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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
p = 41.6 w/d (3.6)

where w is expressed in ksi. For the 1000 psi design, with d =t = 51

inches, we obtain p = hl.6/(51)2 = 0.016. The plate thickness required

is then (0.016)(51) = 0.815, or about 13/16". We will designate this
design as closure 36-A.

For the 2000-psi design, with d = t = 78 inches, we obtain
p = (1+l.6)(2)/(78)2 = 0.0137. The plate thickness required is then
(0.0137)(78) = 1.07, or about 1-1/106 inches. This closure is designated
No. 36-B.

We will also require a 300 psi plate-reinforced prototype.

Let p for this design by 0.012 and work directly from Eq. (3.4) tc

obtain

1/2
t =d = (B?égzé?bié) = 32.3, say 32.5 inches

This closure is designated 36-C.

In order to utilize the strength of the plate, it is neces-
sary to transfer the tension load to it. This can be accomplished by
welding shear connectors to the plate, as described by Casillas,
et al (16). If the shear connectors are round bars, such as Nelson
studs, design forces can be determined from the formulae proposed by

Viest (17). For studs larger than one inch in diameter, Viest suggests

the expression
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where @ is the load per stud in pounds and Ds the stud diameter in
inches. This expression can be made more convenient by expressing Q

in kips and fé in ksi and writing it

Q = 10D_ 4/F7 (kips) (3.7)

For 5000 psi concrete, we have @ = 22.4D; and for 1.5-inch studs, the

load per stud is Q = 33.6 kips.

Spacing for the shear connectors will depend on bond stress,

which in turn is a function of shear, which varies from zero at the
center of the closure to a maximum at the support. The unit shear,

kips/in., at a distance R from the center, is
vV = %; kips/in.

The unit bond stress, u is given by

L ~£f‘orzo=linch

iq 233
Zogd

u =

where Zo is unity becaus: V is expressed in kips/in. The piate area

tributary to a single stud can be taken as a square, such that

and it follows that
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/
TR (3.8)

The method followed by the writer in determining shear
spacing consists of plotting a vs. R (Eq. 3.8), and working inward from
the edge of the support with a trial-and-error procedure, adjusting a
after each step so that the number of studs in the row is an integer.
At the smaller radii, where the chord distance differs significantly
fram the arc distance, the chord distance, designated b, is computed

for layout purposes as

b = 2R sin(%) (3.9)

where n is the number of studs in the row.

Stud spacing in the supported portion of the slab is
arbitrary. The writer has worked outward from the edge of the support,
maintaining a mirror image of the row spucing inside the support and
either the number of studs in the row or the stud spacing. If the
number of studs in the row is reflected in the supported area, a good
approximation for the total number of studs required can be obtained
by working outward from the center and assuming a continuous distribu-

tion. Thus, for the geometry of these designs we obtain

1,225,000w
n = -*-Qz‘.-— (3.9)
Where v and Q must be in compatible units. Using l1l.5-inch
studs this yields, for the 1,000 psi design, where 4 = 51 inches,
n = 795. For the 2,000 psi design with d = 78 inches, n = 1,040. For




the 300 ps1 desisn with d = 32.5 inches, n = 379, The 1,000, 2,000 art
%00 ps1 plate-reint'orced slabs, designated 36-A, 36-B and 3€-C, re-

spectively, are illustrated in Figs 3.9, 3.6 and 3.7

5. 9% Shear Reinforcing

It seemed reasonable to assume that a shear failure, 1t it
occurrad, would result in a truncated 4L5-degree cone of concre*= belng
punched out of the slab Shear reinforcement could then be con-
verientiy rrovided ty supplying vertical steel tars in concentric
circles over the region of the crack. The added shear resistance

available for each ring of bars intersecting the crack would be

Vi = AT
Y

Where V' 1s the fcrce taken by the shear reinforcement, AV is the ar-a
of steel cut by the shear crack and fv is the shear steel stress Tre
chear steel wil. be assumed to yield, so that fv : fy

samble, et ay ( l) have computed the extra load capacity
contributed »v *hiee rings cf shear reinforcement located a~ shown 1n
Fig. 3.8. The reinforcing is welded wire fabric with l/2-1nch vertical
bars at 6-inch spacing and horizontal l/4-inch bars to provide
anchorage The tota: steel area for the configuration shown 1is
40.8 in2 The welded wire fahric has fy : 64 ksi, so that V' =
(40.8)(64) : 26 O kips.

The shear stee) carries only the load on the uJ;:7=» surface !
the truncated cone For the €i-inch slab, this surface has a diamet-r

equal to 180 - 102 : 78 incnes and an area equal to (0.785)(78)2 :

s
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L770 in2. Letting 4770w' = 2610, we obtain w' = 0.547 ksi = 547 psi
for the extra load capacity contributed by the shear reinforcement.
(Gamble used a loaded diameter of 90 inches, i.e., D-2d, and obtained
w' = 405 psi.)

Other methcds of anchoring the shear reinforcing steel are
available, One of the simplest is to use rods welded to the bottom

plate or EMP shield. For a plate-reinforced slab the shear reinforcing

rods need only be longer shear connectors.

3.6. Dynamic Load Considerations

In order to check the propriety of treating a complex dynamic
response problem as a static problem, one can begin by considering a
relatively simple substitute dynamic case. Melin, et al (18) have
studied in detail the problem of an elasto-plastic single-degree-of-
freedam system subjected to an initially-peaked triangular load pulse.
Test results from the closure study have shown that an assumption of
elasto-plastic behavior is not unreasonable. The true pressure pulse
from a nuclear burst can be, and frequently is (13, Ch. 3) represented
as an initially-peaked triangle without an intolerable loss of
accuracy. All that remains, then, is to investigate the period of the
structure and its relation to the rise time and duration of the load.

Timoshenko (19) gives the fundamental period of a thin,

elastic, simply-supported circular plate as

e
2na t (3.10)
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in which a radius of plate, i;

where E : Young's modulus, t : piate thickness and v - Foisson's ratio,
)

which is assumed to be zero for concrete. It we let y = 0.087 1bs/in5

and E : 4,000 CCO for concrete, Eq. (3.10) becomes

2

o= (5. 1L x 10'5) %— (5.11)

which yields & period of 4.G4 msec for the 5l-inch c¢losure and 7.23
msec for the 78-inch . losure. These calculations are approximate,
since the closures considered do not meet tne requirements of the
assumptions that led to Eq. (5;11). For the sake of argument, suppose
these results are no more than an order of magnitude too great cr too
small. Considering an average for the two structures ctf 4 msec, *hen
the actual value is at teast O.4 msec but not more than 40 msec.

The rise time of the pressure pulse will be one or two msec.
I1f the period of the closure is less than computed, the assumption
of zero rise time will be conservative in the sense that the closure
response will be smaller than predicted. If the period is greater
than the computed value, the assumption is essentially correct.

We may now consider extremes of the ratio td/F, where td 18
the duration of the 1ocading pulse and T the period of the structure
For the upper bound, consider the shorter period, 0.4 msec. The

maximum response should occur early in the pressure history and the

appropriate value for t, is the t vaiue, which preserves the initial
pprop d = t
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decay rate of the actual pressure curve, as recommended oy the Air
Force Design Manual (13). We choose LS 32 msec for a 10 MT weapon
and 1000 psi pressure, obtaining td/T = 80.

For the lower bound consider the longer period of 40 msec,
and assume that maximum response will occur after the pressure pulse
has passed. For this case the Air Force Design Manual recommends an
effective triangle with duration ti’ preserving the impulse of the
actual pressure-time curve. We choose L= 55.5 msec for a 100 XT
weapon and 1000 psi pressure, cbtaining td/T = 1.39.

We might have assumed that the maximum response of the
closure with period of 40 msec occurs neither after the pressure pulse
has passed, nor early in the pressure history, but at some inter-
mediate time. 1In that case, the Air Force Design Manual recommends

Jasing t ., = tSO’ conserving the time to one-half peak pressure of the

d

actual pressure-time curve. For 100 KT and 1000 psi, we use tSO =

13 msec and obtain t_ /T = 0.325 as a iower lower bound.

d
Melin, et al (18) have computed Pm/Qy vs ductility for

td/T between O.l1 and 30. Values of Pm/'Q,y for td/T of 0.3, 1.4 and

80 have been extracted from Ref. 18 and listed in Table 3.1 for

ductilities from 1.3 to 20. Pm may be considered the peak dynamic load

and Qy the static yield load. It is appearent that for ductilities cf

5 or more, Pm 2 0.9 Qy, and for ductilities of 10 or more Pm > Qy
throughout the range of td/T considered. If account is taken of the
increased strength of materials under dynamic loading, one could

probably safely conclude that Pm Z_Qy for ductilities of 5 or more.
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The results of the model tests conducted in this study indicate that the
iequired ductilities are obtainable, as shown in Chapter 5.

The prototype designs developed in this chapter established
the basic sizes and configurations for the scale models tested in

this study.
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TABLE 3.1. VARIATION OF Pm/Qy WITH DUCTILITY RATIO

e

Ductility Ratio

Values of Pm/Qy

" td/T = 0.3 td/r = 1.4 td/T = 80
1.3 1.45 0.75 0.61
1.5 1.65 0.81 0.66
2.0 2.0 0.95 0. T4
3.0 2.6 1.1 0.63
) 3.0 1.2 0.88
5.0 3.5 1.3 0.90
6.0 3.8 1.37 0.92
7.0 4,2 1.b4 0.93
8.0 b,s {8, 0.9
9.0 L.8 1.55 0.95

10.0 5.0 1.6 0.955
15.0 6.0 1.8 0.98

(Values from Chart I, Ref. 18)
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Radius to Rov

————
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907 m. 70
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6.9 88
5.8 97
6.0 88
6.3 78
6.5 T0
6.8 61
7.1 52
1.7 k2
8.3 35
9.5 2
10.4 15
7.8 10

805 -

1 layer #11 bars @ k-7/8" voth
1-1/2" dia. steel yods

15'-0"

rr 13/16" steel plate
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19'-0"

Fig. 3.5 Silo Closure Slab 36-A
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CHAPTER &4 ‘

MODEL TEST SERIES

4,1, General

In order to determine the actual lceds at failure and modes
of failure of closures similar to those proposed in the design study
(Chapter 3), a group of models was constructed and tested. Since
the force required for testing to a given pressure varies with the
square of the model diameter, it was necessary to use relatively small
models. This consideration, and the possibility of coupling the test
device to an existing dynamic loader, led to the adoption of a model

scale factor of 1/1kth,

Three series of models were tested. The first series
(Series K) consisted of 17 models, all 1/14th scale. The models were
16.29 in. outside diameter, 3.68 in. thick, and were supported on a
12,85-inch clear span. Most were variations of scale models of the
1000-psi prototypes described in Chapter 3.

The second series (Series J) consisted of models of closure
prototype 36-C, nominally designed for 300 psi. Two of the models
were 1/14th scale and 2.30 in. thick. The remaining four models were
l/Sth scale, 47.5 in. in diameter, 6.5 in. thick and tested over a
36-in. clear span. Two of the latter slabs were tested dynamically.

The third series (Series G) comprised twelve models of 1/14th
scale. The series included models 3.68 in. and 5.47 in. thick, repre-

senting variations of scale models of the 1000-psi and 2000-psi

-
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prototypes, respectively; and two 4.47-in. thick, 2000-psi models for
which no prototype had been designed.

The following sections describe the scaling relat!onships,

testing devices, model designs, material properties and instrumentation.

k.2, Scaling Relationships

The model dimensions were scaled linearly from the dimensions
of the prototype structures. The physical properties of the materials,
i.e., moduli of elasticity, steel yield strength and concrete tensile
and campressive strength, were maintained as close to those of the
prototype as possible,

So long as the physical properties of model and prototype
are the same for a given distributed lcad intensity, the stresses and
strains at corresponding points in the model and the prototype will be
the came. According to Mattock (20}, this is a sufficient requirement
to guarantee that the strength and behavior of the prototype will be
reproduced by the model even for large inelastic deformations.

In order to properly represent the shear strength of the
prototype, which was expected to be governed by diagonal tension
stresses, small-aggregate concrete was not used. For a given compres-
sive strength, the small-aggregate, or "micro" concrete generally has
a higher tensile strength than a normal mix, leading to deceptively
high shear strengths for small-scale models. The models in this study
were cast with normal-aggregate concrete, with a maximum coarse-

aggregate size of 3/8 in. Materials are discussed further in

Section 4.8,
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L.3, Test Device for 1/1u4th-Scale Models

The ./l4th-scale models were loaded hydraulically, using the
fixture shown in cross-section in Fig. 4.1. The device consists of a
base plate, model support ring, spacer rings for the several model
thicknesses, and the pressure head. A supporting stand provides floor
clearance and a mounting base for the dial gages used to measure model
displacements. The gap between the spacer ring and the model is bridged
by an aluminum ring 1/16 in. thick; and a 3/32-in. thick fabric-
reinforced neoprene membrane covers the aluminum ring and the entire
upper surface of the model. A butyl rubber O-ring completes the oil
seal, as shown in the detall of Fig. L.2. Figure L.3 is a photo of
the partly dismantled loader and supporting stand with a slab in
place.

The loading device was made of ASTM A-212, grade B, steel.
After assembly, the base plate, support ring, spacer rings and pressure
head are bolted together with 24 1-1/4-in. high strength (fy = 100 ksi)

steel studs. The pressure head and studs were designed to yleld at a

loading pressure of 5000 psi. The uniformly distributed oil pressure
for testing is obtained by supplying oil to the pressure head with a
hand pump of 10,000 psi capacity.

Figure 4.1 shows the loading device as it was arranged for
the 3.68-in. thick slabs. When the 2.30-in. slabs were tested, an
auxiliary support ring 1.38 in. thick, 16.29 in. outside diameter and
12.85 in. inside diameter, was placed on top of the regular support ring

and secured with countersunk screws. When the 4.47-in. G-Series models
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were tested, an auxiliary spacer ring, O0.79 in. thick, was placed i
ol

between the support ring and the regular spacer ring. An additional

1l-in. thick spacer ring was used for testing the 5.47-in. thick G-Series ‘!

models. I

L,4, Test Device for 1/5th-Scale Models

—9

The tests of the 1/5th-scale J-Series models were conducted
in the Structural Dynamics Testing Facility of the University of
Illinois Department of Civil Engineering. The testing device used is

a gas-operated loader capable of producing an 800-psi gas pressure over

an area four feet in diameter. The rise time of the loading pulse can

be controlled to provide a minimum time to peak pressure of 2.5 milli-

seconds. The decay rate can be controlled to appr imate the portion

of a nuclear detonation from peak pressure to one-half peak pressure.
The operation of the loading device is briefly discussed in Ref. 1.
Each closure model tested was supported so that its upper

surface was flush with the top edge of the four-ft diameter specimen

=t bt b b e =

tank shown in Fig. 4.4, The slabs were supported around the outer edge

by means of & cylindrical support which extended to the bottom of the

—

specimen tank. The gap between the specimen tank wall and tae model

was bridged by a 3/16-in. thick steel ring. and a clamped 3/32-in.

[ -

“hick fabric-reinforced neoprene membrane covered the steel ring and

L3

the entire upper surface of the model. Rubber O-rings were used to

complete the seal, as shown in Fig. 4.5.
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L.5, K-Series Models

The K-Series of models consisted of 17 slabs which were
. /14th-scale reproductions of prototype closures 40-A, 60-B or 36-A,
as described in Chapter 3, or variations of them. The models were
16.29 in. outside diameter and 3.68 in. thick. Those models that were
direct reproductions of the design study prototypes were all designed
to resist 1000 psi overpressure.

The 17 models of K-Series fall into five groups: (1) A
group of four 1000 psi models, (2) A group of four models identical
to those of the first group except that each contains 3 rings of shear
reinforcement, (3) A pair of models identical to two of the models of
the first group except for the addition of 6 rows of shear reinforce-
ment, (4) A group cf four "miscellaneous™ models, and (5) A group of
three models containing "random" reinforcement. Some of the properties
of the K and J-Series of model slabs are listed in Table 4.1.

Slab K-1 was the scaled replica of protctype 40-A. The
bottom reinforcement consisted of two layers of 1/8-in. square bars
spaced at 5/8 in. center-to-center in the two perpendicular directions.
One such layer, or mat, was provided for top reinforcement. The ends
of each bar of the bottom mats were welded to a 16-gage hoop to insure
anchorage. (For the readers' convenience, the thicknesses in inches
of the sheet metal and wire gages used in model crnstruction in this
study are listed in Table 4.2.) Model K-1 is shown in cross-section in

Fig. L4.6.
Model slab K-2 was similar to K-1 except that anchorage of the

tension steel was obtained by welding the end two intersections of every

bar.
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Model K-3 was the -caled reproduction of prototype 36-A, the
basic plate-reinforced closure. The tension reinforcement was pro-
vided by a 16-gage plate, and a single mat of 1/8 x 1/8-in. square
bars supplied the compression reinforcement. The model shear connectors
were 12-gage "Insul-pins," one and 1-1/2 in. long, made by Omark

Industries and welded to the plate with an Omark stud welding machine.

The model cross-section and shear stud arrangement are shown in Fig. 4.7.

Model K-10 was the last model of the first group of four.
Tension reinlorcement was provided by a 2l -gage plate and one mat of
1/8 x 1/8-in. square bars. A single mast provided the compression
reinforcement, as in the other model slabs. The shear stud arrangement
for model K-10 is shown in Fig. 4.7. The shear studs were 12-gage
"insul-pins,"” one and 1-1/@ in. long.

The second group of four models included K-6, K-5, K-8 and
K-11, which repeated K-1, K-2, K-3 and K-10, respectively. Each of the
models in this group was supplied with three rings of shear reinforce-
ment as shown in Fig. 4.8. The shear reinforcement was proportioned
so that the force provided by each ring was equivalent to that provided
by welded wire fabric (fy = 64 ksi) having vertical 0.5-in. diameter
bars at 6-in. spacing in the prototype slab.

Models K-3 and K-1 were reproduced a second time as K-12
and K-13, respectively, each with six rings of shear reinforcement.
The location of the shear steel was as shown in Fig. L4.8.

The ‘'miscellaneous" group of models included slabs K-7, K-4,
K-9 and K-14. Model K-7 was a plain concrete specimen, included to

establish a lower limit of strength and ductility.
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Model. K-k was reinforced with a 2b-gage plate only and had
the lowesh steel ratio of any of the models. Its naminal design load
was 500 psi. The sheer stud arrangement for K-U is shown in Fig. 4.7.

Mcdel X-9 was reinforced with s cirdulé?fanéle retaining ring
at the lower edpge of the slab and by a single compression matVnédr the
top surface. The plan and cross=-section are shown in Fig.‘u.9.

Model K-1k was identical to K-3. Test conditions wefe
changed, though, by polishing the lowerlgﬁ#face‘of thé slab and the -
upper surface of the support ringvand by'gréasing‘these surfaces prior
to testing. | |

Mode L5 K415,HK416; and XK-17, fabricated df rarndemly reinforged
concrete, composed the final group of the K-Series of models. Chopped
wire concrete is of intere§t because of itskhigh~tensile strength,
high cracking resistance and resistance to shattering under impact or
explosive loading conditions. Unfortun&tely; ﬁc practical way'of making
2 full size closﬁfe s}ab is‘now known. ‘The material mixes are discussed

further in Section 4.8.

4,6, J-8eries Models

The J-Seriés'inéiﬁded six modeié; Ailkwéreiscaled froﬁ pfé-
totype 56—&,‘whichzwas designed for a nominal §OOepSi overpreséuré._'
. Slabs J-1 and J-2 were'identicai‘ 1/1kth-scale models, each
reinforced with a 2l-gage plate at the botfémjénd;é?Single mat of
1/8 x 1/8-in. square bars ét lml/h—in. cénters eé¢h wayHat the top.

These slabs were 2.30 in. thick. Pigure h;ld*éhows tﬁevcrcss-sectionﬁ
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and a plan view with a shear stud layout. The shear connectors were
12-gage "Insul-pins" one and 1-1/2 in. long.

Slabs J-5 through J-8, (numbers J-3 and J-4 were not used),
were 1/5th-scale models of closure 36-C. The slabs were 47.5 in.
outside diameter, 6.5 in. thick and supported on a 36-in. diameter
clear span. The outside diameter was slightly greater than the scaled
dimension to simplify sealing in the existing 4-ft specimen tank.
Tension reinfcrcement was provided by a 16-gage plate. One mat of
No. 3 deformed bars at 3-1/2 in. centers each way supplied the com-
pression reinforcement. The shear connectors were 3/16-in. diameter
round bars, two and 2-1/2 in. long. The slab cross-section and shear
stud arrangement are shown in Fig. 4.11. Model J-7 was defective and

was not tested.

k,7. G-Series Models

The G-Series included twelve 1/l4th-scale models of 1000 and
2000-psi prototypes. Model thicknesses of 3.68 in., 4.47 in. and
5.47 in. were represented and concrete strengths were varied in several
cases. Properties of the G-Series model closure slabs are listed in
Table 4.3.

Models G-1, G-2 and G-3 were identical to each other and to
model K-3, except that concrete strengths were varied. Cylinder
strengths for these models were 7050, 5130 and 3030 psi, respectively.
The purpose of this group of models was to demonstrate a relation

between shear stress at failure and concrete compressive strength.
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The scaled “thickness of the 2000-psi prototypes 40-B and
36-B is 5.57 in. Variations of the 2000-psi models were to be cast at
4L.57 in. thick. Due to an error in dimensioning, however, the models
produced were 5.47 in. snd 4.47 in. thick. Models G-4 and G-5 were
tested with test fixture spacers totaling 5.57 in. thickness. The
error was discovered and 0.1 in. was removed from the 0,89-in. spacer
ring. The test machine was then compatible with model slab thickness
for the remainder of the tests, though the prototype thicknesses were
not exactly scaled.

Model G-4 was a plain concrete slab 5.47 in. thick, intended
to provide a lower strength limit for the thicker slabs.

Model G-5 was a 5.47-in. thick reproduction of prototype
closure 36-B except that the 2-in. long "Insul-pins" used for the
longer shear studs were 10 gage rather than 12 gage, as designed. The
1-1/2-in. long "Insul-pins" were of 12-gage material. Tension rein-
forcement was provided by a lk-gage plate and compression reinforcement
by a single mat of 1/8 x 1/8-in. square bars at 5/8-in. spacing each
way. Model G-5 was the last of the plate-reinforced models in which
the number of shear studs in the prototype was reproduced exactly with
"Insul-pins" of scaled diameter. The remaining G-Series models were
designed directly, using Viest's (17) equation for shear connectors of
diameter less than one inch, which results in fewer studs required.

A plan and cross-section of the model slab are shown in Fig. 4.12,

Model G-7 was roughly equivalent to a G-5 model with shear
reinforcement added, although there were actually several significant

differences. Tension and compression reinforcement were identical, but
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the shear studs were 10-gage "Insul-pins" two and 2-1/2 in. long.
Allowable loads per shear connector were computed fram Viest's formula

for rods smaller than one inch in diameter:

Q = 5.25D 4/B000TT (b.1)

For units of kips and ksi this can be conveniently rewritten as

Q = 10. 5D§4/I‘(‘: kips (4.2)

For studs 0.135 in. in diameter, the allowable load per stud for
fé = 5 ksi, is 0.428 kips. For the model dimensions, one can derive

the following formula for number of shear studs:

n = %;f-i (4.3)
which is equivalent to Eq. (3.9) derived for the prototype dimensions.
For the 10-gage studs and d = 5.47 inches, n = 424 studs. This
compares with about 820 studs that would have been required for a
prototype designed for studs 1.89 in. in diameter, i.e., 14 x 0.135 in.,
using the method of Chapter 3.

Alternate shear connectors in three rings were replaced with
ll-gage annealeu wires which were welded to the steel plate and
extended to the bottam of the compression bars. Anchorage at the top
of the shear reinforcement was supplied by horizontal 1l-gage wire
hoops, welded to each of the vertical wires. A plan and cross-section

of the model are shown in Fig. 4.13. Figure 4,14 is a photograph of

the shear reinforcement.

L)
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Model G-10 was identical to G-T7 except that one mat of
1/8 x 1/8-in. square bars speced at 13/16 in. each way provided
additional tension reinforcement.

In order to obtain data at one additional L/d ratio, two
models 4.47 in. thick were tested. Model G-6 was supplied with tension
reinforcement in the form of a 1l4-gage plate and one mat of 1/8 x 1/8-
in. square bars at 13/16 in. spacing. The compression reinforcement
was one mat of 1/8 x 1/8-in. square bars at 5/8 in. on centers. Shear
connectors were 10-gage "Insul-pins,"” two and 2-1/2 in. long. About
350 pins were required. The cross-section, plan and shear stud arrange-
ment for G-6 are chown in Fig. 4.16.

Model G-8 was identical to G-6 except that the nominal
concrete compressive strength was 7000 psi rather than 5000 psi.

Models G-9, G-11 and G-12 compose a miscellaneous group of
models, each constructed for a specific purpose. Model G-9 was
identical to K-3 and was built to test the ability of the K-3 (or
prototype 36-A) design to withstand repeated loadings.

Model G-11 was also identical to K-3, except that alternate
shear studs in one ring were replaced by vertical shear reinforcement
consisting of 1/L-in. threaded rods. The threaded rods were anchored
at the bottom by standard 1/4 - 20 nuts welded to the plate and at
the top by specially manufactured nuts, 3/4 x 3/4 x 1/4 in. thick.
This scheme was designed to facilitate assembly of the model and to
avoid the loss of anchorage which may have occurred due to weld

failures in other attempts at providing shear reinforcement. 1In the

prototype, deformed barc welded directly to the bottom plate and hooked
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ut the top would supply the shear reinforcing. The cross-section and
plan of model G-1ll are shown in Fig. L.17. Figure 4,15 is a photograph
of model G-12 prior to casting which illustrates the threaded rod shear
reinforcement common to G-11 and G-12.

The final model of the series, G-12, represented an attempt
to gain additional strength by confining the concrete in a steel shell
in a manner similar to that used successfully by IIT Research Institute

(5) and the Air Force Academy (6). The model was reinforced with an

11-gage plate at the bottom and by two mats of 1/8 x 1/8 in. square bars

at 5/8 in. on centers at the top. Shear connectors were 10-gage
"Insul-pins," two and 2-1/2-in. long, in the same pattern as for G-7
and G-10. Shear reinforcement was provided by 1/4-in. threaded rods
as in G-11. The model was encased in an ll-gage steel sleeve which
extended from the top of the steel plate to the upper surface of the
slab. The model is shown in Fig. 4.18 and 4.15.

The thickest steel that can be rolled into a 16-in diameter
hoop in the University of Illinois shops is 11 gage. Model G-12 was
designed on the basis of this limitation. A simple hoop-stress
analysis was used to determine the improvement in bearing stress
capacity resulting from confinement by an ll-gage hoop. The confining
stress, or minor principal stress when the hoop yields, is given

approximately by

ef t
05 =—5L (,-#.!4)
(o}

where t is the thickness of the hoop and Do its outside diameter.
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The bearing stress, which is the major principal stress in the support

area, is obtained from the formula of Richart, et al (21):

o) = 4.0y + £ (4.5)

which in this case becomes

8.2f t
— —L 1
gl = D + fc (h.6)
° |
From Eq. (3.5) and (4.6) the allowable lcad based on vearing is found I
to be
B-lfyt fé ;
W = Do + 2.65 (ho?)

For fy = 40 ksi, t = 0,1196 in. and f! =5 ksi, w is found to be
2.8 ksi. With no confinement the load w is only 1.9 ksi.

Shear reinforcement was provided to resist 800 psi of the
total load applied to a truncated cone with upper surface 5.5 in. in
diameter. Each 1/4-in. threaded rod was capable of resisting a load

Py of 0.8 kip after annealing, and the number of rods required was
computed as

2 2
nD7w _ (0.7854)(5.5)°(0.8) ., .

4P 0.6
y

The tension plate thickness was chosen to carry the 2800-psi load
computed above. Equation (3.6) may be rewritten for the model dimen-

sions as

p = 0.213 w/d® (4.8)
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and for w = 2.8 ksi, d = 5.47 in., the proportion of steel is found to
be p = 0.02. The plate thickness required is then t = (0.02)(5.47) =

0.109% in. An ll-gage plate, t = 0.1196 in., was chosen.

4L.8. Materials

The materials used in the construction of the models are
described in the following paragraphs.

The concrete used in all models except slabs G-1, G-3, G-8
and the randomly reinforced specimens had a nominal cylinder strength
of 5000 psi. Type III Portland cement was used so that the required
strength could be obtained after seven days of moist curing and seven
days of drying. The 1/lhth-scale slabs were moist cured in the Talbot
Laboratory fog room and the l/Sth-scale slabs were cured under damp
burlap and polyethylene. In all cases the test cylinders received the
same curing conditions as the models.

The coarse aggregate was pea gravel with a maximum size of
5/8 in. Grain-size distributions for the aggregates are shown in
Fig. 4.19. The cement:sand:gravel ratio for the 5000 psi concrete was
1:3.2:3.5 by weight and the nominal water-cement ratio was 0.69 by
weight. The model concrete was not “micro-concrete," but a material
with the strength and deformation characteristics of ordinary high-
strength concrete.

Stress-strain properties were obtained for cylinders from an

initial trial batch. For a group of three cylinders with an average

fi of 5500 psi, the initial modulus of elasticity was 3.8 x 106 psi,

(]
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the secant modulus to O.Sfé was 3.4 x lO6 psi, and the maximum stresses
were reached at strains between 0.0025 and 0.0027.

The concrete for model slab G-3 was identical to the 5000-psi
concrete described above. The 3000-psi cylinder strength for G-3 was
obtained by curing for only three days. The 7000-psi concrete for
model slabs G-1 and G-8 utilized a cement:sand:gravel ratio of
1:2.52:2.76 and a nominal water:cement ratio of 0.545 by weight. The
cement and aggregates used in G-1 and G-8 were the same as those used
in the 5000-psi specimens.

The randomly reinforced slabs, K-15, K-16 and K-17, were cast
from concrete containing short pieces of wire. No coarse aggregate
was used. The cement:sand ratio was 1:2.5 and the water:cement ratio
was 0.5, both by weight. The concrete contained 2.98 percent of wire
by volume. Short lengths of 0.017 in. diameter steel wire were used.
Pieces of smooth, wavy wire 1.0 in. long were used in K-15. Smooth,
straight pieces 1.2 in. long were used in X-16. Straight, crimped
pieces were used in model slab K-17.

In the mixing process, the mortar was mixed, and the wire
was then gradually added to the running mixer.

The compression strengths of the concrete in each slab model
are shown in Table 4.4, The strengths shown for the 4 x 8-in.
cylinder are the average of four cylinders and are assumed to be
representative of the 1/14th-scale slabs. The strengths reported for
the 6 x 12-in. cylinder are the average of two cylinders tested, and

are assumed to be representative of the concrete in the l/Sth-scale

slabs.
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The tensile strengths of the concrete are shown in Table 4.5,

These were obtained from split cylinder tests of 4 x 8-in. and 6 x 6-in.

cylinders. At leasi three 4 x 8-in. and two 6 x 6-in. cylinders were
tested from each batch.

Strength properties of the reinforcement used in the various
models are shown in Table 4.6. The yield and ultimate stress values
shown are the averages of several tests. Additional information con-
cerning the various reinforcing materials is contained in the following
paragraphs.

The 1/8-in. square bars were of AISI B-1118 steel, annealed
at leOOF. for three hours and washed in hot, dilute hydrochloiic acid
before use. A typical stress-strain curve is shown in Fig. 4.20.

The 11, 14, 16 and 2k-gage sheets were of black, hot-rolled
steel obtained from the University sheet metal shcp. The material did
not exhibit a sharply defined yield point, but did have a yield
plateau. In same cases the yield strength in two perpendicular
directions differed by one to two ksi. 1In such cases the averages are
reported. Typical stress-strain curves for 16 gage and 24 gage speci-
mens are shown in Figs. 4.21 and 4.22, respectively.

The 16-gage wire used as shear reinforcement in K-Series slabs
was cut to length, stretched in a frame and annealed for two hours at
1150°F. in zn electric oven. Several batches of the steel were
annealed, and the yield strengths were slightly different, as indicated

in the table. A typical stress-strain curve is shown in Fig. 4.23.
The ll-gage wire used as sheur reinforcement in model slabs

G-7 and G-10 was cut to length and annealed in the electric oven for

two hours at lQOOOF.
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The 1/4-in. threaded rods used for shear reinforcement in
models G-11 and G-12 were cut to length and annealed at 1500°F for

one hour in the electric oven.
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L,9, Fabrication

Procedures used in constructing the model slabs are discussed

« =

in this section.

¢

The l/lhth-scale models, except G-12, were cast in a steel

z €

form. The form consisted of a steel bottom plate and a side section
made by cutting & slice from a piece of thick-walled pipe, clamping

- the gap shut, and machining the inner surface to the proper diameter.

= Ir use, releasing the clamp allowed the pipe to open slightly and
facilitated removal of the model. Two side pieces were constructed
for 3.68-in. and 5.47-in. high models. Plywood fillers, 1.38 in. and
1.0 in. thick, were used with these forms to make 2.30-in. and 4.47-in.
high models.

In general, the fabrication sequence was: (1) Assemble the
reinforcing steel. (2) Place the tension reinforcement in the form.
(5) Pour concrete to the level of the compression steel, and place
the compression steel. (i) Pour the remaining concrete and finish
the top surface. Variations from this sequence and additional notes

on construction of the models are discussed in the paragraphs "

following.
The 10-gage, 12-gage and 3/16-in. shear studs were electrical-

ly welded to the bottom steel plates with an Omark stud welding gun.

This device was also modified and used to attach the ll-gage wires
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used as vertical reinforcement in model slabs G-7 and G-10. The
shortest studs were always welded first

The stresses built up during the stud-welding process deformed
the steel plates into a dish shape. To hold the plate flat for casting,
eight threaded studs were welded to the underside of the plate and
used to bolt it securely to the form.

The outside steel confining ring for model G-12 was tack-
welded to the finished bottom plate and the concrete was then placed
directly in the assembled steel shell, with no other form required.

The K-Series models with 16-gage wire shear reinforcement
required a variation in the usual casting procedure. Since the shear
steel extended through the compression steel mats in these models, all
of the reinforcing was assembled before any concrete was placed. This
required that the concrete be filtered through the l/2-in. square
openings in the compression steel. To facilitate this operation the
slump was increased to five or six inches and the curing time was
extended to compensate for the expected change in strength.

The reinforcing assembly procedure for models G-11 and G-12
was: (1) The 1/h-inw standard nuts were welded in place on the steel
plate. (2) Shear studs were attached using the Omark welder. (3) The
1/k-in. threaded rod shear reinforcement was screwed into the nuts on
the bottam plate and the 3/4 by 3/4-in. nuts were attached at the upper
ends. The need for an assembly procedure which would eliminate inter-
ference between the shear studs and the longer vertical rods dictated

the use of threaded rods for these models.
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The 1/5th-scale models were cast in a form having 16-gage

sheet metal sides and a plywood base. The models were large enough to

allow ordinary concrete placement and vibration procedures.

i =y omy

4,10, Instrumentation

The instrumentation for measuring deflection, strain and

{

> pressure is described in this section. The instrumentation used for
T’ the 1/1kth-scale slabs is discussed first, and a description of the
:t 1/5th-scale instrumentation follows.

3 The deflections of the bottam surface of each 1/lith-scale
~ slab were measured at five points along a single diameter. The loca-
.

tions of these points are shown in Fig. h.Qh(a). Measurements were
made with dial gages, sensitive to 0.00l1 in., attached to the support-
ing stand and actuated by push rods as illustrated in Fig. L.,25. An
additional gage measured the deflection of the test device support
ring relative to the supporting stand.
Lateral movement of the G-Series of 1/l4th-scale models was
measured at a single point by a dial gage mounted as shown in Fig. 4.26.
Strain gages were placed on the reinforcing of all of the
model slabs except K-1l. F;ur gages were placed on the bottom steel,
and four on the top steel. The gages on the top steel were located
as shown in Fig. 4.27(a). The gages on the bottam steel were in similar
locations on the bar-reinforced models. The gages on the plate- |
reinforced models were located as shown in Fig. h.27(b). The gages on

bars were always placed on the bars nearest the slab surface. Gages

on plates were placed on the lower surface of th= plate.
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In addition to the gages on the compression steel of K-9,
two gages were placed on the outside vertical surface of the steel
retaining ring to measure the horizontal strain in the ring. The
gages were located 0.5 in. and 1.2 in. above the lower surface of e
the slab.

Model slab G-12 was also equipped with two additional gages,
one located on the outside confining ring, about l/h in. above the
lower surface of the model, and the other placed at mid-lerigth on one
of the 1/4-in. threaded shear reinforcing rods.

The gages were Budd Metalfilm foil gages, type C6-111B or
C6-121B, except that in same cases SR-4, type A-7 paper backed gages
were substituted for application to the exterior of the model. The
foil gages were attached with an ~poxy-resin cement. Eastman 91C or
Budd GA-1 contact cement was used to bond the SR-4 gages.

Gages placed on reinforcing bars were waterproofed with two
or three coats of Gagekote No. 2 waterproofing com.ound and then given
two coats of Petrolastic. Gages placed on the outside of the slab
were treated with Gagekote only.

The strains were read with a Baldwin SR-4 strain indicator
and were recorded manually.

The hydraulic pressures were read by means of Bourdon tube
gages. Gages of 2000, 3000, 5000 and 10,000 psi capacity were used at
different times g¢. the project progressed. The gages were calibrated
with the aid of a dead-loading calibrating device. -

The 1/5th-scale tests required different instrumentation. =

The two dynamic tests required automatic data recording and the
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inaccessitle location of the slab surfaces in the test fixture demanded
remote readout of the deflection gages.

Def'lections were measured at five locations along a single
diameter on the lower surface, as shown in Fig. 4.2k(b). Slide-wire
electrical deflection gages witih a total travel of 2.0 in. were mounted
on an B-in. wide flange section and actuated by push-rods. Figure 4.28
shows the actuating assembly. The gages were connected so that each
formed two active arms of a four-armed bridge measuring circuit.

The strain gages on the 1/5th-scale slabs were located as
shown in Fig. 4.28., The four gaeges on the campression reinforcement
were installed and waterproofed, as described earlier, before the
concrete was cast. The lead wires from thesc gages were brought out
through a hole in the steel plate. Budd Metaifilm > "1 gages, type
C6-141B, were attached tc the compression reinforcement by means of
an epoxy cement. Similar gages were attached to the lower surface of
the slab with Eastman 910 cement after the concrete had cured. In
addition, supplementary tpaper-backed gages were attached to the plate
near gage points 1 and 3, in order to ccmpare the behavior of the
different gages.

During the static test of slab J-5, the pressures in the
chamber above the slab and in the tank below the siab were measured
with CEC Model L-313 pressure gages, which employ electrical resistance
sensing elements. The gages were calibrated against Bourdon tube

gages, which were also used to monitor the pressures. During the

dynamic tests, pressures were measured with Kistler Model 601
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piezoelectric pressure tranducers which had been calibrated against
Bourdon tube gages.

The data from the deflection, strain and pressure gages were
recorded on magnetic tape during each of the tests. Data stored on
magnetic tape at the University of Illinois Structural Dynamics
Laboratory can be recovered in several forms. In this investigation
only graphical output has been used.

This completes the discussion of the design, construction
and iuastrumentation of the model slabs. Test results are presented

in the chapter following.

e

-

ow

L]

bo

o d

[




“ SIPUTTAD ;41 X ,,2 =

Buot ,1 aatm padutad ‘3y3teIlS - Wopuey 0682 On2L 99-62-9 Chco LI-N
BuoT ,2°T a4TM JuyBTeJis ‘yjoous - uwopuey oT A <021L 99-62-9 S 9T~
SuoT ,T 8JIM Laem ‘Yioows - wopuey 0012 <0685 99-92-8 SES G1-X .
o3eTd +ed 97 GL9 0¢ 19 L9-21-6 99-91-9 g-r
i a3eld ‘ed g1 P5}93 30N 99-41-8 L-r y

spe1d +e? g1 266 09.6 L9-12-2 99-6-9 9-r
(ueds ,9¢ X YOTul ,G°g) sjerd ‘ed gf 096 0964 L9-01-T1 99-¢-Q G-r
a3e1d ‘B3 2 ozl 0229 99-81-9 99-6T-.. &=
(ueds ,cg-21 x ¥o1Y3 ,¢'2) 91”id red x2 GQL onss 99-/1-9 99-¢1-L T-r
{13210ddns pasesan) o3erd ‘ed gy oLT2 0959 99-2T7-9 99-g-L HT-X
. To93s Jeays s3Bulg g ‘pueq O3} papTam SsjBW 2 ot9e 0696 99-g2-L 99-L-L ¢1-¥
) T293s Jeays s3utg g ‘a3eTd -e3 91 0022 0L66 99-2-9 99-62-9 ALY
1991s Jeays s3uTd ¢ ‘spus 3& paplam jew 1 ‘o3eid ‘el n2 G691 0%0% 99-L-L 99-¢2-9 TT-M
Spus 3e paplam jew [ ‘ajefd ed 2 0912 . 0.L66 99-82-9 99-6-9 o1~
3uta Burturelas ST3UY ontz 0005 99-¢2-9 99-02-6 6-3
To91s Jeays s3uta ¢ ‘93erd -®3 g1 0st12 00g8H 99-L1-9 99-L1-6 g-X
SUON oe1e 02ns 99-97-9 99-21-6 L-X
Too3s JB3YS sButa ¢ ‘pueq O3 papism Siew g ot¢e 0¢05 99-61-6 99-6-6 9-%
T293S Jeays sBuUlx ¢ ‘Spus 3B paplom S3EU 2 01,2 0694 99-21-4 99-92-14 G-
ajeTd -e3 2 GELT 0925 99-6-6 99-GT-4 -3
azeTd ‘e3 gr 0612 021§ 99-32-1 99-21-4 ¢-)

SPUS 18 pPapTeM SieUW 2 0sHe 0049 99-12-% 99-gT-¢ 2-% g
pueq O3} papiam sjeu 2 o9ne 01,86 99-¢T-% 99-62-2 1-%
FJUSBWIOIOJULISY 1sd Mwa Ppalsa] 158D *ON
peOT ‘XBWN V3 aje(q 23ed qeTs

SAIYIS I ANV A ‘SHVIS FYNSOTO TIAOW 40 SATI¥FAOMd Tt FIAVI

PER (W o0 fum MEmm pmd oy P4 e ) g g Peme S0 =g Smn 0w OB o




64

TABLE 4.2, SHEET METAL AND WIRE GAGES

United States Standard
Gage (Sheet Metal)

United States Steel
Wire Gage

Gage No. Thickness, Inches Diameter, Inches

o eeass * 0.135

11 0.1196 0. 1205
12 eessea 0.1055
1k Qo7 e
16 0.0598 0.0625
18 0.0478  eeea--
oL 0.0239  eeeea-

¥ Only those sizes used in model fabrication are tabulated.

o

y

(S

.4




oy

=

*L96T ut so3®p TIV %

*JuraJ Jeays poI papeaaul ,4/1 pue

_ Buta Bururjuod -ed 1T ‘93e1d ‘el 1T Ly°G 00TH 0016 22-6 L-6 21-9
(moa 1) -gutrsa xeays
pPox papeaayy ,4/T pue 23e1d el 4T 89°¢ 0gne 0015 G2-6 L-6 T1-9
SMOJX *Jurax Jesys ‘e3d 7 OSlE
( <)
| w91/¢T 3® saeq *bs ,g/1 pue ajerd -ed 41 LS oon§ 0066 g8-6 22-9 oT-9
A (¢-M o3 TeoT3uapl) a3e1d 3 g1 89°¢ 00¢2 0625 62-8 ni-8 6-9
un
\O 9-C 03 [ed13juer [ Ly 00§ 0¢oL L1-g 2-8 8-9
(smox ¢)
*Jutax Jeays -3 [T ‘3a1e1d *e3 4T Ln°G G262 0L9% L-8 ne-L L-9
49T/¢1 38 saeq -bs ,g/1 pue s1e1d B3 41 Ln°y GLLZ 06LS L2-L 9-L 9-9
ajerd -ed y1 Lu°S 0082 0096 11-L 02-9 -9
SUoN Ln°G oH61 0046 ¢-9 81-¢ -9
(¢-d 03 TeoT3uapT) a3eid -ed g1 89°¢ GLGT 0¢0¢ 8-¢ G-¢ ¢-9
(¢-) 03 TeoTyUapl) s3eld -e3 g1 89°¢ GL12 05 19 4 ¢2-2 -9
(¢-¥ o3 t1ed13usptr) a4e1d ‘€3 g1 89°¢ 0822 060L L1-6 #22-2 -9
. ssayour 1sd 1sd Pa1sal 1se) ‘oM
JUSWIDIOJUTIY SSauUy o1yl PBOT *XBW wp atreqd ajeq qQeTs
SATYIS-D ‘SEVIS FUNSO10 TIAOW 4O SAIIYALONT ¢t FTAVL




66
TABLE 4.4, CONCRETE COMPRESSIVE STRENGTH DATA
Slab Date Date Slump fé - psi
No Cast Tested in. L x 8 in. 6 x 12 in.
K-1 25 Feb. 1966 13 April 1966 6 1/2 5870 5985
K-2 18 March 21 April 11/2 6400 5500
K-3 12 April 28 April 21/2 5720 5190
K-4 15 April 5 May 2 5260 5200
K-S 26 April 12 May 21/2 5650 5060
K-6 5 May 19 May 2 5030 4760
K-7 12 May 16 June 51/2 5420 5330
K-8 17 May 17 June 6 4800 4930
K-9 20 May 23 June 61/2 5000 5230
K-10 9 June 28 June 1 5970 5470
K-11 23 June 7 July 6 1/2 L050 Loio
K-12 29 June 2 Aug. 3 5970 5700
K-13 7 July 28 July 2 1/4 5650 5460
K-14 8 July 12 Aug. ol 6560 6520
J-1 13 July 17 Aug. 3 5540 6030
J-2 19 July 18 Aug. 2 6220 5850
J-5 3 Aug. 11 Jan. 1967 3 1/4 5130 5560
J-6 9 Aug. 27 Feb. 1967 21/2 5440 5760
J-7 15 Aug. Not Tested 3/4 -- --
J-8 16 Aug. 12 May 1967 I 1/2% 6430 5720
IT 2 5430 5810

G-1 22 Feb. 1967 17 May 1967 3/4 7050 6580
G-2 23 Feb. 21 Mar. 3 6170 5650
G-3 5 Mar. 8 Mar. i 3030 2910
G-4 18 May 5 June 2 1/a 5400 5520
G-5 20 June 11 Jully -- 5600 4860
G-6 6 July 27 July -- 5750 5200
G-7 2k July 7 Aug. -- 4670 Lo12
G-8 2 Aug. 17 Aug. 1/4 7030 6730
G-9 14 Aug. 29 Aug. 1/2 5250 5990
G-10 22 Aug. 8 Sept. 2 5500 5750
G-11% 7 Sept. 25 Sept. -- 5100 --
G-12 7 Sept. 22 Sept. -- 5100 --

2 xb4in., 6 x 12 in.

Mortar With Wire
K-15 26 Aug. 1966 5890 6320
K-16 29 Aug. 7120 6660
K-17 29 Aug. 7240 7030

% G-11 and G-12 were cast from same batch.

average of 8 cylinders.

** Batch II represents compression zone and most of critical shear region.

Strength reported is
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TABLE 4.5. CONCRETE TENSILE STRENGTH DATA

—t e

Slab fy - psi
': No. L x 8 in. 6 x 6 in.
K-1 520% Lgs
- K-2 334 Lbo*
K-3 L1k 354
e K-4 525 469
: K-5 552 471
1 K-6 Lg7 37
.. K-7 573 458
K-8 L77 477
== K-9 543 Lt
i K-10 507 L3h
K-11 Lo3 L78
- K-12 512 587
K-13 ug7 576
o K-lu 51*9 625
. J-1 L76 370
1 J-2 495 552
"’ J-5 L2) 358
i .. J-6 430 bk
| J-7 --- .-
- J-8 498 1 450
[ L87 11 kes
1 G-1 615 532
- G-2 578 470
4 G-3 35k 276
kil G-k 5L5 529
4 G-5 605 550
G-6 502 L78
G-7 510 h16
G-8 568 L87
. -9 528 b33
‘ G- 10 605 513
i G-11 568 ** =
G-12 568 ---
6 x 6 in.
1st Crack 2né Crack

-1 592 678
-1 612 707
1

I
1

1

1
l
I

> X =X
~ O\

¥ 1 cylinder only
¥#% G-11 and G-12 were cast from same batch. Strength reported is
average of 4 cylinders.
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Fig. 4.3 Partly Dismantled Slab Testing Device
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» Radius to Row Spacing Along Row

‘ K-3,K-8,K-12,K-14 K-4,K-10%,K-11%

e o T7.95 in. 0.57 in. 1.42 4n.
L] L 7050 0157 1.“2
e o| 7.07 0.46 1.15
¢ ° 6-6" Ooué 1015
ool 6.22 0.39 0.98
o ® 5.78 0059 0098
e | 5.36 0.46 1.15
o @ h.9} 0«“6 lcls
e ® koso 0057 10“2
. [ ] l‘-07 3057 luk?
Yete el o 343 0.6 0.85

. .
° ..‘ Joo| 257 0.46 1.15
* L4 * [ ] lo?l 0071 1.78
] [ )
[ ]
« ° Alternate Studs 1" « 1 1/2" long.

“ote: Models X-10 and K-11 also contained
& mat of 1/8-in. sq. bars as tension
reinforcement.

Plan Shoving
Shear Stud
Placement

1 layer 1/8-in. sq- 5/8" each

1203.

0.106" Shear Studs velded to Plate

Section

16 ga. or

24 ga. Plate

A 16.29"

Pig. 4.7 Model Slabs With Plate Reinfrocement

3.68"

e

s
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16 ga. Vertical

k-5, X-6, -8, x-11
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77

—26.29%

Fig. 4.8 Shear Reinforeemeat iam Model Slabs
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I Radius to Row Spacing along Rov
- 7.72" 0.69"
| AR e 6.86" 0.48"
Yl B L 0.k2"
‘I LT et 5.15" 0.48"
v > ' 5 "
. l". - ” I_.—-I k'29 0.69
_l L L {___l" 5-“5" o.&n
- ] . . - .
" ’ . . e il 2-57“ lolk"
~ 4 4 g : v " "
i r o, e 1.72 1.1
1 1.14"
»
E 9.106" Diam. Shear Studs
- . Alternate 1" and 1 1/2" lengths /

1

Plaa
/- 1 layer 1/8-in. 8q® 1 1/4" each vay 0.19" Clear
i

IR e e ] vy v— | |

0.106" nm Shear Studs .R

ljll‘ lll/a"’h" %
”,’,': 12.85'. :II//I .

16.8" y

Fig. 4.10 Slab Models J-1 aad J-2
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T  Redius to Rov Spacing along Row

3/16" Diam. Shear Studs
Alternate 2" and 2 1/2" lengths

/ 1 Layer #5 bars @ 3.5" each vay
T

- 3/16" Diam. Shear Studs N
,fJIJJIUIJ P N [
? mu“” V//f ]
e ==

Fig. b.11 8lad Models J-5 to J-8
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nov Rad. to Row Spacing im Rov Number

,“’""T 1 7.65 0.94 51
~ s @ 2 7.01 0.72 61
™ L ]
L T 3 6.3 0.57 1
o . L = & b 5.8L 0.60 61
/,.',‘-.‘ , |5 s 0.6k 51
4 * o' o 6 .56 0.68 W2
e * o , o8 e
‘' T 3.85 9.73 5
/ 2 e |8 s 0.8 2k
[ ]
/’ . . > o9 2.17 0.91 1k
L ]
. I.' e a . |0 1.09 0.09 6
f . o1 050 0.87 3
| + —Tatal K7

Note: Model G-10 also contained s
mt of 1/8 {n sq bars at 13/16"
spacing each wvay as teasion reiaf.

Shear reinforcing
11 ga x b-7/8" long

shoving Shear Stud and
Reinforcing Placement

teraate| vith [1/2" shear studp) -

135" L‘r—u\m velled to plate 14 gh plath = -

S o

ap

12.85" Section 13

. 16.29" o .2

Fig. 4.13 Model Slabs G-7 amd G-10 1
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Shear Reinforcement for Models G-7 and G-10

Fig. 4.15

Slab Model G-12 Prior to Casting
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A
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* e

Threeded Rod

Assembly (25 Used) E

Note: Shear stud arrangement R* 5.)6“
similar to that in Slad K-3,

Pig. 4.7, except alternate 7

studs replaced in rov at 5.36 in.

redius.
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each wvay
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]
/s m-a%a d | A
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CHAPIER 5

TEST RESULTS

5.1. General

The instrumentation used in the program of model closure tests
reported in this paper was described in Chapter 4. The measurements
of deflecticn, pressure and strain taken at various stages of loading
for each model constitute the test data for this program. The same
measurements, plotted as load-deflection curves, deflection profiles and
load-strain curves, will be referred to in this report as test results.
The behavior of the model closure slabs, as indicated by the test
results, is discussed in this chapter.

Test results for K-Series and J-Series models totaling 105
figures, have been presented in SAMSO TR-67-15 (1). To avoid unnecessary
duplication those figures have not been included in this report. Figures
reprecenting all of the results of the later G-Series of model tests are
incorpcrated in this chapter,

The maximum loads sustained by the model slabs constitute a
concise and valuable set of test data. These have been reported in
Tables 4.1 and 4.3 of the preceding chapter. The appearance and condi-
tion of each model after failure contribute to a second significant set
of observations. Photographs of failed G-Series models are included
with this chapter, and photograpnhs Jf K-Series and J-Series models may
be found in Ref. 1.

Several important conclusions can be drawn from the maximum

load figures and from visual inspection of the test specimens. First,




4
1
¥
|

98

the failure louds were in all cases significantly higher than the design
loads Second, the mode of failure was not flexural as assumed in the
yield-line method used for design. This was true in all cases except,

perhaps, G-4. In most cases a punching shear failure was observed. A
failure crack started on the lower surface of the slab and sloped

upward toward the center of the slab, where its projection on the upper

surface formed the boundary of a circular depression. The slope of the

failure crack was very nearly 45° for all of the 3.68-in. thick slabs

and was steeper for the thicker slabs

Several of the G-Series specimens appeared to have suffered
bearing failures In some of these cases the failed slab continued to
deform until it was confined by the spacer rings of the test fixture

1t then accepted additional load until a second maximum was reached,

apparently indicating a shear failure at that point.

A detailed examination of the test data is not required to
explain the absence of flexural failures. The yield-line theory used
for design assumed simple supports at the boundary of the clear span,
whereas the models were actuaily supported over an annular area. The
clamping action of the load on the area of slab over the support must
reduce the maximum positive moment. Furthermore, the same clamping
action may be expected tc provide a frictional restraining force on the
lower surface of the slab. Test results are available to support these
qualitative assertions. These results are discussed further in later
sections of this chapter In general, it may be concluded that the
simple yield-line theory used for design in Chapter 3 errs on the side of
conservatism for predicting failure loads for closure slabs loaded and

supported in the same manner as were the models in these tests.
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The behavior ot the 34 model slabs tested can best be
described end compared with reference to the load-deflection curves.

As previously stated, only the G-Series load-deflection curves are
presented with this report. All of the curves obtained are similar

in some respects, nowever  The initial portion, reasonably linear,

is followed by a portion of decreasing slope to the maximum load. An
unloading portion tc failure follows, except in the case of K-15, K-17
and several G-Zeries models in which a8 seccond maximum load was observed.
The shape and length of the unloading portiorn after the final maximum
load was reached varied considerably frcm model to model.

In order to avoid discussing 34 individual curves on a purely
subjective basis, the writer has assigned stiffness and ductility
values, deduced from the curves, tc each of the models tested. The
method of assigning these values was entirely arbitrary, though con-
sistent. The numvers assigned are therefore reported as "relative
stiffness" and "relative ductility" in Table 5.1.

Tne methcd of obtaining stiffness and ductility values is
illustrated on Fig 5.1, the load-deflection curve for model slab G-l.

The linear porticn <f the curve is extended to the point at which it is

sepurated from tre actual curve by a distance of O Ol in. (abscissa

scale). The loed at that point is considered the "apparent yield" load.

The abscissa is the yield deflection The gquotient of the yield load .
divided by the yield deflection is the "relative stiffness." The

second intersection of the actual curve with the yield load is the ,
maximum deflection (for that load) Division of the maximum deflection

by the yield deflection gives the "relative ductility." The ratio of
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apparent yield load to maximum load is included in Table 5.1 as an
indicator of the bias intrcduced by the arbitrariness of the system.

The stiffnesses of the model slabs were straightforwardly
determined in most cases and the values reported deserve some confidence
The ductilities found by this method are extremely sensitive to several
factors, and should be used with caution. The stiffness and ductility
data are explored further in the next chapter

The fcllowing sections describe the behavior of the model
slabs tested in this program. Fach section considers a group of related
closure models.

Test results in graphical form are presented for the G-Series
of model slabs av the end of the chapter. The figures are arranged
numerically by model number. For each model number the load-deflecticn
curve is presented first, followed by the deflection profiles and load-
strain curves. The following notes ajply to the locad-strain curves:
(1) Curves identified with a plus (+) report tension strains positive
Compressions are plotted as positive strains where the curves are
marked with a (-). (2) The word "out" terminating a curve indicates
that tre gage ceased to provide satisfactory informaticn at that point.
(3) An arrowhead terminating a curve indicates that the gage continued
to provide data exceeding the limits of the plot. Photographs of the
specimens after testing are presented, in numerical order by model

number, after the graphical data

5.2. Bar-Reinforced Slabs

Five of the 1/luth-scale models tested contained mats of

1/8-in. oquare bars as the only tension reinfcrcement. Models K-1 and

(]
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K-2 nad nc shear reinfeorcing, models K-5 and K-6 had three rings of
vertical steel and model K-13 was provided with six rings of vertical
csteel. Models K-1, K-2 and X-5 were loaded and unloaded once before
being loaded to failure  Tne stiffnesses reported in Table 5.1 for
those models were computed from the second lcading, though in all cases
the first-loading stiffnesses appeared tc be about the same.

Tables 5.2 and 5.3 were prepared to show the effect if any,
of shear reinforcement cn stiffness arnd ductility, respectively. No
relation between shear reinforcement and the stiffness of bar-reinforced
slabs seemsto exist, nor is there any obvious explanation for the two
magnitudes of stiffness exhibited by the five models. There does
appear tc be an improvement in ductility when shear reinforcement is
added

Maximum loads (see Table 5.L) ranged from 2450 psi for K-2
to 2710 psi for K-5 and did not appear tc he significantly improved by
the additicn of shear reinforcement.

Strains were measured in all -of tne bar-reinforced slabs
except K-1 Nrne of tne strains measured in any cf the tension steel
indicated yielaing except those in K-13 The measured tension steel
strains were in most cases lower than the compression strains measured
at corresponding locaticns in the secti-n Consequently, the neutral
axis pesition was lower in the secticn than would be expected. For
instance, the strains measured by gage 1 (tensicn) and gage 5
(compression) in mcdel slab K-2 at 2000 psi indicate a neutral axis
position about 0.57d fror thre top surface For a section with the

properties of K-2, jgust before yielding, the location of the neutral
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axls should be about 0 35d from the compression face. Thus the measured
strain data for this group of models tend to support the earlier
assumption of a frictional restraining force acting on the lower surface

of the slab.

5 3. Plate-Reinforced 1000-psi Slabs

The slabs discussed in this section include K-3, K-8, K-12,
K-1L, G-1, G-2, G-3, G-9 and G-11 All of these slabs except G-1ll were
reinforced with a l6-gage plate The reinforcing plate of G-11 was
Lh-gage. Nominal concrete cylinder strengths were 5000 psi except for
slabs G-1 and G-3 with nominal compressive strengths of 7000 psi and
3000 psi, respectively. Model K-8 had three rings of shear reinforce-
ment and model K-12 was provided with six rings. Model G-1! contained
cne row of threaded rods for shear reinforcement. No shear reinforcement
was used in any of the other models of the group.

The maximum loads resisted by his set of slabs varied from
1575 psi (G-3, to 2480 psi (G-11). When the lcad is divided by tne
square root of the corresponding concrete strength (see parentheticai
numbers in Table 5.L), the variation is largely eliminated. The lcads
nermalized in this manner show no significant improvement due tc the
addition of shear reinforcement. There does seem to be an indication
that the maximum loads resisted by the plate-reinforced slabs are
consistently less than the loads taken by bar-reinforcei slabs of the
same nominal design pressure

The stiffnesses reported in Table 5.2 are similarly unaffected

by the addition of shear reinforcement. Neither is there any consistent




103

difference in stiffnesses between the bar-reinforced models discussed

!
= 1n the previous section and the plate-reinforced models of this group.
3 The stiffness reported for G-3 is obviously anomalous, as is the
v initial part of tne lcad deflection curve for that model (see Fig. 5.12). ‘
: This discrepancy has not been explained.
T Table 5.3 indicates that the ductilities for the plate-
. reinforced model slabg are consistently and significantly higher than
{ those found for the bar-reinforced models. The tabulated values also !
it | show & slight increase in ductility when shear reinforcement is added,
He as was the cace for the bar reinforced slabs

At least one strain gage on the tension reinforcement of each
model in the group showed yielding. With the exception of the gages on

model K-lU, which is a special case, uud two other gages, yielding

consistently occurred at or very near (within 10 percent) the maximum

Joad.

Model slabs G-1, G-2, G-3 and X-12 each produced compression

gage records indicating yielding at one or more gage locations. When

ylelding was obsjrved, it first occurred at a load equal or nearly

equal (within 10 percent) to the maximum load. Yielding of the com-

pression reinforcement in the bar-reintorced slabs, on the other hand,

occurred at somewhat lcwer loads.

Pairs ~f strain gage records, i.e., records from tension and
compression gages at corresponding locations in the section, arve
available for slabs XK-3, X-8, K-12, K-1L, G-1 and G-2. Strain profiles
constructed from these records, except in the case of model K-1lk, con-

sistently indicate neutral axis locations greater than C.5d from the

i
I
]
I
|
i
I
!
i
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compression face In slub G-1 at 2000 psi the midspan guges suggest a
neutral axis position at about 0.72d from the upper surfuce

Model closure K-l4, which was otherwise identical to K-3,
was specially treated before testing in an attempt to reduce the
frictional restraint available from the test fixture. The matching

surfaces of the model and test device were polished and the test fixture

bearing surface was sprayed with a Teflon* compound and greased. The

maximum loud, stiffness and ductility were similar to other models of
the group, but differences were noted in the strain gage records The
tension reinforcement at all four gage locations yielded at 80% of
maximum load. Tension gages on the other models of the group generally
did not indicate initiation cf yielding until a load greater than 90%
of maximum had been reached. The strain profile from the midspan
guges at 2000 psi suggests a neutral axis position at about O 37d from
the compression face, considerably higher than fer any of the similar
slabs.

Mcdel slab G-9 was subjected to repeated loadings to
2000 psi. After five cycles of loading to that level had procduced no
significant permanent deformation, the load was increased to 2300 psi
Failure occurred at 2300 psi on the second cycle to that load The
stiffness reported in Table 5.1 for G-9 was computed for the third
cycle of loading, and is higher than that displayed on the first cycle
Strain measurements were taken on the first two cycles of loading

Guge No. 3 indicated yielding at 18380 psi lcad on the first cycle.

* An E. 1. DuPont de Nemours and Co. trademark.
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The "welded wire fabric" used for shear reinforcing in the
K-Series models was manufactured by spot-welding the annealed 16-gage
wires. During the difficult task of fitting the shear reinforcement to
the "studded" bottom plate and the compressicn mat, quite a few welds
were broken Difficulty was ¢ 'sc encountered with weld breakage in
assembling models C-7 and G-10. The shear reinforcement scheme of G-11
was designed to minimize this prot” .. On a maximum-load basis (see
Table 5.4), 1ts behavior was slightly better than that of its counter-
parts. Ductility was comparable to other models with shear reinforce-
ment. The choice oi a lh-gage tension plate for model G-1ll was
unfortunate, since it introduced another difference and made comparison
with the other models more difficult.

Models G-1, G-2 and G-3 were cast of three different concrete
strengths to test the effect of that parameter on load resistance. The
maximum load, which may be considered a direct meusure of the ultimate
shear stress for models of identical dimensicns, was found to be an
almost constant function of the square root of the concrete compressive

strength. Maximum load data are reported in Table 5.4

5.4. Plate-Reinforced 300-psi Slabs, 1/14th Scale

Model slabs T-1 and -2 were 1/1lkth-scale reproductions of
closures designed f r a nominal load resistance of 300 psi. The two
models were identical, except for the unavoidable variation in concrete
strength, and their behavior was comparable. The maximum loads are
essentially equal. The stiffnesses reported in Table 5.1, compared to

the 1000 psi slabs, are lower than would be expected. Based on the
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ratio of the cube of the depth, one would expect a flexural stiffness
about one-fourth that of the 3.68-in. slabs. The actual stiffness ratio
is much less.

Models J-1 and J-2 exhibited the least ductility (as defined
herein) of any of the models tested except G-5. An explanation has
not been found. Reinforcement strains in both slabs were large, and
tensile yielding was observed at loads as low as 300 psi. Strain
profiles at loads near the maximum place the neutral axis high on the
section, indicating that frictional restraint was not an important

factor in these two tests.

5.5. Plate-Reinforced 300-psi Slabs, 1/5th Scale

Three l/Sth-scale models designed for a nominal 300 psi
collapse load were tested at the University of Illinois Structural
Dynamics Laboratory. Slab J-5 was tested to failure at 560 psi under
a slowly applied load. Slab J-6 was subjected to four rapidly applied
loadings with rise times from zero load to maximum load of 2.3 to
2.5 milliseconds. Several different decay rates were used. In the
fourth test the model withstood a load of 592 psi without failure
Slab J-8 was subjected to five rapidly applied loadings with a peak
pressure of 675 psi in the last test. The slab did not collapse.

The bottom plates of the 1/5th-scale slabs were slightly
warped by the welding of the 3/16-in. diameter shear studs. In order
to provide uniform support, the bearing surface was greased and then

coated with an epoxy paste. The lower surface of the slab was wiped

clean and set down in the soft epoxy.
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Slab J-5 was lcaded to failure in a short term static test

=3 &= o

The maximum lcad of 560 psi was reached in about 11.5 minutes. Wren the

]

[
Tl

maximum load was reached the specimen collapsed completely and violently

3

-~ g
P

as the eanergy stored in the compressed gas was released. FPnotographs

of the damage can bte seen in SAMSC TR 67-15 (1). A truncated cone c¢f

i

.oncrete was punnhed cut of the slab and half of the cone was blown to

P

the bottom of the support structure, ieaving cnly the compression steel

4

spanning the opening. The l6-gage plate was torn and several pieces

of it were ripped completely free. A large number of shear studs were

L]
LR

pulled from the plate, pulled from the concrete or severely bent i

The stiffness and ductility of J-5, computed from the lcad-

t .
[ [ ]

deflection curve, are reported in Table 5.1. The stiffness, scaled tc
ccmpare with the 1/l4th-scale models, is slightly higner than the values

found for J-1 and J-2. The ductility of J-5 was considerably higher

¢
[ ZEanr ]

than the values found for J-1 and J-2 and comparable to the ductilities

H

of the deeper plate-reinforced slabs.

=

*

The load-strain records for J-5 indicate that most of the

area of the reinforcing plate had yielded at the 500 psi load level.
None cf‘the compression steel yielded. The strain profiles indicate a
high neutral axis position, as was true for models ,-1 and J-2.
Slab -6 was subjected to four dynamic loadings Five dynamic
loadings were applied to j-8. The maximum pressures and load decay |
rates are listed in Table 5.5. 1In each case the rise time from zerc to
maximum load was between 2.3 and 2.5 milliseconds. The word ‘'dwell’

in the table refers to the length of time between reaching maximum load

and opening the load decay valves. In the tests with dwell tim= the
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loading was a step pulse followed by a pressure decay. In the other

cases the pressure decay followed the peak pressure.

The dynamic tests are discussed in detail in SAMSO TR 67-15 (1)

and the load-time and load-strain records are included with that report.
In the present report only the highlights of the results of those tests
are presented. The most important finding from the dynamic tests is
that the response of the model slabs was essentially static. No large
amplifications of motion were caused by the rapidly applied loadings.
Apparently the slab response time was short compared to the load rise
time and the "dynamic" tests were effectively short-term (tenths of
seconds) static tests. Both data and theory lend support to this
conclusion.

The period of vibration of the slabs was short enough that
the measured strains appeared to follow the variations of the load in
every detail. Every major variation in the load-time curve for a given
test was reproduced in the load-strain records, though with a time lag
of one to two milliseconds.

If Eq. (3.11) is applied to the geometry of the model slab,
the period of vibration is found to be about 1.55 milliseconds Though
the actual period may be longer due to shear deformation and vertical
compression effects, it is probably shorter than the rise time of 2.3
to 2.5 milliseconds.

Slab J-6 was removed from the test fixture after test D-k,
which was effectively a step pulse of 520 psi applied for one minute

The upper surface of the slab was intact, with only minor cracking.

The lower surface was bulged downward. An area about 20 in. in diameter
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in the centrul portion of the bottom plate had apperently separated
from the concrete. Within this area there were holes left by shear
studs pulled loose from the plate. The plate in the area was dimpled,
indicating that it had been subjected to substantlal forces by the
shear studs. This damage is believed to have been caused by leakage
of helium into the slab during test D-4

Model slab J-8 had not collapsed when testing was terminated
after five loadings, but the measured strains after the last test
indicated that fuilure wes imminent. Loads of 640 and 675 psi were
reached in tests D-8 and D-9, respectively. The slab, when it was
removed from the test device, did not appear to be badly damaged. The
residual deflection at the center of the slab was only one percent of
the clear span There was some cracking on the upper surface near the
supports and cracks up to 1/52 in. in width were noticed on the edges.
The lower surface was intact and the plate was in good contact with
the concrete over most of "he area of the slab

Deflection records were not obtained on any of the dynamic

tests.

5.6. Plate-Reinforced 2000-psi Slabs

The group of specimens discussed in this section includes
model slabs G-5, G-7 and G-10. Slabs G-7 and G-10 each contained three
rows of vertical ll-gage wires for shear reinforcement Model G- had
no shear reinforcement. Slab G-10 was provided with one mat of tension

steel in addition to the li4-gage steel plate. Other differences make

direct comparison of these models difficult. The height of G-5 was
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0.1 in. less than the thickness of the spacer rings, which affected the
manner of failure. A different method was used for designing the shear
studs for G-5 than for G-7 and G-10. More than twice as many shear
studs were used in G-5 as in G-T7 and G-10.

Model slab G-5 failed at 2800 psi in bearing. Shortly after
the maximum load was reached the pressure dropped to zero. The dif-

ference in thickness of the slab and the test fixture caused the

aluminum ring of the seal assembly to deform. The inner edge of the
ring pressed into the upper surface of the slab, near its edge, and -]

the concrete was broken away from the edge at one point. The neoprene

membrane followed the aluminum ring into the gap and the oil seal was r}l

broken. The failure of the upper surface may be seen in the photo-
graph, Fig. 5.63. The vertical deformations of the upper and lower
surfaces were small for this specimen.

Closure model G-7 failed at 2800 psi and unloaded to 2425 psi
The outer edge of the specimen engaged the spacer rings of the test

fixture at that point and became confined. The slab then accepted

|
]
]
additional load, reaching s maximum of 925 psi. A shear failure was ]'
underway at the time the pressure was lost, but an oil seal failure may
have hastened the end of G-7. The model was tightly wedged in the ]
i spacer rings and force was required to remove it. The failed model }
showed considerable distress around the edges due to the bearing
failure, in addition to the deformations associated with the shear ‘}

failure. The lk-gage steel reinforcing plate was sheared through in

¢ -y

the test.
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Model G-10 behaved in essentially the same manner as G-7
Stronger concrete and additional tension steel contributed to the higher
loads withstood by model G-10. The iInitial failure in bearing occurred

at 3350 psi The load then dropped to 3000 psi, at which point the

i
l
I
1
]

concrete had deformed outward far enough to contact the spacer rings

'¥ of the test device. The model then reloaded tuo 3400 psi, where a shear

* failure occurred. Jacking was required to separate the failed specimen

-

.£ from the test fixture spacer rings. The appearance of the slab after '
*r removal from the fixture was similar to that of model G-7

»
L ]

In the tests of models G-7 and G-10 the pressure fell off

while the model was on an ascending portion of the load-deflection

[ TE—

curve, which was not generally the case with the models tested in this

3

progra:n. One possible explanation is that the sealing membranes failed
before the shear failures in the models could develop fully  This
hypothesis would also explain the relatively low deflections observed
when these models failed, compared to other models tested.

The normalized maximum loads, in terms ofq/FT', reported in
Table 5.4 for the slabs in this group are of about equal magnitude
When these values are multiplied by the ratio 3.68/5.47, values of 25.2,
28.8, and 30.8 are obtained for models G-5, G-7 and G-10, respectively.
The latter numbers are in good agreement with the normalized maximum
loads reported for the 3.68-in. plate-reinforced models This indicates
that the maximum average shear stresses at the edge of the support, in
terms of the square root of the concrete strength, were approximately

the same.
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Stiffnesses computed for the slabs of this group are shown
in Table 5.2. The difference between stiffnesses of G-7 and G-10
reflects the difference in amount of tension steel. ‘‘he lower value
for G-5 i1s believed due to the improper test set-up.

Two ductilities were reported for models G-7 and G-10 in
Table 5.3. The first value shown 1is based on a maximum deflection that
coincides with the deflection at the low point on the load-deflection
curve between the two maximum loads. Thus, it reflects the ductility

if the model =lab could not have been confined as it was. The second

value considers an actual maximum deflection at the apparent yield loud,

thus reflecting the ductility where corifinement is permitted. 1In
either case the ductilities are lower than those reported for thinner
plate-reinforced models with shear reinforcement.

The ductility of model slab G-5 was quite low, indicating
the effect of the early pressure loss due to the deformation of the
aluminum ring in the loading fixture.

All of the strain gages on slab G-5 survived the entire test
Gage No. 2 indicated yielding at 46 percent of the maximum load. None
of the other tension gages reached yield strains. All of the strain
gages on the compression steel reported tensile strains, an anomaly
which has not been explained. Geage No. 8 indicated tensile yielding
at 94 percent of maximum load.

The strain gages on models G-7 and G-10 behaved more pre-
dictably. Four tension gages on G- and three cn G-10 showed yielding
initiasted at or very near maximum load. Gage No. 3 on G-10 failed to

function. Gage 5 on G-T7 indicated yielding at the maximum load The
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remaining compression gages were lost before reaching yleld strain

Three G-10 compression gages functioned throughout the test and none

indicated yielding

— A

5.7. Plate-und-Bar-Reinforced Slabs

Two pairs of slabs were reinforced with both a mat of 1/8-in
square bars and a steel plate. Models K-10 and K-ll1 were designed

for a nominal load of 1000 psi and models G-6 and G-8 were each designed

for 2000 psi. Slabs X-10 and K-11 were 3.68 in. thick, and slabs G-6
and G-8 were 4 47 in. thick.

Tne maximum loads resisted by models K-10 and K-11, as shown
in Table 5.4, are comparable to those resisted by all the other plate-
reinforced 3.68-in. thick slabs. The lower concrete strength of K-11
(see Table L.l) provided an unintentional variation of that parameter.
The normalized maximum load was not affected by the addition of three
rings of shear reinforcement in model K-1l.

Normalized maximum loads are shown in Table 5.4 for models
G-6 and G-8. Multiplicaticn <f the reported values by the ratic
3.68/L.4T yields scaled loads for comparison with the thinner specimens
Values of 29.l1 and 32.3 are obtained for G-6 and G-8, respectively
These numbers are comparable to the maximum loads found for the 3.68-in
plate-reinforced slabs.

The lioad-deflection curves of G-6 and G-8 are of the Bactrian
variety, similar to G-7 and G-10, as opposed tc the Dromedary curves
exhibited by most of the other models tested In the cases of G-6 and

G-8, though, the first peaks on the curves, i.e., the bearing failures,
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were the maximum loads. Models G-7 and G-10 sustained greater loads on
the second peaks, after confiner nt of the models in the spacer rings
had occurred. Both G-6 and G-8 were wedged into the spacer rings after
failure, requiring jacking to remove them. The appearance of the failed
models was similar to that of G-7 and G-10, with evidence of the bearing
failure apparent on the edges of the specimens.

The relative stiffnesses shown in Table 5.2 for K-1C and K-11
are roughly comparable to one another but much lower than the values
listed for other slabs of the same thickness. The bar mats in these
models were placed directly on the steel plate. This procedure may
have limited the bond available to develop the strength of the bars and
thus reduced the stiffness

Model slabs G-6 and G-8 were identical except for concrete
strengths, which were 5000 psi and 7000 psi, respectively. The higher
stiffness reported for G-8 may be due in part to the stronger concrete,
though G-1 and G-2 had nearly equal stiffness with different concrete
strengths. The stiffnesses of G-6 and G-8 are of the expected magni-
tude, lying between those reported for the 3.68-in. slabs and those
observed for the 5.47-in. models.

The ductilities shown in Table 5.3 for K-10 and K-11 are
comparable to those reported for the slabs discussed in Section 5.3
Model slab. K-11, with three rings of shear reinforcement, was signifi-
cantly more ductile than K-10. The ductilities of G-6 and G-8 are of

about the same magnitude as those of most other plate-reinforced slabs

without shear reinforcement.
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The tension st{gin gage records from KfLO and K-Ll are
complete and all shiow that yielding occurred at or within three percent
of the waximum load. One compression gage on K-10 functioned, indicat-
ing yielding had begun at 88 pernent of muﬁimum load.  On model K-11,
gages 5 and 6 showed yielding at G5 ﬁnd 76 perzent of maximun load,
respectively, and gage 7 indicated no yielding.

The straln gage béhavior for model slabs G-6 and G-8 was
sinilar. All of the tension gages worked, and all reported yielding at
98-100 percent of maximur lcad. (age 5 on the compression reinforce-
ment of each model showed yielding at 97 percent of maximum loasd. The
other compressionvgages eithef did not function or'hege lost befére
they reached yield sfrain.

It may be generally concluded that closure slabs reinforced
with both plates and bars will tehave in about the same way &s thosé

reinforced with plates only.

5.8, Miscellaneous Slabs

The slabs included in this section are K-h; K-7, K-9, G-L
and G-12. Mcdel K-bL wés designed for 500 psi’and reiﬁforced with a
2h-gage steel plate. ' Closure models X-7 and G-h!were plain concrete
specimeng, 5,68-inw gnd ;1&7-in, thick, respeéfi;éz;}_ Slabs K-9 and
G-12 represented attempts to obtain greater strengths by confining
the concrete. | ’(’ ’

The>mathum load taken by model K-4 wasAi735 psi, or 2&4/?2 .
The normalized maximum is‘oﬁlj slightly less than‘%heQmaximum values

reported for 1000-psi plate-réinforced slats, though K-4 contained
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only 4O percent as much tension steel. The relative stiffness of =% fi
&J
was equal to or greater then tne values computed for several 1000-psi
m™
models. The ductility at the apparent yield load was comparable to that L)

observed for &ll plate-reinforced models without shear reinforcement.

L N\
=S

Three tensile strain gages on K-4 indicated yielding at loads

very near the maximum. Two compression strain gages also reported

'.- 'J

Yielding at loads within a few percent of the maximum load. The other
three gages did not produce complete records.

Model K-4 failed in shear in a manner similar to most of the
3.68-in. thick specimens.

Model slab K-7 failed in shear at 2120 psi. The specimen

collapsed completely at the failure load. A truncated cone of concrete

extending through to the top surface of the slab was punched out of the

7 remaining part of the model. The maximum load, normalized maximum

load (28.7) and stiffness were all higher than those found for some ’
of the reinforced 3.68-in. models. The stiffness, in particular, is of !
about the same magnitude as the stiffnesses reported for the bar-
: reinforced slabs discussed in Section 5.2. Apparently more friction L3
was availlable at the concrete-to-steel interfaces of these tests than ,)
at the steel-to-steel interfaces of the plate-reinforced slab tests. 4
Model closure G-U4 failed at a lower load (1940 psi) and in an n
entirely different manner. The deflections were small and there was no .
evidence of a punching shear failure. Though it was 50 percent thicker :g
than K-7, model G-4 appeared to have failed in flexure. The specimen P
after testing exhibited e system of radial cracks suitable for a text- -
book illustration. Part of the explanation lies in the fact that G-4 :}
. "
i
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was 0.1 in. thinner than the spacers of the loading fixture. The
aluminum ring did not deform as it did at the higher loads of the

G-5 test  The portion of the upper surface outside the inner edge

of the ring was not loaded and the mcdel was essentially simply-
supported. The behavior of the model was also affected by non-uniform
bearing, es evidenced by the low slope of the initial portion of the
load-deflection curve, Fig 5.16.

Model K-9 was provided with a circular steel angle retaining
ring as the only tension reinforcement. The mcdel carried a maximum
load cf 2140 psi and then collapsed completely. A truncated cone of
concrete extending up to the level of the compression steel fell
completely free of the slab.

Compression strain gages 5 and 6 reported yielding at loads
equal to 60 and 70 percent, respectively, of the maximum load. Gage 9
on the circular retaining ring indicated yielding at the maximum loead,
and gage 10, also on the ring, reported a strain of 0.001 at the
masimum load.

One can account, in an approximate way, for the fact that
K-9 failed at the same load as K-7, which was not reinforced Compari-
son of the performance of the bar-reinforced models with the plate-
reinforced models suggests that a concrete-to-steel interface provides
more frictional restraint than a steel-to-steel interface. Apparently
the confinement provided by the retaining ring of K-9 was about equal

to the difference in frictional confinement provided by the two types

of interface.
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Considering the vertical leg of the retaining ring only (the

circumferential deformation of the horizontal leg cannot be appreciable),

and using an average stress of 35,000 psi, as suggested by the strain
gages, we obtain a force of 9500 pounds in the retaining ring. This 1is
equivalent to a horizontal line load of 1480 pounds/in. applied at the
edge of the support. The maximum applied load of 2140 psi is equivalent
to a vertical line load of 11,000 pounds/in. applied at the edge of the
support. Thus, the effect of the K-9 confining ring, by this simple
analysis, is equivalent to a change in friction coefficient of 0.135
This appears to be a reasonable figure. Friction coefficients will be
discussed further in the next chapter.

Model G-12 was reinforced with an ll-gage steel tension plate
and provided with an ll-gage confining ring that extended the full
height of the slab. The model reached a first maximum load of about
3900 psi when a failure, apparently in bearing, caused the load to drop
to 3150 psi. The steel confining ring had by tren psrtially contacted
the test fixture spacer rings and the specimen began to reload, reaching
a second maximum load of about 4100 psi. The slab failed abruptly at
that load. The failed model was very tightly pressed into the spacer
rings, and considerable force and ingenuity were required to remove it.
The confining ring of the model was uniformly barrel-shaped after the
test, with a maximum diameter at a point located about one-fourth of
the slab thickness from the bottom edge of the slab.

The behavior of model G-12, as indicated by the load-
deflection curve, is similar to that of G-7 and G-10. There were two

peaks on the curve, with the second higher than the first. The pressure

1
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fell off abruptly after tne second peak in all three cuses The higher
load taken by G-12 was due to the confining ring the threaded rod
shear reinforcement or the increased area of tension steel, or to a
combination of these factors. Based on the results of the other tests
in the series, the confining ring 1s believed to have had the greatest
influence in producing the additional load capacity.

The ductilities reported for C-12 are higher than those shown
for G-7 and G-10 and about comparable to those of other plate-reinforced
models with shear reinforcement

Strain gage performance on G-1l2 was not very satisfactory
Gage 4L was the only tension gage to function throughout the test or
until yield strain was reached. It indicated yielding at 8L percent
of maximum load. Two compression gages functioned long enough to prc-
vide infcrmation on yielding. Gage 5 indicated yielding at 93 percent
of maximum lcad and gage 8 showed no yielding. Gage 9, on the con-
fining ring, failed at a load of 3800 psi. The strein at that load
was 0.00125. The nature of the confining ring defcrmation was such

that a single gage could not provide much information

5.9. Randomly-Reinforced Slabs

Slabs K-15 and K-17 were randomly reinforced with short

lengths of small wire. The behavior of these models was somewhat

similar to that of the G-Series 2000-psi models. An initial maximum
was followed by an unloading, during which the slab deformed outward
until it contacted the spacer rings of the test fixture. The structure

then reloaded to a second, higher peak load. Failed specimens were
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Jammed into the test fixture and required force for removal. The
chopped wire models failed first in flexure, uand finally in shear.

Models K-15 and K-17 were both loaded to failure. Slab K-15
supported 1230 psi at the first peak and 2100 psi at the maximum load.
Model K-17 withstood 1455 psi at the first peak and eventually reached
a maximum load of 2850 psi. In terms of the square root of the
cylinder strength, the first peak values were 16.0 for K-15 and 17.1
for K-17. The maximums were 27.3 for K-15 and 33.5 for K-17. The
ductilities reported in Table 5.1 for these specimens are essentially
identical, both for the case where confinement is not allowed and for
the case in which confinement is permitted.

Loading of slab K-16 was stopped before jamming cccurred so

that the model could be examined. The first peak load had been reached.

Its value was 1205 psi or, in terms of 1/?2' , 1k.3. The stiffnesses
shown in Table 5.1 for the initial loading of all three slabs are
essentially equal.

After these slabs were tested the support surface of the
loading fixture showed many radial scratch marks caused by the clab
sliding on the support. No evidence of such movement was found in
any of the other tests. The friction between slab and support was
apparently low enough to allow significant sliding to occur. Numerous
wire surfaces coincide with the surface of the chopped-wire concrete,
and this was evidently responsible for the reduced friction.

The relatively low load capacities, before jamming, can be
traced to the lower riction between the slab and the support. The

lower friction leads to lower forces in the plane of the slab, which

re
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result in lower flexural strengtns However, tre random reinforce-
ment was effective 1n preverting a shear failiure
Tnis ccmpletes the presentamticn of the results of the mcdel

tests Trese resulte are discussed furtner in the next chapter.
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TABLE 5.1. STIFFNESS AND DUCTILITY OF MODEL SLAES

el v aomy AN B

Model  Apparent Apparent Yield Ma:. Relative Relative
No. Yield Yield Load  Defl. De fl, Stiffness Ductility
Load (psi) Max. Load (in.) (in.) 1000
K-1 2320 .94 . 026 .082 89.5 3.15
K-2 2320 .95 .o027 .056 86.0 2.07
K-3 1600 v .027 .216 59.2 8.0
- K-k 1500 .87 .038 .219 39,5 ST
4 K-5 2360 .87 . 029 L1u7 81.3 5.07
- K-6 1900 .82 . 036 .157 52.8 Ly (55
K-7 1950 .92 . 026 . 061 75.0 2.35
'i‘ K-8 1550 .72 .031 .51 50.0 1.4
, K-9 1920 .90 .033 .078 58.2 2.37
K-10 1800 .83 . 06U .2k 28.1 3.75
. K-11 1120 .68 .052 465 21.6 8.93
I K-12 1740 .79 L041 bl k2.5 10.7
K-13 2180 L84 .038 .176 57.4 4,63
-] K-14 1600 i LO43 .38 51 .4.2 8.85
\ K-15 1110 . 90% .033% .173 B5.6 5.23
o 53k L03%3%*  L75 14,4
K-16 1190 .99 not failed 34,0
1 K-17 1190 .82 LO3T* .186 32.2 5.03
Py L2 LO37%% 53 14,3
J-1 695 .89 .151 .283% 4.6 1.86
I y=e 710 .99 . 205 .25 3.5 1.22
J-5 L35 -- .23 1.8 6.43
J-5¥E L35 .78 -~ - 5.3 --
3 G-1 2000 .88 .05 .29 40.0 5.8
i G-2 1800 .83 .05 L3k 36.0 6.8
G-3 1580 1.0 no ductility 316.0 1.0
G4 1600 .8l no ductility 57.6 1.0
G-5 2580 .92 .0L25 . 090 60.7 2.12
G-6 2360 .85 .05 465 L7.2 9.3
G-T7 2LLo .87% .032 .152 76.2 4,75
I R iag .032 .308 -- 9.6
=8 3020 .89 .Ok5 .23 67.1 5.1
G-9 2000 - no ductility 59.8 -
i (cycle #3) determined
G-10 3000 . Q0% .03k L14 88.3 4.1
. BB#x .03k .205 -- 6.0 b
G-11 2180 .88 .06 .635 36.3 10.6
l G-12 3150 81% . 035 .29 90.0 8.3
TR .035 .58 . 16.6
' * Confinement not allowed,
*¥ Confinement permitted.
' ¥¥% Scaled.
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TABLE 5.2. EFFECT OF SHEAR REINFORCEMENT ON STIFFNESS

"Relative Stiffness" /1000

No Shear Reinforcement Three Rings Six Rings One Ring
16-ga. Wire 16-ga. Wire 1/4" Threaded
Rods
Bar- (k-1) 89.5 (K-5) 81.3  (K-13) 57.4

Reinforced (K-2) 86.0 (Kk-6) 52.8

Plate- (K-3) 59.2 (x-8) 50.0 (K-12) 42.5 (G-11) 36.3
Reinforced (G-1) 40.0
1000 psi  (G-2) 36.0

(G-3)316.
(G-9) 59.8
(k-14)37.2
Plate-and- (K-10)28.1 (K-11) 21.6
Bar-Reinforced
1000 psi
Three Rings
ll-ga. Wire
Plate-Reinf(G-5) 60.7 (G-7) 6.2
2000 psi (G-10) 88.3

Plate-und- (G-6) 47.2
Bar-Reinforced
2000 psi  (G-8) 67.1

o
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TABLE 5.3. EFFECT OF SHEAR REINFORCEMENT ON DUCTILITY

"Relative Ductility"

No Shear Reinforcement Three Rings Six Rings One Ring
16-ga. Wire 16-ga. Wire 1/4" Threaded
Rods
Bar- (K-1) 3.15 (K-5) 5.07 fK-13) 4.63

Reinforced (K-2) 2.07 {K-6) 4.37

Plate- (k-3) 8.0 (K-8) 16.45  (K-12)10.7 (G-11) 10.6
Reinforced {G-1) 5.8
1000 psi  (G-2) 6.8
(G-2) None
(0-9) ey
(K-14) 8.85
“iate-and- (K-10) 3.75 (K-11) 8.93

Bar-Reinforced

1000 psi
Three Rings
1l-ga. Wire

Flate- (G-5) 2.12 (G-7) 4.75/9.6%

Reinforced (G-10) 4.1/6.0

2000 psi

Piate-and- (G-6) 9.3
Bar- (G-8) 5.1
Reinforced

2000 psi

¥ Confinement not allowed/confinement permitted.
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TABLE 5.4. EFFECT OF SHEAR REINFORCEMENT ON MAXIMUM LOAD

Max. Load (Max. Load/ﬂ/fé )

No Shear Reinforcement Three Rings Six Rings One Ring
16-ga. Wire 16-ga. Wire 1/4" Threaded
Rods
Bar- (K-1) 2460 (k-5) 2710 (K-13) 2610
(32.2) (36.0) (34.7)
Reinforced (K-2) 2450 (K-6) 2310
(30.6) (32.6)
Plate- (K-3) 2150
(28.1)
Reinforced (G-1) 2280 (K-8) 2150 (K-12) 2200  (G-11) 2480
(27.2) (31.0) (28.5) (34.6)
1000 psi  (G-2) 2175
(26.5)
(G-3) 1575
(28.7)
(G-9) 2300
(31.7)
(K-14)2170
(26.8)
Plate-and- (K-10) 2160 (K-11) 1655
Bar-Reinforced (28.0) (26.0)
1000 psi
Three Rings
ll-ga. Wire
Plate (G-S)'2800 (G-7) 2925
(37.4) (42.8)
Reinforced (G-10)3L00
2000 psi (45.8)
Plate-and- (G-6) 2275)‘
(56, 5
SaEe (G-8) 3400
Reinforced (40.5)

2000 psi

e
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I TABLE 5.5. TESTS ON 1/5-th SCALE SLABS

T

ot Test Slab Maximun Load Decay or Dwell
No. psi

n

4. s-1 10 Jan. 1967 J-5 560 Static

» D-1 27 Feb. J-6 258 0.045 sec to 1/2 load

o D-2 27 Feb. J-6 Lk 0.018 sec to 1/2 load

- D-3 27 Feb. J-6 k10 0.060 sec dwell

! D-4 27 Feb. J-6 592 1 min. dwell !

- D-5 14 Apr. J-8 380 0.029 sec to 1/2 load

i D-6 2 May J-8 L35 0.060 sec dwell

- D-7 2 May J-8 550 0.021 sec to 1/2 load

\ p-8 10 May J-8 640 0.029 sec to 1/2 load
D-9 12 May 1967 J-8 675 0.061 sec dwell

b1
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Pig. 5.40 Deflection Profiles Slad G-9
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5.50 Deflection Profiles, Slad G-12
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Fig. 5.53 Slab G-1, Deformation of Ton Surface |

Fig. 5.54 Slab G-1, Deformation at Bottom Surface




Slab G-1, Profile
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Slab G-2, Deformation of Top Surface
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Slab G-2, Deformation of Bottom Surface

Slab G-3, Deformation of Top Surface
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Fig. 5.59 Slab G-3, Deformation of Bottom Surface
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Fig. 5.60 Slab G-4, Deformation of Top Surface
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Slab G-5, Deformation of Top Surface

Slab G-5, Deformation of Bottom Surface
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5.65 Slab G-5, Profile

Slab G-6, Deformation of Top Surface
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Slab G-6, Deformation of Bottom Surface

Fig.

5.68 Slab G-6, Profile
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Slab G-7, Deformation of Top Surface

Fig.

5.70

Slab G-7, Deformation of Bottom Surface
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B Fig. 5.72 Slab G-8, Deformation of Top Surface
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Slab G-8, Deformation of Bottom Surface

Fig. 5.Th4 Slab G-8, Profile
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Slab G-9, Deformation of Top Surface

Slab G-9, Deformation of Bottom Surface
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Fig. 5.T7 Slab G-10, Deformation of Top Surface
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Fig. 5.78 Slab G-10, Deformation of Bottom Surface
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Slab G-12, Deformation of Top Surface
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8lab G-12, Deformation of Bottom Burface
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CHAPTER 6

DISCUSSICN COF TEST RESULTS

6.1. General

The results of the model test series, presented in Chapter 5,
have shown that the primary objectives of this research have been
fulfilled. Silo closures can be designed to withstand overpressure
loadings of 1000 and 2000 psi. The test results have further shown
that model closures designed to fail in flexure at these loadings
actually failed in shear and/or bearing at substantially greater over-
pressures. The added load capacity was attributed to thrust against the
lower surface of the slab due to friction between the slab and the
supporting structure.

The model tests have demonstrated that closure slabs using
steel plates for tension reinforcement are comparable to bar-reinforced
slabs in load-carrying capacity and provide somewhat greater ductility
The addition ¢f shear reinforcement to the models was found to con-
sistently improve ductility. Shear steel had no effect on load-carrying
capacity, however.

In this chapter methods of computing fricticn forces and
friction coefficients from the model test results are described.

Results of such computations are presented for two representative models
to explain the high flexural load-carrying capacity of the closure
structures. Bearing stresses are examined and a limiting bearing

stress 1s recommended. The shear strength of the mcdel slab is

examined on an empirical basis and a design expression is presented.
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6.2. Friction Forces

In the previous chapter strain profiles were cited to show,
qualitatively, the presence of lateral forces acting on the lower
surfaces of the model slabs. Gamble, et al, in SAMSO-TR-67-15 (1) have
developed a procedure for computing the friction fcrces acting at a
given load level. In their procedure each pair (top and bottom) of
strain gages in the cross-section of a bar-reinforced model is arbi-
trarily assigned a "tributary area" of the cross-section. The strain
registered by a gage is assumed to exist across the width of the
tributary area at the level of the gage. Elasto-plastic stress-strain
curves are assumed for both the concrete and the steel and strains are
assumed to vary linearly across the height of the section. Forces in
the concrete, tension steel and compression steel are then computed
for each tributary areu and the friction force is obtained as the force
required to balance the tensions and the compressions. The thrusts
for the four tributary areas are totaled and the sum is divided by the
clear span radius to determine the average thrust per unit length of
clear span. By analcgy tc a hoop-strecs analysis, this unit force is
equal to the horizontal tkrust, per unit length of circumference, acting
radially at the support. If the overpressure is expressed as a unit
vertical line load acting at the edge of the support, then a coefficient
of friction can be obtaired by dividing the unit thrust by the unit
vertical load.

Plate-reinforced models require an additional assumption,
since no strain gage was placed on the iension plate in the zone over

the support Gamble used model slab K-6, a bar-reinforced slab, as a
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reference, and assumed that the ratio of the coefficient of friction
in a plate-reinforced slab to that of slab X-6 would be equal to the
ratio of total thrusts for the three interior zones. Friction coef-
ficients were ccmputed for model slabs X-6 and K-8 at four load levels
Friction coefficients ranging from 0.36 tc 0.6 for K-6 and from 0.3 to
0.38 for K-8 were found. The results are plotted versus applied load
in Fig. 6.1.

The writer has extended Gamble's method and programmed it for
computer solution. In the writer's method the strains are assumed to
vary continuously from gage to gage. A third-degree curve is fitted
to the four strain readings frcm the compression steel and the four
strain readings from the tension bars of a bar-rein’ .ced slab. A
second-degree curve is fitted tc the three circumferential strains
registered by the tension gages of a plate-reinfcrced slab. The stress-
strain curve for the steel is elasto-plastic and the concrete stress-
strain curve is the parabola recommended by Hognestad (22). Strains
are assumed to vary linearly across the height of the section. Tne
computational procedure is the same as Camble's, except that tne
“tributary areas" can be made as narrow as is desired.

Friction coefficients computed for slabs K-€ and K-8 ucing “he
writer's techniques are shown in Fig. 6.2. The agreement with Jamble's
results is reascnably good. The friction ccefficients found range from
0.45 to 0.7 for K-6 and from 0.17 to 0.52 for K-8 The dashed portion
of the K-8 plot indicates that the computed thrusts are too low by an

unknown amount. The curve fitting procedure predicted strains of the
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ba
' same sign (top and bottom) at a section near the edge of the slab. N
vz
The program recognizes and reports this situation but cannot handle it. i
6.3. Bearing Capacity
The average bearing stress at maximum load, normalized in terms )
of fé , 1s listed in Table 6.1 for each slab tested. The average stress "
is found by Eq. (3.5) to be 2.65 times the applied load. (For slabs
J-5, J-6, and J-8, the bearing stress was 2.35 times the applied load.)
| l
The normalized bearing stress was greater than unity for
many of the slabs. Bearing capacity failures were observed in all six
e
of the 4.47-in. and 5.47-in. thick G-Series slabs. The average -
] normalized bearing stress for the group of six models was at least a
1.28. Similar values were obtained for K-5, K-6, K-13, G-3 and G-11, i
)
but no bearing distress was observed in these 3.68-in. thick slabs. :
Of the latter group, all tut G-3 contained shear reinforcement. ]
The failure loads, slab thicknesses, average bearing stresses, i
l cylinder strengths and normalized bearing stresses are tabulated h!
below for each of the six slabs that suffered bearing failures. 1
| H Applied Load Bearing Normalized
Slab Thickness At Stress Bearing )
Bearing Failure fb fé Stress
. : ] ' %
l l in. psi psi ps1 fb/fC
' L 3
G-5 5.47 2800 7420 5600 1.33 =
G-5 b b7 2775 7350 5750 1.28
G-T7 5.47 2800 7420 L670 1.59 ul
G-8 b b7 3400 9010 7030 1.28 I
G-10 5.47 3550 8880 5500 1.61 N
G-12 5.47 3900 10330 5100 2.03 il
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Thece results seem quite consistent. Slabs G-5, G-6 and G-8
contained no shear reinfcrcement and failed at normalized bearing
stresses of 1.28 tc 1 33. Slabs G-7 and G-10 each contained three
rings of shear reinf-rcement, and the average normalized bearing
stresses at failure were 1.53 and 1.61 respectively. Slab G-12 was
provided with heavy shear reinforcement and a confining ring and failed
at an average normalized bearing stress of 2.03

Tre fajilure lcads reported above for G-7, G-10 and G-12 are
the loads at which bearing failure occurred. 7ITrese three slats each
withstood slightly higher maximum loads.

Triere appears to be an enhancement ¢f bearing capacity in
those slabs where shear steel is present, but no explanation for this
has been found. Model slabs G-7 and G-10 were alsc cornsiderably stiffer
(see Table 5.1) tran G-5, suggesting greater friction between slab and
support, and therefcre higher confining stresses.

It is reasonable to expect bearing stresses greater thran fé,
since frictional restraining fcrces act on trhe lower surfaces of the
slabs at the support. One would further expect the imprcvement in
bearing capacity t~ increase as the ratio of slab thickness to the
width of the bearing surface decreases Tris appears to be the case
since slabs X-5, X-6, ¥-i3, G-3 and G-11 resisted bearing stresses
as high as those trat caused failure in G-5, G-£ and G-8

Based on the available test data, it is recommended for
design purposes, where supplementary confinement is not prcvided, that
bearing stresses be restricted to 1.25 fé‘ Fcr S000-psi concrete and

the support geometry ccnsidered in this study, this reccmmendation

=
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limits the design overpressure to a maximum of 2360 psi. If a greater M
design overpressure is to be considered, then it is recommended that a
confining ring be designed in accordance with the procedure descrited
in Chapter U4, for the design of model G-12. The procedure is briefly 'S
: restated: o
=
(1) calculate the confining pressure (03) needed to produce
the additional bearing capacity required, using Richart's
' --
! (21) formula for concrete in triaxial compression. The {
2 required increase in bearing capacity is *
o = ' .o
Aal = fb l.25fc
where fb is the total bearing stress required. From i}
Richart's equation, -
Aal = 14.105 ve
Therefore, the required confining stress is
. H
-k fb l.25fc ~
3 b1 ,
The thickness of the hoop needed to provide the required 0
b confining pressure is given by -
I I%
B - [ - .s
t = E‘Ef; (fb 1.25¢. ) (6.1)
Equation (6.1) requires a hoop 1-5/16 in. thick for an overpressure

of 3000 psi (fb = 7950) when D, = 228 inches, fy = 36,000 psi and
fé = 5000 psi. It is recommended that the height of the hoop be made

equal to the width of the bearing area.
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6.4. Shear Strength

!
I
I

In Chapter 5 it was shown that the maximum loads resisted by

=

) slabs of equal depth, when ncormalized in terms of‘J;Z , were reascnably

Fg constant. The consistency is believed due to the fact that the loads

- are actually multiples of the average shear stress at a given section,
-: since the failures are shear failures. Gamble, et al, (1) explored

. this relationship in some detail for the K-Series and J-Series mcdels.
b Average shear stresses, over the effective depth (d) and over the total
% thickness (t) of the section, were computed. Computations were made

b for secticns at the support, at d/2 (or t/2) away from the support, and
‘: at d (or t) away from the suppert. The shear stresses at each section

- were normalized both in terms of the compressive stress, fé, and in

b terms cf‘J}é . The computations have since been extended tc include

0 the G-Series of models. Tables 6.2 and 6.3 1ist shear stresses computed

= over secticns t in thickness for all cf the statically tested mcdels.

'f Sections at d/2 or t/2 from the support were chosen in an

= attempt to find a "critical section.' Presumably, sections at these

.; locations crcss the failure planes and may reflect the highest diagonal
- tension stresses. Tne writer has also computed average shear stresses

- at 1.83 in. from the suppcrt, a distance equal to half the thickness

'E of the K-Series slabs. Tnese ccmputations were based cn the cbserva-

i

tion that the diameter of the depressed portion of the upper slab
surface appeared tc remain approximately ccnstant, regardless cf the
slab depth. This indicated that the slopes of the failure cracks

depended cn the span/thickness ratios of the slabs.

ol o o b1

.
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Since the average stresses normalized in terms of'Jfé seemed i
more nearly constant than those expressed in terms of fé , two other
™
exponents of fé were investigated. Coefficients of variation were id
calculated for each set of normalized stresses investigated, and these re
coefficients are tabulated below for comparison. Model slabs K-4, K-7, =
K-9, the randomly-reinforced models, the J-Series slabs, and models N
G-4 and G-12 were omitted from the calculations of these coefficients.
The coefficient of variation of a set of numbers is defined as the {1
. standard deviatiorn divided by the mean, and is a measure of the dis- -
persion of the set. ¢
lF re
l Section Section Stresses Exponent Coefficient Mean Value =
Location Thickness Normalized “m" of v -
in Variation =
Terms of (fé) o
'8 )
At Support £ ch': 0.5 0.096 26.5 {
At t/2 % Jf_é 0.5 0.131 18.3
At 1.83" £ Jf(': @.% 0.096 19.2 i
At Support t £ 1.0 0.1hk7 0 366 n
At 1.83" t fé 10 0.148 0.257
r
. i |
At Support t (fé)o‘“ 0.4 0.099 62.8
1S9
At Support t ('fé)°’6 9.6 0.116 §4.a

The stresses calculated at the support in terms of'J}é are as
closely arrayed as any and have the added advantage of being simply ]

found. Some of the dispersion in these numbers can be eliminated by

4 taking into account the obvious difference in friction between the bar-

-6 ]
reinforced models and plate-reinforced models. An equation cf the form
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'x v fr
A
——=- = Ae (6.2) {
v
vr! !
. ¢
{ |
-l h
where f.is a 'relative” friction factor, should account for differences ' i
'_‘ |
|

in suppert friction. The writer chose A = 12.4, representing the aver-
4 age stress in a 3.68-in. slab with a load of 1000 psi applied. This
implies a flexural failure at the design load when the friction vanishes.
The observed shear stresses for bar-reinforced and plate-reinforced slabs
were then averaged separately, and the ratio of the two averages was
used to determine the difference between the friction coefficients. }
The magnitude of the friction coefficients was determined by the constant
A and the average of the normalized stresses for one of the group of

models. The resulting equations were

| v 8
LI 12.heo' 2 for bar-reinforced slabs
- ey
c
- (6.3)
-4 Yy 0.73
= 12.k4e for plate-reinforced slabs

- e

I3 '.

s
@

f
Shear stresses normalized in terms of‘J}é and Ae 5 were found

to have a coefficient of variation of only 0.08. A still further '1

improvement would be obtained by substituting a function of slab

wd (.2

thickness for the constunt A. However, without a better basis for
assigning values of fr’ and wilthout some physical justification for the
form of the equation, further refinement would be & meaningless algebraic

exercise.

Al e ssd =

tecintn, sttt
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A more acceptable expression can be found by considering more

of the variables that appear to affect the shear strength. The span/
thickness ratio, L/t, would be expected to be a factor, and Fig. 6.3
shows that a relation between the normalized shear stress and the L/t
ratio exists. Figure 6.4 indicates that the ultimate shear stress is
governed in part by the amount of flexural reinforcement provided. The
steel is believed to act as shear reinforcement and/or as a tensile
membrane to provide this enhancement.

The reliability of the yileld-line method of analysis has been
confirmed for slabs of normal proportions. Hence, an expression for
the shear strength of the deep slabs of interest might be found by
starting with the yield-line analysis. By equating the expressions
for yield moment (Eq. 3.1) and resistance moment (Eq. 3.2) we can obtain

an expression for allowable (yield) load

2
24f pJjd
v —L— (6.4)
L
where L is the clear-span diameter. The average shear stress on a

section at the edge of the support is

v, = %% (6.5)

and, by substitution, and letting j = 0.9, we obtain

5.4 pf

Vu = Tml (6.6)
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Equation 6.6 predicts an average shear stress at the support
based on the yield-line analysis. This equation will be used as a frame-
work, in the discussion that follows, for the derivation of a formuis
tc fit the observed data. Since the exercise is empirical, and since
the slab thickness and the effective depth are nearly identical for most
of the models tested, the span/thickness ratio (L/t) will be substituted
for the span/depth ratio (L/d) in the remainder of the discussion. The
average shear stresses considered are those over the full thickness of
the section, t, rather than those averaged over the effective depth.
Shear stresses for slabs K-4, J-1 and J-2, which were omitted from the
ccmputation of coefficients of variation, are included in the data con-
sidered in the following paragraphs.

The basic equation (Eq. 6.6) was altered in a series of steps
in order to find a normalizing function which would reduce the dis-
persion of the normalized data. The constants carried forward or intro-
duced in these steps have no meaning other than to make the numbers
manageable. The steps taken are now described.

The shear strasses observed in the test specimens were
divided by those predicted by the Eq. (6.6) and the quotients were
norme'ized by dividing by J}% . The normalized results eppear in
Column 4 of Table 6.4. The figures thus obtained show a marked incon-
sistency for different L/t ratios. Therefore, each number in Cclumn 4
was divided by JE;G? . The results, listed in Column 5, are better
correlated than the Column 4 figures, but an inconsistency remains.
Values shown for K-4, J-1 and J-2, which had the lowest steel content

of all the models tested, are considerably higher than those of the
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other plate-reinforced slabs. To improve the dependence on steel
content, the Column 5 entries were multiplied by 1o'Jb and the products
were entered in Column 6. The coefficient of variation for the Column 6
array is 0.123.

The steps described above suggest an equation of the form

f pré
v = == (6.7)

s i/t

where C is a constant. Equation (6.7) includes all of the parameters
expected to be important except the friction between slab and support.
In order to determine the magnitude of the constant the steps were
repeated, as shown in Table 6.5. The shear stresses were multiplied
by lOOO'J£72—/f&'J;;Zﬁ. The average value of "C" was found to be 9.24,
and the coefficient of variation for the numbers shown in Column 4 of
Table 6.5 is 0.119. The slight improvement over the coefficient for
Table 6.4 is attributed to the elimination of two steps of computation,
and attendant round-off errors, and to the use of more precise figures
for fy and p.

The shear strength of the model slabs can now be expressed by
the formula

J;?T

v, = (0.00924 + no) x f. < (6.8)

Ve

where no is an error term, expressed as a multiple of the standard
deviation. The normalized shear stress, 1000 vu/fy‘pré , 1s plotted

versus L/t in Fig. 6.5. Equation (6.8) is shown as a solid line and
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confidence limits of o and 20 are represented by dashed lines. All of
the available test results are bounded by a line representing a devia-

tion of 1.50 below the mean. A conservative design expression is then

pf,
Vu = 0.0076fy '(f-/vt—)- (69)

It is now desirable to determine whether the present expres-
sion (Eq. 6.8), which was originally based on a yield-line analysis,
will still produce satisfactory results for thin slabs. We can do this
by equating Eq. (6.8) (without the no term) and (6.6) (in terms of L/t)
and solving for the span/thickness ratio at which they are egual. We

obtain the expression
L/t = 342,000 p/fé (6.10)

which, for fé = 5000, p = 0.02, gives L/t = 1.37. At higher span/thick-
ness ratios the two equations (6.6 and 6.8) will diverge considerably.
Therefore, Eq. (6.8) cannot be expected to give dependable results as
L/t is increased to the point that flexural strength becomes critical.
Another check that can be performed is to compare the shear
strengths ot these slabs, as represented by Eq. (€.8), with the shear

strengths of deep beams. Albritton (8) has proposed the simple formula
v, = £'/{L/d) (6.11)

for the average ultimate shear stress at the support of a simply-
supported, uniformly loaded deep beam. If this expression is equated

to Eq. (6.8) (without the eirror term) we obtain, for L/t = L/d,
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11,700f!

2
f
4 Yy

L/t = (6.12)

For fé = 5000, p = 0.02 and Sy = 40,000, the two expressions agree at
L/t = 1.83. Using Eq. (6.9) rather than Eq. (6.8), the curves will
intersect at a higher L/t, and if p is taken as 0.0l1, then L/t
becomes 5.45. Thus, comparable results are obtained for the span/
thickness ratios of interest in this study, as would be expected.

It would be possible to "polish" Eq. (6.8) a bit more by
adding a term to account for differences in support friction, as was
discussed eariier. Such a refincment, even if it could be physically
Justified, would not lead to a more economical design expression,
however, since prototype closures will probably be supported on steel-
to-steel interfaces. Similarly, a better fit to the data might be
obtained by adjusting the exponents of p and L/t in Eq. (6.8), but the
number of available data points at L/t ratios other than 3.5 are too

few to Justify such adjustments.

6.5. Ductility

It was shown in Chapter 3 that the ratio P’m/Qy is a function
of both the ductility ratio, u, and the ratio td/T, where td is the
durution of an iuitially peaked triangular pressure pulse. Ph is the
peak value of tue loading function and Qy is the yield resistance of

an assumed elasto-plastic resistance function. Table 3.1 lists values

of Pm/Qy for three values of td/T and for ductilities from 1.3 to 15.
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The model structures tested in this program did not, as a
general rule, exhibit perfect elasto-plastic behavior. The real load-
deflection curves were, however, idealized as elasto-plastic curves
in the method described in Chapter 5 for computing relative ductilities.
In the discussion that follows we will let Qy represent the "apparent
yield load" defined in Chapter 5, and Qm represent the maximum load
Values of the ratio Qy/Qm’ also defined in Chapter 5, and the ductility,
4, are listed in Table S.1.

One expects a relation to exist between the ratio Qy/Qm ana
the ductility u. It can be shown, in fact, that if the load-deflection

curve is parabolic, the ductility can be found from the expression

1+ i—::%L
%

1 -x 3\ i_:_fl
I s

where X, is the arbitrary offset, taken as 0.0l in. in Chapter 5

-

The values of u and of Qy/Qm from Table 5.1 are plotted in
Fig. 6.6. The data are well-behaved and seem to obey a simpler rela-
tion than that indi~ated by Fq. (6.13). A good representation of the

data is given by

;i _ 012 (6.14)

The values of P’m/Qy from Table 3.1 are shown as dashed
lines on Fig. 6.7 for each of the three values of td/T The real points

cannot be connected by streight lines of normal width, but good




210

approximations for the range 2 < p < 10 are obtained by the expressions

P/Y = 2. 45 gy ty/T = 0.3
P/S = 0.78.2° 0 for £,/T = 1.4 (6.15)
Pm/Qy = 0.72#0'120 for td/T = 80

The peak dynamic load, Pm’ can now be related to the observed
maximum static resistance, qn, by combining Eq. (6.14) with each of

Eq. (6.15). The resulting expressions are

L
P/Q - 1.52.9°%T  por t4/T = 0.3
P/Q = 0.78.0-181  ¢or tg/T = L.k (6.16)
Pm/qm =0.72 for td/T = 8

Equations (6.16) are plotted as solid lines on Fig. 6.7. The model test
results have demonstrated that ductilities in the range 2-10 for which
Eqs. (6.15) are valid can be dependably obtained. When td/T is
reasonably vell known, Eqs. (6.16) may be used to select Ph/Qm. When
td/T is not well known, conservatism will require the use of the lower

bound Ph/Qm = 0.72.

6.6. Confinement

The beneficial effects of confining the concrete in a closure
slab against lateral expansion have been demonstrated repeatedly in
the model test series, though not always intentionally. Partial con-
finement by frictional restraint on the bearing surface is believed
responsible for the high bearing stresses observed in many of the tests.

The "second peaks" obtained in the tests of the randomly-reinforced

~
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slabs and several of the G-Series models are due to confinement in the
relatively rigid test device. The added load capacity of model slab
G-12, as compared to, say, G-10, was about equal to that predicted in
the calculations described in Chapter &,

The model tests described in this report probably represent
the upper limit to the loads that can be obtained with unconfined
closure structures. The attainment of higher maximum loads may require
the use of confining rings either to prevent failure of the concrete
in the structure, or to 1imit the cutward thrust on the supporting
structure, or both.

It is probable that leakage of the blast cverpressure arcund
the edges of the closure will provide enough confining force to greatly
improve its strength A system of seals adequate to keep the pressure
out is difficult 1o envision. The effect of confinement by the blast
pressure has not been investigated and no additional strength will be
assigned to the structure because of it. Some additional factor of

safety should exist because of this effect

6.7. Recommended Design Procedure

Equation (6 9) is recommended for the computation of maximum
shear stress at {he support from a statically applied load Equation
(6.9) forms a lower bcund to sll the data used in deriving it, i e.,
data from 24 of the 34 models tested. The applied static overpressure

load which will produce the shear stress given by Eq. (6.9) is

w=0 O}Ohfy pré /(L_/t)l > (6.17)
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The design dynamic load may be taken equal to the static § w
load if we let the ductility u = 4 and apply the second of Egs. (6.16), :
for td/T = 1.4. This suggests a period of, say, 10 milliseconds and
an effective durati n, t o of about 15 milliseconds, as would be expected N
from a weapon of one megaton yield.

The lower bound for the dynamic load, found from the last of

Eq. (6.16), is taken as 72 percent of the static maximum. |

= o.ozlfy pré /(L/t)l & (6.18)

Yminimum
Equation (6.17), with the stipulation suggested in Section 6.3, Jf
that the bearing stress be limited to l.25fc or that additional confine- D,
ment be provided, form the writer's recommendations for design of
closure slabs. A conservative approach has been taken throughout in
arriving at Eq. (6.17). Even so, its use is recommended only for the
conditions for which it was derived. All of the models tested were

under-reinforced, with steel ratios no greater than about two percent &

The span/depth ratios varied only from 2.35 to 5.6. Most importantly,
appreciable restraint was provided by friction between the slab and
| its support. )

This concludes the discussion of the test results. The cou- i

1 clusions are summarized and recommendations for further study are ve

presented in the next chapter.
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TABLE 6.1. BEARING STRESSES AT FAILURE
Slab No. Bearing Stres's/f‘(': Slab No. Bearing Stress/f‘é
K-1 1.11 J-1 0.38
K-2 1.01 J-2 0. 31
K-3 0.99 J-5 0,24
K-4 0.86 J-6 0.2
K-5 1.27 J-8 0. 30
K-6 1.22 G-1 0.85
K-7 1.04 G-2 0.4
K-8 1.19 G-3 1.38
K-9 1.13 G-k 0.95
K-10 0.96 G-5 1.5
K-11 1.08 G-6 1.28
K-12 0.98 G-T 1.61
K-13 1.22 G-8 1.28
K-14 0.88 G-9 g AN
K-15 0.52 G-10 1.59
K-16 0.48 G-11 1.29
K-17 0.55 G-12 2.03

¥ The bearing stress at the maximum load reached is tabulated for
slabs that were not actually failed.

i — -
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TABLE 6.2. ULTIMATE SHEAR STRESSES ON SECTION t IN THICKNESS,
K AND J-SERIES MODELS

v, = Vu/bot
Slab At Support At t/2 Away At t Away
v v v ' v v v v v
u ~0 u u _u _u u _u u
L Jrio  pst £ TR % Jr:

K-1 2150 0.366 28.1 1530 0.261 20.0 920 0.157 12.0
K-2 2140 0.334 26.8 1520 0.237 19.0 915 0.143 11.bL
' K-5 2370 0.420 31.5 1690 0.299 22.5 1015 0.180 13.5
K-6 2020 0.401 28.5 1440 0.286 20.3 865 0.172 12.2
K-13 2290 0.405 30.5 1620 0.287 21.6 ofS | Gua73  13.0
K-3 1880 0.329 24.8 1340 0.23%  17.7 805 0.141 10.6
K-14 1890 0.288 23.3 1350 0.206 16.7 810 0.123 10.0
K-8 1880 0.392 27.1 1340 0.279 19.3 805 0.168 11.6
K-12 1920 0.322 24.9 1370 0.230 17.7 825 0.138 10.7
K-10 1890 0.3516 25.7 1350 0.226 18.3 810 0.136 10.5

K-11 1450 0.358 22.8 1030 0.25% 16.2 620 0.153 9.7
| K-k 1510 0.287 20.8 1080 0.206 14.9 650 0.124 9.0

J-1 1100  0.199 14.8 900 0.163% 12.1 705  0.127 9.5
J-2 1010 0.161 12.8 820 0.132 10.4 650 0..i04 8.2

J-5 720 0.140 10.5 640  0.115 8.6 Lgo  0.088 6.€
Jab 820 0.1k2 10.8 670 0.116 8.8 525 0.091 €.9
935 0.176 12.8 765  0.184  10.5 595 0.112 8.2
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Q
TABLE 6.4. ULTIMATE SHEAR STRESSES AT SUPPORT N
IN TERMS OF p, L/t AND J{‘Z i)
(1) (2) (3) (4) (5) (6) 1
Slab v 5.4pf v v
No. v { u 100wy ) 5y 41047 :

At Support (L/t) 5.Upf N 5.bhpf Jf?? [

(ng) c —iﬁl L

K-1 2150 1010 2.15 2.78 1.kg 1.89
K-2 2140 1010 2.12 2.65 1.42 1.80
K-3 1880 1110 1.69 2.2% ke 1.52
K-4 1510 k20 3.60 h.97 2.66 2.15
K-5 2370 1010 2.35 5 12 1.67 2.12 i
K-6 2020 1010 2.0 2.62 1.51 1.91
K-8 1880 1110 1.69 2.4k 1.31 1.68
K-10 1890 870 2.17 2.81 1.50 1.75 i
K-11 1450 870 1.67 2.62 1.k40 1.63 =
K-12 1920 1110 1.73 2.24 1.20 1.54
K-13 2290 1010 2.27 3.02 Sl 2.0k -
K-14 1890 1110 1.70 2.10 1.12 1.43
J1 1100 360 3,06 b.11 1.73 1.77 M
J-2 1010 360 2.81 5. 55 1.50 1.53 i
G-1 1990 1110 1.79 2.1k 1.14 1.46 z
G-2 1900 1110 degh It 2s 1 A7 1.50
G-3 1555 1110 1.40 2.54 1.3%6 L.74 v
G-S 1650 1195 1.38 1.85 1.21 L2 =
G-6 2000 1550 1.29 L. 75 1.02 1l.k9 V
G-7 1725 1195 1.4k 2.11 1.38 1.62 -
G-8 2450 1550 1.58 1.88 1.5) 1.63
G-9 2010 1110 1.81 2.50 1.3k 1.72 i
G-10 2005 1550 1.29 fiis T 1.14 1% 51 il
G-11 2170 1210 1.71 2.39 1.28 1.85
Avg. of Col. 6 3 1 0] |
Std. Dev. = 0.209 =
Coeff. of Variation = 0.123 -
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TABLE 6.5. ULTIMATE SHFAR STRESSES AT SUPPORT
IN TERMS OF ¥p, ¥ (L/t) and Jré

-y P amd dud bl o =

L ]

(1) (2) (3) (L)
Slub i 1000 v, 1000v,, Ji/t
No At Support \/pfc fy J’IE fy@
K-1 2150 9.70 5.40 10.c8
K-2 21Lo 10.10 5.17 9.65
K-3 1880 9 70 L L2 8.25
K-4 1510 5.85 6.15 11 50
K-5 2370 9.50 6.10 10.40
K-6 2020 9.00 5.48 1C.23
K-8 1880 8.9 L .80 8.95
K-10 1890 9.00 5.07 9.45
K-11 1450 7.40 L.73 8.83
K-12 1920 9.90 4. 42 8.25
K-13 2290 9.50 5.90 11.00
K-14 1890 10.40 L. 1k 7.7k
-1 1100 T.60 L, o2 9.5%
-2 1010 8.05 3.48 8.25
G-1 1990 10.57 L .8k 9.0k
G-2 1500 10.05 4.85 9.05
G-3 1555 7.05 5.66 10.57
G-5 1650 8.75 k.97 7.60
G-6 2000 11.10 L.56 775
a-7 1725 8 00 .68 8.68
G-8 2450 12.30 5.C3 8.5%
G-9 2010 9.30 5.55 10.3%6
G-10 2005 9.83 5.17 7.90
G-11 2170 10 3 5.55 10.36

Avg. of Col. & = 9.24

Std. Dav = 1.1

Cceff. of Variation = 0.119
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CHAPTER 7

CONCLUSIONS AND RECOMMENIATIONS

T7.1. Conclusions

From the results of the model tests described and discussed
in this report, one can conclude that it is entirely feasible to build
missile silo closures with a high probability of surviving blast over-
pressures of 1000 and 2000 psi. In fact, it appears that significantly
higher overpressures can be resisted by reinforced concrete slabs

Composite slabs reinforced with steel tension plates are
completely satisfactory and exhibit more ductility than bar-reinforced
structures. Thus, the steel plates required for EMP protection (see
Chapter 2) can be made to do double duty as structural reinforcement.

The addition of shear reinforcement to either plate or bar
reinforced slabs adds ductility, though the amount of ductility added
cannot be related to the amount of shear steel provided, based on the
results of these tests.

The ductility required to resist dynamic loads can be pro-
vided by plate-reinforced slabs with or without shear reinforcement or
by bar-reinforced slabs with shear reinforcement.

The enhancement of flexural resistance by friction forces
acting on the lower surface of the slab has been demonstrated in the
test series and can be theoretically explained. Beceuse of this
enhancement of flexural resistance, slabs of the proporticns considered

in this program will generally fail in shear or in bearing.
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lateral restraint of closures slab. appears to improve both fﬁ
their bearing capacity and shear strength, as well as improving flexural -
resistance. Steel rings, or hoops, can te successfully used to increace 4
the lateral restraint and load-carrying capacity 3
T-2. Recommended Additional Tests
An additional series of static model tests is recommended, in
order to confirm the conclusions of this study and tc gain a still better
understanding of thick slab behavior. All are to be conducted in the '
existing 1/14th scale test fixture. Several areas of investigation
are proposed. They are: (1) A variational study of the material (i
i
property and geometric parameters of Eq. (6.17), in order to confirm L,
the equation. (2) An investigation of shear stud requirements. (3) An i
examination of the effect cf base restraint on slab behavior. (L) A 3
determination of the relation between shear steel and ductility. -
| (5) An examination of the bearing strength of thick slabs i
The 1ist above suggests eight parameters, including four for ﬂ
P
item (1). 1If each parameter were allowed to take on three values, all A\
] of the possible combinations could be represented by about 6500 models o i
The program proposed here 1s somewhat less comprehensive, tnough a =
fairly large number of tests is still proposed i
Only plate-reinforced models need to be tested. Therefore, -
the examination of shear stud behavior should be given priority, as ,2 |
this could lead to economy in later prototype construction. A series '
H
of tests on prisms attached by shear studs to greased steel plates ~
should precede, and govern the design of the model tests. Twenty-four ,r
i ¢
L& §
.; |}
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prism tests, comprising three variations of concrete strength, four
variations of stud diameter and two stud lengths are suggested. Three
additionsl specimens will be required to demonstrate repeatability at
one combination of stud diameter, stud length and concrete strength.

A similar program involving prototype-size specimens should also be
considered

A series of eight model slab tests is recommended to apply
the information gained from the prism tests. Two values of the ratio
of diameters (Do/pi) should be employed to determine the effect of
clamping due to the overhang on the need fcr shear studs. One combina-
tion of shear stud length and diameter is recommended, to be tested in
these four configurations: (1) Optimum number (from results of prism
tests) with ungreased plate, (2) Optimum number with greased plate, (3)
Fifty percent of optimum number with ungreased plate, and (4) No shear
studs at all (except a few for attachment) with an ungreased plate.

A high L/t ratio is suggested for this test series. It is beliaved
that the number of shear studs required in tests to follow migat be
reduced as a result of the tests Jjust described.

A series of tests to determine the effect of material and
geometrical properties is proposed. The parameters to be investigated
and the number of variations suggested for each are: (1) The
span/thickness ratio, L/t (four values), (2) the tension reinforcement
ratio, p (three values), (3) the concrete strength, £ (three values),
and (L) the yield strength of the reinforcing steel, fy’ (three values)
Table 7.1 shows all the possible combinations, which total 108. A

suggested series of twenty-four tests, comprising five casts of four
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models each, is indicated, by letters identifying the casts, on the
table. One combination is circled, to show that an additicnal cast

of four identical models of that configuration is required for control.
Additional control casts may be needed to differentiate between the
effects of purameter variation and normal scatter in the results

The form of Table 7.1 can be extended to show combinations
of the material properties with variations in base restraint, shear
reinforcement and bearing configuration  An additional 20-30 models
may be required It is recommended that base restraint be varied by
the use of ball bearings (on special bearing rings, to prevent damage
to the test fixture), glass filled Teflon) bearing surfaces to reduce
friction, and/or crushable bearing surfaces, such as plywood or hard-
board. Shear reinforcement of the type used in models G-7 and G-10
is recommended, with careful attention to be given to weld quality.

A better understanding of the bearing strength of deep slabs
might be gained by casting models of low L/t ratic with high-tensile-
strength "micro-concrzte” in an attempt to force the bearing strength
to be critical. Other possibilities suggest themselves, such as the
testing of thin models with and without confining rings on a narrow
(low Do/Di)’ lubricated bearing area

In order to conduct a large number of tests in a reasonable
time period, some chamaes in fabrication and testing techniques will
be required. It is recommended that compression reinforcement and

supplementary tension bars (as in models G-6 and G-8) not be used

* Trademark of the E. 1. DuPont de Nemours Company

—
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Additional forms should be built 50 "2t specimens can be cast in groups
of four. These changes, and some minor modifications to the loadiag
fixture, its supporting stand and its auxiliary equipment can provide

the additional efficiency needed for an expanded program of testing

T7.3. Analvtical Study

An analytical study of the closure slab problem is recommended,

to proceed concurrently with the experimental program suggested above.

The finite-element approcach tc the numerical solution of the problem h
is believed to be a reasonable method, and one that is capable cf

representing the boundaries in a satisfactory manner. In order to be !
of value to the experimental effort, the computer program shculd be put
intc operation as soon as possible. Thus, it is reccmmended that no

1 time be spent in either developing automatic problem-describing rcutines

or in striving for the high degree of generality sought by many

investigators.
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