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FORWARD

This report contains information useful for the design or
review of thick reinforced concrete slabs which are suitable for use
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ABSTRACT

Nuclear weapons effects pertinent to the design of closure
systems for missile emplacements are briefly reviewed. The relation=-
ships between design overpressure, weapon yield, attacking weapon
accuracy and probability of survival are discussed.

A method of designing closure structures, based on the yield-
line method of analysis, is described. Prototype closures designed to
resist nominal overpressure loads of 1000 and 2000 psi are presented.

A method of determining allowable loads, required number and optimum
spacing of shear connectors for composite steel-concrete slabs is
described.

Designs for a series of model closure slabs are presented.
A total of 34 models are described. Design loads ranging from 300 to
2000 psi and span/thickness ratios from 2.35 to 5.6 are included.
Fabrication techniques and the materials used are described, as are
the test fixtures and measuring instruments employed.

Results of the tests are presented in narrative form. In
addition, results in the form of load-deflection curves, deflection
profiles, load-strain curves and photographs are presented for the
latest (G-Series) group of model closures. The results are analyzed,
and shear stress data is normalized in several ways in order to find
a design expression which best fits all the data. A formula for the
design of closure structures is presented, with an accompanying
recommendation regarding bearing stress limitations and a stipulation
regarding its range of validity.

Conclusions drawn from the study are enumerated and
recommendations for further testing and analytical study are presented.
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NOTATION

Each symbol is defined where it is first introduced in the

In the following summary, some of the most important symbols are
defined for the convenience of the reader, Symbols used only in a

limited portion of the text, and not important in subsequent con-

siderations, are not included.

E |
{
A
a
a
A
B :
S
) A
v
e b
,
| bo
A
C

—
Q

D G O e d b v
Pp

radius of plate (in computing period of vibratior, Eq. (3.10))
area tributary to a single shear stud, sheer stud spacing
constant in Eq. (6.2)

area of tension reinforcement

area of shear reinforcement

chord distance (for shear stud layout)

periphery of critical section

CEP, in Eq. (2.2)

constant in Eq. (6.7)

crater depth, in Ch. 2

distance from extreme compression fiber to centroid of
tension reinforcement

diameter of crater, Ch. 2
slab diameter

5 3 2
plate stiffness, D = Et7/(1-v7) 12
inside diameter
outside diameter

shear stud diameter

total dose of gamma radiation

—




xiii

base of the Naperian logarithms

Young's modulus

bearing stress

compressive strength of concrete

tensile stress in shear reinforcement

yield strength of reinforcement

"relative" coefficient of friction, Eq. (6.2)
acceleration of gravity

height of crater lip, Ch.2

gamma radiation dose penetrating shield, Ch. 2

ratio of distance between centroid of compression and
centroid of tension to the depth, d

crater kimension defined on Fig. 2.4

logarithm to the base e

width of crater lip, Ch. 2

clear span diameter, Ch. €

unit yield moment

number of shear studs

coefficient of g, standard deviation, in Eq. (6.8)
attenuated neutron dose, Ch. 2

total neutron dose, Ch. 2

ratio of area of tension reinforcement to effective area
of concrete

maximum applied dynamic load (for response analysis)
probability of survival
allowable load on shear stuad

maximum static resistance (in response analysis)
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yield resistance (in response analysis)

shock radius, or "miss distance," Ch. 2

radius to row of shear studs

radius of vulnerability, Ch. 2

height of slab

hoop thickness, Eq. (4.4)

duration of loaldiig pulse E

duration of effective triangle which preserves initial decay
rate of pressure pulse

duration of effective triangle which preserves time to }
one-half peak pressure

duration of effective triangle which preserves total impulse
period of vibration

bond stress

ultimate shear stress

total shear

portion of total shear carried by shear reinforcement

vclume of crater, Ch. 2
volume of crater lip
applied uniformly distributed load

portion of applied load taken by shear reinforcement

weapon yield, Ch. 2

shield thickness, Ch. 2 .
arbitrary offset, in ductility calculations, Ch. 5

volume expansion factor, Ch. 2

coefficient in Egq. (2.6)

density, Eq. (3.10)
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coefficient in Eq. (2.6)

ductility, defined as maximum deflection divided by yield
deflection

Poisson's ratio

air density, Eq. (2.3)

standard deviation

major principal stress

minor principal stress

neutron attenuation factor, Ch. 2

perimeter of reinforcement crossing section
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CHAPTER 1

INTRODUCTION

1.1. General

This report describes portions of a program of research into
the behavior of reinforced concrete missile silo closures under the
application of high overpressure loadings. The program was sponsored
by the U. S. Air Force Space and Missile Systems Organization (SAMSO).
The overall program was directed, for the University of Illinois, by
Professor William L. Gamble. The Illinois analysis and test program
included static tests of closures designed for 1000 psi, dynamic tests
of closures designed for 300 psi, an analytical study of flat plate
and plug type closures, an investigation of failure criteria for
concrete and rock, and prototype closure design studies. Professors
A. J. Hendron, Jr., J. H. Rainer and W. C. Schnobrich collaborated on
the project (l).*

An addition to the Illinois schedule of research called for
an additional series of static tests of models designed for nominal
overpressures of 2000 psi. The design and testing of these models
were conducted by the writer. This report covers the entire model
test program, in order to arrive at conclusions regarding closure slab
behavior. The discussion of the dynamic tests is as brief as continuity
allows, and the reader is referred to Ref. 1 for further detail. The

reader is also referred to Ref. 1 for test data in the form of

*
A number in parentheses following a reference to a publication or an
author's name refers to an entry in the List of References.




deflection profiies, load-deflection curves, and Load-strain curves
tor the original seriec of 1000 psi and 500 psi mode! tests, as this
volume supplies only the data fram the final series of twelve models.
The research reported and discussed in the sections and
paragraphs that follow includes all of the closure slab model testing

conducted at the University of illinois.

1.2. Jbgective
The objective of the research was to demonstrate that silo
closure slabs car be built to withstand overpressures as high as one

wishes. In this study, models were designed to resist overpressures

of 1000 psi and 2000 psi from weapons of 100 KT, 1 MT, and 10 MT yield,

The ability of the model slabs to withstand more than design cver-
pre::sure was demonstrated so early in the program that the determina-
tion of the highest overpre:sure load that could be resisted became
an un:tated objective. The ultimate aim, of course, was to obtain

an understanding of the behavior of the closure structures, which are,

necessarily, very deep slabs. A desired end product was an exprec<sior,

or method, which the :-ponsoring agency can use for the design of

closures for future missile emplacements.

1.3. Scope

As stated in Chapter 2, this study considers the effec .s of
blast loadings of 1000 and 2000 psi from attacking weapons cf C.1i, 1
and 10 MT. Only the overpressure load cn the surface of the (losure

1s taken into account, thougn it is recognized that the air and
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ground shock-induced motions of the structure supporting the closure
may significantly affect the response cf the closure.

The inside diameter of the prototype closure was selected as
15 feet, the average of the dimensions furnished by SAMSO. An outside
diameter of 19 feet was chosen to limit the average bearing stress,
et an applied load of 1000 psi, to an acceptable value. All of the
model tests were conducted at the diameter ratio 19/15. No other
geometry was considered.

This study was limited to the consideration of the behavior
of closures supported on rigid, motionless bearing structures, com-
parable in strength and rigidity (relative to the closure) to the test
fixtures., Certain assumptions are implied by the limitations of the
study. The‘§upporting structure, for instarce, is assumed to be
capable of resisting the large friction-induced radial horizontal
forces which were found in the model tests to exist and to result in
high flexural strengths. It is assumed that practical problems can
somehow be overcome. Gamble (1, Ch. 6) has treated the problem of
providing an opening mechanism for a massive closure which may be

surcharged with an accumulation of blast-borne debris.

1.4, Arrangement of Report

The remaining sections of this introductory chapter supply
brisf discussions of the analytical work done in connection with the
silo closure problem, as well as the experimental work of other
investigators. The second chapter describes some of the nuclear

weapons effects of importance in the design of closures. A discussion

Sy
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of' the studies which led to the design of several prototype structures
which were modeled and tested appears in Chapter 3 The design,
fabrication, materials and instrumentation of the model test series
are described in the fourth chapter. Chapter 5 presents the results
of the model tests. The results are discussed in the sixth chapter,
and a design expression 1is suggested. [n Chapter 7 conclusions from
the study are listed and recommendations are presented.

Figures and tables in this report are found at the end of
the chapter in which they are first refererced. Publications cited in

the text are listed in the List of References that follows Chapter 7.

1.5. Analytical Studies

Rainer (1, Ch. 3) has modeled the silo closure as a rlate,
simply supported over the clear span, using the discrete lumped
parameter model develcped by Ang and Rainer (2) and applied to a
variety of problems by Ang, Rainer and others. The method proceeds
from a physical analogy to cbtain a set of equations identical to those
obtained by a finite difference approach. Rainer applied the model
to flat plate closures of several span/thlckness ratios, under both
static and dynamic loadings, as weli as to closure types with which
this report is not concerned. Rainer's result: are thoroughly reported
and discussed jin SAMSO TR-67-15 (1).

Unfortunately, Rainer modeled only the simply-supported plate
with no overhang. The structures of 1interest in this study are
supported over an annular bearing area with a ratio of outside

diameter to inside dismeter of 19/15. The differences in support
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configuraition are great enough to render Rainer's results less valuable

than they might otherwise be.

1.6. Other Investigations

In order to better define the shear strength of deep slabs,
the results of the few existing tests of slabs, ard of some tests of
deep beams, were reviewed. In most investigations the test struc-
tures were appreciably different from those in this program, so that
the results are not directly applicable. Some of the results are
discussed in the following paragraphs.

Brotchie, et al (3), tested groups of square slabs with
span, thickness ratios of 5, 10 and 20, tension steel ratios of O to 3
percent, and five conditions of edge restraint. Eleven specimens with
span/thickness ratio of five and edges restrained at the level of the
reinforcement are somewhat comparable to the models tested at the
University of Illinois. All of these models failed in shear. Average
shear stresses at the face of the support were calculated for the eight
of those specimens that were provided with tension reinforcement,
using BEq. (6.8) from this report. The observed average shear stresses
were then divided by the calculated values. The average of the
quotients was found to be 1.01, and the ccefficient of variation for
the eight tests was 0.188. Thus, it appears that th. failure loads
for deer, square slabs are influenced by the same parameters as tliose

for circular siabs, when the conditions of edge restraint are

comparable.




Brotchie tested one model with the edge restrained at mid-
depth and two models with simply supported edges. All three structures
had span/thickness ratios of five. Two failed in flexure, and one
failed in shear, at average shear stresses about one-third as high as -
those predicted by Eq. (6.8).

Tests of 18 square or rectangular slabs and cne circular
slab were ccnducted at Southwest Research Institute (4). All were
simply supported. The mean value of the average shear stresses at
the face of the support for seven square slabs and the single circular
slab, divided by the stresses computed by Eq. (6.8), is 0.62, with a
coefficient of variation of 0.139 for the array of eight values.

The ratio of observed stress to calculated stress for the circular
slab was 0.48, but this slab had not failed at the meximum reported
load.

Beadle, et al (5) tested six thick circular slabs with very
thick steel plates used at the lower surfaces. An additional thirteen
tests have been conducted, using the same apparatus, by cadets of the
U. S. Air Force Academy under the direction of Professor (Lt. Col.)
Wallace E. Fluhr. Loads as high as 7800 psi were obtained with base
plates 1.3 inches thick and confining rings 0.2 and 0.25 inches thick.
It should be noted that, if a scale factor of 12 is assumed, the pro-
totype thicknesses represented by these models are 15.6 inches and
3 inches for base pﬁte and hoop, respectively, and each closure
requires 107 tons of steel.

The experimental work at the Air Force Academy has been

briefly reported by Menza (6). A semi-empirical equation for computing
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the apparent yield load of these structures has been derived by

Burgess (7). The Air Force Academy structures are entirely different

from those tested at the University of Illinois, and fail in a com-

pletely different manner. Therefore, no comparison has been attempted.
The results of a large number of tests of reintorced concrete

deep beams have been reported. References 8, 9, 10 and 11 contain

or review much of the basic information available. Though the strength

properties of deep beams may not be directly applicable to deep slabs,

deep beam strengths should form a lower bound to the strengths of

deep slabs. In Chapter 6, it is shown that Eq. (6.8) derived from

the results of the University of Illinois tests, yields shear stress

values (at the face of the support) comparable to those predicted by

Albritton's (8) simple equation for uniformly loaded deep beams.
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CHAPTER 2

WEAPONS EFFECTS

2.1. General
The weapon effect of primary concern to this study is the air

blast, which is treated as a uniform, static overpressure loading the
structure. An understanding of the overall design problem, however,

requires at least a recognition of those other weapons effects which

accompany the air blast. These are discussed or mentioned in this

chapter. The discussions that follow refer always to a surface burst

at sea level.

2.2. Air Blast

The exploding nuclear weapon produces a pressure wave that
varies with time and with distance from ground zero, the point of
detonation. At a given distance from ground zero, the pressure rises
almost instanteneously to a peak, decays with time to zero and is
followed by a negative pressure phase. Thorough descriptions of this
phenomenon are given in Refs. 12, 13 and 14. For many purposes it is
sufficient to know only the relation between yield, distance and peak
pressure. The variation of peak overpressure with distance is plotted
in Fig. 2.1 for a weapon yield of 1 MI. For a given overpressure,

distances corresponding to other yields are obtained from the relation

R = R, W/ (2.1)

where W is expressed in MT. Data for Fig. 2.1 are taken from Ref. 12.

atas




Although statistical limitations arz seldom presented with weapcn
ef{Tects data, it should be recognized that variations in these data
must exist.

Iff we assume that a structure designed for a particular over-
pressure wiil a1l at any larger overpressure and survive at any lesser
overpressure, then the distance associated with that »verpressure is
the "radius of vulnerability" of the structure. The probability of
the structure surviving an incoming weapon then coincides with the
probebility of the weapon impacting at a distance from the structure
greater than the radius of vulnerability. The latter probability 1is

given by 1. S. Agbabian (?3) as

Rv)2 R, 2
(= -0.693(=")
F 05 " LW & (2.2)

where RV is the radius of vulnerability and C is the "circular error

probable" (ZEF), defined as the radius, about the structure, cf the

circle into which naif of all weapons aimed at the structure will fali.

Equation (2.2} and the value of C define the assumed error of the
attacking delivery system.

Radii1 of vulrerability of interest to this study are
tabulated in Tatle <2.1. Frobability of survival versus CEF is plotted
for each of these radii1 in Fig. 2.2. The variation of PS with CEF for
any other radius may be added to Fig. 2.2 by plotting a single point
and extending a line between the plotted point and the upper-right

corner of the figure.
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The probabilistic aspects of designing protective structures
are certainly not as simple as implied in the foregoing paragraphs.
Charts such as Fig. 2.2 serve to point out, however, the importance

of enemy CEP as a decign parameter.

2.3. Ground Shock

Ground shock effects occur both as the result of direct
coupling of a part of the weapon's energy to the soil, and as a result
of the air blast passing over the soil. Under certain conditions a
ground shock wave may "outrun" and precede the air blast wave to the
structure. In this study ground shock effects have been ignored and
the structure supporting the closure has been assumed to remain rigid

and motionless.

2.4, Nuclear Radiation

One of the functions of the closure is to shield the missile
from nuclear radiation effects. Exact shielding requirements cannot
be calculated because tolerance criteria have not been furnished for
the missile. Some educated guesses can be made, however, to illustrate
the general conclusion that concrete thicknesses required for radiation
protection are about the same as those required for structural purposes.
Let us first consider neutrons. Brode (12) gives us the

formula

2
g oL ox szT (-eR/780)
o~ 2. °XP
R® ft

(2.3)

P -
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where NO is the total dose, neutrons/cme, R the distance from ground

zero and 0o the air density, which can be taken as 1.1 at sea level.

Brode (2.1) also gives the attenuation relation

N
N9-= er (2.4) 131

| where No is the total decse, N the attenuated dose, 2 ‘he attenuation
-1
factor, given as 0.09 cm for concrete, and x the shield thickness
. in centimeters. From this we can obtain, for the shield thickness

in inches, the expression

N
X =U4.37 1n (ﬁg) inches (2.5)

where 1ln is the logarithm to the base e and the remaining terms have 7

been previously defined. Brode (12) suggests a tolerance of lOll to i

i 1012 n/cm2 for solid state electronic components. Taking the more
severe requirement, lOlln/ch, as representative of missile tolerance, !
l concrete shield requirements have been calculated for the yields and
. overpressures of interest in this study and plotted as Fig. 2.3. The
l thicknesses obtained are similar to those required for structural I}

purposes, as later sections of this report will show.

For gamma radiation, Brode (12) supplies the formula

L lOlBWMT |
= o a exp(-eR/\) (2.6)

o —— ——

where D7 is the dose (roentgens) and the other variables not previously _—
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defined are given by
a =1+ o.oosw2
. (2.7)
AN = 1300 + 30W + 3W

For attenuation of polyenergetic gamma rediation, Brode (12) suggests

the expression

(o]

7 _ e0.0El PX (2.8)

|

where p is the density of the shield, gm/cc, x its thickness in cm,
and I the dose penetrating. For concrete with a densi‘y of 2.4 gm/ce,
we obtain, for the required thickness in inches,
D
x = 7.8 1n (fl) inches (2.9)

A gamma dose of 100 roentgens is tolerable by humans and
should represent a conservative tolerance for missile equipment, where
no other criterion is available. Concrete shield thicknesses required
to reduce the initiel gamma dose to 100 roentgens have been computed
for the yields and overpressures considered in this study. The results
are plotted on Fig. 2.3. Thicknesses for gamma shielding are greater
than thicknesses required for blast resistance, but are of the same

order of magnitude.

2.5. Electromagnetic Pulse

A continuous steel liner, 1/4 inch or more in thickness, is

believed to be sufficient to protect the missile and associated
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equipment fram electromagnetic pulse (EMF) effects. The extension of
the EMP shield over the lower surface of the closure will serve also
to protect the missile from spalling of the concrete closure and will

serve as all or part of the tension reinforcement for the closure,

2.6. Cratering and Debris

The most recent and accurate work done on cratering and debris
(crater ejecta) depths is not available in unclassified form. However,
some conclusions regarding the magnitude of these effects can be drawn
from the information available in the open literature. Reference 14
gives crater dimensions for a 1 KT burst and suggests cube root scaling
to obtain dimensions for other yields. Values of these dimensions for
100 KT, 1 MT and 10 MT are presented in Table 2.2. Since we have also
assumed cube-root scaling for miss-distances, this assumption for crater
dimensions implies that the edge of the crater and the edge of the
crater lip will occur at the same overpressures regardless of yield.
These overpressures are, at the crater edge, about 13000 psi, and at
the edge of the crater lip, about 1700 psi. According to these data
there will be no debris at the 1000 psi level.

An estimate of the magnitude of debris depths thet might be
expected at pressure levels greater than 1700 psi may be obtained by
assuming an ejecta distribution pattern, as in Fig. 2.4, and accounting
for the volume of material removed from the crater. For example,

assume the crater is a paraboloid of revelution, with volume equal to

2
vV, =g (2.10)

~b
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where VC, d, and D are the volume, depth and diameter, i2spectively, of
the crater. Further assume that the slope of the inner face of the
crater lip is constant and equal to the slope of the crater at its

edge (which gives a slope of about 1:1 for all yields). If the crater
lip is assumed to be triangular in section, its volume is given oy

_ ! o AN 2 (D6l .
Ve, 1) {1211)(1, 1) + (D+2L) (D+2L ) (D+6L l)} (2.11)

where VL is the volume of the crater lip and the other variables are

identified on Fig. 2.4, The maximum height of the lip can now be found

by setting
Vp = av, (2.12)

where @ is a factor allowing for volumetric expansion of the material
removed from the crater. Tf Eq. (2.10) and (2.11) are substituted

into Eq. (2.12) and the result is solved for L(a = 1.0), ! is found to
be almost exactly equal to one-tenth of the crater diameter. The maxi-
mum lip height, L, is equal to O.4d. Debris depths at various yields
and overpressures for a surface burst are shown in Table 2.3. Though
the model used is an oversimplified representation of a complex
problem, the results are believed to be indicetive of the magnitude of

the debris problem that might be encountered.
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TABLE 2.1. MISS DISTANCES FOR VARIOUS YIELDS
AND PEAK OVERPRESSURES

Miss Distance, feet

W-MT 300 1000 2000
psi psi 2si

0.1 1070 696 557
1 2250 1500 1200
10 4950 3230 2580

TABLE 2.2. CRATER DIMENSIONS IN DRY SOIL

100KT IMT 10MT
Crater Diameter, D, feet 600 1300 2790
Crater Degpth, d, feet 140 300 645
Lip Width, L, feet 280 600 1290

TABLE 2.3. CRATER EJECTA DEPTHS FOR a = 1.0

Overpressure 100KT IMT 10MT
1,700 (Lip Edge) 0 0 0
2,000 €. 55 11.4 24,6
3,000 21.3 45,8 98.5
4,000 32.0 69.0 148.0
5,000 Ly, 3 82.3 177.0
9,000 (Lip Crest) 56.0 120.0 258.0
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CHAPTER 3

FRELIMINARY DESIGN STUDIES

3.1. General

In order to obtain a basis fo: designing the series of model
test experiments which were the essential part of this research, it was
necessary to develop & design procedure and select representative
prototype sizes for the overpressure loads ccnsidered. The prototype
design studies are discussed in this chapter.

In accordance with the rationale developed in Section 3.6
below, the load is assumed to be uniform anda static. The structure is
« ~2d to be simply supported over the clear span, ana is analyzed by
the yield-line method. Thus, no advantage is taken of either the
restraining effect of friction on the bearing surface or of the moment
reduction due to the clamping effect of the load acting on the supported
portion of the slab. Further, material yield strengths have not been

increased beyond their static values in these studies.

3.2, Basic Design Procedure

The yield moment in a simply supported, uniformly loaded

circular plate is given by Wood (15) as

2
L2 (3.1)

My = 2L
where m_ is the unit moment (kip-in/in), w is the uniform load, ksi,

and D the clear span diameter, inches. The resisting moment at yield

is found from the expression
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m =fAJjd="f pﬁde (3.2)
Yy ys yr
for a one-inch section, where
f = the yield stress of the reinforcing, ksi

p = Lthe tension reinforcing stvel ratio

jd = the effective lever arm of the section, and

d = distance from the top surface to the center of the
tension reinforcing steel.

Equating expressions (3.1) and (3.2), we can solve for the

required effective depth, d, obtaining

1/2

d = 0,204D (x=2==) (3.3)
fypa

For the single span {180 inches) considered, and letting J = 0.9,

Eq. (3.3) becames

which can be plotted as a family of parallel lines, representing
various combinations of fy and p, on log-log paper. The variation of
d with w is plotted for a few such combinations in Fig. 3.1.

An outside diameter of 19 feet was chosen to insure bearing
stresses of less than 3000 psi at a design loacd of 1000 psi. The

bearing stress for the selected geometry becomes

= 2.65w (3.5)

fy
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Compression steel equal to one-half the tension steel is

added to all designs to resist rebound effects from dynamic loading,

as recommended by the Air Force Design Manual (13).

td =4 o=y o

The design studies assume a flexural failure mole and re-

o inforcement ratios of 2 percent or less. For these assumptions the
n ultimate moments are insensitive to concrete strength. Therefore,
; fé = 5000 psi was adownted for tne design and model studies,
. 5.5. Bar-Reinforced Slabs
. In the early phases of the study, consideration was given to
i the use of high-strength reinforcing steel. Line No. 1, Fig. 3.1,
B represents the combination of 60 ksi steel with a reinforcement ratio
t: of 0.0133. The resulting effective depth is about 45 inches for a
design load of 1,000 psi. The steel area required is (0.0133)(45) =
_ i 0.60 in.2/in., which can be provided by two layers of No. 11 bars

lL x spaced at 5-l/h inches each way. By spreading the steel over the

-

entire 19-ft span of the slab, the spacing can be increased by (19/15)
to 6-1/2 inches. The addition of 6 inches to the effective depth to
account for the steel and provide 3 inches cover brings the total
thickness to 51 inches. The design just described is designated

60-B and is illustrated in Fig. 3.2. The thickness selected for
closure 60-B was retained as a standard prototype thickness for the

1000-psi series of models tested in this program.

High-strength steel reinforcing bars present problems in field

fabrication due to the difficulty in welding these bars satisfactorily

without lowering their strength and ductility. Consequently, the use

B M bmd 4 4 bed b

L
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of high-strength reinforcing steel is not recommended. A design
equivalent to 60-B, using intermediate grade reinforcing steel with

a 40 ksi yield point, is obtained by increasing the percentage of steel:

p = g% (0.0133) = 0.02

The steel required is (0.02)(45) = 0.9 in.2/in., which is
supplied by two layers of No. 11 bars spaced at h-5/8" each way, when
advantage is taken of the full 19-ft span of the slab. This design,
designated 40-A, is 1llustrated in Fig. 3.3.

The basic prototype for the 2000-psi series of model tests
was designed using line 2 of Fig. 3.1, where p = 0.015 and fy = kO ksi.
The effective depth is found to be 70.5 inches for a 2000-psi load.
The total thickness is taken as 78 inches to aliow for adequate cover
over No. 14S bars. This design, shown in Fig. 3.4 is designated 40-B.

Figures 3.2 and 3.3 show the reinforcing bar ends welded to
a circular steel plate to provide mechanical anchorage. An alternate
method of obtaining anchorage is to weld the bar ends to one or more
crossing bars. This method, which may be preferable from the stand-

point of field fabrication, is shown in Fig. 3.bL.

3.4, Plate-Reinforced Slabs

As discussed in Chapter 2, the silo closure will regquire a
steel plate over its inner surface for EMF shielding and to protect
the missile from spallation. This plate can be made to serve a third

purpose by providing the necessary tension reinforcing for the closure.
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Let us consider A-36 steel plate and let t = d for design

purposes. Equation (3.4) can be rew ‘tten, for fy = 36 ksi, as
2
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