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NOTATIONS

Compressive stress at arairst,
Tensile stress at any stgain
Ultimate stress at compres$ivee
Ultimate strain at compresdimee
Ultimate stress at tensilecéor
Cracking strain at tensilector

True stress
True strain

Nominal stress

Nominal strain

True total strain

True elastic strain

True plastic strain

Modulus of elasticity

Modulus of elasticity of coate

Modified parameter correspondsAQ

Modulus of elasticity of stee
Ultimate uniaxial compresssteength
Ultimate tensile strength @atus of rupture)

Yield stress of steel

Strain at corresponding ultienaniaxial compressive strength f

Strain at corresponding yistiess ;

Poisson'’s ratio for concrete

Poisson’s ratio for steel

Unit weight of the hardenedcte in pcf

Decent function

Constant crushing energy (1NOK)

Characteristics length of siulated or tested specimen
Crack opening according tor@Hjx, 1992)
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we Maximum crack opening (18¢) according to(Hordijk, 1992)
c;=3,¢,=6.93 Free parameters determined experimentgl{yibrdijk, 1992)
b.=0.7,b,=0.1 Damage parameters according to (Polling, 2000

Y =30 Dilatational angle according to Le84&)

fbo/ fco = 1.16 Ratio of biaxial to uniaxial compresssteength according to
Kupfer (1973)

K=0.67 Second stress invariant ratio
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d Damage variable

(o Tensiordamage variable
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Total depth of slab
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c Column dimension

Ac Area of the critical section
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7 Reduction factor
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FE Finite Element
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W.R. Without Reinforcement
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ABSTRACT

In the design of reinforced concrete flat platbs, tegion around the column always
pose a critical analysis problem where punchingasfHi&@lure occurs due to brittle

nature of this failure mode. Column tends to puticbugh the slab because of the
shear stresses that act around the perimeter oftdhenn and develop a failure

surface in the form of a truncated cone or pyrashdpe. This punching shear
failure is one of the topics of intensive reseandik in the recent years. The slab-
column connection behaviour is also critical asransfers combined gravity and
lateral loads. The performance of slab-column cotioe has often been less than
satisfactory under seismic action. This has prothpgtee design community to

establish rather restrictive rules for flat plagstem in earthquake prone region.

Before carrying out numerical model of slab-columonnection, some existing
literatures on the relevant field based on expemtaleinvestigation, analytical
methods, numerical models and various codes otipeaare thoroughly reviewed.
A numerical model of slab-column joint of RC flalafe have been generated by
using ‘ABAQUS’ software based on nonlinear finilteraent method. For nonlinear
finite element analysis, material nonlinearity isodeled by considering the
nonlinear effects due to cracking and crushing arficcete and vyielding of steel
reinforcement. A complete model requires the elaptoperties, inelastic stress-
strain relations and failure criteria of concreRegarding the concrete material
behaviour, a nonlinear user-defined material apgrdmsed on the concrete damage
plasticity model is used. On the other hand, retifg steel behaves as an elastic-
perfectly plastic material.

A sensitivity analysis has been performed for mdshsity to obtain a reliable
solution. The numerical results of present finilengent model have been verified
with the experimental results and other numerieslults. A satisfactory result has
come in between the present numerical results lmm@xperimental results or other
numerical results which indicates the suitabilitgdaaccuracy of present finite
element model. All loads are applied in terms afptiicement control criteria. A
systematic parametric study of material and gedmetarameters like concrete
compressive strength, the amount of longitudinafoecement, yield stress of steel,
effect of compression reinforcement, slab thicknesslumn dimensions and
boundary conditions is carried out to identify #féects of different parameters on
punching shear strength of flat plates. ACI 31808C 2006 code provision is
found to be more conservative in case of punchheps design of flat plates. It
underestimates the influence of maximum material gaometric parameters to
predict the actual punching capacity. Hence, a fiwadion to the ACI 318-
08/BNBC 2006 code equation has been discussedeaifted against the results of
present finite element results.

Four different slab-column joint of RC flat platkave been modeled numerically
under different design specifications and analytedtudy the effects of different
load combinations and loading sequence. The desigmerformance of these slabs
have been discussed considering ACI 318-08/BNBGG 2file provisions. It has
been found that strength of slab-column conneadtoproves if seismic design is
performed. The performance of flat plate high-bséding structure with shear-wall
has been checked under combined gravity and lakeadls considering different
seismic zone. The percentage of moment transfeudir different strip of slab is
also analyzed under gravity and lateral loads.
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Chapter 1

INTRODUCTION

1.1 Background and Present State of the Problem

Bangladesh and the northeastern Indian stateslbagebeen one of the seismically
active regions of the world and have experiencedarous large earthquakes during
the past 200 years. In geological point of viewst pd Bangladesh is situated in
moderate to high seismic zones. However, in thentgua rapid urbanization is
going on. With this, now-a-days flat plate struesiare very much popular for its
advantages regarding use and constructability. ji&es, being thin members, are
uneconomical from steel point of view, but they aeonomical in terms of
formwork. Because formwork represents significaart pof cost of reinforced
concrete construction, economy of formwork oftenamse overall economy.
Reduced story height resulting from the thin flotre smooth ceiling and the
possibility of slightly shifting column location téit the room arrangements are
factors contributing in the overall economy andcithdity in architectural design. So
it is important to understand the slab-column catina including punching shear
behaviour at critical section of flat plates. Howe\lat plate as part of lateral load
carrying system is not permitted in high seismimezcaccording to ACI 318
(2008)/BNBC (2006) as slab-column connection penfonce are not satisfactory in

carrying seismic loads.

In the design of reinforced concrete flat platdse tegions around the column
always pose a critical analysis problem. Columrdseto punch through the flat

plates, flat slabs and footings because of thergiezsses, which act in them around
the perimeter of the columns. Shear failure, bo#anb and punching type are
considered more dangerous than flexure failures ihdue to greater uncertainty in
predicting shear failure, which is likely to ocauddenly with no advance warning
of distress. When exposed to seismic loads, thimpeance of slab-column frames

has often been less than satisfactory. Brittle pungr failures of flat plates have
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been observed during several earthquakes as doteaniey AISI (1964). This has
prompted the design community to establish ratlestrictive rules for flat plate
systems in earthquake prone regions. It has alspired researchers to start
extensive experimental work and to develop new waysnake the connections
stronger and more ductile in order to allow moralegpread use of flat plate

systems in seismic zones.

Large research efforts have been made in the palstige still being continued to
develop methods for a reliable prediction of theghung shear capacity. Numerous
tests [Gardner (1990), Elstner and Hognestad (1®#9ant and Cao (1987)] have
been carried out to evaluate the punching sheangtin of slabs. Several theories
have been put forward to estimate the strength rebdein these tests. In
Bangladesh, a number of research works on pundatiegr capacity of flat plates
have been carried out. Alam (1997) presented pugcliests conducted on
reinforced concrete slabs with their edges restchims well as unrestrained. Islam
(2004) modelled numerically the punching shear tigla of RC flat plates using
finite element package ‘ANSYS’ and compared varigdest results with finite
element analysis. As no such numerical work has beseried out for further
research in the context of Bangladesh, it wouldubeful to conduct a nonlinear

analysis to model the slab-column connection offRplates.

1.2 Objectives with Specific Aims and Possible Oubme

The objectives of the present study are:

. To model numerically the slab-column connectionhwemphasis on
punching shear behaviour of reinforced concreteplates subjected to
lateral loads using nonlinear finite element metrad validate the
model against available experimental and numeresallts.

" To carryout a parametric study to identify the efffeof different
parameters influencing the performance of slab+ooluconnection of

flat plate.
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" To investigate the effectiveness of different BimgdCode provisions in
predicting punching shear strength of flat platae tb both gravity and

lateral load and propose possible improvementsyif a

With successful completion of the above objectivbe, behaviour of slab-column
connection of flat plate is more clearly explainddpossible improvement on the
punching shear prediction equations is also prapote help designing the

connection.

1.3 Methodology of Work

The modeling of reinforced concrete, to be employedhis work, use separate
materials and elements for the concrete and stgeforcement. In the discrete
modeling of a RC slab, concrete is modeled by thieeensional solid elements
while the reinforcing steel is modeled by trussredats. The connectivity between a
concrete node and a reinforcing steel node cartie\aed by sharing the same node;
hence perfect bond is assumed. The nonlinear aftexto the cracking and crushing
of concrete and the yielding of steel reinforcentead been included. In this work,
slab-column connection of flat plates is modeledharically by using finite element
package ‘ABAQUS’. An incremental finite element he@ue is used which

simulates the nonlinear load-deflection behaviduemforced concrete structure.

Results of the nonlinear finite element analyses @mpared with some test results
to ensure the acceptability of the numerical maceld. A parametric study will be
carried out to identify the effect of different radal parameters mainly concrete
strength, flexural reinforcement ratio and the ¢istrength of reinforcement and
geometric parameters like span-depth ratio andohemn size on the behaviour of
the slab-column connection of flat plates. Explamatcould be made on the
behaviour of slab-column connection due to latéoald variation. Investigation
should be made on different Building Code equationgredicting punching shear

strength of flat plates due to both gravity anerak load. A possible improvement
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on the punching shear prediction equations woukb abe proposed to help

designing the connection.

1.4 Ouitline of the Thesis

The thesis consists of 7 chapters. The currenttehégpChapter 1, which introduces
the general background and present state of proloethis research work and
summary of aims, objectives and methodology. Lites review and review of
codes and theories for determining the punchingrsb&pacity and lateral resistance
of flat plates are described in Chapter 2. Chaptetescribes the finite element
modeling of reinforced concrete flat plates. Chagtgives details of nonlinear FE
analysis for determination of punching shear by AKBJS’. Performance of the
model is verified against different experimentalulés in this chapter too. Chapter 5
is dedicated to a thorough parametric study totiflethe effects of material and
geometric parameters on the punching shear capzidiyt plates. Investigation and
findings of this chapter leads to recommendationstiee choice of structural
parameters to enhance the punching shear strdbgtlso presents a rationale for
the punching shear prediction equation. Chapteriggudses on slab-column
connection under seismic load. It describes theenice of flat plates having better
lateral load carrying system under different setsmone. The conclusions made
from the study are presented in Chapter 7. Thiptehaalso recommends future

work for possible extension of the current study.
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Chapter 2

LITERATURE REVIEW

2.1 General

Punching shear is one of the most critical phen@fenflat plate building systems
due to the brittle nature of this failure mode. Tlagion of a slab in the vicinity of a
column could fail in shear by developing a failstgface in the form of a truncated
cone or pyramid. This type of failure, called a ghing shear failure, is usually the
source of collapse of flat plate and flat slab dinijs. Punching shear in slabs is a
two-dimensional analog of shear in beam. The faiigra sudden rupture, which is
not much restrained by the main reinforcement. &loee the shear tends to reduce
the ultimate load of the structure below its fleducapacity. It is one of topics of
intensive research in recent years by various ebecistructure researchers.
Numerous tests have been carried out to evaluatguinching shear strength of
slabs. Several theories have been put forward e¢digr the strength observed in
these tests. This chapter summarizes the expemienestigations and analytical
approach adopted by different researchers alony pvivisions of various building

codes.

2.2 Punching Shear Mechanism

When a two-way slab is heavily loaded with a cotieged load or where a column
rests on a two-way footing, diagonal tension crdckm that encircles the load or
column. These cracks are not visible, except asifd cracks. Such cracks extend
into compression area of the slab and encountéstaese near the load similar to
the shear-compression condition. The slab or fgotiontinue to take load and
finally the punching failure mechanism consiststieé punching out a solid of
revolution as a pyramid shape of concrete in tlénity of column is adopted as
indicated in Fig. 2.1, the surrounding slab remragniigid. Diagonal cracks do not
form further out from the load or column becauseayid increase in the failure

perimeter. The initial diagonal cracks thus proceethilure in punching shear type
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of failure directly around the load. The slab imferced in such a way that flexural
failure is prevented. This implies that a punchfagure mechanism forms first

before the yielding of the main reinforcement.

In compromising between initial cracking and theafishear condition at failure for
different ratios between column (or load) dimensama footing (or slab) thickness,
different codes recommend a single punching sheangth calculated at a pseudo-

critical distance from the column face or edgehef lbad.

L

B

Plan
Shear failure forms
rough pyrami
AN ®
Section A-A

Pyramid pushes bars
loose from concre

Figure 2.1 A square column tends to shear out a pyramid from a footing
or flat plate
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2.3 Experimental Investigations

Several experimental investigations have beenezhwut to evaluate the punching
shear strength of flat plates and slabs. Thesesiigpation covers both concrete
material and geometric parameters like concreength, influence of reinforcement
type and ratio, column size, plate thickness, edgalitions etc. Some of these are

briefly summarized in the following subsections.

2.3.1 Effect of concrete strength

Gardner (1990) presents the result of an investigatelating punching shear to
concrete strength and steel ratio. It is concludledt the shear capacity is
proportional to the cube root of concrete strersgtd steel ratio. It is also opined
that the shear perimeter should be increased mguarge columns and column
capitals, if the punching shear capacity is in dotbstner and Hognestad (1956)
presented a research report on the methods anitsrebexperimental work on the

shearing strength of reinforced concrete slabsestdyl to a centrally located
concentrated load. The test findings show thatstiearing strength of slabs is a
function of concrete strength as well as severatovariables like percentage of
tension reinforcement, size of column, conditions support and loading,

distribution of tension reinforcement, and amoumd aposition of shear

reinforcement.

2.3.2 Size effect

Punching shear tests of geometrically similar micéd concrete slabs of different
sizes have been carried out by Bazant and Cao (198% test prediction

summarized that the punching shear failure of sldhout stirrup is not plastic but

brittle. Results of an experimental investigatian tbhe punching shear strength of
reinforced concrete slabs with varying span to ldeatio have been summarized by
Lovrovich and McLean (1990). It is reported that #8Cl Code does not recognize
span to depth ratio effects or the effects of a@sing action at the support when

treating punching shear in reinforced concrete ssldb is also observed that
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punching shear strengths are much greater thawvahes permitted by the ACI
Code.

Broms (1990a) present a design method to prediet phnching strength and
deflection of flat plates at interior columns. kad is assumed to occur when the
compression zone of the slab in the vicinity of twdumn is distressed by either
high radial compression stress or by a high tangleobmpression strain. Size
effects and the effect of increasing concretelenéss with increasing strength are
both considered. The method showed excellent agmeemwith results from

punching tests reported in the literature, with didbons ranging from ductile

flexural failures to brittle punching failures, frosmall test specimens to a full-sized

structure, and from symmetrical to unsymmetricabiogs.

2.3.3 Effect of shear reinforcement

Yamada, et al. (1991) performed a research progeafomthe determination of the

effect of shear reinforcement type and ratio on plieching shear strength of
monolithic slab column connections. The first tygeshear reinforcement consisted
of hat-shaped units, very advantageous from thetpoif view of prefabrication and

field installation. The second type consisted ofilWle-hooked shear bars, more
difficult to install but with very efficient anchage. Experimental results showed
that the hat-shaped shear reinforcement was nettefé because of lack of proper
anchorage. Double-hooked reinforcement showed é¢iigetiveness, which resulted
in a considerable increment of the punching sheaistance of the connection.
Olivera, et al. (2000) introduced a novel form wélined stirrups and reported the
results of test slabs with such reinforcement. Camign tests of slabs without shear
reinforcement and slabs with vertical stirrups weiso reported. The inclined

stirrups were shown to function well and producedqghing resistances superior to

those obtained with vertical stirrups.

Four reinforced concrete slab-column sub-assembliese subjected to a high

intensity shear and moment transfer at the colulan-sonnections by Pillai et al.
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(1982). The effectiveness of shear reinforcemeiriéreasing the shear strength and
preventing punching failure and in improving thectility of the connections were
assessed. It was found that shear reinforcemeheislab at the connections prevent
punching failure and generally double their dugtiliGhoneim and MacGregor
(1994a) presented the results of 19 tests of raiatb concrete plates simply
supported on four edges. The plates were subjettedcombined inplane
compressive and lateral loads. The variables in @kperimental investigation
included the loading type, plate slenderness, mgléoad level, aspect ratio,
reinforcement ratio in the two orthogonal direcpand loading sequence. The test
programme was successful in providing data relatinthe behaviour of reinforced

concrete plates under combined inplane compressigidateral loads.

2.3.4 Edge condition effect

Alam (1997) presented punching tests conductedeoriorced concrete slabs with
their edges restrained as well as unrestrained sigméficant positive effect of edge
restraint on the punching failure, resulting in amting the ultimate punching
strength, has been noticed. Aghayere and MacGird§90a) presented the results
of tests on nine reinforced concrete plates sinspiyported along four edges and
subjected to combined uniaxial compression andoumiftransverse loads. The
results of the investigation led to the conclusibat the presence of an axial in-
plane load can lead to a reduction in the transviei@ad capacity of a concrete plate.
This reduction depends on the in-plane load leth,width to thickness ratio, the

concrete strength, the amount of reinforcement taaagspect ratio of the plate.

Kuang and Morley (1992) tested 12 restrained rea&@ concrete slabs with
varying span to depth ratio, percentage of reiorent, and degree of edge
restraint. It is reported that the punching shé@ngths are much higher than those
predicted by ACI 318 and BS 8110 codes. The studygssted that there is a
definite enhancement in punching shear strengtithasdegree of edge restraint
increases. The enhanced punching shear capacityawassult of compressive

membrane action caused by restraining action atl#teboundaries.
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2.3.5 Slab-column connection behaviour

Hammill and Ghali (1994) reported test resultsieé full-scale reinforced concrete
flat plate connections with corner columns subjgdteshear-moment transfer. The
tests showed that the equations of the codes (A8GI8% and Canadian Standard
CAN-A23.3-M84) are conservative and can be improusd addition of an
appropriate equation for the fraction of the unbaél moment resisted by eccentric
shear stress. It is shown that the codes, or dwemmentaries, need to provide the
equations necessary to determine the extent afttbar-reinforced zone for a corner
column connection. Mortin and Ghali (1991) reportest results of six full-scale
reinforced concrete flat plate connections with edglumns subjected to shear-
moment transfer with and without shear reinforcetnenverify the effectiveness of
the stud shear reinforcement. The results confirthedeffectiveness of this type of

shear reinforcement in improving shear strengthcardaility.

2.3.6 Shear strengthening techniques

El-Salakawy et al. (2003) presented new sheargitiening technigue for concrete
slab-column connections. The aim of the programrae t@ test a new method for
strengthening existing reinforced concrete slabs ganching shear. The new
strengthening technique consists of shear boltsreally installed in holes drilled
through the slab thickness. It is found that thespnce of shear bolts substantially
increased the punching capacity and the ductilitthe connections. Elgabry and
Ghali (1990) presented rules to design and detaifl-shear reinforcement in
accordance with the 1989 ACI Building Code (ACI 3%. Because of the
effectiveness of anchorage, design rules that eedtlie amount of shear
reinforcement are suggested and applied. ShaaldhrGasund (1994) carried out
experimental study to determine whether additiosteél fibers to the concrete mix
could significantly increase the punching sheagrgjth of reinforced concrete flat
plates. Thirteen slab specimens and their companyilimder specimens were tested.
Test results of this study indicated that the aoddibf steel fibers to the concrete

mix did significantly enhance the punching sheeergjth of slabs.
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Binici and Bayrak (2003) presented a strengtheni@achnique for increasing
punching shear resistance in reinforced concrede glates using carbon fiber
reinforced polymers (CFRPSs). This strengtheninghaogtemployed CFRP strips in
the vertical direction as shear reinforcement aglothve concentrated load area in a
specified pattern. The results showed that, bygusirsufficient amount of CFRP
strips in an efficient configuration, the failurerface can be shifted away from the
column. The load carrying capacities of the strieeged reinforced concrete slabs
were increased with increasing amount of verticBR@ reinforcement used in a

wider area.

2.3.7 Miscellaneous studies

Broms (2000) presented a design concept that exantire punching failure mode
of flat plates, verified by test, and design recandations are given. The system
provided excellent safety against progressive ps#eof flat plate buildings, a basic
requirement that seems to be overlooked in mangenticoncrete codes. Loo and
Chiang (1993) carried out a comparative study anrtethods of punching shear
strength analysis of reinforced concrete flat glateis found that the ACI and the
British methods are applicable only to flat platath torsion strips; the codes also

tend to give unsafe predictions for the punchirggststrength.

Mitchell and Cook (1984) investigated the slab&ttes after initial failure in order
to determine a means of preventing progressiveapsd. Analytical models for
predicting the post-failure response of slabs aesgnted and the predictions are
compared with experimental results. These analytioeodels along with
experimental investigation enabled the developneérsimple design and detailing
guidelines for bottom slab reinforcement, whicltagable of hanging the slab from
the columns after initial failures due to punchsigear and flexure. Rangan (1990)
presented the background theory and the punchie@r stesign provisions contained
in the Australian Standard for Concrete StructuAss,3600-1988. The correlation
of the design equations with test data is alsoemesl. It is believed that the
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Australian method could serve as a useful altereatd the ACI Building Code

provisions.

2.4 Analytical Investigation

Several investigations have been carried out usargpus analytical models and
theories to evaluate the punching shear strengtHaofplates and slabs. These
investigations cover beam-strip approach, trussahagproach, fracture mechanics,
plasticity model, equivalent frame method, and am=ideflection method. Some of

these are briefly summarized in the following suiis®s.

2.4.1 Beam-Strip Approach

Siao (1994) adopted a beam-strip approach to grégépunching shear strength of
flat slabs with and without shear reinforcement®diReted results were compared
with existing experimental data previously reporteg other researchers. Good
agreement was observed. Elstner and Hognestad )(18bi&ed the beam-strip

approach in their investigation of flat slab pumghshear strength. Several beam-
strip specimens were tested but reached no usefulesion, as the specimens

failed in flexure.

2.4.2 Truss Model Approach

A truss-model-based design procedure is developetiansversely reinforced slabs
by Marti (1990). The truss model approach for sluemign of beam is extended to
transversely reinforced slabs, and the applicatbhe newly developed design
procedures is illustrated for the case of a thiekdfer plate in a high-rise building.
Alexander and Simmonds (1992) proposed that pugckhear failure could be

represented by a truss model and that failure éstduhe concrete cover failing to
contain the out-of-plane component of force betwé®n reinforcement and the
concrete compression struts. It is assumed thatretntensile capacity is related to
the square root of the concrete strength. The tmsslel does not include

components of the shear failure mechanism suclygre@ate interlock and friction,
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dowel action of the longitudinal steel, and shearied across uncracked concrete.
The study led to the conclusion that concrete ca¥ehe top mat reinforcement in
slabs of usual span and loading may be as signtftcapunching shear strength as

is the flexural depth of the slab.

2.4.3 Fracture Mechanics

Bazant and Cao (1987) used fracture mechaniceaythvhich is based on energy
and stability criteria instead of strength criteta investigate the size effect on
punching shear strength. The salient aspect ofuirenechanics is the size effect.
The nominal stress at failure of geometrically $amistructures decreases as the
structure size increases for fracture mechanics. Mbdel used was essentially a
modified shear perimeter approach and it was assuha the shear strength was
directly proportional to the concrete strengthisireported that the larger the slab
thickness, the steeper the post-peak decline dbtdwdeflection diagram ; thus, the
punching shear behaviour of thin slabs is closglagticity, and that of thick slabs
is closer to linear elastic fracture mechanics.sTimdependently confirms the
applicability of the size-effect law, since thisnvgredicts exactly such kind of

behaviour.

2.4.4 Plasticity Model

Salim and Sebastian (2002) presented plasticityetiod predicting punching shear
strengths of reinforced concrete slabs. The uppand theory of plasticity is
employed to predict the punching shear failure $oafl reinforced concrete slabs
without shear reinforcement and without in-plangtnagnt. A parabolic Mohr failure
criterion is adopted for the concrete to ensurétti@important variation in angle of
friction of the concrete with stress state is reprged, with the material assumed to
be rigid-perfectly plastic. The problem is treatedthree-dimensional axisymmetric.
It is found that the predictions correlate welltwé range of experimental data for
low, normal, and high strength concretes, and fwh lsmall-scale and large-scale
slabs. A theoretical solution for the punching she@ength of concrete slabs is
presented by Bortolotti (1990). By applying thedheof plasticity, the form of the
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failure surface generatrix visualizes processesti@in softening by tension and
compression in concrete. A comparison with the grpental results in literature
shows that the theoretical equations are validag &s the slabs are rigid enough to

prevent displacements of the border of the slab.

If border displacements and rotations are allovibd, theoretical values disagree

with the experiment.

2.4.5 Equivalent Frame Method

Equivalent frame method was derived with the assiomghat the analysis would
be done using the moment distribution method. énafuivalent frame method the
structure is divided for analysis, into continudwgnes centered on the column lines
and extending both longitudinally and transversMwrray et al. (2003) proposes a
modification to the ACI 318-02 equivalent frame he of analysis of reinforced
concrete flat plate for exterior panels. Two ergtcode methods were examined
viz, ACI 318-02 and BS 8110. The derivation of thesional stiffness of the edge
strip as proposed by ACI 318-02 is reviewed andoaenaccurate estimate of this
value is proposed based on both theoretical asagysil experimental results. The
proposed method leads to a more accurate predicfithe moments in the plate at
the column front face, at the panel midspan, anthé edge column. Robertson
(1997) applied the effective width and equivalenainfe analysis methods to a flat
plate test specimen. The theoretical moment digioh and lateral drift show poor
agreement with the test specimen results. A matlifieo-beam analytical model is
proposed. The modified model is able to reproducth bthe slab moment

distribution and lateral drift observed in the teis&cimen.

2.4.6 Miscellaneous Studies

Aghayere and MacGregor (1990a) developed a methathalysis for determining
the load-deflection response of concrete plateplgisupported on four edges and
subjected to combined action of axial or eccentigplane loads and transverse

loads based on the assumed deflection methodelagbumed deflection method, a
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deflection function is assumed for the beam-colummughout the entire load
range. A method of analysis is developed basederassumed deflection method.
In this way calculation of the strength of a plagereduced to a one-degree of
freedom problem. Material nonlinearities are taketo account using moment
curvature relationships, which include tensionfstiing effects. The results from
the analysis are compared to test results fromxaeranental program carried out
by the authors. Good agreement was obtained f@aregimply supported plates and
rectangular plates with an aspect ratio of 1.5.

Loo and Falamaki (1992) presented an analyticatquore for evaluating the
punching shear strength of the corner and edgeeations of reinforced concrete
flat plates with spandrel beams. A comparative ystisdcarried out based on the
authors own mode test data and those publishedhgyso The results indicate that
the proposed analytical procedure is accurate elmble. Regan and Jorabi (1988)
have shown that analysis using current code pmvisand making separate
calculations of full width shear strength and pungtshear are inappropriate. It is
proposed that design checks should be based omabstiear stresses obtained as
the sum of stresses arising from two componentsaaf bearing action. The first is
a symmetrical spreading of concentrated load aaedsétond is the spanning of the

slab carrying the spread load between supports.

2.5 Finite Element Method

In this method, the slab is divided into a numbiesub-regions or finite elements,
which are generally triangular, rectangular or qilatkral in shape. They are
considered interconnected only at discrete pog#ked nodes, at the corners of the

individual elements.

The main problem in the application of the finilereent method to linear elastic
slab systems is to obtain a suitable force-dispiecd relationship between the
nodal forces and the corresponding displacementseamhodal degrees of freedom.

A further complication, in applying the method teinforced concrete, is the
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derivation of a suitable set of constitutive relag to model the slab behaviour

under various loading conditions.

Modeling transverse shear by finite elements iswag of predicting behaviour. In

order to mode transverse shear, proper finite elefoemulations must be used. For
plate and shell structures this usually means usithgr three-dimensional elements
or two-dimensional elements to model parts which ba approximated by such
models. Three-dimensional elements are powerful amedan excellent choice for

modeling details of the structure, but are ineéiitifor global analysis.

Gonzalez-Vidosa et al. (1988) used existing expemta data for reinforced
concrete slabs failing in punching to validate almear finite element programme
for concrete. The programme combines a generalggerginear finite element
analysis system called FINEL with a nonlinear itiwe procedure based on the
modified Newton-Raphson method and the residuaeforoncept. The iterative
procedure incorporates constitutive laws descrithivg strength and deformational
properties of concrete and steel, as well as @ifer the onset and propagation of
the cracking process, which is treated following #meared-crack approach. The
constitutive model is implemented by following aarsard stiffness approach.
Reinforcing is implemented in the finite elementdady smearing it in isotropic
layers. The concrete-steel interaction is govelmethe assumption of perfect bond.
Isoparametric elements are used to model both et;and steel. Theoretical
predictions showed good agreement with actual alémloads, regimes of
behaviour, crack patterns, and experimentally abéel load-deflection curves.

Loo and Guan (1997) presented a nonlinear-layaret felement method capable
of analyzing cracking and punching shear failurgedfiforced concrete flat plates
with spandrel beams or torsion strips. Incorpomaten layered approach with
transverse shear capabilities, the procedure tmitesaccount the full interaction
between cracking and failure analysis. The studpésised on the implementation
of a non linear finite element procedure for detamg both the deflection and the
punching shear strength, at corner and edge-coluaammections of reinforced

concrete flat plates with or without spandrel bea@scked concrete is treated as
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an orthotropic material using a smeared crack ambro Tension stiffening is
included to represent the behaviour of cracked macin tension. A strain
hardening plasticity approach is employed to mdtel compressive behaviour of
concrete. An eight-node degenerated shell elemetiit biquadratic serendipity
shape functions is adopted in conjunction with ldngered approach. The model
makes use of the transverse shear deformationsciatsb with the Mindlin

hypothesis. A postprocessor has been developedetsem in graphical form, the
crack patterns, finite element mesh and configonati as well as the deformed
shape of the slab. This significantly enhancespiiesentation of the cracking and
failure processes of reinforced concrete flat gla#e comparative study is carried
out in an effort to verify the accuracy and relispiof the proposed analytical

procedure. Good correlation with the experimerdalits is observed.

Harmon and Zhangyuan (1989) analyzed transversar $adures of reinforced

concrete pates and shells using layered shell eletihat has been modified to mode
shear behaviour more accurately. Three-dimensifeildre criteria are used to
predict transverse shear failure. The analyticadulte are compared with
experimental results for beams, plates and sheligested to concentrated forces.
Good agreement between analysis and experimeriitésned for plates with and

without shear reinforcement and for shells with@innforcement.

Polak (1998) examined the applicability of the tenielement, layered, shell
formation in the global analysis of reinforced cate slabs when subjected to high
concentrated transverse loads. A detailed finiggneht formulations based on the
layered, degenerate shell elements is adaptedhwdda be used for the global
analysis of pate-type structures and which accolantghe transverse shear effects.
The layered approach, through the rigorous treatroérihe states of strain and
stress can mode complex behaviour of both thin thick plates. The nonlinear
solution algorithm is based on an iterative, folkdl, secant stiffness formulation.
The convergence criteria used are based on chamgefeformations where
displacements and rotations are examined separdiedyformulation accounts for

nonlinearities due to constitutive behaviour andnging structural geometry. The

‘ \ This PDF was created using the PDF CONVERTER Elite software

’_, To remove this watermark, please license this product at www . pdfconverter.com



18

results of finite element effective stiffness amsaly are compared to both
experimental results and the results in the layaredyses. Polak commends that the
layered approach is a detailed, versatile and cehgmsive approach to model
nonlinear behaviour of members subjected to bendkmgl the effective stiffness
approach is simpler and less time consuming. Racay slab systems, the effective
stiffness formulations can provide results withuaecy comparable to the accuracy
of the layered approach. Polak also checked thesitséty of the proposed
formulation when applied to the analysis of slalith different reinforcement ratios,

boundary conditions, and reinforcement orientations

A model for predicting punching shear failuresraerior slab-column connections
was developed by Hueste and Wight (1999) basedkperienental results obtained
at various universities. This model has been inm@jed into a new RC slab
element for the nonlinear analysis program, DRADM along with the desired
unloading behaviour when a punch occurs. The RG slament was tested by
modeling a four story RC frame building that expaded punching shear damage
during the Northridge Earthquake. The observed pungc shear failures were

successfully post calculated using the RC slab eheém

2.6 Slab-Column Connection under Seismic Actions

When exposed to seismic loads, the performancdabfcdlumn frames has often
been less than satisfactory. Brittle punching fasuof flat slabs have been observed
during several earthquakes as documented by AI$S$4(land Mitchell and co-
workers (1990 and 1995). This has prompted thegdesommunity to establish
rather restrictive rules for flat-slab systems amtlequake prone regions. It has also
inspired researchers to start extensive experirhatek, and to develop new ways
to make the connections stronger and more ductileonder to allow more

widespread use of flat slab systems in seismiczone

In the mid-seventies, Hawkins, Mitchell and Hanh@75) were the first to research

the effects of lateral loads. Shortly thereafteéheo researchers began to actively
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expose a wide range of connections to seismic siosnaost of the test specimens
contained shear reinforcement as the early stughiewed that shear reinforcement
not only increases the shear strength but sigmfizamproves the ductility of the
connection. To date most experimental work on seisesponse of slab-column
connections has been conducted on isolated intgpiecimens and Tests on isolated
slab-column connections subjected to reversed«yolading. One of the main
objectives of these Research programs has beedettify key parameters and
formulate relationships to predict the capacitystdb-column connections under
seismic load demands. ASCE-ACI Committee 426 (19d@ditified the following
key parameters as being most relevant to the peaioce of the slab-column
connections:

1. Concrete strength.
Ratio of the column size to the effective depthhef slab.
Size effects.
Flexural reinforcement ratio.
Effect of in-plane (membrane) forces.
Shape of the column.
Rate of loading.

Shear reinforcement.

© © N o g bk~ DN

Nature of the loading (i.e., reversed-cyclic verstatic).

The experimental programs described a variety fiéréint test configurations. In

most cases isolated interior slab-column connestiaere tested which were
intended to represent the negative moment regioslaid in the vicinity of the

column.

The test specimens were typically square or recaiangn plan, supported along
their edges, either on all four sides, or on twpasite sides. Concentric gravity load
was then applied through a column cast monolithyicadth the slab specimen.
Cyclic unbalanced moments were most commonly sitedldy applying lateral

forces to the ends of the columns protruding fratiee face of the slab. This could
be done under load control, in which case the dhteads applied to the columns
ends were equal and opposite to each other, orspladement control, in which

case the displacement of the ends of the columne wgqual in magnitude. In
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general, displacement control is favoured asmase representative of the nature of
seismic loading. It is also able to capture thecdeding branch of the moment

displacement envelope.

Hawkins, Mitchell, and Hanna (1975) were the fissapply displacement controlled
reversed-cyclic unbalanced moments. The primary uasables used in their test
series included:

1. Positive and negative reinforcement ratios.

2. Concentration of flexural reinforcement in the wity of the column.

3.  Amount and configuration of stirrup-type shear f@icement.

Ghali, Elmasri and Dilger (1976) tested six fulkke isolated specimens, without
shear reinforcement, subjected to a constant grnad and either static or dynamic
lateral loads. Pan and Moehle (1989) presentediiaweof previous tests on slab
column connections under reversed-cyclic loadingpreed in the literature of the

day, including four specimens of their own. Cao9@Pand Dilger and Cao (1994)
reported on a series of seven isolated interids-stdumn connections subjected to
reversed-cyclic loading. Brown and Dilger (1994dabilger and Brown (1995)

reported on the results of a series of test on mtexior slab-column connections.
Megally and Ghali (1998) and (2000a) conducted mbrar of reversed-cyclic tests
on both interior and edge isolated slab-column eotians. Schreiber and

Alexander (2001) tested two full-scale isolated bstalumn connections to

investigate the effect of adding corrugated stdale$ on the response of slab-
column connections exposed to reversed-cyclicdateading. Using the same size
specimens and testing apparatus as Schreiber amdmder, Ali and Alexander

(2002) tested two connections to investigate thecefof partially debonding the

flexural slab reinforcement in the vicinity of tkennection. Robertson et al (2002)
re-examined the tests of Megally and Ghali (20@0ang with the results of tests on
four isolated interior specimens of their own. Mégand Ghali (2000b) assumed
effective slab stiffness should be taken from tighér end of the expected range
(i.e., one half of the gross uncracked stiffneBgchka (2001), Brown (2003) and

Brown and Dilger (2004) suggested on yield-lineottyeand eliminates the need to
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accurately assess the effective slab stiffnesdapllacements of the primary lateral

load resisting system.

2.7 Punching Shear Prediction Equations

All design codes give provisions for checking punghshear capacity. These are
empirical relations based on experimental and aicalyresults. In general, the
punching shear clauses are extensions of the béwar provisions of codes.
Besides, several researchers have put forward pinediction equations based on
respective experimental and / or analytical res@itsne of these equations and code

provisions are summarized in the following subseti

2.7.1 Regan's equation

Regan (1981) developed an equation to calculatehing shear capacity. Regan's
shear perimeter for rectangular columns was a redimdctangle located 1.25d out
from the column; for circular columns, it was thecalar perimeter located 1.25d

out from the column:

1
Vu = KoKscKs(p X f C)3 X d(¥. +7.85d) (2.1)

Where,
,,= ultimate shear force
K,=0.13 for normal density concrete
K,.=1.15x[4wx column area/(column perimetdtj%;
K,=size effect term (306)** (in SI units)
p= steel ratiQ
f' = concrete strength
d= effective depth of slab in mmand

¥ .= perimeter of the column.
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2.7.2 Bazant and Cao’s equation

Bazant and Cao (1987) were primarily concerned wifle effects, but they did

propose a formula for punching shear
vy = C(1+——)? (2.2)
0 “a

in which

constantC = kyf', (1 + k; g) (2.3)

Where,
v,, = nominal shear stress at failtre
f', = direct tensile strength of concrgte
d,=maximum aggregate size
Ao = empirical parameter, 28.5
ki, ko= empirical constantsk{=0.155,k,=0.35)
b= diameter of puncnd

d=slab thickness.

2.7.3 Gardner’s equation

Gardner recommended that the cube root relatiorestipshear perimeter approach
of BS Code be adopted. Hence, it is recommendddatpanching shear expression

of the following form be adopted
ve = 27.32[(p x f' )13 x [(15.75/d)]** (in U.S.units) (2.4)

Where,
v. = shear strength in psi
d = effective slab depth in inch

p = steel ratipand
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f. = cylinder strength in psi.
ve = 0.99[(pxf' )]/? x [(400/d)]/* (in S.I. units) (2.5)

Where,
v. = shear strength in MPa
d = effective slab depth in mm
p = steel ratipand
f. = cylinder strength in MPa.
The shear perimeter should be rectangular at amdist1.5 times the effective slab

depth outside the column.

2.7.4 Code provision equations

For the design of flat plates, flat slabs and celdootings punching shear strength
of concrete in the vicinity of columns, concentdateads or reaction is one of the
design criterion which governs the design. Thus, dhtical shear section for this
type of shear should be located so as the perimétaitical section is a minimum,
but need not approach closer than a certain distdram edge or corners of
columns, concentrated load or reaction areas. RifteCode provisions provide the
location of this critical section differently. Béar all the Codes, when this is done,
the shear strength is taken almost independeriteo€dlumn size, slab depth, span-

to-depth ratio and edge restraint.

2.7.4.1 ACI 318, 2008 code provisions

According to ACI 318 (2008) code, the critical seatfor shear in slabs subjected to

bending in two directions follow the perimet@r,) located at a distana#2 from

the periphery of the concentrated load. It furthesumes that the shear capacity of
the concrete is proportional to the square rodhefconcrete strength. According to

this Code, for non-prestressed slabs and footiogyimal punching shear strength
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provided by concretel in pounds or Newton) shall be smallest of théofwing

three equations;

In F.P.S. Unit:
Ve = (2 +4/B)\JF bod (2.6)
Ve = (2 + a5d/bo)\[T.bod (2.7)
Ve = 4,[f bod (2.8)
In S.I. Unit:
Ve = (1+2/B)\[f bod/6 (2.9)
Ve = (14 0.5a5d/b) [ .bod/6 (2.10)
V. = 0.33,/f" .bod (2.11)
Here,

B.= ratio of long side to short side of concentrdtedi or reaction area;

f.= uniaxial cylinder (compressive) strength of caterin MPa or psi;
b, = perimeter of critical section of slab or footiaga distance af/2 away

from the column faces in imhmm;
d = effective depth (Distance from extreme compms§iber to the
centroid of longitudinal temsireinforcement) in inch or mm; and

as= 40 for interior column, 30 for edge column, 20 ¢orner column.

2.7.4.2 British (BS 8110, 1985) code provisions

The punching shear requirements of the currenisBritandard BS 8110: (1985)
are very similar to those proposed by Regan. Adangrtb BS 8110: (1985) Code
the critical shear perimeter is taken as a rectalyglated at a distance of d.som

the edge of column regardless of whether the coduama rectangular or circular in

section and punching shear strength of concregéven by the following equation;

V, =0.79 /100p {/f./25 3/400/d{4(c + 3d}d (2.12)
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Where,
p < 3.0 percent, 400/& 1.0 andf,, <40 (MPa);
V,= punching shear strength in Newton (N);
p = Reinforcement ratio in percentage;
f-u. = uniaxial cube (compressive) strength of conciretdPa;
¢ = width of column or side lengthioaded area in mm; and

d = effective depth in mm.

2.7.4.3 Canadian (CAN3-A23.3-M84, 1984) code prowsis

According to CAN3-A23.3-M84 (1984) Code, the pumzhishear strength is
evaluated at the critical section which assumebetdéocated at a distance d/2 from
the periphery of the concentrated load. The pumghhrear strength provided by the

concrete is given by the following equation;
V, = 0.4,/f'. bpd (In S.I. unit) (2.13)

Where,
V, = Punching shear strength provided by concreteewthin (N);
f. = Uniaxial cylinder (compressive) strength of cagte in MPa;
b, = Perimeter of critical section of slab or footingmm; and

d = Effective depth in mm.

2.7.4.4 European (CEB-FIP, 1978) code provisian

According to CEB-FIP (1978) Code, the critical s&etfor punching shear follows
the perimeterly,) located at a distance d/2 from the peripheryhef ¢concentrated
load. The punching shear strength provided by tmerete is given by the following
equation;

%4

=V _bod (2.14)
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Where,
V, = Punching shear strength provided by concreteewthin (N);
b,= Perimeter of critical section of slab or footimgmm;
d = Effective depth in mm;
v.= Concrete Shear strength in MPa given by:
ve = 1.61.4k(1 + p/2)
Here,
Tra = 0.075(f)%/3;
f. = Ultimate cylinder strength of concrete in MPa;
k = (1.6 — d/1000) > 1.0; and

p < 0.8 percent.

2.7.4.5 Bangladesh (BNBC, 2006) code provisi®on

According to this Code, for non-prestressed slalasfaoting, the critical section for
shear in slabs subjected to bending in two direstitollow the perimeterb()
located at a distana#/2 from the periphery of the concentrated load. gkding to
this Code, for non-prestressed slabs and footiogyimal punching shear strength

provided by concreteV(, in Newton) shall be smallest of the following tare

equations
Ve = (0.17(1 + 2/B)/F bod) (2.15)
Ve = (0.17(1 + asd/bo) [T .bod) (2.16)
Ve = 0.33,/f" bod (2.17)
Here,

B.= ratio of long side to short side of concentrdtedi or reaction area;
f.= uniaxial cylinder (compressive) strength of ceterin MPa;
b, = perimeter of critical section of slab or footiaga distance al/2 out
from the column faces in mm;

d = effective depth in mm; and
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as= 20 for interior column, 15 for edge column, 10 ¢orner column.

2.8 Remark

Punching shear failure mechanism of flat platecstme has been discussed in this
chapter. Some existing literatures on slab-colummection of flat plate structure
based on experimental investigation, analytical hoé$, numerical models and
various codes of practice are also thoroughly re&de Provisions of punching shear
strength of different codes has been discussdthsibeen found that BNBC (2006)

adopted ACI Code with minor modification.
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Chapter 3

FINITE ELEMENT MODELING
3.1 General

With the advent of sophisticated numerical toolsdpalysis like the finite element
method (FEM), it has become possible to model tbenptex behaviour of
reinforced concrete plates. The actual work regarthe finite element modeling of
reinforced concrete plate has been described m ¢hapter. Representation of
various physical model with the finite elementspperties assignment to them,
representation of various physical phenomenontetee been discussed in relation
to the package software used in this study.

3.2 Finite Element Packages

A number of good finite element analysis computackages are available in the
field of civil engineering. They vary in degree abmplexity, usability and

versatility. Some of such packages are:

* ABAQUS + ADINA * ANSYS «DIANA « EMSKI
* MARC * Micro Feap « SAP 90 + STAAD STRAND

A few of these programs are intended for a spdyg@ of structure. For example
Micro Feap P1 is developed for the analysis of @ltames and truss while Micro
Feap P2 is for the analysis of slab and grid sys@hthese, the package ABAQUS
has been used in this study for its relative edsase, detailed documentation,

flexibility and vastness of its capabilities.
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3.3 An Overview of ABAQUS

Abaqus is a suite of powerful engineering simulawograms, based on the finite
element method, which can solve problems rangiogfrelatively simple linear

analyses to the most challenging nonlinear simuiati Abaqus contains an
extensive library of elements that can model vifuany geometry. It has an

equally extensive list of material models that cimulate the behaviour of most
typical engineering materials including metals, beiy polymers, composites,
reinforced concrete, crushable and resilient fosans, geotechnical materials such
as soils and rock. Designed as a general-purposelaion tool, Abaqus can be
used to study more than just structural (strega@tiement) problems. It can
simulate problems in such diverse areas as headféra mass diffusion, thermal
management of electrical components (coupled theeteatrical analyses),

acoustics, soil mechanics (coupled pore fluid-straralyses), and piezoelectric

analysis.

Abaqus offers a wide range of capabilities for datian of linear and nonlinear
applications. Problems with multiple components medeled by associating the
geometry defining each component with the appréprimaterial models and
specifying component interactions. In a nonlinenalgsis Abaqus automatically
chooses appropriate load increments and convergeteeances and continually
adjusts them during the analysis to ensure thad@murate solution is obtained
efficiently.

Abaqus consists of two main analysis products—AbiSfandard and
Abaqus/Explicit. Abaqus/CAE is the complete Abaguwironment that includes
capabilities for creating Abaqus models, interadtivsubmitting and monitoring
Abaqus jobs, and evaluating results. Abaqus/Viewersubset of Abaqus/CAE that

includes just the postprocessing functionality.
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Abaqus/Standard:

Abaqus/Standard is a general-purpose analysis prddat can solve a wide range
of linear and nonlinear problems involving the istatdynamic, thermal, and
electrical response of components. Abaqus/Stanslalnges a system of equations

implicitly at each solution “increment.”

Abaqus/Explicit:

Abaqus/Explicit is a special-purpose analysis pobdiat uses an explicit dynamic
finite element formulation. It is suitable for mddeg brief, transient dynamic
events, such as impact and blast problems, andsds \ery efficient for highly

nonlinear problems involving changing contact ctinds, such as forming
simulations. Abaqus/Explicit marches a solutiowfard through time in small time
increments without solving a coupled system of &équna at each increment (or

even forming a global stiffness matrix).

Abaqus/CAE:

Abaqus/CAE (Complete Abaqus Environment) is an radgve, graphical
environment for Abaqus. It allows models to be tdaquickly and easily by
producing or importing the geometry of the struetuto be analyzed and
decomposing the geometry into meshable regionssi®yand material properties
can be assigned to the geometry, together withslaatl boundary conditions.
Abaqus/CAE contains very powerful options to mdshdeometry and to verify the
resulting analysis model. Once the model is comeplébaqus/CAE can submit,
monitor, and control the analysis jobs. The Viszatlon module can then be used to

interpret the results.

Abaqus/Viewer:
Abaqus/Viewer is a subset of Abaqus/CAE that caostainly the postprocessing

capabilities of the Visualization module.
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3.4 Modeling of Reinforced Concrete Plate

Reinforced concrete plate, speaking in very commsemse, is a mass of hardened
concrete with steel reinforcement embedded withifhis arrangement when in use
acts as a single material with the steel providadgquate tensile capacity to
concrete, which has high compression capacity. Wewehe interaction between
the concrete mass and the steel reinforcementtigang simple, when subjected to
various loading conditions. Complicated physicaémpbmenon such as bond slip,
anchorage failure etc comes into play at differemndition. Hence the whole of
reinforced concrete may not be treated as a singterial during FEM analysis and

may not be modeled as a unique composite material.

In nonlinear modelling of reinforced concrete arprapriate material model is
usually the most critical factor for successful amdcurate analysis. Many
constitutive models based on plasticity and noalinglasticity has been proposed.
The modelling of reinforced concrete, as outlinedthis thesis, used separate
materials and elements for the concrete and steieforcement. Concrete is
modeled by three-dimensional eight node solid eteéme/hile the reinforcing steel
is modeled by two node truss elements. The sepaestgment in the element level
ensures better approximtion of the actual conditidre inherent assumption is that
there is full displacement compatibility betweee tinforcement and the concrete
and that no bond slippage occurs and perfect betwlden mterials is assumed. The
nonlinear behaviour of reinforced concrete (RQ)curral systems is very complex.
Thus, in order to more accurately simulate themrelis a need for the development
of efficient sophisticated elements that can beoriporated in a nonlinear finite
element framework. The nonliner effect due to tteeking and crushing of concrete
and the yielding of steel reinforcement has beetuded. The concrete crcking is
modeled by damage plasticity model, in the senag ithwould provide concrete
tension and compression damage. An incrementakfglement technique is used
which simulates the nonlinear load-deflction bebai®f reinforced concrete

structure.
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3.4.1 Element types adopted

In generalglement types are used for the simulation of thecpung failurethree.
» symmetricRotationa(2-D) continuum element.
» Spatia(3-D) continuum elements.

> Shell elements.

The advantage @fD elements is that rotational symmetric problean be
small number of elements and therefore a minimummarical simulated with a
effort. However slabs with orthogonal reinforcematich are generally found in
practical applications as well as punching with reairtransfer or punching at edge

delled usingnd corner columns can not be 2vd elements.

In contrast, 3-D elements offer high flexibility dmccuracy in the modelling of
reinforced concrete structures and generally ledadd most realistics results. On the
other hand, usirgsD elements the pre and post processing ¢fEhmesh becomes
more difficult, and the numerical effort is higghis more expensive in terms of
analysis timeAs a result , the application 3D elements is up to now limited to

smaller structures.

on of punching to allow for th8hell elements were applied for the simulati
application of the FEM to large structures becanfshe relatively small number of
degrees of freedom per node with these elemeniselder, shell elements require a
of the elements andransformation of the strains perpendicular to tiane

therefore, lead to less accurate results compaetmtinuum analysis.

In this study, SpatiéB-D) continuum elements has been used for reptiegethe
concrete element to get more realistic resultsclvig an eight- node solid element
and defined by isotropic material properties. Tokdselement has eight nodes with
three degrees of freedom at each node viz traasldti the node x, y and z
directions. The element is capable of plastic defdion, cracking in three

orthogonal directions and crushing. The most imgraraspect of this element is the
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treatment of nonlinear material properties. In ABA® 6.7 (2007), there are
different types of mesh available i.e., free, dued, sweep etc. Free and sweep
mesh is irregular triangular and hexahedron in shapd it has no restrictions in
terms of specified pattern. Compared to a freesavekep mesh a structured mesh is
regular hexahedron shape and also have a regtritiidorm a specified pattern.
Therefore, the geometry of the model should belyfaiegular for volume or
structured mesh. So, structured mesh has beertegtlecmesh of all slabs in this
present study, as this type of mesh is most seitfavlsolid continuum element. The
geometry, node locations and the coordinate sy$terthis element are shown in
Fig. 3.1.

Figure 3.1Eight-node solid element

The steel for the finite element models is assum&dn elastic-perfectly plastic
material and identical in tension and compressidre internal reinforceement is
modeled using three dimentional truss element. Tiwdes are required for this
element. The element is also capable of plastiordedtion. The geometry and node
locations for this element type are shown in Fig. 3

\%

Figure 3.2Two-node truss element

\ This PDF was created using the PDF CONVERTER Elite software

& Toremove this watermark, please license this product at www.pdfconverter.com



34

The embedded element technique is used to spdwfyan element or group of
elements is embedded in “host” elements. The endzbdtément technique can be
used to model rebar reinforcement. Abaqus searfcingdbe geometric relationships
between nodes of the embedded elements and thecleosénts. If a node of an
embedded element lies within a host element, #restational degrees of freedom at
the node are eliminated and the node becomes arbetihed node”. The
translational degrees of freedom of the embeddede rere constrained to the
interpolated values of the corresponding degreefeefdom of the host element.
However, the host element can have only translatidegrees of freedom and the
number of translational degrees of freedom at a&rwdthe embeded element must
be identical to the number of translational degafefseedom at a node on the host

element.

3.4.2 Material properties

An understanding of the materials characteristinod @ehaviour under load is
fundamental to understanding the performance ofcstral concrete. Performance
of a structure under load depends to a large demrélee stress-strain relationship of
the material from which it is made, under the tgpestress to which the material is
subjected in the structure. In ABAQUS, dependingtbea application, material

properties may be:

» Linear or nonlinear
> lIsotropic, orthotropic, or anisotropic

> Constant temperature or temperature-dependent.

Reinforced concrete structures are made up of twademals with different
characteristics, namely, concrete and steel. $telbe considered a homogeneous
material and its material properties are genenatyl defined. Concrete is, on the
other hand, a heterogeneous material made up aérdemortar and aggregates. Its

mechanical properties scatter more widely and cabeodefined easily. For the
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convenience of analysis and design, however, ctncie often considered a

homogeneous material in the macroscopic sense.

The nonlinear response is caused by two majortsffeamely, cracking of concrete
in tension or crushing of concrete in compressiaa delding of the reinforcement.
Nonlinearities also arise from the interaction bk tconstituents of reinforced
concrete, such as bond-slip between reinforcingl st@d surrounding concrete,
aggregate interlock at a crack and dowel actiothefreinforcing steel crossing a
crack. The time-dependent effects of creep, shgalkend temperature variation also
contribute to the nonlinear behaviour. Furthermdtes stress-strain relation of
concrete is not only nonlinear, but is differentension than in compression and the
mechanical properties are dependent on concrete agdoading and on
environmental conditions, such as ambient tempe¥adnd humidity. The material

properties of concrete and steel are also stragneependent to a different extent.

Because of these differences in short- and long-teehaviour of the constituent
materials, a general purpose model of the shor lang-term response of RC
members and structures should be based on sepaatggal models for reinforcing
steel and concrete, which are then combined alatly mwodels of the interaction
between the two constituents to describe the bebawf the composite reinforced
concrete material. This is the approach adoptehisnstudy. The assumptions made
in the description of material behaviour are sunipearbelow:

» The stiffness of concrete and reinforcing stedbisulated separately. The
results are then superimposed to obtain the elestiffiness;

» The damage plasticity model is adopted in the detsan of the behaviour of
concrete;

» Cracking in more than one direction is represebied system of orthogonal
cracks;

» The crack direction changes with load history;

» The reinforcing steel is assumed to carry stressgalts axis only and the

effect of dowel action of reinforcement is neglecte
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To determine the element stiffness and resistimgefothe material model must
provide stresses and material moduli. This secfoesents the concrete and
reinforcing steel material models that are seleateithis study. Material properties

for the constituent model are described in theofaithg subsection.

3.4.2.1 Concrete

Development of a material model for the behaviodr concrete is not a
straightforward task. Concrete is a quasi-brittitenial and has different behaviour
in compression and tension. The tensile strengttooé€rete is typically 8 to 15% of
the compressive strength [Shah, et al. (1995)]. @heivalent uniaxial model is
selected for concrete. This model uses the conoépthe Poisson’s effect to
determine the equivalent strain in a given directibhe increase in strain in one
direction increases the equivalent strain in armodirection. To adopt the equivalent
uniaxial model, the uniaxial stress-strain relagidp for concrete is required. The

relation used in the present analysis is showngn3:3.

4 /" Peak Compressive stress
’
Ocy |----------------- T o= S
// !
’ 1
/ 1
’ 1
I’/ :
I, '
g Softening —¥
)
y |
1
1
|
i 1
Compression |
1
1
i Strain at maximum stress
Ecr :/
1
i €c1 €cu
1 . .
Tension ! Owy =Maximum tensile strength (
"V 4o concrete

Figure 3.3 Typical uniaxial compressive and tensile stressistcurves for
concrete [Bangash (1989)]
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In compression, the stress-strain curve for condeetinearly elastic up to about 40
percent of the maximum compressive strength. Altbigepoint, the stress increases
nonlinearly up to the maximum compressive strendbyond the maximum
compressive strength,, the curve descends into a softening region, andtaady
crushing failure occurs at an ultimate strairzQf In tension, the stress-strain curve
for concrete is approximately linearly elastic wpthe maximum tensile strength.
After this point, the concrete cracks and the sfifterdecreases gradually to zero
[Bangash (1989)].

Concrete exhibits a large number of microcrackseeially, at the interface between
coarser aggregates and mortar, even before suthjeri@ny load. The presence of
these microcracks has a great effect on the mesdiamehaviour of concrete, since
their propagation during loading contributes to mtle@linear behaviour at low stress
levels and causes volume expansion near failurenyMd these microcracks are
caused by segregation, shrinkage or thermal expanef the mortar. Some
microcracks may develop during loading becausehef difference in stiffness
between aggregates and mortar. Since the aggregater interface has a
significantly lower tensile strength than mortargcanstitutes the weakest link in the

composite system. This is the primary reason ferdlv tensile strength of concrete.

The response of a structure under load dependsai@e extent on the stress-strain
relation of the constituent materials and the miaglel of stress. Since concrete is
used mostly in compression, the stress-strainioalah compression is of primary

interest. Such a relation can be obtained frorndglr tests with a height to diameter

ratio of 2 or from strain measurements in beams.

For concrete, ABAQUS require input data for malgrraperties as follows:

Elastic modulugE,)
Ultimate uniaxial compressive strendffi,)
Ultimate tensile strength (modulus of ruptur@),)

Poisson’s ratiow).
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The modulus of elasticityE(. in psi units), i.e., the slope of the initial sgfat
portion of the stress-strain curve, is seen toabgel the higher the strength of the
concrete [Nilson (1997)]. For normal sand and stoorcretesE, is computed with

reasonable accuracy from the empirical equationdan the ACI Code:

E. = 57500,/f'. (3.1)
For compressive strengths in the range from 600Q2@00 psi, the ACI Code
equation overestimatds. for both normal weight and lightweight material ag

much as 20 percent [Nilson (1997)]. Numerical expi@en, Equation 3.2 [Nilson
(1997)] is used for normal density concretes withirf the range of 3000 to 12000

psi:
E, = (40000./f'. + 1000000)(%)1-5 (3.2)
Wherew. is the unit weight of the hardened concrete in pcf

Value of ultimate uniaxial compressive strength)(fs obtained from cylinder tests

with a height to diameter ratio of 2.

Modulus of rupture(f ) is calculated by Equation 3.3 & 3.4 (ACI 318-99):

fr = 7.5\f'c (f'c in psiunit) (33
f. = 0.33y/f¢ (f'c in MPa unit) (3.4)

At stresses lower than about 07 fPoisson’s ratio for concrete fall within the lisi
of 0.15 to 0.20 [Nilson (1997)]. In this study Psos’s ratio for concrete is assumed
to be 0.17.
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According to Winkler et al. 2007, the stress-stregfation behaviour of concrete
under uniaxial compressive loading can be dividgd three domains. As shown in
Figure 3.4, the first section represents the Ilwedastic branch, which can be

formulated as a linear-elastic function of the se¢caodulus of elasticit§, :
o. = E..& (3.5)

Where,

o. = stress at any straip

Figure 3.4 shows the typical compressive uniaxia@ss-strain relationship that was
used in this study. The curve starts at zero stadsstrain. Point no. 1, at#0f’. ,

is calculated for the stress-strain relationshipthed concrete in the linear range
(Equation 3.5).

Equation 3.6 describes the ascending branch dfirifexial stress-strain relation for

a compression loading up to the peak loadaf the corresponding strain lewg].

E ..S_c_(S_C)Z
ci f'c el

1+(E ~-€%1—2)-5—°
ct fc ec1

Oc =

“f'. (3.6)

According to this, the modified parametéf; corresponds to the modulus of
elasticity in Equation (3.6)(CEB-FIP, 19981ark, 2006) and can be calculated

from:

Ba=- (L) —tfeys g, B

Beyond peak compressive stress in Fig. 3.4 repteska post-peak branch and is
described by Equation (3.8).
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' 2 -1
o = (Hleleret _y - g+ 1) (3.8)

Z.f,C 2'851
The post-peak behaviour depends on the decentdangt

nz-flc-gcl

v, = : >0 (3.10)
¢ 2[ga-Tea-a-bo+ o]

Basing on the assumption that the constant crustmeagyG,, (Polling, 2000) is a

material property. The best approximation was fousthg a crushing energy of
G,=19.0kN/m. Equation (3.11) considers its dependemtythe geometry of the
tested or simulated specimen (Vonk,198® Mier,1984) to almost eliminate mesh

dependencies of the simulation results:

Gel

ga =32 (3.11)

Here inl, represents the characteristics length of the siedlar tested specimen.

The description of the stress-strain relation fasile loading is divided into two
sections. Up to the maximum concrete tension stiertge linear part is calculated

from:
]; =E.. g (3.12)

The descent branch of the stress-strain relatiomoncrete loaded in uniaxial
tension can be derived from a stress-crack opemeigtion (Equation 3.13)
according to (Hordijk, 1992), basing on the fictits crack model of (Hillerborg,
1983).

otw) _ W\ oo _ W 3y ,—c
f —(1+(01.W)>.e Ao (3.13)

c
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The free parameters could be experimentally detexdhito c;=3 and c,=6.93
(Hordijk, 1992). Damage parameters according tdlifiep 2000) b.=0.7, b,=0.1.
Maximum crack opening according to(Hordijk, 1992)180um.

4 / Peak Compressive stress
/7

Compression

Strain at maximum stress

il

€c1

S
N

—»> -

Tension =Maximum tensile strength @foncrete

Figure 3.4 Concrete stress-strain curve

3.4.2.2 Steel reinforcement

Reinforcement in concrete structures is typicatipyvided by means of rebars, which
are one-dimensional rods that can be defined simglyembedded in oriented
surfaces. Rebars are typically used with metaltiplas models to describe the
behaviour of the rebar material and are superposed mesh of standard element
types used to model the concrete. In this studystbel for the finite element model
is assumed as an elastic-perfectly plastic matema identical in tension and
compression. The properties, i.e., elastic modand yield stress, for the steel
reinforcement used in this study follow the desigaterial properties used for the
experimental investigation. Since the steel recd#arent is modeled as a one-
dimensional element, only a one-dimensional stsésén relation for steel is

required. Figure 3.5 shows the typical uniaxiadss$rstrain relation for reinforcement
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used in the analysis. As can be seen from thisdigtiis linear elastic up to the steel

yield stress }[ The stress is then assumed to be constant vatbasing steel strain.

The stress-strain relation in compression is asdutnebe the same as the one in

tension. Poisson’s ratio of 0.3 was assumed f&l stéénforcement.

Compressio

«—— E
+e

A
v

Tensior

Figure 3.5Idealised stress-strain curvdor steel reinforcement

3.4.3 Failure criteria for concrete

The mechanical behaviour of RC structures is vempmex. It is characterized by
material nonlinearity. The element includes coreedamaged plasticity model based
on the assumption of isotropic damaged elastigitycombination with isotropic
tensile and compressive plasticity to represenirt@kastic behaviour of concrete and
is designed for applications in which the concilistsubjected to arbitrary loading
conditions. Depending on the load intensity, thgrde of nonlinearity may be
significant. The model takes into considerationdbegradation of the elastic stiffness
induced by plastic straining both in tension andhpression. It also accounts for
stiffness recovery effects.

The model is a continuum, plasticity-based, danrageel for concrete. It assumes

that the main two failure mechanisms are tensieldng and compressive crushing
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of the concrete material. The evolution of the ¢i@r failure) surface is controlled
by two hardening variables of tensile and compwessiquivalent plastic strains,
which linked to failure mechanisms under tensiord asompression loading,
respectively. The model assumes that the uniagradile and compressive response
of concrete is characterized by damaged plasticibder uniaxial tension the stress-
strain response follows a linear elastic relatigmsimtil the value of the failure stress
is reached. The failure stress corresponds to tisetoof micro-cracking in the
concrete material. Beyond the failure stress them#&tion of micro-cracks is
represented macroscopically with a softening sts&ssn response, which induces
strain localization in the concrete structure. Una@axial compression the response
is linear until the value of initial yield. In tha@astic regime the response is typically
characterized by stress hardening followed by rstsaiftening beyond the ultimate
stress. This representation, although somewhatliigap captures the main features
of the response of concrete. The model assumedhinainiaxial stress-strain curves
can be converted into stress versus plastic-strtawves. When the concrete specimen
is unloaded from any point on the strain softerbranch of the stress-strain curves,
the unloading response is weakened: the eladficests of the material appears to be
damaged (or degraded). The degradation of theielstdtness is characterized by
two damage variables (Concrete tension and compredamage variables), which
are assumed to be functions of the plastic straihe. damage variables can take
values from zero, representing the undamaged rahterione, which represents total
loss of strength. In this model the damage varsable treated as non-decreasing
material point quantities. Another term “Stiffne@sgsovery” is an important aspect of
the mechanical response of concrete. The experahebservation in most quasi-
brittle materials, including concrete, is that t@mpressive stiffness is recovered
upon crack closure as the load changes from tensi@ompression. On the other
hand, the tensile stiffness is not recovered adothe changes from compression to

tension once crushing micro-cracks have developed.

The model is capable of predicting failure for cate materials. The two input
strength parameters i.e., ultimate uniaxial tenaiel compressive strengths are

required to define a failure surface for concr&ensequently, a criterion for failure
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of concrete due to a multiaxial stress state canabeulated [William and Warnke

(1975)]. In multiaxial stress states these obsmmatare generalized through the

concept of surfaces of failure and flow in stresace. These surfaces are fitted to

experimental data. The failure surfaces of conataeto biaxial stress state [Kupfer

(1973)] used as shown in Fig. 3.6.

“crack detection” surface uniaxial tension

AN

uniaxial compression

“compression” surface s

biaxial compression

Figure 3.6 Yield and failure surfaces in plane stress

biaxial
tension

Failure surface can specify failure ratios to defthe shape of the failure surface.

Four failure ratios can be specified:
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» The ratio of the ultimate biaxial compressive dr&s the ultimate uniaxial
compressive stress.

» The absolute value of the ratio of the uniaxiaktlenstress at failure to the
ultimate uniaxial compressive stress.

» The ratio of the magnitude of a principal componehtplastic strain at
ultimate stress in biaxial compression to the piagttain at ultimate stress in
uniaxial compression.

» The ratio of the tensile principal stress at cragkin plane stress, when the
other principal stress is at the ultimate compressialue, to the tensile

cracking stress under uniaxial tension.

3.5 Damage Plasticity Theories

Most materials of engineering interest initiall\spend elastically. Elastic behaviour
means that the deformation is fully recoverableemwtihe load is removed, the
specimen returns to its original shape. If the lexdeeds some limit (the “yield
load”), the deformation is no longer fully recovielea Some part of the deformation
will remain when the load is removed. Plasticityedhies model the material’s
mechanical response as it undergoes such non-mateedeformation in a ductile
fashion. The theories have been developed mostsiviely for metals, but they are
also applied to soils, concrete, rock, ice, crushfdmm, and so on. These materials

behave in very different ways.

Most materials that exhibit ductile behaviour (Rigelastic strains) yield at stress
levels that are orders of magnitude less than tastie modulus of the material,
which implies that the relevant stress and stragasuares are “true” stress (Cauchy
stress) and logarithmic strain. Material data fboathese models should, therefore,
be given in these measures.

If there have nominal stress-strain data for aualatest and the material is
isotropic, a simple conversion to true stress agdrithmic plastic strain is

Otrue = Onom(l+¢€ (3.14)

nom)
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€true = In (1 + Snom) (3-15)

Where,
Oirue = IfUE Stress
6nom = Nominal stress
€rue = TTU€ strain

€nom = NOminal strain

The classical metal plasticity model in Abaqus wedi the post-yield behaviour for
most metals. Abaqus approximates the smooth sétesis- behaviour of the material
with a series of straight lines joining the giveatal points. Any number of points
can be used to approximate the actual materialMi@ima therefore, it is possible to
use a very close approximation of the actual matdrehaviour. The plastic data
define the true yield stress of the material asraction of true plastic strain. The
first piece of data given defines the initial yietgless of the material and, therefore,

should have a plastic strain value of zero.

The strains provided in material test data usetktme the plastic behaviour are not
likely to be the plastic strains in the materiaktead, they will probably be the total
strains in the material. It must decompose thetd &irain values into the elastic
and plastic strain components. The plastic strairobtained by subtracting the
elastic strain, defined as the value of true stokgisled by the Young’'s modulus,

from the value of total strain as shown in Fig..3.7

This relationship is written as:
ePl = g' — e = ¢' — Gye/E (3.16)

Where,
P! = True plastic strain
gt = True total strain
¢l = True elastic strain

E = Modulus of elasticity
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Figure 3.7 Decomposition of the total strain into elastic and plastic
components

The concrete damaged plasticity model in Abaqusiges a general capability for
modeling concrete and other quasi-brittle materialsll types of structures (beams,
trusses, shells, and solids). It can be used fainptoncrete, even though it is
intended primarily for the analysis of reinforcezhcrete structures and can be used
with rebar to model concrete reinforcement. Theraegtion of the elastic stiffness
is shown in Fig. 3.8 as characterized by damageblasd and also can represent
by two damage variables under tensile loadingnd compressive loadirt, which

are assumed to be functions of the plastic str&geations 3.17 and 3.18 represent
the damage variables. The damage variables carvédikes from zero, representing

the undamaged material, to one, which represetatisltss of strength.

oc.E.?t
de =1 (3.17)
d =1 oufe (3.18)
t Sg’l.(bit—l)‘l'ﬁt E. 1 .
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Figure 3.8 Degradation of the elastic stiffness as charaadrizy damage variables

3.6 Nonlinear Solution Strategies

For reinforced concrete structures, cracking angshing in concrete through the
depth as well as yielding of reinforcing steel #ne major sources of material
nonlinearity. Cracking results in the permanens los both tensile stiffness and the
tensile strength in a direction normal to the craoiut the stiffness and strength
characteristics in other direction may remain wareld. In case of crushing, the
concrete is simply assumed to loss its entire itigicand strength in all

directions.The effects of some numerical parametersstudied in order to establish
the stability of the overall solution process arsdaabasic guide for subsequent

analytical problems.

A nonlinear structural problem is one in which #gtricture’s stiffness changes as it
deforms. All physical structures are nonlinear. dan analysis is a convenient
approximation that is often adequate for desigmpgses. It is obviously inadequate
for many structural simulations. A solution strataegses the well-known Newton-
Raphson iterative technique is obtained to solve mionlinear problems. In a
nonlinear analysis the solution cannot be calcdldtg solving a single system of

equations, as would be done in a linear problesteld, the solution is found by
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applying the specified loads gradually and incretaignworking toward the final

solution. Therefore, it breaks the simulation iatmumber of load increments and
finds the approximate equilibrium configuratiorila® end of each load increment. It
often takes several iterations to determine andabée solution to a given load
increment. The sum of all of the incremental resgsnis the approximate solution
for the nonlinear analysis. Thus, by using Abacqfsasre it combines incremental

and iterative procedures for solving nonlinear jeots.

During a step time period is assigned for the aslyThis is necessary for cross-
references to the amplitude options, which candsglio determine the variation of
loads and other externally prescribed parameteiagla step. An increment is part
of a step. In nonlinear analyses the total loadiegpn a step is broken into smaller
increments so that the nonlinear solution path learfollowed. Abaqus software
uses Newton’'s method to solve the nonlinear equilib equations. The solution
usually is obtained as a series of increments, uattations to obtain equilibrium
within each increment. Increments must sometimekept small to ensure correct
modeling. Most commonly the choice of incremenesiga matter of computational
efficiency: if the increments are too large, moterdtions will be required.
Furthermore, Newton’s method has a finite radiuscafivergence; too large an
increment can prevent any solution from being olgdibecause the initial state is
too far away from the equilibrium state that isngesought—it is outside the radius
of convergence. Thus, there is an algorithmic i&gin on the increment size. At
the end of each increment the structure is in @pprate) equilibrium and results
are available for writing to the output databasstart, data, or results files. An
iteration is an attempt at finding an equilibriurolugion in an increment when
solving with an implicit method. If the model istna equilibrium at the end of the
iteration, it again tries another iteration. Withegy iteration the solution obtains
should be closer to equilibrium; sometimes it magdh many iterations to obtain an
equilibrium solution. When an equilibrium solutibas been obtained, the increment

is complete. Results can be requested only atrti@fan increment.
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3.6.1 Equilibrium iterations and convergence in Abgus/Standard

The nonlinear response of a structure to a smatl locrement\P is shown in Fig.
3.9. It uses the structure’s initial stiffne&s,which is based on its configuration at
Up and AP to calculate a displacement correctignfor the structure. Using the
structure’s configuration is updatedug It forms a new stiffness, for the structure
based on its updated configuratian. It also calculatesl, in this updated
configuration. The difference between the totalli@opload P andl, can now be
calculated af=P-1,. WhereR; is force residual for the iteration. R, is zero at
every degree of freedom in the model, point a ig. B.9 would lie on the load-
deflection curve, and the structure would be inildzrium. In a nonlinear problem it
is almost impossible to hawy, equal zero, so it compares to a tolerance vafu, |
is less than this force residual tolerance, it ptethe structure’s updated
configuration as the equilibrium solution. By ddfathis tolerance value is set to
0.5% of an average force in the structure, averagext time. Abaqus/Standard
automatically calculates this spatially and timeraged force throughout the
simulation. IfR, is less than the current tolerance vafuandl, are in equilibrium
andu, is a valid equilibrium configuration for the sttuce under the applied load.
However, before it accepts the solution, it alseads that the displacement
correction,c, ,is small relative to the total incremental digglaent,Au, = u, —
u,.If ¢, is greater than 1% of the incremental displacemigénterforms another
iteration. Both convergence checks must be sadisfefore a solution is said to have
converged for that load increment. If the solutitam iteration is not converged, it
performs another iteration to try to bring the mtd and external forces into

balance.

This second iteration uses the stiffnégscalculated at the end of the previous
iteration together witliR, to determine another displacement correctigtinat brings
the system closer to equilibrium (point b in Fig9)3 It calculates a new force
residual R, using the internal forces from the structure’s neewnfiguration u.
Again, the largest force residual at any degrefeegidomR,; is compared against the

force residual tolerance, and the displacemenectan for the second iteratiamp
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is compared to the increment of displacement = u, —u,. If necessary, it

performs further iterations. For each iterationaimonlinear analysis it forms the
model’s stiffness matrix and solves a system ofaéqos. This means that each
iteration is equivalent, in computational cost, donducting a complete linear
analysis. It should now be clear that the componali expense of a nonlinear
analysis in Abaqus/Standard can be many timeserélaan for a linear one. It is
possible with Abaqus to save results at each cgedeincrement. Thus, the amount
of output data available from a nonlinear simulatie many times that available

from a linear analysis of the same geometry.

Load , Ka

AP

o
o

g I V'

»
»

Displacement

|

o

Figure 3.9 lteration in an increment by using Newton-Raphson iterative
technique

Abaqus/Standard automatically adjusts the sizeheflbad increments so that it
solves nonlinear problems easily and efficientlyorily needs to suggest the size of

the first increment in each step of the simulatidhereafter, Abaqus/Standard
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automatically adjusts the size of the incremenke fumber of iterations needed to
find a converged solution for a load increment widty depending on the degree of
nonlinearity in the system. By default, if the d@un has not converged within 16
iterations or if the solution appears to divergehafus/Standard abandons the
increment and starts again with the increment seteto 25% of its previous value.
An attempt is then made at finding a converged temiuwith this smaller load
increment. If the increment still fails to converg&baqus/Standard reduces the
increment size again. By default, Abaqus/Standdilava a maximum of five
cutbacks of increment size in an increment befdopmng the analysis. If the
increment converges in fewer than five iteratidhss indicates that the solution is
being found fairly easily. Therefore, Abaqus/Staddautomatically increases the
increment size by 50% if two consecutive incremerggquire fewer than five

iterations to obtain a converged solution.

3.6.2 Equilibrium time increment in Abaqus/Explicit

The explicit dynamics procedure performs a largaiper of small time increments

efficiently. An explicit central-difference time tegration rule is used; each
increment is relatively inexpensive (compared te tlirect-integration dynamic

analysis procedure available in Abaqus/Standardaume there is no solution for a
set of simultaneous equations. The explicit certiférence operator satisfies the
dynamic equilibrium equations at the beginningha increment, t; the accelerations
calculated at time t are used to advance the \glsoiution to timet + At/2 and

the displacement solution to time+ At.

The time increment used in an analysis must belsntakn the stability limit of the
central-difference operator. Failure to use a sesadlugh time increment will result
in an unstable solution. When the solution becomestable, the time history
response of solution variables such as displacemeiit usually oscillate with

increasing amplitudes. The total energy balanckaléb change significantly. If the
model contains only on a material type, the initimhe increment is directly

proportional to the size of the smallest elementh& mesh. If the mesh contains
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uniform size elements but contains multiple matedescriptions, the element with
the highest wave speed will determine the initiatet increment. In nonlinear
problems—those with large deformations and/or maar material response—the
highest frequency of the model will continually olga, which consequently changes
the stability limit. Abaqus/Explicit has two strgies for time incrementation
control: fully automatic time incrementation (whehe code accounts for changes in

the stability limit) and fixed time incrementation.

The default time incrementation scheme in AbaqusiEx is fully automatic and
requires no user intervention. Two types of estwnadre used to determine the
stability limit: element by element and global. Analysis always starts by using the
element-by-element estimation method and may switchhe global estimation

method under certain circumstances.

3.6.3 Advantages of the Abaqus/Explicit method

The use of small increments (dictated by the stalbiinit) is advantageous because
it allows the solution to proceed without iteragsoand without requiring tangent
stiffness matrices to be formed. It also simpliftte treatment of contact. The
explicit dynamics procedure is ideally suited foralyzing high-speed dynamic
events, but many of the advantages of the expfimcedure also apply to the
analysis of slower (quasi-static) processes. A gaample is sheet metal forming,
where contact dominates the solution and localabiibties may form due to

wrinkling of the sheet. The results in an explidynamics analysis are not
automatically checked for accuracy as they are irbaqus/Standard

(Abaqus/Standard uses the half-step residual). dat roases this is not of concern
because the stability condition imposes a smak tincrement such that the solution
changes only slightly in any one time incrementjolvhsimplifies the incremental

calculations. While the analysis may take an exédgriarge number of increments,
each increment is relatively inexpensive, oftenlteésy in an economical solution. It
is not uncommon for Abaqus/Explicit to take over Iftrements for an analysis.

The method is, therefore, computationally attractior problems where the total

‘ \ This PDF was created using the PDF CONVERTER Elite software

"_, To remove this watermark, please license this product at www . pdfconverter.com



54

dynamic response time that must be modeled is anlgw orders of magnitude
longer than the stability limit; for example, wamepagation studies or some “event

and response” applications.

3.7 Remark

Considering all the factors discussed above a amiefl concrete plate can be
successfully modeled for nonlinear finite elemenalgsis to predict behaviour of
slab-column joint. Concrete and reinforcing steed aepresented by separate
elements and material models which are combinedtieg with a model of the
interaction between reinforcing steel and concetd¢enent that share the same node.
The material behaviour of concrete is describedctwysidering failure criteria of
concrete. The element includes concrete damagestigitia model to represent the
inelastic behaviour of concrete. On the other haamforcing steel behaves as an
elastic-perfectly plastic material. For nonlineaalysis of reinforced concrete plate,
there are two solution strategies (Implicit mettet explicit method) available.
Explicit method requires a small time incrementesthat depends solely on the
highest natural frequencies of the model and ispeaident of the type and duration
of loading. The use of small increments is adveedag because it allows the
solution to process without iterations and withaequiring tangent stiffness
matrices to be formed. On the other hand, impho#thod depends on increment
size that generally determined from accuracy andvemence considerations.
Though a global set of equations must be solvedaich increment, the cost per
increment of an implicit method is far greater thiwat of an explicit method.
However, in case of material degradation like cetercracking model and ductile
failure model often lead to severe convergenceicdities in implicit analysis
programs. By knowing these characteristics Abagudi&it procedure is
appropriate for the present study.
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Chapter 4

VALIDATION OF NONLINEAR FINITE ELEMENT MODELING OF FLAT
PLATE SLABS

4.1 General

With the advent of sophisticated numerical todie IFEM for structural analysis, it
has become possible to model the complex behawbpunching shear failure in
reinforced concrete structures. ABAQUS 6.7 (20@/ommercial FE package is
used in the current study to model slab-columntjoinRC flat plate and study the
behaviour of the connection. The modeling work rdo the finite element
analysis of reinforced concrete plate has beerritbescin Chapter 3. In this chapter,
punching failure experiments are simulated usimgrthmerical model. The purpose
of these simulations is to examine the capabiliéied limitations of the numerical

model to mimic failure behaviour in reinforced cogte structures.

Fourteen real RC slabs are modeled with nonlindarpBckage ABAQUS 6.7
(2007) and the results of this numerical analysesscampared with the experimental
results or other numerical results available fraffecent literature for validation. A
discussion of the failure phenomenon is presenyeaing to the description of all
these numerical results. Developments of cracks @omtrete damage due to
different stresses, their pattern and load versidiection curves have been studied
in the subsequent sections. Sensitivity analysistife selection of correct size of

mesh is also presented.

4.2 FE Modeling of Slab-Column Connection

Before numerical analysis some input data for failcriteria developed by Kupfer
(2973) with five parameters are discussed. Theiegimn of loads, the damage

value and the mesh sensitivity analysis are alscudsed in the subsequent section.
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4.2.1 Input data

Failure criteria for concrete in tension and comspien was developed by Kupfer
(2973) with five parameters have used in this as®sdy These parameters are given
in the following Table 4.1.

Table 4.1Parameters used for failure criteria

Parameter Denotation
Y =30 Dilatational angle according to Lee (1998)
Ratio of biaxial to uniaxial compressive strengte@ding to
fbo/ fco = 1.16
Kupfer (1973)
K=0.67 Second stress invariant ratio accordiniguioliner et al. (1989)
60 Default value for Eccentricity in ABAQUS 6.7 (2007)
[no eccentricity regularization is performed]
_ Default value for Viscosity parameter in ABAQUS §2D07)
h=0 [no viscoplastic regularization is performed]

4.2.2 Application of loads and boundary conditions

In most of the cases, vertical load has been gtydunareased on numerical model
to develop early tensile crack and finally punchahgar failure occurs. Afterwards,
a slab is also subjected to both gravity and lateeas to observe the slab-column
connection behaviour. In real situation, the vaitibads come from slab and
reactions are provided by column. But in this nuoaranalysis to simulate the
model with experiment, the loads have been apptwd bottom of the column and
boundary conditions have been applied on cuttireg faf slab which is different
from real situation. All vertical and horizontaklds are applied in the same manner
during FE analyses. Loads are applied in termssglacement control criteria and

numerical behaviour also has been observed aftbrcgllumn connection failure.
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4.2.3. Concrete damage value

The degradation of the elastic stiffness is charatd by two damage variablds
andd.which are assumed to be functions of the plastarsas discussed in Chapter
3. The damage variables can take values from zepyesenting the undamaged
material, to one, which represents total loss &hgfth. According to Cicekli et al.
(2007), the following graph between strain and xialatensile or compression
damage have represented in Fig. 4.1. It can bednfsen Fig. 4.1a that the
maximum tensile damage is about 0.88 which cormg®oo a strain of 0.& 10°,
whereas Fig. 4.1b shows a maximum compressive dawfa@.62 at a strain of %
103, In this research work Fig. 4.2 shows completelideflection response of a
square slab (A-la plate) for varying tensile damsagkies. The damage value
ranged from 60% to 98%. It appears that numeriglalti®ns are sensitive during the
check on tensile damage value. It is observed itha nonlinear analysis, above
88% tensile damage may cause numerical instalgfitgoncrete and the analysis
will not be sufficiently accurate. Therefore, theoe of the damage properties is
important since, generally, excessive damage meg aaritical effect on the rate of
convergence. So from the above discussion, inpilEsent study it is recommended
to avoid using values of the damage variables al@o&2, which corresponds to a
62% reduction of the stiffness in case of compassiamage and the damage
variables above 0.88, which corresponds to a 8&#cten of the stiffness in case of
tensile damage.
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Figure 4.1Uniaxial tensile and compression damage value @athesponding
strain value [adapted from Clcekal. (2007)]
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Figure 4.2 Load-deflection response of a square slab (A-asepfor varying
uniaxial tensile damageueal

4.2.4 Mesh sensitivity analysis

At the beginning of FE model development, a realslenmesh and a convergence
study are needed to obtain a reliable solutiorther word, the structure is divided
into a number of small elements and after loadstiggss and strain are calculated at
the integration points of these small elements{Bal996). An important step in
finite element modeling is the selection of the me®ensity. A convergence of
results is obtained when an adequate number ofeglisnare used in a model. This
is practically achieved when an increase in thehnessity has a negligible effect
on the results (Adams and Askenazi, 1998). In prssent study, a sensitivity
analysis is carried out to determine the suitalte sf mesh which can give an

acceptable result to save CPU time. The structoresh has been selected to mesh
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of all slabs which are most suitable for solid eomam element as discussed in
Chapter 3. Figure 4.3 shows ultimate load capaifity square slab (A-la plate) for
varying mesh size i.e., number of elements. Thehmnse= ranged between 2.75in x
2.75in x lin to 5in x 5in x lin. It appears thatmerical solutions are sensitive
during mesh sensitivity analysis and it is alsoeobsd that in a nonlinear analysis,
however, too fine a mesh may cause numerical ifgyabnd if the mesh is too

coarse, the analysis will not be sufficiently aetar Therefore, in this study, 3in x
3in x 1lin mesh size is a reasonable one to givedable result for FE analysis and

also save CPU time.
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Figure 4.3Ultimate load capacity of a square slab (A-lag)l&r varying
mesh size
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4.3 Description of Different Slabs Used in FE Modeig of Slab-Column Joint

To carry out finite element analysis in order teegict the behaviour of any
structure, it is essential to verify the developeadel against some well-established
theoretical solutions or experimental results teuea that the developed model is
tracing the actual response closely. A number of SRbs are selected from the
recognized literatures and journals for modelimglgses and their validation with
the experimental results or other numerical reskitgee RC slabs (A-1a, A-7b, A-7,
B-14 and B-16) tested by Elstner and Hognestadgl96ur RC slabs (G-1, G-2,
G-3, and G-4) tested by Graf (1938), three RC tarcslabs (IB15a, IC15a and
IA15a) tested by Kinnunen and Nylander (1960), B@ slab tested by Jofreit and
McNeice (1971) and one RC slab (YL-L1) tested byh ad Teng (2005) are
numerically modeled by using FE method. The mdteriaperties, dimensions, type
of mesh, boundary conditions and applied loads (fdntical and lateral loads in
these slabs are applied with appropriate load st@pshese models are described
and graphically presented. Finally stress distrdmyt cracking/crushing pattern,
concrete damage and slab central deflection arepamd with available
experimental results/numerical analyses for valaat-ew missing data adopted for

this analysis (which are not available) are assuwidda reasonable value.

4.3.1 FE modeling of RC flat plate (Elstner and Hogestad)

Elstner and Hognestad (1956) investigated extelysthe behaviour of reinforced
concrete slabs. Contrary to most of the tests pedd at that time, they investigated
the strength of relatively thin slabs. They testetlll-size plate with dimensions
70in x70in x6in square slabs supported at the edgdshe slabs were restrained in
the vertical direction over supports. In the expemt, the column stub dimension
used for loading was 10in x10in and loaded up torfa A typical section of the
test slab is shown in Fig. 4.4. The influence oé thercentage of flexural
reinforcement was illustrated among all slabs.dswbserved that slabs with a high
percentage of reinforcement failed in a brittle wahereas slabs with a low

reinforcement percentage failed in a ductile manner this experimental
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investigation, they also observed the influencehef concrete strength on the slab
behaviour. For slab made of low compressive strenghcrete, it was not possible

to observe any yielding of the reinforcement beeatlr® punching failure occurs

first.

Load

—
Vl l l ll‘/ Column Stub

Longitudinal steel

S < > S
— [+— Edge Suppo 10in Edge Support—> [«
lin . lin

70 in

Figure 4.4 A test slab section of Elstner and Hognestad (1956

Five real RC slabs tested by Elstner and Hognd4@&6) are taken as reference for
numerical modeling. The summary of the materialppries used in the finite

element modeling is shown in Table 4.2. Other patars of the test slabs and the
corresponding FE model plates are shown in Tal3leltdis to be noted that the ratio

of the longitudinal reinforcement is applicable foe entire slab.
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Table 4.2Material properties used
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A-la 2597 29x19 2040 339 48.20 0.17 0.3 1.15 0.56
A-7b 3659 29x19 4050 477 46.60 0.17 0.3 2.47 1.15
A-7 3659 29x16 4050 477 46.60 0.17 0.3 2.47 1.15
B-14 4922 29x1d 7330 642 47.20 0.17 0.3 3.00
B-16 4922 29x1d 7330 642 47.20 0.17 0.3 3.00 1.60
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Table 4.3Details of slab dimension
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t

Plate Dimension (in) Column Stub _ d (in) N
Plate No. _ o h (in) Support Condition
Test FE Dimension (in) Test FE
Symmetrical Suppor
A-la 72X72x6 70x70x6 10x10 6.00 4.63 5
on four edges
A-7b 72X72x6 70x70x6 10x10 6.00 4.50 5 do
Symmetrical Suppor
A-7 72X72x6 70x70x6 10x10 6.00 4.50 5 on two opposite
edges
Symmetrical Suppor
B-14 72X72x6 70x70x6 10x10 6.00 4.50 5
on four edges
B-16 72X72x6 70x70x6 10x10 6.00 4.50 5 do
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In the FE model, the boundary condition of U2=0Ongldhe supports is used to

simulate the test condition and the loading patéeenshown in Figs. 4.5 and 4.6.

Figure 4.5Typical finite element model of the plate with Inolary condition

Figure 4.6 Typical finite element model of the plate with dtiag pattern

Typical concrete mesh, reinforcement for tensiod aompression reinforcement

and shear reinforcement for B-16 slab are showsigs. 4.7 to 4.9.
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Figure 4.7 Typical finite element model of concrete mesh
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Figure 4.8 Typical tension and compression reinforcemen®fdra, A-7b and A-7
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Figure 4.9 Typical bent bar reinforcement for B-16 slab
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With the start of the loading process both conceete steel behave in a linear and
elastic manner so that no cracking or yielding isesved. When the first crack
arises which corresponds to the cracking load, allgomp with a sudden loss of
stiffness is observed. With this first crack flexuresponse appears. This crack is
also known as tangential crack located on the tofase (tension side) along the
circumference of the column as shown in Figs. 4idf)4.11. Under increasing load,
radial cracks begin to form at the perimeter ofdbkimn and spread out toward the
extremity of the slab as shown in Figs. 4.12 ad@® 4@nd the nonlinear response of
the finite element model is consistent with thet @asta. Once the first tangential
crack is a stress free crack, the behaviour oflale changes and shear resistance is
mobilized. This shear behaviour is characterizednolined cracks across the slab
thickness. The shear resistance is not only infladrby the concrete strength but
also by the shear reinforcement and the dowel mcftab B-16 can sustain more
load than slab B-14 as both slabs have same mapedperties and dimensions
except shear reinforcement. These existing inclinegcks open and sudden
coalescence into a single inclined crack whichhis punching crack occurs as
shown in Figs. 4.14 and 4.15. Some concrete alhg damaged due to tension on
the top surface of the slab along the circumfereatdghe column. The post-
punching failure phenomenon also presented in&if when the slab is separated
into two parts connected by reinforcement and theleing yielded as shown in
Fig. 4.17.

The load versus deflection curves are shown in.Hds3 to 4.22. In a quantitative
sense, there are difference in the load-deflechehaviour between present FE
analysis (FE) and experimental results (EXPT)s bbserved that for plate A-1a, A-
7b, A-7, B-14 and B-16 the punching loads obtainecherically (75.2 kip, 126 kip,

120 kip, 181 kip and 198 kip) are higher than tkpegimental failure loads (67.5
kip, 107 kip, 84 kip, 130 kip and 170 kip) as ipresents 11.4%, 17.7%, 42.8%,
39.2% and 16.5% higher than experimental failurad$o respectively. At the

maximum load for plate A-la and A-7b, the numerigaitical displacements are
0.33 in and 0.31 in representing around 89.2% &h#% of the experimental one

respectively and for plate A-7, B-14 and B-16, thenerical vertical displacements
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are 0.45in, 0.39 in and 0.45 in representing al@64%, 11.4% and 7.14% higher
than experimental one respectively. However, thecking pattern and failure

phenomenon of FE model is in good agreement wéhekperimental results.
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Figure 4.10First crack arises through slab at 18.1 kip cragkbad and initial
tensile damage of concrete

Figure 4.11First crack starts through top surface at 18.1ckgzking load and
initial tensile damageconcrete on half slab
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Figure 4.12Radial crack pattern at the perimeter of the colamd tensile
damage of concretelaB3 kip load
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Figure 4.13Radial crack spread out with forming pyramid shape tensile
damage of concrete aB3Xip load on half slab
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Figure 4.14Total tensile damage of concrete on top surfacdati and
punching failure7&t 18 kip load
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Figure 4.15Total tensile damage of concrete on top surfadetifslab and
punching failure witlpgramid shape at 75.18 kip load
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Figure 4.16Post-punching failure phenomenon of half slab
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Figure 4.17 Steel yielded during post-punching failure
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Figure 4.19Comparative load-deflection responses for A-7b
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Figure 4.21Comparative load-deflection responses for B-14
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Figure 4.22Comparative load-deflection responses for B-16
4.3.2 FE modeling of RC flat plate (Graf)

Graf (1938) investigated the strength of thick f@iced concrete slabs submitted to
concentrated loading. To illustrate by an examfder slabs 11.81 inch and 19.7
inch thick and 66.93 inch square, composed of glitadbr bent reinforcement as
shown in Figs. 4.23 and 4.24 are considered. Abskupported at the edges and the
slabs were restrained in three directions over supp The vertical load applied
through column. It was reported that punching failwas characterized by a
distinctive cracking sequence. The first crack appe at the bottom (tension side)
of the slab along the perimeter of the column. Wt increase of the load number
of crack was expended through the slab thicknesthédoutermost part of the slab,
only radial cracks were observed. The punchingifaitook place suddenly at the
load called the punching load. The punching crackss the slab thickness for slabs
with straight reinforcement was depicted along divection of the reinforcement
and was characterized by an inclination which warfeom 3f to 53. This
inclination was increased with increasing slab khess, as for the thin slab, the

punching crack had a lower inclination than for ttieck one. The type of
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reinforcement also influenced the shape of the Ipumgc crack. For slabs with
straight reinforcement, one punching crack whichs waactically linear was
observed whereas for slabs with bent reinforcertf@punching crack was curved
and various opened shear cracks were observed. skdrs with straight
reinforcement, prior to failure, no crack coulddeen on the top (compression side)
of the slab, whereas for slabs with bent reinforeetnthe punching crack at the top

(compression side) of the slab could be observed.

Load

Longitudinal steel l | l l l

AN

AN

3 A
<— Edge Support Edge Suppo —>
< 66.93 in >

Figure 4.23Setup of slab section with straight reinforcemsamd 11.81 inch or
19.7 inch thick; (Graf 1938

v Loac

Longitudinal steel l l ll

A A
+— Edge Support Edge Support—»
< 66.93 in >

Figure 4.24 Setup of slab section with bent reinforcement &h@1 inch or 19.7
inch thick; (Graf 1938)

Four real RC slabs tested by Graf (1938) are takemeference for numerical
modeling. The summary of the material propertieedugn the finite element
modeling is shown in Table 4.4. Other parametersthef test slabs and the
corresponding FE model plates are shown in TaBleldis to be noted that the ratio

of the longitudinal reinforcement is applicable foe entire slab.
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Longitudinal Reinforcement
i i Shear
Plate _ Es f' _ fy Tension Compression _
Ec (ksi) _ fr (psi) Ve Vs _ ) Reinforcement
No. (ksi) (psi) (ksi) Reinforcement| Reinforcement A _
sq in
p percent p percent '
G-1 2512.531 29x10 | 1943 323.3 399 02 0.3 0.91
G-2 2512.531 29x10 | 1943 | 323.3 399 0.2 0.3 0.91
G-3 2512.531 29x10 | 1943 | 323.3 39.9| 0.2 0.3 0.91 7.81
G-4 2512.531 29x10 1943 | 323.3 399 0.2 0.3 0.91 13.44
Table 4.5Details of slab dimension
Plate No. Plate Dimension (in) Column Stub Dimension (in) irf) (| d (in) Support Condition
G-1 66.93x66.93x11.81 14.96x14.96 11.81 10|63 Sytmicaé Pin Support on four edges
G-2 66.93x66.93x19.7 14.96x14.96 197 185 SymeatRin Support on four edgeg
G-3 66.93x66.93x11.81 14.96x14.96 11.81 | 10.63| Symmetrical Pin Support on four edg
G-4 66.93x66.93x19.7 19.7 18.5 Symmetrical Pin Support on four edg

14.96x14.96
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Typical concrete mesh, reinforcement for tensiod atluding tension and shear

reinforcement for G-3 and G-4 slab are shown irsFHig25 to 4.27.

Figure 4.25Typical finite element model of concrete mesh
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Figure 4.26Typical tension reinforcement for G-1 and G-2 slab
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Figure 4.27Typical tension and bent bar reinforcement for &8 G-4 slabs

With the start of the loading process same phenomdras observed in finite
element analyses as Elstner and Hognestad slali ss reported that punching
failure was characterized by a distinctive crackaggiuence and concrete damage
and the punching failure took place suddenly atltlagl called the punching load.
The punching crack has a lower inclination in caté¢hin slab than for the thick
one. It is also observed that the type of reinforeet also influenced the shape of
the punching crack. The load-deflection curveshefse four slabs are presented in
Figs. 4.28 to 4.31. Slab G-1 and G-2 which are nafdgraight reinforcement but
different thickness behave in a similar way eveayutih slab G-2 is much stiffer than
slab G-1 and there are also some difference ifotee deflection behaviour between
present FE analysis (FE) and experimental res&¥PT). The same analogy is
valid for slabs with bent reinforcement. Slab wibent bar can sustain larger
deflection and higher load. The shape of the hatsences the slab response. It is
observed that for plate G-1, G-2 and G-4 the punghoads obtained numerically
(289 kip, 619 kip and 793 kip) are higher than ¢ixperimental failure loads (265
kip, 366 kip and 675 kip) as it represents 9.06%1% and 17.5% higher than
experimental failure loads respectively and fotgla-3 the punching load obtained
numerically (336 kip) is lower than the experimérfalure load (394 kip) as it
represents 85.3% of the experimental failure l@ddadhe maximum load for plate G-
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1, G-3 and G-4, the numerical vertical displacememé 0.06 in, 0.08 in and 0.08 in
representing around 75%, 36.4% and 66.7% of thererpntal one respectively
and for plate G-2, the numerical vertical displaeetris 0.05 in representing around
66.7% higher than experimental one. However, theecking pattern and failure

phenomenon of FE model is in good agreement wiletperimental results.

150 /- N
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100 —
]
[]
50 +p
/
Om
0 0.05 0.1 0.15 0.2

Deflection, inch

—FE (Present Study)===EXPT

Figure 4.28 Comparative load-deflection responses for G-1
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Figure 4.29Comparative load-deflection responses for G-2
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Figure 4.30Comparative load-deflection responses for G-3
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Figure 4.31Comparative load-deflection responses for G-4

4.3.3 FE modeling of RC flat plate (Kinnunen and Nkander)

Three circular slabs tested by Kinnunen and Nyland®60) were simulated
because they cover different types of reinforcemeiih the same geometry
allowing to preserve the finite element mesh. Tih& §lab to be simulated was the
slab made of ring reinforcement only. This slab \wisady analyzed numerically
by Andra (1982). The second slab to be analyzedhasle of ring and radial
reinforcement. This slab was already analyzed nioaér by Loseth et al. (1982).
The last simulation was investigated the behavioluslab made of orthogonal
reinforcement. The last slab was already analyzedenically by Kinnunen (1963).
Kinnunen and Nylander tested circular 5.9 inchkratabs, 72.44 inch in diameter
supported along the circumference and loaded ausnm stub 5.9 inch in diameter
at the center by mean of a hydraulic jack and feared to the floor. In the
experiment, the concrete was made with standarglpmgment, water-cement ratio
of 0.7 and aggregate from 0.005 inch to 1.26 ifitte influence of the arrangement
of the reinforcement was demonstrated with all sldthe overall behaviour of all

slabs was similar except for little differences.eTshape of the punching crack
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through the slab thickness was observed that thehmng crack was more inclined
for the slab with ring reinforcement than for th&bswith orthogonal reinforcement.
In slab with ring reinforcement the tangential dahe radial cracks could be clearly
distinguished, whereas in the slab with orthogaeaiforcement, the crack pattern
did not follow the radial and tangential geometuy twvas more like a net, especially
inside the punching cone.

Three real RC circular slabs tested by Kinnunen lyénder (1960) are taken as
reference for numerical modeling. The summary ef itmaterial properties used in
the finite element modeling is shown in Table Oéher parameters of the test slabs
and the corresponding FE model plates are showialie 4.7. It is to be noted that

the ratio of the longitudinal reinforcement is dpable for the entire slab.
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Longitudinal Reinforcement
E . _ :
Plate No.| E. (ksi) S_ f'. (psi) fr (psi) | fy (ksi) Ve Vs Tension _
(ksi) ) Tension Rebar
Reinforcement type

IA15a 3625 30.4x10 4074.5 435 65.25 0.2 0.3 Orthogonal p4a

IB15a 3625 30.4x10 3625 435 65.25 0.2 0.3 Ring g4

IC15a 3625 30.4x10 4176 449.5 65.25 0.2 0.3 Ring & Radial @4
Table 4.7Details of slab dimension

Plate Diameter (in) Column Stub _ _ N
Plate No. _ _ h (in) d (in) Support Condition
Diameter (in)
Test FE

IAl5a 72.44 67.32 5.9 5.9 5.12 Symmetrical Supportircular edge

IB15a 72.44 67.32 5.9 5.9 5.12 Symmetrical Supportircular edge

IC15a 72.44 67.32 5.9 5.9 5.12 Symmetrical Supportircular edge
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Column Stub

o

<>
5.9 inch diameter

Circular Slab

<+— 72.44 inch diamet _—

Figure 4.32Plan view of 5.9 inch thick circular slab; (Kinremand
Nylander 1960)

In the FE model, one fourth of the slab is plott€de geometry of these slabs is
shown in Fig. 4.33. The boundary condition of U30ng the supports is used to

simulate the test condition and the loading patieenalso shown in Fig. 4.33.

Figure 4.33Typical finite element model of one-forth slab kvitoundary
condition and loadpaftern
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Typical concrete mesh, reinforcement for ring, ri&gradial and orthogonal

reinforcement mat are shown in Figs. 4.34 to 4.37.

Figure 4.34Typical finite element model of concrete mesh

Figure 4.350verview of one-forth slab (IB15a) with ring reem€ement
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Figure 4.360verview of one-forth slab (IC15a) with ring aratlial
reinforcement

Figure 4.370verview of one-forth slab (IA15a) with orthogomainforcement
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With the start of the loading process same phenomatso has observed in finite
element analyses as Elstner and Hognestad andstatafart. The shape of the
punching crack through the slab thickness for sldh orthogonal, ring and ring &

radial reinforcement are shown in Figs. 4.38 td4e&skpectively. It is observed that
the punching crack is more inclined for the slathwing reinforcement than for the
slab with orthogonal and ring & radial reinforcerhefhe type of reinforcement is
not the only difference among these slabs as theeptage of reinforcement is not
similar. Therefore, the inclination of the punchiagck is influenced by the type

and the percentage of reinforcement.

Figure 4.38Tensile damage of concrete on bottom surface efforth slab
(IA15a) and punching failuréwa pyramid shape at 51.7 kip
load

Figure 4.39Tensile damage of concrete on bottom surface efforth slab
(IB15a) and punching failurdiwa pyramid shape at 44.1 kip
load
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Figure 4.40Tensile damage of concrete on bottom surface efforth slab
(IC15a) and punching failureghma pyramid shape at 53.7 kip
load

The load-deflection curves of these three slabspeesented in Figs. 4.41 to 4.43.
All the curves exhibit a linear elastic behaviotitlee initial stage. After some time
with the increase of load, it is followed a gradwsdvelopment of non-linear

response. There are also some difference in tleede#lection behaviour between
present FE analysis (FE) and experimental resil&PT). It is observed that for

plate IC15a the punching load obtained numeric@.7 kip) is higher than the

experimental failure load (45.9 kip) as it représehi7% higher than experimental
failure load and for plate IA15a and 1B15a the pgung loads obtained numerically
(51.7 kip and 44.1kip) are lower than the mean erpental failure loads (59.5 kip

and 44.5 kip) as it represents 86.9% and 99% ofrthan experimental failure loads
respectively. At the maximum load for plate IA1Ha]15a and IC15a, the numerical
vertical displacements are 0.14 in, 0.13 in and OQrlrepresenting around 35%,
42.6% and 55.5% of the mean experimental one r@spc However, the present

FE analysis (FE) and the previous FE analysis bynmen (1963), Andra (1982)
and Loseth et al (1982) have shown very close teatilevery stages of load history
of slab up to failure. It is observed that for pldAl5a, IB15a and IC15a, the
punching loads from present FE analysis (51.7 4p1 kip and 53.7 kip) are very
close with other numerical analysis as specifiedvab(49.5 kip, 45 kip and 48.4

kip) respectively and the vertical displacementsrfrpresent FE analysis (0.14 in,
0.13 in and 0.15 in) are also very close with othemerical analysis as specified

above (0.13in, 0.13 in and 0.18 in) respectively.
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Figure 4.41Comparative load-deflection responses for IA15a
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Figure 4.42Comparative load-deflection responses for IB15a
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Figure 4.43Comparative load-deflection responses for IC15a
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4.3.4 FE modeling of RC flat plate (Jofreit and McMice)

A set of specimen tested by Jofreit and McNeice7{)9Consisted of corner-
supported slabs subjected to a point load appltethe centre. The Jofreit and
McNeice slab was one often used as a benchmadafifrating nonlinear analyses.
The corner supported two-way slab was 36in x 36umge and 1.73 inch thick and
reinforced with an orthogonal direction. The puspo$the test was to gauge service
load deflections and thus was not loaded to ulemahis slab was already analyzed
numerically by using a full nonlinear shell anasy$RASP program). The program
was developed by Seracino (1995).

36in

A
v

36in
Figure 4.44Plan view of 1.73 inch thick slab; (Jofreit and N&gce 1971)

One real RC slab tested by Jofreit and McNeice 1199 taken as reference for
numerical modeling. The summary of the materialppries used in the finite

element modeling is shown in Table 4.8. Other patars of the test slabs and the
corresponding FE model plates are shown in Talleltdis to be noted that the ratio

of the longitudinal reinforcement is applicable foe entire slab.
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Table 4.8Material properties used

)

Longitudinal Reinforcement
E, (ks) Es Fs) | £ osi) | £ (ks v v Tension Compression
(ksi) Reinforcement Reinforcement

p percent p percent

4147 29x10 5495.5 549.55 58 0.15 0.3 0.85 ----

Table 4.9Details of slab dimension
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Pin support on one corner and roller
36x36x1.73 4.53x4.53 1.73 1.3

support on rest of three corners of the s|ab
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Typical concrete mesh and tension reinforcemenslaogn in Figs. 4.45 and 4.46.

ks

Figure 4.45Typical finite element model of concrete mesh

Figure 4.46Typical tension reinforcement

The purpose of the numerical analysis is to gaegéce load deflections. The load-
deflection curve of this slab is presented in Hgl7. It is observed that all the
curves exhibit a linear elastic behaviour at thieahstage. After some time with the

increase of load, it is followed a gradual develepinof non-linear response and
have some difference in the load-deflection behavimetween present FE analysis
(FE) and experimental results (EXPT) or other nucaéresults (RASP program) as
specified above. The present FE analysis (FE), raxpatal results (EXPT) and

other numerical results (RASP program) have reptesethe loads up to 2.25 kip,
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3.15 kip and 3.15 kip respectively and the vertideplacements for the above

mentioned loads are 0.22 in, 0.38 in and 0.313peetively.
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Figure 4.47Comparative load-deflection responses

4.3.5 FE Modeling of RC Flat Plate (Tan and Teng)

Tan and Teng (2005) investigated the effects ofxial and biaxial loading and the
use of stud shear reinforcement, on the performavicéhe connections for
rectangular column with aspect ratio of 5. A serdstests were conducted on
interior slab-rectangular column connections bydbsired level of gravity loading
and then performing lateral loadings on the spewgnantil failure. The actual test
specimens would represent a 75% scale down ofdhep of the floor plan to be
modeled as shown in Fig. 4.48. This would work tmtthe specimens having
dimensions of 177.2 inch by 137.8 inch and colume sf 35.4 inch by 7.1 inch
and a slab thickness of 5.9 inch. The overall heighithe specimen was 7.4 ft and
was assumed to terminate at the column mid-heighniactual prototype building.
This was because the column mid height represdahtedines of contra flexure in
the column during lateral loadings. In additione thize of each specimen was

determined such that the stresses near the coongetiould be relatively unaffected
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by the boundary conditions near the slab edge.eSihe panel centerlines in an
actual building would only move horizontally undateral loading (with very little

relative deflections), the slab boundaries wererassl to be on rollers. A schematic
diagram showing the boundary and support conditionghe single column test

specimens are shown in Fig. 4.49. The roller sugpeere simulated by means of
edge link supports with steel rocker simulating fiie support. Throughout the
course of the experiment, more flexural cracks vienmed and propagated towards
the slab edges as the load increased. Cracks itanigential direction crossing the

cracks in the radial direction were also observed.

|:| IBSA ir 177.2 ir

> e
7.11in

b
v

137.8ir '

Figure 4.48Plan view of 5.9 inch thick slab; (Tan and Teng)

Slak
I ¢ |
A -
Roller suppor
. —>
(to simulate Columr Pin suppol

lines of
contraflexiire A/

Figure 4.49Schematic diagram of single column specimen
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One real RC slab (YL-L1) tested by Tan and Tend%0s taken as reference for
numerical modeling. The summary of the materialppries used in the finite
element modeling is shown in Table 4.10. Other patars of the test slabs and the

corresponding FE model plates are shown in Talilé. 4.
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Table 4.10Material properties used
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Longitudinal Reinforcement Column
. . f'. fr _ . Longitudinal
Ec (ksi) Es (ksi) fy (ksi) Ve vs | Top Reinforcemen Bottom _
(psi) | (psi) . . . Reinforcement
p percent in regions Reinforcement
ercent
of c+3h p percent PP
75.4 for no.3 bar
3625 30.45x1d | 5800 | 507.5 0.2 | 03 1.2 0.4 2.5
76.85 for no.4 and
no.6 bar
Table 4.11Details of slab dimension
_ S Column stub Column Height _ _ N
Plate Dimension (in) _ o h (in) d (in) Support Condition
Dimension (in) (ft)

Roller supports on each corner

177.2x137.8x5.9 35.4x7.1 7.4 5.9 4.8 | of the slab and pin support at
the bottom of the column
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In the FE model, the boundary condition along thppsrts is used to simulate the
test condition and the loading pattern are showhign 4.50. The slab is preloaded
with gravity load and uniaxial lateral load in tKedirection (along the week column
axis) is increased until slab-column connectioufai The gravity loading case
corresponded to the slab being loaded with a 1ps66f live load in addition to the
20.88 psf super-imposed dead load and self-weiglthe slab. The gravity shear
ratio, Vy/Vo would be 0.17. The termMs the shear force transferred at the slab
column connection due to gravity loads and is dated using tributary area, while
Vo is the punching shear strength of the connectionthe absence of moment
transfer. Lateral loading procedures are displaceénased and the drift ratio
parameter is used. Drift ratio is defined as thatiree displacement between the top

and bottom of the column divided by the column heig

Figure 4.50Typical finite element model of the plate with Inolary condition
and loading pattern

Typical concrete mesh, top (tension) and bottommfm@ssion) reinforcement are
shown in Figs. 4.51 to 4.53 respectively. FigurB44includes top, bottom and
column reinforcement, all in one figure. The slabreinforced with top (tension)
flexural reinforcement ratio of 1.2% in regions @f3h across the column width
where c is the width of column transverse to thieation of the lateral loading and h
is the overall depth of the slab. The c+3h widtlused as specified in ACI 318

(2008) to prevent flexural failure due to transééunbalanced moments by flexural
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stresses. In addition, at least two bottom (congioe$ bars have passed through the

column continuously to prevent total collapse & $pecimen during punching shear

failure. The column is reinforced with steel rativ2.5%, aligning with the “strong

column and weak beam” concept in design.

Figure 4.51Typical finite element model of concrete mesh

Y
AN

Figure 4.52Typical top bar reinforcement for YL-L1 slabs
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Figure 4.54Typical top, bottom and column stub reinforcenfentYL-L1 slabs

The purpose of the numerical analysis is to gabhgeRC slab-column connection
behaviour subjected to both gravity and laterati$odue to gravity shear and drift
ratio 7.5% in column weak directions, the Misesestes, tension damage and

compression damage on slab-column connection arersin Figs. 4.55 to 4.57
respectively.
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Figure 4.55Mises stress distributions through slab-colummeation of half
slab YL-L1

Figure 4.56 Tension damage on slab-column connection of et ¥L-L1
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Figure 4.57Compression damage on slab-column connectionlb$lad YL-L1

From the above all these figures it could be ndbked, in case of flat plate slab-
column connection behaviour is critical as it tfangombined gravity and lateral
loads. So it is important to understand the sldbroo connection including
punching shear behaviour at critical section df flates. The horizontal force-drift
ratio curves of this slab are presented in Fig8 45d there are also some difference
in the horizontal force-drift ratio behaviour beemepresent FE analysis (FE) and
experimental result (EXPT). It is observed that fdate YL-L1 the maximum
horizontal force obtained numerically (24.4 kip) higgher than the experimental
maximum horizontal force (14.6 kip) as it represeri7.1% higher than
experimental force and at this maximum horizontaicé the numerical drift

ratio(%) is 4.83% representing around 21.7% highan experimental one.
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4.4 Remark

All slabs specified above are modeled numerically using Abaqus-Explicit
approach. During these analyses, it is observedwita the increase of vertical
loads, slab tends to punch around the column pé&imand it forms a truncated
pyramid shape. At this stage, concrete tensile derhas increased significantly on
convex side of deflected slab. A coalescence dined crack has clearly observed
in the triaxial condition of the modeling. In themealysis, it is also observed that the
stress variation, concrete damage through slab¥oolgonnection due to both
gravity and lateral loads. However, lateral loadoaénhance the punching shear

failure.

The general behaviour of the finite element motke €racking pattern and tensile
or compressive damage of concrete due to appled development of stresses and

the load-deflection graph at centre of plate aprasented a good agreement with
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the test data. In a quantitative sense, therecamne slifferences in the load-deflection
behaviour between the used FE models and experim@sults or other numerical
results. Finite element results show slightly highgffness than the experimental
results. This may be due to non-availability of godata used in the FE modeling.
However, the effects of bond slip (between conciatd reinforcement), dowel
action, micro cracks developed through the slabamutegate interlock were absent
in the finite element modeling. The correlationexferimental and numerical data
also depends on the assignment of accurate andm@faie linear and nonlinear

material properties.

Finally, from all these discussion it would seemttthese numerical models can be
used with confidence in this research work regardaehaviour of slab-column

connection of RC flat plate.
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Chapter 5

INFLUENCE OF MATERIAL AND GEOMETRIC PARAMETERS ON
PUNCHING SHEAR STRENGTH

5.1 General

In Chapter 4 the developed model was verified agdest results to ensure that the
model is tracing the actual response closely taurenshe acceptability of the
obtained results. This chapter is dedicated tmeotigh parametric study to identify
the effects of material and geometric parametertherpunching shear capacity of
flat plates. The general idea of parametric studly & number of independent
parameters embodies the fact that at a singlenostanly one variable should be
allowed to vary while all other parameters aredix# some initial value. If two or
more parameters were allowed to vary at the same itiwould cause confusion in
the results of the parametric study and their prtation. Another point that is
worth mentioning is the range of different variahlas the parameters were varied
one at a time it is expected that they remain witigrtain bounds. This is due to the
fact that exceptionally large or small values, viahgce not likely to occur in real-life
problems, would cause wastage of computationattefftence investigation at hand
specifies a fixed range for all the variables withwhich the actual work of
parametric study is carried out. Investigation aardd in this chapter leads to a
recommendation on the choice of structure parametsrd also suggests a
modification on punching shear equation accordingACI 318 (2008) code

provision to enhance the punching shear strength.

5.2 Material Parameters

Reinforced concrete plate, speaking in a very comsense, is a mass of hardened
concrete with steel reinforcement embedded withitMaterial details of concrete
like cement, aggregate, water-cement ratio etc évaot be included in FE analysis
like experimental research. Material parametersnipwaioncrete cylinder strength,

flexural reinforcement ratio, yield strength of edteand effect of compression
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reinforcement are considered. For this parametudysa basic slab of Elstner and
Hognestad (1956) has considered as discussed .id Bigf Chapter 4 to model for
numerical analysis. The referred slab is 70 induegre, supported along the edges,
and loaded with a central load uniformly distriltlitever an area of 10 10in and
applied through a column stub. The thickness of skabs is 6 inches. The
orthogonal longitudinal reinforcement is providedthe tension and compression
zone. The distance from the centroid of the tenseamforcement to the compression
face of slab has taken 5 inches as effective diptingh it varied slightly for the test

slabs.

5.2.1 Concrete strength

Concrete strengths varying from 2000 psi to 5000wpgh increment of 500 psi

were analyzed without reinforcement and with temsi&inforcement percentages of
0.5, 1, 1.25,1.5,1.75, 2 and 2.5. Figure 5.1 shithw load-deflection response with
varying concrete compressive strength for reinfiorest ratio of 1.5% as discussed
above. From figure it shows that the slope of ldaflection curve gradually

increases with increase in concrete compressieagitn. Variation of the ultimate

loads for these slabs with variation in concretmpessive strength is graphically
shown in Fig. 5.2. Ultimate loads on 2000 psi, 3@8Q 4000 psi and 5000 psi of
concrete strength for different reinforcement rasdiscussed above and for ACI
code equation are given in Table 5.1. The variatiboltimate loads with concrete

compressive strength’.fand ,/f’. can be measured by calculating the ratio of

ultimate loads from 2000 psi to 3000 psi, 3000tp<t000 psi and 4000 psi to 5000
psi of concrete strength for different reinforcemeattio. Table 5.2 describes the
values for different ratio of ultimate loads witietincrease of concrete compressive
strength under different reinforcement ratio. Froable 5.2, it is evident that shear
capacity is proportional Lgff_’c rather than 'f.. The increasing rate of ultimate loads
is different for different reinforcement ratio. Tinate of increase of ultimate loads
are 22.2%, 15.3%, 18.2%, 23.2%, 24.4%, 24.3%, 25.4f6 25.3% for
reinforcement ratio 0%, 0.5%, 1%, 1.25%, 1.5%, %72% and 2.5% respectively

under concrete compressive strength from 2000003000 psi. Similarly, the rate
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of increase of ultimate loads are 15.7%, 14.7%, 1B8%6, 17.2%, 19%, 17.5% and
18.7% for reinforcement ratio 0%, 0.5%, 1%, 1.239%6%, 1.75%, 2% and 2.5%
respectively under concrete compressive strengtim fBO00 psi to 4000 psi and
11.9%, 10.4%, 8.22%, 8.5%, 9.6%, 12.6%, 14.9% &4 for reinforcement ratio
0%, 0.5%, 1%, 1.25%, 1.5%, 1.75%, 2% and 2.5% sedy under concrete
compressive strength from 4000 psi to 5000 pss #een that increase in ultimate
load is more prominent with lower strength concredxenpared to higher strength
concrete. The load-carrying capacity of the plateseased with the addition of steel
reinforcement, changing significantly as the reioémment ratio increased from 0.5
to 2.5 percent. From plain concrete to 1 percemfaeement load-carrying
capacity has increased rapidly whereas from 1.28.5gpercent that has increased
gradually. Hence it may be concluded that concretmpressive strength have
significant effect on increasing the ultimate loazhpacity for particular
reinforcement ratio. Figure 5.2 also compares tegliptions using the ACI code
(ACI 318-08) expressions to investigating the iafine of concrete compressive
strength. It is seen that ACI code prediction withoconsidering flexural
reinforcement effect is more or less similar witlinbate load capacity having
tension reinforcement ratio 0.5%. After that byreasing tension reinforcement

ratio, ultimate load capacity has increased thah@de prediction.
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Table 5.1Ultimate loads fodifferent reinforcement ratio and for ACI code etjpra

Concrete Ultimate load capacity, kip
compressive ACI Finite element result
strength | code| W.R.| RR. |R.R.| RR. | RR. | RR. | RR. | RR
(f'o),psi | ed 0.5%| 1% |1.25%|15%)| 1.75 | 2% | 25
% %
2000 53.7 29.7 55.4 71.9 75.5 78]2 80.4 82.3 85.4
3000 65.7 36.3 63.9 85 93 97.8 100 103 107
4000 75.9 42 73.3] 96.1 106 114 119 121 1p7
5000 84.8 47 80.9 104 115 125 134 139 144
Table 5.2Ratio of ultimate loads
Concrete Ratio of ultimate loads
compressive f'. | ACI Finite element result
strength | ratio| code| W.R.| R.R.|R.R.| R.R. |RR.|R.R.|R.R.| R.R.
(f'o), psi ed' 05| 1% | 1.25%| 1.5 | 1.75| 2% | 2.5
or % % % %
f'e
ratio
From 2000
10 3000 15| 122 122, 115 1.18 1.23 1.24 1.p4 1|25 1.25
From 3000
10 4000 1.33| 1.15| 1.16] 1.15% 1.18 1.14 117 179 117 1.19
From 4000
10 5000 1.25| 1.12| 1.12 1.1 1.1 1.1 11 113 1415 1}13
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5.2.2 Flexural reinforcement ratio

This effect is already highlighted in Sec. 5.2.d am Figs. 5.1 to 5.2 where the
variation of ultimate load with respect to changethe compressive strength and
percentage of flexural reinforcement are illuswate plain concrete slab and slab
with lower percentage of reinforcement have failedlexure. On the other hand,
slabs with higher percentage of reinforcement h&aiked in punching shear.
However, ultimate load capacity is increased sigaiftly by increasing percentage
of flexural reinforcement. Figure 5.2 also compaites predictions using the ACI
code (ACI 318-08) expressions to investigating thmdluence of flexural
reinforcement ratio. However, ACI code has totafjpored the effect of flexural
reinforcement. Figure 5.3 also shows the influesfciiexural reinforcement ratio on
ultimate load capacity for varying concrete comgnes strength. From figure it is
clear that with increasing the percentage of reagment, the value of the punching
load is increased. The change in behaviour withdfmenge in the reinforcement
ratio was particularly noticeable for higher valwésompressive strength. It can be
observed that after a similar initial elastic rasgm the behaviour of the slabs varies
tremendously depending on the percentage of r&@efent. The rate of increase of
ultimate loads are 41.1%, 46%, 52.3%, 55%, 55.538% and 54.5% for concrete
compressive strength 2000 psi, 2500 psi, 300035€IQ psi, 4000 psi, 4500 psi and
5000 psi respectively under reinforcement rationfrd.5% to 1.5%. Similarly, the
rate of increase of ultimate loads are 9.2%, 10.208p, 10.4%, 11.4%, 13.3% and
15.2% for concrete compressive strength 2000 [0 2psi, 3000 psi, 3500 psi,
4000 psi, 4500 psi and 5000 psi respectively uneieforcement ratio from 1.5% to
2.5%. It is seen that increase in ultimate loadmigre prominent with lower
percentage of reinforcement compared to higher gméage of reinforcement.
Therefore it must be concluded that the amountl@fufal reinforcement has a

significant influence on the punching capacity labscolumn connection.
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Figure 5.3 Variation of ultimate load capacity with varyingimforcement ratio
for different compressiveesigth of concrete

5.2.3 Yield strength

To study the effect of yield strength of steel ba punching shear, same basic flat
plate FE model was taken with tension reinforcemetio 1.5% and concrete
compressive strength 2000psi, 3000psi, 3500psi40@dpsi. Yield strength was
varied from 40ksi to 75ksi (40, 45, 50, 60, 7057&@nd 75ksi). Figure 5.4 represents
the variation of ultimate strength due to changgieid strength of the steel. For
concrete strength of 2000psi same load carryinqa@gp has observed with the
increase of yield strength of steel. However, fonaete strength of 3000psi,
3500psi and 4000psi ultimate strength is increas#fl the increase of yield
strength of steel at initial stage due to yieldaigteel. But for same condition, the
rate of increase in ultimate load is very low faoelgt strength greater than 50ksi.
From Fig. 5.4, one strong conclusion on the infaeenf the yield strength of the
flexural reinforcement on the punching capacitysiaib-column connection can be
drawn. Only the ratio of the flexural reinforcemeviiuld affect the shear capacity
and which is independent of its yield strength. réfare, the punching load is not
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influenced by the vyield strength of the flexurainfercement if the slab does not

experience yielding.
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Figure 5.4 Variation of ultimate load capacity due to chamggield strength of
reinforcement

5.2.4 Effect of compression reinforcement

Flexural reinforcement for both tension and comgices face was considered.
Parametric study was conducted observe the effedersion and compression
reinforcement on model slab A-1a, A-7b and A-7 tdtiier and Hognestad (1956).
Load-deflection response of these slabs is showhigs. 5.5 to 5.7. From these
figures, it can be seen that the influence of cawsgion reinforcement on the
ultimate load carrying capacity is not so significalhere also have no significant
change in stiffness and ductility as seen fromlteblowever, a research work has
conducted by Mitchell et al. (1984) to prevent pesgive collapse where flat plate
slab must be capable of providing post-failurestasice in the presence of punching
shear failures and severe distress around the osluf noticeable difference was
found in post-failure resistance of slab-columnragtions having with and without

compression reinforcement. After shear failure havecurred the tension
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reinforcement rips-out of the top surface of thabshnd becomes ineffective in
carrying the load. Therefore, slab-column connectiwithout compression
reinforcement has negligible post punching shesist@nce which would result in
the collapse of the slab. In contrast with compogsseinforcement did not rip-out
of the slab and thus provide some post-punchingrshesistance. So, the role of
both tension and compression reinforcement in mangp the slab is significant.
But in this research work there is a limitationnimdel post-failure effect having
with and without compression reinforcement basealoove discussed journal. To
observe such failure criteria or post-punchinguf@lphenomenon, the slab should
be model considering geometric nonlinearity. Whereathis research work the

effect of geometric nonlinearity is fully absent.
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Figure 5.5Influence of flexural reinforcement on load-deflen response for
model slab A-la
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5.3 Geometric Parameters

In the geometric parameters mainly the size effketspan-depth ratio, the column
size that is the load or the concentrated reaciea or the support and boundary
condition is considered. Same basic flat plate F&tleh were 70 inch square on
supports in planer dimension while the plate th&ds) column or loading area and
boundary conditions were varied. A suitable matgrraperty was chosen for the

study of geometric parameters.

5.3.1 Plate thickness (span-depth ratio)

Different span-depth ratios were achieved by vayyiate thickness of the model.
The thickness varied from 3 in to 12 in with spapih ratio varies from 23.33 to
5.83. For this, the amount of flexural reinforcembas kept as a fixed value and
reinforcement ratio has varied with varying platekness. Concrete compressive
strength 3500 psi and steel yield stress 60 ksewhosen. Figure 5.8 shows that the
thicker the slabs, the higher the punching sheangth. At lower slab thickness,
flexure governs the failure and behaves as a éusltlb. On the other hand at higher
slab thickness, shear governs the failure and aljailpre occurs. The increasing
rate of ultimate loads is different for differerlafe thickness. The rate of increase of
ultimate loads are 62.7%, 56.4%, 35.8%, 32.5%,%422.4%, 17.9%, 14.9% and
11.2% for plate thickness from 3 into 4 in, 4aGtin, 5into 6in,6into 7in, 7 in
to8in,8into9in,9into 10in, 10 in to I and 11 in to 12 in respectively. It is
seen that increase in ultimate load is more prontiéth lower slab thickness
compared to higher slab thickness and it decrei#tbethe increase of slab thickness.
Figure 5.9 shows the variation of unit shear stokss to change in plate thickness

where the straight line representyf4. value. Figure 5.10 shows the plot of

ultimate load capacity vs. span-depth ratio that loa divided into two zones. First
zone, a flatter slope of the curve having spanidegitio above 14 indicates ductile
zone where flexure governs the failure and nexezensteeper slope of the curve
having span-depth ratio from 14 to 5.83 indicatesipt zone where shear governs
the failure. The strength increase with small sgapth ratios may be due to the

development of compression struts forming a tiedhanechanism similar to that
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observed in deep beams and the interaction ofangptompressive forces resulting
from friction at the support. Similar behaviour wesported by Lovrovich and
McLean (1990). They have observed for the testesewith circular slabs. The
specimen strengths increased as span-depth ratosaged from 6 to 2. There was
some evidence of the formation of compression stiutween the point of
application of the load and the support as theispats approached failure. Thus, a
tied-arch mechanism similar to that observed inpddemams is developed.
Additionally, in-plane compressive forces resultingm friction between the slab
and the supports may have interacted with the m@thanism. This interaction may
have also contributed to the increased strengtlsereed in the specimens with
small span-depth ratios. Therefore, it appears thatthickness is an important
factor affecting the punching load capacity of mf@ced concrete flat plate with

slightly varying response in different zones.
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5.3.2 Column size

To study the effect of column size on punching sleapacity 10, 12, 15, 18, 20, 25
and 30 inch square size column and 1QiR0in, 10inx 30in, 10inx 40in and 10in

x 50in rectangular size column was used while dkobparameters were constant.
For this, reinforcement ratio 1.5%, concrete corsgire strength 3500 psi, steel

yield stress 60 ksi and plate thickness 6 inch whosen.

Figures 5.11 and 5.13 represent the load-deflectiorves for varying square
column size and rectangular column size respegtivss would be expected, the
increase in square column size and longer sideefdangular column increased the
slab stiffness and there by increased the slop#sedbad-deflection curves. Figure
5.12 shows the variation of ultimate load with wvagysquare column size. Ultimate
loads on 10, 12, 15, 18, 20, 25 and 30 inch of mqualumn are 107 kip, 121 Kip,
134 kip, 149 kip, 163 kip, 179 kip and 187 kip resfively. The increasing rate of
ultimate loads is different for different squareluwwon. The rate of increase of
ultimate loads are 13.1%, 10.7%, 11.2%, 9.4%, %8%4.5% for column size from
10 inch to 12 inch, 12 inch to 15 inch, 15 incH.&inch, 18 inch to 20 inch, 20 inch
to 25 inch and 25 inch to 30 inch respectively.nkrb0 inch square column to 25
inch square column, the rate of increase of uliémaads are decreasing uniformly,
whereas from 25 inch square column to 30 inch sgoalumn, the rate of increase
of ultimate load is decrease rapidly. From thisestigation it is seen that increase in
ultimate load is more prominent with smaller colusize compared to larger
column size. Again, the rate of increase of ultinikmiad is 52.3% for column size
from 10 inch to 20 inch. So, it is also observeat thy doubling the square column
size, ultimate load is increased over 50%. Basicall this case the punching
perimeter increase is 67%. Again Fig. 5.14 alsavshihe variation of ultimate load
by increasing longer side of rectangular columniniiite loads on 10ix 20in, 10in

x 30in, 10inx 40in and 10inx 50in of rectangular size column are 127 kip, 130
kip, 134 kip and 140 kip respectively. The rateirafrease of ultimate loads are
18.7%, 2.4%, 3.1% and 4.5% for column size frorm20il0in to 10inx 20in, 10in

X 20in to 10inx 30in, 10inx 30in to 10inx 40in and 10inx40in
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to 10in x 50in respectively. From 10ir 10in column to 10ink 20in column, the
rate of increase of ultimate loads is very high pame to the rate of increase of
ultimate loads from 10ink 20in to 10inx 50in. The increasing rate of ultimate
loads is very low by increasing longer side of aegular column. Again, the rate of
increase of ultimate loads is 21.6% for 20 inchasgicolumn size in place of 10in
40in rectangular column size. It may be concludhed the square column with same

cross sectional area of a rectangular column Yigjtder punching strength.

5.3.3 Support condition

To study the effect of edge condition, three slabsiodel plates were square (70" x
707 and loaded with a central load uniformly disited over an area of 10" x 10”
and applied through a column stub. For this, recément ratio 1.5%, concrete
compressive strength 3500 psi, steel yield str@sksb and plate thickness 6 inch
were chosen. The orthogonal longitudinal reinforeethwas provided in the tension
and compression zone. Three different support ¢iongdi were applied: symmetrical
support on four edges, symmetrical support on tp@osite edges and symmetrical
support on four corners. Corresponding load-daflectesponse is plotted in Fig.
5.15. From figure it must be concluded that différdboundary condition has
different influence on the punching capacity ofbstmlumn connection. Therefore,

boundary condition is an important part of the niadigb to get realistic result.
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5.4 Punching Shear Prediction Equation

For the design of flat plate structure, punchingashstrength of concrete in the
vicinity of columns is one of the design criterionkich often govern the design.
Thus, the critical shear section for this type béa should be located. Different
building code provisions provide the location akthbritical section differently. But
for all the codes, when this is done, the sheangth is taken almost independent of
the edge condition, reinforcement ratio and spatfdeatio. There are scopes of
modification within the method. The purpose of fl@ametric study is to identify
these scopes of modifications and propose chamgists are then made to check

the performance of the suggested proposition.

In Chapter 2, various code provisions along withv fendividual researchers’
prediction equations are presented. Among all qméelictions the critical shear
perimeter is taken as a rectangle located at ardist of 1.5d from the edge of
column by British Code (BS 8110, 1985), but for @ther codes this perimeter is
taken at d/2 from the column face. It is to be ddteat BNBC (2006) adopted ACI
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Code with minor modification. As such all the suedieg discussions are mainly
related to ACI Code.

5.5 ACI 318-08 Code Provision

Provisions in ACI 318 (2008) are based on the apsiom that the punching shear
failure surface will develop at an angle of 45 @egrThe permissible nominal shear
stresses in the concrete are empirically derivexddan a critical section located at
half the effective depth of the slab away from gegimeter of the load. The ACI
equation for predicting punching shear mentione@liapter 2. As can be seen, ACI
building code does not recognize the effect ofra@sing action at the support when
treating punching shear in reinforced concretesslathe expression for nominal
punching shear stress does not include terms csidthe ratio of main steel,
yield strength of steel, column size effect and dtad depth. Effects of span-depth
ratio are not addressed in the current punchingrgh®visions. Analysis performed
in parametric study reveals that reinforcementorathd span-depth ratio has a

significant influence on punching shear strength.

5.6 Comparison of Numerical Results with ACI 318-0&ode Provision

Some of the analytical results (Present FE arglgstting from parametric study is
compared with predicted nominal punching sheareslaccording to ACI 318-08
code for slabs. Figures 5.16 to 5.21 are desciibedatio of FE shear to nominal
shear according to ACI 318-08 code.

It is observed from the figures that most of theesaACI 318-08 code prediction are
conservative, giving an underestimate results.iys.F5.16 and 5.17 represent ACI
predicted values about 20 to 70 percent lower ttiren FE results considering
reinforcement ratio from 1% to 2.5% respectivelpisTis because, it can be seen
from Fig. 5.6 that for a particular compressivesgth with all other parameters left
constant ultimate strength increases with increaseeinforcement ratio. But this
effect cannot be accommodated in the ACI 318-08 qmavision. However, one

exception is found in Figs. 5.16 and 5.17 wherefsb ssections without
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reinforcement and 0.5% reinforcement, ACI 318-08eccepresents an overestimate
results with FE shear values. This is because df3@-08 code were not intended
for preventing connection failure dominated by €élex This equation should not be
used to estimate gravity load-carrying capacityststb-column connection with

relatively low tensile reinforcement ratio.

It is also observed that for a particular reinfoneat ratio the increase in ratio of FE
shear to nominal shear with increase in compressinangth is very low. This is
because; the progressive rate of increase in dteargth is more or less same in

case of FE shear and nominal shear strength.

Figure 5.18 also represents some conservativetsesuhsidering ACI 318-08 code
having different yield strength with all other paweters constant. Here, all results
are containing more or less same ratio which reprtethat there have no significant
change of ultimate strength due to change of yé#length of steel. However, ACI
predicted values are about 50 percent lower tharF&h results and particularly this
difference is due to underestimate of reinforcemetio by ACI 318-08 code

provision.

In Fig. 5.19 considering tensile reinforcement g, which is the product of
reinforcement ratio and steel yield strength alepreésents more or less same
behaviour as discussed in Fig. 5.17 for variatibithe ratio between FE shear to
nominal shear according to ACI 318-08 code prowisigth varying reinforcement
ratio for different compressive strength of conereThough for a particular
compressive strength the increase in ratio of FEaisto nominal shear with increase
in yield strength of steel is very low and for sapmndition the increase in same
ratio with increase in reinforcement ratio is sfgraint. That is why; the progressive
rate of increase in FE shear to nominal shear ratimore or less same with Fig.
5.17.
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In Fig. 5.20 represents ACI predicted values al3uto 60 percent lower than the
FE results considering plate thickness from 3 it@t® inch respectively. That is
conservative results by ACI 318-08 code provisidith the increase of slab
thickness than 9 inch plate thickness, the rattovéen FE shear and nominal shear
has decreased. Therefore, this effect should benamodated in the ACI 318-08

code provision.

In Fig. 5.21, whereas column size is varying regnés conservative results by ACI
318-08 code provision and also represents samevioeinaas discussed above for
slab thickness. With increasing column size, ACB-88 code provision will
represent unconservative results. So, to calcuteepunching capacity by using
ACI 318-08 code provision having large column sigeno longer valid. This is

because of absence of column size effect in AC+E.8ode provision.
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Figure 5.20Variation of the ratio between FE shear to nomsfedar according
to ACI 318-08 code provision with varyiptate thickness
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From 98 parametric study (Present FE analysis)ltsesihe FE shear strength is
plotted in Fig. 5.22 against the nominal strengtlineated based on ACI 318-08
code provision. It is observed that most of theesasCl 318-08 code prediction are
conservative, giving an underestimate results. Osdyne models having no
reinforcement and a low tensile reinforcement inpfxequal to or less than 0.3 ksi
represents overestimate results of shear capagith@ 318-08 code provision.
From Fig. 5.22 it is also evident that nominal sheteength values according to ACI

318-08 code are scattered to FE shear strengtes/alu
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5.7 Scope of Modification

From the above discussion, it is evident that toniehte the problem of

underestimation or overestimation of punching gtierby ACI 318 (2008) Code, a
modification is required to attain a level of aay that can reasonably be
compared with finite element solution. This stutherefore, identifies that the code

provisions may be reviewed taking into considerattte influence of the following:

* Influence of reinforcement ratio (flexural).

* Influence of yield strength of steel (flexural).

» Effects of span-depth ratio on punching shear gtren
* Influence of column size

* Influence of edge restraint.
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5.8 Tian Equation to Modify the ACI 318-08 Code Eqation

A research work has already been conducted by @&iaal. (2008). Considerable
experimental research has been carried out oncsllaioan connections of reinforced
concrete flat plate structures subjected to comatsd gravity load. The research
reported herein focuses on strength evaluatiomtafrior connections with square
columns. Relevant tests satisfying the followingnditions were collected to form
the basis of the study :1) connections were coogduwith normal weight concrete;
2) slab flexural reinforcement strength as measyref, was less than 8 MPa
(1200psi); 3) no shear reinforcement was used;4mslab thickness was at least
75mm (3 in). According to analyses of availablet ®ata, the effects of several
variables on connection behaviour were individuadipwdied and a modified
equation using function of concrete strength, skibforcement ratio, steel yield
strength and the ratio of column size to slab éffecdepth were formulated for

calculating connection shear strength.

An empirical solution was developed using an apghmosimilar to that adopted by
Zsutty (1968) and Zsutty (1971) for predicting besinear strength. The effects of
slab size and boundary condition on shear stremgtle not considered due to lack
of test data for connections supported on squalentes. The connection shear

strength was assumed to take the following gerieral

Vo=q.(fe)* - (pf,)F . Ac.y(c/d) (5.1)

Wheref,; is the concrete tensile strengt, = 4d(c + 2s) is the area of a critical

section located at a distansefrom the column faces; angis the dimensionless

function ofc/d. Assumingf,, is related tq/f’. and the equation was rewritten as

Vo =k .(f' )% .(pfy)P . Ac.¥(c/d) (5.2)

The parameters, a, 8, s and the expression gfwere determined from analyses of

the test results. Test data of specimens with tafs evenly distributed in two
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orthogonal directions of the slab were used to ggaesquation for punching shear
strength.

The effect of a single variable on connection shespacity was examined by
eliminating the influence of others. For examplégw investigating the influence of
concrete strength, the specimens with similar flakueinforcement ratio and
strength, column size and slab effective depthvlith different concrete strength
formed a data group. The average ratio of meassinedr strength to calculated
shear strength for each group was calculated. Tdre@ach specimen, the deviation
of the prediction from the average of the corresioam group was defined. Finally,
the average deviation for all tests used in thdyarsawas calculated. The average
deviation was minimized by adjusting the valuex@ndp and repeating all steps. It
was found that the contribution of concrete streragid slab flexural reinforcement
is best described by assuming the punching stretoghie proportional tgf’,)%2°
and (pf,)** (o = p = 1/2). Similar procedure applied to 10 groupdest data (49
specimens) to determine an appropriate criticai@®docation. It was found that, if
s < 2d, the deviation was insensitive g0 Therefores = 0.5d, the same value as
used in ACI 318-08, was adopted. Based on a ragressalysis, the effect of c/d
on the connection strength expressed. Based omadatgses described previously,

the shear capacity of a slab-column connectiondeaised as

Yy = 0.65¢4.(pfy /)2 (in Sl units) 5.3)

v, = 2.3EAC(pfy\/f_’C)% (in customary units) (5.4)
Where,

A, =4d(c+4d)

:
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It should be noted that the comparison of sheaaagpestimated by using modified
equation with the measured strength from experimare very close. It was also
suggested that 95% of the test results were exghéatexceed the strength defined
by modified equation by considering a reductiorida®.83 to the right-hand side of

these equations to derive a characteristic strength

In this study, same modified equation suggestetiay et al. (2008) has considered
and compares the ultimate loads obtained from ptef& analysis with the

modified equation to confirm the acceptability loé tmodified equation.

5.9 Comparison of Numerical Results with Tian Equabn

Again the analytical results (Present FE analyasi® compared with predicted
nominal punching shear values according to Tiaraggu for slabs. Figures 5.23 to

5.28 are described the ratio of FE shear to nonsimair according to Tian equation.

It is observed from the figures that most of thesesa nominal shear results
according to Tian equation are very close to FlltegPresent study). In Figs. 5.23
and 5.24 represent a small amount of overestimeselts for lower concrete
strength having higher reinforcement ratio andhsgljg underestimate results for
higher concrete strength having lower reinforcemmatio. Similarly in Fig. 5.25
also represents a small amount of overestimatdtsefsuw lower concrete strength
having higher yield strength of steel and slighilyderestimate results for higher
concrete strength having lower steel yield strenddtow after a meticulous
investigation from Figs. 5.23 to 5.26 it is evid#mat a slab section having 3500 psi
concrete strength with tensile reinforcement rdti6% and 60 ksi yield strength
represents an exact result on punching shear ¢gplagi using Tian equation.
However, a reduction factor can be used to get mapless exact capacity in case of
overestimate results. In Fig. 5.27 represents stienate result for very small slab
thickness and close results for slab thickness fsomch to 11 inch. In Fig. 5.28
also represents some underestimate results for nabnshear based on Tian

equation.
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Again from 91 parametric study (Present FE anglysisults, the FE shear strength
is plotted in Fig. 5.29 against the nominal stréregtimated based on Tian equation.
It is observed that most of the cases nominal sheeording to Tian equation are

very close to FE results (Present study) as thiteséa reduced.
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Figure 5.29Comparisons of FE shear strength and nominal stesargth
according to Tian etijp@a

According to Tian et al. (2008), if 95% of the tessults are expected to exceed the
strength defined by Tian equation, a reductiondiacf 0.83 should be applied to
derive a characteristic strength. So, the FE sk&angth is plotted in Fig. 5.30
against the design strength estimated based oneéljaation. However, from the
present FE analysis about 18% FE results have xuated the strength defined by
Tian equation with reduction factor 0.83. So, altand error process have applied to
get appropriate reduction factor for design streregid again the FE shear strength
is plotted in Fig. 5.31 against the design strerggtimated based on Tian equation
having reduction factor of 0.73. This final valuer freduction factor of 0.73 is
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decided depending on proximity of about 95% FE Itesaxceed the strength

defined by Tian equation.
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Figure 5.30Comparisons of FE shear strength and nominal stesargth
according to Tian equation withuetion factor 0.83
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5.10 Proposed Modified Equation for Rectangular Calmn

The research work conducted by Tian et al. (20@8) darried out on slab-column
connections of reinforced concrete flat plate $tmes subjected to concentrated
gravity load to focuses on strength evaluationnténor connections with square
columns. In this section, a modified equation hesppsed which is more or less
same as suggested by Tian et al. (2008) with hawe sninor modification by using
rectangular column and compares the ultimate loalstained from present FE
analysis with the proposed modified equation tockhthe acceptability of the
proposed modified equation. The minor modificatignusing rectangular column is

only for column aspect ratio. The average dimensibmectangular column have

used to calculate the value g and\/% and a coefficieny also has introduced in

the proposed modified equation. The proposed neatifiguation is given below:

1
Vo = 0.65Y¢Ac(pfy/f')? (in Sl units) (5.5)
V, = 2.3y€AC(pfy,/f’C)% (in customary units) (5.6)
Where,
A, =4d(c+4d)

-
c =(c;p+cy)/2
y={(2+ﬁi)/4} if, . =2

y=1 ifg, <2

Here, 3. is the ratio of long to short sides of the coluriihe value of suggested
shear strength coefficient is decrease with theeame off.. By considering only
this modification for large rectangular column, tebear strength predicted by
proposed modified equation has been found to be $afures 5.33 and 5.34 are
plotted the ratio of FE shear to nominal shear afing to ACI 318-08 code
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provision and the ratio of FE shear to nominal slaeaording to proposed modid
eguation respectively. In Fig. 5., whereas column size is varying repres
conservative results by using ACI -08 code provision. On the other he Fig.
5.34 representslightly overestimate resi with column aspect ratio less than t
and by increasing column aspect ratio the nomiredas based on propos
modified equationrepresents se results. The analytical results (Present
analysis) are plotted with predicted nominal pungrshear vales according to AC
31808 code provision and predicted nominal punchingastvalues according
proposedmodified equation for slabs. The FE shear stth is plotted in Fig. 5.2
against the nominal strength estimated b on ACI 31808 code provisic. It is
observed thanominal shear strength values according to ACI-08 code are
scattered to FE shear strength val Again, the FE shear strengthpietted in Fig.
5.36against the nominal strength estimated based gropeal modified equation.
is observed from the figure that the nominal shaanording to proposed modifit
equation is close to FE results (Present studyhasscatter is reduced. Howev
there have someverestimate resu with column aspect ratio less than two that

needto adjust by using a reduction fac 0.73.
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The proposed modified equation wconsidering reduction fact@.7: to the right-

hand side of these equations to derive a charatitesirengt is given below

V, = 0.47y€AC(pfy,/f’C)% (in ST units) (5.5)
V, = 1.7y§AC(pfy,/f'C)% (in customary units) (5.6)
Where,
A, =4d(c+d)

o
c =(cp+cy)/2

vl B 22

y=1 g, <2

2
@ .© .
2T = 16
w3 = ]
<0 v 14 -
co = —
Q2 E 12 .
o5 E ACI318-08 code equation
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Figure 5.37Variation of the ratio between FE shear to nomghaar accordin
to ACI 31¢&-08 code provision and proposed modified equ: con-
sidering reduction factor 0.73 wivarying aspect rat
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Figure 5.38Comparisons of FE shear strength and nominal stesargth
according to proposed modiegdiation with reduction factor
0.73

5.11 Remark

Numerical modeling of slab-column joint of RC flptate by using ‘ABAQUS’

software based on nonlinear finite element meth@s wsed to investigate the
influence of several factors on the behaviour aefglkubjected to gravity load. The
factors studied regarding material properties aadngetric properties. Concrete
compressive strength, the amount of longitudinafoecement, yield stress of steel,
effect of compression reinforcement, the slab théds, column dimensions and
boundary conditions for the plates analyzed as phathis parametric study. The
results of the analysis represent the general @lnagf slab-column joint at every
stages of load history of slab up to failure. Tlenaete compressive strength,
longitudinal reinforcement ratio, slab thicknessd aolumn dimensions increases

punching shear capacity in a certain level.
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The increase in ultimate load is more prominenthwiwer strength concrete

compared to higher strength concrete for diffesdetl ratios. From analysis, it is
found that shear strength is proportionaLth’C which is similar with ACI 318
(2008) code equation and shear strength accordidgCl 318-08 code equation is

more or less similar with ultimate load capacityihg tension reinforcement ratio
0.5% and by increasing tension reinforcement ratitimate load capacity has
increased than ACI code prediction. It is also fibahat from plain concrete to 1
percent reinforcement ratio slab load-carrying cépahas increased rapidly
whereas from 1.25 to 2.5 percent that has increagadually. Therefore, the
increase in ultimate load is more prominent witlvdo percentage of reinforcement
compared to higher percentage of reinforcementcl®ng load is not influenced by
the yield strength of the flexural reinforcementtliie slab does not experience
yielding and the effect of compression reinforcetnam the ultimate load carrying

capacity is not so significant.

For slab thickness it is found that the thicker skabs, the higher the punching shear
strength. From analysis, it is also found that ititerease in ultimate load is more
prominent with lower slab thickness compared toh&rgslab thickness and it
decreases with the increase of slab thickness. Bdt@viour was different for
different span-depth ratio. At lower slab thicknessspan-depth ratio above 14
indicates ductile zone where flexure governs tlilara On the other hand at higher
slab thickness or span-depth ratio from 14 to ;8 ates abrupt zone where shear
governs the failure. The increase in square colsma and the longer side for
rectangular column have increased the stiffnesslain-column joint and ultimate
load carrying capacity. The increase in ultimagdlas more prominent with smaller
size square column compared to larger size squdmena and the increasing rate of
ultimate loads is very low by increasing longeresior rectangular column. It is
observed that by doubling the square column siltenate load is increased over
50%, where the punching perimeter is increased @i#othe increase of ultimate
loads is 21.6% for 20 inch square column size ac@lof 10inx 40in rectangular
column size which means that the square column sdithe cross sectional area of a

rectangular column yield higher punching streng@milarly different boundary
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condition has different influence on the punchingpacity of slab-column
connection. Therefore, boundary condition alsorisimaportant part of the model

slab to get realistic result.

In case of punching shear design; ACI 318-08 cadeigion is more conservative.
ACI 318-08 design equation underestimates the tesal predict punching shear
capacity. A modified equation as suggested by €iaal. (2008) to predict punching
shear capacity has been investigated. It is obdehat the present study finds good
correlation between FE results and those obtaigesipgested equation. It is found

that the contributions of concrete strength is lokesicribed by assuming connection

punching capacity to be proportional(,)%2° instead of\/ﬁ and strength of slab
tensile reinforcement and/d significantly affect the connection strength, as
suggested by Tian. The suggested equation to predicching shear capacity
appears to be safe with reduction factor of 0.73médified equation has been
proposed in the current work which is similar aggasted by Tian et al. (2008) with
some minor modification to predict punching shesgpacity for rectangular column.
A satisfactory and safe result has come by usiegptioposed modified equation
with reduction factor of 0.73 for rectangular coluntiowever, still there are scopes
to review the modified equation by taking into cdesation the influence of the

effects of edge restraint on punching shear sthengt

The Tian equation and the proposed modified equatiee based on numerical
model where the effects of bond slip between cdacaad reinforcement, dowel
action and aggregate interlock were not considgdedthe other hand, ACI 318-08
code equation is derived using experimental resuhiere the above mentioned
behaviours are included and this equation has peeved to be safe in practice.
Therefore more intensive research works both emprial and numerical, need to
be performed on the above discussed behaviourrteeda more logical punching

shear formula to predict the actual punching cdpaci
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Chapter 6

BEHAVIOUR OF SLAB-COLUMN CONNECTIONS UNDER SEISMIC
LOAD

6.1 General

In Chapter 5 the parametric study was done to ifjethe effects of different
parameters on punching shear strength of flat plateler gravity loads. However,
Flat plate structural behaviour is very criticalden lateral load consists of the
inertial force that results from the shaking offaandation by a seismic disturbance.
The inertial force which produces a significant alaimced moment at slab-column
connection would enhance punching shear failureerd@fore, by knowing the
importance of seismic load this chapter is dedatatestudy the behaviour of slab-
column connection under both gravity and laterad® Under earthquake (lateral)
loading the behaviour of a flat-plate structuresimilar to that of moment resisting
frame, that is, its lateral resistance depends hmn ftexural stiffness of the
components and their connection. Therefore, théuante of this action must
therefore be considered from the very beginninthefdesign process. The structure
must be designed to resist the gravitational atetdaforces, both permanent and
transient. In this chapter based on design critec@ording to ACI 318 (2008) code
provision, four different full scale slabs have mbeenodeled under various
combination of gravity and lateral loading accogdie BNBC (2006) and discuss

the model behaviour at slab-column connection.

A better lateral load carrying system such as shadirhave discussed on flat plate
high-rise building structure to resist most effitig the various combinations of
gravity and lateral loading. This shear wall is lggp on structural system to

improve resistance by increasing strength andhes. A safety provision have also
been checked for design under direct design mdiliaging shear wall on flat plate
high-rise building structure at seismic Zone-2 atmhe-3 according to BNBC

(2006).
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Finally, recheck the percentage of moment whiclyplan column strip and middle
strip as specified by direct design method undavity load and also the percentage
of moment transfer through column strip and effexividth due to lateral load and

suggest possible modification on percentage ifirequ

6.2 Numerical Modeling of Interior Slab-Column Conrections

For structures in regions of high seismic risk or $tructures assigned to high
seismic performance is very critical. In case @hhiise building structure having
flat plate slab system of large span length is caéig by lateral load due to
earthquake action to an extent that they play apomtant role in the structural
design. The design criteria based on direct desiggthod of slab-column
connections of flat plate slab system, the inteiatedmoment resisting frames of
flat plate structure according to ACI 318-08 codevisions and also having a drop
panel that resist seismic forces have been disgugse this, a typical interior slab-
column connection of a fourteen storied commetwigiding was considered having
26.5 ft square slab, supported on a column of 4B8ax 42" as shown in Fig. 6.1.
The thickness of the slabs is 10 inches by ensuhiag punching shear failure has
not occurred according to ACI 318-08 and BNBC (20066de provision. In this
modeling the dead load with self weight is 200l the live load is 80 psf as it is
a commercial building. The load combination andssét zone have considered
according to BNBC (2006) code provision. Zone-2 $elected to analyze the lateral
loads as the above mentioned commercial buildingpisidered at Dhaka city. For
this interior flat plate slab-column connectionnceete compressive strength and
steel yield strength have considered 3500 psi @hdksb respectively. Based on
above mentioned concept and design specificatiomumerical model have

generated for the following condition:

I.  Model-1 which is based on direct design method icemsg only gravity

load.
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ii.  Model-2 which is also based on direct design metbodsidering only

gravity load and fifty percent of column strip rEircement have passed

through effective width (c+3h).

iii.  Model-3 is for slab-column connections of internadi moment resisting

frames.

iv.  Model-4 is for slab-column connections with dromela

The limitation of modeling has also been discussdtis section.

_-__3;_6)?__-_

3!_6)’;’

oo’

.
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A

Figure 6.1Plan view of interior panel of flat plate slab ®ms

Finally an overview of the ACI 318-08 code provissofor moment transfer to

column are summarized that presents the backgrodiodmation on the existing

provisions to calculate the lateral load stiffnexfstwo-way slab structures in

accordance with requirements. It is also descriti@d to utilize the provisions of

Sec. 11.11.7 for shear resulting from moment temss column, Sec. 13.5.3 for
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reinforcement requirements for moment transferaloron and moment distribution
between slab and column and Sec. 21.3.6 for intiatemoment frames consisting

of two-way slabs without beams.

6.2.1 Slab-column connections designeaxhly for gravity load (Model-1)

The modeling of reinforcement detailing for slaburon connections is designed
only for gravity load based on direct design meteahpirical design). The direct
design method consists of a set of rules for disting moments to slab sections to
satisfy safety requirements and most serviceabikiyuirements simultaneously.
This method is considerably simple to determine dsribution of total span
moment at column strip and middle strip without theed for computation of

equivalent column stiffness.

Based on direct design method, the total factotaticsanoment in a span, for a strip
bounded laterally by the centerline of the paneleach side of the centerline of
supports shall be determined for load combinatacsording to BNBC (2006) as
given in Eq. (6.1) is 729 kip-ft. All calculatiormse given inAppendix A. Distribute

this total factored static moment to negative aoditfjve sections and also these
negative and positive factored moments to the colamd middle strips based on
specified percentage. The portion of negative aositipe factored moments not
resisted by column strips shall be proportionatedgigned to corresponding half

middle strips.

U =14DL + 1.7LL (6.1)

According to ACI 318-08 code provisions for interjmanel, the percentages are as

follows:

Negative factored moment ................... ... 65% Of total factored static moment
Positive factored moment............................. 35% 0f total factored static moment
Column strip negative moment..................... 75% of negative factored moment
Middle strip negative moment...................... 25% of negative factored moment
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Column strip positive moment...................... 60% of positive factored moment

Middle strip positive moment................ccce.. 40% of positive factored moment

Considering the above mentioned percentage, thencoktrip negative moment is
355 kip-ft. By this moment the required cross-sewi area of reinforcement in
longitudinal direction is 9.4 fnand in transverse direction is 10.2. i8imilarly, for
column strip positive moment, middle strip negativ@ment and middle strip
positive moment is 153 kip-ft, 118 kip-ft and 10p-k respectively and also by all
these moments the required cross-sectional areasirdbrcement in longitudinal
direction are 4 ify 3.08 irf and 2.86 iA respectively and in transverse direction are
4.2 irf, 3.3 irf and 2.86 ifi respectively. Development length of reinforcemieas
considered in accordance with ACI 318-08 code meguénts as it describes the
Sec. 13.3.8 for minimum extension of reinforcem@&atsed on these reinforcement
detailing and also considering the dimensions aateral properties as discuss in

Sec. 6.2, a model has been prepared by using ‘Abaqttware.

6.2.2 Slab-column connections designed only for grity load considering
effective width (Model-2)

The modeling of reinforcement detailing for slabemon connections is also

designed only for gravity load based on direct giesnethod (empirical design)

with have some minor modification. The calculatafrtotal factored static moment
and the distribution of this calculated moment ¢égative and positive sections and
also to the column and middle strips is same as $eétl. The amount of

reinforcement calculation for column strip and nédtrip is also same as Sec.
6.2.1. In case of reinforcement detailing a minadification has conducted. About
fifty percent of column strip reinforcement has g through effective slab width
(c+3h) between lines that are one and one-half @dh) outside opposite faces of
the column. Development length of reinforcementaiso same as Sec. 6.2.1.
Considering above mentioned modification, anothedeh has been prepared by

using ‘Abaqus’ software.
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6.2.3 Slab-column connections of intermediate momeresisting frames
(Model-3)

When both gravity and lateral forces cause transfemoment between slab and
column, a fraction of the unbalanced moment givemd1,, shall be considered to
be transferred by flexure within an effective siaiolth between lines that are one
and one-half slab (1% outside opposite faces of the column, whatg is the

factored unbalanced moment to be transferred.

1
V= e, (6.2)

Where,
b; = The width of the critical section for shear measuin the direction of
the span for which the momemtsdetermined
b, = The width of the critical section for shear measuin the direction

perpendicular bg.

The fraction of unbalanced momeptM, not transferred by flexure shall be
transferred by eccentricity of shear about the roghtof the critical section. The
shear stress resulting from moment transfer byrdadcey of shear shall be assumed

to vary linearly about the centroid of the critisalctions.

Yo=1-v¢ (6.3)
Though the model slab is square dandb, value is 1. That is why; the fraction of
the moment transferred by flexure is 60 percenthef total unbalanced moment

which can be calculated by using the Eq. (6.2).

According to ACI 318-08 code provision Sec. 13.3,3he value ofyy may be
modified if certain conditions are met: For intersupports, the unbalanced moment
transferred by flexure is permitted to be increagedo 25 percent provided that the

factored shear (excluding the shear caused by tthreemt transfer) at the interior
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supports does not exceed 40 percent of the shesargtt V.. However, in this
model the ratio between the factored shear andshear strengthpl,. is 0.97.
Therefore, the unbalanced moment transferred byurfée is not permitted to be
increased up to 25 percent in this model. Wherfabred shear for a slab-column
connection is large, the slab-column joint cannbwags develop all of the
reinforcement provided in the effective width. Timedifications for interior slab-
column connections in accordance with ACI 318-0O8ecprovisions as it describes
the Sec. 13.5.3.are permitted only when the reinforcement (withie effective
width) required developing the unbalanced moment, does not exceed 0.37p

or has a net tensile stragpnot less than 0.010.

The use of Eg. (6.2without the modification permitted in Sec. 13.5.318

accordance with ACI 318-08 code provisions will gelly indicate overstress
conditions on the joint. The provisions are intethtt® improve ductile behaviour of
the slab-column joint. When a reversal of momenmisucs at opposite faces of an
interior support, both top and bottom reinforcemsimbuld be concentrated within
the effective width. A ratio of top to bottom reiméement of approximately 2 has

been observed to be appropriate.

According to ACI 318-08 code provision Sec. 21.3nermediate moment frames
two-way slabs without beams forming a part of tbesmic-force-resisting system.
Factored slab moment at support including earthguakects, E, shall be

determined for load combinations according to BNEG06) as given in Eq. (6.4)

and Eq. (6.5) to calculate top and bottom reinforeet at the vicinity of the support.

U=075[14DL + 1.7LL + 1.7 (1.1 E)] (6.4)
U =09DL + 1.3 (1.1E) (6.5)

An equivalent frame analysis can be used basedjanaent static force method to
calculate seismic forceB. By using Eqg. (6.4), a reversal of moments ocatrs
opposite faces of an interior support. One sidthefslab of the supporting column

unbalanced negative moment is 758 kip-ft and otside of the slab of the
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supporting column unbalanced positive moment is Rp3ft. All calculations are
given inAppendix A. Similarly, by using Eq. (6.5), unbalanced negatwoment is
655 kip-ft and unbalanced positive moment is 342Hki After a comparison of all
negative and positive moments for both sides df,slais decided that 758 kip-ft
negative moment and 344 Kkip-ft positive moment araximum for model the
reinforcement detailing. Reinforcement provideddsist unbalanced momeitt,;,;,

at both side of slab shall be placed within theugwoi strip. Considering negative
moment (758 kip-ft) the required cross-sectionakaarof reinforcement in
longitudinal direction is 23 fand in transverse direction is 25%irSimilarly
considering positive moment (344 kip-ft), the reqdi cross-sectional area of

reinforcement both in longitudinal direction andiansverse direction is 10%in

The momeniVy,,, refers, for the above mentioned design load conioimavith E
acting in one horizontal direction, to that portiointhe factored slab moment that is
balanced by the supporting members at a joins. ot necessarily equal to the total
design moment at support for a load combinationudting earthquake effect. In
accordance with ACI 318-08 code provision Sec. .B325 only a fraction of the
moment M, is assigned to the slab effective width and retdarent placed
within the effective width not less than one-hdlitiee reinforcement in the column
strip at support shall be proportioned to repjst;,,. Based on the fraction of the
moment transferred by flexure is 60 percent of tibkal unbalanced moment, a

similar reversal of moments occurs at oppositedaten interior support.

Considering above mentioned percentage of unbalamoenent and again by using
Eq. (6.4), one side of the slab of the supportiodumn unbalanced negative
moment is 416 kip-ft and other side of the slakhefsupporting column unbalanced
positive moment is 172 kip-ft. Similarly, by usiiigy. (6.5), unbalanced negative
moment is 371 kip-ft and unbalanced positive momienR29 kip-ft. After a

comparison of all negative and positive momentsfuth sides of slab, it is decided
that 416 Kip-ft negative moment and 229 kip-ft figei moment are maximum for
model the reinforcement detailing. Considering tiegamoment (416 kip-ft), the

required cross-sectional area of reinforcementoimgitudinal direction is 13 fn
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which is not less than 0.3g5 and has a net tensile str&®033 which is not more
than 0.010 and in transverse direction is F5wihich is also not less than 0.3%5
and has a net tensile strain 0.0022 which is atgonmore than 0.010. Similarly
considering positive moment (229 kip-ft), the reqdi cross-sectional area of
reinforcement both in longitudinal direction and timnsverse direction is 7 4n
which is not less than 0.3g5 and has a net tensile str&®087 which is not more
than 0.010. Therefore, the modifications for irderslab-column connections in
accordance with ACI 318-08 code provisions as scdees the Sec. 13.5.38e not

permitted.

Due to the above specified condition within theeefive width it generally indicates
overstress conditions on the joint and requiresemibepth to provide necessary
reinforcement to resist unbalanced moment. Howenvithout increasing the depth
of slab the model has been prepared by using ‘Afjagaftware. Some other
reinforcement detailing (Seismic detailing) accogito ACI 318-08 code provision
Sec. 21.3.6 provided that reinforcement not lesan tlone-quarter of the top
reinforcement at the support in the column striglishe continuous throughout the
span and continuous bottom reinforcement in thammal strip shall be not less than
one-third of the top reinforcement at the suppothie column strip and also not less
than one-half of all bottom middle strip reinforoemh and all bottom column strip

reinforcement at midspan shall be continuous.

6.2.4 Slab-column connections with drop panel (Modet!)

When high shear forces are being transferred &hbacelumn connection, the slab
shear strength can be increased locally by usidigpp panel to locally increase the
thickness of the slab. The term drop panel steors the requirement to ‘drop’ the
form-work around the column to increase the cagilace thickness of the slab. The
ACIl Code Section 13.2.5 requires that to contrdied¢éions and to reduce the
amount of negative moment reinforcement over amaluhe total thickness of the
slab and drop panel to be at least 1.25 timeshilbkrtess of the slab adjacent to the

drop panel and not greater than one-quarter tharaie from the edge of drop panel
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to the face of column and this drop panel shoukgrak in each direction from the
centerline of support a distance not less thansixte-the span length measured

from center-to-center of supports in that direction

In this model the slab thickness is 10 in and dpagth is 318 in. Therefore, the
total thickness of the slab and drop panel is dmred 14 in and the drop panel have
extend in each direction from the centerline ofpgrpis 79.5 in which is more than
one-sixth the span length. All calculations areegivn Appendix A. Two critical
sections have considered for checking the puncsimegr failure according to ACI
318-08 code provision. A drop panel gives additiadepth at the column, thereby
increasing the area of the critical shear perimetgich provides more strength to
resist punching shear failure. In similar way, lsng drop panel, it stiffens the slab

in the region of highest moments and hence rediheedeflection.

Same factored slab moment at support includindhgaake effectss, as specified
in Sec. 6.2.3 shall be determined for load comimnataccording to BNBC (2006)
as given in Eq. (6.4) and Eq. (6.5) to calculage aod bottom reinforcement at the
vicinity of the support. Reinforcement providedrésist unbalanced momemt;,;,

at both side of slab shall be placed within theugoi strip. Considering negative
moment (758 kip-ft) same as Sec. 6.2.3, the reduomss-sectional area of
reinforcement in longitudinal direction is 14*iand in transverse direction is 14.6
in%. Similarly considering positive moment (344 kip-fsame as Sec. 6.2.3, the
required cross-sectional area of reinforcemenoimitudinal direction is 6.2 fand

in transverse direction is 6.4%in

According to ACI 318-08 code provision Sec. 133,.3only a fraction of the
moment M, is assigned to the slab effective width and retd#arent placed
within the effective width not less than one-hditiwe reinforcement in the column
strip at support shall be proportioned to regjdt,,;,. Again considering negative
moment (416 kip-ft) within the effective width samas Sec. 6.2.3, the required
cross-sectional area of reinforcement in longitatigirection is 7.8 ihwhich is less
than 0.37p, and has a net tensile str&lf0122 which is more than 0.010 and in
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transverse direction is 8.2%which is also less than 0.375and has a net tensile
strain 0.0108 which is also more than 0.010. Siryileonsidering positive moment
(229 kip-ft) within the effective width same as Séc2.3, the required cross-
sectional area of reinforcement in longitudinakdtion is 4.2 if which is less than
0.37%, and has a net tensile str@m®25 which is more than 0.010 and in transverse
direction is 4.4 ihwhich is also less than 0.375and has a net tensile str@i)228
which is also more than 0.010. Therefore, the nicatibns for interior slab-column
connections in accordance with ACI 318-08 code igioms as it describes the Sec.
13.5.3.3 are permitted. Some other reinforcement detailiBgigmic detailing)
according to ACI 318-08 code provision Sec. 218a6e provided throughout the

slab.

6.2.5 FE model and limitation

The continuous simple supports (Restrained in aartdirection) along all four

peripheral lines of the slab in the numerical matel approximately 1/2 of the span
length apart from the column, having a full scailtetior slab-column connection
subjected to either only gravity loading (by apptyicompression on the column for
simulating the gravity loads) or lateral loadingndér gravity loading a zero
rotational restrained have applied at mid-spanetongaximum positive moment by
restrained in horizontal direction along the foaripheral lines of the slab in the
numerical model. On the other hand, under lateratlihg at mid-span there have

zero moment with maximum rotation.

In a real structure, inflection points for combing@vity and lateral loading would
differ from those under gravity loading or latetahding only. Under combined
gravity and lateral loading the inflection pointnisither at mid-span as under lateral
loading nor at one-tenth of the total span measin@d supporting end as under
gravity loading. With the increase of gravity amdekal loading the inflection point
would change its position. If the model slab isjsated to subsequent lateral loads,
with gravity loads applied first and sustained hgvithe boundary conditions for

combined gravity and lateral loading are identiwéh the boundary conditions for
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gravity loading or lateral loading only, there aeveral unrealistic features that
could have directly affected the numerical resulise horizontal resultant forces
due to both gravity and lateral loading at the €ldbes perpendicular to the gravity
loading direction would have been larger in the auoal model than those in the
real structure, which in turn would have producadyér one way shear forces
around the bottom column than the top column. Adsah moments generated in the
slab-column interfaces due to both gravity andrédtading would differ in the

numerical model slab than those in the real stractln short, the magnitude of
direct shear or unbalanced moment occurring asldie-column interfaces depends

on the locations of inflection points.

However, in the numerical model it is not possitdechange different boundary
conditions in different places over the total lo@dperiod and the supports would
not devised to simulate inflection points under bored gravity and lateral loading.
Therefore, in this study two individual boundarynddions are modeled separately

to simulate the inflection point under gravity loaglor lateral loading only.

6.3 Performance Analysis under Gravity and LateralLoads

After complete to model four slabs having differaeinforcement detailing as
specified in Sec. 6.2.1, 6.2.2, 6.2.3 and 6.2.4,ahalysis part have completed by
applying only gravity and lateral loads. The grgnand lateral loads and boundary
conditions are discussed in Sec. 6.2.5 whereagrtdty loads have applied by
applying compression on the column and the lateeals have applied at halfway of
top and bottom columns from slab as like shearef®m@at inflection point of column

at mid height.

Under gravity load the load-deflection diagram otif different model slabs are
given in Fig. 6.2. From figure it is clear that M@l with drop panel can take more
loads than other three models. Under 368 kip loathodtom of the column as
simulating 537 psf load on slab, first yieldingtefsile steel at the vicinity of the

column have occurred on Model-1 with a central elgfbn of 1.03 in and concrete
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tensile damage of 49.8% as shown in Fig. 6.3. Uedere load on Model-2, Model-
3 and Model-4, there have no yielding of steel. Thatral deflection of Model-2,
Model-3 and Model-4 is 1.03 in, 0.73 in and 0.26espectively and the concrete
tensile damage is 48.8%, 32.2% and 8.2% as showkigs. 6.4, 6.5 and 6.6
respectively. From Fig. 6.2 it is found that Mo@ebehaviour is more or less same
with Model-1 as Model-2 flexural reinforcement ambis same with Model-1 and
Model-3 behaviour is very close to Model-1 as Me8las not fully maintain the
ACI 318-08 code provisions and it is in overstresaditions on the slab-column
joint. Under 373 kip load at bottom of the colums simulating 545 psf load on
slab, first yielding of tensile steel at the vitynof the column have occurred on
Model-2 with a central deflection of 1.06 in anchceete tensile damage of 49.6%
which is very close to Model-1. In Model-1, it ceake maximum 420 kip load at
bottom of the column as simulating 614 psf loadsla with a central deflection of
1.55 in and have full concrete tensile damage atvtbinity of the column before
punching shear failure have occurred. SimilarlyMadel-2, it can take maximum
423 kip load at bottom of the column as simulatéi® psf load on slab with a
central deflection of 1.56 in and have full conerednsile damage at the vicinity of
the column before punching shear failure have @eduwhich is also very close to
Model-1.

Similarly, Under 473 kip load at bottom of the awolu as simulating 691 psf load on
slab, first yielding of compressive steel at theinity of the column have occurred
on Model-3 with a central deflection of 1.13 in aodncrete tensile damage of
48.6%. Under same load on Model-4, there have etulivig of steel. The central

deflection and concrete tensile damage is 0.381¢h186.5% respectively. In Model-

3, it can take maximum 519 kip load at bottom @& timlumn as simulating 758 psf
load on slab with a central deflection of 1.34 mdeéhave 58.6% concrete tensile

damage at the vicinity of the column before punglghear failure have occurred.

Similarly, Under 823 kip load at bottom of the aolu as simulating 1203 psf load
on slab, first yielding of tensile steel at theirity of the column have occurred on

Model-4 with a central deflection of 0.95 in ancdhceete tensile damage of 64%. In
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Model-4, it can take maximum 870 kip load at bottofithe column as simulating
1271 psf load on slab with a central deflectiorldf9 in and have 76.1% concrete
tensile damage at the vicinity of the column befptenching shear failure have

occurred.
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Figure 6.2 Load-deflection responses under gravity load af foodel slabs

Figure 6.3Radial crack spread out with pyramid shape an&8%9ensile
damage of concrete at 368 kip loathaihslab of model-1
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Figure 6.4 Radial crack spread out with pyramid shape an8%8&ensile
damage of concrete & K&p load on half slab of model-2
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Figure 6.5Radial crack spread out with pyramid shape an#%2ensile
damage of concrete at 368 kip loathahslab of model-3
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Figure 6.6 Radial crack spread out with pyramid shape ant&¢chsile
damage of concrete at 368 kip loadhalf slab of model-4
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Under lateral load the load-deflection diagram amtbalanced moment-drift ratio
diagram of four different model slabs are givenFigs. 6.7 and 6.8 respectively.
According to Smith et al. (1991), under lateralddhe design drift index limits that
have been used in different countries range fro8®D.to 0.005. To put this in
perspective, a maximum horizontal top deflectionOaf2 in to 0.6 in would be
allowed over a story height of 10 ft. Under 86.p kateral load at halfway of top
and bottom columns from slab as like shear for¢asflection point of column at
mid height or 867 kip-ft unbalanced moment at slah#mnn joint, first yielding of
steel on bottom tensile side at the vicinity of ddumn have occurred on Model-1
and Model-2 with a top lateral deflection of 0.30and 0.49 in and drift ratio of
0.42% and 0.41% respectively which is within thaiting drift ratio and having
concrete tensile damage of 53% and 50% respectatetlge bottom tensile side of
slab. Under same lateral load and unbalanced mooremodel-3 and Model-4,
there have no yielding of steel. The top laterdledéion and drift ratio of Model-3
is 0.34 in and 0.29% respectively and for Modet-#.i13 in and 0.11% respectively
where in both case the drift ratio is within theniling drift ratio. The concrete
tensile damage for Model-3 and Model-4 is 21% aiddbat the bottom tensile side
of slab respectively. From Figs. 6.7 and 6.8 itasnd that Model-2 behaviour is
more or less same with Model-1 as Model-2 flexuesthforcement amount is same
with Model-1 and Model-3 behaviour is very closeModel-1 as Model-3 is not
fully maintain the ACI 318-08 code provisions amdsiin overstress conditions on
the slab-column joint. In Model-1, it can take nmanim 128.5 kip lateral load or
1285 kip-ft unbalanced moment with a top laterdledtion of 2.21 in and drift ratio
of 1.85% which is beyond the limiting drift raticm@ have full concrete tensile
damage at both top and bottom tensile side of Bifbre punching shear failure
have occurred. Similarly in Model-2, it can takexinaum 130 kip lateral load or
1300 kip-ft unbalanced moment with a top laterdledtion of 2.03 in and drift ratio
of 1.69% which is beyond the limiting drift ratiom@ have full concrete tensile
damage at both top and bottom tensile side of Bifbre punching shear failure

have occurred which is very close to Model-1.
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Similarly, Under 151.3 kip lateral load or 1513 #ipunbalanced moment, first
yielding of steel on bottom tensile side at thenity of the column have occurred
on Model-3 with a top lateral deflection of 1.19and drift ratio of 0.99% which is

beyond the limiting drift ratio and having concreéémsile damage of 62% at both
top and bottom tensile sides of slab. Under sanberdlaload and unbalanced
moment on Model-4, there have no yielding of st@ak top lateral deflection and
drift ratio of Model-4 is 0.31 in and 0.26% respeely where the drift ratio is

within the limiting drift ratio. The concrete telsidamage for Model-4 is 19.5% at
the bottom tensile side of slab. In Model-3, it ¢ake maximum 174.1 kip lateral
load or 1741 kip-ft unbalanced moment with a tdera deflection of 1.87 in and
drift ratio of 1.56% which is again beyond the limg drift ratio and have full

concrete tensile damage at both top and bottonileéesides of slab before punching

shear failure have occurred.

Similarly, Under 206.9 kip lateral load or 2069 #ipunbalanced moment, first
yielding of steel on bottom tensile side at thenity of the column have occurred
on Model-4 with a top lateral deflection of 0.59and drift ratio of 0.49% which is
within the limiting drift ratio and having concretensile damage of 33% at both top
and bottom tensile sides of slab. In Model-4, it take maximum 248.1 kip lateral
load or 2481 kip-ft unbalanced moment with a taera deflection of 1.47 in and
drift ratio of 1.23% which is beyond the limitingifd ratio and have full concrete
tensile damage at the bottom tensile side of sédbrb punching shear failure have

occurred.

From Figs. 6.2 to 6.8 and from the above analysibath gravity and lateral loads it
is evident that Model-4 having seismic detailinghndrop panel have more strength
and can take more gravity loads and lateral loadsbalanced moment and it can

also sustain more drift than the other three models
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6.4 Elastic Analysis of Flat-Plate Structures undeCombined Gravity and

Lateral Loads

In case of high-rise building structure up to feerith storey having flat plate slab
system of large span length is affected by latied due to seismic load. For such
type of flat plate structures in regions of higlse@c risk, the design considering
only gravity load based on direct design methodaife and efficient up to which
floor level have discussed in this section. Batgral load carrying system such as
shear wall is discussed on flat plate high-riseldog structure to resist most
efficiently the various combinations of gravity arateral loading. Computer
software ‘ETABS’ have used for equivalent framelgsia based on elasticity under
same geometric property and material property asudsed in Sec. 6.2. Finally
investigate the results from analysis consideriegsmsic Zone-2 and Zone-3
according to BNBC (2006) for seismic response agcheck the percentage of

moment for column strip and middle strip under gsaand lateral loads.

6.4.1 Flat-plate structure behave as a moment resisg frame under combined

gravity and lateral loads

Flat plate structures whereas the columns are integrally with the floor slabs
behave similar to moment resisting frames undeizbotal loading. The lateral
deflections of the structure are a result of singeble curvature bending of the
columns and a more complex three-dimensional fdraioable bending in the slab.
The response of the structure can be studied bgiderng each bay-width replaced
by an equivalent frame bent. The slab is replacedhfe analysis by an equivalent
beam with the same double bending stiffness as showig. 6.9. The horizontal
stiffness of such a frame is governed mainly bylibading resistance of the slab-
column connections. The accumulated horizontalrshleave any story of a frame is
resisted by shear in the columns of that story. $hear causes the story-height
columns to bend in double curvature with pointoifitraflexure at approximately
mid-story-height levels. The moments applied tmtdrom the columns above and
below the slab are resisted by the slab both svdeish also bend in double
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curvature, with points of contraflexure at approately midspan. These
deformations of the columns and slabs allow raclohghe frame and horizontal
deflection in each story. The overall deflectbdpe of a moment resisting frame
due to racking has a shear configuration with ceitigan upward direction, a
maximum inclination near the base and a minimuniiriaton at the top of the
structure as shown in Fig. 6.10.

Based on direct design method, flat plate slakesystith interior panel considering
same geometry as discussed in Sec. 6.2 columnng&gative moment is 355 kip-ft
due to only gravity loads considering load comborabf Equation (6.1). However,
due to combined gravity and lateral loads considegidad combinations of Equation
(6.4) and Equation (6.5) more negative unbalanceoimemts and positive
unbalanced moments have come at slab-column jesgtectively. In Fig. 6.9, side
‘A’ and side ‘B’ have specified at bottom storeyéé of an interior panel slab-
column connection whereas the unbalanced momems ta@ampared because of
maximum moment will come at bottom storey level doelateral loads. The
unbalanced moment due to only gravity loads andbtoed gravity and lateral
loads at side ‘A’ and side ‘B’ of bottom storey é&\wconsidering up to fourteen
storied building is given in Table 6.1. In Tabld 6up to which storey level is safe
among all thirteen buildings up to fourteen stofmsdesign by using direct design
method of flat plate structures can be decidedlyehdsi making a comparison in
between two unbalanced moments at bottom storeyl thve to only gravity loads

and combined gravity and lateral loads.
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Table 6.1Unbalanced moments due to only gravity loads amdbined gravity and lateral loads at side ‘A’ amksB’ of bottom storey

level
Unbalanced Moment (kip-ft) Unbalanced Moment (kip-ft)
Storey at Bottom Storey Level of Side ‘A’ at Bottom Storey Level of Side ‘B’
Due to Only | Due to Combined Gravity Due to Only | Due to Combined Grauvit)
Gravity Loads and Lateral Loads Remarks Gravity Loads and Lateral Loads Remarks
Two Storied Building -355 -384 Not safe -355 -150 Safe
Three Storied Building -355 -426 Not safe -355 +6.76 Not safe
Four Storied Building -355 467 Not safe -355 +49 Not safe
Five Storied Building -355 507 Not safe -355 +89.5 Not safe
Six Storied Building -355 545 Not safe -355 +127 Not safe
Seven Storied Building -355 579 Not safe -355 +162 Not safe
Eight Storied Building -355 -610 Not safe -355 +194 Not safe
Nine Storied Building -355 -639 Not safe -355 +223 Not safe
Ten Storied Building -355 -666 Not safe -355 +251 Not safe
Eleven Storied Building -355 -691 Not safe -355 +276 Not safe
Twelve Storied Building -355 -715 Not safe -355 +300 Not safe
Thirteen Storied Building -355 -737 Not safe -355 +323 Not safe
Fourteen Storied Building -355 -758 Not safe -355 +344 Not safe
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6.4.2 Flat-plate structure with shear wall

A shear wall structure is considered to be one whesistance to horizontal loading
is provided entirely by shear walls and floors mgtias horizontal diaphragms
transmit lateral loads equally to the shear wdllse walls may be part of a service
core or a stairwell, or they may serve as parttibbetween accommodations as
shown in Fig. 6.9. They are usually continuous daavthe base to which they are
rigidly attached to form vertical cantilevers. Tihleigh inplane stiffness and strength
makes them well suited for carrying gravity loadsigultaneously. The distribution
of lateral forces to the shear walls is a functibthe geometrical arrangement of the
resisting wall systems. It is usual to locate tralsvon plan so that they attract an
amount of gravity loading sufficient to supprese ttmaximum tensile bending
stresses in the wall caused by lateral loadinthdfresultant of the lateral forces acts
through the centroid of a building’s relative ste#fs, only translational reaction will
be generated. The most obvious case is the synualgbure shear wall building. In
a moment resisting frame with shear wall, the sieay be assumed to be resisted
completely by the core as a first approximationisTie because its stiffness is so
much greater than the lateral stiffness of the &a@®n the other hand, if the shear
wall arrangement is asymmetrical, the resultaetrddiforce does not act through the
centroid of the building’s stiffness. Rotation diet shear walls in addition to
translation will be generated. The distributiontbé stresses is dependent on the

shape of the shear wall system.

The lateral rigidity is greatly improved to resiateral forces by using not only the
shear wall but also for combined shear wall anddrigame system. The total

deflection of the interacting shear wall and rigildme systems is obtained by
superimposing the individual modes of deformatisrslaown in Fig. 6.12. In case of
moment resisting frame, the slope of the deformaisogreatest at the base of the
structure where the maximum shear is acting. Onother hand in case of shear
wall, the slope of the deflection is greatest attibp of the building, indicating that

in this region, the shear wall system contributes least stiffness. However, the

interaction of frame and shear wall is obtainedgbyerimposing the separate
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Figure 6.120verall deflected shape of moment resisting fravitle shear wall
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deflection modes resulting in a flat-S-curve. Besmawf the different deflection
characteristics of shear wall and frame, the stvadiris pulled back by the frame in

the upper portion of the building, and pushed fodhia the lower.

Same as Sec. 6.4.1 based on direct design mettadplate slab system with
interior panel considering same geometry as digcl$s Sec. 6.2 column strip
negative moment is 355 kip-ft due to only gravityads considering load
combination of Equation (6.1). However, by usingeah wall with flat plate
structure subjected to combined gravity and latdadds considering load
combinations of Equation (6.4) and Equation (6.5esy few unbalanced moments
have come at slab-column joint. In Fig. 6.11, sifeand side ‘B’ have specified
again at bottom storey level of an interior panabsolumn connection whereas the
unbalanced moments have compared. The unbalancegmalue to only gravity
loads and combined gravity and lateral loads a& $/d and side ‘B’ of bottom
storey level considering up to fourteen storiedding is given in Table 6.2. After
investigate the results from Table 6.2, it can beidkd that by using shear wall in a
flat plate structures can minimize the unbalancedents at bottom storey level for
up to fourteen storied building and can designldhgding safely by using direct

design method of flat plate structures under coetbigravity and lateral loads.

From the above discussion it is evident that shealt is stiffer than moment
resisting frame. That is why, maximum amount of alabhced moment have
transferred through shear wall and minimum amodrninpalanced moment have
transferred through slab-column joint. From varicafsservations on flat plate
structure with shear wall by different researchens, approximate percentage of
moment has decided to transfer through shear wall slab-column joint. About
80% unbalanced moment have transferred throughr shalh and rest 20% have
transferred through slab-column joint. Considersagne geometry and material
properties as discussed in Sec. 6.2, a fourteeedtidat plate structure having shear
wall is analyzed by using ‘ETABS’ software undenrdmned gravity and lateral
loads considering seismic Zone-2 and Zone-3 acegri BNBC 2006 for seismic

response. All calculations are given Appendix B. Comparing the moment at
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interior slab-column joint from the above discussalysis considering combined
gravity and lateral loads with the moment at saoig jconsidering only gravity load
based on direct design method, a satisfactory afelresult have come at seismic
Zone-2. From analysis, the maximum moment consideload combination as
given in Eg. (6.4) and Eq. (6.5) is 350 kip-ft aRd0O kip-ft respectively. The
moment capacity for only gravity load based on didesign method is 355 kip-ft
and which is more than the result from Eq. (6.4) &a. (6.5). That is why, the flat
plate structure having shear wall can design oalygravity load based on direct
design method at seismic Zone-2 without having risky However, the unbalanced
moment due to combined gravity and lateral loadse&gmic Zone-3 has exceeded
the moment from direct design method considerirly gravity load. From analysis,
the maximum moment considering load combinatiomgjiaen in Eq. (6.4) and Eq.
(6.5) is 405 kip-ft and 295 kip-ft respectively.e'moment capacity for only gravity
load based on direct design method is 355 kip-@t which is less than the result
from Eq. (6.4). So, the direct design method carbetused in case of fourteen
storied flat plate building having large span aisséc Zone-3 which is most
vulnerable for seismic action in Bangladesh eveugh there have the shear wall

structure.
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Table 6.2Unbalanced moments due to only gravity loads amdbined gravity and lateral loads at side ‘A’ amksB’ of bottom storey
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level
Unbalanced Moment (kip-ft) Unbalanced Moment (kip-ft)
Storey at Bottom Storey Level of Side ‘A’ at Bottom Storey Level of Side ‘B’
Due to Only | Due to Combined Gravity Due to Only | Due to Combined Grauvit)
Remarks Remarks
Gravity Loads and Lateral Loads Gravity Loads and Lateral Loads
Two Storied Building -355 -269 Safe -355 -265 Safe
Three Storied Building -355 -270 Safe -355 263 Safe
Four Storied Building -355 271 Safe -355 262 Safe
Five Storied Building -355 273 Safe -355 261 Safe
Six Storied Building -355 274 Safe -355 -259 Safe
Seven Storied Building -355 275 Safe -355 258 Safe
Eight Storied Building -355 277 Safe -355 257 Safe
Nine Storied Building -355 278 Safe -355 255 Safe
Ten Storied Building -355 279 Safe -355 954 Safe
Eleven Storied Building -355 281 Safe -355 252 Safe
Twelve Storied Building -355 282 Safe -355 251 Safe
Thirteen Storied Building -355 283 Safe -355 -250 Safe
Fourteen Storied Building -355 285 Safe -355 248 Safe
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6.4.3 Percentage of moment transfer through differg strip of flat-plate slab

system under gravity and lateral loads

As discussed in Sec. 6.2.1 regarding the percestaigsmoment due to gravity load
transfer through different strip of flat-plate slalgstem based on direct design
method, an analysis has done in this section hygu&TABS’ software to check

the percentage of moment transfer through colump ahd middle strip and also
recheck the amount of total moments due to latesd have transferred through

column strip and effective width.

A graphical representation of moments under grdeiy is given below:
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Figure 6.130rdinate value for moment in kip-ft/ft under grigMioad along the
interior panel of flat ptadtructure
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Figure 6.14Moment in Kip-ft under gravity load along the inte panel of flat
plate structure

Under gravity load the percentages of moment arengbelow:

Negative factored moment ......................... 67.4% of total factored static moment
Positive factored moment..................vvuceeenn 32.6% of total factored static moment
Column strip negative moment.................c.. 83.7% of negative factored moment
Middle strip negative moment...................... 16.3% of negative factored moment
Column strip positive moment...................... 53% of positive factored moment
Middle strip positive moment..................cccee 47% of positive factored moment

There are some differences in between the aboeeistied percentages of moment
and the percentages of moment based on directrdesthod as discussed in Sec.

6.2.1 for an interior panel.

('\ This PDF was created using the PDF CONVERTER Elite software

To remove this watermark, please license this product at www . pdfconverter.com



174

A graphical representation of moments under lateea is given below:
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Figure 6.150rdinate value for moment in kip-ft/ft under lakload along the
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Again, under lateral load the percentages of umgald moment are given below:

Negative moment............cccuvveveeeeeeeeeenn. 100% at one side of the supporting end
Column strip negative moment................. 98 @%egative moment

Middle strip negative moment.................. 1.4%megative moment

Positive moment..........ccccovviiiiiiiinene. 100% at other side of the supporting end
Column strip positive moment................. 99.afpositive moment

Middle strip positive moment................. 0.9 gositive moment

From the above discussed percentages of momerds@ af positive or negative
moments for column strip, it can be decided thauali00% moment due to lateral
load have transferred through column strip. It isoaobserved that in case of
negative moment about 82% of column strip negativement has transferred
through effective width (c+3h) and 18% of colummipstnegative moment has
transferred through rest of column strip. Similartycase of positive moment about
82.4% of column strip positive moment has transférthrough effective width

(c+3h) and 17.6% of column strip positive momeng bansferred through rest of

column strip.
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6.5 Remark

Four separate slab-column joint of RC flat platas been modeled numerically by
using ‘ABAQUS’ software based on nonlinear finitieraent method and some
numerical analysis has been performed to understantehaviour of slab-column
connections and the failure mechanisms under gramit lateral loads. From
numerical results it is evident that Model-4 havaggsmic detailing with drop panel
have more strength and can take more gravity laadslateral loads or unbalanced
moment and it can also sustain more drift thanother three models. Most of the
cases of loading history up to failure, Model-1 &holdel-2 behaviour are similar as
both models contain same amount of flexural recgorent. In similar way, Model-
3 behaviour is very close to Model-1 as Model-31as fully maintaining the ACI
318 (2008) code provisions. It is observed that tmmcentration of flexural
reinforcement in the vicinity of the column seemdead to a very small increase in
the punching shear strength. This is because ob#nespacing has reduced and
exceed the Ilimit as specified by ACI 318-08 codeovgion, where the
reinforcement ratio through effective width andwoh strip have exceed 37.5% of
balanced steel ratio (0.375 and has a net tensile strain less than 0.01 that

generally indicates the overstress conditions erjdimt.

The lateral displacements of the flat plate stmgctluring seismic load will result in
significant additional unbalanced moments in theabslolumn joint. These
additional unbalanced moments aggravate the patefioti punching shear failure.
From analysis it is found that for flat plate highe building having large span
length, the slab-column joint is not sufficient resist unbalanced moments under
seismic load. However, combined shear wall and rmbrframe system have been
shown better performance by minimizing the unbatd@nmoment at different story
level to resist lateral forces. The flat plate hrigde building structure with shear
wall has been designed only for gravity load basedlirect design method may
satisfy at seismic Zone-2 according to BNBC (2006yler combined gravity and
lateral loads. On the other hand, it may not bisfsad at seismic Zone-3 according

to BNBC (2006) under combined gravity and latecads even though there have
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the shear wall structure. Therefore, the designest careful on seismic Zone-3
according to BNBC (2006) which is most vulnerabtne for seismic action in

Bangladesh.

The percentages of moment from present analysishypiays on column strip and
middle strip is slightly different from moment gsesified by direct design method
under gravity loads. In case of lateral load itasnd that about 100% moment has
transferred through column strip where the sigaiitcamount (82%) of column strip

moment has passed through effective width.
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Chapter 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 General

The performance of a numerical model to simulatelb®ur of slab-column joint of
RC flat plate based on nonlinear finite elementhodtunder gravity and lateral
loads by using ABAQUS (2007) software has beenstigated in this thesis. The
numerical model is capable of predicting the betavif slab-column connection
from linear to nonlinear stage through developnwérdtresses, damage of concrete
and degradation of strength. Parametric studiesbeas carried out considering
different material and geometric parameters and sé&® the performance of slab-
column connection with seismic detailing provisiafiglifferent building codes. The
outcome of this thesis will be helpful to the desgpmmunity to establish some
restrictive rules for flat plate system in earthikpigrone region and designing the

connection.

7.2 Findings of the Work

The following findings are observed in this resbanork:

1) The behaviour of numerical model such as crackiatiepn and tensile or
compressive damage of concrete due to applied tmadklopment of stresses
and the load-deflection graph at centre of plafgegents a good agreement
with the test data.

2) Finite element results show slightly higher stifaethan the experimental
results. This may be due to non-availability of sodata used in the FE
modeling. However, the effects of bond slip (betweeoncrete and
reinforcement), dowel action and aggregate int&rlwere absent in the finite

element modeling.
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3) All slabs specified in this thesis are modeled niicadly by using Abaqus-
Explicit approach. Explicit method requires a sntaile increment size that
depends solely on the highest natural frequenciesh® model and is
independent of the type and duration of loadinge Tike of small increments
is advantageous because it allows the solutionr@ogss without iterations

and without requiring tangent stiffness matricebedormed.

4) For a given reinforcement ratio and yield strengthsteel, ultimate load
increases with the increase in concrete compressireagth up to a certain
limit. The increase in ultimate load is more proamhwith lower strength

concrete compared to higher strength concreteifi@rent steel ratios.

5) From analysis, it is found that shear strengthragpgrtional to\/f_’c which is
similar with ACI 318 (2008) code equation and shstaength according to
ACIl 318 (2008) code equation is similar to ultimédad capacity having
tension reinforcement ratio 0.5%. It has also b#eserved that an increase in
tension reinforcement ratio above 0.5% increaseattimate punching load

capacity and ACI code underestimates the actuaap

6) Flexural reinforcement ratio has an important dffea punching shear
strength of RC flat plates. Punching capacity iases with the increase of
the percentage of flexural reinforcement. From sig) it is seen that from
plain concrete to lower percentage of reinforcemesthb load-carrying
capacity has been increased rapidly whereas fohehigpercentage of
reinforcement, this increase is gradual. Therefthe, increase in ultimate
load is more prominent with lower percentage offi@icement compared to

higher percentage of reinforcement.

7) The punching load is not influenced by the yielcesgth of the flexural

reinforcement if the slab does not experience inegld

8) The influence of compression reinforcement on thiemate load carrying
capacity is not so significant. It has also beamtbthat due to presence of

compression steel there is also no significant gban stiffness and ductility.
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9) Thickness is an important factor affecting the pung load capacity of a
reinforced concrete flat plate where by increasstap thickness punching
shear strength is increased. From analysis, ibusid that the increase in
ultimate load is more prominent with lower slalkckmess compared to higher

slab thickness and it decreases with the increfslalo thickness.

10)The failure of slab-column joint has been obsertedbe different for
different span-depth ratio. At lower slab thicknediexure governs the

failure. On the other hand, at higher slab thicknskear governs the failure.

11)The increase in square column size and the longler for rectangular
column have increased the stiffness on slab-coljoim and ultimate load
carrying capacity. The increase in ultimate loadmisre prominent with
smaller size square column compared to larger sgeare column. The
benefit of increasing the longer side of rectangualumn keeping the
shorter side unchanged has been found to be ifisgmi in increasing

punching capacity.

12)It is observed that increase in square columniszeases the ultimate load
capacity and the increase is almost proportiongduiaching perimeter. The
capacity of a square column is significantly highlean the capacity of a
rectangular column having same cross sectional @&men though the

rectangular section has higher punching perimeter.

13)The support condition has a significant influenae the punching shear
strength of reinforced concrete flat plates. D#f#r boundary condition has
different influence on the punching capacity ofbstamlumn connection.
Therefore, boundary condition also is an impor{aent of the model slab to

get realistic result.

14)ACI 318-08 code formula for punching shear strergh been found to be
conservative. Thus, there is a scope for improvenaénshear strength

computation formula of ACI 318-08 code.

‘ \ This PDF was created using the PDF CONVERTER Elite software

"_, To remove this watermark, please license this product at www . pdfconverter.com



181

15)A modified equation as suggested by Tian et al0§2@o predict punching
shear capacity has been investigated. Present $itudly good correlation
between FE results and those obtained by suggeqteation. It is found that

the contributions of concrete strength is best wesd by assuming

connection punching capacity to be proportiona{fte)%2° instead of,/ f'.
and strength of slab tensile reinforcement ayd significantly affect the

connection strength, as suggested by Tian.

16) The suggested equation of Tian to predict punchivear capacity appears to

be safe when a reduction factor is used.

17)A modified equation has been proposed in the cumenk which is similar
to that suggested by Tian et al. (2008) with someommodification to
predict punching shear capacity for rectangularumol. The proposed
modified equation for rectangular columns has béewund to predict

punching capacity correctly.

18)Four different slab-column joints of RC flat platkave been modeled
numerically under different design specificatiomsl aanalyzed to study the
effects of different load combinations and loadsegjuence. From analysis, it
is found that flat plate high-rise building strugumight not be possible to

design without drop panel.

19)No significant change have been found for slab+ooljoint of RC flat plate
by considering fifty percent column strip reinfonoent is passing through
effective width (c+3h) which is designed based weal design method under

only gravity load.

20)It is observed that the concentration of flexusahforcement in the vicinity
of the column seems to lead to a very small in@eaghe punching shear
strength, where the bar spacing has reduced aretéxbe limit as specified
by ACI 318-08 code provision.
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21)From analysis it is found that for flat plate higke building having large
span length, the slab-column joint is not suffiti¢a resist unbalanced
moments under seismic load. However, combined shadlrand moment
frame system have been shown better performancemioymizing the

unbalanced moment at different story level to tdateral forces.

22)The flat plate high-rise building structure withesin wall has been designed
only for gravity load based on direct design methoaly satisfy at seismic
Zone-2 according to BNBC (2006) under combined itysand lateral loads.
On the other hand, it may not be satisfied at seisfone-3 according to
BNBC (2006) under combined gravity and lateral baden though there

have the shear wall structure.

23)In present analysis, it is found that the percesgagf moment plays on
column strip and middle strip is slightly differeinbm moment as specified
by direct design method under gravity loads andldteral load it is found
that about 100% moment have been transferred throalymn strip where
the significant amount (82%) of column strip moméave passed through
effective width (c+3h).

7.3 Conclusions

The following conclusions may be derived from tt@search work:

1) Numerical modeling of slab-column joint with empisasn punching shear
behaviour of reinforced concrete flat plates byngsSiABAQUS’ software
based on nonlinear finite element method has beaa duccessfully and the
numerical results have shown a good correlatioh aitailable experimental

and numerical results.

2) A parametric study has been carried out considediffgrent material and

geometric parameters and after identifying effddthese parameters on the
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behaviour of slab-column connection, an improvementproposed on
punching shear prediction equation of ACI 318 (2IBRBC (2006) code.

3) A study has been carried out to see the performaicslab-column
connection designed considering seismic load.dthieen found that strength

of slab-column connection improves if seismic desgperformed.
7.4 Recommendations for Future Studies

The following recommendations are made for futarestigations:

1) The present study is only based on interior pafdlab plate slab system.
Further research can be done by considering ekterioorner panel with or

without edge beam and having column capital.

2) Skew plate and flat plate with opening can alsortmeleled numerically for

the future research work.

3) Shear reinforcement has a significant effect onpheching shear strength
of flat plate slab system. It increases ductiliy tbe slab during failure.
Therefore, further research work can be done bldecshear reinforcement

in the numerical model.

4) Post-punching failure is characterized by largeodwétion. Only material
nonlinearity cannot represent the actual phenomedfter punching shear
failure. Therefore, geometric nonlinearity also deé¢o be included in the

numerical model to get the realistic result.

5) A perfect bond have considered in between conenetiesteel reinforcement
in case of numerical model. Therefore, there havslip as the experimental
result have shown and that is why, the numericallteis stiffer than
experimental result. In future analysis the bonousth be relax by modify the

numerical model.
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6) In this study static nonlinear analysis has folldwEor more investigation it

can be extended to dynamic analysis.

\ This PDF was created using the PDF CONVERTER Elite software

To remove this watermark, please license this product at www . pdfconverter.com



REFERENCES

Abaqus Theory Manual (Volume-I-V), “Version 6.7 infulia, USA, 2007.

ACI 318 (2008), “Building Code Requirements for erced Concrete”, American
Concrete Institute, Farmington Hills, Michigan.

Adams, V. and Askenazi, A. (1998), Building BetRBnmoducts with Finite Element
Analysis, OnWord Press, 1999.

Aexander, S. D. B. and Simmonds, S. H. (1992), ted Column-Flat Plate
Connections”, ACI Structural Journal, Bol. 89, Ngp. 495-502.

Aghayere, A. O. and MacGregor, J. G. (1990a), “Asial of Concrete Plates under
Combined in Plane and Transverse Loads”, ACI Stma¢tJournal, Vol. 87, No.5,
pp. 539-547.

Aghayere, A. O. and MacGregor, J. G. (1990b), “Festt Reinforced Concrete
Plates under Combined In plane and Transverse Loadd Structural Journal,
Vol. 87,No.6, pp. 615-622.

AISI (1964) Anchorage and Alaska Earthquake.

Alam, A. K. M. J. (1997), “Punching Shear Behaviair Reinforced Concrete
Slabs”, M. Sc Engineering Thesis, BUET, pp. 1-12.

Ali, M. A. and Alexander, S. D. B. (2002), “Behaviof Slab-Column Connections
with partially Debonded Reinforcement under Cydlateral Loading”, Structural

Engineering Report No. 243, University of Albedan. 2002,137 pp.

American Concrete Institute, Punching Shear in feeted concrete Slabs. ACI

Structural Journal and ACI Material Journal.

\ This PDF was created using the PDF CONVERTER Elite software

& Toremove this watermark, please license this product at www.pdfconverter.com



186

Andra, H. P. (1982). On the behavior of Auflagegiens of flat slabs. Thesis, Univ-
-ersity of Stuttgart.

Australian Standard (AS) 3600-1988, Concrete Stunest

Bangladesh National Building Code (BNBC 2006), Hogsand Building Research
Institute and Bangladesh Standards and Testingutish, Dhaka, Bangladesh.

Bangash, M. Y. H. (1989), Concrete and Concretac8ires: Numerical Modeling

and Applications, Elsevier Science Publishers Ltdndon, England.

Banici, B. and Bayrak, O. B. (2003), “Punching &h8trengthening of Reinforced
Concrete Flat Plates Using Carbon Fiber Reinfofeelymers”, ASCE Journal of
Structural Engineering, Vol.129, No.9, pp.1173-1182

Bathe, K. J. (1996), Finite Element ProceduresntiRre Hall, Upper Saddle River,
New Jersey 07458, United States of America.

Bazant, Z. P. and Cao, Z. (1987), “Size Effect um¢hing Shear Failure of Slabs”,
ACI Structural journal, January-February 1987, 4p53.

Bortolotti, L. (1990), “Punching Shear StrengthGoncrete Slabs”, ACI Structural
Journal, Vol. 87, No.2, pp. 208-219.

Broms, C. E. (1990a), “Punching of Flat Plates-Ae&tion of Concrete Properties in
Biaxial Compression and Size Effect”, ACI Structudaurnal, Vol. 87, No.3, pp.
292-304.

Broms, C. E. (1990b), “Shear Reinforcement for Betibn Ductility of Flat Plates”,
ACI Structural Journal, Vol. 87, No.6, pp. 696-705.

\ This PDF was created using the PDF CONVERTER Elite software

& Toremove this watermark, please license this product at www.pdfconverter.com



187

Broms, C. E. (2000), “Elimination of Flat Plate Bhimg Failure Mode”, ACI
Structural Journal, Vol. 97, No.1, pp. 94-101.

Brown, S. J. and Dilger, W. H. (1994), “Seismic Rasse of Flat Plate Column
Connections”, Proc., Canadian Society for Civil Bxegring Annual Conference,
Vol. 2, Winnipeg, pp. 388-397.

Brown, S. J. (2003), “Seismic Response of Slab @al€onnection”, Ph.D. Thesis,
University of Calgary, Calgary, pp. 341.

Brown, S. J. and Dilger, W. H., (2004), “Design $fab-Column Connections to
Resist Seismic Loading”, Proc.,"18Vorld Conference on Earthquake Engineering,

Paper 2832, Vancouver, pp. 13.

BS 8110 (1985), “Structural use of Concrete: Par€dde of Practice for Design

and Construction,” British Standard Institution,ndmn.

CAN3-A23.3-M84 (1984), “Design of Concrete for Bliihgs”, Canadian Standards

Association, Rexdale.

CEB-FIP (1978), “Model Code foe concrete Structyrbgernational Committee of

the Euro- concrete, Cement and Concrete Assocjdtmmdon.

CEB-FIP, “Model Code 1990”, Thomas Telford, Londi#93.

Chen, W. F. (1982), Plasticity in Reinforced ComereMcGraw-Hill Book
Company, Inc. USA.

Cicekli, U., Voyiadjis, G. Z. and Rashid, K. A. R. (2007), “A plasticity and
anisotropic damage model for plain concrete”, imtional Journal of Plasticity 23
(2007), pp. 1874-1900.

\ This PDF was created using the PDF CONVERTER Elite software

& Toremove this watermark, please license this product at www.pdfconverter.com



188

Coa, H. (1993), “Seismic Design of Slab Column Gariion”, M.Sc. Thesis,
University of Calgary, Calgary, pp. 185.

Dechka, D. C. (2001), “Response of Shear-Stud-Reiefl Continuous Slab-
Column Frames to Seismic Loads”, Ph.D. Thesis, &hsity of Calgary, Calgary,
pp. 448.

Dilger, W. H. and Coa, H. (1994), “Behavior of Si@blumn Connections under
Reversed Cyclic Loading”, Proc.M3nternational Colloquium on Concrete, Cairo,
Egypt, pp. 595-606.

Dilger, W. H. and Brown, S. J. (1995) “EarthquakesRtant Slab-Column
Connections”, Festschrift Prof. Dr. HugoBachmarstitnte of Structural Analysis
und construction of new products, ETH Zurich, Sgm. 22-27.

El-Salakawy, E. F., Polak, M. A. and Soudki, K. A&003), “New Shear
Strengthening Technique for Concrete Slab-Columnn@otions”, ACI Structural
Journal, Vol. 100, No.3, pp. 297-304.

Elgabry, A. A. and Ghali, A. (1990), “Design of 8tShear Reinforcement for
Slabs”, ACI Structural Journal, Vol. 87, No.3, 350-361.

Elstner, R. C. and Hognestad, E. (1956), “She&singngth of Reinforced Concrete
Slabs”, ACI Structural Journal, Vol. 28, No.1, [29-58.

Gardner, N. J. (1990), “Relationship of the Pungh8hear Capacity of Reinforced
Concrete Slabs with Concrete Strength”, ACI Strradtdournal, Vol. 87, No.1, pp.
66-71.

Ghali, A., Elmasri, M. Z. and Dilger, W. H. (1976Runching of Flat Plates under
Static and Dynamic Horizontal Forces”, ACI Jourratpceedings, V. 73, No. 10,
Oct. 1976, pp. 566-572.

\ This PDF was created using the PDF CONVERTER Elite software

"_, To remove this watermark, please license this product at www . pdfconverter.com



189

Ghonoim, M. G. and MacGregor, J. G. (1994a), “TestReinforced Concrete
Plates Under Combined In plane and Lateral Load€l Structural Journal, Vol.
91, No.1, pp. 19-30.

Ghonoim, M. G. and MacGregor, J. G. (1994b), “Bebtawvof Reinforced Concrete
Plates Under Combined In plane and Lateral Load€l Structural Journal, Vol.
91, No.2, pp. 188-197.

Gonzalez-Vidosa, F., Kotsovos, M. D. and PavloW,N. (1988), “Symmetrical
Punching of Reinforced Concrete Slabs: An Analytitevestigation Based on
Nonlinear Finite Element Modeling”, ACI Structurdburnal, May-Jun 1988, pp.
241-250.

Graf, O. (1938), Experiments on the hardiness lofides lying thick iron-concrete
slabs under concentrated loads. German CommitteRdmmforced Concrete, Half
88.

Hammill, N. and Ghali, A. (1994), “Punching Sheaesi®tance of Corner Slab-
Column Connections”, ACI Structural Journal, VdL, !No.6, pp. 697-707.

Harmon, T. G. and Zhangyuan, N. (1989), “Shearngtie of Reinforced Concrete
Plates and shells Determined by Finite Element ysiglUsing Layered Elements”,
ASCE Journal of Structural Engineering, Vol. 119.% pp. 1141-1157.

Hawkins, N. M., Mitchell, D. and Hanna, S. H. (1975The Effect of Shear
reinforcement on the Reversed Cyclic Loading Betraui Flat Plate Structures”,

Canadian Journal of Civil Engineering, Vol. 2, pj2-582.

Hillerborg, A. (1983), “Analysis of one single ckgtFracture Mechanics of Concr-

-ete, ed. Y. Wittmann, and F. H. Elsevier, pp. 223, Amsterdam.

\ This PDF was created using the PDF CONVERTER Elite software

& Toremove this watermark, please license this product at www.pdfconverter.com



190

Hordijk, D. A. (1992), “Tensile and tensile fatigbehaviour of concrete; experime-

-nts, modeling and analysis”, Heron 37 (1), pp93-7

Hueste, M. B. D. and Wight, J. K. (1999), “Nonlinéaunching Shear Failure Model
for Interior Slab-Column Connections,” ASCE JourwélStructural Engineering,
Vol. 125, No.9, pp. 997-1008.

Islam, D. S. M. S. (2004) “Nonlinear FiniteElemeAnalysis of Reinforced
Concrete Plates in Punching Shear”, M.Sc Engingérriresis, BUET, PP-1-30.

Jofriet, J. C., and McNeice, G. M. (1971), “Fingment analysis of reinforced
concrete slabs.J. Sruct. Div. ASCE, 97(3), 785-806.

Kinnunen, S. and Nylander, H. (1960), “Punchingcofcrete slabs without shear

reinforcement”. Transactions 158, Royal Institutd echnology, Stockholm.

Kinnunen, S. (1963), “Punching of concrete slabthwivo-way reinforcement”.

Transactions of Royal Institute of Technology, 198.

Kuang, J. S. and Morley, C. T. (1992), “Punchingg&@hBehaviour of Restrained
Reinforced Concrete Slabs,” ACI Structural JourNal. 89, No.1, pp. 13-19.

Kupfer, H. B. and Gerstle, K. H. (1973), “BehaviairConcrete under Biaxial Stre-
-sses”, Journal of the Engineering Mechanics DivisMol. 99, pp. 853-866.

Lee, J. and Fenves, G. L. (1998), “Plastic-damagéeihfor cyclic loading of concr-
-ete structures”, Journal of Engineering Mechanis, 124 (8), pp. 892-900.

Loo, Y. C. and Falamaki, M. (1992), “Punching She&trength Analysis of
Reinforced Concrete Flat Plates with Spandrel BéafA(I Structural Journal, Vol.
89, No.4, pp. 375-383.

\ This PDF was created using the PDF CONVERTER Elite software

& Toremove this watermark, please license this product at www.pdfconverter.com



191

Loo, Y. C. and Chiang, C. L. (1993), “Methods ofnehing Shear Strength analysis
of Reinforced Concrete Flat Plates-A Comparatived$gt, Structural Engineering
and Mechanics, Vol. 1, No.1, pp. 75-86.

Loo, Y. C., and Guan, H. (1997), “Cracking and Fhing Shear Failure Analysis of
RC Flat Plates” ASCE Journal of Structural EngimegrVol. 123, No.10, pp. 1321-
1330.

Loseth, S., Slatto, A. and Syvertsen, G. (1982)it€ielement analysis of punching
shear failure of reinforced concrete slabs. Normbncrete research, 82(1):18.1-
18.17.

Lovrovich, J. S. and McLean, D. I. (1990), “PunahiShear Behaviour of Slabs
with varying Span-Depth Ratios”, ACI Structural doai, Vol. 87, No.5, pp. 507-
511.

Lubliner, J., Oliver, J., Oller, S. and Onate, 29§9), “A Plastic-Damage Model for
Concrete”, International Journal of Solids and &intes, vol. 25, pp. 299-329.

Mark, P. (2006), “Biaxially stressed by bending ahear forces reinforced concrete

beams,” Habilitationsschrift, Ruhr-University Bochu

Marti, P. (1990), “Design of Concrete Slabs forigeerse Shear”, ACI Structural
Journal, Vol. 87, No.2, pp. 180-190.

Megally, S. (1998), “Punching Shear Resistance afidtete Slabs to Gravity and
Earthquake Forces”, Ph.D. Thesis, University ofg@al, Calgary, Alberta, pp. 469.

Megally, S. and Ghali, A. (2000a), “Seismic Behaviaf Edge Column-Slab
Connections with Stud Shear Reinforcement”, ACu&ural Journal, Vol. 97, No. 1

\ This PDF was created using the PDF CONVERTER Elite software

& Toremove this watermark, please license this product at www.pdfconverter.com



192

Megally, S. and Ghali, A. (2000b), “Punching ShBasign of Earthquake-Resistant
Slab-Column Connections”, ACI Structural Journaill.\@7, No. 5, pp. 720-730

Mitchell, D. and Cook, W. D. (1984), “Preventingogressive Collapse of Slab
Structures”, ASCE Journal of Structural EngineeriNgl. 110, No.7, pp. 1513-
1531.

Mitchell, D., Tinawi, R. and R. G. (1990) “Damage Buildings Due to the 1989
Loma Prieta Earthquake- A Canadian Code Perspéc@anadian Journal of Civil
Engineering, Vol. 17, No.10,0ct., pp. 813-834.

Mitchell, D., DeVall, R. H., Saatioglu, M., SimpsoR., Tinawi, R. and Tremblay,
R. (1995) “Damage to concrete structures Due tdh¥idige Earthquake,” Canadian
Journal of Civil Engineering, Vol. 22, No.4, pp.13877.

Mortin, J. D. and Ghali, A. (1991), “Connection lefat Plates to Edge Columns”,
ACI Structural Journal, Vol. 88, No.2, pp. 191-198.

Murray, K. A., Cleland, D. J., Gilbert, S. G. ando8, R. H. (2003), “Improved
Equivalent Frame Analysis Method for Flat Plateutures in Vicinity of Edge
Columns”, ACI Structural Journal, Vol. 100, No.4. @54-464.

Nilson, A. H. (1997). Design of Concrete structyr@8" Edition, McGraw-Hill
Book Co. Singapore.

Olivera, D. R., Milo, G. S. and Regan, P. E. (200@unching Strengths of Flat
Plates with Vertical or Inclined Stirrups”, ACI 8ttural Journal, Vol. 97, No.3, pp.
485-491.

Owen, D. R. J. and Hinton, E. (1980), Finite Eletseim Plasticity. Theory and

practice. Pineridge press limited, U.K.

\ This PDF was created using the PDF CONVERTER Elite software

& Toremove this watermark, please license this product at www.pdfconverter.com



193

Pan, A. and Moehle, J. P. (1989), “Lateral Dispiaent Ductility of Reinforced
Concrete Flat Plates”, ACI Structural Journal, Maye 1989, pp. 250-258.

Philippe Menetrey (1994), “Numerical Analysis ofrféhing Failure in Reinforced

Concrete Structures” M.Sc. Engineering Thesis, 2alo, Boulder.

Pillai, S. U., Kirk, W. and Seavuzzo, L. (1982),h&ar Reinforcement at Slab-
Column Connections in a Reinforced Concrete FlatePStructure”, ACI Structural

Jounal, January-February 1982, pp. 36-42.

Polak, M. A. (1998), “Modeling Punching Shear ofiiterced Concrete Slabs using
Layered Finite Elements”, ACI Structural Journahl\95, No.1, pp. 71-80.

Pdlling, R. (2000), “A practical, damage-orientedtarial description for reinforced

concrete”, Dissertation, Ruhr-University Bochum.

Regan, P. E. (1981), “Behaviour of Reinforced CeteiFlat Slabs”, CIRIA Report

No. 89, Construction Industry Research and Infolomaf\ssociation, London.

Regan, P. E. and Jorabi, H. R. (1988), “Shear Resie of One-Way Slabs under
Concentrated Loads”, ACI Structural Journal, pf-157.

Rangan, B. V. (1990), “Punching Shear Design inNlegv Australian Standard for
Concrete Structures”, ACI Structural Journal, \8), No.2, pp. 140-144.

Robertson, I. N. (1997), “Analysis of Flat Slabustiures Subjected to Combined
Lateral and gravity Loads”, ACI Structural Journatl. 94, No.6, pp. 723-729.

Robertson, I. N., Kawai, T., Lee, J. and Enomoto,(B02), “Cyclic Testing of
Slab-Column Connections with Shear Reinforceme®€]| Structural Journal, Vol.
99, No.5, pp. 605-613.

\ This PDF was created using the PDF CONVERTER Elite software

& Toremove this watermark, please license this product at www.pdfconverter.com



194

Salim, W. and Sebastian, W. M. (2002), “Plastidtgdel for Predicting Punching
Shear Strengths of Reinforced Concrete Slabs”, 8@uictural Journal, Vol. 99,
No.6, pp. 827-835.

Schreiber, S.K. and Alexander, S. D. B. (2001),ri¢hing Shear Capacity of Slab-
Column Connections with Steel-Fibre Reinforcementdar Cyclic Lateral
Loading”, Structural Engineering Report No. 241 j\yénsity of Alberta, Sept. 2001,
139 pp.

Seracino, R. (1995), “Towards improving nonlineaalgsis of reinforced concrete

shells”, M.A.Sc. Thesis, Dept. of Civil Engrg., Wnof Toronto.

Shaaban A. M. and Gesund, H. (1994), “Punching SB&@ngth of Steel Fiber
Reinforced Concrete Flat Plates”, ACI Structuralrdal, Vol. 91, No.3, pp. 406-
414.

Shah, S. P., Swartz, S. E. and Ouyang, C. (1998ktée Mechanics of Concrete,
John Wiley & Sons, Inc., New York, New York.

Siao, W. B. (1994), “Punching Shear Resistance lat Blabs: A Beam-Strip
Analogy”, ACI Structural Journal, Vol. 91, No.5, . [@04-604.

Smith, B. S. and Coull, A. (1991), Tall Buildingr&ttures: Analysis and Design,
John Wiley & Sons, INC. Singapore.

Tan, Y. and Teng, S. (2005), “Interior Slab-RectdagColumn Connections Under

Biaxial Lateral Loadings”, American Concrete Insté.

Tian, Y., Jirsa, J. O. and Bayrak, O. (2008), “Bgth Evaluation of Interior Slab-
Column Connection”, ACI Structural Journal, Vol.51MNo. 6, pp. 692-700.

\ This PDF was created using the PDF CONVERTER Elite software

& Toremove this watermark, please license this product at www.pdfconverter.com



195

Timoshenko, S. and Krieger, S.W. (1959), TheoryPtzHtes and Shells, McGraw-
Hill Book Company, New York.

Van Mier, J. G. M. (1984), “Strain-softening of @vate under multiaxial loading c-

-onditions,” PhD-thesis, Techn. Univ. Eindhoven.

Vonk, R. A. (1993), “A micromechanical investigatiof softening of concrete loa-

-ded in compression,” Heron Vol. 38 (3), pp. 3-94.

William, K. J. and Warnke, E. P. (1975), “ConsiietModel for the Triaxial Beha-
-vior of Concrete,” Proceedings, International Asation for Bridge and Structural

Engineering, Vol. 19, ISMES, Bergamo, Italy, pp417

Winkler, K. and Stangenberg, F. (2007), “Numeriéalalysis of Punching Shear
Failure of Reinforced Concrete Slabs”, Ruhr-Uniitgr@ochum, Universitatsstr.
150, 44780 Bochum, Germany, Institute for Reinfdreend Prestressed Concrete

Structures.

Wolfgang Schueller, (1986), High-Rise Building Sfwres, Second edition, Robert
E. Krieger Publishing Company, Malabar, Florida.

Yamada, T., Nanni, A. and Endo, K. (1991), “PunghBhear Resistance of Flat
Slabs: Influence of Reinforcement Type and RatikC] Structural Journal, Vol. 88,
No.4, pp. 555-563.

Zienkiewicz, O.C. (1979), The Finite Element Methdd/ll edition, McGraw-Hill
Publishing Company Limited, New Delhi.

Zsutty, T. C. (1968), “Beam Shear Strength Prealictby Analysis of Existing
Data”, ACI JOURNAL, Proceedings V. 65, No. 11, N&®68, pp. 943-951.

\ This PDF was created using the PDF CONVERTER Elite software

& Toremove this watermark, please license this product at www.pdfconverter.com



196

Zsutty, T. (1971), “Shear Strength Prediction fap&rate Categories of Simple
Beam Tests”, ACI JOURNAL, Proceedings V. 68, No@b. 1971, pp. 138-143.

\ This PDF was created using the PDF CONVERTER Elite software

To remove this watermark, please license this product at www . pdfconverter.com



Appendix A

SOME CALCULATIONS ON SLAB-COLUMN CONNECTION OF RC
FLAT PLATE STRUCTURE

A-1 Slab-column connections designed only for gratyi load (Model-1)

The calculations on flat plate slab design of feert storied building are given

below which is based on direct design method:

- 3;_63 -

3.-'_6»' 863_6.&

A

o6 —6"

Y

Figure A-1 Plan view of interior panel of flat plate slab &

A-1.1 Material strength:
Ultimate strength of concrete’ f= 3500psi

Steel yield strengtty,, = 60,000 psi
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A-1.2 Slab thickness calculation:
h= 1,/33={(26.5 x 12)-42}/33=8.36 in~8.5 in
A-1.3 Load calculation:
F. F= 25 psf
P.W = 50 psf
Self Wt= (10/12)x 150 = psf
DL = F.F + PW + self Wt = 25 + 50 + 125 = 200 psf
LL = 80 psf [As it is a commercial building]
Wy=14xDL+1.7x LL
=1.4x 200+ 1.7x 80
= 416 psf
A-1.4 Column load check:
Column Load= 416x (26.5f x 14

Py = 0@ {0.85 ' (Ag- As) + Astfy}

4089.904 = 0.56 [0.85x 3.5{(42x42)- Ay } + Ag X 60]
 Ag = 36.045 in?

p=Ag /Ay = 36.045/ (4% 42) = 0.0204

~p =2.04 %= 2%

(Column section is 0ok).

A-1.5 Shear check:
Critical section of slab is d/2 distance from cofuface. Where d is the effective
depth of slab. Consider #4 bar to use and the dermoéthe reinforcement would be

0.5 in. Figure A-2 represent some necessary data.

A
d d 0.5Cin
10in d °
o o 0 0 o F 4 4
S « ] i
L 0.751r
# 4 bar

Figure A-2 Slab section of flat plate slab system
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d =10-0.75-0.5=8.751in

b, =4 x (42x 8.75) = 203 in

V= 416x [(26.5x 26.5)- {(42 + 8.75) / 12 §]
Vo=V, /@ =284.7/0.75 = 3.79.6 kip
Allowable, V.= 4\/T b, d =V,

379.6x 1000 = 4/3500 x 203x d

~d=7.9in (Thisis less than provided value)
Here, h will be 9.15 ir< 10 in (Provided)

So, punching share will not occur.

(Ok)

By using the following equation to check punchihgar failure, the ratio of critical

perimeter can include.

Ve = (“ljod +2)/f- b, d

[For interior slabpg = 40]

By using the above discussed equation the effediyh is 8.49 in, which is less
than the provided value. So, punching share failkillenot occur.

(Ok)

1 | | |
< ! ! ! |
o —

di2= 4375 G=42 d/i2= 4

<&
<«

C+d =50.75"

Figure A-3 Critical section for punching shear failure dugtavity load

A-1.6 Moment calculation:

In longitudinal directiond, = 10—0.75—d}, /2 =10- 0.75-0.5/2=9in

In transverse direction =10- 0.75- 1.5d;, = 10 — 0.75 — (1.5x0.5) =8.5in
(assuming # 4 bar)

Mo = 0.125 W I, In?
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= 0.125x416 x 26.5% (26.5-3.5Y/ 1000
~ M, =729 kip-ft

In longitudinal direction, &= 9 in

Column strip negative moment
—My=—0.75 (0.65% M, )
=— 0.75(0.6% 729)
~ —M, = — 355.4 kip-ft
&~ =M, = —M,/0.9= —355.4/0.9= 395 kip-ft
Column strip width is half the transverse panegtén13.25 ft or 159 in

Requiredk,, = - = (395x 12 x 1000)/(159x ¢) = 368« 1041 (Ok)

This result indicates such a greatly under-reirgdrslab.
Assume, jd = 0.95d than,

Mu_ — (355.4% 12)/(0.9% 60x 0.95% 9)

ST ofyid
~ Ay =9.24irf [Choose 47 No bars = 9.4]n

__Aslhy _ My
a=Gss f'.b As = @ fy (d—a/2)

= (9.4 60)/(0.85 3.5 159) — (355.37x 12)/{0.9 x 60 (9-1.192/2)}
~a=1.192in Ay =9.397 it

Requireda = 9.397 irf

Min Ay = 0.0018x h x b= 0.0018x 10 x 159= 2.862 irf
Provided straight bar

No of #4 @, = 0.2 irf) — 47

Average spacing = 1586 = 3.46 in

47 # 4p @ 3.456 in ¢c [Column strip top bar]

A tabular form, as in Table A-1, expedites thiseygesign and organizes the results

in a manner that is easily available.
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Table A-1 Steel calculation for different panel of flat plaiab system based on direct design method

201

)

Longitudinal direction

Transverse direction

s e 13npoad siy) asuadi| aseajd HIEunalEMm SI4] AA0WAL O] a

ypd

O

218105 3M|3 HILYIANOD 4ad 2u1 BuIsn paieasd sem 4ad syl \

WoXIauaau

Column strip Middle strip Column strip Middle strip
Negative Positive Negative Positive Negative Pasiti Negative Positive
Distribution of -0.49M, +0.21M, -0.16M, +0.14M, -0.49M, +0.21M, +0.14M,
momentM,,
M, (Kip-ft) 729
M, (kip-ft) -355.4 +153.1 -118.5 +102 -355.4 +153.1 -118.5 +102
Requireda (in?) 9.4 3.89 2.99 2.57 10.1 413 3.2 2.73
Minimum A (in) 2.86 2.86 2.86 2.86 2.86 2.86 2.86 2.86
Provided A (in%) 9.4 4 3.08 2.86 10.2 4.2 33 2.86
No. of straight bars 47 20 -- - 21 --
#4 (A, = 0.2 irf)
Average Spacing 3.46t 8.3H -- -- 3.18t 7.95+ --
(in)
No. of straight bars -- - 28 26 -- 26
#3 (Ap = 0.21irf)
Average Spacing -- -- 5.68t 6.1+ -- 6.1+
(in)
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A-2 Slab-Column Connections of Intermediate MomenResisting Frames (Model-3)

The calculations on flat plate slab design subgettegravity and lateral loads of fourteen
storied building are given below:

A-2.1 Load combinations:
1) 0.75[1.4DL+ 1.7 LL + 1.7(1.1 E)]
Or,1.05 DL+ 1.275LL +1.4025 E
Gravity load portios 0.75[1.4 DL+ 1.7 LL]
Earthquake (Lateral) load portien0.75 [1.7(1.1E)]
2) 0.9 DL+ 1.3 (1.1E)
Or,09DL+143E
Gravity load portion- 0.9 DL
Earthquake (Lateral) load portien 1.43E

A-2.2 Moment due to gravity load:
Moment calculation under gravity load portion adidbcombination -1
W, =0.75[1.4 DL + 1.7 LL]
= (0.75% 416) psf
= 312 psf
Mo = 0.125 W, I°1,?
={0.125x 312x 26.5x (26.5- 3.5f} /1000
= 546.7215 kip-ft
Column strip negative moment—=(0.75x 0.65x 546.7215) =— 266.53 Kip-ft
Column strip negative moment through effective wi@+3h)
= —(266.53x 72)/159 =—120.7 kip-ft
Moment calculation under gravity load portion chdbcombination -2
W,=0.9DL
= (0.9x 200) psf
= 180 psf
Mo = 0.125 W, I°1,?
={0.125x 180x 26.5x (26.5- 3.5f} /1000
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= 315.42 kip-ft
Column strip negative moment—=(0.75x 0.65x 315.42) =— 153.8 kip-ft
Column strip negative moment through effective wi@+3h)
= —(153.8x 72)/159 =—69.64 kip-ft

A-2.3 Lateral load calculation:

The calculation on seismic lateral forces basedauivalent static frame method is given
below:

DL = 200psf (F.F = 25psf, PW = 50psf, SW = 125psf)

Total seismic dead load at all floor level = 200psf

Total seismic dead load at roof level = 137.5psf

1 L1 ? O T
26.5'
] L} L1 L -+
26.5'
] [ H] ]l —+
26.5'
O ] ] 0 L
| | \ Interior panel |
| 1 1 |
26.5' 26.5' 26.5'
Y
X Earthquake Load

Figure A-4 Plan view of interior panel of a flat plate slgistem
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14 storied
building,
where
each floor
height is
10 ft

Earthquake
Loac

;7 =z = ez
| ] | |
I |

26.% 26.% 26.%

Figure A-5 Section view of interior panel of a flat platelskystem

Base shard/ = Z:TC X W

Where,

Seismic zone factor Z = 0.15 (Zone 2)
Structural importance factor, | = 1.00
Response modification coefficient, R=8

Site coefficient, S = 1.5 (Soft clay)

C: = 0.073 (RC Moment Resisting Frame)

T = C x(h,)** = 0.073x (140/3.28§" = 1.22 sec

_ 125XS _ 1.25X15

C - 2 -
5 (1.22)2/3

C/R = 1.6422/8 = 0.2053 0.075 (Ok)

= 1.6422< 2.75 (OK)

v =Z5xw = 220 {(200 x 13) + (137.5x 1)} (79.5¢26.5)
~V =177.6 kip
T>0.7 sec

F, = 0.07x T XV = 0.07x 1.22x 177.6= 15.17 kip< 0.25V (44.4 kip)
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YW, x h; = [[200 X 10X (1+ 2+ 3+ 4+ 5+ 6+ 7+ 8+ 9+ 10+ 11+ 12+ 13)}+
{137.5 x 10x 14}] x (79.5x 26.5)

= 423.9% 10°
F o WoFOXWaxhy _ (177.6-1517)xWyxhy
X7 ywixh; 423.98x103

~ F, =3.83x 10* W, x h,

For all floor,W, = 200x (79.5x 26.5)= 421350 Ib

F, =3.83x 10% x 421350x h, = 161.4h,

F, = (161.4x 10)/1000= 1.61 kip,F, = 1.614x2 = 3.23 kip,F; = 1.614x3 = 4.84 kip,
F, = 1.614x4 =6.46 kip, Fs = 1.614x5 =8.07 kip, F = 1.614x6 = 9.68 kip, F, =
1.614<7 =11.3 kip, Fg = 1.614x8 =12.9 kip, Fy = 1.6149 =14.5 kip, F;p =
1.614x10 = 16.1 kip, Fy; = 1.614x11 =17.7 kip, F;, = 1.614x12=19.4 kip, F;3 =
1.614x13 = 21 kip,

For roof,W, = 1.37.5x (79.5%x 26.5)= 289678.125 Ib

F,, = F, + F, = 15.17+ 3.83x 10* x (289678.125¢ 140)/1000= 30.7 kip

30.7 kit >

21 kic >
19.4 kit
17.7 Kkir
16.1 kit
14.5 kir

12.9 kir
11.3 kit
9.68 kir
8.07 Kkir
6.46 Kir
4.84 kit
3.23 kit
1.61 kit

\4

A4

\4

\4

\ 4

\ A 4

\4

\ A 4

J

4 74 oz
| |

26.5 26.5 26.t

Figure A-6 Lateral loads due to seismic action on differeakyslaval of

interior panel of atfplate slab system

i
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A-2.4 Moment through column strip due to lateral lad:

Due to both gravity and lateral loads, a huge amotinnbalanced moment has occurred
at slab-column joint. The unbalanced moments haleutated with the above mentioned
lateral loads by using ETABS software. The unba@nmoments at first story level are
given below:

348 kip-ft

Al
S — —K

699 kip-ft
350 kip-ft

Here, M, = Mgjap= 699 kip-ft (Total unbalance moment)

Moment calculation under lateral load portion agidacombination -1

489 Kip-ft

ZIES
S — —K

980 kip-ft
492 kip-ft

Moment calculation under lateral load portion cidacombination -2

498 kip-ft

ZIES
S — —K

999 kip-ft
501 kip-ft
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A-2.5 Combined gravity and lateral loads:
Moment calculation under both gravity and lateoalds of load combination -1

222 kip-ft

1N
[

758 kip-ft

Moment calculation under both gravity and lateoalds of load combination -2

344 kip-ft

1N
NI

655 kip-ft

After a comparison of moments in between above imeed two combinations, the design
should be performed for 758 kip-ft negative monmaamd 344 kip-ft positive moment.

A-2.6 Balanced steel ratio:

_085Bif'c & )
fy €cu t &y

= {(0.85 x 0.85x 3.5)/60} x {0.003/ (0.003+0.00207)}

~pp, = 0.0249

Pb

[Where, g, =2 = 60x 10729 x 1¢° = 0.00207]

0.37%, = 0.00934
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Table A-2 Steel calculation through column strip of flat platab system under combined gravity and lateeaido

@

Longitudinal direction

Transverse direction

Column strip

Column strip

Left end of slab-column

joint

Right end of slab-column
joint

Left end of slab-column

joint

Right end of slab-column

joint

Negative moment

Positive moment

Negative moment

Positive moment

s e 13npoad siy) asuadi| aseajd HIEunalEMm SI4] AA0WAL O]

Jpd-m.

218105 3|3 HILYIANOD 4ad 2u1 Buisn paieasd sem 4ad siyL

WO I2J3AU0D.

M, (kip-ft) -758 +344 -758 +344
RequiredA, (in) 22.3 9.15 24.4 9.7
Minimum A (in®) 2.86 2.86 2.86 2.86
Provided A, (in?) 23 10 25 10

No. of straight bars #4 115 50 125 50
(Ap =0.2irf)
Average Spacing (in) 1.39+ 3.24+ 1.28+ 3.24+
Balanced steel ratip, 0.0249 0.0249 0.0249 0.0249
0.37p, 0.00934 0.00934 0.00934 0.00934
Ag 0.016 0.007 0.0185 0.0074
P~ bd
Remarks p >0.37p, p <0.37, p >0.37p, p <0.37%p,
(Not ok) (Ok) (Not ok) (OKk)
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A-2.7 Moment through effective width due to lateralload:
According to ACI 318-08 code provision, 60% of thebalanced moments have
transferred through the effective width. 60% of ti@balanced moments at first

story level are given below:

209 kip-ft

ZIES
S — —€

419 kip-ft
210 kip-ft

Here,ysMu = yfMgian= 419 Kip-ft (Total unbalance moment throwgfective
width)

Moment calculation under lateral load portion gidacombination -1

293 kip-ft

ZIES
S — —€

588 kip-ft
295 kip-ft

Moment calculation under lateral load portion cidacombination -2

299 kip-ft

Al
S — —K

600 kip-ft
301 kip-ft
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A-2.8 Combined gravity and lateral loads:
Moment calculation under both gravity and lateoalds of load combination -1

172 kip-ft

1N
[

416 kip-ft

Moment calculation under both gravity and lateoalds of load combination -2

229 kip-ft

1N
NI

370 kip-ft

After a comparison of moments in between above imeadl two combinations, the
design should be performed for 416 kip-ft negativement and 229 kip-ft positive

moment.
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Table A-3 Steel calculation through column strip effectivelthiof flat plate slab system under combined gyaaitd lateral loads

@

Longitudinal direction

Transverse direction

Column strip effective width c+3h

Column strip effective width c+3h

Left end of slab-column
joint

Right end of slab-column

joint

Left end of slab-column

joint

Right end of slab-column

joint

Negative moment

Positive moment

Negative moment

Positive moment

s e 13npoad siy) asuadi| aseajd HIEunalEMm SI4] AA0WAL O]

Jpd-m.

218105 3|3 HILYIANOD 4ad 2u1 Buisn paieasd sem 4ad siyL

WO I2J3AU0D.

M, (kip-ft) -416 +229 -416 +229
RequiredA, (in) 12.9 6.35 14.4 6.8
Minimum A (in®) 1.3 1.3 1.3 1.3
Provided A, (in?) 13 7 15 7

No. of straight bars #4 65 35 75 35
(Ap =0.2irf)
Average Spacing (in) 1.12+ 211+ 0.9+ 2.1+
Balanced steel ratip, 0.0249 0.0249 0.0249 0.0249
0.37p, 0.00934 0.00934 0.00934 0.00934
Ag 0.02 0.0108 0.0245 0.0114
P~ bd
Remarks p >0.37p, p >0.37p, p >0.37p, p >0.37p,
(Not ok) (Not ok) (Not ok) (Not ok)
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A-3 Slab-Column Connections with Drop Panel (Mode#)

The calculations on flat plate slab with drop patesdign subjected to gravity and

lateral loads of fourteen storied building are givelow:

A-3.1 Load calculation:

F.F = 25 psf, PW = 50 psf

Self weight of slab = (10/12) 150 = 125 psf

Self weight of drop panel = ( 4/1%) 150 = 50 psf

DL;= F.F + PW + Self weight of slab = 25 + 50 + 12808 psf

DL, = Self weight of drop panel = 50 psf

LL = 80 psf

Now, W;1=1.4DL+ 1.7 LL = 1.4x 200 + 1.7x 80 = 416 psf
W2 = 1.4 DL, = 1.4x50 = 70 psf

A-3.2 Shear check:
1st critical shear check
d =14-0.75-0.5=12.75in
bo =4 X (42+12.75) = 219 in
V= 416 X[(26.5%26.5) — {(42+12.75)/12] +70 x[{4 X(159x79.5) + (159
159)}/144 - {(42+12.75)/112
~V,.= 318.9 kip
Vi > Vylg = 425.2 kip
Allowable, V. = Vo= 4./f bed
425.% 1000 = 4/3500 x219xd
~d=8.2in (Which is less than provided d)
Here, h will be 9.45 in < 14 in (provided)

So, punching share failure will not occur (ok)

Here,

Vo= (2+48) /', bod, (2+4/g) =6 >4 (Does not govern) Hefe= 42/42 =1
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V= (“;—Zd +2) /T, bod, (als)zd +2) = 4.33 > 4 (Does not governyx= 40 (For

interior panel)

Ve= 4,/f. bod (govern)

Here, \L =V, = 4\/ﬁ b, d = 44/3500 x219x12.75 = 660.77 kip
Vul¢p V.=318.9/(0.7%660.77) = 0.64

2nd critical shear check:

d =10-0.75-0.5=8.75in

bo = 4 X[42 +(2x58.5) +8.75] =671 in

V= = 416%[(26.5x26.5) — {(42+117+8.75)/12} +70 x[{4 x 159x (79.5 —
4.375)} | 144]

~V,= 234.1 kip
Vi Vulp = 234.1/0.75 =312.13 kip
Allowable, V. =V, =4 [f byd

312.1% 1000 = 4/3500 x671xd
~d=1.96in (Which is less than provided d)
Here, h will be 3.12 in < 10 in (provided)

So, punching share failure will not occur (ok)

If we use \{= (“;—zd +2) /. bod, (“;—zd +2) = 2.52 ( govern) and effective

depth will be 3.12in that is also less than therjgled value . So punching share

failure will not occur. (ok)

Here, \t = Vi = (“2242) /F. by d = 4v3500 x671x8.75

oo VC = Vn = 87532 klp
Vol Ve=234.1/(0.7%875.32) = 0.36

Same gravity and lateral loads and moments hawvtasdiscussed in Sec A-2.
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Table A-4 Steel calculation through column strip of flat platab system under combined gravity and lateeaido

@

Longitudinal direction

Transverse direction

Column strip

Column strip

Left end of slab-column
joint

Right end of slab-column
joint

Left end of slab-column
joint

Right end of slab-column
joint

Negative moment

Positive moment

Negative moment

Positive moment

s e 13npoad siy) asuadi| aseajd HIEunalEMm SI4] AA0WAL O]

218105 3|3 HILYIANOD 4ad 2u1 Buisn paieasd sem 4ad siyL

Jpd-m.

WO I2J3AU0D.

M, (kip-ft) -758 +344 -758 +344
RequiredA, (in) 13.9 6.1 14.6 6.33
Minimum A (in®) 4 4 4 4
Provided A, (in?) 14 6.2 14.6 6.4

No. of straight bars #4 70 31 73 32
(Ap =0.2irf)
Average Spacing (in) 2.3+ 5.3+ 2.2+ 512+
Balanced steel ratip, 0.0249 0.0249 0.0249 0.0249
0.37p, 0.00934 0.00934 0.00934 0.00934
b= % 0.0068 0.003 0.0073 0.0032
Remarks p <0.37, p <0.37, p <0.37%, p <0.37%p,
(Ok) (Ok) (OK) (OKk)
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Table A-5 Steel calculation through column strip effectivelthiof flat plate slab system under combined gyaaitd lateral loads

@

Longitudinal direction

Transverse direction

Column strip effective width c+3h

Column strip effective width c+3h

Left end of slab-column

joint

Right end of slab-column
joint

Left end of slab-column

joint

Right end of slab-column
joint

Negative moment

Positive moment

Negative moment

Positive moment

s e 13npoad siy) asuadi| aseajd HIEunalEMm SI4] AA0WAL O]

Jpd-m.

218105 3|3 HILYIANOD 4ad 2u1 Buisn paieasd sem 4ad siyL

WO I2J3AU0D.

M, (kip-ft) -416 +229 -416 +229
RequiredA, (in) 7.8 4.1 8.14 4.3
Minimum A (in®) 1.8 1.8 1.8 1.8
Provided A, (in?) 7.8 4.2 8.2 4.4

No. of straight bars #4 39 21 41 22
(Ap =0.2irf)
Average Spacing (in) 1.89t+ 3.6+ 1.8+ 3.4+
Balanced steel ratip, 0.0249 0.0249 0.0249 0.0249
0.37p, 0.00934 0.00934 0.00934 0.00934
b= % 0.0083 0.0045 0.0091 0.0049
Remarks p <0.37, p <0.37, p <0.37%, p <0.37%p,
(Ok) (Ok) (OK) (OKk)




A-4 Column Reinforcement Calculation:

Longitudinal bar calculation

Column section has already chosen 42" X 42".
Forp = 3%
Here Ay = p Ag =0.003x 42 ~ 54 irf

Total cross-sectional area of longitudinal bardeshe columnAy, = 54 irf

use #14 bar which area is 2.25in
No of bar use =54/2.25 =24
S0, use 24 #14

Tie bar calculation

# 4 bar have used as a tie bar.
(1) 48x (4/8) =24 in
(2) 16x 1.693 = 27.008 in [#14 bar diameter is 1.693 in]

(3) b=42in [ least dimension of column]

Use # 4 tie bar have used @ 22 ijicc
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Appendix B

SOME CALCULATIONS ON FLAT-PLATE STRUCTURE WITH SHEA R
WALL

B-1 Flat-Plate Structure with Shear Walll

B-1.1 Load combinations:
1) 0.75[1.4DL+ 1.7 LL +1.7(1.1 E)]
Or,1.05 DL+ 1.275LL +1.4025 E
Gravity load portios 0.75[1.4 DL+ 1.7 LL]
Earthquake (Lateral) load portien0.75 [1.7(1.1E)]
2) 0.9DL+1.3(1.1E)
Or,09DL+143E
Gravity load portion» 0.9 DL
Earthquake (Lateral) load portien 1.43E

B-1.2 Moment due to gravity load:
Moment calculation under gravity load portion chdbcombination -1
W, =0.75[1.4 DL + 1.7 LL]

= (0.75%x 416) psf

= 312 psf
Mo = 0.125 W, I°1,?

={0.125% 312x 26.5% (26.5- 3.5} /1000

= 546.7215 kip-ft
Column strip negative moment—=(0.75x 0.65x 546.7215) = 266 kip-ft
Moment calculation under gravity load portion adidbcombination -2
W, =0.9DL

= (0.9x 200) psf

= 180 psf
Mo = 0.125 W, I°1,?
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={0.125x 180x 26.5x (26.5- 3.5f} /1000
= 315.42 kip-ft
Column strip negative moment=(0.75x 0.65x 315.42) =— 154 kip-ft

B-1.3 Lateral load calculation:

The calculations on seismic lateral forces congideseismic Zone-2 and Zone-3
according to BNBC 2006 based on equivalent staaen& method are same as
discussed i\ppendix A. Base share value for Zone-2 and Zone-3 are 17.&rd
296.1 kip respectively. Lateral loads due to seisaction on different story level of
interior panel of a flat plate slab system considgseismic Zone-2 and Zone-3 are

given in Figure C-1 and Figure C-2 respectively.

v

30.7 ki

21 kig
19.4 kir >
17.7 kir
16.1 ki
14.5 kif

12.9 kir
11.3 kif >
9.68 kir
8.07 ki
6.46 kir >
4.84 ki >
3.23 kir g
1.61 kir

\4

\4

Y

\4

Y

\ 4

\ 4

26.5 26.5 26.5

Figure B-1 Lateral loads due to seismic action on differ¢otyslevel of
interior panel of a flat f@aslab system under seismic Zone-2
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v

51.2 kir

35 kir
32.3 kir
29.6 kir
26.9 kir
24.2 kir

21.5 kit
18.8 kir
16.1 kir
13.4 ki
10.8 kir
8.07 Kir
5.38 kir
2.7 kic

\ 4

A 4

\4

Y

v

Y

\4

;7 V74 Yz 74
|
I

26.5 26.5 26.5

Figure B-2 Lateral loads due to seismic action on differéotyslevel of
interior panéleoflat plate slab system under seismic Zone-3

In the above discussed frame, each floor has tvesion columns and two exterior
columns. From various observations it was found the interior column lateral
load effect is twice than the exterior column latdoad effect. Due to lateral load

the unbalanced moment calculations under seismie-20and Zone-3 are given

below.

B-1.4 Unbalanced moment calculation under seismicahe-2:

Total Base share, V = 177.6 kip

Shear at each interior column of bottom story levf(177.6 x 1)/3} = 59.2~60 kip
As it has already discussed in Sec. 6.3.2 thatta®@¥ unbalanced moment have

transferred through shear wall and rest 20% haamesterred through slab-column
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joint. That is why; shear through each interiorucoh of bottom story level is 12

Kip.

12 kilo_>A/Inf|ection point

/V

Slab QL7760 kip-ft
NGO

Column

2 0
) 2
W
60 kip-ft/ 7T\ 5 ft
<«—12 ki
Inflection point/v P

60 kip-ft
C 1N — =
§> & §> 120 kip-ft

60 kip-ft

Here, M, = Mgiap= 120 kip-ft (Total unbalance moment)

Moment calculation under lateral load portion cidacombination -1

84.1 kip-ft
Al — £
N N

84.1 kip-ft

168.2 Kip-ft
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Moment calculation under lateral load portion gidacombination -2

85.8 kip-ft
Al —
NI N

85.8 kip-ft

172 kip-ft

B-1.5 Combined gravity and lateral loads:
Moment calculation under both gravity and lateoalds of load combination -1

1S
ST

350 kip-ft 182 kip-ft

Moment calculation under both gravity and lateoalds of load combination -2

1S
S

240 kip-ft 68 Kip-ft

B-1.6 Unbalanced moment calculation under seismicahe-3:

Total Base share, V = 296.1 kip

Shear at each interior column of bottom story lev§([296.1 x 1)/3} = 98. %99 kip
As it has already discussed in Sec. 6.3.2 thatta®@% unbalanced moment have
transferred through shear wall and rest 20% haaesterred through slab-column
joint. That is why; shear through each interiorucoh of bottom story level is 19.8

Kip.
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19.8 ki +— Inflection point

/V
Slabcommn QL7799 kip-ft
R 2
N\
99 kip-fiyZTN) 5 ft

<«—19.8kip
Inflection point/'

99 kip-ft
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£l — £
it % 7 D 198 kip-ft
99 kip-ft

Here, M, = Mgjap= 198 kip-ft (Total unbalance moment)

Moment calculation under lateral load portion gidacombination -1

139 kip-ft

C 1N —> Ve
2ok f&> a §> 278 kip-ft
1 ip-ft

Moment calculation under lateral load portion cidacombination -2

141 kip-ft

AN =
§> ﬁ |:> §> 282 kip-ft
141 kip-ft
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B-1.7 Combined gravity and lateral loads:
Moment calculation under both gravity and lateoalds of load combination -1

1S
ST

405 kip-ft 128 kip-ft

Moment calculation under both gravity and lateoalds of load combination -2

1S
ST

295 kip-ft 12 Kip-ft

Based on direct design method, the column stripatieg) moment is 355 kip-ft.
After a comparison between moments due to bothityrawnd lateral loads from
above mentioned two combinations under seismic Zbrad Zone-3 and the
moment based on direct design method, it is evitleatt Zone-2 is safe for design
the high rise flat plate building having shear wahich is based on direct design

method and Zone-3 is unsafe for design the same.
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