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INTRODUCTION

The US. Army Armament Command (ARM-
COM) 1s modernizing 1ts ammunition facilittes,
anclud.ang equipment and protective srructures used in
the manufacture, processing, and storage of conven-
tional munitions. Consistent with.newr safety regula-
tions, those structures that prevent explosion propa:
gation, damage to matenal, or injury to personnel are
being designed to comply with enitena and methods
se' forth in the manual, “Structures to Resist the
Lffect of Accidental Explosions,” (Army TM5-1300,
NAVFAC P-397, and Air Force AFM-88-22) [1].
Reference 1 conains rethods and criteria to deter-
mine the output frum an explosion and 1t effects on
the enviroament in terms of blast and fragments.

In the use of Reference 1 for the pla.at modernt-
zation program, it was found that certain information
was ather not availlable ur quite conservauive, while
other information required extensive extrapolatior of
test data. One such defiviency is the lack of definitive
informatoun in Chapter 4 on the blast environment
frum partially canfined cxplosions.

An explosion in a cubicle cunstitutes a paruially
confined caplosion and is generally Jdassified as aather
a fully vented or partially veated explosion. Distine
tun between full and partial venting depends on the
duration of gas pressures bult up mside the cubicle
compared to the averape duration of shodk pressures
un the cubide walls. If the gas duration substznually
eacceds the shock duration, the partally confined
eaplosion 1s Jassified as a partially vented explosion.

The pressure, duration, and impulse of Joads
inside and oatside the cubicle depend on suveral
parameters, ancduding the cubade size and shape,
«narge lucation, compusition, geometry, and size, and
the arca and lucation of openings and frangible sat
faces o vent pressures frem the cubicle. Th.we
paramerers take voa a wade range of values in practice,
and, as puinted uat in paragraphs 4-9 through 4 31 f

Reference 1, the influence of these parameters on
blast environment is essentially unknown. For
partially vented explosicr: in cubicles, no informa-
tion.exists on the pressure, duration, or. impulse out-
side the- cubicle, the duration of gas pressures inside
the cubicle, and the peak gas pressure inside the
cubicle for explosives other than TNT. For fully
vented cxplosions in cubicles, no infofmation exista.
on the impulse and Jduration of pressures outside the
wubicle. Some information exists on peak pressures
outside the cubicle, but the information is based.on a.
very limied number of full-scale cubicle tests
nvolving.one cubicle configuration and a very hmied
range of charge weights (2],

Rewognizing the lack of information on parually
confined explosions, Picatinny Arsenal (Manu-
factuning Technulogy Directorate) sponsured experi.
ments at the Civil Enganeering Laboratory (CEL) to
develop methods and criteria for predicting the blast
environmént in and around cubicles. A range of
charge weights was expluded inside several small-scale
cubicies representing various siwcs, shapes. and vent
areas. Pressures generated by the explosion were
recorded i estabuish the positive and negative pres-
sure, Jduration, and.impulse vutside fully and paitially
vented cubicles and the peak gas pressure and
durativn nside partially vented cubicles, Ammann
and Whitney, Consulting Structural Engincers, New
Yorh, unaer contract to Picatinny Arsenal, provicad
technical guidance throughout the study.

The study required a large number of tests to
assure statintical aceoracy of the data and to evaluate
each parameter o 1 a practical vange of values,
Beiause of the prohibitive vost of full-scale structures
and the relatne ease of tesung small mode's, it was
dveided e employ small-scale cubiddes. The results
from small-scale cubicles can be extrapolated to
predict results from larger cubicles since evidence is
very strong hat shock wave properties scale,
Naturally no modd experiment is a complete
substitute for a full-scale test,
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OBJECTIVE

The study objective was to esteblish the blast
environment in and around fully and partially »ented
cubicles 3nd to formulate methods and criteria for
predicting the blast environment for practical varia-
tions in critical parameters, including the size, shape,
and vent area of the cubicle and the charge weight
inside the cubicle.

DESIGN OF THE EXPERIMENT

Cylindrical charges of composition B explosive
were  detonated: inside scveral scaled models of
ubicles constructed from 3-inch-thick steel plate,
Pressures generated by the explosion were measurs
inside the cubicle and-on the ground surface outside
the cubicle in directions normal to the frony, side-
walls, and backwall of the cubicle. Varied in the
experiment were the cubicle configuration, cubicle
volume V, vent area A, charge weight W, horizontal
range from the charge to the pressure transducer R,
and the vertical distance from the ground surface w
the top of the cubicle wali or roof h. The range of
test parameters are listed in “Table 1,

‘The work was performed in two phases. In Phase
I; cliarges were derenated inside small 4-wall cubicles
with various-sized openings in the roof to study the
blast environment from partially vented explosions,
tn Phase I, charges were. detonated inside small dnd
farge 3-wall cubicles with and without a roof to study
the blast ¢ovironment from fully vented explosions,
In both phases, pressures were measured inside the
cubicle and outside the cubicle, Measurements out-
side the cubicle were taken out the open front and
behind the backwall and sidewalls.

Charges

The charges were cast cylinders of composition
B explosive with a length-to-diameter ratio of 1.0
(Figure 1). The charges were cast in long cylinders
and then cut and machined to size. The weights of
the charges were 0,50, 1.00, 1,50, 2,00 and 3.00
pounds £1%.

The charge was detonated by an engneers
special blasting cap (Type )2) placed m a 5/16-inch-
diameter hole drilled into one end of the cylinder to

middepth of the charge (Figure 2). A:0.25- by 0.25-
inch cylindrical booster pellet of PBXN-5 explosive
was placed in the hole below the cap to insure. high-
order devonation. The .combined weight of the
booster peilet and blasting cap was never greater than
0.56% of the total charde-weight W,

The charge was:-oriented with the axis: of the
cylinder in a vertical plane and its center of gravity at
the geometric center of the cubicle (Figure 3). The
chaigé was keld in position by a string saddle sus-
pended from the roof of the small 4-wall cubicles,
The chirge in the 3-wall cubicles was supported on
the top of a hollow cylinder constructed from
“poster” paper (Figure 2),

‘Cubicle:s

Six cubicles were buile and tested; shape and size
are shown in Figure 4: (1) two small, cube-shaped;
4-wall cubicles, onc with a partial roof and one
without a roof; (2) twe small, cubg-shaped, 3-wall
cubicles, one with and one without a roof; and (3)
two large, recrangular-shaped, 3-wall cubicles, one
with and one without a roof. All cubicles were con-
structed from 3-inch-thick mild steel plates, joined
with full penctration welds. The 4<wall cubicles were
designed for the study of the blast environment from
partially vented explosions, The 3-wall enbicles were
designed for the study of the exterior blast environ-
ment from fully vented explosions,

The cubicles are identified by a cembination of
letters and a number, such as S4WPR, The first Jetter
(8 = sman, L = large) indicates the size of tha cubicle,
The next number and letter (3W = three walls, 4W =
four walls) indicates the number of walls, The last
letters (PR = partial roof, R = full roof, no letter = no
roof) indicate the type of roof.

Cubicle S4WPR, Cubicle S4WPR was a small
4-wall box with a square hole in the roof, The box
was buried with its roof twsh with the ground surface
{h = 0 foot). The interior length of the backwalls, Ly,
and sidewalls, L, was 2,0 feet. The intenjor wall
height H was 1.75 feet, A square vent hole, measuring
0.815 by 0.815 foot, was centered-in the roof, The
shape and size provided V = 7.00 ft3 and A = 0.667
ft2. A plate was bolted to the inside face of the roof
to achieve still smaller vent arcas for the box. By
changing the plate, the vent area was reduced to
0.216 and 0.072 ft2,
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y engingers
/ (0.94 gm PETN explosive)
5/16-in..diameter hole, L/2 deep
ATS . .
Q - % composition B explosive (L/D = 1)
D I

special blasting cap - type J2

L. 0.25:in,.long by 0.25-in..diameter PBXN-§
booster pellet

L2

Figure 2, Chaxae, detonator, and booster pellet,
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Small 4-wall cubicle with partial roof (S4WPR) Small 3-wall cubicle without roof {S3W)

/

e Vb e e e

Large 3-wall cubicle without roof {L3W)

Note: All wall thicknesses 0,25°,

e S A st g S A st 5 =

Figure 4. Shape and size of test cubicles.

Small 3-wall cublcle with roof (S3WR) Small 4-wall cubicle without roof (S4W)

Large 3-wall cubicle with roof {L3WR)
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Cubicle S4W. Cubicle S4W was a small 4-wall
-cube without a roof (Figure 5); 'Ly = Ly = H=2.0
feer, V = 8,00 ft3 and A = 4.0 ft2, The box <Was

buried with the top of the walls flush with the ground:

surface, thus h = 0 foot,

Cubicle S3WR. Cubicle S3WR was a small
3-wall:box with a.full roof; Lg = ;. =H = 2.0 feet, V
= 8,00 fr3 and & = 4.0 ft2. The floor of the box
rested on the ground surface such that h = 2,50 fect.

Cubicle L3WR. Cubicle L3WR was a large, rec-
tapgular-shaped, 3-wall box with a full roof (Figure
6); Lg = 3.0 feet, Ly, = 5:0 feet, H = 3.67 feet, V =
55.0 ft3 and A = 18.35 ft2. The floor of the box
rested on the ground surface with h = 4,17 feet.

Cubicle $3W. Cubicle $S3W was a small cube-
shaped, 3-wall box without a reof (Figure 7); L, = Ly,
= H = 2.0 fect, V = 8,00 ft3, and A = 8.00 ft2, The
floor of the box rested on the ground surface with h
=2.25 feet.

Cubicle L3W. Cubicle L3W was a large, rectan-
gular-shaped, 3-wall box withour a roof (Figure 3); L
= 3.00 feet, Ly, = 5.00 feer, H = 3.67 feet, V = 55.0
ft3, and A = 33.35°ft2. The floor of the box rested on
the ground surface with h = 3,92 feet,

Instrumentation

Pressure transducers were located on lines
emanating from the charge at nominal distances of 2,
4, 8, 16, 32, and 50 fect from- the charge (Figure 8).
The 4-wall cubicles had two gage lincs, normal
adjacent walls, The 3-wall cubicles had gage lines,
normal to the front, sidewalls, and backwalls. The
ground surface along each gage Ine was leveled and
covered with flat plates out to a range of 52 feet. The
first 10 feet of the lines was covered with 4-foot-wide
by 1/2-inch-thick steel plate. From 10 to 52 feer, the
lines were covered with 3/4-inch plywood.

“Uransducers -outside the cubicle were mounted
in a steel jacker encased in 1 cubic foot of concrete,
The concyete block was buried so thar the gage
diaphragm was flush with the ground surface (Figure
8). The pressure transtucer was a Bytrex HFG piezo-
resistive gage, specificaily Jesigned to measure blast
phenomena. The gage is supphied with an integral heat
shield, consisting of a metal disk with several small
holes to protect the gage diaphragm.

Pressure transducers were also located in oppo-
site walls of the 4-wall cubicles to measure the gas
.pressurc-time history inside the cubicle, The gage was
thread-mounted -at-midheight of the wall so the gage
diaphragm was flush wirh the face of the wali, The
initial tests used the Bywex MFG gage described
above. "Later, the Bytrex gage was replaced with a
Kulite 1]S piczoresistive gage which appeared to be
more rugged under the severe shock and temperature
cnvironment inside the cubicle. The gage diaphragm
was covered with a thin film of RTV compound to
help insulate the piczoresistive sensing elements from
temperature changes inside the.cubicle. The gage was
further protected by a perforated steel filter placed
over the diaphragm. The filter protected the dia-
phragm from debris and attenuared the shock pres-
sures which, in many cases, were 40 times greater
‘than the peak. gas pressure. The filter reduced the
frequency response of the gage, hut the reduction had
an insignificant effect on the accuracy of the gas
pressure data since the buildup and decay of gas
pressures were relatively slow.

In the 4-wall cubicle tests, the signals fiom the
transducers wers recorded by a nominal 20-klz
recording system, The signals were passed through
Endeveo Model 4401 and 4470 signai conditioners,
and Dana Model 3850V2 and 4472-6 amplifiers, and
then were recorded on magnetic tape by a Sangamo
Saber 4 tape recorder operating at 60 ips. A program-
mable sequence-control timer detonated the charge
and operated the recording system,

The FM-signal data was digitized av 160 samples
per millisecond (6.25 microseconds per sample) using
an FR Model 1400 tape recorder, EMR Model 4143
proporrional bandwidth discriminators, and an
Electropic Engineering Company high speed digitizer.
Impulse profites were produced with a Wyle Labora-
tories digital spectrum analyzer. Digitized pressuce
and impulse data were plotted every 6.25 micro-
seconds using an 1BM 7094 computer and an SC 4020
plotter.

Peak pressures out the {renr ¢f the 3-wall
cubicles exceeded 100 psi. Analysis of data showed
the 20-kliz recording system did not accurately
measure the peak pressure at these higher pressure
levels. Consequently, the 20-kHz system was replaced
with a nominal 40-kllz recording system by substi-
tuting Minncapolis-Honeywell Model 104 amplifiers,
increasing the tape recorder speed from 60 to 120 ips,
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reducing the instrument cable length from 300 ro 75
feet (by moving the instrument van closer to the
cubicle), and increasing the rate at which the FM
signal was digitized and plotted from 160 to 320
samples per millisccond *(3.125 miéroseconds per
sample). The 40-kHz recording system was used for
pressure measurements with cubicles L3WR, S3W,
and L3W,

TEST RESULTS

Compurterized data plots of representative
pressure-time and impulse-time histories in and
around the test cubicles are displayed in Appendix A,
Pertinent data from the tests are summarized in
Tables 2 through 7. Table 2 describes the blast
envitonment measured inside the $-wali yubicles,
including the peak gas pressure P, duration of the gas
pressure ty, and total gas impulse-f,. Unless otherwise
noted, cach reported data value i Table 2 is the
average of 3 o 7 measurements from five idenzical
tests. ‘The number in parentheses represents -one
standard deviation. Tables 3 through 7 describe the
biast environment measured outside the vest cubicles,
The tables list the peak positive pressure Py, dura-
tion of the positive pressure tg, total positive impulse
is, peak negative pressure Pgg, duration of negative
pressures. tz, and' the total negative impulse iz, Each
vaiue in Table 3 is the average of ten measurements
from five identical tests; values in Tables 4 through 7
are the average of five measurements from five tests
(one measurement per test).

The definition of most measurements listed in
Tables 2 through 7 was standardized to facilitate
reduction of dara from the computerized pluts. For
example, durations of positive pressures t, and tgs
were defined as the elapsed time to the point corres-
ponding to the peak positive impulse, The peak
positive pressure outside the cubicles was defined as
the peak value of the pressure spike on the pressure-
time curve (in some cases, particularly behind the
backwall of the 3-wall cubicle, the peak value
corresponded to the second pressure spike), except
for plots which showed ‘‘ringing” in the gage
diaphragm. In some gages, especially those at 16, 32
and 50 feet from the charge, the natural frequency of

10

the-gage diaphragm-was close.to the'frequency of the
first pressure spike. In these cases, the gage diaphragm

vibrated, and the vibrations prasuced a false signal.

which oscillated . about the true pressure curve Where
this occurred, a smooth exponential’cuisve way diasin
through the mean amplitude of the oscillations and
extrapolated “backwan!” to the time of deronation.
The peak positive pressure was definéd as the pressure
corresponding to the mean curve at time of detona-
tion. In most cases, oscillograph traces of the
pressure-time history were used to estabiish the peak
pressure in ringing gages, The .time scale on the
oscillograph trace was expanded to the limits of the
clectronics system co that the mean pressure curve
could be accurately defined,

The peak gas pressure Py was defined as the
pressurc at time of detonation a smooth
exponential curve niawn through the n zan amplitude
of the oscillations in. the-peewsure-time plot. In most
cases, the high-frequency vssillations dampened out
soon cnough so that mest of the gas curve was
weli-defined. The best-fit exponential curve was
accurately established from the well-defined portion
of the curve and extrapolated backward to the time
of Jetonation. Atthough RTV compound and a heat
shield were used tq isolate the gage diaphragm from
themal shock, the temperature sometimes sull
caused a “zero shift” in che base line, particularly in
tests involving the larger charge weights, The zero
shift was taken into account in establishing beth Py
and iy, The peak gas pressure was measured from a
fictitious horizontal line corresponding to the
pressure when the pressure trace reached a horizontal
slope. For plots with a zero shift the gas impulse ig
was calculated from the equation of a best-fir,
exponential curve of the re-zeroed pressure-time
curve,

The Bytrex and Kulite pressure transducers were
used simultancously inside the 4-wall cubicle o
measure gas pressures from the 0.5-pound charges,
Both gages measured essentially the same pressure
when the plots were adjusted for zero shift, Both
gages had & limited life in the harsh environment, but
the Kulite gages survived longer. Therefore, the Kulite
gages were used exclusively in the remaining tests
involving 1.0- and 2.0-pound charges.

b

b g A T i A8

Tt st g T i A2

P "y

¢t st s SR

-

o




o p— -

o

*JO0J INOYIM 3DIaND fleas-g a6

q

*)oe1s adid Huol-13-G 'y AQ Jatawetp-youl-6y 104

s o A ST SO

“;

“yoe1s adid Guol-13-0°6 AQ Jatawerp-ydul-g'ty Lou.\

1} 9 = H JO0 OU YUIM £JOOI L 3[OY JBINDID YLM
(3007 = H'1 £9°C = 37 13 00°G = 57) 2191Gnd |iem-p ut SuoIso [dx3 uo paseq ‘9 33udIajay3 WO SIUBWIINSEAU dI10W JO G| Joj abesane elep jerusLadX]

“JUSLAINSEIW UQD

"x0q doi uadp

p

-asind 3o0ys pue seb usamiaq ysINBUNSIP A1a121Nd08 OF 110YS 001 uoneing,

1

*suonesnp 3o0ys ajdninws Ajjeas aie mﬁuo S3N{EA P3LSH) 3WOS JUCHIEIAIPD PIEPUELS JUO S SaSIYIUDILd UL 13GUINU ISIUBWIINSEIW [ O} € 10; ommhu><e
(80°0)LLO (Lrojet 2 GL8°0 1'gt S¥S0°0 § 00°C
(8L°01201. (8L:0)20°¢ 2 L090 v'ee 28100 | 00°L 1ec 0'cs yv'ee
’ {rroe’e {coiy 2 8¢Z0 28’8 65200 | 00°€
Is'olL’e (goiL’y 2 0020 9LL ZL10'0 | 00T
{9°0)5°s {(9'OI'S 2 (4214} £61 0800°C | €60
(970)9°L (5°0)0'9 2 ysecLo 1'6C £v00°0 | 050
(S 1 A {g'oiv'9 2 806070 §'6S 91000 |.610 LLL’o OLL] 455E8L
- - 1oy (cisz (td]e14 LYE00 86’y 69000 -| 0S50 6LL°0 el | abl’e
- - (otizee {ot108c (c1es 8200°0 veyo 69000 | 050 | £5100 TEL | 4L920
- - oom 00S (wyeot v100°0 Lo 8€10°0 | 00°L
- 2 019 Noom.‘} 1188y 3(€16G° €19 | €L000 &.u0 69000 | 060 | SLO0O ZeL | H1EL0
(oLL)8ECOL: {cost)ooszt {vivol (s)tel (12)e1s €100 Sv00 68C°0 | 00T -
{oooz}o088 Aooow_cowm [£2)3243 (sivel (8eieze oLoo cL00 SyL'0 | 00°L —
(52515558 {ocrlo6L9 (139112 20 (81911 {bzZ)oze 800°0 bLLO ZL00 | USO 0200 | 169 2L00
(6t1)s0vr (0S1)0SSS gLLov (0'zie’ts {0€ILLS 6€0°0 9eL1’c '} 6820 | 00T
(cielo99e .|, (O1€)099E (&/ole’or (Lo)e'oy (£Z)j8s€e LE0’0 910 Sv1°0 | Q0°L
(zsz)gLee (onzyocoe [£: @)Y (oeivree {Lrleve S20°0 eveo 2L00 | 050 0900 169 9120
(9eEvioLgL {Gs5109€2 (9010t (8'019°¢L {zS)s0S ozLo ozv'o L8270 | 007C
(o6zlegst Smwvnwmmn (rile’st (v'iie’st (eclsie S60°0 £99°0 Svi’0 § 00°L
{8eiivert (ortjoctt {vrigoc (t'1s9t ewvee SL0°0 90t 2L0°0 | 050 Z8L'e0 |00t L99°0
2 B4 poeL noe 2 LzLo Z6°1 SLE°0 | 00
2 2 peEL me.— 4 SLG°0 so'e 881°0 | 05t
2 2 (s0°0)00°C (s0°0)65°L 3 L6ED s2'9 €900 | 0S50 00"t 08 aooé
lg/ E:oa.m._.me aa.m_._me gy, A%5w) .uum:_ (9] Oslgp M | (epz0H23) | ighyran| (an el e |
ﬂ\—._s\ H H M\F..S\ * d >\M\F>>< m\N?.:A\ AN M A v
’ £PIREgND 3PISU) JUAUOIIAUY SBE) abieyd ) dqnYd

J00Y |Bilaed YA I[2IGND [IBM-F 1[BWS 3pISU| TudwuoAug seg) *Z a|qe)




I‘ . — . e e i s - Lo |
: {
| j
¢ - i - l;
H
i
1}
' i
' :
;
]
v q
| 3‘
. 1
i
]
i
b
§
‘
;
]
}
%
St B, notamel gt
X B SR SR
f et |
'
i
; ]
: 1
: :
i |
t" ,
i
; |
k |
;
. E
. |
A ]
1
1
‘ |
} ] :
d |
'
i
|
i !
t ]
|
‘ 1
g !
| .

Rigure 7. Small 3-wall cubicle without roof.
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Table 4. Blast Environment Qutside Small 3-Wall Cubicle Without Roof*

Charge Range, RIW”3 Positive Pre;{»um,b 1 Pesitive Durationb Pbs:nive Tmpuls
W : fuibt3) Pso tpsi) tolW”3 (msec/lb”sl. ile”“n[psi-msecl
{ib) Front | Side ! Back Front Side Back Front Siqe Back Front . Side
0.50 258 | 2.65] 2.71 | 250° 13.7 {1.5 )1 16.2 (0.9 } | 0.45(0.13) | 2.60(0.06) | 1.85(0.06) { 35.5 {4.0 )| 13.9 (0.4

508 | 5.45( 518|110 (7 )[186 (2.3 )]16.4 (051 1.3 (0.1 )] 24 (0.3 )] 1.6 {0.1) {205 (4.7 ) | 13.0 (1.8,
9.99 1101 | 102 | 169 (1.9 | 129 (1.4 )| 895(0.1 }| 2.2 (0.1)] 1.9 (0.6 )| 23 10.4 ) [ 149 (6.y ) | 7.3 (16
201 [20.2 {203 | 5.05(0.19) | 3.84(0.19) | 3.58(0,29) | 3.82(0.06) [ .3.8 (0.1 )| 2.7 0.2 ) | 7.16(C:z4) | 4.72(0.11
403 404 |405 | 1530.04) | 1.42(0.08) | 0.93(0.06) | 4.23(0.05) | 4.6 (0.2 ) | 294(0.03) | 3.39(0.09) | 2.78/0.03
629 633 [632 | 1.010.04)| 081(0.08)| 0.53(0.04) | 5.000.1 } | 53 (0.2 )] 31 (0.1 ) | 2.19(0.08) | 1.75(0.10

1.00 2.03 | 247| 215|441 (34 )] 24.1 (139 } | 15,9 (2.2 ) | 0.62(0.29) |,2.22(0.06} | 1.1 (0.1} |46 (6 )| 139 (0.9
406 ]| 407| 415{195 (37 )] 24.1 (0.8-)]23.7 (1.2 )] 0.58{0.31) J;2.1 (0.4 }] 1.82(0.03) | 21.3 (2,0 ) | 13.2¢

+ 7931 801| 806 282 (1.2 )-}16.9 (1.0 )| 9.74(0.60) | 1.8 (0.1 } | 1.26(0,05) | 2.08{0.04) | 19.1 (0.6') | 6.85(0.24
160 |16.0 | 16.1 7.6210.19) | 5.09{0.25) | *4.28(0.11) | &1 (0.2 »|13.1 {0.3 ) | 2.18(0.02) 8.17(0.29) | '6.53(0.19
320 321 321 2.0710.05) | 1.90{0.06°|' 1.32(0.11) | 39 (0.1") 3.2 (0.1 } | 2.43(0.04) | 3.84{0,03) | 3.24{0.05
499 |50.1 |502 | 1.28(0.05) | 0.99(0.02)} 0.71(0.03) |>4.9 (0,7 }| 4.8:{0.3 ) | 2.58(0.02) | 2.54(0.03) | 1.99(0.02

2.00 162 | .71} 1.74,{743 (49 ) ]33.0 {4.4 1{220 4201} 05 (0.2 )| 1.7 (0.2) 1] 0.89{0.02) | 65 (7 }] 129 (04
323 | 327 32 |311 {42 )| 373 (2.1 )| 349 (0.5 )| 06 (0.4 )] 1.8 {0.3 )| 1.04{0.02) | 31.8 (1,7 } | 13.0 {1.3
6.20 | 6.40| €0 | 459 (0.8 )] 225 (1.3 )] 126 (0.6 } | 1.6-{0.1 } | 1.09(0.05) | 1.76(0.04) | 24,9 (1.3 )| 7.13(0.31
127 1128 {1.8 126 {06 )] 6.47(0.10} | 6.21{0.17) | 23 Q1 1| 25 (0.1 }{ 2.0-(0.1 ) {10.1 (0.1 } | 6,05(0.08
254 255 {256 3.12(0.08) | 2.39(0.07) | 1.86(0,06) | 3.4 (0.1 )| 33 (01 }{ 2.1 (0.1 )] 4.37(0.12) | 3.69{0.09

Jrapepuin simoreiurbunmnest

% 396 {39.8 |39.8 1.61(0.04) | 1.39(0.06) | 1.06(0.09) | 4,5 (0.1 )| 4.4 (0.2 }| 23 (02 ) | 2.99(0.15) | 2.41(0.11
e ’ ) b . . .
) Range, RIW” 3 Negative Pressure, Negative Duration” Negative Impuls
Ch;;gc. (1173 Py {psil t(;/W”3 (msec/ib}/3) i;IW”3 (psi-msecy
b} Front | Side | Back Front Side Back Front Side Back Front Side
0.50 2581 2651 2.1 d 4.0 06 )| 2.7 (0.1) d ¢ 4.8 (09 ) d ¢
508} 6.1} 5.18 e 41 (04 1] 5.0 (04) d 39 (1,2) 137 (0.3) d 8.5 (2.2
9,99 {101 | 10.2 28 (03)1 1.8(02)| 16 1{01)]99(24 )85 (43)]65 (1.1}) |106 (1.9 )] 63 (25
20.1 {202 | 203 11(01)) 1.0(01)] 08 (0.1);106{(1.5)} 117103183 (0.7)}] 56 (06 )] 4.3 (0.2
40.3 1404 | 405 0.63(0.03} 1 0.52(0.02) | 0.47(0.05} { 11.001.4 } | 11.9(03 )] 7.0 {23 )| 35 (.1 )] 25 (01
629 |63.1 |63.2 0.30{0.03) | 0.31{0.02) | 0.27(0,01) | 16.4{0.1 } | 12.6(0.7 ) | 45 (0.1 ) | 1.9 (0.3 )| 1.53{0.15
1.00 203 ] 211 215 d 45 14 )| 28 (0.2) d ¢ 42 (14) d e
406 | 407 | 4.15 d 42 {07 }| 44 (04) d ¢ 2,78{0.05) d ¢
723 | 801 8.06 47 (05)] 23 (02)]| 1.8 {04 )} 100(1.6 )] 59(02)] 70 (04) |136 (3.1)] 46 {0.4
16.0 ].16.0 | 161 1.6 (0.2 )] tC(02)] 0.9 (0.2 )] 14.0(0.7 )| 10.1{0.2 } | 6.8 (0.6 } | 7.52(0.05) | 4.8 (0.2
320 |32.1 | 321 0.7710.05) [ 0.5 {0.1 1| 0.52(0.02} { 10.4(0.6 ) [ 12.1(1.0 } | 63 (0.7 )} | 4.1 {0.1 )| 3.2 {0.3
49.9 |50.1 | 502 0.34{0.08) | 0.32(0.01) | 0.34(0.06) | 13.0(0.7 } | 10.9(0.3 } | 6.0 (28 } | 1.9 (0.4 )| 1.66(0.06
200 162 { .71} 1N d 42 {¢4)]| 31 (0.3) d ¢ 41 (1.1) d ¢
323 3.27| 3.29 d 4.4 109 )] 3.7 (0.6) d e 2.6 (0.4 ) d ¢
630} 6.40| 6.40 58 (08)) 26 {02})] 1.7,(021] 96(25){ 5002 )29 (033163 (3.2)] 4.6 (0.3
127 | 128 | 128 20 {¢c2)| 1.3 (011)f 10 (02)|11.3(04 ); 11.7(1.7 ) {24 (0.2 ;| 84 (1.1 )] 5.2 (0.2
254 {255 | 255 0.88{0.0b) | 0.64(0.06) | 0.51{0.01)/{ 8.1(1.0 }| 16.7{3.2 ) { 3.0 (1.3 )] 4.0 (0.2 )| 2.8/
3¢ |39.8 | 398 0.42(0.05) | 0.41(0.03} | 0.31{0.02) | 9.5(0.6 )| 13.0(2.8 } { 4.7 (0.4} ]| 22 (03 )] 2%

9Details of cubicle 1n Table 1 and Figure 4.
bAverage of 5 measurements; number in parentheses is one standard deviation.
c
One measurement.
dPressure too tow to accurately resolve from pressure-time plot.
¢ Duration exceeds rang? of digitized data.

J Extrapolation of tmpuise curve.
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vironment Outside Small.3-Wall Cubicle Without Roof®

Positive Duratipnb Positive Impulseb
to/W3 (msec/ib}/3) 1w fpsimeeciin}/3)
Back Front Side Back Fromt |  Side Back

«162 {0.9 }} 0.45{0.13} | 2.60(0,96) | 1.85(0.06) | 35.5 (4.0 ) | 13.9 {0.4 ) | 5.34(0.43)
f1:16.4 (0.5 1] 1.3 (0.1 )| 24 (0.3 )] 1.6 (0.1 ) | 29.5 (4.7 1] 13.0 (1.8 ) | 7.48(0.35
§:.8-99(0.1 )1 22 0.1 )] 1.9 (0.6 )| 23 (0.4 ) | 149 {05 )| 7.3 {1.6 ) | 3.46(0.14)
' 3.5810,20) | 3.82(0.06) | 3.8 (0.1 1] 2.7 (0.2 ) | 7.16(0.24} | 4.72(0.11) | 2.06(0.09)
i 10.3'096) 4.23(0.05} | 4.6 (0.2 ) | 2.94(0.03) { 3.39(0.09) | 2.78{0.03) | 1.36(0.10)
i 0.53(0.04)'| 5.00(0.1 )] 53 (0.2 } ] 3.1 (0.1 ) | 2.19(0,05) | 1.75(0.10) | 0.73(0.02)

59 {22)] 062(0.29) | 2.22(0.06) | 1.1 (0.1 ) |46 (6 }]12.9 {0.9 ) | 5.4¢
1:23.7 (1.2 )] 0.58(0.31} | 2.1 (0.4 ) | 1.82(0.03) | 21.3 (2.0 ) | 13.2¢ 8.33(0.32)
,9.74(0.6\0) 1.8 (0.1 )] 1.26(0.05) | 2.08(0.04) | 19,1 (0.6 )| 6.85(0.24) | 4.11{0.07)
428(011) 3.1 (0.2 1{ 3.1 {0.3 }| 2.18(0.02) | 8.17(0,29) | 5.53(0.19) | 2.57in.12)
1.32(0.11,:1 3.9 (0.1 ) [ 3.9 (0.1 ) | 2.43(0.04) | 3.84{0.03) | 3.24{0.05) | 1.46{0.06)
- 0.71(0.03) | 4.9 {0.1 )| 4.8 (0.3 ) | 258(0.02). | 2.54{0,05) | 1.99(0.02) | 0.89(0.02)

322.0‘(2.0 )4 05-(02 )] 1.7 (0.2)) 0,99(0.02) [ 85 (7 )[129 (0.4 ) | 5.09(0.50)
g 3349 (05 )|-n6 (04 )] 1.8 (0.3 )| 1.04(0.02) | 31.8 (1,7 } | 13.0 (1.3 } | 7.91{0.15)
B-12.6 (0.6 )| 1.6 (0.1 )| 1.0910.05) | 1.74{0.04) | 249 (1.3 } | 7.13(0.31) | 4.09(0.10)
g,6.21(0.17) 23 (0.1 &y 25 (0.1) ZC '0.3-) 110.1 {01 } | 6.05(0.08) | 2.78{0.13) | .
. 1.86(0.06) [ 3.4 (01 )| 3.3 (0.1 1| 2141 ) 4,37210.12) | 3.69({0.09} | 1.61(0.06)
i 1,06(0.09) | 4.5 {0.1 )| 44 (0.2 ) 23 2] N99(0.15) | 2.41(0,11) | 1.03{0.04)

Negauve Duration Negative Impulse"
"IW” {msec/ib ,3) "IW”3 {psi- mseclIb" 3 )y
‘Back Front Side Back Front Side Back
2.7 (0.1) d ¢ 48 (09 ) d ¢ 6.0 (0.4 )
50 {04 ) d 39 {1.2)137103) d 85(22)183 (1.5)

H 16:(0.1 1| 9.9 24 1] 85 {43165 (1.1)) ] 106 {1.9 )| 6.3 (25) 3,5 (0.5 )
-0, (0.1 )] 106(1.5 )| 11.7(0.3 1 183 (0.7 )| 56 (06 )| 4.3 (0.2) |20 (0.1 )
¢ 0.47(0.05) | 11.0(1.4 3§ 11.9(03 ) { 7.0 (2.3.1 ] 39 (0.1 ) [ 25 (0.1 )| 1.1 (0.1)
£+0,27(0.01) | 16.4(0.1 ) | 12.6(0.7 ) | 49 (0.3 ) | 1.8 (0.3 )| 1.53{0/15) | 0.61(0.02)

28 (0.2 ) d ¢ 42 (1.4 ) d ¢ 52 (1,0 )
; 4,4 (0.4 ) d ¢ 2.7810.05) d ¢ 7.2 {03 )
1.8 (04 )} 100(1,6 )} 59(02 1)} 7.01(04) {136 (3.1 )] 4.6 (0.4)]38 (09)
£09 (0.2 1] 14.0(0.7 )| 10.1(0.2 ) | 6.8 {0.6 ) | 7.52(0.05) | 4.8 (0.2 ) |24 (0.1 )
1.0,52(0.02) | 10.4(0.6 ) | 12.111.0 )} | 53 {0.7 ) | 4. (0.1 } | 3.2 (0.3 } | 1.27{0.06)
I£'0,34(0.06} | 13.0(0.7 } | 10.9(0.3 } | 6.0 (2.8 ) { 1.9 (0.4 )} | 1.66(0.06) [ 0.9 {0.2 )

: 3.1 (0.3 ) It} ¢ 4.1 (0.1 ) d ¢ 42 {06 )
3.7 {06 ) d e 2.6 (0.4 ) d ¢ 39 {03 )
}1:7,02 )| 960251 500021]29 (03153 32)] 46 03 )40 (02)

}

)

)

k05100011 | 810101 16732 1| 30 (1. 4.0 (02) | 28f 1.42(0.04)

4
3
£1.0 {02 ) 11314 1| 11.7(1.7 ) [ 24 (02 ) | 84 (1.1)] 52 (0.2 )] 24 (02 )
3
03110021 9.5(0.6 } | 13.0(28 ) | 4.7 (0.4

22 (03 )] 2.2 1.04(0.05)
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Tzble 5. Biast Environment Outside Large-3-Wall Cubicle Without Roof*

e T s TN

Charge Range, RiW1/3 Pusitive ?ressyreb Positive Duration® ) Positivg Imputse? 3
W ' iin13 Pgo (psil t°/W1I3 {msec/1b1/3) is(yv1/3 (psi-msec/lb” )
(fb) Front| Side | Back Front Side® Back Frort Side Back ‘Front Side Back
T Rl -
050 | 260 ¢ | 239{119 (3 ) d 5.3 18 10.% ¥ € 207 131 (@ ¢ 6.34
512 504 517, 45 (5 )| 9.80(0.65) | 582(0.82) | 2.0 5.1 ;! 46 040 2602127 2 }f 11:27108)] 66 (06}
102 {100 | 102 | 216 (1.5 | '595(0.79) | 5.03(0.26)] 23 (021! 4.3 {0.2 )| 7.0+(0.2)| 158 {84 )] 93 (0.1 )] 5./ (0.2)
202 1201 | 202 6,38(0.29) | 3,70(0.52) | 2.96(0.22)} 4.3:(0.2 i} w3.{0.1.) | 7.6 0.1 9.1 {0.2 1] 5.88l0.05: 3.9 {0.1)
40.4 | 403 | 404 1.87(0.03} 1.27(0.05) | 0.93(0.05)-] 4.4 (0.1 )y 4401+ | 7.9 (0.0 | 392(0.06i] 3.4 0.1 )| 2.28(0.03)
63.1 |63.0 | 63.1 0.94{0.04) | 0.77{0.08) | 0.57{0.02} | 5.8 (0.1} | &~ 1 3 {0.4;.{ 2.57(0.01}] 2.15(C95) ] 1.59(0.03)
150 { 182 ¢ | 171[297 (81 ) ¢ 13.1 {34 4| 16 {02) ‘ 46003 p57 19 ) ¢ 1305 (1.2,
355 3.49| 356123 (20 )} 186 (25) 107 (09 )] 141101 )| 3146 } 1 -4 102034 {4 3| 130 0.4 ) | W03 (05
702} 694| 7.03| 37.2 (55 )] 14,1 (2.1 )} 9.46(0.99) | 1.89(0.04) | 2.8 (0. | 45 (0.1)| 217 (05, 416-103}| 29:(03)
140 [ 139 [ 140 | 121 (04°)| 6.88(0:15)°} 516(0.28) | 2.76(0.05) | 2.3 (0.1 5.0 {0.2) {112 (0.2 )] 7.3 {0217 /6.1.00.1 ) )
280 {280 | 280 3.10(0.07}-| 2.82(0.10) | 2.080.06) | 3.55(0.09) | 3.72(0.08) | « 5.(0.3) | 4.93(0.06)| 4.31(0.06i+} 4.6 (6:1 )
437 | 437 c 1.54(0.06) | 1.30(0.04) ¢ 4.91(C.041 | 45 (0.1 ) : 2,31(0,05) |  2.74(G.04%, c
300 [ 148 ¢ 1381386 (71 ) ¢ 183 (44 )] 1.1 (0.1) c 4.0 {6} )64 (7 ) N RE (R
281 277) 2821177 (31 )] 227 (4.27) {234 (3.4 )| 110{(0.04) | 24.10.2 ) | 3.8 {0.3) {rr & 4] 135 (080|116 (65 1
556 | 550 576 | 484 {4.1)]209 (1.0) [ 161 (L1 )| 1.32(0.07) | 24-(0.1) | 4.2 (0.2) | 277 {0.8 )] '28 (0.3} ] 103 (0.5 )
114 110 | oy 19.6 (05 )| 8.14{0.13) | 6.83(0.21) | 2.13(0.03) | 2.37(0.04) | 4.7 (0.1) | 126 {0.* 1! €., (0.3 5} 80 (0.2 )
222 |22 'z 4.31(0.09) | 3.30(0.14) | 2.60(0.11) | 3.2 (0.1 ). | 3.30(005) | 4.9 (0.1) | 58 (0.1 )] 4.9 (0.1 ), 4.50(0.03)
346 |3456 r:m.s 2.34(0.08) | 7.92(0.10) | 1.23(0.18) | 4.4 (0.1 ) | 4.00(005) | 6.5 (0.2) | 3.88(0,07)] 3.6 (0.3 )] 28103
Charge Range; R1/Igl1/ 3 Negative Pressure? Negqltlige Duralio?[b3 N gtive Impt‘xl'sqlf 13
W ' (fa/ip M) Peo tpsil g;/W (msec/ib 1<) i,';'/W1 {psi-mseciiiy}/3)
bl I eont | Side | Back | Front Side Back Front Side Back Front Side Back
0.50 280 ¢ 239 e ¢ e e ¢ e e ¢ e
512 | 504{ 5.17 ¢ 36.06 ) | 2.1 (0.3) e 103 (1.0} | 7.3 (0.3) ¢ 146 (0.7 )] 87 (02)
162 100 {102 32081 24(02) ] 1.4(01)] 88108} {145 (0.9} ] 72103} |149 (23 )] 11,5 (0.2 )| 6.4.{0.. )
202 |27.1 |202 16-00.1 } [ 1.14(0,04) | 0.78(0.06) [ 122 (06} } 9.1 (24 ) | 7.7 0.2)| 9.3 (03 )] 55 (051 ] 3.9 (0.2).
404 |403 | 404 0.89(0.03) { ©.6410.07) | 0.41(0.02) [ 1.7 {1.0) [148 (2 ) | 82 (0.1} | 54 (0.1 )] 3.8 (05 )| 2.26(0.07)
631 [63.0 |63.1 -0.40{0.03) | 0.4110.08 | 0.26(0.02) | 12.0 (0.6 ) [13.8:{1.0 ) [10.8 (0.7} | 26010051 2.1 (0.1 1] 1.612€7)
1.50 | 1.82] e .71 c 3.4 (0.3 ) e ¢ 6.9 (0.8]) e ¢ 12,0 (1.8
355} 3.49| 356 e 49 (03 )] 32 (0.1) e 126 (1.4 ) | 94 (2.5 e 18.8 (2.0 ) | 125 (0.4 ¥
702.{ 694 7031 37 (041] 31(01) ] 25 (0.1 ) e 139 {0.8) {116 w0.7) e 127 2.7 ) | 10.0 {0.2))
140 ;139 |14.0 19 (02 )] 1.1(0.1) | 14 (0 )]120 (23 ) [143 (031 {100 (0.4) | 84 (0.7 )| 7.9 (0.2 )| 6.0 (0.3 )
280 [28.0 |280 1.21(0.06) | 0.8 {0.1 } | 0.74{0.04) | 10.0 (0.6-) {143 (0.3 } |11.6 (1.3} | 58 (0.1 )] 45 (0.1 )| 3.6 (0.1 )
43,7 |43.7 ¢ 0.54{0.02} | 0.45(0.04) ¢ 15.2 (0.1 ) |14.0 (0.3 ) d 3.35(0.02) | 2.7 {0.1) d
300 | 145| ¢ 1.38 e ¢ 3.1 105 ) e d 7.0 (2.8) e d 10.8 {1.0)
281 277 282 e 5.0 104 ) | 3.2 (0.2) e 106 (0.7 } 6.7 (1.6) e 20 {1.2)]11.2 (0.8 )
556 | 550 556 63 (1.0)| 361(02) | 27 (0.2) e 1.4 9.5 (0.3) p 1874 11.0 (0.3 )
1.1 {110 | 14 2810.2)} 14(02) | 16 (01) 1119 (0.2) [11.0¢ 7.4 0.3} | 11.4 (0.1 )] g8 6.0 10.3 )
222 |22 | 222 1.42(0.05) | 0.84(0.07) | 0.97(0.03) | 11.7 (0.2 } |166 (2.2 ) | 89 (0.3} | '6.2 (0.1 )| 5.1 {0.2 } ! 4.35(0.02)
346 }34.6 |346 0.65(0.09) | 0.60(0.05) | 0.90{0.15} | 16.4 {0.6 ) {124 (0.8 ) | 7.6 (0.6} | 39 (0.1 )] w8 (0.8 )] 43 (04)

9Details of cubigle in Table 1 and Figure 4.

bAvemge of § imeasurements; number in parenthuses is one standard deviation.
‘No pressure transducer at this location.

4 One measurement.

¢ Poor resolution of data or value excesds range of digitized data.
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Table 6. Blast Environment Qutside Small 3-Wall Cubicle With Roof?

Charge Range, RIW”3 ' Positive Pressure,b Positive Du;’ationb ' Positive impulseb
w (f/ib1/3 ) ' Pso (psi) toIW”3 (msecib /3y is/W"/3 (psi-msec[lb1/3)
(1o} Front | Side | Back, Front Side Back Front Side Back Front -Side ‘Back
0.50 236 | 2.68] 26Y.)320 (28 )| 150 (1.6 )| 4.85(0.41) | 22 (0.2 }] 27 (01} | 39 (03) ] 88 (6 )| 11.9 (0.3 ) | 8.47(0.45)
488 | 520f 520f 77 (4 )} 186 (0.8 )] 6.19(0.75) | 3.1 {0.1 )| 23 (0.1 )| 38 (01 )| 44 (4 ) 10.6 (0.2 )- | 6.82(0.39)
9921102 | 10.2 357 {26 )| 9.77(1.271 | 4.24(0.25) | 2.4 (0.1 }} 24 (0.1} | 3.7 {0.1 ) | 26.3 (0.8)] 6,59(0.43) | 4.81(0.20)
203 203 | 203 7.38(0.39) | 3.08(0.03)| 2.20{0.13} | 3.7 (0.1 )| 3.8 (03 )| 40 (0.1} ] 108 (0.2 )] 4.00(0.11) | 3.06(0.31)
402 | 405 | 405 2,04{0.12) | 1.11{0.04) | 0.83(0.03) | 4.2 {0.1 }] &3 (0.1} { 4.5 {0.1 ) 4,08(0,06) | 2.26(0.03) | 1.71(0.04)
62.8 |63.2 | 63.2 112{0.02) | 0.61(0.02) { 0.65(0.04) | 6.5 (0.1 )| 6.0 (0.1} | 5.0 (0.2 ) 2.55(0,03) | 1.36{0.05) |. 1,08{0.03).
1.00 1.88 | 2.13] 213|579 (70 )| 18.8 (5.8 )] 5.45(0.37) | 1.6 (0.3)) | 2.42(0.05) | 3.43(0.05} |104 (4 )i 11.1 (0.6 ) | 8.48(0.14)
388 | 4.13] 413}131 (5 )220 (25 )| 745(1.07) ; 28 (0.2 )| 2.1 (D2 )| 3.20(007) | 48 (1 )| 10.7 (05 ) | 7.41(0.11)
7.88 | .8.13] 8.3 54.0 (29 )] 1.0 {1.1 )| 5.11{0.46) | 1.99(0.02) | 1.96(0.06) | 3.01(0.06) | 32.6 {1 )} €.99(0.16) | 5.31(0.05)
169 }16.1 | 161 1.1 (0.3)| 4.01(0,22) ] 260(0.19) | 3.0 (0.1 )| 3.0 (0.1 ) | 34 (0.2 ) | 13.6 (0.1 )] 4,37(0.04) | 3.26(0.07)
319 (321 | 3241 2.84{0,09) | 1.53(0.02) | 1,05(0.09) | 3.71{0,03) | 39 (0.1 ) | 39 (&2 ) 4.67(0.04) | 2.52(0,06) | 1.93(0.01}
499 |50.1 | 501 1.49{(0.02) | 0.84{0.03) ; 0.62{0.05) | 5.13(0.06) | 4.2 (0.1 ) | 4.3 (0.2) 3.1010.05) | 1.56{0.03) | 1.20(0,01}
2,00 1561 1.69| 162|648 (56 '} | 263 (0.3 )]593(028) | 16 (0.1 )] 281(02) ] 29 (0.2) |126 (7 1 10.1.{0.5) | 857(0.48)
314 ] 327 320211 (28 }]21.2 (1.0 )| 7.25(0.42) | 0.75(0.08) | 1.9 (0.1 ) | 27 {0.1} | 50 {2 }]|103-(0.2 ) | 7.30(0.14)
625 | 645 638 91 (5 )|150 (0.1 )] 544(038) | 1.8 {0.1 )] 1.51(0.06) | 2.8 {0.1.) | 420 (0.8 }| 714(21 ) | 5.37(0.06)
127 {128 | 127 125 (0.2 } | 5.25{0.07) | 3.54(0,13) | 2.3 (0.1 )| 2.38(0.04) | 3.18(0.05) | 158 (0.2 )| 4.56(0,01) | 3,37(0.10)
254 255 | 254 4,10{0,04) | 1.88(0.02) | 1.14{0.08)}:{ 3.5 (0.1 )| 3.4 (03 ) | 3.6 {0.2 } 5.84{0.05) | 2.73(0.05) | 2.06(0,06)
39./ |39.2 | 39.7 1,98(0.03) | 1.04(0.02) | 0.71{0.07) ; 4.4 (0.1.5]| 54 (0.2 ) | 4.0 (0.1) 3.55(0.02) | 1.7610.02) | 1.29{0.02)
Charge Range, R/w1/3 Negative Pressureb Negative Durationb Negative Impulseb
W (b3 P5, lpsi) 15w msec/in113) w113 (psi-msec/ib?/3)
{ib) Front | Side { Back Front Side Back Front Side Back front Side Back
0.50 2306 | 2681 2.68 ¢ 20 1{02 )} 1.8 {01) ¢ 11,5 (21 ) {11.1 {05 )} ¢ 155 (1.5 ) | 9.2 (0.5 )
488 | 520 520 1.2 (1.6 )] 24 (0.5) 1.6 (0.1) |144 (28 )}14,7 (3.1 ) |103(1.0) | 499 (65 )|163 (26 ) | 83 (0.5 )
992 {10.2 | 10,2 34 (1,3)] 1.5 (0.1)]1.07(0.03) {24 (2.7 ) {125 (1.3 ) (108 (09 ) | 227 {24 }| 9.0 (0.5 ) | 56 (0.2 )
203 (20,3 | 203 1.3 {0.1 ) | 0.61(0.03) | 0.60(0.10) [19.8 {2.3 ]| 18.0 (2.1 } {109 (1.0} 86 (07 )] 41 (031 ]34 1(03)
40.2° {410,5 | 40.5 0.77{0.068) { -0,36(0.01) | 0.29{0.01) |12.0 (1.5 } | 186 (1.1 ) {114 (6.3 ) 49 (02 )| 2.24(0.06) | 1.7 (0.1}
628 ([63.2 |63.2 0.33(0.01} | 0.23(0.02) | 0,20(0.01) {17.5t(0.9 } | 25.6 (0.1 , }12.0 (0.2 ) 24 (0.1 )| 1.46{0.06) | 1.06(0.04)
1.00 188§ 2.13| 213 ¢ 29 (051120 (02) ¢ 117 (1.7 ) 124 (5.1 ) ¢ 147 (1.3) 1 99 (1.3 )
3881 413} 413 | 160 16} ] 2704 )}17(01) |125 {06 1|128 (04 ) | 93 {20) {58 (9 )}1158 (05) | 7.9 (0.4)
788 | 813] 8.13 40 (0.7 }| 1.7 {0.1 } | 1.13(0.05) |11.6 (42 ) |13.7 (06 ) |149 (26} | 21.1 {21 )| 9.0 (0.5 ) | 6.6 {0.2)
159 |16.1 | 16.1 1.7 (0.1 ) { 0.9 (0.1 ) | 0.65(0.02) (159 (0.1 )] 19.2 (50 ) }12.3 (0.4} 98 (05)| 50 (05} | 36 (0.1)
31.9 {321 |} 321 1.0 (0.04) | 0.44{0.03) | 0.38{0,03) | 9.8 (0.2 ) [ 13.7 (0.2 ) | 9.0 (0.2 ) 48 {05 )| 2.25(0.05) | 1.7 (0.1}
499 }50.1 | 50.1 0.41(0.02} { 0.27(0.03) | 0.24{0.02} {18.8 (0.8 }'| 19.8 (0.4 } [19.6 (24 ) 28 (0.1 }{ 1.55(0.06) | 1.3 (0.1 )
2.00 1.56 | 1.69] 1.€2 ¢ 39 (0.1 ) {19 (0.2 } ¢ 9.2 (2.0) |129 (05) c 129 (1,5 ) |10.3 (0.6 )
314} 327} 320} 12046 )] 29 (01} |17 (01) | 90122){129109) |[124 (08 ) | 71 (12 })|155 (09 ) | 88 (0.2 )
6.25 | 6.45] 6.38 56 (03 ){ 1.7 (0.1 }] 1.2210.06) | 8.0 (0.7 } | 11.8 (1.6 ) }13.7 (1.2 ) | 200 (05 )| 9.0 {04 ) | 6.4 (0.2 )
127 {128 | 12.7 22 (0.1 i | 1.0 (0.1)]0.64{0.03) {122 {14 ) {140 (0.1 ) | 92 (0.3 ) | 521 {05} 49 (04 ) | 3.3 (0.1)
254 1255 | 254 1.1 {0.1 1| 0.46(0.02} | 0,33(0.02} | 9.3 (04 ) 1189 {03 } |15.8 (1.0 ) 50 (0.6 )| 27 (0.1) | 2.t {(0.1)
39.7 {39.8 | 39.7 0.5110.02) ; 0.29(0.02) | 0.2010.01} {10.0 {0.1 ) | 14.5 (0.4 } {183 (1.8 ) 2,74(0.06) | 1.63(0.03) | 1.30{0.04)

9Betaits of cubicte in-Table 1 and Figure 4.

bAverage of 5 measurements; number in parentheses is one standard deviation.

Pressure 100 low to accurately resolve from pressure-time plot.
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Table 7. Blast-Snvironment Outside Large 3-Wall Cubic.z With Roof?

e o POTol o WE ONUUE - A

Charge ﬁange, F}%\I”s Positive Pressureb Posit%e Duratior;l,’3 Positive Impulsebu3
W {ft/Ib'/9) Pey psi) :°/w1 (msec/Ib )”__ ié/w1/3 {psi-msec/Ib'/¥)
fib) Front | Side { Back Front Side Back Front Sida Back Front .Side Back
0.50 2,65 ¢ c 362 (19 ) [4 c 3.3 (0.7 ) [4 ¢ 60 (15 ) ¢ G
516 | 504] 509| 558 (0.9 )| 9.40(0.57)} 2.76{0.22) | 29 (01 )] 3.7{03)} 57 (0.1)]45 (6 )] 1G3 (0.6 )| 6.51(0.32)
102 | 10.0 } 10.1 26.8 (2.4 )] 6.07(0.41)| 2.33({0.13)", 28 (0.3 )| 3.5(0.2}] 56 (0.4 }| 26.4 (0.7 ) 9.65(0.28) | 5.47(0.15)
203 120.1 }20.2 8.36(0.07} 3.53(0_"!1) 2.84(0.24) | 492 (0.2 )| 39 (0.1 )] 50 (0.1 )] 13.2 (0.3 )] 5.55(0.10) 6.33(0.18)
405 | 40.3 | 404 2,09(0.09) | 1.43(0.04} | 0.89(0.03) | 52 (0.1 )] 48 (0.1 )] 60 (0.4 )| 5.10(0.10){ 2.95(0.07) | 2.25(0.03)
650 |63.0 |63.1 1.05(0.02) | 0.74(0.02) | 0.59(0.01) | 6.39(0.06)] 5.5 (0.2 )] 64 (0.3 )] 3.02(0.05 1.90(0.03) | 1.48(0.02)
150 | 192] ¢ ¢ |s60 (150) c c 16 {0.1) ¢ ‘ c 78 (10 ) ¢ ¢
363 | 3.49| 3451109 (17 )|167 (1.3 )] 4.28(0.14) | 35 (0.7 )| 4.0 (0.2 )! 45 ("2 )| 63 {8 )| 11.2~{0.7 } | 9.61(0.27}
q 71 6,97} 692 553 (1.5 )] 11.6 (0.7 ) 4.23(0.47) | 25 (0.1 1| 3.47(0,04) | 4.4 (0.2 )] 36.2 (1.1 ) 11.3+(0.2 )| 7.88(0.11)
141 14.0 | 139 159 (1.3 ) | 8.08(0.16) | 4.29{0.26) 3.44(0.05) 3.9 (0.1 }| 4.16{0.02})| 17.1 (0.8 ) 7.42(0:?@ 7.71(0.22)
28.1 28.0 | 28.0 3.62(0.09) | 2.11(0.10) | 1.72(0.08) | 4.3 (0,1)| 4.8 (0.2 1| 45 (0.2 )| 6.80(0.02) } 3.83(0.05)"] 3.28(0.12)
43.8 | 43.7 |43.7 1.61(0.04) 1.13(0.06) | 0.94{0.02) | 5.13(0.04) | 5.4 (0.1 }| 4.8 (0.1 3.97{0.05){ 2.54{0.05) | 2,13(0.02}
300 | 186 o ¢ |361 (57 ) c ¢ | 13100.1) ¢ c 83 (11 ) ¢ ¢
277 261 2701135 (13 ) {205 (1.6 )| 6.30(0.32) | 23 (09 )| 33 (0.1)| 39 (0.1)]67 (4 )| 10.7-05}]109 (0.1 )}
555 | 536 6546 | 955 (12.6) | 16.3 (1.2 } | 5.74(0.16) | 2.4 (0.1 )| 2.67(0.03) | 3.5 (0.1 )| 45.0 {3.6 }| 11.2 (0.4 ) 8.66(0.17)
1.4 1109 {110 24,5 (1.4 ) | 9.62(0.c0) | 5.21(0.19) | 2.6 (0.1 )| 3.1 (0.1 )] 3.33(0.05i | 19.4 (0.2 }| 8.01{0.12) | 8.51(0.16)
222 | 219 |22t 4,98(0.27) | 2.78(0.13) { 2.18(n21) | 3.85(:.06).] 4.2 {0.3 )| 3.63(0,04)} 7.79(0.14)] 4.11(0.04) | 3.55{0.06)
34.7 | 345 |34.6 2.16{0.15) 1.59(0.05) | 1.28{0.06) | 4.3 (0.2 )| 4.7 (0.1 )| 4.08(0.06)| 4.46(0,03)| 2.80(0.04) | 2.34(0.03)
ch Range, RIW”3 Negative Prcssurob Negative Durationb Negative Impulsel’
W (fe/1p}13) Pgo tpsil 1w S (mseelib1/3) ig/w1/3 (pstmsec/ib1/3)
W) eront | Stie | Back |  Front Side Back Front Side Back Front Sido Back
0.50 2.65 ¢ c d ¢ ¢ : d ¢ ¢ d ¢ ¢
516 | 5.04 ] 5.09 d 32 1{03)] 1.5 (0.1 ) d 126 (1.7 )| 12,0 (0.7 ) d 16,7 (1.4 )] 9.6 (05)
102 1100 {10.1 37(03)) 20(0.1)]12(0.1)}1112(1.2)]124(3.2)120 (0.4 }}228 (09 )} 11.4 (1,1 )] 7.6 (0.2}
20.3 1201 §20.2 2,0 (0.1 } | 085(0.02)] 1.2 (0.1 ) {11.1 {05)] 135 (0.6 )| 124 (06 }] 13.7 (0.8 }| 6.0 (0.3 )}{ 3.3 (0.6)
405 {403 |404 1.09(0,03} | 0.42(0.01} | 0.41(0,02) 111.3 {0.4 ) {116 (0.3 } | 106 (04 }| 751(0.1)}{ 3.0 (0.2 )| 29 (0.2}
630 |. .0 |63.1 0.47(0.02} | 0.25(0.01) | 0,24{0.01) | 11.2 (0,2 } | 12,0 (0.7 } | 11.5 (0.3 )| 3.42(0.03) 1.78(0.04) | 1.8 (0.1 )
1,50 1.2 ¢ ¢ d € ¢ d ¢ ¢ d ¢ ¢
363)] 349 | 3.45 d 4.0 (04 }] 22 {0.1 ) d 12.2 (0,7 } | 11.1 {0.3) d 18.7 (66 ) | 126 (1.0 )
7.1 6,97 | 632 4.1 (0.8 ) § 3,0 (0.2 }]1.73(0.05) | 93 (1.8 )]13.7 (0.2 )| 11.6 (0.2 )] 19.8 (2.2 )] 15,7 (0.4 }) | 10,2 (0.8 )
14.1 140 | 139 2.1 {0.2) 1.34(0.08) | 1.7 (0.1 ) | 11.3 (0.4 } | 149 (0.6 )| 128 (0.2 )] 125 109 )] 9.0 (0.7 ) | 10.3 (1.5 )
28.1 28.0 |28.0 1.2 (0.05) | 0.57(0.03) | 0.59(0.07) } 125 (0.2 )| 17.6 {2.1 )| 104 (1.8 )] 2.2{02)] 42 1{02)]| 3.8 (0.4 )
43.8 | 43.7 |43.7 0.54{0.01) { 0.37(0.02} | 0.39(0,01}) | 14.7 {0.1 } | 16.3 (0.1 )] 128 (0.2 }} 39 (0.1 )] 25 (0.2 )| 24 (0.1)
3.00 1.56 ¢ c a ¢ ¢ d c ¢ d ¢ ¢
2771 261 | 270 d 43 (0.5)] 2.1 {C.7) d d 9.0 (0.9 ) d d 12.1 (0.6 )
5565 6536 | 5.46 38(03)) 27(03)|19(02) | 63 (1.2} d 9.1 (03)1] 14.1 (1.9) d 9.7 3)
111 109 |11.0 2,5 (0.2 ) 14(01)]181(01)| 94 101}]|145(11)]|14.2103)}]11.4{06)] 9.7 (0.4 )]11.3 .05 ),
222 1219 221 1.4 0.1 ) Q.63(0.05) 0.66(0.05) | 10.6 (0.3 1| 15.7 (0.2 )| 11.0 (1.2 }]| 59 (04 )| 79 (0.1 )| 3.8 {0.1 H
347 |345 |34.6 4.64(0.02) | 0.44(0.02) | 0.40{0.04} | 7.9 (0.5 )] 155 (0.2 )} 108 (1.5 )| 4.2 (0.1 )| 26 (0.1 )] 2.6 (0.1 )'

2Details of cubicle in Table 1 and Figure 4,
bAverage of 5 measurements; number in parentheses is one standard deviation.
“No pressure transducar at this Jocation.

dData resolution not sufficient to accurately measure value,
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(b) Pressure transducer in place,

Figure 8. Test site and pressure transducers.
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Partially Vented Explosions

Plots in Figures A-1 through A-4 arc representa-
tive of the blast environment measured inside the
4-wall cubicles and show the effects of charge weight
and vent arca. Peak gas pressure Py increases with
increasing charge weight, and gas pressure duration't
increases with decreasing vent area, Impulse, also
shown in these figures, is affected by both chdrge
weight and vent area,

Plots in Figures A-5 through A-10 are repre-
sentative of the blast environment outside 4-wall
cubicles. Peak pressure Py, and inpulse ig are shown
to increase with increasing charge weight and vent
area.

Appendix A includes a detailed description of
the data plots,

Fully Vented Explosions

Plots in Figures A-11 through A-34 are repre-
sentative of pressure measurements outside the fully
vented 3-wall cubicles with and without roofs, The
plots are arranged for case in comparing results at a
fixed distance in cach of three dircctions from the
cubicle (out the front, behind the sidewall, and
behind the backwall). Eighteen plots are shown in six
figures (each of six gage locations in each direction)
for each cubicle configuration (S3W, L3W, S3WR,
L3WR).

In a few tests of L3V, measurements were also
taken within the cubicle. Sample results from these
tests are shown in Figures A-35 and A-36.

Appendix A includes a detailed description of
these plots.

ANALYSIS OF PAKTIALLY
VENTED EXPLOSIONS

Explosions generate shock pressures from shock
waves emitted by the detonation. If the explosion is
confined inside an enclosed or partially vented
cubicle, the heat ¢nergy released by the detonation
and subsequent afterburning raises temperatures of
the air and gaseous by-products of the explosion and
thereby generates gas pressures, in addition to the
shock pressures. The initial shock wave strikes the

i smi et s~

walls of the cubicle uand is reflected. The reflected
waves, bouncing back and forth between the walls,
floor, and roof, producc extremely high blast
pressures on the walls. The blast pressures rapicly
decay as the energy in the shock wave rapidly
dissipares.

In the same time period, the gas pressures rise
inside the cubicle 1o some peak value and then
gradually decay as gas temperatures drop .and gas
pressures are veated from the cubicle. The peak gas
pressure is characteristically small compared to the
peak blast pressure. Iowever, the duration of the gas
pressure can be many times greater than the duration
of the blast pressurc when the vent area is small. If
the vent area is increased, the duration of the gas
pressure will decrease. At some critical vent area, the
duration of the gas pressure will essentially equal the
duration of the blast pressure. At that point, the gas
pressure will“be insignificant. “This critical vent area
can define the division between a fully and partially
vented explosion. Further increase in the vent area
will not appreciably change the pressure loading on
the walls, loor, and roof of the cubicle.

Outside the cubicle, the shock. waves escaping
from the cubicle through the vent area generate a
train of shock waves which expand and travel
outward in all directions from the cubicle. The
number of shock waves and their energy content
appear to be very erratic, although they are
reproducible between tests. The crratic pattern is due
apparently to the random but repetitive nature of the
multiple shock reflections-off the faces of the cubicle,
Consequently, the -pressurc-time history outside the
cubicle conygins pronounced multiple pressure spikes.
The number f-pressure spikes is consistently greatest
at small scaled distances and reduces with distance as
the shock waves in the rear of the train overtake and
merge with the leading waves. This merging process
continues with distance until at some range there is
onc major wave, although a few distinct pressure
spikes may still persist at large, scaled distances. In
almost every case, the first pressure spike 15 greatest
and succeeding spikes diminish in magnitude, At far
ranges from the cubicle, the shock waves produce a

pressurc-time history charactenistic of the shape from
an unconfined explosion, except that the peak pres-
sure and impulse are less.
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Blast Environment Inside Cubicle

For partially vented explosions, the gas pressure
duration inside the -cubicle is often large relative to
the fundamental period (Tn) of the walls and roof,
particularly if the vent avea is small. By comparison,
the duration of the blast pressure is often small rela-
tive to the fundamental period of the walls, In this
case, the gas pressurc can be far more damaging to the
cubicle than the blast pressure, even though the peak
gas pressure is often much lower than the peak blast
pressure, Therefore, the cubicle must be designed for
the gas pressure pulse, as well as the blast pressure
pulse, if collapse of the cubicle, secondary fragments,
or propagation of the explosion must'be avoided. To
accomplish this, the designer needs a method to
predict the magnitude, duration, and total impulse of
the gas pressures for a given shape, size, and vent area
of a cubicle containing a given compesition and
weight of explosive. Charts and equatiens relating to

these parameters, based on the experimental data, are

explored in the fillowing sections,

Pezk Gas Pressure, ‘The rise in temperatures of
the ambient air and gascous by-products of the
cxplosion generates gas pressures in the cubicle,
Proctor and Filler at NOL (Naval Ordnance Labora-
tory) have applied explosion theory to predict these
gas pressures in enclosed chambers {3,4]. lirom per-
fect gas laws and the chemistry of explosives they
computerized an iterative procedure which analyti-
cally follows the energy generation of the chemical
reactions and the changes in gas propertics as gas
pressure and temperatures rise inside the cubicle,
Predicted peak gas pressures from the NOL program
account for the weight and chemical composition: of
the explosive, the volume within which the explosion
is confined, and the preperties of the ambient gas
inside the cubicle, Peak gas pressures calculated by
the NOL program corrclate remarkably well with
experir.ental data gathered by [LR.W. Weibull 5], as
shown in Figure 9. Weibull's data 1s based on TNT
charges detonated inside spheres, tubes, and cubes for
a wide range of charge-to-volume ratios
(0.00125 < W/V < 0.287 Ib/ft3) but relatvely small
vent areas (8 x 105 < A/V2/3 < 0.02). The dashed
lines in fFagure 9 ndicate theoreucal results if either
heat-of-combustion or heat-of-detonation values for
TNT are used with a fixed spectfic heat. 'The NOL

theoretical relationship 'is based on am iterative
solution that accounts for variable specific heat (asa
function of temperature) during the gas pressure
buildup. At the point corresponding to a gas pressure
of about 250 psi there is.an inflection n the curve
when the oxygen in the ambient air is no longer
adequate to completcly burn the explosion products.
In this region the curve drifts toward the hcat of
detonation line where the curve again begins to
increase at roughly the initial slope,

Figure 10 shows the peak gas pressures measured
inside cubicle S4WPR as a function of W/V., Included
in Figure 10 are experimental data reported by
Ferritto {6 who detonated composition B charges
inside a relatively large 4-wall cubicle with a circular
hole in its roof, Ferritto varied’W/V from 0.0016 to
0.0259 Ib/ft3, as outlined in Table 2. The gas pressure
curve predicted by the NOL computer program for
composition B explosive is also-shown in Figure 10,
The correlation between measured and predicted
values is not as good as the excellent agreement
shown in Figure 9, But it is important to note that
Weibull's test data is for scaled venting of
8x 105 < A/V2/3 < 0,02, while the CEL scaled
venting was 0.008 < A/V2/3 < 0.18. For larger
charge densities (W/V > 0.07), the data points in
Figure 10 fall well below the predicted curve; and, for
a fixed degree of scaled venting, the difference
increases with W/V, For example, ‘or points with
AIV33 = 0179 and 0.060, the racasured gas pres-
sures are lower by 27% at W/V = 0.0069, 31% at W/V
= 0,069, 39% at W/V = 0,145, and 52% at W/V =
0.287, Some of :he differences may stem from
possible errors in interpreting the measured
pressure-time histories, but this source of error could
account for no more than perhaps 20% of the differ-
ence.

It is concluded from Figure 10 that peak gas
pressures depend on both the charge-to-volume ratio
and the degree of venting, Peak gas pressure increases
with W/V and decreases with increased venting. For
W/V < 0.02, venting has no appreciable influence on
P ; but for greater W/V ratios the decrease in ¥, can
be significant. Experiments should be conducted to
find the relationship for the peak gas pressure in a
partially vented cubicle as a function of A/V2/3 and
W/V, for A/V2/3 > 0.010 and 0.003 = 'W/V < 0.300.
Until this relationship is found, it 1s recommended
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that the NOL curve for gas pressure be used for

design loads for A/V2/3 < 0,010 and a value 25% less,

for A/VZ/3 5 0.010,

Duration of Gas and Shock Pressires. "The
scaled duration -of positive pressure inside the
cubicles, listed in Table 2, is plotred in Figure 11 asa
funcrion of the scaled vent area A/W2/3, Data points
in Figure 11 are cither-shaded or unshaded to distin-
guish between gas and shock durations. The unshaded
data points denote cases where the duration of the
gas pressure tg exceeded the duration of the shock
pressure t,; pressure-time histories shown in Figure
A-1 arc representative of this case. The shaded data
points denote the case where it appears that t, > to;
pressure-time histories shown in Figures A-4, A-35,
and A-36 arc representative of this case. Actually,
some of the low-pressure fluctuations shown in
Appendix A may indecd be caused by fluctuations in
gas pressures instcad of multiple shock reflections,
although the latter cause seems more reasonable.

The family of lines shown in Figure 11 connect
data points representing the same value of W/V, The
solid lines are straight, parallel, and connect data
points corresponding to t, > t,. The equation of
these lines is

t, A \\ W -0.86
;#73 = 226 (;m,(v) (1a)

for av¥3 < 021

The dashed lines connect data points believed to
correspond to t, > t,. The dashed lines also are
straight and parallel but their slopes are greater. The
equation of these lines is

for AIV3 > 0,60

Between the ends of the solid and dashed lines
in Figure 11 is a transition zonc which identifies the
transition from t, > t; to t, < t,. There is insuffi-
cient experimental data to exactly identify the transi-
tion zone, but for each value of W/V there should
exist one value of A/W2/3 corresponding to t, = t,.

The line for t, = t, would be represented in Figure 11
by some line oblique to the family of solid and
dashed lines. The oblique line must lic somewhere
“below"” the unshaded- data points (tg> t,) and
“above’" the shaded data points (t, > t,).

The influénce of cubicle geometry on the dura-
tion of positive pressure inside the cubicle is con-
veniently déscribed by the -parameter A/V2/3, Note
that A/V2/3 s independent of charge weight and a
dimensionless parameter and, therefore, independent
of the physical size of the cubicle and charge. It was
found that A/V2/3 is a convenient parameter for
bounding the transition zone corresponding to ty =
t,. For example, Equation 1a can be expressed as

31-0.86
ty A N213
pon 7 Sl iy 7
w AW

Equation (1b) is plotted in Figure 11 for A/V2/3 =
0.21, The line is oblique to the lines described by
Equation 1a and falls just below the unshaded data

(1b)

points; A/V33 =.0.21 is considered a reasonable

upper bound to the transition zone corresponding to
tg = t,. Similarly, Equation 2a can be expressed as

(2b)

Equation 2b is plotted in Figure 11 for A/V23/3 =
0.60, 1.00 (4-wall cube with no roof), and 2,00
(3-wall -cube with no roof). The line for A/V2/3 =
0.60 falls just above the shaded data points and is
considered a reasonable lower bound ro the transition
zone corresponding to tg = Lo

To illustrate the significance of the parameter
AIV23 | consider a perfect cube with four walls and a
partial roof. To ensure v, > t,, the vent area A must
be greater than 0.60V2/3 = 0.60L2, or greater than
60% of the roof area must be vented, 1t should be
emphasized that the above r  onships are only
approximate because the exact value of A/v2/3
corresponding to t, = t, 1s unknown, Further, Equa-
tion 2a and 2b are based on charges located at the
geometric center of the cubicle. Equation 3.should be
used for other charge locations. Equatior$ 1a and 1b
should not be significantly affected by charge loca-
tion,
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The product of the scaled vent arca A/W2/3 and
scaled volume W/V is equal to the scaled degree of
venting A W3/, Thercfore, Equations 1a and 1b
can be expressed as

-0.86
Y, 3\
3 AW
—_—c— = 226 {1)
wllS < \4 )
for V23 < 921
1,14
t 113
AW
e . )
TE o 0.664< 7 > (2)

for AV33 > 0.60

Equatiuns 1 and 2 arc compared with experimental
data in Figure 12, As expected, the unshaded data
points fall along the solid line describing Equation 1
and the shaded data points fall along the dashed line
describing Equation 2. The transition zone, defined in
Figure 11 by 0.21< AIV33 < 0,60, falls betwesn
these Jines and is represented in Figure 12 by a series
of reverse curves which are tangent to the solid and
dashed lines. Note that the relative positicn of the
transition lines depends on W/V. For

0.21 < A/V23 < 0,60, one must enter Pigure 12

with known values of both AW!/3/v ayt Wiv 10
determine the duration of the positive pressuie, -t
should be emphasized again that values of t /v1/3
are based on the charge located at the geometric
center of the cubicle,

In the Amy TM 5-1300 Design Manual, the
duration of the shock pressure on the wall of a
cubicle is calculated from

W = (tA)F . (tA)N + 1.5((0)F (3)*

where ty, = design duration of the positive
pressure phase, msec.

(ty)p = time of arrival of the blast wave at
the point on the wall farthest from
the charge, Rg.

(ty)n = ume of arrival of the blast wave at
the point on the wall nearest to the
charge, Ry.

* Equation 4-1 from Reference 1.

26

(t g = duration of the blast pressure 2t:the
o’F h p
point on the wall farthest from the
charge, Rg.

1.5 = afactor to account for the increased
load duration on the wall due to the
multiple reflections of the blast wave
within the cubicle,

The procedure for solving Equation 3 involves com-
puting the scaled distances to the far point on the
wall (Rp/W1/3) and the nearest point on the wall
(Ryy/W1/3) and then entering the air ourst curves of
Figure 4-5 of Reference 1 to determine the times
given in Equation 3.

For a rectangular- or cube-shaped cubicle with
the charge located at rthe geometric center of the
cubicle, it.can be shown that Lquation 3 depends on
the charge-to-volume ratio W/V and tiie aspect ratios
of the cubile [7). For a sidewall (shortest wall of a
3~ or 4-wall cubicle),

: ‘b)’ <‘A) <‘A> <‘o>

- = . + L§[—= 4)
173 173 173 173

<w . w3l AWy wil o

If 1he charge is located at the geometric center of the
cubicle, the scaled distances to the far and near points
of the sidewall (for entering Figure 4-5 of Reference
1) can be expressed by

i)
1e\=—] +|=2)
Rp H /. .

(4’,'./

"R

Ly
RN H

73 ° 173
TWANT! v

In Figure 13 the positive duration of the shock
pressure predicted by Equaton 4 is compared with
that predicted by Equation 2. Figure 13a compares
the predicted shock duration on the sidewall of a
perfect 3-wall cube, 4-wall cube with an open top,
and a 4-wall cube with a partial roof. Figure 13b

(4b)

R,

.
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compares the predicted shock duratior . n the side-
wall of the rectangular 3-wall cubicle tested at the
Naval Ordnance Test Station (NOTS) China Lake*
{2] and shows how the shock duration would be
affected, according to Equation 2b, by adding 2
fourth wall and partial roof,

range of the experimental data. The lines are
described-by

g, seo(A ~0.78(l)~0.38 )
wirs w23 v

in Figure 13, note that t§,/W!/3 computed from 213
. Equation 4 depends only on the size and position-of for AIVEZ < 0.21
the sidewall relative to the charge weight. Conse- . - .
A Equation 3 has some error because it is derived
quently, Equartion 4 docs not account for the number ; e . .
or size of reflecting walls or surfaces comprising the from lmpulset data which “include the ,commed
cubicle. By comparison, Equation 2 shows that impulse from the gas pressure and a ;')ort:on ctf the
t,/W1/3 increases as the number and size of reflecting shock pressurcs. !{oxvcvcfr. any error in Lqu:;mon 5
surfaces is increased. Equations 2 and 4 are in good from th‘"s S()luth s consndc'rt.:d insignificant since all j
agreement for a 3-wall cube (the case for which I?qua- d?m Qomts in Figure 14 ottgmatc from pressure-time ]
tion 2 was derived) only for values of W/V < 0.02, historics, represented by Figures A1, A-2, A3, and f~
For the rectangular NOTS cubicle, the agreement is A-4 which clearly show thc_shock impulse was insigni- :
best for the 4-wall case, ﬁcam,: compztrcd to the ga.s impulse. ‘,i:
The actual shock pressure on the wall of a Fhere is no exp cnmtfntal f]ata ro defing the ;
cubicle decays exponentially with time. For conveni- exact shaglcs of the “lmcs " Figure 14 .for 7
; ] o - e Lo 0.21 < A/V47 < 0.60. To provide compatability i
ence in design, this exponential pulse is replaced by ™ ) :
‘ an cquivalent triangular-shaped, pressure-time pulse with the curves in Rcfcrcncc“l f(tr a'fully vented :
f having the same total impulse. Equation 3 is intended cgl)c, the shape of [hi ,‘;aSth fines in Flgur-c 14 were by
to approximate the duration of the equivalent drawn 50 that ut' A{V i ‘.‘).60.'thc dur‘auon. of the H
triangular pulse while Equation 2 is the duration.of Shofk pressure i, given by l:quat'lop.B (l;quatl?n +1 ¢
the exponential pulse, Therefore, t/W1/3 given by of Reference 1) is squal to t,hc fxctmo.us duration of i
Equation 4 should always be less than that given by ‘thc gas pressure, ty = 2ig/t g l%y this scheme, ‘h,c
Lquation 2, Indeed this is the trend shown in Figure u‘npulsc cuves 'f‘, Figure 14 provide a smooth transi-
13, except for small values of W/V in 3-wall cubicles, tion from a partially }rcmed.cube to a fully Vc"fed
Actually, Equation 3 is probably too conservative for Cch_ and are compagblc with the pressure loading i
4-wall cubicles with or withcut a roof because it obtm'n‘cd t:rlom Reference ‘l fora fully vcnte_d Cch',
tends to force the designer to treat the shock pressure The lM, 51300 Design Manual contains a series
1 pulse as an impulse when in reality it is much less of charts (Figures _4'17 d“,OUgh_ 4-62) for predicting
severe. One solution to correct this situation is to the average shoc_k impulse i acElng on the )valls of a
make the factor 1.5 in Equation 3 a variable which cubicle of any sxch and shape. For the special case of
changes, depending upon the number and size of ° peffcct cube with the chafge located at the geo-
reflecting surfaces. mcmc-centcr of the cube, it can be shown that, :
according to the charts, the average scaled shock
Impulse of Gas Pressure. The scaled peak impulse ig/W1/3 acting on a wall is a function of W/V 4
vopulse of the gas pressure measured inside the and the number of adjoining walls N (7]. This rela-
cubicles, listed n Table 2,15 plOt(Cd in Figurc 14asa uonship for a cube is shown in Figure 15 for N = 4.
function of the scaled vent area, A/W2/3, The Also shown in Figure 15 is i,/W1/3 from Equation §
. unshaded data ponts denote cases where the total  for a 4-wall cube with a partgial roof where A/V2/3 = i
impulse of the gas pressure ig far eaceeded the total 0,21, The two curves in Figure 15 serve to illustrate ?5
] impulse of the shock pressure i, the crror in the predicted loading on a wall for a %
! The famuly of hines shown in Figuic 14 connect  range of W/V if the calculations include i from !
, data pownts havmg the same value of W/V, The best- Reference 1 but neglcct the gas impuls@ ig from x
f fit lines are straight and parallel, at least within the  Figure 14.
— "
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The following problems and their solutions serve
1o illustrate the use of the various charts to construct
the pressure-time loading, shown in Figure 15b, on
the wall of a partially vented cubicle. The -first
problem illustrates the case where the gas pressures
dominate the loading function on the wall, The
sccond problem illustrates the case where the shock
pressures dominate the loading on the wall,

Problem 1. A 4-wall cube with a hole in its roof
contains 17 pounds of composition B explosive
located at the geometric center of the cubicle, The
length of cach wall is 10 fect, The vent hole in the
roof is 3.0 feet in diameter, Is the cubicle partially
vented? Caleulate the pressure-time loading (Figure
15b) acting oa.a wall,

Solution. Given W = 17 pounds, A = 7D%/4 =
m(3.0)2/4 = 7.1 f12 and Vv = 10 x 10 x 10 = 1,000 ft3.
Therefore, A/VE/3 = 7,1/(1,00002/3 = 0.07.W/V =

17/1,000 = 0.017 and A/W2/3 = 7,1/(17)2/3 = 1,07,
Since A/VZ/3 < 0,60, the cubicle is partially vented
and gas pressures must be considercd in the wall
loading. From Figure 10, P, = 135 psi. From Figure

/W3 = 70 or t, = 70(17)!/3 = 180 msec.
From Figure 14, i, /W3 = 2,540 or ig = 2,540
(N3 = 6,530 psi-msec. For design purposes, the
fictitivus gas duration is t, = 2i,/P, = 2(6,530)/135 =
97 msec. From Reference 1 or Figure 15, i/Wi/3 =
200 or ig = 200 (17)1/3 = 514 psi-msec, l'rom Equa-
tion 4-1 of Reference 1 of F igure 13a, /W13 = 13
or 1y = L3713 = 3.3 msec, For dcsq,n purposes,
the fxcnuous peak shock pressure is P, = 2if/ty =
2(514)/3.3 = 311 psi. The caleulated pressures,
impulses, and time durations apply to the load dia-
gram shown in Figure 15b,

Problems 2. The vent hole in the roof of the
cubicle described in Problem 1 is increased to 8.75
feet in diameter. Is the cubicle fully vented® Cal-
culate the pressure-time loading (Figure 15b) acting
on a wall,

Solution. Gwven W = 17 pounds, A = 7D2/4 =
m(8.75)%/4 = 60 ft2 and V = 10x 10 x 10 = 1,000
ft3. Therefore, A/V2/3 = 60/(1,000)2/3 = 0.60, W/V
= 17/1,000 = 0.017 and A/W2/3 = 60/(17)2/3 = 9.1,
Since AIVZ/3 5 0,60, the cubicle 1s fully vented and
no gas pressure must be considered n the design load-
ing, as confirmed vy the following calculauons, krom

‘Figure 10, P, = 135 psi. From Figure 11, ty Wi/ =
5.6 or t, = 5. 6(17)V3 = 14.4 msec. From l‘lgurc 14,
ig/WL/3"= 87 or ig = 87(17)1/3 = 223, For design
purposes, the fictitiows gas duration is tg = Zlg/P
2(223)/135 3.3 msct. From Reference 1 or Figure
15, i/WL/3 2 200 or iy = 200(17)}/3 = 514 psi-msec.
l'rom Equation 4-1 of Reference 1 or Figure 13a,
€/WI3 = 13 or ¥y = 130173 = 3.3 msec. For
dcsngn purposcs, thc fictitious peak shock pressure is
P, = 2ig/ty = 2(514)/3.3 = 311 psi. Note that t, > t,
but t;, < ¢ and therefore the cubicle can be con-
sidered as fully vented and the design:zcan be based
solely on P, and t;,. The calculated pressures,
impulses, and time durations 1 pply to the load dia-
-gram shown in Figure 15b,

Blast Environment Outside Cubicle

Personnel or frangible buildings may be located
in the near vicinity of a cubicle containing explosives.
An accidental explosion may produce a blast environ-
meny autside the cubicle which constitutes a high
hazard to personnel or an unacceptable level of
damage to the buildings. In this case, it may be
necessary to partially confine the explosion inside a
cubicle to reduce the blast envirenment to a safe
level, To accomplish this, the designur must know the
influence of the cubicle geometry. and the charge
weight, location, and compositicn on the blast
environment outsiie the cubicle, bhe influence of
some of these parameters on the pusitive and negative
pressures, impulses,. and durations outside a cubicle
containing a partally vented explosion are explored
in subsequent sections,

Peak Positive Pressure, Consider an explosion
inside a 4-wall cubicle with a relauvely small hole in
1ts roof, similar to cubicle S4\WPR. Detonation of the
charge produces an initial shock wave followed by the
busldup of gas pressures inside the cubicle, The initial
shock wave expands and reflects back and forth
between the walls, floor, and roof. In the process, the
mitial shock wave, followed by a train of reflected
waves, pass through the vent hole to the atmosphere
outside the cubicle. At the same time, gas pressures
building up inside the cubicle vent through the same
hole, This process produces a high-pressure transient
jet at the hole similar to the muzzle-blast from a gun
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{8]. Outside the cubicle, the gas jet expands near the
vent hole in a region commonly referred to- as the
“botle” [8). For the case of a gun, the high pressure
gases suddenly vent at the moment the projectile

‘leaves the muzzle and the bottle is bounded by shock

waves oblique and normal to the axis of the vent hole
[8]. Beyond the bottle, a primary shock wave
cenvclopes the gas jet, expands in.size, and at some
distance from the vent hole smooths out into a nearly
spherical shock wave [8]. Surrounding the bottle is a
highly 'turbulent region where hot gas mixes with the
outside air to form a strong annular vortex cailed the
“smoke ring”[8]. This smoke ring was very pro-
nonnced and clearly visible from explosions in cubicle
S4WPR.

A baffle orifice or muzzle brake attached to the
muzzle of a gun has proven cffective in reducing the
pressures near the breech where operating personnel
are stdtioned [8]. The muszle brake interferes with
the free expansion of the gas jet, thereby changing
the shape of the shock front and distribution of
strength along its front [8]. The merits of 2 muzzle
brake attached to small vent openings in cubicles
deserves study., If a muzzle brake substantially
reduces the pressures outside a cubicle, then the vent
opening conceivably could be increased to reduce the
duration of gas pressures inside the cubicle and,
thereby, reduce the strength of cubicle required to
contain the explosion. A muezzle ‘brake on cubicles
may prove effective, it scems, if the pressure-time
history outside the cubicle depends on the intensity
of the shock waves formed by the gas jet (or bottle)
instead of the intensity of the detonation waves from
the expintian,

The peak gas pressure in a cubicle (< 1,000 psi)
is generally much lower than the barrel pressure in a
gun (~ 50,000 psi), and the :ubicle continuously
vents the gas pressure while a gun's pressure is
dumped very suddenly. Therefore, the shock waves
associated with the bottle for a cubicle are probably
of much lower intensity than those from a muzzle
blast. In any case, the entire process of detonation
and gas venting produces a train of shock waves
which travel away from the cubicle and attenuate
with distance, With increasing distance, the rear waves
in the train, traveling at a higher velocity, tend to
catch up and merge with the initial shock wave, At
any point outside the cubicie, the pressure-time
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history (Figures A-5 through A-10) has the character-
istics of an unconfined explosion except.that it.con-
tains a number of pronounced pressure spikes,
particularly close to the cubicle. In ail cases, the first
pressure spike constitutes the largest pressure; the
sumber-of spikes decreases with distance, and, for-a
given charge weight, the number of spikes tends to
decrease witlrincreasing vent area,

The pi terms which could influence the peak
positive pressure P, outside a partially vented
cubicle include the scaled charge density W/V, scaled
vent area A/VZ/3, and the scaled distance to the
charge R/W1/3, These pi terms are scaled quantities
and include all variables studicd in the test program,

The pi terms can be expressed in other forms,
For example, A/V2/3 could be replaced by the scaled

vent area A/W2/3 since v and.W are uniquely related.

by WV,

A functional relationship between variables was
found to predict measured values of Py within the
range of the experimental data. It was assumed that
Py, is related to the three pi terms by a power series
of the form

c c
Py = C AV 2 wv)®3 w1t (6a)

The constants Cy, C,, C;, and C4 in Equation 6a
were determined from experimental data by using a
least-squares curve fit in the logarithmic domain.

Mcasured valucs of P, for known values of AIV2E

W/V and R/WY/3 (Table 3) were used to develop the
curve fit, The resulting expression was

0.401/,,10.0025 -1.496
A W R
s (vm 7 TE

The form of Equation 6b indicates that Py 1
only slightly dependent on W/V, at least within the
test range of charge densitics (0.063 < W/V < 0.375).
For example, (W/V)0:0025 yaries from 0.998 to
0.993 when W/V ranges from 0.375 to 0,063 1b/¢¢3,
Therefore, Equation 6b can be simplified, without

introducing significant error, to

0.401 .
P, = 290(A/V2/3) (rywif3)

2.496
. (©)
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Equation 6 is compared witl measured pressures
in Figures 16 through 19 for each test value of
A/V2/3_The correlation coefficienit for Equation 6 is
0.995 which is excellent. One standard deviation for
the mcasured péak pressures about Equation 6 is
20.6%. Because Iquation 6 is a curve fit to test data,
it should only be applied to conditions where vari-
ables fall within the test range of individual pi terms
or

0.063 < W/V < 0,375 Ib/ft3-
0.0198 < A/V23 < 1.000
1,59 < R/WY3 < 63.0 fyibt/3

It is important to note that the pi terms A/V2/3
and W/V were varied in the test program by fixing W
and varying A and W, Equation 6 should be cor-
related with data from tests in which the spread in V
is large for the same range of A/V2/3 and W/V listed
above. This can only be accomplished by testing full
scale cubicles with large charge weights. Thercfore,
full scale cubicle tests are recommended in order to
verify thar Equation 6 applies to full scale conditions.

A common restriction imposed on the design of
2 cubicle is to limit the peak pressure P, at some
building or other point located in>the near vicinity of
the cubicle. The charge weight W is often fixed for
the design. In this case, according to Equation 6, the
designer can reduce P, to a safe level either by
increasing the distance R between the cubicle and
building or by decreasing the scaled venting A/V2/3,
An analysis of the variables in Equation 6 indicates
that Py, is more sensitive to a change in R than a
change in A/V2/3. For example, to decrease P, by
50%, ecither R must be increased 58% or A/V2/3
decreased 82.2%. The important point is that the
designer can still “buy considerable distance” by
reducing A/V2/3,

Equation 6 i compared with experimental data
from cubicles S4WPR and S4W in Figure 20. The
dashed curve in Figure 20 is the relationship between
peak pressure and scaled distance for an unconfined
surface burst of composition B cylinders with a
length-to-diameter rato of 1.0. This surface burst
curve is based on the expertmental data shown m
Figure 21 for the cylinder sitting on a stee! plate and

also for the cylinder located one diameter above the
steel plate.

The position-of the surface burst curve in Figure
20 relative to the lines for various values of A/V2/3 s
significant. For R/W1/3 5 20, the surface burst curve
lies slightly below the line for A/V2/3 = 1,00 which
corresponds to cubicle S4W, the 4-wall cubicle
without a roof. In other words, explosions confined
inside a 4-wall cubicle without a-roof can produce
pressures slightly greater than those from an uncon-
fined surface burst at large scaled distances.

Equation 6 was derived from experimental data
involving a cube-shaped cubicle and
0.019 < A/V%/3 < 1.0. Caution should be exercised
in applying Equation 6 to other conditions. For
example, consider two extreme shapes for a 4-wall
open-top box. If the box is tall and slender,
AIV213 21,0 but the box geometry is not cube
shaped. In the opinion of the authors, any error in
predicted pressures from Equation 6 is probably small
for this case, provided the box has four walls. If the
box 1s shallow, A/V2/3 > 1,05 Equation 6 would pre-
dict infinite pressures as the box geometry
approaches a flat plate (A/V2/3 55 1.0), Obviously,
leakage pressures cannot substantially exceed those
from 2 unconfined surface burst, regardless of the
wagnitu e of A/VZ/3, llence, in the opinion of the
authors, the error in predicted pressures from Lqua-
tion 6 could be large if A/V2/3 > 1, To accommodate
this anomaly, predicted pressures outside 4-wall
boxes should never be allowed to exceed that
indicated by the surface burst curve shown i Figure
20, vegardless of the pressure ndicated by Equation
6.

Equation 6 was used to construct the design
chart shown in Figure 22, The chart is useful in
sclecting the degree of venting needed to imit leakage
pressures any distance outside a 4-wall cubicle to
some safe level. A sample problem and solution which
serves to illustrate the use of the chart follows,

Problem. 1t is necessary to protect a frangible
building located 100 feet from a 4-wall cubicle con-
taining 1,000 pounds of composition B explosive.
The building can safely resist a peak positive pressure
no greater than 5 psi. Operations inside the cubicle
require 200 square feet of floor space and walls 10
feet high. What vent area 15 needed in the roof of the
cubicle?
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Solution, Given W = 1,000 pounds, R = 400
feet, Py = § psiand V =200 x 10 = 2,000 ft3; there-
fore, R/W1/3 = 10. Entering Figure 22 with R/W1/3
= 10 and P, = 5, one finds the required A/V2/3 =
0.22. Thus, the vent area required in the roof of .the
cubicle is A = 0.22V2/3 = 0.22(2,000%/3 = 34.9 fi2,

It should be emphasized that the chart in Figure
22 is based on composition B explosive, cylindrical
charges, and cube-shaped cubicles with the charge at
the geometric center of the cubicle, However, changes
in charge shape, location, and composition should
introduce only small errors in lecakage pressures
obtained from Figure 22,

It is important to note that Figure 22 and Equa-
tion 6 are for predicting the pressures outside a 4-ivall
cubicle on a horizontal plane located at the clevation
of the vent arca. If the horizontal plane of interest
lics below the plane of interest (h>-0), leakage
pressurcs at points located within several wall heights
from the cubicle are less than those given by Figure
22 and the difference increases with W/V. A pro-
cedure is outlined in Appendix C for applying Figure
22 to cases where h > 0,

Peak Positive Impulse. Frequently, blast pres-
sures outside a cubicle are very short in duration com-
pared to the fundamental period of vibration of
structures located in the near vicinity of the cubicle,
In this case, the blast loading is applied very quickly
us an impulse which simply imparts an initial velocity
to the structure. Resulting peak deflections and the
extent of structural damage depend on the peak
positive impulse, i;, of the blast loading. For this
reason, ig 15 an important loaa narameter in design.

The scaled peak positive impulse ig/W1/3 mea-
sured outside the 4-wall cubicles is plotted in Figure
23, Consistent with the trend found for peak pres-
sures, i/W'/3 decreases with increasing values ot
R/W3 and decreasing values of A. A sinooth curve
is drawn through the data points associated with rach
value of A. For & fixed A, all data points fall within
10% of the smooth curve.

For a fixed A, the data points almost con-
sistently fall above or below the curve depending on
the value of W/V. Points representing the largest W/V
fall below the curve while those representing the
smallest W/V fall above the curve, except for the
smallest vent area, For A = 0,072, the spread in data

points about the curve is as great between points
representing the same W/V as between points
representing different W/V,

The curyes shown in Figure 23 were used to
construct the chart shown in Figure 24, The chart
assumes that AW1/3/V adequately defines the posi-
tion of the curves shown in Figure 23. The charr is
useful for sclecting the vent area needed. to limit the
peak positive impulse at any range outside a 4-wall
cubicle. The chart probably yields reasonable values
of ig/W1/3 within the range of the test data, that is,
0.072 < W/V < 0.289 and 0.008 < AWI/3sy
< 0721, Figure 24 indicates that for large values of
AWL/37v i /Wl/3 s almost independent of
AWY31v and approaches the value from an uncon-
fined surface burst. As AW!/3/V decreases in value,
ig/W1/3 becomes mere sensitive to AW!/3/V unil,
for values of AW!/3/V < 0.02, a given reduction in
AWY/3;V produces almost an identical percentage
reduction in i/Wl/3,

The ratio A/V ranges from about 0.10 to 0.67
for prototype 4-wall cubicles without a roof, There-
fore, if 64 < W< 8,000 pounds, then 029 <

v s ——— O DA

AWY3/v < 1.3 for a wide range of charge weights:

and cubicle sizes, It follows then from Figure 24 thay,
except at very close-in ranges (R/W1/3 Jess -than
about 10), the peak positive impulse outside 4-wall
cubicles without a roof is about the same as that from
an unconfined surface burst, In other words, a 4-wall
cubicle without a-roof will not significan*!, reduce
the peak positive impulse outside the cubicle, except
for combinations of R/W!/3 <10 and W< 64
pounds.

The following problem and its solution serve to
illustrate the use of the chart shown in Figure 24,

Problem, Tt is nccessary to protect the roof slab
or 1 building lovated 300 feet fiom a 4-wall cubicle
containing 3,400 pounds of composition B explosive.
Structural calculations indicate the roof slab is
impulse sensitive (t,/T, is very small) and can resist
an impulse load no greater than 30 psi-msec. The
floor arca of the cubicle is 200 square feet, and the
walls are 10 feet high. What vent area is needed in the
roof of the cubicle?
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Solution. Given W = 3,400 pounds, R = 300
feet, i = 30 psi-msec and v = 200 x 10 = 2,000 fc3,
Therefore, R/WY/3 = 300/15 = 20 fuIb!/3 and
iS/W”-” = 30/15 = 2 psi-msec/Ib1/3, Entering Figure
24 with R/W1/3 = 20 and i /W1/3 = 2, one finds the
required AW1/3/V = 0,035 1b1/3/fc, Therefore, the
required vent area in the roof of the cubicle is A =
0.035 V/W1/3 = 0,035 x 2.000/15 = 4.7 ft2,

Duration of Positive Pressure. The actual pres-
sure-time puise from an explosion 15 described by a
peak pressure which decays exponenually with ume.
But most theoretscal procedures for predicung the
dynamic response of structures are based on a i
angular pressurc-time pulse, Consequently, for design
purposcs, the actual pressure pulse is approximated
by an cquivalent triangular pressure-time pulse [1].
‘The duration of the actual pulse is replaced by a
fictitious zuration ¢y, such that the peak pressure Pyg
and total impulse i; of the actual and equivalent
pulses are identical [1].

g/wii3 = 2(;51\\/1/3)/Pso (1

Equation 7 is compared in Figure 25 with
vaiues of t,/W!/3 measured outside each of the
4-wall cubicles, Equation 7 was evaluated using values
of iy/WH/3 and P, given by the charts in Figures 24
and 22, respectively. A smooth curve through the
data points is au sshaped curve, characteristic of an
unconfined surface burst, For cach value of
AW1/3)v, the measured and computed scaled dura-
tions are in fair agreement, except for R/W/3 <5
and the smallest degree of venting, For AW1/3V =
0.010, Equation 7 underestimates rolw” 3 by u
factor of about 2 over the entire range of R/W1/3,
This implies that the exponential decay in actual pres-
sure pulse is much greater for small degrees of venting
and small scaled distances,

Definition of Partially Vented Explosion

It was shown that gas pressures develop from
partially vented explosions in cubicles. This gas-
pressure pulse can be far more damaging than the
shock pulse, depending on the duration of the gas
pulse t, relative to the duranon of the shock pulse t,.
If t/ty < 1, the explosion is classified as a fully

b s A . s e St i e - -

vented explosion and the gas pulse, if any, can be
neglected in the design of the cubicle. For te/ty > 1,
the explosion is classified as a partially vented
explosion and both the gas and shock pulses must be
considered in the design of the cubicle. In the latter
case, the importance of the gas pulse increases with
t/t, until at some large value of to/tys the shock
pulse can be neglected since its energy is insignificant
compared to that in the gas pulse. Thercfore, it is
uscful in the design-to delineats between a fully and
partially vented explosion to aiv! the designer in deter-
mining “* the gas pulse must Le considered in the
design of the cubicle,

1t was illustrated in Figure 11 that the region
corresponding to t./t, = 1 is bounded by the dimen-
sionless parameter A/V2/3 which is independent of

‘the -physical size of the cubicle and the charge,

According to Figure 11, t./t, = 1 corresponds to a
value of A/V2/3 somewhere between 0,21 and 0,60,
at least for the range of cubicles tested. o be con-
servative, it is reccommended for design that a cubicle
be considered partially vented if A/V2/3 < 0,60, This
criterion implies that 3-wall cubicles with and with-
out a roof and 4-wall cubicles without a roof are fully
vented cubicles.

ANALYSIS OF FULLY VENTED EXPLOSIONS

An explosion is fully vented if A/V2/3 % 0,60,
according to criteria proposed in the previous section,
Within the practical range of aspect ratios, 3-wall
cubicles with or without a roof satisfy this criterion,
Reference 1 contains charts for predicting the pres-
sure loading inside 3-wall cubicles. Therefore, the
following analysis is limited- to the blast environment
outside 3-wall cubicles containing fully vented
explosions.

Consider a charge located at the geometric
center of a 3-wall cubicle..Detonation of the charge
generates a shock wave which expands «ad travels
outward from the explosion, The detonation wave
strikes the nearest wall, then the farthest wall, and
reflects back and forth between the walls and floor,
In the process, the detonation wave, and an erratic
train of reflected waves, escape to the outside of the
cubicle by passing unobstructed through the open
front and roof and by spilling over the top of the
sidewalls and backwalls and around the vertical edge
of the sidewalls,
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Outside the open front the unobstructed detona-
tion wave develops a peak positive pressuré corre-
sponding to an unconfined surface burst, But a'short
distance from the open wall, the reflected waves,
traveling at a higher velocity, overtake and merge
with the detonation wave. The merging process rein-
forces the shock front, causing the peak positve
pressure and impulse to.be greater now than those
from an unconfined surface burst at all points beyond
some critical distance from the open front. The
critical distance will depend on the charge weight and
its distance from the backwall. If the charge is large
cnough or close enough to the backwall, the critical
distance will be located inside the cubicle. In any
case, at essentially all points outside the open front,
the peak pressure and impulse exceed those from an
unconfined surface burst. The pressure-time pulse
contains multiple pressure spikes caused by trailing
reflected waves which have not yet overtaken the
shock front, With increasing distance, more trailing
waves catch up until at large-scaled distances the pres-
sure pulse is characteristic of an unconfined surface
burst,

Behind the sidewaiis and backwalls, the train of
shock waves spilling over and around the free edges of
the back and sidewalls form a highly turbulent vortex
at the free edges of the walls. At first the vortex is
small but rapidly grows in size with time, The vortex
apparently distorts the shock front enough o sub-
stantially decrease the peak positive pressure and
impulse closc to the cubicle. In fact, the peak
pressure and impulse are reduced to a level much less
than those from an unconfined surtace busst,

Evidence that a vortex indeed farms and grows
to considerable size behind a barrier wall is shown in
a study by G, Teel who recorded the shock wave
patterns in aircraft revetments (9]. Teel placed
small-scaled models of walls in a shock tube and,
using smoke columns and a camera, recorded the flow
patterns over a wall exposed to a shuck wave. Typical
flow patterns which show the growth of the vortex
are shown in Figurc 26. Note that the vortex grew in
size to a diameter about equal to the wall height,
drifred away from the wall to a point located about
0.5 to 1.5 wall heights away, and was still at its
maximum size 0.92 msec after the wave first struck
the wall, It seems reasonable to hypothesize that the
size of this vortex and the extent of its influence on

peak pressure and-impulse depend primarily on the
energy in the detonation wave at the wail and the size
of the wall. In any case, out 1o some critical scaled
distance from the walls, the peak positive pressure
and impulse are less than those from an unconfined
surface busst. Beyond this critical scaled distance, the
peak positive pressure and impulse decrease with
increasing scaled distance but may exceed those from
an unconfined surface burst because of reflected
waves that reinforce the shock front,

Consider a 3-wall cubicle with the charge located
at its geometric center, The scaled area of the sidewall
is LH/W2/3 and the scaled distance from the ¢harge
to the sidewall is L, /2W1/3, The product of these
terms is (L;H/W2/3)(L, /2W1/3) = 0.5(W/V)L, Now
the detonation wave and succeeding reflected waves
in escaping from the cubicle view the wall as an
obstruction which, according to the above formula-
tion, increases as W/V decreases. Therefore, the
hypothesis is made that the blast environment outside
a- 3-wall cubicle is dependent on W/V, a scalable
parameter that can be used to relate the rest datato a
full scale condition,

Peak Pressure Qutside 3-Wall Cubicles

3-Wall Cubicle Without Roof, Peak pressures
behind the sidewalls, backiwalls, and open front walls
of cubicles S3W and L3W are plotted as a function of
scaled distance in- Figures 27 through 31, The solid
curve in cach figure is the best-fit curve of the data.
The relative position of the unconfined surface burst
curve in each figure illustrates the effect of confining
the charge inside a cubicle, The 2ppropriate curve
firm Figure 4-63 of Reference 1 (I'M5-1300) is also
shown to compare results.cbtained from full-scale
tests of rectangular-shaped, 3wall cubicles {2].

Behind the open front fFigure 27) there is no
clear influence of cubicle geometry or W/V on the
peak pressures at any scaled distance. Therefore, the
best-fit curve applies to both cubicles and all values of
W/V. Note that the solid curve falls above the surface
burst curve and the TMS-1300 curve at all scaled
distances. The latter difference may be attributed to
the fact that the TM5-1300 curve is based on data
from different charge shapes (stacked blocks and
spheres) and larger values of W/V (0.28 to 0.62
Ib/fed).
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Behind the sidewalls and backwalls (Figures 28
through 31) there is no clear influence of cubicle
geometry or W/V un peak pressure at large scaled
distances. I-urther, the best-fit curves are identical at
far points behind similar walls of the cube-and
rectangular-shaped cubicles. At these far ranges, the
pressure curve rises with decreasing scaled distance,
This portion of the curve is referred to as the
envelope curve, With decreasing scaled distance, the
pressure curve gradually bends away from the
envelope curve, eventually peaks out, and then
gradually begins to dechine. The fact that the curve
peaks out instead of continuously rising with
decreasing R/W1/3 s believed to be the effect of the
vortex which forms behind the wall (see Figure 26).
The peak n the pressure curve is defined as (Pg); .
and increases with W/V,

3-Wall Cubicle With Roof, Peak pressures outside
a 3-wall cubicle with a nonfrangible roof are shown in
Figures 32 through 36. At any scaled distance there is
no clear influence of cubicle geometry or W/V on the
peak pressures out the open front (Figure 32), There-
fore, the best-fit curve applies to both cubicles and all
values of W/V, Note that the curve falls above the
surface burst curve for all values of R/W1/3,

At largescaled distances behind the sidewalls
and backwall (Figures 33 through 36), there is no
clear influence of cubicie geometry or W/V on peak
pressure, The envelope curves are identical at far
points behind similar walls of both the cube-and
rectangular-shaped cubicles. With dccreasing scaled
distance, the pressure curve gradually bends away
from the envelope curve, eventually peaks, and then
begins to decline. The peak in the curves at a small
scaled distance is attributed to the effects of the
vortex which forms behind the wall (sce Figure 26),
‘The pressure at the peak in the curve (Py )y ax
increases with W/V,

Design Curves for Peak Pressure

The envelope curves (from Figures 27 through
31) for the peak positive pressure behind the front,
backwalls and sidewalls of the 3-wall cubicles without
a roof are shown in Figure 37, Similar curves for the
peak positive pressure outside 3-wall cubicles with a
roof are shown in Figure 38, At all scaled distances,

the peak pressure indicated by these envelope curves
is greatest gut the front, less behind the sidewalls, an'
least behind the backwall. The curves apply to both
the cube- and rectangular-shaped cubicles.

From the curves for. pressure behind cubicle
walls in Figures .28 through 31 and 33 through 36,
(Pso)max is plotted as a function of W/V in Figure
39. (oo )max depends on directiv.., W/V, and cubicle
geometry. However, only two curves are'necessary to
define the pe. & pressure adeguarely ior the cubicle
geometries testea  The -peak pressure behind the
backwall of the cubicles with a roof were the only
pressures that were significantly lower. The pressures
out the front wall are ot dependent on W/V and are
fully described in Figures 27 and 32.

The envelope curves in Figures 37 and 38 must
be used in conjunction with Figure 39, In certain
cases, P, from Figure 37 will exceed (Pyo)inax from
Figure 39, especially for small values of R/W1/3 or
W/V. In these cases, (Pgg )y, ax iS the maximum peak
pressure outside the cubicle,

The following problem and its solution illustrate
the use of the design charts in.FFigures 37 threugh 39,

Problem. Design a 3-wall cube without a roof to
contain 125.pounds of composition B explosive. The
pressures anywhere behind the bachwall and sidewalls
must not exceed 15 psi. (a) What wall dimensions are
requircd? (b) What will the peak pressure be behind
the sidewall, backwall and front wall at a range of
200 fr?

Solution, (a) Given W = 125 pounds and
(Psodmax = 15 psi, from line A in Figure 39 the
required W/V = 0,017 or V = 125/0,017 = 7,350 ft3,
For a cube, L = V13 = (7,350)1/3 = 19,4 ft, There-
fore, the length and height of the sidewalls and back-
wall must be 19.4 feet. (b) Given R = 200 fr, W = 125
Ibs and V = 7,350 ft3. Therefore, R/WY/3 =
200/(125)!/3 = 40 and W/V = 0.017. From Figure
37, P, = 1.0 psi behind the backwall, 1.5 psi behind
the sidewall and 1.8 psi out the open front. From
Figure 39, (Poo)ax = 15 psic (Po)max > Pgos and,
therefore, values of Py from Figure 37 are correct.

Duration of Positive Pressure

The positive duration t, of the real pressure-
time pulse is seldom used for design. Instead,
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structural response is commonly based on an equiv-
alent triangular-shaped pulse having the same peak
pressure By, and impuise ig, but a fictitious duration
ty cqual, to 2i/Py,. Therefore, detailed analysis of
t,/W}3 (listed in Tables 4 through 7) is not given
here, but a correlation of the data indicates that: (1)
t,/WU3 increases with -decrcasing W/V, (2} the
influence of W/V on t /W!/3 diminishes with
increasing R/W1/3, and (3) at large scaled distances,
the éffect of W/V is negligible anc t,/W!/3
approaches that from an unconfined surface burst.

Total Positive-Impulse

Impulse data are tabulated in Tables 4 through 7
and discussed in, Appendix B, Attempts to develop
design curves, similar to those for peak pressure, from
the scale model impulse data were unsuccessful, How-
ever, scaled relavionships were derived that, for
specific cases, will predict full scale results, These
relationships are discussed and presented in Appendix
B.

£ffect of Roof on Exterior Blast Environment

The major benefit denved from adding a ruof to
a 3-wall cubicle 1s a 70 to 80% reduction in the peak
pressures close-in behind  the backwall (compare
curves in Iigure 39). The roof has no significant
influence on maximum peak pressares behind the
sidewalls (see curves in Figure 39). According to
fagures 37 and 38, at large scaled distances the roof
increases P, out the open front and behind the side-
walls but has no significant'effect on Py behind the
backwall.

Full-Scale Versus Small-Scale Cubicle Tests

In 1967 NOTS, China Lake, California, mca-
sured external leakage pressures from three explo-
sions i a full-scale cubicle [2]. The cubicle was a
3-wall configuration with interior dimensivns mea-
suring 40 feet iong, 20 fect wide, and 10 feet high,
The explosive charges mn tests 1 and 2 were
2,000+ annd 3,000-pound spheres of composition B,
respectively. In test 3, the charge consisted of ong
hundred 50-pound blocks of TNT, or the equivalent
of 4,420 pounds of cumpusition B. In cach test, the
charge was located at the geometric center of the
cubicle, Leakage pressures were measured on the
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ground surface along lines normal t the sidewalls,
backwall and open front at points 90 to 1,100 feet
from the center of the charge. Pressure data from
these tests culminated in the desigh curves presented
in Figure 4-63 of Reference 1. ]

Appropriate curves from Figure 4-63 are
compared with similar curves from the CEL scale
model tests in Figures 27 through 31. The NOTS
curves (from full-scile tests) indicate peak pressures
behind the sidewalls, and backwall and out the open
front are less than those indicated by the CEL curves
(from scale model tests), especially for R/W1/3 < 30,
This difference is attributed to one or more of the
following factors: (1) differences between tests in
charge shape and range of W/V, (2) inaccuracics in
scaling, (3) accuracy and interpretation of
peak-pressure data, and (4) the cstimate of the
best-fit curve for the data. Regarding charge shape,
the NOTS curves are based on spheres while the CEL
curves are based on cylinders (L/D = 1). Tancreto and
other investigators found that for the same scaled
distance a cylinder produces higher peak pressures
than a sphere, for R/W/3 < 20 [10].

The NOTS curves show no peaking out of the
pressure curve behind the backwall and sidewalls;
leakage pressures increase continuously with
decreasing scaled distance. ‘The curves in Figures 37
and 39 indicate this would indeed be the case, For
example, in the NOTS tests, W/V > 0.25 Ib/ft® which
according to Figure 39 (line A) would result in
(Psodmax > 43 psi. In Figure 37, By, > 43 psi behind
the sidewalls and backwall co.responds to
R/WI/3 < 4 ft/lb! /3 but NOTS pressure transducers
were never located closer than 6.2 ft/lb!/3, so the
phenomenon could never be detected from the NOTS
data,

PROPOSED DESIGN CRITERIA

Criteria are outlined in Figures 40 and 41 for
predicung the design luading in and around fully and
partially vented cubicles. The criteria for the design
loading iusiue fully vented cubicles are compatible
with procedures outlined in -Reference 1. Design
charts are based on measurements at h = 0 for 4-wall
cubicles and h = H for 3-wall cubicles, Appendix C
outlines a method for estimating the exterior blast
environment for other values of h.
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Figure 32, Peak positive pressure out the open front of 3-wall cubicles with roof.
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Figure 41. Proposed criteria for design loading outside:fully and partially vented cubicles.
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CONCLUSIONS-

1. Fully and partially vented cubicles can be defined
approximately by the dimensionless parameter
AIVE3_1f AIVEI3 5 0,60, the cubicle is fully vented
(t{;/t(; < 1), and the gas pressure pulse inside the
cubicle is insignificant compared o the shock pres-
sure pulse, If A/VZ/3 < 0,60, the cubicle is parcially
vented (té/t(; > 1), and the gas pressure pulse is an
important part of the total loading inside the cubicle.

2. Criteria outlined in Figures 40 and 41 adequately
describe the blast loading in and around fully and
partially vented cubicles.

RECOMMENDATIONS

The following recommendations for further
study are made:

1. Conduct a few wellichosen tests of full-scale
cubicles to verify that design charts, equations, cri-
teria, and conclusions drawn from the small-scale
model tests apply to large charges in large cubicles,
Some test cubicles should be exact prototypes of at
least some of the small scale cubicles, ‘I'est parameters
should include A/V2/3, WiV, RIWU3, H, and the
location of the charge inside the cubicle. Utilize
existing expertise and data recording systems at CEL
and computerized data reduction systems and com-
puter programs at therPacific Missile Range, Point
Mugu, California, to minimize the cost of the study,

2. Conduct model tests to determine the influence of
h on the biast environment close behind walls of fully
and partially vented cubicles. Include 4-wall cubicles
with vent pipes of different lengths (h) in the roof
and 3-wall cubicles with the ground surface behind
the backwall and sidewalls at the clevation of the roof
(h = 0) to simulate the roof surface of adjoining
buildings.

3. Conduct model tests to determine if large degrees
of venting reduce the peak gas pressure inside partially
vented cubicles with large values of W/V,
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PARTIALLY VENTED EXPLOSIONS

-Plots in Figures A-1 through A-4 are representa-
tive of the blast environment measured inside the
4-wall cubicles and show the effects of increasing
the charge weight and vent-area. In cach plot, the fixst
large spike in the pressure plor is the initial shock
pressure produced by thic detonation wave. It should
be emphasized that the magnitude of this-pressure
spike is.not a truc measure of the peak shock pressure
since the pressure transducers inside the cubicle were
intentionally designed to partially filter and suppress
the peak shock pressure reaching the gage. This
scheme permitted the use of mose sensitive gages to
accurately measure the much lower gas pressures,
Succeeding spikes and large fluctuations in-the pres-
sure plot are shock pressures produced by the
reflected shock waves bounding back and forth
between the walls, floor, and roof of the cubicle. As
the reflected shock waves dissipate their encrgy, the
shock pressure fluctuations dampen-out and decay.
‘The fluctuations decay about a mean pressure curve
. which represents the gas-pressure/time history inside
the cubicle. The gas-pressure history is clearly evident
after the shock fluctuations have essentially
i dampened out The characteristic shape of the gas-

pressure/time curve is especially clear in the plot
: representing the largest charge weight and smallest
5 vent arca shown in Figure A-1, For a fixed vent area,
! the plots show the peak gas pressure increased with
charge weight and, for a fixed charge weight, the
duration of the gas pressure decreased with increasing
vent area, When the vent area was increased to a size
representing an open-top box (Figure A-4), the shock
A pressures from multiple shock reflections dominate
| and there is no clear evidence of any gas pressure,
£ | - regardless of the charge weight. If indeed gas pres-
) , sures do exist in the open-top box, they are com
|
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pletely clouded in the plor by the multiple shock-
f pressure fluctuations.

The impulse-time trace is a smooth curve in
every plot describing the blast environment inside the

Appendix A . ‘

REPRESENTATIVE PRESSURE- AND IMPULSE-TIME HISTORIES
INSIDE AND OUTSIDE THE TEST CUBICLES

4-wall cubicles. The impulse curve.gradually rises and
reaches.a peak value at a time corresponding to the
duration of the positive pressure, except when the

gage was affected by temperature, In this case, the

impulse curve continuzlly increases with time, as
illustrated by the plots in. Figures A-1 and A-2 for W
= 2,0 pounds, In-plots which clearly show gas pres-
sures, suchi as_those in Figures A-1 and A-2, the total
imputse of the first shock-pressure spike is almost
insignificant compared to the maximum positive
impulse; for small degrees of venting, most of the
maximum impulse is contributed by the gas pressure.
Of course, as the vent area increases, the gas impulse
decreases until at very large vent areas, such as A/V =
.50 (open-top box) the gas pressure impulse is
insignificant; for large degrees of venting, most, if not
all, of the maximum impulse is contributed by the
shock pressures,

Plots in Figures A-5 through A-10 are repre
sentative of the blast environment measured outside
the 4-wall cubicles and show the effects of increasing
the vent area and distance from the charge. In the
area close to the cubicle, the pressure-time history
consists of an initial large pressure spike of very short
duration followed by high-frequency pressure
fluctuations of decreasing magnitude (see Figures A-5
and A-6), This train of pressure spikes is apparently
caused by the detonation wave, followed by reflected
shock waves, escaping through the vent hole in the
cubicle, Notice that with increasing distance from the
charge, the train of shock waves apparently merge
because the number of pressure spikes decreases, until
at large distances (Figures A-9 and. A-10) there are
only a few. dominant pressure spikes. At this far
distance, the dwation of the first and succeeding
spikes is much longer; the peak positive pressure and
impulse arc much lower; and the duration of the
positive pressure is very pronounced. Regardless of
the vent area or charge weight, the peak negative
pressure is relatively low and deereases with distance.
Although the duration of the negative pressure phase
is not well-defined, the duration appears to increase
slightly with distance from the charge.
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FULLY VENTED EXPLOSIONS

Three-Wall Cubicles Without Roof
(S3W and L3W)

Plots in Figures A-11 through A-22 are repre-
sentative of the blast environment measured outside
the small and large 3-wall.cubicles without a roof.
Figures A-11 through A-16 apply to the small 3-wall
cubicle; Figures A-17 through A-22 apply to the large
3-wall cubicle. The plots are arranged for ease in com-
paring the blast environment at a fixed distance out
the front, and behind the sidewalls and the backwall,

Close to the cubicle, as in Figures A-11, A-12,
A-17 and A-18, the peak positive pressure and
impulse are grearest out the open front, substantially
less ‘behind the sidewalls, and least behind the back-
wall. Note carcfully in the figures thar peak pressures
just beyond the open front are greatest by a factor of
15 or more, but the maximum impulses are greatest
by a factor of only about 3 or 4. This fact is
important for design because the response of most
structures to such short durations would depend on
the total impulse, not the peak pressure. The reverse
is generally true for personnel. Since ear drums havea
relatively high-frequency response capability, ear
drum damage is-more apt to depend on the peak
pressure,

At large distances (Figures A-15, A-16, A-21,
and A-22), the peak pressure and impulse are much
less: out the front and behind the sidewalls the pres-
sure-time histories have the characteristic shape of an
unconfined explosion with the peak pressure, decay
rate, and positive-phase duration very distinct,
However, the pressure-time history behind the back-
wall is not so characreristic since it still exhibits two
distinct pressure spikes,

Peak negative pressures are about the same in all
directions and decrease with distance from the
charge. The duration of the negative phase is greatest
out the front, slightly less behind the sidewall, and
least behind the backwall,

Close to both cubicles, the pressure-time history
behind the sidewall contains 3 distinct spikes. The
peak pressure of the second spike is greater than the
first, as shown in Figures A-11, A-12, A-17, and A-18.
At a scaled distance somewhere between 8.0 and 16.0
ft/lb1/3, as in Figures A-13, A-14, A-19, and A-20,

these shock waves have merged and the pressure
history exhibits the characteristic shape of an uncon-
fined explosion. Pressure fluctuations are grearest
behind the backwall, but the number of pressure
spikes decreases with distance until at a distance of
50 fr/ib!/3 there are only two spikes,.as in Figures
A-15, A-16, A-21, and A-22.

The impulse-time curves for all dircetions are
smooth curves. The maximum positive impulse, in
most cases, occurs when the pressures first become
negative.  Succeeding pressure spikes occasionally
delayed the peaking of the impluse curve and
therefore also increased the positive phase duration
(by definition). Behind the backwall, the impulse
curves for any distance appear to rise and fall at
about the same rate, while out the open front, the
impulse curves decay two to four times more slowly
than they risc,

There are no major differences between the
small and large cubicles; the shapes of the pressure-
and impulse-time curves in corresponding directions
are essenitially the same,

Three-Wall Cubicles With Roof ($3WR and L3WR)

Plots in Figures A-23 through A-34 arc
representative of the blast environment measured out-
side the small and large 3-wall cubicles with a roof.
Figures A-23 through A-28 apply to the small 3-wall
cubicle; Figures A-29 through A-34 apply to the large
3-wall cubicle. The plots are arranged for ease in
comparing the blast environment at a fixed distance
out the front, and behind the sidewalls and the rear
wall.

Close to the cubicles (Figure A-23 and A-24),
the peak positive pressure and impulse are greatest
out the open tront, substantially less behind the side-
walls, and least behind the backwall. Also, the
positive phase duration is very short out the front
compared to the sidewalls and rear wall. ‘The magni-
tude and duration of negative pressures are the same
order of magnitude behind both the backwall and
sidewalls.

With increasing distance from the charge,
pressures drop and durations increase in all directions
from the cubicle. Note in cach figure that the peak
positive pressures and impulses out the front, and
behind the sidewall and the backwalls maintain their
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same relative strength with increasing -distance from
the charge. Even at large distances (Figures A-27,
A-28, A-33 and A-34) the positive pressure and
impulse are still greatest out the front of the cubicle.

A comparison of Figures A-11 and A-12 with
Figures A-23 and A-24 shows the cffect of adding a
roof to a 3-wall cubicle. By adding the roof, the peak
positive pressure and impulse increased out the front,
were essentially the same behind the sidewalls, and
dramatically dcereased behind the backwalls, The
effect of the roof was most dramatic at points:close
to the cubicle.

A comparison of Figures A-23 and A-24 with
A-29 and A-30 shows some of the effect of cubicle
geometry. Close to the large rectangular-shaped
cubicle (Figures A-29 and A-30), three distinct pres-
surc spikes exist, especially out the open front, These
spihcs are not as pronounced close behind the walls
of the small cube-shaped cubicle (Figures A-23 and
A-24). "With increasing distance, the rear spikes,
traveling through more dense air, have a higher
velocity, and therefore overtake and merge with the
front shock wave as illustrated by the smooth shape
of the pressure and impulse curves shown in Figures
A-33 and A-34,

Blast Environment fnside 3-Wall Cubicle (L3W)

In a few .dsts, pressure was measured at onc
point inside the large 3-wall cubicle without a roof.
‘The pressure transducer was located in one wing wall
at a point located SL/6 from the backwall and H/2
from the floor. Plots.in Figures A-35 and A-36 are
representative of the measured pressure and com-
puted impulse-time Ixstories. Notice that the plots do
not show clear evidence of gas pressures, and the
pressure traces have about two or three low-
frequency spikes in the positive phase. Apparently
these three spikes represent the shock reflections off
the backwall, the opposite wing-wall and the floor, all
arriving at the gage atslightly different times because
of the difference in the distance and orientation of
cach reflecting surface relative vo the transducer. in
all cases, the positive phase is reasonably well-defined;
and it corresponds to the time of peak positive
impulse, It was shown in the report that these few
measurements were invaluable in establishing rela-
tionships which describe the blast environment inside
cubicles, The measured peak positive pressure shown
in Figures A-35 and A-36 are no doubt much lower
than the actual peak pressure since the transducer was
equipped with a ‘filter; however, the durations and
time variations of the actual pressure are accurate,
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Figure A-29. Blast environment outside large 3-wall cubicle with roof: explosive charges of 1.5 pounds; Z = 1,92 fu/lb!/3,
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Appendix B

PEAK POSITIVE IMPULSE OUTSIDE FULLY VENTED CUBICLES

THREE-WALL CUBICLES WITHOUT ROOF

The scaled positive impulsé ig/W1/3 behind the
sidawalls, backivall and out the front of cubicles $3W
and-L3W are plotted versus scaled-distance in Figures
B1 through B6. The unconfined surface burst curve
(Figure 21) in cacht figure serves to illustrate the
cffect of confining the charge inside a cubicle. The
short dashed lines in each figure are best-fit straighe
lines for data points representing the same value of
L/A'S

Behind all walls, except the backwall, of both
the cube- and rectangular-shaped cubicles, there is a
clear influence of cubicle geomctry and W/V on
i/WH3, Ay the farther scaled distances, ifwi3
decreases with inereasing W/V and R/W1/3 according
to the following equations.

Out the open front of the cube-shaped cubicle,

i 0,16 -1,05
._._.sl 7 = 110(%) (..%) (B-1)
wl/ wild

\
for /W3 5 7mnawiv < 21

Out the open front of the rectangular-shaped
cubicle,

i -0.15 -1.04

s w R
— 96.6(—) ___) (B-2)
wll3 v (WIIS

for /W3 5 1oand WV < 1.0

Behind the sidewalls of both. the cube- and
rectangular-shaped cubicles,

i WY00, g \0.95
T B N7 173 (B-3)
W wii3/

for W3 > 20andwWiv < 1.0

Behind the backwall of the cube- and rectan-
gular-shaped cubicles there is no clear trend in the
impulse data or clear influence of W/V or cubicle
geometry,

Note that the lines described by LEquations B-1,
B-2, and B-3 are nearly .parallcl to the curve repre-
senting an unconfined surface burst. Therefore, a
critical value of W/V exists, according to Equations
B-1, B-2, and B-3, such that i/W!/3 outside the
cubicle is ileatical to that from an unconfined
surface burst, For any value of W/V greater than this
critical value, the line refating iyW!/3 and R/W1/3
should fall, it scems, on the unconfined surface burst
curve, For this reason, an upper limit for W/V is
noted for Equations B-1, B-2, and B-3,

At small scaled distances, the i/W!/3 curves
bend over and peak out in a manner similar to thie Py,
curves. For points close outside the open front
(Figures B-1 and BB-2), the curves bend over and tend

‘to merge with the unconfined surface burst curve,

This probably occurs because the reflected shock
waves have not yer reached and reinforced the
primary detonation wave, Behind the sidewalls and
backwall, the impulse curves (Figures B-3 through
B-6) bend over and peak, but there appears to be no
consisteiit relationship between the peak and W/V or
the cubicle geometry,

The followng problem and its solution illus-
trates the use of theimpulse curves,

Problem, A vectangular-shaped, 3-wall cubicle
contains 3,375 pounds of composition B explosive.
The walls are 10 feet high. The sidewalls and backwall
are 20 and 40 feer long, respecuvely, What is the peak
positive pressure, Pion positive impulse, i, and the
cffective duration t, at a point 300 feer from the
charge behind the sidewall?

Solution, Given W = 3,375 pounds, V =
10 x 20 x 40 = 8,000 ft> and R = 300 feer. There-
fore, ‘RIWM3 = 300/(3,375)143 = 20 and WIV =
3,375/8,000 = 0.42. From Figure 37, P, = 4 psi.
From Equation B-3, igWl/3 = 71 (0.42)0:09
(20095 = 4.46 or i = 4.46 (3,375)}/3 = 66.9 psi-
msec, For design purposes, the fictitious duration of
the pressure 1s &) = 2i /P, =2 (66.9)/4 = 33.5 msec.
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The scaled positive impulse i/W!/3 behind the
sidewalls, backwall and outside the open front are
plotted versus R/W!/3 in Figures B-7 through B-12.
Included in cach figure is the unconfined surface
burst cutve to show the effect of confining the charge
inside the cubicle. The shorc dashed lines in cach
figure are best-fit straight lines for data points repre-
senting the same value of W/V,

Behind all walls of both the cube-and
rectangular-shaped cubicles, there is a clear influence
of cubicle gcometry and W/V on i/W1/3, At larger
scaled distances, i/W1/3 decreases with increasing
W/V and R/WY/3 according to the following. cqua-
tions,

Out the open front of the cube-shaped cubicle,

iS i 386<lv.)-0.16< R )'1.33
W”3 v wll3

for W3 > 10and WV < 5.0

(B-4)

Out the open front of the rectangular-shaped
cubicle,

i w\r0,23 -1.34
S W R
—_— 263 (—) (__. ) (B.s)
w73 v wii3
for RIWI3 % 10andWIV < 0.6

Behind- the sidewalls of both thé cube-and
rectangular-shaped cubicles,

iy (w)-o.xs R \09
o () ()
wil3 v (Wus

for WYY s 20

(B<6)

Behind the backwali of the cube-and
rectangular-shaped cubicles (Figures B-11 and B-12),
there is a clear influence of W/V and cubicle
geometry on i/W!/3, but the influence cannot :be
expressed in a simple mathemarical form. Note that
behind the backwall of the cube, ig/W1/3 at all scaled
distances is less than i/W1/3 from an unconfined
surface burst,

At small scaled distances, i/W!/3 curves
decrease after reaching a limiting-value in a manner
similar to the Py, curves. For points close to thie open
front (Figures B-7 and B-8), the curves bend over and
tend to merge with the unconfined surface burst
curve, This reduction is attributed to the distance
that the shock waves reflecting off the sidewalls and
backwall must travel before they reach and reinforce
the primary detonation wave, Behind the sidewalls
and backwall, the impulse curves (Figures B-9
through B-12) decrease after reaching a limiting value,
but there appears 1o be no: consistent relationship
‘between the peak and W/V or the cubicle geomertry.
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Appendix C

A SEMI-EMPIRICAL PROCEDURE FOR PREDICTING THE BLAST-ENVIRONMENT
CLOSE-BEHIND WALLS OF A CUBICLE

INTRODUCTION

"Consider the peak pressures behind a sidewall of
the 3-wall cubicle shown in Figure C-1. The configur-
ation and size of the cubicle and the position and
weight of the charge are fixed. The difference in
clevation between the top of the sidewall and the
ground surface is h. According to the curves in Figure
B-2, the peak-pressure/scaled-distance curve forh = H
will be similar to curve B in Figure C-1. According to
the curves in Figure 20, the peak-pressure/scaled-
distance curve for h = 0 will rise continuously with
decreasing scaled distance in a manner described by
curve A in Figure C-1. Curve A is the envelope curve
shown in Figure 37 for the peak pressure behind a
sidewail of a 3-wall cubicle. For 0 <h<H, the
pressure-scaled distance curve should fall somewhere
below curve A and above curve B,

A semi-empirical procedure which accounts-for
the influence of h on-peak pressures at points behind
a cubicle wall 1s described herein. Predicted pressures
correlate reasonably well with pressures measured
outside some of the tet cubicles. In other cases, the
ecror is large but the general wend and shape of the
predicted vressure-scaled distance curve is consistent
with measured results, In all cases, the predicted
pressures are closer to measured values than if the
effect of h was neglected.

PROCEDURE

The envelope curve (h = 0) must be known for
the particular cubicle configuration being studied.
The envelope curve for a 3-wall cubicle is the
appropriate curve 1 Figures 37 or 38. For a 4-wall
cubicle with a given A/V2/3 the envelope curve is the
plot of Py versus R/W!/3 obtained from Figure 22.

Given the envelope curve, the procedure mvolves
calculating an adjusted scaled distance R'/W1/3 (o the
point of interest outside the cubicle and then reading
the peak pressure Py from the appropriate envelope

curve. The method of calculating the adjusted range
R’ to poifts behindithe sidewall of a 3-wall cubicle is
ilustrated in Figuie C-2. Values of R/WY/3 and
R/W1/3 are tabulated in Figure C-2 for cubicle $3W
containing ™5, 1,0, and 2.0 pound charges. Results
are correlated with test data in Figure C-3.

Predicted pressures are compared with pressures
measured behind the sidewall of-the full-scale cubicle
tested in 1966 at NOTS, China Lake in Figure C4.
Mcasured pressures are about 20% less than predicted
values for the entire range of scaled distances. This
difference may be atributed to the fact that the
predicted pressures are based on cylindrical charges
(L/D = 1) while the NOTS data is based on spherical
charges,

The NOTS data in Figure C+4 shows no peaking
out of the leakage pressure curve behind the wall;
leakage pressures tend to increase continuously with
decreasing scaled distance, The CEL procedure
indicates this would indeed be the case (see Figure
C-4) because the charge densities in the NOTS tests
were so large (W/V = 0.25, 0.375 and 0.55 Ib/fe®).
For these large charge densities, the nrocedure
indicates theleakage pressure curves would peak out
for R/WY3 < 2.5 fuibl/3 (Figure C-4); but NOTS
pressure transducers were never ecated closer than
5.1 fuIbY3, so the phenomenon could never be
detected from the NOTS dara,

The procedure indicates that pressures close
behind cubicle walls are very sensitive to h, the
vertical distance from the top of the wall to the hori-
zontal plane of interest. For example, if the ground
surface outside the cubicle was at the elevation of the
top of the wall (h = 0) then R'> R so pressures would
increase continuously with decreasing scaled distance
in accordance with the appropriate curve in Figure 20
for a 4-wall cubicle and Figure 37 for a 3-wall cubicle.

The reduction in pressure behind a cubicle wall
for h > 0 is attributed to the formation of a vortex,
which is a region of air spinning about an axis at a
high speed with low overpressures existing at its
center because of the venturi effect. The vortex forms
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at the leading edge of the wall (Figure 26). The
vortex grows in size.and apparently distoris the shock
front enough-to decrease substantially the pressures
on the planc of interest at’scaled distances close to
the cubicle. The maximum range R at which the
vortex reduces pressures depends, according to the
.procedure, cn the cubicle configuration and h. The

maximum range of vortex effects is independent of
W; with increasing W, the predicted curves in-Figures
C-3 and C-4 peak out at a- decreasing scaled distance
R/WL/3, but at the same absolute distance R = d; +
t, + 2h. At points. corresponding to R greater.than
about 3 wall heights (3h) from the wall, the pro-
cedure gives pressures that are cssentially thic same on
any horizontal plane between h=H and h = 0.
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(b) Front view of a 3-wall cubicle.
Figure C-1. Influence of h on the pressure/scaled-distance curve for points behind a wall.
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Peak Positive Pressure Behind Sidewall of 3-Wail Cube, Pso (psi)

.

100) pe——v= =
wi) Wi
050 00625 |

50 ~ 1.00 0125 T

2,00 025 | |

-~
W/V =0.250 -8

/
WiV = 0.125 T/

> e o

NIV =0063

®
10
--
5
|
Envelope curve from Figure 37 :
et
— e — 1= Predicted (s2e Figure C-2)
1
_— \\
0.5
013 5 10 50 100
Scaled Distance, RIW1/3 (fu1b1/3)
Figure C-3. Predicted and measured. pressures behind sidewall of 3-wall cubicle without roof.
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Figure C-4. Predicted and measured pressures behind sidewall of full-scale, 3-wall cubicle
tested at NOTS [10].
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LIST OF SYMBOLS

c > P P

Total vent arca of the cubicle, fr2

Ventarea in roof of cubicle, ft2
Vent area in walls of cubicle, ft2

Diameter of cylindrical charge or opening in
roof, ft

Distance from charge to top of wall or roof, ft

Interior height of cubicle wall from floor to
roof, ft

Vertical distance from floor to center of gravity
of charge; vertical distance from top of cubicle
roof, wall, or pipe stack down to ground surface
or horizontal planc of interest, ft

Unit impulse of gas pressure, psi-msec
Unit positive incident impulse, psi-msec
Unit negative incident impulse, psi-msec

Length, ft

Interior length of backwall or distance between
sidewalls, ft

Length of pipe stack, ft

Interior length of sidewalls or distance between
fronuwall and backwall, ft

Horizonta! distance from backwall to center of
gravity of charge, ft

Horizontai distance from sidewall to center of
gravity of charge, ft

Number of adjacent reflecting surfaces
Pressure, psi

Peak positive gas pressure, psi

Peak positive reflected pressure, psi
Peak positive incident pressure, psi
Peak negative incident pressure, psi

Horizontal range from charge to pressure trans-
ducer or the point of interest, ft

111

Skew range from charge to pressure transducer
or other point of interest, ft

Effective natural perivd of vibration, msec

Time, msec

Time of arrival of blast wave at given point
Duration of gas pressure, msec

Actual duration of positive pressure phase, msec
Thickness.of wall, ft

2Py = fictivicus duration of gas pressure, msec
Design duration uf positive pressure phase, msec
Duration of negative pressure phase, msec
‘Internal volume of cubicle, H x Ly, x L, ft

Total weight of explosive, Ib

R/W1/3, scaled horizontal range from charge,
fulbl/3
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