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EVALUATION OF TENSILE AND COMPRESSIVE MEMBRANE ACTION 
IN ISOLATED SLAB-COLUMN SPECIMEN 

 
John Marcanik 

Dr. Sarah Orton, Thesis Supervisor 

ABSTRACT 
 

Flat-plate buildings are susceptible to progressive collapse in which the failure of one 

slab-column connection propagates to the other connections and causes a full collapse of 

the building. The failure of the connection is commonly caused by the mechanism of 

punching shear. Alternative resistance mechanisms such as compressive and tensile 

membrane action may enhance the punching shear strength of a slab-column and arrest 

the progression of the collapse. This thesis seeks to determine the effect of in-plane 

lateral restraint on an isolated slab-column specimen with continuous reinforcement.  

 

A slab at 0.73 scale with continuous top and bottom reinforcement was cast and tested 

with lateral restraint to evaluate the potential beneficial effects of in-plane compressive 

forces. The isolated slab specimen had column studs on top and bottom to simulate a 

progressive collapse scenario in which a nearby supporting column was removed. 

 

The slab was able to achieve a centric load of 70 kips before the first punching failure 

then achieved nearly the same residual capacity following the initial failure. It was found 

that nearly all of the tension reinforcement had yielded before the punching failure 

occurred and the bars located closest to the column were experiencing the most stress. 

The compression reinforcement began fracturing around the column near the peak 
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residual capacity due to amplified stresses as the tension bars were no longer resisting as 

much of the load. In-plane compressive forces reached a maximum of 5 kips before the 

punching failure which corresponded to a horizontal stiffness of 570 kip/in. Using a static 

analysis on the compression arch action, it was found that the 5 kip lateral compressive 

load increased the capacity of the slab by 0.5 kips, or a 1% overall increase. 

 

In conclusion, the compressive membrane action only enhanced the punching shear 

strength of the slab by about 1%. However, the horizontal stiffness was only 36% of what 

was initially designed for, so changes in test setup design must be made to improve the 

in-plane lateral restraint for future tests. The slab showed tremendous post-punching 

capacity, as it reached a residual strength of 69 kips. The continuous tension and 

compression reinforcement was able to develop the full tensile membrane action in the 

slab and improve the ductility significantly. Future tests will be performed on 7 additional 

isolated slab-column specimens to further investigate the effects of different 

reinforcement ratios, in-plane lateral restraint, and dynamic loading on the punching 

strength of flat-plates to better resist progressive collapse.
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1. INTRODUCTION 
 

Extreme events such as earthquakes and blast can have catastrophic consequences on 

buildings, bridges, and other types of structures. One prevalent example is the potential 

for progressive (or disproportionate) collapse. Progressive collapse can be defined as the 

sequential collapse of a structural system following the failure of a primary member such 

as a column or girder. The loss of a primary structural member can lead to a "domino" 

effect that eventually results in complete failure of the entire system. Such catastrophic 

failures can result in large losses of life, as evidenced in the collapse of the World Trade 

Center in New York in 2001 and the Oklahoma City bombing in 1995. 

 

Collapses originating from punching shear failures are of particular concern in slab-

column connections of older flat-plate reinforced concrete buildings. Punching shear 

forces develop from high localized stresses at the slab-column connection and if the 

connection is not strong enough, the punching failure could result in a progressive 

collapse of the structure. The diagonal cracks that propagate through the slab resulting in 

a punching failure are illustrated in Figure 1.1.1. Continuous reinforcement through the 

column has been a common mitigation strategy to improve the overall ductility of a slab-

column connection when subject to punching shear forces. The continuous reinforcement 

provides the amount of ductility needed to develop tensile membrane action, or the ability 

for a slab to develop residual strength after first punching failure. In-plane lateral restraint 

is another alternative resistance mechanism to punching shear in that compressive 

membrane action can be developed to enhance the punching capacity.  
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                     Figure 1.1.1: Diagonal tension cracks from punching shear (Harris, 2004) 
 

Design codes such as American Concrete Institute (ACI) 318 and American Society of 

Civil Engineers (ASCE) 7 have developed procedures for designing slab-column 

connections, but there are few specific strategies to design against progressive collapse. 

There are also few standards in place that can predict the strength of a slab-column 

connection when considering the beneficial effects of tensile membrane action and 

compressive membrane action. Thus, this research studies the behavior of nearby slab-

column connections following the loss of a supporting column and seeks to determine if 

in-plane lateral restraints improve the overall load-carrying capacity. 

 

1.1. Problem 

There exists little knowledge of the behavior of a flat slab attempting to resist progressive 

collapse. The objective of this research is to obtain experimental data to better understand 

the behavior of flat-plate slab-column connection subjected to amplified punching shear 

stresses under progressive collapse. In particular, the effect of in-plane compressive 
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forces in the punching capacity of a slab-column connection and the residual strength that 

develops after the initial punching failure was studied. It is hoped that upon completing 

the research, specific mitigation strategies can be implemented in the design of safer 

reinforced concrete buildings. 

1.2. Objective and Research Plan 

The main goal of this research is to analyze the punching shear capacity of a typical slab 

that is subjected to the loss of a nearby supporting column. Evidence has shown that in-

plane lateral restraint can enhance the gravity load-carrying capacity of a slab-column 

connection and this research will further investigate its effectiveness in combination with 

continuous reinforcement through the column to resist progressive collapse. 

 

This phase of the research tested one reinforced concrete slab with a 1% reinforcement 

ratio to evaluate the effect of in-plane compressive forces on the punching shear capacity 

of the slab when subjected to the loss of a supporting column. The slab was constructed 

at a 0.73 scale to make it possible to test within the constraints of the lab. The slab had a 

column stud on both the top and bottom face to simulate a nearby connection following 

the loss of a supporting column in a progressive collapse scenario. The slab was 

supported on all four sides with a threaded stud-nut connection assembly simulating the 

in-plane lateral restraint. A hydraulic ram was used to statically load the specimen and 

analyze the punching failure around the slab-column connection. 

 

The test and results presented in this thesis are one part of a larger research goal to 

evaluate the progressive collapse potential of flat-plate buildings. Seven more slabs will 
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be tested in the future to study the effects of using a smaller reinforcement ratio, the 

exclusion of in-plane lateral restraint, and the effects of dynamic loading. The full test 

matrix can be seen in Table 1.2.1. The isolated slab that was tested and will be discussed 

in this thesis is Test 1 in the matrix. 

 

   Table 1.2.1: Test matrix for research plan 

            

 

1.3. Scope 

This research is organized into five chapters. Chapter 2 is the literature review detailing 

historical examples of progressive collapse of flat-plate slabs, punching shear failures, 

and past research performed on punching shear capacity and the effects of in-plane lateral 

compressive forces. Chapter 3 describes the test setup and construction as well as specific 

considerations for the design of the testing apparatus. Chapter 4 details the results from 

the tests performed and chapter 5 summarizes the results and discusses conclusions that 
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can be drawn from the results. Finally, an appendix section and list of references 

conclude this thesis. 
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2. LITERATURE REVIEW 
 

This chapter will discuss some past punching shear failures in detail, possible alternative 

resistance mechanisms to improve strength and previous research that has been 

conducted on punching shear capacity of flat-plate slabs.  

2.1. Introduction to Punching Shear 

Structural failures at a slab-column connection are most commonly referred to as a 

punching shear failure (or in some cases two-way shear failure). Stresses develop from 

gravity loading on the slab that transfers to the slab-column connection, where the failure 

mechanism is typically dominated by shear. 

 

In flat-plates, flexural cracks form in a circular shape around the column which in turn 

leads to inclined shear cracks to create a conical failure surface. Once these shear cracks 

form, the majority of the shear stresses are transferred by inclined struts extending from 

the bottom of the slab to the reinforcement at the top of the slab. The forces in the struts 

are diagonal and the vertical component of the force pushes up on the rebar causing 

stresses to form between the steel and the concrete. Eventually, these stresses cause the 

concrete to crack in the plane of the bars which leads to a punching failure. A punching 

failure is very brittle, so it occurs suddenly with little to no warning (Wight and 

MacGregor, 2005). 
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2.2. Past Punching Failures 

It is essential to examine past failures due to disproportionate collapse of flat-plate 

structures to fully understand the resulting consequences. There have been several 

incidents of progressive collapse due to punching failures in recent history. In 1956, an 

office building in Jackson, Michigan collapsed during construction from punching shear 

of the flat-plate slabs at the columns. It was speculated that the area provided for 

punching shear was significantly reduced from duct and pipe openings at some of the 

interior columns (Aberdeen Group, 1956). The punched slab through the column can be 

seen in Figure 2.2.1. 

 

          

         Figure 2.2.1: Damage from collapse in Jackson, MI (Aberdeen Group, 1956) 
 

Another instance of flat-plate progressive collapse during construction occurred in an 

apartment building in Boston, Massachusetts in 1971. Four men were killed when a 

failure on the roof caused a progressive collapse down to the basement, resulting in about 

two thirds of the entire building collapsing. Inadequate concrete strength caused by poor 

Location where column 
punched through slab 
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protection from cold weather ended up resulting in a punching shear failure of a flat-plate 

slab on the roof (King and Delatte, 2004). 

      

On March 2, 1973, the Skyline Plaza Tower collapsed during construction which lead to 

14 deaths and 48 total casualties. The tower was a flat-plate reinforced concrete structure 

that was scheduled to be opened in August of 1973. However, construction shoring was 

removed earlier than required resulting in a punching shear failure of the slab around 

multiple columns on the floor above (Crowder, 2005). The failure caused a progressive 

collapse of the lower floors all the way down to the ground as seen in Figure 2.2.2. 

 

                              

          Figure 2.2.2: Progressive collapse of Skyline Plaza Tower (Crowder, 2005)  
 

Perhaps the most tragic incident, however, occurred in 1995 in Seoul, South Korea. The 

5-story Sampoong Department Store collapsed as a result of a punching failure in service, 

killing 501 people. Upon being converted to a department store, columns were removed 
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to make room for escalators. To add to the issue, the fifth and top floor was changed to 

accommodate a restaurant which increased the dead load by 35% (Gardner et al, 2002). 

The slab-column connections were not adequate to resist the additional loading ultimately 

resulting in catastrophic failure of the building as seen in Figure 2.2.3. The Sampoong 

Department Store failure escalated the need to better understand the punching shear 

failure mechanisms of slab-column connections to prevent further significant tragedies. 

 

                         

                   Figure 2.2.3: Collapse of Sampoong Department store (Gardner et al, 2002) 
 

2.3. Alternative Resistance Mechanisms 

To resist progressive collapse, several measures can be taken to improve the strength and 

ductility of a flat-plate slab-column connection. Upon the loss of a supporting column, 

the column axial loads are increased by 23%. As seen in Figure 2.3.1, the stresses at a 

slab-column connection can be significantly increased as a result of the loss of a 

supporting column underneath. 
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            Typical Structure 

                             

              Structure with Missing Column 

  Figure 2.3.1: Change in slab stresses due to loss of supporting column 
 

Alternative resistance mechanisms such as compressive membrane action and tensile 

membrane action have been known to exist and can help improve the load-carrying 

capacity of reinforced concrete slabs (Guice and Rhomberg, 1988). Elevated stresses 

resulting from the loss of a supporting column can lead to very uneconomical designs so 
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the effects of the alternative resistance mechanisms must be thoroughly investigated. 

Compressive membrane action relates to the effects of in-plane lateral compressive forces 

to increase the punching shear capacity. Tensile membrane action is the capacity of a 

slab-column connection to develop residual strength after initial punching failure, 

typically done with the inclusion of continuous reinforcement. 

2.3.1. Compressive Membrane Action 

Compressive membrane action is a phenomenon that can result in increased flexural 

capacity of reinforced concrete slabs due to in-plane lateral forces. When a reinforced 

concrete slab is subjected to gravity loads the extreme fiber of the concrete cracks upon 

reaching its modulus of rupture. Afterwards, the bottom reinforcement goes into tension 

and begins to stretch. At increased loading, the overall tensile stress in the bottom face of 

the slab is much greater than the compressive stress in the top face, resulting in a net 

tensile stress at the centerline of the slab shown in Figure 2.3.1.1. 
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 Figure 2.3.1.1: Net tensile strain at centerline of slab (Vecchio and Tang, 1989) 

 
The outward expansion of the slab is restrained by the stiffness of the connection to the 

column at the end of span, which in turn induces lateral compressive forces in the slab. 

These in-plane compressive forces result in an increase of nominal flexural capacity of 

the slab, leading to a larger load-carrying capacity (Vecchio and Tang, 1989). The 

increased moment capacity of a slab from induced lateral compression forces is 

illustrated in Figure 2.3.1.2. 
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                     Figure 2.3.1.2: Compressive membrane action (Vecchio and Tang, 1989) 
 

2.3.2. Tensile Membrane Action 

After punching failure, a flat-plate reinforced concrete slab can develop enhanced 

capacity from a phenomenon known as tensile membrane action. Tensile membrane 

action occurs at very large displacements in concrete slabs and is generally a result of 

continuous reinforcement through the column. At large displacements, net tensile stresses 

occur at the center of a slab which leads to an increase in load carrying (Bailey, 2000). At 

large displacements, tensile membrane action can be very beneficial in improving the 

post-punching capacity of flat-plate slabs.  
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2.4. Previous Research 

The effects of punching shear in a disproportionate collapse situation has yet to be 

extensively examined, but the punching shear capacity of flat-plate slabs has been 

investigated increasingly since the 1950s. Specifically, studies have been done on 

isolated slab specimens to examine punching shear capacity of reinforced concrete slabs 

with varying flexural reinforcement ratios, the addition of transverse reinforcement, 

maximum aggregate size, and varying slab thicknesses. Some research has also been 

conducted on the effect of in-plane lateral compressive forces and the use of multi-panel 

slab systems to develop better punching shear strength relationships. Lastly, studies 

investigating the post-punching capacity after initial failure of reinforced concrete slabs 

have also been considered. 

2.4.1. Elstner and Hognestad 

Early research includes tests done by Elstner and Hognestad in 1956 to examine the shear 

strength of reinforced concrete slabs subjected to a centrally located concentrated load. 

The research consisted of testing 39 different 6 foot square, 6 inch thick concrete slabs to 

be loaded centrally through a top column stud as shown in Figure 2.4.1.1. 
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 Figure 2.4.1.1: Sketch of slab specimens to be tested (Elstner and Hognestad, 1956) 

 

Some of the variables included concrete strength (ranging from about 2000 psi to about 

6500 psi), percentage of tension reinforcement (also known as the reinforcement ratio), 

percentage of compression reinforcement, boundary supports, and inclusion of shear 

reinforcement. It was found that 34 out of the 39 slabs failed in shear, which was most 

likely due to punching shear phenomena. It was also observed that of 34 shear failures, 

the ultimate failure of the slab occurred after the first yielding of the steel reinforcement 

in the vicinity of the column (Elstner and Hognestad, 1956). This was an obvious alert to 

the existence of punching shear near the column and how it affects the failure 

mechanisms of the slab. However, one shortcoming of the tests was that the exclusion of 

a column stud beneath the slab prevented the researchers from obtaining accurate 

representations of the stress distributions. 

 

 



16 
 

2.4.2. Kinnunen and Nylander 

In the early 1960s Kinnunen and Nylander conducted research on the punching effects on 

several slabs to study how, amongst other parameters, the flexural reinforcement affected 

the punching shear strength. They came to several conclusions, but the most prevalent 

was the effect of the reinforcement ratio on the punching shear and overall capacity of the 

slab. The load-displacement plots from their findings can be seen in Figure 2.4.2.1. 

 

            

 Figure 2.4.2.1: Load-rotation plot of different slabs (Kinnunen and Nylander, 1960) 

 

It was found that for low reinforcement ratios (about 0.5%), the slabs failed in a very 

ductile manner but the strength of the slab was flexure-dependent. Thus, the punching 

failure only occurred after extreme plastic deformations. Conversely, they found that a 

higher reinforcement ratio (about 2.1%) results in a punching failure to occur before 

yielding of reinforcement causing the slab to fail in a very brittle manner (Kinnunen and 
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Nylander, 1960). From the results, Kinnunen and Nylander were able to postulate that the 

punching shear capacity is related to the critical rotation of the slab, Ψ, which is 

illustrated in Figure 2.4.2.1. It can be observed from the plot that slabs with lower 

reinforcement ratios exhibited lower punching shear capacity but a higher overall 

ductility whereas the slabs with high reinforcement ratio behaved in the opposite manner. 

While Kinnunen and Nylander's model provided a reasonable estimation of the punching 

strength of flat-plate reinforced concrete slabs, it was slightly too complex to be used in 

design codes at the time and did not take size effects into account. 

2.4.3. Muttoni 

Kinnunen and Nylander's research provided much insight of how slab-column 

connections in flat-plate buildings behave, but tests done on thicker slabs showed that 

there was a significant size effect to account for the punching shear capacity. Muttoni 

postulated that the punching shear strength is a function of the critical shear crack 

opening. He found that the shear transferred across is directly dependent of the roughness 

of the crack, or specifically the maximum aggregate size. Ultimately, he was able to 

conclude that the overall punching shear capacity of a flat-plate slab was related to the 

slab rotation from the loading, the thickness of the slab, and the maximum aggregate size 

(Muttoni, 2008). It was found in general that the slab exhibited lower punching capacity 

for thicker slabs with low reinforcement ratios, which can be seen in Figure 2.4.3.1. 
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 Figure 2.4.3.1: Relationship of slab thickness on strength and ductility (Muttoni, 2008) 

 

The results also show that thicker slabs (30 inches and greater) did not exhibit as much 

ductility as slabs that were thinner (10 inches and lower). Muttoni concluded that this low 

level of ductility for thicker slabs was undesirable, so the only reasonable solution was to 

include some level of shear reinforcement near the slab-column interface. This research 

hopes to utilize the benefits of in-plane lateral restraint to avoid having to include 

separate shear reinforcement in the slab. 

2.4.4. Guice and Rhomberg 

Investigation of the effects of in-plane compressive forces on the load-carrying capacity 

of flat-plate reinforced concrete slabs are few, but one such study was done by Guice and 

Rhomberg in 1988. Before this study, it was not well understood what kind of boundary 

conditions were necessary to develop the full benefits of compressive membrane forces. 

Guice and Rhomberg constructed a testing apparatus that allowed for the slab to be 
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partially restrained; that is, the slabs were restrained against rotation and translation. They 

tested 16 different slabs with varying thickness and reinforcement ratios to investigate the 

effects of compressive membrane action in several different situations. It was concluded 

that some rotational restraint is necessary to develop the full potential for compressive 

membrane action. Small rotational freedoms also enhanced the potential for tensile 

membrane action to develop. It can be seen from Figure 2.4.4.1 that initially, slabs with 

smaller freedoms for rotation developed increased load-carrying capacity from 

compressive membrane action. Then, when tensile membrane action began to take over, 

the slabs with greater freedom for rotation showed higher capacities. 

  

        

Figure 2.4.4.1: Load-deflection plots of slabs with restraints (Guice and Rhomberg, 1988) 
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Guice and Rhomberg suggested that a consistent freedom for rotation should be designed 

for slabs in service to develop the full benefits of both compressive membrane action and 

tensile membrane action simultaneously.  

 

In another study, Guice and Rhomberg investigated the effect of fully restrained slabs on 

the load-carrying capacity of flat plates. Another support structure was constructed to 

provide rigid supports for the slab and eliminate any lateral movement. 31 slab specimens 

were tested with rigid supports and it was found that the flexural capacity of the slab 

increased by about 80% over slabs with only partial restraint. It is also shown in Figures 

2.4.4.2 and 2.4.4.3 that the tensile membrane action benefit associated with full in-plane 

restraint is significantly increased. 

 

Figure 2.4.4.2: Load-deflection plot with partial restraint (Guice and Rhomberg, 1989) 
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         Figure 2.4.4.3: Load-deflection plot with full restraint (Guice and Rhomberg, 1989) 

2.4.5. Gardner and Shao 

Tests done on multi-panel slab systems are few, but a specific study was done in 1996 by 

Gardner and Shao. Gardner and Shao investigated the punching shear events in flat-plate 

multi-panel slab system for early stages in the life of the slab such as during construction. 

At times, construction loads can equal or even exceed loads that are seen by the slab in 

service. Thus, Gardner and Shao sought to examine the punching shear capacity of slab-

column connections when subjected to simulated construction loads. A two-bay-by-two-

bay slab was constructed and tested to failure to investigate the punching shear behavior 

of continuous slab-column connections and the differences in capacity of interior, edge, 

and corner slab-column connections. A schematic of the two-bay by two-bay slab with 

reinforcement layouts can be seen in Figure 2.4.5.1 (dimensions in millimeters). 
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 Figure 2.4.5.1: Reinforcement layout for multi-panel test (Gardner and Shao, 1996) 

 

Forty concentrated loads were applied throughout the slab to simulate a distributed 

construction loading over the entire slab system. They found that the interior slab-column 

connection is more critical than both the corner and edge connections. It was also 

observed that although the failures occurred in shear, the failures occurred at locations 

were flexure cracks were present. This indicates that punching shear failures occur at 

locations of high moment and can be considered a combined flexural-shear event 

(Gardner and Shao 1996). Future tests in this research study will test multi-panel 

specimens for punching strength and resistance mechanisms against progressive collapse. 
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2.4.6. Post-Punching Capacity 

Some research has also been done on the post-punching capacity of flat-plate slab-

column connections. Tests are few because the previous tests done stopped immediately 

following a punching failure. Tests done by Pan and Moehle in 1992 and more recently 

Tian in 2008 found residual capacity directly related to the slab bottom reinforcement. 

Pan and Moehle concluded that the doweling action of the slab bottom bars provides 

some tensile membrane action after punching failure. Tian found that specimens that did 

not contain continuous bottom reinforcement into the column still showed a residual 

capacity of more than 30% of its punching strength. This residual capacity for the 

isolated slab specimen in Tian's study is shown in Figure 2.4.6.1. However, the research 

is somewhat incomplete because it is not known whether the slabs would still perform 

under very large deformations without continuous reinforcement into the column. It is 

believed that bars extended into the column might allow the slab to fully develop 

maximum residual capacity. 
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   Figure 2.4.6.1: Response of isolated specimen showing residual capacity (Tian, 2008) 

2.5. Existing Standards 

There are existing criteria in use today to design against progressive collapse as well as 

shear in flat-plate reinforced concrete slabs. To resist progressive collapse, the current 

ACI Building Code (318-08) requires that the bottom reinforcement be continuous 

through the column and at least two bottom bars pass through the region in the column 

bounded by its longitudinal reinforcement. In general, disproportionate collapse criteria 

are developed by the Department of Defense (DoD) and are based on different two 

methods: Direct Design and Indirect Design (DoD, 2009). Indirect design is a simple 

approach that involves providing minimum amounts of reinforcement to provide tie 

forces that can achieve satisfactory levels of strength, continuity, and ductility. Indirect 

design is not an approach that considers specific threats, so it is assumed that a standard 

amount of reinforcing will decrease the risk of progressive collapse. Direct Design, 

however, is a more thorough analysis of a structure that is missing a primary load-bearing 
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member. An alternate load path is created to redistribute loads following the loss of a 

supporting column so that the remaining structure can bridge over the failed member. 

 

To determine the punching shear capacity of a slab-column connection, ACI defines the 

shear strength of a non-prestressed slab without shear reinforcement as the least of the 

following: 

  𝑉𝑐 = �2 + 4
𝛽
� 𝜆�𝑓′𝑐𝑏𝑜𝑑    Equation 1 

  𝑉𝑐 = (𝛼𝑠𝑑
𝑏𝑜

+ 2)𝜆�𝑓′𝑐𝑏𝑜𝑑    Equation 2 

  𝑉𝑐 = 4𝜆�𝑓′𝑐𝑏𝑜𝑑      Equation 3 
 
 
where 𝑉𝑐 is the slab shear strength, β is the ratio of the long side of the column to the 

short side, 𝛼𝑠 is 40 for interior columns, and 𝑏𝑜is the perimeter of the critical section of 

the slab. In the case of square or rectangular columns, the critical section can be assumed 

to be at a distance 𝑑 2�  from the face of the column on all sides (ACI 318, 2008). 

 

The ACI slab shear strength equations are empirically based on the work of Moe in 1961. 

Moe tested a series of slabs and found that the punching strength has a direct relationship 

to the compressive strength of the concrete, but did not factor in the amount of 

reinforcement or size effects. 
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The Eurocode EC-2 defines the shear strength of a flat-plate as the following: 

 

  𝑉𝑐𝑢 = [0.167(1.6 − 𝑑)𝑓′𝑐(1.2 + 40𝜌)]𝑏𝑤𝑑  Equation 4 

 

where 𝜌 is the reinforcement ratio and the depth to the steel 𝑑 is in millimeters. One 

important difference in the EC-2 code versus the ACI-318 is that the EC-2 considers the 

amount of steel in the slab when calculating the shear strength. 

 

The Model Code 90 considers various parameters such as concrete strength, rotation of 

the slab at failure, and yield strength of the flexural reinforcement to predict the shearing 

strength of flat-plate slabs. The equation formulated for use in the Model Code 90 to 

estimate the shear strength provided by the concrete is given as the following: 

 

  𝑉𝑐 =  𝑘𝛹
�𝑓′𝑐
𝛾𝑐

𝑏0𝑑     Equation 5 

 

where 𝑘𝛹 is a coefficient that considers the rotation of the slab at failure, 𝑏0 is the 

perimeter of the critical failure section, and γc is a partial safety factor for concrete taken 

as 0.67 (Gardner, 2011). 

2.6. Strength Predictions Developed from Research 

Expressions have also been developed by researchers to estimate the punching shear 

strength of flat-plates in recent years. Based on tests done on isolated slab-column 
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specimens by Tian in 2008, he derived the following expression for the shear strength of 

a slab-column connection: 

𝑉𝑛 = 2.3ξ𝐴𝑐�(𝜌𝑓𝑦�𝑓′𝑐)    Equation 6 

where ξ = �𝑑
𝑐
  and d is the depth to the reinforcing steel, c is the width of the column, 𝑓𝑦 

is the yield strength of the reinforcing steel, and 𝐴𝑐 is the area of the critical section as 

defined by ACI. Unlike the ACI, Eurocode, or Model Code standards, the equation 

developed by Tian considers both reinforcement ratio and the yield strength of the 

reinforcement. 

 

A more complex expression was developed by Gardner in 2011 based on a combination 

of previous tests done on isolated slab-column specimens and supplemental analysis. The 

equation he proposed for the shear strength is the following: 

𝑣𝑟 = 0.55λ �1 + �250
ℎ
�
1
2� � ℎ

4𝑐
�
1/2

�𝛷𝑠𝜌𝑓𝑦𝛷𝑐𝑓′𝑐�
1/3

  Equation 7 

 
where 𝑣𝑟 is the allowable shear stress, λ = 1.0 for normal weight concrete, 𝛷𝑠 is a partial 

safety factor for concrete equal to 0.87, and 𝛷𝑐 is another partial safety factor for concrete 

equal to 0.67. The equation is empirical and must be used with the International System 

of Units (SI).   
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3. EXPERIMENT SETUP 

 

One reinforced concrete slab was designed, constructed, and tested for this particular 

phase of the research. The tested slab was Test 1 from the test matrix shown previously in 

Table 1.2.1. 

 

This chapter will discuss the design of the prototype building, the design of the test 

specimen, and predictions on the punching shear capacity of the isolated test specimen 

based on equations derived from previous tests. Lastly, the design and construction of the 

test setup will be detailed. 

3.1. Design of Prototype Building 

The prototype building was designed to resemble an older flat-plate reinforced concrete 

building. It was designed per the 1971 version of the ACI concrete building code in order 

to closely simulate an older flat-plate structure. The prototype building is five stories tall 

with a 4-bay by 4-bay layout. The spans are all 20 feet in both directions and the assumed 

concrete cover for the reinforcing steel is 0.75 inches. The concrete is designed to have a 

unit weight of 150 lb/ft³ with a compressive strength of 4000 psi. The reinforcing steel is 

assumed to be Grade 60, with a design yield stress of 60 ksi. A minimum slab thickness 

was calculated per ACI 318-71 and a thickness of 7.5 inches was chosen to satisfy the 

minimum requirement of 6.875 inches. The minimum requirement of 6.875 inches was 

calculated as a function of the building geometry and the yield strength of the 

reinforcement. The column was chosen to be a square shape with sides of 15 inches long. 
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The prototype building was designed to resist superimposed dead loads, self-weight of 

the slab, and live loads. The design superimposed dead load was 20 psf while the design 

live load was 50 psf. A bending moment was calculated and used to design the tension 

and compression reinforcement in the slab using the direct design procedure. A plan view 

of the prototype building can be seen in Figure 3.1.1. 

 

          

            Figure 3.1.1: Plan view of prototype building 
 

It was determined from design that a reinforcement ratio of 0.57% was needed to resist 

the applied moment in the column strip in the negative direction and 0.24% in the 

positive direction. Therefore, for an interior span column strip, #4 bars spaced at 5 inches 

were chosen for the tension reinforcement and #4 bars spaced at 9 inches were chosen for 
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the compression reinforcement. A final layout of an interior span column strip with 

reinforcement details can be seen in Figures 3.1.2 and 3.1.3. However, the interest of this 

research lies in the punching strength and ductility of flat-plates which is highly 

dependent on the reinforcement ratio. Thus, reinforcement ratios were chosen for testing 

in the range of 0.5% and 1%. The specimen tested in this research is at the higher end 

with a reinforcement ratio of 1%. The 1% reinforcement ratio is associated with the 

percentage of steel in a given area of concrete.                          

 

 

 

     

             Figure 3.1.2: Tension reinforcement in prototype building 
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                            Figure 3.1.3: Compression reinforcement of prototype building 

3.2. Design of Test Specimen 

For this research, an isolated slab-column specimen was tested to replicate an older flat-

plate reinforced concrete structure. The test specimen was constructed at 0.73 scale in 

order to test the slab within the constraints of the testing facility. The prototype building 

slab is only 27% larger than the test specimen. Testing at near full scale decreases the 

issues that arise from size effects and allows for better understanding of the behavior of 

the real structure. With the 0.73 scale, the test slab was 5.5 inches thick with a square 

column that was 11 inches long in both directions. The slab itself was 70 inches square 

with a 9 inch long column stud on both the top and bottom faces. Including column studs 

on both faces allowed for accurate depictions of the stress distributions around the 

column. To match the prototype design reinforcement ratio and double it to 1%, #4 bars 

spaced at 4.5 inches were used for the tension reinforcement and #3 bars spaced at 4.5 

inches were used for the compression reinforcement. In addition, all the bars in the slab 

were made continuous to better develop the tensile membrane action following punching 
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failure. The two-way slab consisted of reinforcement in both directions for the top and 

bottom mats. A layout of the slab with reinforcement details can be seen in Figures 3.2.1 

and 3.2.2. The column was designed considering only gravity loads (no lateral loads) and 

a standard layout of 4 #6 longitudinal bars with #3 ties spaced at 3 inches was used. An 

elevation view of the slab showing the column reinforcement is shown in Figure 3.2.3. 

All bars were hooked at both ends with 180 degree bends and a 3.5 inch hook as shown 

in Figure 3.2.4. The concrete cover was 0.5 inches on all sides.  

 

                 

                   Figure 3.2.1: Layout of tension reinforcement showing anchors 
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                 Figure 3.2.2: Layout of compression reinforcement showing anchors 
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          Elevation of slab 

                       

           Section A-A through column 

             Figure 3.2.3: Elevation of slab showing section through column 
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Hooked Rebar Detail for #4 bars 

 

 
 

Hooked Rebar Detail for #3 bars 
 

     Figure 3.2.4: Hooked Reinforcement Detail for top and bottom bars 

3.3. Test Specimen Construction 

The construction of the test slab was broken down into a few phases. The first step was 

construction of the formwork for the slab. The slab was designed to have a 5.5 inch 

thickness so 2 by 6's (which actually have a 5.5 inch width) were used to create the side 

forms of the slab. The bottom was simply 3/4 inch plywood which was placed on a grid 

of 2 by 4's and 2 by 6's to accommodate the bottom column stud. The bottom column 

stud was also constructed using plywood and was able to sit on the floor with the rest of 

the slab raised off the ground using the grid as shown in Figure 3.3.1. Triangular braces 

were used around the sides of the form to stiffen the form against the weight of the wet 

concrete when it was time to pour. The top column stud was constructed out of plywood 

and was supported on 2 by 6's that sat on the sides of the form, illustrated in Figure 3.3.2. 
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     Figure 3.3.1: Formwork of slab 
 

 

 

          Figure 3.3.2: Formwork with top column stud and reinforcement 
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The tied reinforcement mats were placed in the form and positioned in such a way to 

allow for a half inch cover on all sides. To provide the half inch over on the bottom of the 

slab, several small pieces of #4 rebar (which has a nominal diameter of 0.5 inches) were 

tied to the bottom of the cage to act as chairs. The column reinforcement was not 

significantly important to the test, but was included to keep the concrete together in the 

column when the slab approached the punching failure load. The column reinforcement 

consisted of 4 #6 longitudinal bars at the corners with #3 ties spaced at 3 inches. A 

photograph of the finished column reinforcement with strain gage wires from the slab 

reinforcement out the top can be seen in Figure 3.3.3. The form with all reinforcement 

and anchorage assembly can be seen in Figure 3.3.4. 

 

             

          Figure 3.3.3: Column reinforcement as seen through the top column 
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             Figure 3.3.4: Finished form with reinforcement 
 

 

    Figure 3.3.5: Reinforcement showing scale 

 

After all of the reinforcement was placed in position inside the form, the slab could be 

poured. Wet concrete was poured into the form and a vibrating tool was used to 
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consolidate the concrete as shown in Figure 3.3.6. While the slab was being poured, 8 

cylinders were also filled with wet concrete and capped for determining exact 

compressive strength after the curing time. After pouring, the concrete was carefully 

finished on the top of the slab and the top of the column to create a smooth surface. The 

strain gage wires from all of the reinforcement were strung through the top of the slab 

and wrapped to prevent any potential damage from moisture. Finally, to avoid shrinkage 

issues, the slab was covered to keep the moisture inside. The slab was also hydrated for 

the next several days to maintain that level of moisture.  

 

  

                 Figure 3.3.6: Poured concrete being vibrated 
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        Figure 3.3.7: Finished concrete slab 

3.4. Test Setup Design 

The test setup needed to be designed to closely resemble that of the real structure. An 

analysis was performed at the University of Nevada-Las Vegas in order to estimate the 

needed value of in-plane lateral restraint. A schematic of the final test setup design with 

the slab attached is shown in Figure 3.4.1. A three dimensional view of the test setup 

design can be seen in Figure 3.4.2. 
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    Figure 3.4.1: 2D view of final test setup 
 

    

    Figure 3.4.2: 3D view of final test setup 
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The test setup was designed to provide a lateral stiffness of about 1600 k/in. Large 

W14x132 wide flange sections that were connected to the lab floor were connected to the 

slab on each side and were determined to provide sufficient horizontal stiffness. The 

connection of the slab to the steel columns needed careful consideration. The connection 

was designed considering the axial load that would be applied to the slab and the 

resulting induced lateral forces. An 8x8x1 angle section supporting the slab was bolted to 

a bracket-female clevis assembly with a threaded stud attached to the female clevis. The 

clevis was connected to the bracket with a pin to allow for rotational translation in the 

slab. The threaded stud was supported with a HSS 6x4x3/8 section with two 1/4 inch 

plates welded to each side to provide some extra stiffness. A nut on the outer edge was 

tightened to simulate the lateral restraint. However, the assembly was designed so that if 

the nut was omitted, the threaded stud would be free to move laterally to simulate an 

unrestrained condition. The connection design also allowed for load cells to measure the 

in-plane forces. A schematic and photograph of the finished assembly can be seen in 

Figures 3.4.3 and 3.4.4. 
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                Figure 3.4.3: Drawing of connection plan 
 

 

        

                  Figure 3.4.4: Finished assembly of connection to steel frames 
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In addition, a simulation of headed rebar was used as anchorage in the slab to provide the 

tensile in-plane lateral restraint. The headed rebar were simulated using 5/8 inch diameter 

threaded rods with 2.5 inch by 2.5 inch, 0.75 inch thick steel plates attached to one end. 

The bars were cast into the concrete with an embedment length of 9 inches. One half inch 

plates were attached to the top of the concrete with 5/8 inch diameter threaded rods to 

provide additional friction resistance and confine the concrete in the region of the anchor. 

To accommodate the threaded rods through the slab, polyvinyl chloride (PVC) pipes 

were cast in with the concrete. A schematic of the anchorage and connections can be seen 

in Figure 3.4.5 and a photo of the final assembly in shown in Figure 3.4.6. 

 

 

       

                 Figure 3.4.5: Details of anchorage design 
 

5/8” threaded 

rod 
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       Figure 3.4.6: Anchorage assembly with PVC pipes 
 

A hydraulic actuator was then attached above the slab to the cross beams to be used to 

load the specimen. The hydraulic ram was attached to an extension so that it could reach 

the top of the column stud. A 1 inch steel plate was placed on top of the column stud to 

more evenly distribute the load over the entire area of the column. The attached ram and 

extension can be seen in Figure 3.4.7. The completed setup of the testing apparatus with 

the specimen is shown in Figure 3.4.8. 
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                   Figure 3.4.7: Hydraulic actuator with extension above slab 
 

                   

      Figure 3.4.8: Complete construction of test setup 
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3.5. Instrumentation 

In order to collect data from the test, several forms of instrumentation were attached to 

the specimen and were connected to a data acquisition system. Load cells, reinforcement 

strain gages, concrete strain gages, linear variable differential transducers (LVDT), and 

string pots were among the forms of instrumentation used in the testing. The data 

acquisition system with all of the instrumentation connected is shown in Figure 3.5.1. 

 

           

  Figure 3.5.1: Data acquisition system with connected instrumentation 
 

Five load cells were used in the testing of the specimen: one on the center column stud, 

two tension load cells (one in each direction) and two compression load cells (one in each 

direction) on the sides of the slab. The center load cell measured the applied center load 

to the specimen, while the compression and tension load cells measured the induced 
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lateral forces on the slab. The center load cell can be seen in Figure 3.5.2 and the 

compression and tension load cells are shown in Figure 3.4.4 which was shown 

previously in this chapter. 

 

   

                  Figure 3.5.2: Center load cell underneath hydraulic actuator 
 

Thirty-one strain gages were designed to be placed on the reinforcement to monitor the 

strain of the bars during testing. Twenty-one gages were placed on the tension 

reinforcement mat and 10 gages were applied to the compression reinforcement mat. To 

accommodate the gages, bar deformations were ground down in the specified locations 

where the strain gages were going to be placed. Then, the gages were applied to the rebar 

using a standard procedure involving surface preparation and adhering. The location of 

the strain gages were chosen based on the fact that the punching failure will be located in 

the vicinity of the column. To allow for some redundancy, gages were placed in similar 

locations around the perimeter of the column stud. In addition, gages were placed on 

alternate bars if too many gages needed to be placed too close together to reduce the 
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susceptibility of bond distress between the concrete and reinforcing bar. The final layout 

of the strain gages on the reinforcing bars can be seen in Figure 3.5.3 and 3.5.4. 

 

                    

      Figure 3.5.3: Strain gage locations on tension reinforcement mat 
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   Figure 3.5.4: Strain gage locations on compression reinforcement mat 

 

There were also 8 strain gages applied to the threaded studs to show the deformation in 

the studs from the in-plane lateral forces. Four total concrete strain gages were also 

applied to the surface of the concrete in the proximity of the top column stud to monitor 

the behavior of the concrete prior to punching. One concrete gage was applied parallel to 

the column face and another was perpendicular. To add some redundancy, the same 

configuration of gages was applied to another perpendicular side of the column resulting 

in the 4 total concrete gages. 
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To measure the horizontal displacement of the slab, LVDT's were placed on each edge of 

the specimen resulting in 4 total LVDT's. The LVDT's were attached to short columns 

that were independent of the test setup to ensure that the data was accurate. A photograph 

of the LVDT on the south edge of the slab can be seen in Figure 3.5.5 

 

            

    Figure 3.5.5: South LVDT clamped to support 

  

Finally, 5 string pots were used to measure the vertical deflection of the slab while being 

loaded. They were calibrated when connected to the data acquisition system and placed 

underneath the slab. The string pots were connected to small threaded rods that were cast 

in the concrete and stuck out through the bottom of the slab. One string pot was placed 

directly underneath the center column stud with the other 4 on orthogonal sides stemming 

out from the center as shown in Figure 3.5.6. Since the concrete would be continuously 

falling off from the slab after failure, the center string pot was protected with a steel 

covering.  
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             Figure 3.5.6: String pot locations underneath slab 
 

 

  

            Figure 3.5.7: String pots underneath slab 
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3.6. Material Properties 

Material properties for the test were determined according to American Society of 

Testing and Materials (ASTM) standards. The only property determined for this test was 

the actual compressive strength of the batch that was used to construct the specimen. The 

batch had a specified strength of 4000 psi, but the cylinders tested showed slightly higher 

strengths. Four concrete cylinders were tested according to ASTM C39 and had strengths 

ranging from 4100 psi to 4600 psi with an average strength of 4405 psi. All of the 

strength values can be found in Table 3.7.1. The steel reinforcing bars had a specified 

yield strength of 60 ksi but have not yet been tested in tension. In interpreting the results, 

the reinforcing bars are assumed to have a yield strength of 60 ksi. 

 

    Table 3.6.1: Concrete cylinder strengths 

  

3.7. Punching Strength Predictions 

Upon using the formulas presented in Section 2.5, the punching shear strength of the 

isolated test slab specimen for this research could be estimated. ACI 318-08 provides 3 

Cylinder # Load Applied (lb) Strength (psi) 

1 57,405 4,570 

2 52,425 4,174 

3 56,475 4,496 

4 55,110 4,388 

Average 55,354 4,405 
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equations to predict the punching shear strength of the slab. Calculation of the strength 

using Equation 3 results in the smallest value of 74 kips. Eurocode EC-2 considers the 

amount of reinforcement in the concrete and the predicted strength of the isolated 

specimen was calculated to be 93.3 kips (Equation 4). The Model Code 90 implements 

different parameters than both ACI 318 and Eurocode EC-2 as it considers the rotation of 

the slab at the time of punching failure. The design capacity of the isolated slab test 

specimen for this test using the Model Code 90 expression was 73 kips (Equation 5). 

 

An expression that was developed from Tian’s research included the yield strength of the 

reinforcement as well as the reinforcement ratio in addition to the compressive strength 

of the concrete, the column size and the slab depth (Equation 6).  Using this equation the 

capacity of the slab was estimated to be 80.6 kips.  This is the first equation that was used 

which took into account the strength and volume of steel that was used as reinforcement 

in the slab.  The reinforcement is accounted for because the flexural reinforcement can 

help to slow the growth of the inclined shear cracks that eventually lead to failure.   

 

Gardner conducted a study on the punching strength of reinforced concrete slab-column 

connections in 1996 to better understand the mechanisms of the failure. He used a control 

perimeter around the loaded column area to obtain an expression for the allowable shear 

stress of a slab-column connection. The equation considers concrete strength, 

reinforcement yield strength, reinforcement ratio, depth of the slab and some concrete 

safety factors. The shear strength of the test specimen according to equation developed by 

Gardner is 87.9 kips, shown previously in Equation 7. 



55 
 

 

Some of the differences in the predicted capacities occur because of the equations taking 

into account different factors.  However all of the equations used take into account what 

is called the critical section; ACI 318 defines this area differently than Tian did in his 

study.  ACI 318 has a definition of the critical section that is much smaller, as Tian 

suggested that the conical failure surface on the slab is larger than what ACI 318 

anticipates. The critical section of the slab-column connection for the calculation using 

Gardner's formula was assumed to be the same definition as what ACI 318 uses. Finally, 

ACI 318 calculates the strength only considering the compressive strength of the 

concrete. 
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4. TEST RESULTS 

 

A restrained flat-plate reinforced concrete isolated slab-column connection with 

continuous tension and compression reinforcement was tested in negative bending. The 

results from that test will be presented and discussed in this chapter. Due to some 

instrumentation malfunctions, the results in this chapter will be separated between the 

behavior of the slab up until the first punching failure and the post-punching behavior. 

4.1. Pre-punching Behavior 

The slab was tested at a rate of about 0.4 kips/sec up until the initial punching failure. As 

shown in Figure 4.1.1, the slab exhibited near linear-elastic behavior until a load of about 

10 kips. At this load, cracking began in the slab which resulted in a loss in stiffness. The 

slab then continued behaving in a linear-elastic manner until the first punching failure. 

About a minute and a half into the test, a plate in the test setup shifted which caused a 

momentary loss in load which can be seen in Figure 4.1.1 at a load of around 50 kips. At 

punching failure, the slab was briefly unloaded before the test continued. Figure 4.1.2 

shows the failure underneath the slab (top of the slab in the real structure) just after the 

punching failure. As seen in the figure the punching failure takes the typical form of a 

conical crack around the column.  
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       Figure 4.1.1: Load vs. center displacement plot before punching 

 

               

  Figure 4.1.2: Underneath slab immediately following punching failure 
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The vertical displacement (Figure 4.1.3) was measured at 5 locations on the slab. As seen 

in the figure all of the displacements are fairly consistent around the area of the slab. The 

center string pot showed the largest displacement and all of the other string pots showed 

similar displacements. The "1" locations are slightly closer to the column than the "2" 

locations. In fact, the "1" string pots are located inside the critical failure section so it was 

expected that they would closely follow the center deflection. The displacements show 

that the entire slab was displacing vertically. After viewing the video of the test, it can be 

seen that the threaded stud connecting the clevis to the steel column is rotating. This is 

allowing the slab to deflect more around the "2" locations. 

 

 

            Figure 4.1.3: Load-displacement plots of all string pots 
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A photograph of the slab at one point in the test transposed on top of an image of the slab 

from a point in time later in the test is shown in Figure 4.1.4 to illustrate the connection 

movement. In the figure, the supporting angles move downward from their initial position 

at the beginning of the test. Figure 4.1.5 shows the adjusted vertical displacement of the 

slab considering the rotation at the connections by subtracting the East 2 displacements 

from the center displacement.  From the figure, it can be determined that the slab actually 

vertically displaced 0.44 inches at the time of punching failure. Comparing with Tian's 

study of isolated slab-column specimens with 1% reinforcement ratio, the total 

displacement in this test only reached 46% of the displacement in his test at punching 

failure. However, it was found that the slab rotated 0.0149 radians at the time of punching 

failure which is fairly consistent with Kinnunen and Nylander's results from slabs with 

1% reinforcement ratio (Figure 2.4.2.1). 

 

                     

       Figure 4.1.4: Composite image of slab showing vertical movement of connections 
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            Figure 4.1.5: Load-displacement plot adjusted for rotational effects  
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a load of 5 kips then retracted back inward. However, the compressive load on the slab 

continued to increase which was due to the flexural forces acting on the compression load 

cell from the rotation.  

           

 

                   Figure 4.1.6: Average horizontal loads vs. displacement 
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formed around this critical strain value and propagated through the critical section of the 

slab-column connection that eventually led to the punching failure. 

 

 

               Figure 4.1.7: Concrete compressive strains before punching 
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failure. It is also the first bar to yield (at a load of 40 kips) by a fairly large margin 

compared to the other bars. Figure 4.1.9 also shows how in general, the strains at the 

punching failure were highest around the slab-column interface and decreased as they 

moved outward from the column. In Tian's study, the strains in the tension reinforcement 

bars were consistently around 0.003 in/in at the time of punching failure. He did not, 

however, use continuous reinforcement through the column so it is reasonable to see the 

strains on bars passing through the column are much larger. The bars that did not extend 

through the column experienced strains closer to 0.003 in/in at the time of punching 

failure. 

 

        

                       Figure 4.1.8: Plot of tension reinforcement strains 
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          Figure 4.1.9: Tension rebar strains at punching failure (in microstrains) 

 

Even though there were fewer gages on the compression reinforcement, they follow the 

same behavior as that of the tension reinforcement. The gages located closest to the 

column stud showed the reinforcement experiencing the most strain (Figure 4.1.10 and 

4.1.11). Gages C1, C3, C4, C6, C7, and C9 were all located at the slab-column interface 

or very close to it. It can be seen from Figure 4.1.10 that the bars were only stressed in 

compression for a short time and then went into tension. This would suggest that once the 
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slab cracked due to flexural action, the shear dominated response of the slab produced 

tension in the bars. It can also be seen from the figure that none of the compression bars 

reached yield before the punching failure (at 0.002 in/in of strain). 

 

     

                Figure 4.1.10: Plot of compression reinforcement strains 
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           Figure 4.1.11: Compression rebar strains at punching failure (in microstrains) 

4.2. Post-Punching Behavior 

Upon reaching the punching failure load some of the data was skewed due to some 

instrumentation malfunctions. When the column punched through the slab, it is believed 

that one of the strain gage wires was ripped out and came into contact with a reinforcing 

bar. This in turn resulted in intermittent shorting in the electrical circuits, causing the 

excitation voltage to fluctuate. Some of the data was salvageable by determining what the 
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excitation voltage was at a particular instant and back-calculating what the new data 

should be. Thus, the following results are a result of some manipulation of the data and 

the validity of it can be considered questionable. The plot of the load versus the center 

displacement for the entire test is shown in Figure 4.2.1.              

   

   Figure 4.2.1: Center load-displacement plot for entire test 
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the column displaced a significant amount through the slab. Figure 4.2.1 shows drops in 

load capacity following the peak residual capacity which can be associated with 

compression reinforcement bars fracturing. During the test, the fracturing of the #3 bars 

could be heard when the slab reached a residual load of 60 kips. 3 #3 compression 

reinforcement bars fractured during the test. A photo of a fractured #3 rebar near the 

column can be seen in Figure 4.2.3. 

 

   

                   Figure 4.2.2: Top column stud after testing 
 

                        

   Figure 4.2.3: Fractured compression steel 
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Many of the tension mat reinforcement gages were damaged at the punching failure so 

their post-punching data was compromised. However, several gages did continue reading 

strains following the punching failure. As with the behavior of the reinforcement prior to 

the punching failure, the rebar strains were greatest in the vicinity of the column stud 

throughout the whole test. The gage that was closest to the column (T10) experienced the 

most strain after the punching failure whereas the gages farther away from the column 

stud (T14 and T20) showed smaller deformations. The bar with the T10 gage attached 

showed strains reaching nearly 0.007 in/in. Figure 4.2.4 shows the extreme deformations 

of the tension reinforcement. These large strains indicate that tensile membrane action 

was being developed to its full potential in providing the slab with significant ductility. 

 

              

         Figure 4.2.4: Deformation of exposed tension reinforcement 
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As seen in Figure 4.2.5, the strain in the reinforcement grows larger in the vicinity of the 

column. The figure shows strain data on a bar extending through the column from a point 

during the test when tensile membrane action is being developed. The centerline of the 

column is located approximately at the centerline of the rebar, which is at 34.5 inches. 

The gage with the highest reading (T10) was at the slab-column interface at a distance 

6.75 inches from the centerline of the rebar, or 1.25 inches from the face of the column.  

 

  

             Figure 4.2.5: Strain distribution across tension rebar 
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compression reinforcement taking most of the load. This eventually led to the bars 

fracturing, seen previously in Figure 4.2.3. 

 

                 

               Figure 4.2.6: Underneath slab after unloading 

 

As stated earlier, due to the electrical problems with the instrumentation extensive results 

on the post-punching behavior of the slab cannot be accurately analyzed. It is worth 

noting, however, that the tensile membrane action was fully engaged in achieving a 

residual load capacity of nearly 70 kips. The residual capacity was significantly greater 

due to the inclusion of continuous reinforcement through the column.  
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5. SUMMARY, CONCLUSIONS AND FUTURE RESEARCH 

5.1. Summary 

The main objective of this research project as a whole is to evaluate the punching failure 

mechanisms of a flat-plate reinforced concrete slab subjected to the loss of a nearby 

supporting column. Upon removal of the column there are increased stresses in the 

nearby columns which could possibly lead to a progressive collapse. Standards 

implemented to design against progressive collapse are few, so the goal is to better 

understand how flat-plate structures can resist the progression of the collapse. The main 

focus of this part of the research is to evaluate the punching shear capacity of a flat-plate 

slab with continuous reinforcement through the column and utilizing the potential 

benefits of in-plane lateral restraint. This will allow better understanding of how the 

mechanisms of compressive membrane action and tensile membrane action can improve 

the punching capacity of a flat-plate as well as the post-punching residual capacity. 

 

ACI 318-08 implements simple equations to calculate the punching shear capacity of a 

non-prestressed reinforced concrete slab, and it was determined that the test specimen 

should have achieved a peak load of 74 kips. However, this capacity is only an empirical 

function of concrete strength and does not include other important factors such as 

reinforcement ratio. Tian developed a relationship that took the yield strength of the 

reinforcement as well as the reinforcement ratio into account when calculating punching 

strength. The capacity of the test specimen using this equation was 80.6 kips. Although 

these values were adequate in estimating the punching strength of the slab, there are no 

extensive tests performed that can be used to predict the post-punching capacity of a flat-
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plate slab. There are also no expressions that have been developed that consider in-plane 

lateral restraint and how it quantitatively enhances the punching capacity.  

 

The slab was loaded at a static rate of 0.4 kip/sec and achieved a punching capacity of 70 

kips. Cracking began to occur at a load of 10 kips resulting in a loss in stiffness in the 

slab. The horizontal compression force on the slab reached a maximum of 5 kips and 

0.009 inches of displacement resulting in a horizontal stiffness of 570 kip/in. This 

stiffness was only 36% of the design stiffness of 1600 kip/in, suggesting that the setup 

design was not sufficient in achieving the stiffness necessary to develop the full potential 

of compressive membrane action. Using a static analysis, it was determined that the slab 

achieved an extra load capacity of 0.5 kips from compressive arch action with a peak 

horizontal compressive load of 5 kips. All of the tension reinforcement bars with gages 

applied experienced yield at early times in the test. The bars that were continuous through 

the column yielded well before the bars located more on the outer edge of the slab; the 

continuous bars though the column yielded at a center load of 36 kips, or about half of the 

peak punching load near the slab-column interface. The top compression reinforcement 

bars were only in compression for a short period of time before they all went into tension 

at a center load of 43 kips. As with the tension reinforcement, the compression bars 

experienced the most stress at the slab-column interface. 

 

In summary, the slab performed very well following the initial punching failure, reaching 

a peak residual capacity of 69 kips. However, the validity of the data following the initial 

punching failure is in question because of a malfunction associated with the 
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instrumentation. The continuous reinforcement through the slab provided sufficient 

ductility to develop the tensile membrane action to its full potential. The tensile 

reinforcement reached strains up to 0.007 in/in, indicating they were plastically 

deforming by a significant amount. During the test, there were drops in loading around 

the peak residual capacity which was associated with 3 of the #3 bars fracturing. Because 

the tensile reinforcement bars ripped out of the slab, they were able to achieve a longer 

catenary curve and reduce the stress in the bars. The compression reinforcement was not 

able to rip out of the concrete and its deformation was limited to a small length near the 

column stud. Therefore the compression reinforcement carried the majority of the tensile 

membrane action. The smaller sized rebar fractured under the increased stresses in the 

vicinity of the column stud. In typical older reinforced concrete slabs the compression 

reinforcement would not be continuous and the slab would not be able to see the high 

residual capacity as seen in this test. 

5.2. Conclusions 

The conclusions drawn from the results of this research phase are: 

• The specimen performed reasonably well in achieving a punching capacity that is 

fairly consistent with past tests and estimations. The in-plane lateral restraint is 

believed to have enhanced the load-carrying capacity by a small amount through 

compression. Based on static analysis, the compressive membrane action only 

enhanced the capacity of the test specimen by about 1%. However, the lateral 

stiffness was not sufficient enough during the test to develop the full benefits of 

the compressive membrane action mechanism. 



75 
 

• Following the punching failure, the specimen performed very well in developing a 

residual capacity of nearly 70 kips. The continuous reinforcement through the 

column was sufficient in developing the full benefit of tensile membrane action. 

The specimen showed a tremendous amount of ductility following the initial 

punching failure. The high residual strength achieved through this specimen 

shows that one way to arrest the progression of collapse could be to provide 

continuous compression reinforcement. 

5.3. Future Research Goals 

The results and conclusions drawn from this test highlight the need for the following 

future research: 

• For the remaining slab tests in this research plan, the horizontal stiffness of the 

test setup must be improved in order to develop the full benefits of compressive 

membrane action. 

• The effect of reinforcement ratio on the punching capacity will be analyzed with 

slabs with lower reinforcement ratios (0.5%) tested without continuous 

compression reinforcement. 

• To better understand the benefits of compressive membrane action, slabs will be 

tested without in-plane lateral restraint. 

• The effects of dynamic loading on the punching capacity of flat-plates will be 

studied. 

• The results from the above testing parameters will be compiled to better 

understand how flat-plates behave in a progressive collapse scenario. Thus, 
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appropriate mitigation strategies can be implemented to help design against 

progressive collapse in flat-plate reinforced concrete buildings. 
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APPENDIX 1 
 

        

           Figure A.1: Center load vs. Time plot until punching failure 

 

              

  Figure A.2: Center Displacement vs. Time plot until punching failure 
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Figure A.3: LVDT displacements vs. Center Displacement plot until punching failure 

 

 

      Figure A.4: Center Load vs. Time for entire test 
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              Figure A.5: Load Cell data vs. Time for entire test 

 

             

      Figure A.6: Rebar Strains vs. Center Displacement for entire test 
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               Figure A.7: Final test setup 

 

              

     Figure A.8: Angle supporting slab with bracket and clevis connection 
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           Figure A.9: Underneath slab following punching failure 

 

    

           Figure A.10: Underneath slab at end of test 
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            Figure A.11: Fracture #3 compression steel 

 

                

    Figure A.12: Displaced top column stud after loading 
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