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ABSTRACT

: !
EFFECT OF COLUMN ASPECF‘ RATIO ON

PUNCHING STRENGTH OF CONCRETE FLAT-PLATES -
|

The rapid increase in the number of flat-plate structures in the national building
stock in the form of residential and office buildings, along .withbthe requirements introduced
by the new Turkish Earthquake Design Code, such as pron‘loting the u.se of shear walls in
high seismic regions, made it necessary to experimenta]ly inlrestigate the punching behavior
and capacity of flat-plates with different column -aspect| ratios. The change in the
dimensions and aspéct ratios of thé vertical load carrying members may have an influence on

the capacity. Hence, the current design equations may be ne?ded for further validation.

The experimental and analytical investigation performed in this study contains the
behavior and capacity of flat-plates with different column aspect ratios. Besides, a T-
shaped specimen was also tested for the same reason. The plate concrete was in the Normal
Strength Concrete range, all the specimens were isolated internal panels and the load was
applied concentrically, while the slab reinforcement ratio was kept constant among the
specimens. Using the available test data in the literature and the data from the current
investigation an attempt was made to modify the current design equations. Also, the post
failure behavior and capacity of the specimens were studied and the available equations

were validated.



OZET

KOLON BOYUT ORANLARININ BETO lARME PLAKLARDA

ZIMBALAMA DAYANIMINA ETKiSi
z

Konut ve ofis tipi binalarda betonarme diiz doseme yépl sistemi hizla popular
olmakta ve iilkemiz yapi stogunda 6nemli bir yer edinmektedir. ‘Yeni Tark Deprem
Yonetmeligi’nin yitksek sismik riskin bulundugu bélgelerdé, diiz désemeli sistemlerde perde
duvar kullammim zorunlu hale getirmesi diiz doseme kollon birlesimlerinin degisik kolon
boyut oranlan ile yeniden incelenmesini ve halihazir tasa'nm denklemlerinin gegerliliginin
kontrolu gerekligini giindeme getirmigtir.

- Burada yapﬂan analitik ve deneysel ¢aligmada Normal Dayammh Beton’dan imal
edilmis diiz dosemelerin zimbalama davramslannin ve kapasitelerinin degisen kolon kesiti
boyut oranlan ile nasi degistigi incelenmistir. Aynca, T-Kesitli kolonlar da bu ¢alisma
kapsamunda incelenmigtir. Konsantrik yiiklemenin inceléndigi deney elemanlarinda, doseme
donatis1 sabit tutulmugtur. Literatiirdeki deney verileri ve bu ¢alhismanin sonuglan
kullanilarak tasarim denklemlerinde modifikasyonlar onerilmigtir. Deney elemanlanmn

gogme sonrast yiik kapasiteleri ve davramglan da bu galisma kapsaminda incelenmistir.
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|
1. INTRODUCTION

|
The behavior of flat-plate systems, where t‘he:I slabs are directly carried by the
columns, are highly influenced by the behavior andathe capacity of the plate-to-column
connections. Three dimensional and complicated{st,ress distribution over a pseoudo
punching perimeter around the columns is a function of concrete strength, amount of
flexural reinforcement, load ecbentricity due to seismic excitations and uneven span
loadings, and the dimensional ratios between both the column and plate, and the column

|

aspect ratio. |
, . |

The state of stress in punching failure may be-defined as the excessive principal

tensile stresses on the predefined punching perimeter. ]l3y its nature, 'the tensile failure of
concrete is sudden and destructive, resulting a brittle type of failure. Several flat-plate
buildings are failed during and after the construction u‘nder gravity loads. Some of the

reported failures may be listed as below.

o Aselsan Building, Ankara, Turkey (1981) [1] : The low concrete strength and the
removal of the lower storey shoring were listed as the main reason for the failure.

o Bayrampasa Wholesale Food Market Hall, Istanbul, Turkey (1986) [2] : The
concrete strength was only 50 percent of the design speciﬁed strength, at the time
of the removal of the shoring. '

e 16 Storey Building in Bbston, USA (1971) [3] : Structural failure was due to the
inadequate thickness of the flat-plate, along with the poor detailing. 4

o J.C.Penney Building, Alaska, USA (1964) [4] : The partial collapse of the building
during the Alaska earthquake is related to the low energy dissipation capacity of the

system although shear walls are used to resist the lateral forces.

A literature review on the topic reveals that, the désign equations in the national
building codes, do not thoroughly cover the variables affecting the connection
behavior. Besides, the punching capacity of rectangular columns may need to be
investigated in detail since the new generation national earthquake codes reéommend

the use of shear-walls in seismic regions.



2. LITERATURE REVIEW

a0t

'i,;l'f'

2.1. General

The structural system, where slabs are carried directly by the columns, is called
flat-slab systems, and the system may be constructed either with column capitals or with
drop-panels. The special construction practice, where neither column capitals ﬂor drop
panels are used, is called in engineering jargon as flat-plate structures [S]. Flat-plate
structural system is moétly favored due to the ease of workmanship, as a result economy in
construction, and due to the architectural advantages, such as high modularity in floor
space partitioniiig during the service life of the structure and the architectural convenience
of the smooth ceiling. Flat-plate systems are also favored due to their fire protection and
ease of piping [6]:

Flat-plate type of construction has been in use since the beginning of this century
[7, 8] and is mostly favored for medium rise residential and office type of buildings with
relatively regular and small column spacing and with relatively light service loads. The
major concern with the performance of the flat-plate structural system is the relatively
higher inter-story drifts under seismic loads and its susceptibility to punching, which is
defined as a local shear failure of the plate-to-column connection. At the connection
region, the punching failure takes place when a plug of concrete over the lower column
stub is pushed out of the concrete slab. The punching failure is mainly due to the excess of

principal tensile stresses occurred in the concrete plate beyond the tensile strength of

concrete itself [9].

The punching failure in the connéction occurs due to the gravity loads with or
without unbalanced moments caused either by uneven span loading or seismic type of
lateral loads. The phenomenon of punching is being studied on sub-assemblies tested in
the laboratories, and studied on the actual flat-plate buildings in the last century. The first
field test on flat plate construction was performed in Deere and Webber Building at
Minnéapolis in 1910. During the test, it was reported that the strain measurements on the

reinforcement and on the concrete were taken at various locations of the building [10].



Several buildings with various layouts were tested after the Deere and Webber building,
Powers Building in Minneapolis (1911), Franks Building in Chicago (1911), Northwestern
Glass Company Building" in Minneapolis (1913), and others were all tested in order to
verify the prevailing flat-plate punching design equations [11].

The first laboratory test on punching strength of column foundations was done by
Talbot in 1913 and the phenomenon of punching was first introduced. In the following
years experimental and analytical studies revealed the design parameters of the plate-to-
column connections to a certain extend. In most of the experimental work, the isolated
| plate-to column sub-assemblies were tested for the capacity predictions [9, 12 - 15].
Besides, large-scale multi-panel specimens were also studied for the purpose of moment
distribution and equivalent frame analysis [11, 16, 17]. Also, effect of moment reversals
was studied in order to verify the effect of reversed cyclic earthquake type of loading on

the connection capacity and behavior [18 - 20].

"~ The available( literature on the punching strength and behavior of the flat-plates
reveals that the capacity and the behavior of the sub-assemblies are influenced by a wide
range of variables, such as the concrete strength, reinforcement ratio, load eccentricity,
dimensional ratios between the column stub and the plate, and the load reversals under

certain level of slab service loads.

2.2. Factors Influencing the Punching Capacity

2.2.1. Concrete Compressive Strength

Tﬁe procedures and the prime variables for punching strength capacity calculations
in the national building design codes, are mostly applicable to the column-to-slab
connections having Normal Strength Concrete (NSC), not exceeding 41 MPa [21]. The
available research influencing the code equations [12] are mostly on plates with concrete
compressive strength in the NSC range. It is claimed that, the ratio between the observed
and the calculated load capacities are less conservative for higher concrete strengths [15,

22]. On the other hand, Bogazici tests [9] revealed that the design code equations [23, 24]



do not become less conservative with the increasing concrete strength. However, new
design approaches and equations may be necessary for the punching strength predictions
for the High Strength Concrete (HSC) ranging between 40 to 80 MPa [9].

The more complicated design equations, such as Moe’s [12] is claimed to be
overestimating the punching shear capacity of the HSC flat-plates [22]. These conclusions
may be because of the prediction of the concrete shear strength by using the square root of
the concrete compressive strength. The published research revealed 'that, using the cubic

root of the concrete compressive strength generally yields better results [22, 25 - 28].

The improvement of concrete compressive strength may cause an increase in the
punching shear resistance of the flat-plates, but may not necessarily imply a change of
failure position [28]. Regardless of the concrete compressive strength, the failure surface
may be defined over a perimeter at a distance of d/2 away from the column stubs [9]. The
increase in concrete strength, positively influence the slab initial stiffness and delays the -
appearance of the initial radial cracks [9, 27]. However, the use of HSC in flat-plates
results in a more brittle failure than NSC [9, 22, 27]. Although, there is a lack of data for
‘the influence of slab holes in case of HSC plates, it is reported that the influence may be
higher compared to the plates with NSC [28].

The ultimate shear stress in case of plate punching is nearly twice the value
commonly used for beams. This increased strength is explained as the increased
effectiveness of the dowel forces and the presence of compressive membrane forces and

arch action caused by the non-failing portion of the plate [29]. Research in this field yields
that, the arch action is more effective in plates of HSC [30].

2.2.2. Plate Flexural Reinforcement

There is not a general agreement among the researchers, on the effect of flexural
reinforcement. A group of researchers claimed that, the punching shear strength of flat-
plates was influenced by the amount, efficiency and the strength of the flexural
reinforcement [31, 32]. METU tests revealed that, the number of bars and their spacing



within the punching zone were probably better parameters to consider the contribution of
the flexural steel to punching strength [14]. Reported test results showed that the strength
increases with decreasin‘g' bar spacing, keeping the slab flexural capacity constant.
Bogazici Tests also concluded that, the amount of flexural reinforcement had a bearing on
the punching strength of flat-plates, but this effect was relatively small compared to the
. effect of the concrete strength [9, 18].

The tension steel was reported to yield at or near the failure crack around the
column stub [33]. Strain measurements on the tension reinforcement concluded that the
flexural steel yielded at approximately 65 percent of the punching failure load, and the
. compression steel strain increased suddenly with the yielding of the tension steel [34, 35].
This may explain the increasing punching load with increasing slab reinforcement ratio at
Bogazici tests [9, 18]. On the other hand, either too closely spaced re-bars of bars with
bigger diameters inversely affected the punching load, and this may be due to a less
uniform distribution of stresses around the punching perimeter and due to the anchorage
problems [31, 36]. These experimental investigations may lead to a point where the design
code equations should better use the amount of ﬂeiural reinforcement for the capacity

calculations, regardless of the plate concrete strength [22, 27, 37].

On the other hand, the second group of researchers claimed that the effect of
flexural reinforcement should better be ignored in the capacity calculations [26, 38, 39].
The increase in plate reinforcement or the concentration of reinforcement over the
punching perimeter was claimed to be ineffective for the enhancement of the punching

load.

The plate crack spacing and crack widths are reported to be influenced by the
increase of the flexural reinforcement. Slabs with higher reinforcement contents generally
exhibited closely spaced smaller cracks 9, 40]. Increased flexural reinforcement also
incréased the stiffness of the ﬂat—plétes, as a result decreasing the deflections [9, 12, 41,
42]. Although the test results reveal the positive effect of flexural reinforcement in
punching capacity, the building codes generally neglects this effect in their design

procedures and equations.



The phenomenon of residual load capacity after punching failure, which was
experimentally invesﬁgatggi in Bogazici tests [9, 18] is highly influenced by the flexural
steel content within the punching perimeter. Besides, the amount and detailing of the
compression reinforcement has an influence on the post-failure behavior of the plate-to-

- column connections. In order to limit the progressive failures under service loads or
seismic excitations, several researchers recommend fo use slab compression reinforcement
[4, 19, 43 - 45]

2.2.3. Load Eccentricity

Punching failures in the plate-to-column connections of the flat-plate structures are
mainly occurred due to the excessivé gravity loads with or without unbalanced moments
caused by uneven span loading or lateral loads originating from wind or seismic actions
[46]. The distribution of shear stresses over the punching perimeter is assumed to be
uniform, in case of gravity loads. The distribution of shear stresses caused by the
unbalanced moments is claimed to be non-uniform over the depth of the plate and

throughout the punching perimeter [47].

The shear stresses caused by unbalanced moments are transferred via torsional
stresses through the column sides parallel to the load eccentricity, and via bending forces
through the column sides perpendicular to the load eccentricity. The percentage of
unbalanced moment transferred through the bending resistance of the plate may well be
assumed to be 60 percent out of the total unbalanced moment [13]. This idealization of
shear transfer is used in some of the building design codes such as TS-500 [24], while the
percentage value is chosen as a variable dependent on the column aspect ratio in ACI-318
[23]. It is reported that the changing percentage approach of ACI-318 is significantly
underestimating the actual distributions [48, 49].

Experimental studies on isolated plate-to-column sub assemblies, was reported to
be representative for the behavior of the connections within the overall structure [50]. The
tests on interior column stubs under monotonically increasing eccentric punching loads, as

well as reversed cyclic loads, revealed that the punching capacity of the connection



decreased with increasing load eccentricities [9, 18]. Besides, the behavior of the
connection under selsrmc excitations was reported to be influenced by the flexural capacity

of the connection itself [20]
2.2.4. Dimensional Ratios and Column Rectangularity

Experimental and analytical research on the effect of column rectangularity and
dimensional ratios of the column-to-plate connections revealed that the shear strength is
closely related to the above-mentioned variables. The concrete shear capacity at the
connection both depends on the ratio between the column dimension and the slab depth
(r/d), and the aspect ratio (b/h) of the column itself.

As the column dimension gets bigger with respect to the slab depth, in other words,
as the punching perimeter increases while the plate depth is constant, the shear strength of
connection decreases [12, 26, 37, 51, 52]. For typical small values of r/d, the shearing
surface is well confined with the non-yielding portion of the flat-plate around the

connection via in-plane membrane stresses. The confinement of the punching region is
| likely to be reduced for higher r/d ratios [43]. This may also be observed in the tests
specimens where the plates are restrained against lateral expansion, as a result the in-plane

membrane forces are induced via the test set-up [53].

The effect of column rectangularity on the connection stresses arises as the stress
concentrations increase on the corners and the shorted edges of the rectangular columns.
The research on the topic revealed that concrete shearing stresses and bending moments
increases as the column rectangularity gets above 2.5; for square like columns stresses are
more uniformly distributed [12, 54, 55]. The bending moments, and thus the steel stresses,
on the shorter edge of the column stub increases rapidly while the column aspect ratio

increases.



2.3. Design Code Approaches for Punching Capacity
2.3.1. Turkish Building Code (TS-500) Approach

Turkish Btiildihg Code, TS-500 [24], assumes a punching perimeter located at d/2
distance from the column stub, in punching capacity calculations (Figure 2.1). The
surface, which is related to the depth of the plate, is assumed to be able to transfer the shear
stresses induced by the shearing forces and the unbalanced moments. The length of the
punching perimeter is related to the aspect ratio of the column stub and the depth of the
flat-plate (Figure 2.1-a,b) in rectangular columns, while the perimeter is assumed to be
passing through a boundary, which is located at ei minimum distance of d/2 from the edges

- or corners of a non-rectangular column stub (Figure 2.1-c).

The variable distance, a; for the rectangular column stubs is calculated according to
Equation 2.1, as a result the punching capacity is calculated by using Equation 2.2. The
shear strength term fcm is bigger then the shear strength of the beams, since it is assumed
that the non-yielding portion of the flat-plates are confining the concrete in the punching

cone, hence the strength is higher in this region (Equation 2.3).

@ )] (©)
Figure 2.1. Punching perimeter definition for TS-500

Load eccentricity, in other words the effect of unbalanced moment, is considered
via the variable y as indicated in Equation 2.2, where it takes the value of unity for

concentric punching.



h
a, <l /2
2*p

Prg =y *f,,*u, *d

035,
15 vV

2.3.2. American Concrete Institute (ACI 318) Approach

2.1)

(2.2)

(2.3)

* Punching load capacity calculations in ACI-318 [23] also considers the coluinn-
rectangularity. Different than that of the TS-500 approach, ACI-318 modifies the concrete
punching strength, v, with respect to the column rectangularity value, (Equation 2.4).

Also, the shear strength of the connection is assumed to be related to the location of the

column stub (Equation 2.5).

r ) %/f_;
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v, = smallest of {(2 +Z£_) ‘1/2_0
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L

40 : interior columns
column longside

"~ column shortside

a, =130: edge columns

s
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20 : comner columns

2.4)
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The punching perimeter, similar to TS- 500, is located at d/2 distance from the

column stub, and it is assumed to be continuous regardless of the column aspect ratio,
since the v, inherently has ﬂllS effect.

===-=-7
R

(a) ®
Figure 2.2 — Punching perimeter definition for ACI-318
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3. OBJECT AND SCOPE OF STUDY

When the design equations and detailing regulations in the national building codes
are investigated, it is observed that they are moStly empirical and calibrated with respect to
some certain test results available in the literature, Moreover, the number of tests, baving
the effect of column aspect ratio as a variable on the punching strength, is scarce. Most of
the experimental investigation is devoted to the square columns. Besides, the available
tests are all on rectangular and circular column stubs, excluding the behavior of T or L

shaped column-to-plate connections.

In this study, the column aspect ratio is chosen as the main variable of the
experimental investigation. The available test data in the literature is also elaborated and
investigated along with the test results of the current investigation. The main purpose may
be highlighted as the validation of the current building design code equations and

procedures for rectangular and T-shaped column-to-plate connection capacities.

During the tests, the cracking pattern, which is the sign of the imminent failure, and
residual load capacities are also investigated together with the punching capacities of the

specimens.

The effect of concrete strength, plate flexural reinforcement, load eccentricity,
existence and dimension of the plate holes are out of the scope of the current experimental
and analytical investigation. An attempt was made to predict the punching capacities of
the specimens via a set of newly proposed equations. Moreover, the residual load capacity
calculation procedures and equations derived for the square columns are validated for the

rectangular column stubs with higher column aspect ratios.
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4. EXPERIMENTAL PROGRAM

4.1. Materials

4.1.1. Concrete

For the test specimens, Normal Strength Concrete (NSC) with a nominal
compressive cylinder strength (f’) of 25 MPa, was used. The maximum aggregate size of
the concrete mix was 20 mm. The concrete used was obtained from a local ready-mix
concrete company, and delivered wet, to the Structures Laboratory of Bogazici University.
The concrete mix design supplied by the ready-mix concrete company is given in Table
4.1

Table 4.1. Mixture proportioning of the ready-mix concrete used

Material Amount (kg/m3)
Water - 191
Cement 254
Sand 1 . 505
Sand 2 ' 340
Crushed Stone No:1 | 430
Crushed Stone No:2 610

4.1.2. Reinforcing Bars

Two different sizes of deformed steel bars were used for the reinforcement of the
. four flat-plate specimens. The $10 deformed re-bars, with a nominal bar diameter (D) of
10 mm, were used for the slab ﬂexural reinforcement, while ¢14 deformed re-bars were
used as the column longitudinal reinforcement for the column stubs of the specimens. The
column stubs were confined with $10 steel bars. Three samples from each re-bar group

were tested and the tensile test results were averaged before they were used in the design
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calculations of the specimens. Riehle Universal Testing Machine, equipped with a load
cell and two, Lipear Variable Differential Transducers (LVDT), was used to conduct the
rebar tension tests. The experimental mechanical properties of the re-bars are given in

Table 4.2 and the stress-strain curves of the both sizes of the re-bars are shown in Figure
4.1 and Figure 4.2.

Table 4.2. Mechanical properties of deformed re-bars

Re-Bars Designation 10 ¢14
Nominal Diameter (mm) 10 14
Nominal X-Area (mm’) 78,5 153,9
£, (MPa) 547 471
&y (mm/mm) 0,0026 0,0025
E; (MPa) : 210,400 181,500
600
S g, S
500 -
& 400 -
o
=
@ 300 -
g °
% 200 -
100 -
0

0 2 4 6 8 10 12 14 16 18 20 22 24
milli-strain (mm/mm)

Figure 4.1. Stress-strain curve for ¢10 re-bars
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Figure 4.2. Stress-strain curve for $14 re-bars

4.2  Test Specimens

Within the content of this thesis, four reinforced concrete circular flat-plate
specimens were cast and tested in order to investigate the effect of column rectangularity
on the punching behavior and strength of NSC flat-plates. Every specimen had a
reinforced concrete ’column stub on the compression side of the plate (top), with different
aspect ratios. The specimens were named according to their column shapes, and specimen.

name-tag list is given in Table 4.3.

The slab thickness of the specimens were kept constant at t=120 mm. On the other
hand, every specimen had different column dimensions and support diameters.  All
specimens had constant shear span to depth ratio, resulting in different slab support
diameters (Dg;p) with changing column dimensions. Before the production of the test
specimens, the calculated punching capacity values which were obtained through the TS-
500 [24] design equations (Prs) were calculated by using the nominal concrete
cémpressive strength in order to check the available loading capacity of the test set-up.
For the current investigation, the calculated punching perimeter, u, according to the TS-
500 design method was set to 1600 mm, and the ratio of the shortest distance from the

column stub to support perimeter to the effective depth of the slab, in other words shear
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span to depth ratio, was set to five in all test specimens. Specimen design data are given in

Table 4.4.
Table 4.3. Specimen name-tag list
Specimen Definition Specimen Name-Tag
Speci_men with square column 00S8Q
Specimen with rectangular column OORC
Specimen with shear wall O0oSwW
Specimen with T-shape column OOTE

Table 4.4. Specimen design values and nominal capacities

Specimen 00SQ | OORC OO0SW OOTE
t (mm) 120 120 120 120
d (mm) 100 100 100 100
Dgp (mm) 1300 1480 1720 1464
Tehort () 300 120 120 120
Tiong (mm) 300 480 720 463
f.” (MPa) 25 25 25 25
stap (mm) 10 10 10 10
£, (MPa) 547 547 547 547
s* (mm) 75 75 75 75

s” (mm) 150 150 150 150
u, (nm) 1600 1600 1600 1600
Prs (kN) 313.05 | 313.05 313.05 313.05

$10 deformed re-bars were

yielding a constant reinforcement ratio for every specimen.

used as slab tension and compression reinforcement

The slab tension and

compression reinforcement ratios were 1.05 and 0.52 percent, respectively. Column stubs

were confined also with ¢10 steel bars at every 6 cm. Column stub dimensions and

reinforcement layout of the specimens are given in Table 4.5.
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Table 4.5. Column dimensions and column reinforcement layout

Specimen Designation Column Dimension and Reinforcement
00SQ
300 mm
300 mm
f [ ' j 120 mm
OORC \
. 480 mm
[ [ I [ j 120 mm
' \ \ \ ’
O0swW 720 mm
120 mm
170 mm
OOTE
120 mm
AY ]
463 mm

Flat-plate specimens had two layers of reinforcement mesh (Figure 4.3). The top
reinforcement according to the testing set-up was the compression reinforcement and it
was designed to be half of the tension reinforcement. As stated before, the tension

reinforcement ratio of all the four specimens was kept constant at 1.05 percent.
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Figure 4.3. Slab reinforcement detail
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4.3. Casting and Curing

Flat-plate test spébimens were cast in the Structures Laboratory Testing Hall. Four
wooden formworks were prepared for the specimens, each having different slab diameter
and constant slab thickness (Figure 4.4). One piece steel ring formwork of t=120 mm was
located on the wooden base and fixed with. wooden wedges ‘before the slab flexural
reinforcement was laid into the formwork. In the inean time, the column longitudinal
reinforcement together with the column confinement reinforcement was also located into
the formwork. The slab flexural reinforcement mesh was seated on small wooden spacers

in order to have a constant depth both for tensile and compressive reinforcement mash.

Column stub was cast using a laboratory mixed concrete after the slab concrete
hardened for about a day. Twenty-two 150x300 mm concrete cylinder samples were cast
from the slab concrete batch in order to follow the strength gain in the specimens. Both the
specimens and the concrete cylinders were cured for three days under wet burlap covers

and left to the atmospheric conditions of the testing hall afterwards.

Column form
(formed after concrete
[ casting of the slab)

‘Wooden Wedges

1 Piece Steel Ring
D=Variable
h=120 mm

Figure 4.4. Formwork Layout
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4.4. Test Set-Up

Four . flat-plate circular specimens were tested on the same day, in order to
minimize the concrete strength fluctuations, with the following procedure. Specimens
were seated on sixteen spherical-supports in order not to transfer any bending stiffness to
the plate edges. The supports were sat on 200x200x400 mm concrete pedestals, and the
necessary space for instrumentation beneath the specimen was supplied (Figure 4.5).
Loading was done by a manually driven hydraulic pump, and the level of load was
measured by an electronic Load Cell. Thus the test was load controlled and the data was
continuously fed to the Data Acquisition system. Semi spherical seat was located between
the Load Cell and the column stub to insure the concentric application of the load. Three
transducers were used for the displacement measurements. The slab out-of-plane
deflection was measured right under the column stub and at two locations on the support

perimeter (Figure 4.6).

Specimens were located under a steel loading frame available in the Structural Lab
Testing Hall, on the strong floor. Before the specimens were seated, the concrete pedestals
were aligned over a predetermined perimeter and levelled by using plaster capping. Roller
supports on top of the concrete pedestals were also aligned and levelled for a uniform
support perimeter. For the cases of loose contact between the roller supports and the slab,

metal shims were used in between.

A heavy steel plate was located on the column stub for the even distribution of the

applied load on the column. In each specimen, the load was applied to the centroid of the

column stub cross-section.

Although the test set-up was stable against overturning and side-sways, each
specimen was also hang loose by the laboratory crane in order to make the displacement
transducers, which were below the specimen, safe throughout the testing. A view from the

test set-up and a close-up from the support conditions are given in Figure 4.7 and Figure

4.8.
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Figure 4.6. Location of displacement readings
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imen supporting

Figure 4.8. A close-up from the spec
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S. TEST RESULTS

5.1. Material Tests

Material tests (compression test and split cylinder test) were performed on 150x300
mm concrete cylinders, which were cast from the same batch of specimens and underwent
the same curing regime as the flat-plate specimens. 2000 kN capacity, servo valve
controlled testmg machine was used for both of the concrete tests. The Loading speed for
compression tests was set to 0.2 MPa/second. Eight compression tests were done on the
same day of structural testing é.nd the results are given in Table 5.1. Sulphur capping on
compression cylinders was made before the compression tests, in order to assure a uniform
stress block on the cylinders. Four split cylinder tests were done under the same hydraulic
testing machine with an added apparatus to the loading platens. The split cylinder tests are
also given in Table 5.1.

Table 5.1. Concrete mechanical test results

Cylinder Test 150x300mm Average [ 150x300mm
Number Concrete Cylinder Concrete Cylinder
' Compressive Split
Strength Strength
(MPa) (MPa)

1 23.66 1 2.74

2 25.11 2 2.35

3 25.06 3 2.23

4 23.82 4 2.52

5 26.10 Average f, - 246
6 2475
7 25.80
8 24.58
Average £’ 24.86
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5.2. Load Deformation Behavior of Specimens

Durmg the apphcatlon of the load, the load deflection curve was traced on the
electronic data acquisition screen, and the compression side of the flat plate was examined
carefully for the possible existence of any cracking or crushing of concrete. The
- specimens were loaded well beyond their maximum load capacity in order to investigate
the post-failure behavior. The loading was terminated when the traced load deflection
curve started to raise at the residual load portion. Although the lo.ad'was applied by a
manually driven pump, it was tried to keep the loading speed constant among the test
specimens.

Load readings in load-deflection curves are the Qalues read directly from Load-
. Cell, while the center deflection values are the net center deflection calculated by using the
readings from the deformation gauges located at the center and the perimeter of the flat
plates. In the evaluation of the deflection values, the different slab support diameters

(Dssp) need to be considered for a comparison between the specimens.

The experimental results of the flat-plate tests are given in Table 5 .2, with reference
to Figure 5.1. The flexural cracking load (P) values were determined from the load
deflection curves, instead of visual inspection during the loading, since the tension side of
the flat-plates was not reachable due to the test set-up. Load level, at which the first
change in the initial plate stiffness has been observed, was considered as the P load, and

the corresponding slab center vertical deflection values (8) are also given in Table 5.2,

The load, which is called the experimental punching capacity (P,), was decided as
the load level over which the load carrying capacity of the plate could not be increased.
All specimens failed suddenly at Py load level, indicating a brittle punching failure. The

center deflection at the Py load level (6,) and the slab center deflection values at successive

20 percents of the P, load (6.) are given in Table 5.2 for all specimens.

The energy absorbed by the sub-assembly until failure can easily be calculated by
assuming a linear variation in load deflection curves between the given &, values. In all of

the test specimens, the load capacity of the flat-plates dropped suddenly beyond the failure
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load, P;,. The drop in load was stabilized at a certain load level (P) and the specimens
could carry this load under increasing slab center deflections. All the tests were terminated

at a center deflection value (Omax) around which the post failure lIoad deflection curve
started to raise again.

Load deflection curves and the deflection profiles of the specimens are given in
Figure 5.2 to Figure 5.9. Loading in three of the -flat plate specimens was in a
monotonically 'increasing manner, and it was terminated well beyond the experimental
failure point. On the other hand, an unintentional cyclic loading was performed on
specimen OOSW, due to a wrong functioning in the hydraulic loading system. In the first
cycle, the load reached approximately 75 percent of the experimental load capacit&. Radial
flexural cracks and the hairline cracks at approximately d/2 distance from the column stub
on the flat plate on slab tension side was visible when the loading was terminated. In the
second attempt for loading, all the load and displacement readings were initialized and it is
given accordingly in Figure 5.6. The deflection profile values shown in Figure 5.7 are
from the first loading until the crossing point of thése two loading curves, and read from

the second loading curve after this point.

Pp T

Pre [---f~----ommmen
Per -

L R L

Slope =Initial |
Stiffess

Plate Center
Deflection

Scr Op Omax

Figure 5.1. Idealized load-center deflection curve for test specimens



' Table 5.2. Test results

Specimen 00SQ | OORC | OOSW | OOTE
1 (mm) 120 120 120 120
d (mm) 100 100 100 _ 100
Dep (mm) 1300 1480 1720 1464
Tt 300 120 120 120
Tiong 300 430 720 463
s” (mm) 75 75 75 75
5" (mm) 150 150 150 150
up (mm) 1600 1600 1600 1600
a/d 5 5 5 5
£ (MPa) 24.86 24.86 24.86 24.86
f,p (MPa) 2.46 2.46 2.46 2.46
f, (MPa) 547 547 547 547
P, (kN) 353.60 | 32781 359.49 347.03
5 (mom) 6.93 8.23 9.43 9.03
@20% of P, |  0.34 0.35 0.53 T 0.52
@40% of P, | 121 137 2.09 1.79
8. (mm) @60% of P, | 282 3.33 4.60 3.85
@80%ofP,| 460 | 545 6.46 6.17
P (KN) 11335 108.55 108.85 109.53
50 (mm) 0.68 0.79 1.08 0.85
Pre (KN) 144,44 123.45 151.70 135.03
) 16.59 17.11 20.09 19.08
Prs (kN 279.21 279.21 279.21 27921

&> Bogazif unwersitesi Kiitipnanest €
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Figure 5.3. Slab center deflection profile of specimen 00OSQ
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Figure 5.4. Load-center deflection curve of specimen OORC
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Figure 5.5. Slab center deflection profile of specimen OORC
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Figure 5.6. Load-center deflection curve of specimen OOSW
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Figure 5.7. Slab center deflection profile of specimen OOSW
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3.3. Cracking Behavior of the Test Spécimens

The test set-up ‘was such that, the compression side of the specimens was _ |
observable throughout the test, while the tension side of the specimens could only observed
after the termination of loading due ;co the plate support conditions. Cracking or crushing
type of plastic deformations on the compression side of the flat plate specimens was
checked throughout the loading scheme of all specimens, while the crack map was
observed, marked and photographed after the specimens were replaced to the storage hall
from the test set-up. It needs to be clarified that the crack pattern observed and marked on
the tension side of the specimens, are the cracks formed well beyond the experimental

punching load, P,

Until the experimental failure load Pp, no crushing or cracking was observed on the
plate compression side in either of the specimens. A sudden and brittle type of failure,
resulting in a rapid drop in the load carrying capacity, took place when the column
punched through the plate leaving a w=2-4 mm crack all around the column stubs. This
type of crack was following the column perimeter in specimens OOSQ, OORC and
OOSW. On the other hand the cracks on compression side of the specimen OOTE showed
a different pattern with similar crack widths. Tn this specimen, cracks were following the
edges and the outer corners of the T-shape, while a smooth curve of crack line ‘was
observed at the inner corners of the T-shape. The approximate perpendicular distance from

the inner comner of the column stub to this crack was approximately 25 to 35 mm.

Tension side of the specimens could only be investigated between the supports with
the help of a flashlight during loading. The first type of the cracks was the radial cracks
starting from the column stub and traveling towards the support perimeter in all specimens.
The crack width change with changing load levels throughout the test could not be traced.
On the other hand, the crack map after the execution of the test was examined thoroughly.

The crack pattemns on the tension side of the specimens are shown in Figure 5.10 to Figure

5.17.

The crack patterns observed on the tension side of the specimens clearly revealed

the column stub shape in every specimen.
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The cracks, which led the specimens to the failure, were approximately located at a
distance of 100 mm, which corresponds the flat plate effective depth. In all the specimens,

the cracked portion of the slab, starting from the column stub edges, traced an
approximately similar area.

Tension cracks on the specimen 00SQ compared to the rest of the specimens was
less in intensity and in a much more circular form around the center of the column stub
This may be related to the relatively blgger column dimension to slab-effective depth ratio.
The crack intensity was high in OORC and OOSW specimens, especially on the region

parallel to the smaller columin dimension.

A uniform tension crack pattern was observed in épecimen OORC relative to the
specimen OOSW. Both radial and transverse cracking was observed in specimen OORC
on all sides of the column stub. On the other hand, radlal and transverse cracks were
observed only on the plate region parallel to the smaller column dimension of the QOSW
specimen, and the cracking was mainly parallel to the column sides for the plate region

parallel to the longer column dimension.

The tensile crack pattern in specimen OOTE clearly followed the column stub outer
- edges of the T-shape. Conversely, the crack formed on the inner edge region of the T-
shape was on a contour approximately parallel to the line connecting the outer comers of
the T-shape. As it is seen in Figure 5.16 and Figure 5.17, this contour is concave on one
side and convex on the other side. Therefore, a clear evidence on the shape of this crack

could not be obtained. For most practical purposes, the contour may be accepted as a

straight line.



Figure 5.11. A close-up from specimen OOSQ crack pattern
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Figure 5.13. A close-up from specimen OORC crack pattern
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Figure

5.15. A close-up from specimen OOSW crack pattern
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Figure 5.17. A close-up from specimen OOTE crack pattern
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6. EVALUATION OF THE TEST RESULTS

The punchmg behavior and capacity of Normal Strength Concrete (NSC) flat plate
systems with internal square columns under concentric loading was studied by other
researchers, and the empirical equations derived from.these studies are currently used in
most of the national building design codes. When the column shape is highlighted in the
previous available research, it may be concluded that, approximately threes quarter of the
available data is on square columns and approximately only one-tenth of the available data
is about shear wall punching.

Within the content of the current research, column stubs with aspect ratios
changmg from one (square column) to six (shear wall) was used in order to study the effect
of column rectangularity on the capacity and behavior of the NSC flat plates under
concentric loading. Mainly, the effect of column rectangularity on strength, deflections, .
energy absorption capacity and reliability of the TS-500 Building Design Code equations
were studied and given below. Moreover, an attempt was made and discussed below to
predict the shear stress at punching failure by considén'ng the concrete strength, column
rectangularity and the punching perimeter.

6.1. Effect of Column Rectangularity On Punching Strerigth

The punching failure may be defined as surpass of the principle tensile stresses
beyond the tensile strength of the concrete itself over a perimeter, which is called the
punching perimeter. For the case of square internal columns, there exist universally
accepted methods to define the punching perimeters, and these are mostly verified by the
experimental research. On the other hand, increasing column rectangularity may invoke
some errors in the punching perimeter calculations. At this stage of the investigation, the

punching perimeter @culation given in TS-500 [24] may need to be highlighted.

The theoretical punching perimeters for different shapes of internal rectangular
columns according to TS-500 [24] are given in Figure 6.1.a-c. The punching perimeter for

square, rectangular and T-shape columns is in the form of a closed perimeter as illustrated
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in Figure 6.1a,c, and the perimeter length, uprs was calculated according to Equation 6.1.
On the other hand, column rectangularity is considered for the shear walls as illustrated in
Figure 6.1.b, and the perimeter length, uyrs was calculated according to Equation 6.2.

Figure 6.1. TS-500 [24] illustration of punching perimeter -
U =2*(0+d)+(h+d) 6.1)

U s =2%((b+d)+(2*a, +d)) (6.2)

The value a, of the perimeter, uyrs in shear walls was calculated according to Equation 6.3.

a, = smaller of (h/ZJ ©3)

2*b

The calculated theoretical punching perimeters and the shear stress over this perimeter at
the time of punching failure are listed in Table 6.1. Experimentally obtained stresses at the
time of punching failure, v is calculated by dividing the punching load, P, by the product
of the length of the punching perimeter, u,ts, and the slab effective depth d, as given in
Equation 6.4. The theoretical value for the stress level at the time of punc'hing in TS-500,

vrs, is a function of concrete strength only and given in Equation 6.5.

P (6.4)
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Vs =0.35%F; ©3)

Table 6.1. Comparison of the experimental and calculated strength capacities

Specimen | Twot | Tiong | d | uprs | Vas

VTS
(mm) | (mm) | &N) | (mm) | (mm) | (MPa) (MPa)
00SQ 300 300 |353.60 [ 100 1690 221 1.75 1.27

OORC 120. | 480 |{327.81] 100 | 1600 | 2.05 1.75 | 1.17
O0OSwW 120 720 (35349 | 100 | 1600 | 225 | 1.75 1.29
OOTE | 120x170 | 463 {347.03 | 100 | 1600 | 2.21 1.75 1.24

Vqs/ VTS

The punching strength of the specimens ranged between 2.05 MPa and 2.25 MPa,
the highest being observed in shear wall type column stub specimen OOSW, and the

lowest being observed in rectangular column stub specimen OORC.

The limited number of data of the current research revealed that the punching shear
strength was inversely influenced by the increasing column aspect ratio until the limit of
shear wall type of supporting members. Shear strength of the shear wall type of column
stub member OOSW was nearly eqﬁal to that of the square column stub member OOSQ.

Although, a difference in punching shear strength between the specimens was
observed, the calculated stress difference at the time of failure was within 10 percent for
the batch of specimens. For the constant punching perimeter u,rs=1600mm, the ratio of
the experimental punching strength, vas to code given strength, vrs was above unity in all
specimens indicating a safety margin of approximately 25 percent in the code given values
under concentric loading. T-shaped specimen, OOTE also revealed that the code approach
of punching perimeter calculations yields safe results. Also, the observed punching

perimeters of the tests are in good agreement with the code predictions.
6.2. Deflection and Stiffness Comparisons

Specimens tested in this research had different column dimensions and aspect

ratios. In order to have a constant shear span to depth ratio (a/d), where the shear span is
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defined as the minimum distance from the column stub to the support perimeter, different
slab diameters were usec_i_ for the test specimens. Therefore, the slab center deflections of
the specimens may not be compared directly. The center deflection of a flexural member

is directly proportional to the specimen span as given in Equation 6.6.

_PD o 6.6)

= —

° ¢EI

Although, flexural stiffness (ED) also has a bearing on the deﬂection values
obtained, for the most practical purposes, flexural stiffness was considered to be the same
at any corresponding load Stage among the specimens. The deflection values of the
specimens may be corrected (normalized) for a slab of diameter Dap=1500 mm as shown
- in Equation 6.7. The value of Dg,;=1500 mm was chosen arbitrarily.

. 1500° . 6.7)
SC =T5c

Load deflection curves of all the specimens are given in Figure 6.2 for comparison
purposes. In this graph, the center deflection values are the net values obtained directly
from data acquisitibn system, and from here on it is going to be referred as raw
displacement data within this heading. On the other hand, the load deflection curves withi

corrected center deflection readings according to the Equation 6.7 are given in Figure 6.3.

It was observed -both from the raw data and the corrected data that, the slope of the
falling branches of the specimens, had similar tangent stiffness values. Specimen O0SQ
yielded the highest initial and tangent stiffness values in the raw data graphs. Other three
specimens had practically similar values in Figure 6.2. On the other hand, the tangent and
secant stiffness values of OOSW yielded the highest values with corrected displacements.
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Initial stiffness of the specimens with the raw data (K;) was calculated by using
Equation 6.8, while .the nntlal stiffiess using the corrected values (K;') were calculated
according to Equation 6.9.

(6.8)

"4

A
I
e

(6.9)

[ 4

A
)]
e

Similarly, the tangent stiffness (K) and the tangent stiffness by using the corrected
displacements (K;) were calculated adcording to the Equation 6.10 and Equation 6.11
- respectively. In these equations, it was assumed that the tangent stiffness between the load
level of initial flexural cracking and the failure of the flat plate was not changing.

PP (6.10)

P,-P, (6.11)

In some of the analytical approaches, the secant stiffness of the sub-assembly may be used.
As it was defined before, secant stiffness was also calculated for the raw data (K) and for
the corrected deflections (K ) with Equation 6.12 and Equation 6.13, respectively. The

calculated stiffnesses using the raw and corrected deflection values are given in Table 6.2.

« B (6.12)
sC ap
. | ' (6.13)




Table 6.2. Center displacements and stiffness values.of specimens.
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Specimen 00SQ | OORC | OOSW | OOTE
P, (kN) 353.60 | 327.81 | 359.49 | 347.03
P  (N) | 11335 [ 10855 | 108.85 | 10953
5, (mm) 6.93 8.23 9.43 9.03.
8«  (mm) 0.68 0.79 1.08 | 0.85
Dapp  (mm) 1,300 | 1,480 | 1,720 | 1,464
5 (mm) 10.64 | 8.57 6.26 9.71
8  (mm) 1.04 0.82 0.72 0.91
K; (N/mm) | 166,691 | 137,405 | 100,787 | 128,859
Ki  (N/mm) | 108,468 | 132,055 | 152,025 | 119,835
K. (N/mm) | 38,440 | 29,470 | 30,016 | 29,034
Ki  (N/mm) [ 25,018 | 28306 | 45,250 | 26,992
Ke  (N/mm) | 51,025 | 39,831 | 38,122 | 38,431
K.  (N/mm) | 33,208 | 38,259 | 57,472 | 35,728
K/K; 0.23 022 | 029 0.23
K /K 0.23 0.22 0.29 0.23
K/K; 0.31 029 | 038 0.30

Ke /K 0.31 0.29 0.38 0.30

The change in stiffness values after cracking was observed to be very high,
resulting in a tangent stiffness, which equals approximately 24 percent of the initial
stiffness.

approximately same.

When the corrected displacement values were used, the ratio remained
Beside this, the secant stiffness values were approximately 32

percent of the initial stiffness regardless of the use of raw or corrected displacement values.

The three stiffness values, namely initial, tangent and secant stiffness for the specimens
may be considered to be similar with their counterpart corrected values for most practical
purposes for specimens OORC and OOTE. On the other hand, the change in stiffness
values may not be ignored for the specimens OOSQ and OOSW depending on whether the

raw or corrected displacements are used.
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6.3. Enérgy Absorption of Test Specimens

It was observed that the shape of the load deflection curves differed from each
other due to the differences in column stub shape and aspect ratio as well as the differences
in slab support diameter, Dy, although the shear span to depth ratio, a/d was constant for

all the specimens. These differences may also influence the energy absorption rate of the
specimens.

The energy absorbed until the load level of punching failure P, was calculated for
all the specimens, and this value was called F, under this heading. The E; values differed
from each other due to the variables of the current investigation. Instead of comparing the
E; values among specimens, the rate of energy absorption for each specimen was attempted
to discuss. At successive steps of 20 percent increases of corresponding P, values, the

absorbed energy, Ez was calculated and the ratio of Eag to E; was given in Table 6.3.

Table 6.3. Ratio of the absorbed energy by the specimens
Load Level Ezo / Eq

% of P, | OOSQ | OORC | OOSW | OOTE
0%1t020% | 0.01 0.01 0.01 0.01

20%1t040% | 0.06 0.06 0.09 0.07
40%to 60%| 0.18 0.18 022 | 0.18
60% to 80% | 0.28 0.28 0.23 0.28
80% to 100%)| 0.47 0.47 0.46 0.45

The Exo/E; values of the specimens are plotted in Figure 6.4 for the purpose of
comparison. It may be concluded that, nearly all the specimens have similar energy

absorption rate with respect to their own E; values regardless of the variables of the current

experimental investigation.
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6.4  Residual Load Capacities of the Specimens

The former Bogazici tests [9, 18] on the punching behavior of the flat plates
revealed that the slabs with internal column stubs of square cross section had a residual
load capacity beyond the punching failure load level, related to the concrete compressive
strength, slab reinforcement ratio, existence of steel fiber reinforcement, and the load
eccentricity. This residual load capacity was reported both under eccentric-monotonic

loading [9], and eccentric-reversed-cyclic loading [18].

In the current research, the load capacity of all the specimens dropped suddenly
béyond the failure load, P,. Beyond the 3, displacement value, the drop in load was
stabilized at a certain load level, P.. and the specimens could carry this load under
increasing slab center deflections. The residual loads of the current investigation were

influenced by the column stub shape and aspect ratio. The experimental residual load
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levels of the specimens and the predictions of the capacities by Ozden’s equations [9] are
given in Table 6.4.

Although, the specimens are considered as failed beyond P, the residual load
capacity, Pr has prime importance in the nonlinear capacity predictions in push-over
anglysis of the flat plate structures. The Py, load capacity may also be uéed in determining
the redistribution of loads in the flat plate systems with multif:le columns, in progressive

failure analysis of such structures.

The equations derived from the previous Bogazici research data [9] utilizes the total
slab reinforcement cross section passing through the punching perimeter (ZA,, mm?); yield
strength of the slab reinforcement (f;, MPa); load eccentricity factor (y, without unit),
concrete cylinder cbmpressive strength (f’, MPa); and the flexural capacity of unit width
of slab (m, kN.m/m), for the calculation of the residual load capacity of the failed flat
platgs. Two equations were derived and reported by Ozden [9] for the P, capacity
calculations and they are given in Equation 6.14 and Equation 6.15. Either of the

equations are reported to be useable, the second being more reliable.

o A5*DA @) (6.14)
™ 1000
A *f *y*_If (6~15)
Pf:l'lsz ;OO(Y)*; 5 ()

In both of the above equations, the column rectangularity is not being considered
explicitly, instead the ZA; is calculated accordingly, since the data from which the above

equations were derived contained only square internal columns.

The total slab reinforcement cross sectional area passing through the punching
perimeter was calculated by two different approaches. In the first approach, the theoretical
punching perimeter specified in TS-500 [24] was used and the corresponding steel area
%A, was obtained. In the second approach, especially for specimen OOSW, the punching

perimeter was considered as continuous and a different steel area (ZAs;) was obtained.



46

Table 6.4. Experimental and calculated residual load capacities

(1) |Specimen o 00SQ | OORC | OOSW | OOTE
) Pr (kN) 14444 | 12345 | 151.70 | 135.03
3) (& (MP2) 24.86 24.86 24.86 24.86
(ORI (MPa) 547.00 | 547.00 | 547.00 | 547.00
(5) jm (kN.m/m) 50.31 50.31 50.31 50.31
©6) - 1.00 1.00 1.00 1.00
(7) [Aa (mm®) 2496.00 | 2184.00 | 2496.00 | 3120.00
(3) FAx (mm?) 2496.00 | 2184.00 | 3432.00 | 3120.00

9) [P with TAq
(10) [P with TAg

(kN) 11232 | 98.28 112.32 | 140.40
(kN) 11232 | 9828 | 15444 | 140.40

(11) P with SA &N) 15561 | 136.16 15561 | 19451
(kN)

(12) [P with TAg 155.61 136.16 213.96 194.51

(13) @)/ 9) 1.29 1.26 - 1.35 0.96
(14) [@) 7 10y 1.29 1.26 0.98 0.96
(15) [@)/ (1) 093 | o091 0.97 0.69
(16) [(2) / (12) 0.93 0.91 0.71 0.69

‘The residual load capacity predictions, as shown in Table 6.4 has good agreement
with the experimental data of the current investigation. Equation 6.14 predictions have a
higher safety margin, while the Equation 6.15 is more precise for the test specﬁnens
excluding the T-shaped specimen OOTE. The error in OOTE capacity prediction ﬁlay be

invoked by the existence of the inclined punching perimeter in plan with respect to the slab

reinforcement grids.

6.5. Evaluation of Available Data in Literature

The available test data in the literature is filtered for the Normal Strength Concrete
flat plates with square and rectangular internal column stubs loaded concentrically, where
the slabs contain no holes, and the specimens are listed in Table 6.5. The forty-four

specimens satisfying the constraints listed above are sorted primarily according to the
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column aspect ratio and secondarily with respect to the Neng/d Tatio in Table 6.4.
Specimens of the current experimental investigation are also included in this table.
Dimensional, material, réinforcement layout and failure loads are listed together with the
names and the reference numbers of the published papers.

Due to the column aspect ratlos and slab depths, some of the specimens may have
dlscontmuous calculated punching perimeters, upts as defined in TS-500 [24] and given in
Equation 6.2. The crack patterns given in Chapter 5 yield that, the punching perimeter of
the shear wall type column stubs may not be discontinuous but continuous at 2 distance d/2
from the column stubs. For this reason a new continuous punchmg perimeter, Up is

defined as given in Equation 6.16 with reference to Figure 6.1.

u, =2*(b+d)+(+d)) (6.16)

In this equation it is assumed that, the punching perimeter of a rectangular column
lies at a distance of d/2 from the column stub and it is continuous over this perimeter,
regardless of the column aspect ratios. The shear stress over this perimeter at the time of

punching failure, v.. may be calculated as given in Equation 6.17.

P (6.17)

The above approaches are for determining the shear strength achieved at the flat-
plate-to-column sub-assemblies in the experimental investigations. Beside this, a method
need to be developed in order to achieve this experimental value from the givens of the
sub-assemblies. It was reported that [9], the punching shear strength of flat plates may be
calculated simply by considering the rnng/d ratio of the column stub and the concrete

strength, f.” as given in Equation 6.13.

(6.18)
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The Equation 6.18 inherently does not consider the column: rectangularity.
Two attempts are made, in order to incorporate the effect of column rectangularity
and the riong/d ratio at once, and the resulting two equations developed within the content of

the current investigation are given in Equation 6.19 and Equation 6.20.

(6.18)

(6.20)

Since, the punching perimeter calculations inherently contains the slab effective
depth, the proposed equations implicitly consider both the concrete strength, column
rectangularity and the rie/d ratio of the specimens. The value of ‘experimental shear
strength, ves obtained according to the TS-500 [24] punching perimeter approach;
expeﬁmentai shear stréngth, Ve Obtained according to the new punching perimeter
approach outlined in Equation 6.16; the predicted shear strength, vrs according to TS-500
Building Code[24] by Equation 6.5; the predicted shear strength, v. proposed by
Ozden[9]; and the predicted shear strengths, v.; and v.3 proposed in the current research
are tabulated in Table 6.6 and Table 6.7. For comparison purposes the ratios ve/vrs,
Vats/ VTS, Vets/Vel, Vats/Vez, Vats/Ves, Voo Vel, Ve Ve2, Veo/Ve3 values are also given in Table 6.7 and

plotted in Figure 6.5 to Figure 6.12.
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Spe.Ref| Spem. Dy | t [ @ [ d [ g | o | £ f; | D|s |s |P

No. Name _|(mm)|(mm)| (mm)| (mm)  (mm) | (mm) |(MPa)|(MPa)| (mm) | (mm) | (mm) | &N)

1 OOSW_|1720| 120 | 100 | 20.0 {720.0[120.0] 24.9 | 547 |10.0 | 75.0 |150.0359.5
2 |[54] 4 18291 152 [ 117 495.0{114.0{ 31.0 | 412 [15.9[1524 330.8
3 |54 8 1829 152 | 117 495.0(114.0] 26.1 | 414 |12.7(1333 314.8
4 OORC 1480|120 | 100 [20.0 [480.0]120.0] 24.9 | 547 | 10.0 | 75.0 |150.0|327.5
5 _OOTE | 14641 120 | 100 {20.0 [463.0{120.0] 24.9 | 547 [10.0 | 75.0 |150.0|347.0
6 [543 3 18291152 | 117 | - |457.0]152.0] 32.0 | 412 |15.9|152.4 3335
7 1341 5 1829] 152 | 117 457.0{152.0] 26.9 | 412 {15.9]65.3 355.3
8 |[54] 6 1829 152 | 117 457.0(152.0] 22.7 | 412 [159(1524 336.1

9 541 7 1829] 152 | 117 457.0{152.0] 259 | 412 [15.9[196.9 320.1
10 112)) R1  [1800] 152 | 114 457.2|152.4| 27.6 | 328 [15.9]127.0 394.0
1547 9 1829 152 [ 117 305.0{152.0] 295 | 414 |12.7 [139.7 315.6
12 541 2 1829( 152 [ 117 406.0{203.0] 26.4 | 412 |15.9]1524 351.7
13 1[471| . V/I/1 | 850 {76.2 [55.6 {20.6 [152.4| 762 26.7 | 414 | 7.9 |76.2|76.2(108.7
14 li56)] 1T/3  [1700[ 100 | 80 430.0(230.0| 17.0 | 490 | 8.0 [48.0 2449
15 00SQ |1300( 120 | 100 | 20.0 [300.0[300.0] 24.9 | 547 [10.0|75.0 [150.0|353.6] .
16 [[12]] MIA [1800| 152 | 114 304.8{304.8 20.8 | 481 |19.1]165.1 4332
171571 S-3 |597[50.8(38.1 101.6{101.6] 26.2 | 345 | 6.4 [59.0 53.4

18 |{54] 1 1829 152 | 117 305.0[305.0] 304 | 412 [15.9]1524 384.2
19 [1413] 2S6 [864 [76.2(63.5 15241524} 195 [ 376 | 6.4 [31.8 96.6

20 [41]] 3S6 | 864 [76.2(63.5 1524|1524} 23.0 | 376 | 6.4 [15.8 150.0
21 |[58]] AN-1 |[1828] 146 | 111 254.0[254.0[ 18.7 | 404 |159][118.6 334.3

22 Jj471| V//2 | 850 [76.255.6(20.6 [127.0]127.0{ 27.6 | 435 | 7.9 |76.2]76.2 [118.0
23 11211 S1-60 [1800] 152 | 114 254.0|254.0] 23.3 | 400 [15.9(165.1 389.5
24 112]] S2-60 [1800] 152 | 114 254.01254.0] 22.1 | 400 1591143 356.2
25 J1123] S3-60 [1800] 152 ] 114 254.01254.0[ 22.6 | 400 |15.9]76.2 363.9
26 I1123] S4-60 [1800] 152 | 114 254.01254.0] 23.8 | 400 [15.9]50.8 333.9
27 [12)] S1-70 [1800] 152 [ 114 254.01254.0] 24.5 | 483 [15.9]165.1 392.7
28 [1123] S3-70 [1800] 152 | 114 254.0|1254.0] 254 | 483 [15.9]76.2 378.4
29 jj12]] S4-70 [1800| 152 | 114 254.01254.0] 35.2 | 483 [15.9(50.8 374.0
30 |[12]] S4A-70 [1800] 152 | 114 254.0[254.0] 20.5 | 483 [15.9]50.8 311.6
31 (123 H1  [1800] 152 | 114 254.0|254.0] 26.1 | 328 [15.9[186.0 371.7
32 |[49]|NHZS 1.0[1870] 150 | 119 |26.0 [250.0/250.0| 32.2 | 400 |16.0170.0{170.0{475.5
33 |[49]|NNZS 1.0]1870] 150 | 119 [26.0 250.0/250.0{ 37.2 | 400 |16.0 |170.0{170.0[484.8
34 1a1)] 2S5 | 864 [76.2|63.5 127.0[127.01 235 | 376 | 6.4 [31.8 96.6

35 | [9] [NRIEOF0|1200| 120 | 100 |20.0 [200.0/200.0| 21.6 | 507 |10.0 |108.0/218.0/187.9
36 | [9] [NR2EOF0[1200] 120 | 100 | 20.0 [200.0{200.0| 20.0 | 507 |10.0|72.0 |145.0{201.6
37 |[58)] BN-1 |1828] 146 | 111 203.0{203.0( 20.2 | 404 [15.9(177.8 265.8
38 [[59)] Kl 1500] 200 | 180 | 20.0 {300.0{300.0] 26.0 | 568 | 13.0{80.0 | 80.0 |658.0
39 |[a1]] 254 | 864 76.2]63.5|  [1016[101.6| 24.6 | 376 | 6.4 [318 85.8

40 ff41]] 3S4 [ 864 [762|63.5 101.6/101.6| 24.1 | 376 | 6.4 | 15.8 115.2
AT [z] Rz |1800] 152 | 114 1524{152.4] 26.6 | 328 |15.9]127.0]  [31L6
42]413] 2S3 [ 864 |76.2 |63.5 7621762 | 26.1 | 376 | 64 |31.8 91.2

43041)] 2R2 | 864|762 ]63.5 50.8[50.8 | 27.6 | 376 | 6.4 |31.8 81.9

44 1417|352 | 864 [76.2|63.5 50.8(50.8| 242 | 376 | 64 |15.8 78.5
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pc‘Rﬂf SPCD'L_ Tiong/ Tehort Nae/d | a/d Upe ars | Uprs Vee Vs Vs Vet
No. _ Kaspect ratio) | (mm) | (mm) | (mm) |(MPa)|(MPa)|(MPa)|(MPa)
1 O0SW | 6.00 |7.20 | 5.00 £080.001240.00 1600.000 1.73 | 2.25 | 1.75 | 1.30
2 [54] 4 434 | 422 | 5.69 1687.20228.00[1609.20 1.67 | 1.75 1.95 | 1.90
3 541 8 434 | 422 | 5.69 [1687.20228.00[160920 1.59 | 1.67 | 1.79.| 1.74
4 OORC | 4.00 [ 4.30 | 5.00 [1600.001240.0011600.00 2051205175 1.59
5 OOTE | 3.86 | 4.63 | 5.01 [1600.00231.50/1600 00 217 [ 217 1 1.75 | 1.62
6 541 3 3.01 | 3.90 | 5.85 1687.200228.50(1687.20] 1.68 | 1.68 | 1.98 | 2.01
7541 5 3.01 3.90 | 5.85 [1687.20228.50/1687.20 1.80 | 1.80 | 1.82 | 1.84
8 [54] 6 301 | 3.90 | 5.85 [1687.20[228.50(1687.20( 1.70 | 1.70 | 1.67 | 169
Sy 7 3.01 3.90 | 5.85 |1687.201228.50{1687.20 1.62 | 1.62 | 1.78 | 1.80
1012} Rl 3.00 | 4.00 | 5.87 [1676.401228.60[1676.400 2.06 | 2.06 | 1.84 | 1.84
11541, 9 2.01 | 2.60 | 6.50 [1383.20{152.50[1383.20) 1.95 | 1.95 | 1.90 | 236
12154) 2 ~ 200 | 346 | 6.07 [1687.20203.0011687.20 1.78 | 1.78 | 1.80 | 1.93
13 a7y Vi1 2.00 | 2.74 | 6.27 {679.60{76.20|679.60] 2.88 | 2.88 | 1.81 | 2.18
14 156) 173 1.87 | 538 | 7.94 [1640.00215.00[1640.00 1.87 | 1.87 | 1.44 | 1.24
15| - | 00SQ 1.00 | 3.00 | 5.00 [1600.00150.00{1600.000 2.21 | 2.21 | 1.75 | 2.02
16 [12]] MI1A 1.00 | 2.67 | 6.54 [1676.40{152.40/1676.40 2.26 | 2.26 | 1.60 | 1.95
17 571 S-3 1.00 | 2.67 | 6.50 |558.8050.80 {558.80{ 2.51 | 2.51 [ 1.79 | 2.19
18541 1 100 | 2.60 | 6.50 {1689.2001152.50[1689.20 1.94 | 194 | 1.03 | 2.39
19 j413] 2S6 100 {240 ] 5.60 |863.60]76.20(863.60] 1.76 | 1.76 | 1.55 | 2.00
20 [41]] 3S6 100 | 2.40 | 5.60 |863.60]76.20[863.60| 2.74 | 2.74 | 1.68 | 2.17
21 [[58]] AN-1 100 | 2.29 | 7.09 [1460.001127.00{1460.000 2.06 | 2.06 | 1.51 | 2.00
22 471 VN2 1.00 | 228 | 6.50 [730.40|63.50{730.40| 2.91 | 291 | 1.84 | 243
23 [[12]] S1-60 1.00 | 2.22 | 6.76 [1473.200127.00{1473.200 231 | 231 | 1.69 | 2.27
24 [12]] S2-60 100 | 2.22 | 6.76 {1473.200127.00(1473.20 2.12 [ 2.12 | 1.65 | 2.21
2512]] S3-60 100 | 2.22 | 6.76 [1473.200127.001473.200 2.16 | 2.16 | 1.66 | 2.23
26 [12]] S4-60 1.00 | 222 ] 6.76 [1473.20{127.00(1473.200 1.98 | 1.98 | 1.71 | 2.29
27 [[123] S1-70 1.00 | 2.22 | 6.76 {1473.201127.00/1473.200 233 | 233 | 1.73 | 2.32
28 [[12]] S3-70 1.00  12.22 | 6.76 [1473.200127.00)1473.200 2.25 | 225 | 1.76 | 2.37
29 [[12]} S4-70 1.00 | 2.22 | 6.76 [1473.200127.00{1473.200 2.22 | 2.22 [ 2.08 | 2.79
30 [[12]) S4A-70 | 1.00 | 2.22 | 6.76 [1473.20(127.00[1473.201 1.85 | 1.85 | 1.58 | 2.13
3112]] HI 1.00 | 2.22 | 6.76 [1473.200127.00(1473.20{ 2.21 | 2.21 | 1.79 | 2.40
32[49]NHZS 1| 1.00 | 2.10 | 6.81 {1476.001125.00{1476.000 2.71 | 2.71 | 1.99 | 2.74
33 [49]INNZS 1| 1.00 | 2.10 | 6.81 |1476.001125.00{1476.00 2.76 | 2.76 | 2.13 | 2.95
34 [41] 2S5 1.00 | 2.00 | 5.80 |762.00]63.50762.00] 2.00 | 2.00 | 1.70 | 2.40
35|[9] NRIEOFO 100 | 2.00 | 5.00 [1200.00{100.00{1200.000 1.57 | 1.57 | 1.63 | 2.30
36 |[9]INR2EOFQ  1.00 | 2.00 | 5.00 [1200.00{100.00[1200.00{ 1.68 | 1.68 | 1.57 | 2.21
37 [[58]] BN-1 1.00 | 1.83 | 7.32 [1256.001101.50[1256.00( 191 | 1.91 [ 157 [ 2.33
38591 Kl 1.00 1.67 | 3.33 [1920.00{150.00{1920.00 1.90 | 1.90 | 1.78 | 2.76
39 [41]] 254 1.00 | 1.60 | 6.00 |660.40]50.80660.40| 2.05 | 2.05 | 1.74 | 2.74
40 411 384 1.00 | 1.60 | 6.00 [660.40]50.80[660.40| 2.75 | 2.75 | 1.72 | 2.72
4112]] R2 1.00 1.33 | 7.21 [1066.80( 76.20 [1066.800 2.56 | 2.56 | 1.81 | 3.13
42 [41] 2S3 1.00 | 1.20 ] 6.20 |558.80|38.10{558.80| 2.57 | 2.57 | 1.79 | 5.26
4341 2R2 1.00 | 0.80 | 6.40 {457.20{25.401457.20| 2.82 | 2.82 | 1.84 | 4.11
44 [41] 3S2 1.00 | 0.80 | 6.40 |457.20{25.40|457.20] 2.70 | 270 | 1.72 | 3.85




Table 6.7. Calculated punching shear strengths of the available data
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. %p:Ref Spem : Q‘&;"a) ﬂ\‘d/;a) Vo VIS (Ve V15| VersVer [Ves/Vea [V Ves | Ve Ve Veo/Ve2 | Veo/ Vs | Ry
1 OOSW | 134 [ 1.53 [ 0.99 [ 1.29 | 1.73 | 1.63 147 | 133|129 | 1.13 | 1.15
2 541 4 1.81 | 1.85 | 0.86 | 0.90 | 0.92 | 0.97 [ 0.95 | 0.88 | 0.92 0.90 | 0.82
3 {541 8 1.66 | 1.70 | 0.89 | 0.93 [ 0.96 | 1.01 | 0.98 | 0.91 | 0.96 | 0.9 0.66
4 OQORC | 164 | 1.64 | 1.17 [ 1.17 | 128 | 1.25 | 1.25 128 {125[125[1.15
5 OOTE | 167 | 1.67 | 1.24 | 1.24 | 1.34 | 1.30 | 130 1.34 | 130 [ 1.30 | 1.15
6 [[54)] 3 1.96 | 1.96 | 0.85 | 0.85 | 0.84 | 0.86 | 0.86 | 0.84 | 0.86 | 0.86 | 0.81
7054 5 1.79 1 1.79 | 0.99 | 0.99 | 0.98 | 1.00 | 1.00 | 0.98 | 1.00 | 1.00 | 2.05
8 |[54]] 6 165 | 1.65 { 1.02 | 1.02 | 1.01 | 1.03 | 1.03 | 1.01 | 1.03 | 1.03 | 0.96
9 1541 7 1.76 | 1.76 | 0.91 | 0.91 | 0.90 [ 0.92 | 0.92 [ 0.90 | 0.92 | 0.92 | 0.69
10 [f12)] Ri 18] {181 | 112 1112 [ 1.12 [ 114 | 1.14 | 1.12 | 114 | 1.14 | 0.85
11 |1541] 9 2.08 1 2.08 | 1.02 | 1.02 | 0.83 | 0.93 [ 0.93 | 0.83 | 0.93 | 0.93 | 0.59
125417 2 1.89 | 1.89 1 0.99 1 0.99 | 0.92 [ 0.94 | 0.94 [ 0.92 | 0.94 | 0.94 | 0.89
13 |[47)| V/x/1 | 1.96 | 1.96 | 1.59 | 159 | 132 | 1.46 | 1.46 | 1.32 146 | 1.46 | 0.94
14 [56]] 1/3 | 1.45]145[1.29 129 ]150] 129129150129 1.29 | 1.56
15 008Q |2.07 [ 2.07 | 127 [ 1.27 | 1.10 [ 1.07 | 1.07 | 1.10 | 1.07 | L.07 | L.15
16 [12]] MIA |'1.93 [1.93 [ 142 [142 [ 106 | 1.17 | 107 | 1.16 | 1.17 | 1L.17 1.59
17)(57)) S-3 1216 [2.16 [ 140 | 140 [ 1.14 | 1.16 | 1.16 | 1.14 | 1.16 | L.16 0.95
18 |[54)] 1 234 1234 11.00|1.000.81 {0.83|083]0.81 083|083 083
19 [41]] 286 | 1.89|1.89 | 1.14 | 1.14 | 0.88 [-0.93 | 0.93 | 0.88 | 0.93 | 0.93 | 134
20 |j41)] 386 | 2.05]2.05|1.63 | 1.63 [ 1.26 | 1.33 | 1.33 | 1.26 | 1.33 | 1.33 | 2.47
21 |[58]] AN-1 |1.87 |1.87 (136|136 | 1.03 | 1.11 | 1.11 | 1.03 | L11 | L11 | 1.41
22 [a7)| V)2 1227227158158 [ 119128 [1.28 | 1.19 | 1.28 | 1.28 | 0.97
23 |[12]| SI-60 |2.09 |2.09 137137102 011|111 102 L1l 111 | 087
24 |[12]] S2-60 |2.04 | 2.04 | 1.29 | 1.29 [ 0.96 | 1.04 | 1.04 | 0.96 | 1.04 | 1.04 | 1.29 |
25 |[12]] $3-60 | 2.06 [ 2.06 | 1.30 [ 1.30 | 0.97 | 1.05 | 1.05 | 0.97 | 1.05 | 1.05 | 1.91
26 [12]) S4-60 | 2.11 [ 2.11 | 1.16 | 1.16 | 0.87 [ 0.94 | 094 | 0.87 | 0.94 | 0.94 | 2.80
27 J[12]{ S1-70 | 215 2.15 1135 [1.35[1.001.09[1.09]1.00]1.09]1.09 [ 1.02
28 |[12]f S3-70 | 2.18 {218 [ 1.27 | 1.27 {095 [1.03|1.03[095]1.03|1.03 (218
29 [[12]| S4-70 | 257 1257 | 1.07 | 1.07 [ 0.80 | 0.86 | 0.86 | 0.80 | 0.86 | 0.86 | 2.78
30 |[12]| S4A-70 | 1.96 | 1.96 | 1.17 | 1.17 | 0.87 | 0.94 | 0.94 | 0.87 | 0.94 | 0.94 | 3.64
3112} HI [221[221{123]123[092]1.00/100]0.92]/100]/1.00]060
32 [49]{NHZS 1 {248 | 248 | 136 | 1.36 { 0.99 | 1.09 | 1.09 | 0.99 | 1.09 | 1.09 | 0.70
33 J[49]/NNZS 1 {267 | 267 | 129|129 (094 | 1.03 | 1.03 | 094 | 1.03 | 1.03 | 0.65
34 41)] 285 | 214|214 |1.18]1.18 /083 ]0.93]093(083|093]093]122
35 |[9] NRIEOFQ{ 2.05 | 2.05 | 0.96 | 0.96 | 0.68 | 0.76 | 0.76 | 0.68 | 0.76 | 0.76 | 0.79
36 [[9] INR2EOFO{ 197 | 1.97 | 1.07 | 1.07 { 0.76 | 0.85 | 0.85 | 0.76 { 0.85 | 0.85 | 1.24
37 |[58)f BN-1 (201|201 [121]121]082/[095]095]082]0.95]095]0.90
38059 K1 |2320232]1.07]1.07/069]|0.82]082/[069]082]0.821]1.03
39f417] 284 | 228|228 | 1.18]1.18]0.75]0.90]0.90]0.75]0.90 | 0.90 | 1.19
40 [r417] 354 |225]225]1.60]1.60]1.01|1.22|122]|101]122(122]242
41121l R2 [246 246|142 (142082 [1.04 |1.04[082]1.04(1.04]087
42 fa1] 283 [249[249 144 |144]0.79 | 1.03 |1.030.7911.03]1.03]115
43 Ja1)] 2R2 | 2.84 [ 2.84 | 1.53 | 1.53 ] 0.69 | 0.99 | 0.99 | 0.69 | 0.99 | 0.99 | 1.12
44 ra1y] 352 | 266 2.66]157]1.57]0.70 | 1.02 [ 1.02 | 0.70 | 1.02 | 1.02 | 2.41
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The graphs shown in Figures 6.5 to 6,12 are yielding the ratios of the experimental
values to the -predicted capacmes of the individual specimens. The eight graphs given,
need to be statlstlcally evaluated for the best fit in order to choose the most suitable design
equation for the punching shear strength calculations.

The data set is divided mainly into two groups; one with column aspect ratio of
unity which contains square columns, and the other with column aspect ratio greater than
unity which contains the rectangular columns and the shear walls. Mean value, minimum
and maximum values, spread of the data points were calculated for these data sets and
given in Table 6.8. Beside these statistical values, the sum of absolute value of the errors
of each data set with respect to their own mean value was also calculated and listed in the

same table.

The TS-500 Building Code [24] approach on punching perimeter determination and
shear strength predictions (Vas/v1s) had a spread value of 0.78 and a Zerr of 7.52 for the
whole data set. On the other hand, the ratio for the proposed perimeter and streﬁgth
calculation equations (ve/ves) yielded 0.70 and 5.24 for the data spread and ZXerr
respectively, for the whole data set. As a result, the proposed approach may be considered

as more realistic than the available code equations.

When the data set of specimens with square columns only was considered, the code
j)redictions yielded a spread of 0.67 and a Zerr of 4.37, while the proposed approach
yielded 0.57 and 3.09, respectively. The same statistical variables were 0.74, 2.23 and
0.60, 2.21 for the code predictions and for the proposed equations, respectively in case of

rectangular columns with aspect ratio greater than unity.

Investigation on the predicted and the experimental shear strength of the specimens
of the current investigation and of the available test data indicated that, the rie/d and

Tiong/Tshort Tatios had a bearing on the punching strength of the flat plates, and need to be

incorporated into the design equations.



Table 6.8. Statistical evaluation of the Figures 6.5 to 6.12

Graph - All Available Data Data with Column Aspect Ratio=1 | Data with Column Aspect Ratio>1
(44 Specimens) (30 Specimens) (14 Specimens)
Method | Mean | Min Max Spread | Zerr | Mean | Min | Max [ Spread | Serr | Mean | Min | Max Spread | Zerr
Veo/ VTS 122 |0.85|1.63| 0.78 {778 1.30 {096 1.63 | 067 | 437 1.07 |1085(1.59| 0.74 |2.17
Ves/Vrs | 123 10.85[1.63( 0.78 [7.52] 1.30 | 0.96 | 1.63 0.67 |4.37| 1.09 |0.85(1.59| 0.74 |2.23
Vets/Vel 098 1068|173 105 [7.15] 091 [0.68|1.26| 058 3881 1.12 {083 |1.73| 090 |3.17
Vas/Ve2. | 1.05 | 0,76 | 1.68 092 (575 1.02 (076|133 | 057 [3.09] 1.13 |0.86| 1.68 082 |2.72
Vets/Ve3 1.05 {0.76 | 1.47 | 0.71 |5.59 1.02 [0.76 { 1.33 | 0.57 |3.09| 1.11 [0.86[1.47| 061 |252
Veo/ Vol 0971068 150 082 |6.76| 091 [0.68|1.26]| 058 388 1.08 (083|150 0.67 |2.78
<8\<..w 104 1076146 | 0.70 [536] 1.02 [0.76 | 1.33 | 057 3.09]| 1.09 {0.86|1.46| 0.60 |2.35
VeelVe3 104 1076 | 146 | 0,70 |5.24| 1.02 [0.76 [ 1.33 | 0.57 3.09| 1.08 |0.86]| 146 0.60 |2.21

Zerr = Zfabsolute(Data Point Value — Mean of the Specific Data Set)]
Spread = Max. - Min |
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7. CONCLUSIONS

- The following conclusions may be drawn as a result of the research outlined above:

In all of the four specimens, regardless of the column x-sectional aspect ratio, the
punching failure occurred suddenly. The failure was abrupt and brittle. After the
pimching failure, the concentric load capacity of the plate-to-column connection
dropped suddenly. |

Beyond the failure load, another force equilibrium point was reached. This level of
capacity, at which the plate could carry the load under increasing center deflections,

may be called residual load level.

The shear stress over a punching perimeter at the time of failure is comparable in
all of the specimens, the rectangular plate-to-column connection yielding the lowest
value. The experimentally obtained shear strength level degrades from the case of
- square column to the case of rectangular column,. and raise up to the level of square

column again in the case of shear wall specimen.

The punching load capacity predictions, via TS-500 Building Design Code
equations yielded safe results, the safety margin being around 25 percent.

Stiffness degradation of the plate-to-column connection was studied by comparing
the tangent and secant stiffness values with the initial stiffness value. It was
observed that, the tangent and the secant stiffnesses were approximately 25 and 35

percent of the initial stiffness, respectively.

The investigation on the energy absorption at successive 20 percent load
increments that of the punching capacity indicates that, highest energy was
absorbed between 40 to 60 percent load level. This may indicate that, the largest

plastic deformation at the plate-to-column connection occurs at this load level,
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The residual load levels of the plate-to-column connections with higher column

rectangularity may well be predicted by the equations proposed in the previous
Bogazici research.

The punching capacity calculation of the connection may be refined By using the
column rectangularity in the theoretical shear strength predictions as given in
'Equation 6.17 and Equation 6.20 of the current investigation.

The compression side of the flat plates rerained uncracked and uncrushed until the

punching failure took place.

The crack patterns on the tension side of the specimens resemble the shape of the

column stub. The cracks are intensified around the column shorter sides.

The flexural crack, which became the punching crack when the punching load was

reached, was located at a distance of “d” from the column stub.
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