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ABSTRACT

Earth-covered corrugated steel structures, both full-size and
quarter-scale Models, were tested on Shot 12 of Operation T.APOT. The
tests were designed to obtain a measure of the blast resistance and the
radiation resistance of this type of structure (a 25-toot span arch) if
it were used for a personnel shelter. A full-scale structure (origin-
ally constructed for Project 3.15 of Operation UISOT-IaOTHOLE and re-
tested on TEAPOT) successfully withstood peak pressures of Ul-psi side-
on and 30-psi d4amic on the open plain. Another full-scale structure
failed under the load produced by peak pressures of 30-Psi side-on and
170-psi dynamic on the open plain. Prompt radiation was attenuated by
a factor of 100; the radiation resistance would be greatly improved by
additional thickness of earth cover at the crown.

The performance of the specific composite structure tested has now
been adequately bracketed for mLlitary purposes and no further tests of
it are recommended. Further tests of earth-covered corrugated steel-
arch structures may be desirable if significant departures are made from
the design tested on Operation TEAPOT.

The performance of the models was roughly consistent with expecta-
tions. Although further experimentation will be required before the
reliability of the model results can be assured, the TEAPOT results
suggest that static oodel tests prior to any further full-scale blast
tests will enhance the value of' the results, and will reduce the cost,
of such full-scale operations.

3
CONFIDENTIAL

:eeet



a

FOREWORD

Thls Is one of the reports presenting the results of the 47 rojeots
partioipating in the Mi1litary Effects Tests Program of Operation TEAPOT,
which included 14 test detonations.

Fr re&Aws interested in other pertinent test information, refer-
owe is made to WT-1153, A-Mv Rax-.t of the TQhn0nal 9D1Mt- _,
ilitary Effects Program. This sunary report inicludes the following

inforwition of possible general interestt (1) an overall description
of each detonation, including yield, height of burst, ground sero loca-
tion, time of detonations, ambient atospherio conditions at detonation,
e*.c., for the 14 shots; (2) discussion of all project results, a summary
of each ;rojeot including objectives and results, and a complete listing
of all reports covering the Iflitary Effects Tests Program.
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Chapter i

INTRODUCTION
1.1 OBJECTVE

The primary objectivts of Project 3.6 of Operation TIMUW were to
determine the degree of protection that earth cover offers to above-
ground structures and, parti;ularly, to test the adequacy of an adapta-
tion of a corrugated steel-arch ammunition magazine, similar to UPSHOT-
KOIOTHOLE Building 3.15, as a pereonnel shelter. Both the blast resist-
ance and the radiation resistance of such structures were objectives of
the test. Because the structure tested on Operation 1POT-XW12OLE
sustained no significant damage, it was an objective of the ?EAPOT test
to produce at least incipient collapse so that the capabilities of this
design would be bracketed. The long-range objectives were to extend the
knowledge of the benefits of earth cover in protecting aboveground
structures and to obtain further insight into the mechanism of these
benefits, toward the optimum design of aboveground shelters.

A furthar supplementary objective vas to comae the performnce of
models with that of full-scale structures in order to permit more econ.m-
ical design of liture tests.

1.2 BACOROUND

Aboveground earth-covered structures were tested by the Navy on
Operations GREEIHOUSE and UF-ROT-KNOTHALg. The new structure tested on
Operation TEAPOT was similar to one of the two UP •-MOT- Ot1 E structures
(Project 3.15) which successfully withstood peak blast pressures of 11
psi side-on (Reference 1).

The TEAUO test was designed on the basis that the weakest element
in the final design of a shelter of this type is expected to be in the
central section of the arch, where suprort from the end walls will be
negligible, Since the building is weakest against forces transverse to
its longitudinal axis, the building was so oriented that the side of the
building faced ground zero. The test was deeigned with the philosophy
that the central section of the arch was the primary element to be tested;
the remaining elements., particularly the end walls, the tunnel entrance,
and the door, were reinforced with the intent that their performance

S]11
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would not interfere with the interpretation of the results of this test
on the central span of the arch.

Analysis shows that a structure of this type (an arch) is very san-
oitive to the difference in load applied to the two sides of the build-
Ing. Estimates of the aerodnmamic situation led to the conclusion that
increasing the dynamic pressure, from a value roughly estimated to have
been 5 psi on UTSOT-laOMOLE to a predicted value between 50 and 90
psi on TEAKT', might increase this dissymmetry in loading to an even
greater extent. Considering these factors and the results of the UPSHOT-
KOTOLE test, a different shape of earth cover appeared to offer some
advantages. On the new building, therefore, a different shape was used.
The earth berm was widened and flattened to reduce the differential air-
blast force against the two sides of the building and to strengthen the
building beyond th& strength of the one on JPSMOT-KNOTHOLE (U-K).

Building U-K 3.15 was located at a diatance from TEOTUW Shot 12
where both the radiation and the blast load were expected to be in the
range of interest, even though not as high as at the location of the
main structure, Building 3.6. It was decided, therefore, to instrument
Building U-K 3.15 within the limits of modest cost. To this end, the
scratch gages used on MWOTS -I- THQUT, were rehabilitated and two sets
of radiation-dosage measuring instruments were placed in Building U-K
3.15.

Models were added to this experiment with the primary objective of
determining, if possible, the relationship between model and prototype
performance. If this could be accomplished, considerable cost saviags
could be made in future tests. Six quarter-scale models were designed,
three of steel and three of aluminum. The steel ones were designed
with the intent that they should have the sea ultimate strength as the
prototype. That is, they should fail at the same value of peak pressure,
both side-on and dynamic, and incidentally, their absolute deflection

* -- should be one quarter that of the prototype. The aluminum models were
S. lesigned to have scaled deflections at yield. That is, the yield deflec-

tion of the model should be one-fourth the yield deflection of the preto-
type; and the air pressure load against the earth berm ceusing such
deflection in the model should be one-fourth the air pressure causing
such deflection in the prototype. (Coincidentally, the aluminum models
"would have scaled stresses under a scaled load. "

*- : The models were located on the following basis (see Table 2.2). It
was intended that the nearest of the steel models and the nearest of the
aluminum models should sustain significant damage even Ui the actual
blast pressure was the minimum felt to be reasonably probable. At the

. ° same time, the most distant steel and al-minum models were placed so
- that, even if the blast was the maxtimx felt to be probable, these models

would be expected not to col.lapse. Final]y, it was desirable to compare
steel and aluminum models; hen: Vie -iost distant steel model was placed
at the same radius as the nearest aluminum model.

To assist in the planning of the field experiment, the BalliEtic
Research Laboratories (BRL) were asked to make a shock-tube study of a
small model of the earth-covered structure. It wax recognized that it
would probably be impossible to simulate accurately in the shock tube the
conditions exptcted in the field, particularly in regard to the high

12
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value of dynamic pressure expected. In compliance with this request
BRL made a shock-tube study involving measurements at nine gage posi-
tions for shock overpressures of 10; 20, 30; and 35 psi. Mhe shock-
tube reeUlts were self-consistent and satisfactory in every way except
that, as mentioned above, it was not possible to attain sufficiently
high values of overpressure. The results of these shock-tube measure-
ments are discussed further in Section 5.4.

13
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Ghapter 2

STRUCTURES AND INSTRUNtENTATION
2.1 BUILD hNG 3.6

"!be main structure (Building 3.6) was a 25-by-48-foot steel-arch
ammnition shelter manufactured by ARMCO Drainage and Metal Products,

Inc. This structure is shown in Figure 2.1. The barrel of the struc-
ture was an 8-gag. multiplate steel arch composed of curved, corrugated,
punched sheets bclted together to form a semicircular arched roof. The
corrugatio~as were a nominal 1-3/4 inches by 6 inches. The edges of the
arch bore on and were bolted to longitudinal base channels, which were
in turn lag-bolted to 2-by-6-inch timbers cast into the concrete foun-

dation. The plates were lapped 4-7/8 inches along the longitudinal
joints and were lapped. one corrugation at -the cir~umferential joints.

The plates were of two different lengths in order to produce staggered
longitudinal seams. The structure used for this test was taken out of
Navy stock and modified by the addition of a 7-gage multiplate front-end
wall duplicating the rear-end wall except that short-length plates were
used.

The foundation was a 1-foot wide by 2-foot deep wall footing of re-
inforced concrete. The total weight of steel, excluding the entrance
tunnel, was about 22,000 pounds.

A straight tunnel extending axially from one end of the building
afforded entrance to the structure. This tunnel was an ARMCO multiplate
"pipe, 84 inches in diameter. A blast-resistant door with appropriate

* framing was placed in this tunnel about 3 feet from the end of the
structure itself.

- L' "Figure 2.2 is a photograph of the building after placement of the
* • earth cover. The earth berm had a trapezoidal cross section and extended

axially beyond both ends of the building, as shown in Figure 2.3. The
total volume of earth moved was approximately 24O0 cubic yards. The fill
material was taken from a point several miles from the building where
the natural earth was gravel ana sand mixed with the silt of the dry lake
bed. The earth fill was carefully tamped to a height of 8 feet, using a
sheepsfoot roller supplemented by hand tamping close to the building.
The sheepsfoot roller was not permitted to approach within a Afoot outside
a vertical plane through the springline. The earth cover above a height
of 8 feet was not tamped.

14
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Figure 2.2 Building 3.6 with earth covert
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The rear-end wall of the building was reinforced by diagonal ten-
sion bracing as indicated in the photograph and sketch of Figures 2.4
and 2.5. It is to be noted that the dead man on the outside of the
building could safely be placed flush with original ground level be-
cause it had at the time of the blast both the load of some 15 feet of
earth cover on it and some additional air pressure loading. As noted
in Section 1.2, this reinforcement of the end wall was intended simply
to strengthen the end wall for this specific test so that its perform-
ance would not interfere v.'th the evaluation of the strength of the
arch in the center plane where it is not appreciably supported by the
end walls. The design of the bracing did not include consideration of
the possible stresses if the building had been oriented end-on to
ground zero.

Similar diagonal bracing of the front-end wall is just visible in
Figure 2.1. In the case of the front-end wall, the tunnel entrance
represented a considerable strengthening; hence two diagonal steel ties
on each side of the tunnel were judged to be sufficient. Actually, the
front-end wall bracing may represent greater importance in real shelters
since any shelter should have multiple exits.

A blast resistant door and bulkhead was designed especially for this
test as indicated in Figures 2.6 and 2.7. The intent in the design of
these elements was, as in the design of the end-wall bracing, simply to
strengthen these elements so that their performance would not interfere
with the evaluation of the building as a whole. The design criterion,
chosen arbitrarily before the test, was 40 psi static pressure. So
measurement of the static pressure in close proximity to the door or, ,
in fact, anywhere in the tunnel, was made but it is believed to be a
satisfactory presumption that the peak pressure at the door was essen-
tially the same as the peak side-on pressure in the open. This, as
shown in Figure 4.1, was approximately 30 psi.

The use of wood in the door to withstand such short time loads is
attractive because the strength of wood increases as the time of loa-,
ing decreases. Wood, of course, is unattractive as a material for
blast resistant structures becauge its failure is of a brittle type.

Placement of the hinge at the bottom of the door was a matter of
convenience for this test and is not rcnomnended as a geaeral design
for blast resistant structures where 1t may be necessary to close the
door quickly.

2.2 BUILDING U-K 3.15

In addition to the building just desciibed, the structure construc-
ted for UPSHOT-KNOTHOLE Project 3.15 was also tested on TlkPOT Shot 12.
This building was similar to Building 3.6 in that it was also a 25-by-
48-foot steel arch manufactured by ARMCO Drainage and Metal Products,
inc., but it differed from Building 3.6 in the following respects:

1. The barrel was of a lighter gage (10-gage multiplate) and had
a deeper (2-by-6-inch) corrugation.

2. The attachment of the arch barrel to thi foundation was by
means of J-bolts cast into the foundation.
, 3. The shape of the earth cover was different in that the horizon-
tal top of the earth cover was tanrent to the arch barrel at the crown.

17
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Figure 2.4 End-wall strengthening.
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Figure 2.5 Diagram of end-wall strengthening.
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TABLE 2.1 STRUCTMRAL PROPERTIES OF BUILDING 3.6 AND NwELS

ProttypeSteel *)dele AluiouaI Models

I NeProperty- -9iguitude. P gnitudo Ratioj Uto ftpltude Rato IRatio

Arch Xaieiter 25 -~6.25 1/~4 _./4. 6.25 I1/4. 1/4'

Z (psi) 30 X 106 30 x 106 1 1 1 X 1o6 1/2.741 I/

/(in It)* 0.9am 0.0210 1/4 1/61 o.0.072 1/5. 1/64

I/C(10 3/ft). 0.958 0.0801 1/12 1/16 0.0656 1/15 1/16
6

sectto.1 2.38 0.639 2/3.7 1/1l 0.523 1/14.5 1/14

(in Aft)*

Yield 32.9 35.1 1.07 1 U.85 1/2.8 1/4

Ultimate 15.5 43.5 0.-955 1 16.7 1/2.7 I/is
Str*n"t
(kpg/1n0

2)

-6
1 3.62 x l68 1.59 16 4• 5.29 x16  146 256

40*1 088S . o.2 x 0. 57 X 10"8 0.5i7Size patio 3 62 5511/020
IE I

A Sy4* 78., 22.4 1/3.5 1/1, 6.19 1/19 1/16

I Sy~' 31.5 2.82 1/1:. /g 16.Ssy-. j1. . /: 1/16 o-TT9 1/40 1/64

S Per foot of barrel s1•th
SDeflection (tlav yield) for a i.ven psi loading varies epprox•t. Ua"

Direct load capacity at failure varLes as A '4y
SBendia capacity at failure varies as - Sy

C

In addition, the earth covar for Building U-K 3.15 was the silt peculiar
to the dry lake at Frenchman Flat and the thickness of the earth cover
at the sides o? the arch barrel was soewat les:

4. The end wallq were not reinforced.

ý2.3 MODELS

In addition to the two full-scale structures, six models were used.
All of these were scaled to approximately one-quarter the size of
Building 3.6 and were constructed of sheet metal corrigated to a nominal
2.5 by 0.5 inches. Three ware steel and three were aluminum. The pro-
perties of the models copared to those of the prototype are shown In
Table 2.1.

These models were covered with an earth berm sind.lar to tbat used
on Building 3.6 except that no compaction was attempted. Figure 2.8 Is
a photograph of one of these models without earth cover, and Figure 2.9
is a picture of one of the models durina Placement of the earth cover.
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2.4 ia"m raT

7t rnv'us from TMUPOM Shot 12 ground zero to each unit is shown
in Takj1j 2.2.

Fc-.r deflection gages were used to determine the shape and zov'avit
of the center seetiozi of khe barrel arch o!' Building 3.6. These gages
xeasur.,d the change in length of four chords in the central plane of
the btIding. These four chords are those indicated in Figure 4.8. The
gages themselves were BRL uz.Lts. The remote recordlng was accomplished
by Stanford Besearch Inntitute (SMO), using s 3000-cps carrier voltage,
Wiancko demodulators, and Miller oscillographs. An 0-4 resistance-
wire strain gage was placed to me.•ure total compressive strain at the

U=hL 2.2 LUC&TICKS Or SVMINfIG AND MMU-0

Radius frmc

Yilu11&na 3.6 te1,0
Model PG. i Stel

dAl No. 2 Steel 1,50
%Dedý 10. 3 Steel 2, CO0

kdiNo. 4 Aluuimwu 2,000
)*del No. 5 aluminiza 2,500
.ob4ei No. 6 Al iiu 3,000
Bi414dJ, U-N 3.15 Steel 2,300

crown. This strain was remotely recorded.
Nine self-recording BRL air-pressure gages were placed on the earth

* b rm; three were placed on the windward slope, three on top, and three
on the leeward slope. In addition, two remote-recordizg airblast gages
were placed on the earth berm, one on the windward face and one on the
lpeeard face.

A reinforcing steel rod, 42 inches long, was welded in a vertical
position at the crown of the crch, 6 in:hes from each end wall. These
rods served as reference pcints in determining any changeb in the
thickness of the earth cover.

Seven scratch gages were placed around the inside of the arch as a
backup to the dynamic deflection gages. These are shown in Figure 2.10.

In addition to this instrumentation of Building 3.6, three further
sets of information were obtained: (1) two scratch gage records were
made of Bailding U-K 3.15; (2) each of the models was instrumented to
obtain oth ,permanent and maximum deflection of the crown in the center
plane of the arch; and ,-) radiation measurements were made both in
Building 3.6 and in Butlding U-K 3.15.

The total dot of radiation at two locations inside each of these
buildings was measured using instruments provided by the Army Chemical
Corps. Project 2.7.1. The two locations in each building were at points
7 feet from the end wall to which the entrance tunne.l waR attached; one
location w-s 7 feet from the windward wall, the other 7 feet from the
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Figure 2.8 Model without earth cover.

Figure 2.9 Model p~.rtially covered.
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Figu~re 2.1-0 Scratch gages,, Building 3.6.

lee-irzd vs].U. Me Inst~ruments were 20 inches anld 363 inches above-
grcwund level.

At each location~ tbree types of detectors were placed. A gold-foil
* deect-r measured the tta4l do~e of thermal neutrons having energies

*- less than 0.4 ev. A sulfur detector measured the total dose of fast
neutrons aiove a 3-Mev thre3hod. Finally, a group of National- Bureau

* 2 of Standards film bages and. cheriical dosimieters were used t.o measure
* the gsa&-ray dose*. Some of these were shielded by lithium to red~uce
* the undesired influence of i~eutrnns.
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Chapter 3

FIELD OPERATIONS
3. 1 U ING 3. 6

The erection of Biulding 3.6, complete with tunnel and blast-
resistant door, was accomplIshed during February 1955. The earth fill
was completed on 2 MaX-b 1955. The manufacturer's standard specifica-
tion for construction was followed, in general, in placing the earth
cover. The fill was placed in layers not over 6 inches thick and was
compacted by a sheepsfoe4 roller to a height of 8 feet. The placement
of the e•rth fill and movement of the compacting equipment were care-
fully regalated to maintain the circular shape of the barrel arch within
close limits. The deflection history of the building during backfilling
is stown in Table 3.1 (Reference 2). To measure the building deflection,
nine gages were placed, th~ree in each of three parallel vertical planes
perpendicular to the longitudinal center li. • of the building at the
center and quarter points of the structure. The gages in each of the
three planes were arranged to measure radial deflection in planes hav-
ing elevations of 450, 900, and 1350 measured from O0 at the winaard
springlIne.

The earth fill above the structure was dampened by a sprinkler dur-
ing placement and was wet down several times after its placement and
prior to the shot to settle the surface level further. The results of
the soil tests are reported in Table 3.2 which is quoted verbatim from
Reference 2.

3.2 MODELS

The six models were constructed and placed in the field in February
1955 during the interval when the main building was being covered. The
earth cover on the models was not compacted, but it was dampened by a
sprinkler during its placement and, after placement, was wet down
several times.

3.3 BUILDING U-K 3.15

In pree-paation for 'EAFM Sbot 12, Building 3.15 of UPSUCT-KNOTHOLE
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TABUJ 3.1 T*V1xCTIC9 OF BIUMN 3.6 CAVm ey £Pum Yin.

flusz iodicatcs outward dafloctl=~ of the buil "I s4 aminus'a Indicate. laward deflection.
"~Windward refers to the side tcward grmD Loer mad 'leeward' refers to Whe side away from ground &en,.

Static strains were recorde" for similar shelters studied 1,;r UPSO?-DI0THZ (Reference 3). The crova
deflectica. nwted In Table 3.1 lies between that Leeerved on two bt~dldinet reported in Reference 3.
Correcting for gSW ani depth of corr%4;tuoO mud==m stati * stream in Building 3.6 -under earzth cover
was estimated to lIe between 1,200 psi and ý,SC ps..

Deflection (Inches)

GeV pill 8 feet fill 1 foot Completed FiLU 24. hours after
Location So. No Fill above Springl.ine sbove crown 3 feet sbove Crown Competion of 711n

Transverse r*'m tcurou~ QArter Point Axareet 7urnel t

Windward 1 0 -o.6i. -o.62 -O.hO -0.58
Crolen 2 0 1.28 .1.08 .0.78
Leeward 3 0 -c.86 -0.a2 -0.76 .6

Transverse Plane througbi Center Point

Vnwr . 0 -1.21 -1.16 -0.96 -1.06
crown 5 C .2.18 41.92 a1.66 1.68
LeeWard 6 0 -1.36 .1.28 -1.32 -1.3*.

Transverse Plane thr-cugh isuarter Point aseirst Closed End

Windward 7 0 -0.9*. -C.88 -0.76 -0.80
crown 8 0 01.48 01.18 #1.00 i.o.6
Leeward 9 0 -0.92 -0.&' -0.96 -0.96

ZARIE 3.2 SOI-L ANIALYSIS

* . Samles were take- of the earth f.li material &A It v-.e being placed.
'Ibe seamles were take-- by memers of the staff of the U. S. Nlaval Civil
Bagie~rrng Research and Evaluatior. laboratory, Port Euenam, Calif., end
the samples were retur-nee. to that Laboratory for analysis.

Brcwr &and, vell-graded from very floie to very
Soil Cla~ssifl-catiorn cosarce, rartion stones to 5-inches diameeter

Cumulative
Sieve Analysis Sieve 5lze Percent Retaied

3/8 inch 5.0
1.1.7

tiC 21.2
f2C 33-2

#40 1.4.9
060 58.4
#140 84.1
f2O0 91.2

Specific Grevity 2 64.

Compaction Test )ndlf led AASHO 1 0-pov.0 hammer, 1
8

-inch; drop.
5 layers, 1/330f cylinder

Ma.ximu dry density 124 lb/ft
3

0ptim=a moisture co~tent 11 percent

Triatxial Shear Test Percent comy4Lction 86 percent
on, Dry Sample

Angle of Internal fricti'-n 39-50

Cob S I c, 2.0 lb/ft
2

Field Density Tests Average dry idsotity of 1.10 lb/ft.3

compacted back~fil. from (88,8 percent of maximumn)
footings to heigit, if 8 feet

Average dry de~nsity of 108 jib/frt
3

uncompacted backfillI above (87 pcrcent of &Lxiatua
beight of .1 fe

Average raoistLre cc.te--t 7 pcrcen*
of backtill
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was modified and instrument:-d as follows: the cross tunnel wv.s removed
(for use as the entrance tunn-l on Building 3.6); the holes iL the arch
roof were patched by welding; the two ecratch gages used in the b-ild-
ing during Operation UPSHOT-KCOTHOLE were reinstalled; and radiation
detection eqLipment was installed.

Incontrovertible evidence was found that a ct haW. scrambled on the
hot tin roof of this building. Tracks were apparent in the thin layer
of soil close to the crown and clear scratches were found in the gal-
vanizing of the steel itself. Extensive questioning of witnesses
established that the cat was a D18, weighing 4,000 porands, which had
been driven onto the building during the removal of the cross tunnel.
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Chcpter 4

RESULTS
4.1 S?4RY

The dynamic pressures produced by Shot 12 at the close-in ranges of
most interest to Project 3.6 were considerably larger than had been
predicted. The main structure of Project 3.6 was collapsed by these
forces, but there is support f.or the belief that it would have withstood
the predicted values successfully.

Radiation measurements inside Luilding 3.6 indicated a total gamma
: . dose somewhat above the lethal dose and a neutron dose less than the

lethal value.
The performance of the models was in accord with predi-tions. Of

the three steel models wbich were intended to collapse at the same
values of applied external pressure as Building 3.6, the two at 1,400

• . feet and 1,500 feet, which received pressures similar to or larger than
those applied to Building 3.6, collapsed. The one at 2,000 feet, which
received roughly one-third the pressure applied to Building 3.6, re-
"mained standing. Of the three aluminum models which were expected to

* fail under pressures roughly one-quarter of those which wo',.ld produce
failure in the main building, the one at 2,000 feet, where the pressure

"* ". was on this basis roughly twice that expected tc produce failure, did
S.:.i fail. Those at 2,500 feet and 3,000 feet, where the maximum pressures

were less than one-quarter those applied to Building 3.6, remained
standing.

Building U-K 3.15 withstood forces of 15 percent of those applied
to Building 3.6, with trivial deflections.

Comparison of the radiation measurements in Building U-K 3.15 with
those in Building 3.6 demonstrated the value of the 3 feet of earth
cover above the crcwn of such a structure.

4.2 BLAST EFFECTS

Results of operations previous to TEAPOT suggested that some impor-
tant anomalies in t,.e blast effects from Shot 12 of Operation TEAPOT
were to be expected. Measurements made on TEAPOT Shot 12, reported in
detail in References 4 and 5, showed that over a desert surface the
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dynamic pressure q is, at the distances of interest, considerably larger
than the ideal value, while the value of the overpressure p is signifi-
cantly less than its ideal value. The ideal value is defined briefly
as the value whIch would occur with no thermal effects over a perfect
reflecting surface with no dust. Actually the peak value of the dynamic
pressure at 1,500 fnet was higher than the upper limit of its expected
value including the mwaximm uncertainty judged to exist in the prediction.

Figure 4.1 presents the measurements of the blast effects from
Shot 12 in the open on the desert line at 1,500 feet. The peak dynamic
pressure of 160 psi shown on Figure 4.1 at a 10-foot height is equiva-
lent to a wind velocity of about 3,000 mph in clear air at sea level.
It will be nuted from this figure that: (1) the dynamic pressure was
much larger than the side-on overpressure; (2) all the pressure curves
show two major peaks separated by the order of 100 or 200 msec; and (3)
there is a sign.ficant difference between measurements taken at a 3-foot
height and those at a 10-foot height. In addition, it should be remarked
that the curves shown on this figure have been considerably smoothed in
the data-procesbing procedure. The original gage records, as reproduced
in Reference 4, show numerous short-time variations having periods rang-
ing between 2 and 10 msec. Both these short-time variations and the
apparently unrelated differences in the q measurements at 3 feet and 10
feet may well have been t~he result of severe turbulence.

It should be noted that the data on blast effects in the open which
have been used for this report have been taken from the results of
Project 1.10. As indicated in the report of that project (Reference 4),
there is a significant uncertainty in the precision of the q values re-
ported, particularly in the regions of high pressures, such as existed
at 1,500 feet. The sensitivity of the q gages (in this case, pitoý'-...
tibes) to dust is not well established. In addition, the corrections to .

the gage readings for high Mach numbers and large pitch angles are not
well established and become, in some of the peak values of interest in
this report, as large as 30 percent or more.

4.2.1 Building 3.6. Wben the air blast from Shot 12, (whose effects
in the open are shown in Figure 4.1) passed over the e&rth berm covering
Building 3.6, it produced pressures on the sides and top of the earth
berm as shown in Figure 4.2. The gage positions of the records shown
there were numbered in sequence from 1 at the windward toe to 9 at the
leeward toe; thus Positions 1, 2, and 3 were on the windward slope,
Positions 4, 5, and 6 (of which records from 4 and 5 were lost) were on
the horizontal top, and Positions 7, 8, and 9 on the leeivsrd slope (gage
8 was also lost).

At all nine positions, BRL self-recording gages were placed. In
addition, at Positions 3 and 7, SRI remote-recording gages were placed.
In the processing of tne records, the BRL record time scales were ex-
panded or contracted as necessary in order to develop the best fit of
the records at Posi t ions 3 and 7 with the SRI records e~t those stations.
No adjustment of the pressure scale was made. In adjusting the time
scale c the BPJ records the following procedure was r.sed:

1. on records for Positions 3 and 7, the arrival time of the first
rise on the BRL record was placed identically with tte corresponding
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Figure 4.1 Pressure-time, desert line, 1,500 feet.
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w i I 3 3 GAGE POSITIONS
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C r ' V40 . DICATES SRI INSTRUMENTS,

I' 6 ~ ALL OTHERS BRL
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* ~ - 6 01
TIME ISE(-)

Figure 4.2 Pres3sure-tinme, earth berm, Building 3.6.
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arrival time shown on the SRI record.
2. The arrival of the bump at approximately 0.7 second on each of

these BRL records was adjusted to coincide with its arrival on the
corresponding SRI record.

3. The two SRI-determined values of I. rat arrival and buý4 arrival
times were plotted vs. horizontal distance, and a linear extrapolation
was then used to obtain first fmd second arrival times for the remain-
ing BRL gages.

As has been noted, for t~io of the three gages on the top of the
earth berm, and for one of those on the leeward side, no record was re-
covered; also, the uppermost gage on the windward slope (at Position 3)
was thrown approximately 40 feet (presumably during the interval of
severe wind velocities). It ib clear that extensive motion of the earth
berm occurred in the interval of 300 msec after blast arrival and it is
thus entfrely possible that any of the pressure gages may have tilted
and therefore may not have recorded the true pressure normal to the
surface throughout the whole time of interest. While the gages at
Position 3 are most suspect in this regard, no serious anomalies appear
in their records.

Among the elements of interest on Figure 4.2 are the following: (1)
the pressure on the windward slope reached maximum values of the order
of 70 psi (10,000 lb/ft 2 ) and was maintained in the range of 40 psi or
above for approximately 1/4 second; (2) the pressures on the leeward
slope were, in comparison, altogether trivial; and (3) the arrival times
of the peak pressures on the slopes bear very little relation to the
arrival times on the blast line of either the peak overpressure or the
peak dynamic pressure.

The movement of the earth berm under the influence of these forces
is shown by the comparison of Figures 4.3 and 4.4; the movement of the
building is shown in Figures 4.5 and 4.6, and also by the deflection
gage records in Figure 4.7. From these deflection curves, the building
profile at various times after the blast wave arrived was computed and
is presented in Figure 4.8. With the arrangement of deflection gages
shown in Figure 4.7, a precise locaticn of the crown at each instant is
determined by gages 4DV and 4DY. In making use of the records from the
other two wire deflection gages (4DW and 4DX) it has been assumed that
the length of the steel arch measured along the arc itself remains con-
stant. In other words, it has been assumed that the steel did not
stretch or shrink and that no slippage occurred at the bolted joints.
Since on Operation UPSHOT-KNOTHOLE a similar building (U-K 3.15) under
considerably smaller loading was found to have reduced its ci-cumference
by approximately 1 inch, it is quite likely that this preLsumption of no
change of length in the arch is not altogether valid. Howe1,er, the
actual slippage of the joints can hardly have exceeded 1 inch, and
shortening of the arch in this amount would not change the general charac-
ter of the deflection performance of the building.

In performing tie analysis leading to the profiles shown in Figure
4.8, several alternative shapes of profile were considered. In choosing
between them, an analysis was made of the pressure required to produce
the assumed movement of the building at the point of maximum displace-
ment, together with the same movement of a rectangular section of the
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Figure 4.3 Earth berm, Building 3.6., before shot.

Figure 4.4 Earth berm, Building 3.6, after lahot.
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Figure 4.5 Interior Of 34uild~izlg. before sbot.

Figure ~4.C inel:of Bulldirj 3., fter shot.
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Figure 4.7 Deflection ~ records, Building 3.6.
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earth berm extending from the building to the surface. Since the earth
cover was approximately 10 feet thick at this point and weigbed 1,08
lbs/ft 3 , it can --)c shown that to proe-uce an acceleration of Z ft/sec2

a pressure of 0.2325 Z psi would be required.
This situation can ba thought of as asalimiag that no resistance to

acceleration is offered by the building or by shearing of the earth
cover. In the first instant after the blast wave arrives this assump-
tion is valid. Alternatively, one can think of this situation as stat-
ing simply that the net driving force, namely the external pressure less
the resistance of the structure and the earth cover, converted to pounds
per square inch, is the driving force and is related to the acceleration
by the factor 0.2325.

FigiLre 4.9 shows the results of the analysis of Figure 4.8 by the
following procedure. First, on Figure 4.8 a line was dravm connecting
the points of maximum movement of the arch. Along this line the dis-
placements as a function of time were measured. The velocity during
each time interval was then computed from these figures and has been
plotted on Figure 4.9. A rough differentiation of 'iis curve was per-
formed to determine the curve of acceleration-versus-time shown there.
This indicates that the maximum acceleration was approximately 330
f-t/sec2 , which corresponds to a maximum pressure of 77 psi. The measured
pressures as shown in Figure 4.2 are approximately 70 psi. For times
greater than 0.2 second, this figure indicates a roughly constant
acceleration of about 82 ft/sec2 , which corresponds to a net pressure of
19.2 psi (or if gravity is assumed to be effective by the time the build-
ing has deflected to so great an extent, then only 11.6 psi are required
to produce this acceleration).

The significtnce of the analysis indicated in Figure 4.9 is simply
to confirm the reasonable nature of the assumptions required in the
development of Figure 4.8 from the measured displacements shown in
Figure 4.7. Actually Figure 4.8 was drawn in the form shown here be-
cause this analysis performed on the alternative forms for Figure 4.8
did not show the same good comparison with the actual pressures applied.

The seven scratch gages which were placed in the central plane of
the arch were intended to serve as backup instrumentation in case of
failure of the primary instruments. Since the primary instrumentation,
specifically the wire deflection gages, operated with completely satis-
factory results, the scratch gages were not necessary. In addition,
however, during the course of the failure of the building, the platform

on which the scratch sages were based was destroyed. As a result the
interpretation of the Gcratch-gage records is quite complicated as well
as being somewhat unnecessary. It therefore seemed more appropriate to
make use of the scratch gage records as confirmation of the results
described in Figure 4.8, rather than as any part of the primary data.
With this point of view in mind, Figures 4.10 and 4.11 were prepared, in
which the dashed lines represent the movement of the appropriate element
of the arch as taken from Figure 4.8. This is to be compared with the
solid line in eacrh case, which is the actual line scribed by the ,cratch
gage. In Figures 4.10 and 4.11, at the start, of the record for each
gage a solid guide line represeLting the targent to the building at that
point hae been drawn. In aedition, to assist the reader further, an
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Figure 4.9 Approximate response of the windward haunch, Building 3.6.

arrow has been drawn along the radius of the arch pointing toward its
center.

Since, as indicateC in Figure. 4.8, the platform on which the scratch
gages were placed began to be seriously distorted at approximately 0.15
second after the blast wave arrived, on the scratch gage recoras in
Figares 4.10 and 4.11 the correlation between the gage record itself
and the dashed line taken from Figur3 4.8 should be expected to depart
more and more after 0.15 ae,-ond. It will be noted that, in general,
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Figure 4.1u, Scratch gage records, Building 3.6.
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Figure 4.11. Scratch gage records., Build~ing 3.6.
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SCALE(,C) I 0
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S//GAGE.

GZ

START

CROWN GAGE
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0 (INCH) ISTART
I 7

. " ' , G Z G A G E 7 6' 1

LEEWARD GAGE
Figure 4.12 Scratch gage recorQJ, Building U-K 3.15.

Figures 4.10 and 4.1. indicated quite good correlation between the
scratch gage records and the building movements specified in Figure 4.8.

4.2.2 Building U-K 3.15. The arch building similar to Building 3.6
which was tested as part of Project 3.15 on UPSHOT-KNOI•OLE was re-
Lested on Shot 12 of Operation TEAPOT. This building, located 2,300
feet from ground zero, was subjected to a maximum overpressure of U
psi and a maximum dynamic pressure of 30 psi. The wavceforms at this
location were intermediate be%ieen those shown on Figure 4.J.3 and those
shown on Figure 4.14. (For more complete information, see Reference 4.'
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The only physical instrumentation in this structure was two scratch
gages which had originally been used during the UPSHOT-KNOTHOLE operation
and which were reactivated for Operation TFAA2OT. These gage records,
reproduced in Figure 4.12, show that the motion of the building was less
than 2 inches and was, in fact, somewhat smaller than its motion on
either Shot 9 or Shot .0 of Operation UPSHOT-KNOTHOLE.

4.2.3 Models. The three quarter-scale steel mcdels of Building 3.6
were intended to sustain stresses identical to those of the prototype
when the psi loading on the outside of the earth berm was identical to
that of the prototype. Two of these models were subjected to greater
dynamic pressures than the prototype and both failed. (The model at
the same ground range as the prototype was deluged with water from the
burst POL task mentioned below, and hence was subjected to greater
forcer than was the prototype.) The third one was placed at 2,000 feet
where the peak dynamic pressure was approximately one-third that on the

TABLE 4.1 PERFOMA.CE OF MlWELS

Movement of the Crown
Max P,!L. I(in.) __

Ground Dynamic Side-on I T Maximum

Model Range Pressure (q) Pressure (P) Persanent Excursion
No. Materia.l (ft) j (psi) (psie) pi.0.25ql Movement Up

.1 Steel 140 200 35 85 CollaPsed
2 Steel 1500 180 30 75 Collapsed,

-1 Steel 2000 64 19 1 35 5.4 4-1/8 '4-3/16
Aluminum 2000 64 19 35 Collapsed

5 Alumnum1 2500 14 9 I 131 1 3 2-1/16 15/16
6 Aluminum 3000 2 8 9 06 5/8 9/16

* Blastline pressires at 3-foot beight

SAt 450 , up and away from GZ
* At 450, down and away from GZ

prototype; this model was not collapsed although it did sustain rather
extensive crown deflection. There was no blastline station at 1,400
feet; by interpolation between measurements at l,20 feet and 1,500 feet,
the peak dynamic pressure at a 3-foot height at 1,400 feet was 200 psi.
At 1,500 feet the peak dynamic pressure at a 3-foot height was 180 psi

.igure 4.1). At 2,000 feet it was 64 psi.
The three quarter-scale aluminum models were designed to have

deflections scaled to those of the prototype if the models were subjected
to external pressures one-quarter those of the prototype. '- these
three models, the one at 2,000 feet was subjected to a peak dynamic
pressure approximately 35 percent that of the prototype (Ff,-re 4.13);
this model collapsed ac shown -i4 Figure 4.19. The other two were at
2,500 feet and 3,000 feet, where the peak dynamic pressure was roughly
8 percent and Z percent of the dynamic pressure applied to the proto-
type. Figures 4.14 and 4.15 show the pressures on the blast line at
these distances. The performance of the models is summarized in Table
4.1 and Figure 4.16.
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Figure 4+.13 Pressure-time, desert line, 2,000 feet.
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Each model was instrumented to permit determination of the mximuim
and pearmnent deflections of the crown along chords connecting the
crown to the windward and leeward toes. Thus, in Figure 4.j.6, the
maxiw.m excursion of tbe crown is indicated by a curvilinear rectangle,
and the dot within the rectangle represents the final locaticn of the
crown. The steel model at ,•400 feet was completely flattened and was
scarcely recognizable after the shot. No photograph of it was taken.
Figures 4.17 and 4.18 show the remaindei of the model at 1,50C feet.
In Figure 4.18, it is to be noted thai; the earth in the very near fore-
ground was cracked from the drying of the water which poured over the
area (and over the moyiel) from the destroyed POL tan& which bad been
placed somewhat nearer ground zero and whose final position was aus in-
dicated on th4 right-hand side of the photograph. In the background
of this picture is the entrance to Building 3.6, where it can be noted
that the entrance tunnel was partially crushed on the windward side.

In Figure 4.19 showing the two models at the 2,000-foot distance,
it can be seen that the one in the foreground, the aluminum model, was
destroyed; the farther one, the steel model, was still standing. The
pile of earth around these models vas considerably flattened rand spread
by the blast. This flattening and blowing away of the earth cover is
even more apparent in Figure 4.20, which shows the model at 2,500 feet.
In Figure 4.21, a photograph of the model at 3,000 feet, it is to be
noted that the failure of the left-Laud end of the model was caused by
a jeep wheel which came to rest just to the left of the edge of the
photograph. The model actua.lly consisted of five corrugated sections,

:1::: of which the jeep wheel completely crushed one section near the end.
Since the instrtmentation of the model was in the center section of the
corrugated aluminum, the deflection measurement was intact and the model
is considered to have successfully withstood the blast forces themselves.

4.3 RADIATION EFFECTS

On this project neither thermal radiation nor radiation from fall-
out were of significance, and the radiation of interest consisted of

". the initial gamma radiation and the initial neutron :•adlatien. The
radiation &_asurements reported below were all made by Project 2.7 and
the report of that project, Reference 6, includes additional details
of the instrumentaticn ard procedures.

Two sets of radiation measuring instruments (film badges and neutron
detectors) were placed inside Building 3.6. These two sets were located
about 7 feet inside the entrance end wall; one lccation was 7 feet from
the windward toe of the building, the other 7 feet from the leeward toe.
The major group of inrtruments waq at a 20-inch height, but a few
measurements were made at a 38-inch height. The arreangement was such
that the thickness of narth cover between the instrurent array and the
bomb was 15 feet in the c"e of t1., windward group of instruments and
12 feet for the leeward group. Because the building collapsed, only
the leeward group of instruments was recovered prccptly; the windward
grcup was partially recovered some 24 hours later. It is possible that,
as a second effect of the collapse, fallout material entered the b.ild&
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Figure 4.17 Model 2., 1,500 feet.

;P- em-A

Figure, 4.18 model i2, 15oci feet.
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Figure 4,19 Mokdels 3 and 4,
2,000 feet.

*Figure 4.2 Model 5, 2.500 feet.

Figure 4.2 Model 6, 3,000 feet.
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TABLE 4.2 RADIATION TLIX, MAXT 5A' T 12

Some dosage figures are averages of several readings. For complete
details see Reference 6, Tables 4.1 tarough 4.5. The flux values tabu.
lated for fast and thermal neutrons are those determined by sulfur and
gold detector4 respectively. These detectors leave unmeasured all the
neutrons having energies bitween 3 Mey and 0.4 ev. It Is e@tlmtsd
that the total flux of feat neutrons outside the huldngs, Including
both the measured and unmeasured rouge of energiesp is of the order of
four times the measured flux of fast neutrens,

*Height Fast Thermo,!
I Above Ge t  Neutron Neutron

Location Floor Flux Flux Flu,
(in. (r) (nl ) I Nl )

Building 3.6
Inside, windward side 20 64 avg I

38 700 4.14 x 10 4.51 x 10

Inside, leeward side 20 700 avg 3.79 x 108 4.70 x 1010
38 87

38 540

Outside 71, 00 1.91 x 1012 9.87 x 1012

Building U-K 3.15 I
Inside, windward side 20 lover 500 5:11lx 10' 2:17 x lr1 -

I38 lover 500 5.41 x 109 12.40 x 1011

Inside, leeward sade 20 900 1.58 x 1010 3.09 x ion
38 920 1.76 x 1010 3.06 xi 16

Outside 14,400 3., x lOX1 l.4 x 1012

ing and that ,ae radiation from it increased to some extent the dosage
measured inside the building,

Similar instruments were placed in equivalent locations in Building
U-K 3.15. -his structure was at a distance of 2,300 feet from ground
zero and had originally been constructed with an earth berm roughly
similar to that on Building 3.6. However, two modifications had been
made since its first construction. These were: (1) that the cross
tunnel of the TkE entrance had been removed; and (2) that the upper
3feet of' earth cover had been removed so that the steel arch of the
building itself was umcovered at the crown of the arch.

In addition, it should be noted that this building and its earth
berm had weathered for two years ou Frenchman Flat. The radiation
instrumentation was placed in this bui lding at spots roughly corres-
ponding to the instrument locations in Building 3.6. The configuration
was such that the thickness of earth cover in the slant radius from
the bomb to the instrumeats was also roughly the same as for Building
3.6. The basic data are presented in Table 4.2 and, later, in Figure
5.3.
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Chapter 5

DISCUSSION
5.1 GENERAL SIGNIFICARCE

The physical results of this test (particularly the pressures meas-
ured on the windward slope compared with the free-field measurements,
together with the fact that the building collapsed) demonstrate that a
structure of this type and shape is, from a blast damage standpoint,
primarily a drag-type or q-sensitive target rather than a p-sensitive
target. Drag forces will be reduced by reducing the height of the eartn
berm until forces become zero for complete burial of the structure.
Strength against both drag forces and p forces will be enhanced by in-
creasing the gage of the corrugated steel, increasing the depth of cor-
rugaticn, decreasing the span, stabilization of the soil used for cover,
and widening the earth berm.

The protection against radiation afforded by the primary test struc-
ture, Building 3.6, was inadequate to assure survival, just as the
building's resistance to blast was inadequate to assure survival under
the test conditions.

It is believed that if this building had been placed 10 rercent far-
"ther away from ground zero; it would have been operational after the
test as far as blast is concerned. (The q forces would have been re-
duced some 17 percent.) However, the radiation at a 10 percent increas-
ed distance would still have been above the lethal dose and, in fact,
the structure would have to be moved to a radius of some 2100 feet
before the radiation dosage ins_-de would have been reduced to the order
of 200 rem.

5.2 BLAST EFFECTS

5.2.1 building 3.6. The behavior of Building 3.6 was predicted in
some detail before the blast on the basis of gross assumptions regard-
ing both the blast-induced forces and the response of the building and
earth berm. Since the maximum dynamic pressures exceed the estimated
vmlue by aomething more than 60 percent, it occasioned no surprise that
the building deflections were vastly larger tnaa the estimated values.
The maximum predicted deflection of the arch barrel was I foot. Figure
5.1 shows the predicted building shape a6 well as the actual final
shape determined by measurement. Since the prediction of deflections
in the neighborhood of the yield point is necessaxily fraught with con-
siderable uncertaintv, the disparity in thM actual, very large deflections

48

CONFIDENTIAL



- - SCALE (nTIORIGINAL •Iw-- -- ",1

S .0 2 4"N,,

S • ~ACTUAL",

/ /,

Figure 5.1 Predicted and. actual final profil•.s, Building 3.6.

involved in the collapse compared to the relatively modest va~lues pro-
dicted warran~ts no apology. :

The defilections of Building 3.6 at various times are shown again in ...
Figure 5.2. wheze the pressures on the earth berm at these same times ...
are also shown. The Iressure wave from. the shot arrived at this build- .".
ing approximately' 0.? second after zero time and the times shown in• ,

this figure are described in intervals after arrival of th.e blast wave.
Fcr ready reference) the free-field pressures (both dynamic and side-on ""
overpressure for the same times) are shown on this figure. it can be...
noted from the f1igure that, at a time between 0.2 and 0.3 second after ..
arrival of the blast wave, the pressure on the outside of the ear~h ...
berm had been reduced to a figure well within the capabilities of the
undistorted b~uilding. The fact that the building continued its move- .
ment until it collapsed simply indicates that the load impulse prior to .....
this time was sufficient to produce an ultimate deflection so large that :..
the strength of the steel barro,l was inadequate to carry even the static
load of the earth- cover. The severe dissyumetry of the load on the two
sides of the earth berm is also clearly brought out In this figure.

One fu•rther thing is worthy of nol~e on Figure 5ý.2; this is the com-
parison of the profile of the earth berm before a~nd after the shot. In
addition to the depression of the top of the berm on the windward side,
which obviously was a result of the collapse of the windward healf of the
building, it can be seen that, on both sides, the toe of the earth berm
widened. This situation is duplicated on the models, a s can be Lzeen in
Figures 4.17 throtigh 4.21.

To assist in the preshot predictions it had been assumed that the
pres,-ure on the windward slope of the earth berm would be p + 0.5 q and
that the pressure on the leeward slope would be p - 0.7 q. It was of
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interest to determine corresponding figures from the actua.m data after
the shot.

In the attempt to accomplish this it was found at once that the
wave forms of the pressure recor=L., both p and q and those on the earth
berm, were so Jagged and so divergent from each other that no point-to-
point method was useful. The pressure readings were therefore averaged
for the 0.2 second following shock arrival and these average values were
then compared. The result is that on the windward slope the average
pressure was p + 0.25 q. The instrumentation on the top of the earth
berm was not satisfactory because two of the three gages were seriously
displaced and their records lost: hence for the top of the earth berm
the preshot assumption is as good as can be made, namely that the pres-
sure on the top of the earth berm was equal to p. On the leeward slope
the records in Figure 4.2 indicate a sharp peak at the initial arrival
and thereafter values always very close to zero. This first peak has
been ignored and the value zero was assumed to be the average for the
actual pressure on the leeward slope. On this basis the pressure on
the leeward slope wvs p - 0.1 q. For the purpose of assisting in the
design of earth-covered structures under other circumstances, it is
probably safer rimply to assume that the pressure on the leeward slope
will be zero, if q is large (say, above 50 psi).

5.2.2 Building U-K 3.15. The presumptions stated in the previous
section were used to attempt to specify the situation at Building U-K

.... 3.15 during Shots 9 and 10 of Operation UPSHOT-KNOTHOLE. The results
are shown in Table 5.1. It is apparent from Table 5.1 that the dis-
symmetry of loading on this building was trivial on U-K 9, somewhat
more severe on U-K 10, and still more severe on TEAPOT 12, but that it
was never of the same order of magnitude as the dissymmetry of loading
on Building 3.6.

The relatively small deflections of Building U-K 3.15 during TEAPOT
Shot 12, as indicated by the scratch gare records in Figure 4.12, are

* * of particular interest because these deflections are somewhat less thaiL
those observed on UPSHOT-KNOTHOLE Sbot. 9 and 10. In the light of dy-
namic pressure measurements made on TEAPOT, it has been possible to make
somewhat better est.mates of the dymamic pressures existing on the
UPSHOT-KNOTWILE series. The peak dynamic pressures at the location of
Building U-K 3.15 (2,300 feet from ground zero) were: on TEAPMT Shot 12,
)30 psi; on UPSHOT-KNOTHOLE Shot 9, 4 psi; and on UPSHOT-KNOTHOLE Shot 10,

7 psi. Between U-K Shots 9 and 10 the earth cover on the crown t' this
building was removed, so that the earth berm was lower than that of
Building 3.6 on TEAPOT. In addition, the U-K 3.15 earth berm had, of
course, been compacted by the previous shots and had weathered In the
Frenchman Flat environment for some 24 months.

5j2.3 Models. The addition of models to this test program was based
on the probability that structures of the type under study fail when they
become so distor;ed by the unba1&acetd q forces that they are no longer
able to support the earth load and Earcharge. Therefore, in devising
an economical system of model instrumentation it was decided to make the
primary measurement '.r maximum displacement at the crown, hoping for
correlation with either the dynamic displacement gages or the scratch
gage records in Building 3.6.
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The models were designed with the intent stated in Section 1.2,
namely that the steel models should fail under the same psi load~ig as
the prototype and should have one-quarter the absolute deflection, and
that the aluminum models should fail at one-quarter the psi loading and
should have a failure deflection one-quarter that of the prototype.
Perfect modeling materials and shapes are not available however, and
the models were therefore actually constructed with the properties in-
dicated in Table 2.1. For models actually used, the following relative

TABLE 5.1 IPESSbRE VALUES ON LUSHOT-KNOTHOLE AND TEAOT

Quantity U-K T U-K 10 TEAPT 12

p peak 10.8 8.1 11
p avg* 7 6 8
qpeak 4 est. 7 est. 30
q avg* 3 est. 5 est. 15
p avg 0.25 q avg 7.75** 7.25** 11.75
p avg -0.1 q avg 6.7** 5.5** 6.5

* Averaged over the 200 msec after arrival.

** It is of interest to compare these estimated values of pressure
on the front and back faces of an obstruction with some of the
measured values on U-K Shots 9 and 10. The value 7.75 estimate°)
here for a windvard-face pressure can be compared with the value
5 pai as measured on the windward side of the crown of th. earth-covered structure U-K 3.13a at Gage P1, as reported on Page 139
of Reference 1. (Note that octh the figures in tbe table above
and the figures taken from the previous report are values averaged
from the first 200 msec.) The value of 6.7 in the table above can
be compared to the /'alue of 4.5 psi cn Gage P2 on the leeward side
of the eartii berm of U-K 3.13a. O Shot 10, Structure 3.13a was

"•.... uncovered and additiona.] gages .n surfaces of the buildiag were
available for measuring air pressure. Comparisons can be made
with gage records P4 an! P6 on Page 142 of Reference I. In the
table above the figure 7.25 psi is ccr.pared with 5 psi measured
and the value 5.5 estimated in the table above is compared with
4 psi measured. Tnese comparisons lead to u modest. confidence
in the validity of t:ie empirical equation.

deflections should res•it from a )artic'Ular pai value of loading: proto-
type, 1.00 inch; al rninum model, 0.57 inch; and s-ceel model, 0.17 inch.
(.1 perfect materials and shapes had been available, these values would
have been 1.00 inch and 0.25 inch for the aluminum and steel models
respectively.)

It is of interest to correlate the deflection (;f the two surviving
aluminumn models with that of the one surviving steel mode).. The
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computed deflections tabulated below permit comparison of the hypo-
thesis that deflection is proportional to q with the hypothesis that
deflection is proportional to (p t 0.25 q). It is clear that the model
results are more nearly in agreement with the first hypothesis.

The steel model, No. 3, sustained a deflection of 4.12 inches as a
result of p and q values listed in Table 4.1. In Table 5.2 below, the
computed deflection of aluminum model No. 5 is determined by multiplying
the deflection of Model 3 (4.12 inches) by tne ratio of the loading on
the two models (14 psi/6 4 psi) and by the ratio of the relative deflec-
tions expected of the two models under identical loadings (0.57 inches/
0.17 inches). The deflection computed. for model No. 5 in this manner
is 3.0 inches.

One conclusion which can be drawn from the preceding discussion is
that the earth did not act with the metal in resisting displacement of
the crown of the model. That is, at three different locations displ~ce-
ment varies directly as q and inversely as ZI of the metal. (Even if
this be so, the earth is not 'worthless"; it greatly modifies the
applied loads and also enables the building to resist large p forces.)
It would be unjustV_!ed tc extend this inferred conclusion to the proto-

TABLE 5.2 OALCUIATED M"EL DEFLECTIONS

Measured Predicted
Model No. q p * 0.25 q Deflectioni Deflections (in.)

(psi) (psi) (in.) (q) (p + 0.25 q)
j-steel 64 35 4.12 412 4.12

Salum. i 13 2.1 3:0 5.1
b- alum. 2 9 0.6 0.4 3.5

type, first because the earth on the models was not compacted, and
second, because considerable earth was blown off the top of the models.
It might be for example, that the top 6 inches of earth %re blown
away, or perhaps transported 6 feet to leeward on either model or proto-
type. This would have little effect on the prototype but a pronounced
effect on the model. Snould similar experiments be conducted in the
future, it is recommended that the earth over the models be appro-
priately moistened and compacted, and that the surface be stabilized.

If we assume model similitude, the model results may be used to
bracket the -egion of failure for the prototype as shown in Table 5.3.
Unfortunately, the bracketing from survival at 64 psi to failure at
130 psi is too wide to permit any specific conclusions as to the accu-
racy of the model analogy.

When earth-covered models were tested at SRI ia 19 5 4 under unbal-
anced static loads, all failed before a crown deflection of 1 inch was
reo.'hed, (The SRI models were constructed of 0.032 inch aluminum while

on TFAP•IDT the aluminum models were O.040 inch, and the steel models
were 0.050 i"ch; but there is no reason to believe the configuration
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at failure would be significantly different for a steel model, although
the loads would be larger. The test results are reported in Reference

1, Supplemnt D.) The steel model at 2,000 feet showed a deflection of
4.12 inches without failure. It may be definitely stated, therefore,

that this model can .. sist a distortion under blast loading which is

more than four times the distortion associated with failure under a

static load of similar direction. This may well be one of the most use-

ful conclusions which can be drawn from the model work, for it appears

fully applicable to the prototype, which, because of its greater period,

should be even less affected by transient loads.

On run No. 10 of the SRI series of static tests, 4.5 psi unbalanced

(i.e., 6.5 psi - 2 psi) was the failure load. If the conclusions stated

above is valid and if deflection is proportional to load, then this

model should have withstood an impulsive lo.4 of 4 x 4.5, or 18 psi.
As shown in Section 5.2.1., the unbalanced load can be approximated by

TABLE 5.3 MEASURED MODEL DEFLECTIONS

7 -- 'Equivalent Values
Measured Model Ratio for Prototype

Mode. Nc. q Deflection Pressure Deflection q Deflection
i(psi)ý (in.) (psi) (1.2.)

I-steel i 2,& Collapsed 1 1/0o1? 200 Collapsed
2 - steel 18C Collapsed 1 1/0.17 180 Collapsed
3 -steel 64! 4.12 1 I 1/0.17 64 24

4.. alum. 64 ollaped 4 4/0.57 256 Collapsed

5 -alum. 14 12.1 4 4/o.57 56 15
6 -alum. 1 2 1 o.65 4 4//0.57 8 4.4

(p * 0.25 q) - (p - 0.1 q) 0.35, q. The aluminum field models with-

stood an impulsive load of 14 psi and failed at an irpulsive load of
64 psi; the equivalent static unbalanced loads would be 4.5 psi and
22 psi.

In future model tests, a further check ýccald be mrade on the ratio
of static to dynamic capacity by running a static test on a steel model
which did stand 22 psi. In any event, for btructures of this configur-
ation, static tests can be used to give a rough idea of their probable
blast resistance, using a ratio of dynamic resistance to static resist-
ance somewhere in the range oetween 4 and 6. Such tests should oe quite
usedJl in determining the range at which future blast experiments
should be set to gain the most useful results.

5.3 PADIATION

Thermal rrdiation is ordinarily a matter of' no concern in the design

of shelters primarily because earth cover is necessary for other reasons

and it is highly resistant, in a bulk sense, to dame by thermal

radiation.
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A shelter desiguer must, in general, be concerned with radiation
from two sources. The first is the initial nuclear radiation from the
shot and the second is the radiation from radioactive fallout. In re-
gard to radiation from fallout, gamma rays of relatively low energy are
the major factor; beta and alpha radiation may be of some long time
significance although they are not likely to have acute aspects. In
this experiment no attention was paid to the fallout radiation.

In regard to initial radiation, gamma rays are of particular interest
to the shelter designar but neutrons are also important. Both types of
radiation are subject to the same broad laws, which are that rrtiation
from a point will be decreased in intensity first by an invers. square
law, second by attenuation (absorption and scattering) in the air waicb
it treverses, and third ly similar (but more severe) attenvation in more
solid mate.ial, such as the earth cover used around the shelter. In
general, the attenuation of radiation is an exponential function of dis-
tance; thuo to a first approximation one can say that the total dosage
is:

k 12 eed/a t/b (5.1)

Where: r = total dosage
k = a constant depending on yield and on design of the borb
d = distance from bomb
a = characteristic attenuation ir. air
t = thickness of soil
b = characteristic attenuation in soil
e natural logarithmic base

Gamma rays follow these laws rather precisely. Characteristic dis-
tances are that the gamma dosage would be decreased by a factor of 10
in approximately each 2,5rK) feet in air and In approximately each 2 feet
in soil. Similarly, fast neutronz• are attenuated by a factor of 10 in
approximately 1,500 feet of air or in approximately 2 feet of earth.

The situation for thermal neutrons from an atomic explosion is some-
what different for two reasons. '•-,',their number is auimented by the
fast neutrons which are moderated in their passage through the inter-
veninag air or soil, so that, in practice, the flux of slow neutrons sy
fall off more nearly as the inverse first Dower of distance tt"n as the
square power. Second, while for a considerable distance (several thou-
sand feet) from the shot, gamma rays and fast neutrons for the most pert
have a velocity directly away from their point of origin, thermal neu-
trots are so extremely affected by their many co~llsiona that they quick-
ly become randomized in direction. Hence they appear to an observer to
come from a diffuse source, or cloud, rather than from a pont source.

The results of the radiation measurements on TUP %ot 12 are
shown in Figure 5.3. In this figure the buildings sketched on the right-
hand side are Building 3.6 and those on the left-hand side are Building
U-K 3.15. In each case the main arrow gives the etraightline direction
from the center of the building to the top of the shot tower. The upper
pair cf figures give the situation for gams radiation, in which the
numbers asre the measured total doee in roentgens. In the middle pair
of fiwres the fast :)eutrn flux i 'd t• are similarly displayed,
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and in the bottom pair those for thermal neutrons.
Several important physical differences between these two shelters

are apparent. These are: (1) Building U-K 3.15 had no earth cover
above the crown of the building; (2) total thickness of earth cover in
the straight line toward the shot point was somewhat less in Building
U-K 3.15; (3) the total water content of the earth cover in Building
U-K 3.15 was considerably less than that for Building 3.6 (this is be-
cause the U-K 3.15 cover was put on in 1953 and had weathered and dried
out for two years, whereas the cover was placed on Building 3.6 approxi-
mately une month before shot time in 1955 and was thoroughly dampened
during placement); and (4) Building 3.6 collapsed, while Building U-K
3.15 remained standing.

5.1.1GammaRadiation. The measurements of ga~ma radiation bhown
in Figure 5.3 are cf interest in several respects. The fact that the
shielding factors (the ratio of flux measured inside the building to
flux measured outside) for Building 3.6 (approximately 1/100) and that
for Building U-K 3.15 'approxirmately 1/15) show much less attenuation
than would be expected for the 1C-15 feet of earth in the straight line
path from the detectors to the bomb, leads to the conclusion that most
of the gamma radiation inside the buildings came as a result of gaams
scattered in the relatively thin earth cover close to the crown. The
gross difference in the readings on the windward side inside Building
3.6, namely the single film badge measurement of 700 r at the 38-inch
h-eight compared to the average of 3 film badges and one anhydrous
chloroform dosimeter at a height 20 inches, which are grouped closely
around the average of 64 r, represents an anomaly for which no reasonable
explanation has been found. The single measurement of 700 r is some-
what more consistent with the other measurements in Building 3.6 and
U-K 3.15 but 'A appears necessary in an objective sense to place more
reliance on four consistent readings trnan on one isolated film badge.
No hypothesis has been fo'nd oy wricit, the goazna raaiation at trese two
locations only 16 incI:es apart and separated by a.- could differ by a
factor larger than l. These badges and dosimeter were found '.nder the
collapsed half of th.e building and they were recovere& sone 2•4 i.ors
later than the similar oad4es and dooiieters on thc other side of t.e
building.

The deduction that most of trie Gaaas entered uo3 penetration and
scattering near tne crown is f,'-..er confirmed by tue difference in the
shielding factors of the two buildiags. Building 3.u carried 3 feet
of earth cover near the crown and had a shielding factor of /loQ,
whereas Buildlng U-K 3.15 carried no earth cover at the crown and had
r, shielding factor of 1/15.

It is of interest to compare th. g8ama radiation results of Build-
ings 3.6 ane U-K 3.15 on Shot 12 of TtAPOT with the results of Fe-mn
measurements on U-K Shot ) as report.d in Reference 7. Btuilding U-K 3.15
during Shot ým ws approximately sim.ilar to [•uilding :.u on TEAPOT 12 in
that 3 feet of earth covered the crown of the building and approximate-
ly 15 feet of earth cover lay in t-.e direct line between the center of
the building and the tower. TLe att-nuation factor for ýuldir,6 U-K .
on UP'jr--4"OqrdOL" 9, as indicated in Reference 7, waai of tne order of
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Figure 5-3 Measured radiation~ flu.x 'ut 13uildias UJ-X .3-15 mr-1
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1/200, whereas on TE.POT 12 the attenuation factor was about 1/100.
Furthermore, while the gaw=na intensity inside Building 3.6 appears to
be roughly independent of the location of the detection instruments,
the measurements in Building U-K 3.15 on Shot U-K 9 had a rather large
scatter. Thus the curren°. conclusion that the major gmA dosage inside
the building came from gammas scattered in the earth cover above the
crown represents a sharp change from the conclusion drawn from U-K Shot 9
to the effect that most of the gammna radiation came in a direct line
from the bomb.

The biological effectiveness of gamma rays is about equal to that
of the bard x-rays used as a standard; the RBE (dti;ned in Section 5.3.3)
is between 0.8 and 1.0. Assuming it to be 1.0, the biologically effec-
tive gamma dose is the same as the measured flux in roentgens. The
gams dosage of 700-900 r inside the buildings exceeds a lethal dose
regardless of any current uncertainty in the value. of the LD-50 dose.

.13.2 Neutron Flux Measurements. The fast neutron flux measurements
presented in the second part of Figure 5.3 are for only a portion of the
total fast neutron en zgy spectrum, i.e., that part from 3 to 10 Mev.
It is estimated on the basis of the distribution of fission neutrons
versus energy that if lower energy neutrons had also been meoasureL, the
total values for fast neutrons would be about four times as large out-
side the structure, and about three times as large inside the structure.
"The difference in the ratios represents the assumpti-n that a portion
of the intermediate energy neutrons were converted to thermal neutrons
in passing through the earth cover.

It is to be noted that on the two sides of the interior of Building
3.6, the fast neutron flux measurements were Lpproximately the same,
whereas the values on the far side of the interior of Building U-K 3.15
were three or four times larger than those on the near side. This fact,
indicates that while the neutrons may be thought of as arriving from a
somewhat diffuse source, they still retained some evidence that they
originated at the shot point. It is also noteworthy that the fast neu-

* tron flux measurements inside Building U-K 3.15 were much larger than
in Building 3.6, despite the fact that the total neutron flux outside
"the former was mu-h smaller than the flux outs&'2- the latter. The
relative shiielding afforded by the two structures would be expected to

.. . differ, both because there was no earth above the crown of U-K 3.15 and
also because ti.ere was a much smaller water content in the earth coveiý
of that building. Assuming that the masured flux represents one-fourth
the total outside the building and one-third the total inside the build-
ing, the attenuation factor for fast neutrons is about 1/6700 for Build-
ing 3.6, but only 1/30 for U-K 3.15. The more extensive earth cover of
Building 3.6 evidently accomplished a greater reduction in fast neutron
fLux than in gamma radiation.

In regard to thermal neutrons, the close equivalence of readings on
the two sides within both buildings indicates that the thermal neutrons
arriving within the buildings cam from a very diffuse source. In fact.,
many of them may have come from moderation of fast neutrons within the
earth cover itself. The attenuation of thermal neutrons was about
1/200 for building 3.6 and 1/5 for Building U-K 3.15.
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11 5.3.3 Neutron Dosage. Rtifore concluding the discussion of the radiationSmeasurements, one should consider the relative importance of the neutron
dosage compared to the gamma do 'age, from the standpoint of biological damage.

TEhe units used in radiation measurement may be defined either on a phys-
ical Lasin or on the basis of biological damage. The roentgen (r) is de-
fined in terms of the amount of ionization produced in air by X-radiation.
To provide for measurement of ionization caused by other types of radiation,
the roentgen-equivalent-physical (rep) was established, and defined so that
one rep of any type of radiation provided the same amount of ionization in
air. However, different types of radiation have different degrees of bio-
logical effectiveness, even when the same quantity of ionization energy is
produced. Hence, the relative biological effectiveness (RBE) was defined to
compare the biological effectiveness of other radiation to that of gamm
radiation. The rem, or roentgen-equivalekit-man, can then be defined as
(no. of rem) - (no. of rep) x RBE. Thun 31 r=m of any type or radiation will
have the same biological effect. (This discucaion of units is condensei
from Reference 8, which contains a more complete discussion of them.)

The International Commission on Radiological Protection suggests an RBE
-for neutrons of 10 (Reference 9). This value is intentionally conservative,
since it is used in establishing permissible dosages for occupational ex-
posures. In Reference 8, Chilton, after surveying various experiments,
describes a proton RBE value of 10 as "very ccnservative", a value of 5 as
I'mildly conservative", and a value of 2 as '!most probable." It is the opin-
ion of the author (of WT-1128) that RBE values for neutr:ons can be considered
to be essentially the same as RBE values for protons and hence it Is believedS~~that Mdr. Chilton' s conclusions regarding proton RBE' s can.. for the purpose :..

of this report, be translated directly into values of neutron RBE's. Con-
firming this opinion, Harris (Reference 10) uses an RBE of 1.7 for neutrons,
which corresnonds to Chilton's value of 2 as the most probable RBE for pro-
tons. It is beyond the scope of this project to evaluate the uncertainties
in the values of RBE for neutrons, and they are not significant in any of • "
the conclusions; at the recommendation of AFSWP, Harris' neutron RBE of 1.7 :
is the value used in this report.

Table 5.4 and Figure 5.4 present a sunry of the Project 3.6 neutron
dosage calculations. These values are of course only approximate, since the
estimation of neutron flux in the intermediate energ, ranges may not be .

accurate. However, it is evident that the neutron dosage in Building 3.6
is negligible compared with the gamma dosage in that building of over 700
rem; while in U-K 3.15, the sizable neutron dosage of 300 rem is only a ...
third the gamza dosage of over 900 rem. In these structures, therefore,
the gawma dosage is the important quantity to consider from the standpoint
of biological da*Ze.

5.4 SHOCK-TUiBE m EuTs

Shock-tube measurements were made by the UL on a trapezoidal, three-
dimensional model of Building 3.6 and Its earth cover as shown in Table
5.5. These shocks correspond to Mach numbers in the range of 0.5.

It was decided before tbe field test to extrapolate these results iu-
to the regicn of p : 20 pni and q : 50 psi, whIch corresponds to a Mach
number of about 1.5. After thie tect it was decided to compare the shock-
tube results with the field-tpst results in the region p a 10 ps•i and
q - 150 psi, which corresponds to a Mach number of about 3.
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In attewpting the extrapolation of the shock-tube data from the
relatively woodest 3hock strengths, particularly extrapolating q values
to the quite large values expected and encountered in the field, it
was decided that the parameter q/p might serve a useful purpose. Fol-

7=AMZ 5.,• M ALW M l6•AM DMSGOS

B•tdl•ng U-9 3.15 Buildin 3.6

Oaems raysu:
Doe outside (ra) 14,l00 71,200
Do" insidc (rem) 920 700
Shielding ratio .1/15 1/100

tAwmAred thermal eUt-4s:
Flux outside (n/c) .,'o x 109 9,870 x 1o9
Flux inside (n/ 300 x 1 6 x 109

1 rep = 2. 9 x l~3100
PBE z 1.7
1 ra 1.7 x 1o0° n/Au2

Doso outside (rem) 85 8
Doe inside (rem) 17 2.8

Measured fast neutrons (3-10 May):
FluA outside (n/cM2 ) 340.1 109 1,910 x W9
Flux inside (n/c62 ) 15 1 X o0 9

Estimated total fast noutrons
Flux Outside (n/1,36) X109o 000 X10 9

Flux inside~n~l) i514-0 8 1.2 x109.1 rep -- 2.5 x IO° /01
M. . : 1.7 10 / a

I rem a 1.5 x1 n
• Dose outside (rm) 9,000 53,000

Dose inside (ran) 300 8

,stimasted tota1 newtron (thermal plus fast):
Dose outside (rem) 9,085 53,530
Dose inside (rem) 3.17 10.8

Shielding ratio 1/30 1/5000

• * It is estimated that outside the buildin4 %e measured fist neutron

"flux J. on1l one-fourth the totrl flux of fast cqutrora; inside the
building the measured flux is estimated to be one-third tbu total.

loving this procedure the value of q/p vas plotted against the shock
istrength p/po for each one of the nine gage psitious Pnd for each of
the four shock strengths used by BRL. To slinqly the procedure for
extrapolation and predictions so that it vould re6a=ir within reasonable

tADL 5. MLSJU "AUIV "0I SwOC-nuII TKsT

P q
Overprssu"e D)VA, IC PMre.r'4

(pil)(pot)

2.2
20 3.1
JK1 16. 9

bounds of complexity, the value of q/p used was the averge after the
transients had died sway. Those data, vwen plotted on linear paper
werf. found to fall (r'4 te close to a straight lint for each instrument

location. The paraetric equatioD of each line v&S thberefore easily
determined and when translatwd to tersm of overpresoures and dynamic
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U-K STRUCTURE 3.15 TEAPOT STRUCTURE 3.6

AT AT

2300 FT FROM GZ 1500 FT FROM GZ
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GAMMA DOSAGE IN REM
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THERMAL NEUTRON DOSAGE IN REM

Figure 5.4 ,St1.mted rac•atinci dosae at Buildings U-K 3.15 rAM
TEAM 3.6 or, TEAMk Sbot 12.
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pressures rather than the ratio, resulted in the list of equations
below-

Gae Position Equation

1 pgage l.00p 0.72q
"2 p gage .85p 0.66q
3 pMe 0.76p + 0.54 q
4 pgape 0.83 p - 0.60q
5, 6, 7, p gaea 1.00 p - 0.60 q
8 p ga a1.07 p -0.5. q
a p gage :1.00 p - O.41 q

Wbere: p gage : pressure against the earth berm
p : aide-on pressure on the blast line
q : dynamic pressure on the blast line

The shock-tube data cover a range of q/p between 0.2 and 0.7. The
extent of the extrapolations of field conditions required extrapolation
to corresponding values of between 3 and 10.

Cioparison of the actual pressures against the earth berm with
those predicted by the shock-tube experiments over this tremendous

extrapolation makes it clear that such shock-tube measurements are not
of significant value in assisting in the prediction of field results.
This is not surprising in view of th'e gross extrapolation. It suggests
that if shock-tube meararaments can be pushed to shocks of very much
greater strerigth, the possibility of their use for prediction purposes
will be improved. Even -%he fact that the ratio of q to p found in the
field differs so greatly from the ideal values found in the shock tube
my well mean that shock-tube data, even under high shock strengths,
can be used only for gross approximations.
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Chapter 6

CONCLUSIONS

6.1 TEPO SHOT •2

_Mhe conclusions which are based on this test anC, which involve its
results, without regard to previous test results or coAsiderations out-
side the test, are as follows:

1. The structure and configuration tested (Building 3.6) would
serve as an adequate shelter under conditions in the open not exceeding
any of the following conditions:

Average side-on pressure 30 psi
Average dyamic pressure 80 Pui
Total flux prompt radiation 10,000 r

Actual.y, the structure would probably withb1trnd a still larger side-on
pressure if 'e coincidantal dynamic pressure were sufficiently smwll.
In regard to pressure, it is believed that the average value during the
first 100 or 200 msec is of greater significance than the peal value.

2. r'he capabilities of this specific configuration have been ade-
quately bracketed and no further field tests of it are arran ted.

3. Mckdels appear useful and a laboratory mode: test progir*a should
be undcrtaki prior to any full-scale field test of earth-covtred
shelters.

6.2 SHLTERS IN GENWAL

If consLderation is given to results of other tests and to Itta of
general knwledge outside the scope of the TZAP test, the following
co~clusions can be reached in regard tco sheltdrs in general. Sce. of
these conclusions basically represent the author's opinion &Ad mr4 not
be subject to clear proof.

The gentral context for these conclusions is that large-yield weapons
are of greater significcnce than s.ll-yieid weapons and that large-
yield weapons will be detonated at low scaled heiogts of bur-t. In such
situations te area covered by fallout of dangerous level* is very imuch
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larger than the area within which "•rdinary construction will be damaged
by blast.

1. The designer of a persoznel shelter should, for most situations,
aim his design primarily toward protection against radiation from fall-
out and only secondarily to its protection against the blast forces.
Out of a thousand sirface or partially buried shelters in the vicinity
of atomic explosions it should be expected that a far greater number
will prove to have protected occupants against danger from fallout radi-
ation tian will prove to have protected occupants from blast damage.
(There are situationb of great military importance where ths criterion
for shelter should be primarily protection against blast rather than
against radiation. In general, such shelters should be deeply buried
and their cost will be much greater than that for surface or partially
buried shelters. It is believed that deep shelters probably constitute
only a small fraction of the total number of shelters which should be
built to protect military personnel.)

2. Radiation protection depends primarily or, the thickness of the
:*: earth cover at the spots where the thicknass is least

.. Blast protection of abovejround shelteris depends primarily ou
their resistance to wind rather than to overpressurv- (to q rather than
to p).

4. To obtain maximum blast protection with a given minimum thick-
ness of earth cover, the shelter should be completely buried.

5. To obtain maximum blast protection with a given thickneas of
earth cover and at a minimum cost, the shelter should be partially
buried so that the volume of the cut approximates the volume of the fill.

6. To obtain maximum blast protection at minimum cost, the span of
S. the arch should be minimum. Length has no influence.

7. The high-rise arch appears superior to any alternative shape to
carry the necessary load of earth cover and afford a further margin

"' . against blast loads.
8. The design and material of a high-rise arch should be of types

which permit considerable deflection beyond the elastic range before
its resistance decreases. The relative warit of corrugated steel cou-
pared to under-reinforced concrete or wood with plastic steel hinges
is not currently determined.

9. Stabilization or other strengthening of the fill material should
be given careful consideration, It is possible that such procedures
would result in enhancement of strength at low cost and hence would
represent an approach to the most economical design.

10. Static tests of models will be valuable in approaching an opti-
mum design of shelters a& a minimum of cost.

U. The configaration tested on TEAPOT shows sufficient premise to
warrant a program of shelter design based on the earth-covered, high-
rite steel arch. Such design should include multiple entrances, complete
with necescry baffling, ventilation, and other services, the storage
of food and medi-e4l supplies, and the like. It is believed that a par-
tially buried structure consisting of three steel arches of 8-foot span,
placed side by side, is a closer approach to optimum design. The arches
would be supported on low concrete masonry Valls carried up abo.e the
subgrade floor of the structure to a . eight sufficient to give adequate

6O 4
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head room. H-uth cover &Wbve the crcu- of the arch v~tvld be 4 feet
and the flat top of the earth cover would be carried tA a distance away
from the side of the outer arches at least twice the height of the earth
cover .bove ori naKl g.ound level.

12. The design of earth-covered shelters based on stzess analysis
is not possible ander present conditicne and further effort in this
direction is not cAv.'.sable. Te precise loads to which a shelter my
be subjected are not vell iknovn and probably cannot be established;
similarly, the mechaniam by vhich earth cover trans•its such loads is
not well established and the characteristics of fill materials which
determine these mechanim~s are not -all known.

* 4
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