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Abstract

In this thesis punching sheabehavior of reinforced concrete slabs is studied in detail. The
study is mainly organized in two parts. The first part mainly focuses on provision of simple,
safe, economical and realistic design equation formulation foine design of slabs against
punching shear The second part proposes an innovative strengthening approafch existing

RC slabs to enhance their capacity against punching shear. For this, aineasive,efficient
and effective system of posinstalled reinforcement as punching shear reinforcement is

utilized.

Reinforced concreteslabsresting directly on columnare popular slab systems for reinforced
concrete structures Their usage is quiteommon in industrial structures (typically with post
tensioning)and in buildings usedor parking purposes since they allowhigher head room for
the same story height compared to traditional bearslab systems However, these slabsare
susceptible against punching failure at column locations amétastrophic failures of slabs
have been reportedin the pastdue to punching. Thigiighlights alack of understanding and
calls fora rationalapproach which can effectively describe and quantify the mechanism of
punching shear Almost all codes propose empirical equatiosibased on statistical evaluaton

of existing experimental datato estimate the punching shear capacity of theeinforced
concreteslabs Inthe first part of thisthesis, through an extensive numerical parametric study
a new, simple, and realistic punching shear predictive equation is proposed. Tbenerical
study is carried out using the softwar®ASAdeveloped at the University of Stuttgart, which
is known for its capabilities to simulate the nonlinear concrete behaviaquite well. The
numerical modeing approach is first verified against existing experimeritaesults and then
used to carry out a detailed parametric studyThe proposed equationconsiders the
guantitative contribution of concrete grade, flexural reinforcement ratio, member depth and
loading column size. The prediction capacity of the proposed equation is tested by comparing

it with existing 235test data bank. It has been shown that the proposed equatiors able to




predict the punching shear capacity of the RC slalgh high accuracy and significantly better

than the current formulations given in different codes and standards.

The second part of the thesis is invested @tudying the strengthening of existing reinforced
concreteslabsby introducing post installedreinforcing bars as punchinghear reinforcement
through numericaland experimental study. The novelty lies in the fact thatdr the first time
the effectiveness and efficiency of plan and vertical arrangement of post installed shear
reinforcementis evaluated in this work. A welllesigned experimental program that evaluates
the effect of arrangement of post installed sheareinforcement is developed and executed

It is shown thatthe punching shear strength dependsot only on the amount of introduced
shear reinforcement but alsan their plan and vertical arrangementi-urthermore, theeffect

of member depth on the effectiveness of post installed shear reinforcement is analyzed and
it is shown that the percentage utilization of theeinforcement is significantly affected by the
member depth. Eventually an empirical equation that predicts the punching shear capacity
of slab strengthened with post installed shearreinforcement is proposed.The degree of
accuracy and the reliability of the proposed equation is verified using experimentally tested
slabs in thisthesis, previous experiment as well as numerically tested slabs, there is a good

agreement between the calculated value and experimentally and numerically tested slabs.




Kurzfassung (Abstract in German)

In dieser Arbeit wird das Durchstanzverhalten von Stahlbetéitachdecken im Detall

untersucht. Die Studie ist inWesentlichen in zwei Teile gegliedert. Der erste Teil konzentriert
sich hauptsachlich auf die Bereitstellung einer einfachen, sicheren, wirtschaftlichen und
realistischen Entwurfsgleichungsformulierung fir die Bemessung von Platten gegen
Durchstanzen. Im weiten Teil wird ein innovativer Verstarkungsansatz flr bestehende
Betonstahlplatten vorgeschlagen, um deren Widerstandsfahigkeit gegen Durchstanzen zu
erhohen. Hierzu wird ein invasives, effizientes und effektives System der nachtraglich

eingebauten Beweung als Durchstanzbewehrung eingesetzt.

Flachdecken sind beliebte Deckensysteme fiur Stahlbetonkonstruktionen. Ihre Verwendung
ist in Industriebauten (typischerweise mit Vorspannung) und in Geb&uden, die zu
Parkzwecken genutzt werden, sehr beliebt, da sie im Vergleich zu herkbmmlichen Balken
Platten-Systemen eine groRRere Durchfahrtshéhe bei gleicher Geschosshéhe erméglichen.
Allerdings sind Flachdecken anfallig fir Durchstanzversagen an Stutzenstandorten, und in der
Vergangenheit wurde Uber Kkatastrophale Ausfélle von Flachdecken aufgrund von
Durchstanzungen berichtet. Dies verdeutlicht einen Mangel an Verstandnis und erfordert
einen rationalen Ansatz, der den Mechanismus der Durchstanzung effektiv beschreiben und
quantifizieren kann. Fast alle Codes schlagen empirische Gleichungen vor, die aufr eine
statistischen Auswertung vorhandener experimenteller Daten basieren, um die
Durchstanzkapazitat der Flachplatten abzuschéatzen. Im ersten Teil dieser Arbeit wird anhand
einer umfassenden numerischen Parameterstudie eine neue, einfache und realistische
Vorhersagegleichung fur die Durchstanzscherung vorgeschlagen. Die numerische
Untersuchung wird mit der an der Universitdt Stuttgart entwickelten Software MASA
durchgefuhrt, die fir inre Fahigkeit bekannt ist, das nichtlineare Betonverhalten recht gut zu
simulieren. Der numerische Modellierungsansatz wird zundchst anhand vorhandener

experimenteller Ergebnisse verifiziert und anschlie3end zur Durchfihrung einer detaillierten




parametrischen Studie verwendet. Die vorgeschlagene Gleichung bertcksichtigt den
guantitativen Beitrag der Betonsorte, des Biegebewehrungsverhaltnisses, der Bauteiltiefe
und der Lastsaulengré3e. Die Vorhersagefahigkeit der vorgeschlagenen Gleichung wirdhdu
einen Vergleich mit der vorhandenen 23kestdatenbank getestet. Es hat sich gezeigt, dass
die vorgeschlagene Gleichung in der Lage ist, die Durchstanztragfahigkeit der Stahlbeton
Flachplatten mit hoher Genauigkeit und deutlich besser vorherzusagen dis aktuellen

Formulierungen in verschiedenen Codes und Normen.

Der zweite Teil der Arbeit befasst sich mit der Untersuchung der Verstarkung vorhandener
Flachdecken durch die Einfihrung von nachtraglich angebrachten Bewehrungsstaben als
Durchstanzbewehrung durch eine experimentelle und numerische Studie. Die Neuhedtli
darin, dass in dieser Arbeit erstmals die Wirksamkeit und Effizienz der planmaRigen und
vertikalen Anordnung nachtraglich eingebauter Schubbewehrungsstabe bewertet wird. Es
wird ein gut durchdachtes Versuchsprogramm entwickelt und ausgefihrt, das dierking

der Anordnung nachtraglich installierter Schubbewehrungsstébe bewertet. Es zeigt sich, dass
die Durchstanzfestigkeit nicht nur von der Menge der eingebrachten Schubbewehrung,
sondern auch von deren planarer und vertikaler Anordnung abhangt. Dartbéraus wird der
Einfluss der Bauteiltiefe auf die Wirksamkeit der nachtraglich eingebauten Schubbewehrung
analysiert und es wird gezeigt, dass die prozentuale Ausnutzung des Bewehrungsstabs
maf3geblich von der Bauteiltiefe beeinflusst wird. Schlie3lich wiethe empirische Gleichung
vorgeschlagen, die die Durchstanztragfahigkeit einer Platte vorhersagt, die mit nachtraglich

installiertem Schubbewehrungsstab verstarkt ist.
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1 Introduction

Reinforced concrete slabs are usually supported on beams or directly on columns. If they are
supported in the later arrangement, then they are called flat slabs. This type of system is

proven to be architecturally preferable for many reasons.

The design and construction ofiat slab systemsdates back to the year 1906 where the first
five story buildingwas constructed in 1906 in the United States of America, Minnesota. The
flat slab was not constructed to give service but rather it was constructed so that it will be
tested for its performance. The result of the experiment shogd that the slab can carry three
times its design load before it fails. Lateseveral researchers all over the worldvorked
towards understanding the behavior and prediatig the strength of flat slabs, which resulted
in the development of design provisions in various des and standards such a&Cl 3189
[46] , EN2004[45] and fib Model Code 2020 to name a fel&][3][11]12]}

Flat slabsystemhasseveraladvantages over the conventional beam supported slaystem
Some of the advantages are freedom of partitioning during finishing work, reduction in overall
building heigh or increased room height, reduction in formwork requirementeading to
eader and faster construction. While flat slab has all those advantages it has its own
disadvantagestoo. One of the major disadvantages of having flat slab system is high stress
concentration at slab column joint which results in local failure called punching shear faijure
which is a twoway shear failuraesulting from large shear stresssin the region of the column
supports. Flat slab system also has reduced lateral stiffness whidemands wall system to
carry the lateral force on the structure. This is due to the absence of floor beams which

contribute to the framing action.

At design stage the global problem of weak lateral stiffness can beesolved with the
provision ofshear walls whichncreases the lateral stiffness of the structursignificantly. The

local problem of punching shear isolvedthrough different approacheslike the provision of
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flared column at the top, drop panels and slabs with larger deptAlternatively, punching
shear reinforcement in the form of a series of headed studs can be usedhe formwork to

increase the punching shear strength of the flat slabjg’3] [74].

For existing slabs however, thglobal strengthening of flat slab structures can be achieved
by using seismic bracing systems or by addition of new shear walls ustogt-nstalled
reinforcement. The strengthening of existing slabsagainst punchingcan be achieved by
concrete jacketing to increase the slab thickness around the columns or by more innovative
and less invasive methods such asing post installed shear reinforcement his thesis focuses
on using the postinstalled reinforcement solution as the retrofit method for capacity

enhancement of reinforced concrete flat slabs.
1.1 Statement of the Problem

511 EEA &£ AgOOA xEEAE AAT AA AEZAAOEOAT U AgpbIl A
of structural elements are notfully explainedtheoretically so far. Researchers are trying to

find a single unifying equation which can effectively predict the punching shear capacity of

slabs supported on columnKinnunen & Nylandewere probably the firstwho triesto explain

punching sheamechanically in a rational waby introducing a failure criterion [1][2]. Their
pioneeringwork is a turning point for researchers thatvork on punching shear afterwardg.

While their model address punching shear rationally it has some limitatipfisst the failure

criteria is defined by limiting the bottom strain to a certain value (1.96/1000), second shear
contribution due to dowel action is considered by a single empirical factor and third, the

location of inclined shear crack is defined by egpmental or finite element analysig12]

Most of the current codes and analytical methods used to predict punching shear can be
applied foraspecified range ofparameters (such asSlab depth, concrete grade, column size
etc.). This is because of the nature of their derivationvhich isbased on empiricakvaluation

through experimental or numericalanalysis. Hence these provisions are reasonably accurate
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for conventional types of structural system. Howeverextrapolating the usage ofthese

provisions for structures that are beyond this conventiona@rrangement,the accuracy of the
provided expression comes in questiorAs theparametersof structural system as well as the
materials usedis getting larger the validity of the conventional approachmay not always be

reasonable

Therefore,in this work,a new predictive equation is develogd that can beused for a realistic
and reliable prediction/assessment of the punching shear capacity reinforced concrete
slabs. The equation igleveloped on the basis of a series of detailed 3D finite element
numerical analysis that coverawide variation of all the relevant parameterso capture their
influence on punching shear capacity eéinforced concreteslabs.The equation is compared
with the equations from the existing international codes and standards, as well as aga@st
large experimental database. Thproposed equationseems to provide significantly improved

match with the test results as compared to the existing codal equations.

Due toan increasen loadson the structures that might occur due to a change in occupancy
of the building, renovations,knowledge advancementetc. it is possible that the capacity of
the existingreinforced concreteslabs isnsufficient, and strengthening is needed. Therefore,

in this work, a new innovative and lownvasive system oktrengthening using postinstalled
bars as punching shear reinforcement is explore@he effectiveness and efficiency of post
installed bars $ studied. Through numerical and experimental analysis amount of post
installed bars, plan arrangement, vertical arrangement and member depth are studied to

come up with an efficient arrangement.
1.2 Objectives

The two primary objectives of this work and the corresponding swdbjectives of this work

are discussed below:
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1. To develop a newequation for prediction/assessment of the punching shear capacity
of reinforced concreteslabs
U To dudy the different shear modes available in the literature
U Tonumericallyinvestigate the mechanism of shear failure of reinforced concrete
reinforced concreteslabs and the influence of various relevant parameters on the
punching shear capacity ofeinforced concreteslabs
U To propose an empirical equation to predict the punching shear capacity of
reinforced concretereinforced concreteslabs.
U To assess the reliability internationally practiced codal provisions for the prediction
of punching shear capacity.
2. To investigate a lowinvasive retrofit solution for strengthening of existingeinforced
concrete slabs against punching shear.
U To numerically investigate the mechanism of poshstalled reinforcing bars in
punching shear resistance akinforced concreteslabs
U To verify experimentally the influence ofpost installed reinforcement for
strengthening the reinforced concreteslabs againspunching shear.
3. Propose a model to predict the punching shear strength of reinforced concrete

reinforced concreteslabsstrengthened using postinstalled bars
1.3 Scope

This study focuses on assessing the punching shear performance of reinforced concrete slab
with and without shearreinforcement. The assessment is first done using a numerical tool
which is validated in this thesis as well as in previous research. The major punching shear
strength contributing parameters are studied analytically and are seen how they are
addressed in different budling codes. Following the parametristudy, a simple empirical
equation is proposed which can predict the punching shear perfoance of RC slabs with

statically reasonable accuracy.

27



The research also studies reinforced concrete slab strengthening approaches using post
installed shearreinforcement with bonding agent. Here, the main focus of the thesis is to
maximize the efficiency of the introduced sheareinforcement s. The arrangement of these
reinforcement is studied both numerically and experimentally. Finally, the influence of
member depth and loading column shape on the effectiveness of the strengthening approach

is studied experimentally as well as analytically.
1.4 Dissertation outline

The dissertation outline is organizeth nine chapters each consisting of a focused concept
and/or finding.

The first chapter mainly focuses on the introduction, objective and outline of thiégssertation.
Chapter 2 of this researcHiocuses on the comprehensive review of the state of the art on
punching shear mechanism of slabBlechanism of punchings studied here where punching
shear is expressed mechanistically as well as empirically in different building codes. The
different punching shear strengthening approach both at design stage as well as after

construction are addressed here.

After doing literature review Chapter3 describesnumerical modeling and validation of the
numerical modelingfor the assessment of punching shear critical slabShe different finite
element modelingapproachesare studied. The accuracy of the finite element modeling MASA
is evaluated based on failure mode crack pattern and load deformation diagrarhe 3D finite
element softwareuses smeared crack approach amsideveloped tosimulate various types of
failure mode including punching shear failur&he sotware is well-known to be particularly
accurate in predicting the tension dominant fracture of concrete and other quawsittle

materials.

In Chapter4 the different punching shear strength contributing parameters are studied and

parametric study is done to see the effect of different parameter88ased on a detailed
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evaluation of the results an empirical equation is proposed. The prediction capacity of this
method is evaluated, and conclusion is drawnThe proposed equation haga widerrange of

applicability as the major contributing parameters are incorporated in a reasonable manner.

Chapter 5 focuses on the numerical modeling in which tab to be testedexperimentally

are designed through variation of different parameter. The section also focuses on an
experimental campaign where the validity and effectiveness of post installed shear
reinforcement for strengthening of punching shear resistance of different slabs is
investigated. Details of the test procedure along with the result of the experiment are given

here. Here comparison between experimental and numerical analysis is done.

In Chapter6 the effect of depth andshear span to depth ratio &/d) for the effectiveness of
post installed shear reinforcement in strengthening punching shear critical slabs.
Furthermore, the influence of column shape on the effectiveness of post installed shear

reinforcement is assessedoth experimentally and numerically.

Before concluding the thesis il€hapter7 a model that predicsthe punching shearesistance

of slabs strengthened using post installed sheareinforcement is proposed The proposed
model isvalidated using experimentally tested slabs in both this thesis as well as experiment
done by previous researcher. Further validation is done using numerical analysis considering

different parameters.

Chapter 8 of the thesis comprehensively present the proposed equation in a concise manner.
Appropriate factor of safety is applied to get the punching shear performance of slalith

andwithout shear reinforcement at mean level, characteristic level and finally at design level.

Finally,Chapter9 highlights the key findings of the overall researchdrawn from numericalas
well as experimentalanalysis and investigation. iRally, recommendationson the punching

shear resistance prediction ofin-strengthened and strengthened slalare forwarded. Further
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recommendations for future development on punchingshear strength of slab are also
forwarded.

For better understanding of the whole activities of the thesighe flow chart shown inFigure
1l1land Figure1:2 summarizesdiagrammaticlly.
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Figurel-1 Flow chart of activities on phase |

31



Phase Il _ Strengthening of Flat Slab€Experimental and Numerical Analysis
| |
| |

Development of Punching

strér? Sﬁ]sesi;neglf gra%iegsafi?]rest Experimental and Numerical shear Predictive equation for
g 8n chin g Parametric Study to study effect Slabs with post installed shea
P g of Post Installed shear Bar reinforcement using 3D finite
Element Tool/ MASA and
Knowledge Experimental Result
advancement Effect Plan Arrangement PISR
bar
Function Change Assessment of Effectivenss
Vertical Arrangement PISR bar Factory
Poor desing and
construction

Effect of a/d ratio

Effect of slab depth

Figurel2 Flow chart of activities on phase Il
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2 Literature Review (State of the Art)

2.1 Slabs and Punching Shear

It has been over a century since the design and construction of slabs thest directly on
columns has become more commaThe popularity of this slab systems is mainly associated
with the simplicity during design and constructiostage which is a result of constant depth
thorough out the span of the structure They are also advantageous regard toreduction of
overall floor height, faster construction time andsmooth roof soffit for freedom of partition

location.

While having all those advantages this type of slab hasdeawback associated with the
localized stress concentration at thelab column joint. The design approach that has been in
effect for a very long time happens to be empirically driven argénceresults in inadequate
design of slab system. The inadequacy of the previous designs has been verifiedhby
number of catastrophic failures reported imecentyears.Number of buildings have failed due
to punching even after being designed as per the exisgjrbuilding code recommendations
[13]14]. There are at least three punching shear failure in Switzerlandpecifically in
Serfontana in 1970§L2] in Bluche in 19912]and in a parking garage in Gretzenbach in 2004
[12] Though the Gretzenbach failure is originally initiated by firstudies shows that there are
anumber of factors that led to the total collapse of the structureTheseinclude inadequate
slab depth, poor construction, poor construction detail (large flexural reinforcement and no
punching shear reinforcement) it ievident that even if the designsatisfied building code
provisions, failure of the slab was inevitablg¢13]14]. The Piper Row multi story car parking
project found in GreaBritain;Wolverhampton is also another car parking project that partially
failed after serving for over 30 years (1965997). The failurdnappenedat the 4" floor of the
slab which has a total load of 120ns. It was a progressive failure which started at one column
and then spread further The cause of failure is believed to be inadequate initial design, poor

workmanship and poor repairing work that was done on part of the slab prior to failufg5].
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The fact that punching shear failure isrittle and has high potential for spreading it requires
through investigation starting from understanding its mechanics design and strengthening

point of view.

(a) (b)
Figure2-1Failed parking garage, (a) Switzerland (photo courtesy of Gillie, NO3]14] (b)
Great Britain [15]

Significant efforts have been laid to characterize and understand the punching shear behavior

of RC slabs. Some of the most relevant research works are summarized below,

The first rational approach was proposed by Kinnunen & Nylander in 1960 where they explain
punching shearfailure as a function of compressive stress at inclined radial location and
compressive strain tangentially at the location of the inclined shear crack (inclined shear crack
and the radial crack were used for the derivation)l]. Their work happens to be a

breakthrough as they explain punching sheamechanistically

To quantify punching shearcapacity of slabdifferent approaches were adopted.In flexural
capacity approach, the shear capacity is relatéd the flexural capacity or a combination of
both shear and flexurecapacity. In the control perimeterapproach,which was proposed by
Talbot [77] a failure surface isassumed,and acting shear stress is computeénd compared
with resisting shear stress at the critical perimetein the plasticity-based approach virtual

work method is usedto equilibrate external and internal work78].
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After the work of Kinnunen et al other researchers have started to advance the previous work
where they considered the effect tensile stress transfer at cracked concrete like
Georgopoulos in 1988 and 1989 and Menetreyal in1994.1t was Moe19613] who came up
with another rational approach by testing square slab rather than the circular slabs used by
Kinnunen. Moel961[3] compared two limit states where first the pure flexural load carrying

capacity at failure and second with flexure and shear capacity interaction at fail{Bg

Based on virtual work method or plasticity Braestrup et §] proposed another rational
approach in 1976. The failure load was computed by equating the fracture energy on the
truncated slab element with the work done by the applied load. While this approach looks
logical it concentrates deformations at specific pots rather than distributing them over the

member length.

The work done by Shehatfb] improves model by Kinnunen by adding dowel action as well as
detailed action effect at the truncated conical surface defined by radial tangential and shear
crack. This improves the punching shear performance of slab as the flexural reinforcement

will take part of the shear load through dowel action.

Laterin 1990 Broom[6] proposed another rational approach which was not dependent on
experimental data like Kinnunen where the concrete strength was provided in more general
way and its capacity is compared at radial and tangential crack. Kinnunen used experimentally
tested concrete strength. In addition to this Broom has calculated different height of
compression zone in radial and tangential directions which was done iteratively in case of

Kinnunen model.

The model proposed by Hallegref¥] in 1996 shows that the shear strength can be increased
by using high strength concrete however the strength increment is not linearly related to

either tensile or compressive strength of concrete. This is due to the fact that high strength
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concrete results in a more brittle type of failure which ultimately reduce the shear capacity

increment that is gain due to high strength concrete.

In 2005 again Broom[8] improved the model by introducing size effect and concrete

brittleness. Here it was explained that the slab has failed when the critical tangential strain in

concrete is attained at the perimeter of the column under consideration.

In the history of punching shear, the latest rational model is proposed by Muttoni in 2008.

His theory is named critical shear crack theory where a dominant diagonal flexural crack called

critical shear crack disrupts the shear transfer mechanism of the slab.

From detailed literature review on the current state of the art the following gaps were

identified.

The construction industry is pushing the limit in everyday design. This demand
in large structure element put in question the accuracy of the current prediction
procedure as they are proposed based on conventional member size and
structural elements. Hencehe current prediction equation must be examined
and amendment must be made for better accuracy, if need be.

The current design approach of punching shear does not consider the
mechanism of punching rather itis based on control perimeter. It tries to
guantify punching shear resistance with a specified control perimeter at some
fixed distance from the loading/support point. This deviatfrom the reality of
punching for most of cases.

The provision of building codes addresses different punching shear strength
contributing parameters empirically. This approach is reasonably realistic for
some parameters but for other parameters sometimes it underestimates and

sometimes it overestimates heir contribution. This results in conservative and
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unconservative design depending on the types of code used and other related
situations.

iv. Size effect is either not considered at all in some building codes and those which
consider, the effect is not well captured particularly in lightly reinforced
concrete structures

v. The effectof flexural reinforcement (dowel action) is also omitted on some
design approaches which will underestimate the punching shear capacity.

vi.  Current punching shear provisions are rather complicated and suggestion of
simple empirical approaches that are suitable for design will make the design
procedure a lot easier.

vii.  Structures that are designed and constructed using the current design
procedures especially based on building code provisions are rather unsafe and
hence they need an intervention to safeguard safety and serviceability of the

structure under considerationHence strengthening work is mandatory.

2.2 Mechanics of Punching Shear

Understanding the mechanism of punching shedrilure of slabs falls among the most
challenging behavior of reinforced concrete structures. It is also relatively late since
researchers try to explain the mechanismaf punching rationally. Kinnunen & Nylandetries

to explain punching shearationally for the first time in 1960.Before their work punching
shear was modeled and explainefiilly empirically. According toKinnunenpunching shear is
carried by an inclined compression strut and failure due to punching shear occur when the
applied load resulted in aertain amount of tangential strain at the tension side of the slab.

Themajoridea here is the introduction of failure criteria[12]

Usually punching shear occurs on area where there is moment and shear interaction as this is

a place for maximum combined stress action. During pure punching shdaiure, the
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following phenomena are observed and can reasonably describe the mechanism of punching
shear failure.Relatively bw bending stress in flexural rebamadial crack that starts form the
loading column and propagatesto the support point, tangential crack tlat encircle the radial
crackclose to column and away from the columand diagonal crack along the height of the
slab which are variable depending on the slab depth, column size, column shape, concrete
grade,and flexural reinforcement ratioWhen the diagnal crack advance to the column then
the mechanism of load transfer will depend onggregate interlock and dowel action at the
cracked concrete and uncracked concrete shear transfer capackigure2-2 below showsthe

evolution of crack formation in flat slabs at failure.
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Figure2-2 Evolution of crack at failure during punching

In general, for slab without shear reinforcement thepunching failure mechanism can be

summarized as follows,
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The first crack that forms isthe inner tangential crack(tangential crack 1)which is
circular inshape,and it is located near the column. This is due to the presence of large
radial moment near the column (hogging moment).

Following this second crack that forms are the radialracks (radial crack 2) du the
negative tangential moment.

After the radial crackan inclinedcrack (radial crack 3) thastarts around themid depth

of the slab will be formed. The work by Kinnunen shows thatis phenomenon is
expected to occur at a loadingyalueof 45-75% of the maximum load carrying capacity.
The outer tangential crackgtangential crack 4) whichare far from the columnare
expected to occur at a very large load as the radimloment drops very sharply as one
goes far from the column. Hence it needs verylarge loadto causetangential cracking

4 of slab.

Finally, failureoccurswhen the diagonal shear crack widens and extesth length and
meet with the outer most tangential crack. When this happens, the shear transferring

capacity of the slab will reduce and finally punching shear failwél occur[16].

The abovementioned punching shear failure mechanism is valid only fslabsthat is not

equipped with shear reinforcement. If the slab under consideration is provided with shear

reinforcement, then the failure mode is going to be modified.

Failure due to the compression strut,
Failure of the introduced shear reinforcement (within the shear reinforced zone)
Failure outside the shear reinforced area,

Failure of the flexural reinforcement by yielding,

The whole objective of providing shear reinforcement is to improve the punching shear

capacity of the slab both in deformation as well as punching shear load carrying capacity.

Hence, if one use shear reinforcement then the failure mechanism of the unremtfed slab

will be modified, and the failure will occur in one of the above failunmodes.

39



|
1

(b)

Figure2-3 (a) Slab without shear reinforcemen{b) Slab with shear reinforcement
2.3 Models for Predicting the Punching Shear Strength

The analysis and design oéinforced concreteslabs are baseceither on empirical approach
from experiments andor rational approach whichare based on the mechants of punching
shear failure. Since the beginning aéinforced concreteslabs construction, the analysis and
design mainly rely on an experimental and empirical approach where the punching action
effect is estimated from different empirical predictions and experimental approacheshe
work by Kinnunen & Nylandepresented in 1960 is believed to be the first rational punching
shear prediction equation. In their work hey related the punching shear capacity with the
deformation capacity and introduce the idea of failure criteria for slab analysig\fterwards

a number of researches have been done towards advancement of the rational mo@ae of
the most recentdevelopmentsin rational model is the one proposed by Muttoni & Schwartz
named the critical shear crack theorj17] Here it is worth mentioning thatthe commonly
practiced building codes base their formulation on empirical approach than the mechanistic

based rational approach.
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In the following sub sections the different punchingapacity predictionmodelsare presented
briefly. Depending on the approach used generally the punching shear models can be

categorized in to the following groups.

i.  Flexural capacity approach

In this model the shear capacity is related with the flexure capacity as in most cases it is close
to the flexural capacity. The approach mainly assumes that the shear capacity of a slab is not

significantly lesser than the flexural capacity.

ii.  Kinnunen & NylandeApproach

The model byKinnunen & Nylanderuse a failure criterion which relate the deformation
capacity with the punching shear capacity. In the model shear is transfer through the
compressionstrut. Number of researchers use this idea and base this approach for their

model with some modifications.

iii. PlasticityBased Model

This uses a work method in which the work done byternal acting load is equated with the
work done internally at crack dissipating energy. This approach results in an upper bound

estimate for the punching shearesistance.
iv.  Trussmodel/Strut and Tie Model

This is a smeared crack model and is proposed by Pralong in JB82or one way/beam shear
truss model was proposed by Reineck, K. H., ef@D0] where the concrete is considered as a
tie. Later this model isadopted for designby Schlaich J. in 19929] where the Dregion are

modeled using strut and tie model after concrete crackdt is classified as smeared model

because the concrete serves as ties in the load transfer of the slabthis model cracks are
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not addressedindependently but they are considered by modifying material parameter like

concrete strengthreduction.
v. Fracturemechanicsbasedapproach.

This type of approach defines a failure criterion based on fractumechanics. This approach
is suitable for numerical analysis during the coding of finite element todlhis method is not

applicable to slabs with web reinforcement.
vi.  Failure Mechanism Approaches

This approach is more like model linnunen & Nylandebut here a different shear transfer
approach is used considering the tensile capacity of concrete to transfer shear at cracked
surface. The approach is different from fracture mechanics approach because it tries to

address stress statat the crack interface
2.3.1 Rational/ MechanisticModels

In this section brief presentation of existing punching shear modsdre presented and they
are organized based onheir time of formulation and not based on their accuracythe detail

of each model can be found from fib blletin [12]

Kinnunen & NylanderModel 1960[1][11]12] Thismodel is the first rational model which tries
to describe punching shear in detail. Tgéntroduced afailure criterionwhich is dependent on
the deformation capacity of the slab. The punching shear transfer mechanism is the
compression strut which is close to the loading columiiihe basic consideration of this model
is that a truncated coneshown inFigure2-4 isformed by two radial cracks one small tangential
crack and inclined shear crack. This element is modeled and put to equilibrium taildre
occurswhen the deformation of this elementreachesa certain amountwith corresponding

tangential strain.
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They tested 61 circular slabs resting on circular column and they monitor shear crack,
deformation of steel and deformation of slab concrete are carefully observed and recorded.

The property of concrete used in the model is calibrated with the test results.

P Ay/2n P Ag/2m l
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7, ~._ Crack

P Ap/2

(b)
Figure2-4 Mechanism of Failure bKinnunen & Nylande(Taken from[1])

Applying force equilibrium on once cracked element intercepted by the radial, tangential and

inclined crack as shown irigure2-4 (c) one can find a reasonable punching shear capacity
estimation [1].

Theaccuracy of themodel resulted inthe equation [1] wasverified for the 61 circular slabs

experimentally tested by the researcherand the result shows thatthe model and
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experimental result are in good agreement. For the punching shear model two sets of
equationswere used, the first oneshearstress found based on ultimate concrete stress and
the second one is based on the ratio dlexural reinforcement. Below are the twoequations

that will be equated and will result in expression for punching she§t][11]12]

21+ 2k, 2]
>, E /7 u .
V .= koAaad K, e——p — S, f(Ca Equation2-1
e x U
= 1+ > &
e /1 Uy
Where: h=2andf(a )_tana (- tana,
d 1+tarfa
e, kK
= képr £, dr 21+ In 091 5 Where: a’—ls'ab Equation 2-2
f aez_ %< K d g
é
S.,nMPa fy,inMpa, dinmm and riin mm

Moe 196L[3]: In his model Moe compute the shear capacity based on two conditions. First the
shear capacity due to flexure M« is estimated considering the case when only flexural stress
is applied. Second the shear carrying capacity of the slab column is calculated. The ultimate
punching shear carrying capacity is estimated using the combination of shear stress due to
shear and flexure. The ACI code base its punching shear prediction based on the

recommendation of Moe, especially the contribution of concrete.

The model tries to address punching shear partly in a mechanical way but generally this model
is not rational model raher it is an empirical model as there is no physical failure mode and

also no geometry and material property are considered rationally.
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Braestrup Model 19764]: this method is based on work method where external work done

by applied load is equilibrated with internal work made through deformation.

ShehataModel 1985 and 199{12} Shehata first propose& a mechanical model in 1985 and
later in 1990 he modified the same model so that it can be simplified. Hence the old model
was more complicated, and the new model is more simplified. In his model Shehata considers
the force as shown irFigure 2-5below which includes the applied force and the internal forces
that are acting on a truncated element. The forces are the applied external force, which is
proportioned within the two radial cracks, radial tension force, radial compression force,

inclinedforce on the face of the column.

The force equilibrium for this segment is checked and the stress at the column face will be the
limiting stress for the estimation of punching shear capacity. In this model the failure criteria
is the strain on the compressed face due to radial and tangealtstrain. When this strain

reaches 0.0035 then punching shear failure is assumed.

Detail A

(@)

45



{c)

(c)
Figure2-5 Punching Shear Failure cone(a)Punching Shear failure segment (b)action on

truncated cone (c) planner view of acting force§laken from[12])

P ,=2pxrn, f tang Equation2-4

Where:

ro = diameter of columnin mm
x = height of compression zone at flexure in tangential direction when punching
occursin mm.
Nc = stress concentration factor to account for the concrete strength under
multiaxial state of stress
fc = concrete cylinder strengthn MPa

Bazart & CaoModel 198712} Thismodel is mainly different in the fact that it considers size
effect where the nominal failure stress for different slab depth is different. The application of

this model is more significant for large member depth. For slabs that are shallow in depth this
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effect is not significant this can be seen from the initial gentle slope of the failure stress in

Figure2-6.

The advantage of using this methoébr large slab depth arises from its derivatiowhich is a
concept of fracture mechanics rather than plasticity approachin fracture mechanics
approach energy is the comparison parameter unlike plasticity approach which use strength

as a comparison criterion

2 linear fracture mechanics
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3 log(fy)
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Figure2-6 Size effectaccording toBazant & Cao Model 198@Taken from[12)

For the derivation of the model, they useéxperiments of threeslabs with variable thickness
and constant flexural reinforcement ratio.From the result they conclude that the larger the
specimen the lesser the ductility and the smaller the specimen the higher the ductility. They
also observed a significant reduction of failure stresgth sizewhich isnow called size effect.
Based on theifindings they proposed Equation2-5. Even though they proposed this formula

it was not used to estimate punching shear as itsads to inconsistent resultHowever, in
some current codes, size effect is considered using a square root function of the size similar

to that proposed by Bazant and Cao (1987).
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Equation 2-5

Where \( = shear stress
C =nominal shear stress found through plastic analysis

C=K TG 1
¢

(o

d = thickness of the slaim mm,

b = circular cone diameter of the punching cona mm,

K1, K2, = Empirical constants

1, = fracture energy and shape parameter derived empirically
da= Maximum aggregate sizen mm,

Bortolotti Model 1990 [12] Thisis aplasticity-basedmodel which results in an upper bound
estimate of the punching shear strength This modelmight result in overestimating the
strength as size effect is not considered (strength method). There is an improvement from
previous plasticity approach in a way it considers softening of concrete unlike the plasticity

model by Braestrup.

Broms Model 1990[6][12} In 1990 Bromg6] proposed modified semi empirical modeHere
Broms modified the model by Kinnunen & NylandeAccordingto Broms punching shear
failure occurswhen the compression stress that is located near the column is released from
the stressed state because of either radial or tangential strain or combination of the two

strains. Thie happens when the straiexceedsucpu.

After limiting the value ofUcpu One can estimate the corresponding punching shear force by

using strain compatibility and force equilibrium.

48



I.  Concretestrainis calculated individually and not through calibration with experimental

results.

ii.  Forthe compression zone variable height is used in the radial and tangential direction
iii. size effect is also considered to some extent.

Iv. —unsymmetrical slab systens addressed

Limiting Tangential strainUcpu

OJ

33

25 % Equation2-6
_g

€150 &2
€,,=0. oooae? B

where,
150 = is diameter of cylinder for test specime&mmm.
Xpu = tangential direction depth of compression zone during punching mm.
1 @ = depth of rectangular stress block /equivalemt mm.
= cylindrical compressive strengtin MPa
Limiting radial compressive stressAv

The radial compressive stress will result in failure when the compressive stress at the bottom
of the truncated cone reaches 110% of the cylindrical compressive strength of the concrete.

The over strength is resulted due to the kixial state of stress around the column vicinity.

The punching shear capacity V can be found by usikguilibrium of force in the vertical

direction.
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Where,
b = column diametein mm.
y = conical shelhickness inmm.

0= cylindrical compressive strengtm MPa

Figure2-7 Radial compression stress according to Bron{Bicture taken from[12)

The final failure load will be the minimum of the two shear forcesone found by limiting

tangential strain and one computed by limiting radial stress.

Muttoni Model 1991[17} In 1991IMuttoni et al. proposed a theory called critcal shear crack
theory to predict punching shear strength of reinforced comete flat slabs.After the first
introduction, the method was modifed for different cases. First gapplicabilitywas improved

to slab without shear reinforcement and latter for slab with shear reinforcemeily the same
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researcher[18][19][20]. Following the development of the mode] anumber of researchhave

validated its applicability for the mentioned range andvenbeyond thatrange.

According to critical shear crack thory the shear carryingcapacityof a slab depends on the
width of the crack and the roughness of the incled critical shear crack along compression

strut. The width at critical shear crack wis assumed to beroportional with the rotation of

the slab and depth of the slal20].
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Figure2-8 Criticalshear crack formationof slabredrawn based on Muttoni et.al 2003Taken
from [19])

With that in mind failurecriteriais drawn out of the above assumption as skwn below

w

.b

Equation2-8

?B?B?BQ”

bdf

g g

O

Where,
Vr= isthe punchingshear strengthof the slabin kN.

bo = punching shear perimeter at d/2 distance from the face of the coluimmm.
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d = member(slab) depth (effective) in mm.
fc = concrete strengthin mm.

dg = aggregate size (maximumn mmand
dgo =reference aggregatesizein mm.

when one equatesthe failure criteria with the loaddeformation diagram then the intersection
point is the punching shear capacity. The load deformation diagram can be approximated by

the following equation asrecommendedby muttoni.

Equation2-9

Were,
rs= radius of thecircularslabin mm.
Viex = acting force causing flexural failure at/2 from the face of the columrin kN.
d = member depth (effective)in mm.
fy = steel yield strengthin MPa.

V = acting sheain kN.
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Where,

mr= moment capady nominalin kNm.

B =slab widthin mm.

¢ = column sizein mm.
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Figure2-9 Failure criteria vs loag deformation diagram according to Muttoniet.al. (Picture

Redrawn based on[17)

Hallgren Model 1996[7]: With the objective of assessing the effect of high strength concrete

on the punching shearperformance of Hallgren propose a model that is based on the
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Kinnunen and Nylander model960[1]. In his work he observed that the rate ahcrement of

punching shear is smaller as compared to the increase in concrgtade.

Hallgrerd O FZMmbdklimproved two major sectionsof the previous modes, first arational
failure criterion based on fracture mechanicss proposedrather than semiempirical failure
criteria which are driven from punching shear testSecond, size effect and concrete

brittleness is considereaconsiders.
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cl2

Figure2-10 Failure criteria according to Hallgre(a) radial state of stress (bjensile steel

strain and compressive steel straift) tangential concrete stress on compressionone (d)
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tangential steel stress along the radius (e) truncated cone state of strggdcture taken from

[71)
2.3.2 Cocdke Based [@sign Eguations

Initially most building codes use empirically driven equations for the determination of
punching shear strength of reinforced concrete slab. As rational methddvelopssome code
refer this advancement and try to introduce rational approacimto the building code. While
this is a good start it is still not the best approach as it results in botimsafe as well as
uneconomicaldesign at time.One major difference between different building codes is the
parameters that are considered and how they are consiggl. The major parameters that

contribute to punching shear are listed below,

i.  Concrete grade

ii.  Flexural reinforcement ratio
iii. Slab depth
iv.  Column cross section

v. Shear reinforcement if any.
In the following sub sections different building code provisions are reviewed briefly.
2.3.2.1 EN2004-1-1,[45]
In EN2004[45] the parameters considered are

I.  Cylindrical strength of concrete, fc in MPa.

i. 3EAAO OAET @Ea®AAl AT Oh

=

i. &1 A@OOAT OAET &£ OAAI AT Oh m

iv. Size effect, k

56



While the parameters considered INEN 2004 [45] are mechanistically justified some
modification would result in better prediction if the concrete strength is represented by¥3)
rather than %3 The percentage utilization of bent up bars for shear should be utilized not
more that 5060%. The punching shear stress capacity of the concrete should be enhanced
because of triaxial state of stress. According to Kordina 20% increment will result indyett
prediction [12]

Punching shear according t&N1992,2004[45] can be given as follows.

_€30.18

,d . C Equation2-11
- by K 3) b q

e B fraoor,)™ « s,

theagc,

g g S}

Where,

5= 1.5;
> CRHRIABPPH
d slab depth in mm;

ri=y ¢ / ©.02

mx AT A arenthe reinforcement ratios of the flexural reinforcement in the-sand y
directions, respectively;

v, =0.03K? fck¥?

» cp represents the prestressing stress in MPa

k=0.1; and

bo is the perimeter of the critical section in mm, as can be seerfFigure2-11
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Figure2-11l ocation of control perimeter according to, ER004-1-1,(Taken from[45])
2.3.2.2 Japanese CoddSCE 15, 200438]

The Japanese code tries to address all the major parametardicated above Even though it
is an empirical equation the detail of the result show that the prediction capacity is in good

agreement with experimental data.
The parameters considered are,
I.  Cylindrical strength of concrete, ftMPa
ii. Shear reinforcementratioh : (ifrany)
iii.  Flexural reinforcementratio,f m
iv.  Size effectfactor,T q

Slabs designed using the Japanese code provision will provide resultese to the

experimental one which shows better prediction of punching shear.

Punching shear according tdapanese codes given as follows.

V o w=by 4§ b, U d Equation2-12

Where,
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[ ¢ =*hjO0GD/d) = to account size effect
[ p=hZ P=Pt®account dowel action
=1+ 1/(1+0.25%/d) =to account effect ofloaded area.

foca= 0.2 SE0 account for effect of concrete gradén MPa.This value is limited to
1.2N/mmi

d = effective depth in mm
bo = the length of control perimeter in mm

Thecontrol perimeter is similar toEN2004[45] with the only differencebeing the location of
the critical control perimeter. In the case of Japanese code, a distance of d/2 friva face of

the columnis consideredwhereasin EN2004[45] it is at 2d from the face of the column.

___________________

Figure2-12Location of control perimeter for different shape according to Japanesmde

(Taken from[48])
2.3.2.3 ACI31819[46]

The American code considdewer parametersthan the EN19922004[45] andthe details are

summarized as below;

i.  Concrete strength
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ii.  Column cross section
iii.  Length of the control perimeter

In ACI 318.9[46] provision the contribution of flexural reinforcement is not considered, it also

misses to address size effect which is critical for large member sized structural elements.

Punching shear according tACl 3189[46]can be given as follows. And minimum of the

values shown below will be considered as the punching shear capacity.

V =033, 4/ f.bd Equation 213
& _ 0330

V  =g9.17 T 85 A f.b,d Equation 2-14
(; =
& _ 008:d § [

V =59.07 + 0 & A/f.bd Equation2-15
¢ S

Where,

I = column dimension ratio (smaller over larger)
| i =40 if column is interior
| i= 30 if column is on the side
| i =20 if column is on the corner
_=1if concrete is normal weight and 0.75 if the concrete is light weight
_s=is size effect modification factor and it is given as follows,
= \rooos ©
d = Slab deptHeffective) in mm.

bo = control perimeter located at d/2 from the face of supporting columns mm.
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Figure2-13Location of control perimeter according to AC31819(Taken from[46])
2.3.2.4 Canadian Cod€SA A23:34[47]

The Canadian code considers similar parameters like the 28819code with only minor

difference on the coefficient.
i.  Concrete strength
ii.  Column cross section
iii.  Length of the control perimeter

Here also the provision fails to address the contribution of flexuredinforcement, it also

misses to address size effect which is critical for large member sized structural elements.

Punching shear according to Canadian code can be given as follows. And minimum of the

values shown below will be considered as the punching shear capacity.
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a 2 0 .
V =01%d += § £/Tbd Equation2-16

¢ 2
a3 d 60  —
V .=gb.19 % o8 f f.b,d Equation2-17
C o =
V =0.3¢ f/f.bd Equation2-18

Where,
I ¢= column dimension ratio (smaller over larger)
| i =40 if column is interior
| i= 30 if column is on the side
| i =20 if column is on the corner
_=1if concrete is normal weight and 0.75 if the concrete is light weight
d = Slab depth (effective)n mm.
bo = control perimeter located at d/2 from the face of supporting columns

f. = a value of 0.65 is used to reduce concrete strength.

If the effective depth, d, used in tweway shear calculations exceeds 300 mm, the
value of \£ obtained shall be multiplied by 1300/(1000+d).

4 EA OAI40B6l tolcatEulatedshall not exceed 8 MPa.

—— —— —

column

|
|
| columin
|
|
|
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Figure2-14Location of control perimeter according taCanadiancode CSA A23-34(Taken
from [47])

The abovementioned punching shear strength prediction equations are thmost usedcodal
provisions. In all cases a pseudo critical sectiaconsideredas a punching shear control
perimeter. WhileEN2004 1-1[45] consider 2d from column facéloaded area)ACl 3189[46]
CSA A23:324 and JSCE 12007 [48] consider d/2 from column face. Effect of flexural
reinforcement ratio on punching shear capacity is considered&N20042004 -1 and JSCE 15
which is not observed in ACI 31®[46]and CSAA23.314[47]. In all codesa reduction factor

is introducedto consider the member size effectThe overall prediction capacity of eactode

is evaluated in sectior.8 and 4.9 of this thesis.
2.4 Methods for the enhancement of punching shear performance

Toutilize the full potential of a giverreinforced concreteslab, premature failure like punching
shear should be avoided. Otherwise having punching shear failure will have two
disadvantages, first the flexural capacity will not be used fully and hencwill haveeconomic
wastage, secondly and most importantly it will result in sudden and catastrophic failure.
Hence, it is the duty of the engineer to avoid such failure. To avoid punching shear failure two
types of intervention can be used based on theage of the work. The first option i€nhancing

the punching shear performance at design stage where number of possible ways can be
introduced, the second option is strengthening of the slab if the construction is completed. In

the following section both approaches are discussed briefly
2.4.1 During Desgn Phase New construction)

As shearfailure of reinforced concreteslab is catastrophic which happens suddenly without
giving any warning the design process should be done very carefully and by investing all the
latest existing knowledge available. With that in mind, for slabs that avader design stage

designers use different methods to enhance the punching shear capacity of the sl@he
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enhancement approacles are proposed after knowing the shear performance contributing
parameters. Some ofthese parametersare the concrete grade, concrete depth flexural
reinforcementcolumn sizeThe following are some of the methods used to enhance peimng

shear performance.
2.4.1.1 Punching shear reinforcement

Thisis the most common way of enhancing the punching shear performance both in strength
and deformation capacity. For this reinforcement to be effective it has to be fully activated
and also adequate bonding should be providd@1] The adequate amount of anchorage will
benefit more for the deformation rather than the strength roughly ienhancest 2-3folds than

the unreinforced oneaccording to Regafb5]. The provided reinforcement can have different
arrangements andusually headed stud and closed stirrup are usg?]. The closed stirrup can

be a single hooked stirrup or continuous stirrup. The continuous one has been advantageous

both in structural performance as well as and construction.

/.
\

(@) (b) (©)

Figure2-15arrangement of stirrup (a) single closed stirrugb) vertical continuous stirrup (c)
inclined continuous stirrupNasim s. et.al 202¢Taken from[22])

One can also use headed sheaeinforcement during design this also will enhance the

punchingshear performance of a given flat slali.he headed stud will be placed following the

installation of flexural reinforcement. For this stud to be activated crack has to be initiated
and then all thereinforcement that are intercepted by the crack will be utilized. The degree
of utilization depends on the location of the stud from the column and the depth of the slab.
Studs that are adequately embedded between top a@nhbottom part of the cracked slab will

be highly activated Figure2-16below shows a typical heads stud arrangement.
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(b)

Figure2-16Headed stud(a) schematic representatiorj75] (b) Photographic view of headed
stud (Taken from[76])

2.4.1.2 Concretequality and depth enhancement

The most common way ofnhancingpunching shear strength of reinforced concrete is to
increase theoverall columnsizeor to just simply increase the top part of the column which is
the introduction of column capital. Both approaches arassociated with concrete geometry

modification.

One can also increase the concrete grade and it will result in better punching shear
performance. The above two approaches are ideal if the slab is not constructed yet. If
however, we need to enhance the punching shear capacity of slab that is already constructed
then other methods should be employed. The following sectiobriefly discuss how to

strengthen an existing slab.
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(@) (b)

Figure2-17concrete size increment (a) column size increment (b) column capi@bken

from [23])

2.4.2 Strengthening of existing slabs
2.4.2.1 Concrete jacketing

This approachncreasesthe overall depth of the slab on the tension sidé-rom serviceability
perspectivelt is an ideal choicavhen strengthening work is nee@d on outer most top floor.

If it is on lowerfloors, then it has a drawback that iwill reduce floor height ard also result in
obstacle. The critical part of this approach is the interfacial zortgetween the old and new
concrete. Monolithic action can be ensured by the use of shear studs amehcethe number
and sizehave to be properly designed. While using this approach as the overall depth is
increasing the flexural capacity is also increasing and once hagmsure that shear failure is

avoided ultimately.

)

Figure2-18concrete size increment, slab depth incremer{faken from[23])
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2.4.2.2 CFRP Wrapping

Strengthening with CFRPplate wrapping has been tested before and has resulted in an
increase in punching shear capacif24]. This technique not only increase the punching shear
capacity but also it enhances the deformation capacity and also avoid the highly brittle failure
mode into less brittle failure modeThis is attained through provision of confinement which
will enhance ductility. The failure mode expected here is debonding of the CFRP which is

usually the problem for all type of structural elements strengthened by this technique.

Later it was tried to use CFRFPods than CFRP plateand also steel bolt The result was

compared andit showsthat closer advantages can be fouhwith lesseramount CFRF25].

Figure2-19CFRMPlate,Rodeand bolt for strengthening of flat slabs[25].

2.4.2.3 PostInstalled Rebarsas punching shear reinforcement

This method is less invasive compared toncrete jacketing and is considered as more
effective than using FRP laminates.

Miguel et. al. 201Q23]: This type of strengthening technique was first introduced by Miguel
et.al 201(J23]. Toenhance the punching shear capacity of flat slab they came up with the idea
of introducing shear reinforcement from the compression side of the slab in an inclined

manner. The result of the work shows an increase in punching shear performance of the
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control specimen. Figure 220 below shows the control slab as well asome of the

strengthened slab with post installed sheareinforcement.

Form their work it can be concluded that use of post installed she@inforcement canbe a
solution for punching shear performance enhancement. However, in this research it is argued
that the amount of reinforcement used and the advantage that is gained are not comparable

and hence need to see better arrangement in order to maximize thetput of

*-;g%j;‘ii .‘-k:’\\:){//%y?jf° J3

.o, A il B — > ' AW T

Figure2-20Inclined Post Installed ShedReinforcementMiguel et.al 2010[23].

the introduced reinforcement. The inclined orientation of the post installed shear

reinforcementis also another challenge during construction.

H.S Askar201926]: AskarH.S 2014lso tried to strengthen flat slab that failglue to punching
using post installed bar that are interconnected with a plate at the bottontour slabs were
tested and A1(40) is the control slab, NR1, NR2 and NR3 has single double androwplgost
installed bars as shown inFigure 222 Unlike the orientation used by Miguel vertical

orientation of the bar is used. For his work he used two series of specimen one with normal
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strength concrete and the other with high strength concrete. Some of the result that are
observed are inconsistent and questionabld-or example, Al40 being the control specimen
gives higher capacity than the strengthened one NR1 and NR2 this result is doubtful because
the strengthened specimen is higher in concrete grade slab depth and also has post installed

shear reinforcement.
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Figure2-21Vertical Post Installed ShedReinforcement by Askar{26].
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Figure2-22load deformation diagram by Askaj26].
Haifa S. et. al 201R7]: in an attempt to strengthen a slab that fails by punching they tested

two slabs one control and onestrengthened. For thestrengthened one steel that isbolted,
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and end anchored with plate was used. Th&troduction of bolted steel enhanced the
punching shear resistanceThe efficiency and utilization(relationship between yield stress
and acting stress)of the introduced bolted steel is not evaluated and hence it needs to be
assessed to see a better utilization of the introduced shesginforcement. It is also difficult

to make a conclusion from a single experiment.

From the above literatures[23][26][27] it can be concluded that post installed bars can
enhance the punching shear performance of reinforced concrete flat slali3etailed study
was done byMiguel et. al. 201(R3]. It is observed thathe maximum shear capacity increment
observed is 73% on specimétV14 This enhancements verylarge if we only observe the
capacityenhancement Looking atthe effectiveness of the introducedshearreinforcements,
the capacity increment observeds after adding 72post installed shearreinforcement in 12
radial orientations having6 row diameter 16 barsHence large amount of post installedhear
reinforcements isused which leaves a room for maximizatioof the effectiveness of the
introduced shearreinforcementj OOE 1 E U A Q.11 thisAedsGHe Plang and vertical
arrangement of these shareaeinforcement isstudied in detail so that the utilization of the
reinforcement is maximized. The influence of slab depttand column shapeon the

effectiveness of the post installed bar ialso another parameter that istudied in this thesis
2.5 Section Summary

The section outlines introduction about punching shear of RC slabs by focusing on history of
RC slabs resting on column, mechanism of punching shear failure, models for predicting
punching shear and strengthening of RC slakRC slabs resting on columnare discussed
briefly. The advantage of having an RC slab resting on colunsnoutlined in regards to
aesthetics simplicity of constructionand reduction of building height while acknowledging
failures due to punching shear. Recordeddtory of flat slabfailure associated withpunching

shear are also presented.
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The mechanism of punching sheaof RC slab with or without shear reinforcement is
presented in detail. For better understanding of punching shear failuérst crack iniiation,
crack propagation andfinal failure are explained briefly. Effect of shear reinforcement in

changing punching shear failure mode is also presented.

The existing punching shear prediction models are also present&drting from the first and
the old rational model tothe most recent model. Here different codes predictive equations
are alsodiscussed bypoint out what parameter is considered and what important parameter

is omitted.

Finally different strength enhancing techniques are discussed by dividing them based on time
of applicability as during design stage and after construction. The masinvent method is

pointed out as it is chosen to be used in this thesis.
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3 Numerical modeling approach and validation

3.1 Numerical modeling approach

In understanding reinforced concrete structure, the use afumerical toolhas become more
common these days. The main reason that makesmerical tool method of choice is its
capability in performing different parametric study with relatively shorter time. It also gives
chance to see what is happeningn the specimenat every load stepboth on the surface and
on the interior part of the specimen in terms o$tress, strain, deformation and otherelevant

parameters.

Over the years numerous modeling approaches have been developedich include plastic
model, viscoplastic model, empirical modebnd combinationof different model [81]. The
different modeling approachesvaries in how they represent the material properties, the
interaction between constituent material and also the way how they represent the load. A

brief summary of different modeling approach is summarized below.
3.1.1 SmearedCrack Approach

At lower load concretebehaves in a linear elastic mannéut with increasing load itstarts to
behave in a nodinear manner with progressive cracks and finally failure occurs with
localization at a specific pointln this approach the discontinuities that are formed locally due
to crack are assumed to be part of the structural elements and are evedigtributed over a
tributary area of same finite element[28]. By this manner the property of the cracked
concrete is addressed indirectly by finding stresstrain relationship of the concrete with
smearedcrack over the specfied length. Unlike discrete crack approach in smeared crack

approach displacement method is valid becausentinuous displacement filed is applicable.

The main drawback of meared crack approachis its mesh sensitivityin estimation of local

failure of large memberbecause of the distributel crack over the length[29].
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3.1.2 Microplane Modeling Approach

This model was first introduced by Taylor Get.al 193g31]JAT A | AOAO |1 1 AARdEEAA A

coworker, 1992[30]. The latest modificationused in the present workx AO AT T A AU
et.al in 1999[41]. In microplane model the characterization of material mainly depend on
stress strain relation at different orientation. The different planes that are used for stress and
strain equilibrium are considered to be the weak plane of thmaterial at micro level[10].

Figure3-1shows an example of weak surface or contact between aggregate and paste.

microplane

aggregate / ‘
microplane &

(a) (b)
Figure3-1Microplane Model(a) paste aggregate contact area (b) microplane for strain
compatibility ./ L AT 1 O AOQB8AI TPPZ
In addition to experimental investigation, in the current study a numerical investigation will
also be conducted to understand the mechanistic behavior of punching in slabs. The numerical
investigation will be carried out on a 3D FE platform based on thecnaplane modelling
approach called MASA, developed at the University of Stuttgafthh microplane modelling
micromechanics for the deformation at microlevel is described through stress strain diagram.
While in the macroscopic model an average response betmaterial is considered instead of
the micro level stress transfer. It is important to know that the micro level analysis is more
accurate in physical representation of the material performance while the macro level
approach is more practica[10]. In the following sub sectionA brief description on the

Macroscopicmodeling approach of MASA will be discussed
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3.1.2.1 Modeling of concrete

In MASA concrete is generally modeled using the microplane model. This model was first
developed by Taylor in 19381]. As it was first developed for metals it needs improvement if
one prefers to use this model for concrete which is quasi brittle in nature which has softening
property. Hence later researchers made an improvement to incorporate the softening
behavior of guasi brittle material like concrete and glag82][33]. The latest improvement was
done by Ozbolt in 1999 and it habeen the base for modeling in MASA. The latest
advancement bases relaxed kinematic constraint concept. A normal vectarwith unit
magnitude is used to define the microplane. As can be seen frdagure 3-2 on each

i EAOI DI ATA 17101 Al O OEAAO VOADAK/EHe® th® OLpA E 1
assumption is that microplane strain tensor are projection of the macroscopic strain tensor
Rj. The stress (macroscopic) is computed by using the concept of virtual work and integration

of all possible microplane orientation.

3 3 s
s ijzg snnd Wm%(m e g )aﬁ Equation3-1
w

integration
, point
/

(a) (b)
Figure3-2 Concept of Microplane model (a) unit volume sphergntegration point and b)

strain components J. Ozbolt et.al 20439].
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As the normal stress & strain is composed of volumetric and deviatoric stress it has to be
AARAAT T BT OAA ET OT OEAOA AT i pPilTAl OO \GEAHO EO

the above expression will be changed in to:

3
Si= 9 ijd"_ DEFr]d

n, d)d Equation 3-2
W ZIQV 2 ] ah ) q

The constitutive law for concrete is given by the following relation which is valid for each

microplane to as uniaxial stress strain relationship.

S v:Fv( Qeﬁ)i S D:FD( Q,eﬁ); s Tr=FTr( ﬁ,eﬁ) Equation 3-3

To model cracking of concrete at any load step effective microplane strain should be

computed using the following relation.

€ met— fi Equation34

where:

Rm,eff = effective microplane strain

Rm= volumetric, deviatoric stress and shear stress

¢ ¢ AEOAI T OET OEOU &£O01 AOGET 1
OEA ¢ £O1 AOCEIT 1T didcAnkiruity bnGnd indiiddal micpdlahdmode]10].
Modeling concrete under compressive load, is done by using the strain tensor. The total strain
tensor must be on the microplane level decomposed into the normal (volumetric and
deviatoric) and shear strain component. Tension is also modeled using microplamodel. It
is shown that for dominant tensile load the decomposition of the normal microplane strain

into volumetric and deviatoric part will give realistic resyft0].
3.2 Description of MASA

In thisresearch,a finite element software called MASAMacroscopic Space Analysi&3 used
for numericalstudy. The tool wasdeveloped at university of Stuttgarf Germanyby Professor
Ozbolt.
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Before the use of the numericatool, it is validated for its prediction capacity with different
measurements.In MASA microplane material model with relaxed kinematic constraint is
employed as constitutive lawf10]. It is aimed to be used for nonlinear thredimensional
damage and fracture analysis of concrete and reinforced concrete structures in the
framework of the smeared crack approacfil0]. The fundamental property of the microplane
model is the interaction between various orientations, which are defined by microplanes. The
microplanes may be imagined representing damage planes or weak planes in the
microstructure. 3D damage and fracture atysis are carried out in the framework of the
smeared crack approach. To avoid error related to mesh size the constitutive law is coupled
with the localization limiter of local integral type (crack band method). In this method the
energy dissipation duea crack formation is equalized with the concrete fracture energy. For

more detail about the FE tool one can refdi0].
3.2.1 Modeling Procedure

In MASA oncrete is modeledwith afour-node solid element as shown ifrigure3-3. The stress
strain diagram of both tension and compression is defilg the microplane model The steel
reinforcement is modeled using solid eight node hexahedral elements. Depending on the
discretization of reinforcement, 1D truss or 3D solid finite elements, uniaxial elagltastic
stressstrain relationship with or without strain hardening or classical plasticibased nodels
can be employed. The bond model used in the code is based on the discrete ki
relationship that is defined by zero length notinear spring elementg10]. Inthis thesis itis

assumed that there is a perfect nodal connectivity between concrete areinforcement steel.
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(a) (b)

Figure 3-3 (a) tetrahedron mesh of concrete, (b) modeling of steel, concrete and loading

plate.

Figure 34 hexahedron mesh of steefeinforcement
3.2.2 Constitutive laws and material modeling

Like any other numerical tool in MASA the most importagbmponent is the constitute law.
In the following subsections the constitute lawfor concrete, steel and bond are summarized

and presented.
3.2.2.1 Modeling of Steel Reinforcement

In MASA constitutive law of reinforcement steel or any other steel are modeled by -axial
stress strain lawIf one is modelingreinforcement asa line element theelement is modeled

using 1D constitutive lawHowever, if reinforcement ismodeled as a soligtlement, then it is
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modeled used plasticity theory with von Mieses yield critenahere averaging stress in 3D is

considered.

For the numerical toolone has to give the following listed parameters as can be seen from
Figure 3-5.

I.  Modulus of Elasticity, &
ii.  Strain Hardening Modulus, Eh
iii.  Yield Stress, fy

iv.  Ultimate stress, fs

In the Figure 3-5 below the stress strain relation igresented during monotonic load casdn

MASA failure of steel is assumed when the strain on the steel reaches a certain value.

e

=
-

Figure3-5 Trilinear Stress strain relationship fareinforcement

3.2.2.2 Concrete uniaxial tensile and compressive laws

The numerical compressive and tensile stredsplacementcurve ofa singlefinite element,

havingnormal strength concrete in MASA is giveloelow.
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Figure3-6 Sress-Displacementrelationship of concrete (a) under compression (b) under
tension

3.2.2.3 Modeling of Bond

In addition to tension and compression the modeling of load transfer from steel to concrete
and from concrete to steel is another parameter thatust be considered witha detail In
MASA an isolated bond slip relation with zero or negligible lengipring element which is

nonlinear is employed34].

As can be seen frorrigure3-8 if bond is the major mode ofailure, then onemustuse a special

contact layer which isspring nonlinearelement [34].
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Figure3-7 bond stress vs slip relatiofi35].
Where: Bo,max IS the maximum bond stress in MPa

Kot iS the residual bond stress in MPa

S, S and Sare bond slip in mm at different bond stress level

Figure3-8 Special contactar element around reinforcement inMASA (a) 3D View (b)

Section View

This modelling is not used in the current work as perfect bor{gerfect nodal connectivity
between concrete andreinforcement) between concrete andreinforcement is attained

through adequate concrete cover.
3.3 Validation of numerical tool/MASA/

Before using numerical tool for parametristudy, one has to validate the reliability of the tool

at different scenario. The most important validating parameters are thenode of failure,
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failure load, deformation at failure, loaedeformation diagram, crack pattern among other
parameters.This tool is verified in this research as well as on previous research for different
conditions like reinforcement under corrosion, beam column joint under shear and cyclic
loading, concrete under fire, fastening technology and punching shedrhe result of the
validation shows good agreement with experimental result§10][39][40]. This is mainly

because of theversatile constitutive laws which are verified under complex loading history.

Given the primary focus of the current research is on punching shear dominated behavior of
RC members the following section demonstrates shear dominated cases for the purpose of

validation.
3.3.1 Validations by Previous Researchers

Prior to thisresearchwork, the capability of the numerical tool in predicting the response of
reinforced concrete structures is validated by number of researchers. The area of validation
ranges from simple structural analysis to more complicated Therfhggro-mechanical

analysis andChemothermo-hygro-mechanical analysis.
3.3.1.1 Punching shear Dominated failure

To study the influence of material property and size effect on punching shear strength of
reinforced concrete slabOzbolt et. al, 200110] performed numerical analysis using MASh
MASA size effect is addressl through a factor calledfracture energy which will account the
reduction of failure stress with increasing member siz&he result of the analysis shows that
there is reasonable agreement between the experimental and numerical analysis in predicting
the failure mode, load deformation diagram, peak load, and deformatiof89]. This is

evidenced inFigure3-9 -Figure3-11below.
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Figure3-9 (a) Geometrical arrangement of test specimen (b) Finite Elemédvieshingon
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Figure3-10crack pattern and failure mode (a) experimental specimen (b) Numerical
simulation on MASATaken from[39])
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Figure3-11Load Deflection Diagram(Redrawn based o0rj39])
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Hence with this model it is verified that the numerical tool can preditite failure load as well

as the corresponding deformation for slabs that fail due to punching shear.
3.3.1.2 Shear Dominated failure of column

The capability of the numerical tool in predicting shear dominated failure of reinforced column

the San Diego column was validated numericaJiy0].
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(a) (b)
Figure3-12Half model of San Diego Column (a) concrete meshing (b) reinforcement

meshing(Taken from[10])

Localization of strains
in stirrups
(max. strain of 4%)

Diagonal shear cracks

(a) (b)
Figure3-13principal tensile strain (a) concrete bending and shear strain (b) failed

reinforcement under shear(Taken from [10])
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In both numerical and experimental analysis,

1 Diagonal shear failure is the observed mode of failure.
1 Similar crack patterns are observed and

1 The stirrup has yielded.

Load [kN]

40 20

5
o

30 40 50
Displacement [mm]

R-3 Column

----------------- experiment

(@) (b)
Figure3-14Load Deformation diagram (a) concrete bending and shear strain (b) failed

reinforcement under shear(Taken from[10])

3.3.1.3 Tension dominated failure of concrete

The shear failurecan be classifiedather asa diagonal tension failure. Hence it is crucial to
assess the reliability of the MASA model for tension dominated behavior of R@mbers This
type of failure is usually observed in steel concrete connection like fastening technology, if we
consider steel embedded in concrete then the failure will be either on the steel or on the
concrete. If the steel is strong enough the failure mode going to be governed by the tension

capacity of concrete. Afirst, the stiffness is governed by the steel elongation. With increasing
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load, the concrete around the base of the steel will crush as it reaches its tensile stress

capacity. This will reduce the load deformation diagram stiffness as now it is governed by the
concrete strength[41].

N /
Nu T ——
N_IB
Con;:;ete DN e Real cone
crushing ~ ““ldealised cone
Pt

Softening
of concrete

Elastic elongation
of steel

)
Figure3-15Nonlinear loaddisplacementbehavior of anchor (concrete failing in tension

concrete cone failure)Taken from[40])

YT ZYYY [/ 1A mbdé andeRperinengally tested steel embedded in concrete and
that fails due to concrete cone failure which is tension dominated failure modsis shown in
Figure3-16. FromFigure3-16 it can be clearly seen that the crack pattern of the experimental

result and the principal tensile strain (crack pattern) of the numerical modeling are in good
agreement.

B
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(b)
Figure3-16 crack pattern comparison during pubut of a headed stud: (a) principal strain
during numerical modeling (= crack pattern) (b) experimental crack patteffaken from
[42])

From the above work it can be concluded that the finite element tool MASA through
microplane material model for concrete and trilinear stress strain relation foginforcement
along with modified crack band approach, can realistically predict behavior for a number of

different reinforced concrete structures [10].

So far, the validation of the numerical tool is done based on previous reseandrk. It shows
that the numerical tool is versatile as it can capture the failure mode, load deformation
diagram crack pattern and also internal stresses. From the result it is safe to use the tool for
variable loading condition, material property and boutary conditions as the numerical

output is reasonably consistent with the experimental findings.
3.4 Summary section

From the result of this section, it is shown that the numerical tadtan efficiently be used to
predict the structural performance of an individual (slab element) as well as combined (beam
column) structural systems with reasonable accurac$gpecifically, the numerical tool MASK
validated for versatile loading condition anadan be safely used for better understanding of

quasi brittle material like concrete When appropriately validated, the numerical analysis
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provides insight in understanding different structural systems. The result clearly shows that
the selected numerical tool is proven to be an effective numerical tool in simulating both

flexure dominated and shear dominated slabs.

In the nextsection, the numerical tooMASA is used to deeply understand the mechanism of
punching shear failure in shear critical RC slabBhe major punching shear contributing
parameters are identified and assessed in how they can influence punching shear strength of

RC slabs.
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4 Development of Predictive Equationfor Punching Shear Failure of RC
Slabs

4.1 Validations of the numerical modeling approach in the framework of the

present work

When reinforced concrete structures are loaded beyond their design load carrying capacity
different types of failures can be observed. Among the different types of failure, the
predominant failure type will result in total failure of the structural systenin slabs three types

of failure can be observed. These are punching shear failure, flexpteching failure, and
pure flexural failure. Inthese subsection two types of slabsare validated: the first failed due

to punching (PG6) while the second failedu# to flexure punching (PM2).

In the numerical analysis concrete is modeled as microplane four node tetrahedral solid
element as can be seen frorRigure3-3 (a). In an attempt to optimize analysis time and space
consumption with accuracy of result finer meshing with minimum element size of 13mm
around the load point is considered. This meshing size increases gradually as we go far from
the loading column. Thesteel reinforcement is modeled as eight node hexahedral solid
element. Thereinforcement isdiscretized in to 12 elements along the crosection as can be
seen fromFigure3-4. Along the length it is discretized with elements having a minimum length
of 15 mm. The slab specimen is supported on eight rods that provide vertical as well as lateral

restraints in both x and y direction. The boundary condition of the slab is showrFigure4-1
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4 100x00x10mm Linear E =
Elastic Loading Steel Plate

Figure4-1Slab boundary condition (Supporting Rod and Loading Plate) on quarter model
To study the punching shear behavior of flat slabs with low flexural reinforcement Guandalini,
et al. [36] performed 11 experiments with varying flexural reinforcement ratio and member
size. From these experiments test PG6 is used for validation here. This test specimen is
selected because it is adequately reinforced in flexure, which resulted in a punchingash
failure. Furthermore, specimen PM2 tested by Fernandez et,al. 2033 was selected for
validation. The second specimen is selected because it is lightly reinforced in flexure and
flexural reinforcements vyield prior to punching shear failure. They tested 20 slabs
(photographic view of PM2 is shown orfFigure 4-2 c) to study the effect of integrity
reinforcement on progressive failure of slab due to punching she§B7]. The detailed

geometry and material property of slabs PG6 and PM2 are summarizedrable4-1

Table4-1Geometry and Material Property of slabs validated

Parameter Units PM2 PG6 Parameter Units PM2 PG6
Slab Width, B mm 1500 1500 Yield Strength of Steel,f MPa 601 526
Slab Length, L mm 1500 1500 Ultimate Strength of Steel, § MPa 664 607
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Slab Depth, h mm 125 125 Modules of Strain Hardening, 4& MPa 3000 3000

Slab Cover, d' mm 23 29 &1 A@OOAT 2AET Al % 049 15
Column Size, ¢ mm 130 130 Modules of Elasticity of Concrete,&E GPa 29 28
Slab Effective Depth,d mm 102 96 Compressive Cylindrical Strength; f MPa  36.5 34.7
Flexural Rebar Area, A mm%#m 500 1440 Concrete Tensile Strengthqf MPa 3.3 3.23
B 1500
—] -
= 2 g
s - w
Column | B
v
- -
v/8 \f \f kjﬁr\ s StEeLSLJQQOI‘t
L o . |
Y A
(a) (b)

(c)
Figure4-2 Schematic drawing of slabs used for numerical validation a) FG6] b) PM2[37],

c) experimental setup of PMZTaken from[37])
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As the slabs are symmetric about two orthogonal planes, only a quarter model of the slab is
used in the analysis for optimizing the rutime of the simulations. This might result in a slight
increase on the estimated load carrying capacity as the symmeasya broken symmetry after

the onset of crack.

The crack patterns (failure modes) obtained for specimen PG6 is showrkrigure 4-3, while
the loaddisplacement curves are plotted ifrigure 4-4. The results of the numerical analysis
for specimen PG6 are in good agreement with the experimental result. In the experiment it
was reported that the failure mode was pure punching. Most of the flexural reinforcement
were stressed less than the elastionit. The specimen in the numerical model also fails in pure
punching prior to yielding of flexural reinforcements. The peak load at failure and the
corresponding deflection at failure are consistently captured. The logisplacement diagram
obtained from the analysis follows the same path as the experimental result as shown in
Figure 4-4. The peak load and deformation are estimated with a nominal difference from the

test results of 1.68% and 6.78%, respectively.

At first, flexural cracks appear under the loading points (location of maximum bending
moments) as shown inFigure43aOEEO EO Al O OEiI xI AO PIET O O
diagramFigure4-4. The peak load corresponds to the formation of the major shear crack this

EO PIET O OA8 1 £ OE Ariguré4MAntikihispbird thekeQsmah ihcredsE iA C OA |
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Figure4-3 Specimen PG6: crack propagation (a) flexural crack (b) onset of shear crack (c)
crack at peak load (d) Post punching crack (e) plan view of flexural crack at peak load (f)
plan view of flexural crack after punching failure at ultimate load.
OEAAO AAPAAEOU AO OEA OEAAO OOAT OFEAO EO OOEI I
Figure 4-4) around 87% of the steel strength is utilized. This flexural reinforcement is located
at the mid span of the slab where maximum moment is expected to occur. Hence, the failure
mode corresponds to pure punching shear failure, without yielding of reinforcemt as

reported in the experiment[36].

The results obtained by the numerical analysis of specimen P§8Z] are also in good
agreement with the experimental results. The loadisplacement curves displayed iRigure

4-4 show a good overall correspondence between experimental and numerical results. The
peak load prediction capacity is acceptable and demonstrates a variation of 0.21% from the
experiment. However, there is a visible difference in the initial stiffness betem the

experimental and analytical results. This is possibly due to the drying shrinkage induced self
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equilibrated stresses in the slab prior to loading, which influences the initial stiffness of the

experimental specimer{38]. This drying shrinkage effect was not introduced in the numerical

Concrete Crush_PG6

R Concrete Crush Follwed
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Figure4-4 Load deformation diagram of experimental and numerical modeling of PG6 &
PM2.
modeling as there is no information reported on the experimental data about the drying

shrinkage. The post peak response shows a rapid degradation due to fracture of concrete
followed by rupture of the flexural reinforcement which was also reported in thexperiment
OEEO EO OAIl Amghra4401 DI ET O OAS 1 &

The predicted failure mode is flexural failure followed by punching shear, which can be
verified from the crack propagation shown irFigure 4-5. As the load increases the flexural
cracks are intercepted by the shear crack around the riadction of the slab. Before reaching
the peak load, the flexural rebar yields which results in relatively large displacement of the
slab before peakFigure 4-5 (a) shows flexure and shear crack at yielding of the rebar in (b)
the crack becomes larger and deeper as the rebar has yielded which leads to (c) where the
rebar reaches its ultimate stress capacity. Even after the peak load the strain of the steel is
3.3%this indicates the rebar has not fractured. This observation asserts that the final mode

of failure is governed by crushing of concrete.
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(f)

Figure4-5 Specimen PM2: crack propagation (a) flexushear crack at yielding (b) onset of
ultimate Rebar stress (c) crack at peak load (ultimate rebar stress) (d) post peak crack
pattern (e) plan view of flexural crack at rebar yielding (f) plan view of flexuralack at

ultimate rebar stress.

In PM2, the width of the flexural crack increases which is expected for slab with lower amount
of flexural reinforcement. The failure mode reported ifrigure 4-5 corresponds well with the

results reported in the work of Fernadef37].

From this sub section and the previous section, it can be concluded that the numerical tool
can be reliably used to study the mechanism of punching shear performance of RC slabs.
Hence, in the next suksection the numerical tool is used to conduct parametr study, code
comparison and development of empirical equation to predict the punching shear capacity of

RC slabs without shear reinforcements.
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4.2 Parameters

Following the validation the numericaltool MASAIs used to carry out a detailed parametric
study in which the influence of major parameters on punching shear strength were evaluated.
To better understand the influence of each parameter individuallyt a time, only one
parameter was varied while keeping all other parameters constant. The chosen parameters
are concretecompressivestrength [C-Series], slab thickness [Beries], steel reinforcement

O A O E-$eries], and column size [Beries].Table4-2 summarizes the different combination

of parameters used in this study. A total of 28 cases are considered. In all cases diameter
20mm with a spacing of 100mm are used as flexural reinforcement and slab dimensions are
kept as 1500x1500mm. For thegeriestwo sets of groups were used, (i) with low flexural
OAET Al OA®B49% idi@metgeraB@m bar at every 100mm) and (i) with high flexural
OAET £ O A1l didmbter 20m@ bar at every 100mm).

Based on the evaluation of the resulisthe section aims to come up with a simple and
statisticallyimproved punching shearcapacity predictiveequation. At last different punching
shear predictive equation given by building codes are evaluated aodmpared with the

predictive equation.

Table4-2 SlabDesignationand ParametersConsidered

Series Model Cube Concrete Flexural Tensile Fracture Slab Column Size
Name compressive Reinforcement  strength, Mean ~ Energy Gf= Depthd, (mm x mm)
strength, (MPa) 2A0EI . (MPa) (8*fc' 0-7)/1000 mm
feu ft=0.3*(fc")(2/3)
0- m#T 28 2.38 0.0705
0- m#Y 36 2.82 0.0841
0- m#d 44 3.22 0.0968
0- m# X 52 3.60 0.1088
GSeries 0- m# Y 60 1.5&0.49 3.96 0.1202 87.1 130x130
0- m#C 68 4.31 0.1312
0- m#i 76 4.64 0.1418
0- m#Z 88 5.11 0.1572
0- m#Z 104 5.72 0.1767
mSeries 0 - mmP 36 0.49 2.82 0.0841 87.1 130x130
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O- mmP 0.8
0- mmzZ 1
0O- mm2 15
O-mmT 2
0- m$Z 63.95
0-m$Z 87.1
0-m$T 157.65
0-m$T 181.39
DSeries 0- m$T 36 15 2.82 0.0841 205.2 130x130
0-m$Y 253.02
0-m$ O 349.18
0- m$ X 445.82
PM2D500 0.49 463.1
0-m02 100x100
0- m02 130x130
. 0-m02 160x160
P-Series ——— 36 15 2.82 0.0841 871 ———— —
0-mO0T 200x200
0-mO0T 250x250
0- mOY 300x300

4.3 Influence of Slab Depth

So far, most of the experiments conductedhave conventional slab depthwhich is below
300mm overall slab depth. Imesearch conducted by Lj59] this valueincreaseto 500mm
which is higher than the conventional slab deptlEven hisis not largeenoughto study size
effect considering the type of member depth that we are havinipese days Hence size effect
which is address through fracture energy in the numerical modslstudied in this sub section
The energy required to create new crack surface (fracture energy) reduces gradually as
member size increase, this can explain size effect partly. It is to be noted that these types of

structures are becomingmore common these daysespeciallyon foundation structures.

In this researchthe maximum slab depth considered is 500mm. Hend&g total slabdepth
is varied from 100mm to 500mm with a constant reinforcement ratio and spacing. This
resulted in an effective depthvaryingfrom 63.95 mm to 445.8 mm. As expected, increasing

slab depth leads to an increase of punching shetilure load ofthe slab. The failure load
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obtained from the numerical analysis is plotted as a function of the slab total depthRigure

4-6.The overall trend ofincreasing punching shear failure load of the slab with increasing

effective depth of the slab lies within the trends of different predictive equations. In addition

to increase in the load carrying capacity, increasing the slab depttanges the loaddeflection

diagram from relatively flat to sharper peak which is accompanied by smaller deformation at

AAE]I OOA8 4EA OI AA xEOE 3zpPPil O OAl AAPOE 1 O-
deformation and as the depth increase peak load fitemation decreases. A the slab depth

increases the post peak loadeflection diagram becomes steeperAs shown inFigure4-6 and

Figure4-7, PM2D500and PMvD500differ only in the amount of flexural reinforcement ratio

where it isincreasedfrom 0.49% tal5%. This change results in 15% shear capaaitgncement

which shows the influence of reinforcement ratio on punching shear capacity. As the slab
AARAPOE ET AOAAOA AOT i 0-m$=ZPP O 0-m$XPP OEA AC
This phenomenon was explained by 2000,[59]. As the slab depth increases the failure mode

changes from flexural failure to flexure punching and finally to punching shear failure.
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Figure 4-6 Effect of Slab Depth on Punching Shear Capacity

97



3000 |
- ®=PMpD100
2500 --8--PMpD125 _
--8--PMpD150
> 2000 - B --A--PMpD175 ]
x.. --#--PMpD200
';'g 1500 ‘A‘ i t --8--PMpD225 ]
: —8—PMpD250
% 1000 - —&— PMpD300 ]
2- —&— PMpD400
—8—PMpD500
500 PM2D500, p=0.49%

0.00 2.00 4.00 6.00 8.00 10.00
Deformation, mm

Figure 4-7 Effect of Slab Depth on Load Deformation Diagram

The failure shear stress is shown to reduce as the slab depth increases. This is explained as
size effect by different researcherg59][68][69]. The punching shear failure load increases
roughly as a function of &5 which is attributed to the size effect of concrete. The punching
shear area is proportional to ¢ while the consideration of highest size effect would result in

the punching shear strength inversely proportional to %P, thus resulting in an overall
dependency of the punching shear failure load to'd This is analogous to the concrete cone
breakout failure load in case of anchoragdg0] (Eligehausen et al., 2006Figure 4-8 shows

the relation between slab depth and failure shear stress. The slab depth increment also results

in reduced percentage utilization of flexural reinforcement. As the slab depth vary from
100mm to 500mm the flexurateinforcement utilization (Which is calculatedsAy/fy) reduces
from 86% to 58.6%. This reduction is shownkigure4-8 where higher percentage reduction

is seen when the slab depth changes from 150mm to 200mm.
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Figure 4-8 Effect of slab depth on a)Failurestress b)Percentageutilization of flexural
reinforcement

The inclined shear crack becomes more dominant when the depth of the slab increases, which
is evidenced irFigure4-9. Figure49Aq OEIl xO AOAAE DPAOOAOT T &£ 0-m
cracks are predominant whereas oifrigure 4-9 g) less flexural cracks with concentrated

inclined shear cracks is observed.
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The redpart of the stress contour is a place on surface of concrete where the principal tensile
strain exceeds 0.02 and it corresponds to zero stress transfer as the crack width in this place

is larger than the maximum crack spacing to cause interface shear trf@ns

(9)
Figure4-9 Crackpattern at failure for slab depth from 100mm to 500mm

4.4 Influence of ConcreteGrade

From the data bank it can be observed that the cylindrical concrete gradearied from 20
to 119MPaGenerally, it is observed that increasing concrete strength increases the punching

shear force.ForO1 AAO xEOE AAANOAOGA &£ AgOOAI OAET & OAA
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concrete grade results in higher punching shear capacity. This continues until the failure mode
changes to flexural punching where steel yielding happens before punching. The capacity
increment rate reduces when the concrete grade reaches 75MPa. Increadimg concrete
grade beyond this value has shown reduced peak load incrementFigure4-10it is shown
that the increment rate becomes flatter after 7SMPa. This is due to the change in failure mode.
With the increase ofconcrete grade from low to high strength the brittle punching failure
mode changes to flexuregpunching failure. This is due to higher flexural rebar utilization with

higher concrete grade, which finally results in yielding of more flexural reinforcements.
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Figure4-10 Effect of concrete grade on punching strength (a) adequately reinforced slab
I ECEOI U OA%T £ OAAA Ol AA

For lightly reinforced slabs [PM2 C_series] the punching shear capacity increase with concrete

grade until 45MPa. After that the capacity keeps increasing but with reduced slope. The

i mBEAQ

(b)

reduction in increment is due to change in failure mode where it changesflexural yielding.

Effect of concrete grade on loadleflection diagram for both series is shown iRigure4-1Q

As the concrete strength becomes higher the descending branch of the load deformation

diagram becomes steep. Hence the high concrete strength usage results in a more brittle post

peak load deformation diagram. This is believed to be due to smooth cracknation in high

strength concrete which results in loss of interface shear transfer mechanism.
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Figure 4-11Effect of concrete grade on Load deformation diagram (édequatelyreinforced

Ol AAXgmICAQ | ECEOI U4AET £ OAAA OI AA
As the concrete grade increases thiéexural reinforcement andthe concrete are utilized to
their full capacity. Thisresulted in increasedload carrying capacityaccompaniedby more

visiblecracksand deformation.

The progression of crack is illustrated iRigure 4-12shows a gradual increase in both the
number of cracks and crack depth as we transition from (a) to (f). This increase in crack is
accompaniedby increase in deformation which is shown iRigure4-11 The observation from
Figure4-12illustrate at lower load the number of cracks is relatively small. Thimcknumber
increases with higher concrete grades. The observed trensliggeststhat increasing concrete
grade leads to larger number of cracks and larger crack size as @vislencedin Figure4-12
This phenomenon may be attributed to changes in microstructure and or mechanical

properties of concrete which is resulted from increased concrete grade.
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Furthermore, the resultof the analysisshows that crack pattern is not perfectly symmetrical.
One plausible explanation for this asymmetry is theanalysis sequenceemployed The

numerical analysis starts from elements and nodas one end and continue to elementsand

nodes atthe other end. This will result in different stiffness on oppositsidesof the loading

column, hence leading tdhe observedbroken symmetry.

(e)

Figure 4-12Crackpattern at peak load for variable concrete grade from CZ5L00

| s (f)—

The gradual reduction of capacity increment ratenentioned earlier can be related to the

increase in percentage utilization of flexural rebawhere the flexural reinforcement is
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stressed close to its yield capacitylhis is because even if the concrete capacity is higher the

steel cannot take additional load beyond its ultimate stress capacity.
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Figure 4-13Percentageutilization of flexural reinforcement
4.5 Influence of Flexural Reinforcement Ratio

In the parametric study it is observed that increasing the flexural reinforcement results in
higher punching shear capacity. As the flexural reinforcement ratio increases frOm9% to
2.0% the failure mode changes first from flexure fexure-punching and finally from flexure
punching to pure punchinglt also results in 33% increase in the punching shear foA®can
be seen fromFigure 4-14 only flexural reinforcements at a averageradius of 3,5d from
column center are mobilized for dowel action. It is also seen that this reinforcement not only
changes the failure mode but also enhance the punching shezpacity significantly in a
relation of fourth root like the suggestion of Long[43]. It is observed that increasing the

flexural reinforcement increases the punching capacity with steep slope up to certain point.
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Beyond this value the dowel action contribution becomes minimal. For the given geometry of

slab, the increment
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become minimal beyond .5% reinforcement ratio this is evidenced dngure4-15and Figure
4-16 The effect of diameter ofreinforcement on the punching shear performance while

keeping the flexural reinforcementratio constantis shown in section4.7

Increasing flexuralreinforcement ratio resulted in more brittle failure where the peak load
deformation reduces gradually.The observed reduction in peak load deformation can be
groupedin three zones having similacharacteristicsas shown inFigure4-15 Zone one shows
steeper deformation reduction(sharp negative slope). This caseascounteredwhen having

slab with lower £ AGOOAT OAET £l 0.A% 0 A WodB]. ™A Qikile modedis m m
flexural failure with large peak loaddeformation. Zone two shows constant deformation
(flatt er slope)andthese values ar@esultedwhen moderate amount of flexural reinforcement
OAOET 0.8® - owig is used When large amount of flexurateinforcement 0 - 5w

I 0 -28 s used the deformation reduce gradually with a very small amounThe three

zones are summarized orFigure4-195.
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Figure 4-15 Effect of flexural reinforcement actionon (a) Failureload (b) Peakload
deformation
As it can be seen fronfigure 4-16lower reinforcement ratio results in more ductile type of

failure. This is because even though the slabs finally faipumching, they will undergo large
deformation before failure as the flexural rebayields This is clearly seen dh - MOM9where
the reinforcement yieldsandreach to ultimate flexural stress. I - M8 yielding of flexural
reinforcement is observed. Butbefore ultimate stress is reached concrete crushes which

results in flexure punching type of failure.
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Figure 4-16 Effect of flexural reinforcement on load deformation diagram

The percentageutilization of the flexural reinforcement inrelation to its yield capacityj fy)
reduces as the amount of reinforcement ratio increases this results in a more brittle higher
failure load. Figure 4-17 shows reduction of reinforcement utilization with increasing of

reinforcementratio. ) T O E A, isdte @diing Atress and,fis the yield stress.
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Figure 4-17 Percentagereinforcement utilization
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the flexural cracks are relatively small. This is believed to be due to theger compression

zone which reducesthe tension zonewhich means smaller tensile or bending cracKhe

reduced bending crack enhances the mechanism of shéansfer, which is also explained by
Regan1981[44]. The reinforcement also reduced the width of the crack which makes the

interface shear transfer (aggregate interlock) more effective which also makes the dowel

action higher. As the bending crack reduces the shear crack becomes more dominant and it

also kecomes more localized. This localization results in secondary punching shear crack.
Figure4-18a) shows flexure dominated crack while b) to d) shows shear dominated crack at

failure where the flexural crack reduces, and the shear crack becomes more pronounced.

i . *

(c) (d)
Figure4-18 Crackb AOOA OT AO AEAEMD A Bl Ow G ZAhg F6AAM M - mm N
O-mm mCT
As can be seen fronfrigure 4-190on the bottom surface (tension side) of the slab the crack
pattern is more sevee x EAT  OEA & A@OOAT OAET & Ok AT O 0O/
Increasing the flexural reinforcement ratio results in reduced flexural crack at the bottom face

and the crack localized around theolumn, asexplained by Muttoni[17]) T AlserieOEA m
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slabs the tangential crack is concentrated around the column. This is because of radial

curvature which is concentrated around the column. It creates concentric cracks which vanish
as we go far from the column support and only radial crack is visible or tlurthest part of

the slab.
4.6 Influence of Column Size

The effect of column size is studied by changing the size of the loading plate. This is varied
from 100mm to 300mmlt is observed thatchangingthe column size enhance the punching
shear capacityAs the column size increases the critical zone will be far away from the column
center this will enhance the punching shear resistance for two reasons first the resisting area

or the part of the slab to be truncated will be large and as a result largeatbwill be needed
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to cause punching shear failure. Second the tributary area will be reduced with increasing size
of column and as a result theverall punching shear resistance increaseThe post peak

branch of the load deformation diagram also becomdtatter as the column size increase.
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Figure 4-20 Effect of column size on load deformation diagram

From Figure4-22 The flexural crack at the tension side of the slab becomes more severe as
the column size increased his is because of the shift in failure mode where at smak&iumn
sizepunching shear failure is the governing mode of failure. When thelumn size increass

the slab can carry more load. The additional load that comes due to column size increment
will result more reinforcement to be activated which happens after flexural crackThe
capacity increment associated with column size increment is due to the shift in critical zone,
this shift will result in two benefits: first the resisting area of the slab will be higher as the
critical control perimeter is getting bigger. Secondhe acting shear stress is reducing because

the tributary area to be transferred is reducing (the load is getting closer to the support).
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4.7 Influence of Flexural Reinforcement Spacing

The last parameter studied in this section ike effect of spacing of flexuralreinforcement or
effect of bar diameter. This parametric study is done by varying the spacing of flexural
reinforcement while keeping the flexural reinforcement ratioconstant (1.%6) Figure 4-23

shows that effect of spacing on punching shear capacity is insignificant. It is also seen that the
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peak load deformation is increased slightly with increasing spacing of the reinforcement. The
size of the flexural crack increase as the reinforcement spacing increase but the number of
cracks reduced as the spacing increas@ne possible reason forthese results is the
contribution of the flexural reinforcement diameter. As the spacingincreases so does the
diameter of the flexural reinforcement. Thisincrease in bar diameter can enhance the

contribution of flexural reinforcement whichare dowel action and better aggregate interlock
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Figure 4-23Effect of Reinforcement spacing on punching shear strength, a) Load
Deformation diagram b)Effect of spacing on peak load
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due to reduced dilatancy. Effect of dowel action can be visualized by considering to extrema
type of reinforcement, wire type reinforcement and large diameter reinforcement in case of
wire type it resembles fiber type of concrete which have lower punchirghear strength due

to the lower of dowel action higher dilatancy (resulting in lower aggregate interlock
contribution). Note that the current codes do not consider the influence of reinforcement

spacing, which seems reasonable as shown by the results of tnalysis.
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4.8 Development of a Predictive Equation

In the pervious sulsection, a detailed assessment was performed to analyze the effect of

different parameters on the punching shear performance of reinforced concrete slabs. Out of
the parameters studied concrete grade, slab depth, flexural reinforcement ratio and column

size have mgr impact on the punching shear performance of an RC slabs. Here these
parameters are systematically evaluated to determine the impacif these parameters

guantitatively on punching shear performance of an RC slabs.

For the derivation of the equation in the parametric study two sets of slab series are
considered. The first series considers slab with low amount of flexural reinforcement that fails
in flexure punching. Series two takes into account slab with adequate aomt of flexural

reinforcement that fails in pure punching shear.

By numerically representing the trend of these parameters an empirical equation is derived
using power relation Figure 4-24 below shows trend of eachparameter on punching shear

capacity of RC slabs.
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Figure4-24 Effect of different parameters on punching shear performance, Trend of (a)
Concrete grade (b) Flexural reinforcement ratio (c) Slab depth, (d) Column size

The punching shearesistance of an RC slab without sheeginforcement isrepresented with

the following expression,

v(;:K«fcf(ry(d)%c)) Equation4-1

Where,

V,

c,i

T O @O )

K = K,average’ and

1d A EAAOT O 01 AAAT O1 6 Ai1 OOEAOOEIT 1T &£ AT
rda A EAAOT O O1 Aiddrodrmett AT T OOEAOOCETT 1T &
rdg A AAAOT O O AAAT O1 O AT1 OOEAOOETT 1 &£ Ol A
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Figure4-24.

fc= fom : Mean cylindrical strength of concrete in MPa

mg &1 AGOOAIT OAET &£ OAAI AT O OAOET ET DAOAAT O
d: Effective depth of slab in mm

C: Loading column size (Plate size) in mm

Ve, Punching shear capacity of"islab

Based on the relation observed fronthe above parametric study the following empirical

equation is proposed.

Voeme™ 95(( fcm)OA(f )>*(d)"*(<) 0'25) Equation4-2

The prediction accuracy is compared statistically with different codes. The result of the
comparison is summarizedn Table 4-3 for mean level equation of different building codes.
Generally, the codes prediction is conservative for most casewst of the codes becomeun
conservativewhen dealing with lightly reinforced high strength concrete and large member
size. This can be seen frofigure 4-6 and Figure 4-10b. The peak load prediction for codes
and proposed equation are shown ofigure 4-25,

After the derivation of the equation different experimentally tested slabshown in annex A
of this thesisare used to see the accuracy of the prediction capacity of the proposed equation.
It is observed that the proposed equation gives better prediction with coefficient of variation
of 0,137 while ACI, Eurocode, Japanese code @8R A23:34[47] code gives 0.231, 0.172, 0.17
and 0.231 respectively. Also the Ralue is 98,7% while ACI, Eurocode, Japanese codeGBwW
A23.314[47] code gives 90%96% 93% and 90% respectively. This is summarmedable4-3.

The mean level and the characteristic level equations of different building codes used for the

comparison is summarized and presented in the following sub section.
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4.8.1 CharacteristicLevel and Mean Level Equations
4.8.1.1 According to ACI 318.9[46]

Characteristic value

Vi =0.3F 4. bd f, =0.8f_,
\/Rk,czéﬁ'l7 4%3 83 /\/ fckbod
g —_—
\/Rk,c:%)'l7 -looi_aan 83 /\/ fckbod
¢ o -
Mean value
av
Vame = g g.=(1-168) 8.7
¢ %
VRmc:O'444/ s l\j fcnpé:I fcm = fck -8

Veme=1- 33ac,0 17@8 Wb

VRmc_]'B?é)l?M 8 l\/_rrpcgj

4.8.1.2 Canadlan Code CSA A2&8[47]

Characteristic value

Vi =0.195d +5— 8 £/T.bd f, =0.8f_

Mean value

Equation4-3

Equation4-4

Equation4-5

Equation4-6

Equation4-7

Equation4-8

Equation4-9

Equation4-10

Equation4-11
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aVRk c

Vi = et g.=(1-165) 8.7
¢ %
a 206
Vi = 0,255+, 8T pd i =f, 8 Equation4-12
(; -
ad 00
Vame=1. 33%01 T ogzg f.bd Equation4-13
Vam=0.507 £/, bd Equation4-14

4.8.1.3 According to EurocodeEN 20041-1,[45]

Characteristic value

1/3)

Vi = §0 0.18k)( 7, 100f,,) s, 8 by, k§ ho  f,=08f,  Equationa15

Mean value

av,
VRmc=ae? g.=(1 168) 8.7 f =f, 8
G Fk

1/3

Vine = §0.24K) ( 200f, O 4138 s, 8d 213y, k) bC Equations-16

4.8.1.4 Japanese Code JSCE 15, 2[23]
Design value
Veao=bg B B 4 fow =™ f,=0.8f, 9.=13 Equation4-17

Characteristic value

121



Vace=9eVrgo Where f, =1,
Equation4-18

VRk,c = bd Q rbckU pd ka :O'8fcu

Mean value

av,
Vi o = gt g9.=(1-164) 878 f =f, 8
¢ % Equation4-19

Vemo=1.3%,. 4. H.,.U d

Based on the proposed equation and the codal predictions from the four different building
code provisions, a detailed comparison of the punching shear resistance has been conducted
at the meanlevel. The results of this comparison, indicating the punching shear performance

among the different codes, have been thoroughly analyzed and are summarized in following

table.

Table4-3 Ratio of experiment to predicted failure loads for different equations

ACI 3189 Cfﬁgﬁe’ EN 200441 JSCE 15 Equation
[46] 7] [45] 2007 [48] 4-2
AVG 1.52 1.33 1.25 1.26 0.98
STDEV  0.35 0.31 0.22 0.25 0.14
cov 0.23 0.23 0.18 0.20 0.14
MIN 0.56 0.49 0.69 0.59 0.57
R 0.91 0.91 0.97 0.93 0.99

Figure4-25shows the correlation between the experimental data from literature with AGIL8
19[46], CSA A23:341994[47], EN 2004 4 [45], JSCE 18007 [48], code and proposed

equation prediction.
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4.9 Comparison ofProposedPredictive Equationand Building Codes

The result of the FE software prediction is compared with the punching shear capacity
estimation of EN 2004 4[45], JSCE 18007[48], CSA A23:341994[47] and ACI 3189[46].

Referring Figure 4-25a & b ACI31819[46] and CSA A23:34[47] code CSA A23-14[47]

prediction is conservative for slab with normal strength concrete with conventional slab

depth and high amount of flexural reinforcement. This conservativeness is more pronounced

when considering rounded control perimeterGenerally for large slabdepth with low amount

of flexural reinforcement and high strength concreteACI 3189[46] and CSA A23:24 code

[47] prediction overestimate the punching shear capacityn 0 - m$ XPP AT A 0- T$ XP
reinforcement changes froml1.%%6 t00.49%. The punching shear capacity reduced2io. But

this reduction is notcaptured inACI 3189[46] and CSA A23:34[47] code. Both codesgive

a slightly higher value due to an increase in effective depfhis is because the two codes do

not considerthe effect of flexural reinforcement.

Statistically EN 2004 [45] and Japanese coddSCE 13007 [48] prediction is closerto the
experimental values. Thigould be due to the incorporationof the contribution of flexural
reinforcement in the punching shear equationFor large depth slab botiEN2004 [45] and
Japanese code overestimate the punching shear strength. Generailgsed on the analysis of
this result all codes give unsaferesults when dealing with slab with large depthlow
reinforcement ratio and large loading column sizé-or detailed code comparison please refer

the annexA which presensthe analysis of the data bank

4.10 Section Summary

Thesection mainlyconducted a parametric study to identify factors contributing to punching
shear strength of reinforced concrete slabspunching shear performance of an RC slab.
Afterwards, a simple and statistically acceptable predictive equation for punching shear

strength estimation is proposed. Comparison of different building code provisions against
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existing data bank and proposed equatioshow that the prediction capacity of the proposed
equation is statically improved from existing codes provision€oncrete strength, slab depth,
flexural reinforcement ratio and loading column size are found to significantly influence
punching shear strength. Howeverthe numerical analysis shows that spacing or flexural
reinforcement and or diameter of flexuralreinforcement has minimal influence on punching

shear strength of reinforced concrete slabs.

As we compare different building codes with each other, all buildirmgpdesconsider pseude
critical control perimeter as punching shear critical section which varies from d/2 to 2d from
the loading column.While all codes consider size effect, there is a difference in how it is
considered.EN2004[45] and JSCE 15 20048] consider this effect when slab deptlexceeds
200mm while ACI 3189[46] and CSA A23:B4start at 250mm and 300mm respectively. The
contribution of flexural reinforcement is not accounted for in ACI 318[46] and CSA A23:3
14, which is considered iBEN2004[45] and JSCE 1207[48] . Consideringhis parameteris
crucial for realistic predictions of punching shear performance, as flexurainforcement

contributes through dowel action and enhancing aggregate interlock by reducing dilatancy.
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5 Numerical and Experimental Investigations on Strengthening of RC
Slabs

Reinforcedconcrete structures are desigad and construciedto resist and carry a certaitype
and magnitude of load and serve aspecific function However, there are number of structures
that faces both design and construction defectdn addition, the function of RC structures
may be changed leading to increased demand in structural capacity. RC structures may also
deteriorate due to durabilityrelated mechanism or aging.In suchcircumstances needsrise
for enhancing the resistance capacity of components of straare which has strength
problems using different strengthening technics. In reinforced concrete flat slab punching
shear is a critical load and causéilure of the slabin abrittle manner. If the existing flat slab

is inadequate toresist acting punchingshear stress, it has to bestrengthened using
appropriate methods ofstrengthening. So far different strengthening techniques have been
proposed [23][26]. Some of the techniques used are introduction of bonded flexural
reinforcement, increasing column size below the slab, introduction of column capital (made
of steel or concrete), increasing overall slab depth, introduction of post installed shear

reinforcement with mechanical or bonded anchoragas discussed in sectioR.4.2

The application of post installed shear reinforcement using bonding agent doad screw
connections being among the most convenienmethods. This is due to the minimal
disturbance of the norma service of the structure as the intervention is done from the sofit of
the slab. The application of post installed sheaeinforcement for slab strengthening was
used by Miguelet.al in 2010[23] where an inclined post installed shearreinforcement is
introduced by drilling a hole placing the post installed sheareinforcement and bonding it
with the slab using epoxybonding. At the end of the post-installed shearreinforcement an
end capis placed to avoid bond failure of the installed baré:rom the experimental result is
observed that there isan increase in punching shear capacity and corresponding deformation

[23]. The application of screw anchor was introduced by Ondrej K. et al. 2018. They used screw
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connection instead of bonding agent and end cap. The result showsignificantincrease in
deformation and punching shear capacity. They also checked the applicability and

effectiveness of screw anchor on cracked and uncracked concr¢éd].

In this researchthe effect of post installed reinforcementas punching shear reinforcemeris
studied.Even though the idea of post installedunchingshearreinforcementis notessentially
new, it is not efficiently utilized as the amount ofeinforcement introduced and the strength
enhancement are not comparabl¢23]. In this research systematic investigations are carried
out to characterize the influence of post installed reinforcement on the punching shear
behavior and capacity of RC slabkirst, the effect of the amount of post installed shear
reinforcement is studied, then the plan arrangement of the introduced sheareinforcement

is studied finally the arrangement of this bar in elevation is studied. In the analysis the
effectiveness of prgosed strengthening method is measured through load deformation
diagram, increased punching shear capacity, crack pattern and flexural and shear
reinforcement utilization j fy) through strain measurement. The punching shear capacity
prediction of ACI31819[46] and EN 2004 [45] for slab with shear reinforcement is also
evaluated and presentedSignificant amount of capacity increment is observed with smaller
amount of post installed shearreinforcement by placing the reinforcement at variable
orientation. This chapter presents the details and results of the numerical and experimental

campaign.
5.1 Numerical Modelling and Experimental Design

Adetailed numerical analysisf the slabs wasonductedprior to the experimentfor two main
objectives: firstly, to devise an optimal experimental design, and secondly to validate the
numerical tool capability in predicting punching shear performance of slab with shear
reinforcements. The same numerical tool (MASA) used in the previous sections is employed
here. The tool is recognized for its robustness and versatility in mgtiale analysis where it is

integrated with FEMAP for prgrocessing and posprocessing activity.
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Through repeated numerical analysis the geometry of the slab the amount of flexural
reinforcement boundary condition and parameters to be varied are identifie@he geometry
of the slab is 1100x1100x100mm slab with two bundle diameter 8mm flexxgmforcement.
The detail of the post installed sheareinforcement and other details of the experimental
design is summarized iffable5-1

Table5-1Summary of experimental design

_ Post installed shear reinforcement -
Slab Type/ Naming Support condition
Number Diameter, mm

1 Control specimen -
8 diameter 20 mm

2 4 Std P 4 8
rods at 4% from each
3 8 Std 2+ 8 8
other and 400mm from
4 4 Std 48 4 8
the column loading
5 8 Std 22.% 8 8 .
point
6_8 Std_Inclined 8 8

5.2 NumericalModeling procedure

In numerical modeling,concrete is modeled using 4node solid tetrahedral finite element.
Concrete stress strain diagram both in tension and compression is defined as showkigare
3-6. The material properties used for modeling of concrete behavior are listedTliable5-2. The
input parameters are computed using the following relations,

' ~ \0.7
0] . . .
L E =225k 400 ft:0.3.(fc)%, Gf=8(fc 400 Equation5-1

Qo

f' =0.8f

"%?1

The steelreinforcement is modeled using solid eight node hexahedral elements 3B solid
finite elements. Von-Mieses Plasticity modelith strain hardening as shown ifFigure 35 is
employed. Perfect bond is assumed between steel and concreter flexural reinforcement.

Modeling reinforcing bars as solid allows proper consideration of dowel action of the
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reinforcement. The material properties used for modeling of reinforcement behavior are

listed inTable5-2.

The bond between punching shear reinforcement and concrete using the epexgsed
adhesive is modeled using special bar elements that transfer compression and shear (bond)
between reinforcement and concrete. The bond stressip curve used to model bond is
shown inFigure3-7. Thedetails of the material propertiesrequired to characterize the bond

stressz slip relation is presented imable5-3.

Specimens: prior to experimental setup thredimensional nonlinear finite element analyses
were carried out for 6 specimens. The specimens modeled in MAAAMAP are like the ones

used in experiment with insignificant variation.

Materials: The compressive strength of concrete used in the numerical modethe same with
the valuesacquired by testing cube specimen during casting of the slab. In addition, tensile
strength test is also done for the reinforcements used in the specimemetailed description

of material parameters used in the numerical analysissBown in Table5-2.

Table5-2 Material strength Parameters used in numerical analysis

Parameters Used for Concrete

Slab Type Mean Cylin. tensile Youngs Modulus, fracture F”oiss‘or'l'
Comp. Strength,  strength, f; E., (GPa) energy, G O OA«!
fc (MPa) (MPa)
1 Control specimen 24.67 2.54 28.85 0.0754
2.4 Std P 25.43 2.59 29.11 0.0771
3.8 Std_2+ 23.16 2.44 28.30 0.0722
4 4 _Std_483 24.86 2.56 28.91 0.0759 0.18
5 8 Std 22.% 23.27 2.45 28.34 0.0724
6_8 Std_Incl 23.68 2.47 28.49 0.0733
Parameters Used for Ste&einforcement
Yield stress Ultimate Modulus of Hardening F}’oiss\or,]'
(MPa) stress Elasticity, K, Modulus, O OA«
(MPa) (GPa) Esh, (MPa)
All Specimens 585 630 200 3000 0.33
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Table5-3 Bond StressSlip Relation ship

" Max, (MPa) 1900
", (MPa) 8.00
S, (mm) 0.01
S, (mm) 0.20
S, (mm) 2.00

Loading plates and support bearings were modeled as elastic elements characterized by

unyielding linear elastic behavior. Detail of the finite element modeling is showrFigure 5-1

Support condition and loading: The slabs were simply supported with 0.4 m clear distance
between the supports and the column loading point. Elastic bearing plates are used at the
support and at the point of load application. To capture the post peak behawiof the slabs,

a displacemenicontrolled analysis is performed by applying a downward displacement of

0.075 mm per step for 150 load steps at mid span.

() (b)

132



(d) (€) (f)

(9)

Figure5-1Detail for Finite Element modeling, (a) Tetrahedron mesh of concrete, (b)
Modeling of steel, concrete and loading plate. (c) Hexahedron meshftaxural
reinforcement, (d) Plan view of each quarter specimen (e) Side view of specimén (

Hexahedron mesh and bond modeling of PISR (g) Front view of specimen
5.3 Result of Numerical analysis

All the six specimens are modeled with same geometry, same flexural reinforcement, variable
area of post installed sheareinforcement and variable arrangement of post installed shear
reinforcement both in plan and elevation. Results that were obtained from numerical
modeling are peak load at failure, deformation at peak load, crack pattestress on flexural
and shear reinforcement, crack pattern and stress distribution at an interior section. The
failure modes, crack pattern at failure and loadeflection diagram of each specimen are

shown inFigure 52 and Figure 5-3.
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