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" Econcmic trends necessitate the introduction of structur-

al systems which use less material and are simpler in erection.

v

Reinforced concrete ribbed structural systems are recognized

»

as a means of\Qgﬁieving the above econnomic objectives.

. - ’ 3

The irregularly-ribbed joist.floor is a partéculax case -
of ribbed floors charactérised by ofthogonallf unevenly distqi—
buted g@bs of the -"same or«ﬂfffefent geqmetryi,"Thgsé'floors, in
addition to the above-mentioned economic advantages; have the

potefitial to contribute structural efficiency and architectur-

cal flexibility.
N\ . . L] ) -

The construction of such floors is economically feasible

-

N

‘today,- due to the introduction of a+:new versatile plastic

°

formwork system, developed with the author's participation.

l

Since' these floors represent a relativeiy new concept in the

building industry, the need for the development of appropriaté
. » . ‘
design guidelines is apparent. The objective of this thesis is!

to study.experimentally the strength and behavior of these floors

\

> . i
and to develop basic criteria and procedures required in design :

‘ 7 ' * \\
practice. . / . \

A\
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‘ Por the purpose 7@ analysis, the joist floqQrs
Y

mated in this study, b an'equivalent open grid of T-Peams.

M . Fnd ‘ k3 M
Both elastic and collapse analysis of drillages are/

prerequisites of a refiined design process. .The e;agtic analysis

]

7

is done by the matrix/~displacement method 'using ah/hpprqpriate
commercially available computer program. The collapse ‘analysis.

~

joist floors.' e

A series of joist| floor models is studied analytically
/ i Lo . .
tudy is limited however, to ribbed single-

and experimentally. The
[y L o .

H

[

panel models simulating several types of two-way irregular joist’

floors,‘subjectgd,tofa single concentrated load (aiming at,

-

,-w,hﬂn,\“-uq
J

- = [y

1 14 - .,
. applications in industrial buildings.)

)

The analytical investiqation,of the models is made on

the basis of the proposed dimit design p;ocedure. The éxperi-

mental program provides information on the elastic and elasto-
plastic. behdvior of the models and/;elps the understanding of the

collapse mechanisms and the_evaluation of the "true"tcollapse .

¢

load. Also, an assessment of the accuracy bf\thg\gnalytical pro-

cedure is made. The effect of relnfo;cement +ransfer from the

3

e
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't% explore the different possibilities of distribution of rein=’

| ) c A “
a | : ; ~

1

_middle to the'édge strips of the niodels is also-giudiéd in order

- . . }
forcement between' the ribs. . . ’ . - ’
' 2 . ,’ 3 . . . ’I
‘ L4 * : ‘ v,
o

. Several recommendations for the design of two-way irregu-

. ) C
lar 'joist floors are presented, as a result of .this research
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NOTATION
T

The letter symbols throughouﬁ this study are defined as

[,

follows: -
A . Provided area of tension reinforcement
' req . . . .
As Required area of tension reinforcement
As,total . Total area of tension relnforcement in each
direction
b Width of compreSSLOn face of equlvalent
. T-beam
b Minimum width of joist web
.c ( Clear concrete cover for main reinforcement
a Effective depth of equivalent T-beam
, av Assumed .average effective depth
o ° .
E, Modulus of elasticity of concrete
‘ : © Eg ' Mod%lus of elasticity of steel
n N
" - 'Ei » External work done by the ultrmate loads
" ) in the mechanlsm i
N L " - N ’ .
£() A ‘function of f¥e variables shown in
parenthesis '
R [}
f.c Stress in concrete
fé " Specified compressive strength of concrete .
’ fzo Tensile ‘strength of concrete
£ Stress in-steel reinforcement



a

4|

wd.

I

X

xii

Specified yield strength of reinforcemerrt

Overall thlckness of ]let floor ‘ . .

Thlckness of the top slab’

—-h4A“Depth~of~the joist web . R

section

: .
Index referring to a loading.scheme or' PO
collapse mode (i=1,2,.,.) -

Moment of inertia about the centroidal axis
of a member cross-section

3 ~
%

Indicator referring to a gross corncrete

'

" Indicator referring to a cracked transformed

reinforced concrete section

. Torsional rigidity factor .in the appllcatlon
of the "STRESS" program R

Moment of inertia in the appllcatlon of the
"STRESS" program

Tor510nal rigidity factor of a member -
cross-section

Index referxing to a critical section (3j=1,2,...)
J

Span length measured from center-to-gentef
of supports

Length module of the egquivalent grid
Moment at the center of the ribs

Elastic envelope moment value at section j,
due to service Jload

Elastic envelope moment value at section j,
due to ultimate load '
Elastic envelope moment value at section k,
due to ultimate load

‘
S




N &2
.
.

giii

. Total one-way static moment

Total one-way static moment, due to
ultimate load

Plastic moment at section j

Plastic moment at a critical section of -
rib n .

‘\\\\Eifimate moment capacity of a rib section

Working moment capacity of a rib section
Moment in the ribs of the x-direction

Moment in the ribs of the y-direction

%odular ratio = Es/Ec

Concentrated load applied at the center of .
thé" test-panels .

Ultimate load éapacity of the test-panels
1

Working load capacity of the test-panels

Net reinforcement index of a critical section
Spacing of joists

Energy d1551pated by plastic hinges in thé’
.mechanism i

Specified or experimental service load

Specified or experimental ultimate {(limit .
.. state) load
Ultimate load for collapse mode i, based on
plastic analysis

Distance of the neutral axis from the extreme

compression fibre
+

s



xiv

/

X. Serviceability index associated with
‘ mechanism i

/

ii Balanced yield safety parameter
associated with mechanism i (all x.'s
equal) J

Xy Yield safety parameter of section 3

kall

Admissible yield saFety parameter of

J section, j o
—~\jﬁ( ' Yield safety parameter of section k

%g The maximum x4 value that ensures

’ ro;ation compa%ibility

< Yield safety parameter at a critical

o’section of rib n

Yy Percentage of elastic moment redistribution

)( associated with mechanism i

5 Deflection recorded or estimated

all . .

8 Maximum allowable deflection

eé Recorded strain in concrete at the lower
face of the top slab

g " " Recorded strain in steel reinforcement -

aj ) Inelastic rotation of section j

apj Rotation capacity of section j

Ao Overall load factor (safety againdt structural
collapse)

Al First yield load factor (safety against local .
section failure)

le' ' Yield load factor at section j

X, Collapse load factor in failure mode i
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INTRODUCTION

1.1 GENERAL

Reinforced concrete ribbed slabs are recognized as a
- < ot

means of maximizing structural efficiency, while minimizin§

*

‘the weight and cost in floor construction.

These structures often are also chosen by a¥chitects
to create large floor spans at comparatively reduced headroom’
and for «4heir aesthetic advantages.

4
The construction of such structures has been simpli-

fied by the introduction of removable form-pa&ns made from steel,

plastics and other suitable material.

¢

-

‘ However, the choice of types of ribbed slabs which

@

are appropriate for floor applications, may be limited by
such structural restrainté as geometry and loading, as well as

. . i . v, h) . . .
by practical and economical considerations such as availability
- . G

of the app'opriate formwork system, appéarance, etc.
)

’ .

“ ' : ‘ .

Twot%ay ribbed floor systems can be generally classi-
A ‘ . S :
fied according to the criteria shown in Figure 1.1.

’ P

A ribbed floor system can be considered to be either

a joist system or a slab and beam system, depending on whether

’
*p

v
o

Lo
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or not the geoﬁetry liMitationsjdﬁecified by cthe "Code for
the -Design of Concrete Structures for Buildingé" (CAN3-A23.3~

M77, Section 6.9%) are met. -

Joist floorssusually have ribs of the same depth, whereas -

slab and beam systems may have either ribs of the same depth :

or'sets of ribs of different depths (eccentrically stiffened

systems) . # . ‘
Furthérmore, ribbed floor systems can be distingui¥hed
as regular and irregular. As irregular systems, those having

stiffeners of the same or different geometry, unevenly dis-

“tributed in orthogonal directions may be specified. Skew or

other type arrangepents of ribs are also possible. Regular

systems with non-uniform loading hay also be classified as .,

:’/’lv,ﬂﬂ*,*—»i£;egdiar for design purposes.

//

—

-~ L 3

*

Ribbed systems may also be subdivided for the’ purpose

. ,
of analysis into equivalent grid and slab systems, or

$ - -
, N . ,
equivalent stiffened slab ¥ystems, accor@}ﬁg to the relative
proportions of slab and ribsé or according ' to the theoretical,
interpretation of their‘overall behavior.
. - <
s lq
" Orthogeonally ribbed systems may be further distinguished
. :
as isotropic .or orthotropic. In the case of orthotropic
ribbed systems the cause of the orthotropy may be the different
geometry and/or the different spacing of ribs in the two.

orthogonal directions.



§

As an example of this classification, waffle-type or

» ’ - .

coffered slab floors can be specified as regular, ortthon—

ally ribbed joist floor systems, which are usualily treated as

stiffened slabs (identification shown in dashed line in . \

Fig. 1.1). ’

-

Irreg?larly ribbed joist floor sysﬁems defined accordind

to the above classification represent a wide range of possikle
rib patterns which can be used to provide gdditional flexibil-
ity and efficiency in the design of floor structures. These

floor systems may be particularly useful in structures where

geometrical discontinuities such as large openings, mixed
boundary conditions, unusual slab shapes, etc., or non-uniform
loading conditions exist. All these cases usually require

a,désign outside the code rules for two-way slab systems.

i

Ifregularly ribbed.joist floor systems with rib concen-

trations and orientations, corresponding to the actual loading

- ' . \ ’

conditdions and geometrical characteristics of particular in-
., o i »

dividual applications, can provide proper structural behaviorn

and good serviceability. Such irregular joist floor systems
can be formed by a subdivision of the slab structure into I
strong or supporting zones (strips or bands) and weak or

middle zones..

In such irregular systems a degree of regularity
& ' .

:
i
1

in the arrangement of their ribs is still desirable; thus, a
unifo;m distribution of ribs within each zone but different

concentrations of ribs in dilfferent zones may be considered.

»
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1.2 APPLICATION OF TWO-WAY IRREGULAR JOIST FLOORS

A new plastic formwork system suitable for the qonstrhc-

tion of reinforced concrete two-way, orthogonally ribbed joist

floor.systems has been developed with the author's participa-

tion (Zielinski and Nicolopoulos l9§0) (1]. The systeﬁ‘was

hS

-developed at the conception stage of this research program, to

fulfil the need for a versatile formwork, appropriate for

5

practical abplications of irregularly ribbed joist floors.

‘With this system, joist floors can be constructed using
segmental plastic form-pans made, up as assemblies of modular:’
' ~
replaceable end and filler units, as illustrated in Figure 1.2.
»

The system has the flexibility enabling the forming of regular

. \
and irregular joist floors of various orthogonal grid patterns.

-

. By matching two end units, square base domes are formed, suit-

‘

able for waffle-like floor structures with square voids. By

o

combining two end units with several filler units, long-

‘domes of réctangular bases and of different modular*léngﬁhs

- '

are formed, suitable for irregular joist floor systems.

~

L2 S B ' '
The develogment of the formwork system was sponsored by

Qger Construction Co. The system is now marketed under the

"+

tréde mark of BEER-ZAZ. The development of the system includ-

ed laﬁ§%axory tests at Dupont Canada, and structural tests
23 . '

and design work by the author at Concordia Univergityu

Different joist floor system applications have also been

" .

_developed. Example applications are demonstrated in Figdres

1.3 and 1.4, showing the placing.of concrete on the formwork
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-
- 'FIG,. 1.2 THE'\ BEER—-ZAZ SEGMENTAL FORM-PAN SYSTEM
% ) ' I
. gt .
1 i
¥ o
i§ : . i

PLACING CONCRETE ON FORMWORK MADE WITH
/ BEER-ZAZ PAN SEGMENTS
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and the finished ceiling aft the stripping of the formwork.

\

A seriessof joist system examples for square and rec-
tangular multi~bay floors with uniformly or unevenly distribut-
ed ribs, based on the modular dimensions of the BEER-ZAZ form-

pans is shown in Figure 1.5. These example floors are design-

¢

""ed for - residential or commercial buildings where uniformly

distributed loads prevail.

Irregularly ribbed joist floors can have a wide range of

applications. However, the present study is limited to the

in&estigation of the orthogonally, irregularly ribbed joist
floors (identification shown in thick line in Figure 1.l), sub-
jected to a single concentrated load, as is often.encountered in
the design of reinforced concrete slabs in industrial buildings.

n
The flexural behavid® and bending moments are of prime

importance iﬁ the desigﬁ of such structures. Shear and
torgion are usually less significant %actors. In most cases
of joist systems, the ribs have flexural cracks under the’
service load, which is acceptable in reinforced concrete
design practice. The neutral axig of the r;g T-sections in

bending, normally falls within the\flange, ‘and the torsional

rigidity of the cracked ribs be%qﬁES‘@factically negligible.
3 . !

In this way, the concrete area in the web of the ribs under
N\
load remains practically inactive for the\purpose of  flexural
N '
resistance. By recognizing that the flexural rigidity of the

-~

top slap itself, is very small, the joist system can be

[om—r
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considered as an open grid of T-beams with flexural rigidities
as provided by the concrete area in the flange of the T-beam

in compression and the steel area in the web in tension:
£
\

This assumption allows an important simplification in |

the analysis of irregularly ribbed joist floors by treating

—

them ag/gquivalént grids. Also, in this way, the collapse

behavior of these floors can easily be- rationalized.

The distribution of reinforcement is an important factor

exertihg influence on the behavior and strength of the shallow
ribbed reinforced concrete joist floors in post cracking stagés.
Research has shown thét satisfactory serviceability,can be
achieved when reinforcement is distributed between the ribs

according to the distribution of elastic moments. It can also

a

be stated that, dince flexural rigidities of the transformed

S

rib sections are proportional to the amount of reinforcement

in the ribs, the pattern of the ribs is of limited importance

A

and the ribs should be rather regarded as a means for accommo- .

dating the required tension reinforcement with respective con- ;

<

centration in the heavily loaded zones. !

. 1.3 SCOPE OF THE STUDY g :

Reinforced concrete two-way irregular joist floors
'may have a wide,applica£ion in building construction because of
their botential»advantages offered, which include architéctﬁral
flexibility and construction economy, as well as structural

adaptibility and efficiency.




e

s ¥.

The application of these floors is to be checked mainly
for geometrical inédequacies in the rib arrangementé. There
may be circumstances where the reinforcement needed, éccéfding
to an elastic analysis, and the av%ilable concrete area .in
the ribs cannot be matchea. A solution to ;his problemlmay be
to transfer the reinforcement which cannot be accommodated in
the ribs.of strips considered, to the neighboring stfips where
more concrete are; may be available, as in the case of column
strips where larger ribs or s&lid concrete zones are usually.

provided. The feasibility of this solution remains to be

checked.

; The purpose of this study is to investigate experi- -
- v R A
mentally the behavior and strength of two-way irregular joist
floors subjected to a single concentrated load, and subsequent-

ly, to develop those design criteria and procedures required

to facilitate their application in building practice.

The study includes strength tests on square, single
panel joist floor models with differently orthogonally dis-
tributed and reinforced ribs, where varioﬁs pércentages of re-
inforcement have béen tfansfe;red from the middle to the edge

strips.
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CHAPTER 2

. . fr
STATE OF THE ART REVIEW

2.1 GENERAL

\

: C
Theoretically speaking, for a precise elastic &nalysis
of reinforced concrete irregularly ribbed floors, probably
the best results can be obtained by an analyﬁical procedﬁre

\
in which the ribs and top slab are treated as separate elements.

The érocedure would take into account the bending and membrane
action in th; slab, axiél forces, biaxial bending and torsiona&
moments in the ribg, while satisfying the equilibrium and
compatipility requirements at the joints between 'the s;ab and

rib portions. Similarly, for a detailed limit analysis of these

floor systems, various combinations of grid and slab yielding mechan-

isms must be examined in order to predict the"true"collapse load.

] ‘
‘-J

. For practical engineering applications, the reinforced ;

concrete two-way irregularly ribbed joist floors may be analysed
by using either an equivalent slab, or an equivalent grid theoretical

model. In the case of an equivalent slab, irregularities in
the stiffening system may cause difficulties in the analytical
formulation of the problem and in the derivation of generalized

procedures. Thus, the equivélent grid model is considered

more appropriate.



~
-~

J
X Another alternative is the aﬁp%ication'of the finite
element méthod. Various modelling techniques have beeﬁ used in
the past to study diffefent—problems. Such techniques may use
plate finitéxglements for the ré;reéentation of the slab gnd
offsét unidimensional beam elements at the centroidal lines of
the ribs, which aie joined by elements of infinite stiffness
with the slab elements. In this way, the effect of T-beam ac-
tion can be ilosely approximated. Some other techniques may -
instead use plate elements for the slab in cdmbination with
tﬁree-dimensional solid elements for the modelling of the ribs.
Also, for the elastoplastic finite elemefit analysis of ribbed
systems, some different modelling techniqueg have been devised,
such as thé ones using layered systems of beam apd plate ele-
ments, or plate elements for the slab and a combination of.soli

element and hollow rebar elements for the ribs.

ﬁowever, because of the geometry of the ribbed slabs, a

large number of elements are required to obtain an accurite so-

R

lution. Therefore, it may not be an economicé$ procedure for

this type of structure. ]

k4

«

For the elastic analysis of an equivalent grid/ system,

This method

utilizes the matrix formulation of slope-—-deflection equa-

the matrix-displacement method can be used.

tions, one of the classic methods of structural, analysis.

Various computer .programs are commercially available

-




from most of the major data centers in Canada.

14

.

today for this type of analvsis, which are considered fast

and inexpensive. One of these programs is STRESS (Structural

Engineering System Solver), which is capéble of analysing any

type of two or threedimensional frame. Another similar program

L v

especially created for grid analysis is the GRIDSAP. This .-

b

. program is one of the SAP (Structural Analysi§°Programs)

/

group of programs available as part of the STRU-PAK 1library.

0

For the limit analysis of grids, the "true" collapse

load may be approached either by an"upper bound” solution,

"based on the- virtual work method and a kinewatically admissible

mode of failure, or by a‘"lower bound" scolution, based on the
{

plastic equilibrium method and a statically admissible mode of

failure. 1If the upper and lower bound results coincide, this

is a confirmation for the uniqueness of the collapse load

("unique" solutionbof limit analysis). The collapse load corres-

ponding to the lower bound solution is always a conservative
» /’ El ’

assumption for design purposes. /
One program currently ava%%;ble commercially for the-
elasto-plastic limit analysis oﬁ/three-dimensional frames, is
/. .
the LAGS (Limit.Analysis of General Structures), which‘is
? -
one of the programs of ,the SPRC (Structuralwdynamics Research

.

Corporation) Qlibrary. co

All the abéve—mentioned computer programs dre,available

bl

\ o
. .- i -
. s g 3w .
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- ; 2.2 ‘AﬁALYSIS,AND DESIGN OF TWO-WAY RIBRED FLOQRS“\\ .. “,@
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L4 .
Previous studies, which are relevant to two-way ribbed

B
A ~

flat floor systems, have been concerned’ malnly with the,

o

analy51s and desxgn of regular ¢funiform) orthogonal og skew - <

t

systems.. ‘ . : : ‘ R
ene * '_” . .

- ’ . . A}
Studies ‘'on these structures in the elastic range
. . . i -

\ 7
s

include the grid“analogy, the orthotropic plate approximation
and an "e§act" solution for ribbed platesz R

' o nghtfoot and Sawko (1960) [2 l resénted a.matrix—dis—

placement computerlzed procedure for the grid-tybe analys;s of

various structures, 1nclud1ng rlbbed floor systems. )

) J i ‘ ’ ) '
s H\XJ In a manual procedure proposed by Ray (1960) [3] for
! the @nalysis of bulldlng grrd floors, the deflectlons are worked
K ’ F .
. out i} orthotropic plate theory ,and .for these deflections, the '
‘“ . momentuand torque dlstrlbution are calculated using an itera-'- -
v.o tion method ' Te & -
. W - . / P ¢ ) }"‘:V . . } T
' o . M - [
o In a similar procedure suggested by Mase and Jain (1970)

' '
r
@ o
°
e

(4], the moment@,and torques,being the functlons of second o

! . derlvatlves of deflections, are, worked out by a fln;te dlffer_ .
L] | ‘ . ’
ence. method. . - . . .

o A

°
r- 4
.o ! A matrlx—dlsplacement cOmputerlzed procedure was ‘

ve
PR ’

presented by Harris (1972). 751, which, as he stated, "is .
. 14

'particularly suited to the analysis and design of-regular
: Hoe ) oL

n -

3

L]
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two~-way concrete joist floors."

Reiss and Socal (1972) [6?, used tﬁe orthotropic plate
-
theory to analyse ribbed flat slabs. In their treatment, the
torsional stiffness of ribs is neglected and. the resulting:

plate equation is solved by an energy method.
‘ -

A

7

Anisotropic skew ribbed slabs were studied by Goldberg,

<

. .Tatsa and Levy (1977) {72. In this investigation, the ortho=

tropic plate theory is used and the plate equations. are trans-

LY

formed to a skew axis system. The resulting general differential

N\ - v
\ equation is thén solved by 4n energy approach.

A computerized‘procedure for the énalysis and’design of-

“cross-tibbed (waffle) floors as equivalegt torsionless grids of

-

T-beams, was reported by Gilardi (1978) [8]. By equating the
- deflections of cross-ribJ‘at each intersection, a system‘bf

'equations in matrix form is obtained. ;

Ribbed flat slabs were investigated also by Tebbétt

and Harrop. (1979)- [9fl In their work, an ‘"exact" I;;bbed
_Pplate analysis is used wﬁich provides three simqlténeous partial
‘differential equations, and a finite difference method,coméuter

program is applied to solve these equations.
\

‘The orthotrepic rigiditigg of éoncreté waffle;type

N ¢ I
slap strdq}ugé!,were studied by Kennedy and Bali (1979) .71l0],

-

\ . .
for both precracking and postcracking stages.

)
?

- N A
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Studies of the regular ribbed floor systems: in the:

elasto-plastic range include both the uppef and lower bound

solutions.

-

Moreira da Rocha (1964). (11., outlined a procedure
for the analysié of bridge grillages. He suggeéted the use
of an elastic analysis to secure the serviceability require-
ments of the structure and then the use of a plasticl analysis

for the structural safety against failure. In the plastic

analysis, which is based on the virtual work principle, the

plastic moments are proportioned’ to the maximum elastic moments
under service loads (moment envelope), and the coefficients of
proportionality are calculated on the basis of an assumed mode

of failure.

Das (1966) [12], used the pléstic theory to.study ¢

buildipg.grid floors. In his procedure, the lowest upper

/ ‘ .
bouﬁh collapse load is calculated on the basis of several trial

collapse mechanisms and the virtual work principle-. The collapse

£

loads are calculated as functions of an assumed plastic moment,

2 3

which applies to all critical sections for all the mechanisms. Under,

lThe"term "plastic" is associated with the formation of

plastic hinges in rigid, perfectly plastiec materials; thus plastic -

analysis is a particular case of limit analysis. In the present
study, the term "limit" will be used in the narrow sense, on an

equal basis with the term "plastic" although it could be more
appropriate to be used in relation to spec1f1c limit states of struc-~
tural behavior.
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the lowest collapse load, a trial statically admissible moment

distribution pattern is established to ensure that nowhere is the

-assumed” plastic moment exceeded. Thus, this collapse

load sgfisfying both the ubper and lower bounds, is defined as

the true collapse load.

Regular building grid flooré were also investigated by
Petcu (1968) (13). .This studf considers the comﬁination of
simultaneous grid and slab failure mechanisms consisting of
plastic hinges in the ribs and yie%d lines in the slab panels.
Various elementary collapse Aechanisms are considered, as well
as combinations of elementary mechanisms. The plastic moments

which are the same for all ribs in each direction "and proportion-

al to the maximum elastic moments of the same direction, are
N L

B

L3 -
calculated on the basis of virtual work of the external forces

and of the plastic moments acting on the plaséic hinges and
along the yield-lines. It is shown that the maximum values .of
plastic moments ‘under g;ven uniform load are obtained in the
case of a combination Qf all elementary mechanisms, considereé

to be the case of the true collapse mechanism,

Finally, Pillai and Lash (1969) "14] conducted a study
on the strength and behavior of medium—spén reinforced concrete
grid and slab bridges. 1In their work, they use the plastic
theory for the analysis of the equivalent grids, cénsidering
both the upper and lower bound thecrems and including the plastic

torsional strength of the grid members. On the basis of experi-

Yo
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mental results, they concluded that plastic theory gives a
reasonably gopd estimate of the mode of failure and of the .,

collapse load for this type of structure.

<

Although no complete treatment for éhe full range elastic,
elasto-plastic analysis and degign of reinfotrced concrete joist
floors has been proposed and researctch informati?n concerniﬁg
concentrated loads is scarce, pagt investigations have provided
enough background to adequately treat the regularly ribbed floors.
Elastic procedures are Yell established, and the principles of

plastic theory are well developed.

Moreover, for certain types of reqularly ribbed floor
structures, load factors have been established experimentaliy,
allowing the estimation of ,service load limit from the
collapse load calculated according'to the plastic theory. These
load factors are gstablished on the assumption that tﬁe service
load 'limit corresponds to the limit of the allowable deflec-
tions. These load factors also allow a realisﬁic estimation ofﬁ
service load deflections by means of an elastic analysis, based

on the cracked concrete sections.

On account of the fact that itregular joist floors have
been chosen to be studied as equivalent grids, previous studies

on the limit analysis of grillages are presented next.

"

o aem e
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2.3 LIMIT ANALYSIS OF EQUIVALENT GRID MODELS

,

Regular and irregqular grillages in the elasto-plastic
fange or in the fully piastic limit state, have been studied

for various loading and support condistions.

1
¥

In ah early paper by Heyman (1952) {157, sqﬁa%e grids
were analeed on the basié of kinematic and static princi@les.
The procedure described EOnsisted of the calculation of an
upper bound of the collapse load and a static‘analysis under
this load, to find the corresponding moment distribution, , 8
with all moménts being proportional to an assumed plastic
moment. By multiplying all moments by the ratio of the assumed
moment =~ to - the maximum moment occurring in the disiribution,
moments lesser or equal to the assumed moment are established
in all cross~sections and a s;atically admissible system .
results. Furthermore, by multiplying the upper bound coll;psé
load by the same ratio, a lower bouna is obtained. The true
collapse load is assumed to be the average of the twé bounds.
It is interesting to note that in the static analysis, the
torsional stiffness of thg grid members has been considered,

but' its effect on the flexural plastic hinges of the kinematic

approach has been neglected.

An analytical incremental procedure for torsionless
grids was presented by Reddy and Hendry (1960) [16., based

on slope-deflection equations given in matrix form. A manual




iterative static equilibrium method was also presented by the
same authors . (1961)- [17]. The method is based on an elasto-
plastic moment distribution procedure using the principle of

successive shear corrections.

\

Shaw (1963) [18], advanced the procedure of 1iﬁit
analysis of grilléges by clarifying and generélizing the moment-
balancing tecgnique used to obtain a statically admissible
'moment field. He used this technique in conjunction with the
mechanism technique (kinematic prinéiple) to analyse grids of
any configuration. . By neglecting the torsional stiffness of
the grid members and by using "unit" loads on the joints, he
presented a "simple" moment balancing process,and a "systematic"
one similar to the numerical relaxation process. He
suggested that one should start the procedure with some possible‘
mechanism. and use the process to correctl§ locate flexural hinges
and then to modify the chosen mechanism as many times as it is

necessary incorder to obtain a lower bound and at the same time,

to produce an improved upper bound.

Sawko (1964) [19], presented a computerized matrix
analysis proccedure, based on static equilibrium, in which the
torsional stiffness was included. The procedure is repeated -
iteratively under incremental loading, treating the elastic
aﬁaiysis as a special case and inserting hinges wherever the
flexural moments exceed the plastic moment capacity of the

members. The procedure provides continuity in the elasto-plastic
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range. and allows a~good estimation of deflection for the complete
range of loading.

Y
A method for ahalyzing the piecewise linear behavior of

elastic-plastic grid systems wés presented by Hongladaromp,

Rossow and Lee (1968) [20]. By this method, torsionless

grids of general form, with different flexural rigidities,

plastic moment capacities and member spacing can'be.analysed

fér various loading and support conditions. The method

combines static equilibrium and compatibility equétions to
pfoducg a system o} governing equations in matrixnform,appyopriate
for computer programming. The use of this method with an incre-
mental loéding technique can provide a complete load-deformation

history of the grid system.

Finite difference calculus was used by Wah (1969) [211],
to analyse rggular, tdrsionleés, elastic-plastic grillages under
arbitrary loadings. The method is programmable and ;s based
on the lower bound theory. The usé of the method enables the
determination of the deflection and bending moments at all stages _

of the loading, until the formation of a collapse mechanism.

A numerical ﬁethbd for the limit analysis of grillages;
based on the lower bound theorem, was presented by Sonoda and
Kurata (1970) [22). This computerized method uses non-linear
convex programming on account of the convéxity of vield surface,
and can be applied to the analysis of anisotropic and arbitrary-

shaped grillages and plates.



Walsh (1970) 723],-used a successive elastic analysis
procedure, similar to the one used by Sawko, to estimate the \ -
collapse load in grids, taking into account their torsional

¢

stiffness. The method is based on the lower bound theorem and
consists of two phases. In the first phase of succesgive
analysis, torsional stiffness is zero and flexural hinges are
inserted at the sections where the plastic moment is reached..
In the second phase of successive analysis, both the flexural
and torsional hinges are inserted’wherever the plastic flexural
moment and plastic torsional moment are feaghed, respectively.
The collapse load is calculated as a linear combination of the
two solutions. The method is programmable and gives an elastic
analysis solution in each intermediate step. For torsionless
érids, the first phase is sufficient to provide an accurate

solution.

Askari (1976)' £24], developed a computerized procedure
for the analysis of torsionless gridé to produce a "unique"
collapse load, based on both the upper ané lowér'bound solutions.
Using the static method, he presents a system of s;multaneous

equations in matrix form, aiming to maximize a parameter
ﬁultiplier of the forces and thus, to define the number and
location ofy the critical sections and the corresponding lower
bound collapse mechanism. Then, using the kinemaﬁic method,
he obtains a system of equations corresponding to possible:

collapse mechanisms. Subsequently linear programming is used: to

calculate the minimum value for the forces multiplier parameter

s

v
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and to obtain the corresponding lowest, upper bound collapse

mechanism.

Corner-supported sqguare grillage; and point-supported.
continuous grillages were studied by Marsh (1977) [25]. On
the basis of the results frgm the incremental éollapse analysis
of space trusses, he suggested that the absence of torsional
stiffneés in‘grillages may lead to the creation of unidirection-
al yielding in certain zones, rather tharn/ to the formation of

flexural hinges along hypothetical yield lines. Assuﬁ&ﬁg a

.particulaf collapse mode, he is using fhe energy method to

. . S ! 4
pravide theoretical evidence.

*

vVarious types of‘torsionlegs fegulér’grids have been
studied by Grigorian,and generalized unique collapse load
formulae have been established'on the basis of upper and lower
bound theorems of limit analysis: using finite difference
calculus. In one of his papers (1973) 26, corner-supported
rectangular grillages under uniform load are treated, with
special atteﬁtion focused on the critical strength of the edge
beamé. In another paper (1977) (271, the case of conéentrated
loads is studied, using .techniques developed in his previous

.

studies.

In an extension of the work of Grigorian, Massonnet and
Save (1980) _28., presented a procedure for the analysis of
-
irregular grillages with unequal spacing of beams suitable(

for appliéation in hydrostatically-loaded structures.



This short description of the available literature in
the area éf the limit analysis of grillages, gives a good pic-
gure of the developments accomplisﬁed in this field over the
| past thirty years, and offers guidance for the choice of the
appropriate proceduresuto be used in the different problems,
according to the precision required and the availability of

resources.

Shaw's method will be used in this study to analyse the’
experimental program test-panels, as equivalent grids of T-
beams. His method has been chosen because it offers a‘siﬁple
and comprehensive manual procedure7 appropriate for treating

concentrated ;oads.

2.4 LIMIT DESIGN OF EQUIVALENT GRID MODELS

The progress report on code clauses for limit design,
presented by the ACI-ASCE Committee 428 (1968) [29], provides
some basic information and guidance for the limit design of

reinforced concrete frames.

A class of meéhods of limit design,yfeferred to as
"egquilibrium (serviceability)" methods, were presented by
Cohn (1372) "30]. Their mathematical formulation expresses.
the satisfaction of equilibrium and serviceability by explicitly
considering the limit states of global and local failures
(structural collapse and yielding of any section). saéisfac-
tion of the compatibility condition requires a separate

analysis. These methods are appropriate for a direct limit desisn

’

e’
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of reinforced concrete frames, and some of their principles

will be used in this study. .

The methods are supplemented with an appendix on
draft code provisions. Although these provisions are restrict-
édrto continubus one-way slabs, continuous beams and one-
std;ey frames; an extension into grid stfucturesamay be

considered as a starting point.

¢+ The basic proced%re followed in the above class o%
methods ﬁas been summarized in a flowchart form by the author
of this thesis using Cohn's Aotatipn, and is‘illuétrated in
Fiéure 2.1. Applicatioq of the procedure for tﬁe limit de;ign,
of thé gquivalent grid models, which are discussed in the:

experimental program, is demonstrated in Appendic C.

. A thorough study on the structural standérds relative

to the inelasticity in reinforced concrete was also presented by
y -

Cohn (1979) [31]. Various aspects are treated in this investi-
gation, such as load factors, understrength factors, and elas-
tic moment redistribution. The existing compatibility and
equilibrium.methods of limit design are reviewed, and he con-
cludes with the remark that on the basis of the equilibrium

methods, the formulated draft code provisions are simple and may

be beneficial to the practice cf structural concrete design.
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2.5 DESIGN PROCEDURE FOR TWO-WAY IRREGULAR JOIST FLOORS’;

Two-way, irregularly-ribbed foist floors may be analys-
ed as equivalent grids of T-beams. The‘complete design pro-
blem of such systems involves the optimum (feasible) selec-

3
tion of the structural configuration and member proportions to

" transmit safely the various loads to the structural supports.

"Optimum" may include esthexics, cost, structural efficiencg,
etc., whileb"safely" may require serviceability checks, as !
well as a' factor of sgfety against collapse. The difficuléiéé"
in the for@ulation of an explicit soluEion lay in the fact

that it is not poséible for someone to ;nticipate ln advance

the required numbér of ribs or thé total concrete area in the
ribs in each zone needed to accomodate the reinforcement
requiéed, neither is it possible to prediqt the performancé of
the system before the choice of reinforcement is made. Thus,

the process of design by trial and error seems to be the most

approériate for this type of floor. .

. A trial and error design procedure may be accomplished in
1

-

a step-by-step manner. The flowchart of such a design procedure

i

Tis presented in Figure 2.2, showing'the sequence of required
steps and\pbssible iterations. First, the grid is analysed in
-
the elastic state under the factored load assuming gross con-

crete sections, and then the required reinforcement for the

‘ribs, 1s calculated according to the U.S.D. method.

o .

f
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_elastic analysis is repeated, under the design service load,

-

'Iﬁ may bé;diSGOVered tQat in dertain ribs, it_is im~
possible to place the reinforcement required because of in-
adequate dOncret; area. ‘In that éaseﬂ the maximum possibie,
émouht of reinforcement is placed in £hese rib; and their
ultimate moﬁent capacity is evaluated accordingly. The
difference between the required and’available moment capacities .
of the overloaded ribs is then added onto the other ribs of
the .same strip. 1If this is)also impossible, the total diff-
erehge ;n the moments of all ribs of a weak-strip is transferred

and dispriﬁﬁted between the'ribs of theyneighboring strong °
stripsi Larger rigs,‘shigable for aqcommodaping‘ﬁore rein-
forcement, can be provided in'supporting zones. On the basis
of the modified moment distribﬁtion, the reinforcement 1s cal-
culated in all the ribs and the ultimate moméﬁt capacity of

all the ribs is es%imated. Next, the properties of the crécked

transformed sections of all the ribsqare calculated, and the

assuming, cracked Eranéformed'cohcrete sections, to calculate tﬁe
moments and defleétrons.' Then the first vyield load‘fact6r,
representing a safety factor against local section failufe, is
estimatéa as the minimum value between all critical'sections,
of the ratio of the ul£imate mément cépacity to the service load
momené‘oﬁ the same section. Finally, a cemplete plastic
analysis ié performed to evaluate the collapse load,‘fgom which, .
p

the overall load factor repreéeﬁtinq‘a safety factor against

structural collapse, is obtained as the ratio of the collapse-
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to-design service load. If jﬁé‘various design criteria are
.met, the design is considered satisfactory( o£herwiseza higher
load factor is used, which results in more reinforcement,‘and
in the case tﬁét this measure does not produce an acceptable

. ,

solution, the structural configuration of the ribbed floor

-is modified.

The procedure is based on the same design criteria as

the "equilibrium (serviceability)" methods of limit design,
-

and it can be presented using the same notation given by Cohn. -

A synopsis of the basic mathematidaiﬁstatements of the pro-

e

cedure 1in a flowchart form is shown in Figure 2.3. The re-
finement of this procedure consists of the fact that in this
case, the calculated values of the various deéigq\griteria

(i.e., factors and indices) are based on the final reinforcing"
arrangement and the rigidities of cracked transformed concrete

sections, and they caﬁ be checked against some assumed minimum
values. |
' LN

»

In this’ procedure, the design problem is reversed,

being an analytical investigation'ratheg than a direct 'design.

[3

The plastic moments in the critical sections are calculated
according to the .chosen reinforcing arrangement for each
"assumed" value of the overall load faétor (Kg). The subse-

quently’ calculated "actual" overall load factor (\gr

) is the
problem's variable and is successively corrected in each itera-

tion.
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SYNOPSIS OF THE BASIC STATEMENTS OF THE PROPOSED
LIMIT DESIGN PROCEDURE FOR TWO-WAY IRRE*GULAR JOIST

‘FLOQRS

e



The system of limit equilibrium equations and service-
ability conditions prev}ously used to produce the scale
féc%ors (xj), is substituted here by ﬁhe trial-and-error pro-
cess aiming at the definition of an appropriate value of the

"actual" overall load factor.

An example application .of the proposed trial-and-error
limit design procedure in the case of test-panel IA, which

is studied in the experimental program, is demonstrated in

Appendix D.

N
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CHAPTER 3

EXPERIMENTAL PROGRAM

3.1 GENERAL

Simple models representing characteristic irregular
ribbed floor/patterns were examined 1in the expefimental program.

These models were subjected to a single concentrated load at the

v e

center, to simulate actual joist floor applications in indus-

trial buildings.

\ . .
The basic requirements considered .in the choice of 4

!

il

models was manageability in size and simplicity in erection.

Regular design and construction practices were followed in

their realization, considered to be the appropriate procedure for,

- s b

the scale of models and for.the ty@e of tests.

A theoretical investigation 6f the models on the basis !
of those analytical procedures discussed earlier was included
with the objective to predict the behavior of the models in the
elastic and elasto-plastic range and to éstimate the collapse
load.‘ The assumed reinforcement distribution was also examined, -
ahd compared to the distribution required according to the

elastic analysis.

3.2 DESIGN OF THE MODELS

Tests were\made on foup 1/3-scale models of actual single-

bay, square, four-corner supported, two-way joist floors, having .

'A\)‘

t




s i o

35

<

a span length of 7.32 m and a depth of 0.51 m (approx. L/15;].

§

Four suéh models with different rib patterns and rein®-
forcing arrangement were designed on the assumption that each
rib of the model was equivalent to three ribs of the actual .

structure, both made on the basis of a modular grid of 0.61 x
0.61 m, by using the BEER-ZAZ plaétic form-pans. This assump-
tion corresponds to the scale<factor of 1/3 in the total cross-
sectional area of the ribs and simulates closely the overall

floor behavior.

Figures 3.1, 3.2 and 3.3, show the shape of the test-
panels, designed as equivalent models, superiﬁpqsed over the

~

corresponding actual floors.

The test panels were 2.59 m x 2.59 m in plan and 171.5 mm
in depth. The average rib width was 152.4 mm with a slope of

1/5.

Two of the panels, namely IA and IB wére made with the
same rib pattern but with different reinfdrcement distribution
between the individual ribs. Panel II was chosen as an iso-
tropic model with pola£ symmetry in the arrangement of the
ribs. Panel III was designed to have edge ribs only in the
one direction; thus a limited two-way actioﬁ was expected to

occur provided by the top slab and the edge ribs in the one

direction. This model was included for the purpose of compari-
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. son and observation of the local.failure mechanism of a system
which cannot redistribute effectively the elastic moments in

the two perpendicular directions under increasing load.

The dimensional requirements for joist floors and
typical sections of the actual flcors and the models, are

shown in Figures 3.4, 3.5 a?? 3.6.

The design live load was assumed equal to 70 kN concen-
trated at the center of the panels. The panels' own weight was
not accounted for, having relatively insignificant effect

i~

*compared to the effect of the concentrated locad. (i.e., the

weight of the heaviest panel is equal to (D.L.) = 0.64 m x

2.4 Mg/m3x 9.807 m/'sec2 = 15 kN and the total static moment- due

to this load, considered as'uniform;y distributed, is
a !

= (D.L.) x L/8 =15 x 2.44/8 = 4.58 kN-m. This value is :

Mo,D p

only 10% of the corresponding value due to the concentrated /

load of 70 kin: MO . = 70 x 2.44/4 = 42.7 ki.m).

[ ;

A load-factor of 1.7 was assumed for the proportioning
i
of the concrete sections according to the ultimate strength

design theory. The ultimate design load was E /

d /

PLl ='1.7 x 70 = 119 kN /

9

and the fequired toﬁﬁl moment capacity of the

direction was

Mooy 7 Py ¥L/4 = 119 % 2.44/4
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The above moment was apportioned between the middle

3

’ “ «* '
and column (edge) strips and the corresponding ribs, accord-

ing to the following assumptions:

“

A distribution of 50% was assigned to both the middle
and column strips for panels IB,II and III, with the
exception of the weak direction ,of panel IB’ ‘where 41.67%

(50/2+50/3) was assigned to the cdlumn strip; and 16.67%

(50/3) to the middle stripwfb‘r the purpése of allowing a

higher moment redistribution between the two perpendicular
’ o

directions. In--panel I,, 60% of the total one way moment was

A’
assigned to the column strip and 40% to the middle strip, as

! ’ ‘ .
recommended by the "Code for the Design jof Concrete Structures

’ |
for Buildings" (CAN 3-A23.3-M77, Sec'tiorjﬁ 11.4.4.3) for the
distribution of positive moments of an interior panel,according

, to the direct design method for flat slabs.

- -~

e

The middle strip was assumed to consist of -all the .

interior ribs available in .each directilon and the column strip °

of only the edge ribs.

According to the ab,o’ve é;ssumpticms,‘ the distribut;_on ®
pércentages of the total one-wag 'stat:t.c moment and the
corresponding moments per rib, as well| as the required-area of
steel L;e\inforcement and the s.izes of  those bars .chosen for\' .

the rib reinforcement were calculated,| and are shpwn in

Fig. 3.7.

1Y
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The total amount of reinforcement provided in each of

o

~ 1
the two perpendicular directions of each panel was approxi-

‘

o ‘ 5
mately equal Fo AS,tptal = 1,333 mm~, and was the same for all

the panels. ) \ - !

The test-panels were designed, assuming the coacrete'
compressive strength té be fé = 5 ksi (34.5 MPa) and the
reinforcement yield strength fy = 60 ksi (414 MPa). Slightly

higher strengths were recorded for both materials during the

_tests. The calculation gf reinforcement was based on an average

effective depth of 4 = 140 mm, and‘was done usipg the %ormula

shown in Figure 3.7. The choice of reinforcing bars was made

.
L

according tp Table 3.1,

3.3 THEORETICAL INVESTI§§TION OF THE TEST-PANELS

1

The panels were énalysed assuming a four-corner supported
grid ,of T-beams equivalent model. For the analysis of the g¥id
modéls in the elastic range, the "STRESS" computer program was
used. TQe-computer output for the analysis of .the grid model

of a waffle square panel, based on gross concrete sections,
" 4

'wﬁi;h is similar 'to the analysis of all test-panels, is listed

in Appendix A. /

/

. I
kil
The results of the analysis of the grid models of the

: 4 £
above waffle panel as well'as of the test-panels are presented in

Figure 3.8, showing the momeﬁ%s in the ribs as percentages of the’

total one-way moment for\each.direction. Two of the panels were '
n -

'
- ar
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IY
also analysed without considering the torsional stiffness in the
T-beam members of the grid. The difference in the results with

the case where torsion was included, was found to be relatively
small.

A comp;rison of the moment percentages given in Figurea3.7
and 3.8 shows the -deviation between the moment distribution
assumed for the design of reinforcement, and the distribution
calculated according, to the elastic analysis based on gross con-
crete sections. Because of the small deviation in the case of
panel II, it can be assumed that this panel is designed according

’

to the elastic analysis.

Assuming a proportionarfielation bet%een the moménts and
the corresponding areas of reinforcement (see the formula in
Figurel3.7), the percentage of reiﬁforcement transferred from
the middle to.the edge strips in the test-panels can be calculat-
ed. Iﬁ panel IA' this percentage is 9.8 in the one direction,
and 28.19 in the her. Since the ribs are intersecting and’two-
way action is considered, an average'transfer of 18.69 (=20%) is
assumed for the ﬁanel. Similarly, in'panel IB,étheSeipercentages
are 32.51 and 18.19, withyan average transfer of 25.35 (=25%).

The average transfer for paneIlII is.~ 5.9 (=0%) and for panel III
is 43.45 (z40%),(one—wéy action). On‘the basis of provided rein-.
foréemen? in the ribs and its location, which was verif}ed‘b
‘afﬁer'completion of the tests and the breaking of the panels,

the moment of inertia of cracked Qransformed sections of the

ribs, as‘well as the working and ultimate moment capacity of the

‘ , : 9
ribs were calculated. The results of these calcula-

R i £ o e 67 L A e M A i b i3

o arrminih et k& bt e P e % s
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tions are summarized in Table 3.2. The formulae and other in-

formation uséd in the calculations are also shown in this

table.

"

In order to obtain a better analytical approximation
.
of the distribution of the bending moments in the initial post-
cracking stages, the elastic analysis of the equivalent grids

was performed again, assuming the calculated flexural rigidities

| of the cracked transformed sections of the ribs. In this analy-

3

sis, the torsional rigidity of the ribs was kep the same as that
for the uncracked sections, although it may be reduced substan-
tially after cracking, on the assumption that i%s influence 1is

-

very small for the purpose of this investigatio?. The results

of the analysis are illustrated for all panels in Figﬁre 3.9,

for both cases with and without torsional rigithy in the ribs.

The elastic analysis of the equivalent g‘ids was also
used to predict the deflection characteristics of the panels.
These resulfgs are shown later, in comparison wi%h the experi-
mental values. The ultimate moment capacity of the ribs, cal-
cu;ated‘in Table 3.2, as well és their cor:espon@ing moment pef—‘
centages per rib, and the total ultimate moment capacity of, the

panels in each direction, are shown in Figure 3.10.

The working and ultimate load capacity of the test-

panels were also estimated on the basis of moment distribution

under the load of 1 kN at the ceﬁ%er, obtained from the elastic

analysis of the equivalent grids with rigidities of cracked
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A}

transformed sections, and the corresponding working and
ultimate moment capacity of thé ribs. The aerivation of
these values is shown in Figures 3.11 and 3.12. The calcu-
lation was made on the assumption that the load limit is
reached at the minimum applied load, for which the moment

capacity, at least for one rib, has been attained.

ot

ghe coilapse load of the equivalent grids was estimated
as well, on the basis of the ultimate moment capacity of th
dividual ribs, by using limit analysis procedures. The
upber and lower bound limit anal?sis techniques used' and the
results obtained, are presented in Apéénaigfé.

Furthermore, the equilibrium method of limit design
preyiously described in paragraph 2.4 was used to produce é
typical example of refined design for the tést—panels uﬂder

the specified ultimate load of 119 kN, and is presented in

_Appéndix C. From the broad spectrum of possible solutions, a

simple case has been chosen, which gives the plastic,mdments

as multiples of the elastic moments, with the same scale

factor for all critical sections of each model. The scale
factors were calculated from the limit equilibrium equations
written for the collapse mechanisms of those systems with wggk
interior ribs and strong édge ribs, assuming that the collapse
occurred precisély at the specified ultimate lgad. These
collapse mechanisms are similar to those observed at, failure of

the test-panels.
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The results of the limit design are shown in Figure 3.13,
in comparison with the other. cases of moment distribu;ion
cqnsidered in this study. The cases shown agé, the assumed
momeﬁt distribution and the .corresponding actual moment
distribution based on the reinforcement provided in the test-
panels. In addition the moment disgyibution based on the
elastic anflysis of the equivalent grid with gross concrete
sections is shown together with £he correspvonding proposed .
moment disﬁribution based on the limit design~of the equivalent
5éist floor models. The comparison shows\khe difference
betweén‘the érovided and required moment capacity in the ribs

according to elastic grid analysis and plastic design.

3.4 CONSTRUCTION OF THE TEST-PANELS

" . v
‘The dome-shaped BEER-ZAZ plastic form pans were used for
the cgnstruction of the test-panels. The pans were placed in-
side a shallow wooden box to form the ribbed side of the panels:
the séme way as in regulér construction pract%ce, except that

wooden inserts were used to reduce the overall depth of the ribs ~

to the model's scale.

The main reinforcement of the ribs wasyplaced in the
rib cavities, and a wire mesh was placed in the mid-depth of the
slab, supported on top of the stirrups. The main reinforce-
ment consisted of one or two deformed steel bars per ribs,
ranging in siig from #4 (~10M) to #9 (~30M), as shoyn in Figure

3.7. Stirrups of smooth W4.5 wire (¢6mm) spaced 150 mm apart,
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were used to hold the bars and the wire mesh. The wire mesh

was WWE 6 x 6 — Wl.4 x Wl.4 (152 mm ¥ 152 mm -~ $3.4 mm x

ow

3.4 mm) .. ] . ) -+
oo . - . i 4
All: four testixpanels and te;; cylinders were cast at
- > ° *
thé’same time, using ready-mixed concrete. The fotmwork and
3 \ Fil ) § . -
reinforcement id place for panel IA before concreting, 1is shown
4 \ L *

in Figure ;3.14 > *A mixture of cement, saﬁdy water and a liquid

- - : ,
acrylic polymer additive was'used for the smoothing of the . T ,

flat face of the panels.
Vs

H

‘Eleqﬁrical strain gages were installed on each bar of
the main reinforcement at midlength and on selected locations -~
LOf the concrete surface. The gages on the bars were covered

with #8pecial coating for protection during concretfng.

-

* 3.5 TEST ARRANGEMENT AND PROCEDURE \ ‘ !

T

All models were test

AY

d in up-éide—dowq position, support-

ed from the top at the four|corners and loaded from the bottom

* by a single ggad at the center. ' The loading frame¢ and testing

" arrangement are shown in Figure 3.15.

-

o]

diagonals. The size of the

supports was 140 mm x 140 mm, ’
: 4

corresponding to the width of the panel edge ribs at ;pe bottom.

¢ [

'

x
]

ul?



e

[ s sk

4
i
'

"

.-
. 4
>
. .
) .
&“'A T
5
~ Y
t -
.
N
&
,
e
.
k4
. .
. |

B -
'
[ .
- -
.
« . .
’
{ H
ch .
- A
“ )
\ 4
.
L
~ 1 .
~s
a -
»
. ! e
f
H ", R .
. N

e e e S AT TR M Ny 1 NG MR T R

. *THE TEST-PANEL- I

-
. .
. —
.
. A 4 . -
*
o . ' .
. !
.
-
v N ¢
.
LK}
.
"
. “ .
-
N e e
‘l . 1Y
i v
‘
- ~ .
"

A

E2Y

. ; ,
‘ FIG. 3.14 MOULD AND REINFORCEMENT.- IN PLACE FOR

L]
’
;
' v
«
.“
¢
f
.
.
. »
. v
‘ '
[
. v A
N -
t
‘.
~
- v
4
f
o
-
-
-
-“./
)

*



¥
'
:
\
<
”,
‘ L
f
.
'
v
-

\
-
.
A

M

'
‘
' .
R .
N Y -
t
I3y

- ‘
\
. - P
.
1
* T
ANl
f .
’
~
F4
. -
W t
. R
.
)

’ -
MY

Co ’ R, _ '
FIG. 3.15 LOADING FRAME AND PESTING ARRANGEMENT

. ’
. , ,
. - .
. -
. -
-
- e
R . 2N .
- 14
r T - h
i .
. .
e .
T L
. e
. .
. '
! + .
~ v . A}
' P . . PR
- 1 . 1 - 7
v . ' ¢
[ - \
4
~ »
'
, .
Al
i
, .
s T
[
'
AY
t P
t
.
, <
,
1
s B \
v
\“’ﬁ»‘ -
s
‘
]
.
. i
o~ .
.
. '
.
. .
N
. .
- - »
. £
. ” B
- - 4'
¢ . X

A '
| X

T oo S USRS f e S B S P I SOOI SNTWAIIS (I M 4D N4

- -

' (FOR THE TEST-PA

N{R III)

‘.
P
N
"
W A "
L)
‘
[
"

[




59

Neoprene pads were placed between ;héﬂsupports and the concrete

surface of the test-panels.

The load was applied to the panels by & hydraulic jack,
through a steel plate énd a neoptene paq of 300 mm X 300 mm.
The applied load was measured by a load cell (transducei)
placed between the jaék and the steel plate, and connected to

a calibrated strain indicator.

The'strains'were recorded and printed automatically fo?
all loaaing stages by direct connection of the electric strain
‘gages to a data-acquisition system. The def;eétions were also
measured by means of dial gages to _0.001 in (0.025 mm) accuracy.

The load was applied in inéremenbs of about 10 kN. The
strains énd deflections were monitoFed anq the cracks were obi

served and marked for eagh loading increment. Loading was in-

creased continuously, up to failure. Failure was considered to

[

occur when the deflection at the center of the parel increased

rapidly, with little or no increase in the load.

¥ -
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CHAPTER 4~

- EXPERIMENTAL.RESULTS

4.1 GENERAL

v

—r-

The overall behavior and stfength of two-way irregularl?k

ribbed joist floors, subjected to a single concentrated load,
investigated experimentally, is discussed in this Chapter.

N *4
This investigation provides information on the elastic per-

formance, the formation of the collapse mechanisms and the

load carrying capacity of these floors. 1In addition, informa-

tion is obtained on the contribution of each of the two majof
structural components of the rib-stiffened plate,:the top slab

and thé rib grid.

¥

The test models used, represent typical floor systems

of orthogonal grid pattern with differently distributed and
reinforced ribs. The reinforcement arrangements were chosen: .

with ‘the purpose of studying Qhe effects of reinforcement dis--

tribution between the ribs and in parsicular, the influence

© of reinforcement transferring from the middle to the edge

., “
strips.

4.2 BEHAVIOR OF TEST-PANELS UNDER INCREASING LOAD

u

A classification of the various load capacity limits
’ \
corresponding to the different’ loading stages, is presented

a

in Table 4.1. This vocabulary for the ldad capacity limits will
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. . ) i
o ‘ : . i
'TABLE 4.1 CLASSIFICATION OF LOAD CAPACITY LIMITS i
LOAD DERIVATION
LOADING B
STAGE '
ANALYTICAL - EXPERIMENTAL
REACH OF o !
1| ALLOWABLE | WORKING (STRESS DESIGN) |ASSUMED- SERVICE LOAD ‘
STRESS LOAD | :
iﬁggg OF a. SPECIFIED ULTIMATE -
(STRENGTH) DESIGN ‘
STRESS 1 !
2! (FIRST LOAD :
b. ULTIMATE DESIGN FIRST YIELD LOAD |
PLASTIC LOAD |
HINGE) , !
ool op |3 SPECIFIED ULTI- 5
GRID MATE* LOAD : ‘ '
b. "UNTQUE" COLLAPSE |ASSUMED FAILURE LOAD
3| MECHAN-
LOAD
ISM | :
COLDBAPSE L
. 4
SECOND
STAGE OF . ,
_GRID "UPPER BOUND" GRID FINAL COLLAPSE
4 |” MECHAN-  COLLAPSE LOAD LOAD
ISM
. COLLAPSE
FINAL ' ’ . .
STAGE OF ,
5| paner GENERAL COLLAPSE LOAD v
COLLAPSE P

* In this case the term "ULTIMATE" refers to a specific
limit state. . ; :

NOTE: The same load of 119 kN was used in both cases
2a and 3a. ’ v




o~

»

be used in the presentation of the experimental results.

., The load capacity limits of specimens tested to failure,
, A \

are given in Table 4.2, together with relevant analytical'and

experimental results. The collapse loads given 'in the table

in column (8) correspond to the final state of formation of

tHe first elementary collapse mechanish of the equivalent grid,

which is the first stage of the incremental collapse of the
panels. The collapse loads of column (9) correspond to the
se;Ond stage of incremental collapse, developed in the unyielded
éart of_ﬁhe grid system in'ghe perimeter of the previously
collapsed part. This’type of incremental collapse which is
characteristic of joist floors under concentrated load,®corres-
ponds to a fofced superposition of various elementary collapse

mthanisms, and may be explained by the transfer of the load:

" from the collapsed part to the adjacent unyielded part of the

grid system by pensil\ membrane action of theftop slab.
i . D .

The values of column (8) can be considered to be the

failure state of the test-panels, whereas the enhancement of the

a

load capacity due to membrane action can be neglected for

practical reasons, since it is usually associated with excessive "

deflections. Furthermore, the radius of the influence area of
the concentrated load, where yielding of ribs can take place

before a local failure occurs under the load-point, cannot be

S .

easily defined in practice depending on the tensile membrane

capacity of the top slab. The assumed experimental failure
L]
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a

loads for the panels asie compared with theoretical values

baged\onf;lastic analyéis, ds shown in columns (14). im it
can be seen from the given ratios, the assumed failure load
was quite\accuéqtely predicted by the plastic theory for
panel II, while it was found higher than the estimated value

for the other panels.

- The service loads given in column (6) were established
graphically fromhthe load-strain curves for the steﬁl rein-
forcement’, '‘as the loads corresponding to the first attainment
of allowable stress (see Figures 4.5 to 4.8). These values of
service load were found to be more conservativé than the
values obtained from thé experimental load-deflection curves,
correspondigg to the deflection limit of spaﬂ}360, at tﬂe
center of the panels (seelFigurgs 4.3 and 4.4). Also, the
servicge }oads of column (6) are shown to be higheﬂupgénJggz

corresponding service loads given in column (2)—based on

/
Y

allowable stress in the weékgst rib of jth id, as shown in //’
column (12). ) o X

LY

7]

yielding in the reinforcement which marks the end the elastic

. .

stage and the beginning of the formation of the grid collapse -

mechanism.

13

The ratio of the first yield loads fo the ultimate. design

loads are given in coluwmn (13). It is

rewsme—— ]

H
1
i
i
{
!
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/ ~

.
/ .
.

stfess was reached earlier than was anticipated in panel II

/hd much later in panel III. These discrepancies infsthe

\ .
~estimation of first yield load show that the U.S.D. method

.~ -

cannot be used reliably for this purpose. o '

The general collapse loads of column (l0) correspond

to the final collapse stage of the test-panel, referred to as

grid and slab collapse stage. The values of grid final

collapse and of genera% collapse loads are compared with the
theoretical "gpper—bound" collapse load in columns (15) and

; ‘ (lﬁ);/ The comparison shows that both cases of exéerimental
ifilapse loads *are relat%yely clsg? to each other and are in
good agreement with th® theoretical values (with the exception

of panel III). - . oo

- The deflections at the é;;Ees\gf the panels under the

~

assumed experimental service load, calcul ed by elastic

analysis for both cases of gross concrete sections and cracked

1

transformed sections, are given in column (17) and corres-

ponding measured experimental Yalues are given in column (18).
The comparison shows tﬁat thé deflections of the test-panels
under the assumed experimental service load are smaller than
the corresponding deflections of the equivalent analytical
model, based on cracked transformed sectidns, but larger than

the theoretical deflections based on gross concrete sections.

t

The inverse ratios of maximum deflections under the

assumed experimental service load to the sban of the ribbed

]
PR




~

panels are given in column (19).

-

A short description of the failure characteristics of the
panels is also given in the same'table, (column (11)). A more

detailed description is given at the end of this Chapter.

4.3 LOAD-DEFLECTION CHARACTERISTICS

The central point deflections measured by dial gages
for all four panels are shown in Figure 4.1, )and compared |
with the theofetical\deflections obtained f o% the anal&sis of
equivalent” elastic grids using rigidities-based on bgth the
gross concrete sections and the cracked tr;;sformed sections.
A close relation can be observed between the deflectiops
measured on the test panels and deﬁlectiops calculat%d on tpe
basis of those equivalent grids with transformed sections in
the elastic range. This reiationship can be seeﬂ clearly in
figure 4.2, where ; superposition of the two sets of curves.
is made. It is also noticeable that panel IA was stiffer

than panel I_ and is of similar behavior to panel II.

B

N

Load-deflection curves for thq midspan of' the ribs
g of all panels tested, are shown in Figures 4.3 and 4.4. The
relationships are nonlinear at low loads because of
the progressive cracking of the concrete and at higher loads
becayse of the progressive development of plastic hinges.

The serviceability limits of /360 and /180 maximum allowable

|
-

deflections, are also shown in the graphs.” The loads corres-

e s b = b —— s b <o

&
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-

ponding to.the first limit are found to be higher than the
. M /

" stress design mechod, for as long as the stresses in the steel

-

L

serbige loads based on allowable stresses. .The loads corres-’

ponding to the Second limit are comparable to the first yield ‘ S

loads.

The deflected\§hépe of the pahels under load dﬁring : T
& . : . ‘ .
the early loading stages was approximately that of a

parabola.\ As the load increased#, the deflections in the = " - , L

center of the panels inérease@*more rapidly than those else-

o s S

where. As a result, the He(lected éhape of the panels became . -

more marked, taking a triangular profile at failure. These

'

s s w TN

- P : .
characteristic deflected shapes in sections along the two

4 ,
center lines of the panels can be seen in the graphs of

Figures 4.9 to 4.12. 'The triangular profile.of the deflected

. ’

shape at failure is an indication that the flexural resistance

of the systeﬁ has been exhausted and that the panel has been

practically divided by the hinges into segments. . o

v

4.4 LOAD-MOMENT RELATIONSHIP
- ' | \
- The stresses 1n.the steel reinforcement and the

b
corresponding bending moments in the ribs were calculated ‘on

the basis of tensile strains measured by electrical strain

gages in the main reinforcement at midspan of each rib. The

calculation of the momentg was based on the equilibrium of %

-

internal fdrces in the cracked transformed sections, accord-

.

ing to the linear stress distribution assumed in the working

L




O S

to . &

-~ -

2

point of thpvsteef reinforcement, the moments were calculated on
Lot ] — . . ,
, the basis of inelastic :stress distribution in the concrete

-

compression zone', according to the ultimate strength design

v

theory. When stresses in,ininidual bars exceeded the assumed
yield stress, the moment in the corrééponding ribs was consider-’
ed having constant‘value under inéreased load, and equal to the
R ultimate moment capacity qf,the ribs referred to as "piastiq.'

moment". according to the piastic theory. ) .

The' experimental load-strain relatidhship in the steel
reinforcement and the corresponding load-moment .relationship in

the ribs were plotted for all test paneis and they age pfesent-

“*

ed ;3 Figures 4.5 to 4.8. These graphs show the sequeace‘bf
yielding of each indivfdual-barq the rate of moment increase
in each rib,. and "'the various loading stages corresponding to

‘the formation of plastic hinges. These graphs- were also “used
. \ . ’ . @ . ]
in establishing the assumed experimental service load.

.

The distribution of the bending moments and the deflec-

' %

tions across the center line of the panelé'iﬁi£ﬂé7;méﬁa”§vdifeé; o

tiohs, for each load inérémen; of 20 kN, 1is preéented for all

test panels in giéures 4.9 tg 4.12. 1In these figures, the"

N éoment redistribution and the sequence in the formation of the
. coilapse mechanism can be seen in the moment diagraﬁs, as well
as the succes;ive deflected shapes of the panels and the trf;

angular profile of the panels at the failure stage, in the de- -

flection diagrams. Also, from the total one-way moment ratio

. remain?d bélow the assumed yield’stggngth. At the assumed yield .

[y
«
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given in tabular form, in‘the same figures, it can be observed

that\thé ratio of the sum of the moments in the ribs to the

<

total static moment in each- direction ks less than one and

h s e MMk ke egs o+

increases witp the lofmd, approaching unity at the state of’

L RRRE Y

B R

to the-~inadequacy of .the assumption of the linear stress dis- o
r . .

«

tribution of the W.S.D. method, in describing the actual streéss

distribution in reinforced concrete sections, in the loading 3 .
: , \ TR ! ‘

P . \ . . '
.range where progressive cracking occurs (There is a smail under- C

estimation of the moment carried by the ,sections). .

L] i he
. . N ‘
.

The total one-way moment-to-the load .delationship. in

.

both pgindipal.directions of all test.panels *is presented in o

Figure 4.13} where the diécrepancies(éf the estimated total
one~way*moments'frdh\the theoretical total on&—way static moment

-

of the equivalent beam are clearly shown. X
S, A F
( 4.5 IN-PLANE, STRESSES | ‘ ’

.

- v .

The higher Eollapse loads recorded in the test at the,
- 2 ]

second stage of intreméntal collapse, compared with the ©

collapse loads at the first elementary mechanism collapse, as :
- if -t N
well. as the still higher recorded  loads corresponding to the : ;

general collapse of the iystém of grid and, top slab, can.be i 1

’

attributed partly to the membrane action in the top &lab.'
Geniially, a flexural T-beam action generates some precompreés—
ion Within the slab. These m&mbrane stresses are additioﬁ%l to -

the compressive stresses created by an arching action, which

§

DR R
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-~ \ ‘ )
may occur within the depth of the ribs, resulting from

2
. .

pessible restraint to the outward movement of the bottom edges
of the interior ribs. The outward movement may be' restricted

'by the torsional rigidity of the edge ribs. ' This torsional

3 e

rigidity is usually secured.by the addition bf reinforcement

tying the edge ribs together at the corners of\;he panel. -

N\

. 'These compressive membrane stresses$ can.be credted at any

loading stage& depending-on the degree of tqréional rigidity
ot - < d .
\?f the edge' ribs. At large deflections, the edges of the

panels tend to move inwards. This lateral movement may be
partially restricted by the. resistance of the edge ribs in

' lateral bowing, thus creating tensile membrane "stresses. At

-

Y

still latger deflections, a central area of tensile membrane

)

st;§Fses,may be created. These tensile stresses are resisted

Nl - , : , .. .
byche formation of an outer compression ring in the perimeter

region of the top slab of the panels. Such tensile stresses
-]

may develop throughout the depth of the ribbed slab in the
cenfral area and cracks may penetrate to the top of the banel.

All these developments can result in an enhancement of the
S k3
v

carrying capacity of the panels in the various loéaing stages.

The development of membrane stresses in various circum®
. ;
stances is a recognized phendmenon and has been documented for

solid slab and slab-beam systems with edges free to permit
- . \ X .
latexral movements. These stresses ate discussed in detail by

Hayes (1968) (327 for tensile membrane action and by-Datta

.and Ramesh (1975) .33] for compressive membrane action.

4

4
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' curves dre shown in Figure 4.14, for the panels I

\v“‘ .

8%

. Co |4
The in-plane strains in the top slab of the test pargels P
) b . ' ‘/- '3 @ .
were monitored by strain gages placed in selected locations on

.the concrete surface, on the ribbed side of the panels. The

location of the strain gages and the corresponding load-strain

fand I and

A B’
in Figure 4.15, for the panels-II and III. 'The sign of the
membrane stresses at the loading stages of the first stage

grid collapse, and the grid and slab system collapse for all -

four panels is illustrated in Figure 4.16. As the graphs show,

‘tensile stresses were recorded by the majority of gages in

'the test panels, with the exception of panel III. This con-

firms the hypothesis made earlier, that in joist floor systems, . -

&

the compressive zone is limited to a partoof the flange area, ¢

and that the whole web of the T-beam is subjected to tension.

However, compressive stresses were recorded in the . ‘

+

vicinity of some of the edge ribs, which indicates that a

compression ring was formed in this area. After the first stage »

#

grid collapse, the tensile forces>at the center of the panels

started déé?éaéi;g, which can probably be explained as a‘

ponﬁex arch effect. 1In panel III, where large deflections

were recorded, the geometry of the deformations may alsc have

-

4 ‘ . . .
created such an arch effect - sihce in-plane compressive stresses

dominated tﬂe behavior of the central.portion of the slab.

. : [}
Similar behavior was demongirated by the panel I which also

BI

) (. - .
had relatively large deflections. r . . '
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4,6 CRACKXING -PATTERNS AND COLLAPSE MECHANISMS
' & c
-

Ve

The observation and recording of cracking patterns

. under increasing leads was undertaken to examine the

overall behavior and the .redistribution of those bending moments

in the test-panels. °. oo

‘ The récorded crack patterns developed during the load-

‘ v
ing of the test-panels within the elastic range are illustrat-

ed in Figure 4.17. It is shown that ‘the cracks were confined

mainiy to the web of the T-beams and were distributed almost
uniformly along all the ribs, which confirms the two—why action

and a similarity .in the behavior of all four panels. : -

In the subsequent loading stages until failure, cracks

also developed in the top slap, in association with the

‘ formation of the flexural hinges in the ribs and the overall.

. .

collapse nMechanism. These cracks are shown in Figure 4.18, for

all panels.

Pictures of the test panels after failure are shown’
in Figure 4.19 and a close view for one of the panels. (I,) is

shown in Figure 4.20, where the deflected shape and cracking

»

can be observed.

R d

The grid collapse meghﬁnisms established from the load-

L3

moment relationship graphé, based on ,steel strain measurements,

are generally in good agreement with 'the results of the plastic

’

-
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analysis given in Appendix B. All those panels tested failed
by flexure. The failure occurred after the full development
* of the predicted collapse mechanisms, with the exception of

paﬁel III, as was anticipated.

The failure behavior of the panels can be described in

"more detail, as follows.

4.6.1 Test-Panel I, - .

-0

In this'.panel, all the interior ribs failed aféer the
reinforc;ment reached yield strength within the loading range
of 80 to 96 kN, accoraing go the preéicted "unique" solution
of limit analysis assoclated with mechanism (5) shown in\
Appendix B, and in agreement with the predicted collapse load.
. This load was.estimated at 82.70 kN, which value is close to the

1

beginning of the mechanism formation stage.
Vv

Under further loading* and with the help of tensile N
membrane acticn at deflections geyond the 2/180 serviceabilify
limit, the failurf® of the edge ribs followed as the load in-
creased from 113 to 123 kN. This was considéredfas the second
stage of incremental coilapse of the grid system, taking place
according to the predieted"upper bound"solution associated
with mechanism (3), under the collapse ioad of 123.30 kﬁ.

After thaé, the panel continued to resist additional load by

tensile membrane action until it collapsed at a load of:
Y N

133.5 kN. This high level of tensile resistance by\the top

slab seems to result from the presence of  wire-mesh reinforce-

b i e e ity s it




S v
1

ment provided at the mid-depth of the slab. (The tensile
vield Gépacity‘qf the wire-mesh alone was 25 kN per meter

.

width.) - ‘ N .

4.6.2 Test-Panel I.

This éanel exhibited more ductile behavior and much
larger deflections _than panel IA'

the predicted collapse mechanism (5) which was the same as

The panel failed with

that in panel I All the interior ribs failed by yielding

A
of reinforcement within the loading range of 53 to 91 kN,

while the predicted collapse 'load was 65.79 kN, somewhere

in the middle of the mechanism formation stage.

™
The panel tontinued to carry load with the help of

-~

tensile membrane action, which led to the failure of the‘edge
) ribs between the loads of 123 and 143 kN. The predicted

collapse load for this collapse stage was 125.63 kN corres-

.

ponding to the collapse mechanism (3). The general collapse

of the panel followed impediately after at the load of 144.5 kN.

L]
-

-~

4.6.3 Test-Panel II

-
1

I\)this panel, there was an overlapping between the two
/

stages of|'incremental collapse. Both, the mechanism (1) with

.a predicted collapse load of 108.38 kN, and the mechanism (3)

, . . » .
with a predicted collapse load of 114.29 kN, were formed

within the loading range of 95 to 115 kN. . - S
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The pangl continuéd-to-caity load with the help of

the tensile membrane action until the general collapse at the

o

load of 133.5 kN. - : )

-

. . >

"4.6.4 Test-Panel IIT B _ . )

&

~
@

rib, which carried the load without sufficient helb from the

- . » N : . . e
Panel ¢IT failed early by a local failure of the central .

L3

crosé-ribs. This rib Showéd large dgfleCtibns from the
beginning and was almost separated from the rest of thg panéel
by cracking in the'top éiab‘along( e'sides of the rib. The
separation and'out-of-plane movement of the rib caﬁsed the
stretcﬁing out in a c}oss—direction of the wiré mesh; as well
"as the sﬁear and moment at ﬁhelédgeé of the cracksuin the

Eop slab.” The rest of the panel resisted the out-of-plane

E1S -

.

. . .
movement by in-plane action demonstrated by compressive-

s

stresses in the slab outside'the 5racking perimeter of tHe

tensile central zone, as was recorded by the strain'gages.

- |

The archihg action associated with the large deflections

. 4 * ™
* allowed the panel to continue supporting the increasing load

™ <

from the stage of failure qof the centrai.rib,"at 60 kN, until

the ultimate faiépre at 83.5 kN by a circular punching shear

crack around the loading jack. . -
(?’w ’ ’
s A mode of failure, similar to the one of mechanism (3)

N ‘.
-

having a collapse load of l2l.94‘kN,'had_been initiated but

‘was not completed, due to the local failure.
4 ¥ Vv . . Y
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CHAPTER 5 (- ' ‘

I .
{ v

! DISCUSSION AND RECOMMENDATIONS , o

5.1 GENERAL

»

/ .

Moét of the statically indeterminate reihforged concrete

.
13
S A D s s s = o

structures, including the reqular two-way ribbed floors, are ) .
cufréntly designed by &etermininé thei; interna}-forges from :
an elastic 5nalysis and by proportioning the sections, using
‘ultiméte strength critéria. .This procedure does not proviﬁe
the means for a real;spic evaluation of the actual factor of
safety in complex structéres—such aé the irregularly ribbed

’

joist floors. In structures whose deformation cépacity is .

e at il e

large enough to permit a mechanism collapse, an equilibrium
'limit design method, formulated in terms of member strength,

can be used. 1In this manner the members are proportioned for

_serviceability and safety against local failure and overall
structural éollapsé. \ '
£Y - -, BN . »

| B ‘ S -
The design criteria of such a limit design method may

.also be used to assess the serviceability' and safety'of tﬁose

- grid structures designed by the method of ultimate strength
design, with or without reinforcement transferL Using this
procedure, the gxperiméntal results from-the tést—panels

-

can be interpreted and the influence of the reinforcement

- transfer can tAus be evaluated. . .
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" The éests performed in this research program were limited
to q‘single bay céﬁter point loaded s}ab, however, some of the
observations and ~conclusions of this investigation égn be valid
in the analysis of thg behavior of continuous floor systeﬁs.

For example, the comparison of the distribution of elastic bend-
ing moments in a sinéle and a multixbay floor system is shown in
Fiéure 5.1. This comparison ‘shows close similarities in the
moment distribution patterns for both cases. The only signiL
ficant difference is that the reference axis (axis of zero
moﬁent), is shifted upwards in the continuous floor model,
corresponding to the negative mowment developed over thewsupport-
ing strips.

5.2 INTERPRETATION USING LIMIT DESIGN CRITERIA

-

The test-panels were reinforced on the basis of the total

t

\one—Way static moment, due to the ultimate design load of 119 kN ~
(sée,paragraph 3.2), whiéh‘was distrisgted between tﬁe indi&id—
ual::ibs by assumed distribution pércentaqgs, such as ghe,oné$
conven£ignally used for flat slab structures, and subsequent.
transfer of various momént percentagesrpetween strips. A
comparison of the resulting moments, with the moments obtained
by the elas&ic analysis\of the equivalent grids of thé T—beams,\

&

based on grossgfoncrete sections (Figures 3.7 and 3.8), shows

a shifting of moment from the ribs of the middle strips .

(interior ribs) to the ribs of the column strips (edge ribs).

The' reinforcement provided in the test-panels, based on the
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sl

assumed disﬁribution_of moments, in comparison with the rein-

forcement corresponding to an elastic distribution of moments,

is similarly affected by a transfer from the middle to the

edge strips. The average reinforcement tjansfér between the
two directions of each panel previously discussed in paragraph
3.3 constitutes a parameter of this investigation and its in-

fluence. is *examined.

.» The behavior of the test-panels and the influence of
reinforcement transfer were assessed by such limit design criteria
. as the overall ;oad factor, the first yield load factor and o
‘the percentage of elastic moment redistribution. The abng/
limit design criteria previously mentioned iq’the "equil%briuﬁ
(serviceability)" methods of limit design were evaluaged on the
> basis of the experimegtélly obtained load capacity limits of.
the test-panels. The vélues of the 1limit design criteria are
calculated in Table 5.1, for all four panels, first on the
basis of thg assumed experimental service locads for each papel,
then on the basis of_the assumed experimental service load of
pasél-II, for the purpose of comparison since this panel cotres-
* ponds to the case of zero reinforcemenﬁ transfer. Thé results
. ' show that in the case of pan;l II, the first yield load factor
or factor of safety against, local section failure (\l) 1is equal
to(l.90; the largest value between all panels, which is larger
;han the lower limit &f 1.2 sugéestedfby Cohp ié his draft code
provisions _31]. The s@rviceébility index (xi) is equal to
0.83 which means that a 17% moment redistribution takes place.

2

4
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2

o .

II

reinforcement .
transfer

~20

~40%"

1

Assumed |
experimental

| service load '

rw) * '

41**
(5Q) *x**

30
(50)

I

50
(50}

32
(50)

, Assumed

.experimental

failure load
(wu)+

96

91

115

60"

Experimental
first yield
) load
f (wl)t

80

53

95

! Qverall

! load

, factor
(C = Wu/W)

2.34
(1.92)

3.03
(1.82)
-

2,30
(2.30)

1.88
(1.20)

'. First yield
! load
f factor

.I i (.l = wl/w)

1.95
(1.60)

1.76
(1.06)

1.90
(1.90)

1.88
(1.20)

Service-
ability
1ndex {

x, = Wi/ ) ;

- Percentage of g
elastic momenti
redfscributloni

LMY= L - x )

i 1

17%
(0.17)

17%

* Trom Table 4.2,

column (6).
** Zxperimental service load of each panel.

*** Experimental service load of panel II.

* From Table 4.2,

column (8).
from Table 4.2, column (7).
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This percentage is close to 15% limit suggested in the 1972 CEB
recommendations and below the 20% limit suggested in the American
Stapdafds (ACI 318-77), for continuous beams or equivalent struc-
tures and for negligible dead load, as explained by Cohn [31].
A comparison of the behavior of panel II with the other panels

shows that an increase in the percentage of reinforcement

.transfer causes proportional decrease in the service and collapse

load, a similar decrease in the'factor of safety, and a decrease
in the first yield load factor. The decreased first yield load

factor of panel I, was 1.06, below the minimum value of 1.2,

B
and this resulted in the large deflections recorded in the experi-
ments and a large percentage of elastic moment redistribution

of 42%." This percentage is still below the limit of 67%

'suggegted by the Danish Standard, (DS, 411-49), but above the

20% suggested in the American Standard. Considering the over-
all poor performance of panel IB' it seems that a percentage of
reinforcement transfer of 20% may be the practical limit for

theée types of structures.

5.3 THE EFFECTS OF REINFORCEMENT TRANSFER

© A parametric invéstigation of the various types of
equivalent quels has‘been undertaken in order to explain the
influence of reinforcement transfer on the load-carrying
éapacity and structural safety. The various series of models
studied are shown in Appendix E, where the ultimate load

capacity of the models is calculated on the basis of ‘the first
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stage grid collapsed mechanisms similar to the ones observed
in the ﬁest—panels. Each series of models consists of various
casas, produced by a progressive reduction in the average '’ \

percentage of the middle strip reinforcement of the two

-

directions.

The results of this study are summarized graphically in

o

Figure S.Z,ﬁhich’éhows that the load capacity, of the models is

[ U AP IR

reduced 1inear]:y with respect to the increase in the percentage
of the reinforcement transfer. This is explained by the |

f.act that the ultimate load is always a linear function of the i
momenit -capacity of the individual ribs. The slope of the
linear relationship is the same for the isotropic model II

and for the model I, in the case that the reinforcement transfer

occurs in the stronger direction. In cases where the reinforce-

ment transfer: in model I is shared between the two directions,

-

«+  then the line of the relationship falls within the shadowed

R PO

area shown in the graph. The same graph also shows that the .
ultimate load capacity of a grid model is reduced when the number
of ribs is reduced. 'Thus, the strongest of all grid models is

the model I and the weakest, mocdel III. The slope of the lin-

i W

ear relationship for model III is different than in the other

wt

models because the load is actually carried by the interior

ribs in the one direction only. ' : 1

o
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The theoretical and experimental collapse loads for the
test-panels are also shown in Figures 5.2, in relation to the
ultimate load of the variogg\?odels. It is shown that thé'

 first stage grid cqllapse load of the test-panels is close
to the correspondigq valies of the linear ultimate load-rein-

4

forcement transfer relationships for the models. .

The same graph is alsoc used to express the factor of.
safety—to-the\feinforcement transfer relationship, for-the

assumed service load of 50 kN.

5.4 OBSERVATIONS AND RECOMMENDATIONS

On the basis of the results of the investigation of
corner-supported ribbed panels subjected to a single concéh—
trgted load, as described earlier, séveral observations can
be made concerning the generéL behavior of the panels in the

‘elastic‘and elastoplastic range, the~advantages of a design

based on an elastic analysis, and the consequences of trans-

ferring of reinforcement between ribs.

5.4.i Overall Behavior

1. 1In jois? floor systems where a good two-way action
exists, the amount o% reinforcement transferred )
- between stripgagd in general the way that réinforce-
ment is distributed between ribs dogs not effect
substéntially the general éollapse‘load, which remains

v

always above the specified ultimate load (Note: the

b AN

et o a5 ey v e
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K]
percentage, of reinforcement transfer was kept ’
within limits). :
~

5.4.2 Elastic Behaviot

1. The elastic analysis of an open grid equivalen£
model with rigidities based on cracked transformed
sections gives a good approximation of .the actual
behavior (defféctions, moment distribution) of the
joist, floor systems in the elastic range.

5.4.3 Elasto-Plastic Behavior “

1. 1In general, the overall behavior of the jeoist floor
systems 'in the elasto-plastic range depends on the .

amount and distribution of the reinforcement.
.\ ) ‘
2. Plastic deformations may start early in weak ribs,

resulting in moment®redistribution and reduction of
the elastic range, or in ext¥eme cases, in local

failures and premature collapse.

\

a8 , C . . “
3. The collapse mechanism in joist flcor systems can be

.~ considered as a combination of an incremental grid

failure mechanism associated with in-plane membrane
action of the top slab enhancding the ultimate
carrying capacity of the floors beyoné the gri&

‘

collapse stages.
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4. Local failure in a particular rib may be associated-
h »

. with cracking in the tbp slab and out—of—plané move-

ment of the separated rib under the load.

Pad

5.4.4 -Design Based on Elastic Analysis .
(The Case of Test-Panel ITI) - .

a
3

A design, based on elastic analysis, seems to be ad-

vantageous for the following reasons:

» 1. It gives the largest elastic range (maximum assumed -

74 .
experimental service load).

2. It gives the highest first-stage grid collapse load.

(assumed failure load).

-

.

3. It gives the highest structural safety for the same

service load (overall load factor)..

4. It gives the highest factor of safety against local

section failure (first-yield load factor). .

, 5. It results in the minimum elastic moment redistribu-
tion and maximum serviéeability(;n respect to

cracks and deflections).

-

5.4.5 Design With Reinforcement Transfer '
(The Case of Test-Panels I, and I )

& /

An increase in the percentage of reinforcement trans-

ferred between the rib zones, which can be accepted to a limit-

ed degree only, may result in the following:
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1.
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" The reduction

The reduction

strength.

.

* The reduction

. The reduction

/
The reduction

of

of

of

of
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interior strips,

‘structural safety.
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4 ) ' »
the elastic range. . .
the f'irst-stage grid collapse

‘g

b

yvield safety.

the flexural rigidity of the

resulting in larger deflections.

5.4.6 Recommendations

The\following recommendations are proposed for the

design of two-way irregular joist floors subjected to a siﬁgle

concentrated load, based on the results of this investigation:

1.

[l

A trial-and-error limit design procedure can be .used

in the design practice, for example, as the one pre-

sented in Chapter 2.

" ——

2. .The deflection calculations should be based on cracked,

3/: [

4.

transformed concrete sections.

The estimation of collapse load can be based on the

first stage grid colldpse mechanism iggerinmd the

’ ¢

v

enhancement of the in-p.lane action.

The precentage of reinforcement transfer fron} the

middle to the edge strips or supporting zones, should

i

4
\

be limited to assure satisfactory serviceability and

o

ot
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. . . ) TN
to avoid local failures. The allowabf; per&entage

L]

verified in the design process by checking the

u 1 4
. A

v load factors and deflections.
—~ 5. The tentative minimum values for the various limit .

. . design criterion, proposed by Cohn in his draft code
4 .
g - . " '
provisions *for continuous .ogams or eguivalent struc-

- tures, may.be used in thf proposed trial-and-error

~

limit desidn procedure, until further studies justify
. i ’ ?

\

: a change. N
, » . LY - . . ,on &
5.4.7 Further Research ‘ ‘ IR ‘
. ) \
. . ’ he equiliprium methods’ of limit design allow the con-

/. . . . b )
trol of serviceability and of the elastic moment redistribu-

‘. Pl -

tion, through\the-yield safety parameters () and the

cdrrespoﬁding yield load factors (Xij). Thé maximum accept-
o ) "able values of these parameters haQ% to,be‘éstablished expe}i-
. : O .
~ mentally ‘for each class of structures. FHone draft code Bro=——.
" N ] . .

o L - , L
visions have’ been suggested by Cohn for continuous beams and

one-storey frames. Similar provisions can be developed for

ctan

certaip régulgi and irregular grid-type‘structureé; based on

. . -

¢ - -~

suitable testing programs.. ' ‘ a

° . N
o

. ' By establishing realistic load fdctors, a direct limit
'equilibfium design procedure'may'be acceptable for some stand-
ard forms of.grid-typé structures. ©On’the other hand, if-a

trial-and-error procedure, which may be laborious at times,

' . »

o . . N .
\ . . .
. . .
0 B " N , . b

o established at 20% in this investigation may be. ‘i

. o
-~ -~
v anrin e

I

4
H
I
:
¥
i
i
i
:
i
M
%

P
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[ .
’

is to be further ﬁeloped, a computer program may be written

on the basis of the flowchart given in>Chapter 2 to allow
* ' %

some automation in the design process.

. In the present study, the .dead load has been disregard- . .

ed having relatively small influence, compared to the effect

o

" o ) M .
of the toncentrated live load. The combined effects of

uniformly distributed and concentrated load have to be further

[

studied. . ] :

The present series of experiments showed ehat uniessfa
local fadlure oceurs, the general cegllapse load is always \:
hlgher than the specified ultlmate load. This phencmenon QF

" reserve strength due to membrane action in the top slab, whlch

allows freedqm in the rib arrangement and reinforcement dis-

h i

-tribution, should be further exploreds For this purpose, .

‘suitabie limit analysis techniques should be employed to count

5

1in a deterministic fashion this extrd capacity of joist- floors.

Also, more tests are needed for a precise evaluation

.
-

of the effects and the imbortance of redistributidn of reinforcé-
*®

.ment, from the distribution determined by elastic analysis, as

-

in the case of°reinforcement transfer between zones.

]
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.CHAPTER 6

SUMMARY AND CONCLUSIONS -

;-

6.1 GENERAL OUTLINE OF THE INVESTIGATION

i

The study presented deals with the behavior and strength
of reinforced ‘concrete twe-way irregular joist floors subjected

to a single concentrated load ‘at the center, and the subsequent

development of an appropriate design methodology.

.

A classification of two-way ribbed floors and the defini-
tion of irregular jbist floors is introduced. The discussion
that follows establishes the usefulness of irregular joist -

floors and their range of applicability. Some principles for

the,selection of rib pattern%is also discussed. The intro-

duction of a new formwork system facilitating their construc-

tion is reported. The concept of an equivalent grid for

the analysis of joist floor systems is presedted, and the rein-

.

forcement distribution as the basic parameter in their struc-

tural, performance is examined.
‘ /
A review of previous studies includes developments on

the elastic and limit analysis and design of regular two-way

ribbed flat floor systems. The conclusion from the evaluation

L3

of this information was that these studies do not provide a

a . :
complete treatment for the full elasto-plastic range, neither

do they consider the case of a single concentrated load. The

\



search for analytical solutions led to the fdllowing considera-

tions:

3:

-

-

For the elastic analysis of grillages, several

‘

‘computer programs are commercially available and

can be used.

s
¥

For the limit analysdis of grillages, a variety of

'

techniques and procedures presently'available, can

provide the necessary information for the cases: &f

-

regular andﬂirregular gfid—type'§tructures under

-

different loading conditions.

The "equilibrium (serviceability)" methods of limit

e’

design for concrete frames appear to be the most

112

\

appropriate of.the available methods to be' used as a

basis for the development of a trial-and-error

limit design procedure for the proportioning of grid-

type structures. Such a procedure developed for

the design of irregularly ribbed joist floors, is pro-

1

pose& in this study.

A series of models is studied analytically and experimentally;

in order to verify the assumptions and procedures considered.

o«

'?he experimental program consists of the testing of four ribbed

panels, which are 1/3-scale models of. actual single-bay,

square, four-corner supporﬁed, two-way irregular  joist floors.

The design of the test—panelé was based on the total one-wdy

"
[

=
M % omnminat et e A N S o

ol

- O e e o
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~

static moment of an equivalent simply-supported beam under a

specified .ultimate load at the center. This moment was

distributed between the ribs by assuming conventional dis-

- tribution percentages, similar to the ones used in flat slabs

(panel IA)‘and redistribution in such’a way that the total
static moment in each direction remained the same. The
panels were reinfqrced according to the resulting mbment
distribution. On.the basis of the provided reinforcement
and by using appropriate analytical techniques, the elastic
and elasto-plastic behavior‘of the test-panels was derived

3

analytically.

'The test allowed the study of the elastic and elasto-
3
plastic behavior of the test-panels, the evaluation of the
various load capacity limits and the sequence and duration in

the formation of the collapse mechanisms.

A limit design of the test-panels shows quaqtitatively
the difference between the required and provided ultimate mo-"
ment capacity in the ribs. The behavior of the test-panels is
assessed by limit design criteria which are evaluated on the
basis of tﬁe experimental load capacity limits. A para-
metric study on the influence of reinforcement transfer
between st}ips on the ultimateffgad capacity of the equivaleﬁt
models is made ﬁo érovide the background for the assessment

e

of the collapse behavior of the test-panels.
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S

6.2 GENERAL CONCLUSIONS CONCERNING TWO-WAY . {
IRREGULAR JOIST FLOORS o

- ‘ ¢
3

The followihq conclusions based on the stu&y of single-
bay ribbed panels are belieéed to be applicable to any type
of two-way irregular joist floor system under any type of

transverse loading. These conclusions are also proposed to

be used as basic désign guidelines, in dealing with two-way 3

irregular joist floors. ;

1. The concept of equivalent grid of T-beams can be

used for the analysis and design of two-way joist

PP R SRSUPP P PN

floors.'

2. Elastic analysis of the equivalent grid with rigidities

e At e e

based on cracked-transformed sections, gives a good
approximation of the behavior of two-way joist floors

in the €lastic range.

'

3. Plastic analysis allows dn accurate prediction .of the

mode of f?ilure and a close estimation of the assumed

failﬁre load (first—stage grid collapse load)on. the

- basis of geometry and ultimate moment capacity of

ribs,- whereas the in-plane membrane action of the o .

top slab conservatively can be neglecﬁed.

B

4. Two-way joist floors with a reasonably dense rib pattern,
- sufficient to assure an acceptable two-way action,

can be designéd on ‘the basis of the elastic analysis of
. ) N N
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“the equivalent grid with rigidities those of gross

concrete sections, and of the ultimate strength- .

design method for the prdportioning of ribél The < on
calcﬁlated reinforcement may then be distributed

between ribs with some flexibility, but eicessive

redistribution should be avoided.

A limit design procedure offers a rational estima—‘
tion of the\factors of safety,Vand it may result in'
a more egonoﬁic design. The trial-and-error limit
design procedure proposed in this study seéms to be

suitable for a conceptual design of irregular joist

floors.

A design based on the elastic analysis will give the-
best elastic performance and -the highest factors of \\

safety.

A limited reinforcement transfer from the middle to the
edge strips orksupporting zones, may result in pro-
portional reduction of elastic performance and

facfors of safety. The maximuﬁ suggested- percentage

of such reinforcement transfer, taking an average for
the twd directions, should not exceed 20%. Ho%é&er}
further studies are recommended in order to establish

the extent of allowable reinforcement transfer

between strips.
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APPENDIX B

LIMIT ANALYSIS OF THE TEST-PANELS

-~
PANEL I,

CALCULATION OF THE UPPER BOUND- COLLAPSE LOADS

6
M“=24.03 kN.m
p

=} o al l
2 ~ -2}
I B IS N !
21 o] ol Ren .
! ? (1) ¥
~al~zaf ~ 2
= = = I
!
.r'_' ' A &
422 44m ., 0000 e m -
fa—_-——._q ) s
(=0.61) =) C 7
p = H2uliauligd) <119, 02 K
Iy - 10
e 3 i 3
’ ! Ny
| S |
(2) . (3) SHBE
4
!
. | [ /
| i ﬁ/ b
2 L U u
- ; S/4 yn '
L — T =
3/2 38/4 3 o
-u=—(2~1 *49) =127.59 kN o :
oo rrorkemdihdaden s ) =123.30 kn
{ h f | -
‘ : ‘ : ;’\ 1 ]\\ .
hS “ I R .
(4) - N {5) > 27 7
! |
!
l (I oo
- L I '
——————— ]: \—'_ﬁl\‘i;:,?/
! ]
‘ (aM* ~2w2~wg‘2npm;‘) = p = %m -»13-M D)< 82.70 kN
=246.51 XN

r_;___'. :

The energy dlss:.pated in the yleld lines of the top slab 1is ;
not taken into account. .

— The ~w0o dots shown at the position of flexural plastic hinges,
represent certaln lengths along the member of equal distance
in both sides of the not, over which 1nelastic curvactures occur.

symmesry condiltions reguire “wo hinges, but even replacing
m oy »re does not arfect the equations of plastic equilibrium,

ot ri
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B.” CALCULATION OF THE LOWER BQUND COLLAPSE LOAD
(REF.: F.S. Shaw, Journal of Struct. Div.
ASCE, Oct. 1963)
. d ’
JOINT C: ,
- e —— - c--l—
. 2x
2x13.96 , 2x29.77 Mac
' 2 e 7<0.61 © 0.6l ~ o.er - 8270
W o N29.7-"@l
sf & e
al @ o _13.96 ~ 0.61 4, .
M JM.BC 1520+ 2977 82,70 x 2580 11‘.53
24,01 ! .
o
~ JOINT B: +
My - ‘
E 2x11.53 _ 29277 .
m*—m——-mio*tﬂaE" 29-77-2’(11-53'6a7l. .
D
JOINT A: . A
M
AD 11.53 .
08T " 0.6l = () + MAD = 11.53 < 22.60 o.k.
- JOINT E:
PRI
F 6.72 6§.72 -
. TEL " TET < 0 Mgy * FS = 1.68
JOINT P '
Mg 13.96  2x1.68 13.96 . : '
. T80 T 7N0.61 T 06D T O Mg T Ty *1.68%5.17<24.03 ook, . ,

JOINT C:

P =
o

2<13.96

2%x29.77 _ 2x11.53

2x0.61

. The.'true collapse load is

.61~ 0.61

N *

The statically admissible collapse mode is the No. (S).

= 82,69 kN
Z——

Pu = 82.70 kN..
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. AL CAALCULATION OF THE UPPER BOUND COLLAPSE LOADS

a3 6 \ .
M%=32.70 kN.m .
(g o :
~ o ~ I\
M IR B i\
LT AERE M;=12.861, )
A o . (L) 3‘—}
2 - N QO s
x| x I 1/
| |/I
1
ol o = ‘/
4i=2, 44m: —— e o ———
, , o 2.4y C 1
. ' ' e liondiion? 4+ w3 e s
, - . P, ; F(2Mo¥2M0 + M) = 122,97 kN ‘
. —
) 7
§ 574 5/2
. ‘ M - o
- [ [ I !
| AR
] (2) RENED SIRE SRR
' v | ! I! :
| i 'J y
| l b / U
fm i o WS4 82
«Liombinly = 1 €/236/4 5
P, i(mp+Mp? 128.30 kN cIr-p =
) Ny “Ll.1.2 1.3 61,7
N : Pu T(MD+MP+IMP.+MD+EMP) 125.63 kN
M ‘ \
- P | |
! i ] ‘I\‘
. 1 -
(a) sy %%.\, 5
. o iy
ol ]/ 5” .
‘ | | o
|
[ !
e iy 8/ S5 L. :
C I —

S PR SO D
P, = T(2Mor2MIMIe ) -

= 251.26 kN N

-

)= 65.79 kN

1,023, .7
P, = -{(MP+MP+MP




) o . . ' S : ‘ POOR COPY,
' T COPIE DE QUA

!

S . | ,‘ ) | . >‘129_

. .y R
- . ! LA
. Y s
o . - . 2
g 4 - g
. N ’ ~
+ ' i . y]
. R '
.
. PN
~ ~ . . ¢
" t
- s
) -~
. Lo ;
. s
- ! s
) \
= 3
) - Al ’ \
~ ’ ~ ~ :
RN
f "
N '
; o \
' . ~
4
i M : -
’ '
5
4
- “ N

’ 8§/3 28/3_5__ _ _ - T
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- -2 (mi 3
: » Pu L (Mp+2 M ~
4 p
v ?
. BN < v oo )
N < Id
~ AY
' . ! “. . . II ' " \
. , v . .
(7) =3 SN :
- - X
3 ’
‘L N .
, LN 373 j,z r
R ‘ . BN
T $/74 36,8, 3 '
- -_—r == -
I “ N
N Co
T 1,1 W1 w2, 3-43,1 ,6,3 g
b3 el £ + ) + = = - = K . .
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B. CALCULATION OF THE LOWER BOUND COLLAPSE LOAD
' ‘ ’
LN JOINT C: ‘
g1 2% 12.86 , 2 x 16.07 P _ ) e
y . & 9.6  * "Z7x0.61 ~o.er - 63:79 MN
- emsfoem e e —|—
. , . 2.0
- on_9C. = 16.07 _ 9.61
s ‘ w A 'a o ’ M.Bc ) 12.86 + T 65.79 x 3 0.83
. \ ~ a ] ! :
it IR B4 I
' : 8,4 8| JoTNT B: ,
o E F, -
N -~
. ' : 32.70 | 2Mpp ,2x0.83_12.86 . o . .
. <0 0.8 " 0.6l Mpg
. C . . 12.86 - 2 x 0.83 = 11.20
. JOINT A:
2xM |
AD 0.83 _ , . . a
I 0.6 - B el 0 MAD 0.83 < 18.27 o.k.
2x M
EF _ _11.20 _ . . . 11.20
061~ Txo.6T " 0 T Mpp &= = 2.80
JOINT F: _ .
’ 2x My 16.07  _ 2% 2.80 16.07 ,
. To8L T Tx0.6T T oel .7 0 Mgt Tg o+ 2.8076.82¢32.70 o.k.
: C .+ The statically admissible collapse mode is the No. (5).
v ’ N i a
JOINT C: ‘ *
.2 < 12.86 _ 2 < 16.07 _ 2 x 0,83 _
, . : Py 5,61 7% 0.61 oTel §3.79
‘* The true collapse load is Pu = §5,79 %N. /
/// il
e
e
e /
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A. CALCULATION OF THE UPPER BOUND COLLAPSE. LOADS | '

\4 o
Mp 17.99 kN

| I 3
7 ‘ i
A o §=37.344 i
~ g-& (1) 5
"";’:01 pl;a. . : - |
¥
. F E: ﬂ
lo—4i=2.44 0 o r-—— ——- s :
Q
L1.,2, .
P, = FlaMp+ul) = 108.38 kn
5, 16/2
[ [-! q
| AT
. | AN
\ (2) | (3) SH ¢
/
l i
b [ i il /
\ , ) L UL [ U

_———d —— (2 _ _
1 . . \’I‘// %/

x LioutinS) = s/2 S _ _ '
1.'-’&1 I(2M9+MP) 120.20 kN - i .
' P o ® Eole P2 owdedud) = 114,39
d 2 -

r ' [ 2 b
(4) ¢ ) (s)

- Sk *
r-——----- 1s
. 1,
: o = Hasndeaning - ?,
= 220.57 iy
4
<4
¢ \
: . X
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‘B. CALCULATION OF THE LOWER BO,UI\iD COLLAPﬁ'E LOAD
F X ‘ C Ly .
N U S, ‘ . . Lo .
! K. .
[ 1) { LI i . = K
. ® 1 ) 1. g
‘ 7 * 1
” 2 3 34:: g || . , N
S ; : ~ ,
=) } ) ‘
l,-"‘17.99 1 ,J P
- - | ;
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At in— N -
’ ‘ ’ < 3 s , .
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L '
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2xM : .
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- = )+ M = * 17.99 o.k: =
I%0.6L ~ 3x0.el ac T T2 " , | ‘
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~ .
. 2% ( . s
th:%:f - 23x°o' 1531 *0 - Myt '3‘0—5'1_3 = 15.07<17.99 o.k. -
JOINT B: ' - . ‘ h C T
2x35.98 , 2%30.13, 140 ) - Lot
Py 50 8T ' 3x0.al - -108.33 N . , 4 .
N . . - ' l' ) o
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PANEL III

)

N’t" r] '
» . 3
‘4
. ‘ . M6-35.1% kN
= ™
"a] @ -, -
™ ™~ —4 »
Voo gld e
2 .-4:0. Nzn: m;':a.
Q
4 - '
.
LY
e ' ke
N R "
« T N ; . ~
4 (2)p “
: 1
' e
. ) !
.,\ N - re
. )
- ‘] = l 6 = ,
. P.u' Tu"p) 11s5.11
»
" - *
- : (4) s
<4 r
- C---—-- 18
< .
- 1l 2,,,3 &
= M +2MT+M +2
. %( P P P MP)
. * 242.08 ‘%N
1
)
" " ‘V,
Py ‘I 1 1
- .
L]

SR Y

§
]
!

I
!

™.

!
|
!
-

cov
o % [
© 3 2
- I -
(1 th
L) I }
- , v
c-c.-~- -~ -~ —-- q1s .
P »*-;;(ZMPHM ) = 126.97 kN
* )
§/4 §/2
AR
I ‘ i
) AR J
(3) NS

)

6 )
M4 + =
(M MP }-MP MP) 121.04 kN

ll
o
, i
spvo by
(5) g ( 71 5 T7
! o
i§ /I
! {
“ . ) ’
1,2,.3,
P, = TMIHMD) = 44.21 XN
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® ' APPENDIX C / .

LIMIT DESIGN OF THE EQUIVALENT MODELS

A. "EQUILIBRIUM (SERVICEABILITY)"METHOD OF LIMIT DESIGN

. /
(REF.: M.Z. Cohn, I.C.E. Proceedings, Supl. XIV-7514S,

1972).

DESIGN CRITERIA:

1. Design Service Load

W =70 kN =
2. Overall Load Factof -
\ A= 1.7
o -
(Ultimate Load: W =i W._= 1.7x70 = 119 kN)
‘3., First Yield Load Fa;;Lr )
e '"A1'= 1.2 (for éod& serViEeability)»ﬂ_"
D , )
4,' Yield-Safety!Parameters (scale factors)- ’ - -
a8 ) min Xj = Al/lo = 1.2/1.7 =,q.70
Lt S 1.0 > x. > 0.70 (It can.be, K larger than 1.0 -
L : \ b - " for grillages)

¢ -
-

' 5. Net Reinforcement Index:
\,‘ * ) 'A f Y I; - L . ‘k ,
= —-s—-—-x ,< ' N ta ) ; . N -3
q b dp — 0.3 o P .
- Te
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» APPENDIX D
LIMIT DESIGN OF THE TEST-PANEL I,
PROPOSED TRIAL-AND-ERROR LIMIT DESIGN PROCEDURE i
| i
DATA: W=70 kN, 3%=10,000 cn®, h=171.5 mm, d_ =140 mm g
FL=34.5 MPa, E_= 28,000 MPa=2,800 kN/cm? |
) {
f, =414 MPa, E_=200,000 MPa |
. all 1
)\l=l.2, )\o=l.7, min xj =0.70
631 = 1,/360 = 2440/360 = 6.78 mm N
8339 cm® 304.8 mm \ 150.0 mm
- d = o g v g o J
m w < [e, o)) ] ~ ~N
™M [Ty [Ts) [@ g (@] - <3 3] N
23] g o [ag [t e ~ " o~ 4
1 ~ 19557 60916 1464 8
(1) - (FROM APP.A)  (b) - (FROM TABLE 3.2)(d) - (FROM TABLE 3.2)
DCSIGN PROCEDURE
- '- . g: = = = . = . .
xg = A, = 1.7,W3 =) .W=1.7x70=119 kN,M_ =119x0.61=72.59 kN.m
(25.41%) ©(402)*(1-44+1-46) 24.03 kN.m -
7| w A 19.45 gvm 2 ?";}ﬁ ,J 413 gm° a ' ‘ |
ol Yo|{m ™ | 1 [t} 0 W
G| woln O alg dg} ala:‘g l ~ o
nl Aaln d o Al ﬂ-—« —~ N i 2 )
- AN~ oy~ —~ d — ]
e -1 (49.18% a a 52§?+(1— 8) . 29.17
- ~i] oY
39.70 B I 510
(ng) - (FROM FIG.3.8) (A_)- (FROM TABLE 3.2)(M;§=M ) - (FROM TABLE 3.2)
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7/
M = 70 x 0.61 =42.7 kN.m
Q,w 4’
4174 cm (25.37%) 2.22
@ 4. %]10.43 xv|m
of o 2 o T 4235 4 & &
;A S geqndls { 4 s
5414 1 3 —|@a9.dey) 1]a2
21.4Q3
(1°%) - (FROM TABLE 3.2) (MST)-(FROM FIG.3.9) (5% = MS% mCF)
oo b . 13 P33
X§r=min>\§§- = 0.99 < A; = 1.2 (NOT ACCEPTABLE)

I n - Assuming that the first yi yleId “load factor is acceptaEI‘
the design procedure is allowed to continue for the purpose
of demonstration.

wﬁr = min wiri = 87.70 kN (FROM APPENDIX B)
cr cr ' I
Ay =W /W =87.70/70 = 1.25 < 1.7 (NOT ACCEPTABLE)
x‘i:r=x§r/xgr = 0.99/1.25 = 0.79 > 0.70 O.K.
§ST ~ 11.0 mm (FROM FIG. 4.1)-> 6211 = 6.48 (NOT ACCEPTABLE)
etc.
3 P FIRST ITERATION - ‘ . 18.99 kN.m
Ad = xg+o.05= 1.70 + 0.05 = 1.75 208 9 |
- n oY
“ 'T‘ ~—t ~
wg = 1.75 x 70 = 122.5 kN . 36175
M = 122.5 x 0.61 = 74.73 kN.m
c.u
4
etcf m9

BJ
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