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INTRODUCTION
Hau:kgruu nd

The Department ot Detense (DOD)Y has numer-
ous mumtions taciities engaged i the production of
the vanous types of cxplosives and mumtions used by
the ralitary seraces. In most cases the production of
ammunminior unlves assemblv-hne procedures. Pro-
jecnles pass through vanous stages of  prepara-
tnon  fillmg with explosive, fuzing, markime. and
packing. Hazardous operations, such as the filling of
the projeenle case with explosive i g powder torm
and the compaction ot the powder by hvdraulic
press, are accomplished in protectinve cells intended 1o
confine the etfects of an acadental explosion. Most
of the existing production facthties were built in the
1940°s. With tew  exceptions, the manutacturing
technology and  existing equipment represent the
statc-of-the-art as of 19300 The production wqup
ment was operated extensnel during World War 11,
agan dunng the Korean conthct, and recently during
the Southoast Asia war. Mudh of this equipmrent and
the housimg structures have been operating hevond
ther desgned capacines [T DOD s conducting an
ammnuntion plant misdemization program approach-
ing 85 talhon with possible expenditures of $500
milhon a vear {21, The modernization program s
tended 1o greath enbanee satery i the produerion
plants by protectve  construction, automated pro-
cessing, and reducnion of - personnel anvolved n
hazardous operations,

In 1969 4 triservice manual {3] was published
10 provide udiance to the structural designers ot
munimon plants. The objectives ot the manual were
to estabhsh design procednres and construction tech-
muues to prevent propagation of c.\plusmns from one
huilding, or part ot 3 building, to another; to prevent
mass detonanons, and to provide protection tor per-
sonnel and equipment. The manual establishes blast-
load parameters required for design of protective
structures, provides methods tor calealating  the
dynamic response of concrete walls, and establishes

ST

construcnion detals to develop required strength. The
design method used accounts for close-in etfects of a
detonation wath s associared high pressures and non-
unfornuty of loading on protective harniers. A
detaled method for assessing the degree of protection
attorded by a protective facihty did not exast prior to
this manual’s pubhcaton, consequently, the manual
represents a sigmificant  improvement o design
methods. The simphtications made i the
development of the design procedures have heen
presented an the manu L The analysis of a structure
using the design nrocedure will gencrally result in a
conservalive estimate ot the structure’s  capacity;
therefore, structures deswgned using these procedures
will generally be adequaie tor blast loads 2xceeding
the assunwd load condiions 3], Certain unknown
tactors can result n an overestimate of the nrotective
structure’s capability to resist the effects of an
explosion. These factors reflections of the shock
waves, ¢fleets of assuted irangible construction lack
of tull shock wave venting, and  construction
methods -vary for cach faality, To compensate for
weakniosses u\hhmg from those factors, a fecome
nended increase of 20% s applied to the effective
change weight.

Heweareh woan progress at the Civil Engineering
Laboratony (CEL). to determine blast  pressures
outsde  the protective cells, the buildup of gas
pressure from restacted venting. the eftect of frangi-
ble construction on pressures within a cell, and
explosive equivaleney The results of this research and
the research heing conducted by other agencies will
he added to Reference 3 1o continually improve the
abality to design a safe facility,

Testing with Fuil-Scale Structure

Bwlding 30 at the Naval Torpedo Station,
Bangor Annex, Washington, was scheduled to be
demohished to provide fand for new construction,
Thas building contains four blast cells very similar to
those cxisting at many  facilities and to those
proposed in new construction, Prior to the
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demolinonr of the hunlding, CEL was allowed to con-
duct several tests detonating quantities of explosive in
the blast cells. The explosne weights used were on
the same order of magnmitude as would be expected in
medim-cahber projectules ¢5-mch) and heavy ealiber
projecules to-nch).

The tesung of a tull-scale structure afforded an
opportumity to observe the structural behavior of the
blast cell walls, doors, root, and structural com-
ponents. Several acadents have occurred at Naval
Ammuniton Depot (NAD) tacihities in the produc-
von ot ammumuon, however, the damage could not
he related to pressures Cecause the explosions were
low  order and the  cirectne charge weight was
unhnovin. This test provided an opportumity o
obsernve dantage trom a kaown high-order detonation
and to record pressures assocuated warh at CHL has
conducied test programs to measure the pressures
ins: coand outside of simall-seale-model blast cells,
The model data can he correlated waith the tull-scale
teet data of this test {4 and 31, The tullscale tests
present an advantage ino pressure . measurenment
because the etfects of interaction of many nonstrue-
tural components, such as caling and trangible roof,
are also shown, This interaction could not be deter-
mined i CEL'S maodel tests. Determimation ot the
correct pressure environment hehimd a blast wall s
essential for design of 1 mmmuom-cost root system
which wall not collapse.

The testing of Buildig 30 gave an opportunsty
to assess the design procedure specttied in Reterence
3and to wdentity hazardous areas,

Deseription of Building 30

Building 3t s oty preal munmions bulding 200
feet fong by SO teet wide, dmaded into three havs,
The north bayv contained  tour reintorced-conerete
blast cells tlagures 1, 2, and 3). The walls ot the
bullding were comstructed ot reinforeed conerete
block and were not load bearng. Steel, wade-tlange
columns supported steel roof trusses on 20-foot
centers, Steel purling on $foot centers spanned the
top chords of the root trusses. Corrugated cement-
asbestos roofing sheors 9 foet fomg wore attadhied 1o
the purdins by bolted c¢hips to torm the roof. The
preces of roofing overlapped to prevent leakage of
water runall Openwels metal justs on 2-Foot cemters
spanned the bottom chords of the roof trusses. Flat

cement-ashestos board sheets 4 by 8 feer were chpped
10 the bortom of the open-web metal joists to torm a
cealing. Explosion-proot ight fixtures were supported
by pipes which were clamped to the purlins and
eatended through the cetling.

The cells were construeted as an addition to the
budding in 1960, They were made of reinforeed con-
crete 24 nches thick with Noo 5 reinforeing hars
spaced on 10-neh coaters on cach face of the wall,
both horizontally and verneally The nominal
strength of the conerete wis rated 3,000 psioat 28
davs. Concrete strength was determined to be 6,500
pst by rebound hammer at the time of the test Thisis
more  than twice 1he design strength hut s not
uncommon in aged conerete. The eell sidewalls were
tixed to the backwall and floor and free on the top
and the window side, The backwall extended through
the roof, The outer wall of the cell contained a
window 6-1/2 by 8 feet, framed in unreinforeed
masonry conerete block. This s a standard three-wall
cell designed to vent through the frangible root and
window 1n easeof an accidental explosion.

In 1972, the eells were upgraded by inereasing
the hackwall height to extend 2 feet above the roof
Imc (see Figure 4). The extension was made to the
backwall of 411 the eells and to the outer sidewalls of
Cells 1 and 4. The roof over the cells was raised 10 the
new  heght. Quarteranch metal plate was used to
divide the eells above the existing conerete sidewalls.
An evpanded metal grating was used as a debris net to
cateh telhing materal o the event ot an aceidental
explosion an an adpacent eelll The grating was tack-
welded to angle sections which were bolted to he
concrete backwall, welded to the metal plate exten-
sions on the sidewall, and holted to the conerete:
block window wall.

A 11/24nch steel plite, 3 Dby 6-172 feet, sus
pended by rollers g track, tormed by i wide flange
section, served as a blast door. The door was held in
plice at the bottom by two puides sei in the floor.
The bearing width of the door on the conerete hack-
wall was 3 inches an the side and 4 inchies on the top;
no support was provided on the bottom. When the
door wias ddosed, approximately  3/8anch pace
tantad bctwean the door and the batkwalt o ghich
it was to bear.,

A 2-by 3Aoo passthrough opening existed in
the sidewalls hevween cells and in the backwall of ¢ell
3. One-nch steed plate supported ain brass tracks on




cach side of the opening were used as doors o close
the el Bearnng wadth ot 1.1/2 mches was provided
around the plate.

Parttions between the bavs of the huttding were
constructed ot remforced conerete block. A mewal
tire door was used to separate the bavs,

Figare 3 shows selected views ot the hubding

betore the tests were made.

TEST PROGRAM
Planncd Tests

The test program consisted ot {ine 10-pound
shots in ¢ell 1 and three 20-pound shots in cell 3. The
testing was limited to 4 maxmum charge weight of
200 pounds to mmimiwze noise disturhance to sur-
rounding communities. Predictions of the loading and
of the structunal behavior were made using the analve-
wal tecimques in Reference 3 (see Tables 1, 20 and
3. Visual observation of the damage was correlated
with predicuons: photographic coverage outside the
building and bebind the blast cell within the buildg
wias provided. Pressure transducers were provided 1o
record the blast pressure,

The charge weht required to cause the blast
cell wall to tal with 4 single detenation was estimated
to be about 60 pounds. The celt was not expected to
til with Hkor 20-pound detonations; however, nt
was uxpected that sutficient inelastic behavior would
ocenr so that the cell walls would fal by camulative
eftects. 1t was expected that pernanent detlection m
the blast door could be measured and that the door
supports nught tal by sheanng the conerete. Sigmifi-
cant root damage could cecur, The behavior ot the
debris netsan the eells and the caling hehind the blast
cells was of specul interest.

Instrumentation

Twelve channels of pressure data were used to
measure the pressure behind the blast cell and in the
adjacent cell. Figure 6 shows the location of the
mstrumentation. Gages were installed to measure the
pressure on the outer surface of the roof, above the
ceiling, and on the floor. Figure 5 shows the pressure
gages installed in gage mounts,

The transducers were connected by eable 1o
amplifiers and a tape recorder located in the south
hav. The instrumentation was remotedy activated b a
switch several bundred feet away. The pressure trans-
ducers were nanufactured by Bytrex and are specific-
ally designed to measure blast phenomena. They are
acceleration resistant, mechanically  rugged. and
cquipped with a heat shield to reduce the effects of
thermal radiation. Thev meorporate semiconducton
sensing clements that produce a high electrical out-
put. mimmizing system clectneal nowise. The gages
were directly calibrated by static pressunzition.

B & I Model 700-SG signal conditioners and B
& 1 Model 702-100-1 amphficrs were used in con-
juncuon with a Sangamo Saber 3 tape recorder
operated at 120 aps. The clectronies had 2 systen
capable of flat response to 40 kl1z. A Systron-Donner
8150 time code generator provided IRIG-B timing.

Photographic Covecrage

Three high-speed cameras were used to provide
photographic coverage - two cameras located within
the bay contaiming the blast cells and one outside the
buldding. The camera speeds were calibrated by
stroboscope. Iigure 2 shows the location of the twe
cameras in the building. The third camera was focated
southeast, 200 teet away from the building. All the
cameras were remotely controlled by electrieal relay.

Explosive

The explosve used was plastic explosive Com-
positon G4, hand-compacted - molds 1o form
spheres, The explosive has a TN cquivaleney of 1.19
tor pressure and 1,16 tor impulse. The charges were
cleetneally  detonated by two  Zngineer Special
Number 8 blasting caps placed about | inch into the
top of the charge. The exploswve charge was sup-
ported on a stand 3 feet above the ground for all the
twsts,

TEST RESULTS

Observed Damage

Shot 110 Pounds, Cell 1. Figure 7 gives photo-
graphic coverage of the damage caused by shot 1. The
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Table 1. Blast Environment Inside Cell, Based on Information in Reference 3

tPlastic explosive Composition C4 used in all shots;
only shot 1 had cell root.)

Parameter Values for Location of
Explosive
Shot Na. . Y .
Hot e Parameters lett Back Right Charge
Wall Wall Wall in Ccll
Charge Weight of 10 Pounds
1 Impuise (psi msee) 375 495 375
Pressure (psi) 129 236 129
Duration of ‘
pressure (msec) 5.81 4.20 5.81 r
2.3.4.5 Impulse (psi msee) 251 369 251
Pressure (psi) 107 157 107 J
Puration of
pressure (msec) 4.69 4.69 4.69
Charge Weight of 20 Pounds
6 Impulse (psi msec) 468 621 468
Pressure (psi) 182 335 182 ="
Duration of 4
pressure (msec) 513 3.70 513
7.8 tmipulse (psi msec) 288 532 410
Pressure (psi) 93 188 144 H
baration of 'S
pressure (msee) 6.15 5.65 5.65 !—

explosive was centered between the sidewalls, 2 feet

from the bachwalll Figure 8 indicaies the distance

debnis was blown trom the building. The roof over all
the blast cells was blown off. The cahng of the cell
test was blown out. The debns grating i the adjacent
cell was sull m place although at had become dis-
lodged from ats supports. 1t dd catch much of the
cethng blown down; however, the debris gratung in
cell 3 failed. The debns grating in cell 4 remained and
funcuoned satsfactonly, catching the ceiling blown
down,

The 1/4-inch metal plate between cells had boen
hlown over. The unreinforced masonry block framing
the window had been blown out in front of cells 1

and 2. The fiberglass windowpanes were blown out
whole and did not shatter.

The windows in cells 3 and 4 were blown out-
ward, indicating the pressure spitled over the sidew all
across the structure into those cells, rather than out
the frangible window wall of the cell and around
which would cause the windows to be blown inward.
The roof over the pump room adjacent to cell 1 was
blown inward; the reinforced masonry block wall of
the pump room was deflected outward seve al inches,
The roofing behind the cedl had been cracked in
places but remained intact. No spalling was observed
in this test or any subsequent test.
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b ble 2. Caleulated Resistanee Functions, Based on Reference 3

Natural Ulnmuare Flastic . Allow able
. . Stiftness Muiss
Locinon Penod Resstanee | Deflection > 3 2-begree Dk tlection
tps1) Uh-see=/in. %)

(msce) () i) tin.)
Sulewall 16.25 20° 0048 400 2740 377
Bachwall 6,34 10 0.018 3,082 3.138 1.89
Blast door 662 270 o34 780
Passthrough door 45 M3 0.31 030

RUNSE S _ 1

* Approximate.

Permanent deflecnions ot the aidewalls were
measured 1o be about 3716 mch ourward. No perma-
nent detlection could be measnred m the blast door
or passthrough toor. Window hreakage s shown
Figure G Fgure 10 shows the erack pattern obsenvol
m the blast cell walls, ‘Fhe numbers correspond 1o
shot mumbens. No evidence was nlnenal of shear
tatlire of the door trame,

Shot 210 Pounds, Cell 1. For the secomd shot
the explosine w ~ centered berween the sidewatls anld
between the backwall and window, Fhas shot caused @
section ot the rootiny behimd the hlast ol oy be
Dlown anwant (bignre Fh Abhinional vonting was
bleswn e over the pump mcan. Fhe passthraaglnibnor
on the sidesall rebowmled oft s suppeats, however,
the (beor on the other side ot the wall was sull intact.
The blast dvor, althongh sl adequatels sapportalt,
taded ats hotrom support sundes by ontwand rehoun:?
Root tadure was noted mothe northwest portea ot
the mudb e bav Mmor anvamts of cahing were blown
v Brgnre 10 slnaas the iwbkdimnmal cvaching ot the
cell walls: Noo measureble addinional permunent
detlecnion was motel “Phe stoor b the pump ronm
troan the naam toom belnnd the cells swas Blown e

the linblimg Iy pressure spathing over the cell wall,

Shot 310 Pounds, Cell 1 The explosne was
positioned as i shor 20 Rooting was hlown oft up to
almost the ndge e behimd the eells, Addbtaonal
roating was blown inward i the northeast section of
the middle bav, Parts of the ceilmg were ilown down,

Fhe passthrough door an the far side of the sidewall

W

was blown ott, leaving an opening mto the sest cell
The rebound supports of the blast door failed
Craching ot the floor was noted. Frgure 12 shows
postshor danuge. Figure 10 shows additional erack-
ing 1o the cell walls, no addimonal permanent detlee-

tion was obsernved.

Shot 410 Ponnds, Cell 1 Fhe tourth sho
dupheareld the position of shot 20 This shot eaused
addimonal root and celling damage. Fiygure 13 shows
photographs atrer the shots Addinonal cell-wall erack-
g shown i bigure B,

Shot S-10 Pounds, Cell 1. Fhe titth and last
shet i cell Vdupheated the position of shot 20 tis
shor cansed nldhtional root aml cethng dhinuge. Hhe
blast doar was soldl operable ablthough the hottom
rehonnd suppors tiled. the cell walls shd nor espen
cnce am addimiemal measnrable detlectms, The el
wonld sull be oonsidered reusalibe and thie anumnt ot
damage stabthzob such thar sdihinonat shors ot the
simie size world not canse apprecable more dannge

to the budding.

Shot 020 Pounds, Cell 3.t he sinth shot was
the tint shot conducred inocedb 30 The 20-pouni]
charge was centered buetween the sudewalls, 2 feet
trom the hackwalll This shot cansol root aad celing
to e blown ddowa. Phe trangible window walls of
cells 3 and 3 were blown ontwand. ‘Fhe cell sidew 41l
hai g permuanent deflectom of abour 0.5 inch ar the
top. Fhe passthrongh door on the sidewall between
cells 3 and 3 rebounded ottt ats supports, Fhe blast

Biadheh, o mil o
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Table 3. Calculated Response, Using the Infarmation From Tables 1 and 2

W omposition C4 plastic explosne used inall tests, single-shot cell capacity

s calvulated to e 60 pounds)

Eaplosne

Calculzted Response

Shot £ cll ” . .
R Werght Roo 1 ocation Manimum Fime to Maxamum Comment
o, (370} .
(pounds Deflection Deflection
ana Onsed)
1 1t AR Sulewalls 1.1 20 Shear stress, OK*
Bachwall 056 9.56 Shear stress, OK®
RBlast door w4 2.9 Shear reaction, OK*®
Permanent deflection,
0.07 in,
Passthreagh Remadns elastic
doar Shear reaction, OK*
23 1t Nong Sidewalls 0.54 13.9 Shear stress, OK®
g Backwall w27 7.22 Shear stress, OK®
Blast door Remains elastic
Supports, OK
Passthroogl, Remains elastic
Joor Supports. OK
6 2 None Selewalls 1.85 24.57 Shear stress, OK®
Backwall 1.13 13.59 Shear stress, OK®
Rlast Joor (6s 3.3 Shear reaction,
marginally OK
Permanent deformation,
| 0.31 in,
Passthrough doorns
Srdewall At elastic limit
Shea K
Bachwall 0.74 Shear, OK*
Maximum permanent
deflection. 0.43 10,
VR pd1} None Sulewalis,
Farsde 0.67 | 15.87 Shear stress, OK®
.. i e 3
Near sl 1.3% 21.84 Shear stress, OK®
Bachwll 11.83 Shear stress, DR

073

Blast door

At claste limit
Shear, OK

Passthroagh door
Sidewall

Backwall

Remains clastic
Shear, OK

Reteains elastic
Shear, OK

* Rased on allowable shear stressat sappors and distance away from sapport.

6
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door was sull operable. Figure 14 shows photographs
after the shot: Figure 15 shows cracis in the cell
walls. Window breakige 1s shown m Figure 16,

Shot 7-20 Pounds, Cell 3. This was the second
shat of 20 pounds in cell 3. The charge was posi-
voned 2 feet from the hackwall and 2 feet from the
sidewall between eells 3 and 2. Some roofing in the
middle hay wis blown in. Portions of roofing cracked
by earlier shots Paled. Additional ceiling was blown
down; however, most ot the roof on the leeward side
of the building (cast side) was still in place. The blast
eell sidewalls had an additional permanent detlection
of about 5/32-inch. The passthrough door in the
backwall rehounded off s supports. This 2- by
3-foor, l-inch-thick
defarmirtion of ' oinch ar ns center. The blast door

steel plaie has g pernmuiment

was sull operable with no measurable permunent
deticetion. The rehound supports tailed. Figure 17

shows photographs afier the shot,

Shot 8=20 Pounds, Cell 3. This was the last
shot 11 cell 3 and the charge position duplicited shot
7. Mdditonal permanent detlections of 1716 mceh
were observed in the sidewalls, Shear eracks were
noted around the door Frame of the blist door. In
ov: plice on the door trime o spall oceurred.

Pressure Measurcinents

Data wis reduced and peak pressures obtinned.

Fignres 18 and 19 give the peak pressure on the floor
from an average of the 10-and 20-pound tests. This
pressure was caused by leahage around the blist door.
1t 1s ot high enough fevel to cause mqury . Figure 20
gives the pressure at the ceiling level, Fignre 21 gives
the pressure on the root. As noted in Frgures 20and
21, the pressure immeduately hehind the backy alt ot
the blast cell s higher when the roof is in plice over
the cell This s understanduble m that the trngible
ront remams ntiet long enough to detlect the nress
sure wave downward, This would not acenr 1t 1he
roof were not there Figire 22 shaws this it ro o
over the cell does not exist, the shoet wave will trnel
upward, leaving a0 lovepressure area immediately
behind the eell,

Figures 23, 24, and 25 trom Reterenee § were
“desgn’™ predictions which came trom CEL moddel

tests, Frgures 26, 27, and 28 show this test Jatin with

the predictions based on model tests. The inerease in
pressure behind 1 eell with a Irangible roof wis not
predicted. This test will be useful in improving the
prediction capahility. The peak pressures shown in
Figures 27 and 28 are predicted very well. The design
procedures give @ maximum envelop rather than
specific values. The tow pressure observed i this test
is understandable in view of the sloping roof: the
predictions were hased on a flat roo?,

High-Speed Film Coverage

The high-speed film (200 frames per second on
cameras inside the huilding and 64 trames per seccan
outside) were analyzed. The inside cameras showed
the firehall and gases leaking aroung the blast door,
Figure 29 shows the blast leakage in shot 1 s seen
from both camera pesitions. Figures 30 amd 31 show
the firchall formation outside the building “-om
10- and 20-pound detonations, respectively.

DISCUSSION OF TEST RESULTS

As moted apove, it was estimuated that it would
tike a 60-ponnd explosive charge to cause the el
wills to il in a single shot. The test was hmited to s
20-peund maximum. 1t was plimned to cause cell
fatlure by repeated ineremental loading. The observed
detlections snd eriacking are much less than those pre-
dicted by Retferenee 3 and as ontlined in Table 3. It
wis expected that some inclastie: behavior would
oceur, The design methads used in Reference 3 rely
on the steel reinforcement to provide the only
moment capie” v, Fora reetngulir seetion of wideh
Lowith the same remforcement in compression a8 in
tension, the moment i estiniated by Fquation 5-4 of

Referencee 3

R

M = ——(d - d)
b

where A= arca of steehin tension (same as
compression steel)

-
"

design stress for reintorcement

d = distance from extreme compression

i

fiber to centrond of tension reintoree-

ment
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Table 4. Calculated Response, Using
Revised Resistance Statistics

Maximum
g Dy i
Shot No. l.ocation Dc)ﬂllacr::)cn
(in.)
| Sidewall 0.2
Backwall 0.16
2,5, 45 Sidewall 0.09
Backwall 0.08
6 Sidewall 0.29
Backwall 0.27
7 Far Sidewall 0.10
Near Sidewall 0.24
Backwall 0.15

d’ = distance from extreme compression
fiber to centroid of compression
steel

This equation is independent of concrete strength,
For large detonations, ultimate strengths have been
accurately represented by this equation. Conerete
cracking in arcas of tensile stress oceurs. However, in
the relatively low level of loading in this test, failure
was not heing approached: large-scale eracking and
ultimate hehavior did not oceur. Fhe uneracked con-
crete load capacity cassuming up to 10% of the com-
pression strength in tension) of the cell walls was 2.4
times the capacity of that from the steel alone, This
capacity and its assocdiated stuffness would exist only
until the load level was reached to crack the concrete
in tension, then the load capacity would revert to
that given by the cquation. Using the increasad
capacity of the uncracked wall section, response of
the cell walls was calculated (Fable 4). These values
agree more closely with the observed permanent
deflection, assuming very little elastic recovery. How-
cver, an important arca of difference is shown in
Figures 10 and 15; differences exist between the
theoretical vield line predicted by analysis and the
observed crack pattern.

The blast doors were expected to experience
permanent deflection; however, it was assumed that

LRSS ¢ 7 SHRPTORLN 1

the door would be held rigid against the frame
(simple support condition on 3 sides). A space
between the door and wall existed; the door nnder-
went rigid body motion in addition to clastic
straining. This reduced the effcet on the strain energy
causing deformation.

The leakage pressure around the blast doors is
probably the most serious deficiency noted in the t :st
and affects most existing facilities. Figure 18 shows
the pressure levels. Reference 3 gives the following:

Fardrum Rupture

Threshold 5 psi
50% 15 psi

Lung Damage

‘Fhreshold 30 10 40 psi
Severe 80 psi

An operator standing hehind the backwall would
recetve threshold lung damage. Personnel in adjacent
cells would also receive threshold lung damage.

if one considers the marginal attachment of the
debns nets, they performed well. This test shows
debris nets will work but must be anchored to
substantial objects that wili not be dislodged.

Screens used to prevent flyving glass must be on
the inside of the building, not on the outside as was
the case in the middle and south bays of the building.

Reference 3 was conscrvative in this case;
ultimate capacity predictions from a single loading
condition were not evaluated. 17hie formation of vield
lines was not clearly evident and should be ques-
tioned. Fhis is an arca where mor: experimental
testing is necessary.

Samples of corrugated cement zshestos roofing
and Tat cement ashestos ceiling board were brought
hack to the laboratory for testing. The tests indicated
that the roofing when used in continuous spans of 48
inches woulld have an ultimate resistance of 1.02 psi
and a natural period in flexure of 107 msec. This
would be expected to fail at about 6-psi overpressure.
The ceiling board when used in continuous spans over
24 inches would have an ultimate resistance of 0.835
psi and a natural period of 129 msee. This would be
expected to fail at about §5-psi overpressure. The load
test and observed damage agree in that Figure 20
shows regions of pressure above 6 psi on the roof;
these regions were observed as having the most roof
damage.

R b Lo s
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CONCLUSIONS

I. The high pressures leaking out around the biast
doors would njure an operator in the vicinity of the
door. Proper scals must he used 1o protect personnel
in the arca immediatedy behind the doors.

2. Debns screens must be attached to subsranuial
structural members which will remai in phlace.

3. The formation of vield lines used as the hasis of
the caleulation of wall capacity should be invest-
gated. The computation of wall stiffness should also
be reviewed. Both of these arcas can significantly
influence the behavior of a wall, as noted in this test.

4. Conventional corrugated cement asbestos roofing
can withstand up to 6-psi dynamic overpressure with
only minor damage.

5. Arcas of conventional construction adjacent to
blast cells can survive reasonably well.
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Extenor of building looking south.

Restraint at bottom of hiast door., Door track and hydraulic closing ram.




R R MR 1 B 051 A 3 AT SR WD 701, PGS 1 AW PRI PR L RIS LI I P

Exterior of building looking north. Hesicel il pesaic Eraniiiecs

1

!

Door track and hydraulic closing ram. Figure 5. Vanety of views of Building 30 hefore the tests.
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Debns net in blast cell West side of intenor of roof,

View of pressure transducer. Instrumentation in south hav,




fide of interior of roof,

ation in south bay.

East side of intenor of root,

Figure 5 (cont),
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Fxtertor of structure looking south.

Exterior of structure looking north,

Fxtenor celf 1.




ure looking cast.

Close-up of extenor,

Figure 7. Obsenved damage after shot 1
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Exterior of cell 2. Debris netin cell 3.

ligure 7 (cont).




rior view of exterior wall movement.

Inte

View of interior of cell 3.

® 5
M

BDebris netin cell 3.

Bebns net in cell 3.

Figure 7 (cont).
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Frigure 90 Window breakage trom shot 1,

prnes. one pane was broken.

Detmition of nucabers: 1712

Figure 8. Distance ot travel of huddmg debris, shot 1.
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frangible
window
wall

b~ /4 in. after
shot 4

Left Sidewall Backwall

(a) Inside cell.

Figure 10. Crack patterns in walls of celt 1 after 10-pound deto:




Backwait

(a) Inside cell

ck patterns in walls of cell 1 after 10-pound detonations.

O numbers indicate shots

1/4 1. after -
shot 4

frangible
window
wall

Right Sidewall
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Right Sidewall Backwall

(h) Outside cell,

Figure 10 (cont.




Rackwall

(b) Outside cell.

- Fgure 10 (cont),
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Cell 1 and cell 2

intenor roof damage tacing north,

Fxterior of structure tacing north,

Crack in cell walls.

Figure 11 Observed damage after shot 2.




Fxterior of structure facing north.

\ |

Crack in cell walls.

E Figure 11, Observed (Iama;zc after shot 2,

Exterior of structure facing south.

Middle bay roof damage.
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Lxtenior of structure facing cast, Cells 1:nd 2.

Intenor caling damage. Cracks in sidewall. Rebound of passt

Iigure 12, Observed damage after shot 3,




in sidewall.

Figure 12,

Rebound of passthrough door.

Obsened damage atter shot 3,
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Intenor roof failure.

Roof damage of middle bay.
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Interior of building. I.xterior cells 1 and 2.

Interior ce

Frgore 130 Obsenved damage atter shot 4,
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served damage atter shot 4.
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Intenior caling damage. Exterior wall damage looking north.
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Externior cells 1 and 2, Exterior cells 3 and 4.

Intenior cethng damage behind cell, Intertor cetling damage behind cell.

Figare 140 Observed damage after shot 6.




Is 3 and 4.

mage behind cell. Blast cell interior wall.

Limage atrer shot 6,
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window after shot 8
wall
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® % b
Left Sidewall Backwall

(a) Inside cell.

Figure 15, Crack patterns in the walls of cell 3 after 20-pound detonatior
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Debris net cell 4. Extenor cells 3 and 4.

vones Poganc: MR GNS y

Exterior structure looking cast. Blast door cell 3.

Figure 17, Observed damage atter shot 7,




Fxterior cells 3 and 4. Cell 3.

Blast door cell 3.

Biast door cell 3.

Preceding page blank

17. Observed damage atter shot 7.
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Peak Prossure (pan

100

10

R = horizontz! distance in feet
W= charge weightin pounds

r T T Trrrry T LENL AL B B 3
- -
= -
= cell wall 20-pound charge -
- / i
= =

\ celb wall 10-pound charge

p— —

\ ® 10-poand charge
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1 10 100

Scaled Bastance 1o harge rwi/d

Frure 19, Pressure/distance tor leakage pressure around door,
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