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of slope (the intersection of the slope with the original ground)

' to the nearest point on the structure is at least four times
+the beight of the wound. KEven where a greater depth of cover

is provided, & slope no steeper than 1l horizcntal to 2 vertical
is permissible within the boundary of Region A as shown in Fig. 4.1.
Region A in Pig. 4.1 is specified to allow for greater depths of

- - --

{Polloving to be insurted at bottom of p. 60.)

4.3.2 Completely Buried Barrel Arches. A completely buried

barrel arch develops its resistance as a hoop compression. The yield
th:ust S developed under this condition is the product of the yield

compressive siress ay and the area of the arch rib cross-section A.

6l
.—L
= = ' =
S=¢gA=arbvr'orr vy
where - = yileld resist-nce measured in the same terms as the

peak verticaL stress acting at the crown of the arch,

[

width of the section of arch considered,

.
[N

r' meen racius of the srch.

il

Erpirical resultis swscarized in Appendix F, indi-
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ABSTRACT

_ : VThe original pufpose of this investigation was to provi_de a8 pro-
tective shelter that could te constructed and occupied in a forward area
within one week's time by an engineer platoon with a normal strength (at
the time this study was initiated) of 51 men. However, it should be
pointed out that the strﬁcture as finally designed can be built and occu-
pled by any troop unit of comparsble strength with a minimm of engineer
equipment, assistance and engineering supervision. |

¥hile the original concept was to design a forward area troop
shelter, a subsequent modification celled for consideration of the pro-
posed troop shelter as a civil defense shelter. The basic shelter can
be used for civil defense, although it was not designed specifically for
that purpose. Therefore, some minor modifications of the basic shelter
would be necessary before it would serve Satisfactorily as a civil shelter.

Because of the time limitations and adverse conditions which
generally exist in a forward area, the strucfure designed herein is made
as simple as possible. Little cast-in-place concrete is required in its
constriction, and no special equipmen* or skill are required for its
erection. Despite these limitations the standard design presented herein
will successfully withstand an overpressﬁre of 100 psi at the surface above
the shelter, and the nuclear effects associated with this overpressare,
Treoa YT soandr Ule high moitil acage of yleld. Will rela.l.ely
minér modifications of a standard structure, protection can be provided

from an overpressure, and asscciated effccts, ¢f as much as 200 psi.
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The basic (5l-man) shelter is 16 by 48 f£t. in plan. It consiets
of steel arch ribs, 8 £t. in radius, which support timber blocks. The
arch‘rfbs, ﬁade from inverted structural tees, are supported on tiuwber silils.
End bulkheads consist of vertical wide flange posts which support timbder
blocks spanning horizontally between the posts. The fop of the posts are
supported by the main structure itself, while the bottom of the poste are
supported by s horizontal truss which is, in turn, supported by the ends of
the sills.

The entrance structure consists of two principal units; the
vertical entranceway and the horizontal passagewsy. The ve-tical entrance-
ﬁay is composed of two concentric corrugated pipes. The space between the
two pipes is filled with concrete in order to make the overall structure
act as one unit. The horizontal passageway consists of prefabricated steel
framer .ith timber and steel plates spanning between the frames. The
passageway is of modular construction‘and serves the additional function
of providing space for such items as mechanical equipment, CBR filters,
and decontamination equipment if desired.

Suspended bunks for 51 men have been provided, with the bunks
easily retractable when not in use to provide recreation or work aiea.
Sufficient storage is provided for supplies for a one-week occupency by
51 gen, and additional space cen easily be provided for in the plan. The
basic report deals cnly with the standard S5l-man structure, designed for
a 100 psi overpressure, with a vertical personnel entranceway. Alter-
native designs, such as other possible entranceways, side by side spacing

and other modifications are included in eppendices.
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The structure is designed so that it can be provided in a series

of kits. Each kit contains all pai'ts necessary for the erection of a com-~

Pplete section or unit of the structure. Use of these kits provides almost

complete flexi‘bility in the size and arrangement of the structure. For
instance, the shelter may be of any multiple of 12 ft. in length by speci-

fying fewer or more main shelter kits. Similarly, additional ventilation

or entrance structures may be specified by adding additional passagewsy

or ventilation kits.
Detailed fabrication and erection plans are included in the

appendix.
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1. INTRODUCTION
1.1 OBJECT AND SCOFE

This report summarizes the results of investigations made in
the design of a shelter for rqpid and economical construction by engineer
troops in the field. Because of this special emphasis, it was necessary
to devise a shelter which could be erected rapidly with the normal or
standard equipment available to an army engineer platoon. While {these
limitations of time and equipment presented some unusual problems,:idt
appears that a satisfactory structure can be erected and occupied within
a peridd of one week.

For the reasons discussed in Sections 1.2 and 3.1 only buried
construction above the water table and bedrock was considered in this
study. The type of structure that appears most feasible is a completely
buried (includihg earth-mounded) arch consisting of steel ribs supporting
timber, metal or precast concrete elements betwezn the ribs. In this
report timber elementn only are emphasized, nince this type of structure
appears most feasible for rapid construction in a forward area. Vertical
ladder~-type entranceways only are considered in the basic repcrt. Alter-
nate entranceways, both personnel and vehicﬁlar are presented but not
designed in the appendices. Also included in the appendices are studies
of the spacing of adjacent basic structures.

A brief summary of the results of the study to determine the
feasibility of various structural types are presented in this report.
Design criteria for these structural types also are given. Design calcu-
lations for the proposed troop shelter are included in an appendix. Also

included in the appendix are the studies which have been made to determine




the applicability of the design criteria for arches presented in the basic
report. The results of these studies indicate that the design procedures

currently given are safe as well as simple.

1.2 HISTORICAL BACKGROUND OF UNDERGROUND STRUCTURAL DESIGN

It long has been recognized that buried construction is highly
advantageous for providing protection from shock loads and fragmente result-
ing from explosions of conventional shells and bombs nearby. Also it has
been recognized almost since the advent of nuclear weapons that buried
shelters are desirable for profectioﬁ against the radietion and blaset
effects of nuclear bursts. The decisicn between supplying protection by
buried structures or by surface structures primarily is based upon the
relative costs of the two configurations. However, it generally msy be
said that buried construction becomes economical for protection egainst
the effects associated with a side-on overpressure of 30 psi or more. This
economy results from the very large antisymmetrical loads (reflected and
dynamic pressures) which develop at ranges from the burst corresponding
to overprecsures in excess of this value and the consequently larger struc-
tural strengths required as compared to strengths of buried structures at
the same range. Furthermore, it usually is more economical to provida Pro-
tection against prompt and residual radiation by covering the structure
with earth than to gain this protection by adding large thicknesses of

Ay sto.oto 3l melo.ials to tlo c.pos.d structure to accomplioc.a chis

[SEV] P ¢

protection.
Significant d=avelopments in the design of underground protective

structures were wads during Worid Wer II. However, because of the relatively
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concentrated forces associated with the high explosive weapons of that
period, primary consideration was given to the effects of contact explosion
or very near misses in the design of these early structures. As a result
of thege considerations protective structures were designed to resist pene-
tration of the wespon itself, penetration of fragments from the weapon, and
also the forces generated by a weapon exploding within a few feet of the
structure. To provide protection against penetration of the weapon and
fregments from a weapon very massive structural elements generally were
required. Demsge by shock frar s near miss explosion acting on a structure
proportioned on the basis of penetration resistance generally required a
detonation so close that thevstructure was within the rupture zone of the
crater formed by the weﬁpon.

The advent of nuclear weapons required & re-evalustion of the
design criteria then in use for buried prctectlve structures. An cbvious
criterion wvhich could no longer be applied was the penetration of the
weapon itself. Thus, the only remaining critcrion from the clessical
problem was that of resisting the shock induced by the detonation of the
veapon at some distance from the structure. Alsc an additionel problem,
that of protecting against radiation, presented itself. Since a few feet
of earth generally will provide protection against nuclear radiation, this
last problem can be resolved fairly easily. However, there were msny pro-
blems to be considered regarding the shock produced by a nuclear weapon.

It may be shown, Ref. (1.1),* that the attenuation with distance
of the ground shock from & weapon detonated below ground in soil is much

more repid than is the attenuation with distance of the air blast from the

*Numbers in parentheses throughout this report refer to corresponding entry
in Appendix A, References.
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same weapon detongted at or near the surface. Thus it may be concluded that,
except at distances closer than approximately the zone of rupture of the |
crater, the effects of a surface burst of a nuclear weapon are more severe
than those of an underground burst in soil of the same weapon. Criteris

for tue design of structures to resist these effects are presented in Refs.
(1.2 and 1.3 for example). The critgria given herein are modified from

these previously derived criteria to make them directly applicable to the

type of construction considered in this report.

1.3 NOTATION
A detailed listing of the notation used in this report is

included in Appendix B.




2. SUMMARY OF DESIGN CONSIDERATIONS

In this chapter the several factors to be considered in the
design of a ghelter for an army engineer platoon are summarized. Some of
ﬁhese~requirements are self-evident; therefore, they are not discussed.
Other requirements are based on rather detailed study, the results of which

are summarized in the following chapters.

2.1 FUKCTIONAL AND ARCHITECTURAL FACTORS

2.1.1 Size of Structure Required. An engineer platoon normelly

consists of 51 men. The minimum requirement specified by WES ¢tipulated
that the structure must provide for housing and maintaining this number

of men for a period of one week. Because of the radiation hazard outside,
these men must remain constantly %in the structure for spproximately this
period of time. The structure must provide sufficient space for sleeping
and recreation. Also a one week's supply of food, water and other provisions
must be stored within the structure. Sanitary facilities, communications
equipment and possibly power generating de#ices must also be housed. Use

of surpended retractable bunks in three decks allows the main shelter arca
to be used both for sleeping and recreation. Equipment and storage of pro-
visions in addition to the sleeping and recreational requirements define a
minimum gross floor area of 560 sq. ft. When all criteria and their effects
upon structﬁral integrity and costs are considered it appears the best
structural type for the main structure excluding the passageway will provide
a gross floor area of 688 sq. ft. or an average of 13.5 sq. ft. per man.

A lesser area in the main structure can Ee provided by uéing the passége—

way for storage of provisions and equipment.




2.1.2 Structural Type Required. Arch-shaped ribs supporting

timber, corrugated metal or precast concrete elements aré suited best for
structures located above the water table which must be constructed rapidly
with possibly unskilled labor. Because of the many difficulties associ-
ated with construction below the water table, such construction should be
avoided wherever possible. It is imperative that the structure be com~
pletely buried in any case. This burial may be accomplished by locating
the structure entirely belqw the natural surface of the ground or by
covering the structure with extensive fill.

Because the clear span required in the structures being con-
sidered can be limited to less than 10 ft., rectangular structures could
be used insteed of arch spans. However, studies summarized herein indi-
cate arched construction is preferable.

2.1.3 Requirements for Radiation Protection. To meet the limita-

tions imposed by construction techniques, it is feasible to provide protec-
tion against radiation by specifying sufficient earth around the structure
to reduce radiation levels within the structure to a tolerable range. The
study reported in Appendix D indicates that the specified minimum depth of
cover over the cfovn of 4 ft. appears to be sufficlent to protect against
radiation of the greatest intensity to be expected at a range corresponding
to the 100 psi overpressure fromla ncar~surface detonation. Therefore, the
structure may be proportioned to resist only the shock loads when this
minimam cover is provided.

2.1.4 Terrain Factors. For purposes of concealment it is impera-

tive to blend the fill over the structure so that it matches as closely as

possible the natural surroundings. Generally cut-and-cover construction




will be used. However, where there is sufficient topographic relief and
sufficient time to tunnel horizontally into a hillside, this means of

construction might be considered.
2.1.5 Location of Water Table and Bedrock. As mentioned above

it 1s exceedingly desirable to avoid construction below the water table.
If such construction is required at a particular site, another site should
be considered. When another site is not available, the structure should
be located above the water tﬁble and extensive fill, to provide radiation
protectibn and complete burial, should be placed over the structure.

Since time will not allow rock excavation, a struciure must be
located on the szurface of the rock and extensive fill placed over it where
bedrock cennot be avoided. Of coﬁrse, it is desirable to seek an alternate
site where rock will not be encountered.

2.1.6 Requirements for Entrance Structures. The entrance to the

shelter may be one of two types: (1) a vertical shaft leading to a hori-
zontal "tube" whick in turn leads into a structure; or (2) an inclined shaft
leading directly into the structure or to a horizontal "tube" projecting
from the structure. For either type, added radiation protection, if
required, can be provided by sand-bagging the entrance "tube" where it
enters the structure. Also both types of construction will require a tube
as the actual entranceway with a hatch to prevent the shock from entering
the structure. The support for this hatch must be so arranged to icolate
the large reaction of the closure from the entrance tube. In this report
only the vertical shaft leading to a horizontsl passageway which, in turn,

jeads into the structure is considered.
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2.1.7 Ventilation Structures. The ventilation system must serve

two primary purposes: (1) cooling the interior of the structure, and (2)
replenishing oxygen and removal of carbon dioxide. By virtue of the openirg
introduced into the structure by the presence of the ventiletion system an
incidental problem, that of preventing the shock from entering the structwre,
presents itself. One solution to the entire problem would be provision of .
air qonditioning aend chemical or mechanical means of producing oxygen and
removal of carbon dioxide. chever; chemical methods for generating oxygen
and absorbing cerbon dioxide require relatively large items of egquipment
which implies increasing the size of the basic structure and also a possible
problem in transporting the equipment. A more economical and simpler solu-
tion appears to be possible by providing one intake and one exhaust structure
for each Sl-man shelter. Alternatively where several structures are located
adjacent to one another, a single intake and single exhaust system, of larger

size, can be provided to accommodate all of the structures.

2.2 ENGINEERING FACTORS

2.2.1 Haterial, Structural Type, and Site. In the general case

of designing a protective structure, the problem resolves itself essen-
tially to one of economics. This requirés the study of several possible
alternative types of construction including the use of several different
structural materials and also the locations of the structure. In the case
01 the problem primariiy considered herein the econualcs cannce ve ueglected,
but because of the limitations of time and available equipment, certain
types of construction must be eliminated from consideration. The available

equipment necessitates keeping the weight of each individusal element of the




structure as light as possible. The available time for construction and
immediate occupency of the structure precludes the use of cast-in-place
concrete and of using timber which might be available immediately at the
site. These limitations of time and equipment therefore required considera-
tion of a structure consisting entirely of metal elements, entirely of
timber elements, entirely of precast-concrete elements, or a combination

of these.

Study of these possible means of construction led to the ccnclu-
sion that the entire structure could be provided best to an engineer platoon
by including all of the parts as a kit which could be transported by flatbhed
trucks or even ajr-dropped. For the single personnel shelter to be located
in a forward area, it appears the most suitable structure will consist of
steél arch ribs which support timber blocks as simply-supported beans
spanning.between the ridbs. Each complete rib to be fabricated in two parts
which when field-connected would form a 180 degree circular arch with an
internal radius of 8 ft. These ribs are supported on timber sills rein-
forced along each side by steel channels. The steel channels foim a
field splice of the timder sills thus permitting the sills to be supplied
in 12 ft. lengths. End bulkheads for this structure consist of a wide-
flange-beam posts supporting timber blocks between their flanges. The
wide-{lange posts in turn are supported by a horizoatal truss spanning
between the siils. Detailed plans for this structure are included as
Appendix J.

In addition to the advantages elready noted for the type cf con-
struction described above, this structure conteins the simplest possible

connections of all of the structural typec considered. This structure alsc
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gives a minimm number of different structural members of the possible struc-
tural types considered. It lends itself ver& well to modular comstruction,
with aﬁy multiple of 12 £t. being a possible length of the structure.

The oniy disadvantage of this structure which has been encountered
is the Aifficulty of backfilling. Since this arch depends upon the backfill
to mobilize its design strength, the backfilling of such a structure is more
eritical than the backfillihg of a structure with greater inherent flexural
strength. However, except fdr the fac} that heavy mechanical equipment can-
not be used for compaction, this backfiliing does not present any major
éifficulties, especially since there will be a relatively large force of
man power to accomplish it and since availability of heavy equipment may
not be counted upon.

2.2.2 Design Overpressure and Loading. It is likely that person-

nel would be given less importance by an enemy than heavy weaponry or com-
munication centers. As a result personnel shelters generally would not be
designated ground zero for the detonation of large yield nuclear weapons.
By dispersing personnel shelters a reasonabie distance from the probable
prime targets, these shelters can be designed to resist overpressure levels
of tolerable proportions.
From a defensive standpoint the distance by which a personnel
shelter should be removed from designated ground zero, and the corresponding
~design overpressure level, are inherently related to the size of weapon
wpinct Lol oprele 7 no Lt be provided, A-o th- orobabilit ~® q certain
overrresuruwe ievel witnz atlained depends upcn the cixcular probable error
(CEP) - .mpatible with the method used by the eneny to deliver the weupon.

Knowl .« the «7-e «f the weapon and the associated CEP provides a means of

Best Available Copy
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establishing the probable distances from ground zero at which certain over-
Pressure levels will be exceeded as well as the probability of these levels
being exceeded. The size of weapon and method of delivery cannot be accur-
ately forecast, but for the muiclear weapons which would probably be employed,
it does not seem practicable to disperse beyond a range which would corres-
pond to an overpressure of 100 psi. Therefore, this should be the minimum
pressure considered in the design of personnel shelters, and consideration
¢f higher overpressures wcll moy be a.dvisgble. The proper overpressure to
be considered for a specific design (or on the other hand the distance by
which a structure must be removed from other targets) must be left to the
designer who, it is expected, will have available the types of units in a
particular military deployment, the weapon capability of the enemy, and
means of establishing CEP's for this particular capability.

Once the overpressure level for which the design must be made is
established, the loading acting on each structural element may be estimated
from the data given in Chapter 4.

2.2.3 Mode of Failure and Factor of Safety. For reasons of

economy it is essential ic¢ use ultimate strength concepts to accomplish
the design. These concepts require the visualization of the possible modes
of failure of the structure, and provision of sufficient strength to elimi-
nate these modes of failure. The means by which this is accomplished are
given in Chapter &.

e faceor of safe., .o cuusen by the desiguo. whe. ue chooseo
the overpressure to be protected against. That is, by following the methods
briefly outlined in the preceding section the designer determires the pro-

bability that a particular overpressure is going to be exceeded. For large

Best Available Cop
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overpressures it generally is not practical to choose a zgro damage proba-
bility as an objective since this would result in almost fantastic design
requirements. Yet a small concession in this damage probability generally
decreases the design requirements considerably. As a result if a damage
probability of 20 percent, for example, is assumed and the structure pro-
portioned to resist the corresponding overpressure, there would be an

80 percent probability of survival. Obviously absolute safety would not
be provided in this case, but the provision of absoiute safety of all who
might be Involved in a nuclear attack cannot be economically justified
and a calculated risk must be taken as in any battle situation,

2.2.4 Ductility Ratio. In addition to using ultimate strength

concepts it is desirable to allow a maximum deflection X of an element, in
excess of the yleld deflection xy. The ratio of X to xy is :eferred to

as the ductility ratio u. Ductility ratios greater than 1.0 allow part of
the applied force to be absorbed by plastic deformation of the element.

The amount of plastic deformation which might be allowed depends upon fhe
ductility available in the material or the structural element. The maximum
ductility ratios for the various materials considered are recommended in
Chapter Yy, |

2.2.5 End Restraint for Particular Members. In general for

protective construction it is desiradble to have members continuous over as
many supports as possible because of the reduction in moments effected
thereby. However, such practice ror the type of structure emphasized in
this report is not desirable for two reasons: (1) the length and weight
of continuous menters would be contrary to the general criteria whi;h mast
be met; and {(2) use of continuous members would place sericus restrictions

upon what modular construction might be possible.
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2.,2.6 Foundation Type. Again a concession to normal design

practice was necessary to fulfill the objectives of this program. Normally
foundations would be cast-in-place concrete using a trench for forming to
assure contimious support. Since cast-in-~place concrete could not be used
in the time allowed, timber sills reinforced with steel channels appear to
be the best alternative.

2.2.7 ébﬁéing Between Structures. There are two major facztors

to be considered in choosing the proper spacing between structures: (1) the
structures must be far enocugh apart that the presence of one does not affect
adversely the loading on the other; and (2) by dispersing ide itical units
sufficiently, the overpressure for which the units must be designed can be
reduced and the probability of at least one survival can be as high es that
of a single unit of much greater strength. A more complete discussion of the
minimm spacing to insure proper structural action, under item (1) above, is

presented in Appendix G.

2.2.8 Interaction of Main Structur: and Appurtenant Structures.

It appears that the entrance and ventilation structures should be installed
in the end bulkheads or in the passageway where the necessary opening can
be more readily framed to provide the necessary strength than can be done
in the arch of the main structure. There is an additional advantage in that
it 1is easier to fabricate these appurtenant structures to attach %o a plane
surface than to a curved surface. Furthermore, with the entrance at the

end, the arrangement of equipment within the structure is more efficient.
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3. FACTORS INFLUENCING ARCHITECTURAL DETAILS
3.1 ADVARTAGES OF BURIED CONSTRUCTION

In this report the use of buried construction has been implicitly
assumed. This assumption is the result of many considerations which are
emmerated below.

3.1.1 Characteristics of Loading. By completely burying e pro-

tective structure the antisymmetrical loads are reduced while the deformation
produced by them is nearly eliminated. Therefore, the cost of excavation,

of possibly waterproofing and of artificisl ventilaetion, required in a buried
structure, may be offset by the saving in structural materjals. The over-
pressure at which these costs balance depends upon the particular site
conditions. However, an overpressure of 30 psi or more would appear to
require buried construction from the econoﬁic standpoint in any case, unless
the size of weapon for which protection is provided is much less than the
minimum operational sizes currently considered. Since in this study a
design for an coverpressure of at least 100 psi was required, it was obvious
that only bturied structures should be considered.

3.1.2 Radiation Protection. Requirements for radiation pro-

tection make buried construction very attractive. Radistion normalily is
divided into two categories, prompt and residual. Under the design criteria
established by WES the occupants of the structure were to receive a cumu-
lative dosage frcam both sources of 25 Roentgens (R) during the specified

-~ *K shelter occupancy. Obviously the relative amounts of radiation

% v tlz to the two categories as well as the total amount of radia-

= -

tion depends upon many parameters. Because the study reported herein

proides a standard design, it is impossible to specify all of these
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parameters. Yet, the amount of cover required for structural requirements
apparently is sufficient to provide sufficient radiation protection. Fur-
thermore, it generally is more economical to balance the cut and £1ll

required for the structure to avoid the necessity of disposing of any

excess cut or of borrowing material for fill. Considering this balancing

of the excsvation indicates that the minimum cover required to accomplish
full buriel can be provided economically.

Frem considerations of structural integrity, 4 ft. of cover was
placed over the crown of the arch. In Appendix D an analysls is presented
of the radiation protection afforded by the structural configwation
adopted. Because the standard nature of the basic design did not allow
definition of a specific input in terms of weapon yield and point of detona-
tion, several conditions are assumed in the appendix. For the near surfece
burst, it is concluded that a protection factor of: (1) more than
20,000 is provided for residual radiation; (2) more than 3000 is provided
for prompt gamma for a mean spectral energy of 4 mev.; and (%) more than
20,000 is provided for prompt neutrons: For e burst imnedistely above the
structure at a range sufficient to produce a 100 pgi diffraction pressure
on the surface, these protection factors are greatly recduced. However, it
must be noted that there is a low probability of a burst occurring within
the region defined by the solid angle corresponding to these drastically
~edn~ed vrotection factors, so that the over-all survival probability of
the basic shélter is not coapromised by reduction in protection factors
attending an overhead burst.

3.1.3 Terrain Factors. A buried structure, especislly one

below the original ground surface, may be concealed provided thait extreme
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care is taken to blend the backfill with the surrounding ground and to
camouflage the entrances and ventilation structures. A structure founded
on the original ground with an exténsive earth mound over it may be simi-

larly concealed.
Terrain may also influence the construction methods employed.

Buried structures probebly will be constructed by one of two methods,
tunneling or cut-and-cover. Tunneling is feasible only where there is
sufficient topographic relief to allow construction of a nearly horizontal
tunnel. If the terrain is relatively flat, the structure must be cut-and-
cover construction. This results from the fact that so long as a structure
is located oufside the zone of rupture of the ground in the vicinity of
ground zero, there is no necessity for placing the structure deeper than
is required to satisfy complete burial and radiation requirements. Some
advantage may be gained as a result of attenuastion of the shock with depth
below the ground surface; however, the depths necessary to develop signi-
ficant attenuation are such that it is not economical to strive for this
advantage by cut-and-cover methods. On fhe other hand, where tunneling is
Possible this advantage might be econbmically gained. In *his regard
however, the designer should be warned that the entrances of a structure
are its most vulnerable part;vbeing deeply buried may increase the vulner-
ability of the entrances by virtue of the increased length of the

entranceways.

5.1.4 Location of Water Table and Bedrock. Tans loCzuicns Of vuc

water table and of bedrock are very important considerations in choosing
the site of the structure and the type of construction. Where the water

table or bedrock is near the surface such that a structure located completely
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below the ground surface may necessitate excavation below the water table

or into the rock, another site should be considered. Another site should

be considered because of the many advantages of locating a structure entirely
below the original ground. Where construction on a site is absblutely
required and the bedrock or the water taeble is near the surface, there is

no choice other than placing the structure above the bedrock or water table
and covering it vithvextensive fill from borrow pits since the basic struc-
ture is not designed to be placed below the water table and since an
engineer platoon could not, in the time available, undertake rock excavation.
When the structure must be located above bedrock at least one ft. of fill
must be placed between the rock and the sills.

3.1.5 Entrance Requirements. Because of the short warning of
q

imminent attack, the entrances must be simple enough to allow fifty men to
enter the structure and "button it up" in twenty minutes or preferably less.
Thus, the entrances must be simple in operation, yet sufficient to resist
the expected overpressure and radiation. Trne cover for the entrance must
have sufficient strength to resist the expected forces, yet it must be

light enough to be placed in position manually and fastened within something
less than five minutes.

Additional radiation protection at the entrance i1f required, can
be accorplished most easily by filling the end of the passageway at the
point vwhere it enters the structure with sand bags which were filled during
the construction operation. iowever, it was apparent in the ccmputations
surmarized in Appendix D that the radiation entering through the entrance-
way 1is negligible. Consequently, it is believed that the additional

rrotection in the entranceway will not be required.
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The simplest type of entrance structure is a round vertical pilpe
with & hinged door or closure. The support for the closure or door must be
isolated from the entrance tube to avoid collapsing the tube. This isolation
may be accomplished by laying a sill around the entrance tube and supporting
the closure on this sill. This sill must be anchored by use of dead men so
that it will not 1lift out during the negative phase of the air blast or as
a result of elastic rebound of the closure. The access door also may be
supported on columns resting on the entrance structure below.

3.1.6 Ventilation Requirements. Ventilation of a protective struc-

ture presents many problems among which are:; (1) prevention of blast from
entering the shelter; (2) filtration of radioactive particles from incoming
air; and (3) insuring the proper flow of air to maintain hebitability.
Preliminary investigation indicated a Swedish rock grille of the type tested
in Operation Upshot-Knothole (3.3) would provide a ventilator compatible
with the original design requirements. Subsequent investigation, based pri-
marily on unpublished test results frdm USNCEL, indicates that the Swedish
rock grille can mitigate shock effects from short duration pulses_(of
magnitude associsted with conventional HE weapons) to tolersdle levele,

but these devices are not adequate for pulses with pulse dura*tions associ~
ated with nuclear weapons and "low overpressures" {less than a few

hundred psi).

Therefore, other devices were considered to provide the necessary
closure i1or tne ventiiation syseem. ‘ne lnvestigation was hampered by the
fact that the revised criteria for the standard structure did not allow
definition of the ventilation requirements. That is, although the basic

siructure was to house S1 persons, it was impossible to specify, for the
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general case, how much equipment would be housed in the structure. For that
matter it appears that the standard equipment has not yet been specified
for the shelter to be used oniy in a forward area by an engineef platoon.
Additionally it is conceivable that for some installations, primarily
civilian shelters in regions of high land use and involving combustible
construction a fire storm might develop after an sttack; in such an
eventuality air-conditioning probably would be required. Consequently, 1t
was gpparent that in rany cases, primarily a plstoon shelter in a forward
area, a simple ventilation system consisting only of intake and exhaust
ducts, simple blast cldsures, and a fan to overcome head losses would be
required; on the other hand completely encapsulated systems with bottled
oxygen, CO2 scrubbers, air conditioning, epc, might be required for installa—
tions where development of a fire storm was likely. :
Much deliberation of the problems associated with ventilating a
standard structure led to the conclusion that ventilation could not be
standardized; each shelter and the equipment for it mist be analyzed to
determine the ventilation requirements and the type of hezard which is
likely to develop. Knowing these allows specification of the components
required in the ventilation system. To allow for the many situations which
might have to be accommodated in the ventilution system, the standard
shelter and passageway can easily be expanded to have the necessary venti-
lating components. Generally it was considered prefersble to place these
components in the passageway or iis exctension, the utility s.ructwe,
because (1) the noise and potential fire hazard asscciated with the fans
and gasoline driven power unit could be isolated from the main structure;

(2) contamination ascociated with the use of a CBR unit would be isolated
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from the main structure; and (3) the relatively small area associated with
each component and the flow pattern through the equipment indicated gréater
economy of construction by placing these units in a long-narrow structure
than in the main structure. Accordingly the passageway and utility struc-
tures were designed to accommodate directly the standard Chemicsl Corps M-9
CBR unit which appears to have more than adequate capacity for the platoon
shelter in a forward area. With some modification a standard M-10 CBR unit
can be accommodated in the passageway. Wherg larger flows are required |
several of these units‘can be placed end to end along the passageway or a
larger standard unit might be modified to fit into the passcgeway.

Similarly the intake and exhaust ducts for the standard structure
were specified to accommodate a large range of flow rates to account for
the conditions which might preveil for eny condition. These ducts were
designed to provide & maximum air velocity of LO fps, which is consistent
with the specifications for the CBR filters and alsc for standard blast
valves which are availabie. A particular type of blast‘valve is not
specified in the standard design because of: (1) unknown requirements for
flow rate in the geﬁeral case; (2) unknown requirements for means of
actuating the values; and (3) apparent lack of a commercially available
blast valve of the relatively small capacity required for the platoon
shelter in a forward area.

To determine the quantity of air which must be provided to mzin-
tain the 51 men in the standard shelter several factors must be considered.
Air is reguired to replenish the oxygen (02) in the shelter, to remove the
carbon dioxide (COQ)’ to remove the wster vapor (H20), and possibly to

rerove the heat génerated by the occupants. According to Ref. (3.4) each
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occupant requires or generates per hour the amount of gases or heat shown

in Table 3.1. In Table 3.1 the data from Ref. (3.4) are compared with

minizum values based upon the data from Ref. (3.5). In Ref. (3.5) the

O, requirement is given as 1 liter for every 5 calories of food intake.

2
Also in this last referernce it is stated that the normal male performing

average amounts of labor requires 3000 calorles per day. Using these
latter data yields an 02 requirement which averages 0.875 ft.3/hr" vhich
compares very favorably with the demand given in Ref. (3.4). Thus, i%
is believed that Ref. (3.4) assumes normal activity of the shelter occu-
pants. However, once the personnel shelter is occupied. the physical

activity of the occupants, by necessity, will be greatly curtailed. Also

there will not be sufficient food nor a demand for a diet of 3000 celories/

day. Therefore, it seems more reasonable to base the volume of air
required upon an average food intake of 2000 calories/day.

On thfs L.sis the volume of air required, and the interval at
which the air must be changed within the structure was computed; the
results of these computations are shown in Table 3.2. The assumptions
used in computing the values in Table 3.2 are summarized as a footnote
to the table. These assumptions appear to be self-explanstory except
for the one concerning no heat conducted into the surrounding soil. Nor-
mally soil a few feet below the original ground surface in a temperate
climate would be at a temperature of approximately SSQFS For other
climatic conditions the subsurface temperature equals‘£he mean annual

air temperature. However, in the standard design being considered here,

the shelter is to be occupied immediately after completion of construction.

Also, it being & standard design, i1t is conceivable that some shelters will
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be constrﬁcted in sub-tropical or tropical climates, and the natural soil
and the sofl used to backfill the structure, by virtue of its being exposed
during the construction phase, may attain a temperature considerably in
excess of SSOF. Therefore, for the standard design considered here, it did
not seem proper to allow conduction of heat to the surrounding soil which
may not be capable of absorbing significant amounts of heat. Yet this is
not particularly conservative since it has been assumed also that all
latent heat 1s carried off with the water vapor.

There are two significant facts to be observed in Table 3,2.
First is the very large volume of air required to maintain a tolerable
temperature. This will be discussed at greater length below. Second is
the fact that neglecting the heat gain, the struciure can be sealed com-
pietely for a period of 4.9 hours without causing any severe effects among
the occupants. This ability to close off the structure from the ocutside
is extremely desirable in the event that a fire-storm situation develops.
Under such a situation the entire area in and around the storm is rendered
completely devoid of oxygen for varying periods of time, but probably for
a time less than 4.9 hours. Conseguently, should such a storm develop in
the vicinity of a shelter, it is imperative that the shelﬁer be absolutely
scaled. If means arc added to remove chemically the CO,, the shelter could
operate up to 9.4 hours absolptely scaled.

Because the major volume of air supplied to the shelter results
from the necessity of cooling the interior and because during a rire-storm
this volume of air cannot be supplied, it is necessary to consider other
means of cooling the interior of the shelter. The 150 BTU/man-hr. of

enthalpy genereted, allowing a 20 percent increase for equipment, corresponds
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to 9200 BTU/hr. of air conditioning needed to prevent the average internsl
temperature from exceeding approximately 90°F. Since 12,000 BTU/hr. of
air conditioning requires theoretically 4.7 horsepower, at least 3.6 horse-
power must be provided b& a combination of mechanicel energy and a waste

heat sump.
As an alternate 5.4 tons of ice could be stored in the structure

which theoretically would supply cooling over the one -week's occupancy
equivalent to the air conditioner. The iée, however, appears to be a
relatively inefficient means of cooling the entire structure . Also storage
and drainage would have to be provided to use ice for cooling. Storage of
icé would require 170 ft.3 which 1s approximate 3 percent of the gross
volume of the proposed main structure. ‘As a result, it is believed that
the air conditioner is the more reasonable means of supplying the necessary
cooling although an ice reservoir may be an efficient heeat sump for use

in combination with the air conditioner.

3.1.7 Pcwer Requirements. The requirements for power for running

the aii1 conditioning system already have been mentioned. Ig addition power

must be providedvfor overconing the head loss in the ventilation system

and for opefating lighting and communications equipment within the shelter.

Becanee, an already discusned, LU 1o tmporsible to npeetfy a sinpgle ventile-
tion system, it is impossible to spacify the power required. Computation of

pover requirements is relatlively simple after the ventilation system *3

ucsigneu.
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3,2 BASIC STRUCTURAL TYPES
The different structural types considered during this investiga-

tion were: (1) arches, including ribbed and structural plate, {2) barrel
or pipe "arches," and (3) flat roof; including slabs and beams and girder.
In general any of these three types may be fabricated from several possible
materials. However, because of limitations imposed by the avaeilability of
time, equipment, and experienced fabricators, some materials have definite
advanteges over other materials. Tnese limitations are discussed first

in the following section.

Because the structures considered in this report rust house
personnel, there is no necessity for large clear spans within the structure.
This observation allows considerable latitude in the choice of structural
type since 1pterior colunns can be placed at practicslly any point in the
structure although a psychological problem may result from cluttering the
interior of the structure. The clear span required effects the type of
construction chosen and some discussion of this subject is included
following a discussion of the specific space requirements involved.

Finally, foundation and backfill requirements for certain struc-
turel types may infiuence the kind of construction required. Therefore,
this subject is discussed also emong the advantages of the pcssible types
of construction.

3.2.1 Practical Limitstions. An engineer platoon in the field

pasmaril, uas availuo.oo cane tools and a fairl, sizeac.oe labor fo.oce. How-
ever, tney are limited in the size and capacity of mechanical equipment.
At best they will have a tulldozer, a truck with a winch, and for limited

periods a light power shovel with a crane boom may be available from
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battalion headquarters. This power shovel might be avgilable to each company
for a maximum of two days per ﬁeek. It is imperative for the engineer pla- ‘
toon to complete and occupy its protective structure within one week or

less. As a result the power shovel may be used along with the dbulldozer to
complete the excavation for the structure, but it probably will not be
available for actual cqnstruction. Therefore, actual construction must

be accomplished mainly by mamual effort, and the structural type chosen

must be compatible with this means of erection.

Since heavy equipment cannot be counted upon even for meaking the
excavation, it is desirable to find an alternate method for quickly making
the cut in which the shelter is to be located. It appears that making this
axcavation can be expedited by placing three 100 1b. TNT charges along the
longitudinal centerline cf the cut for the shelter. These charges should
be placed at a depth to the center of the charge of 4.7 ft. with one charge
set 1mmediately over the center of the expected location of the structure.
The other two charges should be set 14 ft. along the centerline from the
chargé at the center. It appears that these three chargeé will complete
about 17 percent of the total excavation and that they will effectively
loosen all soil which must be removed.

If it is assumed excavation will require two days toc complete,
approximately two days will be avallable for complete fabrication of the
structure since backfilling will probably require three days for completion.
Thre @ ctructy=-1 type moc+ ko ckrcen 10 allow commlete f~mvication wi+hin v
a period of itwo deys or less. For this reason the structure must dbe pre-
febricated and the structural details must be simple enough to allow rapid

field connection.
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To reduce the cost and to eliminate the necessity of field-sorting

of parts, the greatest possible duplication of structurai details must be

3.2.2 Space Requirements. It is the purpose of this portion of

the report to present the general laycut or plan and the various types of
structures that were considered.

A typical floor plan for & minimum shelter for 51 men is shown in
Fig. 3.1. The width depends upon whether the structure has a flat roof and
vertical sides or is some type of an arched structure. Figure 3.1 indicates
the widths for the various types of structures. The actusl floor plan will
be influenced by the location of the entrances or accessways.

A typical -:oss section, illgstraﬁing the proposed bunk arrange-
ments, aré shown in Figs. 3.2 and 3.3. Various types of bunks have been con-
sidered. In each case one of the prime considerations was a type of bunk
that could be readily moved aside or folded when not in use. A hanging
bunk appears to be more auitabie than a folding bunk. The cross sections
shown were all selected on the assumption that suspended bunks would be
used.

As previously stated, Fig. 3.l depicts what might be called a
minimum shelter. In additlion to sleeping quarters, it has been proporiioned
to provide for the items listed below. Work space or other additional
space could be provided by lengthening the over all structures as the
covelated Jlouctures 21 2 a modular type, -1d ¢ -* medule ‘-
deélgned to be self-gufficient insofar as structural integrity is concerned.

(1) Drinking water. Space has been provided for water based on
a water consumption of two qQuarts per day per person. Four 55-gal. drims

per week thus are reguired for 51 occupants.
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(2) Sanitary facilities. Space is provided for a chemical toilet
system with two stools snd a 200-gal. elliptical tank. Additional capacity
could be obtained by hand-pumping to water barrels after they are emptied.

(3) Pood. Approximately 16 eq. ft. have been provided for food
boxes and chests.

(4) Electrical power and communications. A total space require-
ment of approximately 30 sq. ft. has been arbitrorily assumed for this item.

(5) Recreational area. It has been assumed that this area would
be provided by raising the suspended bunks.

Principael consideration was given to three types of cross sections.
These may be generally described as follows: |

Type 1 -- Arched type structures
Type II -~ Corrugated metal pipe arch
Type III -~ Flat roof and vertical sides

Figure 3.3 shows the three general types of structures with bunk
locations for each type. Table 3.3 indicates the area provided by each of
these structural types. Various adaptations of Type I received considerable
attention. The most promising of these were further suﬁdivided. as follows:

Type I-A -~ Steel ribs consisting of inverted structural tees
Type I-B ~- Corrugated metal plate arch |

Figure 3.4 shows Type I-A in some detail. Timbers and corrugated
metcl plates are shown as possible wall sheeting. The timbers appear to be
more suilavie becuuse they iuuerentiy add longitudinal stiffuess to the
structure to support the end bulkheads. At the higher overpressures the
edges would require tcveliung in order to augment the strength of the arch.
Type I-B is similar to the commercially available Multi-Plete crch manu-

factured by Armco.
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Type II is a corrugated metal type similar to Armco's Multi-Plate
erch. As shown in Fig. 3.3, a clear span of approximately 14 f£t. 3 in.
was contemplated. As a result of the analysis presented in Appendix F both
Type I-B and Type II must be discarded since thicknesses of corrugated
metal currently available do not possess sufficient strength to withstand
an overpressure of 100 psi. Even if heavier corrugated sections were cbtained
they probably would not be adequate in resisting the thrust induced by the
end bulkheads.

Type III lends itself to several adaptations. One of the most
promising possibilities for this type is cshown in Fig. 3.5. The ceiling
beams and the columns are steel I-beams. Both timber and corrugatel metal
are shown as possible sheeting materials. A girder and columns may be
used along the longitudinal centerline to reduce the size of the roof beams.

3.2.3 Arch Constiuction. The major disadvantage of any arch

construction 1is the inherent instability of the arch until it 1s backfilled.
This conditicn results because the arch depends upon the backfill to
mobilize its strength. For this reason backfilling is a critical operation.
Because of the unstable condition of the arch, heavy equipment
cannot be operated in the near proxdmity of the arch. Thus most of the
backfilling operation must be accomplished by hand. However, because of
the relatively largt amount of mahpower available, meeting the manunl backe-
£ill requirements should not be difficult. In order to secure the maximum
benefit of arch action, backfill should be hand tamped in approximately
6 in. 1ifts with the soil at optimum moisture content. It has been esti-
mafed “hat the availeble 51 men should be able to place this backfill

within the three days allotted.
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The major adventege of the arch is that vhen symmetrically loaded
1t has a compréssive stress only. This characteristic of the arch permits
use of a clear span and simplified connections since only compression con-
nections are involved.

The arch might be either the barrel or ribbed type. Eince cast-
in-place concrete cannot be utilized because of time and equipment limitations,
the arches must be fabricated of timber or precast concrete and/or metal.
All-timber construction is not feasible because of the large proportions
which are required and because of the curved members required. Thus, the
arch cross section is limited to a consideration of a barrel arch of corru-
gated metal or a ribbed arch with metal ribs supporting corrugated metal,
timber, or precast concrete elements. Because of the relatively small
stability inherent in a barrel arch of corrugated metal, especially in the
construction phase, the ribbed arch is much more easily fabricated and
backfilled. Also as indicated in Appendix F corrugated metal arches without
stiffeners are limited to conditions requiring protection from relatively
low overpressure. This reason alone is sufficient to eliminate the pipe
or barrel arch from consideration. However, it also has otﬁer disadvantages;
(1) the sections of a barrel arch become relatively large; and, consegquently,
they are unwieldy to handle without mechanical equipment, (2) the relatively
large mumber of bolts réquired in a corrugated metal barrel arch would
require too much time to place, and (3) there is comparatively little
strengﬁh transverse to the corrugation.

Because of the desirability of limiting the weight of individual
elements for the single personnel shelter to be fabricated in a forward

area, the timber blocking is the preferable material available for spanning
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between the inverted structural tee ribs of the arch. Corrugated metal
must be ruled out in any case for the cofiguration of shelter recommended
herein for it will not provide sufficieni longitudinal strength to resist
the reactions from the end'bﬁikheads. Since as 1llustrated in Appeindix X
timber blocking will resist overpressures on the surface as high as 300 psi,
it would appear that precast concrete blocks to span between the rids of the
arch need be considered only where the procurement of large amounts of tim-
ber is difficult. Thus, it is recommended that timber blockinr be used to

span between the arch ribs.

3.2.4 Beam and Girder Congtruction. This type of structure has
two major advantages; (1) backfilling can be easily accomplished and (2)
the structure has the longitudinal strength to transmit end bulkhead loads
to the opposite eﬁd. Since the members of such a structure are designed
primarily to resist the shock loads in flexure, backfilling is not critical
and heavy equipment generally may be used for compaction.

Also, as already mentioned, there is no structural requirement
for large clear spans for the type of constructicn conzidered herein.
Therefore, by using interior cclumns and longitudinal girders the span of
the roof may be 1/2 or less of the total span required. Cdnsiderable
savings in the material thus may be obtained by reducing the clear span
of the roof.

Preliminary designs indicated, however, that even when two interior
colurns were assumed the material required exceedea tnat needed by various
types of arches. Tne flat roof beam end girder construction is not amenable
to easy field fabrication as the connections are awkward and massive. Fur-

thermore, interior columns necessitate some type of footing within the
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shelter. Comparative designs of ribbed arch and beam andvgirder shelters
indicated that considerdbly;more material was required for the steel roof
beams than for the arch ridbs. The material required forigie interior
columns and girders were a completely additional requirement. Thus the
arch was found to require less material and to be much simpler to erect
than a comparable rectangular structure.

Only a ccamposite structure consisting of steel columns and beams
supporting timber, corrugated metal or precast concrete elements was con-
sidered in the qualitative comparison of weight immediately above. Of
course it would be possidble to construct a rectangular structure, of the
size being considered, entirely of timber; i.e., timber columns and timber
beams and stringers supporting timber sheathing. However, for the over-
pressures vhich must be considered, the dimensions of the individual timbers

would be of such magnitude that dbtain{qg the lumber might be impossible.

For example, if stringers of 7 ft. span were spaced 2 ft. on centers, the

required section modulus for protection against an overpressure of 100 psi
would be approximately 360 in,5 if stress érade lQ;beé wére used, and the
required section modulus would increase linearly with the overpressure.

A solid timber deck of 7 ft. span to resist 100 psi would be approxi-
mately 6 in. thick and the longitudinal beam along the center of the struc-
ture supporting this solid deck, if columns 7 ft. on centers are assumed,
woculd be approximately 6 x 19 in. in actual cross section. Such a timber
structure couia ve fabricated but piuoably not within uwo aays. Also it

is obvious that steel columns, beams, and girders would be more economical.

3.2.5 End Bulkheads. Several different configurations of end

bulkheads were considered. Among those considered were:
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(1) A quadrant of a hemisphere using inverted structural tees
supporting timber blocks to form the hemisphere.

(2) A heavy wide flange cross-beam spanning betveen the ends of
the sills. This cross-beam would carry the lower reaction of the vertical
bulkhead posts. The upper reaction of the wide flange posts weculd be
carried from one end of the shelter to the other by the blocks between the
arch ribs.

(3) A horizontal or nearly horizontal steel arch fastened to the

ends of the sills. The lower end of the vertical bulkhead posts would be

tied to the arch by usc of cables.

() A system of dead men to support the lower end of the vertical
bulkhead posts.

(5) A prefabricated truss spanning between the ends of the sills.
The truss serves the same function as the wide flange cross-beam in (2)
above.

Type (1) was discarded because of the heavy weight of a bearing
block required at the top tq support the radial arch rids. Similarly (2)
was discarded because of the excessive weight of the cross-beam, and (4)
was considered to be inappropriate for field construction by inexperienced
troops and to require excessive mass in order to provide the deed man
resistance.

A camplete design was prepared for the horizontal arch. However
it . .ovuuw that to facilitaue the crection or tne vertical posts it was
necessary to place a light weight cross-beam in order to support the verti-
cal posts during the erectiop process. It also was determined that the

details necessary to accommodate the standard cables were quite expensive.
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Of all the types considered the light weight truss proved to be the most
suiteble. The major advantage of the truss is that it is a complete unit
and may be flaced as such. It furthermore serves as a tie between the ends
of the sills.

3.2.6 Foundations. Because the use of cast-in-place concrete
was precluded by the time requirements, the design of the foundations pre-
sented some difficult problems. However, consideratiorn of ease of field
fabrication and keeping weight a minimum suggested the use of timber for
the sills supporting the shelter. For ease of handling it was dccided to
limit the length 6f the individual sections of the sills to 12 ft. To
reduce differential settlement between adjacent ends of the sill sections,
steel channels are bolted on either side of each sill. Thus the timber
forms a splice for the channels and the channels form a splicé for the

timber.
3.2.7 Entranceways and Utilities. As stated previously only a

vertical personnel entrance structﬁre was given primary consideration in
this report. A brief discussion of the problems associated with other
types of entrance structures is given in Appendix E.

The principal advantages of the vertical type entrance structurc
in comparison Qlth the walk-in type structure are economier of materinls
and time required for installation and an increased facility in the installa-
tion of the lighter weight vertical entrance structures. While these advan-
* 27 & real it must be - ted oo that £ --c-4ical entrance structure

is not well suited to the passage of equipment into the shelter nor for

the rapid ingress or egress of personnel.
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There are two possibilities for joining a vertical entrance to a
shelter; (1) it may be connected directly to the shelter itself, or (2) it
may be connected to an intermediate entranceway that is connected to the
shelter. Either of these alternatives may be placed at the end of *the
structure or at the side of the structure. In the shelter under considera.
tion, the end framing entrance was the more desirable for the following
reasons:

(1) It is much simpler to frame iuto the vertical plane surface
of the end bulkhead, than into the curved, ribbed arch of the shelter
itgelf. |

(2) There is less loss of in@erior gpace by framing into the
shorter dimension of the structure than into the longer dimension.

After study it was decided not to frame the entranceway dircctly
into the end of the shelter but to use an intermediate passsgeway instead.
The intermediate passageway concept offers these advantages: (1) simpler
connection achieved by separating the entranceway from the shelter
'itself; (2) prevents the loads that are applied to the access door from
being transmitted to the shelter, by having a rather flexible passageway;
(3) reduces the radiation entering the shelter through the passagevay;
and (4) passageway may be used for other purposes, such as location for
decontamination station or for mechanical equipment.

The entranceway and passagewsy for the standard structure
coen.oQ owver the entire pes.od oo vae desige o e shelter. At first a
simple vertical tube including both rungs>and a firépole leading to e
short length of horizontal conduit, which in turn passed through the end

bulkhead of the main structure, was considered adeguate. The vertical
2




35

tube and horizontal conduit were proposed to be fabricated from standard
corrugated steel plate with corrugations of depth 2 in. plus the plate
thickness. Study of this solvtion led to the finding thet corrugated steel
plate with the heavy corrugations required for flexural strength could not
be formed to a diameter less than 60 in. without using special dies for
fcrming. Further investigaticn led to the conclusion that the reguired
special dies did not exist, and to fabricate them, while maintaining a
reasonable cost for the end item, would require a guaranfzed sale of
several thousand tons of steel in the smaller diameter. Also it wes
concluded that entranceways fabricated of standard corrugated steel with
a diameter of 60 in. did not possess sufficient strength for the required
design overpressure. Further, standard presses cannot fcrm corrugated
plate from steel with a thickness greater than l-gage.

It wvas found that a compliceted transition piece was required to
connect the circular entranceway to an elliptical passageway (The elliptical
shape was required to provide some reasonable head room and yet allow the
Passageway to fit into the end bulkhead of the main structure.) both of X
which were formed from corrugated plate. Furthermore, a manufacturer
ol corrugated metal structures was consulted, and he was concerned about
the stability of the elliptical section required for the passageway.

These éonsiderations suggested the use of a rectangular passage-
way formed from welded frames of standard steel sectiong which supported
timber lagging for the walls and steel covers for the roof. Originally
timber was specified for the roof of the péssagewgy, but the details
required for fastening the timber to the steel frames suggested that

simpler construction could be attained by using individual steel covers
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over each panel. This form for the passageway obviated the necessity of a
transition section since the entranceway could sit immediately on top of
the passageway if one of the steel covers were removed. In addition this
configuration circumvented the question of stability in the elliptical
corrugated steel conduit.

Further consideration of the form selected for the passagevay
indicated that an extenslion of the passageway would mak: an ideal struc-
turc for housing of decontemination equipment which mus: be near the
entrancewvay as well as isolated from the main structurc and for arrang-
ing the ventilation and associated equipment since the ventilation system
lends itself ideally to an in-line series. In a more sophisticated
ventilation system, the intake structure precedes a fan which can be
followed in turn by a CBR unit, an oxygen gencrator, possibly an air
conditioning unit, and a discharge line into the main structure. Further-
more, operation of various equipment including the ventilation would
require a self contained power source, probably an engine-generator set.
An internal combustion engine must be removed from the structure to
eliminate its large heat load, to prevent carbon ﬁonoxide from contaminating
the structure, and to mitigate the problem of fire. Thus, it seemed
desiradle to extend the passageway to house these various itecms of equip~
ment should they be included in the shelter.

Since the passageway must have a steel‘frame at either end
wilie the extension of the passageway needs a steel frame only at one
end, two kits were selected, one the passageway containing five steel
frames and the other the utility structure containing four steel frames.

Since only the passageway is absolutely regquired, while utility structures
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are optional items, the end bulkhead for the passageway and utility struc-
tures was supplied as part of the passagewsy kit. Thus, if one or more
utility structufes are added at the end of the passageway, the end bulk-
head is placed to cover the extremg end of the group of structures.

Finally it should be noted that the passageway (and utility struc~
tures) was designed to have a clear height of six feet. This rzsulted in
very heavy members being required for the steal frames. Yet it became
apparent that once the personnel were in the structure ther: was no need
to maintain the vertical clearance in the passageway; in addition it
appeared likely that all equipment in the passageway or utility structure
could be arranged to fit in a space with only half of the six-foot clear
height. Therefore, the steel frames in the passageway were redesigned
assuming that a compression strut could be placed between the vertical
members at mid-height. In the passageway these struts would be installed
only during periods of alert so that the restricted head room would exist
only at such times. In the utility struétures housing 2quipment, these
struts would be placed during construction and left constantly in
positiocn.

The general philosophy underlying the design of the ventilation
structures has already been sumnarized in Section 3.1.6. Therefore, it
seems necessary here only to comment on the basis for selection of the
two configurations suggested in the detalled nlans. As mentioned
already with regard to the entranceway, it was found that standard
corrugated steel plate with corrugations of approximately 2 in. amplitude
cannot be formed economically to a diameter less than 60 in. Since

cast-in~place concrete was not acceptable for the design requirements,
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and since reinforced-concrete pipe seemed too heavy for this particular use,
it wﬁs decided that conventional corrugated steel pipe (with corrugations
with amplitude of 1/2 in. plus the plate thickness) would be the most
economical section. Because of the potentially large flexural response
induced near the surface of the ground, however, it was determined that
standard corrugated pipe of the greatest available thickness could not

be used for diameters greater than 12 in. At this point it seemed most
economical to use a standard corrugated steel pipe for all ventila“ion tubes,
and to place an annulus of concrete around the top of these tubes. This
concrete serves two purposes: (1) stiffening the steel pipe near the
surface for flexural loasding and (2) providing & positive Support for the
blast valve which_normally would be mounted over the opening. Use of this
cast-in-place concrete compromises slightly the hardness of the structure
until the concrete sets sufficlently, but this is relatively insignificant.

The door or closure must be provided with a manual lock to pre-
vent it from being drawn open during the negative phase. Furthermore the
entire door assermbly must be so supported as to prevent the vertical pipe
from being crushed longitudinally during the positive phase or from the
vhole assembly being dislocated during the negative phase.

The proposed hatch assembly is so designed that the positive
phase forces are carried to the horizontal entrance structure or passage-
way by means of four pipe columns. Threaded rods through the pipe
culumns pPre.cuuv vhe natch assembly I'row beinyg displaceu witn respect to

the remainder of the entrance structure.
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TABLE 3.1 AMOUNTS OF GASES REQUIRED OR LIBERATED AND
AMOUNTS OF HEAT GENERATED BY HUMANS

Quantity Amount Required Amount Required
or Generated Per cr Generated Per+
Person (Ref. 3.h)* Person(Ref. 3.5)
£t /ar  BTU/hr £t2/or  BTU/br
Oxygen (02) 0.85 ——- 0.58 ——
Carbon Dioxide (CO,) 0.70 —— 0.48 ———
Water Vapor (HQO) 0.003 -——— 0.002 ——
Latent Heat in .
Water Vapor L 175 ——— 120
Enthalpy —_— 225 —— 150

#Although no criterion is given it appears from Ref. 3.5 that
these requirements are based on a 3000 calorie/day diet.

*Based upon a 2000 calorie/day diet.--Only the oxygen demand is
given in the reference; all other quantities computed by direct
proportion which should be valid since gases and heat generated
depend upon metabolism which in turn depends upon O2 intake.
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TABLE 3.2 VOLUME OF AIR REQUIRED TO PROVIDE MINIMUM
HABITABILITY FOR 51 MAN SHELTER ALLOWING A
20 PER CENT INCREASE FOR EQUIPMENT*

Quantity Volume of Air ) Required Interval
Required for Complete Air Change

£43 /hr hr.

0, .510 9.4

002 980 4.9

H20 Nil : ——

Latent Heat in 820 Nil ‘ ———

Enthalpy 26,400 0.2

*#Assumptions:

(1) 2000 calories/day diet

(2) 0, level may not drop below 14%

(3) c , level may not exceed 3% (Loss of vitelity can be
expected)

(4) Mean daily dry buld temperature for incoming air = T5°F
(5) Mean daily wet buld temperaturgFfor incoming eir = 68CF
5) Maximm interior dry dbulb = 90

Maximm interior wet bulb = 90°F} This corresponds to

a Camfort Index = 0.4 (Dry Bulb + Wet Buld) + 15 = 86

at vhich value body temperature will rise. However, since
the H,0 rewovel is nil compared to the CO, removal required,
the Camfort Index has not been included in the above tabu-
lation. The significance of the assumed interior dry bulb
reading, therefore, is in the computetion of the volume of
air required to remove the heat corresponding to enthalpy.

(6) In computing the air reguired to prevent an unbearsble

temperature increase within the shelter, it was assumed that
no heat is lost by conduction into the surrounding soil.




TABLE 3.3 COMPARATIVE VALUES FOR MINIMUM SHELTER FOR 51 MEN

Sq. ft/man

Type Rise width Total Area
tt. £t. 8q. ft.
I-A (Ribbed Arch) 8r-o" 16'-0" 688 13.5
I-B (Corrugated Arch) 81-o" 16'-0" 688 13.5
II (Pipe Arch) 8r-11"  1hr.3® 613 12
IIXL (Flat Roof) T'-6" 13'§0" 559 11
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L, DESIGN PARAMETERS

The architectural factors discussed in the preceding chapter pro-
vide the means of specifying the type and size of structure which is
suited to a particular design situaticn. With the structural type and
size specified it becomes necessary to determine the loads acting on these
structural types and the resistance developed by them before proceeding
with the design. The precise loading and resistance developed in a parti-
cular attack situation generally are complex; those developed in a general
attack situation evade definition completely. However, even in this
general case, certain conventionalizations may be made and these conven-
tionalized loads and resistances can be specified with relative ease and
with confidence. Since in the design problem the attack situation only can
be assumed, there 1s no reasonsble Justification for using loads and resis-
tances which are more complex than the conventionalized ones. Furthermore,
these conventionalizations have a rational basis, they provide relative
simplicity in analysis, and they appear neither unsafe nor overly conserva-
tiﬁe wvhen compared to actusl weapon test experience.

In the sections which follow the conventionalized loading func-
tions are discussed first. Since resistance functions in general depend
upon the material propertles these properties are discussed next in a
separate sec*ion. Finaily, the conventionalized resistance functions are

ToLorided.
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4.1 CONVENTIONALIZED LOADING FUNCTIONS

4.1.1 General Considerations. Buried construction may be accom-

plished by basically two methods: (1) by locating the structure on the
original ground surface and by covering it with extensive earth £1ill; and
(2) by locating the structure below the original ground surface by cut-
and-cover means or by tunneling. By either method cfiteria to define
complete burial must be established. Camplete burial in this report is
defined as that condition under which the net forces acting on the struc-
ture are primarily symmetrical. Thus, depths of burial and extent of earch
cover must be such that anti-symmetric loads reaching the structure are
negligible or that sufficient earth is provided to develop passive pressures
of such magnitude to prevent an anti-symmetrical deformation of the over-sll
structure. For a surface structure covered by an earth mound the mound
must be proportioned first to accomplish streamlining to reduce reflections
and drag and second to divert these anti-symmetric loads into the original
ground away from the structure. For a structure located entirely below
the original ground surface the depth of burial must be sufficient at least
to develop the necessary passive pressures. |

Although there is no direct rationel method of computetion avail-
able as yet, it appears the conditions specified in Ref. (4.1) reasonsbly
establish the criteria for complete burial discussed sbove. For convenience
these criteria are enumerated here. As shown in Fig. 4.1, an earth-mounded
sussace structure must be covered so that the average depth of cover over
the roof is at least equal to one-fourth of the least span; so that, under
conditions of minimum cover, thg faces of the earth mound are no steeper

than L horizontally to 1 vertically and so that the distance from the toe
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of slope (the intersection of the slope with the original ground) to the
nearest’point on the structure is at least four times the height of the
mound. Region A in Fig. 4.1 is specified to allow for greater depths of
cover over the roof when radiation protection or terrain conditions rejuire
it. A structure located belcw the original ground surface is completely N
buried if the average depth of cover is at least equal to one-quarter of
the least span. An exception to the latter specification would be a flat
roof structure in which case the top surface of the roof mey be made to
coincide with the original ground surface. These requirements of complete
burial conrider only the structural integrity. In sowe instances require-
ments for radiation protection may specify larger amounts of earth around
the structure.

These larger amounts of earth which might be required for radia-
tion protection generally will not be sufficient to develop an amount of
arching within the soil above and adjacent to the structure to reduce
significantly the forces acting on the structural elements. On the other
hand 1t may be economical in some instances to provide sufficient depths
of burial to develop this phenomencn and to dévelop significant attenuation
of vertical stress in the soil. This would be justified where the cost of
structural materials saved would offset the additional cost of excavation.
However, arching largely depends uvpon the deformation characteristics of
the structure. These characteristics are not known specifically until
the structure is proportioned. As a résult, consideratior of these
effects fall more logically into analysis of the structure proportioned
in the preliminary design. This subject is censidered in the following

chapter. Before leeving this subject, however, it should be noted thet
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arching aﬁd attenmuation in:luence mainly the intensity of the peak pressure;
they do not change significantly the basic shape of the foreing function.

In the preceding discussion the attenuation of vertical stress in |
the soll mass was mentioned. Attenuation must occur as a result of the
dispersion of the stress in the soil mass. In this report ﬁhe attenuation
phenomenon has been considered in combination with the foundation motion in
an attempt to define the net force acting on the top of a buried structure.
The development of this net force 1is discussed in Appendix F. As noted 1ﬁ
this appendix the effects of attenuation of stress with depth and footing
mction are insignificant for weapons in approximately the megaton range.
Therefore, these attenuation and footing-motion effects may be neglectad
unlegs the depth of burial becomes large. Since large depths of burial
generally are incompatible with the type of construction emphasized herein,
the attenuation and footing-motion effects for these types therefore may be
neglected.

Since protective construction perforce utilizes ultimate strength
concepts in design, consideration of the factor of safely is important in
specifying the forces acting on the structure. Yet, the fsctor of safety
is a rather elusive quantity insofar as the shock loading is concerned.

A protective structure must resist the dead lcads acting in combination
with the shock loads. The dead loads, of course, can be accurately deter- ‘
mined, but the shock loads mmst be determined in a manner which approaches
conjecture. The designer first must infer the size orf weapon he must
protect against. Secondly, he must’infer the probeble point of detonation
of this weapon. From these inferences the most probable overpressure

level and shape of the forcing function may be readily determlned for the
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particular structure under consideration. These necessary assumpt;ons

for determining the forcing function can be obtained logically by consider-
ing the enemy has the same weapon delivery capability, and his intelligence
is sufficient to know as much about the target area, as the designer.

These considerations allow the determination of a circular probable error
(CEP) and a vulnerability radius from which the overpressurcband radia-
ticn levels for design may be obtained. As a result the designer chooses
8 factor of safety vhen he chooses the degree of hardening required for

his structure. Having chosen the degree of hardening required the

kdusigner should proportion the structure to resist the maximum shock

and dead loads applied simultareously with no additional factor of
safety.

This discussion suggests another factor which might be con-
sidered by the designer, that of dispersal versus increaced hardening.
For the same probability of survival, duplication of units may prove more
economical than a single unit which necessarily must be designed to resis.
much larger forces. Froam a consideration of structural integrity slone
however, construction of two duplicate rectanguler structures instead of
one becomes econcmical only when the design overpressure for two struc-
tures is approximately one-quarter the design overpressure for a single
structure. Similarly, duplication of two arched structurcs becomes
economical only when the dezign overpressure for two arches is approxi-
mately one;half the design overpressure for a single arch. This resulis

from the fact that the depth of individusl members varies generally as
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the square root of the applied force in flexural members and directly as

the applied force in compression members.
4.1.2 Completely Buried Rectangular Structures. Rectangular

structures will consist of a horizontal roof with vertical walls. Thus,
the forcing function for both the horizontal and vertical members must
be defined.

For nuclear weapons the force acting on the roof is the same as
that acting on the floor if the floor is the only foundation provided. This
force-time loading will be triangular in shape, and may be considered to
rise instantaneously to its maxmm value followed by a linear decay back
to zero. The maximm value of the force may be considered to be the side-on
overpressure acting on the surface immediately above the rocf. The effec-~
tive duration of the force usually would be less than the positive phace
duration of the overpressure, and it would be defined on the basis of the
shape of the overpressure curve. This duration would be such that tbe area
under the actual curve and of the replacement curve would be ident. :al up
to the time of maximm response of the member being considered.

The walls also will be subjected to a force-time loading which
is triangular in shape. The effective duration of this triangle will be
determined in the same manner‘as for the roof. However, the peak value
of the force depends upon the type of soil surrounding the structure, and

it eauals K times the peak force acting on the roof Ref. (1.2).

K = 0.25 for all cohesionless soils, damp or dry
K = 0.50 for cohesive soils, not saturated
K = 0.75 for cohesive soils of soft consistency
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K = 1.00 for all saturated soils where the water table is less
than 2 4. from the surface. Where the water table is more
than 20 £t. below the surface use K for the unsaturated
condition and interpolate linearly to f£ind X for intermediate
positions of the water table.

4.1.3 Completely Buried Arches. Since in a completely buried

arch the antisymmetrical deformation is prevented, only a symmetrically
applied force is effective in producing deformation. This force~time load-~
ing consists of a triangle with a peak value and an effective duration the
same a8 has been'discussed for the roof or floor of a rectangular structure.
However, this force differs from that on a rectangular structure in that
the rise time tr may be relatively long. This rise or application time
results from the passage of the shock through the earth to the structure.
From semi-empirical relationships it has been found that the rise time is
at least equal to one-half of the transit time for the wave to pass from

the ground surface to the arch or

t = % ave (4.1)

where tr = rise time, sec.

have“ average depth of cover over =rch, ft.

c, = seismic velocity, fps
For the case where the load acts transverse to the axis of the arch the
rise time will be incressed above that glven above by the transit time

required for the shock to engulf the structure. However, since the point

ol detonation 1s unknown this increased time cannot be counted upon.

4.2 MATERTAL PROPERTIES
Because protective construction requires the application of ulti-

mate sirength concepts which is a subject not genereltly covered in most

—_—
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current specifications, it is desirable tc point out the differences which
occur for protective design.  Since different materiels behave differently
under dynamic loads, and in fact difgerently under static loads in some
cases, the properties of basic materlals are discussed under separate
headings.

4.2.1 Metals. Under rapidly applied loads metals in general
develop a yleld strength which is higher than the similar strength developed
under statically applied loads. The amount of the increase depends upon
the strain rate induced in the material. For the strain rates likely for
materials subjected to the effects of nuclear weapons an increase in yield
strength 25 percent above the normally specified value would be reasonsble
for design purposes. However, since some materisls may be relatively
brittle the dynamic yiéld strength never should be assumcd greater than
90 percent of the ultimate tensile strength. One related phenomenon also
should be mentioned. This phenomenon is characteristic of metals, such
as ASTM-AT steel, which possese & flat yleld region. These metols
develop an increased yleld strength, and at the same time they may retain
this elevated strength without plastic deformation for s measurable
emount of time; s chgracteristic referred to commonly as time~-delay of
vield. A lime-delay of yield, if it develops, provides an increased bonus
for dynamic loads since the forcing function may decay sufficiently during
the time delay that the metal will never yield. From the standpcint of
design this bonus is very desirable although it should not be counted upon.

The gbove discussion gives a means of specifying the yleld
strength for use in the fcrmulae of current specifications. For strength

governed by shear 60 percent of the dynamic yield streﬁgth in tension
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should be used. For strength‘governed.by'buckling considerations, the
design stress used must not exceed the yleld strength if an arch is com-
pletely buried. If a semi-circular barrel arch with hinged supports is
completely exposed the maximum side-on overpressure as limited by buckling

considerations is

- 221 h.2
Por = 3 (4.2)
where P._ = maximum overpressure specified by dbuckling

cr
E = modulus of elasticity

I moment of inertia per unit width of the arch

r' = mean radius of arch.
On the basis of empirical results dbuckling may be neglected for the com-
pletely buried arch. |

In addition to allowadble stresses a shape factor F may be applied

to flexurasl members of metal. This shape factor depends upon the configura-

‘tion of the cross-section. It may be determined by evaluating the moment

resistance developed by assuming a uniform stress dblock exiéts above and
below the neutral axis of the section as compared to the moment resistance
corresponding to the conventional linear distribution of stress. For
rectangular cross-sections F = 1.5 while for wide flange and standard
beams F varies from approximaiely 1.05 to 1.2. Thus, for wide flenge and
standard beams F may be taken at an average value such as 1.l. In general

vue yleld moment developed in flexure is

fI
where MV = the effective yleld moment used in the elasto-plastic

N replacement of the sctusl resistance function.
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Finally the designer may encounter some cases where a metal menmber
is subjected simultaneously to an axial ioad and a noment, Thé ultimate
resistance under such a condition may be determined from an interaction dia-
gram. Such a diagram must be developed for the particular section being
considered. This development may be acccamplished by assuming successive posi-
tions of the neutral axis and fiunding the axial force and moment combination
which corresponds to each assumed position of the neutral axis.

h,2.2 Timber. Timber behaves rather unusually under instan-
taneously applied loads in that it develops a strength two or more times
the usual static strength under such loads even if the load duration is one
or two seconds. At the other extreme of loading timber has a reduced strength
under long continued load of constant magnitude. The allowable stresses
specified for the design of timber under conventional loads are reduced to
account for the long continued load effect; however, no allowance is made
in the conventionally specified stresses for the dynamic effect. To obtain
the design strengths comparable to all of the controlling stresses given

in current timber specifications the allowable stresses may be multiplied

by four if the timber specified is of stress-grade. If the timber speci-

fied is not of stress-grade the allowable siresses given in current
timber specifications may be multipliéd by two to determine the design
strengths for shock loads.

Because timber is a relatively brittle material it must be propor-
tioned for nearly elastic behavior under the dynamic loads. Also becsause

of its brittle nature the redistribution of stress implied by the form

factor in the preceding section cannot occur. Therefore, flexural behavior

is governed by the conventional formulae without modification except for
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the increased allowable stresses. For the same reason, timber members sub-
Jected simultaneocusly to axial force and moment should be designed in accor-

dance with the following equation:

=1 (h.4)

o g
+
St

wvhere ra = actual stress induced by axial force

f. = actual stress induced by moment

b
Fa = allowable stress for axial force alone

F, = allowable stress for moment alone

b
4.2.3 Precast Reinforced Concrete. Because the emphasis of this

report is placed upon the anaiysis and design of a shelter which might be
fabricated in the field by an engineer platoon with their normsl component
of equipment, the use of reinforced concrete is restricted to precast ele-
ments of very limited weight. At most such elements could be no larger
than would be required to span short distances between ribs of an arch or
between beams of a rectangular structure. Thus, these members would be
restricted in their behavior to act as beams and probably only as simply~

supported beams. Consequently, only simply-supported precast reinforced-

concrete beams are considered in the following discussion.

Tre resistance developed by the beauis under consideration would
be controlled by one of five possible modes of failure. These modes are:
flexure, diagonal tension, shear-compression, pure shear, and bond. An
amount of web reinforcement can be vrovided which is sufficient to pre-
clude diagonal tension and shear-compression failure and in the following
discussion this procedure has been assumed. However, to delineate between

the case where web reinforcement is not required and the case where such
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reinforcement is required the diagonal tension resistance is specified, but it
is used only for this purpose and it is not to be used in the determination
of resistance, The significance of the diagonal tension resistance is shown
in Fig. k.2, F§r resistances less than those corresponding to Point 'A' in
the figure flexural behavior is assured. For resistances larger than those
corresponding to Point 'A' wedb reinforcement may be required. It is only
reguired if 9, in Eq. (k.7) is a positive value.

The flexurel resistance may be specified in terms of the width of
the member b, the percent of longitudinsl tension reinforcement @ which
should not be less than 0.25 nor more than 1.5 percent, the dynamic yield

sti:ngth of the steel fy, and the depth 4 to span L ratio as
p— a,° L
rp = 0.0716 ¢£. b (7) (L.5)

Web reinforcement may need to be supplied if the required resistance as

indicated in Pig. 4.2 exceeds

rgy = 350 ) FT (4.6)

where fé = standard cylinder strength of concrete in psi
The amount of wed reinforcement P, required if the resistance needed exceeds

r,. may be specified as below where C is the ratic of the percentage of

dt
longitudinal compression reinforcement to the longitudinal tensile reinforce-

ment and fv is the yield strength of the web reinforcement.

- 34 (2 + C) l fi X 10 )
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The parameter C is determined by the amount of reinforcement required to

resist the elastic rebound of the bzam. Even neglecting the possibility

‘of rebound it is desirable to use at least s nominal amount of compression

reinforcement since it increases the ductility of the member. Generally for
long duration loading rebound resistance requires a resistance which is on
the order of one?fourth the principal resictance of the beam. Web reinforce-
ment, where required, must consist of vertical stirrups because of the
rebound problem. Also when vweb reinforcement is required, no less than
0.5 percent should be used.

The resistance to pure shear is defined by

ro =5 b () (.8)

Bond failure is prevented if deformed bars are used which have a

size such that twice the allowable bond stresces given in the ACI Building

Code, Ref. (4.2), are not exceeded.

L.3 CONVENTIONALIZED RESISTANCE FUNCTIONS

The ultimate resistance of any member may be characterized rea-
sonably as being bilinearly elasté-plastic. Therefore, the entire resis~
tance can be defined by specifying three parameters: (1) the yield
resistance r; (2) the natural period of vibration, T; and (3) the ductility
ratio . which is the ratic of the maxdmum defléction xm'to the effective
yield deflection xy. In some instances it is decsirable to know the yield
deflection. Therefore, the three paremeters listed above and the yield
deflection are defined below for the types of construction considered in

this report.




[

L T

HEERB Fi= o 1} s XN SiEns o< P

AN B

R

g

58a

4.5.1 Rectangular Structures. The roof and floor, if a floor is

required, of a rectangular structure ere subjected primarily to flexure and
secondarily to axial force. Generally, however, the axial force is small
coﬁpared to the flexure and without serious error its presence may be ignored.
As a result the yleld resistance r is determined from the flexural resistance
of the elements forming the roof or floor. The natural period of vibration T

of these elements alone is given by

2 [m
T=xL ,'f:‘f (%.9)

where A = 0.636 for simply suppcrted elements

= 0.318 for homogeneous prismatic members continuous over
several supports

0.424 for homogeneous prismatic members fixed at one end
and simply supported at the other

L = span of member
m = mass per unit length of member
E = modulus of elasticity of material

I = moment of inertia of cross-section (of the transformed
section in reinforced concrete).

Where there is earth over the member T must be modified to

T = T g— (4,10)

vhere m' is the mass of the soil and the element but the depth of the soil
should not be teken larger than the cpan L. For the three basic materials
considerced in this report tr. value of the radical ( é%) in Eq. (¥.9) may

be replaced by
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1l

l ~
j§; = 17,000 (ft. per sec.)R 6,800 (ft. per sec.)d for

steel sections where R is the radius of gyration for a
general cross-section and d'is the depth of a wide~flange
or standard beam.

1
fé; = 37150 (5. per sec.)d for rectangular timber sections

1
j%; = 57550 (£%. per 5e0.)ave for rectangular reinforced

concrete sections.

The ductility ratio u must be chosen for any design. Choice of
this value depends upon the amount of damage which might be allowed under
a given situation. Since a factor of safety is implied by the choice of
the overpressure for which the design is to be made and gince for the types
of construction eﬁphasized in this report more than a single attack causing
maximum conditions would be unlikely, it is reasonable to assume e rela-
tively large value for the ductility ratio. For steel and reinforced con-
crete members a value of five is recommended for p. For timber, becmuse
of its inherent brittle behavior, a ductility ratio no 3reaterbthan 1.5
ic recommended. Yield ddrlcctionu of simply~-supported flexural mermbors

may be approximated by the follouwing

x L
-il = (4.11)

where X' 3000 {for steel

800 for timber

it

)\l

A = LOOO for reinforced concrete

i
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In this equation, xy and L on the left must be in the same units,
and L and 4 on the right must be in the same units, which may differ from
the units used on the left side.

For a beam fixed at both ends the effective yleld deflection is
approximately one-half that of a simply-supported beam of the same dimensions
and‘span. Similarly the effective yleld deflection of a beam fixed at one
end and simply supported at the other is approximately two-thirds that of
the equivalent simply-supported beam.

Exterior walls of rectangular structures must support the roof as
well as resist the lateral loading. The axial force on these elements gen-
erally is comparable to the flexural force; therefore, this axiel force
cannot be neglected. However, the axial force in the wall results from
the support of the roof slab. This reaction on the slab will have & rise
time which is much larger than the natural period of longitudinal vibration
of the wall; thus it may be treated as a statically epplied load. On the
other hand the shock loading causes flexure in the wall which must be cone-
sidered as dynamically applied. The resulting resistance of the wall must
be determined from an interaction diagram as discussed briefly in Section 4.2.

Interior columns and beams of & rectengular structure support the
load which corresponds to the yieid resistance of the tributary elements.
These loads may be considered as statically applied for the same reason as
nentioned with regard to the axial force on exterior walls.

L,3.2 Completely Buried Barrel Arches. A completely buried

barrel srch develops its resistance as a hoop compression. The maximum

thrust S developed under this condition is




ozl )

st e L ] s nca o

61
S = r br'
where r = yleld resistance corresponding to the peak vertical stress
acting at the crown of the arch,

b = width of the section of arch considered,

r' = mean radius of the arch.

The yield resistance then equals the thrust divided by the area of
the arch cross~section. Empirical results sumarized in Appendix F, indi-
cate that buckling may be neglected in completely dburied arches. It is
important to insure the jJoints in 8 barrel arch have sufficient strength to
develop the strength of the main arch. This may be accorplished easily by
butting the two sections of the main arch together and using a single or
double splice plate. A‘single splice plate on the interior of the rid
generally will suffice.

The natural period of vibration corresponding to this hoop com=~

pression in the berrel or ribbed arch would be

r! P
T = 5700 T3, por soc. - steel sections (4.13)

To account for the earth cover T must be modified in accordance with Eg.
(4.10) but the depth of soil should not be assumed greater than one-fourth
the span. Only steel sections are considered here because of the limita-
tions imposcd by the equipment available to an ergineer company.

A auctility ratio of three is recommended for the design of such
sections. Because of the mode of deformation involved, the yleld deflec-
tion of & barrel or ribbed arch has most meaning when it is defined in tefms

of the change in radius of the arch; i.e.,

x, = 0.0016 " (4.14)




62

In Eq. (4.14) the deflection corresponds to a deformation occurring radially

inward.
4.3.3 Completely Buried Ridbed Arches. Because of the limitations

of equipment available a ribbed arch will consist of steel ribs supporting as
simple beams timber, precast concrete, or corrugated metal elements. The
design of the supported elements would be accomplished in the seme manner

as discussed for the roof and floor of a rectangular structure in Section
4.3.1. The design of the ribs may be accomplished by the methods presented
in the section imrediately above.

From considerations of weight and ease of construction it appears
that a shelter consisting of inverted structural steel tees acting as ribs
of an arch supporting timber blocks is the preferable configuration for the
structure housing personnel in a forward areﬁ. For this type of construction
the tees must be designed to carry the entire hoop compression if the wood
blocks are not chamfered such that each block bears uniformly against its
neighbors. On the other hand 1f the timber blocks are chamfered such that
they bear ageinst one another throughout their length, composite action of
the timber blocks and the steel ribs may be used 1n the design to resist the
hoop compression. As indicated in the design calculatiohs presented in
Appendix C, a shelter to provide protection against an overpressure of 100
psi cen be porportioned using relatively light individual members neglect-
ing any composite action. Since some composite action must occur even if
the blocks are not chamfered, the structure designed in the example will
doubtless resist somewhat more than the 100 psi for which it was designed.
Yet, by chamfering the blocks and reducing the spacing between the ribs,

the proposed structure can withstand an overpressure as high as 300 psi.
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The slight over-design of the standard structure mentioned above9(designed
for 100 psi as required by the criteria set by WES) is considered desirable
because, as implied here, by supplying additional steel ribs end & cross-
cut saw, this standard structure can be tailored to resist overpressures
as high as 300 psi should the need arise. The necessary modifications are
shown ia Appendix H.

4,3,4 Foundations. Since the integrity of the foundations of a
conventional structure determines the integrity of the structure, the
foundations of such structures normally are designed more conservatively
than the superstructure. It is desirable here therefore to compare the
integrity of conventional structures with the integrity of protective struc-
tures. For a conventional building, integrity requires no differential
settlement over long periods of time, preferably no settlement of the over-
all foundation, minimum disturbance to surrounding buildings, and related
considerations. For a protective structure, integrity requires only that
the structure prot;ct the occupants from the blast and associated effects
for relatively short periods of time. Thus design of foundations for pro-
tective shelters can be approached somewhat differently from thne couﬁen—
tional case.

For the configuration considered herein differential settlement
can be allowed so long as the exit is not completely closed orf and so long
as the blocks between the ribs of the arch remain in place. Considering
the shelter designed herein indicatec that a differential settlement of
at least 0.6 ft. must occur in a length of 3 ft. before timber blocks
between the ridbs will fall. Also, as long as the exit is not completely

closed off, considerable over-all settlement of the s..ucture can be per-

mitted. The only problem remaining from the conventional design, therefore,




is that of disturbing surrounding siructures. For a single shelter in s
forward area this problem need not be cbnsidered. The effect of multiple
structures is discussed in Appendix G.

Since, by conventional standards, large differential and over-all
settlements can be allowed for the structure herein, the problem of the
design of the foundations becomes a simple one. Recognlizing that the
shock loading has a longer duration but a much lower force gzenerally than
the output of a pile driver indicates that the displacement of any foundation
should not be significantly different from the displacement of a pile as a
result of a single blow of a pile driver. Thus, it is expected that any
foundation for the shelter will undergo a very small displacement, and the
results of the weapon effect tests indicate this is so. As a result, it
is only necessary to guard against large relative displacemeﬁts, and the
sills for the ribbed arch considered herein are designed to give full con-
tinuity throughout their length. These are flexural members primarily and
they are designed on the basis of the recommendations in Section 4.3.1.

4.3.5 End Bulkheads. As discussed in Section 3.2.5 several

different bulkhead configurations were considered. Three of the configura-

‘tlons were considered in detail. These three different buikheads all

~assumed the same type of bulkhead, i.e., vertical wide flange posts with

timber blocks spanning between the vertical posts. In euch case the top
of the vertical tulkhead posts rested against tue end structural'arch rib
of the main shelter. The three differed onl& in the means of resisting

the lower reaction of the bulkhead posts. The three types considered in

detail were
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(1) A neavy wide flange beam spanning between the ends of the eill.

ég | ~ (2) A horizontal or nearly horizontal steel arch fastened to the
ends of the sill with the lower end of the vertical bulkhead posts tied to

}? the arch by cdbles;

jf (3) A.prefdbrica£ed truss spanning between the ends of the sill.

Preliminary designs indicated that the horizontal steel arch was

i the most feasible means of supporting the lower reaction of the vertical

" posts. The major advantage of this typg of support was that since the arch
} was primarily 4{n compression and had but a minimum of bending moment its

;' : cross section could be used very efficiently. The moment could be held

. to & minimm by crossing the cable ties carrying the low reaction of the

vertical poéts to the arch itself. The ties were positioned to eliminate

moment at the crown and to cause the pressure line to follow the neutral

i
‘l axis as closely as possible. The arch, hovever, was found to be unsatis-
I* factory when it was considered that erection procedures necessitated

some means of supporting the vertical posts laterally until the blocks
i could be placed and the backfill completed. The addition of a cross beanm

to temporarily shpport the vertical beams increased the weight of the

} overall assembly to the extent that it was no longcr feasible.
;- . A single wide flange cross beam spanning between the two sills
provides all the desirable characteristics required of the supporting

systems with the exception that the weight of the beam is much too heavy

L 1)

to be placed manually.

1 Suilriind

The welded truss as finally selected as the most desirable means

ol supporting the lower ends of the vertical posts actually is a coepromise

[

between an arch and a cross beam. The depth of a truss was selected such

P O




that there would be no shear in the panel for symmetrical loadings. Thus
for all practical purposes the upper chord becomes an &rch while the lower
chord serves only as a tie. Diagonals were sdded, however, to provide for

limited antisymmetrical loadings.
4,3.6 vVertically Orlented Entrance and Ventilation Structures.

Since the dzsign of the entrance and ventilation structures will be accom~

plished in a similar way, both types of structure are considered in this
section. At scme distance below the surface of the ground the deformation
of the hollow cylinder used for either of these structures mist be uniform
all around the cylinder. This results from the fact that any tendenc&
toward non-uniform deformation will mobilize resistence within the sdil
preventing these non-uniformities from developing. The depth at which
uniform deformation must occur cannot be calculated exactly by methods
available at this time. However, it seems reasonable to assume that uniform
deformation must occur below a depth equal to one-half of the djameter of
the cylinder. Because these cylinders are relatively short the varlation
in lateral soil pressure along the length may be neglected, and only the
lateral shock pressure as defined in Section 4.1.2 for vertical walls of
rectangular structures may be considered as acting uniformly around the
cylinder below a depth of one-half the diameter of the‘cylinder. Above
this depth the 1ateralvpressure of the soil also may be neglected, but,

to account for non-uniform deformation, two components of shock loading
are suggested. One component is equal to one-half or the side-on over-
pressure acting uniformly arocund the periphery of the cylinder; the otrer

component has a peak amplitude equal to one-half of the surface overprossure
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acting sinusoldally arcund the periphery assuming that two complete sine
waves develop around the circumference of the cylinder. These components
of loading are shown in Fig. &4.3.

The uniform components of loading on the cylinder produce a
thrust in the shell defined by Eq. (%4.12). The simusoidally varying load

produces & maximum bending moment per unit of height of

2
Miax = 5 Poo T’ (4.15)

With the thrust and bending moment defined the cylinder may be proportioned,
with slight conservatism, by use of Eq. (4.4).

To prevent particles of radicactive fallout from being sucked
into the ventilation structure, it is necessary for these structures to pro-
Ject some distance above the surface of the ground. It is recommended that
this projection be made 2 ft. With this projection and with no concrete or
soil supﬁorting it the ventilation tube will be subjected primarily to
drag loading. It must resist this loading in flexure. Using a drag coeffi-
cient of 0.6, which appears valid for cylindrical shapes, glveo the follow-

ing total drag force.

- P
Fy = (1 1b.)(s ?n.)(l gsi) (4,16)

and by assuming that the cylinder is fixed against rotation at a distance

of L ft. below the top of the tube, the maxdimur moment produced by drag is

P
My = (500 in.-lb.)(l :._‘;’n.)(l gsi) (4.17)
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vhere 'Pd ; drag force
D = diameter of cylinder
Pgo = side-on overpressure at surface, psi
p, = snbient pressure ahcad of ghock = 14.7 poi at sea level

Py = drag pressure, psi
2.5p_2

80
» s————— 00y ideal conditions.
7pa + pso

M. = maximum bending moment produced by drag.

a
Thus, to resist this drag force the section modulus of the unsupported
cylinder must be such that the yield stress of the material is not exceeded.
So that there will be a minimum of field sorting of parts, and
for ease of erection, it is recommended that the thickness of the veftical
cylinders discussed above be held constant. Thus, the thickness would be
determined from the condition of loading which required the greatest

thickness.

Design of the hatch at the surface of the ground to cover the
entrance depends upon the structural shej 2 selecied. It is recommended
that the h&tch be in the form of a segment of a spherical dome so that it

may be as light as possible. The resistance of a dome in the configuration

discussed in Chapter 3 is

2ot
r o= —e (4.18)

rl

resistance required for the shock loading

W

where r

o = yicld stress of the material

ct
[}

thickness of the dome

the radius of the major circle of the dome

H
i
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‘Because of the geometricai shapes involved in the entrance and
ventilation structures, it will be difficult to modify these structures in
the field to provide protection against overpressures larger than those
considered in the standard design. Since the main structure requires only
relatively minor field modification to provide an increased level of pro-
tection, 1t m.'_bve desirable to provide entranceways and ventilators
designed to resﬁ\.st overpressures as high as the standard structure may be

made to withstand as a result of field modification.
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5. DESIGN SUMMARY

The architectursl detalls and design parameters necessary 10 pro-
poftion.a structure have been discussed in the preceding chapters. This
chapter deals with the actual design of the proposed structure. Included
are a discussion of the preliminary proportioning of the structural com-
ponents, a method of analyzing dynamically the resulting structure and
comments pertinent to the actual structural design calculations (Appendix

C). Detailed plans for the proposed structure are included in Appendix J.

5.1 PRELIMINARY DESIGN

If an attack should come it is probable that nuclear weapons of
relatively high yield would be used. The effective duration of the loading
would be long coqparéd to the natural period of elements of the structurev
for this type of weapon. Even if the duration were not relatively long
this assumption errs on the side of safety. This assumption and the fact
that in a protective design some plastic behavior must occur allows the
designer to proportion initially the structural elements to resist pres-
sures consistent with the maximum side-on overpressure applied at the earth's
surface above the structure in combination with the dead load as a static
load. One exception to this general procedure which may be followed
involves the design of timber blocks. Since timber is inherently more
brittle than the other structural materlals considered it is desirable
to multiply the shock loading by 1.5 in the preliminary deslign to account
for its smaller ductility. Dynamic yield stresses in the material should
be assumed in this proportioning. The resulting structure may be analyzed

by the method presented in the next section.
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5.2 ANALYSIS
The static resistance required in an element subjected to shock

loadiag, where the rise time of the loading is st least as long as twice

the natural period of vibration of the structural element, is equal to

the peak value of the shock loading plus the dead load. As stated in the

preceding chapter a finite rise time should be considered possible only

on arched structures. Therefore, the rise time of the loading on the arch

rib must be computed. If this is greater than twice the natufal perlod of

vibration, the arch rid proportioned in the preliminary design is adequate.
When the ratio of rise time to period 1s less than two for an

afch rib or for all other types of structural elements the equivalent

static resistante r necessary for shock loads must be determined from

1 .
__T -~ -
p /T = aw -1+ T (5.1)
a L+
ntd

Because in most cases td will be much larger than T, the first term of

Eq. (5.1) generally will be much smaller than the second; frequently this
first term may be neglected, and the denominator of the second term taken
as unity. The resistance of the element obtained in the preliminasry design
must be adjusted to egral the sum of the resistance obtained from Eq. (5.1)

and the dead load.

5.3 COMMENTARY OH DESIGH

The actual structural design celculations for the proposed struc-
ture are included as Appendix C. These calculations follow the preliminary
design procedure of Section 5.1. The design for the basic strucrure was

not anaslyzed completely in accordance with Section 5.2, due to the fact that
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the periode of vibration of the 4ndividual members are at the most a few
tens of milliseconds. FPFor weapons of current operational siie (MT range)
the effective duration of the overpressure is at least 10C:msec. Thus,

+he condition of relatively long duration of the loading mentioned in
Section 5.1 exists for the structgre considered here. Since the effective
positive phase of smaller weapons 1s significantly less than 100 msec., the
proposed structure is more than adequate for these weapons. An abbreviated
dynamic analysis is included in Appendix H.

It should be noted that the values of the ductility ratios sug-
gested in Chapter 4 were chosen conservatively to provide a larger measure
of safet& in the event of multiple attacks; ductility ratios greater than
those suggested are possible without collapse under a.single loading.
Therefore; for a single loading fhe design described in the following will
resist the design overpressure of 100 péi. For multiple attacks, it is
improbable that each attack will produce the maximum overpressure, and it
is not considered necessary to alter the design presented in order to
resist a multiple attack.

A compressive strecs of 3000 psi, perpendicular to the grain, was
used Lo detepmine the size of the bearing plate al Lhe Lup and bolLun of
each main rib. This +1ill result in some crushing of the timbers, but this
fact will bve more helpful than harmful since it will tend to reduce the
sheek loading. A 2" x 12" timber is used between the two top bearing
plates of the arch ribs. This will give o deformable bearing surface
between the plates and will serve to speed the erection of the ribs.

fachine bolts arc used in the top while lag screws are used to connect the
bottom bearing plates to the foundation cills. The sills are pre-bored to
accept the lag screws thereby facilitating the rapid positicning of the

arch ribs.
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The computation for the number and size of corrugated plates is
inciuded principally to show why the corrugated plates are not recommended
in the standard design considered herein.

A stress of 6000 psi has been used in computing the thickness of
timber lagging so that under both bending and axial stresses the combined
stresses will satisfy Eq. (U4.4).

As previously discussed, the actusl width of the foundation sill
wvag determined more by.the width required by the bearing plates than from
an allowable soil pressure. The net soil pressure has been computed in
order that the moments in the sill may be estimated. While the computed
soil bearing pressure is very high by conventional standards or practice,
it is not unreasonable for dynamic loadings.

The sill has been designed as a continuous beam of constant stiff=-
ness. The maxdmum bending mement for uniform upward soil pressure occurs
under the first arch rid, dbut the actual moment, owing to the redistridbutior
of soil pressure with deflection; is self limiting. Hence, the design
moment used is somewhat less t..an the moment under the cantilever stub at
the end arch rib, and somewhat greater than the moment under the interior
ribs, since moments will be mede more uniform with relative deflections of
the points of support of the ribs.

The calculations pertaining to the end bulkhead compare the
relative weights of a8 cross-beam and a truss to transmit the lowver reac-
tions of the vertical bulkhead posts. The truss veighs about half as much
as the cross-beam. The truss is designed to have no shear in the panels
for symmetrical lcadings. However, light diagonals are provided in the -

detail drawings.
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The preliminary design for the vertical entrance pipe was a

No. 1 ga. multiplate section.  However, it is impossible to form this into

a 32 in. or 36 in. diameter (60 in. is the minimum diameter that can be

fabricated.) and retain the corrugations. A cylinder formed from 5/8 in.

" plate steel would weigh approximately 600 1lbs. and would be difficult to

handle. Although the double corrugated sections, with concrete in the
annular ring, weigh approximately the same, they are more easily placed in
position with subsequent casting of the concrete. Since the corrugated
sections serve as the forms and the concrete‘is not required to carry any
dead load, the use of concrete in this element will not delay the
construction.

To withstand the 100 psi side-on overpressure, a thickness of
0.03 in. only is required for the hatch cover. However, as this is too thin
to weld to the liinges and to the circumferential angle and as it is suscep-
tible to distortion while being transported, installed, or in use, a thick-
ness of 1/L" was arbitrarily selected. Furthermore, standard heads are
available rith tune requisite major and minor radlil and thickness. These
standard heads require only the removal of the rim to be used as the

hatch cover.

The passagewsy leading from the entrance tube into the structure
consists of steel frames fabricated from steel beams that support walls
of timber sheeting and a roof of prafabricated steel covers. To reduce
the weight of the frames? temporary braces are pro?ided at mid-height. The
braces are required only during pneriods of alert. The entrance tube is

attached directly to the passageway by removing one of the steel covers.
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Utility structures are similar tb the passageway except that four

steel frames instead of five are provided and also a crawlway is provided

as an access through the earth bulkheads which may be installed. These
earth bulkheads may be required to provide a radiation barrier around any
CER unit or a decontamination station installed in the ﬁtility stracture

or passageway. Since a pussageway is always reqﬁired while utility strac-
tures are optional, the end bulkhead for the passageway or ufility structure
is included as part of the passageway kit.

A vide range of sizes for the ventilation ducts is given on the -
plans because of the unknown conditions which might prevail. For example,
one set of ventilato;s may be used for several structures or one structure
may include large amounts of mechanical equipment requiring large amounts of
air. Therefore, the runée of sizes are specified s a function of the air

volume to be supplied.




6. CORCLUSIONS AND RECOMMENDATIONS

In this chapter the recommendations are summarized for the
single personnel shelter to be erected and occupied by an engineer platoon
in a forward area. Detailed plans for the proposed shelter are included
as Appendix J.

Although it is difficult to estimate precisely the amount of
time that might be required for the conetruétion effort, it appears that

the structure can be erected by an engineer platoon and occupied within

_ one week's time, without any special equipment.

The structure is designed to be supplied in independent kits,
thus permitting the structure to be altered to fit specific requirements.
Each kit is complete except for the orection tools, which are provided

in a separate kit. The contents of the various kits are as follows:

Kit No. Contents

Erection Kit (Equipment and tools)
Main Structure (Ribs and Sills)

End of Main Structure and Bulkhead (Ribs, Sills
and End Bulkhead)

4 Passageway Structure (Frames, Sheeting and
End Bulkhead) '

S Utility €-ructure (Frames and Sheeting)
Entrance Structure (Vertical Pipe and Hatch Cover)
Ventilation Structure (Air Ducts)

[ I =

\N

The basic structure is 16 ft. by 48 ft. in plan end consists of
inverted structural tee arches, 8 £t. in radius, spaced 3 £t. on centers.

Timber blocks span horizontally between these tees. Although the basic
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structure is 48 f£t. long, it may be lengthened or shortened by 12 £t. multi-
ples according to.the number of kit 2 specified. The foundations consist of
two 8 by 12-in. timbers bolted between two 9-in. steel channels, with the
channels acting as a splice for the timbers at intervals of 12 ft. This
basic structure was selected on the basis of the apparent least weight of
the individual parts, the apparent ease of construction, and the nigh degree
of flexibility posridble. The structure is designed to resist an cverpressure
at the surface of 100 psi and the nuclear effects associated with this over-
pressure, regardless of the size of weapon used in an attack against it.

The basic structure and most of its appurtenances can be modified in the
field to withstand ovefpressures and associated effects 6f as muich as 300
psi. ({(See Appendix H).

The end bulkheads consist of vertical wide-flange posts supporting
timber blocks spanning horizontally. These posts are supported by a welded
truss spanning between the ends of the sills.

A verticel circular entrance pipe rests upon a horizontal passege-
way. The veriical entrance pipe actually is composed of two concentric
corrugated pipes. The space between the pipes is filled with concfete to
prevent buckling of the pipes. Welded rectangular frames support timber
sheeting on the sides of the horizontal entrance structure, while metal
plates span beiwcen the frames to form the roof.

The following specific recommendations are made with regard to
further investigations.

(1) A test erection program by an engineer platoon should be
initiated to determine not only the actual erection time but the com-

plexity of the erection as well.




(2) A field test program involving actuq.}. blast loads should de
carried out to validate the structural integrity of the proposed s'tructure.

It would be desiradble at the same time to test various alternates, such as

structures with no bulkheads at all.
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APPENDIX B
NOTATION
The following notation is used in this report:
b = width of member
B = gpan of arch
c = distance from neutral axis to extreme "fiber" in flexursl members
¢ = seismic velocity
= ratio of compression to tension reinforcement in concrete member

= effective depth of concrete member

= modulus of elasticity

actual stress induced by axial force on timber or steel

]

c

d

D = diameter of entrance structure or ventilator
E

fa

b ¢ = actual stress induced by flexure on tinber or steel
fé = standard cylinder strength of concrete
£ = Qynamic yleld strength of web reinforcement in concrete

f = dynamic yield strength of metal

)
n

flexural shape factor for metal members

F = allowable stress for axial force on timber or steel

Fb = agllowable stress for flexure on timber or steel

Fﬁ = drag force acting on ventilator

have = average depth of cover over arch

H = helght of structure or rise df arch

I = moment of inertia of cross-section

K = lateral force coefficient for peak shock intensity on buried
vertical walls

L = length of cleur span

L' = totsl width of structure
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mass per unit lengfh of element alone

mass per unit length of element and soil overburden

maximm tending moment produced by drag force on ventilator
maximum bending moment

the statical moment cC '~ ponding to Tl st 3128 dinr-indsld
amblient atmospheric pressure

critical overpressu;e determined by buckling

drag pressure

peak vertical stress acting on element

peak side-on overpressure at the ground surface

yield resistance for an element of any material

. radius of arch

diagonal tension resistance of concrete
flexural resistance of concrete

pure shear resistance of concrete

radius of gyration

maxirum thrust in arch

thickneas of dome

effective durstion of force

effective rise or applicetion time of force
natural period of vibration of element alone
natural period of vibration of element and soil overburden
weapon yleid

meximm transient displacement

yvield displacement




parumeter defining natural period of vibration in flexure
parameter defining yield displacement in flexure
ductility ratio = x n/x Y

yield stress of material

percentage of tension reinforcement in concrete

percentage of wedb reinforcement in concrets
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APPENDIX C
STRUCTURAL DESIGN CALCULATIONS

The structural design calculations that follow are for the
100 psi overpressure assumed as a static load, in accordance with
Section 5.1. However, since the p..i?c o vingsbion: of btie 4o _-3ggl
members are so short in comparison with the duration of the loading, the

static design represents also the final design, in accordance with

Sections 5.2 and 5.3.
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APPENDIX D
RADIATION PROTECTION CALCULATIONS

~ In this asppendix the protection factors for fallout radiation,
prompt gamma radiation and neutrons are calculated. Additionally, the
prompt gamma doses associated with 100-psi side-on overpressure from sur-
face burst or lov air burst are determined.

The protection factor for fallout radiation is calculated in
accordance with the procedures contained in OCD Manual "Design and
Review of Structures for Protection from Fallout Gamma Radiation,"
revised 1 October 1961. Since these procedures are available and gener-
ally accepted, comments and discussion are omitted and only the calcula-

tions are included.

Inasmich as procedures for calculating protection factors for
prompt gamma and prompt neutron radiation are not standardized to the
same degree as the fallout garma radiation, the basic theory and compu-

tational procedures are included.
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APPENDIX E
ALTERNATE ENTRANCE. STRUCTURES

While the amended contract called only for a vertical personncl
entrance structure, the original contract called for consideration of
other types of entrance structures including both pcrsonnel and vehicular
entranceways. Since some preliminary effort Qas directed toward the
consideration of entrance structures other than the vertical type, this
appendix has been included to discuss briefly the factors affecting the
design of entrance structures. Consideration of this phase of the study
did not proceed sufficiently to provide quantitative conclusions. Thus,
details are not considered here. Since Phase II of this contract will be
devoted specifically to the development of entrance structures, the dis-
cussion presented now should be considered as tentative and subject to
revision.

In general the major factors controlling the selection of a
type of entrancewsy structure and door are as follows:

‘?. Capacity (size required)

2. Structural Resistance
3. Radiation Protection
. Cost
5. Hase of Erection
0. Simplicicy anc ‘uDiiivenegu «. Jperation
7. Effect on Sheltér&Prqper

8. Vulnerability to Damage or Blocking
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Preliminary consideration appears to indicate that it will be
more economical to design single file entrance dqprsm§pen for maltiple
files. This is due to the fact that the cost of the door (or the inter-
vening Jambs) increases with the width to be spanned.

In determining the required structural resistence of a door tu
resist a specific overpressure, thc snglé that the door nakec with the
horizontal ground surface must be considered. If the door is flush with
the ground surface it may be designed for the overpressure only. If the
door is at right angles to the horizontal ground surface, and‘thus perpen-
dicular tc the oncoming blast it mus. be designed for a significant multiple
of the overpressure, the reflected pressure. Doors at intermediate angles |
can be designed for pressures between one and several times the overpressure
depending on the angle of incidence and the magnitude of the overpressure.

It does not appear feasible to design doors to serve as radia-
tion barrlers per se. 1In general a more economical solution appears to
result when bends or iurns are placed in the entranceway, or by placing
& barrier or shield inside the shelter.

Ease of erection was a primary consideration of this study.

This in itself limits the type of door that could be considered. Not only
must the welght of the door be considered, but the weight of the jamb ard
supporting mexbers as well. For the specific structure considered in

this report it was necessary that the support for the door be isolated
from the shelter to prevent the door from inducing loads directly upon

the shelter.
The ideal type of door would be simple to operate, yet would meke .

an absolute seul. These conditions tend to militate against each other.
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If the door is heavy some auxiliary mechanism must be used to close and open
the door. Such a mechanical device may take time to operate and thereby
slow the entire "buttoning up” process.

Assuming that an entrance structure is to be designed for a
given width (lesser dimension) and overpressure the total cost will depend
primarily upor the length of the door and the length of the passageway or
tunnel. In general the length of the door and the length of the passagevay
are functions of the secant of the ang.: between the door and the entrance-
way floor. The effect of the change in the nhgle between the door and the
entrancevay floor 1s clearly evident in Fig. E.l. The 1:10 slope represents
about the maximum safe slope for a personnel ramp, while the slope of the
stairs is equivalent to a 7 3/4" riser and 9 1/2" tread. The latter repre-
sents about the maximum stair slope.

Fig. E.1(a) indicates that it is not reasonable to use a ramp
and a horizontal door. Both the door and the entrance tunnel are too
long to be economical. A ruch more reasonable length of door and entrance-
way tunnel can be achieved by using a cut and cover method of construction
and by placing the door at some angle less than about 45° with the hori-
zontal as shown in Fig. E.1(b). An alternative to the cut and covef method
is to use a submerged entrancewey placing the doof below the ground level
on the side of the excavation as shown in Fig. E.1(c). The latter aaée
has the obvious disadvantage that the excavation may serve as a basin to
collect surface runoff, although this problem could be iessened by placing
the bottom of the excavation lower thad the entrance floor level. The
entrance tunnel shown in (b) may be shortened by placing more cover over

the shelter. Thus the cost of the entrance tunnel must be weighed against
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the cost of the additional £ill or cover, considering both the radiation
through ;he shelter roof and through the entranceway.

Figure E.1(d) and (e) compare the lengths of door and of entrance
structure for a horizontal door and a door on the side slope of a cut and
£111 construction, when a stairway is used. The difference in cost in this
case, as far as the door and entrance tunnel only are concerned, is appar-
ently little due to the fact that the door in (e) must be designed for a
reflected pressure whereas the horizontsl door need be designed only for

the overpressure. When the total cost of the overall structure itself is

considered, the cut and cover method in (e) will be generally less expen-

sive since the original excavation required for the shelter itself is less
than that required for (d).

The length of the door required in Fig. E.l(a) cén be shortened
considerably by 1eavingkthe actuasl entranceway open and by placling the
door in the interior of the entranceway tunnel. The location of a door
in the entrance tunnel proper has three major disadvantages; (1) the door
must be designed for the full reflected pressure, p_, of approximately
five times the overpressure of 100 psi; (2) it requires a separate and
independent structure to accommodate the door; and (3) the foundation tor
the door to resist this higher pressure is more difficult tc fabricate.

The latter two disadvuntages may be partially resolved by
placing the interior door adjacent to the shelter proper. This eliminates
the need for a dbreak in the entrance structure and simplifies the Gesign
of a door Jjamb or foundation to resist the total reflected pressure. It

poses an additional problem, however, as the shelter wall itself must now

be significantly strengthened.

-
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If the door is placed at the exposed end of the entrance tunnel,

154

the tunnel itself must be designed to minimize the possibility of collapse

due to the longitudinal pressure along the tunnel resulting from the blast
pressure on the door. This may be achieved by placing the heavy Jamb
around the entrance tunnel to transmit the load from the door to the

s0ll itself and by using a samewhat larger cross section of entrance
tunnel adjacent fo the door than that used in the interior of the entrance
tunnel. The larger section of the entrance tunnel will slide (telescope)
sufficiently to prevent the full longitudinal force from being applied to

the remainder of the ent.anceway tunnel.
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APPENDIX F

BEHAVIOR OF UNDERGROUND ARCHED STRUCTURES
UNDER BLAST LOADING

INTRODUCTION

This appendix includes a‘study of the behavior of. completely
buried arches and conduits under the effects of full scale nuclear detona-
tions. Tc date a relatively minor amount of information pertaining to this
particular type of construction exists. However, the use of such construc-
tion now is recogniied as an excellent means of providing economical pro-
tection sgainst blast phenomena. As a result the knowledge of the behavior
of completely buried arch structures must be developed.

vThe first subject considered in this appendix is an evaluation of
the design criteria presented in Ref. (F.l)*. This evaluation involves a
compérison of the observed results obtained in Operations Plumbbob and
Hardtack with computed results using the currently available criteria. It
was obvious from this'comparison, especiglly when the computed results were
extended to include larger weapon yields, that although the existing design
procedure was simplz, it generally yielded results which were “oo conserva-
tive. That is, the computations indtcate a larger resistance must be
provided in the structure than was evidenced by the behavior of these
structures under actual test conditions. Therefore, it was necessary to

modily the existing design procedure to take account of the cbserved

behavior.

*Numbers in parentheses refer to the correspording entry in the List of
References for this appendix. .
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It was conceived that the conservatism of the existing criteris
might result from the implicit assumption that the foundations did not
move, an assumption which yields an upper bound solution for structures
in soil. For any structure founded in soil it is obvious that some motion
of the footings must occur. This motlon would of course reduce the forces
acting along the upper surface of either an arched or rectangular struc-
ture. A method of acéounting for this footing motion is developed in this
appendix, and this methcd appears to glve net pressures acting on the
structure which are on ithe safe side when the results of this method are
comprred with the few free fleld meaéurements which are available. The
derivation of this procedure 15 described completely herein.

Firally, strength predictions for the buried arches and conduits
which were tested in Operations Plumbbob and Hardtack based upon material
properties for these structures are presented. These strength predictions
are compared with the actual test experience, the computed results cbtained
by a consideration of the "upper bound" solution, and the computed results

for a hypothetical weaspon of large megaton yield.

RESULTS OF “UPPER BOUND" SOLUTION.
The assumption, implicit in the procedure given in Ref. (F.l),

that the footings of the structure are immovable constitutes an upper
bound since the bearing pressure developed under the footing will deform

5011l to ... ....ent which depends upon the size of the footing and the
forces acting on the structure. Generally completely buried construction
is economicnlly feasibie for relatively high overpressures. The exact over-
pressure where complete burial becomes feasible depends on many factors which

must be evaluated for each particular site. However, it appears likely that
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underground protection should be seriously considered for overpressures in

excess of 30 psi. Data are relatively non-existent for the displacement

imparted to the soil by the air-burst of a nuclear weapon, dbut in Shot
Priscilla of Operation Plumbbob, a transient displacement of the ground
surface of approximately 3 in. was observed at the 125 psi overpressure
level. This measurement was obtained where there were no structures buried
below the ground surface. It is obvious that had there been a structure
located flush with the ground surface at the point of this measurement,
and supported by footings smaller than the roof area, the transient dis-
placemen* of the structure would have exceeded the 3 in. actually recorded.
Despite this measurement from‘which slgnificant motion of the
structure could be inferred, it seemed desirable, for the sake of simpli-
city and for developing a quantitative feeling for the problem, to assume
that no vertical motion of the structures would occur. Furthermore, if fhe
bounds to the solution of a problem are separated by an amount which is
comparable to the degree of accuracy to which the input data can be speci-
fied there is no Jjustification for considering moie than these bounds.
Accordingly the criteria specified in Ref. (F.l1) were applied directly to
the buried arches and conduits tested in Operations FPlumbbod and Yardtack.
Since all of these structures fulfilled the criterion for complete burial
only the direct compression mode of loading (the mcde causing only hoop com-
pression in the arch rib) was considered. The peak overpressure acting at
the ground surface which woula cause failure by general yielding (assumed
to be defined by p = 5 for reinforced concrete and by p = 20 for steel) of
the asrch rib to be imminent was computed for weapon ylelds ranging from

moderate kiloton to large megaton values. The results of this computation

e
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for the smallest and largest ylelds considered are shown ir Table F.l
under the column entitled Footings Immovable. These results are slightly
in error because the overpressures for the steel structures have beenb
modified from the original computations by mltiplying by the ratio of
the probable yield strength of 40 ksi to the assumed yield strength of

60 ksi. This modification is not rigorously correct since a change in
overpressure would necessitate generally a minor change in the effective
duration of the fcrecing function. Howevér, the leatter effect was neglected
since it would not affect seriously the relative magnitudes of the values
or the conclusion derivcd from them. The necessity for making fhis"yield
strength correction resulted from the fact that at the time the original
computations were performed neither the exact material nor its approximate
strength properties were known. At that time it was assumed the material
was normal structural grade steel; and because of the high strain rate
associated with the test and the work hardening introduced in forming the
corrugations, a yield strength of €0 ksi was used. Subsequently it was
learned the material used was essentially.commercially pure iron which

has a static yleld strength of 25-30 ksi in the corrugated state. The
dynamic increase in yield strength accounts for the 40 ksi mentioned
above.

The following discusses briefly the behavior of the corrugated
arches which were tested in Operations Hardtack and Plumbbob. Because of
their importance, the strength charactéristics of these arches is summar-
ized in detail here. The tension-shéar~bearing (1:8:B) ratio for standard
Armco details were‘computed.. The results of these computations are given

below.
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Assumptions:
| '¢_ = 40 ksi under dynamic conditions for general ylelding of
plate

< = 60 Xs1 under dynamic conditions on the shank of high
strength bolts .

v = 45 ksi under dynamic conditions on the shank of standard
Y structural bolts

o = 170 ksi under dynamic conditions for bearing of bolts
4

(A 25$ increase in static values was assumed uniformly above
in inferring the dynamic yield strengths).

For 1C ga material (Used in Hardtack 3.2a, Db, and c, and in
Plumbbob 5.3b): .3

Allowable tension(or compression) = T = 40 x 2.003 = 80k/ft
Allowable shear on bolts = S = b x 0.4 x 45 = 79.2%/rt
Allowable bearing on bolts = B = 4 x 0.75 x 0.135 x 170 =

69.0k/ft.
T:S:B = 1:0.99:0.86

For 1 ga materiel (Used in Hardtack 3.2d only).

! The report does not state the number of bolts usad in the
longitudinal joints for this structure. However, the ple-
tures in the reference indicate a 6 bolt/ft. joint. These
Joints were bolted with high strength holts.

Allowsble tension(or compression) = T = 4.118 x 40 = 165k/ft

Ailowasble shear on bolts = S = 6 x O.M+ x 60 = 158k/ft

Allowable bearing on bolts = B = 6 x 0.75 x 0.276 x 170 =

2llk/ft.
T:S:B = 1:0.56:1.28 .

Thus the above values indicate that the jolnts are essentielly

balanced in design with regard to "tension" and shear. Also the 10 ga

*Computed for standard bolts only since standard bolts were used in the
10 ga Kardtack and Plumbbob structures. :
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structures are critical in bearing while the 1 ga structure is critieai in
shear or in gzﬁeral yielding of the plate. In the Hardtack tests the

three 10 ga structures (3.2a, b, and c) all had evidence of bearing fail-

ures in the joints. One picture Ref..(F.2) shows the bdlt holes severely
elongated and apparently the bolts actually fell away from the joint. This
last observation, however, probably occurred during the‘negative phase or

during the excavation of the structure following the test. Failure of the

1 ga structure (3.2d) apparently was by general yielding of the plate, dbut

the final shape of this structure was unususl in that it corresponds almost
exacfly to the coenfiguration to be expected had the structure failed in
its second mode by buckling. Normally a structure which has an average
depth of cover of one~fourth the span would not be expected to fail by
buckling since the deformations aséociated with the buckling would mobilize
resistance in the soll which would prevent this buckling. It is interest-
ing to note that the critical buckling loads of these arches under uniform
external pressure without earth cover would be 5.6 psi and 3.4 psi for the
10 ga and 1 ga structures respectively in the second mode. The static
overburden (based on average depth of burial) would produce static uniform
loads of 5.2 and 6.1 psi respectively on the 10 ga and 1 ga arches. As
already mentioned however this overburden, although sufficient to produce
buckling if it were applied as a fluid pressure, prevents buckling by vir-
tue of its ability to mobilize strength through deformation. Thus, even
though the final deflected shape and ghe preceding values of load indicate
that fallure occurred by buckling, it is believed to be merely a curious
coincidence., Instead it seems more reasonable on the basis of the folleow-

ing considerations to explain the observatiqns pertaining to Structure 3.24
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on the dasis of the initial deformations vproduced as a result of the back-
£111ing vhich actually triggered the failure. |

From Table 2.3 of Ref. (F.2), it may be shown that tbe crown of
structure 3.2d was displaced upward by 9.2 in. while at the quarter points
the arch was displaced inward by 4.3 in. on the "lee" side and by 4.9 in.
on the "windward" side. These deformations are three or more times the
similar deformations for the three lightér structures. These deformations
indicate by their magnitvde and their direction that failure couwld have
been imminent under the static loads and the final failed configuration is
a magnification of these 1nitial displacemenﬁs. Furthermore, it ié diffi-
cult to conceive the shock loading causing the observed failure had
these initial displacements not been present. This.observation emphasizes
the necessity of retaining the initial circular shape by interior shoring
and/or preloading the crown of light gage structures during backfilling.

Using the methods given in Ref. (F.l) gives the estimated over-
pressures to cause failure of the Hardtack and Plumbbob structures shown
in Table F.2.

A corollary of the great significance to the subject contract
rom the above tests and observations is that it is impossible to provide
the desired overpressure protection in the size of structure rejuired by
uce of unstiffened light gage corrugated metal arches. The desired pro-
tection can be obtained in stiffened corrugated arches, but the considera-
tions of weight, ease of construcﬁion and versatility continue to indicate
that the steel arch ribs supporting timber blocks are the ﬁost practical

configuration for the structure required.

162
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The computations summarized in Tables F.l and F.2 illustraté +hat
for the particular structures considered a moderate kilotpn weapon produces
a8 forcing function of practicelly an infinite duration on the structure.
That is, the peak overpressure causing fallure from a moderate kiloton
wespon 1is practicaliy the same as that from a large megaton weapon. Test
exnerience with other types of construction indicates that this near equal-
ity of overpressure should not occur; for failure with a large megaton
weapon the peak overpressure should be significantly less than the peak
overpressure for failure from a moderate kiloton weapon. Therefore, it

was desirable to obtain a procedure which was more dependent on weapon

yield. The development of this procedure follows immedisately.

THEORETICAL EFFECT OF FOOTING MOTION

It has been observed Ref. (F.3) that the rise time (the time
required for the stress to build up from zero to 1£s maximum value) of the
vertical stress in soll increases as the depth below the ground surface
increases. If it is assumed that this increase is linear with depth, the
geomelry shown in Fig. F.2 specifies for an ideal shock wave

k=;§(1—§—) | (1)
m
In an unpublished study* performed by Capt. J. E. Maloney, CE, USA, while
a student at the University of Illinols, it was shown that the duration of
1 triangul: "'“:e‘pulse which reproduces the area under an ideal

pressure~time curve as defined in Ref. (F.4) may be stated es

*A more recent study (Newmark and Hall,; "Preliminary Design Methods for
Underground Protective Structures, 1961 Revision," AFSWC TDR 62.-6) gives
R e
te =~ — for pm not less than 30 psi.

Pn
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= 2
ty 5 with p_ not less than 30 psi (2)
Py
vhere td = duration of triangular force, sec.
W = weapon yield, MT
Py = peak side-on overpressure, psi
Substituting (2) into (1) ylelds
o 097 (1-2) (3
a5 23 P
m
In Ref. (F.5) values of p/pm have been evalunted as a function of depth
for overpressures of 100 and 200 psi produced by hypothetical weapons of
L0, 1000, and 5000 kt yield. The value of k is determined from these
data in Table F.3 where it is seen that this quantity may be taken as
k =18 x 1o'h for d not in excess of SO ft. (4)

It was found in msaking the computations in Table F.3 that k was very
sensitive to small changes in pm/p but that pm/p was quite insensitive to
large changes in k. Therefore, treating this parameter as constant is
Justified. However, the data in Ref. (F.5), as one would expect, indi-
cate attenuation of vertical stress with depth in soil is not linear. An
assumption of linearity seems reasonable though up to a d&pth of 50 rt.

Therefore, Eq. (4) is restricted to depths of 0 to 50 ft.

Fauating (2) snd (4) yields
18 x 10‘5pm2/5d
p/Pm =1- | wl/5

for 4 not in excess of 50 ft.

16h

(5)
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This last equation expresses the attenuation of vertical stress in soll, dut
since the data.in Ret. (F.5) were derived for a soil ﬁith a seismic veloeity
of 2000 f£t./sec, Eq. (5) is probably only applicable for soils possessing
approximately thiatseismié‘velocity. Since the practical range of this
velocity for soil is approximately 1000 to 5000 ft./sec; however, Eq. (5)
could represent a reasonsble average for most soils.

Now the response of a single-degree-of-freedom system of the
type shown in Fig. F.l subjectgd simultaneously to an applied force and a

base motion is expressed by the differential equation

- mi + £(u) = p(t) - m¥ (6)
where m = mass’
u = relative displacement of mass and base
p(t) = forcing function applied to mass
% = = absolute acceleration of bese

Thus, the net force acting on such & system is expressed by the difference
between the applied force and the inertie force resulting from the accelera-
tion of the base.

Also in Ref. (F.5) it is shown that the acceleration of the soil

ic directly proporiional to the slope of the pressure-time curve, or

LEd - éE ’ i
| % = 0.533 2% (7)
vhere ¥ = acceleration, in./sec2
&p = change in pressure, psi
At = change in time, sec.

Kow if we let d_L and 4, be two different depths below the ground surface in

Feat, Flg. 0% may be cohstruoted oo which the values Of Lhe pastiive (3{?)




. and negative‘(ﬁ;) accelerations at a depth 62 are computed. Thus in Fig. F.3

the curvéd transitions at the value of peak pressure are assumed to avoid a
Jump discontinmuity in the accelerations. The net pressure curve acting at

a depth dl resulting from the above derivation is shown in Fig. F.l wherein

the significance of p and p' are noted.
-5_2/3
18 x 1077 |
“n [:. - m de] (8)

x, & 300 d2 wl/5
d
= o 5/3
¥ = B
-5 173

From Eq. (6) and by observing Fig. F.4 it may be stated

p & P, + mﬁ_

or

18 x 10"5pme/3
P/Pm =1 - 73 (4, - 300m) (9)

But 1f the mass of an arch rid is small in comparison to the mass of the
soil overburden which it generally is for structures meeting the criterion

for complete burial,
m =180 x 1077 & (10)

>

where m = mass in lb-sec® - in.
d1= average depth of overburden, ft.

Therefore:

18 x lO-Spm?/5 a,
P/Pm =1 - ‘11/3 (dp_ - "2-':') (9%)

It should be noted that Eg. (9) can yleld a zero or even a nega-

tive value of p for certaln combinations of the variables. When this occurs,
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"p' mey become the maximum net pressure instesd of p; from Eq. € as illus-
trated in Fig. F.h:
| p' = pl - m'x.+
s00m 18x10-5pm2/3’
! =1 - 'y O0m - 11
P'/p, =1 oV (3 q) (11)
Or neglecting the mass of the arch rid ‘
-5 2/3
9 x10 p

' = - -
p'/p, =1 74 375
A criterion could be established to define the range of applica-

bility of Eq. (9') or (11'). However, it seems simpler to compute the

magnitude of both p and p' and to use the maxinmum value of the two.

COMPARISON OF THEORETICAY, EFFECT OF FOOTING MOTION AND MEASUREMENTS IN SOIL

The procedure derived above cannot be compared directly with the
resulté of the tests of archeé and conduits in Operation Plumbbob since in
meost instances the accelerations of the footings were not messured directl .
Yet, the measurements in the soil where there was no structure (i.e., the
free medium) provide a means of empirically checking the above procedure.

In Operation Plumbbob both Sandia Corporation (Ref. F.6) and Stanford "
Research Institute (Ref. F.T) measured free medium accelerations at several
depths below the ground surface‘at ranges corresponding to specified valuec
of surface coverpressure. From these data the net pressure acting in the
free medium at some depth d1 below-the ground surace teking account of the
motion at some greater dgpth d2 below the surface consistent with the values
derived in the preceding section could be computed. The depth below the

groeund surface chosen for computing the net pressure was five feet which

v ome -
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corre;ponds qpprcxtmately'toAthc depth of‘burial of the srches and_conduits

tested in Operation Plumbbob. The depth 62 was chosen to correspond to

the depth at which acceleraticn measurcments were taken.

The
(a)

(v)

()

(a)

net pressure computation vas carried out by:

Determining the attenuation of vertical stress in a dgpth of
5 £t. from Ref. (F.S).

Constructing a curve for vertical siress at & depth of 5 ft.
by nodifying the ordinates of the measured surface overpres-
sure by the amount of attenuation from (a). At the same
time all coordinates of the surface overpressure vere
advanced'by 5 msec.‘to account for the observed seismic
velocity in thé surface layers of Frenchman's Flat of

1000 ft./sec.

Constructing a curve showing the variation with time of

the product of the mass of soil to a depth of 5 f£t. and

the acceleration at the depth where the acceleration wes
measured.

Subtracting algebraically the curve discussed in (c) from
the curve discussed in (b) to find the net pressure varia-

tion with time.

Since attenuation with gepth {s defined in Ref. (F.5) for only the

100 and 200 psi overpressure levels only these overpressures were considered

in this net pressure computation. In Fig. F.5 the net pressures and the

measured surface overpressures are compared for these two cases. Tt will

be noted that

the net pressures &Y€ 80 and SO percent of the measured over-

pressure for 100 and 200 psi respectively. These percentages compare

g ,.w-MmWW .
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favorably with the maximum values computed from Eq. (9') and (11'); namely,

~ 86 percent for both pressure levels considered. Note the difference in d,

for the two cases stated in Fig. F.5. The theoretical value is decidedly
high in the second case; yet its use is cbviously conservative. Figure F¥.5
1llus§rates that the shape of the net pressure curve may be decidedly
different from the shape of the surface overpressure curve. However, these -
twvo comparisons indicate the effective durations of the net pressure mayv
be somewhat less than the comparable duration of the overpressure; thus use
of the effective duration of the overpressure in conjunction with the net
pressure would appear to be a conser§at1ve assumption. This assumption is
made in the following computations which compare the results of the tests
of the arches and conduits in Operation Plumbbob with strength predictions

based upon the method de#eloped earlier in this appendix.

COMPARISON OF THEORETICAL EFFECT OF FOOTING MOTION AND OBSERVED BEHAVIOR
OF ARCHES ‘ ‘

The preceding derivation considers only the behavior of the soil
with no structure present. However, if perfect coupling between the soil
and a structure buried in the 32%}‘}§ assumed, the procedure developed
may be applied to determine the net forces on the structure. In this sec-
tion & compariscon of the results obtained from this assumption is presented.

Nineteen arch and conduit sections were tested in Shot Priscilla
of Operation Plumbbob. Seven of these were semi-circular arches of which
©~= -ore fabricated from reinforced concrete (Ref. F.8) and three were
fabricated from corrugated metal (Ref. F.9)g On the latter three, two
contained rolled sections vhiéh formed circumferential stiffeners. The

remaining twelve sections tested (Ref. F.10) were divided among three
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circular reinforced concrete sections, two circular corrugated metal sec-
tions, and seven corrugated metal "cattle pass" sections. All of these
structures met the criterion of full buriel specified in Ref. (F.l).

The dymamic resistance and natural period cf vibration of these
sections computed on the assumption of hoop compression is summarized in
Table F.4. For the corrugated metal sections two modes of failure, general
yielding of the plate material and shearing of the bolts across their
shank diameter, were considered. Only these modes of failure were con-
sidered as a result of the conclusion that buckling of buried structures
of practical proportions is highly improbable end that bearing failure of
bolted joints acting in compression can hardly cause primary failure of
the Jjoint.

There is reason to beiiéve that fallure of steel in shear would
exhibit less ductility than failure undér direct stress or bearing. As
a result failure of such structures would probably be governed by shearing
of the bolts under dynamic conditions provided that the amount of friction
developed in the Joint 1s sufficiently small to allow the bolts to go
into shear.

If buckling of the reinforced concrete sections is imposéible,
and from the observed behavior 1t certainly appears it is, these sections
could fail only by crushing of the concrete under the action of the direct
stress. The computed resistance and natural period of vibration for
these sections in Table F.4, therefore, are based on this mode of failﬁre.

By use of the dynamic strengths summarized in Table F.4%, the
overpressure levels necessary to cause failure of the arches and conduits

tested in Operation Plumbbob were computed using the net pressures defined
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earlier. In the original computations the strength of the joints with
structural bolts was assumed to occur at a shearing stress of 30 ksi. How-
'ever,,the actual stfength based upon the test results (Ref. F.11) appears
to be 45 ksi. As a result the overpressures from the original camputations
were increased by the ratio of these stresses. For the same reason glven
earlier this correction is not rigorous but the error introduced in this
case is reiatively insignificant. The overpressure levels computed on this
basis are compared in Table F.l with the observed levels from the test and '
with the levels computed from assuming the foundations immovable. It is

apparent in this comparison that the significance of the effect of footing
motion increases as the damage pressure level increascs.

The computation of overpressure level causing failure in buried
arches incorporating the effect of footing motion was carried out in the

following manner:
() e ittt o sebbmals o Mhis s fsablvs durabbioe of Ble Dbty
function an overpressure level is assumed.
(b) The msximum value of the net pressure (p) acting at the

average depth of burial of the arch 1s computed from

P

Eg. (9') or (11'). (For the "cattle passes” and circular
conduits the aversge depth of burial was assumed to be the
same as for a semi-circular arch with the same radius as
the upper portion of the conduit.)

(c) Estimate the effective duration (te) consistent with the
essumed overpressure level.

(d) Compute the ratio of the effective duration to the natural

period cf vibration of the structure.
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(e) Assume a value of p (the ratio of failure deflection to the
yield deflection.) For reinforced concrete sections p was
taken to be 5.. Five was also used for the metal structures
failing by shemﬁg of the bolts. For metal structures
failing by general yielding a value of 20 was assumed.

(£) From Fig. 7 of Ref. (F.l), the values of the ratio of time
of maximum response (’cm) to the natural period of vibration
and the ratio of the maximm net pressure (p) to the yleld
resistance (r) of the structure were obtained.

(g) Compute t, and compare it to t_. If the assumed t, approxi-
mately reproduces the area under the overpressure curve up
to t_ continue to (h); 1f it does not, re-estimate t, and
proceed from (d).

(h) Compute p and compare it to the value of p computed in (b).
If the two values are the same the assumed overpressure is
the desired answer; if they are not the same, a new cver-

Pressure is assumed and all computations repeated.

DISCUSSION AND CONCLUSIONS

A rethod for accounting for the effect of footing motion upon
the response of buried structures was developed which correlates reason-
ably wvell with measurements in the free medium. It aléo estimates a
damage pressurc level which appears consistent with the observed behavior
of the fully burled arches and condults which were tested in Operation
Plumbbob. Somevhat greater confidence in this method would be established
had some of the test structures actually collapsed. However, the deriva-

tion of the expressions related tc the net pressures is entirely rational
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(The attemuation study in Ref. (F.5) also is entirely rational.) so that
the corielations noted seem to validate the procedure at leest within the

range of thé obgservations. Yet a serious question exists regarding extra-

polation of the results of this study. It already has been noted that the

linearity of the dependence of rise time upon depth must be limited to
depths of approximately 50 ft. Since the theoretical study of the attemua-
tion of vertical stress uifh depth was limited to overpressures of 100 and
200 psi, application of the method outside of this range was inferred on the

basis of the theory. The attermation study assumed the soll remained elastic

under the dynamic loading and the computed attenuation was the result of ..

three dimensional spreading and of the non-uniformity of the distribution
of the loading over the ground surface.

Some permanent deformation of the ground surface was observed
in Shot Priscilla at both the 100 and 200 psi pressure levels, but this
deformation was relatively minor. There is a small amount of data on the
subject, but the existing data indicate major permanent deformation of
the ground surface in Nevada soll is limitad to the range correspohding
approximately to the maximum radius of the fireball. This observation
might suggest an upper limit to the overpressure for which the method might
be applicable of perhaps 1000 psi, brt it should be emphasized that the
date Justifying this limit are very meager.,

The non-uniformity of distribution of overpressure over the
ground surface of course exists for all magnitudes of pressure. Yet as
the level increzces the non-uniformity of the initial phase of the pressure
becomes aecidedly nore pronounced. The effect of the initial décay of the

cverpressure is not at all obvious from the quantitative standpoint although
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it is apparent that the attenuation must decrease with decraasing pressure.
‘Study of the development of the theory given herein indicates the procedure
does specify a decreased attenuation as the overpressure decreéses. This
results from the fact that the increase in rise time is a linear function

of depth albne. Therefore, at the same depth at ranges corresponding to

two different overpressure levels, the rise curve would intersect the decay
curve at a higher percentage of the peak side-on overpressure for the smaller
of the two overpressures because of the lesser rate of decay of the smaller
overpressure. This phenomenon is illustrated in Fig. F.6 by noting addi-
tionally that the actual positive phase duration is practically constant for
overpressures in excess of approximately 30 psi. Observatién of this implicit
behavior of the theory developed herein suggests that this theory may be
applicable down to overpressure levels of 30 psi. The limitation of Eq. (2)
specifies the magnitude of 30 psi as the lower bound on overpressure.

In summary therefore it may be stated that Eg. (9') and (11')
defining the net pressure acting on a fully buried structure are applicable
for depths below the ground surface which are less than 50 £t. and for
overpressures ranging from 30 to 1000 psi. Also the effects of footing
motion upon the net forces acting on a structure decrease as the size of
weapon 1ncfeases. For weapons of approximately operational size this

effect becones practically insignificant.
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TABLE F.1 COMPARISON OF DAMAGE PRESSURE LEVELS WITH OBSERVED

EXPERIENCE IN OPERATION PLUMBBOB

Structure No. Wespon Overpressure for Max. Observed Overpressure for
and Description Yield Failure by General Overpressure Failure by
Yielding Shearing of Bolts
Footings Footings Footings
Immovable Movable Movable
——- psi pei psi psi
3.la, b, ¢, and n--- Moderate 480 600 190 -
Buried R/C Semi- kiloten
Circular Arche-< Large
8'-0" radius megaton 350 350 - -——
3.2e, J, and I Moderate 750  1100° 136 ——
Buried R/C Pipe kiloton
8'-0" diameter Large megaton 580 550 - -——
3.2d and h--- Moderate 1902 200 136 1658
Buried 10 ga. kiloton
Corrugated Metal Large
Pipe---8'-0" diam. megaton 170% 150 -— 130%
3.2a, b, ¢, £, g, k, Moderate 3308 400 153 450
and m--- Buried kiloton -
10 ga. Corrugated
Metal "Cattle Passes" Large
Cemu2'.6" radius megaton 2508 250 — 275
3.3b.--Buried Moderate 70% 5 56 60%
10 ga. Corrugated kiloton
Metal Semi-Circular
Arch Without
Stiffenerg---12*'-6" Large
radius megaton 50% 50 - 452

8orrected for yield strength but not for effective duration. Correcting the effec-
tive duration would result in a somewhat lower value for the moderate kiloton case.

bA result possibly outside the range of applicability of the theoretical expression.
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TABLE F.2 COMPARISON OF DAMAGE PRESSURE LEVELS WITH OBSERVED
OVERPRESSURE IN OPERATIONS HARDTACK AND PLUMBECB
Structure No. Overpressure to Cause Observed ¥eapon
B=5 B =20 Overpressure Yield
(Footings Immovable)
Operation Hardtack:
3.28 60 psi 75 psi 90 psi Low
kiloton
3.2b Lo psi 50 psi 78 psi " Low
megaton
3.2¢ 40 psi 50 psi 180 pei Low
megaton
3.2d4 60 psi T0 psi 100 psi Low
megaton
Operation Plumbbob:
3.3b 50 psi 65 psi 56 psi Moderate

kiloton
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TABLE F.3 DETERMINATION OF THE PARAMETER k FRCM EQUATION (3)
AND FROM DATA IN REF. (4)
Weapon . Depth Peak Side-on Ratio, Peak Stress k
Yield Overpressure at Depth (d) to
Peak Overpressure
xt £t. psi —— sec-2t™t
k0 5 100 0.95 0.00159
4o 10 100 0.90 0.00158
4o 15 100 0.85 0.00159
ko 50 100 0.63 0.00117
40 5 200 ’ 0,90 0.00200
4o 19 _ 200 0.82 0.00180
40 15 200 0.75 0.00168
1000 50 100 0.85 0.00139
5000 50 100 - 0.88 0.00159
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TABLE F.&t DYNAMIC PROPERTIES OF BURIED ARCHES AKD CONDUITS
TESTED IN OPERATICN PLUMEBCB

Structure Ave. Depth' Depth to Yield Resistance Natural Period

Number of Burial ~° Footing General Bolt of Vibration
Yielding Shear
-—— ft. £t. psi - psi msec.,
3.1a 5.7 12.7 360 - 11.5
3olb 507 '].207 3608' ——— 1].'5
3.1(! 5.7 12.7 5608' - llos
3.ln 5.7 12.7 3602 - 11.5
3.2 P R 16.3 5500 - ——- 6.4
3.23 8.4 16.3 5500 - 6.4
302! Boh 1603 Ssob - - 601"
3.24 8.4 15.5 130 130 16.0
3.2h 8.4 15.5 130 130 16.0
3.2a 8.0 15.2 220 275 9.0
3.2b 10.5 17.7 220 275 10.8
3.2¢ 8.0 15.2 220 275 9.0
3.2f 5.5 12.7 220 275 7.8
3.28 8.0 15.2 220 275 9.0
3.2k 8.0 15.2 220 275 9.0
3.2m 5.5 12.7 220 275 7.8
3.3b 7.7 17.5 45 45 50.0

BResistance defined by crushing of concrete for £! = 4300 psi.

Presistance defined by crushing of concrete for £] = 3000 psi.
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Spring — Force In Spring I1s A Function
Of Relative Displacement = f{u)

‘x.ﬁi

Differential Eq. Of Motion:

mi + f(u} = p(1) = mX

m = supported maoss

p(t) = force appiied to mass

uzy-x = relotive displacement
of mass and base

x = displocament of base

¥ = accelerotion of base

y =displacement of moss

U = acceleration of mass

FIG. F.I MATHEMATICAL MODEL AND
USED IN EQUATICN 6.

NOTATION




Pressure

Pressure

. Pressure

kd §d
Time

181

FIG. F.2 GEOMETRY OF IDEAL SHOCK AND IDEAL

VERTICAL STRESS IN SOIL.

l
I
I
1

1,=18x107%d, 1,=18x10™%d, lows

ty = z

Time Pm

FIG. F.3 IDEAL VERTICAL STRESS AT TWO DEPTHS

IN SOIL FOR AN INFINITE SEISMIC
VELOCITY (d,>d))

[p p or p'= Mox. Net Pressure

FIG. F.4 IDEAL NET PRESSURE CERIVED
FROM FIGURE F.3
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100~
Approximate d, =5 ft.
Surfoce da = 20 ft,
Overpressure A W = Moderate kiloton
Pm = 100 psi.
50
Approximote Net
\' Pressure At Depth

Of 5 Feet. |
|

1
%50 250 300 350 400 450
Time After Burst, msec.

(a) 100 psi. Overpressure

2004~

d, =5 ft
d, =10 ft.
W = Moderate kiloton
Pm = 200 psi.
150}
Approximate Surface
Overpressursy
100+ '
A
/1
/| /
so- (1
," )
V7
0 | jfl 1 | ! | ~l
350 200 250 300 350 400
Time After Burst, msac.

(b) 200 psi. Overpressure

FIG. F.5 NET PRESSURE IN FREE MEDIUM FROM
MEASUREMENTS MADE IN OPERATION PiLUMBBOB.
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APPENDIX G
SPACING BETWEEN BURIED STRUCTURES

INTRODUCTION

Where a number of structures are to be placed in the same general
area, it becomes necessary to consider the spacing required between them in
order that the structural behevior under dynamic conditions, considered in
the design of the structures, can be mobilized and in order to insure that
the resistance of the soil required to develop the strength of the struc-
tures will be available. 1In general, no serious problems exist insofar as
arch structures are concerned placed end to end in a single line. The
forces on the end bulkheads of adJacent‘structures are not seriously
effected by the placing of an adjacent structure. However, the situation
is not so simple when arch strucfures are placed side by side. The reason
for this is that the behavior of the arch, supported by the soil, involves
thrusts and compressions in the soil over the arch which must be trans-
mitted to the adjacent soil at or abov: the 121 of the footings. If
an adjacent arch barrel intersects the line of thrust mobilized in the
soil, this implies greater radial loads on the adjacent arches, with
consequent greater tendencies to deflect or to fail.

It is the purpose of this Appendix to explaiﬁ the basis for the
recormendations regarding spacing between buried flexible structures.
Unfortunately, adequate data for a rigorous definition of this problem
are not availa.le, either from field test or from analysis. Hence, the
development presented hereln is heuristic, and the recommendations are

based primarily on judgment and experience.
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MOTE OF ACTTON OF BURIED FLEXTBLE STRUCTURES

For a fiexible structuré buried’below the surface of a mound or

below the horizontal surfaée of the soil, the loading on the structure con-

sists primarily of a nearly uniform vertical compressive force, varying with

tinme, with corresponding lateral or horizontal forces of a somewhat smaller
magnitude, depending on the characteristics of the soil cover. There is

a small component, lasting briefly, of an unbalanced vertical force, greater
on one side than on the other, which tends to produce an unsymmetrical or
deflection type of response. In the case of a structurg under a mound,
because of the longer duration dynamic forces acting on the mound, the
unsymmetrical loading on the structure may last for a longer time.

However, in either case, the deflection of the structure consists
essentially of a major and e minor component. The major component is a
cémpression more or less uniform around the structure, which tends to
shorten the arch axis, and which tends also to push the footings down
into the so0il. The compression mode of deformation iS‘Symmetrical. The
stresses in the structure must not exceed those causing a géneral yilelding
of the entire arch in this mode, or else the structure will be ablo to
deform unsymmetrically, or buckle, by permitting one or the other half
of the arch to push through into the opening.

The gsecond, and generally minor, mode of deformation involves a
lateral displacement of the srch, bulging inward on one side and ocutward
on the other. This arises from unsymmetrical loading.by the forces
cnveloping the structure. However, even though the loading might tend
t0 be unsyrmetrical, the bulging outward of the arch tends to push the soil

up and out also, and generates a passive resistance in the soil which tends
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to reduce the unsymmetrical camponent of deformation and which makes the
resultant loading more neariy symmetrical. Hence, when the structure is
properly backfilléd, and where there 13 a sufficient depth of cover over
it, lateral deformations and deflections are inhibited and the net defor-
mation is primarily campfession.

The amount of cover that is sufficient tc cause the structure to
deform nearly uniformly is a matter that depends on the type of material,
the way it is treated in the backfill, and the configuration of the £111 or
mound over the siructure. However, on the basis of field test data and
epproximate analysis, an amount of cover of the order of 1/8 of the span
over the crown of the arch will generally be sufficient to mobilize the
resistance of the soil and to prevent any large unsymmetrical deformation.
Under certain circumstances, even a smaller depth of cover will be suffi-
cient, but only rarely unless the cover is very poor and very poorly placed
will additional cover be required beyond this amount in order to inhibit
the -lateral deformation. The mere mass of the material that has to be
moved, with the amount of cover specified above, will tend to prevent or
inhibit dynamic lateral deformation even though it may not be sufficient
to inhibit static lateral deformation. Nevertheless, extensive void spaces
or very soft material on one side of the arch as compared with the other
would emphasize the tendency to lateral movement and would provide an
unsafe condition.

It may be concluded that where the amount of cover is sufficient
to cut down the magnitude of the lateral deformation of the flexible arch,
one need not be concerned with the moments in the arch, as computed for‘

any system of loads applied to it, because the loading is changed by the
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resistance of the soil to a loading that will éorrespond 10 the shape of
the arch itself, and the magnitude of the moments will be reduced accord-
ingly. Consequegtly, under the conditions provided herein, the forces for
which the structure must be designed involve primarily the compressive
dynamic load of the air blast, transmitted through the soil to the arch,
consideréd as essentially uniform on the entire a;ch, although varying
with time, and the resistance prov;ded by the arch must be essentialiy

equal to its yield strength under dynamic loading.

SPACING BETWEEN BURIED STRUCTURES

—

The spacing between adjacent buried structures, then, should be
sufficient to prevent unbalanced lateral loading or reduced lateral resis-
tance in the soil. When structures are spaced very close together later-
ally, the amount of soil that must be moved in order to provide dynamic
lateral resistance is reduced, and the resistance is not inbibited nearly
so0 much as in the case where the structures a e based far apart. Moreover,
the compressive loadvcarr.ed by cthe soil around the flexible arch tends to
react against the arched surface of the adjécent arch, and produces &
higher intensity of loading on the adjacent arch, on one side.

The problem is essentially not unlike the probiem of stress con-
centration in a plate with a row of holes in it. Under uni-directional
loading in such a plate, the stress concentrations are not changed materi-
ally from those for a single hole in the plate if the spacing between
the holes is equal to or greater than thelr diameter.

Based on considerations of the stress Aistribution around holes
in general, and conslidering the disturbance of the so’1 arising from dynamic

lcads transmitted through the soll when a structure is embedded in it, it
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is likely that the area within which major disturbances lie, around a struc-
ture embedded in soil, exxends outward from the struciure about half the
diametervof the structure: on both sides. However; the disturbance tends
to decrease as the distance increases, and henge the major effect of the
interruption of fhe continuity of the soil by the structure occurs within
a distance of the order of one-half the radius on each side.
From this point of view it appears that adjacent structures
should be separated by a distance equal to at least one~half the sum of the
radii of the adjacent structures, and preferably one-half the sum of the
diameter of the adjacgnt structures. For structures of the same dimensions,
the spacing between the structures, then, would be one structural diameter.
Practical considerations of backfilling the structure also suggest
that the spacing between should be at least one diemeter, so as to permit
more effective backfilling if mechanical equipment is used, and to insure

a sufficiently dense and strong backfill, in any event.

Moreover, the loads transmitted to the structure introduce fairly
large forces on the fbotixgs, alcvhough these are of a transient nature.
There can be a tendency for these footing forces to produce larger move-
ments and settlements of the footings. One should avoid having forces
Prnneml tbnd Lrrom an af jarant atructnre to the fontinga, in addition to
those transmitted from the structure of which the footings are s part. Tnis
is accomplished by having a spacing of the order of the averdge dlameter of
the adjacent stfuctures, between adjacent structures.

In sherv, with a spacing equal to the average dlameter of the two
adjacent structures, the loading and the response of each structure is vir-

tually independent of the adjacent structure. Hence t-is is the preferable
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spacing if it can be achieved. Where conditions require a closer spacing,
one should under no ciréumstances have a spacing less than half the above
amount between adjacent structures. It must be considered, l';owever, that
if the spacing is reduced to the smaller amount, there may be some compro-

mise in thé strength and safety of the structure.
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APPENDIX H
MODIFICATIONS FOR GREATER HARDNESS

One of the principal advantages inherent in the basic structure
developed under this study results from the ease in which the structure can
be modified directly in the field to provide a hardness in excess of that
considered in the original design. It 1s the purpose of this appendix to
indicate both the degree of hardness ocbtainable and to suggest means for
obtaining this hardness. As an adjunct to the following discussion it will
become apparent that the main structure has a resistance greater than
that required to resist an overpressure of 100 psi; however, the amount

of the excess resistance cannot be determined with precision.

BASIC RESISTANCE AND MODIFICATION OF MAIN STRUCTURE

In the original design of the main structure, the resistance to
hoop compression was assumed to be mobilized only in the steel arch ribs,
i.e., the timber blocks were assumed to act only in flexure spanning
lengitudinally between the rivs. To develop the concepts needed below,
itris desirable here to re-evaluate the resistance in hoop compression of
both the arch ribs and the wood blocks.

The ribs are structural tees (ST 4 WF 29) with a cross sectional
area of 8.53 in.Q. If a static load Tq of 10 psi caused by the over-
burden and the weight of the structure is assumed, the stress induced in
each rib with a spacing of 36.0 in. between centers of ribs would be,

using notation from Appendix B.

r. r'd
s 10 x 96 x 36 _
Or = % = 853 = 4.0 ksi
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Therefore, for an effective dynamic yield point of 50 ksi, the reserve

stress available to resist a dynamic load would be 46 ksi. For a ductility

ratio p of 5 and a dlast load of infinite duration, the resistance of the

arch rid to dynamic load would be

1 1
cDA(l--z-;) 36x8.53(1--1—5
IR © r'o = % x 36 = 100 ps1

Similarly the 6" by 10" timber blocks spanning between the ribs

have a flexural resistance for dynamic load (for u = 2) of:

2
0. =X 10x 36" x6 0.32 ksi (stress from static load)

& I 8 x 5.5
8ao.1 2
D 1 8(7 - 0.3) 5.5 1
T = see——— (l - ......) . (l - ) = 160 pai
DB~ ;2 2u 6 « 362 L

The horizontal shear in stress for the total load of 110 psi (100 psi blast
load as lihited by the ribs and 10 psi dead load), neglecting the dynamic

effect is

V:% ::g;;lg 26=5h0psi

>l

Including the dynamic effect increases v to approximately 700 psi.
These shear stresses are bgrely large enough to cause fallure of the wood
blocks under the conditions of loading specified. As pointed out in the
original design calculations (Appendix C), the design of the wood blocks
is controlled by horizontal shear and not by flexure. Thus, a resistance
only for 100 psi blast load is provided.

The resistance of the wood blocks in hoop ccmpression for allow-

able stress in compression parallel or perpendicular to the grain of ‘5 ksi
and y = 2 may be computed as indicated. (Note the wood blocks are 35-1/4"

long instead of 36" long to clear the stems of the structural tees.)
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r_ br' v
dé.= g el ;?Sxx gsf 56 = 0.18 ksi (stress from static load)

ol A
' D 1 (5-0.2) x 5.5 x 35.25 1
S I el vy e T (1 - §) = 200 pst

The relative stiffnesses of the arch rid and the timber in hoop
compression would be with subscripts T and S referring to timber and steel

respectively:

ApPp 5.5 x35.25 x1.5x107 _
E L]
As Bs  8.53 x 30 x 10

Thus, the stiffnesses are nearly balanced for the unmodified structure, gnd
it might seem likely that the resistances in the two materials would ini-
tially develop witb each material sharing approximately one-half of the
load. However, in the immediately preceding calculations it is assumed

that the timber blocks all develop'the complete bearing area between adjacent
blocks which is unlikely. It is protable that in the early stages of load-

ing at least, the steel arch is much stiffer than the timber and, therefore
it assumes most of the load. Consequently, although the standard struc-
ture would at first appear to be adequate in resisting a tlact lcad of

perhaps 300 psi (100 psi in the arch rib and 200 psi in the timber blocks

o, g P ]
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in hoop compression - with the hoop compression reducing the reaction of
the timber blocks on the ribs), one can say only that the hardness of the
standard structure is greater than 100 psi but less than 300 psi, the
actualvhardnessbdepending wpon the quality of the fit between the timber
blocks. In the general case, it 1s bellieved that the resistance of the
standard structure might be consistent with a hardness cof 150 psi, but
until it is proved it would be dangerocus to count on a hardness in excess

of the 100 psi rating assigned to it in the main report.
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On the other hand the preceding calculations suggest a scimple
field modification which will increase the hardness of the main structure
to at least 200 psi and probably to more than 300 psi. Yet as just men-
tioned, the upver value should not be counted upon until it is proved.

The simple field modification could be effected by ordering twice the

number of arch ribs in each main structure kit (Kit 2) but the same munber

of timber blocks and sills as in the basic structure. At the outset it

should be mentioned that other modifications would be equally sound struc-
turally, but the one about to be described seems more economical of
material and labor. |

With twice as many structural tees they can be spaced at 1'-6"
instead of the 3'-0" on centers by merely drilling additional holes in
the sills and in the arch crown. Since these holes would be in timber
they could be easily drilled in the field. The standard arch blocks (the
timbers spanning between the steel ribs) could be cut to fit between the
arch ribs. Cutting of the arch blocks would involve much labor in the
field, but the 51 men doubtless could accomplish this modification rather
quickly, particularly if a power sﬁw is avallable. By reducing the spacing
between arch ribs to one half their original value the resistances to
dynamic load are increased as shown in the following table:

Resistance to Blast Load

Member of Infinite Duration
psi

Ziel JAxch LU 210
Timber Blocks:

In Flexure 650

In Horizental Shear 210 (700 psi stress

v in timber)
In Hoop Compression 200

Relative Stiffness:
Timber-Steel (Hoop Comp.) 0.6
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On the basis of the earlier argument, the steel rib being stiffer
than the timber will carry a greater portion of the logd in hoop compression
until it ylelds, when it will transfer additional load to the timber. The
resistance cf the steel ridb alone is consistent with a hardness of 210 psi
vhile the combined resistance in hoop compression of the rid and timber
blocks is 450 psi assuming full contact between adjacent timber blocks and
that the hoop compression reduces the reaction of the timber blocks on the
rib to be consistent with 210 psi blast load. Inspection of the conditions:
in the outstanding leg of the structural tee indicates it is capable of
resisting the reaction consistent with a 210 psi blast load (cf Apperdix C).

Also inspection of the footings indicates that the sills will not be over-

stressed even for a blast load of 450 psi (cf Appendix C) although the
bearing stress would be significantly increased. Nevertheléss, as pointed
out in Appendix C, the bearing stress would not appear to be critical in
limiting the hardness cf the structure. Thus, it would appear that the
fairly simple field modification outlined in the preceding discussion
would increase the hardness of the main structure camponent to at least
210 psi and possibly to‘hSO psi. As already mentioned, it is believed

that the modified structure might have a hardness of 300 psi.

YODIFICATION OF BULKHEADS AND APPURTENANT STRUCTURES

Increasing the resistance of the end bulkheads,bpassageway,
uttY he ctmaete~e ~ntrarc-ay and ve-t? 414 structures is net as o 2lily
accomplished as is thet of the main structure. ZEase of modification in
the main structure is provided by the fact that a fully buried arch resists
blast loading through hoop compression; on the other hand components of the

end bulkheads and appurtenant structures resist the blast load wholly or
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partially in flexure and strengthening a flexural member is accomplished
readily by reducing its span. Many concepis capable of increasing the
hardness of the various component structures were ccnsidered, but none of
them 1s considered reasonably reliable when one is limited to field modi-
fication. Therefore, the varicus concepts considered will be sumarized
as vell as some of the reasons for not favoring them.

End Bulkhead. 3By reducing the span of the vertical posts in
the end bulkhead to one-half the original value, the moment resistance is
increased four-fold provided there 1s no deformation of the supports.
Reducing this span could be accomplished by (a) providing two bulkhead
trusses at each end; one at the level of the s1ll as in the basic design
and one at mid-height; (b) providing concrete dead men and cables which
support the posts at mid-height; and (c) tying with cebles the center of
the posts to utility structures placed at right angles to thé passagewvey
(cf Fig. H-1). Alternate (a) was discarded because it would also require
placing a second set of sills for the full length of thevstructure at
mid-height to carry the reactions of the truss and because the second
truss would interfere with ény passageway placed at the end of the struc~
ture. Alternate (b) was considered undesirable since dead men and cables
classically are difficult to arrange to give effective support without
attendant deformations and the deformatlions must be severely limited to
insure providing the resistance required; of secondary importance was
the relatively complex connectlons required between the posts and cables.
Alternate (c) was considered undesirable alsc for the same reason but.pri—
marily because premature feilure of either the end bulkhead or the utility

structure doubtless would trigger failure of the other component.
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‘Another alternative, of course, consists of using a greater number
of posts and modifying the wood blocks spanning between them by cutting
them in half or in thirds in the field and in modifying the bulkhead truss
to support the added posts at panel points. This alternative seemed
undesirable since (a) to obtain a resistance consistent with a hardneés
of 300 psi vhich seems possible in the main structure requires three times
the number of vertical posts provided in the main structure; and (b) field
modificatioﬂ of the truss would require procuring steel which was not e
part of the standard system and a relatively large amount of field welding.
These observations led to the tentative conclusion that it would
be more economical and would provide as sound a "structural system" if no
bulkhead were used at all and the main structure were extended one addi-
tional panel at each end to allow compacted backfill to extend within Lhe
structure‘at a slope of perhaps 1 on‘l. This earth would form the end
"bulkhead.” Howeyer, there is no completely reliable method for predict-
ing the behavior of this earth bulkhead under blast loads. Consequently,
it is a tentative suggestion which must be investigated in detail before
it 1is adopted in the system. This suggests also an 1ntefesting possibility
of providiﬁg an entranceway. Since the entranceway need provide only a
means of ingress (egress may be accomplished by digging away the earth
bulkhead) the>entranceway perhaps could be designed such‘that it provides
no intentional hardness so long as when it failed it did not allow signi-
ficant blast pressures to enter the structure nor trigger the failure cf
nearby components such as ventilation structures. The latter requirements
are not too difficult to satisfy, but it is beyond the‘scope of the

current effort.
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Passageway and Utility Structures. Field modification of the
passageway and utility structurés‘presents a problem similar to the one
Just discussed relative to the end bulkheads, yet it 1is not as acute.
Although the frames which support the sheecting and covers are subjected
to direct stress and flexure in combination, their overall resistance
can be increased to be capable of achieving apprdximately a 300 pei hard-
ness by spacing them at 1'-6" instead of 3'-0". To accomplish this
spacing requires drilling holes through the steel sills to accept the
added frames, a somewhat difficult task but not an insurmountable one to
accomplish in the field. By reducing this spacing the resistance of hoth
the timber wall sheeting and the steel covers is increased by approximately
four-féld. However, use of one-half of thé original spacing for the frames
requires inverting the steel covers so that the added frame does not inter-
fere with the structural tees used in the steel covers. This requirement
will degrade the resistance of the covers since the tees will carry the
compressive stress induced by flexure, and as a result they will be sus-
ceptible to lateral buckling which is not encountered when the covers are
placed in the manner originally intended. Nevertheless the resistance of
these covers will not be reduced below that rejuired to achieve a 300 psi
hardness. |

Andther prcblem introduced by reducing the spacing of the
passageway (and utility) structure frames results when the ccnnection of
the vertical entranceway to the passagewsy is considered. The added frame
in this region can be eliminated if wall sheeting can also be eliminated.
Wall sheeting can te removed in the single panel of the passageway where

the entranccway connccts if an arrangement of the passageway and utility
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structufes is modified to the configuretion shown in Fig. H.l. This arrange-
ment, of course, requires that two utility structures be used with each
passagevay and two additional bulkheads for the passageway {in addition to
those supplied in the standard structure) must be provided. Also each
utility structure must dbe ﬁrovided with twice the nuﬁbei of frames as pro-
vided for the standard (100 psi) structure.

Each end bulkhead used in the passageway and utility structure for
the structures with increased hardness must be reinforced to give a resis-
tance compatidle with the larger loading. Increasing this resistance is
difficult, and 1t may be desirable (and more economical) to extend the
structure and use the earth bulkhead suggested previously for the main

structure.

Entranceway and Ventilation Structures. Evaluation of the

behavior of the entranceway under blast loading is a highly indeterminate
problem: (1) The reaction from the domed closure (hatch cover) would be
distributed through the support to both the soil and the pipe columns;

(2) after some deformation of the soil and pipe columns occurs, the actual
concrete and corrugated steel entrance pipe doubtless would resist part of
the reaction; and (3) the support for the domed closure doubtless partially
shields the entrance pipe {rom the diréct blast force, but at the same

time this support produces forces which act on the entrance pipe. Although
it is impossible to make a rigorous analysls of the general behavior, 1t

Ls apparent itoat sufficient strength can be‘dbtained by provision of a
third bstand&rd corrugated pipe with an insidﬁe} diameter of 5'-0".(This
diameter is dictated by the spacing of the pipe columns supporting the

hatch and not by strength.) around the entire entranceway and £illing the
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anmilar space between the standard entrance pipe and the added corrugated
pipe with concrete. The added corrugated pipe would be a special item
which is not included in the standard structure. It should be noted that
the thickness of the corrugated pipe is not critical since the concrete
£111 provides the requisite strength.

The domed hatch cover will resist the loading associated with an
overpressure of 300 psi because the thickness of it was increased %o much
more than three times the theoretical thickness in the standerd design to
allow welding of hinges and sealing angle to it.

Because of the necessity of spacing the frames in the passagavey
and utility structures at one-half their designed spacing to accomplish
the increased hardness, it would be necessary to use only the cover, PC-3,
in an inverted position to support the ventilation tube. This also would
necegsitate field drilling of holes in the channels which support the
ventilation tube. Furthermore, a special connection must be provided to
attach the intake duct to the ventilation tube which will allow the top
member of the added frame to pass through the connection. The concrete

slcisement provited by tane B (Noe Dastgn Deawtnpa) venld appasr Lo he

‘adequate in reinforcing the ventilation tube to resist an overpressure of

300 psi.

MODIFICATION FOR RADIATION PROTECTION

If the structure is to provide protection at ranges consistent
with a side-on overpressure of 300 psi provision of the increased protec-
tion factors against radiological hazards becomes a significant problem.
However, approximate analysis of the type presented in Appendix D indicate

that the radiological dose within the structure can be held to approximately
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100 REM if an edditional one foot of cover (increasing the cover over the
crown of‘the arch to 5 £t.) is provided even for a range consistent with

g'}OO pei overpressure.

SHOP MODIFICATION
Of course the kits may be readily modified to provide a structure

with 300 psi resistance initially, using the methods and principles des-
cribed herein. This is not provided for in the drawings and instructions,
however. Nevertheless no changes in the basic concepts are necessary to

provide the stronger structure.

S LR RTINS M, 1 L
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APFENDIX T
MISCELLANEOUS ALTERNATIVE STRUCTURAL CONFIGURATIONS

There are summarized in Chapter 3 the specific alternative means
of construction considered during the process of designing thé basic
shelter descfibed in the main report Hence, this appendix describes
briefly those concepts which show promise for the spec:i;é t&pe of con-
struction considered and for other associated types of construction. Sev-
eral obvious alternatives, such as the substitution of a reinforced con-

crete arch for the structural tees and timber blocks, vwill not be discussed.

ALTERNATES FOR STANDARD STRUCTURE

Following completion of the design of the passageway and utility
structures, 1t became apparent thet « simple addition to the kit containing
the utility structure would allow it to be arranged with its axis perpen-
dicular to the axis of the Passageway or other utility structures. For-
tuitously, the span of the steel frames, which was dictated by the clearance
between vertical posts in the end sulkhead of the main structure, corresponds
ideally with the spacing between frames. Thus, without seriously restrict-
ing the clearances, utility structures may be framed into the sides of
other utility structures {or Fassageway) by merely providing an opening
in the timber lagging and by providing an additional steel frame in the
utiiity structure to support the timber lagging and steel covers at its

point of intersection with another utility structure. A positive connec-

1"-n

- tion between structures arrayed as a "I" can be accompilshed by driliing

holes in the steel frames at the intersection ani bolting them together.
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The advantage of the arrangement just discusseduis that it pro-~
vides great latitude in arranging equipment in these appurtenant structures,
and possibly of greater importance, the' passageway and utility stmctm&.m,
can be used as connections between main structure installations ‘which nay h
be arrayed side-by-side, end-to-end, or perpendicular to one another. Being
able to connect main structure installations to onz another easily may prove
advanté.gemxs for purposes of direct communication, for using one ventilation
system to service several shelters, and possibly for increased morale among
shelter occupants. It should be noted in this regard that, although the
passageway and utility structures are shown attachel to only one end of the
shelter in the detailed plans, a passageway can be connected to either end
or to both”;nas of the main structure.

Also it appears quite possible that the utility structure, at
least, could be fabricated from an elliptically shaped or oval corrugated
steel structure (frequently referred to as a cattlepass). This concept was
discarded in the actual design of the shelter because: (1) it isvdifficult
to frame fhe entrance tube into the elliptical section and (2) the stability
of the relatively flat suifaces was questionable. If the rectangular
passageway as designed'is used to attach the vertical entrance tube while
cattlepasses are used for utility structu;es and connections between

shelters, the first obtjection can be circumvented. The problem of stability

of the relatively flat wall surfaces of the oval structure can be solved

© by bolting a steel beam, as a wale, longitudinglly at the center of the

flatter wall surface and by placing temporary struts between opposing
wales. This is similar to the temporary struts specified for the steel

frames used in the basic désign.
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SANDWICH CONSTRUCTION
" Relatively early in the consideration of possible structural

configurations appropriate for use as a shelter, a type of construction
was conceived vwhich offers great promise for increasing the hardness (or
also the static strength) of existing arched structures and potentially
a means of providing extreme hardneas economically. This type of construc=~
tion was not'adcpted for the basic deéign because it appeared too sophis-
ticated a system to be erected in a forward area in a brief éériod of tine..
Sandwich construction has been adopted as a name for the pro-
posed concept, and this name graphically describes the cross-section through
the arch. The construction would begin by forming an appropriate founda-
tion and erecting on it in standard fashion a standard corrugated metal,
steel plate, or reinforced concrete arch of the requisite span.v A few
inches outside of this arch, and concentric to the first erection of a
second standard arch is begun. The spacing between the arches is dictated
by the clearance required to later fill the space with another material,
and partially by the strength required. Spacers are fastened to both‘
the inner and outer arches as the second arch is erected. Alternatively
shear lugs can be fastened to each arch separately before erection of the
second arch begins. As erection of the second arch proceeds, or after
completion of erection of the secohd arch except for plates at the crown,
the space between the two arches is filled with sand, soil, soil cement,
concrete, or another appropriate material. This filling material, being
confined in the annular space, will develop much larger strengths than
would be implied by its unconfined properties. Obviously this procedure

can be used to increase the resistance (both static and dynamic) of existing
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arched structures of any material. The footings can be extended and an

arch erected outside of the existing structure and the annular space

£illed with an:appropriate material.

The process of erecting additional arches and £1lling the
space between arches can be continued to provide as large a resistance as
desired; ‘In this fasﬁion extraordinary resistance could bve gained very
economically. Therefore, it is a concept which deserves strong considera-

tion for future structures.
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APPENDIX J
DETAILED PLANS

This portion of the appendix contains the detailed plans for
the proposed shelter. Included on the plans are detailed fabrication

instructibns as well as recommended erection procedures.

INDEX OF DRAWINGS
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1 General Layout
2 Pictorial View
3 Main Structure
i End of Main Structure and Bulkhead
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position alting Locwely te fremse (F-1) vith 1/7° &ta 51 1/ deils,
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fme FC-1 shealsd bo placed vithewt 178s on the Bolte. Jee Step Be. ¥h

Tiave siceure plase {P-1) over top of beams (B-1) t» cover :pazisg.
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All oguipesst lacleling the erevivey ppm  (CV-1} waet b3 plasced Sefore Uw wall eheetiag e
sroviad on the wiility strertore. Je lestrestions are

The clesure pleates, CP-1 and (T-2, ire balted i1n plase hove sod Yelew hrebe (B-2), Tespeetivly,
with L/T" @a 21 1/7° belts. As theet slewwrs plstes fove

the ereowivay (OW-1) Lhey et Bo placed swed that the F111 will bold 2333 2g8lowt thelr owgperts.
Fl14s cremiwey (C¥-1) through the opecting is CP-8.

Toe sreation of the wall sheeting for 1< possageemy iy Pprooesd stasltoncesmsly with the srevtien of
Ws BItwy strevtwre sille amd fremos. Loasely Sall wall shesting sead (WES) t2 cilp wmgle s
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suppers ¢lip sagle (A-1). Tigvtom balts in WS,

17 & vertical aetremswway 1t to W isstallad 13 pessagueny, OO pu aidrwwy cover, [FC-1) muet be
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0. Mumeve ome or wore covere (IC.l) W permil placement of Backfill ~ithis the utility
Trestare to fore the sartk bulkbhests.

9. I-.n ond disccrd ome passagrvay cover (FC-1) for mach vertical emtrasceway. [nstall
a postcgevay cover {PC-3) tn 1ts plone.

30, Place eutrasca pipe (EP-1) la Propsr loeation over bale in IC-2. PBete lug ond slot for
all gmaewt . ~

1. Insert short tareeded ewd of tie Boli (FI3-1) 1o Mols iu sachk cormer of PC-2.

32, Plase 3° dle. entremce support pipe (BAC-1) over seeh tie balt.

} 43, Place timber template (TP-1) o center over estronce pipe (XP-1) and tighten the tie
Salts secwrely 1o Nold swpport pipes la droper poeitica.

. Beckfill say sov b placed arcend the swirance structure, s isdi:zated on Sheet 9 to
vithts 6° of the tishber template, althcugh 1t vill be mwe dasiredle 10 Sackfill arcemd
end rentilation structures sismltasecusly. After bechfilliag to witia 6%
of tisber template, the tamplate should be removed and backfillieg comtimved to the
Level of the estrence ptye (EP-1).

Remowir g

8. P11l vold betveen corrugated pipes of TP-1 vith flaid mized, %" olump, “omcrets. ™

36. Plasce batch sssawbly (RA-1) over the cpeniog 1a (EP-1) threading the emis of the tie
bolts through the :ornar doles it the satch assembly. Tigilen tile bolta securely sad
complate beckiilling operations.
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17, The erection of the ventilation strwetzres ag(
vertical emiresce struetuie, Sty M.
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19. Place wir ducts {AD-] or AD.2).
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