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ABSTRACT

The primar, objective was to dete rmine the dynamic behavior of deep reinforecd-conerele
siabs in the overpressure region of 200 10 656 gsi. and thereby o provide 2 Bass %or es-
tabistieng desige criteria for massive reinforced-concrete suructures under nast lowds.

Both vac-wav and two-way slabs placed flush with the ground surface were tested. The
ratios of cffective span (o depth varied from 1.43 10 7.0, [t was expected trat, for sisbs
+f these proportions, shearing strengh would prove 19 be the controiling design parame-
ter. Copseguently, the test specimens were designed to study particuiarh stear strengt
of siabs both with and without shear reinforcement, though flexural strength was slso
considered. The siobs were tested during Shot Koa, and the weapon yvield was given aa
aboit 1 M.

lastrupmertation ircluded self-recording overpressure -versus-ume gages at vaech site
1 setf-rvcording acceleration-versus-time gages on the siub-supporting strictures.
Measuremoents before and after test were made to determine the magmtusde ard character

f the permanent deformatee .~ 1, if possible, the modes of failure.

As a result of foundation fallures, no usable data was obtained on the response of-the
deep two-way siabs. Thus, ne effort was made to evaluate current resistance criteria
for these members. However:;-sufficient usable data was obtained on the one-~wav slabs
tojastilv detailed analyses of thuse members. .

Hecent research on the static behaviar of .'lccb beams is summarized. Datz uvailable
from these static tests indicates Lzt *he sheur-strength criteria originally applied to the
Project 3.6 slabs are very conservative. In addition, the data indicates possible mudes
of failure of deep une-way siabs thai were sot considered in the oretest analvses. Using
defied:n data from laborat -y static tests, new empinical expressions . I .o .pvd 108
vield and uitimate defiections of deep one-way slabs and fo. the fundamental perwod of
sih-ation of such members.

Consideration wus given to the effects of axial .oads, base disturbance, and rebound on
the “eaural behavior of the deep one-was 3.abs. It is shown that waal forces are very
img. ant and may acceant for incrzass » 0 the vied resistances of the decper slabs by
as much a8 300 peycent.  For estimates of 9+, --diztur. ‘nee effects, data from nearby
stations was used, because the records of the ge zlere _ers on the siabs themselves
were destroyed by the ction of ~ 1 water betore recovery.  Rebound commutations corrse-
iated well with ol.-rrved crack paticras.

Anplication of availac'e ceriteria for the resistances or streagths of the slabs in brittde
modes of faiiu, ¢ inciuding shear-compression, shear-anchorage. bond, bearing, and pure
icwds shear andiate Tnel much remosns (o be learned 2bout the fuilure of deep onc-aay
siabs in these mides. O those menticoed, oaly the shear-compression and bearing-
stren fth eriteria do not appear to be excessively eonservative.

Further research on the statie amd dynamic behavior of deep one-way siabs 15 recom-
memded. e sddition, rescarch on statie behavior of deep twa-wiy slabs 15 required to
establizh tne probable modes of fa:lure and erter:a for resistance i these modes. Ro
el anterim doegigna erteria are revoman, adald for sangiv supported does ope-wan

i subjected fa umiformly ‘histributed dysamic foad.
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FOREWORD

Tkis report presents the final resuits of onc of the projects participating in the 6 Sy -
«ffect programs of Operation Hardtack. Overall information about this and the other
mmitary-effect programs can be obtined from ITR - 1660, the " Sumnury Report of the
Commander, Task Unit 3.” This technical summary intiudes: 13 tabies listing each

Jetonadion with 1ts vield, wpe, environment, meteorological conditions, ete., {2 maps

showing shot focations, 131 discussions ot resulls by programs, ti: sammaries of sbjec-

tives, prucedures, results, ete., for ail projects, and 3. . listing of project reroris for
the milntarv-cffect programs.

PREFACE

The work reported herein was plannad and carried vut by personnei of the Structural
Research Laboratory of the University of lilinois under Contract AF 25(8011)-344 betueen
the University of llinois and the Air Force Special Weapons Center :AFSWC:, Kirtiand
Air Force Base, New Mexico.

Tne project was under the generxi direction of Dr. N, M. Newmark, licad, Depart-
ment of Civii Engineering, and under the immediate supervisicn of Dr. J. D, #aiuwanger,
Professor of Civil Engineering. The planning and ficld test phases of ths program weic
carried out by Dr. Haltiwanger; Mr. S. L. Paul, Instruactor :n Civil Engineering: Mr. R. N,
Wright Ill, Instructor in Civil Engineering; and Mr. C. P. Mangelsdor{, former!: ~
tor in Civil Engineering- The posttest analyses of the data accumulated from the ﬁeid
test and other supporting and allied studies significant to this work were carried out by
Mr. Wright snd Mr. J. T. Hanley, Research Associate in Civil Engineering.

The inst=- mentaticn program was inetalled and operated by personnel of the Bailistic
Rescarch t.s. sratories, Aberdeen Proving Ground, Marviand, under the supervision of
Mr. J.J. Maszaros. The ccoperation of this organization during the test program as
well as during the date-reduction phases foliowing the test wag appreciated.

The Project Officer was Cuntain E. i! Sultmann. Jr.. USAF. of AFSWC. The cooner-
ation of Lt R. L. Player, TSAF, also of AFSWC, taroughout the perind of the sraico oo
gratefelly ackaowledgad. Recognition is also given to Professor G. K. Sinnamon of the
University of lilinois for his interest, advice. and general suwidance during the field t2st,
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Chapter 1

I™NTRODUCTION

1.1 OBJECTIVES

The original objective of this project was to determine the behavior of deep ceinforeed-
o wwrete slabs in the overpressure region of 200 to 1,000 psi. and thercby to provide a
L. sis for establishing design criteria for massive reirtorced-concrete structures under
biast loading. The upper limit of overpressure was subsequently reduced to 600 psi to
avoid the possibility of losing the slabs in the crater formed by the surface test shot.

The term “deep” as used here is intended ts include slabs having span-to-depin ratios
as low as 1.28. It was expected that, for slabs of these propertions, shear would prove
to be t"e most significant strer~th narameter.

Simply supported slabs reinforced in only one direction, as well as square slabs simply
supported on all four edges and reinforced flexurally in two mutually perpendicular di-
rections, were tested. Approximately half of the slabs were reinforced for shear by
means of conventional vertical stirrups.

1.2 BACKGROUND

The design of reinforced-concrete beams and slabs has long been the subject of exten-
sive experimental and theoretical studies. Literally thousands ci laborators toctc hown
been made, and the resuits have been reported in the technleal literature over the last
several decades. A complete bibliography of such tests would constitute a sizable report
in itself.

Despite the existence of a niassive amount of information having to do with the strength
of c..  ete beams aud slabs, there are at least twa areas of vital importance to the de-
sign of protective siructures on which data is sorely lacking. The first of these areas
kas to do with the behavior of refaforced-concrete beams and slubs under dynamic loads
-—practically all previcus tests have been restricted to static loads.

The second area ~oncerns the need ior caperimental studiez en the alteraiion »f nodmal
beam and slab proportiions to resist high pressures. Prior 1o the need for structures to
resist pressures from atomic or nuclear biists, the load intensgities of interest were,
seiacively speaking, low, and ied to beams and slabs of wha might be called norma! pro-
portions. Under the high pressures (hundreds of psi) that protective structures must re-
sist, the beam and slab proportions must necessarily ke severely altered. For such
structures, 3iahs having span-to-depth ratios as low as 2.0 to 2.5 are not at all unrealistiz.
For siabs of § :h proportions, experimental studies are very few. and, for dyramic loardg,
virtually nouexistent.

Another area where the need for information is urgent is the design of doors and covers
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frr_catranceways into underground protective structuren,  ‘This is particular!y true for

stractures to be designed and butlt as o part of our rotalistory instalistions, the doorns
for which may have to he powor-operated.  In such cases, the weight of the door 1s 1m-

- portant and must be kept to o practical misimum consistent with requirements for blass

and radladon protection,

For beams or one-way slubs, adequate ultimate strongth design criteris are avallable
for sections of normal proportions under staticallv applicd loads (Reference 1), Appli-
cation of these eritoria to deep sections would require extrapolation thut could leadl to
rather serious errors, because the basic criteria are largely empirical.  This 18 partics
ulariy true In regard o shear strongth which, I is believed, will prove to be the most
wignificant strength parameter for the very deep scctions.

For two-way slabs, ultimate strength design criteria, oven for static loads on sectiors

.of normal proportions, particularly where shoar phenomena sre concerned, are not sory

well established.  Consequently, for dynamically loaded deep slabs, proportions would
have (o be guessed at rather than designed on a sound basis. As u result, such slabs
would have to be proportlonud more conscrvatively and, therefore, loss cconomically thun
they should be. :

In 1958, while the field oparations for this projcct wero underway, the first extensive
series of laboratory tasts on.deep beams (cssentially one-way slabs) was begun at the,
University of 1llinols under Countract AF 29(601)-468. The resuits of these tests arc ro-
ported in Reforences 2 and 3. In Chapter 4 of this report, these test results arc consid-
ered in the evaluation of the behavine ¢ € thn glabs for this project.

1.3 THEORY: BASIS FOR DESIGN OF ONE-WAY SLABS

When the slabs for this project were designed, it was believed that one-way slabs were
susceptible to fallure In pure shear, flexure, or diagonal tension. The results of the lab-
oratory testing described in References 2 and 3, and the results of the field test itself
have shown that the critical modes of fallure are pure shear, flexure, shear-compression,
bearing, shear-unchorage and bond. These tests appear to indicate that deep members,
uniformly londed, are not susceptible to failure In diagonal tension. The modes of failure
and the test results are discussed In Chapter 4.

The parameters that affect the static strength of a simply supported reinforced-concrete

" glab in the three modes of failure mentioned above (pure shear, flexure, or diagonal ten-
slon) arc v “~llows: concrete strength, steel strength, depth of slab, percentage of

tenstlc reimu.cement, percontage of compression reinforcement, and percentage of shear
reinforcement. When loaded dynamically, the strength of the slabs is alsu influenced by
the ductility factor, natural period of vibration, and load dura.ion. Because the yield of
the weapon was in the megaton vange, tha axpected effective load duration was long, rel-
ative to the natural period of vibration (on the order of 0.005 second) of the =iabs. ‘There-
foro it was ussumed that the load duration was infinite, thercby simplifying the design
campututions considerably. It Is realized, of course, that this is not quite true; however,
the resulting errors are small, compared to the other uncertaintios existing in the desiym
of these slubs,

On the busis of the preceding remarks, criteria were devcloped in terma of the afores
mentioned parametery for the louds required to produce failure in each of the three speci-

fled modes.  The devilopment of these o) (teria I8 presented in the following paragraphs.

1.3.1 ¥ure Shear. A pure shear fallure would be exemplified by failurc along a ver-
tical »o+;on in the region of maximum shear, that is, at the supports. If the effective
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depth of the slab is assumed to be nine-tenths of the total depth, and the shearing resis-
tunce of the longitudinal reinforcement is neglected, the average shearing stress across
a vertical section at the face of the support is
v lrsp) 1 °E)
YOX e @) a0
Where: Tgp
1 the clear span

the uniform pressure (static)

d = the effective depth (All symbols are detined in Appendix C.)

if the shearing strength of nlain concrete is taken as 0.2 £, where fl; is the ultimate
strength of conerete (Refereince 4), and is equated to the shearing stress as given in
Equation i.1, then the unifcrm pressure required to produce a shearing stress (quai tu
the shearing strength of concrete is obtained by equating Equation 1.1 to 0.2 ', and
results in Equation 1.2:

ro, - 0.44 £ @/D) 1.2)

Shear failures, by their very nature, tend to be brittle. If this factor is taken into con-
sideration, then the relationsnip vewween the dynamically zpplied pressure of infinite
duraticn required to preduce a spzcified degree of damage and the static resistance is
given by the following:

Pm/dy - - 2—% .3

Where: u - the ductiiity factor
Pm = the dynamically applied constant pressure
qy - the static yield rosistance

The ductility factor, that is, the ratio between maximum or, in this case, collapse deflec-
tion, and yield deflection for shear failures in reinforced concrete is rather uncertain.
How. . it was assumed that the ductility facter probably was at lcast two. Assuming
then, that p ig equal to two, Equation 1.2 is redured by 25 percent and becomes

r'p = 0.33 8, W/h 1.4

Where: r'sp - the amform pressure (dynamic).

Fauaticn 1.4 hus been plotted 1n Figure 1.1(u) %27 2 28-day cylindc. strength of 4,006 psi
and u span of 72 inches. Equation 1.2 has 2150 been plotted in Figure 1.1@).

1.3.2 Flexurs. The static moment (M) at the center of a simply supported slab of unit
width, uniformlv loaded at an intensity of rg is as given by Equation 1.5,

M %rf,: 11.5)
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This, ther must be equal to the internal resisting moment of the slab whieh, if under-
reinforced, will fail by yielding of the steel. If the moment arm con the crogs-section
at the center of the siab between the resultant force in the concrete and the resultant
force in the steel at vield is taken as 0.9d, then the internal resisting moment for 2 unit
width of slab is

Mooy dfy 0.0 (1.6)

Where: ¢  the percentage of flexural reinforcement
fy - thc yicld stress in the steel

Fquating Equations 1.5 and 1.6 yields an expression for the load required to produce
yielding of the steel in terms of the vield stress in the steel, the span, the percentage of
iiexural steel and the depth.

re - 0.072 f,6 /1 (.7)

Hucause flexural failures in under-reinforced slahs are usually ductile, the ductility
tactor is rather large wn the order of about 105 and, as shown in Equation 1.3, the cor-
rection for ductility would be so smail as to be negligible, in comparison to other un~
cer:ainties. Accepting this, the relation given in Equation 1.7 has been plotted in Figure
1.1(b) for an estimated value of f. of 50 000 pgi, for a si.an of 72 inches and for a rarge
of values of & normally considered in under-reinforced beams.

1.3.3 Diagonai Tension. The design of slabs for diagonal tension was based on an
empirical relation developed in Reference 1 2nd given here as Equation 1.8.

28
- 2 o ! w yw ‘,
= 86.5 (d/1Y (’2—6—:3"—) ( 105—-) (1.8)

Where: — the static resistance or failure presgure

&' = the percentage of compres:ion steel

¢w - the perce-tage of web steel assumed constant over the length of the beam
£,  the yield stress in the web steel

The othey icrins are as previously defined. If the span is taken as 72 inches, the steel
vieud stress as 5u,03% vai, {7, as 4,000 psi, ¢’ as zero, and the percentage of flexural
Steei 2 i assumed far tha o= baiga *n ke 1, then the abave expression reduces to:

s LT ) By {1
whick, for various values of c:» s been plotied in Figure 1.1(c). The a3sumption thui
o' tthe percentuge of compression tteel reinforcemant} is zero is true in this case. For
given values of pressures, slab depths, and ¢, and {or a percentage of main-itension steel

not equal to 1, the v.lue of ¢, required to withstand the specified pressure can be found
from the correctivas as indicated in Equation 1.10:

ié
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[} < 1
Oy —ko - 1 1.1

th

Where: &, - the value given in Figure 1.1(c) for the prescribed depth and pressucc as
the percentage of web steel consisteat with a percentage of tension steel
of 1 percent

Figure L.1(c) includes a line labeled o0 —6.5, which °3 an actual impossitility, but
negative values af Oy, Can be uscd in the rhove correction to deier mine positive values
of o, for percentages of fexural steel less tae 1. 1 the fizsd vaiue of Oy i3 negative
then, for the given depth and percentage of flexural sieel, the beam shouid not fail :n
diagonal tersion, even with no web steel at the pressure assigned.

Although diagonal tension can bring about brittle failures, particularly in beams with-
out web reinforcement, no correction for ductility fuctor was applied to Equation 1.§ axd
1.9. Rather, the value for rg, found from those expressions was tzken as an apper limit
of a range of probable failure pressures for which 0.75 rew fassumed ductitity factor of
two in Equation 1.3) is the iower limit.

1.4 THEORY: BASIS FOR DESIGN OF TWO-WAY SLABS

The design of the two-way slah test spucimens was considerably more complex than
was the design of the one-vay slab specimens. The principle reason for this increased
complexity was the lack of information available on the strength of two-way slabs insofar
as it may be controlled by diagonal) tension. The information available in this area, even
under static loads, is extremely limited and. for dynamic loads, totaily nonexistent.
Cousequently, the derfign techniques employed in the proportioning of the two-way slabs
can be considered, at best, liitle more than educated guesses. It was recognized that
such slabs might fail in cither one of the three common modes of failure, that is, flexure,
pure shear, or diagonal tensicn. As in the case of the one-way slabs, moat of the twi-
way slabs wer> proportioned so that the probaule mode of fallure “uu!d be diasonal enaina
The criteria used for the design of these slabs in each of the several modes of faiixre 1re
develuped }a the fellowing paragraphs.

1.4.1 Flexure. The design of the slabs for ultimate flexural resistance is based on
the'y.. line theory (Reference 5), which assumes that a scuare panel simply supported
on all four edges and subjected to a uniform load will faii in flexure along two diagonal
lines connecting oppogite corners of the slab. In other words. the failure cracks would
oceur on the bottom of the slab dividing the nanel into four congruent right triangles who- 2
hypotenuses are the sides of the squarw: panci. Due to symmetry, there will bo ro shear
across a section along either of the diagonal lines 80 that each triangle may be sepcrated
as a free bady with n uniform {yield) momeni acting along the two cutling planes, a uniform
lvud whose resultant is at the centaoid of the triangle, and a disiributed support reaction
whose resuitant acts at the centeir of the hypotenuge. For equilibrium. the noment per
unit of leagth slong the cutting plane can be found as,

M %rﬂz (.11)

inwk .% 1 is the panel side dimension, or sparn, 1n either direction. Equating the above
».u.tion 1o Equation 1.6, the internal monent, rosults in the expression,

1
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ir ~hick  now reprasents the percentage of flexural steel in cach direction because st
is the sume in two perpendicular directions. This indicates that for flexure a two-wuy
slab is three times as strong as a one-way slab having the same percentage of tensile

eteel. I £, is 50,000 psi and [ is 72 inches, as before, then the values given for < or

sabg. That fs, for a given pressure and depth the slab needs only one-third as much
steel in each direction as 2 beam, or for 2 given depth and percentage of steel, the siab
van resist three times as much load as the beam.

1.4.2 Pure Shear and Diagonal Tension. With respect to shear and diagonal tension
in the two-way =labs, the simplifying assumption was made that any strip of siab paraliel
to 1w of the tour zides of the panel could be designen as a beam spanning 72 inches and
subjected to a joad of just half the pressure acting on the slab. Although this approxi-
mation is uncongarvative (o some particuiar strips, notabiy those through the center,
tne absence of precedent ‘or ghear reinforcement in slubs aid the approximate naturc of
+ar design reiations used, even for beams, do not justify a more precise determination
wf the ghear conditions within the alab at thiz time. Conseguently, Figures !.1(a) and
1.1{c; may be used zfter multiplying the design pressure by one-half.

i8
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Chapter 2

IMOCEDURE

The span lengths ond overpressure levels used in these tests were chosen to ercate con: ¥
dittony for which current design spectfications and data are inadequate for reliable usc.
Fhe uncertainty {8 greatest In the arca of dingonal tension; therefore, the span-to-depth
ritios were chosen 8o as Lo make this phenomenon critical in most of the slabs. Appros-
fmidely half the slubs were reinforeed for diagonal tension.

The slabs of both types were deslgned with spans of 6.0 feet with thelr tops flush with
the ground surface so that only the overpressure would act on them.

Because the instrumentation In this project was extremely Hmited, the information
gained from the tests depended primarily upon the ¢-fferences between those stabs which
tuiled und those which did not.  To provide such information, one specimen of cach series

~had to be so weak that It was almost certaln to fail, even at the lowest probable pressure,

while one other specimen had to be so strong that it would not fail even at the highest _
probable pressure.  Between these extremes, the strengths of the specimens were varied
as uniformly ag possible by varying depth, flexural reinforcement and shear reinforcement.
Because of the gross lack of data concerning dynamic diagonal-tension strength, an
extensive instrumentation program secmed inappropriate. Consequently, the results of
these tests are not expected to yield complete design specifications. Ruther, it is ex-
pected that they will serve only to further limit and define the significance of the numer-
ous parameters affecting the strength of such slabs. 1t is hoped that the results of these
tests will define sufficiently well the significance of the several parameters so that,” by
means of further studies, definitive design criteria can be determined. Until suci viine
as further studies can be performed, the results of taese tests will undoubtedly give to -
the designer of blast-resistant slubs confidence in excess of that which he now possesses.

2.1 ONL-w.Y SLABS

The one-way slabs were designed for peak overpressure levels of 600 and 175 psi,
which v.ere originally predicted on the busis of a nuclear device yield of 1.5 Mt to occur

~at ranges of 1,830 fcet und 3,100 fucl, reopctively, from ground sore. At eneh af thoge
locotions, 15 such slabs were tested. The weakest of these were proportioned so that
they should fuil at pressures as low us 400 and 150 psi, respectively. The strongest

we rguopationed so that they should remuin unharmed, coven though th: overpressure
Jevels present at cach of the test locations were to reach 800 and 250 psi, respectively.
The remaining 13 slabs at cach site were proportioned so that they should fail at pres-
sures intermediate between these extremes. At the predicted 600-psi location, the slabs .
had cffective depths svhich varied from 20 to 56 Inches, and, at the predicted 173 pai '
locativn, from 11 ", ol inches.

As an Hlustration of the method used, consider the case of Slab 36-4 which had an
ausigned - fietive depth of 306 Inches.  From Figurce 1.1(a), the resistance to shear proper
12 b pul. 10 percent of tensile steel (8 assigned to this beam, the Nexural resistance
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s 1,500 pst dfrom hgoation L7 ahich is aore than adequute. The sveb reinforeo ment
then must Lo designed tor o pressure consisoent with 660 pst. The range of pressures
from 600 ta 50 psi is therefore considered.  Use of the depth of 36 inches and %0 psy
i Figure 1.14c) results in a valve of S, of approximateiv 0.2, Introduction of his
value inte Equation 1,10 indicates thal. ir this instance. no web steel 1s required to re-

si5t a pressure of 306 pst. s indicated in Section 1.3, this veprosents an upper Jinut ol
the probable strength in diagonad tension with the lower limut baing equal 1o 75 pereent
of §au par, or 609 ESi

At vach of the 1w predicted overpressure levels, the slabs were tested in groups
having a vommol depth, the diagoned tensile strength within am Sven depth group being
varied by variation 1a the percoentages of flexural and web steel.  These variations were
chosen by timal and ervor within any given group 50 that the range in diagonal tensiie
strengths within the group would be wide erough to bracket the probable var:itions in
overpressure which could be expected on the basis of the runge of predicted device vicld,
plus an ad-ditional range in sirengths te account fur e uncertitinties in the thcory where~
by the predicted strengths were determined.

Though must of the slabs were preportioned so that faiiures should occur as a resuit
of weakness 1n d’agonal tensior, it was expected that some of the frilures might be of o
flexural or pure shear nature, since the hasis for ultimate strengih computations, partic-
ularly unde: dyvnamic loads, is admittedly rather uncertain,

2.1.i Choice of Test Sperit ~~e. As indicated previousiy, 15 test speciments were
placed at each of the twe nominal overpressure ievels of 610 and 155 psi. The slabs were
sv proportioned that their strengthy depended primarily upon their strength in dixgonal
tension as determined on the basis of the criteria developed 1 the preceding section. In
sume instances, the siab strengths i diagonal tension were approximateiy equal to their
strengths in pure shear and/or flexure. The proportions of the cne-way siab test speci-
mens, together with their predicted failure overpressure levels in each of the three modes
of lailure, are summarized in Table 2.1. The revised diagonai tensile strength predic-
t:ons given therein were made on the assumption that Equation 1.8 was applicabie, even
though the concrete strengths were considerably in excess of tie range nt e
which this equation was empirically developed. The revises N4xural strength predictions
take into account the dynamic yield vaite of 63 kips per square inth dksi) determined from
the laboratory testing of the glab reinforcing steel. The resuits of the iaboratory testing
of '« remnforcing steel are given in getail in Section 4.2.1.

2.1.2 Details of Test Specimens. Al of the test specimens were designed on the
basis of an assumdd 28-day cyiinder strength of 4,000 psi for the conerete and an assumed
aynamic yield stress ic the steei o7 56,000 psi, The construction contractor was directed
10 provide concrets with i streangth of trom 3,500 (2 ! 5399 pai a< indicated oy wren o
eviinde=s taken from each batch, one avlinder of which wus tv be tested at the Eriwetok
Proving Ground (E PG at the time of the slob tesis.  The construciion contractnor was
furtner directed to teke all prinaipal retnforcing from the same lot of intermediaie-grade
billet steel conforming to ASTM Specificaticn A-305. Twenty-four 3-fuot lengths of such
steel were sent 1o the Structural Research Laboratory, Department of C:vil Engineering,
University of {Hinois.

The sctual -12es and number of bars used and their Incativrs ave summatized in Table
2,2 and Figure 2.1, All flexural reinforcing was of No. 6 bars. The error hetween the
arer of gteel called for in Table 2.1 and the area provided in Tabie 2.2 ig 10 @il Tases iess
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than b pereent winch, considering the doegree of approven o thas tar ompeovz-f e
ol Wi rant sav adjustment of Table 2.1
Figures 2020 2.3, ad 2.4 show the supparting strugiures {or the test staba
"~

amfrrm support, the siabs weve rested, not on the concrete toundation dire

N

gt b unevem bt rthey on washers angd nuts Figure 204, o

gt proasled 2 neariy uniform support. The same thregded rods o
slub were extermied through holes i the sizh and provided wirh nats and wosshers

LA
anv unlit during the negative pressure phase.
For the experiment to function properiv, tt was essential thut the pressures et o,
on the top surfaces of the slabs. To s end, the pressure seais shown in Fogare 203
were desigied 1o sead off the bottoms of the slabx withewt sizmfrcantly ainercasimg < e

resistinee of the siabs.

2.2 TWO-WAY sLaABS

Ten twuvway 8iabs were designes or test under the highor proedicted procsare fee!

~f6ud) psi.  As in the case of the one-way slabs, they were designed so that their
strengths appeuarca to be dependent primarily upon the diagonal tensil strengih of e
slabs. However, since for two-wayv slabs there is no information aviilable retative
the vitimate sireagth of such siuws ... wagonal ensiva under dycamic loads, the pregicted
strengths may be considerably in error. Consequently. even thoush the slabs were de-
signed for z nomunal pressure of (00 psi, they were proportioned se that at ieast seme
usable data would be obtained even though the actual pressures present should depart
fro.a this nominal velue by as much as £ 406 psi.  Actually, this wide range of strengins
of the two-way =ziabs was chosen noi so much because, of uacertainty relative o the
pressures that might be expected at the chosen location, altheugh this was certainiv s
consideration, but rather because of lack of knowledge as to the diagonal tensiic strengin
of two-way slabs.

2.2.1 Choice of Test Specimens. The same parimeters which influence the streagth
of the one-way slabs apoly equally well to two-way slabs. In this investigation the
strength of the concrete and the strength of the steel were held censtant, thereby reduc-
ing the ©  wriant parameters to be considered to these three: d. cffrctive siab depti,
%, the percentage of flexural steel; and ¢, the percentage of web reinforcement. As
in the case of the one-way siabs, here also several slabs were tested at each of several
differ-nt depths. For ezach depth the strength in diagonal tension was varied over a rea-
sunably wide rangs L. caizing . 2 rs sin ot of flovural stesl and the rorcentave of web
sivel. Because the area of uncertainty insofur as the prediciian of diagonal tengilc
strengih of csc-way glebs is concerned is greater than it was in the case 3f the onc-wav
<Vsihm the vange of predicied strengths had to be gvester in arder 1o e equal asserance
of obtaining reagonably good data. Consequentiy, for cach depth of siab, one was design-~
ed to fail at a very low pressure, another was designed (= fail at a rather high pressure,
and the remaining slabs were given reinforcement percentages so that their sirengas
varied moure or iess uniformly between these two extremes. The proportions of the twe-
way zlab test 5. ..cnr together with their predicted failure averpressure levels i ek
of the three modes of [dilure are summarized in Table 2.3.

As a. - ample of design, consider Stal 20-4 which has an assigned depth of 20 inches,
¥y sigure L16a) a seam of 29 inches in depth could resist by pure shear a pressuaie of
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370 psi, therefore, the siab can resist 746 psi.  If the resistance 12 Sexue 18 KRG

00 psi, Figure 1.1 %) indicates a percentage of 2.7 flexural steel required for !u-:m;.
tence, 8.0 percent will be used in the slab. I, finallv, an assumed range for diagonu
tension of from 609 to 866 psi is used, then entering Figure 1.1ic) with & depth <f 25
iaches and a pressure of 300 psi thalf the upper iimit of 803 psiy results i s required
<y of 0.9 if &= were equzal to 1. Therefore, the required percemtage of ueb stes! is
given in Equation 1.i0 as 1.6. At this depth, other probable sirengths were obtainad by
varyving o and 0.

19,2 Details of Test Specimene  The actual sizes and numberz of §

and their locations a rétgur;x;if.zad in Table 2.4.and Figure 2.5. !acaliy. the shear re-
:nfuorcemeni shoasld have been placed so that the cifective segments of the bars were
vertical when viewed in any section. This wouid have made the effeciiveness of each bar
equa;j in all directions. Unfortunately, bar fabrication and placement restrictions made
this impracticabie. Therefore, the suirrups were plated as indicated with the realization
that the departure from the ideal cordition indicated above was small and probabily
incon sequential.

Thne siad support detaiis are shown in Figure 2.6. Those remarks given in dection
2.1.2 relative to the strength of the concrete, strength of the steel, and handling 2f
samples of voth for the one-way siabs apr'y also to the two-way slabs.

2.3 FABRICATION OF Tedi SPECIMENS

The agency responsible for the construction of the test specimens and support:n
structures revommended precasting cf the slabs and beams in the U.S. It was felt that
cioser contral of concrete strength could be cbtained at s stateside site rather than at
the EPG. The specimens were precast at a site in California and shipped by surface
transporiation to the EPG. Test cylinders for cach slab and beam were also provided in
order to determine concrete streagth on shot day.

The regults of the 28-day concrete-strength tests by the contractor were received i
the project after the beams and slabs hud been dielivered to the e PG. Tk
vealeo thzt the 28-day strengths exceeded the 4,500-psi upper Limit of specified concrete
streagth by 15 te 20 percent  Because there was not sufficient time remaining to recast
al} the specimens, it was decided no: recast any. It was felt that any advantage ob-
tai~~] by recasting a few neams or siabs would be oifset by the additional variations in
cua. te properties that would be introduced. A secondary consideration was that 2
revision of the predicted yvield for Shot Koa indicated the probability of higher overpres-
sures at the two stations. It was recognized that if these highcr overpressures oncurred,
the increase in concres= atrengidbs might be advantageous.

The staiic and dynamic tesia of tne slab remntorcing steel conducteai ir the 3t relurs’
FRaoscarch Laborrtory of the University of [llinois indicated the 3 ield resistance of the re-
inforcing steel was also considerably higher than anticipated. The revised predicted re-
sisiances in purc shear. diagonai tension, and flexure considering the actuai steel and
concrete sirengths arce given in Tables 2.1 and 2.2,

2.4 DATA REQUIREMENTS AND INSTRUMENTATION

The mitimarg data considered necessary for the success of this project included the
fre~-fieid overpressure at each site and the maximum deflection and mode of failurz of
.. ;i specimen that was damaged. The present jack of knowledge concerning the reiative
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sigmficance of the several strength parameters made a more compreheasive (nstrumen-
tation program impractical. The simple instrumentatinn system used was intended pri-
marily to define the reiative significance of the strength parameters — flexure. shear,
and diagonal tension.

2.4.1 Free- Fieid OQverpressure.  Overpressure measurements were made 2t cach of
the two Sites by the Ball:stic Research Laboratories (BRL) with scif- recovding pressure-
time gages, as described in the Reference 6. These gages were mourted on e suppot-
i structures o) the s:abs and were designed «» measure maximum progsures of F.ean
arxi 366 psi at the aigh- and low-pressure stations respeciives.

2.4.2 Acveleratiop. Six seif-recording acceleremeters were used. T+o were pisced
on the supporting structure of each of the three groups of slabs. These Juvices were de-
signed to record sccelerations up to 130 times that of gravity. It was expected that info:
mation obtained from these accelerometers wosid be of limited value insofar as the anal-
ysis and interpretation of the data obtaincd ~n this particular project ate concerned:
however, it was hoped that they wouid yield additicnai and much needed information rela-
v to the magnitude of the peak acrelerations that the structure experienced.

2.4.3 Puermarnent Deflections. The resporse of zach slab o the applied loading was
determined primarily by deflection ~easurements. Bolie were cast in the tops of the
siabs in a pattern such that their elevations would define the defiecied shapes of the slaba.
On the one-way slabs, five bolts were equaily spaced down the cemterline, the emd boits
being located over the inside edge of the sL_ports. On the two-way slabs. the bolts were
ptaced in the same manoer on both cesteriines ana on both dizgonals. It was possible to
measure the elevations of the beits 5 curately te witiun .42 inch.
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Dusign Prodictions of
Fatlure Oherpressires ¢

Pure . Disigonul
Flexure | K
Shear Tensile
it Pl psi

Clutmate
Concrete
Strength |

psi

Stetron 200, grosnd range 1Lede G, predictod pressure S0 psis

f-1 1.3

t3-1 i.2
152 |
2n-1 i
.2 XY
203 0.4
LIRS o,

1,3
25-2 3
B HR

L] BN 0w to i 3,151
a0 i s U PR HITT] 6,421
350 hup 170 g0 200 3,240
736 S S e 300 6,483
T Sy 430 to 630 (i
b 1 N RULDETII{1) 6, 117
Vit s (88 1oy BOY 6,206
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Revised Pradictions of
Fisdure overpressures
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Shear

HEY]

1,200
1,1=6
Pl
1,150
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1,309

1,006

. Dz gonai
Flexure | L‘.
Tensile

e st
391 fieto s
G G0 *5 K50
i 225 to 300
a30 3t to 415
Gle Tuit to Hdo
R i au0 ta 10
813 w30 to 1,150
25 163 to 615
w25 Sio o 1,10

23500 2,600 10 35,550

¢ Fadh sabois designated first by its effective depth and then by #8s cotde number at than depth,
i Based on conerete strength of 4,000 psi, and dvnamic vield of 50 Lsi for reinforcing steel.

} From cyvlimders tested on shot date.
3 Based on shot skste eviinder strongins and dynamie yield value of 63 Esi for 1einforeing steel.

TABLE 2.4 DIMENSIONE OF TWO-WAY SLABE

Slab h*
if-1 12
15-1 17
15-2 17
0.1 22
20-2 22
20-3 22
aq 22
e ]
25-2 19
-1 g,
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TYPICAL CROSS SECTION

TYPE "A" STIRRUP TYPE "B" STINRUP

——

A TR K B A

000 & 000 ~——7
0000 0000 ~—C—— 00 0 00 0 00

® 000 & 000 & -
® 0000 0000 O 10

TYPE "A° AND "B" STIRRUPS SHOWING PLACEMENT
PATTERNS FOR LOMG!TUDINAL STEEL

Figure 2.1 One-way slab details.
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Chapter 3

RESULTS

3.7 FREE-FILLD MEASUREMENTS

The free-ficid measurements consisted of surface overpressures at each of the fug
stations. These were recorded by sclf-recording gages turnished bv BRL. In the fug,
rome of the gage responses exceeded their calibrated ranges and had to be recaliby 2
befcre tinal reduction of the traces. The peak values on some of the records wery diffi-
cu:t to identify definitely because of flaking of the recording- mirror surface in the “icinl —
v of the peak value. Fortunately, the record needle scratches could be identified £2irly
well on the mirror glass itself.

From thc three pressure gages installed at Station 53G0.01, ground range 1,836 f&v,
ouly two records were obtained. The other gage could not be found after the test.  The
pressure-time curves resuiting from these records are reproduced in Figures 3.1 and
3.2. In order to rectify the wide variance in the time function cvident in these two TFee-
ords, the surface overpressure-timme record obtained by the Sta.ford Research Ins$iute.
Project 1.8, at ground range 2,000 feet, was consulted (Reference 7). This record s
reproduced in Figure 3.3. 1t indicates that the pressure-time variation and peak-pTess g€
value of Figure 3.1 is most probable for Station 360.91.

Relatively good records were obtained from. all three pressure gages at Station 36,022,
ground range 3,100 feet. These records (Figures 3.4, 3.5, and 3.6) indicate peak Plres-
sures of 171, 193, and 212 psi. For guidance in 8el~ction of a reasonable vaiue of beak
pressure for use in the analysis of the resuits, the surface overpressure-time rec?rdas
ground range 3,144 feet was obtained Meference 7i. This record s rerroduced in Fipir-e
23.7. In spite of greater range, it shows a higher peak (239 psi) than any of the dusty
360.02 records. For this reason it was considered tnat the best peak-pregsure valyest
Station 36%.02 was near the highest value for the three records. Therefore a valuye of 2L 90
psi was selected as the effective pealk pressure at Station 260.02.

3.2 S1.AB FOUNDATION DISPLACEMENTS

Seif~recording accelerometers were installed on the siab-supporiing steuctures utboth
stations in an effort to obaln informs von caces g stvuciure wustions i Ligh prednrs
regions. Unfortunately, the gage canisters did not prove 1o be watertiiznit and the £t Go
were ruined. No acceleration data was obtained on this projest.

Jhee cundition of the site after the tost indicaled -nat severe foundaiivi displaces uwnls |
and therefore, large accelerations occurred during the test. The changes in slab itundza-
tion elevations, a3 determined by postiest surveys, are given in Table 3.1. InspeClum
of Figure 3.12 indicaes the ground displacements under the two-way siabs wag no# ui-
form. Slab 20-4. iccated in the middle of the foundation, was discovered to be ab<®ul |
foot below the leves of the adjoining slabs. No postiest survey measu.en.ents are Avii~
able for the two-way slabs.

34
SECRET




3.5 BLHAVIOR OF 35..ABS

The prefiminery incomplete duta giuned on the nitial reentry indicated that the tese
specimens sustained only minoy damatge. Subsequent more complete study of th e sndivid-
wil beams and slans revealed that, while the damage was not severs. it was ¢or siedorabl
greater than the carlier results indicated. Removal and inspection of the test s weimens
showed much more extensive eracking than was in evidence on the 1ops «f specimens a3
they were viewed in pluce immediately aster test. These more complete resuits are sum-
mavized tn Tables 3.2 and 3.3. Supporting the verbal descriptions of tue damage given in
these tabiez are numerous photographs f the beams and slabs. Figures 3.8 to 4.4 are
photographs of the stations before and after ths test,  Photogruphs of the siabs v die
test appear as Figures 3.13 threugh 3.25 and are referenced in Tabies 3.2 and 3.3 to the
apprupriate test specimen.  Photographs are presented only when the cracks were suf-
ficiently distinct to warrant it.

The most significant damage was observed in the one-way siabs it a range of 1,850
fret. Of the 15 test specimens, aire exhibited definite permanent evidence of 4amage.
As would be expected on the basis of the predicted failure overpressures shewn in Tables
3.2 and 3.3, most of the damage occurred in the form of vertical flexural cracking und
diagonal cracking o the siabs. However, the extent of the damage observed was still
small in compur.son to that which would have been predicted en the bagic of the wcasured
sverpregsut e of 1,109 psi.

The cne-way slabs at a range of 3,108 feet showed only very slight damage.  Since the
one-way slabs at a range of 1,84t 1cet sustained no heavivr damage than they did when
subjected to a pressure of almost twice the nominal design value, it is not surprising thut
those at a range of 3,100 feet were virtualily undamaged when loaded approximately with
their degign nominal pressure.

The two-voay siabs at a range of 1,839 feet sustained very severc damage. However.
the evidence avuilable indicates that this dumage resulted from fourdation distortions and
breakage rather than from applied surface lcads. As indicated in Figures 3.11 and 3.12,
this entire series of specimens appears to have been subjected to severe fissuring of the
supporting subsoil. This contention is supportad by the data of Table 3.3 wherein it :¢
noted that the limited amount of damage to individual slabs that was in evidence oceurred
nut on the weakest slabs but rather on those three that were in the area of most severe
foundation damage. It is inconceivable that, except as influenced by the foundation dis-
tortions just mentioned, Slabs 20-3, 20-4, and 25-1 could have been damaged when Siabs
1 i5-2, 20-1, and 20-2 were not.

“ecause po data was obtained in this test that could be used in evaluating the response
ot deep iwo-way slabs to blast loads, no further discussion of the test resuits is made in
this report. The meager static-load-resistance data avaiiable wos consalted to obtain
the expressisns Lo the dusign o awe o v n v siabs deverspuu in Lramper

The permanent deslections recorded for cach test specimen arve aiso presented in
Tabies 3.2 and 3.2, The deflections given for the sne-way slabs were votatned from post-
test survel € ix rformed by Holnmes and Narve..  Those for tw twu-way slabs were ob-
taired in the initial reentry recovery effort by reading the center defiection from 2
straight-edge thal spanncd between reference points on the edges of the slabs. No perin-
anent deflecticns were measured on those two-way slabs that sustained the only noticeabic
damage becausce, at the time of the initial reentry, they were ccinpletely buried in the
area of the ©  datra failure. A change in the schedule of test evenis -3 resiricied the
time avaiiabje for the final data recovery on this project as to muke defleclion survey s
on e o slahs after they were excavated impossible.
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Littie vonfidence can be piaced 1 the defiection measurements a3 repocied here .o,
A study of these deflections reveals numerous inconsistencies resaiting evidentis i
the fact that some of the studs ingtalied in the »labs for profile measurements were e
during the tesi, thereby mvalidating a ce aparison of pretest and pastics? survey
urements. However, the deflections were, in general, so smail as o be neginub o
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Figurc 3.8 Pretest view of slabs ai Station 360.01. range 1,830 fect.
Two-way slabs are in foreground. Onc-way alabs are in background.
Prersure gages and accelerometers are ready for installation flush
with top of slabs. Ground zero iz to the left.

Figure 3,9 Pretest view of une-way slabs at Station 360.01,
range 1,830 feet. Ground zero is to the left,
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Figure 3.10 Pretest view of one-way slabs ut Station 360,02,
range 3,100 feet. Ground zero is to the left,
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Figure 3.11 Positest overall view of slabs at Station 360.01, rasgc
1.830 fecl. Note edge of crater adjacent to one-way siabs in rear.
Ground zero is to the Ieft.

. E . e . Wy -

e aeE, T ‘e, i - »"

Figure 3.12 Posttest view of two-way slabs at Station 360,01, range
1,330 feet, looking away from ground zero, stowing cvidence of
foundation failure.
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Figure 3.13 Postiest view of one-way slabs at Station 366.01, range 1,830 feet.
Ground zerv is to the lefl.

Figuie 3.14 Postiest view of vne-way siabs at Station 360.01,
ramge 1,830 feet, looking at grouml zero side of slabs,
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Figure 3.1.. Postiest side view of Beam 20-1. Beam is stanling on eixi:
top is at the pright.  Nete flexural cracks near center of span.
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Figure 3.16 Posttest sige view of Beam 28-1.  Note complete fuilure. amd that
tke tensile steel broke completely away from the upper portion of the siab.

Cigure 3.17 Posttest side view of Beam 28-Z.  Nute flexural
and diagonal teasile cracks,
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Figure 3.18 Postiest side viev of Beam 28-3.
KNate flexural ant disgonal onsile crucks.

Figure 3.19 Postlest side view of Beam 36-1,
¥-te distinct diagonal tensile eruck.
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Figure 3.2¢ Postiest side view of Seam 36-1.
Note diagona! tensiis crack.

Figure 3.21 Postiest sioc view of Beam 36-5.
Note flexural and diagosa! :ersile crack patteras.
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Figure 3.2 Peatiest side vicw of Beam 44 -4. Note flexural craviiag near
center, Fine bt distinet diaguaal tessile cruck is nol visible in photograph.
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Figire 423 Postict bottoms view oi Siab 20-4.
Xote cracking in both principal directions.

Fige' . &322 Pustiesi bottom view of Slab 25-1. Note extessive cracking
in uppsr lefl corner; alse parallel 1o right edge.

1]
SECRET




Chupter 4

DISCUSSION

4.1 STA'LIC BEHAVIOR OF DEEP ONE-WAY SLABS

4-1.1 Introduction. As indicated in Section 1.2, the design of reinforced-concrate
Leams and one-way slabs is based on empirical data obtained from tests of beams of
nurmal proportions. Very few static tests have been conducted of beams with span-to-
depth rarios as low as those of this series. Conseqguently, relatively little is known about
the behavior of such members under static, much lesa dyrainic. loading conditions. Thus,
before taking up the response of deep members to dynziaic loads, it is necessary to sum.-
marize whal is Known now about their behavior under static loads.

A thorough review ni the literature pertaining te the bekavior of deep structural mem-
bers subjected to stztic joads has been published in References 2 and 8. The rusuits of
this survey can be summarized best by quoting from Refereacc 8. Figure 2.1 mentioned
in the quotation is included as Figurs . I = this repori.

It has lxen found both theoretically and experimentally that the distributions

{ normal and shearing stresses in a typical very-deep beam depar: radically

from those given by the formulas of the ordinary theory of flexure for shallow

members. The reason for the difference in stress distribations lies primarily

ir the fact that the vertical normal stresses, particulariy those due to concen-

trated loads, and the shesring strcsses are much larger than thuse in beams

of ordinary depths and they produce a3 major effect on the state of stress and

Jefurmations throughout the whole beam.

The rapid increase of load, bearing stresses, and shearing stresses with

respect o0 flexural stresses as the depth of the beam is increased is demon-~

strated in Figure 2.1, in which are shown three simpiy supperted reinforced-

concrete beams with equal spans but different depths, acted upoa by a uniform

load of such magnitude as to produce constant maximum nom:nal flexura: stress-

es assumiig a fully cracke | section and linear distribution of horizontal strains.

The beams have one percent tensile reinforcement. It can be seen that the load

and the bearing pressures increase in proportion to the squave of the depth, and

the maximum average chousing atrese increases in direct propartion to the depth

for constant stee! and cencrete flexural stresses. which in this care are taken ax

f, 49,00 psiand £, - 2,400 psi.

Wtk ~aer no dheos etical solutions considering the tree properties (4. <., anisotropy. non-
humogeneity, etc. ) of reinforced-concrete beams have ever been published. the simpic
considerations in the previous paragraph do predict qualitatively the change in behavior
tha? takes place as 3 beam of a given span is increased in depth. Most obviously, the beam
w:il support a greate: load with increasing depth before failing and sccondly. the mode of
failure chunges. ~ .sc tvo predictions are confirmed by test data. Further, it if well
known that the distribution of streases in the vicin:ty of a concentrated load is different
from the. zssumed (and computed) from the crdinary theory of flexure. In beams of
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normal ¢ 4 apprexemately 19 or more i dimensions, tius deparidte 13 not sigmfi-zat,
aguitlly, and is often ignored.  This 1s justified in most cases by 31, Vepants principhe
However, :n the case of deep members, the spza-depth relationship and the s:ze of the
aren on which the boundary forces act are such that this departare cannot be ignored.
This is illustrated in Figure 4.2 which shows quuaiitatively the trajectories of the princisa
stresses «2asion and compression) in twe simply suppotted beams »f different span-depth
ratios.

It i5 apparent that the change in the directions of the principal stress trajectories,
occurring as the member becomes deeper, is gradual. Theoretical s>oluiions indicate
thzt the ordinary theory of flexure predicts the horizontai normal stresses at midspan
of a simnpiyv supported, uniformly loaded recrangalar beam reascaably weil for span~depth
ratios as small as 2.0. This :s also predicted roughly by 8t. Venant's princip.s.

From a consideration of the changing patiera of principal stress trajectories, it might
be expected that the response of the member ciuacges from that of & beam to that of an
arch as the span-depth ratio decreases. This predicted chiange in behavior has been
confirmed by experiment. also.

4.1.2 Recent Tests. There have been two important series of tests subjecting pris-
matic beams of various span-depth ratios to umformly distributed loads MReferences 2
ard ). Other tests of reinforced-concrete beams under uniformiy distributed (sads in-
ciude tests of I-beams (References 10 and 113, which are not strictly comparabie.

in Reference 9, tests of 18 prismatic, simply supported beams are reported. The
loads were applied by 10 .yt uuac jacks simulating a ysifor mly distributed ioad. The
span-depth ratios for these beams varied from 15.49 to 6.07. As siated by the authors
of that report, the general purpose of the investigation was to explore the behavior and
streagth in shear, i. e. shear-compression, of simpiy supported beams under uniform
fvad. All were reinforced in tension only, without web reinforcement. The variables
included span, steel percentage, and concrete strength. The objectives of the tests were
divided into two groups:

1. A study of the behavior, up to fzilure by: ia) obscrvation of the development of
cracks; tb} investigation of whe transition between shear and - curzl failures: and &
derivation of empirical equitions for shear strength of such members.

2. Anattempt to improve insight into Uw gereral problem of shear in reinforced
concrete by: fa) delermining from the measurement of straing in the steel the influence
of diagonai-tensicn cracking on the distribution of stresses in the reinforcement; and &)
obtaining somve indication of the actual straia distribution in tie controte, above and below
the ain diagenal-te sion crack.

The results of these tests are summarized in Table 4.1. Note that a definite eflort
was made to obtain shear failures. This was accomplisbed by use of high-strength steeis
fin those bearmo v th Ioh Zitel el o digunt und Righ 3il peroeniages. ¢ ne awnjes of
failure observed wure shear-compression and flexure. |here were »o diagonal-tension
or shear-splitt:ag failures, which frequently occur in beams subjected 19 concemrated
lopde.  Ses Secticn 4.1.4 for detailed discuzsion of modes vi faiiure. )

1t is believed that this can be explained adequately for shillowsr beams by consider-

tion of the combircd stress conditions in the concrete above the neutral axis. This
matter wiil be discussed in detai! later,

Tests of 14 prismatic beams under uniform static load were reported in Reference 2.
The span-° _th r=tiog uf these members ranged from 7.2 to 1.9, voucrele strengihs irm
2.14 ks o 5.61 ksi, and the steel percentages from .00 to 2.20.
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As stat- d by the authors, their investigation was exploratory in nature and covoved
a wide range of variables. No single phasc of the problem was mvestigated covpre-
hensively and few definite conclusions were drawn.  However  the jests do @ . insight
into the hehavior of deep beams.

The vesults are summarized in Table 4.2. Of the total, six Lewms fai'ed in bearing,
seven in flexure, and one failed in bearing and anchorage (shear splitting ol convreie on
a horizontai section above the tension steel at the support).

4.J.8 Behavivr Unler Uniform Load. There are similarities in the behavior of sunply
supported beams subjecied (o uniforni load regardicss of span-depth rana. The develop
meat of flexure cracks with increasing lvad causes the usual redistribution of stresses,
tension being transferred from the concrete to the steel.  hese flexural eracks start as
vertical cracks at the bottom of the beam and remain vertical near midspan as they ex-
tend upward with increasing load. However, because of the pattern of principai »iresscs
in the beam, cracks closer to the support start to bend over after reaching the level of
the reinforcement.

The vertical cracks near midspan develop rapidly at first, but at a later stage, their
pougrassion almost sitops and the inclined cracks dev: 1op more rapidiy.

As noted in Reference 9 the existence of inrlined cracks changes the behavior of the
beam between the limits of the crack (Figure 4.3). Between the point at which the inclined
cerack crosses the reinforcement and the point at which the crack crosses the neutral axis
of the beam, the siress in the tension steel must be constant as may be seen in Figure 4.3c.
Between Sections A and B, the member is behaving as a tied arch. That is, because there
can be no forces acting on the crack, the force in the steel (T) at Section A must be equal
to the force in the steel at Section B. These stress couditions are exactly those in the
tension tie of a tied arch; the stress in the tie is vonstant, regardless of the value of the
applied moment at the section at which moments are taken.

Alter the crack rises above the neutral axis, between Sections B and C, the behavior
of the member i8 a composite of arch and beam action. The stress in the steel increases
with distance from the support but not linearly with increasing moment s required for
purely flexural response. The increase in stress in the steel is due to the existence ot i
compressive force in the concretc below the crick. The existence of this compressive
foree has been established experimentally by means of strain gage measurements Refer-
ence 9). Considering the equilibriura ¢f the portion of the beam bounded by the inclined
crack end dection C, it was reasoned in Reference 9 that some force nust aci to counter-
balance the tmoment exerted by t. ¢ compression force C;. The only internal force that
could act on the body to resist the moment C,d, is a shear force in the reinforcing steel,
designated by V,. I* was then reasoncd that a vertical fc e is now required to balance
V, and this is evidently a shear force r.cung dowowvard i the convicle bulow the viach at
Section C, Thus, by statics

T-'-"C,

2 4

T - andV»V,+V_-

Further, it was noted that if there is a lirait on the shear V, that cun be transferved by
dowel action from the steel to the concrete, a limit is thus placed on the value of the com-
pression force C;.  This accounts for the fac! that the compressive strains below the
diagonal tension ~. Ck remained practically constant after the development of the 2rack
(Reference 9).

The e~ .icnce of a compressive strain below the inclined crack was confirmed inde-
peniznliy by others (Reference 12). Several reinforced concrete beams were tested
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under concentrated loads to determine the validity of the usual assuraptions that longi-
tudinal reinforcement does not transmit vertical shear across an inclined crack and that
the maximum compressive strain within the shear span (the portion of the beam from the
support to the applied load) is developed at the extreme fiber. In Refercnce 12 it was
concluded that the maximum comprescive strains in the concrete occurred some distance
below the extreme fiber (in the shear span) and that the longitudinal reinforcement carried
considerable vertical shear across the crack at ioads less than the ultimate.

Beyond the end of the crack, at Section C, the stress in the steel is proportional to
the moment.

However, ior members deeper than hose reported in Reference 9, the inclined cracks
from each support reach almest to midspan, whiic the slope of the crack is still steep.

In some of the tests reported in Reference 2 these cracks crossed so that there was no
portion of the member which exhibited beam properties. There is, probably, no portion
of the very deep members in which composite beam-arch action cccurs, because the
neutral axis drez not exist in the normal sense in these members. The only sect:ion at
which the trajectories of principal tensile and cu.apressive stresses are parallel is at
midspaa.

In shallower members under uniformly distributed load the crack rises steeply until
it penctrates into the compression zone where it flattens, progressing toward midspan at
a decreasing slope until it stops at a distance of approximately 1/3 from the suppurts
(Reference 9). This behavior may be explained by consideration of the combined stress
conditions in the concrete. Noting that strain measurements in the steel indicate that the
redistribution of gstress in the steel, caused by the formation of the crack, is limited to
the portion of the beam between the ends of the crack, it may be assumed that the crack
is progressing into an area in the concrete where the stress distribution is unaffected by
the existence of the crack.

If the extreme fiber stress in the concrete ahead of the crack is less than approximately
0.80 f'c. the stress block may be assumed to be triangu’ar. This is certainly justified
for high strength cencrete in which the stress-~strain relationship is very nearly linear up
to this point. With this assumption it is pos. itle to arrive at the combined stress con-
ditivns in the concrete in compression as a function of the height ~bove the neutral avis
and distance {from the support for a given load intensity, as shown in Appendix A.

The distribution of both shearing stresses and vertical normal stresses is uniquely
determined by the horizontal normal stress distribution. For a simply supported beam
subjected to uniformly distributed load with a triangular stress block in the compression
zone, the variation of shearing stresses and vertical normal stresses with depth areas shown
in Figure 4.4. Assumingthat the crack is formed wherever the tensile stress (t) exceeds
some limiting value, it is apparent that the crack will stop hefore it reaches the top of the
beam.  As it risesthe shear stress decreases ana the principal tensile stress approaches 0.

If a diagonal-tension 1aiure ¢ denava as one i which ine inclived erack progresscs
to the top surface of tire beam, resulting in a very sudden failure, it mey be conciuded
that suci: a fallure cannot ocecur in a simply supporied rectangular beam gubjected to uni-
fremiy distributed load.  Such f2ilures may oe possible, however, in continuous beams
and frames because the shear stress may be very high at a point of inflection where the
horizontal normal stress is zero.

4.1.4 Summary of Resistance Criteria. In view of the precedirg discussion, and Refer-
ences 2 and ', .. is concluded that the pessible modes of failure ot simply supported, pri-
matic members subjected to uniformly distributed static loads are: flexure, shear-
cotr - ession, shear-anchorage, bond, and bearing.
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Flexure. The yield and ultimate moments of such members with span-depth rat os
from 1.064 to 15.1” may be predicted reasonably weil by the standard expressions sum-
marized in Reference 2:

) - j 1.
My fy As jd 4.1)
and

M - [ A dd~ kgk“? .2

Where: My - yieid-resisting mement
fy = yield stress of the tensile reinforcement
Ag = area of the tensile reinforcement

jd = moment arm of the internal resisting couple as defined by the clastic
theory of reinforced concrete behavior

M = ultimate resiating moment

fg = stress in the tensile reinforcement at the strain corresponding to crush-
ing of the concrete in compression

d = effective depth of the concrete

k; - coefficient expressing the location of the resultant compressive force as
defined by the ultimate strength theory of reinforced concrete behavior

ky = ccefficient expressing the depth of the compression zone in the concrete
at ultima:e moment ag defined by the ultimate strength theory
u
(ku €t €y )

None of the membersa with span-depth ratios of less than 2.32 failed in flexuyre, so
the applicability of the expression for ultimaie moment to such memuers has nnt hann
confirmed. On the average, the ultimate moments achieved in the test series Reference
2) were somewhat higher than those computed by the above expression. It appears, there-
fore, that tne expression is conservative when applied to deep beams but accurate enough
to be useful.

Shear~-Compression. A shear-ccmpression failure is defined 28 one in which
the concrete above the diagonal tension crack (and generally in the vicinity of the end of
tne crack) fails before failure occurs anywhere else, e.g.. concrete crushes at midspan
in flexure or at the support in bearing, Such a failure is generally more brittle than a
{flexural failure. The vonditions for a shear-compression [ailure were stated by Refer-
ence 9 as follows: (1) Diagonal tension cracks must develop. This is a requirement for
shaar-compression failure but does not constit-ite failure of the beam. (2) The stresses
:iduced by the bending moment in the reduced compression area above one of the diagonal
tension ¢cracks must cause failure by destruction of the concrete in that region.

The latter statement is not meant to imply that the area shove the crack alone resis:s
the entire comprezsive component of the bending couple (Figure 4.3). However, the
existence Jf the ~:1ck obviates the necessity for the development of the ultimate stress
block over the full depth of the compraessgion concrete.

It would appear then that further conditions might be placed on ghear-compre .ion
faili-s, The first of these is that the member must have a defined neutral axis. This

a6
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implies that the span-depth ratio must be greater than 2.0. As previously indicated it
Figure 4.2, the trajectories of the principal tensile and compressive stresses are not
pavallel members with span-depth ratios less than 2.0. Thus the crack never crosses

a defined neutral axis. Accepting the empirical determination that the critical suction
for a shear-compression failure is at /3 (wherel is the clear span); the location of the
critical scction must be in the portior: of the beam at which the principal tensile and
compressive stresses are parallel. This implies that the span-depth ratio must be equal
to or greater than 3.

In Reference 2 it was noted that inclined cracks formed in the deep menters at loads
of about 35 tu 55 percent of the yield load, and also, that using the expression developed
in Reference 9, the shear-compression strengths of the beams tested were all greater
than the theoretical ultimate flexural strengths. Reference 9 states: “It may also be
noted in Table 5-9 that the maximum midspan mon.ents developed in beams A-3, A-3-1,
A-4, and A-6 exceeded the theoretical ultimate midspan moments, M's, for shear-
compression failure. There is not enough data to Jetermine whether ar. cquation of the
type of Equation (5-3; would apply to deep beams. ”

In view of the preceding considerations, it might be cousiudad that shear-compression
failures as defined are not possible in members with span-depth ratios less than about
3.0, or, if possible, are hardiy distinguishable from flexural failu. es, Further, aithough
its applicability is in question, for lack of a beiter expression, the expression developed
in Reference 9 should be used for members with span-depth ratios of 3 or greater. This
expression is

) 2 e 0.045 %
M's - 1.52bd" ', k (0.57 - 000

4.3)

Shear-Anchorage. A sghear-anchorage failure is characterized by shear splitting
of the concrete along a horizontal plane just above the level of the tensile steel over the
supports. The concrete above the failure surface moves laterally away from midspan
with respect to the concrete below the failure surfaces. This type of failure 2ppears to
be a direct shear failure.

In Reference 2 the following empirical expression was developed as a boundary between
safe and failure regions as shown in Figure 4.5 (Figure 5-72 of Ineference

v f
L g.25 . -la (4.4)
Pc 10
Where: v, - ultimate average shearing stress on the failure plane
f', - standard cylinder strength of the concrete

tba » average bearing stress at the failure plane

To use the above equation it is necessary to compule an anchorage shearing stress.
Asswiing that yicld of the steel is defined as failure;
fy Ag .
MR . 4.5
2 bfc+ 9.58"
Where: (i, A g the total tensile force in the steel
bic-n.5d' ) the nominal area of the concrele just above the level of the steel
That is, ¢ . supp.rt width along the longitvdinal axis of the muember and d' is the
distance from the top of the sweel to the bottom of the beam. This formula is based on
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the assumption that the inclined crack starts ut the cdge of the support and aas a rise of
twice the horizowtil run.

The vaiue thus vbtained 15 compared with the value for v, obtained Iy means of Lguation
4.4. 1t 1t 13 greater than that obtained by Eqguation 4.4, the member will fail ta shear
anchorage before the tensiie steel vields.

Bond. None of the members reported in Reference 2 appeared to huve fzijed in bond,
although the average bond stresses, uy. at failure for all members even without specil
anchorage were extraordinarily high, ranging {rom 0.1¢ fi, te 0.74f,. The authors of that
report believe that this may be explained by two factors: high compressive stec<ses nos-
mal to the steel in the vicinity of the supports, and restraint agsinst expansion provided
iy the baaring plates.

A nominal value of the average bond stresses at the anchorage mav be 2ompuied as

follows: A
ua “:5 I§ 4.6)
“u

Where: f; Ag - the total tensile force in the steel
£, = the tatal perimeter of the reinforcing steel

i = the longth of embedment. For deep beams ! may be taken as approxi-
mateiy equal te ¢, the support width.

This formula may be used in a » ~pner similar to Equation 4.4, assuming some limiting
value such as

u, - 0.30

However, there have been no adequate theoretical or empiricai investigations upon
which to base an anchorage bond criterion for deep members.

Bearing. It has been noted (Reference 8) that bearing failures have Leen common
in tests of deep reinforced concrete members. The results of previous work on the bear-
ing strength of such members is summarized in Section 5.6.1 of Reference 2 and an anal-
vsis of additional tests is presented in Paragraph 5.6.2 of the same r_ference.

Three end conditions were used in the tests of Refereace 2: plain ends; ends with side
plates clamped on to prevent lateral expansion; and ends with vertical reinforcing to help
carry the reaction. The results of the tests on members with plain enrds confirmed re-
sults obtained previously in Reference i3; that is, bearing failures occurred at average
bearing stresses of 0.84 10 1.0 iy, or, about 0.91 f,.

However, as reported in Reference 2, others obtained bearing failures with lower
average bearing siresses; one series at 0.76 f\, and another at stresses on the order of
one-half the cvlinder strength. The latter were explained as foilows: “Breton suggests
that the low bearing strength deveicped .1 8 Slams was due 1o the arrangement nf the
lengitudinal reinforcemnent which was bernt sharply at both ends through an angle of 90°
and extended verticaily to the top. ”

That explanation may be perfeciis valid, but it is weil to remember that unless the
supports are on rockers, the flexural deformation of the members will result in stress
concentrations at the :inside edges of the supports which might well reduce the average
bearing stress required for faylure. In the tests of Project 3.6, the supports were not
free to rotate with the member,

The restits ot the tests of members with plates clamped on the sides wndicate that Jhis
restrain’ increased the bearing capacity by about 40 percent to 1.28 I', which also, is in
grod s.Yeement with previous test resuits.

S8

SECRETY




As stated in Keference 2, the Portland Cement Association iPCA) manual (e ‘erence
14) suggests that the bearing capacity of i deep beam may be increased by the use of
vertical reintorcement at the supports. This was confirmed, but there was constderzble
scatter in the data. In twe of fear specimens, the introductian of vertical reinfoccement
did not appear to raise the dearing strength st all.  In th2 other two, the venical steel
had an appreciable effect n the bearing capacity. No detziled explanation of this differ-
ence in hehavior was offered.

Increases in bearing capacities of approximately 50 percent were ¢btained by meuns
of ecagelike local reinforcement to restrain the transverse expansion of the conerete
Reference 15v. Further, the bearing capacities of wide beams or one-way slabs shouid
be appreciably greater than those of narrow members becuuse of (e lateral resivami
provided by the corcrete itself.

In view of these considerations conservative values for the average bearing failure
stresses under static load may be defined as

Fiain ends f, 0761,
Clamped ends f, 060, 4.7
Cagc reinforcc:! £, Ll

1.1.5 Yield Load-Deflection Relationship. The deflzctior of a shaliow beam under

uniformly distributed load at initial vielding of the reinforcing steel may be predicter.
reasonably wel! by the expression Reference 2)

H
5 Gyl

% dliod “e

Where: 6 y = the deflection at midspan
€y = strainat which the reinforcing steel yields
k =  2pn+ 0 —pn
d = the effective depth of the member

Equation 4.8 is based on the following assumptions (Reference 2): (1) the variation of
curvature along the length of the beam is parabolie; (2j the concrete is assumed to be
elastic but unable {0 resist tension: (3) the maximum curvature (at midspan) is assumed
to be equal to the initial steel vield strain livided by .\e distance from the centruid of
the stel area to the neutral axis, as in the ordinary theory of flexure; and (4) shear
distortions and vertical deformations are neglected (i.e., a plane section before bending
is a plane section after beading).

When the prebicnt of prodisting (e deflootions of & daen mamber ie snneidared, tun
basic defects in the rrdinary method of computation of beam deflection becume apparcit.
First, in a heam of homogeneous material, as the span-depth ratio decreases, the effects
of verticgl an i shearing stresses on defrrmation cease 1o~ he nagligible. Second, a
reinforced-conctete beam is far from homogeneous; therefore, serious difficuities arise
in selecting appropriaie values for properties of the section (such as moment of inertia
and area effective in resisting shear) to use in equations for deflections. Thus, even if
consideration is given to deformation produced by shear stresses and vertical stresses,
equations ¢ ‘he deflection so developed are of duubtful reliabitity.

Fortunately, at the time of preparation o1 this report, the first extensive series of
lato-.atory tests of deep reinforced-concrete members was under way at the University
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of Illinois Reference 2).  The load-deflection measurements :nade in this work provide
an opportunity to evaluate existing deflection equations, and 1o develop cxpressions
which would predict the observed results.

The deflections at yield of the beams in the C and D series tested as described in
Reference 2 were compared with the deflections computed for these beams under the
same load using ordinary flexural theory. The assumptions made in the computations
are indicated in Figure 4.6 and the res!is of the comparison are tabulated in Tabie 4.3,
It is evident that this method of computation is considerably in error except tor ti.c
shallowest beam with 1/d - 6. For the deeper members actual deflection can be as
miutch as twice that calculated by flexural theory.

A study of the steel strains measured in the labotatory tests of the deep beams in-
dicated that the beams responded as tied arches, even fc. loads weli below vieid Arct
action is indicated when the distribution of steel strain is more nearly uniform than
parabolic. As a result of these observations, a semirational expression was developed
based on arch-type response {Figure 4.7). The test results were used to evaluate vori-
ous coastants in the expression. The equuation which expresses center deflection at the

top of the member is;
M
og = - . ‘IT i “4.9:
tAgEgo 4

Where: o, = center deflection in inches
M_ = moment at the center, inch-pounds
A = area of the tensile stevl, inchez
5 - modulus of eiasticily of tensile steel, b in
a - a constant propartion of the depth
“p1n of the member, inches
d = depth of the memuur, [ ches

The derivation of Equation 4.9 dces not take into c.: ' r3tjon the deflcction due to
compressive deformation caused by vertical stresses in the concre < Potween the supports
and the center of the member at the top; that i3, the compressive deformation .. "= rib
of the arch. However, as shown suusequently, this deformation is accounted for empir-
ically in tne deter mination of the value of the conatant a.

An exprension for o wus developed consistent with the properties of the memoers and
the measured load-deflection history. It appears to be a function of the span-depth ratio
and the steel percentage, primarily. There was no discernible effect of concrete strength
over a range of sirength: frem 2,500 to 6,%0v psi- The resulting expression for o is:

--0.0; i/d)* 4 0.221/d + .17
O - 14.10)

Where: ¢ - percentage of tensile steel reinforcement
! = effective span of member, inches
d - effe :..e de.ih of member, Inches
A com:rison of measured deflections with those computed using Equation 4.9 (s
shouwn i.. i'able 4.4. Relatively good agreemant is obtained for a wide range of span-depth
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raties and steei poreentages,  Two of -« beatns tabulated had compressive retaorce-
ment amd the expregsion ap wii s o hold for them as well.

A number of teats of desp memsers were corxducted umder Series A and b deseribed
in Reference 2. The actui! deflections of these members cannot be checked aga nst
deflections computed v Fquatton L9 because the deflections were measurod with
respict 1o a defl cting dutum. Hewever, though difficuit o interpret. these
measured deflections gave noandication that the equations presentad shbose were jcas
apphicatie to these members than they were to those of Senie< € and 1

4.1.6 Litirnale Loalt-Deflection Relationghip in Flexere. Expressions for ultimate
defiection were deveioped by setting up rauonai expressions for the deflection. consider-
ing the beams to respond as tied arches. and using the test duta obtained in Reference 2
to evaluate the constants in the expressions.

The vield deflection () 18 considered to consist of two components, the deflection
due to deformation in the concrete (6¢,). and the deflection due to deformation in the
tensile steel ioge)

G, Ocy L Osy

[P

The uitimate deflection (6, ) defiection at maximum resisting moment) is also con~
sidered to coasist of two such componert=.
bu  Ocy * Gsu
The test data indicate that the deflections after vield are largely due 15 deformations
in the yielding tens!le steel so the lerm o, is considered to be equal to 6. Thus, the

ratio between the ultimate deflection and the yieid defiection can be approam ted as

% . %%u? %au , %%y " Ysy

Oy ey ° bgy Aoy * Ogy

If the deflection due to steel deformation is expressed as 3 «g, when ¢  is the steel
strain at midspan, the expression for i,,/éy becomes
6 b (egy = €gy)
Al SR R @4.11)
0‘, o,

&y ~an be determined {rom the Equation 4.9. In terms of the ied~arch model shown in
Figure 4.7, it will be noted that 3 can be expressed as
5 Lo “.12)
4d
where A expresses the effect of the distribution of steel strains along the span and the
e ~iive height coefficient o of the tied-irch model. The test data indicating the effect
A4 wteor vmzation on center deflection war otudied, and i wits deicrmingd that 4 had
an average valie of 0.8 with no regular variation apparent with either 1.d or &. Thus,
the vatve for 3 beconwes:
12
- 0,25 4.13)
d

The resulting expression for uitimate deflecuon is then:

2}
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o 0.2 - . Y
vy o (1} d hsu ‘,.:") 1.1

The value of g, is known from the properties of the reinforcing steel.  The value of «
is less weli defined but, if a calculation s made for the ultimate moment r-sistance of
the member, a value of (g, consistent with the assumptions madc for ultimate concrete

strain and the character of the ultimate concrete stress block can be readily determined.

R34

d a -
tgu 7:1‘ ty i4.13)

Wiere: ¢, - the ultimate concrete strain
d the effective depth of the beam
a  the depth of the concrete stress block

The determination of 6, witl the ahove equations requires a relatively conglete
knowledge of the properties of the reinforcing steel, just as does the determination of
ultimate moment resistance. 1f a more hasty anzlysis is desired, the expression for
ductility factor given in Reference 1 gives relatively good resuaits,

[$) +
4 20 bt less than 20 4.160
, o—ot

Table 4.5 compares the measure” ‘artors 6./ Reference 3) with the corresponding
ratios coniputed from Zouation $.11 and 4.16. 'I‘he method of loading used in the tests
described in Reference 2 confined the concrete in the compressicn zones of the beams so
that ultimate concrete strains far in excess of the accepted average 0.004 in/in were
measured before failure. Thus the factors 6u,’éy are computed for ¢, 0f 0.008 in the
concrete, a2 value recommended by the test personnel, as weil as for the more usuzl
0.704. It is unlikely that a strair of 0.008 i3 safe to use for airblast or earth-pressure
loadings, hut dynamic effects may perrmit a value kigher than 0.004. It must be cautioned
that these relationskips appiy to flexurai mode faiiures alone and will be unsafe if the
member fails in another mode at 2 value of resisting moment fower than that for Ravarsd
failure.

4.1.7 Effects of Axial Loads. In the laberatory, coasiderable effort is expended to
eliminate unwanted variables. One of these is friction at the supports of & simply-
supported beant. However, this was not practicable in the field test of the slabs tested
under this project.

Brief consideration of the behavior of decp reinforced-concrete members will indicate
that there is a tendency toward outwasd translational motion of the member at the supports.
This tendency is obvious if ti# menuer ig considered 10 behave as a tied a-ch.  That is,
there must be an outward luteral motion at the supports for stresz to develop in the tension
tie. This stress can be shown 1o exist if it is azsumed that the member is responding
in puve tlexure, so long as the elasuc neutral axis :s above the geometric centroid of the
cuncrete,

In addition, the slabs tested under this project were set flush with the surface of the
gruund so that the swil (sand) came into contact with the ends of the slabs. Ax the shock
wave passed over t! : target area it loaled the soil surrounding the structures as well as
the structures themselves. These pressures, undoubtedly, were transmitted through tne
soil loading the test members axially.

6
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Thus, the slabs of Project 2.6 expericnced joading similar to that indicated in Figure
4.8, where the supports are represented as cencentrated loads.  Consideration will ix:
given o the effect of firite support dimensions later.

The exact nature of ihe laterai pressure exerted as a function of depth in the «cil 15 not
known. The load distribution shown in Figure 4.8 is only an assumed distribution which
is based on the following rezsoning. The soil adjacent to the vnds of the slab 15 1ighly
compressible relative to the slub and its supports, and it is envisioned that there was a
relative motion of the scil down with respect to the end of the siab, permitung tae over-
pressure to act against the end of the siab at the top. This. of course, would result in
reiatively higher presmure acting zgaingt the cad of the siab v e side toward grouind
rerv and relatively iess on the side away from ground zero due to refiections in the one
casc and vortices in the other. However, because the depth of the slab exposed by this
motion is not great these differences have been ignored.

In previous DOD tests it has been cstablished that, for depths of cover up 10 about 10
fext in most svils, there is rome attenuation of vertical pressure with depth for long-
duration piises dieference 15;. Because the depths of interest here are less than 1€ fest
and because toe iateral nressure developed by the weight of the soil is insignificant com-
pared 1o the vverpressare, it bas Deen assumed that the lateral earth pressure at the depih
of the foundatiun is a cunstant function of the instantaneous value of the overpresaure at
the surface of the ground. In previous tests, the latera! earth p.os. ures at such depths
were found to be as low as 15 percent of the surface pressure in .. ¢, well-conpacted,
silty scils and as bLigh 28 16U percent for porous, well-sawrated soils. For purposes of
computation iater in this report, it will be assumed that the value of the lateral pressure
acting ai the depth of the footings is 33 percent of the surface pressure.

The manner in which the iaterz! pressurc varies with depth from a vaiue equal to the
side-on overpressure at the top of the siab to 25 percent of that value at the bottom of the
slab is unknown. A linear variation with depth has beea assumed.

Flexure. In practice, the effect of combined bending and axial loads, whether con-
centric or eccentric, on the fiexural sirength of reinforced concrete members is best
determined by means of an interaction diagram. Such « diagram, Figure 4.9/ for o~
elastic, homogeneous, isotropic materia! is based on the equation of superposition:

P  Pe

£ .- —— 4.17
{ :\’Z 4.17)

Where: { the stress in the extreme fiber
P the value of the axial load
A the area of the member
Pe - mzawnl of o ov-idl + o g andiyZed
Z the section modulus at that section

1f the axial izad {3 conceniric and there aiv oo ofher momeni-producing loads appited
to the member:

P, - Af
Converseiy, .fthere is no axial load apniied:

Mo - 4o f
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widing Equation 3.17 by
p M

. fhei

Thusz, the interaction diagram for a momber of an ideal material s o straight e,
Notice that, as shown, the diagram is dimensionless.

If the material were anisotropic, such thai its strength in tension were huil s stregth
in compression, the interaction diagram would e as shown in Figure .9 See Reler-
ence 16 for further discuzsion.

Two interaction expressiuns {(or the fexurzl capacities of under-roinforced vencreb:
members subjected to axial lowd and bemding were developed in Reference 17, That fer
vield moment i8 only approximate ard is conservateve 28 indicated in Pigure 4.1, The
theot etical interaction line for yield momrent, shown as - dashed line, intersects the nine
for ultimate moment at the halance point. The expression for ultimate moment capecity
is exact if the vaiues o the constants ky. k. k3. and k are known exactly for z given
section. These expressions are:

For yield moment,

Y, A1,
-_;'.. F ::,":A + '!_\..'7 ,k_:,._ - x _ii_;;_: S_M\E $.14)
batf, R ( AT Kk, ky 'de'c ki k bdf".) et
For ultimate moment

-ﬂM.! = f”"_ + (1-r-2g b \ (N N_ R N3 i4.200
bd2f b f, kikyJ \bdP K ky \bd .

Where: Bf; = uilimate flexural resisting capacity

My {lexural yield capacity
ﬂo ultimate fexural ¢ pacity with no axial foad
My - fiezursl vinid capacity with no axial load
.(3 - axizl ioa
f, - compressive strength of the concrete
£, - yield-point stress Lf teasile reinforcement
b - width of section
d - effective depth of tensile reinforcement
Ad - dietanss frney midade: 1t af the mambar tn the centroid of the tensile steel
k. ratio o!f area of the concrete stress block to area of the enclosing rectangie

k, fraxtion of depth of the compressive tone to the rosultint of the compres-
sive forces in the concrete

ky ratio of maximum compressive siress in the concrete to the cylinder
strength 0,

-

i "2 of depth of compr ¢§ss;sn zone to cffective depth

. . o 5
reiaiorcin _-
iaforcing index {60 1
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Tepreal interaction diagrams for members tested wader Project Lo are shownan Foiore
i.11. Note that these dizgrams are not dimensionless, and that the increase in moment -
tesisting vapacily with icreasing sxaal load 13 very large for the deeper member whict
Ias a4 refatively fow percentage of veinfureing stees.

Fur these twe duagrams the compression failure b from P to iy, was assumred 1o be
a straight iine because the flexural fatlure iine trom Pb to }l‘; 15 ! primary iaterest. o
fact, the compression failure Line would b slighthy convex upward. Both were prepared
taKking moments at the geometric centrote of the concrete, using s114¢ vaiues for the
strengths of the material.

SheareCompression. Rciaisvely iiltle 1s known zbout the effed of avial Dapls g
the chear-compression strengih of reinforced-concrete beams even inder static louding.
'n Reference 15, testa of 20 simply supported beam. under & singie concentrated oad are
reported, l¢without axial scad amd 10 with an axial load. Those beams tested with axial
{oads were identical to those without, except for muncr variations in cotvoie strength.
The variables wers span length and steel percentage sonly two were used, «.6194 and
0.0333i. The span lengihs ranged from 52 to 132 inches. It was noted that the axial lead
increas~1 the shear- cumpression stremgih more thin the diagomzi-tension sirength. The
increase in strength was large~ far ghorter beams thas fur iunger oncs.

‘Tests of 24 f1ame m:mbers under combined uniform izteral joads and axial jouts ure
reportcd it Beference 18, The variabics were span length, depth. stee! percentage. ard
concrete srength- These tests were a conlinuation of & long-range program to determine
the effect of an axiai load or. *® 1 - ogth in shear of reinforced-concrete members.
Reference 15 states that 2n attempl was made to interpret the results of these and previous
tests by means of 2 semirational approach using vrincipal stress theories but that, owing
10 the complexity of the probiem and the inheremt uncertaintics involved, an empirical
agproach was used instead. [t was recognized that the emprrical approach has the dis-
advantage that the derived expressions may not be applicable for values of variables out-
side of the range f thase from which the expressions were derived.

Further, it was decided to use the cracking load as a measure of the useful capacity
of a given member. Several reasons were given for this decision Aelerence 173

1. Many of the members tested, especially those having the larger apans, fatied at
the cracking load <defined as the luad at which irclined cracks are formed).

2. Although some members were able o carry appreciabie lomds beyond the cracking
joad, it wasa not possible to develop reliable methods of predicting this additional ¢apacity.
3. In all cazes, the degree of damage to the member. a3 judzed by its appearance
and tie nature and width of the inclined cracks, was coasiderable xhen the cracking load

wis reavhed, even though addizional capacity might be available.

4. The use of ulumate rather than cracking 'nad wauld require the use of different
cxpressions for shear capcity for wombers fadding in shene compr-zzi~ 2ol Logeaal
tension.

A3 previously niied, deeper members subjected to uniformly distributed loads have
vonsiderabie capacitv bevnnd the cracking io: d. and 4o 32 fai! in agoal] teasion. Thus
w2 ysc of the exprossions derived would be very voaservative when apolied to the slabs
tested in Project 3.6, Farther, white the third and fourth reasons above are logical when
applied to the conventionzi structures Jur which they were developed, the amount of dam-
age acceptable in protective construction might be considerably greater than that consider-
e accrplabie 7o normal structures.  Under these vircumatances the developmen of &
specific expression for the shear compreasion streagth of s deep member dubjected 1o
axial lead woula be highiy desirable.
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in any cevent, the expressions derivand in Reference 1y for the eracnaig foads ar
ugsefur and are given below.
For members under vniform ioad:

5V _ P P I
v ¢ 11 e Meh v 571063 12 4 N Voo f e 4215
€ Td : (e - 1'.d) N Jeon
For members under concentrated load:
. 8Ve L LERG « o 100112 - N Ve e e
e - bd 11,800 23 - 4.7 d) L . IE Pchis

Where: v,  ibe nominal urit shearing stress computed at the supports for simpiy
supported members and at the point of vontrafiexure for {ramed
members

v vialue of the reaction at the cracking load
width of the beam
- effective depth of the beam

. o n
:

= pereentage of tensils reinforcement

O
]

M
[}

= axiai jcad
a  zhear span

Equations 4.21 and 4.22 hold for a considerable range of values of the variables:
concrete strengths from 2,50¢ 1o 6,669 psi; steel ratios from 0.67 to 3.36; ratios of
simply supported span length 10 effective depth from 3.2 to 15.5 (in Equation 4.21)%; and
ratios of shear span to effective depth of 2.0 to 6.0 iin Equation 4.22).

In summary, the existence of an axial load increases the shear-compression sirength
of deep members of reinforced concrete. This increase is probably due to the ivwering
of the neutral axis and consequently the iowering of the ultimate beight of the inclined
crack. However, mo definitive expression for thic increase ir strength has been
developed.

Expressions have been deveisped for the cracking ioad which are useful primariiy
because the existerce of an inclined crack is required for both shear-compression and
shear-anchorage failures.

Snear-Anchorage. The :flect of the iaterai pressurc transmitted through the
s0il gu (he shear-anchorage strength of a deep memi.er may be evaluated rocghly ([rom
Figure 4.12ia). Taking the sum of the horizontal forces orn either free body formed by
a Gadlure plane just above the levei of the reinforcing stc2l, the average shearing stress
on tie faifure piane may be computed to be

Cc- 1

V. o e e e — —
2 hic + 034" bic - 0.5d"

[y
.
-

This expression is csseatialiy the same 2s Eauation 4.5. Thus, hecause the vertical
-0ad requived to produce a gaiven stress in the steel is increased by the axial load, the
vertical jvad required (o produce a shear-anchorage failure would be increased
accordingly.

From Figure .12, the effect of friction at the supports on the shear-anchorage
strength of a 4c- - member would appear to be negligihie. Taking the sum of the kori-
zontal forees oa the free body sbove the failure pigne it is apparcnt that the value of the
averart chearing stress ot the seciion is determined by the value of the compressive
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foree C. The value of this foree produced by the vertically applied ioads 13 onsv siughti
reduced by the existence of the friction foree due to = =light increuss in the lever arin of
the internas! resisting coupic d. ¢., the centroid of the ta0 forces T and ¢V is below T

This appraach is obvisusly oversimplified in that ro consideration was given to the
effect of the axial leads on the cracking strength of the member or to the cffcet of the
axial loads on the location of the erack. Hquatiens 4.21 and .22 may be used, as appra-
priate, to determine whether inclined cracks would have formed at some critical moment
such as the vield moment I so, then the member mar be analyzed {35 ite shear-
anchorage strength as previously indicated.

Bond. From copsideration of Equation 4.6 and the basic phenomenon of boud 1t
wouid appear that the ellect of axial loads on the hond strength of 2 member is directiy
related to tie total value of the axial load. Whether the member 1= considered 2 beam or
a tied arch the expression T - €~ P - ¢,V is applicatie. Thus the total force in the
steel «T) is reduced by the existence of axial loads increasing the vertics! load required
in produce bond failure proportionaily.

Bearing. From statics, the existence of axial loads would appear to have no cffect
or: the bearing strength of the member. That is, the nomina! unit compressive stress in
the concrete below the reinforcing steel is unaffected by the oxistence of an axial load.
However, the lateral pressure wouuld serve 1o confine the concrete at the support ia that
direction ai<l might raise the bearing strength of the member thereby. Most bearing
fajiures in static tests consist of 3 spalling or snheariug off of the corner of the member
at the support. The failure "o is roughly diagonal and does not intersect the tension
steel. The exact contribution of the ¢ ~fining pressure canzst be determined {rom the
data available frem this test program but may be considerasie Reference 18).

4.1.8 Effect of Finite Support Dimensions. Normally, »hen computing the moment
at a section in a simply supported member, the supports ar: assumed to be point supports.
in a laboratory the supports are designed so that this assung-iion is valid. That is, the
bearing plates are supporied on rockers or roliers and the eXfective span is the distancr
between the lines of coutact between the bearing plates and the rockers or rollers.

in actual structures, the effective span of a simply supported membar " i . _sum
to be the ciear span. However, this assumption 18 not strictiy correct. Ignoring the
effect of the deflections on the distribution of stresses at the supports. the effect of the
finite support dimension on the moment 21 any ¥ection may be determined by consider-
ation of Figure 4.13. Taking moments at midspan. the moment at the conter negieciing
ihe support dimension is:

a'fépbﬁ

The correclion due to the cimenzion »i the suppart 1s:

1y & fe el
s (o f) 8 ee($) wf

Thus the total moment at the center is:

I <l t _—
M. M'-AM pb( *3) gpbs.' + 2cd)
However, .{ an effective span 5f I’ = | + c is assumed:-
: - l 3 - 4
- g . _ S . 0] - i§.2
Hc Sp«bllr épbﬂ' 2¢l ~ ¢ i§.24)
L 14
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If it is assumed that the distribution of bearing stress 1s umform, the errorin M

¢
using Equation 4,24 is:

™ 1] . I "

For ¢ lnl 10

(,e SN )
16 100 U
Error - 100 "-- - RO - ! U.8 pereent
o

Whereas for the sume ussumptions the error involved in using the clear span 1s:

Y

iyl
T )

- 10 .
Error 100 - & - =16.7 percent

Ton

2o 2

10

The error involved in using the clear span is not only much greater but is also on the
unsafe side.

.2 EFFECTS OF RATE OF LOADING ON MATERIALS PROPERTIES

L.2.1 _llemﬁorcmg Stge_l. A series of tests, both static and dvnamic, was marde to
determine the physical properties of the reinforcing steel used in project slubs. Tk .
tails of these tests and an evaluatic of the results obtained from thcrm may be founa
Appenwx B.

In the dynamic, or high-l-ad-rate series of tests, =2fforts were made to use a loading
function (siress versus time) whic* was si ailar to that which acted on the reinforcing in
the field-test slabs. It is belleved that this object’ e was achieved. Four specimens
were tested, for whick yield occurred in 4 to 5 msec from the beginning of loading, with
the loading increasing while the vield v-as oceurring. Dynamic analyses of the field-test
slabs irdic.ie that the vield point of the steel in these slabs was achieved, for those which
vielded, in timec ranging from about 1.5 to 3 mseca. It is believed tha* the !aboratorv
test data can be relwi.ly oxtrapolated for this iimited range.

The measu.ed upper yield stress versus time from start of loading to yield is plotted
in Figure 3.34. Becousc the data on the response obtained from the field tests are ex-
tremely limited, i: se2med veasonshle, on the basis of the laboratory tests, to use a
um form £ ynan 1e-yielu levei v 63 ksi for all computations of the resistance of the
field-tes. slabs.

4.2 2 Councrete. it iz well known that ~oncrete dispisys a time-dependent response.
Within the usual rhu.'*gu of su-Cilied slabiv 1w FaCa, the siveagih and Gaolis poopriiics
« [ concrete are only shightiy sensitive to variations : 1 the rate of straiming; however, a
Inrse increase iy strain ratc may double the compress:ve strength.

The effer of the sirain rate v the compressgise strengtis of conviewe Gitders is
shown in Figure 4,15 (Figure 2 ol Relerence 20). Reference 20 notes chat the dats of
three sepurate investigations are presented in the figure, but » really satisfactory base
fer comparison is lacking becavse of differuncas in cylinder sizes and methads of deter-
nnning strainiag rat :s.  tcwever, these latter differences are of hittle significance in
comparing the ef”. is of goeatly different straining rates.  For some cowsputations, e
effect of the siressing rate on the compressive strength of concrere may be used more
convenr. .y. The results of work agon. by several tnvestigators is summarized in Figure
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1 of Reference 20, which is reproduced as Figure 4.16 in this report,

The question remains us to whedher this data is applicable to the compressive strength
ot zonerete in flexures. There is iittle published data on the effect of the rate of loading
on the flexura! strength of concrete, ang it deals with unreinforced beams which failed in
tension.  The data indicates that, over the range of stressing rates applied, the effect of
stressing rate on the tensile strength of coacrete in flexure is the same as the ef ot of
stressing rate on the compressive strength of concrete cylinders. Specifically, n the
range of stressing rates of 1 to 1,000 pgi/sec, the compressive strength and modulus of
rupture both vary directly with the logarithm of the rate of stressing. However, the ratc
of stressing of interest is on the order of 10® psi, sece.  The effect of the rate of stressing
o the compressive streagths of cylinders deviates from this logarithmic rejationship be-
vond that point, but there is no data on the*effect of the rate of stressing on the modulus
of rupture for stressing rates in excess of 1,000 psi/sec.

For purposes of analysis in this report, it 1s assumed that Figures 4 15 and 4.16 define
the effect of straining and stressing rates on both the compressive and tensile strengths
of concrete 1n flexure as weil as on the strength of the beams in bearing.

The effect of straining rute on the modulus of elazticity of concrete has been investi-
gated extensively in Reference 21, in the range of straining rates of from less than i in,
in-se¢ to more than 10% in, in-sec. In impact tesis described in Reference 21 it was found
that the “meuulus of elasticity of each of the concretes increased significantly with the
rate of application of the load. The secant values of the dynamic (impact) moduli were 12
to 47 percent gr ater than the ~*atic values for weak concrete and 7 to 33 percent greater
for strong concrete.” The secant moc-li for both static and dynamic tests were deter-
mined using 0.9 £, ard 0.5 10 0.6 [ .. Reference 20 states: " The higher rates of stress-
ing produced a greater increase in the medulus at foads of 0.9 £ than at 0.5 to 0.6 [*,,
due probably to greater creep during the static test at the higher load. ”

If it is assumed that the sirain at which failure occurs (in umaxial compression tests
of cyvlinders) is cowstani regardless of the straining rate, and that the shape of the stress-
strain curve is the same for static and dynamic loading, it can be shawn that the effect of
straining rate on the compressive strength and the modulus of elas.icity should be the
same. However, this is not the case. The effect of straining rate onthe - i __...¢
strength of the concrete is greater than the effect of the straining rate on the modulus of
elasticity, indirating that the shape of tk stress-strain curve is different under different
rates of loading.

The probable change in shape of the stress-strain curve i8 indicated 1n Figuie 4.17.
The value of the modulus of elasticity prehably approaches the value of the initial tangent
modulus as the straining rate is increased, resulting in a linear relationship between
stress and strzin up 1o the maximum compressive stress attained for very rapidly applied
sirain. The shape of the comprezsive-stress block at the ultimate moment in a heam
failing in flexure wouid be detet minest approximateiy hy thar value of strain whioh max
mizes the ratio of the area under the stress-strain curve to the arez of the enclosing
rectangie.

Tou tiitle is known abeut the propy sties of concrete under various strain rates to
permut the determinaticn of the value of nltimate concrete strain in dynamic flexure.
‘Thus, for purposes of analysis, it was assumed that the ultimate stroin in compréession
18 a constant (2,094 in.in) and that the value of the compressive force (C) is defined by the
expression ze: Reference 2k

C - kyky £, bkyd (4.25)
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Where: by a cocfficient expressing the riatio of the area ot the stress block to that o7
the enclosing rectange

Ky - z fuctor Jdepending on the stressing or straining rate and obtained from
Figure 4.14 or 4,15

f'« the standard cvlinder strength

b width of the compt ession zone
t
u
k, -
(u t s

4.3 DYNAMIC BEHAVIOR OF DEEP ONE-WAY SLARS

3.3.1 Natural Period of Vibration. For the same reasons that caused the deflections
prudicte& bv normal-beam theory to be 1a error for deep cenerete members {the high
value of vertical strecses relative to the horizontal bending stresses and the inapplica-
bility of the normal agsumptions such as plane sections remaining plane!, the usual
equations for beams cannot be expected to vieid correct values of natural periods of vi-
Lration for deep cenerete members. The deflection (8) and the natural period (T) can be
related in a form -f the following expression:

-

T-2:C Vos'g

Where: 63 the stion of a specified point in the beam under the action of the dead-
Nazs loads acting on the beam

C = an arbitary constant depending on the iocation of the point at which deflection
is measured

g gravity consiant

1t should be noted that the error in period is less severe than the error in deflection,
because the period is a function of the square root of the defiection.

For the reasons swated above, it was decided tha® the best period values for the deep
one-way slabs could be determined by use of the vield-deflection expression developed
from the tests of deep concrete members Reference 2). This expression was developed
in Reference 2 and ‘s repeated below for convenience:

M
Center deflection - S avay
1EgAza

=001 (fh/dy o 0.22 10 ¢ - 0.5

) )
Wherce o o A

TRz Capressions were used o define the stiili 38 of each mewder {or cOmpuwaiion
vt the longest natural period by Rayleigh's method (Reference 220,

For free vibration of an undamped system, the maximum potential energy musi cqual
the maximum Kinetic energy. PE max - KE max. The potential and kinetic energies
were computed by a :suming the deflected shape to be the deflection due to the distributed
weight of the bea o+ and o, and og, to be the center deflection and quarter point de-
flection respective'y under this load:” From use of Simpson’s rule for approximate
integrat” - .
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N . - il 13 .
PE max wi' 12 fug, 4usq»
'Y

KEmay ~ @20/ TVP w g /' 12 “’zsc e T sq)

Bv cquating 'R max to KE max, the equation jor the longest natural period becomes

z 2
T ¥ 22 \I b 4?—5(' 4.26}
Bloge = gy
An evaluation of the deflection data obtained from the C series of Reference 3 reveal-
od that the guarter-point deflection was approximately 0.56 of the eontor deflecticn
There was no consistent variation in this relationship with I'-d, o, or fi.. Thus,
equation 4.26 can be written as;
[ o965,
T x 2 v . 4.27)
A reasonable lower {imit for the ratio of the quarter-point deflection to the center de-~
flection is 0.5, and a reasonable upper iimit, 57/80. The difference between the periods
computed using these two limi is less than 10 percent. Therefore, Equation 4.27 was
used to determine the tundamental period of the one-way siabs teswed under this project.
As an indication of the error irvolved in defining the deflection curve by means of
center and quarter-point deflections only, consider a simply supported, prismatic beam
vibrating in the flexural mode.  i'ne quarter-point deflection ic (57, 89) dye: Therefore,
from Equation 4.26:

—
0.7876
T=a 2xJ -3
g
whereas, the exact expression for fundamental period of such a beam is:
0.788 6
T 2ng) O
g

Thus, the error resulting from the assumption that the defiected shape may be defined by
the center and quarter-point deflections only is not great.

4.3.2 Equivalent Single-Degree-of-Freedom: Sysiem. The equation of motion for an
undamped single-degree-of-freedom (SDF} system like that shown in Figure 4.18 can be
found by solution of the dynamic equilibrium equaticn:

my + k(y- X)- p 4.28)
Where: m - the n ass of the system assuming the spring v be massiess
¥ - the acceleration of the mass
k - the stiffress of the spring
y  the displacement of the mass
x - the displacement of the foundation

p  external force applied to the muss
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Subtraeting mx trom edch side and denotsng u + x, yields
mi - ku  p - mx 12

Setusg T 2r Vym-h  and assurung that p amd X are smgle-valued tunctions ol ime, tae
solution of Equation 4.29 13

u o s T o P 13 1.3
53 v ¢ t - - i
k T koK '
; { o 3 re o mi)
Whaoere: .\ ‘ [':'” S Pot 0 X ( ‘ . "’)
27 o frve pg s mXy
2] ~;r- l” sSin ( ¢ ‘\' )
t,, bual tme
v, inittal vesistanee, kuy,
£, ku, or k umes the mital relauve veloeity
The solution may be expressed in worms of resistanee aldo s
roAsinet/T t-a)ep-mk 14.31)

where v ku and the other terme “re as previously defined.

To use s3n oquivaient SDF system for the test slabs, the mass, resistance, load, spring
constant, displacement, and stored energy of the SDF system must be expressed as
functions of the mass, reeistance, applied load, spring constant, displacement, and
stored energy of the slab. The dynamic characteristics of the two systems must e the
same. This is accomplished by enuating the periods of the slab and the SDF system.

The selection of parameters of the SDF systems used for dynamic analysis of the
project slabs was as follows:

SDF System Slab
-2 12
1 9se " Wy
Period, T 274 "¢ T-2 g =~
k 8 Ogp * 46gq
8M
Resistance, r = ku r - b
Fore:ng function, P p incident overpressure
Leflection, 4 o ct : ciater defieriion reiduse o subppsris
Rase distucbance, X X of slab footings X - acceleration of siab footings
2 -zll 2 1]
. ¢ + g i .
lass, me T - m m = mass of slab/unit area
5.t hq te
Kinetic energy, KE, = 1/2 m, (4 KE = 1/12 mbi' (68 - 407
Potential encergy, PE, 1/2ru PE - 1 12rbl* (8, + dog;

“The subzeript e denstes an ~quivalent parameter.
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With the use of these relations, the deflection or resistance of the SDF sys em at any
time can be converted into corresponding slab deflections or cenier moment.

One important stress funclion of the glab is not described by the SDF model, this .3
the siab reaction. It is not consistent with the remainder of the analysis to use 1 2 rly
as the value for the slab reaction. Considering the forces shown acting on the stab in
Figure .19 the value of the Reaction V can be determined by taking moments about the
centroid of the inertia-foree distribution. For a trapezoidal distribution of (nertia forces
with ¢y - 0.560,, the location of the centroid, X, is 0.33/' . For n sccond-dagree
parabolic distribution, X is 0.31/° . Taking X as 06.33/' , the cquation for V' secomes:

v o bitei2p - 0.3811 4.2

In order to represent slab behavior after yil' ©  susae modification of the SDF system
is required. The factor of prunary importance is the change in moment-deflection ratio
for the slab which requires a change in k, the spring stiffness, for the SDF system. Be-
cause r for the slab converts directly to r for the SDF system, and 6, for the slab is
equil to u for the SDF system, the conversion of the k value is simple to accomplish.
The value of m,,, equivi’ent mass, of the SDF system might siso be altered to account
for the change in the det.. ¢'c+4 shape of the siab in passing from the elaslc range o the
yield range However, because the change of m,. will not be great, it is corvenicnt to
negiect it and thus be able to make direct use of respoanse charts and rapid computational
methods such as those outlined in Reference 23,

4.3.3_Response to Applied Vertical Loading Oniy. To evzluate the order of magnitude
of the possible effect of the axial load and friction at the supports on the responsc of the
test slabs, each was analyzed first as though the only external force applied was the side-
on blast overpressure oa the top surface of the slab. The original design calculations
and respease predictions for these slabs were based on this assumption.

The forcing function for each station was obtained by considering the pressure records
for that station, pressure records obtained at nearby Stanford KResearch Institute stations,
ard the theoretical pressure-time curves of References 24 and 25, for the value of the
peak overpressure experienced at each station. Because the durativn us wne appired load
was quite long compared to the fundamental period of the s.abs, the slope of the decay
of pressure with time was represenied by a straight line which appeared to fit the
measured pressurc-time higtory best at the ecarly stages of decay (initial tangent approxi-
mation).

Representations of the measured pressure-time curves for Stations 360.01 and 369.02
are shown in Figures 3.1 to 3.7. The simplified forcing functions used in al! subsequent
computations are shown in Figure 4.20.

Resistance fonetior < defining the Mlovyral reepnnee of nuch glah eors doirauncd os
follows:

1. Yield moments were computed using Equation 4.1. A yield strass in the steel of
63 xsi was a. suined, for reasons stated i Sectijon 4.2.1. BRoocuse the ultimate sirength
of ihe concrete is raised also by the rapid stressing rate, it was assumed that the distri-
bution of ¢z.apregsive stress in the concrete was linear at yield. Therefore, the mument
arm of the internal resisting couple is assumed to be that computed from tne clastc
theory.

2. Yield eflections were comnputed from Equation £.9 using rhe vield momen com
puted above for Mc {Tables 4.6 and 4.7).

3. Ultimate moments, i.e¢., that moment at which the concrete crushes (n compression
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or the steel ruptures, were vomputed from hquation 4.2 after computing f, 0 an
iterative method Table 4.8 The effects of the rapid loading on the streagths of the
steel and the conerete, znd stran hurdening in the steel, were taken inio consideration.
The stress-strain relationship for the steei was assuined to be bilinear as shown in
Figure 4.21. This assumption is believed to be justified by the fact that most of the
slabs had multiple layers of tension steel. A more refined assumpticn does not appear
to be warrznted, because the different lavers of steel undoubtedly experienced different
stress states at the same time.

4. Ultimate center deflections were computed using Fquation 1.14.  The dyanamic
vield strain le,,. ) was assumed to be 06,0021 in,in. ‘This is consistent with a dvnamic
vield stress of G4 ksi and was based on the assumption that rapid loading has no effect
on the mudulus of elasticity of the steel.  Values for the ultimate strain in the steel
were obtained from the computations fro the ultimate roment.

5. Finaily, the resistance function was assumed to be linear between the three points
defined by the vrigin, the yield resistance, and the altimate resistance, as indicated in
Figure 4.22.

The flexural yield‘resismncu of a given slab is given by the expression:

Ty N

g 4.35:
¥ obet'# 1

Where: Ty the yield resistance, psi
My the yvieid moment as previcusly computed, inch-pounds
b width of the slab, inches
' = the effective span length, inches

The effective span length for all computations was assumed to be the clear span plus
one support width.
Similarly, the flexural ultimate registance may be computed as foliows:
8M,, ’
Ty - l_;(l')-_—z i4.34)
The slabs were analyzed by the rapid computational methods of Reference 23, using
the method outiined in Section 2.2.2 of the reference to accowst for strain-hardening of
the resistance function. The resuits of these calculations are shown in Tables 4.2 and
4.10, for Stations 360.61 and 3G¢.02, respectively, and are compared with observed crack
patterns. From these tables it is apparent that the computed rezponse assuming only a
verticaily applied biast load was far more sever in 2ach case than the actual response
of the slabs. At Station 360.01, the computations indicate tnat 7 of the 15 slabs should
have failed and the remairder should have exhibited considerably more permanent de-
fleciion and cracking than they aid
No slab at Station 360.01 with a compated maximum response of less than 4.4 times
the yield deflection was cracked. Slab 38-1, which did not have vertical reinforcing,
sultered hight inclined cracking, whereas its companion Slab 34-2, wili verticui stirsups.
did not crack, though it had the sume computed response of 6.3 yield defiections.
At Station 360.02, only Slab 11-1 #the shallowest) was computed to have failed, and it
suffered light cracking at midspan. Of those with computed responses of less than 6.6,
5 of 12 were ver, lightly cracked. Two with computed sesponses of 14 vield deflections
showed onlv lLignt verural cracking at mudspan.
To summarize bricfly, the observed response at cach station was much less than that
enn. -uied by assuming that the only external force applied to each slab was the side-on
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vverpressure on the top surface. This may be due, in part, to the assumption thut the
uitimate strength of the reinforeing steel was not increased by rapid loading. lowever,
in the range of response of less than 5 yield deflections, the cffect of this azsumption s
negligible. Thus, a slab having a predicied failure should have shown at least signs of
extensive yiclding in the reinforcing steel and a residual deflection of 5 o1 more vield
defiections.

4.3.4 Responsze to Axial Loads. As discussed under Section 4.1.7, it 1c believed that
the ends of the slabs were subjected 1o lateral earth pressure and that a friction force
directed toward midspan was generated by the tendency of the botton: of the siak: to move
outward at the supports. It is not possible to determuine the value of either force exac ly.
The assumption made under Section 4.1.7 regardiug the distribution of the soil-tranemitted
pressure wiil be used here.

The support friction is even more complex, but for purposes of anaiy sis it is assumed
that the force can be represented as the product of a coefficient of friction and the siab
reaction. Further, it is assumed that the coefficient of friction is a constant. Several
references give the static coefficient of friction of concrete on concrete as 0.6 to 9.70.
This is a limiting value — kiuviic [rictivn is slightly ivss than static friction and decresses
with time anc the relutive velocity. Because the exact value of the coefficient i= nnknown
and becausc the previously mentioned values represent an upper limit, jt was assemed
Ciat the coelfficient of friction at the supports was 0.5.

As indicated in Equation 1.0z e slab reaction is z function of two variables: the
instantaneoug overpressure, and the resistance which was assumed to be a function of
dellection only). However, when axial loads are introduced, the force-deformation
relationship for a reinforced-concrete member is altered, as discussed under Section
4.1.7. The oment-resisting capacity is increased significantly. Enough experimental
data is available on tests of beam-columns to make some rational allowance for the in-
fluence of these forces on members of normal dimensions, i.e.. span-depth ratios of
about 10. It is assumed that the same methods of analysis are applicable to these deep
members. That is, it is assumed that the forces involved may e resolved into an axial
force and a resisting moment at midspan, and that the resisting moment in tae section is
defined by assuming a linear distribution of strain with depth at midspan (Figure 4.23).

The classic definition of moment on a section is that moment taken zbout the centroid
or neutra. axis of the secticn. Ina member of reinforced concrete, the transformed
area of the section changes with axial lcad. 1t is impossible to develop analytically a
closed-form expression for the moment about a changing axis; when the stress-strain
relationship for the material changes, the axial load changes with the moment ami the
moment varies with time.

If the member worr madis ~f L b eonpenonus, isotrepic, elastic st ial, e resstiog
moment taken at ‘nicidepth would be a function of the deficctivn wr rotation of a piane
sectinn) at mids;.an, regardiess of the value of the axial force. This i tmplied in the
equation for svperposition 4.17). But, ok ri~usly, this is iivt 34 {or reinforced-cuncrete
members; there is ro depth at which the moment 18 a function of the angle change alone
regardless of the value of the axial load, because a change in axial load changes the
cracked-section moment of inerta. As shown in Figure 4.24, the distance between the
centroids of te compressive and tensile forces changes with the axial load, even though
the argle ~ --ge may ke constant. This change in the moment zrm ix due to Leinstic
behavior of the concrele and the fact that the location of the ceniroid of the temile forces
re:n-ing constant. Therefore, the resisting moment computed at middepth decreascs
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gradually with increasing axial Joad for the same angle change at the section Far pus
poscs of these computations, however, it wiil be assurned that the resisting moment
M, (Figuie 2.23} is a function of the defiection only and that it is defined by taking
moments at the geometric centroid of the concrete, that is, at a depth of 0.5h,

The uxistence of axial forces also affects the frequency of vibration of a beam-colum .
Assuming a span-depth ratio of abnut six vr more 80 that the vibration of the member 1
primarily flexural, and rewriting Equation ), page 375 of Refevence 26, it can be shovn

that [
~ i
w o - ) t4.3%
o ol

Wrere: circuiar natural frequoncy of beam-column in fundamental mode

w  circular natural frequency of member in fundamental mode with no axial
force acting

N = axial force

Ner = critical buckling Inad in first mede

From equation 4.30 it 1> apparent that 2 compressive axiai force decreas=s the natural
frequency of the member. However, & simple computation indicates that N is about
100 timcs the axial load at the balance point for these test members. Thus the effect of
the axial Jood as expressed in Equauion 4.35 is negligible.

An axial load also affects the frequency of flexural vibration of a reinforced-concrete
member by inhibiting cracking and thus stiffening the member. Consider the term
from Equation 4.35:

2
ks Fli
W < iy ;: 4,36

Where: ' = effeciive span
E = modulus of elasticity
I moment of inertia about the bending axis
4 = mass per unit length

Under axial load the cracked moment of inertia of a reinforced concrete beam 13 in-
creased while all other terms of Equation 4.3C remain essentially constant. Calculations
for mcmbers of this test series indicate that the increase in cracked moment of incctia
duc 1> an axial load ecuivalent to that s the balance point for each imember is on the order
cf 50 percent. Tnus, the maximum possible effect consistent with Qexural rusponsn in-
creascs the ratural circular frequency of the member about 22 percent.

While the preceding vxpressions apply only to members with span-depth ratios of
ah.ut six or more, the indications are that the effect of the axial loads on the periods of
~ibration mayv be ignored wiihout introducing a very large error. This would be especially
true if the maximum value of the axial force were amall conpared to the vaiue of the
axial load at the baianze point. For values of axial loads subsequently computed, the
effect i8 to increas- the periods by less than 10 percent.

The frequencies of the members tested, as computed by Equatton 4.27, quite probahis
are nat aelourate to within £ 10 percent, so modificalions of them based on the prevesiing
cors ! “ations are not warranted.
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Also, the rise time of the applied pressure pulse 1s only sbout 8.16 10 0.4 of the
cemputed periods,  Consideration of the spectrz of maximun: displacement (Figure 4,19
of Reference 223 resulting from forcing functions of the type shown sn Figure 4.20 leads
to the conclusion that period changes on the order of 210 percent dec not sigrificantly
change the maximum response of the structure.

in view of all the preceding considerations, it was decided that analyses of the response
of the slabs would be based on the following simplifying assumsptions: 1) vertical forcing
functions were as shown in Figure $.2¢, (2) carth-transmitied axial fore.- was as shown
in Figure 4.8, that is, the shape of the force was trapezoidal, with the pressure a function
of the insiantaneous side-cn overpressvre at the surface. 43 friction force at the supports
was equai to haif of the instantaneous value of the reaction; ‘41 intersal resisting moment
in the slab was a function of the deflection at midspan only; and (5} effect of the axial loads
on the periods of vibration of the slabs wus negligible.

Referring to Figure 4.23, it is now possible to define the elastic behavior of the slab.
lgmoring rotatory inertia;

N ooVep 4.37)

Taking moments =t the intersection of centroid of the inertial forces and the friction
force ng¥, aad assuming clastic deflections are so small that they do not affect the
moment arms of the forces involved:

BIP? sz - 0.04 p)~0.08 Ph
? i Loee s, e T i4.38
v .33 * Z025m) 459

Where: b width of sizb, inches
I' = effective length of slab, inches
r = instuntaneous value of resistance, psi
p instuntanecus value of the overpressure, péi
P = instantaneous value of the axial load due to laterszi earth pre~--=-
\ 2

h = depth «of slab, inches

L}

The instantzncous value of the resistance of the slab, r, may be determined from a
sojution of the differential equation of motion of the equivalent SDF system under the
appropriate forcing function. For example, ignoring the base disturbance and assuming
an undamped system, the cquation of mction for the one-way slabs at Station 361.02 is

. i .
mei + k¥ Py -pm , . ‘Foro T g 4.39)
J

Where: mg  cquivalent mass of the system
¥ = mass acceleration
k - equivalient spring stiffness
+ mass displacement

prak overpressure
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ty duration of pressure pulse

Solving Equation 4.3% for the deflection »{ the slab while the force 15 acting on the
structures:

o LI

-
Y- ¥ [ .‘-‘ - J 1- '_h‘-‘lj T sin 23 = - a ij 4.4
% 2z

Where: vy  center deflection of the slab, inches
v certer deflection of slab under p,, acting as a static icad, incres
ty - duration of pressure puise, seconds
T fundamental pericd of sfab, seconds
1 i

a: —-sin”' - - -
1 2

:'.!td/'!'“

T obtain r, i is necessary only to multiply both sides of Equatien .40 by k. Thus:

r p :~——-J:»-~'-~ =3 sin".’:tT-Cr'o‘] “4.41)
:n‘. td 22t/ TH

H
-

Solving Equations 4.41, 4.8, o2 .77 ot discrete intervals of time, it is possibic to
obiain instantanecus values for M, ard N which may be piotied on an interaction diagram.
The yield moment nﬁ is then oblaired from the intersection of the trace of these vaiues
with the yvield line of the interzction diagram. In the preparation of the isteraction dia-
grams for this step of the analysis, t.e effect of the rapid loading .-ate on the strengths
of the concrete and the tensile steel werc taken into consideration as discussed under
Section 4.2. Specifically, the yield puint of the steel was assumed to be 63 ksi, the ulti-
mate strain in the concrete was assumed (0 be 0.004, and the vaiue of the compressive
force in the concrele was computed by Equation 4.25.

Typical results of these computations are shiown in Figures 4.25 ani 4.26. Tha ram-
putations indicate that the tensile steel would not have yielded in most of the members
under the assumed loading conditions. For Slab 44-4. which was computed to have failed
if vertical loads only were acting {Tabie 4.9), Figure 4.26 shows that the cffect of the
axial load (under the assumptions listed above) would be 50 great as 1o prevent yvieldiag
of the tersion steel at midspan.

New resistance functions were prepared for cach slab with value< of yield moments
ottained from the graphical solutions. Again, assuming that the axiz} forces do not affect
the stiffnesses of the mombors  vield d-flactions were computed 'n  multiplying he vieid
deflection obtained from Ejuation 4.2 by the ratio of the vield moment ohtaincd frun: the
interaction diagram to the yield moment computed by Equation 4.1.

A naw uitimate moment may he obtained from the interaction diagram, also. However,
because the yvieid moment approaches the ultimate moment a3 the axial load is increased,
the new resistance functions were assumed to be plastic bevond the vield point. The re-
sponse of cach slab was again computed by rapid techniques. The results of these com-
puitations are shown in Tables 4.11 and 4.12.

As previvus]y - Tussad, many assu.nptions were made to permit these analyses.
There were nv experimental data obtained to confirm or deny the validity of the agsump-
tions. 7 - oniy response data oltzined consigted of the word and picture descriptions
of -y 1.sible crack patterns and the residual deflection data. which were not conclusive
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at all.  Howeves, the results of the computations indicate that the effect of axisj .ouds,
if they existed. would be to incresze the strengths of the #iabs markedly.

if the effect of the axiai forees oa the yieid resistances of the slabs s ignored and o
is agsumed that the periods of the slubs at Station 360.01 were equal to the rise time of
the applied pressure pulse (reducing the ampiification factor for maximum respoise to
1.2), 11 of the siabs still should have exceeded their respective vicld deflections nd 6
_ of these would have failed in flexure. Thus, errors in period computations alene cunnot
account for the discrepancies that exist between predicted and ubserved resronse.

A brief study of Tables 4.11 and 4.12 reveals that the effects of an carth~transmitted
axial force and friction at the supporis tend to bring the computed and observed respanse
into line except fo5 Slabs 20-1, 28-1, -2, and -3 at Station 360.61 and Slab 11-1 2t
Station 366.02. In these cascs, the periods of the =!abs are greater and the depths of
the foundations lesy than the others at the same gtation. Ay groura motjon induced by
the airblast passing over the surface wauld undoubtedly have had a greater effect on the
initia! response of these slabs than on the others. The effect of base disturbances in
general is discussed under Section 4.3.5.

4.3.5 Effects of Base Disturhance. The posttest eonditions at Stations 260.01 and
366.62 indicate ihat large ‘vertical ground aczelerations must have occurred during the

passage of the shock wave. The final elevation of the ground surface at Station 360.01
was 7 feet below the preshot elevation whiie that at Station 360.02 was 1/2 frof lower than
the preshot elevation. The fac *h»r 3 base disturtance may kave 3 significant effect on
the response of 3 structure is well known, but it canpot be clcarly estabiished what thas
effect might be without detailed knowledge of the acceleration as a function of time.

Thia fact was vecognized during the planaing stages of this project. Provisions were
made for the instaliatioe of accelerometers on the slab foundations. Unfortunsiely, the
records from these accelerometers wer ¢ completely obiiterated through jeakige of sea-
water into the gages. As a result, the only indications available of the acceleraticn-time
behavior of the slab foundations came from the Project 1.8 records of accelerations at
Stations 180,01 and 186.02.

The data avzilable from Project 1.8 include horizontai and vertical ares’ .. | . uic
s0i! at 2 depth of 10 feet and vertical accelerations at a depth of 1-foot in the soil. Station
180.6! was located at a range of zbout 176 feet greater than Station 360.6], and Station
180.02 was located 2t 2 range of about 44 fect greater than station 360.02. It is belicved
that this 4zta dees not jusufy uetailed computations of the cffects of base disiuriance cn
the siabs. The Project 1.£ data shows a considerable attenuation cf the acceleration pezks
from the 1 -foot depth to the 10-foot depth and » change = the times of the peak upward
and dewnward acceleration with reference to airblast zrrival. The accelerations ofthe
sish foundations ave not deducible fram this earth acceleration data, either in magnitude
of peaks or in tume variation. The appearance of the test site and the tap-»ay sizh foun
dations at Station 360.01 aftet the test indicaied considerable iocalized variations in
greund movements. Thus, only order of magnitude estirmates car he made of the effect
o groung movements on the response of the Project 3.6 siabs, using nuises of an accel-
erition-time variation conforming to the range appearisg in tho Project 1.8 data for
ver.'eai aceeieraticns at 1- and 19-foot depihs.

The highly simplified acceleration-time function shown in Figure 4.27 was denived
from the Proe 1 1.9 data. The pe.k acceleration valves and time variation are 22mnwhat
arbitrary. values which seemed reasonable were chosen for the peak accelerations at
the average 4:;mn of the slab foundations by using ar exporential interpoiation betwecn the
tw cuge depths (1 foot and 10 feeti. The time variation was established to give downward
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and upward acceleration spikes representing velocity changes intermediate Letween the
velocity changes at the 1-font and 10-foot depths.

The zcceleration pulses were applicd 1n conjunction with the pressure puises io Siabs
36-4 and 21-2, which sbuwed no signs of yieiding in the actual test, in order to estimate
the pussible effects of the base disturbance. The method of analysis is covered in Section
4.3.2. In the calculations of response, the slabs were zssumed to remain elastic and the
resistances required in the positive direction an' in rebound were evawated. Bucause |
estiinates of order of magnitude were sought, it was believed unnecessgary to inciude the
effect on the required rebouwnd resistance of the change in stiffness for the sizb in rebound.
Ae dizcusaed in the section on rebound behavior which follows, negiecting the change ot
stiffuness gives iow values for required rebound resistance. However, damping i1s aiso
neglected, and, under the conditicns of loading, maximur rebound did not vccur until
several cycies of vibration had taken place. Thus, the required reboundg resistance
values given are considered to be significant more in their differences than in their mag-
nitudes. The results of the analys:s of resvense are given in Table 4.13. These results
incicate that the ground Jisplacements could have had considerable effect upon the resis-
tance required to prevent yvieiding and therefore on the slab response also. The compari-
sun belween Cases 1 ard 2 icdicates e beneficial effect resulting from a favorable timing
«f the grourd disturiance, waereas a comparison of Cuses 1 and 3 indicates the unfavorable
cffects of a delayed commencement of the base disturbance. 1t is cbvious thui ize tin.ing
«f the ground disturbance relative to the overpressure-time function is of primary impor-
tance.

The consideration of the duta avaiiable on grourd disturbances during the test of the
Project 3.5 siabs indicates that such disturbanccs, judging from the intensities and time
variaticns of accelerations measured in the soil at nearby Project 1.8 stations. couid be
responsible for either a significant apparent increase or decrease in the slab resistance,
depending on the time variation of the acvelerztion. The order of magnitude of the appar-
emt change in resistance is dependent upon the value of the peak sccelerations, and is thus
unkaowa, but rough caiculations indicate the effect could have been as much =50 percent
of the predicted rexistance. It seems probable that the foundation accelerations began
coincidentally with the arrival of the airblast pressure. that is, that the slab fosrednsinme
did not show the deiay in commencement of accelerstion indicated by the Project 1.8 data.
1€ this time sequence is correct, the base disturbances were likely 10 have been respon-
sible for z significant portion of the apparently higher-than-predicted resistance of the
Project L5 slabs.

4.3.¢ Elastic Rebound. A negative displacement or rebound can occur afier the slabs
undero their maximam positive displacement. Rebound dispiscement results in stresses
of the opposite scnm- ¢z 1= ~3r prvduesd erine the normal positive dispiacement. The mag-
nitudes of the. rebound displacements, ans the rebound stresses. gre infiucsced in the time
histury of tht overpressure loading as well as the peak value of the overpressure. If the
Irsnier i8 - pure jmpulse. for a slab that remains elastic througascut the loading aistory.
the magnitude of the negative or rebeund displacement will be equal to that of the positive
displae-niznt.  Conversely, if the loading is of infinite constant duration, no rebound will
««ccur; the oscillations of the system with respect to tne unloaded equiiibrium position will
nevey proceed into “he negative range. The analysis of rebound magniiude becomes more
cotuplex when {=-° ti~ response of the slab occurs. bt the simple cases stated bound the
range of possibie rebound response of a siab with identical stiffness in positive and nega-
tive res - .se.

Tuac analysis of rebound response is further complicated by the changed dynamic behavior
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of reiaforced-concrete slabs in the region of negative digplacement.  “The slavs hod 5o
tongitudinal compression reinforcenent; therejore, in rebound response, they we-¢
exzentially unreinforced-concrete members. Thus, the load deflection relations, amni
therefore the natural frequencies of the slabs, would change as they deflected upward
beyond the unloaded equilibrium position.

A rapid procedure for computation of required rebound resistance hus been developed
and was published in Reference 27, This procedure was deveioped for an vquivalent SDF
system and cousiders the system to have the sume dynamic characterisiicy during norma!
response and rebound.- It is, therefore, not eéxact for reinforced-concrete structures
which may not be reinforced idéntically for positive and negative :hispiucements. The
charts available for this procedure will give results that are conservative when the as-
sunptions made in the analyiical developmen! are rztisfied, because the charts are pre-
pared to correspornd an envelope containing the peak rebound values.

A comparison of the moments of inertia for the urne-way project slabs in normal de-
flection (I of the cracked transformed secticn by normal clastic therory) and in rebound
1 of the gross concrete sections assuming effective homogeniety) indicates the moment
of inertia in rebound will be greater than that in normal deflection-—from two times as
great in the shallower slabs t= over four timnes 2s great ic the deeper siabs.  This vari-
aticn of momeat of ine:tia in turn indicates that the periods in rebound wiil run from less
than 50 to 79 percent of the periods in normal deflection. The effect of this change in
stiffnesg as the siab begins to deform into the negative range is te increase the required
rebound resistance over that ... ¢l would be required if the stiffness were the same in
the two directions of response. The factor of amplification appears to be in the neighbor-
hood of V17T where I~ is the moment of inertia ia rebound and ! is the moment of
incrtia of the cracked elastic transformed section. Thus the rebound response charts
prepared in Reference 27 would appear to be on the uasafe side for use with the Project
3.6 slabs.

The rebound stress that the slabs can resisi is limited by the resistance of the slabs
to bending in the rebound direction. It is not posaible 1o give sxact vzlues for this re-
sistance. The slab concrete was not tested in tension, and iittie is known concermng
dynamic effects on the tensiie strength of concrete. In order to estitnste =°
resistance of the slabs, it was assumed that the modulus of rupture for the ccncre(e in
teasion was 0.15 ' 10.10 £, is a normal static rule-of-thurrh value for the modulus of
rupture, and 6.15 f/, was cho-.cn 1o allow for dynamic eflects). The rebournd resistarce
is expressed as the equivalent prassure in psi on the slab surface that would develop *he
modulus of rupture on the tensile surface. The values of rebound resistance r are
tabulated in Table 4.14.

An estimate of T+ the required rebound resistance o preciude cracking in rvbourd,
can be made fram the sahnang eha-te in Referonce 27. The value of Oreo.s ‘4, usyd to
enter the charis in tat determined as described in Sertinn 4.8.3 r‘fmsm':w a’a.g. normal
logdangs to act on the slabs. Because the yicld resistance is kigher when axial ioads zre
~onsiderad, ~zicviations assuming ro axiai load to act wili lead o somewhst low values
for required rebound resisiance. This is due to the fact that the maximum elastic de-
flection is somewnat greater when axial iouds act. As discussed previousiv, the vai»:es
of required rebound resistance taken from the chart are increased by the ractor » !,. 1
<llow for the effect of changed stiffness in rebouni.

The con?*  nns ~f the slab installation place arother limit on the rebound siress that

= be dcveloped. The oanly positive resistznce Lo the jifting of the siabs from their
1. rts was provided by two T/8-inch diameter threaded anchor bolts at each end. Thus
. awkimum end chear in rebound is limited to the yield resisiance of thuse anchor toits.
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The vield stress under rapid loading conditions for these holts is not known, but the value
of 63 ksi used for the vield stress of the intermediate grade reinforeing migat be slightly
high, because the steel was probably similar t» a not-rolled SAE 1915 type. The end shear
in rebound that the bolts could develop was assumerd to he approximately 53 kips; a valie
computed using the area at the roots of the two 7/8-inch diameter threads und a stress of
63 ksi. Approximating r, (the rebound stress as limited by anchorage resistance) its
equivalent pressure on the slab surface:

2y 2 (53,000 )
Ty T sasan P
when [, is the span between anchor hoits. The exprassion for r, is in error, because
the end shear is not precisely half the total slab resistarce in the dynamic case.

The above-computed value is much smaller in mcst cases than the rebound response
calculated for an end anchorage assumed to be sufficient to prevent end displacement.
However, the end shear that can be drveloped in rebiound can be greater than the yield
load of the anchor bolts because of friction between the soil and the e¢nds of the slabs. It
is not possible to state confidently a value for this frictior * rce. However, for order-
ot-maenitude estimates, the frictivn force can be considered to be a unit shear of one-
£ourth the overpressuve value (average normal pressure on end of slab is assumed tec be
roughly one-half the overpressure, and coefficient of {ricties between slab and sand back-
fill to be 0.50). At the time of maximum rebound the overpressure at Station 360.01
would have been in the neighborhouu vi -00 psi, and at Station 360.02, in the neighborhood
of 150 psi. Taking ry to be the uniform pressure on tie slab surface tha! would statically
develop . uait ghear at the slab ends equal to one-fourth the above surface overpressure
levels

0.50 p(t)

r
s
lg
Where: h = slab height in inches
p(t) = 400 psi at 360.11, 150 psi at 260.02

ls = lengtn of slab = 88 inches at 360.C1, 82 inches at 369.02

The pressure values expressging rebound stress attributable to anchor-bolt stress r,.
and to soil friction rg have been converted to the vressures r!, and r'y respectively which
will give tne same values of center moments on the span (center to center of supports).
This span was use for compuiation of the rebound resistance r.; thus, the values r', and
r's can be used for comparison with r .

In Table 4.1§ the valvas of r',, r%. r'; +1'q, and r,. are tabulated for each slab. The
observed respouse in rebound is aiss indicuied by a siztement as 10 whether tensy e crack-
ing at the top of the slab was noted.

It must be emphasized that the values set up n the quantities discussed ‘avriithle re-
L und resistance r,., required rebvund resistance for nc cracking assuming artequite an-
chorage r'., and the rebound resistance which vould be developed by anchorage r', + r'y)
are approximate, because the computations for these quantities required the estimation
vf poo~ly defined parameters surh as tte dynamic modulus of rupture of the concrete and
the period of the slubs in rebound. At the best, these quantitics carry about one signifi-
cant figurc, aud ri,, which i8 very sensitive to the precise time history uf the dynamic
response: and loac'ing function, is certainly only an order~of-m..>{.ude quantity.

Ce . 21n conclusions can be drawn with reliability from the results summerized in
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Tabie £.15. The low degree of rebound response noted in the prozect olubs o8 probabhy
due to the weak uplitt anchorage which existed. ‘The calculauions indicite that vith strong
snchorage against uplift, cegative moment of a4 magnitude sufficient to crack the top of the
slab would have vccurred in most slabs. Thus, in 2 location where such slabs will be
firmly held down, reinforeing stee! wil' be required to aid in carrying the rebound stress-
es, if cracking in rebound 18 to be prevented. i appears from the test results that the
weak anchorage used was adequate to prevent permanent dispiacement of the slabs from
thesr supperts; where sveh anchorage techaiques are permissible, thev appear to offer
gocd protection against rebound failures.

Cons:det ations other than available anchorage resistance limut the accuracy of ithe
iechuique used tu compute i), the rebound resistance required to prevent eraciung.
Assuming that the natural perivds in normal and rebound response were kacwn, .t would
stiil be imposgsible to predict precisely the moximum positive response because of the
limited roliability of the resistance function for the slabs and the additional forces of
doubtfui magnitude acting on the slab through s0il pressure at the ¢nds and frictioa at the
suppurts. %he required rebound resistance varys markedly for slight changes in time ot
maximum pos:tive response because of the change of overpressure with time. In the
calculationz for r' , no attempt was made to take careful accourt of tue overpressure-
time variation since the time of maximum response is poorly defined. At both stations.
the overpressure decayed very slowly beyond a pressure of about one-third the peak
value. The weaker slabs, which underwent large norelastic positive deflections, may
have rebounded in this time region. If such is the case, the r'r values for theso slabs
are quite excessive since the value of ', becomes significantly reduced when 6p,. o,
passes 2.0 and ty/T exceeds 5.0. The use of the amplification factor V171 (on the
values obtained from the charts in Reference 27 for r.} to account for the change in
period of the slabs in reboury is an approximation strictly correct only for response to
an imprelse ioading. The analyses for r'r do not consider the effects of dainping, which
would Iimit rebound. Damping could be particularly significant in cracked slabs.

The values of r,,, available rebound resistance, were computed using a rule-of-thumb
.15 £ for the modulus of rupture of the concrete and assuming a homogeneous section
of the full cross-sectional area of the slab to be effective. S)="s that yieided during
positive daflection and cracked in the region above their midheight would have reduced
areas availabie for carrying tensile stresses and thus a reduced r,..

Ground movements, depending on their amplitude and timing, could have a major
effect on the rebound respoasc—the effects could be detrimental or beneficial, and quits
tugically different for slaba at the same station. No adequate information 1s availabie
for determining the effects of ground motion or. individual slabs. A general discussion on
the possible magnitude of ground-mction effects is given in Section 4.3.5.

4.4 EVALUATION OF RESISTANCE TO OTHER MODES OF FAiLUKHE

4.4.1 General Approach. The evaluation of the sirengths of these members in other
wiuCs is basically dependent on the anaiys.s of their respuise in flexure. As in the
Aatic case, the desired mode of response is flexure, because the member is f2r more
ductile in this modr than in shear compression, shear anchorage, bond and/or bearing.
Aiso, as in the static case, the objective in the analysis is to determine whether the
member shuald have failed in one of these less desirabie modes before reuching its

compute. uexuril strength.
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b Craviang Suengiite s stated tn Seetton 1.4, diagontl tension cracks meast
develop Lefore a member ¢an fail in shear compression or shear anchiorage.  For tha
reason the eracking strength of each member was determined, using BEquation 3,210 The
use: of this expression implies two assutiptions in the dynamic case: (1) the effect of rapd
stress o» strain rate on the cracking strength may be acceunted for by allowing for an -
crease tn conerete strength only, and 2y if crack formation is a trae-dependent phionome-
non, sufficieni time elapsed during the response of the menbrer to permit the erack o
form. These sane assumptions are implied 1n the application of the formelas for sheav-
compression shear-anchorage, bond and bearing strengths.

The ratio of N to v axial foree to shear at the supports) varies with ime as the siab
respopds. For a fivst approximation, vaives fur N were obtained from tle (nterzeten
diagrarns for thuse members that were computed to have \ielded under the combined foud-
ing comdition.  Values for V corresponding to the vield mement were obtained from the
Inanuc-response compitations.  For thuse members that did not vield, the maximam
values of N and V attaired during elastic response were obtained from the respunse con -
putations. A consistent set of values of N and V' may be obtiined by iteration, using the
value of N corresponding to the computed value of the reaction in each successive
computation,

Imtiaily, ro allowzace wias maue for an increase in the strength of the concrete due to

J4pid stress rate, beeause it is not clear what stress or strain rate is applieable I an
increase in sireagth of 30 percent is assumed, the crocking strength would be .ncreased
bv only 22.4 percent, because the cracking strength is expressed as a function of the
squdare root of the concrete strength in Equeation 4.1,

The resuits of these computations shown in Tables 4.16 aWd 4.17 indicute that inclined
vraeks should have developed in all members at both siations even if a considerable in-

cieese in concrete strength were allowed. However, it should be noted that most of the
slabs had span-depth ratios bevond the range {or which the expression was stated to be
sppiicable.  Even for these slabs whose span-depth ratios were greater than 3.2 the ex-
pression appears to be conservative, if it is applicable atail to dynamic respouse.

L4.5 Shear-Compression Strength, Equation 4.3 was used to comr ity the static shear
compression strength of cach member, recognizing that the validity of the ¢xpression hag
nat been established for deep members even under static loads. The effect of the rapid
strair rate was computed by uging the time to vield or time to maximum elastic deflection,
whichever 18 applicable. It was assamed that if the slab were going to fail in shear com-
pression, the strain in the concrete above the crack must be 6.004 in. in at the time of
vield ior maximum elastic deflectionms or earlier. This reasoning led to strain rates of
approximateiv 2 in in-sec. From Figure 4.13, the cifect of such a str.aaning rate is to
increase the strength of the concrete avproximately 5¢ percent.

The computaid siwur~compression strenglas of the members sre COmfea wi salives
computed flexural strongths in Tables 4.18 and 4.15. Note that the computed static snear-
somyresgion strength i greater than the compuied dynamic yield and ultimate mcements
fa..swning nG axial forces acting wiil, ilie single evception ol Slab su-4 at Station Svuv.0l.
This slab did nat appeur to be cracked at a1l and thus could not have failed in shear-
compression.

The estimated dynamic shear-compression strengths of the members are greater than
the estimated m Xxi: um resisting moments attained, except for Slab 44-4. The estimated
maximum resigting moment attained {8 the dynamic yield moment obiaiz<d from the inier-
action diz7ram for those members that were computed to have | ielded under the combined
foans, . ,a the maximum elastic resisting moment obiained Imm the response computations
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for thuse that did pot vield under the combined loading.

In these computations, no consideration was given to the effect of the axtal v6ds on
‘i shear-vompression strengths of the members, although .8 quite bikely that the
axtil Lods wosuld inerease the shear-compression strengths, as previously dsct ssed.
Thus, :f Eaquation 4.3 were appliciable o deep peams under dy nanue Joasds, at afl st
would be vonservative when applied to deep members under the ooding condition.
eneounterod in these tests.

4.4.1 Shear-Anchoarage Analysis. [ rotary nertial forces are igaored, the average
sheas siress on the failure plane at the vield moment (Figare f.2% may Le eomputed from
e follow,ay expression:

e, VO s pobd?
v, Ty —ff— ¥ e ‘_‘.‘ .4
i e + 0.5d"
Where: v, average shear stress on the failure plane, psi

T, tensile force in the steel at vield. pounds

i

cg = coefficient of friction between slab and support, assumed to be 6.5 for
these computations

Vy - :ustantaneous value of the reaction at the vield moment. powis
b = width of glab, inches
¢ widta of supputy, mches

d' = distance from the centroid of the tensile steel 10 the bottom of the slab,
inches

p, instanancous value of the overpressure at the surface at the tume «f yield,
: psi

Equation 4.42 above ignores the siight increase in pressure assumed to exist between
the bottom of the slab and the level of the tensile steel. However, the contribution of the
lateral pressure is so small fon the order of 108 psi for the decpest memiwrad that o0
fast term of the numerator may be ignored entirely without seriously affecting he results.

The shear-anchorage capacity of the member may be determined by means of the
foilowing expression obtained from Equation 4.4;

b,
vy ki {0.25 4 -4 4,43
10
Where: v, maximum shearing stress capacity of the member. psi
B o= o cunstallt eapi cosrar e watio af e slroad o e wcicivie e B cadd

stressing rate to the cvlinder strengin under stindard test congitions
fr. - 2oacrete cvlinder strength arder standurd iesi conditions, psi
ib‘_ instananeous value of the bearing stress at vield, psi

The value of the constant k was determined by coraputing the rate of stressing in
bearing at the supports. It was assumed that there is & linear relationship between shear
strengih of *h. econcrete at a give:. stressing rate, and the compressive strength sbtained
rom tests of cylinders at the same stressing rate.  Further, o was assumed that the
cot eraste at tne failure plane was subjected to the same siressing rate as the concrete

e supports.
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The results of these compulations are compired with obiser ved response r dabs |
.20 and 4.2, Slabs ip the 21 26, 31, 49, and 36 series did not reach the vield momon
ande: the combined loading according to previous computations.  For these slabs, the
tensile foree in the steet was assumed tv be 0 for computation of the shear-uncnoraye
stress ov Equation .42, and the maximum computed valuo of the bearing =iress w..s wad
in Equation 4.42 for computation of Vi Thus the computed shear-anchorage stresses for
these memnbers are probably higher than the stresses attained, whorcas the cong e
copacit:es are the maximum shear-unchorage stress capacities the members coull i
attained during response.

According to tnese computations, none of the slabs should hase finicd in chear-
anchorage, but Slab 25-1 mayv have done so. When the siab was removed. the conerel
beiow the shear-anchorage failure piane and the principal inclined eracks remasned
place on *he foundation, Some of the siabs contained vertical web remforcement, whien
undoubtediv helped to resist shearing forces at the anchorage.  However, the ollowing
slabs had nc vertical! reinforcement 2wl are tsrefore comparable to 28-1, Jb-3, 34-3,
26-4, H-1, $1-3, anu 56-2. Of these, 36-1 and 36-3 developed inclined cracks -at one
end onlvi but did not faii in shear-anchorage. For buth, the ratio of the compnted average
shearing stress attained te the compated shearing-stress capucity was slightlv less than
for §!ab 28-1, but this mav ot be sigaificant.

The fact that n inclined cracks developed in the other sinbs without veriica! stedl is
sigmficant, however, because the development of an inclined crick is a necessarv ¢con-
dition for shear-anchorage failure. Ve nrevioualy discussed. 1t is quite probable that the
existence of axial forees prevented inclined erack formation :n those members.

In view of these considerations, it is not clear whether Siab 28~1 happened to be wenk
in shear-anchorage or whether the equations used to anaiyrze the members are not appli-
cable 9 the dynamie case. It is possible that the failure discribed cccurred during
rebound aad is not 4 shear-anchorage failure at all.

The dawa contained in Table :.21 for Station 360.02 contains little information of value.
With the pussible exception of Siab 21-1, none of these members devcloped inclined
cracks.

4,4.5 Bord-Stress Analysis. The average bond stress developed ot the unchorage when
the tensile steel reaches yield imav be computed {rom the following expression:
Trg e
Uy w <. ety

- 0=

Where: uy;  average bond stress. psi

Ty p) total tonsile forve in the steel when the dynamic vieki point is reached,

r
poateis

I, = sum of ihe perimeters of the reinforcing barz. inches

Al
v suppert dimensicn, inches

n addition <o agsuming that the dynamice yield point was attained in the tensile sreel.
the abuve expression nresumes the formation of inclined cracks near the supports. While
mest of the members tesied did aot exhibit such cracks, some did. By comparing
stresses computed tn those members which developed inclined cracks :und in which the
dynamic yicld pe:nt may have been reached in the tensile stesl) with stresses computeu
in those :\embers which did not crack, it may be possible to determine whetker the latter
wortld Dove failed in bond before the flexural vield resistance was attained desp:te the lack

of an adequate criterior. 56
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it is not clear whether an allowance should be made for an iperease in bona strength
beeause of the rapid stressing rate.  Brief consideration of the state of stress ir the
conerete at the ievel of the steel above the supports leads to the conclusion tha: friction
bewween the concrere and the steel may piav an important role in determining bord strength.
As noted under Section J.1.4, the stress conditicns around the stee. n the tests upon shick
present bond-strength criteria are based) are not similar to those encountered a. the an-
chorage in tests of deep members.  In vicw of the foregoing, the stresses computed by
Equation 4.44 were compared to the static conerete strengths obtamed frow staplard
evimder tests.  The results of these computations 2re compars,t ith the vbservad response
in Tables 1.22 and 4.23, for members at Stations 360.01 and 362 respectivelv  None
of the members showed signs of bond failure a1 the anchorage.

Because none of the members at Station 360,02 Jeveloped inclined .. .uchs, nothing
defimte can be lvarned from those computations. However, at Station 366..: a number of
the test slabs did develop inclined cracks. The highest ratio of cemputid average bond
stress to statie cvlinder strength attained in such 3 member was 0.273 {or Slab 20-1. Be-
cause *he computed average bearing stress at yvield was iess for this member than for the
others, it is probable that none of the members that did not attain flexura; vicld resistance
wouid have failed in anchorag:, This statement i3 based un the assumplions that the vilue
of the compressive stress in the concrete at the level of tie steel is approximatelv the
same as 2% the suppert and that the anchorage bond strength of 2 member is affected by
the value o1 vertical compressive strese in the concrete at the levei of the stecl.

4.4.6 Bearing-Stress Analysis. The average value of the bearing stress at any time
may be compuied m dxvidmg the instantaneous value of the reaction by the area of support.
For z member with a elastoplastic resistance function, the reaction is that correspoading
to the vield moment. If the vield moment i3 not attained, then the maximum value of the
reaction may be obtained from the dynamic-response computations.

For purposes of comparision with bearing strengths, computed as outlined below, three
sets of bearing stresses were computed; those correspending to the vield moment assum
ing that the member was subjected to vertically applied forces only ¢fy,., those corre-
sponding o the yield moment assuming the member was subjected to tic picrsvuas
agsumed combined loading condition Mgy, v 3 wl those correspondi.ng to the maximum
value of the reaction assuming the members remained elasiic lfb

For determination of the bearing strengths, it was assumed Lhat the static hearing
sirength of each member was equal to the concrete cylinder strength for that member. In
this manner some ailowance was made for the unknown effect of confinement by lateral
earth pressure. The stressing rate was computed by dividing the bearing stress by the
time raquired to attain that stress, that is, either the time to yicld or the time 1o maxi-
mum elastic definctina,  And fing’: ~ ctrans ot fastar g shigingd foann Tigure 110,

Note that the stcasing rate computed is the average sticssing 1aie during response.

A number of investigators have noted that the rate at which the iast 30 persent of the Joad
is applied determines the compressive streagh of coucrete ¢ linders.  Because the stress-
time relationship at the support has the geaeral shape of a cosine curve, the use ~f the
average stressing rate may underestimate or overestimate the effect of the dynamic load-
ing on the bearing strength 1n some cases. However, in view of other unknowns involved

in the analysis a more refined determinztion of the stressing rate hardly secms war-
ranted.

The results of these computations are compared with the observed response in Tables
1.21 +nd 4.25 for Stations 360.01 and 360.92 respectiveily. The computed tearing strengths
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ui the siabs at Station 360.02 were greater thian ihe computed bearing stresses ot ¢ o
of the bases dassumed, and there as 1o evidence of bearing failure or incipient bearing
faiiure. Thus, the computations and the observed response are in relative igreeme i
4t Station 360,02,

A Station 353,01, five slabs 136-1, 36-2, 36-3, 36-4. and 44-4: showed evidence of
bearing fatlure or some sign of distress over the support, such as a verdeal crack. The
computed bearing strengths (Column 5 of Table 4.24) are much greater than the com-
puated bearing stregses assuming vertical loading only «Column 2 of Table 4,21, How-
ever, e comprited bearing stresses achieved under the assumed combined loading
iColumn 3 of Tubie +.24: are approximately eguaf to or greater tha.: the computed biaring
strengths for Slabs 36-1, 36-2, 36-3, and 36-4 which were cracked at or uver the sup-
posts. For Slabs Zo-1, 28-1, 38-2, 28-3, and 36-5, which showed no signs of cracking
at the supports, the computed bearing stresses were luwer than the computed bearing
streagths., Thus, for these nine members, very good correlation was obtained.

According to previoss computations based on the assumed combined loadings. none of
the slabs in the 44- and 56-inch scries yvielded. Therefore, the bearing stresses wbu-
lated in Column 1 of Table 4.24 would apply to those siabs. For those members, the
computed maximum bearing stresres were greater than the computed bearing strengths,
whereuas only Slab i4-4 showed any sign of incipient bearing failure. There are many
possibie explanazions for this discrepancy, including the [zct that errors in compuung the
natural periods for these members would have s greater eifect on the value of the maxi-
mutn reaction than for those z!=F | vi¢% longer periods. The computed periods fur siabs
in the 44~ and 56-:nch series are closer to the value of the rise time of the presgsure
puise.

It is interesting to note that in the cases of Slabs 36-1 through 36-4 and 44-4. the
~omputed bearing stresses assuming vertical loading only ify,,.) were considerably less
than the static bearing strengths of their respective cylinders. For the computed bear-
ing stresses to be equal to the compated dynamic bearing sirengths. the yield resistarces
of these members would have had to be increased considerabiy (2 to 5 times). Aithough
base acceleration may 2ccount in part for an apparent increase in the flexura. resistance
of the slabs, it cannot account for the deveioyment of higher bearing siregses ~* *t~ ==+ |
time. Thus, it can be concluded that: (i) the yield resistances of these members were
probably increased by the existence of axial forces, or {21 the cracking observed at the
gupports was not irdicative of high bearing stresses. The cracks must be attributed to
some other caiuse, and Conclusion i1) is mere probably correct, because other ccuses
undoubtedly would have resulted in cracks above the supports of some other members
as well.

1.1.7 Pure Shear 1t o~ recosmesd that the state of stress on the vertical section
adjacent to the suppit :$ not one of pure shear. That term bas been amei 10 deranl. the
=tiess o that secti n because the internal moment is theoretically zero at that point. In
fict. the state »f stre=s on a unit element at -nv depth in the secticn ig quite complex,
which i appurent {rom consideratiion of Figure 4.2. The existence of axial loads and
inclined ¢racks further complicates the stress state.

Onving to the cumplexity of the probiem, past effort hus Deen directed toward csiablish-
g empirical criteria based on the average shearing stress on the section. Reference
% reeommends  aar the following expcession be used to determine we ultimate average
shearing stress at the section, recognizing that it is conservative:

a3
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Wheres v ultznate average shearing stress on the sec on
fi.  comerete strength as determined by standard evlinder test

Howover, as ushicated in Table 5-11 of Refervnee 2, average shearing stresases as
Bigh as .13 "_ were developed at the verticai section adjacent to the support of simply
supported deep mombers subjected to uniformly distimbuted static load without resuiting

in shear failure.

The avesage shearing stress on ihat section at yield was compuied by the following
expression, which neglects axiai lond ettects, for the one-way s.abs tested under Project

.62

S

U §4 - 9,38 A6

sy 1,12 By .38 r'\_) 14.46;

Where: Vgy  Aaverage shearing stress on the verticai section adjacen to the support
: when vield stress 1s reached in ine tensile stee!

{ = clear span

d  effective dpth

P, iastantaneous value of the overpressuire . the slab when vield oceurs
r. - vieid resistance

The results of these computations are comiared with the ultimate stress eomputed by
Equation 4.45. and observed response in Tables 4.26 and 4.27 for Stations 360,01 and
360.02 respectively. Two cases were computed: one assuming the member to be sub-
jected ¢ vertica! loading only. and the other assuming the member to b subjected to the
combined loading conditions defined in Section 4.3.4.  Note that none of the slabs failed 1n
pure shear.

At Station 360,02 none of the ¢© ‘rimputed shcaring stre ises at yvield rezached the vitimate
average shearing stresses computed by Equation 4.43. However. at Station 36081 the
computed average shearing stress exceeded the computed uitimate average shearing
stress in severa! members even for the case of vertical loading eniv, us shown in Table
4.26 for Slabs 26-1, 36-1, 36~2, 36-4, 44-1, and 44-2. For the case of the combined
ioading condition, ail of the cumputed avecage shearing 5% »ss8es exceeded the vomnaiad
ulimate —some by 2 factor of 2.0,

Stabs in the 4= and 56-inch series did not reach yield accerding to the previous ~om-
putations. Fo- these members, the average shearing stress on the section asdjacent to
the support was computed wsing the maxinum valee of the reaction atinined during
elastic responses i, the following expressiva

4
1V mix -
v, — — i4.4%
3 " d
Vherer v - ximum value of averag: shear stress attained during elastic response

m
{ = clear span

# . efiective span tconter to center of the supports)

V... = maximum value of the reaction fobiained from clastic responsr
caleulations)
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b width of siab
d effective depth of siab

1t is apparent from these computations that Equation 4.43 is very conservative, if th -
effect of the axial loads on the flexural yield registunce is accepted. A= discussed] in
Section 4.4.6, there is some evidence to indicate that the yield resistances of these memn-
bers were increased as indicated.

fFurther, it 15 noted that no consideration is given, in Equation 4.45. to the effect of
rupid stressiag on the strength of the concrete. Assuming that the effect of the stressing
rate on the shear strength is pruportionai to the effect of the stressing rate on the com-
pressive strength of a concrete cylinder, the average shearing siress can be expressed
as u function of the dvnamic compressive strength. The maximum value obtaired for the
ratis of the average shearing stress at ihe support 1o the dynamic compressive sirength
of the concrete, in Table 4.26, is u.203 (Slab 44-3).

In view of the results of the analysis of recent static tests of deep beams of reinforced
concrete subjected to uniformly diztributed load, the results ¢f these computations, and
brief consideration of the effect of the stressing rate, it is believed that the allowable
uitimate average shearing stress zlould be increased for deep slabs or beams subjecter
ts dynamic loads. Aithough the value of the average stress at which a vertica! shear fail-
yre will occur bas not been established, the available evidence inddicates that tie preseia
criterion is 1oo conservative.
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TABL Y L1 MEASHID CAPMITY ooF BEAMS PR3 REFPRENCE &

e am Bian . Fﬂ‘f-‘\ i Cravihang Yiold Cimate Mende of
 SEEH Rocforcoment Moment Moment Memmont Faiiure *
st inch- inefs- JEL
hipn S Lipa
1128 1) ~ah KRYEL £l e a5 HES >
-1 = PRGN HE 3 ) b 2% =5 -7
D s NG 306 1.} o6 i~ asi L]
-1 LR A1 f.01 o2 Sie e 5
-1 15,97 IR 1.0l - Snir puee F
D-1c 1105 ERU 1.6] S - (25 ]
13- A Ay ] 1.3: a5 334 s )
-4 K3 anln 2 i~ s U 3l ¥
DY %% 200 3.34 i - ahE s
D-in LR 3.0 36 4 633 5
-1 5,%5 Jh it 3.36 frig 3 .o T3 s
-3 17 2,510 3.36 3 “30 [ S
-6 13 0 R ¥ 206 aun - Tul s
-1 187 Rl = S 53 — (e 1]
[3 B Tiaett KRy 336 i — i3 -3
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|1 K3 | 33 3 000 3.35 vl X0 61 8
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* 5 dvntes shear compression Lglure; F denotes floxurat fadure.

TABLE 4.2 MEASURLD CAVACIETY OF BFAMS FRUM REFERENCE 2

Prreentoge Cracking Yokl Uinmate  Mode of

flam e

Hemnforcenunt Momes2 Momont  Moment Lali -
inch- mche anch-
L] _ N

Lips Hips Kips
- L.ixi 3,600 .0 63 - §.823 B
RTLLY S - 1) MR F.u3 fin: - E34) 8
A-2 i.64 3, R 2373 . 411 B
A-de2 1y 3.0 [T o A #21 i
N-2-3 il 3,740 kAL T - =31 $
-3 2.32 254 f.tm 15 a5 635 B,A
A3 e - 4T0 T g pr i 3 &1= F
A-d-2 0 L322 ERA T B 2in H1) &5 ¥
L 33 2a2 3160 1.3 jou . Givy B
A-4 R =1 2iint HEH s 2 265 ¥
Yeded goun §,40m im0 a1 1o s ¥
A-4-3 daan 2830 Lm 338 a0 37 ¥
\-2 .63 3,640 fom a5 fun 133 ¥
A-n T 2.6 1w 3% an [ ¥

¢ Fhome s Poxural fadure, B denstes bearisg fnlure, 5 donotes anchorage Galure.
L S R AR L1
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TABLE 4.8 COMPUTATIONS FOR ULTIMATE MOMENT IN FLEXURE UNDER UNIFORM
VERTICAL LOADING ALOXNE FOR ONE-WAY SLABS
titimate compressive stramn of conerete ¢ u  eadin in
Ky MG ks fh42 - 0004 thy ky Fe - p fg)
2 pi,
Iy oo - 62,82
ks tuken from Figure 4.15. using a4 steain rate obtained by assuming « u 10 b attaned 0 e
quavter the slab period.

Reinforcement - Ultimate
. Period i i ku Moment
Siah Ratio k3 f ¢ fs . Al P
T p AL /bd ty ty by s w Ay d
o s ) o o -k ky
16 Fsee psi  ksi 108 in-ih

20-1 8.3 00147 1.53 5,410 65.11 0136 8,498
281 7.1 N.NaHs 1.54 6,679 67,22 0.07¢ 12,0659
28-2 %1 00008 1.4 6,900 €7.37 0.0%2 12145
28.3 ‘6l [IX11:1 1.54 6,371 67.13 0079 12.078
36-1 R s.0102 1.55 6,815 67.19 0075 20,736
36-2 HR!) 69,0102 1.55 S.4020 67.090 00729 20,790
24-3 6.2 0.00%77 1.53 6,832 68.56 6©.057 16.003
36-4 5.5 0,0148 1,57 6,180 65.52 00904 2805849
36-3 6.6 0.0051 1.54 6,310 10.563 0.042} 18102
44-1 5.2 8,06100 1.5% 6,208 66.91 06796 30.225
44-2 ded 6.0075 1.57 6,744 68,72 0,03538 23,358
44-3 5.8 6.0050 1.55 L2838 T0.76 0.0432 16.308
44 8.6 20,0025 1.54 6,614 Ruplure 0.0227 9,050
36-1 1.9 0.0049 1.58 6,586 71.43 0,034 26.266
36-2 1.9 0.86049 1.58 6,328 9%1.13 0,0410 26.130
11-1 12,3 0.06150 1.49 3,628 65.09 0.137 2.7
16-1 10.1 0.0104 1.51 7,443 88,11 0.0995 4.038
162 .43 4.015 1.52 5,609 65.13 0.1346 5.619
16-3 9,45 0.015 1.52 5,635 65.10 9.1365 5.642
211 3.3 11,0093 1.33 6,882 R7.57 0.0740 8.655
212 8.3 6.0083 1.53 6,117 67.04 0.0773 8.634
21-3 9.3 5.0053 1.62 6,587 70.35 0.0424 3.859
21-4 9,3 0.0053 1.52 6,273 70.22 0.0444 3.847
215 7.7 5.0149 1.54 5,821 65.28 6.1274 9,750
21-6 L 0,0079 1.0 F TS B S 3 [ERIVF T P
261 .4 60,0678 1.54 5,688 68.35 20,0598 8.438
26-2 8.3 0.0030 1.53 5.932 70,21 0,0440 Sebe R
N 7.1 8,0009 1.4 5,203 66.20 0.0057 10.229
311 6.9 0.0048 1.54 5,917 70.5% 08,0422 %643
3.2 6.9 0.0048 1.54 £,892 12.52 0.0357 3710
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TABLE L9 COMPARISONS OF COMPUTED K1 FXURAL BESPONSE LADER L RICHCAL L0 MMNG ALONE
WITH OBSERVED RESPONEE:  STATION 6ol ONE-WAY SLAIS

Computed Parameters ) Comptred Response Tttt T T T
st Yield Thtimate Duetiity .\Em_i_m_u_m_ Deflection Observed lgesldual De flection *
Resistance Resistance Fagtor Yicld Deflection Hesponse Yielf Defleetion
ty u_ uo %y
ps T o T i
20-1 408 442 7.8 Failure Extensive vertical eracks 1.t
28-1 544 628 13.5 Failure Failure, not in flosued NaAa
282 349 633 16.0 Fallure Midspan vertical eracking a.7
2%-3 349 628 15.2 Fajlure Midspan vertical cracking 0.5
26-1 040 1,080 13.3 6.3 inclined cracking 0.3
No penter vertica) eracking
36-2 940 1082 13.7 6.5 Nea eracking L
36-3 712 835 20,4 Failure Imclined eracking 0.3
No center vertical cracking
36-4 1,33% 1,315 6.7 1.8 No eracking 0.1
36-5 477 515 3%.0 Failure Midwpan vertical cracking 1.4
44-1 1,359 1,573 11.3 1.6 No cracking ~i,3
41-2 1.043 1,228 | L) 4.4 No cracking -1
44-3 11 830 2.5 16 stldapan vertical craex. o2 n2
f1-4 362 71 88.0 Failure Midspan vertical cracking 3.2
56-1 1130 1,368 3.1 3.7 No cracking o
382 11 1,360 - a7 N-» cracking -4

* From positest survey data.

TABLE 4.10 COMPARISONS OF COMPUTED FLEXURAL RESPONSE UKDER VERTICAL LOADING ALONE
WITH OBSERVED RESPONSE: STATION 350,01 ONE-WAY SLABS

T Compuied Tarameters _ Compuicd Response
TTYiewd” T Ullimate  Duetility Maximum Defiection Obgerved  Residual Deflection *
$3b gesistance  Resistance  Factor T Yield Defection Respuese  YieH Deflection
" . NN . 1 - —
pel pei
11-1 136 13 10.3 Failure Light midspan crack -06.1
16-1 2 227 i5.3 6.6 XNo cracking -8.1
186-2 286 317 8.8 1.8 No cracking + 8.3
16-3 286 317 8.4 .8 Light widspan vertical @l
erack
21-1 326 36 184 1.3 Light vertical cracking -0.}
21-2 326 374 17.2 13 No ¢ acking 0.1
I 182 217 1.8 14 Light vertical cracking 8.3
21-4 182 2% 5.6 i+ Light vertical cracking -3
21-3 492 347 8.0 No yield Sligt vertical crack, +0.03
one side
2.4 2R L £ ) 2.2 Slight verdical crack, o
one side
261 ng 2] 1.9 1.03 Xo cracking 0.3
26-2 263 313 3.5 2.2 No cracking 8
26-3 310 78 12.1 No yield Xo cracking -6.2
11 k] i 39.1 1.15 Possibly cracked, one gide .02

3i-2 a5y 433 46.5 1.8 No eracking -2

- . ae s - . e e e - - m— n e s —

* Fre. ¢ Postiest survey data.
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TABLE L1

Yield = Computeid

Shith Hesistance Response

r‘. um ﬂ\

p) '
KN 83 Failure
el SNy [
2 [T 6.2
8. Ny .3
a6-1 }.833 L1
dGe2 1,633 1.1
36-3 1,699 1.25
36-1 1401 1.1
36-3 1.526 1.3
441 No yvield
-2 No vield
teon Ne el
tied No vield
361 Nv yield
562 No vield

Observed Responsie

COMPARISON OF COMPUTED FLEXURAL RESPONSE, UNDER COMBINLD BENDING

AXD ANIAL LOADS, WIH OBSERVED RESBPONSE: STATION 360,01 ONE WAY SLAR

T T Residual Deftection

Yield Deflection

o o ~ ll!“ i
Extensive vertical eracking LR |
Shear-anchorage failure NA
inclined wend vertical cracking "7
{nclined amd vertical eracking 0.5
Inclined eracking, one end "3
Carner cracked, one support "
iaclined cracking, one end [
Xo visible cracks 0.1
Inctined and vertical cracking 1.4
No visible cracks ~.3
Xo visible cracks ~in1
O crack at midspan 0,2
Finc inclined and verticas cracking 1.3
Yo visible cracky i)
No visible cracks ~0.4

TABLE 4,12

* From ;MMC’R diagrams. e ‘l:rom posttest ﬂrve;daa.

COMPARIZOX OF COMPUTED FLEAURAL RESPONSE, UNDER COMBINED BENDING

AND AXIAL LOAD, WITH OBSERVED RESIONSE: STATION 360.02 ONE-WAY SLABS

T Yield ¢ Computed T ] . :
o Residu il Deflection ¢

Slab Rci;:lmév B::o::e Observed Response “Viekl Deflection

R R s - -

11-1 164 Fallure One light midepan crack 0.1

16-1 s 1.6 No visible cracks w ]

16+ a4 1.2 No visible cracks -0,3

16-3 354 1.2 Une ligt midepan crack 0.1

21-1 -— No yield very Hight vertical cracking -0,1

2%-2 - No yielt No visible cracks 0.1

21-3 3 1.2 Light vertical cracking - 0.3

-4 3w 1.2 wight vertical eracking [ ]

2t-5 - Mo yield Short vertical crunk, one side 0,085

2.6 - Neo yield Short vertical cracy, o side 0

R § — No vicld Xo visihie cracks .3

6.2 — No yield Ko visible cracks ]

26-3 - No vield No visible cracks -0,2

31-1 — No yvield Possibly cracked, o side 9.2

312 —_— No vivld XNo visible cracks -0.2

e mEm——— - = n e

¢ From inleractuun dizgrams.

t From postiest survey data.
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TABLE LIS THE EFFECTE OF FOUMDATION ACCLLERATION UPON THE SLAB

RESISTARCE REQUIRED TO MMNTAN ELASTICITY

A measuromoents i pst.

Reqguited Heguired Aviiuble Availuhle
" . Busttive Negativ Positive Nemtive

Matioen Siub Case * Bt - oy
RHesistanee  Hesistance | Hesistunee Hesiatune

ey r : -t

R TFTRG B ) i 1.0 - gy ¥ oaav — 3

2 1300 ~1an 1.53% - 3ty

3 R N -tate 1,337 - o

Jhee? 2=z 1 jus 2 326 -1i5

° a3z B 4 4 36 =115

3 W L G265 s

* Case I: Stution prssure pufse, ao aveeleration gulse,  Case 23 Stution pressore
pulse and acecleration pulse beginning at crrblast arrival, Case 2 Station pressure
pulse amd accvleration piiee beginning = < 10 ¥ seeond after aarbig<t areval,

TAPLE 4.4 REBOUND RES(STANCE UF PHROJECT SLAKS

f, modulus of ruptore 0,13 M. psl b height o slab, inches. b width of slab, inches; 1
moment of inertiz in rebournd 1 12bh? in% vy ccbound resistance 16 e/bh ¥ 0,15 8, paie

Iy
Shab

“daount slabs TTTTTTTT 3ea,ez slabs

24 inches I st inches ) b 2dinches I % imches
b e Iy ¥r_ . S b R I rr
in psi it pai ia . in? vsi
335 34 21,860 |3 ti-1 iz.5 3,818 3,94 0
.0 R8I 56 Sehi 194 16-1 18.3 53,43 12,600 63
30,3 6,99 36,800 2K 16-2 18.3 3,608 12,600 65
A3 6501 b 5w 1H}] 16-3 8.3 5535 12,600 &4
3.3 6545 123,000 332 2§-1 233 6,882 26,000 128
3.5 T 123,000 341 21-2 235 6.1:7 26,1 its
383 #8322 133.000 2 21-3 23.5 6087 IR0y 123
3.5 Al8e 123,000 3nn 21-4 213 6,273 26,00 117
350 weadn Bisged o - FialiA 5207 emane tnn
1%.5 #5316 214,00 4 21-8 235 3.634 26,000 iné
§7.3 & O% 214,000 438 26-1 .3 f_658 e 184
1.2 RS 214,000 474 W2 I%.5 B pls 1,900 163
17.5 K138 214000 433 -3 28,5 3003 48,00 143
5.3 4814 Jonne o8 3i-1 33 3217 6560 211
ik, 6,588 Ll XY 12 ] Gi-2 .3 6,657 5,600 e

9
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FAPEE L1 ColPAnipons 3 AVAMLABLE RE %00 3D RESMNTANCE 3N Ric RS REBOESD
RESMSTANCE Pt o -0AY sbals

MY oresisiant e nrensyromoits i jasi.
H

Watbshil Kegquvesf Reststane shime prenl Wein 1o hesd
Ml ,“ '_“':' i I vt E i, ot e bmpamd RINE Miene Pomarts
S smtane i - ® Wermpeentne®* Botoe ment AMudhieight i

SEstieg B0 e -V ey dabes

2o ~3 L 55 L3 Vi Ye . Yes Yo

ELTH H P o =4 134 Y= Taie Yeor

dwok D et 55 - 1o Ye - Ye = A TS

gw MY Hrdld by ~ i Yoo A IT Yo

RIS sfts a5 HEE et h Y N Yo

- e 35 tos Thit N Yo No: Phy n ot it
toaneenind at
toandation

BTN e oh T 163 b)) N Yes

Sh g o a0 10~ T ht N Nes Twn anchor bolts
Foogenevl at
focmdation

e ST e ke a5 fas | O] Ses Yus Yer

§i-1 i 1.5% o fon I=5 Ner hos) Na

LR I Hh "y 55 1in In3 Ne» Yox No

$E-u HE s pricy  §+: 8 Is3 Nes e Yes

bivt iis UK 35 1an L EE] Nes Yes Yes

=1 ik nind 30 162 i N Yo Ne

-3 e e 33 i62 20T Ne Xo No

Station SN02 one-Rav Mabs

13-t dn (o 34 12 1 Xo Yer Yem

16-1 ] w5 ] K rtl) Na Yes New

ral [t pae H] 20 k1 Xa Ney Nu

16-2 (3} 136 jiy 0 i Nss Yes Nt

21~ el 256 5 21 %3 ho 1 Xo Yes

242 115 et il 21 £3 No Yus Xa

-3 122 jae ] 24 83 Xo Yes Yoo

23" Hed bl i S un Nes b1 No

R 1ao 329 3 24 83 hot ] Ne: Ny

s 2T 10 i au 24 §3 Nos Yes Nes

o=l Isi 31 50 au Rt No Yes No

-2 6l 2o 3 a0 s4 Ne Nev No

26 113 e " " Nes e e

3l-1 211 Snn 3t a4 x4 Xo Yes Ao

si-d 228 ann e 34 a5 Xe N Nes

* Voot resiatancy to rebousd of slab, ¢,
¢t Required rebound resistacee for alah fullv anchored against uplift from suppoits. .
t Hequirved rebound resistance for slab anchored against uplift from supports B anchor Lolts alone, r’;,-
: Required vebemind resistance for slab anchored giuingt uplift from supports bk safl friction alone, 'y,
* Rogquined relremd sesistan < for slab anchored agains: uplift from support by anchor bolts and soll
feictn, o7 - 1' .
S¢ e rvedd relemumd response, #lab eracked at top,
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TABLE 417

RBEE 7. COMEARINGS oF COMPT LRI CHAMCRING S REDMGTH WEiE
GIFLRVED REMPONSE: NTATION wanel 0N RAY s
saenic Cravhar Mixtinum . .
pie C ki Craching Strength ¢ rws mresd
Novengdtn Jteavtion
e v Maximum Heaction Hi spener
_er g Pt Y
1083 1% 1] n, 25 foeim-d vk, swme s wl oniy
2T HH I .25 Incitms} crach Erelll ¢ mmix
R icdn "was fnciinead < 2 ke, I-ak o s
A ti.fe R iociinesd o ke, team e nvin
Sanl LA "2 inelim=d vrach, e aral s
s 1 H A [ Noachine] cracking
b s 4 fo.1 8,02 tnciined erack, ofte o oy
3,~u3 15.2 "Il Ner crackim:
52483 154 L1843 } laciined erachs, ixdE o =ls
3. 417 fwte "o Nes eracking
L2 1 LR (L Nes vrackomg
J.13 [$OXE Wit Nes incimmed cracking
< Arg L Ll (18 §] Inclimad craeks, Irdh emds
3,363 0 [LH Xes srackng
3363 e R (184 Ner vrmeRang
COMPARISON OF COMPUTED CRACRING STHEXGTE WITH-BSEEYVED HESERSE:
STATION S6n.02 ONE-WAY SLARS
 Erackin g e e -
?:w mﬂmg H:uu.m.. ‘. thng Strr.—a:lk 1haerved Hespmise
Srength. Ve Reactin, V. Maximam Roactin
o b intih
u %73 1.56 #,50 Xes inchinast eracking
1.29 293 .44 X:: eracking
1.32 343 (L3 31 Ner gracking
il A 34 [0 § Xeranehinesd viacking
1.5 .04 "n49 Passibie incimed cravk, e
vt aale
1.8% Lo i % ¥4 Ner oracking
| 5t ] 335 0.3 o achinged oracking
134 135 ", 34 XNor anchimed cracking
il H ER] (1% ]
£.32 {84 0,13
A E R w,
—t i.te P
Al 4,20 [T o vTatReng
.64 32 1,81 Nee snclinet orackiys
1 &6 .32 2,63 X vrackiag
1901




enalinanbne i o3F LOZIRUT LI SHESE UOSIPRERENS 2 LHENGTIE oF 5 AR
SITHE Yaub e CONPL Ia 3 FLENI B AL REREMITH: BT ATI0N Bonnl ONM SA0Y SLAR

5. 4y

P Yeedd Ihvgmne Ultsnate  Drvgame Yoo &l Maswnam
Raaf Compprossson  SWERESL M3 ANa M. 5o oAl abssmemt anh vaul Hersaling Feswent

fatimated {hnzmue

Fiysogh. Fu5 3T FRELE S N favuls, M, Lowntr. M2 Wlagesd
5 o
S he M Rx 1.2 4
ok . e I Al
&L HIe 79 } Fheae i
L5 HES E 38 ] HER L
oy i=n G whd SR
-+ R Fom 552 .2
o8 T4 AT Serert 222
e Azt Ba X 6.5 oM
21,7 mz H 8 e s R
-
a3 .4 h raa. X
31.0 kR T i’ 18- 30
i%nZ 2y 63 Fr it i LEend
=8 (- LR LA SRt
[ Ny et et Theds it X .3
£4,5 < jii 8 ok 28.5Y
- - . .

Seracine shagrams,
of viasie ¥

ussder conbinet benling and axsal ads,

i 3

TaERE &35 CORIPARINON OF COMPUTED SHEAR-CONPRERSON STRENGTHS F SLABS STTH VARIGUR COMPUTED
FLEXIMAL FTREMITIE: STATION Sos? ONE-ZAY SLARS

Fatsmated Dymamie  Dumosic Yol Demammie Uiimale | Myminae Todd | SaSihaen

e Shwar Comoression  Momnt, No Axial Momest, Ko Axial  Noment with Anial Rowsting Moment
Streneth. 153 MY Loade, My boasis, 3. Laxds, Mo, e -

EE 2 § A= 4 52 X = LES e A- 4 2.5

5=} 522 T8 558 Lig 3 52

L 505 5in 585 8.3 L%

LS 505 &i3 5.63 &5 L%

-1 = 31 .88 850 ¥ 24 TATE

2t £33 351 .63 X 2 -4

Pt -4 L 33 3,55 =3 =4

b= £ 4 £33 =23 FLAS 3 [ -

Es £ LR %33 E A+ 2.5 LnE

e 2 £,55 = k% S wie?

-3 15,15 s | 8,44 {50 Seduy

4 14.33 .05 GA% s> T ¥

— A ata oM LR ¥ ¥

311 PR 20,53 B.29 .83 - 182 k%514

=g = Zi.a (% 351 8.2~ TleE

© aomggedared 5 slceaetion, Forams
¢ retsunst wreaw Ssicsintims <1 elidic response sacher combined bomding asl axds] fuods

102
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COMPAHISON of COMPUTED SHEM-AXCHOBAGE STHESSES AT YIELD MoMEXNT
‘&ﬁﬁ CONFUTED SHEAR-ARCHORAGE STRESS CAPACITIES AXD OBSERVED BRE-
SPASE: STATION 3ot OME-WAY SLARS

STEMelh 3 Pl

ar-inckorsge  Shear Amchorage TooTmT R e
siab Siress ot Yield Stress Capcity V¥ Obmerve. ' Hesponse %S;ﬁ I
L N 5 SR

he} 355 S it [ 4] \erﬁcat :mzi inciined E“aei‘rmg, Yes
o ewed obly

=~ dure < .08 Apgiremt shear-ancharage faii- e
e

2E-2 P & 30 W32 Yertical ond inclined cracking. 2]
Btk enle

283 3% (192 3 Vertica! ond inclimad eracking. Yoz
Ik vmis

5&-1 13667 3,50 Pearimg crack a3 om: sapprt N

262 14,010 2= Poaritg crack at ot suppert Yex

Ze-3 15508 236 inclined crnckisg, o ond Xa

K 22 Wi wheg Cormer cracked at sepport Xz

a5 1n, 300 o515 Vertical and inclised craeking. Yex
both ends

#H-1* Taea 11.He 3% Nower Xes

H~Z &, 00 H.ale B.4% Nupo Yo

$H-2 3% =L T L2 4 Vertiza! erack ot midapas X=

-3 35893 FER: _J a4e  Yerthen! and isclised cracking. Yes
otk enls

S A £ 50 2 X~ i Kome Yes

55-2 B34 12 406 831 Nam ho

'aiamm&égﬁgﬁs%gﬁfa Wmmmmprﬂi aﬁ:r:ﬁm
attined.

TARLE 431 COMPAREOX OF CONPUTED SHEAR-ANCPORAGE STIERES AT YiELs accemiss
BITH CONPLTED SHEANSAXCHORAGE STRESE CAFACIIIES AND OPSERVED BE-
SFOKSE: ETAPOX sl OXE-WAY SLAMR

mm&ﬂf

Sunc-jeehragy  Smes Anchvame T . ’

L Sirvss 2t Yiedd Rrvss Capacity ¥y Ol rred Rempwse Hesnforment

- 3 s e n Bt Ll et e s o oo o n— o~ .
3 35 2435 215 TS Light verticn! mickspon erack ¥
=1 858 51 A Naoe Yes
P52 235 3241 v AN Xeone Xs
L] &5 CLins A sRe St ~erteal oFatk af mesgian Yo
5 B 3 38 38 Bt LG Vo 3 ETACKING B
3.7 3,50 X5 85Ty e Yes
2i-3 237 aarz 2433 §, & sertical eracking ¥re
= 8 e H B Lt vertics: cracking £
25-3 §5uz 4513 8543 Mort light erack ot midagon Xs
2k 813 3538 8,856  Nhort light evack at midepas Yeu
*-1- E L - P BE13  Newr Yes
=2 X 1954 8542 Xame E=
-] 39 3% 2933F  Neec Re
1 5 b Sage H523  Pugebiir light crack ot meidagas Yoz

=2 118 3515 LS Xa

ﬁﬁﬁé.iﬁatﬁsﬁ!ﬂﬂtﬂ
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TABRLF 427 COMPARIBON of COMPUTED AVERAGE BOXD STHESE WITH CYLINDFR
STREXGTH AXD ORSENVEDR RESPONSE: STATHON 38561 ONE-WAY SLARS

Auermage  Celinder o ) o T
LT Boic Strvss Sreength u, fa tdhservesd Hespoise
u : Le . . o e
psi pri
sa-1 I.i0% J.iin EX.N- Yertieal and Lschined Cracking, one )
emd ol
28 LT £,670 u221 Apparent shear-anchorge fitare
due 337 (AL 214 Vertien} amd inciined eracking. ;
Ak endn
e B84 1,437 £.5%1 #02% Yertiea! and invlival ecocking,
il emnds
261 1.45% [ 5} 0.2168 Bezring crack at ane support
inclised cracking, one cod sanly
35-2 1.47F 5 S 8,218 Bearing vrack at mue support
sh-% 1477 6852 w216 Inclimed exacking, one ond
564 1457 R H25 Correr eracked at support
363 14378 £,310 5,233 Vertical amt inclined concking, 9
+4=1 I 1. 6,00 8,23 Nowe i
$4-2 1577 6,544 5214 Nome 4
-3 1433 [ hec ] 6,237 Yeriieal crack at midspan
iH~1 1458 6,613 7,223 Yertieal end inclined cracking.
-1 .45 B,506 L Bews d Nose
362 1437 6,328 #0223 Xone X

TABLE 433 COMPARISUX OF COMPUTED AVERAGE BOKD STRESS WITH CYLINDER
FTRENGTH AXD OBSSRVED RESPONEE: STATION 38882 OXE-RAY SLARS

T TAverme Cylinder o
sial Bomd Stress Stremgtk 8, bscrvesd Responme
U . e e
psi pol
11-1 2,283 582 LR -] Vertieal evack =t midegon
15-1 2354 5.42 434 Kowe
16-2 2,251 3,600 8,421 Nome .
16-3 %355 555 8427 Yeriieal orzek of midepan. one side
21-1 .36 6,842 343 Light sertiva] cracking
b 24 A RYL il B
21-3 E X3 359 Light vweriical craching
Ti~4 2354 62553 8277 Light vertical craching
213 2,954 5,521 8418 Heort vertical erwk 2t midipan
ik 2,364 5454 8418 Short vertical crack 3t midepan
51 2,364 €055 *353 Sow
-2 2.36§ 3552 o398 Kome:
283 23861 3,282 84535 None
-1 2,56 3oy .08 Possibie vedtical eratk xt mideron
3i=2 A2 &,6% 353 Kowe
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TABLE .28 COMPARISON OF VARKNS COMPUTED BEARIRG STRESSER WiTH CoMPriFe BERHING
SIRENGTHS AND OBRBERVED RESPONSE Fift ONE~WAY SLARE 3T STATHE 36093

Al mensurements in pai.

Doiring Stress | Pearing Mress Maximan earing | Bearing D
sl oat Vieklwith %o ot \'i:ga with Siress Rlastic Sresh ““’*f;ﬁf e oot
Axial Louds, By Soial Lond, fiy Hespomee S, o i Beaing

et 8.250 2 k) 16,55 Xane

L} sS4l [ 1 3 8= Xone

Ju-F R L2 4 tiasa .55 KXot

2%-0 Bodin [ ¥ 1508 [ LR ] Nonte

b 3 et 11,05 11, 336 Typreal Bearas Wilure.
one vnel

=2 3.3%0 1.0 i ta e Frpicat bearing Hisre,
£% Tikd

S6en Foite {215 frE ) 15,435 Corney off one gt

364 500 3 K 54 £1. 580 #4385  Corner off o el

q6-3 A5 8.356 f 4 =0 3,590 onE

44=5 LR 208 @300 Nome

E 2 244 % f 3 2 19,50 Xone

i~ Jo 4 LA #3¥: None

i3 s im0 FL Yerticai crack oFer
suppari. e oxl

36-1 e 12,066 e85 Nomw

h-T 5,99 12,000 X Namg

TABLE 425 COMPARIBOX OF VARIOUS CONPUTED BEARING STRESSES WITH CoMPUTED BEARDG
STRENGTHS AND OBSERVED REXIXSL Frl OKE -\WAY ELAPE AT STATION 3aaz

S measurcments in pei. o i _
Bearing Sticse Roaring Strewsd  Maxisees Diesring Bearins

Slab & Yield with Xo ¢ Yick] with Sress Fiasiic Srengh S Mrusi
An;ila-&lyy mmrsx‘ Respomee 8 rax 4%

. A e [ e

-1 1,566 1 58 14» Taen X
1&-} =182 2,554 b ) 518 Bunc
18-2 2548 2,536 A - 558 Kowe
15-3 2545 2436 X% - Xone
211 2518 _-— 3458 28 Rost
212 2550 — A . &, NG T
et £ 155 t ans L% L3 L2
21-4 1 855 3,938 FR =T Ko
21-9 2440 = 3400 Ky Sane
oo 2.2 — 3.5003 £ Rone

o= S48 - 1,586 2.550 Some
25-3 — —-— 4,508 - Sone
3i-1 EA — 3,500 L= Sane
-2 3,64 -— 1308 F 38 Xome
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TABLE .26 CoMPARISOX OF COMPUTED AVERAGE SHEAMUNG STRESS AT SUPPORTS, AT YIRLIDL
WITH FLHINATE CONCRFTE STEEXNGTH AND OBSERVED RESPOSNSE. SFAUON seecd

M mtasurements in psi.

Compatol Weage” Computed Average  Computed Cllimale Compatest Ultimate™ ~ "7
St Shaaring Streas Shearing Siress Shearing Stress  Conervie Steength aﬁ;‘m
‘ertival Losd floly Combimad Laading Eiption .45 Alowing 1o Kapid -

“ay Ve T Steessing L M
fic i 2t by 1,231 1 &2 Xout
Shmy T  #=i ) Inez to.lan Xone
The2 i $.354 32 053 lore
BHeD s 1.2 “¥7 10,060 Koo
Tt 253 = g 14,478 Nonc
Gt a5 1633 #ie 1, 5m None
S SE8 1.al4 2 to, 150 Nom:
BEed 1 355 i.5x5 =i 4668 None
-5 88 i =54 4,550 Now
-1 1,955 sz 8,500 Nowme
#H- A5l 3= 18 500 Noge
337 o 43111 Bl Kape
3 = L2 ] 18,1mm Now:
1% | 6% 583 L2 Now:
S0 363 8% 3.h50 Nooe

* Congpratend using Yomax from elastic reipmse computations.

TABLE 4.27  COMPARISOX OF CONPUT ED AYERAGE SHEARING FTRERS AT SUPPORTE. AT YIELD.
WITH CLTIMATE CONCRETE STRENGTH AND OBSERVED RESPONEE. STATIOX bz

s

mputed Average  Compuled Average  Compeied Ultimate  Compuied Ultimmte
Sheariag Siress Shearing Firess Shaaring Rress Contrede Screagt: . ‘E

%eﬂk?; Faad Only fﬁﬁdiﬁ Eﬁf&i-&ﬁ Allowing for Ropid ;I;
— “ —

_ Sircssing k;
- T Nunc
k- .19 Xone
337 5453 Kone
e S Xone
2y sije Xons
36 3,508 Eome
a8 5,235 Tt
5 #1539 Xume
T3 k-4 Nome
53 8,504 Some
Wi L& 1 Xowe
k] .- Kome
- 8,258 XNoas
a3 .353 Xane
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] ] tecsasw0psi § ]} ‘tc* 240008
g‘-’ AP S S R W j
Mcx Avg.Shoer = 210 fs * 40,000 psi
LdBearing Sirass = 36006t Nermel Stresses
(L d ot Midspen

'} teads3209si ] ]] fc = 240008

A A N W A e e W W .

Moz Ave. Shoer = 420 psi fs = 40,000 psi
Sasring Siress=1840 pui Nermel Siresses

ot Widspen
" Leed » 1200 psi fe ¢ 2400 psi
| ]
ty = 40,000 psi
Sesring Stress = 4750 N nei Siresses
o Midspun

Tiger: w1l idustrstion of efiect of depth on josds, bearing sticases, and
shearirg siresses corresponding 1o constant nominal flexural siressss.
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Figure 4.2 Qualitative vrepresentation of principal stress trajectories
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s 1 [}
-9
”
7/
I 4
y
b
[ ) f: [ ',
ke 2
[ H .
o |t v y
s ] ¢ 4
1, .
& Assumsé veristion of strain with depth.
tx s ¥. Yeristion of comprassive siress In
T coAcrats obeve the nesfrst exis,
ty ¢ Variation of ahesr strsss with dspth
in concrete ehove nevirel exis.

4 Verigtion of verticel comprossive stréss
with dopth in consrete obove nesiral suis.

Figure 4.4 Combined stress conditions in the concrete above the :
neutral axis in 2 simply supported prismatic beam of reinforced )
concrete under uniformly distributed load. (See Appendix A.) 4
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§ g ® Nen Sheor- Aschorege mnnij
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Nominel Bearing Stress cbove bors, fpq, ksi

Figure 4.5 Anchorage shearing stresses at ultimate load.
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Wi W8 W8 W8 W/E W8 W/B W/ 1

NN

fas n S v s S W e SN T A W A T T S W0 . T i W

: } 5
| _—

{ 5
.
fom L= 36

Momant &t Ce 5W in inch-kips for W in kips

Equivalent Dist, ted Load: §ﬂ3's}‘ s SW 3

w + g¥3 cipsrinch

Contur Detiection by e.cnut Theory *

e sh W b

I = Moment of inertia of creched tronsformed seclion
€ » Elostic Modulus of Concrete + J0BI0 oy

usc*ﬂﬁﬂ

¢
WA s Area offactive in shear, taken os bé

G + Shauving Modulus, token o3 E/72.4
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Figure 4.6 Loading on C and D series specimens of Reference 3 and method
used to compute elastic deflections including shear deflectiorn.
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Figure 4.10 Interaction diagrams for vield and ultimate flexurat
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Chapter §

CONCLUSIONS AND RECOMMENDATICNS

5.1 CONCLUSIONS

5.1.1 General. Interms of the original objectives of this project, the results were
partfa—ll} successful, at least for the one-way slabs. Despite differences between pre-
dieted and observed response, the results obtained from this project are in relative agree-
ment with those obtained in static tects of deep beams as reported in Reference 2. The
latter tests were conducted subsequent to the inception of Project 3.6 and results obtained
from them were not available at the time of the preliminary design and analysis of the
slabs tested under Project 3.6.

In particuiar, the data from laboratory tests mentioned above indicate that the present
criteria for anchorage-bord and pure-shesr failures are very conservative. As discussed
under Section 4.1.3, it is believed that a diagonal-tension failure is not possible for a vni-
formly loaded, simply supported one-way slab or heam. None of the slabs tested under
Project 3.6 failed in anchorage bond, pure shear, or diagonal iension.

Certain qualitative conclusions may be drawn from comparisons of the behavior of
glabs that differ from each other in only one respect, and from the bekavior of the slabe
in general, despite the differences between predicted and observed response. In addition,
tentative conclusions may be drawn from the snalyses discussed in Chapter 4 of this report.
These conclusions are tentative because there is no data to substantiate the various as-
sumptions that were necescar to consider the effects of axial loads, base disturbance,
and rebound, on the response »f the test slabs.

§.1.2 Conclusions Drawn from Observed Behavior, Effects on Web Reinforce-
ment. The effect of web reinforcement < the behavior of the one-way slabs tested
under Project 3.6 was qualitatively the same s:: that chtained in static testa of deep beams.
Specifically, comparing the vespouse of Slab 28-1 vk that of 28-2 and 23-3 sid the re-
sponse of 36-1 with 36-2, it is apparent that web reinfor caent inhibli: e deyclopment
of major inclined cracks even in very deep members under dynamic !o.is.

With the exception of slight differences in concrete strengths the siabs comy. . ~d bs '
the same properties. Slab 36-1, which had no web reinforcement, develr rea ra:ztne:
crack at one und, whereas av-2 dio nt. Slab 28-1 which also had no web reinfo - omi.:i,
developed mujor Inclined cracks at both ends and failed, either in shesr anchorige or
during rebound. The other two slabs, 28-2 and 28-3, exhibited more distributed cracking,
did uut deverop major inclined crack and dio not fail.

It is concluded therefore that web reinforcement should be provided to insure failare in
flexure rather than in some more brittle mode.

Longitudinal Compression Reinforcement. None of the test slabs wer2
reinforced in compression, aithough those with web reinforcement had very smail bars
at the top . which the web reinforcerent was tied. A large number of the siabs devoluped
vertical crazks from top to bottom in the vicinity of midspan. It is believed that the only
Izival explanation for these cracks is that tensile stresses were developad at the top
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surface during rebound Scction 4.3.6). It is concluded, therefore, that wherever support
conditions are such that significant tensile siresses can be develuped in the top of the slab,
longitudinal reinforcement for resistance against rebound should be provided in accord-
ance with Reference 27. This reinforcement will result in more ductile flexural response
in the direction of the applied load.

5.1.3 Conclusions Drawn from Analyses. Flexure. It is recognized that flexural
response computations are affected by certain parsameters that cannot be defined with
great certainty, especially if the resistance function is elastoplastic. Among these
parameters are rise-time of the applied load, natural period of the structure, peak
applied prossure, and yield resistance. Houwever, it is clear from brief considcrations
that the maximum possible effect of variation in the first two mentioned cannot account
for the differences between predicted and observed response at Station 360.01.

Because the probable variation in the peak applied pressure is on the order of 2 |5 ner--
cent, it can be concluded that the yield resistances or apparent yield resistances of the
slabs at Station 360.01, particulariy, must have been increased greatly, Computations
have indicated that axial forces and base disturbances could account for the differences
noted BSection 4.3.4). Owing to a iack of data, these computations were based on as-
sumptions the validity of which cannot be confirmed in geveral. Therefore, the resuits
ul these computations should be regarded as giving orders of magnitude of the effects of
axial loads and base disturbances on the response of the test slabs,

Neither axial load nor base disturhance by itself appears to account for ihe difference
between computed and observed response for zll slabs. For deep menivers such as Slab
44-4 the effect of axial loads sppears to account for the order of maguitude of the incvecase
in yield resistance required. There are other indications that i%e increase in yizld re-
sistance was real rather than apparent—indications such as cracks in the bases of some
of the deeper slabs over the supports. However, for the slabs with depths of 20 inches
or less, the effect of axial loads was insufficient 1o account for the required increase in
yield resistance. Therefore, it is concluded that both axial loads and base distyrbances
had a significunt effect on the flexural resistance of the various test members, and that
the former had a greater efiect on the behavior of the deeper slabs wherreas the Ixtter had
a grester effect on the behavior of the shallower slabs.

Other Modes of Failure. An attempt was made in Section 4.3.7 t0 evaiuate the
resistances of the siabs to failure in other modes, such as shear-compression, thear-
anchorage, bond bearing and pure siear, by applying empirical expressions derived from
anilyses of data obtained from static tests of reinforced concrete beams. Equations 4.3,
4.4, 4.5, 4.6, and 4.7 were modified only to include, where practicable, the effect of rapid
strain or stressing on the strength of the concrete. It is not cleay whether the equations
uséed are applicable to the dyramic case.

1f applicable, the equstions for cracking strength and shear-compression sirengih
appesr to be conservative. The former predicted inclined cracks in ail members, where-
as visible inclined cracks were noted in relatively few. Allowing for an increase in shear-
¢ .apression strength due to the rapid straining rate, the latter predicied & shear-
compression failure in only one member and that member did not fsil. However, it is
believed that the shear-compression strengths of all members would have been ipereased
by the effects of the axial loads; U.ese were not taken into consideration in the development
of the equation.

With the possiue exception of Slab 28-1, none of the members faiied :u shear-auchorage,

and none were computed to have failed. However, because some of the slabs nad wel
steel fwiuch undoubtedly helps to resist failure in shear-anchorage) snd because most of
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the slans did uot develop visthie Inelingd cracks, it is not clear whether the eruation ased
i% applicabie to the dvpamice cuse.

it is cicnr that there iy w0 adejuste ovitcrioe = anchorag: bond sirangth of sicep -
way glabs, The stress _onditiuns in the contrete suvyeutding the tengite reinforcement
slave the support in a deep slab are greatly diff-rent from dmse in standard pullout 1ests
upon whhich the pyesent eriterion is based. Tidz faet was noted in Reference 2, < fieh
reputted comnpated bond streszes greatly i. excess of the suandard bond-streugih sriterion
in stativ testC 2f deop beams, Bond stresses on the order of 6.3 £/, probabl: wers de-
veioped in *he slaba tested under Project 3.6 with no appurent bond failuve at the anchorage.

The critevion applied for hearing suwrengthe apprars 10 bs applicable to the dynanic
case a2fter allowance has veen made for the rapid siressing rate. Good correlatien was
Jstained Detween the computed bearing stresses, olinputed bearing strengths &, ' ob-
served response for the case ~f the nasumed combined foading condition. As discussed
above, the anulyses of the rv.ouse of the alabs (¢ combined bending and axial toad- are
based on assumed magnitudes of forces not confirmed by data. Thus, the appiicability
of the bearing strength criterion assumed has not been established firmly.

The present criterion for pure (end) skear failure 13 apparently tco conservative.

V7 ues of compuited average shourin  stresses as high as 0.43 £, were obtained in statle

tr s of simply-supporied decp bear . without pure-shear failures as reported in Refcrence
2. Computu..ns indicate that average shearing siresses us high as 0.32 £}, were attained
in the slabe tested under Project 3.6 without a shear failure.

5t {5 believed that one of ti. ¢:wuna why the present criterion is too conservative is
that no considoration is given to the effect of the stressing rate on the strength of the con-
crete. It is concluded therefore that although the value of tho average shearing stress at
which a pure-shear failure will occur has not been established, there is sufficient evidence
available to permit 2 reasonable increase in the ultimate or allowabls average shearing
stress on the vertical section adjacent to the support,

In summary, it is concluded that, except for bearing strength, none of the criteria used
to derermine the strengths of the members in modes of failure other than flexure have
been demonstrated to be applicable to the dynamic case. Specificsily, it is emphasized
thai: (1) there is no adequate critericn for anchorage-bond strength; (2) the vyusmus used
for shear-compression strength is known to be conservative when the member is subjected
to combined bending and axial loads, even in the static case: (3) the expression for crack-
ing strength appears to be very conservative if it is apriicable to the dynamic case at all;
and (41 the ~riterion for pure-shear (epd shear) strenjth appears io be very conservative.

3.2 RECOMMENDATIONS

§.2.1 Fur’.er Research on NDeep Ome-Way Siahs, The tosponse of deep one way slass
to static ic s is oniy beginning to be understood. Although somc recent piogress has
been m» le, as ceported in Reference 2, a great Zeal resaine ic % learned, specifically
about the failure of these slahs in brittle me3ee such as shear- coi-pressio i, shear-
ane orage, pure shear, ard anchorage boud.

Flexurz) resistance criteria developed from tests of reinforced-concret: beams of
vrdinary proportions (span-depth ratios of about 10) appear to be appiicable to deep beams
down to spun~dipth ratios of around 2,6. However, criteria developed sim‘lariy s orark-
ing, shear-oo pregs.on, pure-shear, and anchorzge~bond strengtha do net appour (o he
applicable fo the static case, much less the dyauamic. Fartusr, the efizet of axial loads
on the resistance of deep members 10 these trittle modes of faiiure has not been deter -
wmoad for the static case. After the static case is fully understood, there is much that
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remaln’ o e vestigatad Coatrrsing donemic Debavior, which cas Leal e lavemigutel
upder tatwrdiory comiiima FERN e vuriztles involved can be cotrulicd. Amosg the
impariant arcas of iwratigation are: D) periods of vibreiton of desyg vie-way slabs; 7}

st Gf rardd nressis; or striiniog raies on i strength of doas roinforeed-conerete
«la3bg in fexnic, 31 wflcls of rapid stcewsing vr atraining reies oo ibe xrongth of deep
reinforcod-cuncrete s!abs Iz hear modes; and &3 offeots of wxdal loada including friction
at the supports vs 1 -0 gk of deup eegaiorecd~contrete siaba in the varjous modes of
faiiure.

It is recommendud, thevefors, that laboratory invesuations of the static sod dynamic

behavior of deep une-way slabs are pursued. Until more in kn s zbout the effects listed
sbove, the ousign uf deep cne-way slahs et necessarily Jemaln cogaesvative,

2.2 _Reasearch on Deep Two-Way Biaos. Present design criteria for deep Inc-was
stabs ‘of reinforced concrete ar based on thecretical analyses and meager static tems of
med.um-thick two-wxy glabs. Based on rreont resulis obtained Reference 2) from static
tesig of deve »w~<ay slabs o, nificant differeaces between the bshavior of deep and
nechium-thick two~way # .08 a ¢ wnlicipated.

To the wriwrs’ ¥ owiedge, there have been 0o static tosts of desp 1wo-wiy sighs of
reiafwend oo Lrute corducicd wnder | boratory comditions I addition, little sheoretical
work har “.cen done on defp two-way sisia even in applying the tkeory of elasticiiy ¢ &
b~ sgcneous, isotropic maigricl. K 1g recommended therefore tat theoretioal and ex~
perimrental invostigations of deep ivu-vay alabs of reinforced conc ‘cte be pursued to
establish the probable modes of failure of such members and criten 1 for resistance to
failure in those modes.

5.2.3 Interim Design Criteris for One-Way Slabs. Urtil more knowledge is obtained
and better criteria e tablished, it is recommendad that the criteria suminarized below be
used for the analysis and design of simply supported deep slabs subjected to uniformly
distributed dynamic loads.

Flexure. {1) Yield resistance:

ry < 0.081y ] d/nt e 5.1)
Where: ry = yield resistance
fy - dvmamic yield stress of the tensile reicforcement

} = ratio of distance between centroids of compreasive and teasile forces to
the effective depth as defined by the elastic theory
d = effective depth

I' = effective span (center to center of supporis)
¢ = percentzge of tensfle reinforcement
) Ultimate resistance:
Fy = M08 18 (1 —kk,) @d/1'F o i6.2)
Where: r. = ultir.ate resistance
= dynamic stress in tensile reinforcement associated with strain in the stgel
at the ultimate mement
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kg = ratio of depth of the centr .«d of the compressive forces to depth of the
peutrai axis ai the ultimate moment as defined by the ultimnte strength
{heory
k“ = ratio of the depth of the compression zone in the concrete at ultimate mo-
ment to the effective depth of the siab as defined by the ultimate strength
theory
d, I', and ¢ are as defined above
{3} Yicld deflection:
3125 5 ¢
s~ “a ¢ Egdd

5.3
Where: by = dynamic yield deflection at midspan

E, = modulus of elasticity of the rensile reinforcement
o - 2201 adN s 0.22 '/d) o 0.17

’m

rys I’y d and & sre as defined previousiy
“: Uitimate Jeflection:

o = 0y + 0.2 (/AN legy - €gy)

3.4
Where:

&u « dynamic uliimate deflection st midspan
€gy - rain iz ke tenmle reinforcement at ultimate load
t" =~ ¥ixic strain is the tensile reinforcomont
&y, I', and ¢ are as defincd previously
{5} Period of vibragtion:
{8) For span-depth rrtios of less thyn %8 yce the Mllowing:

T - 25 of 0-0% Onc
g

5.8)
Where: T = fundamental period of vibration

Oga = computed deflection at midspan when sisb is londed by a diniributed static
losd equai to its own weight

g = gravily constast

&) For span-~“depnt) ratios of 6.0 or greater use the followirg expression which was
devejoped frem oonsideration of simple support cases of Equations 5.5 and §5.29 in Refer-
cnee 28:

. ~3
T:6lox107° f,/ry 5.6,
Where: T - natural period of member, maec

I' = effective span (center to center supports), inches
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{ ¥ dyna, sic yield stress of the tensile reinforcement, ps.

r

¥ dynamic yield resistance of member, psi

The preceding expressions require knowiuedge of ihe stress-strain reiationghip n the
tensile reinforcement under rapid stressing, and 2 considerable amount of computation
For cxample, the compatations for ultimate deficction and resistance in particalar require
the sojutiou by asuccessive approximation of the “ollowing expression:

500 ¢ k ~k; )

€90 TTTGL “fy {5.73
Waerz: ¢, - ultimate stvain in the conerete in compression

k;  ratio of the area of the conereie stress blonk te the area of the enciosing
rectangle as defined by the uitimate strength theory

ky - ratio of the ultimate compressive stress in the concrete to the standard
cylinder strength, .. taking int » consideration rapid straining rate

P = standard cylinder stro.gth in psi
‘s, v, and € g are us defined sbove

Equation 5.7 is based on 2n assumed linedr variation of atozin with depth at midspan
and should be valid for span-depth ratios of 2.0 or more. To .sc the equation it is nec-
¢ssary to know or assume values for LI Ky, ky, and i’c, and 16 kinow Or asgume the
dynamic stress-strain relationship for th. tensile reinforcement. in this report, the
ultimate corapressive strain in the concrete was assumed (0 be 0.004; k; was assumed
1o be 0.85; ky was ovtained from Figure 4.15. For a first approximation, the siraining
rate may be computed by assuming the ultimate strain is attained in onc-half the funda-
mental period.

For trial design purposes the extensive computations required to determine ultimate
deflection and resistance may be avoided by vsing an clastoplastic res’stance function.
The yield resistance value can be used s the uitimate resistance. The ductinty metor
&k may be obtained from the foliowing equation taken from Reference 28:

19

[ E—; 52 5-8)
Whare: ¢ - percentage tensiie reinforcement
' = percentage conpressive reinforcement

it is belizved that designs based on the aro. & wpation for duclility iacior, wud the previ
ausly given equations for yield resistance and fundarsental period wii' be somewhat cou-
servative for flexural resposse becaude of the neglect of the asditional energy absorption
¢ 10 mrain hardeniig in the stes] and incrcases of the saternrl wonmwent after yield.

Oth.r Modesx. (i) Shear-Compressicu: Use the following expreasion developed
in Reference 9.

_ 0.045 fic
W3 152 bt fp k (0.57 - “—oy S
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rye Il
Since M's ® -

0.045 1,

109 (5.9

Pye l216/'” Pc k .57 -

Where: rg,  resistance o shear-compression failure

k - raun of the depth of the neutral axis to the effective depth of the slab as
defined by the elastic theory

a4, I, f’c are as defined above

(25 Shear-Anchorage: (ay use the foliowing ¢xpression developed in Reference 2 modified
by the rate of stressing at the support, assuming no axial loads:

f
g5 . _BY <
\u - K3 f‘c (O.ZO v T{)T) {5.10)

Where: v, - ultimate average shearing stress on the [ailure plane
fpy = average bearing stress at the yield rezistance
ks and f}, are as defined previcesly

() Equation 5.10 must be «o*~ared to the following expression (o determine whether the
siab will fail in shear-anchorage before the yield resistance is attained {(assuming no
axial force acting):

L U0lfyod

3 F F: — 0.5-3'7 5.11)

Where: v, - the average shearing stress on the failure piane when the yield resistaace
is reached
c = the longitudinal dimension of the 3upperts
d' - the distance from the centroid of the tensile forces to the bottom of the slab
(y. ¢, and d arc as defined previously
{3; Bond. Use the foliowing expressions as indicated for shezr-anchorage above:

w - 0301 (5.12)
.01 ¢ bd
“" —--—:.._——ca,nf - {5-13'

Where u, - ull:mate bond stress

4y - 2verage bond stress at vield resistance

}.U sumn of the perimeters of the tensile reinforcement

Ty f},, o, b and o are as defined previously
t4: Bearin,, Use the flicwing exnra.®.a5, sssuming no axial loads;

f,

. 31 :'C 5,14,
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V\, l.
I - W12 WE N ) - 8
fb_v i .12 py 0.38 ry )5 py

[*]
-t
o
R4

Where: fi, - uitimate bearing stress
fby - bearing stress at yield

py - value of overpressure at yield of tensile reinforcement
&, ¢, and ry are as previously defined

For most designs by X Ty, therefore, for most practical cases, the following expression

may e used:
'

- 1
‘b)' ¢.5 !‘y P 0.5 ry ¢5.15bL-

®ote that Equation 5.15b is conservative except when py > r, (not a common condition).
(3) Pure Shear. Use the following expressions, assuming no axial loads:

vy - 0.2k I 13.15:
V\' !
by, =~ == = = {012 . 3.16a,
Vey Ta " d Olzpy~ ossry; 5.16a
Wiere: Veu - uitimate shearing stress on the vertical section at the supports

vay - average shearing st .. = the vertical section at the supports
{ * clear span
d, Py and ry are as previously defined

As indicated under (4) above the following exprv:ssion may be used in lieu of (5.16a:
for most practical cases.

{
d
{6: Web Reinforcement. It is recommended that the amount of web reinforcemer: —
quired be determined as indicated in Section 5.1.2.1 of Reference 1 but that at least 9.5
percent of web reinforcement be used in deep beams of span-depth ratios of less than 6.0.
It is believed that this minimum requirement should be met to insure 2 flexural failure
uniil apparent anomalies between the behavior of deep one-way slabs under static and
dynamic loads have been explained.

Axial Loads. If the values of axial loads can be predicted with reasonable
accuracy as a function of time, they should be taken into account in the anaiysis of the
member. It is apparent from the ronsiderations in Chapter 4 thet axial ioads can have
2 marked effect on the yicid resistance of the stab and on the shear-compression. siwar-
anchorage, bend, and pure-shear strengths of the slab. However. the values assumed
1n *his report for the cocfficient of friction at the support and the lateral component of
the earthtransmitted pressure are rot to be taken as accurate since there 2re no Jdaiu to
confirm them. To ignore the effects of axial loads is to be conservative; thus, it seema
advisable to ignore rather than to overestimate them until morc daia has been oained.

Base Disturbance. Asindicated in Chapter 4, base disturbance czn be harmful
or beneficial deper’. wr or the variation f the disturbance with time. Again, if a reason-
able prediction of the - arlation of the base disturbunce with time is possible, it should be
taken inte czcount.  Por one-way slabs with shallow footings, subjected to high over-
press:. . (within a range of pressurce such that the air-shock velocity is greater than the
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ground-shock velocity 1t is believed that the effect of the base disturbance is to incicase
the apparent vield resistance of the slab.  This belief is based on two considera ions;

the magmitude of the distervance at shallow depths appears to be significant, amd the rate
of provagation of the air-induced ground shock through the soil is such that the disturbance
beging before the structure attainsg its first maximum deflection.

No attempt was made to approach the problem of the effect of base disturbence on the
response of simply supported one-way s'abs in general, in this report.  Therefere, no
gueneral recommuendation can be made.  However, it is noted that the magnitude of the
cffect computed for these slabs is undoubtedly much greater than that whicih meght be e~
pested for a structure designixl to withstand pressures on the ocder of 200 to 1,000 psi.
The depth of the [oolings for such a sirvcture, cven if il were nol aried, would be great-
cr than the depths of the footings for these slabs, and consequently, the magnitude of the
base disturbance wouid be less than for the Project 3.6 slabs,

Rebound. It is recommended that consideration be given to the provision of longi-
tudinal reinforcement to resist tensile forces developed during rebound. This can be
accomglished by the use of the charts in Reference 27. It is emphasize that these charts
were prepared assuming that the member has the same moment of inertia in both direc~
tions. The required resistance obtained from the charts should be multiplied by the ratio
of Y1r/l. 3s stated in Section 4.3.6, the factor given above is an approximation which
is corruect only for responsc to an iiapulsive loading. Multiplication of the resiswance
values obtained from charts in Reference 27 by the factor given above is conservative for
long-duration loads. Ir and ' mov be computed using transformed elastic sections.

This procedure will not prevent cracking in rebound but wili prevent 2 flexural failure
in rebound. If no steel 13 provided to resist tensile forces i, retound, a vertical crack
might represent failure of the member, depending upon the function of the slab.

5.2.4 Interim Design Criteria for Deep Two-Way Slabs. It is recommended that deep
two-way slabs be desigaed in accordance with the procedures outlined in Reference 28
until better criteria become gvailabie from future research.
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Appendix A

DISTRIBUTION OF STRESSES IN REINFORCED-CONCRETE BEAMS, ASSUMING
ELASTIC STRESS DISTRIBUTION

In the derivaticn for the distribution of shearing stresses in rectangular beams of an
elagtic, homogencous, isotropic matenal, it bas been shown by the applicaticn of the
principles of statics that the shearing stress at any point is the integrated difference:
butween the bending stresses on either side of a beam section.  Applying the sanc
principles to the reinforced-concrete beam, the standard shearing stress distribotion
may be obtained. The tctal shearing force on the Section pq in Figure A.1. iz vhdx,
assuming a uniform distribation of shear slong that surface in the direction of the width.
This force is the resultant of the horizuntal forces acting tu the right and iefi o the
portion of the beam above the Bection pg.

Fip = f f,ndAlnd F,= f, dA tA.1)
£ 1

Where: Fp, = the total force on the concrete above pg at section m-m
fm = unit comprecsive stress at any depth in the concretc above pq at section

m-m
dA = an elemental ares over which the stress acts
Fp = the totai force on the concrete above pq at section n-n

f, = unit compressive stress at any depth in the concrete abov: pg at scetisn
a-—-n

But since the siress bas been assumed to vary linearly with depth:
Y
fm = fh—j lfc— A‘cl

Y
fa * “’ci
and dA = bdy

Where: b = width of tn L2am
y - distance above neutral axis
kd = depth of the peutral axis

{c = exireme fiber stress
.\:’c - an increment of stress at the extreme fiber
Thus: vbix -bf;" l:ﬁ iferdy -b fé— e~ dMcrdy A, 288
H -1
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vhiax hk':r“' f hd

or v '5"3 f kd (A 20

Taking moments at the tensile steel at Section m—m in Figure AL

¢ Y

“A: x cepd- Vadx ~ e dcerjd

wia ik jd . te ) o
2 - 51c“ .lfe) 2 - Vax > b kd jd 1AL

ignoring the first term, the above moy be written as

Vix :t( bhd}d
3‘ FAY
Fax T bkdd A3
Substituting this in the above integral A.2b;
. 2v Yy 2t
v-bikdrjd L-}!'l lh-)d lmd. _\gj (A4

Evaluating the above for the value of v at the neutral axis,

This is the standard expression obtained in many references assuming that the sections
m-m and n—n are so close together that Vi, = V..

Then the value of the shearing force at any height above the neutral axis may be
expressed zs:

v 1]
v {: - ;’} A5
Distribution of Vertical Siresses with Depth.  Again spplying the
principics of statics to the scciion, an expression for the distribution of vertical stresscs
inducad by .he applied load may be developed. The toial vertical force on Section py
in Figure A.2 is fybAx, again assuming a uniform distribution of stress across the section.
This force is the resultant of all other vertical forces acting on the element of the beam
avove the section.

. d , ki :
Vi - _/:; ¥mdA, v - A vpdA A6

Where: ‘.’m tae toial verucal shearing force on the concret: above pq at Section m-m
Vo unit shearing siress at any depth in the concrete above pg at Section m-m

dA = an elemental area over which the unit shearing stress acts

\;" ‘he ezl vertical shezaring force on the concrete above pg at Sectioe w—n

Vn - unit shearing stress al any depth in the concrete above pu at Section n—n
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But bv Fquation A5, Yin and v, may e expressed as follows:
LU R v o] [
v . f To-e oy v \ HE N il
m I : kd a bt kd

Taking the sum of the vertical furees:

f_‘. B3%  wAx - -;: _];_zkd :i - -;:‘F] dv AN
[ w3 o {v_ y{a] e
Y BT ax b T akdR]
Hut :; wand w  pb
Thus: .
A CERE T 1

. L - ,}'zf__
P {s TN Gdi

Evaluating the above expression for the value of fv at the neutral axis:

o2 [2a zx
s - g [%] o (-13) e

From the preceding it ¢s apparent that toe vaiue of fy at the neutral axis is dependent upon
the properties of the beam:

k ty
24 0.826
6.3 0.527
651 0.596

The variatior of vertical compressive streas #ith demth in reinforced~cuncreie beams
is shown in Figure A.3 compared {0 the variation of vertical compressive stress with

depth in 2 bears of homogeneous, elastic, isoiropic material.
Combined Stress Coaditions.  From the preceding, the combined streas

conditions in the Cuncrete i compruspvin i-.ay 3¢ wiilten, The valies of the karizanty!
arrl vertical compressive stresses and the shear stresy al any sicpli i $iie COlnpTeasie:
eoncyete may be written as foliows:

- 3
, _b1z T A
o op-y {3 kd -y :m«n:]

R ’ _ X
v b;d[’ 'kd’]

If it . assumed that a section is taken just abead of the inclined crack, and that v,
ia wte height of the crack at that point, then, from Figure 4.4:
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p {2

f - 1z _— e

.:‘:q P }d [3 kd "() 3‘&(!;: J
’-' St

Yo bjd L, - rr"ﬁﬂ}!]

Where v, is height of the crack zhove the neutrai axis aod !,.0. f,' . and v are the unit
horizontal and vertica! oompressive stresses and the unit z.’\c:r:'-* -"r—sz resprct.ieln.
Assuming in2t the crack is produced by the principal teasiic siress, the foilowing

cembined siress equation may ve wnuen

€, ‘\ Ix - ')
b ( . ) ( - - 1'.o: A%

Where t - the uitimate strength of concrete in tension.
Since

M .‘.'f.t,;;ajd,".gl‘_&.."'

2 F4
. pilx - x%
fo __ﬁ'jd
and fx Y_,,Pk‘f; _’&x:‘ A 10
Since V - pbl/2 ~ phx:

ol )]

‘The above expressions may be used with the combined siress Fquation A.9 to evaluaic
the height of iae inclined crack if the value of t,, is kaowe.

Even if this valoe is not knows with certaimy. it is zpparest from the equatioy for the
combised stress conditions that the inclined crack cannot proceed to the exireme Gber
under these condit;cns, because vg approaches zero as the orack rises and thus the
ptincipal tensile stress approackes zero. Thaas, 1t is concluded that & diagoes!-teasiou
failure is not posiible in a2 simply supported reciangulor beam subjecied te vaiformly dis-
tributed load, assuming the stress-straie relationship 10 be eiastic. Similar reisticn-
ships have been drveloped for parabolic and trapezoidal stress-stirain reistionsiips which
rezult o the ;00 SRS upive.

The preceding dies not precliude any other mode of ialiure such a8 shear-Compression.
in fact, it appears 1o explain why simply supported rectangular reiaf ccd-concrete mers-
bars £z} in shear compression rather thae Jic 2isai (easion.
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Appendix B

LABORATORY TEST3 OF REINFORCING STEEL

Samples of the reinforeing steel used in the Project 3.6 slabs were sent w the Universits
of Ihnows for test.ng. These samples v ere of the following sizes: Moo 6. 5. 4. and 3.
Joupons of all the sizes were tegted 1 tension at normal static louding rates, and coupouns
of the Neo 6 bars were tested n tensios at high loading rates comparuble to those that
were experienced in the field test.

‘I he areas of the coupons were deternined by weighing the bars iz 0,01 by, measuring
their lengths e 1 32 inch in about 3 fect), and computing the areas based on a weight of
3.4 1b in-ft.

L.l STATIC TESTING

‘I he normal loading-rate, or static, tests were performed on a 120,090-pound Baldwin
Universal Hyd=aulic Testing Machine.  1ue coupons as tested were the unaltered rein-
forcing bars: except for prick punching to support the extensometer, no machining was
done un the bars. The static tests of the Nu. 6, 5, and 4 bars were planned so as to pro-
vide complete load-versus-deformation records from stairt of test through vield and up to
st hardening, and also the maximum load and corresponding strain.  An autographic
recorder was used to provide the load-verasus-clongittion record up to strain hardening.
The deformation at maximum ioad was measured with calipers to %1 109 inch, since
the extensometer was removed after the beguasing of strain hardening. It must be empha-
sized that this deformation at maximum load 1s not comparable to the usual figure of *vlon-
gation in & inches™, since the measurcement was taken before the coupon nechid G

Because the Nu. 3 bars were used for ties rather than reinforcement, no load-
deformation record was taken.  Only the yield point and maximum load were recorded.

The time fyom .. beginning of steady stressing until the upper yvield point was attained
was recorded for each static test. The time readings were taken by ordinary wristwatch
sceond hand and are not accurate to the nearest second, but they do define the rate of load-
ing or strair rate adequately.

The results of the static tests of the Project 3.6 rcinforcing steel arce given in Table
B.i. Itis noted tha! Ui feai seoulls are rolotivaly uniform in one bar gize and wnothn
averall grouping of No. (, 3, and 4 bars. This steel did hut ealibit prosounced upper
and lower yivid points.

B.2 DYNAMIC TESTING

To obtain an indication of the yield resistance of the reinforcing steel when subjected
to high loading rates coupons of the No. 6 bar= were tested in the University of llinois
60-ki; dynamic ic- g machine. This machine, described in Referunce 29, is capakic
of applying 2 60-kip load in approximately 6 msec.

The by were tested in an unaltered form; the only change from the miil condition was
prococes by filing smooth a portion of each Jf the longitudinal ribs on opposite sides of the
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bay in order to apply SR-4 strain gages. The basic instirumentation for the high-stross-
rite testang was planned to yield load-versus-time and deformation-versus-time reeords.
An diuminum dynamometer, mounted between the coupon and the machine frame, dicated
the load through output from Type AD-T SR-4 electrical resistance striin gages moumed
on the dvnamometer.  The strain in the coupon was indicated by ‘Type A-12-2 SR-4 ciec-
trical resisunce stramn gages mounted on the coupon.  The outputs of load from the dyvna-
mometer SK-1 gage bridge and of strain fremn the coupon SR-1 gage bridger were recorded
on a Hathaway S-14¢ magnetic osciliograph along with a 300-cps timing signal.

A complete desceription of the dynamic-test apparatus and insteumentation may be found
in Refevence 3. 'This report desceribes tests which were carried out using the sat e pro-
cedures uas for the Project 3.6 tests,

‘The results of the dvnamie tests of the reinforcine are given in Table B.2. ‘The nomen-
clature used 15 defined in Figures B-1 and B-2.

As noted in Section 4.3.1, in the dynamic tests of the Project 3.6 bars. an effort was
madve to load the bars with a force-time function similar to that to which the bars in the
field-test slabs were subjected.  This objective was largely realized. Analyses of SDF
systems equivalent to the one-way slabs indicated that the time f: om start of loading to
vield in the field ranged from about 1.5 to 3.0 msec. The range in the laboratory testing
was from 1.0 to L6 msec with four of the six tests near the shorter time lim.t. The shape
of tne load-time function 1n the laboratory was quite similar to the shape ol the resistance-
time function established for the field-test siaus by use of the cquivalent SDF system. It
is therefore believed that the ~ - ~f yield point versus time to yield as shown in Figure
4.14 gives a reliable indication of the yield resistance of the reinforcing stee! under field-
test conditions.

Some results from the series of tests described in Reference 30 are included here to
sndicate the variations in the dynamic increase in yield point for intermediate-grade re-
inforcing bars of different lots and manufacturers. The Project 3.6 reinforzing bars
were obtained from the Judscn Steel Company; the Reference 30 bars were manufactured
by the Inland Steel Company. The chemical properties of the Project 3.6 bars a1 . given
in Table B.3.

In the full range of tests performed by ihe two projects, the variationin ' 7",
load-time functions applied to the coupons bec:ime too broad for adequate representation
by the time parameter t -time from start of loading td yield. Theoretical studies of the
vielding phenomenon in steel in Reference 31 indicate that yiclding, for t, less than about
100 msec, is defined by the relation ft‘a dt - C, where a is on the order of 12.5. The
test data obtuined is not adequute for defining the constants a and C; therefore, the results
obtained cannot be expressed as values of a and C for each lot of stee]. However, the
high value of a indicates that the stress-time history is of major significance only at the
higher stress ievels. This has been confirmed experimentally by many investigations, for
wistance, those of Keference 32, For thig reason, the time parameter o defiae cunditions
of testing was selected as the delay time t;. the elapsed time during the test when the
stress level was 1u rxcuss of the static-yield level but the specimen was still elastic.

In the reduction of the iahoratory-test data, the yield point was defined as the stress,
strain, time, point at wiich the instantaneous slope of the stress-strain curve dropped
to 20 x 10® psi, This criterion was selected in order t¢ best consider tests in which the
load on the cougon peaked and then oscillated before yielding ccourred, Definite yielding
eventually ocuu sred i7 the average load level was in excess of the s-atic vield level. How-
ever, in each vycle of vibration, before general yvielding, the gtrain rorresponding to a
given luad level increased by a small amount. Defining the yield point as stated above
sce ed moat satisfactory for these conditions, and equally applicable when yielding
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acearraed before the jowd on the coupon reached aomaattam. The woaor vicld siress

dhe nunimum stress fevel after the vield pomt was passed was cither sivghtly Larger

ur shightiv smulles than the yvield stress delined by this eriterion. The upper vield stres.
sthe maximum stress level securrmg between the vield point and the lower vield pomey
wis cither greater than the vield stress or equal to 1t For the tests of longer doay tames,
2oomsee or gieiater st should be recognized that the sceatier can be Lirihaied 1o some
extent 1o the seiection of vield time. For the fast tests, with deiav times less than 2 maee
it shoubd be appreciated that the vecording cquipment, seastlive 10 300 eps, wis being
pushed to the limits of its tesponse, and that the delay time deternmine!? from the record
My Pealiv represend oniy an order of magnitude,  One other fimatabion of e secrraes

af the resalts s sigmficant n the opger detay tests, Toe sirns werc revorded on an

cifectin e gage tength of T-ineh at the conter of g 19-inch specimen. The specinens mav
Fave begun vielding at another point bef . the vielding began andes the st 3 gage. o

t s sense, all delay times represent maximum valees.  Tests described i Reference 30
comducted with two sets of stram gages 2-1 2 inches apart show that this diffel eoce in
delay time with location on the specimen is insignificant when the defav time is o s3 thun
20 msec,

The presentation of dvnamuc-yvield »osistance data in the form of vield stress versus
doerov time is rather ussuited "o use 1n design.  For this reason the test results presented
sre expressed as the pereent increase in lower yield stress versus effective stross rat
tFigure B.3+, and percent increase in lower vield stress versus ffective strain rate
Frgare Bol). For comparison, the v b= of tests described in Refevrence 33, which
were made on mild steel at approximately constant strain rates, are included on Figure
B.4. The effective stress rate is the average stress rate during the delay ume periosd;
the effective strain rate is the average strain rate during this period. These are not be-
lieved to be the ultimate methads of expressing the time criteria for dvnamice effeets vn
steel vield point, but they should apply well when the actual siress and strain vates are
reasonably lincar.

Test results from Reference 30 show a generally greater percemage of increase in
vield stress for a given stress or strain rate than is shown by test results from Project
3.6. Referr e 31 indicates that as the statie~vield level increases. puicentage of Jdvnamice-
vieid inern tends to decrease. Thus, the generally higher static-vield points of the
Project 3.6 specimens help explain the smaller dynamic effects. It is also quite possible
snai the defermations of the reinforeing bars may influence the dynamic-vield point.  in
Reference 34, 1t is indicated that sceatches on polished specimens caused marked reduce-
tions 1z dynamic-yield level. The differences in deformations signify differences in the
stress concentrations, which may have a major influcnce on the vield level.
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TABLF B3

Sise

Ne. 6
N o
a3
N 2

TABUE B

PEINFORCING STREL TENT REMLIS

Fermusiogy e fined i Faygures B and B2

Specimen Numixet
Miva, i’

Statte fest Hesults
Yioid stress, 1y, Kst
Upper vield stregs, {0 bt
bamer vicad stress. Iy, hai
Vet strmn, - 10700 s
1 s
Tatm 1o vield, ty, st

Llarte modulne, ¢

Dvnamie Test Hesults

Yiold stress, fy, kst

Upper secid stress, oy, ks
Lower vicld stress, fyf. kst
Yicld stramn, o, 1t €inin

Initial time of locding, 1,,. 10 3 sec
Time of static vield level, Layee

10 ¥ s
Time of vield, Ly, 1077 sec
Time to vield, !g:. 104 e
Delay time, 1y, 1870 see
Elastic modaius, E&l' ksi

Effictive stress rate, &si see
Effeetive s2iam rate, In in-se¢

Dymamie oy
Statie foy

Dynamie I}
Static {y

Carbon Mangam s.
< _Min

pereent frereent

6,36 1o 0.35 0,47 Lo 053

0,33 to 1,37
w33 to 6.3%

46 to b.48
w4t 1o 0,50

LAY (1 1)
[N N4 ([ 141
56,2 I
b e
S0 LN
A Lilue
In,5 212
33 57
S 6.0
il 6.5
615 G2,
150 2,310
.3 .0
118 1.2
11.5 fden
HR) b
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Appendix C

DEFINITIONS OF SYMBOLS

AY ares, a4 congiant.
Ay area of tensile reinforcement.
A's zrea of compreasive reinforcement.

area of tensile test specimen.

width of compressive zone in a concrete section; width of siab.

o a constant; resaitant vector of horizontal comprassive force on concrete cross
section.

c widkh of the siab support in the direction of the slab spaa.

cf coefficient of friction betwwr «I~h and its support.

d the depth of a reinforced concrete cross section from the compressive surfsce
tu the centroid of the tensile reiaforcing steel.

& the distance from the costroid of the tensile reinforcing steel to th, botiom of the
slab.

E modulas of elasticity.

Es modulus of elasticity of the tensile reinforcing steel.

Eg modulas of elasticity of concrete

f 2 unit stress-

& concrete stress in bearing.

% uitimare . trength in bearing.

foa nominal beariag stress on shear-anchorage failure plane.

2 concrete bea: ing strezs at time of vield of tensiie reinforcing stewl.

f, compressive stroagth of standsrd Oncrete cylinder (o sigminrd iesi,

f maduius of rupture for coacrete (apparent ultimate tensile siress froms test of
vareiniorced beam).

i stress in tensile reinforcing steel.

ly yield siress of tensile reinforcing steel.

[!! lower yie' © s:russ.

f’“ urner yield stress.
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cffective siress rate

acceleration due 1o gravity.

total depth of slzb.

moment of inertia of cross section about peutral axis.

moment of inerua for rebound, | of cross section about the centroidal axis.

the inlernal moment arm at a rrinforced concrete cross section as a propurtion
<t 4 for elastic theory.

the internzi moment arm at a rainforeed concrete crugs section as a proportion
of d for toe general nonelastic case.

spring constant of elastic system. dimensionless parameter us=i in clastic theory
expressing the depth of the compressive zone of a reinforced concrete section
as a proportion of d. ratio of dynzmic vitimate compressive strength of con-
crete standard eviinder o Pé.

unit stress in 19° P 2nits.

dirnensioniess parameter used in ultimate strength theory expressing the depth
of the compression zone of a reinforced cuncrete section as a propurtion of 4.

Kinotic eavrgy.

coeflicicnt expressing ratio of the area of the concrete stress block to that of
the enciosing rectaagie defined by k', k. d.

cocli.cient expressing locstion with respect 10 compressive surface of resaltant
compressive farce as a proportion of k4.

cocfficient expression ratio of uitimale compressive stress v I’c.

ciear spaa of slab-edge to edge of supports.

span of siab, center to cester of supnoris.

span of siab, center to cester of anchor bolts.

1otal lengih of siab.

bending moment.

bending momest at center of span.

TRRIBiing rwinkliin wi wudb o v usaor of siah,

siab resistance in shear compression expressed as ihc mackimum moment
capacity.

stab ult;mate Oexural resistance expressed as the maximum resisting momest.

slab ultimate flexural resistance with axial lvads acling expressed as the maxi-
mu® resisting moment.

ln- .ig moment at which the tensile reinforcing stees yivids.
bending moment al which the tensile steel vields with axial loads acting.
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m

s of elaslie systenn mass of slabs per unit-plan area.

cpuvalent masgs of siab per umt-plan are for use with equivadent single-degre- -
of-frevdom system.

rusuitant axsal foree on roinforeed-conerete seetion.

axial foree whick would cause buckling of slab ia first critical mode.
medular ratio of conerete Eg Eee

eartp~transmitted axial load on siab.

batance point of interaciion daagram.

potential energy.

overpressurce [ ading on slab surface: reinforeing ratio A, bd.

peak overpressure.
oVerpressure at t L
overpressure at time of ywiding of slab.
rate of change of overpressure.

rate of change of overpressére att  t .
pressure or stress in pounds per square inch.
reinforcing index p fy/fc .

static-yvield resistance.

registance of elastic system, resistance of siab expressed as force per unit-pian
area.

rebound resistance as limited by anchor-bolt capacity expressed in terms of
span /4.

rebound resistance as limited by anchor bolt capacity expressed in terms of
span I' .

resistance of slab in flexure.

resisiance of slab at time ¢ - .

available rebound resistance of slab.

required fehmund tesitianve w pa Ty vracking of slab

rebuund resistance as limited by ¥oil friction expresscd interms of span .

reioend resistance a8 limitel by soi] frictisn expressed s te.us cfspan ',

resistance of slab ia shear compression.

resistance of slab in pure shear.

resistance f slal in diagomal tension,

ultimate rosistance of slab.

steld resiatance of slab.
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o

rate of change of resistance,
rate of change of resistance at ¢ L,

fopgest natvral period of clastic system; resultant teasile foroe on remforccd-
cuonerete section.

tensile furce in reinforcing steel at rieid.
time.

durztion of overpressure pulse. deiay time m steel festog i, -1,

timw at which coupusts viclds in stevl testing.

initeai time; initial time of positive siressing in sice! lesting.
time at which static~yicid stress is achicved in stec! testing,
time to vield in steel testing tgy — U;-

reiative displacement betxeen mass center and support in sisgic-degrec-of-
freedom system.

zverage bund stress.

ultimate bond stress.

rate of change of u. relative velocity.

rat: of chunge of ¥, reiative acceieration.

shear forces shear in siab at support.

shezr whick anchor bolts can transmit to slab.

shear at support calcuiated to produce diagnnal cracking.

shear at support at time of slab yiciding.

shezr in slsb carvied by concrete.

shear in siab carried by dowel action of reinforcing steel.

shearing stress.

average shear stress on failure plape for shear anchorage.

uait shear at supports at which diagomi cracking is calculated o occur
L3

[ e 4

« T bd

altimate average shearing stress 5n verticai sectinm af *hee sppors.

average shearing siress on vertical zectioa at the supports at the time of siab
vielding.

maximum unit shear resistance oa failure plane for shear anchorage.
e juad on beam at ultimate.
total load on beam at yield.
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weight of slab per unit length; load on slab per unit length.

a displacement,

displacement at t lo.

maximum displacement of single-degree-of-freedom system.
vield displacement of single-degree-of-freedom system.
velocity.

acceleration.

displacement.

velocity,

aceeleration.

a phase angle in response analysis; dimensionless parameter for defi-ction
computations.

a dimensionless paramete: for deflection computations.

defluction of siab at center.

maximum center deflection of siab.

static deflection of slab under its own weight.

static center deflection of slab under its own weight.

static quarter point deflection of slab under its own weight.

static center deflection of slab under load py,.

ultimate center deflection of slab.

vield center deflection of slab.

unit strain,

strain in steel coupons at beginning of strain hardening.

strain in tenslle veinforeing siecl.

strain .n tensile reinforcing steel at ultimate load.

strain in tensile reinforcing steel at yield.

ultimate enmproeg 2 atyain of ronerete,

vield strain of reinforcing steel.

offeetive strain rate = o/ E.

a dimensionless parameter expressing distribution of strain in (ensile steel.
slub mags per unit length; ductility factor: ultimate deflecticn/yield deflection.

percentar. of t- .isile reinforeing = 100 -3; .

1
percentage of compressive reinforeing - 10 %is .
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%

= summatinn symbol for finite summation.
sum of reinforeing-bar perimeters.
natural frequency of elastie system.

natural freguency of elastic system with axial loads acting.
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¢ MEMORANDUM FOR DEFENSE TECHNICAL INFORMATION CENTER
ATTENTION: OCD/Mr. Bill Bush ) ¢
SUBJECT: Declassification of AD-360623L
¢
® '
The Defense Nuclear Agency Security Office (OPSSI) has
declassified the following report:
P WT-1630 (AD-360623L).
Distribution statement "A® applies. [ ] ¢
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4£//JOSEPHINE B. WOOD
/ Chief, Technical Support Branch
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