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ABSTRACT 

This research investigates the post-punching resistance of flat-plate buildings without 

continuous bottom reinforcement.   An overview on both the historical development of 

the analytical theories of punching mechanisms and post punching mechanisms as well as 

the evaluation of post punching capacity of slab-column connections will be included. 

The main aim of this work is to develop an analytical method to reasonably and 

practically evaluate the post punching response of flat-plates buildings designed without 

integrity reinforcement. ACI code provisions have required continuous integrity 

reinforcement since 1989.  However, it is often considered for older flat-plate buildings 

designed prior to 1989, that contribution of the top flexural reinforcement is limited or 

even negligible in post-punching.  Based on the experimental observations, along with 

the findings of the literature experimental tests, the model is evolved to estimate the post-

punching resistance due to the top reinforcement.  In addition, the effect of two 

parameters, anchorage and lateral restraint conditions, will be incorporated. The proposed 

model was found to accurately estimate the post punching capacity of the experimentally 

tested specimens provided by Peng et. al. 2016. The average ratio of the experimental 

peak deflection to the estimated peak deflection is 1.176. The average ratio of the 

experimental peak post-punching strength to the estimated peak post punching strength is 

0.998. 
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CHAPTER ONE: INTRODUCTION 

1.1 Overview 

 Progressive collapse is a large-scale failure occurring when local failure of one or more 

components introduce a series of failure reactions leading to partial or total collapse of the 

structure. "Progressive collapse is defined as the spread of an initial local failure from element to 

element resulting, eventually, in the collapse of an entire structure or a disproportionate large 

part of it." ASCE (2005). Some researchers use the term disproportionate collapse to refer to the 

concept that the initial failure size and the successive failure size are disproportionate. However, 

the terms disproportionate collapse and progressive collapse are often used interchangeably 

because disproportionate collapse often occurs in a progressive manner and progressive collapse 

can be disproportionate, Starossek et. al. 2010. 

 

There are many causes of the initial failure of a structural component, and they are classified 

according to the type of the resource into man-made causes, like explosions, fire, impact, 

construction errors and exceeding the live load limit, and the environmental causes, like 

earthquake, excessive natural loads including wind and flood loads. It is difficult to prevent or 

control on most of these abnormal events which occur at low probability but high consequences.  

However, if collapse resistance could be ensured in all structures, including the old structures, 

the overall probability of loss would be reduced. 

 

Reinforced concrete flat-plate buildings have limited robustness against progressive collapse 

under extreme loading conditions.  These types of buildings are susceptible to brittle punching 

shear failures.  Punching failure is an undesirable failure because it is very brittle with no 



2 
 

significant warnings prior to the failure occurrence. In fact, it has been recorded as a big threat to 

human lives. For example, Sampoong Department Store collapse in South Korea in 1995 which 

caused the death of 502 people and injuring 937. Due to usage errors, in addition to previously 

inadequate building modification including adding an extra floor, the collapse initiated by 

punching failure around an overloaded column in fifth story and progressed throughout the 

buildings (Figure 1-1) 

 

 

 

 

 

(A) Before Collapse 

 

 

 

 

 

(B) After Collapse 

 

Fig. 1-1—  Collapse of Sampoong Department Store, Photograph from Jukjeon-dong et. al. 2011 

 

 

 

https://www.reddit.com/r/CatastrophicFailure/comments/49vv26/in_1995_the_sampoong_department_store_collapsed/
http://blog.naver.com/PostView.nhn?blogId=qriton997&logNo=130006547506
https://www.reddit.com/r/CatastrophicFailure/comments/49vv26/in_1995_the_sampoong_department_store_collapsed/
https://www.reddit.com/r/CatastrophicFailure/comments/49vv26/in_1995_the_sampoong_department_store_collapsed/
http://blog.naver.com/PostView.nhn?blogId=qriton997&logNo=130006547506
https://www.reddit.com/r/CatastrophicFailure/comments/49vv26/in_1995_the_sampoong_department_store_collapsed/
http://blog.naver.com/PostView.nhn?blogId=qriton997&logNo=130006547506
http://blog.naver.com/PostView.nhn?blogId=qriton997&logNo=130006547506
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1.2 Problem Statement  

 Under uncontrolled extreme loading events, flat-plate buildings are vulnerable to punching 

failure in one or more of local slab-column connections. This initial punching failure can quickly 

propagate to the surrounding connections as the load is redistributed.  Post-punching capacity may 

be a way to arrest the propagation of the failures.  If there is sufficient post-punching capacity then 

the amount of load to be redistributed will be reduced and the surrounding connections may not 

fail.  The post-punching capacity comes from the tensile membrane action mainly offered by the 

bottom integrity slab reinforcement (Hawkins and Mitchell, 1979; Mitchell and Cook, 1984).  

Integrity reinforcement can be a reliable resource to significantly increase the post punching 

capacity by forming tensile membrane action lasting over large deflection stages.  

The contribution of flexural (top) reinforcement, however, is still undetermined. Most researchers 

believe that top bars are exposed to ripping out by thin concrete cover or to pullout if no sufficient 

length is provided. According to experimental tests of Ruiz et al. (2013), the peak post punching 

load carried by top bars was 30% of punching load, on the other hand, it was predicted to be 20% 

through analysis process of the tests carried by Habibi et al. (2014). Peng et al. (2016) evaluated 

the post punching capacity considering different conditions of lateral restraint. Peng et al. (2016) 

showed that the specimens without anchored top bars had a limited post punching capacity an 

average of 53% peak post-punching strength, an amazing average of 83% post punching capacity 

was achieved by specimens with anchored top bars. The post-punching capacity of slab column 

connections without continuous integrity reinforcement needs to be understood so that analysis of 

these structures can be improved and structures that are truly susceptible to progressive collapse 

identified. 
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1.3 Aims and Scope 

The objectives of this research can be summarized into the following points: 

1- Investigate the post-punching behavior of slab column connections. 

2- Developing an analytical method to reasonably and practically evaluate the post punching 

response of flat-plates buildings designed without integrity reinforcement. 

3-Evaluate contribution of flexural reinforcement to the post punching capacity under different 

anchorage and lateral restraint conditions. 
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CHAPTER TWO: LITERATURE STUDY 

2.1 Punching Failure of Slab-Column Connection 

Punching shear failure is related to both shear and flexural behavior of reinforced concrete 

slabs. Punching must be considered as a combined loading problem, not as two separate cases, 

(Elstner and Hognestad 1957). Because of its complexity, and being an undesirable failure mode 

as illustrated in chapter one, punching phenomenon has been investigated over the past decades 

and significant efforts have been dedicated to estimate the punching shear capacity of slab column 

connections. 

2.1.1 Development of the Analytical Theories 

 Elstner and Hognestad (1957) developed some of the earliest predications of punching 

capacity.  They modified the analytical equation which was derived from Richard’s footing tests 

in 1948.   The equation is based on the beam formula for diagonal tension and was considered as 

a design formula for shearing stresses: 

v = 
V

bjd
 ≤ Kfc

՜             ……………………………………………….. (2.1) 

  Where  bjd is the shearing area in which b is taken equal to the perimeter of an area concentric 

to the column or concentrated load area and located at a distance therefrom equal to the effective 

depth or some fraction of this depth,  Kfc' is an allowable shearing stress in which K is required 

for a proper factor of safety. 

Ultimate shearing stress for slabs without shear reinforcement is found by: 



6 
 

 

………………………………………………… (2.2) 

 

For slabs with shear reinforcement is found by: 

 

…………………………….. (2.3) 

 

Where b is the circumference of the loaded area, and Φ0 is the ratio between the ultimate shear 

capacity and the ultimate flexural capacity computed without regard to shear which is computed 

according to the theory of yield-line theory, and qv is computed as follows 

  

 

They concluded that the equations were in an acceptable agreement with their extensive 

experimental tests except for the specimens (A-13,B-1,B-2 and B-4) in which the lowest 

reinforcement ratios were used, ranged from (0.5~0.99)%, compared with all the other specimens 

where the measured ultimate capacity was 10 to 20 percent greater than predicted by the yield-

line theory and it was indicated that the reason could be accounted for the fact that yield line 

method is not included the effect of the membrane action and the strain hardening of steel.     

 

Kinnunen and Nylander (1960) provided a mechanical model derived from the 

experimental tests which were carried out on circular slabs uniformly loaded on their perimeters 

and supported on circular column stub at the center. The polar-symmetrical state of stress was 

invested to reduce the domain of the problem, in other words, only one sector of each slab was 
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studied. The mechanical model consists from two parts; the compressed conical shell and the 

rigid segment as shown in Figure 2-1. The compressed conical shell formulates in the 

compression zone around the column. At the upper and lower ends of the conical shell, the 

compressive stresses are assumed to be equal and accordingly the stress is assumed to be varied; 

increasing as the load increases with the depth. The rigid segment, the outer portion of the slab 

sector supported by the conical strut, experiences radial rotation about its center of rotation 

which is assumed to be located at the upper end of the conical shell, the root of the shear crack.   

In spite of the physical reality which is the center of rotation moves from its initial location, at 

the upper of the conical shell, to the core of the column as the load increases. Under safe loading 

while the radial and tangential compressive strain occur at the bottom surface due to bending 

moment, the vertical component of the shear forces transferred by the conical shell are in 

equilibrium with the resisting force developed by the column but the horizontal component is 

supported by the internal bond in the transverse direction.  This term is more general without 

specifying the region of the concrete.  However, Broms (2008) explained that concrete inside 

column is only the resistance to the horizontal component of inclined shear until yielding and 

then while the tension zone extends to the bottom, the concrete outside column will be allowed 

to resist by radial tensile forces. The bond in the transverse direction is related to the concrete 

inside column and then concrete outside the column).  As the load increases and the bending 

moment increases, the neutral axis moves downward to increase the tension zone and thus 

reduces the tangential compression stress or strain. Then, the tension cracks propagate to the 

bottom surface. When the tension cracks forms around the column, a significant punching occur.  

Therefore, the compressive tangential strain of the concrete at the bottom of the slab is used as an 

indicator of initiation of the punching failure. With respect to the mechanical model, punching 
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failure is represented by losing the compressive strength of the conical shell, which is a three-

dimensional problem.  

 

 

 

 

 

 

 

 

 

 

 

                             

  

Muttoni (1991, 2008) estimated the punching shear capacity depending on the critical shear 

crack theory which implies that increasing the rotation capacity of the slab reduces the punching 

strength. The reason is that the increasing of the slab rotation permits high propagation of the shear 

cracks and increases the crack width which in turn reduce the amount of shear loads transferring 

to the column. Thus, the critical shear crack theory is interpreted according to the effect of two 

Figure 2-1 Mechanical model of Kinnunen and Nylander [1960] 
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factors, the critical crack width and the maximum size of the aggregates. According to Muttoni 

and Schwarts (1991), the width of the critical shear crack ( wc ) is proportional to the product of 

radial rotation of connection (Ψ) times the effective depth of the slab (d). The effect of the 

maximum size of the aggregates is illustrated, as follows, shortly before punching, the cracks 

occurring diagonally around the column extend to the compression zone but the large aggregate 

particles on each face of the crack still contact and permit transferring loads. Finally, at failure, the 

shear cracks become wide enough to loosen this connection and forming a distinguished punching 

cone around the slab column region. The failure criterion is expressed as follows:    

 

…………………………… (2.4) 

 

………………………………………………… . (2.5) 

Where VR is the nominal shear strength, b0 is perimeter of the critical section for punching shear 

located at d/2 from the face of the column, d is the distance from extreme compression fiber to 

the centroid of the longitudinal tensile reinforcement, fc  is the average compressive strength of 

concrete ( cylinder), dg  is the maximum aggregate diameter (dg =0 for light weight aggregate 

concrete), dg0 is reference aggregate size (16 mm or 0.63 in), Ψ is rotation of  slab outside the 

column region., rs  is radius of isolated slab element ( from the column center to the contra 

flexure points), fy  is steel stress at yield, Es  is modulus of elasticity, V is shear force, Vflex is 

shear force associated with the flexural capacity of the slab (can be calculated from the yield line 

theory). Figure 2-2 shows, for different specimens with varying reinforcement ratios and 
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effective depths, that the intersections of load-rotation response curves obtained from the 

analyses with the failure criteria represented by the dotted lines is the predicted punching shear 

failure point. 

 

 

 

 

 

 

 

 

 

 

 

 

The failure criterion greatly conforms the results of 99 experimental tests of previous researchers 

regarding the change of the failure mode from pure punching failure to flexure-shear failure to 

flexure failure, see Figure 2-3 

 

Figure 2-2 Procedure to specify punching shear strength of slab according to Critical 

Shear Crack Theory [Muttoni, 2008] 
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Broms (1990, 2016) modified the model of Kinnunen and Nylander (1960) to account for 

the size-effect, loading eccentricity. Broms illustrated that up to the load level when the 

reinforcement starts to yield at the column, assuming rigid body moment distribution, as what is 

held by the model of Kinnunen and Nylander, is exaggerated and too far from the moment 

distribution based on theory of elasticity. Thus, rigid body rotation is assumed to occur only 

when the reinforcement at the column starts to yield. The failure mechanism is described based 

on the Tangential Strain Theory (TST) that shear forces transfer to the column by an inclined 

circumferential compression strut, which is a fictitious element assumed to be located at the 

column capitol within the compression zone. The horizontal component of the strut squeezes the 

Fig. 2-3 — Failure criterion: punching shear strength as function of width of critical shear crack 

compared with 99 experimental results and ACI 318-05 [Muttoni, 2008] 
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concrete within the column until the concrete stress reaches yielding. Then, as the stiffness of the 

concrete decreases, the excessive pressure is resisted by the concrete outside the column in form 

of radial tensile forces. Thus, radial compression strain and the tangential compression strain 

(due to bending moment) decrease by increasing the tension zone and when the radial 

compression strain becomes smaller than the radial tensile strain, tensile cracks forms around the 

column and initiate punching. The failure criterion is set to be a tangential compression strain of 

1% at the column edge due to bending moment. At this value, yielding of the concrete within 

column would be reached for normal strength concrete and consequently, the decreasing of the 

concrete stiffness causes the radial compression strain to reach to zero. The size effect 

(decreasing ultimate material strength with increasing structural size) is considered by the 

equation  

  ℇ𝑐𝑝𝑢 = 0.001 (
𝑥0

𝑥
)

1
3⁄

 (
10

𝑓𝑐𝑘
)

0.1

             [MPa]        

                                                                                         ……………………………………… (2.6) 

 ℇ𝑐𝑝𝑢 = 0.001 (
𝑥0

𝑥
)

1
3⁄

 (
1450

𝑓𝑐𝑘
)

0.1

              [psi]   

Where  ℇ𝑐𝑝𝑢  = critical tangential compression strain due to the bending moment at the column edge; 

reference 𝑥0size, 𝑥0=0.15 m (6 in) = height of compression zone at linear elastic stress conditions. The 

punching shear strength based on strain criterion. 𝑉 ℇ , can be calculated from the equation 

𝑉 ℇ = 𝑚ℇ .
8𝜋

1−2𝐿𝑛 (
𝐵

𝐶
)−

𝐵2

𝐶2

                                          …………………………………… (2.7) 
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Where C is the diameter of the circular test specimen or the distance between points of contra-

flexure in the slab, B is the diameter of the circular column, and 𝑚ℇ is the bending moment at 

the edge of slab-column connection. The radial rotation capacity due to concentric punching is 

estimated as follows; 

The first case is if reinforcement does not yield when punching occurs: 

𝜓0 =
𝑉𝜀−𝑉𝑐𝑟

4𝜋
 (1 −

𝐵2

𝐶2
)

𝐶

2𝐸𝐼
   ……………………………………………………………. (2.8) 

While the other case is if all or part of the reinforcement yields at punching failure, then the 

rotation is the sum of elastic rotation and rigid body rotation: 

𝜓𝑦1 =
𝑉𝑦1−𝑉𝑐𝑟

4𝜋
 (1 −

𝐵2

𝐶2
)

𝐶

2𝐸𝐼
    …………………………………………………………. (2.9) 

𝜓𝑢 = 𝜓𝑦1 + (𝜒𝑢1 − 𝜒𝑦1)
𝐵

2
     ……………………………………………………….. (2.10) 

Where 𝑉𝑐𝑟 =column reaction at start of flexural cracking, 𝐸𝐼 is flexural stiffness after cracking, 

𝑉𝑦1 is column reaction when reinforcement starts to yield at column, 𝜒𝑢1 ultimate curvature if 

the reinforcement yield, and 𝜒𝑦1  curvature of the slab at start of reinforcement yield at the 

column. The Tangential Strain Theory (TST) seems more accurate in estimating the eccentric 

punching since it depends on checking the rotation instead of estimating the unbalanced moment. 
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2.1.2 Code predictions  

2.1.2.1 ACI 318 (2014)  

ACI 318-14 provides equations for checking the punching shear capacity VR which relates the 

punching shear strength to the effective depth of the slab d, the control perimeter of a critical 

section b0 (at a distance d/2 from the face of column as shown in Figure 2-4), and the concrete 

compressive strength fc. According to the ACI 318-14, the punching shear strength for an interior 

connection is proportional to the square root of the concrete compressive strength as shown in 

the Equation  

…………… (2.11) 

 

…………….(2.12) 

 

Where λ is the coefficient to account for the light weight concrete, taken as unity for the normal 

weight concrete. Because the reinforcement ratio is not accounted for in the design equation, the 

ACI equation often leads to over-prediction of the punching shear capacity at low reinforcement 

ratio 
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2.1.2.2 Eurocode 2  
 

Eurocode 2 (2004) includes additional parameters such as the flexural reinforcement ratio ρ in 

the equation 2-10 to predict punching shear capacity.  

 

……….(2.13) 

 

…………(2.14) 

Where b0, EC2 is the control perimeter located at a distance 2d from the face of the column as 

shown in Figure 2-4, ρ is the flexural reinforcement ratio, and ξ is a factor accounting for size 

effect (decreasing nominal shear strength with increasing size of the member).    

 

 

 

 

 

Figure 2-4 Parameters of design codes: (a) vertical component of the tendons according to ACI 

318, Eurocode 2 and MC2010; (b) square columns; and (c) circular columns 
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2.1.2.3 Model Code 2010  

 

For the punching shear, the Swiss Model Code 2010 is based on the physical model of the 

Critical Shear Crack Theory (CSCT). In a general manner MC2010 proposes to calculate the 

punching strength of members without transverse reinforcement as detailed in Equation 2-12 

……………………..…. (2.15) 

 

Where is VP, MC evaluated according to the CSCT failure criterion, whose terms are evaluated 

through the following parameters 

                                                                            ………………………………. (2.16) 

  

The vertical component of the tendons VP, MC is calculated at 0.5d from the border of the 

column, as well as for the control perimeter bMC as shown in Figure 2-4.  
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2.2 Post punching 

The post-punching stage occurs immediately after the punching shear failure.  The post-

punching capacity comes from the tensile membrane action of the top reinforcement with the 

main contribution offered by the continuous bottom reinforcement i.e. integrity reinforcement 

(Hawkins and Mitchel, 1979; Mitchel and Cook, 1984). Due to the improved conditions provided 

to the integrity reinforcement, they can carry loads by developing tensile stresses about 98% of 

punching shear strength, which can be considered as a way to mitigate the likelihood of the 

progressive collapse (Mirzaei 2010).   Generally, the bars crossing the punching crack and 

passing through the punching cone begin can suspend the slab by developing tensile forces. The 

vertical load of the slab can be transferred to the column by the vertical component of their 

tensile forces. Therefore, as the slab moves down relative to the column, those bars become more 

effective as their inclination increases. The failure of reinforcement is governed by either “the 

breakout resistance of the concrete above the bar, pull out of the reinforcement when the 

remaining embedded portion of the bar becomes equal or less than the development length, or 

rupture of the bar in tension”, Habibi et.al. (2014). Usually the flexural reinforcement (top bars) 

fail at the early stages of the post-punching mechanism because the flexural bars are ripped out 

due to spalling of thin concrete cover, or pulling out (if they are unanchored). On the contrary, 

the integrity reinforcement (bottom bars) continue to carry loads over large-deflection stages 

because the depth of the concrete above the integrity bars greater and the breakout resistance 

higher. Melo and Regan 1998, Mirzaei 2010, and Habibi et. al 2014 found that using the ACI 

code for Nuclear Safety Related Concrete Structures to estimate the concrete breakout resistance 

above top and bottom reinforcement gives good estimation to the actual breakout resistance. The 
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equation depends on the depth of the concrete above the bar to its center, effective tensile 

strength of concrete above bars, and bar spacing.  

 

2.2.1 Deformation Capacity 

The deformation capacity involved in a progressive collapse scenario can be useful because it 

helps the structure dissipate energy and redistribute the loads to the adjacent members.  Slabs 

should be designed so that both deformation capacity, and the strength of the reinforcement are 

compatible (Criswell, 1974). In other words, the slab should sufficiently move down the column 

to impose the bars to the desired inclination, however, the movement should be as small as 

possible to avoid transferring high moments to the adjacent columns. 

There are many factors affecting the deformation capacity. It increases for slenderer slab, higher 

span to depth ratio, while it is inversely proportional to the reinforcement ratio and the depth of 

the slab (Muttoni 2008). The in-plane restraint provided by the adjacent members as a reaction to 

the lateral expansion induced by punching can decrease this capacity. 

 

 2.2.2 Analytical Studies  

2.2.2.1 Ruiz, Mirzaei and Muttoni (2013) 

 This research estimates the post punching strength 𝑉𝑅,𝑝𝑝   from the vertical component of 

the tensile axial force provided by the tensile bars 𝑉𝑅,𝑝𝑝,𝑏𝑒𝑛𝑑  and that of integrity bars 𝑉𝑅,𝑝𝑝,𝑖𝑛𝑡 :  

𝑉𝑅,𝑝𝑝 =𝑉𝑅,𝑝𝑝,𝑏𝑒𝑛𝑑 +𝑉𝑅,𝑝𝑝,𝑖𝑛𝑡  …………………………………………………………….(2.17) 
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where the contribution of the tensile reinforcement is assumed to be dependent on the number of 

the activated bars and their dowelling strength as follows: 

𝑉𝑅,𝑝𝑝,𝑏𝑒𝑛𝑑 =  𝑛𝑏,𝑏𝑒𝑛𝑑 ∗ 𝑓𝑐𝑡 ∗ 𝑏𝑒𝑓 ∗ ℓ𝑒𝑓     ……………………………………………..(2.18) 

where 𝑛𝑏,𝑏𝑒𝑛𝑑 is the number of the sections of the activated flexural bars; 𝑓𝑐𝑡   is tensile strength 

of concrete 𝑓𝑐𝑡 ≅ 0.5√𝑓𝑐   [MPa] or 𝑓𝑐𝑡 ≅ 0.6√𝑓𝑐   [psi]; 𝑏𝑒𝑓 𝑎𝑛𝑑 ℓ𝑒𝑓 are respectively the effect 

width and the length of concrete where tensile strength develops for bar, and they are supposed 

to be as follows: 𝑏𝑒𝑓 = min (𝑠𝑏 − 𝑑𝑏; 6𝑑𝑏;  4𝑐𝑏) and  ℓ𝑒𝑓 = 2𝑑𝑏. 

Where 𝑠𝑏, 𝑑𝑏 𝑎𝑛𝑑 𝑐𝑏 are the bar spacing, bar diameter, and the concrete cover, respectively. 

The activated bars are assumed to be not only the top and bottom layer of the flexural 

reinforcement passing through the punching cone, but also the bars of the top layer which are 

supported by the revealed bottom layer within the space between the punching cone and the rest 

of the slab. Thus, the number of the activated flexural bars is given by: 

𝑛𝑏,𝑏𝑒𝑛𝑑 = 4 ∗ 𝑛𝑎 = 4 ∗
𝑐+2𝑑 𝑐𝑜𝑡𝜃

𝑠𝑏
    ……………………………………………………… (2.19) 

where 𝑛𝑎 is the average number of the activated flexural bars; 𝑐, 𝑑, 𝑠𝑏 are respectively the 

column size, the effective depth of the slab, and the bar spacing; and 𝜃 is the average angle of 

both inclination angles with respect to the activated top flexural bars (𝜃𝑡𝑜𝑝) and with respect to 

the activated bottom flexural bars (𝜃𝑏𝑜𝑡𝑡𝑜𝑚), [𝑐𝑜𝑡𝜃 = (𝑐𝑜𝑡𝜃𝑡𝑜𝑝 + 𝑐𝑜𝑡𝜃𝑏𝑜𝑡𝑡𝑜𝑚)/2, see Figure(2-5) 

 

Based on their experimental test results, Ruiz et. al. 2013 concluded that for constant effective 

depth  𝑑 and column size, increasing the reinforcement ratios do not significantly influence the 

angle 𝜃. However; the angle 𝜃 mainly depends on the presence of integrity reinforcement, 

whether it is straight or bent-up, and the anchorage of the flexural reinforcement. The value of 

𝑐𝑜𝑡𝜃 is taken as 2.8 in case of anchored flexural bars and without integrity bars, 0.8 in case of 
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straight integrity bars (to account for concrete inside and outside the punching cone is more 

exposed for breaking which in turn reduces the effective flexural bars)  while the value of 𝑐𝑜𝑡𝜃 is 

taken as 2.2 in case of bent-up integrity bars to account for the concrete between the bent-up 

integrity bars and the flexural bars is more exposed for pulling out which in turn activate more 

flexural bars.  
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Ruiz et. al 2013 noticed through their experimental tests that the failure of the integrity bars is 

governed by fracture, therefore; the contribution of the integrity bars, by using equilibrium 

condition, can be expressed as follows: 

𝑉𝑅,𝑝𝑝,𝑖𝑛𝑡 =  𝑛𝑏,𝑖𝑛𝑡 ∗  𝐴𝑠 ∗ 𝑓𝑡 ∗ 𝑠𝑖𝑛ψ𝑡   ………………………………………………. (2.20) 

where 𝑛𝑏,𝑖𝑛𝑡 is the number of sections of integrity bars suitably developed and intersected by the 

failure surface, generally over the supported area; 𝐴𝑠 is the cross-sectional area of the integrity 

bars; 𝑓𝑡 is the tensile strength of the integrity reinforcement, the maximum steel strength after 

plastic hardening; ψ𝑡 is the average angle of the bars with respect to the plane of the slab and 

Figure 2-5  Contribution of flexural reinforcement to post-punching strength: (a) activation of top and 

bottom layer of flexural reinforcement; (b) detail (section perpendicular to top layer); (c) detail (section 

perpendicular to bottom layer); (d) transfer of shear force by dowelling action to concrete, definition of 

effective length (ℓ𝑒𝑓); and (e) cross section, actual profile of stresses and definition of effective width 

(𝑏𝑒𝑓), Ruiz et. al. 2013 
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selected depending on the steel ductility, steel strain at tensile rupture, ψ𝑡 = 20 degree for cold-

worked steel or ψ𝑡 = 25 degree for hot-rolled bars. In case of low strength concrete, the 

dowelling strength provided by integrity bars would be limited by the concrete pullout strength 

as follows: 

𝑉𝑅,𝑝𝑝,𝑖𝑛𝑡 ≤  𝑓𝑐𝑡 ∗  𝐴𝑐,𝑒𝑓   ……………………………………………………………… (2.21) 

Where  𝑓𝑐𝑡  is the tensile strength of concrete, 𝑓𝑐𝑡 ≅ 0.5√𝑓𝑐  [MPa] or 𝑓𝑐𝑡 ≅ 0.6√𝑓𝑐  [psi]; 𝐴𝑐,𝑒𝑓 

is the effective area of concrete defined by the residual effective depth of the slab (𝑑𝑟𝑒𝑠 )  the 

distance between centroids of flexural and integrity reinforcement layers, and by the control 

perimeter activated by the integrity reinforcement (𝑏𝑖𝑛𝑡), 𝑏𝑖𝑛𝑡 = ∑ (𝑠𝑏,𝑖𝑛𝑡 +
𝜋

2
 𝑑𝑟𝑒𝑠 ) where the 

sum refers to the groups of bars activated at the edge of the supported area (four groups in 

general for inner columns, accounting for the two sides of the two reinforcement directions) and 

𝑠𝑏,𝑖𝑛𝑡 is equal to the width of the group of bars in one direction; see Figure(2-6). 

 

2.2.2.2 Mirzaei and Sasani 2013 
Figure 2-6 Contribution of integrity reinforcement: (a) initially horizontal bars; (b) bent-up bars; (c) 

failure of concrete bars and control perimeter, Ruiz et. al. 2013 outside punching cone; and (d) width 

of group of integrity. 
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2.2.2.2 Mirzaei and Sasani 2013 

Mirzaei and Sasani (2013) evaluted post-punching capacity through a finite element anlaysis 

using Abaqus.  From the Abaqus element library (Abaqus INC 2010), a four-node first-order 

quadrilateral shell element S4R was assigned to represent the slab element. The resisting 

mechanism is divided into to two stages, pre-punching and post-punching, and accordingly two 

types of connector elements are involved.  

For the pre-punching stage, Slab-Column Shear Connectors (SCSC) are the Cartesian+Cardan 

connector chosen from the availiable connector elements in Abaqus, having six degrees of 

freedom making it capable to connect two nodes together, and transfere shear load to the column. 

The strength of each connector of this type representing the contribution of the concrete to the 

punching strength divided by the number of these connecors which was (Nc= 52) around the 

column full section. the contribution of the flexural reinforcement to the punching strength 

according to previous researchers are as follows, 10% for Fib 2001 Kinnunen and Nylander 

1960, 20% for Hewitt and Batchelor 1975, 30% for Long 1975, and Mirzaei and Sasani held an 

explicit assumption that 15% of the punching strength is the contribution of the tensile 

reinforcement. Consequently, 85% of the punching strength is considered as the contribution of 

the concrete. Depending on previous research (Theodorakopoulosa and Swamy 2002, and 

Guandanlini 2005), it is assumed the upper limit for shear crack to develop is when the shear 

load becomes 70% of the punching strength. Therefore, the connectors is assumed to be rigid up 

to this limit when only 82% of the connecor vertical shear strength  is used, (0.82 * 0.85 Vp=0.7 

Vp). As shear force increses beyond this point, the connectors become flexible and the slab 

moves downword causing the oppening of the shear crack allowing tensile bars, which are two –

node first-order Bernoulli beam elements B31(Abaqus INC 2010), to contribute in transfereing 
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shear forces. The punching failure occurs when the force in the connector reaches its capacity 

Fc,max and the punching failure is represented by setting a 1 mm vertical displacement to the 

connectors.  

To simplify the model, a square punching cone is simulated instead of a circular cone, and the 

thickness of the punching cone is represented by sets of shell elements having varying thickness 

thinner at the tension surface and thicker near the column. 

For the post punching phase, three specified zones, namely zone (1), zone (2), and zone (3) as  

shown in figure (2-7) are involved in determining the post punching strength.  

 

 

 

 

 

 

 

 

 

 

 

failure of zone (1) is controlled by spalling concrete cover while concrete breaking out is the 

failure criterion of    zone (2) and zone (3). These failure criteria are simulated by using 

Reinforcement-Concrete Connectors (RCC), including both  the Integrity Reinforcement-

Concrete Connectors (IRCC) and the Tensile Reinforcement-Concrete Connectors (TRCC), 

Fig. 2-7 failure zones after punching shear failure, Sasani et. al. 2013 
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whose strength equals to the spalling resistance or the breakout resistance which depends on the 

type of the bar, whether it is integrity bar or flexural bar, see Figure (2-8) 

 

 

 

 

 For zone (3), where integrity bars passing, the breakout strength of the Integrity Reinforcement-

Concrete Connector (IRCC) is assumed as follows: 

𝑉𝑏𝑟𝑒𝑎𝑘 (𝑥1) =  𝐴𝑐,𝑒𝑓𝑓(𝑥1)(𝜂1 𝑓𝑐𝑡)   ………………………………………………………. (2.22) 

𝐴𝑐,𝑒𝑓𝑓(𝑥1) = (𝑥1𝑡𝑎𝑛𝛼)2  [𝜃𝑥1
+

𝑛

2
(𝜋 − 2𝜃𝑥1

) +
𝑛−1

2
 𝑠𝑖𝑛2𝜃𝑥1

]  ……………………….… (2.23) 

where 𝑉𝑏𝑟𝑒𝑎𝑘  is the concrete breakout strength of all the IRCC on one side of the column and at 

distance  𝑥1 from the column face as shown in figure (2-9), 𝐴𝑐,𝑒𝑓𝑓 is the horizontal projection 

area of the conical failure surface activated by the integrity reinforcement, 𝑓𝑐𝑡 is the tensile 

strength of concrete, n is the number of integrity bars passing through the column in one 

direction, 𝑠 is the integrity bar spacing,  cos 𝜃𝑥1
= 𝑠/(2𝑥1 𝑡𝑎𝑛𝛼), and 𝛼 is the inclination of the 

Fig. 2-8 Modelling a slab on a single column: (a) FEM mesh; (b) tensile reinforcement and its 

connectors (TRCC); and (c) integrity reinforcement and its connectors (IRCC), Sasani et. al. 

2013 
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shear crack with respect to the slab and set equal to 𝜋/6 with the horizontal plane. The reduction 

factor 𝜂1 is assumed to account for the variation of the tensile stress from amaximum at the edge 

of integrity bars to aminimum at the crack surface (𝜂1 = 0.6 ) (Mirzaei 2010). The degrees of 

freedom are constrained except the vertical one which is set rigid until failure. For zone (1) and 

(2), the total spalling strength of each set of  TRCC having the same radial distance from the 

punching cone within zone (1) and the total breakout strength of each set of  TRCC having the 

same radial distance from the punching cone within zone (2) are given by the following 

equation: 

𝑉𝑠𝑝𝑎𝑙𝑙(𝑥𝑇) = 𝜋𝑐 (𝐷 + 2𝑥𝑇)(𝜂𝑇 𝑓𝑐𝑡)  …………………………………………………… (2.24) 

𝑉𝑏𝑟𝑒𝑎𝑘(𝑥𝑇) =  𝜋 𝑥𝑇 tan 𝛼  (𝐷 − 2𝑥𝑇)(𝜂𝑇𝑓𝑐𝑡)   ………………………………………… (2.25) 

where 𝑥𝑇 is the radial distance from the punching crack. 𝐷 = 𝑎 + 2𝑑 𝑐𝑜𝑡𝛼 is the diameter of the 

original punching cone where 𝑎 is the column width,  𝑑 is the effective depth, 𝑐 is the concrete 

cover.  

Comparison between the results of FEA and the experimental is illustarated in Figure (2-9) 

which is related to specimen PM-11. 

 

 

 

 

 

 

 

 

Fig. 2-9 column axial force versus column top vertical displacement, Sasani et. al. 2013 
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Three features can be recognized in the post punching phase. First, the model right after 

punching seems to be a little weaker than the real specimen. Second, there are many sharp drops 

represented by the FEA because of the discretized points (IRCCs) of the connection between the 

integrity bars and the concrete, in other words, the connection was not simulated to be 

continuous along the reinforcement bars. However, many connectors were used to reach the 

convergence shown in figure (2.9) 

 

2.2.2.3 Habibi, Cook and Mitchel 2014 

These researchers presented an analytical method to estimate the post punching response of slab-

column connections by assuming two parameters called 𝑥 and �́� which are respectively the 

distance from punching shear crack to location where structural integrity bars enter slab and the 

distance from punching shear crack to location where effective top bars enter slab. Then, the 

corresponding slab displacement and the strength is estimated by using equilibrium and 

compatibility relations. These two parameters are increased until reaching the failure point which 

is captured by checking both the embedded development length referring to the pullout of 

reinforcement and the steel strain referring whether rupture occurs or not. In this analytical 

approach, the response of top reinforcement and the response of the integrity bars are analyzed 

separately, then; these responses are added to find the complete response. 
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The equation is summarized as follows: 

by equilibrium condition, the shear resistance provided by top and integrity bars are the vertical 

components of the tensile force developed through the bars and given by: 

𝑉 = 𝐴𝑠 𝑓𝑠 𝑠𝑖𝑛𝜃  …………………………………………………………………… (2.26) 

where 𝐴𝑠 is the cross-sectional area of the bar, 𝑓𝑠 is the tensile stress developed in the bar, 𝜃 is 

the bar inclination which is known for assumed distances 𝑥 and 𝑥′. The bar strain is found by  

휀𝑠 =
1

𝑐𝑜𝑠𝜃
− 1  ………………………………………………………………….......... (2.27) 

Then, the corresponding the slab displacement 𝛿 and tensile stress 𝑓𝑠 can be computed as 

follows: 𝛿 = ℓ 𝑡𝑎𝑛 [𝑐𝑜𝑠−1 (
1

1+𝜀𝑠
)]  ………………………………………………… (2.28) 

where ℓ is the horizontal length of the exposed bar, ℓ𝑖 = 𝑑3 + 𝑥 + 2𝑑𝑏 for integrity bar,  

Fig. 2-10 Concrete breakout failure surface for three reinforcing bars: (a) isometric view; (b) plan 

view; and (c) elevation view, Habibi et. al. 2014 
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ℓ𝑡 = 2𝑥′ + 2𝑑𝑏 for top bar. 

The tensile stress is computed by assuming an idealized stress-strain curve of reinforcing which 

has an elastic region, a yield plateau, and a strain hardening region proposed by  

Kunnath et al 2009 as follows: 

𝑓𝑠= {

𝐸𝑠 휀𝑠                                                                                𝑖𝑓   휀𝑠 ≤ 휀𝑦  

𝑓𝑦                                                                          𝑖𝑓   휀𝑦 < 휀𝑠 ≤ 휀𝑠ℎ

𝑓𝑢 + (𝑓𝑦 − 𝑓𝑢) (
𝜀𝑢−𝜀𝑠

𝜀𝑢−𝜀𝑠ℎ
)

𝑝

                                 𝑖𝑓  휀𝑠ℎ < 휀𝑠 ≤ 휀𝑢

  ………………. (2.29) 

where the initial slope of the strain hardening region is Esh and P is given by: 

𝑃 = 𝐸𝑠ℎ −
𝜀𝑢−𝜀𝑠ℎ

𝑓𝑢−𝑓𝑦
 …………………………………………………………………… (2.30) 

Concrete breakout strength is estimated according to the ACI for Nuclear Safety Related 

Concrete Structures (ACI 349-76) in which the breakout strength is defined as “ the vertical 

component of the tensile strength of the concrete acting on the surface of the concrete breakout 

cone”, as follows: 

𝑉𝑛 = 𝐴𝑐ℎ 𝑓𝑐𝑡,𝑒𝑓𝑓 ……………………………………………………………………. (2.31) 

where 𝑓𝑐𝑡,𝑒𝑓𝑓 is the effective tensile strength of the concrete above the reinforcing bar; 

𝐴𝑐ℎ  is the horizontal projection of the conical failure surface estimated as follows: 

if the spacing between bars is greater than twice the effective depth of slab (𝑠 ≥ 2𝑑 ), only one 

bar is considered 𝐴𝑐ℎ =
𝜋

2
𝑑2. While for spacing less than twice the effective depth 𝑠 < 2𝑑, 

𝐴𝑐ℎ = 𝑛 
𝜋

2
𝑑2 − 2(𝑛 − 1) (

𝛾

2
 𝑑2 −

𝑠

4
𝑑 sin 𝛾) …………………………………… (2.32) 

where 𝛾 = cos−1(𝑠/2𝑑) in radians. see figure (2-10). 

However; in case of progressive destruction of concrete, see Figure (2-11), the depth of concrete 

over the bar is changing, thus; the breakout resistance is a function of the variable depth of 
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concrete over the bar which equals to the distance 𝑥 with respect to integrity bars or 𝑥′with 

respect to top bars because of assuming a 45-degree breakout failure cone.  

Hence; For integrity bars, the instantaneous breakout strength becomes:  

𝑉𝑖(𝑥) = 𝐴𝑐ℎ (𝑥) 𝑓𝑐𝑡,𝑒𝑓𝑓 

 the horizontal projection of the conical failure surface, 𝐴𝑐ℎ (𝑥), is computed as follows: 

 

…………………............  (2.33) 

 

where 𝛼1 = 45 degrees; 𝛼2 = arctan(0.25)= 14 degrees; 𝑥1 = 𝑥; 𝑥2 = (𝑥 −
2𝑑

3
) tan 𝛼2 +

2𝑑

3
  and 

𝐴1 (𝑥) is a correction factor for the overlapping failure cones if the spacing of the bars is less 

than  2𝑥 given by: 

𝐴1 (𝑥) = 2(𝑛 − 1) (
𝛾(𝑥)

2
 𝑥2 −

𝑠

4
𝑥 sin 𝛾(𝑥))  ………………………………………….(2.34) 

              

where 

 

 

 

 

Regarding the effective tensile of the concrete 𝑓𝑐𝑡,𝑒𝑓𝑓, it is found that using 85% of the splitting 

tensile strength 𝑓𝑠𝑝 as the effective tensile strength, i.e. ( 𝑓𝑐𝑡,𝑒𝑓𝑓 = 0.85 𝑓𝑠𝑝) or using as what is 

provided by Ruiz et. al. 2013, 𝑓𝑐𝑡 ≅ 0.5√𝑓𝑐  [MPa] or 𝑓𝑐𝑡 ≅ 6√𝑓𝑐  [psi], in case the splitting 

tensile strength 𝑓𝑠𝑝 is not known gives good prediction to the breakout strength. 

 

For top bars, the instantaneous breakout strength becomes:  

𝑉𝑡(𝑥′) = 𝐴𝑐ℎ (𝑥′) 𝑓′
𝑐𝑡,𝑒𝑓𝑓

  …………………………………………………..……… (2.35) 
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Since the concrete cover is usually shallow, the horizontal projection of the conical failure 

surface, 𝐴𝑐ℎ(𝑥′)  is computed  with neglecting the overlapping between the breakout cones as 

follows: 

 

…………………………..(2.36) 

 

 

 

 

where 𝑑1is the depth of concrete over the top bar measured to the center of the bar. 

Regarding the effective tensile of the concrete𝑓′
𝑐𝑡,𝑒𝑓𝑓

, it is found that using 55% of the splitting 

tensile strength 𝑓𝑠𝑝 as the effective tensile strength, i.e. (𝑓′
𝑐𝑡,𝑒𝑓𝑓

= 0.55 𝑓𝑠𝑝) or using as what is 

provided by the ACI Code for Nuclear Safety Related Concrete Structures (ACI 349-76), 

𝑓′
𝑐𝑡,𝑒𝑓𝑓

≅ 0.33√𝑓′
𝑐
  [MPa] or 𝑓′

𝑐𝑡,𝑒𝑓𝑓
≅ 4√𝑓′

𝑐
  [psi], in case the splitting tensile strength 𝑓𝑠𝑝 is 

not known gives good prediction to the breakout strength. 

 

 

 

 

 

  

 

 

 

 

 

 Fig. 2-11:  Model to estimate progressive destruction of concrete over structural integrity 

reinforcing bar, Habibi et. al. 2014 
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2.2.3 Experimental Works 

2.2.3.1 Ruiz, Mirzaei and Muttoni (2013) 

Experimental tests were carried out on twenty isolated specimens representing slab column 

connections with a 125-mm slab thickness and a consistent size 1500 x 1500 mm in order to 

investigate five parameters: tensile reinforcement ratio, integrity reinforcement, bent-up integrity 

bars and the development and anchorage of tensile bars. Specimens were simply supported on 

eight steel plates along the contra-flexural perimeter of the radial bending moments and loaded 

through a 130 x 130 mm steel plate at the column location. Figure 3.1 shows the results of each 

series of specimens. 

It can be seen from Figure (3.1a) the post punching response of specimens (PM3, 

PM24,PM23,PM4), having reinforcement ratios: 0.82,0.86,0.88,1.41 respectively without 

compressive reinforcement,varies within  a limited low rage about 0.36 of the punching strength 

but relatively higher than the response of  specimens PM1 and PM2, having much lower 

reinforcement ratio: 0.25 and 0.49 respectively, about 0.25 of punching strength. The post 

punching response of series 4, having varying development length 530 mm to 830 mm, shown in 

Figure 3.1d is low with respect to both the post punching strength and the ductility. On the 

contrary, specimens of series 2 and series 3 have significant post punching strength of an average 

while reduced ductility is recognized for specimens with bent up integrity bars. Regarding series 

2, Specimens PM11 and PM12 having hot-rolled integrity reinforcement and bar diameters 

12mm and 14mm respectively provided the highest post punching strength 0.98 of the punching 

strength while the failure of both was by crashing out of the punching cone. The other 

specimens, PM9,PM10,PM21 and PM22, having cold-worked and bar diameter (8mm,10mm,8m 
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and 10mm, respectively) for integrity reinforcement failed by rupture and provided an average 

post punching strength of o.68 of punching strength. 

Thus, it can be concluded that the using steel bars having high steel strain capacity leads to 

significant improvement in the post punching capacity. More explanations for the experimental 

results are found within section 3.2 factors influencing post punching capacity.   

 

 

 

 

 

 

Figure 2-12 Load-deflection (between applied loads and support plate) curves for all specimens: (a) Test Series 

1 (no integrity reinforcement); (b) Test Series 2 (straight integrity reinforcement); (c) Test Series 3 (bent-up 

bars); and (d) Test Series 4 (short-length flexural reinforcement). (Note: Dimensions in mm; 1 mm = 0.0394 

in.), tests done by Ruiz et. al. 2013  
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2.2.3.2 Habibi, Cook and Mitchel 2012 

Seven specimens representing slab column connection were tested experimentally to further 

investigate four parameters: slab thickness, development and distribution of integrity 

reinforcement, column rectangularity, and layout of integrity bars in specimens with drop panels. 

Specimens were loaded through eight points along the contra-flexural perimeter of the radial 

bending moments and supported on a built-in column stub at the center.  

 

 

Fig. (2-13): Load versus deflection responses: (a) influence of slab thickness; (b) effect of length 

of structural integrity reinforcement; (c) and (d) influence of column rectangularity and 

distribution of integrity reinforcement; (e) influence of arrangement and location of structural 

integrity reinforcement in slabs with drop panels, tests by Habibi et. al. 2012. 
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Specimens S1 and S2 were identical, including the same column square section, except that the  

development length was increased for specimen S2 by 2𝑑 beyond the length required by the 

Canadian code CSA A23.3-04 (2ℓ𝑑). This increament resulted in slight increase in post 

punching strength but the ductility increased by 28%. Specimen R2 is the same as S2, including 

the same development length (2ℓ𝑑 + 2𝑑), except the column which was square of (200 mm x 

200mm) for S2 but rectangular of (200*300 mm2) for R2. Thus, the distribution of the integrity 

bars were irregular for R2 but with the same total area of integrity bars of S2 . From Figure 3.2c, 

the response of both R2 and S2 are almost the same. 

 Specimen SS and RS are identical except for the rectangularity of the column cross 

section where the column of SS was square of (225 mm x 225mm)  but the column of RS was 

rectangle of (180 mm × 270 mm). Thus, the distribution of the integrity bars were irregular for 

RS but with the same total area of integrity bars of SS. From Figure 3.2d, the peak post punching 

strength was almost the same, however; the strength drop of the specimen with irregular 

distribution of integrity bars, RS, was earlier than that of the other specimen, SS.  

Two specimens with drop panels D1, and D2 both had the same amount of the top and bottom 

reinforcement designed according to the Canadian code A23.3-04. In addition; Specimen D1 had 

integrity bars consisting of two15 M bars placed near the bottom of the drop panel and passing 

through the column, but the integrity bars of specimen D2 consisted of four 10M bars in each 

direction placed at the same level as bottom slab reinforcement, only two of these bars in each 

direction passed through the column cage, but the others were placed outside of the column 

within the region of the punching cone region. The post punching capacity of the specimen D1 

was 77% higher than that of D2.  The first reason for this difference in the post-punching 

capacity was the concrete depth above the integrity bas of D1 was higher (larger breakout 
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resistance). The second reason was that resistance of the bars outside the column was governed 

by the breakout failure at the inclined bottom surface of the punching cone that means half the 

integrity reinforcement of D2 was not effective as the integrity reinforcement of D1. More 

explanations about the experimental results of Habibi et. al. 2012 are well explained within 

Section 3.2 factors influencing post punching capacity. 

 

2.2.3.3 Peng et. al. 2016  

Experimental studies were held on ten isolated slab column specimens to investigate three 

parameters which are tensile reinforcement ratio, anchorage of tensile reinforcement, and static 

or dynamic loading. All specimens have reinforcement ratio either 1.0% or 0.64% with a 140 

mm slab thickness.The specimens were loaded through the column while supported at eight 

locations at the contraflexural perimeter with edge of the specimens. The series with RE refers to 

specimens with horizantal restraint in addition to the vertical restraint. Figure 3.2 shows the 

difference between the suppoting condition of RE series and that of the other specimens.  

Nine of the specimens were designed according to ACI 318-71(1971) without integrity bars 

while (1.0RE-CONT) is the only specimen having continuous integrity bars.  The designation D 

refers to the dynamically tested specimens. The details of only the specimens investigated 

through this research are shown in Table 1. 
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Specimen 
Size h d c  ƒʹc ρ  Asb ƒy 

(mm2) (mm) (mm) (mm2) (MPa) (%) (mm) (MPa) 

1.0RE 1770 x 1770 140 114 280 x 280 36.4 1.0 2018 427 

1.0UN 1770 x 1770 140 114 280 x 280 33.4 1.0 2018 427 

0.64RE 1770 x 1770 140 114 280 x 280 44.3 0.64 1291 427 

0.64UN 1770 x 1770 140 114 280 x 280 32.4 0.64 1291 427 

0.64RE-NH 2 1770 x 1770 140 114 280 x 280 37 0.64 1291 427 

(a) (b) 

Fig. (2-14): Test setup: (a) test setup of restrained specimens, (b) support for specimens without lateral 

restraint, tests by Peng et. al. 2016 

 

Table (1): Details of The Specimens of Peng et al. 2016 that is investgated and analyzed through this 

study 
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It is very obvious that post punching strength of all anchored specimens, all specimens except 

0.64RE-NH and 0.64RE-NH2, is going up representing tensile membrane action. However; 

Fig (2-15): Load- Deflection response of tests by Peng et. al. 2015 (a) Effects of reinforcement 

ratio on post-punching capacity, (b) Post punching of anchored and unanchored tensile 

reinforced slabs, (c) Comparisons of post-punching capacity between static and dynamic tests, (d) 

Effects of slab integrity reinforcement on post-punching capacity. 

 

      

(a) 

(c) 

(b) 

(d) 
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the specimens with not anchored bars had experienced tensile membrane for a very limited 

period as the post punching response started to change to the degradation mode at the early post 

punching stage. The experimental results of Peng et. al. 2016 are further explained within 

Section 2.2.4.2. 

 

2.2.4 Factors Influencing Post punching Capacity 

2.2.4.1 Integrity (Bottom) Reinforcement Factors 

Through punching mechanism, the negative moment radially distributing around the column 

changes to positive moment that can be transferred to the column by continuous bottom 

reinforcement also called integrity reinforcement. Thus, providing integrity bars can mitigate the 

radial tensile stresses developed by the gradually increasing radial positive moment. In addition, 

integrity bars are very good tendons to transfer shear forces after punching occurrence, 

especially, over the large displacement stages. That is because the thick concrete above these 

bars provides high supporting in the transverse direction that can equilibrate the shear forces 

developed through these bars and eventually transferred to the column. Despite the importance of 

the integrity reinforcement, ACI code 318-71 did not require providing integrity reinforcement. 

Many factors can influence the inclination of integrity reinforcement. Ruiz et. al. (2013) 

observed the effect of using different bar sizes. They found that larger slab penetration is 

required to activate larger-diameter bars. They used for their model inclination angles 200 for 

cold worked steel and 250 for hot rolled bars accounting for the fact that higher tensile strain at 

rupture provide higher ductility or rotation. Mitchell 1993, and Habibi et.al. 2012 observed the 

inclination of integrity bars at failure is constant 300
.   
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Mirzaei 2010 found that when the concrete depth above a rebar becomes eight times its diameter 

the bar cannot crush the concrete. Thus, as the slab moves down, the bar experience higher 

curvature and high stresses at the locations where the bar enter the concrete. Under such 

conditions, the ultimate strain of the reinforcement will be very effective to enable bars to 

develop high stresses into the hardening stage before rupture.         

Regarding the influence of column rectangularity and irregular distribution of the integrity 

reinforcement, a general statement can be made through comparing specimens of group (S2 

verses R2), and (SS verses RS), from tests done by Habibi et. al. (2012). Using rectangular 

column and irregular distribution of integrity bars leads to faster failure in post punching strength 

while the peak post punching strength may remain almost the same if the perimeter of the 

column and total area of the integrity reinforcement are kept constant. 

 Another factor is using bent-up bars instead of straight bars. The bent-up bars can significantly 

increase both punching and post punching strength but lower ductility is obtained comparing 

with specimens with straight integrity bars.  The inclination of bent up bars helps in transferring 

shear loads and impeding the shear cracks before punching, and in developing high tensile forces 

at the early stages of the post punching mechanism. However; the deformation capacity of slabs 

with bent-up bars are less than the slabs with continuous integrity bars. Ruiz. et al. 2013 

investigated the role of the bent-up bars on the post punching capacity by testing four specimens 

with bent-up bars with one variable which was the steel strain at rupture. Only one specimen 

with lower rupture steel strain about (6.1%) failed by rupture, while the others which had higher 

rupture steel strain (ranging from 7.8%to12%) failed by crashing outside punching cone. This 

indicates the importance of increasing the concrete breakout strength as the steel strain at rupture 
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increases. Moreover; they found, by their model, the bent-up bars can activate higher number of 

top bars.     

2.2.4.2 Flexural (Top) Reinforcement Factors 

 Immediately after punching, the bars passing through the punching cone are activated. 

Criswel1 (1974) indicated that the top layer of the top reinforcement, including the bars not 

passing through the punching cone, helps in supporting the bottom layer of the top reinforcement 

from ripping out because they decrease the angle by which the bottom bars enter the concrete, 

and thus they act as extra cover. However; obviously at very large displacements the exterior 

layer of the flexural reinforcement imposes the interior layer of flexural reinforcement to local 

curvature when passing below it.   Ruiz et. al. 2013 illustrated that the top layer of the top 

reinforcement not passing through the punching cone can also considered activated because the 

bottom layer passing through the column supports this layer. However; they found that adapting 

constant number of the activated bars gives good estimation to the post punching strength. 

Habibi et. al. 2014 proposed a punching cone which is might be closer to the real punching cone 

and leads to a better estimation to the activated bars as shown in the following Figure 2-16: 

 

 

 

 

 
Fig. (2-16): The Proposed Punching Cone by Habibi et.al. 2014 
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 The ability of a rebar to develop tensile forces after punching can be enhanced by 

improving the supporting conditions at its ends. The horizontal component of the tensile force 

developed by a bar tends to pull the bar out of the concrete, however, the bar can withstand if the 

in-plane concrete friction reaction is sufficient.  Due to the thin cover over flexural bars, the 

friction is so limited unless the bars are anchored in the soffit of the slab.  

A summary made for the past studies on the effect of the anchored top bars with different 

reinforcement ratios as follows:   

Mirzaei 2010 carried out experiments on six specimens with anchored top reinforcement and 

without integrity reinforcement. The specimens are PM1, PM2, PM3, PM4, PM23, and PM24 

having the properties described in Table (2). 
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Item Description 

Slab geometry 1500mm*1500mm*125mm 

Column size 130mm*130mm steel plate 

Reinforcement details 

cover 15mm 

Top reinforcement 8mm diameter 

Reinforcement ratio 0.25%-1.41% 

Three hoops were used around the specimens 

Material properties 

fc (4500-6000psi) or (31-40.4) Map 

fy (625MPa) for specimens PM23 and PM24 

fy (601 MPa) for the other specimens 

Ultimate strain 7.39% 

Supporting Condition 

Simply supported at eight points along the 

contra-flexural perimeter  

 

 

Table (2): Details of Some Specimens of Mirzaei 2010 Designed Without Integrity Bars   
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    Peng et al. 2016 carried out experiments on four specimens with anchored top bars and one 

with not anchored bars and highly restrained at the edges. The specimens had the following 

properties: 

 

Item Description 

Slab geometry 1775mm*1775mm*140mm 

Column size 280mm*280mm 

Reinforcement details 

cover 20mm 

Top bars #4 bars (13mm) 

Bottom bars #3 bars (10 mm) 

Reinforcement ratio (1%, 0.64%) 

Material properties 

fc 4225-6418 psi (29.3-44.25 MPa) 

fy 427MPa 

Rupture strain (0.18%-0.24%) 

Supporting Condition 

Simply supported along the contra-flexural 

perimeter at eight points which are attached 

to stiff columns if the specimen is restrained 

 

Table (3): Specimens Details of Peng et al.2016 
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Mirzaei stated that the failure of the flexural bars was always not governed by rupture while they 

stated the tests were stopped when such a good post punching strength was reached or were 

stopped when the concrete at punching region was limited. The effect of increasing the 

reinforcement ratio was stable so that the post punching was 35% of the punching strength.    

Peng et al. 2016 illustrated that the top reinforcement could develop tensile membrane action and 

found that the anchored slabs could reach an average of 84% peak post punching strength while 

unanchored slabs had an average of 53% peak post punching strength. The stable effect of 

increasing the reinforcement was also confirmed.  

       By comparing the test results of the two researcher groups along with the properties shown 

in Table (2) and Table (3), one can conclude that even though Mirzaei’s specimen have many 

contributing properties for high punching strength than those of Peng’s specimens, Peng’s 

specimens had higher punching capacity, both higher strength and more ductility. With respect to 

the specimens of Mirzaei 2010 shown in Table (2), the behavior was so brittle with less punching 

strength raging from about 200 KN to 320 KN if it is compared with behavior of specimens of 

Peng et. al. 2016 which had punching strength of about 250 KN to 370 KN. Column size to the 

effective depth was significantly smaller for Mirzaei’s specimens (c/d=1.27) than that of Pengs’, 

(c/d=2.46), which indicates that the Mirzaei’s specimens should provide higher punching 

strength as the ductility is limited due to this factor, Otherwise some researchers like Habibi et. 

al. 2012 stated the effect of this parameter is still unclear. Moreover; the yield stress was 601 and 

625 MPa versus only 427MPa which is another indication to that the punching strength should 

be higher punching strength. Mirzaei and Sasani stated that the exact percentage that the flexural 

reinforcement contribute to the punching capacity is still unknown. The concrete strength is 

almost the same range and the proportion of the concrete cover to the bar diameter 15mm cover/ 
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6mm bar versus 20mm cover/ 13mm bar. Another observation is if the specimen PM2 (ρ=0.49%) 

compared with 0.64%UN and if specimen PM4 (ρ=1.41%) compared with 1%UN, the punching 

capacities are almost the same. This significant difference in the behavior can be accounted to 

the standing point that simulating the column by a steel plate is not as the same as simulating the 

column by a built-in column stub. The reason is that the rotation restraint or rigidity provided at 

the slab column interface is much higher than that provided around the steel plate simulating the 

column region. Therefore, considering slabs with steel plate instead of built column may 

underestimate the capacity.     
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CHAPTER THREE: POST PUNCHING ANALYSIS 

3.1 Post Punching Load Transfer Mechanism 

Based on the work of previous researchers, a revised analytical method for determining the post-

punching capacity of slab column connections was developed.   

After punching failure, the concrete connection between the slab and the column is lost, and thus, 

no moment or shear can be transferred to the column via the concrete. The reinforcement bars 

that pass through the punched region, however, are still effective or activated because of their 

inclination. In this way loads can be transferred to the column as shear and tensile loads through 

the bars.   The slab essentially hangs from the column by means of the activated bars.   

Therefore, the post-punching resistance is determined by evaluating the forces in the activated 

reinforcing bars. 

The vertical force of a bar is expressed as follows: 

𝑉𝑠𝑡−𝑏𝑎𝑟 = 𝐴𝑠 𝑓𝑠 𝑠𝑖𝑛𝜃         …………………………………………...………… (3.1) 

where 𝐴𝑠 is the total cross sectional area of a reinforcing bar, 𝑓𝑠 is the tensile stress developed in 

the bar, 𝜃 is the bar inclination. 

The vertical force of each layer of reinforcement is expressed as follows: 

𝑉𝑠𝑡 = 𝑛𝑎 𝐴𝑠 𝑓𝑠 𝑠𝑖𝑛𝜃  …………………………………………...………… (3.2) 

Where 𝑛𝑎  is the sections of the interested activated bars. 

The number of activated flexural bars depends on the size of the punching cone. To estimate the 

size of the punched region, the punching cone shown in Figure 3.1 is proposed based on the 

experimental observations.   The punching cone has an inclination of 45 degree at the column 

face with a flat portion on the top face of the slab (above the top reinforcement) extending to 

1.5d.  
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Only compression (integrity) bars that are continuous through the column can be considered to 

be activated.  Compression bars that lie outside the column are not considered to be activated. 

For the flexural (top) bars the number of activated bars depends on the punching cone size and 

the position of the bar.  The bars on the top layer (exterior layer) are activated by the bars passing 

perpendicularly immediately below the top layer, i.e. the bottom or interior layer of the flexural 

reinforcement.    Through the experimental tests, it is found that concrete at punching cone is 

distressed to support the flexural bars that are outside the column but only passing through the 

punching cone, thus, the activated second layer of the flexural bars are only that passes through 

the column (Figure 3.2 a). Therefore, the interior flexural bars passing through the column core 

can effectively activate and lift the first layer of flexural bars located outside the column and 

within the punched region. Thus, even the top layer flexural bars not passing through the 

punching cone but at the edge of the punching cone are considered activated. For the interior 

layer of the flexural reinforcement only the bars passing through the column are considered to be 

Fig. (3-1): The Proposed Punching Cone 
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activated, (Figure 3.2 b).  The total activated top layer of flexural bars is that distributed within 

the area of the punching cone, in addition to that passes through the column. 
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3.2 Calculation of Steel Strain and Steel Stress: 

In order to ultilize equation 4.2, stress and strain in the reinforcing bar needs to be defined. As 

deflection and inclined length of a bar are known, rotation 𝜃 is known and axial tensile strain of 

Fig. (3-2): Number of The Activated Tensile Reinforcement Bars, (a) Activated Top Bars of Flexural 

reinforcement; (b) Activated Bottom Bars of Flexural reinforcement 

Idealized Activation 

Region 
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the bar can be calculated. For a tensioned steel bar till ultimate strain without a yield plateau and 

having one degree of freedom at each end by assuming plastic hinges at ends, a uniform 

elongation can occur and engineering strain is applicable to find total strain. 

 휀𝑠 =
𝑙𝑡−𝑙𝑡𝑜

𝑙𝑡𝑜
    …………………………………………...……………… (3.3) 

Where 𝑙𝑡 is elongated length of the bar, and 𝑙𝑡𝑜 is the original length. Form geometry of an 

inclined bar:  𝑐𝑜𝑠𝜃 =
𝑙𝑡𝑜

𝑙𝑡
 …………………………………………...………… (3.4) 

Thus, Strain in terms of rotation  𝜃 can be expressed as follows: 

휀𝑠 =
1

𝑐𝑜𝑠𝜃
− 1             …………………………………………...………… (3.5) 

Regarding stress-strain relationship, it has been found that using the idealized stress-strain curve 

of reinforced steel bar proposed by Kunnath et. al. (2009), adapted from Chang and Mander 

[1994], gives a very good agreament with the experimental strain-stress curve. 

𝑓𝑠= {

𝐸𝑠 휀𝑠                                                                                𝑖𝑓   휀𝑠 ≤ 휀𝑦  

𝑓𝑦                                                                           𝑖𝑓   휀𝑦 < 휀𝑠 ≤ 휀𝑠ℎ

𝑓𝑢 + (𝑓𝑦 − 𝑓𝑢) (
𝜀𝑢−𝜀𝑠

𝜀𝑢−𝜀𝑠ℎ
)

𝑝

                                 𝑖𝑓  휀𝑠ℎ < 휀𝑠 ≤ 휀𝑢

  ……..… (3.6) 

where the initial slope of the strain hardening region is Esh and P is given by: 

𝑃 = 𝐸𝑠ℎ −
𝜀𝑢−𝜀𝑠ℎ

𝑓𝑢−𝑓𝑦
 ……………………………………………………………………… (3.7) 

 

3.3 Concrete Breakout or Concrete Spalling  

There are two forms of the concrete strength can be considered to support a bar in the transverse 

direction, the concrete breakout strength or the concrete spalling strength.                                   
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The breakout strength is a stable strength provided along the reinforcement bar while the 

concrete spalling is an increasing strength supporting a group of bars working together and 

resembling the membrane action.   

ACI code for Nuclear Safety Related Concrete Structures is adapted to estimate the breakout 

resistance of concrete, see Figure (3-3). The angle of the breakout cone is an important variable. 

The ACI for Nuclear Safety Related Concrete Structures (ACI 349-76) uses a 45-degree 

inclination of the breakout cone. Some versions of this code, however; use a 35~32-degree 

inclination of the breakout cone instead of 45 degree, like Code Requirements for Nuclear Safety 

Related Concrete Structures (ACI 349-01). In the Canadian code, 35-degree inclination of the 

breakout cone is adopted. Using smaller inclination angle increases the breakout strength, thus, it 

can be conservative analysis to assume 45-degree inclination. In this study, it is found that 

assuming 45-degree inclination gives good agreement with the experimental response, except for 

the specimen with high reinforcement and laterally unrestrained.  
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d) 

 

 

 

 

 

 

 

 

Fig. (3-3): ACI model for concrete breakout strength: a) concrete breakout cone for a single 

reinforcing bar, b) concrete breakout cone for two reinforcing bars, Mirzaei 2010, c) horizontal 

projection of the conical failure surface, and d) isomeric and plan view of three bars with small 

spacing causing overlapping of breakout cones, Habibi 2012 
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The breakout strength of the activated bars Vbreak can be calculated as follows: 

 

Vbreak= Ach   fct, eff    …………………………………………………………. (3.8) 

where Vbreak is the concrete breakout strength, Ach   is the horizontal projection of the 

conical failure surface and fct, eff is the effective tensile strength of concrete, 

For integrity reinforcement    𝑓′
𝑐𝑡,𝑒𝑓𝑓

≅ 0.5√𝑓𝑐  [MPa] or 𝑓𝑐𝑡 ≅ 6√𝑓𝑐   [psi], 

For tensile reinforcement   𝑓′
𝑐𝑡,𝑒𝑓𝑓

≅ 0.33√𝑓′
𝑐
  [MPa] or 𝑓′

𝑐𝑡,𝑒𝑓𝑓
≅ 4√𝑓′

𝑐
  [psi] 

For one reinforcing bar: Ach   = 
𝜋

2
𝑑1

2
, where d1 is the depth of concrete over the reinforcing 

bar. While for multiple bars with spacing less than twice the effective depth 𝑠 < 2𝑑, which is the 

case of integrity bars, overlapping should be considered. 

The general equation of Ach can be expressed as follows: 

Ach (𝑑1) = (𝑑1)2 [𝜃𝑗 +
𝑛

2
(𝜋 − 2𝜃𝑗)] +  

𝑛−1

2
 𝑠 𝑑1  …………………………………… (3.9)          

n is the number of integrity bars passing through the column in one direction, 𝑠 is the integrity 

bar spacing,  𝜃𝑥1
= cos−1[𝑠/(2𝑑1 tan (𝛼))] in radians. 

Depending on the radial distance (x) of the destruction measured from the column and the 

inclination angle of the punching cone (α), as what will be illustrated later, concrete depth over 

the bars (𝑑1) can be calculated.  
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3.4 Mechanical Models 

3.4.1 Analysis of Anchored Specimens without integrity reinforcement 

For specimens with anchored flexural reinforcement, it is assumed the tensile bars work together 

as a net to spall the concrete cover in form of rings as the slab displaces under the column. While 

at the punching cone, the tensile bars break the concrete out to increase their inclination. From 

the basic structural mechanics, the transverse forces at the both ends of a bar need to be in 

equilibrium, in other words, the released energy of the broken concrete at the punching cone tend 

to be in equilibrium with the released energy of spalled concrete cover from the slab, see figure 

(3-4). 
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Through the analysis, it is found that the vertical force of an activated tensile bar is not in 

equilibrium with the spalling strength until the crushing of whole the concrete at punching cone. 

Therefore, the procedure can be simplified by assuming the horizontal exposed length of the 

tensile bars equal the length of the punching cone (1.5 d ) at the beginning of the analysis. 

             Fig. (3-4): Idealized Concrete Crashing and Concrete Spalling over Anchored bars 
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However, only for the highly reinforced and laterally reinforced specimen, the breakout strength 

of the concrete at punching cone cannot be disregarded. The dense net of both tensile and 

compression anchored reinforcement confine and trap the concrete until it crushes. Thus, the 

equilibrium is detected starting from the very edge of punching cone. The spalling strength is 

determined as follows: 

𝑉𝑠𝑝𝑎𝑙𝑙 =  𝜋 𝑐 (𝐷 + 2𝑥) ∗ 𝑓𝑐𝑡,𝑒𝑓𝑓   ……………………………………………………  (3.10) 

where x  the radial distance or destruction length measured from the punching crack,               

𝐷 = 𝑐𝑜𝑙𝑢𝑚𝑛 𝑤𝑖𝑑𝑡ℎ + 3 𝑑  the diameter of the original punching cone,  

𝑑  the effective depth, 𝑐: the concrete cover, 𝑓𝑐𝑡,𝑒𝑓𝑓  as described in Section 3.3 

It is impossible to well anchored bars to be pulled out, and thus; larger post punching 

displacement or longer post punching response is expected for anchored specimens that may 

increase the complexity of the analysis. In fact, for specimen with higher reinforcement ratio and 

laterally restrained, two distinguished post-punching stages of the experimentally tested 

anchored specimens can be expexted because of the effect of the supporting steel plates around 

the specimen which provide extra support to the bars when reach these plates. A second stage is 

defined for specimens that have higher reinforcement ratios or additional bar confinement, 

laterally restrained, due to the test setup. In the second stage of the analysis, the tensile 

membrane action is no longer valid because the top bars of the flexural reinforcement which are 

affected by the test setup would significantly reduces thier inclination angle by which the interior 

bars of the tensile reinforcement pass under the closer bar outside the column by 70% which 

conform Criswell observation through his experimental tests that at very large displacement the 

top bars of the flexural reinforcement can  significantly reduce the angle by which the bottom 
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bars of flexural reinforcement enter the slab, see figure (3-5). The governing strength is the 

breakout stregth supporting the activated exterior flexural bars that are at the farest distance from 

the column. The goverening breakout strength is assumed in the second stage as follows: 

Vbreak= =  𝑛𝑎𝑜𝑢𝑡

𝜋

2
(𝑑1 ∗ cot (27))2 𝑓𝑐𝑡,𝑒𝑓𝑓 …………………………………… (3.11)          

where 𝑛𝑎𝑜𝑢𝑡  is the sections of the activated exterior flextural bars locating in outside the 

column, the other parameters are as described in Section 3.3. 
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(b) plan view 

Fig (3-5): second stage mechanism 

(a) elevation view 



60 
 

However, for specimens with lower reinforcement ratio even the one with high reinforcement 

ratio but unrestrained, the post punching response is may not be affected by the supporting steel 

plates. Thus, only the first stage of analysis can be held to get reasonable result for such 

specimens.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3-6): beginning of the second stage of specimen 1.0RE 

end of concrete 

circular spalling  

1.0RE 
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1.0UN 

1.0RE 

column 

rotation 

all bars 

reaching slab 

edge 

ineffective interior 

flexural bars 

sharp change 

in bars’ 

deflection 

smooth inclination 

of the effective 

interior flexural bars 

Fig. (3-7): specimens I.0UN and 1.0RE right before failure 
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3.4.2 Analysis of Un-Anchored Specimens without Integrity Reinforcement 

The not anchored specimens are not able to exhibit membrane action. Thus, analysis of the post 

punching response of each layer is done separately, and then, they are added to each other to get 

the total response. Each single bar of each layer of flexural reinforcement tends to break the 

concrete cover out. The inclination angle of the concrete breakout cone may vary from 45 degree 

as what Habibi proposed, or becomes flater by about 32 degree under the effect of the lateral 

restrain as what it is found through this study.  

Vbreak= =  𝑛𝑎
𝜋

2
(𝑑1 ∗ cot (32))2 𝑓𝑐𝑡,𝑒𝑓𝑓     …………………………………… (3.12)          

where 𝑛𝑎  , 𝑑1 are the sections of the activated bars, and the concrete depth of the interested 

layer of flexural reinforcement.; fct, eff   is as described in section 3.3. 

It is experimentally found that the failure of  not anchored specimens is always governed by 

pulling the bars of the top layer of flexural reinforcement out. Thus, the bar pulling out can be 

used as a failure criterion of the not anchored specimens. 

 

 

 

 

 

 

 
Fig. (3-8): Failure of Not Hooked Specimen by Bars Ripping 

0.64RE-NH2 
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3.5 Failure criterion  

The adopted failure criterion is based on the experimental evidence that anchored specimens and 

not anchored specimens were governed by spalling of concrete cover or pulling out of bars. 

Although some specimens experinced bar rupture which was the cause to terminate the test but 

such cases happened soon after the concrete spalling failure or bar pulling out failure. This 

observation was also confirmed through the analysis so that the steel strain along the bars was 

always less than the ultimate at the time of the proposed concrete failure or bar pulling out 

failure. The fact behind such observation can be addressed according to the fracture mechanics 

of materials that the loading response after punching is relatively faster so that the stresses does 

not entirely go in depth of the materials meaning that the structure failure of the specimens 

controls more than the material failure. In spite of the above statements and for more general 

Fig. (3-9): Crashing concrete by not anchored bars 
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analysis, checking for bar rupture is included and it is proposed to occur as soon as the strain 

along the bar reaches its ultimate capacity when the strain at points of bar local curvatures is 

supposed to be higher or reaching the rupture strain.   

For anchored specimens, the failure criterion is spalling of the concrete covering the top bars of 

flexural reinforcement that passing through the column, which are able to spall concrete cover 

faster than the other activated bars, if one stage of analysis is considered, or by spalling the 

concrete covering the top bars of flexural reinforcement outside the column if the second stage of 

analysis is considered.  

The failure criterion of specimens with not anchored flexural bars is bar pullout which is 

determined by checking the length of the embedded portion of the bar. The minimum 

development length described in the ACI code (ACI Committee 318 2014) is utilized  to set 

alimit after which bar is assumed to be ineffective or pulled out. According to ACI code, if the 

length of the embedded portion of bars become less than the minimum development length, the 

bars become ineffective as the horizontal friction force between concrete and the end of a bar 

becomes too small to support the horizontal component of the bar force. Since the provisions of 

the ACI code including many saftey factors, the minimum devlopment length computed based on 

ACI code (ACI Committee 318 2014) is reduced to consider as full response as possible. Thus, 

the failure criterion is described as follows: 

 (𝐿𝑡 − 𝑙𝑡) ≤ (𝑙𝑑 ∗ 0.6) ………………………………………………………….… (3.13) 

Where 𝐿𝑡 is the protruding length of the bar to the edge of the slab; 𝑙𝑡 is the horizontal exposed 

length of the bar; 𝑙𝑑 is the development length based on ACI code (ACI Committee 318 2014).  
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CHAPTER FOUR: ANALYSIS APPLICATION AND RESULTS  

4.1 Analysis Application  

4.1.1 The Explicit Analytical Approach 

Progressive collapse under steady loading rate can be analyzed by using the explicit analytical 

approach in which small increments are considered through number of iterations to capture the 

response of the structure. The solution is converged when the instantaneous equilibrium is 

satisfied. Then, new iterations are held to find the other equilibrium points until the failure 

criterion is met. Post punching strength provided by a bar at a specific vertical deflection is the 

vertical component of the bar tension force when it becomes in equilibrium with the strength of 

the concrete over the bar, supporting the bar in the transverse direction, see Section 3.2.2. The 

analysis started from the deflection at punching failure which was determined based on Muttoni 

failure criterion by Peng et. al. 2016.    

Figure (4-1) illustrates flow chart for the explicit analysis procedure of the first stage while 

Figure (4-2) illustrates flow chart for the explicit analysis procedure of the second stage. 

Figure(4-3) illustrates flow chart for the explicit analysis procedure for the not anchored 

specimens. 
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Fig. (4-1): Computational Flow Chart of The First Stage Response of Anchored Specimen 
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Fig. (4-2): Computational Flow Chart of The Second Stage Response of Anchored Specimen 
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Fig. (4.14): Flow Chart for analyzing Not Anchored Specimens 

Fig. (4-3): Flow Chart for analyzing Not Anchored Specimens 
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4.2. The Results 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4-4): Comparison of Experimental Post Punching Response and the Post 

Punching Analysis of Specimens O.64RE and 0.64UN 
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Fig. (4-5): Comparison of Experimental Post Punching Response and the Post 

Punching Analysis of Specimens 1.0UN and 1.0RE 
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Specimen 

Punching 

shear 
resistance 

Post-punching shear 

resistance  
 

Deflection at 

Peak Post 

Punching 

Strength 

 

 

Vp, test Vpp, test Vpp, pred (KN/KN) 
wpp, test wpp, pred (mm/mm) 

(KN) (KN) (KN) (mm) (mm) 

1.0RE 328 245 269 0.91 147 148 0.99 

1.0UN 307 256 228 1.12 195 148 1.31 

0.64RE 241 213 225 0.95 182 180 1.01 

0.64UN 231 184 196 0.94 196 161 1.22 

0.64RE-NH2 251 121 113 1.07 142 105 1.35 

average       0.998     1.176 

Fig. (4-6): Comparison of Experimental Post Punching Response and the Post 

Punching Analysis of Specimens O.64RE-NH2 

Table (4): Comparison of The Results 

𝑤𝑝𝑝,𝑡𝑒𝑠𝑡

𝑤𝑝𝑝,𝑝𝑟𝑒𝑑
 

𝑉𝑝𝑝,𝑡𝑒𝑠𝑡

𝑉𝑝𝑝,𝑝𝑟𝑒𝑑
 

end of the 
exterior flexural 
layer response 
 

end of the 
interior flexural 
layer response 
nd of the 
exterior flexural 
layer response 

end of the interior 
flexural layer response 

Improvement of the 
supporting steel plates 
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To compare response of anchored and un-anchored specimens presented in Figure (4-4) and 

Figure(4-6), different considerations should be taken into the account. When the top bars of 

flexural reinforcement becomes close to the steel plates, the membrane action ends because the 

stresses will be higher in one direction than the other. That could cause sharp increase in the load 

carrying capacity if the specimen is highly reinforced and laterally restrained like (1.0RE) while 

it could cause relative stop in the increase of the post punching strength for the less reinforced 

and unrestrained specimens like (0.64UN). In general, for the unrestrained specimens at large 

deflection, the column is valunrable to rotate and the slab can for a certain limit expand lateraly 

because of the relative lateral freedom resulting in dissipating the loads, preventing bars for a 

certain degree from developing extra inclination. In other words, the unrestrained specimens at 

very large displacements are subjected to some significant non potential loads, in which the 

displacement is not at the direction of loading, and such loads do not obey the explicit static 

analysis illustrated in Section 4.1.1. Therefore, unrestrained specimens have higher ductility with 

possibility to achieve the same peak post punching strength of the cmparable restrained 

specimens right before failure.  

The behavior of all anchored specimens until very large displacements namely when reaching 

the steel plates was not affected by the level of the lateral restrained. Up to that level of 

deflection, the response of theses specimens are well generally analyzed. However, some earlier 

post punching stages of specimens 1.0 RE and 1.0 UN, there is some gap between the analytical 

response and the experimental response and this gap is accounted to the effect of neglecting the 

friction forcces between the broken concrete parts at the punching cone such concrete having 

higher strength as the confinement improvement increases with increasing the reinforcement 
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ratio of the anchored bars, in addition to neglecting the temporary contribution of the 

compression bars until final pulling out of the column core.   

Regarding Figure (4-4), the behavior of the moderately reinforced and anchored specimens, 0.64 

RE and 0.64 UN, after reaching the steel plates can be addressed as follows. After bars reach the 

steel plates, The activated bars becomes locally distressed by higher local curvature or strains in 

some locations where the two layers of the flexural reinforcement passing over each other or  at 

the edge of the steel plates leading to yielding at these locations which in turn results in stable 

strength for a limited period, from 4.6 to 5.8 inches regarding specimen 0.64 UN or from 5.9 to 

6.6 inches with respect to 0.64 RE. During this period the slab falling becomes faster leading to 

further faster cocrete spalling and eventually new bars become revealed which start to hold the 

slab and achieve significant inceasing in the strength until the final failure of the specimens, bar 

rupture in the firstly activated bars, if the specimen is restrained or until ductility effect initiates, 

like the colum rotation, if the specimen is unrestrained.  

Regarding Figure (4-5), the behavior of the moderately reinforced and anchored specimens, 1.0 

RE and 1.0 UN, after reaching the steel plates can be addressed as follows. Response of highly 

reinforced specimens were greatly improved by the supporting steel plates because the loads 

distributed on larger number of activated bars that means the bars are not distressed like those of 

moderately reinforced specimens. For example, for specimen 1.0RE, as soon as activated bars 

reach the steel plates, at a displacement of at 3.4 inches, the bars were able to develop high post 

punching strength until the final failure. Through the experimental test, the slab of specimen 1.0 

RE was not rapidly falling down until the reaching the very end of the test, right before the final 

failure by bar rupture. The response of 1.0 UN at very large deflection stages was very affected 
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by the non potential loads as what is illustrated previously, thus; the response after 5.8 inches of 

displacement is not predictable by the proposed analysis.  

Regarding specimen 0.64RE-NH2, see Figure (4-6), the not anchored bars were able to develop 

tensile membrane for only a limited period, up to about 1.6 inches, when the concrete at 

punching cone became totally broken. Soon after the response became stable, gverned by 

concrete spalling strength. The response is well estimated only for some portions after the 

proposed failure of first layer of flexural activated bars because some bars of both the ffirst and 

second layer of flexural bars that pass through the supporting steel plates are not subjected to the 

proposed pullout failure which can continue resisting for longer period.   

  

 

  



75 
 

CHAPTER FIVE: SUMMARY AND CONCLUSIONS 

The explicit analysis approach is a good way to predict the post punching response of slab-

column connections subjected to steady loading. The analytical response of the restrained 

anchored specimens is in a good agreement with the experimental response. Similarly, behavior 

of the unrestrained anchored specimens is well estimated for most of the post punching stage. 

The mechanism of the un-anchored specimens is dowelling action rather than tensile membrane; 

thus, the local concrete breakout strength represents the stable post punching strength.   

Based on the results of the proposed analytical method the following conclusions are made: 

• Anchorage of reinforcement bars can greatly improve the post punching response through 

supporting the bars to develop tensile membrane until the final failure 

• The proposed analytical method is able to predict the post-punching response of slab 

column connections without continuous integrity reinforcement.  The response is 

predicted and compared to experimental tests for slabs with and without anchorage of the 

top reinforcement. The average rate of the experimental peak deflection to the estimated 

peak deflection is reasonably predicted to be about 1.176. The average rate of the 

experimental peak post punching strength to the estimated peak post punching strength is 

well estimated to be 0.998.  

• The proposed analytical method was able to capture failure mode of the specimens.  

Fracture of the anchored flexural reinforcement or pulling out of the unanchored flexural 

bars.  

• The proposed punching cone was able to accurately estimate the number of activated 

flexural bars. 
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