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FOREWORD

This report contains the proceedings of the DICE THROW Symposium held 21-23
June 1977 at the Ballistic Rescarch Laboratory (BRL), Aberdeen Proving Ground, Mary-
land. The report is divided into four volumes. Volumes 1 through 3 contain the unclassi-
fied presentations and Volume 4 contains the classified presentations.

The DICE THROW Event, which was conducted near the Giant Patriot site on
the White Sands Missile Range (WSMR), 6 October 1976, was the final test of the DICE
THROW Program. The charge for this test was composed of approximately 628 tons
(570 metric tons) of ammonium nitrate fuel oil (ANFO). The charge configuration was a
right-circular-cylinder base tangent to the surface with a hemispherical top, the same
configuration as the second event in the Pre-DICE THROW II Series. The primary objec-
tives of this test were to provide a simulated nuclear blast and shock environment for
target response experiments that are vitally needed by the military services and defense
agencies concerned with nuclear weapons effects, and to confirm empirical predictions
and theoretical calculations for shock response of military structures, equipment, and
weapon systems.

A complement of 33 experimenters and support agencies (including foreign
governments) participated in Event DICE THROW. For details pertaining to the as-built
experiment 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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ABSTRACT

The Norwegian Defense Construction Ser:ice (NDCG) fielded an e'periment in the
DICE THROW Project. The NDCS experiment consisted of fabricating and exposing a
concrete ammunition storage facility blast door to an overpressure of 1.4 MPa.
The University of New Mexico's Civil Enginzering Research Facility (LERF) was re-
sponsible for the construction, monitoring, instrumentation, and reporting ot the
experiment. The purpose of the experiment was to qualify the proposed blast door
structure as a Norwegian, and possibly NATO, standard fer ammunition storage fa-
cilities and civil defense protective installations. The door was instrumented
with eight strain gages on the reinforcing steel, two accelerometers on the un-
derside of the door, two accelerumete 's on *the r.xction (ra.e of the doo-, and
two active and four passive displacement gages to measure relative displacement
between the door and the reaction base. The door survived the blast with a rela-
tively small amount of permanent deformation anc a moderate amount of cracking on
the underside of the docr.
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SECTION 1
INTRODUCT 10N

The Norwegian Defense Construction Service {NDCS) 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, 1476. The NDCS experiment consisted of
fabricating a reinforced concrete blast door and companion reaction support and
exposing the unit to an overpressure of 1.4 MPa. The Defense Nuclear Agency's
Field Command supported the experiment and the University of New Mexico's Civil
Engineering Research Facility (CERF) was responsible for construction, monitoring,
instrumentation, and reporting of the experiment.

The purpose of the Norwegian experiment in Project DICE THROW was to gqualify the

proposed blast door structure as a Norwegian, and possibly NATO, standard for
ammunition storage facilities and civil defense protective installations.
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SECTION 2
EXPERIMENTAL PROGRAM

The blast door was constructed of reinforced concrete encased in a steel frame.
The reaction pit was also reinforced concrete with a steel bearing angle to sup-
port the door. The details of the door and reaction pit are shown in figure 1.
Figure 2 shows the location of the blast daor in the DICE THROW testbed.

The steel frame, reinforcing steel, and bearing angle were fabricated in Norway
and shipped to CERF as one unit (fig. 3). The only apparent damage to the door
during shipment was one bent anchor (fig. 4). After the strain gages and instru-
mentation mounting plates had been installed and the concrete had been cast and
cured at CERF, the door was transported to the White Sands Missile Range to be
positioned in the reaction pit forms before casting of the reaction pit. Fig-
ures 5 and 5 show the placement of the door and the casting of the reaction pit,
respectively, After the reaction pit concrete had cured, the door was opened to
assure proper operation. Figure 7 shows the Norwegian experiment just prior to
the test. The compressive strength of the concrete in the door was 43.6 and 49.7
MPa at 28 days and shot day, respectively, based on the average of two 152.4 x
304.8 mn cylinders for each date. The average 28-day compressive strength of the
reaction pit was 37.8 MPa based on an average of five 152.4 x 304.8 mm cylinders.

Active instrumentation consisted of eight strain gages on the reinforcing steel
in the door, four accelerometers--two on the door and two on the reaction pit,
and two displacement gages under the door. In addition, there were four passive
displacement measurements made with scratch gages “Hetween the bottom of tne door
and the floor of the reaction pit. The strain gages used were Micro-Measurement
Type EA-06-500GC-350 which had a gage lenqth of 12.7 mm, 3 nominal resistance of
350 oms, and a gage factor of 2.095. Ac.elerometers were Endevco 2264-A-2KR and
CEC Type 4-202-0001. The Endevco accelerometers were full bridge with two active
plezoresistive strain gages. The CEC accelerometers were full bridge with four
active plezoresistive strain gages. The active displacement transducers were
Celesco Model PT-101-10 pull-wire potentiometers with special features to allow
relative acceleration magnitudes of : 5.08 m/sec with di»p cements of ¢ 127 mm,
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Figure 3.

Figure &.

Blast Dcor Frame

Damaged Anchor




Figure 5. Placement of Door

Figura 6. Casting of Reaction Pit
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The scraich gages used for the passive displacement measurements were simply two
aluminum pipes, one inside the other, one attached to the duor and the other at-
tached to the floor of the reaction pit. Displacement was indicated by a pointed
screw through the outside pipe scratching the inside pipe.

The active 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
pox was connected to the recording van by 20-pair cables. The recording van was
approximately 1800 m from the Junction box.

The recording van used for data acquisition was supplied by DNA (Van No. 36040).
In the van, ths bridge type transducers were excited and conditioned by BAF 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 : 40 percent devia-
tion) was used.

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 event, quick-look data were piayed back on O-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 S kHz were

used in digitizing the analog data. Each channel was scaled in engineering ynits
and plotted against time.
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SECTION 3
TEST RESULTS

Blast pressure was not measured at the exact location of the blast door. However,
there was a blast pressure gage on gage line BRL-1 at the same radial distance
from ground zero as the door. The relative location of the pressure measurement
and the door can be seen in figure 2. The data from the pressure mezsurement are
shown in figure 8.

Appendix A contains the time histories of the recorded data. Figure 1 and tahie
1 locate and describe the measurements, respectively. The sign convention ysed
was as follows:

Acceleration + upward
Displa.ement + downward
Strain ¢ compression

The displacements as indicated by the scratch gages were as follows:

Gage Designation Displacement,
Po1 19.1
74 8.
POl .8
P4 1.9

The door suffered some damage a3 can be seen in the posttest photographs in ap-

pendix B, After the test, the door was opened to determine the survivadility of
the hinges and locking mechanism., Although the door was opened with very Tittle
difficulty, it could not asily be reclosed because of distorticns in the hinges.
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Table 1.

Measurement List

esignation Type Location Me;z;z:r:ent
S1 Strain Rebar - Top 13
S2 Strain Rebar - Top 14
S3 Strain Rebar - Top 15
S4 Strain Rebar - Top 16
S5 Strain Rebar - Bottom 17
S6 Strain Rebar - Bottom 18
s7 Strain Rebar - Bottom 19
S8 Strain Rebar - Bottom 20
Al Acceleration Door - Center 21
A2 Acceleration Door - Edge 22
A3 Acceleration Reaction Pit - Vertical 23
A4 Acceleration Reaction Pit - Horizontal 24
D1 Displacement Door - Center 25
D2 Displacement Door - Edge 26
PD1 Passive Displacement Door - Off Center
PD2 Passive Displacement Door - Off Center
PD3 Passive Displacement Door - Center
PD4 Passive Displacement Door - Edge

[PV
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APPENDIX A

TEST DATA




SONGJ3S
h* €° [44 1°

J
i

005

4
3
]
*0001
R RS RS NSRS ES AR ALALE R RRERS

NIgWLS

13

@®
=4




- “ - oy f « B Rmeri BRI, e e ntUle Lo s ~ LTSS R N -A:,N.-Kﬁ4s4i~:vn&a'.;wva~ (LT
[ea ]
[ T R TR T I B B | [ T S | [ P | [0 T S R B N
—
- wm I
1 [~ '
- - '
4 . !
1 u?
vt
.
= o
i i
] I
7 i 0
~ - [4
R Q 3 :
: e ., m3 ;
e s N
‘ n Lovar— Tty " [ K] ¢
—n e Ly
o mtnnys O oy
R 3
-4 - - -
-
-4
ool TN dantl IR Nl SR M |

£ NIHYIS

19




SONDJ3S

[ | 3

DO PRI BTSN FUNPU PO
1 as [
1 +
7 t

ot F
1 r
] &

!
. 5
B o
B I
] ! s
] -
] 8
] !
] s
- ! —

-~ ol
] g
] 8
] i
B L
. [
B 5
] [
- -

ﬁ.....-..._.-.<.-<.-..<<<<<

jJI]jl‘ljjlﬂ-jl«lﬂ.J‘il

NIt

(¥ 1]

20




-

.
< st 52 ¢
| JE i I . )i 1.2 [N S B | i Lo To Tl
T 3 Yo et
- Nm -
. X
1
B
J pearapeto e 7!
~. Yor - -
- ¢ -
- w = (a8
- — —
= ~ = o~
- i =
- - pad
s -
- : -
- . -
. —_— s
ﬁ -t
- oy -
- Peh -
- | A -
- L4 -
oI . .l
.
- e -
T Y L | M T T ISR R -7 - T
e e G
e ——— e A i e s §am b b & e ¥ 8 & e et e e e . - m A 2. PR e 2 akon L e




1]
.

. SONQJ3S

*: € [ __.

R PR FTSTTEUWE P ST ST

£S

Illlllllllll]llul luuuu- AL ulllllllllIllllllllllllllllllll!

-...-..-.—....<<q4q1—~<\<ﬂ1<qq—<-<-<<--—<

") e T T P

8
NIBUS

{3m

2




[ et U

'
uluup!nuun lunnu- lllll!'llllll“lll'lullllllllllllllnl

AP IS PR I

4 -
.. wv b

B .
E! k

Y

+

T

.10 .15 .20

SECONDS

.05

e 2 e R e e 5

Y nnn]n Iunulluln"r‘r ,\'nnn[w TY nn[nn TITTIYTIIIITYrY

-

A

o

-L0C.

rim 41uuis

2]

o

o,

o




SANDO3S

g M | L I _
e A il A i o A .1 A A X K A A b A AL 4 AL LN U U W 1 Ak dhdh Ld
] - 009~
1 ¢S 8
3 L
g [
3 L
3 o
] g
= _ =
b I
3 o
Y o
3 u
- o o
o F -
- o~
[ 2
F--008 ¥
B o
] 8
-
3 o [
3 [ L
F
h -
1 -
- 10
- — 0021
] L
. ] L
b <
E o
] [
] d
] o
AR R Al AR AR LSRR ARAS AR *0081




T e o YT T S AW - 4 e e g ey A ey

e

25

3 Sl

T - *0081




NS
26

130

[STCIOLISTITNITNNY

o
AR AR ASRASSRSALAN RARAAAARAS LAAAARARAS AALASERAAS § 00h




AN RN REEEEREER YR

B s I A I s A X R RN R L N a s AN A s R A K A R A A NN R s AR a 2R R
MR AL A |

{Hn

,lIlll.l'lll_'llll_llll’|(ll_]'lllJllIlC‘lllIl"l;llllL

>
| 4
“
-y [ A
e, .
- -t
. —g
=
- - ‘m‘d“ﬁ ._EE-
- I ¢
- o2, -
. .
gy e
] —— T
i T
E [P d
. 2l bbl oL L R A RN ..'_..,..i__; BT R RTI  pe
- t.‘:‘_ - . —— - - M

. 'J L] L]
(=g ] D [ (=] . <
“ o

] | -2 -t N
' 1 '

NILS

L]

t'noﬂnw o

'2‘509 .

*-

L]

S

]

seccms‘_'

e R e A e B AT S e h e me




gt s q a0y

K

y].vzvzwvyw]vrv-vvr-

]

]

]

]

3

.

3

<4 o

p [

: [

] [

4 s

- 4

] .
— — >

L 4

L b

h .

L -

- 4

- r

- y

]

] » P
— - Y

p [

- r

4 s

1 ... [

9 T e VR i et e . B 3

1 s

] [

1 -

udaniay uun-ul."..---.‘...nu--ln.u-n-rn-u...l"unu-luu-"n

t
i Kliwls

SR——

PR,




e e vl R e T et B BT B e s bsip e s evnn oL

P N

e tae . - T

[ S A N ROV T

| | &
VIR Bp s R La vy IIOIII:II'llll.lllllJ_llllllllIl.l.llll‘.lll (NS IR ¥R II.LI.“JIL---‘\:
7 ar
j -
. -
i i
- N
T
. -
. o
4 . L
. -
i i
. L
. F 9 g
-l
b - L] D
- (=
7 uwl
ad m
4 2
- o
S - - ) I '8-
- 'f?~ : r.
. I
i -k
1 L.
. o
_ [
. - #,.
TIh et n mum.lua'mm|nmrmrunnu-"mmu-|u'u'n’n|rn:mnn"-'r'.:
o © ] ] ] 3 o G, )
] 1 ] | )] i
(g NilLS :
29

- a2, gt W D ST

o ngar Ko s

o

“wazin

3
i
i
!




s
“00Si-
*0021-
w
F E
‘00— -
m
~DOE-
o]
“CF H
!
;
;
,J._,




BB e et me

T PR 5 VA AN ST H L T 1 B O A € Ik e A e R

s ]
el

NIHY1S

N

"i""""-i""lllllln--lllllinn_'unLln-u|»u

r~
v

111”!!"1"!"!'1 llTl!lTl!llTVl'! nlll'TI!ln|'l1'IlllTl'll'TJ
. . - .

(e )
l: )
&
-l

e

.-

T

T——r

LA

T

T v T

&




AN T

AR, TR " Z PR PV

LNt ]Illill_l:l_,’IIILIIlli‘IIIlLIIlllllfullllll'lvlJISILIlll-lll,l‘]_l
© -
1 vy =
-4 o
. s
-
N s
~ -
- -
=
. -
- -
-~ =
- -
L he
7 Q¥ - = -}
- J o~ - . .
e ° i
(=]
-1 g b=
] |
(4]
- -
|
TetdiYy ey '|H’N‘ln-lrnnnln[l.llvnlr'llul|lll|Tll||1lllllllll‘llur‘
. o 5 . - . . .
€ = ¢ o o = =
<
8 8 8 8 8 <) “e
-t ‘i“ (Y] Lup ] e M} [Tl ¢
i 1 ! 1 |

) NG

32

e
ot}

wn
—

.10
SECBNDS

PR e S



P et

SONGO3S

s ne € [ 1 ']
I DUUUT SN PUUTTTTTS FUTTUTINE Epevey
p 3
] Ly g
3 « ,
3 L
] o
-3 — *091-
3 o
3 C
3 9 3
3 F 3
.
— — ‘08~ m - .
. - -
] I e
] _ m .
3 rF - . . b = 3
] bq"- T bt A rllo =
3 9
-4 -
-4 - H
3] L
3 9
3 C
- -
- -
3 s
3 -
3 o
3 A
p L
; n.cm:
RS RIS LSS SR I A

bt ia e e

B e




! ’ ' |
sagvgqtondprereneeeleapvergnglgagearonsboireneagy 8

—_
< b

V""IIITII'I"'II'

g g

. o ¢

19 133N

v1n.1111].!1vvvv11‘111111‘n1 Q

8
&

-1G0.




n
.

"

DT ST

)

uunn.lunnux nuuunlnuuu-lnunu:luuunl

T q‘-._...<4-<.-_.-<<<-«-—<-. URASSE SASSALSIIS




P ]

e

l I I | 3
Bev b prra b sapo v dloprnrpgrnabsvupren i enageottgenrnrny K

A

LA

.ls

.18
SECENDS

---uln-trnnnu nn.-uu[:n-unn'-rnnrn"nnrvn'r o
9.’

159 Y

vy

-
L ewe

3
*
(32

83.
-2 ?O.
-3 SC.

-
b

36

e

- Ly T e ot B
ik %“%ﬁ» -
TR ERINL T

. i




SENNETETE NN U TN ET SRR TURNETE ERU R n :
4 @ F
J = I
; r :
: L I
— (4 3
4 .
4 L
4 L
4 F o :
—] L0 T
E L :
4 o 5
4 L §
E L :
1 o :
4 9
] P [ ®
.~ 4 "
B m 3
E @ L
p 5 [
4 3
] r) [
p T -
- el .
1 i ‘ 3
p R ¥
4 . :
- i
. 3 L :
A l|.|.!!11‘r17‘r—r11|‘vlllvz.var]nIYI LR i
: . . .
: =} a e a o
o ") u [=]
i -— ' —
: |

180 i ]

37




| S T O

|
LIt il iy

1.0 141t 88 )

H

4 ™ bk

] <

4 k] L

. ° L
J @ )
— o —
S N

J 3 L

J L

] ‘z [
[ o
2
™

L

L

L

L

L

[

ll"fT"l"' "l-II!"IXVT.".TTTjI'[tI| hd

a © a o

] § a

b=

t

199

1330

SECONDS




L —

jununhunnu

Illlll_ulllllllllll }U_Llllll[llllllllllllllLLlll

PRTPTTTT PUTTTIIT FITTOTS FUTTOTT N

4
T

.-r—v-r::!vﬁ

T

Gage Broke

.zftvr.w—hr—r-mlvﬁr..

.
L U p—

vu".nvluvrr"l

»

3 ]
g =B

-

8 8 § ¢

h
10 e

-50.

39

.lnul]n"rrnulnuuu.lr"l"m"mn -0
.

.5

.4

.3

1
]
|
]
]
i
{




1
lllllllllllllllllll 'llluulllllllllll[lllIlllllllllllllllLlllll'l'l

.20

:t

Gage Broke j

.15

.10

SECONDS

P B WS E

T T T T T Y T T T T T T YT

1
K.

T

-3
-200. -
250.

40




FOPNURARP N

" - . - B = o R S W e e

uunullJnnunolJnunul_ul .llnllllu.llnl.nn.nnu_Janllu. “’z
- -
; ar
N s
-1 o .
. =
. -
- o
— -
. -
o a
o F ™
e SR
- -
4 s 8
-1 B e
= & [~
= o [ ]
] L [TV
[7x]
- . L
- T 8
B =
R N
A -
n -
] s
- [© 4
-
- '.. B
. LR M e S - et -~
N R = - . - - —- - —_— . o
l‘l'll!lnl|1l|H‘Hn"\nlv‘llll]'nllnltll!lllllull‘]'lnnlu Turtaes o

by 4 o o4 as o - T
Fy ki A .- L
(1i4) el
41
— N

b
) /n:zi"; LRl
o ATANE e




-

- e B i

) L 4

] e

i (.\
.4 o
1 ¥

L
-

L R A T R A I O D R L T R IR I R R T NI S R TR T LN B O O VORI

+ ¢+ ¢ & ¢ 1§

¥ ¢ ¢ Vv » + ¥

ﬁ :-c'l
- -~y . s "’-—: Bl -
.-{ '..- = "
. - A - -
J -
ot I I IO O N | '1" {20 2 O Bl O I A I | ' L2 I I TR N B T Mt Lol N B I e A TN e
5] 1y [axd " o)
. . . -
|
(AR 1N ‘10
42
i

e

<
)

(1§}
KX}

SECONDS



P N 3 R L RTNEIRO B L o r R A DK
'Ill‘\ll'lll‘lllllIillllI!.'I,llIllj‘lJIll,llll]|| ‘l'lLlllL.,.‘?‘
. ~ F
[~ S
: -
- S
« 4 -'-“
.
P -
- N
-
| .
. - -
] [ 2 2
8 o
Y]
- o b [7x]
e h\x o
g g“\“ -
- \- o
i u \.\ —
g h.\x X
- . -
l"‘ll"""l'l"‘!l’ll'l"l'i!‘!il"|1ll]""""'l‘l"ll'lf"'lll’ll''T"'l""‘ll""""o
(W) ™y i Up) ~ (20]
. . [ . . o
i~ 4 m ™ o] !
i (SN d810
|
|
|y 43/44
|
S A SR S RNERRRR Y L A T R

20 b R LS S

.



APPENDIX B

BLAST DOOR DAMAGE
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Damage to Locking Handles




Hinge Area

Damage to Hinge
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Top Surface Cracks
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Top Surface Cracks

Damage to Seal Angle
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Permanent Set in Door
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Door Crack lattern

Deformed Lock Mechanism
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27. BLAST TESTS OF EXPEDIENT SHELTERS
IN THE DICE THROW EVENT

by
C.H. Keamy -
Osk Ridge National Laboratory




BLAST TESTS OF EXPEDIENT SHELTERS IN THE DICE THROW EVENT*

C. H. Kearny

Emergency Technology Program, Energy Division
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830

1. BACKGROUND AND SCOPE

Civil defense research at Oak Ridge National Laboratory (ORNL) has
always stressed the development of protection against blast effects.
One reason for this emphasis is the fact that, if a population is able
to occupy shelters affording good protection against blast effects at
overpressures up to 7 psi, the area in which serious blast casualties
would be suffered would be reduced by at least 75X compared to the
situation i{n which a population takes shelter in homes that would be
badly demaged at the 2 psi overpressure range by the blast effects of a
large weapon. Another reason is the fact that even expedient shelters,
if their walls are skillfully shored and their entrances aquipped with
expedient blast doors, can readily be built so as to protect occupants
against all blast effects at peak overpressure ranges several times as
high as 7 psi. Therefore, in 1973 ORNL participated in Defense Nuclear
Agency's (DNA's) MIXED COMPANY Event. This test subjected various
expedient shelter designs to the effects of an explosion of 500 tons of
TNT. All of the ORNL expedient shelters survived with little or no
dm;o.l As a result, it vas decided that the wost promising designs
should be subjected to blast effects severs esough to indicate the worst
blast environments that theae shelters are capable of withatanding. The
uain event of DNA's recent DICE THROW series afforded the required blast
euvironment. This event was a 6)0-ton ANFO (ammonium nitrate-fuel oil)
explosion, producing airblast effects about equivalent to a 1l-kiloton
nuclesr surface burst. This shot vas detonated on October 6, 1976 at
thite Sands Missile Range, New Mexico. Righteen expedient shelters
(ipcluding four half-scale models) were subjected to the blast effects

.luurch sponsored jointly by the Defense Civil Pruparedness Agency
and the Energy Research and Development Administration under contract with
the Union Carbide Corporation.
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at overpressures ranging from 53 psi to 5.8 psi, and expedient life-
support equipment (mostly placed inside shelters) was exposed to over-
pressures of 53 psi to 1 psi. Several one-tenth-scale models of shel-

ters were also tested, at overpressures of up to 180 psi.

2. PRINCIPAL OBJECTIVES

The principal objectives of ORNL's participation in DICE THROW
were:

a. To obtain field data useful in making more reliable estimates
of the practical limitations of promising expedient shelter designs and
expedient life-suppert equipment, as regards their capabilities for
withstanding all blast effects from large explosions.

b. To observe the relative effectiveness of several different ways
of utilizing earth arching and trench-wall shoring to increase the blast
protection afforded by lightly constructed shetlers, in order to develop
improved shelter designs that can be built using only widely available

materials.

3. INSTRUMENTATION USED AND TEST DATA RECOVERED

3.1 Blast Overpressures

Blast overpresaurecs vere wmeasured by yielding foil membrane blast
uugu.z These passiv: gauges vere developed at ORNL and performed well
at the lower overpressures (leas than 7 psi). However, the ORNL gauges
that were inatalled adjacent to principal shelters to weasure overpres-
sures above 7 pai all recorded overpressures 28-60% higher than these
recorded by the transducers at the same radial distances from ground
zero on DNA's adjacent Gauge lLine Mo, 1. Therefore, we have used the
DNA measurements for all the aboveground overpressures to which the ORNL
shelters vere subjected, except for the DNA moasurement &t the predicted
100-pat range, which vas obviously far too low.
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The diatances from ground zero (GZ) to the shelters, the predicted
overpressures, and thie mezsured overpressures at these distances are
showa in the kable belov,

Table 3.i. Overpressures &t Vaiious Distancss

Distance from Predicted Measured
Ground Zeru Overpressures Overpresaures
440 ft 100 psi 106 pei
5S40 it 50 psi 53 psi
640 ft 30 psi 31 pst
740 ft 20 psi 20 pei
820 ft 15 psi 15 psi
1140 ft 7 psi 6.7 pat
1370 ft 5 pst 5.8 pat

To simplify this report, only a few references to distances from GZ
or predicted overpressures will be made. Measured peak overpressurses
will be used (e.g., "5) pal,” 31 pei™).

The ORNL pressure gauges inside the shelters recorded low ovarpres-
sures. All these gauges functioned well except those inside the shel-
tern at the Jl-psi overpressure range. All the ORNL pressure gauges
vears recovered, and the overpressures they recorded inside the shalters
are used in this report.

3.2 Elastic and Permanent Deformations

Elastic and permanent deformations of the roofs and some other
parts of the shelters wore measured by pasaive mechanical dwlt:c--‘l
Over 90X of thess functionsd effectively. Linesr seasursuents of dis~
tances between parts of & shelter vers taken before and after the blast.
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3.3 Blast-Wind Scouring

Blast-wind scouring of the earth mounded over shelters and around
entryways was determined by driving 12-in. steel spikes into the earth
until their heads were flush with the ground and measuring their expo-
sures after the blast. (The duration of blast winds is proportional to
the cube root of weapons y].eld;3 thus the depth of scouring by larger
veapons can be estimated.) Also preblast and postblast depths of earth

over and around shelters were recorded.

3.4 Blast Damage to Structures

Blast damage to all structural parts of shelters and to the earth
wvalls of unshored shelters and of water-storage pits were determined
primarily by observation. Numerous photographs were taken, both before
and after the blast, to record blast damage--the most important part of
the test data.

4. SMALL-POLE SKELTER AT 53 PSI

4.1 Purpoae

The Small-Pole Shelter (see Figs. 4.1 and 4.2) has been developed
for construction by unskilled vorkers in wooded areas (in stable or
unstable earth, belov or above ground). It provides cxceileat protection
against vadiation and much better jprotection against blast than does an
unshoted treach shelter or any poorly shored shelter. Untrained groups
of families, using only musclevpowersd tools, have succeeded in huilding
this type shelter in less than 48 hours elapsed tiwn {rom the time they
received the tuuueuou.‘ A 24-man section of an iafantry platoon of
the 82ad Airborne Division, with no prior tzaining and using only muscle-
poveread tools, built a 24-man model, without beaches or bdunks, in 18
elapead houu.s
4,2 Comstruction

The main room and the horizoatal part of the entryvay ai the east
end vere of unsodified Russtan dutgu.“, except that the excavation ia

P 74 1 TN




Plan and Elevation of Small-Fole Shelter.

Fig. 4.1.
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the hard caliche was made 2 ft deeper than the final level of the shel-
ter floor. Then this bottom 2 ft was backfilled with dry, sandy earth.
This soft earth under the wall poles permitted them to be pushed down
sufficiently under blast loading to throw most of the load onto the
resultant earth arching that blast overpressure sets up over a yielding
structure.

A previous ORNL analysis8 of the survivability of this shelter
indicated that without the protection of earth arching it would withstand
an overpressure from a 200-kiloton weapon of about 15 psi with blast
doors closed, This analysis assumed the use of green hardwood poles,
the strengths of which were determined in the ORNL materials laboratory.
The roof poles and wall poles of all the ORNL pole shelters in DICE
THROW were ponderosa pine. In this shelter, the poles averaged about 5
in, in diameter including their bark. The 12-occupant shelter room was
10-1/2 ft long, as illustrated by Figs. 4.1 and 4.2.

The horizontal part of the entryway at the soutih end wac only 4-1/2
ft in height, with its floor 2-1/2 ft above the floor of the main room
and the east-end entryway.6'7 This height proved adequate, and this
stoop-in entryway required significantly less material and labor to
build than did the Russian-type horizontal entryway with 6 ft of head-
room. (An unmodified Russian Small-Pole Shelter has only a small chimney-
l1i{ke air duct at one end; ORNL teets had ~roved that thir asmall air duct
would provide such inadequate ventilation that fatalitles from excessive
heat-humidity could result in ware or hot weather after a day of full
occupancy,) The vertical entryways were of ORNL deuign.’ as shown in
Figas. 4.1 and 4.2, except that they exteq‘pd S ft above the ceilings of
the horizontal entryways. (The Russian inclined stairway-entrance had
been found to be weak and not suitable for the installation of a blast
door.)

The roof poles of this box-like shelter were at ground level. The
length of this shelter was perpendicular to the radius from GZ. Tu
provide adequate shielding agalnst the initial nuclear radiation to be

e i Kb aiise L




expected at the approximately 50-psi overpressure range from smaller
nuclear weapons, the roofs of the shelter room and its entryways were
covered with 5 ft of mounded earth. For adequate protection against
initial radiation from a tactical weapon (through the entries), each
entryway should have been at least 10 ft long. For protection against
radlation from strategic weapons, the entries actually built would be
satisfactory, and only 3 ft of earth cover would give a protection
factor (PF) of over 500.

The need for blast doors on family shelters has long been recog-
nized.q’10 ORNL blast Lests1 had demonstrated the effectiveness of
expedient blast doors at overpreasure ranges up to 29 psi, and since the
present Soviet nuclear arsenal could subject over half of all Americans,
if {p their normal areas, to serious blast dangers, we iucluded three
new designs of expedient blast doors in our DICE THROW tests.

Both entrances of the Smali-Pole Shelter were protected by expedient
blast doors (see Figs. 4.3 and 4,4). Each door measured 48 in. x 42 in.

PHOTO
6543-76

Fig. 4.3, Nailing Tire-Strip Hinges to Expedient Blast
Door Tested at the 5)-pai Overpressure Range.
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10.

and each was made of five thicknesses of 3/4-in. exterior plywood. The
plywood sheets were glued together with waterproof resin and nailed
together from both sides. Expedient hinges made of strips cut from the
worn treads of automobile tires were nailed to the door and t¢ vertical
poles of the entry with No. 16 (4-in.) coated nails, on a roctangular
spacing of 4 inches irn each direction. A door was hinged on its side
nearest ground zero with 5 hinges uailed to the 5 vertical poles of this
side of its vertical entry, Each hinge was a 24-in.-long strip of worn,
wide-tread automobile tire, 4 to 6-1/2 in. wide and 1/4- to 1/2-in.
thick, measured in the grooves of the tread. Each strip was nailed to
its door with twelve 5-in. nails, driven in about 3-1/2 in. with their
heads bent away from the hinge line.

After seeing the bright light from a nuclear explosion, an alert
shelter occupant can close and secure this type door within 4 seconds.
This is fast enough to effect the closure of the door before the arrival
of the airblast shock wave from an 8-MT or larger weapon at the 20-psi
or less overpressure range, but not fast enough at the 53-psi range.
(See Flg. 4.4.) Therefore, if this shelter is to afford protection
against tactical weapons, it should be equipped with expedient blast
valves of the tire-strip type, installed in separate intake and exhaust
shaits, This type valve has been blaattested without being damaged at
65 pai.’

Bach blast door was surrounded with blast-protector logs vhich had
been notched and spiked together and were evenly spaced around the door.
These logs (about B in, in diameter and 8 ft long) had been placed with
their upper sides about 2 in. higher than the top of the closed blast
door,

4.3 Teat Results
Figure 4.5 shows the four blast-protector logs around the north-end
door after the blast. This explosion produced a measured peak overpressure
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PHOTO
6545-76

Fig. 4.5. Blast-Protector Logs .\rourd Blasr Door after
Being Moved by Blast Effects at the 5 i-psi Overpressure Range.

of about 53-psi and a calculated peak blast-wind velocity of about 1,000
mph at this range (i.e., 540 ft from ground zerc). The blast winds blew
avay up to 12 inches of the dry earth previously piled around the blast-
protector logs. The shock wave and dynamic drag effects shifted these
four logs from their original poaitions. In its final position, the log
nearest ground ziéro was so close to the hinges that the door could be

opened from the inside to an iaclination of only about 30 degrees.

1t this door and its protector logs had been subjected to the same
overpreasure from & large surface burst that vould have produced dynamic
drag and bLlast wind effects of wmuch longer duration, the door might have
been jammed in ity closed position by the shifted logs. If long, strong
stakes had been driven prior to the blaast so as to secure the logs,
their movement would have been reduced. Hovever, for maximums blast
protection againat nuclear veapons this vhole shelter lhouid have been
positioned deep enough in the earth so that its blast doors would have
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been only a few inches above ground level, with the earth surrounding
the blagt-protector logs sloped up around them at an angle of less than
10 degrees. Or the earth mounded over the whole shelter should have all
its slopes less than 10 degrees.

The pole frame and plywood blast doors of the Small-Pole Shelter
wvere essentially undamaged by the blast effects at the 53-psi over-
pressure range (see Fig. 4.6). However, occupants would have been

injured if they had been standing with their heads close to the ceiling,

PHOTO
0704-77

3%
Fig. 4.6, Small-Pole Shelter after Being Tested with Blast
Doors Closed at the 53-pail Overpressure Range. Note the slightly
damaged expedient chelter-ventilating pump i{n the stoop-in entryway.
Two men worked about 5 min. to replace the 4 blown-loose flaps, the
only damage.
which wvas rapidly depressod when pressure on the roof poles caused the
wall poles to be punched down iato the soft, back-filled earth supporting
them. This dounvard movement of the roof and walls varied from a minimua
of 2 in, in the southwest corner to a maximus of 6~1/4 in. in the north-
east corner. Figure 4.7 shows the movement ai the center of the room, where
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PROTO
6453-76

Fig. 4.7. Movement of Upper Part of Small-Pole Shelter
Away from Ground Zero due to Blast Effects at 53~ps{ Over-
pressure Range.

the upper part of the shelter was moved 4-1/4 in. away from ground zero
and 4-3/16 in, downwari, relative to the "fixed" vertical post to which
the lower part of the damaged deflectlon gauge was attached. Further-
more, about 15% of the floor arva "puffed up" from 2 to B in. above its
original elevation.

Figure 4.8 shows how the floor "puffed up" about 6 in. in the

northeast corner of the shelter in the sast entryway; scme presaurized

earth caused some esrth to “flow" up into the closed room, in which the
measured peak overpressure was only 1.5 pai. About 851 of the floor

area was undigturbed, as wax the floor in front of the man's hand resting
on the cross brace. Neither the blast gauge resting on the brace pole

tn the cornar nor the amall expedient fallout meter on top of it was

soved.

e
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Fig. 4.8, "Puffed-Up" Part of the Floor of Small-Pole
Shelter due to the Start of Earth Flow under Moderately Long-
Duration Blast Overpressure at the 53-psi Overpressure Range.

1f a person had been standing va the floor when it was "puffed up"
suddenly, possibly his legs could have been fnjured. To prevent possible
injuries due to an intact ceiling moving very rapidly dowsward and/er
the flocr moving upward, occupants could recline in expedient bedsheet

11

hammocks ™~ slung {rom the upper horirzontal brace poles of the main

shelter room, as shown in Pig. 4.9,
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PHOTO
6458-76

Fig. 4.9. Expedient Bedsheet Hammock, Usetul to Avoid
Sever Shock Effects in a Sheltra at High Overpressure Ranges,
The m:n {8 operating an expedient shelter-ventilating pump via
an expedi¢at pulley-equivalent, a greased forked stick suspended
on strings.

The whole roof, the upper horizontal braces, and the upper ends of
the wall poles were all displaced about 4-1/4 {n, to the west (away from
GZ) by the bSlast effects on the S5-ft-high mound of shielding carth over
the shelter. The sides of this mound sloped about 36 dugrees; its width
on top averaged about 10 ft. (If this dry mound had been subjected to
the blast effects of a megaton vr larger nuclear weapon at the same 33-
psl overpreasure range, the much greater impulse and longer-duration
drag e{fects might have caused the earth mound to be displaced far
enough to wreck the underlying pole shelter--especially since the long-
duration blast~winds would have scoured away most of the earth cover.
Even a mound of wet earth, which is much less vulnerable to long-duration
blast-wind scouring, aight have been displaced far enough to cause
serious or disastrous structural damage.)

The maxlmus overpressure measured inside the shelter was 1.5 pai--
not enough to be harmful. Less than half of this pressure increase was
due tv the sudden reduction {n the volume of the shelter room vhich was
described above. The rest was caused by blast wind that blew through

cracks between the poles asavr the top of the vertica: entryways. These
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cracks appeared efter the initial blast wind had scoured away several
iuches of the covering zarth and torn away the polyethylene film that,
with the essential help of swall-scale earth arching, had kept earth
from betng forced beiween the cracks by the peak overpressure.

There was no damage to any of the life-support equipment in this
shelter, except for quickly repairable damage to the expedient shelter-
ventilating pump (KA.P)12 pictured in Fig. 4.6.

4.4 Conclusions and Recommendations

4,4.1 - A Small-Pole Shelter built in stable ground and equipped
with blast doors can give reliable protection against the blast effects
of small tactical weapons up to about the 5G.;y=( overpressure range.

4.4,2 - A modification of this shelter with a continuous pole floor
under the wall poles should not fall! as a possible result of a large
amount of pressurized and destabilized earth flowing up into it through
its floor when subjected (o the long-duration overpressures and large
movements caused by a megaton exploston.

4.4,3 - In order to preveant the above modification from seriously
reducing the capability of the shelter frame to yleld under blast loading
and thus promote protective earth arching, all parts of one of the
shelters to be tested should first be covered with readily cruahable
material, such as small tree limbs. Then this material should be covered
with fabric or plastic before placing earth around and over the protected
shelcer. .

4,4.4 - Small-Pole Shelters modified in theme ways &hould be sub-
jected to the effects of blast simulating at least a 100~KT explosion
at the 25-psl and 50-psi overpressure ranges, when installed in a treach
dug {n unstable earth, deep enough so that its blast doors are only about
a foot above the original ground level.

izt
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5. UNMODIFIED RUSSIAN POLE-COVERED TRENCH SHELTERS AT 20 AND 6.7 PSI

5.1 Purpose

Two identical unmodified Russian Pole-Covered Trench Shelters were
tested at the 6.7-psi and 20-psi overpressure ranges, in order to make a
more accurate estimate of the blast protection afforded occupants of
this common type of Russian expedient shelter. This unshored '"dugout"

is recommended for construction in stable earth.

5.2 Comnstruction

The two unmodified Russian Pole-Covered Trench Shelters were of the
design detailed in the 1963 Soviet civil defense handbook13 except that
the entrance stairvays were at right angles to their lengths, a modifi-
cation recommended in both the 1972 and the 1976 Russian shelter-building

nanuals.la'ls

Figure 5.1 shows most of the roof poles in position
before the shelter was covered with 4-mil polyethylene and earth mounded
30 in. deep. A total of 62 lodgepole pine poles, eech 7 ft long, were

laid side by side across the 3l1-ft-long trench

PHOTO
6406~76

Fig. 5.1. Poles Covering Russian Pole-Covered Tvench
Sheltar at 20-ps: Overpressure Range, vith Uncompleted Stair-
wvay Opening Facing Avay from GCround Zero.

Bl oo, e
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(not including the right-angle entry stairway that is shown in the
foreground of Fig, 5.1). Figure 5.2 gives the details of this simple

faliout shelter.

5.3 Location and Test Results

A Soviet civil defense handbook6 states that within "the zome of
complete destruction” the overpressure exceeds 0.5 kg/cm2 (~ 7 psi) and
that all residential and industrial buildings and all fallout shelters
will be destroyed. (This limitation obviously does not apply to the
Russian "hasty shelters" built of prefabricated comncrete or steel com—
ponents. Typical Russian expedient fallout shelters are of light
construction and are not designed tu withstand blast effects.) There-
fore, one unmodified Russian Pole-Covered Trench Shelter was built at
the forecast J-psi overpressure range (6.7 pei was measured). Because
of rhe almost vock-like caliche earth, an ldentical shelter was built at
the 20-psi range, to see {f occupants might survive more severe blast
effects than those at the 7-psi range. Neither shelter had a blast
door.

In the shelter at 20 psi, two anthropemnrphic dumsies (supplied by
the Lovelace Foundation) were seated xide by side just inside the inner
curtain (see Figs. 5.2 and 5.3). A wovie camera vas installed by Denver
Research Institute for the U.S, Army's Ballistic Research Laboratory.
This camera vas farther {nside the shelter, mounted on a concreted-in-
the-ground poat. This camera took 400 frames per second; the four
photographs of Fig. 5.3 were taken in 1/100 second. The first photograph
shows only a slight movemont of the innerwost blanket-curtain. The
second showia the earth walls heginning to crumble under the forces of a
ground shock wave, induced by the airwvave slap overhead before the
airborne shock wave reached these vails or the dummies. The third and
fourth photographs show the ionermost blanket-curtain being torn, revealing
the torn outermost curtaia, that was darker colored, being blowm behind
and agafnst it. The collapsing walla trapped the two dusaies before

o sl i it
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PHOTO 6632-76 (No. 1) PHOTO 6629-76 (No.

PHOLO 6636-76 (No. 2) FHOTO 6634-76 (No. 4)

Fig. 5.3. Dummies Being Struck by Airblast and Curtains
Traveling about 180 mph. Note the walls collapsing under ground-
shock stresses before the arrival of the airborne shock wave.
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the entering blast wind, which was shown by the four movie frames to
have a velocity of about 180 mph, could blow them over. (The blast wind
peaked at about 470 mph outside this shelter.)

Figure 5.4 shows the dummies trapped by the collapsing walls.
Because thelr strong steel joints did not permit these dummies te bend
forward, the collapsing walls did not bend them forward, knock them

down, and bury them, as would have been the fate of two men. Note the

unbroken roof poles.

PHOTO
0705-77

AT T

Fig. S5.4. Dummies at 20-psi Range after Ground Shock
Collapsed the Earth Walls of Shelter. Their steel "bones" and
joints prevented them from being knocked down and buried.

The measured overpressure inside this shelter was 7 psi--high

enough to break some persons' eardrums. (If this shelter had been sub-

Jected to the blast effects of a megaton weapon at the 20-psi range, the
maximum overpressure inside the shelter would have been almost 20 psi.)

The entry was wrecked and much of its covering earth was blown

away, as illustrated by Fig. 5.5. The ventilation duct was broken off.

it -
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PHOTO
6460-76

Fig. 5.5. Wrecked Entry of Russian Pole-Covered Trench
Shelter at 20 psi.

At the 6.7-psi range, an identical shelter suffered serious damage.
Chunks of hard caliche welghing up to about 400 lb were broken off the
very stable earth walls and would have injured shelter occupants. A
dummy seated on a fixed bench next to the blanket-curtains was knocked
off the bench by the shock wave and the entering blast winds (see Fig.
5.6).

PHOTC
6462-76

Fig. 5.6. Dummy Knocked Off lJench-in Russian Pole
Covered Trench Shelter at the 6.7-psi Overpressure Range.
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5.4 Conclusions

5.4.1 - In soils typical of must inhabited areas, if a shelter of
this design were subjected to the blast effects of a much larger explo-
sion at the 7-psi overpressure range, the Russian estimate of "total
destruction” would probably prove to be vealistic. (The author believes
that "total destruction" in this sense mecns the sthelter would be so
badly damaged as to be uninhabitable--not that all occupants would be
promptly killed.)

5.4.2 - Earth arching in adequately thick earth cover over pole
roofs prevents the poles from being broken by overpressures far in
excess of the pressures such roofs could withatand {f uncovered.

$5.4.3 ~ Stresses due to ground shocks and earth waves would be the
predominant causes of failure of unshored trench shelters subjected to

the blast effects of large explosions.

6. LOG-COVERED TRENCH SHELTER AT 53 PSI

6.1 Purpose

We constructed an unshored trenchi shelter with {ts roof poles posi-
tioned in two Jifferent ways and located at the predicted 50-pai over-
pressure range because:

a. We anticipated that the extremely atable, rock-like caliche
earth at the test site would result in unahored trench walls being so
strong that they would not collapse under the ground shock stresses
produced at the 50-psi range by mere 1-KT blast effecta.

b. We were confi{dent that effective earth arching in the thick
ecarth would prevent the breaking of roof poles.

c. We wvere interested in comparing the effectivencss of the Russian
and the Chinese way of roofing & trench with roles or logs.

6.2 Construction
This shelter was built with half of its 12-ft-long room having {ts
roof poles positioned in the Nussian manner & ground level (see Figs.
5.1, 5.2, and 6.1), The other half of the room had its roof poles positioned

L SRR A v
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inar ded Chinese 16 (i.e., about 28 in. below ground

level), Figure 6.1 shows the vertical cross sections of these two
halves as modified from the original! designs in order to permit a better
comparison between the merits of the two different ways of positioning
roof poles. (The room of the Russian half was made 16 in. less in
height than in the original Russian design, and the Chinese hslf was

made 4 in, less in width than specified in the Chinese hnndbook.m)

PHOTO
DG 77-10330

Fig. 6.1. Compar{son of Russian Way and Chinese Way of
Posltioning Poles to Roof a Trench Shelter. Note that the Chinese
way requires about 35% less earth to be moved {n order to make a
S=fr-thick covering--about the thickness specified in a Chinese
handbook for shielding against inftial nuclear radfation.

As showm {n Fig. 6.1, the Chinese half was built with {rs roof
poles resting on earth shelves 28 in. below ground level, cut into the
hard caliche. Al}l roof poeles (logs) were pondercsa pine. The poles
averaged about 5 in. in diameter, not including their bark. All were
cut 7 ft long. Earth was mounded about S ft above ground level over
this vhole shelter. This resulted in about 4-1/2 ft of earth covering
the roof logs of the Russian half and about 6 ft covering the roof loge
of the Chinese half. Blaast-wind scouring removed a foot of this mounded

earth.
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The vertical parts of the two entries to the shelter were of a
newly developed design with triangular cross sections. The expedient
blast doors were of a new triangular type. This design (see Figs. 6.2
and 6.3) was developed in order to: (a) use green poles cut from ordinary
trees to make a tight-closing expedient blast door that takes advantage
of the fact that three intersecting straight lines determine a plane,
(b) require only widely available hand tools and common materials (e.g.,
auto tires, nails, and some wire or rope, in addition to poles), and (c)
make practical the use of &« triangular vertical shelter entry, which has
a smaller cross-sectional ar=a than does a rectangular vertical entry
big enough for the same sized person t» use, and shows promise of requir-
ing less materials to meet a given level of blast protection.

Fig. 6.2. Expedient Triangular Blast Door Made of Pine Poles.
The auto-tire flap valves over the 1-1/2-in.-wide spaces between
the polea were undamaged by the blast effects at the 53-pai over-
pressure range. Ground fero was to the left. Blart effects had
woved the three connected blast-protector logs, preventing the
door from being opened fully.
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PHOTO
6442-76
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¥Fig. 6.3, View of the Same Triangular Blast Door, Looking
Toward Ground Zero. The hinge pole, originally 7-in. in diameter
after peeling, had been flattened on its top and back side. The
two other polvs, 8-in.-diameter, had been flattened on their bot~-
tom, top, and inner sides. All three poles were notched and nailed
together. Note the slota between the door-covering poles,

6.3 Test Results

Figures 6.2 and 6.3 show the triangular blast door on the south end
of the shelter, undamaged after the blast. Note that one of the 3
blast-protector logs (the log in the lower left corner of the photograph)
has been pushed by the blast up against the hinge-pole of the blast
door, The door was undamaged. However, the movement of the earth mound
had broken the door-seat pole on which the man's foot 18 shown resting
in Fig. 6.3, Figure 6.4 ghows the break wmore clearly.

Both of the triangular blast doors were undamaged. The expedient
blast valves on the blast doors were closed by the blast, and about 752
opened after the blast, permitting adequate ventilation with an expodient
pump, a KAP. The overpreasure inside the Chinese half was 1.5 psi, and
the overpressure directly under the north door was 3 psi. The results
of this test indicate that the use of expedient blast valves over the
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Fig. 6.4. Broken Pole of Triangular Door-Seat. This pole
was broken by differential earth movements of the earth mounded
over the shelter. The man's hand rested on the unbroken hinge-

pole.
1-1/2-in.-wide cracks of this blast door is impractical. Most of the
flap valves opened before the strong blast afterwinds subsided. These

winds plus the natural desert winds blew so much dirt and sand through

the valves and into the shelter that a serious fallout entry problem
Figure 6.5 shows the blast door at
Much

could exist after a nuclear blast.
the north end of the shelter before it was opened after the blast.

earth and sand had been deposited on it by the subsiding blast winds.

PHOTO
6441-76

Fig. 6.5. Posttesat Condition of Expedient Triangular
Blast Door. Some flap valves had been jammed shut, and
such eacth and sand hau been deposited.
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Although not one roof pole of any part of this shelter or any other
shalter was brokenr or cracked, the ground-shock effects collapsed the

walls of the Russian half of this shelter so badly (see Fig. 6.6) that
all occupants would have bean killed. Damage to the Chinese half was

PHOTO
6445-76

Fig. 6.6, Postshot View of the Caved-In Caliche Walls of
the "Russian" Half of the Log-Covered Trench Shelter at 5) psi.

wmuch less serious, although hundreds of pounds of caliche, some chunks
weiguing up to 20 1lbs, ware brokesn off the edges of the ahelves supporting
the roof logs. The roof-deflection gauge in the Chinese half recorded a
saximum transient downward deflection of 1~1/2 in. and a permanent
deflection of 7/8 fir.

6.4 Conclusiona and Recomsendations

6.4.1 = Under the longer-duration blast effects of a large nuclear
explosion, mounded entries extending several feet above original grade
level would probahly ba wrecked by the combined effects of blast-wind
scouring and dynamic drag.

6.6,2 ~ Blast doors should he positioned only about a foot above
ground level, and earth should dbe mounded with slopes of 10 degrees or
less. (Unfortunately, such desper excavation, even in softer earth,
might make construction within 48 hrs impractical for builders having
only hand tools.)
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6.4.3 - Trisngular blast doors made of poles can readily be built
to withstand 50-psi blast effects, but should be made solid and as

nearly dust-tight as practical. Separate ventilation shafts with blast

valves should be provided, with the blast valves positioned about 2 ft
from the bottom of each shaft.

6.4.4 ~ Persons building expedient shelters to provide protection
against nuclear blast effects should build well-shored shelters with

blast doors whenever practical.

7. LOG~COVERED TRENCH SHELTER AT 31 PS’

1.1 Purpose

A near-counterpart of the Log-Covered Trench Shelter that was
tested at 53 psi was teated at 31 pal, in order to deterain: at vhat
overpressure range this type shelter, if built in extremely stable
earth, will survive. Also we vished to test a semiexpedient design of

stee! blast door on a shelter entrance at approximately 30 psi. 1

7.2 cdonstruction

This shelter was constructed the same as the Log-Covered Trench
Shelter at 5} psl, except that protecting its single entry it had a
semiexpedient blast door wade of about 65X of a 30-gal. steel oil drum.
Rubber-tire hinges and rubber-tire seals wade a snug closure between the
door and the upper part of the vertical entry. The upper 2 ft of the
sertical entry was made ot two thicknesser of 2-in. boavds nailed together
(see Fig. 2.1).

7.3 Tesr Results
Although the blast ¢ffects loosencd some of the bolts of the steel
blast door, tore the metal in several places, and produced other d
! : indicating that it was on the verge of failure, it did not fail.

PGS Pt wnomime v v s
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PHOTO
6493-76

Fig. 7.1. Semlexpedient Blast Door Made of a 30-gal Steel
Drum, Badly Damaged at i1 psi but Still Blast-Tight. H8last-wind
scouring had removed wp to 17 in. of the dry earth mounded around
this entrance and hlown away it» single blast-protector log.

Figure 7.2 piotures the interior of the Chinese half of the shelter
after th- piast had droken hundreds of pounds of caliche off the very

stable walls and jnwersd the roof but did not cause it to collapse. No
poles were cracked in any part of this sheiter. The walls of the Russian
half collapsed so badly that ali occupants would have been buried.

PHOTD
6446-76

LV LM TR Y

£ e often
H s g oy
o

Fig. 7.2. Serfous Wall Caving at 31 psi (Predicted 30 psi).
The beam deflection gauge on top of the post showed a 2-1/2 in.
lowering of che center voof log.
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7.4 Conclusion and Recommendations

7.4.1 -« Even in extremely stable earth, an unshored trench shelter
at 31 psi would give inadequate blast protection against even a small
tactical nuclear weapon.

7.4.2 - The steel-drum blast door is not as blast resistant as pole
or plywocd blast doors that require materials much less difficult to
find ard that require less skill, tools, and time to build,

8. DOOR~COVERED EARTH-ROLL SHELTERS AT 15 AND 5.8 PSI

8.1 Purpose

Two of these :boveground small fallout lhelters.7 made of interfor
hollow-core doors, bed sheets, and other macerials available in tens of
millions of Amsrican homes, were tested at the 15- and 5.8-psi overpres-
syre tanges in order to determine if the shelters would afford better

blast protection than would typical homes.

8.2 Construction
Each shelter was built with {ts long axis on a radius from ground

zero. Figure 8.1 shows the interisr of the shelter st the 13-pél range

PHOTO
6491-16
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rig. 8.1, The Bedsheet "Earth-Roll" Walls ¥ere 36
Inches Apart before Test.
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before the explosion. The vertical stick touching a roofing door is a
roof-deflection gauge, with its upper end consisting of nothing but a
thin cylinder of household aluminum foil, an unsatisfactory device if
expoged to blast wind. Figure 8.2 gives details of the construction of
these sheltars (see p. 33).

8.3 Test Results

Figure 8.3 is a posttest picture of the northward-facing entyy of
the shelter at the 15-psi overpressure range. This photograpu alse
shows part of the northward-facing side of this ahalzar. The blast
winds scoured only about 1 ia, of earth from the top of this shalter,
apparently becaure its long, flat top exteaded (n the same dirscrion
that the blast winds blew. Note the procf of the tougheess of polyester-
corton pillowcascs used to make 100-i{b sandbags. The sandbag in the
foreground was blown about 7 £t by the approximately 370 mph blast wind

without being broken,

PROTO
6483-76
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¥ig. 8.3, Morthward-Facing Entry (st xight Angle to
the Direction to Ground Zero) of Door-Covered ¥arth-Roll
Shelter at the 15-pai Ovecrpressure Range. This ia a post-
teat photograph.

To the auprise of most observers, earth arching abave the roof doors
prevented any of them from being broken in by the blast effects. The doors
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Fig. 8.2. Door-Coverwd Earth-Roll Shelter, Tested at 15 and 5.8 psi,
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were not broken in, even though the lower 1/8-in.-plywood veneer of
three of the six doors was broken. Figure 8.4 pictures the interior .f
the shelter at the 15-psi overpressure range after the blast effects
outside had caused the sandy soil inside the bedsheei "earth-rolls" to
"flow" inward rapidly. The width of the shelter was reduced from 36 in.
to a minimum of 14 in. No additional earth movements were observed
during the two weeks following this test. This unanticipated earth
within the "earth rolls" did not tear any of the pieces of bedsheet
cloth.

PHOTO
648476

Fig. 8.4. Interior of Door-Covered Earth-Roll Shelter
after 15-psi Blast Effects had Reduced Width of Shelter from
36 Inches to a Minimum of 14 Inches Near Its Center.

Pressure-time measurements on the adjacent DNA Gauge Line No. 1
showed that only about 40 msec elapsed between the peak overpressure of
14.9 psi recorded at the same distance (820 ft) from ground zero, and

its reduction to 6 psi, the maximum overpresasure recorded inside
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this shelter by the ORNL pressure gauge shown in the foreground of Fig.
8.4. The gauge that had been installed to measure the roof deflection
was blown away by the entering shockwave and blast wind. The reduction
in ceiling height appeared to be less than 1 in. in this part of the
shelter, buc up to about 4 in, in other parts.

At the 5,8-psi overpressure range, the Door-Covered Earth-Roll
Shelter was still habitable for weeks after the test. Figure 8.5 shows
that at 5.8 psi the walls were not forced inward by the blast effects.
The unbroken upper 1/8-in. veneer plies of the doors held as flexible
membranes, and earth arching was set up in time to prevent this shelter's
roof from being collapsed either as a result of initial mechanized earth

loading or due to the 5,8-psi blast effects.

PHOTO
6485-76

Fig., 8.5. Posttest Interior of the Door-Covered Earth-
Roll Shelter at 5.8-psi Overpressure Range. The lower 1/8-in.
veneer of the doors had been badly broken by impact before the
test, due to a front-end loader having dumped tons of earth
onto this yielding roof.
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The peak overpressure measured inside this shelter was 3 psi, about
half the 5.8 psi measured outside on DNA's adjacent Gauge Line No. 1.
The blast winds, that peaked outside at about 175 mph, scoured away only
a fraction of an inch of the shielding earth.

8.4 Conclusions and Recommendations

8.4.1 - A Door-Covered Earth-Roll Shelter obviously is impractical
for use as a blast-protective shelter against blast effects considerably
less than those at the 15-ps1 overpressure range from even a very small
nuclear weapon.

8.4.2 - If this fallout shelter with a protection factor of at
least 200 had been built in & typical suburb and had been subjected to
the blast winds from a megaton weapon at the same 5.8-psi overpressure
range, it might have been damaged or destroyed by blast~hurled pieces of
houses and/or trees.

8.4.3 - Notwithstanding the hazards inherent in the usc of this or
any other lightly constructed aboveground shelter in a blast area,
occupants of this simple shelter would have a decidedly betrer chance of
surviving than would people inside typical suburben homes, wiich would
be demolished by the blast effects at 5.8 psi.

9. RIDGE-POLE SHELTERS AT 15 AND 5.5 PSI

9.1 Purpose

In wooded areas having the water table or rock too close to the
surface for belowground expedient shelters to be practical, untrained
families with few tools have been able to build Ridge-Pule Shelters in
less than 48 hours. No prior blast testing of this type sheltir, that
has 1its side poles merely leaning against its ridge pole, had been
carried out anywhere (see Fig. 9.1).
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PHOTO
6405-76
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Fig. 9.1. Almost Completed Frame of Ridge-Pole Shelter
at 15 psi. Only the outermost roof pole of the entry has
been placed cn its wall poles.

9.2 Constiruction

Two identical Ridge-Pule Shelters were built, each having the
dimensions shown in Fig. 9.2. One was teated at the measured 15-psi
overpressure range, and the other at the 5.8-psi overpressure range.
Each was positioned with its ridge pole perpendicular to a radius from
Gz, with one of its two crawl-in entries facing GZ and the other entry
facing in the opposite direction. Figure 9.1 shovs the almost completed
pole frame, plus a temporary brace pole steadying the entrance. The
pole frame was next covered with small, leafy limbs (Fig. 9.3), which in
turn were covered with 4-mil polyethylene. Then a covering of dry,
sandy earth 2 ft thick was placed over the whole shelter, with earth-
filled potato bags retaining the earth over the entrances.

9.) Test Reoults

9.3.1 - At 15 psi.--Contrary to our expectations that the blast
effects would collapse the main room, the main room was undamaged (see
Fig. 9.4). The ridge-pole was moved only one-half {nch avay from GZ.
However, up to 9 in. of earth was scoured off the top of the shelter.
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Fig. 9.2. Ridge-Pole Shelter Tested at 15 and 5.8 psi.
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PHOTO
647676

Fig. 9.3. Covering the Frame of a Ridge-Pole Shelter
wvith Salt Cedar Limbs.

PHROTO
6498-76

Fig. 9.4, Pou.terr !:terior of Ridye-Pole Shelter at
15 pal. The main room was undamaged; the ridge pole had been
moved only 3/4 in. avay from G2,

In threo places the underlying plastic over the ridge was broken; as a
result, dry, sandy carth fell through the roof pole in these places,

producing hules several inches acrosd, open to the sky.
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The seriousness of what would be the amount of blast-wind scouring
by a 1-MT explesion (which at a given overpressure range would produce
blast winds lasting 10 times as long as the i-kiloton blast winds at
DICE THROW) is indicated by the removal of all shielding earth from the
GZ side of a 1/10-scale model of this Ridge-Polc Shelter, also tested at
15 psi (see Fig. 9.5).

PHOTO
6392-76

Fig. 9.5. Postteat Extevior of 1/10-Scale Ridge-
Pole Shelter at 15 psi. Scouring by the blast winds had
removed practically al)l the earth, plastic and twigs on
the side facing G2 and over the tvo entriss--indicative
of blast-wind scouring of earth cover over a full-scale
shelter by a megaton exploaion.

The most suprising damage is showm by Figs. 9.6 and 9.7. Obviously,
the dry earth “ilowed” awvay from the middle of the sheltur and toward the
tvo ends of the shelter. apparently the pressures on the ends of the
shelter were decreased as compared to the pressures on the center, both
by the lack of 1eflected overpressures at the ends and the lowering of
pressures at the ends caused by Bernouli effeccs where the velncities of
the blast winds vere increased ai the winds pésuad around the ends of
the obstructing shelter.
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PHOTO
6478-76

Fig. 9.6. Collapsed Entrance Facing Away from GZ,
The blast winds had scoured away most of the covering
earth, and the earth had “flowed" away from the center
of the shelter, pushing the upper part of the entry in
a direction perpendicular to the rad{us from GZ,

PHOTO
6477-76

Fig. 9.7. Postblast View of the Entry of the
Ridge-Pole Shelter Facing GZ, at 15 pai. MNote the
scattered potato-sack sandbags, that had been olaced
to retain the earth over the entry. Fasth "flow”
had pushed all but the base of the entry away from the
middle of the sheiter, leaving none of the entry valls
perpendicular.
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The three fireplace-size logs (see Fig. 9.7) in front of the entras:e
facing GZ, and also the two poles pictured resting on rhe gide of the
ghelter, had been carried by the blast winds from where they had been
stacked before the test at the 70-psi range, 315 ft from where they came
to rest. Note the identifying spot of paint on the end of the log on
the right,

The overpressure inside only reached 3 psi, due to the small size
of the semicollapsed entryways, the relatively large volume of che main
room, and the relatively short time (about 80 ms) that the uverpressure
cutside remained about ] psi.

9.3.2 - At 5.8 psal.--As anticipated, this Ridge-Pole Shelrer was
undamaged as regards {ts pole frame. Measurements showed the ridge pole
to he upmoved, However, 6 to 12 in. of dry, sandy earth was vemoved
from the ridge, partly due to blast-wind scouring and partly due to
shock effects having broken 5 holes in the 4-mil polyethylene where the
thin plastic covered the rough ends of the wall poles.® Some dry, randy
sarth had fallen through thesc holes, but ne part of the roof was wholly
wacowered.

The gverpressury mecsyred inside was 2 pai,

9.4 Comlueion: and Revcwmscidations

9.4.) « Bus G the amount of dry shieclding earth that would be
removed by tha blast winds that wo:ld be produced by the sizes of nuclear
viapons that meusce The Lafced Stucag, and alao due to the damage that
abevezroud sheltevs Lulll in vomded 1:0ea would suffer from blast-
Bavled tiega, the praceicality ol kidge-iole Sheiters for protection
aguast both Plast effects and fallout i seversly limited. (If the
eartn is wet, however, blasc-wing scouring by l-kiloton blast winds at
the 1o-psl overaressurs range remcvea a negligidle (hickaess of sandy
earth from a shaltsy with the waas slope and oriencacioa of rool.l)
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9.4.2 - Before covering this type shelter with thin plastic prepar-
atory to covering with earth, the ends of its poles should be covered

with cloth, rugs, or other stronger material.

13, DOOR-COVERED TRENCH SHELTERS AT 31 AND 15 PSI

10.1 Purpose

Most scparate American homes have enough interior doors to voof a
trench shelter for the occupants and thus provide them with much better
protection against fallout radiation and fire than do the great majority
of homes. 1In a prior DNA blast test, a Door-Covered Trench Shelter was
essentially undamaged at 5 psi. Therefore, we tested this aimple fallout
shelter at the predicted 30~ and 15-ps{ overpressure ranges. The test
at 30 psi was carried out to learn whether or no: earth arching would
prevent Lhe collapse of the hollow-core interior doors roofing a trench
dug in almoat rock-like earth--not to eitizate the ultimate survivadility
of persons exposed to 3O-psi blast effects in a very small opem shelter.

10.2 Construction

The booy-Covered Trench Shelters at 31 and 15 pai were of identical
construction, as shown by Fig. 10.1. However, a greater thickneas of
earth wvas mounded over thesv shelters, about 2-1/2 ft, thaa shown in
this drawing. We had found that a hellow-core interior door can with-
stand being covered with earth many feet thick, since it vields under
leading and protective earth arching develops in earth sounded over it.

10.) Teat Results

10,31 - The abeltor at 31 pai van a total failure. Earth arching
over the door did not preveat it from being brokea in at this high
overpressure. Figure 10.2 shows the depredsion vesulting from this
collapsed chelter, photographed eight days afier the Llast. Note the
large asunt of sand that had boes blown into this depression during these
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PHOTO
0703-77

Fig. 10.2. Photo of Door-Covered Trench Shelter Taken
Eight Days After the Blast. The doors verc smashed in. Note
the sand accumulation in the right side of the hole indicative
of the probability of dangercus ascunts of fallout heing blown into
entries used as ventilation openings in blast-devastated areas.

postblast eight days. In the desert outside the blasxt-devastated area,
the grass and desert shruhs prevented any consequential blowing of sand
and dust during these same eight days. Open entries serving as veatilaticn
openings had large amounts of aand blown into them, iadicating & potential
fallout-entry problem {n blast devastated areas.

10.3.2 - At 15 pat the roofing doors were cracked but not broken
in. (See Fig. 10.).) However, much hard caliche was brokea off the
valls, The overpressure measured vas 5 psi, high enough to break some

occupants' eardrums.

10.4 Conclusions and Recommendations
10.4.1 - If subjected tv the longer-duration overpressures and
greater amplitudes of ground motions caused by strategic weapons,
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PHOTO
6489-76

Fig. 10.3. Postblast Interior of Door-Covered Trench
Shelter at 15 psi., Large chunks of earth were knocked off
the walls. Between 16 and 24 days after the blast, the partly
broken doors broke completely.

Door-Covered Trench Shelters would afford obviously inadequate blast

protection at overpressure ranges considerably less than 15 psi.
10.4.2 - In blast-devastated areas, the problem of fallout par-

ticles being blown into shelters dependent for thelr air supply on

ground-level openiris could be serious.

11. CHINESE "MAN" SHELTER AT 20 PSI

. . 11.1 Purpose
¢ - In the first Chinese handbook16 on nuclear defense that came into

: L our hands, we saw the shelter illustrated by Fig. 11.1. Previously, we
had never seen or conceived a blast shelter of this design or one built

of such thin poles. If such thin poles could safely be used, it would

e v s

ppnTee

i




LLOM A8

- e
S g

47.

reduce the labor of cbtaining the poles for an expedient blast shelter--
one of the chief constraints on the practicality of such shelters.
Therefore, we decided to blast test this Chinese design.

PHOTO
77-12599

| 3-107 AFHERBMR

Fig., 11.1, Chinese "Man" Shelter Tested at 20 psi. This
sheligr is called "Man" Shelter in a Chinese civil defense hand-
book™ " because a cross section of its frame resembles the Chinese
character "A" for "man."

11.2 Construction

The main room was 10 ft long., It was made in a trench with two
shelves, a bench and a 1-ft-wide foot-trench dug into the hard caliche.
The sloping wall poles were first cut 6 ft 6 in. long, but later had to
be reduced about 6 in, in length because their lower ends could not have
been dug into the rock-like earth without breaking off large chunks of
the two shelves on which the wull poles rested,. The two small poles,
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one below and one above where the wall poles crossed at the top of the
frame, were encircled tightly with a singie strand of No. 9 wire between
each adjacent wall pole.

The 10-ft-long main room (see Figs. 11.2 and 11.3) plus a 5-ft-long
horizontal entryway required 28 poles on each side, averaging about 3
in, in diameter, including bark. The tops of these poles averaged about
2-1/2 in., excluding bark. The horizontal entryway was of the same
design as the main room, except that its entire floor was at the same
level as the shelves and the bottoms of the wall poles of the main room.
It led to the vertical south-end entry that, for lack of a Chinese
drawing, we designed and built using the triangular construction pictured
in Figs. 11.2 and 11.4. The poles of the vertical entry averaged a
little over 3 in. in diameter, including bark. Above the 30-in. x 30~
in. opening at the outer end of the horizontal entryway, the inside of
the vertical entry was an equilateral triangle 39 in. on a side--big
enough for a big man. (See Figs. 11.2 and 11.4.) The five uppermost
poles averaged 4 in. in diameter, and the top three were notched and
nailed together so as to make a plane on which the blast door could be

closed snugly.

PHOTO
6464-76

Fig. 11.2, Completed Frame of Chinese '"Man" Shelter Tested
at 20 psi, In accord with the Chinese drawing, the poles of the
main room averaged only about 3 in, in diameter. The triangular
entries and trliangular blast doors were of ORNL designs.
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PHOTO
0698-77

Fig. 11.3. Undamaged Interior, Showing Earth Bench on
One Side and Roof-Deflection Gauge on Post.

The blast door was very similar to the triangulsxr blast doors on
the Tog~Covered Trench Shelters described in Section 4, except that
the three frame poles of the doo! were smaller in diameter, and the
door had six cpen slots and six flap valves, as shown in Figs. 11.5
and 11,6, To p..ovent the door and the uppermost pclus of the triangular
entry from being ‘wulled up and blown away during t:¢ negative pressure
phase of an exploaton, the uppermost poles were wired securely to poles
about 3 ft lower down the entry.

Fig. 11.7 shows the covering of the shelter frame, except for the
mounding of the shielding earth. Due to a construction error, the earth
was mounded 4 ft deap above the tops of the wall poles, rather than the

approxinate 3 ft shown by the Chinese drawing,
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PHOTO
2954~717

Fig. 11.4. The Lower Part of the Vertical Triangular
Entry is Pressed Horizontally Against Two Pairs of Vertical
Posts. FEach pair is wired together. The two pairs are held
apart by two horizontal spacer poles toenailed in place to
frame the rectangular opening between the horizontal and
vertical parts of the entry. The palrs of vertical posts are
pressed against two horizontal poles (the uppermost 1s shown)
that in turn rress against both the outermost two poles of the
horizontal part of the entry and the earth in two slots dug
in the sidewalls of the excavation.

PHOTO
6467-76

Fig. 11.5. Posttest Undamaged Triangular Blast Door,
Made of Three 5~in.-Diameter Peeled Poles Covered with Seven
4~in.-Diameter Peeled Poles. Between these covering poles
were six 2-in.-wide ventilation slots, protected by aix flap
valves made of strips cut from worn tire treads,
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PHOTO
6469~-76

Fig. 11.6. Undamaged Triangular Blast Door, Partly Open
and Viewed Looking Up the Side of the Triangular Entry to Which
the Door was Hinged.

PHOTO
babd~-/b

Fig. 11.7. Covering the Limb-Covered Pole Frame with
Bedsheets. Salt cedar limbs had firat been placed crosswise
over the lightly constructed pole frame.
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The other (north) entry was ruggedly constructed of 6-in.-dlameter
vertical poles, with interior triangular braces. 1Its blast door was
practically identical to the door on the ORNL-designed "Chinese" entry
to the south end of the shelter. A rectangular expedient shelter-
ventilating pump (a 20-in. x 24-in. KAP) was installed in a makeshift

frame placed in the horizontal crawlway leading to the north entry.

11.3 Test Results

Contrary to our predictions, this lightly constructed shelter,
tested closed, was undamaged by blast effects. The undamaged interior
is plctured in Figs. 11.3, 11.8 and 11.9.

PHOTO
0701-77

Fig. 11.8. Posttert View of Opening at Bottow of Triangular
Vertical Entry, Undamaged by 20-psi Blast Effects.

)
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PHOTO
6470-76

Fig. 11.9. Postshot Condition of the Lightly Constructed
Triangular Vertical Entry. The hammer rests on a step-pole.
Earth arching prevented the yielding bedsheet outside from being
torn.

The triangular blast-protector logs around the doors, each 8 ft
long and 7 to 8 in. in diameter, vere moved away from ground zero, so
that 4 log pressed against the blast door hinges of each door. See Fig.
11.5, Both doors, however, could be opened. The blast winds seoured
away about 8 to 10 in. of dry earth froa around the six logs.

The blast valwes on both doors obviously closed properly; a pres-
sure rise of only 1 pil was recorded in the center of the shelter. The
subsequently open valves permitted enough sand and dust to fall into the
entries Lo have constituted a health hazavd if heavy fallout had been on
the ground outside. The ventilating pump and its flimsy frame were
damaged slightly, but required only about 10 minutes to vepair defore
postshot testing.

The undamaged shelter frame was moved only slightly. The top of
the roof was permanently depressed 1-5/8 in. and pushed 3/4 in. away

i 7 from GZ.
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11.4 Conclusions and Recommendations

11.4.1 - The Chinesc "Man" Shelter, 1if built with the ORNL-designed
triangular vertical entry and expedient blast doors, 18 a good example
of the blast protection attainable by properly building a lightly con-
structed shelter that ylelds under blast loading so as to attain effec-
tive earth arching in an adequately thick earth covering.

11.4,2 - We lack information concerning the magnitude and duration
of the earth pressures produced by the blast on the wall poles--pressures
that tend to collapse this A-frame structure. Therefore, we are unable
even to hazard a prediction as to whether or not this closed shelter
would survive the blast effects of a megaton weapon at the same 20 psai
overpressure range, producing greater and much longer-lasting over-
pressures at depth, and ground waves of much greater amplitude.

11.4.3 - During a rapidly escalating crisis, in many wooded areas
the most difficult poles to supply in adequate numbers at shelter-
building sites would be the long, straight, stout poles required to
make rectangular entrics of blast shelters. Therefore, triangular
blast entries made o! short, light poles and triangular expedient blast

doors should be tested at higher overpressure and longer duration.

12. RUG-COVERED TRENCH SHELTERS AT 15 AND S.& PSI

12,1 Purpose
Tarp-Covered Trench Shelters had been undamaged by heavy static
and moving loads, including a 6-ton backhoe driven over the earth

o b
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covering a shelter of this type r.ofed by a cotton tarp.u Since a
cotton tarp is not as strong as a plece of typical wall-to-wall car-
peting made largely of strong synthetic fibers, we anticipated this
shelter would withstand the blast at the 15 psi overpressure range, by
facilitating earth arching.

12.2 Construction

Fig. 12.1 shows the principal design elements of a Rug-Covered
Treach Shelter. The two wodels tested at DICE THROW had main-room
trenches 40 in, vide, 6 ft deep, and 11 ft long. The roofing rugs were
each 12 ft wide by 11 ft lomg. These rugs had a double iaminated jute
backing over nylon--typical lowvcost wvall-to-wall carpeting. No diffi-
culties were experienced in covering the rugs with earth to a depth of
48 {n, over the mid-line of the trench, nor i{n completing the 20-in.-
wide entrances at each end. See Figs. 12.2 and 12.).

12.3 fest Results

12.3.1 = At 13 psi, the rug was iorn lengthwise on one side from
end Lo end, and the mass of overlying earth fell iato the treach. This
complete failure is shown clearly dy Pig. 12.4.

12.3.2 - AL S pui, the rug vas not tora, but the ground shock
loosened it from the earth holding one of its edges in a stde trench,
As & result, the whole untorm rug and the mass of carth above it fell
into the trench, to within about i8 {n. of the tveach floor. At thia
point, earth arching and the streagth of the rug atopped the doveward
(all.

Occupants sitting im the trench would have boen crushed.

12.4 Conclusions and Recoamendations

12.4.1 - A Ruj-Covered Trench Shelter definitely ahould mot be
Bullt tn areas likely to be subjocted to blast effecty.

12.4.2 - A Rug-Covered (or Tarp-Covered) Treach Shelter should caly
be bullt for fallout protection, ia an avea vhere the earth is very
stable, by peracas lacking other materials vith which to voof an expe-

i dient treach shelter.
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I PHOTO
/ 6490-76
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Fig. 12.2. Tamping Earth over Edge of a Side-Trench of
Rug-Covered Trench Shelter at 15 psi.

6491-76

TN . R A

Fig. 12.3. Dumping Earth on Side of Rug before Mounding
Earth 4-ft Deep along Centerline. An earth-{illed bedsheet
“roll" and a pillowcase “sandbag" retained earth at each entry,
pilctured prior to completion.
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PHOTO
6492-76

Fig. 12.4. Demolished Rug-Covered Tremch Shelter at 15
psi. The edges of the rug were not pulled loose by blast
effects; it was torn lengthwise.

13. SCALE MODELS OF SHELTERS

13.1 Purpose and Comstruction

In order to save money and to compare the resistance to blast
effects of full-scale and reduced-scale shelters, the scale models
listed belov were tested. All scale models were built of materials
as aimilar as practical to those of their full-scale counterparts, and

linear wcaling of all dimenaions was used {n all cases.

13.2 Test Results
13.2.1 - One-Half-Scale Rug-Covered Trench Shelters at 13 psi and

3 psi.--Both vere undamaged by the blast wffects, vhereas their fulle

scale counterparts failed at the same overprensure rangea. The canvas
used to voof the one-half-scale models was approximately one-half as
strong as the wall-to-vwall carpeting used to roof the full-scale shelters.
For the one-half-scale models, a fabric only one-fourth as strong should
have been used, snince the weight of earth supported by a l-ft-wide
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segment of the coofing fabric (measured along the edge of the trench) of
the one-half-scale model is one-fourth as great as the weight of earth
supported by a l-ft-wide segment of the roofing fabric of the full-scale
shelter (1 x 1/2 x 1/2 v8 1 x 1 x 1). But even if we had selected
roof ing fabric only one-fourth as strong for the one-half-scale model,
scaling would not have been satisfactory because the strength of the
earth of the unsupported walls would have remained the same in both
models, whereas the full-scale model to be equally strong would require
earth having twice the resistance to shearing and tensile stresses.
13.2.2 ~ Unshored Earth Walls of Trench Shelters.--In all cases, at

the same overpressure ranges the unsupported earth walls of small-scale
trench shelters and of small-scale open trenches wvere less damaged by
blast ef{ects than were the corresponding valls of large-ccale trench
shelters and of large-scale open trenches. This was due to the fact
that the volume of earth tending to be sheared off a tremch wall by
gravity and ground-shock forces increases as the cube of the increase in
scale, vhereas the area of the surface of the potential shearing-off of
this volume {ncreases as the square of the {ncrease in scale. As a
result of this Aifference, {f wve double all lincar dimonsions of a half-
scale treach, then in the case of the full-scule earth wvall a unit-area
of the surface of potential shearing is subjucted te twice the unit
stresses o vhich a corresponding unit-area of the half-scale earth wall
is asubjected. Therefere, the full~scale trench vall fails first.

13.2.3 - une-Half-Scale Chinesr ‘Man" Shelter at 3] pwi, =~~This
closed shelter (Fig. 13.1) was a onc-half-scale counterpart of tha
Chinese "“Man" Shelter tested at 20 pai, excopt that it had daly oune
entry and had only on¢ blaet-protector log, whick vas {0 fn. {n diameter

and sccured by siakes.

e
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PHOTO
6472-76

Fig, 13.1. One-Half-Scale Chinese A ('Man") Shelter
Tested at 31 psi with Its Triangular Blast Door Closed.
Before being covered with earth mounded as high as the blast
door, the whole shelter was covered with 4-mil polyethylene.

The blast tore loose the blast-protector log. The blast winds,
theoretically peaking at about 670 mph, hurled this log 180 ft, where it
struck the side of the Ridge-Pole Shelter. About 10 in. of dry earth
were scoured from around its entry. The earth shelves on which the
lower ends of its side-poles rested were cracked, but not broken off.
About 2 in. of powdery caliche earth accumulated on the floor. The
height of the shelter roof was reduced only 7/8 in.

13.2.4 - One-Tenth~Scale Chinese A ("Man') Shelter at 31 psi.—-

This 1/10-scale model consisted only of a main room, closed at both ends

" with its top at ground level. The frame was undamaged,

with "polies,
but had been pushed into the sandy earth 2 in., reducing the celling
heig!:it of the room from 4-1/4 in. to 2-1/4 in. (see Fig. 13.2). 1If a
full-scale shelter built in soft earth had its poles proportionally
pushed down into the earth by the 3l~psi blast overpressure from a 1-MT

explosion, with its duration of overpressure ten times as long as from
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Fig. 13.2. One-Tenth-3cale Room of Chinese "Man" Shelter
at 31 psi, photographed Posttest. The frame had remained
adequately covered, was undamaged, but had been pushcd about

halfway into the ground.

a l-kiloton explosion, the intact survival of the shelter frame would be

unimportant to occupants of this shelter.
13.2.5 - One-ilalf-Scale Log-Covered Trench Shelter at 53 psi.--This

closed shelter consisted solely of a two-level room and a horizoatal
entry trench, counterparts of the adjacent full-scale Log-Covered Trench
Shelter, Both of these shelters were built to compare the effectiveness
of roofing a trench with poles laid on the surface of the ground as
illustrated in Russian civil defense handbooks, as compared to the
recommended Chinese procedure of placing the roofing poles on shelves
well below ground level. See Fig. 13.3.

The blast damage suffered by both parts of this closed shelter
indicated that oncupants probably would have been injured, but was less
gerious than the damage suffered by its full-scale counterparts tested
at 53 and 31 psi. In the Russian half, the upper parts of the earth
walls were broken off, and the unbroken roof poles came to rest sloping,
with a reduction of 3-3/4 in. in mid-ceiling height. In the Chinese
half, the roof pnles remained horizontal, although they were lowered 2-

1/4 in. in the center.
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PHOTO
6487-76

Fig. 13.3. Construction of 1/2-Scale Log-Covered Trench
Shelter at 53 psi. The Chinese way of placing roofing poles
below ground level is shown in front; the Russian way, to the
rear.

13.2.6 - One-Tenth-Scale Ridge-Pole Shelter at 15 psi.--Unlike its

adjacent full-scale counterpart, its entryways were undamaged. However,

as shown by Fig. 9.5 of Section 9, the earth covering the side of its

frame facing GZ and the tops of its entryways were completely uncovered.
13.2.7 -~ One-Tenth-Scale Small-Pole Shelters at 53, 106 and Approxi-

mately 180 psi.--The shelter at 53 psi was undamaged, as was its full-
scale counterpart at 53 psi, The shelter at 106 psi failed; one of its
two vertical entries was wrecked, and lethal overpressures apparently
entered through its smashed entry (see Figs. 13.4 und 13.5). Neither

of the 6-in.~deep earth covers of these 1/10-scale shelters was sericusly
wind-scoured. By contrast, their full-scale counterpart at 53 pai,
shielded by an earth mound with slopes of 36°, lost over 8 to 12 in. of
cover due to blast-wind scouring. However, the shielding earth over

the 1/iC-scale models was mounded with slopes of only about 10°, and the
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PHOTO
6456-76

¥ig. 13.4, One-Ténth-Scale Small-Pole Shelter, Pre-
test at 106 psi., Earth was mounded over this shelter at
slopes of about 10° to minimize blast-w!nd scouring. Only
the plywood blast doors are visible.

PHOTO
6455-76

Fig. 13.5, One-Tenth-Scale Small-Pole Shelter, Posttest
at 106 psi, Shown after Being Carefully Uncovered.

wind velocities a few inches above the quite rough ground were not as
high as those striking the 5-ft-high mound over the full-scale shelter.

TR e s it
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At the approximately 180-psi overpressure range, a 1/10-scale model
of only the main room of a Small-Pole Shelter, tested closed and covered
with 6 in. of unmounded sandy soil, failed. The wall poles were pushed
down about one-third their heights, and the lower cross-bracing "ladder"

broke, with poles left sticking upward into the living space.

13.3 Corclusions

13.3.1 - The successful testing of a reduced-scale shelter does not
justify an assumption that its full-scale counterpart will survive as
well in the same blast envircnment, especially under the dynamic loadings
produced by large explosions.

13.3.2 - When the critical stresses in the test st uctures (including
stresses in earth banks subject to failure by shear) are induced by
gravity and/or the acceleration or deceleration of masses, these stresses

in the model are reduced by the scale factor.

14, BLAST-HURLED DEBRIS

14.1 Purpose

Blast tests have very rarely involved simulating the conditions of
urban, suburban, or wooded areas as regards the damage likely to be
caused by blast-hurled debris. Structures that could easily be damaged
by heavy projectiles have frequently survived shock waves and blast
winds because no materials to simulate houses «nd trees were placed
between them and GZ. Sea Ref. 3 for examples. Small expedient shelters,
especially aboveground types and shelters with small, steeply-sloped
earth coverings, could be damaged or destroyed by blast-hurled heavy
projectiles such as tree trunks or the parts of houses.
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Therefore, to get at least a feeling for the magnitude of this
neglected problem, we secured permission to expose to the blast some
fireplace-sized logs, left-over lumber, a l4-ft-high complete tree
"“planted” securely in the hard caliche, and three 16-ft 2 x 4's also
"planted" securely. Most of the logs were stacked in a woodpile at the
approximately 70-pai range, with the logs pointing toward GZ. Six logs
averaging 8 in. in diameter were placed on top of the 5-ft-high mound of

earth over shelters at 53 psi. The logs and boards were marked with

paint of different colors, for posttest identification.

14.2 Test Results

The shock wave and blast winds hurled this debris farther than the
standara hlast wind velocities and theoretical calculations would lead
one to believe. Most of the fireplace-sized logs came to reat 240 to
360 ft from their starting positions and seven vere airborne between 3160
and 640 ft. The farthest airborne, a 5-in.-diameter, 18-in.-long stick,
came to rest 640 ft from the woodpile, Fourteen logs struck the S-ft-
high mound over the log-Covered Trench Shelrer at 53 psi and were imbedded
in the soft varth, as pictured in Fig. 4.1, Of the 73 pleces of blast-
hurled debris that were found, 33 pieces were hurled between 240 and 360
ft and came to rest between approximately the 19~ and 13-pi{ overpressure
ranges.

The lé-ft-high tamarisk (salt cedar) tree, cut and “planted" two
days before and still in full leaf, was broken off at the ground.
Apparently, it was broken into very small pieces, and the pleces carried
far avay, since we vere unable to find any part of this tree. The three
vertical 2 x 4's were each broken into two or more pleces, some as short
as 2 f¢ long.

Two of the small logs were hurled end-on into the earth bank over
the shelters at 53 pai and punched into the bank, See Fig. 14.2. Most
of the logs apparently bounced upward on hitting this bank sloping toward

e i Anesweesst
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PHOTO
2653-77

Fig. 14.1. Some of the Fireplace-Sized Logs Hurled from a
Woodpile and Imbedded in the 5-ft-High Mound at 53 psi. Apparently,
the blast winds of the negative phase had uncoered the two small
logs in the foreground and moved them toward (‘Z,

ad PHOTO
- 6262-18

Fig. 14.2. Postteat Condition of the Side Facing GZ of the
S-fr-Kigh Mound of Earth over log-Covered Trench Shelter at 53 psi.
The log sticking out of the mound had been hurled by the blast winds.
The canvas had Leen « 'vered with about & in. of earth, in a marginally
succesaful attempt tu reduce blast-wind scouring.
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SZ at about 36° and were swept higher upward by the turbulent blast
winds., Some came to rest when they struck shelter mounds farther from

GZ, as is shown in Fig. 9.7 of Section 9.

14.3 Conclusjons and Recommendations

14.3.1 - Blast-hurled debris would constitute a serious hazard to
most expedient shelters built in areas of the types wvhere most Americans
live or would evacuate into during a nuclear crisis, if these areas were
subjected to severe blast effects.

14.3.2 - For reasons explained in Section 17, “Limitations of the
DICE THROW Teats," it is extremely difficult to estimate from this
evidence (based on a l-kiloton air blast) thas much greater hazards from
blast-hurled debris likely to result at the same overpressure ranges

from strategic uuclear weapons.

15. EXPEDIENT WATER STORAGE

15.1 Purpose

For a shelter to be occupied for weeks in an area of severe fallout
hazards, adequate drinking water must be available cloze at hand. The
survivors in areas likely to be subjected to both blaat effects and
heavy fallout should not depend on normal sources of drinking water or
on water stored in containers likely to leak as a vesult of blast
effects. Therefore, we conducted the first blast tests of stmple,
inexpenaive expedient means for storing many gallons of water per
shelter occupant,

15.2 Construction and Test Resulis

15.2.1 - Water Stored in Plastic_Bags Lining Cylindrical Pits in
the :.uh.“--u anticipated, lined cylindrical pits proved to be the
nost blast-reslstant way to atore vater outside of blast sheltera. See
Fig. 15.1, Ordinary 3J0-pal polyethylsne trash bags were used for vater-
proof liners. One bag was placed {naids of amother, since a very small
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Fig. 15.1. Vertical Section of Cylindrical Water-Storage
Pit Lined with Waterproof Plastic Bag, or Two Bags.

fraction of polyethylene bags that are not made for wvater storage have
pinhole leaks. Each cylindrical pit was dug so as to have a diameter
about 2 in. smaller than the diameter of its watcrproof liner-bag, when
its liner-bag vas inflated.

The best way to keep the upper edges of the pit-lining bag from
alipping into a pit s 1llustrated by Flg. 15.2: Make a circular wire
hoop the size of the mouth of the bag, and tape it into the mouth. This
method was used in the water-atorage pits at the 20-ps{ and 6.7-pai
overpressure ranges. At the 53-psi range, the upper edgea of doubled
bags were satisfactorily held in place merely by sticking six 4-in.
naiis through the turned-under edgea of the bags and into the very {irm
earth.

Bofore the teat, the lined pits, each approximately 2 ft deep,
were filled almoat full, and then roofed and covered as tllustvated by
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PHOTO
6474-76

Fig, 15.2. Cylindrical Water-Storage Pit Lined with
Two Polyethylene Trash Bags. After exposure to blast effects
at 20 psi, this pit was undamaged and still full of water.

Fig. 15.1. Each lined pit contained about 20 gal of water. The earth
cover was sufficiently thick to result {n very effective earth arching
under the blast loadings; both plywood pii-~roofs were cracked but not
broken. None of the three storage pits developed leaks. Even at the
53-psi range, the blast effects resulted {n no caving of the pit wall,

The storage plt at 53 psi, that after the blast was left partly
open to the dry desert winds, showed only 4% loss of water after 8 days.
At the 20-psi range, after 24 Jdays during which the pit was left com=
pletely open to the dry desert winds, {t was about 70X full, and at
6.7 psl, the covered pit had only lost about 4X of its water after 24
days.

15.2.2 - Water Stored in One or Two Plastic Bags Used to Line a

Smaller Fabric Bag or an Ordinary Pillowcase.--Tafa method can be used

to transport and atore quite large volumes of vatar.ll Two burlap

potato bags, each lined with tvo 20-gal polyethylene trash bags, vere
each filled with about 10 gal of water.
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One of these expedient containers was tested inside the Small-Pole
Shelter at the 53-psi overpressure range. Its mouth was tied shut with

a 1/4~in. cord, one end of which was then tied to a nail driven into a

wall pole of the shelter, about a foot above the top of the water bag.
This cord kept the mouths of the burlap bag and its double lining bags
above the level of the water inside.

This water storage was unaffected by the quite severe ground shock
inside the closed shelter.

Ins{le the open Russian Pole-Covered Trench Shelter at 20 psi, an
identical water storage container was undamaged by the shock wave and
blast winds tha: entered through the open stairway.

15.2.3 - Water Stored in Plastic-Lined Trenches.--Figure 15.3 is a

postashot photo showing a lined water-storage trench at 6.7 psi. This

< Sore PHOTO
N ha 6451-76
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Fig. 13.3. Postshot View of Plastic-Lined Water-
Storage Pit at the 6.]-pai Overpressure Range.

trench vas dug 8 ft long, 27 in. wide, and 30 in. deep, and had been

lined with a 10-ft-wide sheet of 4-mil polyethylene, with its edges

! secured in small, earth-filled ditches. About 200 gal had filled it to
within about & in. of full. The pit had then been covered with the
plctured )/ é-in. plywood sheeta. Earth had next been mounded about
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30 in. deep over the plywood, incorporating a waterproof “buried ros ~
to keep out fallout-contaminated rain water. The resulting cross-
sectional profile was similar to that shown {n Fig. 15.1.

Ground shock resulted in some earth caving off the edges of the
long sides of the trench, but no puncturing of the plastic lining resulted.
Efght days after the blast, this side-wall caving had increased, but the
trough still held a calculated 190 gal of water.

At the 20-psi range, a similar lined watvr-storage pit was badly
davaged by sid¢~wall caving, although earth-arching saved its roof.
Before it could be cxamined after the blast, almost all of i{ts approxi-
mately 200 gal of water had leaked out.

15.3 Conclusions

15.3.1 - If blast is expected in a shelter area, plastic-lined
cylindrical pits, filled almost full and protected from blast and
contamination as illustrated in Fig. 13.1, would usually be the most
practical method of expedient water stovage.

15.1.2 - lnside hlast shelters, sufficlenc water for several days
shoul- be stored in fabric bogs limed with larger plastic bags.

16, EXPEDIENT VENTILATION OF 4lAST SHELTERS

16.1 Purpose

txpedient shelters that afford good protection against both blast
and fallout have amall entries, usually vertical. Such emtvies result
io fnadequate natural ventilation when a wind is not blowing. In hot
veather, capecially {f it s humid, even vith & breesze outside, a fully-
occupied shelter can become dangerously or lethally hot and humid,
Furthermore, ve recognized the fact that atr-intake and air-exhaust
openings at ground level, if used for air supply in a blast-devastated
area contaminated with heavy fallout, might have dangerous amounts of
fallout blown into them. See Fig. 10.1 {(n Section 10.
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The problem of pumping sufficlent air through expedient blast
valves of the types described earlier in this report needed investi-
gation.

16.2 Observations, Construction and Test Results

Interaittently during the three weeks following the main event, ve
observed the amount of sand and dust that vas added to the amount that
came through the poorly-positioned blast valves in blast doovs. Although
in an sves of very heavy fallout the amount that entered through these
valves could prove serious, such more fell into the open entries of the
shelters not partially protected by blast doors and the blast-protector
logs around thea,

The Small-Pole Shelter at 3) psi, which had solid plyvood doors
that had to be left partly open to secure adequate ventilatioun, pre-
sented a special problem. In an attewpt to keep sand particles out, we
built an {mprovised one-foot-high “wall™ of sticks covered with polyeth-
ylene around the vertical eatry, inside the blast-protector logzs, and
over the whole entry we erccted an expedient Leat. These measures
veduced by about 60X the amount of sand subsequently blown iato "he
shelter. However, if the area had been covered with heavy fallout, {t
would have been clearly impractieal to work outside to {natall thia
“wall" and tent, even if all parts of the “wall” snd teat had been
carefully made to fit the opening before the blast, and stoved lnaide
the shelter for postattack use.

Tostblast ventilation testa, using ersedicat KAMs and making airv
velocity seasurements with a Hastings accmometer, yieldsd the following
tesultst

(a) In the Log~Covered Treamch Shelter at 5) pai, uweing & 20-in.-
wide x Jo=in.~high KEAP (see FPig. 16.1), 412 cubic feet per mimute (cfm) !
were pumped through the shelter when its blast doors vere opea; 117 ctm
vere pumped through the shelter with ites tvo blast doors closed, vith
the air flowing Lhrough the blast velves. 1n each case & dodution was
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Fig. 16.1. Expedient Shelter-Ventilating Pump (a 20-in. x
36-in. KAP) in an eatry of the Log-Covered Trench Shelter at $3
pul. Tested preblast, {t pumped 177 cfm through the valves of
the tvo closed blast doors and 412 cfm with the doors open. This
entry was demolished by blast effects.

made for the small measured volume of air that moved chrough the shelter

during times wvhen the wind war blowing outside, Fach door had blant
valves with openings totaling about 80 nq. in. {n cross-sectional avea.
(b) In the Chinese 'Man™ Shelter at 20 pai, uring a id~in.-wide x
2a-in.~high KAP (see Fig. 16.2), with the two triangular blast doors
openn, 150 cim were pumped through the shelter with the blast doors

I3

open; 240 cfw vere pumped through the blast valves with the blast doors
closed. Rach door had valves with openings totaling about 1135 ag. in.
A gusty wind outride made these measurements less reliable, probadly on
the high side.

i
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PHOTO
6142-76

Fig. 16.2. Expedient KAP (20 in. x 24 in.) Tasted in the
Chinese "Man" Shelter at 20 psi, After the Blast.

(¢) In the Small-Pole Shelter at 53 psi, using a 29-in.-wide x 36-
in.~high KAP when there was no wind outside, 861 cfm were pumped through
the shelter while the two solid blast doors were each open about 1 ft,
providing two openings each about § sq. ft in cross-sectional area. The
fallout-protective "walls" and expedient tent were around and over the
air-intake entry during this test. (A similar test conducted before the
blast, but with the doors completely open, resulted in a measured ajrflow
of 876 cfm.) See. Fig. 4.6.

16.3 Conclusions and Recommeudativns

16.3.1 - Blast valves in blast doors are impractical. If valves of
the type tested are mounted in separate vertical ventilation shafts, as
was done in the ORNL tests in DNA's MIXED COMPANY main eveént (see Ref.
1), the entry of fallout particles appears likely to be reduced
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below dangerous levels. Ways to build expedient ventilation shafts that
do not require heavy lumber should be developed and tested.

16.3.2 ~ Except in extremely hot and humid weather, an air supply
of about 10 cfm per shelter occupant is enough to maintain tolerable
conditions during continuocus occupancy for several days. Therefore,
even a KAP as smail as 20 in. x 24 in. would usually prove adequate for
a 15-man shelter protected by blast valves having total openings as
large as those of the blast valves tested in DICE THROW (around 100 sq.
in,) but installed in separate air-intake and air-exhaust ventilation
shafes.

16.3.3 - Simple, expedient equipment to enable shelter occupants to
raise ventilation air-intake and air-exhaust openings above ground level
after the blast, and at the same time to quickly seal off the rest of
the entries, should be developed and tested.

16.3.4 - For use in prefabricated blast shelters or in blast shelters
that may be built in normal times or during slowly worsening crises,
ventilation pipes that are installed with their upper ends safely bealow
the earth until after the blast, and that can be raised by a jack above
ground level after thie blast, should be developed and blast tested.
(Since DICE THROW, we have designed and buil: a prototype of such an
extendable ventilation pipe, and also a manually operated, homemade
suction pump capable of pumping around 60 cfm through a 3- or 4-in.
pipe.}

17. LIMITATIONS OF THESE DICE THROW TESTS

Caution should be used {n extrapolating from the results of these
DICE THROW tests to estimate the survivability of expedient shelters--
especially those built in typical urban, suburban or wooded aredas--if
subjected to the blast effects of a large nuclear weapon, for the follow-

ing reasons:
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a. This blast was small, with airblast effects roughly equivalent
to a 1-kiloton nuclear explosion. At locations receiving the same peak
overpressures from a multimegaton surface burst, much more severe blast
effects would result, because:

(1) The duration of the overpressures and the dynamic
overpressures would be much longer (20 times as long from an
8-MT explosim‘n),3 and the energy transmitted to structures on
and below the surface could be many times greater. At the same
maximum overpressure ranges, the resulting destructive effects
from an 8~MT explosion on deeply buried parts of shelters and
the unshored earth walls of shelters would be greater. Also
the earth-flow phenomena observed (to a relatively minor extent
in some of these DICE THROW tests) would certainly increase in
some areas.

(2) The damages due to ground shock would be more extensive
due to the greater amplitude of the ground wave and (in the case
of an 8-MT burst) to the 20-fold greater distances from ground zero
to a glven overpressure range. These greater distances usually
would permit the ground shock to arrive at the ranges of interest
up to hundreds of ms in advance of the air shock wave;
this difference between arrival times would cause the sheiter roof
supports to be accelerated upward before any downward forces
from the airborne shock wave could cause downward movement of
the earth covering a shelter. The vertical amplitude of such
irnitial ground-shock (ground-wave) effacts can be several inches,
and the inertial mass response of the earth covering a shelter
roof would thus cause the roof members to be bowed downward, to
an extent not observable in high-explosive tests of similar
shelters at similar overpressure ranges.

(3) Earth scouring of above-grade mounds by the blast winds
(that from an 8-MT explosion would blov for about 20 times as long
as from this "1-kiloton" DICE THROW shot) could be much greater
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depending on the contour of the mound. Especially if the shielding
earth were dry, such long-duration blast winds could blow away
much of the shielding earth wounded above ground level over a
shelter, possibly reducing its usefulness as a fallout shelter.
(4) Blast-hurled heavy projectiles-~including the trunks
of large trees and parts of houses and other structures--can be
accelerated by a l-kiloton explosion to velocities only a small
fraction of those to which the same objects, if at the same over-
pressure range, would be propelled by a multimegaton explosion.
Persons estimating blast damage should remember that an object's
kinetic energy varies as the square of its velocity. Furthermore,
a hurled object 10 times as large as a small object having the
same velocity, density, and relative proportions, and impacting in
the same relative position on a fixed object, delivers 10 times

the amount of energy per square inch of impact area. Therefore,

the impact damage to be expected from large objects accelerated

by a multimegaton blast cannot be accurately estimated from the

results of experiments like those at DICE THROW nor from the

damage caused by blast-displaced heavy objects at Hiroshima and

Nagasaki,

b, Blast tests of acale wodels of sheltera can give mislvading
results regarding the survivability of full-scale shelters subjected to
the same blast effects. In the DICE THROW teats, all of the reduced-
scale models of shelters withstood blast effects better than the corre-
sponding full-scale shelters. For example, the half-scale Rug-Covered
Trench Shelters testod at the 15- and 5.8-pat range both were undamaged,
whereas the full-scale models both failed a: the same overpressure
canges,

¢, The earth was extremely stable in the DICE THROW test area. At
almost all of the ORNL DICE THROW shelter sites, at depths of only a few
inches the sandy desert soil changes to very stable caliche. At the 53-
and 3l-psi ranges, the hardness of this soil largely composed of sand
grains cemented together with gypsum approached that of a very soft

P
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limestcne rock. Thus {f shelters were built in typical habitated
areas--that have much less stable soils--and were subjected to blast
effects similar in magnitude to those at DICE THROW, the collapse cf thke
unshored walls of trench shelters, the pressures exerted on deeply
buried parts of shelters, .nd the earth-flow effects would all have been

more pronounced and damaging.

18. PRINCIPAL CONCLUSIONS AND RECOMMENDATIONS

18.1

Expedient shelters of the types tested--especially if the ones with
shored walls are equipped with blast doors--would afford hetter protection
against the blast and fire effects of nuclear weapons and much better

fallout protection than do all but a amall fraction of existing bu’ldings.

18.2

Ground--shock effects--not overpressure effects--vould cause the
failure of most expedient shelters with sufficient carth covering to
assure effective earth arching., <{In order to asvure effective earth
arching, the earth covering shculd be at leaut one-haif as thick as the
free span of the shelter roof. Also the roof and/or the whole sutructure
sust yileld when loaded--thus causing the resultant earth arching around

the structure to bear most of the load.)

18.3
Even in very stable gruund, unshored trench shelters would be
unsafe {f subjected to the blast effects uf large nuclear explosions at

overpressure rangea of more than about 7 psi.

18.4

When roof cover iz adequate to agsure carth arching, flexible poles
considerably smaller in diametsr than those used (o vrooi the ORKL unshored
shelters should prove adequately strong.
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18.5

Shelters 1likely t¢ be subjected to blast effects should be duile,
vhenever practical, with their roofs far enough below ground so that
the tops of their entrances are no more than a foot above ground level.
This positioning would greatly reduce blast damage and the removal of
shielding earth by blast winds.

18.6
Expedient blast doors--especially doors made of poles and of
triangular design--can be readily built strong enough to withstand as

severe blas! effects as the strongest expedient shelters tested to date.

18.7

Since the ground shock and earth flow effects {rom large nuclear
wveapons were not well simulated by the DICE THROW blast, expedient shel-
ters and their life-support equipment ahould be teated under conditions
producing much more severe blast effects on below-ground structures.
The Atr Force Weapons Labovatory's 125-kiloton Dynamic Air Blast
Simulation (DABS) test planned for April 19718 should provide a real-
istic blast eavironment.

18.8

Means for assuring adequate and safe ventilstion-cooling of shelters
after they have heen subjected to severe blast effects is the most
neglocted essential component of shelter design, Simple air-intake and
air-exhaust openings, that shelter occupants could raise above ground
level after the blast and that would enable them to pump sufficient aiy
through thelr shalter vhile excluding dangevrous amounts of fallout,
should be developed and blast tested.
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28. EXPERIMENTAL STUDY OF AIRCRAFT
STRUCTURAL RESPONSE TO BLAST -
DICE THROW PROJECT NO. 118

by

Rudolf Friedberg and Peter Hughes
Naval Weapons Evaluation Facility



ABSTRACT

In a continuing effort to improve the survivability of
aircraft to nuclear overpressure effects, the Naval Wespons
Evaluation Facility (NWEF) fielded three parked A-4C uircraft
in the Defense Agency (DNA) sponsored DICE THROW high-
explosive event. This test shot, simulating a 4.2 TJ (1 KT)
nuclear surface burst, was detonated 6 October 1976. The
primary objectives of the NWEF experiment were to provide
overpressure response data on parked aircraft structures and
compare this test data with analytic predictions. These
objectives were met through tape recorded pressure load and
structural response data on a variety of structural elements.

Complete verification of the predictive techniques is
necessarily a statistical problem; however, within the scope
of this present effort, the specified accuracy of the analytic
procedures have been verified.

This report points out some significant problems in the
areas of computer modeling of a truo-to-life structure and
in the use of classical reflected blast loading for complex
non-idealized shapes.

The three increasingly sophisticated analytic methods
from the DNA-2048 landbook, accordingly.give more accurate
predictions; however, each is more time consuming and costly
to implement. One method is not recommended over another
because the analyst must make the trade-off of accuracy
versus cost.

The test is assessed as an cxcellent means for observing
various modes of structural response to overpressure,
Considerable data has been compiled on (1) pressure loading,
(2) structural response of pancls, longcions and frames, (3)
rigid body motion and tiedown restraining forces and (4)
synergistic effects of overpressure and gust. This data is
available  with DNA appraval, for more detailed correlations
and predictions of aircraft vulnerability,
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INTRODUCTION

The determination of aerospace structural response and
vulnerability %o nuclear blast effects under sure-safe and
sure-kill criteria are the subjects of numerous analytic
methods which have been developed for that purpose.

More recently, considerable effort has been spent on
experimental studies which involved structural elements
subjected to blast effects (Ref. 1). These studies, con-
ducted on structural elements which were fabricated and
tested under rigidly controlled conditions, provided useful
results for correlating experimental and analytic data.
This offered a measure of success in efforts to verify the
validity of the analytic methods. The level of success
varied, of course, with the accuracy of structural modeling,
the blast representation, and the general sophistication of
the analytic methods employed.

Despite these efforts, the pertinent questions which
remain largely unanswered are:

1. How accurately does an idealized test structure
represent a '‘true-to-life” airframe of an aerospace vehicle?

2. How does the rosponse of a structural element
incorporated within the aircraft structure compare to the
response of an isolated, representative structural element
when both are subjected to the same blast environment? -
i.e., can an entire structure be modeled by a foew represen-
tative olements?

3 3. Do current analytic techniques for airblast
F vulnerability accurately predict structural damage?

The Defense Nucloar Agency (DNA) sponsored DICE THROW
program, which culminated in the detonation of a S6d-metric-
ton ammonium-nitrete-and-fuel-oil (ANFO) charge (4.2 TJ or
1 KT nuclear blast equivalent) on 6 October 1976, offered a
unique opportunity for an experimental study of a complete
ajrcraft structural response to a blast envivonment. WKithin
the framework of that program, under DNA contract the Naval
Weapons Evaluation Facglity (NKEF) fielded three A-4C air-
craft with the primary objective to obtain exporimental data
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of the structural response to overpressure for correlation
with the analytic data derived from computer methods pre-
sented in the DNA-2048H-1 handbook (Ref. 2).

The description of the test program and the pertinent
analyses and subsequent correlation of the experimental and
analytic data are the subjects of this report.
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OBJECTIVES

The primary objective of the DICE THROW Project No. 118
study was to experimentally verify the overpressure analysis
techniques contained in the "Handbook for Analysis of Nuclear
Weapon Effects on Aircraft,"” DNA-2048H-1 (Ref. 2). Subordi-
nated to this broadly defined overall objective, several
intermediate objectives were formulated as follows:

1. To collect experimental data from a suitably
instrumented A-4C aircraft subjected to a blast environment
generated by the detonation of the ANFO charge which closely
simulated a 4.2-TJ (1 KT) nuclear detonation.

2. To conduct appropriate analyses of the aircraft
structural response to overpressure using the three analytic
methods described in the handbook.

3. To correlate of the experimental and analytic data
in order to determine the degree of agreement between the
predicted and the actual response of the aircraft structure
to overpressure, i.e., the actusl verification procedures.

In keeping with the scope of these methods, the instru-
mentation system for the experimental data collection was
designed to provide pressure, strain, and deflection dats
which could ge directly correlated with the analytic data.

An experimental progrll of this magnitude presented
unique opportunities, and two secondary objectives were
postulated:

1. To determine the actual aircraft motion during the
positive phase of the blast.

2. To assess the resulting impulse absorbed by the
aircraft.

These secondary objectives were realized through
analyses of the motion picture records in conjunction with
the data obtained from the calibrated load cells incorporsted
in the sircraft tiedown system.
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In addition to these clearly defined objectives, the
test was sxen as & means of obtaining specimens for future
studies on the eftects of changes in the aerolynamic char-
acteristic of the aircraft structure. It was envisioned
that the aircraft components which sustained damage approach-
ing a catastrophic failure, for e¢xample, extensive buctling
of a skin psnel, could be used in a test designed to deter-
mine the aerodynamic drag increase related to the sustained
permanent deformation.

An extension of the data correlation objective to the
relevant data which were obtained from past nuclear test:c
was 8lso included among the objectives. It promised to
provide an informative compariscon survey of the available
experimental data.
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TEST LAYOUT

The definition of the test layout, i.e., positioning
the aircraft with respect to ground zero (GZ), presented a
singular problem arising from the lack of reliable data on
the actual vulnerability of aircraft structures to over-
pressure. This was compounded by the fact that, in line
with the objectives of this project, the desired structural
response called for an overpressure level sufficient to
produce permanent damage to the structural elements selected
for instrumentation. Even more severe local damage, short
of catastrophic failure, was ccnsidered necessary to provide
adequate means for assessing the drag increase resulting
from changes in the acrodynamic characteristics of the
structure as a wvhole.

Earlier participation by NWEF in the PRE-DICE THROW Il
Event, doscribed in Appendices A and B, consisted of a test
on an instrumented F-4 wing trailing edge flap and was
envisioned as the means for

1.  An initisl endeavor to correlate analytic and
experimental overpressure induced structural response.

2.  Shakedown and dudugging of test instrumentation.

Tho NKEF test was only partly successful, even though
it produced satisfactory experimental data. However, inasmuch
as it failed to verify the presence of high strain levels
predicted by the analysis, the problem of solecting locations
for the aircraft for the main eveat remained unresolved. A
cortain amount of intuitive judgement based on related test
programs had to be apﬁliee to srrive at suitable placesents
for aircraft within the blast field.

The final decision was predicated on information avai:-
able from an experimental progrna conducted av the Naval
Surface Weapon Center, ¥hite Oak Labaratory (NSWC/WOL),
Maryland, which involved flat panels subjected to blast in s
shock tube (Ref. 3). Also considered was the widely acceptod
notion that, according to the sure-safe criterion, skin
panels should be re irded as the structursl eclements more
vulnerable to the overpressure effects than the substructure
olements such as stringers, longerons, or frames. Nith thst
in mind, 41.4 and 62.1 kPa (6.0 and 9.0 psi) were selected
a3 the freo-field ovetgrossure levels which should produce
the desired severity of damage in the fielded aircraft.
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The general view of the aircraft emplacement is presented
in Fig. 1. GZ marks the location where the 564-metric-ton
ANFO explosive charge was assembled. The charge formed a
cylinder of 4.27-m (14.0 ft) radius with a semispherical
dome and a total combined height of 10.94 m (35.9 ft) and
was designed to simulate the blast field from a 4,2-TJ (1 KT)
nuclear ground burst.

The fielded aircraft were oriented side-on to the
oncoming shock front. 7Two were placed 375 m (1230 ft) and
one at 311 m (1020 ft) from GZ. These locations corresponded
to the estimated ranges for free-field peak overpressures of
41.4 and 62.1 kPa (6 and 9 psi), respectively (Ref. 4)

o
e S 5




anoke] o3awwads -1 FJuASld

e

R

R DIWRERL. T L

L e i




THIS PAGE INTENTIONALLY LEFT BLANK

et A 1t Pt pesos it i o piis 4




B,

R

AIRCRAFT CONFIGURATION

The A-4C aircraft (Fig. 2) assigned for the DICE THROW
project were bureau numbers (BUNO) 149558, 145062, and
145074. These si-craft, each with approximately 4000 in-
scrvice flying hours and designated for retirement from the
Navy inventory, were flown to NWNEF. Upon their arrival,
engines, pilot seats, and all avionics components were
removed in compliance with the salvage requirements. A
general inspection of the airframes was subsequently per-
formed and aircraft BUNO 149558 was selected gor the test
instrumentation.

After the instrumentation was installed, the saircraft
were transported by truck to the White Sands Missile Rarge
(WSMR) test site and placed on 4.9 x 6.7 m (16 x 22 ft) pads
(Fig. 3).

It was intended that aircraft BUNO 149458 and 145062,
both 375 m (1230 ft) from the GZ, would demonstrate repeat-
ability of damage for similar structures under practically
identical blast environment. It was expected that the third
sircraft BUNO 145074, 311 m (1020 ft) from the GZ, would
?uii‘in considerably more damage, bordering on catastrophic

ailure.

The dosived test configuration for the esircraft was
achieved through a series of operations which included:

1. Pressurizing the llndin¥ gear struts with nitrogen
gas to simulate the parked aircraft attitude.

2. Sotting and locking all flying control surfaces in
& neutral position.

3. Fillirg internal fuel tanks with water.
4. Installing tiedown systom.

An external fuel tank filled with 1136 liters
(300 gallons) of water was installed st the centerline store
station of aircraft BUNO 145074, i.e., the aircraft closest
to the GI. This extra mass was added to observe the effect
of blast on oxternal stores.
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A temporary tiedown was initially applied to all aircraft
as a precaution against excessive winds. However, on the
eve of the test, a special tiedown system was installed
(Figs. 4 and 5) on two aircraft to provide biased restraint
against aircraft motion during the positive blast phase.
The third aircraft (BUNO 145062) was not tied down during
the blast in order to simulate a launch-ready condition and
to allow comparison of rigid body motions of this aircraft
with those of the secured aircraft.
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TEST INSTRUMENTATION

The overall scope of this test program called for
diversified instrumentation to provide adequate data to
determine two kinds of the structural response to blast,
i.e., local respunse and rigid body response. Consequently,
the instrumentation selected may be divided into two cate-
gories according to the kind of response to be monitored.

For the local structural response to overpressure,
strain and deflection gages were used. Pressure gages were
required to monitor transient behavior of the externai
pressure loading in the vicinity of the structural elements
under consideration. Stress cost was also used to augment
strain “%‘ dsta and provide qualitative rather than quanti-
tative information on strain patterns developed in skin
panels following the shock intercept.

In the case of the structural response to gust, where
timoe related history of the entire aircraft motion had to be
obtained, strategically located motion picture cameras were
used to vecord tﬁo aircraft rigid body motion. Also cali-
brated load cells were installed within the tiedown system
to measure the tiodown restraint forces.

In 811 cases of the electronic related instrumentation,
i.e., strain, defloction, and pressure gages, the data was
collected on FM magnetic tape recorders located in the
instrumentation trailer using 1524 m (5000 ft) of instrument
cable. Three cables of 50 twisted wire nairs with overall
shield were required because telemetry of dats to the trailer
was prohibited as a policy of the DICE THROX test director.

Individual items of the instrumentation system, the
selection of the structural olements to b2 instrumented, and
the instrunontation layout are described in separate sub-
soctions which follow.

INSTRUMENTATION DESCRIPTION

STRAIN CAGES

Nicro-Measuremont strain gages type ¢ EA-13-250UN-120
were used to obtain strain dats. These gages, with 120-

ohm nominal resistance, are clessed 4s gonersl purpose
strain gages suitable for static snd dyuamic stress snalysis

15

MO ey L

1S n AR ST i s Yo Smaerie e s




and are capable of reliable operation within the temperature
range of -75 to 250°C, over a range of 50,000 microstrains.
The self-temperature-compensation characteristics of these
gages assured strain reading within 5 percent accuracy for
0 to 100°C temperature range.

A typical strain gage circuit used a conventional
Wheatstone bridge arrangement with the active gage repre-
senting one arm of the bridge. The remaining three arms
were made up of wire-wound resistors specially selected for
low temperature drift. Only the Wheatstone bridge was
locatod in the aircraft; all other elements of the strain
gage system were installed in the instrumentation trailer.

The gage excitation was furnished by a 10 .05 V power
supply. The gage signal, amplified by a fixed gain dc
amplifier, was recorded on a magnetic tape recorder.

This system responded with a 6-kH2z frequency bandwidth
and its overall accuracy was assessed at :5 percent.

PRESSURE GAGES

Kulite pressure gages type XTH-1-190-105 were solected
to obtain pressure data. This gage, specified for 0 to
138-kra (0 to 20 psi) pressure range with an operating
telgerutura range from -20 to +80°(, provided pressure data
with the accuracy rated at :5 percent.

A special excitation systaw was furnished by a 24-V
battery regulated down to 20.1 V. The signal from the
Ytossute gage was fod to & unltc slin buffcr smplifier

ocated at the aircraft. This buffer amplifier was used to
increase the frequency response capability. From the duffer
amplifier, the signal was transmittod ta the instrumentation
trailer via the SO pair cable. It was then amplified again
through a de¢ llpllffot and rocorded on the magnetic tape.

This system assured overall pressure ucasureaent
sccurscy to :10 percent.

DEFLECTION GAGES

Kaman Sciences Corporation deflection gages types KD-
2300-6C and -8C wero used as deflection sensors. The char-
scteristic outputs of these gages, rated at 1 percent
accuracy, were 2 mV per 0.0254-mam (0.001 in.)} deflection fov

16
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-6C gage and 4 mV per 0.0254-mm deflection for -8C gage.
Each gage consisted of a transducer and an oscillator pack-
age which had the operating temperature range limits of 0

to 75°C. These elements plus a :12 V battery power source
were located in the aircraft. The processed output signal
was then transmitted to the instrumentation trailer where it
was amplified prior to being recorded on magnetic tape.

The overall accuracy of this system was approximately
4 percent.

STRESS COAT

As an instrumentation technique, stress coat can be
successfully applied as an indicator of complex strain
patterns developed in specimens under test. It is particu-
larly useful in cases of structural components of intricate
configuration for which reliable analytic methods are not
available.

Stress coat, which can be easily applied to the speci-
men surface, cracks under load. These cracks form a Kattern
which can be correlated with the strains induced in the
tested part, analogous to strain contours. Because of its
hiih sensitivity to temperature changes, stress coat is best
suited for tests conducted under strictly controlled enviroa-
mental conditions.

For this test, stress coat was regarded strictly as a
secondary instrumentation medium to augment dynamic strain
gtge data. Llow tomperature stress coat (Ref. 5) was seliocted

:c;u’e of low temperatures predicted for the test site at
right.

MOTION PICTURE CAMERAS

Three lémm Milliken model DBSS motion picture camera:
were furnished to record sircraft rigid body motions follow-
ing the shock wave intercept. Two cameras which had 2Sma
lenses were set at F-stop 2.8 and the third camera, with
13nm lens, was set at F-stog 4. The cameras were loaded
with Kodsk color film type EN, ASA 160, and the filam speed
was set at 400 frames per second.

17




LOAD CELLS

The exploded view of the load cell is presented in
Fig. 6 which shows the assembly. The cyrlindrical tube
serves as a housing for an aluminum honeycomb tube core
element which is used as the energy measuring structure.
With tension load applied through the end fittings, the core
element is subjected to a compression load. When this load
exceeds a8 predetermined value, crushing of the core takes
place and motion results, The energy absorbed in this
process can be determined from the known characteristics of
the core and the amount of deformation stroke produced
during crushing.

SELECTION OF STRUCTURAL ELEMENTS

With the strain and deflection gages assigned as the
primary instrumentation to genervato the experimental dats, a
selection of structural elements was undertaken. From the
standpeint of the experimental data quality, the criteris
which governed the selection of structural elements included:

1. Structural response preferably inte the plastic
range.
2. Low probability of catastrophic failure.

3. Applicability to computer nodeling.

A broad spectrum of structural skin panels was initially
contemplated to study effects of such parameters as panel
size sand aspect ratio, *hickness and curvature, boundary
conditioas, and skin aereviul. However, practical conside-
rations which limitesd the choice were dictated by:

1. Destvabvility fer simple goometry, i.e., square or
rectangular shape.

2. Ease of modeling.

3.  Easy access to panels.

4, Keeping panel skin thickness within a relatively
narrow band to ensure post-yleld response but preclude
rupture.

5. Instrumentation and recording system costs.

18
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The structural elements selected for instrumentation
included eight skin panels, two longerons, and one fuselage
frame. The panels, all macde from 7075-T6 aluminum alloy
were approximately rectangular. The panel locations on the
airframe are shown in Fig. 7 and panel geometry data are
summarized in Table 1. Panels 1 through 7 represented
clamped-edge bovndary conditions and an access door, panel
8, represented simply supported edge boundary conditions,

The longerons which formed the top and bottom bounda-
ries of panel 5 together with the frame of fuselage station
277 completed the set of structural elements selected for
instrumentation.

The longerons represented "L"-shape beams of uniform
cross section supported at each end by adjacent fuselage
frames.

The "C"-shape frame at fuselage station 277 was selected
for its relatively simple cross section, basically a web
with a flange on either side, forming a curved beam. Admit-
tedly, this was a beam with cross section varying along its
span, but it represented a continuous arch, symmetric about
the vertical reference plane and supported by the lower
longeron at either end.

INSTRUMENTATION LAYOUT

STRAIN GAGES

The strain gage instrumentation comprising 58 recording
channels covered eight skin panels, two longerons, and one
fuselage frame (Figs. 8 through 16). For skin Ennels. tha
gages were installed at principal locations such as the
panel center, gages 1 through 4 (Fig. 8)y or mid-points of
panel edges, gages 27 or 47 (Fig. 11). For these locations,
analytic data could be readily obtained from computer cod:
solutions.

Clusters of strain gages were installed staggered-
fashion at w.d-panel locations close to the longer edge,
gages 5 through 9 (Fis. 8). This arrangement was intended
to provide strain gradient data in the area of the expected
maximum strain variation.
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Sets of several strain gages, such as gages 15, 16, and
17 (Fig. 9) installed along the parnel longer edge, were
designed to provide data on strain behavior between the =mid-
point and the corner. The strain for a panel with clamped-
edge boundary condition was expected to vary between a
maximum for the panel at the edge mid-point and zero at the
corner.

The gage locations for number 4 and 5 longerons are
shown in Fig. 12. Gages 55, 57, and 58 were installed on
longeron webs at mid-span between fuselage frame stations
291.3 and 206.3. Gages 56 and 59 were bonded on the fuse-
lage skin cuter surface opposite longeron flanges where the
skfn snd the flange were assumed to act as an integral unit.

Strain gages 48 through 53 were installed in pairs at
three sections along the span of the fuselage frame station
277.312 (Fig. 16). With the exception of gage 53 which was
bonded to the skin outer surface, all gages were installed
on the frame flanges.

DEFLECTION GAGES

The displacoment ncasurtng system consisted of three
deflection gages. A pair of these gages was installed on
panel S, ono to measure the deflection at the center, the
other to aecasure deflection of the supporting substructure.
The third gago was installod to measure the contral deflec-
tion of pnnof 7.

All deflection gages were mounted in specially designed
braclets which were rigidly attached to the substructure
senders forming punel boundaries. A typical confi;urltton
of the dof!ection gage assembly is shown in Fig, 17.

PRESSURE GAGES

A svstlem of ton pressure gag.s was provided to monitor
overpressure in the areas of instrumentod skin panels
(Fig. ?). Gages 1 through ¢ were installed on the vertical
stabilizer and monitored the arca of panels 1, 2, 3, and 8
to record the pressure variation in the lateral and vertical
directions. Three gages, numbers ¢, S, and 6, wore assigned
to the fuselage ares of panels 4 and 5. The curved profile
of the fuselage at that Jocation was expected to produce
significant pressure variations in the reflscted pressure
because of its dependence on the incident angle of the shock
vave.
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Significant pressure gradient was also expected in the
area of panels 6 and 7 where proximity of the wing root and
fuselage intersection was likely to cause a local rise in
-the reflected pressure. Pressure gages 8 and 9 were located
to record that pressure gradient.

Finally, gage 10 was installed inside the airframe,
approximately in the middle of the fuselage, to monitor
ocverpressure inside the structure during the diffraction

STRESS COAT

The weather forecast for the day of the test predicted
the temperature drop to 5°C at the test site. Consequently,
stress coat TL-500-50 (Ref. 5) was selected to minimize the
hazard of crazing at low temperature because of thermal
contraction. The stress coat was applied on the day pre-
ceding the test to allow the necessary curing time. This
application was restricted to skin panels on aircraft BUNO
145062 and 145074 which corresponded to the strain gage
instrumentation panels of aircraft BUNO 149558. Hopefully,
this would allow comparison with the real-time strain gage
results.

MOTION PICTURE CAMERAS

A typical camera layout given in Fig. 1 shows the
camera station at 30.5 m (100 ft) from the aircraft CG with
the line of sight at 20-degree angle to the aircraft longi-
tudinal axis. Each camera was mounted on a 0.3-m (12 in.)
diameter pole, 2.5 m (8.2 ft) above tkLa ground. This approxi-
mated the height of the aircraft CG above the ground. The
poles were anchored with four cables to minimize the camera
motion during the shock front intercept.

M o s e

The cameras equ1pped with 25-mm lenses were positioned
"to record the motion of the aircraft BUNO 149588 and 145074
and the 13-mm lens camera was used for aircraft BUNO 145062.

Scale reference was supplied by a pair of marker
stakes at each aircraft. One stake was installed directly
below the aft end of the engine exhaust shroud and the other
was laterally displaced by approximately 1.52 m (60.0 in.)
to the port side.

" The measured-distances between each set of marker
stakes are listed below:
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AIRCRAFT IDENT. BUNO DISTANCE

149588 1.59 m (62.75 in.)

145062 1.83 m (60.3 in.)

145074 1.53 m (60.2 in.)
LOAD CELLS

The load cells were ingttalled as extension links within
the tiedown system. The tiedown setup for aircraft BUNO
149558 and 145074 (Figs. 4 and 5) consisted of six clains
attached between the aircraft and buried anchors.

This tiedown pattera was devised as the restraint to
the anticipated translatory and rotationil motions of the
aircraft a3 well as the means of measuring the impulse sus-
tained by the structure over the blast positive-phase
duration.

A tether system furnished for aircraft BI'NO 145062 con-
sisted of several lengths of tiedown chaix arranged in such
& m&nner as to permit |¥proxinatolv £ m (19.7 ft) of free
lateral displacement before the restraint would become
effective. In view of rather conflicting gredictions for
aircraft rigid body bekavior under blast effects, this setup
was dosigned to check the conservativeness of predictions
for ovarturniag.
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TEST RESULTS

GENERAL

This section of the report is devoted to a detailed
description of Jamage and a presentation of selected experi-
mental dats obtained from the instrumentation installed in
aircraft BUNO 149558, which was exposed to 41.4-kPs (6 psi)
pesk free-field overnressure. A complete presentation of
the experimental data is included in Volume I1 of NWEF
Report 1145 (Ref. 6).

As mentioned previously, two aircraft were located
375 m (1230 £ft) from the GZ. At this range, the peak free-
field overpressure was approximately 41.4 kPa (6 psi). The
third ajrcoralt, located 311 m (1020 ft) from the GI experi-
snced approximately 62.1-kPa (9 psi) peak free-field over-
pressure. Accordingly, the degree of demage caused by the
blast was expected to differ significantly in those two
cases. An inspection following the test revealed relatively
light damage sustained by the aircraft farther away from the
GZ whereas the sircraft closer to the GI ruptured in a
catastrophic failure (I'ig. 18). This leads to an immediate
and rather significant og;erV|tlon that within very narrow
1imits of the distance from the GI, approximately 61 m
(200 ft) in this case, the CGamage sustained by the ajrcraft
varied from slight to catastrophic.

DANMAGE DESCRIPTION
AIRCRAPT WUNO 149558

The posttest inspection of the exterior of this air-
craft, which experionced 41.4-kPa (6 psi) peak froo-field
ovatgrossure. revealed widely scattered local damage on the
starboard side (l.e., the side oxposed to blast), ranging
{rom buckling of the skin parels to rupture of the skin
(Fig. 19), failure of the landint gear doors, and loss of
the rudder (Fig. 20). Details of skin buckling sre illus-
trated in Figs. 21 and 22 which show the engine inlet at
fuselage STA 175 sad ‘he fuselage retlon sft of STA 400,
respectively, where tie skin material was 0.8)-mm (0.032 in.)
thick. Figure 23 show: the fuselage in the region aft of
Sta 306 where extensive rivet failures were observed.

Nore severe damage was sustained in the vicinity of the
. forvavd and aft tusola{e joint, STA 262. Just aft of that
i station (Fig. 24), a skin vupture initisted at fuselage

3




STA 277, approximately 220 mm (8.5 in.) above the wing
surface, and proceeded diagonally towards the wing and then
along the lower longeron for about 355 mm (14 in.). From
this area of panel rupture, a severe skin buckle radiated
upwards cressing several panel boundaries. Also shown in
Fig. 24, forward of STA 262, is the failure of a non-structu-
ral panei which ruptured at its lower boundary and was
forced inward under the overpressure loading.

Regarding the landing gear door damage, it can be
generally stated that the Krotest arrangement of fastening
these doors by means of cables and struts to compensate for
the deactivated hydraulic system failed completely. In
additicn, failures of the door structure were incurred as
exemplified by the rupture of the nose landing gear retrac-
tion fitting and the fsilure of the main landing gear port-
side door hinge.

Slight buckles were observed on the port side (i.e.,
side not exposed to the blast) on the engine inlet duct and
nid-fuselage STA 300.

Moderate damsge of substructure was noted on the
starboard side of the sircraft at the mid-fuselage rogion
between Stations 236 and 342. The damage included sheared
fasteners at the joint of such msjor components as a former
and the lower longovon {(Fig. 25), buckles and cracks in the
stiffener or former flanges (Fig. 26), and a congleto fail-
ure of a former cross section (Fig. 27). Significantly,
fastener hoiads wero invariably prosent at the crack or
rupture locations which inﬁlies that considerable strength
dogradation essociated with the presonce of a fastener hole
nay load to premature failure of the substructuro olement.

AIRCRAFT BUNO 145062

This aircraft, also sudjected to 41.4-kPa (6 psi) peak
free-field overpressuie, sustained, in gonorlx. an ldenticil
type of demage as the first aircraft. However, s distinct
evidence of greater severity of the damage was apparent.
This {s illustrated in Fig. 28, where the buckles of the aft
{uuola‘o region form a much more clearly defined pattern, in
Fig. 29 which shows more extensive skin rupture in the
fuselage frame Sta 277 ares, and in th. 30 which shows
flange fallure in the frame itself. Similarly, Fig. 31
shows fuselage STA 320 ares with the skin ruptured whereas
only fasten:r failures were observed for the other aircraft.
Also, more severe landing gear door failures were observed,
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AIRCRAFT BUNO 145074

The devastating effects of the blast were clearly
demonstrated (Fig. 18) for this aircraft which suffered
catastrophic failure under 62.1-kPa (9 psi) peak free-field
overpresuve. The aft fuselage section between Stations 262
and 342 was virtually demolished, presumably under overpres-
sure loads. The rupture of lower longerons, which constitute
the prieary structural members in the axial direction,
resulted in the empennage section breaking away from the
rest of the airframe.

The catastrophic nature of the damage was also apparent
from complete disintegration of che canopy (Fig. 32) as well
as from the extensive skin rupture and extreme severity of

buckling patterns in the engine inlet duct structure (Fig. 33).

The failures of the Kri-ary substructure members are
{llustrated in Figs. 34 through 36. The :pgenrlnco of
ruptured cross sections suggests tensile failures for the
starboord ugper (Fig. 34) and lower (Fig. 35) longeron
members. The port lower longeron (Fig. 36) exhibits a
compressive failure characteristic.

DAMAGE ASSESSNENT

Considering the blast characteristics at the two
principal aircraft locations shown in Table 2, it is not
1urprisin¥ that the extent of damage sustained by the air-
craft differed significantly in oach case. However, based
on the pretest predictions, it was assumed that the aircraft
exposed to 41.4-kPa (6 psi) overprossure might sustain
local, permanent-sot tyge damage of the woakest panels or
substructure eloments, but no failures in the form of panel
skin cupture or fracture of an ontire former cross section
were anticipated (Figs. 24 and 27). Similarly, for the
sivcraft exposed to 62.1-kPa (9 psi) overpressure, oven
though a possibility of failure was not ecompletely ruled
out, it was presumed that the damage, however extensive,
would not :recipitato the catastrophic failure which actually
occurred (Fig. 18).

§2

| FSP



YLOSYL ONME D ¥ #:0,4 ddowo))

2% FO

53




54

e

o




V20571 ONOE I/ ¥ - smving § oW &

133




$6




L0571 ONNS D/ Y *
" I3

PI§ 104 ‘SN Wisebie) 1eme)

P& T8N

§7




e aw—

TABLE 2. Predicted Free-Field Airblast Parameters.

IDISTANCE OVERPRESSURE | OVERPRESSURE | HORIZ. DYN. HORIZ. DYN.
M IMALSE OVERPRESSURE | OVERPRESSURE
Gz IMPULSE
) ¥Pa kPa-ms kPa kPa:ns
im 62.1 4588 13.8 799
375 2.4 3792 6.8 458

The fact that structursl failures did occur csan be
partially attributed to the strength degradaticn of the
aircraft structure, rosulting from extensive in-service use,
ss well as to the synergistic effect of the overpressure and
gust interaction. These were not considered in the structu-
tal integrity assessmont by analytic methods.

The overall damage sustained by the two aircraft
located 375 m (1020 ft) from the GI can be divided into
three categories:

1.  Loss of the rudder.
2. Buckling of the skin panels.

3. Failuve of substvuciuie wiemvhls @nd syvocjated
skin panal rupture.

The side-on intercept of the alvcraft by the blast
represented the most severe oriontation for the verticsl
stabjlizer including the rudder. The rudder structural
integrity was not subjected to Rtetost :nlthlc rediction.
Therefore, comaents regarding the loss of the rudder resulte-
ing from hinge failure (Fig. 20) are limited to stating that
the loads associated with 41.4-kPa (6 psi) free-field peak
overpressure exceeded the hinge strength at some point and
resuited in failure.

The occurrence of roderate skia buckling was priaarily
restricted to the engine inlet (Fsg. 21) and the fuaclage
section aft of STA 414 (Fig. 22) where panels with thinnest
skin, 0.8] mm (0.032 in.), were located. Characteristically,
these panels were susceptible to early buckling because they
were long with an aspect ratio approaching 6.0. This type
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of damage was associated with only a minor substructure
deformation as suggested by the appearance of the engine
inlet area, where several rivet failures were also observed.

The severity of the buckling pattern in the aft fuse-
lage arca differed noticeably for the two aircraft locatsd
375 m (1230 £t) from the GI. The more severe buckling in
the case of aircraft BUNO 145062 (Fig. 28), as comparwd to
aircraft EUNO 1459558, can be explained by potentially
different strength characteristics of the individual air-
craft., However, it is possible that a slight variation in
the blast intensity had occurred locally and was sufficient
to produce discernible difference in the damage level of
those two aircraft. Also, variations in the tiedewn arrange-
mont for the two aircraft might have affected the gust
response and produced differences in the aft ares buckling
patterns.

The most severe damage was obtained in the mid-fuselage
area botwoen bulkheads STA 262 and 306 (Fig. 19), immediately
above the wing-fuselage intersection. The skin rupture in
panel ¢ (Fig. 13) was associated with failures of numerous
substructure clements. lgnering for a moment the substruc-
ture fallures, it is difficult tov explain the skin rupture
on the basis of the pancl geometry relative to other panels
within the airframe, Adlf!:odly. the rup-ured panel skin
{Fig. 24) was only 0.8 mm (0.032 in.) thick, but its
length, 200 mm (7.87 in.}), was considerably less than the
363-mm (14.28 in.) long panel § of idential skin thickness
where no signs of damage were found.

It may bo suggested that, st this lccation, where the
ulug and fuselage met, the lecal shock reflection produced
higher overpressure, but that alone could not account for
the skin rup.ure. A such more plausible explanation of the
skin rupture in this area is that it occurred in cunjunction
with the substructure failure. The structural distortion
producec by the former fsilure at STA 291 (Fig. 27) and the
fastener failures at the joint of STA 277 former to the
lower loa}oton (Fig. 2S) had a compounding effect which led
to the skin rupture.

This category of damage was also move severe in sircrafr
BUNO 145062 (Fig. 29) as compared to BUNO 149558 (Rig. 24).
The former shows the skin rupture extending upwards towards
the top of the fuselage, while the latter fajlure is con-
tained within the lower fuselage avea. A similar situation
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prevailed in the aft fuselage region of STA 319 and 328
where the fastener failure and slight damage of the subs
structure for aircraft BUNO 149558 (Fig. 23) were¢ contrasted
with a more extensive damage including the skin rupture for
aircraft BUNO 145062 (Fig. 31). The explanation given
earlier for the panel buckling patterns is considered
equally applicable in this case.

The assessment of the catastrophic failure of aircraft
BUNO 145074 can best be made in the context of the blast
parameter data (Table 2) and the nature of damagr sustained
by the aircraft located farther away from the GI. A com-
parison of the blast parameters shows 50 to 100 percent
higher intensity in overpressure and dynamic pressure,
respectively, for the 31l-m (1020 ft) location over the
375-m (1230 £ft) location from the GZ.

The failure sequence as reconstructed from the post-
test exanlnation of the aircraft was as follows. The
failure initiated in the vicinity of STA 277 was produced by
the overpressure loads just as in the case of the aircraft
located 375 m (1270 ft) from the GZ. Naturally, with the
50 percent higher overpressure, this failure resulted in the
skin rupture extending possibly from the lower longeron te
the top of the fuselage. This was accompaniud by extensive
substructure failure over the entire fuselage segment between
bulkheads STA 262 and 343 which was crushed into the fuselage
body., The main skeletal members of the fuselage, the longs-
ronrs, appeared to have remained intact to this point, but
the progressive loss of skin strength was sufficient to
complete the ruﬁturing process of the entire fuselage cross
section under the subsequent gust loads. This is substan-
tiated by a tension fracture appearance of the starboard
longerons, i.e., those towards the GZ (Figs. 34 and 35), and
a compression fracture of the portside lower longeron (Fig.
sv). It is interesting to note that the initial failure of
the upper lorgeron occurred at STA 277 (Fig. 33) which
coincides with the most severe substructure damage to the
aircraft located 375 m (1230 ft) from the GZ. BRoth lower
longerons (failure at STA 343) contained an apparent weak-
ness in the form of cutout holes.

INSTRUMENTATION DATA

The experimental data in their entirety are compiled in
Volume II of NWEF Regort 1145 (Ref. 6). This includes the
data obtained from NWEF Projects impiemented in both PRE-
DICE THROW II and DICE THROW Events.
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However, for the purpose of correlation, pertinent
experimental data are presented graphically in this volume
in conjunction with the analytically predicted data for
overpressure, strain, and deflection, In addition, selected
strain gage data plots are included to illustrate relevant
subject material covered in the discussions. References to
these experimental deta are made within the text as applicable.
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ANALYSIS

ANALYTIC PROCEDURES

The analytic treatment of the aircraft structural
response to overpressure provided in this report is based
on three overpressure analysis methods formulated in the
"Handbook for Analysis of Nuclear Weapon Effects on Aircraft"
(Ref. 2). The complexities of the structural modeling and
the nuclear blast representation vary with each method.
Presumably, the accuracy of the analytic predictions vary
accordingly.

METHOD 1

The ieast complex technique, Method 1, is based on two
major assumptions:

1.  Overpressure damage to an aircraft is the same for
all aircraft of a given generic type.

2. The preblast utlosghere is homogeueous, having
characteristics associated with aircraft al)titude.

The method employs predetormined, critical sure-safe
or sure-kill overpressure levels depending on the type of
aircraft under consideration. Then, given the weapon
yield, this method can be readily used to determine critical
ranges and obtain plots of sure-safe and/or sure-kill
envelopes.

For A-4C aircraft, which is classed in the fighter or
fighter-bolbet category, the method prescribes the following
critical pressures:

1. 17.24 kPa (2.5 psi) for sure-safe condition

2. 137.9 kPa (20.0 psi) for sure-kill condition

Sure-safe and sure-kill envelopes were constructed
based on the scenario data:

Alrcraft altitude HZ = 1.2 km (4000 ft)
Ground altitude HG = 1.2 km (4000 ft)
Equivalent yield W = 4.2 TJ (1 XT)
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A step-by-step procedure was applied using furnished
graphical and tabular data which included special provisions
to account for the ground reflection effects.

METHOD 2

Method 2 is based on the premise that an aircraft
subjected to an overpressure loading can experience structu-

ral damage in several ways. Skin panels may yield or rupture,

while longerous, stringers and frames may fail by compressive
yielding or local buckling. Since the fuselage is generslly
the most susceptible to these types of damage, it is explic-
itly considered for coverpressure effects according to the
analytic procedure defined by Method 2.

The mothod is governed by the following assumptions:

1.  The skin panel is thin, flst, and rectangular with
edges rostrained against rotations aud deflections, i.e.,
clamped.

2. The stringer or longeron supports one-half the
pressure load acting on adjacent panels.

3. The ends of a stringer or longeron are fully
restrained against deflection and rotation.

4. The frame is circular and has constant cross-
section dimensions.

S.  The frame supgorts ono-half the pressure load
acting on tho fuselage between the frame preceding and the
frame following the one being considered.

6. The pressure loading is transferred to the frame
by the skin and stringors and local bucklinf of flanges or
webs occurs before an overall instability of the frame
dovelops.

7.  Initial stresses due to preblast flight loads are
negligidle.

8. The preblast atmosphere is homogeneous, having
characteristics associated with the aircraft altitude.
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Regardless of the structural element under consideration,
the analytic procedure consists of two basic phases. In the
first phase, the static critical overpressure to produce the
onset of damage is determined based on the material yield
stress allowables. For the skin panels, the allowable
stress corresponds to the tensile yield of the material.

For the stringers, longerons and frames, the allowables are
defined in terms of the elastic buckling (crippling) stress
or the compressive yield stress, whichever is less.

In the second phase, a dynamic factor is computed based
on the natural frequency of the structural element under
consideration as well as on the time duration of the reflected
blast wave and the reflection factor. The resultant critical
overpressure value is then obtained as the critical static
overpressure divided by the dynami. factor.

The sure-safe condition is defined according to the
minimum critical overpressure computed for the weakest
panel, stringer, longeron, or frame. The sure-kill condi-
ticn isc hased on the critical averpressure determined for
the strongest longeron with the cross-section characteristics
and spacing corresponding to a fuselage station near the
forward end of the tail cone.

The analysis of A-4C aircraft in accordance with
Nethod 2 was accomplished using the OVPR2 code, which is
structured to follow rhe iterative computational procedure
doveloped for this method (Ref. 2). Tge required input datas
for OVPRZ ,olutions were chosen to vnsure a basis for corre-
lation beiweon the analytic and the experimental dats. The
structural oloments modeled cocrespond to those instrumonted
in the DICE THROW experiment. Skin panels 1, §, and 6, in
Figs. 8, 12, and 13, respectively, were represented in this
nanner to conform to the input format for an OVPR2 solution.
Panel 1 was ontered as the side panel, panel S as the top
panel, and panel 6 as the bottom panel; soe Tsble 3.

The analytic vepresentation of the longeron element for
the sure-safe condition was based on longeron S configu-
ration, Fig. 12. As shown in Table 4, the critical over-
pressure is & function of the angle of incidence. This
angle was assessed at 32 degrees at the longeren $ locatinn.

Follou!ng the Method 2 criteria, the analysis for the
sure-kill condition was based on the section characteristics
of the lower longeron, i.e., the strongest longeron, at
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fuselage station 387, Fig. 37. OVPRZ input data for the
lower longeron together with the analytic results are pre-
sented in Table 5.

The frame analysis restricted, as in the case of skin
panels, to the sure-safe condition was based on the fuselage
frame station data presented in Table 6 which also includes
the analytic results.

METHOD 3

By far the most sophisticated of the three methods,
Method 3, offers detailed and diversified modeliig of air-
craft structural elements. It also includes a comprehensive
blast representation based on a state-of-the-art airblast
model and permits completely arbitrary selection of the
scenarios defining the spatial relation of the aircraft with
resnect to the detonation point. In its latest version,
Method 3 contains a special provision for a point by point
representation of the blast characteristics on the local
level (i.e., pertaining directly to the structural element
analyzed) which can be advantageously applied to simulate
actusl experimental data.

NOVA-2 (Nuclear Overpressure Vulnerability Analysis,
Version 2), Ref. 7, the computer program for Method 3,
provides a technique for predicting the elastic and elastic-
plastic response of aircraft structural elements to tran-
sient pressure loads associatad with the blast wave from s
nuclear explosion.

The program consists of three distinct routines, NOVA,
DEPROB (Dynumic Elastic Plastic Response of Beams), and
DEPROP (Dynamic Elastic Plastic Response of Panels), written
in FORTRAN 1V langusge.

The NOVA routine is the master routine which controls
the logic of the overall program. It contains the sub-
routines for (1) prodtctinﬁ the aerodynsmic flight loads and
the blast pressure loads that are aspliod to the liftin
surfaces and fuselage during subsonic ard supersonic tl%ght
and (2) determining the slant range at which a structura
:}el;ntblniuts damage which has been specified on a probabi-

stic basis.

The DEPROD routine provides the response of aircraft

structure such as stringers, longerons, frames, rib
conical or cylindrical rndo;es which c;n be reﬁreso:;e;n:y
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an annular cross section. The method of analysis used in
this routine applies to beams which can be modeled in one
dimension by a series of discrete masses interconnected by
weightless springs. It features the ability to analyze
elements with variable cross section, both simply supported
and free edge conditions, an improved elastic-plastic stress-
strain model, and the inclusion of rib buckling as a failure
mechanism.

The DEPROP routine provides the response of aircraft
skin panels, canopies, and radomes that can be approximated
by & cylindrical panel. The linear elastic option applies
to single and multilayered panels of isotropic o- ortho-
tropic material; and the elastic-plastic option applies to
single-layered panels of isotropic material. DEPROP includes
(1) symmetric or nonsymmetric combinations of clamped or
simply supported edge constraints, (2) & much improved
elastic-plastic stress-strain model, and (3) improved overall
accuracy.

Method 3 offers individual treatment for a variety of
structural clements through specified input dats which call
for detailed modeling of an individual element under conside-
ration and the surrounding structure. This enables the
determination of tho local overpressure conditions in con-
junction with the blast model incorporated within the program.

When local overprossure data are availeble, e.g.,
experimental data, the program computes transiont response
:f that individual element based on the supplied overpressure
ats.

A special provision of the program allows s panel
response solution through a beam tosto:cntction. This
solution l!olda results of acceptable lccutuc{ and offers a
considerable 1|vin§ in the computer time which may be one-
to:thtof that required €or a correspomding regular panel
solution.

The A-4C sivcraft snalysis using NOVA-2 code was
directed towards:

1. Obllta!ng the maximun amount of dsts for direct
correlation with the experimental test data.

1. Providing adequate comparisons between the
various anslytic solutior modes.
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Note that the distinction is made here between a
solution based on the analytic blast model and a solutiom
gsing arbitrary (may be experimental) local overpressure

ata.

The scope of the analysis is presented in Table 7 where
DEPROP and DEPROB denote, respectively, thi panel and beam
solutions based on the analytic blast models. KADBOP and
KADBOB denote the panel and beam solutions, respectively,
using arbitrary overpressure dats inputs.

Beam r:presentation of a panel using tie analytic
overpressure model is denoted by KADBOB-A. B

RESULTS CORRELATION

This patt of the report is devoted to the presentation
of the analytic results and their correlation with the
oxperimental data obtained from the test conducted on the
A-4C aircrafe.

The analytic results obtained for each method are pre-
sented in soparate paragraphs which include comprehensive
discussions. For cach case, the discussion describes the
area and tho degree of correlation betweon the anslytic and
experimental data.

METHOD 1

The sure-safe and sure-xill envelopes constructed
according to the procedure foi Nethod 1 are presented in
Figs. 38 and 39, respectively. For a ground detonstion and
a parked aircraft, correaponding to the DICE THROW vvent
configuration, the sure-safe anc sure-kill ranges shown on
these figures are 693 m (2278 ft) and 210 o (690 ft),
respectively.

Only a generalized and largely qualitative correlation
between these results and the experinentsl data is possible
since Method 1 is limited in scope to the determination of
the critica: range values according to the specified sure-
safe and sure-kill criteria. These range values which are
based on predetermined allovable peak overpressures do not
offeor & suitable basis for correlation mith the experimental
data obtained for differont overpressure conditions. However
restrictive this situation, revealing observations ccn be
made in assessing validity of this method.
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TABLE 7. Chart of the NOVA-2 Solution Runs.

Structural | Panel Representation| Beam Representation

Element | DE KADBOP DM‘KEWW

Panel 1 X X - X X

Panel 4 X X - X -

Panel 5 X - - X -

Panel 8 - - - X -
Longeron 5 - - X X -
Brame 277 - - X - -

PP T

*KADBOB-A denotes the solution of a panel represented as
a beam subjected to the analytic overpressure entered as
a point by point input.
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The assessment of damage sustained by the instrumented
A-4C aircraft located at 375 m (1230 ft) from the GI suggested
that the sure-safe condition was exceeded at 41.4-kPa (6 psi)
peak overpressure. This was indicated by localized damage
particularly in the fuselage STA 277 region, Fig. 25, where
the failure of the frame to lower longeron joint led to
panel skin rupture.

The experimental results show that this joint was the
critical structural element. Unfortunately, no strain
records were obtained for that area because this was not
previously predicted to be the weak element. :

However, the localized nature of the failure implies
that the loading was not grossly in excess of yield; other-
wise, more widespread failure would have resulted. This, in
turn, leads to tge final observation that, for A-4C aircraft,
the vulnerability prediction according to Method 1 for sure-
safe condition is decidedly conservative.

The consideration of the sure-kill condition presents a

directly opposite picture. Here, the analytic value of

210 m (690 ft) for the critical range corresponding to
137.9-kPa (20 psi) peak overpressure is well in excess of
62.1-kPa (9 psi) peak overpressure which was sufficient to
groduce the catastrophic failure of the asircraft located

11 m (1020 ft) from the GZ. This immediately suggests that
the analysis ls severely unconservative.

There is no accurste way to predict from the available
experimental data the lowest overpressure level which would
have Ytoducod a catastrophic failure. Assuming that 62.1 kPa
(9 psi) rogreseuted s minimum overpressure value for s
catastrophic failure to occur, this is equivalent to at
least 120 percent error in the critical overpressure postu-
lated by tﬁo snalysis.

In the final assessment, the test has demonstrated that
Method 1 spplied to the aircraft in the fighter and fighter-
bomber classes, as represented by A-4C aircraft, tends to be
conservative in predicting the critical range for sure-safe
condition, but unconservative in predicting the critical
range for sure-kill condition. However, the extent of
consetvatism and unconservatism fall within the error limits
specified in the method formulation. —
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The plots of the analytic solutions presented in Figs.
3% and 39 appear rather crude. The multiple ground range
values obtained for a given height of burst are not realis-
tic and tend to be confusing.

For an analyst familiar with Method 1, the analysis
requires an estimated 20 minutes of engineering time to
perform and less than one second computer time %o execute on
a large computer. The method provides a means for rapid
determination of the vulnerability envelopes and can be
satisfactorily used wherc a solution error factor of two is
acceptable.

METHOD 2
Skin Panels

The analytic data obtained for three panels are pre-
sented in Table 8 and are applicable to the sure-safe con-
dition only. 7They represent threec sets, each consisting of
ten critical overpressure values related to the angle of
incidence, theta, which is defined as the angle subtended
between the panel surface and the dircction of shock pro-
pagation.

For panel 1, the critical overpressure of 27.2 kPa
(3.94 psi) was indicated at 90-degree angle of incidence
which corresponded to the actual panel orientation during
the test.

With incidence angles of approximately 30 and 90 defreos
for panels 5 and 6, respectively, the corresponding critical
overpressure values of 46.9 kPa (6.8 psi) and 31.2 kPa

(4.52 psi) were obtained.

The selection of panels 1, 5, and 6 for the shin panel
representation in the analysis was made to provide the best
possible correlation between the analytic and experimental
data. These panels were suitably instrumented with strain
gages and produced satisfactory strain data during the test.

However, the overall survey of the strain data indi-
cated that the actual panel response falls somewhere botween
the idealized simply supported and clamped edge boundary
conditions. This was particularly apparent for panels 1, 2,
and 4. For these Kanels. strains of comparable magnitudes
were obtained at the panel) center and st mid-points alomg
the longer edge.
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TABLE 8. Peak Experimental Strain Data Summary
for Panels ! through 8.

Panel Center Panel Longer Edge
Inside Surface OQutside Surface

Panel No. | Microstrains | Gage No.| Microstrains| Gage No.
1 3400 1 2600 9
2880 10
2 - - 2200 15
- 2180 1?7
3 3900 19 - -
4 5000 24 6000 27
S - - 8000 31
8800 32
L 6 3200 34 7600 35
? - - 4600 37
] 3800 40 2400 42

NOTE: (a) Straln gage locations are shown in Figs. 8
through 15.
(b) Peak strains are tonsile in every case.
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It appeare, therefore, that the assumption of clamped
edge boundary conditions for the panels does not necessarily
hold true in the actual true-to-life aircraft structure.

The less thar rigid quality of the panel boundary substruc-
ture comprising panel boundaries and the structural deterio-
ration of the entire aircraft structure through the years of
service should be considered among the factors likely to
contribute to the departure from the idealized panel behavior.

The apparent inconsistency between the experimental
data and the behavior of idealized panels with clamped edge
boundary conditions can also be attributed to the fact that
the exsct locations of panel boundaries could not be deter-
mined. The location of the panel boundary depends on the
configuration of substructure and its rigidity. Where the
substyucture is less than rigid, the effective boundary
location also depends on the deformation which is a function
of the loading. Consequently, the strain gages installed in
the vicinity of the panel edge, where steep strain gradients
prevailed, produced data which could be easily misinterpreted.

There are two alternatives. On one hand, there is a
wussibility that a skin panel, which constitutes an element
of a larger structural component, does not necessarily
respond according to idealized, clamped edge boundary con-
diticas. On the other hand, the experimental data obtained
from even slightly misplaced strain gages can easily lead to
erroneous observations.

At this stage, no sufficient evidence is available to
ascertain which of these¢ possibilities should play the
dominant role in the experimental data interpretation. This
situation severely complicates any attempt to verify Method 2
on the hasis of the experimental data.

However, closer examination of the strain gage data
summarized in Table 8, in conjunction with Figs. 8 through
15, further implied that the actual pancl response was
somewhoere in between the clamped edge and simply supported
boundary conditions. Steep strain gradients in the vicinity
of the panel edge did exist, but strains of comparable
magnitude might have also been present at the center of the

snel. The typical response for a panel with -lamped edge
oundary condition was not entirely evident in the experi-
mental data for panels $ and 6. The thinner skin of panel
5, as compared to pancl 1, naturally developed higher strains
(gages 31 and 32 &s compared to gages 9 and 10). These high
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strains might have been accompanied by comparably high
strains at the panel center in a pattera similar to that of
panels 1, 2, and 4. The local failure of panel 6 substruc-
ture no doubt affected the skin strains to the extent that
the panel response cannot be represented by the clamped edge
condition.

From the foregoing arguments emerges a postulate that
the experimental data reflected with a fair degree of
accuracy the actual strains developed in skin panels during
the test. Based on that postulate, qualifying statements
regarding Method 2 can now be made.

The sure-safe condition for Method 2 implies impending
yield of material. For the biaxial stress field this can be
defined by

F. =
y E e

™

where F_ (63000 pslg is the yield stress,
EY (10.4 x 10° psi) denotes the Modulus of Elasticity,
and v (0.33) in the Poisson's Ratio,

Then, the corresponding yield ctrain, ¢, in the
direction normal to the panel longer edge isyapproximately
5400 microstrains.

The yield condition for panel 1 indicated by the
analysis was at 27.2-kPa (3.94 psi} peak overpressure.
However, the experimental data showed no yield even at
41.4-kPa (6 psi) peak overpressure. In fact, only 60 per-
cont of yield was reached.

A directly opposite picture is presented in the case of
pane) 5, for whicﬁ the yield condition was obtained analyti-

E cally as 46.9-kPa (6.8 psi) peak overpressure. According to

the experimontal data, at 41.4-kPa (6 psi) peak overpressure,
the yield condition was already oxceeded by 48 percent of

the yield strain value.

Considerable discrepancies between the analytic and
experimental data are in evidence for the panel structural
elements. Within these discrepancies, the analytic values
of critical peak overpressure may be aigher or lower than
the corraspondlnﬁ experimental data by an appreciable margin.
However, since the degree of accuracy of the experimental
data could not be adequately determined, there is insuffi-
cient evidence to verify or deny the validity of Method 2.

81

. 5 B T AT




In any case, the observed discrepancies appear to fall
within the error factor of 1.6 specified by the method Tor
the vulnerability ranges determined in the sure-safe condi-
tion analysis.

Method 2 is distinctly superior to Method 1 as it
provides for a selection and analysis of weakest structural
elements which are individually modeled in some detail. The
analytic solutions using OVPRZ code are readily obtained in
less than 10 seconds of computer time on a large computer.

Longerons

For the sure-safe condition, the analysis modeled
longeron 5. The analytic results are presented in Table 4.
Shock incidence at that location was 32 degrees and the
critical peak overpressure was assessed at 65.6 kPa (9.51 psi).

For the sure-kill condition, the lower longeron was
used in the analysis and the resulting critical peak over-
pressure values are summarized in Table 5. For the actual
lower longeron location, the shock incidence angle was
approximately 90 degrees and the critical peak overpressure
was 50.3 kPa (7.3 psi).

The most striking result of the longeron analysis is
that a higher critical peak overpressure was indicated for
the sure-safe condition than for the sure-kill condition.
This apparently irrational result was not altogether unex-
pected when on. ~onsiders the modeling process for longeron
elements prescribea Ly the method.

The weakest longerons selected for the sure-safe conai-
tion analysis were closely spaced. Consequently, the effec-
tive pressure loads sustained by an individual longeron were
relatively small and a large critical peak overpressule
value was predicted by the analysis. For the sure-kill
condition, the strongest longerons were modeled; however,
they were spaced far apart. This was equivalent to a dis-
proportionately higher pressure load being sustained by this
longeron and praduced a lower critical peak overpressure
value,

It appears, therefore, that very careful consideration,
based primarily on the analytic experience, must be oxercised
in the selection of longoron elements to assure compatible
analytic results. '
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In the case of A-4 aircraft, the selection of longeron
elements for modeling was difficult. The fuselage structure
was made up of closely spaced frames and ring-like, stiffener
members. Typical stringers were absent and the longitudinal
structural members were limited to two types of longerons
represented in the analysis.

Adequate strain gage instrumentation of the longerons
was not available for the test because of limited recording
channels, and other sources of relevant experimental data
were totally absent., However, some insight into the overall
structural integrity was gained from the extent of damage
sustained by the aircraft exposed to different overpressure
levels. At 41.4-kPa (6 psi) free-field peak overpressure,
no damage of long~rons was evident. At 62.1-kPa (9 psi)
overpressure, the catastrophic failure of the fuselage,
initiated in the vicinity of the frame STA 277, progressed
through the weak longerons and led to a rupture of the
strong longerons and the entire section of the fuselage.

For the specified test conditions, the longeron vulner-
ability between no damage and catastrophic failure are
equivalent to a 64 m (210 ft) change in the range from the
GZ, i.e., from 375 m (1230 ft) to 311 m (1020 ft).

The critical free-field geak overpressures predicted
according to Method 2 are equivalent to the ranges between
305 m (1000 ft) and 335 m (1100 ft) from the GI. This is
woll within the 1.6 error factor value specified for this
method. Therefore, the analytic results obtained for longe-
rons are reasonable.

Fuselage Frame

The frame analysis data based on fuselage frame STA 277
aro presented in Table 6, and the indicated minimum critical
peak overpressure value was 21.9 kPa (3.18 psi). According
to the free-ficld overpressure data collected during the
tost, this pressure level was recorded approximately €10 n
(2000 ft) from the GZ.

Considering that a damage of fuselage frume STA 277 was
sustained by both aircraft fielded 375 m (1230 ft) from the
GZ, the unalytic prediction may be assessed outright as at
lesst reasonable. It slmost falls within the 1.6 error
factor value specified for the method. However, noting the
extent of damage, it is immediately suggested that yielding
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of the material had to begin at substantially lower load
level. This can be readily deduced by examining Fig. 25
which shows failure of the joint between frame STA 277 and
the lower longeron in the instrumented aircraft BUNO 149588.
There, sheared fasteners and the displacement of the attach-
ing angle from its normal location are clearly visible. The
displacements of that magnitude were associated with con-
siderable plastic deformation preceded, of course, by yield-
ing. In the second aircraft BUNO 145062, failure of frame
STA 277 was more severe and more extensive. Besides the
joint failuyre, the frame flanges buckled and ruptured higher
up the span, approximately 0.61 m (2 ft} above the lower
longeron joint, Fig. 30. It was interesting to note that
the flange failure occurred at a cutout hole in the frame
web, which was present in aircraft BUNO 143062 but absent in
aircraft BUNO 149588,

With this demonstration that the frame yielded at an
overpressure level distinctly beluw d1.4 kPa (6 psi) and
therefore closer to the predicted value of 21.9 kPa (3.18 psi),
experimental verification of Method 2 for the frame clement
analysis is satisfactorily accomplished.

METHOD 3

Results of the analysis, covering all options available
in NOVA 2, are presented in a series of plots for strain
data versus time, with zero-time corresponding to the instant
of blast intercept. Wherever applicable, plots of pertinent
experimental data arve also included, superimposed on the
analytic data.

Five skin panels, one longeron and one frame represent
the three types of structural elements analysed using the
NOVA 2 code. Lach clement is covered in separate paragraphs
which fullow.

Skin Panels

The overrviding objective of this study was to implement
o correlation between the expevimentual and analytic data,
Thus, considerable effort was initially made to provide a
representation of various panel configuration pursmeters in
order to assess theiv effect on panel response to blast.
However, us mentioned carlier, restrictions imposed by
practical considerations reduced the parvametric aspect of
this study to:
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1. Flat and curved panels.

2. Clampéd and simply supported‘edge boundary
conditions.

3. Panels of different width.

A comparison between a flat and a curved panel was
provided by panels 1 and 5 respectively. Panels 1 and 8
represented the clamped and simply supported edge boundary
conditions, respectively. Panels 4 and 5 illustrated the
effect of the width parameter variation on the panel
response. Panel 6, which was also covered analytically,
should be considered separately. Its slightly trapezoidal
rather than rectangular shape renders it unsuitable for a
direct correlation with other panels.

The data plots for these five panels are presented in
three sets. Figures 40 through 49 represent strain and
deflection data obtained from the solutions based on the

analytic blast model.

The panel solutions based on the experimental over-
pressure data (KADBOP solutions) are illustrated by Figs. 50
through 54. The corresponding data for beam representation
of panels (KADBOB solutions) are given in Figs. 55 through

The analytic blast model and the experimental over-
pressure data are corrclated in Figs. 68 through 72 for
each panel analy:zed.

The panel response observed during the test has been

.described in general terms in the assessment of Method 2.

Additional and more detailed observations will follow as
more pertinently applicable to the assessment of Method 3.

Several comments concerning the overpressure charac-
teristics related to structural elements in general seem
appropriate at this point. [xamination of the pressure
gsage records revealed considerable variation of overpressure
dcross structural elements, such as skin panels, during the

. blast diffraction phase. (See pressure gage datue in Volume

II. of NWEF Report 1145, Ref. 6.} The time of shock arrival
was found gcnerally to vary from point to point on the panel
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surface. This was dependent on the panel shape and its
orientation to the direction of blast propagation.

As mentioned earlier, the panel response did not con-
form either to the classic clamped edge or simply supported
¢dge boundary conditions. Rather, an intermediate response
was generally evident from the experimental data which is
summarized in Table 8. This gives peak strains recorded at
the center of the panels and along the longer edge near the
panel boundary.

At the center of panel 1, for instance, the strain was
3400 microstrains, as compared to 2880 microstrains at the
panel boundary. This implied a response more characteristic
for panels with simply supported rather than clamped edge
boundary conditions. A similar response could be observed
for all panels located in the vertical stabilizer area. In
contrast, the response of paneis located on the fuselage
appeared to approach more closely that of ciamped edge
boundary conditions. There, strains along the longer side
near the boundary are higher than at the center of the
panel.

A comparison of the peak strain values suggests that,
generally, the response of the panels located in the verti-
cal stabilizer area resemble more ciosely that of panels
with simply supported edge boundary condition. The fuselage
panels, however, approximate more closely responses for the
clamped edge boundary conditions. This behavior appears to
be related to the rigidity of the substructure at the panel
boundaries. The substructure ol the vertical stabilizer was
more flexible than the fuselage substructure.

The survey of the strain gage data for the strain
gradients developed near the panel boundary along the
longer edges provided further evidence that the response of
the panels during the test was between those responses
typically expected for panels with simply supported boundary
conditions and those with clamped cdge ones.

For panel 1, a strain gradient of only 59 microstrains/
mm (1500 microstrains/in.) was indicated from the records of
strain gages S5 and 9, Figs. 73 and 74. Much higher strain
gradients were developed in panels 4 and 5. These were
640 and 970 microstrairs/mm (16,200 and 24,700 microstrains/
in.) respectively, as obtained from the data of strain
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gages 27 and 28 for panel 4 and gages 31 and 43 for panel §
(Figs. 75 through 78).*

An interesting pattern in tensile strain histories was
observed for the flat and curved panels. At the center of
flat panels, a maximum strain level was generally reached
during thn first oscillation. This was followed by the
strain attenuation during subsequent cycles. At the panel
edge, this was contrasted by several cycles of increasing
strain amplitudes with the peak value reached, generally, on
the third cycle. This initial amplification trend is
followed by strain attenuation. Illustrations of these
strain historics are presented in Figs. 79 and 74 for the
center and the edge of panel 1, respectively. For the
curved panels, the peak strain vilues both at the center and
at the edge of the panel invarianly occurred on the first
oscillation, Figs. 80 and 75.

The study of the effect of the width parameter on panel
response was limited to a comparison of strain data for
panels 4 and 5. These panels, located side by side on the
fuselage had a curvature of approximately 782 m (30.8 in.)
radius. Both had identical dimensisns except the width
which was 73 and 87 mm (2.86 and 3.42 in.), respectively,
for panels 4 and S. Both pancls responded in a similar
manner and, as expected, the peak strain in panel 5, the
wider panel, was substantiatly higher (8000 microstrains)
than in the narrower panel 4 (6000 microstrains), as shown
in Table 8.

in accordance with the fairly high natural frequency of
the instrumented panels, their maximum response usually
occurred within one millisecond after the glast intercept.
A departure from this behavior was reflected in the strain
historics obtained for some fuselage panels. It consisted
of both high and low frequency oscillations. The high
frequency oscillation roached peak strain during the first
cycle following the blast intercept, but, typically, an even
highor peak was registered at a later time in conjunction
with the low frequency oscillation. This mode of response
was most clearly apparent from the record of page 2,
on panel 4, Fig. 81, and shows the overall maximum response

*NOTE: Typically, a strain gage covers a finite area and
its record represents average strain over that arvea.
The data are, thercfore, approximate values of the
actual strain gradients that were induced during
the test.
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at approximately 9-10 ms after the blast intercept. Th
pattern occurred for the majority of gages installed on .hc
fuselage, and it is attributed to the synergistic effects
of overpressure and gust. It was found to manifest irself
as early as 7 ms after the blast intercept, which approxi-
mately corresponds to the fuselage natural frequency deter
mined in the ground vibration tests conducted hy the
manufacturer, Ref. 8.

The gust effect may, as in the case of gage 23, Fi,
become increasingly prcnounced so as to reach the maxim
tensile strain value after the high frequency response h <
virtually died out. There, the gradual build up of tens
strains peaked betwzen 70 to 8¢ ms after the shock arriv .

The correlation of the experimental data and the ana’
predictions obtained from the NOVA 2 solutions wars appros
with the understanding that the idealized modeling of pan
elements can, at best, represent a reasonable approximati
of the aircraft structure response. Certain limitations
the NOVA 2 modeling are genevally recognized and this test
offered a unique opportunity to put these limitations in
proper perspective.

The panel boundary condition representation in NOVA 2
forces a choice between either the simply supported or
clamped edge boundary conditions. This immediately suggests
a potential source of e¢rror, Similarly, the lack of pro-
visions for adequate modeling of a structural element in
conjunction with the adjoining structure constitutes a
Jdeparture from the true-to-life structure representation.

The NOVA 2 code was designed to predict the structural
response rostricted to the overpressure effects. Therefore,
in the situations where the synergistic effects of over-
pressuce and gust are present, the gust effects have to be
assossed separately and suitably combined with the overpres-
sure effect predictions.

The NOVA : assumptions of a single instant for the time
of shock arrival and of the overpressure uniform across
the ontire panel surface (overpressure changing with time,
of course) are found to be inconsistent with the actual
evants., Furthermore, the overpressure historics obtained
during the test differed significantly from the analytic
blast model incorporated within the NOVA 2 program. This
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is illustrated in Figs. 68 through 72 which show super-
imposed overpressure versus time plots for the analytic
and experimental data. All these factors are bound to
affect the accuracy of the analytic predictions.

Nevertheless, for all these limitations, NOVA 2
offers the panel response predictions which compare quite
favorably with the experimental data. In some cases, these
predictions may be remarkably accurate. In other cases,
appropriate interpretation must be applied to the analytic
data in order to define the sources of discrepancies and
assess the significance of the analytic solution in relation
to the true-to-life structural response.

These cases are graphically illustrated in the analytic
and experimental strain data plots for panels 1, 4, 5, 6,
and 8 presented in Figs. 40 through 67 and in Table 9 which
summarizes the peak values.

For the center of Panel 1, the maximum strain values
obtained from the NOVA 2 DEPROP, KADBOP, and KADBOB solutions
varied between 3500 and 4100 microstrains and were comparable
with the experimental strain valuc of 3400 microinches.
However, the analytic strain histories, shown in Fig. 40,
differ significantly from the experimental strain historics
inasmuch as the deminant membrane strains indicated by the
analysis contrast the test data which showed very 51gn1f1cant
bending strains.

Even greater discrepancies can be observed for the
strains near the longer side boundary of the panel. The
analytic strains of 10,100 and 11,100 microstrains were
obtained from the NOVA 2 DLEPROP and KADBOP soiutions,
respectively. The higher strains obtained from the KADBOP
solution illustrate the effect of the more severe experi-
mental overpressure as compared to the analytic blast used
in the DEPROP solution, Fig. 68. These strain levels,
which signify considerable yielding of the panel skin
material, appear to be much greater than the corresponding
experimental strains which peaked at 2880 microstrains, well
within the elastic range. This discrepancy between the
analytic and experimental values is further accutuated by
the KADBOB solutions which use a beam representation of
panels in the analysis. This representation was advertised
as an acceptable approximation which offers considerable
saving in the computer time without significant sacrifice
of the solution accuracy. The colossal strain values of
45,600 and 70,900 microstrains obtained from the KADBOB-A
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and KADBOB solutions, repectively, (Figs. 56 and 57, and
Table 9) clearly indicate that for strain levels beyond the
elastic limit, the beam representation of panels produces
increasingly unrealistic results. This was consistently
demonstrated in the KADBOB solutions for panels 5 and 6,
Figs. 62 and 64, respectively, with the corresponding strain
maxima of 51,600 and 27,200 microstrains. As expected, for
the larger of the two panels, panel 5, farther excursion
into the plastic range was predicted.

The selection of panel 8 was based on the premise that
this panel was most likely to demonstrate a typical response
for the simply supported edges boundary condition. This
access door panel was characterized by skin discontinuities
at all edges. This was largely verified by the experimental
data, Table 9, which indicated 3800 microstrains maximum at
the center of the panel and lower strain, 2400 microstrains,
near the panel edge.

Two analytic solutions were obtained for this panel.
For one solution, the panel was modeled as simply supported,
and for the other solution as clamped-edge boundary condi-
tions. The resulting analytic strain data and the corres-
ponding experimental strain data plots are presented in
Figs. 65 through 67. The experimental strains obtained for
the inside surface at the center of the panel corresponded
rather closely to the analytic strains for the simply sup-
ported edge model, Fig. 65. A disparity can be observed
between the outside surface strains for the experimental
and analytic data. This mode of behavior, mentioned earlier
in the discussion of panel 1, implied that, in the analysis,
panels are treated as membranes rather than plates. The
experimental data indicated the panel response more closely
resembles that of a plate. It should be noted that the
membrane behavior is related to the panel width-to-thickness
ratio and to the load level. Thus, thin panels tead to
respond as membrances and, at higher load levels approaching
the yield point and beyond, the membrane action becomes
increasingly dominant.

The clamped-edge solution for panel 8, Figs. 66 and
67, showed considerably greater discrepancy between the
analytic ana experimental data, particularly near the panel
edge. The analytic strain value at that location, 7900
microstrains, implied a response ;in the plastic range
whereas the experimental strain maximum of 2400 microstrains
clearly denoted a response within the elastic range.
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Overall, Method 3 does an acceptable job of approxi-
mating complex real-world panel structures. However, con-
siderable judgement is required on the part of the analyst.
The engineering time required to obtain a first-case solution
is approximately 40 man-hours and the computer time may
exceed 2 hours on a large-scale computer (CDC-6600 was used
in this analysis).

Longerons

Because of recording channel limitations allowed for
longerons 4 and 5, the instrumentation was clearly inade-
quate for a comprehensive definiticn of the longeron
response during the overpressure phase of the blast. This
inadequacy was further compounded by erratic behavior of
the deflection gages and the crucial strain gages Nos. 56
and 59, (Fig. 12) which were located on the outside surface
of the skin directly oEposite the longeron flanges. Strain
gages 55, 57, and 58 (Fig. 12), located on the longeron
legs, were too close to the neutral axis to provide data
relevant for correlation with the analytic data, The
longeron 1e§ which terminated in a bulb-type flange was
unsuitable tor strain gage installation.

The only strain gage which appeared to provide
reasonable data was gage $9. Unfortunately, the tensile
strain indicated by this gage could not be readily accepted
as valid for the location uﬁere compressive strain was
exjocted, based on the load configuration and structure
geometry.

A plausible, though possibly conjectural, explanation
for the tensile strains actually developed at the gage 59
location is postulated as the overall response of the
fuselage curved panel sector bounded fore and aft by two rigid
bulkheads at Stations 262 and 306, respectively, and, top to
tottom, by longeron 6 and tho lower longeron. In the vicinity
of STA 306, at the outside surface location, this large fuse-
lage sector might well be subjected to the initially temsile
stresses as anlcttcd by strain gage 59. This line of reason-
ing loads to an \veutvatice that a structural sember which
constitutos one clement of « multi-clement integral structure
should be modeled in conjunction with the entire structure
to enhance adequate corrclation between the experimental
and analytic data.
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The longeron S aunalysis was accomplished using DEPROB
and RADBOB solutions. The former was based on the analytic
blast model and, for the latter, the experimental over-
pressure data of the closest pressure gage was used as the
input. In both solutions, the longeron was assumed clamped
at either end.

From the DEFROB solution (Fig. 83) the overall maximum
compressive strain of 4800 microstrains was obtained at the
longeron inner flange at the support point and the corres-
ponﬁing outside flange strain was 2200 microstrains in
tension. At the longeron mid-span (Fig. 84), lower strains
of 2700 and 1200 microstrain: were indicated for the inner
and outer flanges, respectiveiy.

Slightly lower strains were consistently obtained from
the KADBOB solution (Figs. 8% and 86), because the experimen-
tal overpressure profile less severe than the analytic blast
model, Fig. 70.

The strain gage 59 data plot was included in Figs, 84
and B6 for reference only., The lack of adequate experimental
data precluded a corvelation with the analytic predictions,
However, the available experimental and analyvic Jdata support
the observation that only moderate strains -ere developed in
the longerons during the overpressure phase of the blast.

Fuselage Frame

The fuselage frame STA .77, Fig. 87, is a complex,
partial ring structure which consists of several composite
elements with discontinuities along the porimeter. Presence
of elastic supports such as longerons and cuntilever seg-
ments incresses tne complexity and makes the structurasl
sodeling for the NOVA I solution difficult and requires a
sories of aiptoxiuathns. In addition, the overpicasure
representation which, in the case of a (rame snalysis, was
required to account for pressure variation avoun! the frare
at any given time during the diffraction phase, involved
approxisations inherent in the NOVA ! blast model. Fach
lﬁgvoxilatien carried with it a potential source of error
vhich was bound to affect the solution accuracgy,

The frame analysis was restricted to a DEPROB solution.

The KADBOE sclution which, at present, lacks the capability
for & multi-point representation of pressure variation
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NOTE: Dimensions Listed in TARLE 10,
FIGURE 87, Fuselage Frame 5TA 277, Coafiguration.
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around the frame, was not attempted. (The code designers at
Kaman AviDyne are currently working at improving NOVA 2 code
to include that capability.)

The predicted strain data, together with relevant

experimental data, are presented in Figs. 88 through 91.
For the frame support at the lower longeron location, i.e.,

: section RR in Fig. 87, high strains in excess of 14,000

] microstrains were predicted, Fig. 88. It is difficult to

. assess the validity of this prediction because a realistic
representation of this frame-to-lower longeron joint poses
an intricate modeling problem, In view of the failure at
this joint during the test, Fig. 25, close correlation
between the analytic prediction and the test results is
quite remarkable and may be a coincidence,

For the plane of geometric symmetry at secticn AA, Fig.
87, moderate strains, below 2800 microstrains, were pre-
dicted., A low Eelk strain (650 microstrains) was obtained
experimentally by gage 48, Fig. 89, Modeling of the section
AA was also complicated, particularly by a discontinuity in
the main element of the frame snd by the presence of an
intersection with the vertical stabilizer structure.
Representation of that configuration required a great deal
of judgement which apparently produced fair correspondence
between the predicted and experimental data.

For the curved segment of the frame, bounded by sections
HH and MM, Fig. 87, the maximum predicted strains approached
4500 microstrains st the frame inner flange. The correspond-
ing experimental strain maxima were 5500 microstrains for
section M, Fig., 90, and 2000 microstrains for section MM,
Fig. 91. Since sll these strains were compressive, a
posslibility of buckling failure could not be ruled out. 1In
fact, an inner flange buckling in that region occurred in
the free-standing nfrcraf! BUNO 145062, I'ig. 30. Dawailed
examination of the failure area revealed a lightening hole
in the frame web of BUNO 145062 at that location. In the
instrumented sircraft, BUNO 149558, the lightoning hole was
absent. It appears that this segment of the frame was
critical and a relatively small strength reducticn in this
ares precipitated a failure.

Considering the approximstion procedures involved in
modeling the frame structure, the remarkably close correls-
tion between the predicted data and test results is regarded
as highly satisfactory.
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AIRCRAFT RIGID BODY MOTIONS

All three aircraft had motion picture cameras located
as shown in Fig. 1. The film record obtained for the free-
standing aircraft BUNO 145062 was of poor quality and inade-
quate for analysis.

Mapping of rigid body motions during the positive and
anegative phases of the blast was, therefore, limited to BUNO
149558 and 145074, Since only one camera was installed for
each aircraft, the rigid body motions which could be deter-
mined with a reasonable degree of confidence were restricted
to:

1. Lateral translation.
2. Roll.
3. Yaw,

The snalysis of the film records, Ref. 9, extended to
the point in time when the field of vision became obscured
by the cloud of dust raised by the blast., For aircraft BUNO
149558 and 145074, this corresponded to, respectively, 0.8
and 0,55 s after the shock front arrival.

Results of this analysis are presented in Figs, 92
through 97. Because of the tiedown restraints (primarily
against the translation away from GI), Fig. 4, the aircraft
motions during the positive blast phase were relatively
small (trsnslation) to virrually nonexistent (roll). Size-
able motions occurred during the nogative blast phase. BUNO
149588 oxperienced, spproximately, 0.9 » (2.9 ft} maximum
translatory motion of the aircraft CG, Fig. 92 towards the
GZ. The corresponding rotational motions in roll and yaw
peaked at 6 and 18 degrees, respectively, Figs. 93 and 94,

Generally smallor motions wore obtained for BUNO 145074
with 0.5 % (1.6 fr), 4.5 degrees, and 16 degrees indicated
for the translation, roll and yaw, rosgoctively, Figs. 9%
through 97. The snaller motions for this aivrcraft which was
exposed to 62.1 kPs (9 psi) overpressure as compared to BUND
149558 which experienced 41.4 kPa (6 {si) overpressure can
be explained by the fact that, follewing the catastrophic
fuselage failure, Fig, 18, the aircraft area exposed to the
effect of the negative drag phase was greatly reduced.
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in absence of the guantitative data for the free-
standing aircraft, BUNO 145062, qualitative observations
will kave to suttice. This aircraft did not eahibit any
tendency to overturn duving the positive drag phase but the
tire skid marks provided valid evidence that translatory and
yaw motions did take place. The sequence of events was
difficult to reconstruct from the postblast location of the
aircraft which showed:

1. The main lunding gear wheels were found displaced
approximately 30 ¢m (12 1n.) downstream (away from the GI).
Tire marks extending 30 c¢m (12 in.) forward were also
observed.

2. The nose landing gear wheel was tound displaced
38 ¢m (15 in.) upstream {(towards the CI) with no indication
of forward or aft motion.

As mentioned earlier, the tiedown system used for the
two secured aircraft provided an eftfoctive restraint against
aircraft motions during the positive blast phase. The
extent of that effectiveness is illustrated by the data con
enetfy absorbed jmmediately following the shodh intercept by
the load vells incorporated in the tiedown system, Table 11.

As an initial attempt at defining aivcraft rigid body
motion during blast phase, this test provided basic data for
follow-on studies in the verification of overturning
predictions.

SUCLEAR TEST DATA CORRELATION

A review of old nuclear test data veveals that project
3.1 in OPERATION SNAPPER in the spring of 1952 involved
extensive testing of parked aircraft. Test films and photo-
graphic records wore reviewed te check correlatinn with the
recent DICE THRUK Tesults. ANumerous alrcralt were exposod
to combined blast and thereal effects at different intersi-
ties and from different ovientations. tThe aircraft of
interest wore the b-d47, the XF-90 and the F-86.

The damage tu these alvcraft eaposvd tv invreasing
pressure levels was observed as follows:

Onset of damage pressure - sligat buckling of control
surfaces, access doors bloxn off, and occasional panel
ruptured.
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TABLE 11. Energy Absorption by the Tiedown Load Cells
Following Blast Intercept.
Air- Load
craft | Cell FORCE STROKE ENERGY ABSORBED
No. No. kN 1bf m ft kJ ft-1bf
1 46.7 | 10,500 | .0190 | .063 | 0.896 661
- 2 46.7 | 10,500 | .0016 | .001 { 0.0149 11
2 3 46.3 | 10,400 | .0S38 | .177 | 2.496 | 1841
= 4 | 46.7 | 10,500 | .0635 | .208 |2.967 | 2188
% 5 47.8 | 10,750 | .0286 | .094 |1.367 { 1008
6 49.8 | 11,200 0 0 0 0
1 47.8 | 10,750 | .0079 | .026 | 0.377| 278
2 47.8 | 10,750 | .0064 | .021 | 0,317} 234
5 3 46.3 | 10,400 | .1286 | .422 | 5,951 | 4389
E 4 45.1 | 10,150 | .1492 | .430 | 6.737| 4969
% 5 46.7 | 10,500 | .0778 | .255 | 3.635| 2681
. 6 | a4s.1 | 10,150 | .0540 { .177 | 2.436 | 1797
NOTE: Details of the tiedown system geometry are available
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Intermediate pressure - moderate buckling of control
:irfaces and fuselage panels between substructurc supports,
broken canopies (on F-47 only). Damage appears much like
that occurring on the two A-4C aircraft subjected to 6 psi
in the DICE THROW test.

Severe damage pressure - large rigid body motions
causing major substructure damace, vertical stabilizers
broken, canopies broken, XF-90 and F-47 fuselages broken
completely at aft section joint - - damage similar to A-4C
damage at § psi location in DICE THROW.

Admittedly, thermal radiation effects played a big part
in the total picture of damage; i.e., many aircraft had
scorched pairt, wrinkled skins and extensive damage to the
very vulnern-le control surfaces. However, the damage
described alcve was, for the most part, attributed to blast
effects. A conscious effort was made, in the present assess-
ment, to consider only blast induced damage; nevertheless,
some synergistic eff:cts are necessarily present.

Overall, this data correlated well with the results on
the A-4Cs in DICE THROW, The presence of skin panel dishing-
in or buckling was similar and tail cone buckling was quite
similar. Both scts of test data confirn that the weak point
in the fuselage is at the aft section or tail joint. How-
ever, even though the SNAPPER data shows bent rudders, they
were not tern off the tails as was uniformly the case in
DILE THROW. The rudder hinges must be extremely weak on the
A-4C aircraft.
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CONCLUSIONS

The conclusions, presented below, are based on the
experimental and analytic data for the Navy A-4C aircraft.
It should be noted that the structural response to over-
pressure is directly related to the aircraft design charac-
teristics. An extension of these conclusions to aircraft of
difference class, configuration, etc. can only be made with
proper regard to the design and configuration similarities.

The conclusions are listed grouped into four separate
categories:

1. General - Test Data

2. Method 1 - Assessment
3.  Method 2 - Assessment
4, Method 3 - Assessment

GENERAL - TEST DATA

1. The response of panels in the actual aircraft structure
does not conform to the classic, clamped edge boundary con-
dition. An intermediate response between the simply sup-
ported and clamped edge boundary conditions is implied by
the test data. The analytic representution (NOVA 2) allows
only one or the other.

2. Location of the panel boundary could not be determined
precisely because it depended on substructure configuration
and rigidity. With a finite rigidity of the true-to-life
substructure, the effective panel boundary location was a
function of load intensity, None of the analytic methods
allows for boundary flexibility.

3. Because of the physical size of strain gages, their
strain lveraiing characteristic makes the determination of
maximum strain subject to significant errors in the regions
of steep strain gradients.

159




i o g L

4, Rigidity of panel boundaries is shown to be a dominant
factor in panel response characteristic. This was evidenced
by the response of panels 1 and 8 whose behavier approached
that of panels with a simply supported edge boundary condi-
tion. This is contrasted with the behavior of panels 4, 5,
and 6 which behaved more like panels with a clamped edge
boundary condition. The former panels were located on
vertical stabilizer characterized by more flexible substruc-
ture. The latter were located on the fuselage with more
rigid substiucture.

5. The likely effect of finite rigidity of the substructure
at panel boundaries is that, at lower stress levels, the
panel response resembles more closely the response for a
clamped edge boundary condition. At higher stress levels,
the panel response tends to approach the response for simply
supported edge boundary condition.

6. Only narrow limits separate slight damage from catas-

trophic failure of the aircraft structure oxposed to the

blast test conditions. In terms of the range for the parked

?nd tie? down aircraft, this amounts to approximately 60 m
200 ft).

7. Local substructure failure may lead to a premature skir
panel failure.

8. Holes in the substructure members act as fracture
initiation points and are likely causes of premature tailure.

9. Substantial pressure variations across structural
elements such &s skin panels are experionced during the
blast ditfraction phase.

10, Time of shock arrival for panel olements varios from
point to point and is dependent on the panel shape and its
orientation with respect to blast.

11. The strain history for flat panels varios across the
panel area, Strains at the conter of the panol peak to a
maximum value during the first oscillation which is followed
by sttenuation of strain amplitudes during subsequent cycles.
At the panel edge, several cycles with increasing amplitudes
precede the attenustion trend.
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12. The strain history for curved panels is more uniform
across the panel area. Maximum response during the first
oscillation, followed by an attenuation, is generally observed
at the center as well as at the edge of the panel.

13. Strain histories for fuselage locations were characterized
by initial high frequency oscillations, followed by low
frequency oscillations, which resulted in an even higher,
delayed, secondary peak.

14. For gages on panels 4 and S (curved panels located at
approximately mid-fuselage), the maximum strain values are
indicated at approximately 10 ms after the shock intercept.
This implies a synergistic effect of overpressure and gust
and constitutes a convincing evidence that these two effects
can not be divorced from one another in considering the
overall vulnerability of aircraft structure to blast.

15. The maximum response of panels to overpressure alone
was generally observed to occur within ! ms after the blast
intercept.

16. The synergistic effects of overpressure and gust first
appear approximately 7 ms after the shock intercept. This
corresponds approximately to the fuselage natural frequency,
demonstrated in ground vibration tests conducted by the
manufacturer.

17, Gust eftfects were observed to become increasingly more
prominent and reached their maximum at 70 to 80 ms after the
shevk intercept., For strain gages installed on the fuselage
in the direction parallel to aircraft axis, the overall
maximum response was obtained at that time,

18, The strain pgage data survey for the strain gradients
doveloped in the vicinity of the panel boundary alonmg the
longer edge further reinforce the conclusion that the actual
panel resporse falls between the clamped and simply supported
odge boundary conditions. For the simply supported edge
boundary condition, a low strain gradien! is expected with
membrune strains dominating. For the clamped edge doundary
condition, a very high strain gradient is predicred «ith
bending strains Jdominating., The experimental data also show
high strain gradients and significant bending strains in the
vicinity of the panel boundary. However, the differvences
between strains av panel center and at the =dge are not as
great as expocted ror the theoretical clamped edge boundary
condition,
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METHOD 1 - ASSESSMENT

1. Critical overpressure calculatec at 17.2 kPa (2.5 psi)
for the sure-safe condition according to Method 1 is slightly
conservative for fighter and fighter-bomber class aircraft
represented by the A-4C.

2. Critical overpressure calculated at 137.9 kPa (20 psi)
for the sure-kili condition according to Method 1 grossly
exceeds the limit of the attack-class aircraft survivability.
An A-4C sustained catastrophic failyre at a 62.1 kPa (9 psi)
peak free-field overpressure.

3. Vulnerability envelopes constructed according to
Method 1 appear rather crude. The multiple ground range
values obtained for a given height of burst are unrealistic
and tend to be confusing.

4. Method 1 provides means for rapid determination of the
vulnerability envelopes and can be satisfictorily used where
thv range error factor of two is acceptable.

5. The engineering time required to obtain a solution
according to Method 1 is assessed at 20 minutes.

METHOD 2 - ASSESSMENT

1. The panel analyses according to Method 2 yield results
which may differ significantly from the experimental data.
However, the discrepancies ave found to be within the error
limits specified for this method.

o, The results of frame analysis according to Method 2
were found to be compatible with the test results.

3. The longeron analysis according to Method 2 {or sure-
safe and sure-kill conditions may lead to contradictory
vesults, i.e., indicated critical overgrnssute value crlcu-
lated for the surc-safe condition may be higher than the
ovorpressure value for the sure-kill condition.

4. Considerable familiarity with aircraft structural
rosponse to blast and experience in structural modeling sre

;eq:l;og to ensure rational results from the analysis using
ethod 2.
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S. The aircraft vulnerability data obtained according to
Method 2 are well within the 1.6 error factor limits speci-
fied in terms of the equivalent critical range values.

6. Method 2 is distinctly superior to Method 1. Selecction
of weakest structural elements for analysis and their model-
ing in some detail assures results of greater accuracy.

7. Analytic solutions based on Method 2 can be obtained in
less than ten seconds of computer time using OVPR2 code.

The engineering time required to obtain a solution is assessed
at five hours %or the first case and appruximately two hours
for each subsequent case for the same aircraft,

METHOD 3 - ASSESSMENT

1.  The NOVA 2 computer code represents by far the most
sophisticated analytic tool of the three mothods considered.

2. NOVA 2 offers a capability for modeling structural
elements in considerable detail. This ensures a high degree
of accuracy for predicting the overpressure response of an
idealized, isolated structural olement.

3. There are no provisions in NOVA 2 for adequate modeling
of structural elements in conjunction with the adjacent
structure, This tends to reduce the accuracy of NOVA 2
predictions.

4. NOVA 2 is limited to the analysis of overpressure
effocts on aircraft structure. Consideration of synergistic
effocts of overpressure and gust are beyond its scope.

S.  The sssumption in NOVA 2 that a given time of the shock
arrival applies to the entire avea of the cloment analyzud
holds true only in specific cases. A finite time is required
for the shock to sweep across the structure in the majerity
otllitultions. This ﬁntroduces some error to the analytic
solution.

6. Complex shock reflection patterns are evident from the
cxscrilontll data dbut are not duplicated in the anslytic
(NOVA 2) blast ropresentation.

1. For the structursal] clements of considerudble size,

particularly the curved oloments such as fuselage frames,
NOVA 2 contains no provisions to adequately model the
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overpressure distribution during the diffraction phase. The
assumption of constant pressure across the element analyzed
by NOVA 2 does not necessarily represent the actual condi-
tion and constitutes a source of error in the analytic
prediction. In actuslity, pressure gradients do exist
across the structure.

8. By providing data for idealized structural elements
analyzed under selected boundary condition, NOVA 2 is
capable of approximating the response of a true-to-life
structural element.

9. Weighing all the evidence, boundary condition modeling
is most critical for panel response prediction.

10. Panel 8 modeling with the simply supported edge boundary
condition provided results closely comparable with the
experimental data--at the panel center 3180 versus 3800
microstrains and at the edge 2300 versus 2400 microstrains
were indicated for the analytic (NOVA 2) and experimental
values, respectively.

11, Panel 8 modeling with the clamped edge boundary con-
dition representation (NOVA 2) predicted considerable
yielding of the material at the panel boundary. This was
not verified by the exporimental data whore the correspond-
ing strains were well within the elastic limit,

12. Lack of adoquate correlation between the analytic

(NOVA 2) and experimental data is evidenced by ﬁredOUXnantly
membrano strains indicated at panol center in the analysis
while the experimental data show bending strains as dominant.

13. In somo cases, strain values obtained from the NOVA 2
(KADBOB) solution are extremely sensitive to the relation-
ship botweon tho numorical integration time step, DELTIN and
the segmont length parameters. For short segment lengths,
small DELTIM values are requived. If DELTIM value is insuf-
ficiently small, unrealistically high strain values are
obtained. This was apparent in panel 8 analysis for the
sinply sugportod edge condition, but was not indicated in
the solutions for panels 1 and § with the clamped edge
boundary condition reprosentation.
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14. Analytic predictions based on beam representation of
panels (NOVA 2 - KADBOB) give increasingly poor predictions
of peak strain for increasing excursions in the plastic
range. For conditions beyond the material yield, KADBOB
solutions indicate colossal strains at the panel boundary,
completely unrelated to the experimental data. For panel 1,
the analytic strains were 45 times higher than the corres-
ponding experimental strains. This trend is not indicated
by the panel, NOVA 2 - DEPROP, representation.

15, Applicability of beam representation for panels is not
clearly specified in the Method 3 (NOVA 2) handbook, and its
accuracy is not defined as related to the stress range. It
appears that the stress level is the factor governing the
solution accuracy.

16. Taking a holistic view, NOVA 2 does an acceptable job
of approximating true-to-life structural response. However,
this requires considerable engineering time and expert
judgement on the part of the analyst. The engineering time
required to obtain a solution is assessed at 40 man-hours
for the first case, and the required computer time may
exceed two hours on the CDC 6600 computer systom,

17. This experimental study, exclusively devoted to the
primary air{rame structural response to overpressure loads,
was not concerned with the nonstructural damage. Loss of
rudders, damage to landing gear doors, and rupture of accesc
doors in the engine area were all sustained during the test,
fhis damage was in itself serious because of potential
flight impairment and/or fire hazard and should be con-
sidered in the overall assessment of aircraft vulnerability/
survivability.

18, A brief review of tne nuclear test dats obtained durin
OPERATION SNAPPER in 1952 indicated that, for the attack s
class aircraft, the damage at corrosponding overpressure
levels was comparable to that sustained by A-4C sircraft
during the nonnuclear DICE THROW event.
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APPENDIX A

LOADING AND RESPONSE PREDICTIONS FCR TESTING AN F-4
TRAILING EDGE FLAP IN PRE-DICE THROW 11 EVENT

Abstracted from report prepared by John M. Calligeros
and William N. Lee of Kaman AviDyne, Burlington, Massachusetts
01803 under DNA Contact Mu. DNAOO1-75-C0080
August 1975

OBJECTIVES

The purpose of this technical memorandum is to provide
pretest support to the Naval Weapons Evaluation Facility
(NWEF) for testing a F-4 trailing edge flap in the PRE-DICE
THROW 11 project. This support includes the following
items:

1. Calculation of the [lap panel response and the

likelihood of rib buckling to blast using the latest revisien
of the NOVA code.

2. Review of the strain gage and pressure gage instru-
montstion schome formulated at NXKEF and making recommendations
for setting instrumentation gains.

3. Definition of the test data-reduction requirements.

DESCRIPTION OF STRUCTURE

The flap assembly is illustrated in Figs. A-1 through
A-3. Figure A-3 also showe strain gage locations. The
structural items of interest in this snalysis are a tyglcll
skin panel 1.02 mm (0.040 in.) thick, measuring 4%5 x )13 om
(19.5 x §.25 in.) betwoen rivet lines, as shown in Fig. A-}3,
and a rib (Fig. A-1 ). A detail of the rid, taken from
McDonnell-Douglas drawing 32-18509, is shown in Fig. A-d.
As indicated in Fig. A-2, the extremitios of the panel are
represonted by fastener lands 1.60 mm (0.063 in.) thick and
19.1 am (0.75 in.) wide. The pertinent dimensional and
material characteristics of these two structursl itoms are
summarized as follows:
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Tralling Edge Flap.

FIGURE A-}.

The longth is in millimeters
with inches in parenthesis.
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FIGURE A-2.

Trailing Edgo Flap Upper and Lower Torque
Box Skin Diagram.
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PRESSURE

PRESSURE GAGE NO. | GAGE NO.2

!- INSTRUMENTED RIB

LEGEND
~ STRAIN GAGE
QPRESSURE GAGE

The length is in millimeters
with inches in parenthesis.

FIGURE A-3. 'Instrumentation Location Diagram.
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Skin Panel
length = 495 mm (19.5 in.) between rivets
width = 133 mm (5.25 in.) between rivets
thickness = 1.02 mm (0.040 in.)
fastener lands thickness = 1,60 mm (0.063 in.)
fastener lands width = 19.1 mm (0.75 in.) ;
material 7075-T6 Aluminum |

E (Young's modulus of elasticity) = 71.0 GPa
(10.3 x 10% psi)

ft (tensile yield stress) = 476 MPa
Y (69,000 psi)

v (Poisson's ratio) = 0,33
G (shear modulus) = 26.9 GPa (3.9 x 106 psi)
o {density) = 2.77 Mg/m3 (0.10 1b/in.3)
Rib
thickness = 0,81 mm (0.032 in.)

Ty = radius of Ist lightening hole
«29.2 mm (1.15 in.)

T, * radius of 2nd lightening hole
521.3 mm (0.84 in.)

L = distance between lightening hole centers
88,6 mm (3.49 in.)

d = rib depth between lightening holes
«93.7 mm (3.69 in.)

material 7178-T6 Aluminum .

E = 71.0 GPa (10.3 x 108 psi) ;

£, = 503 MPa (73,000 psi) i
o = 2,77 Mg/m® (0.10 ib/in.?) |
!
!
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The dimensions T, Ty %, and d were scaled from the rib
blueprint,

LOADING

The flap is subjected to a shock wave impinging side-on
to the skin surface. The shock wave results from a ground
explosion of 109 Mg (120 tons) of ANFO at White Sands Missile
Range testing grounds at 1220 m (4000 ft) elevation. The
flap is located approximately 305 m (1000 ft) from the burst
center, and the resulting free-field incident overpressure,
Pgor 18 25.5 kPa (3.7 psi). The pressure loading normal to

the panel surface is calculated with the standard method
given in Ref.10 and the pressure-time profile is shown in
Fig. A-3. The peak reflected overpressure, & r is calcu-

lated to be 57.2 kPa (8,29 psi) and the diffraction time,
t., is 2,06 ms. Since the peak structural panel responses

occur in less than 1.0 ms, the drag loading is of ro conse-
quence in the panel response and the imposed loading could
be taksn as a step function if desired. The linear decay
shown In Fig, A-5 was used in the NOVA program for the panel
recponse calculations,

The rib experiences loading on its upper and lower
surfaces due to the enveloping shock front (the upper surface
nf the rib faces GZ). For the upper rib surface, the over-

pressure loading, A:, is
ap
Altitude = 1220 m
r 57.2 kPa
21.6 kPa
t
t
|
|
A
0 t =206 250

t (msec)
FIGURE A-5. Pressure Loading Normal to Panel Surface.
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Peo ™ 25.5 kPa Incident C° = 335 m/sec

Poo ™ 87.6 xPa Ambient

ie +4p
89 = 57,2 kpa

Po+ Pgo

3h

t = T = 2.06 masec where

[

ref
' -
< 16(p“/p°) + 70(ps°/p°) + 49
Cres * = 5 o) + 7 = 360 m/sec
7 Pol?

h = 495/2 = 247.5 mm

ap = (ap, - Ap(t )] (1 - %‘) + Ag(l'c) Oct<t,
r [ ¢
8p = p (e) + c; a(v) et
wvhere
u u
AP(:C) = P.(!c) + Cu q(tc)
and

CD is the drag coefficient

q 1s the dynamic pressure

t
For the lower rib surface, the overpressure loading, AP. is

Lok ) & Octet
&g = 0p(t) T <

l »
Aﬁ(tc) 4 P.(tc) + Cpoate) tre,




g e et L g £ s

wherc

]
Ag(‘c) - p‘(gc) + ¢ q(lc)

For the present application with the NOVA code, the average
of the upper and lower pressure loadings was applied equally
to the upper and lower surfaces of the rib. T us, for each

surface, the applied (compressive) pressurc loading on the
rib was taken to be

u )
.AJ’.%_A.E . % {[Apr - abe)] (1 - %;)4’ A;‘,(;c) tle, + A:(tc)}oit:tc

2

et p‘(t) + 0.3q(t) et

where, for Pso * 25.5 kPa (3.7 psi) (see Fig. A-5),
&p, - S7.2 kPa (8.29 psi)

t, = 2,06 ms
M
to = 250 ms
and L
t
L L]
Pl(‘) * PIO (1 - !o)e

514 (p.D/po)J
Q. p| o0
. R TS
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Figure A-6 presents a p:ct of the pressure loading assumed
for each surface of the rib.

STRUCTURAL RESPONSE

Two structural response subroutines in the NOVA code
may be used for obtaining the nonlinear blast response of
the flap skin panel (Ref. 7). One subroutine is DEPROP,
which treats the paresl as 2 plate structure and is bascd on
a modal solution. The other is DEPROB, which is a beam
solution and uses u lumped-mass representation. If the
aspect ratio of the panel is sufficiently high, as it is in
the present case, the beam solution will give results which
are comparable to the pinel solution at a considerable
saving in computer time. In addition, the beam solution
(DEPRQB) is expected tc calculate the edge strain more
accurately than the panel solution (DEPROP). The beam
solution uses & unit strip of the panel of length equal to
the panel width to represent the panel response.

P 2%.6 kPa

(ps1)]
25.5 kPa
0 t = 2,06
(4
t (maec)
FIGURE A-6. Pressure Loading Assumed for Upper
and Lower Rib Surfaces.
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Both codes are exercised for the present problem,
DEPROB for three loading conditions and DEPROP for one
loading condition (i.e., the 25.5-kPa (3.7 psi) incident
overpressure case). Clamped boundary conditions are used in
both codes. The fastener lands introduce an uncertainty
regarding the panel dimensions to be used in the codes.
Because of this, it was decided to run two cases, one in
which the rivet line dimensions are employed and the other
in which the rivet line dimensions are reduced by the lands
width of 19.1 mm (0.75 in.), in anticipation that the correct
model would fall in between.

Figure A-7 summarizes the maximum edge strain and the
strain at the panel center as a function of reflected over-
pressure, 4p,. The maximum edge strain occurs in the outer

parel surface and the maximun center strain occurs in the
inner panel surface. It is seen that at 8p, equal to

57.2 kPa (8.29 psi) (which corresponds to the 25.5-kPa

(3.7 psi) incident level), the maximum edge strain is very
close to the yield strain whereas the maximui. center strain
is considerably lower than yield strain. At the higher
pressure levels in Fig., A-7, which extend to 300 percent of
ap, equal to $7.2-kPa (8.29 psi), the edge strain exceeds 10

percent whereas the center panel strain remains below yield
strain. The beam results shown in Fig. A-8 are based on an
elastic-plastic solution using 10 masses tor a half-beam
length, which is allowed by symmetry. The single panel
resuit shown in the figure is based on an elastic solution
using a 7 x 7 modal formulation, of which 25 modal combina-
tions are selected,

Some typical strain histories are shown in Figs. A-8 to
A-10, in which comparisons are made betwoen the beam and
panel solutions for Py of 25.5 kPa (3.7 Esi). The two
solutions are in very 21ose agreement with respect to peak
values and the shape of the response curves. The peak
strains and deflections, incidentally, occur at about
0.5 - 0.6 ws, well within the blast diffraction phase.

The rib response is obtained with the beam code DEPROB
by soloctinﬁ a unit strip of the web between the first two
lightening holes. The length of the beam strip is 93.7 mm
(3.69 in.) and its thickness is 0.81 mm (0.032 in.). Sliding,
clamped boundary conditions, characterized by zero slope and
only axial motion at the edge, are used. In DEPROB, a
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%{l-cos Lz%zl}variation is assumed for the shape of the

initial imperfection, where ¢ is the peak amplitude of the
imperfection. Two values of & are investigated, as & of
0.254 mm (0.01 in.) and 0.508 mm (0.02 in.). The beam strip
is subjected to compressive end loads based on the pressure
loading discussed earlier, the panel width, and the dimen-
sions relating to the lightening hole radii and the spacing
between lightening holes. Thus, for the pressure loading
shown in Fig. A-7, for example, the pressure curve is mui-
tiplied by

133.4

A . 310, 19mm (12.22i0.)
=%

l-!!

to obtain the compressive end loads acting on the strip.

Figure A-11 presents the maximum edge strain and c'nter
strains of the rib as a functicn of the reflected overprus-
sure. At the reflected overpressure corresponding to the
25.5 kPa (3.7 psi) incident shock, the rib strains are
considerably lower than the yield strain. Yield is not
experienced until the reflected overpressure is increased by
60 percent (for & = 0.508 mm (0.02 in.)). It may also be
noted that the maxiuwum edge strain and center strain at the
outer surface are fairly close for both imperfection values.
The peak rib strains occurred betweon 1 and 2 ms for the
25.5 kPa (3.7 psi) shock and between 3 and 4 ms for the
higher pressure levels. As expocted, these times are con-
siderably higher than those for the peak skin panel strains.

In summary, the results of Figs. A-7 and A-11 indicate
that at incident overpressure of 25.5 kPa (3.7 psi), the
skin panel will experience strains comparable to the yield
strain olong its long edge. Strains will be lowcr than
yield at other points on the panel, even at reflected over-
pressures considerably greater than the reflected over-
pressure corresponding to an incident shock of 25.5 kPa (3.7
psi). The rib, on the other hand, will experience strains
considerably below yield at the 25.5 kPa (3.7 psi) level,
and therofore will not buckle at this load level. At
pressure levels approximately 60 percent higher, & possibi-
lity of rib buckling exists. The predicted strain data are
summarized in Table A-l.
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TABLE A-1. Instrumentation Plan.
Gage Panel Gage " Surface Orientation € max
Number | Number| Location On Centerline| Microstrains
1 1 C ouT X -3
2 1 C IN X -85
3 1 C ouT Y -715
4 1 C IN Y 1950
5 1 LS OUT Y 6500
6 1 LS IN Y -4200
7 1 Ss ouT X 1709
8 1 SS IN X -2248
9 2 ouT Y -715
10 2 LS OuT Y 6500
1 - RIB - - 1000
12 - RIB - - 1000
Location: Center (C), Long Side (LS), or Shortside (SS)
Surface: Outside (OUT) or Inside (IN)
Orientation: Parallel to Long Side (X) or to Short Side (Y)




APPENDIX B

EXPERIMENTAL RESULTS OF F-4 TRAILING EDGE FLAP
IN PRE-DICE THROW II EVENT

TEST OBJECTIVE

The NWEF test, conducted as one project in the PRE-DICE
THROW II Event, involved an instrumented F-4 wing trailing
edge flap.

The test objective was to obtain preliminary informa-
tion on structural response to blast., The data from this
test was used in plarning the configuration and the instru-
mentation requirements for the A-4C aircraft test specimens
which were subsequently exposed to blast during the main
DICE THROW Event.

TEST SPECIMEN

An F-4 trailing edge flap, shown in Fig. B-1, repre-
sents a8 structural panel with relatively rigid boundary
members. The aft section was made of honeycomb structure
and the forward section consisted of top and bottom skins
riveted to a substructure made up of a series of light ribs.
The skins, made of 7075 Aluminum alloy were chem-milled to
1.02 mm (0.4 in.) basic thickness with 1.6 mm (0.063 in.)
thick lands.

TEST INSTRUMENTATION

The basic instrumentation consisted of pressure gages
and strain gages. For the purpose of correlating analysis
and equipment, Panel No. 1 and Panel No, 2 (Fig. B-1),
measuring 495 x 133 mm (19.5 x 5.25 in.,) between rivet
lines, were the areas selected for the instrumentation,

Strain gages were installed on the upper skin outside
and inside surface as well as on the web of the rib which
made up the outboard boundary of Panel No. 1. Detailed

disposion of the instrumentation is shown in Figs. B-2 and
B-3 for the outer and inner skin surfaces, respectively.
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The length is in millimeters
with inches in parenthesis.

FIGURE B-1, F-4 Flap - Structure Configuration Diagram.
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4 STRAIN GAGE (TYP)
1

2

SEE DETAIL A

PRESSURE
//'_-Gua'noz
PRESSURE GAGE NO |

,
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oLTAR A
1.02(.04)
. j—!,“(“)r -~
T U
The length is in miilimeters
with inches in parenthesis. SECTION X- X

FIGURE B-2, Instrumentation Location Diasgram - F-4 Flap
Upper Skin Outer Surface.
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* STRAIN GAGE (TYP)

tSEE DETAIL A
PRESSURE

GAGE NO 2
PRESSURE GAGE NO. | —~—_

- - RIVET LINE DATUM

F ﬁ— 14 99 59;

b4

‘h—esmzm

{- 1 524 06)": 1.02(.04)}
‘ %::‘.':,:;C_';:‘__"‘__,I_ﬁ "‘«_: T ._:4
SECTION X- X
LEGEND
The length is in millimeters — STRAIN GAGE
with inches in parenthesis, O PRESSURE GAGE

FIGURE B-3. Instrumentation Location Diagram - -4 Flap
Upper Skin Inner Surface.
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TEST SETUP

The flap panel was mounted vertically on two poles
located at a distance of 305 m (1000 ft) from the GZ. See
Fig. B-4. Approximately 25.5-kPa (3.7 psi) overpressure was
expected at that location. To minimize edge effects which
produce local pressure variation, plywood panels extended
the flap boundaries in the vicinity of the instrumented
areas.

TEST RESULTS

The pressure data obtained from pressure gage No. 1,
Fig. B-5, indicated peak overpressure of 57.2 kPa (8.3 psi).
The Ballistic Research Laboratory data taken on the master
gage line showed a free-field overpressure of approximately
27.6 kPa (4 psi) at the 305 m (1000 ft) radial distance.
This yields a reflection factor of 2.1.

The strain gage maximum response data during the first
cycle immediately following the blast intercept are sum-
marized in Table B-1. Generally higher strain values of up
to 2100 microstrains were obtained at the panel center
inside surface as compared to 1680 microstrains maximum
indicated for the midpoint of outside surface of the panel
longer side. Since the highest strains for a clamped panel
were expected at the midpoint of the boundary of the panel
longer side, this might suggest that the effective fixity of
the panel boundaries was less than rigid. However, it must
be noted that, because of the rivet line and substructure
support the exact location of the panel boundary is debat-
able, Consequently, the area along the panel edges where
strain gages were installed may only be defined as the
vicinity of the panel boundary. Existence of a stecep strain
gradient at these locations implied some measure of fixity
even though the actual strain level at the effective panel
boundary remained undotermined.

The prosence of steep strain gradients in the vicinity
of the panel boundary was convincingly demonstrated by the
strain record of gages 7, 8 and 9 as one set and gages 10,
11 and 12 as the socond set. These sets of gages indicated
strain gradients in excess of 300 microstrains per millimeter.

An interesting observation is implied in the comparison
of the strain data obtained from the gages installed along
the longer side edges of panels 1 and 2. Panel 1 was bounded

W TR Ve
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TABLE B-1.

Experimental Strain Data,
First Cycle Response.

GAGE LOCATION DATA GAGE| MAX STRAIN |{TIME AFTER
NO. | MICROSTRAINS |SHOCK ARR.
ns
REGION | PANEL NO. | SURFACE
CENTER 1 OUTER | 2 -1160 0.68
CENTER 2 OUTER | 13 ~1180 0.63
CENTER 1 INER | 3 2060 0.68
CENTER 1 INER | 14 2100 0.68
MID LONG
SIDE 1 OUTER | 1 1280 0.63
" 1 QUTER | 4 1300 0.59
" 2 OUTER | 7 1680 0.73
" 2 OUTER | 8 1220 0.68
" 2 OUTER | 9 1150 0.68
MID LONG
SIDE 1 INER | S -500 0.63
" 2 INER | 10 -570 0.73
" 2 INVER | 11 -d00 0.68
" 2 INR | 12 40 0.68
RIB 1 INIR | 16 -400 119
RIB 1 OUTER | 15 2720 1.19
192
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by a rib of single thickness. There, a strain of 1300
microstrains was obtained. The flanges and the web of the
panel 2 boundary rib were twice as thick as the panel 1 rib

" elements and the corresponding strain exceeded 1900 micro-

strains. This appears to indicate greater degree of fixity
associated with stiffer substructure member at the panel
boundary.

The maximum response data presented in Table B-2 in
correlation with the first cycle data of Table B-1 show
generally higher strain values obtained during subsequent
oscillations. This implies a definite relationship between
the responses of the individual elemental panels and the
flap as a whole. It appears that the maximum response
occurred when the elemental panel and the flap bending
oscillations were momentarily in phase.

Along the lines of this reasoning, one might anticipate
that the differences between the maximum and the first cycle
responses should also be dependent on the panel location
with respect to the flap boundary. Thus, greater differences
in the strain values are expected for panel 2 than panel 1,
since the former was farther away from the flap boundary
than the latter. This, in fact, was the case as illustrated
by the strain data of gages 2 and 13, For the gage 2 located
on panel 1 the indicated strain aifference was 640 micro-
strains and for gage 13 on panel 2 that difference was 780
microstrains. This situation is consistely apparent from
the panel 1 data (gages 1 and 4) on one hand and the panel 2
data (gages 7, 8 and 9) on the other hand. There, the
strain differences averaging to 35 microstrains for panel 1
were contrasted with the average difference of 270 micro-
strains for panel 2. This behavior pattern focuses on the
interdependence of the response of a structural element
comprising a part of a larger assembly.

The strain data of gages installed on the panel ! rib
(see Fig. B-6) indicates a maximum strain of 2720 microstrains
for gage 15 which was located on the outer face of the
rib. The corresponding strain on the rib inner face,
obtained from gage 16 was -400 microstrains. These data
show the presence of considerable spanwise bending, as
illustrated by the differences in the instantaneous strain
values, The graph also shows the trace of the direct strain
profile. The response cycle of just over 2-ms duratinn is
indicated with the direct strain initially compressive
changing to tensile with a maximum value of 2720 microstrains
at approximately 1.19 ms after shock arrival.
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TABLE B-2.

Experimental Strain Data,

Maximum Response.

GAGE LOCATION DATA GAGE | MAX STRAIN | TIME AFTER
NO. | MICROSTRAINY SHOCK ARR.
ms
REGION | PANEL NO. | SURFACE
CENTER 1 WIER | 2 -1800 3.5
CENTER 2 OUTER | 13 -1960 4.0
CENTER 1 INER | 3 2150 3.5
CENTER 1 INVER | 14 2220 3.6
MID LONG
SIDE 1 OUTER | 1 1350 1.8
" 1 UTER | 4 1300 0.59
. 2 OUTER | 7 1940 2.9
" 2 TER | 8 1500 4.5
" 2 oTER | 9 1420 4.5
MID LONG
SIDE 1 INGR | 5 -1050 2.2
“ 2 INER | 10 -1730 4.5
" 2 IR | 11 -1090 1.3
" 2 INER | 12 -1330 4.3
RIB 1 INER | 16 -400 1.19
RIB 1 QUTER | 15 2720 1.9
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DATA CORRELATICON

The analytic prediction of the panel response to blast
was pruvided by Kaman AviDyne of Burlington, MA. (See
Appendix A.) The data was obtained from a NOVA 2 code
solution.

As shown in Table B-3 a reasonable agreement exists
between the analytic and the experimental data. At the
center of the panel inside surface, the analytic strain of
1950 microstrains is only slightly smaller than the corres-
ponding experimental strain of 2100 microstrains. The
discrepancy betwecn the strain data for the outside surface
{(~715 for the analysis was opposed to -1180 and -1160 micro-
strains for the experiment) may be attributed to somewhat
higher membrane stresses predicted in the analysis, whereas
a higher degree of bending was indicated by the experimental
data (gages 2 and 3).

Considerable discrepancy exists between the analytic
and experimental strains at the midpoint of the panel
longer edges. The analysis predicts strain level approach-
ing yield condition (6500 microstrains) whereas the experi-
mental strains were less than 1700 microstrains.

As already mentioned, the panel boundary could not be
precisely defined. Nevertheless, the high strain gradient
indicated for this region tends to supgcrt the analytic
prediction of high strain level, possibly approaching yield
at the panel boundary.

A significant difference between the predicted and the
actual strain data is also indicated for tﬁo rib response:
1000 as opposed to 2720 microstrains, respectively. However,
closer oxamination of the oxperimontal data shows consider-
able bending of the rib web, which was not predicted in the
analysis. ;hOIIXIIUI direct strain obtained for the rib was
&ssensod at 1380 microstrains, which was reasonably close to
the predicted value.

A survey of the strain gage data presonted in Table
B-1 to dctermine the time after the shock arrival for maximum
tesgonse during the first cycle indicated a range of 0.59 to
0.73 ms for the panels. This compares vory favorably with
the analytic prediction of 0.5 to 0.6 #s. Close correlation
betweon the experimental and analytic data for the maximum
first-cycle rosponse tike was also indicated for the rib
with 1.19 ms and 1.0 to 2.0 m3 obtained from the test and
snalysis, respectively.
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2 TABLE B-3. Strain Data Correlation. ,
3 3
)
LOCATION STRAINS ;
MICROSTRAINS
Element Surface Analysis U Test Gage No. Ref j
Panel INSIDE 1950 2100 i
2060 3 ;
Center QUTSINE -1ns -1180 13 :
-1160 2
)
Panel No. 1 INSIDE -4200 -500 5 ‘j
Mid Long Side QUTSIDE 6500 1300 4 ’
1280 1 :
Panel No. 2 INSIDE -4200 -570 10 g
Mid Long Side aUTSIoE 6500 | 1680 d ’
Rib INSTIE 1600 - 400 16 g
i
wab Center OUTSINE 1600 2720 15 !
|
192
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It should be noted that, for the analysis, each instru-
mented panel was assumed as a separate structure. In actual
fact, however, these paneis constituted elements of the
multi-panel flap structure. The consequence of this limita-
tion in the analytic modeling is reflected in the overall
maximum response data presented in Table B-2 which shows
consistently higher strain values than the corresponding
data of Table B-1. These strain maxina reached, on the
average, at 3 ms after the shock arrival imply a resultant,
composite response of the elemental panels and the entire
flap structure.

In the overall assessment, this test was considered
extremely valuable. It generated some valid data on struc-
ture response to blast and furnished information required to
specity disposition of the A-4C aircraft specimens within
the blast field for the DICE THROW event. The correlation
of the experimental and analytic data provided an initial
insight regarding the effects of structural modeling and
r accuracy of the analytic solutions. The discrepancies

between the analytic and experimental data could be attributed
either to the sensitivity of the analytic solution to given
parameters or to the inherent differences between a "true-
to-life" structure and its idealized representation in the
analysis.
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BLAST DISPLACEMENT IN FIELD FORTIFICATIONS
FOREWORD

This report presents information on blast-displacement
effects on personnel inside field fortifications. This
project was supported by the Defense Nuclear Agency under
Contract DNA 001-75-C-0237. The DNA project officer was COL
E. T. Still (USAF, VC), Armed Forces Radiobiology Research
Institute, Bethesda, Md. A portion of the funding was pro-
vided by the Defence Research Establishment, Ottawa, Canada.
Dr. G. A. Grant was the Canadian Project Officer.

The outstanding support rendered to this project by
the test group staff of the DNA Field Command is acknow-
ledged. The authors also wish to acknowledge A. Trujillo,
W. Hicks, and K. Saunders for technical assistance during
the test phase and B. Martinez and T. Minagawa for report
preparation.

INTRODUCTION

Objectives

The objectives of this project were (1) to determine
the displacement-time histories of dummies inside 3- x 6-ft
fighting bunkers and inside a 14~ x 14-ft underground per-
sonnel shelter and (2) to use these data to confirm a method
for predicting whole-body translation of pcrsonnel in open

structures. "
Background

Airblast-displacement effects on personnel inside
field fortifications have received little attention. Be-
cause of the lack of information in this area, blast-casualty
criteria have been based solely on damage to the structure,
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and safety and risk criteria have been linked to damago to
the fortification or to direct-overpressure effects (Ref-
erence 1). Results from a previous field test (Reference

2) have suggested that impact injury associated with whole~-
body displacement induced by the entering jet flow can occur
at overpressures well below those required for injury from
direct-overpressure effects or structural collapse.

Laboratory studies of jet phenomena in scale models
of field fortifications in a shock tube have resulted in
the development of a method for predicting whole-body trans-
lation of personnel in open structures. It was desirable
te confirm this method using full r~ca.e structure<e on the
Dice-Thiow field test.

PROCEDURES
Layout

Three 3- x 6-ft fighting bunkers and one 14~ x 14-ft
underground personnel shelter were located on the test site.
Two of the fighting bunkers were face-on to the charge, one
each at the 680- and 820-ft ground ranges, and one bunker.
was side-on at 820-ft (Figure 1). The predicted peak over-~
pressures at these ranges were 25 and 15 psi, respectively.
The personnel shelter was located at the 740-ft range at a
predicted overpressure level of 20 psi.

Fighting Bunkérs

The geometry and dimensions of the bunkers are given
in Figure 2 along with the locations of the dummies, pres-
sure gages, and camera. These bunkers were a modification
of the fighting bunker with overhead cover described in
Reference 3. They were constructed of 1/8-inch sheet steel
welded inside a frame of 2-inch angle iron. The bunkers
were placed in excavations and covered with earth and sand-
bags. An asphalt pad extended 70 ft toward ground zero in
order to reduce the amount of dust carried by the blast
wave,

The volume of the bunker was 140 £t3 and the areas
of the firing port and rear entrance were 4.5 and 5.4 ft<4,
respectively. Two dummies were placed in each bunker; the

one nearer to the camera was kneeling on the firing step and

the other was standing on the floor. The heads of the
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Figure 2. Diagram of Fighting Bunker Showing Locations
of Dummies, Camera, and Gages.
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kneeling and standing dummies were 29 and 12 inches, respect-
ively, from the rear wall. The dummies wore green fatigues,

whice helmets, and G.I. boots. 1In Figure 3, the dummies can

be seen through the firing port of one bunker, The other

two bunkers can be seen in the background.

Personnel Shelter

The geometry and dimensions of the personnel shelter
appear in Figure 4. This 14- x 14- x 6.5-ft shelter was
identical to the one on the Mixed Company Event (Reference
2) except that the roof was made of steel instead of the
18-inch-diameter pine logs that were used before. An 18-
inch I-beam served as the main roof support, and 7-inch
I-beams on 2-ft centers spanned between the girder and the
side walls. The walls, ceiling, and floor of the shelter
were made of 1/8-inch steel plate that was spot welded to
the frame. The surface entrance was a 2- x 4-ft opening
that was flush with the ground on the upstream side of the
shelter. An 8.5-ft-deep vertical shaft and a 6-ft-long
tunnel led from the surface entrance to the chamber. The
ratio of the chamber volume to the entrance area was 160
ft.

The locations of the dummies, pressure gages, and
camera in the personnel shelter are shown in Figure 4.
In order to provide photographic reference points, the
floor was painted a black and white checkerboard pattern
of 1-ft squares and the wall opposite the camera was cov-
ered with checkerboard wallpaper. Golden Bear® was applicd
to the ground surface around and upstream of the entrance
in order to reduce the amount of dust carried into the
shelter by the blast wave.

Figure 5 is a preshot view of the three dummies
which were standing and facing the front wall inside the
personnel shelter. Dummy No. 14 was 3 ft from and directly
in line with the entryway tunnel. The other two dummies,
Nos. 12 and 13, were 3 ft to the side of the centerline ex-
tending from the tunnel (Figure 4). The dummies were sta-
bilized in an upright position by leaning them forward at
a alight angle against supports made of 1l/4-inch pipe
anchored to the ceiling.

Photography
The motion-picture photography in the bunkers and
shelter was the respongibility of the Denver Research

-5-




‘punox3yoeq oYl UY uUsaIS I3q ued I3usva 31}
-028 243 31%e sIajunq om3l oyl -a3uey 14-089 24l e
xaqung 3ur3ay314 9yl UT SoTWMNg 2Y3 JO MITA j0Usaxg g 9andyg

- gy 2 B




b 4 —d g3
s2Q-- Q- -4
3 =8 - .
-Lgg -~ ; 1a
14’ *l4 '

p— 6' —vp— 4’
Static and Stagnation
Pressure Goges

t- (Comero

— 7' — e
N'# Supports d
T )
]% g‘. 4
{ t

T
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Institute. Each of the four cameras operated at approxi-
mately 400 fps.

i e s

The pre- and postshot still photography was accom-
plised by White Sands Missile Range photographers.

Accelercmeters

Four omnidirectional, peak-g, mechanical accelerom-
eters were mounted in the chest cavity of each dummy. Each
of these Impact-0O-Graphs® contained four small spheres which
were pressed into pairs of oppositely facing seats by two
interposed springs. The four accelerometers used in each
dummy were designed such that the spheres would unload at a
peak acceleration of 10, 40, 200, or 800 g's, respectively.

In preshot calibrations, dummies in a prone, supine,

or lateral orientation were dropped from various heights

onto a concrete pad. For each of these three orientations,

the 10-g units unloaded at an impact velocity of approxi-
-mately 5. ft/sec, the 40-g units at 8 ft/sec, the 200-g units

at 17 ft/sec, and the 800-g units at 28 ft/sec. The prob-

abilities of injury for these four impact velocities have

been es*ignated to be 0, 5, 50, and 95 percent, respectively

(Reference 4). It should be noted that considerably higher

veln:ities were required to unload the various Impact-O- :
.Gra;hs® when the dummies were drcpped at an angle onto the :

conecrete pad.
Pressure-Time Gages

A static pressure gage was located in each of the
three fighting bunkers (Figure 2). In addition, a stagunation
pressure gage was located in each of the face-on bunkers in
crder to measure the jet flow entering through the firing
port. The incident free-field pressures were measured by
sages on the surface. The gages associated with the bunkers
were installed and operated by the Ballistic Research Lab-

oratories.

One static and one stagnation pressure gage were lo-
cated inside the underground personnel shelter (Figure 4).
These gages and one on the surface adjacent to the entrance
to the shelter were the responsibility of the Nuclear Weapoas
Effects Branch of the White Sands Missile Range.
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RESULTS
Fighting Bunker:
Dummy Displacements

The postshot locations and conditions of the
dummies in the fighting bunkers are summarized in Table 1.
The four dummies in the face-on bunkers impacted head-first
against the rear wall. This was evident from the postshot
positions and was observed in the motion pictures of the
kneeling dummies. The two dummies in the bunker that was
side-en to the blast had moved approximately & inches in
the downstream direction.

Only the 10-g Impact~O-Graph® was unloaded in
each of the four dummies in the face-on bunkers. No lmpact-
O-Graphs®™ unloaaed in the two dummies in the side-on bunker.

Only the heads of the kneeling dummies were
visible in the motion-picture films taken in the face-on
bunkers. Figure 6 shows the measured head dispiacements vs
time. In both cases, dust obscured the initial phase of the
motica. Therefore, those portions of the translation curves
(dashed in Figure 6) werc estimated from the initial head
positions and the predicted durations of acceleration.

The peak horizontal cvomponent of the head
vetocity was B ft/sec fov the dummy kueeling in the face-on
bunker at an inetdent overpressure of t5 psi and 24 ft/sec
for the corrcsponding dumsmy at 30.5 pxi.  In ecach case, the
impact veloeity was smaller than the peak veloeity. The de-
coleration of the dumwmy's head priur to tmpact was probably
related to the fact that the body was rotating. Had the
subject rotated B0 degreex, the horizontal component of the
head velocity would have decreased to the center-of-muss ve-
locity, which was approximately equal to one-half of the peak
head velocity.

Thé heads of both dummies could be sven in the
film tuken in the side-on bunker. The maximum horizontal
comporent of thu liead velocity was less than 1 and 2 ft/see
for the standing and kneeling dummies, rexpectively (Table
1).
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Figure 6. Measured Horizontal! Components of the Head
Displacements of the Dummies Kneeling in
the Face-On Bunkers vs Time.
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Pressure-Time Records

Figures 7 and 8 illustrate the smoothed static
and Pitot pressures measured in the face-on bunkers, and
Figure 9 shows the static pressure measured in the side-on
bunker. The prominent pressure fluctuations in these rec-
ords are believed to be primarily due to compression and
rarefaction waves reflecting back and forth within the in-
terior, and therefore do not represent the average pres-
sures throughout the interior or in the jet until the waves
are damped out after about 12 msec.

Figures 10 and 11 give the first 15 msec of
the free-field pressure-time measurements at the 680- and
820-ft ranges. The peak incident overpressure was 30.5 psi
at the 680-ft range and 15 psi at the 820-ft range. Also
shown in the figures are the calculated f{ree-field total
pressures and the calculated static pressures inside the
bunkers, the determination of which will be derived in a
following section.

Personnel Shelter
Dummy Displacements

The postshot locations and conditions of the
dummies in the underground personnel shelter are summarized
in Table 2. Dummy No. 14 (initially in line with the entry-
way tunnel) was found against the rear wall of the shelter.
Shoe marks on the wall (Figure 12) started 39 inches above
the floor, suggesting that the dummy was airborne when its
feot first struck the wall. The support pipe broke loose
from the ceiling, and Dummy No. 13 feil forward onto the
floor with no uapparent additional displacement. Dummy No.
12 remained sianding, although its shoes had slid backwards
about € inches. It was not determined if the movements of
Dummies Nos. 13 and 12 resulted from airflow or ground shock.

None of the Impact-0-Graphs® unloaded in the
three dumnies in the personnel shelter.

Hecause of dust, only the displacement of the
head of Bummy No. 14 could be accurately measured from the
motion-picture film taken in the personnel shelter. Figure
13 prosents the displacement-time measurements of the head
of the dummy and the path of its center-of-mass estimated
from the predicted acceleration period, the dummy's rotation
rate, and its initial and final positions (see Table 2).

-14-
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-15-

e

s A -




OVERPRESSURE, psi
-

F, Meesuied Pilel Presture tauee the Guades
B Mesmured Stenc Presiurs inade 1an Buanse
B ambaal Arsiue

3 B

b b b Moo b Lo b by b Lo b by

° 2 . . . 0 7 "« " . 0 2 2
TIME, msec
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Range.
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The horizontal component of the head or center-of-mass
velocity at impact was 18 ft/sec, Pricr to impacting the
rear wall, the dummy rotated slightly more than 90 degrees
at @ rate of approximately 0.8 rev/sec. It was also de-
termined from the analysis that, shortly after the feet of
Dummy No. 14 struck the rear wall, the head struck the

fioor at a vertical component of impact velocity of 9 ft/sec.

Pressure-Time Records

The static and stagnation pressure gages in
the shelter produced poor quality records. Figure 14 shows
the first 60 msec of the free-field pressure-time measure-
ment at the 740-ft range. The measured peak incident over-
pressure was 21 psi. Also shown in the figure is the cal-
culated static pressure inside the shelter.

PREDICTIONS

A method has been developed for predicting whole-body
trapslation induced by jet flow entering an open structure
sub_ected to airblust. The procecdure involves the sequential
cateulation of (1) the external pressures on the openings,
(2) the ntatic pressure inside the structure, (3) the irdi-
cated dynamic pressure in the jet, ard (4) the resultant ac-
ceteration of the dummy exposed to the jet, all of which vary
with time.

External Pressure un an Opentag

The external prexsure ona an opening into a
structure is the driver pressgre for the jet eateriag through
that opening. The external prossure on an vpening that i
stde~- or face-on to the incident shock wave may be assumed to
be the free-field incident or total pressure ({.e., the pres-
gure that arises when the free-field flow ix brought to rest
isentropically and adiabatically), rexpectively. Assuming
that classical conditions desciribe the free-field ahoek wave,
he trncident and total pressures and the corresponding speeds
of soynd are givea by the following

-23-
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Incident pressure ratio
P4/P, = Pg/Pg

Incident sound speed ratio

e
P /P, + 6

P/P, + 1 )

Ag/Ay = Aglhg = [(Py/Py)

Total pressure ratio
2

5 (Pg/Py - 1)

Py/P, = Pgy/Py = (P/P YL +
4/ o st/¥o s/ Yo 7(P /P, ) (Pg/Po + 8)

Total sound speed ratio

Ad/Ao = An/A '(Aﬁ/Au)(Ps!/Ps)h

where P ois pressure and A in the speed of sound, and the
subseript o indicates ambieat conditions, d indicates ex-
ternal conditioas at the opentng, s indicates free-field
shock conditionxs, and st indicates the cvoaditivas that

arise when the free-field flow is brought to rest iseatropi-
cally and adiabatically.

In the case of the fighting bunkers facing
the charge, the free-fleld total pressure, Equation 2, wax
applied to the firing port and the iacident pressure,
Equation 1, waa applled to the rear entrance,  In the case
of the personnel sheller and the side-on bunker, the inei-
dent pressurc was applied to all openlngs.

Static Pressure Inside a Structure

The jet flow iatu a strycture with one or
mOre openlngs causos the static pressure ia the i{aterior
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to increase. The incremental change in the static pressure
in the structure is given by

Ao = AL %;(Bnnn/w) (3)

where AP, is the charge in the internal static pressure (Pe)
during the time interval At, W is the volume of the struc-
ture. Bp is the area of the nth opening, and R, is a flow
factor for the nth opening. The R's are defined as follows:

For supersonic inflow Pgq >1.893 Pc

R = (175/216)Aq Pq (Pc/Pq)?" (4)

For subsonic inflow P, < Pg <1.893 P¢

R = (TA/5) Ay P [1 - (pc/pd)?”J”2 (5)

For supersonic outflow P. >1.893 Pgq

R = '-(175/216)ACPC (6)

For subsonic outflow Pyq <P¢ <1.893 Pq
5 , M
= - (TN3)AgPq (Po/Py)"" [1 - (Pa/Pc>"’] N

where A, is the speed of sound in the structure. Equations

1 through 7 were used to calculate the internal static pres-
sure vs time for the face-on fighting bunkers and the person-
nel shelter (Figures 10, 11, and 14),
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Indicated Dynamic Pressure in a Jet

For a jet flowing into a structure through an
opening, the indicated dynamic pressure is the difference
between the Pitot pressure, Px, and the internal static pres-
sure, Pc. The Pitot pressure has a maximum value of Pyp at
the opening and decreases approximately linearly with dis-
tance, X, from the opening. The indicated dynamic pressure
as a function of distance can be calculated from the follow-
ing formulas:

P /P 1 (p__/P 1) {1 /R
X e xm' ¢ X /R
m
where Pem/Pe = 1 = Pg/Pe - 1 for Pd <1.893 P,
(P, /P )7 -1 ”
d' Ve -

or PP - 1= 8 [gper e i) | St
(85/36)(Py/P.)" - 1

foy Pd >1.893 P,

P Al
and X/t = [voreoos ¢ 0.02121 (Py/P, - 1)']

where Xg I8 the distance from the opening at which the indi-
cated dynamic pressure (s zero, and R {s the radius of a
circuiar opening. Ior a noncircular opening with an aspect
ratic of less than 3:1, an effective radius R = (B/n )

can be used without incroducing significant error.

Acceleration of a Dumny

In order to calculate the acceieration of a
dummy, it is necessary to estimate the projected area and
drag coeflicient of the portion of the dummy engaged by
the jet. Jt was determined that a standing, face-on,
clothed dummy has a height of 68 inches, a projected area
of 6.8 112, and a drag coefficient of 1.12, the latter
mearroment having been obtained in a 6-ft-diameter shock

27w

(8)

(10)




tube. In the fighting bunkers, the jet entering the firing
port was approximately the same height as the port, i.e.,

9 inches. It was therefore cstimated that the jet inter-
cepted 9/68 of the dummy's height and projected area. In
the shelter, it was estimated that one-half of the projected
area of Dummy No. 14 was intercepted by the jet. For want
of a better approach, the drag coefficient measured for the
entire dummy was assumed to apply to the portions of the
dummies engaged by the jets in the bunkers and shelter.

If the velocity of an accelerated object re-
mains small compared to the flow velocity in the jet, the
indicated dynamic pressure, Py - P, may be used to calcu-
late the motion from

AX/At = Vi + (SCp/2M) (P, - P,) At (12)

where S is the projected area of the object engaged by the
jet, M is the mass of the object, Cp is the drag coefficient,
Vi is the velocity of the object at the beginning of time
interval At, and AX and AV are the change in the object's
position and velocity, respectively, during At.

Fighting Bunkers

Time-displacement histories for the centers-of
mass of the dummies in the face-on fighting bunkers were
predicted using the methods described above. In each case,
the predicted horizontal component of the center-of-mass
velocity reached its maximum value within the first 2
inches of displacement, and there was no significant de-
celeration prior to impact. The measured maximum horizontal
components of the head velocities of the dummies kneeling in
the face-on fighting bunkers, the corresponding velocities
from 1/7-scale shock-tube experiments, and double the calcu-
lated peak velocities are given in Table 3. The calculated
center-of-mass velocities were doubled in order to make them
comparable to the measured head velocities; i.e., initially,
the upper portion of each dummy was ro*ating head-first such
that the head velocity was approximately equal to two times
the center-of-mass velocity. The predicted and measured
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TABLE 2

MEASURED AND PREDICTLL MAXIMUM HORIZONTAL
COMPONENTS OF HEAD VELOCITIES FOR DUMMIES KNEELING
IN FACE-ON FIGHTING BUNKERS

Maximum Horizontal Component of
Head Velocity, {t/sec

Incident Shock-Tube
Overpruensure, Dice Throw Mode Predicted
(3 Measurement s Meaiuremwents Values
12 8 [
15 8 &
20 13 14
30.5 24 24
53 an
I
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maximum horizontal! components of the head velocities (exclud-
ing the shock-tube data) are shown in Figure 15,

For the dummy kneeling in the face-on fighting
ounker at 30.5 psi on Dice Throw, the ratio of the horizontal
component of impact head velocity to the maximum horizoatatl
component of head velocity was 0.58. In the shock-tube ex-
periments, corresponding ratios of 0.66 and 0.71 were obtained
at incident overpressures of 12 and 20 psi, respectively.
Because the three measured ratios were reasonably close to-
gether, a constant ratio of 0.6 was assumed for making pre-
dictions of impact head velocity for a dummy kneeling in a
fighting bunker vs overpressure. Thus, tue curve for a
kneeling dummy in Figure 16 was obteined by multiplying the
predicted velocities from the curve in Figure 15 by a factor
of 0.6.

No velocities were measured for the dummies
standing in the face-on fighting bunkers on Dice Throw.
However, in the face-on fighting bunkers in the shock-tube
experiments, the ratio of the horizontal compenent of impact
head velocity of a standing dummy to the mauximum horizontal
component of head velocity of a kneeling dummy was found to
be 0.84 and 0.87 at incident overpressures of 12 and 20 p»i,
regpectively, Because the two measured ratios were reason-
ably close together, a constant ratio of 0.85 was assummed
for making predictions of impact head roltoeity for a dummy
standing in a fighting bunker vs overpressure. Thus, the
curve for a standing dummy 1n Figure 16 was obtained by
multiplying the predicted velocities from the curve ir Fig-
ure 15 by a factor of 0,85,

Data from previous biological studies (Reference
4) were used tn cunnection with the predicted velocities
shown 1n Figure 16 to obtain the probabilities of fmpact in-
jury as a function of incident overpressure from a 1-KT yield
tor personnel in oa face-on fighting bunker, Figure 17.

Pepsonnel Shelters

The predicted horizontal componeat of the
coentepr-of-mass velocity tor the dummy standing in the jet
entering the personael shelter reached 1ts maximum value
within the first 10 itnches of displacement, and there was
no significant deceleration prior to impact.  The curve in
Figure 18 shows predicted impact velocity vs ineident over-
pressure fur 8 1-KT yield., The Dice Throw point wag plotted
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at the measured velocity, whereas the Mixed Company point
was plotted at double the measured velocity, The reason
for doubling the velocity was that (1) the Dice Throw

dummy was standing in line with the center of the zntry-
way tunnel such that approximately one-half of its pro-
Jected area was engaged by the jet, whereas the Mixed Com-
pany dummy was standing in line with the edge of the entry-
way tunnel such that approximately only one-quarter of its
projected area was engaged by the jet, and (2) the predictions
indicated that the impact velocity should be very nearly
proportional to the projected area engaged by the jet.

Data from previous biological studies {(Refer<
ence 4) were used in connection with the predicted veloci-
ties shown in Figure 18 to cbtain the probability of impact
injury as a function of incident overpressure {rom a 1-KT
yield for occupants standing 5 ft from and directly in line
with the entryway tunnel! of an underground personnel shelter,
Figure 19.
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OBJECTIVE

The objective of the SRI program in the Dice Throw event vas to in-
vestigate the dynemic response and collapse modes for two types of Cerman
house construction subjected to air blast loading; the two types vere
wasonry cavity wall and Fachwerk, or half-timber construction. The dats
from this experiment is of direct interest to the development of the DNA
collateral damage methodology.

1INTRODUCTION

This report is primarily concerned with the post-shot damage survey,
although limited background and conmstruction information is presented for
a better understanding of some of the building damage, Because the elec-
tronic pressure and deflection data are being digitized preparatory to
computer analysis, only prelinminary results of the {nstrumentation is
pressnted at this time. Also, the high speed films of the test have only
just been received, and although they have been reviewed they have neot as
yet been examined in detail.

The detonation occurved atr 0800 on October 6, 1976, and re-entry by
the SRI damage survey team vas made shortly afrer the area was c! cared,
and the post-shot demage survey of the three test siructyrcs was initiated.
‘The damage survey consisted of a detalled inspection of all masonry walls,
timbar uembers, and debria, Poz:~shot photogruphic coverage included the
undisturbed blast damage, as weil as plotographs of the details of damage
and of reconstrusted members considered important for deterwining the
collapse mechanisms.

It should be noted that the informstion presented in this event re-
port, including any obuervations or tonclusions, must be considered as
preliminary and are subjected to possible modification when the complete
test dats decows svailabdle.

TEST STRUCTURES

Description

‘Uhe test structures vere approximately 16 £t by 28 ft in plan dimen-
sions and sbout 20 ft high at the vidge, There vere three {deatical struc-
tuves, each located at a different range east of ground zero. As shown
on P{gure !, Structure No. | was located at a vangs of 114/ ft (7.0 pst
predicted free-field overpressure lavel); Structure Ne. ? at 1730 fr (3.$
pei); and Structure No, ) at 2730 ft (2.0 psi). The fron. wall of the
structures faced vest.

Bach structure consisted of two adjoining, but distinct test cells
constructed on 8 comson reinforred concrete slab cast os grade: one
test cell was of masoury cavity wall construction and the other of Fach-
verk, or hulf-timber conattuction. The masoary cavity vall test cell

!
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consisted of unreinforced brick and concrete masonry unit (CMU) wall
panels on the front and one side, and a reinforced concrete ceiling slab.
The Fachwerk wall test cell consisted of brick and timber wall panels on
the front and one side, and a timber joist ceiling system. The back wall
of the test structure and an interior wall separating the two test cells
vere constructed of reinforced concrete masonry units (RCMU). The test
structures vere covered by a wood frame gable roof system supporting
heavy clay tile roofing. The plan and elevations of the test structures
are shown on Figure 2.

Design

The selection of the walls to be included in the field test was
based on typical types of West German house construction for which no
dynamic response and collapse information was available. One wall type
selected was representative of masonry cavity wall construction found in
load~bearing wall residences of relatively recent periods, and the otner
wall type was representative of the traditional Fachwerk (half timber)
construction prevalent throughout Germany during previous periods.

Masonry Cavity Test Wall

The design of the masonry cavity wall test panels was similar to the
exterior walls used in the "Modern Masoury Wall House" described in Ref.
1. However, as a result of differences in U.S. and West German construc-
tion materials, it vas necessary to make certain substitutions in the
design of the test walls. For example, the red brick commonly used in
the U.S, has a width of 3-1/2-in. (9 cm) instead of the 11.5 cm (4.5 in.)
prevalent in West Germsny. This substitution was felt to be of minor
importance because the interior wythe of CMU and not the exteriur facing
vythe of brick was thought to govern the strength of the wall., Of poasibly
sore importance was the subatitution of CMU for the gas concrete blocks
used in the interior wythe cf the modern German house in Ref. 1. Beecausne
gas block is manufactured by a special process and is not available in
the U.8,, its use in the construction of West German residences vas din-
cussed vith an SRI consultant (Ref. 2). It was his opinion that although
gas concrete and other light weight blocks ars being widely used in West
Germany today, there are a considerable mmber of existing buildings witn
sasonry units siailar to the CHU used in the U.S. In any event, for the
specific type of wall tested, the substitution of CMU for gan concrete
blocks was not considered too important because the collapse strength of
the wall ia primarily a function of the relatively large in-plane forces
iaposed on the well by the concrete ceiling slab and heavy roof system
rather than of the material properties of the wall itself.

The fimal design for the masoury cavity test walls is shown on Fig-
ure 2, As can be motad, the overall thickness of the wall was about 14
in., and vas coastructed with a 3-1/2-in. thick exterior wythe of brick,
& 7-53/8~1n. thick interior wythe of CMU, and a 2-7/8-in. wide cavity.
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Fachwerk Test Wall

The Fachwerk, or half-tinber buildings existing in Germany today were
built over a period spanning hundreds of years, and consequently were con-
structed with a variety of sizes and types of timber and masonry msterials,
and with innumcrable patterns or layouts of the timber members, Because
it was not pozsible in a single field test to examine the behavior of all
combinations of tiwber and masonry of interest, a primary goal was to
design a test to obtain basic data on the dynamic response and collapse
wechanisms of Fachwerk walls that could be used to verify or help develop
a prediction model for application to a varicty of actual building situa-
tions and weapon emvironments. Also, because of the complexity of Fach-
werk construction, it was necessary during the design to include only
those details in the test panels that were judged to have significant
influence on the respcnie and cullapse of the wall under blast loading.

A prelimirary design of the test valls was made based on an examina-
tion of stardard sources of West German comstruction practices, such as
Refs. ), 4, and 5. The preliminary design vas then discussed with the
SRI consultant (Ref. 2) and modified to reflect his actual Cerman construc-
tion experience. The final design for the Fachwerk test walls is shown
on Figure 2. A"’ posts, diagonals, and braces were 4-3/4-in. sq timbers,
and all Fachwerk joints were mortise and tenon, connected with wooden pegs.
The masonry in-f{lled panels were 3-1/2-in, thick brick, and had vai ious
spans to provide a range of collapse strengths.

The detsils of the test structures are shown on the construction
dravings and specifications (Ref. 6).

Analysis

A dynamic anaiysis of the two test walls was required to estimate
the relative room size of the masonry cavity vall and Fachwerk test cells,
and to estimate the collapse overpressur. level of the walls for lecating
the test structures 4t the site., The ARL predicted air blast data for
the DICE THROM event (Ref, 7) was used far all analyses.

Masoury Cavity Wall

The masonry cavity wvall vas analyzed using the SRf building evalua-
tion procedure for unteinforced masonry walls (Kef. 8). Although the
details of the amalytic method will aut be preseated in this event report,
the wall vas analyzed as a two-wva,; actiuvn wall, fixed on four edges, and
with vertical in-plare forces resulting from the reinforced concrete ceil-
ing sizb and heavy roof system. Because the sethodology had not been
developed for cavity wall evnstruction, and becauvse it vas thought that
the tve vythes of brick and MU would act independently an a result of
the large cavity, the analysis vas based on the resistance of the (MU wall.
Undor the assumed behavier the brick wall was found to have negligidle
blaat strength,




Fachwerk Wall

The collapse¢ analysis of Fachwerk walls required the development of
an interim resistance function and preparation of the computer program,
since this type of wall had not been treated in the previous SRI building
evaluation procedure. To estimate the collapse strength of Fachwerk walls
required an estimate of the response and collapse of at least the two major
compenents, the in-filled brick panels and the supporting timber posts.

For the analysis of the brick panels it was assumed that a shear fail-
ure between the in-filled brick panels and the timber posts would not oc-
cur during the initial response of the wall because spikes driven into
the timbers and embedded in the mortar between brick courses would prevent
a punching shear failure. Instead, it was assumed for the interim mathe-
matical model that the brick panels would develop an initial bending mode,
and after flexural cracking would respond in a horizontal arching mode
between vertical timber posts. The details of the model are presented in
Ref. 9; however, it was assumed that as the masonry panel deflects under
lateral load, the in-plane movement of the wall at the supports was re-
sisted by the deformation of the veriical timber posts.

A preliminary flexural analysis of the timber posts that support the
brick panels and span between the top and bottom plates, indicated that
the posts would develop a slightly greater resistance than the brick pa-
nels., Also, because mortise and tenon joints were used to connect posts
and plates, a shear failure at the connections was not predicted as would
be the case for ordinary wood stud nailled connections. The pre-test pre-
dictions for the Fachwerk walls was therefore based on the analysis of
the brick in-filled panels. ‘ ' '

Collapse Predictions

The SRI pre-shot predictions for the test structures are presented
in Figure 3 for the front and side masonry cavity test walls and Figure
4 for the front and side Fachwerk test walls., As can be noted in the
figures, the results of the collapse analyses are presented as probability
functions. The.predicted collapse overpressure is defined as the peak
free-field overpressure that results in the incipient collapse of a wall;
where incipient collapse implies that the wall is on the threshold of
collapue.

For the masonry cavity walls, the predictions on Figure 3 indicate
only a slight chance of the front wall reaching incipient collapse at
the 2.0 psi level, a 0.98 probability of collapse at the 3.5 psi level,
and collapse assured for the front wall at 7.0 psi. For the side wall,
the predictions indicate no chance of collapse at the 2.0 psi level, a
0.50 probability of collapse at the 3.5 psi level, and a 1,0 probability
of collapse at 7.0 psi,

For the Fachwerk test walls, the collapse predictions of Figure 4
show a greater spread than those for the masonry cavity walls: this ias
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a result of the unknowns involved in the dynamic analysis of Fachwerk
walls. Also, the predictions shown on Figure 4 are only for the 48-1/2-in.
wide panel adjacent to the window. For the front Fachwerk wall panel, the
predictions indicate a 0.15 probability of collapse at the 2.0 psi level,
a 0,80 probability of collapse at 3.5 psi, and collapse assured at the 7.0
psi level, For the side wall, there vas no chance of collapse predicted
for the 2,0 psi level, only about 0.10 probability of collapse at the 3.5
psi level, and about 0.85 probability of collapse occurring at the 7.0

psi level.

INSTRUMENTATION

The instrumentation for the three test structures included 35 elec-
tronic gsges, consisting of 26 pressure-time gages and $ deflection gages,
ard 6 high speed cameras. Basically the electronic gages consisted of
exterior pressure gages to measure the pressure-time function of the fromt
and side test walls; iuterior pressure gages to measure the pressure
transients and the room-pressure build-up for determining the differencial
pressure-time loading on the test wall panels; pressure gages to messure
the pressure--time on the upper and lover surfaces of the second story
(celling) concrete sladb to determine {f & significant pressure differential
existed on the slab; and deflection gages to measure the dynamic response
of selected wall panels., The gage locations sre indicated on Figure §.

All structures vere instrumented identically, except that Structure
No. ) (at 2.0 psi) had two additional head-on pressure gages located in
the front face of the reinforced concrete pilaster that separates the
agsonry cavity and Fachwerk tes: walls. The purpose of the additional
pressure gages vas to determine if any pressure anomalies occurred on the
exterior surface of the front wall as a result of the l-ft overbang of the
second story floor systema.

In additiov to the slectronic instrumentation, two high-speed cameras
wvere insralled at sach structure location, As noted on Figures ba and 6b,
the cameras were located north and south of each structure at an angle of
S0 degrees from the fromt wall.

The primary purpose of the high-speed camevas vas to record the modc
of vresponse and collspae mechanism of sach wall slement, including indi-
vidual Fachweri panels. The camerass were to supplement the electroaic
gage maasurenants, and to asaisl in the post-ehot analysis by providing
a visual vecord of the inicial and final wall break-up and debris trans-
port.

As noted on Figure 6, the Mova cameras vere located at Struciure Mo.
| snd the Photosonic cameras at Structures Nos. 2 and ), The Mova cameras,
vhich have the shorter focal length lenses, were located at Structure dNo.
t to veduce the distance betveen camera end structure to minimize any dust
or debris problem that could occur at the higher overpressure level.
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CONSTRUCTION

All three building sites were worked simultaneously although nften
similar operations were carried cut in sequence from the structure nearest
to ground zero (G.Z.)(Structure No, 1) to the farthest structure (Struc-
ture No. 3).

Foundation and Floor Slab

Construction began uith the excavation for the floor slab to an appro-
priate depth of 6 in. below natural grade; the floor slab, 28 fcr 2-5/8 {a.
by 15 ft 2-5/8 1ia. in plan dimensions, was oriented with its long dimen-
sion perpendicular to the line of site to G.Z. Footings 14 to 24 in. wide
wvere excavated to a depth of 3 ft below top of slab. Soil under the slad
vas vatted and compacted with gasoline povered, hand-pushed compactors
until soil demsity to a depth of 6 in. was at least equal to natural dem-
sity, Approximately 6 in. of heavy sand was then spread and compacted on
the area below the floor slab and polyethylenc sheeting 0.006~in. thick
vas placed on top of the sand.

After stzel forms vere fixed in place and reinforcing steel locsted
and tied, approximately 28 cy of ready-mixed coucrete, batched on the Dice
Throw test bed, vas placed and finished. Final slabd thickness -aried from
6 to § in., and the slab vas reinforced in both directions by 3/8-ia. stael
bars § in. on canter. In Figure 7 the {inishing of the slad is in progiens.
The {igure also shows the apportiomment of the slab surface inte two roows
of unequal areas, sepsrated by a line of reilnforcing bars projscting above
the slab. These bars, as well as those in the rear wall shown in the right
of the photograph, were grouted into comcrete masonry units waking up the
non-rssponding portions of the structure.

The slab in the foreground of Pigure 7 containe the two Fachwerk test
walls on the vest and south sided; the cavity walls are in the north room
beyond the interior divider wall.

Noa-R od ls

Neavily reinforced to their full height and solidly grouted (except
for the divider wall at Structure No. 1), the RO valls vere deaigned to
resist the dymamic forces without inslastic respouse. The intertor di-
vider vall contained §-in. thick RCWU; the rear ov eastern well, 12-ia.
thick ROMU. Both RCMU wells were tied at their intersection by horisomtal
velaforcing steel. The vear vall had am access opening 3 fe vide by 4 £
Sin. high Jesding into asch roem; during the shot these openingr vere
closed with heavy uoodea doors bolted in place.

The veators anchorage for the iaterior divider well wves a ceinforced

concrete pllaster approxtimately 13 by 27 ia. i cross section extending
the full height of the wall asd tied to 1t by Morizontal reinforcing steel.

12




FIGURE 7 FINISHING REINFORCED CONCRETE FLOOR SLAB




In Figure 8 construction of the RCMU walls is underway. Some of the
reinforcing steel for the pilaster projects from the slab at the left end
of the divider wall.

Masonry Cavity Wall

After the RCMU walls were laid up to a height of about 4 ft, the masons
immediately began work on the first story masonry cavity test walls. Like
the RCMU the two wythes of the masonry cavity walls were mortared directly
to the floor slab, but no reinforcement was used in the test walls. The
cavity wallg were anchored at the northeast corner of the RCMU wall by an
interlocking CMU bond with the RCMU and by steel masonry ties between brick
and CMU., At the pilaster, anchorage was achieved through metal ties and
a single column of 8-in. RCMU. (See detailed drawings in Ref, 6.)

As the cavity wall reached the 4-ft hieght of the RCMU walls, the ma-
sons set up scaffclding and continued construction of both the RCMU and
the cavity walls. In Figure 9 the cavity walls are seen nearing completior.
The Z-ties between the CMU and brick wythes are in place ready for place-
ment of mwortar; the anchorage to the RCMU at the northeast corner is seen
in the center foreground.

To simulate a substantial floor system in preventing inward sliding
of the cavity wall over the floor slab, a nominally 2-by-4-in., w>d plate
was bolted to the slab directly against the inside face of the cavity wail,
In Figure 7 the bolts for this plate may be clearly seen projecting above
the slab on a line about 15-1/2 in., in from the edge.

Aboveground Concrete Work

When the masons had finished all first story masonry walls, the pilaster
vas formed and poured, and five to eight days later the concrete was placed
for the 8-in. thick reinforced concrete ceiling slab, While curing, this
slab was supported by temporary forms resting on jacks, The finighed slab
completely covered the masonry cavity wall room and projected 1 ft beyond
the front (west) cavity wall, At the time of placing the concrete for the
pilaster, the RCMU non-responding walls were filled with cement grout.

The top course of the magonry cavity wall consisted of solid top block
and the cavity between the brick and CMU wythes was spanned by a 4-1/2-in.
wide strip of sheet metal nailed to the masonry to prevent intrusion of the
concrete from the ceiling slab into the cavity. The only bond between the
ceiling slab and its supporting walls was that provided by fresh concrete
placed on masonry; no mechanical ties were used.

The clear distance between floors was 8 ft 8 in.




FIGURE 8  CONSTRUCTION OF RCMU HON-RESPONDING SUPPORT WALLS

FIGURE 9  CONSTRUCTION OF MASONRY CAVITY TEST WALL
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Fachwerk (Half-Timber) Framing

Arfter the aboveground concrete work was complete, carpenrers began
construction of the timber framework for the Fachwerk walls shown in ele-
vation in Figure 2. Although most of the components were prepared in the
contractor's shop in Socorro, it was found necessary to fit some on the
job after the major portions of the framwork had been put in place. All
joinery was mortise and tenon, illustrated in Figure 10. Holes for the
pegs were drilled with the timbers joined; tight Douglas fir pegs were
then driven in with a plastic mallet. Figure 11 is a photograph of the
partially completed timber work on the south wall, The bolts seen in the
foreground of Figure 7 are seen again in Figure 11 holding the bottom
plate in position (a similar series of bolts fastens the west Fachwerk
wall). The projecting portion of the wood pegs were cut off after fimal
adjustments in timber positions were made. The tenon joining a horizontal
brace to a diagonal brace is seen in the upper left of the photograph.

As noted above, the Fachwerk test walls bottom plates were anchored
to the floor slab. In addition there were four anchor bolts holding ver-
tical timber posts to thz non-responding atructural elements: two bolts
in the pilaster at the north end of the west front wall and two bolts in
the 12-in, RCMU at the east end of the south side wall., Since the timber
framing was fastened together with mortise and tenon joinery, it was im-
possible to cast all these bolts into the masonry or concrete, Therefore
the bolts projecting from the horizontal surface of the floor slab were
cart in place while those on vertical surfaces were expansion type bolts
driven into drilled holes through the in-place timber posts. During con-
struction it was found poasible to use cast-in-place bolts in vertical
surfaces if they were sufficiently lkigh above the horizontal surface,
hence on Structures Nos. 2 and 3 some of the upper bolts are cast-in-place,

Ceiling and Roof Framing

With the south and west Fachwerk framing in place, the carpenters
erected 6~by-10-in. ceiling joists, one of which served also as the top
plate in the Fachwerk south wall. The tenons seen at the top of the posts
in Figure 11 fit mortises in this joist,

The joists are held to the top plate of the Fachwerk weat wall by
3/4-in. deep notches and by osk dowels 1-1/2 in, in diameter by S in, in
length. Like the concrete overhead slab, the joists extended beyond the
wvest front wall by 1 ft, At their eastern (back) ends the joists were
nailed to a wooden plate bolted to the RCMU,

A false ceiling of 5/8-in. thick plywood was nailed between the joists
to carry a 3~1/2-in, deep layer of brick, pictured in Figure 12, The ceil-
ing brick were painted white on the top surface to distinguish them in any
post-shot debris from st uctural brick, After the brick were painted, the
attic floor was surfaced with 3/4-in. thick plywood,

16
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FIGURE 10  TYPICAL MORTISE AND TENON JOINT USED IN FACHMERK FRAMING

FIGURE 1}  PARTIALLY COMPLETED TIMBER FRANING
t FOR FACHWERK SOUTH SIDE WALL
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FIGURE 12 BRICK It PLACE BETWEEN CEILING JOISTS




Roof erection began with the two 4-by-6-in. rafters at the north end
of the structure and the 6-by-6-in. ridge beam supported on 6-by-6-in.
posts. The ridge beams over the two rooms were separate. Rafter spacing
was approximately 24 in. on center over the north (cavity wall) room and
30 in. on center over the south (Fachwerk) room and sloped at an angle
of 51 degrees to the horizontal. Rafters were fastened at the ridge and
at the bottom plate with 8-in. spikes driven into pre-drilled holes. As
soon as the roof framing was well underway, the masons were able to con-
tinue the north cavity wall in the gable on top of the ceiling slab. 1In
Figure 13 the masons have just mortared the first two CMU courses on top
of the reinforced concrete ceiling slab. The attachment of rafter to plate
and the bolting of plate to slab is also shown in the photograph; the
attachment of rafter to ridge beam was similar to its attachment at the
plate, Ridge beam supporting posts were toe nailed at the top into the
ridge beam and at the bottom into special plates bolted to the slab. Fig-
ure 14 shows an overall view of the work at this stage.

Fachwerk Brick Masonry

While the carpenters were finishing the roof framing and the Fachwerk
south gable framing, the masons began filling the half-timber framework.
One wythe of common brick in running bond was mortared into each subpanel.
In addition to the mortar placed between brick and timber members, 50d
nails half driven into the wood and half embedded in approximately every
fifth horizontal mortar joint also provided bonding between masonry and
timber., Figure 15 is a view from inside the structure showing the masons
at work on the first story Fachwerk. The 50d nail at the first course can
be seen in the lower central portion of the scene. The plywood false ceil-
ing has been installed between joists. Note that the brick are laid flush
with the timber framework on their inner surfaces. Because of the differ-
ence in thickness between the brick and timber the outside surfaces are
not flush but the brick is substantially inset. In the Fachwerk ga'le
however nominally 4~by-6-in. timber was used for framing so that the hrick
was flush on both surfaces. A view from outside, Figure 16, shows t. : in-
set brick in the first story and the flush brick in the gable.

Figure 16 also shows the different rafter spacing over the two r: s,
The ridge beam and plates are not continuous but are cut between the two
closely spaced rafters (seventh and eighth from the south or right hand
side). The three ridge posts are visible supporting the ridge over the
Fachwerk room. Three post were planned for the cavity wall room as well
but during construction it was noted that the center post would rest on
the position of the upward facing pressure gage in the center of the over-
head slab. Therefore, two equally spaced posts were substituted for the
single central post. In Figure 16 only two of these four posts over the
cavity wall room are in place. Note that the northermost post over the
Fachwerk room is within a few inches of the southernmost post over cavity

wall room,

In Figure 16 can also be seen the pre-cast reinforced concrete header
spanning the single mascnry cavity wall window. A similar header was
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! FIGURE 13  OVERALL VIEW OF CONSTRUCTION OF
? MASONRY CAVITY WALL IN GABLE
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FIGURE 14  CONSTRUCTION OF MASONRY CAVITY WALL
IN GABLE ABOVE CONCRETE CEILING SLAB
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FIGURE 15  INTERIOR VILW OF FACHWERK MASONRY CONSTRUCTICN

FIGURE 16  MASONRY CONSTRUCTIOM [N FACHWERK GABLE WALL
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built into the CMU wythe of the cavity wall, The sill of this window con-
sisted of two rowlock courses of brick. Wood jambs were nailed to a wood
nailing strip tightly wedged into the cavity in the window opening.

All first story windows were glazed with wood window stop holding a
single pane of double strength glass; the gable window was not glazed,

Roof Covering

The baked clay roof tile chosen was a European style made in the United
States* weighing 9.35 psf when laid. Each tile was fastened with a single
nail to 1-by-2-in. net wood strips laid parallel to the west wall approx-
imately 14 in. on center. The tile overlapped on all four sides (except
for the bottom course and end tier). Figure 17 shows a photograph of the
roofing operation. The alternation in tile color was done for photographic
reasons. (The Fachwerk panel above the froant window was later filled with
brick.)

The special closure tile manufactured for use at the ridge was omitted
for the test structures; a cap of wortar sealed the ridge instead. The
tile nailing strips extended past both north and south gable walls to
create roof overhangs of approximately 6 in. on the sides.

TEST RESULTS

Free-Field Overpressure

The air blast data obtained in the vicinity of the three SRl test
structures included the free-field measurements along blast line No. 3 at
ground ranges of 1140 ft (Structure No. 1) and 2750 ft (Structure No. 3),
and measurements in the truck area at 1140 ft, 1370 ft, and 2000 ft. In
addition, measursments from the pressure gages on the ground surface adja-
cent to the north wall of esch structure, and from the pressure gages
mounted on the front surface of each concrete pilaster could be used to
estimate the actual free-{ield overpressure at esch structure location,

For the three structure locations, the discrepancies in the peak
free-field overpreasure data from four sources are given in Table 1. The
values shown {n the table as estimated cverpressures wers obtained by
curve fitting the actual data over the ranges of most interest; this vas
necessary vhere free-field presaure gages are not located at the same
ground range as the structurs. The values shown as calculatud in the
table were obtained by using the initial discontinuity of the reflected
pulse measured by the head-on pressure gages mounted on the concrete pi-
laster of each structure. Although the actual free-fisld overpressure

. level at each structure cannot be determined with certainty, it is appar-

{ ent that the overpressure level was slightly less than the predicted
value of 7.0 psi for Structure No. 1, wvas approximately equal to the 3.5
pri predicted valus for Structure No. 2, and vas & little below the 2.0
pei predicted value for Structure No. 3.

*  Ludowici-~Celadon Company, Chicago, 1llinois.
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Table 1

PREDICTED AND MEASURED PEAK FREE~FIELD OVERPRESSURES
AT LOCATIONS OF THREE SRI TEST STRUCTURES

Peak Oveipressure (psi)
Range Blast Outside  Truck

(ft) Predicted Line #3' Calculated® North Wsll Area

1140 7.0 6.3 6.8 6.7 6.7
1730 3.5 368" 3.3 37
2150 2.0 2.3 1.7 1.8

% Calculated from peak reflected peak overpressure at
pilaster gage (I-2), assuming perfect reflection.
Assumed smbient air pressurs = 12,323 pei.

t  Valuss reported by letter dated 21 April 1977 from Test
Group Director, Dice Throw,

**  Estimated.

L}




Post-Shot Damage Survey

The post-shot damage survey started immediately after the test bed
vas cleared for re-entry. The overall damage to the thiee test structures
can be briefly summarized as follows. Structure No. !, as shown [n Figure
18, experienced a catastrophic collapse of the front cavity wall and a
portion of the side cavity wall, and of the front and most of the side
Fachwerk wall panels. Structure No. 2, as shown in Figure 19, experienced
structural damage to the front cavity wall, although the wall was still in
place, and cracking of the side cavity wall, The Fachwerk walls had a
partial collapse of the 4-ft wide masonry panels on both the front and side
walls, as well as damage to some of the timber members, Structure No. 3,
as shown in Figure 20, had only hairline cracking in the caviiy walls, and
some cracking in the Fachwerk masonry panels.

Figure 18 - 20 also show the post-shot damage to the roof systems of
the three test structures. It was apparent from the tast that the roof
tile was stronger in bending than originally estimated, and the roof fram-
ing therefore received much higher dynamic loading than anticipated. This
resulted in much greater damage to the roof support members: at Structure
No. 1 all front rafrers, except the one adjacent to the north cavity wall
gable, ware fractured; at Structure No. 2 all froat rafters, except the
two end rafters, were fractured or experienced horizontal splitting; and
at Structure No, ) three front rafters had horizorntal splits and three had
lifted from the front plate. Details of the damage to each structure is
glven in the following sections.

Structure No, |

Masonry Cavity Wall. As can be seen in Figure 21 the brick and CMU
on the west front wvall vere completely collapsed. On the front wall, the
only rematning CMU was the bottom course and a portion of the top course
that was still adhered to the concrete ceiling slad (Figure 22). The
remaining brick on the front wall vas a 27-in. vertical section, adjacent
to the concrete pilaster, that had rctated inward about 1 ft, three courses
of brick along the front above the floor slab, and the top course of brick
still bonded to the concrete ceiling slab,

The north aide cavity wall vas collapsed for a distamce of about onc
thivd its length from the froat wmll as shown in Tigure 2). The bottom
two courses of CMU, at their {ntersectlon with the front well, were 3till
in place although they had rotated outwsrd and forwerd about }/4 in.
(Figure 24). Portions of the brick and CMU that were still standing had
the Z-ties intact even though the tuwo wythes had rotated about & in. out-

- ward as a urit (Figure 25). The top course of brick and CMU i{n the side
i vall vore still bonded to the concretd cailing slab in the same manner as
described for the fromt wall.

The fracture planes in the top course of O® and brick in the fromt
wall below the ceiling slab joint are shown in Figure 26; the fractures
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FIGURE 182  POST-SHGY VIEW OF STRUCTURE NG. 1
FROM SOUTH FACHMERK SIOE

FIGURE 18b  POST-SHOT VIEW OF STRUCTURE MO. ) FROM
HORTHWEST MASONRY CAVITY MALL SIDE
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FiGURE 19

FIGURE 20

POST-SHOT VIEW OF STRUCTURE NO, 2
FROM SOUTHWEST FACHWERK SIDE

POST-SHOT VIEW OF STRUCTURE NO, 3
FROM SOUTHWEST FACHWERK SIDE
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FIGURE 21  CGLLAPSED FRONT MASONRY CAVITY WALL STRUCTURE NO. 1

FIGURE 22  END VIEW OF COLLAPSED MASONRY
CAVITY WALL STRUCTURE NO. 1
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FIGURE 23  PARTIALLY COLLAPSED NORTH SIDE
MASONRY CAVITY WALL STRUCTURE NO. 1

FIGURE 24  FRACTURE AT INTERSECTION OF WEST FRONT AND NORTH
SIDE MASONRY CAVITY WALLS STRUCTURE NO. 1
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FIGURE 25  OUTWARD ROTATION OF NORTH
MASONRY CAVITY WALL STRUCTURE NO, 1

FIGURE 26  FRACTURE PLANES IN TOP COURSE OF CMU IN FRONT CAVITY
WALL BELOW CONCRETE CEILING SLAB STRUCTURE NO, 1
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were similar in the side wall. The fracture pattern on the inner face of
the CMU indicates a shear/compression failure, whereas that on the outer
face of the CMU indicates a tensile failure. The failure at the mortar
joint between bricks, which can also be noted in Figure 26, indicates that
the brick wythe failed in tensile bond.

At the connection between the front cavity wall and the concrete pi-
laster, the fracture pattern in the CMU was as just described for the top
course of the CMU at the ceiling slab. The portion of the brick wythe
still standing in the front wsll exhibited a typical tensile fracture along
a vertical section one-half brick in from the concrete pilaster support
(Figure 21). A damaged section of the brick, on an approximate diagonal
from the upper right corner, indicated compressive spalling.

The bottom course of the CMU in the front wall was still in place in
front of the kicker plate., However, as shown in Figure 27, the inner face
of the CMU was fractured vertically through the webs, and the top edge of
the inner face had rotated inward about 1 in, The remainder of each block
was still in place, although the bond between CMU and the bottom mortar
bed was broken. Removal of the inner face indicated that the bottom course
of CMU in the front wall had also failed in shear/compression at the inner
face, The brick along the bottom of the collapsed front wall had failed
in tension at the horizontal mortar-to-brick joint.

An examination of the steel Z-ties placed between the brick and CMU
wythes showed that many of the ties were undamaged. Of the ties found in
the debris, only a few were bent, one was fractured, and one apparently
experienced an axial column type buckle. The remainder of the ties found
in the debris, as well as those remaining in the damaged walls, appeared
in their original condition. It's therefore possible that some of the tics
found in the debris were damaged during collapse of the wall,

Because of the condition of the Z-ties, e.g., Figure 28, and because
the brick and CMU in damaged but still standing sections of the walls had
rotated as a unit (e.g., Figure 25), it is apparent that the steel 2-ties
placed on 16-in. centers horizoutally and vertically had sufficient strength
to transfer the blast forces batween the outer brick and inner CMU wythes,
As a result of tho two wythes acting as a unit, rather than as individual
panels, the masonry cavity wall developed a greater resistance to the blast
forces than assumed in the analysis. A cursory cxamination of the test
data indicates that the measured velocity of the cavity wall at time of
collapse was 2bout two-thirds of the predicted velocity. On the other hand,
from the measured wall velocity at collapse, as well as from the distribu-
tion of the front wall debris, it is apparent that the free-field over-
preassure of about 6.5 psi at Structure No, | was, ss predicted, well above
the incipient collapse overpressure for the front masonry cavity wall.

Fachwerk Wall. As cen be seen on Figure 29 the brick and timber panels
of the west front Fachwerk wall were completely collapsed. The only mem-
bers remaining near their original positions were the vertical post adjacent
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FIGURE 27  FRACTURE IN BOTTOM COURSE OF CMJ IN
FRONT CAVITY WALL STRUCTURE NO. 1

FIGURE 28  TYPICAL INTACT 2-TIE EMBEDDED IN BRICK MASONRY
FROM FRONT MASONRY CAVITY WALL STRUCTURE NO. 1
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FIGURE 29  COLLAPSED WEST FRONT FACHWERK WALL STRUCTURE NO. !
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to the concrete pilaster and the bottom plate which was fastened with
anchor bolts to the concrete floor slab.

On the south side wall, only two of the four Fachwerk panels remained
standing; as shown on Figure 30 the two remaining panels were badly damaged.
With the collapse of most of the vertical timber supports in the Fachwerk
walls, the ceiling and roof systems collapsed onto the floor slab.

The collapse of the Fachwerk wall panels involved at least three pri-
may mechanisms; (1) the deflection and break-up of the brick masonry, (2)
the large deflection and fracture of the timber posts, and (3) fracture
of the plates at the mortise and tenon connections. There were also other
identified collapse mechanisms, which were considered as minor or secondary.
An example of a minor mechanism would be the pullout or fracture of the
wooden pegs in the mortise and tenon joints. An example of a secondary
collapse would be the large vertical deflection of the top plate of the
front wall, after the brick and timber posts had collapsed, and the sub-
sequent fracture of the corner post between the front and side Fachwerk
valls. An examination of the damage on both Structures No. 1 and 2 (to
be discussed subsequently), as well as a preliminary review of the high-
speed test movies, indicates that the three wechanisms occurred simultane-
ously, or if they occurred in a definite sequence it was not apparent from
the information examined to date, It is thought at present that if there
was a preference for a specific collapse mechanism to occur, then it was
more a function of flaws in the materials or construction than large dif-
ferences in basic structural strength.

The final disposition of the debris in the interior of the room from
the front Fachwerk wall panels, such as shown in Figure 31, indicates that
the 6.5 psi overpressure level was well above the incipizat collapse over~
pressure of the wall. The timber elements of the front wall were distri-
buted towards the rear of the room, and in several cases were found .l2pos-
ited againat the rear RCMU wall, For example, Figure 32 shows the timber
post from the left (north) of the window resting against the rear wall
with the lintel still attached. The bottom of the poat is upward indi-
cating that the poat rotated during translation, and timber marks on the
wall indicate that the post impacted the rear wall with considerable velo-
ecity, Also, the major portion of the bricks from the front wall were
found close to the rear wall; in fact, one brick impacted the rear RCMU
wall 41 in. above the floor slab, as shown in Figure 33.

A preliminary review of the test movie for Structure No. 1 indicated
that as the inward center deflection of the timber posts of the front wall
became large, the mortise joints in the bottom plate fractured, except for
those at the two end posts. With removal of the bottom support for the
posts, the wall panels rotated inward at the bottom under the blast forces.
When this occurred, the top plate of the front wall was essentially span-
ning the distance between the two end posts. Under the influence of the
high roof dead loads, and possibly some blast forces, the top plate de-
flected downward at the center placing an eccentric load on the corner post
betwaen the west front and south side Fachwerk wvalls, The corner post
fractured at the top and collapsed outward from the corner.
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FIGURE 30  TWO PANELS REMAINED STANDING IN SOUTH
SIDE FACHWERK WALL STRUCTURE NO, i

FIGURE 31  INTERIOR DEBRIS FACHWERK TEST CELL STRUCTURE NO. 1}
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FIGURE 32

FIGURE 33

INTERIGR DEBRIS FACHWERK TEST CELL STRUCTURE NO. 1

BRICK FRAGMENT EMBEDDED IN REAR RCMU MALL 41 INCHES
ABOVE FLOOR SLAB AS A RESULY OF [MPACT OF BRICK FROM
COLLAPSED FRONT FACHWERK WALL STRUCTURE NO, 1}
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The initial collapse of the south side Fachwerk wall was similar to
the front wall, however, the damage was not nearly as great and the final
disposition of the members was different. The test movie indicated that
as the inward deflection at the center of the vertical post to the left
of the 48-in. wide panel (the first vertical post east of the front wall
corner post) became large, the mortise joint in the bottom plate fractured,
and the wall panel started to rotate inward at the bottom. However, be-
cause the net inward blast force on the side wall was much less than that
on the front wall, and even reversed direction during the load cycle, the
side wall did not collapse inward as the front wall had done, but rather
the inward deflection reached a maximum and then decreased. With the col-
lapse of the corner post, as described above, the two damaged panels in
the side wall (those nearest to the front wall) collapsed, with most of
the debris being deponited on the outside of the structure.

Roof System. As shown in Figure 29 the roof system over the Fachwerk
wall test cell was completely collapsed, and thit over the cavity wall test
cell was severely damaged but still in place. All roof tile had been re-
moved by the blast and was displaced as far as 121 ft behind Structure
No. 1, and 71 ft in front of the structure.

The roof framing over the Fachwerk wall had collapsed onto the test
cell as a result of the wall collspse. However, even though all front
roof rafters had been fractured by the blast loading, all rear rafters
vere structurally intact snd still nailed to the rear plate (Figure 30).

The roof framing over the cavity wall test cell was approximately in
position although skewed, as noted in Figure 34. All front rafters, ex-
cept the one adjscent to the north side cavity wall gable, had experienced
typical flexural fractures near the center of the rafter span. The top
portions of the rafters were still nailed to the ridge beam, but were hang-
ing dovnward, and the bottom portions had rotated sround the front plate
and were resting on top of the reinforced concrate ceiling slab, Figure
34 also shows that the six rear rafters, fuur ridge beam posts, and the
ridge beam sbove the masonry cavity wall are all structurally iantact but
somevhat displaced.

Structure No, 2

Masoury Cavity Wall. Although the front cavity wall vas still in
place, there was extensive cracking of the exterior wythe of brick as showu
in Figure 35. As noted for Structure No. 1, there was also a vertical
crack one-half brick in from the concrete pilaster support in Structure
No. 2. Another vertical crack was apparent at the juncturs of the froant
and side cavity wills; this crack extended the full height of the wall and
was continuous in either the front or side walls. The crack width varied
from a emall crack at the bottom to about 1/4 in. near the top (Figure 36).
The diagonal cracks from the left corners of the wall shown in Pigurs 33,
showed some compressive spalling. It appears that the windov jambs wedged
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FIGURE 34  DAMAGED ROOF FRAMING ABOVE MASONRY
CAVITY WALL TEST CELL STRUCTURE NG, !
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FIGURE 35 CRACKED FRONT MASONRY CAVITY WALL STRUCTURE NO, 2

FIGURE 36 CRACK AT ZORNER OF FRONT AND SIDE
MASOMNRY CAVITY WALLS STRUCTURE MO, 2
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in the cavity between th: two wall wythes provided sufficient etiffness to
the wall at the window cpening to modify an otherwise fairly classical
crack patteru.

Figure 37 shows the crack pattern in the exterior of the north side
cavity wall of Strusture No. 2; the juncture of the side and front walls
is on the right in the figure. Except for the crack st the corner, the
cracks in the wall vary {n width from about 1/16 in. on the right part of
the wall to hairline on the ieft. Although not discernible in the figure,
a portion of 2he tall above and to the right of the center in Figure 37 was
pushod inward about 1/4 in. {rom its original position.

An examination of the interior surface of the CMU indicated that there
vas wore extensive damage to the front ~avity wall than was apparent from
the cracks in the exterior surface of the brick. The inner face of the
top course of CMU above the windov had fractured just below the concrete
ceiling slab for a horizontal distance of about 5 ft. The CMU beiow the
fracture had a maximus inward permanent displacement of about 1/2 in. near
the center of the fracture as can be seen in Figure 38; the displacement
decreased to zero near the ends of the fracture., Also, the portion of the
block above the fracture plane was still well bonded to the bottom surface
of the concrete ceiling slab. The fracture plane on the inner face of the
CMU in the front wall of Structure No. 2, vhich is shown in Figure 38, was
identicai to that observed in a like location in Structure No. 1 (see Fig-
ure 26).

In addition to the fracture above the window, thers was also a gap at
the intersection of the CiU in the front and side walls. Figure 39 shows
that the side wall, on the right in the photograph, has separated and dis-
placed sbout 1/2 {u, awey from the front wall; the figure shows the gap in
thy sacond course ol CMU below the concrete celling slab.

In order to examine for further possihle damage to the CU! in the
front vall, the vindow frame vas removed to permit inspection of the cavity
betwren the brick and CNU wythes. It was discovered that the horiazomtal
wortar joint under the top course of CMU had failed and that the CMU wythe
belcw the top course had displaced imward about 1/2 in. relative to the
tep course of CMU, which was obviously still bonded to the concrete ceiling
slab. It vas therefore apparent that the inner face of the front wil OU
in Structure No. 2 had experienced a compression/shear type of failure and
that the top block had split along the webs and horiszontal mortar joimt in
s manner aimilar to that noted for the bottom course of CMU in tire froat
cavity wall of Structure No, | (sea Figure 27).

Because of the damage to tha frout cavity wall (M fust descrided, the
Tear surface of the brick wythe was examined in the cavity to determine why
the exterior surface of the brick had given no indication of the degree of
damage sustained by the OMU sbove the window. A close examination of the
vear brick sirface shoved that although some addittonal cracks in the brick
were found, there was no evidence that the brick wythe had a permanet dis-
placenent of 1/2 in, The top course uf dricks was well bonded to the con~
crete ceiling slab, and there wvas no detectible slippage along any of the
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FIGURE 37  CRACKED SIDE MASONRY CAVITY WALL STRUCTURE NO. 2
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FIGURE 38

FRACTURE IN INNER SURFACE OF CMU IN FRONT CAVITY WALL
JUST BELOW THE CONCRETE CEILING SLAB STRUCTURE NO, 2

FIGURE 39  GAP AT INTERSECTION OF CMJ IN FRONT AND SIDE

MASONRY CAVITY WALLS STRUCTURE NO. 2
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mortar joints, However, it was found that some of the Z-ties between the
two wythes had slipped in the mortar joints, permitting the two wythes to
separate.

From the similarities between the damage sustained by the front cavity
wall in Structure No. 2 and the failure modes observed in identical loca~ -
tions in Structure No. 1, it is apparent that the free-field overpressure
of about 3.5 psi at the Structure No. 2 location was sufficient to develop
the maximum resisting capability of the cavity wall., Furthermore, it is
felt that the wall was close to its collapse overpressure, and that an
increase in overpressure of as little as 1/2 psi.would have produced sig-
nificantly greater wall displacement and a correspondingly greater damage.

The interior CMU of the north side cavity vall shoued crack patterns
similar to, but more extensive than, those observed in the exterior brick.
Alsc, the cracks in the CMU were generally wider than found in the ‘brick,
being as wide as 1/8 in. in the area towards the front of the wall.

Fachwerk Wall. A view of the damage to the west front Fachwerk wall
of Structure No, 2 can be seen in Figure 40. As can be seen in the figure,
the masonry in the 48-in. wide panel to the left of the window has been
severely damaged with a portion having collapsed onto the floor slab, the
masonry in the panel below the window has collapsed, and there is damage
to the masonry in some of the other panels. In addition, the tenons are
exposed at the bottom of the post and diagonal to the right of the window,
indicating a failure of the bottom plate at the mortise joint, and there
are splits in the top plate at the joints for both the post and diagonal
to the right of the vindov.

The damage to the nouth side Fachwerk wall is shown in Figure 40,
Although the damage to the 48-in. wide panel to the left of the window
appears somevhat similar to that observed for the identical panel in the
front wall, the damage to the other masonry panels and timber framing is
much leas than that observed on the front wall at the same location.

Figures 41 and 42 show in more detai)l the damage sustained by the
west front Fachwerk wall. It ias apparent that the bottom plate at the
mortise joint to the right of the window fractured, permitting the post
and diagonal to displace inward at the bottom with a permanent deflaction
of about one ft; this deflection probably accounts for the loes of brick
below the window, The fracture {n the plate is shown graphically in Pig-
ure 43, and is a typical failure wode, noted in both Structure Nos. | and

The post to the left of the window in Figure 42 split parallel to the
grain for its entire height; this is also a typical failure mode often
observed in Structure No. 1, The post to the left of the 48-in, wide brick
panel, although still in place, sustained a classical bending failure, ex-
hibiting compressive distress on the exterior surface and tensile fracture
on the inuer surface. In addition, cracking of the inner surface of the
bottom plate in the vicinity of the mortise loint for this post indicated
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FIGURE 40  DAMAGED WEST FRONT AND SOUTH SIDE
FACHWERK WALLS STRUCTURE NO. 2

FIGURE 41  DAMAGED WEST FRONT FACHWERK WALL STRUCTURE N, 2
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FIGURE 42  OBLIQUE VIEW OF DAMAGED WEST FRONT
FACHWERK WALL STRUCTURE NO. 2

FIGURE 43  TYPICAL FRACTURE [N BOTTOM PLATE AT MORTISE
JOINT WEST FACHWERK WALL STRUCTURE MO, 2
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that a fracture of the plate had been initiated which was similar to that
observed at other bottom plate mortise joints,

The brick masonry in the 48-in, wide panel on the front Fachwerk wall,
shown in Figure 44, was approximately one-half collapsed with the remain-
der severely damaged. The masonry showed evidence of failure at the mor-
tar joints and compressive spalling of the exterior surface of the bricks.

The final disposition of the debris from the front wall is shown in
Figure 45. Although some debris was translated as far as the rear RCMU
wall, none was piled against the rear wall and no brick impacted the rear
wall above the floor slab as occurred in Structure No. 1. This indicates,
of course, a lower brick velocity at time of collapse for Structure No. 2
than for Structure No. 1.

The damage to the south side Fachwerk wall is shown in Figure 46. As
can be seen in the figure, the damage to the 48-in, wide brick panel on
the side wall is different from that on the front wall in that a large
section of the side wall panel, below the collapsed mid-section, is intact
although rotated inward at the top. Tuis type of failure mode was prob-
ably a result of failing to install one of the masonry-to-timber nails in
the right hand post at about the mid-height of the rotated section, The
masonry above and below the collapsed portion sustained considerable
cracking and spalling of the brick similar to that noted in the front wall
panel.

Of the 48 bricks comprising the eight collapsed courses of brick in
the 48-in. wide panel in the south side wall, half of the bricks fell on
the interior floor slab of the structure and half on the exterior,

The only damage to the side wall timber framing was a vertical split
in the post mupport to the left of the 48-in. wide panel, Although the
post was still in place, the split extonded from the outer face of the
post just below the horizontal brace diagonally upward to the rear face
of the tenon at the tup of the post.

Roof System. As shown in Figure 40, the front roof system of Struc-
ture No. 2 sustained considerable damage. Of the 13 front rafters only
the two end rafters sdjacent to the north and south gable walls were not
damaged. Above the cavity wall test cell five of the front ra’ters ex-
perienced typical flexural fractures near the center of their spans. Of
the seven front rafters above the FPachwerk wall test cell, three had flex-
ural fractures, and three had horizontal splitting, but did not fiscture.
Figure 47 shows an interior view of the damage to the front roof system
for Structure No. 2, None of the rafters i{n the resr portion of the roof
vere damaged.

Figures 40 and 48 show the damage to the roof tile. Each half of the

voof had 12 rows of 43 tiles for a total of 516 tiles. As shown in Figure
40, the front tile wvas damaged in all sections of the roof, but damage was
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FIGURE 44  DAMAGEN 48-IN. WIDE PANEL ON FRONT
FACHWERK WALL STRUCTURE NQ. 2

FIGURE 45  DISTRIBUTION OF BRICK DEBRIS FROM FRONT
FACHNERK WALL INTERIOR STRUCTURE NO, 2
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EIGURE 46  DAMAGE TO SOUTH SIDE FACHWERK WALL STRUCTURE NO, 2
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FIGURE 47  INTERIOR VIEW CF FRACTURED FRONT
ROOF RAFTERS STRUCTURE NO. 2

FIGURE 48 REAR VIEW OF DAMAGE YO ROOF YILE STRUCIYURE NO. 2
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concentrated in the lower courses., A total of 73 percent of the tiles
were broken or missing from the front surface, As shown in Figure 48, on
the rear half of the roof, in contrast to the front, there was much more
damage to the tile on the upper portion of the roof than towards the bot-
tom; in fact, the top three courses down from the ridge were completely
destroyed. Although the overall tile damage appears less on the rear than
on the front roof, 68 percent of the rear roof tiles were broken or miss-
ing.

Structure No. 3

Masonry Cavity Wall. There was only minor damage to the masonry
cavity walls of Structure No. 3, shown in Figure 49. The only noticable
crack was a 1/32-in, wide horizontal crack in the brick mortar joint one
brick down from the top of the west front cavity wall, All other cracks
in the brick and CMU wythes were small or hairline,

Fachwerk Wall. Figure 49 shows the west front and south side Fach-
werk walls. Although there was nonoticeable damage to any of the Fachwerk
timber framing ia these walls, there was some cracking of the masonry.

In the 48-1in. wide panel on the west Fachwerk wall, there was a large
crack in the brick masonry to the left of the window opening. As shoun
in Figure 50, the portion of the wall to the right of the diagonal crack-
ing is displaced inward about 1/4 in. relative to the left portion. Also,
the center portion of the masonry panel had about a 1/2-in. permanent in-
ward deflection, Some of the other front wall masonry panels had minor
cracks, but all were less than 1/64-in, wide,

The south side Pachwerk wall in Structure No. 3 was generally in good
condition w!th only small or hairline cracks in some of the brick masonry.

Roof System. As shown in Figures 49 and 51 the roof system rcceived
on'y minor damsge in Structure No, 3, Of the 13 rafters on the front of
the roof, one of the rafters above the cavity test cell and three above
the Fachwerk test cell experienced horizontal shear {ailures near mid-
span. In addition, three rafters near the center of the structure lifted
above the front roof plate about 3/4 in. Thare vas no noticable damage
to any of the other roof framing membera.

Figu:es 49 and 51 show the ainor damage to the voof tila. Of the
516 tiles on the front voof surface, 20 percent were broken or missing
As noted previnusly for Structure No. 2, the tile damage for Structure
¥, 3 vas also concentrated in the lower courses on the froat roof and
the upper courses on the vear roof.
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FIGURE 49  POST-SHOT VIEW OF STRUCTURE NO. 3

FIGURE 50 DAMAGED 48-IN, WIDE PANEL ON FRONT
FACHWERK WALL STRUCTURE NO. 3
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Electronic Gage Data

For the purpose of messuring (a) sir blast loading on test valls and
(b) movement or response of these walls, each of the three structures vas
instrumented with eight pressurc and three displacement gages. Two of the
pressure gag:s vere outside and the remainder inside the building, All
displacement gages were attached to the inner surfaces of walla, one to
each of the front and si(: masonry cavity test walls and one to a wingle
panel of the front (west) Fachwerk wall (4-ft wide panel adjacent to win-
dow). Of the two outside pressure gages mounted at each structure one
vas a total head gage installed in the reinforced concrete pilaster in the
front (west) wall facing ground zero; the second gage measured side-on
overpressure at the ground surface just outside the north wall. The struc-
ture most remote from ground zero (Structure No. 3) contained two addi-
tional total head pressure gages in the concrete pilaster. The inside
pressure gages measured side-on pressures in floors and ceilings,

All gage information was transferred by cable as FX signals to re-
cording equipment in Instrumentstion Fark No. 3 approximately 5000 ft east
of ground zero. Data reduction was begun by playback through a discris-
inator to a visicorder, the record from whichi vas digitized on a Benson-
Lehner 29E Telereadex by an operator who aligned crosshairs on a magnified
image of the visicorder trace. The same operator also read calibration
steps vhich had been placed on a separate magretic tape approximately one
veesk before the detonation.

Simultaneously with the pressure and displacement data, timing infor-
mation (in IRIG B format) vas directly recorded on the magnetic data tape,
From this signal absolute times of firat respoase at each gage wvere read
to half a ms. Tises relative to the detonation ware found {rom the reported
time of detonation: & hours U minutes 0.043 seconds local time. A summary
of the performance of and peak values recorded by the electronic gages is
contained in Table 2. Most of the records are noisy, but only two failed
to produce useabls results.

Cametas

Although the difficult lighting conditions reduced the resolution of
tha picturve at all structures, only one camers failed to produce useable
footage. The worthweat csmera at Structure No, 1 did wit smtart., All ether
cameras provided acceptable coverage from the moment of detonation until
the negative vind phase brought dust from immediately behind the structure
forvard to obscure the camera viev, Ry that time the structural response
vas vell defined. Because of the relatively short positive vind duration
at the 7 pat {ree~field overproasure level, this obscuration allowsd a
shorter viewing time at Structure Nu, ! than at the other two structuves.

The approximately ons millisecond interval betveen frames permits
8006 tempoial resolution of events, Cleavly visible are shock arvival
and passage over the stricture, window hreaking, imsard deflaction of doth
front and side Pachwerk valls and of frunt masonry cavity walls, dowaward
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deflection of the front top plate at Structure No. 1, and stripping of
roof tile, At Structure No, 1, the outward collapse of the Fachwerk side
wall is just beginning when dust obscuration begins; the imward collapse
of the front masonry cavity wall is also not completely visible. Unfor-
tunately, the behavior of tre north side cavity wall at Structure No. 1 is
not seen at all because of the camera failure,

Deflection Gages

Every deflection gage provided useable information. Those at the
front walls of Structure No, 1 quickly reached full range of 6 in. and
were destroyed by the wall debris. The gage in the north masonry cavity
wall of Structure No. 1 shows at least one cycle of unnistakeable oscil-
lation, first inward approximately 1-5/8 in., then outward approximately
2-1/4 in, with a period of approximately 300 ms; there is a permanent
outward deflection of approximately 1/2 in. The portion of the north
wall to which the deflection gage was attached at Structure No, 1 was
still standing after the explosion (e.g., see Figure 25).

At Structure No. 2, maximum masonry cavity wall deflections were
approximately 3/4 in, and 1/2 in. with a single oscillation and no perma-
nent deflection in the north wall. The west front wall did not move out-
ward at all, but stopped moving at 120 ms with a permsnent jnward de-
flection of approximately 1/4 in. The Fachwerk wall panel deflected to
full gage range of 6 in. approximately 33 ms after blast arrival,

The Fachwerk front wall at Structure No. 3 deflected inward to a maxi-
mum of approximately 3,7 in. in 60 ms, followed by weak oscillation around
a permanent inward deflection of approximately 1/2 in. Period of oscil-
lation is approximately 120 ms. Deflection of the front masonry cavity
wall was approximately 0.10 in. peak and 0.02 in. permanent lnward. A
weak oscillation, amplitude less than 0,! in, peak, was detected in the
record of the north masonry cavity wall at Structure No, 3.

Deflection gage records from Structure No, 2 are reproduced in Fig-
ure 52, Zero time corresponds to blast arrival at the west wall,

Total Presgure Gages

All pilaster gages show a seemingly instantaneous jump in pressure
followed by a mcre gradual rise to a maximum some 5 ms later. At Struc-
ture No. 1, the initial step is approximately 14.8 psi while the peak is
near 16.4 psi. At Structure No, 2, the corresponding pressures are approx-
imately 5,1 and 7,3 psi and at Structure No, 3, 2.8 and 3.6 psi. Clearing
of reflected pressure approximately 20 ms after shock arrival is seen at
all structures,

The two additional pilaster gages at Structure No. 3 recorded signi-
ficantly lower peak pressures, i.e,, 3.4 and 3.5 pai, than did the central
gage and both records go to zero after some 70 ms,

Pilaster gage results for Structure No, 2 ave shown in Figure 53.
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Side-On Pressure Gages

The ground level gages just outside the north walls all showed an
initial step. Unlike the total pressure at the pilaster, this outside
side-on pressure showed no significant rise following the discontinuity.

At this time, no attempt has been made to infer shock speed by mea-
suring the time interval between shock arrival at the front wall and at
the gage outside the north wall,

All outside side-on pressure gages show a secondary shock arrival
approximately 18 ms behind the main shock. The secondary shock, including
an accompanying pressure decline, interrupts the normal free-field pres-
sure decay behind the main shock, Normal positive phase pressure is re-
covered after 30 to 50 ms.

A record from the outside north wall side-on gage at Structure Wo, 2
is shown in Figure 54. Zero time is shock arrival at the pilaster gage
of the same structure.

The interior pressure gages, all installed flush with horizontal sur-
faces, shoved a generally gradual build-up of pressure followed by a de~
cline and negative pressure phase patterned after what is seen in
free-field records. GCages inside the Fachwerk room all recorded maximum
pressures close to free-field values reached after a 50 to 60 ms rise time.
In the masonry cavity vall room maximum pressures were approximately 20
" percent lower than in the adjacent Fachwerk rcomw, but rise times were
quite similar. Records show some pressure fluctuations wvhich have not
been atudied yet, In particular, a decline interrupiing pressure build-
up at the two gages in €ach structure near windovs appears to be associated
with vortex formation at the vindow edge. There is a gradual tntensifi-
cation of thle effact when comparing the pressure record {rom Strueture
No. 3, where {t is weak, to Structure No, 1, vhere it ig strong. Rela-
tively large irregularities in the rising interior pressures at the two
interior gages remote from windows of Strueture No, ] are seen also; these
irregularities appear much wveaker in the other two structures.

The differential yressures across the midpoint of the ceiling slads
show dowrward pressurve approximately tuwice the ypward at all structurws,

Pressure traces from the interior gages at Structure No. 2 appear in

Figure 33, Zero time in all figures correspomds to shock arrival at the
pilaster gage.
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TEST SUMMARY - NBDS OPTICAL MEASUREMENTS

BACKGROUND AND OBJECTIVES

A Nuclear Burst Detection System (NBDS) sensor station
and central processing console (CPC) were fielded at Dice
Throw. The objective of the experiment was to utilize NBDS
equipment to measure the azimuth and time history of an
optical event and thereby demonstrate capabilities of the
NBDS. The equipment used consisted of a tripod mounted sensor
station, a prototype junction box, 2 hand held display, hard
wired communications, van mounted CPC and a motor-generator
set. The equipment was located at WEAP site, 13,280 feet
from ground ero.

In order ton accomplish the stated measurements, certain
modifications were required to prevent system rejection of
the event as non-nuclear and to allow full-time history
recording. The sensor station changes involved elimination
of the EMP coincidence requirement and modification of soft-
ware to transmit the time history of any opticail trigger
received. The CPC software was modified to allow receipt
and printing of time history messages and to provide the
capability of a quick-look data plot. Elimination of the
ENP coincidence discriminant introduced a problem of false
triggers whenever the sun entered the field-of-view (FOV)
of the sensor station. This, together with the 8:00 AN
shot time necessitated the use of a sun shade. A 4 x 5 foot
sheet of masonite was erected on a portable tower approximately
33 feet from the sensor station. The center of the shade was
located at 103° true azimuth (EAST from NORTH) and 10°
elevation such that tt blocked the sun for a sufficient period
around shot time to allow the optical measurement to be made.

TIME HISTORY MEASUREMENT

At{achment | and 2 show the Dice Yhrow data as printed out
and plotted by the CPC. The amplitude is by level detector
{LD) value and time is by sample nuwber. Since both scales
are only quasi-logarithmic, one simple conversion factor does
not apply. MHowever, when point by point conversions are
applied, the time history as shown in attachment ) resylts.
for compartson purposes, attachment & iy & plot of data taken
at Dice Throw with an older style instrument (not saturation)
and attachment S is a plot of data taken with an instrument
fielded at WEAP site as part of a USAFTAL experiment. All
three plots (attachments 3 through S) conpare favorabiy.




AZIMUTH MEASUREMENT

Attachment 6 shows a top view of one of the NBDS sensor
station azimuth detectors. The azimuth is measured as the
ratio of light received by the azimuth channel to that
received by a reference channel. The ratio, encoded as a
number between zero and 1023, is a measure of the angle
from the channel ambiguity. The ambiguity was set for Dice
Throw at 9° south of due west. The true azimuth (EAST from
NORTH) of Dice Throw was 55° placing it at a NBDS azimuth of
206°. Since NBDOS sensor stations are designed to receive
scattered light (FOV +4° to +10°), a correction factor is
computed and applied at the CPC. This correction of 12°
indicates an expected azimuth reading of 194° (NBDS} or 552
counts. A look at the bottom of attachment 1 shows the actual
azimuth reading obtained was 731 counts®* or 257° (NBDS). The
indicated azimuth error is 257° minus 194° equals 63°. Attach-
ment 6 diagrams and summarizes the various angles.

A post-shot analysis of the NBDS sensor station azimuth
capabiiity revealed a sensitivity to light at vertical angles
below 4° which was previously considered negligible. At the
close range of Dice Throw, the direct light component received
at these low vertical angles becomes comparable to the scattered
component raceived from the intended FOV. This direct component
tends to shift the measuyred uzimuth toward higher ratios and
is suffictent to account for the Dice Throw azimuth error.
Unfortunately, the sensitivity of the calcylations to certain
measred values is sych that aa exact direct light correction
cannot be achisved. ODice Throw, therefore, does not psrmit a
good estimate of NBDS seasor statiovm optical azimyuth accuracy.

SUNMARY

The operation af the NBDS sessor station, hand-held display,
Junction box, CPC ang the associated algorithms developed for
Dice Throw performed a5 expected, The objective of measuring
optical time histary was accomplished., Yhe objective of
measuring sensor azimythal accuracy could not be determined.
Unexpected »eiylts were obtained due to the sensor sensitivity
te the direct 1ight component at vertical angles less than 4°,

SYRTS arTmuth 15 selectied from the 12 obtained since it was
based upon the nighest amplitude signal.
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TEST SUMMARY - NBDS/MAST ASSEMBLY

OBJECTIVE

The purpose of this experiment was to demonstrate struc-
tural capability of the NBDS/mast system exposed to a blast
environment. Nuclear blast survivability is a part of the
NBDS design criteria and Dice Throw provided the best opportun-
ity for evaluating this requirement.

ANALYSIES

Pretest analysis of the KBDS/mast system indicated
several problem areas. The analysis was performed with the
use of the SHELL-SHOCK computer code. This is a SLA in-house
code used for predicting the response of structures to dynamic
loads. The code can combine a varietly of springs, masses, and
shell and solid elements. The mast was divided into 50 shell
elements, the NBDS package into 11 masses, and the effect of
the guy wires were simuylated by linear springs.

The suspected problem areas were the high loads in the
guy wires, unsupported mast length, the joint at the base of
package, and the optical base.

Early calcultations indicated that the three guy wire
systems showed excessively high loads in the cables and also
ar unsupported length of 20' brought the tube close to yielding.
We, therefore, recommended a four guy system. The four guy
system still indicated high loads in the 1/8" cables and larger
diameter cables appeared to be desirable. We were attempting
to provide a non-yielding cable system, in order to assure
vertical alignment. This meant installing larger ground
anchors and cables. The top cables were 5/16" diameter ang
the others were 1/4" diameter. The intended design should
have provided the desired characteristics, except the cable
clamps did not perform anywhere near the capacity of the
cables. Two cables failed prematurely because of Varge slip-
page in the cable clamps. In fact, nearly all the cables
showed clamp slippage.

The dynamic analysis also indicated a whipping effect of
the NBDS package. A very high moment is induced at the joint
and the base plate was modified to sustain this load. Although
no fractures were predicted, the yieiding would be substantial
to cause misalignment of the NBDS package.

The last area of concern was the optical base. The base
was made of a laminated glass-phenolic and this type of




material usually exhibits a large coefficient of variation
(1 v value). Although failure was not predicted, we did
want to establish this design for a blast environment.

TEST RESULTS

The results of the experiment show we met our intended
objectives. The NBDS base plate and optical support survived
the blast environment. Preliminary pressure traces indicate
that predicted overpressure (5 psi) was achieved. No instru-
mentation was installed in this experiment. C(amera coverage
was provided.

The camera was located about 80' from the mast centerline
and provided a field of view of almost the entire mast and
cables (See Figure 1). The films showed blast arrival time
at 660 msec and the predicted time was 660 msec. (Further
times are referenced to structural response times and t = 0
is at shock arrival.) The mast centerline shows about 5*
lateral displacement at 10 msec. Other displacements were
too small for resolution up to 80 msec. At this time, a
forward guy broke at the #3 level and freed the upper center
portion of the mast. A peak displacement occurred at 160-175
msec and was on the order of 26",

The actual displacement was probably larger than this
since there is a degree of freedom away from the camera. Also,
dyring this time the actual dynamic pressure is very low
{+ .25 pst). The positive phase duration of the overpressure
lasted for 315 msec compared to a predicted 291 msec,

The tower itself did not fail or yield. 1In the post-test
configyration, the tower was jeaning forward because of the
weight of the heavier cadbles. When the broken cables were
returned to the anchors, the mast returned to its pre-test
configuration. 1f the cables had been standard issue, we
syspect the tower would return to the vertical position.

[t was noted, that simitar communication masts in another
test area all showed cable yielding or stretching as well as
ground anchor displacements 2-3 inches. Because the cables
were light-weight, most of the towers righted themselves.
1t would appear that the stronger cable system is not needed
and we recommend that the standaré 1/8" cables be continued
as the most desirable design.
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TNTRODUCTION

DICE THROW offered a unique opportunity to gain experimental data on
the operational characteristics of Special Forces-peculiar radio sets in
desert and nuclear blast environments. Additionally, quantitative data on
g~loading to failure of certain critical radio components was desired;
experience had indicated that the AN/PRC-7LB was more prone to failure than
the AN/GRC-109 during the conduct of parachute operations.

OBJECTIVES

Cverall objectives of cthe experiment were:

1. To evaluate Special Forces communications techniques in a desert
environment,

O, To evaluate the response of iow-powered amplitude-modulated (AM) radio
sets and assocliated antennas and power supplies to air blast and shock at low
overpressures (1.0 pal predicted).

3. To evaluate shock response of critical components at selected higher

overpressures,

CONDUCT AND RESULTS OF THE LOW OVERPRESSURE EXPERIMRNT

1. At the low overpressure site, a variery of antenna/radic combinations
were evaluated using authorized frequencies in the 2.000 to 15,000 Miz range.
Termination point for all radio traffic was the 7th Special Forces Group Oper-
ational 3aze 4t Port Bragg, Morth Carolina, Two contact- a day were planned,
with cuntinuous operation from T-1.0 minutes to T-45 minutes and from T+.75
minutes to T+60 minytes, The fullowing antennas and radios were tested:

a. Antennas: j-wave dl-pole, inverted 'L', inverted 'V', slant wire,
and multiple wave long wire,

b. AN/GRC-109, GL) gencrater, marnual morse {CW) mode,

e, AN/GRC-109, GL} generatcr, AN/GRA-T! turst code device mode.

d, AN/GRC-109, 125 kil generator, sanual C¥ mode,

0. AN/GRC-109, .125 kN genurator, AN,/GRA-71 burst code device mode.

£, AN/PRC-TLB, BA-L186, manual morse mode.

& AN/FOC-2LB, WA-4386, AN/GRA-71 burst code device mode,

2. Dsta to be obtained includel: determination cof most effective system,
megsurement of dB degradation of -ignal transmitted through the burst cloud,




measurement of gross deformation of antenna masts or breakage of antennas,
detection of visible damage to radio sets, and determination of Go/No GO
condition of each radio and antenna.

3. Radio operators were on site at the time of detonation to transmit
message traffic immediately after detonation and to evcluatethe systems.
Seventeen personnel, including control and safety perscnnel, were on the
test bed at time of detonation. Permission for personnel to remain on-site
was obtained from the Test Group Director, once writien approval from The
Office of the Surgeon General was granted.

L. Results:

a. Actual overpressures at the experiment site were 1.3-1.5 psi for
exposed personnel and equipment, rather than the 1.0 psi predisted. Over-
pressure values are taken from BRL gauge line -1 at 1522 /5000 £,

b. Communications circuits between the test bed and the Special Forces
Operational Base were not established during tho experiment period. It is
belioved that the cause was low frequency propagation probabilities for
the assigned frequencies at the time of detonation.

¢, No damage co any portion of the antenna array, to any of the radio
camponents, or to any of the power supplies was noted after detonation.

d. No injuries of any kind occurred among persoanel on-site. No one
noticed a sensation of ringing in the ears after dstonation (all personnel
wore over-the-ear hearing protectors.)

CONDUCT AND RESULTS OF THE HIGH OVERPRESOURE EXPRRIMENT

1. The aigh overpressure phase of the experiment was condicted by BRL
in the €3 area. Ono AN/PRE-TLB and one T-78, transmitter (AN/GRC-109) were
placed on ground at the 7.3 psi predicted overpressure level; one T-784L
transmitter at the 5.0 psi predieted levelp and one AN/PRC-TWLB at the
3.0 psi predicted level. It was believed that the equipment at the 7.} psi
level would fail, thereby praviding s proven ‘gate', or overpressure/g-load-
{ing factor sbuve and below failure. Instrumentation included wired sccelerc~
moters attached at the longitudinal plane center of mass, Azcelerometers were
uni-axial, and oriented horizontally, perpendicular to ths plane tangent to
the incident shock wave,

[




2. Results:

a. Cverpressure levels were less than predicted. None of the radios suffer-
ed visible damage and all were operational post-dstonation. Consequently,
only those components abt the highest overpressure levels were analyzed.

b. AN/PRC-74B {did not fail
(1) Static Overpressure..isciacessescscsasessss 6.0 pai
(2) Dynamic OVErpreésSurt...sesscsscssscsssseses <98 psi
(3) System mass/surface area exposed......eeses 01 kg/cm2
(4) Translation distance..... 63.5 m
(5) Maximum delta-giieeveccscnescesennsnanesses 840 g
(h) Maximum deltag/delta~ti..eeesiseeseenaeess 655745 (g/ms)

c. T-784
(1) Static OVErpressure....ivcsicecisessvensssss 6. pai
(2) Dynamlc OVerpressure.cvieveccsscaerceacenss 58 poi
(1) System mass/surface arca expnsed........... .13 k&/cnz
(L) Maximum delta-g...civeeus Ceersessaeess J86 g
(5) Maximum delta-g/delta-t.. 386/.50 (g/ms)

CONCLUSIONS

1. Kffective compmnications in a desert environment are difficult to
attain with the AX/PRC-74B and AN/GRC-109 radio sets.

2, Present generation Special Furces communications equipment {s able to
withstand alr blast and shock at a lovel of 1.5 psl without damage, Critical
components can withstand 6.0 psi without damage.

3. At a given overpressure level, the AN/PRC-7uB exhibits a much greater
shotk response than the T.784 transmitter,

e




Figure 1. Post detonation view of 1.5 psi experiment site.
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ATTN:  Carl Swain
ATTN: Lyle "unbar L
ATTN: . Burghart

Science Applications, Inc. - Mclean

ATTN: William R, Scebaugh
ATTN: William M. Layson
ATTN:  Michael McDonnel ‘

Southern Rescareh Institute
ATTN:  C.D. Pears

SRI Intecrnational
ATTX: Philip J. Dolan
ATTIN: D, L. Huestis
ANPIN:  George R. Ahrahamson
ATTN:  Herbert . Lindberg
ATTN: Donald Curran
ATTN:  Carl Wichle
ATTN:  Alan A, Burns

Systems, Scicence and Software, Inc.
ATIN: G, A, Gurtman :
ATTN:  Russel) B, Duff '

Ine.
Sidney tireen

Terra Tek,
ATTN:

TRW Befense § Space Systems Group. Redondw Beach.

ATTN:  Peter Brandt, C1-2000
ATIN: Peter K, Dai, RIZ2170
ATTN:  R.K. Plchuch, R172078
ATTN: Thomas . Williams
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ATIN: LG, Alher, RI-IO0R
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TRW Defense L Space Systems Group - San Bernardino
ATTN: William Polich
ATTN: E.Y. Wong, 527/712
ATTN: L. Berger
ATTN: Earl W. Allen, 520/141
ATTN: V. Blankenship

FOREIGN

Royal Fortification Administration
Stockholm, Swedcn
ATTN: Dr. Lddy Abrahamsson
ATTN: Brig. Gen. Guanar Noren

National Defense Resecarch Institute
Stockholm, Sweden
ATTN: H, Axelsson

Defence Research Establishment Suffield
Ralston, Alberta, Canada

ATTN: Clayton Coffey

ATIN: Altan W.M. Gibb

ATIN: G,A. Grant

ATIN: R.M. Heggie

Infraxtructure Staff ’

Federal Republic of Germany
ATTN: Col. Rottgerhamp
ATTN:  LTC UHermann Pabl
ATTN: Eberhard Bachmann

Ermst-Mach Institute

Federal Republic of Germany
ATINT  DOr, leintz Relchonbineh
ATTN: (Cerhard Gurke

Office of Test § Development
Norweglan Defence Construction Service
Osto, Norway

ATTN: Arne Skjeltorp

National Defence HQ
Directorate of Maritime Activities and Research
Quebec, Canada

ATTN: Olc R, Bezemer

Technologisch Lahoratorium (TNO)
Rijawijk, Netherlands
ATTN: .0, Pasman

federal Ministry of Defense

tederal Republic of Germany
ATTN: LTC D. Bruegmann
ATTN: R. Schilllng
ATTN: L. F. Mentschel

Milrtary AMttache Statf
fabassy of the tederal Republic of Germany
ATTN: Col. Rudolf Eriemann

Federal Republic of Germany Liaison Office
Alexandria, \\
ATTN: Herman Pfrengle

Admiralty Surface Beapons Lstablishment
Ministry of Defence
United Kingdom

ATTN: W.D, Delany

British Embassy
Washington, OC
ATTN:  ACOW

Embassy of Australia
wWashington, I
ATTN: Office of the Defence Svicnace Mrach
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