens at T + 23 8 corresponds to an integrated dust density of
1.9 gl/cnz. Since the path length thrcugh the small part of the cloud
that interdicied Path 4 was about 300 m, the average dust density in
that part of the cloud then was 6.5 X 10-5 g-/cus. Substantially greater

effects would hsve been observed had the cloud risen vertically.
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The measured Path 1 UHF phase shift can also be used to s=timace the
tnsoretical attenuation due to absorption for the higher-frequency sig-
nals on that path, ‘‘his is accomplished by scaling the phase shift
directly sccording to frequency and then applying the results shown in
Figure 12, Figure 14 shovs the comparisons between the measured signal
strengths aud the absorptions computed according to the method above,

The theoretical absorption curves have been placed to match the eventualiy
measured signal levels sfter the dust :loud blew away, The reason that

the pre-detonution signal strengths are lower than the eventual level is
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that the expluzive chargs partly obstrictcd Signal Path 1; *hil effact
ia greater at ths higher frequsncies,

The peax calculated chsorptions ranged from 1.3 dB at UHF (0 nearly
20 dB at X-hand, 8cattering losses prssumably accountsd for the re-
maindsr ol the observed avsrage daclinea i signal atrength, That ths
acattering loss at 10,2 GHs appearz to he awalisr than at 2.9 GHx is
anomalous. A posaible explanation is that focuaing is move sffective

at higher frecuencies and partly makes up for tho increaced attsnuation,

IV CONCLUSION

The UHF/SHF Tranamisaion Experiment waa succeasful iu collecting
good quality data during the DICE THROW HE event, Although ths arrival
of the shock wave st the receiver site cauldoed the loss of three of the
twelve mosasurement chanrels from T + 10.5 a unti) T + 60 s, little data
was actually lost., Data from other transiiasions along the sams aignal
patha were initiully unaffected by the shock wave, And becauae the dust
cloud moved unexpectedly rapidly away from the signal patha, the stron-

g98t affocts were essentially aver hy the time the outage occurred,

Extensive photographic coverage of the duat cloud was also sccom-
plished. This specialized coverage supported the microwave transmission
experiment by providing photogrephs of the dust clcud at reiatively alow
rates for an extended period of time zlong, and at right angles to, the

signal paths.

Very large amplitude fluctuations and tadea occurred at early times
{(before T + 5 8) on the low-altitude signal patha, Fluctuntiona ranged
from 20 dB peak-to-peak at 400 MHz, to more than 50 dB at 10,2 GHe,
Although dilfraction plLenomena were very important o the observed
amplitude fluctuationa, extinction due to absorption and scattering
also contributed to aignal strength declinea. A peak phase shift cf
about 4 radians was seen at 413 MHz, which corresponds to an integrated
dust denaity of 120 gn/cma, if diffraction effects are neglected, This
in turn corresponds to a uniform duat de.aity of 4 x 10-3 g-/cn3 apread

over a 300-m path through the cloud,
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It had originally been anticipated that phase perturbations would
dominate the rerults. Such phase perturbations could have severe im-
pacts on certain types of communications systems, particularly on systems
havirg wide bandwidths or using phase-lock techrniques. 3ut the large
amount of amplitude fluctuation aecn even at UHF suggests that unsophis-
ticated avstems may be adversely affected by dust-laden environments,
Thus, the pousibility of cncountering larger perturbations spread over
a yreater area (after . nuclezr detonation or a seriea of nucleur deto-
nations) than the alreudy significant perturbat‘ons measured for the
lixited area, 500-ton DICE THROW &vent rould strongly influence aystems
design and configuration choices, It is anticipated that the results

from this type of experimint will sirengthen the nuclear predictive
codes,

At 300 MHe the calculated attenuation/excess phage shift from the
neasured properties of the samples ranged from 0.3 to 0.6 dB per radian.
Thus, even at UHF an extensive dust cloud or dust-laden region following
a series of nuclear surface hursts could seriously affect a systea having
a low signal-to-noias margin, Several decibels 0of attenuation could
ocvur Ior many tens of minutes or icr teveral hours, depending on wind-

drif: ratea.

Absorption becomes nore seveve as the frequency increases., At
10 GHz, for example, a duat cloud could he responsible for several tens
of decibels uf attenuation, Millimeter waves could be even more severely
alfected. Even a modest dust cloud could darken the 30-GHz atmospheric
window from absorption alone. Extinction of signals by scattering would

further increace attenuation and cxacerbate the situation,

Fading due to diffrsction may be superimposed on the general level
of rttenuation by a dust cloud. This possibility must be considered as

well during systems evaluations,
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ABSTRACT

The Air Force Weapons Laboratory was requested 0y RAAE of Head-

quarters Defense Nuclear Agency (DNA) to make cloud rise calculations

for Dice Throw. Both preshot and postshot calculations were done.

The preshot calculations predicted the dus: cloud rise and growth

and cided Stanford Research Institute {SRI) in designing microwave

transmission experiments for Dice Throw (Ref 1).

Postshot calculations were done to help explain the resul:s of

the test. They included the effects of the dust clouds on microwave

phase shift and attenuation. The ambient shear winds present at the

test site on the morning of the evernt vere later included in the

calculations.
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INTRODUCTION

The dust cloud riae calculations were done in four atepa.
1. A calculation of the air blast environment out to one aecond after
detonation waa done using the RULL hvdrodynamics code (Ref 2), This
calculation used 3 materials with high explosive burn. The rezoac tech-
nique uaed to retain high resolution of the air blast in the grid re-
sulted {a coarse zoning in the fireball reglon (Ref 3),
2. An additionsl HULL calculation was begun from the air blast calcu-~
lation. It was started st a time when the charge had expanded suffi-
ciently to de{}ne the air shock hut the zoning in the fireball region
vas atill flnz mough to define cloud rise, This calculation was run
to 180 aecond; ind defined air velocities, densfiies, and tempcratures
aa function of tiwe and apace.
3. Using DUSTY, AFWL's dust cloud code, the trajectories of 2000 dis-
crete representative particles were computed. ~h particle was
essigned a radius depending on the predicted particle size range.
The particle radii were zssumed to range from .0025 ard 100 cm,
Drag and gravity forces were included in these trajectory calcula-
tions,
4, The votal mess ejected was divided among the representative par-
ticles according to &n assumed particle oize distribution., This size
distribution, alung with the particles positions in the air and on
the ground determine the mass aloft, the cloud density, and the num

ber densities, and were used to cualculate radio transmission cffects,

)
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CALCULATIONS

Preshot calculations did not agree well wfth the observed Dice
Throw dust cloud for two reasons; poor initial conditfons and inade-
quate hydrodynamic definition in the fireball region.

The asgumed initial conditions were based on pnotogrupr. of Pre-
Dice Throw II-2 (Ref 1), which had a similar charge composftic:. snd
coenfiguration (hemispherically rapped cylinder). Ejecta and tue
ear.y time dust cloud from Dice Throw was quite different from that of
Pre Dice Throw II-2, Prohsbly the absence of a water tablc at Dice
Throw changed the ajecta patiern and size digtribution.

5ince the HULL computational mesh expanded cto contain the blast
waves, the presghot calculatiors suffered from inadequate zoning. By
one minute after detonacion, the dus. cloud occupied on® a few of
; the 16800 zones ir the calculation.

To correct this deficfency in the preshot calculations, a new
rezone tecnnique was developed and incorporated into the HULL. With
; thie method, 252 of the total number of zones were in the fireball

area, and werez alluwed to expand at a slower rate than those in the
shock region. The resolution of air blast was diminished while cloud

definition wvas increased, Figures 1 and 2 compare the grids use. in

fourth znne bounuary from the HUIL c2lculation is shown.
Ideally, a calculation srbruld be run with ccnstant fine zoning
throughout the HUTY grid which rould result in good definition in

r

1

E the two HULL calculations. For clartiy, in both cases, only every

E

|

;

:

é both the firetall and shock regions. Thia would regiire a very large
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number of zones and would be costly to run.

Initial calculations were done ufing a cratering and ejecta mndel

T T e T W

developed for nuclear cases. The calculcted cloud did not agree with

the observed Dice Throw dust cloud. In the absence of a good rratering

:
]
1

model, the ir‘'tial conditions for ejecta were based on photcgr;phn of
Dice Throw taken by SRI (Ref 4) at early times. The photograph of the
dust cloud at 1 second (Fig 3) indicates a relatively statlonary dust
dome atop a slightly rounded dust platform in contact with the ground.
Figure 4 {llustrates the DUSTY model for the initial dust cloud. At
one second the dust particle velocities were assumed to dbe zero because
of the relatively stationary appearance of the overall cloud. Thege
initicl zero velocities had no effect on the hydrodynamic “low fields
and in the first cycle particle motion was initiated.

The dust cloud and stem which evolved from thesz {nitfal conditions
(Fig 5) gives good qualitative agreement with the photographic data
but exhibits smaller dimensions than the observed cloud.

In calculating the mass loading of the dust cloud it is necessary
to sssume a 1ust particle size distribution. Two distributions were used
in the postshot calculatjons: a Dice Throw dist.ibution and a hard
rock distribution (Fig 6).

The Dice Throw particle size distribution was obtained from in-
situ sseasurements tak:n at the test site (Ref 5).

The hard rock distribution has a large portion of its mass in
col les and bouluers., It illustrates a possible distribution 1f the
soll clumps, agglomerater, or cthervise i8 not reduced to in-situ size

by the cratering process,
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The assumption was made that there were teén kilotons of ejecta
in the cloud initially (A cylinder of ambient soil density of the
cloud’s radius and less than 2 cm in depth would contain wore than
ten xilotons of mass). Using the two particle size distributions and
computed particle trajectories, the mass aloft versus time was calcu-
lated (Fig 7).

The hard rock cloud loses most of its mass quickly ax the large
particles fall out. Once th: cobbles and boulders have fallen out,
the cloud density for the hard rock particle size distiibution is two
orders of magnitude lower than for the Dice Throw distribution,

In calculating particle size distributions, it is often assumed
that the size distribution is inversely proportional to the particle
radius raised to snme power. Por hard rock the initial power of the
cloud is 3,5, and for Dice Throw distribution it i3 4.8, As the larger
perticles fall out, the cize distribution power increases, Figure 8
coumpares size distribution power versus time for the two soil tyres.

Finally the SRI scatteri{ng and absorption models were applied
to det;rmine the phase shift and attenuation of microwave transmissions
along the various paths in the SRI experiments (Ref 1 & 6). The com-
puted phase shift 1is proportional to the cloud mass density. Because
both soil distributions had the same, initial mass loading and
density, the initial phase shift of 4.2 radians for the Dice Throw
distribution (Ffg 9) and 5 radians for the hard rock distribution
(Fig 10) are nearly equal, The fact that the initial calculated phase
shifts are close to the 4 radian phese shift measured by SRI (Ref 6)
implias that the initial mass aloft of ten kilotons in the calculations

was approximately correct.




s T

Initisel calculations of attenuation were based on scattering only
{Ref 1) and exhibited poor agreement with the experimental data. How-
ever, vhen an absorption term (Ref 6) was added to the calculatioa, the
results agreed much more closely with experimental data.

The attenuation for the Dice Throw distribution is due entirely to
absorption (Ref 6). At the 10GHz frequency, absorption accounts fcr
almost all of the measured attenuatioa (Fig 11), At the 416 MHz fre-
quency, absorptiou accounts’ for only 202 of the measured attenuacion
(Fig 12).

The attennation for the hard rock distribution 18 due equally to
scattering and absorption, At the 10 GHz frequency, the hard rock
distribution predicts six more times more attenuation than measured
(Fig 13). At 416 MHz, the same assumed distribtuion predicts spproxi-
mately the measured value for attenuation (Fig 14),

From this informatior we conclude that the actual particle si: .
distribution for Dice Throw 1s either between or some combination of
these two distributions,

Analyses of these sorts appear to offer & mcthod for deriving
the size distribution for ejecta while it is still aloft. This in-
formation 18 essential to accurate nuclear cloud cal-:ulations.

None of these calculations took into account the effects of ambient
shear winds. Later calculations were done with shear winds, as measured
from SRI's photographs, ir.cluded. Figures 15 and 16 are photographs
of the dust cloud taken at 35.9 and 45.9 seconds by SRI from North
Oscuro Peak, Figure 17 shows a calculation of particle positions and
their images, including wind shears at 40 seconds. It can be seen
that the calculated cloud cloud clcsely resembles the actual dust

cloud,
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Similarly, Figures 18 and 19 compare a photograph of the dust cloud at

T OTR aced T e &

77.9 seconds and the calculated cloud at 80 seconds.

Even though the calculations are 2-dimensional, the shear winds are
perpendicular to the line of view, they give a good representation of the
actual cloud. The next step would be - perform the phase shitt and

attenuation calculations with ambient shear winds.
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CONCLUSION

1t is evident from comparisons of these calculations to experimen-
tal data that the dust clouds calculated by the HULL and DUSTY codes
can be used to predict dust clouds from high explosive and nuclear

bursts. With the addition of a measured dust particle size distributionm,

tain it ine deba Al il st c 2E At b St I Al

the accur of the calculations will be greatly improved. Until such

data is available, these codes along with anticipated particle distri-

b alinad 83

butions give AFWL the capability of doing dust cloud rise and micro-

wave transmission calculations.
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FiGure 3: Dust CLoup As VIEVED FroM MorTH Oscuro
PEAK AT ONE SECOND
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FiGure 15,

SRI PHotoarAPH oF DusT CLoup FRoM
NozTH Oscuro Peak AT 35.4 Sec
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FiGure 16,

SRI PHotocrAPH OF Dust CLoup FroOM
NorTH Oscuro Peak AT 45,9 Sec
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Ficure 18- SRI PHoTOoGRAPH OF DusT CLoUD From
NorTH Oscuro Peak AT 77.9 Sec
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DICE THRUW SEISMIC MEASUREMENTS
Laurence S. Melzer
Rir Force Weapons Laboratory

Kirtland AFB NM 87117
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! ABSTRACT

Sirong motion and far-field seismic measurements were fielded on the DICE
THROW event at ground ranges varying from 380 meters (1,250') to 18,800 meters
(62,000')*. The far-field motions in this desert alluvial environment were
similar in character to the Pre DICE THROW I1 test events located in the adja-
cent Tularosa Basin, the Watching Hill test events (Distant Plain 6, Dial Pack,
Prairie Flat) at the Defense Research Establishment at Suffield, Canada, and
the Trinity nuclear explosion located 4 km to the east of the DICE THROW ground
zero. The far-field motions can be characterized by the predominance of a slow
traveling and anomalously large amplitude wave which has now been identified
as the theoreticaliy predicted fundamental Rayleigh mode. The anomalously low
, frequency motions observed near the ground zero on the Pre DICE THROW II avents
4 (dubbed the X-wave) originally believed to be correlatable with the above
x Rayleign wave is now attributed to the failure and liquefaction of the sands
. located at a depth of 4.3 to 3.5 meters beneath cround zero. This motion, 1ike
L the fundamental Rayleigh motion further out, is a 2-hertz oscillatory waveform.

ol g

*This effort sponsored by the Air Force Office of Scientific Research.
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DICE THROW SEISMIC MEASUREMENTS

Laurence S. Melzer
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BACKGROUND
é For several years, the AFWL has been involved in programs to monitor
explosion phenomena in the earth. This interest stems from concerns over

resistance of US land-based strategic missile forces to earth shock. Histor-

Edu At -

fcally, the primary emphasis has been placed in ground ranges associated with
overpressure in the range of hundreds of psi; however, recently, new techniques
of analysis and prediction of far-field seismic motions have offered some
promise of use in our closer-in, strategically important ground shock regimes.

( The Air Force has recently considered the deployment of a land-based

ICBM system which would augment/replace MINUTEMAN, and this system would 1{kely

be deployed in western desert alluvial environments such ac the Tularosa Basin

and the Jornadea del Muerto Valley, sites for the Pre DICE THROW and DICE THROW
tests, respectively. Therefore, it is of interest to gain insight into the
mechanisms of wave propagation in these desert alluvial environments.

For the above-stated reasons, the Air Force Office of Scientific Research

sponsored the AFWL's participation in the DICE THROW series of tests.

EXPERIMENT DESCRIPTION

The seismic insfrumentation for the DICE THROW evernt consisted of
measurements at 17 ground stations as shown in Figure 1. 7The five close-in
(or strong-motion) stations to the west of GZ were recorded by the AFWL, the
two far-field :tations to the north recorded by Southern Methodist University
(SMU), and the ten stations to the east and south were recorded by the

Environmental Institute of Michigan (ERIM). A1l gages at each statfon provided

T
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useable data. The layout was designed in a manner similar to the seismic

project design for the Pre DICE THROW II experiments (raf 1).

RESULTS
A. Pre DICE TAROW II Summary:

A typical far-field seismometer record from the Pre DICE THROW II
events is showu in Figure 2. The typical first arrivals at these ranges are
always the refracted P-waves followed soon thereafter by a series of oscilla-
tions characteristic of the surface Rayleigh wave. Next, and finally, is
the local airslap motion due to the passage of the airblast immediately over
the station. These Pre DICE THROW wvents are atypical in that two strong
Rayleigh-type oscillatory wave packets or groups are presert, and even stranger
1s the fact that the second is inversely dispersed (higher frequency motion
occurring earlier in the wave group).

Detafled analysis of the Pre DiCE THROW results has been accomplished.
Theoretical Rayleigh wave dispersion curves have been calculatza using the
method of Haskell (ref 2). The required input for the calculations consists
of a P- and S-wave velocity profile which was obtained by refraction seismic
profiling techniques conducted by ERIM. Results are shown in Figure 3, along
with the profile used in the dispersion curve calculations. (Note that the
frequency of motion fs centered around 2-hertz.) These results indicate both
wvave groups can be explained by conventional wave equation solutions for
surface wave (Rayleigh) motions. Thess surface nwtions become apparent at
ground ranges of severil hundred meters from bursts of these yields.

Paraliel anaiysis which was performed on the Pre DICE THROW II waveforms

offered a contrary explanation for the origin of the second wave group.

T TIPS S A -

. s e PRATPR Y
g iapic D (g ddedsdbliidemihdaad PIAIPEIS LT




D i e
bt i A T . r ¢
Prblbdaieioh, B Loadorin® Sl ekt e i Ml oot B i T b

!5
’% PRE DICE THROW 11-1 SEISMIC
i SMU 10.06 KM STATION - VERTICAL VELOCITY
.- FUNDAMENTAL MODE
FIRST HIGHER MODE RAYLEIGH WAVE AR SLAP
, P WAVES
[ RAYLEIGH WAVE "
a f | |
]
! | | A
i
% o J
f I
| 1 _— | L 1 | 1
0 5 10 15 20 25 30
TIME - SECS
; Figure 2.

Y « VY — T R TR ea T



-——

P

13
i
¢
:
3
7
4
t
H
X
by
L

wigrarare

ronpem ot

VELOCITY fps x 1060

L2

THEORET ICAL RAYLEIGH DISPERSION

Pameivwe g w0 g T TR TREET e T R

SEISHIC OATA FaOm DICE TWaOW

o}

15T SAVE PNASE VELOCITY
8 WAVE PUASE VELOCITY
1ST BAVE CROOP VELKCITY
20 BAVE CROSP YELOCITY

FRON SBY AD US € S €-24000
STATIONS ANSSST 12, 1075

THEGRETICAL PHASE VELOCITY
THESRETICAL CaoWP YELOCITY

P WEL.

L[]
798

50
11000

[ d 1

BVEL.  BESSITY THICEESS POISSON’S
e, g N BN
s L1s 45
20 .0 " 't
2089 2.0 " ..
St 25 10 .38
w2 ® .30

C FUNBMSENTAL WNO¢
¥ FIRST NigneR woet

-~ ¥ FUMARENTAL NOBE

i 1 [ T -

J e
PeRIGS (2 SECONS

Figure 3.

.4

.0

&8 S0 setaen

N itaatd

e



Analysis of records obtained near the crater region identified a 2-hertz
oscillatory wave which apparently originated within the crater region. Figure 4
shows this low frequency motion at the 49-meter range. Note here that the
motfon is stronger on the horizontal gages than on th» vertical, implying an
upstream (rather than below) source of motion. Note also that the 6.1 meter
depth measurements appear to be leading (in phase) the motfons nearer the surface.
These observations, coupled with the fact that the crater shape was atypically
"flatbottomed," lead us to believe now that a sand layer, forming the floor of
the crater, liquefied, and the low frequency motion is a manifestation of the
“fluid slosh."”

Further correlation performed on the near-rrater results (Figure 5)
indicates that this low frequency crater region motion §s traceable to ranges
in excess of 300 meters. This confuses the Rayleigh wave explanation offered
earlier because it can be shown that Rcyleigh wave motion does not propagate

purely horizontally from the crater region.
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B. DICE THROW Summary:

The DIVE THROW experiment offered a unique opportunity to resolve the
b apparent contradiction of the Pre DICE THROW wave motions. The shallow geol-
ogies at thé Pre DICE THROW and DICE THROW sites (Figure 6) are significantly

different (wet versus dry) while the deep geologies (Figure 7) are generally

Lo R G e e o

quite similar.

N

There would be every reason to belfeve that the far-field seismic motions

from DICE THROW would be similar to Pre DICE THROW II if the Rayleigh wave

explanation was accurate. On the other hand, if the far-field motion was in
some way related to the mechanics of motion near the crater region, there would

Se no reason tc believe far-field measurements would be similar.
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A typical DICE THROW seismometer is shown in Figure 8. Note the
similar wave types. On the other hand, note the comparison in Figure 9 of
close- in gages which show significant differences in type and frequency of
motion. Therefore, it is concluded, Rayleigh wave theory must explain the

far-field motion.

C. Correlation to Other Events:

Ground zero for the DICE THROW event was lucated about three miles
frcm the site of the Trinity test of July 1945. Don Leet (ref 3) reported
wave motion at 8 kilometers from DICE THROW. Leet called the first wave
packet the “Mydrodynamic" wave because of its prograde particle motion and
identified the slower wave as the Rayleigh wave. This slower wave is now
identified as the fundamental Rayleigh mode, while the first is the first
higher Rayleigh mode.

Similar waveforms have also been observed on tests conducted at the
Watching Hi1]1 Test Site on the Defense Research Establishment ! Suffield,
Canada (ref 3). The deep geology there is similar in origin and properties,
so it would seem likely that theoreti:al Rayleioh wave dispersion curve
calculations there would offer like explanations as to the uv-igin of observed

seismic motions.

SUMMARY

Seismic motions from the DICE THROM test series were successfully
measured. Theoretical Rayleigh wave dispersion curve calculations were
performed that agree convincingly with recorded .notions. Two wave groups
of Rayleigh surface waves are present in these typical alluvial geologies

with water tables less than 50 meters in depth. This first occurring wave
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group has prograde motion and travels at a group velocity of 1,000 meters per
second. The second wave group is inversely dispersed, has retrograde motion,
and travels at a group velocity of 500 meters per second. The Second wave
group agrees well with the calculated fundamental Rayleigh mode while the first
occurring agrees with the first higher mode.

Motions near the crater region from the DICE THROW and Pre DICE THROW
series are considerably different. The 2-hertz oscillatory signal on the
Pre DICE THROW events was not observed on the DICE THROW tests. The flat-
bottomed crater and the 2-hertz signal observed on the Pre DICE THROW events

are believed to be caused by the liquefaction of the saturated sand immediately

beneath the crater.
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ARMY PFRSONNEL SHELTERS
DNA PROJECT NO. 329

INTRODUCTION

BACKGROURD

The U. S. Army Engineer Waterways Experiment Stution (VES) is
conducting research for the Department of the Army to determine the
response of tactical protective structures to the effects of nuclear and
conventional weapons. Three different buried combat services support
shelters and a fighting bunker shell were subjected to the blast and
snock effects of the DICE THROW Main Event and follow-on small high-
explosive (HE) tests.

OBJECYIVES

The primary objectives of this prolect were to determine the responses
of candidate Army tactical protective structures to the effects of the
DICE THROW Main Event, to describe the internal environment of the struc-
tures Guring loading, and to verify design and analytical procedures.
Secondary cblectives were to determine the responses of the buried

AP M T T

metal-framed fabric-covered shelters when subjected to the effects of

locaiized HE loadings simulating the blast effects of conventional
veapons,

L)oo < ientas

SCOPE

Four buried metal-framed fabric-covered shelters and two corrugated
metal fighting bunker shells vere tested. Two of the buried fabric-
covered shelters and the two bunker shells were instrumented with
41 chennels to obtain preasure, acceleration, velocity, and strain data.
Passive instrumentation was used to measure the resvonses of the remaining
two fabric-covered shelters. The airblast loadings were obtained from
F data collected by the U. S. Army Ballistic Research laboratory (BRL).

Follow-on tests using 7.26-kg (1€-pound) spheres of TNT to simulate
the blast effects of conventional weapons were conducted on two of the

fabric-covered shelters that wvere not damaged during the main event.
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One of these shelters was instrumented and the other was not. Twenty-
five channels of data were recorded.

TEST PROCEDURES

STRUCTURE LAYOUT AND INSTALLATION

Structure layout is showm in Figure 1. Pits were dug with a
backhoe 2.1 metres (T feet) deep and 1.2 metres (L feet) wider and
i longer than the shelters. The pits were graded by backfilling with

DR

0.3 to 0.4 metre (12 to 16 inches) of hand-tamped soil. Backfill was

f placed around the shelters with a small backhoe without any additional

; f compaction, Care was taken to ensure that no large chunks of soil were
placed directly agaiast the shalters. The shelters were covered with
1.2 metres (L feet) of soil, and the two fighting bunkers were covered
with 0.6 metre (2 feet) of soil. The instrumented structures (PSla and b
; and PS2a and b) were located near the BRL airblast gage line 1 to obtain
' accurate airblast loadings.

L Ae Hadt )
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STRUCTURE DESCRIPTION

TN

A comparison of the three .a*ric-ccvered shelters (PSl, PS3, and
PsSk) is presented in Table 1 and Figure 2.

Structures PSla and b. These identical shelters were placed at

e e e

different ranges from ground zero (GZ) to ga:ther data on varying degrees
; of structural damage with range. A conceptual dre. .ng is shown in
Figure 3, and construction drawings sre shown in Figure 4. Fach shelter
wvas composed of semielliptical metal frames covered with a flexible
fabric that supported the svil.

, The shelter itself was composcd of U steel elements: interior

i frames, end frames, longitudinal braces, and nibe connectors; and a

‘ flexible fabric cover. The end and interior frames were fabricated from
steel tubing formed into an elliptical erch. A straight section of
tubing was welded to each of the two sides at the bottom of the arch.

End fremes were braced vertically and horizontally to provide supvort

for the fabric covering at the end of the shelter. Four longitudinal

jal
<

JRPRITRSCPR

M . . FYRTRE WL W PO PO TPV VRN T B Y
' A L) mebon
kit L/ s ent & sa bl




WHS P Nt e, e m pe s L mAn e e e e hreo cee w0 v e -

braces held the frames in place vhile the shelter was being covered with
soil and prevented the shelter from collapsing like an accordion. The
flexible fabric cover was a 2-ply, neoprene-coated nylon fabric designated
as U. S. Army standard landing mat T-17 membrane.
The 0.6-metre- (2-foot) square vertical entranceway led into a
' 0.6-metre- (2-foot) wide by 1.8-metre- (6-foot) high by 3-metre- (10-foot)
; long horizontal corridor connected to the main shelter. The assembled
i shelter and entranceway are shown in Figure 5. The T-17 membrane was
' draped over the shelter and allowed to fold on the ground approximately
0.46 metre (18 inches) away from the sides of the shelter {Figure 6).
The fabric was wired to the end frames of the shelter to hold it in
rlace during backfilling. Backfill placement and an interior view of
the shelter are shown in Figures 7 and 8, respectively.
Structure PS3. This shelter was an enlarged version of Structures
PSla and b. The construction drawing and the ass=mbled shelter are shown
3 in Figures 9 and 10, respectively. The entranceway was & vertical shaft
0.6 metre (2 feet) square and fabricated from 2.54-cm- (1-inch) diameter
standard vipe at one end of the structure. An interior view of the

Saiat ol alinen

completed shelter is shown in Figure 11.

3 Structure PSi. This shelter consisted of the British Mark II
steel-framed structure covered with the T-17 membrane. Coustruction
drawings for the shelter are shown in Figure 12. This shelter was tested
in previous nuclear weapons airblast simulation events. The shelter

[ congisted of three simple steel structural members: npickets, arches,

and spacers; and & flexible fabric cover. Spvacers were used to provide
lateral support for the picket-arch frame and acted with the arches to

p support the earth cover. The framework was covered with the T-17 membrane
4 held in place by the earth backfill. Attachment of the fabric to the

. nhelter is shown in Figure 13, and an interior view of the completed
shelter is shown in Figure 1b.

Structures PS2a and b. Structures PS2a and b were identicel corru-

gated metal fighting bunker shells located at two overpressure ranges
from GZ. These bunker shells were designed at WES in response to
requirements during the Vietnam conflict.
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Construction drawings are shown in Figure 15. The bunker shells were
; made of four quarter-circular sections of 1.2-metre (U4-foot) radius
: that, vhen connected, were 4.3 metres (7 feet 9 inches) square at the
base and 0.9 metre (3 feet) high at the crown (Figure 16). When placed
over an unlined hole 1.5 metres (5 feet} in diameter and 1.2 metres (U feet)
deep, the bunker shells had a vertical clearance of 2.1 metres (7 feet)
at the crown and approximately 1.8 metres (6 feet) at the extreme perimeter
of the pit. Also, a firing shelf with a minimum width of 0.4 metre
(1 foot 4 inches) was provided at each firing port. The firing or
observation ports were 0.6-metre-~ (2h-inch) wide by O.l-metre- (16-inch)
; high apertures in each side of the bunker shell. Flat, trapezoidal,
corrugated steel sheets were bolted to the sides of the bunker shells
over each aperture. The two nonparallel sides of the aperture beam were
supported by sandbags. Soil cover on the bunker shells, including the
aperture beams, provided protection from conventional weapons effects.
For DICE THROW, the bunker shells were covered with 0.6 metre (2 feet)
of soil. A completed bunker shell is shown in Figure 17.

MEASUREMENTS AND DATA REDUCTION

Forty-one data channels consisting of pressure, strain, velocity,

ot & L i S g i, B iCACACTL A R A AR

3 and acrceleration wvere recorded during the main event on Structures PSla,
PS1b, PS2a, and PS2h. Passive instrumentation was used for Structures PS3
and PS4, and general comparisons of damage levels were made with Struc-
‘ure PSla. The instrumentation layouts (Figure 18) were identical for

; ' Structures PSla and b. With the exception of the sccelerometers located
in the floor of Structure PS2b, the instrumentation layocuts (Figure 19)
were identical for both of the corrugated metal fighting bunker shells.

Photographs of the damage to the structures were taken., Preshot

14 postshot measurements were made at selacted points inside all struc-

Lac e oo o cundvion ailibs

tures to determine permanent displacements.

All electronic data vere recorded in analog form on magnetic tape
and veré subsequentily reduced to digitized magnetic tape form at WES at
a digitizing rate of 50 kHz. Data reduction and plotting of the final
filtered data were donc at WES using standard WES data reduction codes.
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FIELD TEST RESULTS AND DISCUSSIOlN

TEST DATA

Tvo of the Ll channels of data recorded during the main event were
lost due to qefective relays at the time of the test. Analog records of
the remaining 39 data channeis are presented in Appendix A,
ldentification is explained in the following example:

Gage

FS2a - 2 AV

T— T L——Gage Orientation

Structure L————Gage Tyve

Number Gage Tocat!on

Gage locations and types are shown in Figures 18 ani 19. Airblast
loadings obtained from BRL data are shown in Table »

DAMAGE SURVEY

The fabrics and wain frames of Structures PSla, PE1h, and PS3 were
not damaged during the main event. A postshot view of the interior of
1 Structure PSla is shown in Figure 20. All three shelters were driven
into the ground 5.1 to 7.6 cm (2 to 3 inches), and the sag in the fabric
vas increased approximately 2.5 em (1 inch) by the explosion effects.

T Y

Figure 21 -shows the penetration of an arch frame btase that was originally
buried flush with the earth floor. The sides of the entranceways into
Structures ¥Sla and b were bent at midheight and are showvn in Figure 22
after all soil was removed. The vertical shaft entranceway to Stiuc-

1 ture PS3 was undamaged.

Cl o

Structure PSh was unssfe to enter after the test. When the shelter

; vas excavated, all of the pickets were found to have 5.1 to 7.6 cm

§ (2 to 3 inches) of permanent deflection at midheight (Figure 23), and

E the ends of the arch ribs were bent inward about 2.5 em {1 inch). The

- entire shelter vas driven into the ground epproximately 15.2 cm (6 inches).
. A large amount of dust was found inside the shelters after the

test, {llustrating the need for some type of clousure and covering cn the

; earth floor of the shelter.
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Little structural damage occurred to the twy fighting bunker
shells, PS2a and h, The firing port beam facing GZ on Structure PS2a,
which was located at the 137.9-kPa (20-psi) range, buckled and was
folded down into the firing port (Figure 24). The remaining firing
ports were blocked by sandbags knocked from the rcof by the airblast.
There was no other damage. Structure PS2b, which was lucated at the
66.9-kPa (10-psi) range, received no structural damage. The firing
ports were only partially blocked by falling sandbags (Figure 25).

STRUCTURE RESPONSE

The pressure increases in Structures PSla and b reached a peak or
appiroximately 62.1 kPa (9 psi) with a rise time ol 1k myec (Figure 26).
This pressure history is sufficient to ceuse eardrum injury to perscnnel
in the shelter. Possible personnel injuries could occur from objects
inside the shelter entrained ir the blast [low. Measured accelerations
on the floors of the shelters were weil helow levels that would cause
injuries to standing or sitting personnel in the shelter.

Strein and velocity measurenents for Shelters PSla and b are shown
in Figures 27 and 28, respectively. Peak strains exceeded the elastic
limit; however, there were no signs of permanent deformation. Integrated
velocity records show a uransient displacement of about 12.7 cm (5 inches)
and a permanent displscement ¢y 7.6 cm (3 incles), vhich was about the
same amount thut the shelters were driven into the ground.

Recorded pressures inside the two fighting bunker shells, Struc-
tures PS2a and b, were about the same as the free~field blast presczures
at the same range. Typical strairz measured wece 0.007 to 0,008 rm/cm
(700 to 800 uin./in.) or about one-half the yield strain of the steel.
Velocity records were integrated to obtain deflections at the crowns.

The integrated records showed the bunier shells to have moved upward
approximately 2.5 cu (1 ineh) during the vassage of the airblast and
then returned Lo their original position. Pressure, strain, and veloeity

measurements for Structure PS2s2 are shown in Figure 29,
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FOLLAOW-OR TESTS

TEST PLAN

Originally, HE follow-on tests were to be conducted on the three
fabric-covered shelters located at the 206.7-kPa (30-psi) overpressure
range. However, Structure PSL was excluded tecause cf the extent of
damsge reszeived in the main event. The other {wo shelters wvere subjected
to the detonation of 7.26-kg (16-pound) spheres of TNT placed at the
locatiens shown in Figure 30. The T.26-kg (16-pound) TNT spherical
charges produce spproximately the same blast et'fect as & 155-mm artillery
round. The instrumentation used for the main event in Structure PSla
vas algso used during the follow-on tests. Twenty-five channels of datas

were recorded.
STRUCTURE RESPONSE

Structure PSla was not damaged from the effects of the detonation
of the TNT chargeo with centers of gravity located above the crown of the
structure and on the surface of s 1.2-metre- (L~foot) thick soil cc ar
or buried at middepth and 3 metres (10 feet) from the side of the shelter.
When this charge was iocated at middepth and 3 metres (10 feet) from
the endwvall, the endwall was bowed in approximately 5 em (2 inches)
at its center. The fabric cover was not danmaged. With the soil cover
depth reduced to 0.9 metre (3 feet) and the TNT charge detonated half
buried over the shelter crown, tvhe fabric cover ruptured (Figure 31°.
Ingtrurentation mounts located on the frame diractly beneath the charge
appeared to have caused the fabric cover to tear. The steel frame was
not damaged structurally (Figure 32). The third frame from the left end
in Figure 32 was bent while attempting to 1ift the shelter from the pit
before all of the toil backfill was excavated. Data indicate that the
shelter frame directly uncder the TNT charge was stressed to about
1-1/2 times yieid, and that there was a pressure buildup inside the
shelter of about 6.9 kPa (1 psi).

Structure PS3 was not damaged when the charges were placed over the

shelter crown with 1.2 metres (L feet) of soil cover or at the shelter

e



middepth and 3 metres (10 feet) from the side. The charge at the shelter
middepth and 3 metres (10 feet) from the rear endwall pushed the center

of the endwall invard about 5 cm (2 inches) (Figure 33). With the so0il
cover reduced to 0.9 metre (3 feet) and the TNT charge detonated half
buried over the crown of the shelter, the frame directly beneath the

charge was bent as shown in Figure 34. The crown was deformed approximately
15.2 cm (6 inches) and is compared in Figure 35 with an undeformed frame.

The deformed framework for the entire shelter is shown in Figure 36.
CONCLUSIONS

Based on the results of the main event, the following conclusions

were drawn for the buried combat services support shelters:

i, Structures PSla, PS3, and PSh will surviva the ground shock and
airblast at the 206.7 kPa (30-psi) overpressure range.

2, Structures PS1 and PS3 are stronger than Structure PSh.

3. Accelerations insile the shelters at the 206.7-kPa (30-psi)
range are not sufficient to cause personnel injury.

L. Simple blast closures should te provided to reduce the effects
of aj-blast, dust, and debris on personnel.

5. The shelters should be constructed with some type of flooring
to minimize dust.

From ' the follow-on HE tests, it can be concluded that Struc-
tures PS1 and PS3 with 1.2 metres (b feet) of soil cover can survive a
direct hit by a point-detonating 155-mm artillery round or a delay-fuzed
round landing within 3 metres (10 feet) of the shelters.

i el o e - Sl ¥ oaen Do dbe it MEDIL_ bl s et R

3 The fighting bunker shells, Structures PS2a and b, will survive the
f effects of long-duration airblast loadings. The blast pressure buildup
k inside the bunker shells is abocut the same as that of open field

3 fortifications.
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TABLE 1 COMPARISON OF METAL-FRAMED FABRIC-COVERED SHELTERS

Item

Height, m (ft)
width, m (£t)®
Length, m (ft)
Floor area, me (fta)
Shalter volume,

n (ft3)

Shipping volume,
Shipping weight,

kg (16)°

227.27 (500)

Structure
PS1 PS3
Small Large
Elliptical Elliptical
1.80 (5.90} 1.6 (6.h4))
1.k0 (4.60) 1.73 (5.67)
3.05 (10) 3.05 (10)
3.23L (36) L.37 (47)
6.51 (230) 8.78 (310)
0.82 (29) 1.52 (50)

318.18 (700)

PSu

Rectangular

1.83 (6)

1.68 (5.5)
2.90 (9.5)
6.32 (68)
9.63 (3L0)

0.68 (2b)

215.91 (h75)

%At widest point.

bDoes not include entrance tunnel.

TABLE 2 FREE-FIELD TRANSIENT OVERPRESSURE DATA

Range Peak Time of Positive Phase Impulse
from GZ Pressure Arrival Luration kFa-msec
Structure m (ft) kPa (psi) _msec msec (psi-msec)
PSla
PS3 }—198.12 215 (31.2) 156 122 6930 (1005)
(€50)
PSh
PS1b 228.60 137 (19.9) 210 1ko 5655 (820)
[ (750)
PS2a
PS2b}— 304.80 60 (8.7) 376 203 Su68 (793)
(1000)
9
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Figure 1.

LEGEND
P31a & PSib ~BURIED FABRIC-COVERED
ELLIPTICAL SHELTERS
PS2aLPS2b - CORRUGATED METAL FIGHTIN HOLE

PS3 - BURIED FABRIC COVERED
ELLIPTICAL SHELTER,LARGE SIZE

PS4 - BURIED MERE SHELT

STRUCTURE LOCATION
STRUCTURE| AZIMUTH | RANGE
PSta 50°¢ 650
PSi 52.5° 150
PS2a 41.5° 1%
® 5 PSeb_ | 55° 1000"
¢ PS3 4% 650
PS4 25 | &0
ALL RANGE DISTANCES ARE TO THE
STRUCTURE CENTERLINE

BRL AIRBLAST
INSTRUMENT LINE

Structure layout, DICE THROW Event.

Note: to convert feet to metres, multiply

by 0.30k8. To convert pounds (force) per
square inch to kilopascals, multiply by 6.89%k.
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Dimensions of fabric-covered shelters.
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Note: To convert inches to metres, multiply by 0.0254,
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DIMENSIONS
0-4 228"
A-9 =s52°
-0 = 212"
Cg-0 * 12"
O-0 =302°
0p-C =50.2°
O-8 =3ia"
€ -0 =33e"
F-n =a2"
: CONSTRUCTION NOTES
| ] r 1. ELLIPSE CONSTRUCTION (NAN AND STRING METHOD)
A ‘ - ] A @. LAYOUT CENTER LINES AND LINE FGN
-------- je=feosferd ol | @ PONTS C). Cz AND B ARE USED TO FORM ELLIPSE ALB
= [ B ey ¢. POINTS Th, Ox AND B ARE USED TO PORM AF AND BH
Ei Sy == Z. CUT PABRIC MATERIAL % RECTANGUL AR SECTIONS PAIOR TO
| NSTALLATION
| 1 ALL FARRNC PONTS SHOULD BF LAPVED L2-N MINIMUM, FABRIC
| SMOULD BE PULLED AS TIGHT AS POSSIBLE BEPORE SECUANG.
PLASN &, FABRC MUST EXTEND MINBJUM (2 . AT BASE OF SHELTER Si0L3,
PLA ENDS AND ENTRY SHAPT.
3 SECURE FABRIC AT 12-IN. INTERVALS AROUND TOP OF ENTRY SHAST
AND DOWN SIDES.
Q@ BACKPILL SHOULD BE ALACED IN EVEN LIFTS AROUND SHELTER
; AdD ENTRYWAY.
BILL OF MATERMALS
oxm L-% OfICRPTION __ \seY QqTY
1. ARCH PRAME 4 1Y oDMEHTUANS Mg WALL TH  FT 80
2. ENG PRAME 2 1% 00 MECH TN, Mg Wl ™ FT 38
LS AL CORENS O 3. rRamECoseecTOR 4 ilg" 1 0. STOPWE PT 40
ALl T o, PRSIASE WAY | 1D, STANDARD PPE T 138
S ENTRY SHAFY 1 LD S/ANDAND MPE TN
& MrEcLAw - PORP G PwE €A 28
7. PPR CLAW - rom iy ¢ Pe A 24
" rawe & FABMIC COVERINE - 2 PLY-NEOPRDE-CORTEDMWLON(Y-T)  wo! 3§
i —N e T ~
1ig” 519 Ly ~ e
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