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ABSTRACT 

 
 

This project deals with the punching shear failure in reinforced concrete flat slabs 

subjected to high localized forces, in particular forces (imposed, gravity, wind, and 

earthquakes loads) which are acting to slab-column connections.  

Commencing the early 60s, permanent studies carried out regarding the punching of 

concrete flat slabs. Massive researches have been established in order to find out the 

most accurate formula to predict the punching shear failure. 

This project is an extension of this research involving to investigate which of the three 

building codes, Eurocodes (2-04), Greek Codes (2000) and American Codes (ACI 318-

05), can provide an accurate model to predict the punching shear failure in reinforced 

concrete flat slabs. The basis of this study is the examination of the three building code 

predictions for the failure loads in accordance to the previous experimental 

observations. 

In the beginning of this report, an essential approach to define the punching shear 

phenomenon had been illustrated and an excessive literature review has been 

assessed too, concerning experimental and theoretical studies. Continuing, a 

spreadsheet has been formed in Microsoft Excel Software including the guidelines of 

the three above codes aiming to compute the punching shear between the slab and 

column connections and at the same time this spreadsheet verifies their correct 

application. Afterwards, a range of experimental predictions, of 164 slabs, had gathered 

and assessed with the codes predictions (applying the codes formulas in accordance 

with experimental inputs). It should be mentioned that the objective of this assessment 

is the prediction of the punching shear failure load. The final point of this essay is to 

collect the experimental and codes predictions and by a sequence of judgments and 

comparisons (use of Statistical Software) the author concluded to highlight the code 

with the most accurate predictions. Several other observations related to the factors that 

influence this failure have been also remarked. 

Keywords:  

Punching shear failure, flat-slab-column connection, experimental and code predictions 
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CHAPTER 1 

INTRODUCTION 

 

1.1 General 

 

This project deals with punching shear failure in flat slabs, particularly with the failure 

which is observed in the slabs-column connections.  

Reinforced concrete flat slabs can be defined as flat plates consisting of uniform 

thickness slabs supported by columns. The nonexistence of beams compose these 

systems to be more attractive due to the advantages such as shorter construction time, 

economical formwork, less overall building height aiming to get more clear space and 

also architectural flexibility. Despite the advantages that flat slabs offer, there is one 

major disadvantage and this is the punching shear failure.  

The punching failure is occurring at the slab-column connection due to the unbalanced 

moment and the transmission of shear loads. 

 

Figure 1: Punching Shear Failure Mode 
http://fsel.engr.utexas.edu/publications/docs/Binici,%20Barisccc.pdf 

In case of no punching shear reinforcement is provided, the failure grows in a brittle 

manner. The vertical loads which are acting on the floors and the transportation of the 

moments from the columns probably will create extreme shear stresses around the 

column and slab connections. Physically the unbalanced moments occur at edge and 

http://fsel.engr.utexas.edu/publications/docs/Binici,%20Barisccc.pdf
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corner slab-column connections. Moreover, there is a possibility that these moments 

can occur firstly in the interior connections with the imbalanced vertical loads on the 

adjacent spans and as well at any connection because of the combined lateral and 

vertical forces as a result of earthquake excitations or wind effects. This subject still 

attracts attention by code researchers and writers. Moreover, the failure of one column 

may be transmitted to the adjacent columns, consequently leading the structure to a 

total collapse. This failure occurs with no warning signs, because of the fact that the 

cracks at top of the slab and the small deflections are not visible. The presence of the 

cracks in the loaded area have an inclined shear crack by making an angle of 20 to 35
o 

with the tension face of the slab and developing about 60 to 70% of the ultimate load. 

This inclined crack for the circular columns is in the shape of a truncated cone and for 

rectangular columns in shape of pyramid.  

 

 

 
Figure 2:  Punching load carrying mechanism. 

http://kisvm2.epfl.ch/record/134710/files/Mirzaei08.pdf [28] 

 

Numerous benches of tests, more than 400, have been gained because of the several 

experimental tests and numerical investigations. One of the most significant centers 

where the most theories and best experimental outcomes were gained is the 

Department of Structural Engineering located in Stockholm Polytechnic under the 

inspection of Prof. Herik Nylander and Prof. Sven Kinnunen. Several representative 

researchers studied in punching shear problem such as: Kinnunen and Nylander, 

Menterey Moe, Braestrup and Nielsen, Bazant and Cao, Shehata, Georgopoulos, 

Bortolotii, Broms, Alexander/Simmonds. These investigations will be the basics to 

implement this project. Hence, they will be the main source to establish the current 

research and via their experimental outcomes and the three building codes principals 

http://kisvm2.epfl.ch/record/134710/files/Mirzaei08.pdf
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(Eurocodes (2-04), Greek Codes (2000) and American Codes (ACI 318-05) ), the writer 

will be able to find out which of the codes give the most accurate model to predict the 

punching shear. 

1.2 Aims and objectives 

 

The purpose of this report, taking into consideration a range of past experimental 

studies and outcomes, is to continue the research (based on punching shear) by 

examining the punching shear failure load and through a comprehensive assessment to 

prove which of the three building codes Eurocodes (2-04), Greek Codes (2000) and 

American Codes (ACI 318-05) give the most accurate predictions for the punching 

shear. Additionally, several essential observations related to the factors that influence 

the failure are also another objective of this project. Finally, this essay will offer 

knowledge and guidelines to calculate the punching shear failure with the three code 

principals.  

1.3 Project structure  

 

The project structure is constructed under the necessity to study the punching shear 

phenomenon. In the beginning of the project (chapter 1) the author pronounced 

information for the punching shear failure by introducing in details the incident.  

Additionally, an excessive research (chapter 2) has been set up in order to come up 

with the sense of punching shear behavior based on the theories and on the 

experimental studies. Simultaneously, the above investigations examined the impact of 

the loads (gravity, wind and earthquakes) and general factors that affect the failure. 

(Column size, slab geometry, material properties, stiffness and flexural reinforcement.) 

Continuing the development of this report(chapter 3), a spreadsheet has been formed in 

Microsoft Excel Software including the guidelines of the three building designed codes, 

Eurocodes (2-04), Greek Codes (2000) and American Codes (ACI 318-05), aiming to 

compute the punching shear between the slab and column connections.  
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Subsequently (chapter 4), experimental outcomes of past researches collected, 

classified and through a statistic analysis completion (chapter 5) assessed with the 

three code predictions regarding the punching shear failure load.  

To conclude this report (chapter 6), numerous comparisons leaded to obtain which of 

the three codes give the most accurate model to predict the punching shear failure. 

Moreover, several other observations regarding factors that influence the failure, 

conclusions, discussions and recommendations for further work are also enclosed. 

 

 

 

 

 
 

http://ibeton.epfl.ch/recherche/ProgressiveCollapse/research%20plan.pdf[28] 

Figure 3: The punching failure during the construction phase. 

 

http://ibeton.epfl.ch/recherche/ProgressiveCollapse/research%20plan.pdf
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CHAPTER 2 

LITERATURE REVIEW 

 

The problem of the punching shear failure of concrete slabs has acknowledged with 

great attention over quite a few decades as punching shear phenomenon is very 

important in several structure systems such as flat slab, bridge deck and foundations. 

The ultimate strength of flat slabs is regularly determined by the punching shear failure 

load, which is usually smaller in comparison with the flexural failure load deliberated by 

few theories such as yield line analysis theory.  

The prediction of the punching shear failure load was the key object of the following 

research, leading to develop reliable rules and formulas with an acceptable point of 

safety to be applied in design codes. Also, this chapter covers an excessive research 

based on the punching shear resistance and the factors that influence the punching 

shear failure, such as imposed, gravity, wind and earthquakes loads, column size, slab 

geometry, material properties, stiffness, moment and flexural reinforcement. 

Many variables, as they has already mentioned, have a marked effect on the punching 

shear failure load in flat slabs. Most of the following research has been concerned with 

a production of experimental data and the development of different equations resulting 

to find out the failure load. Additionally, a few theoretical analyses have also been 

projected by a range of investigators based on different models. It should be mentioned 

that there is a lack of a simple theoretical model to figure the punching shear failure due 

to the difficulties of the three-dimensional slab behavior. 

In order to classify the investigation results the author grouped them in two categories, 

experimental investigations and theories. 
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2.1 Experimental investigations 

 

A range of experimental and theoretical studies have been applied in flat plates in order 

to examine punching shear .The first appearance of flat plates construction was in USA 

in the late of  1940‟s. The two researchers Elstner and Hognestad (1956) realized that 

the idea of the new flat plates was quite daring because of the fact that the design 

codes provisions regarding the shear capacity were related on tests based on thick 

column footings (Talbot (1913) & Richart (1948)).  

 The earliest experimental study was 97 years ago, in 1913 by Talbot who proposed a 

technique to find out the punching strength of flat slabs by comparing the allowable 

shear stress with the nominal. According to Talbot‟s method, he proposed a variety of 

modifications to control the surfaces, considering firstly the distribution of the shear 

pressure on the slab surface and secondly the depth of the slab. Also, the empirical 

factors depending, on the slab size, on the shape of the column and on the 

reinforcement ration, symbolize an extension of Talbot‟s method. The above methods 

have been worldwide adopted by the majority of the code recommendations which are 

generally based on empirical factors.  

Later on Elstner and Hognestad (1956) continued the experimental study by testing 

thirty-nine squared reinforced concrete flat slabs 6 in thick. The variables of the test 

were concrete strength, the size of the plate, the quantity of longitudinal reinforcement 

and the support conditions too. The examined slabs have been subjected to 

concentrated loads, they were loaded through a centrally positioned column stub and 

their edges were basically supported. Nevertheless, flexure and shear can be still 

considered as a problem. The experiment resulted in working out the punching shear 

strength of flat slabs by proposing the following expression:  
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Where: 

 b is the boundary of the loaded part.  

 υ represents the ratio of the shear to flexural capacity, from yield line 

examination 

 f
c
’ is the compressive strength of the concrete in psi.  

 V
u 

is the critical shear strength of the flat slab.  

Furthermore, it was observed that the shear strength can be relative to   f
c 
„and clarifying 

that the punching shears failure is a compression which contains the failure. In addition, 

the shear capacity between the column and the slab does not increase while the tension 

reinforcement, with 50% of concentration, is applied over the column. Also, the critical 

shear strength had not been influenced by the subsistence of compression 

reinforcement and eccentricity. The flexure failure can be caused to slabs with ultimate 

capacities 10 – 20 % bigger than those which were predicted by the yield line analysis.  

To summarize this study, it can be said that the test presents a great database of test 

outcomes for flat slabs with rectangular shape which were subjected to concentric 

forces. Elstner and Hognestad (1956) thought of this experimental test and they 

explored the punching shear strength of slabs and flat slabs too which were subjected 

to concentrated forces or column reactions. The test results can be used to estimate the 

code expressions. 

In 1960, Kinnunen and Nylander investigated the primary mechanical model to calculate 

punching shear capacity by taking into consideration equilibrium and geometry. The test 

has been applied to 61 circular slabs which were supported on circular loaded columns. 

Equation 1 
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The variables of the experiment were the nature of longitudinal reinforcement and its 

amount. Kinnunen and Nylander in order to generate this mechanical model mainly 

focused on the ax symmetry of the slab by assuming that the slab is separated into 

segments via the presence of radial cracks. Every segmental is defended on a conical 

shell among the root and the column of the shear crack (Figure 3). Equations of 

equilibrium in tangential and radial directions were both used based on failure criteria in 

order to calculate the load carrying strength.  

The researchers argued that the punching shear failure can be caused when the critical 

peripheral strain value can reach the compression on the facade of the slab, through the 

triaxial compression condition at the conical shell. This critical value of the compressive 

strain of the circular slabs can be obtained from the test results and it can be formed as 

follows: 

 

 

 

 

Where: 

 h is the thickness of the slab.  

 B is the column diameter. 

Equation 2 

Figure 4 : Punching Shear Model  
(Kinnune and Nylander 1960) 

 



                                                          Model which can predict punching shear failure in flat slabs                  
 Anna Spyropoulou (UB Νο: 09007531) 

 

School of Engineering, Design and Technology 

Page | 23 
 

The model was proficient of predicting the deformation and strength capacities of slabs 

deteriorating in flexure and shear, taking into account the effect of the reinforcement 

ratio to the flexure. Additionally, it should be considered in the design of the 

reinforcement in spans, where the positive moments acting, that the deformation 

capacity of the slab is limited when it is nearby to the column. The computation of the 

strength between the connections of slab and column, based on Kinnunen and 

Nylander‟s model, it was not suitable for code procedures, as it was characterized as an 

iterative method.  

The gist of this study is that the two researchers introduced an absolutely new approach 

by revising the sector elements among the radial flexural cracks through the test 

specimens. According to their model, punching occurs when the radial inclined 

compression stress and the tangential compression strain of the slab reach a critical 

value. Their mechanical model has the most worldwide recognition but it faces 

difficulties to predict the punching shear as accurate as other statistical methods do. 

It should be noted that the most accurate code to predict the punching shear is the 

building code “Model Code 90”, although this does not disparage Kinnunen and 

Nylander effort to approach the punching phenomenon.  

The next experimental investigation was from Moe (1961) who tested 41 flat slabs 

whose connections (column-slab) were subjected to pure shear loading. The following 

expression is an outcome of the experiment tests and it can be used to work out the 

load capacity among slab and column connections: 

 

 

 

Where: 

 b is the perimeter of the area where the forces acting.  

 V
flex 

is the flexural capacity according to the yield line study. 

 d is the effective depth of the flat slab. 

Equation 3 
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 c is the length of the square column. 

 fc‟ is the compressive strength of the concrete.  

At the year of 1962, the ACI Committee 326 simplified the equation 1, for design 

purposes. In order to guarantee flexural distress sooner than the shear failure occurs, 

the ACI Committee recommended setting the shear ratio to flexural capacity equal to 

one. As a result of this, the subsequent expression had been obtained: 

 

 

 

 

It is obvious that the above, equation (4), can be negative when c/d gain large values.  

The previous expression had been modified by the committee, for practical use and it is 

listed below: 

 

 

 

 

Moreover, for design purposes the equation (5) could be modified by taking into account 

that the critical section is located at d/2 far from the rectangular column facade. The 

final equation appearance is the follow: 

 

 

 
Where:  

 

 b0
 
 is the critical perimeter length positioning d/2 far from the column facade.  

 

Equation 4 

Equation 5 

Equation 6 
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A combination of Moe‟s empirical relations and ACI-318 provisions can result to 

estimate punching shear resistance. As well, three essential conclusions had been 

approved through Moe‟s work and they are scheduled below: 

 

 The interaction between shear and flexural strength of two-way slabs is able to 

be incorporated along with shear strength terms, thus to ensure the flexural 

distress.  

 Initially it was the first attempt to predict punching shear based on the influence 

of concrete tensile failure. 

 The two-way concrete slabs sustain higher shear strength than one-way slabs.  

 

It very essential to point out that Moe, Kinnunen and Nylander studies are the 

foundation to develop successfully the flat plate structures over the world.  

Later investments were by Narasimhan (1971), Islam and Park (1976), Pan and 

Moehle(1989), Ghali et al (1974, 1976), Hawkins et al (1989) which have been 

dedicated to enlarge the validity borders for punching shear tests. They occupied by 

testing on specimens with larger column load eccentricities (suggest large eccentricities 

owed to story drift through an earthquake) in comparison with Moe (1961) tests which 

present the diffident eccentricities that can arise due to gravity loading. In 1976 Park 

and Islam offered a different design scheme than the method of “eccentricity of shear”. 

 

An important experimental investigation had developed by D. Mitchell, W.D. Cook and 

W. Dilger in order to examine the effect of the size, geometry and material properties on 

punching shear resistance in slab and column connections. Hence, the above 

mentioned researchers examined the experimental results and concluded that there is 

an influence of column aspect ratio, slab thickness and the compressive strength. Also, 

plenty of tests confirmed that there are particularly small specimens boast a general 

yield of flexural reinforcement before the occurrence of the failure. One of the most 

important experiments has been illustrated by Li in 2000. It was related to a test of six 

reinforced concrete slabs with a general thickness between 135mm to 550mm and high 
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concrete strength 80 Mpa. This experiment has been established in order to provide 

information about the effect of column size. Other researchers, such as Nylander and 

Sundquist in 1972 worked out the impact of slab thickness on the shear stress at failure. 

The examined slabs had an effective depth from 95,5mm to 201mm.The outcomes of 

the test deal with the values of β (ratio of the larger to smaller column length) and show 

that if they are greater than 2 the actual stress occurring in the critical section varies 

from a maximum value between 0,33 √f‟c and minimum value of 0,166√f‟c. Additionally, 

increasing the slabs effective depth leads to an important reduction of the normalized 

stresses. As it follows, another experiment had set by Tolf in 1988 who examined 

thicker slabs around 619mm.These slabs were hold by circular columns dimensioning 

120,240 and 800 mm diameter under a concrete strength between 23,2 to 30MPa.  

Also, more compact structures for example column footings have been examined by 

Dieterle (1978), and Dieterle & Rostasy (1981), Hallgren, Kinnunen and Nylander (1983, 

1998) and Sundquist & Kinnunen (2004). Lastly, Nölting (1984) enclose an overview of 

many published test outcomes which was a helpful source of information. 

The experiments continued by Ghali and his assistants (Mokhtar 1982, Megally 1995, 

Hammill 1992).As the research was in process, they found many methods to improve 

punching shear capacity, of a new construction, between slab-column connections. As it 

concerns the place surrounding the slab-column they utilized drop panels, stirrups and 

column capitals among the corner of the slab-column, in the interior and exterior 

connections. 

The investigators summarized that if the slab thickness is increasing the size of the 

column which is located around the connections is increasing too; it would be an 

excellent result of eliminating punching failure and mainly beneath the unbalanced 

cyclic moments. Thus, the presence of the conventional stirrups had caused many 

practical problems. The stirrup failure mode was verified by concrete crushing under the 

deflection and therefore stirrup bars had 70% yield strength increasing at the failure. 

The researchers explained that the slip is presented at the corners of the stirrups such 

an effect of the shear reinforcement vertical legs resulting minimizing the effectiveness. 
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Furthermore, the researchers argued that there is an important reduction of the shear 

reinforcement because of the stirrups corners. 

The proposal was at first to exploit as shear reinforcement the shear stud rails (SSR) 

and afterward to broaden the design guidelines in order to catch information on the 

anchorage efficient comparing the studs and stirrups. There are four different stirrup 

and SSR arrangements which were used by the investigators to caste the concrete and 

they are presented in the next figure as the stirrups layouts and the stud rails too.  

The experimental outcomes illustrate that there is sharp rise of shear reinforcement 

about 80% for SSR and 50% for stirrups and which can be observed in slabs loaded 

concentrically.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
 

 

Later on Broms (1990) tailored the Nylander and Kinnunen Model (1960) based on the 

failure criteria according to the tangential strain limit supported on micro cracking in the 

compression region and according to the stress acting in the conical shell underneath 

the biaxial compressive forces. The Broms study worked out the definition of the critical 

tangential concrete strain as an occupation of the compression zone depth and 

concrete strength too, resulting to the next equation: 

 

Figure 5:  Arrangements of Shear Stud Rails and Stirrups 
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Where: 

 Cylinder specimen‟s with 150 mm diameter.  

 α xpu  is altitude of  the equivalent block of the rectangular stress. 

 f‟c is the compressive strength of the concrete in MPa.  

It is assumed that, for the radial direction punching shear failure can be occurred whilst 

the compression stresses act in a conical shell and it can attain a critical rate of (1.1fc‟), 

as it is presented in the next figure. The failure load V
σ 

was calculated based on the 

balance of vertical forces with a size effect feature of (150/0.5y)
1/3

. 

 

 

 

Where: 

 B is the circular column diameter.  

 y is the radial compression zone depth.  

 V
ε 
and V

σ
 are the smallest capacities of the punching load.  

 

 

 

 

 

 

 

 

 

 

 

(Broms 1990) 

Equation 7 

Equation 8 

 
Figure 6: High Radial Compression Stress Failure.                                                        
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Intended for Broms proposed model, it is assumed that the failure started at the inclined 

crack root. It is documented that the size effect was a function of material compressive 

strength. Also, it can be used for rectangular slab-column links using an equivalent 

approach of a circular column. The tests had continuing by Marzouk and Hussein 

(1991), Tomaszewicz (1993) and Hallgren (1996) on concentric punching with a high 

concrete strength specimens. 

An extra experiment investigation has been recently established by Theodorakopoulos 

and Swamy in 2002.The proposed model can be used to predict the punching shear 

between the connections of the slab and column, with the absence of shear 

reinforcement. The model is created based on the free-body diagram, in the region of 

slab and column area, at the phase where the formation of the inclined crack exists and 

propagation was prohibited with the aid of the compression zone. Consequently, the 

shear resistance among the slab and column connection without the application of the 

shear reinforcement can be computed as the following:  

 

Equation 9 

 

       Where: 

 V
u 

is the punching shear capacity. 

 V
c 
is the concrete resistance of the vertical component existing in the 

compression zone. 

 V
a 

and V
d 
are the resistances existing in the dowel action and in the aggregate 

interlock, respectively.  

Thus, for the current model it is assumed that the punching failure at the ultimate load is 

a result of splitting failure from the compression zone. Both of the researchers 

presumed that the dowel action was relative to the location of the length, where the 

dowel action is estimated to happen. 
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(Theodorakopoulos and Swamy 2002) 

 

The critical perimeter is located at the distance 1.5d far from the face of the column (as 

it is referred in BS 8110).   

 

 

Where: 

 

 b
p 

is the critical perimeter which is located at distance 1.5d far from the face of 

the column. 

 X is the compression zone depth. 

 θ is the inclination of the crack angle (θ=30
o

). 

 f
ct 

is the splitting tensile force with value 0.27 fc’ 
1/3 in MPa. 

 

2.2 Theories 

 

Afterward, in 1974, Criswell and Hawkins summarized the research on theories and 

analysis for evaluating punching shear strength. The objectives of their study were 

based on the reinforcement ratio effect, on the shear transportation mechanism, on the 

effect of the unstable moment and on the test limitations which they used to predict 

Figure 7: Punching Shear Model 

 

Equation 10 
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punching shear resistance. They argued that the plane compressive forces can be 

developed in two-way slabs where the unyielding portions would control the yielding 

portion. These forces lead to enlarge the punching shear capacity and for that reason 

isolated connections between slab and column would give partial information on their 

actual capacity. Additionally, the researchers mentioned that the interaction between 

failures (shear and flexure) depends on the ratio of the reinforcement. Also, they 

resulted that the improvement on the ultimate load (20 to 25%) ensured the ductile 

performance between slab and column connections with the configuration of a complete 

mechanism of flexural yield line. As it discussed earlier, the above amount of the 

ultimate load had been also proposed by Elstner and Hognestad (1956) to be around 10 

to 20 %. 

The researchers, Criswell and Hawkins (1974) gathered from different experiments 

information based on the shear reinforcement in the form of bent bars, shear heads and 

stirrups and how it can assist to enhance punching shear resistance.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  
 

 
(Criswell 1974) 

 

Through this exploration, it was found that the slab behavior is compositely, under the 

presence of the shear heads, until a disposed crack swell into the shear head arms. The 

applicability of shear heads is an effective way to increase the punching shear capacity 

Figure 8: Effect of Reinforcement Ratio on Slab Behavior  
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but also is a drawback such as cost and construction inconvenience. Shear 

reinforcement such as stirrups and bent bars can be effectively used as soon as the 

shear reinforcement legs were appropriately anchored. The presence of the shear 

reinforcement enhances the shear resistance by increasing the tensile forces in vertical 

shear reinforcement legs (anchored efficiently near to the bottom and top part of the 

slab) which ensure the absence of slipping. Therefore, in thin slabs it is difficult to 

achieve anchorage and even small errors of shear reinforcement placement are not 

permitted. 

 

In 1978 Sundquist worked on the capacity of flat plates by using transient loads which 

have been created by an instance bomb blasts. He developed a new theoretical model 

about the impulse resistance of the flat plates. 

In 1989 Braestrup invented the plasticity theory, a theory which can be applied to define 

the term of the upper-bound value of the shear load. Braestrup considered a failure 

mechanism, which shows the punching crack, by the concentration of the deformity, in a 

rotationally symmetric face. The resultant punching load is the inferior-band value. 

Afterward in the year of 1978-1983, Marti and Thürlimann, tried to determine the upper-

band value of the punching load. Even so, the obtained safety levels are incompatible in 

some instances, such as high reinforcement ratios or thick slabs.  

Likewise, it‟s not possible to examine in a unified strength treatment, the dowel effect 

contribution, shear head, stirrups, and prestressing tendons. A different theory to figure 

punching shear capacity was created by Menetrey in 1996, who introduced an analytical 

expression, based on finite element simulations results. It is assumed that the failure 

load is closely related to the concrete tie failure and this can be achieved by integrating 

the concrete tensile stress component (vertically) in the region of the punching crack. 

The subsequent proposed expression indicates that the contribution of the vertical 

forces can be obtained by enhancing their inclined crack area. 
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Where: 

 Fsw 
is the shear reinforcement vertical component. 

 F
ct 

is the concrete tensile force vertical component.  

 F
p 

is the force in pre-stressed tendons of the vertical component. 

 F
dow 

is the involvement of the flexural reinforcement. 

 

The next expression was derived according to the nonlinear simulations of the finite 

element analysis for the ax-symmetric. 

 

 

 

Where:  

 f
t
, is the size effect (μ and η). 

 F
ct 

is the reinforcement ratio function. 

 Ρ is the concrete tensile strength. 

 r
1
 and r2 are the radios of punching crack. 

In order to compute the shear reinforcement contribution it had been taken into account 

the exploitation of the vertical component acting in stirrups of the yield force. 

Alternatively, the dowel action was specified as a function of the amount of longitudinal 

bars through the punching crack, of bar diameter and of bars axial tensile force. The 

punching failure load (Fpun ) for slabs with shear reinforcement can possibly be 

predicted outside or inside of the shear reinforced area. The gist of this occupation was 

Equation 11 

Equation 12 
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to develop a mechanical model, thus the researcher formed a concrete constitutive 

model, by circular slabs and he implemented punching shear resistance using finite 

element analysis. It is believed that this is one of the few studies.  

 

 

 

 

 

 

(Menetrey 1996) 

 

In recent times, in 2009-2010 Muttoni and Gaundalini employed on the traditional codes 

in order to practice and to estimate practicing punching strength of flat slabs with shear 

reinforcement based on the hypothesis that the concrete can carry a fraction of the 

ultimate load whilst the rest of it can be carried by the reinforcement.  

The new theoretical model had been formed based on the theory of the critical shear 

crack and it helped to investigate the ductility and the shear strength in reinforced slabs. 

This approach is related to a physical model and it overcomes the majority of the 

current codes limitations in practice. 

To conclude the above studies, it is observed that models to predict punching shear 

resistance are mostly separated into two groups in terms of the assumption for the 

failure mode. First group includes models of Elstner and Hognestad (1956), Broms 

(1990) and Kinnunen and Nylander (1960), in which the punching failure is assumed to 

be a combined compression shear form of failure. Alternatively, models of Menetrey 

(1996), Moe (1961) and Theodorakopoulos and Swamy (2002) assumed that punching 

failure is in fact a tension bring on failure. 

 

Figure 9: Representation of Punching Shear Failure.  
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2.3 Research on Gravity and Lateral Load Behavior of Flat Plates 

 

The previous studies mostly focused on the behavior between slab-column connections 

under concentric loads to investigate initially the punching shear capacity without and 

with shear reinforcement and also formulas to predict the failure load.  

As well as, there are several other research efforts helping to understand lateral load 

action of flat plate systems under steady gravity shear. For this purpose, a range of 

experiments carried out on isolated exterior and interior slab-column connections 

(Morrison et. al. 1983, Islam and Park 1976,  Zee and Moehle 1984, Pan and Moehle 

1988, Ghali and Megally 1995, Luo and Durrani 1994) and on flat plate sub-

assemblages (Durrani and Du 1995,Hwang Robertson and Durrani 1990, Moehle 

1993). The tests outcomes offered information on the lateral stiffness, ductility, strength, 

and cyclic performance of reinforced concrete flat plate systems in the slab-column 

connections.  

The experiment outcomes identifies that gravity shear is the main factor affecting the 

connections ductility under cyclic load reversals. Hence, it was suggested to limit the 

gravity shear in order to obtain enough individual ductility in slab-column connections. 

The usefulness of shear reinforcement such as stirrups, drop panels and shear stud 

rails is to raise punching shear ductility and capacity too of the connections. The 

experimental results can provide relevant design guidelines. 

Except the experimental studies, there are some analytical models to idealize stiffness 

and strength characteristics of flat plates. Equivalent frame (Jirsa and Corley, 1970) and 

models for effective beam width (Pecknold, 1975, Allen and Darvall 1977, Luo and 

Durrani 1995, Hwang and Moehle 1993) were designed to examine flat plate buildings 

like two dimensional frames. The main outcome of these studies is to emphasize the 

importance of lateral load activity of flat plate structural systems in the last decades as 

they have a highly vulnerable nature to damage and collapse under an earthquake 

loading.  
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CHAPTER 3 

CODE PROVISIONS AND THEIR APPLICATION 

 

Each country has the right to govern its own design codes related to social resources, 

financial and economical influence too. Furthermore, a combination of several deviating 

theories leads the preceding matters to create dissimilarities in design codes. This result 

to provoke the next two questions: "Which safety level is required for brittle punching?" 

and "Which code provides the best estimation of the punching behavior?" Throughout 

this project completion a potential answer, to the above questions, will be gained via the 

examination of the three following different codes. 

European (EC2-04), Greek (2000) and American Codes (ACI-318-05) can been used to 

predict the punching shear occurring in the connections of the reinforced concrete flat 

slab and column, by employing the critical perimeter approach, depending on the 

column location. This approach has been proposed by Talbot (1913) and it is based on 

the tests illustrated in the column footing. According to this study the principle to predict 

the punching shear is to multiply the shear strength by the slab depth and the critical 

perimeter. After an extensive experimental research the building codes have modified 

Talbot concept by adding several various parameters which are involving to the 

punching shear phenomenon. It is worth mentioning, that each code has its own 

principles to predict punching shear and also different beliefs to work out the shear 

reinforcement and diverse rules to select the type (stirrups, bent bars, shear heads) and 

its arrangements. According to the above, there is a strong necessity to understand and 

to come closer with both of the three code standards for the punching shear. 

This chapter will offer a short summary of the three code provisions to work out the 

punching shear failure and as well as their application via a numerical model- example. 

This mode had carried out in purpose to make use and to understand the codes 

principals, formulas, limitations and the different approaches by computing the punching 

shear in a spreadsheet, in Microsoft Excel Software.  
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3.1 Example on application of Eurocodes (2-04), Greek (2000) and ACI (318-05)       

Codes 

 
3.1.1 Background information on the three codes principals  
 
Differences between the three codes can arise because of the magnitude of the safety 

coefficients in cooperation with the ultimate state and the serviceability. Most codes 

identify that a nominal punching force is correlated to a control perimeter. Additionally, 

an extra dissimilarity arrives from the manner that the tensile and compressive strength 

is determined by cube or cylinder (usually by cylinder).Further differences between the 

three codes are associated on how they address the basic control section and critical 

perimeter, safety coefficients for material in homogeneity (1.15 for reinforcement and 

1.50 for concrete), bond and fire resistance of the member, concrete cover (related to 

durability) and lastly the different formulas for high strength concrete (>C50/60). All 

these result to generate different formulas and approaches to work out the punching 

shear. 

Regarding Eurocode 2, it is a design code whose relation is in accordance with the 

phenomenon that take place in sections (ex. Compression, bending, tension) not on 

straight relations, firmly associated to prestressed or reinforced concrete members (slab 

beam ,column). In EC2, the maximum ultimate shear load depends on the effective 

depth, the length of the punching shear perimeter and the allowable shear stress in 

comparison with the punching strength which is defined as uni-axial shear strength. 

Also, the punching capacity is calculated as concentrated force acting on the control 

perimeter. It is worth saying, that EC2 is a “baby” of the Model Code 90, because of the 

fact that after comparing their prescriptions it is be observed that the EC2 is a little bit 

more restrictive. In 1994 Kordina tested both experimentally and numerically the 

punching phenomenon and he observed that the European design code approximates 

in a better manner the punching capacity and uniaxial punching strength as well. It 

should be clarified, that the updated proposed formula was based firstly on the change 

of some coefficients and secondly on the extension of the control perimeter. This was a 

result of the high stresses which had risen in the transition zone (the exterior zone of the 

perimeter). These stresses can be neglected by increasing the area. 
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Moreover similarities with Eurocodes has the Greek codes which their predictions on 

punching shear are related on the effective depth, the length of the punching shear 

perimeter , shear stress, column dimensions and steel ratio.  

Also, the punching shear according to ACI-318 depends on the geometry of the column, 

the strength of concrete and the length of the control perimeter too. This code gives a 

single value for the punching shear strength based on the square root of the 

compression strength and independently on size effect and the reinforcement ratio. The 

flexural reinforcement is not included in the formula for the punching capacity. The 

safety factors both concrete and reinforcement are 1.176. Digler and Ghali (1989) were 

the first who worked on punching capacity of a flat slab without shear reinforcement. 

The ratio of the reinforcement in flat plates is generally high in North America since the 

finest economy is attained with the use of thin slab. ACI 318-02 permits very slender 

two-way slabs which is possibly a reason why the American code provisions for 

punching shear are still been in examination in USA. Nevertheless, the code is used in 

many countries where in practice calls for thicker slabs with less reinforcement 

requirements. In such cases, this code provisions can be applied in structures with a 

low safety against punching, which has been a partial reason of a severe progressive 

collapses with many victims. (Gardner et al (2000)). 

 

3.2 Manual of the numerical model to calculate punching shear 

 

3.2.1Initial configuration of the numerical model 
 

The gist to create this numerical model is to compute the punching shear and to 

scrutinize the maximum ultimate load in reinforced concrete material beyond of which 

shear reinforcement is required with the application of the three different codes, 

Eurocodes (2-04), Greek codes(2000) and American Codes (ACI 318-05) resulting to 

calculate the required shear reinforcement. Concerning the illustration of the above, the 

author by the use of the Microsoft Excel Software created a flat slab model which will be 

the foundation to observe and obtain the punching shear forces acting between slab 
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and column (interior, edge and corner). Regarding the model selection, it could be 

effortless to take a sequence of punching shear forces but in order to get closer with 

reality; the current model selection facilitates an actual approach by increasing the 

punching shear force according to the live load. The moment forces are neglected. The 

flat slab will be tested in different loads resulting to examine the punching shear 

phenomenon depending on load changes and how this change affect each column-

interior, edge and corner separately. Thus, this numerical model could inform the reader 

how the punching shear performs using the three different codes and also the amount 

of the compulsory shear reinforcement. A brief analysis of the program will be explained 

in this section. 

 

 

The first part of the program is to design the rectangular flat slab model and its 

geometry, the material properties and the slab-load suitability. This will be the main 

spread sheet which includes all the necessary data to set up the equations in order to 

predict the punching shear with the absence of the moment forces .The following 

spread sheet is the same for the three codes and it is very useful tool to form the 

formulas correctly. These codes formulas have already been set up in the Microsoft 

excel cells, cells with yellow color symbolize the title by introducing the sequence of the 

steps, cells painted by azure color can be changed from the user depending on his 

demands and the rest (white color) contain formulas changing automatically . More 

explanations will be given further.  
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The most used commands are the effective depth, the concrete material properties and 

the column dimensions. 

 

 
 

The second stage is to calculate the ultimate load of the flat slab according to the live 

and dead load values. EC 2-04 (equation 6.10) and Greek codes (2000) recommend 

the subsequent formula to estimate the total load acting in the slab.  

 

1.35 1.5k kF G Q 
 

Figure 10: The model 
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The temporary load has a safety factor 1.5Qk and 1.35Gk the permanent load which 

can be decreased to 1.25Gk. In comparison to the ACI 318-05 where the load factors 

are 1.2 for the dead load and 1.6 for the live load respectively. The factor load should be 

at least 1.4 times the dead load and the shear factor 0.75, generate a dead load effect 

equal to 1.4/0.65=1.92. 

In order to establish the test to predict the punching shear, the designer proposed to 

increase the live load in order to examine how this influence the punching shear for the 

three columns locations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Load Examination 
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The two way slab has been also examined for shear, for both directions and for all 

different loads. The illustrated calculations are based to the proposed table for shear 

coefficients (Appendix A). This approach is similar for all the three codes. This is a 

briefly introduction of the current research which will be the basis to test out the 

punching shear. As well, it is not essential to be more specific because the analytical 

approach of the above steps had been explained in the previous project (Programming 

the flat slab) as it was the main objective, despites all few details are quoted to the 

appendix A. 

Figure 12: Shear examination 
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This part is the most important section of the existing study as the analysis of the 

punching shear has been in progress. The punching shear will be inspected by the 

three codes application (Eurocodes (2-04), Greek codes (2000) and American Codes 

(ACI 318-05)) and separately for each column location. (Interior, edge, corner).The 

figure below presents the initial calculations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Punching shear examination according to EC2 (Part 1) 
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The project structure in this stage is primarily to define the critical area around the 

column, the column dimensions and the effective depth leading to calculate the 

maximum failure load and to work out the punching shear in reinforced concrete. 

Additionally, the allowable punching shear force will be also assessed beyond of which 

shear reinforcement is required with the application of the three different codes. 

Moreover, shear reinforcement will be scrutinized. The project implementation will begin 

with Eurocodes (2-04), it will carry on with Greek codes (2000) and it will terminate with 

(ACI 318-05) 

3.2.2 Numerical model on punching shear according to Eurocodes (2-04) 
 

The above figure refers to the spreadsheet which has been created in order to work with 

Eurocodes principles. To begin with, the first four columns concerns information for the 

equivalent distributed load n (kN/m2), for the column dimensions (dx, dy) and for the 

critical perimeter (2d) around column which is defined as the next figure shows.   

 

 

 

 

 

 (EC2-6.4.2) (ref.8) 

The equivalent distributed load has been approached form the next formula: 

/ ( * )xn F l d

 Where: 

 lx =slab dimension. 

 d=slab depth. 

 F= ultimate load of the floor. 

Figure 14: Typical basic control perimeters 
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The punching shear would be examined at column perimeter and also in its face. In 

order to calculate the perimeter (u1) it is required to consider distance at 2d from the 

load area. The acting moments between the two structural elements, slab and column, 

add a rising of shear forces at the control perimeter. Supplementary details are given in 

Ec 2 (6.4.2).It should be mentioned that there is the possibility to examine the critical 

perimeter area at distance less than 2d from the column because the concentrated load 

is contradictory by the load effects, by the reaction growing in 2d distance or by the high 

pressure. This result to calculate the shear stresses in slab opening, as it is indicated in 

the following figure.  

 

 

  

 

 

 

  

(EC2-6.14) (ref.8)                                     

 

The first critical perimeter for the interior column for the unreinforced section is 

approached by:

  
2* 2* 2* *2*u dx dy d    

 Where: 

 dx, dy =column dimensions. 

 2d= distance from the critical perimeter. 

The above formula will be modified for the other two column locations (edge and corner) 

and also for the other building codes (Greek and American). 

 

 

Figure 15: Control perimeter near an opening. 
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Along this spreadsheet, the last calculations estimate the area around column (A), the 

designed shear stress Ved at the column head, the effective designed shear stress at 

Ved, eff   and the smallest width of the section in the tensile are (bw). The next formula 

had used for the designed shear stress Ved at the column head: 

*Ved F A n 

 
Where: 

 F= shear force in the column head. 

 A=area around column.  

 n=equivalent distributed load. 

 

Formula used for the effective designed shear stress Ved,eff  at the head of the interior 

column: 

, 1.15*( * )Ved eff F A n   

Different factors are applied to estimate the punching shear and the reason is based on 

column positions. The subsequently figure gives details for the column position and for 

the related factors. 

 

 

 

 

 

 

 

 (http://web.iiit.ac.in/~rahman/is456.pdf) (ref. 28)                                     

 

Figure 16: Recommendation values for β. 
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The maximum ultimate punching shear load (failure load) Vrd,c at the critical perimeter 

without shear reinforcement is defined by applying the following expression: 

 

, * *Rd c rdcV v d u  

Where: 

 vrd,c = Shear resistance of slabs without shear reinforcement.  

The value of vrd,c can be taken by a table (Bill Mosley et al, Reinforced Concrete Design 

to Eurocode 2, Chapter 8, p. g 211) and it is strongly related to he reinforcement ratio, 

ρ=As/bd (see Appendix A). Additionally, in order to apply the above formula, the 

calculations should contain the influence of the concrete strength modification factor 

which is also given by a table (see Appendix A).  

 d=effective depth of section (average of the two steel layers in perpendicular 

direction). 

 
2

y xd d
d


  

 u= Length of the punching shear perimeter. 

It should be poined out, that this is the main formula which will be applied (in the next 

chapter) in order to predict the punching shear failure load throughout the past 

experiments researches. 

Hence, the maximum permissible shear force (VRd,max) based on the critical perimeter 

has been approached: 

,max 0.5 * * 0.6* 1 *
250 1.5

ck ck
Rd

f f
V u d
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Where:

 
 d=effective slab depth.  

 fck= is the cylinder characteristic compressive concrete strength. 

 u= Length of the punching shear perimeter. 

It is observed that when the Vrd,c is less than VRd,max, consequently the section is 

adequate and no shear reinforcement is compulsory. The following spreadsheet 

encloses useful material to calculate the shear resistance (instead of taking its value 

from a table) of the section without shear reinforcement.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 17: Punching shear examination according to EC2 (Part 2) 
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The primary columns identify the vectors which are involving to form and to work out the 

shear resistance. The empirical expression (E.C 2, 6.2.2), to estimate the shear 

resistance of concrete without shear reinforcement is given below: 

 

 
1

3
, 1

3 1

2 2
,

0.12* *(100* * )* *

0.035* * * *

Rd c ck w

Rd c ck w

v K f b d

or

v K f b d



 
  
 

 

Where: 

 bw = The smallest width of the section where the tensile area. 

The relevant calculations for bw depend also on the column location. For the existing 

test (internal column) the bw is defined as: 

*2bw dx d  

 ρ1 = The reinforcement ratio for longitudinal reinforcement and it is labeled as: 

1
1 0,02s

wb



 

 To shorten the work the coefficient p1   can obtain a maximum value of 0.02m. 

 As1 = the area of tensile reinforcement that extends beyond the section. 

 The structural coefficient k is equal to: 

200
(1 ) 2.00k

d
    

If vRd,c (shear resistance) is greater than Ved,eff  (shear force) the section is adequate and 

no shear resistance is required. So, an additional test to re-examine the punching shear 

could be omitted. As the load delivers appropriately, afterward the slabs can give high-

quality of shear resistance. It is very complex to analyze the material (concrete) reaction 
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to the shear stresses. The last step is to pick the minimum value of vRdc , the vRdc,min, 

presenting the punching shear resistance without shear reinforcement.  

An equal process to predict the punching shear has been applied to the other column 

locations (edge and corner), taking into consideration their differences (β, u, bw, k, p1). 

To conclude with the punching shear assessment by EC2 code, the designer evaluated 

a supplementary spreadsheet, for the three column locations, to compute the shear 

reinforcement bars whilst its necessity (VRd, max < vRdc), as the next figure shows. 

 

Figure 18: Work out the shear reinforcement 
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The following expression subsists the introduced relationship by EC2 (6.4.1-6.4.2) to 

work out the shear reinforcement bars.  

 

,/ / (0,78* * *cot )sw ed eff ykA s V d f   

Where: 

 A sw/s =cross sectional area of the legs of the stirrups. 

 d=effective slab depth.  

 fyk= Characteristic yield strength of reinforcement. 

 cot θ=2.5 (recommend value of EC 2). 

Concerning the punching shear reinforcement position, it is supposed to be between the 

face of the column and the outer perimeter, while the two perimeters of shear links exist. 

In addition, the radial spacing ought to be less or equal to 0.75*b and the tangential 

spacing less than 1.5d within 2d of column facade. The distance between the column 

surface and the nearest reinforcement has to be less than 0.5d. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(http://web.iiit.ac.in/~rahman/is456.pdf) 

Figure 19: Spacing reinforcement for punching shear. 
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The figure below shows a characteristic link arrangement. 

 

 

 

 

 

(www.google.com/search?q=flat+slabs+ribbed)  

Regarding the reinforcement selection, the stud rails in a relationship with stirrups, are 

better because of their flexibility. Also, stirrups might be problematic whilst a stiff 

reinforcement framework is necessary. 

A complete example to practice punching shear, with Eurocode 2-04 principals, is given 

in appendix B. 

 
3.2.3 Numerical model on punching shear according to Greek Codes (2000)  
 

A similar approach has been used in order to develop Greek Codes principals regarding 

punching shear phenomenon. 

To begin with, the initial plan of action is to define column dimensions (dx, dy), slab 

properties (shear load, depth, effective depth) and the critical area characteristics, as 

the following figure indentifies. The used symbols are the introduced symbols each code 

proposes. 

Figure 20: Arrangement of shear reinforcement. 
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Figure 21: Punching shear examination according to Greek Codes.  

 

As regards the critical area characteristics, is defined as it follows: 

 bx, by = width  in accordance to column dimensions and effective depth. 

x x effb d d   

 u= length of the punching shear perimeter at distance 1.5d from the column 

façade. 

The subsequent figure notifies the critical perimeter area for different column shapes. It 

should be known that there is a small difference between the two codes in critical 

perimeter definition, as the EC2 takes 2d distance instead of 1.5d. 
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Ekos 2000 (13.2.1.) 

The design shear capacity τrd (MPa) is given by the following table and it is closely 

related to the concrete grade. 

 

 

 

Ekos 2000(11.1) 

Besides, the above table there is also a formula that can be employed to calculate the 

shear capacity τrd: 

 

 

0,050,25* 0,25* /rd ctd ctk cf f    

Where: 

 γc=1,5. 

 0,05ctkf = characteristic value for tensile strength of the concrete for 5% failure. 

 ctdf = tensile strength of the concrete. 

 

Figure 22: Critical areas far from the free edge of slab. 

Figure 23: The design shear capacity in MPa. 
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Since the basic formulas had been formed, at this stage the designer is working on the 

critical area. The figure below, presents the deliberated spreadsheet set in purpose to 

identify and work on the critical area of the column. 

 

 

Figure 24: Designation of the critical area. 

 

This spreadsheet includes a sequence of formulas leading to find out the ultimate 

punching shear load (failure load) VRd,2. As it follows, several steps had been 

implemented in order to figure the final equation predicting the failure load. An 

explanation is given below. 
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 βρ =  factor that it should be taken into account computing the punching shear 

force.  

(1 1,2) / 1.60x

y

d

d
     

 k= coefficient always in meters. 

1ef fk d    

 ρl =ratio of the longitudinal reinforcement in x and y direction. 

l l x l yp p p   

Once the above calculations had accomplished, the designed shear resistance VR1 and 

the designed shear force Vsd have been approached. 

 The designed shear resistance VR1. 

1 * *(1,20 40* )*Rd Rd l effV k p d   

 The designed shear force Vsd is: 

( / )*sdV V u   

Where: 

 u = critical perimeter area. 

 V= shear load. 

 β= factor depending on column location. 

Thus, the maximum ultimate punching shear load (failure load)VRd2 at the critical 

perimeter without shear reinforcement is given by: 

2 11,60*Rd RdV V  

β=1,15 interior column 

β=1,40 edge column 

β=1,50 corner column 

 



                                                          Model which can predict punching shear failure in flat slabs                  
 Anna Spyropoulou (UB Νο: 09007531) 

 

School of Engineering, Design and Technology 

Page | 57 
 

This is the maximum value of the punching shear force developing between the slab 

and column connections, before the failure (VRd2). In order to prevent this failure, shear 

reinforcement should be applied; sequentially an extra assessment will take place in 

purpose to carry out the obligatory shear reinforcement. The designed spreadsheet 

includes all the compulsory formulas, correspondingly to Greek Code provisions, to 

calculate the shear reinforcement. A complete example is given in appendix B. 

 
3.2.4 Numerical model on punching shear according to ACI (318-05) 
 

To conclude with the code approaches, the last assessment for punching shear had 

been carried out based on the ACI standards. A similar procedure applied concerning 

all the required calculations to predict the punching shear. The subsequent figure 

presents step by step the code principals and the applied formulas to appraise the 

problem.  

Figure 25: Punching shear examination according to Greek Codes. 
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The utilized symbols and unites are the code standards, thus psi and inches are the 

preferred American code unites. In order to compute the punching shear the first step is 

to define the column dimensions (dx, dy), critical section (d/2) , length of the sides in x 

and y direction (lx1, ly1) of the critical section (d/2) and area of the concrete (Ac) of the 

assumed critical section. 

The length of the sides in x and y direction (lx1, ly1) of the critical section is approached 

by the following equation: 

1 x effl d d  

 Where:

 
 deff= effective depth. 

The area of the concrete (Ac) can be assessed by: 

1 22*( )*x x effAc l l d   

Moreover, the maximum shear load (failure load) at the critical perimeter without shear 

reinforcement is taken by the following expression: 

 

Where:

 
 α, d= width of square column. 

 fv2= two way shear capacity. 

 fck= characteristic value for tensile strength of concrete. 

 

 

ACI 318-02 



                                                          Model which can predict punching shear failure in flat slabs                  
 Anna Spyropoulou (UB Νο: 09007531) 

 

School of Engineering, Design and Technology 

Page | 59 
 

In addition, the maximum shear stress due to the factored forces Vu is addressed as: 

u

c

v
Vu

A
  

It should be pointed out, that this spreadsheet also tackles with the shear strength 

without shear reinforcement (vn) and it is taken by the minimum value of the next three 

expressions: 

n

4
a)v =(2+ )* 'c

c

f


 

Where: 

 β c=ratio of long side to short column side.  

/ 1c x yd d    

 f ‟c= compressive strength of concrete. 

 

s
n

0

α
b)v =(2+ )* 'c

d
f

b
 

Where: 

 αs= dimensionless coefficient equal to 40 (for interior column), 30(for edge 

column), 20(for corner column). 

nc)v =4* 'cf  

Regarding the code predictions, it is revealed that the design of the critical slab sections 

perpendicular to the plane of the slab must not be upon: 

uv = * nv  
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Where: 

  =strength reduction factor equal to 0, 85. 

 
nv =nominal shear strength at the critical section. 

 

In the current spreadsheet the designer worked on the units in order to convert them 

from psi to kN, a unit more familiar to the user and also applicable by the other two 

codes. Continuing on punching shear phenomenon, the American codes propose the 

next relationship to carry out the shear strength outside of the shear- reinforced zone: 

 

nv =2* 'cf  

 

if vu<υ*vn is not satisfied, then shear reinforcement is required and it can be easily 

calculated through a spreadsheet, as the following figure validates.  
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Figure 26: Work out shear reinforcement with ACI 318-04. 

In order to start working on the shear reinforcement, it is initially proposed to estimate 

the shear stress resisted by concrete with shear reinforcement existence by applying 

the subsequent expression: 

sv = u
c

v
v


  

Also, the distance so among the column face and the first peripheral line of shear studs 

should not be less than 0,35d. 

The upper limit of so is given by:    

os 0,4*d  
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And the space between the peripheral lines is given by:  

s 0,5*d  

Finishing with the American code standards application, it is primarily proposed for the 

shear reinforcement selection, to specify the yield strength of the shear studs (fyv), then 

to find out the cross-sectional area of shear reinforcement on the peripheral line parallel 

to the perimeter of the column section Av (employ of the next equation) and lastly to 

work out their arrangement.  

v s o

yv

A v b

s f
  

Moreover, ACI 318 requires continuous compressive reinforcement within the column 

strip. In any case, in each direction two compressive reinforcing bars shall pass 

throughout the column core and being anchored at exterior supports. Therefore, the ACI 

318 standard is a model of indirect design. It describes requirements for structural 

integrity, for instance use of ties in precast concrete construction and continuity of 

reinforcement. In order to understand how the ACI-318 approaches the punching shear 

an example is provided in appendix B. 

Summarizing the three codes standards, all of them undertake different formulas to 

approach and work on the punching shear. In addition, they work on concentrically 

loaded slabs to calculate the punching shear capacity and in relationship with the 

predictions for internal connections, without moment transfer, show that the 

incorporating of the flexural steel ratio decreases the coefficient of variation. Moreover, 

striking that Eurocode 2 and ACI 318 for instance, need minimum amount of shear 

reinforcement in main beams to avoid a brittle shear failure, but no ductility requirement 

is presented for flat plates, even though the punching failure possibly will lead to worse 

consequences in comparison with the shear failure of a beam. Eurocode 2, compared to 

Greek and ACI-318 codes, seems to be the most "coherent" code in designing the 

punching capacity and the ultimate shear strength.  
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It is evident, that punching shear is a very complex and at the same time an important 

phenomenon which needs further examination. Consequently, the codes continue 

developing their standards, through experimental and theoretical studies, in order to 

provide a more accurate approach to this failure. Thus, in the next chapter a numerical 

approach had established in order to compare the experimental outcomes of several 

past tests, concerning values for the failure load, leading to find out which of the three 

codes is more accurate to predict the punching shear. 
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CHAPTER 4 

EXPERIMENTAL AND CODES PREDICTIONS 

 

In this chapter, the writer developed a second numerical model, which through the 

experimental tests that have already mentioned in the literature review (chapter 2), 

results to find out which of the three codes provide an accurate prediction of punching 

shear. This chapter is the stepping stone of this report due to an excessive research 

that took place and which facilitates a comparison process through which the writer, in 

the next chapter, concludes on which code has the most accurate prediction.  

 

4.1 Brief description of the second numerical model 

 

This numerical model is based on gathering the experimental outcomes regarding the 

failure load. An initial approach to the experiments and the correlated investigators has 

been described in the literature. Hence, the author in order to establish a numerical 

model aiming to find out which of the three codes is most precise in prediction of 

punching shear, he/she employed on collecting and grouping several experimental 

outcomes, put them in an Excel spreadsheet, applying code predictions and lastly make 

use of a statistical process. With the intention of being more specific, this numerical 

model includes the three following experiment types, with a sufficient number of tested 

slabs and severe column shapes (square or circular), each. 

 The first experiment type is on flat plates specimens without shear reinforcement. 

The tested slabs count a number of 87 and the investigators of which are:  

 Elstner Hognestad (1956) - 19 slabs - square columns. 

 Kinnunen Nylander(1960) - 6 slabs- circular columns. 

 Moe (1961) - 2 slabs – square columns. 

 Schaeidt et al(1970) – 1 slab – circular column. 



                                                          Model which can predict punching shear failure in flat slabs                  
 Anna Spyropoulou (UB Νο: 09007531) 

 

School of Engineering, Design and Technology 

Page | 65 
 

 Martin et al (1977) - 1 slab – circular column. 

 Pralong et al (1979) - 1 slab – circular column. 

 Kinnunen Nylender & Tolf (1980) - 1 slab – circular column. 

 Tolf(1988) - 8 slabs – circular columns. 

 Marzouk Hussein(1991) - 17slabs – square columns. 

 Tomaszewicz(1993) - 13 slabs – square columns. 

 Hallgren(1996) - 7 slabs – circular columns. 

 Ozbolt et al (2000) - 1 slab – square column. 

 Sunduist(2004b) - 3 slabs – circular columns. 

 Muttoni , Fernandez Ruiz, M & Guandalini (2007)- 7 slabs – square 

columns. 

 The second experiment type is on column footings. It should be mentioned, that 

flat slabs can also be used in foundation (raft foundation), consequently several 

tests had carried out testing the column footings. The tested slabs count a 

number of 47 and the investigators of which are:  

 Dieterle(1978) - 17 slabs – square columns. 

 Dieterle, Rostasy(1981) - 11 slabs – circular columns. 

 Hallgren, Kinnunen, Nylander (1983, 1998) – 8 slabs – circular 

columns. 

 Sundquist, Kinnunen (2004a) - 8 slabs – circular columns. 

 Timm(2004) - 3 slabs – circular columns. 
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 The third experiment type is on flat plates specimens with shear reinforcement. 

The tested slabs count a number of 30 and the investigators of which are:  

 
 Andersson(1963) - 14 slabs – circular columns. 

 Hallgren(1966) - 3 slabs – circular columns. 

 Sundquist(1977) - 2 slabs – square columns. 

 Andra et al(1979) - 4 slabs – square columns.  

 Brooms(1990b) – 1 slab – square column. 

 Yamada(1992) - 2 slabs – square columns. 

 Hegger et al(2001) - 4 slabs – circular columns. 

To sum up, all these experiments worked on the failure load of 164 tested slabs with 

different depths and severe column shapes. Therefore several of the tests data, such as 

slab thickness, column dimensions, characteristic values of the concrete tensile 

strength, ratio of the longitudinal reinforcement, will be used to create the numerical 

model. Additionally, the previously mentioned tests inputs will be inputs of the codes 

formulas, resulting to predict the failure load according to each code standards as they 

had pointed out in chapter 3. The experimental and codes predictions will be compared 

and assessed (in the next chapter) and through a statistical approach the author will find 

out which of the three codes give the most accurate punching shear prediction.  

This chapter will give a short summary of the three experiment types and at the same 

time will present the experimental outcomes and their application with the codes 

standards.  

 

 

 
 



                                                          Model which can predict punching shear failure in flat slabs                  
 Anna Spyropoulou (UB Νο: 09007531) 

 

School of Engineering, Design and Technology 

Page | 67 
 

4.2 Experimental and codes predictions on flat plates specimens without shear 

reinforcement 

 

The first experiment type deals with flat plate‟s specimens with normal density 

aggregates, without shear reinforcement (listed below) by covering a very wide range of 

conditions. There are several components involved to set up the three different 

experiments predicting the punching shear failure load. As regards of these 

components, the reinforcement ratio varies from 0.35 % up to 3.7 % and the yield 

strength varies from 300 MPa up to more than 700 MPa. Also, concrete grades vary 

from 14 MPa up to more than 100 MPa , the effective depth of the specimens varies 

from 70 mm up to 619 mm and the column width versus the effective depth of the slab 

varies between 1.2 and 4.0. The column size is in relation to slab depth and it is 

represented by the parameter Bσ/d, where a square column with width a is replaced by 

a circular column with the same perimeter, Bσ = 4a / π .The slab slenderness is defined 

by the expression (c – Bε)/2d, where a square column is replaced by a circular column 

with the same bending moment reduction effect, Bε = 3πa/8.  

It should be figured out that some of the duplicated tests by Kinnunen and Nylander 

(1960), Tolf (1988) and Tomaszewicz (1993) display a capacity scatter, which is larger 

than the usual scatter observed for cylinder compression tests. The variation coefficient 

0.073 for the punching capacity of tests predictions must therefore be regarded as a 

good verification of the theory for flat plates. According to Nylander and Sundquist 

(1972) experiments, they concluded that if flexural reinforcement has to be added due 

to punching, then the required flexural reinforcement ratios ρx and ρy in the two 

orthogonal directions shall be increased with the same factor to k*ρx and k*ρy, because 

an increase of only the lesser of the two reinforcement ratios did not increase the 

punching capacity in their tests. These findings have unfortunately never been 

incorporated in Swedish concrete codes and handbooks. [11] 

 

 



                                                          Model which can predict punching shear failure in flat slabs                  
 Anna Spyropoulou (UB Νο: 09007531) 

 

School of Engineering, Design and Technology 

Page | 68 
 

All these experimental parameters and their predictions for the failure load, for the 164 

slabs, will be presented in the subsequent tables. It should be clarified that the codes 

standards, in order to predict the failure load, they make use several of the previous 

experimental parameters which are indicated with green color. Additionally, detailed 

information for the codes provisions, their parameters and how their formulas can be 

employed are given in chapter 3. The following tables will also contain information on 

the code predictions in accordance with tests predictions, something which will be 

further assessed. (Chapter 5) 

 

Table 1: Tests results on flat plates specimens without shear reinforcement-Part 1 

 

 
 

 

EC-2 ACI-318 Greek Codes

 V test/ V calc V test/ V calc V test/ Vcalc

25,2 332 1,16 118 1780 254 2,74 6,27 fsy 365 228 294 295 1,60 1,24 1,24

29 332 1,16 118 1780 254 2,74 6,27 fsy 356 225 315 335 1,58 1,13 1,06

36,8 332 1,16 118 1780 254 2,74 6,27 fsy 351 244 355 374 1,44 0,99 0,94

20,3 332 1,16 118 1780 254 2,74 6,27 fsy 356 216 264 256 1,65 1,35 1,39

19,5 321 2,5 114 1780 254 2,84 6,5 256 400 247 247 246 1,62 1,62 1,62

37,4 321 2,5 114 1780 254 2,84 6,5 fsy 467 283 342 384 1,65 1,37 1,22

27,9 321 2,5 114 1780 254 2,84 6,5 297 512 257 295 315 1,99 1,73 1,62

22,6 321 3,74 114 1780 254 2,84 6,5 198 445 247 266 276 1,80 1,67 1,61

26,5 321 3,74 114 1780 254 2,84 6,5 212 534 249 288 305 2,14 1,85 1,75

34,5 321 3,74 114 1780 254 2,84 6,5 237 547 275 329 364 1,99 1,66 1,50

26,1 332 1,18 118 1780 356 3,84 5,76 fsy 400 254 381 395 1,57 1,05 1,01

27,8 321 2,5 114 1780 356 3,98 5,97 297 534 294 377 408 1,82 1,42 1,31

25 321 3,74 114 1780 356 3,98 5,97 207 498 288 357 383 1,73 1,39 1,30

26,2 294 0,554 121 1780 356 3,75 5,62 fsy 236 203 394 408 1,16 0,60 0,58

14,2 324 0,476 114 1780 254 2,84 6,5 fsy 178 152 211 197 1,17 0,84 0,90

47,6 321 0,476 114 1780 254 2,84 6,5 fsy 200 188 386 453 1,07 0,52 0,44

47,7 303 1,01 114 1780 254 2,84 6,5 fsy 334 240 386 453 1,39 0,86 0,74

43,9 341 2 114 1780 254 2,84 6,5 fsy 505 294 371 423 1,72 1,36 1,19

50,5 325 3,02 114 1780 254 2,84 6,5 324 578 312 397 473 1,85 1,45 1,22

Φ

26,8 441 0,8 117 Φ1710 150 1,28 6,67 fsy 255 150 169 207 1,70 1,51 1,23

26,2 454 0,79 118 Φ1710 150 1,27 6,61 fsy 275 147 169 194 1,87 1,62 1,42

26,4 455 1,01 128 Φ1710 300 2,34 5,51 fsy 430 236 295 359 1,82 1,46 1,20

25,1 451 1,04 124 Φ1710 300 2,42 5,69 fsy 408 221 276 337 1,84 1,48 1,21

26,3 448 0,49 123 Φ1710 300 2,44 5,73 fsy 258 276 279 348 0,93 0,92 0,74

26,6 462 0,48 125 Φ1710 300 2,4 5,64 fsy 258 178 287 359 1,45 0,90 0,72

26,5 328 1,38 114 1780 152 1,7 7,02 fsy 311 191 208 209 1,62 1,49 1,49

20,8 481 1,5 114 1780 305 3,41 6,23 390 433 242 290 296 1,79 1,49 1,46

Φ

906 992 1927 1,87 1,71 0,88

Φ

353 397 427 1,70 1,51 1,41P-2 34,6 558 1,44 145 2,07

500 2,08 4,48 381 1694

Φ2600 300 7,93 453 600

Schaeidt et al(1970) 28,5 555 1,31 Φ2650

Tests results on flat plates specimens without shear reinforcement-Part 1
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240

Moe (1961)
R2

MIA

B-4

Kinnunen 

Nylander(1960)
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Table 2: Tests results on flat plates specimens without shear reinforcement-Part 2 

 
 

Table 3: Tests results on flat plates specimens without shear reinforcement-Part 3 

 

EC-2 ACI-318 Greek Codes

 V test/ V calc V test/ V calc V test/ Vcalc

Φ

Φ

30,6 621 0,82 619 4680 800 1,29 313 404 4915 4457 5086 4838 1,10 0,97 1,02

Φ

28,6 706 0,8 100 Φ1190 125 1,25 5,38 699 216 104 126 175 2,07 1,72 1,23

22,9 701 0,81 99 Φ1190 125 1,26 5,43 584 194 102 111 143 1,90 1,75 1,35

24,2 657 0,8 200 Φ2380 250 1,25 5,38 483 603 434 463 839 1,39 1,30 0,72

22,9 670 0,8 199 Φ2380 250 1,26 5,4 465 600 430 448 832 1,40 1,34 0,72

26,6 720 0,35 98 Φ1190 125 1,28 5,49 fsy 145 108 118 170 1,34 1,23 0,85

25,1 712 0,34 99 Φ1190 125 1,26 5,43 fsy 148 107 116 159 1,39 1,27 0,93

25,4 668 0,34 200 Φ2380 250 1,25 5,38 fsy 489 443 475 511 1,10 1,03 0,96

24,2 664 0,35 197 Φ2380 250 1,27 5,46 fsy 444 422 453 505 1,05 0,98 0,88

67 490 0,49 95 1500 150 2,01 6,96 fsy 178 120 254 301 1,49 0,70 0,59

70 490 0,84 95 1500 150 2,01 6,96 fsy 249 148 260 301 1,68 0,96 0,83

69 490 1,47 95 1500 150 2,01 6,96 fsy 356 172 258 301 2,07 1,38 1,18

66 490 2,37 90 1500 150 2,12 7,35 460 418 174 234 301 2,40 1,79 1,39

68 490 0,64 125 1500 150 1,53 5,29 fsy 365 252 378 301 1,45 0,97 1,21

70 490 0,94 120 1500 150 1,59 5,51 fsy 489 226 361 301 2,17 1,35 1,63

74 490 1,19 95 1500 150 2,01 6,96 fsy 356 158 267 301 2,25 1,33 1,18

69 490 1,11 120 1500 150 1,59 5,51 fsy 436 229 359 301 1,91 1,22 1,45

74 490 1,61 120 1500 150 1,59 5,51 fsy 543 262 372 301 2,07 1,46 1,81

80 490 2,33 120 1500 150 1,59 5,51 446 645 283 386 301 2,28 1,67 2,15

70 490 0,95 70 1500 150 2,73 9,45 fsy 196 89,9 172 301 2,18 1,14 0,65

75 490 1,52 70 1500 150 2,73 9,45 fsy 258 105 178 301 2,46 1,45 0,86

68 490 2 70 1500 150 2,73 9,45 fsy 267 116 169 301 2,31 1,58 0,89

72 490 1,47 95 1500 220 2,95 6,53 fsy 498 156 339 420 3,20 1,47 1,19

71 490 1,47 95 1500 300 4,02 6,04 fsy 560 227 422 539 2,46 1,33 1,04

42 490 1,47 95 1500 150 2,01 6,96 fsy 320 157 201 263 2,03 1,59 1,22

30 490 0,94 120 1500 150 1,59 5,51 fsy 396 185 237 219 2,15 1,67 1,81

HS 14

HS 15

HS 1

HS 2

HS 6

HS 7

HS 8

HS 9

HS 10

HS 11

HS 12

HS 13

EC2 

V calc 

kN

Column 
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mm

Bσ/d c-Bε/2d
σs 

Mpa

ACI-318(06) 

Vcalc kN

Greek 

Codes 

Vcalc 

kN

Marzouk 

Hussein(1991)

HS 1

HS 2

HS 3

HS 4

HS 5

c mm
V test 

kN
Authors

Test slab 

No.

fcc 

Mpa

fsy  

Mpa
ρ % d mm

Tolf(1988)

S1.1

S1.2

S2.1

S2.2

S1.3

S1.4

S2.3

S2.4

353 375 1,61371 1,52 1,547,47 421 569

S1 

P-5 26,2 515 1,34 154 1,95Φ2600 300

Tests results on flat plates specimens without shear reinforcement-Part 2

Pralong et al (1979)

Kinnunen Nylender 

& Tolf (1980)

EC-2 ACI-318 Greek Codes

 V test/ V calc V test/ V calc V test/ Vcalc

64 500 1,49 275 2500 200 0,93 4,12 443 2050 1169 1393 1540 1,75 1,47 1,33

84 500 1,49 275 2500 200 0,93 4,12 476 2250 1169 1596 1540 1,92 1,41 1,46

112 500 1,49 275 2500 200 0,93 4,12 fsy 2450 1169 1843 1540 2,10 1,33 1,59

90 500 2,55 275 2500 200 0,93 4,12 325 2400 1309 1652 2451 1,83 1,45 0,98

70 500 1,75 200 2200 150 0,96 5,06 449 1200 667 781 1370 1,80 1,54 0,88

88 500 1,75 200 2200 150 0,96 5,06 475 1100 696 876 1370 1,58 1,26 0,80

87 500 1,75 200 2200 150 0,96 5,06 474 1300 667 871 1370 1,95 1,49 0,95

119 500 1,75 200 2200 150 0,96 5,06 fsy 1400 667 1018 1370 2,10 1,38 1,02

90 500 2,62 200 2200 150 0,96 5,06 354 1450 696 885 1951 2,08 1,64 0,74

80 500 2,62 200 2200 150 0,96 5,06 345 1250 696 835 1951 1,80 1,50 0,64

98 500 2,62 200 2200 150 0,96 5,06 461 1450 881 924 1951 1,65 1,57 0,74

108 500 2,62 200 2200 150 0,96 5,06 401 1550 741 970 1951 2,09 1,60 0,79

85 500 1,84 87 1100 100 1,27 4,91 fsy 330 145 200 207 2,27 1,65 1,59

Φ

90 643 0,8 200 Φ2400 250 1,25 5,38 fsy 965 565 894 1140 1,71 1,08 0,85

91 627 0,8 200 Φ2400 250 1,25 5,38 fsy 1021 565 899 1140 1,81 1,14 0,90

86 620 0,82 194 Φ2400 250 1,29 5,54 fsy 889 543 836 1161 1,64 1,06 0,77

92 596 1,19 200 Φ2400 250 1,25 5,38 fsy 1041 612 904 1545 1,70 1,15 0,67

109 633 0,6 201 Φ2400 250 1,24 5,35 fsy 960 499 991 933 1,92 0,97 1,03

84 634 0,33 202 Φ2400 250 1,24 5,32 fsy 565 455 876 653 1,24 0,65 0,86

95 631 0,8 198 Φ2400 250 1,26 5,42 fsy 944 563 905 1140 1,68 1,04 0,83

Φ

24 718 0,8 100 Φ1190 250 2,5 4,7 688 270 142 179 272 1,90 1,50 0,99

24,4 718 0,8 100 Φ1190 250 2,5 4,7 692 250 142 181 282 1,76 1,38 0,89

27,2 718 0,64 125 Φ1190 250 1 4,26 583 265 202 256 311 1,31 1,04 0,85

67,5 597 1,64 214 260 959 873 1111 1391 1,10 0,86 0,69

67 552 0,82 214 260 989 684 1107 1199 1,45 0,89 0,83

66 552 0,85 220 260 591 727 1144 1231 0,81 0,52 0,48

66,3 540 1,48 210 260 1433 754 1072 1746 1,90 1,34 0,82

40 540 1,46 214 260 1157 737 855 1609 1,57 1,35 0,72

40,2 558 0,76 220 260 602 635 893 969 0,95 0,67 0,62

47 533 0,74 214 260 879 620 927 1044 1,42 0,95 0,84

Muttoni , Fernandez 

Ruiz, M & 

Guandalini (2007)

PT21

C1

Sunduist(2004b)

1,20691685569 0,8 190 5,08 442 615Φ2400

Hallgren(1996)

Ozbolt et al (2000) 21 400 2,68 513 0,890,90

C2
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115-2-3

95-3-1

HSC4
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4.3 Experimental and codes predictions on column footings 

 

The theory for column footings is more intricate because it utilizes a rough estimate of 

the decreasing compression strength of the column capital with increasing perimeter 

versus the compression zone depth. However, the variation of the experimental 

coefficient 0.092 indicates that the presented strut-and-tie model seems to describe the 

structural behavior well enough to give a reasonably good experimental estimation of 

the punching capacity, which at least is a better prediction result than any existing 

concrete code method. [11] 

The following table demonstrates the tests outcomes and the corresponding failure load 

and as well as the calculated failure load according the codes predictions. 

Supplementary information is specified in the next chapter.  

Table 4: Tests results in column footings. 
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4.4 Experimental and codes predictions in flat plates with shear reinforcement 

 

The next table deals with a range of experiments in slab specimens with shear 

reinforcement which are partly due to the fact that several specimens failed at loads 

close to the load corresponding to an overall yield of the flexural reinforcement. 

However, through these tests the researchers worked on the failure capacity which is 

predicted even for those specimens where the reinforcement did not reach overall yield. 

It is observed that the two specimens of Sundquist (1977) displayed a very ductile 

behavior with overall yield, but they did not reach the theoretical capacity, which 

indicates that the bent down reinforcement bars were not fully active in resisting the 

bending moment as assumed in Nylander and Kinnunen (1990). It is also monitored, 

that despite the extreme large amount of shear reinforcement which has been placed in 

some slabs, the punching failures still occurred within the shear reinforced zone. The 

above test results and as well the code predictions are demonstrated below through the 

use of a table. [11] 

Table 5: Tests results on column footings. 

 



                                                          Model which can predict punching shear failure in flat slabs                  
 Anna Spyropoulou (UB Νο: 09007531) 

 

School of Engineering, Design and Technology 

Page | 72 
 

CHAPTER 5 

DISCUSSION OF THE RESULTS 

 

Several essential outcomes will be presented in this chapter as a result of the 

experiments implementation and the three codes predictions. The purpose setting this 

report is to find out which of the three codes, Eurocodes (2-04), American Codes (ACI 

318-05) and Greek codes (2000) give the most accurate prediction for the punching 

shear phenomenon. An initial approach to each code provisions has been demonstrated 

in chapter 3 by creating a numerical model via Microsoft Excel Software concerning a 

flat slab model tested in different loads (increase of live load) and supported in three 

different column locations (interior, edge, corner).Also, through this model the reader 

can be informed how the code worked with the shear reinforcement in the case where it 

is required. An example is provided in appendix B. Further on, experimental predictions 

come across with the three codes predictions involving to investigate which of them give 

the most accurate prediction for the punching shear. In order to establish this test it was 

necessary to carry out an excessive research on past experimental studies by collecting 

their outcomes, grouping them and use some of their parameters as inputs of the codes 

formulas. It should be pointed out that all these experiments deals with the failure load 

predictions. All this process will result to find out the failure load, the ratio between the 

experimental and the calculated failure load (by each code) and concluding through a 

statistical approach the author will end which of the three codes give an most accurate 

prediction. The statistical approach will be implemented throughout software called 

Minitab16.Moreover the presence of several graphs will figure out the code predictions. 

Ending this chapter, the writer will present some of his observations on punching shear 

and particularly he will identify some factors that can affect this phenomenon such as 

the influence of the composite material particular behavior, dowel effect, size effect 

(column size and slab thickness), column rectangularity and its location, effect of 

flexural reinforcement ratio, the compressive membrane action, deflection and influence 

of moment. 

 



                                                          Model which can predict punching shear failure in flat slabs                  
 Anna Spyropoulou (UB Νο: 09007531) 

 

School of Engineering, Design and Technology 

Page | 73 
 

5.1 Background theory for the statistical approach (Software Minitab 16) 

 

Definitions of the variables: 

 

1. N: Represent the number of the elements. 

2. Mean (sample mean): 1

n

i

i

x

x
n




 

3. St Dev (standard deviation) :

 

2( )

1

ix x
s

n







 

Standard deviation is a statistical measurement used of diversity or variability, showing 

the variation from the average (mean value). Also, low values of the standard deviation 

point out that the data are close to the mean in comparison with high standard deviation 

which shows that the data are spread out in excess of a large variety of values. 

4. Variance:

 

2( )
( )

1

ix x
V x s

n


 




 

Variance is another significant measurement indicating how far numbers are spread out 

from each other. In general, it describes how far the values lie from the average (mean). 

5. Minimum: presents the minimum value among the elements. 

6. Q1(Quartile 1):

 

1

1
( 1)

4
Q Lower n   

7. Median: If n is odd:

 

( 1)

2

nx
Me


  

              If n is even:

 

( /2) ( /2 1)

2

n nx x
Me


  

8. Q3(Quartile 3):

 

3

3
( 1)

4
Q Upper n   
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9. Maximum: identifies the maximum value among the elements. 

10. Range (measure of spread): Demonstrates the difference between the largest 

and the smallest observation in the sample. 

11. IQR(Inter quartile range):

 

3 1IQR Q Q  

 

5.2 Codes predictions, EC (2-04), ACI (318-05), Greek Code (2000) 

 

5.2.1 Observed ultimate loads of flat plate’s specimens without shear 
reinforcement compared to codes predictions  
 

 

 

EC-2 ACI-318 Greek Codes

 V test/ V calc V test/ V calc V test/ Vcalc

25,2 1,16 118 254 365 228 294 295 1,60 1,24 1,24

29 1,16 118 254 356 225 315 335 1,58 1,13 1,06

36,8 1,16 118 254 351 244 355 374 1,44 0,99 0,94

20,3 1,16 118 254 356 216 264 256 1,65 1,35 1,39

19,5 2,5 114 254 400 247 247 246 1,62 1,62 1,62

37,4 2,5 114 254 467 283 342 384 1,65 1,37 1,22

27,9 2,5 114 254 512 257 295 315 1,99 1,73 1,62

22,6 3,74 114 254 445 247 266 276 1,80 1,67 1,61

26,5 3,74 114 254 534 249 288 305 2,14 1,85 1,75

34,5 3,74 114 254 547 275 329 364 1,99 1,66 1,50

26,1 1,18 118 356 400 254 381 395 1,57 1,05 1,01

27,8 2,5 114 356 534 294 377 408 1,82 1,42 1,31

25 3,74 114 356 498 288 357 383 1,73 1,39 1,30

26,2 0,554 121 356 236 203 394 408 1,16 0,60 0,58

14,2 0,476 114 254 178 152 211 197 1,17 0,84 0,90

47,6 0,476 114 254 200 188 386 453 1,07 0,52 0,44

47,7 1,01 114 254 334 240 386 453 1,39 0,86 0,74

43,9 2 114 254 505 294 371 423 1,72 1,36 1,19

50,5 3,02 114 254 578 312 397 473 1,85 1,45 1,22

Φ

26,8 0,8 117 150 255 150 169 207 1,70 1,51 1,23

26,2 0,79 118 150 275 147 169 194 1,87 1,62 1,42

26,4 1,01 128 300 430 236 295 359 1,82 1,46 1,20

25,1 1,04 124 300 408 221 276 337 1,84 1,48 1,21

26,3 0,49 123 300 258 276 279 348 0,93 0,92 0,74

26,6 0,48 125 300 258 178 287 359 1,45 0,90 0,72

26,5 1,38 114 152 311 191 208 209 1,62 1,49 1,49

20,8 1,5 114 305 433 242 290 296 1,79 1,49 1,46

Φ

906 992 1927 1,87 1,71 0,88

Φ

353 397 427 1,70 1,51 1,41300 600Martin et al (1977) P-2 34,6 1,44 145

500 1694

Moe (1961)
R2

MIA

Schaeidt et al(1970) 28,5 1,31 240

B-14

Kinnunen 

Nylander(1960)

5

6

24
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32
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B-4

B-9

A-7b

A-3b
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EC2 

V calc 

kN

ACI-318(06) 

Vcalc kN

Greek 

Codes 

Vcalc 

kN

Elstner Hognestad 
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A-1b

A-1c
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Column 

size 

mm

V test 

kN

Observed ultimate loads of flat plates specimens without shear reinforcement compared to code predictions EC (2-04), Greek 

(2000), ACI- 318-(05) - Part 1

Authors
Test slab 

No.

fcc 

Mpa
ρ % d mm

Table 6: Observed ultimate loads of flat specimens without shear reinforcement compared to code predictions EC (2-04), 

ACI (318-05), Greek Code (2000) - Part 1 



                                                          Model which can predict punching shear failure in flat slabs                  
 Anna Spyropoulou (UB Νο: 09007531) 

 

School of Engineering, Design and Technology 

Page | 75 
 

 

Table 7: Observed ultimate loads of flat specimens without shear reinforcement compared to code predictions EC (2-04), 
ACI (318-05), Greek Code (2000) - Part 2 

 

 

 

 

 

 

 

 

  

EC-2 ACI-318 Greek Codes

 V test/ V calc V test/ V calc V test/ Vcalc

Φ

Φ

30,6 0,82 619 800 4915 4457 5086 4838 1,10 0,97 1,02

Φ

28,6 0,8 100 125 216 104 126 175 2,07 1,72 1,23

22,9 0,81 99 125 194 102 111 143 1,90 1,75 1,35

24,2 0,8 200 250 603 434 463 839 1,39 1,30 0,72

22,9 0,8 199 250 600 430 448 832 1,40 1,34 0,72

26,6 0,35 98 125 145 108 118 170 1,34 1,23 0,85

25,1 0,34 99 125 148 107 116 159 1,39 1,27 0,93

25,4 0,34 200 250 489 443 475 511 1,10 1,03 0,96

24,2 0,35 197 250 444 422 453 505 1,05 0,98 0,88

67 0,49 95 150 178 120 254 301 1,49 0,70 0,59

70 0,84 95 150 249 148 260 301 1,68 0,96 0,83

69 1,47 95 150 356 172 258 301 2,07 1,38 1,18

66 2,37 90 150 418 174 234 301 2,40 1,79 1,39

68 0,64 125 150 365 252 378 301 1,45 0,97 1,21

70 0,94 120 150 489 226 361 301 2,17 1,35 1,63

74 1,19 95 150 356 158 267 301 2,25 1,33 1,18

69 1,11 120 150 436 229 359 301 1,91 1,22 1,45

74 1,61 120 150 543 262 372 301 2,07 1,46 1,81

80 2,33 120 150 645 283 386 301 2,28 1,67 2,15

70 0,95 70 150 196 89,9 172 301 2,18 1,14 0,65

75 1,52 70 150 258 105 178 301 2,46 1,45 0,86

68 2 70 150 267 116 169 301 2,31 1,58 0,89

72 1,47 95 220 498 156 339 420 3,20 1,47 1,19

71 1,47 95 300 560 227 422 539 2,46 1,33 1,04

42 1,47 95 150 320 157 201 263 2,03 1,59 1,22

30 0,94 120 150 396 185 237 219 2,15 1,67 1,81

HS 15

HS 1

HS 2

HS 9

HS 10

HS 11

HS 12

HS 13

HS 14

Marzouk 

Hussein(1991)

HS 1

HS 2

HS 3

HS 4

HS 5

HS 6

HS 7

HS 8

Tolf(1988)

S1.1

S1.2

S2.1

S2.2

S1.3

S1.4

S2.3

S2.4

Kinnunen Nylender 

& Tolf (1980)
S1 

353 375 371 1,61 1,52 1,54300 569

ACI-318(06) 

Vcalc kN

Greek 

Codes 

Vcalc 

kN

Pralong et al (1979) P-5 26,2 1,34 154

Column 

size 

mm

V test 

kN

EC2 

V calc 

kN

Observed ultimate loads of flat plates specimens without shear reinforcement compared to code predictions EC (2-04), Greek 

(2000), ACI- 318-(05) - Part 2

Authors
Test slab 

No.

fcc 

Mpa
ρ % d mm
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Table 8: Observed ultimate loads of flat specimens without shear reinforcement compared to code predictions EC (2-04), 
ACI (318-05), Greek Code (2000) - Part 3 

 
 

 

 

EC-2 ACI-318 Greek Codes

 V test/ V calc V test/ V calc V test/ Vcalc

64 1,49 275 200 2050 1169 1393 1540 1,75 1,47 1,33

84 1,49 275 200 2250 1169 1596 1540 1,92 1,41 1,46

112 1,49 275 200 2450 1169 1843 1540 2,10 1,33 1,59

90 2,55 275 200 2400 1309 1652 2451 1,83 1,45 0,98

70 1,75 200 150 1200 667 781 1370 1,80 1,54 0,88

88 1,75 200 150 1100 696 876 1370 1,58 1,26 0,80

87 1,75 200 150 1300 667 871 1370 1,95 1,49 0,95

119 1,75 200 150 1400 667 1018 1370 2,10 1,38 1,02

90 2,62 200 150 1450 696 885 1951 2,08 1,64 0,74

80 2,62 200 150 1250 696 835 1951 1,80 1,50 0,64

98 2,62 200 150 1450 881 924 1951 1,65 1,57 0,74

108 2,62 200 150 1550 741 970 1951 2,09 1,60 0,79

85 1,84 87 100 330 145 200 207 2,27 1,65 1,59

Φ

90 0,8 200 250 965 565 894 1140 1,71 1,08 0,85

91 0,8 200 250 1021 565 899 1140 1,81 1,14 0,90

86 0,82 194 250 889 543 836 1161 1,64 1,06 0,77

92 1,19 200 250 1041 612 904 1545 1,70 1,15 0,67

109 0,6 201 250 960 499 991 933 1,92 0,97 1,03

84 0,33 202 250 565 455 876 653 1,24 0,65 0,86

95 0,8 198 250 944 563 905 1140 1,68 1,04 0,83

Φ

24 0,8 100 250 270 142 179 272 1,90 1,50 0,99

24,4 0,8 100 250 250 142 181 282 1,76 1,38 0,89

27,2 0,64 125 250 265 202 256 311 1,31 1,04 0,85

67,5 1,64 214 260 959 873 1111 1391 1,10 0,86 0,69

67 0,82 214 260 989 684 1107 1199 1,45 0,89 0,83

66 0,85 220 260 591 727 1144 1231 0,81 0,52 0,48

66,3 1,48 210 260 1433 754 1072 1746 1,90 1,34 0,82

40 1,46 214 260 1157 737 855 1609 1,57 1,35 0,72

40,2 0,76 220 260 602 635 893 969 0,95 0,67 0,62

47 0,74 214 260 879 620 927 1044 1,42 0,95 0,84

1,7294 1,2891 1,0772

ρ % d mm

Column 

size 

mm

Observed ultimate loads of flat plates specimens without shear reinforcement compared to code predictions EC (2-04), Greek 

(2000), ACI- 318-(05) - Part 3

Authors
Test slab 

No.

fcc 

Mpa

V test 

kN

EC2 

V calc 

kN

ACI-318(06) 

Vcalc kN

Greek 

Codes 

Vcalc 

kN

Tomaszewicz(1993)

65-1-1

95-1-1

115-1-1

95-1-3

65-2-1

95-2-1D

95-2-1

115-2-1

95-2-3

95-2-3D

95-2-3D+

115-2-3

95-3-1

Hallgren(1996)

HSC0

HSC1

HSC2

HSC4

HSC6

HSC9

N/HSC8

691Ozbolt et al (2000) 21 0,8 190 400 1,20 0,90 0,89

Sunduist(2004b)

C1

C2

D1

615 513 685

Muttoni , Fernandez 

Ruiz, M & Guandalini 

(2007)

PT21

PT22

PT23

PT31

PT32

PT33

PT34

Mean=
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Descriptive Statistics from the first experiment type 

 

 

 

Graphs 

 

1. Histograms of EC (2-04), ACI (318-05), Greek Code (2000) 

 
 

The following histograms demonstrate the distribution of the values according to the 

three building codes predictions for the punching shear failure load. 
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Table 9: Outcomes from the Statistical Software (Minitab 16)-First experiment type. 

Variable      N     Mean    StDev  Variance   Minimum    Q1   Median  Q3     Maximum   Range     IQR

EC-2         87    1,7294   0,4015    0,1612   0,8131  1,4469  1,7312  1,9860   3,2023  2,3892  0,5391

ACI - 318    87    1,2891   0,3167    0,1003   0,5167  1,0356  1,3529  1,5065   1,8545  1,3378  0,4708

GREEK CODES  87    1,0772   0,3505    0,1229   0,4416  0,8250  0,9921  1,3314   2,1452  1,7036  0,5064

Statistical approach on flat plates specimens without shear reinforcement 

SOFTWARE MINITAB 16

Vtest/Vcalc 
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It is observed that the first graph shows that many data values are accumulated at the 

region of the average values. There is presence of several extreme values (after the 

value 3), whereas no data were found at the region corresponding to values from 2, 5 to 

3. Moreover, the distribution is almost homogeneous, as the data is relatively evenly 

distributed. As a general rule, an excessive distribution of ratios (Vtest/Vcalc) that are 

bigger than 1, entails that the examined code is conservative, whereas the opposite is 

indicative of a code that is not in favor of safety. 

As regards the ACI (318-05) predictions indicated in the following graph, it can be 

observed that ACI is more conservative than EC2 and this can be explained by the fact 

that many ratios are found beyond the region of the mean values. 
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Also it has the lowest standard deviation which indicates that the data values do not 

exhibit an even distribution from the average values. EC2 exhibits an almost normal 

distribution of values and also some degree of symmetry. This means that it is close to 

a statistical situation that is considered ideal, because of the fact that its homogeneity 

generally assists in making accurate predictions.  

Vtest/Vcalc 
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Regarding the predictions of the Greek codes, demonstrated in the next graph, it can be 

seen that the data is badly distributed. 
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This is indicative of the relative inaccuracy of the Greek model to predict the actual 

failure loads. Moreover, many data appears below the value 1 (Vtest/Vcalc) and are 

therefore not in favor of safety. 

It is evident that the most effective prediction is given by Eurocode and this leads to the 

conclusion that it is the most accurate model among those used in the comparison. 

Furthermore, this prediction will be re-examined by the following graphs (Box plots, pie 

charts, probability plots). 

 

  

Vtest/Vcalc 
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2. Box plot of EC (2-04), ACI (318-05), Greek Code (2000) 
 
 
The following chart type is called box plot and it specifies the values of Quartiles Q1,Q3 

and the Median correspondingly to each code predictions. 

 

GREEK CODESACI - 318EC-2
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Boxplot of EC-2; ACI - 318; GREEK CODES

 
  

  

 

The notion is to understand that the most precise code is the one that its Median (strait 

line) is located close to the middle of the box and taking also into consideration the data 

distribution. To sum up, the most accurate model remains the Eurocode. The next 

precise model is firstly ACI-318 and then Greek Code.   

The survey will continue by developing pies and probability charts, as are demonstrated 

below. 
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3. Pie Chart of EC (2-04), ACI (318-05), Greek Code (2000) 
 
 
 

EC-2 ACI - 318

GREEK CODES

1,24
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1,44
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1,57

0,81

1,58

1,60

1,61

1,62

1,64

1,65

1,68

1,70

1,71

1,72

0,93

1,73

1,75

1,76

1,79

1,80

1,81

1,82

1,83

1,84

1,85

0,95

1,87

1,90

1,91

1,92

1,95

1,99

2,03

2,07

1,05
1,07

1,10

1,16

1,17

1,20

Category

Pie Chart of EC-2; ACI - 318; GREEK CODES

 
 
 

The three charts above, demonstrate all previous codes predictions in pie chart. This 

type of charts can be a powerful way of exhibiting information in several cases, 

specifically if the aim is to compare the slice size with the entire pie, rather than 

comparing the slices among them. 

The above chart illustrates that the portions according to the EC2 predictions are well 

distributed in comparison with the ACI and Greek Codes. This will be also confirmed in 

the next graph which presents the probability plot concerning the three codes 

predictions.  
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4. Probability Plot of EC (2-04), ACI (318-05), Greek Code (2000) 
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This type of chart (Probability Plot) combines the three code predictions (%) in one plot 

under a confidential level 95% and 5% is the probability of faulty predictions. It is 

acknowledged that in a normal probability, if the normal distribution sufficiently 

describes the data subsequently the plotted point‟s falls roughly along a straight line. In 

general, the points corresponding to each code prediction are quit close to each code 

line but the closest between them is the EC2.  

In order to be more precise to conclude which of the three codes give the most accurate 

predictions for punching shear, two set of experimental outcomes has been assessed 

and used as inputs for code predictions, thus their outcomes are presenting below. 

 
  

 

Vtest/Vcalc 



                                                          Model which can predict punching shear failure in flat slabs                  
 Anna Spyropoulou (UB Νο: 09007531) 

 

School of Engineering, Design and Technology 

Page | 83 
 

5.2.2 Observed ultimate loads on column footings compared to codes predictions  

 

 

 

 

EC-2 ACI-318 Greek Codes

 V test/ V calc V test/ V calc V test/ Vcalc

23,5 0,208 296 1500 1034 1271 3436 1156 0,81 0,30 0,89

23,6 0,434 294 1500 1493 1420 3416 1290 1,05 0,44 1,16

28,1 0,642 293 1500 2025 1568 3713 2000 1,29 0,55 1,01

24,1 0,866 292 1500 1865 1725 3425 2231 1,08 0,54 0,84

25,9 0,501 294 1500 1765 1592 3579 1577 1,11 0,49 1,12

25,3 0,784 290 1500 2050 1714 3481 2137 1,20 0,59 0,96

24,3 0,805 294 1500 2028 1714 3467 1371 1,18 0,59 1,48

24,8 0,83 292 1500 1853 1750 3474 2311 1,06 0,53 0,80

28,1 0,275 290 1500 859 1356 3669 966 0,63 0,23 0,89

28,7 0,43 290 1500 2367 1425 3708 1321 1,66 0,64 1,79

29,4 0,333 375 1500 2234 2038 5083 1185 1,10 0,44 1,89

26,2 0,39 450 1500 3116 2517 5989 1290 1,24 0,52 2,42

30,6 0,862 290 1500 2368 1999 3829 2911 1,18 0,62 0,81

40 0,401 242 850 1363 943 2228 1171 1,45 0,61 1,16

28,4 0,399 243 850 1015 829 1887 914 1,22 0,54 1,11

29,8 0,388 250 850 1008 883 2002 808 1,14 0,50 1,25

25,7 0,659 232 850 992 886 1697 1102 1,12 0,58 0,90

14,4 0,395 246 850 622 795 1364 563 0,78 0,46 1,10

31,4 0,239 245 850 915 833 2004 770 1,10 0,46 1,19

25,5 0,398 244 850 904 840 1797 854 1,08 0,50 1,06

27,3 0,413 242 960 1049 872 1591 893 1,20 0,66 1,17

19,8 0,416 244 960 803 855 1368 747 0,94 0,59 1,07

28,2 0,4 235 850 1190 793 1805 914 1,50 0,66 1,30

21,4 0,39 240 850 1103 724 1614 760 1,52 0,68 1,45

Φ

LBU1 26,6 0,4 205 2000 1406 1011 2440 1200 1,39 0,58 1,17

LBU2 32,6 0,372 220 2000 1725 1125 2919 1400 1,53 0,59 1,23

LBU3 30 0,394 208 2000 1763 1054 2633 1445 1,67 0,67 1,22

KBU1 35,4 0,4 205 2000 1607 1106 2815 1150 1,45 0,57 1,40

KBU2 24,6 0,392 209 2000 1448 988 2397 1300 1,46 0,60 1,11

KSU1 26,7 0,573 210 2300 1039 1252 2851 1150 0,83 0,36 0,90

KSU2 29 0,584 206 2300 1017 1248 2910 1020 0,82 0,35 1,00

KSU3 27,7 0,565 208 1730 875 974 2221 800 0,90 0,39 1,09

40,7 1,25 172 760 789 689 1364 712 1,15 0,58 1,11

36 1,25 172 1000 668 773 1613 620 0,86 0,41 1,08

32,8 1,18 246 1080 1356 1271 2491 1838 1,07 0,54 0,74

0,5289 1,1733 1,1703Mean=

Column 

size 

mm

V test 

kN

EC2 

V calc 

kN

ACI-318(06) 

Vcalc kN

Observed ultimate loads on column footings compared to code predictions EC (2-04), Greek (2000), ACI- 318-(05) 

Authors
Test slab 

No.

fcc 

Mpa
ρ % d mm

Greek 

Codes 

Vcalc 

kN

Dieterle(1978)

B-1

B-2

B-3

Diererle, 

Rostasy(1981)

B-4

V-2

B-4/2

B-4/3

B-4/4

surface load

C-1

C-3

H-2

H-3

S1-H

Hallgren,Kinnunen,Ny

lander (1983,1998)

S1

S2

S3

S4

S7

line load
S8

S9

surface load

S12

S13

S11

S14

Sundquist, Kinnunen 

(2004a)

Timm(2004)

Ti-1A

Ti-2A

Ti-3A

Table 10: Observed ultimate loads on column footings compared to code predictions EC (2-04), ACI (318-05), Greek Code. 
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Descriptive Statistics from the second experiment type 

 

Table 11: Outcomes from the Statistical Software (Minitab 16)-Second experiment type. 

 

Graphs 

 
1. Histograms of EC (2-04), ACI (318-05), Greek Code (2000) 

 
According to the second experiment type in column footings, it is observed that EC2 

gives some points below 1 (ratio Vtest/Vcalc) which indicates that there are not excessive 

values. Also, it is evident that the data are not well-distributed, but generally this code 

prediction is still better than the other two codes.  
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The experimental ending of the tests on column footings by ACI 318-05 explain that the 

code confers the worst predictions in comparison with EC2 and the Greek codes, as 

they are demonstrated below with the presence of the histograms. 

Vtest/Vcalc 

Variable      N     Mean    StDev  Variance   Minimum    Q1   Median  Q3     Maximum   Range     IQR

EC-2         34    0,5289   0,1067    0,0114   0,2341  0,4564  0,5449  0,5943   0,6836  0,4495  0,1379

ACI - 318    34    1,1732   0,2583    0,0667   0,6334  1,0573  1,1436  1,4047   1,6722  1,0388  0,3475

GREEK CODES  34    1,1703   0,3354    0,1125   0,7376  0,9452  1,1122  1,2361   2,4151  1,6775  0,2909

Statistical approach on column footings

SOFTWARE MINITAB 16
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Vtest/Vcalc 

Vtest/Vcalc 



                                                          Model which can predict punching shear failure in flat slabs                  
 Anna Spyropoulou (UB Νο: 09007531) 

 

School of Engineering, Design and Technology 

Page | 86 
 

The above graph illustrates that the Greek code predictions display a few extreme 

values and at the same time a considerable amount of values below the 1(Vtest/Vcal). It is 

also seen that there is a good data distribution by combining a biggest standard 

deviation in comparison with the other two code predictions.  

It can be also understood that the most accurate predictions, from the second 

experiment type, can be taken by both EC2 and Greek codes. The next graph displays 

the code predictions scheme in box plots presentation. It is a similar approach as it had 

been applied in the previous boxplot, for the first experiment type.  

1. Box plot of EC (2-04), ACI (318-05), Greek Code (2000) 

 

In particular, the next box plots are applied in descriptive statistics by presenting a 

convenient technique of graphically depicting of numerical data  throughout their five 

corresponding variables: lower median upper quartile (Q1,Q2,Q3), smallest observation 

(sample minimum)and largest observation (sample maximum). Thus, considering the 

above parameters the following diagram indicates that EC2 predictions are slightly 

better than the Greek codes. Also, it is apparent that some values of the Greek codes 

predictions are considered outliers in comparison with EC2 and ACI. 
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http://en.wikipedia.org/wiki/Descriptive_statistics
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http://en.wikipedia.org/wiki/Sample_minimum
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2. Pie Chart of EC (2-04), ACI (318-05), Greek Code (2000) 

 
Moreover, the next pie chart verifies that EC2 predictions are close to the Greek code 

predictions by taking into account the distribution of the values which are representing 

with different pies widths. 
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Pie Chart of EC 2; ACI - 318; GREEK CODES

 

 

 

3. Probability Plot of EC (2-04), ACI (318-05), Greek Code (2000) 
 

An extra proof of which code is more satisfactory is confirmed by the next probability 

plot indicating that the ACI predictions are very far from the other two codes predictions 

which has slightly the same predictions. Although, American predictions follow a normal 

distribution which is satisfactorily describing by the plotted point‟s falling roughly along a 

straight line in relation with the other two codes which their predictions have a small 

inclination from the straight line.  
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5.2.3 Observed ultimate loads on flat plates specimens with shear reinforcement 

compared to codes predictions  

 

 

 

 

 

 

 

 

 

 

 

 

 

EC-2 ACI-318 Greek Codes

 V test/ V calc V test/ V calc V test/ Vcalc

Φ

26,3 0,94 120 150 346 162 174 535 2,13 1,99 0,65

26,4 0,94 120 150 353 164 174 552 2,15 2,03 0,64

26,4 1,05 120 150 371 173 174 175 2,14 2,13 2,12

26,3 1,05 121 150 373 174 176 180 2,14 2,12 2,07

26,8 0,78 119 150 292 157 173 496 1,87 1,68 0,59

27,4 0,77 121 150 294 164 180 492 1,79 1,64 0,60

27 1,22 122 300 534 230 280 316 2,33 1,91 1,69

28 1,2 125 300 549 233 294 351 2,35 1,87 1,56

28,2 1,41 120 300 606 240 280 353 2,52 2,16 1,72

28,5 1,42 119 300 612 240 279 374 2,55 2,20 1,64

28,1 1,06 121 300 453 220 283 324 2,06 1,60 1,40

25,9 1,07 120 300 471 214 268 310 2,21 1,75 1,52

27,1 1,08 120 300 459 220 275 326 2,09 1,67 1,41

23,5 1,09 119 300 459 213 253 286 2,16 1,81 1,61

Φ

92 0,82 200 250 1329 455 904 1161 2,92 1,47 1,14

91 1,18 201 250 1631 617 905 433 2,64 1,80 3,76

85 0,63 200 250 1106 620 868 954 1,78 1,27 1,16

26,8 0,71 169 200 580 305 430 561 1,90 1,35 1,03

20,4 0,71 168 250 560 319 332 567 1,75 1,69 0,99

40 1,12 230 300 2119 766 1028 1453 2,77 2,06 1,46

36 1,14 225 300 1904 757 945 1366 2,51 2,01 1,39

21,6 1,14 220 300 1537 623 709 970 2,47 2,17 1,58

36 1,27 267 250 2956 927 867 739 3,19 3,41 4,00

1,53 164 300 1440 462 517 1393 3,11 2,78 1,03

27 1,53 164 300 1498 477 527 1438 3,14 2,84 1,04

Φ 

24 0,8 250 200 1616 620 577 572 2,61 2,80 2,83

29,2 0,8 250 200 1646 659 636 650 2,50 2,59 2,53

25,3 1,25 250 263 2024 735 675 1046 2,75 3,00 1,93

37 1,25 250 200 1954 794 716 1083 2,46 2,73 1,80

2,0630 2,3883 1,6290Mean=

Greek 

Codes 

Vcalc 

kN

Observed ultimate loads of flat plates specimens with shear reinforcement compared to code predictions EC (2-04), Greek 

(2000), ACI- 318-(05) 

Authors
Test slab 

No.

fcc 

Mpa
ρ % d mm

Column 

size 

mm

76

77

78

V test 

kN

EC2 

V calc 

kN

ACI-318(06) 

Vcalc kN

62

63

64

65

66

67

79

80

81

82

83

Hallgren(1966)

HSC3s

HSC5s

HSC3s

Andersson(1963) 

Sundquist(1977)
D 1)

E 1)

Andra et al(1979)

1

2

3

4

2,81 1,39250 1006Brooms(1990b) 7  1+2) 20 0,99 150

Z5

Z6

297 358 724 3,39

Yamada(1992)
K5 26

K7

Hegger et al(2001)

Z3

Z4

 
Table 12: Observed ultimate loads of flat specimens with shear reinforcement compared to code predictions  

EC (2-04), ACI (318-05), Greek Code (2000)  
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Descriptive Statistics from the third experiment type 

 
Table 13: Outcomes from the Statistical Software (Minitab 16)-Third experiment type. 

 

 

 

 

1. Histograms of EC (2-04), ACI (318-05), Greek Code (2000) 

 

A similar approach has been applied for the third experiment type regarding flat slabs 

specimens with shear reinforcement. Consequently, the following outcomes are 

presented by histograms, box plots, pie and probability charts signify that the EC2 is 

maintaining the code with the most accurate predictions for the punching shear load. In 

addition, all the subsequent graphs make clear that EC2 has the most normal data 

distribution, with no extreme values and numerous points falling in a straight line. 

 

Variable      N     Mean    StDev  Variance   Minimum    Q1   Median  Q3     Maximum   Range     IQR

EC-2         29    2,0863   0,5236    0,2742   1,2735  1,6852  2,0148  2,3918   3,4099  2,1364  0,7066

ACI - 318    29    2,3883   0,4262    0,1816   1,7541  2,1109  2,3548  2,6243   3,3889  1,6348  0,5134

GREEK CODES  29    1,629    0,822     0,676    0,589   1,089   1,520  1,869    4,002   3,413   0,780

SOFTWARE MINITAB 16

Statistical approach on flat plates specimens with shear reinforcement 
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2. Box plot of EC (2-04), ACI (318-05), Greek Code (2000) 
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3. Pie Chart of EC (2-04), ACI (318-05), Greek Code (2000) 
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4. Probability Plot of EC (2-04), ACI (318-05), Greek Code (2000) 
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Summarizing all of the three experiment types, it is resulted that the most accurate 

predictions for the punching shear and specifically for the failure load can be taken by 

EC(2-04). This is also confirmed by all the three experiment types, as all of them prove 

that EC(2-04) offers more satisfactory predictions in comparison with other two. Apart 

from the excel spreadsheet where all the outcomes in relation with the experimental and 

codes predictions are listed, therefore the statistical approach assisted to conclude to 

the final assessment. The usage of the Minitab Software and the presence of the 

several graph types validates that the EC (2-04) provides the most accurate predictions.  

As well, it has observed that the next code with more faithful predictions can be the 

Greek and the most conservative the ACI (318-05).Nevertheless, the punching shear is 

a very complex phenomenon which requires a continue examination, thus all three 

codes should be re-examined as their predictions have a small dissimilarity with the 

experimental outcomes. A few other essential observations that should be considered 

for the punching shear behavior are presented below. 



                                                          Model which can predict punching shear failure in flat slabs                  
 Anna Spyropoulou (UB Νο: 09007531) 

 

School of Engineering, Design and Technology 

Page | 94 
 

5.3 Observations  

 

It is important to point out quite few observations regarding the factors that influence the 

punching shear failure. Despite the observations that had been deduced from the above 

experiments there are several others that there should be taken into account as factors 

which influence the punching shear. A combination of them with the previous test will be 

acknowledged. Additionally observations, as result of several other experiments set it by 

Bond, Long, Masterson, Rankin, Elstner & Hognestad (1956), Alexander and Simmonds 

(1992), are the effect of the compressive membrane action and the effect of boundary 

conditions which should be taken into account.  

 
5.3.1 Influence of the composite Material Particular Behavior 
 
A great number of structural design methods do not count the tensile strength of 

concrete. Consequently, this does not show the real behavior of the composite material 

at the limit state: reinforced, plain concrete, partially of fully prestressed concrete. It is 

observed that all this type of materials are composed by different fractions of different 

stiffness tensile strength which a very important aspect aiming to build the connections 

between constitutive particles. In particularly, once the member is in compression, the 

stiffer particles hold the loads by generating a solid matrix of cement which specify the 

compressive strength of the material. It should be mentioned that cement is the material 

that limits the bearing capacities of concrete. The cement paste is hydrated and it is 

consisted by harder crystals of amorphous porous mass which under tension the 

amorphous paste and the reinforcing crystals begin to enlarge.  In addition, bond turn 

into friction base until the crystals lose its grip and cracks come into view. Such insights 

direct to fracture mechanics, which clarify the size effect. Therefore, it is really important 

to comprehend the shear transmit mechanisms. Associated to that, aggregate interlock 

and dowel effect perform a serious effect to the reinforced concrete behavior and flow of 

forces. [12] 
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5.3.2 Dowel effect 
 

It is very important to outline that the dowel effect is one main parameter involving to 

punching shear. The dowel effect becomes visible when the reinforcement bars cross a 

concrete interface and at the same time the bar is subjected to a slip displacement. In 

the case with thick concrete cover, the slip causes a compound tri-axial state of stress. 

The developed shear stress can be transferred from one interface to another throughout 

the dowel effect depends on several parameters: the diameter of the bar, the 

reinforcement ratio, the concrete bar, the spacing between the bars, the strength 

characteristics of concrete and the axial stresses inside the bars. 

 

 
 

Figure 27: Failure modes for dowel action. 
Concrete Tension and size effects, CBE Bulletin, 237 (1977) 

 
Concerning the above parameters, it is observed that there are two main failure 

mechanisms (indicated in the above figure).Thus, the first failure mechanism (failure 

mode I) is the splitting failure of concrete cover at the bottom or lateral side of the 

element and the second (failure mode II) is the mechanism crushing the concrete under 

the dowel and of the bar yielding. Moreover, another very important mechanism that it 

should be taken into consideration is the aggregate interlock which explains the shear 

transmission in reinforced concrete members which are simultaneously subjected to 

shear and compression forces. This mechanism occupies on smooth and rough 

interfaces. In particularly, it is assumed that there are two interfaces of concrete split by 

a crack, as a result the slip of the interfaces can arise under simultaneous boost of the 

crack with w (indicated in the next figure). Consequently, there is an increase of the 
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partition among the two faces of the crack and the tensile stresses are introduced to the 

reinforcing bars crossing the interface. At that point, the reinforcement brings in 

compression stresses in their vicinity. The incident is recognized as a clamping effect. 

Thus, a possible way to find the resistance of the interface to the imposed slip is to 

apply an analytical relationship. On the other hand, where no reinforcement crossing the 

interface, the mechanism can be stimulated under an effect of external compressive 

load performing on the interface under the exploitation of the prestressing forces. Even 

in zero stresses there is a potentiality of shear transfer through the interfaces. [12] 

 

Figure 28: Aggregate interlock. 
Concrete Tension and size effects, CBE Bulletin, 237 (1977) 

 
5.3.3 Size effect 
 

The size effect is strongly associated with two separate concepts: the energy release 

due to concrete cracking and the way the crack develops. The first experimental and 

theoretical studies correlated to size effect in shear transfer were set by Bazant (1984) 

and Carpinteri (1992). In 1984 Bazant formulated a nominal strength concept (critical 

load related to a characteristic area) based on linear elastic fracture mechanics. This 

idea is formed in manner of the member geometry and the tensile strength as well. An 

observation of this process was that the crack is developing on unit width and length in 

a linear manner among the energy consumption. This behavior is characteristic for the 

linear-elastic interspaced. Alternatively, Carpinteri established the theory for fracture of 
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the surfaces. Both of the two concepts set up negative geometries (loading cracking in 

linear graphic, stable cracking ,decrease of loading produces the crack growth) and 

positive geometries (the behavior curve has a cusp point; in the first stages, the crack 

grows proportional with the load, after that a decrease of the load makes the crack to 

propagate forward). The appearance of size effects is linked to the previous mentioned 

things. As it is deduced, the behavior of a reinforced concrete element depends on its 

geometry. It has been revealed that for the stable cracking model the fracture energy 

has a big contribution to the failure behavior since the levels of loading close to the post 

peak level. The fracture energy facilitates the transfer process of shear force after the 

tensile strength is reached. It is very important to attain a well understanding of the 

above issues as they have a great involvement in punching tests. [12] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 29: Loading cracking curve, the influence of tensile strength and the fracture energy at the failure. 

Concrete Tension and size effects, CBE Bulletin, 237 (1977) 

 
 
5.3.4 Slab thickness effect 

 
Experimental results show an influence of the slab thickness to the failure load 

predictions. It should be mentioned that ACI-318 does not count for the slab thickness in 

comparison with the EC2 and Greek codes which consider the slab thickness as an 

important factor in the punching shear. Furthermore, A.C.I. code overestimates thicker 

slabs with an effective depth over 300mm; however ACI code predictions are very good 

for any slabs thinner than this value.  
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5.3.5 Effect of column size  
 

Through a range of experimental outcomes it is observed that the failure load is closely 

relating to the column size. This is also valid by the three codes which consider the 

column size as an important factor involving to the failure. It is also observed that for 

small columns the shear failure has three dimensional failure surfaces which are well 

confined by in-plane stresses in the slab. As the ratio of the column perimeter to 

effective slab depth increases, at the same time the confinement is reducing, resulting 

to decrease the shear strength. Additionally, ACI proposes a reduction of shear strength 

by increasing bo/d ratios and also a reduction of ratios a / d>4 ensuing higher 

resistances, which has been criticized.  

5.3.6 Effect of column rectangularity and its location 
 

Moreover, another important effect to the punching shear is strongly associated on the 

column rectangularity, its location and the corresponding factors. Concerning the 

column location, the next figure exhibits the different columns locations related to the 

applied forces.  

 

Figure 30: Column locations and the applied forces. 
(Created in SAP2000) 
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It is evident that the interior column receives extra forces in comparison with the edge 

and corner column resulting to be the weaker in the punching shear behavior. Also, an 

extra impact on the examined phenomenon is the column geometric which is usually 

expressed as the aspect ratio among the long to short side of the column. A range of 

tests indicate high concentration of concrete strains toward the corner of the column by 

increasing column rectangularity. In addition, circular columns give higher resistance 

than square ones, presumably due to the absence of stress resistance the connections 

with a/b ratios are greater than 2. In general, the rectangularity of the column involves 

increasing the shear stresses and simultaneously decreasing the punching shear 

failure. The three codes are more or less in agreement with this concession. 

5.3.7 Effect of flexural reinforcement ratio 
 

Subsequent to these experimental outcomes, it is evident that except the slab 

thickness, the column size, location, rectangularity there is also another parameter 

involved to predict punching shear such as the reinforcement ratio ρ.  

Several other experiments demonstrate that for constant reinforcement ratio the slab 

thickness is increasing and simultaneously the flexural shear capacity is decreasing too. 

Additionally, the small flexural capacity leads growing the flexural cracking, which is 

proceeding to the failure, and as well reduce the shear capacity. Also, slabs maintaining 

higher values of ρ they have small higher capacities comparing with those with lower ρ. 

 

5.3.8 Effect of concrete mechanical properties 
 

Concerning the three previous experiments types, it is observed that the punching 

failure modes for slender flat plates and compact footings are fundamentally dissimilar. 

On one hand, the slender flat plates exhibit an unexpected brittle failure which is 

characterized as explosive and on the other hand the compact footings display a 

gradual failure comparable with the failure of cylinders for testing of concrete 

compression strength. As the experiments were in process, it has recognized that flat 

plates give the impression to fail when the tangential strain in the concrete obtains a 

critical value. Compact footings seem to fail when the inclined compression stress 

reaches the failure stress in bi-axial compression. All these observations point out that 
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E-modulus of the concrete has an influence on punching strength of flat plates. The 

relation between compression strength and E-modulus is also given in Model Code 90. 

Thus, the E-modulus of concrete appears to be the main concrete property for 

prediction of the punching strength. Not only the compression strength but also the E-

modulus should therefore be recorded for test specimens and should be specified on 

structural drawings for flat plates.[11] 

 

5.3.9 Effect of Deflection 
 

Another component to the punching shear which has not been considered in the 

previous examined tests is deflection effect.  

It is remarkable that the theory can predict the large deflection and the sudden punching 

failure in slabs where all the reinforcement yields are across the slab width. This is a 

strong support for the hypothesis that punching of flat plates occurs when the flexural 

compression strain in the slab reaches a critical value, which is further supported by the 

tests with varying bending moment. 

 

5.3.10 Effect of moment 
 

An additional feature influence the failure is the effect of the moment forces which has 

been neglected in the previous presented experiments. It is marked that the punching 

failure cannot be treated as a pure shear force failure; the bending moment between the 

slab and column plays a decisive role for the punching failure mechanism and for 

punching capacity. Several other tests showed that the punching capacity increased 

when the bending moment in the slab at the column versus the column reaction V 

decreased. Most likely, the opposite is also valid, i.e. the punching capacity will 

decrease if the bending moment in the slab versus the column reaction V increases. 

That occurs for instance for the bending moment in the long direction in flat plates with 

rectangular panels, which is confirmed by Kinnunen et al (1980).  
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5.3.11 The effect of compressive membrane action 
 

Compressive membrane action can be considered as a secondary effect which takes 

place after cracking of the concrete and yielding in forcing steel. This membrane action 

is a result of the confinement of the slab-column connection by the adjacent slab which 

has an effect on punching shear capacity of the connection. It is observed that, as the 

slab fails and deflects the neighboring concrete restrains the sagging portion of the slab 

by compressing around it. In addition, it has been found that the punching shear 

capacity raise if the slab specimen extends beyond the nominal line of contra flexure. 

Several tests set by Bond, Long, Masterson and Rankin indicate that strength increases 

ranging from 30% up to 50% in comparison with the similar single column setups. Due 

to various reasons, their tests are considered to overestimate the capacity 

enhancement. Moreover, real slabs undergo restrained shrinkage inducing tensile 

stresses, which sequentially decrease the shear capacity of the slab. An important 

aspect taken into account is that for design purposes the compressive membrane action 

should not be used as an enhancing factor for the predicted failure loads.[41] 

 

5.3.12 The effect of boundary conditions 
 

The last effect that has been observed as a parameter influencing the shear is the effect 

of different boundary conditions which has been examined by Elstner & Hognestad 

(1956) by setting up three different scenarios. To begin with, the first scenario refers to 

a square slab with continuous simple supports along all four edges, the second to  a 

similar slab with continuous simple supports on two opposing edges and the third to the 

four corners were simply supported. Several tests reveal a decrease in the punching 

shear capacity with decreasing the support in slab boundary. “If the failure loads are 

normalized with respect to, the capacities reduce from 100% for a slab with all four 

edges supported, to 85% for two opposing edges supported, to 60.4% for a slab with 

corner supports only. It seems that boundary forces are developing in slabs supported 

on all edges. These forces improve the shear capacity of the slab-column connection. It 

should be noted that the effect of the moment to shear ratio has been included to 
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several of their (Elstner & Hognestad (1956)) tests. This ratio will be the highest for the 

slabs supported on all four edges and consequently a higher punching shear capacity 

can be expected.” 

Similar results have been reported by Alexander and Simmonds (1992) who used three 

test scenarios providing rotational restraints with rollers. Initially, they examined a slab 

with rotations of the corners and edges restrained, secondly rotations of the edges 

alone restrained and thirdly rotations of the corners alone restrained. They concluded 

that an enhancement on punching capacity lying on the connections can be taken by an 

increasing of the rotational restraints. As well as, the punching shear strength of a slab 

has been affected by the shear span ratio where is the shear distance, i.e. the distance 

from the loaded area (critical area) to the support and the effective slab depth. 

Summarizing this study, it is safe to say that shear strength rises considerably for ratios 

less than 1.5, but remains fairly constant for higher ratios. [41] 

 

5.4 Validation 

 

This project implementation has been established based on the experimental inputs and 

outcomes and at the same time on code predictions. The purpose to work on the 

experimental studies was to use their data as precise inputs and throughout an 

assessment to conclude which code of the three codes give the most accurate 

predictions. Thus, this concept leads the project development to follow a validate 

process. This validation can be clearly observed by comparing the test results (failure 

load predictions from the experiments) and the calculated results (failure load 

predictions from the code application). The previous chapters clarify that there are slight 

small differences between test and codes predictions, something that indicates that the 

applied formulas, the way that the experimental inputs had located in the codes 

formulas and the way that the punching shear phenomenon had approached are 

absolutely approved. At his point, it should be figured out that the differences between 

the test and code predictions are strongly related initially on the variety of the different 

formulas application, as each investigator established correct and accurate equations 
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and secondly on the different parameters and factors that each formula includes. 

Moreover, as a supplementary validation point, is the numerical model which is 

presented in chapter 3 and had been carefully studied and consequently created in 

order to deliver correct code provisions, formulas, and limitations to predict the punching 

shear model. Several past experimental and codes observations will be quoted in 

appendix C in order to provide an extra validation. 
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CHAPTER 6 

CONCLUSION-FUTURE WORK 

 

6.1 Conclusion 

 

Ending this dissertation, it is worth saying that this project has been productively 

implemented by accomplishing writer‟s aims/objectives. Punching shear is a very 

compound phenomenon which counts with the whole structural response of the flat 

slab–column system. Essential outcomes clarify the complex punching shear 

mechanism by indicating a combination of experimental and the three codes, EC (2-04), 

ACI (318-05), Greek Code (2000), predictions on failure loads.  

Summarizing this report, an initial approach to past experimental and theoretical studies 

has comprehensively been examined leading to gather the experimental outcomes and 

set them as inputs for the different codes prediction formulas. An overview to codes 

provisions had formed through a numerical model design which aimed to understand 

each code standards and verify their correct application to predict the punching shear. 

Moreover, several supplementary observations prove a range of factors involving to the 

punching shear.  

Collecting this essay‟s outcomes and response to writer‟s goals, it is observed that the 

most accurate predictions can be taken by the Eurocode 2-04 which can be easily 

confirmed by the slight difference between the experimental and EC2 predictions and at 

the same can be proved by the statistical approach and the presence of several graphs 

indicate the data distribution in accordance with the ratio (Vtest/Vcalc). In addition, the 

second more precise predictions can be taken by the Greek Code-2000 and lastly by 

ACI 318-05.It should be pointed that, despite the variety of American researches, Greek 

code can give more accurate predictions than the American codes because of the fact 

that Greek codes are more conservative in accounting the seismic loads as is the main 

factor for their standards (Greece is a seismic country). As well as, there are quite a few 

other observations considered as factors affect the failure, such as the influence of the 
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composite material particular behavior, dowel effect, size effect (column size and slab 

thickness), column rectangularity and its location, effect of flexural reinforcement ratio, 

boundary conditions, the compressive membrane action, deflection and influence of 

moment.  

Punching shear has been marked as a failure which is being influencing by a great 

number of factors and it is very important phenomenon to be considering in all 

structures taking into account the high localized forces (imposed gravity, wind, 

earthquakes loads) dominate to reinforced flat slab and column locations. 

Consequently, each code should focus on this failure by undertaking a continuous 

research with experimental and theoretical studies aiming to establish more accurate 

formulas for precise codes predictions. 

 

6.2 Future work 

 

As it was previously mentioned, punching shear is a failure which needs a continuous 

further investigation since there are lot of parameters involve to this incident. An 

intensive research direction regarded punching shear it is suggested to carry out 

concerning the effect of following of the parameters in the failure, since there is no 

serious bank of tests on these issues established yet. 

 

 Effect of geometry  

 Column rectangularity 

 Effect of material properties 

 High concrete strength and performance. 

 

 Influence of the composite material particular behavior 

 Dowel effect 

  Size effect (column size and slab thickness) 
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 Effect of flexural reinforcement ratio 

 Boundary conditions 

 Compressive membrane action 

 Deflection  

 Influence of moment 

 Influence of the eccentricity 

 Effect of shear reinforcement 

 Effect of the under biaxial later loadings in column locations 

 Effect of wind and seismic loads 

 

The utilization of steel fibers in reinforced concrete could be another discussion topic. 

Nowadays it is likely to occupy in structural analysis of the no linear reinforced and 

prestressed concrete behavior resulting to obtain one of the closest response of the 

punching shear failure comparing with the real behavior. Moreover, due to the 

technology development it is easy to investigate deeper the above issues since it is 

necessary to develop effective code formulas for accurate predictions.  
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APPENDIX A 

 

Basic information to set the model for the codes application 

 

Table: Ultimate bending moment and shear force coefficients in two way flat slabs. 

 

Reinforced Concrete Design to Eurocode 2, Chapter 8, p. g 210. [31] 

 

Table: Shear resistance of slabs without shear reinforcement vrd,c(N/mm
2
) 

 

Reinforced Concrete Design to Eurocode 2, Chapter 8, p. g 211.[31] 
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Table: Concrete strength modification factor 

Reinforced Concrete Design to Eurocode 2, Chapter 8, p. g 211.[31] 

 

Example for Punching shear according to EC2 
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Design of punching shear reinforcement according to EC2 
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Reinforced Concrete Design to Eurocode 2, Chapter 8 .[31] 
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APPENDIX B 

 

Data 
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Practice punching shear with Eurocode (2-04) 

 

 Interior Column (EC 2 Standards) 

 

 

 

 
Interior Column 
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 Edge Column (EC2 Standards) 
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 Corner Column (EC 2 standards) 

 

 

 

Perimeter 

dx+(2d+dy)

+(dy+2d)+π

*2d*0,5)u0 

(m) =

Area 

around 

column (m2)  

Ved (F-

Area*n) kN 

Ved,eff 

(1,5)kN 

 VRd, max 

(kN)
Vrdcmin

Work out the shear 

reinforcement
Asw(mm 2)

bar size of 

link
Abar (mm2)

Link space - 

S(mm)

2,01 0,95 286,25 429,37 1851,00 adequate span 126,677 shear reifonrcement is required 215 14,00 153,86 0,72

2,01 0,95 313,97 470,96 1851,00 adequate span 126,677 shear reifonrcement is required 236 14,00 153,86 0,65

2,01 0,95 341,70 512,54 1851,00 adequate span 126,677 shear reifonrcement is required 256 14,00 153,86 0,60

2,01 0,95 424,87 637,30 1851,00 adequate span 126,677 shear reifonrcement is required 319 14,00 153,86 0,48

2,01 0,95 563,49 845,23 1851,00 adequate span 126,677 shear reifonrcement is required 423 14,00 153,86 0,36

2,01 0,95 785,28 1177,91 1851,00 adequate span 126,677 shear reifonrcement is required 589 14,00 153,86 0,26

2,01 0,95 1478,37 2217,55 1851,00 not adequate span126,677 shear reifonrcement is required 1109 14,00 153,86 0,14

CORNER COLUMN
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Practice punching shear with Greek Codes (2000) 

 

 Interior Column ( Greek Standards) 

 

 

dx (cm) dy (cm)
Shear load 

(kN)

depth 

(cm)

Effective depth 

(cm)
bx (cm) by (cm) u (cm)

τRd 

(kN/m2)
βρ κ (m) ρlx ρly ρl Vrd1(KN) Vsd (kN)

Vrd2(1,6*Vrd1) 

(KN)
Asw(mm 2)

40 40 785 25 21 61 61 224 300 1,60 1,20 0,0150 0,0150 0,0150 259 350 415 47

40 40 861 25 21 61 61 224 300 1,60 1,20 0,0150 0,0150 0,0150 259 384 415 64

40 40 937 25 21 61 61 224 300 1,60 1,20 0,0150 0,0150 0,0150 259 418 415 82

40 40 1165 25 21 61 61 224 300 1,60 1,20 0,0150 0,0150 0,0150 259 519 415 134

40 40 1546 25 21 61 61 224 300 1,60 1,20 0,0150 0,0150 0,0150 259 689 415 222

40 40 2154 25 21 61 61 224 300 1,60 1,20 0,0150 0,0150 0,0150 259 960 415 362

40 40 3675 25 21 61 61 224 300 1,60 1,20 0,0150 0,0150 0,0150 259 1638 415 712

Slab

 INTERIOR COLUMN

Column dimentions Critical Area

        Vsd<Vrd2

No Need shear reinforcement   
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Work out the 

shear 

reinforcement

Bar size of 

links(mm)
Abar(mm 2)

Link space -  

S(mm)

10,00 78,5 335,19

10,00 78,5 244,05

10,00 78,5 191,88

10,00 78,5 116,91

10,00 78,5 70,80

10,00 78,5 43,41

10,00 78,5 22,07
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dx (cm) dy (cm)
Shear load 

(kN)

depth 

(cm)

Effective depth 

(cm)
bx (cm) by (cm) u (cm)

τRd 

(kN/m2)
βρ κ (m) ρlx ρly ρl Vrd1(KN) Vsd (kN)

Vrd2(1,6*Vrd1) 

(KN)
Asw(mm 2)

40 40 785 25 21 61 61 88 300 1,60 1,20 0,0150 0,0150 0,0150 259 690 415 87

40 40 861 25 21 61 61 88 300 1,60 1,20 0,0150 0,0150 0,0150 259 756 415 100

40 40 937 25 21 61 61 88 300 1,60 1,20 0,0150 0,0150 0,0150 259 823 415 114

40 40 1165 25 21 61 61 88 300 1,60 1,20 0,0150 0,0150 0,0150 259 1023 415 154

40 40 1546 25 21 61 61 88 300 1,60 1,20 0,0150 0,0150 0,0150 259 1357 415 222

40 40 2154 25 21 61 61 88 300 1,60 1,20 0,0150 0,0150 0,0150 259 1892 415 330

40 40 3675 25 21 61 61 88 300 1,60 1,20 0,0150 0,0150 0,0150 259 3227 415 599

SlabColumn dimentions

 EDGE COLUMN

Critical Area

 Edge Column ( Greek Standards) 
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Work out the 

shear 

reinforcement

Bar size of 

links(mm)
Abar(mm 2)

Link 

space -  

S(mm)

10,00 78,5 180,63

10,00 78,5 156,37

10,00 78,5 137,85

10,00 78,5 101,71

10,00 78,5 70,78

10,00 78,5 47,62

10,00 78,5 26,19
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dx (cm) dy (cm)
Shear load 

(kN)

depth 

(cm)

Effective depth 

(cm)
bx (cm) by (cm) u (cm)

τRd 

(kN/m2)
βρ κ (m) ρlx ρly ρl Vrd1(KN) Vsd (kN)

Vrd2(1,6*Vrd1) 

(KN)
Asw(mm 2)

40 40 785 25 21 61 61 80 300 1,60 1,20 0,0150 0,0150 0,0150 259 625 415 67

40 40 861 25 21 61 61 80 300 1,60 1,20 0,0150 0,0150 0,0150 259 685 415 78

40 40 937 25 21 61 61 80 300 1,60 1,20 0,0150 0,0150 0,0150 259 746 415 89

40 40 1165 25 21 61 61 80 300 1,60 1,20 0,0150 0,0150 0,0150 259 927 415 122

40 40 1546 25 21 61 61 80 300 1,60 1,20 0,0150 0,0150 0,0150 259 1229 415 177

40 40 2154 25 21 61 61 80 300 1,60 1,20 0,0150 0,0150 0,0150 259 1713 415 266

40 40 3675 25 21 61 61 80 300 1,60 1,20 0,0150 0,0150 0,0150 259 2923 415 487

Critical AreaColumn dimentions Slab

 CORNER COLUMN

 Corner Column ( Greek Standards) 
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Practice punching shear with ACI (318-05) 

 

 Interior Column ( American Standards) 

  

dx (in) dy (in) d/2 (in) lx1 (in) ly1 (in) Ac (in
2) Vu (kip) νu (psi) βc>1 f'c (psi)

νn1=(2+4/βc)*?f'c 

(psi)
αs b0 (in)

νn2=(αs*d/bo+2)

*?f'c (psi)

νn3=4*?f'c 

(psi)

νnmin 

(psi)

νu/φ  

(psi)

νumax  

(KN) 

νn  

(psi) 

νs  

(psi) 

15,75 15,75 4,04 23,82 23,82 768,96 176,52 230 1 3626 361 40 95,28 324 241 241 270 1133 120 150

15,75 15,75 4,04 23,82 23,82 768,96 193,61 252 1 3626 361 40 95,28 324 241 241 296 1133 120 176

15,75 15,75 4,04 23,82 23,82 768,96 210,71 274 1 3626 361 40 95,28 324 241 241 322 1133 120 202

15,75 15,75 4,04 23,82 23,82 768,96 262,00 341 1 3626 361 40 95,28 324 241 241 401 1133 120 280

15,75 15,75 4,04 23,82 23,82 768,96 347,48 452 1 3626 361 40 95,28 324 241 241 532 1133 120 411

15,75 15,75 4,04 23,82 23,82 768,96 484,25 630 1 3626 361 40 95,28 324 241 241 741 1133 120 620

15,75 15,75 4,04 23,82 23,82 768,96 911,65 1186 1 3626 361 40 95,28 324 241 241 1395 1133 120 1274

 INTERIOR COLUMN

4.PUNCHING SHEAR EXAMINATION ACCORDING TO ACI-318
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s0 (in) s (in) fyν (psi)
νs*bo/fyν 

(in)
Av (in

2) Av (mm2)

3,23 4,04 72.519 0,20 0,79 512

3,23 4,04 72.519 0,23 0,93 601

3,23 4,04 72.519 0,27 1,07 691

3,23 4,04 72.519 0,37 1,49 959

3,23 4,04 72.519 0,54 2,18 1406

3,23 4,04 72.519 0,82 3,29 2122

3,23 4,04 72.519 1,67 6,76 4359

Work out the shear 

reinforcement
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 Edge Column ( American Standards) 

 

dx (in) dy (in) d/2 (in) lx1 (in) ly1 (in) Ac (in
2) Vu (kip) νu (psi) βc>1 f'c (psi)

νn1=(2+4/βc)*

?f'c (psi)
αs b0 (in)

νn2=(αs*d/bo+2)

*?f'c (psi)

νn3=4*?f'c 

(psi)
νnmin (psi)

νu/φ  

(psi)

νumax  

(KN) 
νn  (psi) 

15,75 15,75 4,04 23,82 23,82 768,96 162,98 212 1 3626 361 30 63,39 350 241 241 249 1133 120

15,75 15,75 4,04 23,82 23,82 768,96 181,22 236 1 3626 361 30 63,39 350 241 241 277 1133 120

15,75 15,75 4,04 23,82 23,82 768,96 199,45 259 1 3626 361 30 63,39 350 241 241 305 1133 120

15,75 15,75 4,04 23,82 23,82 768,96 254,16 331 1 3626 361 30 63,39 350 241 241 389 1133 120

15,75 15,75 4,04 23,82 23,82 768,96 345,34 449 1 3626 361 30 63,39 350 241 241 528 1133 120

15,75 15,75 4,04 23,82 23,82 768,96 491,23 639 1 3626 361 30 63,39 350 241 241 752 1133 120

15,75 15,75 4,04 23,82 23,82 768,96 911,65 1186 1 3626 361 30 63,39 350 241 241 1395 1133 120

 EDGE COLUMN
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 Corner Column ( American Standards) 

 

 

 

 

 

dx (in) dy (in) d/2 (in) lx1 (in) ly1 (in) Ac (in
2) Vu (kip) νu (psi) βc>1 f'c (psi)

νn1=(2+4/βc)

*?f'c (psi)
αs b0 (in)

νn2=(αs*d/bo+2)

*?f'c (psi)

νn3=4*?f'

c (psi)
νnmin (psi)

νu/φ  

(psi)

νumax  

(KN) 
νn  (psi) 

15,75 15,75 4,04 23,82 23,82 768,96 162,98 212 1 3626 361 20 39,57 366 241 241 249 1133 120

15,75 15,75 4,04 23,82 23,82 768,96 181,22 236 1 3626 361 20 39,57 366 241 241 277 1133 120

15,75 15,75 4,04 23,82 23,82 768,96 199,45 259 1 3626 361 20 39,57 366 241 241 305 1133 120

15,75 15,75 4,04 23,82 23,82 768,96 254,16 331 1 3626 361 20 39,57 366 241 241 389 1133 120

15,75 15,75 4,04 23,82 23,82 768,96 345,34 449 1 3626 361 20 39,57 366 241 241 528 1133 120

15,75 15,75 4,04 23,82 23,82 768,96 491,23 639 1 3626 361 20 39,57 366 241 241 752 1133 120

15,75 15,75 4,04 23,82 23,82 768,96 911,65 1186 1 3626 361 20 39,57 366 241 241 1395 1133 120

CORNER COLUMN
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s0 (in) s (in) fyν (psi)
νs*bo/fyν 

(in)
Av (in

2) Av (mm2)

3,23 4,04 72.519 0,07 0,28 183

3,23 4,04 72.519 0,09 0,35 223

3,23 4,04 72.519 0,10 0,41 262

3,23 4,04 72.519 0,15 0,59 381

3,23 4,04 72.519 0,22 0,90 579

3,23 4,04 72.519 0,34 1,39 897

3,23 4,04 72.519 0,70 2,81 1810

Work out the shear 

reinforcement
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APPENDIX C 

 

Validation 

 

 

1. Applications of Critical Shear Crack Theory to Punching of Reinforced Concrete 

Slabs with Transverse Reinforcement 

 

 Fernández M.R and Muttoni A. 2009 [16] 

http://ibeton.epfl.ch/Publications/2009/Fernandez09.pdf 

 

 

 

 

 

 

http://ibeton.epfl.ch/Publications/2009/Fernandez09.pdf
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2. Punching Shear Strength of Reinforced Concrete Slabs without Transverse 

Reinforcement 

 

 

 

 

 

Muttoni A. 2008 [32] 

http://infoscience.epfl.ch/record/116123/files/Muttoni08a.pdf 

 

http://infoscience.epfl.ch/record/116123/files/Muttoni08a.pdf
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3. Influence of Shear on Rotation Capacity of Reinforced Concrete Members 

Without Shear Reinforcement 

 

 

            Rodrigues R.V, Muttoni A, and Fernández M. R. 2010 [38] 

http://ibeton.epfl.ch/Pubs/2010/Vaz10.pdf 

http://ibeton.epfl.ch/Pubs/2010/Vaz10.pdf
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4. Concrete flat slabs and footings Design method for punching and detailing for 

ductility 

 

 

 

 

 

 

 

 

Broms C.E.-2005[11] 

 

 

 

1 2

1 
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                                                          Model which can predict punching shear failure in flat slabs                  
 Anna Spyropoulou (UB Νο: 09007531) 

 

School of Engineering, Design and Technology 

Page | 139 
 

Broms C.E.-2005[11] 

 

 

 

Broms C.E.-2005[11] 
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5. An Experimental Study on Punching Shear Behavior of Concrete Slabs  

 

 

 

 

 

Alam J, Khan M. A. and Seraj S.M. – 2009[5] 
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Alam J, Khan M. A. and Seraj S.M. – 2009[5] 

6. Post punching behavior of reinforced slab-column connections 

 

 

Mirzaei Y. – 2008[28] 
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APPENDIX D 

 

CD 


