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1o IRTRODUCTION

i.1 General Remerks

The pivotel essumption of working stress design is that if the

working stresses in the structure do not exceed certein levels, the structure

ot

will behave satisfactorily. I[n orcer to proportion the sections to setisfy

the limits impcsed on the flexural stresses, [t {s necessery to know the
meximum moment at those sections. For example, it is known that the positive

Z +~

moment in e continuous beam on supports which coffer ne restraint may be

U
EC .

e necetive moments may increzse by
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25 percent under the pertinent loading. [(n such 2 beam the to
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dimensionzl structure is more Ticult and, becsuse of the diverse backgrounds
of the cesign metheds for different types of slabs, pattern lcads are not
treated uniformly. The design moments for two-way slabs are based on checker-
board loads aiving maximum moments while flat slab design methods largeiy
ignore pettern loads.

Vith the development and acceptance of limit design methods, the
need for desigrning for more than the static moment has been questiocned.
Limit desicn takes advantage of moment redistribution and if the total static
moment is provided, the strength of the structure is unimpaired. The moments
will be redistributed to the sections until the full capacity of each is

utilized. However, accompanying the rotations of the sections necessary for

moment redistribution are large deflections and additional cracking. These



1.2 @bjiect and Scope

The object of this study is to develop 2 design procecdure to determine
the effects of pattern loads on reinforced concrete floor slebs. The procedure

is intended to provide 2 unified approach to the problem of pattern leads in

The experimental information used in developing the design procedure
was cbtained from five test structures: a flat plate, two fiat slabs, and two

measured under pattern loadings are

-t
Q
3
0

Flec

V]
pat]
(2N
Q.
(U]
=h

two-way sltabs. The strains

(4]

discussed. Moments under pattern loadings are compared with those under uniform

271

toads and aisc with design moments.

A compiletion of existing theoretical solutions in which pattern

lcads are considered is made for a range of various support cenditions.

Extensions of these theoretica!l solutions are made to cover cases not available

clsewhe

=

(=3
The five test structures are described briefly in Chapter 2 which

also contains a discussion of their behavior. Chapter 3 is a discussion of



the measured moments and & compar
moments. The theoretical sciutions are compl

a2 discussion of current design methods and & comparison of desicn with

. S - . - .
measured moments is included. The procedure for estimating the effects of
pattern loads is given in Chagter &. A f{rame analvzis is given in the

1.3 Acknowiedoments
This r rt was prepared s g an ifnvestication concucted in
the Structural Research Laboretory of the Civil Encipeering Depertment at the

University of [llincis in ccoperation with the following organizations

¢

Reinforced Concrete RBesearch Council

Directorate of Civil Encineering, Heacdguarters, U. S. Air Force
Ceneral Services Administration, Public Buildings Service
0ffice of the Chief of Engineers, U. S. ﬁrmy

Bureau of Yards and Docks, Engimeering Bivision, Y. $. Navy

The program of investicetion has been guided by an advisory
connittee on which the following persons have served:

Rouglas HcHenry, Chairman of the Advisory Committee, Portland
Cement Association

L. Ho Corning, Past Chairman, Fortliand Cement Assocﬁatﬁo

G. B. Begg, Jr., Public Buildings Service, General Serwic
Administration

W. J. Bobisch, Bulocks, Deparimen

Frank Brown, Wire Reinforcement |

J. Di Stasio, Sr., Consulting Eng
{Deceased)

&. S. Neiman, Headquarters, ¥. $. Air Force

No M. Rewmark, University of iliinois

D. H. Pletta, Virginia Polytechnic [nstitute

J. R. Powers, Headguarters, Y. 3. Air Force

Paul Rogers, Consulting Engineer, Psul Rogers and Associates

E. J. Ruble, Association of Amesricar Reilroads

W. E. Schaem, Office of the Chief of Engineers, S. Army

M. P. van Buren, Consulting Engine=ar, DI Stesio and van Buren

C. A. Willson, American lron and Steel [nstitute

ot the Ravy
titute, (nc.

€
3 £ :
er, Pi Stasio and van Buren

5
ine

,5

€z



lim

The project has been under the over-zll direction of Dr. C. P.
Siess, Professor of Civil Engineering, and the immedizte supervision of
Dro. M. &. Sczen, Frofessor of Civil Engineering.

This report was prepared es a thesis under the directica of

foveble load = the load that can be pesitioned to create
maximum moments

Permanent lcad = the load that is stetionary.cr, in some cacses,
the dead load

Tetal lead = sum of moveble and permanent loads

Foment retic = moment in a structure under pattern load divided
by the uniform load moment, cesignated by 7

Load ratio = mcveble load divided by the total loac, desicgreted
by £

Fattern ratio = pattern load moment divided by uniform lcad moment
designated by @, generally used for theoretical
monents when the load ratio B = 1

a = spen length in direction in which moments are consicdered
Q@ = pattern ratio
.. ,0..= pattern ratio for checkerboard and strip loads, respectively

b = span length in direction perpendiculer to &

b, = the length {the larger dimemsion) of each rectangular section
of the beam.

B = load ratio
afb = aspect ratio
¢ = diameter or width of column or capital

c, = diameter or width of column or capital in direction of span
considered



c, = diameter or wicdth of ¢
perpendicular to that

C = a measure of the torsional rigidity o
Section A.2 of the Appendix}

¢ ,C_ = & measure of t i
- of the spans a2 and b

¥ = moment ratioc

E = moculus of elasticity

~h
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0
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b
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k. = the height {(the larger dimension} of each rectangular
- ‘ section of the bezm
H = relative flexural stiffness of bheam

fall, relative Tiexural stiffnesses of beams

o

I = moment of inmertiea of gross uncracked section of member

ffness of beam

J = relative torsional st

- J = GC /2N, 4, = Gcb/bN, relative torsional stiffnesses in a and

ns, respectively

- k ,kcgkb = npumzarical factors reflecting the siope ard support conditions
. © = of a member
z kC EECO]/h
" K = e ratio of column stiffnesses at a
o(k Ei_ + k El Y
slab beam

- K. = stiffness of the beam-to-colunn combination
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sum of positive and necative moments in a panel

.

averadge moments ross & section cue to checkerboarc and
ti

a
strip loads, resp

Poissonts ratio

3 2 . . e
Et™/12(1-n7), & measure of the plete stiffness

distributed load per unit of ares
p

~

angle of twist per unit of length
thickness of a plate

minimum thickness of a flat sleb
thickness of flat slab and drop panel

twisting moment

total angle of rotation {caused by an arbitrary moment) of
the end of a column without translation of either end

the average angle of rotation of a beam with respect to the

column
total load on a panel

tctal dead and live loads on a panel



2. BEFAVIOR OF TEST STRUCTURES URDER PATTERK LOADIKGS

2.1 lIntroductory Remarks

The effects of pattern loads are most easily studied and observed
in terms of deflections and cracking which may be readily visible if excessive.
Since deflections and crecking are meesurss of serviceability, they are studied

in order to cetermine the signifi

. It is necessary

[\l

cracking since they are concerned with an elaestic materi

I

A

te turn to experimental studies te determine the behavicr of structures under

pattern loads.

A series of structures were buiit and tested et the University of
tilinois. These structures heave been fully described in References | throuch

6. Erief descriptions cf the structures are given in this chapter. Lcading

s are also discussed. Deflections and strazins under

)
®

petterns and foad lev
uniform loads are compared with those measured under pattern locads. A general

discussion of the serviceability of the structures concludes the chapter.

2.2 Description of the Test Structures

A total of five structures were included in the University of

lilirois Tloor siab test program. They are designsted as follows:

Fi Flat Plate

F2 Flat Slab

F3 Flat Slab Reinforced with Welded-¥ire Fabric
Ti Typical Two-Way Sleb

T2 Two-Way Sleb with Shallow Beams

The abbreviated notations will ke used in the following discussion, figures

and tables.



&A1Y the structures were designed according to the centrolling

criteria in the ACI Building Code Reguirements for keinforced Concrete 318-56
(hereafter referred toc as the ACI Code, Ref. 7}, except T2 which was modified
so thet the beams were less stiff than in & typicel design. Stiructures Fi,
FZ znd F3 were cecigned eccording to the Empirical Hethod of Section 1004 of

Hethod | of Secticn 708 of

r
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T2 wzs desicned on the besis of tws Tundamental criteria. The Tirst wzs the

the totel design moment was teken as the stetic moment or 0.125 VL. The

The structures, es designed, had 20-ft square panels. The structures

¢

(@]
Q
-
0
-+
=1
c
0
cr
M
[aN
a3
I
o

laboratory were quarter-scale and had 5-ft square panels.
&Yl structures had nine panels arranged three by three.
Layouts of the test structures are shown in Figs. 2.1, 2.2 and 2.3.

The data given in the figures include beam and column dimensions. . The flat

Q]
n

eme dimensions, the only difference being the rein-

0

2 and F3 had th

slabs
forcement. The properties of the materials used in construction of the test
structures are given in Table 1. The eXperimental program consisted of

construction, loading and analysis of the structures. Each slab was locaded

in 2 series of tests including both uniform and pattern loads. Deflection

b

and strain date were recorded at the different load levels in each individual

load test.



Strains were obtained by placing electrical resistance strein cages

.

on the reinforcement. Gages were placed to take advantage of

the structures and reduce the number of gages required.

Q.

Deflections were measured by means of mechanical deflecticn diatls

i were taken et the midpcints of the

.
3

at 33 locaticns on the siabs. Rea

perels and at the midpoints of the column centerlines.-
Crack petterns were recorced after selected load levels had keen

o

NS OFf magnivying

i

)]

reached. The structures were examined for cracking by me

{

subiected to uniform loading {all penels lozded)

™
-
0
ot
1
I
O
et
o~
b
m
n
=
0
3
@

°

cf strips of three penels in structures Fl,

0

and to pattern loacing consistin
F2 and F3 end checkerboard patterns in Tl and T2. The patterns are shown in

Fig. 2.4. The ceflection or moment which {s maximized by the loading pattern

Loads were applied to the structure by mears of a hydraulic jack
system. The load was distributed over each panel by a series of frames which
resulted in & 16~-point loading. An over-ail view of cone of the structures
is shown in Fig. 2.5.

The loads were measured with ring dynamometers and aiso with the
large H-frames which can be seen in Fig. 2.5. These dynamometers were made
up of four-arm bridges'and gave accurate readings as well as providing a
double check on the loading in each panel.

Each test consisted of the application of load to a given level.

The load was applied in predetermined increments. The number of increments
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cepended on the maximum level of

e
th
-t
)
s}

~g
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loading, the previous loading

‘

expected behavior of the slab. DRate were recorded at the initial zero

in the uniform lozc tests. Howsver, in the pattern load tests, the total
dead load was nct reached by epplying additional load. Rather then use dead
tocad and live lcad terminciogy, it is more appropriate to use the terms

c of mevable load to tetal load

Ymovable'' and 'permanent'’ loads. The rat
(sum of permanent and movable lozds} is especicily important in pattern loads
since the lower the ratio the less the effect of pattern loads. If the

movehle to total load retio is zero or all the locad is permenent lcad, pattern

]

ds are not passible.

U]
4,

O

{

The movable and permanent lcads con the test structures uncer pattern

lcadings are summarized below.

fovable Fermznent Total Movable Load
Structure Load, psf Load, psf Load, psf Total Load
Fi 111 44 : 155 0.72
F2 241 44 285 0.85
F3 200 85 385 Q.78
Th 174 41 215 0.81%
T2 141 75 215 .66

2.4 Effect of Pattern Loadings on Strains and Cracking .

Strain readings were taken during both uniform load tests and
pattern load tests. The strains were read at all the gage locations but

~

of prime Interest are those which were maximized as a result of & particular
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pattern loac. The streins mesesured under the pattern lozdings are compared

with uniform loed strains in Figs. 2.6 and 2.7.

fons are

rt

In Fig. 2.6 the strains across the positive moment sec
shewn. The increese in streins under checkerboerd locading in Tl and T2 were

guite small. However, the strains were increased considerebly in the remain-

ing structures when strip ioads were applied. The strains increased from
e ionS . -5 . . -
i 2 10 to 57 x 10 in the interior penel of F2. The incresses were greater

The strzins acrcss negative moment secticons are shown in Fige 2.7,
The strains in the interior panel were much hicher initially and alsc

strains &t the edge bezms were lew and rather

=
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insensitive to pattern loads. The comparﬁsohs shown in Figs. 2.6 and 2.7
indicate that the changes in strazins are greatest in interior panels and
alsc thet the positive moment sections are affected mere than the negative
moment sections.

The crack patterns observed in these tests indicated that there
wzs little change in the over-all crack pattern after pattern load tests had
been concluded. However, there is a definite correiztion between the extent
of cracking under uniform loads and the increase in strains under pattern
foads .

Structures Tl and T2 were relatively uncracked at the conclusion

of the uniform load tests. The pattern load tests did not increase the

strains sionificantly and they were at low levels during both loadings.
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Cracking was most extensive in structure F2 and the streins increased con-
siderably. Thne crack pattern wes not chanced after pettern loading concluded,

< se e ® - . s - - -~ -~ - . . H
indicating that increases in streins took place lergely through the wicening

The moments are increesec at the seciicns where sirains incresse.
fn Fio. 3.1, the influence of cracking on the streins i{s fliustrated. [T the
section has already cracked, any incresse in moment must be accommodatied by
a significent increase in strain. The slope of the uncracked section is much
hicher ana, therefore, the strains increzse less for an ecuel ifncrease in
mcoment. [n the sections where crecking had not teken place, as in the positive

moment regions of Tl, the strain increzse was very smatl; however, the moment

=

may have increased by & lerger amount than in some of the sections where large

(A

0.

f

n

strain increases were recorded. A complete cussion of moments i[s containe

~

in Cheapter 3.

2.5 Effect of Pattern Lcadinags on Deflections

The deflections were measured at 33 locations on the structures.

In Figs. 2.8 through 2.12, the location at which readings were taken are
shown by small circles. Since all the structures were partially symmetrical,
some of the readings are, in effect, duplicated to provide a check.

The flat plate {F1) deflections are shown in Fig. 2.8. 5trip loads
increased the edge beam deflections very little and strip load slab deflections
could be estimated by increasing the uniform deflections by 10 percent.

The deflections in the flat slabs, F2 and F3, are given in Figs.

2.9 and 2.10. The total loads on these two structures were 285 and 385 psf,
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ible. [n

3

ddaition, the

respectively, so a direct compariscn is not poss

n

concrete strength of structure FZ was lower and cracking was guite extensive

before strip loads were applied. The effect of cracking is to reduce the

n

tiffness and thereby increase deflections. This behavior was zpparent in

ures 2 eng F3. Structure FE, heving c¢reeter lcads, did

<
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corresponcdingly greater defiections. The strip loads deubied t!
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in F2 &t some locations. The increases in F2 were not es grest but were es

iceant In the flat sieb
e main resscn for this difference is

that of column stiffnesses. The flat plate had short stiff columns which

tended to isclete the strips. The flat siabs hed long flexible columns

ano

which cic not provide the Tixity that was present in the flat plate.

=

i

1
i

retio was also a fector, being 0.72 for Fl, 0.85 for F2

.

ca

0.78 for £3. The lower load ratio for the flat plate tended to reduce

[AR

an
the effect of strip loads, while the flat siab F2, having the greatest load
ratio, also hed the greatest increases in deflection.
The deflections measured in Tl and T2 are shown in Figs. 2.11 and

2.12. These structures had the same dimensions, except that the beams in
less stitf. The load ratio was C.05 for T2 and 0.81 for Tl.

The vniform load deflections were less for structure Tl since its
beams were stiffer. The beam deflections were nearly twice as large in T2,
The effect of the checkerhocard loading on thése two structures §s shown by

comparing the uniform with the checkerboard load deflections. The mid-panel

deflections in Tl increased about 10 percent while the beam deflections



increased about Z0-30 percent. The ebsolute increzse in both beam and panel
deflections was smali. in structure T2, thg mid-penel deflections changed

e percent in most penels). However, the beams,
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i. ceflected considerebly under the
e edge meam deflections ircreased from

10-3C percent with the intericr span sdce beam incressinc as much es 50

percent. The intericr beam defiections increzsed 20-30 percent. [t can be

the deflections and the less the effect of checkertoard loads on mid-pane
deflections. Since the beam ceflections are maximized by loading adjacent
penels {See Fig. 2.4}, it is apperent that the beam deflections would have

keen sbout the same had strips been lcaded rather then e modified checkerboard

pettern.

2.5 Conclusions

The increases in steel strains were greatest across the positive

moment sections of the interior panels of all the structures; ih panels not
supported by beams (F1, F2 and F3), the average increases in steel strains
were ebout 100 percent. The increase was shout 75 percent in the edge panels
and less in the corner panels. In structures Tl and T2, the checkerboard
foads did not produce significant changes in the strain in the positive moment
sections.

The negative moment strain increases under pattern loading were
less than the increases in positive moment strains in all the structures.
At the interior negative moment sections, the strains increased by sbout

one-third in structures Fl, F2 and F3. The checkerboard loadings on T! and
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T2 cid not chenge the strains across the negative moment sections. The
exterior negative moment regions were virtually unaffected by pattern loads
in ell the structures.

Since the strains were the greatest in F2 under pattern loadin

(8]

m

nd elsc increzced the creastest emount in comparison with the other

uctures, 1t is interecting to exemine the stresses in the reinforcement

"
ot
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.

for thet structure. The maximum positive moment stress in the interior panel

c. [n the edce panel the meximum

4l

increasec from § to 18 kst under strip lo

\ o

positive moment stress was 18 ksi under uniferm and zhout 30 xsi under strip

lozd. [n the other four structures, the design sires
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The deflections in t!

ec¢ to the iow lcad ratio and
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uniform and strip loads. This

the relatively stiff columns in the structure.

N
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The deflections in structures F2 znd F3 were increased under

lozds. Howaver, the extensive cracking in F2 resulted in a lower sizh

n

tiffness and the uniform load deflections as wall as the increases under

“3

strip loads were largér than in F2. The la ger fncreases in F2 resulted,
in part, from the difference in the load ratios of the two structures.

The increases in deflections in the two-way slabs Tl and T2 wer
dependent con the beam stiffness. The pattern loadings resulted in greater
increases in mid-panel deflections in Tl than in T2. The beam deflections
were increased more in T2 than in Tl. The more flexible the beams, the less

the increase in slab deflection and the greater the increase in beam

deflection under checkerboard loads.
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MEASURED MOMENTS UNDER PATTERK LOADIKNGS

)

frntroductory Remarks

W

fn this chapter, the moments measured in the structure under
pattern loading are compared with uniform load moments. The moments are

he analysis i based on the determi

computed from streain measurements. \ na=
ticn =f & moment-sirein relationship for cach structure. The moment-strain
reletionship depends on concrete strencth, reinforcement type and strength,

ena the percentage of reinforcement &t & section.
The mcments ave computea for each of the five test structures.

Comparisons are made between uniform and pattern locad moments at the design

are cenrerally referred tc as coclumn, middle arnd wall strips. The moments in
- ¥

-

strips of Fi, F2 and F3 include ¢
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the wzl
the beam and sleb were designed separateiy for these cases. The design
sections in the two-way slabs T! and T2 are beams and slebs and the slabs
are not divided into strips as in the case of the flat slabs.

In the following discussion, en evaluation of the moments will be
given in terms of general trends. Since the conversion of strain to moment

°

may result in larger moment differences in some locations, ary abnormai

oty

differences can be disregarded if other similar sections yield consistent

results.

3.2 Pethod of Anealysis for Computetion of Moments

The conversion of measured strains to moments is accomplished by

coenstructing a moment-strain relationship for a particular section. The
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determinetion is complicated by the difficuity of
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concrete.
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an accurate means of estimating the

m

tensile properties of the concrete beccme extremely important in sections

ot el O N T H = Ry :
£ tvyplcal moment-strain reletionship for a section is shown

tatively in Fic. 3.1. |t is necessary to construct similar curves for

to the steel changed. Each curve is made up of twe streaight lines. Two
points in adcition to the origin are needed to describe the curves. The
ccordinates of the intermedicte point are the cracking moment and strain.
The cocrdinates of the end point are the yield moment and strain. tn the
case of reinforcement having no well definec vield point, the moment 2t the
proportional timit of the steel and the corresponding strain are used.

The crecking moments were computed using the ordinary flexure formule
oic/l. The transformed section was used in computing the moment of inertia.
The strain distribution across @ section was assumed to be linear. The cracking
stress used in the formula was generaily less than the modulus of rupture
reported in Teble 2.1. However, the contro! specimens were not reinforced
wiich resuited in higher strengths. The reinforcement in the slab tended to
restrain shrinkage and lower the tensile strength. In addition, the assumed
tensile strength and cracking strains were chosen to correlate with results of
studies of the static moments in the interior panels of the structures which
could be computea accurately.

The yield moment of the section was computed using the straight-

line formula. It was assumed the tensile strength of the concrete was
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The moment-strein curves for the beams were developed in the same

manner. |t was necessary to meke an additional assumption about wicdth of

=h

enge at the beams. This flange width wzs

(79

zssumed to be 4t (four times the slasbh thickness) imn structures Fl, F2 end F
et the ceep beam edge anc zerc &t the shallow beam edge.
I Tor all beams and 3t inm structure TZ for all beams.

The assumed cracking strain and stress and the flance widths are
- -~

o

summerized in Teble 2. The ectual concrete properties were given in Teble i
which aisc includes the preperties of the reinforcement.
The proper use of the moment-strain curves depends upon correctly

interpreting the strein reacings. The strain meesurements are affected by

n the wiring and switch systems. In addition, residual

electrical drift
strazins are accumulated which must be taken into consideration.

The electrical drift was easily corrected by monitoring a check
gage which should have undergone no change in strain during loading. Any
changes in the check gages were cttributed to electrical drift and s
correction was made in the strain measurements for the reinforcement.

The residual strzins are determined from the differences betwsen

ons cf

oo

the initial and final zero readings in a given test. These summat
the residuals (eres in Fig. 3.1) are then added to the strains measured in
the following test to obtain the total strain for a particular lcad.

The moment-strain curves gave excellent results if the strains

used were higher than any previous strains measured. However, in certain



cases the strains were iowesr than had been measured in a previous test and &

an unicading curve as weil as the Tirst-icading curve. [T the strains were
i = - £% e R, e Wl A v Lz

greater than __, the first-ioading curve could be used fe, > ¢,}. If the

- max 2 I

strains were lesg than & ., ©°f :2 < g,, the siope of the unloading curve was
ma -

vsed as indicated in the ficure. [t !s pessible for the slope Hifet to change

]
since the velue of ¢ mey change while the value of ¢ remains the seme
res mes

during tests in which S is not exceeded. Howsver, the sliope of the unloading

=8

curve doeg nct chance grestiy betwsen ifests z2nd tends to decrezse &s the

3]
~t
[

2.3 Moments in the Flat P

n structure Fl,

e

T it § s = oo i .
ire mOmEnts computec Trom strsin measursments

iste, are given in Fig. 3.2 as coefficients of ga « The uniform

N
=h

°

ctal load of 1

+

lcad moments shown in the figure were measured at g 5 ps

The strip iozd moments, shown in red numersls, were based on strains measured

under loads of 135 psf on the '‘icaded" panels and 44 psf on the "unloaded"’
panels. This leading gives a load ratic of G.72.
ke moments are computed across the critical negative and positive

sections used in desicgn. he divisions are made according to column, middle

and wall strips. Column and middie strips have & width of one-half the panel
width and the wall strip is cne-fourth the panel width.
. ¢ s . 3 - .
The moments in the middie strips were about 0.02 ga at alil sections
except the extericr negative. The strip locads did not increase these moments
significantiy. The column strip negative moments were not changed while the

o

cotumn strip positive moments did increase slightiy.
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The relatively small changes in slab moments under strip load are

explainad by the presence of sti ff columns. The columns were short and

[} - -~

elatively wide, making them flexurally stiff.

=3

he stiff columns tended to
isolate the strips. or, in effect, fix the panels.

The wall strip memants, which include the beam moments, showed
much greater increases at scme locations. However, thes beams were considerably
more difficult to analyze and therefore are less accurate. The strain in the
beam reinforcement was not measured precisaly at the face of the column. Since
the mcment gradient is quite high at that locaticn, correcting the mcment to
the faczs of the column, even if for a short distance, may result in a largs
absolute moment change°

Several additional factors ccmplicatz ths bezam analysis. Torsicnal

the b=2ams with res

]
(e]
~
W)
=
[e]
s |
(73]
[e]
“n

2ct to thz column may induce stralins whi
king in the bsam at the location of tha strain gags
is liksly to changs ths distribution of strain aleng the reinforcement. The

loss of oond batwesn the bar and the concreste accompanies tha placement of

shown in Fig. 3.3. The mcments are indicated by thas small symbols. Two
values of momant ratio {y = 4/3, 7 = 1) are indicatsd by the straight linss.
A mcment ratio of one indicates no change duz to pattern loads. The value

of ¥ = 4/3 is a precadent that has bsen freguently given as an allowable
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Points that lie below the line 7 = 1, indicate that the mcment
decreased under strip lcads. 1t can be seen that most values lie between
the two lines. The only values that lie above 7 = 4/3 are wall strip
mcmants and as was discussed above, these values may not be indicative of
the actual mcments bzcause of the difficuity with beam analyses. From this

figure, it is apparent that the slab mcments did not exceed 7 = 4/3 and if

tied, ¥ = 1.2 for the slab moments.

(]

the beam mcmentis are cm

3.4 Momenis in tnes Flat Slabs

The mcmants in the two flat slabs were measured at a load level of
285 pst on F2 and 385 psf on F3. The movable loads were 241 psf and 300 psf,

respectivaly, resulting in nearly squal load ratios, 0.85 for F2 and 0.78 for

Thz critical sections across which tha moments are analyzed are
th2 same a3 thoszs used in.ths flat plate. The uniform and strip load mcments
Since the fwo structures were identical except for ths typs of
ty thz uniform load momant coafficients should be similar. Thers

FE HF .o ; R ; PR : U
iirzla differencs baiwazn the mcments ai most szctions. The location of

moment




The effects of the strip loadings on F2 and F2 are shown in

2.5 and 2.7. The lines at ¥ = 4/2 end ¥ = | are drawn and in bothk

i
(o]
W

structures the moments lie consistently between these lines.
The only values that appear to be greater than ¥ = 4/3 are the
interfor span positive moments in F3. [t was pointed out previously thet

the uniform load appeared to be low across this section and it is evident

elsc in this comparison. The stirip lcad moment coefficients ecrocss the

2 2
P < ¢ e o - N . . s A
intericr span positive section zre ebout CG.017 ga™ in F2 end 0.018 ca™ in

F3. Therefore, the points zbove the line can be attributed to low uniform

ft is interesting to ncte thet the kich zhsclute moments analyzed

in the wall strips are not significant when compariscns are made between
strip and unitorm lead moments. (o structure FZ, the wall strip mement was
.

very high at the deep beam edge, ebout 0.05 ga~, kut the moment ratio at

n Fig. 3.5 is reasonable in view of the generai trends.

this location, shown
The moment ratio in F2 wes actually not as high as 4/3. Most cf
the points lie below the moment ratio of 1.2 which indicates that the moments
¢id not undergo serious changes due to strip loads. Although, a few values
ex;eeded 7 = 1.2 in structure F3, it is a more representative value of 7

than ¥ = 4/3.

3.5 HFoments in the Two-Way Slabs

The moments in the two-way sliabs were measured at 2 total load of
215 psf on both Tl and T2. The movable load on Tl was 44 psf and 75 psf on

T2 giving load ratios of 0.81 and (.66, respectiVéEyo
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divided zs it was in the case of the fiat plete and flat slab structures.
The unifcrm and checkerboard lozd moments are given in Figs. 3.8 and 3.10.

crezter in Tl than in T2. Howsver, the sleb moments in Tl are

fatf of the velues in T2.

1o

Checkerboard patterns were used to create maximum lcading conditions.

The increase in moments in Tl vields.moment ratios that lie between 7 = 1 and

[y

¥ = 4/3 a5 shown in Fige 3.9. The comparisons indicate that the structure

behaved well under checkerbcard load since no serious deviations occurred
in either the slab or the beem moments.

The comparison of checkerboard and uniform load moments for
structure TZ are shown in Fig. 3.11. These comperisons indicate that the
moment ratic for the structure wes zbout 1.2. However, if only slab moments
are considered, 7 is about one. [t appears that slab moments were not
maximized by checkerboard loads. The beam moments which are maximized by
modified checkerboard loads account for the value of 7 = 1.2. The beam
maments are obtained by loading adjacent panels or what is nearly a strip

tcad apd the slab moments may also have been greater if strip loeding had

bean used.

3.6 General Discussion of Measured Moments

The moments measured in the test structures have been discussed

in terms of absolute moments and by comparing pattern with uniform load
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moments. The absolute moment coefficients gave en indicetion cf the magnitude
cof the moment at a particular location. However, as was pointed out previously,

ccurete.

3]

the ebsolute values may, in some cases, not heve been

<

Greater accuracy is obteained when the strains are high. In some

sections, such as the exterior necative sections, the strains were low under

0

both pattern and uniform loeas. Therefore, smeli changes in strains resulted

)¢

=

in lerge moment chenges in moments of rather low magnitude.
I

in orcder to determine the re’'ztive increases, the pattern load

agasinst the uniform lcad moments. These plcts provide

Q.

moments were plotte

s means for determining the effect of pattern lozds on the structure zs a
_ whole. Locations which have larce moment differentials assume less importance
- From these picts (Figs. 3.3,

]

ed.

; 3.5, 3.7, 2.2 and 2.11} 2 moment ratio for each of the structures wes cbtai
For structure Fl, the moment ratio ¥ was 1.2 if the wall strip moments are

excluded. The mement ratics Tor F2 and F3 were alsc ebout 1.2. The moment
ratic for structure Tl was cbout 1.2. The slab moment retio for T2 was

; about '.0 and for the total structure about 1.2 since the beam moment ratio
3 was hichter. The load ratio on T2 was lower tham on Tl, 0.658 compared with

.81, znd -r-i:z has the effect of reducing the moment ratio.

atios given in the preceding paragraph are average

z moTent

3

valuzs fo- the structure 2s @ whele. [t can be shown by comparing individual
sections that the moment ratios were greater for interior than for exterior
= paneis.

e

It does not appear that the moments in the test structures were

et

critical under pattern loads. [t should be remembered that these are average

&
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—

moments across specific sections and that the local moment et some aress may
be higher. Howsver, since reinforced concrete siebs cen undergo significant
moment redistribution, these effects tend tec be minimized and chou'd crezte

no serious problems as irndicated by the test results.
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4. THEORETICAL SCLHTEQGRS FOR PATTERK LCADIN

1
172]

£

*o 1 [ntroductory Remarks

A three-dimensicna! structure composed of several bays and stories
ceneratly has a floor siab es one of its structural components. The floor

' ;

stab (s civided arbit

o1

arily irntc sections referred to es peanels which sgan

r

N

(
f

R . - ~ . - - o
betwesn the sugperting elements of the floor sieh. Since such e system has

s, it beccmes pessible to apply lozd to individual panels

by this pro

O

ess may respond differently from structures studied by direct
phvsical tests. However, the elestic sclution does represent & good first
epproximation to the response of the structure and mekes it possible to study
the effects of a wide range of variables. The elastic solutions are valuable

in making comparisons between structures and establishing continuity between

individual physical tests.

A number of elastic solutions are aveilable for study. The range
of variebles is extensive enough to provide 2 gerperal understanding of the
effect of pattern loadings on sleb moments. The major varisbles which have
been considered are the beam flexural stiffness, beam torsional stifiness,
colunn stiffness, aspect ratio of the paneis and the loading pattern. These
sclutions form a framework which may be used to determine the effects of

o o

pattern loadings on moments in idealized, elastic structures.



moments, an average moment is espressed in units of load and must he

cre civen only for

noment in a penel

4.2 DRefinition of Varichles
{e} Beam Flexural Stiffness
The relative beam flexural stiffress is defined as follows:
R = El_/BN or H, = El, /ali ,
2 a b b
where I_ = the moment of inertie of the beam in span 2
b = cpan perpendicular tc span &
:as
W = ——2%————— a2 meesure of the plate stiffress per unit width
1200 = %)
t = tne plate thickness
p = Tozzonts ratio, assumed to be zero in these studies.
Trz tesw :tiffness parameter relates the stiffness of the beam to
the stiffnez: oF the slab in the direction of the beam. The range of beam

stiffnesses :: f-om zero to infinity where zerc is the case where no beam s
present and in ity is a rigid support. The beam has no width in the
elastic solutions. In effect, it lies in a vertical plane at the boundary

of the panel. The use of such a beam reduces the complexity of the equations

needed for a solution.
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ln the theoreticai solutions considered here, the beam flexural
7 LE < " -7 c % +h + - ~ - - ~ Tom s - H - a4 S
stiffness ratios in the tw T a penel are elwzys releated in a cefinit

O spans o
menner. for a/b = 1.0, H_ = Hb; the beams in the two directions are identic
(=1

For rectangutlar panels the Ef value of the beam in the lonc span is always

greater than the Ef vaiue of the beam in the short span by the retic of the

where & = shear mocdulus of elasticity
C_ = torsiocnel stiffness in span 2
= £

The beam torsional stiffness parameter relates the torsicnal
stiffness of the beam tc the fiexural stiffness of the slab spanning across
the beam. -The values of torsional stiffness range from zero to infinity.

A vaiuve of zero is for the case where no beam is used while an infinite

torsional stiffness applies to a clamped edge. As in the case of flexural

0n

ciffness, the torsional restraint is applied to the panel through a beam
lyving in a2 vertical plane at the boundary of the parnel.

{c}) Column Flexural Stiffress

The relative column flexural stiffness is given by the expression:

zk El__, /h
¢ ~col.

Cy
;{r&ks Easlab * kb EHbeam)/a

al.



where { = moment of inertie of gross, uncracked secticen of column, stab
or beam in direction in which moment is considered
h = story height
& = span lengt!
k=
The vaiues of [k may rence Trom zero where a slab does not trenufer any moment

to the column to infinity where heavy columns are used. [n the idealizec

structures, the column stiffness is transmitted to the pane! through a

{d}) The Aspect Ratio

The aspect ratio &/b may range from zero te infinity. The values
of zspect ratio considered in this chepter range from cne-haif to two. These

values cover the range of panel sizes commonly encountered in floor slabs.

{e} Lozdinc Patterns

Three loading patterns were considered in the solutions. Entire
panels were loaded uniformly in each case. HNo studies were made for con-
centrated loads or loads varying across the panel. In order to determine

the effects of the pattern loadings, it was necessary to cobtain the moments

=h

or 2!! panels loaded uniformly. These mbments are referred to as uniform
lcad moments. In addition, the slab systems were lcaded by strip {(ST) and
checkerboard (€B) patterns. These patterns are shown in Fig. 4.ln‘ The
patterns may be different when positive or negative moments are being studied.

These moments are referred to as maximum moments in the following tebles and

figures.




=

1
(%)

The checkerboard loading for meximum negative moment is achieved
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Ey placing two checkerboard patterns end toc end. The s
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noment since there eare
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negatiive moment does not vield the zbsolute max
elways two strips loaded and two under zero load. This loading arrangement

reculited fi

=1
0
-1

the use of superposition. The meximum moment occurring when
. ; 2 .. .
two atternate strips ere loaded is 0.104 ga” while the true meximum moment

ke checkerbcard pattern for maximum negative moments wes

The values of moments resulting from pattern icedings were obtained
by everaging the uniform load moments and moments in alternstely lcaded one

or twc penel strips es chown in Fig. 4.2. The patterns resulting from

4.3 Effect of Fattern Loadings on Foments in an [nterior Penel

The mejority of evailabie solutions in which pettern loacdings are
considered are concerned with interior paneis. The interior panel is definea
to be one bounded by an infinite number of identical panels. Interior panels
are chosen since they afford the use of symmetry. In the theoretical solutions,
the symmetry of the panel reduces the number of equations necessary for a
sotution. The sclutions discussed in this section were cbtained from
References 8 throuch 12.

The various theoretical solutions available for an interior panel

may be divided into two groups according tc the parameters which are varied.

=h

he beam flexural stiffress in the first group end

wn
ot

The maior variable

j
J

the beam torsional stiffness in the second group.
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momnents under the same loading conditions.

The strip and checkerkoard moments are comparec with the uniform
toad moments in terms of pattern retios. The pettern ratios, desi
@, are plotted against the parameter H/(l+H} in Fics. 4.4 through 4.8. Since

the values of B extend to infinity, the parameter H/{1+H} was used to allow &

-
-;n
[
[}
9

scale for the plots.
Three important trends emerge from a study of the data presented in

Teble 2 anc Figs. 4.4-4.8. These are discussed in the following three para-

The first trend is cne that can be deduced without the necessity of
rigorous solutions. As the relative beam stiffness H increases, the sleb
moments decrease for all types of loading. The decrezse may be drastic as in
the case of a panel having an aspect ratio of 2.0. The average negative moment
across the short edge for strip loading is 0.1042 qa’ for H = 0. This value
is 0.007¢ qa2 for H = <, a reduction of €2 percent.

As the relative beam stiffness H increases, the checkerboard loading
becomes more critical than strip loading. The pattern ratio for a sguare
penel with # = 0 is 2 for strip and 0.8 for checkerkoard loading (Fig. 4.6).
For H = @, the moment ratio becomes 0.9 for strip and 1.7 for checkerboard

lcading. [t should be emphasized that checkerboard lcading does not govern
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for all firite values of H. The value of H at which the checkerboard loading

ocrocduces 2 greater pattern ratic than the strip loading varies w
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in all cases is more than one.
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The pesitive moments are incressed more than the necative moments by

e pattern loadings in this group of solutions. The necative moment patiern

the uniform load positive moments. This trend cen be seen in the curves shown

i
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in Figs. 4.4~4.8, vhere the pattern ratics for pesitive mome
the negative moment pattern ratios.

the influence of the beem torsionai stiffness on the moment can be

o0
t
[
o, .
®
A

: with the help of the seccnd group of solutions given in Tebie 5. These

sclutions have been obtained from & moment cistribution procedure for slabs
supported on rigid beams developed by Siess and KNewmark (1}} . The procedure
is epproximate and all compariscons between uniform load and checkerboard load

moments must be made between moments computecd by this procedure. Therefore,
cbsolute moment values given in Table 5 may not be the same as those in
Tables 3 and 4. The loading patterns used to cbtain these moments are shown
in Fig. 4.3.

Values given in Table 5 show that as the beam torsional stiffness
increases, the checkerboard load has less effect on moments. [t [s not
necessary to consider strip loads in these panels; it was shown previously
that checkerboard loadings are critical in the case of flexurally rigid beams.
The positive moment increases are generally greater than the negative moment

increases in these solutions ealsc. For an aspect ratio of 2.0 where the

* Kumbers in parentheses refer to entries in the bibliography.



negetive moment increases are greater, the zbsclute values of the moments are

uite small and subject to greester errors in the distribution procedure than

cerbcard icad moments to uniferm losd moments are

plotted agzainst the keam torsicnal stiffness repregented by the parameter
JALIHd) in Figs. 4.9 and 4.10. The meoment ic unchanged when ¢ is infinite:

the pilate becomes clamped at the edges and pattern loadings have no effect.
Yery few thres-dimensional studies heave been made of the variation

of slab moments with column stiffness. HMorrison (13) obtained solutions for

nine-panel structures with scguare penels end rigid columne and vearied the

beam fTlexural and torsional stiffresses. The moments were for uniform and

strip loads. The positive monents for the interior panel are summari zed
B P 2

below.
Koments in lnterior Pzrel, K =@

I 4 Uniform Load Strip Load2 Pattern

Moment, cal . Moment, aa Ratio
0 0 , 0.037 0.046 1.24
0.5 0.5 0.023 0.027 1.17
2.0 C.5 0.017 0.018 1.06
2.0 2.0 0.017 0.017 1.00
5.0 5.0 0.013 0.013 1.00

[t is important to note that the pattern ratio for H = J =0 is 1.24 when
the columns are rigid and 2.0 when K = 0. The moment coefficients shown
vary slightly from those shown in Table 4.1, but there are‘edge effects in
the interior panel of a nine-panel structure and the columns have a finite

¢/t ratio {(c/L = 0.1).
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The effect of increesing column stiffness is sim
beam flexural stEffneséc Therefore, as the column stiffness increases, the
vaiue of K at which checkerboard loads yieid higher moment ratios is decreased;
the column imparts additional stiffness tc the beams. The increase in moment
due to checkerboard loads is not recduced by increesing cclumn stiffness.

Gnly the renge cver which checkerbcard loads are criticel is incressed. The

e

column stiffness does recuce the increszse in moments under strip loading,
howsver .

{14} studied the effects of strip loads on
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square penels of flat slabs with verying coiumn stiffnesses. Two cases were
consicdered; ricid columns and columns in which the capitels were free to rotate.

the positive moment pattern
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h compares well with Korrison's velue of
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ratic cue to strip loads wes
1.24 for c/L = 0.1Q.
in order to determine the effects of columns having intermedicte

stiffnesses, Westergeard procposed a frame enalogy enabling interpolation

=h

nesses of zero and infinity. By definition, the column stiffness

K is the distribution factor to the column in a two-dimensional frame con-
sidering the slab as a beam. For such a frameg it can be shown that the pattern
ratio is a function of the eguation K/{1+K}, the degree of fixity. The degree
of freedom is | = K/{14+K) or 1/{1+K}. In a frame, the positive moment pattern

.

s 2.0 if the fixity is zero and 1.0 if the fixity is one. However, in

e

retio
a slab with rigid columns there is some '‘leakage’’ of moment around the columns

since the pattern ratio is 1.20. Therefore, Westergaard interpolated linearly

4+

between fixity values of zero and one. The pattern ratio was 1.20 at a fixit



cof one and 2.0 at a fixity of zerc. Trerefore, the pattern ratio could be
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it is necessary to consider the effects of column stiffness when
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the aspect vaitio (s not che., (T the zspect ratic is less than one, the cocliumns
crm mAat oo gffertiivie i orefiiciema ko -t T gt mina YAaocce [ < ~
ar O 2% errediive N Fecucing wag inTidenRce OV STrip i02CE. Y the zspect

ratio is very smell, the ccliumns do not reduce sirip load moments. The pattern
ratio remainsg at 2.0, [f the aspect retic is greater than one the columns
become more effective. fn the case of very large aspect ratiocs, the pattern

ratio becomes 1.0 for rigid columns.

The influences of beam torsional stiffness and column and beam flexural

nesses cannot be completely iscolated. [n order toc develop the beam tor-

in
e
=n
=t
=h

siaonat capecity, the column andfor the beam must ke able to carry the torsion
transmitted to it. [n the case of peositive moment checkerboard losdings, the

column stiffrness is not critical since there is & diagonzl line of symmetry .

Py

zcross the columns. However, for other patterns it is of importance. The
general effect of column flexural and beam torsional stiffnesses is to isolate
the panel from loadings in adjacent panels. |[f the values of J and K are
increased, the pattern loadings will heve less effect.

The first group of soluticns (Tables 3 and 4) in which J and K
were assumed to be zero are mere severe than solutions in which the values of
J and K are Tinite. Feor a given panel size, the increases in moment would be
no greater than those listed in Table 3. The increase in positive moment is

greater than the negative moment arnd the pattern ratio is decreased as the

parameters H, J or K are increased.
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in Panels with One or Two
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£,4 Etffect of Fattern Loadinas on Mo

g discontinuous

]

in most structures, there may be as many pane:s havi

h

edges as there are interior panels. Since, these panels behave differently

, It 1s nmecessary tc
determine what influence the pattern loads exert on the moments.
diccussed here ware chtained from References 11l and 1Z. These sciutions maxe

use of the distribution procedure of Reference 11 and the sbsclute moment

for spans perallel and
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perpencicular to the edge. A1l meoments are im terms of the span & which fs
the span in which moments are considered. The solutions assume flexurally
rigid beams and only checkerboard loads are considered.

As in the interior panel, the effect of pattern loads decrease as J
is increased. The pattern ratio @ for the edge and corner panels is compared
with the pattern ratio for a similarly supported interior panel. [t can be
seen that @ is less for a panel with discontinuous edges than for a comparable
interior panel. In an edge panel, & is nearly the same as in an interior
panel. However, in a corner panel @ is considerably less. For example, the
pesitive pattern ratio in an interior panel having ap aspect ratio of 0.3
and J = 0 is 1.67. In an edge panel it is 1.55 in the parallel spen and
1.47 in the perpendicular span, while in a corner panel it is 1.33. Similar

comparisons may be observed for other values of the aspect ratio and torsional

stiffness.



wn

in order to discuss the effects of strip locadings in discontinucu
peneis, the three dimensional structure may be reduced to a two-dimensional
frame. In such a frame, it can be shown that the end span is less affected
by pattern lcadings then the interior spans. Although the uniform load

moments are hicher In the end spen, the moment incresse is less. When columns

cr which solutions are avaiiehle and the
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tframe anslogy provide sufficient informetion to determine the effects of

and corner penels. The effect of pattern locadings on
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these panels {s depencent on the number of discontinucus edges. There is
tittle difference between moments in an edge pahel in the direction parallel
to the discontinucus edge and these in an interior.panelu However, in all
cases the psttern ratios are less in the panels with discontinuous edges than
in interior penels. The pattern loadings are less critical in the edge and

corner panels than in the interior panels.

4.5 ffect of Pattern Loadinags on Moments in Beams

It was shown in Sec. 4.3 that the moment in the panel tends to
decrease as the beam flexural stiffness increases. The moment is transferred
to the beam. Since these beams may carry large moments, it is important that
the effect of pattern loadings on their behavior is discussed.

A limited number of solutions are availabie for beam moments. Only

the effect of strip loads are given since beam moments are greatest when the
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panels adjoining the beam zre loaded. n Teble 2, beam moments are listed

Ls the stifTfness of the beam increa

(7))

es the moment carried by the beam increases

he negative to positive uniform locad moment ratio is about 2 toc 1,

W
n
Q
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similar to a continuous beam. The values of & for strip load positive moment
are between 2 and 3 while the negative moment ratios are about 1.3. These

frends are similar to the continuous bezm where only certein spans ere loaded

to create maximum moments. [0 a continuvous simply-supported beam, the positive
moment maey be twice s large by lozding alternzte spans and the negative meximum

mounsnt 1.25 times the moment when all spans are loaced.

The values of @ for strip loacs are plotted against the beam stiffness
in Fig. 4.11. These curves show cuite definitely that the negative moment is
rot altered as substantially by the strip loads as is the positive moment.
he negative moment increases feil within & narrow bend. However, the positive
moment ratios are guite scattered. As the aspect ratio increases, the peositive
mcement increases less with greater beam stiffrmess. [t will approzch the ratioc
cf 2 as the aspect ratio becomes large. I[n effect, the continuocus beam case
is epproached.

The increase in beam moments in the beams supporting a siab are

tar to those in a continuous beam. The trends exhibited by these

[0}
h

eno

.
T m

qu
beams a3 far as negative to positive moment distribution and increases in
moment due to pattern loads can be closely predicted by examining a continuous

beam.

4.6 Conclusions
In the preceding sections, the available theoretical solutions

for pattern loadings were compiled. The effects of strip and checkerboard
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patterns on continuous and discentinuous panels were studied. Certeain con-

clusions based on the theoreticel solutions are presented here. The trends

3
H

4]

in moment changes in the slab end the beams are surmarized separately.

' ' °

checkerboard loads in a discontinuous penel then in an interior or ceontinuous

M

panel. Therefcre, the effects of pattern locads are mere critical in the
intericr panel and it is sufficient to concentrate on such penels.

of finite

"

Secondliy, checkerbecard lcads co nct control for all value

O
“1
m
m
[
[g]

beem stiffness. As M increases, pattern ratics for checkerkecard lcads in

howsver, may not be critical until the beam stiffness reaches & value con-

-

hirdly, the positive moments are affected more than the negative

moments by pettern loadings as itllustrated by the curves in Figs. 4.4-4.10.
The effects of pattern leoads on the beams in slab structures are
very similar to the effects on continucus beams. The positive moment increases
are greate- and slichtly larger than those occurring in a continuous beam.
This iz due to :the moment being attracted from the slab to the beam and

resulting i~ z proportionally greater moment under pattern loads.
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S. COMPARISON OF DESIGN AKRD MEASURED MOMERTS

1

lntroductory Remarks

in the preceding chapter, solutions wzre presented for the effects

of pattern locads on moments. Various values of the stiffness parameters were

o)

considered. |t wzs shown that the transition between slebs with no beams
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between slabs with or without beams; two-wey slekb
1

tn this chepter, the development of the design procedures is dis-

cussed. The important features of the methods are pointed cut and special

The design moments used in the test structures were obtained using ACE Code

provisions. Finally, & comparison is made between the design and measured

(0]

moments in the test structures. Both pattern and uniform load moments ar

compared with the design moments. I[n this way, an evaluation of the design

.

procedures as to their ability to provide for the actuai moments is possible.

5.2 Desian Methods

°

Resian of reinferced concrete slabs has been divided into iwo
classes; the flat slaeb and the two-way system with supports on all sides
which is usually called a two-way slab. Basically, the flat slab is
supported directly on columns and may have capitals and drop panels. |f
there are no cepitals or drop panels it is comronly referred to as a flat

plate. The two-way slab is supported along its edges by walls or beams.



However, the two tvpes are often combined, the flat slab having beams end

the two-way slab having none in some spans, but the design procedure is
guite different depending upon the basic tvpe of siab chosen.
The reason for the difference is mainly on f development
; son the diff nce is mainly cne of development of
cesicn methods. The dzvelopment of ezch method i3 briefiy discussed in
Sec. 3.3 and 8.4. Perticuler emphasis is given tc the provisions for patiern

The actual construction of flat slabs preceded any formel design
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rocedure and resulted in a wealth of differing cpinion 2

pal

anc znalysis. Engineers who had successfully buiit and tested their designs
couid defend them on principles of pragmatism. (n Reference 15, the varicus
procedures are discussed.

Fost of the engineering public considered fiat slabs to have
properties which precluded rigorous znalysis and until J. R. Nichols {i6}
wrote his paper presenting a relatively simple solution, ro one ventured into
the erea of anpalysis. He developed an equation which, for the total moment

in an intericr panel of a pin supported slab, would be

tou = o KL
Mo+ M =M= (5.1)

+ - ‘ . . .
where M and M are moments across the positive and negative sections and
Mo is the total moment. This equation did not give the distribution to

negative and positive moment sections but specified the sum. For a silab

supported on finite columns, Nichols cderived an approximate expression:

2
- ¥L . 2¢ /
MO =5 { 31) {(5.2)




However, the First Joint Committee (17) in 1316 cave the design
z
} or 85 percent of that computed by

N

C

static moment as HO = 0.107 wi {1 -

2|
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n 134

reduced even fTurther to MO = (.08 WL

(@]
[

G. 5.2. This was subsequently (182
e Second Joint Committee (18) recommended the same ecuation
with explicit recognition of the fact thet they were designing for 7Z percent
of the moment resulting from e concideraticon of stetics. The 1958 ACE

tuiiding Code (7) added & factor F (F = 1.15 - ¢/L, but F > 1! which wes to

siebs with low c/L ratics,

o

‘p to this time, no explicit consiceration had been civen to paitern

n uniform loacs over all

0

lozd ccnditicons. A1l mozent cosefficients were based

o

cus

perels. Studies made for the 1841 ACE Building Code (1S} showed that var

.

fcantly hig
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arvangements of the mcvable lcad cave sioni
tocations. Rather then alter the moment coefficients since they had been in
tong satisfactory use, the flexibility of the columns wes limited in order to
minimize the effects of live load differentiais between panels.

[t was considered satisfactory for the maximum moments to exceed
the uniform load moments by not more than 33 percent. [t was found that this

iished by esteblishing @ minimum average moment of inertia for

the columns above and below the floor (See Ref. 20). This was given by the

| =L (5.3)



where i = minimum moment of inertia of coclumn but EC > 10G0 in

the minimum recuired sleb thickness in inches as given

in Sec. 1004 (d‘
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a = story heigat
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W, and W, total deed ioczd end tive losds on panel
v -

fore an increase of 33 percent was allowe

Since the maximum positive and negstive moments canhot cocur
multanecus the eguation limits either the positive or negative moment
ncreases under strip loads to 33 percent. The effectiveness of this eguation

~

may be estimeted by considering the moment of inertia of a typical column and

comparing the moment increases that are known to result from certzin column

fresses.
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The efficiency of columns in reducing the effects of strip loads
was discussed in Sec. 4.3. The increase in moments in a square panel could
be computed by the eguation 1.20 + Q.80 [E/§E+K*)]o ft is interesting to
compare the increase im positive moment that would occcur {f minimum values

of column stiffness prescribed by the ACl Code are used. For typical value

ch EL__, /h
K =

;i (ks Euslab + kb Eﬁbeam}/a

(See Sec. 4.2¢)
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of 1.23. The values of K must be about 5 in order to keep the moment ratio
tess than 1.33. Although the deed to live load ratio will usually be less

severe than used here, it does not eppear that the limiting column stiffness

wn

(Eg. 5.3} is sufficient to reduce the effects cf strip loads, within the
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zllowzbie renge.
cf celumns 1s fTurther reduced.

The need for e more rational method for the design of flat slebs

w
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or

grose frow the ina

ity of the empirical method teo account for the effects

iebs znd columns. Cut of this concern the

LN

cf pattern loadings on moments in

n

'

freme or elestic analysis wes ceveloped which essentielly reduces the three~

dimensional structure to & two-dimensiona!l fr

[43]

me
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he 1241 ACI Code but was modified

et
@

the Elastic Analysis appeared in
to vield answers comparable to the empirical methcd sc it did littie to
alleviate the problem of pattern loads. The moments were obtained in the
frame by using either the known load conditions or by positioning the full
live load on the spans»to obtain maximumvmomems° (The 1983 AC! Code,
Refolzls uses 3/4 of the live load in pattern load configurations to take
advantage of the prokability of a greater dead load-live load ratio and
maonent redistribution effects.) The mcoments in the frame were based on
conditions of equilibrium and therefore were higher than those of the

al design. To eliminate this discrepancy, the negative moments at

®
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a distance from the column center line could be used in design. The

o

consequences of this recommendation were moments that were nearly the same

on, for espect retios less then one, the efficiency
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as the empirical design moments. The benefit of

The desicn of fiat slabs tarcely ignores the effects of pattern
loads. The empirical method limits column stiffness but is not edesuate to
recuce pattern load effects to a predeterminec level. The elastic anzlysis

censicers pettern ioeds in determining design moments then reduces the negative
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5.4 Design KMethods for Two-Way Slaks
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one of three methods ¢iven in the 186
the ACl Code since 1938, Fethod 2 since 1847 znd Method 3 in 1963. The
development and essential aspects of each methoed will be discussed

section. BDetailed discussions of these methods appear in Reference 22.

Unlike the flat slieb which was attributed extraordinary strength,
the two-way slab was snalyzed by routine flexural computations. The two-way
action of the siab was not fully recognized or utilized. The beams on which
the slab rested spanned between the columns and seemed to indicate that the
one~-directional action that had been used for floors comprised of joists ard
girders carrying the load to the cclumns was applicable.

This led to an enalysis similar to the elastic analysis in flat

slabs. The three-dimensional! problem was reduced to a two-dimensional




LT

approximation of a plate on rigid supperts. The method is explained in

~

Feferences
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2 and 24.
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In deveioping the procedure, two basic
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First the load was civided to the two siab spens by & form

Secondly, the distribution of locad along the span was assumed. To zccount
for the end restreints of the sizb, the points of contrafiexure in the slzb
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the remainder of the load wes carried by the heams so that all

carried in each directicne.
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The slab momen

on beams were designed by the continucus beam
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moment conditions. fn add

s which also consider pattern load. Therefore, Kethod !

3
[

mament coefficien
resulted in desigon moments that were in excess of those given by & solution
censidering equilibrium of the slab. 1t was apparent that pattern loads
were provided for.
() HKethod 2

Method 2 had its foundation in the 1821 paper of Westergasard and

" .

Stater (14}, imn which they gave moment coefficient

n

ing beams. The solutions used to obtain the moments were for centinuous
plates supported on rigid beams which provided no torsional restraint. Since
flat slabs were designed for 72 percent of the static moment the maximum

moment coefficients (based on pattern loadings) were reduced by 28 percent.

tor slabs and the support-
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The moment coefficients were incorporated intc the 1947 ACl Code

'k scme modifications made by the 1940 Joint Committee (25}. The coeffi-
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{1/3 of the unbzlanced moment} by the torsi

fn eddition, the load to the bezms was specified by assigning a

cartein ares of the siab to be transferr
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then designed by use cf the coefficients specif

which nattern loads were considered.

The basis for Method 3 is found in & procecure recommended by
Farcus (268}, HKarcus divided the sleb which was supported on rigid beams
intc strips and determined the moment coefficient for the strips. Since
this did not account for the torsional restraint between the strips, the
moments were corrected to conform to elastic sclutions.

Checkerboard loads were used to obtain positive moments and uniform
lcads for hegatﬁve moments since Marcus concluded that the pattern loads did
not affect negative moments materially.

The coefficients obtained by the Marcus method were only slightly
modified and given for isolated panels with various boundary cocnditions in
the 1983 ACl Building Code {21). The coefficients for positive moment are
different for live load and dead load in keeping with the original solutions
Marcus obtained. Since the positive dead load moments are for uniferm loading,
no increase in moment is necessary, whereas the live load may cause an increase

in moment, the coefficients for checkerboard load are given.
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s in the other methods, & portion of the panel lcad is as
to ke uniformly distributed along the beam and the beam moments are computed

s given in the ACE Code.
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moments. (0 each case a pertion of the lecad is assigned to the beam which is

s

hen desicned using beam moment coefficients based on pattern loadings on

Therefore each method results in coefficients which give to
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monents that are in excess of the static moment in a parnel. Tt
contrast to flat slabs which do not effectively account for pattern loads and

are not even designed for the total static moment in a panel.

5.5 Design Mcments in the Test Structures

Four of the test structures were designed according to provisions
of the ACI Code. The flat plete Fl and the fiat siabs F2 and F3 were deéﬁgned
according to the Empirical Method. The typical two-way slab Tl wes designed
by Methad I'for siabs supported on all sides. The two-way slab with shalliow
beams was designed to provide & beam stiffness that was about midway between

F1 and Tl. It was designed using a total desian momeni besed on the static

[{e}

moment 0. 125 WL.
The design moment coefficients are shown in Figs. 5.1-5.4. The beam
and the slab moment are combined in the wall strip in Fl, F2 and F3 even

though in design these elements are considered separately.



-50-

5.6 Comparison of Feasured with Desicn Moments

ldeally, & design procedure should provide for the moment &t a

Further, for an economical design, it is egually important

~ el Y - H P $ ¥ —c - (S - ——— v S
reserding the design methods, the desian moments ere compared with the uniform
et P - l —h mMESCr d ey e o
enc pecrern oG measured memeinicsS.

ured moments are plotted sgainst the

s

e
o
[
3
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[4¥]
n

fgs. 5.5-5.¢,
design moments. The measured moments are teken from Figs. 3.2, 3.4, 3.5,
3.8 end 3.10. The moments are shown by different symbols for the column or

middle strip anc the wall strip. OQpen symbols represent uniform load moments

=ty

and solid symbols designate pattern lcad moments. A line has been drawn from
the origin et 45 decgrees which is the ideal case of measured moments and
design moments being equal.

in Fig. 5.5 the moments in structure F! are considered. [t can be
seen that the points are scattered and lie both ebove and below the 45 degree
line. The wall s;rip moments {including the beams} lie well below the line.
However, fhe beams which constitute the major portion of the moment are not
typical caseéo First, the beams tend to he conservatively designed and
secondly, the measured beam moments are not as reliable as the measured slab
moments.

The solid symbols should lie above the open symbols since the loads
were applied to create maximum moment conditions. However, no definite ﬁrend

is evident in that respect. The concentration of points at the lower left

of Fig. 5.5 are the only values that are zbove the equality line. These points




and positive moments in the

te be under-designed even

tor uniform loads. Howsver, with the oreponderznce of points below the line,
it eppears thet the flat plate has been adegustely designed as a whele

the flat piate In which the design moments were in excess of measured moments

go The pattern lcad meoments ere stightly hicher

o - L= | L2 g e e H e o fm y e
then the unpiform lcsd momznis. Howsver, it fg sicnificant thet the uniform
= - ~v = [ H e ey e G - capiag 4
lozd moments excesded the design moments. Had the desicn moments beer suffi-

fa.

loz

the empirical method, it is important to consider the three st ures as a
group in any comparison with design moment In the previous discussion it

was chown that beam monents are designed as separate elements of the structure.

€n

ng thig an additional strength s imparted to edge psnels. Therefore,

the moments in the intericr parel are of great
In the three structures the msasured positive moments in the column

and middlie strips end the middlie strip negative movents exceeded the design

v portion of the moment capacity in

an interior panel. are pot adeguate at these sectiomns,

the beneficial effects of moment rediziribution ars lost.
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The comparison of moments in structure Tl is shown in Fig. 5.8.

The points for uniform load moments lie consistently below the equalify

uit

line. E&ven the pattern iocad moments are generally below the line. This
comparison indicates that the structure was over-desicred. [t is desirabie
to heve the uniform lcad moments ke zhout egual to the design moments with
the pattern lozd moments exceeding the desicn moments by a small percenizge.
Howaver, in structure Tl which was cesigned by Method 1 of the ACI Code, the

measured moments were almost all below the desicn moments. This result is

i

consistent with the fundamentel espects of the Kethod t in which the beams

and slab are both cesigned for meximum moments. [n doing this the design
moments are cuite largce and over-desicning results.
The comparisen of moments in structure T2, shown in Fig. 5.9,

1
vl

[}

n

results in several interesting conclus . The design moments appear to
adeguately provide for uniform load. The design moments are low at some
sections and hich at others but cver-all the design seems to ke sufficient.
The pettern locad moments generally were greater than the design moments but
were not excessively high. [t appears that the main criticism of the method

is that it does nct distribute the moment to the sections very weli. However,

pattern lozds did not seem to exceed design moments sufficiently to ke given
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W
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particular cecn
in summary, the empirical design method did not provide for the
uniform load znd therefore did not provide for the pattern load. The
mitigating condition is that the pattern load moments were not substantially
greater than the uniform load moments in structures Fl, F2 and F3. Method |

for two-way slabs resulted in a design that provided more moment capacity
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than weas needed under uniform or pattern loads. The method used for structure

o« 1 ]

T2 appeared to have provided suff

cient cepecity for the moments in the

structure as a whole, however, the moment was not well distributed between the
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€. A PROCEDURE FOR hTERﬂ EFFECT CF BEAK ARD
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A method is presented in this chapter to estimate the effec
The procedure is not intended to provide
absolute values of pattern load moment, but rather to indicate when pattern
lcags chould be given further attenticn in & particular case. |

The procedure consists of developing domains of stiffness parameter
~combinations which satisfy @ given pattern ratio. The establishment of the

accomplished by using the asvaiieble theoretical soluticns and

0
71}

domat

3

S W

extending tham to cover additional cases where H, J, and K are varied. The
influence of the load ratio on the effects of pattern loads is included. A
discussion of pzttern load effects on beams is also given.

y. the procedure is compared with the results of pattern

load tests on tre Tive test structures.

6.2 DBevelopment cf a Procedure to Estimate the Effect of Beam and Column

Stiffnesses
The combinations of the stiffness parameters that have been studied

were discussed in Chapter 4. The available solutions include the effects of




ffnezs H on moments under both strip and checkerboard loads with
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There ere also sciutions
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or varying values of J and B = 2,
K = 0. The aspect ratios veried from 0.5 tc 2.0 in these sclutions.

o

trip ioads were studied for sguare

in

the effect of

cenels having rigid columns with B = J = 0. By a method of interpolation,
flexiblie coclumns could be inciuded in this sciution.

°

cr strip lcaedings in panels heving combinestions

1,

cf finite values of tcth H arnd K were not aveilahle. There wesre no sclutiecns
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for varying values of K and 4 in parels under strip locad

(A

checkerboara loads hed not been studied for panels in which J and K were

varied along with & verying velue of H. However, most of these cases had
been stucdied 2t some extreme vaiues ofvthe stiffness psrameters such as rigic
beams =-r no beams.

In order to epproximate the pattern ratios for the cases which were

3 : ° 1]

net studied previously, a2 means of esteblishing these ratics was devised.

for

The construction for these solutions is shown in Fig. 6.1. Pattern ratios
a panel having an aspect ratio of one are shown and only positive moments are
inciuded since these were shown in the preceding discussions to be critical.

The basic curves, uppermost in Fig. 6.1, are identical to those shown in

Fig. 4.6. These top lines give the pattern ratios for cases of strip loading

&
-t
gy
o
It

Q, H verying and checkerbecard loading with J = 0, H varying.

The remaining curves for the condition of strip loads were determined
in the Tollowing manner. For a/b = 1.0, it was known that for H = 0, K ==,
the pattern ratio @ was approximately 1.20. Hn}addition a linear interpolation

for the pattern ratio betwzen values of K = 0 and K = @ could be used.
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Therefore, a vertical linear scale was established on the E/{1+K} = 0 axis.
£ straight line was drawn connecting @ = 1.20, H/{I+H} = 0 and @ = 1.0,
H/(1+H} = 1.0. The exact shape of this curve may not be a streaicht tine,
but may decrease very repidly for low vaiues of H znd approach en asymptote

=t BA(1HH)Y = 1.0, howaver the straioht

This comstruction completed the pattern ratios for strip loads
for verying values of H and K, 4 = 0. By examining the curves for strip

te values of 4 is to further

=h
=
3

loads, it can be seen that the effect of
decreese the curves so that & = 1.0 is epproached. However, the effectiveness
cf d in reducing moments depends on the cepacity cf the column and beam to

the

=

withstand the torsion transmitted to them. Ho accurete estimation ¢
parameter J in reducing effects of strip loads was available, therefore, it
was considered conservative to assume that increasing J did not reduce strip
toad pattern ratios.

The curves which completed the combinations of stiffress parameters
for checkerbeoard load pattern ratics were constructed by using the following
procedure. From the available solutions, the pattern ratios were known for
cases of & = 0 .and H being varied. Solutions for the influsnce of J in
checkerboard loadings with H = © were shown in Fig. 4.2. [t can be seen
that the variation of the pattern ratio is almost linear with increasing
values of J. This is conservative since a small increase in J is more

efficient in reducing the pattern ratio at low values of J than at higher

values. This led to a vertical linear scale of J/(14+J) along the H/{I4+H) = 1.0
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axis between values of J/(1+J) of zerc and one. & further essumption was made

less of the value of

0.
4]

-

thet the values of @ would be 1.0 For &/{I+J} = 1.0 regar
H and that the origin of all the curves was at the point where the curves for
4 = 0 crossed the line for @ = 1.0. All the curves may not cross at this

point, howesver, the varietion should not be too great. The curves for inter-

=

meciate values of J/(i+d} were constructed using a2 linear verticel interpolation

retics wes not nesced

ps

The intTluence of K on checkerbozra losd patter

since only positive moments are critical and K has no influence on these ratios;

-~

This methoo of extending the aveilable sciutions to other values of

-

pect retic was accomplished with only one additional assumption. The

m

the &

3

checkerboard lozcd curves for any values of the aspect ratic can be constructed

.

-t

ust as for afb = 1.0. However, for strip loads the efficiency of the stiffness

(s
(o]
=1

of the columns in recucing the pattern retio decreases as the aspect ratio
ecrezses. In order to complete the curves for sirip loads, it was assumed
that for a/b = 0.5 finite column stiffness did not reduce the moments while
for a/b = 2.0, rigid columns were completely effective imvisoiatﬁmg the panels
from strip loads. By fitting a curve through the known points, the pattern
ratios were.determined to be approximately 2.0 for a/b = 0.5, 1.4 for a/b =
0.8, 1.2 for a/b = 1.0 (this value was previously known}, 1.1 for a/b = 1.25
and 1.0 for a/b = 2.0,
It can be seen that the effects of pattern loads are divided into
strip load effects in which H and K are the major variables end checkerboard

load effects in which H and J are the major variables. This division made it
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possible to chart domains in which combinations of the stiffnes
satisfy a particular pattern ratio.

hese domal ere indiczted in fFigs. 5.2-6.56. Three values of the

3
0n

for a/b = 1.0 and similar curves were constructed to establish the domzins

The shaded areas in Figs. 6.2-6.6 indiczte the combinations of
the stififness parameters which result in the moment retio being exceeded.

’

Therefore, if a particuler combineticn of H and J or H and K falls within

this ‘'danger® arez, the petterns ratio mey be surpassed. [t should be pointed
out that the areas are not sherply delineated since the curves from which the

tues were obfained ere not exact in all cases. These domains give an
indication when further attention to the effects of pattern icads is neesded.
The use of these domains in practical problems is discussed in the following

section.

6.3 Application of the Proposed Procedure

The development of the procedure discussed in Sec. 6.3 was based
on theoretical solutions in which the permanent load was assumed to be zerc.
In an sctual structure, there will be some permanent load on the floor slab.
SEnce the procedure is to be applied to slabs having varying vaiues of
permanent and movable locads it is necessary to adjust the pattern ratio to
cbtain the moment ratio.

The pattern ratio Q was previously defined as the ratio of pattern

to the uniform load mement where the entire load was a movable locad. The



moment ratic 2 was the ratic of pattern to uniform load moment in a structure

he load retic 8 is

i

he ratic cf moveble to total

t

heving & load ratio 8.

In 2 structure having a value of B less then one, the effects of

loads are less severe than when P = 1.0 (the cese of pattern ratios}).

a = 1+ | (6.1)

=
pugy

e eguation is derived by consicering the moment in a structure tc be the

+

wn
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m of the permanent load multipliied by the uniform loed moment coef

the movable locad multiplied by the pattern load moment coefficients
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The use of this eguetion in conjunction with the domains of Fig.

e censists of the follewing five steps.

£.2-G.C for a given siructu

s
[

Jetermination cf the load retio, B.

-
o

1

2. Selection of the allicowzble moment ratio 7.

3. Betermination of the pattern ratio @ using Eg. 6.1,

4, Computation of relative stiffnesses H, J and K.

5. Using Fig. 6.2-6.5, determine whether pattern loads mey result

in

0

reater increases in moment than were allowed in Step 2.

The first three steps are seif-explanatory. However, the fourth
and fifth steps need further explanation. The methed of computing B, J and
K are given in Sec. 5.5. In the case of 2 rectangular slaeb having different
beams in the two spans, a check is made for the effects of pattern loads in
each directicn. In méking these checks, the effects of different beam

flexural stiffness QHb) in the perpendicular span are covered automatically.
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{f the torsional stiffnesses of the beams in the two spans are
cifferent, it is conservative to use the lowsr value of J for both szpans.

Step S invelves making two checks for a particular paneil: one

the effects of strip lcad and one for checkerboard load. The check for
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strip lcad is made by computing the values of H/(i+H) and K/{I1+K} and this
point is loczied on the coordinates of Figs. 2.2-6.6. Similariy the value
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of J/{I+J} is computed znd the poin focated. [f these
two points co not tie in the shaced ereas, the pattern loads should not

increese the average moments more than the prescribed amount.

~h

For example, if the pattern ratio is determined to be 3/2 for a

[0
o

t one end stiffness paremeters of H/A{I+H] = 0.5,

~h

panel heving en espect retic ¢
JA(IHS) = 0, K/(14K} = 0.2 it can be seen in Fig. 6.4 that checkerbcard locad
moments will not exceed the allowable @ but strip load moments may exceed the
value of @ = 1.50. However if K/{1+K} is 0.3 strip lozds should not vyield
pattern ratics exceeding 1.50

The steps cutlined in the preceding pafagraphs ere for the effects
of pattern loads on the slab positive moments in an interior panel. In
Chapter 4 it was pointed out that these moments are the most critical with
respect to pattern lcads. This is confirmed by the measured mcments given
in Fig. 3.2, 3.4, 3.6, 3.8, and 30100' Therefore, any combinations of the
stiffnesgipamgmetér»satﬁsfying the reguirements for positive siab moment in

the interior panel should also be sufficient for edge or corner panels.

It is important to remember thet as the values of the beam flexural

stiffness increase the distribution of moment to the beam also increases. For

farge values of H, the major portion of the moment is carried by the beam.




[t s necessary to determine the effect of pattern lozds on the beams since
these mey be tr= critical sections. The beam moments are maximized by strip
foadings in most cases and strip loadings will produce increases equatl to

ing cases. A frame enalysis is
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given irn the Appendix for computing the moment ratios in siab structures

approximated by a two-dimensione! freme and iozsded uniformly or by strip

O
1

theoreticel consgiderations. [t is desiveble tc determine how well [t cerre-
lates with the results of the five test structures. The procedure is intenced

¥ pattern loads on a given structure.
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fer use in estimeting th
Howeaver; for the purposes of this comparison the pﬁocedure is altered stightiy.
Father than assume a value for the alloweble moment ratio 7, the moment ratios
measured in the test structures are used and for the values of the load ratio
B on the structures, the measured values of Q zare determimedo The measured
values of @ are compared with the estimated values of O according to the

suggested procedure. The comparison is made in terms of the positive moment

e

o in the

e

rat ntericr panels of the structures.

cvm

n any comperison, the similarities and differences between the
stiffrness parameters of the test structures and idealized stiffness parameters
must be examined. The greatest difference is in the supporting elements. I[n
the test structures the beams and columns have finite widths and thicknesses.
In the theoretical solutions, these elements are dimensionless. The neutral
axis of the beams and slabs are the same in the theoretical sclutions eliminat-

ing T-beam action of the slab.
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The values of K are determinad routinely with the stiffness of the
column capitals considered as outlined in the Appendix.
The values of the stiffnesses and stiffness parameters are given

below for the interior panels of the test structures. A rangs rather than a

single value is given for beam stiffnesses of structures 7! and T2. The

. i

iower bound of the rangs corresponds to a rectangular beam wnile the upper
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7 is uszd. Thls figurz was constructed in ths samz mannsr as wers
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8.2-5.8 in which "'saf2'’ domains were shown. In Fig. £.7 contours
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approximate ths values of the pattern ratios.
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Jiing ithz values of H, J and ¥ given in thes tadls a2bove, noints are

-~ < 2 7 % i mat = < 4 HE T =z -
locatzd <~ “lg. 2.7 for the pertinent comcinailions of tne stiffness parametsrs
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for sazh st 2tiiTes
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cI- t= sz2n thst chacksrboard loads should bz of rmo concern in
e, o T 5 H = s I h2 imo z
structuras Z and F3. Since thsse structurss have no ba2ams, tnz important

iz strip load effect. Structure Fl should not be seriously
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affected by sirip loads. The value of ¥/{1+K) is large and the value of @

is about 1.2. However, the value of & for F2 and ¥3 is about 1.6. The columns

oma?

y flexibie as indicatad by the vaiue of X/{i+X} = 0.5 and strip

were relativsa

]

ioads must be given consideration.



The points plotted for structures Tl and T2 are shown as lipss as
a result of the range of beam flexural stiffnesses that were‘computed° The
location of the lines for Tl indicates that the value of O for either —
checkerboard or strip loads is less than 1.2. This pattern ratio is quite -
iow and pattern loads should be of no consequence in Tl.

The location of the line relating J/{1+J) and H/{1+H} for T2 shows
that the effects of checkerboard loads should bz negligib!éo Figure 6.7
indicates that the effect of sirip loads will be greater than the effect of _
checkerboard loads. However, the strip load pattern ratio should be about
1.2 which is guite low.

The values of Q measured in the tests are summarized below. The

value of B was known, ¥ was measured in thes tests and & was obtainzad by use

Of 4;q0 6030 -
Structurs 3 7 o
Meas. mease. —_
Fi 0.72 1.09 1.13 -
F2 0.85 io.14 1.17 B
F 0.78 1.84 1.82
71 0.81 1.2 1.25 -
T2 0.55 1.03 1.05

seen that ths estimatad valuss of O compare favorably witl

123
[¢]
Wi}
3
o
D

the mezasursad va

and tnis is nearly the valus that was estimatasd. The measursd

pattarn ratio was 1.0 whicn seems reascnabls. The value of & estimatzd Tor

['4

T1 was about squal! to that measur=sd. {if was pradicied that chackerboard loads

would ba of noc consequence in T2 and this was conf!
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ft must be remembered that the values of measured moment tsed to
compute the pattern ratio are across the interior panel positive moment

section and therefore are subject to localized irregularities which cannot

(¥

e eliminated as easily as when the average moment ratio is teken for the
entire structure. However, the estimated values are sufficiently accurate

for design purpcses.
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7. SUHMARY

7.1 Ohiect and Scope

)

The chject of this study is to evaiuate the effects of pattern

tebs. This report brings together

end correiates the availshle anelyticai end experimental (nformetion con
the effects of pattern loacings i: floor slebs in order to develop & unified
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The experimentel studies consist of load tests on a series of five

ple-panel reinforced concrete floor slabs. The tfest structures inciuded

e

mult

wo filat slabs, & flat plate and two two-way slabs. Layouts cf these slabs

(43
Q
n

[N]

are shown in Figs. 2.1-2.

lcadings ere listed in Tables 3-S. Feneils having aspect ratios from 0.5
to 2.0 are considered. The varigbles are the beam torsional and flexural

stiffnesses and the column flexural stiffness.

7.2 EBehavior of Test Structures Under Pattern Loads

TQO types of pattern loads were applied to the structures. Checker-
board patterns were used in the two-way slabs and strip patterns in the flat
stabs. The lcading patterns are shown in Fig. 2.4.

Representative strain distributions across critical sections for
uniform and pattern loadings are shown in Figs. 2.6 and 2.7. DReflections
are compared in Figs. 2.8-2.12. The pattern loadings increased strains

°

across all the sections. However, in some cases this increase was negl

e

gible.

)

The increases in defliection ranged from 10 percent in Fl to 100 percent in F3
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but the ebsolute increases in deflection were smell in all the structures.
The crack patterns were nearly unaffected by the pattern loads. Ko new
racks were formed but & slicht widening and lengthening of the existing

cracks was observed. On the basis of the deflection, strain and crack

observations, it can be said that the servicesbility of the test structures
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The strip load moments in the flat plate and slebs were sbout Z0

percent greater than uniform load moments. Under checkerbocard loads, the

o

moments increzsed by about 30 percent in the typical two-way sleb, but were

unchanged in the two-way slab with shaliow beems.

7.3 Theoretical Solutions for Pattern Load loments

The available solutions fof the effec;s of pattern load on moments
are given in Tabies 3-2. The trends evinced by these solutions are shown in
Figs. 4.4-4.11.

The theoretical solutions indicate that the effects of pattern loads
on the slab moments in edge or corner panels are less thah on an interior
penel and positive moments are affected more than negative moments. in
addition, it is shown that checkerboard loads result in greater moment
increases than strip loads only if beams having very lerge flexural stiffness

support the slab.
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stimating the Effects of Psttern Loads

~d
~

i

7o Frocedure for

The discussion of development of current design methods in Chapter ©

indicates that pattern loads are not treated consistently in the various

methods. They are included in determining two-way sleb design moments and

m

iergely fgnored in Tlat slab design.

pettern loads on & sleb supported by beams or columns of any stiffness. The
method is based on the aveilizhle thecretical sciutions and pleusible extension

¢t these solutions for & wider range of variebles. The method consists cf

determining whether the given combinations of the stiffness peremeters are
~~c ° - ° . e - /’ ©

sufficient to limit the moment increases to & prescribed level (See Figs.

6.2-6.6}. The beam flexural and torsional stiffresses must provide for

&

o~ ¥
checkerhoar

.

. of checkerboard loczds

(o1
in

ioads; cotlumns cannot limit the effect

on positive moments. The beam and column flexurael stiffnesses must provide
F

“h

for the effects of strip loads. [t is assumed that the beam torsional stiff-
nesses do not decrease the effects of strip loads.

The sucgested procedure for estimating the effects of pattern loads
shows that checkerboard loads are mot critical unless very stiff beams are
used. [t is also shdwn that in most structures, strip loads are of prime
concern and significant moment increases result if relatively flexible beams

or columns are employed,

s presented in the Appendix for determining the

Py

wao

A frame analysis
uniform or strip load moments in any type of siab. The frame analysis

enables computation of absclute moment values at design sections.
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TABLE 1 PROPERTIES OF MATERIALS IN TEST

STRUCTURES

Structure fé EC fr Age Reinforcement f Design lLoads
4 Live Load Dead l.oad

psi ksi psi days ksi psf psf
Fl 2510 2400 700 76 1/8 in. sqg. bars 36.7 70 85
F2 2760 3100 600 78 1/8 in. sq. bars 42.0 200 85
F3 3760 3700 750 55 s 70%% 200 85
Tl 2830 3000 530 76 1/8 in. sq. bars 42.0 70 75
T2 3550 3300 940 50 1/8 in. sq. bars 47.6 70 75

%

Wires with diameters ranging from 0.142 to 0.0625 in.
Y Based on average of wires at 0.2% offset.
Proportional limits of wires 50-55 ksi.

Concrete properties are based on tests of 2 by 4-in. cylinders.

_ZL-



TARLE 2 ASSUMED PROPERTIES USED IN MOMENT-STRAIN RELATIONSHIPS

Cracking

Beam Flange Widths

Structure Cracking
Strain Stress, psi. Edge Beoms Interior Beams

Fl 0.00015 310 4¢, deep beam -

0, shallow bcam -
F2 0.00015 360 4t, deep beam -

0, shallow heam -
F3 0.00019 600 At, deep heam -

0, shallow beam -~
TI 0.00015 400, slab At At

: 350, beams

T2 0.00020 550, slab 3t 3t

500, beams

—SL-



TABLE 3

COMPARESON OF PATT
IN AN

ER
§

o

1
%
\

/
Y K =20

- Tl

WITH UNIFORM LOAD POSITIVE MOMENTS
TERIQR PAKREL

5
Fositive Moments, M/ca

fspect eam Averace Slab F
wural Checkerbozrd rip
Stiffnessw M M
- L ; ; LB 9 ST _ A
- e ut % Koo ST Koy e
G.5 2 0.0417 Q.0522 1.28 Q.C733 2.00
) 0.0304 Q.0477 1.57 0.0201 .28
) 0.0278 0.0484 1.67 0.0521 1.87
.G 0.0263 C.0456 1.73 C.04556 1.73
.D 0.G255 0.0452 1.77 0.0401 1.57
0.0251 0.0450 1.7¢ 0.0352 1.40
0.8 0.0417 G.0384 0.22 Q.0833 2.00
& 0.0277 0.02314 1.13 0.0521 1.88
.8 0.0232 0.02¢1 .25 0.03¢8 1.72
.6 0.01¢7 0.0280 1.42 0.0313 1.5¢
.0 0.0172 G.0261 1.52 0.0230 1.34
0.0152 G.0251% 1.6 0.0161 1.06
1.0 0.0417 0.0327 0.78 C.0833 2.00
<5 0.0263 0.025C 0.25 0.0454 1.73
.0 0.0208 0.0222 1.07 0.0331 1.52
.0 0.0164 0.0200 1.22 0.0234 1.42
.0 c.0127 0.0182 1.43 0.0155 1.22
0.00¢Ss 0.0166 .73 0.0080 0.24
1.25 0.0417 0.0313 0.75 0.0833 2.00
0.63 0.0248 0.0228 0.92 0.0408 1.65
1.25 0.0185 0.0197 1.06 0.027° 1.51
2.50 0.0133 0.0172 1.29 0.0182 1.37
6.25 0.0088 0.0148 1.68 0.0105 1.18
0.0049 0.0128 2.61 - 0.0042 0.86
2.0 0.0417 0.0256 0.61 0.0833 2.00
.0 0.02¢8 0.0158 0.76 0.0313 1.20
.0 0.013° 0.0124 0.89 0.0185 1.40
.0 0.0085 0.00S87 1.14 0.0113 1.33
.0 0.0041 0.0075 1.83 0.0051 1.24
0.0005 0.0033 6.60 0.0004 0.80
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TABLE &  COMPARISON OF PATTERN WITH URIFORM LOAD KEGATIVE MOKERTS
IR AN INTERIOR PAREL
J=K=0

Aspect Beam Averace Slab Necative Foments, H/caé
Ratic Flexural Checkerboard Strip
Stiffnessw Mcé (.
2/b Ha Fup Mes C % st W
6.3 o 0.C833 - - . g.lc42
8.258 g.0tel - - G.072
C.5 0.G356 - - ¢.08¢
1.0 0.0548 - - 0.087
2.5 C.0550 05.0472 G.86 G.0E8
© 0.0558 0.0732 i.31 0.0642
¢.8 & 0.0832 - - g.ics2
.4 9.051¢ - - G.064
G.8 C.C4E2 - - 0.056
1.6 0.0428 0.0338 <72 g.051
4.0 0.04C5 0.0436 1.08 0.045
© 0.03¢0 0.0532 1.37 0.0415
i.0 e 0.0833 - - G.1042
0.5 0.0488 - - 0.360
1.0 0.0417 - - 0.050
2.0 C.036% 0.0332 0.92 0.043
5.0 0.0324 0.0373 1.15 ¢.035
© 0.02¢1 0.0428 1.47 ¢.029¢
1.25 o] 0.0833 - - 0.1042
0.63 0.0458 - - 0.056
1.25 0.0370 - - 0.044
2.5 0.0303 0.0275 0.21 0.035
5.25 0.0248 0.0297 1.20 0.026
@ 0.0201 0.0317 1.58 0.0200
2.0 C 0.0833 - - 0.1042
1.0 0.0385 - - 0.047
2.5 0.0278 - - 0.033
4.0 0.0197 g.0160 0.81 0.023
10.0 0.0133 6.0150 1.13 ¢.014
© 0.00738 0.0133 1.68 0.007S
5 oH= Ha(b/a)z.



TABLE S

COMPARISON OF CHECKERBOARD WETH UMIFORM LOAD MOMENTS IN AN INTERIOR PANEL
H=r K=0

Aspect Ream Average Slab Moments, M/qa2
Ratio Torsional Positive Mcment Negative Moment

Stiffness M M Q M M o

a/b J J uL cB ca Ui, 5} cB

a_ b

0.5 0 0 0.0279 0.0467 1.67 0.0556 0.0728 1.31
0.78 1 0.0279 0.0360 1.29 0.0556 0.0676 .22
}1.54 2 0.0279 0.0330 1.18 0.0556 0.0633 1. 14
o o 0.0279 0.0279 1.00 0.0556 0.0556 1.00

0.8 0 0 0.0168. 0.0262 1.56 0.0389 0.0523 1.36
0.79 0.83 0.0168 0.0213 1.27 0.0389 0.0473 1.22
1.58 1.66 0.0168 0.0196 1.17 0.0389 0.01449 .15
o0 o 0.0168 0.0168 1.00 0.0389 0.0389 1.00

1.0 0 0 0.0119 0.0178 1.50 0.0220 0.0434 1.50
.81 0.81 0.0119 0.0146 1.22 0.0290 0.0371 1.28
1.62 1.62 0.0119 0.0136 1.14 0.0290 0.0342 1.18
co 00 0.0119 0.0119 1.00 0.0290 0.0290 1.00

1.25 0 0 0.0065 0.0099 1.52 0.0129 ©0.0322 1.62
0.83 0.79 0.0065 0.0083 1.28 0.0199 0.0261 .31
1.66 1.66 0.0065 0.0077 1.18 0.0199 0.0245 1.23
% 0 0.0065 0.0065 1.00 0.0199 0.0199 1.00

2.0 0 0.0023 0.0032 1.39 0.0079 0.0156

0 1.98
] 0.78 0.0023 0.0027 1.17 0.0079 0.0128 1.62
2 1.54 0.0023 0.0026 1.13 0.0079 0.0105 1.33
e ]

0 0.0023 0.0023 1.00 0.0079 0.0079 .00




TABLE 6  COMPAR!ISOM OF CHECKERROARD WITH UNIFORN LOAD MOMENTS IN AN EDGE PANEL = PARALLEL TO EDGE
Ho=ow, K=0

o st e Sy Ry

Aspect Beam Averaage Slab Moments, M/qgi
Ratio Torsional Positive Moment HNegative toment

Stiffness M H e Int. M iy o, Int.s

a/b J J Uk ¢o b Panel . e eB Panel

b 04 04

ch _ » cB

0.5 0 0 0.0310 0.0480 1.55 1.67 0.0586 0.0794 1.36 1.31
0.78 1 0.0292 0.0362 1.24 1.29 0.05677 0.0678 1.19 1.22

1.54 2 0.0286 0.0330 1.15 1.18 0.0572 0.0628 1.10 1.14

0.8 0 0 0.0194 0.0271 1.40 1.56 0.0465 0.0556 1.20 1.36
0.79 0.83 0.0181 0.0214 1.18 1.27 0.0426 0.0483 1.13 1.22

1.58 1.66 0.0177 0.0196 1.11 1.17 0.0414 (0.0450 1.09 1.16

1.0 0 0 0.0109 0.0173 1.59 1.50 0.0376 0.0479 1.27 1.50
0.81 0.8]1 0.0113 0.0142 1.26 1.23 0.0337 0.0379 1.13 1.28

1.62 1.62 0.0115 0.0135 1.17 1. 14 0.0319 0.0348 1.09 1.18

1,25 0 0 0.0084 0.0109 1.30 1.52 0.0287 0.0366 1.28 1.62
0.83 0.79 0.0075 0.0085 1.13 1.28 0.0238 0.0273 1.15 1.31

- 1.66 1.58 0.0072 0.0077 1.07 1. 18 0.0224 0.0244 1.09 1.23

I

2.00 0 0 0.0027 0.0034 1.26 1.39 0.0129 0.0180 1.39 1.97
: ] 0,78 0.0025 0.0027 1.08 1o 17 0.0102 0.0124 1.22 1.62

2 1.54 0.0024 0.0026 1.13 1. 13 0.0094 0.0107 1.14 1.33

* Interior panel "B is MCB/MUL for an interior panal supported similarly



TABLE 7

COMPARISON OF CHECKERBOARD WiTH UNIFORM LOAD MOMENTS

IN AN EDGE PANEL - PERPENDICULAR TO EDGE

H = o, K=0
4 et et et = e e e - . 5
Aspect Beam Average Slab Moments, M/qa” .
Ratio  Torsional Positive Moment Interior Megative Moment — Exterior Megative Moment
Stiffness M t e Int.? M M o Int.% N " o Int.
a/b J J UL cB cB Panel Ul B cn Panc] Ul B B Panel
a b o o o
. ) CR cB___ kB
0.5 0 0 0.0336 0.0493 1.47 1.67 0.0640 0.0810 1.27 1.3] 0 0 - 1.31
0.78 1 0.0305 0.,0363 1.19 1,29 0.0612 0,0683 1.12 1.22 0.0282 0.0352 1.25 1.22
1.54 2 0.0295 0.0331 1.12 1.18 0.0598 0.0639 1.07 1.14 0.0374 0.0433 "1.16 1.14
0.8 0 0 0.0173 0.0263 1,52 1.56 0.0415 0.0832 1,30 1.36 0 0 - 1,36
0.79 .83 0.0172 0.0211 1.23 1.27 0.0404 0.0475 1.18 1,22 0,0195 0.0242 1.24 1.22
1.58 1.66 0.0171 0.0195 1.14 1.17 0.0401 0.0442 1.12 1,15 0.0259 0.0305 1.18 1.15
1.0 0 0 0.0154 0.0195 1.27 1.50 0.0290 0.0431 1,49 1.50 0 0 = 1.50
0.81 .81 0.0137 0.0150 1,10 1.23 0.0290 0,0364 1.26 1.28 0.0145 0,0191 1.32 1,28
1.62 1.62 0.,0131 0.0138 1.05 1.14 0.0291 0.0342 1.18 1.18 0.0194 0,0233 1,20 1.18
1.25 0 0 0.0063 0.0099 1.57 1.52 0,0202 0.0320 1.58 1.62 0 0 o 1,62
.83 .79 0.00844 0.0082 1.28 1.28 0.0199 0.0264 1,32 031 0.0100 00,0134 1.34 1.31
1.66 1.58 0.0065 0.0076 1.17 1.18 0.0199 0.0243 1,22 023 0.0132 00,0164 1,24 1.23
1
2.0 0 0 0.,0025 0,0033 1.32 1.39 0.0082 00,0156 1.90 1,97 0 0 - 1.98
] .78 0.0024 0.0027 1,13 1.17 0.0080 0.0118 1.48 1.62 0.0040 0.,0061 1,53 1.62
2 .54 0,0024 0.0026 1.08 1,13 0.0079 0.0103 1.30 1.33 Q.0603 00,0071 1.34 1.33
* Interior panel @ = is M /M . for an interior panel supported similarly,

CB

CB" UL
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TABLE 8  COMPARISON OF CHECKERBOARD WITH UNIFORIM LOAD HOMENTS §M A CORMER PAMEL
Hoo Kol
Aspect Beam . Average Slab Moments, ﬁ/qq% v “

Ratio Torsional Positive Homent Interior Megative Moment Exterior Negative Moment
i ffng o o : : o L% ; . (4 o

Stiffness MUL MQB B Int.se MUL “CB B i{t “UL MCB cn Int
a/b J J Panel Fanel Panel

a b o o o
' £B € CB
0.5 0 0 0,0393 0.0522 1,33 1.67 0.0716 0.,0846  1.18 1.3] 0 0 - 1.31
0.78 1 0.0324 0.0368 I.14 1.29 0.0644  0.0692 1.08 1,22 0.0298 0.0354 1.29 1.22
.04 2 0.0306 0.0333 1.09 1.18  0.0617 0.0644 1,04 1.14 0.0386 0.0435 1.13 1.14
0.8 0 0 0.0234 0.0291 1.24  1.56  0.0520  0.0603 1,16  1.36 0 0 = 1.36
0.79 -0.83 0.0190 0.0214 1,13 1.27 0.0449 0.0490 1.09  1.22 0.0218 0.0247 1.13  1.22
1.58 1,66 0.0182 0.0199 1.09 1.17 0.04292 0.0459 1.07 1,15 0.0279 00,0308 1.10 1.15
1.0 0 0 0.0156 0.0196 1.26 1.80  0.0401 0.0488 1.22 1.50 0 0 - 1.50
0.81 0.81 0.0134 0.,0148 1.10 1.23 0.0339  0.0373 1.11 1.28 0,0170 0.0127 1.16  1.28
1,62 1. 0.0128 0.0137 1.07 1.14  0.0321 0.0348 1.08 1.18 0.0217 0.0239 1.10 1.18
1.25 0 0 0.0088 0.0112 1.27 1.52 0.0298 0.0370 1.24 1,62 0 0 = 1.62
0.83 0.79 0.0075 0.0084 1.12 1.28 . 0.0241 0.0270 1.12 1.31 0.0125 00,0146 1.17 1,31
1,66 1.58 0.0071 0.0077 1.04 1.18 0.0226 0.0250 1.11 1.23 0.0101 0.0168 1.11 1.23
2.0 0 0 0,0029 0.0035 1.21 1.39  0.0134  0.0181 1.35 1,97 0 0 - <97
] 0.78 0.0026 0.0028 1,08 1.17 0.0103 0.0123 1.19 1.62 0.0052 0.0064 1.23 .62
2 1.54 0,0025 0.,0026 1.04 1.13 0.0073 1.16 33

0.0094  0.0105 1.12 1,33

0.0063

“% |nterior panel @

B 'S MCB/MUL

for an interior panel suppovted similarly.
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Aspect Beam Beam Moments, M/cazb
Ratio Flexural Fositive Moment Necztive Moment
Stiffness® i . e
alb é ) L. [ f§£ = 5 " %ST _
a UL ST My ST uL STy, “sT
OOS a ..O - O @ O _ O -
0.25 0.0113  0.0232 2,05 0.0252 0,032 1.27
0.5 0.013%  0,0213 2.25 £.0278  0.036 1.28
1.0 0.0155  0.0378 2.45 0.0285 0.038 1.31
2.5 0.0162  0.0433 2.67 0.0284 (£.032 1,29
- 0.01656  0,0482 2.1 0.0275  0.0400 145
0.8 o o 0 - 0 0 -
0.4 0.0140 0.0314 2.24 0.6215  0.040 1.27
0.8 0.0185  0,0435 2,35 0.0371  0.048 1.29
1.6 0.0212  0.0527 2,41 0.0406 0,054 1.33
4,0 0.0246 0.0604 2,45 0.0428  0.059 1.28
® 0.0266 0,0673 2,53 0.0442 0.0626 .42
1.0 0 0 0 - 0 0 -
0.5 0.0154  0.0380 2.47 0.0345 0.048 1.32
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APPENDEX A

FRAME ARALYSES

A.1 Backaround

The simplification of a three-dimensional slab to a two-dimensional

“h
=
0

me has been uced for some time. The frame analysis appeared in the 184]

‘Elastic Anelysistt but hed been used pricr to that time in
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The frame eanelysis es given in the ACI Ccde has severel drawbacks.
By assuming an infinite moment of inertie at the joints between the columns

and slebs, the sections zre given teco great a stiffness. In reducing the

negative moments to a critical section some distance fTram the coluwrn centere
line, the advantege of a solution based on statics is lost and the moments

revert tc those used in the Empirical Kethod,

=t

Coriey (27) propcsed a f

-

ame znalysis which ailleviated some o
the problems in the ACI Code Elastic Analysis. However, the method proposed
was not used to determine the effects of pattern loads and in that respect
it had certain shertcomings.

The method proposed here is basically a modification of the analysis
preposed by Corley. Several changes have been made in order tc enesble use
for strip loadings and coverage of slabs supported con beams. The analysis
was used to compute the moments in the fiye test structures and the results
of this study are given in Tables Al, A2 and A3 where comparisons with the

measured moments are included,



The procedure is discussed in this section in genersl terms. It
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one panel wide from the sieb structure as shown in Fig. A.1. The cress
section of an interior bay of this frame is shown in Fig. A.l. The areas

ia of the various sections along the frame are shown.

rt

or the moments of iner

“h

The t/El diagram for the slab mey be used tec cetermine moment distribution

3

consta

ts end fixed-end moments by normal procedures. For a two=way slab
where a beam spans between columns the moment of inertia EAP is computed on
A)

the basis of an assumed T-beam section. The flange dimensions are determined

by a2 45 degree line drawn from the bottom edge of the beam.

Assumed T-beam Section

Sketch A
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3-

[t should be noted that the moment of inertia a2t the coclumn (from
the face of the column to the column center line) is based on the moment of
inertia of the siab immediately surrounding the column. The moment of inertie

e V2 e e
et the column is given as .. = EBB/(I - cZ/LZ; o This relationship wes

nertia at the column

ey

established for two reasons. It incresses the moment of
while maintaining it at a level considerably less than assumed in the ACI Code.
The ecuation alsc covers the condition of a slab monoiithic with very wide
columns. The meximum condition of a wall cZ/L2 = 1.0 is coverec since iCC = o
in that case.

The computeticn of stiffnesses for the cociumns is consicerebiy more
invoived. It wes shown in Chepter 4 that the positive momnent in & siab

increases uncer strip loads even if rigid columns are used. in e frame with

infinite column stiffness, no change would be computed. Therefore, it was

"

necessary to consicer

t
0]

he section et the columns as a beam=column coubinetion
in which the beam acrcss the column could rctate even though the column wes

infinitely stiff. The resulting section may be likened to a **hammerhead.*®

Sketch B




in the case of an edge beam, such a section is quite obvious. Some of the
moment is transferred from the slab directly to the column and the remzinder
is transferred first to the beam and then to the columns. 1t can be seen

that 2 rigid column does not preciucde the rotat

o

on of the heam with respect

L.

zccording to the Cross distribution procedure the following eguation Is used.

Ty
EI = : - Aa}
‘be 6, + € ( )
f t
where Rpe = stiffness of the beame-cciumn combination
N~
m, =2 distributed torcue applied along the axis of the beam
6. = total rotaticn of the end of the ceolumn due to bending
' in the column
e = gverage rotaticn, due to twisting, of the beam with

respect to the column.

The stiffness of the column can be determined by Eg. A.1 if mys

The value of ef is independent of the distribution of torque along
the beam or the beam torsional stiffness since the total applied torque
ultimately is resisted by the column. The moment of inertia of the column
is computed on the basis of gross cross section below the capital {(if one
exists) and then varies linearly from the base of the capital to tﬁe base
of the slab where it is infinity. It is infinitely stiff from the base of
the slab to the center of slab (t1/2 or t2/2 if a drop panel is used);

The computation of Qt requires several simplifying assumptions.

The twisting moment (applied by the slab) is assumed tc be triangularly
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distributed along the beam. If no beam frames into the column, a portion
of the slzb ecue! tc the width of the column is assumed to offer the

torsional resistance. I[f & beam fremes into the cﬁfumnﬂ T=beam zcticn Is
assumed as shown in Sketch A. The portion of the beam directly above the

te underge no rotation.

ttal is assume

column or ¢

i
ey
[8)

The method of determining the value of is tllustrated in
The method of d rmining the value of 6 s illustrat

s shown in Fige A.22. The length

<

e

Fige A.2. The bezm=column combinetion
is the distence between column center ltines. The unit twisting moment
is epptiied according to & triangular distribution along the column center=

line. A& triangular distritution is used since the moment in the slab tends

toc be attracted toward the stiffest section which is the column. The twisting
menent diagram is parabolic as shown in Fige A.2c. Once the twisting moment

is known 2t each section the wnit rotation diecram can be expressed by the

equetion © = T/CE. and for the beam in this case the expression is

2
] (1 = cz/Lz} -
= 3 G
2 kb.hi

where ® = angle of twist per unit of length
T = twisting moment
N = a constant which is a function of the cross section

b, = the length {the larger dimension} of each rectangular
section cf the beam

h, = the height (the smaller dimension) of each rectangular
section of the beam

Z = summation of all rectangular sections

G ='shearing modulus of elasticity, G = Ez%%;y ;, L =0 for concrete.



For the beam=column combination shown in Fig. A.2a the average effective

angle of rotation is taken as one=third the area of one of the parabolas

shown in Fige A.2d. This yields the following expression for Gta

The section constant C = 2Z N b h,” may be evaiuzted by cividing the T-beam
section into rectanguler parts which can then be considered separately.
This may result in a smeil error but is sufficiently accurate for this
procedure. A chart has been civen in Fig. A.2 for cetermining M as &
function bI/h!“ (Taken from Reference 28}.

After the values of Gf and €, heve been computed the stiffness

(4

¢ constants and Tixed=end moments

ribut

ot

K. can be determined and the dis

bc

are now known for the frame. The moments at the column center lines on the

line frame can be determined.

Since the columns heve finite dimensions, it is necessary to
reduce the negative moments to the critical or design sections. To do
this, an assumption must be made concerning the shear distribution. Satis-
factory results are obtained if the shear is assumed tc be distributed
uniformly 2bout the perimeter of the supports. [n the case of a flat siab
the shear is vnifermiy distributed around the periphery of the capital and
in a two=way sleb it is uniformiy distributed along the face of the beam
and column. The center of reaction is teken as the critical section and
the moments are corrected to the center of reaction from tﬁe column center

line.
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t should be pointed out that this method was developed primarily

e

for an interior strip of panels. However, the necessary assumptions have
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been given which may be extencded for analysis of a w

of one=half panel. Que to the lack of symmetry aend the additional tcrsional

and flexural deformations of an edge beam, the results may be iess satisfactory.

flad

£.2 Comwparison of Heasured Moments With Freme Anzlysis

0

)

The procedure cutlined in the preceding section wes applied to
- . £ - a o - .
interior strip {one-pane! width) of each of the five test structures. The

results of the procedure were compared with the measured moments in these

o

n moment due to strip leeds and

oo

strips to determine whether the increase
the absclute moment at the critical sections cculd ke estimated.
The measured uniform and strip leoad moments ere given for each
sieb. The moment ratic 7 is computed for both messured and computec mements.
The velue of B was taken into consideration in computing the moments. The
values of measured mement in Fi, F2 and F3 were obtained by combining middie
and co]umﬁ strip moments. In the case of the two-way slabs, T! and T2 the
measured moments given for the interior ;trip were composed of the interior
beam moments and the interior slab moments. Since no slab moments were
obtained under sirip loads in thg two=way slebs, it was necessary to use
the mezsured maximum beam moments in conjunction with the uniform load slab

moments. [t was felt that the strip load slab moments would have _-been

approximately equal to the uniform load moments.

et

in meking comparisons between absolute moments at a section,

must be remembered that the frame analysis .is based on statics and the full



e

static moment (the sum of positive and average negative moments) is always

where the extericr negative s

trip lcads without excessive cver=designing.

The mcoments in the irntericr strip of structure Fl are given in
Table Al. A comparison of the moment ratics for measured and computed
momerits indicate thet the frame analysis was quite accurate for pattern
load effects. The computed abscliute values of peositive moments were nearly

equal to the measured values. Kegative moments were higher by the frame

d appear that the totzal measured

)

Ty

analysis than measured. However, it wou

values may have been less than the static moment. Only at the exterior

L

negative sections is there a serious discrezancy and it may be explained

e

partially by a general reduction of stiffness due to cracking in the beam=

column cennection at the exterior column. , .
The moments in structures F2 and F3 are given in Table A2. [t can

be seen that the moment ratics compare favorably. The only ltarge deviation

7
e+

in moment ratios is that at the interior positive section in F2. The
absolute moments at that sectiba are small and a small absolute moment change
results in a significant change in relative moments. The actual value of 7
is probably between !.18 and 1.60.

Absolute moment comparisons between F2 and F3 show that the

measured moments are less in F3 than in F2. It can be seen that the absolute



velues of measured and computed moments compare favorably in structure F2.
However, measured moments ere less than computed in F3 and it is likely
that the measured moments are low in F3. The lergest deviation between
measured and computed momenis is at the deep beam edge exterior negative
section where the computed vealues are in excess of measured moments. In

, it was assumed

o]
e}

making the edjustment of moment to the critical sectior

nd in the case

0n
m

or
&

st the shear was distributed uniformly aiong the supports
f the deep beam, the center cf reaction is very rear the column center line
so little correction was necessary. [n viexw of the measured moments, it
ppears that the ectual center of reaction is a grezter distance from the
column center line then assumed.

The

o
B
W
°

The moments in structures Tl and T2 are listed in Tabl

ructures compare feaveorably with the measured

(83
by
in

o

computed moment ratios for be
values. The most serious difference occurs at the exterior negstive section
of Tl. However, the trends indicated by Fige 3.9 show theat the measured beam
moment was excessively hich at that location. The comparisons of absolute
moment vary 10=-20 percent at some sections. {t should be remembered that
the total moment is provided for in each bay and no serious difficuities
would arise if these moments were used for design moments. The design of
structure T2 indicated that although the distribution of moment was not as
favoreble as micht be desired the structure behaved satisfactorily. (See
Sec. 5.6).

In summary, the computed moments given in this section for the
test structures compared well with the measured moments. It is felt that
the proposed frame analysis is adequate in determining the moments under
uniform or pattern loads and that it is sufficiently bread to enable

analysis of a range of panel sizes and supports.



COMPARISON OF MEASURED WiTH COMPUTED MOMENTS M STRUCTIRE F1, B = 0.72

TABLE Al
interior 5trip, One=Panel Wide
. = . + o -+ o + -
Section Ext.M Exto. M Int.M Int.M ﬂnFoH ExtoM Ext.M
Shallown| Beam Deep| Beam
Moment Coefficients of ga
Measured Uniform Load Moments 0.027 0.049 0.065 0.064 0,040 0.058 0,058 0,047 0.034
Measured Maximum Moments 0.021 0,052 0,068 0.067 0,044 0.063 0,063 0.048 0.026
Moment Ratio, 7 - 1,06 1.04 1,05 1,10 1.09 1,09 1,02 -
' 1
Computed Uniform Load Moments 0.043 0.049 0,074 0,068 0.038 0,062 0,076 0.049 0.056 =
(]
]
Computed Maximum Moments 0.049 0.054 0.078  0.075 0,049 0.07%6 0.078  0.055 0.063
1.14 1.10 1.05 1,10 1.29 1.09 1.04 1.12 1.13

Moment Ratio, ¥



TABLE A2  COMPARISON OF MEASURED WITH COMPUTED MOMENTS

Section

ﬂnterior Strip, OneuPanel Wide

IN STRUCTURES F2 AND F3

Shallow {Beam

Structure F2, B = 0.85

Measured Uhiform Load Moments
Measured Maximum Moments
Moment Ratio, 7

Computed Uniform Load Moments
Computed Maximum Moments
Moment Ratio, 7

Structure F3, B = 0,78

Measured Uniform Load Moments
Measured Maximum Moments
Moment Ratio, 7

Computed Uniform Load Moments
Computed Maximum Moments
Moment Ratio, ¥

= . -4 oo .
ExtM” Ext.i Int Intt ot Exto ' Extotf
Deep| Beam
Moment Coefficients of qad
0,025 0.042 0.068 0.062 0,029 0.061 0.065 0,038 0,025
0.027 0.049 0,079 0.072 0.033 0,067 0,071 0.042 0.025
1.08 1,17 1,16 1.16  1.18 .10 1.09 1,11 1.00
0.024 0,045 0,072 0.062 0.025 0,062 0.071 0.044 0,040
0,030 0.053 0,078 0.073 0Q.041] 0.072 0,077 0.052 0.048
1.25 1.18 1,08 1.18 1,64 1,16  1.08  1.18 1.20 .
=
T
0,029 0.038 0,057 0,085 0.022 0.058 0,060 0.034 0,024
0.034 0.042 0,060 0,058 0,037 0.060 0.061 0,039 0.027
1.17 To11 1.05 1.05 1.60 1,03 1.02  1.15 1.12
. |
0.024 0,045 0.072 0,062 0.025 0.062 0.071 0.044 0.040
0.031 0.054 0.077 0.073 0.043 0,073 0,077 0,053 0.049
1.29 1.20 1.08 1.18 1.72 1.18 1.08 1.20 1.23



TABLE A3 COMPARISON OF MEASURED WITH COMPUTED MOMENTS IN STRUCTURES T1 AND T2

Interior Strip, One=Panel Wide

Section

Structure T1, B = 0.8

Measured Uniform Load Moments
Measured Maximum Moments
HMoment Ratio, 7

Computed Uniform Load Moments
Computed Maximum Moments
Moment Ratio, 7

Structyre T2, B = 0.66

Measured Uniform Load Moments
Measured Maximum Moments
Moment Ratio, ¥

Computed Uniform Load Moments
Computed Maximum Moments
Moment Ratio, 7

Extolt

Moment Coefficients of qa3

0,043
0.057
1.33

0,029
0.033
1.14

0,036
0,041
1.14

0.044
0,051
1.16

EXtol int 1 Int
0.046 0.079 0,071 0.036
0,054 0.090 0,083 0,042
1017 114 117 117
0,054 0,081 0,070 0.036
0,061 0.083 0,078 0,050
1,13 1.03 1ol 1.39
0.056 0,069  0.061 0,045
0,060 0.077 0,064 0.0
1,07 112 1,05 1.05
0.049 0.076 0.068 0.038
0,052 0.078 0,073 0.046
1,06 1,03 1.07 1021
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