National Libra
I*I ofac.grr‘lgda ” du Canada

Bibliothéque nationale

Canadian Theses Service  Service des théses canadiennes

Ottawa, Canada
K1A ON4

NOTICE

Thequality of this microformis heavily dependent upon the
quality of the original thesis submilted for microfilming.
Every effort hasbeen made to ensure the highest quality of
reproduction possible. -

Y pages are missing, contact the university which granted
the degree,

Some pages may have indistinct print especially if the
original pages were typed with a poor typewriter ribbon or
it the university sent us an inferior photocopy.

Reproduction in full orin part of this microform is governed
by the Canadian Copyright Act, R.S.C. 1970, ¢. ¢-30, and
subsequent amendments.

NL:JJD9 (v, 88/04) ¢

AVIS

La qualité de cette microforme dépend grandement de 1a
qualité de 1a thése soumise au microtilmage, Nous avons
tout tait pour assurer une qualité supéreure de reproduc-
tion.

Sl _manque des pages, veuillez communiquer avec
luniversité qui a contéré te grade.

La qualité d'impression de certaines pages peut laisser &
désirer, surtout si les pages originales ont été dactylogra-
phiées a laide d'un ruban usé ou si Funiversité nous a fan
parvenir une photocopie de qualité inlérieure.

La reproduction, méme partieile, de celte microlorme esi

soumise & la Loi cznadienne sur te droit d'auteur, SRC
1970, c. C-30, et ses amendements subséquents.

Canadi



A CRITICAL REVIEW OF THE
SYMMETRIC PUNCHING SHEAR
OF REINFORCED CONCRETE FLAT SLABS

by

Mongi Grira

A Thesis
presented to the University of Ottawza
in partial fulfillment of the
requirements for the degree of
Master of Applied Science
in

Civil Engineering

DEPARTMENT OF CIVIL ENGINEERING
UNIVERSITY OF OTTAWA
OTTAWA, ONTARIO
October, 1990

© Mongi Grira, Ottawa, Canada, 1991



i
..-

National Library

8ibliothéque nationale
of Canada

du Canada

Canadian Theses Service  Service des théses canadiennes

Orntawa, Conxta
KI1A ONg

The author has granted an irevocable non-
exclusive licence allowing the National Library
of Canada to reproduce, loan, distribute or sell
copies of his/her thesis by any means and in
any form or format, making this thesis available
to interested persons.

The author retains ownership of the copyright
in hisfher thesis. Neither the thesis nor
substantial extracts from it may be printed or
otherwise reproduced without his/her per-
mission.

I "auteur a accordé une licence irrévocable et
non exclusive permettant a la Bibliothéque
nationzale du Canada de reproduire, préter,
distribuer ou vendre des copies de sa thése
de quelque maniére et sous quelque forme
que ce soit pour mettre des exemplaires de
cette thése a la disposition des personnes
intéressées.

L'auteur conserve (a propriété du droit d'auteur
qui protége sa thése. Nila thése ni des extraits
substantiels de celle-ci ne doivent &tre
imprimés ou autrement reproduits sans son
autorisation.

ISBN 0-315-5808a-1

Canadi



I@ UNIVERSITE D’OTTAWA
UNIVERSITY OF OTTAWA



Abstract

The prebicm of symmetric punching shear arises most often in relation to interior
column-flat plate connections , and is associated with the high concentrations of
shear at the column peripheries. Muny experimental programs were undertaken
by previous researchers. The test results. methods or analysis and suggested

design equations of previous published experimental research are reviewed.

An experimental investigation on moel slabs and on a 1/3 scale composite bridge
deck showed that the ultimate punching sheas load depends on the shape of the
loaded area, the compressive strength of concret 2, the flexural reinforcement ratio
and on the arrangement of steel bars. Punching filure follows the formation of
an inclined failure surface from the edge of the loaded area to the opposite slab

face running through the effective depth at a mean angle of 22 to 30 degrees.

One theoretical approach is to treat punching shear by means of ordinary flexure
theory. A study of the application of the ¥ield line theory proves that this theory
alone is not recommended to treat local failure because of the violent and non-
ductile nature of punching shear failure. Punching shear can be modeled also by
ties and struts. Even though this approach explains the distribution of the forces
in any direction ;nd it is easy to understand and little success has been achieved
by previous researchers to develop it. An explanation of the application of the
strut and tie model to symmetric punching shear is given to provide a base for

future experimental programs and the development of this approach.

The mechanism of symmetric punching of slabs without shear reinforcement is
described based on observations from tests. An empirical equation to determine

the ultimate puﬁching load of flat slabs is proposed. This cquation provides infor-



mation on the effect of different parameters on punching shear. North American

and British codes are discussed and compared to the proposed equation.

Some researchers have tried to rationally model the punching shear of flat slabs.
Four rational models are selected for discussion and compared to the proposed
equation. The upper bound soiution model which is based on the plastic ap-
proach focuses upon the translational displacement rates in the failure surface,
neglecting any slab rotation. A major \\'eak.ﬂess of this approach is that the ef-
fect of flexural reinforcement is neglected. Pralong’s model uses a lower bound
approach involving the tensile strength of concrete. This model fails to predict
punching shear failure loads of under-reinforced or heavily reinforced slabs. Even
though the approach of applying ties and struts models to the punching of fat
slabs offers the brightest prospects of ‘pmviding a rational and generally applica-
ble description of the phenomenon, the application of the proposed truss model
by Alexander and Simmonds [4] is in doubt. The contribution of the steel is
questicnable. A notable mechanical model proposed by Kinnunen and Nvlander
[37]is considered as the most complete one to date. It involves the rigid rotation
of slab portions separated by radial cracks. The calculation is rather complicated

but it is suitable for computer use.

It is concluded that the proposed equation can predict the ultimate punching
shear loads of flat slabs with confidence similar to Kinnunen and Nylander’s
model. The existing rational models can be improved, but in the short term it
is well to remember that an honest empirical approach with a defined range of
applicability is preferable to misleading models. Present North Americen codes
should be updated to express the state of present day knowledge, particularly
with the inclusion of the influence of the flexural reinforcement.
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ay = Half distance between two supports

e
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Area of fallure surface

A, = Cross-section area of steel

A, = Area of steel in chosen section of slab
Ases = Area of a slab

Asp = Area of prestressed reinforcement

A, = Area of ordinary reinforcement in prestressed concrete

3
&
|

Total cross-sectional area of shear reinforcement

Side dimension of a square column

Side length of a square slab

Diameter of a circular column

b
B
B = Width of the slab area contributing to punching strength
C
C Diameter of circular a slab

Co = Diameter of circular shear crack after failure

| Effective depth of a slab

d
d = Cover of reinforcing mat
d

e = Maximum aggregate size

Effective depth of ordinary reinforced concrete
Effective depth of prestressed concrete
Eccentricity of a column
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[
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Lever arm of the interior resisting moment of a slab.

&
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Cylindrical compressive strength of concrete
fee = Average effective concrete prestress immediately after postensioning
Set = Tensile strength of concrete

fet = Effective strength of concrete
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fa
For

f 0.2

Maximum compressive stress of concrete

Cube Compressive strength of concrete

Effective cube compressive strength of concrete

Split cylindrical tensile strength of concrete

Yield stress of non prestressed reinforcing bars

0.2% proof stress of prestressed reinforcement

Overall thickness of the slab

Dimensionless parameter

Coefficient depends on the type of concrete

Coeficient depends on the geometry of the column
Dimensionless parameter

Ratio effective compression strength to effective tensile strength.
Applied Moment

Ultimate resisting moment of a slab

Positive ultimate flexural load

Positive yield moment

Shear span length

Theoretical load calculated from equation

Theoretical load calculated from equation

Ultimate failure load measured during test

Theoretical ultimate shear load

Ultimate capacity load at an eccentricity e

Decompression load of a prestressed slab in the longitudinal direction
Decompression load of a prestressed slab in the transverse direction
longitudinal component of P,

Transverse component of P,

Yield load

Dimensionless parameter

Radius of yield fan



Rl = Resultant if tangential forces in the reinforcement

R2 = Resultant of radial forces in the reinforcement

r3 = Maximum distance from which the shear reinforcement should be placed

Ts = Radius of the slab area in which the yield point stress f, is reached in the
reinforcement over a column

Ru = Punch radius at the bottom of the slab

S = Efective tributary width of reinforcing bar

I

Length of control perimeter

Ug = Perimeter of a column
Uo = Perimeter of a slab
U, = Perimeter of the punch surface at the bottom of a slab
Ty . = Ultimate shear stress
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Y = Depth of shear crack
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w = Reinforcing index
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d = Partial safety factor for resistances
du = Ratio of the ultimate shearing capacity of the slab to its ultimate fexnral
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Pz, py = Reinforcement ratio in x and y direction respectively
Pws = Shear reinforcement ratio
Parameter depends upon ¢
7 = Parameter depending upon ¢
¥ = Partial safety factor for resistances or materials
Ot = Stress in the conical shell
P = Angle of rotation
Ectr = Characteristic value of the circumferential concrete

strain at failure



Chapter 1

Introduction

1.1 General

One of the features in design of modern day reinforced concrete buildings is the
use of a flat plate cast monolithically with supporting columns. A flat plate
is. by definition. 2 two-way slab structure with a uniform thickness. without
beams. drop panels or column capitals. Flat plate structures have properties
that are demanded for many types of construction such as underground parking.
commercial towers and industrial buildings. In fact, it has a number of advantages

over other forms of reinforced concrete slab construction namely:

¢ The labor costs is low due to the simplified formwork that speeds up con-

struction.

o The overall height of a building can be reduced when beams, drop panels

or capitals are not used.



¢ The installation of electrical and mechanical services in commercial and

industrial buildings is easy.

o Economy of repetitive use of formwork.

Ore of the practical problems for flat plate construction system is how to avoil
punching shear failure at the columns. Punching shear is generally associntel
with high concentrations of shear forces and bending moments at the colunm
peripheries. In the case of symmetric punching, the ultimate limit state is char-
acterized by the formation of a frustrum of a cone having generatrices inclined
with respect to the plane of the slab by an angle . usually between 22 and 30

degrees.

The subject of concentrated loads acting on reinforced concrete slabs has intoer-
ested many investigators in the past. Many experiments have been conducted
and empirical and semi-empirical formulas devised in an attempt to relate appar-
ent shea:n'ng stresses in the slab, caused by concentrated loads. to the concrete
strength. Much of the knowledge upon which the formulas are based has been
taken from information and techniques related to reinforced concrete beams. The
current methods used by North American codes have been criticized for not prop-
erly accounting for all the variables involved. This emphasizes the need for better

analytical models and more reliable design equations.

The essential parameters needed to determine the punching shear resistance of a
slab-column connection are the effective depth of the slab, the reinforcement steel
ratio and the strength of concrete. In the literature most of the researchersljtmr.
reported results of tests conducted on model slabs. The researchers were divided
In two groups: those who believed that the punching shear failure is determined

by the failure of the concrete in tension and those who believed that it is caused by

o



the compression failure of concrete. The first grouyr suggested empirical equations
for the design of slab-column connections. They were agreed that once the applied
load exceeds the capacity of the connection, shear reinforcement may be used like
in beams. The second group explained the failure phenomenon and because of the
difficulties in modeling the phenomenon, they also proposed empirical equations

to determine punching shear resistance of a slab column connection.

While reasonably accurate empirical procedures have been developed for the pre-
diction of symmetric punching strengths, efforts to develop rational behavioural
models have met with limited success. A design procedure based on a simple con-
vincing rational model would give the designer a clear indication of the effects
of each parameter. Code design procedures usually favour a simplified empirical
approach. These procedures are reliable only over the limited range of data for
which they were calibrated and they cannot be extrapolated with confidence.
Moreover design procedures used by the codes tend to be extremely conservative
with the result that designers may opt for beams, drop panels, capitals or some -
form of shear reinforcement, thereby foregoing the advantages of the flat plates.

While the American design approach is usually to develop equations or specifica-
tions suitable for codification, the European approach is often to develop a model
providing a reasonable facsimile of the actual behavior of slab-column connec-
tion. These models can supply a realistic conceptual picture of the mechanism
of failure and of the transitions where shear governs to those in which flexural
effects govern. A notable model is that proposed by Kinnunen and Nylander [37]
and subsequently modified by Kinnunen [38].

In this project attention is confined to the problem of the punching shear strength
of thin and medium-thickness concrete slabs. An explanation of the behavior of

interior column-slab connections is presented to serve as a background to develop

3



a reliable model for predicting the ultimate behavior of connections without shear

reinforcement.

1.2 Objectives

The objectives of the present project are:

>

. Explain better the behavior of the slabs under punching loads at eracking.

Develop a simple empirical equation for punching shear resistance of slabs

and compare its predictions to code equations and published results.

. Study exdisting rational models and compare their predictions of the punch-

ing shear resistance of slabs with the developed equation.

1.3 Scope

1.

Review of the previous researches on symmetric punching shear and sum-

marize their test results and recommendations.

Conduct experimental investigations on model slabs having different ar-
rangements of steel and subjected to different area loadings and on the

deck of a composite concrete slab steel girder bridge.

. Apply the yield line theory and the strut and tie models to the slab-column

connections.

Statistical analysis of the present experimental data from this investigation

and published data.



5. Comparison of the code predictions with the experimental results.

6. Study existing rational models and comparison of their predictions with

the experimental results.

1.4 Outline

The thesis first presents-a literature review on the symmetric punching shear
in Chapter 2. A detailed description of the experimental program is given in
Chapter 3. Chapter 4 outlines the theories of the yield line method and the
strut and tie models, with their application to reinforced concrete flat slabs.
An empirical study with discussion of the codes’ models is shown.in Chapter
5. A detailed study of some rational models for punching shear is presented in
Chapter 6. The conclusions and recommendations from this study are presented

in Chapter 7. . .



Chapter 2

Literature Review

In 1948, Richart [15] performed a systematic study of the resistance of foundation

footings to shear failure. The principal parameters studied were:

. & The effect of the amount of steel and the geometry of the mat.
o The anchorage of steel bars.
o Concrete strength.

e The effective location of the critical section.

Most of the footings tested failed in punching shear. Richart observed that the
shear failure was accompanied by the high tensile stresses in the reinforcement
and extensive cracking of concrete. Richart reported that the shear stress v
computed at 2 section taken at a distance equal to the effective depth of the slab
d from the column faces, varied between two limiting values. These values were
expressed as a function of the compressive strength of concrete f.. with calculated

shear stress v varying between 0.05f.. and 0.09f,..
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The results of these tests have been applied to slab shear design procedures even
though the footing slabs tested were very thick. For this reason, extrapolation

of the results was questioned by many researchers.

In 1953, Hognestad [21] recognized the influence of flexural strength of the re-
inforced concrete slabs, on the ultimate shearing stress. Hognestad re-evaluated

the tests of column footings done by Richart using the following equation:

P,
B 2,
Y= ot 2a)d (2.1)
where:
v, : Shear stress.

P, : Ultimate shear failure load.
Side dimension of square column.
d : Effective depth of the slab.

jd : Lever arm of the interior resisting moment of the slab.

Hognestad showed that the equation (2.1) did not give a consistent factor of
safety with respect to shearing failures. He suggested that the ultimate shear

strength of slabs is mainly dependent on three variables:

e Material properties used in the slab (quality of concrete as expressed by
the cylinder strength f.., the amount , type and quantity of flexural rein-

forcement).
e Shape and size of the loaded area as compared to the slab thickness.

¢ Span, support conditions and edge restraints of the slab.

Hognestad believed that the failure of slabs in punching shear takes place at the

compression zone directly around the loaded area. For this reason he used the
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control perimeter u to be the perimeter of the loaded area «,. To determine the

ultimate shearing stress of a variety of slabs. the following empirical equation
was proposed:

Uy = (0.035 + Oo_[.),‘.) foe + 130 (pst) (2.2)
Where ¢, is the ratio of the ultimate shearing capacity of the slab to the ultimate
flexural capacity of the slab if it had not failed in shear. The ultimate flexural
capacity was calculated using yvield lire theory and was dependent on the prop-
erties of the slab and the size and position of the loaded area. Equation (2.2)

is valid only for slabs dimension and concrete strengths in the range tested by
Richart. .

In 1936, Elstner and Hognestad [21] carried out shear tests of 39 reinforeed con-
crete flat slabs in order to extend the ranges of slab variables of previous test
programs. They reported that their test results confirmed the finding of the
re-evaluation of Richart’s footing investigation by Hognestad. But they showed
that the equation (2.2) gave unsafe estimates of the ultimate shear strength of
slabs of high strength concrete. The following equation was proposed for slabs

without shear reinforcement:

°‘§4chc +333 (psi) (2.3)

Ve =

It was also reported that a concentration of tensile reinforcement directly beneath
the loaded area or the presence of compression reinforcement had a negligible

effect on the ultimate shear strength of the tested slabs.

In 1857, Whitney [61] reviewed the tests reported by Elstner and Hognestad and
noted that the proposed equation (2.3) was not valid because it was assumed that
the shear strength is a simple function of the concrete compressive strength and

does not depend on the flexural reinforcement. He found that, in calculating the
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shear stress, the most consistent values for all slab thickness were obtained by
assuming the critical section for shear to be at a distance of § from the column
faces. Whitney assumed that the shear strength is primarily a function of the
ultimate resistance moment M,, of the slab per unit \ﬁdth inside the "Pyramid
of Rupture”( The frustrum of a cone with surfaces sloping out in all directions
from the loaded area at an angle of 45 degrees). Then he selected all the tests of
Richart and Elstner and Hognestad “which were considered to have failed in pure
shear for analysis. Excellent agreement with the test results was achieved using

the following equation:

. M, ]
v, = 100 + 0.75-&2{- g: (ps?) 24

where L, is the distance from the face of the column to the line of support (Shear

span).

According to equation (2.4), the moment A, can be raised by concentrating
the flexural reinforcement inside the pyramid of rupture. Therefore the shear
strength of a slab will be raised. This finding contradicted Elstner and Hognestad
[21]. Whitney suggested that this discrepancy could have been the result of bond
failures in the Elstner and Hognestad tests.

In 1960, Kinnunen and Nylander [37] presented a rational mechanical model for
analysis of the slab-column connections subjected to concentric loading. This
model was developed on the basis of 61 tests involving circular slabs on circular
column. The slabs were loaded at the free edges. The model focused on slab
segments separated by radial cracks which bear on a conical shell of concrete at
the apex of the inclined crack. Equilibrium for each successive rotation of the
slab about this apex is maintained by the vertical and horizontal components of
the reinforcement and of the compressive forces in the concrete. Failure of the

model is assumed to occur when the tangential strain in the conical shell reaches a
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characteristic value which is a function of the colwmnn dizmeter to effeetive depth
ratio £, and is based on the test data. This approach attempts to account for the
triaxial compressive stress and the resultant increase in strength and stiffness of
the concrete. When the concrete is incapable of resisting additional stress failure
occurs. In order to apply this model, a depth for the inclined crack must be
assumed and two independent equations must be solved by iteration. Kinnunen
and Nylander found their test specimens failed at a load about 10% higher than
the predicted value and concluded that this was o result of the contribution of

dowel action. More discussion of this model and its equations is given in Chapter
6.

In 1961, Moe [44] carried out tests in order to study the punching failure mecha-
nism. The testing program involved 43 squarc slabs, (1.8m x 1.8m x 150mm) of
which 15 possessed holes through various locations of the slab. 8 were designed
to study the effect of varying the concentration of reinforcement through the
pyramid of rupture, 6 were used to study the influence of shear reinforcement,
2 were utilized for an investigation into extreme column loads. Moe reported
that for the case of pure punching, it was the triaxial stresses in the non-cracked
compression zone which led to the ultimate failure and punching through tie
slab. However, the distribution of stresses and the actual mechanism of failure
was considered too complex to analyze. The contribution to shear resistance by

‘membrane and dowel action was recognized to be approximately 10%.

Moe suggested that the critical section to compute the nominal shearing stresses
should be taken along the perimeter of loaded area. After a statistical analysis of
tests of Richart, Elstner and Hognestad and his tests, Moe proposed the following

equation for shear stress:

v, = (15 (1 - oms%) -5.25«;&,‘) Vie  (psi) (2.5)
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His selection of the shear stress to be proportional to the square root of concrete
strength was based on the assumption that a shear failure very often is a splitting
type failure, similar to the type of failure observed in specimens under tension,

and the tensile strength is generally assumed to be proportional to v/fe.

Among Moe’s conclusions was that the shear strength of slabs is, to some extent,
dependent upon the flexural strength but concentration of the fiexural reinforcing
steel in a narrow band across the column does not increase the shear strength.
Also, the case where an unbalanced moment is transferred to the column was
studied. Moe assumed the variation of shear stresses around the column perime-
ter to be linear and that the maximum shear stress would be the same as for
the case where no unbalanced moment is transferred. He suggested that only a
fraction K of the moment KM (K=0.33) should be considered acting around the

column perimeter.

In 1963, Rinnunen (3§] re-examined the accuracy of his earlier theory as applied
to slabs with two-way reinforcement and modified the theory slightly to take into
account the effect of dowel and of tensile membrane action both of which were
evident in the slabs tested. The calculation process involved is lengthy and more

time-consuming compared to the first theory.

In 1964, Hognestad, Elstner and Hanson [63] studied the shear strength of rein-
forced structural lightweight aggregate concrete slabs. They revised equation(2.3)
to be :

2. = (2.24 (1 - 0.0755) - o.734¢,.) fo  (psi) (2.6)

where f,p is the split cylinder tensile strength of concrete.

In 1965, Taylor and Hayes [61] reported the results of tests of 22 plain and

reinforced concrete slabs failing in punching shear. The specimens were simply
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supported 900 mm square slabs and 75 mm thick. The reinforcing steel ratio var-

led between 0 and 2.0% in compression and between 0.77% and 1.34% in tension,
They checked their results with the recommendations of the British code CP 114
and found the code equation gave an adequate safety margin against punching
shear failure. Also it was reported that the restraint of the edges clearly affected
subsequent behavior but the crack widths of restrained slabs are similar to those
of the simply supported slabs. Taylor and Hayes reported that restraint of the
edges of the slabs from outward movement generally inereased their punching
shear strength. This increase was 24 to 60% when the corcesponding simply
supported slabs were near to Sexural failure at collapse (low reinforcement). but
only 0 to 16% when the corresponding simply supported slabs were not close to
fexural failure at collapse (high reinforcement). This influence was explained as
being caused by the extent of flexural cracking. For a highly reinforced slab. the
width and depth of crack will greatly reduce the arca of concrete in compression
and hence the arca of concrete available to resist shear. Slab confinement will
reduce this cracking for the highly reinforced slab but this cffect would be less
for a slab with a high quantity of reinforcement since cracking has already been

minimized.

The punching failure mechanism was explained to be due to rupture on diag-
onal planes. The inclined failure surface for punching shear does not develop -
from main flexural cracks. The region at the top of the inclined failure surface
comes under the influence of the stresses beneath the load plate which means the
eventual failure will be by rupture of the compression zone. The widening and
the extension of the cracks reduces the compression zone to a size which is not

capable of resisting the shearing stresses.



In 1966, Mowrer and Vanderbilt [48] described the shear strength of 57 lightweight
aggregate reinforced concrete flat slabs: 26 of these slabs were reinforced in com-
pression. Their analysis showed that none of the empirical shear strength equa-
tions in existence served consistently to predict the strength of lightweight agere-

gate concrete specimens. On the basis of their tests, equation(2.5) was revised

vy = (9.7 (1 + S) - 5.25¢u) Vie  (psi) 2.7)

Their use of the compressive strength (equation 2.7) gave better agreement be-

to read:

tween computed and measured strengths than did the splitting strength (equation
2.6). They poorly discussed the failure mechanism of the slabs and the effect of

the compression reinforcement on the punchmg shear resistance.

During the same year Yitzhaki [63] tested 16 circular slabs for punching under
circular, square and rectangular load areas, and 12 slabs with diagonal reinforce-
ment. He explained the punching of slabs subjected to concentric loading as being
primarily a function of the flexural strength of the slab. The punching resistance
is the result of friction in the compression zone with the vertical component of
the inclined resultant carrying the shear. By adding fexural reinforcement, the
compression force on this zone increases, hence adding to the frictional resistance

to shear.

After reviewing the test results of Elstner and Hognestad, Moe, Kinnunen and
Nylander, Yitzhaki proposed the following equation:

c

P, =8(1 — 2)d*(149.3 + 0.164pf,)(1 + 0.5 5

) (Lbs) (2.8)

where w is the reinforcing index (p-ffc-). This equation permits the calculation
of punching stréngth of a slab without reference to a fictitious shear stress. He

suggested that this equation was just as accurate, over a wide range of concrete
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strengths and percentages of reinforcement, as that proposed by Moe. It was
shown also that yield line theory is capable of closely predicting the punching
strength of many of the tests reported in the literature, with slightly higher test

strength, the result of strain hardening of the reinforcement.

Yitzhaki also noted that if the strength of a slab-column connection is increased
by increased tension reinforcement, then punching failure is governed by some
critical value for the slope of the resultant force on the compression zone. Bending
up a part of the flexural reinforcement in a specified manner was found to be
useful and economical. Tests involving this form of shear reinforcement indicated

the strength could be increased by 50%.

In 1967, Long and Bond [40] presented a method for determining the punching
load which was based on elastic thin plate theory. Development of the technique
began with circular, simply supported slabs and with a square columan replaced by
an equivalent circular column having the same area as the original one. The clas-
tic thin plate analysis resulted in tangential moments which are greater than the
radial moments. This is in agreement with the experimental results of Kinnunen
and Nylander. For the case where the concrete fails before the steel vields, an
interpolation factor was used to express the actual degree of fixity, and is solved
by iteration. This involves the assumption that a single circumferential crack
forms around the load perimeter and its width, and hence the slab slope, was
determined from equations developed for the prediction of cracks in beams. For
the stresses in the concrete, a linear distribution of bending stress was assumed
which gives a parabolic distribution of shearing stress, which is maximum at the
neutral plane. The stresses caused by the dispersion of the column load play a
significant role in the failure of the connection. A correction factor of 1.3 was

applied to all calculated failure loads, to take account of the dowel and tensile
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membrane action.

During the same year, Grow and Vanderbilt [32] reported on tests to failure of
10 post-tensioned lightweight aggregate concrete flat slabs. They studied the
effect of variation of the effective prestress on punching strength of slaks. They
pointed out that there is a linear increase in shear strength with an increase
in their either effective initial prestress or ultimate cable force. Comparisons of
test results with predicted strengths using equations (2.5), (2.6) and (2.8) were
all reasonably good. Based on data of their study, they developed equations

relating strength of a slab to cable force.
vy = 360 + 0.30f,, (ps?) (2.9)

where v, is the ultimate shear stress of a slab and fee is average effective concrete

prestress immediately after post-tensioning.

Apparently, any equation developed on the basis of tests of simply supported
slabs could be used with fair accuracy in computing the strength of prestressed
flat slabs, but Grow and Vanderbilt reported that the tested specimens failed to
represent real structures in a number of important respects. The shapes of the
real lines of contraflexure around the columns did not match any of the selected
shapes, the edge shears and deflections of the specimens were quite different
from those of the structures, and in-plane forces that may be developed in real
structures were generally lacking in test specimens. Therefore, the true factor
of safety of the design procedures for flat plate floors, based on tests done, is
problematical. They suggested that in order to have a better understanding of
the shear strength of both reinforced and prestressed concrete flat slabs, it would
be necessary to test models which more closely simulate real structures than

simply supported plates of previous investigations.
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In 1968, Corley and Hawkins [16] tested 21 concentrically loaded slab-column
specimens containing either lightweight or normal weight ageregate conerete and
shear head reinforcement made from structural shapes. Based on their tests.

they proposed a design procedure for shear heads at interior supports, The tests
-

showed that up to 75% higher shear capacity was reached in specimens with shear

heads compared to specimens without shear heads. Also the tests indicated that

even larger increases may be possible.

In 1970, Zaghlool, dePaiva and Glockner [6S] studied the behavior and the
strength of the column-slab connections in the presence of axial and biaxial bend-
ing. They tested four specimens each of which was a full size, square, single panel
flat structure cast monolithically with a square column at each corner. For an
interior square column and slab connection subjected to combined bending mo-

ment M and a vertical shear force 1, the ultimate vertical shear stress was given

as:

V. KM
+

w,d 25,

in which ug is the perimeter of the column, I, is the moment of inertia. b width

Uy =

(2.10)

of a square column and K is a moment reduction factor. In the above equation a
linear stress acting along a critical perimeter was assumed. The authors showed
that the method proposed by Moe was conservative for corner columns. A value
of K which would resuli in reasonable predictions of strength was found to be 0.4
instead of the value 0.33 determined by Moe for interior columns. They proposed
a simplified method to determine the punching strength of corner columns. They
assumed that the inclination angle « of the diagonal cracks to the horizontal
equal to 45 degrees. Dowel action and agaregate interlock are negligible, and the
compressiow: zone carried no shear. Based on the assumption that failure will

take place when the principal tensile stresses produced by the shearing forces
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exceed the tensile strength of the concrete. they proposed the following equation:

v = (5.6 + (fbﬁ)) VFee (2.11)

This equation showed a good correlation with their tests.

In 1973, Zaghlool and dePaiva [69] reported on tests of corner elements with
the discontinuous edges supported and the column subjected to biaxial moment.
The slabs were 1.10 m square and 150 mum thick. The variables studied were
the column width to the effective slab depth ratio b/d, the reinforcement ratio p,
and the ratio between unbalanced moment to shear transfer Af/V. It was found
that it was the inner corner which first punched through the slab and that with
increasing reinforcement, the slope of the punching surface becomes steeper and
the shear stress increased. The punching failure observed was attributed to be a
result of failure of the compression zone resisting the combined action of flexure
and shear. It was noted that the ultimate nominal shear stress v, decreased as
the ratio M/V increased. Also as b/d ratio was increased v, remained practically
constant unlike the decrease observed by Moe for interior column. In developing
an analytical technique for the analysis of the corner column-slab connections,
they used an approach which attempted to satisfy both equilibrium and compat-
ibility and which assumed the concrete in compression zone above the head of

the failure crack has to reach some critical stress condition.

In 1974, Smith and Burns [60] tested three post-tensioned flat plate specimens
with a single column stub in the center and reinforced with various amounts of
bonded reinforcement. They analyzed the shear capacity and flexural strength
of the specimens and the results were compared to previous design equations.
They pointed out that as the amounts of bonded reinforcement increased, the
behavior of the specimens improved. Also the equation developed by Grow and

Vanderbilt was not conservative for their tests.
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During the same year, Masterson and Long [44] adopted a flexural approach using

o}

finite elements to describe four basic stages in the punching failure of an interior

column:

¢ Flexural and shear cracks form in the tension zone of the slab near the face

of the column.
e Slab tension steel close to the columa yields.

 Flexural and shear cracks extend into what was the compression zone of

the concrete.

¢ Failure occurs before yielding extends beyond the vicinity of the column.

They assumed punching was caused by a rupture of the reduced compression

Zone.

In 1975, Long [42] derived empirical formulas for predicting the punching ca-
pacity of slabs at interior columns by simplifying previously reported analytical
procedures, which take into consideration the interaction of fHexural and shear
effects. He recommended that the punching load for a slab is taken to be the
lesser of the two values calculated from the following equations.

P - 0.8pf,d*(1 — 0.59p4x)
b (0.2-0.9¢)

(Lbs) (2.12)

or

p — 16(b+d)d(100p)°% /7.
v 0.75 + 4=

(Lbs) (2.13)

where L, is the span length between two columns. Equation (2.12) was derived
on the basis that steel reinforcement yields before failure. whereas in equation

(2.13), the failure takes place before the steel reaches the yield point. Also Long
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studied the case of combined shear and transfer moment loading and proposed
that the lesser of the two values predicted by equations (2.12) and {2.13) should

be multiplied by the lesser of the following two factors:

1

. =* 2.1
Ay 1+ 155 (2.14)
1
-,‘ = ee—— 2. =
Az T+0.9 (2.15)

where e is the eccentricity with respect to column center line. It should be noted
that the above expressions are based on isotropically reinforced square slabs which
are supported on square columns with equal spans. Application to relevant test
results reported by previous investigators indicated that the proposed formula
represented a significont improvement over previous ones. For design, it was
recommended that the punching capacity formulas be reduced by a factor of 0.8

to ensure that the predicted strength is always conservative.

During the same year, Hewitt and Batchelor [34] developed 2 model of punch-
ing failure for calculating the punching load of a slab with known boundary
restraints. The model involved incorporation of boundary restraining forces and
moments into the idealized mode] of failure proposed by Kinnunen and Nylander
for simply supported slabs. Assumptions were similar to those of Kinnunen and
Nylander, taking the largest circle that could be inscribed in the slab as theoret-
ical circular specimen and assuming loaded area with the same perimeter as the
test column. Before the model was extended to deal with restrained slabs, it was
tested for accuracy using 165 tests of simply supported slabs reported by previ-
ous investigators. Using this model, it was concluded that the punching load is
enhanced by 20% due to dowel effects. Then, the authors investigated the actual
restraint factor F, in existing bridges. The investigation consisted of running a
computer program with measured data and varying F. until a reasonable match

between observed and calculated deflections was reached. Lower bound values
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were found to be F, =0.25 and 0.50 for composite and non-composite bridge

. decks respectively.

In 1976, Langohr, Ghali and Dilger [38] reported that punching failure is usually
brittle and takes place by widening of an inclined crack which first extends to the
top tensile fiber near the column perimeter and propagates to the bottom {com-
pression) surface of the slab. They suggested that punching failure in concrete
flat slabs can be prevented with shear reinforcement consisting of individual ver-
tical bars provided with mechanical anchorage at their two ends. Based on their

tests of slabs reinforced for shear, it was proposed to use the following equation

for design.
Py = 4/ feeud + B AL f, (Lbs) {2.16)

where 4, is the total cross-sectional area of shear reinforcement. The critical
section was taken at a distance g from the column faces. The coetficient 3,
(< 1.0) is a reduction factor to account for the fact that the avernge stress level
in the shear reinforcement at the flexural failure load is less than foo It was

recommended that the value of 8, be taken as 0.6 for design.

If equation (2.16) predicts a value of P, greater than the flexural strength of

the slab determined by the vield line theorv then the latter theory should be
considered for design.

In the same year Ghali, Elmasri and Dilger [19] reported on tests of six full scale
simply supported slabs subjected to a constant vertical load and with unbalanced
morment applied both statically and dynamically. It was found that the lower the
flexural reinforcement ratio p, the more ductile the failure became. The angle
@ between the failure crack and the horizontal increased with smaller amounts

of flexural reinforcement. For a p of 0.5% , it was found that a number of the
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reinforcing bars had yielded before punching occurred. Increasing the flexural
strength by increasing p to 1.0% and 1.5% resulted in smaller increases in ultimate
moment being transferred; this was attributed to failure in shear occurring before

the flexural strength could be fully mobilized

In 1977, Breastrup, Nielson et al [53] derived an upper-bound solution for axisym-
metric punching of a plain or conventionally reinforced slab by assuming concrete
to be a rigid-perfectly-plastic material. A modified Coulomb failure criterion was
used as the required yield condition. The theory gives the optimal failure surface
as a combination of a conical surface and a catenary of revolution; under special
circumstances, the failure surface may reduce to a truncated cone or a complete
catenary of revolution. According to the method, the punch radius, R, at the
bottom of the slab as given by :

R, = ccoslr (;—l) + ky sinh ({i) (2.17)

where h is the thickness of the slab. R, is chosen to minimize the load in which

the constants k; and k; must satisfy :
co® = ky* + ko? (2.18)
The upper bound to the failure load is given by:

Po=0snf (A (kah+ RVRE+ 07 - o) —u(RE-c?)) (V) (219)

where A and ¢ depend upon the angle of internal friction of the concrete ¢ (taken
as 37 degrees), and upon the ratio of its tensile to its compressive strength, the
recommended value of which is 1/400. With these assumptions, A = 0.992 and
p = 0.987. The effective compressive strength of concrete fu., has been deter-
mined empirically on the basis of test data on conventional reinforced concrete

slabs, and the recommended value in terms of uniaxial compressive strength, f;u,

is 3.77Vfeu (MPa),



In 1981, Regan [33] proposed a method for calculating the shear strength of
slab-column connections. This method was incorporated in the British code
(BS 8110-1985). At an interior columns free from any unbalanced moment, the

following expression for ultimate shear force was proposed.

. e 300938 1 - ae .
P, = K.K.. (-d—) (100pfa)? 2.69(us + 7.85d) (V) (2.20)

where: K, =0.13 for normal dense concrete and 0.103 for lightweight aggregate

and i, = 1.15\/4: X column  areaf/(column perimeter)?. The prediction by
this equation was compared to the test data taken from his work and references. It
was found that equation (2.20) is practically a lower bound to the test results and
can be taken as an expression of characteristic strength. A method for calculating
the shear strength of slabs which are also subjected to unbalanced moment was
also given. It was assumed that the unbalanced moment was transferred to the
column by shear stresses acting along the line of contraffexure about the column.
For 2 square column the ultimate load capacity with an eccentricity ¢ is siven as
a function of the ultimate concentric load capacity P,;

Py

= T.he
1 + b2d

P (2.21)

In 1982, Pralong [52] proposed an alternative lower bound approach involving
the tensile strength ;>f the concrete, for the calculation of the punching resistance
of a column slab connection. He modelled the shear resistance of an isotropically
reinforced slab subjected to a load applied uniformly around a circle of radius
c by that of a series of beams radiating from the circle. The radial beams are
viewed as sandwich structures with tension and compression zones separated by a
core subjected to shear. Pralong predicted the punching shear resistance of a slab
with isotropic reinforcement to be proportional to the cubic root of the concrete

strength. This model also, once shear reinforcement is present, can provide the

99
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vertical tensile resistance supplied by concrete. It was assumed that failure was
due to yielding of the shear and part of the flexural reinforcements. More details

of this model are given in Chapter 6.

In 1985, Ong and Mansur [51] conducted an experimental program on simply
supported, two-way epoxy-bonded steel concrete open sandwich slabs under a
central patch load. Beside the method of surface preparation for the steel plate,
they studied the effect of the size of patch load, grade of concrete and thickness of
concrete topping on punching shear resistance. They found that flexural stiffness
and ultimate strength of the slabs increased with increasing size of patch load,
concrete grade and thickness of the concrete topping. At low reinforcement ratios,
an open sandwich slab fails by flexure rather than punching shear. The authors
reported that both CP 110 and the ACI-ASCE recommendations, and the plastic
theory underestimates the punching shear strength of open sandwich slabs. On
the basis of their test data, they suggested a modification of the plastic theory.
For open sandwich slab, the effective compressive strength of concrete should be
taken as:

fou= 547/fu  (MPa) (2.22)

In the same year, Regan [36] tested 15 reinforced concrete slabs which were
post-tensioned in one direction. He used his results to develop an extension
of the recommendations for punching shear in the draft revision of CP 110-72,
that is an extension to allow for prestress. The approach employs the idea of
a decompression load in a way analogous to that currently used for prestressed

beams. A design equation was proposed for the punching strength of a prestressed
slab:

Po= P+ Pu(3) +Pu(2) ) (2.23)



where P, is the punching strength of geometrically similar reinforced concrete
slab, P, and P,; are the decompression loads of the prestressed slab in the longi-
tudinal and transverse directions respectively, and P,; and P,, are the longitudinal
and tiansverse component of P,. The critical section was taken 1.5d from the
columnn faces and the nominal shear stress was expressed as:

@ ) 025

ve = 0.27(100pf.,)} ( :

(M Pa) (2.24)

The effective slab depth and the combined steel ratio are defined as:

_ A,.d + Ay food, (2.25)
.'lsrfy + -'lapfl).'.'

Ao + 4y
— sr T Asp 99
p= ol (2.26)

where:

d. : effective depth of ordinary reinforced concrote
effective depth of prestressed concrete

Ags @ steel area of ordinary reinforced concrete

Ay @ steel area of prestressed concrete
fy ¢ yleld stress of non-prestressed reinforcement bars
foz 1 0.2% proof stress of prestressed reinforcement.

The proposed equation showed a very good agreement with the test results.

In 1986, Jiang and Shen [35] reported that the expression for the punching
strength in the upper bound Breastrup-Nielson solution is lengthy and not at-
tractive to practicing engineers. They derived a design formula for punching
shear strength using the theory of plasticity. The problem was treated as three-
dimensional axisymmetrial one, and the material was assumed to be rigid-plastic.

They suggested a failure criterion for concrete, in which a second-degree parabola
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was used for the Coulomb-Mohr yield envelope. For practical use, it was sug-

gested that the ultimate strength of a concrete slab in punching shear could be

calculated using the following equation:
P, =0.233(c + h)Af.. (M Pa) (2.27)

More details of this theoretical solution are given in Chapter 6.

In 1987, Alexander and Simmonds [4] used a truss analogy to model the fow of
forces between flat slabs and columns under combined shear and moment. Using
this three-dimensional truss model, the wltimate strength of slab-column connec-
tions can be determined. The authors used the model to predict only the failure
conditions of edge column-flat slab connections without shear reinforcement of 43
tests reported by previous investigators, but also it can be used to obtain a com-
plete shear-moment interaction diagram of ultimate capacities for a slab column
connection. The failure mechanism was assumed due to concrete cover failing to
contain the out-of-plane component of force between the reinforcement and the
concrete compression struts. It was assumed that the concrete tensile strength
capacity is related to the square root of the concrete cylindrical strength. A full

discussion of this model is presented in Chapter 6.

During the same year, Bazant and Cao [§] performed punching shear tests on nine
geometrically similar reinforced concrete slabs of different sizes. They pointed
out that since the punching shear failure of slabs without stirrups is brittle, the
size-effect law for brittle failure could be applied. The tests showed that the
nominal shear stress at failure is not constant, as assumed in the current design
formulas, but decreases as the size increases. Thus, the punching shear behavior
of thin slabs is closer to linear elastic fracture mechanics. Using the size-effect

law for brittle failures due to distributed cracking, the authors proposed a design
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equation for punching shear resistance of concrete based on their tests:
(1+0.6%)
———

Ve (V) (2.2

where d, is the maximum aggregate size. Previous test data by vartous investi-

P, =0.08zchf..

7]

)

gators were analyzed by the authors using the above equation. but the results
neither contradicted nor validated the proposed formula. It should be noted that
the specimens tested by Bazant and Cao were too small to allow a pure punching

shear failure to develop and were very heavily reinforced.

In the same year (1957), Walker and Regan [63] investigated the behavior of
corner bays of a flat plates in 11 tests of slabs on four columns. & modification of
the equivalent frame method of ACI 318-33 was proposed. The authors compared
the test data with the proposed equation and reported that the ACI code gave
reasonable prediction of column moment near failure. although it did tend to

overestimate the moment before cracking occurs.

" Among their findings they listed:

¢ The ACI method provided satisfactory estimates of column moments.

* Reinforcement details have some influence on column moment resistance
and a diagonal arrangement of top steel increases stiffness of ihe members

for corner regions.

¢ The top steel of the slab must cross and be anchored beyond the critical
crack. In a floor slab, this crack passes through the inner corner of the

column and is normally inclined at 45 degrees to the slab edges.

In 1987, Elgabry and Ghali [20] reported results of tests donc on five full-scale

reinforced concrete flat plate interior column connections subjected to shenr-
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moment transfer. Four specimens contained various arrangements of stud-shear
reinforcement which are vettical rods mechanically anchored at their top and
bottom. The fifth specimen had no shear reinforcement. The main purpose of
the test prog ram was to study the effectiveness of this type of shear reinforcement
on the punching resistance of a slab-column connection, and to verify proposed
code provisions. They suggested that the ultimate shear strength at a critical
section of g from the column faces, within the shear reinforcement zone can be

computed using the following equation:

ve=2/Fe (1 + %) + iu-fs-”— (psi) (2.29)

where 3 is the ratio of long to short side of column cross-section and should
not be smaller than 2, 4, is the cross-sectional area of one row of shear studs
distributed over a perimeter u, f,, is the specified vield strength of shear studs
and S distance between the shear studs elements. In 2 case where an unbalanced
moment is present, the ACI code equation was used for the analysis of their test

data.
_V  KMC,p
T

where A. and I, are the area of concrete and polar moment of inertia of the

Uy

(2.30)

assumed critical section respectively. C;z is the length of the side AB of the
column. Their test results proved the effectiveness of well-anchored stud-shear
reinforcement in increasing the shear strength and ductility of corner slab-column
connections. In addition to verification of the validity of their proposed design
equation, they suggested minimum requirements for the dimensions of top anchor

heads and bottom anchor strips.

In 1988, Gonzalez-Vidosa, Kotsovos and Pavlovic [31] did an analytical investi-
gation based on Nonlinear Finite Element Modeling to predict the symmetrical

punching shear of reinforced concrete slabs with and without shear reinforcement.

[3\]
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For their investigation they took data for nine slabs tested by previous ivestiga-
tors. They did the correlation between predicted and experimental values based
on t]:_le maximum load-carrying capacity of the slab, the erack pattern and the
load deflection curves from zero to ultimate load. They found that slabs loaded
through circular areas have up to 40 % higher strength than similar slabs loaded
through square areas of the same loaded area perimeter. In addition, circular
slabs are stiffer than square slabs of the same spaat. They pointed out that a
triaxial compressive state of stress exists in the vicinity of the colunm face. They
classified the slab-column behavior into two types: ductile and brittle. In the
ductile-type behavior, the concrete cracks at approximately 25 % of the ultimate
load and all the steel near the column faces vields with strain values of 6 to 3
%. The flexural failure is accompanied by an increase in the depth of the radial
cracks up to £ of the slab effective depth. In a brittle type behavior, failure
occurs before the flexural reinforcement reaches its vield stress. Circumferentinl
cracks increase in depth up to two thirds of the slab effective depth. The failure
is caused by the decrease of the compression zone with consequence compression

failure of the concrete.

In 1989, Fenwick and Dickson [22] reported on tests on three one-way reinforced
concrete slabs under concentrated load. The first slab was simply supported,
.the second was flexurally restrained , and the third was fully fixed at the ends.
Their findings showed that the fully fixed slab resisted punching shear 75 %
more than the simply supported slab. However the resistance increased only by
about 30 % when the slab is flexurally restrained. In addition, the mid-deflection
of the fully restrained slab and flexurally restrained slabs were only 81 % and
62 % respectively of the simply supported slab. Moreover, the behavior of the

simply supported slab was more ductile compared to the restrained ones. The

authors measured the strain in the reinforcing steel and reported that for the



simply supported slab, all the steel bars yvielded. However only half of the bars
yielded for the case of flexurally restrained slab. For the fully fixed slab only 2
of 32 bars yielded and the compression strains in the concrete were much higher
than in the other two. Their results were compared with the response predicted
from standard thin plate theory and the ACI code predictions. The significant
differences between the theoretical predictions and the experimental results were
explained by the presence of membrane action and the tensile resistance of the

concrete at a cracked section.

During the same year, Gardner [26] reviewed Regan, Bazant and Cao, and the
Code equations on punching shear capacity of reinforced concrete slabs and its
relation to concrete strength and steel ratio. He discussed his experimental in-
vestigations and coﬁcluded that the shear capacity is proportional to the cube
root of concrete strength and steel ratio. and that the ACI-CSA code equations
are too conservative. He endorsed an equation similar to that of BS$110:1985
code. L -

3

400)

vy = 0.99 (pf.)} (T (M Pa) (2.31)

Gardner showed that the BS 8110-85 requirement for the shear perimeter which
should be rectangular at distance 1.5 times the effective slab depth outside the
column faces regardless of whether the columns are rectangular or circular in

section was appropriate.



Chapter 3

Experimental Investigation

3.1 Introduction

One of the simplest way to model an interior column-slalb connection is to apply
a concentric load to a simply supported model slab. Even though this method
fails to model Lonndary effects on the strength of a connection. it gives a clear
idea about the failure mechanism. Previous researchers [34]. {62} proved that
the effect of the houndary restraint does not affect the fallure mechantsm of
column-slab connection, but it increases the punching resistance of the slab. An
experimental program carried out in the structural laboratory at the University
of Otrawa involved testing of 19 simply supported slabs in order to determine how
the punching shear resistance of interior column-slab connections may be affecred
by the variation of the concrete cover, the load area and support perimeter.
reinforcement ratio, effective spacing and cross-sectional shape of steel bars, A
second experimentil program involved punching through the deck slabs of an

existing bridge before it was thrown away. Hence failure mechanism and the
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ultimate punching shear load of bridge slal decks could be compared to those of
simply supported slabs. The experimental data will be added to previous data
from chosen literature in order to verify the validity of some existing theories and

models and to develop a suitable empirical equation for punching shear resistance.

3.2 Slab Specimens

The laboratory tests were designed to use a 1500 kN Tinjus Olsen Universal
testing machine. This limited the diameter of the slabs tested to S00 mm. The
size of the loading plates were designed to ensure that a shear failure could occur
and such that the failure surface does not coincide with the support edges. The
distance from the edges of a plate to the support is varying from 2.53d to 3.4d

where d is the effective depth of a slak.

3.2.1 Layout of Slabs

Three series of slabs were tested in' the structural laboratory of the University
of Ottawa. Series A consisted of three -identical circular slabs-of diameter of
S00 mm, an overall thickness h of 100 mm and a clear cover of 13 mm. The
effective spacing of the #10M reinforcing bars in both directions was 83 mm.
The objective of this series was to determine at what fraction of the ultimate

load internal cracks occurred in the thickness of the slabs.

Series B consisted of three slabs similar to that of series A. Slab Bl was exactly
identical to those of the series A. However the slab B2 had both tension and

compression fexural reinforcement with covers of 13 mm. The slab B3 had the
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same effective depth as B1, but with an overall thickness of 150 mm. that is a
cover of 63 mm. A further objective of the test series was to determine wether

punching strength is proportional to control perimeter.

The series C consisted of thirteen slabs, ten square slabs and three circular slabs.
All the slabs were 100 mm thick and had 13 mm clear concrete cover. Slabs C1
to C6 were reinforced in transverse and longitudinal directions with #10M steel
bars. The effective spacing of the reinforcement in both directions was 83 .
Slab C7 was reinforced also with #10M bars with double spacing (163 mu).
However slab CS had a steel bar spacing of 165 mm but the reinforcement used
was two #10M tied together to give a reinforcement ratio equal to that of the first
six slabs (C1,C2,...,C6). Slab C9 was similar to CS. but #15M bars were used
instead of two tied #10M bars. The steel bars used in slab C10 were #13M with
an effective spacing in both directions of 83 mni. The last three cireular slabs in
the series are reinforced with #10)M bars spaced 3 mm in both directions. A

summary of the characteristics of cach slab is given in Table 3.1.

3.2.2 Material Properties

Reinforcing Steel

The reinforcement used in all the slabs are either #10M or #15M deformed steel
bars. These bars were manufactured to conform to the CSA Standard G30.12.
The stress-strain relationship of the steel as determined from tension tests is
shown in Figure 3.1. During tests, the yield and the ultimate stresses were found
respectively to be 480 MPa and 685 MPa for #10M, and 380 MPa and 8§25 MDPx

for #15M bars.



Concrete

For the first two seriles of slabs, the concrete was mixed in the structural labo-
ratory at the University of Ottawa. The concret;e mix design for each batch was
specified to be 20 Kg of Type 10 Portland cement, 46 Kg of sand, 3S Kg of fine
aggregate (10 mm) and 38 Kg of coarse aggregate (20 mm). The water-cement
ratios were measured to be 0.55 and 0.32 for Series A and Series B respectively.
Six control concrete cylinders {150 mm x 300 mm) were taken from each series
to be tested at the same day as the slabs were tested. The average cylindrical
compressive strengths based on standard cylinder tests were 21 MPa and 29.8

MPa for Series A and B respectively.

For the third Series of slabs, ready-mixed concrete was delivered by a local sup-
plier. A normal weight concrete with a 28-day compressive strength of 30 MPa.
a 160 mun slump. zero entrained air. and a 20 mm maximum size aggregate were
speciiied. The concrete had a water cement ratio of 0.47. The mix proportions
for a cubic meter consisted of 330 Kg of Normal Type 10 Canada cement. 1130
Ig of coarse limestone aggregates. 790 Kg of sand and 155 Iig of water. Sixteen
concrete control cylinders (150 mmm x 300 mm) were taken for the whole 13 slabs
in order to determine the compressive strength during each testing day. The

values of f.. are shown in Table 3.2.

3.2.3 Test System
A "Super L UTM 7 machine supplied by Tinius Olsen Testing Machine Co., Inc.
was used to test the slabs. The machine was hydraulically powered with a load

capacity varying from 30 kN to 1500 kN. In operation. the load was applied by
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the upward friction-free motion of a piston. Testing speeds were variable from 0
to 70 mm per minute. The readings of loads were indicated in Newrons. During
the test, the failure load was recorded automaticaliy. Figure 3.2 shows a general

view of the testing machine.

The deflections of the slabs under the applied loads were measured by two dial
gauges placed symmetrically at the opposite corners of the testing machine. The
load was applied through seven ditferent bearing plates cach 25 mum thick: two
circular plates having diameters of 100 and 130 mm. two square plates having
sides 100 and 139 mm long, and two izvsceles triangle plates having side lengths
of 100 and 200 mm. The seventh plate had the shape of "L™ with 150 and 100 mm
of exterior and interior side lengths. Slabs were simply supported on continuous
supports: two circular ones with a diameter of 530 and 686 mun and one square

with 686 mm of length sides.

3.2.4 Fabrication and Curing

The circular moulds for series A and B were made of steel and the square ones for
series C were made of plywood. The reinforcing bars were securely wired together
and carefully placed in the forms so that correct distances were maintained. An
orthogonal reinforcing mesh was placed at the bottom of each slab. Each mesh
was located on concrete spacers to get a concrete cover of 13 mm. Concrete for

slabs and control cylinders was vibrated using an poker vibrator. All specimens

were cured in the laboratory under a temperature of 22 C for 7 to 12 days.
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3.2.5 Testing Procedures

The sequence of events followed in the testing of each specimen consisted of
placing, positioning the test specimen, instrumenting, and applying load in in-

crements until the specimen collapsed.

Sertes A

The three slabs and the control cylinders were tested on the same day. All the
slabs were simply supported on a 330 mm diameter circular ring and were loaded
through a 100 mm circular plate. The objective of this series of tests was to
determine at what fraction of the ultimate did internal diagonal cracks occur.
The first specimen was loaded to failure and the other two slabs to 73 and 35
percent of the Al fajlure load respectively. The second and the third half slabs

were sawed in half to observe if diagonal cracks had occured.

Series B

The slabs of this series were designed to siudy the effect of the compression
reinforcement. and the thickness of the concrete cover on the punching shear
capacity. Slab Bl was a control. All the slabs were loaded to failure. The load
was applied through a circulate plate of 100 mm in diameter. The slabs were
simply supported on the 530 mm circular ring. The deflection was measured up to
failure load. Deflection readings are taken at load intervals of 30 kN. The average
loading rate was 50 kN/min. In order to determine the specified compressive
strength of concrete, five control cylinders were tested under compression load

during the day of test.



Series C

This series of slabs were designed to study the effect of the following parameters

on the punching shear resistance:

Loading area shape ( circular. square, triangle and "L™ shape).

Cyclic loading.

Support shape {circular and rectangular).

Loading area and support sizes.

Steel reinforcement ratio.

Effective steel reinforcement spacing.

¢ Steel reinforcement shape.

The first four slabs in this series (C1.C2.C3.C4) were simply supported on a 6S6
mm circular ring and were loaded to failure through different platens. the 150 nun
circular plate, the 200 mm length side triangle plate. the 150 mm square aned the
"L™ shape plates respectively. Slab C3 was tested under cyclic load using the 130
mm circular plate. It was also simply supported on the 686 mm diameter circular
ring. Slab C6 was loaded to failure under 150 mm diameter circular plate. It
was simply supported on the 686 mm square ring. Slabs C7.C8,C9,and C10 were
simply supportéd on the 686 mm diameter ring and they were loaded to failure
through the 150 mm diameter circular plate. The last three slabs (C11.C12,C13)
were simply supported on the 530 mm ring and were loaded respectively under

100 mm circular, 100 mm square through 100 mm side length triangular plates.
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The average rate of loading was set to about 50 kN/min. Deflection readings
were taken at intervals of 20 kN using dial gauges. The loading was taken up to
failure, then it stopped automatically and the maximum resistance load carried
by the slab until punching failure was recorded by the testing machine. The
slabs of this series (C) were tested on three different days. To determine the
compressive strength of concrete, five control cylinders were tested each day. A
summary of the description of the slabs and the tests purposes is given in Table

3.1.

3.2.6 Test Results and Structural Behaviour

The ultimate loads at which slabs failed are recorded as P,,, in Table 3.2. Also
the measured perimeter U7, of the punched-out area of each slab was reported in
this table. A detail description of each slab behavior is reported in the following

sections.

Series A

Slab Al failed in punching shear. Extensive cracks developed at the bottom
surface of the slab. They propagated from the center of the specimen to the
support. These cracks widened as the load increased. The crack pattern of slab
Alisshown in Figure 3.3. In order to determine at what load the concrete started
cracking diagonally, slabs A2 and A3 which were both loaded up to 55 and 75
percent respectively of the failure load of slab Al, were loaded and then cut in
half. No cracks were observed irside the slabs which indicates that concrete does
not crack at loads less than 75 percent of the ultimate load. The measured linear

relationship between the applied load and the central deflection of the slabs is
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shown in Figure 3.4.

Series B

Control slab Bl failed in punching shear. The crack patterns shown in Figure 3.5
are similar to that of slab Al. Slab B2 failed in punching shear at a deflection
shightly higher than that of the control slab Bl. and at an ultimate load ¢ percent
less than that of slab B1. This was not expected. since the slab was reinforeed in
compression. After failure. it was found that shear erack around the periphery of
the loaded area, on the compression face. developed vertically until it reached the
compression steel reinforcement. From there the shear crack changed direction to
be incliz}ed. Hence placement of compression steel was harmful that it decreased
the depth of the concrete between the top steel mat and the bottom one. This
may have an effect on the effective depth considered in design. Therefore. the
punching shear capacity was decreased since 1t depends on the effective depth as

will be explained in the next Chapter.

When the concrete cover in slab B3 was five times that of slab B1 the failure mode
was completely changed from punching shear to flexural fallure. There wus no
final punching through and loading was stopped after many radial eracks reached
the edges of the slab. The crack patterns at the bottom of slab B3 is shown in
Figure 3.5. The load-deflection curve of this slab series is shown in Figure 3.6.
It can be seen that the deflection is linearly proportional to the applied load at
the beginning of the load stages. The ductility of slab B3 is greater than that of

the other slabs.
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Series C

All the specimens of this series failed in punching shear. The shear failures
were characterized by a sudden punching through the load platen with little or
no warning. The behavior of the slabs will be described based on the different

purposes of the test:
¢ Loading Area Shape:

Figure 3.7 shows a neat circular hole and a nearly circular base of a pushed
through frustrum of a cone at the top and the bottom faces of the slab C1 after
the test. The effect of the punching through the other plates can be seen in
Figure 3.8, 3.9 and 3.10. Neat triangular and square holes with round edges were
left on the top faces of slabs C2 and C3 after being tested. The shear crack at
the bottom face of slabs C2 and C3 indicate that pushed-through solids were
respectively frustrums of triangular and square pyramids with round corners.
However, the punching of slab C4 through an "L” shape plate left;‘on the top
face a hole having a trapezoidal shape. The shape of thie shear crack at the
bottom face of slab C4 can be seen in Figure 3.10. The concentration of high
stresses was at the corner of the "L” shape. Nevertheless the "L” shape load area

may have the same physical effect as the trapezoidal one.

The load deflection curves for the first four slabs are shown in Figure 3.11. It
can be seen that slabs Cl and C2 which were loaded through a circular and
a triangular plates failed at the same values of deflections. Slabs C3 and C4
failed also at the same deflection values but lesser than at which the other two

specimens failed.

In order to study in more detail the effect of the load area shape on punching shear
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resistance, the perimeter and the area of the loading plates can be considered ax
parameters. The 150 mum diameter plate was taken as a control. Table 3.3 shows
the ratios of the perimeters and che arveas of the bearing plates used to test stabs
C2, C3 and C4, to the perimeter and the area of the circular plate respectively,
Also, the ratio of the failure loads of slabs C2. C3 and C4 to the slab C1 test load
is given in the same table. The surface area of the triangular plate is the same as
the circular one and the slab C2 failed at the same load as slab C1. Whereas the
square and the L™ shape plates have an area 27 percent higher and 29 percent
less than the circular plate respectively. Slabs C3 and C4 failed at loads 6 percent
more and 7 percent less than that of C1 respectively. Even though the triangular
and the square plates have perimeters 27 percent greater than the control plate
(150 mm circular plate). slabs C2 and C3 failed at load equal and G percent high
than the C1 slab failure load respectively: whereas the "L™ shape plate has a
perimeter G percent higher than the coutrol plate. but slab C4 failed ar a load 7
percent less than that of slab C1. Thus. a slab loadad through a circular aren ¢can

resist more load than a similar slab loaded through an area with sharp edges.
e Effect of cyclic load:

Slab C3 was tested under cyclic load. Its behaviour was compared to that of
Cl. Figure é.l? shows that the cyclic load seems does not have an effect on the
crack pattern which were much the same as those under monotic loading up to
failure. loading. Cracks widened and spread as the number of cvcles increased
but were always confined within the supported boundaries. The punched-out
area was larger and less symmetrical than that resulting from monotic loading.
The punching shear resistance of the slab decreased by 19 percent. Hence the
fatigue effect on the shear resistance of a slab can be seen in Figure 3.13 which

shows also the inelasticity of the concrete.
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o Effect of support shape:

Slab CG6 was supported on the 656 mm square ring and was loaded to failure
through the 150 mm circular plate. Figure 3.13 also shows the crack pattern at
the bottom face of slab C6. More flexural cracks were developed compared to
slab C1. These cracks give an idea of the yield lines radiating from the center
of the slab to the corners of the square supports. The cracks near the corners
of the square supports indicate that the slab had been rotated around an axis
a-a during the test (See Figure 3.12). In fact when more load was applied after
the failure. the whole slab was lified. This behaviour was not observed for the
case of a circular support. Furthermore, slab C6 failed at a load 13.5 peréent
higher than the failure load of the slab C1 (see Figure 3.14). This is not reflected
by the difference in the compressive strength only, ( f.. of C6 is 6 per-ent higher
than that of C1) but also by the perimeter of the support. The square ring has
a perimeter 27 percent greater than that of the circular ring. As a conclusion.

under the same area load a square slab can resist more load than a circular slab.
¢ Effect of reinforcement ratio:

Slabs C7 and C10 have half and twice the reinforcement respectively of slab C1
and were tested under the same conditions as slab Cl. Figure 3.15 shows the
crack patterns at the bottom faces of slab C7 and C10 after failure. The effect
of the flexural reinforcement in punching shear resistance is shown in Figure
3.16. It can be seen from this figure that the reinforcement ratio is critical in
punching shear resistance. The slab C1 is again taken as a control. Decreasing
the reinforcement ratio by 50 % resulted in a 33 % decrease of the punching shear
strength (without taking the difference in f..). However when the reinforcement
ratio was doubled the strength was increased by only 10 percent. Furthermore,

slabs C1 and CT7 failed at almost the same slab deflections. In contrast slab C10
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failed at deflection value 24 percent less than the other. Heuce the concentration
of flexural reinforcement at a colummn-slab connection can considerably increase

its stiffness but not its punching resistance.
o Effect of the reinforcing spacing:

Slab C9 was reinforced with #15 bars spaced at 165 mm. to give the same
reinforcement ratio as slab C1 (with #10 bars spaced at 83 mum). The comparison
between slab C9 and slab C1 is shown in Figure 3.17. The effective reinforcement
spacing keeping the same steel ratio had no effect in the punching shear resistance.
The result was expected since the area of steel crossing the failure surface of the

specimen (C9) is the same as that of slab C1.
o Effect of steel bar shapes:

Slab CS was reinforced with two #10M tied steel bars. whercas slab C9 was
reinforced with #135M. Both slabs have the same reinforcement ratio and effective
bar spacing. They were tested under the same conditions. Figure 3.18 shows the
crack patterns of slabs CS and C9 after punching shear failure test. The effect of
cross-section shape of the reinforcement steel on the ultimate resistance load can
be seen in Figure 3.19. With the same reinforcement ratio and different shapes
of bars, slab C8 and C9 failed at the same value of deflection but under different
" loads. In fact, when the tied #10 bars were used, the shear strength of slab C8
was 16.5 percent lower compared to slab C1 and C9. If the difference in results
is considered to be purely due to experimental scatter, then the difference in the
stiffness of the steel bars used in the specimens (C8, C9) had not effected the

punching shear resistance.



¢ Scale effect:

Slabs C11, C12, C13 were tested to study the scale effect. They were simply
supported on a circular ring of 533 mm diameter and loaded through plates
having side dimensions of 100 mm. Figures 3.20 and 3.21 show the physical
behavior of these slabs under symmetric punching load. A comparison between
the effect of different area shapes on punching shear resistance is shown in Figure
3.22, Even though, the areas and the support length used for slabs C11. C12
and C13 are smaller than the others slabs of this series. the effect of the loaded
area shape is the same as was reported for the first four slabs. It is important to
note that there was almost no difference in the unit shear stress between these
small slabs and the first three slabs (Cl. C2. and C3). In addition. the failure
mechanism of the last three slabs is the same as that of all the other slabs of this

senes,

3.3 Bridge Test

3.3.1 Description of the Bridge

The bridge had been constructed in the University of Ottawa structural labora-
tory for testing under thermal loads in the late seventies. It was a reduced scale
model of a highway composite bridge that spans the Red River near Ste-Agathe,
Manitoba. The model shown in Figure 3.23, was made to (1/3) scale which re-
duced the overall size to approximately 16.2 meters long and 3.22 meters wide.
The model composite bridge consisted of four W15x10 steel beams with steel’
diaphragms and a cast-in-place concrete deck of thickness of 62.5 mm. The four

girders were spaced at each 900 mm, and connected transverselyr by ten C-beams
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acting as diaphragms. Three diaphragms were located at cach supporr. and two
of them were equally spaced at each span. The bridge model had span lengths
of +.86 m. 6.47m. and 4.86 m. The structural action of the slab is essentially
one-way. Figure 3.24 shows the reinforcement layout and the steel ratios. The
tension steel ratio varies from 0.0198 to 0.0314 and the compressive steel ratio

from 0.0071 to 0.0316.

The girders of the bridge model were simply supported at one end. At that
end, there was no longitudinal movement but only rotation. At all other sup-
port piers, the girders were supported to permit both rotation and longitudinal
displacement. More information about the structural properties of this model

bridge can be found in Reference [61].

3.3.2 Material Properties

The slab was reinforced with two different sizes of steel bar. The (#3) deformed
billet bars had a 414 MPa specified minimum yield point and a minimum tensile
strength of 620 MPa. The 1/4 in (#2) hot-drawn plain bars had a yield point of

400 MPa and ultimate tensile strength of 488 MPa.

The slab deck was cast into five stages. The average ultimate cylinder strength
of each section shown in Figure 3.25 from right to left is 48.2. 31.7. 44.7. 50.3

and 47.3 MPa respectively. (Reference 61 )
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3.3.3 Loading device and testing procedure

The loading device included a hydraulic jack. a load cell and two circular load
bearing plates with a diameters of 4 and 6 inches. Central deflections were
measured by dial gauges. The bridge was tested at four different longitudinal
line positions (see Figure 3.25). Along each position line. the punching was done
on the middle. left and right decks. During the tests, the bridge was punched
along the line 1 using the 100 mm diameter plate. then the equipment was moved
to the line 2. and the punching was done using the 150 mm diameter one. Along
the position line 3. the test carried out with the same plate (150 mm diameter)
in order to determine the effect of the lateral bracing on the punching shear
resistance. The middle deck was loaded up to 50 percent of the ultimate load
and then released. Also. the left and the right ones were loaded up to about G0
percent of ultimate punchimg load. and then released . After 24 hours. the load

was reapplied until punching failure occurred.

At the last stage. the bridge decks we-re loaded through the 1530 mm diameter
plate. The right deck was not loaded. The left one was loaded to failure. The
middle deck was loaded in s+ oval stages as follows: the load was applied up
to 70 percent of the ultimate load and the deck was left under this load for 24
hours. Then the load was released and reapplied up to S0 percent of the ultimate
load. The load was left for five hours and then released. After that, the load
was reapplied agair increased by about five percent. then released and reapplied
again until the bridge deck failed in punching shear. During the above process
deflection measurements were taken. The load stress increments were decreased
from 25 kXN in the beginning of the tests to 10 kN when the concrete was believed

to be cracked (after 60 percent of the ultimate load).



3.3.4 Observations frora the Bridge Test

The bridge test results are shown in Table 3.4. The first cracks opened up on
the bottom surface of the bridge deck in the form of tangential flexural eracks at
a distance from the deck center approximately equal to the radius of the loaded
area. These cracks were believed to take place when the sound of the conerete
crushing was heard. The first crack was approximately at 30 percent of the
ultimate load. Immediately after the load exceeds the cracking load. radial cracks
developed starting at the tangential crack along the circumference of the loaded
area. As the radial cracks extended. more tangential cracks developed ourside
the circumference of the loaded area. Then a final tangential crack ocenrred
coinciding with. or located outside. the tangential crack which was observed
before failure at the greatest distance from the circumference of the loaded apea.
Although accelerated creep of concrete usually gave some warning. failure was
always explosive but damage was confined to the panel tested. The failure nsually
left a neat circular hole in the top of the deck bridge and pushed-through frustum
of a cone with a nearly circular base. The perimeter of this base was measured
to be at 3d from the periphery of the loaded area. It should be noted that the
diaphragms contributed to the lateral stiffness of the bridge. In fact, the failure
load was increased by about 30 perc~.... (see Table 3.3). Even though the lridge
was reinforced in compression (top side). it is believed this did not affect the
punching shear capacity of the deck since the compression forces were taken by

the concrete not the steel.

The relation between the applied load and the central deflection along the position
line 2 for the left and the right decks is shown in Figure 3.26. The relation is
linear in the beginning and becomes parabolic when the load approaches the

ultimate state. Figure 3.27 shows the relationship between the applied load and
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the deflection of the middle deck of the model bridge. During the unloading
plases, the reading of the deflection was not taken because of the limitation of
the instruments. In fact, when the hydraulic jack was released. it was very hard
to control the load during the unloading process. When the middle deck of the
bridge underwent cyclic loading, it was observed that the stiffness decreased as
the number of ¢ycles increased. Hence. when the deck was unloaded and reloaded
again, without any modification of the instruments. the deflection reading was

much higher than that of the previous loads.

3.3.5 Calculation

The characteristic parameters of the bridge. the calculated and the test values
of the punching shear loads are shown in Table 3.5. The ultimate punching load
was calculated using Kinnunen and Nylander model and taking into account a
10 percent dowel effect. In the calculation. the effect of the compressive steel
was neglected because it is believed that the compressive force is taken by the
concrete only. The effective depth wns taken from the center of top steel mat
to the center of the bottom one. From Table 3.3, it can be seen that there is a
slight difference between the values of ultimate punching load predicted by the
model and the test results. This difference is caused by the effect of the lateral
restraints of the decks. Also, this difference increased to about 10 percent at the
presence of diaphragms. Therefore, the model predictions of the punching shear

load of restrained one way slabs is very good.
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3.4 Summary

The first slab series (A) showed that there is no exact value for the concrete
cracking load. However, before punching shear takes place. a slab undergoes
extensive flexural cracking on the tension side. Series B showed that compression
steel reinforcement may not beneficial and a thick concrete cover ean change the
failure mode from brittle to ductile, Series C tests showed that the shape of the
loaded area can have an effect on the strength of a slab-column connection. Henee
columns with sharp edges resist less load compared to column with round edges.
Also cyclic loading can affect the punching resistance of a slab. In addition. the
reinforcement. the effective spacing of the bars compared to the effective depth
d and the side length of the load area and the cross-sectional area of the fexural

steel are sometimes critical.

The bridge tests showed that the boundary restraint may increase the punching
resistance of a slab. There was no difference in the failure mechanisin between

the slabs and the bridge.
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Table 3.1: Description of the slabs

Slab H ¢ c" Punch C* | Support i P Bar | Test

Numb. [ (mm) | (mm) | (mm) Shape (mm) ; Shape l size | Purpose
Al 100.0 { 78.0 | 100.0 | Circular | 533.0 | Circular | 0.0147 | #101[ | Control
A2 100.0 | 8.0 | 100.0 b 333.0 " 0.0147 " Load 75% P,
Al 100.0 | ¥8.0 | 100.0 B 533.0 h 0.0147 " Load 35% P, |
Bl 100.0 | ¥8.0 | 100.0 | Circular | 533.0 - 0.0147 | £10M | Control
B2 100.0 | 7S.0 | 100.0 " 533.0 " 0.0147 " Double Reiuf.
B3 150.0 | 7.0 | 100.0 - 533.0 B 0.014% - Thick cover
Cl | 1000 | 78.0 | 150.0 | Circular | 6860 | = | 0.0047 | 2100 | Control |
C2 100.0 | ¥3.0 | 200.0 | Triangular | G36.0 © 0.0147 h Load shape
C3 100.0 | 78.0 | 150.0 Square 636.0 b 0.0347 - -
C4 100.0 | 78.0 | 150.0 | L shape | 636.0 " 0.0147 N -
Cs 100.0 | 7S.0 } 150.0 { Circular | 636.0 " 0.0147 - Cyclic load
C6 100.0 | 7S.0 | 130.0 " 636.0 | Square | 0.0147 " Support shape
cT 100.0 | 78.0 | 150.0 - 636.0 | Circular | 0.0074 ? Half Reinf. !
cs | 1000 | 78.0 | 150.0 - 660 | =~ |0.0147| * | Two tied bars |
co | 1000 | 78.0 | 150.0 ” 686.0 » 0.0147 | #15M | Double Spac.
C10 100.0 | ¥3.0 | 150.0 ? 686.0 7 0.0294 | #15M | Double Reinf,
Cl1 100.0 { ¥8.0 | 100.0 ? 533.0 v 0.0147 | #10M | Control
Ci2 | 100.0 | 78.0 | 100.0 | Triangular | 533.0 ” 0.0147 ” Load shape
C13 100.0 | 78.0 | 100.0 Square 533.0 ? 0.0147 i 7

* Here. c and C are the side lengths of loaded areas and the support respectively

)
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Table 3.2: Test results of the slabs

Slab Fec U, Py | Pu(Eq. 5.6) | Pt/ P, | Comment
Numb. | (MPza) | (mm) | (kN) (kN)

Al 21.0 | 1300 | 176.8 1424 1.23 | Control

A2 21.0 - - 1424 - Load 737,

A3 21.0 o 1424 - Load 353% P,

Bl 29.8 1300_ 160.6 160.0 1.00 | Control

B2 29.8 | 1130 | 150.4 160.0 0.94

B3 29.8 - 203.2 160.0 1.27 | Flexure _

C1 29.6 | 1600 | 200.0 190.3 I.O-L_mrul—”

C2 296 | 2200 | 221.2 190.8 1.15

C3 | 296 | 1600 | 2115 | 2029 1.04

Cs 29.6 | 1600 | 185.1 178.3 1.02

C5 33.4 | 1700 | 163.5 198.6 0.91

C6 33.4 | 1600 | 2273 198.6 1.14

C7 20.6 | 1600 | 133.4 160.7 0.83

C8 30.6 | 1600 | 167.0 192.9 0.86

C9 30.6 | 1600 | 200.4 1929 1.03

C10 33.4 | 1700 | 220.8 218.6 1.01

Cil 29.6 | 1300 | 170.0 159.6 1.06

C12 20.6 | 1200 | 160.0 144.0 1.11

C13 20.6 | 1600 | 190.0 |  159.6 1.13




Table 3.3: Characteristics of the plates used during tests

Slabs C1 C2 C3 C4
Plate Type Circular | Triangle | Square | "L” shape
m—-——;% 1T 1.27 1.27 1.06
Frtedren 1.00 0.98 1.27 0.71
o 1.00 1.00 1.06 0.93
Table 3.4: Bridge test results
position Frye (kN) Remarks
Left Deck | Mid-Deck | Right Deck |
1 - 63.6 - Il
2 90.0 106.2 90 ‘
3 (61.5)™ (67.1)* {61.5)* Punching on the
101.2 139.8 120.3 top of a diaphragm
4 67 (78.3)* -
- (83.9)* -
- (89.5)*** -
- 106.2 -]

*  The bridge was left under this load for 24 hours.

3k

again to failure.

The bridge was left under this load for 5 hours.
*** The bridge was unloaded when reached this load and loaded




Table 3.5: Bridge characteristics and test results

Position d ¢ P Fee Prese | Po KEN model | P, o/ P
(mm) | (mm) (MPa) | (kN) (kXN)

Left Deck

2 43 150 | 0.016 | 43.2 | 90.0 03.4 0.96

3 43 150 | 0.016 | 31.7 |102.2 05.0 1.12

| 48 1530 | 0.016 | 447 | 87.0 1.7 0.93
i -Mid-Deck

1 49 100 | 0.0258 | 48.2 | 63.6 36.4 0.74

2 49 150 | 0.0258 | 48.2 | 106.2 122§ 0.6

3 49 150 | 0.0258 | 51.7 | 139.8 126.2 1.11

4 49 150 | 0.02538 | 447 | 10G.2 119.3 0.39
I Left Deck

2 48 150 | 0.016 | 48.2- | 90.0 93.4 0.96

3 43 150 | 0.016 | 51.7 +| 120.3 93.0 1.27
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Figure 3.3: The Crack patterns at the tension side of slab Al
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Figure 3.4: Relationship between the applied load and the mid- deflection of

series A slabs
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Figure 3.5: The Crack patterns at the tension sides of slab B1 and B3
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Figure 3.7: Crack patterns at the top face of slab C1
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Figure 3.8: Crack patterns at the top and bottom faces of slab €2
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Crack patterns at the top and bottom faces of slab C3
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Figure
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Figure 3.10: Crack patterns at the top and bottom faces of slal, C4
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Figure 3.12: Crack patterns at the tension sides of slabs C5 and C6
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Figure 3.15: Crack patterns at the tension sides of slabs C7 and C10
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Figure 3.18: Crack patterns at tl.: tension sides of slabs CS and CO
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Figure 3.21: Crack patterns at the top and bottom faces of slab C13
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Figure 3.23: The 1/3-scale model bridge



WWoL H3IA0) IITHINGD NYITD

waiRg 9 40 WIELeN

81000 b

1520005  ONCTWOIEIOR

1“1 |
otie ~
l. . L ole !
[ ost | 008 L . 008 ] 008 o
vooueb  gioord 0ord] 10008 eszo0  00'0¢ 8 Joogrd #9100+ 0 w00+ §
ouVROIPTOH | D3 T woigeen) _  f PR ] W TD TR 09511 GOIRTON 10U 305 19601 el sH
DI LA A e Sa S S S, T L 1
E 0 35_.3_ (730 uo_an.oz_ YT
\I.- ] i | "

———

$°E9

sz

Reinforcement layout of the model bridge

Figure 3.24

76



ﬁ.. llllllllllllllllllllllllllllllll %IIIIH]HHHHHHHMHHHHHHHWHHH
0 [ Rttt 1 i e
I._._l lllllllllllllll ml||||.ll.|“l|.il.nu _ “H“Hunﬂu““”“”” MA”H““..HH“ ! ==
F{FSSSSssssmszssssfssossoosooons
L e e e xlllII!IHH”HHHHWHHHHHWHHHHHH HHHHHHHWHHH
U R 1 ¥ «© |
U Y , | SO N ) I o L
Al e e mm.._. ||||||||||||||| EEEEEE Tl...u.....tu_‘ lllllll u__“...l

\ < M o -~

£

o o 6 5 G

g P P P P

< [T 0 " 0

a 0 0 's) 0

= o o o o

8

_

L 11

Figure 3.25: Loading positions on the bridge decks
7



Ptest KN

4?.0

100.0

80.0
!

69.0

LEGEND
a = LEFT DECK
+ = RIGHT DECK

T T T———

00 10 20 30 40 50 60 70 80 90 100
MID-DEFLECTION mm

Figure 3.26: Load-Deflection relationship of the left and the right decks of the

bridge (position Line 2)



Ptest KN

20.0 40.0 60.0 80.0 100.0 120.0
I

0.0

LEGEND
a = FIRST STAGE
+ = SECOND STAGE
. * = THIRD STAGE
o ———————————————————
0.0 2.0 4.0 6.0 8.0 10.0 12.0
MID—-DEFLECTION mm

Figure 3.27: Load-Deflection relationship of the middle deck of the bridge (posi-
tion line 2)



Chapter 4

Theoretical Investigation

4.1 Introduction

The intersections of flat slabs or plates with their supporting columns have been
analyzed in a variety of ways. Beside empirical and semi-empirical analysis, many
investigators tried to model the punching shear phenomenon rationally to give a
better theoretical explanation of the analysis. One of the most popular methods
to analyze flat slabs is the yield line theory. Even though, it was originally
developed for flexural analysis of slabs, some investigators tried to make it useful
for punching shear analysis. A second theoretical method that has been developed
and used with great success for beams is the truss method. This theory has been
applied to model edge column-slab connections by Alexander and Simmonds
with limited success. Because of the popularity and the simplicity of these two
methods. which are easy understood by engineers, it is of interest to present
and discuss them in this Chapter. In the case of the yield line method, only

the ultimate punching shear load equations will be preéented for some different
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column-slab connections but not the derivation. However. for the case of the
strut and tie models only a basic theoretical explanation is given because up to

day no successful method has been proposed.

4.2 Yield Line Theory

4.2.1 GCeneral

As it was reported in r.he literature review (Chapter 2), many investigators recog-
nized that the fexural strength of a slab has a strong influence on the punching
resistance. For instance, as early as 1943, Johansen [27] believed that punch-
ing shear is a secondary phenomenon and analyzed some test slabs according to
vield line thedr;;'. Other attempts to link punching shear and flexural strengtl:
were made by Hognestad [21], Whitney [61], and Moe [44] who included a term
Pji.z in their empirical shear equations. This term was defined as the ultimate
flexural capacity that the slab would have if it had not failed in shear. The yield
line method of analysis gives an lower bound to the ultimate load capacity of
a reinforced concrete slab by 2 study of assumed mechanisms of collapse. The
vield line theory is based on plastic behavior occurring along a pattern of yield-
ing lines, the location of which depends on the loading and boundary conditions.
By considering a number of likely yield line patterns, the correct failure pattern.
i.e., that providing the least collapse load, can usually be identified. A relation-
ship between the applied force and the resisting moment can be established by
equating the work done by the external force to the energy required for internal
deformation along the yield lines. If a mechanism requires values of positional

parameters defining the locations of junctions of yield lines in a mechanism to be
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determined first, the loading is expressed as a function of these positional param-
eters. The minimum value of the collapse loading for the proposed mechanism
can be then found by differentiating the function with respect to each positional

parameter in turn and equating the resulting expressions to zero.

4.2.2 Observations from Tests

Figure 4.1 shows two fan cracking patterns developed in the bottom of two circu-
lar slabs loaded to failure under circular and square loads respectively. The slabs
are simply supported. It can be seen that both fan patterns are indistinguishable,
except that the cracks on the tension side, around the peripherv of the loaded
area have a slightly different shape. However the cracks in the case of square
columns are roughly circular. Thus. no significant difference is expected between
the two theoretical equations for the two cases. For simplicity the square column
can be treated as a circular one with a radius of the largest circle which could be
inscribed in the loaded area. The physical equivalent of this is to assume that

the corners of the loading surface exert little or no pressure on the slab.

When a slab is supported on a circular column stub casted monolithically with it
and loaded through its periphery, only few cracks may develop above the loaded
area. H.owever, in -the case when the column is larger, these cracks diminish
and other cracks around the column may form. To model the behavior of slab-
column connections, these observations must be taken into account beside other
conditions such as the amount of flexural reinforcement in the slab. The punching
shear test slabs were simply supported along the edges, that is the corners of the |

specimens were free to lift. Thus there was no negative yield moment.



4.2.3 Yield Line Equations

A column may be located in the iuterior of a structure, near a slab bourdary,
at the slab boundary and near or in corners. Also the shape of the load, the
support and the load conditions differ from one structure to an other. In this
study, only simply supported slabs subjected o symmetric concentric loading
will be considered with. When he developed the yield line theory, Johansen [27]
assumed that yielding of the tension reinforcement is concentrated across certain
lines in the slab plane, the yield lines. In order to simplify. as much as possible,
the rather long equations, a very simple yield condition will be used. The slab
reinforcement is considered to be isotopic. The tension slab reinforcement will
be assumed to provide a yield moment of m,; per unit length of slab in two
mutually perpendicular directions. It is assumed that shear does not affect the
vield line theory solutions, and that punching failure of the slabs. at the column
under consideration, will be the first failure. Only yield patterns which model
many of the punching test specimens and results reported in the literatures will
be presented. (More details can be found in References [27], [2§], [29], [30] and
[42].

Circular Slabs

For this case, the square loaded area is replaced by a circle with same perimeter
(so that the average shear stress at the column edge remains invariant). Figure
4.2 shows a circular slabs with a diameter C loaded through a circular plate of
diameter ¢. The slab is simply supported and the reinforcement is assumed to be
isotropic. The conventional theory for the ultimate design of reinforced concrete

stipulates the following equation for evaluating the positive yield moment (the
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only one which will be dealt with in this study) and the positive ultimate flexural

moment which are respectively:
7
My = 5P f, & (4.1)

my = pf,d* (1 - o.spj:—") (4.2)

As it has been reported in the literature, the shape of the fan yield line patterns
are similar to Figure 4.2. Applying the principle of virtual work and equating che
energy input to a unit of displacement of the load to the energy simultaneously

absorbed in the yield line hinges, the yield load can be expressed as:

— i myICd7
P, = j; Tu (4.3)

where d+ is defined in Figure 4.2, Solving this equation leads to:

2zm
P.=T—% (4.4)
c
The derivation of the above equation was based on the assumptions that the
fan spreads to the boundaries of the slab and no cracks have developed in the

slab beneath the load. If the last assumption is not correct and the yield lines

continue under the load, and Gesund [28] showed that:

"Myl

P 2
“ T

2

(4.5)

Square Slabs

For this case, any loaded area shape will replaced by a square with the same
perimeter. The simply supported slab shown in Figure 4.3 has a positive moment
capacity m,;. The yield lines will form along the diagonals which are lines of

maximum moment. Corner levers will form permitting the slab corners to rotate
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about the axis a-a. Assuming a deflection of unity at the column. the principle
of virtual work enables the calculation of the deflections of the loading and the
rotations of the yield lines. The work done by the load is then equated to the

dissipation of energy in the yield lines to give the value of the loading to cause

collapse.

2 V2
B—b B-b-z

where B is the side length of the square slab and z is as defined in Figure 4.3.

Pu = 4my1(3 - QI)

- 4my1l'\/_ (46)

A yvield-line pattern will develop corresponding to the value of r giving a minimum

value of P, in the above equation:

aa}::“ =0; gives z=(1-05V2)(B-r) (+.7)

which substituted into equation (3.6) gives:

1
P, =Smalr—% —3+2V2) (4.8)
B
If the corners are tied down, the yield lines must go through the corners. that is,
£ =0, and
Pu = Smyl (;b) (4.9)
1-3

Square Slab Supported Along Two Opposite Edges

This type of slab is shown in Figure 4.4. Loading is applied through a square col-
umn stub at the center. Reinforcement is isotopic and the positive yield moment
is my;. With a unit deflection at the column, the flexural load can be obtained
by virtual work:

P, =4m, (—E—b) (4.10)
1-3



Circular and Square Footing

The formations of yield fans for square or circular footing are shown in Figure
4.5. This kind of structure can be treated as a large slab of an area A,; and
supported on a circular column, of radius ¢ located at its center. The slab is
loaded with a uniformly distributed load W per unit area. This loading produces
an axial force P in the column. It is assumed that the slab will not crack above
the column. The formation of the yield fan shown in Figure 4.5 will permit the
entire slab outside the fan to drop the same distance when failure occurs. Gesund
developed the equation for the ultimate punching load at yield to be:

2zmy

e = - — - (4.11)
1-R0-FL 0+ 5+5)
where R is the radius of the fan and it was defined as:
1
R= c(g -:-slab _ %) (4‘12)

4.2.4 Calculation Results

The punching resistance loads of the bridge decks and the author’s tested slabs
were predicted by the yield line theory. The predicted ultimate loads and the
failure test loads are denoted by P, and P, respectively in the tables and
the Figures in this Chapter. A comparison between the predicted and the test
results of the author’s experiment is shown in Figure 4.6 where the ratio %f;: is
plotted against P, . From this Figure, it can be seen that only few points which
represent the predictions for the bridge decks, are inside the interval of tolerance
(+ 15%). In contrast, only two points representing the slabs results are inside
this interval.
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Also, 77 more specimens of slabs supported along their edges and subjected to
punching loads, reported in the literature were analyzed. The calculation results
are presented in Figure 4.7 which indicates that the yield line theory may not

predict the punching shear capacity of a slab, but it can determine its ultimate

flexural capacity.

4.2.5 Discussion

Orne of the main assumptions in the yield line method is that the slab section
along a yield line possesses the capacity for rotation which will permit moment
distribution from points of high stress concentration to other parts of the slab.
This type of behavior is possible only in under-reinforced slabs that possess suf-
ficient ductility and which do not fail prematurely in shear. It is necessary to
consider a number of different possible collapse mechanisms to determine the
minimum value of the collapse loading of a slab. A major disadvantage of the
yield line method is that an engineer may miss the critical mechanism. The yield
line theory only predicts collapse due to formation of a mechanism. Therefore.
the reinforcement in the most highly stressed regions of a slab reaches the yield
point prior the collapse. When the value of fg;‘ﬁ-“i is less than one it is an indica-
tion that the failure is flexure rather than shear. However to distinguish between
flexural and shear failure modes, a certain function depending on the geometry
and the strength of the slab should be established. Gesund and Kanshik (28)
defined a dimensionless parameter @y to determine when shear failure can be
calculated from the yield line theory.

2f,d2
i (413

where 1o and U are the perimeter of the column and slab respectively. The above

equation is a combination of two relationships that the authors established. The
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first one is the relative strengths (bending and shear) which is a function of ?"‘f’li—z.
and the second one is the relationship by the loadings. The authors assumed that

the flexural load is related to the shear one through %

It was suggested that punching shear failure takes place and could be predicted.
by yield line theory only when the parameter @ is greater than 4. However. if
one looks to the Figure 4.8, it can be noted tl 1t around only 40 percent of the
all points are in this range, and around two thirds of them are above the unity
line. This indicates that the yield lines theory can not predict the punching
resistance of a concrete structure with good accuracy even within the suggested

limit. Three main assumption were adopted to derive the above parameter Qo.

o The tensile resistance of concrete is proportional to the square root of fi.

o The shear resistance of a concrete slab is independent of the flexural rein-

forcement.

o The critical failure section is the column faces.

These three assumptions were not justified by Gesund and Kanshik and they
lead to a very conservative results. The first two assumption are similar to the
ACI code. As it will be discussed in Chapter 3, the tensile strength of concrete is
proportional to the cube root of f.. not as assumed in the above theory. Also, the
neglect of the effect of the fexural reinforcement is unrealistic to model a slab-
column connection in the shear failure mode. Moreover, the third assumption
means that the shape of the failure surface is not a cone frustum, which is a

contradiction to what was observed during tests.

In order to simplify the parameter @ and make it more reasonable, it is better

to assume that the shear stress in concrete is proportional to the cubic root of
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fee- This assumption is adopted by most European codes and it is appreciated by
Gardner. In addition, the equivalent diameters of a column and a slab (¢ and C
respectively) regardless of their shape. can be used instead of using the perimeters
ug and Uy in the above equation, since the perimeter is directly proportional to
the diameter. Therefore equation (4.13) can be rewritten as:
Q= Lﬂl‘p
(fec)3¢C

If one regards the unity line in Figure 4.9 as the dividing line between primarily

(+.14)

shear and primarily flexural failure, then it is apparent when Q is less than 3.5
the specimen might have failed in flexure. However, when @ is between 3.5 and
9, approximately half the specimens probably failed in bending and the other
half in shear, while for @ greater than 9. most specimens might have failed in
prunching shear. Therefore, the suggested parameter does not help too much in

distinguishing between failure modes.

4.2.6 Summary

The vield line theory is a powerful tool to check the flexural strength of a slab-
column connection but not to determine its punching resistance. Therefore, after
designing a column-slab connection to resist punching shear, flexural resistance
should be checked. If the ultimate design punching shear resistance load is greater
than the that predicted by the yield line theory, then the mode of failure is likely
to be flexural. This is true only when the slab is under-reinforced.
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4.3 Strut and Tie Model Theory

4.3.1 Introduction

While the elastic analys.s can accurately model the flow of the stresses prior to
cracking, it can not predict the redistribution of stresses that will occur after
cracking of the concrete. Inelastic finite element models are capable of predicting
the stress flows in a slab-column connection for all levels of loading up to fail-
ure. However these models are too time-consuming for use in every day design.
Therefore a more convenient method should be developed in order to simplify
ine punching shear problem.

Cracked reinforced concrete carries load principally by compressive stresses in
the concrete and tensile stresses in the reinforcement. After significant cracking
has occurred, the principal compressive stress trajectories in the concrete tend
towards straight lines, and hence can be approximated by straight compressive
struts. The tension ties used to model the principal reinforcement meet with
concrete struts at nodal zones. Thus, the internal flow of forces can be modeled
using concrete compressive struts, tension ties and nodal zones. This concept

can be referred as a truss model.

4.3.2 Observation from Tests

Figure 4.10 shows a reinforced concrete corbel after failure tested by Cook. The
author reported that the failure occurred in the specimen by concrete crushing
under the bearing plate after large strains were recorded in the main tie and after

the occurrence of severe spalling of the concrete cover surrounding the bearing
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plate. In this case it was believed that the failure was caused by excess vielding
of the flexural steel reinforcement. Slab C1 was cut in half to show the failure
cracks in concrete. Figure 4.11 shows a transversal section of slabs C1. It can be
easily seen that the cracks run along an inclined straight line similar to that in

corbels. The opening of the cracks is wider in the tension side than those in the

compression side.

4.3.3 Truss Model

One of the characteristics of truss models is their ability to closely predict the
inclination of the cracks in concrete structures. These cracks form perpendicular
to the direction of principal tension in concrete . The principal compression

stresses flow in the regions between and parallel to these eracks.

The symmetric punching of reinforced concrete slabs can be compared to a
double-side corbel. Figure 4.12 shows the predicted principal stresses and strains
of 2 corbel by non-linear finite element analysis. As it can be seen, the predicted
fiow of concrete compressive stresses concentrates around inclined straight lines.
The high stresses concentrate under the load point of application and around the
column faces at the bottom of the corbel. The flow of stresses can be modeled as
shown in Figure 4.132. The forces are modeled in a truss shape shown in Figure
4.13b. With the geometry of the truss model determined, the forces in the struts

and the ties can be found from statics.

Figure 4.14 shows an interior column-slab connection with no unbalanced moment
acting. The cracks are essentially radial, indicating the compression forces flow
toward the column from all directions. While the surface cracks do not provide

complete information on the force flow in the concrete, they do give an indication

91



of the horizontal directions of the compressive concrete forces. Evidence for the
vertical directions may be observed from the final failure mechanism. That is,
the vertical component of the acting forces is dependent of the inclinazion of the
failure surface and the arrangement of flexural reinforcement. The inclination of
the failure surface is determined by the longitudinal crack running some distance
away and around the column faces. This crack will be referred later as a shear
crack.

4.3.4 Model Components

The interior slab-column connection may be viewed as three dimensional space
truss, with the struts being compressive concrete pieces bound together by fex-
ural reinforcement ties. To formulate the truss model, the actual dimensions of
the compressive struts and tension ties should be determined first. The impor-
tance of these dimensions has been pointed out by Marti [43]. Simmonds and

Alexander proposed two types of struts, which are:

* In-plane struts that are parallel to the plane of the slab.

e OQut-of-plane or shear struts that are at some angle a to the plane of the
slab.

In-Plane Struts

The directions of the in-plane struts are shown in Figure 4.15. These struts meet
the column faces at corners. For the case of a square column, the radial cracks

usually start at the corners because of the high concentration of stress. Because

92



-

of the symmet1y of the cross-section of the column. equilibrium is satisfied by
summing the in-plane forces in both directions. Once the applied stress exceeds
the resistance stress of these struts on the tension side. flexural cracks start
opening and increase in depth. Once the cracks openings reach the position of the
flexural reinforcement, the in-plane struts become ineffective and the reinforcing

steel will resist the in-plane forces.

Out-of-Plane Struts

As it can be seen in Figure 4.16, the compressive struts on the column faces are
inclined and form a fan pattern allowing forces to enter this face from portions
of the slab outside of the width of the column faces. Beside the radial ciacks,
tangential cracks will be also developed at some distance from the faces columnn,
The depth of this crack will increase with an increase of load. therefore the depth
v of the compressive zone decreases. Hence the resistance stress of the ™ out
of plane " struts depends on y. Since it is difficult to predict y. the forces in
the struts should be determined as function of the compressive strength of the
cracked concrete. Figure 4.16 shows a plan view of the distribution of the force

of square column-slab connection.

4.3.5 Ultimate Failure Load

Criteria should be established for determining the ultimate resistance of the in-
terior column connection. For equilibrium, the sum of the vertical components
. of the fan struts must equal to the shear force, and the horizontal components
of the fan-struts must equal to the sum of the forces in the flexural reinforce-

ment. Therefore, two failure mode are possible, namely the failure of the tension
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steel tie or the compression strut. The concrete in the region of the column and.
especially in the compression zone. is confined by the concentration of the com-
pressive forces, so that failure of the concrete struts at the column face can be

expected to occur at a stress higher than f..

Flexural Reinforcement Failure

This mode of failure was rarely observed by previous researchers. It occurs when
the reinforcing stéel has a very low yield streugth, and a rupture of the mat takes
place when the opening of the longitudinal crack was significantly wide. Such
types of failure can be avoided by placing enough steel on the tension side of
the slab-column connection. In the development of their truss model. Alexander
and Simmonds assumed that the flexural steel will always reach vield at failure.
Therefore a failure of the slab-column connection takes place as soon as the steels
reach the yield point. As it will discussed in Chapter 6. this assumption is not re-
alistic. Kinnunen and Nylander [36] reported in their tests, steel started yielding
at approximately 40 percent of the ultimate load. However other investigators
such as Regan reported that slabs tested for punching shear failed before the

stee]l reach its yield stress.

Concrete Compression Failure

Most of the previous investigators reported that slabs tested for punching shear,
failed by compression failure of the concrete. An analytical solution to the punch-
ing failure problem should be based on the determination of the failure stress at
which the concrete struts fail at the column faces. The failure stress should not

exceed the crushing strength of the cracked concrete. This stress varies around
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the column and with the connection design properties. The estimation of failure
stress depends on strut inclinations and the widths of the areas at the side faces

of column on which the struts bear.

4.3.6 Relation Between a and the Failure Load

To determine the geometry of the forces of the truss model shown in Figure 4.12h,
three quantities are of significant importance to consider. These are the failure
angle «, the magnitude of the tensile force in the steel tie and the magnitude of
resistance capacity of the concrete strut. With equilibrium satisfie in the verticnl
direction. the ultimate failure load can be determined by knowing any of the
above two parameters. In the case of the corbel shown in Figure (4.13). o is
predetermined because the loading points coineide with the conjunction of the

steel tie and the concrete strut forces.

During the tests conducted in the structural laboratory of the University of Ot-
tawa, the punch perimeter U, at the bottom of slab of each specimen was men-

sured. Therefore the angle a can be expressed as :

-
a =tan"! (-_-"—d) Circular slabs (1.13)
Uy —u,
or
a =tan™! (i) - Square slabs (4.16)
\Up —u,

Other shapes of load area or slabs should be analyzed by means of equivalent

circular or square areas.

The failure surface angle with respect to the horizontal plane depends on the
geometry of the slab-column connection, the material propertics and the applied

load. This dependence is shown in Figure 4.18 where the test results of the
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present work were used. An exponential curve was drawn to fit the experimental

data. The suggested equation to determine theoretically the angle a is:

tana = 0.73 — (=) (4.17)
where ‘
P,
K, = oed (4.18)

The above relation indicates that the angle a depends on ultimate punching
resistance load P, which in turn depends on the slab-column connections and
the material properties. Also, it should be noted thas as the effective depth of
the slab increases, the failure surface angle and the ultimate load increase but
not proportionally. The choice of the exponential function was based on the fact
that maximum value of « is 36 degrees and « decreases as the ratio f_; decreases
but not linearly. Theoretically K, is equal to zero only when P, is zero, but in
practice &y, will never reach zero and could be small only when the load is very
small and the side dimension of the loaded area is big. However, most K, values
may be greater than 0.8. It should be noted also that the above equation is not
valid for the case of a point load. Furthermore. equation (4.17) was determined
from on the present experimental work. The ultimate punching resistance load
can not determined theoretically based on equation (4.17) because it has two
unknowns. Therefore another function relating P, to f.. is needed. This relation

can be determined experimentally by measuring the strain of concrete at failure.

4.3.7 Summary

The tie and struts model is a powerful tool that can be used by structural engi-

neers nowadays to model a slab-column connection. It explains the distribution
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of the forces in any direction. The major ditficulty in the model is determina-
tion of the failure surface angle. To date. no researcher has successfully used
this rational model to explain the complicated failure mode of a slab- columnn
connection. The only way to overcome the problem is to determine the critical
stress at which the concrete struts at the column face can be expected to fail.
Knowing this and the geometric dimensions of the slab-colunnn conneetion. a
relation between the swface failure angle and the applied load can determined

experimentally.

4.4 Conclusion

Both theories presented above are important for background knowledse. The
vield line theory gives an idea of the flexural behavior of a slab-colunm connection
but it can not predict its ultimate punching shear load. However. in the ease of
under- reinforced slabs, punching shear failure of a slab can be governed by the
vielding of the steel. Hence the punching shear failure load may be predicted
Ly the yield line theory. Even though the truss model is considered to be an
easy rational model that can be understood by most engineers. little success has
been achieved to developed it. More experimental work on various slab-coluumn
connections with different geometry: and theoretical explanation is neceded in

future.
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Table 4.1: Yield line theory predictions of the slabs test results

Slab | Py | Plicta | £2==

Pylﬂd
Numb. | (kN) | (kN)

Al 176.3 | 2904 | 0.61

Bl 160.6 | 290.4 | 0.35
B2 | 1504 | 139.2 | 1.07
B3 |203.2| 290.4 | 0.70

Cl }200.0| 3019 | 0.66
C2 | 221.2| 3206 | 0.67
C3 | 211.5] 329.6 | 0.67
C4 [185.1] 3296 | 0.36
C5 |163.3| 301.9 | 0.54
C6 |2275| 2792 | 081
CT | 133.4 1519 | 0.88
CS |167.0| 301.9 | 0.535
C9 |200.4 | 3019 | 0.66
C10 |220.8| 5289 | 0.42
Cil |170.0 | 290.4 | 0.58
Cl2 | 160.0 | 290.4 | 0.5
Cl3 }190.0 | 312.0 | 0.61

Mean 0.65

Coefficient of variation || 10.20
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Table 4.2: Yield line theory predictions of the bridge test results

Position Ptcat PB““ 1"’::,..-_.1.1
Line | (kN) { (kX)

Left deck

900 ! 91.2 | 0.99

o

3 |1012] 912|111
4 $7.0 | 912 | 0.95
Mid-deck
1 63.6 { 147.0 | 0.43
2 116211532 0.0
3 |139.8|153.2] 0.01
4 10621532 0.70
Right-deck
2 90.0 | 91.2 | 0.99
3 |1203| 913 | 132
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a- Circular Column

b- Square Column

Figure 4.1: Yield line pattern for symmetric punching
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Figure 4.2: Yicld line pattern for circular slabs

b 9

Pigure 4.3: Yield line pattern for square slabs
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Figure 4.5: Yield line pattern for square and circular footing
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Figure 4.10: Reinforced concrete corbel after failure (after Cook)
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Figure 4.11: Cross-sectional view of slab C1 after failure
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Figure 4.72: Predicted principal stresses and strains of a concrete corbel by
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Figure 4.14: Typical punching failure of interior columns (after Van Dusen)

Figure 4.15: In-plane struts in an interior column-slab connection
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Figure 4.16: Out-of-plane struts in an interior column-slab connection

Figure 4.17: Plan view of the distribution of the forces in a square column con-

nection
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Chapter 5

Parametric Study

5.1 Introduction

Because of the lack of understanding of the punching shear failure mechanism,
most researchers had difficulties in rationally modelling the phenomenon. In
fact, many empirical procedures have been developed for the prediction of the
ultimate punching resistance load of a slab-column connection. These procedures
were based on assumptions which are reliable only over the limited range of data
for which they were calibrated. However, most current codes uses empirical equa-
tions for punching shear design because of their simplicity. But these empirical
equations do not explain the failure mechanism and sometimes are very conserva-
tive in their predictions. In this chapter, the behavior of slabs at cracking under
punching load is explained and 2 consistent empirical study taking consideration
of the effect of all the parameters of a column-slab connection is proposed to help
the designer to visualize the fajlure mechanism. A comparison of the proposed

equation with four codes with respect to critical parameter is presented.
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5.2 Failure Mechanism

Before studying the effect of each parameter of a slab column connection on
punching shear resistance, a theoretical explanation of the failure mechanism is
needed. The description of this phenomenon is based on the observations during
the tests carried out in the structural laboratory at the Univessity of Ottawa and

on the reports in the literature by previous investigators.

When a simply supported slab is loaded in the center through a bearing plate,
it may behave in two different ways: ductile or brittle behavior. The first type
of behavior is characterized by large deflections and excessive longitudinal eracks
on the tension face of the slab. Al the reinforcement crossing the column-slab
connection reaches the yic!d stress point near the column faces. The second type
of behaviour is characterized by less deformation prior to failure than in Sexural
failures, by the violence of the failure and by the sudden drop in resistance from
the peak load. This type of failure is referred to as punching shear; the mechanism
of which will be described in detail hereafter.

When the load is applied on the top of a simply supported slab, the center de-
flection of the slab underneath the loaded area increases linearly with the load.
At about 50 to 60 % of the ultimate load, tangential flexural cracks oceur at a
distance from the slab center approximately equal to the radius of loaded area.
Then radial cracks develop starting at the tangential crack along the circumfer-
ence of the loaded area. These cracks spread, so that the slab is divided into
radial segments. As they extend, more tangential cracks develop outside the
circurmference of the loaded area. As the load increases, a first flexural crack
running in a tangential direction appears, at a distance from the circumference

of the loaded area which may be greater than, or equal to, the thickness of the
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slab. This crack may be regarded as the first shear crack as Kinnunen and Ny-
lander [37] reported. Once the shear crack appears, more flexural cracks form
around the periphery of the loaded area and the radial cracks extend as the center
deflection of the slab increases with increasing load. The shear cracks (longitu-
dinal direction) increase in depth vertically, but when they reach the flexural
reinforcement, which will carry part of the shear forces thereafter, they deviate
from their initi-i direction to be inclined along the steel reinforcement plane.
Experimentally, it is not possible to determine a completely unique value of the
shear cracking load; i.e., the load at which the shear cracks begin to open up. It
is note worthy that, punching failure does not occur when an inclined crack is
formed. However, under the load the compressive zore in the vicinity of the col-
umn faces undergoes variable compressive stress states. At locations very close
to the load area peripheries the stress state is believed to be triaxial with the
minor principal stress o3 being very small. At critical locations adjacent to the
triaxial stress state locations, ¢; disappears and a biaxial compressive stress state
may occur. In most tested slabs, the compressive strain of the concrete close to
the loaded area in a radial direction decreases as the applied load approaches
the ultimate and even some can be converted into tensile strain [31]. Just be-
fore failure, a final shear crack in the tension side, coinciding with, or located
outside the most distant (from the loaded area periphery) tangential crack will
be formed. The slab portion outside this shear crack is practically a rigid body
during deformation. As the last shear crack increases in depth, the thickness of
the compression zone, in which the vertical component of the principal stresses
is acting, decreases. The opening of the shear cracks indicates that the concrete
has failed in splitting and part of the shearing forces in the tension side will be
taken by the steel reinforcement. It is a well known feature of punching shear
that failure occurs before the ultimate strength of the reinforcement is reached

or even without occurrence of any yielding of the steel reinforcement. Hence it
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is believed that failure may be attributed to the increase in depth of the shear
crack which leads to decrease of thickness of the compression zone. In spite of

such, the average thickness of the compression zone was measured by Kinnunen
" and Nylander [37] to be 0.3d. Once the principal stress reaches a certain values
(greater than f..) a very small crack may initiate near the column faces. This
will lead to the loss of the confinement of the triaxial compressive state which
can no longer be sustained nor redistributed. All of a sudden, failure occurs and
the resistance drops markedly as more load is applied. After the initial failure,
the deflection increases dramatically and the concrete cover torn away along the

plane of flexural steel at the outside of its intersection with the inclined failure
surface.

5.3 Punching Shear Resistance Equation

In order to derive an empirical equation for punching shear resistance, it is of
interest to study the parameters upon which interior column-slab connections
depend.

It should be noted that cfter the author’s ezperimental results described in Chepter
§ were completed, the date were added to the original data selected from the
literature. The derivation of the equation (5.8) was based on the original data.

5.3.1 Critical Section and Failure surface

The critical section worried many researchers in the past, and it is still a key point
to determine the ultimate punching load. The nominal punching shear stress is
usually calculated by dividing the failure load by the cylindrical area of a chosen
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control surface. In fact, the choice of a critical perimeter u differs from one design
code to another. All the existing codes consider that the eritical perimeter , upon
which the nominal punching shear stress depends, is a function of the loaded area
shape and the effective depth only. The British code (BSS110-85) states that the
critical perimeter should be at a distance 1.5 times the effective slab depth d
outside the column. Its shape should be a square whether the load is circular
or square. However the North American codes suggest a perimeter much closer
to the loaded area. This perimeter u follows the shape of the loaded area at a

distance (0.5d) from its peripheries.

Usually, the punching shear load is defined as the nominal shear stress multiplied
by a projected area of the failure surface which has the shape of a cone. The
angle o between the failure surface and the slab plane was not well studied by
previous researchers. To have correlation with test results, Regan [52] choose a
equal to 22 degrees (cot & = 2.5), and calculated the area of the failure surface
A (See Figure 5-1) to be:

A = dy/1 + cot? a(ug + mdcot a) (5.1)

where ug is the perimeter of the column and d is the effective depth of the slab.
The failure area surface given by the equation 5.1 differs from that of current
codes of practices which consider it as the product of the slab depth and a nominal
critical perimeter. The suggested change gives the designer a better picture of
what is involved and should help to avoid some of the mistakes which can be
made when the critical perimeter approach is used blindly. The new approach
makes possible the rational treatment of various cases which can not be dealt with
sa;tisfactoﬁly by present code methods. These include slabs of variable depth and
slabs with shear reinforcement where failure may occur between 2 column and the
mner most shear steel. However, it was observed during tests of simply supported

slabs that the failure angle could go up to 30 degrees. Thus it is better to choose
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an average angle a of 26 degrees (22 < a < 30 degrees). Moreover, any shape of
loaded area can be replaced by a circle having an area equal to the original one.

Therefore equation 3.1 can be written in simple way:

A =2.27(c + 2d)d (5.2)

where ¢ is the diameter of the equivalent circle of the loaded area. A square
column is replaced by circular one, having a diameter ¢ equal to the side length
of the original. This reduction in area is because square columns resist less load
than circular ones as test results showed (Chapter 3). The choice of the above
failure area surface is based on an assumption that the columns or loads are widely
spaced. In the case of bridges, where edge bearings and intermediate supports are
usually relatively close together, with respect to the slab depth, design punching
surfaces can intersect. So the design perimeter should be modified and the failure
surface . should be decreased by a factor ( ".;TM ), where a, is half distance between

two supports (a, < 1.8d).

5.3.2 Concrete Strength

In many countries, the basic concrete strength parameter is the uniaxial com-
pression strength f.., determined from tests of standard 150mm x 300mm cast
cylinder after 28 days of moist curing. The cube strength f., is found from stan-
dard 150mm test cubes. To relate the compressive strength fo, to f., Hewitt
and Batchelor (34) suggested the following equation:

_ fee .
= 07510000057,  P%)

feu (5.3)

Equation (5.3) is an approximation of a curve that relates f., and f, given by

Evans. For general use, it is suggested to take fe, =_1.25 See-
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The strength of concrete is affected by the cement water ratio, the bond between
the aggregate and the cement paste, and by the moisture conditions during cur-
ing. Also, it depends on the shape and the density of aggregate. In fact as
reported in the literature [41], beams and one way-slabs failing in shear showed
decreases of strength of 20% for lightweight aggregates compared to normal den-
sity aggregates.

Many researchers believed that punching shear failure is caused by the failure
of concrete in tension. However, knowledge of the relation between the ten-
sile strength and the compression stress of concrete is still limited. The tensile
strength of concrete varies between 8% and 15% of the compressive strength. Al-
though the tensile strength of concrete increases with an increase in the compres-
sive strength, the ratio of tensile strength to the compressive strength decreases
as the compression strength increases (See Figure 5.3). Thus, some researchers
suggested that the tensile strength is approximately proportional to the square
root of the compressive strength. However, recent research shows that the tensile
strength depends on a power of f.. greater than 0.5. Zhao [69] found this power
to be equal approximately to %, which used by most of the European codes.

To derive his punching resistance equation, Moe [44] used the square root rela-
tionship because he believed that shear failure is to be controlled by the tensile
strength which was generally assumed to be proportional to /fo. To check
the relationship between the punching resistance of reinforced concrete flat slabs
and the concrete strength, slabs having constant effective depth and constant
side length of loaded area (b for sqﬁare and ¢ for circular) were analyzed. As-
suming that the ultimate shear stress is proportional to the fourth root of the
ratio of flexural reinforcement (v,  pt), 2 relationship between the compressive

strength of concrete and the punching shear resistance of a column slab joint
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can be established. This relationship is shown in Figure 5.4 and 5.5 where the
least square fitting curves were drawn. From these Figures, it can be seen that
there is not much difference between the two relationship. However. the cube

root relationship shows a reasonable overall agreement.

5.3.3 Flexural Reinforcement

While it is generally agreed that flexural reinforcement has an effect on the shear
strength of slab-column connection, some analytical procedures neglect it. Inves-
tigators such as Yitzhaki [66] suggested that the ultimate shear stress of slabs v,
should be calculated by flexural analysis. In these equations, v, is primarily a
function of the ratio of flexural reinforcement times its yield strength (v, x pf,).
However Moe [44] suggested a design equation that depends only on the square
root of the concrete compression strength (/=) and the ratio of the side length
of loaded area to slab thickness (£). His idea was based on the fact that the
concentration of reinforcement within a band approximately 0.3d either side of
the column did- not increase the punching strength. In fact, strength decreases
by roughly 6% compared with those for slabs with uniform steel. This does not
mean that the shear is effectively independent of p within the column area. Moe's
findings could be attributed to the large quantity of reinforcement present. The
lowest reinforcement ratio of 1.06% and the highest of 3.45% used by Moe can be
compared to the lower limit of 0.8% suggested by CEB-FIB code [12] or 0.5% by
Gardper [25). In fact, Gardner tested some specimens with zero steel and others
with steel ratio less than 0.5%. These specimens failed in flexure indicating that
punching shear is not critical for unreinforced slabs and it is affected by the flex-
ural reinforcement. An appropriate layout of tensile reinforcement can improve

the shear strength and optimize the flexural behavior of the slab in the service
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load range. So an increase of tensile reinforcement would increase the decpth
of the compression zone of concrete and thus the area of non-cracked concrete
available to resist the shear. It would reduce the width of cracks, thus improving
the transfer of forces by aggregate interlock, and would also increase the dowel
action. The high strains in the periphery of the loaded area may lead one to

consider placing reinforcement in order to make full use of its ductility.

There is some difficulty in the definition of p, as the width of slab to be used in
its calculation has to be specified. It is better to calculate. p for the full width of
the effective transverse slab strip, that is a width approximately equal to the slab
breadth when there is a single central support.' Even though there is a difference
between p within the slab-column connection and p in the slab far away from the
column, the difference in the values of the punching resista.ncz-e load P, will be
very small because P, is function of the forth root of p- This conclusion agrees
with test results of two-way slabs done by Moe [¢4], and Elstner and Hognestad
[20]. However Regan suggested it would be probably be appropriate to calculate

steel ratios for column strips only and not full column-to-column widths.

Practically it is too hard to get a smooth distribution of reinforcement in x and y
directions. In the case of an unequal orthogonal reinforcement, the expression of
p can be obtained-by the simple average and it would not give rise to any serious

€ITOrS.

z + -
p= _r?_o_Py_ (0.4)

However, some researchers suggested the square root relationship.

P= /PPy (5.5)

The difference in formulations is insignificant.

Figure (5.6) shows (#) plotted against the ratio of flexural reinforcement
(L=)3 4

) Ae
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for tests done by Elstner and Hognestad [20], Gardner [25] and Moe [+4]. It can
be seen that the use of forth root function is more convenient than the cubic root

and it is consistent with test results.

The limit amount of reinforcement required for slab-column connection is based
on the concept of balanced failure where the concrete crushes and the steel vields.
When the reinforcement is in excess of this amount the failure is always governed
by crushing of concrete, whereas in the opposite case the failure is governed by

the yielding of the steel which results in a more ductile connection.

The infiuence of the provision of compression reinforcement has not been clearly
dealt with by researchers. Elstner and Hognestad [20] believed that compression
reinforcement has a negligible effect. However, Neth, de Paive and Long [49],
observed significant strain jumps in compression reinforcement upon yielding‘ of
the tension reinforcement, which may indicate that this reinforcement does play
a significant role in preventing crushing of the concrete. In fact when compres-
sion steel is properly detailed, it could act as a suspension net, supplying an
alternative load path that hold the slab together even after a punching failure
as recommended by the Canadian code CSA A23-3M [11]. Since the width of
the punching area at the compression side of the slab is much smaller than the
tension side, it is likely that the effective number of comi)ression bars are less
than the tension ones. So, the compression steel is less effective than the tension
steel. The ratios of compression steel vary usually from 0.3 to 1 times the ratios

of tension steel and the maximum increase of punching resistance is only 12% as

reported by Regan [51].

The yield strength of flexural reinforcement f, was used by many researchers as
2 parameter defining the punching resistance. It can be expected to have some

influence at least where some of the steel yields before failure. In practice the
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influence of f, can be neglected. The evidence is that Moe [44] tested similar
slabs having steel with a yield strength of 330 MPa in one set and 480 MPa in

the other, and there was no difference between the punching strengths obtained.

3.3.4 Scale Effect

It is well known that in beams and one way slabs without shear reinforcement,
the ultimate nominal shear stress (£4) decreases with increasing depth, if other
parameters are kept constant. The same phenomenon has been shown for two
way slabs. In Figure (5.7), values (-ff*j-) are plotted against d. Both cube
' Acp s fee
and fourth root functions give a reasonable overall correlation. The fourth root
is preferred to be used by Regan [51]. Some empirical equations for the ultimate
punching shear resistance include the column size-slab depth ratio (£). The
. P 2y e . . - . .
relation between (m) and (%) is shown in Figure(5.8). The solid line
drawn represents v, o (§)§' and fits the data well. However, other researchers
used the fourth root function. Simmonds and Alexander (4) got the relation

(Pu (ﬁ)}) by trial and error.

5.3.5 Equation

As described previously, the punching shear resistance of reinforced concrete
flat slab-column connection depends mainly on the concrete strength, flexural
reinforcement and geometry of the connection. Therefore a general equation can

be written in terms of the simplest possible parameters.

O AT I (5.6)

bl 2
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where A, is the failure surface determined by equation (3.2). The ( ) fraction was
not considered in the equation, because it is believed that when ($) > 1, it will
not have an effect on the punching shear resistance (see Figure 5.5). However.

when (§) < 1, which is not the case in practice, errors that may anticipated will

be in the conservative side.

Applying the logarithmic function, equation (3.6) becomes:
Inv,=Ink+llnp+mln foe+nlnd (3.7)

77 reinforced concrete flat slabs, tested by previous investigators were selected for
the analysis. By statistical analysis, the values of the parameters in the equation
5.7 were found to be: £ =521, 1 = 0.26, m = 0.33, n = —=0.29. To make these
harameters more convenient in practice, it is better to modify them in form of
fractions; that is: I = Lm= I.n= 3t Thus a general equation can be written
as follows:

P, = kA pif 3d5 (5.8)

Considering the new parameters, k can be determined using this average equa-

tion:

P,
h=aS — (5.9)
>3 Acpt focdd

where n is the number of specimens.

The constant  depends on the kind of concrete, and the arrangement of rein-
forcement. To determine k for isotropic flexural reinforcement, 77 slabs were
chosen for normal weight concrete and 13 slabs for lightweight aggregate con-
crete. The values of k were found to be 4.61 and 3.69 respectively. For slabs with
radial and circular reinforcement arrangement, the value of & was found to be
4.00 about 13% less than the isotropic reinforcement. However, when the slab is

circularly reinforced, its resistance to punching shear reduced by 30% compared
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to the two way reinforced slabs. The value of & was found to be equal to 3.14.
The different calculated values of k from different tests, the mean, the standard
deviation, and the coefficient of variation values of the ratio of the experimental
failure load to the calculated punching resistance load using equation (5.8) are
shown in Table 5.1.

9.3.6 Calculations

The calculated and the test result values of the punching shear loads for the
present experimental investigation are shown in Table 3.2. The calculation of °
the ultimate punching load is based on the equation (3.8). The ratio of the test
failure load to the calculated ultimate load is 0.94 for slab B2 which was not
expected. This can be explained by the fact that the equation takes the effect of
the reinforcement on the tension side only. Since B3 had failed in flexure, it is
obvious that the punching failure load is greater than the predicted ore due to
the greater gross thickness.

In the calculation, the effect of load area shape was considered by replacing any
area shape by a circle having the same area as the original. For slab C5, the
calculation showed that the cycling effect reduced the punching shear capacity
of a slab by about 20 percent. However when the reinforcement ratio decreased
by half in slab C7, the failure load is low compared to the predicted one. This
can be explained by the fact that the spacing between the steel is greater than
the diameter of the loaded area. Hence the calculated value of the reinforcement
ratio is not precise since it is hard to calculate how many bars cross the critical
section. Based on the theoretical calculation, the different cross-section shapes

of the reinforcing steel used in slabs CT and C8, had no effect on the punching
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shear capacity which contradicts the experimental work. The average ratio of

the predicted to test load is about 0.96 for the tested slabs.

Figure 5.9 shows the ratios of the failure test load Py of 90 slabs to the predicted
ultimate punching failure load P, using the equation (5.8) plotted against Pi.,,.
Two horizontal dotted lines were drawn at values of Piese/ P, ratio equal to 0.85
and 1.15 to limit the interval of "goodness” of the results. It can be seen from
the Figure that distribution of the points is random. Also. only few points are

outside of the tolerance which endorse the precision of the suggested equation,

9.4 Codes of Practice

5.4.1 General

The mechanics of shear failure in reinforced concrete slabs were not well under-
stood in the past. Around the mid of the twentieth century, the calculation of
the punching shear resistance was based on one of the two theorics: The frst
one is to consider the zone around the column as a circular simply supported
slab, concentrically loaded on the middle. A punching failure occurs when the
shear stress in a determined critical section reaches a limited value fixed based
on the observation done during experimental tests. The second theory is to
transform the punching shear problem of flat slabs to the shear of reinforced con-
crete beams. Therefore, the method of equivalent frame was used. The frame is
formed by columns and a strip of slab in which the effective width is determined

empirically.
Until 1960, most of the existent codes were based on the first theory, but the
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second one was used by a few codes such the German one (DIN 1043). At that

time, the punching shear test results reported by Moe, Kinnunen and Nylo= e

forced many countries to revise their codes and to consider the punching as a

specific problem for flat slabs.

5.4.2 Equations

In view of the complexities and many parameters involved, codes of practice

express shear capacities in terms of nominal average shear stress acting over

nominal cross-sectional areas. All the codes, currently consider shear in reinforced

concrete slab at the ultimate limit state. For the following code equations, the

notation used is as follows:

f <<
fau

Uo

Uy

Tm

£,

Dianieter of a circular column or loaded area (mm).
Side dimension of a square column or loaded area (mm).
Mean effective depth of slab (average of éﬁ'ective depths in orthogonal
directions) (mm).

Cylinder crushing strength of concrete,

Cube crushing strength of concrete.

Overall thickness of slab (mm).

Length of control perimeter (mm).

Length of periphery of loaded area (mm).

Punching resistance load (N).

Punching shear resistance (stress) (MPz).

Partial safety factor for resistances Or materials.

Partial safety factor for resistances.

Size or depth effect factor.

Ratio of flexural reinforcement.
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BS 8110-85

p=fth y Ym =125

- 1 1 1
v = 22(1000)3 ()} (120!
u = 4(c + 3d) for circular loaded areas.
u = 4(b + 3d) for square loaded areas.
P, = vud < 1.2\/f ued

p is calculated for a width equal to{c+3d) or (b+3d).

CP 110-77

p =22 2 0.03

v, = 0.27(100pf..)3

§ =1.6-0.0021% > 1.0

u = w(c+ 3k) for circular loade& areas.

u = 4b + 3=k for square loaded areas.

P, = §vud

p is calculated for a width equal to{c+Gh) or (b+6h).

ACIT 318-89
v, = $(0.0838)/F-. , $=0.7
B=2+ ;—c B. is the ratio of longer to shorter dimension of the loaded area.

u = w(c + d) for circular loaded areas.

u = 4{c + d) for square loaded areas.
P, =v,ud



CEB-FIP-78

The model is prepared by the Comite Euro-International du Beton(CEB) and
the Federation International de la Precontrainte (FIP). The ratio of flexural re-
inforcement is calculated for a width of (c+5d) or (b-+54d).

P = \/PzDy , Im = 1.5

v = S((1 4 50p) )}

& =1.6-0.001d

u = w(c + d) for circular loaded areas.

u = 4b + 7d for square loaded areas.

P, = &v,ud

5.4.3 Comparison Between the Code Provisions

Looking at the codes formulas, one can notice that the control perimeters used
by both British codes are larger compared to the ACI and CEB codes. The latter
have perimeters much closer to the loaded area (see Figure 5.10). The significant

difference between these documents are:

o In BS8110 the control perimeter has square corners whether the loaded area
is square or circular, whereas the CP 110 and CEB perimeters have rounded -
corners in all cases. In ACI code, the control perimeter is taken to have the same

shape as the loaded area.

¢ In BS 8110, the ratio of flexural reinforcement is calculated for a width of slab
equal to that of the loaded area plus 1.5d to either side of it, while in CP 110 the
width is that of the loaded area plus 3h each side. In CEB code, this width is
equal to (B+3d) or {b+35d) breadth of the slab. For the ACI code, the limiting
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shear stress depends only on the concrete strength.

¢ The range of slab depths over which a size effect is cousidered on punching
resistance in BS 8110 is 100mm < d < 400mm while in CP 110 the corresponding
kmits are 130mm < k < 300mm.

For the calculation of shear, all codes assume that it is uniformly distributed over
the slab depth and all along the critical perimeter. The function for the caleula-
tion of the ultimate nominal punching stress depends on parameters that differ
from code equation to another. Test results showed that certain parameters, such
as the compression strength of concrete, the geometry of a slab column connection
and sometimes the fexural reiuforcement, have an effect on the punching shear
resistance. Based on some theoretical considerations that essentially support the
equilibrium condition in the vertical direction (for example 21" =0) and obser-
vations made during tests. empirical formulas were derived. The results obtained
are adjusted to those of tests by statistical methods. This way of proceeding
has the advantage of being simple and rapid and gives the numerical values that
corresponds very well to those measured during the tests. However this method
does not contribute to the understanding of the punching shear phenomenon and

can lead to a wrong interpretation of the behavior of a slab-column connection.

5.4.4 Comparison with Test Results

To compare with the predictions by the code equations, 77 slabs tested by pre-
vious investigators and 12 slabs tested by the author were selected. For the
purposes of making comparisons with test results, safety factors ¢ and 7., have
been removed from the code equations to give expressions for characteristic re-

sistances.

129



Tables 5.2 to 5.5 show the values of the mean, standard deviation and the coef-
ficient of variation of the ratio { P,,./P,) for different test results using the four
code equations. The lowest overall mean was found to be 1.0 for the BS $110
code, whereas the highest is 1.51 for the ACI code. The highest coefficient of
variation was found to be 0.228 for the ACI code also. The BSS110 code has the

lowest coefficient of variation (0;1‘.?:3)

The residual values { Pye/P,) were plotted versus the test load P, to check the
“goodness” of each code model. Two horizontal dotted lines were drawn at values
of (.P;m/P,.) ratio equal to 0.85 and 1.15 to limit the interval of "goodness” of
the results. The difference of the distribution of the points around the horizontal
unity line can be seen in Figures 5.11 to 5.14. The best random distribution can
be noted in the case of the BS §110 code. In fact most points are between the two
dotted lines. For the case of CP 110, most points are also in the zone of tolerance,
- but its predictions are not as good as BS §110. Most of the predicted points for
the ACI and CEB-FIP codes are above the horizontal line. The variations in
the CEB-FIP code predictions are larger compared to the ACI code. The big
difference between the predicted values and the tests values is due to the use of
a control perimeter too close to the loaded area by both codes. The differe_nce is
also increased by neglecting the size and the scale effects in the case of the ACI

code, while the use of ( f“,.%) by the CEB-FIP code contributes to the scatter.

5.4.5 Comparison of Code Equations with Equation (5.8)
As mentioned previously, the derivation of equation 5.8 was based on data from

the literature. The test results of the slabs tested by the author were added and

analyzed using different codes equations and the proposed equation. Equation
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(5.8) predictions of the failure load of all tested specimens were compared to the
code provisions. The comparison is shown in Table 5.6, where the ratio of the
failure test loads and the predicted loads is computed. From this Table, it can be
seen that almost no difference between the equation (5.8) and the BS 8110 code
predictions of the ultimate load of each specimen. Also, a comparison between
the mean, the standard deviation and the coefficient of variation of the ratio
(Prest/ P, values for all the analyzed slabs (90 specimens), is shown in Table 5.7.
From this Table it can be seen that equation (5.8) has the lowest coefficient of

variation (0 10S)and a mean of (0.95).

To make a better comparison of the code equations, and to study the effect
of variation of slab parameters on punching resistance, 12 hypothetical slabs of
typical dimensions shown in Table 3.8 were analyzed. The slabs are circular.
simply supported. isotropically reinforced. and normally loaded with a single

central load. For all the slabs. the reinforcing steel has these parameters: 4, =
100mm?, E, = 200000.\/ Pa, fy, =400} Pa.

Figure 5.15 shows the effect of variation of the concrete compressive strength
on the u.ltiﬁzate load predictions by the codes and equation 5.8. The ACI code
predicts the lower values of P, since it neglects the effect of the flexural reinforce-
ment and consider a critical section much closer to the column peripheries. Even
though the CEB-FIP code uses the highest power for the compressive strength
( fccg) and considered the effect of the reinforcement, it still predicts P, values less
than the British codes and the proposed egquation (5.8). If the critical perime-
ter suggested by the CEB-FIP code is replaced by that sizgested by one of the
British codes, the ultimate load predictions will be over estimated because the
power of f.. is high (2/3). This can be seen in Figure 5.15 where the slope of the
curve representing the CEB-FIP code is high compared to the others. Curves
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representing the equation (5.8) and the BS $110 code are close and parallel which

indicates that a prediction similarity between the two.

Figure 5.16 shows the effect of variation of the amount of the flexural reinforce-
ment on the ultimate punching shear load predicted by the equation 5.8 and
the four codes. The ACI code was represented by a..horizonta.l line because it
neglects the effect of steel, whereas the CEB-FIP code was represented by an
inclined straight line because the punching resistance load P, is assumed pro-
portional to p. The ACI and CEB-FIP codes predict P, values less than those
predicted by British codes. The curve representing equation (5.8) runs between
the CP 110 and BS $110 curves. |

Figure 5.17 shows the effect of the slab effective depth (d) on the punching
capacity of an interior column-slab conrection. From this Fig-u.re (5.17), it can
be seen that all the curves have almost the same trend. The ACI and the CEB-
FIP codes still predict the lower values of P, than the British Codes. The curve
representing the equation is also between the BS 8110 and CP 110 Code curves.

The relationship between the ratio ¢/d and P, using the four code provisions and
equation (5.8) is shown in Figure 5.17. All the curves have the same trend, but
the ACI and CEB-FIP codes still predict the lowest values of P, compared to
the British codes. The closest curve to the equation (5.8) one is that of the BS
8110 code.

5.4.6 Summary

The general expression of the failure surface 4. in equation (5.1) gives the de-

signer a better picture of the failure mechanism of various punching situations.
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The change is motivated by the possibilities which it opens up of future semi-
rational treatments of a range of phenomenon which can not be dealt with satis-
factory on the basis of "critical perimeter™. The proposed equation (3.8) provides
information on the effect of different parameters on the punching shear resistance

of an interior column-slab connection.

While North American codes neglect the effect of the flexural reinforcement in
the punching shear resistance, they require that it must be provided within 1.5h
either side of the column to carry moments. Iuformation such as how ductile
the failure will be, or how much transverse reinforcement required is not given
by the codes. The neglect of p also introduces a systematic trend for the ratio
of experimental to calculated strength to increase with increasing reinforcement.

The use of P, « /f does not seem to cause any safety problem, but the Jack of
a size factor does mean that calculated P, teads to be lower than the test value

Ppey: for thicker slabs and higher for thinner slabs,

The European codes include the reinforcement ratio in the expression for ulti-
mate shear stress and hence provide some information on the influence of the
reinforcement steel. but the knowledge on the failure mechanism and ductility is
still lacking. For the British codes, there appears to be no systematic error with
respect to any of the parameters considered although conservative errors may

well be anticipated for § < 1.0

Comparison between the proposed equation (5.8) and the code provisions showed
that the equation can be used with confident. In fact its predictions are similar

to the British code provisions.
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Table 5.1: Predictions by equation (5.8)

Investigator No. of k Prese/ P
Samples Mean | St. Deviation | Coef. of Variation
Isotropic Reinforcement- Normal weight Concrete
Present work 12 4.99 | 1.05 0.067 0.063
Gardner 18 4.04 | 0.88 0.101 0.113
i Els. Hogn. 17 446 | 0.97 0.038 0.060
Moe 12 199 | 1.09 0.100 0.001
Yitzhali S 454 | 0.99 0.131 0.132
Kin. Nylan. 10 4.65 [ 1.01 0.080 0.079

. o | I | Bk
Isotropic Reinforcement- Lightweight Concrete

Mow. Vand.

13

3.69

1.00

0.100

Circular Reinforcement- Normal weight Concrete

0.10

Kin. Nylan.

1l

| 3.14

1.00

0.076

Circular and Radial Reinforcement- Normal weight Concrete

0.076

Kin. Nylan,

8

Average [[ -

4.00

1.00

0.98

0.080
0.106

0.080
0.108
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Table 5.2: Predictions by the BSS110 code model

Investigator | No. of Samples Prest/ P,
Mean | St. Deviation | Coef. of Variation

Present work 12 1.08 0.080 0.074
Gardner 18 0.88 0.107 0.122
Els. Hogo. 17 0.95 0.068 0.069
Mow._ Vand. 13 0.94 0.069 0.073
Moe 12 1.12 0.100 0.089
Yitzhaki S 1.09 0.130 0.119
Nin. Nylan. 10 ] 1.04 0.068 0.066

Average ] 1.00 0.091 0.091

Table 5.3: Predictions by the CP 110 code model

Investigator || No. of Samples Prest/ P
Mean | St. Deviation | Coef. of Variation

Present work 12 117 0.089 ~ 0.076
Gardner 18 1.02 0.120 0.118
Els. Hogn. 17 1.00 0.072 0.072
Mow. Vand. 13 1.03 0.067 0.065
Moe 12 1.16 0.102 0.088
Yitzhaki 8 1.31 0.155 0.118
Kin. Nylan. 10 1.20 0.086 0.072

Average 1.10 0.145 0.132

135




Table 5.4: Predictions by the ACI code model

Investigator | No. of Samples Peest/ P,
Mean | St. Deviation | Coef. of Variation

Present work 12 1.66 0.182 0110
Gardner 18 1.80 0.400 0.223
Els. Hogn. 17 1.39 0.204 0.147
Mow. Vand. 13 1.27 0.232 0.183
Moe 12 1.36 0.139 0.102
Yitzhali 8 1.68 0.283 0.168
Kin. Nylan. 10 1.53 0.206 0.135

Average 1.51 0.345 0.298

Table 5.5: Predictions by the CEB-FIP model

Investigator [ No. of Samples Piese/ P
Mean | St. Deviation | Coef. of Variation

Present work 12
Gardner 18 1.36 0.276 0.203
Els. Hogn. 17 1.14 0.209 0.183
Mow. Vand. 13 1.12 0.208 0.186
Moe 12 1.46 0.191 0.131
Yitzhaki 8 1.84 0.311 0.169
Kin. Nylan. 10 1.54 0.136 0.088

Average 1.23 0.401 0.326
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Table 5.6: Predictions of ultimate punching shear loads of the tested slab using

equation (5.8) and different codes

Slab || Py Peest/ P,
Num. || (kN)
| Eq.(53.8) | BS 8110 | CP 110 | ACI CEB-FIB
E lTﬁi 1.23 I.E_]:f] 263 238
? IG-CE 1.00 1.5— 1.13 | 2.04 1.72
B2 || 1504 0.93 0.93 1.07 | 1.89 1.61
B3 || 203.2 1.2 1.20_ 1.14 | 2.56 217
Cl | 200.0 1.04_— 1.09_ 1..'20_ 2.00 1.69
C2 2212 1.15 1.14 133 | 1.79 1.56
C3 | 2115 1.03 1.20 1.23 1.64 1.51
C4 | 1851 1.02 1.04 1.22 1 1.96 1.67
C5 | 163.5 0.91 0.93 1.06 | 1.75 1.47
Cé |l 2275 1.14 1.19 1.39 | 213 1.78
CT |1 1334 0.83 0.91 1.06 | 1.31 1.43
C8 | 167.0 0.36 0.89 1.04 |1.64 1.37
C9 |l 200.4 1.03 1.03 125 | 1.96 1.67
C10 [ 220.8 1.01 1.00 1.14 | 227 1.32
Cil [ 170.0 1.06 1.06 1.20 | 217 1.85
C12 | 160.0 1.11 1.07 1.22 | 2.00 1.96
C13 | 190.0 1.12 1.14 1.26 | 1.89 1.79
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Table 5.7: comparison between the equation 5.8 and codes predictions for the 90

slabs
w Heat/ P u
Eq.(5.8) | BS110 | CP 110 | ACI { CEB-FIP
Mean 0.98 1.00 1,10 | 1.51 123

Stand. dev.% 10.6 123 14.5 345 40.1
Coef.of var.% 10.8 12.3 132 | 228 326

Table 5.8: Hypothetical slabs selected for the analysis

Slab# | d (mm) | ¢ (mm) | f. (MP2) | p |S (mm)
1 120 150 10 0.013| 36
2 20 150 20 0.015 | 36
3 120 150 30 0.015| 36
4 120 150 40 0.015| 36
5 120 150 30 0.005 | 167
6 120 150 30 0.030 | 28
T | 120 150 30 0.050 | 17
8 80 150 30 0.015 | 83
9 200 150 30 0.015 | 33
10 360 150 30 0.015 | 19
11 120 100 30 0.015 | 36
12 120 200 30 0.015 | 56
13 120 250 30 0.015 | 56
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Figure 5.1: Failure surface used by Regan

Figure 5.2: Overlap of punching perimeters
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Figure 5.3: Relationship between the splitting tensile strength and compressive

strength of concrete (After Zhao 1990)
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Chapter 6

Rational Models

6.1 Introduction

While the North American design approach is usually to develop empirical equa-
tions suitable for codification to explain the punching shear phenomenon, the
European approach is often to develop rational models providing reasonable de-
scription of the actual behavior of slab-column connections. These models have
the advantage over the empirical methods in helping the designer to visualize
the behavior of reinforced concrete column-slab connections, and give a clear
indication of the effects of each parameter. Unfortunately, only few rational
models were developed in the past two decades, and none of them was convine-
ing or widely accepted by design engineers. The development of these models
was involved either some unrealistic assumptions or too many equations and it-
erations. In this project, four different rational models proposed during the last

two decades, will be presented and discussed.
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6.2 Upper Bound Solution

6.2.1 Description of the Model

In 1986, a theoretical model for the punching shear strength of concrete slabs was
presented by Jiang and Shen [34]. Their solution is similar to that of Beastrup-
Nielson solution published in 1976. The failure mechanism is shown in Figure
6.1. The Upper Bound Solution for the ultimate punching load P, is derived
by equating the rate of external work done by the applied load with the rate
of internal work dissipated in the failure surface. This model is based on three
principal concrete parameters. tensile strength f.. compressive strength f.. and
the angle of internal friction ¢ which determines the parameter m as the ratio of
the effective compressive strength to the effective tensile strength. The authors
defined the failure as 2 three dimensional state of stress, primarily in the region
of tension-compression-compression or compression-compression-compression, in

which compression plays a dominant role.

6.2.2 Basic Assumptions

o .The shape of the slab and the load area is circular.

» Deformations are normal to the slab. No deformations in the tangential

direction.
 Dowel action due to the flexural reinforcing bars is neglected.
* The flexural reinforcement does not contribute to the punching strength.

o The concrete slab is rigid

—
(1]
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¢ The punched out cone is connected to the rest of the slab by perfectly

plastic shell.
o The internal friction angle of concrete is 37 degrees.

o The yield lire for the failure cone is straight.

6.2.3 Equations

The work equation for the failure of Figure 6.2 yields to determine the ultimate
punching load as:

P.=f, L (1 + kcot®a) sin adA (6.1)
wheref’,, is the effective tensile strength of concrete, & is parameter depending

upon m which is the ratio between effective compressive strength ( f.. Jto effective

tenstle stirength of concrete and the punch angle a.

If the vield line is represented by the function r = r(z), the thickness of the slab
by h and the diameter of the loaded area by ¢, then the above equation can be
written as:

h
P, =2 f", ju (tan a + keota)rdz G

Knowing that tana = & and r = § + rtane, and substituting these values in
the equation(6.2), the collapse load is:
P,==f(tena+ kcota)(% + tan a)h?® (6.3)

The critical angle of the punching is determined by taking % = 0. then:

L 1
1 h c? 3 h c? s
teng (IE (1 V- o )) + (L_d (1 Vi~ TR ) (6.4)
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The authors simplified the problem by chosing @ = 45. Then the equation (6.3)
becomes:

Po=(k+1)f" A, {6.3)
in which A, = (B + h)h.

After they studied the effect of the parameter m, the authors suggested that f*_ =
0.35fc, and proposed the following design equation for the ultimate punching
load.

P, = 0.074f. 4. (6.6)

6.2.4 Discussion

A selected series of test results were used to check the validity of this model.
Figure €.3 shows no smooth distribution of points around the horizontal line.
which indicates how bad the model predicts the values of the punching resistance
load of flat reinforced concrete slabs. In fact the highest coefficient of variation
for the different selected sets of tests is 32.3% and the lowest is 10.2%. {sce Table
6.1). In addition to the complexity of the theoretical development of the model.
some unrealistic assumptions were made to simplify the final equation. Namely,
the authors assumed that the angle of failure is 45 deg;fees which is too high and
experimentally, no investigator has reported that a failure surface had reached
this angle during tests. Using the theoretical equation deveioped by the authors
to determine the failure surface angle to the horizontal, it can be scen that the
formula predicted quite high values. The minimum values for the analyzed slabs
was found to be equal to 37 degrees. Another unrealistic assumption is that
the authors neglected completely the effect of the flexural reinforcement in the

slab. Even though the idea is the same as the ACI code which was shown to
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be conservative, this model relates the ultimate punching resistance load directly
proportional to the compressive strength of concrete. That means, no matter
how much one places reinforcement steel in the slab, the punching resistance of
the slab is constant and the only way to increase this resistance is to increase the
thickness of the slab or the compressive strength of concrete. However, during
early stages of construction, the concrete compressive strength will not go beyond
30 MPa and that means only one choice left is to increase the thickness of the
slab if the column dimensions wanted to be kept constant. The design formula
(6.6) that was suggested by the authors differs completely from the conventional
formulas by the fact that they related the ultimate resistance punching load

directly to the compressive strength of concrete rather than a power of it.

6.2.5 Summary

The problem with the plastic theory when is applied to reinforced concrete ma-
terial, is that so many assumptions should be made, notably the neglec.t of the
contribution of the flexural reinforcement and the radial or the tangential defor-
mation. Beside the complexity of the development of the theoretical equations.
the simplified final design equation of the mode] does not give 2 good prediction

of the ultimate punching load resistance of reinforced concrste slabs.
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6.3 Pralong’s Model

€.3.1 Description of the Model

In 1982, Pralong [52] used a lower bound approach involving the tensile strength
of concrete to develop a new model for the symmetric punching shear resistance.
Pralong modelled the shear resistance of an isotropically reinforced concrete slab
subjected to concentric load by that of a series of beams radiating from the center
and making a star with a slab having a hole in the middle (Sce Figure 6.4). The
author relates the problem to simply supported circular slabs and loaded in the
centre by a concentric load. The concentric load could be uniformly distributed

on a circular area or linearly concentrated along a circle.

Pralong studicd two cases of slabs: first. an annular cirewlar sl loaded along the
periphery of the hole: second. a circular slab loaded uniformly on a circular area
n the middle. Then he extend his work to the slabs with shear reinforcement

and slabs under rectangular loaded arca

6.3.2 Basic Assumptions

® The slab is circular and simply supported.
¢ The punching failure is due to failure of concrete in tension.

* The depth of the compression zone calculated to be a fraction of the cffective

depth wd. The compression stress is uniformly distributed.

o The shear stress is uniformly distributed over the depth d(1 — £}, and

decreases linearly to zero at the compression zone. {See Figure 6.3).
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¢ The limit value of tension of concrete is estimated to be fi=03f&

e For annular circular slabs loaded around the peripheries of the hole, the

effect of the reinforcement was neglected.

o For circular slabs, the steel in the interior zone of punching reaches yield

point.

¢ The minimum reinforcement ratio is 0.5% for annular circular slabs.

6.3.3 Equations
Annular Circular Slabs

The equation for punching shear resistance of'a circular slabs having a hole of
radius r = ¢/2 in the middle was derived to be representative of the lower bound
of the ultimate load. If the punching failure takes place and the steel did not
reach the yield point, than this failure is mainly caused by the failure of concrete
in tension. Therefore the effect of flexural reinforcement can be neglected and
the maximum shear resistance 7. is equal to the tensile strength of concrete

fet- The minimum ratio of steel is :

Jac

Pmin = 2fyd (6'7)

where f, is the yield stress of flexural reinforcement and d is the effective depth
of the slab. Pralong suggested that the mirimum flexural reinforcement ratio for

the above type of slabs is 0.5%. If p exceeds this value, then the steel will not
reach the yield point.

The compression and tension stresses are assumed to be uniformly distributed
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(See Figure 6.6) The limit of compression zone wd is given by:

c

. 6.5)
A& ‘

wd =

The ultimate punching resistance load can be expressed as:

P, = mcfud(1- %) (6.9)

Circular Slabs

For a simply supported circular slab subjected to a circular arca load in the

middle, the ultimate punching resistance load is expressed as :

Py = wcfo/Sugd(l ~ 5) (6.10)
where:

feo 1s the maximum compressive stress of concrete.

w=p-£’;
=t
“o = 7.

The compression stress f., was derived from the modified Coulomb failure crite-
rion applied to the co-acting shear (=) and the compression (f.,} at the bottom
of the compression zone.

s 3+5,/1-16(5)

8

(6.11)

T =\/pfyfe (6.12)

In the absence of shear reinforcement, the vertical tension must be provided by

the concrete and its limit value is estimated by Kupfer and Gerstle as:
fct = 03fc¢:§ (613)
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(This equation is the same as the one recommended by the CEB-FIP code.)

It was demonstrated that the stresses in the remainder of the slab do not exceed

yield or limit values in slabs without shear reinforcement so long as:
Wy +w <1 (6.14)

The maximum value of w is 9.5. Once w exceeds this value, the slab will be over

reinforced.

The inclination angle a of the failure surface with respect to the horizontal is

tana = \/2 ‘ (6.15)
w

For a slab with ring reinforcement (w = w,,). the radial tensile stress is resisted

given by the relation:

by the concrete only, and the slaly can be considered as a slab with a circular hole
in the middle loaded with concentric loads along the periphery of the hole. So
the ultimate punching resistance load P, is given by the equation(6.9). Regan
demonstrated that for the case of a slab with isotropic reinforcement, its strength
can be expressed as :

P, =P, cota - (6.16)

For the case of slab with shear reinforcement, the parameter w, will be replaced

by wy,, which is function of the shear reinforcement ratio Puwss [y and fe,.

s = p..,.;—” (6.17)

=]
Then, the ultimate punching shear resistance load and the inclination angle of

the failure surface are expressed as:
P, = mcfor/award(l — 5) (6.18)
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tana = [ —— (6.19)
'yy

The maximum distance ry from which the shear reinforcensent should be placed

is given by :

ra = % (-f— + 2\/0'-‘ - ‘%c(c - c)) (6.20)

where C is the diameter of the circular slab.

Two conditions should be checked:

- C-c)>0 (6.21)
&y
and
Wes T <1 ' {6.22)

For the case where the loaded area is a rectangle having a side (.) longer than the
side(d, ), the punching analysis is applied around the short ends while the remain-
ing slab strips spanning onto the longer sides are treated as one-way members like
wide beams. The ultimate resistance punching shear for circular slabs without

shear reinforcement is expressed as:

9 w
P, = [2(52 = hJedm—r + b \/u-'w.u] feoll = 3) (6.23)
-9 4

6.3.4 Discussio:

The given model equations were applied to selected test data for circular and
square slabs of previous investigators. The residual values are plotted against
the measured load test values in Figure (6.8). As it can be seen in this graph,
the results predicted by the model are overestimated. The average of the ra-

t10 (Prest/ P.) for the selected tested slabs is 0.70 and the overall coefficient of

variation is 35.4%.
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The punching failure was assumed to take place when the applied forces exceed
the tensile resistance of concrete. The main problem here is how to calculate the
resistance of concrete in tension. The author used the formula (6.13) given by

Kupfer and Gerstle to relate the tension stress of concrete to compression stress.

For annular circular slabs, and loaded along the periphery of the hole, Pralong
assumed that the minimum ratio of reinforcement is 0.5%. This assumption
is in accordance with what Gardner [26] suggested. However looking back to
equation (6.7), the author relates the reinforcement ratio to the concrete and
steel parameters, and to the geometry of the slab. Assume that pn;, = 0.005,
fy = 400 and f.. = 300 Pa, the minimum radius of the hole will be equal to
about 0.7d. The equation (6.9) expresses the ultimate punching load as a function
of concrete parameters and neglects the effect of the flexural reinforcement. This
assumption is a favorable limit for lower bc_mnd solution and could result in a

very conservative results.

For circular slabs, the author assumed that reinforcement inside the punching
load area reaches the yield point. However, the assumption is valid only for slabs
which verify the limitation given Ly equation (G6.14). Therefore the model is not
general and is limited to only specified kind of slabs. The author also neglected
the contribution of the steel outside the punching loxd area. In addition to the
difficulty of exprasing‘ the tensile stress as functior. of the compressive. stress
of concrete, the calculation of the maximum compressive strength of concrete
presents an other difficulty. The expression for f., was derived based on a mod-
ified Coulomb Envelope Failure having an angle of 37 degrees. The expression
under the square root in the equation (6.11) should be positive that requires a
condition on the reinforcement ratio. Pralong suggested that w, which function

of p, should have a maximum value of 0.5. This indicates that the model is not
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able to predict the punching shear load for heavy reinforced slabs.

Substitution of equation (6.9) and (6.13) into equation (6.16) results on the fol-

- < ) [eh ;
P, = wcf.d (1 (= J‘)) 7 (6.24)

Thus the predicted resistance of a slab with isotropic reinforcement is predicted

lowing equation:

to be approximately proportional to the square root of pf, and the square root
of fe (or the cube root of f..). The use of the parameter pf, in the model is
unique and was not considered in other rational models. It should be noted
that Kinnunen and Nylander used pf, where f, is the stress in the reinforcement
steel and it could be less than f,. For small values of ¢, P, is approximately
p::oportional to the perimeter of the loaded area. However as ¢ increases the rate
of increase of predicted ultimate load decreases. In regard to the influence of
¢, Pralong’s theory differs from all others as P, tends to zero for a theoretical

concentrated point load.

The author’s attempt to give expressions for punching resistance load of circular
‘slabs with shear '.ﬂeinfor‘cement, and for slabs subjected to a rectangular loaded
area was quite successful. However he was dealing only with simply supported
circular slabs. In reality, most slabs are rectangular or square, and can be sub-

jected to lateral restraint.

6.3.5 Summary

In this model the punching failure was assumed to take place when the tensile
resistance of concrete reach its limit. The ultimate punching load is proportional

to the square root of pf, and the cubic root of f.... The model can not predict the
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punching shear load of under-reinforced or heavy reinforced slabs. It is limited to

only the normal slabs and it can not distinguish between punching and flexural
failure.

6.4 Truss Model

6.4.1 Description of the Model

The idea of modeling the flow of forces between the slab and columns was first
proposed by Van Dusen [62]. He proposed the truss model for an edge column
as illustrated in Figure 6.9. He did not develop the model beyond the concep-
tual stage. He noted that the configuration of concrete compression struts is in
good agreement with observed crack patterns. Shear is carried by the vertical

components of the inclined concrete struts.

-

Alexander and Simmonds [4] developed this model to a three dimensional space
truss composed of concrzte compressive struts and steel tension ties. They clas-

sified the compression struts into two types:

¢ Those parallel to the plane of the slab (Anchoring struts).

e Those at some angle « to the plare of the slab(Shear struts).

Both anchoring and shear struts are tied to the column by means of strut steel.
Figure 6.10 shows the first type of struts. The compression strut meets the
column face at the front at point A, the front corner of the column. Equilibrium

of the entire bar-strut assembly is satisfied by summing moments of the bar forces
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about this point. The second type can be compared to a case of corbel (Figure
6.11). The geometry of the force triangle is determined by the strut angle a, the
magnitude of the compression force in the concrete strut and the magnitude of

the tensile force in steel. These three quantities depend on each other.

6.4.2 Basic Assumptions

The development of this model was based on many assumptions:

 The strut steel that ties the anchoring and shear struts to the column

includes all steel passing through the column.

¢ The steel within a distance, equal to the effective depth of the slab (d), of
the column is partly effective in developing a compression strut. Its contri-
bution is reduced linearly with the distance from the column, vanishing at

a distance equal to d. (No reason for this was given).
At punching failure the strut steel will always vield.
o Compression failure of concrete strut will never govern.

¢ The ultimate capacity is reached with the steel bar at yield and the angle

of inclination of the compression strut « at some critical value.

The tensile strength of concrete is proportional to /7w
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6.4.3

Equations

The angle o is measured experimentally by taking tan « equal to the ratio of the

failure load to the total area of top mat steel times its yield strength.

u

tana = 6.25)
55 ‘
A non-dimensional factor i was defined as follows:
K= Sd— Vi (6.26)

where:

\ - bl
Apfy (30

Effective tributary width of reinforcing bars

Cover of reinforcing mat measured from center of mat to near surface of the slab
Compressive cylinder strength of concrete

Area of single reinforcing bar

Steel yield stress

Dimension of column face perpendicular to bar being considered

Effective depth of slab

A design equation that relates & to K was proposed:

or

tana = 1 — ¢~ >N (81 (6.27)

tana =1 — 03K (Imperial) (6.28)

where stresses are in MPa for SI units and ksi for imperial units.

6.4.4 Discussion

The authors’ approach has been developed for edge columns, but they claimed

the model has general validity and it was calibrated by tests on internal columns.
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The author’s test results and those selected from the literature were analvzed
using this model. the test data considered are given in the appendix. These
slabs and the column have either circular or square shape. To apply the model
each face should be treated independently to take the effect the column shape.
To simplify the procedure, circular column were replaced by square column of
the same area as the original one. The load is either applied on the middle of
the slabs which are simply supported along their peripheries, or it is applied
around the edges for the case of slabs supported at the middle by a strut column.
Figure 6.12 shows the comparison of the test results with the values predicted
by the model. It can be seen that most of the points are below the horizontal
unity line. That does not mean that the model is safe, but when the non-random
distribution of the points of residual values around the horizontal line can be
noted. This proves that this model has trouble predicting the ultimate punching

resistance of a reinforced concrete flat slab at interior columns.

The beauty of truss models is that they allow the designer to detail the rein-
forcement in the way that is most beneficial for the structure. However, this can
not be done based on unrealistic assumptions which could lead to absurd results,
and leave the designer in real trouble. The principal difficulties that Alexander
and Simmonds faced in developing their model are the geometric arrangement of
the concrete struts and the evaluation of the stren-gth measure to associate with
compressive strut failure. The authors circumvent these problems by assuming
that the compression failure of concrete strut will never govern and is always
associated with yielding of the reinforcing steel. They justified this unrealistic
assumption by the fact that most test slabs in the laboratory show steel yielding
at failure. Therefore, the model predicted the punching failure resistance of the
slab-column connection in the similar way as the yield line theory. Hence, this

model will not make any difference between the flexural and the punching failure
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modes.

Beastrup (53] noted that vielding of flexural steel is observed in the majority
of slab tests might reflect the inability of the test specimens to correctly model
the conditions in prototype structures. Regan [56] measured strains around the
columns during tests, and noted that not all the reinforcement yielded. Also
the above assumption is unrealistic for the case of heavy reinforced slab-column
connection. Based on that asswmption the punching resistance exclusively de-
pends on the reinforcement, the punching capacity will vanishes in the absence
of flexural reinforcement. This means that the lateral restraint provided to the
slab by means other than slab reinforcement has no effect. Morcover, it means
there will be no assignment of shear strength when the reinforcement is placed

more than one slab depth (d) away from the column.

The assumption of that the contribution of steel within a distance d from the
column faces, was not justified by the authors. In addition, it appears that the
authors assumed the failure surface takes place around the column' peripheries
which is not the case and contradict what they suggested in equation 6.25. In
another way, knowing the angle « defined by the equation (6.25), the position of
the shear crack can be determined. It is generally agreed that the stress in steel
is high in the shear crack compared to other regions. Thus their assumption is

not realistic.

The assumption that the tensile strength of concrete is proportional to the square
root of the compressive strength seems to be reasonable assumption as it was
discussed in the Chapter 5. However most of the European researchers and
design codes favor the use of the cubic relationship (P, o ( fcc)é ). In fact Regan
and Beastrup {53] showed that the use of the square root relationship does not

seem to cause any marked error but the lack of size factor does mean that the
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ratio of test to calculated punching shear load tend to be low for thicker and high

1
for thinner slabs. Figure 6.13 shows no considerable effect when f2 is used.

The design formula suggested by the authors differs from conventional formulas
by the fact that the strength of the reinforcement f, that enters, rather than the
ratio p. But, as discussed in the previous Chapter, tests by Moe [44] showed that
the yield stress of the reinforcement has no influence on the punching resistance.
If one focuses on the relation between tanoa and K, it can be noted that an
increase in reinforcement will not vary the strength of a slab-colum.. connection
too much, because both variables depend on 4, f,, and so the increased contri-
bution is cancelled out. This can be explained mathematically in another way:
Using the SI units, the maximum value of i was found to be 0.62. The design
equation was drawn and it is shown in Figure 6.14. Looking to the distribution
of the points, the equation line can be replaced by a straight line. A least square

fitting gives the following line equation:
tana = 1.6/ {(6.29)

Replacing each variable by its expression in the above equation results in the

following expression:

P, _ 16 Sd'\/fe
Afy T Af(3)0
Knowing that the number of steel bars contributing to the punching strength of

(6.30)

the connection n is the ratio of the total area of steel 4, to the area of a single

bar:
A,
n= z (6-31)
Also, n can be expressed as the ratio of a2 width of the slab area contributing
to the punching strength B’ to the effective spacing between the bars. Thus the

relationship can be written as follows:
B'=nS (6.32)
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Simplifying the equzaion (6.30) impiies:

1.6B'd" \/f..
P, = W—— (6.33)

Although, the whole theery for the developed truss model depend on steel rein-
forcement, equation (6.33) proves the opposite. In fact, equation (6.33) is close
to that suggested by the ACI code. but it has ¢’ instead of d. That means the
authors believed that the failure of the slab column connection in punching shear
is caused by the failure of the concrete cover to resist the whole applied load.
This does not explain the mode of failure because experimentally it was seen
that the cracks starts from the tension side and propagate to the compression
side. The cover concrete usually fails in tension at low load compared to the ulti-
mate punching load. This phenomenen is better explained in the Kinnunen and
Nylander model in the next section. Morcover most researchers greed that the
parameter d’ has nothing to do with the punching shear resistance, and if it has
an effect, it is negligible. Windisch [33] reported that an increase or reduction of
the cover will not have any significant effect on the shear strength. For this rea-
son, in most of punching theories, the effect of the dowel action is neglected, or is
just considered to be only a fraction of the punching shear resistance. Kinnunen
and Nylander [36] suggested that the dowel effect on a column-slab connection

capacity is only 10 percent.

6.4.5 Summary

The approach of applying a truss models to the punching of slab offers the bright-
est prospects of providing a rational and generally applicable description of the
phenomenon. Truss models have been successively applied to beams, but not for

the case of slabs. The suggested model by Alexander and Simmonds needs to
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be examined again to be more realistic and generally applicable for most cases.
The compressive concrete struts need more description and should be taken into
account in the model. Cases where, shear reinforcement, holes in slabs or pre-

stressing ties are present should be also considered in the model.

6.5 Kinnunen and Nylander’s Model

6.5.1 Description of the Model

In 1960, Kinnunen and Nylander [36] proposed a rational mechanical model for
the punching failure of slabs, Based upon observations of tests on circular slabs,
centrally supported on circular columns affixed to the slabs and loaded the free
edges, they considered an idealized structural system shown in Figure 6.15. It
consists of central truncated cone confined by the shear crack and segmental slab
parts, separated by radial cracks. The segments are regarded as rigid bodies so
far as the deformation in a radial plane is concerned and are supposed to be
carried by an imaginary compressed conical shell between the column and the

root of the shear crack.

The criteria of failure is defined as the collapse of the conical shell. Failure is
assumed to occur when the tangential strain reaches an empirical critical value.
This proposed model was adopted by the Swedish State Concrete Committee in
1966 ic their standard specifications for the design of concrete slabs supported on
columns. In 1972, Hewitt [33] extended the model to include effects of horizontal

restraint.



6.5.2 Basic Assumptions

¢ Theslab portion outside the shear crack. which is bounded by this erack and
by radial cracks, can be regarded as a rigid body so far so the deformation

In a radial vertical plane is concerned.

¢ The slab portion outside the shear crack is assumed to be carried by a
compressed conical shell that develops from the column to the root of the

shear crack.

e The thickness of the conical shell is assumed to vary in such a manner that
the compressive stresses at the intersection with the column and at the root

of the shear crack are approximately equal.

¢ Under load, the rigid slab portion outside the shear crack is assumed to

turn around the root of the shear crack: that is the center of rotation C.R.

¢ The slab portion inside the shear crack, that is the slab portion over the
column, is assumed not to undergo any deformation in a radial vertical

_plane.

e The tensile strain in the reinforcement and the compressive strain in the
concrete in compression are assumed to be directly proportional to the

angle of rotation ¥ of the rigid outer slab portion in a radial vertical plane.

6.5.3 Equations

The expressions given below are slightly modified compared to the original ones,
and are valid only for two-way reinforcement with equal spacing. The derivation

of these expressions will not be given. For more detail, the reader is advised to
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refer to the original document. The units used here are (MPa) for stresses and

{mm) for dimensions.

The stress o, in the conical shell depends on the side length of the loaded area
(c);, the effective depth of slab (d), and the ccmpressive strength of concrete
(feu)- The relationship between the cube compressive strength of concrete to the

cylindrical one is given by the formula (5.3)

For0<$<2
o = S1.0(0.35 + 4&“1 )1 0. °>—) (6.34)
For £2>2
= 43.2(0.35 + 42"“1 (6.35)

The inclination angle 8 of the conical shell with respect to the horizontal depends
on geometry of the slab-column convnection. It is a function of ¢. d, C, and ¥
The parameters C and } are the diameter of the slab and the distance from the
bottom surface of the slab to the root of the shear crack at failure respectively.

Thus « can be determined using the equation:

—tané 1 y C
. 28) 1+b)1n

(K, tanf — 1)(= T (6.36)

where K, = 1.5(5%;)

The resistance ioad P, which is transmitted through the conical shell is given by
the following equation:

':_'ya:f(ﬂ) (6.37)

where f(8) = sinfcosf(1 — tanf) and it has a maximum value of 0.207 for

P, ==cy

8 = 22.5 degrees. To take account of the dowel effect, the authors suggested that
P, should be increased.by 10 percent.



Also the resistance load P, can be expressed as a function of forces in reinforce-
ment R; and R,. (see notations in Figure 6.15). At failure the angle of rotation
is expressed as:

= eur(l + %) (6.38)
where €., is a characteristic value of the circumferential concrete strain at fail-
ure and it is dependent on the ratio 2. The following expressions were derived
empirically from test results. They were derived on the basis of measurements

of the concrete strain in a rodial direction on the top surfaces of slabs with ring

reinforcement.
For0<$<2
€ctr = 0.0033(1 — 0.22(51) (6.39)
For £ >2
€. = 0.0019 {G.40)

Kinnunen [37] later proposed that for slabs with two way reinforcement. €., =

0.00195 should be used in equation (6.40)

The distance C,/2 in the plane of reinforcement from the column center to the

concentric shear crack at failure, was determined experimentally to be:

o

2 =c+18d (6.41)

VTN Y

The angle « of failure surface can be calculated as :

a =tan™! 2d (6.42)
C.

The yield stress fy is reached in the reinforcement within a slab area of radius r,
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where:
r, =t (d - _t,f)é (6.43)

¥

OQutside this area, the state of stress in the reinforcement is elastic. (See Figure

6.16)

If the reinforcement ratio, p, is low then r, > -‘-’;_,-'* at failure, which means f, is
reached in all reinforcement. In the alternate case ry < Q._,ﬂ and the state of stress

is clasto-plastic.

The resultant R, of the forces in reinforcement depends on ¢,,r,,d, p, fy and the

diameter of the circular slab C,

Forr,2 %
Ca C
Rl=pfyd((rs_?)+rslnr_) (6'44)
Forr, < %‘1
C
Ry = pfyd(r,In <) (6.45)

For determining the force R, which acts at the section r = Co/2 in a radial
direction, the two way reinforcement inside the shear crack is regarded as a
circular mat loaded by a uniformly distributed tensile force %f'—';; per unit length,
which acts in an outward radial direction and which produces a constant tension

in all directions. {Ay is the angle of a sector element of the slab over a column)

Forr, < %ﬂ

R
A—; = pf,dr, (6.46)
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Forr, > %ﬂ
Ry _ pf,dC,

KW 5 (6.47)
From equilibrium, the load P, can be expressed as:
P 2% R Rg -

The only unknowns in all the above equations are y. anud P,. So. this two equa-
tions system can be solved by trial and crror. That is the ultimate load P, c¢an
be determined by successive calculations. It is convenient to assume a certain

value of y and calculate P, using both equations. If the values of P are different
adjust y until they become equal.

6.5.4 Discussion

This rational model was developed by Kinnunen and Nylander baséd on their
experimental work done on different slabs with the same dimensions and with
different kind of arrangement of reinforcement. To study this model, 90 two-
way reinforced concrete slabs tested for punching shear by previous investigators
were chosen to check its validity. It was found that the theory is useful for the
determination of the punching shear strength of simply supported isotropically
reinforced, circular or square flat concrete slabs, of uniform thickness and loaded
with a single central load applied normally to the slab. The equivalent diameter
of a non-circular slab or loaded area is taken to be the diameter of 2 circle having
the same area as the original one. The problem with this model is that too
much calculation and iteration processes are involved and it is suitable only for
computer use. The calculation of the ultimate load P, proceeds in the following

steps suggested by Kinnunen and Nylander.
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1. Select a value for ¥ (it is convenient to start with v = 0.3d )

&

. Calculate:

(a) o, from equation (6.34) or (6.35)
(b) tan(8) for f(6) from equation (6.36).

(¢) P, from equation (6.37)
3. calculate:

(a) ¥ from equation(6.38)
(b) C, from equation (6.41)
(c) ry from equation (G.43)
(d) R, from equation (6.44) or (6.43) .
(e) R, from equation (G.4G) or (6.47)
(f) P, from equation (G.48)
4. If the values of P, and P, differ significantly, select a new value for y and

repeat the calculation at step 3 until the two values of P are suffciently

similar.

The theory appears to be equally useful when the load is applied through 2
column affixed to the slab and when it is applied through a loading plate.

A small program has been developed to calculate the ultimate punching resistance
of flat slabs following the above steps. If the two values of P were found to be
sufficiently diﬁ'ereﬁt, the value of ¥ will be changed to %(1 + ‘—;}) and the iterative
calculation of P; and P, will be continued until the difference between P, and

P is less than 1% of P». If the solution diverges or ¥ gets greater than d, a
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simple progressive search for y is entered. When the solution has closed, the
theoretical punching shear load P, will be the average of P; and Ps. A flow chart
of the program is shown in Figure 6.17. The program first was checked with
tests and the results reported by Kinnunen and Nylander. With this prograumn,
the solution closes within 3 to 10 iterations only. Looking to Table 6.4, the
coeflicient of variation of the test load to the predicted load ratio is 17.6%. It is
also apparent that during the analvsis of the 90 slabs selected previously, that
the theory of Kinnunen and Nvlander was wreliable for estimating the ultimate
punching load of some slabs. Therefore there should be some limitations to the
application of this model. Hewitt and Batchelor (36) showed that the theory is

appli~nble only to slabs with parameters within the following limits.
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186000 MPa < E, < 228000 MPa
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In the case of the fourth limitation the Swedish State Concrete Committee sug-
gested that the theory of Kinnunen and Nylander should be restrict-ed to the
analysis of slabs with values of £ less than or equal to 3.5, but Hewitt and Batch-
elor showed that § can go up to 6 and the model still gives a safe estimation
of the punching load. Among other limitation that should be considered in any
model, is the restriction on the support length. That is where the failure surface
intersects with the support line, the mode of failure will change. Most researchers
agree that the experimentally observed angle of failure surface to the horizontal

varies between 22 to 30 degrees. Taking the extreme case, the minimum support
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length required is (5d+ ¢). Among the 90 slabs selected for the analysis, only 37
of them have the parameters within the limits imposed previously. For these 37
slabs, the mean value of the ratio of the test load to the calculated ultimate load
is 0.82, 1.12 and 1.07 for the slab tested by the author,Gardner and Kinnunen
and Nylander respectively. The low calculated values for some specimens can
be attributed to dowel and memlrane effects as Hewitt and Batchelor reported.
Kinnunen and Nylander found that their theory gave values for the punching
shear load which were in satisfactory agreement with results of their own tests
as well as those of Elstner and Hognestand. They attributed low calculated val-
ues in the case of two way reinforcement, to dowel and membrane effects and
suggested that they should be taken into account by multiplying the calculated
ultimate load by 1.1.

Hewitt and Batchelor applied this model to the 93 footings tested by Richart and
to 41 slabs tested by different investigators. They suggested that the theoretical
ultimate punching load should be multiplied by a "dowel factor” , which includes
the effects of both dowel and tensile membrane action, of 1.2. The analysis of
the 34 slabs chosen above, showed that neither a factor of 1.1 or 1.2 is a proper
value to choose and it should not be constant. In fact it depends on many factors
notably, as Kinnunen reported in his second publication, such as: the strength
properties of concrete, the strength properties. of the reinforcing steel, the bond
between the steel and the concrete, the amount of reinforcement, the diameter
of the reinforcing bars, the anchorage, the embedment of the reinforcement in -
concrete, the thickness of the concrete cover, the direction of the reinforcing bars
with reference to the shear crack and the slope of the shear crack. However
almost all the theoretical values of the ultimate punching load determined using
this model: can be considered safe.
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The assumption that the compressive stresses in the conical shell were approx-
imately constant throughout, was made in neglect of probable shearing stresses
on the shell surfaces. This assumption was not explained by the authors. but just
justified , along with their criterion of failure by showing consistent satisfactory

agreement between the calculated and test punching loads,

Lightweight aggregate concrete slabs tested by Mower and Vanderbilt were an-
alyzed and the theory was found to give inaccurate estimates of the punching
loads. A mean value of the test to the predicted load ratio was found to be 1.03
with a coefficient of variation of 19.9 percent. This is not surprising consider-
ing that Mower and Vanderbilt concluded that the empurical equations of Moe
which have been proved useful for normal concrete slabs were not adequate for
lightweight aggregate concrete slabs. Also the ratio of < of the slabs tested by
Mower and Vanderbilt were greater than the maximum limit suggested here for

the Kinnunen and Nylander model which may have a considerable effect on the

predicted loads.

3.5.5 Summary

This rational model for slab-column connections can be considered as the best
of all the recently proposed ones. The model is able to predict the ultimate load
irrespective of whether the type of failure is flexural failure or punching failure.
It gives a continuous transition between these two types of failures. Moreover,
contrary to other methods, it also predicts the deformations of the slabs at fail-
ure. Assumptions made in calculations were the elastic property of concrete in
compression, and the limiting compressive stress taken as that for uniaxial com-

pression. The validity of these assumptions were justified by the good agreement
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the theoretical znd the test results. The calculation procedures and the numeri-
cal constants obtained vere based on tests of slabs of fixed dimensions. That is
the reason why the model has some trouble to predict the punching shear load
of slabs with slightly different configurations and dimensions. In addition, the
procedure, which is an iterative process, and which consists of solution of large
number of equations, and use of design charts, is too lengthy and is unsuitable

for general use.

6.6 Comparison of the Models with Equation(5.8)

Hypothetical slabs (#1 to 12 ) of typical dimensions and material properties were
analyzed in order to compare the models to equation (5.8) with respect to the

slab parameters. Parameters of the hypothetical slabs are given in Table 5.8.

Figure 6.19 shows the effect of variation of the concrete compressive strength
on the ultimate load predictions by the models and equation {5.8). The linear
relationship between P, and f.. can be clearly seen in the case of the Upper
Bound Solution model. The truss model, which uses the square root relationship,
predicts the lowest values of P,. However the Kinnunen and Nylander’s and
Pralong’s Models predict P, values higher than that predicted by equation (5.8),
but the Kinnunen and Nylander model curve runs parallel to the equation curve
with a interval of about 30 kN. This means that a cubic root relationship used in
equation (5.8) is a good assumption. Also it can be seen that P, is proportional

to twice the cubic root of the concrete strength ( fcc§) in the Pralong’s model.

Figure 6.20, shows the effect of variation of the flexural steel reinforcement ratio

on the ultimate punching shear load predicted by the four models and equa-
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tions(5.8). The Upper Bound Solution model is presented by a horizontal line
because it neglects the effect of steel in punching shear resistance of slabs. The
lowest values of Pu are predicted again by the truss model. The closest Model
curve to the equation is that of the Kinnuen and Nylonder Model. The model
and empirical equation curves intersect at p= 0.01, then they diverge from each

other. However the curve representing the Pralong’s model runs almost parallel

to the equation curve.

Figure 6.21 shows the effect of the slab effective depth d on the punching capacity
of a slab-column connection. the Upper Bound Solution looks to unreasonable in
estimating the ultimate punching load of thick slabs. Also, it can be seen that in
Pralong’s and the truss model, the punching shear load P, is lincarly dependent
of the effective depth of a slab. However, the later model still gives the lowest
value of P, compared to the other models. The closest model prediction to the

‘equation (5.8) is that of Kinnunen and Nvlander model.

The relationship between the ratio $ and the ultimate punching resistance load
prediction by the four models and equation (5.8) is shown in Figure 6.22. It can
be seen that the Upper Bound Solution and the truss models predict the highest
and lowest values of P, respectively. The Pralong’s model curve diverge from the
equation curve as £ increases. The closest curve to the equation (5.8} one is that

of Kinnunen and Nylander Model.

6.7 Summary

Among the four rational models studied above, the Kinnuneu and N viander's
model can be considered the most complete oue. A good predictions similar to
those of KKinnunen and Nylander's model may be obtained using the proposed

empirical equation (5.8).
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Table 6.1: Predictions using Upper Bound Solution model

Investigator | No. of Saminles Piest/ P
Mecan | St. Deviation | Coef. of Variation

Present work 12 1.26 0.179 0.142
Gardner 18 1.13 0.306 0.271
Els. Hogn. 17 1.17 0.320 0.221
Mow. Vand. 13 0.90 0.199 0.221
Moe 12 1.07 0.139 0.130
Yitzhaki S 1.3G 0.346 0.323
Kin. Nylan. 10 0.92 0.094 0.102

Average 1.14 0.294 0.2538

Table 6.2: Predictions using Pralong’s model
Investigator || No. of Samples Piese/ P,
Mean | St. Deviation | Coef. of Variation

Present work 12 0.82 0.160 0.195
Gardner 18 0.72 0.083 0.115
Els. Hogn. 17 0.616 0.100 0.162
Mow. Vand. 13 0.51 0.130 0.255
Moe 12 0.70 0.110 0.157
Yitzhaki ) 1.12 0.410 0.366
Kin. Nylan. 10 0.71 0.205 0.286

Average 0.70 0.248 0.354 "
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Table G.3: Predictions using Truss model

Investigator || No. of Samples LPreat/ P
Mean | St. Deviation | Coef. of Variation

Present work 12 1.19 1.83 0.086
Gardner 18 0.96 0.12G 0.131
Els. Hogn. 17 0.99 0.067 0.0GS
Mow. Vand. 13 1.31 0.140 0.107
Moe 12 1.00 0.091 0.091
Yitzhaki 8 an 0.620 0.294
Kin. Nylan. 10 1.13 0.097 0.086 |

~ Average 1.17 0.351 0.326

Table 6.4: Predictions using Kinnunen and N vlander’s model

Investigator No. of C/d Pey/P.
Samples || Min. | Max. Il Mean | St. Dev. | Coef. of Var.
Present work 12 45 | 335 | 0.99 0.057 0.057
Gardner 18 44 | 18.0 0.56 0.150 0.174
Els. Hogn. 17 17.6 | 18.0 || 1.02 | 0.099 0.097
Mow. Vand. 13 27.1 | 271 1.03 0.205 0.19%
Moe 12 18.1 | 18.1 1.24 0.162 0.131
Yitzhaki 8 10.7 ] 21.3 | 1.20 | 0.118 0.09S
Kin. Nylan. 10 13.4 | 146 | 1.07 0.086 _0.080 N
Average E‘ 0.183 0.176 I
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Figure 6.1: Collapse mechanism for the Upper Bound Solution
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189



Ptest/P u

2.0

-Q
- x
2 e o
o o e
-3 x
© 0 ©
- o Coo o
+ X
- x
b ° a - o x
* o .
N- - * .x L 3
Qrmemm———— e b b D % v W mmm————-
h - o ' x b ’z’
=) .
- * o © i ° . ‘ "= = -
o g S S SR VR, VA S,
= ° + L
» .
o) ° o° x
S LEGEND
C = PRESENT WORK
< + + = GARDNER
o - x = ELS. HOG.
© = MOW, VAND.
e = MQOE
N o= YITZHAKI
= 8 = KIN. NAY.
(=
0.0 100.0 200.0 300.0 400.0 500.0
P test

Figure 6.3: Correlation between Upper Bound solution model 2nd tests

180

600.0



Figure 6.4: Pralong’s model: Beams radiating from the center of the slab

ry
A °
% . AN
Pa=—— o TE
, [14

fdu'-g

vi £ +
1 NS )
- o
[ N a ! ] (13
Py eti- ) ey | * r
- . - -t
. [ .
* :1 i e

4 Fup \-t
ITcCny

* t
r <[ 7 B

——
——

3

Fue

Figure 6.5: Pralong’s model: Slabs with shear reinforcement

i

191



4
;[
2

mes_

Q= I IATI IS T %*ﬁt‘, 0‘%'._7, /L (\L

(5]

h

d
deY) Ywd

[N

Figure 6.7: Stress distribution for a circular slab

192



Ptest/Pu

=)
ol
<
ol

-]
o o o o
Al O O
o <
— =

° o L % & X ES
@0 F-rermmna- Ormemmmm e e e a——————— " JUE A R [ T
- - . O « B e L]
° + c - Ena + e

© o Yo od x * ®&  1EGEND
ST T * * &' o X o=PRESENT WORK

o - - + + = GARDNER
< 0w ° o x = ELS, HOG.
o + ¢ = MOW, VAND,

s = MOE
o o o = YITZHAKI
S - ®» = KINNUNEN
o -
O L S B S e e e B e e e S e SR
0.0 100.0 200.0 300.0 400.0 $00.0 600.0
Ptest

Figure 6.8: Correlation between Pralong’s model and tests

193



Transverse

Tie \

~~ Flexural Tie

/
W/

\— Fan Struts

Sid.\
© Fﬂce Froat Face

{(after van Dusen)

Flexural Ti
[ axu ¢ 1_From Diagonal

/—P-:.n Strut _ /' Strut
—=r> 4=
\\\ #//' L) ___—:;ﬁ—<:\\ L)

r From Fan

[ sScrut

(a) Section Through (b) Forces on
Front Face Side Face

Figure 6.9: Van Dusen’s truss model for an edge column

194



strut

Flexural Bars Flexural Bars

Figure 6.10: Anchoring struts

T T

J
\ /‘ \ 7
| |

Y -\~

:‘

Ca) (b)

Figure 6.11: Comparison of corbal with out of plane struts



Ptest/P u

2.0

)
@ o
'_;—n
'
- -]
Q0
-]
- °
- o0 cg .
9% a
c\!— os e + 0 -
b °_° .8 _8p L W U,
o “ C Y )
L] - +* o .Xx.‘
o. ~ - [ ] X aX x
—i [o] a “» '_K x =
+3 - + $rOx+ o X x X
@ pr=mm——- e LT LT h ~JE R, e T e
o +
©
S ° LEGEND
U = PRESENT WORK
+ = CARDNER
ol x = ELS. HOG.
e o = MC#. VAND.
& = MOE
0N 0= YITZHAKI
o - & = KIN, NAY.
o
e T
0.0 100.0 200.0 300.0 400.0 500.0
P test

Figure 6.12: Correlation between truss model predictions and tests

196

600.0



Ptest/P u

2.0

@ o
© )
- &
- ° l:l: ° e
o o o° o * a
- e . Bg og e e
a = » = e B E
Q o & ° 4 p_ = * % x X
o o+ T - 2 EF 3 ¥ x

GOQ B Rt i T e " et wl Soent bl o - - -
©
Sh a LEGEND

O = PRESENT WORK
- + = GARDNER
il x = ELS. HOG.

© = MOW. VAND.

& = MOE
o~ o = YITZHAKI
e ® = KIN. NAY.
<
e M v i v 4 ' ] v i ! ] ' ' M ] N i v ] i v

0.0 100.0 200.0 300.0 400.0 500.0
P test

600.0

Figure 6.13: Correlation between truss model predictios and tests using cubic

root of f,.

197



TAN-ALPHA
02 03 04 05 08 07 08 09

1.0

9'1 ] f 1 ]

0.0

v Equation 6.27

¥ LEGEND

Z e = PRESENT WORK
G = GARDNER
+ = ELS. HOG.

+ a = MOW. VAND.

y BR= MOE

o = YITZHAKI

v = KIN. NAY.

0.0

Figure G.14: Relation between tana and K for truss model

198

1.0



3
p 2L
. 2Tt
d
al pA0
2TC
o=
b] _jeRaY

¥

o

Ny <

<, Y‘i’ : lzz ./ A’ '113
_t_i_ I _ 1I- —_—

Y

¢} ?—chntd.-‘fcnta

d)

Figure 6.15: Kinnunen and Nylander’s model

199



Figure 6.16: Stress distribution in the tangential direction in the fexural rein-

forcement for Kinnunen and Nylander model
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Chapter 7

Conclusions and

Recommendations

7.1 Conclusions

Within the scope of the literature review, the experimental work and the theoreti-
cal investigation reported in this thesis on symmetric punching shear of reinforced

concrete slabs, the following conclusions may be drawn:

e In respect of symmetric punching shear of slab without shear reinforcement,
there is 2 major agreement between most researchers about behaviour. Lon-
gitudinal and radial flexural cracks in tension side may appear at about 60
% of the ultimate load. At the periphery of the column, the compression
zone resists transverse load by inclined radial compression. Additional load
is carried by interface forces across the cracks and by dowel action of the
flexural reinforcement.



* Even though compression reinforcement theoretically increases the flexu-
ral strength of the slabs, it does not increase significantly its punching

resistance. Furthermore, placement of compression reinfore ement may be
harmful some times.

o Strengths for loading through circular areas are greater than for loading
through square areas. More realistic capacities for square columus can be

determiued by using a circular one kaving the same area as the original.

e Concrete cover has no effect on punching shear as long as it is designed
with respect to the codes specification. Thick cover may result in high

dowel effect of the flexural reinforcement on punching resistance.

e The punching shear resistance of a slab decreases under the cffect of eyelic
load.

¢ The punching shear resistance of a slab depends mainly on the ratio of the
flexural reinforcement, the effective depth and the compressive strength of

concrete and the punch size.

¢ In addition to their role in carrying vertical loading, bridge girders and
diaphragms contribute substantially to lateral confinement which may in-

crease the punching resistance of a bridge deck slab.

* The use of the yield line theory to predict the punching shear resistance of
a slab is not recommendable because of the violent and non ductile nature

of punching shear failure.

* Strut and tie models could be applied to the punching shear phenomenon
if the value of the critical crushing stress of concrete has been determined

experimentally.
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* The suggested expression of the failure surface A, in equation (3.1) makes
possible the rational treatment of various cases which can not be dealt with
satisfactorily by present code methods: namely slabs of various depths, slabs

with shear reinforcement and bridge decks.

¢ The proposed empirical equation (3.8) is simple and give a good predictions

similar to those of Kinnunen and Nylander model.

¢ In principal, British codes are right to take account for fexural and depth
effects over a relatively large range of slab depths and the failure of the

North American codes to include these effects leads to eITors.

¢ The mathematical solution of the plastic theory is complex and is limited
to symmetric punching. Simplified results are not suitable and gives very

conservative results.

e Pralong’s model is based on a truss model and employs the concrete in
tension as the vertical component of a web lattice. This does not seem
altogether realistic. Also the model is not adequate for heavy or under-
reinforced slabs.

» The proposed truss model by Simmonds and Alexander has trouble predict-

ing the punching shear strength of slabs because of unrealistic assumptions.

o The most complete rational model currently available is that proposed by
Kinnunen and Nylander. Using this model, the punching strength of a slab
of usual dimensional and material properties can be calculated rapidly and
accurately assuming that punching load is enhanced by 10% due to dowel
effect.
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7.2 Recommendations

In order to arrive at a better understanding of the shear strength of both rein-
forced and prestressed concrete flat plates it will be necessary to test large scale
models which simulate real structures rather than the simply supported plates
of past investigations. The descriptions of behaviour and available test results
are inedequate for the case of footings or slabs lacking symmetry. 1 It would
be desirable to determine the influences of force transfer across cracks and of
dowel action. One is to encourage studies aimed at the satisfactory modelling of
the phenomenon of punching shear failure of different kind of slab-column joints,
because there is a strong foundation to be built upon. To the knowledge of the
author, fatigue life of concrete slabs. scismic punching resistance and impact has
not been investigated and the codes provisions do not consider these facts. Hence,

in view of the potential using of the limit state design. it is felt that the problem

require more attention.
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Table A.1: Slabs tested by Gardner

Slab H d P See fu c C Prest

# | (mm) | (mm) (Mpa) | {Mpa) | (mm) | (mm) | (kN)

8 |[101.6 [ 76.2 |0.0205 | 24.1 | 400.0 | 101.6 | 1117.6 | 129.2
9 1016 | ¥6.2 | 0.0205 226 | 400.0 | 101.6 | G85.8 | 135.8
10 | 101.6 | 76.2 | 0.0205 | 24.6 | 400.0 | 101.6 | 381.0 | 129.2
11 1 1524 | 113.3 | 0.0224 | 22.6 | 400.0 | 152.4 | 6385.8 | 311.8
12 | 1524 | 113.3 | 0.0214 | 24.8 | 400.0 | 203.2 | 685.8 | 357.0
13 | 1524 | 121.7 | 0.0066 | 24.8 | 400.0 | 203.2 | 635.8 | 271.7
4 [ 1006 { 726 [0.0502 | 25.0 | 400.0 | 152.4 | 533.4 | 202.6
15 | 101.6 [ 80.83 [ 0.0147V; 25.0 | 400.0 { 152.4 | 3334 | 160.3
1v | 1016 j 80.8 | 0.0147 [ 25.3 | 400.0 | 101.6 | 533.4 | 120.3
18 | 50.8 | 31.8 | 0.0731 | 22.1 | 400.0 | 203.2 | 533.4 | 83.6

19 | 15241 123.4 | 0.0047 | 22.1 | 400.0 | 203.2 | 685.83 | 271.7
20 | 152.4 | 113.3 | 0.0214 | 13.1 | 400.0 | 203.2 | 635.8 | 277.9
2] | 152.4 | 121.7 | 0.0066 | 16.1 | 400.0 | 203.2 | 635.8 | 230.3
22 | 101.6 | 72.6 |0.0501 [ 13.2 | 400.0 { 152.4 [ 333.4 | 154.5
23 | 101.6 | 80.8 | 0.0147 | 14.5 | 400.0 | 1524 | 533.4 | 107.8
25 | 152.4 | 121.7 1 0.0066 | 52.1 | 400.0 | 203.2 | 685.8 | 306.9
26 | 1016 { 72.6 |0.0501 | 52.1 | 400.0 | 203.2 | 685.8 | 323.3
27 | 101.6 | 80.8 | 0.0147 { 352.1 | 400.0 | 152.4 | 5333.4 | 243.2
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Table A.2: Slabs tested by Elster and Hognestad

Slab H d P fee fy b B Prest
# | (mm) | (mm) (Mpa) | (Mpa) | (mm) | (mm) | (kN)
A-la | 1524 | 117.6 | 0.0115 | 14.1 | 3326 | 254.0 | 2322.0 | 302.9
A-1b | 1524 | 117.6 | 0.0115 | 25.3 | 332.6 | 254.0 | 2322.0 [ 3652
A-lc | 1524 | 1176 | 0.0125 | 29.0 | 3326 | 254.0 | 2322.0 | 356.3
A-ld | 1524 | 1176 | 0.0115 | 36.8 | 332.6 | 254.0 | 2322.0 | 3474
A-le | 1524 | 1176 | 00115 | 20.3 | 3326 | 254.0 | 2329.0 | 3563
A-2a | 1524 | 1143 | 0.0247 | 13.7 | 3205 | 254.0 | 23220 | 334.0
A2b | 1524 | 1143 | 0.0247 | 195 | 2215 | 254.0 | 2322.0 | 4008
A2 | 1524 | 1143 | 0.0247 | 375 | 3215 | 254.0 | 2322.0 | 4676
A3a | 1524 | 1143 | 0037 | 128 | 3215 | 2540 | 2322.0 | 3563
A-3b | 1524 | 1143 | 0037 | 226 | 3215 | 254.0 | 2322.0 | 445.4
A4 | 1524 | 1176 | 0.0125 | 262 | 332.6 | 355.6 | 2322.0 | 4008
A5 | 1524 | 1143 | 0.0247 | 27.8 | 3215 | 355.6 | 2322.0 | 5345
A6 | 1524 | 1143 | 0037 | 250 | 3215 | 355.6 | 2322.0 | 4988
A7 | 1524 | 1143 [ 0.0247 | 285 | 3215 | 254.0 | 2322.0 | 400.8
A8 | 1524 | 1143 | 0.0247 | 219 | 3215 | 355.6 | 2322.0 | 436.5
A1l [ 1324 | 1143 | 00247 | 25.9 | 3215 | 355.6 | 2322.0 | 530.0
A-12 | 1524 | 114.3 [ 0.0247 | 284 | 3215 | 355.6 | 2322.0 | 530.0
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Table A.3:

Slabs tested by Mowrer and Vandenbilt

Slab H d P fcc fll b B Ptest
# {mm) | (mm) (Mpa) | (Mpa) | (mm) | (mm) | (kN)
M3-1-0 } 76.2 50.8 | 0.011 | 21.1 I85.7 | 1524 | 11640 | 793
M3-1-0a i 7G6.2 50.8 | 0.022] 18.0 385.7 [ 1524 | 1164.0 | 993
M-4-1-0 | 76.2 50.8 | 0.011 ] 15.5 335.7 | 203.2 | 1163.0 | 926
M-4-2-0 | 76.2 50.8 {0.022 | 272 3385.7 | 203.2 | 1164.C | 1327
3M-5-1-0 | 76.2 50.8 | 0.011 | 233 385.7 | 254.0 | 1164.0 { 109.1
M-5-2-0 | 76.2 30.8 | 0.022 | 229 385.7 | 254.0 | 1164.0 | 151.9
M-6-1-0 | 76.2 30.8 | 0.011 | 28.0 385.7 | 3048 | 11640 | 1189
M-G-2-0 | 76.2 50.8 10.022 ] 26.4 385.7 | 304.8 | 1164.0 | 158.6
M-7-1-0 ! ¥G.2 30.8 | 0.011 7.7 335.7 | 355.6 | 1164.0 | 138.5
M-7-2-0 | 76.2 50.8 [ 0.022] 25.0 385.7 | 3535.6 | 1164.0 | 184.8
M-3-1-0 | 76.2 50.8 | 0.011 | 24.9 385.7 | 406.4 | 11G4.0 [ 145.2
M-8-2-0 | 76.2 50.8 | 0.022 | 24.G 385.7 | 406.4 | 1164.0 | 18.4.8
M-3-1-2 | 76.2 30.8 0011 | 27.0 385.7 | 152.4 | 1164.0 | 102.0
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Table A.4: Slabs tested by Moe

Sab | H d P fo | £ b B | Prest
# (mm) | (mm) (Mpa) | (Mpa) | (mm) | (mm) | (kN)
R-1 | 152.4 | 114.30 | 0.0138 | 27.5 | 400.0 | 304.8 | 2328.0 | 394.2
R-2 | 1524 | 114.30 { 0.0138 | 265 | 400.0 | 152.4 | 2323.0 | 311.8
§1-60 | 152.4 | 11430 | 0.0106 | 23.2 400.0 | 254.0 | 2328.0 | 389.7
$260 | 1524 | 11430 [ 0.0103 | 220 | 400.0 | 254.0 | 2328.0 | 356.3
$3-60 | 1524 | 114.30 | 0.0113 | 23.3 | 400.0 | 254.0 [ 2328.0 | 334.1
S1-T0 | 1524 | 114.30 | 0.0106 | 244 | 400.0 | 254.0 | 2328.0 | 392.8
$2-70 | 152.4 | 114.30 | 0.0102 | 25.3 | 400.0 | 254.0 | 2328.0 | 378.6
$4-70 | 152.4 | 114.30 | 0.0113 | 35.1 | 400.0 | 254.0 | 2328.0 | 374.1
S4A-70 | 152.4 | 114.30 | 0.0113 | 20.4 | 400.0 | 254.0 [ 2328.0 | 3118
S5-60 | 152.4 | 114.30 [ 0.0106 | 22.1 | 400.0 | 203.2 | 2328.0 | 343.0
S5-70 | 152.4 | 114.30 | 0.0106 | 242 | 100.0 | 203.2 [ 2328.0 | 378.6
MIA | 1524 | 11430 | 0.0150 | 23.0 | 400.0 | 304.8 | 2328.0 | 433.4
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Table A.5: Slabs tested by Yitzhaki

Slab H d p e £, c C | P
# (mm) | (mm) (Mpa) | (Mpa) | (mm) | (mm) | (kN)
I-1 | 10034 823 | 0.0121 | 13.9 | 1058 | 221.0 | 1263.0 | 1515
I-4a [101.34| 823 {0.0089 | 23.8 | 130.7 | 221.0 | 1163.0 | 245.3
15 | 10134 | $2.3 |0.0053 | 22.8 | 173.4 | 221.0 | 1163.0 | 152.1
H-6 | 10134 | 823 |0.0133 | 123 | 932 | 2210 | 1263.0 | 157.0
I3 | 10134 | 82.3 |0.0059 | 24.8 | 253.9 | 332.7 | 1163.0 | 210.0

[ 1]

[IR20-2 | 127.50 | 108.5 | 0.0093 | 19.8 | 192.9 | 200.7 | 1707.0 | 307.3
II-3 | 10034 | 823 [0.0121 [ 24.0 | 1825 | 221.0 | 1163.0 | 201.1
10134 | 823 | 0.0071 | 13.2 63.9 | 119.4 | 1163.0 | 117.7

Table A.G: Slabs tested by Kinnunen and Nylander( Orthogonal Arrangement)

Slab H d P fee Sy c C Piest
7 |(mm} | (mm) (Mpa) | (Mpa) | (mm) | (mm) | (kN)

5215 | 149 | 117.0 [ 0.0079 | 27.9 | 441.5 | 150.0 | 1710.0 | 255.1
3224 | 151 | 118.0 | 0.0078 | 274 | 4542 | 150.0 | 1710.0 | 274.7
3269 | 133 | 121.0 | 0.0107 | 33.3 | 436.1 { 150.0 | 1710.0 | 333.6
5270 | 134 | 122.0 | 0.0106 | 32.3 | 439.0 | 150.0 | 1710.0 | 332.3

5107 | 138 | 128.0 [ 0.0096 | 27.5 | 453.7 | 300.0 | 1710.0 | 425.9
SIIT | 154 { 124.0 (0.0099 | 26.2 | 451.3 | 300.0 | 1710.0 | 408.5
5281 [ 151 | 120.0 | 0.0153 | 31.3 | 434.6 | 300.0 | 1710.0 | 490.6
5290 | 151 | 119.0 | 9.0154 | 31.3 | 448.3 | 300.0 | 1710.0 | 540.6
5125 | 150 | 120.0 | 0.0077 | 28.6 | 460.6 | 300.0 | 1710.0 | 332.3
3134 | 153 | 122.0 | 0.0076 | 26.F | 438.6 | 300.0 { 1710.0 | 332.3




Table A.7: Slabs tested by Kinnunen and Nylander(Circular Arrangement)

Slab | H d P fee 5y ¢ C | Pres
# | (mm) | (mm) (Mpa) | (Mpa) | (mm) | (mm) | (kN)
5057 | 156 | 132 [0.0116 | 28.7 | 447.8 | 50 ] 1710.0 [ 204.0
5083 | 154 | 127 | 0.012 | 286 | 4459 | 50 | 1710.0 | 189.0

3375 | 150 126 | 0.0075 | 28.1 | 436.1 | 150 | 1710.0 | 188.0
36514 153 127 | 0.0074 | 25.4 | 4483 | 150 | 1710.0 | 208.0
3661 | 155 130 10.0073 } 25.9 | 448.3 | 150 | 1710.0 | 188.0
3467 | 153 128 | 0.0147 | 26.2 | 440.5 | 150 | 1710.0 | 216.0
JMTT | 152 127 | 0.0149 | 26.2 | 440.5 | 150 { 1710.0 | 228.0

3390 | 132 127 | 0.012 | 26.4 | 429.2 | 300 | 1710.0 | 281.0
33951 183 128 | 0.0119 | 264 | 429.2 | 300 | 1710.0 | 277.0
3448 | 133 128 10,0239 ) 28.1 | 434.1 | 300 | 1710.0 | 355.0
48 | 154 128 | 0.0239 | 26.2 | 434.1 | 300 | 1710.0 | 355.0

Table A.8: Slabs tested by Kinnunen and Nylander(Cire. & Rad. Arrangement)

sab | H | d | » | S | £ | ¢ | C | Pen
# | (om) | (mm) (Mpa) | (Mp2) | (mm) | (mm) | (kN)
3115 | 150 125 | 0.0047 | 25.6 443.4 150 | 1710.0 | 203.0
320 | 149 126 | 0.0047 | 27.9 $43.4 150 | 1710.0 | 198.0
343 | 152 127 | 0.0081 | 26.7 $41.0 150 | 1710.0 | 267.0
365 | 150 124 1 0.0083 | 26.3 $41.0 150 | 1710.0 | 284.0

3401 | 153 128 | 0.006 } 24.1 | 433.1 | 300 | 1710.0 { 299.0 |
3408 { 132 125 | 0.006 | 25.9 | 433.1 | 300 {1710.0 | 300.0
1029 | 133 125 [ 0.0129| 274 | 4522 | 300 | 1710.0 | 380.0

3436 | © 154 130 {0.0124 | 26.9 4522 300 | 1710.0 | 429.0
YIS






