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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 

text.     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. 

a 

a 

A 

\ 

b 

bc 

C 

C 

d 

d 

D 

D 

D 

D. 

radius of plate (in computing period of vibratioi , Eq. 0.10)) 

area tributary to a single shear stud, shear 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 

plate stiffness, D = Et5/(l-V2) 12 

inside diameter 

outside diameter 

shear stud diameter 

total dose of gamma radiation 
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In 
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my 

n 

n 
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Ps 

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. 6 

unit yield moment 

number of shear studs 

coefficient of p, 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 stud 

maximum static resistance (in response analysis) 
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xiv 

Q yield resistance (in response analysis) 

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

R radius to row of shear studs 

R radius of vulnerability, Ch. 2 v 

t height of slab 

t hoop thickness, Eq. (i+.i+) 

t, duration of loadi^e, pulse 

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

t,.» duration of effective triangle which preserves time to 
one-half peak pressure 

t. duration of effective triangle which preserves total impulse 

T period of vibration 

u bond stress 

v ultimate shear stress u 

V total shear 

V portion of total shear carried by shear reinforcement 

V volume of crater, Ch. 2 c ' 

V. volume of crater lip 

w applied uniformly distributed load 

w' portion of applied load taken by shear reinforcement 

W weapon yield, Ch. 2 

x shield thickness, Ch. 2 

x arbitrary offset, in ductility calculations, Ch. 5 

a       volume expansion factor, Ch. 2 

a       coefficient in Eq. (2.6) 

y density, Eq. (5.10) 
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air density, Eq.   (2.3) 

\ coefficient  in Eq.   (2.6) 

ll ductility,  defined as maximum deflection divided by yield 
deflection 

V Poisson's  ratio 

P 

a standard deviation 

o, major principal stress 

j, minor principal stress 

E neutron attenuation factor, Ch. 2 

E 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  (1;. 

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 tne 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 profiiesi   i cad-de flection curves,  and  ioad-.^train curves 

for  the origin«]   lerieis  of   1000 psi and  }00 psi model tests, as this 

volume supplies only  the data   from the final series  of twelve models. 

The  research reported ai.d discussed in the sections and 

paragraplis  »ha1   follow includes all of the closure slab model  testing 

conducted at  the University of jllinoi?1- 

1.2.    Objective 

The objective of the research was  to demonstrate that silo 

closure slabs can be built to withstand overpressures as high as ont 

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

of  1000 psi anJ  ?000 psi  from weapons of  100 KT,   1 MT,  and  10 MT yield. 

The ability of the model fiaba  to withstand more  than design cver- 

prei^ure was danonatrated so early in the program that the determina- 

tion of the highest  overpie;sure  load  that  could be  resisted became 

an un.-tated objective.     Ihe 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 expression, 

or  method, which the  sponsoring agency can use for  the design of 

closures for  future missile emplacements. 

1   5.     Scope 

As stated in Chapter 2,  this study considers the effec .s of 

blast  loadings of 1000 and 2000 psi from attacking weapons of C.l,   1 

and  10 W.    Only  the  overpressure  load en the surface of the closure 

is  taken into account,  thougn  it  is recognized that the air and 

:: 

: 

: 

: 

: 

i 
: 

: 

i 
: 

: 

: 

:: 

- • 

n 

Q 
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ground shock-induced motions of the structure supporting the closure 

may significantly affect the response of 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, 

at 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- supporting structure, for instance, 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 (l, Ch. 6) has treated the problem of 

providing an opening mechanism for a massive closure which may be 

surcharged with an accumulation of blast-bome debris. 

1.^. 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 

I 
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of the studies which led to the design of several prototype structures 

which were modeled and tested appears in Chapter }•  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 is suggested.  In 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 referenced. Publications cited in 

the text are listed in the List of Peferences that follows Chapter f. 

: 

i 

i 
1.5.     Analytical Studies 

Rainer  (l, Ch.   5) has modeled the silo closure as  a plate, 

simply  supported over the clear span,  using the discrete lumped 

parameter model developed by Ang and Painer (2) and applied to a — 

variety of problems by Ang, Rainer and others.     The method proceeds "• 

from a physical analogy to obtain a  set of equations   identical to those 

obtained by a finite difference approach      Rainer applied the model 

to flat plate closure;  of  several span/thickness ratios, under both 

static  and dynamic   loadings,  as weli.  as to closure types with which 

this report  is not concerned,.     Rainer's results  are thoroughly reported 

and discussed in SAMSO IR-67-15  O)- 

UiifcTtunately, Rainer modeled only the simply-supported plate 

with no overhang.     The structures cf interest  in this  study are 

supported    over an annular bearing area with a ratio of outside 

diameter to inside  diameter of  19/1'?.     The differences   in support 

:: 
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configura'oion are great enough to render Rainer"s results less valuable 

than they might otherwise be. 

1.6.  Other Investigaiions 

In order to better define the shaar strength of deep slabs, 

the results of the few existing tests of slabs, and 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 (5), tested groups of square slabs with 

span/thickness ratios of 5, 10 and 20, tension steel ratios of 0 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 Eq. (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 coefficient of variation for 

the eight tests was 0.188. Thus, it appears that tb failure loads 

for deep, square slabs are influenced by the same parameters as t'iose 

for circular siabs, when the conditions of edge restraint are 

comparable. 



" 

Brotch-ie tested one model vith 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 one circular 

slab were conducted at Southwest Research Institute (k).    All were 

simply supported. Tne 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 maximum 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 78OO 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 plate 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 reinlorced 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 presaure wave that 

varies with time and with distance from ground zero, the point of 

detonation. At a given distance fron ground zero, the presaure rises 

almost instantaneously to a peak, decays with time to zero and ia 

followed by a negative pressure phase. Thorough descriptions of this 

phenomenon are given in Refs. 12, 13 >nd lk.    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 fron the relation 

R-IW*1/5 (2.1) IMT 

where W is expressed in MI. Data for Fig. 2.1 are taken fron Ref. 12. 



Although staListicai limitations ar? seldom presented with weapon 

effects data,   it should be recognized that  variations  in these data 

must exist. 

If we assume that a structure designed for a particular over- 

pressure will   fail  at any  larger overpressure and survive at any lesser 

overpressure,   then  the distance  associated with that   overpressure  is 

the "radius  of vulnerability" of the structure.    The probability of 

the structure  surviving an incoming weapon then coincides with the 

probability  of the weapon  impacting at a distance  from the structure 

greater than the radius of vulnerability.     The latter probability is 

given by   M.   S. Agbablan  (?3)  as 

R    2 R    2 

F     -- 0.5 s 

(f) -0.695(^) 
(2.2) 

where R is the radius of vulnerability and C is the "circular error 
v 

probable" (•'EP), defined as the radius, about the structure, of tne 

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

Equation (2.2; and the value of C define the assumed error of the 

attacking delivery ■s.ystem. 

Radii of vulnerability of interest to this study are 

tabulated in Tatle 2.1.  Probability of survival versus CEP is plotted 

for each of these radii in Fig. 2.2-  The variation of F, with CEP 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, 

T 

- 
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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  design  parameter. 

2.3-     Ground Shock 

Groiind shock effects  occur both as  the  result of direct 

coupling of a part of the weapon's energy tr the  soil,  and as a result 

I 

I 
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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. 

I 
I 

2.k.     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.  Erode (12) gives us the 

formula 

I 
I 
1 B . ili^k .„(-»/780) ■ .  5 Ik exp\-"V >-/ (2.5) 

R ft 

i 
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where N is the total dose, neutrons/cm , R the distance from ground 

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

Brode (2.l) also gives the attenuation relation 

N 

I] 

Ex (2.4) 

:: 

where N is the total dose, N the attenuated dose, E 'he attenuation 
o 

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  = 4.37   in  (—)  inches (2.5) .. 

where   In is  the logarithm to the base e and the remaining terms have 

been previously defined.     Brode  (12)  suggests a tolerance of 10      to 

12      •    2 10      n/cm    for solid state electronic components.     Taking the more 

11        2 severe requirement, 10    n/cm  ,  as representative of missile tolerance, 

concrete shield requirements  have been calculated for the yields and 

overpressures of interest in  this study and plotted as Fig.   2.3.    The 

thicknesses  obtained are similar to those  required for structural 

purposes, as   later sections of this report will  show. 

For gamma radiation,   Brode   (12)   supplies  the formula 

. 

: 

3 x 10i5W, v- MT 

R2 ft 
a exp(-pR/\) (2.6) 

•♦ 

whe re D is the dose (roentgens) and the other variables not previously 

-* 



defined are  given by 

12 

O - 1 +  0.005W 
r 

\ = 1500 + 30W + jw' 
(2.7) 

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

the expression 

7        0.021 px r— = e (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.^ gm/cc, 

we obtain,  for the required thickness   in inches. 

- 7.8 In  M-)   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  initial gamma dose to 100 roentgens have been computed 

for the yields and overpressures considered  in this study.     The results 

are plotted on Fig.   2.5.     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,  l/'h inch or more in thickness,   is 

believed to be sufficient to protect  the missile and associated 

mm 
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equipment from electromagnetic pulse fEMP) effects. The extension of 

the EMP shield over the lower surface of the closure wili serve also 

to protect the missile from spaliing 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 lh 

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 15000 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 that might be 

expected at pressure levels greater than 1700 psi may be obtained by 

assuming an ejecta distribution pattern, as in Fig. 2.U, and accounting 

for the volume of material removed from the crater. For example, 

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

i 

I 

«- 

V  = 
c 

ndD 
(2.10) 

■■ 
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where V , d, and D are the volume, depth and diameter, iaspectively, 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 

^L  6D(L-7T {- - r^-r Jl2iD(L-0 + (DfSL)'  (l^2i)2(l>f6L-lif)|     (2.1l) 

where VT is the volume of the crater lip and the other variable^ are 

identified on Fig. 2.k.     The maximum height of the lip can now be found 

by setting 

VT ■ aV 
L   c 

(2.12) 

T 

t 

where a is a factor allowing for volumetric expansion of the material 

removed from the crater.  Tf Eq. (2.10) and (2.1i) are substituted 

into Eq. (2.12) and the result is solved for t{a  - 1.0), i is found to 

be almost exactly equal to one-tenth of the crater diameter. The maxi- 

mum lip height, h, is equal to 0.4d. 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 indicative 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 

W-MT 

Miss Distance, feet 

500 
psi 

1000 
psi 

2000 
psi 

0.1 1070 696 557 
1 2250 1500 1200 

10 U95O 3230 2580 

TABLE 2.2.  CRATER DIMENSIONS IN DRY SOIL 

: 

c 
[ 

: 

;: 

[ 

i. 

IOOKT IKT 

Crater Diameter, D, feet 
Crater Depth, d, feet 
Lip Width, L, feet 

TABLE 2.3.  CRATER EJECTA DEPTHS FOR O ■ 1.0 

10MT 

600 1500 2790 
iko 500 6U5 
280 600 1290 

Overpressure IOOKT INE lOMT 

1,700 (Lip Edge) 0 0 0 
2,000 5.55 11.u 24.6 
5,000 21.5 45.8 98.5 
k,000 52.0 69.0 148.0 
5,000 U.5 82.5 177.0 
9,000 (Lir Crest) 56.0 120.0 258.O 
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CHAPTER 3 

PRELIMINARY DESIGN STUDIES 

I 

: 

,. 

: 

5.1.  General 

In order to obtain a basis foi designing the series of model 

test experiments which were the essential part of this research, it was 

necessary to develop a design procedure and select representative 

prototype sizes for the overpressure loads considered.  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 ana static.  The structure is 

L      - 3d to be simply supported over the cieai span, anu 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 

wD 
m.v =3r (3.1) 

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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.1 

m    = f A jd = f pjd2 (5.2) 
y y   S y * 

for a one-inch section,  where 

f    = the yield stress of the reinforcing, ksi 

p - the  tension reinforcing stoel ratio 

jd  - the  effective iever arm of the section, ar.d 

d - distance from the top surface  to the center of the 

required effective  depth, d,  obtaining 

VJ 

i 

tension reinforcing steel. 

Equating expressions   (3.1j  and  (5.2),  we can solve for  the 

1/2 
d - 0.20UD  (-r^-) (3.5) 

For the single span   (l80 inches) considered,  and letting j  - 0.9, 

Eq.   (3-3)  becomes 

. 

d . 38.7wl/2 (5.M 

v y 

which can be plotted as  a family of parallel lines, representing 

various  combinations  of f    ana p,  on  log-log paper.     The  variation  of 

d with w is plotted  for a few such combinations  in Fig.   5.1. 

An outside  diameter of 19 feet was  chosen to  insure bearing 

stresses  of less  than 5000 psi at a design  load of 1000 psi.    The -, 

bearing stress for the selected geometry becomes 

fh   = 2.65W (5.3) 

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

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

as recommended by the Air Force Design Manual   (l3). 

The design studies assume a flexural failure mo^le and re- 

inforcement ratios of 2 percent or less.     For these assumptions  the 

ultimate moments are  insensitive to concrete  strength.    Therefore, 

f'  = 5000 psi was adopted for the design and model studies. 

5.3.     Bar-Reinforced Slabs 

In the early phases  of the study,  consideration was given to 

the use of high-strength reinforcing steel.     Line No.   1, Fig.   3.1, 

represents the combination of 60 ksi steel with a reinforcement ratio 

of 0.0153.    The resulting effective depth is about ^5 inches for a 

design load of 1,000 psi.     The steel area required is  (0.0153)(^5)  ■ 
1 
• 0.60 in. /in., which can be provided by two layers of No. 11 bars 

spaced at ^-l/^ 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. 5.2.  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 

 1 . .  
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of high-strength reinforcing steei is not recommended-  A design 

equivalent to 60-B, using intermediate grade reinforcing steel with 

a ^0 ksi yield point, is obtained by increasing the percentage of steel: 

p - jjg (0.0155) ~ 0.02 

The steel required is (0.02)(k'j,)  _ 0.9 in, /in., which is 

supplied by two layers of No. 11 bars spaced at U-5/8" each way, when 

advantage is taken of the full 19-ft span of the slab.  This design, 

designated ^O-A, is illustrated in Fig. 5-5. 

The basic prototype for the 2000-psi series of model tests 

was designed using line 2 of Fig. 5.1, where p - 0.015 and f = 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 allow for adequate cover 

over No. l^S bars. This design, shown in Fig. 3-^ is designated ^O-B. 

Figures 5-2 and 5.5 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. }mk, 

5.U.  Plate-Reinforced Slabs 

As discussed in Chapter 2, the silo closure will require 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-J6 steel plate and let t = d for design 

purposes. Equation (5.^) can be rev 'tten, for f =36 ksi, as 

p ■ Ul.6 w/d' (5.6) 

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

inches, we obtain p =1+1.6/(51) = 0.0l6.  The plate thickness required 

is then (O.Ol6)(5l) - O.815, or about l3/l6". We will designate this 

design as closure 36-A. 

For the 2000-psi design, with d - t = 78 inches, we obtain 

p = (^1.6)(2)/(78)  = 0.0137.  The plate thickness required is then 

(0.0137)(78) ■ 1.07, or about l-l/xo inches. This closure is designated 

No. 56-B. 

We will also require a 500 psi plate-reinforced prototype. 

Let p for this design by 0.012 and work directly from Eq. (3.^) to 

obtain 

l/2 
1 = d =  ^(gjjaoig)  " 32'5' say 52-5 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 (l6). If the shear connectors are round bars, such as Nelson 

studs, design forces can be determined from the formulae proposed by 

Viest (l7j. For studs larger than one inch in diameter, Viest suggests 

the expression 

! 
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.»/Tt222 Q  . 5 Dsf 

where Q is the load per stud in pounds and D    the stud diameter  in 

inches.     This expression can be made more convenient by expressing Q 

in kips and f*   in ksi and writing it 

Q =  10Ds V^J (kips) (5.7) 

For 5000 psi concrete, we have Q ■ 22.^0; 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 

,,  wR , . ,. 
V - — kipi/ln. 

The unit bond stress, u is given by 

V    wR  „  v   , .  . 
u =  s TT-T for L    -  I   inch 

ZoJd  
2JJ     0 

where L    is unity because V is expressed in kips/in.  The plate area 

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

a2 = Q ^ 20^ 
u   wR 

and it follows that 

:: 

:: 

: 

:: 
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. . (3U4,1/2 R-V2 (5.8) 

The method followed by the writer In determining sheer 

spacing consists of plotting a vs.  R (Eq.  3-d), 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 

fron the arc distance,  the chord distance, designated b, is computed 

for layout purposes as 

b = 2R 8in(-) (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 spacing 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 

. • i^¥22ü (3.9) 

Where w and Q must be in compatible units.    Using 1.3-inch 

studs this yields, for the 1,000 pal design, where d « 51 inches, 

n > 793*    For the 2,000 psi design with d = 78 inches, n ■ 1,0^0.    For 
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the 30Ü psi  design with d   -  52.>  laches,  n   •  J7^.     The  j,000,  2,000 ani 

500 psi plate»reinforced 6 Labs,  designated   '6-A,   56-B and  5^-C,   re- 

spectively,  are  illustrated in Figs     J.1?,   5.6 and 5   7 

5. '5.    Shear Reinforcing 

It seetr.ed reasonable to assume that a shear failure,   it' 11 

occurred,  would  result   in a  truncated ^"j-degree cone  of concrete bc-ir.^ 

punched oat of the slab.     Shear reinforcement could then be con- 

veniently provided ty cuppiying vertical steel bars   in concentric 

circles over  the region of the crack.    The added shear   resistance 

available for each ring of bars  Intersecting the crack would  be 

: 

:: 

• 

■ 

V   = A  f v v 

Where V is the force taken by the shear reinforcement, A is the ar-a 
v 

of steel cut by the shear crack and f is the shear steel stress  The 

shear steel wlK be assumed to yield, so that f -   f * ' v        y 

•Jamble, et  ai  (1) have computed the extra   load capacit> 

contributed vv  »hiee  rings  of shear reinforcement  located a-  shewn  in 

Fig.   5.8.     The reinforcing is welded wire  fabric   with l/2-inch vertu ai 

bars at 6-inch spacing and horizontal  i/^-inch bars  to provide 

anchorage      The  totai   steel area for the configuration shown i^ 

^0.8 In        The welded wire fabric  has  f     -  6k  KSI,  SO that V   - 
y 

(40.8)(64)   .  ^6 J kips. 

The shear sreeJ   carries only the Load on the  J. ,"■"" «urfiue el 

the truncated cone      for the ^i-inch slab, this surface has  a diameter 

equal  to l80   -  102   •■ 78 incnes and an area equal  to  (O. 78p)(78) 

: 

:: 

.. 

■; 
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^770 in2. Letting l^Ow' = 26iO, we obtain w' = 0.5i*7 ksi = 5^7 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' ■ Uü5 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. 

5.6. 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 (l8) have 

studied in detail the problem of an elasto-plastic single-degree-of- 

freedcm 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. 5) 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 

2«a 
5725 6D (5.10) 
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7 t in which a      :acuas  cf piste, —-    - mass per unit area  of piate and 

Et' 

^(iV) 

where E   •   Young's modulus,  t   ■■ pi.ate thickness  and V      Foisson's ratio, 

which  is  assumed  to be   zero for concrete.     If we  let  /   -  0.087   lbs/in 

and E   : I*,000,000 for  concrete,  Eq.   (5. iO) becomes 

■.   3 
■ n 

(5   11  x  IO"'5) i- (5.11) 

which yields a period of ^.9^ msec  for the ^jl-inch closure and  5.25 

msec  for the 79-inch closure.     'These calculations are approximate, 

since the closures considered do not meet tne  requirements of the 

asiuniptions that   led to Eq.   (5-ll).    For the  sake of argument,  suppose 

these results are no more than an order of magnitude  too great or too 

small.    Considering an average for  the two structures'  of ^ msec,   ♦hen 

the actual value is at  least  0 4 msec but not more than ho msec. 

The rise time of the pressure pulse will be one or  tvo msec. 

If 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 mav now consider extremes  of the ratio t./T,  where  f ,   is 
d' d 

the duration of the loading pulse and V  the period of the structure 

For the upper bound, consider the shorter period, O.h  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 

:: 
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decay rate of the actual pressure curve, as recommended by the Air 

Force Design Manual ( 13). We choose t - 52 msec for a 10 MT weapon 

and 1000 psi pressure, obtaining t./T = 80. 

For the lower bound consider the longer period of ^0 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 t., preserving the impulse of the 

actual pressure-time curve. We choose t. - 55-5 msec for a 100 KT 

weapon and 1000 psi pressure, obtaining t./T - 1.39« 

We might have assumed that the maximum response of the 

closure with period of kO  msec occurs neither after the pressure pulse 

has passed, nor early in the pressure history, but at some inter- 

mediate time.  In that case, the Air Force Design Manual recommends 

using t, - t 0, conserving the time to one-half peak pressure of the 

actual pressure-time curve. For 100 KT and 1000 psi, we use t-0 ■ 

15 msec and obtain t,/T -  0.525 as a lower lower bound. d' 

Melin, et ai (l8) have computed P /Q vs ductility for 

t,/T between 0.1 and do.  Values of P /Q for t./T  of 0.3, I.1* and 
d' m' y    d' 

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

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

and Q, the static yield load.  It is apparent that for ductilities cf 

5 or more, P > 0.9 0. > and for ductilities of 10 or more P > Q 'm-^y' m-^y 

throughout the range of t./T considered. If account is taken of the 

increased strength of materials under dynamic loading, one could 

probably safely conclude that P > Q for ductilities of 5 or more. 
m — y 
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The results of the model tests conducted in this study indicate that the 

required 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 P /Q    VflTH DUCTILITY RATIO 
m'  y 

: 

: 

Ductility Ratio Values of P /Q 
m' y 

^ td/T = 0.5 td/r - 1, ,1+ td/T = 80 

1.3 l.i*5 0.75 0.6l 

1.5 1.65 0.81 0.66 

2.0 2.0 0.95 0.7^ 

3.0 2.6 1.1 0.83 

«*.o 5.0 L.2 0.88 

5.0 5.5 1.5 0.90 

6.0 5.8 1.57 0.92 

7.0 It.2 iM 0.95 

8.0 ^.5 1.5 O.9I1 

9.0 ^.8 1.55 0.95 

10.0 5.0 i.6 0.955 

15.0 6.0 1.8 O.98 

(Values from Chart I , Ref.   l8) 
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Radius to Row Spacing Along Row Number 

Miterlais 108.U in. 9.7 In. 70 
f,'   »   5000 p«l 

^^-T^*  ' 
102.0 
95 .Q 

in. 8.2 
6.9 s 

fy   - 36,000 psi ^sc*. • • • 90.0 
Qk.i 

5.8 
6.0 s 

y- \ - • •. — 78.0 6.3 78 
/•.•.•.•   72.7 6.5 70 

/ '•.•••.•.•••• 66.1 6.8 61 / • 
59.1 
51.7 
»»3.6 

7.1 

J:5 z 
33 

/ ',•• • . • • ^.8 9-? 10.V 
83 1 • • . '   .•. 2»».9 15 

• .     .' 12.5 7.8 10 1 •• /    .•• 805 

1 •         . 
I •         • 
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Alternate studs 12" and 18 

Plaa Shoving 
Shear Stud 
Placement 

wurs z layer #11 bars « l»-7/BM both 
1-1/2" Ha. stael (rods 

III.  
f 13/16" stael plate 

I 

AU 
\ 

15'-0" 
Section 

19*-C 

Pig. 3.5 Silo Closure Slab 36-* 



3« 
MaU-riaU 

Rtdim to How   Spacing Alo^ Row   Wugber 

•   •    • 

i" • ill.8 in. 9.6 in. 73 
. • • 106.1 8.1 82 
•     - . • • • 100.5 6.9 92 
• • • 95.2 5.9 101 
•••• 90.0 5.1 111 

%•• 84.8 5.3 101 

• •• 79.^ 5.«» 92 
•••• 7U.0 5.7 82 
• ••-• 68.2 5.9 73 
•••• m.i 6.2 63 
, • • 55.8 6.5 St 
'. • • 8.i 7.0 M 
'. • 1 te.8 7.5 55 
• 33.9 8.5 25 
• * 2U.8 9.7 15 
,  • 12.5 7.1 11 • 

•      • 
• 

Total 1^1,055 

lAlternate Studs 21»" and 30" long 

^ 
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\ 

Plan Showing 
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Kadlufl to Row Spacing Along Row Number 

107.9 1U.1 in. ia 
98.7 10.9 57 
90.0 8A 67 
81.3 9.0 u 72.1 9> 
62.2 10.3 38 
51.»» 12.3 29 
38.7 12.8 19 
Zk.O 16.8 9 
8.0 M 6 

Total 378 

Plan Showing 
Shenr Stud 
PlnceMnt 

Zl layer ffli bars S 8" both ways 
3" clear 

1-1/2" dia. Steel Rods 8H and 12" long /-   j.-x/<r    aim.  o^eex noai 

III   I   I   I   I   I y^ 
7/16" Steel Plate 

• _n" 15'-0 Section 
rf 

19'-o' 

Fig. 3.7   Silo Closure Slab 36-C 
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CHAPTER k 

MODEL TEST SERIES 

h.l.    General 

In order to determine the actual loads at failure and modes 

of failure of closures similar to those proposed in the design study 

(Chapter   5),   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 l/lkth. 

Three series of models were  tested.    The first series 

(Series K) consisted of IT models,  all l/lh-th scale.     The models were 

l6.29 in.  outside diameter, 5-68 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  l/lkth scale and 2.30 in.   thick.    The remaining four models were 

l/5th scale, ^7.5 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 l/lkth 

scale.     The  series included models 5.68 in.   and 5.^7 in.   thick, repre- 

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

j: 
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prototypes, respectively;   and two hAj-in.   thick,  2000-psi models for 

which no prototype had been designed. 

The  following sections describe the scaling relationships, 

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 canpressive  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 lead 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 coirpres- 

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 h.d. 

• 
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U.5.    Test Device for l/lUth-Scale Models 

The ./iUth-scale models were loaded hydraulically, using the 

fixture shown in cross-section  in Fig. k.l.    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 l/.l6  in.   thick;  and a  5/3?-in.  thick fabric- 

reinforced neoprene membrane covers  the aluminum ring and the entire 

upper surface of the model.    A butyl rubber 0-ring completes the oil 

seal,  as shown in the detail of Fig.   k.2.     Figure 1.5  is a photo of 

the partly dismantled loader and supporting stand with a slab In 

place. 
11 

The loading device was made of ASTW A-212,  grade B,  steel. 

After assembly,  the base plate,  support ring,  spacer rings and pressure 

head are bolted together with 2k 1-l/^-in.  high strength  ^f    = 100 ksi) 

steel studs.    The pressure head and studs were designed to yield 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 k.l 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 eupport ring I.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 k.kf-in. G-Series models 

• 
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were tested, an  auxiliary spacer ring,  Ü.79 in.  thick, was placed 

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

1-in.  thick spacer ring was used for testing the 5.^T-in.   thick G-Series 

models. 

h.k.     Test D'-'vice  Cor  l/Hh-Scale  Models 

The  tests  of the  l/^th-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 

tank shown in Fig.  h„k.    The slabs were  supported around  the outer edge 

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

specimen tank.     The gap between the specimen tank wail and tne model 

was bridged by a  5/l6-in-   thick steel ring,  and a clamped  5/32-in. 

'".hick fabric-reinforced neoprene membrane covered the steel ring and 

the entire upper surface of the model.     Rubber 0-rings were used to 

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

The K-Series  of models consisted of 17 slabs which were 

./lUth-scale reproductions  of prototype closures 40-A, 60-B or 36-A, 

as described in Chapter 3>  or variations   of them.    The models were 

l6.29 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:     (l)    A 

group of four 1000 psi models,  (2)    A group of four models  identical 

to those of the first group except that each contains 5 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,   (i+) A group of 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 h.l. 

Slab K-l was  the scaled replica of prototype ^0-A.    The 

bottom reinforcement consisted of two layers of l/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  l6-gage hoop to insure 

anchorage.     (For  the readers'  convenience,   the  thicknesses  in inches 

of the sheet metal and wire gages used in model construction in this 

study are listed in Table k.2.)    Model K-l  is shown in cross-section in 

Fig.  4.6. 

Model slab K-2 was similar to K-l 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 l6-gage plate,  and a single mat of l/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.  k.f. 

Model K-10 was  the xast model  of the first group of four. 

Tension reinforcement was provided by a 2^-gage plate and one mat of 

l/8 x l/8-in.   square bars.    A  single met provided the compiession 

reinforcement, as   in the  other model slabs.    The  shear stud arrangement 

for model K-10 is  shown in Fig.   h.J.     The shear studs were 12-gage 

"Insul-pins," one and l-l/ß in.   long. 

The second group of four models included K-6,  K-5>  K-0 and 

K-ll, which  repeated K-l,  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.  h.d.    The  shear reinforcement was proportioned 

so that   the force provided by each ring was equivalent to that provided 

by welded wire fabric  (f    - 6k ksij having vertical 0.5-in.   diameter 

bars at 6-in.   spacing in tbe prototype slab. 

Models K-3 and K-l were reproduced a second time as K-12 

and K-15, respectively, each wth six rings of shear reinforcement. 

The location of the  shear steel was as  shown in Fig.  ^+.8. 

The  "miscellaneous" group of models  included slabs K-7, K-^, 

K-9 and K-l'*.     Model K-7 was a plain concrete specimen,  included to 

establish a lower limit of strength and ductility. 
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Model K-4 was reinforced 1>:i 1.h a 24-gage plate only and had. 

the lowes~ steel ratio of ~ny of the models. Its nominal design load 

was 500 psi. Th~' shee.r stud arrangement for K-4 is shown :J.n Fig. 4, 7. 

Medel K-9 was reinforced with a. circular angle retaining ring 

at the lower ed~e of the slab and by a single compression mat. near the 

top surface. The plan and cross-section are shown it1 F:t~. 4.9. 

Model K-14 was identi~al to K-3. Test conditions were 

changed, though, by polishing the lower·surface of the slab and the 

upper surface of the support ring and by greasing these surfaC(.S prior 

to testing. 

t.lod<:.:.Ls K-15, K-16, and K-17, fabricated of l'9.r•dc:nly reinforced 

concrete, composed the final group of the K-Series of models. Chopped 

wire concrete is of interest because of its high tensile strength, 

high cracking resistance and resistance to shattering under impact or 

explosive loadi11g conditions. Unfortllnately, no practical way of lt'.aking 

e. full size closure slab is now known. The material mixes are dis~ussed 

further in Section 4.8. 

4.6. J-Series Models 

The J-Series included six models. All. were scaled from pro· 

totype 36-c, which.was designed for a nominal 300-psi overpressure. 

8l~bs J-1 and J-2 were identical l/14th-scal~ models, each 

reinforced with a 24-g!!.ge plate at the bottom' and-a: single mat of 

l/8 x 1/8-in. square bars at 1-1/4-in. centers each way at the top. 

These slabs were 2.30 in. thick. Figure 4.10 shows the cross-section 

BEST AVAILABLE COPY 
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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-^ were not used), 

were l/5th-scale models of closure }6-C.     The slabs were U7.5 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 k-ft  specimen tank. 

Tension reinforcement was provided by a l6-gage plate. One mat of 

No. 3 deformed bars at .5-1/2 in. centers each way supplied the com- 

pression reinforcement. The sheer connectors were 3/l6-in. diameter 

round bars, two and 2-1/2 in. long.  The slab cross-section and shear 

stud arrangement are shown in Fig. I»,11. Model J-7 was defective and 

was not tested. 

! 
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4.7.  G-Series Models 

The G-Series included twelve l/l4th-scale models of 1000 and 

2000-psi prototypes. Model thicknesses of 5.68 in., k.kj  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-l, 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 70^)0, 5l30 and 5050 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 hO-B  and 

36-B is 5-57 !"•  Variations of the 2000-psi models were to be cast at 

^.57 in. thick.  Due to an error in dimensioning, however, the models 

produced were 5.^+7 in. and 4.^7 in. thick. Models G-^ 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.^7 in. thick, intended 

to provide a lower strength limit for the thicker slabs. 

Model G-5 was a 5.^7-in. thick reproduction of prototype 

closure 56-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 

l-l/2-in. long "Insul-pins" were of 12-gage material. Tension rein- 

forcement was provided by a 14-gage plate and compression reinforcement 

by a single mat of l/8 x l/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 (l?) 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. ^.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 I0-(jage "Insul-pins" two and 2-l/2 in. long. 

Allowable loads per shear connector were computed fron Viest's formula 

for rods smaller than one inch in diameter: 

Q - 5.25D */hooorT 

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

(^.1) 

Q  ■ 10. ^VF    kips s v   c (U.2) 

For studs  0.135 in.   in diameter,  the allowable load per stud for 

f1   = 5 ksi,   is 0,428 kips.    For the model dimensions,   one can derive 

the following formula for number  of shear studs: 

n ■ 
kk6 
Qjd 

(M) 

which is equivalent to Eq.   (3.9)  derived for the prototype dimensions. 

For the  10-gage studs and d =  5-^7  inches, n ■ 424  studs.     This 

compares with about 820 studs  that would have been required for a 

prototype designed for studs  I.89 in.   in diameter,   i.e.,   l4 x 0.135 in., 

using the method of Chapter  5- 

Alternate shear connectors in three rings were replaced with 

11-gage annealed wires which were welded to the steel plate and 

extended  to the bottom of the compression bars.    Anchorage at  the top 

of the shear reinforcement was  supplied by horizontal  11-gage wire 

hoops,  welded to each of the vertical wires.    A plan and cross-section 

of the model are shown in Fig.   4,15.    Figure 4.14  is a photograph of 

the  shear  reinforcement. 
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_ Model G-iO was identical to 0-7 except that one mat of 

• l/8 x l/8-in.   square bars spaced at l5/l6 in.  each way provided 

additional  tension reinforcement. 

In order to obtain data at one additional L/d ratio,  two 

models h.hl in.   thick were tested.     Model G-6 was supplied with tension 

reinforcement  in the form of a lk-gage plate and one mat of l/8 x 1/8- 

in.   square bars at 15/l6 in.   spacing.     The compression reinforcement 

was one mat of l/8 x l/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.  ^.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-ll 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-.5  (or 

X prototype  56-A,i  design to withstand repeated loadings. 

Model G-ll was also identical to K-5, except that alternate 

shear studs   in one ring were replaced by vertical shear reinforcement 

[ consisting of l/^-in.   threaded rods.     The  threaded rods were  anchored 

at the bottom by standard l/h  - 20 nuts welded to the plate and at 

I the top by specially manufactured nuts,   5/k x 5/k x l/k  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 

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

prototype,  deformed bare welded directly to the bottom plate and hooked 
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at   the top would supply the shear reinforcing.     The cross-section and 

plan of model G-ll are  shown  in Fig.  ^.IT-    Figure h.l'j is a photograph 

of model G-12 prior to casting which illustrates  the threaded rod shear 

reinforcement common to G-ll 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 l/8 x l/8 in.   square bars 

at 5/8 in»   on centers at the top.    Shear connectors were 10-gage 

"Insul-pins," two and 2-l/2-in.   long,  in the same pattern as for G-7 

and G-10.    Shear reinforcement was provided by l/U-in.   threaded rods 

as  in G-ll.    The model was encased in an 11-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.  ^.l8 and ^.15. 

The thickest steel that can be rolled into a  l6-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 11-gage hoop.    The confining 

stress,  or minor principal  stress when the hoop yields,  is given 

approximately by 

2f t 
•H-— (^) 

where t is the thickness  of the hoop and D    its  outside diameter. o 
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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 (2l): 

^=4.10+ f- (M) 

which in this case becomes 

C-! ■ 

8.2f t 
- y + f • 
D      c M) 

I 

i 

From Eq. (5.5) and (^.6) the allowable lead based on bearing is found 

to be 

w = 
3.If t   f1 
 %_       c 

D     27^5 (^.7) 

For f    = kO  ksi, t = 0.II96 in. and f = 5 ksi, w is found to be 
y y c      ' 

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 loid applied to a truncated cone with upper surface 5.5 in. in 

diameter.  Each l/^-in. threaded rod was capable of resisting a load 

P of 0.8 kip after annealing, and the number of rods required was 

compute! as 

n - ££— 0.8 
y 

The  tension plate thickness was  chosen to carry the 2800-psi  load 

computed above.    Equation (5.6) may be rewritten for the model dimen 

sions as 

,2 
p = 0.215 w/d M) 

■ 
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and for w - 2.8 ksi, d - 5»^7 in., the proportion of steel is found to 

be p - 0.02.  The plate thickness required is then t ■ (0.02)(5.U7) ^ 

0.109^ in. An 11-gage plate, t = 0. II96 in., was chosen. 

h.Q.    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-l, G-3, 0-8 

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 l/l^th-scale slabs were moist cured in the Talbot 

Laboratory fog room and the l/5th-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 

3/8 in. Grain-size distributions for the aggregates are shown in 

Fig. ^.19. The cement:sand:gravel ratio for the 5000 psi concrete was 

1:5.2:5.5 by weight and the nominal water-cement ratio was O.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 

f* of 5500 psi, the initial modulus of elasticity was 5.8 x 10 psi. 
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the secant modulus to 0.5^' was J.k  x 10 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 5000-psi cylinder strength for G-3 was 

obtained by curing for only three days. The 7000-psi concrete for 

model slabs G-l and 0-8 utilized a cement:sand:gravel ratio of 

1:2.52:2.76 and a nominal water:cement ratio of 0.5^5 by weight. The 

cement and aggregates used in G-l and G-8 were the same as those used 

in the 5000-psi specimens. 

The randomly reinforced slabs, K-15, K-l6 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 K-l6.  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 h.k.     The strengths shown for the k  x 8-in. 

cylinder are the average of four cylinders and are assumed to be 

representative of the l/lUth-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/5th-scale 

slabs. 
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The tensile strengths of the concrete are shown in Table ^.5. 

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

cylinders.  At least three h  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 U.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 l/8-in square bars were of AISI B-lll8 steel, annealed 

at 1300 F. for three hours and washed in hot, dilute hydrochloric acid 

before use, A typical stress-strain curve is shown in Fig. k,20. 

The 11, 1^, 16 and 2U-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 some cases the yield strength in two perpendicular 

directions differed by one to two ksi.  In such cases the averages art- 

reported.  Typical stress-strain curves for 16 gage and 24 gage speci- 

mens are shown in Figs. h.2i  and '♦.22, respectively. 

The 16-gage wire used as shear reinforcement in K-Senes slabs 

was cut to length, stretched in a frame and annealed for two hours at 

1150 F. in &n 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. ^.23. 

The ii-gage wire used as shear reinforcement in model slabs 

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

two hours at 1200OF, 
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The l/^-in. threaded rods used for shear reinforcement in 

models G-ll and G-12 were cut to length and annealed at 1500 F for 

one hour in the electric oven. 

U.9. Fabrication 

Procedures used in constructing the model slabs are discussed 

in this section. 

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

form. The form consisted of a steel bottom plate and a side section 

made by cutting a slice from a piece of thick-walled pipe, clamping 

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

Ir ase, releasing the clamp allowed the pipe to open slightly and 

facilitated removal of the model. Two side pieces were constructed 

for 5.68-in. and 5«^7-in. high models.  Plywood fillers, l.JÖ in. and 

1.0 in. thick, were used with these forms to make 2.50-in. and k.kl-in, 

high models. 

In general, the fabrication sequence was:  (l) 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.  (4) 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 5/l6-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 11-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 l6-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 1/2-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-ll and G-12 

was:  (l) The l/k-in.   standard nuts were welded in place on the steel 

plate.  (2) Shear studs were attached using the Omark welder.  (5) The 

l/^-in. threaded rod shear reinforcement was screwed into the nuts on 

the bottom plate and the 3/^ by ^A-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 l/5th-scale models were cast in a form having l6-gage 

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

allow ordinary concrete placement and vibration procedures. 

h.10.     Instrumentati on 

The instrumentation for measuring deflection, strain and 

pressure is described in this section.  The instrumentation used for 

the l/lUth-scale slabs is discussed first, and a description of the 

l/5th-scale instrumentation follows. 

The deflections of the bottom surface of each l/l^th-scale 

slab were measured at five points along a single diameter.  The loca- 

tions of these points are shown in Fig. ^.2^^). Measurements were 

made with dial gages, sensitive to 0.001 in., attached to the support- 

ing stand and actuated by push rods as illustrated in Fig. U.2^. An 

additional gage measured the deflection of the test device support 

ring relative to the supporting stand. 

Lateral movement of the j-Series of l/l^th-scale models was 

measured at a single point by a dial gage mounted as shown in Fig. ^.26. 

Strain gages were placed on the reinforcing of all of the 

model slabs except K-l. Four 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. ^.27(a). The gages on the bottom steel were in similar 

locations on the bar-reinforced models.  The gages on the plate- 

reinforced models were located as shown in Fig. J+.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 thfl 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 

the slab. 

Model slab G-12 was also equipped with two additional gages, 

one  located on the outside confining ring, about l/^  in.   above the 

lower surface of the model, and the other placed at mid-length on one 

of the l/k-in.   threaded shear reinforcing rods. 

The gages were Budd Metalfilm foil  gages,   type C6-111B or 

C6-121B,  except that  in sane cases SR-'J-,  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 910 or 

Budd JA-i  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 compound 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-U  strain   indicator 

and were recorded manually. 

The hydraulic pressures were read by means  of Bourdon tube 

gages.     Gages of 2000,  5000,  5000 and 10,000 psi capacity were used at 

different  times c: the project progressed.    The gages were calibrated 

with the aid of a dead-loading calibrating device. 

The  l/5th-scale  tests  required different  instrumentation. 

The two dynamic  tests   required automatic data recording and the 
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inaccessible location of the  slab surfaces  in the test fixture demanded 

remote readout of the deflection gages. 

Deflections  were measured at five locations along a single 

diameter on the  lower  surface,  as  shown  in Fig.   ^.2U(b).     Slide-wire 

electrical deflection gages with a total  travel  of 2.0 in.  were mounted 

on an 8-in.   wide  flange section and actuated by push-rods.    Figure ^.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 l/pth-scale  slabs were  located as 

shown in Fig.  ^.28.    The four g&ges on  the compression reinforcement 

were  installed and waterproofed,  as described earlier, before the 

concrete was cast.    The lead wires from thei«  gages were brought out 

through a hole  in the  steel plate.     Budd Metaifilm .'   '1 gages,   type 

C6-lUlB,  were attached to 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 paper-backed gages were attached to the plate 

near gage points  1 and 3,  in order to compare  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 slab were measured 

with CEO Model ^-3i5 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 whicn 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 instrumentation of the model slabs. Test results are presented 

in  the chapter following- 
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TABLE k.2,     SHEET METAL AND WIRE GAGES 

United States  Standard United Stages Steel 
Gage   (Sheet Metal) Wire Gage 

Gage No.                           Thickness,  Inches Diameter, Inches 

10                                              * 0.155 

11 0.1196 0.1205 

12                                                0.1055 

Ik                                               O.Qlk-J   

l6                                               0.0598 0.0625 

l8                                                0.01+78   

2k                                               0.0259   

* Only those sizes used in model fabrication are tabulated. 
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TABLE U.U.     CONCRETE COMPRESSIVE STRENGTH DATA 

Slab Date Date Slump fc - psi 
No. Cast Tested in. U x 8 in. 6 x 12 in. 

K-l 25 Feb. 1966 15 April 1966 6 1/2 5870 5985 
K-2 l8 March 21 April 1 1/2 6U00 5500 
K-3 12 April 28 April 2 1/2 5720 5190 
K-U 15 April 5 May 2 5260 5200 
K-5 26 April 12 May 2 1/2 5650 506O 
K-6 5 May 19 May 2 5030 U760 
K-7 12 May 16 June 5 1/2 5U20 5530 
K-8 17 May 17 June 6 U800 U930 
K-9 20 May 25 June 6 1/2 5000 5230 
K-10 9 June 28 June 1 5970 5l*70 
K-il 25 June 7 July 6 1/2 U050 uoio 
K-12 29 June 2 Aug. 3 5970 5700 
K-13 T July 28 July 2 l/U 5650 5U60 
K-lU 8 July 12 Aug. 1 6560 6520 

J-l 13 July 17 Aug. 3 55UO 6030 
J-2 19 July 18 Aug. 2 6220 5850 
J-5 3 Aug. 11 Jan. 1967 3 1/U 5130 5560 
j-6 9 Aug. 27 Feb. 1967 2 1/2 5UU0 5760 
J-7 15 Aug. Not Tested 5A -- 
J-8 l6 Aug. 12 May 1967  I 1/2** 6U30 5720 

II 1 5U30 5310 

G-l 22 Feb. 1967 17 May 1967 5A 7050 658O 
G-2 23 Feb. 21 Mar. 3 6130 5650 
0-3 5 Mar. 8 Mar. u 3030 2910 
G-U 18 May 5 June 2 1/2 5U00 5520 
0-5 20 June 11 July -- 5600 U860 
0-6 6 July 27 July 5750 5200 
0-7 2U July 7 Aug. U670 U912 
0-8 2 Aug. 17 Aug. lA 7030 6730 
0-9 lU Aug, 29 Aug. 1/2 5250 5990 
G-10 22 Aug. 8 Sept. 2 5500 5750 
G-U* 7 Sept. 25 Sept. 5100 -- 
G-12 7 Sept, 22 Sept. 5100 

2 x U in., 
Mortar 

6 x 12 in. 
With Wire 

K-15 26 Aug. 1966 589O 6320 
K-l6 29 Aug. 7120 6660 
K-1T 29 Aug. 72U0 7030 

* 0-11 and G-12 were cast from same batch.     Strength reported is 
average of 8 cylinders. 

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

■ 

: 

1 

) 

:: 

: 



I 
I 
1 

: 

: 

i 

Slab 
No. 

K-l 
K-2 
K-5 
K-U 
K-5 
K-6 
K-7 
K-8 
K-9 
K-10 
K-il 
K-12 
K-13 
K-lh 

J-l 
J-2 
J-5 
J.6 
J-7 
J-8 

0-1 
G-2 
G-3 
G-1+ 

0-5 
G-6 
0-7 
0-8 
0-9 
G-iO 
G-ll 
G-12 

K-15 
K-i6 
K 17 

67 

TABLE ^.5.     CONCRETE TENSILE STRENGTH DATA 

8 
-t 

in. 
psi 

6x6 in. 

320* 1*95 

1* 465* 
klk 354 
525 469 
552 m 
U97 U57 
575 U58 
kll 477 
5U5 U97 
507 U5U 
1+03 U78 
512 587 
497 576 
5U9 625 

U76 370 
J+95 552 
U2i 558 
^30 k2k 

U98 I         ^50 
U87 II        U25 

615 532 
578 4 70 
55U 276 
5U5 529 
605 550 
592 U78 
510 U16 
568 U87 
528 ^35 
605 515 
^68*^ — 
568 -..._ 

6 x 6 in. 
1st Crack 2nd Crack 

592 678 
612 707 
675 705 

* 1 cylinder only 
** G-ll and G-12 were cast from same batch, 

average of U cylinders. 
Strength reported is 
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Fig. h,}       Partly Dismantled Slab Testing Device 
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Flange to 
Testing Device 

.jteel specimen 
I'ajiK 
4d" I.  I)., 
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Base Plate 
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Welder. 
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if fi   \ -U 

77> 

t^ Dowels 

Joint In Support 

4 3 Beinfrocement 

Reinforced Concrete 
"Pipe",   ^6" I. D. 

U?" 0. D. 

r Welded 
Shlas and L 

-^g^S^^^S y^ 

4- 

16" 

i2\ -  a'o" 

I 
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Fig* '»•1» Cross-Section of Specimen Tank and Slab Support 



.. 

73 

t 
a 

it ^,*- m 
m 

mm* 

T 

I 
■T*- 

^ 05  a O 

3 i 
IA 

:: 

:: 

:: 

: 

: 

:: 

:: 

fl 

:: 



I 
I 

^ 
f r-"^ TT- "^ p r^ 

|N 
J 
XI X k. 

£ 
/ \ 

A 
/ s N 

l 
/ \ 

\ 

1 
/ \ 

T          •          I        »           1         1          1         T ' 
\ 

/ <* 5/3" both way8    ^S_ \ 
/ 

I ' At \ 
/ \ 
/ A 

1 ■       -  -+   ■ - 

1 
\ 

\ 
■ 

\ 
v 

/ 
N ' 1 
\ / 
i 
\ 

1— ■— 

/ 
F 

N 
\ / 

/ 

V / 
7 

■^ s k« y r 

vl "J ^J — , , J ̂  
X KeinroreeBBBt Plaa 

0.19" Clew 

\           L I layer l/8-ln. sq** 5/8" 
■^r-* j 1 

/—All bar« welded 
U-l,  6,  13 oaly) 

16 g». x 1" bMa,-X 
il 

^        yr2 Uy«r« 1/8-ln. aq« 5/8" coatiauous           x. 
...                1                         ^ 

T 

• K ■—.  J ■   ■   ■                k                          I 
TTT'm ■              f             K—>J 

1                                                Section 
Q.1Q"  rl.fr                            »^ ^p                                                 a.9) 

L                                                          16 ?g"  

Fl«. U.6   Bar Reinforced Slab« 



75 Radius to Row    Spacing Aloag Row 
K-5,K-8,K-i2,K-iU K-l*,K-iO*,K-ll» 

^-—"•   •   • 7.95 In. 0.57 in. 1.U2 In. 

^f^. • • 7.50 0.57 1.U2 

yf \ •*..•• 7.07 0.U6 i.i5 

/^» • • , • • • , • • • 

6.6U 
6.22 
5.78 

0.U6 
0.39 
0.59 

1.15 
ü.98 
'j.98 

• ••*•-• . • * . • • 5 O6 o.i*6 1.15 
• • .•.•.•• 4.93 0.U6 1.15 

• ..•   •• U.50 0.57 1.42 
• • •  , • l».07 0.57 1.42 

•   •       * •>M 0.36 O.85 
•    • 

•    • • 2.57 0.U6 1.15 

•  • 
i.7i 0.71 1.78 

• • • 

• 

Alternate 

.  

Stud«  1" oi l 1/2' 1 long. 

:: 

:: 

A 

«lot«:    Models K-10 and K-ll alao contained 
a aat of l/8-ia. «q. bar« as tension 
reiaforcesHnt. 

Plan Shoving 
Shear Stud 
Placeaent 

;: 

t_ 1 lay«r 1/6-in. sq- 5/8" each «■;■ 

f 0.106" Shear Studs 1 welded to Plate -16 ga. or 
24 ga. Plate 

12.85' Section 

16.29'' 
I JiJ 

8 
e 

Pig. 4.7 Model Slabs With Plate ReinfToceaent 

: 

:: 
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Flg. U.8   Shaar RaiafW W—> la Nodal Slab« 
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Pig. ^.9 Model Slab Reinforced With Retnlnlng Ring, K-9 
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Radius to Row Spacing along Row 

7.7?" 0.69" 

6.86- O.U8" 

6.00" 0.U2" 

5.15" o.W- 
k.29n 0.69" 

5.^^3,, 0.89" 

2.57" 1.1«»" 

1.72" I.Ik" 

0.86" i.lU" 

Dlam. Shear Studs 
Alternate 1" and 1 l/2N lengths 

Plan 

£ 1 Layer 1/8-in. sqw 1 l/U" each «ay 0.19" Clear 

1 
T 

^^^^^^^^^7 

0.106" Diaa. Shear Studs 

2% ga. plate 

16.29" 
12.85' 1 *}}>?>? 

Fig. U.10 Slab Models J-l aad J-2 
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Pl«n Showing Shenr 
Stuä Flncement 
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.135" shear atud 2" long 

— .106" shear stud 1^" loiig 
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U ga plate r 
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^ 12.«5" 
Section 

16.29"- 

ri«. h.\2    Model Slab G-6 
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MOW Rad. to Row Spacing la Row Number 

7.65 
7.01 

6.U) 
5.9* 

5 5.22 
6 V.56 

7 5.85 
8 3.07 

9 2.17 

10 1.09 

11 0.50 

0.72 

0.57 
o.6o 
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CHA PIER 5 

TEST RESULTS 

5 1.     General 

The instrumentation used in the program of model closure tests 

reported in this paper was described in Chapter k.    The measurements 

of deflection, 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 ■;-Series models totaling 105 

figures, have been presented In SA.MS0 TR-67-15 (!)• To avoid unnecessary 

duplication those figures have not been included in this report.  Figures 

repre:enting all of the results of the later G-Series of model tests are 

incorporated In this chapter. 

The maximum loads sustained by tne model slabs constitute a 

concise and valuable set of test data.  These have been reported in 

Tables U,l and U.3 of the preceding chapter. Tne appearance and condi- 

tion of each model after failure contribute to a second significant set 

of observations.  Photographs of failed C—Series models are included 

with this chapter, and photograpns jf K-Series and o-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, 

Mb^MM^WM*. 
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the failure loads were in all cases significantly higher than the design 

loads  Second, the mode of failure was not flexural as assumed in the 

yield-line metnod used for design. This was true in all cases except, 

»I 
perhaps, G-k.     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 U5 for all of the 5 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 

It 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 actually 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 

mm 
action may be expected to provide a  fnctional 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 U 

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 

•suppcrted  in the same manner as were the models   in these tests. 

I 
i 

: 

D 
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I The behavior oi'  the Jk 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, •-'owever  The initial portion, reasonably linear, 

is followed by a portion of decreasing slope to the maximum load. An 

unloading portion to failure follows, except in the case of K-15, K-17 

and several G-Series models in which a second maximum load was observed. 

The shape and length of t.he unloading portion after the final maximum 

load was reacned varied considerably frcm model to model. 

In order to avoid discussing 5^ individual curves on a purely 

subjective basis, the writer has assigned stiffness and ductility 

values, deduced from the curves, to each of the modell tested.  The 

method of assigning these values was entirely arbitrary, though con- 

sistent. The numcers assigned are therefore reported as "relative 

stiffness" and "relative ductility" in Table 5.1. 

Tne method of obtaining stiffness and ductility values is 

illustrated on Fig 5-1, tne Ic-ad-deflection curve for model slab G-l. 

The linear porticr. of the curve is extended to the point at which it is 

separated from tre actual curve by a distance of 0 01 in. (abscissa 

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

The abscissa is the yield deflection. The quotient 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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appiirent yield  load to maxiraam  load  is   included  in Table 51 as an 

indicator of the bias   introduced 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 following sections describe the behavior of the model 

slabs tested  in this  program      Each section considers a group of related 

closure models 

Test results   in graphical  form are presented for the G-Series 

of model  slabs at, the end of the chapter      The  figures are arranged 

numerically by model  number      For each model number the  load-deflection 

curve  is  presented  first,   followed by the deflection profiles and   load- 

strain curves.     The following notes a^ply to the  load-strain curves: 

(l)    Curves  identified with a plus   (+)   report  tension strains positive 

Compressions are plotted as positive strains where the curves are 

murked with a  (-)       (?) The word "out"  terminating a curve  indicates 

that  tr.e gage ceased  to provide satisfactory  information at that point. 

(5) An arrownead 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 l/lUth-scale models  tested contained mats of 

l/8-in.  o4uare bars as the only tension reinforcement      Models K-l and :; 
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K-2 nad no shear reinforcing,  models K-5 and K-6 had three rings of 

vertical steel and model. K-15 was provided with six rings  of vertical 

steel.    Models K-l,  K-2 and  K-5 were  loaded and unloaded once before 

being  loaded to failure      Tne  stiffnesses  reported in Table 5-i for 

those models were computed from the second Loading,   though in all cases 

the first-loading stiffnesses appeared to be about the same. 

Tables 5*2 and  5  !> were prepared to show the effect if any, 

of shear reinforcement en stiffness and ductility,  respectively.    No 

relation between shear reinforcement and the stiffness of bar-reinforced 

slabs  seeiwto exist,  nor  is  there any obvious explanation for the two 

magnitudes of stiffness exhibited by the five models      There does 

appear to be an  improvement  In ductility when shear reinforcement is 

added 

Maximum loads  ^see Table S-M   ranged from 2^50 psi for K-2 

to 2710 psi for K-5 and did not appear to be  significantly  improved by 

the additicn of shear reinforcement. 

Strains were measured  in all  rf tr.e bar-reinforced slabs 

except K-l      N^ne of tne strains measured in any of the tension steel 

indicated yielding except  those  in K-13      The measured tension steel 

strains were in most cases   lower tnan the compression strains measured 

at  corresponding locations   in the section      Consequently,  the neutral 

axis position was  lower  in the secticn than would be expected.    For 

instance,  the strains measured by gage  1   'tension} and gage 5 

^compression)  in model slab K-2 at 2000 psi   indicate a neutral axis 

position about 0.57^ troa.  the top surface      For a  section with the 

properties of K-2,  just before yielding,  the  location of the neutral 
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axis should be about 0 55d  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- 

r)  5.     Piate-Heinf.-rced  1000-psi  Slabs 

The slabs discussed  In this section Include K-5,   K-8,   K-12, 

K-lk,  G-l,  0-2,   G-5,  0-9 and 0-11      All of these slabs except 0-11 were 

reinforced with a   l6-gage plate.     The  reinforcing plate of 0-11 was 

lU-gage.     Nominal concrete cylinder strengths were 5000 psi except for 

slabs G-l and G-5 with nominal compressive strengths of 7000 psi and 

5000 psi,   respectively.    Model K-8 had three rings of shear reinforce- 

ment and model K-12 was provided with six rings      Model 0-11   contained 

one row of threaded rods for shear  reinforcement      No shear reinforcement 

was used  in any of the other models  of the group. 

Tne maximum loads resisted by    nis set of slabs varied from 

1575 psi   IG-3,   to 2480 psi   (G-ll).     When the  load is divided by  tne 

square root of the corresponding concrete strength  'see parenthetical 

numbers   in Table  5 M>  the variation  is  largely eliminated      The  loads 

normalized   in this manner show no significant  improvement due   to the 

addition of shear reinf:rcement      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-reinforced 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 

;: 
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difference  in stiffnesses between the bar-reinforced models discussed 

in the previous section and the plate-reinforced models of this group. 

The stiffness  reported for G-5 is obviously anomalous, as  Is the 

Initial part of the   load deflection curve  for that model  (see Fig.   5.12). 

This discrepancy has  not been explained. 

Table  5-3  indicates that the ductilities for the plate- 

reinforced model slaba are consistently and significantly higher than 

tbose found for the bar-reinforced models      The tabulated values also 

show a  slight   increase  in ductility when shear reinforcement  is added, 

as was the case  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-ih, which is a special case, and two other gages, yielding 

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

load. 

Model slabs G-l,  G-2, G-5 and K-12 each produced compression 

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

yielding was obs/rved,   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 ba^-reinforced slabs,  on the other hand, 

occurred at somewhat   lewer  loads. 

Pairs '"f strain gage records,   i.e.,   records from tension and 

compression gages at  corresponding locations   in the section, are 

available  for slabs   K-5,  K-8,  K-12, K-14,  G-l and G-2.    Strain profiler 

constructed from these records,  except in the  case of model K.~lk,  con- 

sistently  indicate neutral axis locations greater than 0.5d from the 
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compression  face      In slab G-i at 2000 psi the midspan guges suggest a 

neutral axis position at about 0.72ci from the upper surface. 

Model closure  K-l^, which was otherwise  identical to K-J, 

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 load,  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 of yielding until a  load greater than 90% 

of maximum had been reached      The strain profile  from the midspan 

gages at 2000 psi suggests a  neutral axis position at about 0 57d from 

the  compression face,  considerably higher than for any of the similar 

slabs, 

Model slab G-9 was  subjected to   repeated  loadings to 

2000 psi.    After five cycles of loading to that  level had produced no 

significant permanent deformation,   the load was  increased to 2500 psi 

Failure occurred at 2500 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 

Gage No.   5  indicated yielding at l80O psi load on the first cycle. 

: 

: 

^ An E.   I     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 l6-gage 

wires.     Daring the difficult  task of fitting the shear reinforcement to 

the "studded" bottom plate and the compression mat, quite a  few welds 

were broken      Difficulty was 5 '.so encountered with weld breakage  in 

assembling models G-7 and G-10      The shear reinforcement scheme of G-ll 

was designed to minimize this prol" ....    On a maximum-load basis   (see 

Table ^-'O»   its behavior was  slightly better than that of its counter- 

parts.    Ductility was comparable to other models with shear reinforce- 

ment.    The choice o/ a l^-gage tension plate for model G-ll was 

unfortunate,   since  it   introduced another difference and made comparison 

with the other models more difficult. 

Models  G-l,  G-2 and G-5 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 measure of the ultimate 

shear stress for models of identical dimensions, 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-^ 

5.U.     Plate-Reinforced ^00-psi Slabs,   l/lUth Scale 

T Model slabs J-l and .'-2 were  l/l^th-scale reproductions  of 
i 

closures designed f r a nominal load resistance of 500 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-l 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 500 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,  l/^th Scale 

Three  l/5th-scale models designed for a nominal 500 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 2-5 to 

2.5 milliseconds.     Several different decay rates were used      In the 

fourth test the model witnstood 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 l/5th-scale slabs were slightly 

warped by the welding of the  5A6-in.  diameter shear studs.     In order 

to provide uniform support,   the bearing surface was greased and tnen 

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-^ was  loadfed to failure  in a sftcrt   term static test 

The maximum load of 560 psi  was reachea  in about  11  5 minutes      Wr.en tne 

maximum load was  reached the specimen collapsed completely and violently 

as tne energy stored in the compressed gas was released      Fnotograpns 

of the damage »n be seen in SAMSC TR 67-15  (l).    A truncated cone cf 

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

the bottom of the support structure,   leaving only the compression  steel 

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

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

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

Tne stiffness and ductility of J-5>  computed from the load- 

deflection curve, are  reported  in Table 5.1-    The stiffness,   scaled tc 

compare with the  l/lUth-scale models,   is  slightly higner than tne  values 

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

than the values  found for J-l and J-2 and comparable  tc tne ductilities 

of tne deeper plate-reinforced slabs. 

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

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 ax^s  position,  as was  true for models .;-! 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-     In each case the rise time  from zerc to 

maximum load was between 2.3 and 2 5 milliseconds.    The word    dwell 

U> 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.   (5'li)   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 5 

to 2.5 milliseconds. 

Sl9b J-6 was   removed from the test fixture after test  D-U, 

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 centrui portion of tne bottom plate had apparently separated 

from the concrete.    Within this area   there were holes   left by shear 

studs pulled loose from the plate      Tne plate  in the area was dimpled, 

indicating that  it had been subjected to substantial forces by the 

shear studs      This damage is believed to have been caused by  xeakage 

of helium  into the slab during test D-4 

Model slab .'-8 had not collapsed rfhen testing was  terminated 

after five  loadings, but the measured strains after the  last  test 

indicated that failure was  Imminent.     Loads of 6^0 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 l/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  gQOO-psi  Slabs 

The group of specimens discussed  in this section  includes 

model  slabs G-5,   0-7 and G-10.     Slabs 0-7 and 0-10 each contained three 

rows  of vertical  11-gage wires  for shear reinforcement      Model G-5 nad 

no shear reinforcement.    Slab G-10 was provided with one mat  of tension 

steel  in addition to the  lU-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 tne 

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-7 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 

broken. The failure of the upper surface may be seen in the photo- 

graph. Fig. 5.65  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 2^25 psi 

The outer edge of the specimen engaged the spacer rings of the test 

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

additional load, reaching a 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. Tne model was tightly wedged in the 

spacer rings and force was required to remove it. Tne failed model 

showed considerable distress around the edges due to the bearing 

failure, in addition to the deformations associated with the shear 

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

the test. 
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ModeJ  G-iO behaved  in essentiaiiy the same manner as G-7 

Stronger concrete and additional  tension steei contributed to the higher 

loads withstood by model G-1.0      The   Initial failure in bearing occurred 

at 5550 psl      The   load then dropped to 5000 psl,  at which point the 

concrete had deformed outward   far enough to contact the spacer rings 

of the test device      The model  then  reloaded to  5^00 psl, wnere a shear 

failure occurred      Jacking was   required to separate the  failed specimen 

from the  test fixture spacer rings.     The appearance of the slab after 

removal  from the  fixture was similar to that of model G-7 

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

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

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

program      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  of/\/f~^ ,   reported   in 

Table  5-1+ for the slabs   in this  group are of about equal magnitude 

When these values are multiplied by the ratio 5'68/5-1*-7,  values of 25 2, 

28 8,   and 50 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  5»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.?.    The differenc-e between stiffnesses of G-7 and G-10 

reflects the difference in amount  of tension steel.    Vhe  lower value 

for G-5  is 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   is 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 slab could not have been confined as  it was.    The second 

value considers an actual maximum deflection at the apparent yield lo?;d, 

thus reflecting the ductility where confinement is permitted.    In 

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  KG 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.    Gage No    B indicated tensile yielding 

at 9^+ percent of maximum load. 

The strain gages on models G-7 and G-10 behaved more pre- 

dictably.     Four tension gages on G-7 and three on G-10 showed yielding 

initiated at or very near maximum load.     Gage No.   5 on G-10  failed to 

function.     Gage  5 on G-7 indicated yielding at the maximum  load      The 
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remaining compression gages were  lost before reaching yield strain 

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

indicated yielding 

5,7.     Pia t e - n a a - 3ar-Peinforced g la_b s 

Two pairs of slabs were reinforced with both a mat of  i/8-in 

square bars and a  steel plate.    Models  K-10 and  K-ll were designed 

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

for ?000 psi      Slabs K-10 and K-li were  5 68 in    thick, and slabs G-6 

and G-8 were k ^7 in    thick 

Tne maximum loads  resisted by models  K-10 and K-ll, as  shown 

in Table 5 ^j are  cc-nparable to those resisted  by all th*7   other plate- 

reinforced 3-68-iri    thick slabs      The  lower concrete  strength of K-ll 

(see Table  k 1) 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-ll. 

Normalized maximam  loads are  shown  in Table 5 ^ for models 

C—6 and G-8.    Maltiplicaticn of the reported values by the ratio 

5.68/U„U7 yields  scaled  loads  for comparison with the thinner specimens 

Values of 29-1 ana J?»? are obtained for C-6 ana 0-8,   respectively 

These numbers are   comparable  to the maximum loads found for the 5-68-In, 

plate-reinforced slabs. 

The  load-deflection curves of G-6 and G-8 are ^f the  Bactrian 

variety,  similar to G-7 and G-iO, as opposed to the Dromedary curve« 

exhibited by most  of the other models tested       In the cases of G-6 and 

G-8,  though,  the first peaks on the curves,   1 e.,  the bearing failures, 

• 
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were the maxAmum loads  Modele G-7 and G-10 sustained greater loads on 

the second peaks, after conflnei: nt of the models in the spu "er 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-ll 

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-l 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 5 68-in. slabs and those 

observed for the 5«^7-in models. 

The ductilities shown in Table 50 for K-10 and K-ll are 

comparable to those reported for the slabs discussed in Section 5 3 

Model slab K-ll, 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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'fhe tC:nslon strni.r: goge cceords fro11; K-lO ar.cl I<-Ll. are 

compl.ete ::md ul.l GiiOI.I tlmt yieldi.r.g oc,~m·recl a-t or Ylithin tnrr,•e percent 

~)f the lllllxbu.m Load" One compression gage on K-10 functioned, ind.icat-

i.ng yieldinG h<.td begun at 88 pcrr:ent of mu.ximum load, On model K-11, 

gage<; ) and 6 showed yielding at 95 ond 76 pel ,~ent of maximu:n load, 

respecttvely, &::J.d gage 7 indic~ated no yl elding. 

Tne c,tra.in gage behovi::>r for model slabs G-6 and G-8 YIUS 

s:Ltd.lar .. A 11 ·::-f t!'le tension gages Ylorked, and all reported yieldtng at 

98-100 percent of maximurr lvad.. Crage 5 en the compresst.on reinforce-

ment of each mcdel showed yieldinG at 97 percent of maximum load. The 

other compression gages either did not function or Ylere lost before 

they reached yield strain. 

It may be generally concluded that closure slabs reinforced 

with both plates and bars will behave in about the same way as those 

reinforced w.i.th plates only. 

'5 .8. Mi.scellaneous Slabs 

The slabs included in this sect.ton are K-4, K-7, K-9, G-4 

and G-l2. Model K-U. was desi.gned for 500 psi and reinforced with a 

24-gage steel plate. Closuremodels K-7 and G-4 were pla1n concrete: 

specimens, 3.68-in. :md 5.47-in. thick, respectively. Slabs K-9 and 

G-12 represented attempts to obtain greater f>trengths by confining 

the concrete. 

The maximum load taken by model K-4 YJas 1735 psi, or 24~~ 
c 

The normalized maximum is only slightly less than the'max:imum values 

reported for 1000-psi plate-reinforced slabs, though K-4 contained 

BEST AVAILABLE COPY 
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only kO percent as much tension steel.     The relative stiffness of ir-U 

was equal to or greater than the values  computed for several  1000-psl 

models ^     The ductility at the apparent yield load was comparable to that 

observed for all plate-reinforced models without shear reinforcement. 

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

very near the maximum.    Two compression strain gages also reported 

yielding at   loads within a few percent of the maximum  load.     The other 

three gages did not produce complete  records. 

Model  K-U failed in shear  In a manner similar to most of the 

5.68-ln,   thick specimens 

Model slab K-7 failed in shear at 2120 psl      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 

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

load  (28.7)  and stiffness were all higher than those found for some 

of the reinforced 3«68-ln. 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 

was available at the concrete-to-steel   interfaces of these  tests  than 

at the steel-to-steel  irterfaces of the plate-reinforced slab tests 

Model closure 0-k failed at a  lower  load  (1940 psl) and   in an 

entirely different manner      Tne deflections were small and there was no 

evidence of a punching shear failure.     Though  It was 50 percent  thicker 

tnan K-7,  model G-U appeared to have failed in flexure      The  specimen 

after testing exhibited e  system of radial cracks suitable  for a  text- 

book illustration      Part of the explanation lies  In the  fact that G-U 
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was 0.1  in.   thinner tnan the spacers,  of tne   Loading fixture      The 

aluminum ring did not deform as  it did at the higher loads of tne 

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

of the ring was not   loaded and the model was  essentially simpiy- 

supported      The benavlor of the model was also affect-ed by non-unlfcrm 

bearing, as 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.    Tne model  carried a maximum 

load of 21UO psl 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 load, 

and gage 10, also on  the ring,   reported a  strain cf 0 001 at  the 

maximum load. 

One can account.   In an approximate way,  for tbe  fact that 

K-9 failed at  the  same   load as  K-^, which was not  reinforced      Compari- 

son of the performance of tbe bar-reinforced models wltb the plate- 

reinforced models  suggests that a concrete-tc-steel  interface provider 

more frlctlonal  i^straint 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 

mm^^^^^mm 
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that load.     The failed model was very tigntiy 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 tne  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 

D 

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 55,000 psi, as suggested by the strain 

gages,  we obtain a force of 9500 pounds  in the retaining ring.    This   is 

equivalent to a horizontal line  load of 1^80 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 0.155. 

This appears  to be a  reasonable figure      Friction coefficients will be 

discussed further in the next chapter 

Model G-12 was reinforced with an  U-gage steel tension plate 

and provided with an U-gage confining ring that extended the full 

height of the  slab      The model reached a first maximum  load of about 

5900 psi when a failure, apparently  in bearing,  caused the   load to drop 

to 5150 psi.     The steel confining ring had by then partially contacted 

the test  fixture spacer rings and the specimen began to  reload,  reaching 

a second maximum load of about klOO psi      The slab failed abruptly at 
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fell off abruptly after tne second peak in all three cases      The higher 

load taken by G-12 was due to the crnflning 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 tne other tests 

in the series,  the confining ring Is believed to have had the greatest 

influence  In producing the additional load capacity. 

The ductilities reported for 0-12 are higher than those shown 

for G-7 and G-10 and about comparable to those of other plate-reinforced 

modelö with shear reinforcement, 

Strain gage performance on G-12 was not very satisfactory 

Gage I* was the only tension gage to function throughout the test or 

until yield strain was  reached.     It  indicated yielding at 8^ percent 

of maximum load.     Two compression gages  functioned  long enough to pro- 

vide  information on yielding.     Gage  5  indicated yielding at 95 percent 

of maximum loid and gage 8 showed no yielding.     Gage 9>  on the con- 

fining ring,   failed at a load of 58OO psi-     The strain at  that   load 

was 0.00125.    The nature of the confining ring deformation 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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essentially equal. 

After these slabs were tested the support surface of the 

loading fixture showed many radial scratch marks caused by the slab 

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 Triction between the slab and the support. The 

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

■ 

jammed into the test fixture and required force for removal. The 

chopped wire models failed first In flexure, and finally in shear. 

Models K-15 and K-17 were both loaded to failure  Slab K-1S 

supported 1250 psi at the first peak and 2100 psi at the maximum load, 

Model K-17 withstood 1U55 psi at the first peak and eventually reached 

a maximum load cf 2850 psi.  In terms of the square root of the 

cylinder strength, the first peak values were l6.0 for K-15 and 1? 1 

for K-17. The maxlmums were 27-5 for K-15 and 35-5 for K-17  The 

ductilities reported in Table 5-1 ^or 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-l6 was stopped before jamming occurred so 

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

Its value was 1205 psi or, in terms of V^ >   ^ 5  The stiffnesses ,«. 
C 

shown  in Table 5.1 for the  initial loading of all three slabs are 
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result in Lower flexural strengtns,  However, the randona reinforce- 

ment was effective in preventing a shear failure 

rhla ccmpletes the presentation of the results cf the mcdel 

tests  These results are discussed furtner in the next chapter. 
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TABLE 5.1.  STIFFNESS AND DUCTILITY OF MODEL SLABS 

Model Apparent Apparent Yield Max. Relative Relative 
No. Yield Yield Load Defl. DefL Stiffness Ductility 

Load (psi) Max. Load (in.) (in.) 1000 

K-] 2320 .9^ .026 .082 89.5 3.15 
K-2 2320 .95 .027 .056 86.0 2.07 
K-3 l600 .7k .027 .216 59.2 8.0 
K-k 1500 .87 .058 .219 39-5 5.77 
K-5 2560 .87 .029 .147 8l.3 5.07 
K-6 1900 .82 .036 .157 52.8 4.37 
K-7 1950 .92 .026 .06l 75.0 2.35 
K-8 1550 .72 .031 .51 50.0 16.45 
K-9 1920 • 90 .035 .078 58. 2 2.37 
K-10 1800 .83 .06h .24 28.1 5.75 
K-ll 1120 .68 .052 .465 21.6 8.93 
K-12 17^0 .79 .Okl .44 42.5 10.7 
K-13 2l80 .8k .058 .176 57.4 4.65 
K-lh l600 ,7k .043 .38 37.2 8.85 
K-15 1110 .90* .053* .173 35.6 5.25 

. 53** .033** .475 14,4 
K-l6 1190 .99 not fa: tied 34.0 
K-17 1190 .82 .037-J< .186 52.2 5.03 

.1+2 . 037*" .53 14.5 

J-l 695 .89 .151 .285 4.6 1.88 
J-2 710 ■ 99 .205 .25 3.5 1.22 

J-5 1*35 .23 1.48 6.43 
j-5««* 105 .78 -- -- 5.5 ... 

G-l 2000 .88 .05 .29 40.0 5.8 
G-2 l800 .83 .05 .34 36.0 6.8 
G-3 1580 1.0 no duct -ility 316.0 1.0 
G-l* l600 .Bk no duct älity 57.6 1.0 
G-5 2580 .92 .OU25 .090 60.7 2.12 
G-6 2560 .85 • Op .465 47.2 9-5 
G-7 2hk0 .87* .052 • 152 76.2 4.75 

.85** .032 .308 ... 9.6 
G-8 5020 .89 .0^5 .23 67.1 5.1 
0-9 2000 — no duct ility 59-8 • • 
(cycle #3) determined 
G-iO 5000 .90* .034 .14 88.3 4.1 

.88** .054 .205 6.0 
G-ll 2l80 .88 .06 .635 56.5 10.6 
G-12 3150 .81* .035 .29 90.0 8.5 

.77** .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"/lOOO 

No Shear Reinforcement   Three Rings    Six Rings     One Ring 
l6-ga. Wire   l6-ga. Wire   l/V Threaded 

Rods 

Bar- (K-l) 89.5 (K-5) 81.3 (K-13) 57.4 

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

Plate- (K-3) ^9.2 (K-8) 50.0 (K-12) 42.5 

Reinforced (0-1) ^0.0 

1000 psi (G-2) 56.0 

(0-3)316. 

(G-9) 59.8 

(K-l»037.2 

Plate-and- (K-10)28.1 (K-ll) 21.6 

Bar-Reinforced 

1000 psi 

Three 
11-ga. 

Rings 
Wire 

Plate-Rein r(o-5) 60.7 (0-7) 76.2 

2000 psi (0-10) 88.5 

Plate-and- (G-6) 47.2 

Bar-Reinforced 

2000 psi (G-8) 67.1 

(G-ll) 56.3 
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TABLE 5.5-     EFFECT OF SHEAR REINFORCEMENT ON DUCTILITY 

''Relative Ductility" 
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No Shear P einforcement Three Rings 
l6-ga. Wire 

Six Rings 
l6-ga. Wire 

One Ring 
1/4" Threaded 

Rods 

Bar- (K-l) 5.15 (K-5) 5.0? (K-13) 4.65 

Reinforced (K-2) 2.07 (K-6) 4.57 

Plate- (K-5) 8.0 (K-8) i6M "(K-12)10.7 (G-ll) 10.6 

Reinforced (G-l) 5.8 

1000 psi (G-2) 

(G-5) 

(G-9) 

(K-14) 

6.8 

None 

8.85 

iate-and- (K-10) 5.75 (K-ll) 8.95 

Bar-Reinforced 

1000 psi 

Three Rings 
11-ga. Wire 

Plate- (G-5) 2.12 (G-7) 4.75/9. 6* 

Reinforced (G-10) U.1/6.C ) 

2000 psi 

Fiate-and- (G-6) 9.5 

Bar- (G-8) 5-1 

Reinforced 

2000 psi 

* Confinement not allowed/confinement permitted. 
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TABLE  5.h.    EFFECT OF SHEAR  REINFORCEMENT ON MAXIMUM LOAD 

Max.   Load  (Max.   Loai/^/T7 ) 

No Shear Reinforcement        Three Rings Six Rings One Ring 
l6-ga.   Wire        l6-ga.  Wire        l/h" Threaded 

Rods 

Bar- (K-l) 2U60 (K-5) 2710 (K-13) 26l0 
(52.2) (36,0) (3^.7) 

Reinforcod (K-2) 2^50 
(50.6) 

(K-6) 2310 
(32.6) 

Plate- (K-5) 2150 
(28.1) 

Reinforced (G-l) 2280 (K-8) 2150 (K-12) 2200 (G-ll) 2k80 
(27.2) (51.0) (28.5) (5^.6) 

1000 psi (G-2) 2175 
(26.5) 

(G-5) 1575 
(28.7) 

(G-9) 2300 
(51.7) 

(K-iU)2170 
(26.8) 

Plate-and- (K-10) 2l60 (K-ll) 1655 

Bar-Reinforced  ^  " , (26.0) 

1000 psi 

Plate     (G-5) 2800 
(57.M 

Reinforced 

2000 psi 

Plate-and- (G-6) 2775 

Bar"     (G-8) 5^00 
Reinforced    (^0.5) 

2000 psi 

Three Rings 
11-ga.  Wire 

(G-7) 2925 
(U2.8) 

(0-10)3^00 
(^5.8) 
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TABLE 5.5.     TESTS ON  l/5-th SCALE SLABS 

Test Slab Maximian Load Decay or Dwell 

No. psi 

S-l 10 Jan. 1967 J-5 560 Static 

D-i 27 Feb. J-6 258 O.OI45 sec to  1/2 load 

D-2 27 Feb. J-6 UiU 0.0i8 sec to 1/2 load 

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

D-U 27 Feb. j-6 592 1 nun.   dwell 

D-5 11+ Apr. j-8 580 0.029 sec to l/2 load 

D-6 2 May j-8 U55 O.060 sec dwe 11 

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

D-8 10 May J-8 6ii0 0.029 sec to 1/2 load 

D-9 12 May 1967 J-8 67^ 0.06l  sec dwell 

I 
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I 
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Face of Support' 

Fig. 5.2 Deflection Profllei, Sieb G-l 
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PI«. 5.13   Deflectio« Profil««,  Slab 0-3 
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Fig.   5.17    Deflection Profiles, Slab G-U 
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Pig.  5.2l*    D«fl«etlen Profiles, Slab 0-6 
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Fig*  5«53    Slab G-l. DeformatloD of Ton Surface 

Fig.  5-5^    Slab 0-1, Deformation at Bottom Surface 
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Fig- 5-55 Slab 0-1, Profile 

Fig.  5*56    Slab 0-2,  Deformation of Top Surface 
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Fig.  5.57    Slab 0-2, Deformation of Bottom Surface 

Fig.  3.38    Slab 0-3, Deformation of Top Surface 
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Fi««  5.59    Slab 0-3, Deforaation of Bottom Surface 

Pig.  5.60    Slab 0-4, Deformation of Top Surface 
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Fig.  5.62    Slab G-k,  Profile 
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Fig.  3*63    Slab G-5, Deformation of Top Surface 

Fig.  5.64    Slab G-5, Deformation of Bottom Surface 
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Fig.  5-65 Slab G-5/ Profile 

Fig.  5.66 Slab G-6, Deformation of Top Surface 
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Fig.  3.67    Slab G-6,  Deformation of Bottom Surface 

Fig.  5.68 Slab G-6,  Profile 

 ,  



187 

Fig.  5.69    Slab G-7> Deformation of Top Surface 

Fig.  5.70    Slab 0-7* Deformation of Bottom Surface 
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Fig.  5.71    Slab G-7, Profile 

Fig.  5.72    Slab G-8, Deformation of Top Surface 
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Fig.     5.75 Slab G-8, Deformation of Bottom Surface 

Flg.     5.71* Slab G-8,  Profile 
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Fig.  5.75 Slab G-9,  Deformation of Top Surface 

Fig.  5.76    Slab G-9; Deformation of Bottom Surface 
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Fig*  $.77    Slab 0-10, Deformation of Top Surface 

Fig.  5.78    Slab G-10, Deformation of Bottom Surface 
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Fig.     5.79 Slab 0-10, Profile 

Fig.      5«80 Slab 0-11, Deformation of Top Surface 
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Fig.  3«81    Slab G-ll, Deformation of Bottom Surface 

Fig.  $.82    Slab G-12, Deformation of Top Surface 



 - 



• 

195 

CHAPTER 6 

DISCUSSION OF TEST RESULTS 

I 
I 
] 
3 
n 

The results  of the model test i.eries, presented in Chapter 5» 

have shown that the primary objectives of this research have been 

fulfilled.     Silo closures can be designed to withstand overpressure 
n 

loadings of 1000 and 2000 psi.    The test results have further shown 

6.1.     General 

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 of shear reinforcement to the modeJs was found to con- 

sistently improve ductility.     Shear steel had no effect on load-carrying 

capacity, however. 

In this  chapter methods of computing friction 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 

strictures.     Bearing stresses are examined and a limiting bearing 

stress   is recommended.     The shear strength of the model 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 SAMSC-TR-67-I5   (l) have 

developed a  procedure for computing the  friction forces acting at a 

given load level.     In their procedure each pair  (top and bottom)   of 

strain gager   in the cross-section of a bar-reinforced model   is arbi- 

trarily assigned a "tributary area"  of the  cross-section      Tne  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 area 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 analogy to a hoop-streps analysis,  this unit force   is 

equal to the  horizontal thruati  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 obtained 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   Lens ion 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  tnat  the ratio of the coefficient of friction 

In a plate-reinforced slab to that  of slab K-6 would be equal to tne 

ratio of total, thrusts  for the three  interior zones      Friction coef- 

ficients were ccmputed for model slabs K-6 and K-8 at four load levels 

Friction coefficients  ranging from 0 56 tc  0 6 for K-6 and from O.J to 

O.58 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 conttnjously from gage to gage.    A third-degree curve is fitted 

to the four strain readings  from the compreSöion steel and the fo^r 

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-reinforced 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 tne same as Gamble's,   except that the 

'tributary areas" can be made as narrow as  is desired 

Friction coefficients computed for slabs  K-6 and K-8 jsmg ",he 

writer's technique?  are snown in Fig.  6.2      The agreement  wit.-   .amble's 

results is  reasonably good.    The friction coefficients  found range from 

O.I4.5 to O.7 for K-6 and  from 0.17 to 0.52 for K-8      Tne tested 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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same sign (top and bottom) at a section near the edge of the slab. 

The program recognizes and reports this situation but cannot handle it. 

6. 5.  Bearing Capacity 

The average bearing stress at maximum load, normalized in terms 

of f , is 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-3, the bearing stress was 2.55 times the applied load.) 

The normalized bearing stress was greater than unity for 

many of the slabs. Bearing capacity failures were observed in all six 

of the U.Uy-in. and 5-^7-in. thick G-Series slabs.  The average 

normalized bearing stress for the group of six models was at least 

1.28.  Similar values were obtained for K-5, K-6, K-13, G-5 and G-ll, 

but no bearing distress was observed in these 5-68-in, thick slabs. 

Of the latter group, all but G-5 contained shear reinforcement. 

The failure loads, slab thicknesses, average bearing stresses, 

cylinder strengths and normalized bearing stresses are tabulated 

below for each of the six slabs that suffered bearing failures. 

App lied Load Bearing Normalized 
Slab Thickness At Stress Bearing 

Bear ing Fai lure fb f; Stress 

in. psi psi psi fjt" V   c 

G-5 5.^7 2800 7i4 20 5600 1.55 
G-6 4.47 2775 7350 5750 1.28 

0-7 5.^7 2800 7^20 4670 1.59 
G-8 li.47 5^00 9010 7050 1.28 
G-10 5.^7 3350 8880 5500 I.61 
G-12 5.^7 5900 10330 5100 2.05 
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Tnese results  seetn quite consistent.    Slabs 0-5,  0-6 and G-8 

containeü no shear reinfrrcement and failed at normalized bearing 

stresses of  1.2fi tc i ^,    Slabs J-7 and 0-10 each contained  three 

rings of shear reinforcement,  and the average normalized bearing 

stresses at   failure were  1 59 and   1 61,   respectively.    Slab 0-12 was 

provided with heavy shear reinforcement and a confining ring and failed 

at an average normalized bearing stress of 2.05 

The failure  leads reported above for 0-7,  0-10 and 0-12 are 

the loads at which bearing failure occurred      Irese three slabs each 

withstood slightly higher maximum loads, 

Tnere appears tc be an enhancement  of bearing capacity in 

those slabs where shear steel is present,   but no explanation for this 

has been  found.    Model slabs O-^7 and 0-10 were als:  considerably stiffer 

(see Table  5  l)  than 0-5,  suggesting greater friction between  slab ana 

support,  and therefcre Irgher confining stresses 

It   is  reasonable to expect bearing stresses greater tbAQ  f', 

since frictlonal restraining forces act on tne lower surfaces cf the 

slabs at the support      One would further expect the improvement   m 

bearing capacity tc   increase as  the rat .o of slab thickness  to the 

width cf the bearing surface decreases,     This appears  to be the case 

since slabs  K-5,   K-6,   /-x5,  0-5 and 0-11 resisted bearing stresses 

as high as those trat  caused failure  in 0-5,  0-6 and 0-8 

Based on the available test data,   it   is recommended for 

design purposes,  where supplementary confinement  is not provided,   tha* 

bearing stresses be  restricted to 1.25 f'       For 5000-psi concrete and 

the support  geometry considered in this st-dy,  tnis recommendation 

«■to 
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limits the design overpressure tc a maximum of 2560 psi  If a greater 

design overpressure is to be considered, then it is recommended that a 

confining ring be designed in accordance with tne procedure descrited 

in Chapter k,  for the design of model G-12. The procedure is briefly 

restated: 

(l) Calculate tne confining pressure ('0,) needed to produce 

the additional bearing capacity required, using Richart's 

(2l) formula for concrete in triaxlal compression. The 

required Increase In bearing capacity is 

Aa, ■ fv - l^f i   b      c 

where fb  is the total bearing stress   required.    From 

Ricnart's  equation. 

Therefore,  the required confining stress  is 

f.   - l,25f! 

b  c 
3 B 1 

The thickness of the hoop needed to provide the  required 

confining pressure  is given by 

1 -rlr<fb ■ l-25f^ (6^ 
y 

Equation (6.1) requires a hoop 1-5/16 In thick for an overpressure 

of 3000 psi (f, m  7950) when D ■ 228 Inches, f  ■ 36,000 psi and 

f = 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. h.     Shear Strength 

In Chapter 5 it was shewn tnat the maximum loads resisted by 

slabs of equal depth, wnen normalized in terms of vf' , were reasonably 

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, ii  explored 

this relationship in some detail for the K-Series and J-Series models 

Average shear stresses, over tne effective depth (d^ and over the total 

thickness (t) of the section, were computed. Computations were made 

for sections at the support, at d/2 (or t/2) away from the support, and 

at d (or t/ away from the support. The shear stresses at each section 

were normalized both in terms of the compressive stress, f', and in 

terms of vf   The computations have since been extended to include 
c 

the G-Serles of models  Tables 6.2 and 6 5 list shear stresses computed 

over sections t in thickness for all of the statically tested models 

Sections at d/2 or t/2 from the support were cnosen in an 

attempt to find a "critical section '  Pres^imably, sections at these 

locations cress the failure planes and may reflect the nighest diagonal 

tension stresses. Tne writer has also computed average shear stresses 

at 1.85 in. from the support, a distance equal to half the thickness 

of the K-Senes slabs  TneM computations were based on the observa- 

tion that the diameter of the depressed portion of the upper slab 

surface appeared to remain approximately constant, regardless of tr.e 

slab depth  This indicated that the slopes of the failure cracks 

depended on the span/tnickness ratios of the slabs. 

* 
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Since tlM average stresses normalized  in terms of vf     seemed 
c 

more nearly constant than those expressed in terms of f , two other 

exponents of f were investigated.  Coefficients of variation were 

calculated for each set of nor.-ialized stresses investigated, and these 

coefficients are tabulated below for comparison. Model slabs K-h,   K-J, 

K-9, the randomly-reinforced models, the ..-Series slabs, and models 

G-'i and G-12 were omitted from the calculations of these coefficients. 

The coefficient of variation of a set of number? is defined as the 

standard deviation divided by the mean, and is a measure of the dis- 

persion of the set 

: 

: 

D 

Section 
Location 

Section 
Thickness 

At Support 

At t/fl 

At 1 83" 

At Support 

At 1.85" 

At Support 

At Support 

Stresses 
Ncrmalized 

in 
Terms of 

Exponent Coefficient 
of 

Variation 

t 

t 

t 

t 

t 

f c 

c 

c 

f ■ 
c 

(rf6 

0.5 

0.5 

0.5 

1.0 

1 0 

0 k 

0 6 

0.096 

0 151 

0 096 

0 l>7 

O.lhB 

0.099 

0116 

Mean Value 
v 

  u  

26 5 

18.5 

19.2 

c 566 

0.257 

62.8 

11 1 

The stresses   calculated at the support  in terms of vf  are as 

closely arrayed as any and nave the added advantage of being simply 

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

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

reinforced models and plate-reinforced models      An equation of the form 

a 
ß 

1 

: 

:. 

: 

: 
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~~ , Ae 

c 

(6.2) 

: 

where f    ib a   'relative'   friction factor,  should account for differences r 

in supper*- friction.    The writer chose A = 12.^,   representing the aver- 

age stress  in a  3'68-ln.   slab with a load of 1000 psl applied.    This 

implies a flexural failure at the design load when the friction vamsnes. 

The observed srtear stresses  for bar-reinferced 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 grcup of 

models      Tne resulting equations were 

4r 
^- = 12.ke0^ 

u 

^ 

12. he 0.73 

for bar-reinforced slabs 

for plate-reinforced slabs 

(6-3) 

Shear stresses  normalized in terms of \'f'   and Ae      were found c 

to have a coefficient of variation of only 0.08,    A still further 

improvement would be obtained by substituting a function of slab 

thlcknesr; for the constant A-    However, without a better basis for 

assigning values of f , and without some physical  Justification for the 

fonn of the equation,   further refinement would be a meaningless algebraic 

exercise. 



20h 

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 yield-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. J.l) and resistance moment (Eq. 5.2) we can obtain 

an expression for allowable (yield) load 

24f Pjd' 
w ~   *■  (6.4) 

where L is the clear-span diameter.    The average shear stress on a 

section at the edge of the support  is 

0 
D 

D 

:: 

: 

: 

: 

wL 
Vu =^ (6.5) 

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

v    = u JUäf (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 frane- 

work, in tne discussion that follows, for the derivation of a formula 

., to 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. 

Snear stresses for slabs K-U, J-l and J-2, which were omitted from the 

computation of coefficients of variation, are included in the data con- 
* 

sldered 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 stresses observed in the test specimens were 

divided by those predicted by the Eq    (6-6) and the quotients werc- 

norm^'ized by dividing by vfr   .    The normalized results appear in 
C 

Column k of Table 6.U.    The figures thus obtained show a marked  incon- 

sistency for different L/t ratios.    Therefore,  each number In Cclumn h 

was divided by vL/t   .    The results,   listed  in Column 5. are better 

correlated than the Column k figures, but an inconsistency remains. 

Values shown for K-U,  J-l 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 10 vp and the products 

were entered in Column 6.    The coefficient of variation for the Column 6 

array  is 0.125- 

The steps described above suggest an equation of the form 

f   VpT 
vu ■ C -£—^ (6.7) 

VL/t 

for f    and p. 

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

the formula 

v = iO,0092k  + no) x f ——- (6.8) u   "        -       y VITT 

where na is an error term, expressed as a multiple of the standard 

deviation. The normalized shfir stress, 1000 v /f vpf , is plotted 

versus L/t in Fig. 6.5- Equation (6.8) is shown as a solid line and 

0 
0 
n 

:: 

:: 

Q 

0 
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 1000 "Jl/t  /f >/pf'   The average value of "C" was found to be 9.2k, 

and the coefficient of variation for the numbers shown in Column k  of 

Table 6.5 id 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 
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confidence limits of a and 2a are represented by dashed lines. All of 

the available test results are bounded by a line representing a devia- 

tion of 1.5ö below the mean^ A conservative design expression is tnen 

pf: 
1 

v   = o.oo76f Khn v\ u y \J[L/t) (6.9) 

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 equal.     We 

obtain the expression 

L/t = 3U2,000 p/f (6 10) 

which, for f\ = 5000, p = 0.02, gives L/t - I.57. At higher span/thick- 

ness ratios the two equations (6.6 and 6 8j 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 tnat can be performed is to compare the shear 

strengths ot these slabs, as represented by Eq. (6.8), witn the shear 

strengths of deep beams. Albritton (8) has proposed the simple formula 

v = r/a/d) 
U      c 

(6.11) 

for the average ultimate shear stress at the support of a simply- 

supported, uniformly loaded deep beam.  If this expression is equatea 

to Eq. (6.8) (without the eiroi term) we obtain, for L/t ■ L/d, 
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11,700^ 
L/t .  ■.    C (ö.ig) 

Pf 
y 

For f' = 5000, p = 0.02 and f = 14-0,000, the two expressions agree at 

L/t = I.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 0.01, then L/t 

becomes 5•^5« Thus, comparable results are obtained for the span/ 

thickness ratios of interest in this study, as would ue 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 earlier. Such a refinement, 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 -ehe 

number of available data poin+n at L/t ratios other than J.J are too 

few to Justify such adjustments. 

6.5. Ductility 

It was shown in Chapter 5 that the ratio P /Q is a function 

of both the ductility ratio, \kt  and the ratio t./T, where t is the 

Q 

:: 

n 
duration of an iiitially peaked triangular pressure pulse.    P    is the 

peak value of the loading function and Ö    is  the yield resistance of 

an assumed elasto-plastJc resistance function.    Table ?.l lists values 

of P /ft    for three values of t /T and for ductilities from 1.3 to 15. 

:: 
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■f 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 Q    represent the "appare ,t 

yield  load"  defineu  In Cnapter 5t and 0    represent the maximum load 

Values of the ratio Qy/Q-.. also defined In Chapter 5,  and the ductility, 

\i, are listed in Table 5.1. 

One expects a  relation to exist between the ratio Qy/Q^ ana 

the ductility ^     It can be shown,   in fact,   that  if the load-deflection 

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

u= —?  '6,13} 

where x    Is the arbitrary offset,  taken as 0 01 In.   in Chapter 5 

The values of ^ and of ^/Q^ 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 indicated by Eq.   i.6.15)      A good representation of the 

data  is given by 

^ - .-0-12 {6 Ik) 

The values of P /O from Table 5.1 are shown as dashed 

lines on Fig. 6 7 for each of the three values of t /T The real points 

cannot be connected by strtlght lines of normal width, but good 
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approximations for the range 2 < n < 10 are obtained by the expressions (I 
PmA^ 1A2H0'547      for td/T = 0.5 fj 

Py^  - 0.78a0-30L       for tjl -  l.U (6.15) 

P^  - 0.72.0-120      for td/T - 80 [J 

0 
;; 

VSn = 1^0°U27      fortd/T = 0,3 g 

P/a   - o.yBu0"181     for t./T = l.i» (6.16) mm a 

P/ft   = 0 72 for td/T = 80 

Equations  (6.l6) 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 t^/T is 

reasonably well known,  Eqs.   (6.16) may be used to select P /^_«     When « 

t,/! ifl not well known,   conservatism will require the use of the lower 

bound Pm/Qhi - 0.72. 1 

The peak dynamic  load,  P  ,  can now be related to the observed 

maximum static resistance,  Ö  ,  by combining Eq.   (6.lu) with each of 

Eq.   (6.15).    The resulting expressions are 

6.6.     Confinement 

The beneficial effects of confining the concrete in a  clorure 

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 tfte 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 k. 

The model tests described in this  report probably represent 

the upper  limit  to the loads that can be obtained witn unconfined 

closure structures.    The attainment of higher maximum loads may require 

the use of confining rings either to prevent failure of tbe  concrete 

in the structure,   or to  limit  the outward thrust on the supporting 

structure,  or both. 

It  is probable that  leakage of the blast overpressure around 

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 to 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 

I 
1 
I 
I 
I 
I 

6*7.     Recommended  Design Procedure 

Equation  (6 9)   is recommended for the  computation of maximum 

shear stress at the support  from a statically applied   load      Equation 

(,69)  forms a  lower bound tc ell the data used in deriving it,   i e   , 

data  from 2k of the 3'+ models tested      The applied static overpressure 

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

0.030W VpF^/d/t)1"5 
y        c ' 

(6,1?^ 

IMk—MMl 
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The design dynamic  load may be taken equal to the static 

load if we let the ductility u  - k and apply the second of Eqs.   (6.16), 

for t./T - X»k.    This  suggests a period of,  say,   10 milliseconds and 

an effective durati.n,   t^,   of about  15 milliseconds,  as would be expected 

from a weapon of one megaton yield. 

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

Eq.   (6,l6),   is taken as  72 percent of the static maximum. 

w   .   . -- 0.021f   N/P?
7/(L/t)1': 

minimum y    c c '     '   ' (6.18) 

Equation  (6 17), with the stipulation suggested in Section 6 5> 

that the bearing stress be   limited to 1.25f    or that additional confine- c 

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 2.55 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 con- 

clusions are summarized and recommendations for further study are 

presented  in the next chapter 
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TABLE 6.1 BEARING STRESSES AT FAILURE 

Slab No. Bearing Stres'i/f' Slab No. Beari ng Stress/f 

K-i 1.11 J-l 0.58 

K-2 1.01 J-2 0.51 

K-5 0.99 J-5 0.24 

K-l* 0.86 j-6 0.2u 

K-5 1.27 j-8 0.50 

K-6 1.22 G-l O.85 

K-7 I.Ok 0-2 O.9U 

K-8 1.19 G-3 1.58 

K-9 1.13 Q-h 0.95 

K-10 0.96 0-5 1.55 

K-ll 1.08 0-6 1.28 

K-12 0.98 0-7 1.61 

K-L3 1.22 0-8 1.28 

K-lU 0.88 0-9 1.16 

K-15 0.52 0-10 1.59 

K-l6 0.48 o-ll 1.29 

K-17 0.55 0-12 2.05 

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

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

v    - V 
u 

/b t 
u'   0 

Slab At Support, At t/2 Awa J At t Away 

V 
u 

psi 

V 

f 
c 

V 
u 

c 

V 
u 

psi 

V 
u 

c 

V 

v/f 
c 

V 

psi 

V 
u 

f« 
c 

V 
u 

•Jf* 
c 

K-l 2150 0.566 28.1 1530 0.261 20.0 920 0.157 12.0 

K-2 2li+0 0.55^ 26.8 1520 0.257 19.0 915 0.1U5 11.u 

K-5 2570 0.1+20 51.5 169O 0.299 22.5 1015 0.180 13.5 

K-6 2020 o.koi 28.5 lUUO 0.286 20.5 865 0.172 12.2 

K-15 2290 O.U05 50.5 l620 0.287 21.6 975 0.175 13.0 

K-5 iBBO 0.529 2k. 8 15^0 0.25^ 17.7 805 0,1kl 10.6 

K-lU 1890 0.288 25.5 1350 0.206 16.7 8l0 0.125 10.0 

K-8 1880 0.392 27.1 13^0 0.279 19.5 805 0.168 11.6 

K-12 1920 0.522 2k.9 1570 0.250 17.7 825 0.158 10.7 

K-10 I89O Ool6 25.7 1350 0.226 l8.5 810 0.156 10.5 

K-ll ik^O 0.558 22.8 1050 0.25^ 16,2 620 0,153 9.7 

K-^ 1510      0.287      20.8      1080      0.206       IU.9        65O      0.i2k 9.0 

j-1       1100     0.199     i^.8      900    0.165     12.1      705     0.127       9.5 

3-2        1010      0.l6l      12.8        820      0.132      10.4        650      0.10U 8.2 

J-5 780 0.1U0 10.5 640 0.115 8.6 U90 0.086 6.6 

J-6 820 0.1U2 10.8 670 0.116 8.8 525 0.09i 6.9 
J-8 955 0.176 12.8 

76- O.lkk 10.5 595 0.112 8.2 
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Slab 
No. 

TABLE 6.k. 

216 

ULTIMATE SHEAR STRESSES AT SUPPORT 

IN TERMS OF p,  L/t AND N/T
7 

CD 
V 

(2) 

5.M\ 
(5) OO (5) 

Sid u r y u i})u f      u    x        {*} 

At Support      (L/t) 5-My,      ^/TT   ^35       ^7* 

(6) 

(5) x 10^ 

(~7^ w 
K-l 2150 1010 2.15 
K-2 21^0 1010 2.12 

K-5 I88O 1110 I.69 
K-k 1510 k20 5.60 

K-5 2570 1010 2.55 
K-6 2020 1010 2.0 

K-8 I88O 1110 I.69 

K-10 1890 870 2.17 

K-ii 1*50 870 1,67 
K-12 1920 1110 1.75 
K-15 2290 1010 2.27 
K-lk 1890 1110 1.70 
J-l 1100 560 5.06 
J-2 1010 560 2.8l 

a-1 1990 1110 1.79 
2-2 1900 1110 1.71 
G-3 1555 1110 1.40 

0-5 1650 1195 1.58 
G-6 2000 1530 1.29 
G-7 1725 1195 l.hh 
G-8 2^50 1550 1.58 
■3-9 2010 1110 1.8l 
G-10 2005 1550 1.29 
G-ll 2170 1210 1.71 

Avg.   of Col,   6 =1.70 
Std.   Dev. ■ 0.209 
Cotff.   of Variation ■ 0.123 

2.78 1.1*9 1.89 
2.65 l.k2 1.80 
2.25 1.19 1.52 
4.97 2.66 2.15 
5.12 1.67 2.12 
2.. 62 1.51 1.91 

2M 1.51 1.66 

2.81 1,50 1.75 
2.62 l.UO 1.65 
2.2^ 1.20 1.5^ 
5.02 1.6l 2.0U 
2.10 1.12 1>5 
U.ll 1.75 1.77 

5-55 1.50 1.55 

2.1U i.lU 1.U6 
2. i8 1.17 1.50 

2.5^ 1.56 1.74 

1.85 1.21 ...U2 

1.75 1.02 1.^9 
2.11 1.58 1.62 
1.88 i.n 1.65 
2.50 1 54 1,72 
1.7^ 1.1U 1.51 
2.59 1.28 I.85 

D 
0 
0 
0 
0 

: 

D 



21? 

TABLE 6.5.    ULTIMATE SHEAR STRESSES AT SUPPORT 

4 

: 

: 

• 

1 

IN TERMS 07-fp, ^(L/t;   and' 
c 

(1) (2) (3) (U) 
V 1000   V lOOOv   v/L/t 

Slab 1 u u      ' 
No At Sapport >/pfc f  ^pf 

y    F c 
f   v/pf 
y    ^ c 

K-i 2150 9.70 5.1+0 10.08 
K-2 2U0 10.10 5 17 9 65 
K-5 1880 9 70 1+.J+2 8.25 
K-U 1510 5.85 6.15 11 50 

K-5 2370 9 50 6.10 10.1+0 
K-6 2020 9 00 5.1+8 ic. 23 

K-8 I88O 8.90 1+.80 895 

K-LO 1890 9.00 5-07 9 1+5 
K-Il 1U50 7.1+0 1+ 73 8.83 
K-12 1920 9.90 k.kz 8.25 
K-15 2290 9-50 5.90 11 00 
K.Ik I89C 10.1+0 k.lk 7.7U 

J-l 1100 7 60 1+.02 9-53 
3-2 1010 8.05 3.1+8 8.25 

G-I 1990 10,57 1+ 8U 9 01+ 

0-2 1900 10.05 1+.85 9-05 

0-3 1555 7-05 5 66 10.57 

0-5 1650 8.75 U,97 7 60 
0-6 2000 11.10 1+ 56 7-75 
G-T 1725 8 00 568 8 66 
0-8 2U5O 12.30 5 03 8.55 

0-9 2010 9 30 5-55 IO.36 
G-LC 2005 9 83 5.17 7.90 
G-LI 2170 10 3 5.55 IO.36 

Avg    of Col.  U           =9 .21+ 
Std.   Dr. = 1 1 
Cceff    : T Variation = 0 119 
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CHAPTER  7 

CONCLUSIONS AND RECOMMENIATIONS 

: 

i 
i 

i 
i 

7.1.  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 ^000 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. Because of this 

enhancement of flexural resistance, slabs of the proportions 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 

their bearing capacity and shear strength, as well as Improving flexural 

resistance. Steel rings, or hoops, can be successfully used to increase 

the lateral restraint and load-carrying capacity 

7.2.  Recommended Additional Tests 

An additional series of static model tests is recommended, in 

order to confirm the conclusions of this study and to gain a still better 

understanding of thick slab behavior  All are to be conducted in the 

existing l/lkth  scale test fixture. Several areas of investigation 

are proposed. They are.  (l) A variational study of the material 

property and geometric parameters of Eq (6.17), In order to confirm 

the equation.  (2) An investigation of shear stud requirements-  (5) An 

examination of the effect of base restraint on slab behavior.  (>) A 

determination of the relation between shear steel and ductility. 

(5) An examination of the bearing strength of thick slabs 

The list above suggests eight parameters, including four for 

item (1). If each parameter were allowed to take on tnree values, all 

of the possible combinations could be represented by about 6500 models 

The program proposed here is somewhat less comprehensive, tnough a 

fairly large number of tests is still proposed 

Only plate-reinforced models need to be tested. Therefore, 

the examination of shear stud behavior should be given priority, as 

this could lead to economy in later prototype construction  A series 

of tests on prisms attached by shear studs to greased steel plates 

should precede, and govern the design of the model tests. Twenty-four 
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J. 

prism- tests,   comprising three variations of concrete strength,  four 

variations of stud diameter and two stud lengths are suggested.    Three 

additionui 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   (D /D.)  should be employed to determine the effect of 

clamping due to the overhang on the need for shear studs.     One combina- 

tion of shear stud length and diameter is recommended,  to be tested in 

these four configurations.     (l) 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  {h) 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 believed 

that the number of shear studs  required in tests to follow might be 

reduced as a result of the tests  just described. 

A series of tests to determine the effect of material and 

geometrical properties  is  proposed.     The parameters  to be investigatea 

and the number of variations suggested for each are;     (l) The 

span/thickness ratio,   L/t   (four values'),   (2) the tension reinforcement 

ratio,  p  (three values),   (5) the  concrete strength,   f;   »three valuesj, 

and  CO  the yield strength of the reinforcing steel,   f  ,   (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 additional cast 

of four identical models of that configuration is required for control, 

Additional control casts may be needed to differentiate between the 

effects of parameter 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 20-50 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 iiodels G-7 and G-10 

is recommended,  witn 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-concrc?te"   in an attempt to force the bearing strength 

to be critical      Othtr posGlbilitles suggest themselves,  such as  the 

testing of thin models with and '-'ithout confining rings on a narrow 

(low D/D ).   lubricated bearing area 

In order to conduct a   large number of tests  in a  reasonable 

time period,  some chanaes  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-8,1 not be used 

* Trademark of the E.   I.  DuPont de Nemours   Company 
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Additional forms should be built 30  lat speclTens can be cast in groups 

of four.  These changes, and some minor modifications to the loadi.ig 

fixture, its supporting stand and its auxiliary equipment can provide 

the additional efficiency needed for an expanded program of testing 

7.5., Analytical Study 

An analytical study of the closure slab problem is recommended, 

to proceed concurrently with the experimental program suggested above. 

The finite-element approach tc the numerical solution of the problem 

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 should be put 

into operation as soon as possible  Thus, it is recommended that no 

time be spent in either developing automatic problem-describing routines 

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

investigators. 

- 
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