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o RTRODUCTION

i.1 General Remerks

The pivotel assumption of working stress design is that i

-

the

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

will behave satisfacterily. fn order to proportion the sections te setisfy
the limits imocsed on the flexural stresses, [t is necessary to know the

meximum moment at those sections. For exemple, it is known that the positive

moment in & continuous beam on supports which offer no restraint may be

ct

he necztive moments mey increzse by
25 percent under the pertinent loading. [n csuch & beam tae total design

moments exceed the static moments consicerably.

know the effects of pattern loads on the moments. The anzlyses of & three-

[aX
“h

dimensional structure is more ficult and, because of the diverse backgrounds
of the desicn methods for different types of slabs, pattern loads are not
treated uniformly. The design moments for two-way slabs are based on checker-
board loacdsz aiving maximum moments while flat slab design methods largeiy
ignore pettern loads.

Viith the development and acceptance of limit design methods, the
need for cesigning for more than the static moment has been guestioned.
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
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the measured moments and & compar

measured moments is included. The procedure for estimating the effects o

pattern loads is given in Chepter €. A § s is given In the

frnencdix for celculating moments in floor slebs. & summary of the study is
= s

given in Chepter 7.
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The project has been under the over-all direction of Dr. C. P.

Siess, Professor of Civil Engineering, and the immediate supervision of

o

Sczen, Frofessor of CLivil Engineering.
This report was prepared es a thesis under the ¢

i

i.4 Noteticno enc Belimftions -

oveble loed = the load that can be positioned to creste
maximum moments

Permanent icad = the load that fs stationary cor, in some caces;
the dead load

fotal load = sum of moveble and permenent loads

Koment retic = moment in a2 structure under pattern load diviced
by the uniform load moment, cesignated by ?

Losd ratio = mcveble load divided by the total lcad, cesigneted
by B

Fattern ratio = pattern load moment divided by uniform load moment
designated by &, generally used for thecretical
moments when the load ratio B = 1

2 = span length in direction in which moments are consicered

Q@ = pattern ratio

aGBEQSTz pattern ratio for checkerboard and strip loads, respectiveiy

o ° P

B = span length in direction perpendiculer to g

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

B = Jload ratio

a/b = aspect ratic

¢ = diameter or width of coiumn or capital

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



<, = diameter or width of column or capital In direction
perpencdicuiar to that of span considered

C = &a measure of the torsional rigicity of a beam {See
Section A.2 of the Appendix}
Cagcb = &z measure of torzional rigidity of & beam in the direction
< N
- of the spans a and b
? = moment ratic
E = modulus cof elasticity
fé = compressive strength of concrete
_ fr = moduius of rupture of concrete
- f = yield stress of cteel
Y
- & = modulus of elasticity in shear, EF2{1+u)

I
[
pas

height (the larcer dimension} of each rectengular
H £
io ;

p—,

H = reletive flexural stiffness of beam

B, o= El /bho H o= Eﬁb/aNQ relative flexural stiffnesses of beams
spanning in @ and b directions, respectively

I = moment of inertia of gross uncracked section of member

~

J = relative torsicnal stiffness of beam

en
(0]
v
3
j\J]
[\
3
[u}

- J = G&C /ai, 4, = &C /bN9 relative torsional stiffnes

a a b
- b directions, respectuveﬁy

factcrs reflecting the slope and support conditions

- k ,k .k, = numzaricai :
. c’s’h of a membker
Z kC Eﬁco]fh
/ = i - ° - e £
K Tk Ei — Eﬂq 73 , ratio of column stiffnesses at a

- Kbc= stiffness of the beam-to-column 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



R OF TEST STRUCTURES UKRDER PATTERK LOADIRGS
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2.1 Entroductory Remarks

The effects of pattern loads are most easily studied end observed

o
<
L.
wn
o
)

in terms of cdeflections and crecking which may be resac

Since deflections and crecking are mezsurss of servicesbility, they are studie

in order to determine the signifi

cracking since they are concerned with an elastic material. [t is necessary
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structures were buiit and tested st the University of

itlinois. These structures have been fully described in References 1 through
6. Erief descriptions of the structures are given in this chapter. Loading
petterns and ifoad levels are also discussed. Deflections and strazins under

uniform loads are compared with those measured under pattern loads. A general

discussion of the serviceability of the structures concludes the chapter.

2.2 PDescription of the Test Structures

°

A totzl of five structures were included in the University of

filirois floor slab test program. They are designated as follows:

Fli Flat Pilate

Fz Flat slab

F3 Flat Slab Reinforced with Welded-Wire Fabric
Tl Typical Two-Way Slab

T2 Two-¥Way Slzb with Shallow Beams

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

and tables.



Py

e s o X s e v . ~ .
co thet the beams were less stiff than in & typicel gesign. Siructures Fig
s = [oted . ! - — U S [ g QU SR S D S £ Cpamnt ~rs A
F2 znd T3 were decigned according to the Empirical Hethod of fecticon 1004 of
ot B etaTel £ ng Sci ~nd ven Bus I AR Eme ! -
the ACL Crde by the firm of 0i Stasio and ven Buren, fonsulting Encinsers,

Hethod | of Secticn 708 of

the tctel design moment was teken as the stetic moment or 0.125 WL. The

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

(4]
°

constructed in the laboratory were quarter-scale and had 5-ft square panel
A1l 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

wn
m

me dimensions, the only difference being the rein-

1

slebs F2 and F3 had the
forcement. The properties of the materials used in construction of the test
structures are given in Table 1. The ekperimental program consisted of
construction, loading and analysis of the structures. Each élab was loaded
irn a series of tests including both uniform and pattern loads. Deflection

and strain data were recorded et the different load levels in each individual

load test.



Strains were cbhtzined by placing electrical resistance strain cgages

(2]

on the reinforcement. Gages were placed to take advantage of
the structures and reduce the number of gages required.

Deflections were measured by means of mechanical deflection diais
2t 33 locaticms on the siabs. Readings were teken at the midpcints of the
perels and at the midpoints of the column centerlines.-

Crack patterns were recorded after selected load levels had been

reached. The structures were exemined for cracking by means of magnifying

and to pattern loading consisting of strips of three penels in structures Fi,
F2 znd F3 and checkerboard patterns in T1 and T2. The patterns ere shown in
Fig. 2.4. The ceflection or moment which {s maximized by the loading pattern
is also indicated.

Loads were applied to the structure by meaps 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 one of the structures
is shown in Fig. 2.5,

The loads were measured with ring dynamometers and also 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 lecading 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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desicn dead lcad end to compensate for this, the applied lozd was increased
in the uniform lozc tests. However, in the pattern lcoad Eestsg the total
dead lcad was nct reached by epplying additional load. Rather then use dead
load and live load termincliogy, it is more epprepriate to use the terms

“movable'' and 'permanent'' loads. The ratic of movable load to tctei load
{sum of permanent and movable loads)
since the lower the ratio the less the effect of pattern loads. If the

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

})
)

loads are not possible.

1)

The moveble and permanent loads on the test structures under pattern

lczdings are summarized below.

Movable Fermsnent Total Movable Load

Structure Load, psf Load, psf Load, psf Total Load
F1 11 44 : 155 0.72
F2 241 44 285 0.85
F3 300 85 385 0.78
T 174 4] 215 0.81
T2 141 75 215 0.66

2.4 Effect of Pattern Loadings on Strains and Crackina

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 a particular
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pattern loac. he streins measured under the pattern loadings are compared

with uniform load strains in Figs. 2.6 and 2.7,

ions are

ct

fn Fic. 2.6 the strains across the positive moment sec
cshown. The increase in streins under checkerboard loading in Tl and T2 were

e strains were increased considerebly in the remain-
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aquite small. However, t

ing structures when strip ioads were applied. The strains increased from

or penel then in the edce penel. The uniform loac
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he edge panel but the chznge due tc pattern loads was less in
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COTparison.

The strains acrcss negative moment secticns are shown in Fig. 2.7,
The strains in the interior panel were much higher initially and alsc
increcsed much more. The sirains at the edge beams were low and rather

sensitive to pattern loads. The comparisons shown in Figs. 2.6 and 2.7

<

-3

indic

4]

te that the changes in streins are greatest in interior panels and

ot

alsc that the positive moment sections are affected more than the negative
moment sections.

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

Structures Tl and T2 were relatively uncracked at the conclusion
of the uniform load tests. The pattern load tests did not increase the

strains siognificantly and they were at low levels during both loadings.
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Cracking was most extensive in structure F2 and the strains increased con-

siderably. The creck pattern was not chanced after pattern loading conclude

The mcoments are incressed at the secticns where strains incresses.

In Fic. 3.1, the influence of cracking on the strains is fliustrated. If the
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section has already cracked, any

a cignificent increazse in strain. The sicpe of the uncracked section is much
kigher and, therefore, the strains incresse less for an ecual increase in

moment. In the sections where cracking had not taken plece, as in the positive
moment regions of Tl, the strain increase wes very smail; however, the moment

ctions where large

N
4]

may have increased by a lerger amount than in some of the

(4]
(A

strain increases were recorded. A complete discussion of moments is containe

tn Chapter 3.

2.5 Effect of Pattern Lcadings 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. Strip 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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before strip loads were applied. The effect of crecking
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tiffrness and thereby increazse deflections. This behavior was epparent in
structures F2 and F2. Structure F23, having ¢recter loads, did not have
corresponcingly greater defiections. The strip loads deubled the deflections

in F2 &t some locations. The incresses in F2 were not as grezt but were es

The increzses in deflections were more sicnificant in the flat siab
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which cdid not provide the fixity that was present in the flat plate.

The locad ratio was also a factor, being 0.72 for F1, C.85 for F2

or F3. The lower load ratio for the flat plate tended to reduce

-
it

0.78

Q.
“h

(8]

the effect of strip loads, while the flat siab F2, having the greatest load
ratio, also had 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 stiff. The load ratio was .65 for T2 and 0.81 for Tl.

The uniform load deflecticns were less for structure Tl since its
beams were stiffer. The beam deflections were nearly twice as large in T2.
The effect of the checkerboard loading on these two structures is shown by

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

deflections in T1 increased about 10 percent while the beam deflections
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deflections wa ucture T2, the mid-panel defiections changed
very little {less then five percent im most panels). Howsver, the beams,
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bean ebout the same had strips been lcaded rather than e m

pattern.

2.6 GConclusions

The increases in steel strains were greatest across the positive

moment sections of the interior panels of all the structures; in panels not
supported by beams (F1, F2 and F3), the average increases in steel strains
were about 100 percent. The increase was sbout 75 percent in the edge panels
and less in the corner panels. In structures Tl and T2, the checkerboard
toads 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 about

one-third in structures Fl, F2 and F3. The checkerboard loadings on T! and



he neceative moment sections. the
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T2 did not change the strains acros
exterior negative moment recions were virtually unaffected by pattern loads

in ell the structures.

m
3

¢ zisc increzsed the crestest emount in comparison with the cther

r

structures, 1t is interesting to examine the stresses in the reinforcemen
v thet structure. The meximum positive moment stress in the interior panel

d. In the edge paneil the meximum

Y]

increasec from 5 to 18 ksi uncer strip lo

was 18 ksi under unifcrm end zbout 30 ksi under strip

n
wn

posi tive moment stre

lozd. In the other four structures, the design stress wass not exceeded under
pettern loadse

The deflections in the flat plate were almost the same under both
vrniform and strip loads. This cen be attributed to the low lcad ratio and
the relatively stiff columns in the structure.

The deflections in structures F2 and F3 were increased under strip

ot

ozds. Howsver, the extensive cracking in F2 resulted in a lower siab

tiffness and the uniform ioad deflections as well as the increases under

wn

strip loads were largér than in F3. The larger increases in F2 resuited,
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 were
dependent on 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 MOMEKTS UNDER PATTERN LOADIKGS

)

frntroductory Remarks

w

in this chapter, the moments measured in the structure under
cattern loading are compared with uniform load moments. The moments are
computed from strein measurements. The anzaiysis is based on the determina-

xS A s §
momEen-sLrain

(0]

ticn =f & moment-strain relationship for each structure. Th
reletionship depends on concrete strencth, reinforcement type and strength,
znd the percentege of reinforcement &t & section.

The moments are computed for ezch of the Tive test structurec.
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Comparisons are made between uniform and pattern lead mom

cections of the structure. The design sections in flat siabs or flat plates

cre

zre generelly referred to as column, middle and weil strips. The moments in

-

the wzll strips of F

-

, F2 and F3 include the edge beam moments even though
the beam and slab were desicgned separateily for these cases. The design
sections in the two-way slabs Tl and T2 are beams and slabs and the slabs
are not divided into strips as in the case of the flat slabs.

in the following discussion, an evaluation of the moments will be
given in terms of general trends. Since the conversion of strain to mocment

°

may result in larger moment differences in some locations, any abnormal

ferences can be disregarded if other similar sections yield consistent

=h

di

results.

3.2 NMethod of Anelysis for Computation of Moments

The conversion of measured strazins to moments is accomplished by

constructing a moment-strain relationship for a particular section. The



determination of & moment-strain curve is complicated by the difficuity of
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an accur
tensile properties of the concrete beccme extremely important in sections
io

which have low reinfercement ratics since a large portion of the capacity

{s crovided by the tensile strength of the concrete.
£ typical moment-strain velationship for a section is shown
gualitatively in Fic. 3.1. ff is necessary to construct similar curves for

on in which the reinforcement ratic, concrete strength or depth

e

each cect
to the steel changed. Each curve is made up of two straight lines. Two
points in addition to the origin are needed teo describe the curves. The

ccordinates of the intermediate point are the crecking moment and strain.

~h

The coordinates of the end point are the yield moment and streain. (n the

‘case of reinforcement having no well defined yield point, the moment at the
proportional limit of the steel and the corresponding strain are used.

The cracking moments were computed using the ordinary flexure formule
otic/l. The transformed section was used in computing the moment of inertia.
The strain distribution across a section was assumed to be linear. The cracking
stress used in the formula was generally less than the modulus of rupture
reported in Table 2.1. However, the control specimens were not reinforced
which resuited in higher strengths. The reinforcement in the slab tended to
restrain shrinkage and lower the tensile strength. In addition, the assumed
tensi le 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 computed accurately.

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

line formula. It was assumed the tensile strength of the concrete was



to warrant this assumption.

The moment-strain curves for the beams were developed in the same

manner. It was necessery to meke an additionsl assumption ebout width of
the sliab that wes ecting as & flence at the beams. This flange width was

€2

zscumed to be 4t (four times the slab thickness) in structures Fi, F2 erg F

zt the deep beam edge and zerc &t the shallow beam edge. The flange width
wzs 4t in structure Ti fcr a1l beams and 3t im structure T2 for all beams.

The essumed cracking strain and stress and the flange widths are

[l

summarized in Teble 2. The ectual concrete properties were given in Teble i
which also includes the properties of the reinforcement.

The proper use of the moment-strain curves depends upon correctly
interpreting the strain readings. The strain measurements are 2
celectrical drift in the wiring and switch systems. [n addition, residual
strains are eccumulated which must be teken into consideration.

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

The resicdual strains are determined from the differences betwesen

ons cf

wrro

the initial and final zero readings inm 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 load.

The moment-strain curves gave excellent results if the strains

used were higher than any previous strains measured. FHowever, 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
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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.




-21-

The relatively small changes in slab moments under strip load are

explained by the presence of stiff columns. The columns were short and

iy

relatively wide, making them flexurally stiff. The stiff columns tended to
isolate the strips or, in effect, fix the panels.

The wall étrip mcmants, which include the beam moments, showed

much greater increases at scme locations. However, the beams were considerably

woo

more difficult to analyze and therefore are less accurate. Tha strain n the
beam reinforcement was not measured precisely at the face of the column. Since
the mcment gradient is quite high at that locaticn, correcting the mcment to
the facs of the column, even if for a short distance, may result in a large
absolute moment change° |

Several additional factors ccmplicats thz bzam analysis. Torsicnal

ucae strains which
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shown in Fig. 3.3. The mcoments are indicated by tha small symbols. Two
valuss of momant ratio {y = 4/3, 7 = 1} are indicatsd by the straight linss.
A mcment ratio of one indicates no changs dus to pattern loads. The value

y = 4/3 is a precadent that has bsen fraquently given as an allowable

1
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increase {See Chapter 5).
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Points that lie below the line ¥ = 1, indicate that the mcment =

decreased under strip locads. 1t can be seen that most values lie between i
the two lines. The only values that lie above 7 = 4/3 are wall strip i
momants and as was discussed above, these values may not be indicative of -
the actual moments bacause of the difficulty with beam analyses. From this -

o

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

[y

the bheam mcments are omittad, ¥ = 1.2 for the siab mcments.

——

3.4 Mcments in the Fiat Slabs

The mements in the two flat slabs were measured at a load level of

285 psf on F2 and 385 psf on F3. The movable loads were 241 psf and 300 psf,

=

~
wi

respectively, resulting in nearly equal load ratios, 0.85 for F2 and 0.78

.

Tha ¢critical secitions across wiich tn2 memenis are analyzad ars
s

1t:+1a difference batwasn the mcemenis at most ssctions. The location of

mement

momantse
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The effects of the strip loadings on F2 and F23 are shown in

ics. 2.5 and 2.7. The lines at ¥ = 4/2 and ¥ = 1 are drewn and in both

A}

uy

structures the moments lie consistently between these lines.
The only values that zppear to be greater than ¥ = 4/3 are the
-~

intertor span positive moments in F2. [t was pointed out previously that

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

zlsc in this comparison. The strip locad moment coefficients across the

e 2
° < o . (% . ~
intericr span positive section zre ebout C.017 ca” in F2 and G.018 ce™ in

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

it is interesting tc note thet the hich ebsclute moments anaiyzed

in the wall strips ere not significant when compariscns are made between

et

very high at the deep beam edge, ebout 0.06 ge , but the moment ratio at

this location, shown in Fig. 3.5 is reasonable in view of the generai trends.
The moment ratio in F2 wes actually not as high as 4/3. HMost cf

the points lie below the moment ratio of 1.2 which indicates that the moments

did not undergo serious changes due to strip loads. Although, a few values

ex;eeded Yy = 1.2 in structure F3, it is a more representative value of 7

~

than 7 = 4/3,

3.5 Momenis in the Two-Way Slabs

The moments in the two-way slabs were measured at a 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, respectiVéﬁy,
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crester in Tl then in T2. Howaver, the sleb moments in T1 are

etf of the values in T2.
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Checkerboard patterns were used to create maximum lcading concitions.
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natcate th he structure
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¥ = 4/3 zs shown in Fig. 3.9. The comparison

3 °

behaved well under checkerbcard load since me sericus deviations occurred

)
fu

o

n either the sieb or the beem moments.

The comparison of checkerboard and uniform load moments for
ctructure T2 are shown in Fig. 3.11. These comparisons indicate that the
moment ratio for the structure wes sbout 1.2. However, if only slab moments
are considered, ¥ 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 ¥ = 1.2. The beam
moments are obtained by lcading adjacent panels or what is nearly a strip
lcad and the slab moments may alsc have been greater if strip loading had

bean used.

Z.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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1]

nagca

ion of the magnitude

rt

moments. The ebsolute moment coefficients gave &n
of the moment at a particular location. However, as was pointed out previously,
the aebsolute values may, in some cases, not heve been accurate.

Greater accuracy is obtained when the strains are hich. In some
sections, such as the exterior necatlive sections, the strains were low under
both pattern and uniform loeds. Therefore, smeli changes in strains resulted
in large moment changes in moments of rether low magnitude.

in order to determine the re ztive increases, the pattern load
momeRts were plotted against the uniform lcad moments. These plots provide
= means for determining the effect of pattern loads on the structure as a
whole. Locations which heve lerce moment differentials assume less importance
if the remaining moment changes &re consistent. From these plcts (Figs. 3.3,

Q znd 2.11}) = moment ratio for each of the structures wes chteined.
For structure Fl, the moment ratio ¥ was 1.2 if the wall strip moments are
excluded. The mement ratics for F2 and F3 were also shout 1.2. The moment
ratic for structure T} was ebout 1.2. The slab moment ratio for T2 wes
about !.0 and for the total structure about 1.2 since the beam moment ratio
was hiome-. The load ratio on T2 was lower than on Tl, 0.66 compared with
0.8!, =zn< -=~': hzs the effect of reducing the moment ratio.

-¢ ~orent ratios given in the preceding paragraph are average
o- tre st-ucture as 2 whole. It can be shown by comparing individual
sections trzt the moment ratios were greater for interior than for exterior
paneis.

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

critical under pattern loads. [t should be remembered that these are average
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moments acress specific sections aad that the local moment et some arees may

ke higher. However, since
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no sericus problems as irdiceted by the fest resulte.
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4. THEQRETICAL SCLUTIORS FOR PATTERK LCADIN

v
{72l

£

4.1 [ntroductory Remarks

A three-dimensional structure composed of several beys and stories

)

cenerally has a floor siab as one of its structural components. The Tloor

te °

siab is divided arbitrarily intc sections referred to es panels which span
betwesn the sugperting elements of the floor sish. Since such & system has

s, it beccmes pessible toc apply lozd to individual panels

e thecretical solutions for the problem of flexure in plates are

cererally limited to pletes of & homogeneous, isotropic, linearly elastic

materiai. The selection of such a meterial expedites analysis which consists
of sclving ecuations based cn stetics and geomeiry. The structures anziyzed

o

~;.<
[
o
n
o]
3
[p]
O

ess may respond differently from structures studied by direct
phvsical tests. However, the elastic sclution does represent & good first
zpproximation 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 estaﬁlﬁshﬁng continuity between
individual physical tests.

A number of elastic soluticns are available for study. The range
of veriasbies is extensive enough to provide a gerneral understanding of the
effect of pattern loadings on slab moments. The major variables which have
been considered are the beam flexural stiffress, beam torsional stiffness,
column stiffness, aspect ratio of the panels and the loading pattern. These
solutions form a framework which may be used to determine the effects of

pattern loadings on moments in idealized, elastic structures.



moments, an sverage moment s expressec fn units of load and must be
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having an aspect ratio of 0.5 would be in the short span (across the ltong
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i ffness parameter relates the stiffness of the keam to
the stiffnez: of thz 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 is
present and infinity 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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In the theoretical solutions considered here, the beam flexural

rt

o

mess ratios in the two spans of a panel are always related in a defini
menner. ror afb = 1.0, H_ = Hb; the beams in the two directions are identic
For rectangular panels the Eb value of the beam in the long span is alweys

-

greater than the El velue of the beam in the short span by the ratic of the

sides of the panel; Ef_: Ef, = atb. (n terms of the relative stiffness
< "
o . TS . f Z
pavemeter, H, this is expressed by H_{(b/z)} = K _{a/b} or K_ = hb{a/t}
< f <

"ecam Torsional Stiffness

The reletive beam torsional stiffness is cdefined as follows:

shear modulus of elasticity

where G

£
1

torsional stiffness in span g

a
The beam torsional stiffness parameter relates the torsional
stiffness of the beam to the fiexural stiffress of the slab spaaning across
the beam. The values of torsional stiffness range from zero to infinity.
E value 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
sciffness, the torsional restraint is applied to the panel through a beam
lying in 2 vertical plane at the bourdary of the panel.

{c) cColumn Flexural Stiffress

The relative column flexural stiffness is given by the expression:

ch £l /h

Cy
z{:Rks Eﬁslab + kb EIibeam)/a

ale
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v

where = moment of inertia of gross, uncracked section of column, siab
.
t

or beam in cirection in which moment is considered
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to the column to infinity where heavy columns are used. In the idealizec

structurss, the column stiffness is transmitted to the pane! through a
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The aspect ratio &/b may range from zero to infinity. The values

hegpter renge from ome-haif to twe. These

n
(8]

n th

o

of aspect ratioc considere

es commonly encountered in floor slabs.

™

values cover the range of panel s

{e) Losding Patterns

Three loading patterns were considered in the solutions. Entire
panels ware loaded uniformly in each case. Ko 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 cbtain the moments
for a!! panels loaded uniformly. These mgments are referred to as uniform
load morents. ln addition, the slab systems were lcaded by strip (ST) and
checkerboard {€B) patterns. These patterns are shown in Fig. 4010_ 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.
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The checkerboard loading for meximum necative moment is achievea

by

By placing two checkerboard patterns end to end. The strip pattern tor

<

negative moment does not vield the ebsolute meximum moment since there are

aiways two strips lozded and two under zero load. This loading arrengement

resulted from the use of superposition. The maximum moment occurring when
z

two alfernzte strips ere loaded is 0.104 ge” while the true meximum moment

. . 2 : . )

ic 0.11 ca”. The checkerboard pattern for meximum negative moments was

z2lso chosen to alleow superposition of available sclutions.

The values of moments resulting from pattern icadings were obtained

by everaging the uniform load moments and moments in alternetely caded one

4£.3 Effect of Pzttern Loadincs cn Koments in an Interior Panel

»

The mejority of evailabie sciutions in xhﬁch’pattern fozcings are
considered are concerned with interior panels. The interior panel is defined
to be one bounded by an infinite number of identical panels. Interior panels
are chosen since they afford the use of symmetry. In the thecretical solutions,
the symmetry of the panel reduces the number of equations necessary for a
solution. The sclutions discussed in this section were cbtained from
References 8 throuch 2.

The various theoretical solutions available for an interior panel
may be divided into two groups according tc the parameters which are varied.

1

The major variable is the beam flexural stiffness in the first group and

o

the beam torsional stiffness in the second group.



moments under the same loading conditions.
he strip and checkerkoard moments are compared with the uniform
tozd moments in terms of pattern Eatiosa The peattern ratiocs, designatec as
@, are plotted against the parameter H/(14+H} in Figs. 4.4 through 4.8. Since

the values of H extend to infinity, the parameter H/{I+H{} was used to allow e

et

Three important trends emerge from & study of the data presented in

the following three para-

=}
0
e
[
.
U]
3
(&)
3
[{s]
N
ESN
EaN
1
E=N
(o8]
-1
pay
(0]
[72]
m
v
“3
[
0.
n
a
j
0
n
[
.
3

The first trend is one that can be deduced without the necessity of

g

e

gorous solutions. As the relative beam stiffness H increases, the sliab
moments decrease for all types of loading. The decrease 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 qa2 for H = 0. This value
fs 0.0072 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 square
penel with H = 0 is 2 for strip and 0.8 for checkerboarc 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 loading does not govern
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for etl finite values of H. The value of H at which the checkerboard lozding

he positive moments are incressed more than the negative moments by
he pattern loadings in this group of solutions. The necative moment patiern
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in Figs. 4.4-4.8, vhere the pattern
the negetive moment pattern ratios.

The influence of the beem torsional stiffness on the momnent can be

stucdiea

ec¢ with the help ¢

P

the second c¢roup of solutions given in Table 5. These
sclutions have been obtained from a moment distribution procedure for slabs
supported on rigid beams developed by Stess anc Rewmark {E!}ﬁo The procedure
is approximete and ail comparisons between uniform load and checkerboard load
moments must be made between moments computed 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 obtain these moments are shown

in Fig. 4.3

Values given in Table 5 show that ss the beam torsional stiffness

et

n

increases, the checkerboard load has less effect on moments. It is no
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 alsc. For an aspect ratio of 2.0 where the

* Numbers in parentheses refer to entries in the bibliography.
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necative moment increases are greater, the absclute values of the moments are

11 end subject to creater errors in the distribution procecure than
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large zbsolute moments.

The rzatics cof checkerboard load moments to unifcrm load moments are
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zte beczomes clamped et the edges and pattern loadings have no effect.
Yery few three-dimensional studies have been made of the variation
of slab moments with column stiffness. HMorrison (13) obtained solutions for

nina-panel structures with scuare panels end rigid columns and veried the

bezam flexural and torsional stiffresses. The moments were for uniform and

strip loads. The positive moments for the interior panel are summnarized
below.
Meoments in Interior Perel, K =
5 o Uniform Load Strip Load2 Pattern
Moment, qaz , Moment9 aa Ratio

0 0 v 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

s important to note that the pattern ratio for H = J =0 is 1.24 when

=0

ft
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

c/L ratio {c/L =0.1).



The effect of increasing column stiffress is similar to increasing
beam flexurel @tEffneséa Therefore, as the column stiffness increasses, the
value of B at which checkerboard loads yield higher moment ratios is decreased;
the column imparts additional stiffness tc the beams. The increase in moment

due to checkerboard loads is not recuced by incressing coclumn stiffness.

gnly the renge cver which checkerboard loads are critical is increzsed. The

column stiffness does reduce the incresse in moments under strip loading,
howaver .

Westergaard and Slater {14) studied the effects of strip loads on
square paneis of flat slebs with varying column stiffnesses. Two cases were
considered: ricid columns and columns in which the capitals were free to rotate.
It was Tound thet for c¢/L = 0.15 and rigid columns the positive moment pattern
retic due to strip loads wes 1.20 which compares well with Forrison's value of
1.24 for c/L = 0. 1Q.

in order to determine the effects of columns having intermedicte
stiffnesses, Westergeard proposed @ frame snalogy ensbling interpolation

betwsen stiffnesses of zero and infinity. By definition, the column stiffness

c the distribution factor to the column in a two-dimensional frame con-

7

dering the slab as a beam. For such a frame, it can be shown that the pattern

s
ratio is 2 function of the eguation K/{1+K), the degree of fixity. The degree
of freedom is 1 = K/(1+K) or 1/{1+K}. n a frame, the positive moment pattern
ratio is 2.0 if the fixity is zero and 1.0 if the fixity is one. However, in

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
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of one and 2.0 at a fixity of zerc. Trerefore, the pattern ratio could be

- - R 1 v ¢ L -. H - 3

the aspect ~atio {s not one. If the zspect ratic is less than one, the coiumns
-~ - £L <« 7 a 9 s o U Pl o § 1 ! P ! -

sre not as effective in recucing the infiuence of strip loacs. [T the aspect

p load moments. The pattern
ratic remains at 2.0. [f the aspect retic [s greater than one the columns
kecome more effective. fn the case of very large aspect ratics, the pattern

ratio becomes 1.0 for rigid columns.

ress and cclumn and beam flexural

.

f

“h

on st

m

The influences of beam tors
stiffnesces camnot be completely isclated. [n order to develop the beam tor-
sional capacity, the column and/or the beam must be able to carry the torsion

trensmitted to it. [n the cese of positive moment checkerboard lozdings, the

=h

column stiffrness is not critical since there is a diagonal line of symmetry .
zcross the columns. However, for other patterns it is of importance. The
general effect of column flexural ancd 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 have less effect.

The first group of soluticns {Tehles 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 finite. For 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 and the pattern ratio is decreased as the

parameters H, J or K are increased.
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4,4 Effect of Fattern Loadinas on Moments in Panels with One or Two

g discontinuous

]

f —~ - . + - - —~ - ¥ s
in most structures, there may be as many paneis havi

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

eference 1} and the zbsclute moment
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values are approximate but they efford the opportunity to mske comparisons
between uniform and pattern lozd moments.

Koments in edge and corner panels are given in Tables 6, 7 eand 8.

in the cass of an anel, the moments are given for spans parallel and

[{]
\Q
[\
o

perpendicular to the edge. A1l moments are in terms of the span & which is
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 cecrease as J
is increased. The pattern ratio @ for the edge and corner panels is compared
with the pattern ratio for a similarly supported interior pamel. [t can be
seen that @ is less for a panel with discontinuous edges than for a comparable
?nterﬁor panel. In an edge panel, @ is nearly the same as in an interior
sanel. However, in a corner panel @ is considerably less. For example, the
pesitive pattern ratio in an interior panel having an aspect ratio of 0.2
an& 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.



In order to discuss the effects of strip leadings in discontinuous

5, the three dimensional structure may be recuced to a two-dimensional

zne

ge

sme. In such a frame, it can be shown that the end span is less affectec

-
“3

by pattern lcadings than the interior spans. Although the uniform load

moment incresse is less. VWhen columns
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vaeriehles for which solutions ere availeble and the
frame analogy provide sufficient informetion to determine the effects of
pattern loads cn edge and corner panels. The effect of pettern leadings on
these panels is dependent on the number of discontinucus edges. There is

moments in an edge panel in the direct
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and these in an interior panel. However,
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to the discon
cases the pattern ratios are less in the panels with discontinuous edges than
in interior penels. The pattern loadings are less criticel in the edge and

corner panels than in the interior panels.

4.5 Effect of Pattern Loadings on Moments in Beams

I+ 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 sclutions are available for beam moments. Only

the effect of strip loads are given since beam moments are greatest when the



the beam zre loaded. in Tehie 2, beam moments are listed.
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panel
Ls the stiffness of the beam increases the moment carried by the beam increases
alsc. The negative to positive uniform leoad moment ratio is about 2 tc 1,
similar to a continuous beam. The values of & for strip load pesitive moment
are between 2 and 3 while the negative moment ratics are about 1.3. These

trends are similaer to the continuous bezm where only certain spens are lozded

(D]

to creste meximum moments. [0 e continuous simply-supported beam, the positive
moment may be twice as larce by lozding alternste spans and the negative maximum

e beam sti
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The values of Q for str
in Fig. 4£.1}. These curves show guite cefinitely that the negative moment is

rot aitered as substantially by the strip loads as is the positive moment

°

4

The negative moment increazses feil within & nerrow band. Howaver, the positive

o

onent ratios are quite scattered. As the aspect ratio increases, the positiv

3

°

moment increases less with greater beam stiffmess. [t will approach the ratio
of 2 as the aspect ratio becomes large. In effect, the continuous beam case
is approached.

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

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

eno
emo

th

quite sim
beams 23 far as negative to positive moment distribution and ipcreases 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 locadings were compiled. The effects of strip and checkerboard
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patterns on continuous and discontinuous panels were studied. Certein con-

d on the theoreticel solutions are presented here. The trends
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of pettern loads on sleb moments. First, it wes shown in Tebies &, 7 end &

end in tne frame enalegy that the peattern ratios are less for both sirip and
checkerbozrd locazds in a discontinuous panel then in an interior or continuous
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-
~
)
[u i
:?
ct
oy
o
i
@]
0
rt
<
(0]
o
=
®
3
-t
(7
0,
pa
[
13))
<h
:»‘h
M
0
+
(]
oo
=3
Q
-
[}
-+
o
Al
3
t
jn
[0
p
[y
[{s]
by
-t
(.
o

The effects of pattern lecads on the beams in slab structures are
very similzr to the effects on continuocus beams. The positive moment increases

are greater ard slichtly larger than those occurring in a continuous beam.

(3]

This iz due to the moment being attracted from the sleb to the beam and

o

esultirg i~ z propo-tionally greater mcment under pattern loads.
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5. COMPARISON OF DESIGN AKD MEASURED MOMENTS

2.1 lImntroductory Remarks

In the preceding chapter, solutions were presented for the effects

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

Rown thet the transition between slebs with no beams
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in this chapter, the development of the design procecures

cussed. The important festures of the methods are pointed cut and special
emphesis is given to the provisions included for pattern ltoadings.

The typical desicn resulting from use of these methods is civen.

€

The design moments used in the test structures were obtained using ACI Code
provisions. Finailly, @ comparisen is made between the design and measured
mcments in the test structures. Both pattern and uniform load moments are
compared with the design moments. [In this way, an evaluation of the design

procedures 2s to their ability to provide for the actuai moments is possible.

5.2 Desian Methods

Design of reinfcrced concrete slebs has been divided into two
classes:; the flat slab 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 heve capitails and drop panels. i f

there are no cepitals or drop panels it is commonly 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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ir adeguacy

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)
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However, the First Joint Committes (17) in 1816 ¢

+

static moment as MO = 0,107 Wi {1 - ;E} or 85 percent of that computed by

Eg. 5.2. This was subsequently (1920} reduced even further to K _ = .09 ¥
5 o

£ s 2 c — , o o .

(1o~ 3 E) . The Second Joint Committee {18) recommended the same ecuation

with expliicit recognition of the fect that they were designing for 72 percen

Up to this time, no explicit consiceration had been civen to pattern
tozd conditicns. A1l moment cosfficients were based on uniform loacs over el
1941 ACE Suilding Code (1S} showed that various
arrangements of the mcvable icad gave significantly higher moments at some
locations. Rather then alter the moment coefficients since they hed been in

long satisfactory use, the flexibility of the columns was limited in order to

of live load differentials between panels.

N

minimize the effect
[t was consicered satisfactory for the maximum moments to exceed
the uniform load moments by not more than 33 percent. [t was found that this
could be zccomziished by esteblishing @ mintmum average moment of inertia for
the columns above and below the floor (See Ref. 20}. This was given by the

formula which is found in Sec. 1004(b} in ACl 318=56.

. ___th y
i, = 7 (5.3}
0.5 + —

§

=

»
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where § = minimun monent of inertia of column but EC > 10G0 in

t = the minimum recuired sleb thickness in inches es given
° -~ - 1 qé./,\
in Sec. 1004c2;

] = story height
Ky and W, = total dead lczd end tive lozds on panel
y L

The formu'le wes derived by analvzing & nuwber of frames with varying column
ctiffresses and load ratios MD/&L end limiting the Encreasé»cf the sum o7 the
meximum negetive and positive moments to 33 percent.

[t wzs recognized that the maximum negative and positive moments
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Therefore an increase of 33 percent was allowec.

)

Since the maximum positive and negative moments cannot ccocur
simultanecusly, the equation limits either the positive or negative moment

increases under strip loads to 33 percent. The effectiveness of this equation

The efficiency of columns in reducing the effects of strip loads
was discussed in Sec. 4.3. The increase in moments in & square panel could

be computed by the equation 1.20 + 0.80 [1/{1#K }]. [t is interesting to

S

compare the increase im positive moment that would occur if minimum values

of column stiffress prescribed by the ACl Code are used. For typical vaiue

zz;kc Eﬂcola/h

K =
;i (ks Euslab + kb Egbeam}/a

{See Sec. 4.2c)
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of t, H, L, and W_ /W, = 0, the value cf K is usually creater than 1.0 so
5 o

the moment ratio may be zbout 1.60 which is more than the prediced vaiue
of 1.33. The vaiues of K must be about S in order to keep the moment ratio

tess than 1.33. Although the dead to live load ratio will usually be less
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severe than used here, [t does not appear that the limiting col

n

.3} is sufficient tc recduce the effects of strip loads, within the

Ego

zsllowzbie renge. In addition, for aspect retios less thean one, the efficiency
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he need for e mcre rational method for the design of flat slebs

w

arose from the inability of the empirical method to account for the effects

cf pattern loadings on moments in siabs and columms. Cut of this concern the
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dimensional structure to & two-dimensional frame.

1941 AC[ Code but was modifl

o
O

The Elastic Analysis appeared in th

to vield answers comparable to the empirical methed so it did littie to

—o

alleviate the problem of pattern loads. The moments were cobtained in the
frame by using either the known load comnditions or by positioning the full
live ltoad on the spans to obtain maxﬁmum’momentse {(The 19683 AC! Code,
Ref. 21, 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 mcments in the frame were based on
conditions of equilibrium and therefore were higher tham those of the
empirical design. To eliminate this discrepancy, the negative moments at
a distance from the column center line could be used in design. The

consequences of this recommendation were moments that were nearly the same

~
TRES

wes ceveloped which essentially reduces the three-

S
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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

&)
T
(4]
£
Q
[&)
]
=
m
o+
o
Q
0.
s
[
[
n
T
e
()
(W]
-
®
oo
3

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




spproximation of & plate on rigid supperts. The method is explained in

Feferences 23 and 24,

for the end restraints of the slzb, the points of contrafiexure in the sleb
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weare cdetermined from e anaty

in the sieb.

Since part of the load was assigned to each span in the sleb,
the remainder of the load wes carried by the beams so that all the loaa was

cerried in each direction.

1
e+

The slzb moments were based on loading patterns to create meximum

moment conditions. n addition beams were designed by the continucus beam

1
H

moment coefficients which also consider pattern losd. Therefore, Hethod
resulted in desion moments that were in excess of those given by a solution
considering equilibrium of the slab. It was apparent that pattern loads
were provided for.
(b} Kethod 2

Method 2 had its foundation in the 1921 paper of Westergsard and
Siater (14}, im which they gave moment coefficients for slabs and the support-
ing beams. The solutions used to obtain the moments were for continuous
plates supported on rigid beams which provided no torsional restreint. Since
flat slabs were designed for 72 percent of the static moment the maximum

mcment coefficients (based on pattern loadings) were reduced by 28 percent.
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The moment coefficients were incorporated into the 1947 ACl Code

with some modifications made by the 1240 Joint Committee (25}. The coeffi-

e
ANl
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:—-ra

on, the load to the bezms wes specified by assigning a

then designed by use of the coefficients specified for continuous beams in

which pattern loads ware considered.

1

he basis for Hethod 3 is found in & procedure recommended by

P

Hercus (26}. Harcus divided the slab which was supported on ricid besms
& -l

o

intc strips and determined the moment coefficient for the strips. Since

et
o
n
Q.

lid not account for the torsional restraint between the strips, the
moments were corrected to conform to elastic solutions.
Checkerboard loads were used to obtain positive moments and uniform =
loads for hegatﬁve moments since Marcus concluded that the pattern lcads did
not affect negative moments materially.
The cosfficients obtained by the Marcus method were oniy slightly
modified and given for isolated panels with various boundary conditions in
the 1983 ACI 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 uniform 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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The design of two-way slebs is basically the same for altl the methods.

on rigid
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nined for continuous slsls suppcrte
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bezms. Thesce coefficients are ohtained for pattern loadings to yielc maximum

moTents. fn each case
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then desicned using beam moment coefficients based o

[S5:34

P2

Therefore each method results in coefficients which give totel

moments that are in excess of ithe static moment in a pamel. This is in sherp

[ats

contrast to flat slebs which do not effectively account for pattern loads and

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

5.5 DResian Mcments in the Test Structures

Four of the test structures were designed according to provisions

of the ACI Code. The flat plate F1 and the fiat siabs F2 and F3 were designed

according to the Empirical Method. The typical two-way slab Ti was designed

by Method | for slabs supported on all sides. The two-way slab with shaliow
Y PP ¥

ftn

emo

<

W
[&2]

that was about midway between

)

heams was designed to provide & beam st
F1 and T!. It was desicned using a total design moment based on the static
moment 0.125 Wi.

The design moment coefficients are ;hown 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.



5.6 Comperison of Heasured with Desicn Moments

fceally, 2 design procedure should provide for the moment at

)}

, fcr an economicel design, it is ecgually impe

regerding the design methods, the design moments ere compared with the uniform
and pattern losd measured moments.
in Figs. 5.5-5.9, the meesured moments ere plotted against the

desicn moments. The measured moments are taken from Figs. 3.2, 3.4, 3.6,
3.8 and 3.10. The moments are shown by different symbels for the column or
middie strip and the wall strip. OQOpen symbols represent uniform loac moments
znd solid symbols designate pattern load moments. A line has been drawn from
the crigin at 45 degrees which is the ideal case of measured moments end
design moments being equal.

in Fig. 5.5 the moments in structure Fl are consicdered. [t can be
seen that the points are scattered and lie both asbove and below the 45 degree
line. The wall s;rip mements {including the beams} lie well below the line.
However, ﬁhe beams which constitute the major portion of the moment are not
typical cases. First, the beams tend to be conservatively designed and
secondly, the measured beam moments are not as reliable as the measured sleb
moments.

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

The comparison of moments in structure Tl is shown in Fig. 5.8.

)

The points for uniform load moments lie consistently below the equality
line. Even the psttern load moments are generally below the line. This
comparison incdicates that the structure was over-desicped. [t is desirabie

to have the uniferm

measured moments were almest all below the desicgn moments. This result is
consistent with the fundamentel espects of the KHethod | in which the beams

end slab are both designed for meximum moments. fn doing this the

-1

momehts are cuite large and over-desicning results.

The comparisen of moments in structure T2, shown in Fige 5.9,

results i several interesting conclusions. The design moments appear to
adequately provide for uniferm load. The design moments are low at some

sections and hich at others but cver-all the design seems to ke sufficient.
The pattern load moments generally were greater then the desian moments but
were not excessively high. ft zppears 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
particular censiderationss

°

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 I

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

' ]

T2 appeared to have provide cient capacity for the monents in the

suff

structure as a whole, however, the moment was not well distributed between the
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6. A PROCEDURE FOR DETERMINING THE EFFECT OF BEAK ARD
COLUMN STIFFRESSES

J —~ = o 1 = = ~ = & L P - H -

discussed. [t was shown that the treztment of pattern loads is not con-
H IS R ape p— = —~ A FEPENPN - -

sistent for the different methods. From thet dicscussion it Is apparent

{7 pattern loads ere important, the cesign methods co not satisfactoriiy
stipulate how they shall be included in the design.

(‘ )
F ¥
N
(0]
=t

4 method is presented in this chapter to estimate the effe

s not intended to provide

e

pettern lcad in & given sleb. The procedure
zshbsolute values of pattern load moment, but rather to incicate when pattern

]

lcads chould be given further attention in & parti

cular case.

The procedure consists of developing demains of stiffness parameter
~combinations wnich satisfy a given pattern retio. The estzablishment of the
domzins was accompliched by using the aveileble theoretical soluticns anc
extending them 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 pattern load effects on beams is also given.

Finz'ly. the procedure is compared with the results cf pattern

load tests on tre Tive test structures.

6.2 Development of 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
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hear stiffmness H on moments under both strip and checkerboard loads with

©
“h

=K =0. There are alco sclutions for varying velues of J end k =%,

K = 0. The aspect ratios veried from 0.5 to 2.0 in these sclutions.

]

T trip lcads were studied fer sguare

be
134 Lb

ct of

“t
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~h
®
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w

ricid columns with H = J = 0. By a2 method of interpolation,

3
fu
o3
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n
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Fflexible columns could be inciuded in this sciution.

The pattern ratics for strip lcadings in penels having combimations

for varying values of K and J in panels under strip loads. The effect of

ds hed not be tudied for parnels in which J and K were

M

]

in

m

checkerbocard 1o

varied along with a verying value of H. However, most of these ceses had

=h

been studied 2t some extreme velues of the stiftness parameters such as rigic
bezms =r no beams.
In order to approximate the pattern ratios for the cases vhich were

not studied previously, a means of esteblishing these ratics wes devised.

The conmstruction for these solutions is shown in Fig. 6.1. Pattern retios for
a panel having an aspect ratio of one are shown and only positive moments are
included since these were shown in the péeceding discussions to be critical.
The basic curves, uppermost in Fig. 6.1, are identical to those shown in

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

with & = 0, # varyving and checkerboard loading with J = 0, H varying.

The remaining curves for the condition of strip loads were determined
in the following manner. For a/b = 1.0, it was known that for H =0, K ==,

the pattern ratio @ was approximately 1.20. In addition a linear interpolation

for the pattern ratio betwesen 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 assumption wes made

less of the value of

-1
o.

o

thet the values of @ would be 1.0 for J/L1+J} = 1.0 regar
H and that the origin of all the curves was at the pcint where the curves Tor
J =0 crossed the line for @ = 1.0, All the curves may not cress at this

point, howaver, the variation should not be too great. The curves for inter-

mediate values of J/(14J) were constructed using & iinear verticel interpolation

mn

o

hetwzaen the limiting curve
,

The infiusnce of K on checkerboard load patiern ratics wes not needed

since only positive moments are critical and K has no influence on these ratios;
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there {3 a2 diaconal line of
This method of extending the available sciutions to other vaiues of
the aspect ratio wes accomplished with only one additional assumption. The
checkerkoard lozd curves for any values of the aspect ratio can be constructec
just as for afh = 1.0. However, for strip loads the efficiency of the stiffness
of the columns in reducing the pattern retio decreases as the aspect ratio
decrezses. In order to complete the curves for strip loads, it was assumed
that for a/b = 0.5 finite column stiffness did not reduce the moments while
for afb = 2.0, rigid columns were completely effective Em.isoiatimg 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 =
0389 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 and checkerboard

load effects in which H and J are the major variables. This division made it
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ns in which combinations of the stiffness parameters

—

possible to chart doma

fporm ~ . ; L o R - .
o (4/3, 3/2, 5/2) are used and the domains are given for five
aspect ratios. The domains were obtained using the curve shown in Fig. 6.1

for /b = 1.0 and similar curves were constructed tc estebliish the comzins

The shaded areas in Figs. 6.2-6.6 indicate the combinations cf
the stifiness parameters which result in the moment ratio being exceeded.

. , o

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

15}

this ‘‘danger™ arez, the patterns ratio mey be surpassed. [t should be pointed
out that the areas are not sharply deiineated since the curves from which the
values were obtained zre not exact in all cases. These domaing give an
indicaetion when further attention to the effects of pattern loads is needed.

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 icad was assumed to be zerc.
In en zctual structure, there will be some permanent locad on the floor siab.
Since the procedure is to be applied to slabs having varying vaiues of
permanent and movable loads it is necessary to adjust the pattern ratio to
cbtain the moment ratios

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

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



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

heving & load ratio B. The load ratio 2 ts the ratic of moveble to total

toad.
In 2 structure having a value of B less than one, the effects of
cetrern loads ere less severe than when P = 1.0 (the cace of pattern ratios}.

Foustion 6.1 relates &, B, ancd 7.

o

o = 1+ 2 (6.1}

The eguastion is derived by considering the moment in & structure to be the
sum of the permanent lcad multiplied by the uniform loed moment coel
snd the movable load multiplied by the pattern load moment ceefficients

The use of this eguation in conjunction with the domains of Fig.
6.2-6.6 for a given structure ccnsists of the follcwing five steps.
i. Determination of the load ratio, B.

2. Selection of the alloweshle moment ratio 7.

3. Determination 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 may result

in greater increases in moment than were allowed in Step 2.

The first three steps are self-explanatory. However, the fourth
and fifth steps need further explanation. The methed of computing H, J and
K are given in Sec. 6.5. In the case of a rectangular slab having different
beams in the two spans, a check is made for the effects of pattern loads in

each directicon. In méking these checks, the effects of different beam

flexural stiffness (Hb) in the perpendicular span are covered automaticaltly.
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{f the torsional stiffnesses of the beams in the two spans ere
different, it is conservative to use the lower value of J for both spans
Step 5 invelves making two checks for a particular panet: cne

for the effects of strip lced and cone for checkerboard load. The check for

omputed znd the point JA{1+Jd}, H/(I+H} is located. [f thease

8]
“h
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o
i
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G
et
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Q

two points do not lie in the shaced ereas, the pattern loads shkould nct

increese the average moments more than the prescribec amount.

U]

For example, if the pettern ratio is determined to be 3/2 for
senel heving en espect retic of one and stiffness paremeters of Hf
JALH+S) = 0, K/(1HK) = 0.2 it can be seen in Fig. 6.4 that checkerbczard lcad

rnot exceed the ailowable & but strip load moments may exceed the

B
=
[}
3
sy

n
T

value of @ = 1.50. However if K/{1+K} is 0.3 strip loads should not yield
pattern ratics exceeding 1.20.

The steps outlined in the preceding paéagraphs are for the effects
cf pattern loads on the slab positive moments in an interior panet. 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 moments given
in Fig. 3.2, $w49 3.6, .2.8, and 3.10. Therefore, any»combinatﬁoms of the
stiffness parameter satisfying the reguirements for positive siab moment in
the interior panel should also be sufficient for edge or corner panels.

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

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

large values of H, the major portion of the moment is carried by the beam.
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these may be trz criticel sections. The besam moments are maximized by s
ioadincs in most cases and strip loadings will produce increases equai to
lozdings in the remeining czses. A frame analysis is
given in the Appencix for computing the moment ratios in siab structures

frame and iozded uniformly or by strip

-1

tates with the results of the five test structures. The procedure is intenced

.

- N e C
for use in estimeting the effects ©

P

-ern loads con @ given structure.

0

T}
m
rt
~

Howsver, for the purposes of this compari

0

cn the procedure ic altered stightiy.
Pather thep assume 2 value for the allowsble moment ratio 7, the moment ratios
measured in the test structures are used and for the values of the load retio
B on the structures, the measured values of O are éetermimedo The measured
values of @ are compared with the estimated values of @ according to the
;uggested orocedure. The comparison is made in terms of the positive moment
ratio in the intericr panels cf the structures.

in any comparison, the similarities and differences between the
stiffness parameters of the test structures and idealized stiffness parameters
must be examined. The greatest difference is in the supporting elements. [n
the fest structures the beams and columns have finite widths and thicknesses.
In the theoretical solutions, these elements are dimersionliess. The neutral

axis of the beams and slebs are the same in the theoretical solutions eliminat-

ing T-beam action of the slab.
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The values of K are determinad routinely with the stiffnéss 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 range rather than a
single value is given for beam stiffnesses of structures Tl and T2. The
lower bound of the rangs corresponds to a rectangular beam while the upper

Sound corresponds to a T-bzam as describad abovea.

H J K
Structure H J X — —— —
' 145 14} 1+

Fl 0 G 11 0 t] 0.9
F2,F3 0 0 i 0 0 0.5
71 2=3 1 4 0.67-0.75 0.5 0.8
T? 00‘4-095 Oe3 9 0028"0038 0023 009
To =stimate the effects of pattsrn locads on the tast structurss,
Fig. 5.7 i3 us=zd. Tnis figura was constructed in ths samz manner as wers

Figs. £.2-3.5 in which Hgafall domains were shown. in Fig. 6.7 contours
approximate tnz values of the pattern ratios.

U:ing thz values of H, 4 a2nd R given in the table above, moints ars

g o 7 £ H - N S - K= b ¢ £ L - o =
locatzd <~ T 2. 3.7 for the partinani COMI:InAL.ONS of the stiffness parameisrs
-~ 1 - - - —
for =azh t-uctiiTe.

- - - - = - ) - — Aa =t N - ~ - ]~

~-- -2 ssa2n that chackarboard loacs should bz of no concern 17
=& epicbiirae - 7 and FQ S° e thage stryuciuras I e n S23m s imnoritant
SLrucTLTS : Z &nG So ince thsse struciurss nave nNo D2ams, Tnz imzoriant

- A - T - To- 3 H £L Ve - . 3 e .
considarat cn 5 tha strip load effect. Structure F1 should not be seriously

-~ X \ . ) < - I . . -~
affected bv sirip loads. The value OF «/{1+%) is large and the valus of &

i about l.2. However, the value of O for F2 and F3 is about 1.6. Thn= columns

W
er
i
L8]

were ralativaly flexibie as indicatad by the value of ®X/{i+K}) = 0.5 and

van consideraticn.

N

0
'y
(o9
w
=]
=
W
ot
o
]
w0y
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The points plottad for structures Tl and T2 are shown as lines as
a result of the range of beam flexural stiffnesses that were ccmputed. The
location of the lines for Tl indicates that the value of Q for either
checkerboard or strip loads is less than 1.2. This pattern ratio is quite
low and pattern loads should be of no consequence in Tl.

The location of the line relating J/{1+J) and H/{I+H} for T2 shows
that the effects of checkerboard loads should be negligible. Figure 5.7
indicates that the effect of strip loads will be greater than the effect of
checkerbcard loads. Howsver, the strip load pattern ratio should be about
1.2 which is quite low.

2sts are summarized below. The

w
+

The values of @ measured in tr

valus of B was known, 7 was measurad in the tests and & was obtainsd by use
of Zg. B.1.
Structurs 8 7 o
meas. meas.
Fi 0.72 1,09 1.13
F2 0.85 i.14 117
F3 0.78 1.84 1.82
71 0.81 1.21 1.25
T2 0.585 1.03 1.05
it can te ssen that ths estimated waluss of & compare favorably with
the measurad valuss. Strip loads rasuited in a pattern ratio slighily greatsr

(U]
[
Ui
it
!
j1}]
e
[
[a N
°
]
1]
e |
v
W
1313
i
<t
ib
£3

than 1.1 in Fi and this is nesarly ths valus thai wa:

axtreme walues and thes actual pattern ratio lies between. The estimatad
rta 3 was 1.0 which seems r=2asol 5l= Tha lue £ Y asti tad Tar
pattern ratio was 1.0 which sesms rsasonablz. The value of & estimaizd Tof

Ti was about a2qual to that measurasd. 1t was pradicted that checkerboard loads

would be of no consequence in T2 and this was confirmad by the testis.
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It must be remembered that the values of measured mcment usec 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 taken for the

v

entire structure. However, the estimated values are sufficiently accurate

!
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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

1}
e
o]

-3

o]

m

0

pas

i1

(8]

ot

o
o

=3

o]

o

o

=l

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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hut the ebsolute increases in deflection were smell in all the structures.
The crack patterns were nearly unaffected by the pattern loads. Ko new
cracks were formed but & slight widening and lengthening of the existing

n and crack

crecks was observed. On the basis of the deflection, stra

ohservations, it can be said that the servicezbility of the test structures
wzs unimpeired by pattern lozas.
The moments in the test structures were calculeted from strain

The strip load moments in the fiet p

t

form load moments. Under checkerboerd loads, the

percent greater then ual
moments increzsed by about 30 percent in the typical two-way slab, but were

gnchanged in the two-way slab with shaliow beems.

7.3 Theoretical Soclutions for Pattern boad Moments

The availeble solutions fof the effec;s of pattern load on moments
are given in Tables 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 than on an interior

'd_positive moments are affected more than negative moments. in

-
D]
=3
()
U]
put

it is shown that checkerboard loads result in greater moment

m
0.
[a B
rt
[¢]
-3

©

increases than strip loads only if beams having very large 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.



N

-69-

BEBLICGRAPRY

taves, G. T., M. A. Sozen, znd C. P. Siess, ''Tests on a Quarter-Scale
Model of Multiple-Panel Reinforced Concrete Flat Plate Floor,*
Structural Research Series Ko. 181, Department of Civil Ergineering,
University of illinois, September 185S.

Hatcher, D. S., M. &. Sozen, and C. F. Siess, “tn Experimental Study
of & Reinforced Concrete Fiat Siab Floor,' Structural Research Series
Ko. 200, Department of Civil Engineering, University of f{llinois, dJune
iS50, -

Hatcher, D. S., M. A. Sczen, and C. F. Siess, '' A Study of Tests on &
Flat Plate and a Flat Siab,'t Structural Reseearch Series Koo 217,
fepartment of Civil Engineering, University of kllincis, July 188t1.

Gamble, W. L., K. A. Sozen, enc C. P. Siess, “4n Experimental Study of
2 Two-Way Floor Slab,' Structural Research Series Ko. 211, Depertment
of Civil Engineering, University of lliinrcis, June 1861,

Vanderbilt, K. D., M. A. Sozen, and C. P. Siess, Hhn Experimental Study
of 2 Reinforced Concrete Two-Way Floor Sleb with Flexible Beams, "’
Structurz! Research Series No. 228, Department of Civil Engireering,
University cf [1linoic, Kovember 1261,

Jirsa, . Q., K. A. Sczen, an
Flat Sleb Flocr Reinforced wi
Series Ko. 248, University of

1

Wire Fabric,'t Structural Research

d €. P. Siess, 'An Experimentel Study of e
t i
June 18€2.

h Weldea
filinois,

Emerican Concrete lnstitute, Building Code Requirements for Reinforced
Concrete {ACI 318-56}.

Sutherlend, 4. G., L. E. Goodman, and N. M. Wewnark, ''Analysis of Plates
Continuous over Flexible Beams,' Structural Research Series No. 42,
Department of Civil Engineering, University of illinois, January 1953.
Timoshenko, S., and S. Woinowsky Krieger, ‘'Theory of Plates and Shells,”
Second.Edition, McGraw-Hill Book Co., Hew York, 125S.

Kewnark, K. M., A Distribution Procedure for the Analysis of Slabs
Continucus over Flexible Beams,'' Bulletin 304, Engineering Experiment

Station, University of lllinois, 1838,

Siess, C. P., and N. M. Newnark, ‘Homents on Two-Way Concrete Floor
Slzbs,' Bulletin 385, Engineering Experiment Station, University of
ti1linois, 1950.



(2]

[

(5]

€3

~

-70-

e, Wo L., M. A. Sczen, and C. P. Siess, '™Measured and Theoretical
nc Moments in Reinforced foncrete Floor Siabs,! Structural Research
s . 245, Department of Civil Engineering, University of [llincis,
]

4y

=t 1

“h e

w X
[ e}
o e oy
w3

Y ow
[2p]
<
1)

[8]

=

+

m
0w 30
0
N
o
=4
— N w
N
o ©
5 &
o0 n
tn
o oo
(0
1
I
-3

<
{0
=

[
o

et
=
O

,,_n
M
n

it
=
O
O ct

¥

o
[y
[aWTe)

e Q)
m

3
=1
[N
o
=
m
3
s QL
o
)
&N

0
IR}
Al

0 (P
N
e T3

BEE I
0
==

()]

imitations &pon the Stee!l Requirements in
' Trans. ASCE, Vol. 77, 1814,

int Committee Report on Concrete and Reinforced Concrete,
sort® 1 July 1216,

et
.
2 o

T .

[Second] Jeint Committee on Standard Specificat
Feintorced Concrete, ''Standard Specifications f
Concrete,'t ACt Proceedings, ¥. 21, 1925.

ons teor Concrete and
-

i
cr Concrete and Reinforced

Emerican Concrete lnstitute, Stendard Building Reguletions for Reinforced
Concrete {ACH 318-41).

DiStesio, J. and K. P. van Buren, '‘Background of Chapter 10, 1956
Regulations for Flat Slabs,' Unpublished report prepared for ACI
Comni ttee 318.

American Concrete institute Buzldung Code Requirements for Reinforced
Concrete (ACI 318-63).

Casillas, Juan G. de L., and C. P. Siess, 'Comparetive Studies of
Desian Procedures for Two-Wav.Reinforced Concrete. Slabs,! Structural
Research Series No. 215, Department of Civil Engineering, University of
fllinois, May 1961.

BiStasioc, J. and M. P. van Buren, 'Slabs Supported on Four Sides,”
ACH Proceedings, ¥ol. 32, 1936, pp. 350-364.

Gertin, R. L., J. DiS

asio and M. P. van Buren, ''Slabs Supported on
Four Sides,'' ACt Proceedi

gs, VYol. 41, 1245, pp. 537-556.



3]

-71-

fThird] Joint Committee on Standard Specifications for Concrete anc

Reinforced Concrete, ''Recommended Practice and Standard Specifications

for Concrete and Reinforced Concrete,'’ American Concrete institute,
Detroit, 1840.

Karcus, H., ''Die vereinfzchte Berechnung beegsamer Platten,' Julius
Springer, Berlin, 1222,

Corley, ¥. G., K. &. Sczen, and C. P. Siess,; 'The Eguivelent fFrame
Lnalysis for Reinforced Concrete Slabs,™ Structural Research Series
Ko. 218, Depertment of Civil Engineering, University of tllinois,
dune 1861, -

Seely, F. B., and t.. 0. Smith,. Mtdvarced Strength of Materiais,'
Wiley, Kew York, Second Edition, 1952, p. 271



-72-

*SJopul Ay cul-y Ag 7 Jo s3sel

T 18Y §6-0§

"195440 9z°Q
Ul GZ90°0 03 Tyl 0 wody

uo peseq ade sa)luadosd a32u5u09
|euoliodouy
1e Sa41M jJo sbesane uo poseg e

S94IM JO s3jwy|

Buibuet sisisweip yijm SOUNIN

1581
~

0L 9°LY

sdeq bs -ul g/|

L 0§ 0v6 ooce 0s5s¢ <l
SL 0L 0°¢t sdeq cbs cuy g/| 74 06s 0ooe 0€8¢ lL
68 00¢ 30L 5 GS 06L ooLe 09Le £d
a8 002 0°¢v sdeq -bs cuy g/ 8L 009 0ole 092 ¢4
68 0L L°9¢ sleq cbs -uy g/| 9L 00L 00ve olse 14
4sd Jsd 159 shep 1sd 1S3 1sd
peo- peosq pro aal9 A y 5 5
speo ubjsoqg 4 JUBWSD UG LU |BY oby il 3 L4 3.4n3sn.43g

SHUMLIMYLS LSHL NI STVIUILVH 40 $I11Y3d0%d

I 378vi



swesaq ‘00

1g 3¢ qels ‘0s§ 02000°0 A
sweaq ‘0ge . ‘
It Iy qes ‘00v S1000°0 (W
o
~ - weovq Moy Leys ‘g
- weaq doop ‘3y 009 61000°0 , €d
- wesg mojpeys ‘p
- wesq dsap 31y 09¢ G1000°0 , (£
- weodq Moy eys ‘Q
- weaq doop ‘1 ote S1000°0 L4
swesq do1d491uj sweoy obpy ~1sd fsgoua3g uleais
syIpip obue|.y wesy Buidoe.ay Buisoeusy 24Nn195N415§

SATHSHOTLVTIY NIVULS-LNIWOW NI g3Sn SHI1Y3J0Ud d3WNSSY ¢ F1dvi



TABLE 3

COMPARESON OF PATTERK
IR AN IR

r

¢ =

- 74~

TH UREFORM LOAD POSITIVE MOMENTS

TERIOR PANEL
P=Kk =0

)
Averace Slab Fositive Keoments, M/ca

fspect Beam
Flexural Checkerbozrd Strip
Stiffaessw M. -
/b a B Mg ..x_u = Qe ‘N’c* \/vc =
< UL [#¥e] ftUL (Sl >t ¢ e
C.5 Q 0.0417 0.G523 1.28 0.C233 2.00
Q.25 0.0304 0.0477 1.57 0.0201 1.S8
0.5 0.0278 0.0484 1.67 0.0521 1.87
1.0 0.0263 C.0456 1.72 C.0456 1.73
2.5 0.G235 0.0452 1.77 0.0401 1.57
o3 0.0251 0.0450 1.7¢ 0.0352 1.40
0.8 0.0417 G.02384 .22 0.0833 2.00
0.4 0.0277 0.0314 .13 0.0521 1.88
.8 0.0232 0.0z¢1 [.25 0.03¢8 1.72
1.6 g.01¢7 6.0280 1.42 0.0313 1.5
4.0 0.0172 C.0261 1.52 0.0230 1.34
© c.0152 0.0251 1,65 0.0161 .06
1.0 0.0417 0.0327 0.78 0.0833 2.00
0.5 0.0263 0.G250 0.25 0.0454 1.73
1.0 0.0208 0.0222 1.07 0.0331 1.5
2.0 0.0154 0.0200 1.22 0.0224 1.43
5.0 c.0l127 0.0182 1.43 0.0155 1.22
® 0.00%6 0.0166 1.73 0.00%0 0.94
1.25 0.0417 0.0313 0.75 0.0833 Z2.00
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 .12
o 0.0049 0.0128 2.61  0.0042 0.86
2.0 0.0417 0.0256 0.61 0.0833 2.00
1.0 0.02¢8 0.0158 0.76 0.0313 1.30
2.0 0.013¢ 0.0124 0.89 0.0185 1.40
4.0 0.0085 0.0027 I.14 0.0113 1.33
10.0 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 4  COWPARISON OF PATTERN WITH URIFORM LOAD REGATIVE MOMERTS
[N AN IRTERIOR PAKREL
J=K=20

Aspect Beam Average Slzb Negative Moments, M/ga”
Ratic Flexurai Checkerboard Strip
i Stiffness* Mcé HST
a/b H_ M, MA —_—= M - =
a UL cb KUL CB ST MUL ST
6.2 0 0.08323 - - . g.lo42 1.25
8.2% G.0581l - - ¢.072 V.24
C.5 0.6556 - - C.08¢ 1.24
1.0 0.0548 - - ¢.057 1.22
2.5 C.0558 5.0472 G.86 G.QEs 1.18
© 0.0558 0.0732 i.31% 0.0842 .13
g.8 G 0.0832 - - g.ics2 1.25
Cc.4 0.051¢ - - 0.064 1.23
g.8 C.04E3 - - 0.056 1.21%
1.6 0.0428 0.0338 0.72 g.051 1.1¢
4.0 0.04C5 0.0436 1.08 0.045 .11
ol 0.03%0 0.0532 1.37 0.0415 1.06
1.0 0 0.0833 - - Gg.i042 1.25
0.5 0.0488 - - ¢.G&0 1.23
1.0 0.0417 - - 0.050 [.20
2.0 C.036% 0.06333 c.C2 0.043 1.18
5.0 C.0324 0.C373 i.15 ¢.035 1.ce
© 0.02%1 0.0428 1.47 ¢.029¢c 1.03
1.25 o 0.0833 - - 0.1042 1.25
0.63 0.0458 - - 0.056 1.22
1.25 0.0370 - - 0.044 .19
2.5 0.0303 0.0275 .21 0.035 1.16
6.25 0.0248 0.0297 1.20 0.026 1.05
= 0.0201 0.0317 1.58 0.0200 1.00
2.0 C 0.0833 - - 0.1042 1.25
V.G 0.0385 - - Q.047 1.22
2.5 0.0278 - - 0.033 1.19
4.0 0.0187 0.0160 0.81 0.023 1.17
10.0 0.0133 6.0150 1.13 g.014 1.05
0 0.00738 0.0133 1.68 0.007¢S 1.00
= Hb = Ha(b/a)2
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COMPARESON OF STRIP WITH UNIFORK LOAD KO
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TS [N BEAKS

Aspect Beam Beam Moments, M/cazb
Rat Filexural Positive Moment Kecazive Moment
Stiffness® 5 K
a/b B K oo oo K ’ ST
/ 2 UL ST My ST WL st My ST
5.5 0 0 0 - 0 0 -
0.25 0.0112  0.0232 2.05 0.0252  g.032 1.27
0.8 0.013%  0.0213 2.25 0.0278  0.026 1.28
1.0 0.0155 0.0378 2.45 0.0285 0.038 1.3}
2.5 0.0162  C.0433 2.67 0.0284 (.032 1,20
- 0.0166  0.0482 2.91 0.0275  0.,0400 1.45
0.8 c o} 0 - 0 0 -
0.4 0.0140 0.0314 2.24 0.0315 0.040 1.27
0.8 0.0185  0,0435 2.35 0.0371  0.048 1.29
i.6 0.02i12  0.0527 2.41 0.0406 0,054 1.33
4,0 0.0246 0.0604 2,45 0.0428  0.039 l.28
= 0.0266 0.0673 2,53 0.0442 0.0626 1.42
1.0 0 0 0 - 0 0 -
0.5 0.0154  0.0380 2.47 0.0345 0.048 1.39
1.0 0.0208  0.0503 2,42 0,0417 0.054 1,29
2.0 0.0253  0.0600 2,37 0.046% 0,062 e’
5.0 0.0280 0.08679 2.34 0.0510 0.069 7
o 0.0321 0.0744 2,32 0.0542 0.0743
1.25 0 0 0 - 0 0 foso _
0.63 0.0169  0.0426 2.52 0.0376 0.049 ‘°30
1.25 0.0231 0.0554 2,40 0.0462 0306’3930
2.50 0.0284 0.0651 2.29 0.0530  0.f 1°32
6.25 0.0328 0.0729 2,21 '0.0586 0 °32
o 0.0367 0,0782 2.16 0.0633 _
. I
2.0 0 0 0 - o/ ;59
1.0 0,0210 0.0522 2.4  0.04% 1228
2.0 0.0278  0.0640 2.30 0. 530 5,:299
4,0 0.0332  0.0722 2.18 Q§~‘:i**~§l;ffl-~§
10,0 0.0376 0.0784 2.09 S
s 0.0412 0.0830 2.01
L 2
“ H = Ha(b/a) o
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APPENDEX A

FRAME AKALYSES

A.l1 Backcround

} slab to a two-dimensional

m

The simplification of a three=dimension
frame has been used for some time. The frame znalysis appeared in the 1S4i
LCI Code es the HEjastic Anelysist but had been used pricr to thet time in
enalyzing and de%%gning floor slabse

The frame enalysis es given in the ACI Code has several drawbacks.
By assuming an infinite moment of inertia et the joints between the columns
and slabs, the sections are given too great a stiffness. In reducing the
negative moments to 2 critical section some distance Trom the colurn center=
line, the advantzge of a solution based on statics is lost and the moments

e Empirical Hethod,

ot
o
9]
0n
o
[
"n
(0]
.
=
I
an

revert to

=h

Corley (27) propcsed a frame analysis which alleviated some ©
the problems in the ACI Code Elastic Analysis. However, the method proposed
was not used to detgrmine the effects of pattern loads and in that respect
it had certain shertcomings.

The method propcsed here is basically a modification of the analysis
preposed by Corley. Several changes have been made in order to enzble use
for strip loadings and coverage of slabs supported on beams. The analysis
was used to compute the moments in the five 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 general terms. It
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with or without drop panels
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and to twoe=way slabs. The figures are given for a flat siab which is the
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one panel wide from the sleb structure as shown in Fig. £.1. The crecss
section of an interior bay of this frame is shown in Fig. A.l. The areas
for the moments of inertia of the various sections zalong the frame are shown.
The t/El diagram for the slab may be used to determine moment distribution
constants and fixed-end moments by ncormal procedures. For a two-way slab
where a beam spans between columns the moment cf inertia EAA is computed on

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

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

v ——

Assumed T-beam Section

Sketch A



[N]
w
1

[+ should be noted that the moment of inertia at the column (from
the fzce 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 inertiea

at the column is given

m

s lep = EBB/(I - CZ/LZ}zc This relationship was
established for two reasons. It increases the moment of inertia at the column
while mainteining it at a level considersbly less than assumed in the ACI Coce.
The ecuation alsc covers the condition of & sleb monolithic with very wide

columns. The maximum condition of a wall CZ/L2 = 1.0 is covered since iCC = o

in that case.

ffrnesses for the columns is consicerebly more

cr

The computeticn of ¢
involved. It wes shown in Chepter 4 that the positive moment in & siab
increases under strip loads even if rigid columns are used. in & frame with

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

in

necessary to consicer

t
o
0]

cection at the columns a5 2 beam=column combinetion
in which the beam across the column could rotate even though the column wes
-

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

-

Sketch B
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In the case of an edge beam, such az section is quite obvious. Some of the

[

moment is transferred from the slab directly to the column and the remainder

to the beam and then to the zclumns. It can be seen

ot

“H

d f

D

err Fs

rans

o
)
cr

rigid column cdoes not preciude the rotation of the heam with respect

ot
=T
0)
ot
m

to the columnse

. . . L - Fed H - - N T S
'n orcder to determine the stiffness of this beam-column combinatio

-

ccording to the Cross distribution procedure the following eguation is used.

N

1
i ~ = . (Ao})

<
|

beam=cciumn combination

]

where {, = stiffness of th
bec
m. = a distributed torcue applied along the axis of the beam

! rotaticn of the end of the cclumn cue to bending
I

iG]

T e

-
“
S

3
B

e = average rotatiocn, due to twisting, of the beam with
respect to the columno

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

Gf and Qt are knowne.

The value of Gf is independent of the distribution of torque along

the beam or the beam torsional stiffness since the total applied torque

'

ultimetely 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

o

exists) and then varies linearly from the base of the capital to the base

of the slab where it is infinity. It is Enfinitgly stiff from the base of
the slab to the center of slab (t]/Z 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 to 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

a}
1

otation is taken as one-third the area of one of the parabolas

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

[#8]
[6)]
&)
[ag]
>
[
oy

— . . 3 . . -
The cecticon constant C =2 A D]hi may be evaluetfed by dividing the T-beam

section into rectangular parts which can then be considered separately.

n
1]

This may result in a smell error but i ufficiently accurate for this

procedure. A chart has been given in Fig. A.3 for cetermining M as a
function bi/h,a (Taken from Reference 28}.
t

O¢

K can be determined and the distribution constants and fixed-end moments

bc

nd 8, have been computed the stiffness

-

A

bt i)

ter the values ©

]
[y

are now known for the frame. The moments at the column center lines on the
line frame can be determined.

Since the columns have finite dimensions, it is necessary to
reduce the negstive 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

'S

uniformly about the perimeter of the supports. In the case of a flat siab
the shear is vniformiy distributed around the periphery of the capital and
in a two-way slab it is uniformly distributed along the face of the beam
and column. The center of reaction is tzken as the critical section and

the moments are corrected to the center of reaction from the column center

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

for an intert

@)

r strip of panels. However, the necessary assumptions have
been given which may be extended for anaiysis of a wall strip having a width
of one<half panel. DQue tc the lack of symmetry and the additionel torsional

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

z

£.2 Lomwparison of Heasured FMoments With Freme Analysis

The procedure cutlined in the preceding section was applied to an

o N . ¢ - I - ‘ ol
interior strip {one-pane! width) of each of the

=h

ive test structures. The

<

results of the procedure were compared with the measured moments in these
strips tc determine whether the increase in moment due to strip leads and
the absclute moment at the critical sections cculd ke estimated.
The measured uniform and strip lead moments are given for each
sieb. The moment ratic ¥ is computed Tor both mezsured aznd computed moments.
The value of B wes teken into consideration in computing the moments. The
values of measured moment in Fl, F2 and F3 were obtained by combining middie
and coiumﬁ strip moments. In the case of the two-way slabs, Tl and 72 the
measured moments given for the interior strip 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 slabs, it was necessary to use
the measured maximum beam moments In conjunction with the uniform load slab
moments. It was felt that the strip load slab moments wouid have -been

approximately equal to the uniform load moments.

[

in making comparisons between absolute moments at a section,

must be remembered that the frame analysis .is based on statics and the full
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where the exterior negative siab moment [s difficult to analyze accurately.

ty et a section to deal with uniftorm or

The morents in the irtericr strip of structure Fi are given in
Table Al. A comparison of the moment ratios for measured and computed

mz analysis was quite accurate for pattern

)
m

«dicate thet the fr

b=
Q
)
3
et
n
a

load effects. The computed absolute values of pesitive moments were nearly

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

analysis than measured. However, [t would appear that the total measured

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

negetive sections is there a serious discrepancy and it may be explained

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

column comnection at the exterior column. ) .
The moments in structures F2 and F3 are given in Tabie A2. [t can

be seen that the moment ratios compare favorably. The only targe deviation

tn moment Ue

e+
Q
&0
@0
m
or
o
ot

at the interior positive section im F2. The
absclute moments at that secti&n are small and a small absoiute moment change
results in a significant change in relative moments. The actual value of 7
is probably between 1.18 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.
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(z) Orientation of Section Used in Frame Anzlysis
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(b} Distribution of

{(d} Unit Rotation Dizcram

FIG. A.2 ROTATION OF BEAM UKDER APPLIED UNIT TWISTING MOMEKT
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