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"OSEWORD

This report presents the final results of one of the projects participating in the military-effects

programs of Operation Hardtack. Overall information about this and the other military-effects

projects can be obtained from ITR-1660, the “Summary Report of the Commander, Task Unit

3.” This technical summary includes: (1) tables listing each detonation with its yield, type, -
environment, meteorological conditions, etc.; (2) maps showing shot locations; (3) discussion of

results by programs; (4) summaries of objectives, procedures, results, etc., for all projects;

and (5) a listing of project reports for the military-effects programs. R
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hY ABSTRACT

L PV,

The purpose of this project was to
and water waves resulting from nuclear explosions on var
previously exposed test structures located on the various islands o
The major effort of the project, a joint Waterways Experiment Station an and Narver, 97\
Inc., effort, was concentrated on the early shots which were expected to yield the most signifi- ~
cant information for this project. To cover any supplementary information from ihe later shots,
because the project was to be a minimum effort of funds and personnel, arrangements were
made with Holmes and Narver, Inc,, for the project to receive appropriate additional data from
the later shots from the damage survey normally conducted by that organization in the field.
This report contains the yeneral effects data for the sto‘ions investigated from all the shots of
concern to tnls project,

No electronlic recording was utilized: however, self-recording measurements of air over-
pressure and accelerntion were mads ~t several stativas, aloug with somc measui ements ot
erosion due to water waves. The damage surveys were performed by visual inspection, photo-
graphs, and level surveys, .

The curve uged for predicting air overpressure, the most important parameter in determining
blast damage, proved to be reliable. Observed pressure data obtained during this operation
correlated well with the prediction curve, which was based on data obtained from previous op-
erations.

The curve used for predicting acceleration for floor slabs of structures appears to give
reasonable values, However, limited data was obtained, and the over-all reliability of the
prediction curve is uncertain.

It was found that the path-of-least-resistance method for predicting radiatior. within structures
proved adequate. The slant -thickness method did not give realistic values,

No structural damage was observed which was attributable to thermal radiation. Steel was
observed for exposures up to 1,400 cal/cm?; concrete surfaces showed rainor spalling at 650
cal/em?,

Structural damage, due to water waves, may be neglected for close-in structures designed
to withstand air blast. At greater distances, where air blast is of no great consequence, water
waves must be considered in structural planning.

Damage to camps (light, wood-frame type construction) was investigated. The damage data
compared with and amplified the data contained in TM 23-200 (Reference 8) pertaining to wood-
frame structures. Damage to antennas and radar reflectors correlated well with data in the ref-
erenced manual also. The curve of Reference 8 for predicting damage to three-story, blast-
resistant buildings is alsc adequate.

Reinforcing steel in van'g of hiaet-reristant structures should be designed to provide more
uniformity of strength. Positive reircorcement should be continuous extending cver supports;
at least one~hali of the negative steel should be carried beyond the point of inflection a sufficient
distance to develop the allowable stress in sach bars ur a distan:e equal to the depth of the mem-
ier, whichever distance is greater.

A ground-surface 21,000-galion water tank of ¥-inch bolted steel plate, 3 feet high and 22 feet
in diameter, suffered only light damage when exposed to pressures of 6.5 and 7.0 psi.

Heavily reinforced-concrete, earth-mounded structures (walls and roofs 5 to 6 feet thick with
spans up to 5 feet) survived air overpressures up to 1,000 psi.

ate the effects of blast forces, radiation,
rt-type gtructures and
iwetok Proving Ground._

3
i
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Objects located close behind earth mounds within a distance approximately equal to the height
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of the mound received considerable protection from dynamic preasures at overpressures of 35

psl and lower.
Exposed standard 2-inch and 4-inch water pipes, including standard rising-stem valves, sur-

vived pressures up to 8 psi without any sign of damage.

The method u.ed for predicting pressures at a zero angle of incidence on the froat and rear
faces of diffraction-type targets is satisfactory for both design and analysis purposes. At ang'cs
of incidence greater than zero however, the method is satisfactory for design purposes only. The
predicted shape of overpressure-time curves for the roof of diffraction-type targets was not in

close agreement with measured results.
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PREFACE

This project was a jeint, coordinated effort between the U.S, Army Ergineer Wateir ways Experi-
ment Station (WES), Vicksburg, Mississippi, and Holmes and Narver, Inc. (HE&N), Enginecrs
and Constructors, Los Angeles, Caluornia. This joint venture vas made possible by the efforts
of personnel from both the Armed Forces Special Weapons Project (AFSWP), and the Atomic
Energy Commission (AEC). For WES, the project was under the general direction of E, P. Fort-
son, Jr., F.R, Brown, and G.L. Arbuthnot, Jr., with W.J., Fluthau designated as the project
officer. For H&N, the project was under the general direction of R, R. Alvy and S. B. Smith,
with R. A. Canieron designated as the assistant project officer. Special recognition is given to
Cupt. E.S. Townsley, of WES, who j,repared the appendix on radiation. Also contributing to this
project were Sp2 R.P. Andrew, Pfc. C.W. Denzel, and Pfc. D.G. Brown, of WE3. The co-
operation received from personnel of the Los Alamos Scientific Laboratory (LASL), the University
of California Radiation Laboratory (UCRL), the Stanford Research Institute (SRI), and the Ballis-
tic Research Laborato:ies (BRL) greatly assisted this project in meeting i3 objective.
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INTRODUCTION

1.1 OBJECTIVE

The objective of this project was to record and evaluate damage from blast, radiation, and
water waves to selected pre-existent and ne'w structures at the Eniwetok Proving Ground by
examination and measurement before and after certain test detonations. The damage properly
assuciated with shot geometries can provide valuable information to designers and planners of
structures to resist the elfects of nuclear weapons.

1.2 BACKGROUND

Many structures have been bu:ill .. ;ilior tests at the Eniwetok Proving Ground for the purpose
of housing scientific instruments in extreme environments. Damage to these structures was
reported, but their expusure to nuclear effects was only incidental to their function, and the op-
portunity to gain useful information from their behavior was not exploited. In addition, consid-
erable effort and funds have been invested in prior operations for structural tests, per se. Some
of these structures still exist in an undamaged or partially damaged condition. Since a number
of these structures were supposed to be subjected to severe loading conditions during Operation
Hardtack, an opportunity was afforded to obtain valuable information on structural response and
damage with minimum additional effort. Therefore, this project was planned to exploit the op-
portunity to gain general information that would amplify and supplement existing design criteria
and concepts.

The selection of pre-existent stations that were investigated was based upon &u vu-siie sur-
vey of structures made in November 1957. Certain naw test structures were also included where
it was predicted that they would be subject to high pressure and temperature or destructive water-
wave action.

1.2.1 Previous Damage Surveys. Damage surveys were performed for Operation Ivy (Ref-
erence 1), conducted in 1952, and for Shot 1 of Operation Castle (Reference 2), conducted in
1954, These surveys described damage from a total of three shots; for this reason, no overall
discussion of damage-distance relationships as a function of shot yield was made in either report.
In addition to the published reports (References 1 and 2), Holmes and Narver, Inc. (H&N) made
damage observations and took nume:raus paciographs of scientific stations during neratinn Castle
(1954) and Operation Redwing (1956). The postshot damage reports prepared by H&N were given
only lizaited distribution within the / EC. Since no complete damage surveys are available for
Operations Castle and Redwing. the H&N reports were reviewed, and = snnmary of the iniscel-
laneous damage observations arc tabulated in this report for the first time for a more general
distribution.

Shot gevmetries with pressure contours for Operation Castle are shown in Figures 1.1 and
1.2 for Bikini and Eniwetok, respectively. Table 1.1 summarizes the blast damage observations
for Shots 2, 5 4, 5, and 6. Damage due to Shot 1 is thoroughly presented in Reference 2; how-
ever, pertino-' results are presented in Chapter 3 of this report.
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Shot geometries with preasure contours for Operation Redwing are shown in Figures 1.3 and
1.4 and the summary of blast damage observations is shown in Tables 1.2 und 1.3.

The summary of blast damage observations for Operation Hardtack is shown in Table 1.4.

Salient conclusions reported during previous surveys References 1 and 2) are given below.

1.2.2 Conclusions from Ivy Damage Survey (1952). (1) Exposed steel beams wnd pipes attached
to structures were damaged or destroyed by overpressures of 11 psi and greater. (2) Small Buiid-

TABLE 1.1 OBSERVATIONS OF GROSS DAMAGE: OPFRATION CASTLE*, BIKINI AND ENIWETOK ATOLLSB

&bt Code Ground
Deascription Bite Number Name Damage Runge Pressure
ft pel
Concrete 8tructure:
Station 1341; reinforced concrete, Able 3 Romeo Severs damage; the third story 7,500 [ 1]
3 story instrument shelter, sbove was blown complately off.
ground. Damaged and left in &
weakaned condition by Shot Bravo
(Reference 2).
Wood Fre—ed Structure:
Station 1t ..«ndowless, 16 feet to George 1 BAravo Moderats damage; plywood 58,400 2.4
eaves; 3%} inch x 3% inch > ¥, panie Lowed fn 1 to ? fest:
inch stee] angle studs at 48 inches ona pane] ripped off.
0.¢.; %-inch exterior plywood.
Stesl Framed Structure:
Station 2210; steel framed with cor- Sugar 3 Xoon Moderate damage; [rame un- 8,800 8.3
rugated aluminum roofing and damaged; roofing blown off;
siding; exposed end-on to blast. some eiding blown off.
Storage Tanks:
POL facility; four 1,000-barrsl Sugur 3 Koon Severs damage; blast wave blew 4,000 18
fuel storage tacis the top off one tank; all tanks
damaged and leaked fuel: spilled
fuel burned, severely damaging
all tanka.
Towers;
Timber water tower; 30 feet high; Fox 1 Bravo Undamaged 51,000 3.9

six 13-fich x 13-inch columns;
guyed at tha 30 foot level; 2 full
4,200 galion water tanks in place.
Station 80.01; antenna array of five Nan [ Yanikee Completely leveled 78,000 1.3
78-foot trylon towers; guyed at 3
lavels; 3 guvs at each guy level.

Station 1303.04; 75-oot, square, Janet ] Neotar doderate damags; tower undam- 19,480 4.8
stesl photo tower. aged; cab frame was twisted and
members bent; cab siding and
rollup doors damaged beyond
practiosl repair.

Field Generators and Fuel Tanks:
Building DO-800; five 78-KW gen- Dog 1 Bravo Undamaged 40,600 4.3

erators, 3 pontoon fusl tanks o~
tected by high surrounding berm.

Staticn 110.03; axposed gen:rators. Dog 1 Bravo Damaged; extent unreporisd. 41,0090 4.2

Utilitise:

Station 2221.02; exposed vanuum Sugar 3 Koon Moderate damage 6,500 L% ]
pumn.

¢ Covers obaet vations made subasquant (o the Shot | damage survey reported in Reference 2

ings covered with thin sheet metal over diagonal wood sheathing generally withstood overpressures
up to 5 and § psi. However, one structure of this type was badly damaged by an overpressure of
4,5 psi. !8) Lightly constructed wood-frame shacks sheathed with corrugated metal and located

in regini.: with overpressures greatexr than 4 psi were compleiely destroyed. No structures of
this type were located in regions subjected to less than 4-psi overpressure. (4) Palm trees were

2n
SECRET

USCNN

sy g DA ¢ Wi b= -

L

[FITSIRTITI Y. R




CHEROKEE () 3 emt v f |
. -SSR FRNRUR SR S S
’ e n {n: o L
N Chatlve e et
Oq' .
ERCT
A 8)
mw:"" Wounstlug,y)
e T o
o o NAVAJO (N} ¢ S MY \
| ! z \» '
3 | -:.'“MN\ I
| = '
. 1 4o . N %4
|
1
]
s - _ {
< ; BIKINT ATOLL
‘ L, ot
R N 3 ‘ K3 1 4
3 ! NOP N W Mt WARR b Cha D Mt
LUNLIT) A5 N !
[ [.TY%Y l { LT
Nioe.000 S j,_‘, e — _i ,,,,,,,,, —
3 § §
] 5 ! :

Figure 1,3 Shot geometry with pressure contours for Bikini Atoll, Operation Redwing {1956),
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TABLE 1.2 OBSERVATIONS OF GROSS DAMAGE: OPERATION REUWING, BIKINI ATOLL

Description Site Shot Damage ?‘::.N Preamire
ft pe!
Consiruction Camps: (S-man
tants of typical construction over
concrets slabe; light wood frame
structures framed wilh 3 inch x
4 inch studs and truseed rafers 3
foet on centers, '4 inch exterior
Plywoud siding, and corrugaied
aluminum rocfing. )
Tents, and light wood frame Fox Cherokes Complate destructioa exvept for 33,800 3.3
s\uructures. conorete floor slabs and some
telephons poles; axposed wood
aurfaces were charred; thure
was evideace of several fires
which apparsstly were extinguinrh-
of by the s . “ut air blas.
Tents, light wood frame structures, Nan Zunl Light damage was sustained; win- 170,800 0.0
shop bulldings, and aagars. dow scresas brohen; shutters
broksa; bulging walls; roof shest-
ing damaged at joints: & faw raf-
tors partially fractured; 2 inch »
10 inch studs ia hangar building
partially fractured and wall knocked
inward 4 feet; carpenter shup
ohifved 8 inches.
Storage Tanke:
Buildiag 37: 21,000 gullon grousd stor- Fex Cherok A iy unda d; tank was 33,600 33
age tank; 22 foot dametur; § feet high, full at shot time.
'A lnoh atesl plate. Flathead Tap of tank slightly dished in; w0 12,200 3.9
other appareat damage; waber
lovel in tank unknown.
Dakots Destroyed: the tank, probably empty, 13,200 1.8
was blown 400 feet.
Towers:
Station 1818: 75-foot, aquare, siael, Willlam Zuai Tower undamaged; the cab shuttere 32,080 1.8
photo tower. ware moderately damaged.
Antennas:
8 .on 312.0k TV antenna. Man-Made tsland  Cherokes Broken off at the basse. 20,750 1.0
No. 2
Bution 312,03 TV antenna. Man-Mads laland  Cherches Broken off at the base. 13,880 60
No. 3
Station T4: Radio aatenns. Obos Zunl Baat over; tap brokea off. 14,030 1no
Field Generators and Fusl Tanks:
Station 1519: 3 generators, aide-on Able Charuke y Gemsrator marer the biast was blown 30,350 a7
to blast. off its base and left lasaing on the
other; Mgl charring of wood aad
paint,
Station 131.01: Generator; fual tanke Able [ k. Ag drives against gea- 31,100 3.8
on wood rack. srator sad bent; fusl taaks knooksd
down; woodea rack alightly charred.
Station 1319: 3 generators, end-on Charlie Cherckes Gewsrator searer the blast moved oue 19,880 8.0
to blast foot; eide pansla driven against the
gensrator and best or brokes off;
paint charred on exposed surinces.
Station 312.02: Genmerator. Mon-Made {sland  Chexokee Undamaged; gensrator end-on to blast; 30,750 1.0
No. 2 sand bags at base ot gemarator charred.
Sation J12.43: Generator, s 45 Mo-Madw ivin 1 Charokee Genoralor luuving slightly beul, gom.e  «3,353 6.0
dearees W blast, Ne tar at 43 degrae to blast with ons side
protected by sand bege.
Castle SMalon 110: 2 gessrators bahind  Uncle Zuni Ome generator blo'm on its side; the 10,270 11.0
¢ retalning wall. othar upeidr: down.
Station T4 Stonrater, fusl tank. Obos v Undnmaged. 14,930 11.0
Station 1310: Gemsratar behind -wtain-  Bugar Zunl Geasrator badly damaged by the col- 8,1ep "o
ing wal); cylindrical \usl task. lapss of ar wdjolaing comcrete dirid-
Ing wall; fuel tank wus dished In.
Utilities and Ventilation Equlpment:
Station 1319: Fxiarior dabu'. iditier Charily Cherokss  Debumidifier thrown against the com- 19,580 a0
and compr Jor ur't. pressor; the alr inlake fuz was blnst-
e od ageinst the intabe.
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TARLE 1.9 OBSERVATIONS OF GROBS DAMAGK: OPERATION REDWING, ENIWETOK ATOLL

Description S Shot Damage Range Pressure

- L3 pol

Comcrels Firudtures:

Mation 1311.64; masr've, somiburios Yvoane (aCresss  Undamaged; sarth cover almost completely 820 1,100
walls, resl and fieur § toet thick blown away.

Imavily reinforesd; earth auver §
fout donp.

Sation 1318 shove gremad; 3 x § fost Yvomae Erie Structurally undamaged; blast door severe-  1.420 »
ot deor enpestd [ssn-on 1o blast ly damaged; doer looking handies shearved
wave; dosr camaioted of ¥ inoh cever- off; door Nnz> wea beat on that It war
pate, € x % lnsh horisental stiteasrs impossible to span the door.

5813 inehes 0.c. with 0 x % ineh
fangee en the stiflomere.

Sation T304 Above ground oubioal, 11 (rowe ) [ lotoly ved, caly the base slab 1,680 18
Uy 11 foet by © font highy walls and remalmed.
ros! 1 Sont § inches thiak; 9.4 peresat
relajfercoment 0th way, each tane,
ia walln and reel.

{enstruetion Camps: (S-man tomts
of ypioal conatrustion wver omerels
slabs; light wood frame strweiures fram-
od with 3 x 4 ineh stude sad tressed raf-
ore 2 Mot en semter; i inch exterier ply-
wood siding, and sarrugated aluminum
reofings).

Teats. Tvonne  LaCrosss  wuod (rames falled; weata collapesd. 2,200 3.3

Light wecd frame etruotares. Yvonne LaCresss  Severe damapge; aldes cf buildingn caved 8,200 3.3

s; roofs blown off; leuver walled
bailer house was 8

Toate and light woed frame structures. Yvouaa aine Complete destruction; the site was le-s]- 1,300 13

od leaving caly the fleor alabe.

Light woad frame structures. Ureula  Kiokapoo Light damugs; saversl plywood panele 3,800 0.78

were farced off tha rear wall of sheds;
alumisum resf panet hiown off one reel.

Touts and light weed trama structures. Ursula  Mohawk Complete destruction; aly electrieal 2,000 1.0

power poles ead comorets ilver slabe
were reusabls.

Tonts and light wood frame strectures. Oeas . Comgl ancept for 3,500 4.1

flosr alabe.

Weed Framed Structure:

Sation 1895; ssasntially wiadewlsas; 2 Yvonas laCrosse  Moderate damage; end wall, facing blast 8,000 3.4
X 4 insh otude 3 Ioet ¢.0. wnd 2 x ¢ inch ‘was pushed iaward; side walls were
rafors 8 fost 0. 0. ; ' ineh axterior ply- pushed inward; several pansls ceved in
wosd . complately.

Satian 1308 rehabilitaied o as-built Yvoane Erie Completsly destrayed; walls were caved 5,100 18
oenditien afier LaCreses shet. 1a; reof foll ln.

Stersge Taaks:

Bullding 04 31,000 galien grownd storege Yvosae LaCr..°s  No damage. 6,130 24
tank; 31 foet diameter, § foet high, %
inch stee) plate; full at shet time.

Light Batfles: (Weed frame billboarde
with 4 inoh plywesd siiiag; lacing blast;
baok stays at 45 dagree mygpert brace \op
of board; bottom of hoard (o sugperied by
¢ horisental tie 0 the back staye).

Satica) 1004, § foet high by 44 fost wids;  Ywonss LaCrosss  Destrayed 1,890 IR}
Jour 4 x 10 inck peats; four ¢ x § inch
back says.

Siation 1883; 1 billhoards, each § foot Yvouit LaCrosss  No apparest damage LA LY 3.8
high by 13 foat wide;, twe 4 x 0 inch Erie Dostroyed 1,0 18
poma; tro 4 < 4 (ach back steys.

Siation 100%; § oot high by 38 feat wide;  Yvosas LaCrosss  No apperent amage 7,098 2.4
war 4 X § Inrh podts; four 4 ~ 2 ineh Erie Dustroyed 4,160 18
back stays

Station 1301; 8 billhoards, each § feet Yvomne LaCroass  No spparent damage 0,04 3.4
Suare; twe 4 % § 1nch posts; two & x Erie Dastrayed 3.1 18
& inch backatays.
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TABLE 1.3 CONTINUED

Dasoription ne [ Dumage 1.’."‘" Preseurs
.3 [
Tewara:
Slatien T, 390 ot shat tower, 20 foet Yvaae Erte Modarate dammage; iower astumed & curved 3,080 AE ]
Squire § insh gios] bex logs; guyed shaps; midile portiam beal swiward, bow-~
& 100 and 209 fost bevels. over, eab remainad in its original pasitics,
diresily over wwwer bass; slovation guide
relle and euirigger wore bomt end twieted.
Building 83; Umber watar wewer, 30 oot Yveuss LaCresss  No sppareat dumage; water ks wore re- 0,180 1.3
Nighy alx 18 x 1 110k columas and dou- teoved prior 4e the shet.
Me 2 % 6 Lash broving.
Building 10); Umber walar tewer, 30 Ureula hawh [ ok brohon aad tr b, 0,000 1.0
oot high; oigiy 12 = 12 inch celumas walsr Walks wors removed prinr to shat.
ond double & » § iueh bracing.
Weed Pile Ppiere:
Yvenas perssansl pior Yveame LaCresss Undamaged §,000 (¥ ]
Erie Destreyed; many piles brohea st or wesr L _J 1%
the waler ling.
Gune perssnne) pler Qone Semisele Undamagad 8,000 Y
Apsoie Complotely dnatreyed. 1,400 >1,008
Radar Retiectors:
Matien T411.01 Sally Yuma Undamaged 1,280 t N )
Kiockspes  Knooked off s base. 1,340 L]
Field Qeneraters and Fuel Tanks:
Ceniral Yvoons sron; & guaerasers Yvane LaCresss Owereirssd; reused afer majer overhaul 1,000 “*
Satien 1611; twe TS-EW gensraters Treg ~ Seminsle  Overturmed 1,300 b1
Saties 181); twe T6-KW gensreters; irems Apache Overtuirusd; pontooa task walls dished in. 1,480 n
3 Navy poniosn fusl tanks
Matios 1911; two T8-KW geasrasers; irene Hures Overmrasd; recevered aad salvaged; 8,030 [ 3]
3 Navy poutesn sl taaks pantosn tanks undamaged.
Vecuum Pipelinem
Batien 1011; 1015 14 insh OD steel Yveane L Compiately duatruyed at Joss thoa 1,300 1,300 ™"
veowsm pige lise relier supported fost; wiamaged beyend 1,900 foed. 1,000 “
30 fost 0. ¢.; eriemted wppreximatnly
rodial % the blam.
Satien 1011; 1913; pipes tangential Yeans  Slackicot  Undamaged bayond 1,100 jest. 1,100 “
blast,
Utilities and Veuntilation Rquipment:
Ruilding 76 Powerhouss Yveans  LaCresss  Ailr intahe dust buret whea btterfly s,100 2.4
valve fatled is oless.
Sation 231); Powarheuse Bally Yums Pleaum chamber axploded whea tutterfly 385 .
valve fuiled o elese.
Bullding 108; Powerisuse Ursuia  Kichapoo Pleasm JMmbar burst. 8,008 0.9
Bulldiag 75 Powerhsuss Yvomme Erie Quiside tusl lined brohen off leading into 2,300 13
sl winrage tanks; fue: lines leading
a0 powerhuuse brehwa at satry.
Miscellanec us; water clossts, urinals, Yvoans  LaCrosss b [} - d, undargreumd 0,908 LR ]
washbowle, uwdargrouad wiilities wiilitias wndioturbed sxoept that cxpased
futures moved by the blast ssvered
plplug conaactions to *ve maia liaes (Gamp
ares)
Alrport Ruaway:
Asphalt paved ruaway Yvouna Erie Modarai damage; ssphait broku iao w0 1,008 %0
small pleces; axponad wond lugging 00 o
12 bulabead burned awsy. .
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TABLE 1.4 DAMAGE SUMMARY, OPERATION HARDTACK

T
Deecription °“!!;':" Mazimum Damage ,‘:::r Special Remarks
Reinforced-Conere‘e Structures:
Mstion 1341, Costle. Phote bunher. e Suvere damage 1
Three steries bigh. Damaged frem
Sheta Brave amd Romes of Oporstion
Cantls. Ne damage from Ope:mien
Niation 500.01, Medwing. Conered shel- 1,390 *‘ompletely destroyed. 1 Interior radistion messuremaat.
wr. Ne amage from Opersticn Wave sction.
Rudwiag
Mation 1019, Redwing. Reinforesd- 1,100 Compiotely desiroyed. 4 Wave actios.
coterets phate buaher.
Statiea 18.01. Cenerets timiag stalien. ] No damage. ] Inwericr radiation messurem.ont.
Ne damage trem Qporsiien Redwing. Wave nctiod.
Notien 1904, Castle. Comsretn sgpart n Light damage. [}
srewwre. Damaged from Shat Brave;
w0 cdditionsl damage from Shet Remes
of Oparation Castls. Ne damage from
Oparatien Podwiag.
Swatien 1110. Coeaxial vonnoeter pit. o No damage. 13
elruwre.
Statien 3370. Cenmsstar pit, csucrety 1,400 No damage. 14
on, sarth .aoundnd.
Metion 2250.01, Cemerets bunlwr. 1,080 Ne damage. 18
Seation 1230.08. Consrete bunber. 1,000 No damage. 16
Mation 630.01. Duried cenerets strecturs. " No damage. 17
eatr tion pit for otiects.
Mation Compien. A samarets shelter, 43 Retaining wall talled. 1 Intesior radiaticn nwasurement.
el e 1811 _ Wave action.
of Mations 1634, 1058, and 1311). Mo
damage t» interier of stativa trem Shels
sominsle, Apeche, or Murea of Opora-
ten Redwing.
Matiea 1333, A relaferced-sencrete 4 Savers damage o retalning 1 Thermal redistion. Wave
¥iuar siailen. wall. sctien.
Ssation 1311, A comereds detecter 4 Light damage. ] Thormal radistion.
siation mounded with serth.
Bation 1410 sand 1811, A reinferoed- [ No danage. 31
cancrete struchire aad termisus of
ppoline. N
Swbioa 3 4. A reinforced-conores® 3 No damags. ] Interior raciation meseul ement. .
sigmal terminal pit. Wave acties. M
Seatien 1312, A relaforoed-conorele ] No damage. ] Blast diffraction study (Appendix ‘
recording etatien. B). Thermal redistion. Wave 2
sction, 3
Sisticn 3.1.1. Thres-stery, asulti- 30 From light damage & 20 These siructures wers subjected *
COMPATLINSL 100t SLrUCNITS: OBNOTWNS collapes, depending on 10 rapaated loadingn In the 10 4
{rame, ssel frame, end cencrets shear type of struotire. pal 1o 7 . pal (oversressure) :
wall consiruction. range. -
Station 20-B. Reiaferci-concrete gage 13 Severe damage, failure at » Struchirsl response stnly
plor. base of sem. {Appondix C). 3
Sation 77.02. A relnforosd-concreds, 1 No damage. " i
sarth-mounded timing station. 3
Matien 1130. A reiaferced-osncrete ) Light damage o tusnel only. n Thrmal eadiation, 830 cal/cm!.
bunkor with & side wuwnl.
Statien 1116, A relakorced-concrete 4% No damage. R
t-rminal for a pipeline. 4
diation 1618, A relaforosd-~~cretc, 1,222 & o8 tiTaen e retaining i" -
earth-monndad Tritex Weion. wall. 1.ght damage 2
struoture. =
Mation 1310. A large, massive, 16 No damage. - B
r¢iaforond-concrie, sarth- 1
nended strvomre. f
. .nel Blructures: !
Siations 152,01 aad 183.01, Redwisg. 1,200 Completely destroyed. 3 =
Siae] beama and [resaure-EAge MOUNts. e
Siations 10.91 threugh 30.08. Waer- 380 $0.01, $4.03 destroyed; 80.03 1 Maximum fotal tharmal 3
wave goges. demaged. radiation 3,000 cal/em’. 3
Station 3.1.1. Three-story, multi: 0 From light demage % col- "% Thesa st*uctures were subject =
COMPATImMON 10t SLTUCEATe! € AT lapes, depending o type o repsated loadings in the N

{rame, stea) frama, and o2 L]

shear wall vonsiruotion

of strucuire.
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TABLYF 14 CONTINURD

. Theaos iption 1)\::::‘:::" Mazimum Lamage NL:':“_ Specia) kemarks

Station 1240 (.. Cubl>le mouniad on & (B Severe damage. 1
structural-sise: platform.

Mations 1833.01 10 0 04 Four steel- 480 Complets destruction. a8
pips towers encased by plywoml
Covering.

Wood Frame Structures:

Ctation 3410.01. Wonden shelter earth- Jus Compiriely deatruyed. 1
mownded.

Sation 2410.03. Woodwu shelter earth- 148 Colaplewly deatroyed. [}
mounded.

Station 1410.03. Wooden shelter earth- b} Completly deatroyed. ’
ounded.

sution 1810,  Plywoed construction n Plywosd reem destroyed. 1
hetween Mations 1830 and 1030.

Constrection camp. 0.2 No damage from any of tiw Nan

ahots,

Construotion camp. 1.4 Savere Jamage. Obos

Coastruction camp. 5.2 Complete deviruction. Jamat

Construciion canp. .e Complete destruciion. Yvoms

Miscellansous Structures:

“ation 1180, 131 | tower on tow ol Ta No damnge. 11
comcrets phoio tunker.

Usnerstors. Four, 73-kva, diesel- KL Severs damage. 13
drivea units.

Helicapter pad. Steel landing mats. e Complete desiruction. )

Station 3.1.3. Underground test ki ] No damage. had
struciure.

Landing plot. 30 Light dumage. 0 Wave action.

Water laak. A 11,000-gallon tank of 1 Light damage. b1

14 -iuch ol plate, 8 fest high, and
10 oot 18 inches in radiue.

destroyed Ly alr-blast ov :rpressures of ¢ to 5 psi and greater; none were destruyed by over-
pressures less than 4 psi.

1.2.3 Conclusions from Castie Dumage Survey (1954). (1) The blast wave of a 15.0-Mt sur-
face burat caused considerable damage to light wood-frame structures vut +> a radius of about
16 miles from ground zero. (2) Truasing and knee brac ing was effective in decrvasig vic acveas
ity of damage to light wood-frame buildings at great distances. (3) Heavily reinforced-concrete,
above-ground, shelter-type structures subjected directly to the blast wave received aignificant
damage as far away as 1.5 miles. It was not known how much farther thia damage would have
extended. (4) Earth cover appua.cd to provide a considerable degree of proteciion from air
~iiwck to reinforced-concrete, shelter-type structures. The addition of the earth cover appeared
to be beneficial, primarily due to decreasing the blzat loading by improving the aercvdynamic
shape, which in turn reduced reflection factors. Also, there was a possibility of slight attenua-
tion of pressure incident on the structure, depending on the depth and condition of the earth cover.
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Chapter 2
PROCEDURE

2.1 SHOT PARTICIPATION

The objective dictated that this project (a joint WES-H&N effort) adequately document informa-
tion from nearly all the Operation Hardtack shots. The major effort of the project was concen-
trated on the early shots which were expected to yield the most significant information for this
project. Some supplementary information of interest, however, was also expected from the later
shots, Therefore, because this proiect was to be a minimum effort using limited funds and per-
3onnel, arrangements were made with H&N to receive the damage survey normally conducted by
its field organization, In addition, it was planned to have & nroject representative visit the test
site after the operation to obtain additional data regarding the later shots, The schedule of ob-
servation of effects from the varivus shots by the project during the operation and by the proj-
ect representative after the operati... .a suown in Table 2.1,

The general layout and planned shot geometry for Operation Hardtack events, including the
code name of the shot, site (island), and stations investigated, are shown in Figures 2.1 and 2.2
for Bikini and Eniwetok, respectively.

2.2 INSTRUMENTATION

Eleven self-recording, air-overpressure gages and six self-recording accelerometers were
located as shown in Table 2.2. The locations were selected to provide the most useful data,
taking into account shot geometries with respect to structures, and the available instrumentation.
The exact location, as well as the results obtained with these gages, appear in Chapteris 3 and 4
under the section pertaining to the structure in which or near which the gage was actua.ly lneated.
The gages were furnished, calibrated, and read by personnel from the Ballistics Research Lab-
oratory (BRL).

The self-recording pressure gage consisted of a precisely gove ned, battery-operated motor
that rotated a silvered-glass aisk placed in operation by a fast-ris.ng light pulse or thermal ra-
diation from the detonation. A stylus attached to a compact metal-bellows element traced on the
rotating disk a record of the dilations of the bellows produced by the pressure of the blast wave.
In this way, a time-dcpendent record of theblast pressure was impressed on the disk.

The self-recording accelerometer was similar tothe self-recording pressure gage, except
that the sensing element was a cantilever spring with a mass attached at the free end. A re-
cording stylus was wounicd va thic mass. A 2~rond cloment wag mounted at a right angle to
the other so that the two styluses recorded acceleration in two planes on a single giass disi,

For a more detailed description of these two types of self-recording gages, including methods
of installation and calibration, see WT-—-1612,

Dosiuwter Film Packets, Type S§9 (manufactured vy £.1. du Pont de nNemours and Co.) vb-
tained from and processed by TU 7.1.6 were placed in various stations to determine total garama
radiation. The location of the film badges and the values obtained appear in Chapters 3 and 4
under the section pertaining to the appropriate structure in which the badges were placed. The
film used had two ranges of sensitivity; one from 0 roentgens (r) to 10 r and the other from
2rto 400 r,

Photograpns were taken before and after the shota at each station so that a visual comparison
of damage could be made.
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2,3 DATA REQUIREMENTS

Air overpressure was measured to correlate damage with pressure, The curves shown in
Figures 2.3 and 2.4 were used for predicting values of air overpressure and positive-phasc
duration, resp-stively. Both curves are based on data found in References 3 and 4.

The geometry and position of Station 1312, a large, reinforced-concrete diagnostic station
without earth cover (constructed for Operation Hardtack on Site Janet), offered the oppoviuniiy
to obtain loading information for a large diffraction-type target. To obtain this information,
two pressure gages were placed in the front face, two on the roof, and one on the back face of

TABLE 2.1 SCHEDULE OF DATA COLLECTION DURING AND
AFTER OPERATION HARDTACK

Shot

; Effects Observed Effects Ob'serve(l
Site by Project During by Project
Yy Fro ing Representative

Operation Postoperation
Bikini Atoll
Able Fir Cardoy
Sycamore Paplar
Aspen
Charlie kir Cedar
Sycamore Poplar
Aspen
Fox and George Maple Redwood
Tare and Sugar Nutmeg Hickory
Juniper
Eniwetok Atoll
Gene, Helen, and Koa Dogwood
Irene Yellowwood Olive
Tobacco Pine
Walnut
Elder
Janet Koa Dogwood
Yellowwood QOlive
Tobacco Pine
Walnut
Elder
Yvonne Cactus Linden
Butternut Sequoia
Holly Fig
Magio.-a Pisouia
Rose

i%e gtation. The rceults of this work are presented 1o Annendix B.
Acceleration measurements were obtained to assist in relating the response of a structural
system with pressure and, aiso, to determine whether or not the acceleration was of such mag-

nitude as to possibly cause physiological damage to personnel.

Fer the purpose of predicting

accelerations, a curve (Figure 2.5) was drawn from data contained in References 5, 6, and 7.
The reference data indicated that the vertical acceleration of the floor slab approximated the

vertical accele - ‘un of the sofl mass at the same level.

If it is assumed that the total weight

of a buried siructure is approximately the same as the weight of soil displaceri, the acceleration
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of the floor slab (at least in the downward direction) should approach the free-field value.

Radiation measurements were obtained to evaluate and compare actual with predicted values.
The TM 23-200 (Reference 8) was used as the guide in making predicted radiation values, as
well as in determining the attenuation factors for the various structures. A discussion of the
method and calculations used for predicting radiation within the four siructures that were radio-
logically evaluated is given in Appendix A to this repcrt.

Water-wave predictions and wave-crest-height measurements were made by Project 50.1
(Scripps Instituticn of Oceanography). The data were used to study the relationship between
wave action and land erosion. The results of this work are presented in Appendix D.

TABLE 2.2 SUMMARY OF SELF-RSCORDING INSTRUMENTATION

Site Station Number of Gages

Air Overpressure Acceleration
psl E
Charlie 78.01 2 2
Tare 2230.02 2 2
Janet 1312 6 2
3.1.1 1 0

Level surveys were performed to determine the loss of earth cover over several mounded
- structures resulting from the effects of water waves and alr blast.

The recorded damage from this o~ ¢iov and past operations, summarized in Chapter 1, was
correlated with various curves of Reference 8. This project also utilized basic data from other
Operation Hardtack projects to amplify the correlation.

An opportunity was afforded to compare predicted with observed response of reinforced-
concrete gage piers which were located on Site Janet. This work is described in Appendix C.
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Chapter 3
RESULTS . BIKIN! ATOLL

For ease in interpretation of results and reference to various figures, the test reasuits are pre-
sented in order acrording to atoll, then site {island), and then station. Where applicable to &
particular station, a brief history relating effects from past operations is also lucluded.

The general test results and descriptions of the stations investigated on Bikini ar¢ summa-
rized in Table 3.1. Throughout this report, the terms severe, moderate, and light damage are
used; for clarification the following definitions (Reference 8) are given:

Severe Damage. That degree of structural damage which precludes further use of 2
structure for the purpose for which it is intended without essentially complete reconstruction.
Requires extensive repair effort before usable for any purpose.

Moderaie Damuge. That degere of struciuial lamage to principal load-carrying mem-
bers (trusses, columns, beams, and load-carrying wells) that precludes effective use of a
structure for the purpose for which it is intended until major repairs are made.

Light Damage. That degree of damage which results in broken windows, slight damage
to roofing and siding, blowing down of light interior partitions, and slight cracking of curtain
walls in buildings.

3.1 SITE ABLE

The effects of Shots Fir (1,36 Mt), Sycamore (93 kt), Aspen (319 kt), Cedar (220 kt), and
Poplar (9.3 Mt) were observed at Site Able. The shot geometry with pressure contours and test
stations for this site is shon in Figure 3.1. The air blast and subsequent watar wave from
Shot Fir swept the island free of all vegetation. The extent of inundation from Shot Sycamore is
shown in Figure 3.2, The effects from Shot Poplar which exposed the island to air blast pres-
sures greater than 1,000 psi completely destroyed all man-made stationz.

3.1.1 Item 1, Station 1341, Castle. A three-story, reinforced-concrete, photographic bunker,

constructed during Operation Castle (1954), was designed for an incident alr overpressure of 50
psi and a reflected pressure on the front face of 130 psi. A factor of safety of over 2 was used
in the design; therefore structural failure at reflected pressures less than 280 psi would not be
expected (Reference 2).

This station was severely damaged and left in a weakened condition as a result of Shot 1
(Bravo) of Operation Castle, which subjected it to about 130-psi air overpressure. A 95-psi
overpressure from the Romeo ehot (Operation Castle) caused additional damage, destrcying
nearly aii of the previously aamaged thi=7 story and making the station unsuitable for cecupancy.
No additional damage was inflicted during Operation Redwing (1938).

Figure 3.3 shows that blast effects from Shots Fir, Sycamore, Aaspen, and Cedar intlicted no
additional damage. However, the high overpressure level of 35 psi from Shot Poplar sheared
the second floor from the structure, as shown s Figure 3.4.

3.1.2 Itern 2, Station 560.01, Redwing. A reinforced-concrete shelter was construcied and
not damaged during Operation Redwing (1956). The general plan and elevation for this 8 ructure,
including film-badge locations, are shown in Figure 3.5.

This atution was located in an estimated 30-, 6~, 12-, 10-, and 1,200-psl alr-overpressure
range: trom Shots Fir, Sycamore, Aspea, Cedar, and Poplar.

Pre- and post-Fir photographs (Figures 3.8 through 3.9) show the effect of water waves and
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Figure 3.3 Post-Fir, -Sycamore, -Aspen, and -Cedar, (Item 1)
Station 1341 on Site Able, nn additional damage. Pressure levels:
Fir, 20 psi; Sycamore, 4.2 pai; Aspen, 8.5 psi; and Cedar, 7.0 psi.
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air blast on the immediate area. The telephone pole adjacent to the structure was broken at the
roof line  Although the door of this structure could not be sealed tightly due to faulty seating,
it (s assumed that the pressure build-up within the station was slight, Three one-hundred-watt
light bulbs {a=tened to the ceiling did not break, indicating that the preasure within the station
wars very low. Three inches of mud covered the floor and high water mark was noted 1 foot 8
inches above the floor. The sand bags were strewn about the entire area, the top of the be.
was lowered 2 feet, and the earth mound in front of the station was reduced 7 feet in height.
Indications were that at least 3 feet of water had been confined within the circular berm area.
Pre-Fir, post-Fir, and post-Sycamore profiles of the island between Stations 560.01 and 1519
are shown in Figure 3.10,

Shots Sycamore, Aspen, and Cedar had no noticeable additional effects on this station as
would be expected by observing the small overpressures resulting from these shota. It is also

Figure 3.4 Post-Poplar, (tem 1) Staticn 1341, Pressure level: Poplar, 350 pai.

evident from Figure 3.10 that Shot Sycamore caused very little, if any, additional erosion.

The struciure was completely destroyed from the effects of Shot Poplar. Figure 3.i1 shows
there was hardly a trace that the structure once existed and only a slight irace indicating the
location of the circular earth berm thit once surrounded the atructure.

Radiation values within the structuve for S.ota Fir, Sycamore, and Aspen are Lisivu in Tabie
3.2,

3.1 3 Item 3, Stations 152,01 and 158.01, Redwing. Two steel beams, one an 8-inch, 67-lb/ft,
wide-flange beam, 10 feet 8 inches long, and the other an 8-by-8-inch, 58.9-1b/ft angle, & feet
8 inches long, were erectud as test drag-type structures and were undamaged during Operation
Redwing (1956).

These stations received an eatimated air pressure of 30, 6, 12, 10, and 1,200 psi from Shots
Fir, Sycamore, Aspen, Cedar, and Poplar, respectively, The stations were undamaged from
the first fous . -.uia except for slight ercsion of the soil around the concrete foundat.ona, (Figure
3.12); however, the force from Shot Poplar destruyed the steel drag members, leaving only the
conrrete bages (Figure 3.13),
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Figure 3.6 Preshot, (Item 2) Station 8§60.01, Site Able,
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Figure 3.7 Preshot, (Item 2) Statica 560.01 including
earth berm, Site Able,

40
SECRETY




-

Figure 3.8 Post-Fir, (ltem 2) Station 380.01. Preasure
level: Fir, 30 psi.

Figure 3.9 Post-Fir, {Item 32) Station 560.01 including
earth berm. Pressure level: Fir, 30 psi.
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Figure 3.11 Post-Poplar, (Item 2) Station 560.01, complete
destruction of atation. Station 1341 can be seen in background.
Pressure level: Poplar, 1,200 psi.

Figure 3.12 Post-Fir, (Item 3) Stations 152,01 and 152,01.
Pressure level; Fir, 30 psi.
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3.1.4 Item 4, Station i519, Redwing. A reinforced-concrete, photographic station approxi-
mateiy 24 feet long, 9 feet wide, and 7 feet high and weighing 50 tons was constructed and un-
damaged structurally during Operation Recdwing (1956).

This station was locuted in 2n estimated 37-psi overpressure range from Shot Fir and was
displaced 11 leet horizontally away from surface zero. A post-Fir view i8 shown in Figure
3.14. The pressures of 6.8, 14, and il pei from Shots Sycamore, Aspen, and Cedar, respec:
tively, caused no further damage or movement. The very-high overpressure of 1,700 psi from
Shot Poplar complelely destroyed this station.

3.2 SITE CHARLIE

The effects of Shots Fir (1,36 Mt), Sycamore (93 kt), Aspen (319 kt), Cedar (220 kt), and
Poplar (9.3 Mt) were observed at this site. The shot geometry, with pressure contours and test
gtations, is shown in Figure 3.15.

The air blast and water wave from Shot Fir swept nearly all vegetation from the island. In-
undation caused from Shot Fir extended past Station 78.01 as can be seen in Figure 3.16. A light
steel tower, shown in Figure 3.17, was located in the 25-psi air-overpressure range of Shot Fir
and was completely destroyed, leaving no trace of the structure.

3.2.1 Item 5, Swation T8.01, 1318 Redwing. A reinforspd-concrete timing station, censtructed
and undamaged dui.g Operation Redwing (1956) was modified for use in Operation Hardtack (1958)
by adding a new entranceway and mounding earth over the old entrance and retaining wall,

This station was located in an esiiiwmid 5-, 6.7-, 14-, 11-, and 50-psi air-overpressure
range for Shots Fir, Sycamore, Aspen, Cedar, and Poplar, respectively. However, the struc-
ture apparently received no structural damage from any of the shots. The general plan including
locations for accelerometers and film badges is shown in Figure 3.18 while the data obtained
from the radiation measuremen.s are shown in Trble 3.3. The data obtained from the air-
aoverpressure gages shown in Figure 3.15 are presented in Table 3.4. No records were obtained
from the self-recording accelerometers located in this structure.

The structure, including the earth mound over the structure and light steel structural mem-
bers used for guiding a gulllotine-type gate over the entrance, is shown in Figure 3.19 prior to
Shot Fir, in Figure 3.20 after Shot Fir, and in Figure 3.21 after Saot Poplar. For Shot Fir it
appeared that the water-wave run-up on the side of the mound facing surface zern was 5 to 6
feet vertically (see Figure 3.20) and that the passing wave reached a height of 1 to 2 feei us v~
served by the water marks on the earth mound. A heavy, interior steel door was knocked off
its pin and socket hinge from the shock effects of Shot Popiar.

3.2.2 Item 6, Station 1200, Castle. A reinforced-concrete, earth-mounded structure was
constructed during Operation Castle (1954). The structure, situated in the 120-psi air-
overpressure range, was damaged from Shot 1 (Bravo) of Castle; portiions of ti:e parapet and
retaining walls at the rear of the structure were torn off by the blast. No additional damage
was recelved during Operation Redwing (1856). The earth cover around this station was removed
alter Operation Redwing.

This station was located in the 20-p.i air-cverprescure range for shot Fir and received
slight additional dainage. A retaining wall previously damaged was forced over, leaving only
the reinfor.ing steel holding the cracked portion to the main section (Fir.ires 3.22 and 3.23).

No additional demage as the result of Shots Sycamnre and Aspen was onerrved. The station
appeared intact as observed by distant chservation after Shots Cedar and Poplar which caused
pressures of 7 and 32 psi, respectively.

3.3 SITES FOX AND GEORGE

These sites war:- exposed to Shots Maple (230 kt) and Redwood (412 kt); however, the destruc-
tiveness of Shot ~udaple was such that no sign'ficant additional damage was inflicted by Shot Red-
wood. Site Fox was completely inundated by the water wave generated irom Shot Maple while
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Figure 3.13 Post-Poplar, (Jtem 3) Stations 152.01 and
153.01. Pressure level: Poplar, 1.200 psi.

Figure 3.14 Post-Fir, (Item 4) Station 1519. Pressure
level: Fir, 37 psi.
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Figure 3.1 T.ct ir, Site Charlie, extent of inundation.

completely destroyed by Shot Fir, 25 psi.
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Accelerometers ——

Figure 3.18 Plan including accelerometer and film badge locations
for (Item 5) Station 78,01, Site Charlie, Redwing Station 1319.

Site George was pariially washed over. The shot geometry with pressure contours and test
staticus for the two sites are shown in Figure 3.24.

3.3.1 Items 7, 8, and 9, Stations 2410.01, -.02, and -.08. Three identical timber shelters
mounded over with earth were const™:-‘ed during Operation Hardtack (1958). A typical preshot

Flg\u'e 3. 19 Prc-hot (ltem 5) Stutinn 78 01, Site Ch!"'!ln

view i shown in Figure 3.25 and typical post-Maple view (pressure level, 85 psi) in Figure 3.26.
All three structures were completely destroyed and the earth mecunds over the structures were
washed away by the blast and water-wave forces of Shot Maple.

3.3.2 Item %, Stations 50.01, -.03, -.03, -.04, -.05, and -.06, Six water-wave gages were
constructed and located a8 shown in Fig Figure 3.24, The structural details of a typical gage are
shown in Figure 3.27,
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Figure 3,20 Post-Fir, (Item §5) Station 78.01, Pressure
level: Fir, 35 psi. Arrows (ndicate extent of {nundation.

2 EIR ¥ o " - il

Figure 3.21 Post-Poplar, (Ite'n 8) Station 78,01, Pressure
level: Poplar, $0 psi.

Figure 3.22 Preshot, (ltem 6) Station 1200, Site Charlie
looking toward surface zero.
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TABLE 3.2 RECORDED RADIATION WITHIN STATION 560.01 (ITEM 2)
See Figure 3.5 for a detalled .ocation of film badges.

2
Plan of Film-Badge Locations L’_
A
B
Ce x G

D«

F E

{—a A

¢ Film badge located 3 feet above floor
X Film badge located on ceiling

Radiation, r, at Film-Badge Locations

Shot A B C D E F G
as bt _a* bf _ e% bt as__bY A* B a* bt a* cf _di
Fir 4.1 —_ 5.0 —_— 3.0 - 3.0 — 3.0 — 6.0 — - —_ -
Sycamore 0.80 -— 0.10 — 0.15 ~—  0.09 -~ 008 — 015 — _— - -
Aspen 20.0 22.0 4.8 4.8 3.4 -— 23 -~ 3.2 — £.2 4.4 2.5 2.6 2.2

* Plane of badge on surface of wall or ceiling.

t Plane of badge normal to both wall and ceiling.

1 Plane of badge normal to ceiling and parallel to short wall.
§ Plane of badge normal to ceiling and parallel to long wall.

F'gure 3.23 Post-Fir, (Item 8) Station 1200. Pressure
lsvel: Fir, 20 psi. L
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All the wave stations survived the effects from air blast and water waves generated from
Shot Maple; however, Station $0.04, which weighed about 10 tons, was thrown approximately
300 feet. The footing of Station 50.01 was cracked vertically. A preshot view of Stations 50.01,
-.02, and -,05 is shown {n Figure 3.28 and a post-Maple view in Figure ®.28(a). A large con-
crete block weighing approximately 15 tons (shown in the foreground of Figure 3.28) was thrown

Ty \..h LR s s’

Figure 3.25 Preshot, (Item 8) Station 2410.02, Site Fox.
approximately 150 feet by the force from the water wave generated by the shot. ‘The final posi-
tion can be seen in Figure 3.20(a). However, no atructural damage was observed {or this block
which was located in the 340-psi range from Shot Maple.

These stations were subjected to thermal radiation with values ranging from 400 cach’ to
1,200 cll/cm’ for Shot Maple without noticeable effects. Shot Redwood then subjected the stations
to higher values of thermal radiation ranging from 800 cal/em? to 2,000 cal/cm?,

X'y
" N ) :

Figure 3.26 Post-Maple, (Item 8) Station 2410.02. Pressure
level: Maple, 85 psi.

As a result of Shot Redwood, the two closest stations, 50.01 and 50.02, were destroyed. Sta-
tion 50.03 was nioderately damaged; the leeward pipe of the gage tower buckled laterally, leaving
the whole tows- tilting away from surface zero. Station 50.04, which had its base completely
exposed (i.¢.. was hot buried) was washed tc the fa: side of the island. Staticis 50.05 and 50.06
reriained undamaged.
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Figure 3.27 Flan and elevation for wave stations,
(Item 10) Stations 50.01 through 50.06, Site Fox.
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Station 50.03 which survived both shots is shown in Figures 3.29(b) post-Maple and 3.28(c) i
post-Red vood.

3.3.3 Item 11, Station 1810, 1830 Redwing. A relnfor-ed-ccncrete shelter was rehabiiitated
for use In Operalion Hardtack and a large plywood room added to the station between the existing .
structure (Redwing 1830) anA Station 1030 (Redwing 1528).

A pre- and post -Maple viaw of the structure is shown in Figures 3.30 and 3.31. The blast

. e .% a—
Figure 3.28 Preshot, {ltem 10) Stations 5¢ 11,
Site Fox.

effects (14 psi) destroyed the plywood room but caused no structural damage to the existing
reinforced-concrete structures.
No additional damage was sustained as a result of Shot Redwood.

A A . '_‘
-.02, and -.08,

3.4 SITES SUGAR AND TARE
The effects of Shot Nutmeg (24 kt), Hickory (13.4 kt), and Juniper (63.8 kt; are reported s

Figuie 2.20(a) Post-Maple, (Item 10) Stations 50.01, -.02, wd -.04.
Pressure levels: Maple, 350 psi, 260 pai, and 190 psi, respectively.

herein. The shot geometry, with pressure contours and test stations for these sites, is shown

in Figure 3.32. A post-Nutmeg picture, Figure 8.33, taken from above surface zero shows most
of the test stations. A comparison of Figures 3.34 and 3.35 shows the damage to the timber bulk-
head and sandbags 'ocated at the end of Tare before and after Shot Nutmeg. Severe shock from
the first shot crouaed the recording disks for bo.h air-overpressure gages, the locations of -
which are shown in Figure 3.32. However, the records were pieced together and the recorded

result- *ur Stations 174.33A and B were 265 psi (estimated peak) and 310 psi, respectively, while
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the predicted preasures for these two locations were 330 psi and 310 psl, respectively.
Shot Hickory had no appreciable effect on the island or any of the structures on the isiand.
Che east end of Site Tare was severely waghed by the effects of Shot Juniper as c2n be ob-
served ln Figure 3.36 showing that Items 14, 13, and 18 are now located in water, while Itera
17 is now located on the high tide line. No structural damage was imparted to any of the atruc-
tures,

b

Figure 3.20(b) Post-Maple, (Item 10) Station 50.08.
Pressure level: Maple, 1¥0 psi; 800 cal/cm?,

3.4.1 ltem: 12, Stationa 2200 and 2250, Station 2300, a reinforced-concrete, photographic
bunker was originally construct>d and remained undumaged during Operation Castle (1954). The
station was rehabilitated with additions for Operation Redwing (1956) and recelved damage only
to several adjoining retainirg walls. For Operation Hardtack (1958), the station was agaln re-

N

e I e ol o i g e S S UL b 7 i

L A S o e Bl b L A A Gt

g SR i R
Figuve 3.29(c) Pust-Redwood, (Iltem 10) Station 50.08.
Pressure level: Redwood, 360 psi, 1,400 ca.’'cm?,
habilitated with more additions. A 150-foot diagnostic tower designated as Station 2250 was
erected atop Station 2200.

The stations were located in the 8.2-psi range from Shot Hickory and minor damage was re-
ceived by the elavator cab of the tower. No damage was incurred from the other shots. A gen-
eral postshot picture is shown in Figure 3,37,

WIT b €18 Wk
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3.4.3 Item 13, Station 2210. A reinforced-concrete, sand-mounded cornector pit with the
frent wall sloping at 17; to 1 on the side facing the zero station was constructed during Operation
Harcrack (1958). The walls (except the sloping front wall) were about the same size and confiz-
uration aa those of the structure shown in Figura 3.41.

This s*vucture was located in the estimated 170~, 90-, and 430-pei air -overyressure regicn

Figure 3,30 Preshot, (Item 11) Station 1810, Site George.

for Shots Nutmeg, Hickory, and Juniper, respectively, and was not damaged structurally by any
of the shots. A view of this siructure prior to being mounded with gand is shown in Figure 3.38.

Sand was placed level with the roof of the structure.
3.4.3 Itom 14, Station 2270. A small, reinforced-concrete connector pit mounded over with

Figure 3.31 Poat-Mapls, (Item 11) Station 1810. Pressure
level: Maple, 14 psi.
cand was constructed during Operation Hardtack {(:3358). A preshot vicw i this statlon prior tu

being covered with sand is shown in Figure 3.30.
This station was located in the estimated 490-, 260-, and 1,400-psi overpressure range for

Shots Nutmeg, Hickory, and Juniper, respectively. Even thuugh the station was exposed to
extremely high overpressures it was not damaged structurally. A post-Juniper view of this
structure is shown in Figure 3.38.
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Figure 3.34 Preshot view of timber bulkhead and sand bags i
at west end of Site Tare,

Figure 3.35 Post-Nutmeg view of timber bulkhead and sand bags
at v~ end of Site Tare. Pressure level: Nutmeg, 850 psi.
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Figure 3.0v Suei-Juniper view of east end of Site Tare
looking toward surface zero.

Figure 3.37 Post-Nutrmeg, (Item 12) Stations 2200 and 2250.
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Figure 3.38 Preshot, (Item 13) Statior 2210, Site Tare, prior
to being covered with sand.

Figure 3.39 Preshot, (Items 14, 15, and 186) Stations 2270, 2220.01,
ap:’ 2.30.02, Site Tare, prior to being covered with sand.

SECRET




gl s T Sy j T S . .'*.' b
Figure 3.40 Fosi-Nutmeg, (ltems 15 and 16) Stations 2230.01 and
2280.02. Pressure levels: Nutmeg, 350 and 320 psi, respectively.
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Figure 3.41 Plan and elevation including the location of gelf-recording
uccelerometers for (Item 16) Station 2230.02, Site Tare.
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3.4.4 Dem 15, Station 2230.01. A reinforced-concrete detector structure was constructed
during Operation Hardtack (1988). For practical purposes the plans for this station were the
same as those shown in Figure 3.41 for Station 2230.02 except that the walls were 6 inches great-
er in thickness.

This station was located in the estimated 350-, 200-, and 1,050-psi air-overpressure ranes
for Shots Nutmeg, Hickory, and Juniper, respectively, and was undainaged. However, the
structure settled 5 inchas and moved 1.5 inches toward surface zero after Shot Nutmeg. Com-
parable measurementa after the other two shots are not available. For a general preshot view
of this structure prior to being mounded with sand, see Figure 3.39. A post-Nutmeg view, in-
cluding the removed closure plugs, is shown in Figure 3.40.

3.4.5 Item 16, Station 3230.02, A reinforced-concrete detector structure was construcied
during Operation Hardtack (1058). The plan and section for this structure, including the location

Figure 3.42 Post-Nutmeg, (Item 16) Station 2230.02, close-up
of damaged 42-inch corrugated metal pipe. Pressure level:
Nutmeg, 320 psi,

of self-recording accelerometers, are shown in Figure 3.41,

This station was located in ihe estimated 220-. 180-, and 1,000-psi air-overpressure range
from Shots Nutmeyg, Hickory, and Junipor, respectively, and was undamuged. However, sea
water that leaked past the closure plugs into the structure as a result of the water wave from
Shot Nutmeg corroded the recording disks of the accclerometers, thus ¢ :using a 108s of the data.
a ganerasl, preshol view of the structure and the attacucd 42-Inch, round, .uirugated-metal plpe,
piior to being mounded with sand, i8 shown in Figure 3.39. Damage to the pipe after Shot Nutmeg
is shown in Figures 3.40 and 3.42.

3.4.6 Item 17, Station 630.01. A reinforced-concrete instrumentation pit was constructed
during Operation Hsvdtack (1958).

The station v situated in the estimated 210-, 120-, and 560-psi air-overgressure range
from Shots Nutmeg, Hickory, and Juniper, respectively, and suffered no apparent damage.
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Chapter 4
RESULTS.: ENIWETOK ATOLL

This chapter pertains to the results obtained at the Eniwetok Atoll; however, the introductory
remarks of Chapter 3 are applicable here as well.

The general test results and description of the stations investigated at Eniwetok, including
estimated peak overpressure, duration, free-field gamma radiation, and floor-slab acceleration
where applicable, are summarized in Table 4.1,

4.1 SITES GENE, HELEN, AND IRENE

The effccts of Shots Koa (1.38 Mt), Yellowwnnd (340 ki), Tohacco (11.7 kt), Walnut (1.45 ML),
Elder (940 kt), Dogwood (397 kt), Olive (202 kt), and Pine (2.1 Mt), are reported at these sites.
The ahot geometry, with pressure contours and test stations, is shown in Figure 4.1. The de-
tailed information conceralng t.. ii.uts on the various stations from each shot is presented in
Table 4.1.

Small craters ranging from 30 to 60 feet in diameter and 6 to 10 feet deep dotted site Irene
and were generally located near the long pipeline extending from Station 1410 to ground zero.

It is believed that these craters were of the impact type (as indicated by wide, flat bottoms) and
formed by missiles (possibly concrete blocks used for the pipeline foundation or pieces of coral)
resulting from Shot Koa. A typical crater of this type is shcwn in Figure 4.2; the concrete block
in the picture was one of the foundation blocks for the pipeline,

4.1.1 Itcm 18, Station Complex. A reinforced-concrete recording station was constructed
during Cperation Redwing (1956) and received no major damage during th=t operation. This
station was rehabilitated for use in Operation Hardtack (1958), and various paris ui ii Gesiguiweu
as Stations 73.01, 1314, 1524, and 1611. The general plan for the station complex and other ad-
joining stations is shown in Figure 4.3.

The highest overpressure received by the complex was an estimated 42 psi from Shot Koa.
The interior of the station was .ot damaged by any of the shots. The reinforced-concrcte wing
wall located at the entranceway (Figure 4.4) was slightly cracked prior to any of the shots. The
wing wall was not keyed to the structure nor was reinforcing steel used to tie the two together.

The wall was side-on to the blast wave from Koa (40-psi range) but received no additional damage.

The same wall was face-on to the blast from Yellowwood (11.5-psl range) and was cracked loose
from the main structurc. The vertical crack was approximately '/‘ inch wide and extended the
entire helght of the wail (Figure 4.5). The wall failed from the face-on blast eftects of Walnut
(28-psi range) and cracked loose at the intersection of the ground surface behind the wall (Figure
4.5). The remaning shots had no additional offects.

The resclie obtained from the film badges l- cated a8 shown in Ficure 4.3 are shown in Table
4.2,

4.1.2 Item 19, Station 1525. A reinforced-concrete diaghostic station was constructed during
Operation Hardtack (1958). The general location of this station is shown in Figure 4.3 and the
detailed plan and elevations are shown in Figure 4.7.

This =t ‘un received the highest estimated overpressure of 42 psi from Shot Koa. The ic-
taining wail integral with the front wali of the structure was severely demaged by face-on air
rlast from Shot Koa but received no additional damage from Shots Yellowwood or Tobacco. How-
ever, ore end of the wall was destroyed by Shot Walnut. A preshot view of the front wall with
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TABLE 4.2 RECORDED RADIATION WITHIN STATION COMPLEX (ITFM 18)

See Figure 4.3 lor detailed location of filn: ba.izes. All budges are located 3 feet ahove fioor

level with the plane of the badge on the surface of the wail except as noted.

Plan of Film-Badge lLocations

i e e e

Radiation, r, at Film-Badge Locations

Shot A A B T D E ¥ G 0 17
Koa 90.0 -_— 46.0 4.90 1.02 0.52 0.17 0.12 0.11 —
Yellowwood 44.0 -_ 220.0 5.00 0.3 0.10 ] 0 (1} —_
Walnut 800.0 —_ 950.0 130.0 7.85 1.80 0.1 —_— _— —
Elder 700.0 700.0 +0.0 44.0 10.2 1.80 —_ — -— 830.0

* Plane of badge norma! t. »oti. ~ull and ceiling.
1 Plane of badge on back side of [-beam stiffener of blast door.

< b -

Figure 4.2 Post-Koa, typical impact crater, 4,800 feet from
ground zero.
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Figure 4.3 PL.n of station complex on Site Irene.

Figure 4.4 Preshot, (Item 18) station complex, close-up of

entrance and crack in wing wall, Site Irene.
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CRACKED
SECTION

Figure 4.5 Post-Yellowwood, (item 18) station complex, close-up
of entrance and cracked wing wall, Pressure levels: Koa, 42 psi;
Yellowwood, 11.5 psi; and Tobacco, 1.9 psi.

Figure 4.6 Post-Walnut, (Itein 18) station complex, close-up of
wing wall failure. Pressure level; Walnut, 28 psi.
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its painted surface is shown in Figure 4,8. The retaining wall cracked around the outline of the
side walls and ceiling of the structure as shown in Figure 4.89. The diagonal cracks irndicate the
bending failure of the wall. A side view is shown in Figure 4.10. The damage from Shot Walnut
is shown .n Figure 4.11. No significant damage was observed from the remaining shots.

Thermal radiation burned the paint off the structure, as can be observed by comparing Figures

Figure 4.8 Preshot, (Item 19) Station 1525, Site Irene.

4.8 and 4.9; the total thermal radiation was approximately 350 cal/cm?.

4,1,3 Item 20, Station 1311. A reinforced-concrete detector station was constructed during
Operation Hardtack (1958). The general location of this station is shown in Figure 4.3 and the
detailed plan and elevations are shown in Figure 4,12.

Figure 4.9 Post-Koa, (Item 19) Station 1525, fwce-on view.
Pressure level: Koa, 42 psi; 355 val/cm?,

The highest overpressure received at this station was an estimated 42 psi from Shot Koa.
The station was structurally damaged mainly from the effects of Shots Koa and Walnut. A pre-
shot view of the retaining wall for this station is shown in Figure 4 13, a post-Koa view i8 shown
in Figure 4.14, and a post-Walnut view is shown in Figure 4.15,

The tusrmal radiation (and sand blast) had scme surface effects on tne reiainicg wall; the
thermal radiation was approximately 350 cal/cm?.
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The entrance to this station was nearly filled with sand ag the result of Shot Koa, as shown by
comparing Figures 4.16 and 4.17.

The plain-concrete floor of this station was badly cracked and the five 24-inch pipes entering
this station were forced inward about 2‘/. inches (Figure 4.18). The crack pattern (shown in
Figure 4.19) indicatee that the existing foundation underneath part of the floor gave additional
support to that portion.

: =

I ‘V R T et w
Figure 4.10 Post-Kua, (iivm 19) Station 1525, side-on view.
Pressure level: Koa, 42 psi.

: N - . PR, ¥
- e Oud o e o~

4.1.4 Item 21, Stations 1211 and 1410. A reinforced-concrete structure situated at the
Irene terminus of a large pipeline from Gene was erected during Operation Hardtack (1958).

The highest pressure received by this station was an estimated 43 psi from Shot Koa. The
structure was not damaged structurally by any of the shots. However, the earth cover on the

i ' s GZ e
Figure 4.11 Post-Walaut, (Item 19) Station 1525, retaining
wall fallure. Pressure level: Walnut, 27 psi.

side of the structure facing surface zero for Shot Walnut was blown and washed away, exposing
the concrete wall surface (Figures 4.20 and 4.21).

A preshot view - the 5,200-foot-long pipeline leading from this station to ground zero is
shown in Figur- - .22. A postshot view is shown in Figure 4.43. Only about 810 feet of pipe
farthest from ground zero remained in the area and connected in one piece after Shot Koa. This

76

SECRET

e

W

T RN

:

P B

S MR AE




-3uai] 3)Ig ‘TIET UOHEIS {0

8-8 NOILI3S

L1
,
i
H e
L)
H] : 2 Bvy
X D8
B0, reo,
fada 2B | _ i
d F oM . I
I 3
- ¥ ~C
¥ rew -
- e o e o sz,
H - - Taaew l.l\?\\‘lvl S
5 T SHw
L am— — s

S

hl..olk_ #0LPATNT Vs 40 &L

z wWayp JoJ SUOHEAAIR X gueld g1y 2Ind1d

NYd
P TE]
g
M —
- DI T——
RG-S
S
- 1
* L S '
H
=
. / e
.wn.u o~ 7" « o Cm——
ts 5o twir N
£ 1 _-".’ —
. 1 =< —_—
5 H 25 THE —
; N Lot IIHWI.
G b
Vi e i -
1 1 |
b weus 1|11 &
R i
'
MIURNRR L, IR EPPASS  HER
i I
| Noe
1 $: 4
1 Bl
i S
=== | Y
'
\
1

-
#
. 3
H

[
—- .
-

G us

&
\\

K4

-
[~ ]
ot
O
(7]
v




PR _‘ & > »<~£_‘. . :";,‘_,, ..""

Figure 4.13 Preshot, (Item 20) Station 1311, face-on
view of retaining wall, Site Irene.

Figure 4.14 Post-Koa, (item 20) Station 1311, face-on
view of retaining wall. Pressure level: Koa, 42 psi;

350 cal/cm?.
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Figurc 4.15 Posi-'Walnut, {Zeai £0) Station 1311, face-on
view of retaining wall. Pressure lcvel: Walnut, 28 psi,

Figure 4.16 Preshot, (Item 20) Station 1311, entrance, Site Irene.
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Figure 4.17 Post-Koa, (Item 20) Station 1311, entrance.
Pressure level: Koa, 42 psi.

TR | BN 2
“guFe 4,18 Post-Koa, (Item 20) Station 1311, 24-inch steel
pipes pushed inward 2Y, inches. Pressure level: Koa, 42 psi.
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Figure 4.19 Post-Koa, (Item 20) Station 1311, crack pattern
in floor. Pr-~ssure level: Koa, 42 psi.

Figure 4.20 Preshot, (Item 31) Stations 1211 and 1410, view
of side wall facing surface gero, Site irene.
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Figure 4.21 Post-Walnut, (Item 21) Stations 1211 and 1410,
view of exposed side wall. Pressure level; Walnut, 26 psi. i

e e o o R T e i e M-mw

o e

‘
.
3
1
3

Figure 4.22 Preshot, pipeline to ground zero, Site Irene.

E
)
!

;

Figure 4.23 Post-Koa, pipeline to ground zero., Pressure -
level at near end: Koa, 45 psi.
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portion was thrown from the concrets supports and was bent into a semicircular pattern with an
appr ximate radius of 200 feet. The line of concrete supports is shown in the left portion of
Figure 4.23. Most of the missing portions of the pipe were thrown into the area to the right in
Pigure 4 23.

4.1.5 Item 22, Statiou 3.4, Castle, A reinforced-concrete, signal terminal pit wiik a gravel
floor was constructed and undamaged during Operation Castle (1954); neither was it damaged
during Operation Redwing (1856).

The highest estimated pressure received by this station was an estimated 34 psi from Shot
Koa. The station was not damuged structurally from any of the shots. However, the hatch cover
was not bolted down and the force from Shot Koa moved it horizontally ‘/‘ inch away from ground
zero,

The plan for this station, including the locations of film badges, is shown in Figure 4.24, The

TABLE 4.3 RECORDED RADIATION WITHIN STATION 3.4 (ITEM 22)

See Figure 4.24 for detailed location of film badges. All badges are positioned with the plane of the badge
on the wall surface.

Pilm-Badge Locations
;
N i
L-
.
-~
s
~
1
Plan Elevation :
#
Radiation, r, at Film-Badge Locations ¥
s :
hot A B < D E_ 1
i
Koa —_— —_— 6.44 6.79 8.52
Yellowwood 8.29 1.1 0.68 0.67 0.65
Walnut 375.0 104.0 21.2 18.0 20.0 »
Elder 460.0 — 350  28.0 21.0 *
i

results of the film-badge readings are shown in Table 4.3. The water-wave action from Shot
Walnut eroded the earth cover away from this structure, as shown in Figures 4.25 and 4.26. Tae
dark area on the conrreia walls represents the contact zrea of the preshot earth cover.

4.1.6 Item 23, Generators. Four 75-kva, diesel-driven generators (each 120 inches long,
37 inches wide, 78 inches high, and each weighing 6,700 pounds), ‘ocated behind the station com-
nlox; were left in operation during Shot Xoa.

The generators were located m the estimated 38-psi air-overpressure range for Shot Koa and
were severely dainaged. A preshot view of the generators is shown in Figure 4.27 along with
standard, Navy, steel pontoon sections used as fuel tanks.

The earth raound approximately 15 feet above the ground surface for the station complex
shielded the senerators from the air blast to varying degrees. The generators were located
approxin:iu.iy 40 feet from the intersection of the mound with the ground surface., The geussa-
tor near the edge of the mound (least protected from air blast) was thrown 60 feet while the gen-

G v | .
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Figure 4.26 Post-Walnut, (Item 23) Station 3.4, side visw
showing scouring action of water wave; dark area represents
original earth cover contact aren. Pressure level: Waluut,

32 pel.

v - -

A »¥. RS
o~ : c - R

-

fMgure 4¢.27 Preshot, (Rem 23) generators, Site Irene.
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erator nes rer the center of the mound (i 3* »vriccted) was moved 2 feet. The other two gener-
ators were thrown distances of 20 and 40 feet. A postshot view of the four generators is shown
in Figure 4.28 and a close-up of one of the generators is shown in Figure 4.28, No additional
damage to or movement of the generators occurred as the result of Shots Yellowwood (11.5 psi)
or Tobacco (1.8 psi). The Na. ’ pontuon sections were nol damaged from any of the shots; how-
ever, the air blasts from Shots Koa and Yellowwood moved the sections approximately 100 feet.
Both the generalors and pontoon sections underwent additicnal mnvement during Shot Walnut

(28 psi). Movement from the remaining shots was not observed.

4.1.7 Rem 24, Helicopter Pad. A helicopter pad approximately 100 by 100 feet, coustructed
of standard, interlocking, steel landing mat, was located near the station complex.

This station was subjected to an estimated air blast of 38 psi from Shot Koa, and was severely
damaged. Individual pieces of landing mat were bent, broken, and scattered over a wide area.
Both the negative and positive phase of the air blast scattered the mat. Pieces were found 400
feet from the original location away from ground zeruv; other pieces were moved a similar dis-
tance toward ground zero. A postshot view of the landing mat is shown in Figure 4.30. Decause
of the complete destruction resultiy, :rom Koa no further observations were made for the re-
maining shots.

4.2 SITE JANET

The effects of Shots Yellowwooc 7 .. i*’, Tobacco (11.7 kt), Walnut (1.45 Mt), Elder (940 kt),
Dogwood (397 kt), Olive (202 kt), and Pine (2.1 Mt) were observed at Site Janct. Shot Koa had
no reail effect at this site. The shot geometry and preasure contours are shown in Figure 4.31.
The thermal radiation {rom Yellowwood caused grass fires in scattered areas. Cracks on the
ground surface apparently caused by ground shock from Shots Koa and Yellowwood were observed
throughout the site.

4.2.1 Item 35, Station 1312. A large, 4-roum, reinforced-concrete recording station was
constructed during Operation Harutack (1958). The general plan for this structure, including
the locations of the self-recording air-overpressure gages and accelerometers, is shown in
Pigure 4.33.

This station was located in an estimated 13-, 3.7-, 33-, 58-, 31-, 21-, and 22-pai =i
overpressure range from Shots Yellowwood, Tobacco. Walnut, Elder, Dogwood, Olive, and
Pine, respectively, and wzs not damaged by any of the shots.

The concrete (ace of the structure facing surface zero was pilted from the effects of Walnut
and Elder. The total thermal radiat.on on the face of the structure was approximately 275 cal/
cm’ [10m Walnut and 430 cal/cm’ from Elder. Since this station was very close to the shore
line, the pitting of the {ront face must have been almost entirely the result of surface spalling of
the co'icrete due to the thermal radiation. Steel surfaces exposed to this sanie radiation level
on the face of the structure showed no atructural effects.

The force of the water waves from Shot Wa'lnut eroded the soil adjacent to the foundation of
the structure o depths of 5 and 6 tee. tFigu=e t.ooi. St Elder lad ue additioaal cf2ocl.

The correlation of cesults of shock-tube tests on diffracliou-type largets with similar results
of full-scale tests arc complicated due to the effects of precursor and Ausi loading in the field,
which #re ot present in the shock tube. Because «{ the absence of precursor and dust effects
the opportunity was ufforded at Station 1312 to obtain data on the effect of a fast-rise-time pres-
sure pulse on a diffraction type structure, which could be more easiiy compared with similar
results of shock-tube tests. Therefore, with the assistance of personnel of the Ballistics Re-
secarch Laboratories, special efforts were made to obtain blast-diffraction data. For a detailed
presentation of tt¢ diffraction study, see Appendix B.

The resull~ ' air-overpressure measurements are shovn in Table 4.4. Due to malfunctions
of the accelerimeter gages no acceleration duta was oblained.
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Figure 4.28 Post-Koa, (Item 23) generators. Pressure
level: Koa, 38 psi.

G - .

o

ay

Figure 4.2¢ Post-Koa, (item 23) close-up of damaged
generator. »rescure level: Koa, 38 psi.
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4.2.2 Item 26, Station 3.1.1, Greenhouse. A multistory, multicompartment structure was
constructed during Operation Greenhouse (1951). During Greenhouse the structure was damaged
due to a peak reflected air-blast overpressure of about 30 psi from Shot Easy (Reference 9). The
air blast from Shot Item caused light damage. In general, the damage to the structure caused by
the Mike shot of Operation Ivy (1952, Reference 1) was of the same order of magnitude as that -
caused by Shot Easy (Greenhouse). No additional damage was sustained by the structure during

b et e e

TABLE 4.4 FREE-FIELD AIK-OVERPRESSURE MEASUREMENTS, SITE JAMET
See Figure 4.31 for location of Stations 174.28 and 174.31.

ahor sita ‘:‘""’a a/WYS  pogitive  Maxtmum O™ 4wt pogitive Maxinum
4 d). /) Duration Overpressure P d)‘ ft/kt/?  Duration  Overpressure
ft sec pai ft sec pel 3
Station 174.28 (near Station 1312) Station 174.31 (nesr Station 3.1.1)
Yellowwood Janet 5,995 889 - 16.5 8,254 1,188 1.988 7.3
Tobacco 1,978 1,788 0.719 38 6,094 2,814 0.501 18 =
Walnug 5,998 839 1.708 43,0 8,264 120 2.087 15.0
Elder 3,998 407 — 710
3

Operation Castle (1954, Reference 10) or Operation Redwing (1956, Reference 11). The over- 3

all perspective for this structure is shown in Figure 4.34.

This station was located in an estimated 7.0-, 1.7-, 16,0-, 20-, 12-, 5.4-, and 13-psi air-
overpressure range for Shots Yellowwood, Tobacco, Walnut, Elder, Dogwood, Olive, and Pine,
respectively. The effects from Tobar~: -vev2 negligible and no further mention of that shot will

RPN NTSTYS
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Pressure level: Koa, 38 psi.

be made. An oversll, pre-Hardtack view of this station is shown in Figure 4.35. A preshot
view of typical darage to a first tloor column (Col. 13C) in Bullding 5 is shown in Figure 4.36.
Building 5, a roi: “;rced-concrete structure with window openings, receivea more damage from

previous operations than any other of the buildings. The other noticeable damage from previous ) .
88 ‘;‘
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Figure 4.32 Plan including locations for air-overpressure gages
and accelerometers for (Item 25) Station 1312, Site Janet.
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Figure 4.33 Post-Walnut, (It2m 25) Station 1312, erosion adjacent to
foundation. Pressure level: Walnul, 35 psi; Blder, 58 psi; 450 cal/em?
operations was found in the roof of Building 4, a reinforced-cuncrete shear-wall structure, see
Figures 4.37 and 4.3€.
An overall view of post-Yellowwood (pressure level of 7.0 psi) is shown in Figure 4.39. By
compariag Figures 4.35 and 4.39 it can be observed that the oil drums and supporting wood
frames (outside center of building) were lightly damaged, incicating that the structure itself was

wo. 3
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Figure 4.34 Overall perspective fo: {"om 26) Station 3,1.1, Site Janet,

not damaged by the shot. A visual inspection and column-offset measurements (see Table 4.5)
also proved that the structure received no apprecianle damage from Yellowwood.

The structure responded appreciably to the effects of Shot Walnut (pressure level of 16 psi).
Figures 4.40 and 4.41 show the overall damage, which can be compared with Figure 4.39 for
pre-Walru' ~umnage. The corrugated siding on the met:l buildings was damaged severaly. Major
damage w2.s observed in Building 5; damage to the front face and first-floor columns is shown in
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PFgure 4.36 Preshot, (em 26) Station 3.1.1, Column 13C,
concrete frame bullding, Site Janet.
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Figure 4,37 Preshat, (Item 26) Statton 3.1.1, crack in ceiling adjncont
to Column Line 10 of the shear wall building looking away from surface
gero, Site Janet.

Figure 4.38 Preshot, (Item 320) Siation 3.1.1, crack in ceiling
adjacent to north wall of the shear-wall bullding looking away
from surface zero, Site Janet.

Figure 4.39 Post-Yellowwood, (Rem 26) Station 3.1.1. Pressure
level: Yeliowwood, 7 psi.
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Figures 4.42 through 4.45. A pre- and post-Walnut view of Column 13C can be compared In Fig-
ures 4.36 and 4.45. The columns in the upper two floors of this bullding did not receive compar-
able damage as tneir firat-floor counterparts (Figure 4.46), Evidently the first-floor columns
took .uost of the moment and shearing forces while the second and thira floors moved away from
surface as a unit (Figure 4.42). The tops of the first-floor columns (Columns 134, B, C and 14A,

B, C) were displaced hurizontally approximately 10 inches away from surface zero with respect
to their bhases (Table 4.5).

Figure 4.40 Post-Walnut, (Item 26) Station 3.1.1. Preszsure
level: Walnut, 16 psi.

. The other three frame-type buildings (2, 3, and 5) underwent very little additional lateral
movement (Table 4.5). It should be noted that the lateral movement as shown in Table 4.5 is
the permanent displacement and not the peak transient deflection. Damage to columns in the third
floor of Building 3 is sho./n in Figures 4.47 and 4.48. A typical column of Building 2 i8 shown in

doe w >

Figure 4.41 Post-Walnut, (Item 26) Station 3.1.1, aerial view.
Piressure level: Walnut, 18 pei.

. Figure 4.49; this picture also shows the suspended plumb bob that was used in measuring column
offsets. The roof in Building 6 lifted upward 3 to 4 inches, tapering to its normal position at a
point 7 or 8 feet from the front wall (Figure 4.50). The cracked roof section in Building 4 opened
cons :i: . ably, being displaced a maximum of 10 inches at the center of the section adiacent to
Columin Line 10 and the north end of the building (Figures 4.51 and 4.52). The bottom bars (Nc.
4) of the slab failed in tension as was noted by the neck-down of the bars at the point of breakage.
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Figure 4.42 Post-Walnut, (Item 26) Station 3.1.1, close-up of

Bullding 5, a reinforced-concrete frame structure. Pressure
level: Walnut, 18 psi.

¥igure 4.43 Post-Walnut, (Item 26) Station 3.1.1, front column
of Building 5. Pressure level: Walnut, 16 psi.
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Figure 4.44 Post-Walnut, (Item 26
Station 3.1.1, second row of columns
of Building 5. Pressure level: Walnut,
16 psi.

i . . By
Figure 4.45 Post-Walnut, (Item 26)
Station 3.1.1, third row of columas of
Bullding 5. Pressure level: Walnut,
16 pei.
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Figure 4.46 Post-Walnut, (item 26) Station 3.1.1,
Column 13C, second floor of Building 5. Pressure
level: Walnut, % psi.

Figu: ¢ 4.47 Post-Walnut, (Item 26) Station 3.1.1, Column BA,
U “: . ilour of Building 3. Pressure level: Walnut, 16 psi.
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Figure 4.48 Post-Walnut, (Item 28) Station 3.1.1, Column 7B,
third floor of Building 3. Pressure level: Walnut, 16 psi.

Figure 4.49 Post-Walnut, (Item 26) Station 3.1.1, Column 5C,
first floor of Building 2. FPressure level: Walnut, 18 psi.
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Figure 4,50 Post-"W 'wut  (Ttem 26) Station 3.1.1, roof slab
damage, Building 6. Pressure level: Walnut, 16 psi.

Figure 4.51 Post-Walnut, (Item 26)
Station 3.1.1, crack in ceiling adjacent
to Column Line 10 of the shear-wall
building looking away from surface zero.
Pressure level: Walnut, 16 psi.
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The top bars (No. 5) held the cracked roof section in place.

Shr ¢ Elder (pressure level of 20 psi) caused additional damage as can be compared by viewing
Figures 4.53 and 4.54 with Figure 4.40. The shear resistance of the first-floor columns of Build-
ing 5, the concrete frame, drag structure, was overcome and the upper floors intact settled
down with the second floor girders resting on the collapsed first floor columns {Figure 4.55).

The column offset measurements for Buildings 2, 3, and 6 are shown in Table 4.5. A front view
of Buildings 1, 2, and 3 is shown in Figure 4.56. Building 3, the reinforced-concrete (diffraction)
structure underwent additional permanent lateral movement, but unlike its counterpart, Building
5 {drag-type structure), the columns on each floor displaced laterally approximately the same
amount and showed sigus of damage (Figures 4.57, 4.58, and 4.59). The rear wall of Building 3
cracked horizontally, evidently from bending (Figure 4.60). Bulldings 2 and 6 deflected approxi-
mately ¥, iuch away from surface zero. However, most of the roof section of Building 6 was
blown upward by the blast and thrown to the ground surface to the rear of the structure (Figure
4.61). Channel shear keys welded {o the roof girder are also visible in the picture as well as
the damage to the roof at the south end of Building 4. The major damage to Building 4 occurred
at the north end where the roof was punched inward and is supported by the cantilever effect of
the reinforcing steel (Figures 4.62, 4.63, and 4.64).

The station was next investigated after Shots Dogwood, Olive, and Pine had been fired; the
resulting estiinated overpressure levels were 12, 8.4, and 13 psi, respectively. An overall
postoperation view of the structure is suown in Cigure 4.65. Litile additional darnage was ci-
served for Buildings 2, 3, or 6. As shown in Table 4.5, the pnstoperztion column displacements
for Bullding 6 were approximatelv the same as those for post-Elder; the postoperation displace-
ments for Buildings 2 and 3 were less than those for post-Elder, indicating that rebound for the
buildings occurred at a slow rate.

Building 4 showed evidence of additional damage. However, the shear walls appeared sound
and the damaged roof panels were in about the same condition as observed after Shot Elder. The
third-floor slab underwent considerable bending. The maximum sag in the slab between the north
shear wall and Column Line 10 was 8 inches, between Column Lines 10 and 11, 3 inches, and
between Column Line 11 and the south shear wall, 12 inches. A view of the underside of the third
floor along Column Line 11 ard the front wall facing surface zero is shown in Figure 4.66. The
rotation experienced by the third floor slab caused it to crack at the intersection of both shear
walls. A crack, having a 3-inch differential vertical displacenient, developed ut the intersection
of the third-floor slab and front wall betweer Column Line 11 and the soutl. shear wail (Fieure
4.67).

4.2.3 Item 27, Station 3.1.3, Greenhouse. A composite-type, semi-buried shelter was con-
structed during Operation Greenhouse (1951). No plastic deformations or damage were observed
during that operation (Reference 9); however, earth blown by the blast from the Mike shot pariially
blocked the entrance. The structure consisted of four major parts: a cast-in-place, reinforced-
concrete shelter; three precast, reinforced-concrete pipe sections; a corrugated-pipe section;
and a cast-in-place, reinforced-concrete entrance (Reference 9). The structure suffered no
major structural damage during Qperation lvy (1952, Reference 1); however, the blast doors were
removed piior to the t=st and the wosidirame air lock war destroyed by air blast (approximately ,
18 psi), and the painted surface of the vent pipe was charred on the side facing giound zero. No
additional damage was inflicted to the structure during Operations Castle (1854, Reference 10)
and Redwing (1956, Reference 11).

The maximum estimated overnpressure receive. by this station was 29 psi from Shot Eider.
The station received no additional damage from any of the shots; however, the water-wave effects
from Shot Walnut filled the entranceway with 6 inches of mud and left water standing to a height
indicated by the<water marks shown in Figure 4.68.

4.2.4 Iter; 28, Stations 20A, B, C, D, E and F, Greenhouse. Reinforced-concrete gage piers
were con.;ructed and undamaged, except for Station 204, during Operation Greenhouse (1951).
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Figure 4.52 Post-Walnut, (Item 26) Station 3.1.1, crack in
ceiling adjacent to north wall of shear-wall building looking
away from surface zero. Pressure level: Walnut, 16 psi.

Figure 4.53 Post-Elder, (Item 26) Station 3.1.1, iroat
riew. Pressure level: Elder, 20 psi.
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Figure 4.54 Post-Elder, (ltem 26) Station 3.1.1, rear
view. Pressure level: Elder, 20 psi.

] » o -
Figure 4.55 Post-Elder, (Item 26) Station 3.1.1,
close-up of Building 5, {irst floor collapsed.
Pressure level: Elder, 20 psi.
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Figure 4,56 Pcci oid.v, (Item 26) Station 3.1.1,
close-up of Buildings 1, 2, and 3. Pressure
level: Elder 20 psi.

Figure 4.57 Post-Elder, (Item 26) Station 3.1.1,
Columns 7 and 8B, first floor of Building 3.
Pressure level: Elder, 20 psi.
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Figure 4.58 Post-Elder, (Item 28) Station 3.1.1,
Columns 7 and 8B, second floor of Building 3.
Pressure level: Elder, 20 psi.

Figure 4.59 Post-Elder, (Item 26) Station 3.1.1,
Columns 7 and 8B, third floor of Building 3.
Pressure level: Slder, 20 psi.
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Figure 4,60 Post-Elder, (Item 26) Station 3.1.1, Column 8D and

crack in rear wall, first floor of Building 3. Pressure Level:
Elder, 20 psi.

. N s
8LDG 4 — z

Figure 4.61 Post-Elder, (Item 26) Station 3.1.1, destroyed roof section

of Building 6 and damaged area to roof at south end of Building 4. Pres-
sure level: Elder, 20 psi.

Figure 4.6 Post-Elder, (Item 28) Station 3.1.1, outside view of punched-in
roof 551" ‘i at north end of Building 4. Pressure level: Elder, 20 psi.
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Figure 4.63 Post Elder, (Item 26) Station 3.1.1,
inside view of punched-in roof section, north end
of B.ilding 4. Pressure level: Elder, 20 psi.

Figure 4.64 Post-Elder, (Item 26) Station 3.1.1, close-up of punched-in
roof section, north end of Building 4. Pressure level: Elder, 20 pai,
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) 2:&83‘.;
Figure .85 Post-Dogwaad.  Otive, and ~Pine, (Item 26) Station 31,

aerial view. Pressure levels: Dogwood, 12 psi; Olive, 8.4 psiy and Piae,
13 psi.

rigure 4.66 Post-Dogwood, -Olive, and -Pine, {item 28)
Statton 3.1.1, underside of third floor along Column Line 1%,
and the front wall faciog surface zero. Pressure leveis:
Dogwood, 12 psi; Olive, 8.4 psi; and Pine, 13 psi.
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Figure 4.67 Post-Dogwood, ~Olive, and -Pine, (Item 26)
Station 3.1.1, crack in third floor at intergection of front
wall between Column Line 11 and south shear wall, Pres-
sure levels: Dogwood, 12 psi; Olive, 8.4 pai; and Pine,

13 psi.

Figure 4.68 Post-Walnut, (Item 27)
siation 3.1.3, entrance filied with
mud. Pressure level: Walnut, 21 psi.
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Station 20A was destroyed either during Operation Grecnhouse or Operation Ivy.

The structural details and elevation views of this item are shown in Figure 4.69.

Stations 20B, C, D, and E were destroyed by the air-blast effects fron, Shot Walnut, ¢ atjon
20F was not damaged by any of the shots. See Appendlx C for a detailed analysis of the response
of these plers tu blast pressure.

Table C.1 lists the pressures sustained by the virious piers and the subscquent damage, A
typlcal preshot view of a pier (Statior. 20B) i8 shown in Figure 4.70 and a post-Walnt (pressurc
level, 25 psi) view of the same pier depicting typical damage, separation ot the stem from the
basge, i8 shown in Figure 4.71.

4.2.5 Item 29, Station 77.02. A reinforced-concrete recording station was construcied during
Operation Hardtack (1958).
This station was not damaged {rom any of the shots and received a maximum, estimated pres-
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Figure 4.69 Structural details and elevation views of (Item 28)
Stations 20A, B, C, D, E, and F, Site Janet.

sure of 17 psi from Shot Elder. The antenna and ventilating devices on top of this station (Figure
4.72) were removed prior to Shot Elder.

4.4.0 Item 30, Landing Pier. An earth-filled pier witnh reinforced-concrete side walls and
concrete cubicles (5 by 5 by 5 feet with 6-inch walls and filled with sand) for additional stability
received no damage from the first two shots, Yellowwood and Tobacco,

However, Shots Walnut and Elder caused considerable damuage (compare Figures 4.73, 4.74,
and 4.75). Two of the concrete cubicles were thrown 45 and 75 feet, respectively, the steel

from the effects of Walnut (Figure 4.74). The welded horizontal beams were fractured at the welds
on ihe side adjacent to the columns; the columns tilted on a 3-to-1 (vertival to horizontul) slope
awly frewn sarface zore.  During Ehot Elder the horizoitat structural mea.icrs of the steel
framework were blown on shoe and oi.y the tilted legs remained in place (Ffigure 4.75). The

two concrete cubes that were isplaced from Walnut were moved only slightly; no additional

cubes were displaced. No additional damage was observed from the other shots.

4.2.‘7_ Camp. Tus camp was almost entirely dismantled prior to any of the shots; howeve1,
the wood frame @ r some buildings aud tents were left in place.
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Figure 4.70 Preshot (Item 28) Station 20B, view of gage
pier facing surface zero, Site Janet.

Figure 4.71 Post-Walnut, {Item 28) Station 20B, view of
toppled gage pier. Pressure level: Walnut, 25 psi.
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Figure 4.72 Postshot, (Item 29) Station 77.02, recording
station. Pressure level: Elder, 17 psi.

Tigure 4,73 Preshot, (Item 30) landing pier, Site Janet.
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Figure 4.74 Post-Walnut, (Item 30) landing pier. Pressure level: Walnut, 23 psi.

!
|
|

I'igure 4.75 Post-Elder, (Item 30) laiiding pier. Pressure level: Elder, 30 psi.
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The wood frames were destroyed by e effects from Shot Koa (pressure level of 5.2 psi).
Shot Yellowwood (pressure level of 6.2 psi) scattered oil drums that had been previously scattered

(Figure 4.78).

4.3 SITE YVONNE

The effects of Shots Cactus (17 kt), Butternut (8u kt), Holly (5.8 kt), Magnolia (57 kt), Rose
(14.5 kt), Linden (11.1 ki), Sequoia (5.3 kt), Pisonia (2% kt) ~~4 ®ig (21.5 tons) were observed
at Site Yvonne., The shot geometry, with pressure contours and test stations, is shown in Figure

4.71.

4.3.1 Item 31, Station 1130. A reinforced-concrete bunker was constructed during Operation
Hardtack (1958). This structure was designed to resist a 470-psi air overpressure and a 3,270-

Figure 4.76 Postshot, Janet Camp. Pressure levels:
Yellowwood, 6.2 psi; Tobacco, 1.5 psi.

psi reflected air overpressure. The plan and elevation for this structure are shown in Figure
4.78.

The structure was located in the 450-psi air-overpressure range for Shot Cactus and damaged
only from that shot. The damage was confined to the side tunnel. A preshot view of the entrance
(side away from ground zero) is shown in Figure 4.79 and a post-Cactus view is shown in Figure
4.80. Thermal sudiulion cutimate? to be 86 c21/am? from Shot Butternut, which was fired after
Shot Cactus, ourned the black paint otf the wall surface as can be seen by comparing ¥igures
4.79 and 4.80. A preshot view of the entrance to the side tunnel is shown in Figure 4.81. A post-
Cactus view, Figure 4.82, shows the damaged entranceway. Apparent'y tie biast wave that
»ntered the tunnel-like entrance (side-on tu the shouk f.ont) was reflecte 2t iho tunnel’s end.
The resulting increase in pressure caused the tunnel walls and roof to separate and crack as
though an explosion had occurred inside the tunnel. An interior crack near the junction with
main structure showing the “bulging” failure can be seen in Figure 4.83. The tunnel was not
fastened with dowels to the main station but merely keyed,

Thermal radiciion at this close range was estimated to be 650 cal/cm?. Very little of the
tunnel was di.cctly exposed to this radiation as can be seen in Figure 4.81; however, the aveac
that were exposed showed remarkably little effect due to this exposure, Figure 4,82.
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Figure 4.786 Plan and clevation for (Item 31) Station 1130,
reinforced-concrete bunker, Site Yvonne.
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Figure 4.79 Preshot, (Item 31) Station 1130, entrance, Site Yvoane.
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Figure 4.80 Postshot, (Item 31) Station 1130, entrance.
Pressure level: Cactus, 450 psi; Eutternut, 20 cal/cm?,
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Figure 4.81 Preshot, (Item 31) Station 1130, side-lunnel -
entrance, Site Yva~..

rigure 4.82 Post-Cactus, (Item 31) Station 1130, side-tunnel
eatrance. Pressure level: Cactus, 450 psi; 650 cal/cm?,
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#3.2 Item 32, Station 1220.01. A steel cubicle mounted on a structural-steel platform was
erected during Operation Hardtack. This station was located in the 450-psi air-overpressure
range for Shot Cactus and was destroyed; only the legs of the structure survived. Preshot and
postshot views are shown in Figures 4.84 and ..86, respectively.

4.3.3 Item 33, Station 1216. A reinforced-concrete terminal for a pipeline was coastructed
during Operatiun Hardtack (1958).

This station was located in the 450-psi air-overpressure range for Shot Cactus and apparently
undamaged. A preshot picture is shown in Figure 4.85 and a post-Cactus view in Figure 4.86.

4.3.4 Item 34, Station 1612, A reinforced-concrete recording station with a timber entrance
tunnel and reinforced-concrete retaining wail was constructed during Operation Hardtack (1958).
The plans for the station with details for the retaining wall only are shown in Figure 4.87.

This station was located in the 1,600-psi air-overpressure range for Shot Cactus. As a re-
sult of the surcharge from this overpressure the timber entrance tunnel was filled in with sand
and the adjoining retaining wall cracked and tilted outward 2 to 3 feet. A preshot view of the
retaining wall is shown in Figure 4.88 and a post-Cactus view showing both the retaining wall
and the emrance to the station is shown in Figure 4.89.

The damaged, saud-filled timber tunnel wna rumueved by the use of a bulldozer and the interior
of the detector station was investigated for structurpl damage. It was observed that the rear
wall (wall away from ground zero} was damaged at the junctures with both the ceiling and floor
(Figure 4.90). Apparently air blast entered the collimator pines and tended to blow out the rear
wall. The rear wall was 1 foot thick, the floor and ceiling both were 2 feet thick, and the steel

reinforcement for all three elements consisted of No. 7 bars at 12 inches on center, both ways,
and in each face.

4,3.5 Item 35, Stations 1523.01 io 1523.04. Four steel-pipe towers encased by a plywood
covering were constructed for Operation Hardtack (1858). A corrugated-metal pipe (48 inches
in diameter) mounded with sand led {rom each station to ground gero. A preshot picture of this
station is shown as Figure 4.91.

The stations were located in the 450-psi alr-overpressure zone for Shot Cactus and were de-
stroyed by that shot. All that remained "vas the foundations for the to=ers and remnants of the
corrugated pipe.

The air-blast wave smashed the far wall ol each tower foundation, as shown in Figure 4.92.

A typical failure pattern for the 48-inch, round, corrugated-metal pipe leading to ground zero
is shown in Figure 4.93.

4.3.6 Item 36, Station 1310, A massive, reinforced-concrete structure was constructed and
undamaged during Operation Redwing (1956). A new reinforced-concrete room was added on the
roof and the entire structure mounded over with earth for Operation Hardtack (1958).

This station received a maximum, estimated overpressure of 16 psi from Shot Magnolia and
expericaced no struciura! Aamags from any of the shots., A preshot view of this station is shown
in Figure 4.94 and post-Rose view showiag loss of earth cover i8 shown in wigurc 4.95,

4.3.7 Ttem 37, Water Tank. A 21,000-galion tank constru: .ed of ‘/;-inch ateel plates with
}4-Inch round bolts spaced at 2 inches on cintrr, and having & radiue of 10 feet 10 inches and a
height of 8 feet, was damaged during Hardtack (1958).

The tank was located in thel.5-, 8.5-, 2.4~, 7.0-, 2.5-, 3.4-, 2.3~, and 3.4-psi air-overpressure
zones for Shots Cactus, Butternut, Holly, Mugnolia, Ro3se, Linden, Sequoia, and Pisonia. The
tank was not affected by Shot Cactus but was damaged by Shot Butternut as shown in Figure 4.96,
The tanl was half full of water at that time. Shot Holly had no additional effects. The tank was
damaged additionally by Shot Magnolia as seen by the local buckling failure around the top perim-

P

eter and the dishing of the roof as shown in Figure 4.97. No additicnal damage from the remali. -
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Figure 4.83 Post-Cactus, (Item 31} Station 1130, crack at intersection
of tunne. and main structure. Pressure level: Cactus, 450 psi.

Figure 4.84 Freshot, (Item 32) Station 1220.01,
cubicle, Site Yvonne.
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Figure 4.85 Preshot, (Item 33) Station 1216, Sile Yvoune.

Funura 4.86 Post-Cactus, {Items 32 and 33) swations 1220.01
and 1216. Pressure level: Cac’ 18, 450 psi,
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Figure 4.89 Post-Cactus, (Item 34) Station 1612, retaining wall and
watrance to atation. Pressure level: Cactus, 1,600 psi.
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Figure 4.90 Post-Cactus, (Item 34) Station 1612, interior view.
Pressure level: Cactus, 1,800 psi.
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Fig < 4.81 Preshot, (Item 35) Stations 1523.01 to 1523.04, Site Yvonne.
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Figure 4.92 Post-Cactus, (Item 35) Stations 1523.01 to 1523.04,
foundation pit for towera. Pressure level: Cactus, 450 psl.

P " S 5 i

Frgure 4.93 Post-Cactus, (Item 35) Stations 1523.01 to 1523.04, 48-inch
aetal corrugated pipe leading to ground zerv. Pressure level: Cactus,

450 psi.
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Figure 4.94 Preshot, (ltem 36) Station 1310, concrete, earth-covered
station, Site Yvonne.

§2 «—— { Except Cactus)

Figure 4.95 Post-Rose, (Item 36) Station 1310, concrete, earth-covered
stati .. Pressure levels: Cactus, 4.5 psi; Rutternut, 12 psi; Holiy, 7.8
psi; Magnolia, 16 psi; and Rose, 4.2 psi.
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Figure 4.96 Post-Butternut, (Item 37) 21,000-gallon water tank.
Pressure level: Butternut, 6.5 psi.

R

Figure 4.97 Post-Magnolia, (Item 37) 21,000-gallon water tank and
Yvonne Camp area. Pressure level: Magnolia, 7.0 pai.

1217

SECRET

|
i
!
%
5
}
!i
i

A

-

PR

§
:

L enOREIES id




ing shots was observed. Even though the tank was badly dented near the upper rim none of the
bolts or bolt holes showed signs of incipient failure, and it appeared that the tank wiih some
minor repairs could easily be placed in use again. The above-ground connections of 4-inch and
2-inch water pij.2s and the exposed 4-inch, rising-stem, gate valves (125-psi rated) were un-
damaged.

4.3.8 Yvonnc Camp. The camp located at the south end of Site Yvonne (Figure 4.77) was
damaged severely. Damage resulting from the various shots to several types of construction
and miscellaneous items is described as follows:

Timber Buildings and Tents. Light temperary timber buildings were severely
damaged from the 1.5- to 2.0-psli air overpressure from Shot Cactus. The first two rows of

Figure 4.98 Post-Cuctus, camp damage, tents. Pressure
level: Cactus, 2.0 psi.

tents (closest to ground zero) were not only collapsed but moved away from ground zero a dis-
tance of 6 to 8 feet (Figure 4.98). The remaining tents did not experience this movement but
were partially collapsed, The light-plywnod-covercd buildings were severely damaged, the
smaller buildings being damaged the ieast. ‘I'1e tramnes of many strucwies were cullapsed iv
varying degrees and the plywood siding of many was blown off (Figure 4.88). The iatrine which
‘was the clusest camp building to ground zero was not only damaged but 1 oved 6 inches away
ivom gronnd zero. The blast that entered this building apparently exerted a greater pressure
than the external pressure, as indicated by the outward oulging of the roof and side walls as
shown in Figure 4.100. None of the buildings or tents were charred from the thermal pulse
from Shot Cactus. The estimated pressure level of 5.8 to 8.2 psi from Shet Butternut completely
destroyed all the tents and timber buildings.

Telephone Poles. Wood telephone poles located in an estimated 2.5-psi pressure range
for Shot Cactuc v vo undamaged. The same poles located in the 12-psi air-overpressure for
Shot Butternut were bent and one was broken at the base as shown in Figure 4.101; the bent pole
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Figure 4.99 Post-Cactus, camp damage, light timber construction.

Pressure level: Cactus, 1.5 psi.

P Q . ’ . oo y 7
igure 4.100 Post-Cactus, camp damage, latrine. Pressure
level: Cactus, 2.0 psi.
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STEEL PIPE

Figure 4.101 Post-Butternut, telephone poles. Pressure
level: Butternut, 12 psi.

™hoire 4.102 Post-Butternut, radar reflector. Pressure
level; Butternut, 5.8 psi.
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Figure 4.103 Post-Butternut, helium bottles. Pressure

level: Butternut, 5.8 psi.

L e

Figure 4.104 Post-Magnolia, helium bottles. Pressure
level: Magnolia, 6 psi.

131

SECRET

ol S AN W NV R

e AN SIS i = i P it U S T

AR QRN in 3 b

.

B v S s I 3 R MR (L

i S ¥




in the right foreground i8 a 3-inch, round, steel pipe. The same poles were located in an esti-
mated 16-psi range for Shot Magnolia and were snapped off at the base.

Radar Reflector. A multiunit, radar reflector, undamaged from the effects of Shot Cactus,
was ripped from its concrete foundation and thrown 50 fest from the effects of Shot Butternut. A
view of this s*ation, which was located in the estimated 5.8-psi range from Shot Butternut, is
shown in Figure 4.102.

Helium Bottles. Helium bottles stored in the camp area were undamaged but saifted

< 13 x 9 DRV t\,_ AT ". I.
Figure 4.105 Postshot, fire hydrant. Pressure levels: Cactus,
2.0 psi; Butteraut, 8.2 psi; Holly, 3.1 psi; Magnolia, 9.0 psi;
Rose, 3.1 psi; Linden, 4.7 psi; Sequoia, 3.0 psi; and Pisonia,
2.8 psi.

slightly from some of the shots. This movement can be compared by viewing Figure 4.103 (post-
Butternut, 5.8 psi) and Figure 4.104 (poat-Magnolia, 6 psi). The remaining shots had no addi-
tional effects.

Fire Hydrant. A typical view of a fire hydrant located in the 2.0-, 8.2-, 3.1-, 8-, 3.1-,
4.7-, 3.0-, and 2.8-psi air-overpressure range for Shots Cactus, Butternut, Holly, Magnolia,
Rose, Linden, Sequoia, and Pisonia, respectively, is shown in Figure 4.105. The hydrant was
not damaged by anv of the shuts.
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Chapter 5
DISCUSSION

The discussion of results is divided into three general catcgories: prediction curves, radiation
and water waves, and damage-distance relationships.

5.1 PREDICTION CURVES

5.1.1 Air Overpressure. Observed pressure-distance data, reduced to a 1-kt surface burst,
have been plotted in Figure 5.1, where the solid curve is identical to the 1-kt plot shown in Fig-
ure 2.3, which was used for predicting the ground-surface air overpressure for each of the vari-
ous stations that were investig:iicd and summarized in this report. The points in the high-pressure
zone, as plotted in Figure 5.1, represent data (References 12 and 13) from Shots Cactus (17 kt)
and Koa (1.38 Mt), thus covering a low -yiald wad a high-yieid siot.

In the very-low-pressure range, the plotted points represont data {Reference 12) from Shots
Cactus, Koa, Butternut (80 kt), Magnolia (57 kt}, and Yellowwood (340 kt). The data, as plotted,
have not been corrected for wind, temperature, or any of the other meteorological conditions
that can have marked effects on the properties of a blast wave in the runges of very-low air over-
pressures.

The plotted points agree closely with the prediction curve, thus establishing a satisfactory

level of confidence for the predicted air-overpressure values for the other shots investigated
during the operation.

5.1.2 Floor-Slab Acceleration. Limited acceleration data are available, and only a few points
(References 12 and 13) were plotted on the acceleration-prediction curve (Figure 2.5), as shown
in Figure 5.2. The points represent data from Shots Koa and Cactus. The data are not sufficient
to determine the overall reliability of results obtained from using the cuive; however i antears
that a reasonable value can be determined.

5.2 RADIATION AND WATER WAVES

5.2.1 Nuclear Radiation. Methods for predicting radiation within structures were not avail-
able at the time of this operation except for the slant-thickness method which, as shown by this
repcrt, is not reliable. The path-of-least-resistance method for predicting radiation withi .
structures was therefore developed and is described in Appendix A. The measured and predicted

values using this method were in reasonably close agreement. See Section A.6 for a detailed
discussion.

5.2.2 Thermal Ridiation Damage. Primary thermal radiatioi has s¢ldom been a governiug
factrr in damage to structures. However, it is quite important to know thermal levels when
designing protective structures for very-high-verpressure regions.

The predominant effect of thermal irradiation :s the heating of exposed surfaces oi structures.
The effect of moderate irradiaticn on steel is simply to heat the surface; however, thin sections
can lose strength. The effect of moderate irradiation on concrete results only in surface spalling.

Observation of structures during this operation showed no case where thermal radiation was

a governing factor in structural damage. Observations included steel exposed to 1,400 cal/cm?
(Item 10) s>’ concrete exposed to 650 cal/cm? (Item 31;.
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L.2.3 Water Waves. Blast-generated water waves were instrumental in removing consider-
able quantities of loose material from earth mounds and earth berma. Observations of wave
damage in this and past operations indicate that close-in structures surviving the effect of air
blast will undoubtedly survive the force of water waves. See Section D.5, Appendix D, for &
detalled discussion.

5.3 DAMAGE-DISTANCE RELATIONSHIPS

Damage to certain common facilities and installations, such as caup sites, generators, and
storage tanks, has been observed and reported during several previous operations. For these
ftems, the past damage data, as well as that obtained during Operation Hardtack, have been
studied for the purpose of determining damage-distance relationships. Where posaible, the
damage has been compared with the curves of TM 23-200 (Reference 8).

Damage classification, numely, severe, moderate, and light (Reference 8), has been used
throughout this report in describing the degree of damage to the various stations. In the follow-
ing sections a detailed description of damage classifications pertaining to specific items is given.

5.3.1 Camp and Wood-Frame Structures. The light wood-frame buildings for camp sites
were constructed to pirovide tempuresy facilitics fur iiegsing, storage, maintenance, and adwmin-
istration. Typical construction for these buildings consisted of 2-by-4-inch studs 2 feet on cen-
ter, trussed rafters 2 feet on center, Y;-inch exterior plywood siding, and corrugated aluminum
roofing.

The damage-distance relationship shown in Figure 5.3 represents the results of observations
of damage made during Operations lvy, Castle, Redwing, (Section 1.2.1 and References 1 and 2),
and Hardtack. The following descriptions define the damage levels for the curves shown:

Severe Damage. Frame shattered so that the structure is for the most part collapsed.

Moderate Damage. Wall framing cracked. Roof badly damaged. Interior partiiions
blown down.

Light Damage. Windows and docrs blown in. Interior partitions cracked.

Distances shown for severe damage are those for which the probability of the damage occur-
ring is 50 percent, the 2.0-psi level. The spread of the data in the severe-damage range supports
the methods of obtaining 10-percent and 90-percent probability given ir Reference 8. For 90-
percent probability, use is made of the distance for a weapon of half the desired jiviun, ive -
percent probability, use is made of the distance for a weapon of twice the desired yield.

The moderate-damage level (1.0 psi) was determined by using the distance for a weapon of
four times the desired yield, as in Reference 8. The light-damage curve (0.75 psi) s intended
to represent the upper limit of nuisance damage and the threshold of light dataage. The severe-
damage curve (50-percent probability) for wood-irame bulldings, onc- or two-story house type,
as given in Reference 8, is also shown in Figure 5.3.

Damage to several types of heavy-wood-framed structures has been observed, but insufficient
data make it impossible to determine damage-dictance relationships for such variable structures.
However, it has been denlonstrawca thet amall, essentially windowless, wood-frame structures
cun be designed o withstand overpressures up to 4.5 psi (Reference 1), if 2 modera's degree of
damage is acceptable.

5.3.2 Storage Tanks. Damage curves (Rei:sence 8) show tha' larg: oll storage tarks (30 feet
in height, 50 feet in diameter) are primarily diffraction structures and, therefore, overpressure
sensitive, Damage levels for large oil tanks are described as follows:

Severe Damage. Large distortion of sides, seams split, so that most of tke contents are
lost (approximately 11-psi lcvel).

Mod« rate Damage. Roof collapsed, sides above liquid buckled, some distcrtion below
liguiv ievel (approximately 5-psi level).

Light Damage. Roof badly damaged (approximateiy 1-psi level).
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A 21,000-gallen water tank (Item 37) directly exposed to 6.5 and 7.0 psi of air overpreasures
received light damage. The roof was dished in, and there was a small amount of buckling of the
sides above the level of liquid in the tank. In addition, it was noted that there was no damage to
the exterior connecting piping.

Similar tanks expcsed durlng previous operations (Section 1.2.1) confirm the observation that
these 1maller tanks are considerably less vulnerable to damage at a given presgure level than
large oil-storage tanks. There ig insufficient data to plot 2 damage-disiance relationship for
tanks of the type investigated in this report. However, examination of the data indicatea that
light damage 18 to be expected between air overpressures of 3 and 10 psi.

100 MT

T
LEGEND
MCOQE _ SHOT NAML

10 MT

I MT

100 KT

YIELD

=TT

TV

TT=7 T

K=t
r-2
r-3
W-4
£-5
o-6
o-7
P-8

KOA
YELLOWWOOD
TOBACCO
WALNUT
ELDER
DOGW000
OLIVE

PINE

R NUMBER REPRESENTS
OROER OF FIRING

I
EBLAST RESISTANT \&
Rener e

|
1 ¢

[CONCRETE 8LOGS

o4

OMUMENTAL TYPE

7.3/ MATISTORY WAL 3
/ / .' BEANNG BUILDINGS h
10 KT /«M ‘ —
/ Y/ / risToery wail sEanws
%
r)

=TT

SUNOING (APMARTMENT
NOUSE TYPE)
| KT

77

TTTT

N\

/)
L

— —a
100 20 00 1000 2000 $000 10000 pnns
YARDS
300 600 1500 3000 6000 15,000 30,000 $0,000
FEET

GROUND RANGE

Figure 5.4 Da.a for Structure 3.1.1 plotted on curves entitled
“Severe Damage to Various Structures Primarily Overpressure-
Sensitive by Surface Burst of Various Yields” from Reference 8.

5.3.3 Station 3.1.1 (Item 26, Three-story Blast-Resistant Buildings). The response of this
structure allowed a limited comparison of observed with predicled damage. However, predicted
damage is basecd on the effects. from sikgle shots while the struciures in question were subjected
to many shots. The severe-damage curve labeled * Blast Resistant, Feinforced-Concrete Build-
iegs” shown on Page 7-45 of Reference 8 was used for compari:.g predicted with obgerved re-
sponse. This comparison can be seen in Figure 5.4, Here the ¢heerv-d reegponses for the various
shots are plotied on the prediction curve. The curve labeled “Blast Resistant Reinforced Con-
crete Bldgs” has an indicated 34 psi at its lower end. The upper end, although not labeled, de-
creases to 32 psi for the greater yields and ranges.

The curve predicted something less than severe damage for Shots Walnut and Elder alone.
Severe dar.age is defined as the collapse of the first floor columns of the building. Shot Walnut
caused i~ « zolumns of the first floor of Building No. 5 (the concrete structure with windows) to
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displace laterally about one foot, thereby greatly weakening the structure. It can be assumed
that a sligh® additional load would have caused collapse of the columns, Shot Elder, which had
about the same input pressure as Walnut, provided the force necessary to cause collapse of the
first floor columns.

Since none of the blast-resistant steel buildings, the concrete bullding without windows, and
the shear-wall bullding underwent severe damage, the damage curve as used also appears rca-
sonable for predicting the response of these structural types,

Although the roof of the shear-wall building collapsed, the frame and wal.s were only slightly .

distressed and the building was not considered to be severely damaged. The roof {ailure shows
the need for careful consideration of roof designs. For example, it was observed that the line
of failure for roofs occurred at locations vhere main stress steel had been terminated; had these
bars been contiuued, these failures may not have occurred.

5.3.4 Station 1312 (Item 25, One-story, Reinforced-Concrete Building). This structure pro-
vided the opportunity to record blast-diffraction measurements from four different shots. It
was observed that the predicted and recorded pressures on the front and rear faces of the station
were in close agreement. The observed and the predicted pressure curves along the roof were
in rather poor agreement, eapecially atter the arrival of the vortex. See Section B.2, Appendix
B, for a detailed discussion.

5.3.5 Gage Piers (Item 28). Since several of the piers failed from alr-tlast effects and one
did not, an opportunity was afforded to compare predicted response with observed response for
diffraction targets oriented at various angles of incidence with surface zerc. Even though the
analysis was made assuming both the strength properties of the materials and the air-overpressure
values for the statlons investigated, the predicted and the observed response were in cloae agree-
ment. See Section C.4, Appendix C, for a detailed discussion.

5.3.6 Miscellaneous Damage. The many support-type structures located at the various sites
were exposed to & wide range of overpressure. The heavily reinforced-concrete structures
located at the end of Site Tare were subjected to pressures over 1,000 psi from low-yieid kt
devices without being damaged. An unmounded, reinforced structure (Item 2) located on Site N
Able was subjected to an estimated 1,200 psi from a 9.3-Mt device and was completely destroyed.
Generators (Item 23), located behind the stativr: complex (earth-mounded stauon) and exposed
to an overpregsure of 35 psi, suffered severe damage. However, of particular interest was the
striking evidence of the protection afforded objects sheltered from the air blast by an obstruction.
The fully sheltered generator moved only 2 feet, whereas the least sheltered generator was
thrown 60 feet.
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Chapter 6
CONCLUSIONS and RECOMMENDATIONS

6.1 CONCLUSIONS

The objective of recording damage from air blast, radiation, and blast-generated water waves
was attained. Detailed conclusions are presented in Appendixes A, B, C, and D. The general
conclusions are that:

1. The peak air-overpressure curve (Figure 5.1) is reliable for scaled air overpressures
from 0.1 to 350 psi.

2. The peak-ground-acceleration curve (Figure 5.2) gave reasonable predictions of floor-
slab accelerations, However, tuc overall reliabilily of the curve is uncertain, inasmuch as
limited data were obtained.

3. Radialion levels inside sheltery Aiscussod ia thie report were adequately predicted by
using a path-of-least-resistance method (see Appendix A}.

4. Radiation levels inside shelters were not realistically predicted usiug the least-slant-
distance concept.

5. Thermal radiation was not a governing factor in structural damage for exposures up to
1,400 cal/cm? for steel.

6. Total thermal radiation of up to 650 cal/cm? caused only minor suriace spalling of directly
exposed concrete.

T. Structural effects due to water waves may be neglected for close-in structures designed
to withstand air blast.

8. At greater distances, where air blast is of no great consequence, water waves muat be
considered in structural cesign and planning.

9. Light wood-frame structures (camp buildings) suffered severe damage from air over-
pressures ranging trom 1.4 to 3.0 psi.

10. Bclted-steel, ground-surface storage tanks (27,000 to 30,000 gallons in capacivy), tun
of liquid, suffered only light damage from overpressurer less than 10 psi.

11. The damage-prediction curve entitied “Blast Resistant, Reinforced-Concrete Buildings, "
Reference 8, appears adequate fcr predicting damage to threz-story, blast-res’stant structures
of the Station 3.1.1 type, i.e., reinforced-concrete building, with and without windows; structural
steel, with and without windows; and a reinforced-concrete, shear-wall building.

12. Relnforcing steel in roofs of blast-resistant structures should be designed to provide -
more uniformity of strength. At least one half (but preferably all), the area of positive relaforce- ;
ment required within a continuous or restrained se~tion of roof should extend beyond the face of
the suppert for » distance af 50 har diameters, At least one half the reinforcement provided for
negAative moment at the support srould be extended beyond the poiut of inflection a distunece suily-
cient to develop the allowable stress ir such bars or a distance equal to the depth of the member,
whichever distance is greater. By this procedure, abrupt chang -3 in the strength of a member
wou'ld be minimized. Local {ailures, thus, wou!? not cause the {oitire f & whole roof saction
before other portions (of that section) were overstressed.

13. Heavily reinforced concrete structures (earth-mounded and having $- to 6-foot-~thick
walls and roof with clear spans up to 5 feet) survived air overpressures of 1,000 psai without
damage.

14, Obj.cts located close behind earth mounds within a distance approximately equal to the
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height of the mound received considerable protection from dynamic pressures at overpressures
of 3% psi an” lower.

15, Exposed standard 2-inch and 4-inch water pipes, including standard rising-stem valves,
survived pressures up to 8 psi without sign of damage.

168, For structures orieated so that a line drawn through ground zero is normal to the front
face of the structure (zero angle of incidence), it was found that the method used in predicting
lvading on the froat and back walls of diffraction-type structures provided results sufficiently
realistic for design ur analysis purposes.

17. The predicted shape of the overpressure curve for the roof of diffraction-type targets
was not in close agreement with measured results,

18. The method used for predicting pressures on the front and rear faces of diffraction
targets at various anglee of incidence with ground zero is satisfactory for design but not for
analysis purposes.

6.2 RECOMMENDATIONS

1. It is recommended that the path-of-least-resistance method (Appendix A) be adopted for
use in predicting radiation within structures.

2, The present method available for predicting pressures on the front and rear faces of dif-
fractior targets oriented at a zero angle of incidence ie ndcyurte and is recommended for design
and analysis purposes. The present method of predicting roof pressure shouid be used until a
better method is determined.

3. Additional high explosive and,'c. susii-tube experiments should be performed to: (1) de-
tzermine a more realistic overpressure distribution along soofs of diffraction-type targets; and
(2) determine the pressure distribution on the front and back faces of these targets when oriented
at various angles of incidence with ground zero.

4. Continuous beams, slabs, or walls of blast-resistant structures should be designed for
areater uniformity of strength throughout their span. Any abrupt changes in the strength of a
member invite local failure which can cause the whole member to fail before other portions of
the member are seriously distressed.
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Appendix A
NUCLEAR RADIATION

By Edwin S. Townsley, Captain, Corps of Engineers, U.S. Army Engineer
Waterways Experiment Station, Vicksburg, Mississippi

A.1 INTRODUCTI'ON

Film-badge dosimeters were installed in four
structures to obtain additional information on shield-
ing against nuclear radiation. The effectiveness of
shielding is determined primarily by the following
factors taken from Reference 8: (1) distribution of
the energy of radiation, (2) inwnsity of the incident
radiation, (3) angle of incidenc. uf ihe radiation, (%)
mass of the shielding material, and (5) geometry of
the shielding.

The first three of these are functiois wi e vadia~
tion itself while the last two are functions of the pro-
tective shelter. Therefore, to better understand the
vroblem of shielding, a brief review of what is known
about radiation and how the structure affects radiation
will be given.

A2 THEORY OF RADIATION

Since the purpose of this discussion is to point out
the uncertainties involved in making computatiors of
shielding against radiation, the discussion will center
primarily on initial gamma radiation. The uncertain-
ties arising in considering nevtron and residual radi~
ation are no less formidable. The following definition
of flux as pertains to nuclear radiation is taken from
Reference 14:

“The flux of any type of radiation is he total num-~
ber ot particles per unit area and per unit time arriving
at a particular puint from all directions and at all
energies. The unscattered flux is that portion of the
total flux which arrives directly at the point in ques-
tion from the source, without having suffered any
previous collisiona. |} he unsvattercd dux is moes
directional if the source of radiation is a point.”

It is possible to write an equation for the unscattered
flux at a target in termx of the intensity of the (point)
souroy, dictance pewween souirce and target and the
mean free path in the unjform homogeneous medium
in which both the target and source are assumed to be
located. Tlis eguation becomes less accurate as
approximations are added to account for the contribu-
tion of scattered flux, size and distribution of energy
in the source, ani' Lhe lack of uniformity and homoge-
neity in the medium (including both the hydrodyna:mic
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effect and the air-earth interface). Tho.efore, it is
obvious that ticre are considerable uncertainties not
only a8 to the intensity of radiation, but also as to the
distribution of the energy and the angle of incideace of
the radiati~n at the exterior surface of the structure.

A.3 STRUCTURAL SHIELDING

A8 vasg noted in Section A.1, buoth the mass and
geometry of the structure must be considered. In
determining the attenuation of rediation with thickness
for various materials, the normal procedure is to
direct a known radiation perpendicularly against a
specimen of the material in question and measure the
amuunt of radiation on the other side of the specimen.
Therefore the geometry of the material is assumed
to be a1~ infinite plane of given thickness, and the radi-
ation is monodirectional, assumed to be monoenergetic,
and normal to the surface of the specimen.

Thus the normal procedurs for computing the at~
tenuz ion to be obtained in a structure is to assume
that & monoenergetic and monodirectional radiation
strikes the suriace of the structure at an angle deter-
mined by the line of sight bstween the source and the
structure. The slant thickness of the structural ma-
terial measured along this line of sight is used in
determining attenuation. Work by the National Bureau
of Standards (Reference 15) indicates that the shield-
ing computed in this way may be much greater than
actuslly exists for concrete walls of more than flve
fuches thickness and angles of incidence greater than
thirty-five degrees. Therefore, the problem of pre-
dicting shielding involves the dual problems of deter-
miuing what radiation exists at the outside of the
structure and of computing how much of that radiation
passes through the walls of the structure *n its interior,
or,to quote Reference 14:

"No generalizes tr2atment of the military gamma
shlelding problem, either theoretically or experimen-
tally based, can be presented at this iimc. The geo-
metrical configuration of a structure bears important-
ly on its shielding effectiveness; the geometry of the
most practical structures and of the topography in
which they are located cannot be simply described in
a mathematical sense. It 18 extremely difficult there-
fore to compute the shielding effectivenesc of 2 given
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structure with any reasonable accuracy. The computi-
tional problem is compounded by the general lack of
information of tr. distribution of radiation at the re-
ceiver in intensity, energy, and angle. Generalizations
based on experimental measurements are equally
difficult because the uata are limited and distributed
ove a variety of structural types, and often luck in-
terna! consistency.

“‘Under these civvuu:stances it is felt that, at
present, the best way to determine the shielding ef-
fectiveness of n given configuration of materials is
to esti'nate it from experimentally measured values
for similar structures under similar conditions.”

It was because of this statement that radiation
measurements were taken in a variety of structures.
But this method of determining the shielding is not
adequate for the engineer who faces the probiem of
designing a structure to protect its contents from all
weapon effects. Accordingly, for purposes of predict-
ing the shielding offered by a structure, a somewhat
different approach was taken.

A.4 PREDICTION METHODS

A.4.1 Slant Thickness. The conventional method
of computing shielding is to determine the thick: -«<
of the material of the structure along the line of sight
to the source. Theue thicknesses can be transformed
into attentuation factors by reference to numerous
available charts. In this study the charts in TM 22~
200 (Reference 8) were used.

A.4.2 Path of Least Resistance. Generally, it has
been observed that radiation inside siructures is
greater than could be explained on the basis of slant-
thickness computation. It has long been recognized
that the radiation inside a structure may be much high-
er tharn anticipated due to the admittance of radiation
through the entranceway. To make some estimate of
this effect, and to attempt to account for the weakness
of the slant-thickness method found by the National
Bureau of Standards, the following assumptions and
approximations were made;

1. In regions of high flux, where shielding is a
problem, radiation is assumed to be essentially direc-
tional along the line of sight in {ts properties. (An in-
dication of the validity of this assumption will be found
in Section A.6.)

2. Where this directional radiatiorn must tura ap-
proximately 90 degrecs lo enter the shelter, i {lux
is reduced to Y of its line-of-sight intensity. (This
figure was arritved ai by observing that radiation in-
tensities in foxholes, where essentially a right-angle
w.. 1 ol radiation is required, vary frorm ‘/m to :/i,, ol
the linre-of-sight intensity.) If two right angles or 180
degrees must be turned, the intensity is %q, the line-
of-sight intensity (approximately %% .

3. Since the foxhole is a box structure with one
side open as a “window” .o radiation, radiation through
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more than one side or “window” is assumed to be
additive.

4. Where two different shieldings are offered,
such as when u steel door occupies i portion of a wall,
the attenuations of radiation through the two are com-
puted separately, and their contributions to th: interi-
or dose are assumed to be fn proportion tu their arcas
This, in turn, assumes that the solid angle subtendec
hy these areas at the point of interest is proportional
to their areas. Steel doors located to one side of a
wall do not satisfy this assumption, but the effect of
the door {8 overestimated and the predictinn is on
the safe side.

These predictions ure assumed to he valid up to a
disiance from the “window” equal to 1% times the
largest dimension of the * window.”

A5 RESULTS

Internal radiation predictions were made for four
structures (Stations 560.01, 78.01, Station Complex,
and 3.4) using values of external doses determined
from Referance 8 and shown in Tables 3.1 and 4.1,
The attenuation fuctors tor materials, i.e., concrete,
steel, soil, etc., were also determined by using Ref-
erence 5. Howcver, there attenuation factors are
applicable for yields Lelow 100 Lt and therefore the
factors used in this report wiil be somewhat conserv-
ative since the yields of most of the weapons in ques-
far exceed 100 kt. Both the slant-thickness and path-
of-least~resistance } rediction methods were used.

In the following computations the attenuation factors
are first determined and the resuiting attenuated radi-
ation values which are the product of the attenuation
factor and the predicted external dose 2ve presented
in Tables A.1 through A 4.

A.5.1 Station 560.01 (Item 2). This wa - a rectanpu-
lar box structure with interior dimensions ¢f 25 by 10
by 8 fect with 4-foot-thick walls and roof (Figure 3.5).
The wall facing surface zero for all shots of interest
was shielded by an earth berm which was three faet
higher than the structure (Figure 3.6). The berm was
six teet thick at the top with a vertical surface adja-
cent to the structure and a two-on-one slope facing
surface zero. This berm was partially eroded by
wave action during Shot Fir.

Sin~c¢ the distance from surface zero was the same
fer Sho s Fir, Sycamore, and Aspen, the shielding
coniputaaons are the same for all three shots,  The
erosion of the berm was not surveyed und has not been
taken into account, thus “he ratio of shserved to pre-
dicted interior doses may be slightly higher for the
last two shois. The computations are as foilows:

Slant-"Thickness Method:

Geometry: 20 {eet of earth and 4 feet of concrete.

Attenuation Factor (AF) for:
20 ft of soil = 107 %
4 ft of conerete - 1.1 x 1073
Total AF: (a» b) = 1.1 ~ 1078, ¢ssentially zesu.
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TABLE A.1 PREDICTED AND RECORDED PADIATION VALUES FOR STATION 560.01

Soe Section A.5.1 for determination of tion factors (A F). ;
Predicted Dose Behind Door Average Inwerior Dose r
Shot Exterior Predicted Predicied Predicted Predicted
Dose Method 1* Method 1Tt Recorded Method 1¢ Mathod II { Racorded
AF  Dose AT Dose AF  Dose AF Doae
r r r r r r r
Fir 7,000 0 0 7 %1079 49 24.8 0 0 8.68 x 10~ ¢ 6.1 3.0 k-
Sycamore 210 0 0 7 %107 1.56 0.6 0 0 8.68x 104 o0.18 0.1 1
Aspen 1,000 0 0 7x1079 7.0 21.0 0 0 8.68 x 10™¢ 8.688 2.8 N
i
* Slant-thickness method. 1
t Path-of-least-resistance method. j
;
k]
TABLE A.2 PREDICTED AND RECORDED RADIATION VALUES FOR STATION 78.01 ;
See Section A.5.2 for determination of sttenuation factors (AF). i
Dose Behind Door Average Interior Dose {
Shot :":’:"‘d Predicted Predicted Predicted Predicied i
Dose Method 1° Method Ii t Recorded _ Method I* Mathod 1 t Recorded ‘
AF  Dosc AF Dose AF Dose AF Dose i
r r r r r T r ;
rir 19,500 — — - — —_— b 0 0.9x 157 u.8 4.0 ;
Sycamore 320 — — _— — 0 [} 9.8 x 10" 0.31 0 i
Aspen 1,500 0 0 3.5x10"% 5.25 23.0 0 0 9.8x 107¢  1.47 1.3 :
Maple — — - — —_— — — - -— 1.2% N
* Slant-thickness method.
1 Path-of-least-resistance method.
1 Radiation due to fallout.
TABLE A.3 PREDICTED AND RECORDED RAL". "»"N VALUES ¥OR ST# 'ION COMPLEX 3
See Sectlon A.5.3 for determination of attenuation !’  .cs 1L F).
Predicted Dose in Entrunceway Dose Beyond 80-Degree Turn
Shot Exterior Predicted Predicted Predicted Predicted :
Dose Method 1+ Method 111 Recorded Method I* Methad 111 Recorded %
° AF__ Dose AF Dase AF__Dose AF Dose :
r T r r r i N 1
Koa 13,000 0 0 4.1x107% 53.0 70.0 0 0 273x 1074 3.5 4.9 ;
Yellowwood 6800 0.82 480 0.82 480.0 130.0 0 0 5.46 x 107 32,0 5.0
Walnut 4,100 0.82 3,370 0.82 3,370.0 875.0 ¢ [} 5.46 x 107  225.0 130.0
Elder 4,100 0.82 3,370 (_)__8_2 3,370.0 700.0 0 0 5.46 x 10"  225.0 44.0
* Rlant-thickness method. %
t Path-of-least-resistance method. b
TABLE A.4 PREDICTED AND RECORDED RADIATION VALUES FOR STATIOM 3.4
See Scction A.5.4 for determinallon of attaru-tion fretess (A ¥ -
Predioted Dose Under Haich Cover Aviruge inierior Dose 5
Shot Exterior Predicted Predicted Predicted Predicted 9
Dose Method 1* Method It _ Recorded _Methodl* Medod I Recordad i
AF  Dos2 AF Doow AF Loty AT Deozs -
r T r r r r r
Kon 7,000 — - — —_ - 0 ] 1.06 x 1072 74.0 7.3
Yellowwood 1,000 0 ] 5.46x 10"  54.6 6.3 0 0 1,08 x 1073 10.6 0.9
Walnut 6,709 ] 0 6.46 x 10”? 386.0 375.0 0 0 1.06 x 1072 7140 41.0
Elder 6,700 0 0 5.46 x 10! 366.0 480.0 6 0 1.06x 1072 710 38.0
* Slant-thickn: - - method. 3
t Path-of-l¢art-resistance method. -§-§
=
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Paih-of-Least-Resistance Method: Total AF (axbxe+c~xdxe)=9.8x 1074

AF for one side wall and roof: Total AF behind door (c > e) = 3.5 x 1073
4 ft of concrate = 1.1 x 1073 x 2 See Table A.2 for a comparison of the predicted
1 90-degree turn = %, x 2 with the measured radiation doses. .
AF for rear wall:
4 ft of concrete = 1.1 x 1077 A.5.3 Station Complex. This was a buried, B
1 180-degree turn = Y4, reinforced-concrete structure consisting of raany i
Sublotal AF (1 = 2 + 3 % 4) = 2,98 x 1074 components (Figure 4.3). The thickness of cover and - ’§
AF for side wall with deor: (This wall is not layout of the structure were such that the only signif- 3
only at slightly more than 90 degrees to the line of icant radiation was found in the entrance tunnel which }
sight but is also in a radiation shadow caused hy had 8 %-inch steel door the full height and width of h:
the bern. Thus the radiation must turn an angle the tunnel. The tuunel made a 90-degree turi, within p
somewhere between 90 and 180 degrees. A 135- a distance equal to one and one-half times the height .
degree factor of %4 i8 used here although the full of the door.
180-degree factor of '/M was used in the ITR.) For Shot Koa, ground zero was located on ik far
Four feet of concrete = 1.1 x 10”3 side of the structure, and the door was completely
N 25 x 9) — (6 x 3 in the shadow of the structure, thus requiring two 90-
Wall-area factor (_ﬁ__) = 0.92 degree turns of radiation. For all other shots of in-
’/‘-lnch steel door = 0.7 terest, the door faced surface zero and thus the com- 5
{6 x 3) putations for slant-thickness and path-of-least-resistance 3
Door-area factor Bx9 0.08 methods were identical. The computations are as ;
135-degree turn = Y, follows: ¥
Subtotul AF(1 x 2x 5+ 3 x 4 x §) = 5.7 x 10”4 Stant-Thickneas Method: E]
Total AF for structure = 8.68 x 10~ 4 The slant thickness for the Shot Koa georretry &
Total AF just behind the door (3 x 5) = 7 > 10~3 resulted in an atiennation factor that predicted no .
See Table A.1 for a comparison of the predicted significant radiation within the station. o
with the measured rvadiation doses. For the other shots, the Al for the entrance E
was the same as that determined by the path-of- 3
A.5.2 Station 78.01. This was a buried concrete least-resistance method while the AF for the area E:
structure. The earth cover over the roof, along the beyond the 90-degree turn was negligible. .
side, aad the surface-zero side of the structure had Path-of- Least-Resistance Method: 3
been eroded since construction and were of unknown AF for Koa only, Entranceway:
but appreciable thickness (Figure 3.18 and 3.19). '/,-lnch steel door = 0.82 B
However, since the walls and roof of the struct..re 180-degree turn = 5 x 10 X
were so thick, it is believed that no significant radi- Total AF (a x b) = 4.1 x 10™3 2
ation entered the structure except through the wall Area beyond 950-degree turn: k¢
and door located at t}le back side of the structurs. yo-degree turn = 1/“ 4
The rear wall was 5% feet thick, 9} feet high, and Total AF (a x b x c) = 2.73 x 16~ i
13 feet wide whhla 3,-Inch steel door 8 feet 2% inches AF for all other shots, Entranceway: H
high and 4 feet 24 inches wide. Total AF (a) = 0.52 :
Since the distances to surface zero were the same Area beyond 90-degree turn: i
for all shots except Maple,. the shielding calculati:us Total AF (a x ¢} ~ 5.46 x 102
are the same for all conditions #xcept Maple. For See Table A.3 for a comparison of the predicted H
Maple, the radiation was due to fallout and no calcu- with the measured radiation doses. ‘
lations have been made. The computations are as N
follows: A.5.4 Station 3.4. This was a reinforced-concrete, i
Slant-Thickness Method: box-type structure mounded with earth, the roof being H
Since the slant thickness war so grent. the at- Avnh with the top of the maund. The roof w= 28 ir 1
tenuation factor deterinined by ihis method predici~ ches thick and 7 by 7 feet in plan with a siee! hateh R
ed that no significant radiation reached the interior cover l/z inch by 3 feet by 3 feet located in one corner .
of tha structure, hence an AF nf zero. (Figuce 4.24).
P Yool Tesgt Hesistance Method: Sinc tha “radistion window” for ‘his structure !
AF for wall and door: was the roof, the location of ground zero or surface H
5 feet of concrete = 10™4 zero had no effect on the AF determined by either o
Wall area factor = 0.721 method. The computations are as follows: 3
¥, -inch steel door = 0.7 Slant-Thickness Method:
4.2 % 4.2 Since the slant thicknesc was sn great, the at-
Door area factor $55. 13 0.279 tenuation factor determined by this method pre- ¢
180-degree turn - 3 1073 dicted that no significant radiation reachkcd the
144
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interjor of the structure, hence an AF of zero.

Path-of-Least-Resistonce Method:
AF for roof:
30 inches of concrete = 107 *
Roof-1rea factor &1 =3 ) 77) : (73 >3 o816
14 inch steel hatch = 0.82
Hatch-area factor = 0.184
90-degree turn = Y
Total AF (ax bxe+cxdxe)=1.06x> 1072
AF under hatch:
Total AF (¢ x @) =5.46 x 1072
Sece Table A.4 for a comparison of the predicted
with measured radiatior doses.

A.6 DISCUSSION AND CONCLUSIONS

Comparison of the predictions shows that the path-
of-least-resistance predictions gave a more realistic
appraisul of interior docages. The location and re-
corded values of the {ilm badges used tor the struc~
tures is shown in Tables 3.2, 3.3, 4.2, and 4.3. The
following observations were mude from a swuuy of
the referenced tables:

(1) In 8Structure 560.01, Filin-badge F, whichis
on the wall opposite the door, showeu mgnes doses
for all shots than any other interior badge.

(2) In Structure 78.01, Film-badge J, also located
on the wall opposite the door, showed the highest dose
for Shot Aspen.

(3) In Station 78.01, for Shot Maple, where the
source of radiation was fallout, the film-badge re-
cordings for all badges were very uniform.

{4) Inthe Station Complex, the nredicted doses
using the path-of-least-resistance method are all too
high. However, two points should be noted: first,
the attenuation around the 90-degree turn inside the
structure i8 of the right order of magnitude; and sec-
ond, all devices were shielded with 180-degree con-
crete shields or 10-foot water shields. The effect of
these shields on dose rates is not known to the author.

(5) In Station 3.4, Film-badge B, which is the
closest interior film badge to the door, shov.ed the
higheat dose, and Film-badge A in the hatchway show-
ed even higher doses.

(6) The predictions for Station 3.4 frora Shots
Yellowwood, Walnut, and Elder were more nearly in
agreement with observed dosas than predictions for
the same shots for the Station Complex.

Obsecvations (1), (.1, and (6) above tend to confirm
the arsumption that rudiation follows the line of sight
through a radiation window.

Obaecrvation (4) and the generally {rir predictions
for all structures tend to confirm the assumption of

attenuation for 90-degree turns.

Observation (6) may be explained by noting that the
radiation ‘window for Station 3.4 is horizontal sc that
fallout. and residunl . zdiations may coatribute more
significantly to the observations than they do in the
Station Complex.

Obrervation (3) indicates that the 90-degree atten-
uation is not valid for residual-radiation predictions.

It should be noted that doses were recorded in the
same location by several mutually perpendicular film
badges. The effect of film-badge orientation wns
small. These film badges are sensitivu to both gam-~
ma and neutron radiations, and to both initial and
residual radiations. It is not possible to determine
how much each of these contributed to the doses re-
ported. Since the weapons considers. and the range
at which observations were taken were relatively
large, it {8 assumed that neutron radiation is not a
large percentage of the total, leas than 20 percent.
None of the structures were in regions of high fallout
except as noted for Station 78.01.

The path-of-least-resistance method contains a
numhnar of apnroximations for which qroater refine~
ments are possible. Among these is the assumption
that all the radiation is monodirectional along the
line of sight, and therefore all radiation must turn the
90-degree angie. The actual distribution of radiation
at various ranges from the source has been the sub-
ject of such studies as that reported in Reference 16.
Another is the assumption that the parts of a window
contribute to the total radiation in proportion to their
area. It is stated in Reference 17 that the effective
contribution of each portion of the window is taken as
proportional to the solid angle subtended at the point
of interest by the portion of the window being consid-
ered. It is believed that refinements such as these
do not add sufficlently to the accuracy of the prediction
to warrant their inclusiva in a predictisn nrrradure
that an engineer would use in designing a structure.

A.7T RECOMMENDATIONS

It is recommended that the path-of-least-resistance
method be used by engineers to predict injt:al radia-
tion when designing structures to resist the effects
of nuclear weapons and for determining structural
and/or construction requirements to provide adequate
radiation protection. When designing protective struc-
tures for which tho point of burst is unknown (which
will generully Yo true except al the Neveda and Ent-
wetok Proving Grounds), it should ba azcumed that
the radiation window faces the point of burst.
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Appendix B
DIFFRACTION LOADING of STATION 1312

Station 1312, a massive, reinforced-concrete struc-
tare, shown in Figure 4.32, made an excellent target
{or a blast-diffraction study. Consequently, five self-
1ecording, air-blast gages were installed by personnel
from BRL. The gages were placed flush with the front
face, the roof, and the rear face of the station. Pres-
sures were recorded for Shots Yellowwood, Tobacco,
Walnut, and Elder. The gage geometry, including

the plan and elevation for the station, is shown in Fig-
vre B.1.

5.1 PREDI(CTION METHODS

The general methods set forth in Reference 18
(which were derived mainly from shock-tube studies)
were uged in predicting the pressure on the front face,
roof, and back face of the structure. However, pressure-
decay curves both for side-~on and dynamic pressures
as presented in Reference 8 (TM 23-200) were used in
predicting pressure-time relationships.

The {ree-field overpressure and duration measure-
ments from Station 174.28, located adjacent to Station
1312, were used in predicting the diffracted pressures
on the structure. In this manner a more reliable in-
put value of pressure was obtained since the predicted
values shown in Table 4.1 were slightly lower than the
measured free-field values. The free-fleld pressure
measurements are presented in Table 4.4. Where
duration values were not available, the predicted val-
ues were used. Since the time of the preparation of
this appendix, the value for the free-field overpressure
for Shot Elder at Station 174.28 has been revised and
is now 71 psi (aee Table 4.4) rather than the 65 psi
as used in the calculations for the diffraction study.
Since the difference is slight, the values in Figure
B.5 have not beeu chaiwed to reflect the increase in
measurad pressure.

B.2 RESULTS AND DISCUSSION

The recorded and predicted preysure plots for the
vaii: " gan2 Inngiions for Shots Yellowwood, Tobazeo,
Walnui, aad Elder are shown in Figures B.2, 3, 4,
and 5, respectively.

The predicted arrival time of pressure at the var-
ious gages was in close agreement with the measured
valucs where a comparison of these values was possi-
ble.

It was observed thar ths predicted and recorded
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pressures on the fiont face of the structure vere in
close agreement; however, the predicted pressures
were slightly greater.

The peak valuus for the recorded pressurez -1 the
roof were very close to the predicted values except
for Record 5-C, Shot Walnut. It was also observed
that the vortex-action effect on the measured pressure
did not cause as great a decrease in pressure as the
predicted plot implies; but the recorded duration
shows that the vortex lasted for a longer period of
time. It was 2lso observed that the greatar the pres-
sure, the greater the strengdh, and the longer the du-
ration of the vortex.

The predicted and the recorded pressures on the
back face of the structurc were in close agreement;
the predicted pressure values were consistently slight-
ly lower.

The predicted durations for the free-field overpres-
sures were in very close agreement with the measured
values.

B.3 CONCLUSIONS

The methods used in predicting the load on the
front and back walls of diffraction-type structures
oriented at a zero angle of incidencs provided results
sufficiently realistic for design or analysis purposes.
The predicted front-wall pressures were higher and
the predicted back-wall pressures were lower than
the measured values, resulting in the prediction of a
conservative, net-lateral load which is greater than
the measured load.

The predicted pressures on the roof were in least
agreement with the recorded results. The records
indicate that the vortex action lasted for a longer period
of time than nredicted and that the maximum pressure
decay was not as great as predicted. It was aiso ob-
e-rved that the vortex action 18 extremely sensitive
to pressure level. These few recoris indicate that
additional shock-tube study jr needed for the purpose
of revising prediction methods for determining pres-
sures on t:@ roof of diffracticn structures. Howevar,
the present prediction method for determ.ning roof
overpressure, even though conservative, is satisfac-
tory for design purposas until a better method is de-
vised.

The wide range of pressure values presented in
this study should enable designers to proceed with &
reascnable degree of confidence whzn designing blast-
resistant, diffraction-type structures.
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Figure B.1 Plan, elevation, and gage geometry for Station 1312, Site Janet.
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Appendix C
RESPONSE of GAGE PIERS fto BLAST LOADS

S:ations “u-B, C, D, and F on Site Janet offered an
op:portunity to compare predicted with observed re-
vponse of reinforced-concrete gage piers. hereinafter
also called beams, oriented at various angles of inci~
Jence with surface zero and located at various pressure
levels. Stations 20~8, C, and F were cracked through
at the base (see Figure 4.71) by the air blast from Shot
walnut; however, neither Shot Walnut nor Elde: dam-
aged Station 20-F. Since the length of the pier wa-.
yrodter than 5 feet it was analyzed as a diffraction
ta: got according to Rofercnee 18, A tvpical pior and
siructural details can be sven in Figure 4.69. The
estimated pressures received by the four stations at
the various angles of incidence from ground zevo a e
shown in Taole C.1. The angle of incidence is the
angle formed by the intersection of a line from ground
zero and the normal to the front face of the structure.
Since information on the strength properties of ma-
terial 18 necessary in predicting structural response,
the strass-strain relations for steel and concrete used
in the gage piers have been assumed and are shown in
Figures C.1 and C.2, respectively. The compressive
stress for the concrete was specified as 2,000 _ si when
the pler was constructed; however, it is assumed that
age has Increased the strength to at least 3,000 psi.
The reinforcing steel was of intermediate grade and a
typical curve has been drawn to represent the stress-
strain relation of the ¥, -inch bars used in the piers.
To account for the rapid loading by the blast forces,
the curves have been increased by 30 percent as shown
by the dotted lines. The first of the following unu'yses
uses design strengths of materials under static condi-
tions while the second considers the ultimate capacity
of the system under dynamic conditions. Notations us
used ure listed at the end of this appendix.

C.1 STRUCTURAL ANALYSIS US'NG DiUSIGN
STRENGTHS

The static desiygn analysis, inciuding definitions for
symbols, was made according to nractices set ferth in
Rofr wm o 19 {ACT Code). A 1-foot-wide seciion was
assumed and the load causing reactions to the cantile-
ver sections was assumed uniform and normal to the
beam, see Figure C.3. The stress relation for the
design condition is shown in Figure C.4. The follow-
ing calculations predict the nat lateral pressure (w)
that can be appliad to the i as limited by moment,
diagonal tensiun, bearin,, and bond. The values listed
were used in the computations.

Ag = Al = 0.44 in¥/foot

b = 12 in.
d=9in
fo = 1,350 psi
fo = 3,000 psi

f., = 20,000 psi

47,000 psi
a -1l

p = p' = 0.004

8 = 76u nsi
u = 300 psi
v = 90 psi
Ey = 2.4 in.

Determination of Neutral Axis (NA):
Take moment of area ubout NA. See Figure C.4 for
section geometry.
6X1= (3 -X) (44)—(9—X)(4.4) = 0
X+ 147X = 8.4
X = 232 in.
Determine if moment is limited by compression or

tension. From Figure C.4,

- nf, (d - X)
8 X

when

fo = 1,350 psi (design stress)

_ 10 (1,350) (6.6
2.32

fg = 39,000 psi >20,000 psi.

Therefore the moment is limited by tension.
Determine f, when fg = 20,000 psi

(- Xfg _ {2.32) (20,000)
¢ n@-X) 10 (6.68)
fo = 695 psi

Use this value when computing mument.
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TAELE C.1 PREDICTED PRESSURES AND DURATIONS FOR STATIONS 20-A TO 20-F

Ground Angle of Reflected Positive

Station Shot Yield Range Incidence Overpressure Pressure Duration Remarks
ft dey psi psi sec

20-A Wa'nut 1.46 Mt 0,600 24 26 80 —_— hs
20-B Walnut 1.45 Mt 6,930 26 25 76 -— Failed
20-C Walnut 1.45 Mt 7,125 29 23.5 0 —_— Failed
20-D Walnut 1.45 Mt 7,440 33 21 61 2.1 Falled
20-E ‘Walnut  1.45 Mt 8,160 40 18 54 _— .
20~F \Valnut 1.45 Mt 8,665 44 16 51 2.2 No damage
R0-¢ sider 940 kt 7,105 53 18 43 . 1.9 o domage

* Destroyed during previous operation.
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Moment:

From Figure C.4,

M =M AL (B—X/3) + [gAg (9~ X/3)
since

[ - al, (d;x—ﬁ)

Determine the maximum shear (Vy) on the section as
governed by aliowable shearing stress (V).

Yy = (V) (b) (), where id in this case is 8.23

1

vy = (90) (12) (8.25)
Vv, = 8,890 Ib

Determine lateral pressure (w) as poverned hy the
aaximure allowable shear of 8,890 ib. From Figure

w
(= nf., (d=-X) C.3
R S C oy
PR N
¥ T 720
jw (pmit
Assume a 1-foot section for the beam Z
4
' -0M
SHEAR:
v=60inX12inX W
v =120 w (Qb/f)
MOMENT:
— 1
M=12wx 80 x 3
M = 21,600w (in-1ba/ft)
Figure C.3 Assumed loading geometry for typical pler.
then then
M = 106.87 fo w = 12.3 psi
when Bearing:
) since a 3-inch keyway wits uscd, assume the effec-
fo = 695 psi ive oerring dtva as ULy iU inches (30 sguann NGO
then and 750 psi (6p,) 85 the Josign stress in buariag

M - 74,300 in-lb

Determine lateral pressure (w) as governed by tnax-
{mum allowable moment of 74,300 in-Ib. From Figure

04,
W=
21,600

then
w = 3.4 psi

Diagonu! & nsion:

Vi, = g (36)
Vi = £1,000 (b

Determine laterz] pressure (w) as governed by the
maximum allowable bearing load of 27,000 at the key-
way.

=Y
T
w = 38 psi
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Bond:
Determnir the maximum sheur (Vy) on the section
as governed by allowable bond stress (u).

Vy = Z (§dY ‘u)
Vu = {2.4) (8.2) ‘300)
Vy = 5,900 1b

Determine lateral pressure (w) as governed by the
aximum allowable shear of 5,900 pounds.

w - U
720
then
w = 8.2 psi

From the preceding calculations it is observed that
moment contrcls the load for the piers and therefore,
‘he design load (w) for the piers is 3.4 psi.

(1-k'—K)}d _ ¢!
Kd € (C.2)

Uk -Kd
T=Xyd €y (C.3)

Stress Relation:
C=Ty+T, (C.4)
Y41cKbd = p' b} + phdig (C.5)
M, = bd'p' (1-k' —K/3)f} + hd®p (1 - K/3)f,
{C.6)

From Figure C.1 the lollowing stress-strain rela-
tion for steel was determined when tg is less than
fdy’

fy = € E €.7

C = %3 £hX
Ty = fjAq

£ %

«N

-
Ty = f4A,

¢, = Meld~X) T,
» X
L o

Figure C.4 Stress rslationship for concrete section at design strength.

C.2 BEHAVIOR OF CONCRETE SECTION UNDER
DYNAMIC LOADS

The analyses were made according to the general
procedures set forth in Reference 20 oxrept that dynam-~
ic va'tes were used in place of static-strength values
for each material. The behavior of the besam (gage
pier) was first determined at the yield strength and
secondly at the ultimate strength capacity of the sec-
t.ion. From the values of moment at yield and ultimate,
an idealized res!stanca curve ies the tvpioal heom was
determined.

C.2.1 Flexural Behuvior at Yield. The following
ceometric relations were determined from the stress-
strain relation for the concrete section at yield as
shown in Figure C.5.

Strain Relation:
Rd e (C.1)
d €+ €y
155

Ig = €4E (c.8)

From Figure C.2 the fellowing stress-atrain rela-
tion for concrete was determined when fo is less than
3,000 psi:

fo = €k (C-9)

Deterinination of Moment at Yield (M,).

Tr- general moment cquation (6) was used to solve
M, vy letting f; equul fj, and by determining values
iow K and g By solving Fquation .5 with the aiu ol
Equations C.1, C.¥, C.7, C.8, and L.y, K was deier-
mined. Once K wns solved, f§ was found by solving
fquations C.3 and C.8. The results are as follows:

K -N20'a(1 = K') + zpn + n’p' + p)t - n(p' + p)

(C-10)
when
p=p'= 0.004
k' = 0.87
n =10
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then
K = 0.256
kl
fé = ‘SE 1 - l-—K {C.11)
when
€y = 0.00203 (8ce Figure C.1)

E = 30 x 10° psi

k' = 0.687
then
fi = 6,040 psi

Solve 1, to make certain that it is less than 3,000
pai, the upper limit of Equation C.9.

b

NN
___.A_',A .

&, L2
=Sy
Ay 4 {C.186)
Where: L =601in
4y = 0.256 in

C.2.2 Flexural behavior at Ultimate. Al the ulti-
mate capucity of the section several conditions of steel
stress could exist. The first possibility that was in-
vestigated assumed that {; was greater than fdy and
that ff was less than {4, when f, was at uitimate
strength. The assumption proved erroneous since the
strain value for fi exceeded the strain at yield. It
was next assumed that both {; and f; were greater
than f;.,. However, for this condition, the stri'n
values showed that both stress values were in the yield

k'd
(A - K

T,

STRESS

Figure C.5 Stress and strain relationships for concrete section at yield strength.

g

N

L]

.A. b fa__|
STRAIN

., = <85 = 9.0007 C.12
€ Tog =% 0 (C.12)
fo = €cE, = 2,100.0 psi {€.13)

By substituting the appropriate values into Equation
C.86, My waR determined.

My = 223,000 in-lb {C.14)
Determination of Maximum Curvature
(¢y) of Beam. The maximum curvature of the

beam when the moment is equal to My was found by
solving the followang expressions:

M

=My 1h
oy Eoly (C.13)
Where: 1, = b(ka)" + pnbd¥(1 — K;? + p'mbd*(1 — k' - K)?

L, - o51.9 4
by = 2.85x107¢ in™!
Determination of Maximum Deflection
\Ay) at Yield. The maximum deflection of the

beira at yield was found by solving the following ex-
prescion:

range for steel. It was evident that both fg and f
were equal to f; but it was also evident that the quan-
tity “a” shown {n rigure C.6 must be caleulatet cuzo-
fully since this value con!rolled the compressive area
of concrete as well as the length of moment arms.
Therefore, an idealized stress-strain curve (fy =
60,000 psi; and E, = 23,800 psi) as shown in Figure
C.1 (which closely approximates the actual curve) was
assumed. The stress-strain relauon for the concrete
section at ultimate capacity is shown in Figure C.6,
and the following geometric relations were determined:;

Strain Relation:

a c
P ' ?
d e te, (c.:n
2 =—fu C.18
dT % egreg (C.18)

€ dl-k')-a
€g d-a (C.19)

Stress Relation:

C =T +Ts (C.20)
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KiKyfgba = fip'bd + { pbd C.21)
My = (d—Ksa) (Agfg) + d(l = k') — Kpa ALf] (C.22)
From the ideulized portiun of the stress-strain curve

shown in Figure C.1, the following expressions were
determined:

fg = fo+ € Ey (C.23)
18 = f + €AEq (C.24)

Determination of Moment at Ultimate
(M) . The ultimate moment for the heam was found

b

T

—&—

12 in,

4 M s

Iy = 23,800 psi
then
fy = 60,850 pai

Solve ¢4 from Equation C.23,

€g = 0.0273 (C.26)
Solve a by using Equation C.17,

a = 1.15 In, (C.27)

Solve €} by using Equation C.19 wnich ascertains that
the struin was in the yield range.

€8 = 0.0063 (C.28)

STRAIN

%

. F G = KiKyfiba
4
’_‘f*
——
1 T1 = f‘A.
o -
Tl &
o 0
hand ~

STRESS

Figure C.6 Stress and strain relationships for concrete section at ultimate strength.

by solving Equation C.21; however, iae quantities fg,
f&, and a were first determined while f, was assumed
equal to its ultimate value. The quantity fg; was first
determined by solving Equation C.21 with the aid of
Equations C.17, C.18, C.19, C.23, and C.24. Once

fg was found, a was determined by solving Equation
C.17, and fg was found by solving Equation C.24. The
results are as follows:

 K.Kyfle Eq . P'K' N ¢ ¢
fy -{_ﬁ.g.m I t‘%—zfocuE°+(uE3+T -7

(C.25)

where
_ {eyEq — ) (1 + p/p' — 20'k’/p}
€ ]

when

f,, = 3,900 psi

€y = 0.004
p = p' = 0.004
k' = 0.67

f, = 60,005 psi
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By substituting the appropriate values into Equation
C.22, M, was determined.

My = 290,000 in-lb (C.29
Determination of Maximum Curvature
{¢y) of Beam. The maximum curvature of the

beam when the moment is equal to M, was found by
solving the following expression:

+
Py = Eﬁ.d_‘\l. (C.30)

¢y = 3.48x 107 ™
Determination of Maximum Deflection
(Ay) at Ultimate. The maximum artlection wav

found by takirg s1atical inoments of the beam ioaded
with angle changer. which is illustrated in Figure C.7.

when
M = M, w = 13.4psi (C.31)

Find ii.2 section on the beam where the moment is
egual to My.

X = 52.6 inches (C.32)

Determine deflection at end of beam.
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Gy = y(10X + 500) + (1,200 + 10X - X¥/6)

4, = 1.062 inches {C.33)
C.2.3 Moment-Curvature Kelation. The moment-
curvature relation (M —~ ¢) is shown in Figure C.8. The
idealized curve as shown by the dotted linc was drawn

to ustablish the idealistic rasistance function of the
beam. The resistance {r) of the beam was determined
by using the idealized moment and found as follows:
M, + M,
=M
Mp 2 (C.34

Mp = 261,500 in-lb

M,
2P = el
w=r 21,800 (Figure C.3) (C.35)

rr = 12.1 psi (Resistance of Beam)

C.2.4 Shear-Compression Mode. The momenct re~
quired Lo praoduce fatlure in the shear-compression
mode wa» determined as shown in Reierence 18 and
presented as follows:

)
Mg = bd [t‘é (k + np") (0.57 - '%\-] (C.36)

where

k=y[n@ P+ 2n(p+ p' —~p'kY~n@E+p")

Mg = 440,000 in-lb

Since this moment is greater than the moment deter-
mined for flexural failure, it may be assun.:d that the
critical mode is in flexure and not in shear compres-
sion.

C.3 DYNAMIC ANALYSIS

Since no measured pressures for any of the piers
were taken, the incident pressures were predicted
along with reflected pressures for the particular an-
gles of incidence. The positive durations for pressure
were also predicted and are shown along with the other
values in Table C.1. From the table it was obvicus
that it was necessary to construct only two pressure
diagrams, namely for Stations 20-D and 20-F for Shot
Wulnut. The pressure diagram for 20-D gave the
minimum observed pressure that caused Luilura whil
the diagram for Station 20-E shovied the maximum ob-
scrved pressure that did not cause failure. After the
prassure curves were detcrimined the plers 'vere ana-

ol Lo eoppare predicied response with obrerved
response.

C.3.1 Determination of Load on Piers. The pro-
cedure presented in Reference 18 was used in predic-
ting the pressure-load curves for Stations 20-D and
20~F, A method for ac urately determining the pres~
sure on the rear faco ui diffraction targets when the
incident pressure 18 it an angle of incidence greater

than zero i{s not described. However, for design pur-
poses the reference recommends that the method de-
scribed for determining the pressure on the back face
for the zero-angle-ol-incidence condition also be used
for conditions when the angle of incidence is greater
thaa zero. This vbviously results in a conser tive
estimate for the net lateral pressure. The pressure
and duration values shown in Table C.1 were used in
computing the curves shown in Figures C.2 and C.10,
The figures show the pressure on the front and back
faces of the pier, the net luteral pressures, and the
net idealized lateral pressure which was used in the
dynamic analysis. A detailed plot of the reflected
pressures for both cases is presented in Figuce C.11.

C.3.2 Natural Period of Vibration. The following
equation from Reference 21 was used to determine the
natural period of the beam for the fundamental mode.

2 w

= — J__ .3
Tn 7\ gk (.37
where

(n,L)? = 3.52 (first mode)
n? = 9.78 x 107

when
g = 387 in/sec?

E, = 3x 10% psi

c
1 =332 in'
W = 12.6 1b/in of beam
L = 60 in
then

Tn = 36.6 msec

C.3.3 Dynamic Analysis of Pier. Since the dura-
tions of the pressure spikes in Figure C.11 wer:. signif-
fcant when compared to the natural period of vibration
of the beam, the piers were analyzed for both the effects
from the spike and the regular net lateral pressure. A
chart entitled “Maximum Response of Single-Degree-
of-Freedom System to Initia] Peak Triangular Force
Pulse,” in Reference 22, was used in determining P
die maximum transicai pressurc thai 1+ Lo onn
withstand.

dtation 20-D:
dpixe ulone:
t = 0.016 sec (Figure C.11)
P = 61 psi (Figure C.11)
T 0.0366 sec

it

n
Ay = 0.756 in (Equation C.16)
&, = 0.062 (Equation C.33
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Find “w"” when M = M,

. .. c.3
w 21,660 (see Figure )
. ¥ind section or beam where
moment is equal to l‘l
My = 6wk

Determine maximum doflection (&)

Take statical moments of angle
changes about ‘0"

2X X
by ty g

2
¢,:(§+so)- ¢y (60 —X) =¢y(1.soo-%)

x?
by : (53 +40) (Pu~y) * % © (60 = X)= (py ~ 8y) (1,200 — 10X - )

2
Ay = = ¢y (10X + 600) + ¢u(1.2oo-1ox-x—s-)

- Figure C.7 Determination of deflection at uitimate capacity.

|
P Idealized Curve (M, = l‘s—"z—”“—)
- 300 |—— “\1 4
a p
ET' _M_?j? —_—— -—::.—_fj. —_—
=]
ol ¥
g i ‘
2 ! I
o] |
0 [ l ¢y Pu_|
. 0 0,001 0.002 0.008 0.004

CURVATURE

¥Figure C.8 Moment-curvature diagram for beam.
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r = w = 12.1 psi (Section C.2.3)

0.016

Then: x/'T_.‘ = 00366

= 0.437

1062 .
Bu/8y = gagg = 42

From Chart, Reference 22:

P

/T 2
pr“ = 2.4(12.1) = 29 psi <61 psi

Since the net predicted pressure to cause failure was
29 psi and the actual pressure was 61 psi, the beam
should have failed from the spike load alecne. Idealized
lateral pressure (without the spike load):

t = 1.2 gec (rigure C.9)
P = 17 psi (Figire C.9)

Then: t/T, = 33

Frori Churt, Reference 22:
Ppy/r = 0.9
P, = 0.9%12.1 = 10.9 psi <17 psi

The pressure of 17 psi was sufficient to cause failure
of the beam.

Station 20-F:
Spike alone;

t = 0.015 sev (Figure C.11)
P = 51.0 psi (Figure C.11)

then
t/Ty, = 0.410

%yl=4.2

From Chart, Refeirence 22;
Pp/r = 2.5
Py = 2.5 % 12.1 = 30.2 psi <51 psi

Since the actual pressure was 51 psi the heam should
have failed according to the above calculations; how-
ever, the beam did not fail.

Idealized lateral pressure:

t = 1.2 (Figure C.10)

P = 11.0 psi (Figure C.1M
then

t/Ty = 33

rlr

From Chart, Refercnce 22:
Pp/r = 0.9
P = 0.9x 12,1 = 10.9 psi <11.0 psi
The net predicti:d pressure of 11.0 psi and the minimum

pressure of 10 ? psi to cause fatlure ure very close,
and it can ke .<sumed that due to this loading the beam

183

was very close to iailure.

C.4 DISCUSSION AND CONCLUSIONS

Even though the analysis was made assuming both
the strength properties of the materiols and the air-
overpressure values for the two stations investigated,
the predicted and the observed respon.e 2re in fairly
close agreement.

However, there exists a lack of data for use in
determining reviected front-wall pressures as the an-
gle of incidence deviates from zero. There is 2ven
less data concerning pressures on the rear faces of
such structures. Shock-tube studies and/or high-
explosive tests should be conducted to establish the
relation of pressure on the {ront and hack faces of
diffraction targets at various angles of incidence.

If the spikes are neglected, the analysis predicts
that Station 20-D would fail, which it did. The analysis
for Stajion 20-F predicts that the pler was at the thres-
hold of failure; however, the pier did not fail. The
analysis predicts that both piers should fail from the
spike loads alone.

It can bu obse. ved that the ultimate bending capacity
of the beam andet dyaamic conditions {8 approximately

four times greater than the bending capacity under stand-~

ard design strength corditions.

For design purposes the method used was satistac-
tory; however, for Lnalysis purposes refinement is
needed.

C.5 NOTATIONS

a, depth of stress block in concrete at maximum load-
carrying capacitly
Ag, area of tension reinforcement
Aj, area of compression reinforcement
b, width of rectangular flexure member
C, total compressive force in concrets
d, effective depth of beam which is the distance fiom
the compression face of the concrete to the cen-
troid of the tension steel
E.. modulus of elasticity of concrete in the elastic
region
Eg, idealized slope of stress-strain curve for reinforc-
ing steel in yield region
o, stress for concrete in compression
fd, ultimate compressive strength of concrete as
determined by standard test cylinders
Jdynamic ultimsile romprassive etrancth of concrete
, stress for steel in tension
:’,. yield point of steel in tension
gy» dynamic yicid ol steel
fy, definad in Fignure .1
Iy, moment of inertia of bsam cross sectlon trans-
formed to concrete
j, ratio of distance (jd) between resultants of compres-
sive and tensile stresses to effective depth
jd, lever arm of resisting couple
k', a factor when multiplied by d gives tne distance
between tension ung compression reinforcement

e
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k, a factor when m+tiplied by U gives the distance
fron the ¢~ mpressive face to the neutral axis of
transformed section (straight-line theory)

Ky, K;, coefficients defining the magnitude and position

of the int.rnal compressive force in concrete
ke, ratio of maximum compressive strength of concrete
in beam to compressive strength of stundard test
cylinders, f¢

M, apy beiading moment

, idealized bending moment
M, bending moment for shear-compression mode
My, bending moment at uitimate

, bending moment at yield point

n, Es,’Ec. modular ratio

P, Ag/nd

p' Al/bd

Pp,: maximum transit pressure the beam can withstand

r, equivalent static resistance required in a member
to resist imposed transient joad

8y, allowable bearing unit stress

t, duration of triangula. force pul.e

Ty, totri tensile for.¢ la upper reinforcement

T,, total tensile torce in lower reinforcement

164

Tp, natural period of vibrution .
u, allowable bond strese per unit of surfuce area of bar
v, allowable ahearing unit atress .
Vy,, shear governed by allowable bearing unit stress
(Sy) ¢
Vt, shear governed by allowable shearirg unit stress
v)
V,, shear governed by allowable bond stress (u)
w, uniformly distributed load per unit of length of
beam
X, depth of neutral axis from edge of compression end
4y, maximum deflection at end of beam at ultimate
, maximum deflection at end of beam at yleld
€ o, strain in concrete
tdy» strain in steel at dynamic yield point
ultimate strain in concrete
strain in tensile reinforcement
strain in compression reinforcement
sum of perimeters of bars
curvature of beam at yield point, in region of con-
stunl moment
St vatuae of bepm at maximum load-carvying
capacitv, in region of constunt moment.

"

€
€
(3
Zg,
dy,
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Appendix D
WATER -WAVE DAMAGE

D.1 INTRODUCTION

Water waves (produced by surface or subsurface
bursts) striking shore installations may cause serious
damage to the components of such installations. There
are many variables; the interrelationships involved
in predicting damage from wave actior are complex
and not well understood at this time. The following
discussion, in accordance with this project’s objec-
tives, is intended to point out certain salient features
concerning wave damage in this operation. A much
more comprehensive study devoted to water-wave
ter minal effects was made in Uperation Hardiaon Ly
Project 50.1 (Reference 23) to provide more-adaquate
deaign data on wave run-up and overtopping of shore
structures.

D.2 BACKGROUND

Shot Baker of Operation Crossroads caused waves
which reached a maximum height of 7 feet on shore

at a distance of about 3% miles from the target center.

In the process of eroding the beach, the waves dis-
placed large slabs of beach rock several feet; these
slabs measured up to 9 by 5 by 1 foot in size, Refer-
ence 24.

Wave damage on shore had seldom been reported
in detail; however, numerous photographs and obser-
vations were made by Holmes and Narver during
Operation Castle (1954) and Operation Redwing (19%6).
See Section 1.2.1 concerning previous wave-damage
surveys. The following summaries set forth some of
the major wave damage.

D.2.1 Operation Castle. There were humerous
ingtances of wave damage during Operation Casile,
both at close-in statjons and those at great distances.
Shot geometries of Operaticn Castle are shown in Fig-

ures 1.1 and 1.2 for Bikini and Eniweloh, “usputts i,y

Table D.i summarizes -hiz damage. It should alsc
be noted that at many ¢lose-in stations the entrances,
on the lee side from the blast, were blocked by sand
uind deoris left by the Inundating wave.

D.2.2 Operation Redwing. In Operation Redwing
there were fewur large surface shots on water and
therefore much less wave damage than in Operation
Castle. Shot geor:atries for Operation Redwing are
shown in Figurs+ !.3 and 1.4. Only one close-in sta-
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tion was obsarved, Station 1320, Site Cog, previocusly
used in Operation Castle as Station 1210. In this op-
eration, the protective mound of sand was covered by
a layer of asphaltic mixture a few {nchas thick. Alr
blast and waves from Shots Flathead, "akota, and
Navajo broke up the asphaltic layer but only about 2
feet of cover was removed from the top of the station
in the three events.

Shot Navajo was a good wavo producer. At Site
Nan,15 miles away, there was no indication of any
air-blast damage; however, thc camp area was {nun-
Jatod taueing ~onsiderable damage Trame strictures
on the lagoon (DUKW repair shop, rigging loft, H&N
Marine Department headquarters) were demolished.
POL tanks were undermined and slightly moved; a
sma'l dynamite storage house was displaced 75 feet;
some of the large latrines were displaced 10 to 15
feet; and there were numerous examples of lesser
damage.

D.3 THEORY

Wave damage to shore installations according to
Reference 8 may result from the following three
effects: (1) impact and hydrostatic force; (2) drag
force; and (3) inundation. Impact from a front of
advancing water or n breaking wave, {r ~dditian ¢a
the hydrostatic pressure due to the depth of water, is
sufficient to damage mosat onshore structures with
the excepticn of hardened structures such as those
which are built at the proving ground. Drag forces
may displace medium sized structures or move rel-
atively iarge objects into collision with a structure,
thus causing damage. The third effect, inundation,
is due to the long duration of blast-generated waves;
the water may reach a considerable distance inland
and large areas are covered with water for the period
of tima until the watar recedes.

Generally speaking, it is not suonomivally frasibie
to build protective sea wills so high that they will
never be overtop:id Uy waves. Tha wave phenomena
are complex; however. evnerience at the nroving
ground has shown that adequate protection for teat
structures and facilities can be provided (see D.2.1
and D.2.2). Approximate maximum wave heights can
be predicted from Reference 5. However, estimates
based on Reference 8 are for constant depth of water,
i.e., a bottom clope of zero. A more general treat-
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TABLE D1 OBSERVATIONS OF WAVE DAMAGE, OPERATION CASTLE

Description Site 8hot ::f. Damage Range, feet

Clores-in Stations:

Station 131: Relnforced-concrete Georgse 4 Union Pisr expossd by »:osion of sand. 16,430
Jwge pler, 12 feet long, 4 lcet §  Yankea  DPisr diaplsced approximately 100 fset. 15,860
wide, and 4 {eet deep.

Station 130.77: Reinforced-concrete George 4 Union Dier exposed by erosion of sand. 15,430
£ge nier, 4 by 4 by 4 feet. 5 Yankes Fier displaced approximataly 80C feet. 16,500 *

Stations 1403.07 to 1403.14: Dog 5 Yankea  All stations displaced considerable 8,899
Reinforcad-concrete detactor distances. 7.100*
stations approximataly 7 feet long, 1,470
8 fest wide, and 3 feet deep. 7.700°¢

8,000
8,280
8,980
9,600

Station 3.1: Reinforced-concrota Charlis 2 Rumeos  Protective mound washad uway and 6,800¢
submarine terminal pit (similar footings undermined; left structure
to ltem 22, Chapter 4). tilted.

Station 3.2: Reinforced-concrete Do 4 Unlon Protartie mound eroded complately. 7,200¢
submarine terminal pit (similar § Yankes Completely destr.yed; no traces lefi. 7,400%
10 Itam 23, Chapter 4).

Station 3.3: Reinforced ote George 4 Union Protective mound seversly eroded. 15,860
submarine terminal pit (similar
to ltam 23, Chapter 4).

Statlon 134%: Reinforced-concrete, George 4 Union Sand eroded from around foundation, 15,820
thres-story instrument shelter, 5  Yankee very little undermining. 16,130
above ground unmounded (similar
to Item 1, Chapter 3).

Statlon 101: Reinforced-con:rets George 4 Union Protective mound severely eroded. 15,880
instrument shelter, mounded.

Stations 1210, 1211; Large Dog 4 Union Mounding partially eroded leaving 8,900
reinforced-concrete diagn.atic corners of the bullding exposed.
station, moundad with approxi- Dog 4 Union Mounding completely eroded; water 6,900
mately 10 feet of cover. damage to equipment inside the station;

water atood 24 inches doep inside.

Distant Sites:

Station 70: Reinforced-concrete Nan 5§ Yankes Wator atood 2 inches deap insida t}e 84,050
timing station. station.

Station 7400: Reinforced-concrete Nan 5 Yankee Major damage to scientific equipment 83,800*
homing beacon shelter. by 4 {est of water inside the station.

Tare Complax: Sites Obos, Peter, Tare 2 Romeo  An J1-foot wave washed over the com- 80,000°
Roger, Sugar, Tare. Complex plex ing damage to y

and protective bermas; 500 feet of co-
axial cable were exposed; one amall
structure was undermined and
| Vo ) out o‘ all
4 Union Causeways wore serioualy damaged; 59,000 *
tharu was severe erosion around
several structures.

Tare Complax- §iites Obos, Petor, Tare § Yankes Causeways washed out; op# swall un~ 59,200+

Roger, Sugar, Tars. Complex mounded concrete block nouse (5 by
“ Ly T 1t high) was displavus appa - xi-
mately 400 feet.

Construction Camp: Man 4 Union Water roached moat of the camp area 83,000+

and caused damaygs to several of the
light frame buildings.
§ Yankees Camp was wrecked. 83,000*

* Approximately,
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munt of wa.a-height prediction i8 given in Reference
23 where bottom slope, reefs, and shore lires at
close-in ranges are ull consldered.

D.4 ‘AAYE DAMAGE IN OPERATION HARDTACK

Wave damage in Operation Hardtack was not exten-
sive. This was due to the relatively low yields of the
shots and the care taken to prevent extensive damage
‘rom waves. The wave damage that occurved as re-
ported in Chaters 3 and 4 will only be summarized
here.

Close-in rtations were affected as follows:

1. Station Redwing 560.01, Site Abie (Item 2): a
reinforced-concrete shelter surrounded by a circular,
sandbagged berm 9 feet high. The water wave (and
air blast) from Shot Fir pussing over the island re-
moved about 2 feet of earth from the berm.

2. Station Redwing 1519, Site Able (ltem 4): a
reinforced concrete photograpaic stution approximate-
ly 24 feet long, ¢ leet wide, i 7 feet high, woighing
an estimated 50 tons was displaced approximately 11
feet by Shot Fir.

3. Station 78.01, Site Charlie (Iteun vp: w weil-
mounded timing station was undamaged but had its
entrance blocked by sand and debris as a result of
Shot Fir. Thia effect tended to be repeated in later
events.

4. Station Complex, Site Irene (Item 18) and Sta-
tion 1525 (Item 19): thero was some deep erosion
around these stations but no structural damage re-
sulted.

5. Station 3.4, Site Irene (Item 2%): a submarine
terminal pit had nearly all of its protective mound
eroded.

6. Station 1312, Site Janet (Item 25): a very large,
unmounded, concrete structure was not damaged or
undermined although some sand was eroded from
around the fouvndation.

7. Landing pier, Site Janet {.em 30): several of
its large 6-foot concrete cubes were wushed on shore
by waves from Shots Walnut and Elder. The pre-
Yellowwood condition of the pier is shown in Figure
4.73; post-Walnut is shown in Figure 4.74; and the
final state, post-Elder, is shown in Figure 4.75.

This last figure also inuicates the extent of inundation
on Janet due to saol kider.

Distant sites received vory iittle wave actioa.

This was mainly due to firiug the larger-yield shots
at low tides and in shallow water. The only notable
wavn Gamage was ui Siie Elmer duc to Shot OQak. The
‘main damage was to the personnel pier und a pipeline
discharging into the lagoon. One of the iater waves
from Shot Ouk is shown striking the pier in Figure
D.1. Damage could have been mush more extensive
if protoctive berms had not been piaced around shore-
side installations

‘The prote...on offered by u sandbag berm is illas-
trated in Figures D.2, 3, 4, and 5. The equipment

shown in these figurer was a vital link in the clectri-
cal distribution system for Sites Elmer and Fred.

D.§ DISCUSSION

Two facts observed in past opecutions "t the prov-
ing grounds were once again domonstrated during
Operation Hardtack:

1. Generally, clese-in structures which survived
air-blast effects recefved no apnreciable damaga from
wuter waves;, however, erosion war sometimes axten-
sive.

2. Distant sites (several miler) suffered wave
action trom the larger-yield device~ i ranges where
air-blast damage was small or nagligible.

Close-in structures which are designed to survive
high blast pressures are not susceptible to wave dam-
age gince close-in air blast {8 much more severe than
water-wave impact and drag forces. In designing for
alr blast, the prevention of flooding o’ a station during
intndetion should be considered. The enly cloas-in

affect from waves on large structures seems to be .
erosion and Jhis valy becomes a serious concern after

severa) events, particularly when there is no opperrtu-
nity between shots to replace protective cover,

As distance from ground zero increases, the peak
overpressure attenuates very rapidly. For pressures
in the range of 1 to 1,000 psi, pressure is inversely
proportional to the ‘A power of range.

1o wh/?
R /3

P

Where: P = peak side-on pressure, psi B
W = yield, ktlotons
R = range, kilofe-t

Water waves, however, scale in a different fashion.
For a wave moving in open water, the crest height
(height above tide stage) is invorsely proportional to
the range. For shallow water conditions, the relation-
ship of the variables can be expressed approximately
ny:

w:/zduz

He ~ K ——p

Where: H. = crest height, feet

K = a constant gene ruiiv less tnain 1
W = yield, kilotons

d = deprh at suvface zero, feet

R = range, kilofeet

The major characteristic of the hlast-generatod
water waves that reach intermediate range and dis-
tant sites is their long period. The height of these
waves is not large, in fact, storm waves are often
higher. Howaver, the long period of those waves
causes water to continue to “pile up” at the sliore

i Rt it S
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Figure D.1 Wave action st the personnsl pier from
Shot Oak, Site Elmer.

Figure D.2 Transformer station prior to wave arrival.
Shot Oak, Site Elmer.

Figure D.3 Transformer station, first wave striking the
lagoon shore. Shot Oak, Site Elmer.

¥igure D.4 Transformaer atation, first wave moving onshore;
the start of inundation. Shot Oak, Site Elmer.
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line so that water runs inland to great distances. Pro- works ofier reasonably adequate protection agairet
tactive wo' s can dissipate much of the energy of the impact and drag effects by dissipating wave energy.
water on shore but flooding of large land ureas cannot The long paeriod of blest-genersteu wavea makes pro-
he prevented. tection from inundation very difficu’t. Inundation and

NSNS, WAL NITI YL kR T R

Figure D.5 Tranaformer siation after wave action
ceaned and water subsided. Snot Oak, Site Elmer.

3 oul

D.6 CONCLUSIONS AND RECOMMENDATIONS flooding i cunnot be prevented may be provided for
Structural effects due to water ware . - S neg- i design of facilities by waterproofing vital equipment
Voot v v door : ;o . -
lected for close-in structures designed to withstand and by making doors seal tightly. One structural fea
air blast. ture that has shown its usefuln:ss is the provision of
At greater distances, where air blast is of no great proper drainage {or a station, I.e., climinating sunken-
consequence, water waves must be considered In floors and sills that trap water, and having floors slope
structural planning. The standerd shore-protection toward the entrance, so that any water that gets into

the station can be readily drained out.
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