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ABSTRACT

Punching shear is a phenomenon in flat slabs cabseadoncentrated support
reactions inducing a cone shaped perforation staftom the top surface of the slab.
Although generally preceded by flexural failure,nphing shear is a brittle failure
mode and the risk of progressive collapse requaregyher safety class in structural
design. The design approach with respect to pugcsiear assumes that the slab is
subjected to hogging moments in both main direstiabove the column which
postulates that the slab is either continuous at the slab-column connection is
moment resisting. Little research has been condumteflat slabs supported on edge
columns of steel. The need for further investigatilerives from the low stiffness of
steel edge columns in comparison to concrete skash is believed to result in very
little moment transfer through the connection. T¢asises reason to believe that the
slab strip perpendicular to the edge shows resermoéltp a simply supported beam.

In order to investigate the behaviour of such $labs simulations by nonlinear finite
element analyses have been performed using thevaseftATENA developed by

ervenka Consulting. Initially, conducted experingemtere simulated in order to
validate the modelling technique and the FE-analy@®wed good agreement for
peak loads and structural responses during loading.

A geometrically simple prototype of a reinforcechcrete element supported on its
edge by a steel column was used in the present. wWarkhe simulation of punching
shear failure was successful the comparison tac#dse when concrete columns are
used showed certain similarities. The critical @gethat preceded punching failure
were similar to what had been observed in previousstigations where concrete
columns were employed. The behaviour of the stampendicular to the edge did
however resemble the action of simply supportedniseas shear cracks propagated
from the bottom surface. Nevertheless, the presehdangential cracks on the top
surface and the triaxial state of compression & dbncrete close to the supporting
column depicted that some restraint could be exgect

Key words: flat slab, punching shear failure, edtgel column, reinforced concrete,
FE-analysis, ATENA
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Reinforcement area
Area of shear reinforcement within control perieret

Reinforced area in the y-z plane

Modulus of elasticity (Young’s modulus) for conigre
Initial modulus of elasticity for concrete

Steel modulus of elasticity
Concrete slab stiffness
Column stiffness

Fracture energy of concrete

Column length

Transferred moment in slab-column connection
Column reaction

Column reaction at bending failure

Column reaction at punching failure

Crack shear stiffening factor

Punching shear resistance without shear reinfogoém
Design punching shear resistance without sheaforeement
Design punching shear resistance with shear neiefoent

Roman lower case letters
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c.cube

—h—h—hQ.Q.D_Q.Q.Q.Q.Q.

c.cylinder

Vil

Length of concrete slab along edge
Length of concrete slab perpendicular to edge
Side of supporting plate along slab edge

Side of supporting plate perpendicular to slabeedg
Factor governing tension stiffening of concrete

Effective depth of concrete section
Column side

Aggregate size

Column side in FE-model

Column side in FE-model

Column side in tests specimens, x-direction

Column side in tests specimens, y-direction
Concrete compressive strength

Concrete compressive strength based on cube tests
Concrete compressive strength based on cylindes te
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f Characteristic concrete compressive strength
f, Concrete tensile strength
fis Limiting steel stress in case of strain hardening
f, Yield strength of reinforcing steel
flg Design yield strength of reinforcing steel
f o Yield strength of shear reinforcement
fowa Design yield strength of shear reinforcement
f waer Effective value of design yield strength of shesanforcement
h Thickness of slab
k Size effect of the effective depth
I Span length
l, Distance between columns along the edge
I, Distance between columns perpendicular to the edge
My Design moment per unit width
My Resisting moment per unit width
m, Bending moment per unit width in x-direction
m,, Twisting moment per unit width
m, Bending moment per unit width in y-direction
P, Side of neoprene bearings in x-direction
P, Side of neoprene bearings in y-direction
e jim Reduction limit of f_ as lateral tensile strains develop
Siax Maximum crack spacing
S, Radial distance between rows of shear reinforcémen
t Thickness of hollow steel section
t, Thickness of supporting steel plate
t, Thickness of neoprene bearing
q Surface load
U, Control perimeter of the column
U Control perimeter
I Reduced control perimeter
Uy, Outer control perimeter outside shear reinforcemdren provided
Vidc Design shear strength per unit width without shieaforcement
VRdes Design shear strength per unit width with shearfoecement
ViRd.max Recommended maximum value of shear strength pewidih
W, Critical compressive displacement
z Internal level arm of reinforced concrete section
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Greek lower case letters

a Coefficient for thermal expansion

s Angle between shear reinforcement and plane bf sla
b Coefficient for plastic flow direction

9 Partial safety factor for concrete

Eep Plastic strain at compressive edge

;"m Limiting strain in case of strain hardening

Variable for support moment transfer
Poisson’s ratio
n Reduction factor for concrete with shear cracks

r Concrete density

d Ratio of bonded flexural reinforcement

&’ Ratio of bonded flexural reinforcement in x-diieat
Ty Ratio of bonded flexural reinforcement in y-diieat
f Diameter of reinforcement bar

Y Coefficient accounting for connection type
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1 Introduction

1.1 Background and problem description

Steel columns in flat slab systems, a common swiuin multi-storey residential
buildings and office complexes, are favourable ttuéheir sparse demand for space
and possibility to be hidden inside non load-cangywalls. They make it possible to
use large areas of glass in the facades and alloara flexible window positioning.

The critical failure mode for flat slabs is pundjpishear; a phenomenon in slabs
caused by concentrated support reactions inducicmna shaped perforation starting
from the top surface of the slab. The design amtradth respect to punching shear
is in various codes based on experimental resulisadservations from reinforced
concrete slabs supported on concrete columns. &sigrdmethod for punching shear
assumes that the slab is subjected to hogging msmeboth main directions above
the column. This either requires that the slaloigtiouous, or in the case of edge and
corner supported flat slabs, that the connectiomasnent-resisting in the direction
perpendicular to the simply supported edge. Dubédaelatively low stiffness of edge
columns the slab can be regarded as nearly simplycsted on the column with very
little moment transfer through the connection. émtcary to interior columns, edge
columns follow the rotation of the slab strip irttiirection perpendicular to the edge.

During the last decades several researchers hagstigated punching failure at edge
and corner columns of reinforced concrete. The comieature of these objects has
been the presence of unbalanced moments in thetidiveperpendicular to the edge
of the slab. Knowingly there has been little resbawhere the features of steel
columns have been employed. As steel columns asestiff than concrete columns,
they are expected to be more prone to respondititetdeformation of the slab.

1.2 Purpose

The purpose of this project has been to simulateclpng failure of reinforced
concrete slabs supported at their edges on slestelelr columns in order to study the
structural behaviour during this phenomenon. Furntioee, the aim of the study has
been to provide information that can be of use wdygpropriate designs of reinforced
concrete slabs supported on steel columns are sough

1.3 Scope

The project considered reinforced concrete fldtskupported on their edges by steel
columns of square hollow sections. A geometricaiiyple prototype of a reinforced
concrete slab has been analysed. The study alsideos the influence of flexural
reinforcement amount as it governs the failure mddl@reover, the effect of concrete
compressive strength reduction as cracking propadas been assessed.

CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2010:101 1



The considered slab was neither provided sheaforeement nor drop panels for the
enhancement of the punching shear capacity. Materadels included nonlinear
responses, such as concrete cracking and plastiavioeir and yielding of the
reinforcing steel. Neither concrete shrinkage nmeep has been considered. Openings
near columns are commonly present in practice,aiaduthe area of concrete that
resists transverse shear, although this effectniohdeen dealt with in the present
study.

1.4 Method

The project was initiated by the study of resultsl aconclusions from former
research, further employed as a point of referembe. steel column supported flat
slabs have been investigated by means of nonlifieée element analyses with
Cervenka software ATENA 3D, version 4.3.4. In orteensure the accuracy of the
modelling technique, comparisons against availaperimental data have been
carried out. The purpose of these comparisons wanfirm that the FE-models
were able to resemble the actual responses thatabserved during experiments.
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2 Engineering practice

The term flat slab is used for reinforced concedtds supported by one or several
columns as illustrated in Figure 2.1 (a). This typfe structural system can be
performed in various ways, profiting from the sgademand of space the columns,
particularly steel columns, require. Flat slabs @oé provided with any intervening

beams or girders; the loads are directly transfietwehe supporting columns resulting
in low structural heights. Furthermore, the absenfebeams and girders and
particularly load-bearing walls allows for moredd®mm in planning.

A common structural system in case of flat slabsoiave a stabilising core of
reinforced concrete that holds elevator shaftsraath staircase in the centre, placing
columns along the building’s edges as illustrated~igure 2.1 (b). When needed,
additional stabilising can be obtained by the usshear walls. In multi-residential
buildings, reinforced concrete walls are often usedeparate apartments from one
another, providing good acoustic insulation andirs fire cells. In the following, a
brief description is given for the structural elertseconsidered in the present work.

S~ \/E

%/
(b)

Figure 2.1 (a) Flat slab. (b) Flat slab system wéhstabilising core and shear
walls of reinforced concrete.

(@)

2.1 Reinforced concrete slabs

Reinforced concrete slabs can be of various typésre for residential buildings in
Sweden a majority of the slabs used are compdsite plate floors. The choice of
slab depends on various factors, such as strudterghts, span lengths and the need
for ducts.

Composite floor plate floorsconsist of prefabricated reinforced concrete plate
elements and in-situ cast concrete, where the lpietded units function as remaining

CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2010:101 3



formwork. The precast member is usually rather ti@®—60 mm) and the
reinforcement consists of a horizontal grid of ktears in two perpendicular
directions, corresponding to the required bottoinfoecement. Lattice girders are
often present and serve two main purposes; inergdlse rigidity of the prefabricated
elements, which is beneficial during transport awhstruction, and providing
transverse reinforcement and hence a mechanicdl inahe joint between two units.
A schematic illustration of a composite floor platement is shown in Figure 2.2.

Figure 2.2 Prefabricated element and lattice girslef composite floor plate floor
over which concrete is cast in-situ.

Before casting concrete above the prefabricatesheaiés additional reinforcement is
provided where needed. The slab carries the loadlyna the direction of the lattice
girders. However, it can also transfer load in wesaker direction provided that the
joints between the precast members are connectegenty with additional
reinforcement in the transverse direction. Whendede the composite floor plate
floor can be prestressed, allowing longer spanskaeg@ing deflections within limits.
Span lengths of about 7 m can be expected for nestnessed slabs, whilst for
prestressed slabs a span length of about 10 mecanhieved. In residential buildings
this type of slab commonly has distances of 3-5atwben the edge columns The
advantage and hence popularity of composite fldatepfloors lies in their little
demand of formwork and reinforcement labour. Nehaddss, one drawback is that
the in-situ cast concrete requires desiccatiorcteptable levels of relative humidity
before proceeding with the next level of the camgton. Throughout the time of
concrete hardening the concrete develops its streargd propping is necessary. This
type of slab is therefore not always preferablealhbuildings with many floors when
rapid construction is desirable.

Lift slabsare flat slabs cast at ground level and thereafearated to the right position
in the structural system. Steel collars are embedialeéhe concrete to function as a
connection between the slab and the steel or ctancodumn, but also to facilitate the
erection. The provided connection between the afabthe column is not sufficiently
stiff to be considered as moment-resisting andefbeg no or little moment will be
transferred between the slab and the column imlitteetion perpendicular to the edge
of the slab. Although not commonly used in Swed=tay, lift slabs are of interest in
this report since the lack of moment transfer medsemblance to the connections
studied in this project. A flat slab system usinifgy $labs with steel columns is
illustrated in Figure 2.3.
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Figure 2.3 A structural system using lift slabs.a@Bann Research and
Development Corporation, 2004)

2.2 Column-slab connection

When the building’s exterior consists of non loagting walls or is a glass facade,
columns can be used for the vertical load tranafehe building’s edges. Regardless
of the type of column that is chosen, given thdiai$ sufficient capacity to withstand
the forces it is subjected to, the column’s cramsion is determined with respect to
the possibility of connection to other structurambers.

Concrete columnsare solid sections of concrete provided with Hotigitudinal and
transverse reinforcement. Although concrete hasgh bhompressive strength the
reinforcement needs to be provided in order to amspte for the brittleness of
concrete and to guarantee correct functioning ubéeding action. The longitudinal
bars are positioned in corners and when neededndrdlie edges, whilst the
transverse reinforcement is spread out over thgthemo keep the longitudinal
reinforcement in place and to prevent buckling. €ete columns can be made in
various shapes and sizes. However, to certify aecbmperformance the minimum
section must be relatively large, each side ab00trB8m.

Steel columnsan be of varying sections and detailing, giviiffedent performances
and aesthetic forms of expressions when being exbdsollow sections with almost
equal stiffnesses in both directions are apposienvmainly subjected to normal
forces. Aside with H-sections these column sectiares predominant in residential
and office buildings.

The varieties of the connection between slab anldimoo are many and the
possibilities are somewhat limited to the toleran@garding production on site. Thus
when designing slabs with respect to punching shesistance it is important to
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consider the limitations of practical execution.eT¢onnection is required to enable
the load transfer from the slab to the column ansbime cases the joint is sufficiently
rigid to allow moment transfer. In the case of aaete column, the connection can
be considered as rigid since a part of the flexteadforcement generally continues
down the column from the slab (bent-down bars)h@digh the slab and the column
are not cast together the two parts constituteniramous structure.

The connection between a steel column and the cdabbe executed in different

ways. In this work, a common execution with squaoow steel columns has been

treated. The detailing of the connection is sucht tlwo columns from adjacent

storeys are connected through the slab by a hadi@sl profile of the same cross

sectional dimensions as the columns; see Figutdr2the region around the column,

the slab is recessed and entirely cast in-siturderoto get a homogenous concrete
slab, which is normally done to reduce the risklodar failure in the joint between the
precast unit and the in-situ cast concrete. Th@gae of the column continuity is to

increase the performance of the vertical load fearsnd to help avoid spalling and

splitting of the concrete. The slab rests on theelocolumn on a rectangular steel
plate, where the larger side is parallel to thé'sl@&dge. Seeing as the plate is not
bonded to the slab, the slab might lift from theomart plate under the action of

bending. The horizontal pins function as minimurmgywith regard to progressive

collapse.

Figure 2.4 Detailing of the slab-column connectimed in the present study.
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3 Design approach for flat slabs

Reinforced concrete has the advantage of allowimg designer to somewhat
influence the design moment distribution as the mamcapacity of the slab is

determined by the reinforcement amount. Slabs neagdsigned in accordance to the
theory of plasticity due to their nonlinear behaviocluding plasticity in the ultimate

state. The plastic response of the material andtttecally indeterminacy of flat slabs

imply that equilibrium conditions can be fulfillebr several alternative moment
distributions. In the following sections, the designd structural behaviour of flat

slabs are further explained.

3.1 Load distribution

Slabs can be considered to carry the load in otemdirections, distinguishing them

into one-way or two-way slabs. One-way slabs appsted on opposite supports,
whilst bidirectional supports enable two-way actiétat slabs are always two-way
slabs as the load is transferred in both main ties and distributed between the
supports. By dividing the slab into portions, tlead carried to each column is
distinguished. The portions are separated fromamagher by so called ‘load-dividing

lines’, i.e. lines that indicate where the sheacdois zero. The size of each portion
depends on the moment distribution and the exasitipo can be derived once the
statically indeterminate parameters have been ohdser a flat slab, as shown in
Figure 3.1, a reasonable estimation of the posaidhe load dividing lines in relation

to the span lengthis:

Span between fixed edges and colutbl - 0.5]

Span between partially fixed edge and colutha5sl - 0.55)
Span between simply supported edge and colmh:= 0.6|
Span between column8.:5I - 0.51

CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2010:101 7



Figure 3.1 Reasonable load distribution of flatksla

3.2 Moment distribution

The Strip Method is a method commonly used, agiokn fthe yield line theory for
the design of reinforced concrete slabs. In coptrarthe yield line theory, the Strip
Method postulates that for any moment distributibat fulfils equilibrium, the
solution is on the safe side in relation to theetmplastic solution. The method
originates from Arne Hillerborg (1959) and is basedthe lower bound theorem of
the theory of plasticity. The equilibrium equatifor a slab element is generally
expressed as:

ﬂzn'g( . ﬂZmy ] Zﬂzrnxy _
™ v Xy

-q (3.1)

where: m and m are bending moments in x and y-directions [kNm/m]
m, is the torsional moment [KNm/m]

qis the surface load [kN/th

Due to the difficulties of proportioning reinforcemt for torsional moments, an
alternative formulation for the equilibrium conditi was suggested where these are
chosen to zero and the load is fully resisted lexutal moment capacities. The
reinforcement is then arranged in two perpendicdiegctions and the equilibrium
condition yields:

! Yield line theory is an upper bound plastic apptot determine the limit state of a slab by assyri
that the yield lines establish a kinematically ploigscollapse mechanism.

8 CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2010:101



T’m,_ T'm, _
ix? * W q (3:2)

Regardless of the satisfactory equilibrium andtgafenditions, it is important to bear
in mind that there are more or less effective sohst of reinforcement design, why
good engineering practice should be adopted inrdodavoid improper serviceability,
lack of ductility and poor economy.

3.3 Reinforcement design

In a design situation, given the load distributioeach strip is designed for one-way
action where design moments are determined by mekesuilibrium conditions.
When statically indeterminate strips are presapert moments are first chosen in
accordance to provided guidelines. Once the suppornents are determined, the
field moments can be obtained by equilibrium cdodd within a strip. When
columns are placed across a line, the row of cotunarresponds to one main strip.
According to the theory of plasticity any momendtdbution can be chosen provided
that it fulfils equilibrium, nevertheless guidelsieare set up to assure good
serviceability behaviour and to respect the limifgdstic rotation capacity of the
reinforced slab section. Given the moment distrdnsg, it is possible to determine the
required reinforcement amount by considering thement resistance achieved by
force couples in the slab section. The design momen unit width (ngg) is to be
resisted by the sectional resistance of the ratefibrsectionrfrg), according to the
following expression:

My, £ My, (3.3)
where:m,, = f , XA xz
f,4 is the design yield strength of reinforcement
A is the area of contributing reinforcement in smtti

z is the internal level arm

In order to account for serviceability requiremertke transverse distribution of the
resisting moments in the main strip needs to besidened. This may result in a
concentration of reinforcement in areas where cveidkhs need to be restricted.
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4 Punching shear

In addition to the design of flexural capacity diat slab the shear capacity above the
columns need to be addressed. The intersectionebatithe column and the slab is
critical as the concentrated forces can induceree ahaped perforation through the
slab thickness. The perforation is formed as tlaeks on the top surface caused by
hogging moments extend downwards to the perimdtdreocolumn. While a ductile
flexural failure is characterised by an almost ¢tant load-carrying ability with
increasing displacements, the rapid loss of resistan punching failure indicates a
brittle failure and is therefore far more dangerolise punching phenomenon has
been under investigation mainly during the 1960id 4970’s when laboratory tests
and extensive research were conducted. These ms treated slabs supported on
concrete columns. As more rational production mgshioave been desired, concrete
columns have in some extent been replaced by std@nns. This chapter gives a
brief overview of the research and how punchingasha@ reinforced concrete is
accounted for in Eurocode 2 (EC2).

4.1 Observations on punching shear

Several researchers have conducted laboratoryttestsidy the structural behaviour
of reinforced concrete slabs supported on colurBose of the performed tests and
their results are presented in this section. Inatvelable literature two major groups
of tests can be distinguished. The first group si@ath punching failure where the
shear stress in the vicinity of the column is assdito be uniform, which is the case
for most interior columns. The other group dealthwion-symmetric shear stresses
around the column due to unbalanced moments owverctilumn. Unbalanced
moments are caused by span discontinuity acrosslétés edge and lateral loads
from for instance wind. For edge and corner colymunsbalanced moments are
always present due to span discontinuity. The alkl experiments can be divided
into yet another two groups; those with and thogbout shear reinforcement. In the
present study shear reinforced flat slabs havéeen treated.

Knowingly, no laboratory tests on slabs supporte@dge columns of steel have been
performed. The importance of distinguishing betweelumns of steel and concrete
depends on the difference in stiffness; where ntlynséeel columns have a much

lower stiffness than reinforced concrete columtshbuld therefore be kept in mind

that the observations presented in this sectiotydapphe case where transference of
moments can be expected in the connection. Furtiretmmost experiments have

been conducted on isolated slab-column specimemishwnay not always correspond

to the response of the same region in a completetste.

4.1.1 Slabs supported on interior columns
The structural response of reinforced concretesstalpported on interior columns

was experimentally investigated by Kinnunen and aNgler (1960). The test
specimens consisted of circular slab portions stpgdan circular columns placed in
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the centre and loaded along the circumference. ian and Nylander observed two
main failure modes; namely, yielding of the fleduneinforcement at small
reinforcement ratios (failure in bending) and feglwf the slab along a conical crack
within which a concrete plug was punched. In Figdre typical fracture surfaces of
the specimens that experienced punching failurdlastrated.

Figure 4.1 Left: typical view of the slab portiontside the shear crack (note that
all cracks are radial); right: typical view of th&lab portion within the
shear crack. (Kinnunen and Nylander, 1960)

The initiation of cracking was similar in all thest specimens that suffered punching
failure, starting with the formation of flexuralamks in the bottom surface of the slab
caused by sagging moments. The crack propagatidheotop surface of the concrete
slab is illustrated in Figure 4.2.

(@) Initially tangential cracks were encounteredlontop surface of the slab above
the column. These were flexural cracks due to tggimg moments.

(b) Crack propagation continued with the formatafrradial cracks starting from
the tangential cracks.

(c) Thereafter additional tangential cracks wenented outside the circumference
of the column.

(d) After further loading the latter tangential cka deviated from their original
vertical direction into an inclined course towathle column face on the bottom
surface of the slab.

(e) With the increase of vertical displacementsdiaeking extended to the edge of
the column. The final shear crack either coincideith or was located outside
the outermost tangential crack that was observémdéilure.
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Figure 4.2 Crack propagation for Kinnunen's and &hder's tests on centrically
supported slabs.

Based on their experiments Kinnunen and Nylandeeldped a model describing the
punching mechanism. Not only did the model agrek wi¢gh the test results, it was

also the first model that thoroughly described flbev of forces. Their observations

during the tests led to the mechanical model,tiéded in Figure 4.3, where the slab
is divided in several parts bounded by the promabahear cracks and the radial
cracks. From the column to the bottom of the sleack, an imaginary compressed
conical shell is developed that carries the outetign of the slab. During the tests it
was discovered that the outer portion could be rosgh as a rigid body since it

behaved accordingly. When a load is applied thb plartion is believed to rotate

around a centre of rotation placed at the roohefdhear crack.
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Figure 4.3 Mechanical model of Kinnunen and Nyland960).

The punching shear failure criterion is relatedht® tangential strain at the bottom of
the slab. The conical shell is subjected to congioesin all three directions, resulting
in an increased concrete compressive strength. nButoading the tangential

compressive strain at the bottom of the slab irsgeaintil the internal concrete bond
in the transverse direction is impaired. When thaximum value is reached the
enhanced effect decreases and there is a losseofygt in the conical shell. These
observations led to the formulation of the failureode of the conical shell in

compression, formulated by Kinnunen and Nylande6Q} as:

“...failure occurs when the tangential compressivaaete deformation
on the bottom of the slab under the root of theaslmack reaches a
characteristic value at which the favourable embedimof the conical
shell is impaired.”

The model proposed by Kinnunen and Nylander hastitated the foundation for
many researchers who have proposed modified mo#éigleng these Hallgren (1996)
developed a fracture mechanical failure criteridvattdepends on the ultimate
tangential strain and is based on the conceptphiathing shear failure is initiated
when the concrete is close to horizontal cracking zone at a certain distance from
the column face. The formation of this crack caueses of confinement at the slab-
column intersection and the shear crack is enaldedoenetrate through the
compressed zone and cause a complete loss of &z capacity.

4.1.2 Slabs supported on corner columns

During the 1970’s, two sets of experiments on cosupported concrete slabs were
carried out at the Royal Institute of TechnologyStockholm, both conducted by
Ingvarsson (1974), (1977). The test specimens fthen first set of experiments
consisted of square concrete slabs supported aresgolumns. The observed crack
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propagation was similar for all the specimens test€racking was initiated by
flexural cracks at the bottom face of the slabshi& span. With increased loading
flexural cracks were also observed at the top fabese the columns. In addition to
these, inclined cracks along the edges near themed were formed, believed to be
caused by torsional moments. For the specimensfdilatl in shear, shear cracks
propagated just prior to the load increment thatsed the rupture. For the three
specimens that experienced shear failure (spechiosnl, 4 and5) a schematic plot
of the crack path is shown in Figure 4.4.

Figure 4.4 For specimen Nos. 1, 4 and 5, a schenjabt of the shear crack
extensions at punching failure, where A, C and Dode the corner
column at which punching failure was experiencedodified from
Ingvarsson, 1974)

It was observed that the behaviour at failure fevesal of the specimens differed
from the observations from the, by Kinnunen and aNgler (1960), performed
experiments on interiorly supported slabs. Whileneo supported slabs experienced
tensile strains in the tangential direction, thentgeally supported slab had
compressive strains in the same direction. In #ukal direction reverse strains were
observed. These differences are illustrated inreigus. According to Ingvarsson, the
difference in behaviour indicated that corner sufgmbslabs are prone to shear failure
rather than punching shear, similar to the behavobbeams.
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Figure 4.5 Reverse directions of strains were obseon the bottom surfaces
near the columns between slabs supported on coaratsnteriorly.

The second set of experiments was performed irsémee manner, now on square
plates with rectangular columns of varying sizesl aeinforcement arrangements
(specimens denote®1 - R3). These tests showed that, for slabs without shear
reinforcement, the inclination of the shear craekrdased from the edge towards the
internal corner of the column and then increaseatds the other edge. This was also
observed in the first set of experiments as wasstihted by Figure 4.4. Thus the
perforation did not resemble the same cone shapddration as the punching cone
for slabs centrically supported on columns. A schignplot with contour lines of the
failure surfaces from the two sets of experimesifiustrated in Figure 4.6.

Figure 4.6 Failure surfaces from the experimentsdiated by Ingvarsson (1977)
represented by contour plots where each line desgge®0 mm (H/6)
from the innermost line. (Specimens Nos. 1, 4 aaddbR1 — R3; A —
D denote the failed corner.)
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4.1.3 Slabs supported on edge columns

An experimental study on punching shear of slalppsued on edge columns was
conducted by Andersson (1966). Three cases weughedtun order to compare
different structural solutions; slaba, 1-b and I-c. Specimenl-a simulated a slab
between two floor levels supported on square coljnthe columns were then
relatively stiff compared to the slab. Specintdnwas a slab supported by underlying
square columns on pinned supports and specintceresembled specimedra apart
from the employment of a rectangular column. By tise of a rectangular column
Andersson could study the influence of the ecceityron the punching capacity.

Specimeng-a andl-c experienced shear failure. Both specimens hadsdasicrack
pattern, illustrated in Figure 4.7. During loadirigngential and radial cracks
developed at the top part of the slab. Inclinedcksaoccurred along the column
supported edge, believed to be caused by torsiooahents. Rupture arose when a
shear crack reached the bottom of the slab in itycof the column face parallel to
the edge. At failure the inclined cracks along duge were wide in speciméra,
which indicated that the failure might have staréexda torsional-shear failure. The
approximate positions of the cracks that causddréare illustrated in Figure 4.8.

Figure 4.7 Crack patterns of specimen I-c. (Andens4.966)

Figure 4.8  Approximate positions of the cracks ttetsed failure of test slab No.
1-a. (Andersson, 1966)

Specimen-c experienced punching shear failure. The inclimedks appearing along
the column supported edge were smaller than inisyeed-a. This was explained by
the larger cross sectional area of the column tregighe torsional moments. In
specimen-b no shear crack was visible at failure, therefagdutted pure bending.
Andersson proposed that this behaviour might betadltlee development of a smaller
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torsional moment and the employment of a highercie quality. From the tests
Andersson concluded that the behaviour of the @edn proximity to the interior
face of the column is similar to a centrically leddnterior column. Therefore also at
edge columns the failure could be explained bytéihgential strain reaching a critical
value. However, the problem is complicated by toral moments occurring along the
two sides of the column perpendicular to the slaulge. Andersson also noted that
the eccentricity of the column highly influencee thitimate load.

Kinnunen (1971) continued his research on puncBiimgar with an investigation on

flat slabs supported at their edges. The charatitercrack pattern of the slabs is
presented in Figure 4.9. The cracks occurring enuikinity of the column were both

radial and tangential, where the tangential crdok®med an angle of 45-90° with the
slab’s edge. The flexural cracks that were obsenvelde bottom surfaces of the slabs
were in the mid-span parallel to the slab’s edgéslst curved in the area closer to
the column.

Figure 4.9 Characteristic crack patterns on theptand the bottom surface
respectively of the edge supported slab. (Kinnuh®i}l)
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In the investigation, the specimeridos. 1-3 were not provided with shear
reinforcement and speciméip. 3 had the largest amount of flexural reinforcement.
In these slabs rupture started with a shear cnadke slab portion surrounding the
compressed face of the column. The failure modeclassified as local punching for
specimendNos. land2, since no failure cracks occurred in the slab glihe edge, as
shown in Figure 4.10.

Figure 4.10 Crack development along the edge ofldle, specimen No. 2.
(Kinnunen, 1971)

In specimenNo. 3large cracks were noticed along the edges, althdhgse were
secondary cracks occurring after the punching failThe crack development along
the edge of the specimen is illustrated in Figulid 4

Figure 4.11 Crack development along the edge ol for specimen No. 3.
(Kinnunen, 1971)

Shear cracks were formed parallel and perpendictdathe edge in all three
specimens. As shown in Figure 4.12, these craatsdweghly the same inclination.

Figure 4.12 Propagation of shear cracks that caufsldire, in specimen Nos. 1, 2
and 3. (Modified from Kinnunen, 1971)

The crack notations helped to establish an ideéheo€rack propagation at failure. The

distance from the internal edge of the column ®ghear crack at the slab’s top face
was determined as seen in Figure 4.13. Since istiandte was determined to h.®r
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interior columns, Kinnunen deducted that the exgmbcatesponse of the slab in
proximity of the internal face of the column shoblel similar to the behaviour in the
region close to a centrically loaded interior cofum

Figure 4.13  Crack propagation at failure for Kinnem's tests on edge columns.

At the faculty of Civil Engineering in Belgrade arperimental investigation on post-
tensioned lift slabs supported on edge columns egased out by Marinkovi and
Alendar (2008). Apart from the experimental stuthge research included a finite
element analysis of one of the test specimensdardo deeper analyse the punching
mechanism and the state of stresses and strainse §pecimens were test&l;, S2
and S3 They were all of the same size, with the sameuwsiand distribution of
tendons and equally prestressed. What distinguisteedpecimens was the size of the
steel collar and the amount of flexural reinforcema the area subjected to hogging
moments. SpecimeB1 and S2 had a steel collar with angles on all sides whilst
specimenS3was provided with the smallest steel collar witilglas merely on two
opposite sides of the column. Specingdrwas provided with reinforcement designed
according to minimum requirements, while the othe/o contained a larger
reinforcement ratio to assure punching shear fitar be decisive. Pure punching
occurs when the flexural reinforcement ratio isfisignt enough to prevent yielding
of reinforcement prior to failure. All three spe@ns behaved elastically up to the
level of service load, when the first cracks appdaSpecimers2 and S suffered
brittle punching shear failures, preceded by caecseplitting at the bottom of the slab
and followed by crushing of the concrete as dematest in Figure 4.14. The
punching of specimeis2 was followed by large deformations and yieldingtio¢
reinforcement, and was therefore classified acargtary punching failure. Specimen
S3 failed without prior indications of larger crackdeformations or yielding of
reinforcement and was therefore considered a pyipanching failure.
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Figure 4.14  Splitting of concrete prior to failur&llowed by crushing at failure.
(Marinkovi and Alendar, 2008)

Marinkovi and Alendar noticed that the size of the steelac®linfluenced the
punching shear capacity. Specim@2had a larger punching strength thd& The
failure surface formed outside the collar's edges; beneficial influence from the
collar on the critical perimeter can be seen iruFeg.15.

Figure 4.15 Failure surfaces of specimen S2 andv8fere S2 had a larger steel
collar than S3. (Marinkoviand Alendar, 2008)

The nonlinear FE-analysis of specim@Bshowed that the critical part was found at
the bottom of the slab in proximity to the interemrners of the steel collar. This zone
was under the effect of high triaxial compressivem@pal stresses, while a biaxial
stress state could be found outside this area. Menvéhe FE-analysis showed that
failure did not start in the zone with the highpencipal stresses, but in an adjacent
area where a compressive strain converted intmsléestrain high enough to cause
cracking. The stress conversion was caused byildwgod of the zone with the high
compressive principal stresses. The dilation wasamed by the surrounding zones,
resulting in increased strength of the highly steeiszone while the strength of the
surrounding zone decreased due to the imposedeaesigsses. The induced tensile
stresses lead to splitting of the concrete indnes, causing sudden concrete crushing
in the highly compressed zone.
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4.1.4 Summary of observations

Regardless of the position of the column the failseems to be caused by the shear
crack from the top surface reaching the compressgidn and causing the capacity
provided by the compressive zone to cease. Inxgrments the failure mode has
been related to measured strains. However, congpénim reported strains from the
different experiments is complex and most likelyt meliable due to the strains
dependency on crack propagation, other eventsjatack regions and the inaccuracy
of the monitoring equipment.

For the case of corner supported slabs the faduréace was diagonal across the
corner rather than having a smooth shape with iasatound the support. Along the

edges the punching cone was more vertical throliglhickness of the slab and more
inclined within the centre. The strain configuratio the slab near the corner columns
differed from what had previously been observedritarior columns. Here it seemed

as if the two simply supported edges enabled thb & expand in the tangential

direction.

For their internal regions (direction perpendicularthe simply supported edge), the
tests on edge supported flat slabs showed reseogbltn the punching failure

observed for interior columns. The punching coneimes of that of the corner

column; more vertical through the depth at the’sladges and more inclined at the
inner face of the column. As the strip perpendicutathe edge is nearly simply
supported it experiences compression in the botregions due to inclined

compressive struts carrying the shear forces. pears as if the cracks on the two
opposite sides of the column reach the compresead which loses its capacity,
giving the shear crack on the interior face of ¢b&umn the possibility to propagate
and cause rupture.

Similarities between the interior face of edge s slabs and interiorly supported
slabs have been observed. Due to the presenceggingomoment along the edges,
these similarities would be expected for the twaefaperpendicular to the edge rather
than for the interior face. This could perhaps kelaned by the free movement that
is enabled for the concrete along the simply suploedge, as seemed to be the case
for corner supported slabs.

The experiments and the FE-analysis performed bginavi and Alendar (2008)
also indicated that punching failure of edge colamasemble the failure mode of
interior columns as failure occurs when tensilaigs in the bottom part of the slab
reach a critical value, enabling the adjacent sloeack to penetrate to the column
face.

4.2 Design resistance with regard to punching shear

The design resistance to punching shear is, géypardduilding codes, an empirically
derived formulation based on various tests. Théstasce is determined along a
control perimeter where the nominal shear force ypet width is compared to the
shear resistance per unit width of the controlisaecin sections subjected to hogging
moments the presence of tensile reinforcement ase®the punching shear capacity.
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This gain is believed to be an effect of the fleturinforcement intersecting the
crack and preventing the crack from dilation.

If the capacity provided by the reinforced sectisninsufficient, the performance
needs to be enhanced by taking different meastieslirectly increase the resisting
section the slab thickness and supporting crossogecan be increased. The slab
thickness can be increased locally by using a g¢rapel (more or less limited to
concrete columns). The parameters that govern ¢dados increase are however
seldom possible to influence and shear reinforcémeeds to be provided. There are
several types of shear reinforcement availableh sicstuds, stirrups, bent bars and
bolts. When utilised, they provide a localised @age of the shear capacity in the area
around the column.

The recommendations given in Eurocode 2 (2005) rdégg punching shear
resistance are largely based on section 6.4.3&iCH#EB-FIP Model-Code on Concrete
Structures (1993). Both provisions consider thiofaing parameters:

Concrete cylinder strengtf,cyiinder
Flexural reinforcement ratio in the tensile zone,
Size effect of the effective depth,

Shear capacity of the shear reinforcemgpthsw

The recommendations use a conventional formulaigentical to the mono-
directional case of a beam although a control petemis considered instead of a
beam width (see Figure 4.16). The control perimestetefined as the assumed crack
periphery on the top surface of the slab and iB@2 taken as 2dfrom the face of
the support, wherd denotes the effective slab depth. However, itpdrtant to bear
in mind that the control perimeter does not prethet actual punching cone as it is
dependent on detailing.

Figure 4.16  Control perimeter for interior columr{&urocode 2, 2005)

Prior to the current formulation of the control ipeeter,u; was taken at a distance
1.5d from the column. It was concluded that this deimt resulted in non-
conservative results for higher concrete strengtlg; the formulation in the CEB-
FIP Model Code was adopted. According to Walrazi0®), the formulation given
by the Model Code is advantageous for two readéeinst, it makes the limiting shear
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stress more uniform for varying column sizes. Sdbgrthe same formulation as for
normal shear of members without shear reinforcero@mtbe used for punching.

4.2.1 Punching shear resistance at interior columns

For interior columns where the loading is symmetaad where no shear
reinforcement is present, the design punching slwagacity Vrqc is evaluated
according to (4.1), using the control perimateinvolved as shown in Figure 4.16
and the effective depth of the slab from the comsged edge (taken as a mean for
the effective depths in the two main directions):

VRd.c = VRd.c >q"Il >d (41)
The design punching shear strength.is determined as:

Vige = 218K (100 | xf., )2 .2)

C

where: g, is thepartialsafetyfactorfor concret§recommenddvalueg, =1.5)

K=1+ /20?;1m £20

ry=./ry, >, £ 002

r,, andr,  are reinforcement ratios in the main directiofs [-

f.. is the concrete characteristic compressive sthejiyPa]

Shear reinforcement may be required if the capaisitynsufficient. The design
punching shear capacitirq.csis then determined as follows:
VR = VRd.cs >Ul >d (43)

decs —

Where the design punching shear strength for sleg#orced slabsrq.csis evaluated
using (4.2) as:

VRd.cs = 0'75\/Rd.c + 152 XASW ><.I:ywd.eff XL >Sin(as) (44)
S U, >d

where:s is radial distance between circular rows of shearforcement
Aqw is area of shear reinforcement within the conpeyimeter

sis inclination between shear reinforcement andothee of the slab
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The design value of the effective yield strenfgih s [MPa] is related to the effective
depthd [mm] as:

e =Mmin(250+0.25d, f,,) (4.5)

ywd,ef v Lywd
The recommended maximum value of the punching dfpas limited to

Vrd.max0.5V-Lg, Wherev is a reduction factor for concrete with shear k$a@rq.max

acts on the control perimeteg which is the perimeter of the column. The valuevio
is determined as:

V=060 1- —% (4.6)
250MPa

According to the Swedish national annex; maxis also limited by:

VRd.max £ 1'60\/Rd,c X% (47)

0

Furthermore, the punching shear strength. has to be checked at a control perimeter
Uoyt @t the distance 1d5rom the outermost shear reinforcement.

4.2.2 Punching shear resistance at edge and corner colusn

For edge and corner column supported slabs thenemi caused by unbalanced
moments must be accounted for in the design of lpngcshear capacity. There are
two ways to consider the eccentricity, either blyaducing an eccentricity factor or
by using a simplified approach. If accounting fbe teccentricity by the eccentricity
factor, the control perimeter is determined asstfated in Figure 4.17. In the latter
approach uniform shear on a reduced perimeteis assumed, as seen in Figure 4.18;
thereby the evaluation is similar to the one okiimr columns. However, if only
eccentricity in one direction is present the tw@rapches will result in the same
punching shear resistance.

Figure 4.17 Control perimeter for edge and cornempgorted slabs. (Eurocode,
2005)
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Figure 4.18 Reduced control perimeter for edge amner supported slabs.
(Eurocode, 2005)
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5 Object of investigation

As previously mentioned, the small moment trandfetween the slab and edge
columns of steel is what have caused reason foitiawlal investigation of the
punching phenomenon of edge supported flat sldlesd8r steel columns connected
to stiff concrete slabs are not likely to behavdrame structures, as is the case for
approximately equally stiff concrete columns andarete beams.

The relation between the stiffness ratio and taegierred moment was formulated by
Andersson (1965) during his studies of flat slalppsrted on edge columns.
Andersson developed an approximate method for m@terg the moment transfer at
edge columns in flat slabs which is based on thstieity theory of Timoschenko
Through the derivative of the moment equation wéhpect to the support rotation,
the transferred moment can be determined as aidnnat the span ratia/b and the
rigidity ratio between the column and the slab.nfrrthe graph in Figure 5.1 it is
deductable that the moment transferred throughtctimmection decreases as the slab
stiffness increases compared to that of the column.

Figure 5.1  Transferred moment,,Mas a function of the variable and the span
ratio a/b. (Andersson, 1965)

The variablen, related to the stiffnesses and span lengthspigessed as:

El >
h:éxLyxg (5.1)
2 LxEl a

where: El , is the column stiffness

El is the concrete slab stiffness

L is the column length

% Timoschenko developed solutions for the behavidyalates and shells according to elastic theory.
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y is a coefficient for connection type (1.0 for hanlg 1.33 for fixed)

a andb are the span lengths

For a concrete slab on steel columns with equadiiadt spans a very small value of
h is obtained, which postulates that no significambment transfer through the

connection will occur.

5.1 Previous investigation on steel column supportedadbs

The behaviour of reinforced concrete slabs supgdartetheir edges by steel columns
was investigated by Jensen (2009), using lineatefielement analyses. Jensen
concluded that the connection between the edgemtoland the slab ought to be
regarded as a pinned support. The small hogging enbrover the column in the
direction perpendicular to the edge and the laifferdnce in stiffness between the
steel column and the slab would make the edge tdsearsimple support without any
significant ability to transfer moment. The addii@ shear capacity, provided when
the connection is subjected to compression in do#ctions, is according to Jensen
not gained in this case since there is only a 8aamt hogging moment parallel to the
simply supported edge. Designing with respect tncping failure is based on the
increased shear capacity and the current methodesign was not believed to be
appropriate in this case. The slab portion pardatiethe edge should, according to
Jensen, be regarded as a continuous beam ovetetilecslumn (acting as a pinned
support) and the slab in the direction perpendicidahe edge should be regarded as
a simply supported beam. Jensen suggested that flutisious beams should be
designed with respect to shear with the conventiapproach for beam design.

According to the formulation in EC2 the punchingahcapacity can be enhanced by
additional flexural reinforcement in the tensilengo increase of the slab thickness,
increasing the cross-sectional area of the supmortby employing shear
reinforcement. The flexural reinforcement that asbie considered is a question of
interpretation. According to EC2 it is the tens&inforcement that enhances the
punching capacity. For interior columns the tensedforcement is positioned in the
top part of the slab in both directions, but fogeatolumns it becomes a question of
interpreting the connection with reference to momeransfer. If the strip
perpendicular to the simply supported edge is c@med to not transfer moments, as
is the case for steel columns, the slab is sulijdctsagging moments and the bottom
reinforcement is tensed. It should therefore be dbetribution from the bottom
reinforcement that is considered in shear desigrcesthe increase of capacity is
caused by the reinforcement traversing the cradKiamting its propagation.

5.2 Case study

The aim when defining a case study has been t@eaetd sample that can be related
to realistic objects. Adjacent to the region of edge column balconies are often
present, however their presence might aggravatentbgpretation of results from the
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analyses and have therefore been excluded in dsepir study. In order to establish a
general case, the case study considered derivesdminfinite flat slab supported at
equal distances along its continuing eddgsand also interiorlyl{) by rectangular
steel columns, as illustrated in Figure 5.2. Spargths were chosen such that the
reaction forces in the steel columns correspondedhiat could be expected in similar
structures and are here considered being 5 m im dioéctions. An arbitrary corner
supported element along the edge has been corgideceis bound by one edge and
three load dividing lines.

Figure 5.2 Infinite flat slab from which a corneupported element has been
considered and further investigated.

The case study considers a concrete slab withatad $lab thickness of 250 mm,
which corresponds to realistic dimensions in rediidé buildings using composite
floor plate floors and with the concrete strengthss C30/37. The type of the
reinforcing steel was chosen to B500B. These cheniatic features constitute the
case study and are constant throughout the pararstidy.

The reinforcement in the concrete slab was orityrdgsigned according to the Strip
Method, described in Chapter 3. Since the behawbdhe slab is influenced by the
design, the amount and arrangement of flexuralfossiement has been varied in
order to study its influence on the failure mode.

28 CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2010:101



6 Nonlinear FE-analysis and numerical methods

The finite element method is used to numericallyesdield problemd In structural
engineering this method is employed by dividing #teicture into finite elements,
each allowed to only one spatial variation. Sinleenent variations are believed to be
more complex than limited by a simple spatial v the solution becomes
approximate. Each element is connected to its beighing element by nodes. At
these nodes equilibrium conditions are solved bymaeof algebraic equations. The
assembly of elements in a finite element analysieferred to as the mesh. Due to the
approximation of the spatial variation within easlement the solved quantities over
the entire structure are not exact. However, theralsolution can be improved by
assigning a finer mesh to the structure.

6.1 Nonlinearity

In a nonlinear analysis it is possible to follow niinear structural responses
throughout the loading history as the load is a&upin several distinguished steps.
These load steps, or increments, are consideredh @®rm of nonlinearity,
superordinate to the types of nonlinearity thatl veié described further on. A
mathematical description of the overall structuratponse is presented by the
following equation system:

Ax=b (6.1)
where: A is the structural matrix
X Is the vector of displacements
b is the unknown vector containing internal forces

Within each load step a number of iterations ardexhout until equilibrium is found
for the equation system.

Nonlinearity can also be employed for constitutigepmetrical and contact relations
all of which have been used in the simulationshis wwork. Nonlinear constitutive

relations consider the range of material respofrees elastic to plastic behaviour; it

Is possible to account for nonlinear material béhag, such as cracking of concrete
and yielding of reinforcement. These in turn caresdistribution of forces within the

structure. Geometrical nonlinearity accounts foe ttngoing deformations of the
structure including the change of force directidie analysis accounts for the
changing structural matrix due to deformations asds an updated matrix for the
consequent load increment. When fluctuating cortiativeen two adjacent parts of a
structure is experienced, contact nonlinearity aot® for the changes of contact
forces and presence of frictional forces.

% Field problems are problems that are mathemagiceiscribed by integral expressions or differential
equations.
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6.2 Numerical solution methods

In order to solve nonlinear equation systems iiezagolution methods are used. Their
scope is to find approximate numerical solutionth®equation systems that correlate
the external forces to the structural responseATENA iterations are carried out
using either one of the two default solution me#)athmelyNewton-Raphsoor Arc
Length Both methods can be enhanced by means dfititeeSearchteration. Within

an analysis it may be appropriate or even necessargwitch between solution
methods due to regional responses in the loadatispient function.

6.2.1 The Newton-Raphson iteration

The Newton-Raphson (N-R) iteration is an iterageétion method using the concept
of incremental step-by-step analysis to obtaindisplacementy; for a given load;.
N-R method keeps the load increment unchanged tanatas displacements and is
therefore suitable to use in cases when load vaihues be met. The N-R iteration can
also be used for incremental increase of the defbom u. The search for the
unknown deformation is described by the tangerthefload-displacement function.
This is known as the tangent stiffndgsand describes the equilibrium path for each
increment. The N-R iteration scheme is illustratedrigure 6.1 which describes the
search for the unknown deformation when a loaghdied.

For the case where the initial deformationugsthe method according to which
equilibrium is found can be described as followsr Ehe load incrementP; the
corresponding displacement is sought. By means of the initial tangentialfsgts
ki o the displacement incrementi can be determined as:

Du =k, DR, (6.2)

Adding this increment to the previous displacemgrgives the current estimaiti of
the sought displacemeunt according to:

u, =u, +Du (6.3)

The current error, or load imbalana®, is defined as the difference between the
desired forceP; and the spring forck-us educed by the estimated displacement
The stiffnesxk is evaluated from the tangent of the functionhat point wherau, is
found.

€n = Fi - k Uy (6-4)

However, since the deformation has not been edbgethe current forcd; this
solution is not exact. If the error is larger thia limiting tolerance another attempt is
made to find equilibrium. The new displacement@meent u starting from the point
a is calculated by means of the previous imbalagge Hence a displacement
closer to the desirad is determined:
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Du = k[:,\l X8, (65)
Us =U, +Du (6.6)

Analogously, if the displacemenis does not meet the tolerances for the load
imbalance according to (6.4) yet another iteratigthin this load increment is carried
out, now starting from poinb. The iterations continue until the load imbalance
approaches zero, the analysis then enters theloadtincrement P, where these
iterations are carried out until the load equilibeato P, and the analysis has
converged to a numerically acceptable solutipfor the load step.

Figure 6.1 Newton-Raphson iteration scheme.

Continued iterations normally cause force errorddorease, succeeding displacement
errors to approach zero and the updated soluti@ppooach the correct value of the
displacement. Moreover, smaller load increments eahance the probability of
finding equilibrium within each step.

The nonlinearity of the equations lies in the intrforces and the stiffness matrix
having nonlinear properties. The stiffness matexdeformation dependent and is
therefore updated for each repetition. However, rdealculation of the stiffness

matrix is very time consuming why this dependenay be neglected within a load

increment in order to preserve linearity of théfiséiss tangent. When neglected, the
stiffness matrix is calculated based on the valutn® deformations prior to the load

increment. This simplification is referred to ase timodified Newton-Raphson

iteration where the stiffness matrix is only updater the first iteration in each step

(see Figure 6.2). Apart from increasing computirecey the drawback of this

simplification is reduced accuracy.
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Figure 6.2 Modified Newton-Raphson iteration scheme

In the beginning of an analysis quite large loackements can be used. However,
when the structure experiences significant losstiffhess, normally during excessive
crack propagation or when approaching failure loadrements need to decrease in
order to achieve equilibrium. The use of smalledloncrements can sometimes be
insufficient since the stiffness reduction impliesreasing deflections while loading
decreases. Graphically this is visualised as tlaagh of tangent direction. When the
stiffness tangent becomes negative iterations bgnsef the N-R method fail to find
the sought solution. The Arc Length iteration istsa method.

6.2.2 The Arc Length iteration

In the Arc Length (A L) iteration a load multiplies introduced that increases or
decreases the intensity of the applied load inra@ebtain convergence within a step
faster. With this method the solution path is kephstant and increments of both
forces and displacements are iterated as showigure=6.3. At the end of each step
both loading and displacement conditions becomedfiX he fixation is performed by
establishing the length of the loading vector.

In the N-R formulation the degrees of freedom weassociated with the
displacements, but for this method an ulterior degsf freedom for the loading must
be introduced; the load multiplier
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Figure 6.3  Arc Length iteration scheme.

Depending on the structural response the value wdries throughout the analysis
leading to an increase or decrease of the incremigmin the step. The value is based
on the previous iteration. If convergence difficedt are encountered is reduced,
whilst for easily converged responses the valuedseased resulting in larger load
increments.

The Arc Length method presents some advantagesarehpo the Newton-Raphson
as it is very robust and computational efficiertr fhis reason it can provide good
results even when the N-R method cannot be useadnBt@nce it is well applicable
when large cracks occur and is also able to capiehaviours when the stiffness is
decreased, such as snap-through and snap-backmpbeadsee Figure 6.4).

Figure 6.4  Snap-through and Snap-back phenomena.
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6.2.3 The Line Search method

The Line Search method is a feature for optimisatd iteration techniques. The
scope of the Line Search method is to speed uprhbysis in case of well-behaving
load-deformation relationships or to damp possibkillations in the case of
convergence problems. The method introduces a aeameter which becomes the
iterative step length. The parametes set to a value and solved by iteration ungl th
work done by the out-of-balance forces on the dispinent increment is minimised.
The definition of minimum is chosen in the programd the limits for are either
chosen to standard values in ATENA or prescribethbyuser.
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7 Modelling of reinforced concrete in ATENA

The modelling and simulations presented in thi®repave been performed using the
ATENA 3D version 4.3.4 software for nonlinear fmielement analysis of civil
engineering structures (further on referred to a$EMA). In this chapter,
implemented theories and modelling consideratisagpeesented.

7.1 Material models

In ATENA, features can be prescribed accordinght three methods for material
input, namely; direct definition, load from file aelect from catalogue. Thdirect
definition contains a list of materials with predefined mialeparameters. These
parameters can be set to default values generstdd BNA or manually defined by
the user. The generated parameters are based es and other empirically derived
expressions. When selecting concrete material fteenATENA catalogueit can be
specified whether mean, design or characteristisegaare to be used.

Realistic nonlinear finite element analyses of fagiced concrete structures require
proper and adequate definitions of material modélsen simulating a structural
response by means of nonlinear finite element aealythere are a few aspects
regarding the input parameters that need to beeadédd. First and foremost it is
important to distinguish between the different amhanalyses before determining the
material parameters. If attempting to simulate etuia response, i.e. behaviour of a
conducted experiment, material values as closeoasilge to the properties of the
actual specimen are desirable. If the aim is toukate the real response of a non-
conducted experiment it is appropriate to assigan valueso the material models.
If the purpose of the simulation is to obtain amprapriate design, a safety format
must be adopted. In case of an analysis for designmaterial parameters should be
chosen as the lower characteristic values withiegppbartial safety factors. Then,
according to the ATENA Manual (2009), the obtaindiimate load from the analysis
corresponds to the design resistance. If othetysaiargins than those proposed by
EC2,characteristic valuesan be combined with the safety factors that &ieterest.
However, Broo, Lundgren and Plos (2008) have régargnfirmed that the use of
design values in an analysis does not only scaadhlponse but can in some cases
simulate non-realistic respons@en it is more appropriate to use mean values for
the analysis and scale the results for design pesgpdy means of a global safety
factor. How this safety factor should be determirsedurrently under investigation at
the Division of Structural Engineering, Chalmerswénsity of Technology.

In ATENA, material properties are automatically geated by the input of concrete
compressive strength or the yield strength of stellwever, all values of the
generated material properties, especially regardingcrete, are not always in
correspondence to the expressions given in EC2 @®Wand have therefore been
manually assigned to the materials within this gtuthe derivations of these values
together with the other material inputs are presgim Appendix Il . For those parts
of a structure where the response is not of intdirezarly elastic constitutive relations
are assigned the material models, taking the Yaungddulus of elasticitf into
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account. In the present study, stress analysigittier concrete nor steel columns has
been of interest, why they were modelled as liredastic.

7.1.1 Concrete model

Concrete with nonlinear material behaviour expemsntwo stages of structural
response. As concrete is assumed to be homogemalssairopic prior to crack
initiation, the material is generally modelled with linear-elastic relation. After
cracking several constitutive relations that arpatde of describing the nonlinear
behaviour in three dimensions need to be emplayelde material model.

For nonlinear analyses of concrete in ATENA the ctinee-plastic model
CC3DNonLinCementitious®s recommended and is capable of describing ctecre
cracking, crushing and plastic behaviour. This nhoclambines the constitutive
relations for tensile and compressive responseb@sn in Figure 7.1.

Figure 7.1 Constitutive stress-strain relation@E3DNonLinCementitious?2.

The CC3DNonLinCementitiousaterial model employs the Rankine failure crderi
for the tensile fracture model. Two fundamentaliffedent approaches to model
failure and cracking in concrete have been intreduthroughout the last decades,
namely thediscreteand thesmeared approachiThe smeared crack approach is more
advantageous than the discrete one, giving satgfgiccuracies of global results at
low computational costs. In the material model #8meared crack approach is
implemented and the features of the cracks areremhewer an entire element. It is
important to bear in mind that the smeared cracklehdisables the cracks to fully
open and thus the transfer of tensile stressesighréhe crack is somewhat higher
than in reality. The Rankine failure criterion elebbothfixed and rotated crack
modelswhich are both available in ATENA. In both modelgrack is formed as the
principal stresses reach the concrete tensile gitierin the fixed crack model the
crack direction is given by the direction of thenpipal stress at the moment of crack
initiation and is thereafter fixed. Whilst in thetated crack model the direction of the
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crack coincides with the direction of the princiitess. If the latter changes, the
direction of the crack rotates. In a real reinforc®ncrete structure the cracks might
change their courses; however they are cannotera@atthe rotated crack model
proposes. The fixed crack model was assumed tongore realistic description of the

cracking progress in this study.

Cracking in a three-dimensional material normaltyplies a non-uniform state of
stresses, with both tensile and compressive pah@pesses in any given node. The
presence of tensile stresses perpendicular todhmmessive stresses in the cracked
concrete softens and weakens the compressive giresigce the tabulated values of
compressive strength of concrete is based on wliexinder tests, the strength needs
to be reduced by means of a constitutive relatignabcounting for the presence of
both tensile and compressive stresses. InGB@8DNonLimCementitiousghaterial
model this is done according to the Menétrey-Whtlidailure surface. The biaxial
failure law is presented in Figure 7.2.

Figure 7.2 Biaxial failure law when both tensiledacompressive stresses are
present.

The concrete material model has been developed thatithe two separate models
for tensile and compression can be used simultahgathich enables the simulation
of crack closure, which might lead to the preseméenegative crack widths
Furthermore, the interaction between the two modtde considers the decrease of
tensile strength after crushing.

The parameters involved in ti@C3DNonLinCementitiouséhaterial model and their
default formulations in ATENA are presented in tbbowing. The effect of some of
these parameters have been investigated by OmanBlmkvist (2006) where
simulations in ATENA have been compared to reduttis1 experiments conducted by
Broms. Their conclusions regarding parametricdugrice have been benefited from
in the present work.
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The basic featureof CC3DNonLinCementitious@lable 7-1) consider the concrete
elasticity and shear; tensile and compressive gtinen The values d,, f; andf; have
been calculated according to EC2 since the valeggat slightly from the defaults
generated by ATENA.

Table 7-1 Material parameters concerning basic fieas in the
CC3DNonLinCementitious2 material model.

E, [GPa]| Young's modulus (initial value, = (6000- 155f_, )/ f

cube

n [-] | Poisson’s ration = 0.2

f. [MPa] | Tensile strengthf, = 024f_, *"°

cube

f. [MPa] | Compressive strengtlfi; = - 085f

cube

Thetensile featuregpresented in Table 7-2) consider cracking anditenstiffening

of concrete. The default expression for the fractanergyGe deviates from the
expression in MC90 and has been manually set iprigent work. It is not normally
required to specify the crack spacigxif the value is believed to be smaller than the
element widths of the concrete material, as wasddwe for the concrete brick
elements in the present work. For cases when cenigrdeavily reinforced the crack
development is somewhat hindered by the concretaitribution to the stiffness of
the member. Concrete between neighbouring craskstsesome of the present tensile
forces. This effect is referred to as tension estiiiig and is implemented in ATENA
by considering a limiting values below which the tensile stress cannot drop in the
descending branch of the fracture model. The efiéténsion stiffening has not been
included in the present study.

Table 7-2 Material parameters concerning tensiktdiees in the
CC3DNonLinCementitious2 material model.

G: [Nm/m2] | Fracture energys. = 0.000025,

S [M] | Crack spacingtnactivated

c. [-] | Tension stiffeninglnactivated

The compressive featuraa the CC3DNonLinCementitiousthaterial model contain
the parameters presented in Table 7-3. The critoahpressive displacememiy
defines the concrete softening when the compressreagthf. has been reached and
is described as a linear decrease of the compeessigngth involved as shown in
Figure 7.3, wherdy denotes the band size. Rather than to define ahgessive
constitutive relation using strain, a compressivepldcement is used in order to
reduce its dependency to the mesh. Oman and Bl@nK2006) showed that
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deviations ofwy from the default value in ATENA had little effeah the response.
Thus this parameter was not further consideredtheddefault value has been used
for the simulations in the present study.

Figure 7.3 Softening displacement in compression.

The plastic part of the compressive strain is aefiby the parameteg, involved as
shown in Figure 7.4. The investigation of Oman Biainkvist (2006) showed that,
does not affect the response markedly when sinmgiggunching shear. In the present
study ¢, is however manually set to the value obtained k& MC90 expression,
derived as presented Appendix Il .

Figure 7.4 Plastic strain,c,, at the compressive peak.

The parameter.;m governs the decrease of concrete compressivegitres the
concrete enters its cracked state and is basedhertdmpression field theory of
Vecchio and Collins (Collins and Mitchell, 1991}. dtates that the compressive
strength, derived from cylinder tests, should daseewhen the transverse tensile
strain increases in the concrete. Cracked conasetweaker and softer than the
concrete specimens used for testing. In the cytintlee concrete is subjected to very
small transverse tensile stresses, whereas crackaforced concrete may be
subjected to large transverse tensile strain. Trarpeter is related to the transverse
tensile strain and the decrease of the compressigagth depends on how severely
the concrete is cracked. The reduction is illusttah Figure 7.5. The default value in
ATENA allows a maximum decrease of 80%.
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Figure 7.5 Compressive strength reduction due teetbpment of lateral tensile
strains.

Table 7-3 Material parameters concerning compres$patures in the
CC3DNonLinCementitious2 material model.

w, [m] | Critical compressive displacemewj; = - 0.0005 m

: : . f
Plastic strain at compressive edgge=—>

E.

r.im [-] | fe—reduction due to lateral tensile strailmactivated ( .

c,lim

=02)

The parameters considering thleear behaviouof concrete are presented in Table
7-4. The shear stiffness factor relates the tersit shear stiffnesses of a crack and
depends on the crack widths. In the conducted sitiouls in this work the default
value ofS:- has been used and aggregate interlock has notloeated.

Table 7-4 Material parameters concerning sheardesas in the
CC3DNonLinCementitious2 material model.

S: [-] | Crack shear stiffness factos. =20

MCF [-] | Aggregate interlockinactivated

d [m] | Aggregate sizenactivated

Other parameters employed in the concrete mateodle! are presented in Table 7-5.

The coefficient for plastic flow directionenables simulation of volume change when
the concrete is subjected to compression. The Hefalwe of is in ATENA O, i.e.

no change of volume. Negative values ofpostulate that the concrete will be

compacted, whilst positive values ofesults in concrete expansion. Only during high
triaxial state of stresses a negative value ofvolume decrease) is reasonable,
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however this is still not likely to occur since thess in one direction will decrease
and result in concrete expansion when crushingrscdinis expansion was observed
in the experiments carried out on lift slabs by Miovic and Alendar (2008).
According to Oman and Blomkvist (2006), the randethis coefficient that most
likely would give satisfying results lies in thetemval 0-1. In the simulations
conducted in this study the coefficient has be¢ncstine default value in ATENA.

Table 7-5 Other parameters used in the CC3DNonLmégitious2 material
model.

EXCI[-] | Failure surface eccentriciteXC=0. 520

b [-] | Plastic flow:6 = 0

r [kN/m® | Concrete density: = 23kN/m* (C30/37)

a [1/K] | coefficient for thermal expansioa:= 1.2X0° /K

FCM [-] | Fixed crack model coefficierEFCM = 1

7.1.2 Reinforcement model

Reinforcement is a predefined material model in NPREwhere the tensile and
compressive responses are identical. The parame&iepsescribe are modulus of
elasticityEs yield strengthfy and stress-strain law. The stress-strain law daerebe
linear (elastic), bilinear (elastic-perfectly piaytor multilinear. In the multilinear
definition all four stages of steel response apgagented, namely; elastic state, yield
plateau, hardening and fracture. There is alsdtamative formulation of the bilinear
stress-strain law that considers strain hardenihigiwallows the stresses to increase
after yielding tdf;s. The parametdt is bound by rupture of the steel barat Using
the multilinear constitutive relation requires maletailed input. The concepts for the
other constitutive relations of reinforcing steed ahown in Figure 7.6.
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Figure 7.6 Constitutive relations for reinforcintesl; (a) Linear, (b) Bilinear, (c)
Bilinear with strain hardening.

For reinforcing steel, unlike for concrete, thesdiitle deviation in material strength
parameters. Hence, when the mean values for steet been considered the
characteristic values have been assumed to bg faptesentative.

7.2  Structural definition

The gross geometrical properties are definethasroelementsvhich can be formed
as prisms, spheres or other geometrical shapesirégular structures an assembly of
macroelements can be used. However, the sisandacesof adjacent macroelements
require special attention. These surfaces;amtacts are automatically prescribed a
rigid connection. In order to provide full compality between meshes that share the
same surface the contact needs to be assignedraaoepatibility feature. For the
case when no connection or less restrained commeistidesirable the contact features
can be edited and assigned either no connecticordact element — GAH he latter
requires an interface material in which the restrparameters are assigned. In the
present study the contact between the concreteasidlthe steel column or its caps
has been assigned this feature, preventing theféi@mce of tensile stresses.
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Element types are assigned to each macroelementroMaments representing

concrete material normally consist of 3D solid edets. In some cases where mainly
bending is of interest concrete can be modelleth witell elements. Shell elements
are thinner forms of 3D solid elements. The diffex is that the strain distribution

perpendicular to the shell surface is linear adl sflements postulate that cross
sections remain plain after deformation. Moreouwbe stress in this direction is

neglected. Compared to 3D solid elements, shelmehs are much more

computationally effective.

Steel elements other than reinforcement bars, aadhe steel column in the present
study, are better represented by shell elementsalfernative to model the steel
column is to assigepring elementalong the line of the hollow steel section. Cautio
must however be taken as springs are uniaxial elesnallowing translation only in
their longitudinal direction.

The reinforcement is modelled as 1D elements betwemts and assigned a bar
diameter. These 1D elements are embedded in thewB&ete elements. Curved parts
of bent and hairpin bars can be modelled as circgggments or for simplicity as
straight lines. Apart from this discrete definitiaf reinforcement that uses truss
elements, a smeared approach is also availableewther reinforcement is spread
along the macroelement by assigning a reinforcemadid. The interaction between
the steel bars and the surrounding concrete cassigned either perfect bondr a
bond-slip relation. If a bond-slip relation is used it isspible to assign perfect
connection at certain points. This feature is ndiynased when the structure is cut at
a symmetry axis or when the bar is adequately fixceedn anchor. The parametric
study of Oman and Blomkvist (2006) showed that tload features between the
reinforcement and the concrete was of less sigmifie in their study of punching
behaviour. Hence, in the present study perfect imadsigned.

Boundary conditiongan be assigned to nodes, lines or entire surfaegending on
which most resembles the actual support. Allowing@venting translations in any
of the three coordinates assigns boundary condititnsome cases attaching a steel
plate on a boundary surface is favourable in otdl@btain a rigid surface.

Three differenimesh element typesin be assigned in ATENA, namely; tetrahedron,
brick and pyramid elements, where brick elemengsiire that the macroelements is
prismatic. Meshing of reinforcement cannot be aédaén ATENA; discretely defined
bars become embedded in the analysis, surroundedebiied solid elements. Thus,
the mesh of surrounding solid element governs teshnof the bars. In the present
study brick elements are used for concrete maserald steel columns, whilst
tetrahedron elements are used for the other steilyers.

With the purpose of obtaining a reasonable stressgllition in the modelled slabs, a
proper mesh size is to be used. A coarse mesh heigtitto a stiffer response, thus it
is advised to have at least four to six elemen&s the thickness of the slab to capture
the real stress distribution. The choice of a msigk is highly influenced by the
computation times and a small loss in accuracy triighbalanced by precipitation of
the analyses.
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7.3  Solution control setting

During analysis, when attempting to reach equiibriwithin a step the iterations
continue until theconvergence criteriare satisfied, which means that the iterations
can stop when the result reaches a value closeghrtouthe real solution for a load
level. As iterations are performed, the obtainddtsm is controlled to see whether it
has converged within preset tolerances. In ATEN&AdBbfault values for tolerances of
the different convergence criteria are presentetainle 7-6. The default values were
used in the analyses within this study.

Table 7-6 Default values of error tolerances useATENA.
Criterion numbel Convergence criterin Tolerance
1 Displacement error tolerancp1.00 %
2 Residual error toleranc¢:1.00 %

3| Absolute residual error tolerandel.00 %

4 Energy error tolerancg:0.01 %

Taking small load steps increase the likelihoodrezching convergence at a load
level. Difficulties with iterations can be causegibsufficient numbers of iterations,
too conservative convergence tolerances or trowbithsthe specific solution method.
To solve these difficulties one might decrease Ittael step, increase the tolerance
limits or chose another solution parameter.

The analysis can be killed prior to having reachgdilibrium due to extremely high
convergence deviations. This is a measure takender to interrupt an analysis that
is most likely corrupt or has reached failure. he tpresent work the analysis is
abruptly executed within a step if the above erfams equal to or above a factor
10000 of the prescribed tolerances. After a coreplstep the analysis is interrupted
if the errors exceed a factor 1000 of the presdrittderances. The analysis must
however be reviewed after its completion in ordeensure that errors do not cause
corrupt results. It is inappropriate to rely on ules from load steps that have
encountered high errors.
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8 Validation of modelling technique

In order to validate that the modelling techniqugpleed in the simulations of
punching shear in reinforced concrete was religbteulations have been conducted
and compared to experimental data. Two test spesrhave been modelled and the
results from the experiments have been comparedata from the finite element
analyses. It is however important to bear in mihdttreported quantities from
experiments are not always correct due to shortegsnof equipment and human
error. There is also a natural scatter in reswltgch is not represented by single tests.

8.1 Laboratory tests for comparison

Two of the test specimens from the experimentsrdest in Chapter 4 have been
simulated in ATENA. The first simulated specimenswle corner supported slab
denotedR1 from the experiments conducted by Ingvarsson (L9T €onsisted of a
square slab supported on its corners by rectangulacrete columns. The other
simulated specimen was the edge supported slabteteMm. 2 in the report of
Kinnunen (1971). SpecimeNo. 2was a rectangular slab supported on its opposite
short edges by square concrete columns. Alongatgdr edges the slab was
unsupported and believed to be limited by lineshadar force peaks. Both specimens
experienced failure in punching shear.

During testing of the specimens, several typesath dvere measured throughout the
loading; reinforcement strains, concrete compressivains on the bottom surface
near the columns, slab deflections and rotatiansddition, observations were made
on crack propagation at each load step in ordelisiinguish the crack patterns. The
comparisons have been limited to load-displacemesponses, crack patterns and
failure modes. Comparing for instance values affegcement strains is not advisable
since the measured strains are much dependentaok propagation in the adjacent
parts of the structure.

8.1.1 Material data

As the reported concrete strengths for the compapetimens were determined
according to a former Swedish standard, where tmerete samples had not been
stored in water prior to testing, the reported rgijths were about 10% higher than
they would have been if tested according to theopean standard and were therefore
adjusted to correspond to valid standards. Matel@a for the two specimens are
presented in Table 8-1.
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Table 8-1 Material specifications of specimens Rd Bo. 2.

Concrete Slab — Compressive Strength

Specimen Reported European Standard

fc.cube[M Pa] fc.cylinder[l\/I Pa] fc.cube[M Pa] fc.cylinder[MPa]

R1 35.00 28.00 31.50* 25.20*
No. 2 32.65 - 29.39* -
Reinforcing Steel — Yield Strength
Specimen
6 8 710 f12
R1 -Not specified- 467 MPa 476 MPa -
No. 2 - - 420.72 MPa 422.68 MP4§

*) estimated values corresponding to European Siahd

8.1.2 Geometrical data and loading

The considered specimens, with span lengttendly and slab thicknessds were
supported on rectangular columns with cross sestign andd .y and lengthd.. For
both specimens the reinforcement design was basexroctural analysis according
to the theory of elasticity as for frame structur®kne of the specimens were
provided with shear reinforcement. The columns wegavily reinforced in order to
eliminate their failure. In speciméyo. 2torsional reinforcement (using hairpin bars)
was provided to ensure the transmittance of supponhents to the columns.

The slabs were loaded with several point loads ntleio to resemble uniformly
distributed loads. The point loads were appliedugh neoprene bearings with the
dimensiongxpyXt,. Loading was increased using equal increments failtire was
observed. For further description of the loadingaagement, see Ingvarsson (1974)
and Kinnunen (1971). The columns were connectesht another by tensile ties at
the column foots. The ties were tensioned in oraercreate hogging moments
corresponding to the self-weight of the slab anel libading equipment. Thus the
results recorded from the experiments only consttler applied loads. The gross
geometrical specifications for the two specimene bsted in Table 8-2. The
reinforcement detailing is presenteddppendix 111 .
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Table 8-2 Geometrical specifications of specinfRhsand No. 2.

Concrete Slab

Specimen [x [mm] ly [mm] h [mm]
R1 2000 2000 120
No. 2 3000 1800 130

Concrete Column

Specimen dex[mm] dcy[mm] L [mm]
R1 215 145 1000
No. 2 200 200 1045

Neoprene Bearings

Specimen Px [Mm] py [mm] tp [mm]
R1 100 100 10
No. 2 124 220 10

8.1.3 Results and observations from experiments

The column load at failure of specim&1 had the average value of 104 kN. The
average being based on the measured reactionclnagéahe four corner columns
(see Table 8-3 below), within the load step thatsed failure. The observed mode of
failure was punching shear by the column denoted, asthough the results presented
in Ingvarsson’s report are for colunihthat was supported by roller bearings. Since
only a quarter of the specimen was modelled inRlBeanalysis (as further described
in Section 8.2), the column had to be providedxabigaring in order to prevent
translation in all directions. This implies thatettcolumn denoted has been
modelled although compared to results from coldBnn

Table 8-3 Column loads at failure for specimen R1.
Columns Load at Failure Failure
A B C D Average | Corner Mode

104 kN | 100 kN| 107 kKN| 106 kN 104kN C Punching shea
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The edge supported speciniga. 2experienced flexural cracks in the field and above
the support at the same load level, corresponding tolumn reaction of 60 kN.
Punching failure occurred when the column reactr@ached 128 kN. These
observations are summarised in Table 8-4.

Table 8-4 Test data obtained during experimentspacimen No. 2.

Failure Mode| Punching shear

Column load at failur¢ 128 kN

Column load at first flexural crack at top of thals| 60 kN

Column load at first flexural crack at bottom oétslabl 60 kN

8.2 Simulation of laboratory tests

In order to reduce required computer capacity its wanvenient and, due to

symmetry, sufficient to only model a quarter of thst specimens. In the symmetries
boundary conditions were introduced such that me¥ement was prevented in the
direction with geometrical continuity. Apart fronih& symmetry lines, boundary

conditions were added for the column supports. dth bmodels, movement was

hindered in all three directions (i.e. pinned suppdn order to represent stiff support
surfaces steel plates were attached to the columats,f onto which boundary

conditions were prescribed.

The modelling principles are described by Figuré &nd Figure 8.2 and the
geometrical specifications of the models are priegskm Table 8-5 and Table 8-6.
Note that for modelled speciméin. 2 (as seen in Figure 8.2) the simply supported
edge is along the x-axis, corresponding to thetleag

48 CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2010:101



Figure 8.1 Model of specimen R1. (a): Geometricaécsfication (dimensions
according to Table 8-5), (b): Application of loadsn neoprene
bearings, (c): Boundary conditions on symmetry isast (d):
Boundary conditions at column foot.

Table 8-5: Geometrical specifications for the siatidns of models R1.

Concrete Slab

a[mm] b [mm] h [mm]

1072.5 1107.5 120

Concrete Column

da [mm] dp [Mm] L [mm]

215 145 1000
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Figure 8.2 Model of specimen No. 2 (note that thepl/ supported edge is
parallel to the x-axis). (a): Geometrical specifiicen (dimensions
according to Table 8-6), (b): Application of loadsn neoprene
bearings, (c): Boundary conditions on symmetry isast (d):
Boundary conditions at column foot.

Table 8-6: Geometrical specifications for the siatidns of model No.2.

Concrete Slab

a[mm] b [mm] h [mm]

900 1500 130

Concrete Column

da [mm] dp [Mm] L [mm]

100 200 1045
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8.2.1 Material properties

The two concrete slabs were modelled using@G@@DNonLinCementitiousaterial
model in ATENA. The material parameters in this mldthve been derived from EC2
and MC90 as presented in Chapter 7 and are basdbeostrengths according to
European standard. The derivations are presentedpipendix II. Since the
behaviour and crack patterns of the columns werkesd importance, the columns
were modelled with linear-elastic concrete matenaing a Young’'s modulus of
elasticity representing that of cracked concre4£0

The neoprene bearing plates were modelled as lglaatic with an increased

modulus of elasticity in order to ensure that thefaxes remained plane and that
unrealistic stress concentrations in the concreteevavoided. In both finite element
analyses the modulus of elasticity was chosenndiees the actual value for steel.

In the modelling of the corner supported slddl)(a bilinear response with a
horizontal top branch determined fyyof the steel was prescribed, though during the
modelling of the edge supported sldo( 2 difficulties were encountered as the
response was too ductile. This could be avoideddsyiming a bilinear response with
an inclined top branch representing strain haraenof steel. All flexural
reinforcement was modelled, although stirrups @ ¢blumns were ignored since the
columns were modelled as linearly elastic.

The prestressed ties have been ignored in the ifiedgFE-model. The scope of these
ties was to eliminate the action of the self-weighihich is roughly equivalent to
neglecting the body force.

8.2.2 Finite elements

In the validation models, solid elements were u3éek concrete members of the test
specimens were modelled with brick elements, widstahedral elements were used
for the steel plates due to the lack of interesttli@ir stress distribution. In order to
ensure the generation of a qualitative mesh, tinerete slabs were divided into three
and four macroelements for specimBi and No. 2 respectively. The surfaces
between the adjacent macroelements were then fedcmesh compatibility
features. The meshed models can be seen in FigBremMBere specimeR1 was
divided into 10505 finite elements and specimn 2was divided into 11662 finite
elements.
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Figure 8.3 Mesh configuration of specimens R1 aoda\

Generally a mesh convergence is assessed to teaitfyhe number of finite elements
used in the analysis is sufficient, although thesimis also verified by analysing the
response of the models and compare them to tegkise$he measured value for
comparison is chosen as the vertical displacenfethieanner corner of the model, i.e.
the centre deformation of the full scale structurée lower limit for the mesh
coarseness is set to five elements across thehstimess since it is required in order
to describe flexure. The chosen mesh was evaluateae fairly accurate as the
response from the FE-analyses showed good agreeméht the reported
observations.

8.3 Results from analyses of test specimens

For the conducted FE-analyses of specimietisand No. 2 crack patterns, state of
stresses and ultimate loads have been studiedptesent an idea of the structural
responses and cause of failure.

8.3.1 Corner column supported slabR1

As illustrated in Figure 8.the column reactioP versus the vertical displacemenin

the middle of the slab presents an idea of thectstral response and the sequence of
events are represented AyB, C andD in the graph. The same response as reported
in the test documentation by Ingvarsson (1977 pismared to the response from the
analysis and shows good agreement for peak loatishanevents as presented in the
following. However, the analysis showed a somewstéfer behaviour than the
response that was observed in the experiment. i$Higlieved to be caused by the
smeared crack formulation which means that the meEponds with significantly
decreased stiffness first after the crack is fdiéyeloped. In reality, cracking affects
the response as cracks are initially formed.
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Figure 8.4  Comparison between response from exgatimnd FE-analysis for
test specimen R1.

The response in the analysis was linear until tiiteation of flexural microcracks on
the bottom surface in mid-field. Although very sm#ie flexural microcracks caused

a slight softening of the concretd)( These microcracks appeared at load step 4,
corresponding to a column reaction of 12 kN. In tbbowing load step, flexural
microcracks above the support were formed, alsatriboing to the softening
response of concrete. Some of these cracks wel@ddcdue to the presence of
torsional moments. In Figure 8.5, all cracks thawenbeen numerically derived are
indicated, although in reality they would not hdeen visible as the maximum crack
widths only reach values around 50 pum.
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Figure 8.5 Initiation of flexural and torsional mmacracks (no crack filter)
causing concrete softening at event (A). Cracks @ogted against
crack widths [m].

(a) P=12 kN (LS 3), (b) P=16 kN (LS 4),
(c) P=20 kN (LS 5), (d) P=24 kN (LS 6).

As the cracks above the column propagated, yethanatiffness decrease could be
noticed on the load-displacement graf) @s illustrated in Figure 8.4. This is
believed to be caused by flexural microcracks alibeecolumn extended downwards
across the section of the slab as seen in Fig@enBere all numerically derived
cracks are visible. This event corresponds to tiael where the column reaction is
above 30 kN.
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Figure 8.6 Propagation of microcracks above theuowh (no crack filter) plotted
against crack widths [m] at event (B).

(a) P=31 kN (LS 9), (b) P=37 kN (LS 11).

With increased loading the cracks continued to @gape and crack widths increased.
The snap-through respon@e) between load steps 27 and 32 appeared to be caused
by the combined effect of events occurring in thpported area. One cause is
believed to be the propagation of shear cracklervicinity of the column as seen in
Figure 8.7 These shear cracks cross the previously formdohattcracks that were
caused by torsional moments. In Figure 8.7, onbcks larger than 0.05 mm are
illustrated. The corresponding column reaction has event was about 84 kN. In
addition to this, concrete crushfhgas initiated and the affected region spread along
the faces of the column. The grey regions boundgettido dark blue lines in Figure 8.8
indicate where crushing was experienced. Furthezmeigure 8.9ndicates that the
reinforcing steel above the column experiencedeia®ed stresses and strains during
the snap-through response. The reinforcement hHemgp(n bars) was of poorer
quality than the other bars in the slab. Tensiass$ in the vertical direction appeared
during the snap-through response as illustratethéyrrows outside the triaxial state
of compression near the column corner in Figur@.8.1

“ Crushing is believed to occur when the compressedrete has reached the limit for the principal
plastic strain, ¢,
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Figure 8.7

Figure 8.8

56

Propagation of shear cracks (cracks 3 mm) at event (C) plotted
against crack widths [m].

(a) P=84 kN (LS 26), (b) P=79 kN (LS 30).

Principal plastic strains [-] indicateonicrete crushing (grey regions).
(a) P=83 kN (LS 25), (b) P=79 kN (LS 35),
(c) P=85 kN (LS 45), (d) P=105 kN (LS 90).
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Figure 8.9 Increase of reinforcement strains [-]dastresses [MPa] above the
column at P=79 kN (LS 30) corresponding to event (C

(a) Principal strains, (b) Principal stresses.

Figure 8.10 Initiation and propagation of tensil@gasns in the vertical direction on
the bottom surface near the column plotted agapmsicipal tensile
stresses [MPa] (negative stresses indicate triag@hpression).

(a) P=83 kN (LS 25), (b) P=79 kN (LS 30),
(c) P=85 kN (LS 45), (d) P=105 kN (LS 90).

Despite the critical events arouf@) the structure still had resistance to withstand a
further increase of shear forces. As loading irgedathe slab approached failure
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which appeared to be caused by cracks that progégatvards the slab-column
intersection in a nearly horizontal course. Whaatheng the compressed conical shell
the horizontal crack provoked a sudden decreasieeatolumn reaction from its peak
around 105 kN @), i.e. brittle failure. The state of stresses he wicinity of the
column prior to the failure, as was illustrated Rigure 8.10, indicated a state of
triaxial compression as the maximum principal stess(principal tensile stresses)
were negative. This state was impaired as the aethed the fully compressed zone
in an almost horizontal course as indicated in Fg8.11, resulting in increased
tensile strains in the vertical direction.

Figure 8.11 Cause of punching failure at P=105 kdtresponding to event (D).
Left: tensors of principal strains plotted againgtincipal tensile
stresses [MPa]. Right. Cracks (> 0.05 mm) plottegaimst crack
widths [m].

(@) LS 90,

(b) LS 115.
The deformed shapes of the slab prior to the sutidnof capacity are illustrated in
Figure 8.12 and clearly indicate failure in punchias the slab above the column

experienced vertical displacements. Compared toehttcal displacements that were
observed from the experiment, the analysis is quék corresponding.
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Figure 8.12 Deformed shapes (magnified by a faB)gorior to failure and cracks
(>0.05 mm) plotted against vertical displacement].[r(Note the
horizontal cracks in the vicinity of the column.)

(a) LS 88, (b) LS 90,
(c) LS 100, (d) LS 115.

8.3.2 Edge column supported slatiNo. 2

The structural response from the tests performedibpunen (1971) and the FE-

analysis are presented in Figure 8.13 by means lo&d-displacement graph. The
load-displacement relationships were well simulatikough a slight deviation of the

cracking loads was observed. The stiffer responas @iscovered also in the FE-
analysis of the corner supported sI&i)( giving an indication of a stiffer response in
ATENA. Both the test curve and the curve from tlednalysis of the edge supported
slab showed a typical punching failure; a brit@éure with a sudden loss of load-

bearing capacity. However, the FE-analysis was @btapture the descending branch
of the load-displacement curve after failure. Ire toad-displacement graph, the
response from the FE-analysis is characterisetidgvent#\, B, C andD.
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Figure 8.13 Comparison between response from exgri and FE-analysis for
test specimen No. 2.

The displacements increased linearly with the loatll (A), where the structural
response was softened due to the propagation abanacks. Figure 8.14 shows an
illustration of the crack development, where alimasically derived cracks are visible.
There was an increase of microcracks both in thtotoof the slab and around the
column. The largest microcracks were found arotmedcolumn, presented by darker
areas in the illustration. On the top surface @& #tab, microcracks in both main
directions were present which gave an indicationhofjging moments in both
directions.

Figure 8.14 Crack initiation (no crack filter) atvent (A) plotted against crack
widths [m].

() P=24 kN (LS 3), (b) P=32 kN (LS 4).
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Thereon the curve continued to increase linearlyil (B), where the structural

stiffness was decreased due to more significarakgoaopagation. The crack pattern
at load step 7 and 8, corresponding to a columd &daabout 60 kN, is illustrated in

Figure 8.15. In the latter, larger inclined craekese developed.

Figure 8.15 Crack development (cracks > 0.05 mmgwent (B) plotted against
crack widths [m].

(a) P=56 kN (LS 7), (b) P=64 kN (LS 8).

Figure 8.16 shows how microcracks extended towtreorner of the slab-column
intersection in(B), resulting in a decrease of the triaxial compresgione along the
column face perpendicular to the simply supportigke

Figure 8.16 Crack propagation and principal tensgzesses [MPa] at event (B)
(negative stresses indicate triaxial compression).

() P=56 kN (LS 7), (b) P=64 kN (LS 8).

Even though the shear crack propagated towardsattem face of the slab, the load-
bearing capacity was not lost. The load-displacemaationship was still ascending
until interrupted at eventC), which denominates a snap-through in the load-
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displacement curve. The snap-through response wadfect of several occurrences
causing a localised decrease of the load-bearinmpoity. The analysis of the
structural responses &) indicated that failure had been initiated.

Shortly before the snap-through, at a column loa800kN, the compression of the
concrete exceeded the capacity and crushing ofdherete started. After increased
loading the crushed area was spread along the odlaces. The crushing progress is
presented by the grey coloured areas in Figure &fére it is the concrete in vicinity
to the column face parallel to the edge that isontyacrushed.

Figure 8.17 Principal plastic strains [-] indicateoncrete crushing (grey regions)
around the column at event (C).

(2)P=80 kN (LS 10), (b) P=88 kN (LS 11), (c) P=94 (LS 14).

Up to a column reaction of about 90 kN, the regaoound the column face parallel to

the edge was triaxially compressed. This area wasedsed at the peak of the snap-
through and after further loading solely the comes under a triaxial compressive

state of stresses. The concrete in proximity ofdbeimn was instead found to be

biaxially compressed due to the conversion of amapressive stress into tensile. The
process is presented in Figure 8.18.

Figure 8.18 Principal tensile stresses [MPa], bluareas indicate triaxial
compression at event (C).

(a) P=88 kN (LS 11), (b) P=92 kN (LS 13).

The decrease of the triaxial compression zone veased by the formation of
horizontal microcracks, visible in Figure 8.19 whidustrates the crack pattern after
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the snap-through. The slab portion facing the coldate perpendicular to the edge
was subjected to the largest cracks, caused bimoaend shear. Some of the shear
cracks had perforated and reached the bottom surfdcthe slab. The crack
propagation together with the loss of the triaxdampressive zone and extensive
crushing of the concrete seems to have impairedtthetural capacity.

Figure 8.19 All numerically derived cracks plottagainst crack widths [m] at
P=94 kN (LS 14) corresponding to event (C).

The maximum stress in the reinforcement was reaahadcolumn load of 96 kN. The
reinforcement was close to yielding, however, ih ¢ee noted in Figure 8.20 that
plastic strains were not developed. Thus yieldimg wot yet initiated.

Figure 8.20 Left: principal stresses [MPa]; righprincipal plastic strains [-] at
P=96 kN (LS 16).

When the column load reached its maximum value ptiegiously initiated concrete
crushing progressed and at eveD) the concrete in the bottom of the slab was
crushed all around the column periphery (see Fi@uPd). The previously formed
horizontal cracks’ dilation and progressive extends illustrated in Figure 8.22. The
behaviour resulted in a loss of load-bearing cdpaaid structural failure.
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Figure 8.21

Figure 8.22

64

Principal plastic strains [-] indicateoncrete crushing (grey regions)
around the column at event (D).

(a) P=99 kN (LS 19), (b) P=95 kN (LS 22).

Propagation of horizontal cracks at etv¢D) plotted against crack
widths [m].

() P=99 kN (LS 19), (b) P=99 kN (LS 20),
(c) P=96 kN (LS 21), (d) P= 95 kN (LS 22).

CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2010:101



The deformation of the structure confirms how tb&imn punched through the slab.
At failure, the elements along the failure surfheeame deformed. In Figure 8.23 the
green and blue areas indicate upward vertical @igphents.

Figure 8.23 Deformed shapes (magnified by a fat@rand cracks (>0.05 mm) at
failure (event D).

(a) P=99 kN (LS 19), (b) P=95 kN (LS 25).

8.4 Comments on verification

The results from the simulation of the test speciiR& showed good agreement with
the behaviour as described in the documentatiomgyarsson (1977). The ultimate
load was well simulated although the displacemeliffered somewhat. The larger
deflection in the FE-analysis indicated a lessf §téhaviour and a softer response
compared to the experiments.

In the FE-analysis of specim@&o. 2 the ultimate load was smaller than reported by
Kinnunen (1971). The mid deflections at the maximoad were very similar for the
computer simulation and what was reported fromettggeriment.

Despite of the slight deviations that were encowuten the finite element

analysis, it was comprehended that mean materrahpeters can be used to
model punching failure in ATENA. Initially, the alyaes showed a somewhat
stiffer response than the response observed framexperiments. This is

believed to be caused by the smeared crack forronlélhat responds, with

decreased stiffness, to cracking first after thackris fully developed within

each element. In reality, cracking affects the oesp as cracks are initially
formed.

The FE-analyses were able to capture the struckwahts that were also
observed during the experiments. In both the apalyff R1 and No. 2 the
shear cracks appearing at the snap-through occaroeohd the same column
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reaction as in the conducted experiments. In lgjlihe FE-analysis dR1the
ability of the reinforced concrete’s capacity tosis¢ shear despite the
extensive structural damage that occurred arourdt¢€) was shown. When
the shear crack appeared, a new state of stresehased which eventually
resulted in the propagation of the horizontal crének provoked final collapse.
Both the FE-analyses were able to capture the ddswg branch of the load-
displacement curve after failure had been provoked.

The assumption of full interaction between the figitement and surrounding

concrete seems to have given fairly representaéiselts. Strain hardening of

the reinforcement bars had to be included for ttgeecolumn specimeNo. 2

in order to adjust for the otherwise too ductilspense that was indicated by a
fluctuating plateau in the load-displacement respon

The obtained results from the validation analysmgegndications on how to
model the column in the case study. Rather largdane displacements were
observed in the deformed shape of speciien2 which indicates difficulties
with modelling the steel edge columns with sprifereents.

8.4.1 Predicted punching load for specimerNo. 2

The predicted punching load for specinfda. 2 has been determined according to
EC2 using mean values to enable comparison withettgeriment and the FE-
simulation (seéppendix V). The calculated punching resistangg . was only 62%
and 79% of the ultimate load according to the expemt and the FE-analysis
respectively.

8.4.2 Previous comparisons with ATENA

During 2006 Oman and Blomkvist investigated whetihavas possible to simulate
the complex behaviour of reinforced concrete flibs and hence conducted
simulations of Broms’ experiments. The stiffer mspe in ATENA was also
observed during these investigations. FurthermOrean and Blomkvist conducted a
parametric study in order to assess the influefit¢eeoconcrete material properties. It
was concluded that for models subjected to highmessive stresses parameters
regarding critical displacement at compressive eggstic strain and plastic flow
were influential. However, the tensile and compkesstrengths did not influence the
response markedly; neither did the model for thterface behaviour between
reinforcement and surrounding concrete. The fracimergy and the coarseness of
the mesh were the two parameters that highly infled the response.
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9 Numerical investigation of case study

In this project the punching phenomenon in casedgfe supports on steel columns
has been studied by means of FE-analyses of tmercsupported element that was
first introduced in Section 5.2, here illustratedrigure 9.1. The connection detailing
used in the investigations was presented in Se&idrand is constituted of a hollow
steel section through the slab thickness.

Figure 9.1 In the investigation considered cornemported element from the
infinite flat slab.

9.1 General modelling considerations

Since the type of structural system modelled is thork is not within the range of
available experimental data, the validation models only give some indications on
proper modelling techniques. Since the previousyaisaon specimeio. 2indicated
horizontal translation within the column-slab coctien (see Figure 9.2) it is
indicated that the concrete column responds tontieeement of the slab in the
perpendicular direction to the edge. Steel colurbes)g more prone to this response,
are therefore not well represented by line sprilggnents. Hence, half the column
length above and half the column length below thab shave been modelled,
assuming that the cut-off sections correspondedartfiection points of the columns.
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Figure 9.2  Horizontal translations in y-direction for specimbio. 2.

The effects of the lattice girders and the horiabjdint within the composite floor
elements have not been taken into consideratitimeimodelling. Instead, the slab has
been modelled as a solid homogenous concrete slab.

9.1.1 Geometrical specifications

The investigated corner supported element (illtstian Figure 9.3) was supported on
a square steel column of hollow section throughugperting steel plate projecting
outside the column face. The geometrical specitioatare presented in the Table
9-1. Reinforcement arrangements for the differeatiels are presented Appendix

IV. The modelled element had the lengtlalong its simply supported edge and the
lengthb towards the interior support.
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Figure 9.3 Geometry of investigated corner suppbredement. Note that the
column and supporting steel plate are also cuthat symmetry in the

X-z plane.
Table 9-1 Geometrical specifications of the imgeged corner supported
element.
Slab Element Steel Column Supporting Steel PIaLe
a b h d t L Ca Co ty

[mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm]

2500 1875 250 100 6.3 3000 200 150 20

9.1.2 Boundary conditions and loading

As the considered slab element is limited by theseh bending moment peaks,
rotations and translations have been preventeldertaorresponding sections. In order
to accurately place the boundary conditions atitiflection points located in the

cavity of the columns, a rigid plate was addedh® ¢nds of the modelled columns.
For the upper column, horizontal translation (x grairection) was prevented, whilst
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the lower column was pinned, i.e. translationslimiaections were prevented. Figure
9.4 illustrates the loading and boundary condititimst have been applied to the
models.

Figure 9.4 Loading and boundary conditions.

(a) Distributed load, (b) Symmetry in x-direction,
(c) Symmetry in y-direction, (d) Column inflectjpoints.

9.1.3 Material models

Material properties have been chosen in accordamaehat has been described in
Chapter 7. The basic parameters for the concraengih class C30/37 and
reinforcing steel of type B500B are presented ibl@a/-1 and further specified in
Appendix Il . Unlike for specimemo. 2 the reinforcement model in specimiemdid
not include strain hardening. Since the resporm® fihe simulation of specimdrl
agreed better to the reported data than spechoe2 the reinforcement model in the
investigations was chosen to bilinear without stizrdening.
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Table 9-2 Basic parameters (mean values) for cdeaad reinforcement.

Concrete Reinforcement
fc [MPa] | f{[MPa] | E[GPa] | G [N/m] ep -] fy[MPa] | Es[GPa]
38 2.9 32.8 96.7 1.0080° | 500 210

The steel quality in the columns was assumed te laayield strengtly of 355 MPa
and the same modulus of elasticity as for the oeanfig steel.

The contact between the concrete slab and the dé¢&ling of the connection was
modelled with interface elements, where the trattamte of tensile stresses was
prevented.

9.2 Modelling scheme

The aims of the simulations are chronologicallytelis below and the modelling
scheme is presented in the following and describespath along which the study
elapsed.

1. Successful simulation of punching shear failure;
2. Conduct a mesh convergence study on the modedatited in punching;

3. Assess the influence of the reduced compressiengitn as lateral tensile
strains develop.

9.2.1 Simulation of punching shear failure

The investigation commenced with the analysis @& torner supported element,
designed according to the Strip Method. The modeteferred to a®\1 and the
derivations for the reinforcement design are presern Appendix |. During the
analysis the steel columns were found to be the&kestanembers in the structure as
buckling prior to any significant damage of the cate slab was encountered.
However, in order to attain information about thdure process in the concrete slab,
the steel columns and the detailing of the conoactvere modelled with linear-
elastic material responses excluding plastic behai.e. yielding).

The slab in modeALl failed in bending. The investigation continuedhayet another
model, A2. In order to prevent flexural failure in the slabpdel A2 was provided
with additional reinforcement bars between the jmes, increasing the reinforced
area in the critical section with 94%. The studypahching failure did not succeed
for this model either and failure was also in ttese determined to have been caused
by bending. Placing additional bars was not feastoinsidering engineering practice.
Thus for the third attempA3 the same reinforcement arrangement was kept as for
model Al, although increasing all bar diameters tb6. This measure was taken to
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provoke failure of the slab in the region near slipport and it corresponded to an
increase of 156% for the contributing reinforceman¢a in the direction where

bending failure had previously occurred. Figure 9l&strates the alternative

reinforcement arrangements in the three modélsA2andA3 and the corresponding

amounts are presented in Table 9-3. For the thimdels bent bars were provided in
order to ensure required anchorage for the botgnfarcement perpendicular to the
edge.

Figure 9.5 Left: Reinforcement arrangement usedniodels A1 and A3; Right:
Reinforcement arrangement used in model A2. Inmaltlels the bar
perpendicular to the simply supported edge alorggyimmetry in x-z
plane was modelled with its half area.

Table 9-3 Reinforced section in the y-z plane fodebs A1, A2 and A3.

Model | Number of bars [-]| [mm] | Asx[mm?] Asx 1Asxi
Al 9 10 668 100%
A2 17 10 1296 194%
A3 9 16 1709 256%

9.2.2 Mesh convergence study

As punching shear failure was achieved for m@dla mesh convergence study was
carried out in order to attain a proper mesh caméigon with respect to punching
shear. The original mesh configuratibh 13 (Which was used in modefsl and A2)
was altered to a coarsév{ 1sandMg ¢ and a finer Mo 10 configuration. The indexes
denote the assigned global mesh Siz&he mesh configurations are presented in
Figure 9.6 and Table 9-4.

® The global mesh size [m] is the attempted sizd®brick elements in a FE-mesh.
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Figure 9.6 Mesh configurations for the mesh congeog study.

(b) Mb.13
(d) Mb.2s

(@) Mo.1o
(c) Mo.16

Table 9-4 Global element sizes and finite elemientse mesh convergence

study.
Mesh configuration Mo.10 Mo.13 Mo.16 Mo.26
Global element size [m]| 0.100 0.130 0.160 0.260
Number of elements 11200 6864 4667 1631
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For the mesh convergence study, the load-displagerasponses have been assessed.
The responses describe the column reaction vehgusgdrtical displacement in the
outermost point opposite the simply supported ealyess the column for the four
mesh configurations as presented in Figure 9.¢ait be seen that the finest mesh
configurationMg 1o captured many numerical deviations that were betleto not be

of significant importance in the present study.tBg mesh convergence study it could
be concluded that the configuratidfy 3 was sufficient and fairly accurate. The
response obtained from the configuratidp 13z was smoother and representative for
the structural events. Thus, in the further ingggton the configuration denotédb 13

has been employed.

M0.13 —-—---M0.16 —--—-MO0.26

600 -

500

400 +

300

P [kN]

200

100

0 5 10 15 20 25 30
Displacement [mm]

Figure 9.7 Load-displacement responses for the foash configurations used in
the mesh convergence study.

9.2.3 Influence of the reduced compressive strength as t&al
tensile strains develop

The effect of the new parameter in ATENAim was investigated on the model
denotedA3. The effect of this parameter is of interest duéts correlation to shear
cracking.

9.3 Results from FE-Analyses

Results from the investigations are presented bynsieof the here presented
observations.
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Load-displacement responses present the vertidaimeo reactionP in the
lower column versus the vertical displacement & dlaitermost point opposite
the simply supported edge across the column.

In order to better correlate column reactions @dlsteps (LS), the loading
histories are presented by plotting the columntreas at each load step.

Residual errors for the convergence criteria aesgmted ilAppendix VI.

In order to represent the deflection of the slagpldcement curves have been
plotted along the simply supported edge and alsosacdhe symmetry line in
the direction perpendicular to the edge for seeradls of column forc®.

The evolution of crack patterns throughout loadimedlects the structural
responses and indicates where the structure isnestkaFor the detailed
assessment of failure cause, the concrete statresises and strains has been
studied in the region close to the column. Microkgmare assumed to be
smaller than 0.05 mm and are not always illustrated

Reinforcement stresses and strains indicate wheensve concrete damage
is to be expected.

The illustrations are oriented such that they aegved from the column support. The
simply supported edge of the slab is parallel toyttaxis and the z-axis starts in level
of the bottom surfaces of the slab and the suppprteel plate. In the following
illustrations the edge (y-axis) is to the left ahé symmetry across the support (x-
axis) is to the right.

9.3.1 Analysis ofAl

The load-displacement response of modleiclearly indicated bending failure of the
slab in the span perpendicular to the edge asirthé gath of the curve constituted a
plateau with increasing displacement at a condtat level. It was concluded that
the reinforcement reached yielding and a mechamiasformed, slowly resulting in
a loss of load-bearing capacity. As the responsgvetl bending failure, the analysis
was interrupted, although larger displacement tharone shown in Figure 9.8 could
be expected. The loading history is presentedgnréi 9.9.
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Figure 9.8 Column reaction P versus displacementrfodel Al.
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Figure 9.9 Column reaction at each load step indhalysis of model Al.

As the slab started to have a plastic responsge l@onvergence errors were
encountered. The difficulties to obtain convergeimcthe FE-analysis are believed to
depend on the instability caused by the formatiblame cracks along the yield line.

The convergence errors (presentedppendix V1) indicate that the errors exceeded
5% between load steps 35 and 40.
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The crack propagation is presented in Figure 9TH® first microcracks appeared
above the column in the top surface of the slala ablumn load of 37 kKN. The
direction of the microcracks showed that the craskse the effect of hogging
moment in the direction parallel to the edge. Aftather loading, the widths of the
microcracks increased at a column load of 94 kMicking propagated downwards
the slab as the column reaction approached 170akNuyt the load level when the
cracks first became visible. Flexural microcracksised by sagging moment were
first formed at a column load of 242 kN. The craakese located in the middle of the
span perpendicular to the edge and are indicatethdyshaded areas in the figure.
During further loading the largest cracks were fbun proximity to the column.
However, at a load of 258 kN these cracks were eda@e by the cracks in the span
that extended swiftly up the thickness of the slalhen the column reaction reached
255 kN the cracks in the mid span were extendesutjirout the entire thickness of
the slab and the first shear cracks were formed miea column in the strip
perpendicular to the edge. The shear cracks stémded the bottom of the column-
slab intersection and had a course perpendiculdret@edge. The inclinations of shear
cracks were estimated to betweeri 80d 453. As the slab reached failure at a load of
267 kN, several regions of the slab were extengigedcked and the largest cracks in
the span perpendicular to the edge were about 10 Mutable were the tangential
cracks at the top surface of the slab.

Figure 9.10 Propagation of cracks (>0.05 mm) pldtegainst crack widths [m].

(a) P=37 kN (LS 4), (b) P=94 kN (LS 10),

(c) P=168 kN (LS 18), (d) P=215 kN (LS 28),
(e) P=242 kN (LS 34), (f) P=258 kN (LS 36),
(g) P=255 kN (LS 38), (h) P=267 kN (LS 41).

CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2010:101 77



When cracking in the mid span commenced, the ssessthe reinforcement were
increased markedly. An increase of stresses wasdgtected in the bars above the
column at a column force of 255 kN. However, thesence of plastic strains
indicated that a yield line was only developed he tbars in the mid span
perpendicular to the edge and the flexural resigta this section was critical for the
failure of the slab. The stresses and strainsarréinforcement as the slab approached
failure are illustrated in Figure 9.11.

Figure 9.11 Left: principal stresses [MPa]; righprincipal plastic strains [-].
(a) P=258 kN (LS 36),
(b) P=255 kN (LS 38),
(c) P=267 kN (LS 41).

Yielding of the reinforcement and the progressikacking was followed by crushing
of the concrete in vicinity of the column. This pess is illustrated in Figure 9.12.
The crushing process started at a column load &f S, corresponding to the
extensive crack propagation in Figure 9.10 (g). tAs slab reached failure, at a
column reaction between 249 kN and 267 kN, thisezanth damaged concrete
increased and involved both the top and bottomaserbf the slab. The crushing is
believed to have been caused by the yield lineamduredistribution of forces and
the support region became highly strained.
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Figure 9.12 Principal plastic strains [-] indicateoncrete crushing (grey regions)
in the vicinity of the column.

(a) P=258 kN (LS 36), (b) P=255 kN (LS 38),
(c) P=249 kN (LS 39). (d) P=267 kN (LS 41).

Under successive loading the slab deformed anasbgon both directions. It was
observed that the steel plate followed the endtiootaof the slab in the direction
perpendicular to the edge. The deformed shapesghout the loading are illustrated
in Figure 9.13. At a load of 258 kN when yielding the mid span dominated the
structural response, the deflection was concemtratehe strip perpendicular to the
slab’s edge.

The deformation of the slab followed the expectexvature until bending failure was
approaching, which signifies that the boundary otk were assumed reasonably.
Furthermore, the obtained response showed thahéoactual reinforcement amount
and detailing the ultimate load was determined lepding failure in the span
perpendicular to the edge. In order to provoke pimg shear failure the
reinforcement amount had to be increased.
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Figure 9.13 Deformed shapes (magnified by a fabjoof the slab plotted against
vertical displacement [m], cracks >0.05 mm are slitated.

(a) P=201 kN (LS 25), (b) P=258 kN (LS 36),
(c) P=255 kN (LS 38), (d) P=267 kN (LS 41).

9.3.2 Analysis of A2

As no punching failure occurred in model, the amount of reinforcement had to be
increased which brought forth mod&P. The same bar diameters as for moélgl
were employed, although the reinforced section maseased by halving the bar
spacing. The load-displacement response for mé@e{Figure 9.14) did however
clearly indicate flexural failure and it was combda that the reinforcement amount
was still not enough to provoke punching failureeTnodel reached failure along the
same critical section as févl but for a higher load. The loading history for rebd2

Is presented in Figure 9.15.

80 CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2010:101



—— Model A2
500 -

450
400

350 - /_/
300 - /,.—-’-/
250

200 /

150

P [kN]

100 -

50

0 5 10 15 20 25 30
Displacement [mm]

Figure 9.14  Column reaction P versus displaceni@nmodel A2.
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Figure 9.15 Column reaction at each load step mdnalysis of model A2.

Although failing in bending as modél1 the slab’s response showed a significant
stiffness decrease (P~270 kN) prior to the yieldrageau. The crack pattern (Figure
9.16) illustrates that a first plateau was initthtes flexural cracks propagated. A
redistribution of forces seems to have been takacepas shear cracks were formed
above the column, which limited the deformationghi@ span. In addition to the crack
pattern showing the largest cracks along the atigection in the span perpendicular
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to the edge, the reinforcement stresses and sfiilirgrated in Figure 9.17) confirm
that failure was caused by bending.

Figure 9.16  Propagation of cracks (>0.05 mm) pldtegainst crack widths [m].

(a) P=261 kN (LS 28), (b) P= 279 kN (LS 30),
(c) P=401 kN (LS 45), (d) P= 404 kN (LS 50).

Figure 9.17  Left: principal stresses [MPa]; righprincipal plastic strains [-].
(@) P=404 kN (LS 50),
(b) P=377 kN (LS 55).

9.3.3 Analysis of A3

The reinforcement in modé3 was arranged as for model, although the bottom
reinforcement in the direction perpendicular to ¢age consisted of16 bars. As the
model succeeded to simulate punching failure a neeskergence study was carried
out in order to guarantee satisfying accuraciesttier results as no test data were
available for comparison. The load-displacemerpagse is presented in Figure 9.18,
where the sudden decrease of load-bearing capfacityg column force of 470 kN
depended on a punching shear failure. Unlike fer Fl-analyses of specimeR4
and No. 2 difficulties were encountered when attempting &ptare the post-peak
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behaviour. The main events are denotedfgsto (D) in the graph and the column
reaction at each load step can be ascertainedRrgane 9.19.
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Figure 9.18 Column reaction P versus displacementrfodel A3.
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Figure 9.19 Column reaction at each load step m @nalysis of model A3.

To begin with the displacements increased lineaiti the applied load. The initial
crack development in the concrete slab is illusttah Figure 9.20. The first flexural
cracks appeared due to hogging moment above thenoah the strip along the edge.
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At a column load of 37 kN they were only microcradikdicated by the shaded areas,
whilst visible when the column reaction reached kRB After further loading the
cracks continued to increase at the top surfatleeo$lab.

Figure 9.20 Propagation of flexural cracks (>0.08m) above column plotted
against crack widths [m].

(a) P=37 kN (LS 4), (b) P=178 kN (LS 19),
(c) P=206 kN (LS 24), (d) P=226 kN (LS 28).

The linear relation between load and displacemeat ivterrupted at eveff). The
stiffness of the structure decreased due to thadbon of deep flexural cracks in the
span perpendicular to the edge as illustrated gurigi 9.21. This occurred when the
column load increased from 247 kN to 252 kN. Furtime, the cracks above the
column developed further down the column face thhothe thickness of the slab.

Figure 9.21 Propagation of flexural cracks (>0.0%min field at event (A) plotted
against crack widths [m].

() P=247 kN (LS 33), (b) P=252 kN (LS 34).

The response between eve@h3 and(B) depends on the stiffness in the cracked state.
The peak at ever{B) is believed to be caused by the first significstmtar crack that
appeared when the column reached about 330 kN.cféek had its root at the
supporting steel plate and had an inclination @fuall5. The crack patterns at event
(B) are illustrated in Figure 9.22.
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Figure 9.22 Propagation of shear cracks (>0.05 memd)acent to the supporting
steel plate at event (B) plotted against crack agdin].

(a) P=318 kN (LS 48), (b) P=333 kN (LS 49).

Further loading caused the initiation of failureand even{C). The concrete above
the support experienced progressive crushing betweents(C) and (D). The
reduction of the stiffness at eve@) is believed to be caused by the crushing process
and the extension of horizontal cracks at the botsorrface of the slab. Crushing of
the concrete above the supporting steel plate begdne intersection between the
steel plate and the column stud at a column reacti@d16 kKN. The crushed area grew
for a small load increase as illustrated by Figugs.

Figure 9.23  Principal plastic strains [-] indicateoncrete crushing (grey regions)
above the supporting steel plate at event (C).

(a) P=416 kN (LS 69), (b) P=424 kN (LS 71),
(c) P=432 kN (LS 73), (d) P=451 kN (LS 77).

The area around the column experienced a triaxatk sof compression up to a
column load of 451 kN. The impairment of the trelki compressed zone is
illustrated in Figure 9.24 where the visible craeks indicated.
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Figure 9.24  Principal tensile stresses [MPa] at Bv€C), negative values (blue
areas) indicate triaxial compression.

() P= 333 kN (LS 49), (b) P=451 kN (LS 77).

The damaged concrete region grew as crushing atdherete outside the steel plate
began at a column reaction of 451 kN, starting small area adjacent to the column
face perpendicular to the edge. This area increapaards and eventually towards
the corner of the support plate. At the ultimatadothe crushed region had spread
along the periphery of the support. The propagatibnoncrete damage outside the
supporting steel plate is illustrated by Figures9.2

Figure 9.25 Principal plastic strains [-] indicateoncrete crushing (grey regions)
outside the supporting steel plate at event (D).

(a) P=451 kN (LS 77), (b) P=459 kN (LS 79),
(c)P=463 kN (LS 81), (d) P=440 kN (LS 85).

As the concrete plasticised around the column enadgt causing the crushing
process, the steel stresses in the reinforcemen¢dsed. The stresses and plastic
strains in the reinforcement are presented in EBIQU26. At a column load of 467 kN
the reinforcement reached the vyield stress in thgcal section in the span
perpendicular to the edge. Plastic strains wereeldped in some bars, although a
yield line was not formed as in the previous modélwus, bending failure could be
excluded.
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Figure 9.26 Left: principal stresses [MPa]; righprincipal plastic strains [-] at
P=467 kN (LS 83) corresponding to event (D).

Event(D) denominates the final collapse (when the colunactren reached 440 kN)

that seemed to be caused by the formation of tdiadjesracks around the column

downwards the slab section to the already damagrdrete area in the region near
the column parallel to the edge. The largest crackthe bottom surface, adjacent to
the plate, approached 4 mm. The crack propagatidlustrated in Figure 9.27.

Figure 9.27 Propagation of tangential cracks aldae.
(@) P=467 kN (LS 83), (b) P=440 kN (LS 85).

The concrete region outside the steel plate, irditextion perpendicular to the slab’s
edge experienced an expansion of the triaxial sttat®@mpression when the structure
approached failure. This seems to have been causex a crack reached the triaxial
compressive zone in the region along the edge amghired the capacity of the
compressed zone. The region of triaxial compresgiew in the other direction as the
slab here compensated for the loss of capacitygatom edge.

The loss of resistance in both directions resultedtructural failure. The crack
pattern clearly indicated that failure was causggimnching due to the concentration
of large cracks around the column. In order toldstla an idea about the punching
cone, the vertical strains were analysed in prayind the column. The vertical
strains along the thickness of the slab and atbtittom of the slab are shown in
Figure 9.28. At the bottom of the slab the vertisahins were present outside the
supporting steel plate. Notable was that, aparnftbe bottom surface, strains were
only found in the slab strip perpendicular to thge The deformed shape of the slab
at failure is shown in Figure 9.29.
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Figure 9.28 Vertical strains at failure, P~440 kN.

Figure 9.29 Deformed shape (magnified by a fact@x df the slab plotted against
vertical displacement [m], cracks >0.05 mm areslitated.

9.3.4 Influence of the parameterr, on modelA3

The parameter.n that governs the reduction of compressive stremnigid to the
presence of lateral tensile strain was not acti/&te the previous models. In order to
determine whether this parameter has any signifia#fuence on the results, this
feature was later activated in moded and compared to its previous results. As seen
in Figure 9.30, the parametes;n, while cracking propagates is of little influence.
However the load at which the slab suffers failarpunching is somewhat lower.
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Figure 9.30 Column reaction P versus displacementfodel A3 with and without
the reduction of the compressive strength due tierdh tensile strain
activated.
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Figure 9.31 Column reaction at each load step ia #nalysis of model A3 with
rcim activated.

After a thorough study of the crack propagationwits noted that considering the
compressive strength’s dependency on lateral gerstilains had no influence on
cracking. The deviation between the two load-disptaent curves at a load level of
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320 kN is believed to be a numerical error as tlaelkcpropagation was identical for
model A3 and A3 with reduced compressive strength. However, thrarpaterr jim
showed a big influence on the crushing progress.

The progressive crushing for mod&B was illustrated in Section 9.2.3. A similar
process is shown in Figure 9.32 and Figure 9.33ttier model wherem was
activated. When comparing the two models it wasalisred that crushing was
initiated earlier in the model wherg i, was activated and the region around the
column was more severely cracked at failure.

As the crushing progress is closely correlatedhéofailure mode, the activation of the
parameterr.;m reduced the maximum load and is therefore conduide model
punching shear failure more appropriately. Howewar the difference between the
maximum loads is rather small (4.4%), neglecting ttompressive strength’s
dependency on lateral tensile strains still givéasirdy representative simulation of the
failure mode.

Figure 9.32  Principal plastic strains [-] indicateoncrete crushing (grey regions)
above the supporting steel plate.

(a) P=411 kN (LS 68), (b) P= 417 kN (LS 69),
(C) P= 421kN (LS 70), (d) P=431 kN (LS 73).
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Figure 9.33  Principal plastic strains [-] indicateoncrete crushing (grey regions)
outside the supporting steel plate.

(a) P=431 kN (LS 73), (b) P=438 kN (LS 77),
(c) P=442 kN (LS 81), (d) P=436 kN (LS 86).

9.4 Comments on results

In light of the previously presented results frofa-&nalyses the main observations
from the four simulations are summarised in thigisa.

9.4.1 Models failed in bending,Al and A2

The simulated loadings of modé&l and modelA2 ceased by bending failure,
nevertheless the crack pattern above the columposughowed the influence of
shear. Initially, the slab strip in the perpendigutlirection to the edge behaved
analogously to simply supported beams subjectastiéar forces as cracks propagated
from the bottom face upwards the slab with an matlon of about 45°. However, the
propagation of tangential cracks from the top sgfaf the slab parallel to the edge
depicted that the behaviour of the strip perpendicto the simply supported edge
was somewhat more complex than the assumed bedoggna@he tangential cracks
might be an effect of restraint in this directiofihe restraint is most likely a
consequence of compatibility as a hogging momeatiwed in the parallel direction.
The concrete damage that was observed above #lecetamn in the top part of the
slab might indicate that spalling occurred. Ase@djiline was formed in the mid span,
redistribution of moment capacity caused a stregsgentration above the support.
Even if punching failure was not achieved, the ni®d€l and A2 gave valuable
information regarding boundary conditions and gtrcad response for the case study.
Consequently during loading, the deformed shapéiseo$lab illustratively confirmed
the relevance of the boundary conditions. The agpdicontact elements between the
concrete slab and the support plate resulted irsthight response, as the slab could
separate from the supporting steel plate and thkovhosteel profile under
deformation.
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9.4.2 Model failed in punching, A3

Compared to the required flexural reinforcemenbading to the Strip Method, it was
found that more than twice this area was needeatdar to provoke punching shear
failure. The observations regarding the failure maaf model A3 that suffered
punching failure are described in the following.nBhing failure was identified as
concrete crushing around the perimeter delimitedhgy supporting steel plate was
observed. The crushing seemed to have been prebgdkd formation of cracks with
horizontal plane. The horizontal cracking is bedié\o correspond to the splitting of
concrete that was observed by Marinkoand Alendar (2008). The cracks appear to
have resulted in a redistribution of stresses alibgesupporting steel plate. Prior to
the propagation of horizontal cracks, the triayi@bmpressed zone was found in the
region around the column closest to the edge. Tdte of triaxial compression was
impaired as cracking approached this zone. In dime@ompensate for the impaired
compressed conical shell the region across the eddfered increased triaxial
compression. Also the zone to which the redistridsutvas addressed would later
experience concrete crushing, leading to finalagade of the structure as the column
punched through. What is believed to be the cati$ailore is summarised in Figure
9.34.

92 CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2010:101



Figure 9.34 Assumed cause of punching failure fodeh A3.

(@) Presence of triaxial compression in the region egigo the edge
(LS 49),

(b) Impairment of this zone as splitting occurred (173, 7

(c) Redistribution of compressed zone towards the girappported
strip (LS 81),

(d) Compressed zone outside the supporting plate cgysispagation
of crushing (LS 85).
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Similar to the state of triaxial compression thaaswobserved in the simulated
specimerNo. 2 there was little or no triaxial compression odesihe supporting plate
in the region closest to the edge, which couldXpeeted due to the slab discontinuity
across simply supported edges. In the experiméantadstigation carried out by
Marinkovi and Alendar (2008) the size of the supportinglgitsde was discovered
to be decisive for punching shear. Also in the stigation of modelA3 the failure
surface coincided with the perimeter of the suppgrsteel plate, although crushing
was initiated adjacent to the intersecting steefiler.

The largest shear cracks were situated perpenditukhe edge. As for the previous
models, the initiation of the shear cracks toolcelat the bottom surface of the slab,
adjacent to the supporting steel plate. Also albvegedge shear cracks appeared at the
bottom surface of the slab, however they were pleddy the formation of tangential
microcracks at the top surface of the slab. In tdito the presence of tangential
cracks on the top surface the triaxial state of m@ssion in the bottom of modaB
also indicated dissimilarity from the assumed aggbwith a simply supported beam.
What distinguishes punching failure from shearui&@lin a simply supported beam is
the presence of multidirectional compression thawides an increased capacity to
the region subjected to concentrated forces. Alsaracteristic for shear failure
adjacent to the support in a beam when no sheaforeement is provided is that
shear sliding takes place in the web rather thasheng of the bottom surface. The
imaginary web in modeA3 did not suffer crushing.

The predicted punching cone could be identifiedniwans of the crack pattern of
microcracks. The distance from the support to dikife surface (as seen in Figure
9.35) was determined to be abouthlL.&nd 1.9 in the direction parallel and

perpendicular to the edge respectively. The faikudace was determined from the
outermost tangential cracks that coincided with thelined cracks towards the

supporting periphery.

Figure 9.35 Predicted failure surface of punchedem model A3.

It was also shown that the reduction of compressivength with regard to lateral
tensile strain (related to the parametgr,) had little effect on the structural response.
Nevertheless, punching failure occurred at a l@a@ll 4.4% lower when this effect
was considered.
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Like for the edge supported specimbio. 2 the punching resistance has been
calculated according to EC2 for the three modelhis investigation. Mean values of
the strength parameters have been used in ordenable comparison with the
obtained results from the FE-analyses and thegbadifety factorg has been set to
1.0. The predicted punching loads . (derived as seen ippendix V) are presented
in Table 9-5 and compared to the column reactidnseading P,) and punching
failure (Py) respectively.

Table 9-5 Predicted punching loads estimated usiegn values and ultimate
loads from analyses.

Model Vr.c[KN] Py [kN] Pp [kN]

Al 157 250 -

A2 196 400 -

A3 200 - 467

Due to the increased amount of flexural reinforcetm@unching failure could be
provoked with modeR3 despite the higher punching resistance that wss gdined.
The punching load according to the FE-analysis mash higher than the calculated
capacity according to EC2.

9.4.3 Summary of investigation

The steel columns were found to be the weakest ragsrib the structure as
buckling occurred prior to any significant damadehe reinforced concrete
slab. In order to prevent failure of the colummgytwere modelled as linearly
elastic. The steel columns were initially considete have the yield strength
fy of 355 MPa.

In order to provoke punching shear failure, théicai section with regard to
bending needed to be provided with over twice dwpiired reinforcement area
as assessed by means of the Strip Method.

The behaviour of the strip perpendicular to the pdymsupported edge
resembled the response of a simply supported bsahear cracks propagated
from the bottom surface. Nevertheless, the presehtagential cracks on the
top surface and the triaxial state of compressiorthe concrete near the
support in the strip perpendicular to the simplpmarted edge depicted that
some restraint could be expected.

The effect of concrete compressive strength redoctiue to lateral tensile
strain is of less importance for the investigatextiets.
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10 Conclusions

Nonlinear finite element analyses have been coedudh order to assess the
structural behaviour with respect to punching slddlat slabs supported at the edge
by slender steel columns. The investigations onddge study were preceded by
validation of the modelling technique. The simuatiof the test specimeril and
No. 2 showed good correspondence to the observatioms fite experiments.
However, certain observations were made, namely;

The FE-analyses showed a somewhat stiffer resptrae the conducted
experiments. This is believed to derive from theesarad crack formulation
that is used in the concrete model.

Ability to capture snap-through responses whenrstragking took place.

Strain hardening in order to compensate for a Bluctisponse needed to be
included for specimeNo. 2

The ultimate load was for specim@&i very well corresponding to reality,
although predicted deformations were much largéris Thight be due to the
inability of the FE-analysis to simulate fractuetween the elements.

For specimemo. 2the predicted ultimate load was 22.7% smaller tihaime
experiment.

Notable in the simulation of specim&1 was the available residual capacity
after the snap-through response, where extensivghicry took place. After
the snap-through response about 1/5 of the ultinedd could be added
before the slab reached its failure. As the sinmutatorresponded quite well
to reality, it seems that corner supported slalvs lezld residual capacity in
spite of the critical events that occurred in ttase.

The verifications indicated in-plane translatiomstihe connections between
slab and column. It was concluded that line springsild not be able to
resemble a steel column supported structure.

In light of the FE-analysis the case study indidateat the edge supported element
was not as simply supported in the perpendiculagcton to the edge as first
assumed. From the illustrated crack patterns itdcbe concluded that the slab in this
direction was subjected to some restraint as tarajemacks were formed opposite to
the edge. The restraint is most likely due to gedoe restrictions with regard to
compatibility. Furthermore, the presence of tribstate of compression in the bottom
of the assumed beam (strip perpendicular to edgkgates the interference from the
surrounding slab and hence the monodirectional ks@atogy could be disclaimed.

The predicted punching loads according to EC2 wateulated for all three cases in
this investigation A1 — A3). For modelA3, that suffered punching failure, the column
reaction according to the FE-analysis was 130% drighan the punching load
according to EC2. However, it is important to beamind that the method in EC2
does not result in mean capacities, even if meaenmahproperties are inserted in the
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expressions. Furthermore, it is important to emjsleathe need for further assessment
of safety coefficients in order to account for pFoplesign margins when employing
results from FE-analyses in structural design.

The obtained punching cone showed resemblancestpréviously observed on edge
and corner columns of concrete as the cone shagrddrgtion was more vertical at
the face towards the edge than interiorly. Compéaoethe by Kinnunen conducted
experiments on edge supported flat slabs, the straeks inwards the slab in model
A3 were more flat, resulting in a longer distancetlie critical section. In the
conducted experiments on concrete column suppapedimens, Kinnunen (1971)
concluded that this distance was abouh,1v@nilst in modelA3 the distance appears
to be about 112 Also Andersson (1966) predicted the shape offdilare surface,
which indicated a larger distance to the failurdaste perpendicular to the edge. The
difference between the failure surfaces observedibgunen and by the observations
from the analysis of mod@3 is illustrated by comparing Figure 9.35 to Figdr&3,
where it can be seen that the distance from thpastpo the failure surface is similar
at the face of the edge. It seems that the sheak<rn modelA3 are enabled to
propagate without any significant interferencelasd tangential cracks since these are
not deviating from the top surface of the slab as whe case for the edge supported
flat slabs in Kinnunen's experiments. The differesicin behaviour might be
influenced by the different slab thicknesses, sujopp sections and reinforcement
amounts.

The parameter. m that governs the reduction of concrete compresstinength with
regard to lateral tensile strains had little infloe in this investigation. Nevertheless,
this consideration affected the ultimate load dmedextent of concrete crushing.

Previous research (Jensen, 2009) on slabs suppmrtedge steel columns indicated
that the strip perpendicular to the edge oughtetodgarded as a pinned support. As
hogging moments solely parallel to the edge weleved to develop, the strip would
resemble a simply supported beam due to the believenodirectional behaviour.
Moreover, the design approach with regard to purgckhear in the codes seemed to
result in an increase of top reinforcement wherdlexural moment was expected.
However, the reinforcement to account for in thele seems to be a question of
interpretation. According to EC2 it is the tensidneinforcement that enhances the
capacity, meaning the bottom reinforcement if tlgeesupported strip is regarded as
simply supported. Thus providing unnecessary tapfoecement is not proposed by
the codes.

The connection detailing was simplified in the gsab, since the pin provided to the
through-slab section, in order to prevent progkessollapse, has been excluded. The
influence this pin might have on the results an@thér it would increase the restraint
of the slab at the support has not been investigate

As the finite element analyses are based on arogppate method and convergence
tolerances are exceeded as the models reach failuraerical errors are to be
expected. This was also the case in the presedy,sédthough the consistency of
results throughout the full range of load stepsdaigd a reasonable response.

This study has exclusively been conducted by mednsonlinear finite element
analyses. FE-analyses are convenient and econdynéfhtient to use compared to
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full scale laboratory testing that are seldom aerahtive due to high costs. However,
in order to verify the obtained results it is recoended to conduct a series of
laboratory tests, especially since the FE-analixse@® been carried out on simplified
models.

If full scale laboratory testing were to be conaédacton similar cases to the one
investigated within this work, difficulties to olaa punching failure could be
expected. Aside from increasing the flexural reioément, the steel columns need to
be strengthened in order to eliminate other failaozles.
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