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Summary

Reinforced concrete flat dlabs are extensively used in buildings and parking garages. Their
design is governed by deflection at the serviceability limit state and punching shear at the
ultimate limit state. When no punching shear reinforcement is provided, failure develops in a
brittle manner. Punching shear failure occurs with amost no warning signs, because deflections
are small and cracks at the top side of the slab are usually not visible.

Over the past decades, several structura collapses occurred due to punching shear falure
resulting in human casualties and large damages. These collapses revealed some shortcomings
in codes of practice and the necessity of reconsidering punching provisions. The investigations
of these collapses showed that the collapse initiated from a local punching failure and
propagated throughout the structure, in a progressive collapse. The term progressive collapse
refers to the spreading of an initial local failure triggered by the loss of one or more load
carrying members and leading to partial or tota collapse of the structure in a manner analogous
to the chain reaction. As aloca punching failure can trigger progressive collapse, the study of
the post-punching behavior can help adopting constructive solutions to avoid progressive
collapse.

The post-punching behavior of flat slabs supported by columns has not yet been thoroughly
investigated. Therefore, an extensive experimental campaign was performed in the framework
of this dissertation to investigate the post-punching behavior of 24 dlabs with various
reinforcement layouts. The effects of bending reinforcement, integrity reinforcement, bent-up
bars, steel type, and anchorage conditions on the post-punching behavior of dab-column
connections were investigated. The performance and robustness of the various solutions was
investigated to obtain physical explanations of the load-carrying mechanisms.

Test results showed that the post-punching strength provided by the top reinforcement is small
because the concrete cover is thin and spaling of the concrete cover occurs leaving the
reinforcement ineffective. In addition, it was observed that integrity reinforcing bars passing
through the column significantly improve the post-punching behavior in terms of strength and
deformation capacity. The integrity bars behave as a tensile membrane inclined to the plane of
the slab and are able to sustain damaged portions from the column. Thus, one possibility to
enhance the robustness of the structure against progressive collapse is to provide well-anchored
bottom reinforcing bars passing through the column.

A mechanical model capable of predicting the post-punching behavior of dab-column
connections without shear reinforcement was developed. The model predicts the contribution of
the tensile reinforcement and of the integrity reinforcement to the post-punching strength. The
model accounts for possible failure modes including the fracture of the bars and the destruction
of the concrete over the integrity bars. The progressive destruction of the concrete within and
outside the punching cone is treated by considering the pullout behavior of reinforcement
embedded in the concrete.

Finally, a parametric study was performed to evaluate the influence of various parameters and
their relative importance in order to develop practical proposals for the estimation of the post-
punching strength. It showed that the post-punching strength is not only a function of the cross
sectional area and yield strength of the integrity reinforcement as it appears in provisions and
codes of practices but also of the diameter of the bars, the effective depth, the ductility, and the
type of reinforcement.
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Résumé

Les plancher-dalles sont largement utilisés dans la construction d’ immeubles et parkings. Leur
dimensionnement est gouverné par la fléche a I’ é&at limite de service et par leur résistance au
poinconnement a |'état limite ultime. Lorsgue le plancher-dalle est dépourvu d’armatures
transversales, la rupture par poinconnement se produit subitement. Ce type de rupture,
également dit fragile, se produit sans signes précurseurs extérieurs, la fleche étant généralement
trés faible et lafissuration sur laface supérieure deladalle invisible.

Durant les derniéres décennies, plusieurs ruptures par poingonnement se sont produites
conduisant a des pertes humaines et matérielles importantes. Ces accidents ont révélés des
faiblesses dans les normes en vigueurs concernant ce phénomeéne et la nécessité d’améliorer les
prescriptions actuelles. L'étude des ces accidents a montré que la rupture c'est produite
initialement par poingonnement au niveau d une seul colonne puis par propagation progressive
atout la structure. Le terme |’ effondrement progressif signifie qu’a partir d’ une rupture locale,
la rupture se propage a toute la structure par redistribution des charges sur les éléments
adjacents. Ces éléments n’étant pas aptes a supporter ces charges excédentaires. L’étude du
comportement post-poinconnement des plancher-dalles peut conduire a |’ adoption de solutions
constructives permettant d’ éviter les ruptures progressives conséguentes au poi ngonnement.

L e comportement post-poingonnement des dalles supportées par des colonnes n’a pas encore été
suffisamment traité. Par conségquent, une campagne expérimentale importante a éé effectué
dans le cadre de cette these afin d’ éudier le comportement post-poingonnement de 24 différents
schémas d’ armatures de dalles. Principalement, I’ effet de I’armature flexionnelle, de I’ armature
d'intégrité, des barres relevées, du type d’ armature et des conditions d ancrage a été étudié.
L’ efficacité structurelle des différents schémas d' armatures a été analysé afin d obtenir une
interprétation physique du mécanisme de reprise des forces, post-poinconnement, dans la
connexion colonne-dalle.

Les résultats expérimentaux ont montrés que la résistance post-poin¢connement provenant des
armatures flexionnelles et faible. Cette incapacité est conségquente au fait que |’ éclatement du
béton d enrobage se produit rapidement conduisant a une inefficacité structurelle de cette
armature. Au contraire, il a été observé que I'armature d'intégrité, située dans la partie
comprimée de la dalle et passant au dessus de la colonne, augmente de maniére significative la
résistance et la ductilité de la connexion dalle-colonne post-poinconnement. En effet, cette
armature se comporte, post-poingconnement, comme une membrane tendue et par consequent est
capable de transmettre une partie des charges de la dalle endommagée a la colonne. C'est
pourquoi, un ancrage suffisant ains qu’un bon choix des dimensions de I’armature d’intégrité
augmente |’ efficacité structurelle des plancher-dalles pour les ruptures progressives.

Un modéle mécanique capable de prédire le comportement post-poinconnement des plancher-
dalles sans armature transversales a été développé. Le modéle proposé est capable d' estimer la
contribution de I’armateur de flexion ainsi que de I’ armature d’intégrité. 1l considére la rupture
possible des armatures et |I'endommagement du béton a I’intérieur et a I’ extérieur du cone de
poinconnement. Cet endommagement provient de I’ arrachement des armatures ancrées dans ces
Zones.

Findlement, une éude paramétrique a été effectuée pour évaluer I'influence des différents
paramétres et leur importance relative. L’ objectif de cette étude est le développement d’une
approche utilisable dans la pratique permettant |’ estimation de la résistance post-poi ngconnement
des joints colonne-dalle. Il a été démontré que la résistance post-poinconnement n'est pas
uniquement corrélée a la section nominale de la dalle et alalimite d' écoulement des armatures
d’intégrité comme cela apparait dans les normes actuelles. La hauteur effective de la dalle, le



schéma des armatures ainsi que leur diamétre et ductilité influencent également la résistance au
post-poinconnement des joints colonne-dalle.

Mots-clefs:

Plancher-dalle, connexion dalle-colonne, rupture progressive, rupture par poinconnement,

résistance post-poinconnement, effet goujons, armature d’intégrité, cdne de poingonnement,
efficacité structurelle, ductilité, endommagement du béton, éclatement du béton d' enrobage
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Zusammenfassung

Die Vewendung von Flachdecken aus Stahlbeton fir Gebdude und Parkgaragen ist
weitverbreitet. Die Bemessung von Flachdecken wird durch die Durchbiegung im
Gebrauchszustand und durch das Durchstanzen im Bruchzustand bestimmt. Falls keine
Durchstanzbewehrung vorhanden ist, verhdt sich die Flachdecke vergleichsweise spréd.
Folglich sind die Durchbiegungen klein und da eventuelle Risse auf der Plattenoberseite
Ublicherweise nicht sichtbar sind, kann ein Bruch ohne vorhergehende Warnzeichen entstehen.

Waéhrend den letzten Jahrzehnten kamen verschiedene Einstlirze infolge Durchstanzen von
Stitzen vor. Dies endete meistens mit grossen Sach- aber auch Personenschaden. Diese
Unglucke enthillten einige Unzulanglichkeiten der aktuellen Normen und die Notwendigkeit
die Regelungen beziiglich Durchstanzen zu Uberarbeiten. Die Untersuchung dieser Ungliicke
zeigte, dass der Fehler bei eéinem lokalen Durchstanzversagens anfing und sich danach auf die
ganze Tragstruktur ausbreitete und zu einem progressiven Kollaps fihrte. Der Begriff
progressiver Kollaps bezeichnet die Ausbreitung eines lokalen Versagens, beispiel sweise durch
den Verlust einer oder mehreren Tragstrukturen, bis zum teilweisen oder ganzen V ersagens des
Bauwerkes. Da ein lokales Durchstanzversagen ein progressiver Kollaps ausl6sen kann, hilft die
Untersuchung vom post-kritischen Verhalten von Flachdecken fiir neue konstruktive Vorgaben
zur Vermeidung eines progressiven Kollapses.

Bislang wurde das post-kritische Verhalten von Flachdecken nicht griindlich erforscht. Deshalb
wurde fir die Dissertation eine umfangreiche experimentelle Untersuchung durchgefiihrt. Es
wurde das post-kritischem Verhdten von 24 Plaiten mit unterschiedlicher
Bewehrungsanordnung untersucht. Dabel wurde der Einfluss der Biegebewehrung, der unteren
Bewehrungslage, von aufgebogenen Staben, der Stahlqualitdt und der Verankerung auf das
post-kritischem Verhalten von Stiitzen-Plattenverbindung untersucht. Durch das Verhalten und
die Robustheit von den verschiedenen Versuchskérpern konnte das physikalische Verhalten des
massgebenden Mechanismus nachvollzogen werden.

Testresultate zeigten, dass die obere Biegebewehrung nur geringen Einfluss auf die post-
kritische Festigkeit hat. Dies lasst sich durch die geringe Betoniiberdeckung erkléaren, welche
abplatzt und die Bewehrung unwirksam werden lasst. Allerdings wurde beobachtet, dass die
untere Bewehrung Uber der Stiitze das post-kritische Verhalten bezliglich Festigkeit und
Duktilitét erheblich verbessert. Die untere Bewehrung verhdlt sich wie eine Zugmembrane und
halt den beschédigten Teil der Platte. Folglich ist die Verwendung von einer gut verankerten
unteren Bewehrung eine Mdglichkeit die Robustheit zu erhohen.

Um das post-kritische Verhalten von Stiitzen-Plattenverbindungen ohne Schubbewehrung zu
berechnen, wurde ein mechanisches Moddl entwickelt. Dieses Modell berechnet die
Membrankréfte der oberen Biegebewehrung und die Dibelwirkung der unteren Bewehrung.
Das Berechnungsmodel| berlicksichtigt verschiedene V ersagensarten, wie Bruch der Bewehrung
und die Zerstérung des Betons oberhalb der unteren Bewehrung. Die fortschreitende Zerstérung
innerhalb und ausserhalb des Durchstanzkegels wird mittels des Ausziehverhaltens der im
Beton liegenden Bewehrung berlicksichtigt.

Des Weiteren wurde eine Parameterstudie durchgefihrt, um den Einfluss und die Wichtigkeit
verschiedener Parametern zu bestimmen. Es wird gezeigt, dass der post-kritische
Durchstanzwiderstand nicht nur eine Funktion der Querschnittsflache und Fliessgrenze der
unteren Bewehrung, wie es in den Bestimmungen und Normen geregelt ist, sondern auch eine
Funktion des Durchmessers der Bewehrungsstabe, die statische Hohe, die Duktilitdt und der
Stahlqualitét. Anhand dieser Erkenntnisse konnte ein Vorschlag fir eine Formel fir die
Abschétzung des post-kritische Durchstanzwiderstandes entwickelt werden.

vii
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1 Introduction

1.1 Statement of the problem

Reinforced concrete slabs supported by columns without capital or drop panel are a
common structural system for cast-in-place sabs. The benefits of flat slab constructions
are widely recognized and this structural system is used for the construction of
administrative, commercial, and industrial buildings as well as car parking. Flat slabs
can be built relatively rapidly because the absence of drop panels results in simpler
formwork arrangements, enabling rapid floor construction, and giving maximum
flexibility to the occupants. In addition, flat slab construction places no restrictions on
the positioning of horizontal services and partitions and helps minimizing floor-to-floor
heights. This provides advantages in terms of lower building height, reduced fagade and
installation costs. Moreover, flat slab construction offers considerable flexibility to
occupants who can easily alter internal layouts to accommodate changes in the use of
the structure. This flexibility results from the use of a square or near-square grid and the
absence of beams and drop panels that complicate the routing of services and location of
partitions. Furthermore, a comprehensive research in this field has been carried out
worldwide over the past decades that led to the development of design methods,
technical standards, and simple and efficient tools to deal with the design and
construction of flat slabs supported by columns.

Punching shear failure, a brittle failure mode, is the major disadvantage of this structural
system. Punching shear failure occurs with almost no warning signs because deflections
are small and cracks at the top side of the dab are usually not visible. A local punching
failure at one column will result in increased shear force at surrounding columns which
can trigger the punching failure to the adjacent columns resulting in the progressive
collapse of the complete structure.

The term progressive collapse has been used to describe the spreading of an initial local
failure within a structure, which can lead to partial or total collapse of the structure in a
manner analogous to a chain reaction. The local failure is triggered by the loss of one
load carrying member. Following the initial failure, the structure seeks alternative load
paths to transfer the load originally carried by the damaged portions to the adjacent
undamaged members. As the latter may or may not have adequate strength to withstand
the additional loads, further redistribution of loads are likely to occur until an
equilibrium state is reached. However, due to the magnitude of the loads involved,
equilibrium may only be achieved when a substantial part of the structure has already
collapsed. Therefore, the main feature of progressive collapse is that the final damage is
disproportionately larger than the local damage that initiated the collapse.

Over the past decades, several collapses due to punching shear failure occurred that
resulted in human casualties and large damages. Figure 1.1.a shows a shopping center in
Morbio Inferiore (T1, Switzerland) at the end of 70’'s. The punching failure of one slab
during the construction phase led to the progressive collapse of a large part of the
structure. The collapse occurred during a break and fortunately nobody was injured. An
underground parking collapsed in 1976 in Geneva (GE, Switzerland). An extraloading
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due to excavation works in the vicinity of the building was believed to be the cause of
the failure (Figure 1.1.b). On December 26, 1981, the collapse of an underground car
parking resulted in the death of two children at Bluche (VS, Switzerland). Punching
shear failure was believed to have triggered the collapse (Figure 1.1.c). Investigations
following this accident concluded that there had been many errors and omissions
associated with the structure (Favre et al., 2004, SIA D 0226, 2008).

On December 17, 2004, a tragic accident occurred in Gretzenbach (SO, Switzerland),
when firemen were trying to extinguish a fire in an underground car parking
(Figure 1.1.d). Seven firemen died after a punching failure of a column instigated a
progressive collapse and thus the collapse of a large portion of the structure. The
investigation commission painted a picture of a troubled project, with considerable
confusion about responsibility for structural safety (Muttoni et al., 2005). It was
concluded that not only the applied load had been much larger than the design load but
also the design for punching shear had been carried out based on very optimistic
assumptions (SIA D 0226, 2008). Moreover, tensile reinforcing bars were misplaced
over the column and thus reduced the effective depth of the slab, resulting in a decrease
of the punching strength.

Figure 1.1: Cases of structural collapse dueto punchi ng shear failure

The occurrence of progressive collapse initiated by a punching shear failure is neither
rare nor limited to Switzerland and occurred al over the world (Schousboe, 1976;
Carinoetal., 1983; Kaminetzky, 1991; King and Delatte, 2004).  Investigations
following these collapses concluded that both design and construction errors contributed
to the cause of the collapses. Most failures could have been avoided if better inspections
of materials and construction details had been conducted. Historical data indicate that
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the risk of progressive collapse in buildings is very low. However, loss of life and
severe injuries can be significant when a fully occupied multi-story building
experiences alarge partial or total collapse (Ellingwood et al., 2007).

These structural collapses show that there are some shortcomings in current codes of
practice. As a consequence, there is a question whether flat slabs designed according to
current codes of practice realy fulfill the basic requirements for structural safety. The
failure of reinforced concrete slabs is in most cases ductile, and causes only limited
redistribution of loading. Punching failure of flat slabs without shear reinforcement isan
exception, and the drop in resistance at failure is considerable and thus leads to a large
redistribution of loads, which can trigger faillure at adjacent columns and eventualy to
the progressive collapse of large parts of the structure. To avoid or at |east to reduce the
likelihood of these failures, it is necessary to provide alternative load paths to transfer
the load of a column after it has failed in punching shear. This may be achieved by
having some deformation capacity after failure, which can be provided by means of
integrity reinforcement passing through the column. Integrity reinforcing bars are
placed in the compression zone of the slab over the column, pass through the column
core, and are well-anchored in the dlab.

In general, the following constructive solutions can be implemented to reduce the
likelihood of the progressive collapse:

1. The use of capitals or drop panels to increase the slab thickness so that the
punching shear is not determinant.

2. The arrangement of construction and expansion joints to prevent the propagation
of alocal failure.

3. The reduction of the span lengths.

4. The use of punching shear reinforcement so that a ductile behavior (punching
within the shear-reinforced zone) and not a brittle one (crushing of the concrete
struts near the column, and punching outside the shear-reinforced zone) is
determinant.

5. The use of bent-up bars to increase the strength and deformation capacity of the
slab-column connections (Broms, 2000).

6. The use of well-anchored integrity reinforcement passing through the column
capable of suspending the damaged portions of the slab from the columns after
punching shear fallure  has  occurred (Mitchell and Cook, 1984;
Georgopoul os, 1986; Muttoni, 2003).

Solution 1 obvioudy increases the punching strength of the slab. However, it increases
the cost of building on several counts and is in contradiction with architectural criteria
in which drop panels are undesirable where the slab itself forms the ceiling. The criteria
for sufficient slab thickness are often quite complicated as they are related to a very
brittle failure mechanism, which is aso influenced by local forces and stresses due to
eccentricity, bending and imposed deformations (Knoll and Vogel, 2009).

Solutions 2 and 3 are generally not efficient because of economic problems and
functionality limitations.
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Solution 4 is interesting given the fact that punching shear reinforcement isincreasingly
used to enhance the strength and deformation capacity of flat slabs. Various punching
shear reinforcement systems are currently available, most of them are proprietary. These
systems can be installed in the dab near the columns in the form of studs or stirrups,
placed on the top of the columns in the form of steel shearheads or mushrooms, or as a
combination of the aforementioned. Experimental results have shown that using shear
reinforcement enhances both strength and deformation capacity of slab-column
connections. Thus, the slab can be designed for much higher design loads. However, flat
dlabs with low to moderate applied loads do not need to be reinforced with shear
reinforcement. Therefore, using shear reinforcement to enhance the post-punching
strength in flat slabs with low to moderate loads may not be a good constructive
solution besides practical difficulties of placing such reinforcement.

Solution 5 appears to be an economical solution to prevent progressive collapse by
providing a ductile behavior of flat dabs. It has nevertheless been abandoned in
Switzerland for practical reasons. Test results have shown that the combination of shear
reinforcement with bent-up bars can be efficient in giving the slab a ductile behavior
and even in preventing punching failure from happening (Broms, 2000). However, the
practical difficulties of placing such reinforcement over the column have not yet been
solved as it requires a complicated placing sequence.

Solution 6 was adopted by the Swiss Code SIA 262 (2003), requiring that some
reinforcement shall be provided on the compression side and be extended over the
column and well anchored on both sides. The proposed empirical formulation is based
on the experimenta program carried out in Munich in the 80s (Kupfer
and Georgopoulos, 1986; Georgopoulos, 1986). Knoll and Vogel confirms that “the
bottom reinforcing, which is anchored in the column, or passing through it, will act in a
hammock-like fashion, keeping the slab from falling down onto the slab below,
triggering the collapse of that one and the ones below it in a progressive collapse as has
occurred in some terrifying instances (Knoll and Vogel, 2009). Thus, integrity
reinforcement crossing the column and detailed with the intention to provide sufficient
post-punching strength can be used as an economical solution to increase the structural
robustness and to avoid the propagation of punching to adjacent columns.

1.2 Scope and objective of the work
The goal of the present thesis is to investigate the post-punching behavior of flat slabs
and its consequences as

e To gain a better understanding of the post-punching behavior of concrete slab-
column connections.

e To provide a substantial body of experimental evidence on the post-punching
behavior of slab-column connections.

e To investigate the effect of tensile reinforcement and integrity reinforcement
passing through the column.

e To develop a mechanical model capable of predicting the post-punching behavior
of slab-column connections.
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e To decrease the vulnerability of flat slabs to unforeseen circumstances while
preserving their economic advantages and simplicity and to establish the bases for
the design of economic solutions that are simple to implement.

1.3 Thesis organization

Thisthesisis organized as follows:

Chapter 2 is devoted to the literature review on the post-punching behavior of flat slabs
supported by columns. The performance of concrete flat slabs after a local failure is
described. The post failure shear transfer mechanisms through tensile reinforcement and
integrity reinforcement are introduced. An extensive overview on the past research on
dowel action is presented. The various design approaches to mitigate the likelihood of
progressive collapse are presented. Various available approaches for the robustness of
the structure against the progressive collapse are introduced.

Chapter 3 summarizes the experimental investigations on the post-punching behavior of
slab-column connection. The post-punching behavior of a total of 24 dlab specimens
with various flexural reinforcement layouts are introduced and compared to investigate
the effects of tensile and integrity reinforcement on the post-punching behavior.

Chapter 4 describes the conceptual bases and applications of the mechanical model
developed for studying the post-punching behavior of slab-column connections. The
proposed approach based on a physical model predicts the membrane action of the
tensile reinforcement as well as the dowel action of the integrity reinforcement passing
through the column. The influence of the bar pullout and localized curvature on the
ultimate post-punching strength are also investigated. Furthermore, it presents a
parametrical study carried out using the model to identify the most important
parameters. The geometrical and material parameters are chosen and their influence on
the membrane action, dowel action and post-punching strength are described.

Chapter 5 deals with the application of the mechanical model. A parametric study is
established to evaluate the influence of various parameters on the post-punching
behavior of slab-column connection and to evaluate the relative importance of the
parameters. The results of the previous chapters are collected and incorporated in a
design proposal for dimensioning slab-column connections. Some recommendations for
the practical work aswell as constructive solutions are proposed.

Chapter 6 draws conclusions for the present work. Principal results, main conclusions
and suggestions for future work are given.






2 State of the art

A comprehensive overview of the post-punching literature is presented in this chapter.
First, a general overview on the post-failure load carrying mechanisms in concrete
structures is presented including a brief introduction about compressive and tensile
membrane actions. Afterwards, post-failure shear transfer mechanism of concrete slabs
is explained with the concentration on the post-punching behavior of flat dlabs
supported by column. Subsequently, an extensive overview on the concept and
application of the dowel action is provided. Later, a comprehensive discussion about
various modes of failure, and concrete bearing strength and stiffness is presented.
Afterwards, various methods proposed by codes of practice dealing with the post-
punching behavior of flat dabs are explained. Finaly, the concept of robustness is
described including different methods to increase the robustness of the structure and to
withstand unforeseen circumstances leading to progressive collapse of the structure.

2.1 Performance of concrete slabs after local failure

Figure 2.1 shows the general behavior of a typical square slab fully restrained at its
edges under monotonic loading. Three different phases can be characterized for the
overall response of the slab. At the beginning of the loading, the behavior is linear
elastic. When concrete cracking and reinforcement yielding occur, the behavior turns
into the nonlinear phase. This behavior continues up to theinitial failure point (point A).
This failure can be either the flexural failure or the punching shear failure. Up to this
stage, compressive membrane action can be developed due to lateral restraints and
enhances the load carrying capacity of the slab (Wood, 1961; Park, 1964; Hopkins and
Park, 1971; Mitchell and Cook, 1984).

EHH“HB C

Compressive
Membrane Action

Load

A "Snap Through"

Tensile
Membrane Action

B N EREEREE o

Displacement

Figure 2.1: Sructural response of a fully restrained concrete slab (Mitchell and Cook, 1984)

After the initia failure occurs, the load decreases with the increase of the deflection
until a minimum is reached (point B). Beyond this stage, the behavior of the slab will
depend strictly on redundancy, continuity, integrity, and deformation capacity of the
dlab. At this stage, the in-plane membrane forces in the central region of the slab change
from compression to tension because the dab restraints begin to resist inward
movements of the edges. In addition, due to large tensile strains at the slab surface,
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cracks tend to penetrate the whole depth of the slab. Thus, the concrete is fully cracked
and the entire load is carried by the reinforcement acting as a tensile membrane
(Park, 1964). Finally, the total failure occurs when the axial strain of the reinforcing
bars reach the ultimate tensile strain of the reinforcement (Maekawaet al., 2003). In
subsequent sections, various post-critical load-carrying mechanisms of concrete
structures are presented and discussed.

2.1.1 Compressive membrane action

More than 50 years ago, Ockleston (1955) observed that restrained concrete slabs
carried higher loads in relation to those calculated by Johansen's yield line theory
(Johansen, 1962). It was believed that compressive membrane action increased the load-
carrying capacity. The first attempts to analyze reinforced concrete dlabs for the
compressive membrane action was due to Wood and Park (Wood, 1961; Park, 1964).
Numerous experiments have been performed in the past to investigate the influence of
the compressive membrane action on the behavior of reinforced concrete dlabs
(Kinnunen and Nylander, 1960; Christiansen, 1963; Hopkins and Park, 1971; Hewitt
and Batchelor, 1975). Test results confirmed that compressive membrane action can
significantly enhance the load carrying capacity of concrete dabs if the edges of the
dabs are laterally restrained.

In addition, numerous researchers conducted theoretical study to develop reasonable
analytical expressions capable of predicting the effect of the compressive membrane
action (Christiansen, 1963; Park, 1964; Kemp, 1967; Morley, 1967; Hayes, 1968;
Desayi and Kulkarni, 1977; Braestrup, 1980; Eyre, 1990; Bailey, 2008). Figure 2.2
shows a reinforced concrete strip subjected to ordinary loads. When flexural cracks
appear on the most highly stress sections, the neutral axis tends to move toward the
compression zone with a corresponding axial extension of the strip. If the axidl
extension of the middle plane isin any way prevented, in-plane compressive forces will
develop in the strip. These forces can increase the load capacity due to its significant
role in controlling deflection and crack propagation (Vecchio and Tang, 1990).

With reference to the punching strength, numerous experiments have been carried out to
study the enhancement of the punching strength due to the compressive membrane
action. Test results showed an increase of the punching strength up to 38% in the
presence of the compressive membrane action (Chana and Desai, 1992; Salim and

Sebastian, 2003).
— —
Mid-span
N N
S S S S 1 [ O
Axial restraint Axial restraint o
- \ ut N Support
- —
"Arch action"
/ /
Before After After
L~ L~ cracking cracking yielding

Figure 2.2: Development of compressive membrane action (arch action) and shift of dab
neutral axistowards compression zone
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2.1.2 Vierendeel action

Reinforced concrete frame structures designed to withstand lateral loads can prevent a
local damage from propagating by Vierendeel action. This action relies on the
conventional structural behavior and can be implemented without major changes in
structural philosophy. With reference to structural deformations by Vierendeel action,
beams experience severe double-curvature deformation and columns experience severe
flexural loading as can be seen in Figure 2.3.a. Current codes of practice do not address
Vierended action as a post-failure shear transfer mechanism. However, it was
experimentally shown that the development of Vierendeel action can prevent the
progressive collapse following a local damage, and limit the maximum vertical
deformation of the structure (Sasani and Sagiroglu, 2008; Yi et al., 2008). Neverthel ess,
Ellingwood argued that in order to resist progressive collapse by this mechanism, it is
necessary to strengthen a large portion of the structure (Ellingwood et al., 2007). In
terms of existing structures, Ellingwood stated that “...consideration needs to be given
to the proximity of the existing moment frames with respect to the locations where
initiating events are likely to occur, and to the forces that occur when Vierendeel
behavior is activated. However, if beams and columns and their connections can be
reinforced to support the applied loads, this method to add robustness can be relatively
unobtrusive (Ellingwood et al., 2007).

2.1.3 Secondary trusses

The secondary truss mechanism can occur if the initial damage is the removal of a
certain columns at low levelsin a building. As Figure 2.3.c shows, it is feasible to add
diagonal elements at upper levels to turn two or multiple-story columns and beam
systems into trusses. It is apparent that trusses consist of tension and compression
elements. Thus, some elements which are originally designed as compression
members, e.g. the column above the initial damage, may experience tension forces in
the secondary truss system. Particular attention should be paid in the design of such
structural elements. In addition, particular consideration needs to be given to the
connections between the diagonal elements and the existing structure, the strength of the
existing elements to carry new loads, and the ability of originally compression members
to carry tension forces.

2.1.4 Tensile membrane action

The concept is the engagement of tensile forces in members that deform into
configurations allowing tensile membrane action to be developed. Tensile membrane
action is a geometricaly nonlinear mechanism whose nature depends highly on
boundary conditions and vertical supports. Reinforced concrete slabs that are lateraly
restrained and have continuous reinforcement can reach a pure state of tension under
large deflections. For the tensile membrane action to be activated, it is essential that
reinforcing bars are continuous and well-anchored to the slab supports. Tensile
membrane action enhances the deformation capacity of the slab and increases the post-
failure ultimate strength (Park, 1964).

Provisions made for lateral restraints for the compressive membrane action will satisfy
the requirements of the tensile membrane action of internal two-way slab and beam
structures. The tensile membrane action can be a useful mechanism to prevent a
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catastrophic failure following alocal damage. Special attention is needed to be given to
originaly compression elements that are supposed to carry tension forces at large
displacements. Connections are complicated and the initial collapse causes very high
forces in tension elements. These forces need to be anchored properly at the supports
and transferred to the columns. In addition, a sufficient strength and stiffness in the
framing system is needed to resist the horizontal component of anchorage forces.

Park derived an equation to estimate the post-failure load carrying capacity of a
uniformly loaded rectangular reinforced slab fully restrained at its edges (Park, 1964).
To develop his equation, he assumed that the reinforcing bars are totally in the plastic
phase and the concrete has cracked throughout its depth and carries no load. Desayi and
Kulkarni (1977) showed that this approach can also be used with some modification for
simply supported slabs. Hawkins and Mitchell (1979) developed a simplified iterative
method to determine the tensile membrane action of panels having vertical and
horizontal restraint at their edges. Assuming that membrane takes a circular deformed
shape and concrete carries no tension, the proposed model provides a complete response
up to the rupture of the reinforcement.

a) b) c)
P 7y
Secondary
Trusses
Missing Column
QE WLW BL k4 k4 k4 A VA
d)

Figure 2.3: Post-failure load-carrying mechanisms in concrete structures. a) Vierendeel action,
b) catenary action, ¢) secondary trussess, and d) membrane action in reinforced
concrete slabs (Ellingwood et al., 2007)

With reference to flat dabs, the compressive membrane action can be developed if the
provisions proposed by codes and guidelines are satisfied. The tensile membrane action
seems less likely as punching of the slab at column connections determine the failure
behavior (Regan, 1979, 1986). The development of the tensile membrane action in flat
slabs can be very problematic. The large deformations accompanying this phenomenon
are likely to damage the compressive zone around the columns and thus to reduce their
capacity. Therefore, the presence of integrity reinforcement is essentia for an
appropriate post-punching behavior (Georgopoulos, 1986; Hawkins and Mitchell, 1979;
Melo and Regan, 1998). Mitchell and Cook (1984) reported that well-anchored and
effectively continuous integrity reinforcing bars are capable of suspending the damaged
slab from the columns.

10
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2.2 Post-failure shear transfer mechanism of flat slabs

Shear resistance in concrete structures is provided by the shear transfer through the
compression zone of concrete, the aggregate interaction of the rough faces of cracks, the
shear reinforcement, and the longitudinal reinforcement crossing the cracks. As the load
increases, cracks open and the aggregate interlocking reduces quickly. Therefore, in the
absence of shear reinforcement, longitudinal reinforcing bars play a significant role in
transferring shear as other contributions to the shear transfer are fairly small. Thisisin
particular the case when a punching failure occurs. Figure 2.4 shows major mechanisms
affecting the stress transfer across a punching crack in a slab-column connection
without shear reinforcement. As the only link between the punching cone and the rest of
the dlab is the longitudinal reinforcement, the contribution of the aggregate interlocking
and the compression zone of the concrete can be ignored. The load is thus entirely
transferred by the longitudinal reinforcement. The contribution of the longitudinal
reinforcement to the shear transfer is the combination of the influence of tensile
reinforcement and integrity reinforcement passing through the column.

The contribution of tensile reinforcement to the post-punching strength is small as a
result of the spalling of the concrete cover. The main contribution to the post-punching
shear transfer is provided by the integrity reinforcement. (Hawkins and Mitchell, 1979;
Georgopoulos, 1986; Melo and Regan, 1998). In addition, the likelihood that a local
punching failure leads to a progressive collapse can be reduced (Marjanishvili, 2004;
Shankar Nair, 2006).

- Spalling of

% concrete cover

Figure 2.4: Shear transfer through longitudinal reinforcement

2.2.1 Past research on the post-punching behavior

The prediction of the punching strength as well as the development of reliable design
rules with an acceptable level of safety have been the main objective of the research on
punching shear  (Elstner and Hognestad, 1957;  Kinnunen and Nylander, 1960;
Moe, 1961). However, the behavior of flat slabs after a local punching failure and
circumstances in which it can lead to a progressive collapse have not yet been
thoroughly studied. Consequently, the literature of post-punching behavior is very
limited. Regan investigated the effect of integrity reinforcement on the post-punching
behavior (Regan et al., 1979). The tested slabs were 100 mm thick with an effective
depth of 79 mm. The column width was 200 mm and the reinforcement ratio was 0.8 %.
Due to the presence of three 8 mm integrity reinforcing bars in each direction, the post-
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punching strength of the slab reached 71% of the punching strength. Fig 2.5 shows that
the specimen comprised of the integrity reinforcement provided an enhanced post-
punching strength in relation to the one comprised of only tensile reinforcement.

200

150 O

¥ [kN]

50

with compressive reinforcement
without compressive reinforcement

0 20 40 60 80
w [mm]

Figure 2.5: Post-punching behavior of specimens tested by Regan (Regan et al., 1979)

On the basis of limited experimental evidence, Regan concluded that the presence of
integrity reinforcement is fundamental to enhance the post-punching strength. He
observed that the specimens without integrity reinforcement could reach 25% of the
punching strength. Therefore, the rest 75% of the punching shear strength should be
transferred through the integrity reinforcement. To estimate the post-punching strength
of the integrity reinforcement, the following equation was proposed based on
Rasmussen’ s dowel equation (Rasmussen, 1962):

V,, =13Y @ [, f, (21)

where Vyy, is the post-punching strength, @ isthe bar diameter, fs, isthe yielding strength
of the reinforcement, and f. is the concrete compressive strength.

McPeake (1980)performed experiments on thin slabs to investigate the influence of
integrity reinforcement on the post-punching behavior of flat dabs. In addition, he
investigated the influence of the area of concrete outside the punching cone on the
punching strength. It was observed that the area of the concrete outside the line of
contraflexture enhanced the punching strength due to the development of compressive
membrane action. Moreover, it was observed that considerable advantages can be
gained with respect to post-punching capacity from the inclusion of integrity
reinforcement. It was also concluded that due to the large deflections encountered in the
later stages of the loading, the shear transfer mechanism is the membrane action rather
than the dowel action.

Georgopoulos (1986) carried out an analytical and experimenta study on the behavior
of flat slabs after alocal failure. This study was the base of the design formula given by
the Swiss Code SIA 262 (2003). He proposed a method to calculate the punching
strength as a function of the concrete tensile strength, the punching crack zone, and the
compression stress in the vicinity of the column. In addition, he tested a half-scale
circular slab with a diameter of 1400 mm including two integrity bars passing through
the column in each direction. The effective depth was 109 mm and the column width
was 226 mm. The concrete compressive strength was 39.6 MPa and the yielding
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strength of the steel reinforcement was 530 MPa. Figure 2.6 shows the reinforcement
layout as well as the load versus the central deflection of the dlab. The test continued up
to fallure and the post-punching response was recorded. A promising post-punching
behavior was obtained, which was due to the presence of the integrity reinforcement.
Furthermore, he observed that the angle of inclination of the integrity reinforcing bars at
failure in the vicinity of the column varied from 20 to 22°. Based on his experimental
results, using Rasmussen’s dowel equation (Rasmussen, 1962), and considering the
dowel action as the determinant mechanism, he developed the following equation to
estimate the angle of inclination of the reinforcing bars at failure:

siny, =15 |1 2.2)
fSV

T Loading 400
|| T
_r 300
| \
L o\ —
ColumnH'-}f“- wm, 1. E 200
A =
//’ & ] i" i) } ~
4016 Tensile L 100
Integrity 7 reinforcement [ i QE"
reinforcement { Y =
d=109 mm e 2 0
h=127 mm |22} --— ~J B H B g : ‘ ‘
_] ~1 ] L.———/ 0 10 20 30

w [mm]

Figure 2.6: Reinforcement layout and structural response of specimen tested
by Georgopoul os (1986)

A guestionable feature of this approach is the use of the dowel action as the major shear
transfer mechanism. Rasmussen’s equation was based on the shear behavior of a bar
without axial steel stress while integrity reinforcing bars are amost acting at their yield
stress. In other words, the approach proposed by Georgopoulos based on Rasmussen’s
dowel equation seems rather unrealistic in terms of physical modeling. The proposed
mechanism does not account for the presence of axial stresses, which significantly
affects the post-punching strength of the integrity reinforcement.

Mitchell and Cook (1984) studied the possibility of the development of membrane
action in various types of concrete slabs following alocal failure. They stated that “the
key in preventing progressive collapse may be to design and detail slabs such that they
are able to develop secondary load carrying mechanisms after initial failures have
occurred”. They concluded that tensile membrane action developed by well-anchored
reinforcing bars is capable of suspending damaged portions of the structure from the
columns. They proposed the following design expression for the integrity
reinforcement:

_ 2qd£n€2

of,,

Ay (2.3)
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where qq is the factored uniformly distributed load but not less than twice the slab
service dead load, @ =0.9 is a shear reduction factor, ¢, is the clear span, in the
direction being considered, measured face-to-face of supports, and ¢ is the center-to-
center span in the direction of the catenary.

Melo and Regan carried out an extensive experimental campaign to investigate the post-
punching  behavior of reinforced concrete flaa dlabs (Melo, 1990;
Melo and Regan, 1998). Three series of tests were conducted. At the first series, eight
quarter scale sab were tested to study the general post-punching behavior. The
specimens were 2.5 m square slabs and 75 mm thick with 150 mm square columns at
the center of the slabs. The supports were at the column and around the edges of the
dab. The loading was applied at 16 points on the slab to smulate a uniformly
distributed loading. All of the slabs had the same tensile reinforcement designed
according to the minimum requirements of the British Standard (BS 8110, 1989). All
the reinforcing bars had a bar diameter of 6 mm.

Slabs 2, 3, and4 included hot-rolled steel with a yield strength of 759 MPa
Slabs 1, 5,6, and 7 included hot-rolled steel with a yield strength of 655 MPa. In
addition, Slabs 6 and 7 included shear reinforcement. The shear reinforcement consisted
of two legs of stirrups made of cold-worked 3 mm soft iron wire with 273 MPa yield
strength. The longitudinal reinforcement ratio was0.75% and the concrete cover
was 10 mm for al of the specimens. Figure 2.7 shows the reinforcement layouts as well
as the load-deflection responses for the slab specimens. Table 2.1 summarizes the test
data and the main test results. It was observed that at the pre-punching phase, there was
no significant difference between the slabs with and without integrity reinforcement.
However, at the post-punching phase, the slabs containing integrity reinforcement
carried much higher loads and did so with smaller deflections. Moreover, it was
observed that the failure of the slabs with integrity reinforcement was governed by
concrete destruction rather than the fracture of the reinforcing bars.
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Figure 2.7: Reinforcement layout and response of dabs tested by Melo to study general post-
punching behavior (Melo and Regan, 1998)

Melo observed that the original punching loads are relatively high in relation to those
predicted by the British Standard. Thus, he stated that “this is probably due primarily to
compressive membrane action arising from the considerable area of slab surrounding
the failure zone, but may also be partly due to conservatism in the code's depth factor
of (400/d)%?® when applied to very shallow slabs’.
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Table 2.1: Summary of tests to study general post-punching behavior (Melo and Regan, 1998)

Tensile reinforcement Integrity reinforcement Main results

Test d 2 s, fa As s, fa f. fo Vo Ve W
[mm] [mm] [MPe]  [MPd] [MPe]  [MPe] [MPa] [MPa] [kN] [kN] [mm]

1 59 6 655 801 - - - 37 34 133 21 60
1 59 6 655 801 - - - 43.1 2.8 160 31 44
2 59 6 759 934 426 759 934 341 32 142 64 35
3 59 6 759 934 606 759 934 426 35 153 81 21
4 59 6 759 934 428 529 647 383 31 148 66 25
5 59 6 655 801 428 529 647 36 31 136 65 38
6 59 6 655 801 - - - 37.2 31 158 60 38
7 59 6 655 801 428 529 647 52.1 31 186 83 35

To propose a design formula, it was concluded that the post-punching strength is either
limited by the destruction of the concrete in the vicinity of the column or by the fracture
of the reinforcing bars. For the former case the post-punching strength can be estimated

by
V,, =0.33(2n)/f, (zd?/2) (2.4)

where n is the number of the integrity reinforcing bars and d; is the depth of the
concrete over the integrity reinforcement. For each of two reinforcing barsif s< 2d;

V,, =0.33(2n)/ T, (zd?/ 2—- A) (2.5)
)2}

S .
A:%ﬂdf—zdlsnej

where sisthe bar spacing and 4 = cos™ (s/ 2dy).

200

3 bars in top 2 bars in bottom
| \

AT T T IU 150}
_\_—_‘—¥ —_E[ 16 LG

20 LG

12LG

N
B T

L[]

| 690 | 50
‘ I Precast\ | ' /

0 L
0 25 50 75 100 125

100 -

10 LG

V [kN]

8LG

1 i
[ t]

150 2 bars as detailed by specimen No.

w [mm]

Figure 2.8: Reinforcement layout and response of slabs with discontinuous tensile
reinforcement tested by Melo (Melo and Regan, 1998)

As pointed out previously, the failure of the tested slabs occurred by the destruction of
concrete rather than the fracture of the integrity bars. Thus, the second test series was
carried out to investigate the limit of the post-punching strength associated to the
fracture of the integrity reinforcement. The second series consisted of twelve specimens
each containing two integrity reinforcing bars. As Figure 2.8 shows, each slab consisted
of two parts cast separately and connected by the reinforcing bars: the centra part
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representing the internal punching cone and the outer part representing the rest of the
slab. Table 2.2 presents material properties, anchorage types, types of failure and the
ultimate strength of the specimens. Index cone refers to the internal punching cone and
dlab refers to the outer part of the slab.

Table 2.2: Summary of specimens with discontinuous tensile reinfor cement
tested by Melo (Melo and Regan, 1998)

Test Type Ag fy fe Ex fe.cone fegab fet,cone fotgab Bar Cone Vbu
[MPa [MPe] [%] [MPa [MPe] [MPa [MPe fracture crushing [KN]
6ST SHORT 206 655 801 129 411 30.1 - - YES NO 41
6LG LONG 206 655 801 129 492 414 - 347 YES NO 41
8ST SHORT 208 529 647 196 414 30.1 347 - YES NO 57
8LG LONG 208 529 647 196 426 41.4 - 347 YES NO 57
10ST SHORT 2@10 497 620 214 289 334 - 3.06 YES NO 82
10LG LONG 2010 497 620 214 369 38.3 - 3.23 YES NO 90
12ST SHORT 2@12 524 649 198 25.0 343 291 342 NO Part 70
12L.G LONG 2012 524 649 198 306 36.9 3.24 - Yes Part 123
16ST SHORT 2@16 483 599 235 410 334 - 345 NO Part 65
16LG LONG 2016 483 599 235 346 325 3.86 NO Yes 148

20ST SHORT 2@20 492 626 243 354 28.2 3.99 3.06 NO Part 78
20LG LONG 2@20 492 626 243 273 40.1 - 344 NO Yes 168

Melo observed that the specimens with larger bars and short anchorage length
(12ST, 16ST and 20ST) experienced anchorage problems before reaching the ultimate
load. However, the other specimens reached the ultimate load without anchorage
problems. The failure mode was either crushing of the concrete in the internal punching
cone (16LG, 20LG) or by rupture of the reinforcing bars (12LG) as shown in
Figure 2.8.

The third series was made to study the fracture of the larger bars and to investigate the
possible failure of the column concrete. The test setup shown in Figure 2.9 included a
central column with 300 mm square in cross-section and reinforced with eight
longitudinal bars. Two reinforcing bars in each direction represented the integrity
reinforcement and projected 1.35 m to either side. The outer 850 mm of the bars were
encased in cast-in-place concrete on top of large precast concrete blocks. A hydraulic
jack under the column was used to apply upward loading. It was observed that the
concrete cover at the corners of the column spalled without causing failure. The failure
occurred by the fracture of the reinforcing bars at the bends where they entered into the
column. It was concluded that failure of the concrete in columns is unlikely to be a
problem as long as the integrity reinforcement pass through the cage of the column
reinforcement.

In addition, he reported that the angle of inclination of the reinforcing bars at failure in
the vicinity of the column face varied from 24° to 26° for the second series and
from 22° to 26° for the third series. Finally, the following equation was proposed based
on the experimental results for the failure mode associated with the fracture of the
reinforcing bars:

Vv, = %fw (2.6)

where Ay, isthetotal cross-sectional area of the integrity reinforcement.
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Figure 2.9: Test setup and response of specimensto study reinforcing bars-column interaction
tested by Melo (Melo and Regan, 1998)

Broms conducted an experimental work to investigate reinforcement layouts that can
provide a ductile behavior of flat slabs as well as sufficient safety against progressive
collapse. He tested various reinforcement layouts consisting of flexural reinforcement in
combination with shear reinforcement and bent-up bars. It was observed that using only
stirrups or so-called stud rails can not provide a ductile behavior because punching
failure could occur due to a steep crack around the column leaving such shear
reinforcement ineffective. Finally, he concluded that the combination of shear
reinforcement with bent-up bars turned out to be very effective in giving the slab the
desired ductile behavior without tendency for punching shear failure. Figure 2.10 shows
the proposed ductility reinforcement that is a combination of flexural reinforcement,
stirrups and bent-up bars. Despite the fact that he stated that “all reinforcement bars are
placed in a non-interlocking manner with each other”, the proposed ductility
reinforcement, however, seems to provide difficulties in practice (Broms, 2000, 2006).

With reference to prestressed concrete dabs, researchers (Ritzetal., 1975;
Pralong et al., 1979; Freyermuth, 1989) have shown that a high post-punching strength
can be achieved by prestressed slabs. Ramos and L Ucio (2008) have recently carried out
experimental investigation to study the post-punching behavior of prestressed concrete
flat slabs. Six half-scale prestressed concrete slabs were tested and their post-punching
behavior was recorded. Figure 2.11 shows the load-deflection response for a tested
dab (AR11). It shows that the inclusion of prestressed tendons passing through the
column can be highly effective in increasing the post-punching strength and
deformation capacity of flat slabs.
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Figure 2.10: Detailing of ductility reinforcement and test results (Broms, 2000)
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Figure 2.11: Load-deflection response of a prestressed slab: measurement at four different
locations (Ramos and Lucio, 2008)

2.3 Dowel action

Cracks and interfaces in concrete structures significant reduce stiffness and strength.
Such interfaces are very common in reinforced concrete structures, e.g. flexural-shear
cracks in slabs or beams, construction joints in pavements, interfaces between old and
new concrete, interfaces within precast e ements connections and so on. The behavior of
reinforced concrete structures can be significantly influenced by the behavior of
interfaces at critical regions (Marcus, 1951; Krefeld, 1966; Jimenez et al., 1979;
Millard and Johnson, 1984; Vintzeleou, 1986; Dei Poli et al., 1993). Figure 2.12 shows
major mechanisms affecting the transfer of stresses across cracks in reinforced concrete
structures with shear reinforcement.

Although flexura strength of reinforced concrete elements can be well estimated, a
precise shear analysis is very complicated due to the complexity of the shear transfer
mechanism. The contribution of the compression zone, the aggregate interlocking, and
the shear reinforcement to the shear transfer are thoroughly investigated. However, the
dowel action of the longitudinal reinforcement has received far less attention.
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Figure 2.12: Shear transfer mechanisms across a cracks

2.3.1 The mechanism of dowel action

The mechanism of the dowel action is based on the response of the reinforcing bar and
the concrete supporting the bar to alateral bar displacement. Two main modes of failure
for dowel action have been proposed by researchers (Vintzeleou and Tassios, 1986;
Dei Poli et al., 1992; Jeli et al., 1999):

1. Yielding of the bar and crushing of the concrete supporting the bar simultaneously
(failure mode 1)

2. Splitting or spalling of concrete (failure mode I1).

The concrete thickness is the main parameter upon which the mode of failure depends
(Utescher and Hermann, 1983). In fact, experimental results have shown that if the
concrete thickness is larger than six to seven times the bar diameter, the former mode of
failure is determinant (Soroushian et al., 1986; Del Poli et al., 1992). The latter mode of
failure occurs for smaller concrete thickness. Failure modell generaly occurs in the
case of bottom bars in reinforced concrete beams. In addition, it occurs in the post-
punching behavior of concrete slab-column connection. With reference to failure
mode |, shown in Figure 2.13, three mechanisms can be distinguished according to
Paulay, Park, and Philips (Paulay et al., 1974):

1. Bending: the load is transmitted due to bending of the bar and the capacity is
limited by the formation of plastic hingesin the bar.

2. Pure shear: the contribution of pure shear to the shear transfer is unlikely due to
the concrete deterioration at the vicinity of the bar. In addition, resulting forces at
both sides of the crack includes arelatively large eccentricity that leads to yielding
of the bar due to bending.

3. Kinking: in the case of large crack openings, the axial bar force has a component
parallel to the crack plane. In general, the crack width is relatively small in
relation to the bar diameter and the effect of kinking is thus insignificant.

Jelic et al., (1999) stated that “...as the bar size is increased, flexure, rather than kinking
or shear, should be the principal mechanism of dowel action because it is proportional
to @ (&-A), while kinking and shear are only proportional to @ (J-Ay), where @ is the
bar diameter”.
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Figure 2.13: Shear transfer mechanisms by dowel action (Paulay et al., 1974)

2.3.2 Dowel action investigations

A large number of experiments have been carried out in the past to investigate the
behavior of dowel action. Figure 2.14 shows various test setups that have been used to
study the dowel action. Three test configurations were conventionally grouped
according to the type of specimens used, namely direct dowel test, divided beam test,
and beam-end test. The direct dowel test has been employed by numerous researchers
(Mattock, 1969; Mattock, 1974; Eleiott, 1974; Dulacska, 1972; Soroushian et al., 1986;
Del Poli et al., 1992). This configuration allowed researchers to study the influence of
the variation of the angle of inclination of the bar on the shear strength of the dowel
bars. The divided beam test has been used by other researchers (Taylor, 1961; Krefeld
and Thurston, 1966; Baumann, 1968). Houde and Mirza (1974) implemented the beam-
end test to investigate the interaction between bond and dowel action.
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500 of the dowel
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Figure 2.14: Dowel-action test setups: a) direct dowel test, b) divided beam test specimen, and
¢) beam-end test specimen
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Thefirst dowel action tests focused on joints in concrete pavements based on a silt loam
subgrade. Teller and Sutherland (1936) showed that the efficiency of a dowel bar
depends on the joint width, the slab thickness, the bar spacing, and the applied load with
respect to the location of the dowels. Furthermore, a direct relationship between the slab
deflection and the magnitude of the load on the slab was observed.

As stated earlier, there are two main failure modes of dowel action: concrete crushing
and yielding of the bar simultaneously and spalling of concrete. For the prediction of the
dowel strength in the former mode, severa theoretical and empirical equations have
been proposed. However, for the latter mode of failure, mostly empirical equations are
available.

2.3.2.1 Failure mode |

Rasmussen (1962) performed an experimental work to explore the ultimate load carried
by dowel bars. Figure 2.15 shows his experimental results. He observed that the failure
mode was the formation of the plastic hinges in the dowel bar accompanied by large
concrete crushing under the bar. Based on his experimental results the following
eguation was proposed to estimate the ultimate dowel strength:

V, =BZ[f, T, 2.7)
where B=C(1+({C)* - {C)

e |f
=3—= |——<
4 o\ f

sy
e = eccentricity of the load (see Figure 2.17)
It was found experimentally that C was 1.3 if there was no load eccentricity.

Mills (1975) performed three dowel tests with an angle of inclination of 45°. For a bar
with a diameter of 38 mm, f. = 36 MPa and fs, = 210 MPa, an average of 76 kN for the
dowel strength was obtained.
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Figure 2.15: Rasmussen’s experimental and theoretical results (Rasmussen, 1962)

Utescher and Herrmann (1983) conducted a large number of dowel tests to explore the
influence of the bar diameter and the load eccentricity on the ultimate strength of dowel
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bars. The variation of the load eccentricity was achieved by applying the load at
distances of 5, 10, 20, and 50 mm from the concrete surface. It was observed that the
ultimate dowel force was significantly reduced by the load eccentricity.

Reinforcing bars do not aways cross cracks perpendicularly. Therefore,
Dulacska (1972) studied the effect of the angle of inclination of the dowel bars on the
ultimate strength. The specimen used was of a “push-off” type and the aggregate
interlock was eliminated by placing two thin lubricated brass sheets at the shear plane.
Figure 2.16 shows the experimental results obtained.
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Figure 2.16: Experimental results of Dulacska (1972)

She proposed the following empirical relationship for the estimation of the dowel
strength as afunction of the angle of inclination of the bar:

. f
V. =0.20%f_n.sind( [1+ o -1 2.8
Du syns (\/ 003775 fsysinz 0 ) ( )

where 7 =1-(on / fsy)z, on isthe axial tensile stress in the bar and fe is the concrete cube
compressive strength. Plotting Equation 2.8 as a function of Vp and oy gives an
elliptical interaction diagram. It has been reported that if the concrete cover is
sufficiently large to prevent the concrete spalling and splitting, failure mode | occurs,
and on the contrary for relatively thin concrete covers failure modell occurs
(Vintzeleou and Tassios, 1986; Jeli et al., 1999).

Vintzeleou and Tassios (1986) carried out an analytical approach to predict the ultimate
dowel strength for both modes of failure. The theoretical approach was based on a
failure criterion used by Broms (1964). Figure 2.17 shows Broms's failure mechanism
for a pile embedded in a cohesive soil. It was suggested that the concrete bearing
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strength reaches five times the concrete uniaxia compressive strength. Thus, the
following expression was devel oped for the estimation of the dowel strength:

V2, +(10f, ed)V,, — £, D', f,, =0 (2.9)

where ¢ is a factor (<1.3) depending on the available concrete cover of the bar in the
direction of the shear force. For zero load eccentricity this expression becomes similar
to Rasmussen's formula. Pruijssers(1988) stated that “experimental observations
(Dulacska, 1972; Utescher and Hermann, 1983) showed a considerable spalling of the
concrete close to the crack plane. Due to this spalling of concrete, Rasmussen’s and
Brom’s descriptions were in closer agreement with the actual stress distribution than
Vintzeleou' s approach”.
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Figure 2.17: a) Failure mechanism of a free-headed pile in cohesive soil (Broms, 1964) and
b) failure mechanismfor a dowel bar in concrete (Vintzeleou and Tassios, 1986)

Soroushian et al. (1986,1987) conducted a series of test to investigate the behavior of
dowel action acting against concrete core (failure mode ) and acting against concrete
cover (failure modell). Their test setup and some experimental results are shown in
Figure 2.18. They employed the beam on an elastic foundation analogy to establish
empirical equations for both modes of failure.
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Figure 2.18: Test setup and results of experiments to study dowel bars acting against concrete
core and concrete cover (Soroushian et al., 1987)
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Millard and Johnson (1984) assumed that flexure rather than shear and kinking is the
principal shear transfer mechanism. They employed the beam on elastic foundation
theory and proposed the following load-displacement relationship:

\ (5) =Vp, [1- exp(_Ki 5/VDU)]

Vo, =137/ 1, T, (2.10)

Ki — 0.166k3.75®1.75 E;).ZS

where K is the stiffness of the system in the elastic range.

Pruijssers (1988) derived an analytical expression to estimate the ultimate dowel
strength. He considered the bond between the bar and the concrete supporting the bar as
an axial compressive force with a certain eccentricity from the center of the bar.
Therefore, the neutral axis of the bar was shifted due to the bond force and thus the
plastic moment of the bar changed. He stated that the change in the plastic moment
considerably affected the ultimate dowel strength. Assuming the eccentricity of the
bond force equal to 0.465@ the dowel strength can be calculated by

Vo, =1.350°((/1+9¢,2 = 3¢)/ T,
e [t (2.12)
“To\T,

sy

De Poli, Di Prisco, and Gambarova (Dei Poli et al., 1993) conducted a comprehensive
experimental program to investigate the behavior of dowel action. They tested twenty
seven specimens to gain further information on the load-displacement response, the
curvature along the dowel bar, and the influence of the bar diameter, the concrete cover,
and the stirrup position. All specimens were reinforced with a single dowel bar. The
load eccentricity from the crack plane was zero (Figure 2.19). Main variables were the
concrete cover (c =@, 20), the bar diameter (@ = 14, 18 and 24 mm), the distance of
the first stirrup from the crack plane (t = @, 39), the shear reinforcement ratio, the
direction of the applied shear force (against concrete core or against concrete cover), the
angle of the specimen forefront to the crack plane, the bar spacing, the concrete
compressive strength (normal and high strength concrete), and the concrete type
(normal and FRP).
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Figure 2.19: Test setup of experiments to study dowel action tested by (Dei Poli et al., 1993)
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Test results showed that the behavior of the dowel bar and the concrete supporting the
bar is elastic for loads less than 40% of the ultimate load. Therefore, to predict the
dowel behavior in this region, they used the beam on elastic foundation analogy.
However, this method can not describe the behavior of dowel action for higher loads
due to the highly nonlinear behavior of the dowel action. Hence, they used a nonlinear
bearing stiffness model to deal with the nonlinear behavior of the dowel action, which
will be discussed later (Equation 2.17).

Ince et al. (2006) tested 54 push-off specimens to investigate size-dependent response
of the dowel action. They employed the fracture mechanic theory and proposed the
following equation:

. /36.6 d
Vp, = pbd [f, T, sin@(1+ g Y1+ oad )2 (2.12)
g ' 9

where dg is the maximum aggregate size and b is the beam width. Test results showed
that the nominal strength at failure decreases as the specimen size increases. In addition,
the contribution of the dowel action to the shear capacity increases with the value
of pfsy. Moreover, they stated that although the contribution of dowel action to shear
transfer in codes and guidelines is either ignored or limited to 15 to 20%, in the case of
beams without shear reinforcement, 50 to 70% of the shear capacity is transferred by
dowel action.

Randl (2007) has recently performed an analytical and experimental study to investigate
the dowel bars. Figure 2.20 illustrates his test setup and experimental results. His
proposed analytical formula was based on the beam on elastic foundation analogy
considering the yielding of the reinforcement and the crushing of the concrete
simultaneously. He derived the following simplified equation for the range of interest in
construction applications (1.0 <fy /f,<10and 1.0 <L,/ @ <2.5):

f AR
V,, = f,0° 0461018722 0005 2 || = (2.13)
%) f, L L) f,

where L, = (4 El,/ kCQ)O'25 and fy is the concrete bearing strength (Equation 2.15).
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Figure 2.20: Test setup and response of specimens to study dowel action tested (Randl, 2007)
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El-Ariss (2007) established an equation showing the relation between the ultimate
dowel force and the crack width. He implemented the beam on el astic foundation theory
into the experimental results (Dulacska, 1972; Millard and Johnson, 1984,
Soroushian et al., 1986). He concluded that the dowel action can significantly affect the
ultimate strength and the deformation capacity of the reinforced concrete beams.
Davidsand Turkiyyah (1997) and Heand Kwan (2001) employed finite element
methods to investigate the contribution of the dowel action to the shear transfer.
Chana (1987) and Reineck (1997) investigated the shear failure mechanism considering
the dowel action. Sonnenberg and Al-Mahaidi (2007) investigated the dowel action in
reinforced concrete beams using photogrammetry.

2.3.2.2 Failure mode Il

Several expressions have been proposed to estimate the dowel strength when the failure
mode |l is determinant (Taylor, 1961; Krefeld and Thurston, 1966; Baumann, 1968;
Houde and Mirza., 1974; Paschen and Schonhoff, 1983; Soroushian et al., 1987). Most
of these equations are associated to the dowel action in reinforce concrete beams where
the longitudinal reinforcement acts against the concrete cover. It was generdly
concluded that the ultimate dowel strength in beams without shear reinforcement was
limited to 25% of the maximum shear at failure. The ultimate dowe strength was
independent from the embedment length and the bar diameter and was proportional to
the beam width (Jimenez et al., 1979). In addition, it was observed that the bond
splitting was independent from the bar diameter if no shear reinforcement was involved.
However, under the confining effect of the shear reinforcement, the bond splitting
became dependent on the bar diameter. Moreover, when spalling of concrete cover or
splitting of concrete is determinant, the maximum bending moment in the bar is
significantly lower than its plastic moment. The experimental results showed that no
significant reduction of the spalling or splitting strength occurred for the axial stress less
than 80% of the yielding strength of the bar (Vintzeleou and Tassios, 1986).

2.3.3 Bearing strength and bearing stiffness of concrete

Numerous researchers reported that concrete stress under a reinforcing bar exceeds the
uniaxial concrete compressive strength. The reason is that the surrounding concrete
provides a considerable confining pressure resulting in atriaxia state of stress under the
bar. Therefore, the concrete strength can reach several times the concrete uniaxial
compressive strength (Del Poli et al., 1992). ACI 318 (2008) defines the bearing
strength f, as the ultimate stress under concentrated forces, and the bearing
stiffness k (subgrade stiffness or foundation modulus) as the slope of the bearing stress-
deflection diagram in the elastic region.

The dowel strength depends on the bearing strength and the bearing stiffness of concrete
supporting the bar (Marcus, 1951; Jimenez et al., 1979). However, values suggested in
the literature are very scattered, ranging from 1.8 to 6.5 f. and up to 20 f. for the bearing
strength and 200 N/mm?® to 1250 N/mm® for the bearing stiffness (Dulacska, 1972;
Soroushian et al., 1987; Lieberum and Reinhardt, 1989; Dei Poli et al., 1992). This
dispersion does not allow arealistic evaluation of dowel response at ultimate limit state,
in which both concrete and steel show very nonlinear behavior. Dei Poli et al. (1992)
stated that “an explanation of this scattering is that the measured values for the bearing
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strength depend on the actual confinement exerted on the concrete during the test and on
the more or less premature splitting of the concrete under a highly localized force”.

Vintzeleou and Tassios (1986) proposed an expression for the bearing stiffness
assuming that the concrete supporting the bar is deformed by the dowel force up to a
distance of two times the bar diameter. Assuming the linear elastic behavior, the bearing
stiffnessis given by
EC

K. > (2.14)
Equation 2.14 seemed to be valid for dowel forces less than 50% of the ultimate dowel
strength. For very low dowel forces, the deformation depth of the supporting concrete is
less than two times the bar diameter and hence, the bearing stiffness is higher than that
predicted by this equation. Millard and Johnson (1984) found experimentally the value
of 750 N/mm?® for the bearing stiffness for normal concrete. For high strength concrete,
the bearing stiffness is proportional to the square root of the concrete compressive
strength.

Soroushian et al. (1987) conducted an extensive experimental research to investigate the
reasonable values for the bearing strength and the bearing stiffness. They explored the
influence of the bar diameter, the concrete compressive strength, the width of the
concrete block, the depth of the concrete block , the embedded Iength of the dowel bar,
the number of the dowel bars, and the confinement of the concrete block on the bearing
strength and the bearing stiffness. They obtained a bearing strength ranging form 1.2
to 3 f. and a bearing stiffness between 54 to 163 N/mm?®. Test results showed that both
the bearing strength and the bearing stiffness were increased by increasing the concrete
compressive strength and by decreasing the bar diameter. Increasing the width of the
concrete block or decreasing the embedded length of the dowel bar increased the
bearing strength and had no influence on the bearing stiffness. The variation of the
depth of the block had no effect on the bearing strength and stiffness. The increase of
the number of the dowel bars had no effect on the bearing strength. However, it
relatively decreased the bearing stiffness. The confinement provided by the embedded
stirrups had favorable effects on the deformation capacity of the concrete under action.
It had no influence on the bearing strength and stiffness.

Figure 2.21: Test specimens. a) general geometry, b) multiple-bar specimen, and
¢) confined specimen (Soroushian et al., 1986)

On the basis of their experimental results, they proposed the following empirical
formulas for predicting the bearing strength and stiffness of the concrete supporting the
bars:
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f,=37.6|/f, /32 [MPa mm] (2.15)
k. =127¢,\/f, 12*°  [MPa, mm] (2.16)

where ¢; is a coefficient ranging from 0.6 for a clear bar spacing of 25 mm to 1.0 for
large bar spacing. Figure2.21 shows the geometry of test specimens used in this
experimental campaign. In addition, Dei Poli et al. (1992) investigated the bearing
strength and tiffness of the concrete supporting the dowel bars. They attempt to
overcome the nonlinear behavior of concrete supporting the bars by defining a nonlinear
bearing stiffness of concrete. They observed that the bearing stiffness can be formulated
as a function of “damage” accumulated in the concrete and in the dowel bar. This
damage may be represented by means of a suitable “damage index” such as maximum
normalized displacement (w/&) or the load level (V/Vpy). They proposed the following
nonlinear bearing stiffness to predict the non linear behavior of the dowel action
(see Figure 2.22):

k = wk (2.17)

C

where

k. =127,[f, /@*® [Soroushian et al., 1986]
B 212 for V,/V,, <04
 1{0.544 +.026 cosh[8(V,, /V,,, —0.4)1}** for V,/V,,>04

or
k=aw'k (V, /V,,)
. 0.85 for V,/V,, <04 (2.18)
 |{1.104+.026 cosh[8(V, /V,, —0.0]}™** for V. /V,, >04
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Figure 2.22: Evolution of bearing stiffness of concrete under a dowel bar (Dei Poli et al., 1992)

Brenna, Dei Poli, and Di Prisco (Brennaet al., 1990) proposed the following nonlinear
equations for the evolution of the bearing stiffness:

k= Kk (2.19)
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in which

k, =6001°7 /@

. —4/3
o = [1.5(a1+\/a§(405e 1D-a,)* + a,f}
a, =0.59-0.011f, a, =0.0075f, —0.23

a, =0.0038f_ +0.44 a, =0.0025f, +0.58

where & is the élastic displacement at the face of the crack.

2.4 Post-punching provisions in codes and guidelines

The following codes of practice provide explicit formulation for calculating the cross-
sectional area of the integrity reinforcement over slab-column connections. Other codes
and guidelines provide only some recommendations to mitigate the likelihood of the
progressive collapse following a punching shear failure.

Swiss Code SIA 262-2003

To prevent the slab from totally collapsing after a possible punching, SIA 262 requires
that some reinforcement shall be provided on the flexural compression side. The
reinforcement shall be extended over the supported area and dimensioned as follows:

V,=A,fysiny (2.20)
Assuming w = 42° leads to:
A, >15Ye (2.21)
fsd

where Ag, is the total cross-sectional area of the integrity reinforcement passing through
the column, fsy is the dimensioning yield strength of steel reinforcement, Vy is the
dimensioning value of the shear transmitted to the column in accidental situation, and w
is the angle of inclination of the reinforcing bars in the vicinity of the punching shear
crack after failure as shown in Figure 2.23.

Figure 2.23: Punching failure over a slab-column connection
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Canadian Code

The Canadian Code (CSA A23.3,2004) requires that the summation of the area of
integrity reinforcement connecting the slab, drop panel, or slab band to the column or
column capital on all faces of the periphery of the column or column capital shall be

> A, > 2\f/—se (2.22)

sy

where Vg is the shear force transmitted to the column due to specified loads. This
reinforcement can be considered effectively continuous if one of the following
conditions is satisfied: a) integrity reinforcement is lap spliced within a column or
reaction area with the reinforcement in adjacent spans using a class A tension lap
splice; b) integrity reinforcement is lap spliced outside of a column or reaction area
using a minimum lap splice length of 2 ¢4 where ¢4 is the anchorage length of
reinforcement; or finally c) at discontinuous edges, integrity reinforcement shall be
bent, hooked, or otherwise anchored into the supports such that the yield stress can be
developed at the face of the support. This code explains that integrity reinforcement
provide a minimum degree of integrity, continuity and redundancy required to prevent
flat slabs from totally collapsing due to aloca punching failure.

German Code

The German Code (DIN 1045-1, 2005) requires that a particular attention is to be paid
to the three-dimensional rigidity of structures and to their stability. If possible, forms of
construction in which the failure of one component can lead to the collapse of a series of
further components are to be avoided. If it is not clear from the outset that the rigidity
and stability of a structure are ensured, evidence isto be produced, by calculation, of the
stability of the horizontal and vertical stiffening or bracing components. DIN specifies
the following formula to compute the area of the integrity reinforcement passing
thorough the column and properly anchored in the slab to enhance the robustness of the
structure against unforeseen circumstances.

A, = Ve 2.23)

Fy

where Vgq is the design value of the punching force and fyx is the characteristic value of
the yielding strength.

United States Standards

ACI 318 (2008) has no explicit formula for post-punching behavior of concrete flat
dabs. Although ACI 318 does not explicitly deal with the progressive collapse,
ACI 352.1R (2002) provides recommendations to reduce the likelihood of this
phenomenon. ACI 352 recommends that continuous integrity bars passing through the
column cage in each principal direction at interior connections should have an area at
least equal to

_ 050474,

2.24
> (2.2

A
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where Aqy is the minimum area of the integrity reinforcement in each principal direction
placed over the column, qq is the factored uniformly distributed load but not less than
twice the slab service dead load, f is the yielding strength of steel, ® = 0.9 is a shear
reduction factor, and ¢; and ¢, is center-to-center span in each principal direction. The
guantity of reinforcement Asy, may be reduced to two thirds of that given quantity for
edge connections, and to one-half of that for corner connections.

2.4.1 Estimation of the post-punching strength

Various formulas have been proposed by researchers and codes of practice to estimate
the post-punching strength of slab-column connection. The predicted post-punching
strength is mostly associated with the integrity reinforcement passing through the
column. According to Georgopoulos (1986), the post-punching strength of a dab-
column connection can be obtained by considering the integrity reinforcing bars as
dowel bars embedded in the concrete. He proposed the following equation based on
Rasmussen’ s dowel equation (Rasmussen, 1962):

Vourg, =1.3> @[, 1. (2.25)

Melo and Regan (1998) proposed the following equation based on their experimental
results for the failure mode associated with the fracture of the reinforcing bars. The
Canadian Code (CSA A23.3,2004) introduces the same equation as Melo's for
predicting the post-punching strength based on the research carried out by Mitchell
and Cook (1984).

Vg, =Ty

CA 2

(2.26)

ACI 352.1R (2002) requires the same amount of steel as the Canadian Code but with a
shear reduction factor for the yielding strength:

A, Of
VACI = 2 >

SIA 262 (2003) requires the following equation be satisfied in order to prevent the
structure from totally collapsing following a punching failure:

A, f
V,, =2
A 15

Table 2.3 presents a comparison of the experimental and the theoretical post-punching
strength given by the current provisions.

(2.27)

(2.28)

The post-punching provisions in codes of practice can not account for many influencing
parameters such as the ultimate tensile strain of reinforcement, the bar diameter, the
effective depth of the slab, the concrete compressive strength, and the concrete cover.
The prediction of the post-punching strength based on these provisions is often
overestimated as shown in Table 2.3 and Figure 2.24. The reason is that some of the
aforementioned parameters, which are not included in the codes of practice, reduce the
post-punching strength. The contribution of the integrity reinforcement and the tensile
reinforcement to the post-punching shear transfer will be separately calculated by the
mechanical model presented in Chapter 4.
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Table 2.3: Comparison of the post-punching strength predicted by codes of practice and
Georgopoulos proposition

Test Viptes  Voeorgr  Vesa  Vaal Vaa Vo Voprs Yotes Vopres
kN] (kN (kN [kN] k] Ve Ve Ve Ve
PM-9 123 92 124 111 165 134 099 110 0.74
PM-10 159 137 176 158 235 116 090 1.00 0.68
PM-11 237 199 248 223 331 119 09 106 0.72
PM-12 245 266 325 292 433 0.92 076 084 057
PM-21 185 106 126 113 168 1.75 147 164 110
PM-22 219 162 190 171 253 135 115 128 086
PM-25* 85 106 126 113 168 - - - -
PM-26* 105 162 190 171 253 - - - -
PM-27* 94 225 253 228 337 - - - -
PM-28* 101 311 35 320 475 - - - -
Melo-2 64 54 86 77 114 119 0.75 0.83 056
Melo-3 81 120 172 155 229 0.67 047 052 035
Melo-4 70 101 153 137 203 0.65 043 048 032
Melo-5 65 82 106 9% 142 0.79 0.61 0.68 046
Melo-6LG 32 26 37 33 49 1.22 0.86 0.9 0.65
Melo-6ST 33 31 37 33 49  1.07 0.89 099 0.67
Meo-8LG 57 42 53 438 71 136 1.07 119 0.80
Melo-8ST 57 49 53 438 71 116 1.07 119 0.80
Meo-10LG 90 67 78 70 104 131 113 125 0.8
Melo-10ST 82 72 78 70 104 113 1.04 115 0.78
Meo-12LG 123 100 119 107 158 112 094 105 071
Melo-12ST" 70 104 119 107 158 - - - -
Georgopoulos 312 334 422 380 563 0.87 069 0.77 052
Broms-9 230 81 111 100 147 284 208 231 156
Broms-9a 222 72 111 100 147 3.10 201 223 151
Ave. 131 101 113 0.76
cov 0.48 042 042 042
+: Test terminated due to the risk of falling down of the punching cone
T : Test experienced anchorage failure before reaching the ultimate strength
a) b)
3 L]
L2 - |
5‘3 ] n k‘é
E LN . . - \E =2 . N
nE : n - N S u - - n -
0
c) d)
3
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Figure 2.24: Comparison between measured and theoretical post-punching strength: a) model
proposed by Georgopoulaos, b) CSA A23.3, ¢) ACI 352.1R, and d) S A 262
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2.5 Progressive collapse of flat slabs

The response of a dlab structure following an initial local failure is significantly
influenced by parameters such as span, slenderness of the slab, reinforcement ratio, load
level, deformation capacity, reinforcement layout, vertical support conditions, and
horizontal restraint conditions. The response is dynamic and most likely inelastic. Thus,
it is essential to use structural anaysis programs that can consider geometric and
material nonlinearity, imposed deformations to the slab, time variability of the response,
strain-dependent behavior, and system damping. Such dynamic anaysis is out of the
scope of the present study. The following steps can be suggested for the progressive
collapse analysis of flat slabs:

e Thedesign of dab and flexural reinforcement according to codes of practice using
ultimate limit state load combinations.

e The design of integrity reinforcement according to codes of practice using
accidental load combinations.

e The calculation of the pre-punching behavior using the critical shear crack theory
(Muttoni and Fernandez Ruiz, 2008), and the post-punching behavior using the
devel oped mechanical model.

e Theimplementation of the resultsinto a nonlinear finite e ement analysis.

Although progressive collapse analysis is out of the scope of this dissertation, a brief
overview of genera methods for the design and robustness of structures against
progressive collapse is presented subsequently.

2.5.1 Concept of robustness

Almost any conventionally designed structure can be susceptible to progressive collapse
if it is subjected to sufficiently large and widespread loading. As it is not feasible to
foresee all possible sources of collapse initiation, a rational progressive collapse design
should aim at localizing damage, rather than preventing damage on the whole structure.
This methodology is associated with structural robustness, because the inherent
deformation capacity, redundancy, and continuity of a robust structure preclude
premature failure modes that can lead to a progressive collapse. The term robustness is
a widespread notion that in the structural analysis can be defined as the ability of the
structure to withstand unforeseen circumstances (Knoll and Vogel, 2009).

The increase of deformation capacity in a structural system involved in a progressive
collapse scenario can be beneficia in two ways. Firstly, the ductile response of the
members adjacent to the damaged area may limit the sustained damage and prevent the
failure in the first place by dissipating more energy than less ductile members.
Secondly, deformation capacity in the members adjacent to the failure zone allows
aternative load paths to develop and thus facilitates the load redistribution process
performed by the distorted structure.

Similar to deformation capacity, redundancy, which is generally associated with the
presence of alternative load paths, may limit the effects of a local failure. The lack of
aternative load paths can primarily result from lack of frame continuity, connection
redundancy, or other load redistribution mechanisms.
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The concept of continuity is mainly a way of improving redundancy and local
resistance. Studies of numerous recent building collapses have indicated that failure
could have been avoided or at least reduced in scale, at fairly small additional cost if
structural components had been interconnected more effectively (Shankar Nair, 2006).
Hence, the need for continuous systems is emphasized in most recent progressive
collapse guidelines (ACI 318, 2008). A comprehensive overview on the principal design
approaches currently used for providing resistance to progressive collapse is presented
in the subsequent sections.

2.5.2 Hazard scenarios

Regarding possible strategies to improve the structural integrity of buildings and other
structures against progressive collapse, much of the required knowledge and technology
aready exist. However, no building system can be engineered and constructed to be
absolutely risk free because of uncertainties associated with the imposed demands on
the system, the mechanical properties of materials and the prediction of structura
performance using available design software.

To resist the progressive collapse following a local punching failure, it is necessary to
consider the nature of initial hazards that can provoke an initial punching failure.
Knoll and Vogel (2009) explained that “it is perhaps useful to classify the events in a
very genera sense since different families of scenarios require different approaches to
robustness. We shall call one family the interior flaws or ssimply flaws where the origin
of the event is located within the structural system. The second family will then be
exterior causes. Forensic investigation of accidents often finds that a combination of
causes relating to both classes is responsible for the mishap, i.e. a weakened structure
was subjected to loads that exceeded the design loads. It may be that one or several
events would not have been sufficient to cause distress and only their cumulation did”.
Exterior causes can be categorized as pressure loads (e.g. gas explosion and blast),
impact loads (e.g. falling debris, vehicular collision, earthquake), deformation related
(e.g. material softening in fire, foundation subsidence), occupant misuse and design and
construction errors.

2.5.3 Indirect and direct design approaches

Ellingwood and Leyendecker (1978) first introduce two general approaches used to
mitigate the probability of the progressive collapse of a structure, namely, indirect
design approach and direct design methods. The indirect design approach is a
prescriptive approach, which is based on providing a minimum connectivity and
integrity between various structural elements. Therefore, it can readily be implemented
in the structural design with no need for extra structural analyses. In other words,
instead of performing a complex structural analysis against progressive collapse, the
designer can use implicit design approach that incorporates measures typically related to
strength, continuity and deformation capacity to enhance the overall robustness of the
structure (Breen and Siess, 1979). Although the indirect design approach can reduce the
likelihood of progressive collapse (Corley et al., 1998), an estimation of the post-failure
response of structures designed based on such a method is not readily possible
(Sasani et al., 2007).
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The direct design methods are usually based on sophisticated structural analyses such as
nonlinear static or dynamic finite element analysis, which are not commonly used in
routine design practice. In this method, the designer should be able to evaluate
consequences of an extreme condition that can cause a local failure with the potential to
initiate a part or totally collapse of the structure. Hence, the direct design methods seem
more rationa in relation to the indirect design approach because they can be directly
related to the performance-based criteria. A number of structural analyses with different
complexity level ranging from linear elastic static analysis to nonlinear dynamic finite
element analysis can be used to evaluate the structural performance of a progressive
collapse (Vecchio, 2002; Dusenberry and Hamburger, 2006; Seffen, 2008)

2.5.3.1Indirect design method

As the risk of a progressive collapse for the majority of structures is relatively low,
many codes and guidelines prefer to implement the indirect design approach to design
structures to reduce their susceptibility to progressive collapse. This approach is used to
implicitly increase the robustness of a structure. This can be accomplished by
incorporating general structural integrity measures throughout the process of structural
system selection, the layout of walls and columns, the member proportioning, and the
detailing of connections. Provisions for structural integrity are usual in the form of
prescriptive requirements for minimum connection resistance, continuity and tying
between structural elements.

As pointed out earlier, the indirect design approach is an easy way to enhance the
structural performance against progressive collapse. Although this event independent
approach is not based on detailed calculations of the structural response, it results in
continuous tied reinforcement for concrete structures. This can enhance the structura
performance and alows structural elements to carry more of their capacity when
subjected to abnormal loading conditions. This can be attributed to the fact that loads
carried originaly by damaged portions of the structures will be redistributed to
undamaged el ements (Mitchell and Cook, 1984, Moore, 2001).

2.5.3.1.1 Tie requirement

To resist progressive collapse, key structural elements of a structure must be tied
together so that the load redistribution from damaged portions to undamaged portions of
the structure could occur. Ellingwood stated that “If all members are structuraly
connected by connections capable of transferring the specified capacity in tension,
shear, or compression (as appropriate) without reliance on friction due to gravity loads
or when additional tie members are provided, then the layout and configuration of the
building are deemed to provide adequate protection against progressive collapse under
abnormal load (Ellingwood et al., 2007). The ties consist of internal ties, periphera ties,
and vertical ties. Reinforcing bars that are provided to resist norma loading can be
regarded as a part of, or the whole of these ties and should be in line with design codes
and guidelines. All requirements of lap splicing and anchorage shall be satisfied in order
to provide satisfactorily structural integrity. The ties should be effectively continuous
over throughout their lengths and should be anchored into the peripheral ties at each end
(ACI 318, 2008).
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2.5.3.2Direct desigh methods

The direct design methods require that the response of a structure subjected to a loca
failure should be analyzed using highly complex structural analyses. The ability of the
structure to bridge damaged and undamaged portions of the structure and the load
redistribution across the local failure zone should be evaluated. The direct design
methods consist of two approaches commonly referred to as alternate load path method
and specific local resistance method (ASCE 7, 2005).

2.5.3.2.1 Alternate load path method

The dternate load path method is conceptualy based on the performance of the
structure following alocal failure. The structure is required to redistribute the loads and
to keep its stability after a local failure. This method provides the assessment of the
capability of the structure to resist removal of essentia structural elements such as
columns or load bearing walls by analyzing the behavior of the remaining structure
(Ellingwood et al., 2007). In addition, this method enhances structural properties such
as deformation capacity and energy dissipation, which are very desirable to reduce the
risk of the progressive collapse (Vlassis, 2007). Moreover, as this approach deals with
the performance of the structure after a local failure, it is not sensitive to the initial
abnormal loading and thus it is a threat-independent method. However, analysis of a
severely damaged structure can be computationally difficult. Thus, the results may not
be an accurate representation of the actual results because the actual failure scenario
could be completely different from the loss of a single column or a bearing wall.

A number of structural analyses can be used to estimate the response of a damaged
structure following a local failure such as linear static analysis, nonlinear static
analysis, linear dynamic analysis, and nonlinear dynamic finite element analysis
(Marjanishvili, 2004; Marjanishvili and Agnew, 2006). The last one is the most
complex and rigorous method for evaluating the risk of the progressive collapse and
provides various level of refinement to account for the large deformation, geometric and
material nonlinearities, and time-dependent behavior of the structure following a local
failure.

2.5.3.2.2 Specific local resistance method

The specific local resistance method provides supplementary strength for key structural
elements, which are essential for overall stability, and are required to remain intact for
aternate load paths to develop. The key elements are explicitly designed to withstand a
specified level of abnormal loading (ASCE 7, 2005). Thus, unlike the alternate load
path method, this approach is threat-specific. This approach provides additional strength
at areas that are believed to be prone to accidental loads or in key elements that are
necessary for the load redistribution.

In terms of procedure and compared to the alternate load path method, this approach is
more similar to current design methods in practice. However, it does not guarantee a
desirable performance against threats other than the one specifically considered. In
terms of its applicability, this method can be regarded as the only practical approach for
retrofitting an existing building because the cost of other approaches can be excessive.
Therefore, an engineer can strengthen key elements of the structure to mitigate the risk
of aprogressive collapse (Ellingwood, 2006).
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2.5.4 Progressive collapse provisions in codes and guidelines

Progressive collapse has attracted a lot of attention over the past decades after the
Ronan Point collapse and researchers have acknowledged the threat posed to the
structural safety by the progressive collapse. Therefore, they have included statements
of the required structural performance in provisions and guidelines. The tendency of
codes of practiceis to increase the redundancy and deformation capacity in structures so
that in the event of alocal damage to major structural elements, resulting damages may
be confined to arelatively small area and should not lead to catastrophic consequences.

Prescriptive code provisions used in conventional structural design require integrity and
continuity using continuous integrity reinforcement passing through the column and
well-anchored in the slab. Other provisions introduce different methods to reduce the
likelihood of a progressive collapse such as specifying minimum tie forces to achieve
integrity requirements, introducing the notional removal of load carrying elements, and
specifying a level of damage expressed in terms of floor area or volume that the
remaining structure is required to sustain following the incident. Moreover, in some
countries, the provisions apply to practically all buildings, as opposed to other countries
where certain types of construction or buildings below a certain minimum number of
stories are excluded. The following sections present an overview of the integrity
provisions included in current codes of practice.

2.5.4.1 Canadian Code

The National Building Code of Canada (NBCC, 1995) requires structures to be
designed for sufficient structural integrity to withstand all effects that may reasonably
be expected to occur during the service life. This code defines structural integrity as
“the ability of the structure to absorb local failure without widespread collapse’. It also
advises engineers to consider a higher probability of occurrence for severe accidents in
relation to that proposed by ordinary design codes. However, this code does not provide
guidance as to how probabilities should be computed for specific design scenarios.
Severa general approaches such as local resistance, minimum tie forces, provision of
aternate paths of support are suggested. Unlike ASCE 7 (2005), specific load
combinations or other prescriptive measures are not presented in this code.

2.5.4.2 European Standard

Eurocode 2 (2004) is a code adopted by many European countries that aims at replacing
national standards. Eurocode recommends that at least two compressive reinforcing bars
in each orthogonal direction should be provided at internal columns and this
reinforcement should pass through the column. In addition to providing general design
guidelines to avoid progressive collapse such as selection of a good structural layout,
Eurocode requires tying the building together and defines values for tie forces.

2.5.4.3 British Standard

The British Standard (BS 8110, 1997) emphasizes general tying of various structural
elements of a building together, to provide continuity and redundancy. Ties enhance the
resistance of wall panels to being blown away in the event of a failure, and also the
ability of a structure to bridge over alost support. If effective tying cannot be provided,
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an alternative member removal approach should be adopted. This approach requires that
each untied member including load bearing vertical members and beams supporting one
or more columns should be notionally removed one at a time in each storey. Then, the
remaining structure should be checked to verify that it can bridge over the missing
member in a substantially deformed condition.

2.5.4.4United States standards

25441 ACI| 318

ACI 318 (2008) requires that al compressive reinforcement within the column strip
shall be continuous. At least two compressive reinforcing bars in each direction shall
pass through the column core and shall be anchored at exterior supports. The two
continuous compressive bars passing through the column may be termed integrity steel,
and are provided to give the slab some residual capacity to prevent alocal failure over a
column leading to the progressive collapse of alarge part of the structure. Therefore, the
ACI 318 (2008) standard is an example of indirect design. It defines requirements for
structural integrity such as continuity of reinforcement and use of ties in precast
concrete construction.

25442 ASCE7

The commentary of ASCE 7 (2005) contains an extensive discussion on general
structural integrity. It lists the direct design approaches (aternate path method and
specific load resistance method) as well as the indirect design approach. It provides
design guidelines for general structural integrity, such as good plan layout and use of
structural ties. In addition, a recommended set of load combinations for extreme loads
to be used with the aternate load path and the specific local resistance design methods.
It is suggested that, after an element is notionally removed, the capacity of the
remaining structure should be checked using the following load combination:

(0.9~1.2)DL+0.5LL +0.29. + 0.2\ (2.29)

where DL, LL, S, and WL are the nominal dead, live, snow, and wind loads. On the
other hand, if certain key elements must be designed to withstand the effects of a
specific accidental load, the following load combination should be used:

(0.9~1.2)DL + AL +0.5LL +0.20WL (2.30)

where AL is the structural action due to the postulated extreme load. The structural
action can be aforce, asin the case of explosion or impact, or related to deformation, as
in the case of fire or ground subsidence. The partia factor of 0.9 in the above equations
is applied when the dead load contributes to the overall building stability. It should be
noted that the lateral wind load in both combinations is intended to guarantee that the
overall lateral stability of the structural system under gravity loads is not overlooked in
aprogressive collapse analysis, even if progressive collapse is largely driven by gravity
forces.

2.5.4.4.3 General Service Administration (GSA)

Federal buildings in the US are generaly designed according to the General Service
Administration guidelines (GSA, 2003). These guidelines were developed to provide
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minimum requirements for reducing the risk of progressive collapse. They employ the
aternate load path method, and, despite the dynamic nature of instantaneous member
removal, they promote a simplified equivalent linear static anaysis technique.
According to this approach, the following load combination is proposed in which the
amplification factor of 2.0 is used to consider dynamic effects:

2.0(DL +0.25LL) (2.31)

2.5.4.4.4 Department of Defense (DoD)

Progressive collapse guidelines have also been produced by the US Department of
Defense for the design of military facilities (DoD, 2005), where protection against
progressive collapse is required for new and existing buildings that have three stories or
more. Design for resistance to progressive collapse depends on the “level of protection”
assigned to the building. For lower levels of protection the indirect design method is
used by providing minimum tie forces. For higher levels of protection, the alternate |oad
path method is used if sufficient ties cannot be provided.

With particular reference to the aternate load path method, the following load
combination is recommended if nonlinear dynamic analysis is used for structura
assessment:

(0.9 or 1.2)DL + (0.5LL or 0.25L) +0.20\L (2.32)

This equation is similar to that proposed by ASCE 7 (2005) except that the effect of live
and snow loads are not concurrent. The following load combination is also suggested
for use with both linear and nonlinear static analysis procedures:

2.0[(0.9 or 1.2)DL + (0.5LL or 0.25L)] + 0.20WL (2.33)

where the factor 2.0 accounts for dynamic effects. Finally, to ensure the redistribution of
gravity loads after the loss of lateral support in association with local damage at any
floor level, the DoD guidelines require all multi-storey vertical load carrying elements,
such as columns and walls, to be designed for an unsupported length equal to the total
height of two stories.
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3 Experimental program

This chapter summarizes an extensive experimental campaign carried out at the Ecole
Polytechnique Fédérale de Lausanne. The post-punching behavior of 24 tested slabs
with 125 mm thickness and various reinforcement layouts is presented and discussed.
The complete test report can be found in Appendix A.

3.1 Overview

The experimental program consisted of three test series. The first series investigated the
effects of tensile reinforcement in the negative moment area over the column on the
post-punching behavior of flat dabs. The second series investigated the effects of
integrity reinforcement on the compression side of the slabs and passing through the
column and of bent-up bars acting as shear reinforcement. The third series consisted of
twelve specimens. four specimens included bent-up bars with a sufficient anchorage
length, two specimens included integrity reinforcement, two had only tensile
reinforcement, and the last four included integrity reinforcing bars passing through the
column and tensile reinforcement that was cut-off at specified points to ensure that it
did not contribute to the shear transfer after punching shear failure. Table 3.1 presents
the main parameters and experimental results.

Table 3.1: Summary of experimental parameters and test results

Tensilereinf. Integrity reinf.
Test p fy fe A fy Vo Wo Ve W Ve
(%] [MPg] [MPd [MPg  [kN] [mm] [kN] [mm] Ve

- PM-1 025 601 36.6 - - 176 136 37 705 021
8 PM-2 049 601 36.5 - - 224 110 66 52.7 0.30
'5_; PM-3 082 601 37.8 - - 324 131 117 453 0.36
PM-4 141 601 36.8 - - 295 74 108 426 037

PM-9 082 601 31.0 408 616 224 7.1 123 36.2 0.55

PM-10 082 601 311 4910 560 228 6.7 159 429 0.70

N PM-11 082 601 32.3 4012 548 241 8.2 237 86.3 0.98
8 PM-12 082 601 324 4914 527 249 8.2 245 1169 0.98
'(§ PM-13 0.82 601 32.6 408 616 327 114 151 399 046
PM-14 0.82 601 32.7 4010 560 356 126 188 717 053
PM-15 084 601 32.7 4012 548 274 9.1 177 66.5 0.64
PM-16 0.83 601 32.8 4014 527 298 101 135 434 045
PM-17 0.82 625 39.7 408 625 329 151 247 50.0 0.75
PM-18 0.88 625 398 4010 605 323 157 237 565 0.73
PM-19 085 625 399 4912 559 417 287 315 901 0.75
PM-20 0.82 625 400 4214 578 402 193 345 952 086

™ PM-21 081 625 40.2 408 625 256 9.7 185 429 073
8 PM-22 085 625 40.3 4910 605 288 141 219 65.2 0.76
'5_3 PM-23 0.88 625 40.4 - - 227 104 82 83.0 0.36

PM-24 086 625 40.4 - - 272 121 101 742 037
PM-25 085 625 40.4 408 625 143 7.7 85 69.8 0.60
PM-26 0.83 625 403 49210 605 165 8.5 105 89.3 0.64
PM-27 081 625 403 4012 559 211 8.0 94 641 045
PM-28 0.85 625 403 4014 578 258 112 101 572 039
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3.2 Geometry and reinforcement

All twenty four slabs were identical in size and shape. The dimensions of the slabs
were 1500%1500 mm and the nominal thickness of the slabs was h = 125 mm. A square
steel plate of 130x130 mm was used to simulate a rigid column in al specimens
(Figure 3.1). For al specimens, @8 was used as the main diameter for the tensile
reinforcement. The first four specimens were designed to investigate the influence of
various reinforcement ratios on the post-punching behavior. As shown in Figure 3.2.a,
for PM-1, PM-2, PM-3, and PM-4, the bar spacing were 200, 100, 60, and 35 mm,
respectively (p is equal to 0.25%, 0.5%, 0.82%, and 1.41%). For the remaining twenty
specimens, the tensile reinforcement ratio was constant (@8 at 60 mm).

Slabs PM-9, PM-10, PM-11, and PM-12 had integrity reinforcement with diameters
of @8, B10, @12, and P14 (Figure 3.2.b). Slabs PM-13, PM-14, PM-15, and PM-16
included bent-up bars with diameters of @8, @10, @12, and @14, with an angle of
inclination of 30° and bent at a distance of 50 mm from the column face. Ther
anchorage length turned out to be insufficient during the test and thus for slabs PM-17,
PM-18, PM-19, and PM-20, @8, @10, @12, and @14 well-anchored bent-up bars were
used, respectively (Figure 3.2.c).

a) b)

1380
1500

462

130

Border reinforcement =—=" Integrity reinforcement

125 LA[; = _J]‘J

mammm [lexural reinforcement Steel support _— =
— T 50— —

Figure 3.1: a) Test setup and b) typical slab and plan section

Slabs PM-21 and PM-22 were similar to PM-9 and PM-10, respectively. For the former
specimens, cold-worked steel and for the latter ones, hot-rolled steel was used. Slabs
PM-23 and PM-24 were similar to PM-3. For PM-24, three closed stirrup were placed
above the column to investigate the effect of concrete confinement on the post-punching
behavior. Slabs PM-25, PM-26, PM-27, and PM-28 included @8 at 60 mm as tensile
reinforcement, which was cut off at some specified points to investigate the effect of a
short anchorage length of the tensile reinforcement. The anchorage length was equal
to 2d, 2.5d, 3d, and 3.5d, respectively. In these specimens, @8, @10, @12, and &14 were
used as the integrity reinforcement, respectively (Figure 3.2.d). In all specimens, very
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strong edge reinforcement in both top and bottom layer was provided to avoid
unexpected modes of failure. For all dabs, the nominal concrete cover was 15 mm.
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Figure 3.2: Reinforcement layout: a) slabs PM-1, PM-2, PM-3, PM-4, PM-23, and PM-24,
b) slabs PM-9, PM-10, PM-11, PM-12, PM-21, and PM-22, c) slabs PM-17,
PM-18, PM-19, and PM-20, and d) slabs PM-25, PM-26, PM-27, and PM-28

3.3 Test results and discussion

All tested slabs experienced punching failure and their post-punching responses were
recorded up to the point at which no meaningful data were recorded by the measurement
Instrumentations. It was generally observed that after the punching failure had occurred,
the deflection increased and the load decreased rapidly. Afterward, the load started
increasing with further deflection in the post-punching phase. The tensile reinforcing
bars tend to tear out of concrete by a combination of bond failure and vertical tearing.
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Because of the large strains at the tension side of the slab, cracks propagated through the
slab and yielding of reinforcement spread throughout the slab. Figure 3.3 shows the load
versus the central deflection responses for all slab specimens, which are briefly
discussed subsequently.
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Figure 3.3: Load-deflection response of all test specimens
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3.3.1 Tensile reinforcement

Figure 3.3.a shows the load-deflection responses of PM-1, PM-2, PM-3, and PM-4.
These specimens had the same geometry but different tensile reinforcement ratios. No
integrity reinforcement was included and thus the post-punching response was only
influenced by the tensile reinforcement rather than the integrity reinforcement. In other
words, the only connection between the punching cone and the rest of the dlab after
punching failure was the tensile reinforcement. This connection made it possible for
dabsto carry load after punching failure. As expected, the increase of the reinforcement
ratio resulted in an increase of the punching strength. The ratio of post-punching
strength to punching strength was 0.21, 0.30, 0.36, and 0.37 for specimens PM-1, PM-2,
PM-3, and PM-4, respectively. The relatively small post-punching strength was
attributed to the tensile reinforcing bars that tore out of the concrete surface and became
ineffective.

It was observed that after having experienced the punching failure, the slab specimens
sustained up to 37% of the punching strength due to the presence of the tensile
reinforcement. However, for the higher reinforcement ratios the ratio of post-punching
strength to punching shear strength remains almost constant as shown in Figure 3.4. In
fact, the increase of the reinforcement ratio results in an increase of the number of
reinforcing bars crossing the punching cone. Thus, the overall vertical component of the
axial forces developed in the tensile reinforcement increases. The contribution of the
tensile reinforcement to the post-punching shear transfer is the vertical component of
the axia forces developed in the tensile reinforcement. The increase of the vertical
component of the axial forces in the tensile reinforcement results in more destruction of
the concrete within and outside of the punching cone. This destruction reduces the angle
of inclination of the tensile reinforcing bars resulting in a decrease of the contribution of
the tensile reinforcement to the post-punching shear transfer. As the failure process is
related to the spalling of the concrete cover, the post-punching strength is mostly related
to the concrete cover and not to the reinforcement layout. Regan (1986) also observed
this phenomenon and stated that “...large deformations were developed at amost
constant loads often as low as 25 to 30% of the peak resistance’.
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Figure 3.4: Ratio of post-punching strength to punching strength as a function of reinforcement
ratio for dabs PM-1, PM-2, PM-3, PM-4, PM-23, and PM-24
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3.3.2 Integrity reinforcement

Figure 3.3.b shows the load-deflection responses of slabs PM-9, PM-10, PM-11, and
PM-12. In these dlabs, @8, @10, @12, and D14 integrity bars were used, respectively.
The post-punching behavior of these specimens was not only influenced by the tensile
reinforcement but also by the integrity reinforcement. It was observed that the post-
punching strength of these specimens was clearly higher than that one of the specimens
without integrity reinforcement. The ratio of the post-punching strength to the punching
strength was 0.55, 0.70, 0.98, and 0.98 for dlabs PM-9, PM-10, PM-11, and PM-12,
respectively. Although the punching strength was nearly the same for all specimensin
this test series, there was a considerabl e difference in the post-punching behavior of the
first two specimens (PM-9 and PM-10), and the last two (PM-11 and PM-12). This can
be attributed to the type of steel reinforcement as cold-worked steel was used for the
former dlabs, while hot-rolled steel was used for the latter slabs. The sudden dropsin the
graphs are caused by the fracture of the steel bars.

3.3.3 Type of steel and concrete confinement

To study the influence of the type of stee on the post-punching behavior, PM-21
and PM-22 were tested. These test specimens were similar to PM-9 and PM-10,
respectively. However, PM-22 had a different steel type. Cold-worked steel was used
for PM-10 and hot-rolled steel was used for PM-22. It was observed that hot-rolled steel
bars provided a better post-punching behavior and increased the post-punching strength
aswell asthe deformation capacity.

Slab PM-24 was tested to investigate the effects of concrete confinement provided by
closed horizonta stirrups over the column (Figure 3.3.€). Slabs PM-24 and PM-23 were
identical except PM-24 included three horizontal stirrups above the column. Their
punching and post-punching behavior were nearly the same. The ratio of the post-
punching to the punching strength was 0.36 and 0.37 for slabs PM-23 and PM-24,
respectively. It was observed that placing horizontal stirrups above the
column (extension of column stirrups) increased dightly the punching strength as well
as the post-punching strength.

3.3.4 Cut-off tensile reinforcement

The load-deflection responses of slabs PM-25, PM-26, PM-27, and PM-28 are shown in
Figure 3.3.f. Cutting-off the tensile reinforcing bars localized the critical punching crack
at the end of the bars and consequently the tensile reinforcing bars were not activated
after the punching failure. Therefore, the only factor affecting the post-punching
response was the presence of the integrity reinforcement. It was observed that using
improper anchored tensile reinforcement (cut-off tensile reinforcement) reduced
significantly the punching strength. The post-punching strength was also influenced by
the anchorage failure of the tensile reinforcement. The objective of these experiments
was to study the post-punching behavior of slab-column connection in the absence of a
well-anchored tensile reinforcement. However, the tests were deliberately terminated
because of the risk of falling down of the punching cone and consequently the slabs
could not reach their post-punching strength.
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3.3.5 Comparison of various reinforcement layouts

Figure 3.5 compares the |load-deflection of slabs PM-12, PM-16, PM-20 (one slab for
every reinforcement layout, with the same diameter of integrity or bent-up bars, @14)
and PM-24 (without additional reinforcement) to show the influence of the various
reinforcement layouts on the post-punching behavior of flat dlabs. To simplify this
comparison, both vertical and horizontal axes are normalized. The post-punching
strength was 245, 135, 345 and 101 kN and the ratio of post-punching strength to
punching strength was 0.98, 0.45, 0.86 and 0.37 for slabs PM-12, PM-16, PM-20, and
PM-24, respectively. For PM-16, the punching crack started from the face of the
column and went through the slab and then propagated along the bent-up bar, leaving
such shear reinforcement ineffective. Compared to PM-16, PM-20 had no anchorage
problem and thus had a larger punching strength than the other slabs. However, its ratio
of post-punching strength to punching strength was less than that of PM-12. For the
specimen PM-12, it was observed that the integrity reinforcement made it possible to
reach nearly the punching strength of the slab (98%), which can be considered as a way
to mitigate the likelihood of the progressive collapse.

PM-12, 7/ ¥, =098

PM-20, v/ me= 0.86

PM-16,V/V, =045

PM-24,V/V, =037
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Figure 3.5: Post-punching performance of slabs PM-12, PM-16, PM-20, and PM-24
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4 Mechanical model

4.1 Introduction

This chapter deals with the physical understanding of the post-punching shear transfer
mechanisms in order to develop a mechanical model capable of predicting the post-
punching behavior of flat dab-column connections. Figure 4.1 shows the shear transfer
through longitudinal reinforcement in the absence of shear reinforcement after a
punching shear failure has occurred. It is obvious that longitudinal reinforcement plays
asignificant role in transferring shear while other contributions to the shear transfer are
fairly small. This is particularly the case with post-punching behavior of flat slabs
supported by columns.

The contribution of the longitudinal reinforcement to the post-punching shear transfer is
the summation of the contribution of tensile reinforcement and the contribution of
integrity reinforcement. Tensile reinforcement provides a little contribution to the post-
failure shear strength as the concrete cover is small and spalling of the concrete cover
occurs. Hence, the main contribution to the post-punching shear transfer is provided by
the integrity reinforcement. To develop a rational model capable of predicting the shear
transfer mechanism after a local punching failure, the influence of the tensile
reinforcement as well as the integrity reinforcement should be thoroughly investigated.
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Figure 4.1: Post-punching shear transfer through longitudinal reinforcement

4.2 Material models

4.2.1 Constitutive model for reinforcing steel

Figure 4.2 shows main mechanical properties of steel reinforcement. Cosenza, Greco,
and Manfredi (Cosenzaet al., 1993) proposed the following relationships for the stress-
strain relationships of hot-rolled steel reinforcement:
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where k; = 0.0245, k, = 0.1165, and k; = 1.019859. For cold-worked steel as well as
prestressed tendons the stress-strain relationship can be obtained by
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Figure 4.2: Sress-strain relationships of reinforcement: a) hot-rolled and b) cold-worked steel

4.3 Failure modes for concrete

In generad, failure of concrete depends on many parameters such as material properties,
type of loading, concrete thickness, edge conditions, and the presence of shear
reinforcement. Various failure modes exist for concrete as can be seen in Figure 4.3. For
thin concrete layers particularly for the concrete cover, spalling of concrete is the
controlling mode of failure (Figure 4.3.a). Based on the top, the bottom, and the side
cover of concrete, splitting of concrete can be controlling (Figure 4.3.b). For loading
acting against the concrete core, crushing of concrete and yielding of the reinforcing bar
Is the failure mode (Figure 4.3.c). Another failure mode can be considered for relatively
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thick concrete layers, which is called concrete breakout (Figure4.3.d). This failure
mode is associated with the performance of anchors embedded in concrete. The
concrete breakout strength is defined as the strength corresponding to a volume of
concrete surrounding the anchor or the group of anchors separating from the member
(ACI 349, 2001).

a) b) c) d)

Figure 4.3: Failure of concrete: a) spalling, b) splitting, ¢) crushing, and d) breakout
Various fallure developments can be considered for the interaction between concrete
and reinforcing bars in the post-punching phase. These failures are yielding of the bar
and crushing of concrete supporting the bar, spalling of concrete cover, and concrete
breakout. These modes of failure are illustrated in Figure 4.4. The splitting of concrete

isunlikely in the post-punching phase. All of the aforementioned failures can occur in a
post-punching test as the loading is continued up to the total failure of the slab.
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Figure 4.4: Modes of failure due to reinforcing bars acting against concrete

4.4 Interaction between concrete and reinforcement

According to the direction of loading and the thickness of the concrete, four falure
zones can be characterized as shown in Figure4.5. For zone 1, reinforcing bars act
against the concrete cover. The concrete cover breaks shortly after the punching failure
as the thickness of the cover is small. When the concrete cover crushes, reinforcing bars
act against the column face. As reinforced concrete columns are typically reinforced
with stirrups, failure of the concrete over the column is unlikely, which has been
confirmed experimentally by Melo and Regan (1998).

For zone 2, reinforcing bars seem to act against the concrete core and hence yielding of
the bar and crushing of the concrete is expected. However, the thickness of the concrete
at the location where the reinforcing bars go into the dlab is very small and concrete
breakout occurs. It was observed for the specimens including integrity reinforcement
(e.g. PM-12) that the failure process was started by the concrete breakout up to a certain
point. Beyond this point, the failure changed to yielding of the bar and crushing of the
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concrete. This procedure can be explained as follows. The thickness of the concrete
over the integrity bars at the beginning of the post-punching phase is small. Therefore,
reinforcing bars act against concrete with a small thickness and thus concrete breakout
occurs. The progressive destruction of concrete continues up to a certain point at which
the thickness of concrete is sufficient to prevent further concrete breakout. Beyond this
point, yielding of the bar and crushing of the concrete supporting the bar control the
failure process. It has been reported that if the concrete thickness is larger than 6 to 7
times the bar diameter, yielding of the bar and crushing of concrete govern the failure
procedure (Vintzeleou and Tassios, 1986; Jdli etal., 1999). It can generally be
concluded that using large bar diameters is unfavorable due to the possible changein the
failure mode that can reduce the ultimate strength.

|

% @ Destruction of punching cone
I
i
I

- @ Spalling of concrete cover

r @ Destruction of cover

Figure 4.5: Various critical zones due to interaction between concrete and reinforcing bars

For zone 3, which is similar to zone 2, the same scenario happens. The only difference
refers to the concrete supporting the bar. Zone 2 is placed on the compression side of
the dlab and the concrete is barely cracked. However, zone 3 is placed on the tension
side of the slab and the concrete is severely cracked due to bending and shear. Thus, the
concrete breakout strength is not identical for these zones. For zone 4, reinforcing bars
act against the concrete cover. The spalling of the concrete cover is the governing mode
of failure. For further deflection, reinforcing bars tend to tear out of concrete and
become detached from the concrete surface. As all the aforementioned mechanisms are
associated with the behavior of reinforcing bars acting against either concrete core or
concrete cover, it is possible to develop a generic model capable of predicting the post-
punching behavior for al of the different failure zones.

4.5 Plastic Analysis
The post-punching strength of flat slabs without shear reinforcement is the summation

of the shear transfer through tensile reinforcement and integrity reinforcement while
other contributions to the shear transfer are negligible:

Vo, =Vy +V, = ZVM ; +ZVDJ (4.3)
where V), is the post-punching strength of the slab-column connection, Vp is the
contribution of the integrity reinforcement to the post-punching strength, Vy is the

contribution of the tensile reinforcement to the post-punching strength, Vp; is the
contribution of an integrity reinforcing bar to the post-punching strength, Vi, is the
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contribution of a tensile reinforcing bar to the post-punching strength, n is the number

of the integrity bars, and m is the number of the tensile reinforcing bars crossing the

punching cone. To gain a better understanding of the distribution of bending, shear, and

axial forces, a simple illustration is given in Figure 4.6. Considering yp and yy as the

angles of inclination of the integrity and the tensile reinforcement, the shear transferred

through the tensile reinforcement and the integrity reinforcement can be calculated by
Vi =N, siny,, +V, cosy,,

, (4.4)
Voi =N, siny, +V, cosy,

where N, and V, are axial and shear force in an arbitrary section of the bar.

b)

¢)

“ M,
d) VH‘N,

Figure 4.6: a) Shear transfer across a punching crack, b) clamped beam model and bending
and shear diagrams, c) beam on elastic foundation analogy and bending and
shear diagrams, and d) internal forces at an arbitrary section

It was observed during the experimental campaign that a possible deformation was the
formation of plastic hinges in the reinforcing bars at the face of the crack due to
combined bending, shear, and axial force, which can be seenin Figure 4.7.

4 A, B: Plastic hinges

7 3 |V

L 1

Figure 4.7: Plastic deformation of a reinforcing bar in the post-punching phase

53



Chapter 4

The derivative of the bending moment is the shear force. Thus, one can obtain the shear
force at the face of the crack (Figure 4.6)

2M | cosy
V= (4.5)
L
Substituting Equation 4.5 in Equation 4.4 will give
2M _cos’ i,
— ; p D
Vp; =N, siny, + C (4.6)
where Vp can be described as afunction of the axial force and geometrical parameters.
a) b)
2.0 2.0
N=0
N=0
sl e sl —
N-0sON, T oo,
=100 ="100
= 0 =14 mm N=075N, = g N=075N,
0.5 H £,=00125 0.5 Hf/
=578 MPa With strain hardening — [Millard et al., 1984]
-/;;,: 660 MPa ----- Elastic perfectly plastic -+ Elastic perfectly plastic
00 1 1 1 1 00 1 1 1 1
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X7, X7,

Figure 4.8: Influence of an axial force on the moment—curvature relationship of a reinforcing
bar: a) influence of sted strain hardening (hot-rolled steel) and b) comparison
between e astic perfectly plastic model and Millard’s proposition

It should be noted that the plastic moment of areinforcing bars is not constant and is a
function of the axial force. Figure 4.8 shows the bending moment as a function of the
curvature for different axial forces and clearly illustrates that the presence of axial
forces significantly influences the plastic moment of areinforcing bar.

Ty f

N v M
Figure 4.9: Plastic moment calculation of a reinforcing bar based on the theory of plasticity

The plastic moment of a reinforcing bar in the presence of an axial force can be
calculated using the theory of plasticity as shown in Figure 4.9. A part of the area of the
bar is assumed to carry the axial force and the rest of the area is attributed to the
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development of the plastic moment. The plastic moment of the bar in the presence of an
axial force can be calculated by

M, :ZJ.yrozwlrz—yzyfwdy

. - 4.7)
M, = Lj 4r? cos? @sin@f,dg = T cos’ 6,

The angle & can be obtained from the other equilibrium condition:

N=2["2r?—y*f,dy= jog 4r2 cos? 01, d6 (4.8)

The plastic moment can be numerically calculated. Millard and Johnson (1984)
proposed a simplified method to estimate the plastic moment in the presence of an axial
force:

& N?

y

where N, is the axial yielding force of the bar. This equation gives a good correlation
with the exact solution based on the theory of plasticity as shown in Figure 4.8.b.
Substituting Equation 4.9 into Equation 4.6 results in the following equation:

o N}
Vo =N, siny, +—f_(1-—L) cos’ v, (4.10)
* 3L N?

This equation describes Vp as a function of the axial force and the distance between two
plastic hinges. The distance L is the most controversial parameter in this analysis and its
interaction with the yielding of reinforcement and the crushing of the concrete should be
considered. For a simplified analysis a rough estimation can be made. Vintzeleou
and Tassios (1986) reported that a thickness of at least six to seven times the bar
diameter is needed to prevent the splitting of concrete. Therefore, to simplify this plastic
analysis, the following assumption is made:

L =(c+89)cotar ~150 (4.11)

where c is the concrete cover and « is the angle of inclination of the punching cone.
Results of this analysis for various bar diameters are shown in Figure4.10. A
comparison between the results of this analysis with available test data (Melo and
Regan, 1998) is shown as well. It can be seen that athough a rough assumption has
been made to estimate the distance between two plastic hinges, the results are in
relatively good agreement with the test results. Furthermore, Figure 4.10 shows that at a
certain deformation, fracture of reinforcing bars occurs and the load drops rapidly. At
this point, reinforcing bars reach their capacity because the axial strain in the reinforcing
bars exceeds the ultimate tensile strain. This criterion can be used as a failure criterion
for the rupture of the reinforcement and will be discussed |ater.
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Figure 4.10: Response of reinforcing bars based on the proposed plagtic analysis: a) influence
of the bar diameter and b) comparison of experimental tests by Melo and
theoretical response (Melo and Regan, 1998)
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Figure4.11: Parametric analysis: a) influence of steel ultimate strain and b) influence of
distance between two plastic hinges along a reinforcing bar

Figure 4.11 shows the effect of the ultimate tensile strain of the reinforcement as well as
the influence of the distance between plastic hinges on the post-punching behavior. It
shows that the ultimate tensile strain affects significantly the post-punching behavior.
An increase of the ultimate strain results in an increase of strength and deformation
capacity. Thisis attributed to the failure criterion which is based on the maximum strain
in reinforcing bars. Figure 4.11.b shows the effect of the distance between plastic hinges
on the post-punching strength and deformation capacity. Although it has a significant
influence on the stiffness and the deformation capacity, it has amost no effect on the
post-punching strength. Considering N; = N, and neglecting shearing of the bar with
reference to Figure 4.7 and Equation 4.10, the strain in the bar at failure as well as the
ultimate strength can be calculated as

fy=—t -1

* T COSY b (4.12)
VD,max =A, fsy sin Vb max
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where ub max IS the angle of inclination of integrity reinforcing bars at failure, and Vp max
IS the post-punching strength provided by the integrity reinforcement. For a constant
ultimate strain &y, the angle of inclination of the reinforcing bar at failure is constant
and thus the post-punching strength remains constant independent from the distance
between the plastic hinges. However, the stiffness and the deformation capacity is
significantly affected by the increase of the distance between plastic hinges. As shown
in Figure 4.7, the deflection at failure can be calculated by

tany,, =% (4.13)
Thus, the maximum deflection is proportional to the distance between plastic hinges as
the angle of inclination of the reinforcing bar remains constant for a constant ultimate
steel strain. To gain a better understanding of the actual behavior, the influence of
concrete crushing, yielding of the reinforcement, curvature localization, interaction of
shear and tension, dlip, and bar pullout should be considered.

4.6 Destruction of concrete

Figure 4.5 shows the zones that are susceptible to the destruction of concrete. The
progressive destruction of the punching cone and the concrete above the integrity
reinforcement is predictable. As the distance between the plastic hinges is mainly
related to the destruction of concrete, the way how this progressive destruction occurs
should be investigated. The loading on the concrete above the integrity reinforcement is
comparable to an embedment close to afree edge subjected to shear perpendicular to the
plane of the dab. Thisforceis equal to the vertical component of the force developed in
the integrity reinforcement. Thus, it is appropriate to dea with the failure process of the
integrity reinforcement likewise the pullout resistance of a bar in embedment concrete.
The approach is based on assuming a concrete failure cone with an angle y. Figure 4.12.
shows the failure due to reinforcing bars subjected to shear loading.

T Ta% =
- == A

Figure 4.12: Concrete breakout cone due to reinforcing bars acting against concrete

A method for calculating the pullout strength of an embedment reinforcing bar has been
given in ACI for nuclear safety related structures (ACI 349, 2001). Based on this
method, if the thickness of concrete above the embedment is not sufficient to fully
develop the strength of the embedment, failure is entirely controlled by the tensile
strength of the concrete. Therefore, the strength can be calculated as the vertica
component of the tensile stresses acting on the surface of a concrete cone. The strength
of an embedment can thus be calculated by

Vcon = Ath fct,eff (4.14)
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where V¢, is the concrete breakout strength, A is the horizontal projection of the
conical failure surface and f. ¢ iS the effective tensile strength of concrete. The breakout
cone angle y varies from 35°to 45°(ACI 349, 2001), which is assumed to be 45°in the
present study. The maximum concrete breakout strength can thus be calcul ated by

where d; is the depth of concrete over the reinforcing bar. Figure4.13 shows the
concrete breakout cone for one and two reinforcing bars protruding from the concrete
surface. As can be seen, this equation does not depend on material properties of the
reinforcement and only deals with the concrete over the integrity reinforcement. For the
reinforcing bars close to free edges, the projection area for the conical failure surface is
reduced. Moreover, the projection area is further reduced if the bar spacing is less than
half the depth of the concrete over the bars. The maximum breakout strength of the
concrete above two reinforcing bars can be calculated by
Voon,r'r'ax = A:h fct,eff
1, . (4.16)
A, =4{(7z—9].)df+§sdlsnej}

where g = cos’(s/ 2dy), and s is the bar spacing (Figure 4.13.f). Similar equations can
be derived for more than two reinforcing bars (Appendix B).

o~

Ao siny d

P |

A,0,cosy

- i
A,0,siny dl
—J, Y
A,0,cosy S —

b)

A A

2d, coty

Figure 4.13: ACI model for concrete breakout strength: a) concrete breakout cone for a single
reinforcing bar,b) concrete breakout cone for two reinforcing bars, and
¢) horizontal projection of the conical failure surface
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Equation 4.16 gives only an estimation of the maximum concrete breakout strength and
provides no information on the progressive destruction of the concrete over the
reinforcing bars. Figure 4.14 shows the concept of a modified method that can deal with
the progressive destruction of the concrete. The figure shows the failure process of a
single bar subjected to shear and tension as well as the horizontal projection area
necessary to calcul ate the concrete breakout strength.

2x tana coty

—

Ao, siny \ \

l X tana M X tana
A,0,cosy —

A, (x)
< T olamacoy ]

Figure 4.14: Proposed model for the progressive destruction of concrete over reinforcing bars

As can be seen, an arbitrary section along the reinforcing bar at a distance of x from the
crack has been selected. At this point, the thickness of the concrete over the bar is equal

toxtang, and the diameter of the projection area is 2-x-tanacoty. Therefore, the
concrete breakout strength at this section can be calculated by

V., (X) = %(xtan acoty)* f, (4.17)

where « in an angle of inclination of the punching cone and yis the angle of the
breakout cone. The effective concrete tensile strength is expressed as

fct,efr =Tty =T1p (0-3 fc2/3) (4-18)

where 7p is areduction factor to consider that the tensile stress is assumed to vary from
a maximum at the edge of reinforcing bars to a minimum at the surface of the dlab. A
good correlation with the experimental results has been found by adopting 7p = 0.6.
Figure 4.15 shows the results of this analysis for various compressive strengths.
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Figure 4.15: Theoretical concrete breakout strength along a reinforcing bar
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Figure 4.16 shows the possible failure mode for two reinforcing bars after punching
failure if their bar spacing is less than half the depth of the concrete over the bars.
Hence, the concrete breakout strength will be a function of the bar spacing and thus of
the reinforcement layout.

The horizontal projection of concrete failure cone is reduced in the presence of two
reinforcing bars and hence the concrete breakout strength at a distance x from the
punching crack can be calculated by

Veon (X) = A (%) Ty

Ay(X) =& (7—6))(xtanercot y)° +%s(xtan acoty)sing} (4.19)

S

6 =cosH (——— 4.20

. (2xtanacot ;/) (4-20)

Figure4.17 shows the influence of different parameters on the concrete breakout

strength according to the destruction of the concrete over the reinforcing bars. The

effects of the concrete compressive strength, the angle of inclination of the punching
cone, the angle of the concrete breakout cone, and the bar spacing are investigated.

Al Bl_v/_COEmri 1B __>§

Concrete

breakout
v

Reinforcing bars
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the column

Concrete slab
(punching cone excluded)
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Figure 4.16: Destruction of concrete over reinforcing bars
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Figure 4.17: Influence of concrete compressive strength, angle of inclination of punching cone,
angle of concrete breakout cone, and bar spacing on concrete breakout strength

Figure 4.17 shows that by increasing the concrete compressive strength, an increase of
the concrete breakout strength is expected as the concrete tensile strength is directly
related to the concrete compressive strength (Equation 4.18). Furthermore, it shows the
influence of the angle of inclination of the punching cone. The increase of the angle of
inclination of the punching cone increases the concrete breakout strength. Since the
projection area is proportionate to this angle (Equation 4.19), an increase of this angle
will increase the concrete breakout strength.

Moreover, the effect of the breakout cone angle is negative and the concrete breakout
strength decreases when the breakout cone angle increases. This is also related to the
projection area. An increase in the breakout cone angle results in a decrease of the
projection area and consequently the concrete breakout strength decreases. In addition,
the influence of the bar spacing is shown in Figure 4.17. It shows that by increasing the
bar spacing, the breakout strength increases. If the bar spacing passes a certain limit, the
increase of the bar spacing has no influence on the breakout strength. In fact, if the bar
spacing exceeds the diameter of the breakout cone, there is no interaction between the
adjacent breakout cones and thus there is no reduction of the projection area
(Figure 4.16).

4.6.1 Concrete breakout and spalling of concrete cover

Figure 4.18 shows concrete breakout and spalling of concrete in the post-punching
phase. The former occurs for tensile reinforcement acting against the punching cone and
the latter occurs for tensile reinforcement acting against the concrete cover.
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Destruction of punching cone

% (Concrete breakout)
i
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Tensile reinforcement

Figure 4.18: Concrete breakout and spalling in the post-punching phase

Concrete breakout failure occurs for relatively large thickness of concrete over
reinforcing bars. Whereas, spalling of concrete is very probable for small concrete
thicknesses. The mechanism of both failure modes is comparable since the strength can
be calculated as the vertical component of tensile stresses acting on the surface of a
certain concrete cone. Thus, the spalling strength is the sum of tensile stresses acting on
the projection areas of small breakout cones.

It should be noted that even considering breakout failure for concrete cover will lead to
the same result as the spalling of concrete. In the presence of the tensile reinforcement,
the interaction between projection areas of the breakout cones should be considered. In
the case of bar spacing larger than twice the concrete cover, which is a practical range
for concrete structure, the projection area will be exactly the same as the area of the
spaling of the concrete cover. Figure4.19 shows the projection area for both the
spalling of the concrete cover and the concrete breakout of the punching cone.

As the concrete cover is constant, it seems that the spalling strength should also be
constant. This could be legitimate if tensile reinforcing bars act separately on the
concrete cover. However, in the present circumstances, tensile reinforcing bars act as a
mesh against a circumferential ring of concrete cover outside of the punching cone as
can be seen in Figure 4.19. Although the width and the thickness of this ring are equal
to the concrete cover and remain constant, its diameter is progressively increasing and
thus the spalling strength of the concrete cover is proportionally increasing as well.

The following equations have been derived based on Equation 4.14 to compute the
spalling strength of the concrete cover as well as the breakout strength of the punching
cone (Figure 4.18):

rqtana(D+29)(n,, f,) for g<ccota

Ve () = e (4.21)
zc(D+29)(n,, fy) for g>c-cota

Voo (P) = 7(D - 2p) ptana(n, f,,) (4.22)

where p and q are the distances from the punching crack along the punching cone and
spalled zone, respectively, D = a+ 2d-cote is the diameter of the original punching
cone, Vga IS the concrete spalling strength, and a is the column width. A reduction
factor 7y is adopted to consider the variation of the tensile stress from a maximum at
the edge of reinforcing bars to a minimum at the surface of the slab. A good correlation

62



Mechanical model

with the experimental results has been found by adopting 7w = 0.4. Integrity reinforcing
bars act against the concrete in the compression zone of the slab and tensile reinforcing
bars act against the concrete in the tension side of the slab. Apparently, the state of
cracking at the compression and at the tension side of the slab is not the same because
of the severe cracking at the tension side due to bending and shear.

Destruction of the punching cone (Concrete breakout)
Spalling of concrete cover

Horizontal projection of conical — Horizontal projection of conical ]
failure surface (spalling of concrete cover) | failure surface (concrete breakout of punching cone)

Figure 4.19: Projection area of the concrete breakout of punching cone and projection area of
spalled concrete cover

The vertical component of the force exerted to concrete by tensile reinforcing barsis the
same for the concrete cover and the punching cone. Thus, the following equations can

be derived to relate the rate of progressive destruction of the cover and that one of the
punching cone:

D+2 =(D-2 f <c
{( +20)qtana = ( g)ptana for qg<c-cota 4.23)

(D+2g)c=(D-2p)ptancx for g>ccota

The aforementioned equations for the spalling strength of the cover and the concrete
breakout of the punching cone are compared in Figure 4.20. In addition, it plots the
relationship between p and g, which isin fact, the relationship between the progression
of the concrete destruction of the concrete cover and of the punching cone.

The progression of spalling of the cover can continue to the end of the dlab if the tensile
reinforcement is well anchored. However, the progression of concrete breakout of the
punching cone is restricted. As Figure 4.20.a shows, the breakout strength increases to a
certain point at which it becomes constant since there is no further progression and the
load goes directly to the column. Figure4.20.b similarly shows the simultaneous

63



Chapter 4

progression of concrete destruction up to a certain limit. Beyond this limit, no further
progressive destruction of the concrete of the punching cone occurs.

a) b)
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Figure 4.20: Progressive destruction of concrete: a) concrete breakout strength of the punching
cone and spalling strength of concrete cover and b) relationship between
destruction length along the punching cone (p) and destruction length of concrete
cover dueto spalling (q)

So far, the behavior of the concrete above integrity bars, possible modes of failure, and
the influence of different parameters on the progressive destruction of concrete have
been studied. The subsequent sections deal with the role of the reinforcing bars, the
force that they induce to the concrete, and the way how they interact with the
progressive destruction.

4.7 Shear transfer through reinforcing bars

As pointed out before, the only remaining link between the punching cone and the rest
of the dab is the reinforcing bars after punching failure has occurred, and they play a
major role in the post-punching shear transfer. Although the behavior of the tensile
reinforcement and the integrity reinforcement are different, the mechanisms of shear
transfer such as concrete breakout, spalling of concrete cover are quite similar.

Figure 4.21 shows the mechanism proposed for the post-punching shear transfer. The
contribution of the tensile reinforcement and the contribution of the integrity
reinforcement can be estimated in a similar manner. The elongation of reinforcing bars
can be obtained from geometrical considerations. For the elastic phase, the deformed
shape of areinforcing bar can be assumed as a cubic function (Figure 4.21.b):

f(X)=CxX*+C,xX°* +C,x+C, (4.24)

To define the shape, four boundary conditions are needed. Considering displacements
and rotations at both ends of the curved part define the shape of the deformed
reinforcing bar. Because of very large deflections that occur, the deformation of the
concrete supporting the bars can be neglected and the following shape function can be
described by
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—2W 3w

% X3+FX2 (4.25)
Cdlculating the elongation of a reinforcing bar, with a deflection of w, allows to
determine the strain in the bar:

f(x)=

L
£ = % j 1+ (df /dx)2dx—1 (4.26)
0

Based on the congtitutive law for the reinforcement (Cosenzaet al., 1993), the
following equations can be derived to predict the shear transfer by tensile and integrity
reinforcement at the elastic phase:

Vi = AE& siny,, +V, cosyy,

, (4.27)
Vo = AEESiny, +V, cosyy,
where V, can be calculated using the beam on elastic foundation analogy as
V, =wAE,
(4.28)

/1 = (kc®/4Es| b)ﬂ4

where k.=127 f./ @ is the concrete bearing stiffness (Soroushian et al., 1986).
When the plastic hinges develop, the abovementioned calculation is no longer valid.
Figure 4.21.c shows a suitable deformed shape of a reinforcing bar for the plastic
analysis so that the strain in the bar can be calculated by

f=— 1 1 (4.29)

S

cosy

Figure 4.21: Proposed model: a) geometry, b) deformed shape of a reinforcing bar in elastic
phase, and ¢) deformed shape of a reinforcing bar after the development of
plastic hinges

Thus, the tensile reinforcement contribution and the integrity reinforcement contribution
to the post-punching strength can be calculated by
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2

s @ N
VM,i - NI SNy, +1 sy(l_N_j)COS Y
&’ N?
Vo =N, siny, +— f  (1-—L5)cos’ y, (4.30)
’ 3L ¥ N2

N, = 'Abo-s

Finally, a summation of the tensile reinforcement contribution and the integrity
reinforcement contribution is needed to cal culate the post-punching strength:

V=V +V, = ZVM ; +ZVDJ (4.3)

4.7.1 Distance between two plastic hinges

The distance between the plastic hinges L has not yet been determined. As pointed out
earlier, this value is the most controversial parameter in this analysis. To determine this
value, it is necessary to consider the interaction between the forces exerted to the
concrete by the reinforcing bars and the progressive destruction of the punching cone
and the concrete cover. To that aim, the effects of concrete breakout and spalling of
concrete cover should aso be considered. As can be seen in Figures 4.3, 4.14, and 4.21,
the distance between the plastic hinges can be calculated by

(4.31)

L(p,q)=p+Qg  Tenslereinforcement
L(X) = x+c-coter  Integrity reinforcement

For the tensile reinforcement p and q are interrelated according to Equation 4.23. Thus,
for agiven g, p is known and the distance between the plastic hinges is known as well.
Hence, the force developed in the tensile reinforcement can be calculated directly.
Furthermore, q is directly involved in computing the spalling strength of the concrete
cover and indirectly in computing the concrete breakout strength of the punching cone.
Therefore, to determine L, the force developed in the tensile reinforcement should
equate to the spalling strength of the cover or the concrete breakout strength of the
punching cone. For this calculation an iterative procedure is proposed as follows.

For a given deflection w, at the beginning of the procedure, q is assumed to be zero.
Although tensile stresses are devel oped in the reinforcement, the spalling strength of the
concrete cover and the concrete breakout strength are zero. Consequently, the
equilibrium conditions are not satisfied. To satisfy the equilibrium conditions, q is
increased so that the calculated spalling strength (Equation 4.21) and the concrete
breakout strength (Equation 4.22) are not zero. Hence, they can be compared to the
forces developed in the tensile reinforcement (Equations4.27 and 4.30). This
incremental procedure is repeated until the equilibrium conditions are satisfied. At this
point, the forces developed in the tensile reinforcement, the concrete breakout strength
and the spalling strength of the cover are equal. This procedure leads to the calculation
of the contribution of the tensile reinforcement to the post-punching shear transfer.

For the integrity reinforcement L is also given by Equation 4.31. The procedure is
similar to that one of the tensile reinforcement and the force developed in the integrity
reinforcement (Equations4.27 and 4.30) is compared to the concrete breakout
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strength (Equation 4.19). After the equilibrium conditions are satisfied, the force
developed in the integrity reinforcement and the concrete breakout strength are equal.
The calculated force is the contribution of the integrity reinforcement to the post-
punching shear transfer (Equation 4.3).

4.7.2 Effect of localized curvature

This section presents the influence of induced curvature due to transverse displacement
at the faces of the punching crack. As the proposed model is based on computing axial
steel strain, the influence of the induced curvature on the strain profile should be
thoroughly investigated.

Crack face

Concrete

Yielding of the
reinforcement

Strain profile

Stress profile % G

Figure 4.22: Effects of curvature localization

Figure 4.22 shows the profile of the axia strain and the axial stress at three sections in
the curvature-influenced zone. The curvature can be computed at any section by

— &~ &
%)

where g denotes the axial strain at the extreme tension fiber of the bar. The axial strain
at any fiber can be calculated using the following equation:

eY)=&+xy (4.33)

(4.32)
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where & is the mean axial strain of the bar, and y is the local coordinate measured from
the center of the bar as shown in Figure 4.22. The mean stress and the mean strain,
which are sectional averaged stress and strain, are computed by assuming that a plane
section remains plane. Therefore, they are calculated by the constitutive law of the steel
reinforcement:

o(&, +2-y)dA(Y) (4.34)
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(& +2°y) dA(Y) (4.35)
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The profile of the axial strain shows that the value of the strain at the extreme tension
fiber is more than the mean axial strain of the bar. The source of this increase is the
local curvature induced by the transverse displacement. Therefore, the tensile strain at
the extreme fiber can be more than the yielding strain while the rest of the reinforcing
bar is in the elastic phase. It also can be concluded that the maximum strain can reach
the ultimate strain while the mean axial strain is far from the ultimate axial strain. Thus,
the influence of the induced local curvature on the strain profile and the strain based
failure criterion is significant.

4.7.2.1 Compatibility between displacements and curvature distribution

Using the assumptions of the classical beam theory, the compatibility conditions require
that the sum of the double integral of the curvature distribution along the bar axis must
equal to the displacement of the bar. In addition, the sum of the integral of the curvature
distribution along the bar axis must equal to the rotation of the bar. This geometrical
compatibility, which remains true irrespective of bar elastic and plastic behavior is one
of the key relations in computational models. Thus, the rotation of the bar can be
computed by

Y= f;:(X)dx (4.36)

where . is the length of the curvature-influenced zone. The rotation of the bar in the
developed model can be calculated by geometrical considerations. However, the
curvature distribution along the bar and the length of the curvature-influenced zone has
not yet been calculated. This calculation of the curvature distribution and its length is
treated in the subsequent sections.

4.7.2.2 Curvature-influenced zone

At small deflections when the behavior can be considered elastic, the curvature
distribution can be computed using the beam on an e astic foundation analogy. Using
the classical beam equation, the following differential equation can be derived:
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d*w
ESIDW: —kCGW (437)

where |, is the moment of inertia of the bar section. The general solution can be
expressed as

W(X) = € (C, cosAx+C,sin Ax) + & **(C, cosAx+ C, sin Ax) (4.38)

where 1=k @/4E.],)"".

a)

A,0,cosy

b) )(m ax
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Figure 4.23: Curvature-influenced zone: a) beam on elastic foundation anal ogy and
b) curvature distribution along a reinforcing bar in elastic and plastic phases

Considering trivial assumptions that if x—o0, then y—0, and M—0, it can be concluded
that Cs and Cg must be zero and hence

w(x) = € *(C, cosAx+C,Sin AX) (4.39)

The remaining integration constants, C; and Cg, can be determined if x—0, then M—0,
and V—V. Thus, the curvature along the bar is given by

7(X) = —%e‘“ sinAx (4.40)

The curvature is non uniform with zero curvature at, and some distance away from, the
crack face as shown in Figure 4.23. Therefore, the length of the curvature-influenced
zone can be calculated by

t,="~60 (4.42)

This elastic analysis has been basically utilized for computing the length of the
curvature-influenced zone since test results of curvature profiles for a wide range of
variation of parameters influencing the curvature-influenced zone are not available.
However, the beam on elastic foundation analogy can not be considered reliable
because of the highly nonlinear behavior of steel and concrete in the post-punching
phase.

Figure 4.24 shows the measured curvature distribution along reinforcing bars for both
the elastic and the plastic behavior (Dei Poli et al., 1993; Qureshi and Maekawa, 1993).
As Figure 4.24 shows, the proposed length equal to six times the bar diameter for
curvature-influenced zone is in a good agreement with test results in which loading was
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continued up to and dightly above the yielding of steel. As Figure 4.24.b shows, thereis
a shift of the curvature-influenced zone with increased deflection (Dei Poli et al., 1992).
The physica meaning of this shift can be attributed to the plastic relaxation of the
reaction springs.

a) b)
1.4 "
12+ 0 =12 mm L o
f,=35MPa ?=18 mm
1O £, =450 MPa 20+ £ =308 MPa
J f, =432 MPa
0.8} 6l .
&A‘ &;\ @ =14 mm
~ 061 X, o
R < f=33.1MPa
04 gl f,=432MPa
02t - 4
././ \ -
0.0 &= w | ‘ P — 0 |
! 2 3 4 5 6 0 1 2 3 4 5
X/@ X/@

Figure 4.24: Curvature distribution along a reinforcing bar: a) loading up to yielding (Qureshi
and Maekawa, 1993) and b) loading up to fracture (Dei Poli et al., 1993)

To simplify the calculation of Equation 4.36, it can be assumed that a full plastic
response of concrete occurs in a limited area under the bar according to Figure 4.23.b.
In this area, the behavior of concrete is fully plastic and the curvature is constant and
equal to the maximum curvature (Figure 4.23.b). It should be noted that the actua
reaction stress distribution underneath a bar is not uniform, however, the bearing
stresses in the critical region e.g. near the crack faces tend to become uniform,
especialy as the ultimate condition is approached (Dulacska, 1972;
Soroushian et al., 1986). Thus, the rotation of the bar is given by

N Va
v = [ 20)X= [ Fra X = (4.42)
0 0

where 7" isthe length of the bar with afully plastic behavior of the concrete underneath.
Thislength can be calculated by

\Y,
=% (4.43)
200,

where oy, is the bearing stress of the concrete. As discussed in Chapter 2, very scattered
values are reported for the bearing stress ranging from 1.8 to 6.5 f.. Thus, this dispersion
does not alow for a realistic evaluation of this length at ultimate limit state at which
concrete shows a non-linear behavior. Therefore, according to the experimenta results
this length is assumed to be half of the length of the curvature-influenced zone in the
elastic phase as shown in Figure 4.23. As aresult, the maximum curvature is given by

v
= 4.44
X e 30 (4.44)
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Finally, the maximum tensile strain in the curvature-influenced zone can be calculated
by substituting Equation 4.44 into Equation 4.33:

£ =g, +L (4.45)
6
This value has been used as afailure criterion in the proposed model. The model always
calculates the mean strain and the rotation of the bar for any given deflection, and the
maximum strain in the reinforcing bar developed in the curvature-influenced zone can
be computed by Equation 4.45. The maximum strain is then compared to the ultimate
tensile strain. Thisfailure criterion will determine the rupture of the reinforcement.

4.7.3 Effect of bond deterioration and bar slip

A punching shear crack leads to an increase in the axial strain in the longitudina bars
crossing the crack. As a result of the bond deterioration between steel and concrete and
an accumulation of axial strains along the reinforcement inside the crack, the extension
and the dlip of the reinforcing bar at the crack can be significant. The bond performance
near the punching crack may easily be deteriorated due to splitting and crushing of the
concrete around the bar. The concept of the bond deterioration zone has been considered
in the past by considering alinear degradation of the bond stress from somewhere inside
the concrete to the crack face. The bond stress distribution, the axial stress, and the axial
strain along a reinforcing bar are schematically shown in Figure 4.25. The bond stress
decreases gradually to zero representing the locus from which the conical bond micro
cracks reach to the surface of the punching crack. The dlip resulting from accumulated
axial strains in the reinforcing bar can be calculated by integrating the strains over the
portion of the bar between the crack face and the location with no axial strain.

Fernandez Ruiz, Muttoni and Gambarova proposed an analytical model that describes
the pre and post yielding response of bond in reinforced concrete structures
(Fernandez Ruiz et al., 2007). They assumed that bond is locally affected by the lateral
expansion and contraction of the bar and bond strength and stiffness are locally
controlled by the development of conical cracks close to the crack surface. They stated
that “because of the affinity between the bond stress and the bar dlip, and between the
bond stress and the steel strain, the equation can be integrated for any given bond-stress-
dip law”. Thus, they employed two bond-stress-slip laws, namely a square-root model
and a rigid-plastic model to perform a detailed study of the pre and post yielding
behavior of bond in anchored bars and tension ties. According to the square-root model,
strain profile and slip along areinforcing bar can be calcul ated by

2 -/
( /gw _M)Z for x>0
EQD, /e,
e = (4.46)

4Tbmax(x_€ )
& — (& —Ey)eXp| — 25| for x</,
E.9(&,, — &)
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p

3
Ed. /e 2 -/
S \/:{\/g_ Tb,max(x p)} for x>/

67, mex Ehﬂ\/g

f O DE (&, —&,)° 4 X—/
Y gsy +gbu(fp_x)_M 1_exp M for ngp
67 ED(e,, — &)

b,max b,max

dip= (4.47)

where %, max IS the maximum bond stress equal to 28 B, isthe hardening modulus of
steel, and g,, is a parameter associated to the rib height and the hardening modulus of
the bar. There is a good agreement between theoretical and experimental results
when 0.07 < g,, < 0.12

\ Concrete slab

Bond stress profile
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— e .. ’
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b
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AbO; = —}A ﬁ 9
L =>4t ~_%

4

Equilibrium conditions Stress profile

Figure 4.25:; Profiles of bond stress, axial stress and strain along a reinforcing bar

Equation 4.47 expressed the strain and the dip along the bar as a function of the
plasticized length of the bar. The plasticized length can be obtained from the first part of
the proposed equation as

Ed(e —¢ g —&
0, =— (4, W)In[ - W} (4.48)
4Tb,rmx Epy — &

Substituting Equation 4.48 into Equation 4.47 provides the dip at the crack plane as a
function of the strain in the bar. As the developed mechanical model calcul ates the axial
strain in the reinforcing bar, the influence of the bar dlip on the post-punching behavior
can be considered.
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4.8 Bent-up bars

The methodology used to develop the mechanical model can be extended for predicting
the post-punching behavior of dlabs with bent-up bars. The concept of concrete
breakout, maximum concrete breakout strength, and the calculation of the forces in
reinforcing bars remain the same. However, the interaction between the progressive
destruction within and outside of the punching cone should be reinvestigated in relation
to the new geometry of the reinforcement.

Similar to integrity reinforcement, the failure processis related to the concrete breakout.
To investigate the progressive destruction of concrete, the thickness of concrete
resisting the deformation of the bent-up bars should be calculated as a function of the
distance from the punching shear crack. Considering the slab geometry, as shown in
Figure 4.26, five various zones can be categorized. The following are the geometrical
relationships for calculating the thickness of concrete resisting the deformation of the
bent-up barsin each zone:

Ued Ly

| | hy h h,

h 1

| | ¢

| | @ B

| U, Vi | U Y1

| Uy Y, | u, V2

l, ly l, A

| zone 4|zone 2| zone 1| zone 3 | zone 5 | zone 4| zone 2 | zone 1 |zone3| zone 5

4 vl
o> f a<lp

Figure 4.26: Geometry of dlab-column connections with bent-up bars

Zone 1:
h(v) = v(tan  + tan )
h—HE+h_2C_Q h jtanﬁ+c} if o>p

2 tan 5 tana

h = (4.49)
(%+%)tana—c—@ if a<p
o N
1
tano +tan S

where u and v are the local coordinates measured from the intersection of bent-up bars
and the punching shear crack asillustrated in Figure 4.26.
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Zone 2:
h(u) = u(tana + tan f3)
r13=h—c—®—%tana (4.50)
_ hy
' tana+tan
Zone 3:
hv) = vtana+vtan g if a>pf
C|vtanpB+vtana if a<p
h,=h-c-0@ (4.51)
1 .
- w(hz—vltana) if 0(>ﬂ
=
1 :
——(h,—v, tan if o<
= —(h-vtnf) p
Zone 4.

h(u) =u, tan f+utan
h,=h-c-@ (4.52)

1
u, :m(hz;—ultanﬁ)

Therefore, the thickness of concrete resisting the deformation of bent-up bars is
calculated as
v(tana+tanB) if v<y,
h(v)=qvtana+vtang if v, <v<y,
if v,<v

k ° (4.53)
utana+tanf) if u<uy
h(u)=<ytanf+utana if u <u<u,
h, if u,<u

Figure 4.27.a shows the evolution of the concrete thickness resisting the deformation of
bent-up bars based on Equation 4.53.

As pointed out previously, accounting equilibrium, the forces exerted by reinforcing
bars to the concrete within and outside of the punching cone are equal. Therefore, the
progressive destruction of the concrete within the punching cone can be expressed as a
function of the progressive destruction of the concrete outside of the punching cone and
vice versa. The following relation is derived considering equilibrium conditions
between the two sides of the punching crack:

T

T
SN f g = 0 g (454)
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Therefore,
h(u) = h(v) (4.55)
By substituting Equation 4.55 into Equation 4.53, a relationship between u and v can be

established. In fact, thisis the same as the relationship between the progressive concrete
destruction within and outside of the punching cone, which is plotted in Figure 4.27.

a) b)

150 150

120 | 120 |-
N
g 90 90 -
s é
= 60| = 60 -
= | /1 ...
S h(v)
= 30 h(u) 30 -

0 L L L 0 L L L
0 75 U, 150 225 300 0 75 150 225 300
u, v [mm] v [mm]

Figure 4.27: Progressive destruction of concrete: a) thickness of concrete resisting the
deformation of bent-up bars as a function of distance from the intersection of
bent-up bars and the punching shear crack (u and v) and b) relationship between
destruction length along the punching cone (u) and destruction length of concrete
outside of the punching cone (v)

The geometrical parameters and the progressive concrete destruction relationship for
slabs with bent-up bars are investigated previously. In order for the mechanical model
to predict the post-punching behavior of these slabs, the developed forces in bent-up
bars should be calculated. The following relationships are derived to compute the mean
axial strain and stress in bent-up bars. Based on a slab geometry and particularly the
angle of inclination of the punching cone, various failure processes, shown in
Figure 4.28, can occur. The mean axial strain in each case can be calculated according
to the geometrical considerations:

Casel (v<viandu<u):

Lf
g=—-1
L

L; =(u+v)/cosy
L =(u+v)/cosp
w:tan‘l(tanﬁ#ij

u+v

(4.56)
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Casell (v<viandu; <u<uy):
L =u—u,+(u +Vv)/cosp

w+ (U, +V) tan,B) (4.57)
u+v

y/:tan‘1[

case III case IV
|7 | uty l* utv
w w
R T B
/K\\j\v » /f\ﬁ\v
2 v o~
|« AU a U

Figure 4.28: Various cases for the calculation of the mean axial strain as a function of angle of
inclination of punching cone, angle of inclination of bent-up bars, and distance
from the intersection of bent-up bars to the punching shear crack (u and v)

Caselll (vi<v<wvyand u<uy):
L =v-v,+(u+v))/cosp

3 tan_l(w+(u+vl) tanﬁj (4.58)
V= u+v
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CaselV (v>wvand up < U< uy):
L=u-u+v-v+(u+v)/cosp
W+ (U, +V,) tan ﬁj (4.59)
u+v

w:tan‘l(

The new geometry, u-v relationship, and relationships to calculate the mean axia strain
and stress are implemented into the mechanical model. The mechanical moded is able to
predict the post-punching behavior of slabs with bent-up bars.

It should be noted that the pre-punching behavior of slabs with bent-up bars can be
predicted according to a smplified model proposed by Muttoni (2008). Equation 4.60
estimates the |oad-rotation relationship of the slab with bent-up bars:

3/2

f

w=15512| V. (4.60)
d Es Vﬂex

where rsis the radius of the equivalent circular slab, which is approximately half of the
slab width. The flexural strength Vje Of the slab can be estimated according to the
yield-line theory (Figure 4.29):

dmb+8A _ f d
Vo, = M0+ 8 Iy (4.61)

T a
r,cos_—_
8 2

where mg is the nominal moment capacity per unit width, Apent IS the cross-sectional
area of a bent-up bar, and d” is the distance from the extreme compression fiber of the
slab over the column area to the centroid of the bent-up bars. As bent-up bars act as
shear reinforcement, their influence on the punching strength should be considered. The
contribution of bent-up bars to the punching strength has not yet been thoroughly
investigated.

Figure 4.29: Yield line pattern considered for dabs with bent-up bars
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Fernandez Ruiz and Muttoni (2009) propose a model based on the critical shear crack
theory to estimate the contribution of shear reinforcement to the punching strength. This
model can also be used to approximate the contribution of bent-up bars to the punching
strength:

V, =V, +V,

p
n 4.62
Vszzo-spbentSin:B ( )
i=1
where V; and Vs are the contribution of concrete and the contribution of shear
reinforcement (bent-up bars) to the punching strength. The punching strength is
obtained at the intersection of the calculated failure criterion with the |load-deflection
curve of the dab.

4.9 Verification of mechanical model

The main objective of thisresearch isto predict the post-punching behavior of flat slabs.
Hence, a comparison between the developed model and experimental results is
presented. As the literature on post-punching behavior is limited, all available
experimental data related to post-punching behavior are compared to the mode
(Georgopoulos, 1986; Melo and Regan, 1998; Broms, 2000). The way that the model
calculates the post-punching strength isillustrated as aflow chart in Figure 4.30.

The pre-punching behavior has been modeled using the critical shear crack theory
proposed by Muttoni (2008). The critical shear crack theory, which is based on the
opening of a critical shear crack, leads to the formulation of a new failure criterion for
punching shear as a function of the slab rotation:

Ve 34
by -d -, 1+15G|""OI

go TUg

(4.63)

where " is the rotation of the slab, Vr is the resistant punching shear force, and d
and dy are the maximum and reference aggregate sizes, respectively. To compute the
maximum punching strength, the load-rotation relationship of the slab is also needed for
which a mechanica model was proposed based on a quadrilinear moment-curvature
relationship for the reinforced concrete section (Muttoni, 2008). Thus, one can use the
critical shear crack theory for the pre-punching behavior and the developed model for
the post-punching behavior. This allows to acquire the full response of aflat slab before
and after punching until the total failure occurs.

Figures 4.31 and 4.32 and Table 4.1 show the comparison between the results obtained
by the mechanical model and available test data. The contribution of the tensile
reinforcement and the contribution of the integrity reinforcements to the post-punching
shear transfer are shown as well. There is a good agreement between the measured post-
punching strength and those calculated by the mechanical model with an average ratio
of 1.04 (values over 1.0 mean conservative estimates) and a small coefficient of
variation (COV =0.14).
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Integrity reinf.
> w=i > x=1
Tensile reinf. L=x+ccota
v Vcon (x) Eq 4.18 &
g=1 Vp=2Vp,; Eqs.4.27-4.30
Slip Eq. 4.46

p=flg) Eq. 423
L=p+gq

A 4

A

Voon () Eq.4.22
V=2V Egs.4.27-4.30
Slip Eq. 4.46

Maximum Strain
Eq. 4.45

Maximum Strain

\ 4
:I Voo = Vie +V I:

—i i=i+1 |« i=h

Figure 4.30: Calculation flow chart of the post-punching behavior of slab-column connections
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Figure 4.31: Comparison of theoretical and experimental results (continued on next page)

80



Mechanical model

500
PM-17 Experiment
— Model
400 ----- Tensile reinforcement
— Bent-up bars
— 300
P
=
> 200
100
0
25 50 75 100 125
w [mm]
500
PM-19 Experiment
—— Model
400 -+ Tensile reinforcement
— Bent-up bars
— 300
P
=
> 200
100 b~ e
0
25 50 75 100 125
w [mm]
400
PM-21 ——— Experiment
— Model
-+ Tensile reinforcement
300 —— Integrity reinforcement
z
2 200
>
100
0
0 25 50 75 100 125
w [mm]
400
PM-23 ——— Experiment
—— Model
------ Tensile reinforcement
300 — Integrity reinforcement
z
= 200
>
100
0

25 50 75 100 125
w [mm]

500
PM-18 Experiment
—— Model
40 + Tensile reinforcement
— Bent-up bars
= 300
=
> 200
100
0
25 50 75 100 125
w [mm]
500
PM-20 Experiment
—— Model
400 -+ Tensile reinforcement
— Bent-up bars
E 300
=
> 200
100 [~ e
0
25 50 75 100 125
w [mm]
400
PM-22 ——— Experiment
—— Model
-+ Tensile reinforcement
300 X —— Integrity reinforcement
z
2 200
>
100
0
0 25 50 75 100 125
w [mm]
400
PM-24 ——— Experiment
—— Model
------ Tensile reinforcement
300 — Integrity reinforcement
z
=, 200
>
100
0

25 50 75 100 125
w [mm]

Figure 4.31 (cont.): Comparison of theoretical and experimental results
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Table 4.1: Comparison of theoretical and experimental results

Tensilereinf. Integrity reinf.
Test P fsy fe A fsy Vp,tesl Vp,mdel Vpp,teﬂ Vpp,model Vppmde‘
(%] [MPd [MPdq [MPa]  [kN] [kN] [kN] [kN] Votes
PM-1 0.25 601 36.6 - - 176 150 37 58 155
PM-2 049 601 36.5 - - 224 203 66 81 123
PM-3 0.82 601 37.8 - - 324 251 117 90 0.76
PM-4 141 601 36.8 - - 295 278 108 88 0.82
PM-9 0.82 601 310 2x2(38 616 224 234 123 139 112
PM-10 0.82 601 311 2x2010 560 228 234 159 174 1.09
PM-11 0.82 601 323 2x2Q12 548 241 238 237 231 0.98
PM-12 0.82 601 324 2x2@014 527 249 241 245 241 0.98
PM-17 0.82 625 39.7 2x2(38 625 329 319 204 240 1.18
PM-18 0.88 625 398 2x2010 605 323 338 237 284 1.20
PM-19 0.85 625 399 2x2¢012 566 417 400 315 310 0.98
PM-20 0.82 625 40.0 2x2014 578 402 399 345 301 0.87
PM-21 0.81 625 40.2 2x2(38 625 256 259 185 166 0.90
PM-22 0.85 625 403 2x2010 605 288 244 219 209 0.96
PM-23 0.88 625 40.4 - - 227 228 82 84 1.03
PM-24 0.86 625 404 - - 272 235 101 87 0.86
PM-25 0.85 625 40.4 2x2(38 625 143 242 75 74 -+
PM-26 0.83 625 403 2x2010 605 165 252 105 122 -+
PM-27 0.81 625 403 2x2@012 559 211 262 94 167 -+
PM-28 0.85 625 403 2x2014 578 258 245 101 185 -+
Melo-1 239 655 29.6 - - 133 138 21 47 -X
Melo-2 239 759 27.3 2x2(36 759 164 135 64 63 0.98
Melo-3 239 759 34.1 2x406 759 153 147 81 81 0.99
Melo-4 239 759 30.6 2x2(38 759 148 141 66 76 115
Melo-5 239 655 28.8 2x2(38 529 136 137 65 73 112
Melo-6LG - - 30.1 1x2(6 655 - - 32 32 1.00
Melo-6ST - - 414 1x26 655 - - 33 32 0.96
Melo-8LG - - 30.1 1x2(78 529 - - 57 58 1.03
Melo-8ST - - 414 1x2(8 529 - - 57 58 1.02
Melo-10LG - - 334 1x2@10 497 - - 88 92 1.04
Melo-10ST - - 383 1x2Q10 497 - - 81 92 113
Melo-12L.G - - 343 1x2012 524 - - 112 133 1.18
Melo-12ST - - 36.9 1x2g12 524 - - 56 133 -t
Melo-16LG - - 334 1x2016 483 - - 120 218 -*
Melo-16ST - - 325 1x2016 483 - - 58 214 -t
Melo-20LG - - 282  1x2020 492 - - 163 183 -*
Melo-20ST - - 40.1 1x2020 492 - - 74 215 -t
Georgopoulos  1.20 525 30.0 2x2g16 525 373 369 292 293 1.00
Broms-9 0.52 550 26.9 2x2(8 550 410 414 230 248 1.08
Broms-9a 052 550 21.0 2x2(8 550 360 387 222 230 1.04
Ave. 1.04
CoVv 0.14
+ : Test terminated due to the risk of falling down of the punching cone
T : Test experienced anchorage failure before reaching the ultimate strength
* . Neither bar fracture nor concrete destruction was reported
x : Neither integrity bar nor well-anchored tensile reinforcement was included
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Figure 4.32: Comparison of theoretical results with experimental data

4.10 Influence of various parameters

The developed mechanica model for the prediction of the contribution of the
longitudinal reinforcement can be used to study further the influence of various
parameters on the post-punching behavior. The influence of a certain parameter on the
post-punching behavior can be entirely different for tensile reinforcement and integrity
reinforcement. Therefore, the influence of each parameter on integrity and on tensile
reinforcement is investigated independently. The influence of each parameter on the
post-punching behavior will be investigated separately as well. In the subsequent
sections, the base structure is chosen to be PM-3 for studying the tensile reinforcement
contribution, and PM-12 for studying the integrity reinforcement contribution to the
post-punching shear transfer.

4.10.1 Tensile reinforcement contribution
Effect of thereinforcement ratio:

Figure 4.34.a shows the influence of the reinforcement ratio on the tensile reinforcement
contribution. The variation of the reinforcement ratio was achieved by changing the bar
spacing and keeping the effective depth constant. Figure 4.34.a shows that the increase
of the reinforcement ratio increases the tensile reinforcement contribution for low
reinforcement ratios. However, for higher reinforcement ratios, the tensle
reinforcement contribution remains almost constant.

In fact, the increase of the reinforcement ratio results in an increase of the forces
developed in the tensile reinforcement. The increase of the force in the tensile
reinforcement results in more destruction of the concrete (concrete breakout and
spalling of the concrete cover). This destruction of concrete reduces the angle of
inclination of the tensile reinforcing bars. The contribution of the tensile reinforcement
to the post-punching shear transfer is the vertical component of the developed forces in
the reinforcing bars. Therefore, the reduction of the angle of inclination of the
reinforcing bars decreases the vertica component of the forces in the reinforcing bars.
As the spalling of the concrete cover is determinant rather than the fracture of the
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reinforcing bars, the post-punching strength is related to the concrete cover and not to
the reinforcement layout.

Effect of the ultimate stedl strain:

Figure 4.34.b shows the influence of the ultimate strain on the tensile reinforcement
contribution. It displays that the ultimate strain has amost no influence even for large
deflections. It should be noted that the rupture of the reinforcing bars occur when the
maximum strain exceeds the ultimate strain according to the strain-based failure
criterion. It was observed during the tests that the axia strain in tensile reinforcing bars
barely reached the ultimate strain. The fracture of tensile reinforcing bars was observed
only for low reinforcement ratios (PM-1 and PM-2). Figure 4.33 shows the evolution of
the axial strain in tensile reinforcing bars obtained by the model.

1.0

0.8 -

0.0 0.2 0.4 0.6 0.8 1.0
w/d

Figure 4.33: Evolution of axial strain in tensile reinforcing bars

Effect of the effective depth:

The influence of the effective depth of the slab on the tensile reinforcement contribution
Is shown in Figure4.34.c. The reinforcement ratio is kept constant and the effective
depth changes and therefore the cross-sectiona area of the reinforcing bars increases.
As it can be seen, the increase of the effective depth affects considerably the tensile
reinforcement contribution, which can be explained as follows: the diameter of the
punching cone s calculated by

D=a+2dcotx (4.64)

Thus, the effective depth has a direct relationship to the diameter of the punching cone.
Therefore, the increase of the effective depth increases the diameter of the punching
cone and as a result, the number of tensile reinforcing bars crossing the punching cone
increases. Hence, the tensile reinforcement contribution increases.

Effect of the angle of inclination of the punching cone:

The influence of the angle of inclination of the punching cone on the tensile
reinforcement contribution is shown in Figure 4.34.d. The increase of the angle of
inclination of the punching cone results in a slight decrease of the tensile reinforcement
contribution, which can be explained by Equation 4.64. The increase of the angle o
decreases the diameter of the punching cone as well as the number of tensile reinforcing
bars crossing the punching cone. Hence, the tensile reinforcement contribution to the
post-punching shear transfer decreases.
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Effect of theyielding strength:

Figure 4.34.e shows the effect of the variation of the yielding strength of the tensile
reinforcement on the tensile reinforcement contribution. The increase of the tensile
reinforcement contribution due to the increase of the yielding strength is not
considerable.

Effect of the concrete tensile strength:

Figure4.34.f shows the effect of the concrete tensile strength on the tensile
reinforcement contribution. It shows that the increase of the concrete tensile strength
results in an increase of the tensile reinforcement contribution. The concrete breakout
strength and the spalling strength of the concrete cover are directly proportional to the
concrete tensile strength. Thus, the increase of the concrete tensile strength resultsin an
increase of the concrete breakout strength as well as the spalling strength of the concrete
cover. Therefore, the destruction of concrete within and outside of the punching cone
decreases and as a result the angle of inclination of the tensile reinforcing bars
increases. This will result in an increase of the vertical component of the developed
forcesin the tensile reinforcement.

The concrete tensile strength and the compressive strength are directly related and thus
the effects of the tensile strength and the compressive strength on the post-punching
behavior are quaitatively similar.

Effect of the column width:

The effect of the column width on the tensile reinforcement contribution is shown in
Figure4.34.9. The increase of the column width dlightly increases the tensile
reinforcement contribution, which can be explaned as follows. According to
Equation 4.64 the increase of the column width increases the diameter of the punching
cone as well as the number of tensile reinforcing bars crossing the punching cone.
Hence, the tensile reinforcement contribution to the post-punching shear transfer
INncreases.

Effect of the concrete cover:

Figure 4.34.h shows the influence of the variation of the concrete cover on the tensile
reinforcement contribution. The increase of the concrete cover results in an increase of
the tensile reinforcement contribution. This increase can be justified similar to that one
of the effect of the concrete tensile strength. As the spalling strength of the concrete
cover is directly related to its value, the increase of the concrete cover increases the
spaling strength of the concrete cover, which results in an increase of the tensile
reinforcement contribution.

4.10.2 Integrity reinforcement contribution
Effect of the bar diameter:

Figure 4.36.a shows the influence of the bar diameter on the integrity reinforcement
contribution. It shows that the increase of the bar diameter increases the integrity
reinforcement contribution. However, thisincrease is limited by the maximum breakout
strength of the concrete above the integrity reinforcement.
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Figure 4.34: Parametric study on tensile reinforcement contribution: a) reinforcement ratio,
b) stedl ultimate strain, c) effective depth, d) angle of inclination of the punching
cone, €) yield strength of tensile reinforcement, f) concrete compressive strength,

g) column width, and h) concrete cover
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Figure 4.35: Critical zone of concrete breakout over integrity reinforcement

As pointed out previously, the integrity reinforcement contribution is governed either by
the maximum breakout strength of the concrete above the bar (Equation 4.19) or by the
fracture of the integrity bars (Equation 4.30). Figure 4.35 show the situation at which
the maximum concrete breakout strength occurs. For further deflections, the concrete
breakout strength remains constant as the thickness of the concrete above the integrity
reinforcement remains unchanged. Thus, no further increase of the integrity
reinforcement contribution will occur. It is noteworthy to mention that if the integrity
reinforcement contribution is governed by the maximum breakout strength, the rupture
of the reinforcing bars occur a the same deflection. At such circumstances, the
deformed shape of the bar is independent from the bar diameter and thus the reinforcing
bars reach their ultimate strain simultaneously as shown in Figure4.36.a. A small
difference in the integrity reinforcement contribution for large bar diameters is
attributed to the thickness of the concrete above the integrity reinforcing bars, which is
related to the bar diameter as shown in Figure 4.35.

Effect of the ultimate strain:

Figure 4.36.b shows the influence of the ultimate strain on the integrity reinforcement
contribution. The increase of the ultimate steel strain results in an increase of the
strength and the deformation capacity of the system. This is attributed to the strain-
based failure criterion used in the model. The increase of the integrity reinforcement
contribution isfinally limited by the maximum concrete breakout strength.

Effect of the effective depth:

The influence of the effective depth of the slab on the integrity reinforcement
contribution is shown in Figure4.36.c. The effective depth is proportional to the
thickness of the concrete over the integrity reinforcement. It can be seen that the
increase of the effective depth increases the strength and the deformation capacity. For
low effective depths, the integrity reinforcement contribution is governed by the
maximum concrete breakout strength up to a certain depth. Afterwards, the maximum
concrete breakout strength is no longer determinant and the integrity reinforcement
contribution is governed by the fracture of the reinforcing bars.
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Figure 4.36: Parametric study on integrity reinforcement contribution: a) diameter of integrity

reinforcement, b) steel ultimate strain, c) effective depth, d) angle of inclination
of the punching cone, €) yield strength of reinforcement, f) concrete compressive
strength, g) column width, and h) concrete cover
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Effect of the angle of inclination of the punching cone:

Figure 4.36.d shows that the increase of the angle of inclination of the punching cone
has almost no influence on the strength. The angle of inclination of the punching cone
does not affect the maximum breakout strength as the former parameter is not included
in the computation of the latter parameter. The angle of inclination only affects the
distance between the plastic hinges. This distance does not influence the strength and
only affects the stiffness and deformation capacity (Figure 4.11). The increase of the
angle of inclination of the punching cone results in an increase of the depth of the
concrete above the integrity reinforcement (xtane, see Figure4.14). Thus, for the
same X, the concrete breakout strength increases. To equilibrate this breakout strength, a
higher integrity reinforcement contribution is needed. Consequently, the axia strain of
the reinforcing bars increases and hence the deformation capacity decreases.

Effect of theyielding strength:

Figure 4.36.e shows the influence of the yielding strength on the integrity reinforcement
contribution. The increase of the yielding strength dlightly increases both strength and
deformation capacity. The strength increases because the integrity reinforcement
contribution is directly related to the axial stressin the bars. The increase in deformation
capacity can be explained as follows. To equilibrate higher integrity reinforcement
contribution due to higher yielding strength, higher concrete breakout strength is
needed. To equilibrate this concrete breakout strength, the concrete depth over the
integrity reinforcement increases (x:tanc). Therefore, the distance between plastic
hinges increases (L =x+c-cote). Considering the plastic behavior (tany=wiL,
Figure 4.21), Equation 4.29 can be rewritten as

VIV = tan {c:os‘l [1:8 ﬂ (4.65)

This eguation clearly shows that the increase of the distance between the plastic hinges
results in an increase of the deformation capacity of the slab-column connection.
However, if the maximum concrete breakout strength is determinant, the yielding
strength will no longer influence the strength and the deformation capacity of the
system.

Effect of the concrete tensile strength:

Figure 4.36.f displays the influence of the concrete tensile strength on the integrity
reinforcement contribution. The concrete breakout strength is directly proportiona to
the concrete tensile strength. Thus, the value of concrete tensile strength is very critical
in determining the post-punching behavior. Figure 4.36.f shows that the maximum
breakout strength is determinant for low concrete tensile strength. However, for higher
concrete tensile strength, the failure mode is the fracture of the integrity reinforcing
bars. It can be seen that deformation capacity decreases if the concrete tensile strength
increases. As the concrete tensile strength increases, the concrete breakout strength
increases. To equilibrate the increased concrete breakout strength, the axia strain of the
integrity reinforcement increases, indicating that the maximum tensile strain will exceed
the ultimate strain earlier and hence the deformation capacity decreases.
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Effect of the column width:

The influence of the column width on the integrity reinforcement contribution is shown
in Figure 4.36.9. It shows that the increase of the column width has no influence as this
parameter is not included in the computation of the integrity reinforcement contribution.
This statement is valid only if two integrity reinforcing bars have been placed over the
column. However, flat slabs usually include bottom reinforcing bars which can act as
integrity reinforcement is the column size sufficiently increases. In such case, the
integrity reinforcement contribution to the post-punching shear transfer is significantly
increased.

Effect of the concrete cover:

The influence of the concrete cover on the integrity reinforcement contribution is shown
in Figure 4.36.h. The concrete cover has amost no influence on the strength. However,
the increase of the concrete cover dlightly increases the deformation capacity of the
slab-column connection. The distance between plastic hinges is increased by increasing
the concrete cover (Equation 4.31). Thus, the maximum deflection increases since it has
a direct relationship with the distance between the plastic hinges according to
Equation 4.65.

4.10.3 Post-punching behavior

The influence of various parameters on the pre and the post-punching behavior is
Investigated in this section.

Effect of the bar diameter:

Figure 4.37.a displays the influence of the diameter of the integrity reinforcement on the
pre and the post-punching behavior. The reinforcement ratio is kept constant (0.82%)
and hence the punching strength remains constant according to the critical shear crack
theory. The increase of the post-punching strength is attributed to the integrity
reinforcement contribution.

Effect of the ultimate strain:

Figure 4.37.b shows the influence of the ultimate steel strain on the pre and the post-
punching behavior. As shown previously, the increase of the ultimate strain does not
affect the tensile reinforcement contribution. However, its influence on the integrity
reinforcement contribution is considerable, particularly in the deformation capacity
point of view. The increase of the ultimate strain slightly increases the strength and
significantly increases the deformation capacity of the post-punching behavior.

Effect of the effective depth:

Figure 4.37.c shows the influence of the effective depth on the pre and the post-
punching behavior. As shown previously, the increase of the effective depth increases
the post-punching strength due to the tensile reinforcement contribution as well as the
integrity reinforcement contribution. Hence, the post-punching behavior is significantly
affected by the effective depth of the dlab.
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Figure 4.37: Results of parametric study on the post-punching behavior: a) diameter of
integrity reinforcing bars, b) steel ultimate strain, c) effective depth, d) angle of
inclination of the punching cone, €) yield strength, f) concrete compressive
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Effect of the angle of inclination of the punching cone:

The influence of the angle of inclination of the punching cone on the post-punching
behavior is shown in Figure 4.37.d. The change in the tensile reinforcement contribution
due to the increase of the angle of inclination is not significant in relation to that of the
integrity reinforcement contribution (Figures 4.34.d and 4.36.d).

Effect of theyielding strength:

Figure 4.37.e displays the influence of the yielding strength on the pre and the post-
punching behavior, which is not significant. This is attributed to the fact that the
influence of the yielding strength on both the integrity reinforcement contribution and
the tensile reinforcement contribution is not considerable.

Effect of the compressive strength of concrete:

Figure 4.37.f shows the influence of the concrete compressive strength on the pre and
the post-punching behavior. The increase of the concrete compressive strength increases
the punching strength according to the critical shear crack theory. Although the concrete
compressive strength is not included in the model, it is directly related to the tensile
strength of concrete, which is a key parameter in computing the post-punching strength.

Effect of the column width:

The influence of the column width on the punching behavior is shown in Figure 4.37.9.
Although it slightly increases the punching strength, its influence on the post-punching
behavior is not significant.

Effect of the concrete cover:

The influence of the concrete cover on the post-punching behavior is shown in
Figure 4.37.h. It seems that the increase of the concrete cover significantly increases the
post-punching behavior. This increase is related to the tensile reinforcement
contribution rather than the integrity reinforcement contribution.
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5 Applications of the mechanical model

5.1 Introduction

The provisions proposed to estimate the post-punching strength were presented in
Chapter 2. The general formulation proposed by codes of practice to estimate the post-
punching strength can be expressed as

V= A f, siny (5.1

in which wis the angle of inclination of the reinforcing bars at failure at the vicinity of
the column. This angle is different for different codes of practice. This equation does
not account for other parameters influencing the post-punching behavior such as.

e Ultimate strain of integrity reinforcement (&)

o Effective depth of the slab (d)

¢ Integrity bar diameter (9)

e [nitia inclination of the integrity reinforcement (5)

The aforementioned parameters can significantly influence the post-punching behavior
and their effects can not be neglected in the computation of the post-punching strength.
Other parameters such as the concrete compressive strength, the reinforcement ratio, the
bar spacing, the column size, and the slab dimension can affect the post-punching
strength. However, as shown in Chapter 4, their influence is not significant.

The study of the experimental and theoretical post-punching behavior of reinforced
concrete slab-column connections is presented in Chapters 3 and 4 and Appendix A. A
mechanical model capable of predicting the post-punching behavior was developed. The
mechanical model is a valuable tool to account for al influencing parameters and will
be used for a parametric study in this chapter. A quadlitative parametric study was
presented in Chapter 4 in which the base structure was similar to the test specimens and
far from flat dabs in actua projects. In this chapter, a more redlistic base structure is
considered to investigate the effects of various parameters. The presented parametric
study has the following objectives:

e To evauate the influence of various parameters on the post-punching behavior of
slab-column connections.

e To evauate the relative importance of the various parameter.

e To acquire information to develop practical proposals for the estimation of the
post-punching strength.

These objectives can be achieved by comparing the results obtained by the mechanical
model and the Swiss Code proposition.
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5.2 Parametric study

The mechanical model accounts for parameters ranging from material properties to
geometrical properties. It was shown in Chapter 4 that the effective depth, the concrete
compressive strength and the concrete cover considerably affect the tensle
reinforcement contribution. On the contrary, the column width, the yielding strength
and ultimate strain of steel reinforcement, the reinforcement ratio, and the angle of
inclination of the punching cone did not significantly influence the tensile reinforcement
contribution. On the other hand, the cross sectional area and the ultimate strain of the
integrity reinforcement, and the depth of concrete over the bars can considerably
influence the integrity reinforcement contribution. The influence of the other parameters
on the integrity reinforcement contribution was not considerable. The influence of each
parameter on the post-punching behavior can be expressed as the combination of its
influence on the tensile reinforcement contribution and the integrity reinforcement
contribution.

To investigate the effects of the influencing parameters on a full-scale slab-column
connection, a nine column slab model is considered. Figure 5.1 shows the geometry of
this nine column slab model.

The slab in question is 250 mm thick and has 5.5 m square panels. The column width
1S 260 mm and the effective depth is 204 mm. The applied uniformly distributed loads
are

e Self weight : 0.25 x 25 kN/m® = 6.25 kN/m?
e Dead load : 0.07 x 20 KN/m® = 1.4 kN/m?
e Liveload: 4 kN/m? (SIA 261)

To design the tensile reinforcement, the design load is calculated using load factors of
the ultimate limit state according to SIA 262 (2003). To design the integrity
reinforcement, the design load is calculated using load factors of the accidental situation
according to SIA 261 (2003). The design load for dimensioning the tensile
reinforcement and integrity reinforcement are 16.33kN/m? and 11.65 kN/m?,
respectively. An elastic analysisis carried out to calculate the central column’s reaction.
The concrete cross-section is assumed to be fully cracked. The centra column’'s
reaction is calculated as 688 kN and 490 kN for the ultimate limit state and the
accidental situation, respectively. The integrity reinforcement is designed by the
following equation:

A&) fsd
V = 52
dvaCC 1.5 ( )

where fy is the design value of yielding strength of reinforcing steel. Figure 5.1.b shows
the reinforcement arrangement over the central column.

The punching behavior of the slab-column connection has been calculated using the
critical shear crack theory (Muttoni, 2008). The post-punching behavior of the slab has
been calculated using the mechanical model. Figure5.1.c shows the pre and post-
punching behavior of the central column. The tensile reinforcement and integrity
reinforcement are well-anchored in the dab and thus the tensile reinforcement
contribution to the post-punching shear transfer is considered.
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So far, the design values of material properties have been used for designing the
structure. However, likewise the mechanical model, the characteristic values of material
properties will be used for the parametric study. Thus, in the subsequent sections, the
post-punching strength predicted by SIA 262 (2003) is

f
pp,SA = A;bSSk (53)

where fy is the characteristic value of the yielding strength of reinforcing steel.
Assuming foc = 30 MPa, E; =32 GPa, fy«=500MPa, and Es=205 GPa results in a
punching strength of 804 kN and a post-punching strength of 701 kN for the central
column. The integrity reinforcement contribution to the post-punching strength
1S 428 kN (61%), and the tensile reinforcement contribution is 273 kN (39%).

a) b)
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Figure5.1: Nine column slab model: a) geometry and loading, b) reinforcement arrangement
over the colum, and ¢) pre and post-punching behavior of the internal column

SIA 262 (2003) predicts a post-punching strength of 679 kN for the provided integrity
reinforcement (2x2 @18) which is dlightly lower than that one calculated by the
mechanical model. SIA 262 (2003) does not rely on the tensile reinforcement
contribution and only considers the contribution of the integrity reinforcement. The
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ratio of the integrity reinforcement contribution to the post-punching strength given by
the mechanica model (429 kN) to that one predicted by SIA 262 (679 kN) is 0.63.
Hence, one can conclude that SIA 262 (2003) overestimates the post-punching strength
provided by the integrity reinforcement. This clearly shows the influence of the other
parameters on the post-punching strength, which will be discussed later. In subsequent
sections, the following notations will be used:

® Vpomod - POSt-punching strength calcul ated by the mechanical model
* Vpmod : punching strength calculated by the mechanical model
* Vppga @ post-punching strength calculated in line with SIA 262 (2003)

Following are the influences of various parameters on the post-punching strength
ranging from geometrical properties to material properties.

5.2.1 Effective depth

The influence of the effective depth on the post-punching strength in relation to the
punching strength and SIA 262 (2003) is shown in Figure 5.2. The effective depth of the
base dab is 204mm and it varies between 154 and 304 mm in this
analysis (154, 204, 254, and 304 mm). In the figure, the effective depth is normalized to
the integrity bar diameter, which is kept constant in this analysis (& =18 mm).
According to the critical shear crack theory, the punching strength V,moa Significantly
increases by the increase of the effective depth of the dlab (47% and 97% for d is equal
to 254 mm and 305 mm, respectively). In addition, the increase of the effective depth
resultsin an increase of the tensile reinforcement contribution as discussed in Chapter 4.
The increase of the tensile reinforcement contribution obviously resultsin an increase of
the post-punching strength (13% and 23% ford is equal to 254 and 305 mm,
respectively). The rate of increase of the punching strength is much higher than that one
of the post-punching strength. Therefore, the ratio of Vppmod t0 Vpmod decreases in
Figure5.2.a

Comparison with SIA 262 (2003)

The increase of the effective depth does not influence the post-punching strength
predicted by SIA 262 (see Equation 5.3). The increase of the effective depth of the slab
results in an increase of the post-punching strength as discussed previously
(13% and 23% for d is equal to 254 and 305 mm, respectively). Therefore, the ratio
of Vp,mod 10 Vpp,9a iNCreases asillustrated in Figure 5.2.b.

The post-punching strength without tensile reinforcement contribution remains constant
as long as the failure mode is fracture of the integrity bars and not concrete breakout.
The failure mode is fracture of the bar as long as the integrity reinforcement
contribution (Vp) does not exceed the maximum concrete breakout strength (Veon mex)- It
can be concluded that the effective depth has no influence on the integrity reinforcement
contribution when fracture of the integrity bars is the determinant mode of failure.
However, it can significantly affect the maximum concrete breakout strength because
the depth of concrete over the integrity bars plays an important role in the computation
of the maximum concrete breakout strength. Moreover, it can be seen that for d/ & < 10
the failure mode is no longer fracture of the bars but concrete breakout over the integrity
bars (Vb > Veonmax)-
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Figure 5.2: Influence of the effective depth on the post-punching strength Vp, mq in relation to
Vppyg A and Vp,mod

5.2.2 Area of the integrity bars

Figure 5.3 shows the influence of the cross-sectional area of the integrity reinforcement
on the post-punching strength. In the base structure, 2x2@18 pass through the column as
integrity reinforcement. The number of bars passing through the column is increased to
investigate the effects of the amount of reinforcement while other parameters remain
unchanged (p, d and a).
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Figure 5.3: Influence of the area of the integrity bars on the post-punching strength Vo mod in
relation to Vi, gaand Vp md

According to the critical shear crack theory, the increase of the cross-sectiona area of
the integrity bars (Ay) has no influence on the punching strength and therefore Vpmo
remains constant. Obvioudly, the increase of Ag results in an increase of the post-
punching strength and thus the ratio of Vppmod 10 Vpmod iNCreases. However, the ratio
of Vpp,mod t0 Vpmoa 1NCreases up to a certain point as Figure 5.3.a shows. Beyond this
point, the increase of Ag, does not influence the post-punching strength as concrete
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breakout is the determinant mode of failure. The increase of Ag, can change the mode of
failure of the integrity reinforcing bars (Ay, / pda > 12). The increase of Ay, increases the
post-punching strength to a point at which it exceeds the maximum concrete breakout
strength Veonmax. Beyond this point, the increase of Ag, has no influence on the post-
punching strength and the ratio of Vpp mod 10 Vp,mod rfémMains constant.

Comparison with SIA 262 (2003)

Equation 5.3 displays that the post-punching strength given by SIA 262 (2003) is
directly proportional to the area of the integrity reinforcement. Hence, as the area of the
integrity reinforcement increases, the post-punching strength Vy, g4 increases. The post-
punching strength calculated by the mechanical model Vppmod 8lS0 increases due to the
increase of the area of the integrity bars. Although both Vppmod and Vppga incresse,
Figure 5.3.a shows that the ratio of Vpmod t0 Vyp g decreases. The reason isthat the rate
of increase of Vp,ga is higher than that one of Vppmed. IN fact, Vppga increases
proportionally by Ag, ,whereas Vypmod is influenced by other parameters such as the
curvature localization. The latter phenomenon increases the maximum strain in the bar
and consequently the maximum strain exceeds the ultimate tensile strain earlier and thus
the post-punching strength slightly decreases.

5.2.3 Diameter of the integrity bars

The influence of the integrity bar diameter on the post-punching strength is shown in
Figure5.4. The integrity bar diameter of the base structure is 18 mm and it varies
between 14 mm and 26 mm in this analysis (14, 18, 22, and 26 mm). In the figure, the
diameter is normalized to the depth of concrete over the integrity reinforcement d,
which remains unchanged.

The punching strength remains constant as it is not influenced by the integrity
reinforcement according to the critical shear crack theory. Obvioudly, the increase of the
integrity bar diameter results in an increase of the post-punching strength. Thus, the
ratio of Vppmod t0 Vpmoa iNCreases due to the increase of the post-punching strength as
shown in Figure 5.4.a. It can be seen that the mode of failure changes when d; / @ < 8.
This clearly shows that using large bar diameter in thin slabs increases the possibility of
concrete breakout failure.

Comparison with SIA 262 (2003)

The influence of the integrity bar diameter on the post-punching strength predicted by
SIA 262 (2003) is similar to that one of the cross-sectional area of the reinforcing bars.
The reason is that the increase of the bar diameter automatically increases the cross-
sectional area of the integrity reinforcement. In addition, the post-punching strength
predicted by the mechanical model is increased by the increase of the integrity bar
diameter. However, the rate of this increase is lower than that one of Vg4 because of
the other parameters influencing the post-punching behavior. Thus, the ratio of Vppmod
to Vppga decreases as snown in Figure5.4.b. The ratio of Vppmod 10 Vppsa Without
tensile reinforcement contribution remains constant as long as fracture of the integrity
barsis the determinant mode of failure.
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Figure 5.4: Influence of the integrity bar diameter on the post-punching strength Vi meq in
relation to Vi, gaand Vp md

5.2.4 Yielding strength

Figure 5.5 shows the influence of the yielding strength of the integrity bars on the post-
punching strength in relation to the punching strength and the Swiss Code proposition.
The base value is 500 MPa and it varies from 400 to 700 MPa in this analysis
(400, 500, 600, and 700 MPa). Other parameters remain unchanged and f. is equal
to 33 MPa.

The punching strength remains unchanged as it is not influenced by the integrity
reinforcement and its material properties such as yielding strength. However, the post-
punching strength is considerably influenced by the integrity reinforcement and its
material properties. The increase of the yielding strength results in an increase of the
post-punching strength according to the mechanica model. Thus, as shown in
Figure 5.5.a, the ratio of Vi mod t0 Vi mod iNCreases.
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Figure 5.5: Influence of the yielding strength on the post-punching strength Vs mo in relation to
Vppyg A and Vp,mod
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Comparison with SIA 262 (2003)

The influence of the yielding strength on the post-punching behavior is similar to that
one of the area of the integrity reinforcing bars and the bar diameter. The increase of the
yielding strength increases the post-punching strength given by SIA 262 (2003)
as Vpp,ga is proportional to the yielding strength. The post-punching strength predicted
by the mechanical model increases as well but with a lower rate of increase than that
one of SIA 262 (2003). This is attributed to the fact that other parameters influence the
post-punching strength so that the ratio of Vppmod t0 Vppsa slightly decreases as shown
in Figure 5.5.b.

5.2.5 Ultimate strain

Figure5.6 shows the influence of the ultimate tensile strain of the integrity
reinforcement. In the base structure &, is equal to 15% and it varies from 5 to 20% in
thisanalysis (5, 10, 15, and 20%). Other parameters remain unchanged.
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Figure 5.6: Influence of the ultimate steel strain on the post-punching strength Vg, meq in relation
to Vppy SA and Vp,mod

The punching strength is not influenced by the ultimate tensile strain of the integrity
reinforcement according to the critical shear crack theory. However, the post-punching
strength is considerably influenced by the material properties associated to the integrity
reinforcement such as the ultimate strain. The ultimate strain is a key parameter in
determining the angle of inclination of the bars at failure. In addition, it influences the
failure criterion as the maximum strain in the bar at the curvature-influenced zone is
compared to the ultimate tensile strain of the bar. The increase of the ultimate tensile
strain results in an increase of the post-punching strength. Thus, the ratio of Vppmod
to Vpmod iNCreases as shown in Figure 5.6.a.

Comparison with SIA 262 (2003)

The post-punching strength given by SIA 262 (2003) is not influenced by the ultimate
strain of the integrity reinforcement and remains unchanged. However, the increase of
the ultimate strain has a significant influence on the post-punching strength and
deformation capacity. The increase of the ultimate strain decreases the consequences of
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the curvature localization and increases the angle of inclination of the bars at failure. As
a result, the post-punching strength increases and therefore the ratio of Vpmod 10 Vpp.sia
increases as shown in Figure 5.6.b.

5.2.6 Compressive strength

Figure 5.7 shows the influence of the concrete compressive strength on the post-
punching strength. In the base structure f. is equal to 33 MPa and varies from 20 MPa
to 80 MPain this analysis while other parameters are constant. The punching strength
increases by the increase of the concrete compressive strength according to the critical
shear crack theory. The post-punching strength slightly increases as the increase of the
concrete compressive strength results in an increase of the tensile reinforcement
contribution. It seems that the rate of increase of the punching and the post-punching
strength are nearly the same for the increase of the concrete compressive strength. Thus,
theratio of Vyp medt0 Vpmod rémains almost constant as shown in Figure 5.7.a.

Comparison with SIA 262 (2003)

The post-punching strength given by SIA 262 (2003) is not influenced by the concrete
compressive strength and remains constant. As pointed out before, the post-punching
strength is increased by the increase of the concrete compressive strength and thus the
ratio of Vppmod 10 Vppsia inCreases. This ratio remains constant in the absence of atensile
reinforcement contribution as the concrete compressive strength has aimost no influence
on the integrity reinforcement contribution. This explanation is valid as long as the
failure mode is fracture of the bar and not concrete breakout. The latter mode of failure
is significantly influenced by the concrete tensile and compressive strengths.
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Figure 5.7: Influence of the concrete compressive strength on the post-punching strength Vg mod
inrelation to Vpp gaand Vpmod

5.2.7 Concrete cover

The influence of the concrete cover on the post-punching strength is shown in
Figure 5.8. In the base structure c is equal to 30 mm and varies from 20 to 50 mm in this
analysis while other parameters are kept constant.
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Figure 5.8: Influence of the concrete cover on the post-punching strength Vp, med in relation to
Vpp,Sl A and Vp,mod

Figure 5.9 plots the post-punching behavior of the internal column with different
concrete covers. It clearly shows that the concrete cover has almost no influence on the
integrity reinforcement contribution. However, the influence of the concrete cover on
the tensile reinforcement contribution can be significant for very thick covers in terms
of deformation capacity. It can be seen that the maximum tensile reinforcement
contribution is aimost constant for various concrete covers. The punching strength
decreases because the increase of the concrete cover results in a decrease of the
effective depth of the dlab. As the post-punching strength is amost constant, the ratio
of Vp,mod 10 Vpmod Slightly increases.
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Figure 5.9: Post-punching behavior of the internal column with various concrete covers
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Comparison with SIA 262 (2003)

The post-punching strength given by SIA 262 (2003) is not influenced by the concrete
cover and remains constant. As discussed before, the concrete cover affects only the
tensile reinforcement contribution. That is the reason why the ratio of Vjpmod t0 Vgpga IS
constant without tensile reinforcement contribution in Figure 5.8.b.

5.3 Influential parameters

The parametric study reveaed that severa parameters significantly influence the post-
punching strength. These parameters are mostly associated with the integrity
reinforcement. It was shown that the cross-sectional area, the bar diameter, the yielding
strength, and the ultimate strain of the integrity reinforcement significantly affect the
post-punching strength. In addition, it was shown that the influence of the effective
depth of the dlab or the depth of concrete over the integrity bars can be significant in
determining the mode of failure which is either fracture of the bars or concrete
destruction. It should be noted that the influence of other parameters such as the
concrete compressive strength and the concrete cover on the post-punching strength is
not considerable.

5.4 Simplified method

A mechanical model based on the plastic analysis and progressive destruction of the
concrete over the bars is developed and presented in Chapter 4. This section describes a
simplified method based on the results of the mechanica model and the parametric
study.

5.4.1 Tensile reinforcement contribution

To estimate the maximum tensile reinforcement contribution to the post-punching
strength, a ssimple model shown in Figure 5.10 is considered. The maximum tensile
reinforcement contribution can be expressed as

V, = Af, sny, (5.4)

where As is the cross-sectional area of the bars crossing the reduced punching cone that
equals4p d(a + d).

Figure 5.10: Smple model for cal culating maximum tensile reinforcement contribution
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Severa simplifying assumptions have been made:

The punching cone is aimost fully destroyed and its diameter is reduced to a + d.

Spalling of concrete cover occurs to the point of contraflexure of the slab.

The reinforcement is fully anchored beyond the point of contraflexure.

e The maximum displacement is assumed equal to the effective depth of the dab.
Therefore,
Vg =4pd(a+d)f siny, (5.5)

The angle of inclination of the bars is smal and is equal to d/L. Therefore, the
maximum tensile reinforcement contribution can be calculated by
a+d

VM,R = 8pd2 fsy m (56)
where b is the distance between the points of contraflexure and can be chosen as 0.44 ¢,.
Figure 5.11 compares the tensile reinforcement contribution given by Equation 5.6 and
that predicted by the mechanical model. For various reinforcement ratios and column
widths, the ratio of the calculated tensile reinforcement contribution to that one
predicted by the mechanical model remains constant. This shows a good consistency
between Equation 5.6 and the mechanical model in calculating the tensile reinforcement
contribution. However, the results given by Equation5.6 are generally more
conservative than the mechanical model.
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Figure 5.11: Calculated tensile reinforcement contribution of the simplified method versus the
prediction of the mechanical model

For dabs with large reinforcement ratios, Equation 5.6 overestimates the calculated
tensile reinforcement contribution by almost 30% in relation to the mechanical model.
This significant difference is due to the fact that for large reinforcement ratios the
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tensile reinforcement contribution remains amost constant. In fact, the maximum
tensile reinforcement contribution is in equilibrium with the spalling strength of the
concrete cover which is not sensitive to the reinforcement ratio. Figure 5.12 compares
of the calculated tensile reinforcement contribution and the experimental results.
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Figure 5.12: Comparison of calculated maximum tensile reinforcement contribution and
experimental results

5.4.2 Integrity reinforcement contribution

As pointed out previoudly, the post-punching strength provided by the integrity
reinforcement is limited by either the destruction of the concrete above the integrity bars
or the fracture of the reinforcing bars. For relatively thin slabs (d/@ < 8), the destruction
of the concrete over the bars is determinant, while the fracture of the integrity
reinforcement is the determinant mode of failure for thicker slabs.

5.4.2.1 Maximum concrete breakout strength

The maximum post-punching strength based on the concrete breakout strength can be
expressed as

Vcon,max = Afh fct,eff

_ _ (5.7)
A, =4X6 +g(7r—2¢9])]df+n—215dlsln9j}

where fy & IS the effective concrete tensile strength (fet e = 0.6 feim ,See Chapter 4), nis
the number of integrity reinforcement bars passing through the column, s is the bar
spacing, d; isthe depth of concrete over the bars, and 4 = cos™ (s/ 2d). The theoretical
and graphical interpretation of this equation is thoroughly described in Chapter 4 and
Appendix B. Equation 5.7 is a complex expression that can be further simplified for
typical cases. Asillustrated in Figure 5.13, the horizontal projection of adjacent conical
failure surfaces can be approximated by a rectangle and two quarter circles. Therefore,
the total horizontal projection of the conical failure surfaces of integrity bars passing
through the column is
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A, = 4d, (% d, + b’j (5.8)

where b’ is the distance between the first and the last integrity bar passing through the
column and equa to (n-1)-s. Figure5.14 compares this approximated horizontal
projection area of various number of integrity bars with the area caculated by
Equation 5.7. Thereisagood correlation between the two approaches.
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Figure 5.13: Approximated horizontal projection area of adjacent conical failure cones
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Figure 5.14: Comparison of the results of Equation 5.8 and Equation 5.7 calculating the
horizontal projection of conical failure cones

5.4.2.2 Fracture of the integrity reinforcement

For the mode of failure associated with the fracture of the integrity reinforcement, a
simple model shown in Figure5.15 is considered as. The post-punching strength
governed by the fracture of the integrity reinforcement can be estimated as

Vor =Asfy SNy, (5.9)

where according to Figure 5.15,

v, = cos (55 (5.10)
1+¢,,
Therefore,
‘g ,,C08[3
Vor =Asfy Sin| cos (E) (5.11)
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a)

Figure 5.15: Smple model for calculating the maximum integrity reinforcement contribution:
a) straight integrity bars and b) bent-up bars

This equation can be simplified using the Taylor series, a representation of afunction as
an infinite sum of terms calculated from the values of the derivatives at a single point.
This series yields to the following equation

S n(cos‘l(%)j ~sinB(1+¢,, cot® B) (5.12)

where fistheinitial angle of inclination of bent-up bars. Figure 5.16 plots both sides of
Equation 5.12, and reveds that the right-hand side of this equation is a good
approximation of the left-hand side for practical range of the ultimate strain and the
angle of inclination of bent-up bars (0.05 < &, < 0.125).
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Figure 5.16: Results of the Taylor seriesin relation to the exact solution for bent-up bars

Equation 5.12 does not apply to integrity reinforcing bars because f is equa to zero.
Using the Taylor series for integrity reinforcing bars leads to the following equation:

sin(cos‘l( 1 ))z‘/ngu (5.13)

1+¢

su
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Figure 5.17 shows the satisfactory result of this approximation in relation to the exact
solution.
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Figure 5.17: Results of the Taylor seriesin relation to the exact solution for integrity bars

The maximum integrity reinforcement contribution to the post-punching strength can

thus be calculated as
Ve =As foyy26,, (5.14)

In addition, the maximum contribution of bent-up bars to the post-punching shear
strength can be calculated as

Vosr=Asfy sin B+, cot® ) (5.15)

where Vpgr IS the maximum contribution of bent-up bars to the post-punching strength
of a slab-column connection. Figures 5.18 and 5.19 compare the post-punching strength
given by Equations5.14 and 5.15 to those predicted by the mechanical model for
various parameters. These figures show that there is an offset between the results, which
can be adjusted by a constant. This difference is related to the effects of the curvature
localization. This phenomenon, which is described in Chapter 4, reduces the angle of
inclination of integrity bars, thus decreasing the contribution of the integrity
reinforcement. As described in Chapter 4, the angle of inclination of integrity
reinforcing bars at failureis

=c0S {(——) (5.16)
l+eg,— ﬁ

The influence of the curvature localization is included in Equation 5.16. However,
Equation 5.13 does not take into account the influence of the curvature localization. A
factor can be added to adjust the results of the simplified method. This factor can be
calculated according to the mechanical model. Shown in Figure 5.20, this factor varies
from 0.88 to 1.07 for &, = 5% to 12.5%, respectively. An average value of 1.0 can thus
be selected for k;. Therefore, the maximum integrity reinforcement contribution to the
post-punching strength can be estimated as

Vor=kAs fy e (5.17)
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wherek; = 1.0.
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Figure 5.18: Calculated integrity reinforcement contribution of the simplified method versus the
prediction of the mechanical model

To adopt a single formulation that applies to both integrity reinforcement and bent-up
bars contributing to the post-punching strength, the following equation should be
satisfied:

k,sin B(L+e,, cot® B) =kJ&,, +k,sin B (5.18)

The left-hand side of this equation comes form Equation 5.15. Factor ks is added to
adjust the offset between the results given by Equation 5.15 and that predicted by the
mechanical model (Figure5.19). Factor k, can be calculated according to the
mechanical model. Figure 5.21 shows the variation of k; as a function of the initial
angle of inclination of bent-up bars. The variation of k, in not significant for the
practical range of the ultimate strain (5% < &, <12.5%). An average value of 0.6 can be
chosen for this factor. The maximum contribution of integrity reinforcement and bet-up
bars to the post-punching strength can be estimated as

Vo r = Ay f (€4, +0.65in B) (5.19)
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Figure 5.19: Contribution of bent-up bars to the post-punching strength cal culated by simplified

k,[-]

Figure 5.20:

114

method ver sus the prediction of the mechanical model

1.5

1.2

0.9

0.6

0.3

o

0.0
0.00

0.10 0.15

g, [-]

su

0.05 0.20

Factor k; as a function of the ultimate strain of stee!



Applications of the proposed model

g
W
—
o

0.4+ —pB=rl6 0.8
—pB=7xl5
@ ——p=nl4
a 03 0.6 -
+~
8 -
% 0.2+ ~ 04
7 /6
W /4
i % 2 =3
0.0 L L L L 00 L L L
0.00 0.03 0.06 0.09 0.12 0.15 0.00 0.05 0.10 0.15 0.20
e, -] e, [-]

Figure 5.21: Evolution of factor k, asa function of the ultimate strain of steel

5.4.3 Post-punching strength

The post-punching strength is the sum of the tensile reinforcement contribution and the
integrity reinforcement contribution:

Voo =V e +Vor (5.20)

pp,R
Thus,

. a+d
Voor = Ay Ty (e, +0.6sin B)+8pd? £, 5

Contrary to the current post-punching provisions, the smplified method accounts for
the most influential parameters. Figure 5.22 shows the influence of various parameters
on the post-punching strength calculated by the simplified method in relation to that
predicted by the mechanical model.

(5.21)
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Figure 5.22: Influence of various parameters on the ratio of the post-punching strength based
on the simplified method to the strength based on the mechanical model

115



Chapter 5

The ratio of the post-punching strength given by the ssimplified method to that predicted
by the mechanical model (Vppor/ Vppmod) remains amost constant for various
parameters. This means that the simplified method can satisfactorily predict the post-
punching strength of slab-column connections in relation to the mechanical model. For
dabs with large reinforcement ratio, the smplified method overestimates the post-
punching strength in relation to the mechanical model. This is because the tensile
reinforcement contribution is almost constant for large reinforcement ratios.

As shown in Figure 5.23, a good agreement has been found between the measured post-
punching strength and the post-punching strength calculated by the simplified method.
The average vaue of the measured-to-estimated post-punching strength is 0.95 with a
coefficient of variation of 0.21.

400

= mechanical model o

O simplified method
300 + n

1 1 1
0 100 200 300 400

vV [kN]
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Figure 5.23: Post-punching strength predicted by simplified method and mechanical model
versus available experimental data

The simplified method is able to predict the failure mode of slab-column connections.
The failure mode in the current provisions is assumed to be the fracture of the bar which
IS not a necessarily correct assumption. The increase of the cross-sectional area and the
bar diameter of the integrity reinforcement can easily change the failure mode because
developed force in the integrity reinforcing bars increases and exceeds the maximum
concrete breakout strength. It should be noted that other parameters such as the ultimate
strain and the yielding strength do not change the failure mode for the practical range of
the ultimate strain and yielding strength (&, < 12.5% and fy < 600 MPa).

To adopt a design proposal based on the simplified method, only the test specimens that
included both tensile reinforcement and integrity reinforcement (bent-up bars) are
considered. This is because both tensile reinforcement and integrity reinforcement are
present in the case of actual dabs. In order for the design proposa to lead to a
satisfactory safety level, the 5% fractile should be larger than 1.0 in the present study
(Figure 5.24). The 5% fractile is the value (or score) below which five percent of the
observations may be found. Figure5.24 plots the results of the design proposal in
relation to the experimental data. The average value of the measured-to-estimated post-
punching strength for these testsis 1.27 with a coefficient of variation of 0.13.
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Figure 5.24: Post-punching strength predicted by the simplified method in relation to
experimental data

To calculate the 5% fractile, it can be assumed that the test data belongs to a normally
distributed population. The normal distribution is often used to describe or approximate
any variable that tends to cluster around a mean. Figure 5.25 shows the histogram of the
test data, which seems not to be normally distributed. The Kolmogorov—Smirnov test
has been used to check the normality of the test data. This test relies on the fact that the
value of the sample cumulative density function is asymptotically normally distributed.
The Kolmogorov—Smirnov test can be used as a goodness of fit test. In the special case
of testing for normality of the distribution, samples are standardized and compared with
a standard normal distribution. The results of this analysis show that the test data does
belong to a normally distributed population. Therefore, considering the normal
distribution for the test data results the value of 1.00 for the 5% fractile according to the
following equation:

5%Fractile = u(l+£aj (5.22)
U

where x is the mean value, o is the standard deviation of the normal distribution,
and z equals -1.645, which can be calculated by

D(2) = i p(X)dx = % i e%dx =0.05 (5.23)

where ®(X) is the cumulative distribution function and ¢ (x) is the probability density
function.

The tensile reinforcement contribution to the post-punching strength can be neglected
for design purposes because of the unreliable behavior of the tensile reinforcement. This
unfavorable behavior is aresult of the spalling of the concrete cover and the detachment
of the bars from the concrete surface. In addition, uncertainties about the anchorage
condition make it difficult to consider the tensile reinforcement contribution to the post-
punching strength. Thus, the post-punching design proposal can simply be expressed as

Vo= A, f,,(0.86,[e,, +0.5sin B) (5.24)
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Figure 5.25: Results of the Kolmogorov—Smirnov test: a) histogram and b) normal Q-Q plot

Finaly, the following design proposa is proposed to estimate the post-punching
strength accounting for the most influential parameters:

2, +Sn P /4 ,
Vor=Asf, \/_T <4d, (E d,+b j(o.a fn) (5.25)

where &y, accounts for the ductility of the reinforcement, 4 accounts for the initial angle
of inclination of bent-up bars, which is zero for straight bars passing through the
column. The right-hand side of the equation accounts for the maximum concrete
breakout strength, which is the upper bound value of the post-punching strength.

5.4.4 Design example

The central column of the slab shown in Figure 5.1 is designed to carry the accidental
load in the post-punching phase. The accidental load transferred to the column
is490 KN according to SIA 260 (2003). A comparison of the required amount of the
integrity reinforcement calculated by the design proposal as well as by SIA 262 (2003)
isgivenin Table 5.1.

The required amount of the integrity reinforcement by the design proposal is much
higher than that predicted by SIA 262 (2003). For the same integrity reinforcement, the
ratio of the post-punching strength calculated by the design proposal and that predicted
by SIA 262 is0.37 (£ isequa to zero and &, is equal to 7.5%). This means that, for the
same amount of reinforcement, SIA 262 overestimates the post-punching strength of the
slab-column connections. In addition, for the same accidental design load the design
proposal requires more reinforcement in relation to that given by SIA 262. As the
simplified method and design proposal is in a good agreement with the experimental
data, it can be concluded that SIA 262 overestimates the post-punching strength of slab-
column connections. Thus, the structural design based on the current provision does not
provide a satisfactory safety margin for slab-column connections.

One may argue that the amount of integrity reinforcement required for the post-
punching design is too large and using large diameters is inevitable. Using large bar
diameters is not common in common projects. It should be noted that the design
proposal is very flexible for using various reinforcement arrangement. As Table5.1
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illustrates, one may use 2x3 @22 instead of 2x2 @30 to reduce the diameter of the
integrity bars or reduce the bar diameter even more by using bent-up bars, taking
advantage of their initial angle of inclination.

Table 5.1: Example of post-punching design of an interior slab-column connection

Formulation Integrity reinforcement
f
SIA 262 Vip.aa = As Ty 2x2 @18
' 15
Deggn 2"8su +S.nﬂ
proposal Vipd = As T T oo < Veonmax 2x2 030
or 2x3 @22

or 2x2 @20 bent-up bars (£ = 30°)
or 2x2 A18 bent-up bars (5 = 45°)

5.5 Minimum integrity reinforcement

Continuous integrity reinforcing bars are used to give residual capacity to slab and
prevent its local failure leading to a progressive collapse of the large part of the
structure. The integrity reinforcement ratio is defined as

A

P =g (5.26)
where Uy is the perimeter of the column. In the absence of the integrity
reinforcement (oin: = 0), the post-punching strength is small and insufficient for the load
redistribution after a punching failure. According to the experimental results presented
in Chapter 3, for low reinforcement ratios (oin < 1.2%), the contribution of the tensile
reinforcement and the contribution of the integrity reinforcement contribution to the
post-punching strength are aimost the same and insufficient for the load redistribution
after a punching failure. However, for high reinforcement ratios (pin: > 1.2%), the
integrity reinforcement contribution increases considerably. Thus, a minimum
reinforcement ratio can be defined as equal to 1.2%. This minimum reinforcement ratio
resultsin 2x2 @20 for a slab similar to the one analyzed in this chapter.

5.6 Desigh recommendations

The following are several recommendations to improve the post-punching strength of
slab-column connections and to increase the robustness of the structure against the
possibility of a progressive collapse:

e The flexura reinforcement should be continuous over the column area to take
advantage of the tensile reinforcement contribution. A minimum length of 3d plus
the full anchorage length of the reinforcement from the column face should be
provided.
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At least two integrity reinforcing bars in each direction must pass through the
column core. These must be anchored in the dlab. The minimum integrity
reinforcement ratio should be provided to protect the system against unforeseen
circumstances.

The post-punching design proposal is expressed as

2,/ sin

Vi e SV 0 = Ay Ty %ﬂ < 4d1(% d,+ b’] (0.6f,,) (5.27)
A very ductile type of steel shal be chosen for the integrity reinforcement to
enhance the post-punching strength. Therefore, the use of hot-rolled steel with a
high ultimate strain is strongly recommended.

Using well-anchored bent-up bars is recommended to decrease the required
amount of reinforcement by taking advantage of the initial angle of inclination of
the bent-up bars.



6 Conclusions

This chapter summarizes the results obtained within this thesis. The summary and
principa results related to the objectives of the thesis are given, and suggestions for
future work are proposed.

6.1 Results and concluding remarks

Particular attention should be paid to the design and detailing of concrete slab-column
connections. Otherwise, these connections can be “weak links’, the failure of which can
Initiate progressive collapse leading to partial or complete collapse of the structure. Asit
is not feasible to foresee all possible sources of collapse initiation, arational progressive
collapse design should aim at localizing damage, rather than preventing damage on the
whole structure. Thisisrelated to structural robustness because the inherent redundancy
and continuity of a robust structure prevent local failure from propagating throughout
the structure. To localize the consequences of a possible local punching failure, it is
necessary for the dlab-column connection to possess a significant post-punching
strength.

Although large scientific efforts have been devoted to punching shear failure, post-
punching behavior of flat dlabs has received far less attention. The post-punching
behavior of flat slabs, particularly the effects of various parameters and reinforcement
layouts, have not yet been thoroughly investigated. Hence, an extensive experimental
campaign was carried out to extend the knowledge of post-punching behavior of slab-
column connections. A total of 24 slab specimens with various reinforcement layouts
were tested, and their post-punching behavior was recorded. The effects of tensile
reinforcement, integrity reinforcement passing through the column, bent-up-bars, and
anchorage details were investigated.

The test results showed that the reinforcing bars play an important role in post-punching
behavior as they are the only remaining link between the punching cone and the rest of
the dab. Therefore, the load-carrying mechanisms that take place after punching failure
are related to the well-anchored tensile reinforcement and to the integrity reinforcement
passing through the column.

The post-punching strength provided by the tensile reinforcement is small because the
concrete cover is thin and susceptible to spalling. Tensile reinforcing bars tear out of
concrete at an amost constant load until the remaining anchorages are inadequate and
the reinforcing bars are detached from the concrete surface. On the contrary, integrity
reinforcing bars can carry load by developing high tensile stresses (> fg) accompanied
by a significant inclination. It was observed that the inclusion of integrity reinforcement
made it possible for PM-12 to reach nearly the punching strength of the slab (98%),
which can be considered as away to mitigate the likelihood of a progressive collapse.

A mechanical model capable of predicting the post-punching behavior of slab-column
connections without shear reinforcement was formulated. Following are the conclusions
drawn in relation with the proposed model:

121



Chapter 6

e The performance of reinforcing bars acting against the concrete cover and against
the punching cone is fundamentally different. However, a generic procedure was
developed capable of predicting the behavior of all possible mechanisms. Within
this scope, the concept of concrete breakout strength, maximum concrete breakout
strength, spalling strength of concrete cover, and strain-based failure criterion
were introduced.

e Various approaches were proposed to consider both the elastic and the plastic
behavior of reinforcing bars crossing the punching cone. However, the plastic
behavior is mostly determinant as the axial strain exceeds the yielding strain at the
beginning of the post-punching phase.

e Based on experimental results and by utilizing the concept of the curvature-
influenced zone coupled with compatibility relations to predict the maximum
curvature at the face of crack, the maximum strain at the extreme tension fiber of
the bar can be calculated. A failure criterion was developed in which the
maximum strain in the reinforcing bars is compared with the ultimate tensile
strain.

e The post-punching strength is the summation of the contribution of the tensile
reinforcement and the contribution of the integrity reinforcement to the post-
punching shear transfer. A comparison between the proposed model and the
experimental results was presented and the predicted post-punching behavior was
in agood agreement with the experimental data.

e It was shown by a parametric study that the effective depth of the dab, the
concrete tensile strength and the concrete cover significantly affect the
contribution of the tensile reinforcement to the post-punching strength. On the
other hand, the ultimate tensile strain and the cross-sectional area of the integrity
reinforcement and, the depth of the concrete over the integrity reinforcement
considerably influence the contribution of the integrity reinforcement to the post-
punching shear transfer.

The post-punching strength provided by the integrity reinforcement is limited either by
the destruction of the concrete above the integrity reinforcing bars or by the fracture of
the reinforcing bars. It was shown by the proposed model and experimental evidence
that the maximum concrete breakout governs the post-punching strength when the depth
of the concrete over the integrity reinforcement is smaller than eight times the bar
diameter. At such circumstances, the maximum concrete breakout strength remains
constant for further deflection as the thickness of the concrete above the integrity
reinforcement is constant. Thus, no further increase of the post-punching strength will
occur. The maximum post-punching strength based on this mode of failure can be
expressed as

Vcon,max = Ath fct,eff
A, = 4d, (% d, + b’]

where Ag is the horizontal projection of the conical failure surface, f IS the effective
tensile strength of concrete.
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The post-punching strength as limited by the fracture of the integrity reinforcement can
be estimated as

2,/&,, +sSing
Vpp,R = A&waT

The upper bound value of the post-punching strength of a slab-column connection
should be the maximum concrete breakout strength

T ,
Vpp,R < 4d1 (E dl +b j fct,eff

The post-punching design proposal can be expressed as

2\&, +Sinp /4 ,
Vipa = A f Tg4dl(5dl+b)(0.6fm)

It should be mentioned that the integrity reinforcement must be well-anchored in the
dab in order for the abovementioned post-punching strength to be achieved. A total
length from the column face equal to 3d plus the full anchorage length should be
adequate.

The way that a punching shear failure of a slab-column connection can lead to
progressive collapse depends not only on the post-punching behavior of the connection
but also on the overal behavior and flexural characteristics of the region of the slab
surrounding the damaged connection and the punching strength of adjacent slab-column
connections.

The experimental investigation and the proposed model have principally considered
only interior slab-column connections as the regions of initial punching failure.
However, the initial damage can initiate from edge or corner columns. In the event of
punching failure at an edge column, reliance can be placed on the post-punching
strength provided by the integrity reinforcement parallel to the slab edge. Reinforcing
bars perpendicular to the edge might not be very useful because they tend to pull the
column inward. In the event of punching failure at a corner column, the integrity
reinforcement would probably be of relatively little use. Although punching failure of a
corner column dlightly increases the edge column’s reaction, large deflection of the
damaged area with a hyperbolic-parabolic behavior will be beneficial to the load
carrying capacity of the slab.

6.2 Future work

Due to the complexity of post-punching behavior of slab-column connections and
progressive collapse of flat dabs, this thesis could not have analyzed all the typologies
and issues related to progressive collapse following a punching failure. However, in
order to build on the above presented results, some suggestions for future work can be
outlined as follows:

e Using nonlinear dynamic finite element analysis to simulate the progressive
collapse of flat dlabs following a punching shear failure of a dab-column
connection.
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Post-punching behavior of flat slabs considering the dynamic nature of initial
failures.

The effects of impact, seismic loading and imposed deformations on the
progressive collapse of flat slabs supported by columns.

Post-punching behavior of flat slabs with shear reinforcement.

Post-punching behavior of flat slabs with shear reinforcement in combination with
bent-up bars.

Non-symmetric post-punching behavior of flat slabs.

Full scale test of slab-column connections with integrity reinforcement passing
through the column.

Full scale test of complete flat dabs, e.g. a sixteen column flat slab with the
columns detailed with various reinforcement layouts.

Post-punching behavior of edge or corner columns.
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List of notations

Capital Roman letters

A

Ao
Avent

Area

Cross-sectional area of areinforcing bar

Cross-sectional area of a bent-up bar

Cross-sectional area of tensile reinforcing bars crossing punching cone
Minimum cross-sectional area of integrity reinforcement in each principal direction
Cross-sectional area of integrity reinforcing bars

Horizontal projection are of conical failure cones

Integration constants

Diameter of punching cone

Modules of elasticity of concrete

Hardening modulus of steel reinforcement

Modulus of elasticity of steel reinforcement

Moment of inertiafor areinforcing bar

Elastic stiffness of a dowel bar

Distance between two plastic hinges

Initial length of bent-up barsin critical zone

Length of deformed bent-up barsin critical zone

Bending moment

Bending moment in section |

Plastic moment

Axia force

Axial forcein section |

Axial yielding force of areinforcing bar

Shear force

Post-punching strength according to ACI 352.1R

Concrete contribution to punching shear strength

Concrete breakout strength

M aximum concrete breakout strength

Post-punching strength according to CSA A23.3

Integrity reinforcement contribution to post-punching shear transfer
Dimensioning value of punching force

Contribution of an integrity reinforcing bar to post-punching shear transfer
Integrity reinforcement contribution calculated by mechanical model
Contribution of bent-up bars to post-punching shear calculated by mechanical model
Maximum integrity reinforcement contribution to post-punching shear strength
Maximum contribution of bent-up bars to post-punching shear strength
Ultimate dowel strength

Shear force associated with flexural capacity of slab

Post-punching strength according to Georgopoulos' proposition

Shear forcein section |

Tensile reinforcement contribution to post-punching shear transfer
Contribution of atensile reinforcing bar to post-punching shear transfer
Tensile reinforcement contribution calculated by mechanical model
Maximum tensile reinforcement contribution to post-punching shear strength
Punching strength

Post-punching strength

Design value of post-punching strength

Post-punching strength of tested specimens

Post-punching strength calculated by simplified method

Post-punching strength according to SIA 262

Punching strength calculated by mechanical model

Post-punching strength cal culated by mechanical model
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Notations

Resistance punching shear force

Contribution of shear reinforcement to punching shear strength
Shear force transmitted to column

Post-punching strength according to SIA 262

Spalling strength of concrete cover

Small Roman letters

fc,slab
fat

fetd
fctm
fct,cone
fct,s!ab
fct,eff
fau

o fy
fs

fyi

h
h;...hg

h(u), h(v)
k
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Column width

Slab width or beam width

Distance between the first and the last integrity bars passing through column
Net width of reinforced concrete section

Concrete cover

Bottom cover of reinforced concrete section

Minimum cover of a concrete specimen

Side cover of reinforced concrete section

Top cover of reinforced concrete section

Effective depth of reinforced concrete flat slab

Distance from extreme compression fiber of slab to centroid of bent-up bars
Distance from extreme tension fiber to centroid of an integrity reinforcing bar
Maximum aggregate size

Reference aggregate size

Eccentricity of dowel force

Bearing strength of concrete

Cylinder compressive strength of concrete

Cylinder compressive strength of concrete at age of 28 days

Cube compressive strength of concrete

Characteristic value of cylinder compressive strength (5% fractile)

Tensile strength of concrete

Compressive strength of concrete of punching cone

Compressive strength of concrete of dab

Concrete tensile strength

Design value of concrete tensile strength

Mean value of concrete tensile strength

Tensile strength of concrete of punching cone

Tensile strength of concrete of dlab

Effective tensile strength of concrete

Ultimate tensile strength of reinforcement

Yielding strength of steel reinforcement

Design value of yielding strength of steel reinforcement

Characteristic value of yield strength of steel reinforcement

Slab thickness

Thickness of concrete resisting against bent-up bar at specific location
Thickness of concrete resisting against bent-up bar

Nonlinear bearing stiffness of concrete

Factor to adjust results of the Taylor series with that predicted by mechanical model
Factor to account for angle of inclination of bent-up barsin simplified method
Factor to adjust results of the Taylor series with that predicted by mechanical model
Bearing stiffness of concrete

Length

Center-to-center span in each principal direction

Length of curvature-influenced zone

Development length of reinforcement

Elastic length of a bonded bar

Clear span in each direction

Plastified length of a bonded bar

Length of areinforcing bar with afully plastic behavior of concrete underneath
Number of bending reinforcement crossing punching cone



Notations

nominal moment capacity per unit width

Number of integrity reinforcement passing through column

Number of barsin one layer

Local coordinates associated to concrete breakout and spalling of concrete cover
Uniformly distributed design load

Uniformly distributed design |oad according to accidental situations (SIA 261)
Radius of equivalent circular slab, approximately half of the slab width

Radius of the load introduction at the perimeter

Bar spacing

Distance between two consecutive dowel bars

Perimeter of column

Local coordinates measured from intersection of bent-up bars and punching crack
Parameters defined to calculate mean axia strain in bent-up bars

Parameters defined to calculate mean axial strain in bent-up bars

Deflection

Deflection corresponding to punching shear strength

Deflection corresponding to maximum post-punching strength

Maximum deflection of slab

Distance of diagonal crack from support

Local coordinate measured from center of areinforcing bar section

Capital Greek letters

@
O(x)

Shear reduction factor
Cumulative distribution function

Small Greek letters

PEH /U™

Spopeg

Pint
ﬂnt,m’n
o

ON

Oc

Or

Angle of inclination of punching cone

Angle of inclination of bent-up bars

Angle of concrete breakout cone

Dowel displacement

Elastic displacement of dowel bar at face of crack

Strain

Mean axial strain in reinforcing bars

Minimum axial strain at curvature-influenced zone

Parameter associated to rib height and hardening modulus of bar
Concrete strain

Ultimate concrete compressive strain

Maximum tensile strain in reinforcing bars

Steel strain

Axial tensile strain at extreme tension fiber of areinforcing bar
Initial strain of steel hardening

Ultimate strain of steel reinforcement

Yielding strain of steel reinforcement

Factor to account for non-uniform tensile stresses across breakout cone
Initial angle of inclination of dowel bar

Mean value of normal distribution

Poisson’sratio

Reinforcement ratio

Integrity reinforcement ratio

Minimum integrity reinforcement ratio

Standard deviation of normal distribution

Axial tensile stressin reinforcing bars

Concrete stress

Radial stressin concrete underneath bar
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Notations

Oy Steel stress

Ox Stressin x direction

oy Yielding stress

T, Ty Shear stress

T max Maximum bond stress

o (X) Probability density function

X Curvature

Xmax Maximum curvature of reinforcing bars in curvature-influenced zone
74 Angle of inclination of barsin vicinity of punching crack
74 Slab rotation

b Angle of inclination of integrity reinforcing bars

Ui Angle of inclination of bending reinforcing bars

7 Angle of inclination of reinforcing bars at failure

Other symbols

(0] Diameter of reinforcing bar

List of Abbreviations

ACI American Concrete I nstitute

AL Accidental Load

ASCE American Society of Civil Engineers
CSCT Critical shear crack theory

cov Coefficient of variation

DL Dead Load

DoD Department of Defense

GSA General Service Administration
ISC Interagency Security Committee
LL Live Load

NBCC National Building Code of Canada
RC Reinforces Concrete

SL Snow Load

SLS Serviceability Limit State

ULS Ultimate Limit State

WL Wind Load
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Appendix A: Test on the post-punching behavior of reinforced
concrete flat slabs

Appendix B: Estimation of the projected area Ay

Appendix C: Summary of experimental results
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A-1 Introduction

This report presents the results of an extensive experimental campaign carried out at the
Ecole Polytechnique Fédérale de Lausanne. The post-punching behavior of 24 tested
slabs, with 125 mm thickness and various reinforcement layouts are presented and
discussed. The performance and robustness of the various solutions is investigated to
obtain physical explanations of the load-carrying mechanisms after punching shear
failure.

A-1.1 Scope

Flat plates are a very common and competitive structural system for cast in place slabs
in buildings. Using flat slabs as structural elements decreases the time of construction
and thus makes it very economical. Due to the highly complex tri-axial state of stress
over the columns, brittle punching failure is the major disadvantage of reinforced
concrete flat slabs supported by columns. Punching shear failure occurs with almost no
warning signs since deflections are small and cracks at the top side of the slab are
usually not visible. A local punching failure at one column will result in increased
curvatures of the slab at surrounding columns which can trigger the punching failure to
the adjacent columns resulting in the progressive collapse of the entire structure. Over
the past decades, several collapses due to punching shear failures have occurred resulted
in human casualties and large damages showing some shortcomings in the codes of
practice as can be seen in Fig. A-1.1.

a)pin cenr, Serfontana, b) Unergound parking garage, __(':S'Undéfgroﬁn parking garag,
Switzerland, 70’s Bluche, Switzerland, 1981 Switzerland, 2004
Figure A-1.1: Structural collapses due to the punching shear failure

Integrity reinforcement crossing the column and detailed with the intent to provide
sufficient post-punching strength can be used to avoid the propagation of punching to
adjacent column. To that aim, the Swiss Standard 262 [1] requires that some
reinforcement shall be provided on the compression side and be extended over the
column and well anchored on both sides (Fig. A-1.2 a). Besides this solution, bent-up
bars also appear to be a solution to prevent the progressive collapse by providing a
ductile behavior [6] (Fig. A-1.2 b). This study investigates the post-punching behavior
of the various types of integrity reinforcement.
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Tensile reinforcement

Integrity reinforcement

Bent-up bars as integrity reinforcement
b) /..

—

Figure A-1.2: Integrity reinforcement: a) compressive reinforcement passing through the
column, and b) bent-up bars




A-2 Description of the slabs

A-2.1 Overview

Three test series on a total of 24 flat plates were carried out at the Structural Concrete
Laboratory of the Ecole Polytechnique Fédérale de Lausanne to investigate the post-
punching behavior of flat slabs supported by columns. The first series investigated the
effect of tensile reinforcement in the negative moment area over the column on the post-
punching behavior of flat slabs. The second series investigated the effect of additional
straight bars on the compression side of the slabs and passing through the column and of
bent-up bars acting as shear reinforcement. The third series consisted of twelve
specimens: four specimens included bent-up bars with a sufficient anchorage length,
two specimens included straight integrity reinforcement, two had only tensile
reinforcement, and the last four included both tensile reinforcement and straight
reinforcing bars passing through the column on the compression side of the slab. The
tensile reinforcement was cut-off at specified points to ensure that it did not contribute
to the shear transfer after punching failure. In this case, the only link between the
punching cone and the rest of the slab is the integrity reinforcement and its influence on
the post-punching behavior is investigated. Table A-2.1 presents the main parameters
and mechanical properties of the specimens.

Table A-2.1: Reinforcement detail and mechanical properties of materials for all test specimens

Tensile reinforcement Integrity reinforcement

Test d P ﬁy f;u Es A ﬁ'y ﬁu ES ﬁ ﬁ?f E ¢
[mm] [%] [MPa] [MPa] [GPa] s [MPa] [MPa] [GPa] [MPa] [MPa] [GPa]

—  PM-1 102 025 601 664 201 - - - - 36,6 29 369
s  PM-2 102 049 601 664 201 - - - - 36.5 2.8 36.7
E PM-3 102 082 601 664 201 - - - - 37.8 34 379
PM-4 102 141 601 664 201 - - - - 36.8 3.0 371
PM-9 102 0.82 601 664 201 408 616 680 202 310 23 333
PM-10 102 082 601 664 201 4010 560 599 195 31.1 23 333
~ PM-11 102 0.82 601 664 201 4012 548 625 201 323 25 337
s PM-12 102 0.82 601 664 201 4014 527 629 199 324 26 337
;}E PM-13 102 082 601 664 201 408 616 680 202 326 26 338
PM-14 102 082 601 664 201 4010 560 599 195 327 2.6 338
PM-15 100 0.84 601 664 201 4012 548 625 201 327 26 338
PM-16 101 083 601 664 201 4014 527 629 199 328 26 339
PM-17 102 0.82 625 641 200 408 625 641 200 397 2.8 287
PM-18 95 0.88 625 641 200 4010 605 658 194 398 2.8 288
PM-19 99 085 625 641 200 4012 559 618 197 399 28 288
PM-20 102 0.82 625 641 200 4014 578 695 203 400 29 290
e~ PM-21 103 0.81 625 641 200 408 625 641 200 402 29 293
s PM-22 99 085 625 641 200 4010 605 658 194 403 29 295
;}E PM-23 95 088 625 641 200 - - - - 404 29 297

PM-24 97 086 625 641 200 404 3.0 299

PM-25 98 085 625 641 200 408 625 641 200 404 3.0 30.1
PM-26 101 083 625 641 200 4010 605 658 194 403 3.0 30.1
PM-27 104 081 625 641 200 4012 559 618 197 403 3.0 302
PM-28 99 0.85 625 641 200 4014 578 695 203 403 3.0 303
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A-2.2 Geometry and reinforcement

The twenty four square slab elements tested in this experimental program were identical
in size and shape. The total width of the slabs was 1500 mm and nominal total thickness
of the slabs was 125 mm. The square steel plate of 130%x130 mm was used to simulate a
rigid column in all tests. Fig. A-2.1 shows the general dimensions and geometry of the

slabs.

1380 | 22.5 1500

N
-

edge reinforcement

h=125 Lb e j d=102
I

[flexural tensile reinforcement Support, L=80 mm

Figure A-2.1: Typical slab dimensions, plan and section [mm]

For all specimens, @8 was used as the main diameter for the tensile reinforcement. The
first four specimens, PM-1 to PM-4, were designed to investigate the effect of various
reinforcement ratios on the post-punching behavior of flat slabs. The variation of the
reinforcement ratio was achieved by changing the bar spacing, see Fig. A-2.2. For the
remaining twenty specimens, the tensile reinforcement ratio was the same and equal to
0.82% (A8 at 60 mm). For all slabs, the nominal concrete cover was 15 mm and @8 was
used as the main tensile reinforcing bar, therefore the nominal effective depth (the
average effective distance from the extreme compression fiber to the centroid of the
tensile reinforcing bars) was 102 mm. The simulated column consisted of a stack of
three square steel plates with the dimension of 130x130%30 mm. No vertical shear

reinforcement was provided.
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As can be seen in Fig. A-2.2.e, for slabs PM-9, PM-10, PM-11 and PM-12, @8, 010,
012 and Q14 were used as integrity reinforcement in the compression zone of the slab.
The full anchorage condition for this reinforcement (500 for @14, according to SIA
262) was provided, and thus the results should not be influenced by the anchorage
condition.

Fig. A-2.2.f shows that for slabs PM-13, PM-14, PM-15 and PM-16, 08, 010, @12 and
@14 bent-up bars were used as integrity reinforcement with an angle of inclination of
30° and bent at a distance of 50 mm from the column face. In addition, with these
specimens, the full anchorage length for the bent-up bars was not provided, thus the
results were influenced by the anchorage condition.

Fig. A-2.3.a shows slabs PM-17, PM-18, PM-19 and PM-20 in which @8, @10, @12
and @14 bent-up bars were used as integrity reinforcement respectively. In these tests,
the full anchorage length for bent-up bars was provided; in consequence, the results
were not affected by the anchorage condition.

PM-21 and PM-22 were similar to PM-9 and PM-10 respectively. PM-23 and PM-24
were similar to PM-3 as well, see Fig. A-2.3.b. This series of tests was about to
investigate the influence of using various types of reinforcing steel and the effect of the
concrete confinement over the column on the post-punching behavior of concrete slab-
column connection. It should be noted that cold-worked @8 as well as hot-rolled @14
were used for all tested slabs. For slab PM-22 hot-rolled @10 was used and cold-worked
@10 was used for the other test specimens. For slabs PM-11 and PM-15 hot-rolled @12
was used and cold-worked @12 was used for the other test specimens.

Fig. A-2.3 shows reinforcement layouts for slabs PM-25, PM-26, PM-27 and PM-28.
They had @8 at 60 mm as their tensile reinforcement. Their tensile reinforcement was
cut off at some specified points to investigate the effect of short anchorage length of
tensile reinforcement on the post-punching behavior of flat slabs: PM-25 (cut-off at 2d
from the column face); PM-26 (cut-off at 2.5d from the column face); PM-27 (cut-off at
3d from the column face); PM-28 (cut-off at 3.5d from the column face). In addition,
08, 010, D12 and D14 were used as integrity reinforcement in the compression zone of
the slabs PM-25 to PM-28, respectively.

In all specimens, very strong edge reinforcement in both the top and bottom layer was
provided to avoid unexpected modes of failure.
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Figure A-2.3: Reinforcement layout: a) PM-17, PM-18, PM-19, and PM-20 (D8, @10, D12
and @ 14), b) PM-24, ¢) PM-25, d) PM-26, ¢) PM-27, and ) PM-28



Chapter A-2

A-2.3 Concrete casting and slab preparation

The first and two series were cast at the Laboratory of Structures of the Ecole
Polytechnique Fédérale de Lausanne, while the third series was cast by GENETTI, a
company located in Riddes, Valais, Switzerland.

Fig. A-2.4 shows the main steps of casting and preparation of the slabs. The formwork
surface in contact with concrete was impregnated with mould oil before putting in the
reinforcement. The concrete was prepared in a batching plant and delivered to the
Laboratory of Structures by a concrete mixer truck. The first series of this campaign
was cast on 31 March, 2006, the second one on 26 June, 2006 and the last one on 14%
May, 2007. The slab surface was levelled and smoothed with the help of a ruler and a
mason’s mortar board. After casting, the slab was covered with a plastic sheet to
maintain a moist environment. Water was sprayed onto the slab during the period of
curing. The slump and flow table tests were performed before the casting of the slab.
Table A-2.2 shows the results of the slump and flow table tests. Three concrete
cylinders were cast and tested for each slab using the same batch of concrete.

a) Formwork

¢) Reinforcement layout (PM-12) d) Bent-up bars

Figure A-2.4: Formwork and reinforcing bars
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A-2.4 Material properties

A-2.4.1 Concrete

Concrete of type C30/37 was chosen as it is representative for slabs cast in Switzerland.
The concrete for the first and the second series was provided by Bétonfrais + Pompages
SA Company, while for the third series, concrete was provided by GENETTI. The
composition of concrete used for the slabs is shown in Table A-2.2. The water-cement
ratio was about 0.54 for the first two series and 0.49 for the last one. The maximum
aggregate size was 16 mm in all test series.

a) Concrete casting

e) Slabs PM-9 to PM-16
Figure A-2.5: Casting of the slabs
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The measured mechanical properties were the concrete compressive strength, the
Young’s modulus, the apparent density and the tensile strength of the concrete. For this
purpose, three cylinders were cast using the same concrete for each slab. Each concrete
cylinder had a diameter of 160 mm and height of 320 mm. The tests were performed at
the Laboratoire de Matériaux de Construction (LMC) of the Ecole Polytechnique
Fédérale de Lausanne.

The mechanical properties at the time of testing were measured individually or
calculated using the following fitted equation of logarithmic form proposed by CEB-FIP
Model Code 90 [14]:

JO) = Jesexpis —\/2;8)} 2.1

where s is assumed to be 0.2.

Table A-2.2: Concrete composition and results of tests on fresh concrete

Slab Sand 0-4 Gravel 4-8 Gravel 8-16 Cement Water Slump Flow table
[ke] [kg] [kg] [ke] [ke] [mm] [mm]
. 753 604 661 325 174
Series 1 &2 300, 24% 26% wic=054 1 350
. 820 432 621 325 159
Series 3 35% 18% 26% wic=054 12 320
Table A-2.3: Main concrete properties for the tested slabs
Compressive Tensile Young’s .
Test Date age Strength Strength ~ Modulus Density

[day]  f.s[MPa] f.[MPa]  f,[MPa] E, [GPa] [t/m’]

PM-1 05.05.2006 33 36 36.6 2.9 36.9 2.45

Series PM-2  02.05.2006 30 36 36.5 2.8 36.7 2.45
1 PM-3 12.06.2006 71 36 39.5 34 379 2.45
PM-4 10.05.2006 38 36 36.8 3.0 37.1 2.44

PM-9  31.08.2006 35 30 31.0 2.3 333 2.42

PM-10  01.09.2006 37 30 31.1 2.3 333 2.42

PM-11  20.09.2006 56 30 323 2.5 33.7 2.41

Series PM-12  22.09.2006 58 30 324 2.6 33.7 2.42
2 PM-13  26.09.2006 62 30 32.6 2.6 33.8 2.42
PM-14  28.09.2006 64 30 32.7 2.6 33.8 2.42

PM-15  29.09.2006 65 30 32.7 2.6 33.8 2.42

PM-16  02.10.2006 68 30 32.8 2.6 339 2.41

PM-17  18.06.2007 35 37 39.7 2.8 28.7 2.42

PM-18  19.06.2007 36 37 39.8 2.8 28.8 2.42

PM-19  20.06.2007 37 37 39.9 2.8 28.8 2.43

PM-20  22.06.2007 39 37 40.0 2.9 29.0 2.43

PM-21  26.06.2007 43 37 40.2 2.9 29.3 2.40

Series PM-22  29.06.2007 46 37 40.3 2.9 29.5 2.41
3 PM-23  03.07.2007 50 37 40.4 2.9 29.7 2.44
PM-24  06.07.2007 53 37 40.4 3.0 29.9 2.41

PM-25  09.07.2007 56 37 40.4 3.0 30.1 2.41

PM-26  10.07.2007 57 37 40.3 3.0 30.1 2.41

PM-27  11.07.2007 58 37 40.3 3.0 30.2 2.42

PM-28 13.07.2007 60 37 40.3 3.0 30.3 2.42

10
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Table A-2.3 presents the average value of the mechanical properties at the time of
failure. Tables A-2.4, A-2.5 and A-2.6 show the results of tests on concrete cylinders for
series 1, 2 and 3 respectively. Fig. A-2.6 shows the evolution over time of concrete
compressive strength, tensile strength and the modulus of elasticity. Fig. A-2.7 shows
the stress-strain curve in compression for concrete for the first series.

series 1 series 2 series 3

50

/. [MPa]

E_[GPa]

0 20 40 60 80 0 20 40 60 00 20 40 60 80
Time [day] Time [day] Time [day]
Figure A-2.6: Evolution of mechanical properties of concrete over time

0. MPa]
-40

-30 ¢

=20 ¢

0 2 4 6 -8
£, 1%

Figure A-2.7: Stress-strain curve of concrete in compression

11
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Table A-2.4: Results of tests on concrete cylinders for the first series (PM-1 to PM-4)

Compressive Tensile Young’s .

Date of test Age Strength Strength Modulus Density
/. [MPa] . [MPa] E, [GPa] [t/m’]
04.05.2006 34 39.0 - 36.0 2.45
04.05.2006 34 36.9 - - 2.45
05.05.2006 35 - 31 - 2.44
05.05.2006 35 - 2.8 - 2.44
10.05.2006 40 37.5 2.9 37.0 2.44
10.05.2006 40 36.5 - - 2.44
12.05.2006 42 36.1 3.0 38.5 2.45
12.05.2006 42 35.8 - - 2.45
24.05.2006 54 34.8 3.1 - 2.44
29.05.2006 59 36.1 33 - 2.45
09.06.2006 70 39.5 3.0 38.5 2.44
09.06.2006 70 39.5 3.0 38.5 2.44
13.06.2006 74 39.2 3.7 37.0 2.44
13.06.2006 74 39.2 3.7 37.0 2.44

Table A-2.5: Results of tests on concrete cylinders for the second series (PM-9 to PM-16)
Compressive Tensile Young’s

Date of test Age Strength Strength Modulus Density
£, [MPa] £ [MPa] E. [GPa] [t/m’]
23.08.2006 28 30.6 2.3 32 242
23.08.2006 28 29.8 - - 242
29.08.2006 34 31.8 1.9 335 242
29.08.2006 34 31.8 - - 242
01.09.2006 37 32 2.2 32.5 242
01.09.2006 37 27.8 - - 242
20.09.2006 56 33.6 - 35.5 242
20.09.2006 56 319 - 33 241
20.09.2006 56 324 - 33 241
22.09.2006 58 - 2.5 - 2.42
22.09.2006 58 - 24 - 241
22.09.2006 58 - 2.3 - 242
26.09.2006 62 333 - 34.5 242
26.09.2006 62 34.5 - - 242
27.09.2006 63 - 2.7 - 2.42
28.09.2006 64 333 2.7 335 242
28.09.2006 64 32.3 - - 2.42
03.10.2006 69 32.8 - 34.5 241
03.10.2006 69 30 - - 241
04.10.2006 70 - 2.6 - 241

12
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Table A-2.6: Results of tests on concrete cylinders for the third series (PM-17 to PM-28)

Compressive Tensile Young’s

Date of test Age Strength Strength Modulus Density

f. [MPa] for [MPa] E, [GPa] [t/m’]
25.05.2007 11 36.7 - - 2.44
31.05.2007 17 38.2 - - 2.42
01.06.2007 18 37.1 2.9 26.5 243
14.06.2007 31 37.8 - 29.5 2.43
14.06.2007 31 41.3 - - 243
15.06.2007 32 - 2 - 2.41
20.06.2007 37 37.8 - - 242
22.06.2007 39 39.5 3 29.5 243
22.06.2007 39 41.6 - - 243
26.06.2007 43 38.2 - - 2.40
28.06.2007 45 433 3.2 28 2.41
28.06.2007 45 40.6 - - 2.41
03.07.2007 50 40.6 - - 2.44
05.07.2007 52 43.1 29 26.8 2.41
05.07.2007 52 37.8 - - 241
10.07.2007 57 393 - - 241
12.07.2007 59 41.3 3.1 33.2 242
12.07.2007 59 39.9 - - 2.42

A-2.4.2 Steel

Fig. A-2.8 shows the stress-strain relationship for the reinforcing bars used for these test
series. All of the reinforcing bars were of the type of B500B according to the Swiss
concrete construction code SIA 262 (2003). Table A-2.7 presents the average value of
the mechanical properties of tensile reinforcement as well as integrity reinforcement for
all of the tested slabs. Table A-2.8 shows the detailed results for each tensile test. The
strains were measured using an extensometer at the centre of the specimen with a
measurement length of 100 mm. The loading speed was 10 MPa/s and ¢ is the length of
the reinforcement measured between the clamps of the tension testing machine.

13
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Table A-2.7: Average mechanical properties of the reinforcement

Tensile reinf. Integrity reinf.

Test @ f;‘y f;‘u Esu Es @ f;‘y f;‘u Esu ES
[mm] [MPa] [MPa] [%] [GPa] [mm] [MPa] [MPa] [%] [GPa]

PM-1 8 601 664 7.39 201 - - - - -
PM-2 8 601 664 7.39 201 - - - - -
PM-3 8 601 664 7.39 201 - - - - -
PM-4 8 601 664 7.39 201 - - - - -
PM-9 8 601 664 7.39 201 8 616 680 7.4 202
PM-10 8 601 664 7.39 201 10 560 599 7.9 195
PM-11 8 601 664 7.39 201 12 548 625 10.5 201
PM-12 8 601 664 7.39 201 14 527 629 13.5 199
PM-13 8 601 664 7.39 201 8 616 680 7.4 202
PM-14 8 601 664 7.39 201 10 560 599 7.9 195
PM-15 8 601 664 7.39 201 12 548 625 10.5 201
PM-16 8 601 664 7.39 201 14 527 629 13.5 199
PM-17 8 625 641 6.07 200 8 625 641 6.1 200
PM-18 8 625 641 6.07 200 10 605 658 7.8 194
PM-19 8 625 641 6.07 200 12 559 618 7.9 197
PM-20 8 625 641 6.07 200 14 578 695 12.0 203
PM-21 8 625 641 6.07 200 8 625 641 8.9 200
PM-22 8 625 641 6.07 200 10 605 658 10.3 194
PM-23 8 625 641 6.07 200 - - - - -
PM-24 8 625 641 6.07 200 - - - - -
PM-25 8 625 641 6.07 200 8 625 641 6.1 200
PM-26 8 625 641 6.07 200 10 605 658 7.8 194
PM-27 8 625 641 6.07 200 12 559 618 7.9 197
PM-28 8 625 641 6.07 200 14 578 695 12.0 203
Table A-2.8: Detailed results of tests on the reinforcement
. . & E L
Series [n?n] [hjf}ga] [1\{121321] (%] Jsullsy [GPa] [mm]
1,2 8 633 691 7.68 1.09 200 634
1,2 8 581 641 - 1.10 198 601
1,2 8 594 657 - 1.11 202 641
1,2 8 598 668 7.10 1.12 204 652
1,2 10 561 584 5.21 1.04 195 578
1,2 10 555 619 8.68 1.12 195 579
1,2 10 566 585 5.19 1.03 194 584
1,2 10 557 608 5.47 1.09 197 592
1,2 12 556 616 7.01 1.11 195 541
1,2 12 539 633 13.90 1.17 207 592
1,2 14 531 630 14.57 1.19 201 550
1,2 14 523 627 12.46 1.20 196 557
3 8 619 635 6.68 1.03 199 620
3 8 633 651 - 1.03 201 621
3 8 623 637 5.46 1.02 200 627
3 10 619 665 5.41 1.07 191 613
3 10 627 673 5.16 1.07 197 622
3 10 596 642 10.72 1.08 192 605
3 10 579 653 9.88 1.13 194 628
3 12 541 600 7.84 1.11 193 664
3 12 576 632 8.43 1.10 199 649
3 12 581 639 8.75 1.10 194 652
3 12 539 601 6.41 1.12 200 659
3 14 578 697 11.96 1.21 200 674
3 14 583 697 12.23 1.20 206 684
3 14 573 690 11.73 1.20 202 701

14
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A-3 Test setup and instrumentation

A-3.1 Framework and loading procedure

Fig. A-3.1 shows the test setup and the main dimensions of a typical tested slab. The
test frame is mainly composed of two principal columns, a strong girder, a hydraulic
jack, a load cell, four concrete blocks, steel plates, and also measurement instruments.
The columns were fixed to the reaction floor by pre-stressing bars to ensure an adequate
rigidity in the system. The load cell and the hydraulic jack were connected to the girder
by a steel transfer beam.

] ]

Steel girder

560

Steel transfer beam —_ 440

Hydraulic jack ——

Load cell Slab
o 1500x1500x125 565
Steel plates 130x130%30 — o
Column = —
~ Steel 265
plates — — Supports 1

Concrete block
1100%800=400

1100

3600

Figure A-3.1: Test setup [mm]

The slab was simply supported on eight metallic supports in a circular pattern along the
edge of the slab at the distance of 60 mm from the edge. The metallic supports were
placed on four concrete blocks with the dimension of 1100x800x400 mm and the
distance between consecutive supports was 575 mm. The slabs were free to undergo
very large deformations after the punching failure, consequently, to allow the slabs to
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Chapter A-3

rotate and move without restraints, aluminum and teflon plates were placed between the
support steel plates. Fig. A-3.2 shows the locations and arrangement of the supports.

The concentrated load was applied on the center of the slab through a stack of three
square steel plates with the dimension of 130x130x30 mm. The load was applied by the
hydraulic jack with the maximum capacity of 2000 kN. The test was displacement
controlled and the value of the applied force was measured by the load cell at defined
time intervals. A 2 to 5 mm thick layer of plaster was placed between the slab and the
steel plates to regularize the load introduction surfaces.

1500
e ZaN
Y o N Supports y oo N Concrete block
A ’ 1100%x800x400
v '/ N
/
/ ) \ \
N 0 A Steel plates 7/
N 130x130x30 A
N | specimen
1500%x1500%125
'
N
1 AN
N
/
462

N
575 L4627
N /

N ,
N s
N v

Figure A-3.2 Test setup, plan view [mm]

A-3.2 Measurement instrumentation

Three different kind of measurement devices were used in these experiments. The force
was measured using the load cell, the deflections were measured using LVDTs (linear
variable displacement transducer), the variation of the thickness of the slab was
measured using LVDTSs, and the rotation of the slabs was measured using inclinometers.
The time interval of the inclinometers measurements was about 10 seconds and for the
other devices it was between 2 to 4 seconds. Fig. A-3.3 shows the instrument setup at
the bottom of a typical slab with the dimension of 1500%x1500%125 mm. V1 measured
the central displacement of the slab. Furthermore, V2 to V4 measured the deflection of
the truncated punching cone symmetrically. In series 3, the number of LVDTs was
increased to record the evolution of the slab displacement from support to the center of
the slab, as shown in Fig. A-3.3b. For the first and second test series, V2 to V5 were
placed at a distance of 250 mm from the center of the slab. For the third series V2 to V4
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Test setup and instrumentation

were at the same position as in the two first series, V5 was placed at the distance of 125
mm from the center of the slab, and the additional transducers, V10 to V13, were placed
in one single line with the distance of 125 mm from each other.

North North
1500 mm 1500 mm
. 1500 mm 1500 mm
V2 ! V2‘
ZST @ 25? %25 125 125 125 125mm
mm | V5 mm = t + t X ¥
2) L V3 Co b) V3 1 17T 1 1
————————— BB B R R R
| 250 mm | V5 V10 Vil V12 V13
250 mm
V4 I 1]
| V4
South South

Figure A-3.3: Instrument setup at the bottom of the slab for test series 1 and 2 (a), and for

series 3 (b)
North North
T
g i3
Inclinometers i
|
, 1
N // !
V7 IR X s : 100
|
N p i L
) ] L A | ]
i4
V6 ’ V9 I
jgf uoﬁ@\ :
27 g S |
|
|
|
|
1
|
o . i1 X
South South

Figure A-3.4: Instrument setup at the top of the slab for all test series

Fig. A-3.4 shows the instrument layout at the top of the slab for all test series. V6 to V9
measured top surface displacement. V6 to V9 were placed at a distance of 240 mm from
the center of the slab, whereas the inclinometers were placed at a distance of the 100
mm from the edge of the slab specimen.
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Chapter A-3

One of the main objects of this experiment was to investigate the effect of the integrity
reinforcement on the post-punching behavior of concrete flat slabs supported by
columns. The effect of the integrity reinforcement is related to the relative displacement
between the punching cone and the rest of the slab. This relative penetration
displacement was obtained as the difference between two transducers V14 and V15 as
shown in Fig. A-3.5.

v i

Vi4

Load cell
V15

Slab

{Vl
aca
Figure A-3.5: Instrument arrangement to measure the penetration displacement (V14 — V15)

Reinforcing bars play a great role in the post-punching behaviour of flat slabs supported
by columns, because they are the only remaining link between the truncated punching
cone and the rest of the slab. Thus the load carrying capacity of flat slabs after punching
is significantly influenced by the amount and strength of reinforcing steel. To gain a
better understanding of the behaviour of the tensile reinforcement during and after
punching failure, strain gauges were used to measure the elongation of the steel bars of
the slabs PM-1 to PM-4. Fig. A-3.6 shows the position of the strain gages.

North
tensile
reinforcement
i3 4
.
400 mm
j2
.| ==
| |
L 7\
-
j1
200 mm
South

Figure A-3.6: Layout of the strain gauges on the tensile reinforcement
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A-4 Experimental results

Table A-4.1 summarizes the main experimental results of this experimental campaign.
The most important parameters are:

V,: Maximum load at punching failure

w,: Deflection corresponding to V,

V,p: Maximum post-punching strength

wy,p- Deflection corresponding to 7,

Table A-4.1: Summary of results for all the slabs

Test

P
[%]

Asb

VP
[kN]

Wp
[mm]

Ver
[kN]

Wep
[mm]

rp

P

PM-1
PM-2
PM-3
PM-4
PM-9
PM-10
PM-11
PM-12
PM-13
PM-14
PM-15
PM-16
PM-17
PM-18
PM-19
PM-20
PM-21
PM-22
PM-23
PM-24
PM-25*
PM-26"
PM-27"
PM-28"

0.25
0.49
0.82
141
0.82
0.82
0.82
0.82
0.82
0.82
0.84
0.83
0.82
0.88
0.85
0.82
0.81
0.85
0.88
0.86
0.85
0.83
0.81
0.85

408
410
Ap12
AP14
408"
4710
412"
414"
408"
410™
412"
414"
478
410

408
4010

412
414

175.8
223.7
324.3
295.2
224.2
227.5
240.6
249.0
326.7
355.8
274.0
298.4
320.1
322.7
417.3
402.1
255.7
288.2
227.0
271.5
143.0
164.7
211.2
257.6

13.6
11.0
131
7.4
7.1
6.7
8.2
8.2
114
12.6
9.1
10.1
151
15.7
28.7
19.3
9.7
141
10.4
121
7.7
8.5
8.0
11.2

37.2
66.0
117.4
107.8
123.4
158.6
236.5
245.0
150.6
187.5
176.7
134.8
246.6
236.7
315.0
344.9
185.4
218.7
82.2
100.6
85.4
104.6
941
101.4

70.5
52.7
45.3
42.6
36.2
42.9
86.3
116.9
39.9
71.7
66.5
43.4
50.0
56.5
90.1
95.2
42.9
65.2
83.0
74.2
69.8
89.3
64.1
57.2

0.21
0.30
0.36
0.37
0.55
0.70
0.98
0.98
0.46
0.53
0.64
0.45
0.75
0.73
0.75
0.86
0.73
0.76
0.36
0.37
0.60
0.64
0.45
0.39

* Bent-up bars with insufficient anchorage length
#* \\Well-anchored bent-up bars

* Test was terminated due to the risk of falling down the punching cone
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Chapter A-4

In this chapter the experimental results are shown for each slab specimen including the
following parts:

22

Graph (a): Load versus central slab deflection (V1).

Graph (b): Load versus rotation of the slab, measured with the inclinometers, i1,
i2, i3 and i4. This curve is shown up to the initial punching failure due to the
fact that the experimental results obtained beyond this point were rather
random: N — S: average of il and i3, E — O: average of i2 and i4.

Graph (c): Load versus relative penetration displacement O between the
truncated punching cone and the rest of the slab specimen. This relative
displacement was measured using V14 and V15.

Graph (d): Load versus average deflection of the compression side of the slab at
the distance of 240 mm from the center, expressed as the average of V6, V7, V8
and V9. This curve is truncated after the initial punching shear failure as for

graph (b).

Graph (e): For PM-1 to PM-16 is slab plan view after testing. For PM-17 to
PM-28 is slab section after testing accompanied by the evolution of the slab
deflection at representative load levels.
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Figure A-4.1: Slab PM-1, p = 0.25 %
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p=049% f.= 36.5MPa
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(c) Load - penetration displacement (d) Load - compression side deflection

(e) Slab plan view after testing
Figure A-4.2: Slab PM-2, p = 0.49 %
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=0.82% f.= 37.8 MPa

p
400 - 400 -
Z =
= =3
~ 200 - ~ 200
W\/—‘ o
0 L L L I 0 L )
0 50 100 0 10 20
w [mm] w [mrad]
(@) Load - central deflection (b) Load - rotation up to punching
400 400 -
= =
= =
200 a 200
0 0
0 50 100 0 5 10
S [mm] w, [mm]
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(e) Slab plan view after testing
Figure A-4.3: Slab PM-3, p = 0.82 %
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p=141% f.= 368 MPa
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(e) Slab plan view after testing
Figure A-4.4: Slab PM-4, p = 1.41 %
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Experimental results

p=082% f.= 31 MPa
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(e) Slab plan view after testing
Figure A-4.5: Slab PM-9: straight integrity bars O8
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p=082% f.= 31.1 MPa
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(e) Slab plan view after testing
Figure A-4.6: Slab PM-10: straight integrity bars 910
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Experimental results

=0.82% f.= 32.3MPa
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Figure A-4.7: Slab PM-11: straight integrity bars 012

29



Chapter A-4

p=082% f.= 324 MPa
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Figure A-4.8: Slab PM-12: straight integrity bars 014
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Experimental results

=0.82% f.= 32.6 MPa
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Figure A-4.9: Slab PM-13: bent-up-bars 98, insufficient anchorage
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p=082% f.= 32.7MPa
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(e) Slab plan view after testing
Figure A-4.10: Slab PM-14: bent-up-bars 910, insufficient anchorage
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=0.84% f.= 32.7MPa
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Figure A-4.11: Slab PM-15: bent-up-bars 912, insufficient anchorage
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p=083% f.= 32.8 MPa
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Figure A-4.12: Slab PM-16: bent-up-bars 14, insufficient anchorage
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Figure A-4.13: Slab PM-17: fully anchored bent-up-bars 98
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p=088% f.= 39.8 MPa
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Figure A-4.14: Slab PM-18: fully anchored bent-up-bars 910
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p=085% f.= 39.9MPa
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p=082% f.= 40 MPa
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Figure A-4.16: Slab PM-20: fully anchored bent-up-bars 014
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Figure A-4.17: Slab PM-21: straight integrity reinforcement 98
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Figure A-4.18: Slab PM-22: straight integrity reinforcement 910, hot-rolled steel
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p=086%  f.= 40.4 MPa
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Figure A-4.20: Slab PM-24, p = 0.85 %, confinement reinforcement

42



400

¥ [kN]

400

v [kN]

Experimental results

p=085%  f.= 40.4 MPa

r 400 -
Z
=
r x 200 -
—EO —— N
0
0 50 100 0 10 20
w [mm] w [mrad]
(@) Load - central deflection (b) Load - rotation up to punching
. 400 |
Z
=3
L x 200 -
0
0 50 100 0 5 10
6 [mm] w, [mm]

(€) Load - penetration displacement (d) Load - compression side deflection

1} e s £ 54

\

w [mm]
(€) Slab section and displacement evolution
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p=083% f.= 40.3 MPa
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Figure A-4.22: Slab PM-26: cut-off tensile reinforcement + integrity reinforcement 910
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p=081% f.= 40.3 MPa
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Figure A-4.23: Slab PM-27: cut-off tensile reinforcement + integrity reinforcement 912
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p=0.85% fe= 40.3 MPa
400 400
=3 Z
= =3
~ 200 N 200 -
—EO0 —— NS
0 0
0 50 100 0 10 20
w [mm] w [mrad]
(@) Load - central deflection (b) Load - rotation up to punching
400 r 400
Z Z
= =
200 x 200 -
0 0
0 50 100 0 5 10

6 [mm]
(€) Load - penetration displacement

w, [mm]
(d) Load - compression side deflection

w [mm]

v
(e) Slab section and displacement evolution

Figure A-4.24.: Slab PM-28: cut-off tensile reinforcement + integrity reinforcement 14
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A-5 Summary of experimental results

The test results are compared to gain a better understanding of the influence of various
parameters on the post-punching behavior of flat slabs supported by columns. It was
generally observed that after the punching shear strength has been reached, the load
decreases rapidly. Then it starts increasing with further deflection in the post-punching
phase. In all specimens, tensile reinforcement tends to tear out of concrete by a
combination of bond failure and vertical tearing, especially in the vicinity of the
column. At this stage, because of the large strains at the slab tension surface, cracks
propagate through the slab and yielding of reinforcement spreads throughout the slab.

PM-1 to PM-4: Tensile reinforcement

Fig. A-5.1 shows the load-deflection responses of slabs PM-1 to PM-4, with the same
geometry but different reinforcement ratios. As expected, the punching shear capacity
increases as the reinforcement ratio increases. All specimens experienced punching
shear failure and their post-punching behavior was observed. As Fig. A-5.1 shows, the
punching strength of PM-3 is slightly higher than that of PM-4. This difference in their
response can be explained by the fact that the concrete compressive strength at the time
of testing was 39.5 MPa and 36.8 MPa for PM-3 and PM-4, respectively. It should also
be mentioned that the punching shear strength of flat slabs is significantly influenced by
the concrete compressive strength. However, in this case, slab PM-4 had a larger
reinforcement ratio. In this series of test, the only connection between truncated
punching cone and the rest of the slab after punching failure was the tensile
reinforcement. This connection made it possible for slabs to carry load after punching
failure. The ratio of the maximum post-punching strength to the maximum punching
strength was 0.21, 0.30, 0.36 and 0.37 for slabs PM-1, PM-2, PM-3 and PM-4,
respectively. The relative small post-punching strength of these specimens was due to
the fact that the tensile reinforcement almost completely spalled of concrete. Fig. A-5.1
also shows the main results of these specimens.

It should be noted that all experiments, PM-1 to PM-28, were terminated when the main
measurement equipments were no longer able to record meaningful values due to the
destruction of the punching cone.
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400 - = =
Test fe o Asp Vo Wp Voo
[MPa] [%] [kN] [mm] [kN]
PM-1 366 0.82 - 1758 136 37.2
PM-2 365 0.82 - 2237 110 66.0
PM-3 378 0.82 - 3243 131 1174
PM-4 36.8 0.82 - 295.2 7.4 107.8

PM-1
1

0 30 60 90 120
w[mm]

Figure A-5.1: Load—deflection curve and main results for slabs PM-1 to PM-4

PM-9 to PM-12: Integrity reinforcement

Fig. A-5.2 shows the load versus the central deflection for slabs PM-9 to PM-12. @8,
@10, @12 and @14 straight bar were used in the compression zone of these slabs. In this
test series, the post-punching behavior was influenced not only by the tensile
reinforcement but also by the integrity reinforcement. As load increases, cracks open,
and interlocking of aggregate reduces quickly. Therefore, in the absence of shear
reinforcement, longitudinal reinforcing bars play a significant role in transferring shear
when other contributions to the shear transfer are negligible as in the case of post-
punching behavior of flat slabs. It can be observed that in these tests where the integrity
reinforcing bars pass through the column, the post-punching load were clearly larger
than that observed in the specimens without integrity reinforcement. The ratio of the
maximum post-punching strength to the maximum punching strength was 0.55, 0.70,
0.98 and 0.98 for slabs PM-9, PM-10, PM-11 and PM-12, respectively. Although the
punching strength was approximately the same for all specimens in this test series, there
was a considerable difference in the post critical behavior of the first two specimens
(PM-9 and PM-10), and the last two (PM-11 and PM-12). This can be attributed to the
type of steel reinforcement. Cold-worked steel was used for the former slabs, whereas
hot rolled steel was used for the latter slabs. The sudden drops in the graphs are caused
by the fracture of the steel bars.

400 -

[ e
‘ ‘ Test fe o Asp Vo Wy Voo
[MPa] [%] [kN]  [mm]  [kN]
300 - PM-9 31.0 0.82 4Q8* 224 71 123
. PM-12
E PM-10 311 0.82 4910 227 6.7 159
N 200 - PM-11 323 0.82 4@12** 241 82 236

PM-11
PM-12 324 082 4Q14** 249 82 245

100 * cold—-worked steel
** hot-rolled steel

PM-10

0 30 60 90 120
w[mm]

Figure A-5.2: Load—deflection curve and main results for slabs PM-9 to PM-12
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PM-13 to PM-16: Bent-up-bars, insufficient anchorage

Fig. A-5.4 shows the load-deflection responses of slabs PM-13 to PM-16, each having
the same geometry and tensile reinforcement but a different bent-up-bar diameter. All
specimens experienced punching shear failure. As can be seen in Fig. A-5.4, these test
specimens have the same initial stiffness but their punching strengths are slightly
different. As it pointed out earlier, the punching shear strength of flat slabs is
significantly influenced by the concrete compressive strength. According to Table 2.5
the concrete compressive strength of slabs PM-13, PM-14, PM-15 and PM-16 ranged
from 30 to 34.5 MPa. This may partially explain the different punching strengths of
these specimens. The ratio of the maximum post-punching strength to the maximum
punching strength was 0.46, 0.53, 0.64 and 0.45 for slabs PM-13, PM-14, PM-15 and
PM-16, respectively. The relative small post-punching strength of these specimens was
due to the fact that the bent-up bars were not properly anchored as can occur in existing
structures. According to the Swiss code SIA 262 the minimal anchorage length in the
tension zone equals to forty times the bar diameter for the concrete type of C30/37
which is about 480 and 560 mm for @12 and @14, respectively. Fig. A-5.3 shows the
anchorage condition for the various integrity reinforcement as well as the possible
cracking before punching failure. There is no concern for integrity reinforcement
crossing the column as well as for full-anchored bent-up bars (Fig. A-5.3 a and c).
However, with the increase of the load and opening the punching cracks in the absence
of the hook (Fig. A-5.3 b), the bent-up bars experienced the bond failure thus losing
their effectiveness. This can be attributed to the short anchorage length of 455 mm in
combination with premature punching cracks along the bar.

XK
N )
-
b)\j\M455
0 >Ng )

Figure A-5.3: Anchorage condition for the various integrity reinforcement

400

(e ———| ‘

c 0o
TeU e N fmml kN]

PM-13 326 082 408 327 114 151

PM-14 327 082 4010 35 126 187
PM-15 327 084 4@12 274 91 177
PM-16 328 083 40214 298 101 135

100

0 30 60 90 120
w[mm]

Figure A-5.4: Load—deflection curve and main results for slabs PM-13 to PM-16
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PM-17 to PM-20: Well-anchored bent-up-bars

Fig. A-5.5 shows the load-deflection responses for slabs PM-17 to PM-20. The bent-up
bars which function as shear reinforcement were fully anchored. These specimens
exhibited an improved punching behavior and larger post-punching strength.
Detachment of the top reinforcement was observed. Compared to the other specimens,
PM-19 and PM-20 exhibited a different behavior prior to the punching failure. The
punching strength showed an increase of 28% and 23% to the respective experimental
punching load for PM-19 and PM-20, respectively. They also experienced a very large
deflection at punching failure showing a much more ductile behavior than the other
specimens. The slab deflection at punching shear failure was 28.7 mm and 19.3 mm for
PM-19 and PM-20, respectively.

The maximum loads obtained in the post-punching phase were clearly larger than those
obtained in the slabs with integrity reinforcement passing through the column. The ratio
of the maximum post-punching strength to the maximum punching strength was 0.75,
0.73, 0.75 and 0.86 for slabs PM-17, PM-18, PM-19 and PM-20, respectively. Although
the ratio of the maximum post-punching strength to the punching shear strength for
these two specimens were lower than those in slabs PM-11 and PM-12, the maximum
post-punching load of PM-19 and PM-20 were 33% and 41% higher than those of slabs
PM-11 and PM-12, respectively. These specimens showed that using bent-up bars
passing through the column is probably more effective than integrity reinforcing bars in
preventing the progressive collapse.

400 -

fc 0 Asb Vu Wp VDD

Test [MPa] [%] [kN] [mm] [kN]

PM-17 397 082 408 329 151 247
PM-18 39.8 088 4010 323 157 237
PM-19 399 085 4@12 417 287 315*

PM-20 40.0 082 4014 402 193 345

* Test terminated because the main measurement
equipments were no longer able to record meaningful
values

100 |/

0 30 60 90 120
w[mm)]

Figure A-5.5: Load-deflection curve and main results for slabs PM-17 to PM-20

PM-21 and PM-22: Ductility

Fig. A-5.6 shows the load-deflection responses of slabs PM-21, PM-22. These test
specimens were similar to PM-9 and PM-10 respectively, however PM-22 had a
different steel type. Cold-worked steel had been used for PM-10 and hot-rolled steel
was used for the slab specimen PM-22. The aim was to investigate the effect of the type
and ductility of steel on the post-punching behavior. Using hot-rolled steel bars
provided a better post-punching behavior and increased not only the punching strength
but also the maximum post-punching strength and its corresponding displacement. The
ratio of the maximum post-punching load to the maximum punching strength was 0.73
and 0.76 for slabs PM-21 and PM-22, respectively. The concrete compressive strength

50



Summary of experimental results

for PM-9 and PM-10 was about 31 MPa and for PM-21 and PM-22 was about 40 MPa
and thus the punching strength as well as the post-punching strength were influenced by
the effect of the concrete compressive strength (up to 15%).

400

‘K_ _j‘ Test fe fsv O Asp V Wy Voo

[MPa] [MPa] [%] [kN] [mm] [kN]

300 - PM-9 31.0 616* 0.82 408 224 7.1 123

E PM-10 311 560* 082 4@10 227 6.7 159
i PM-21 PM-22

N 200 F PM-21 40.2 625* 081 408 256 9.7 185

PM-22 40.3 605** 0.85 4@10 288 141 219

100 MO * cold-worked steel
** hot-rolled steel

PM-10

0 30 60 90 120
w[mm]

Figure A-5.6: Load—deflection curve and main results for slabs PM-21, PM-22, PM-9, and PM-10

PM-23 and PM-24: Confinement

Fig. A-5.7 shows the load versus the central deflection for slabs PM-23 and PM-24.
These specimens were geometrically similar and hence the punching and the post-
punching behavior of them were nearly the same. No additional reinforcement was used
and thus tensile reinforcement was the only factor influencing the post-punching
response. The ratio of the maximum post-punching strength to the maximum punching
strength was 0.36 and 0.37 for slabs PM-23 and PM-24, respectively. Slab PM-23 was
the reference slab and thus only tensile reinforcement was used, whereas for slab PM-24
some stirrups were also placed above the column to investigate the effect of
confinement reinforcement on the punching and post-punching behavior. As Fig. A-5.7
shows, using confinement reinforcement above the column slightly increased the
punching strength as well as the post-punching strength.

400 -

‘E._.J '-“J‘ Test fe o Ay Wy Wy Voo
[MPa] [%] [kN] [mm] [kN]
300 + PM-23 404 0.81 - 227 104 82
E PM-24 404 0.85 - 272 121 101

= 200

100

PM-24
PM-23
0 L L
0 30 60 90 120
w[mm]

Figure A-5.7: Load—deflection curve and main results for slabs PM-23 and PM-24
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PM-25 to PM-28: Cut-off tensile reinforcement

Fig. A-5.8 shows the load-deflection responses for slabs PM-25 to PM-28. In this test
series, tensile reinforcing bars were cut off at the specified points, to specifically
investigate the effect of the integrity reinforcement on the post-punching behavior.
Cutting-off the tensile reinforcing bars localized the punching cracks at the end of the
bars and as a result, the tensile reinforcing bars were not activated after punching
failure. Therefore, the only factor affecting the post-punching response was the integrity
reinforcement. The ratio of the maximum post-punching strength to the maximum
punching strength was 0.60, 0.64, 0.45 and 0.39 for slabs PM-25, PM-26, PM-27 and
PM-28, respectively. It was observed that using improper anchored tensile
reinforcement (cut-off of tensile reinforcement) significantly reduced the punching
strength, the post-punching strength and also the ductility of the slab-column
connection. These specimens provided the opportunity of studying the effect of integrity
reinforcement passing through the column. However, due to the fact that the only
connection between the punching cone and the rest of slab was a small portion of the
integrity reinforcing bars over the column, the risk of falling down the punching cone
and other technical problems the tests were stopped before the specimens reached to
their maximum post-punching strength. In addition, the punching cone was completely
separated of the slab at the end of these experiments.

400 -

fc fsv 0 Ash VD Wp Vnu
[MPa] [MPa] [%] [kN] [mm] [kN]

300 - PM-25 40.4 625 085 408 143 7.7 85

Test

PM-26 403 605 0.83 4@10 165 85 105
200 -

V' [kN]

PM-27 40.3 559 081 4@12 211 8 94

PM-28 40.3 578 0.85 4014 258 112 101
PM-26

100

PM-25

0 30 60 90 120
w[mm]

Figure A-5.8: Load—deflection curve and main results for slabs PM-25 to PM-28
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A-6 Post-punching provision in SIA 262

The design of reinforced concrete flat slabs is governed by punching shear strength at
ultimate limit state and by deflection at serviceability limit state. Numerous experiments
have been performed in the past to gain a better understanding of the punching behavior
of flat slabs. However, the current codes of practice deal with this context differently
and therefore the calculation of the punching or post-punching strength and the relevant
detailing of reinforcement depend considerably on the code applied. Therefore, the
reinforcement layout might be very different in different countries.

Experience has shown that the overall integrity of a structure can be significantly
enhanced by minor changes in reinforcement detailing. The tendency of the codes of
practice is to increase the redundancy and ductility in structures so that in the event of
damage to a major supporting element or an abnormal loading event, the resulting
damage may be confined to a relatively small area. Therefore the structure will have a
better chance to maintain overall stability. Redistribution of loads following a local
damage to a structure depends on strength, continuity, redundancy, and deformation and
energy dissipation capacities of the structure; however, in the case of punching failure,
the drop in resistance can be large and can thus trigger failure at adjacent columns and
lead to the progressive collapse of a large part of the structure. Alternate load path and
integrity provisions are means of providing redundancy or continuity to mitigate
possible progressive collapse. When punching failure occurs, top reinforcement that is
continuous over the support, but not confined by stirrups in the case of flat slabs without
shear reinforcement, will tend to tear out of concrete and will not provide the catenary
action needed to connect the damaged parts of structure. By making a portion of
compressive reinforcement continuous, the overall stability could be obtained and the
likelihood of that a local punching failure could lead to progressive collapse is reduced.

To prevent the slab from totally collapsing after a possible punching, the Swiss Code
SIA 262-03 [1] requires that some reinforcement shall be provided on the flexural
compression side. The reinforcement shall be extended over the supported area and
dimensioned as follows:

V, =A, f,siny (A-6.1)
Assuming w = 42° leads to:
Vd
A, >1.5f— (A-6.2)

sd

Where Ag, is the total cross-sectional area of the reinforcing bars crossing the column
core, fsq Is the design yield strength of the reinforcing steel, Vqis the dimensioning value
of the shear transferred to the column at accidental situation, and y is the angle of
inclination of reinforcing bars in the vicinity of the punching crack at failure.
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Appendix B

Estimation of the projected area Ay,

When the thickness of the concrete over the integrity bars are not sufficient for the
failure mode associate with the fracture of the bars, the post-punching strength of the
slab is limited by the maximum concrete breakout strength:

Vcon,max = A:h fct,eff (Bl)

where A, is the horizontal projection of the conical failure surface . It was shown in
Chapter 4 that for two integrity bars passing through the column, the total projected area
can be expressed as

T
A;h ZB[Edlz - Aij
0, s, .
AIZ?JdlZ —ZdlS”]ej (BZ)

6, =cos™(s/2d,)

where the parameters involved are shown in Fig. B.1.

1 0 d, coty sin g
1 ’
2d, coty

Figure B.1: Horizontal projection of the conical failure surface for two reinforcing bars

If more than two integrity reinforcing g bars pass through the column, the projected area
for each bar can be calculated by the geometrical conditions. Fig. B.2 shows the
horizontal projected area in the case of three or four reinforcing bars passing through the
column. When three integrity bars pass through the column in each direction, the total
horizontal area associated to the maximum concrete breakout can be calculated by
3 :

A, = E;zdf —2d/6; +sd, sin 6, (B.3)
As the number of bars passing through the columns increases, the total horizontal
projected area increases systematically. The projected area for each reinforcing bar can
be estimated as



Appendix B

1df (7-6,) +£sdlsin ¢, external bars
2 4
1 1 (B.4)
Edf (7z—29j)+§sdlsin 6, internal bars

Therefore, the total projected area when n integrity bars pass through the column in
each direction is

n n-1 .
Ay =416, + (26, )]d? +==sd;sing;} (B.5)
s/2<d<s <
| s ! T s
2d, coty
N < dl 9]
| K | K |
‘ 2d, coty
Y
s/2<d<s s I s s
2d, coty
0
s <d, s |
‘ 2d, coty

Figure B.2: Horizontal projection of the conical failure surface for three and four reinforcing
bars passing through the column



Appendix C

Summary of experimental results

Tensile reinf. Integrity reinf.
age  fe Je E. d p Sy fu  &u Es Sy fu Eu E, Ve  w, Vi Wy V, )
TeSt [day] [MPa] [MPa] [GPa] [mm] [%] [MPa] [MPa] [%] [GPa] ASb [MPa] [MPa] [%] [GPa] [kN] [mm] [kN] [mm] 717 Relnforcement layout AS ASb TeSt
—~  PM-1 33 366 29 369 102 025 601 664 7.4 201 - - - - - 176 136 37 705 021 @8@200 - PM-1
© PM-2 30 365 28 367 102 049 601 664 7.4 201 - - - - - 224 110 66 527 030 [ _) @s@100 - PM-2
S PM-3 71 378 34 379 102 082 601 664 7.4 201 - - - - - 324 131 117 453 036 @3@60 - PM-3
Y pM-4 38 368 30 371 102 141 601 664 7.4 201 - - - - - 295 74 108 426 037 @3@35 - PM-4
PM-9 35 310 23 333 102 082 601 664 74 201 4@8 616 680 7.4 202 224 7.1 123 362 055  @8@60 498 PM-9
PM-10 37 311 23 333 102 082 601 664 7.4 201 4@10 560 599 7.9 195 228 67 159 429 070 | _ )| @8@60 4810 PM-10
o« PM-11 56 323 25 337 102 082 601 664 7.4 201 4@12 548 625 105 201 241 82 237 863 0.98 T @8@60 4@12 PM-11
¢ PM-12 58 324 26 337 102 082 601 664 7.4 201 A4@14 527 629 135 199 249 82 245 1169 098 @8@60  4@14 PM-12
‘S PM-13* 62 326 26 338 102 082 601 664 7.4 201 498 616 680 7.4 202 327 114 151 399 0.46 @8@60 408 PM-13
@ PM-14* 64 327 26 338 102 082 601 664 74 201 4010 560 599 7.9 195 356 126 188 717 053 [=—r" ~_— 1 @8@60 4Q10 PM-14
PM-15* 65 327 26 338 100 084 601 664 7.4 201 4@12 548 625 105 201 274 91 177 665 0.64 @8@60 4@12 PM-15
PM-16* 68 328 26 339 101 083 601 664 7.4 201 4@14 527 629 135 199 298 101 135 434 045 @8@60 4014 PM-16
PM-17 35 397 28 287 102 082 625 641 6.1 200 4@8 625 641 61 200 329 151 204 500 0.75 @8@60 408 PM-17
PM-18 36 398 28 288 95 088 625 641 61 200 4010 605 658 7.8 194 323 157 237 565 073 | AN ) 28@60 4010 PM-18
PM-19 37 399 28 288 99 085 625 641 6.1 200 4@12 559 618 7.9 197 417 287 315 901 0.75 @8@60 4@12 PM-19
PM-20 39 400 29 290 102 082 625 641 6.1 200 4@14 578 695 12.0 203 402 193 345 952 0.86 @3@60 4@14 PM-20
o PM-21 43 402 29 293 103 081 625 641 6.1 200 408 625 641 89 200 256 9.7 185 429 0.73 @3@60 498 PM-21
¢  PM-22 46 403 29 295 99 085 625 641 6.1 200 4@10 605 658 103 194 288 141 219 652 0.76 I ] 2s@s0 4210 PM-22
S PM-23 50 404 29 297 95 088 625 641 6.1 200 - - - - - 227 104 82 830 036 T @3@60 - PM-23
P pM-24 53 404 30 299 97 086 625 641 61 200 - - - - - 272 121 101 742 037 @3@60 - PM-24
PM-25° 56 404 30 301 98 085 625 641 6.1 200 488 625 641 61 200 143 7.7 85 69.8 0.60 @8@60 408 PM-25
PM-26° 57 403 30 301 101 083 625 641 61 200 4@10 605 658 7.8 194 165 85 105 893 064 | — ) @8@60 4210 PM-26
PM-27* 58 403 30 302 104 081 625 641 6.1 200 4812 559 618 7.9 197 211 80 94 641 045 T @3@60 4@12 PM-27
PM-28° 60 403 30 303 99 085 625 641 61 200 4014 578 695 120 203 258 112 101 572 0.39 @8@60 4Q14 PM-28

+: Test deliberately terminated due to the risk of falling down the punching cone
*: Anchorage failure
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