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STRUCTURAL ANALYSIS OF NOL EXPLOSION TESTING FACILITIES

Prepared by:
James F. Proctor

ABSTRACT: Installation of a heavy steel door 1n the labyrinth passageway of
existing Naval Ordnance Laboratory (NOL) explosion testing facilities (bombproofs)
is shown to reduce drastically the transmitted alrblast pressure outside the
building. Completely enclosing an explosion in this manner has caused concern
for the structural capability of the bombproofs to withstand both the shock pres-
sures and long duration gas pressures on a continuous use basis. This report
presents an experimental and analytical study of the structural response of a
typical bombproof to contained and vented explosions. It shows that the maximum
deflections and stresses in the bulilding are not significantly altered by completely
enclosing the explosion. Experimental blast and response data are presented and
compared with analytical predictions.
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at the U. S. Naval Ordnance Laboratory. It was known that the installation of a
heavy steel door in existing explosion testing facilities at NOL significantly
reduced the transmitted airblast pressure outside the building and eliminated
noise complaints from neighboring home owners. However, there was concern that

the total confinement of an explosion in these facilities on a continuous use basis
would produce an undesirable and possibly unsafe loading condition that could
exceed the structural cepability of these structures. An experimental and
analytical study was performed that shows the structural integrity of the buildings
is not endangered by the total containment of test explosions.

The mention of names of proprietary products in this report constitutes neither
an endorsement nor criticism of these products by the United States Covernment or
by the U. S. Naval Ordnance Laboratory.
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INTRODUCTION

Currently at the Naval Ordnance Laboratory, the amount of explosive that can
be fired in the existing heavy-duty explosion test facilities (bombproofs) such
as Buildings 314 and 324 is limited to an equivalence of 5 pounds of TNT. From
past experience it 1s believed that this limit is the safe maximum in terms of
building structural capability for repeated and continuous use. However, on
certain days of adverse weather conditions, complaints of excessive noise and
vibration from neighboring private homes have been received. To eliminate this
problem, firing limits of %-lb TNT equivelent 1in a bombproof have been imposed
when any of the following conditions exist:

1. Wind velocity is equal to or greater than 15 mph.

2. Positive temperature gradient exists or a negative temperature gradient
is less than %°F/100 ft. (Temperature readings are teken at ground level
and at 100 ft.)

In many cases these conditions severely impede the progress of a concentrated fir-
ing progranm.

One bombproof, Building 324, has been modified with a heavy steel door to
completely close the bombproof. From preliminary tests conducted in past years,
it appeared that the door closure reduced the noilse and pressures external to the
bombproof so significantly that, at present, charges up to 5-1b TNT equivelent
can be fired in this closed bombproof irrespective of weather conditions. However,
because of minor inconvenlences in test procedure and some concern for the
structural capability of the bullding to withstand the completely enclosed explo-
sion, the door is only used when adverse weather conditions exist. For these

reasons doors on other bombproofs at the Laboratory have not been installed.

The detonation of an explosive charge 1n an enclosed space produces two
potentially destructive mechanisms, the shock loadings with subsequent reflections
and the quasi-static equilibrium gas pressure. Bombproofs at the Labaratory, such
as Bulldings 314 and 324, have been subjected to 5-1lb explosive detonations over
a period of many years; however, the buildings have been vented through existing
passageways allowing a rather raplid decay of the gas pressure. Because of the
venting, it has been assumed that response of the bullding walls to shock loading
was the sole criterla for establishing safe firing limits. Since no severe damage

1
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to the building walls has been noted after years of use at the 5-1b level, the
5-1b safe 1imit has been established on experience.

The incorporation of a door to completely enclose the explosion makes it
mandatory that the building withstand the gas pressure in addition to the shock
loading. Although in limited use the closure of the door has not produced any
notable damage to the bullding walls, there is concern as to the building capabil-
ities under continuous 5-1b firings with the door completely closed. This leads
to the objJectives of this report; they are to determine analytically and/or
experimentally

1. the external pressure transmitted outside the building as a function of

vent area
2. the internal shock loading on the building walls
3. the internal gas pressure and its rate of decay with varying vent areas

L. the structural response of the building walls to the internal explosion
loadings.

.‘<
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DESCRIPTION OF A BOMBPROOF

A typical bombproof such as Building 324 is shown in Figure 1 with appropriate
dimensions. The actual test chamber is 10' x 15' x 8}' with three view ports for
camera observation. The walls of the test chamber are protected from fragments
by 1-in armor plate backed with lz-in wood as shown in Figure 2. A L-ft wide
labyrinth leading out of the test chamber prevents fragments and blast from having
a direct path to the outside. The heavy steel door in the labyrinth closes a
16.6-ft2 vent area and encloses a total internal building volume of 2,010 3.

All walls, celling, and flooring in thc test chamber are 2-ft thick reinforced
concrete with a compressive strength of about 3,000 psi. Typical corner and wall
reinforcing are shown in Figure 2. Steel bars g-in diameter on 8-in centers running
vertically and horizontally from a reinforcing grid a minimum of 3 1nches below
both the internal and external wall surfaces. Steel bars 5-1n diameter on 16-in
centers tie these two grids together. At a corner the outside reinforcing bars
overlap for a distance of 4 feet from the corner. Also in a corner 2-in diameter,
45-in long stirrups are placed on 8-in centers to prevent corner cracks from

propagating through the wall.

An inspection of the concrete walls in Building 324 revealed the following

items concerning wall cracks:

1. Nearly all cracks on the outside vertical surface originate in the mid-
height region and propagate horizontally.

2. Most of the above cracks are of the hairline variety; however, a few are
through-cracks and some are as much as j-in wide. These wide cracks
actually breathe when a confined explosion occurs in the bombproof. The
escape of the high pressure explosion gases through these cracks and the
assoclated erosion effects could easily account for the size of these

cracks.
3. No cracks were found on the outside surface near a corner.

L. The inside surface of the concrete walls are covered with armor plate
thereby making an adequate inspection impossible. However, in a few
places at corners, a sufficient gap in the plating exists to allow the
observation of a hairline crack directly in the corner apparently propagat-
ing along the joint.
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VOLUME ENCLOSED WITH
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1" DIA. STEEL BOLT
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H 1" STEEL ARMOR PLATE
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1-5/8" WOOD LINER

TYPICAL WALL WITH WOOD LINER AND ARMOR PLATE
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FIG. 2 CONSTRUCTION DETAILS
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EXPERTMENTAL PROGRAM

A brief experimental program was conducted in Building 324 to provide some
basic data on the internal wall pressure loading, wall frequency response, and
outslde pressure levels. Charge weights of 1, 2, and 5 1b of pentolite located
in line with the side ports (4.5 ft from front wall, 5 ft from side ports, and
4 ft above floor -- see Figure 1) were fired in the test chamber. Gas vent area
was varied by openlng or closing the heavy steel door in the labyrinth passageway.

It was belleved impossible to obtain meaningful shock loading pressure on the

wall at a single gage point and multi-point measurements were deemed too expensive.

Therefore, only the equilibrium gas pressure in the chamber was recorded. This
pressure was measured with a Consolidated Controls Corporation variable reluctance
pressure gage mounted in one of the wall viewing ports (see Figure 1) and recorded
on a conventlonal oscllloscope. Airblast pressures transmitted outside the bomb-
proof were measured with Atlantic Research Corporation LC-33 plezoelectric pencil
gages and General Radio Corporation sound level meters Type 1551A and B equipped
with an impact noise analyzer Type 1556A. The LC-33 gages were used with an NOL
developed high-input resistance amplifier and a standard oscilloscope. Locations
of these gages are shown in Figure 3.

Three accelerometers Endevco Model 2213 were mounted in a cluster located on
the outside surface approximately at the center of the long 21-ft concrete wall
(see Figure 1). These accelerometers were used with an Endevco Model 2712A
charge amplifier powered by an Endevco Model 262TA power supply and recorded on
conventional oscllloscopes.

-«
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EXPERIMENTAL AND ANALYTICAL RESULTS

Test specifications and experimental results for thirteen explosion tests are
presented in tabular form in Tables 1 and 2.

External Pressures. The reduction in external blast pressures outside the

building for the various degrees of chamber venting is shown in Figure 4. Only
the data obtained froam the pencil gages are plotted because the sound level meter
measurements (1) were always lower than the pressures recorded by the pencil gages
and (2) were inconsistent and widely varying to the point that all sound level data
were questionable. It is noted from the curves that the pencil gage data are

self consistent and that there is little difference in the pressure levels at
Stations A and B. Plotted in this figure for comparison purposes is the peak
pressure curve for hemispherical TNT surface explosions for unconfined space

from reference (1). It can be determined that a 5-1b pentolite charge fired with
the door fully open produces approximately the same peak pressure at the 100-ft
distance as a 1-1b TNT charge fired unconfined at ground level. Also a 3-1b
pentolite charge for the open door condition (limit for bad weather conditions)
produces about the same pressure as an unconfined 6-gm TNT charge at ground level.
From the curves it is seen that a 5-1b pentolite shot with the door completely
closed will produce a lower pressure than a %—lb charge with the door open, and
the pressure is equivelent to about a 1.5-gm TNT charge fired unconfined at ground
level for the 100-ft distance.

An interesting observation not reflected in Table 1 was made from the actual
pressure-time traces from the pencil gages. In all cases where the chamber was
completely open, a steep-front shock was recorded. However, for the partially
closed (2.h-ft2 vent area) and the fully closed door conditions, there was a
definite rise time associated with the peak pressure. For example, a rise time

of approximately 6 milliseconds was recorded for a 5-1b shot with the door partially

open, and a 9-millisecond rise time for the same charge with the door campletely
closed. The total positive pressure duration was about 13 milliseconds for both
of these conditions as compared to about 10 milliseconds for the 5-1b shot, open

door condition. Apparently the observed finite pressure rise-time for the restricted

vent areas was the result of wall motion, slow sustained venting, and pressure
levels too low (0.07 psi or less) to shock up at the 100-ft distance.

-
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Internal Shock Loading. No attempt was made to obtain experimental data on
the internal shock loading of the bombproof walls. Because of the multiple
reflected shocks from adjacent walls, an experimental effort to define adequately
the shock loadings on one wall would require a large number of face-on piezo-

electric pressure gages. Such an expensive underteking was not within the scope
of this task. However, Picatinny Arsenal has been studying the shock loading on
and response of concrete walls to close-in explosions for various degrees of
building enclosures. In reference (2) a series of curves based on experimental
and analytical data are presented that define an upperbound average impulse on a
chamber wall from large close-in explosions. From Figures 4-15 and 4-61 of
reference (2), it can be shown that the longest wall span (21 ft) in Building 32k
receives an average 25.L4-psf-sec impulsive load from the detonation of a 5-1b TNT
charge. The degree of conservatism in this impulse value cannot be defined.
Reference (3), an earlier publication by Picatinny Arsenal on this work, indicated
that, for similar building configurations and equal charge weights, the ratio of
calculated impulse to experimentally measured impulse increased as the distance
from the charge to the wall was increased. From presented data, it showed that
for charges of 1.4 and 2.6 1b with distances from 5.5 to 16.5 inches, the ratio
could increase 20 to 30 percent. Since our 5-1b explosion in the bombproof QEEE
falls within the limits of the empirical curves of reference (2), the degree of
conservatism could be at least 20 percent and possibly could be much higher.

Internal Gas Pressure. From reference (4) the equilibrium gas overpressure

for an enclosed explosion is given by the expression

P = L0OO nW/V
where P .... overpressure psig
h .... heat of combustion of explosive, kecal/gm
W .... wveight of explosive, lb
Vo «++. volume of chamber, ft3

The enclosed volume of Building 324 is 2,010 ft3. For pentolite with h = 2.76

kcal/gm (reference (4)), the above relation becomes

P = 5.49 w( (1)

pentolite)

12
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Reference (2) gives the gas overpressure for TNT charges by the empirical equation

P = 2410 (w/vo)o'72

The equivalent weight table in reference (4) gives

WTNT = 1.17 wpentolite

Thus the equation for gas overpressure becomes for pentolite and a chamber volume
of 2,010 ft3
B 0.72 ’
= et (wpentolite) (2)
For the particular tests conducted in Building 324, the following table compares
calculated gas overpressures from Equations (1) and (2) with the average experi-
mental values from Table 2.

Calculated Overpressure (psig) Average Experimental
W (1b) Eq. 1 Eq. 2 Overpressure (psig)
b 5.5 1B 6.7
2 11.0 18.4 1355
2 ) 35.6 31:2

The reason for the wide span between the calculated pressures, particularly for the
smaller charge weights, is not known and will not be pursued here. It is noted
that the experimental results fall close to the pressures calculated by reference
(4) methods, but they are some 15 to 20 percent higher.

Venting of Internal Gas Pressure. An important parameter in structural

response considerations is the duration of this gas pressure. Althoug: the vent
times were experimentally recorded for the subject tests, it is desirable to

devise an analytical technique for estimating the venting process and to compare
the two sets of results. Let us denote the equilibrium gas pressure defined in

the previous section by Po where now this pressure 1s expressed in absolute terms --
psia. We assume PO is fully developed before any venting occurs. The vent area is
denoted by A. Further we assume at the beginning of the expansion that Po is suf-
ficiently large to ensure sonic flow through the vent area A, i.e., perfect

isentropic nozzle flow through A. This should result in the calculation of minimum
vent times. Thus

13
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P RE (3)

where Pc is the critical throat pressure associeted with sonic throat velocity and
is defined in any thermodynamics text as

P
P o= — ()

$ B,
C-)hh

where B is the exhaust pressure which in our cese is atmospheric pressure
(14.696 psia), and Y is the conventional ratio of specific heats.

The mass flow through area A is given as

= dM =] peVeA dt (5)
where M .... mass of gas
P .... density of gas
v .... velocity of gas
t .... time

and the subscript e denotes conditions at the nozzle throat A. Letting the sub-
script o denote initial conditions in the chamber and the subscript 1 denote
conditions in the chamber at any instant of time, we can write

' and aM = v dp, (6)
Then (5) and (6) become

-V, dpy = p VA 4t (7)

The isentropic expansion process allows us to relate the instantaneous pres-
sure and density to the initiel conditions by

By/oyY = Bo/pg (8)

1
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from which one derives

ar
=1 vp )y 1
Pl Y
Then & combination of (7) and (9) results in
dap
i T v/ A
i (P e e T dt (10)
Pl ;
Since the flow 1s sonic at the throat
152
o, v, = (yp, P2, (11)
5 . FRT
P /P = (Sp) VT, (12)
and for the isentropic expansion
1/y
Pe = Py (P/Py) (13)
Substituting (12) and (13) into (11), we obtain
1 y+l 1/2
B 1
Pe Ve = [Y c;FI)Y- (poyypo) /¥ oy L ] (24)

A combination of (10) and (14%) in integration form with appropriate limits becomes

o e e
-] =z-Pe AN 1)Y.1] I (15)
P, Pl _35- o

Integrating (15) remembering that P1 is instantaneous pressure and at t = 0,

P, = P, ve find

P =P [1+(l‘—)( = I7 o) v“_t]% =

15
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This equation is valid only when

P
P 2P 2P = . _ _1k.606 (17)

A
=

LEAAEE g
vl v+l

When (17) is violated, i.e., when the flow becomes subsonic, the velocity in
the throat is the same as the discharge velocity which is given by

11/2
s LJ8 sy AR P X=
= v = — 1- (=) Y 18
%etgsbry) g (Bl 7] (18)
Also
Pe. T = By T, (19)

The flow process across the nozzle and the chamber expansion remain isentropic,
thus

n

g = (/20 Y g, (20)
Py = (Pl/Po)l/Y Py : (21)
with (18), (20), and (21), (19) can be written as

1/2 1/2 Xl a/2
e Yo (20 [ /2 YR, TT (oo V1 - oo YT (22)

Substituting (22) into (10), we obtain

-l 2\1/y 1/2
P y dp Y
1 1 3 2 a A
- 1 v11i/2 "~ [Y (?i)< : Y > ] A 2 (23)
(1>l v =B ¥ ) o
Let
n=(y-1)/y (2k)

16
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With eppropriate integration limits, (23) becomes

P

1 -n 21/y 1/2 t
P dp P P
I.I(Pln _ Pan)l/2 [ v1 poy :] Vo {‘-:c
e

¢

The problem now is to evaluate the integral on the left-hand side of (25).
We start by letting

n n 2
P, -P, =x (26)
It follows that
2x dx
&, = R
il

Then the left-hand side of (25) can be written as

p. ™ ap

1 1 _ -(2n-1)
J (- 222 2/ [ By < (27)

From (26), we can determine
-(2n-1)
-(2n-1) 2 n
P, =(x"+P)

For air y = 1.4, thus n = 2/7 and -(2n - 1)/n = 3/2. Letting Pan = Ca(constant),
we can now write (27) as

p. ™ ap

1 2 | .2\3/2

N

From Case 139 of reference (5), this integral is given as
1

2 3
I (x2 + 02)3/2 dx = % x(x2 5 02)3/2 § 32 x (x2 + 02)2

=

1
+ é% n | x + (x2 + 02)5] }

17
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Using this integration technique, we can evaluate (25) as
/e

1
Pln/2 (Pln _ Pan) (Pln % 3/2 Pan) Y % Pa2n4n [Pln/2 + (Pln _ Pan)eJ

i
n/2 n n\1/2 n n 3. 2n n/2 n 2
=B, (Pc B ) / (Pc +3/2 BLl=2E Ln[Pc /2, (B~ - Pan) ]

=-2n[Y3(2) Ponat2 l/Y]l/e.A_(t t ) (28)
y-1 Y Vv - g

R o

where again n = (Y - l)/Y and tc is the time corresponding to Pc as determined
from (16).

In review, assume that P, 2P, then (16) describes the pressure-time decay
until P, = P_ &t time t = t,. Then the decay is described by (28) until Py =P,
at which time the chamber pressure equals atmospheric pressure and venting is
complete. Now, if initially P, <P, (16) cannot be used, and only (28) describes
the decay function. In this case Pc should be set equal to Po and tc set equal to
zero in (28).

From the above derived equations, the analytical estimates for vent times can
be compared with the experimental values as is shown in Figure 5. For the 16.6-ft2
vent area (door fully open) we note that the calculated curve does indeed represent
minimm vent times. The difference for the most part is believed attributable to
the imperfect nozzle flow through the vent area and the effects of high-speed dif-
fraction around the labyrinth corners. At the 2.1+-ft2 vent area (door partially
open) the predicted curve is still basically below the experimental curve, but
they are much closer together. Here it is believed that the imperfect flow effects
are being offset by heat losses occurring in the chamber due to the longer total
duration times. The uppermost curve is that obtained experimentally for the
completely-closed door condition. Here heat losses and gas leakage losses have

combined to produce this finite limit curve.

From Figure 5 it is seen that the total duration for a 5-1b explosion varies
from about 160 milliseconds for the door fully open to about 3.5 seconds for the
door completely closed -- over an order of magnitude difference. From this one
could hastily conclude that the loading for the closed-door condition should
result in much greater wall stresses and deflections than that from the open-door

18
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loading. However, this is not true. Figure 6 gives a calculated approximation of
the gas pressure-time decay curve derived from Equations (16) and (28) for a 5-1b
explosion with the maximum vent area of 16.6 fta. In the next section of the report
it is shown that the natural frequency of the slowest responding wall is about 17k
Hz, or the wall has a natural period of 5.7 milliseconds or & gquarter natural period
of about 1.4 milliseconds. Since the maximm wall deflection should theoretically
occur at the l.4-msec time, we see from Figure 6 that the pressure has dropped less
than 3 percent for this the fastest decaying situation. Essentially, then, the wall
views this most rapid decay as a quasi-static, constant uniform load - the same as
it views the longer duration vent times. Therefore, it is extremely doubtful that
the door condition for these bombproofs has any significant effect on the maximm
wall stress level or deflection.

t

. .
N I B BN B NN B OB B A AN BB B AN A s

'

Wall Response Measurements. Table 2 gives the natural frequencies and peak

accelerations taken from the three accelerometers mounted at the center of the
longest wall (see Figure 1). From the data on the 5-1b explosion, the following
observations were made:

Natural Frequency, f (Hz)

Low Average High

—_——

133 1Th 200

Natural Period, T (msec)

Low Average High

5.0 5T 7.5
Natural Quarter Period, T/L (msec)

Low Average High
1.3 1.k 1.9

Peak Acceleration, 8y (g's)

Low Average High

63 3 83

If we assume that the center of the wall undergoes deflections characterized by
simple harmonic motion, then the maximum deflection yb (inches) is related to the
peak acceleration i (g's) by the relation

(32.2)(12) a
= l: . a f2
s 9.79 a/

20
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For the above range of frequencies and peak accelerations, the maximum wall
deflection for the 5-1b explosion falls within the band shown in Figure 7. The
single dot within the band represents the deflection corresponding to the average

frequency and average acceleration.

¢
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STRUCTURAL ANALYSIS

Classification of Wall. From a preliminary observation of the construction
of the 8.5-ft high by 21-ft wide (weakest) wall of the bombproof, one would
speculate that (1) the wall could be considered a wide (plane strain) beam
because of its large width to height ratio and that (2) the edges could be con-

sidered fixed because of the heavy corner reinforcement (see Figure 2). To

analyze the soundness of the first assumption, we compare the equations of center
deflection, maximum stress, and natural frequency for a fixed-edge plate of width-
to-height ratio of h/4 = 21/8.5 = 2.47 and a wide (plane strain) fixed-end beam,

both with a uniform load of pressure P. (t denotes wall thickness in below equations.)

Fixed Plate (h/4=2.47) Fixed Beam (wide) Difference
Center Deflection (reference (6))
¥y, = 0.0280 PLh/EtB' Y, = 0.0284 Pt /Et3 1%

Maximum Stress (reference (6)) I

Ve B
cmx_o.su/t omax=0.5PL/t 0% I
N

Natural Frequency (references (7) and (8))

2
r.12 (128 £ L2 [12 E%gz .
e (1-v)p i (1-v7)p

We conclude from the above comparison based on standard references that the wall

can be considered a wide beam with little loss in accuracy.

To assess the validity of the second assumption, we compare the frequency
equations for a fixed-end beam and a simply-supported beam.

Fixed End Simply Supported

p o .2 [12Et7g 5 4.93 12 Etzg
- / 2 2 / 2
i (1-v7)p n (1-v7)p

It is difficult to define the effective length {4 of our beam, but it certainly
must fall in the range of 8.5 ft to 12.5 ft (2-ft roof and floor thicknesses).
Using these two extremes we find that the frequency of the fixed-end beam falls
between 290 and 134 Hz and the frequency of the simply-supported beam ranges
between 128 and 59 Hz for the conditions

2k
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3.149 x lO6 psi (concrete - reference (9))
145 1b/ft3 (concrete - reference (9))

0.17 (concrete - reference (9))

2 E

32.2 ft/sec”

| ¢ < © I
1]

Since the measured wall frequencies ranged between 133 and 200 Hz (average 174 Hz --

see Figure 7), we conclude that a fixed-end beam is a reasonable assumption.

Stresses in Wall. As shown in the previous section, the effective length of
the fixed-end beam that represents the bombproof long wall is greater than the
8.5-ft interior height. We find from the frequency equation

—>
e llé2 /12 EZ g (29)
i (1-v7)p

that, for the extreme measured frequencies of 133 and 200 Hz, the effective lengths
4 are 12.55 and 10.24 ft, respectively. For the average frequency 174 Hz,
4 = 10.98 ft. It seems prudent here to examine the response of these three

beams to form a family of response curves.

The subject beam is loaded only over the 8.5-ft internal height. Therefore
the case of a fixed-end beam with a partial uniform load (symmetric about the
center of the beam) depicted in Figure 8 best represents our beam. Referring
to Case 34 of Table III in reference (6), the equations for reaction forces,

moments, and deflections are given below for a wide beam of rectangular cross-

section.
R, =R, = Pv/2 (30)
M = M, = B (38 - b) (31)
from (A to B) M = -M, + Ryx (32)
from (B to D) M = M, + Byx - iPb (x - a)2/b (33)
from (A to B) y = 2;"’2 (x> - 3x%) (34)

2
from (Bto C) y = ngég—l [R1x3 - 3M1x2 - P (x - a)h] (35)
Et

25
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FIG. 8 FIXED-END BEAM WITH PARTIAL UNIFORM LOAD
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where Rl, R2 .... reaction forces at ends
Ml’ M2 .... moments at ends
M . bendlng moment at any point on beam
. deflection at any point on beam
. coordinate along length

. uniform pressure

o oK g

. thickness of bean

. modulus of elasticity of concrete

tu

. Poisson's ratio of concrete
. length of beam on which P acts
. unloaded portion of beam

<

The moment distribution within the junction of two walls falls outside the scope
of this elementary analysis. Therefore only moments and deflections will be
examined where actual cracks in the concrete walls have been observed; namely,
at the center (point C) and at the corner (point B). At the center (point C)

x = 4/2, the moment and deflection from Equations (33) and (35) become

M, = [- fi*’igi-b—z) $ doe b/2] (36)

. Pb (1-1°) [ (G -9t v3/4] (37)
e 8 Et3 e

At the corner (point B) x = a = (4-b)/2, the moment and deflection from Equations
(32) and (34) become

1~1}3=113—b-[-%ib—2)+a-b] (38)
_ Pb (1-v2){4-b)7 S - )
Y = [({~b) - g—-—gz-—-] (39)

8 £t

It is now possible to write Mc’ MB’ and Yg in terms of ¥y by eliminating the pres-
sure term P. For the 2-ft concrete walls, t = 2 ft, E = 3.149 x 106 psi, v = 0.17,
and the correct units

27
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[_ Siifgirﬁfl_ O b/2]

M = (6.228 x 106) y - (1b-1in/1in) (L40)
¢ °[L3_ (347 - ® )&-b?’/h]
LS I,
My = (6.228 x 106) 5, 5 = (1b-in/in) (k1)
[{,3 _ (3¢ é b 2& _ b3/l+]
[ - 252))
Vg = ¥, (4)? (in) (42)

[3 - (342 = wo)h, W]

Fallure or cracking of the concrete wall will begin when the tensile stress
in the reinforcing steel exceeds its elastic limit. Therefore the reinforcing
steel on the compression side of the wall can be neglected with little loss in

accuracy. For the straight-line theory analysis, references (10) and (11), the
governing equations are

k = ncxc/(cxS + no_) (43)
Jo= i = ki3 (L4)
M= AS o, J a (45)
T 2
o, = 2M/jkd (L6)
where AB .+... Cross-sectional area of tensile reinforcing steel per unit

width of beam, in°/in
d .... distance from extreme compression fibers to center of tensile

reinforcing steel, in

K, J .... ratios as defined by (43) and (Lk)
M .... bending moment in beam, 1lb-in/in
n .... ratio of modulus of elasticity of steel to that of concrete
Og +ooe stress in steel, psi
O, . stress in concrete, psi

28
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For our particular wall

e 20 m
n=(29 x 106)/(3.1u9 x 106) = 9.21
A = (0.75)%/32 = 0.0552 1n°/in

S

A rearrangement of (43) yields

CS
(l+E:)k'l=o (47)
Combining (45) and (46) we find
% kd
no, = %n A (48)

Substituting (48) into (47) we obtain

Gra)e-1-o0
=3

or

a a =0 (249)

The solution of (49) for k is

nAS /nAs nAs
el i T(T*“?)

For the previously given values of n, d, and AS,

k = 0.1972 ,
from (L4)
J = 0.9343 ,
and from (L45)
o, = 0.9233 M (50)

Therefore (50) in combination with (40) and (41) will yleld the stresses at the
beam center and corner as functions of the center deflection. Table 3 and Figure 9
show these functional relationships. From Table 3 we note that the tensile stress

29
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TABLE 3 - BEAM STRESSES AND DEFLECTIONS

EFFECTIVE CENTER CORNER STRESS AT STRESS AT
FREQUENCY LENGTH | DEFLECTION DEFLECTION CENTER CORNER
(Hz) FT) (IN) (IN) (PST) (PS1)
A 0.01 0.0028 24, 900 10, 600
0.02 0.0057 49,800 21,200
133 12.55 0.03 0.0085 74,700 31,800
0.04 0.0113 99, 600 42,400
Y 0.05 0.0142 124,500 53,000
0.01 0.0016 32,100 26,200
0.02 0.0031 64,200 52,400
174 10.98 0.03 0.0047 96, 300 78, 600
0.04 0.0063 128, 400 104, 800
0.05 0.0079 160, 500 131,000
A 0.01 0.0010 36,800 39, 400
0.02 0.0019 73,600 78,800
200 10.24 0.03 0.0029 110, 400 118,200
0.04 0.0038 147200 157,600
‘ 0.05 0.0048 184,000 197,000
30
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at the center and corner for the average 17h-Hz frequency and 200-Hz upper-limit

frequency are nearly equal -- somewhere between these two they would be exactly

equal. Also for these two frequencies it is noted that the deflection at the corner

is very small -- an order of magnitude lower than the center deflection.

Superposed on the curves in Figure 9 is the experimentally obtained response
band (shaded area) for a 5-1b explosion from figure 7, and the large dot represents
the average frequency and center deflection. It can be shown that the maximum
strain rate in the steel reinforcing is about 1.5 sec'l for this frequency range.
From reference (12) the dynamic yleld stress for mild steel at this strain rate
is between 1.6 to 1.8 times greater than the static yield stress. Therefore for
a 40,000-psi static yield, the dynamic yleld stress ranges between 64,000 and
72,000 psi. These levels of stress are indicated on the curves in Figure 9. We
note that the major portion of the shaded band falls above the dynamic yleld
stress level for the mid-height wall stress, whereas the major portion of the band
falls below the dynamic yleld stress for the corner stress. This observation
indicates that the 5-1b explosion does produce stresses that slightly exceed the
Yield capacity of the wall and explains why more and larger cracks are observed
at the wall mid-height than at the inside corners.

Predictions Based on Impulse. In the previous section we have examined wall
stresses derived from experimental acceleration data for a 5-1b explosion. The
question is -- how well could we have predicted this response: In the section
"Experimental and Analytical Results - Internal Shock Loading," it was estimated
that the wall was given an impulse of 25.4 psf-sec for a 5-1b explosion. However,
it was pointed out that this impulse could be conservative by at least 20 percent
if not much greater. Using the simplest approach, we assume that this impulse
glves the wall an instantaneous velocity or kinetic energy as described by the

equation
KE = 12/2M
where KE .... kinetic energy, ft-1b
I .... impulse, 1b-sec/ft2
M .... mass, slugs/ft2

From the construction detalls shown in Figure 2, the wall mass per square-foot
area can be found to be 10.8 slugs/ft2 (this includes mass of concrete, reinforc-
ing steel on both sides, wood liner, and armor plate). Then

32
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KE = 12/(2)(10.8) = 0.0463 I°  (ft-1b/ft?)

If we wish to express the kinetic energy on a unit beam-width basis, we need to
multiply the above by the loaded wall height (8.5 ft)

= 0.394 I°  (ft-1b/ft) (51)

Our approach now is to express the strain energy of the beam in terms of center
deflection, equate this energy to the initial kinetic energy (51), and solve for
the center deflection. For the case of a fixed-end wide beam with a partial
uniform load (see Figure 8), the strain energy SE per unit width of beam is defined

as

JJ‘[dedy,d=a+b (52)
a

Combining Equation (35) with (30) and (31), we can express the deflection of the
beam in the region of a to d (from B to C) as

1-,2)Pb [x3 32 -2 (x - )
3

¥ = - T = b A (53)

Also
- (1-v°)b .3 ) (345 - p9)x" _fx - a)* ap "
@y = =B [x 7 ) e

Substituting (54) into (52) and changing limits, we obtain

O N N BT ICR AR )
T g3 . i 4 - dx dp
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Integrating (55) yields
s P2b ar- 2_b2)(a3-a3) —a)? )
(. v) [a; el | (3 °) (e ) . (gal’ ] (56)
From the geometry of the problem
a= (4-0)/2 and d = a+tb = (4+b)/2
and the substitution of these into (56) produces
2 2 2 .2 4
(3-8 PR ruBe®)  (9t'ah .3
R [ L LR /5] (57)

To eliminate P from (57), we substitute (37) which gives

L oL
dﬁw (947-t") .3
2 16 Bt [ T A /5}
c 2D 2
(1-v°) [ 13 _ (3¢ ;b )L b3/u]

SE = y (58,

where 4, b, t ... £t; B s lb/ine; Ng . dng and B .. FTEeIB/06.

o
We see in (58) that the beam strain energy is expressed as a fuaction of the center
deflection. A combination of (51) and (58) yields

s wi bs/u]

3
z
y, = (3.081 x 107) I I

5 2 L (59)
HL7+07) (9& T ) 3/5
L 2Lz,
Since the degree of conservatism associated with the predicted impulse Ii =
25.4 psf-sec is in doubt, we elect to examine the predicted deflections for Ii

and 11/2. The resultant two curves (dashed) for the frequency range of interest

are shown in Fipgure 10. Also shown in this Tigure is the experimental response
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band from Figure 7. It is noted that this range of impulse encompasses the
experimentally derived deflections. If significance is placed on the average
deflection and frequency, we note that the prediction method based on Ii over-
estimated the deflection oy 67 percent. Although the accuracy of this method is
not overwhelming, an important objective has been accomplished. This elementary
wall analysis with explosion impulse data from reference (2) does provide a
conservative design basis for this type of construction. When one realizes that
safety factors of from 2 to 10 are common in the design of safe explosion testing

facilities, this simple analysis of a complex blast and stress problem takes on
added significance.

Response to Gas Pressure. Thus far in the wall analysis we have dealt solely
with the shock problem. Of equal concern for an enclosed explosion is the

equilibrium static gas pressure that exists after the shock phenomena have subsided.

To evaluate the wall stresses due to a static uniform load, we make use of

Equations (36), (38), and (50). We find that the maximum tensile stress at the
wall mid-height or center becomes
2 2
- (34 -1v7) ]
o, = 33.26 Pb [- T A L -b/f2 (60)

and the maximum tensile stress at the inside corner becaomes

o, = 33.26 Pb [_- Q-{-;i-b—z) + 4= b] (61)

Plots of these stresses for the three characteristic beam lengths are shown in
Figure 11. We note for the gas pressure of 31.2 psi from the 5-1b pentolite
explosion that all steel reinforcing stresses are well below the static yield.

Also comparing these stresses with those shown in Figure § for the shock loading,
we conclude that the shock loading is a more severe loading than the gas pressure
for this particular construction and a pentolite explosion. However, the magnitude
of the gas pressure is proportional to the heat of combustion of the explosive (see
reference (4)). For pentolite the heat of combustion is 2.76 kcal/gm; for TNT it
is 3.57. Then the gas pressure for 5 1b TNT might reach 40 psi. From Figure 9 ve
note that the wall center stress for 40-psi pressure is below the 40,000-psi static
yield level. It is, however, sufficiently close to propose that the safe 5-1b TNT
equivelent limit established for these bombproofs include equivalence of gas pres-
sure as well as shock pressure and impulse. With the equivalent limit defined in
this manner, venting the gas pressure is not necessary in these buildings.
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CONCLUSIONS

The conclusions that can be drawn from this work fall into two categories:
(1) information directly applicable to existing bombproofs at the Laboratory and
(2) information germane to design criteria for future concrete explosion test
facilities.

Existing Bombproofs. The external and internal blast data and the wall
response data obtained from actual explosions in Building 324 provide the basis

for the following conclusions.

l. The installation of heavy steel doors on existing bombproofs at the
Laboratory should eliminate all noise and vibration complaints from neighboring
private home owners to explousion testing at NOL. Airblast data showed that
transmitted pressures from a 5-1b explosion in a completely closed bombproof were
less than those produced by a 5-1b charge with an open door -- actually the pres-
sure level is less than that generated by a 1l.5-gm TNT free-air explosion.

2. From internal gas pressure measurements and wall frequency response data,

the assumed structural benefit of venting the explosion gases through existing
bambproof labyrinth passageways has been shown to be a misconception. Because the

slowest responding wall 1s still quite rapid (1.5-msec rise time), the wall views
the gas pressure loading of even the fastest venting condition (160 msec) of an
open passageway as though it were essentially a constant pressure.

3. A stress analysis of the concrete wall using experimentally derived wall
deflections showed that the maximum stress in the reinforcing steel occurs at the
wall mid-height and that this stress for a 5-1b pentolite explosion slightly
exceeds the dynamic yield capacity of the wall. This explains the presence of
cracks in the wall at the mid-height region. Even though the stress levels are
Just slightly above dynamic yield in this region for the 5-1b pentolite explosion,
it 18 believed that there is no violation in safe firing limits based primarily on
many years of firing at this level in these bombproofs. On the other hand, however,
this study shows that the 5-1b TNT equivalent limit should not be exceeded in these
buildings without the full knowledge that permanent structural damage could occur.

i, The definition of the safe 5-1b TNT equivalent explosive limit established
for these bombproofs should include equivalence with respect to shock pressure,
impulse, and gas pressure.
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5. Within the defined explosive limit given in conclusion L, the stress
analysis showed that the shock loading produces greater wall stresses and deflec-
tions in these bulldings than those generated by the static gas pressure from a
5-1b pentolite explosion. Thus the closure of the existing bombproofs should not

create structural problems any more severe than those that currently exist.

With respect to the existing bombproofs at the Laboratory, there is no
structural hazard involved in the installation of heavy steel doors in the labyrinth
passageways. DBecause of the significant decrease in outside blast pressures
afforded by a completely closed bombproof, the installation of such doors should
be encouraged to increase test program efficiency and to eliminate neighbors'
complaints. Increased exhaust system capacity in the bombproof and surrounding
instrumentation rooms to remove post-test explosion gases more gquickly would

reduce the major inconvenience of conducting experiments with the closed door.

Design Criteria. This report, in addition to studying the experimental response

of a particular bombproof, has presented simplc methods of predicting response
characteristics of concrete cubicle-type explosion testing facilities from avail-
able data on explosions.

1. Methods of predicting the explosion gas pressure in an enclosed space
from references (2) and (4) were shown to adequately describe the maximum static
overpressure. With this as input, the developed method of predicting the time
to vent the explosion gases through a specified area has been shown to yield
minimm vent times. These provide an adequate basis for determining whether the
gas pressure loading should be considered as static or impulsive when building

response is analyzed.

2. BShock loading in terms of average impulse on walls of cubicle-type construc-
tion appear to be conservatively estimated by curves presented in reference (2).
The technique of converting the wall impulse to kinetic energy and equating this
to wall strain energy provides a conservative model to predict wall stresses and
deflections for elastic response. One advantage of this method is its use of
"handbook" eqguations for moments, deflections, and stresses. However, sound

engineering judgment is required in their use and manipulation.

The prediction methods developed here should provide a conservative design
criteria for concrete cubicle-typs .cruc..res similar to the bombproofs at NOL
that are subjected to continuous explos n tests without suffering permanent

damage or deterioration.
39
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