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ABSTRACT

EVALUATION OF PUNCHING SHEAR STRENGTH DESIGN AND
MODELLING APPROACHES FOR SLABCOLUMN CONNECTIONS

Zorlu, Merve
M.Sc.,Department of Civil Engineering
Supervisor: Prof. DiBare kK Bi ni ci

September 2012 6Ppages

Flat plate systems ammnstructed withslabsdirectly supported omolumns. Since
there are no beams in the system,liakavior ofconnectios betweerthe slaks and
columrs play a crucial role. Due to the sudden and brittle nature of punching shear
failures, slabcolumn connection design must be conducted with proper safety
precautions. The first part of this study aimet@luate the safety level of different
design expressions in the codes. Fir this purpose, the ability of ACLB1BS500

and Eurocod® to estimate punching shear strength was examined in light of
experimental results compiled from previous researctteribr and exterior
connections were examined in the course of the study. In the second part of the
study, beam and shell models were calibrated to simulate thedédadnation
response of interior slatolumn connections in light of experimental resultsthe

final part of this thesis, a typical floor plan of a flat plate system was analyzed to
investigate the possibility of a progressivefailure mechanism after punching failure
takes place at a slalmlumn connection. Minimum poegunching capacity regred

to avoid progressive punching failure in a floor was estimdtesl believed that, the
results of this study can be helpful in guiding engineers in understanding the safety
inherent in punching shear design expressions and to take necessaryigmecaut

against progressive collapse.

Key Words: Punching shear, effective stiffness, modeling, progresive collapse
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CHAPTER 1

INTRODUCTION

1.1.Flat Plate Systems:

Flat-plate buildings consisif reinforced concrete slalghich aresupported directly
on reinforcedconcrete columns without the use of beaiifsese structural systems
aremainly used in moderate or low seismic zon8semetimes column hesddrop
panels or both can besedwith the objective ofincreasing the shear strehgand
decreasing the moment demands in the dtabigure 1.1 major types of flat plates

areschematicallyshown

Flat slab

Flat slab wit

olumn head Flat slab with drop glinel and

Figure 1.1 Major types of flat plates, (The Constructor Org)



The major benefits afonstructingflat plate systems atéeir architecturaflexibility
in room layout, savingjinthe floor heightJess building height, shorteonstruction
time and low workmanship castlue to ease of formwarRossible gairn the story
heightis illustratedin Figure 1.2.

However f this systemis constructed in high seismic zonéat plate system should

be combined with shear walls or moment resisting framégenflat platebuildings

are designed withoustrict drift deformation controln high seismic zonesslab
column connections may sustain severe damage when subjected to lateral
deformation demands in addition gwavity loads The action ofcombined shear
force and moment demands on the connections may-cduesso called punching
shear failurePunchingfailure, unlike the flexural failureit is a catastrophidorittle

failure mode describing the sudden movement of the slab towards the column due to

a local failure.

Conventional Beam—Free

Figure 1.2 Change of the floor height by using flat plate(The Constructor Org)

Someof the weltknown punching punchinfgilure cases intie literature were listed

below.



e Sampoong Department Storg¢1995)
Sampoong De p acollapse wasacc&ptedns aponshing failurewhich
occurred on June 29, 1995 in Bangnamgu district of Seou] South Korealn this
building, 502 people died 6 peoplemissedand 937 people injured.his eventwas
one of the most dramatic disi@rof South Korea historyinitially the building was
designed as an office building with four floors, but it was changed to a large
department store during its construction. This involved cutting away a number of

supporing columns in order to installsealators. Thena fifth floor was added and

this floor wasoverloaded

In April 1995, cracks began to appear in the ceiling of the south wing's fifth floor.
On the June 29, the number of cracks in the area increased dramaticadlythad

end thebuilding totallycollapsedFigure 1.3 and Figure ).4Park T. W., 2011)

2
e

)
o}
a
3
=
I~
s
of
]

Figure 1.3 Collapse moment of Sampoong Department StoyéMcLean, et al.)


http://en.wikipedia.org/wiki/Structural_failure
http://en.wikipedia.org/wiki/Gangnam-gu
http://en.wikipedia.org/wiki/Seoul
http://en.wikipedia.org/wiki/South_Korea

Figure 1.4 Sampoong Department Store after collaps€Park T. W., 2011)

e Bul | deplartment Store(1994)

The Northridge earthquakeccurred on January 17, 1994 California USA.

Bull ockds depart ment svthchea wallsa Bhe @mbinedat p |
effect of gravity shear and nbalanced momestresulted by earthquakeause

distressin the slab cobmn connections of the building'he nvestigationsafter
earthquake showethat punching failurestartedat the interior baysand than
continuedwith the partial collapse of buildingThe final view of the building @uld

be seen in Figure 1.PArnold, 1994 andUSGS,199%



Figure15The view of the Bullockds Depart me
(Dewey, 1994)

e J.C Penney Building(1964)
This five stories tallflat plate buildingwas in AnchorageAlaska. It hasalmost
9,300m? floor plan areaslab thickess wa8.25m and supported on shear walls and
reinforced columnsThe bulding was almost square in plan kshear walls was
insertedunsymmetricdl. Because ofhe eccentricitydue tocenter of rigidity and
center of the masdeing at different locationsjarge torsional forces and
deformations occurred in the building during the 1964 Alaska earthquake
addition, due tathe relatively poor workmanship and detailinguilding partially
collapsed(Figure 1.9, (Bertero, June 1982)



Figure 0.6 J.C Penney Building after Alaska Earthquake (Bertero, 1982)

e Harbour Cay Condominium (1981)
This was a fivestory flat plate residential development projectncoa Beach
(BrevardCounty, Florida United Statek It collapseddue to punching shear failure
of the slabcolumn connectionsvhenworkers were completing the framework by
castingconcrete for the roodbn March 27, 198111 workers were killed and 27
injured (see Figure 1)7 After the accident morseriousenforcement of engineering

and constructiogodes in Florida and elsewhere vib&gan to use.

The collapse wabecause of theiscellaneougrrors inthe design and construction.
For example, lhough he concrete slabshould have beeat least280 mm thick to
satisfy theAmerican Concrete InstitugeBuilding Code instead 0f200 mmused in
the constructioriCorley, 2010)


http://en.wikipedia.org/wiki/Cocoa_Beach
http://en.wikipedia.org/wiki/Brevard_County
http://en.wikipedia.org/wiki/Florida
http://en.wikipedia.org/wiki/United_States
http://en.wikipedia.org/wiki/Concrete_slab
http://en.wikipedia.org/wiki/American_Concrete_Institute
http://en.wikipedia.org/wiki/Building_Code

Figure 1.7 Collapse ofHarbour Cay Condominium, (Corley, 2010)

e Shopping Centre,Underground Car Parking Building :
Three examples can lgéven about punching failure in Switzerland. First one was in
|l ate 700s, during sl ab constructfitetn punc
shopping centre destroyeligure1.8a). During winter 1981 second case happened
at Bluche,which an undergvund parking garagérigure 1.8b). It resulted inthe
deathof two children. Last one was the catastrophic, @eGretzenbacin 2004
which occurred inan underground parking garage, caugsimg death of 7 firemen,
who were interfered to a fire in that garage. The faiinitgated atoneslabcolumn
connectionand finishedwhen large part of the structure collapq&igure 1.80
(Mirzaei, 2010)



a)Shopi{lg center « Serfo 7 b) Underground parking garage, c) Undergroun 'kiug garage.
Switzerland. 70’s Bluche. Switzerland. 1981 Switzerland, 2004

Figure 1.8 Punching Failures in Switzerland,(Mirzaei, 2010)

e Jaya Supermarket(2009)
JayaShopping Centre, better known JsyaSupermarket, is a weknown landmark
in SelangorMalaysia It collapsedwhile demonstratiorwork was going onkilling
two workers (see Figure 1.9)espite the plans of the building was for fetories a
fifth story wasadded during constructioand during rebuilding process this floor

was overloaded by machineffRashita, et al., 2009).

Figure 1.9 Jaya Supermarket after the collapsg(Rashita, et al., 2009).


http://en.wikipedia.org/wiki/Selangor
http://en.wikipedia.org/wiki/Malaysia

e Waffle-Slab Buildings (1985)

During the 1985 Mexico City earthquak®l waffleslab buildingscollapsed and
44 building had severe damagese Figurel.10Reason of these disasters was
these buildings were not provided with shear walls against lateral heade
interstroy drifts were notontrolled Consequently, these structuresuld not
resistthe earthquake induced demaraasl brittle punching mechanism became
an inevitable evenRosenblueth & Meli, 1986)

Figure 1.10Example of collapse of waffleslab building failures in New Mexico
(Rosenblueth, et al., 1986)

1.2.Literature Survey

In this section, some important studies, whiehre reviewed in the course of the
study and contributed significantlio the development of design equatiprse
presented. Many other experimental results, which are not given below are also

presented in Chapter 2.

Hognestad and Elstn€t956 workedon the methods and results of the experimental
work on the shearing strength of sletdumn connections subjec to concentrated



load. The behavior of the 34 specimemgestigatedoy changing concrete strength,
percentage of reinforcement, size of column, conditions of support and loading etc.
Finally an ultimate strength theory was obtained, so the slab behadergravity

load could beestimated The tedhg consisted of nine series and thifour
specimens. The slabs were 6 feet square and 6 inches thick. Supports were on the
edges and loading was centrally located. Except the ninth series there waamo she
reinforcement on specimens. The column sizes vdrmd 254 to 356mm. The

main conclusions ofthe report could besummarizedas follows (Elstner &
Hognestad, 1956)

e For the ultimate shearing strength of the slkalumn connections
compression reinforcement was not effective.

e Failed slabs due to flexure had%@o 20% greater ultimate capacity than
predicted by the yield line theqrywhich was attributed to redistribution in the
two way system and steel strain hardening

e Shearing strengtldid not increasedvhen thetension reinforcementvas
concentrated directlgver a column.

e In most cases punchindgailure occurred after the initial yielding of

reinforcement around the columns.

Zee and Moehl€1984) studied both interior and exterior slablumn connections
undervertical and horizontal loads. The test specimen was three tenths scale of a
prototype structure and designed to @owall requirements of ACI 3182.
Deflections and deformations were reded during the loading and an analytical
model for the prediction of loadleformation response was propaskey results

from the study were as followWZee, et al., 1984):

e Standard moment curvature analysis assumes that plane sections remain plane
in bending This was foundto be inapplicable for calculating the flexural
capacity of the slabaround the connection region since the moment
distributionacross the slab width was raniform.

e The flat plate subassemblies did not develop significant yigldintil

imposed lateral drifts approached 1.9%the drift ratios are limited to 1.5%

10



for high gravity shear situationshe structural damage may be minimized.

However significant inelastic deformability should not be expected.

Pan and Moehl¢1987)stated that the prevailing ductile design philosophy required
that elementf a structural system could deform into the inelastic range during
seismic events. In some conditions this requirement extended to elements which
were not considered in design agtpaf lateral load resisting system. The aim of
their experimental workvas to develop new experimental data for major parameters
which affected the lateral displacement capacity and ductility of reinforced concrete
flat plates. In the tests, only interjozonventionally reinforced slabs without slab
shear reinforcement were used. Obtained results can be summarized as follows
(Pan, et al., 1987):

e The magnitude of the gravity shear ratio carried by the slab was the primary
variable thataffectsthe lateraldisplacement capacity and ductility of slab
column connections.

e For a given level of gravity load, lateral stiffness, available ductility and
punching strength is significantly reduced under biaxial lateral loading.

e Lateral interstory drifts undexxtreme earthquake loading should not exceed
1.5% of interstory heightUp to that level of deformation the flat plate

connection will perform adequately

Moehleet.al (1988)worked ona design methodology of slab column connections for
punchirg shear sength and developeskpressions for shear strength in thebbsence
of moment transferin which they includednodifications factor$o take into account
the influence ofgeometry, deformation leveland material strengthin addition
three alternate procates to compute strength under combined shear and moment
transfer were discussed and code expressions were proposed in light of their study
(Moehle, et al., 1988As a result of their benchmark paper

e Eccentric shear stress model was recast in ACI8318983).

e Further simplifications for design of edge and corner connections were

proposed.

11



¢ Newrecommendations for the design of connections subjected to earthquake

werepresented.

Pan and Moehl€1992) tested 6éur specimens under combined gravity and lateral
loads. Specimens 1 and 3 were subjected to uniaxial, 2 and 4 were subjected to
biaxial lateral loads. The aim of the study was to compare the effects of uniaxial
versus biaxial lateral loading on the connecti@mavior. One of the biaxial loaded
specimens (4yvasrepaired and tested again. Specim&rere60% scaledrersions
extracted fronprototype structure. The main results from the study were as follows
(Pan, et al., 1992)
e The lateral stiffness, strengthadrift ratio capacities were less when biaxial
lateral loading was present compared to the uniaxial lateral loading.
e Repaired specimen gained original drift capacity again but strength was not
restored.
e The ACI eccentric shear stress models found tobe conservative enough
for both unaxial and biaxial loading
e The stiffness of a flat plate consisting of single stalumn connection test
specimen was found to be best modeled with the equivalent beam with
proposed by Darwin and Pecknold (1974) along with a cracking reduction

factor of 1/3.This conclusion is re&uated in this study.

Robertson and Durrani (1998judied the effect of superimposed slab loading on the
behavior of interior slab column connections. Each specimen consisted of
subassembly made ofvo exterior connections and one interior connectiree
identical subassemblies were tested. Under different superimposed loading,
specimens were subjected to the same cyclic lateral displacemmnsions As a

result itis found that, when the gravity load was increased both unbalanced moment
capacityand lateral drift capacity decreased. For interior connections a limiting shear
stress was suggested, so that the drift capacity could be predicted. Finally the test
results were compareavith ACI 318 provisions and ACI Committee 352

recommendations foredign of this type ofonnectiongRobertson, et al.,1992).

12



Farhey etl. (1993)observed the resistance and final failure mechanism, the relative
impact of cross sectional width of the column and the effect of shear force level on
theoccurrencef punding shear failure for connections subjected to combined shear
and moment reversal s. Four reinforced
slab connections were tested. First and the second spediraéndentical column
strength third one had different concrete strength and finally fourth specimen had
different column size but same concrete strength with Specim&inti3e final stage

all specimens failed because of the punclalugpgone sideof the connectionWith

the flexual failure of the connectiorgpalling of the concrete occurred at the front or
back faces. These results showtidt the failure mechanism and the final shape of

the failuresurfaceqFarhey, et al., 1993)

Durrani et al. (1995)studiedthe behavior oinonductile slabcolumn connections
Study provideda valuable insight of punching strength, moment transfer capacity
and drift capacity of nonductile connections under earthquake loading. Four different
specimens were tested. These slab column specimemeshalf scale modelsvith
identical longitudinal reinforcementatio (0.59%) For subassemblies 1, 3 and 4
DL+0,3LL (DL: dead load, LL: live load) and for subassembjyD2+LL loading
were applied. In addition each subassembly was subjected to 20 disptaasies
increasing in amplitudeFollowing conclusions can be deduced from this study
(Durrani, et al., 1995):

e When applied gravity loadvas high, interior connections dd a greaer

probability of failing in punchingcomparedo theexterior columns.

Vg
Jiob 3

expected tdail due to punchinghence when this ratio is smaller tha083

e For gravityshear ratie ( ) more than0.125 interior connectiongre

the failure mode would be flexural
e As gravityshear rationcreased, driftapacity decreased
e Loss of stiffness in exterior connectionsduring cyclic displacement

excursionsveremore than those observed in interior connections

13



FIB (2001) published a comprehensteehnical reporbn concentrigounching shear
strength of slalzolumn connections. The aim of the FIB technigak to summarize
the development® punchingshear researclrurthermoreempirically derived code
formulas and some of the mechanical modelgre discussed along with the
concentric punching shear testeesults presented in the repoithere was no
generally agreed design model the design practice since punching problenais
complexoneand codegprefer to give simple anedmpirically derived formulas. The
bulletin gave a review of some of the most @lydused codefGerman Design Code
DIN 1045(88); Eurocod®?; Model Code 90 & FIFRecommendations 1996; British
Standard 8110, Part 1, 1997 and ACI -8B} their rules and definitions. The new
developments for mechanical modelsre summarized and nonlineéinite element
analyses applietb simulate the behavior of flat plate connections with and without
shear reinforcemenf database without shear reinforcement coadisf 149 tests
presented in the reporthis database was used in Chapter 2 of thidysflihe test
data were comparedith some of the selected design codes, which were following
keyresults weraliscussed as a result of this req@EB/fib Task Group, 2001)

e Because of themportantinfluence of the flexural reinforcememind the

concrete compressive strengttgefficient of variationhigher variationv

(v= 2 was indicated where was standard deviation arigl, was themean

was significantly large). Since the mean predictivese nearly 1 for Model
Code 90 & FIPRecommendations 1996 and DIN 1045(88), it could be said

they gave good approximations.

Park and Choi (2006\vorked on a numerical study of interior tflplate column
connections subjected to unbalanced moments by using the finite element method.
The findings were summarized fadlows (Park, et al., 2006)
e Eccentric shear strength at the front back sides of columns is about
3(3:0,33(fc)i ,which is similarto that recommended lsame as AGB18 11

14



However, the shear strengh thesides providing by torsional resistance is
more than three times the shear strength at the frontfheek

e Although  (ratio of the moment transferred by the eccentricitgashto
total unbalanced moment) @alculated to beabout 06-0.8 ranges, in ACI
318it ( ) is 04.

e For more accurate eccentric shear stress mduelinteraction between the
eccentricity shear strength and the flexural moment coexisting in the critical
section must be considered.

e Strength and the distribution of the eccentric shear occurring at the slab
column connection were different than assumed current design codes (ACI
31802/318R02).

Hueste et al. (2007xamined the previous relevant flat slagperiment data under
gravity and lateral loadingnd evaluated the design coalgproaches. An equation
that relates the intestory drift ratiocapacity(DR) to the gravity shear ratio at slab

V.
column connections to wggoposedasDR = 5— 7\/—g (%). In Figure 1.11 the Drift

(o]

Ratio versus Gravity Shear Ratio comparisons under the different design codes and

approaches can be sggtueste, et al., 2007)
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Figure 1.11Comparison of recommended performance based seismic design

limits with slab-column connection testata, (Hueste, et al., 2007)

Park and Choi(2007) worked on an improved model for exterior slab column
connections.They claimed that thecurrent design abes do not give accurate
estimationfor the punching shear strengtf exterior slab column connecti®n
subjecedto unbalanced moments. Nonlinear finite element ansiysze performed
to examinethe magnitude and the distribution of eccentric shear &mdiral
moments developing at the critical sections of the exterior connections. Then the
calculated strengtlialues were comparedith the current design codes. The results
showed that the magnitude and distribution of eccentric shesne not constant
along the edges of the columim the improved modeto define the eccentric shear
strength at the critical sectiorthe effect of the flexural moment, depth of the
compression zone of the cresscton, edge length of the colurmsection, and the
slabthickness were taken into accouRinally, the validity of the improved model

was verified by comparisons with existing testults(Park, et al., 2007)
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Kanget al. (2009proposed a limit state failure mogelhich was developed in order
to model punching shearfailure considering thegravity shear rati and lateral
interstory drift. Both analytical and experimental studies wermsployedto assess
and improvethe modeling techniques for interpreting the nonlinear behavior of flat
plate connectionsShake table test resulted for twane third scale, two story
reinforced concrete and peésinsioned concrete slab column framesre used for
this purposelnvestigation onset oflab flexure yieldingdue to unbalanced moment
transfer and loss of slab to column moment transfer capacity due to punching shear
failure were the main objedtes . According to the results it could be said that
gravity shear versus drift relations based on mean valsstige bestestimate for
the lateral drifts at punching. In conclusjdine model could be a valuable tool from

a point of frame analysis farxamining the existing slabolumn connections and

desigof new slab columeonnectiongKang, et al 2009).

1.3.Desgn Approaches

The punching load carrying atide moment resisting capacjtyovisions of the three
different building code (ACI 318 2008, Eurocoe2 2011 TS500 2000) for both
interior and exterior column connections with no shear reinforcememresented
in this sectionln generalthe punching shear strengitithout shear reinforcement is
calculatedas theproduct of nominal shear stress, critical perimeter and effective
depth forall three codes (Equation 1.it) the absence of any moment ster. The
maindifferencebetween the codes is the definition of the punching perimeter and the
nominal shear stresPunching load capacity, pV is calculated for all codes
requirements as follows;

V=3 u d (1.1)
Wheres is the nominal shear strengthjs the punching perimeter for without shear

reinforcement slab and tlils the effective depth of the slab.

17



On the other handcomputing the punching shear strength in the presence of
unbalanced momerfor slabswithout shear reinforcement diffeflsetween codes
The methods areexplainedbelow separatelyor each code approadonsideringhe

moment transfer

1.3.1. ACI 318-08

Nominal shear stress 3i9 defined as the minimum othree expressions given in
Equation 1.2n ACI 31811 These three equations cover the effects of the column
rectangularity, location of the connection and the loading area to effective thickness
ratio on the nominal shear stress.

( 4
Ve,

==/
12

3=mi ni mum) we, k%%%éjﬁ/ﬁ (in Sl units) (1.2)

ve,= o D2y

u

A

\
u=2(g+tc+2d) (1.3)

wheref; is the concrete compressive strendtticolumn aspect ratio) is the ratio of
long side to short side of the colum(coefficient depending on the location of the
connection) is 40 for interior columns, 8% edge columns, 20 for corner columas,
(critical punching perimetens assumedi/2 away from the column facand itis
given in Equation 1.3 is long side and; is the long side length of the column and
d is the effective depth of the slaBCl 31811 punching perimetedefinition is
givenin Figure 1.12.
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Figure 1.12Location of critical punching perimeter in ACI 318.

ACI-31811 assumes linear variation of sterss distribution causgdsertical shear

and wbalanced moment transfatong the critical perimeteherefore,the shear

stress under action of gravity shear force andalanced momemian be calculated

by using Equation 1.fbr a given gravity shear,,.
(c,+d)

V, ’YVMACI( 12

v=—t14
A J

C

(1.4)

C

Maciis thefactored unbalanced moment, is thearea oftheassumed critical section
(Equation 1.5)J; is a property ofthe assumed critical section analogoughe polar
moment of inertialEquation 1.6) % is a factor denoting the ratio of tmeoment
carried inflexure (Equation 1.7, and9, is a factor denoting the ratio of the moment
carried by the eccentricity of she@quation 1.8 For square columns, is equal to
0.4

Ac =2d*(citc+2d) (1.5)

ch[d(ca+d)3j+(((‘1+ d)&j{ d(c+ d)(e+ d?)j (L.6)
6 6 2

=)

v=(1- ¢ (1.8)

Y = (1.7)
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bi=c;+d & by=c,+d (19)

&3+

X
; by
¢y +d A 5,
? 4 1 Critical
o 1 sEClon
B

Edge Column

Figure 1.13Assumed distribution of shear stress in ACI 31ACI Committee
318, 2011)

In sesimic designthe gravity shear acting on the flaiate connections should be
limited for safety purposeslhe amount of gravity load acting on a ffdat slab
column connection directly affexclateral load response of flplate structuresThe
lateral deformation capacity of flplate connection decreasesen the ratio of

V¢V, increases.

1.3.2. TS-500(2000)

The punching shear strengtha¥spaccording to TSS00shall be calculated by using

the Equationl1.10given below:
Vp =0* fct* U* d (110)
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wheref; is the tensile strength of concreted is equal tco.Si/TC , uis the critical

perimeter andl is the effective depth of slab.

2 is a coefficient reflecting theffects of unbalanced momerinless the effect of
unbalanced column moments transferred to the slab has been obtained by carrying
out more reliable calculations, the shear due to bending moments should be
considered in callations by using the coefficiendgiven belom(Equation 1.11)

In case of axial loadingy =1.0, while in case of eccentric loadinge following
formula is usegd

y= (1.11)
(1.12)

TheEquation1.12is only validif b,O 07*b;.

When columns are not near edges or corners of the slatasy becalculated by

simpler equationéEquations 1.13 and 1.14)

For rectangular loading areas or rectangular columns,

1

Y= e te (1.13
1415 %
x -y

/b,

For circular loading areas or circular columns,
y= 1
B 2e
1+
d+d,

(1.14)
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The eccentricity calculatiocan be seem Figure 1.5.

R A SRS 0.4(Mg; + Mg,
Mas et Y e W g v Mz €= M, d2)
‘ Maz > Mg
Nz

Figure 1.14Eccentricity calculation in TS50Q (Turkish Standards Institutes,
2000)

As it can be seen iRigure 1.5, critical punching perimeter isalculatedby using
thesameequationasin ACI-318 (Equation 1.15).
u=2*(cy+c+2*d) (1.15)

critical
C

N

perimeter(u)

Figure 1.15Location of critical punching perimeter in TS500
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The design recommelation of TS500 and ACI 318L1 are very similar. In fact one
may obtain Equation 1.10 from Equation 1.4 upon organizing Equation 1.4 by taking

into V parenthesisThe final equation can be seen in Equation 1.16.

V=v 1 = 1 udv (1.16)

ud+M 1+E ud
J/c J/c

It can beobserved that the first term of the right hand side is analogoysofoTS-

500 given in Equation 1.11, whepandJ/c are replaced by andW,,. SinceW, is

not given in TS500 as explicit expressions for exterior columns, one may choose to
use the J/c from ACI 3188 for 2 calculation of TS500.

1.3.3. Eurocode-2(2003)

Nomi nal s hasadefinasas giversn€qudtien 1.7 in Eurocode2.

VU
B (1.17

V, =

wheres, is the shear stressy is the controperimeter (see Figure B) d is effective
depth of the slab and finallyis given agEquation 1.8):

u

M
:1+ k* Eurocodex _ ™~ 11
b vV, Wil (19
2 2d -~
K rr__ft __ﬁ‘:/m ’ - \\‘:/m
2d 7 N

Figure 1.16Typical control parameters, (Eurocode 22003, 2003)
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k is a coefficient dependent on the rabiothe column dimensions; andc, andits
value is a function of the proportions of thebalanced moment transmitted by
uneven shear andy bending and torsion (see Table L.W,; corresponds tghear
distribution as illustrated in Figure 17 and isa function of the basic control

perimeteru;:

Table 1.1Values of k for rectangular loadedareagEurocode 22003,2003)

Ci/G2 =05 1,0 2.0 >3,0 |
k 0,45 060 | 070 | 080 |

Figure 1.17Shear distribution due to unbalanced moment at a slainternal
column connection (Eurocode 22003, 2003)

W, value for rectangular columiigquation 1.1%9

2

W=%+clcz+4gd+ 16d+ 2 dc (1.19
wherec; is the column dimension parallel to the eccentricity of the loadccaisdthe
column dimension perpendicular to the eccentricity of the IBadinternal circular
columnsb follows from (Equation 120):

e

B=1+0.6t
D +4d

(1.20)
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For an internal rectangular column where the loading is eccentric to both axes, the

following approximate expression formay be use@Equation 1.2}

P AN
B=1+1.1 [bz] +(by] (1.21)

whereg, ande; are the eccentricitiedlg/Ve along y and z axes respectivelby,andb,

is the dimensions of the control perimeter dhds the diameter of the circular

column.

For edge column connections, where the eccentricity perpendicular to the slab edge
(resulting from a moment about an axiarallel to the slab edge) is toward the
interior and there is no eccentricity parallel to the edge, the punching force may be
considered to be uniformly distributed along the control perimgteasishown in
Figures 1.18 and 1.8b.

=1,bd
=0,5c
\'I 2d 6 T—= 1,5d
i I =0,5c:
I
c
% _[i | e, 2d
/] :"" L AW
y 2d
N I:‘ "|
Cy 2d =1,5d
| . =0,5¢4
a) edge column b) corner column

Figure 1.181 Equivalent control perimeter u;+ (Eurocode 22003, 2003)

When there are eccentricities in both orthogonal directidnsmay be determined

using the following expressidiiEquation 1.2
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u u
B=u—l+k—lepar (1.22

r W
Whereu; is the basic control perimetan;- is the reduced basic control perimeter,
€ar IS the eccentricity parallel to the slab edge resulting from a moment about an axis
perpendicular to the slab eddgianay beexplainedfrom Table 1.1with the ratioci/c,
replaced byi/2¢,. W1 is calculated for the basic control perimater
Punching shear resistance can be determined as follows (Equapn 1.2
3eurocodz0.18 K * (1) D34y (1.23)

In Equations1.24, 1.25 and 1.2@he values which are in above equation are

explained as it can be seen:

k=1+ /%’s 2.00d in mm (1.24)

P1 =[Py *p, <0.02 (1.2%)

iy, 41z relate to the bonded tension steel iayd z directions respectively. The
valuesy} |y and}; should befound as mean values taking intmnsideratiora slab
width.

ljcp = C§+lj Cz).olz (12@

For unbalancedhoment calculation Equation 1.2Zn be used:

v _ VE‘XD 1+ k M eurocode* u
eurocode™ 4 *
u*d VoW

(1.27)

k is a coefficient dependent on the ratio between the column dimerians! c,
which was given in Tablel.1.
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1.4.Objectivesand Scope:

The key objectives of thithesis are as follows:

e To examine thepunching shear strength prediction equationscudfrent
design codes for both exterior and interior stahumn connectionander the
action ofconcentric and eccentric type of loading.

e To compare the experimental réswfload deflection behavior of flat plates
under gravity loads to those obtaif®dusingtypical $ell andbeam models.

e To simulatethe behaviorof a flat plate type ofbuilding and examine the
effect ofa punching failure one slabcolumn connectio and redistribution
of stresses that may lead to progressive collap#®e structure

With these objectives, this thesis is composed of 5 chapters.
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CHAPTER 2

EVALUATION OF DESIGN GUIDELINES IN LIGHT OF EXPERIMENTAL
RESULTS

2.1.Introduction :

There are severalexperimentalstudiesfocuced on the behavior of flat plate slab
column connectionsunder eccentric and concentric loadings. the light of
experimental resulfsa databasevas compiledor each loading casg.e. concentg
and eccentric sheain this chapterThe accuracy of thdesign guidelinegivenin

the codespresentedn Chapter lare critically examined by using these databases.

The gatherediatabases consist ofainly two parts: Gncentric and eccentric load
cases. Eccentric load casefurther separated into two paresxterior and interior
slabcolumn connections. Thalesign equations werexpressedn Chapter 13 in
detail previously. For concentric loadirky 6 experiments wercompiled Moreover
103 testspecimerdatawerecollected for theeccentric loading databasésgl, of them
were interior slab column connectiand the rest of themvereexterior slab column

connectiortess.

2.2 Concentric Loading:

After collecting the data shear force that would cause punching failure was
computed according teode equations and results were compared with the test

resultsfor concentrically loaded specimenhis database mainly compiled usihg
CEB-FIP documen{CEBI/fib Task Group, 2001)n Table 2.1lresultsarepresented
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A total of 176 test specimengsereused for comparisopuposs. Distibution of the
test parameters such @dumn sizethe slab deth, reinforcement ratio andoncrete
compressive strengthiere presenteh Figure 2.1Figure 2.2 Figure 2.3 and Figure
2.4respectively. Minimunctolumn sizevas54 mm and maximum of it waS00 mm
and effective depth values are changing between 64 and 275 khoneover, the
reinforcement o varied from 0.001 t00.085 and compressive strength of the

concrete (f) altersfrom 9.86 to 127 MPa.

100 -
80 _ 75
60 -

40 -

Number of Tests

20 17
] 3 4

m0-100 101-200 m®=201-300 =301-400 m=401-500

Range of the Column Size (mm)

Figure 2.1 Distribution of the Column Size for Slab-Column Connectionsin the

Concentric Loading Database
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80 ] 75 74
60 -

40 -

Number of Tests

20

20 -
E 2 L

m60-104 105-148 w®=149-192 m=193-236 m237-280

Range of the EffectiveSlab Depth (mm)

Figure 2.2 Distribution of the Effective Depth of the Slabsan the Concentric

Loading Database

150 -

133

120 -
90 -

60 -

Number of Tests

30 -

0 -
m 0-0.015= 0.016-0.030m 0.031-0.045% 0.046-0.060% 0.061-0.075 0.076-0.09(
Rangeof Reinforcement Ratio (%)

Figure 2.3 Distribution of the Reinforcement Ratio for Slab-Column

Connections in the Concentric Loading Database
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Figure 2.4 Distribution of the Compressive Strength of the Concrete for Slab

Column Connections in the Concentric Loading Database
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Table 2.1Comparison of punching loadsaccording to ACI-318, Eurocode2 and TS5000n concentric loading
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unit - - - mm mm_ mm mm Mpa kN kN kN kN
1 1-1 HSC 0 Hallgreen| 250 250 200 0.008 2199.11| 95.97 | 965 1422 1250 1508 | 1.47 1.30 1.56
2 1-2 HSC 1 Hallgreen| 250 250 200 0.008 2199.11| 91.30 | 1021 1387 1229 1471 |1.36 120 1.44
3 1-3 HSC 2 Hallgreen| 250 250 194 0.008 2180.27| 85.70 | 889 1292 1155 1370 | 1.45 1.30 1.54
4 1-4 HSC 4 Hallgreen| 250 250 200 0.001 2199.11| 91.60 | 1041 1389 654 1473 | 1.33 0.63 1.42
5 1-5 HSC 6 Hallgreen| 250 250 201 0.006 2202.26|108.80| 960 1524 1192 1616 | 1.59 1.24 1.68
6 1-6 HSC 8 Hallgreen| 250 250 198 0.008 2192.83| 94.90 | 944 1396 1228 1480 | 1.48 1.30 1.57
7 1-7 HSC 9 Hallgreen| 250 250 202 0.003 2205.40| 84.10| 565 1348 874 1430 | 2.39 1.55 2.53
8 2-1 ND65-1-1 Tomas. | 200 200 275 0.015 1900.00( 64.30 | 2050 1383 1790 1466 | 0.67 0.87 0.72
9 2-2 ND65-1-2 Tomas. | 150 150 200 0.017 1400.00( 70.20| 1200 774 1104 821 |0.65 0.92 0.68
10 | 23 ND951-1 Tomas. | 200 200 275 0.015 1900.00( 83.70| 2250 1577 1954 1673 | 0.70 0.87 0.74
11 | 24 ND95-1-3 Tomas. | 200 200 275 0.025 1900.00f 89.90 | 2400 1635 2373 1734 |0.68 0.99 0.72
12 | 25 ND95-2-1 Tomas. | 150 150 200 0.017 1400.00( 88.20| 1100 868 1191 920 |0.79 1.08 0.84
13 | 2-6 ND952-1D Tomas. | 150 150 200 0.017 1400.00f 86.70 | 1300 860 1184 913 | 0.66 0.91 0.70
14 | 2-7 ND95-2-3 Tomas. | 150 150 200 0.026 1400.00( 89.50 | 1450 874 1379 927 | 0.60 0.95 0.64
15| 2-8 ND952-3D Tomas. | 150 150 200 0.026 1400.00( 80.30| 1250 828 1330 878 |0.66 1.06 0.70
16 | 2-9 ND952-3D+ Tomas. | 150 150 200 0.026 1400.00| 98.00 | 1450 915 1421 970 | 0.63 0.98 0.67
17 | 2-10 ND95-3-1 Tomas. | 100 100 88 0.018 752.00 | 85.10| 330 201 320 214 | 0.61 0.97 0.65
18 | 2-11 ND1151-1 Tomas. | 200 200 275 0.015 1900.00( 112.00{ 2450 1825 2154 1935 | 0.74 0.88 0.79
19 | 2-12 ND1152-1 Tomas. | 150 150 200 0.017 1400.00( 119.00{ 1400 1008 1316 1069 | 0.72 0.94 0.76
20 | 2-13 ND1152-3 Tomas. | 150 150 200 0.026 1400.00( 108.10| 1550 961 1.468 1019 | 0.62 0.95 0.66
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Table 21 continued
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unit - - - mm_ mm__mm mm Mpa | kN kN kN kN
21 31 1 Ramdang 150 150 98 0.006 2120.58|110.30| 224 697 377 764 |3.11 1.68 3.41
22 32 2 Ramdang 150 150 98 0.006 1570.80| 70.20| 212 426 324 451 | 2.01 153 213
23 33 3 Ramdang 150 150 98 0.006 1570.80| 33.60| 169 294 253 312 |1.74 150 1.85
24 34 4 Ramdang 150 150 98 0.006 1250.35| 73.40| 233 346 329 367 | 149 141 158
25 35 6 Ramdang 150 150 98 0.006 1250.35|127.00| 233 456 395 483 | 196 1.69 2.07
26 3-6 12 Ramdang 150 150 98 0.013 1250.35| 75.50| 319 351 430 373 | 110 135 1.17
27 37 13 Ramdang 150 150 98 0.013 1250.35| 54.50 | 297 299 385 317 | 1.01 130 1.07
28 3-8 14 Ramdang 150 150 98 0.013 1250.35| 76.00 | 341 353 431 374 | 103 126 1.10
29 39 16 Ramdang 150 150 98 0.013 1250.35|123.00f 362 448 506 476 |1.24 140 131
30 | 3-10 21 Ramdang 150 150 98 0.013 1250.35| 52.40 | 286 293 380 310 | 1.02 1.33 1.09
31| 311 22 Ramdang 150 150 98 0.013 1250.35|105.30f 405 415 480 440 |1.02 1.19 1.09
32 | 312 23 Ramdang 150 150 100 0.009 1250.35| 70.50| 341 346 381 367 | 1.02 112 1.08
33 | 313 25 Ramdang 150 150 100 0.012 1250.35| 41.10| 244 265 350 281 | 1.08 144 1.15
34 | 314 26 Ramdang 150 150 100 0.012 1250.35| 47.00 | 294 283 366 300 | 096 125 1.02
35| 315 27 Ramdang 150 150 102 0.010 1256.64| 42.10| 227 274 341 291 | 121 150 1.28
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Table 21 continued
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36 | 4-1 I.LHS1 Marz./Hus.| 150 150 95 0.004 980.00 | 67.00| 178 251 225 267 | 141 126 1.50
37 | 4-2 1.LHS2 Marz./Hus.| 150 150 95 0.007 980.00 | 70.00 | 249 257 275 273 | 1.03 1.10 1.09
38| 43 I.LHS3 Marz./Hus.| 150 150 95 0.012 980.00 | 69.00 | 356 255 328 271 | 0.72 0.92 0.76
39 | 44 I.LHS4 Marz./Hus.l| 150 150 90 0.021 960.00 | 66.00 | 418 232 361 246 | 0.55 0.86 0.59
40 | 45 I.LHS7 Marz./Hus.| 150 150 95 0.009 980.00 | 74.00 | 356 264 305 280 | 0.74 0.86 0.79
41 | 46 I.LHS5 Marz./Hus.| 150 150 125 0.005 1100.00| 68.00 | 365 374 358 397 |1.03 0.98 1.09
42 | 47 I.LHS6 Marz./Hus.| 150 150 120 0.005 1080.00{ 70.00 | 489 358 341 380 |0.73 0.70 0.78
43 | 4-8 I.LHS8 Marz./Hus.| 150 150 120 0.010 1080.00| 69.00 | 436 355 428 377 | 0.81 0.98 0.86
44 | 4-9 I.LHS9 Marz./Hus.| 150 150 120 0.015 1080.00| 74.00 | 543 368 501 390 | 0.68 0.92 0.72
45 | 4-10 1.LHS10 Marz./Hus.| 150 150 120 0.021 1080.00| 80.00 | 645 383 576 406 | 0.59 0.89 0.63
46 | 4-11 II1LHS11 Marz./Hus.| 150 150 70 0.007 880.00 | 70.00| 196 170 184 180 | 0.87 0.94 0.92
47 | 4-12 II.LHS12 Marz./Hus.| 150 150 70 0.012 880.00 | 75.00 | 258 176 225 187 | 0.68 0.87 0.72
48 | 4-13 11.LHS13 Marz./Hus.l| 150 150 70 0.016 880.00 | 68.00 | 267 168 239 178 | 0.63 0.90 0.67
49 | 4-14 IV.HS14 Marz./Hus.| 220 220 95 0.012 1260.00( 72.00 | 498 335 384 355 | 0.67 0.77 0.71
50 | 4-15 IV.HS15 Marz./Hus.| 300 300 95 0.012 1580.00| 71.00 | 560 417 441 443 | 0.75 0.79 0.79
51 | 4-16 I.NS1 Marz./Hus.| 150 150 95 0.012 980.00 | 42.00| 320 199 278 211 | 0.62 0.87 0.66
52 | 4-17 1I.LNS2 Marz./Hus.| 150 150 120 0.005 1080.00| 30.00 | 396 234 257 248 1 0.59 0.65 0.63
53 51 F1 Lov./McL. | 100 100 83 0.017 889.07 | 39.30| 480 153 259 162 | 0.32 054 0.34
54 5-2 F2 Lov./McL. | 100 100 83 0.017 889.07 | 39.30| 204 153 259 162 | 0.75 1.27 0.79
55 5-3 F3 Lov./McL. | 100 100 83 0.017 889.07 | 39.30| 149 153 259 162 |1.02 1.74 1.09
56 5-4 F4 Lov./McL. | 100 100 83 0.017 889.07 | 39.30| 129 153 259 162 |1.18 2.00 1.26
57 5-5 F5 Lov./McL. | 100 100 83 0.017 889.07 | 39.30| 139 153 259 162 |1.10 1.86 1.16
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58 | 6-1 S2.1 Tolf 250 250 200 0.008 2199.11| 25.76 | 603 737 806 781 |1.22 1.34 1.30
59 | 6-2 S2.2 Tolf 250 250 199 0.008 2195.97| 24.31| 600 711 785 754 |1.19 131 1.26
60 | 6-3 S2.3 Tolf 250 250 200 0.005 2199.11| 26.95| 489 753 700 799 | 154 143 1.63
61 | 6-4 S2.4 Tolf 250 250 197 0.005 2189.69| 25.67 | 444 721 674 765 | 162 152 1.72
62 | 6-5 S1.1 Tolf 125 125 100 0.008 1099.56| 30.35| 216 200 257 212 | 093 1.19 0.98
63 | 6-6 S1.2 Tolf 125 125 99 0.008 1096.42| 24.31| 194 177 235 187 | 091 1.21 0.97
64 | 6-7 S1.3 Tolf 125 125 98 0.004 1093.27| 28.31| 145 188 194 200 | 1.30 1.34 1.38
65 | 6-8 S14 Tolf 125 125 99 0.004 1096.42| 26.69| 148 185 193 196 | 125 1.30 1.33
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66 | 7-1 171 Regan | 200 200 77 0.024 1108.00| 27.37| 194 147 258 156 |0.76 1.33 0.81
67 | 72 172 Regan | 200 200 77 0.012 1108.00| 24.91| 176 141 199 149 |0.80 1.13 0.85
68 | 7-3 /3 Regan | 200 200 77 0.014 1108.00| 29.16| 194 152 220 161 |0.78 1.14 0.83
69 | 7-4 1/4 Regan | 200 200 77 0.012 1108.00| 34.34| 194 165 221 175 |0.85 1.14 0.90
70 | 7-5 1/5 Regan | 200 200 79 0.015 1116.00| 29.92| 165 159 235 169 | 0.96 142 1.02
71| 7-6 1/6 Regan | 200 200 79 0.008 1116.00| 23.29 | 165 140 175 149 | 0.85 1.06 0.90
72 | 7-7 17 Regan | 200 200 79 0.008 1116.00| 32.30| 186 165 195 175 | 0.89 1.05 0.94
73 | 7-8 /1 Regan | 250 250 200 0.010 1800.00| 37.06 | 825 723 843 767 | 0.88 1.02 0.93
74 | 7-9 11/2 Regan | 160 160 128 0.010 1152.00| 35.36 | 390 289 383 307 | 0.74 0.98 0.79
75 | 7-10 11/3 Regan | 160 160 128 0.010 1152.00| 36.47 | 365 294 387 312 | 0.81 1.06 0.85
76 | 7-11 11/4 Regan | 80 80 64 0.010 576.00 | 35.36 | 117 72 118 77 0.62 1.01 0.66
77 | 7-12 /5 Regan | 80 80 64 0.010 576.00 | 36.47 | 105 73 119 78 0.70 1.13 0.74
78 | 7-13 11/6 Regan | 80 80 64 0.010 576.00 | 38.42| 105 75 121 80 0.72 1.15 0.76
79 | 7-14 /1 Regan | 150 150 95 0.080 980.00 | 24.65| 197 153 438 162 | 0.77 2.22 0.82
80 | 7-15 /2 Regan | 150 150 95 0.080 980.00 | 10.12| 123 98 325 104 | 0.79 2.64 0.84
81 | 7-16 /3 Regan | 150 150 95 0.080 980.00 | 40.21| 214 195 515 207 | 091 241 0.97
82 | 7-17 /4 Regan | 150 150 93 0.015 972.00 | 12.67| 154 106 195 113 |0.69 1.27 0.73
83 | 7-18 /5 Regan | 150 150 93 0.015 972.00| 28.48| 214 159 255 169 |0.74 1.19 0.79
84 | 7-19 11/6 Regan | 150 150 93 0.015 972.00 | 45.31| 248 201 298 213 | 0.81 1.20 0.86
85 | 7-20 v/l Regan | 54 54 118 0.008 688.00 | 36.47 | 170 162 256 172 | 0.95 150 1.01
86 | 7-21 VI2 Regan | 170 170 118 0.008 1152.00| 34.17| 280 262 319 278 |0.94 1.14 0.99
87 | 7-22 VI3 Regan | 110 110 118 0.008 912.00 | 40.50 | 265 226 300 240 | 0.85 1.13 0.90
88 | 7-23 V/4 Regan | 102 102 118 0.008 880.00 | 45.30 | 285 231 306 245 |1 0.81 1.07 0.86
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89 | 81 S1 Swamy/Ali| 150 150 100 0.006 1000.00( 40.10| 198 209 233 222 |1.06 118 1.12
90 8-2 S7 Swamy/Ali| 150 150 100 0.007 1000.00| 37.40 | 222 202 240 214 | 091 1.08 0.96
91 9-1 P2 ETH 300 300 143 0.015 2334.20| 36.72| 628 667 787 708 | 1.06 125 1.13
92 9-2 P5 ETH 300 300 171 0.012 2422.17| 27.88 | 626 722 833 765 | 1.15 1.33 1.22
93 | 101 0 Schaefers| 210 210 113 0.008 1674.47| 23.10 | 280 300 343 318 | 1.07 123 1.14
94 | 102 3 Schaefers| 210 210 170 0.006 1853.54| 23.30 | 460 502 531 532 | 1.09 1.15 1.16
95 | 111 DA6 Ladner | 100 100 80 0.018 720.00| 31.88| 183 107 201 114 | 0.59 1.10 0.62
96 | 11-2 DA7 Ladner | 200 200 80 0.018 1120.00| 35.62 | 288 176 269 187 | 0.61 0.93 0.65
97 | 11-3 DA10 Ladner | 240 240 80 0.018 1280.00| 34.00 | 281 197 288 209 | 0.70 1.02 0.74
98 | 114 DA11 Ladner | 320 320 80 0.018 1600.00| 32.30 | 324 240 329 255 | 0.74 1.02 0.79
99 | 121 P1 Ladner | 500 500 240 0.013 3895.57| 29.67| 1662 1680 1719 1782 |1.01 1.03 1.07
100| 12-2 M1 Ladner | 226 226 109 0.012 1762.43| 33.75| 362 368 443 391 | 1.02 1.22 1.08
101| 131 AN-1 Corl./Hawk| 254 254 111 0.015 1460.00| 44.40| 334 356 457 378 | 1.07 1.37 1.13
102| 132 AN-2 Corl./Hawk| 203 203 111 0.010 1256.00| 44.40| 266 307 366 325 | 115 137 1.22
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103| 141 Al/M1 Base |203 203 114 0.011 1268.00f 16.30| 322 193 280 204 | 0.60 0.87 0.63
104| 142 A1/M2 Base | 203 203 117 0.015 1280.00| 1550 | 346 195 317 206 | 0.56 0.91 0.60
105| 143 A1/M3 Base | 203 203 121 0.019 1296.00| 14.20 | 307 195 348 207 | 0.64 1.13 0.67
106| 144 Al/M4 Base | 203 203 124 0.010 1308.00| 14.00| 259 200 289 212 | 0.77 112 0.82
107| 145 A1/M5 Base | 203 203 117 0.012 1280.00| 21.00 | 346 226 325 240 | 0.65 0.94 0.69
108 | 146 A2/M1 Base | 203 203 124 0.010 1308.00| 3540 | 409 318 394 338 | 0.78 0.96 0.83
109| 147 A2/M2 Base | 203 203 117 0.015 1280.00| 32.80 | 419 283 406 300 | 0.68 0.97 0.72
110| 148 A2/M3 Base | 203 203 121 0.019 1296.00| 3250 | 430 295 459 313 | 0.69 1.07 0.73
111 149 A2/T1 Base | 203 203 124 0.010 1308.00| 39.30 | 419 336 408 356 |0.80 0.97 0.85
112 14-10 A2/T2 Base |203 203 124 0.017 1308.00| 41.40| 439 344 496 365 | 0.78 1.13 0.83
113] 1411 A3/M1 Base | 203 203 124 0.010 1308.00| 18.80| 247 232 319 246 | 094 129 1.00
114 1412 A3/M2 Base | 203 203 102 0.017 1220.00| 19.30| 336 180 295 191 | 0.54 0.88 0.57
115]| 14-13 A3/M3 Base | 203 203 117 0.019 1280.00| 27.30| 298 258 414 274 | 0.87 1.39 0.92
116 | 14-14 A3/T1 Base | 203 203 121 0.010 1296.00| 20.60 | 328 235 318 249 | 0.72 0.97 0.76
117 14-15 A3/T2 Base | 203 203 119 0.012 1288.00( 16.00| 298 202 304 215 | 0.68 1.02 0.72
118 14-16 A4/M1 Base | 203 203 114 0.011 1268.00| 38.30| 259 295 373 313 | 1.14 144 121
119 1417 A4/M2 Base | 203 203 119 0.015 1288.00| 29.20 | 341 273 400 290 | 0.80 1.17 0.85
120| 14-18 A4/M3 Base |203 203 117 0.019 1280.00f 32.20| 541 280 437 297 | 0.52 0.81 0.55
121 1419 A4/T1 Base |203 203 114 0.011 1268.00| 32.80| 384 273 354 290 | 0.71 0.92 0.75
122 14-20 A4/T2 Base | 203 203 117 0.012 1280.00| 29.30| 402 268 363 284 | 0.67 0.90 0.71
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123| 151 P1-S1 Manterola| 100 100 107 0.011 828.00 | 25.60| 216 148 242 157 [ 0.68 1.12 0.73
124| 152 P2-S1 Manterola] 250 250 107 0.011 1428.00| 33.80| 257 293 357 311 | 1.14 139 1.21
125| 153 P3S1 Manterola| 450 450 107 0.011 2228.00( 29.70| 301 423 458 455 |1 1.40 152 1.51
126| 154 P1-S2 Manterola| 100 100 107 0.011 828.00 | 24.20 | 196 144 237 153 [ 0.73 1.21 0.78
127| 155 P2-S2 Manterola| 250 250 107 0.011 1428.00( 33.10| 283 290 354 308 | 1.03 1.25 1.09
128| 156 P3S2 Manterola] 450 450 107 0.011 2228.00| 31.90| 397 438 469 471 |1.10 1.18 1.19
129 157 P1-S3 Manterola] 100 100 107 0.011 828.00 | 39.70| 184 184 280 195 | 1.00 152 1.06
130| 158 P2-S3 Manterola] 100 100 107 0.014 828.00 | 35.80| 211 175 293 186 | 0.83 1.39 0.88
131 159 P3S3 Manterola] 100 100 107 0.005 828.00 | 39.20| 165 183 214 194 | 1.11 1.30 1.18
132 | 1510 P1-S4 Manterola] 100 100 107 0.005 828.00 | 26.40| 175 150 188 159 | 0.86 1.07 0.91
133 1511 P2-S4 Manterola] 250 250 107 0.005 1428.00| 31.30| 246 282 267 299 (115 1.09 1.22
134| 1512 P3S4 Manterola] 450 450 107 0.005 2228.00| 24.20 | 294 382 329 410 |1.30 1.12 1.40
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135| 161 11-5 Yitzhaki | 221 221 82 0.005 1646.19| 18.28 | 152 190 191 202 | 125 126 1.33
136| 162 11-8 Yitzhaki | 333 333 82 0.006 2349.91| 19.89 | 218 242 270 301 | 1.11 124 1.38
137| 163 11S20-1 Yitzhaki | 201 201 78 0.007 1116.00| 11.65| 128 98 131 104 | 0.77 1.02 0.81
138| 164 -1 Yitzhaki | 221 221 82 0.012 1646.19| 11.14| 181 149 217 158 | 0.82 1.20 0.87
139| 165 II-4a Yitzhaki | 221 221 82 0.009 1646.19| 19.04 | 245 194 236 206 | 0.79 0.96 0.84
140| 166 I1-4b Yitzhaki | 201 201 82 0.009 1132.00| 10.46 | 162 99 146 105 | 0.61 0.90 0.65
141| 167 II-4c Yitzhaki | 201 201 82 0.009 1132.00| 14.79| 215 118 164 125 | 0.55 0.76 0.58
142| 168 1IR20-2 Yitzhaki | 201 201 83 0.009 1523.67| 15.90| 307 166 213 176 | 0.54 0.70 0.57
143| 169 1IR30-1 Yitzhaki | 300 300 80 0.020 2136.28| 18.70| 239 215 359 259 | 090 150 1.08
144 16-10 11-2 Yitzhaki | 221 221 82 0.013 1646.19| 10.37 | 152 143 218 152 | 0.94 143 1.00
145] 16-11 11-3 Yitzhaki | 201 402 82 0.013 1534.00| 14.37 | 244 157 224 167 | 0.64 0.92 0.68
146 | 16-12 11-6 Yitzhaki | 221 221 82 0.013 1646.19| 22.95| 240 213 284 226 | 0.89 1.18 0.94
147| 1613 11-9 Yitzhaki | 201 201 79 0.085 1120.00| 9.86 | 157 92 290 97 |058 185 0.62
148 | 16-14 -3 Yitzhaki | 221 221 82 0.012 1646.19| 19.21| 201 195 260 207 | 097 1.30 1.03
149| 16-15 7 Yitzhaki | 119 119 82 0.007 1005.31| 10.63| 117 89 131 94 0.76 1.12 0.80
150| 16-16 11-10 Yitzhaki | 119 119 82 0.010 1005.31| 12.41| 98 96 156 102 | 0.98 159 1.04
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151 171 S1-60 Moe | 254 254 114 0.011 1472.00| 23.30| 389 267 344 284 | 0.69 0.89 0.73
152| 172 S260 Moe | 254 254 114 0.015 1472.00| 22.10| 356 260 375 276 | 0.73 1.05 0.78
153| 173 S360 Moe | 254 254 114 0.020 1472.00| 22.60| 364 263 416 279 | 0.72 1.14 0.77
154| 174 S460 Moe | 254 254 114 0.026 1472.00| 23.80| 334 270 462 287 | 0.81 1.38 0.86
155| 175 S1-70 Moe | 254 254 114 0.011 1472.00| 2450 | 393 274 350 291 | 0.70 0.89 0.74
156| 17-6 S370 Moe | 254 254 114 0.020 1472.00| 25.40| 378 279 433 296 | 0.74 1.14 0.78
157| 177 S470 Moe | 254 254 114 0.026 1472.00| 35.20 | 374 329 526 348 | 0.88 1.41 0.93
158| 17-8 S470A Moe | 254 254 114 0.026 1472.00| 20.50| 312 251 440 266 | 0.80 1.41 0.85
159| 179 S560 Moe |203 203 114 0.011 1268.00| 22.20 | 343 225 311 238 | 0.66 0.91 0.69
160| 17-10 S570 Moe |203 203 114 0.011 1268.00| 23.00| 378 229 314 243 | 0.61 0.83 0.64
161 17-11 R1 Moe | 152 152 114 0.014 1064.00| 26.60| 312 206 325 219 | 0.66 1.04 0.70
162 | 17-12 R2 Moe | 152 152 114 0.014 1064.00| 27.60| 394 210 329 223 | 053 0.84 0.57
163| 17-13 H1 Moe |254 254 114 0.011 1472.00| 26.10| 372 283 358 300 | 0.76 0.96 0.81
164| 17-14 M1A Moe |305 305 114 0.015 1676.00| 20.80 | 433 288 398 305 | 0.66 0.92 0.70
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165| 181 1Al5a-5 Kinn./Nyl. | 150 150 117 0.008 1310.04| 29.67 | 255 275 337 292 | 1.08 132 1.15
166| 182 1AI5a-6 Kinn./Nyl. | 150 150 118 0.008 1313.19| 27.37| 275 268 332 284 | 097 121 1.03
167 | 183 IAI5c-11 Kinn/Nyl. | 150 150 121 0.018 1322.61| 33.41| 334 305 480 324 | 091 144 0.97
171 187 IA30c-30  Kinn./Nyl. | 300 300 120 0.021 2261.95| 31.37 | 491 502 678 532 | 1.02 1.38 1.08
172| 188 IA30c-31  Kinn./Nyl. | 300 300 119 0.021 2258.81| 31.37 | 540 497 672 527 | 092 1.24 0.98
173| 189 IA30d-32  Kinn./Nyl. | 300 300 123 0.005 2271.37| 27.46| 258 483 414 512 | 1.87 1.60 1.99
174| 1810 IA30d-33  Kinn./Nyl. | 300 300 125 0.005 2277.65| 27.80| 258 495 423 525 | 1.92 164 2.04
175] 1811 IA30e-34  Kinn./Nyl. | 300 300 120 0.010 2261.95| 28.56 | 332 479 513 508 | 1.44 155 1.53
176] 1812 IA30e-35 Kinn./Nyl. | 300 300 122 0.010 2268.23] 26.10| 332 466 508 495 | 141 153 149

Average=
Standart Deviation=

0.936 1.185 0.996
0.36 0.30 0.39




For regions wheré/ey, (punching load obtained by the tests) was greater than the
Veode (Ppunching load obtained by the codes)s a f e was anarked, otherwise

0 uns af statemenhvea$ use8tandart deviation, average and % of data points
that were estimated safely were also naiedhe figures. Unsafe and safe zones are
labeled excludig material safety factors, which are used to consider other

uncertainitiesother than those inherent in testmations of prediction equations.

Table 2.1shows that, Ewwcode2 seemghe mostunsafecode for analysipurposes
Standard deviation valugf Eurocode2 estimationss 0.3, but it is 0.36 for AC818
and 039 for TS500.This shows that the least amount o&tter is inherent in the
Eurocale-2 approach, which considers reinforcement ratio and size dffeatever
for Vex/Vcode average values, the closest valuetite 1 is obtained by TS500
whereas this value 3936 for ACI-318and 1185for Eurocode2. The summary of
the Table 2.1 can be seen in Figure 2.5, Figure 2.6 and Figure 2.7.
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Figure 2.5Comparison of punching bads betweerACI -318and experimental

values
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2.3.Eccentric Loading:

In the presence dateral loads on a flat plate structyiee. earthquake, wind ejc.
eccentricshearoccurs In addition, eccentric sheanay occur due to unbalanced
vertical loads on adjacent spafifie major reasonf the punching shear failure in
such loadings is the combined effect of shear force and bending moment acting
together on the slabolumn connections In this chapter moment values
corresponding to punching failure in the presence of a shear forceomasited for

the test specimenisoth for interior and exterior connectioby usingthe current
design codesACI-318, Eurocod-2 and TS500. Afterwards, computed moments
were compared with the measuradmentsrom experiments to assethe accuracy

of design equations.

2.3.1. Interior Slab-Column Connections

Thereare54 interior slabcolumn connections under eccentric loading data obtained
from the literature surveyColumn size, concretstrength slab effective depth,
appliedverticalload and reinforcemematio werethe key parametershat affect the
unbalanced moment which cause the punching failtre.column dimensionsere
between 137 to 325 muas can be seen in Figure 2.8 dhd effective depth of the

slab varied 51 to 142.4 mm and theirtdisition is given in Figure 2.9Moreover,

the distribution of the reinforcement ratios and concrete compressive strengths can be

seen in Figur@.10and Figure 2.11.
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In Table 2.2 the experimeral unbalancednomens for interior connection values
were comparedvith the moment estimations of design equations giverABy-318
TS500 and Eurocode respectively.The calculation steps were followed according

to thegiven equations icurrent codess described in Chapter 1
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Table 2.2Unbalanced momentdrom ACI-318, Eurocode2 and TS500for interior slab -column connections on eccentric loading
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unit - - - mm mm mm mm mm - mm MPa MPa N KNm kNm kNm kNm
1 1-1 1l Luo/Durrani/Conte| 250 250 352 352 102 1.56 1408.00 20.7 379.0| 15544.00 38.1 60.58 93.02 51.07|1.59 2.44 1.34
2 1-2 DNY_1 Luo/Durrani/Contel 254 254 350.8 350.8 96.8 0.59 1403.20| 35.3 372.1|53801.08| 45.52 64.11 58.02 54.49|1.41 1.27 1.20
3 1-3 DNY_2 Luo/Durrani/Conte| 254 254 350.8 350.8 96.8 0.59 1403.20| 25.7 372.1|68859.12| 31.59 47.86 44.89 41.03|1.52 142 1.30
4 1-4 DNY_3 Luo/Durrani/Conte| 254 254 350.8 350.8 96.8 0.59 1403.20| 24.6 372.1|53895.50| 46.27 50.84 49.23 43.35|1.10 1.06 0.94
5 1-5 DNY_4 Luo/Durrani/Conte| 254 254 350.8 350.8 96.8 0.59 1403.20| 19.1 372.1|55404.93| 41.59 42.44 43.15 36.31|1.02 1.04 0.87
6 2-1 1 Long/Cealand/Kirk| 150 150 201.5 201.5 51.5 0.97 806.00| 34.3 316.0| 61000.00{ 2.72 3.42 2.68 3.29 [1.26 0.99 1.21
7 2-2 2 Long/ClealanéKirk | 150 150 201.5 201.5 51.5 0.97 806.00| 32 316.0 | 66500.00{ 2.15 2.01 1.24 2.14 |0.93 0.58 1.00
8 2-3 3 Long/Cealand/Kirk| 150 150 201.5 201.5 51.5 0.97 806.00| 26.5 316.0 | 64300.00 3.54 1.18 0.79 1.43 |1 0.33 0.22 0.40
9 3-1 S1 Mor./Hir./Sozen | 305 305 371.2 371.2 66.2 0.65 1484.80| 45.7 322.5| 6285.02| 39.28 63.36 46.47 56.44|1.61 1.18 1.44
10 3-2 S2 Mor./Hir./Sozen | 305 305 371.2 371.2 66.2 0.98 1484.80| 35.1 330.0| 5508.11| 44.98 55.53 49.14 49.47|1.23 1.09 1.10
11 3-3 S3 Mor./Hir./Sozen | 305 305 371.2 371.2 66.2 1.31 1484.80| 33.9 334.9| 5413.13| 47.48 5457 53.70 48.61|1.15 1.13 1.02
12 34 S4 Mor./Hir./Sozen | 305 305 371.2 371.2 66.2 0.98 1484.80| 34.9 319.7 | 12815.58| 40.88 53.09 46.72 47.50|1.30 1.14 1.16
13 3-5 S5 Mor./Hir./Sozen | 305 305 371.2 371.2 66.2 0.98 1484.80| 35.1 339.7 | 27540.54| 42.33 48.66 42.12 43.97|1.15 0.99 1.04
14 4-1 1 Islam/Park 229 229 307.9 307.9 78.9 1.07 1231.®| 27.3 355.5|42310.36| 36.74 33.10 38.32 28.25|0.90 1.04 0.77
15 4-2 2 Islam/Park 229 229 307.9 307.9 78.9 1.07 1231.60| 31.9 373.4|42077.37| 45,55 36.74 41.12 31.30|0.81 0.90 0.69
16 | 4-3 3C Islam/Park 229 229 307.9 307.9 78.9 1.07 1231.60| 29.7 315.6| 42365.75| 43.38 34.99 39.76 29.83|0.81 0.92 0.69
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Table 2.2continued
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unit - - - mm mm mm mm mm - mm MPa MPa N kNm kNm kNm kNm
17 | 51 81 Robertson 254 254 358.3 358.3 104.3 0.83 1433.20| 39.3 524.3| 56226.19| 82.00 78.10 84.38 66.29|0.95 1.03 0.81
18 6-1 I} Luo/Durrani 254 254 358.3 358.3 104.3 0.59 1433.20| 20.7 380.3| 18136.15| 44.52 6359 69.19 5364 |1.43 155 1.20
19 6-2 INT 1 Luo/Durrani 254 254 358.3 358.3 104.3 0.55 1433.20| 30.9 417.5|119101.59 56.80 48.14 40.29 41.89|0.85 0.71 0.74
20 6-3 INT 2 Luo/Durrani 254 254 358.3 358.3 104.3 0.55 1433.20] 30.7 417.5|138041.3¢0 49.67 42.09 33.03 37.04|0.85 0.66 0.75
21 7-1 Al2 Hanson/Hanson| 152 152 218.2 218.2 66.2 15 872.80| 33.2 372.1| 32182.41| 17.73 14.66 2212 1255|0.83 1.25 0.71
22 7-2 A13L Hanson/Hanson| 152 152 218.2 218.2 66.2 15 872.80| 32.8 370.0| 31987.95| 17.34 1457 22.05 12.48|0.84 1.27 0.72
23 7-3 B16 Hanson/Hanson| 305 152 371.2 218.2 66.2 15 1178.80] 30.4 340.4| 41523.99| 22.62 23.81 26.96 20.99|1.05 1.19 0.93
24 7-4 C17 Hanson/Hanson| 305 152 371.2 218.2 66.2 1.5 1178.80| 36 341.1| 37396.14| 27.45 27.73 30.15 2434|1.01 1.10 0.89
25| 81 INT Zee/Mcehle 137 137 188 188 51 0.65 752.00| 26.2 434.8| 15704.66|( 10.30 7.93 7.80 6.77 |0.77 0.76 0.66
26 9-1 1 Pan/Moehle 274 274 385.9 385.9 111.9 0.72 1543.60] 33.3 471.3|116287.7¢0 87.93 70.91 71.26 61.09|0.81 0.81 0.69
27 9-2 3 Pan/Moehle 274 274 385.9 3859 111.9 0.72 1543.60] 31.3 471.3| 70866.09(112.20 8250 87.10 70.23|0.74 0.78 0.63
28 | 101 S1 Hawkings 305 305 447.4 447.4 142.4 1.18 1789.60] 23.4 458.9|139711.31170.03 103.67 161.18 89.22 | 0.61 0.95 0.52
29 | 102 S2 Hawkings 305 305 447.4 447.4 142.4 0.79 1789.60] 23.2 459.6|184120.1¢0 118.72 86.03 110.31 75.08 | 0.72 0.93 0.63
30 | 103 S3 Hawkings 305 305 447.4 447.4 142.4 1.18 1789.60| 26.5 458.9|179288.11 163.72 98.63 151.63 85.59 | 0.60 0.93 0.52
31| 1111 3 Farhey 300 200 370 270 70 0.58 1280.00f 15 456.8 | 30075.01| 22.00 22.45 19.31 19.48|1.02 0.88 0.89
32 | 11-2 4 Farhey 300 120 370 190 70 0.58 1120.00{ 15 456.8 | 27327.77| 15.69 13.89 1452 14.23|0.88 0.93 0.91
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Table 2.2 continued
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33 | 1211 1 Robertson/Durran| 254 254 358.3 358.3 104.3 0.83 1433.20, 38 500.2 | 58360.00| 70.55 75.86 82.41 64.43|1.08 1.17 0.91
34 | 12-2 2C Robertson/Durran| 254 254 358.3 358.3 104.3 0.83 1433.20] 33 500.2 | 60109.92| 71.71 68.95 76.97 58.65|0.96 1.07 0.82
35| 123 3SE  Robertson/Durran| 254 254 358.3 358.3 104.3 0.83 1433.20| 44  500.2 | 59493.39| 79.33 82.64 87.20 70.14|1.04 1.10 0.88
36 | 124 4S  Robertson/Durran| 254 254 358.3 358.3 104.3 0.83 1433.20| 43.8 500.2 | 59358.02| 80.80 82.45 87.09 69.98|1.02 1.08 0.87
37 | 125 5S0 Robertson/Durran 254 254 358.3 358.3 104.3 0.83 1433.20f 38 500.2 | 58360.00| 72.83 75.86 82.41 64.43|1.04 1.13 0.88
38 | 131 SMO0,5 Ghali 305 305 409.3 409.3 104.3 0.5 1637.20| 36.8 470.0|107041.04 75.15 82.58 58.92 70.85|1.10 0.78 0.94
39 | 132 SM1,0 Ghali 305 305 409.3 4093 104.3 1 1637.20 33.4 470.0|108555.53 91.67 76.40 80.74 65.68|0.83 0.88 0.72
40 | 133 SM1,5 Ghali 305 305 409.3 4093 104.3 1.5 1637.20, 40 470.0 1 107998.08 83.85 87.35 107.79 74.87|1.04 1.29 0.89
41 | 134 DMO0,5 Ghali 305 305 409.3 4093 104.3 0.5 1637.20| 44.1 470.0| 75598.66|117.39 104.82 77.92 89.09|0.89 0.66 0.76
42 | 135 DM1,0 Ghali 305 305 409.3 4093 104.3 1 1637.20| 32.7 470.0|100902.14 11599 77.85 82.94 66.79|0.67 0.72 0.58
43 | 136 DM1,5 Ghali 305 305 409.3 409.3 104.3 1.5 1637.20 425 470.0(107611.15 141.55 91.32 111.04 78.20| 0.65 0.78 0.55
44 | 141 b2 Hwang/Moehle | 244 244 315 315 71 0.64 1260.00 21.8 456.0| 38984.67| 26.65 26.65 22.70 22.80|1.00 0.85 0.86
45 | 14-2 b3 Hwang/Moehle | 244 163 315 234 71 0.74 1098.00 21.8 456.0| 33972.36| 21.76 19.79 20.06 17.18|0.91 0.92 0.79
46 | 14-3 c2 Hwang/Moehle | 325 244 396 315 71 0.66 1422.00| 21.8 456.0| 43966.05| 42.18 33.21 25.76 28.77|0.79 0.61 0.68
47 | 144 c3 Hwang/Moehle | 325 163 396 234 71 0.77 1260.00 21.8 456.0| 38984.67| 34.16 25.12 2250 22.06|0.74 0.66 0.65
48 | 151 A Robertson/Durran| 254 254 358.3 358.3 104.3 0.83 1433.20| 33.03 500.6 | 52931.20| 61.92 71.17 79.48 60.43|1.15 1.28 0.98
49 | 152 B Robertson/Durran| 254 254 358.3 358.3 104.3 0.83 1433.20| 30.75 524.7 | 90739.20| 38.31 56.58 62.86 48.64|1.48 1.64 1.27
50 | 153 C Robertson/Durran| 254 254 358.3 358.3 104.3 0.83 1433.20| 32.20 524.7|120985.60 24.18 49.32 5294 4291|204 219 1.77
51 | 161 DNY_1 Luo/Durrani/Du | 254 254 350.8 350.8 96.8 0.59 1403.20 35.27 372.3| 53263.07| 47.23 64.23 58.00 5459|1.36 1.23 1.16
52 | 162 DNY_2 Luo/Durrani/Du | 254 254 350.8 350.8 96.8 0.59 1403.20| 25.73 372.3| 68170.53| 33.45 48.10 4491 41.22|1.44 134 1.23
53 | 163 DNY_3 Luo/Durrani/Du | 254 254 350.8 350.8 96.8 0.59 1403.20| 24.59 372.3 | 53356.54| 48.36 50.99 49.22 43.46|1.05 1.02 0.90
54 | 164 DNY_4 Luo/Durrani/Du | 254 254 350.8 350.8 96.8 0.59 1403.20 19.11 372.3 | 54850.88| 44.07 42.63 43.16 36.46|0.97 0.98 0.83




The results presented in Table vre summarized in Figures 2,12213 and 2.14
In these figures calculated moment value that would gawsehing failure under the
applied shear force was computed for each code and results were plotted against the

experimental moment values at punching failure observed.

For regions wher®le,, (Unbalancednomentobtained by the testsjasgreaterthan

the Mcoge (Unbalanced momeémobtained by the codes) s a f e was anarked
otherwise6 u n s a f estaterment was use®dn the figurs, standart deviation,
average an&o of data points thatereestimated safely were also notéthsafe and
safe zones are lalegl excluding material safety factors, which are used to consider

other uncertainities than the estmations of prediction equations.

It can be observed th&ClI-318is the most accurain the averagsense, however
TS500 is the safest among the three sofie interior slab column connections. The
highest standart deviation is in the Euroc@deredictions. ACI318 estimations are

similar to TS500, perhaps being slightlly the unsafe side.
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Figure 2.12 Comparison of UnbalancedMoments between AC+318 and
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2.3.2. Exterior Slab-Column Connections

49 exterior slabcolumn connections under eccentric loading dadflected The
column dimensions change betwe&® fo 900mm and the slaleffectivedepth vary
between 41 to 210 mm. The distributsoof the colum size effective depthof the
slab, reinforcement ratio and compressive strength of cormantbe seen in Figwse
2.15,2.16,2.17 and 2.18
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Figure 2.15Distribution of the Column Sizefor Exterior Slab-Column

Connections
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In Table 2.3 the experimental unbalanced momentsxterior connection values
were compared with the moment estimations of design equations given B318CI
TS500 and Eurocode respectively. The calculation steps were followed according

to the given equations in current codes as described in Chapter 1.
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