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ABSTRACT 
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ABSTRACT 

A reinforced concrete (RC) flat plate is a type of structural system widely used in the 

construction of about 80-90% of residential high-rise buildings in Australia and similarly 

overseas. Flat plate construction is however prone to punching shear failure at slab-

column joints which may trigger a catastrophic progressive collapse of the entire structure.  

In a flat plate structure, unbalanced moments at the slab-column joints are unavoidable. 

These bending moments are commonly caused by asymmetric loading, unequal spans or 

horizontal forces like wind or earthquake. The existence of unbalanced moments could 

increase the vulnerability of a flat plate structure to punching shear failure. In addition, 

the load originally resisted by a potentially damaged column will be transferred to the 

adjacent joints, at which a large additional shear stress and unbalanced bending moment 

will be generated, eventually leading to more complex mechanical performance and 

failure mechanism of the joints. Limited collapse-resistant design guidelines are available 

for this type of structure. Moreover, its punching shear and post-punching failure 

mechanisms in the context of a progressive collapse are still in need of in-depth study.  

To investigate the punching and post-punching shear mechanisms of slab-column joints 

subjected to concentric loading (with balanced moments), previous static tests on four 

slab-column joint specimens with slab in-plane restraints have been analysed. The effects 

of different punching directions (upward punching and downward punching) and 

embedded beams on the post-punching performance of the joints were studied. 

Furthermore, a 3D nonlinear finite element modelling approach for concentrically loaded 

joints was developed using software LS-DYNA and verified against the test results. Based 

on the numerical study, the contributions of the concrete and reinforcement in resisting 

the collapse of the slab-column joints were evaluated. 

To investigate the mechanical behaviour and resistance of slab-column joints subjected 

to eccentric loading (with unbalanced moments), experimental tests were performed on 

seven 1/3-scaled interior slab-column joint specimens with appropriate in-plane restraints. 
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In order to achieve different levels of eccentricities of loading, a special device was 

designed, through which an upward monotonic asymmetric loading scheme could be 

implemented. The overall load-displacement responses, crack propagations and strain 

developments were recorded and analysed. The damage and failure modes at different 

loading stages were examined and the influence of unbalanced moments, slab thickness 

and reinforcement ratio on the punching and post-punching shear behaviours of the slab-

column joints with in-plane restraints were also explored. In addition, the results from 

eccentric loading tests were compared with those of the concentric loading tests and the 

differences between the two were highlighted.  

Numerically, a 3D nonlinear finite element modelling approach was established to 

investigate the punching and post-punching shear behaviours of eccentrically loaded joint 

specimens. Appropriate selection of different element types, bond-slip relationships, 

loadings and boundary conditions and element erosion ensured the accuracy of the 

proposed model. The displacement-controlled quasi-static upward loading scheme was 

implemented in the numerical models by applying a thermo elastic material to the 

elements representing the loading device. The proposed numerical models were validated 

against experimental results, in terms of overall responses, crack patterns and failure 

modes. Good agreement was obtained, which confirmed the accuracy and reliability of 

the proposed models. Moreover, parametric studies were performed to investigate the 

effect of lateral boundary restraints, different levels of eccentricity and the strengthening 

methods on the punching and post-punching shear behaviours of the slab-column joints. 

Finally, to analytically investigate the post-punching responses of the slab-column joints 

with in-plane restraints, mechanical models and analytical solutions were proposed for 

the joints subjected to either concentric or eccentric loading. The analytical solutions 

developed for calculating the post-punching resistance were based on the interactions 

between the reinforcement and concrete, satisfying the compatibility of deformation and 

equilibrium relationships. The analytical solutions were validated against all the tested 

specimens, including concentrically and eccentrically loaded joints. Furthermore, the 

contribution of the tensile and integrity reinforcement to the overall post-punching 

capacity were quantified.  
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CHAPTER 1 

INTRODUCTION 

This introductory chapter provides an overview of this thesis report including research 

background and knowledge gaps (Section 1.1), aims and scope (Section 1.2), and the 

outline of the thesis (Section 1.3). 

1.1 Research Background and Knowledge Gaps 

Reinforced concrete (RC) flat plate is a two-way flooring system containing uniform-

thickness slabs supported directly on columns without using any beams, girders or 

column capitals and drop panels. Flat plate construction is characterised by high flat 

ceilings, excellent architectural flexibility and simple formwork, which makes it one of 

the most commonly used construction systems worldwide. It is indeed an ideal and 

economical structural form for architects and contractors. This structural form is used to 

build more than 80% of modern residential high-rise buildings in Australia and similarly 

overseas. However, despite their many beneficial features and widespread use, there are 

two important challenges for flat plate structures. Firstly, the ductility of flat plate 

structures is relatively low compared with RC frame structures. Secondly, the slab-

column joints in a flat plate system are especially prone to brittle punching shear failure, 

thus the risk of progressive collapse triggered by such a localized failure is higher 

(Hawkins and Mitchell, 1979).  

Progressive collapse is defined by ASCE Standard (2010) as “the spread of an initial local 

failure from element to element, eventually resulting in the collapse of an entire structure 

or a disproportionately large part of it”. In the last few decades, progressive collapse of 

flat plate structures has occurred rather frequently worldwide, causing substantial loss of 

life and property. Prominent examples of typical progressive collapse events of concrete 
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flat plate systems are the Boston federal avenue apartment collapse in 1971, the Murrah 

Federal Building collapse in 1995, the Sampoong Department Store collapse in 1995, the 

Pipers Row car park collapse in 1997, the Swiss Solothurn garage collapse in 2004, the 

underground garage collapse in Nanchang, China in 2019 and the underground garage 

collapse in Santander, Spain in 2020. It can be confirmed from these events that after the 

initial failure, the post-punching capacity plays a vital role in resisting progressive 

collapse of the whole structure (King and Delatte, 2004; Osteraas, 2006; Gardner et al., 

2002; Mirzaei and Muttoni, 2008). Despite this fact, previous research has typically 

focused on the initial punching shear failure, with little attention given to assess the post-

punching behaviour of the entire flat plate structural system. If a single slab-column joint 

in a flat plate structure is unable to provide a secondary defence mechanism after 

punching shear failure has occurred, then the redistributed bending moments and shear 

forces may result in consequent punching shear failure of adjacent column supports, 

leading to the propagation of a widespread failure or collapse. 

Given that progressive collapse is an event with low probability, adequate post-punching 

strength and deformation capacity are considered to be an effective and low-cost 

secondary defence for preventing the propagation of progressive collapse. Therefore, it is 

important to thoroughly investigate the post-punching behaviour of the slab-column joints 

for mitigating the progressive collapse of flat plate systems.  

Existing studies show that the development of the secondary defence mechanism in a 

slab-column joint depends highly on its horizontal in-plane restraints. The tensile 

membrane action in the post-punching stage could be fully activated only with properly 

anchored reinforcement and well-restrained boundary conditions (Hawkins and Mitchell, 

1979; Regan et al., 1979; Mitchell and Cook, 1984; Keyvani et al., 2014). Nevertheless, 

existing experimental tests regarding punching shear and post-punching failure 

behaviours are usually made on isolated slab-column joints. More investigations are 

needed to examine the relationship between in-plane restraints and post-punching 

capacities, as well as other influencing factors on this relationship. 

Another important area usually neglected in the study of interior slab-column joints is the 

unbalanced moment. It is generally assumed that the existence of unbalanced moments in 
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edge and corner joints are unavoidable, while in an interior joint there will generally be a 

transfer of shear forces with only a small number of unbalanced moments. However, 

owing to unsymmetrical loading and/or boundary conditions, and unequal spans, there 

could be substantial unbalanced moments to be transferred at any joint in flat plates (Lim, 

1997). Transfer of unbalanced moments causes the distribution of shear stresses around 

the column to become non-uniform, which adds to the complexity of punching shear 

failure analyses. In addition, owing to the nonlinear distribution of shear stresses, the 

empirical formulas in the existing codes of practice inevitably underestimate or 

overestimate the punching shear capacity of slab-column joints. Based on the 

abovementioned problems, the punching shear and post-punching behaviours of interior 

joints subjected to combined unbalanced moments and shear forces are in need of in-

depth study.  

1.2 Aims and Scope 

This study aims to investigate the punching shear and post-punching failure mechanisms 

of laterally restrained slab-column joints subjected to either concentric or eccentric 

loading. Experimental tests, numerical studies and analytical predictions were 

systematically performed. Specific primary objectives and detailed tasks of this research 

include: 

1) To investigate the punching shear and post-punching behaviours of slab-column joints 

subjected to concentric loading, four 1/3-scale interior slab-column joint specimens 

with in-plane restraints were tested and analysed. The effects of different punching 

directions (upward punching and downward punching) and embedded beams on the 

post-punching performance of the joints were studied. 

2) A total of seven 1/3-scale interior slab-column joint specimens with appropriate in-

plane restraints were constructed and tested, including six eccentrically loaded 

specimens and one concentrically loaded specimen. The damage and failure modes at 

different loading stages were examined and the influence of unbalanced moments, 

slab thicknesses and reinforcement ratios on the mechanical behaviours of 

eccentrically loaded joint specimens were also explored. 
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3) 3D nonlinear finite element modelling approaches for concentrically and eccentrically 

loaded joints were established using software LS-DYNA. Appropriate selection of 

different element types, bond-slip relationships, loading and boundary conditions and 

element erosion criteria ensured the accuracy of the proposed modelling techniques. 

The proposed numerical models were validated against the experimental results, in 

terms of overall responses, crack patterns and failure modes. Based on the numerical 

study, the contributions of the concrete and reinforcement to the overall resistance of 

the slab-column joints were evaluated. Moreover, parametric studies were performed 

to investigate the effects of lateral boundary restraints, different levels of eccentricities 

and two strengthening methods. 

4) Mechanical models and analytical solutions were proposed for estimating the post-

punching resistance of concentrically and eccentrically loaded slab-column joints 

with in-plane restraints. They were developed based on the interactions between the 

reinforcement and the concrete, satisfying the compatibility of deformation and 

equilibrium relationships. The analytical solutions were validated against all the 

tested specimens. Furthermore, the contributions of the flexural and integrity 

reinforcement to the post-punching capacities were quantified. 

1.3 Outline of the Thesis  

This thesis comprises eight chapters. The outline of the seven chapters following this 

introductory chapter is presented as follows: 

• Chapter 2 first reviews the initial causes, failure characteristics, and major 

consequences of four historical progressive collapse events. Then the performance 

of flexural behaviour, punching shear failure and post-punching failure 

behaviours of concrete flat plates is described. Afterwards, an extensive overview 

regarding in-plane restraints, unbalanced moments and shear reinforcement is 

presented. Further, existing mechanical models in predicting the post-punching 

capacity of slab-column joints are introduced. Finally, available design 

approaches for structural robustness against progressive collapse are presented. 

• Chapter 3 experimentally and numerically investigates the effects of different 

punching directions and embedded beams on the punching shear and post-
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punching behaviours of a series of concentrically loaded slab-column joints, based 

on the published journal paper by Diao et al. (2019).  

• Chapter 4 presents the experimental investigations on the punching shear and 

post-punching behaviours of eccentrically loaded joint specimens. The influences 

of unbalanced moments on the mechanical behaviours of a total of seven joint 

specimens with various slab thicknesses and reinforcement ratios are studied 

through a series of comparisons. 

• Chapter 5 develops a 3D nonlinear finite element modelling approach based on 

the eccentrically loaded tests from Chapter 4. The proposed numerical models 

were validated against the experimental results, in terms of overall load-

displacement responses, crack patterns and failure modes. Moreover, the 

contributions of the concrete and reinforcement to the overall resistance of the 

slab-column joints are evaluated. 

• Chapter 6 conducts a parametric study to examine the influence of various 

parameters (including lateral restraints, eccentricities and strengthening methods) 

on the punching shear and post-punching behaviour of slab-column joints to 

evaluate the practical importance of the parameters. Several recommendations for 

structural design and practice are provided.  

• Chapter 7 proposes two mechanical models to estimate the post-punching 

capacities of the slab-column joints with in-plane restraints and under concentric 

and eccentric loading conditions. The analytical solutions were verified against 

all tested joints to confirm the applicability and accuracy of the mechanical 

models. 

• Chapter 8 summarises the major findings of experimental, numerical and 

analytical work in this research. Relevant suggestions and recommendations for 

future work are also given. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Introductory Remarks 

Flat plate is a reinforced concrete slab supported directly by concrete columns without 

the use of beams and without drop panels and capitals, as shown in Figure 2-1. The 

absence of beams and drop panels makes this type of structure attractive owing to simple 

formwork, reduced construction cost, high flat ceiling and architectural flexibility. 

Consequently, flat plate structures have been widely used for commercial and residential 

buildings in non-seismic or low-seismic regions. However, the ductility and bearing 

capacity of flat plate structures are relatively low compared with that of frame structures. 

The slab-column joints are especially prone to brittle punching shear failure. Therefore, 

susceptibility of such structures to progressive collapse is highly dependent on the 

structural performance of the slab-column joints. In this chapter, progressive collapse of 

flat slab structures is discussed including: (1) historical collapse events; (2) punching 

shear and post-punching mechanisms of flat slab-column joints; (3) existing experimental 

tests under concentric and eccentric loading; (4) numerical and mechanical models 

available in literature for predicting the structural response. Moreover, other aspects of 

factors such as the effect of shear reinforcement and in-plane restraint on the structural 

behaviour of slab-column joints are reviewed. Finally, provisions in codes and guidelines 

on post-punching resistance of flat slab structures are explained. 
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Figure 2-1 Flat plate structure 

2.2 Progressive Collapse 

ASCE Standard (2010) describes the term of progressive collapse as “the spread of an 

initial local failure from element to element, eventually resulting in the collapse of an 

entire structure or a disproportionately large part of it”. U.S General Services 

Administration (GSA) defines it as “a situation where local failure of a primary structural 

component leads to the collapse of adjoining members which, in turn, leads to additional 

collapse. Hence the total damage is disproportionate” (GSA, 2003).  

Compared with integral collapse, progressive collapse has the characteristics of 

propagation and diffusion of the local damage, which would bring significant structural 

failures to the entire building structure. All kinds of unexpected disasters, such as gas 

explosions, bomb attacks, vehicle impacts, fire hazards, uneven settlements of 

foundations or man-made factors could cause local damage of structural components, 

consequently trigging the progressive collapse of the entire structural system. 

In recent decades, a number of notable progressive collapses occurred worldwide. The 

most important incidents in terms of the numbers of victims, extent of the damage or 

social impact at the time include the collapses of Ronan Point Apartment in London, 

(1968), Capitán Arenas in Barcelona (1972), A.P. Murrah Federal Building in Oklahoma 

City (1995), Sampoong Department Store in Seoul (1995), World Trade Center in New 

York (2001), and Achimota Melcom Shopping Centre in Accra (2012). When a local 

failure occurs in the structure, the loading pattern and/or boundary conditions of the 

structure changes accordingly, and the residual structural system is forced to find 
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alternative load paths in order to redistribute the applied loads. As a result, other elements 

may fail causing further load redistributions. This process will continue until the structure 

can get equilibrium either by shedding the loads, as a consequence of elements failure, or 

by finding stable alternative load paths. If this new equilibrium is not found, and the 

failure load exceeds the available component resistance and/or ductility limit, then a 

global collapse inevitably takes place. 

2.3 Historical Progressive Collapse Events of RC Flat Plate Structures 

Alfred P. Murrah Federal Building, Oklahoma, US 

On April 19, 1995, terrorists detonated a truck carrying explosive materials in front of the 

Alfred P. Murrah Federal Building, leading to a collapse of approximately one-third of 

the building (Osteraas, 2006). The building was a cast-in-place reinforced concrete flat 

plate construction with a central elevator shaft core. The remaining structure after the 

incident is shown in Figure 2-2 (a). The car bomb attack initially caused a complete failure 

of Column G20 and a partial damage of the adjacent Columns G16 and G24 on the ground 

floor. This caused not only the progressive collapse of the floor area supported by G20 

but also the floor areas supported by G16, G24 and F24. The lateral capacities of Columns 

G16 and G24 were weakened by the bomb explosion. It should be noted that the 

horizontal restraint of Column F24 along the Y-axis, provided by the surrounding 

structure (i.e., adjoining shear wall, marked as red lines in Figure 2-2 (b)) was relatively 

weaker than that of Columns F16 and F20 (shear walls and core tubes (staircase or 

elevator) as shown in Figure 2-2 (b)). As a result, the collapse propagated horizontally in 

these areas. 
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or more slab-column joints on the 23rd floor. The premature removal of formwork 

supporting this floor when the concrete strength was relatively low resulted in excessive 

shear stress at the slab-column joints. The failure of one joint overstressed the surrounding 

joints and the punching failures propagated through the 23rd floor. The impact of falling 

debris from the collapse of the 23rd floor overloaded the 22nd floor, inducing the 

progressive collapse of the lower floors, as seen in Figure 2-3. 

 
Figure 2-3 Skyline Plaza Collapse 

 

Sampoong Department Store, Seoul, South Korea 

The Sampoong Department Store was a reinforced concrete flat plate structure in Seoul, 

South Korea, with its construction completed in 1989. It was originally designed as a 

four-floor office block, yet the owner of the building changed it into a large department 

store during its construction. The changed design brought three fatal factors to the 

building: (1) a fifth floor being added, (2) removing a number of columns for the space 

of escalators, and (3) installing and dragging air conditioning units on the roof (Park, 

2012). Firstly, the overloading of the top floor led to the punching shear failure initiated 

at one of the slab-column joints. Then, the large deformation of the floor led to the failure 

of the peripheral slabs and slab-column joints. Finally, the large floor deformations and 

the failures of more joints led to the progressive collapse of the whole structure system 
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(see Figure 2-4). When the collapse occurred on June 29, 1995, there were over 1500 

customers in the store. More than 500 people died, and 937 people were injured owing to 

this building collapse. 

 
Figure 2-4 Sampoong Department Store Collapse (Park, 2012) 

 

Pipers Row Car Park, Wolverhampton, UK 

The Pipers Row Car Park collapse in Wolverhampton in 1997 was a result of inadequate 

punching shear capacity attributed to design flaws, low material quality, and poor 

detailing during construction (Wood, 2003). Figure 2-5 shows the collapsed top floor of 

this building. The car park structurally adopted the reinforced concrete flat plate system, 

which is inherently vulnerable to punching shear failure. However, the structural design 

of this cark park building was based on the Standard CP 114 (1957), which did not provide 

applicable guidelines for resisting punching shear failures. It was found that the basic 

design calculation was reasonable, yet some configuration details related to the punching 

shear strength of the slab were omitted (Wood, 2003). Furthermore, the original design 

was jeopardised by the poor arrangement of the reinforcement.  

The second aspect responsible for the car park collapse was the low quality of the 

construction materials, especially the concrete. Wood (2003) attributed the concrete 

failing to meet the target strength to several reasons: low cement contents, poor mixing 

and weak compaction. Additionally, the low concrete strength also brought a high 
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possibility of deterioration of the concrete. The inconformity of the reinforcement 

arrangement to the original design led to less slab effective depth, which further reduced 

the concrete loading capacity.  

The last aspect was the problem of the construction method. The car park was built using 

lift-slab method. After the settlement of precast columns, the slabs cast on the ground 

firstly were mounted onto those columns and supported on wedges by welded angle shear 

collars. Then, the joint zones were grouted to form rigid connections. Although the 

punching shear failures at those slab-column joints in the car park were mainly caused by 

the deterioration of concrete, the continuity and ductility of the structure built using lift-

slab method was relatively insufficient, compared with the one-piece casting method. 

 
Figure 2-5 Pipers Row Car Park Collapse 

2.4 Punching Shear Failure 

Punching shear is a failure mechanism in the flat plate structure caused by shear forces 

developed from gravity loads and/or external bending moments. When the total shear 

force exceeds the shear resistance of the slab, the slab will be punched through by the 

column. This kind of failure occurs as a sudden slab rupture and can happen with no 

warning depending on the severity and intensity of the accidental loads. In addition, this 

slab rupture cannot be restrained by the help of the longitudinal reinforcement. 
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2.4.2 Asymmetric punching shear failure with unbalanced moment  

In flat plate structures, the transfer of unbalanced moments from slab to column in a slab-

column joint is almost unavoidable. The origin of those moments could be unsymmetrical 

loading, unequal span lengths or horizontal forces like wind or earthquake. The transfer 

of unbalanced moments changes the original uniformly distributed shear stress around 

the column to non-uniform. This also changes the failure mode and crack pattern in the 

slab, which leads to asymmetric development of inclined shear cracks, resulting in the 

reduction of the punching shear capacity of the slab-column joints. 

As seen in Figure 2-7 (a), when a vertical load and a bending moment (or an eccentric 

load) are applied simultaneously on the column stub, the critical shear surface is no longer 

a truncated cone but becomes an asymmetric one around the column depending on the 

intensity of the bending moment. Such an asymmetry grows with increased bending 

moment (eccentricity). In addition, the tangential and radial cracks are mainly developed 

on one side of the slab (Figure 2-7 (b)).  

Note that the shear force and unbalanced moment are transferred from the slab to the 

column by three parts: combined bending, torsion and shear at the faces of the critical 

section in the slab around the column. Figure 2-8 presents the free body diagram of an 

interior joint at the critical section (Kruger, 1999). Mu and Vu are the unbalanced moment 

and shear force transferred to the column. The shear force is transferred by Vl at the front 

face of critical section, V3 at the back face and the remainder by V2 at each side face of 

critical section. It is noted that Mu induces variable shear forces around the considered 

perimeter, these additional forces are added to or subtracted from the shear forces 

originally caused by Vu. Compared to the case of symmetric punching, when the shear 

strength of the slab is reached in slab-column joints with unbalanced moment, the slab 

will fail in diagonal tension on the side of the column where the shear force is locally the 

highest, which necessarily induces a reduction in the resistance to punching. 
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distribution of shear stresses on the control perimeter makes it difficult to accurately 

estimate the contribution of the resisting mechanisms to the overall resistance of the slab-

column joint. 

2.4.3 In-plane restraint and compressive membrane action 

Compressive membrane action (CMA) is a phenomenon that occurs in slabs, of which 

edges are restrained against lateral movement by stiff boundary elements. Such an in-

plane restraint induces compressive membrane forces in the plane of the slab (Park and 

Gamble, 1980), as presented in Figure 2-9. CMA is an inherent feature of laterally 

restrained concrete beams, slabs and RC structural systems, and it can develop large 

‘arching’ forces within the slab between the supports. This effect can be considerable in 

thick slabs with rigid restraints against lateral expansion at their boundaries (Kamaraldin, 

1990). With reference to the punching shear behaviour, it is widely recognised that CMA 

can increase the capacity of whole flat plate structure as well as the localised strength of 

slab-column joints (Rankin, 1982; Rankin et al., 1991; Collings and Sagaseta, 2016).  

 
Figure 2-9 Compressive membrane action in laterally restrained slab (Park and Gamble, 

1980) 

The development of CMA depends greatly on the level of in-plane restraint in flat plate 

structures. Existing punching tests are usually conducted on isolated simply supported 

(ISS) slab-column joints. The ISS joints are extracted from the flat plate structure by the 

line of contraflexure at approximately a distance of 0.22L, where L is the centre-to-centre 

span length between the columns. In the tests, the ISS joint specimens were simply 

supported around the slab edges and had no restraint for lateral in-plane movement. In a 

continuous slab, however, all the slab edges cannot rotate and move freely. As a result, 
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the simplified boundary conditions in the ISS joints cannot well represent the actual 

boundary conditions in a flat plate structure with flexural continuity and in-plane restraint. 

In fact, the guidelines and analytical methods based on the behaviour of ISS slabs have 

been found to underestimate the ultimate punching shear capacity of flat plate structures 

(Criswell, 1974; Hewitt and Batchelor, 1975; Vecchio and Tang, 1990; Salim and 

Sebastian, 2003; Alam et al., 2009). Therefore, the effect of in-plane restraint or CMA on 

resisting progressive collapse cannot be neglected in flat plate structures. 

The enhancement of CMA to the slab load capacities has been evidently recognised since 

1921. Westergaard and Slater (1921) conducted a series of tests on full-scale slab panels, 

the strengths of which were compared with those of beams with equivalent reinforcement. 

An unexpectedly high strength exhibited by the slabs was attained, which was much 

larger than the known strengths of the beams with similar reinforcement ratios. The full-

scale tests carried out by Ockleston (1955) are considered to be the most dramatic 

demonstrations of the membrane actions. The collapse behaviour was monitored during 

the demolition of a dental hospital after ten years of service. The collapse loads were more 

than twice the resistances predicted by yield-line theory, which demonstrated that the 

flexural failure loads were considerably underestimated. Later on, Ockleston (1958) 

correctly attributed the strength enhancement to the development of compressive 

membrane forces caused by the restraints against lateral expansions of the slabs. 

The effect of different boundary conditions has been investigated by Elstner and 

Hognestad (1956). Three boundary conditions were considered, and reduced strength 

with increased flexural deformation capacity were observed in the cases with less lateral 

restraints. Taylor and Hayes (1965) also carried out a series of tests on the slab specimens 

to investigate the effect of the in-plane restraints. Three levels of tension reinforcement 

were examined. The test results indicated that for slabs with a low percentage of 

reinforcement, the in-plane restraints can have a great beneficial effect on the ultimate 

punching shear capacity, which was increased by up to 60%. The specimens with the 

highest increase in capacities also exhibited high ductility and were more likely to fail in 

a flexural mode, possibly due to the fully developed compressive membrane forces in the 

slabs. However, this is not a universal rule for all restrained joints. For slabs with high 

reinforcement ratio, this enhanced effect from restraint was less significant in some cases. 
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Another form of boundary restraint was demonstrated by Regan (1986). The test 

arrangement was designed to investigate the influence of rotational edge restraints by 

adjusting the ratios of upward and downward loads. The test results showed that the 

rotational restraints increased the punching shear capacities of the slabs. Regan (1986) 

attributed such an increase to the combined effects of the moment and the lateral restraint 

provided by the uncracked concrete at the slab edges. Similarly, the increase of the load 

capacity due to the lateral restraining effects was also confirmed by Loo and Falamaki 

(1992) and Alexander and Simmonds (1992).  

Chana and Desai (1992b) tested 5 full-scale thick panels with an overall dimensions of 9 

m × 9 m, simulating a slab-column joint region with surrounding flat slabs, referred to as 

the full panel specimens in Figure 2-11 (a). Compared with the results of the conventional 

specimens (Chana and Desai, 1992a), as shown in Figure 2-11 (a), it was found that the 

punching shear strength of the slab-column joint in the full panel specimens increased by 

approximately 40%. Chana and Desai (1992b) attributed such an increase to the 

membrane action developed by the slab portion outside the joint region. 

  
 

(a) (b) 

Figure 2-11 Specimens tested by Chana and Desai (1992b): (a) Comparisons of 

conventional and full panel specimens; (b) Schematic of full panel test arrangement 

Sherif and Dilger (2000) conducted two full-scale continuous RC flat plate substructures 

on a novel test setup. As shown in Figure 2-12, boundary frames were developed to 
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simulate the appropriate boundary conditions along the lines of zero shear, which allow 

the vertical movement but prevent the rotation along the boundary of the slab. Sherif and 

Dilger (2000) concluded that, for an interior slab-column joint, there is no difference 

regarding the shear strength between a continuous slab and an equivalent ISS joint. The 

reason of this issue, explained by Soares (2017), was that the effect of continuity could 

be influenced by the slab geometry and the reinforcement ratio between span and support. 

In fact, the effect of CMA is well recognised on contributing to the punching resistance, 

however, it can be affected by many factors, leading to the difficulties in quantifying the 

enhancement in resistance due only to the slab continuity. 

         
Figure 2-12 Specimens tested by Sherif and Dilger (2000) 

A complex setup aiming to investigate the moment redistribution and punching shear 

resistance of flat plate structures was proposed by Choi and Kim (2012). The setup is 

illustrated in Figure 2-13, gravity loading and edge restraint systems were applied to 

simulate actual moment redistribution and boundary conditions. This test was ended with 

partial success, as the edge restraint system failed in providing a zero-rotation condition 

as initially intended. The results showed that the different reinforcement layouts have 

significant influence on the moment redistribution and the punching shear performance. 

They also concluded that the moment redistribution is directly affected by the ratio of the 

nominal punching shear resistance to the nominal flexural strength of the flat plate 

structures. According to ACI 318 (2008) and Eurocode 2 (2004), 20% and 30% of 
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factored bending moment can be redistributed, respectively, which might be conservative 

for the slabs designed owing to the assignment of safety factors. 

 
Figure 2-13 Test setup adopted from Choi and Kim’s (2012) 

Peng et al. (2015) tested 6 interior slab-column joints with lateral restraint to examine 

their punching and post-punching behaviours, the test setup is shown in Figure 2-14. The 

test variables included slab tensile reinforcement ratio and lateral restraint at the slab 

boundary. The experiments indicated that CMA in laterally restrained slabs could enhance 

the punching resistance by 9.5%. Although considerable tests have been carried out to 

investigate the effect of CMA, related to the boundary conditions, on the flexural or 

punching capacities of flat plate structures, few tests were conducted considering the 

influence of the in-plane restraint on the post-punching strength under concentrated 

loading. Peng et al. (2015) also found that anchoring the slab tensile reinforcement into 

slab by hooks provided an alternative approach to achieve stable post-punching capacity. 
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Figure 2-14 Test setup adopted by Peng et al. (2015) 

From the above test results, it can be clearly seen that the lateral restraints in flat plate 

system can significantly improve the flexural/punching capacity of the slab, but 

simultaneously reduce its ductility. In addition, owing to the difficulties in simulating the 

actual in-plane constraints provided by the surrounding structures, it is hard to quantify 

the degree of strength enhancement caused by the membrane actions. 

2.4.4 Shear reinforcement 

Punching shear failure usually occurs in the form of brittleness, which is an inherent 

damage mode of the slab-column joints. During design, it is possible to increase the 

punching strength and reduce the intensity of the shear stresses by enlarging the column 

section, increasing the thickness and reinforcement ratio of the slab or increasing the 

concrete compressive strength. However, the strength and ductility inherent in a slab-

column joint may still be inadequate even though the column has an adequate strength 

(Hawkins, 1974). In other words, the punching strength can be improved by the 

abovementioned methods but punching shear failures cannot be prevented by simply 

enlarging the sections of structural elements or increasing the reinforcement ratio.  

Shear reinforcement is recognised as the best technical alternative and most economical 

method to improve both the strength and ductility of flat plate structures. It can arrest the 
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shear cracks from widening, provide confinement for concrete and improve the integrity 

of the slab-column joint. Many types of shear reinforcement have been used successfully 

for slab-column joints. Those reported in the literature can be divided into three general 

types: bent-up rebars, stirrups and shear studs. 

The flat slabs tested with bent-up rebars have been shown to have limited enhancement 

on ductility and punching shear strength of slab-column joints, but greatly increase on the 

post-punching strength (Elstner and Hognestad, 1956; Hawkins, 1974; Dilger and Ghali, 

1981; Broms, 2000). However, the bent-up rebars were found to have a much better 

performance on the punching shear capacity when combined with closed stirrups (Broms, 

2000). The closed stirrups were also investigated by many other researchers (Islam and 

Park, 1976; Pillai et al., 1982; Robertson et al., 2002), who found that the closed stirrups 

can increase the punching shear strength with good anchorages. The proper anchorages 

enable the shear reinforcement to play their full roles in the interactions between concrete 

and reinforcement, providing resistance to the tensile stress across the shear cracks, 

thereby improving the integrity of the joints. The importance of proper anchorages of the 

shear reinforcement has also been confirmed experimentally by Lovrovich and McLean 

(1990), Broms (1990) and Polak et al. (2005). In addition to the good anchorages, another 

key factor, the spacing of shear reinforcement, also plays a significant role in effectively 

enhancing the punching shear strength of the slabs. The shear reinforcement is fully 

effective only when it is properly detailed (Hawkins, 1974). As reported by Langhor et al. 

(1976), the shear resistance contributed by the concrete between shear links became 

ineffective when widely spaced links were generated in the tangential direction.  

The third type of reinforcement, shear studs, are currently the most popular shear 

reinforcement and have been widely used because of their better mechanical anchorage 

and higher quality, compared with the other two types. Extensive research has been 

conducted on the performance of slabs strengthened with headed shear studs (Dilger and 

Ghali, 1981; Elgabry and Ghali, 1987; Megally and Ghali, 2000; Robertson et al., 2002; 

Kang and Wallace, 2005; Tan and Teng, 2005; Polak, 2005). Most of the tested slabs 

strengthened with headed shear studs showed ductile failure modes with satisfactory 

performance for slab resistance. Although shear studs are effective in arresting the large 

openings close to the joint area under the small deformation, the enhancement of shear 
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studs is limited in the post-punching stage under large deformations because of their 

ineffectiveness on the improvement of the structural integrity. 

2.5 Post-Punching Behaviour 

2.5.1 Failure mechanism 

In a slab-column joint, after punching shear failure, a punching cone develops and 

separates from the body slab and is connected to the remaining slab only by reinforcing 

bars going through the damaged area, as shown in Figure 2-15. The contribution of the 

interlocking aggregate of the concrete can be ignored because of the slab separation. The 

load is therefore assumed to be entirely transferred by the longitudinal reinforcement, 

including flexural and integrity reinforcement passing through the cone (see Figure 2-15). 

Although the concrete can no longer contribute to the resistance after punching, it can 

still act as an anchorage for reinforcement. The bond action (chemical adhesion, friction, 

and mechanical anchorage) between the reinforcement and concrete in the slab enables 

the development of resistance in reinforcement through suspension action. With good 

anchoring conditions, the suspension action can be sufficiently activated and becomes the 

primary load redistribution mechanism in the post-punching stage. Note that suspension 

actions are also called tensile membrane action to illustrate the post-punching mechanism 

of slab-column joints. 

 
Figure 2-15 Post-punching resistance provided by longitudinal reinforcement (Ruiz et 

al., 2013) 

2.5.2 Tensile membrane action 

Tensile membrane action (TMA) provides a secondary defence mechanism for the slab-

column joint after punching shear failure, which is capable of preventing the propagation 
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of collapse. The development of TMA depends highly on boundary conditions and 

vertical supports. Reinforced concrete slabs with lateral restraints and continuous 

reinforcement can reach a pure state of tension under large deflections (Mirzaei, 2010). 

Therefore, continuous and well anchored reinforcement is the key factor to activate TMA 

in slab-column joints. 

Park (1964) tested uniformly loaded slabs with fully restrained edges and found that the 

flat slabs with such restraints can increase their capacities after initial flexural failure. A 

similar conclusion has also been made by Powell (1966), Hawkins and Mitchell (1979), 

Regan et al. (1979), Mitchell & Cook (1984) and Keyvani (2014) that TMA could be 

activated in flat slabs with properly anchored reinforcement under large deflections. It 

has also been found that effectively continuous integrity reinforcement (bottom rebars) 

provides the main contributions to the post-punching resistance (Hawkins and Mitchell, 

1979; Melo and Regan, 1998; Robertson and Johnson, 2006). After punching failure 

occurred, a suspension net formed through integrity reinforcement to holdup the slab from 

collapsing. On the other hand, the flexural reinforcement has been reported to be 

inefficient in resisting post-punching failures, because they can be easily torn out from 

the slab owing to the spalling of the concrete cover (Hawkins and Mitchell, 1979; Melo 

and Regan, 1998; Mirzaei, 2010). Tests carried out by Melo and Regan (1998), Habibi et 

al. (2012), Ruiz et al. (2013) and Peng (2015) show that the post-punching strength of a 

slab with flexural reinforcement produced only around 30% of the punching shear 

strength, while that of a slab with both flexural and integrity reinforcements could reach 

up to 70%. Therefore, properly detailed continuous integrity reinforcement in the slab 

may arrest catastrophic progressive collapse of flat plate structures. 

2.5.3 Mechanical models for post-punching 

Melo and Regan (1998) carried out an experimental program aimed at assessing the 

bottom reinforcement in contributing to the post-punching resistance of the slab-column 

joints. It has been found that the well-anchored through-column bottom reinforcement 

can be highly effective in increasing the post-punching resistance. The ultimate resistance 

provided by the bottom reinforcement seemed to be governed either by the destruction of 

the concrete acting as an anchor in the adjacent area or by the fracture of rebars. The 
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method in ACI code for nuclear safety related structures (ACI 349, 1978) was applied by 

Melo and Regan (1998) to calculate the breakout resistance of the bottom rebars 

embedded in the concrete. The upper limit of post-punching resistance Vpp,b provided by 

the continuous slab bottom rebars can be predicted by : 

sbpp,b u0.44V A f= Σ  (2.1) 

where Asb is the cross-sectional area of one reinforcing bar and fu is the ultimate strength 

of the reinforcing bar. If fu is unknown then it can be assumed that fu = 1.15fy (fy is the 

yield strength of the reinforcing bar), resulting in the equation identical to the one used in 

the CSA Standard A23.3 (2004). 

Mirzaei (2010) reported four series of tests investigating the influence of flexural and 

integrity reinforcement in the slab with varied considerations, including reinforcement 

ratios, steel properties, reinforcement anchorages and behaviours of bend-up rebars. A 

mechanical model was proposed for calculating the post-punching resistance of slab-

column joints, accounting for the influence of both flexural and integrity reinforcement. 

He suggested that the post-punching strength can be calculated as the sum of the 

contributions of the top rebars in the punching cone region and the through-column 

integrity rebars. Mirzaei (2010) also applied the method in ACI 349 for the calculation of 

concrete breakout resistance and destruction of the concrete over the reinforcing bars. The 

contributions of the integrity reinforcement were governed either by the maximum 

breakout strength of the concrete above the rebars or by the rupture of the rebars. Concrete 

breakout and spalling in the post-punching stage are shown in Figure 2-16, where the 

inclination angle of the failure surface α was taken as 30 degrees in the calculation. 

 
Figure 2-16 Concrete breakout and spalling in the post-punching phase (Mirzaei, 2010) 
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Habibi et al. (2014) presented results of experimental studies on seven two-way slabs to 

provide additional experimental verifications of the approach taken in the CSA Standard 

A23.3 (2004) for the design and detailing of the structural integrity reinforcement. They 

also investigated the effects of different parameters on the post-punching behaviours of 

slab-column joints, including slab thickness, the length and distribution of the integrity 

reinforcement, column rectangularity, and the layout of the integrity reinforcement in 

drop panel regions. A theoretical method was developed to predict the post-punching 

response of slab-column joints, taking into account the individual layers of flexural and 

integrity reinforcement. In this method, the contributions of the top flexural rebars were 

governed by the breakout resistance of the concrete cover and the pull-out of the rebars 

after significant deflections. The contributions of the integrity rebars were governed by 

three different failure modes, including rupture of the bars, concrete breakout of the rebars, 

and pull-out of the rebars, which are similar to those in the analytical model of Mirzaei 

(2010). However, based on the observations from the experiments, the inclination angles 

of the punching failure surface were assumed as 45 degrees (α1) near the column and 14 

degrees (α2) at the distance of 2d (d is the effective depth of the slab) from the column 

face, as shown in Figure 2-17. 

  
Figure 2-17 Mechanism of shear resistance after punching shear failure (Habibi et al., 

2014) 

2.5.4 Provisions in codes and guidelines 

Most existing concrete structure standards provide recommendations to mitigate the 

likelihood of the progressive collapse after punching shear failure in flat plate structures. 

However, only a few codes of practice deliver explicit formulation for calculating the 

cross-sectional area of integrity reinforcement going through the column, which is critical 

to the post-punching resistance. 

α1

α2
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Swiss standard SIA 262 

The Swiss standard SIA 262 (2003) requires reinforcement to be provided on the flexural 

compression side. The area of the reinforcement should meet the requirements of 

Equation (2.2): 

sb d sb/ s( )inA V f ψ⋅≥  (2.2) 

where Asb is the total cross-sectional area of the integrity reinforcement going through the 

column; fsb is the dimensioning yield strength of reinforcing bar; Vd is the dimensioning 

value of the shear force transmitted to the column in accidental situations; ψ is the 

inclination angle of the reinforcing bar in the vicinity of the punching shear crack after 

punching shear failure. 

DIN1045-1 (2005) 

The German specification (DIN, 2005) requires special attention to the three-dimensional 

characteristics and stability of structures in the structural design. DIN explicitly gives the 

cross-sectional area of integral reinforcement going through the column in the bottom 

plate, the Equation is as follow: 

ksb E yd /A V f≥  (2.3) 

where Asb is the total cross-sectional area of the integrity reinforcement passing through 

the column; VEd is the design value of the punching force, fyk is the characteristic value of 

yield strength. 

ACI 318 (2019) 

ACI 318 (2019) requires that the column strip integrity reinforcement should be 

continuous and anchored into the next span, and at least two bottom rebars pass through 

the column. ACI 352.1R (2011) provides further guidance on the design of integrity 

reinforcement in slab-column joints. Continuous integrity rebars passing through the 

column cage in each principal direction at interior slab-column joints should have an area 

no less than Asm, which is shown in Equation (2.4). The minimum bottom reinforcement 
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requirement given by Equation (2.4) may be more stringent when compared with the 

requirement of ACI 318. 

ysm d 1 20.5 /A q l l f= Φ  (2.4) 

where Asm is the minimum area of the integrity reinforcement in each principal direction 

placed across the column; qd is the factored uniformly distributed load but not less than 

twice the slab service dead load; fy is the yield strength of rebar; Φ = 0.9, is a shear 

reduction factor; l1 and l2 is centre-to-centre span length in each principal direction. Asm 

may be reduced to 2/3 for those of edge joints, and to 1/2 for those of corner joints. 

CSA A23.3 (2004) 

CSA Standard A23.3 (2004) adopts a simplified equation for determining the amount of 

structural integrity reinforcement proposed by Mitchell (1993). A minimum area of 

bottom reinforcement connecting the slab to the column is given as below: 

ysb se s2 /A V f>  (2.5) 

where Asb is the total area of through-column integrity reinforcement on all faces of the 

column; Vse is the post-punching resistance, and fsy is the yield strength of the reinforcing 

bar. 

2.6 Numerical Studies on Flat Plate Structures  

Numerical investigations on the mechanical behaviour of flat plate structures are limited, 

only a few involve the behaviour of flat slab after a local punching shear failure. This is 

due to the complexity of simulating the high material and geometric nonlinearities and 

displacement discontinuities during punching and post-punching stages. This section 

provides a general review on the existing numerical research carried out using 2D and 3D 

modelling approaches. 

Guan and Loo (1997) developed a nonlinear Layered Finite Element Method (LFEM) for 

flexural and shear failure analysis of reinforced concrete slabs and flat plates (Loo and 
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Guan, 1997; Guan and Loo, 1997). This method simplifies the three-dimensional 

elasticity to a shell situation by using degenerate shell elements, each consisting of 

multiple fully bonded layers. Each layer contains gauss points on the intermediate surface 

where stresses are computed, assuming that they are uniform in thickness. A typical 

element is shown in Figure 2-18. The procedure is capable of determining the load-

deflection response, the ultimate load capacity and crack patterns of concrete slab 

structures, as well as computing the punching shear strength at slab-column joints of 

concrete flat plates. 

 
Figure 2-18 Concrete and smeared steel layers in a typical element (Guan and Loo, 

1997) 

Kang et al. (2009) developed a set of modelling techniques for simulating the nonlinear 

behaviour of flat plate systems in shake table tests. In this model, as seen in Figure 2-19, 

the column was simulated by fibre beams and the slab was simulated by equivalent beam 

elements with an effective width. Furthermore, the slab-column joint was modelled using 

zero length plastic hinges at the end of the slab-beam. These link elements were assigned 

properties with the following two considerations: (1) the flexural yielding occurs when 

the nominal moment capacity of either the column strip plastic hinge or the torsional 

connection is reached; (2) the punching shear occurs if the shear stresses in the slab ends 

reach a predefined value. Therefore, different mechanical properties of springs and hinges 

at the slab-column joints were able to be distinguished by the occurrence order of the 

punching shear failure and yielding of the slab reinforcement. The results showed that 

this slab-column joint model was able to capture the nonlinear behaviour of flat plate 
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structures. However, the model was simplified to a 2D frame with the slab being modelled 

by equivalent beams, which was not able to simulate the spatial membrane actions 

exhibited in the flat plate system. 

 
Figure 2-19 Slab-column Connection Modelling (Kang et al., 2009) 

 

Liu (2014) developed a macro finite element (FE) model using both shell and connector 

elements to simulate the nonlinear response and the ultimate punching failure of slab-

column joints. This macro model was based on the finite element software platform 

ABAQUS and validated against the slab-column joints tested by Elstner and Hognestad 

(1956). As shown in Figure 2-20, the joint and slab regions were modelled by rigid shell 

elements to simulate the flexural behaviour of the slab, and the connector elements were 

applied to model the internal force transfer between the slab and column. In total, eight 

connector beams were built to connect the joint region and the remaining slab. Each 

connector element was assigned different properties, including bending, torsion, and 

shearing to simulate different actions in the slab. The proposed macro model was 

validated against 24 isolated slab-column joint tests and applied to a progressive analysis 

of a multi-storey flat plate building subjected to dynamic and quasi-static column removal. 

However, this macro model does not take the post-punching behaviour of slab-column 

joints into consideration. 
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Figure 2-20 Proposed macro-model for flat plate (Liu, 2014) 

Keyvani el al. (2014) proposed a new modelling technique to evaluate the punching and 

post-punching behaviour of slab-column joints in flat plate structures. One quarter of the 

simply supported slab specimen was modelled based on the finite element software 

platform ABAQUS. In this model, the concrete slab was modelled by shell elements and 

the reinforcement was explicitly modelled by beam elements (see Figure 2-21). Similar 

to the model proposed by Liu (2014), connector elements were used. Four types of 

connectors were defined, as shown in Figure 2-21. These connectors were implemented 

to simulate the shear transfer from the slab to the column (connector SCC), to account for 

the discontinuity of integrity rebars after punching shear failure (connector IRCC), and to 

consider the effect of concrete breakout and spalling on the tensile rebars (connector 

TRCC). The numerical results showed that this model was capable of capturing the 

structural behaviour of flat plate structures. The effects of CMA in the joints with full 

restraints and in the flat plate floor system were also investigated. It was concluded that 

CMA could considerably improve the progressive collapse resistance of both the slab-

column joints and the floor system. Specifically, CMA developed in the floor system may 

increase the punching shear capacity by 17% compared with that of an ISS joint, whereas 

the fully restrained joints increased by 34%. It was also validated that the continuous 

bottom reinforcement going through the column played a dominant role in improving the 

post-punching capacity. 
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Figure 2-21 Proposed model for flat slab joint by Keyvani et al. (2014) 

2.7 Design Approaches to Resist Progressive Collapse  

To reduce the likelihood of the progressive collapse of a structure, two general approaches, 

indirect design and direct design methods, were introduced by Ellingwood and 

Leyendecker (1978). The indirect design approach, i.e., tie force method, aims to use 

explicit methods, such as adopting special reinforcement detailing, to enhance 

redundancy and ductility of a structure and further improve the collapse resistance of the 

structural system. The design flow of the tie force method is simple, which does not 

require analyses of the entire structure. Therefore, it is more suitable for engineering 

applications, because it can readily be implemented in the structural design without extra 

structural analyses. Although the indirect design approach can reduce the probability of 

progressive collapse, estimations of the post-failure responses of structures, which are 

designed based on such a method, are not readily possible (Sasani et al., 2007). 

The direct design methods consisted of the alternative load path method and the specific 

local resistance method, are usually based on sophisticated structural analyses such as 

nonlinear static or dynamic finite element analysis. The alternative load path method is 

to notionally remove the vertical component of the structure and to determine whether 

progressive collapse will occur by analysing the mechanical response of the remaining 

structure. The essence of this method is to provide an effective alternate path for the force 

transfers in the remaining structure, and to reduce the likelihood of progressive collapse. 
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A number of structural analyses with different complexity levels ranging from linear static 

analysis to nonlinear dynamic analysis can be used to evaluate the structural performance 

of a progressive collapse (Dusenberry and Hamburger, 2006; Seffen, 2008). For 

components that cannot find an appropriate alternative path or cost too much to identify 

the alternative path after damage, they can be set as key components using specific local 

resistance method for special design and strengthening, so that they have the ability to 

resist the action of unexpected loads. However, due to the unpredictable nature of hazards, 

specialised risk analyses are required for accidental loads. 

2.7.1 Tie force method 

The tie force method was first recommended in the British Standard shortly after the 

Ronan Point Apartment collapse in London (1968). This was followed by the Eurocode, 

which employs a similar tie force model and formulas. In the tie force method, the 

structural elements are assumed to be mechanically tied together, thereby enhancing the 

continuity, ductility, and development of alternate load paths. Tie forces are typically 

provided by the existing structural elements and connections, which are designed using 

conventional procedures to carry the standard loads imposed on the structure. According 

to the location and function, the ties are classified into five types, namely internal ties, 

peripheral ties, horizontal ties to external columns or walls, vertical ties and corner 

column ties (GSA, 2003), as shown in Figure 2-22. The load paths of the various types of 

tie are required to be the shortest while maintaining continuity, and the required tie 

strength must be satisfied. 

 
Figure 2-22 System of tie forces (GSA, 2003) 
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2.7.2 Alternate load path method  

The other quantitative method for progressive collapse design is the alternate path method, 

which can be classified into four analysis approaches: linear elastic static, linear elastic 

dynamic, nonlinear static, and nonlinear dynamic approach. The alternate load paths are 

the secondary load-bearing mechanism to efficiently redistribute the extra loads to assist 

the structure to hold position after the original load path is broken. Standards GSA (2013) 

and DoD (2010) specify how to apply the alternate load path method to guarantee the 

capability of the structure against progressive collapse. The concept “notional removal of 

elements in a structure” shows up in standards for evaluating the development of alternate 

load paths. It essentially assumes the local damage occurs, and states that the progressive 

collapse can be avoided after local damage occurs if the remaining structure has the ability 

to develop new load paths to redistribute extra actions and stay in position. As the 

standards (DOD, 2010; GSA, 2013) specify a rigorous design routine to apply the 

alternate load path method to structures against progressive collapse, the evaluation of 

the capability of resisting progressive collapse is able to be simplified as examining the 

remaining structure after losing a critical load-bearing element according to the specified 

failure criteria. In addition to the building design, the procedure of “notional removal of 

elements in a structure” is reasonably practicable in both experimental and numerical 

research approaches. 

2.8 Concluding Remarks 

Brittle punching shear failure is an inherent damage mode of slab-column joints, which 

could trigger the progressive collapse of flat plate structures. After punching shear failure, 

if the slab-column joints are properly designed, adequate post-punching strength and 

deformation capacity can be activated through the so-called suspension action, providing 

an effective and low-cost secondary defence for mitigating the progressive collapse of 

flat plate systems. In this chapter, both the punching shear and post-punching mechanisms 

were reviewed to understand the response of flat plate structures in the event of an initial 

local failure. In addition, the two prominent structural actions, including the compressive 

membrane action generated in slabs before punching and the tensile membrane action 

developed after punching shear failure, are discussed. These two actions are critical to the 
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load redistribution and collapse resistance, governing the punching shear and post-

punching behaviours of flat plate structures. 

Review of relevant literatures on slab-column joints subjected to the combined 

unbalanced moments and shear forces confirmed limitations in understanding the 

contributions and interactions among the bending moment, torsion and shear in flat plate 

systems. The nonlinear distribution of shear stresses in slab-column joints makes it 

difficult to accurately estimate the contribution of the membrane actions to the overall 

resistance. Thus, particular attention should be given in the proposed experimental 

numerical and theoretical studies. In addition, the interaction between an eccentricity of 

the force and lateral restraint has never been investigated with regard to punching shear 

and post-punching behaviours. In the following chapters, the identified gaps will be 

investigated experimentally, numerically and analytically. 
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Post-punching mechanisms of slab-column joints under upward and downward 

punching actions 

ABSTRACT 

Progressive collapse of reinforced concrete flat plate systems can be significantly 

influenced by the post-punching performance of their slab-column joints under large 

deformations. This work presents a series of static collapse tests on four flat slab-column 

joint specimens with slab in-plane restraint. The effects of different punching directions 

(upward and downward) and embedded beams on the post-punching performance of the 

joints were studied. The test results reveal that the post-punching load bearing and 

deformation capacities are mainly governed by the longitudinal through-column 

reinforcement in the slab. The peak bearing capacities and failure modes of specimens 

without embedded beams were significantly influenced by different punching directions. 

Conversely, the post-punching mechanisms of specimens with embedded beams were 

identical regardless of their opposite punching shear actions. In addition, the inclusion of 

the embedded beams increased the resistance capacity of the specimens under both 

flexural and suspension mechanisms and enhanced the deformation capacity under the 

suspension mechanism. Furthermore, a finite-element numerical model was developed 

and verified against the test results. Based on the numerical study, the contributions of the 

concrete and reinforcement in resisting the collapse of the slab–column joints were 

evaluated. 

Keywords: Finite element methods; Slabs & plates; Testing; Structural elements. 

3.1 Introductory Remarks 

Progressive collapse is defined as the spread of an initial local failure from elements to 

elements, which eventually results in the collapse of an entire structure or 

disproportionately large part of it (ASCE, 2010). Over the past few decades, multiple 

progressive collapse events of reinforced concrete (RC) flat plate structures have occurred 

worldwide, initiated by punching shear failure at the slab-column joints and then 

propagated to the rest of the structural system. The catastrophic collapse of Sampoong 

Department Store in South Korea (Gardner et al., 2002), Pipers Row Car Park in the UK 
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(Wood, 2003) and the Gretzenbach underground parking garage in Switzerland (Ruiz et 

al., 2010) are typical cases of progressive collapse of RC flat plate structures. In recent 

years, numerous collapse cases of underground carparks in China were also reported. 

These collapse cases were mostly triggered by punching shear failure at the slab-column 

joints owing to excessive vehicular load or uneven excavation and dumping of the 

excavated soil during construction. Brittle punching shear failure is an inherent damage 

mode of slab-column joints and cannot be prevented by simply enlarging the sections of 

structural elements or increasing the reinforcement ratio. Conversely, if the slab-column 

joints are properly designed, a considerable amount of collapse resistance by the so-called 

suspension mechanism after punching failure can be provided. Given that progressive 

collapse is an event with low probability, adequate post-punching strength and 

deformation capacity are considered as an effective and low-cost secondary defence for 

preventing the propagation of progressive collapse. Therefore, it is important to 

investigate the post-punching mechanism and resistance of the slab-column joints to 

mitigate the progressive collapse of flat plate systems.  

A series of experimental tests was conducted to investigate the post-punching 

mechanisms of flat slab-column joints, in which three key aspects were specially 

considered in the specimen design and loading pattern: (1) different punching directions; 

(2) slab in-plane restraint; (3) strengthening technique, that is, embedded beams. These 

aspects are described next with relevant literatures:  

(1) Different punching directions 

There are two types of punching shear failure modes of slab-column joints in a flat plate 

structure, as shown in Figure 3-1: (1) upward punching shear (UPS) failure, showing an 

inverted conical damage pattern, which is caused by overloading of the slab directly or 

indirectly through the redistribution of the internal forces of the slab during the process 

of collapse; (2) downward punching shear (DPS) failure, in the form of a cone, which is 

usually triggered by an uplifting action to the slabs, and is probably generated from a blast 

or hydrodynamic forces induced by a hurricane (Dusenberry, 2010; Robertson et al., 

2007). Note that either a DPS or a UPS failure might trigger progressive collapse. In 

addition, progressive collapse is a complicated mechanical process of structural systems 
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Only a limited number of slab-column joint tests have accounted for the effect of the slab 

in-plane restraint (Mitchell and Cook, 1984; Keyvani et al., 2014; Peng et al., 2017). 

Mitchell and Cook (1984) reported that the well-anchored through-column IR is capable 

of connecting the punching cone to the slab, holding the slab from falling down and 

enabling load transfer from the column stud to the slab. The enhancement of the in-plane 

restraint on the punching shear strength was evaluated by Keyvani et al. (2014), who 

found that the punching shear strength increased by 17% and 34%, respectively, in an 

actual flat plate structure and in a fully restrained isolated joint, owing to the compressive 

membrane action. Peng et al. (2017) concluded that sufficient lateral restraint provided 

by the slab boundary could increase the punching capacity of slab-column joints and their 

post-cracking flexural stiffness. Given the lack of study on the influence of the slab in-

plane restraint provided by the surrounding structure on the behaviour of isolated slab-

column joints, further investigation in this aspect is necessary.  

(3) Embedded beams 

The performance of slab-column joints may be improved by applying various 

strengthening techniques, such as different forms of shear reinforcement, steel fibre, 

fibre-reinforced plastic, glass-fibre-reinforced plastic or the application of the prestress 

tendons. All these methods have been found to enhance the punching shear capacities and 

to improve the structural ductility of slab-column joints (Ebead and Marzouk, 2004; 

Adetifa and Polak, 2005; Ramos and Lucio, 2008). Another strengthening measure, that 

is, embedded beams, to be studied herein, is a seismic design requirement for building 

construction as specified in the Chinese design code (MHURDPRC, 2010b). The 

effectiveness of such a strengthening technique has not been systematically studied. 

Therefore, it has become one of the key aspects to be examined in this study. Indeed, the 

arrangement of the embedded beams within the slab strip above the column has been 

proven capable of increasing the post-punching resistance and improving the ductility and 

integrity of the entire system, as observed in our tests (see Section 3.3.3.3).  

To sum up, the primary purpose of this work is to investigate the post-punching behaviour 

under UPS and DPS failure modes and the effectiveness of the strengthening technique, 

that is, embedded beams. A series of experimental tests was conducted on four slab-
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column joint specimens (UPS and DPS without embedded beams, and UPS-S1 and DPS-

S1 with embedded beams) with appropriate slab in-plane restraint. Damage and failure 

modes of the specimens under large deformations were examined, to explore the post-

punching mechanism of the specimens. A numerical simulation was also performed to 

evaluate the contributions of the concrete and reinforcement in resisting the collapse of 

the slab-column joints. 

3.2 Experimental Program 

3.2.1 Specimen design 

 General 

Figure 3-2 provides a plan view of the prototype structure and test setup. The prototype 

structure is a three-storey 4×4 bay RC flat plate car park (Figure 3-2 (a)), designed in 

accordance to Australian building code (SA, 2009) and also satisfies the requirement of 

the Chinese building code (MHURDPRC, 2010a). A series of one-third scaled slab-

column joint specimens with dimensions of 2000 mm × 2000 mm × 90 mm, taken from 

the ground floor of the prototype structure, were cast and tested. The boundary of the joint 

is denoted by the line of contraflexure (Figure 3-2 (b)). To better reflect the actual 

continuity of this boundary within the prototype structure, its periphery was designed by 

adding boundary beams which provided anchorage to the slab reinforcement (Figure 3-3). 

The sectional dimensions of the boundary beams for all specimens were 300 mm × 380 

mm. At the centre of each specimen, a concrete column stub with a 150 mm × 150 mm 

cross-section and a 90 mm and 120 mm extrusions from the top surface and soffit of the 

slab, respectively, was built. For the UPS case considered in this study, the specimens 

were tested upside down under a downward loading, which is similar to an existing 

experiment (Ruiz et al., 2013). For the DPS case, the specimen was tested upright and 

was also subjected to a downward loading. To achieve both DPS and UPS failure patterns 

using the downward loading device, the longitudinal reinforcements were arranged as 

follows. (1) For the DPS specimens, the flexural reinforcement (FR) and IR were arranged 

at the top and bottom of the slabs, respectively (Figure 3-3(c)). (2) For the UPS specimens, 

the FR and IR bars were placed in reverse in the slabs (Figure 3-3(d)). Note that the IR 

bars in each UPS specimen were also bent down at the slab-boundary beam interface and 
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Table 3-3 Vertical joint displacements with matching phenomena (unit: mm) 

Typical phenomenon UPS-1 DPS-1 UPS-S1 DPS-S1 

Flexural cracks at the bottom of slabs 9 6 4 4 

Punching failure (∆p) 36 36 35 45 

Mechanism transition point (∆t) 37 37 42 57 

Initial rupture of IR rebar 101 (∆s1) 215 (∆s3) 138(∆s) 165 

Detach of FR rebar from slab soffit 134 (∆s2) - - - 

Shear failure of concrete core - 138(∆s2) - - 

Initial rupture of FR rebar 175(∆s3) 108(∆s1) 147 148(∆s) 

Second rupture of FR rebar 175(∆s3) 113(∆s1) 147 152 

Second rupture of IR rebar 195 - 138(∆s) 165 

Rupture of all rebars going through the column stub - - 147 165 

End of the test 221 252 221 225 
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 Control specimen DPS-1 

As the punching direction of DPS-1 was reversed, this specimen exhibits different post-

punching damage mechanisms as compared with UPS-1. (1) The order of reinforcement 

rupture has changed; two FR bars (rebars A and B in Figure 3-6 (b)) ruptured first 

followed by the rupture of one IR bar (rebar E). (2) The concrete at the slab-column region 

(shaded area in Figure 3-7 (b)) was damaged in shear at a displacement of ∆ =138mm. 

This is because more FR bars in the top of the slab than the bottom IR bars generated 

larger shear forces to the concrete in this region. (3) The IR bars were anchored into the 

boundary beams; hence they were still effective in carrying the applied load even though 

they already partially pulled out of the concrete at the column region (see Figure 3-7 (b)). 

The crack pattern of DPS-1 at the termination of the test is shown in Figure 3-8 (c) and 

(d).  

The post-punching stiffnesses of UPS-1 and DPS-1 under the first substage (from Ft to 

Fs1 in Figure 3-5 (a)) were much larger than those under the other two substages (Fs1 to 

Fs2 and Fs2 to Fs3). Hence, the post-punching resistance under the first substage can be 

considered to make a major contribution to the collapse resistance. In the first substage, 

the bend down angles of the top rebars in UPS-1 and DPS-1 (α ≈86°) were much greater 

than those of the bottom rebars (β ≈50°). Because α is much greater than β, the strain 

and the vertical component of the axial force in the top reinforcement were much greater 

than those in the bottom reinforcement. This implies that the bearing capacity in this stage 

was predominantly contributed by the top reinforcement in the column region. Note that 

in DPS-1, four (A, B, C, D) and two (E, F) rebars were located in the top and bottom of 

the slab, respectively (Figure 3-6 (b)), and these rebars were inversely positioned in UPS-

1 (Figure 3-6 (a)). Therefore, DPS-1 was able to develop a 15% higher stiffness, K, at this 

stage, as can be seen from the load-displacement curves shown in Figure 3-5 (a), than that 

developed by UPS-1 at the beginning of this stage. Furthermore, owing to the larger K in 

DPS-1, the load carrying capacity Fs1 in DPS-1 (i.e., Fs1=116 kN) was 22% higher than 

that in UPS-1 (Fs1=95 kN) (Figure 3-5 (a)). 
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 Strengthened specimens UPS-S1 and DPS-S1 

Compared with UPS-1, the specimen strengthened with the embedded beams (UPS-S1) 

demonstrates the following differences in the damage mode. (1) More slab reinforcement 

within the embedded beams, but not going through the column, participated in resisting 

the applied load. Hence, the crack distribution was more uniform, and the cracks were 

widened. (2) The stirrups provided in the embedded beams enabled the longitudinal bars 

going through the column region to develop similar level of strains, which delayed the 

rupture of the IR bar (rebar A in Figure 3-6 (c)), as shown in Figures 3-5 (a) and (b) 

(∆s1 =101 mm for UPS-1, ∆s =138 mm for UPS-S1). This is followed by the longitudinal 

bars going through the column rupturing sequentially with a very small increase in 

deformation. (3) Since the integrity of the specimen with embedded beams was improved, 

although a small amount of the concrete cover for FR bars was damaged, these bars were 

still able to work together with the concrete within the punching area, as shown in Figure 

3-6 (c). All the rebars going through the column ruptured at ∆s = 150 mm as shown in 

Figure 3-5 (b). The crack pattern of UPS-S1 at the termination of the test is shown in 

Figure 3-8 (b). The final damage mode of DPS-S1 was very similar to that of UPS-S1 

(Figure 3-6 (c)). Figures 3-8 (c) and (d) compare the final crack patterns of DPS-1 and 

DPS-S1 on their bottom and top surfaces, from which DPS-S1 demonstrates more 

uniformly distributed cracks than DPS-1, particularly on the top surface.  

Compared with the control specimens (UPS-1 and DPS-1), the differences in the failure 

mechanisms of UPS-S1 and DPS-S1 can be identified. (1) The post-punching 

mechanisms of the specimens with embedded beams were identical regardless of their 

opposite punching directions. (2) The specimens with embedded beams exhibited 

increased resistant capacities under both the flexural and suspension mechanisms. The 

inclusion of stirrups within the embedded beams improved the ductility and load-carrying 

capacity of UPS-S1, reflected by a 37% increase in ∆s1 (UPS-S1: ∆s = 138 mm; UPS-1: 

 ∆s1 = 101 mm) and a 97% increase in Fs (UPS-S1: Fs = 188 kN, UPS-1: Fs1 = 95 kN), 

respectively. The stirrups in the embedded beams also improved the ductility and load-

carrying capacity of DPS-S1, reflected by a 37% increase in  ∆s1 (DPS-S1：∆s = 148 

mm；DPS-1:  ∆s1 = 108 mm) and a 72% increase in Fs (DPS-S1: Fs = 200 kN, DPS-1: 

Fs1 = 116 kN), respectively.  







CHAPTER 3 

58 

function for the concrete was also considered, to model the spalling and separation of 

concrete under high tensile forces. In this study, the criteria for erosion of concrete and 

reinforcement elements were based on the maximum effective strain of concrete and the 

maximum effective plastic strain of steel, respectively. The erosion values set in the 

models were calibrated against the test specimens. By virtue of symmetry with respect to 

the geometric, loading and boundary conditions, only a quarter model of each slab-

column joint specimen was simulated.  

 
(a) 

 
(b) 

Figure 3-10 Modelling of UPS-1: (a) concrete elements; (b) reinforcing bar elements 

3.4.2 Verification and analysis 

Figure 3-11 compares the load-displacement curves between the test and numerical 

results for the two pairs of specimens (DPS-1 and UPS-1, DPS-S1 and UPS-S1), which 
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are in good agreement. However, in all four models, the use of the element erosion 

function for concrete resulted in a large amount of deletion of concrete elements, in turn 

causing a slightly more drop of the shear capacity at the onset of punching shear failure. 

In the real experimental tests, however, after the occurrence of punching shear failure, 

damaged concrete in the critical punching region was still able to transfer loads and 

function as an anchorage for reinforcing bars. The punching and post-punching shear 

capacities, denoted as Vp and Vpp, respectively, which are the peak F values in the flexural 

and post-punching stages (Figure 3-11), are summarised in Table 3-4. Vp,e and Vpp,e 

represent the test results, and Vp,s and Vpp,s represent the numerical results. Comparing 

DPS-1 and UPS-1, the maximum numerical values of Vp,s and the corresponding vertical 

displacements of the test and numerical results are fairly similar. Conversely, the 

numerical values of Vpp,s at the suspension stage are 16% and 25% larger than those of 

the tests (Vpp,e), for DPS-1 and UPS-1, respectively. This is because the concrete-steel 

bond-slip relationship was not taken into consideration in the models; this resulted in a 

stronger bond between the concrete and reinforcing bars, hence larger values of Vpp,s. For 

DPS-S1 and UPS-S1, the differences between the test and numerical results are greater 

than those in DPS-1 and UPS-1, 4% and 23% in Vp and Vpp, respectively, for DPS-S1, 

and 3% and 11%, respectively, for UPS-S1. In particular, the large discrepancies in Vpp 

are attributable to the fact that the IR bars in the strengthened specimens DPS-S1/UPS-

S1 were more effective in transferring the load in the tests; whereas the integrity bars 

were less effective owing to the deletion of the concrete elements in the numerical 

analysis, as described above. In other words, the contribution of concrete confinement to 

the integrity bars (further evidence is provided in next section) was neglected in the 

models, in that the concrete in the critical punching region was mostly deleted after 

reaching its shear strain criteria. This also explains the more significant reductions of the 

numerical shear capacities and lower values of Vpp,s in the post-punching stage for both 

DPS-S1 and UPS-S1. Nevertheless, as shown in Table 3-4, the mean and coefficient of 

variance (C.O.V.) of simulated-to-experiment Vp,s /Vp,e (1.01 and 0.04, respectively) and 

Vpp,s /Vpp,e (1.02 and 0.22, respectively) confirm that the proposed modelling techniques 

are able to satisfactorily predict both the punching and post-punching shear capacities 

recorded in the experiments. 
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Table 3-4 Comparison of punching and post-punching shear capacities 

Specimen 
Experiment Simulation 

Vp,s /Vp,e Vpp,s /Vpp,e 
Vp,e (kN) Vpp,e (kN) Vp,s (kN) Vpp,s (kN) 

DPS-1 124 116 128 135  1.032  1.164 

UPS-1 144  102  148  128  1.028  1.255 

DPS-S1 201  198  193  153 0.960  0.773  

UPS-S1 165  199  170  177  1.030  0.889 

- - - - Mean 1.01 1.02 

- - - - C.O.V. 0.04 0.22 

 

3.4.3 Contributions of concrete and through-column reinforcing bars to overall load 

capacity 

Based on the numerical analysis results, Figure 3-12 presents the contribution of the 

concrete within the punching shear area (PSA) and that of the six through-column 

reinforcing bars to the overall load capacity for all the four specimens. Note that the PSA 

is defined as the square region of 45 × 45 mm bounded by half of the slab effective depth 

away from each column face, according to the provisions of ACI 318 (2011). 

The curves with square markers in Figure 3-12 represent the concrete contribution to the 

overall load capacity within the PSA and the curves with triangle markers represent the 

contribution from the vertical component of the load transferred to the six through-

column reinforcement. Before punching shear failure occurred, the two materials, 

concrete and reinforcement, within the PSA, worked well together. It can be seen from 

the numerical load-displacement curves, presented in Figure 3-12, that the concrete 

within the PSA contributed about half of the load capacity in all the specimens, whereas 

the contribution of the six through-column reinforcement is smaller than 10% for all the 

specimens. After punching shear failure takes place, the concrete within the PSA makes 

almost no contribution to the load bearing capacity but only acts as an anchorage to the 

slab reinforcement. Note that in UPS-1 and DPS-1, the through-column reinforcing bars 

provide most of the resistance (more than 99%) in the post-punching stage. This is 

indicated by the curves with triangle markers in Figures 3-12 (a) and (b), which almost 
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• After punching shear failure occurred, the post-punching bearing and deformation 

capacities of the slab-column joints without shear reinforcement are dominantly 

determined by reinforcement going through the column; this was also the case for 

joints with embedded beams. The specimens almost lost all their bearing 

capacities when all the through-column reinforcement ruptured. 

• The failure mechanisms in UPS-1 and DPS-1 were different. In the punching 

failure stage, DPS-1 was found to exhibit 16% smaller punching shear capacity 

compared with that of UPS-1, owing to the steel bars rupturing in a reversed order. 

In the suspension stage, UPS-1 reached its peak resistance when one of the IR 

bars ruptured and one of the FR bars detached from the concrete from the slab 

soffit. The peak resistance in DPS-1 was reached when one of the FR bars ruptured, 

whereas the IR bars remained intact, and the peak capacity is 22% higher than that 

of UPS-1, owing to the inverted layout of reinforcement. 

• The post-punching mechanisms of UPS-S1 and DPS-S1 were almost identical, 

regardless of their opposite punching directions, owing to the restraints provided 

by the stirrups in the embedded beams. Moreover, the addition of the embedded 

beams facilitated higher deformation and load capacities in the suspension stage, 

causing the corresponding displacement delayed by 37% in both UPS-S1 and 

DPS-S1, and the punching shear resistance increased by 97% and 72% in UPS-S1 

and DPS-S1, respectively, compared with those in UPS-1 and DPS-1. 

• It was found in the numerical study that the through-column reinforcing bars in 

the slab contributed more than 99% of the post-punching resistance in the 

specimens without embedded beams. For the specimens with embedded beams, 

the stirrup confinement to the reinforcement within the column strip helped to 

improve the integrity and ductility of the slab and alter the failure mode of the 

slab-column joints. The contribution due to the six through-column bars was 

reduced to 50% of the total load capacity because more bars contributing to the 

overall load resistance. 
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CHAPTER 4 

EXPERIMENTAL STUDY ON THE BEHAVIOUR OF 

INTERIOR SLAB-COLUMN JOINTS SUBJECTED TO 

ECCENTRIC LOADING 

4.1 Introductory Remarks 

In Chapter 3, the punching shear and post-punching mechanisms of slab-column joints 

subjected to concentric loading has been thoroughly investigated. In a concentrically 

loaded (CL) joint, the column only transmits shear forces from the slab. In an actual flat 

plate building, however, in addition to large shear forces, unbalanced bending moments 

are also inevitably transmitted to the column. The existence of unbalanced moments could 

only increase the vulnerability of a flat plate structural system to punching shear failure. 

Note that, unbalanced moments are commonly caused by the asymmetry of loading on 

either side of the column, unequal spans or horizontal forces like wind or earthquake. In 

addition, accidental loads such as explosion or vehicle collision to columns might also 

change the adjacent joints to be under asymmetric loading conditions accordingly. 

Following local damage to a column, the original load transfer path is changed due to the 

redistributions of internal forces. In other words, the load originally resisted by the failed 

column will be transferred to the adjacent joints, at which large additional shear forces 

and unbalanced bending moments will be generated, eventually leading to more complex 

mechanical performance and failure mechanism of the slab-column joints.  

In the last few decades, experimental studies of slab-column joints subjected to eccentric 

loading have been performed but only focused on the punching shear behaviour. Elstner 

and Hognestad (1956) investigated the effect of eccentricity and compression 
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reinforcement on the slab-column joints and found out that small eccentricity (one-half 

the column size) had little effect on the punching shear strength and the increase in the 

percentage (0.5 to 1.0 percent) of the compression reinforcement likewise. Subsequent 

experimental tests conducted by researchers considering unbalanced moments (Moe, 

1961; Hawkins and Corley, 1971; Regan et al., 1979; Elgabry and Ghali, 1996; Kruger et 

al., 2000; Binici and Bayrak, 2005) revealed some distinguished different phenomena 

compared with those of CL slab-column joints. The most distinguished phenomena were 

the asymmetrical punching failure mode and the decreased punching resistance of the 

joint with the increased eccentricity. Other parameters such as slab thickness, concrete 

strength and the enhancement of the shear reinforcement were also studied (Binici and 

Bayrak, 2005). Although plenty of parameters have been investigated, those observations 

and analyses are based on the joint tests with simply supported boundary conditions, most 

of which did not take into account the effect of slab lateral restraints on the punching 

shear behaviour and resistance of the joints. Nevertheless, in a continuous slab, the slab 

edges cannot rotate freely like simple supports, and the presence of in-plane restraints 

provided by the supporting system (columns, beams, walls etc. in different types of RC 

buildings) and the surrounding area of slabs can significantly increase the flexural and 

shear capacity of the slab-column joints (Kuang and Morley, 1992; Alam et al., 2009). 

However, only limited number of experimental tests have been conducted considering the 

effect of in-plane restraints (Peng et al., 2017). Furthermore, experimental investigations 

on the post-punching mechanism of eccentrically loaded (EL) joints are still lacking. 

To fill the abovementioned knowledge gaps, this chapter is dedicated to investigating the 

punching shear and post-punching behaviours of interior slab-column joints with in-plane 

restraints subjected to eccentric loading. A quasi-static test was conducted, including 

seven slab-column joint specimens with appropriate in-plane restraints. The damage and 

failure modes in different loading stages were examined and the influence of unbalanced 

moments, slab thicknesses and reinforcement ratios on the punching shear and post-

punching behaviours of slab-column joints with in-plane restraints were also explored. In 

addition, the results from eccentric loading tests were compared with those of the 

concentric loading tests and the differences between the two were highlighted as well. 
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4.2 Experimental Program 

4.2.1 Specimen design  

The prototype flat plate structure of the joint specimens under eccentric loading is the 

same as that for the CL joints, as shown in Figure 3-2 (a) in Section 3.2.1. Seven test 

specimens reported in this section were also extracted from the ground floor of the 

prototype RC flat plate car park, including six EL joint specimens and one CL joint 

specimen. Similar to the joint specimens in Chapter 3, all the specimens presented in this 

chapter were scaled down to 1/3. In order to comprehensively examine the effect of 

eccentricities to the failure mechanisms of joint specimens under varied design 

specifications, experimental results of two additional CL joint tests, namely UPS-1 and 

UPS-2, are also included in the result discussions in this chapter. Specifically, UPS-1 has 

been introduced in Chapter 3, whereas UPS-2 was tested previously (Yang et al., 2020) 

as part of the UPS series. Note that detailed design information for all specimens from 

UPS series can be found in Appendix A. 

A main difference between the seven tested specimens and those UPS series presented in 

Chapter 3 and Appendix A is that the loading scheme was changed from downward 

loading to upward loading, given that the eccentric loading device (see Section 4.2.3) 

would be in contact with the slab under large deformations if downward loading was 

applied. Compared with the UPS specimens, the integrity reinforcement (IR) and flexural 

reinforcement (FR) of the seven tested specimens were reversed accordingly to facilitate 

upward punching shear failures. Other than the loading direction, the design parameters 

of the seven joint specimens were mostly consistent with that of specimens in the UPS 

series.  

A total of nine specimens, including seven new isolated slab-column joint specimens and 

UPS-1&2 specimens, were divided into three series (Series I to III): Series I, control 

specimens (denoted as SE series) and the other two series with varied design parameters, 

i.e., Series Ⅱ, slab thickness variations (reduced by 20 mm) and Series III, variations of 

reinforcement ratio (increased by 30%), denoted as TE and RE series, respectively. 

Details of the dimensions and reinforcement of all the specimens are presented in Figure 

4-1 and Table 4-1. In each series, three levels of eccentricity were explored: 0 mm, 405 
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in the UPS series tests. The stands were all bolted to the ground and have sufficient 

rigidity and height, providing adequate fixity to the specimen. Similar to Section 3.3.1, to 

fix the specimen to the four rigid stands, four pairs of steel plates (‘⑧’) were pre-

embedded on both sides of the four corners of the boundary beams and connected to the 

stands by bolting and welding with another four pairs of steel plates (‘⑨’). 

In order to achieve different levels of eccentric loading (different eccentricities), an 

eccentric loading device (‘③’ in Figure 4-2 (a)) was specially designed for upward 

loading. Depending on the loading type, the appropriate device was installed on the top 

column stub of the specimen. Different eccentricities can be implemented through the 

eccentric loading device by the clamp (‘④’) fastened at a desirable distance to the centre 

of the column stub. Moreover, to prevent the clamp from slipping horizontally, steel 

limiters were also installed next to the clamp (on both east and west sides). Vertically, the 

clamp was connected to the hydraulic ram (‘①’), which was pre-installed underneath the 

loading frame (‘⑪’), through a load cell (‘②’) with measuring capacity of up to 500 kN 

in tension. As shown in Figure 4-3 (a), the loading device was bolted (‘⑤’ in Figure 4-2 

(a)) to the top column stub of each specimen using four long screws with a diameter of 

25 mm. Note that these screws were embedded in the column stub and extruded from its 

top and bottom surfaces (depicted in Figure 4-3 (b)) during the process of specimen 

fabrication. Further, the extruded screws from the bottom of the column stub were also 

anchored with bolts to prevent the screws from being pulled out during the tests. Note 

that for Specimen RE0 where a concentrate load was applied, the concentric loading 

device shown as an insert picture in Figure 4-2 (a), was placed on top of the column stub 

to replace the eccentric loading device. 

With this test setup, the displacement-controlled upward monotonic loading scheme could 

be implemented for all the specimens. The upward load could then be transferred to the 

column stub and subsequent to the slab through the concentric and eccentric loading 

devices (‘③’).  
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4.3.2 Overall structural response  

The failure behaviours and the overall structural responses of the CL and EL joints are 

presented and analysed in this section. There are both similarities and differences between 

the CL and EL joint specimens. The behaviour of the CL specimen SE0 has been 

described in Chapter 3 with details. The mechanical behaviour of CL specimen RE0 and 

all the EL specimens will be thoroughly discussed in this section. Note that for all 

specimens, the four layers of reinforcement in the slab are denoted as ‘L1’ to ‘L4’ from 

the top layer to bottom layer of the reinforcement. Figure 4-8 (a) presents an example of 

the denotation for each layer of reinforcement. 

 Series I (SE0, SE405 and SE780) 

SE405 

Compared with SE0, there are also three noticeable stages in SE405, as indicated in 

Figure 4-7 (a). In the flexural stage, a few visible diagonal cracks started to form from the 

west side of the column stub to the corners of the slab as the column rotated clockwise, 

as shown in Figure 4-8 (b) and Figure 4-9 (a). With the increase of the displacement, 

punching shear failure occurred with almost no warning signs at a displacement of around 

14 mm, which is much smaller than 36 mm in SE0, refer to Figure 4-7 (a). This is because 

SE405 was under the combined action of shear forces and unbalanced bending moments. 

As a result, asymmetric behaviour developed so that the critical shear cracks widened 

quicker on the west side of the slab than those on the east side, causing the early punching 

shear failure in SE405. The crack pattern of SE405 immediately after punching shear 

failure is shown in Figure 4-9 (a), it can be seen that semi-arc-shaped shear cracks formed 

with a large portion on the west side of the slab during the punching stage. In addition, 

the diagonal flexural cracks on SE405 specimen are obviously lesser compared with that 

of CL joint specimens (Figure 3-8 (c) and Figure 4-18 (a)). Meanwhile, only parallel shear 

cracks were observed around the column stub on the east side of the slab surface. As can 

be seen from Figure 4-9 (b), on the bottom slab, flexural cracks developed along the 

boundary beam-slab interface, forming a circumferential crack ring. Note that although 

the angles of the asymmetric punching cone could not be measured during the test, it 
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 Series II (TE0, TE405 and TE780) 

The behaviour of TE0 is almost the same as that of SE0 except for slightly lesser cracks 

that were observed, therefore, discussions on TE0 are not repeated in this section. Figure 

4-14 to Figure 4-16 provide the crack patterns and final failure modes of TE405 and 

TE780. Only slight differences could be observed from those figures. Due to the decrease 

of slab thickness in the TE series, the critical punching area and that of concrete spalling 

in the final failure stage reduced accordingly, compared with those of the SE series. 

Meanwhile, the number of radial cracks distributed diagonally on the top surface of slab 

in TE780 is less than that of TE405. In general, the failure modes are basically the same 

for TE405 and TE780 except for their different bearing capacities and corresponding 

displacements (Figure 4-7(b)). However, compared with TE0, the flexural cracks 

developed in both TE405 and TE780 were much less. The influence of different 

eccentricities on the failure modes can be found from Figure 4-16 and Table 4-3, in which 

TE780 with a larger eccentricity exhibits more severe damage on the eccentric loading 

side (west) than the opposite side (east), in turn resulting in a smaller punching shear 

resistance and corresponding displacement (10 mm, 38 kN) compared with those of TE 

405 (15 mm, 61 kN) and TE0 (32 mm, 87 kN).  

  
(a) (b)  

Figure 4-14 Crack pattern of TE405 immediately after punching: (a) Top view; (b) 
Bottom view 
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(a) (b)  

Figure 4-15 Crack pattern of TE780 immediately after punching: (a) Top view; (b) 
Bottom view 

 
(a)  

 
(b) 

Figure 4-16 Final failure modes: (a) TE405; (b) TE780 
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 Series III (RE0, RE405 and RE780) 

RE0 

The development of cracking of RE0 was observed and monitored during the test process, 

as shown in Figure 4-17. In the flexural stage, radial bending cracks formed first on the 

top surface of the slab at the displacement of approximately 3 mm, extending from the 

four corners of the column to the four corners of the slab (represented by the red lines in 

the left of Figure 4-17 (b)). With the increase of the vertical displacement, the overall 

behaviour of the slab changed from linear elastic to plastic, meanwhile, old cracks 

widened, and numerous fresh cracks appeared rapidly. More flexural cracks were 

observed until the occurrence of the punching shear failure. The crack pattern of RE0 

immediately after punching is presented in Figure 4-18. In Figure 4-18 (b), a 

circumferential crack ring was observed along the boundary beam-slab intersection and 

no cracks were found elsewhere on the bottom surface of the slab. In general, in this stage 

(Figure 4-17 (b)), the behaviour of the slab was ductile, the slab underwent relatively 

large deformations, and more flexural cracks can be observed compared with that of SE0. 

Referring to Figure 4-7 (c), punching shear failure occurred when the displacement 

reached 46 mm. At this point, the resistant capacity reached a peak of 160 kN. The brittle 

manner of the punching shear failure of the slab started with the opening of the critical 

punching shear cracks, as shown in Figure 4-17 (c). The shear cracks penetrated through 

the slab and formed a punching cone. After that, the slab was divided into two parts, one 

was the punched-out body, and the other was the remaining slab. These two parts were 

connected by the longitudinal reinforcing bars in the slab. The displacement of the 

specimen increased abruptly to 52 mm (see Figure 4-7 (c)) due to the separation of the 

two parts caused by the sudden punching shear failure.  

As the displacement continued to increase, crushing of the concrete could be observed in 

the test and then the spalling of the concrete cover appeared soon after. Before the rupture 

of the first reinforcing bar, the top layer FRs (L1 and L2) in the slab were still properly 

anchored instead of being pulled out due to the strengthened restraints provided by the 

hooks at the ends of the reinforcing bars. As shown in Figure 4-17 (c), the through-column 

IR in L4 on the east side of the slab ruptured first at a displacement of 94 mm with the 
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As can be seen from Figure 4-7 and Table 4-3, due to the increased reinforcement ratio in 

the RE series, the punching shear failures of both RE405 (12 mm) and RE780 (9 mm) 

occurred at smaller displacements (∆p) compared with those of the SE series (SE405: 14 

mm, SE780: 11 mm). In addition, the punching shear capacity of RE405 (99 kN) is much 

higher than that of RE780 (58 kN), which is similar to those of the SE and TE series. 

However, the post-punching capacity of RE405 (106 kN) is close to that of RE780 (111 

kN). 

  
(a) (b)  

Figure 4-20 Crack pattern of RE405 immediately after punching: (a) Top view; (b) 
Bottom view 

  
(a) (b)  

Figure 4-21 Crack pattern of RE780 immediately after punching: (a) Top view; (b) 
Bottom view 
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This section and Section 4.3.3.1 provide an overview of the behaviour of all tested EL 

joint specimens. Detailed strain developments on reinforcing bars obtained from each test 

and noticeable differences from the CL joint specimens are discussed in the following 

section. 

4.3.4 Strain development of reinforcement 

Strain development of the through-column rebars in slab are given in this section for all 

tested joint specimens. Only selected valid strain gauge readings are presented for gaining 

further understanding of the failure mechanisms of the joints. Note that due to the 

significant damage in the vicinity of the column, some gauges near the column ceased 

working after punching shear failure occurred. Locations of the strain gauges in the 

specimen are given in Section 4.2.4. In the following subsections, the strain gauge 

numbering and locations are also given as insert figures next to the strain development 

curves. 

 SE405 & SE780 

Figure 4-25 to Figure 4-27 present the strain development of through-column FRs (L1 

and L2) and through-column IRs (L4) in both SE405 and SE780. In SE405, as seen from 

Figure 4-25 and Figure 4-26, the strain gauges (T2, T6 and B3) closer to the column 

experienced greater strains than gauges (T1, T5 and B2) away from the column in FRs 

and IRs. The first yielding was recorded in the near-column gauge T6 (Figure 4-25 (a)) at 

a displacement of 7.8 mm with the yield value of 2127 µε. In addition, on the west side 

of the slab (eccentric loading side), as seen from Figure 4-25 (a), all the strains were in 

tension and saw a rapid growth before punching. Whereas those on the east side of the 

slab experienced compression before punching and gradually changed to tension after 

punching shear failure (see Figure 4-25 (b)). FRs developed tensile and compressive 

strains on the west and east sides of the slab, which validated the flexural mechanism 

presented in Section 4.3.3.1. Before the rupture of the first reinforcing bar (∆pp = 81 mm, 

Fpp = 80 kN, refer to Figure 4-7 (a)), all strains of the through-column FRs (L1 and L2) 

exceeded the yield value, including the ones on the south and north sides (see Figure 4-25 

(c)). It can be concluded that the well-anchored FRs can also contribute considerably to 
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• The punching shear capacity of the joints decreased with increased eccentricities. 

Compared with the CL joint specimens, the average reductions of the punching 

shear capacity are about 36% and 62% for joints with eccentricities of 405 mm 

and 780 mm, respectively, regardless of the various parameters (slab thickness 

and reinforcement ratio) in different specimens. 

• Although the reinforcement ratios in all three Series are relatively low, punching 

shear failure is still the governing failure mechanism due to the strong in-plane 

restraints of the slab. 

• Asymmetrical punching failure mode could be observed on the slab, the greater 

the eccentricity, the more obvious the asymmetry. Compared with the concentric 

loading specimens, except the asymmetrical punching shear cracks, only a few 

visible diagonal flexural cracks could be found, and those for large eccentricity 

(780 mm) could only be seen on the eccentric loading side.  

• Before punching, the through-column FRs and IRs experienced opposite 

compression and tension on either side of the slab near the column along the 

asymmetric loading axis. In the post-punching stage, the suspension mechanism 

was activated, and the eccentricity seemed to have little effect on the post-

punching capacities. Before the rupture of the first reinforcing bar, similar post-

punching capacities were observed in all three Series with average reductions of 

around 5% for specimens with eccentricities of 405 mm and 780 mm. The rupture 

locations of reinforcing bars were mainly on the eccentric loading side of the slab 

due to combined action of the unbalanced moment and shear force. 

• Strain results show that FRs resisted the applied load to a large extent at small 

deformations and those well-anchored ones were still able to contribute greatly 

during the post-punching stage. Almost all strains of the through-column FRs 

exceeded the yield value before the rupture of the first reinforcing bar. 
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CHAPTER 5 

NUMERICAL MODELLING OF INTERIOR SLAB-

COLUMN JOINTS SUBJECTED TO ECCENTRIC 

LOADING 

5.1 Introductory Remarks 

Punching shear and post-punching behaviours of slab-column joints are highly nonlinear 

in nature. To gain an in-depth understanding of the force transfer mechanism of the slab-

column joints during progressive collapse, detailed numerical modelling is necessary for 

simulating the pre- and post-punching behaviors. In the past twenty years, a lot of 

numerical modelling work has been done on the punching shear behaviour of slab-column 

joints (Polak, 1998; Guan and Polak, 2007; Liu, 2014; Genikomsou, 2015; Genikomsou 

and Polak, 2017; Goh and Hrynyk, 2018). Due to the displacement discontinuities 

induced by punching shear failure as well as high nonlinearities of material and geometry, 

the large-deformation collapse mechanisms of the slab-column joints in the post-

punching stage are rarely investigated using the Finite Element Method (FEM). Based on 

the simply supported joint tests under concentric loading scenarios, several numerical 

analyses considering the post-punching responses were performed (Keyvani et al., 2014; 

Ulaeto, 2018). However, rather limited modelling works have been completed to replicate 

structural behaviours of the slab-column joints in the post-punching stage under eccentric 

loading conditions. 

In Chapter 4, the effects of eccentric loading (EL) on the joint specimens have been 

thoroughly explored experimentally. To further understand the failure mechanisms of the 

EL joint specimens, it is necessary to replicate their structural responses numerically. 

Primarily, the numerical techniques proposed for the UPS joint tests, as reported in 
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Chapter 3, was adopted in the modelling of the EL joint tests. However, such techniques, 

developed based on the pure shear actions, was found to be unable to accurately reproduce 

the responses of the EL joint tests, in which the shear forces and unbalanced moments 

were simultaneously acted on the specimens. Therefore, an improved numerical approach 

that has been validated against the six EL joint tests is presented in this chapter. Based on 

the validated modelling results, the stress states of concrete and reinforcement in different 

regions in the slab of each specimen are obtained. 

Similar to the modelling of the UPS joint tests (Chapter 3), the EL joint tests were also 

simulated based on software LS-DYNA (LSTC, 2015) with a series of FEM-based 

nonlinear modelling techniques. In the EL joint tests, a specially designed eccentric 

loading device was used to implement different levels of eccentric loading. This loading 

device was explicitly simulated in the numerical models in order to replicate the true test 

conditions. The results are compared with the experimental results presented in Chapter 

4, including the load-displacement responses, failure modes, crack development and 

strain results.  

5.2 Numerical Modelling Techniques for Asymmetric Structural Response 

In the modelling of the EL joint tests, explicit FEM-based LS-DYNA (LSTC, 2015) was 

selected to define and calibrate appropriate material constitutive models and failure 

criteria. This software uses the explicit time integration method, which avoids the iterative 

computation and corresponding convergence issues. In addition, the auto-adjusted time 

step function of this software could ensure the stability of numerical solutions. Moreover, 

it is capable of simulating nonlinear material behaviours and the analyses of static and 

dynamic responses of structures under large deformations. Based on this powerful 

software, the numerical analyses for asymmetric structural responses of the EL joint tests 

in punching and post-punching stages were conducted. The proposed model is able to 

accurately reflect the boundary conditions and loading scenario by incorporating several 

critical modelling techniques for asymmetric responses, such as different failure criteria, 

bond-slip relationship between concrete and reinforcement, and the selective keyword 

cards for the consideration of simulating the eccentric loading device. Note that a 

keyword card is defined as a set of parameter settings for a specific function in LS-DYNA. 
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5.2.1 Element selections and geometric considerations 

Different types of geometric elements were used to simulate reinforcement and concrete. 

For reinforcement, the reinforcement in the slab, the column stub and the boundary beams 

were all explicitly modelled by two-node 1D Hughes-Liu beam elements with 2×2 Gauss 

quadrature integration. For concrete, two types of eight-node 3D solid (brick) elements 

were adopted in different regions. As can be seen from Figure 5-1 (a), to capture 

complicated stress patterns, the selective reduced-integration solid elements with eight 

integration points were adopted in the critical failure area (the pink area of the slab). This 

area is defined based on the average failure range of all EL joint specimens. While for the 

rest of the concrete area, where stress variations are not as dramatic, including the column 

stub, the boundary beams and the remaining area of the slab, solid elements with single 

integration point were used to increase the computational efficiency. The potential 

unrealistic element distortion under large stress concentrations was addressed by using 

viscous hourglass control (TYPE 1 in LS-DYNA) with a coefficient of 0.1.  

By virtue of symmetry with respect to the specimen geometry, the loading scheme as well 

as the boundary conditions, only half of the slab-column joint specimen was built, which 

resulted in reduced model size and solution time. The half model of specimen SE405 is 

shown in Figure 5-1 as a typical example. The modelling details of boundary beam 

restraints, the pin connection between the device and loadcell rod and the eccentric 

loading device, are enlarged and presented as insert images. The modelling of the 

reinforcement is presented in Figure 5-1 (b), all the beam elements for the reinforcement 

were modelled at their actual positions. The beam-to-beam contacts (LSTC, 2015) 

between different layers of the reinforcing bars could be implemented through the 

keyword *CONTACT_AUTOMATIC_GENERAL. In this way, the force transferred 

between the upper and lower layers of reinforcement during the suspension stage can be 

effectively reproduced. 

As shown in Figure 5-1 (a), to simulate the actual specimen supports, as described in 

Section 4.2.3, eight sides of the four corners of the boundary beams were fully restrained 

(top left inserted figure in Figure 5-1 (a)) up to the same height aligning with the steel 

plates that were embedded in the experimental specimens (‘⑧’ in Figure 4-2 (a)). 
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(b) 

Figure 5-1 Numerical model for specimen SE405: (a) Simulation details; (b) 

Reinforcement 

5.2.2 Material properties 

Three types of materials were selected to simulate the concrete and reinforcement 

materials of the EL joint specimens: (1) The continuous surface cap model (*MAT_159) 

was adopted to simulate the behaviour of concrete material in the slab and the boundary 

beams. (2) A series of multilinear elastoplastic material models (*MAT_24) were 

employed for reinforcement, to which the measured stress-strain curves were input. (3) 

To avoid the column stub and the corners of the boundary beams from being damaged in 

the modelling as was the case in the experiments, these components were simply 

modelled by elastic material (*MAT_001). Note that no obvious damages were found in 

these regions during experimental tests, owing to the high strength of the column stub 

(cast with steel fibre reinforced concrete with a 60 MPa compressive strength) and large 

stiffness of the steel plates attached to the corners of the boundary beams.  

 Concrete 

The continuous surface cap model (*MAT_159/*MAT_CSCM) has been successfully 

applied in simulating the flexural/axial failures of RC framed structures (Elsanadedy et 

al., 2017; Pham et al., 2017; Yu et al., 2018) and the punching shear failures of RC flat 

slab joints and substructures (Xue, 2019; Ma, 2020). This model works well under low 

confinement situations and can model damage-based softening and modulus reduction, 
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shear dilation, shear compaction, confinement effect and strain rate effect (Wu et al., 

2012). Therefore, this constitutive model was adopted in this study to simulate the 

concrete material behaviour of the joint specimens. 

To offer some background information, CSCM was developed by the Federal Highway 

Administration (FHWA), aimed at roadside safety analyses (Murray, 2007). This is a cap 

model with a smooth intersection between the shear yield surface and hardening cap, as 

shown in Figure 5-2. The initial damage surface coincides with the yield surface.  

 
Figure 5-2 Yield surface of CSCM (Murray, 2007) 

The yield function is defined by three-invariants and the cap hardening parameter 

proposed by Schwer and Murray (1994) and Sandler et al. (1976) as presented below: 

 ( ) ( ) ( ) ( )2 2
1 2 3 2 3 1 1Y , , , ,f cJ J J J J F J F Jκ κ= − ℜ   (5.1) 

where J1 represents the first invariant of the stress tensor; J2 and J3 represent the second 

and third invariants of the deviatoric stress tensor, respectively; Ff (J1) is the shear failure 

surface; Fc (J1, κ) is the hardening cap; ℜ is the Rubin three-invariant reduction factor; κ 

is the general cap hardening parameter. 

The shear failure surface Ff (J1) is defined as: 

 ( ) 1
1 1exp J

fF J Jβα λ θ−= − +   (5.2) 
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The material constants α, β, λ, θ are determined from triaxial compression (TXC) tests. 

Since the concrete fails at lower values for triaxial extension (TXE) and torsion (TOR) 

tests than it does for TXC tests conducted at the same pressure, the Rubin scaling function 

ℜ is introduced and it determines the strength of concrete for any state of stress relative 

to the strength for TXC, via ℜFf. Strength in torsion is modelled as Q1Ff. Strength in TXE 

is modelled as Q2Ff, where: 

 1 1
1 1 1 1 1exp JQ Jβα λ θ−= − +   (5.3) 

 2 1
2 2 2 2 1exp JQ Jβα λ θ−= − +   (5.4) 

where Q1 and Q2 represent Rubin scaling functions for torsion and triaxial extension, 

respectively; α1, β1, λ1and θ1 are shear surface constant term, shear surface exponent, 

shear surface nonlinear term and shear surface linear term for torsion, respectively; α2, 

β2, λ2 and θ2 are shear surface constant term, shear surface exponent, shear surface 

nonlinear term and shear surface linear term for extension, respectively. 

The cap hardening surface is expressed as: 

 ( )
( )2

1
12

1

1

( )
1 ( ), ( ( ) ( ))
1 ( )

c

J L
J LF J X L
J L

κ
κκ κ κ
κ

 −
− ≥= −

 ≤

  (5.5) 

 0

0 0

( )L
κ κ κ

κ
κ κ κ

≥
=  ≤

  (5.6) 

 ( )1( ) ( ) fX L RF Jκ κ= +   (5.7) 

The intersection of the shear surface and the cap is at J1 = κ, and Equation (5.5) describes 

the ellipse (cap) for J1 > κ. The equation for L(κ) restrains the cap from retracting past its 

initial location at κ0. κ0 is the value of J1 at the initial intersection of the cap and shear 

surfaces before the cap expands or shrinks. R is the cap ellipticity ratio. The expansion or 

contraction of the cap depends on the occurrence of the compaction or dilation of plastic 
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volume. The motion (expansion and contraction) of the cap is based upon the hardening 

rule as follow: 

 
( ) ( )( )2

1 0 2 01 exp
D X X D X Xp

v Wε
− − − − = −  

 (5.8) 

where p
vε is the plastic volume strain; W is the maximum plastic volume strain; X0 is the 

initial location of the cap when κ = κ0; and D1 and D2 are the model input parameters. The 

five input parameters (X0, W, D1, D2, and R) are obtained from hydrostatic compression 

and uniaxial strain tests.  

All the default parameters, as mentioned above, can be obtained from the built-in 

subroutine of the CSCM simplified version in LS-DYNA. The simplified version only 

requires the input parameters, including the unconfined compressive strength f’c, the 

erosion criterion, the maximum aggregate size Ag and the units. Ag is used for determining 

the fracture energy parameters in accordance with CEB-FIP Model Code 1990 (1993). 

The default unconfined uniaxial compressive (UUC) and tensile (UUT) stress-strain 

relationship of concrete (Model 1 in Figure 5-3) can be obtained from the single element 

displacement-control simulation, following the work of Salamon and Harris (2014). A 

hexahedral solid element of 15 mm was used in the calculation, which is the same size as 

used for modelling the slabs in the CL joint models. The loading scheme and boundary 

conditions are shown in Figure 5-4. 
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greater than the test result, the development trend of the load-displacement curve and the 

peak punching shear strength agree well with that of the test results. This adjustment of 

elastic modulus improves the numerical results for SE405 and the other EL joint 

specimens. Note that the rest of the parameters in CSCM remained as default values, 

which were determined based on f’c and Ag. Detailed information regarding the CSCM 

subroutine for parameter determinations can be found in CSCM user manual (Murray, 

2007). 

 
Figure 5-5 Comparisons of experimental results and numerical results with default 

CSCM parameters 

All the parameters used are presented in the Keyword card *MAT_159 (CSCM) in Figure 

5-6. Although element erosion is not a physical phenomenon for concrete material, this 

attribute enables successful modelling of concrete spalling and separation under 

extremely high tensile or shear forces. In this study, the criterion for element erosions is 

based on the maximum principal strain εmax. By this criterion, the solid elements with 

concrete properties will be deleted if the maximum principal strain εmax exceeds the 

principal strain at failure εf. The value of εf is taken as 0.03 for all the EL joint models, 

and this value was determined based on trial and error method as did in other studies (Xue, 

2019; Ma, 2020). Note that the strain rate effect option of the material is turned off 

because only quasi-static behaviour is concerned herein. 
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Figure 5-6 Keyword *MAT_159 in LS-DYNA 

The selection of the mesh sizes were based on the mesh sensitivity analysis done by Xue 

(2019) and the existing similar research studies using CSCM (Pham et al., 2017; Yu et al., 

2018; Qian et al., 2018; Xue, 2019; Ma, 2020). In this numerical study, considering the 

geometry and computing efficiency, the combination of mixed element sizes was used for 

solid elements of the concrete slab, including 15.5 mm for joint regions and 15 mm for 

the other non-critical regions, being the same as the UPS joint models in Chapter 3. 

 Steel 

An isotropic elastic-plastic material model *Mat_Piecewise_Linear_Plasticity 

(MAT_024) was used for steel material, which was assumed to have identical behaviour 

in tension and compression. The advantage of this material model is that it allows users 

to self-define the constitutive relationship. In this model, the mass density, elastic 

modulus, yield strength, Poisson’s ratio, failure strain and load curve must be provided. 

When the plastic strain of a steel element exceeds the failure threshold (i.e., the plastic 

strain at failure in LS-DYNA), the element is deleted from the calculation. The load curve 

is used to define the relationship between the axial stress versus effective plastic strain, 

through which the tested stress-strain curve was input. Note again that the strain rate effect 

was not considered as the specimens were loaded quasi-statically in the tests. As the beam 

element size is also crucial to computational time, the element length of 18 mm and 20 

mm was chosen, which is consistent with that of the UPS joint models in Chapter 3. 
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Interactions between the beam and solid elements were simulated using the keyword 

*CONSTRAINED_BEAM_IN_SOLID. This keyword was used instead of the 

*CONSTRAINED_LAGRANGE_IN_SOLID keyword since the latter one has false 

internal energy accumulations (Chen, 2016). By using the nodal coupling method, the 

modelling process became simpler since nodes’ sharing between solid and beam elements 

was no longer needed. The distributions of the coupling points on each beam element 

were performed based on the relative mesh sizes of the beam and solid elements. The 

number of coupling points was chosen as 1 (the parameter NCOUP = 1 in LS-DYNA), 

which means that there was one additional coupling point generated on each beam 

element. By doing so, coupling was achieved at both beam end nodes and those newly 

generated coupling points. 

5.2.3 Bond-slip relationship 

Bond-slip between the reinforcement and concrete was expected to take place in the EL 

joints after punching shear failures occurred. Before punching shear failure, the concrete 

and reinforcing bars worked together as a composite, therefore, perfect bond was assumed 

between reinforcement and concrete. After punching shear failure, due to severe shear 

and flexural cracks and strain concentrations in reinforcement, the bond between the 

concrete and steel rebars were released, and the slip occurred along the interface between 

two materials due to their incompatible strain developments. Therefore, the bond-slip 

effects were considered in the numerical modelling through the keyword 

*CONSTRAINED_BEAM_IN_SOLID after punching shear failure occurred.  

The bond-slip model proposed by Taerwe and Matthys (2013) was used, which was 

adopted by FIB Model Code (2013) and has been successfully applied in the work of 

Pham et al. (2017), Yu et al. (2018) and Ma (2020). For monotonic loading, the bond 

stresses τb between concrete and reinforcing bars for pull-out and splitting failure along 

the beam axial direction can be calculated as a function of the relative displacement s 

parallel to the bar axis as follows (FIB, 2013): 
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  (5.9) 

where τbmax and τbf are the maximum bond stress and remaining bond stress at a large 

relative displacement (s), respectively, between concrete and reinforcement along the 

beam axial direction; s1, s2 and s3 are the relative displacements of reinforcing bars to 

concrete at three bond stress conditions, as shown in Figure 5-7. 

The parameter set of “splitting, unconfined, all other bond condition” from FIB Model 

Code (2013) was chosen for all tested EL joint specimens, as their concrete covers were 

only 6 mm. 

 

Figure 5-7 Analytical bond stress-slip relationship under monotonic loading (FIB, 2013) 

(Note: τbu,split,1 and τbu,split,2 are the peak local bond resistances in the absence and 

presence, respectively, of confining stirrups.) 

5.2.4 Modelling of eccentric loading device 

As previously introduced for the EL joint tests in Chapter 4, the design of the eccentric 

loading device was to achieve different levels of eccentric loading. The entire loading 

system consists of the eccentric loading device, the hydraulic jack and a revolute pin 

connection in between, as shown in Figure 4-2 (a) and Figure 5-1(a). Since the geometric 
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*CONSTRAINED_JOINT_REVOLUTE was used to implement the in-plane rotation of 

the pin connection. As can be seen from Figure 5-9, the rigid bodies A and B can rotate 

relative to each other along the axis defined by the common edge. Note that nodes 1 and 

2 are coincident, nodes 3 and 4 are coincident, in which nodes 1 and 3 belong to rigid 

body A, while nodes 2 and 4 belong to rigid body B. The relative motion of the two rigid 

bodies is restricted to rotate about the axis formed by the two pairs of coincidental nodes.  

 
Figure 5-9 Revolute pin connection (LSTC, 2016) 

To simulate the actual contact situation between the eccentric loading device and the 

column stub, and that between the clamp and eccentric loading device (shown as the 

interface A and interface B, respectively, in Figure 5-8), nodes at both interfaces were 

separately built on different parts instead of being shared. In addition, sharing nodes were 

applied at the top connection of the column longitudinal bars (⑦) and the eccentric 

loading device as well as the bottom connection of the column longitudinal bars and the 

steel plate (Figure 5-8). In this way, the upward-lifting action of the hydraulic jack can be 

transferred to the longitudinal bars in the column stub and the steel plate, and 

subsequently transferred to the slab.  

5.2.5 Simulations of loading process 

Similar to the EL experimental tests, the quasi-static loading scheme controlled by the 

displacement was applied to the numerical model. As a part of the loading system, the 

hydraulic jack rod was explicitly modelled with beam elements, and its top end, shown 

as Point O in Figure 5-8, was fixed in five DOFs except for the rotational DOF along the 

Y-axis. To simulate the uplifting process (retraction of the jack rod) of the hydraulic jack 

during the tests, the material type *MAT_ELASTIC_PLASTIC_THERMAL (*MAT_004) 

was employed in the modelling, because it can be defined as a thermoelastic material, 

which enables the modelled jack rod to deform linearly when subjected to temperature 

Rigid body A

Rigid body B
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gradients. By utilising such a feature of the thermoelastic material model, an uplifting 

displacement applied to the column stub can be modelled in the form of shortening the 

beam elements. In this material model, the mass density, Young's modulus, Poisson’s ratio 

and coefficients of thermal expansion are required. To achieve the linear shortening action 

of the modelled jack rod, the mass density, Poisson’s ratios and Young's modulus were 

input following the material properties of the steel. Note that the coefficients of thermal 

expansion were manually set to 2 × 10−4 per °C, which is much higher than that for the 

steel, to generate large deformations. By changing the temperatures of the jack rod in the 

simulations through the keyword *LOAD_THERMAL_LOAD_CURVE, the modelled 

jack rod can be shortened by more than 200 mm, the eccentric loading device and the 

column stub in the simulations were therefore lifted upward, as deformed in the 

experimental tests. 

Compared with the modelling of the EL joint specimens, modelling for RE0, as 

mentioned in Chapter 4 was much simpler. And its modelling process exactly followed 

that of the UPS joint models presented in Chapter 3, expect for the definition of the 

loading system due to the different loading directions. As shown in Figure 5-10, the load 

cell was simulated with beam elements. An upward load, controlled by displacements, 

was applied to its top end through the keyword 

*BOUNDARY_PRESCRIBED_MOTION_SET. The bottom end of the load cell was 

connected to the concentric loading device, which was simplified as a steel plate built in 

solid elements. Note that the elastic steel material was adopted on both parts of the loading 

system. Similar to the experimental setup of RE0, the concentric loading device was 

connected to the top end of the longitudinal column rebar that was embedded into the 

concrete column stub. The bottom end of the column rebar was also tied to another steel 

plate to prevent bond failures of the column stub during the lifting process.  
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Figure 5-11 Test setup (unit: mm) (Kruger et al., 1998) 

  
(a) 
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(b) 

 
(c) 

Figure 5-12 Comparisons of load-displacement curves: (a) P0A; (b) P16A; (c) P32A 

5.3 Modelling Validation and Analysis 

5.3.1 Load-displacement response 

Comparisons of the numerical and experimental results regarding the load-displacement 

responses for all the seven specimens, as introduced in Chapter 4, are shown in Figure 

5-13. By comparison, it can be concluded that the numerical models are able to capture 

the flexural, the punching shear failures and post-punching behaviours of both the EL and 

CL slab-column joint specimens. Nevertheless, similar to those of the simulated UPS 
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results in Chapter 3, in all these seven models, the load drops due to the punching shear 

failure were always more than those being observed in the experimental tests. These are 

due to the unfavourable effects of using the element erosion function for the concrete 

elements, by which a larger than expected number of concrete elements were removed 

upon punching failures. However, such effects caused little impact on the simulation of 

the overall responses. Generally, the development of initial stiffness and flexural 

capacities, the sudden drops caused by punching shear failures, and the re-ascending post-

punching behaviours were all simulated in good agreements with the experimental results.  

The punching shear capacities of all the joints, denoted as ‘Vp,e’ and ‘Vp,s’ for the test and 

numerical values, respectively, together with their post-punching shear capacities 

(denoted as ‘Vpp,e’ and ‘Vpp,s’, respectively), are summarised in Table 5-1. The numerical 

models delivered excellent predictions in terms of the average test-to-simulation ratios, 

being 0.98 (2%) and 0.94 (6%) for the peak values of the punching shear and post-

punching capacities with coefficient of variation (C.O.V. in Table 5-1) of 5% and 8%, 

respectively. 

  
   (a)    (b) 
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   (c)    (d) 

  
   (e)    (f) 

 
   (g) 

Figure 5-13 Comparisons of numerical and experimental results of tested specimens: (a) 

SE405; (b) SE780; (c)TE405; (d) TE780; (e) RE0; (f) RE405; (g) RE780 
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Table 5-1 Comparison of punching shear and post-punching capacities of seven tested 

specimens (unit: kN) 

Specimen 
Experiment Simulation 

Vp,s /Vp,e Vpp,s /Vpp,e 
Vp,e  Vpp,e Vp,s Vpp,s 

SE405 93 80 93 81 1.00 1.01 

SE780 70 90 61 70 0.87 0.78 

TE405 60 98 62 92 1.03 0.94 

TE780 38 86 38 81 1.00 0.94 

RE0 158 108 158 111 1.00 1.03 

RE405 99 106 94 98 0.95 0.92 

RE780 57 111 56 110 0.98 0.99 

- - - - Mean 0.98 0.94 

- - - - C.O.V. 0.05 0.08 

 

5.3.2 Crack pattern 

Figure 5-14 presents the principal stress state of the elements on and adjacent to the 

punching shear surface at the onset of the punching shear failure, SE405 is shown here as 

an example. Specifically, the maximum principal stress σ1 vectors of one layer of the 

selected concrete elements on the symmetrical surface are plotted. It can be seen that the 

concrete elements in the slab developed asymmetric cracks under the eccentric loading. 

On the eccentric loading side (the west side in Figure 5-14), a large volume of concrete 

elements above the punching shear surface were deleted due to combined actions of the 

unbalanced moments and shear forces. Large compressive stresses were observed from 

the remaining slab concrete elements, especially at the bottom west (green arrows) and at 

the top east (blue arrows) of the slab in the vicinity to the column stub. These stress 

patterns shown in slab concrete elements are consistent with the stress state of the 

through-column rebars discussed in Section 4.3.3.1. The tensile and compressive 

maximum principal stresses of the concrete elements perpendicular to the punching shear 

surfaces further uncovered the developments of the asymmetrical punching failure mode 

and its formation process on both sides of the column stub of the symmetric axis. 
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(a) (b)  

 
 

(c) (d) 

Figure 5-15 Comparisons of numerical and experimental crack patterns of SE405 after 

punching shear failure: (a) Top view; (b) Bottom view  

 
 

(a) (b)  
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(c) (d) 

Figure 5-16 Comparisons of numerical and experimental crack patterns of SE780 after 

punching shear failure: (a) Top view; (b) Bottom view 

5.3.3 Strain development 

Figure 5-17 and Figure 5-18 illustrate that reasonable matching was obtained between the 

numerically strain results and experimentally measured strain values of the through-

column reinforcing bars in SE405, SE780 and RE0. Note that the experimentally 

measured strains were only recorded up until damage of the strain gauges. The trends of 

strain developments in both flexural and post-punching stages, as well as the strain 

transitions from compression to tension (exhibited in gauges T3 and B2 of SE405 (Figure 

5-17 (a) and (c)) and gauge B3 of RE0 (Figure 5-18 (b)) are well captured. In addition, 

the strain values for position B4, which was not able to be recorded in the SE405 test due 

to equipment issues, can be extracted from the numerical model, providing further 

information for the strain analysis. With the validated results in terms of both the 

displacements and strains, the proposed EL numerical models are further confirmed to be 

reliable. 
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5.4 Contributions of Concrete and Through-Column Reinforcing Bars to Overall 

Load Capacities  

Based on the numerical analysis results, Figure 5-19 presents the contributions of the four 

layers of through-column reinforcing bars to the overall load capacity of each of the seven 

specimen models. The positions of the four layers of rebars are shown in Figure 5-19 (a). 

It can be seen from Figures 5-19 (b) to (h) that before punching shear failure, the 

contributions of the reinforcement to the overall capacities can be neglected (less than 

10%), as most of which are contributed by the concrete. After punching shear failure 

occurred, the concrete in the slab was no longer able to work together with the reinforcing 

bars and almost lost all the contributions to the overall resistance but only acted as the 

anchorage to the slab reinforcement. The contributions from the reinforcement become 

dominant to the overall resistance. As presented in Figures 5-19 (b), (d), (f), (g) and (h), 

the through-column reinforcing bars provide most of the resistance (average of more than 

95%) in the post-punching stage in SE405, TE405, RE0, RE405 and RE780. For the other 

two specimens SE780 and TE780, the deviations are significant in the phase of the load 

re-ascending at the onset of the post-punching stage, as shown in Figures 5-19 (c) and (e), 

respectively. This is because after punching shear failure, the rotation angles of the 

column stub became much larger in the EL joint specimens with a larger eccentricity (i.e. 

e = 780 mm), which resulted in large compressive stresses in the remaining slab concrete 

being connected to the column stub, as circled out by the red lines in Figure 5-20. The 

sudden increase of the contributions from all the through-column reinforcing bars, after 

punching shear failure, can be offset by the compressive stresses observed from these 

portions of the slab concrete, as shown in Figure 5-21. In addition, as shown in Figure 

5-19, the slight deviations in all the EL joint models in the late post-punching stage could 

be attributed to the effects of other slab reinforcement adjacent to the through-column 

bars, however, these load contributions are negligible. 

The contributions of different layers of through-column reinforcing bars to the overall 

capacities in different stages can also be found in Figure 5-19. Note that L1 is able to 

provide some contributions in the initial phase of the post-punching stage in all seven 

joint models. However, due to them being pulled out under large deformations, L1 

reinforcing bars were unable to contribute to the post-punching resistance right before the 
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5.5 Concluding Remarks 

To numerically investigate the mechanical performance of the slab-column joint 

specimens subjected to eccentric loading, a set of finite element modelling techniques 

using LS-DYNA software are proposed in this chapter. Appropriate selections of different 

element types, bond-slip relationships, load applications, boundary conditions and 

element erosion criteria ensured the accuracy of the numerical models. The proposed 

numerical models are validated against the experimental results, in terms of overall 

responses, crack patterns, failure modes and strain developments. Good agreements can 

be obtained from the comparisons of the numerical and experimental results. In addition, 

the key features can be well captured, including flexural behaviours, sudden drops of 

punching shear capacities and post-punching shear responses in the form of re-ascending 

load resistances. Furthermore, the contributions of the concrete and reinforcement to the 

overall load resistances were analysed numerically. Throughout the numerical studies, 

some key findings can be highlighted as follows: 

• The validated numerical models are capable of predicting the overall structural 

behaviour of both CL and EL slab-column joints, in terms of the load-

displacement relationships, failure modes, crack patterns and strain developments. 

Results from the numerical modelling gave predictions of punching shear and 

post-punching capacities for all the test specimens with average percentage 

differences of 2% and 6%, respectively. 

• The tensile and compressive maximum principal stresses of the concrete elements 

perpendicular to the punching shear surfaces further uncovered the developments 

of the asymmetrical punching failure mode and its formation process on both sides 

of the column stub of the asymmetric axis.  

• The contributions of different layers of through-column reinforcing bars could be 

quantified and it was found that these rebars contributed more than 95% of the 

post-punching resistance in most of the eccentrically loaded specimens and RE0. 
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CHAPTER 6 

PARAMETRIC STUDIES ON FAILURE MECHANISM OF 

SLAB-COLUMN JOINTS 

6.1 Introductory Remarks 

Computational methods using finite element (FE) software provides an economical and 

efficient alternative for costly and time-consuming experimental tests to understand the 

basic mechanical behaviour and failure mechanisms of the target components or 

structures. Given that only limited numbers of tests could be conducted, RC slab-column 

joints with different design parameters that have not been examined in the experiments 

could be further investigated by taking advantages of the FE analyses. In this chapter, 

based on the validated concentrically and eccentrically loaded joint models proposed in 

Chapter 3 and Chapter 5, a parametric study was carried out to investigate the effects of 

critical parameters on punching shear and post-punching mechanisms in regard to three 

aspects: 

Lateral restraint 

Among the numerous tests performed on interior slab-column joints, most of them were 

conducted on isolated simply supported (ISS) joint specimens, which did not take into 

account the effects of membrane actions in the continuous slab systems. By utilising the 

validated numerical methods as introduced in Chapter 3, the effects of lateral restraints 

on the punching shear and post-punching mechanisms were studied and presented in this 

chapter. Specifically, the numerical studies on the lateral restraints were conducted on two 

categories, including a series of isolated slab-column joint models and a flat plate 

substructure model. By comparing numerical results from the isolated joint models under 

different levels of lateral restraints, the load resistant capacities of the joints developed 
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through compressive and tensile membrane actions were examined. Furthermore, the 

parametric study was extended to a flat plate substructure model, in which adjacent slabs 

and eight adjacent joints were explicitly modelled around the original joint with missing 

column. The numerical analysis based on this substructure model aims to replicate the 

true boundary conditions of any interior joint in an actual flat plate building. By 

comparing the numerical results obtained from the substructure model to those of the 

isolated joint models with different lateral restraints, the rational lateral restraints of the 

interior joint as an integral part of the continuous floor systems can therefore be quantified.  

Eccentricity 

In the presence of unbalanced moments, the punching shear failure mode becomes 

unsymmetrical, and the punching shear strength of the slab decreases accordingly. The 

unsymmetrical phenomenon and early occurrence of punching shear failure were caused 

by the superimposed shear stress generated from the direct shear force and unbalanced 

moment. Therefore, the degree of reduction of punching shear strength depends greatly 

on the combined actions of shear forces and unbalanced moments. To quantify the effect 

of unbalanced moments on the punching shear and post-punching resistance, a series of 

standard joint models (referred to as the SE series in Chapter 4) were developed and 

loaded with different eccentricities on the basis of the numerical method introduced in 

Chapter 5. Note that three existing models (i.e., SE0 (UPS-1), SE405 and SE780) from 

Chapter 3 and Chapter 5 were also included in the parametric study of eccentricities. 

Finally, the numerical results were used to quantify the effect of unbalanced moments on 

the punching shear and post-punching resistance and investigated the relationships 

between these load resistances and different load eccentricities.  

Strengthening methods 

Strengthening methods such as shear reinforcement could significantly change the 

mechanical behaviours of the slab-column joints. A series of parametric studies were 

performed to examine the effectiveness of two strengthening methods on the ductility, 

punching shear and post-punching resistance of the eccentrically loaded joint models. 

Since well-anchored flexural reinforcement in a slab could make great contributions to 

the overall load resistance, the analyses of extended flexural reinforcement, as the first 
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strengthening method, were performed based on the SE405 model. In addition, embedded 

beams, as presented in Chapter 3, have been proved to be an effective method to improve 

both the load capacity and ductility of a slab-column joint. Hence, the effectiveness of the 

embedded beams in the joint model SE405 was also investigated in the presence of the 

unbalanced moments. 

6.2 Effect of Stiffness of Lateral Restraints 

6.2.1 Isolated joint models with simplified spring elements 

In an experimental or numerical study of an ISS joint specimen, the lateral expansions of 

the slab due to flexural actions are not restricted, which potentially result in large 

horizontal displacements at the slab edges. However, in a continuous RC flat plate 

structure, expansions of the slab are usually restrained by the surrounding structure 

components. These in-plane restrictions will in turn create compressive membrane forces, 

which can increase the flexural and the punching shear capacities of an interior slab-

column joint. 

To evaluate and quantify the effects of the lateral restraints on the punching shear capacity, 

post-punching capacity and ductility of the slab-column joint, a series of isolated slab-

column joint models (denoted as LR-I series) with varied lateral restraints were developed 

based on the UPS-1 model, as introduced in Chapter 3. Figure 6-1 shows the geometric 

design of the LR-I models, and the view of the slab soffit is presented in this figure to 

highlight the differences between the LR-I models and the UPS-1 model. In the LR-I 

models, the simple support was applied to the edge of the slab soffit, which is marked 

with yellow dots in Figure 6-1. In addition, instead of the concrete boundary beams being 

used in the UPS-1 model, axial springs were utilised to provide horizontal restraints to 

the slab boundaries in the LR-I models. Note that the axial springs (green lines in Figure 

6-1) were modelled using discrete beam elements. It can be seen that the axial springs 

connected the outmost nodes of the concrete elements to two simulated rigid walls, which 

were composed of a set of mass points (blue dots). Through those axial springs, the lateral 

restraints of the slab edges can be modelled properly. Detailed boundary configurations 

of the LR-I models are presented with a zoom in view and are shown as an insert figure 

in Figure 6-1. 
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Figure 6-2 Comparisons of experimental and numerical results of UPS-1 and LR-I 

models 

6.2.2 Effect of lateral restraints on compressive membrane actions and suspension 

mechanisms 

In addition to the spring stiffness of 400 N/mm, FE parametric analyses were also 

conducted on the LR-I model subjected to another seven levels of lateral stiffness, 

including 20 N/mm, 100 N/mm, 700 N/mm, 1000 N/mm, 2000 N/mm, 50000 N/mm and 

fully fixed slab boundary. As shown in the comparison of load-displacement response in 

Figure 6-3, the lateral restraints have a profound influence on the punching shear 

resistance. Higher lateral restraint applied to the slab edge would bring a greater flexural 

stiffness in the initial loading stage, subsequently leading to a larger punching shear 

resistance at a smaller corresponding displacement. Based on the numerical results 

presented in Figure 6-3, when the lateral stiffness was increased from 100 to 400 N/mm, 

the punching strength was found to be increased by 30% with the corresponding 

displacement decreased from 43 mm to 40 mm. The LR-I model with a spring stiffness 

of 50000 N/mm gives a similar load-displacement response to the LR-I with the fully 

fixed boundary condition. On the other hand, the effects of the lateral restraints on the 

post-punching resistance of the LR-I joint models are less significant. This is because the 

post-punching resistance of a joint is largely contributed by the strength of through-

column reinforcing bars. 
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Figure 6-3 Load-displacement responses of the slabs with different stiffness of the 

spring elements 

Comparisons of punching shear and post-punching capacities of the LR-I models with 

different levels of lateral spring stiffness are given in Table 6-1. It is worthwhile 

mentioning that the failure mode of the LR-I model with a spring stiffness of 20 N/mm 

was different from all the other LR-I models with larger spring stiffnesses. The failure 

mode of the model with 400 N/mm is displayed in Figure 6-4 (a) as a representative 

example. Shown in Figure 6-4 (b) is the failure mode of the LR-I model with the spring 

stiffness of 20 N/mm. It can be seen that in addition to the punching shear failure, stress 

concentrations were also found at the location where the FRs end in the slab (enclosed by 

the red lines in Figure 6-4 (b)), eventually leading to the separation of the slab at these 

locations. Note that the lateral stiffness of 20 N/mm is the smallest stiffness considered 

in this study representing a near free boundary of the slab. The damage in the form of slab 

separation in this model is possibly attributed to the specimen design of UPS-1 (i.e. 

relatively small slab thickness and discontinuous FRs). Such a slab separation reveals that 

studies conducted on the ISS joint specimens, i.e., without considering the effect of lateral 

restraints, may underestimate the punching shear and post-punching capacities. Given 

that the LR-I model with the lateral stiffness of 20 N/mm exhibited a different failure 

mode, this model will not be discussed further. Based on the results of all the other LR-I 
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models given in Table 6-1, the effects of the lateral restraints on the punching shear and 

post-punching capacities are presented in Figure 6-5 (a) and Figure 6-5 (b), respectively. 

The punching shear resistance (Vp,s) and the corresponding deformation (∆p,s) plotted in 

Figure 6-5 (a) for different levels of lateral stiffnesses from 100 N/mm to 50000 N/mm 

exhibit an approximately linear relationship. With increased stiffness, the punching shear 

resistance increases and the corresponding displacement decreases, revealing that the slab 

ductility decreases with increased lateral restraint. On the other hand, as can be seen from 

Figure 6-5 (b), under the same scale of the vertical axis, the effect of lateral stiffness on 

the post-punching resistance Vpp,s is much less significant, compared with that on the 

punching shear resistance. However, the corresponding deformation capacity ∆pp,s is still 

largely affected by the increased lateral stiffness. In general, ∆pp,s decreases with increased 

lateral stiffness. 

Table 6-1 Comparisons of punching shear and post-punching capacities and the 

corresponding deformations of isolated slab-column joint models (LR-I) with different 

levels of lateral spring stiffness 

Spring stiffness 

(N/mm) 

Punching Post-punching 

∆p,s (mm) Vp,s (kN) ∆pp,s(mm) Vpp,s (kN) 

20 28 100 82 77 

100 43 119 133 127 

400 40 155 125 130 

700 31 174 89 129 

1000 25 181 94 130 

2000 17 207 64 140 

50000 12 277 69 136 

Fixed boundary 12 289 69 147 

 







CHAPTER 6 

145 

support of the interior joint being removed as was in the isolated joint models, the other 

eight joints were supported by columns with a scaled height of 1000 mm and were spaced 

at a centre-to-centre distance of 2000 mm. In addition, a 500 mm slab overhang around 

the periphery joints was included in the substructure model to simulate the continuity 

effects of the adjacent slabs. Similar to all other LR-I models, only a quarter of the 

substructure model was developed given the symmetrical geometry, boundary and the 

loading scheme. In addition, appropriate DOF settings were applied to the nodes of the 

concrete and rebar elements located on the symmetrical planes. Figure 6-6 (b) depicted 

this one quarter substructure model, denoted as LR-S. Note that the interior joint of the 

LR-S model (red coloured area in Figure 6-6 (b)) was developed in the exactly same way 

as the LR-I models, the IRs of the LR-S model were also bent down at the same locations 

as in the LR-I models, as circled out in Figure 6-6 (b). In addition, simple supports were 

applied to the slab soffit of the LR-S model at the corresponding locations to simulate 

identical constraints to the LR-I models. Furthermore, the downward displacement-

controlled loading was applied to the interior column stub of the LR-S model, which was 

the same as that in the LR-I models. 

Comparisons of the load-displacement responses between numerical results of UPS-1, 

which is the joint specimen with boundary beams and the LR-S model are shown in Figure 

6-7. It should be noted that the sudden load drop before punching shear failure, exhibited 

in the LR-S model result, was due to a wide crack developed on the periphery slab, outside 

the interior joint region (circled out in Figure 6-7). This wide crack was developed along 

the slab cross-section, the location where the FRs of the adjacent joint were ended. 

Therefore, the formation of this wide crack was caused mainly by the discontinuous 

reinforcement in the slab. Other than this load drop due to the wide crack development, 

the overall behaviour of the joint within the substructure model and the isolated joint with 

boundary beams are similar, confirming the appropriateness of having the boundary 

beams on the isolated slab-column joint studied in this thesis.   
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6.3 Effect of Different Levels of Eccentricity 

To quantify the effect of unbalanced bending moments on the punching shear and post- 

punching resistances, six joint models (SE series) with different eccentricities were 

examined, including three existing models from Chapter 3 and Chapter 5, SE0 (UPS-1), 

SE405 and SE780, and three new models with eccentricities of 195 mm, 600 mm and 990 

mm, which represent 0, 1.3, 2.7, 4, 5.2 and 6.6 times of the column width, respectively. 

The three new models are denoted as SE195, SE600, SE990, respectively. As can be seen 

in Figure 6-8, the load eccentricities have noticeable effects on the punching shear 

capacities of the joint models, while their influences on the post-punching capacities are 

less significant. Figure 6-9 shows that the punching shear capacity decreases almost 

linearly with the increase of eccentricity. With increased load eccentricities, the punching 

shear capacities of the joint models decreased accordingly due to significant shear stresses 

acting on one side of the slab-column joint as a result of the increased unbalanced 

moments. Therefore, punching shear failure on a joint model subjected to a larger 

unbalanced moment was initiated at a smaller displacement. In other words, unbalanced 

moments caused by eccentric loading play a critical role in triggering undesirable 

punching shear failure. The reason of unbalanced moments having little effects on the 

post-punching resistance is because post-punching behavior is dominated by the through-

column reinforcing bars. 

 
Figure 6-8 Effect of eccentricity on the load-displacement response 

 







CHAPTER 6 

151 

6.4.2 Enhancement of the embedded beams 

As seen from Figure 6-12, the SE405-EB model was built on the basis of the SE405 model 

but having additional embedded beams as was in the test of UPS-S1 in Chapter 3 (see 

Figure 3-4). Comparisons of the load-displacement responses between SE405 and SE405-

EB, representing the models with and without embedded beams, respectively, are shown 

in Figure 6-13. Additions of the embedded beams in SE405-EB facilitated larger load 

resistance in both the flexural and the suspension stages. The punching shear and post-

punching capacities of SE405-EB increased by 17% and 31% with the corresponding 

displacements delaying by 14% and 53%, respectively, compared with those of SE405. 

Therefore, embedded beams can be seen as an effective strengthening method in 

increasing the load resistance of slab-column joints subjected to unbalanced moments, 

especially in the post-punching stage. 

  
Figure 6-12 Embedded beams in SE405-EB 

 
Figure 6-13 Comparisons of load-displacement responses between SE405 and SE405-

EB 
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6.5 Concluding Remarks 

A series of parametric studies using the validated numerical models of the joint specimens 

under either concentric (Chapter 3) or eccentric (Chapter 5) loadings was conducted. 

Three critical parameters, viz, lateral restraints, eccentricities and strengthening methods 

were examined to quantify their effects on the punching shear and post-punching 

behaviours of interior slab-column joints. The key findings are summarised below: 

• Varied lateral restraints have a profound influence on the flexural stiffness and the 

punching shear resistance of the joint models under concentric loading scenarios. 

With increased stiffness, punching shear resistance increases and corresponding 

displacement decreases, revealing that the slab ductility decreased with increased 

lateral restraint. On the other hand, as long as the reinforcement in slab are well-

anchored, the effect of lateral restraints on post-punching capacities of joint 

models is approximately negligible.  

• The load eccentricities have noticeable effects on the punching shear capacities of 

the EL joint models, and the punching shear capacities decrease almost linearly 

with the increased eccentricities. While their influences on the post-punching 

capacities are less significant. 

• The strengthening method extended FRs has no impact on the punching shear 

capacities of the joint specimens and only affected their post-punching capacities, 

which is increased by around 25%. Nevertheless, both the ductility and integrity 

of joint models could be improved by the embedded beams, attributed to the 

integrated restraints provided by the stirrups of the embedded beams. Compared 

with SE405, the increase of the load resistance of the punching shear and post-

punching capacities are 17% and 31% with the corresponding displacements 

delayed by 14% and 53%. 
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CHAPTER 7 

POST-PUNCHING MECHANICAL MODELS OF SLAB-

COLUMN JOINTS SUBJECTED TO CONCENTRIC AND 

ECCENTRIC LOADING 

7.1 Introductory Remarks 

Robustness of structures is the ability to sustain local damages and mobilise the 

alternative load paths in the vicinity of the damaged area after subjecting to accidental or 

exceptional loading, thereby preventing the local damage from spreading to the other 

structural components and triggering a disproportionate collapse (FIB, 2013). In flat plate 

structures, local damage generally refers to the punching shear failure of a slab-column 

joint. After such a failure has occurred, internal bending moments and shear forces are 

redistributed to adjacent slab-column joints. If the adjacent joints do not have adequate 

strength to resist and transfer both bending moments and shear forces to the columns, 

punching shear failure may be initiated on these joints, resulting in progressive collapse 

of the entire structure. In this case, the robustness of the structural system could be 

significantly compromised. Therefore, alternative load paths must be ensured by placing 

through-column integrity reinforcement (IR), thereby providing a secondary load-

resistant defence mechanism after the initial failure.  

Through-column IRs (bottom rebars) in the slab have been proven to play a significant 

role in the post-punching resistance of the slab-column joints, confirmed by extensive 

existing experimental tests and analyses (Hawkins and Mitchell, 1979; Mitchell and Cook, 

1984; Melo and Regan, 1998; Knoll and Vogel, 2009; Mirzaei, 2010; Habibi, 2012; Ruiz 

et al., 2013). These IRs also make considerable contributions to load resistance in the 

form of suspension action to the slab under large deformations. The design code (ACI 
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318, 2011) also gives relevant provisions on the requirement of a certain amount of 

reinforcement going through a column. To quantify the post-punching failure capacities 

of the slab-column joints under large deformations, a theoretical method describing the 

post-punching mechanisms would be useful. The damage patterns and failure modes for 

both concentrically and eccentrically loaded joints are presented and summarised in 

Chapters 3 and 4. Since the resistance of the slab-column joints without shear 

reinforcement could be greatly influenced by several factors, such as the arrangement of 

slab reinforcement, the amount of the reinforcement going through the column, load 

eccentricities and different levels of in-plane restraints etc., it is difficult to develop a 

generic theoretical method to accurately predict the post-punching capacity of the slab-

column joints. Besides, limited tests have been reported on the post-punching behaviour 

of slab-column joints with in-plane restraints. Therefore, combined with the analyses 

from Chapters 3, 4 and 5, in this chapter, the mechanical behaviours of the joints were 

further analysed and detailed mechanical models to estimate the post-punching capacities 

were developed for the joints with in-plane restraints subjected to either concentric or 

eccentric loading. The analytical solutions established are based on the interactions 

between the reinforcement and concrete, satisfying the compatibility of deformation and 

equilibrium relationships. The analytical results were compared against the experimental 

ones. Moreover, the contributions of flexural reinforcement (FRs) and IRs were 

quantified, and relevant useful suggestions for engineering design were provided. Note 

that the SI metric unit system is adopted in this chapter. 

7.2 Post-Punching Shear Response 

7.2.1 Failure modes of concrete 

After punching shear failure occurred at a slab-column joint, the punching cone is 

separated from the slab, and load transfers between these two parts are achieved only by 

the reinforcing bars going through the damaged area. The bond actions (i.e., chemical 

adhesion, friction, and mechanical anchorage) between the deformed rebars and concrete 

in the slab enable the development of post-punching resistance through suspension 

actions of rebars.  
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For two reinforcing bars or more (two rebars were taken as an example in Figure 7-3), if 

the centre-to-centre spacing s between the two rebars is greater than 2dzcotγ (Figure 7-3 

(a)), then there are no overlaps in the horizontal projection of the concrete failure surface; 

therefore, the total breakout resistance is equal to the breakout resistance of one single 

bar times the number of effective rebars ns. For multiple bars with the spacing s less than 

2dzcotγ (Figure 7-3 (b)), the total horizontal projection area Ach is reduced due to the 

overlapping of the projected failure cone surface, and the overlapped projection area Ach 

can be calculated by 

 2 2
ch s z s z z2( 1) sin

2 2 4
sA n d n d dπ ϕ ϕ = − − − 

 
  (7.3) 

where ϕ = cos-1(s/2dz) in radians. 

7.2.2 Failure modes of concentrically loaded (CL) joints 

In an isolated CL joint, after punching shear failure, the failure modes of different parts 

of the slab may be varied due to the different stress states of the punching cone and the 

surrounding slab. According to the concrete thickness over each layer of reinforcing bars 

and the description given in Section 7.2.1, the post-punching failure modes in a CL joint 

specimen can be divided into four critical zones, as shown in Figure 7-4, where V 

represents the external shear load. For zone ① and zone ②, with the increase of load 

applied on the column stub after punching shear failure, the through-column FRs act 

against two portions of concrete, including the concrete parts below FRs on the punching 

cone (shaded area for zone ①) and the concrete cover for FRs (shaded area for zone ②). 

Specifically, the failure mode of zone ② is governed by the concrete spalling or the 

tensile strength of the FRs based on their anchorage conditions. For zone ①, under 

significant shear forces and bending moments from the FRs, the concrete breakout may 

continuously occur along the punching cone with the increase of the load until reaching 

the column face. Given that the column is usually highly reinforced, the concrete damages 

in zone ② are not further developed into the column. The failure mode in zone ③ is 

similar to that of zone ① under large deformations, only the concrete cover of the 

column can be damaged and the remaining portions of the column could provide strong 
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as reported in Chapter 4. According to the observations of the tested specimens under 

concentric (Section 3.3.3) and eccentric (Section 4.3.1) loading, it can be concluded that 

the slab-column joint is no longer capable of providing a sustained high resistance after 

the fracture of the first reinforcing bar. Therefore, the post-punching capacities of the joint 

specimens are estimated based on the loading state right before the fracture of the first 

reinforcing bar, which is referred to as the ‘ultimate state’ in this chapter. Moreover, as 

concluded in Section 3.5 and Section 4.4, majority of the post-punching capacity was 

contributed by the through-column reinforcing bars in the joint specimens without shear 

reinforcement. Therefore, only the contributions of through-column reinforcement are 

considered in the proposed mechanical models. To simplify the calculation process, dowel 

actions and bending moments acting on the through-column rebars are neglected in the 

proposed models. Given that different failure mechanisms were obtained in the CL and 

EL tests, analytical solutions were specially established based on the structural behaviours 

observed from each type of the tests. 

7.4.1 Mechanical model for CL joints 

In the post-punching stages of the CL tests, both the through-column FRs and IRs were 

in tension as the column stub being continuously pushed upward. Figure 7-7 depicts the 

load transfer mechanism of UPS-1 in the ultimate state. Note that the inclination angle of 

the punching shear cone (ψc) is assumed to be 45° in the analyses of the CL tests. As can 

be seen from Figure 7-7, the post-punching resistance is provided by the vertical 

components of the axial forces of through-column FRs and IRs. The four layers of 

reinforcement in the slab are named as L1 to L4 from slab top to slab bottom, then the 

load resistance contributed by each layer is denoted as VL1, VL2, VL3 and VL4. In the 

analysis of the UPS series, the top two layers (L1/L2) represent FRs and the bottom two 

layers (L3/L4) represent IRs. Given that arrangements of FRs and IRs in the DPS series 

were opposite to those in the UPS series, the top two layers (L1/L2) and the bottom two 

layers (L3/L4) represent IRs and FRs, respectively, in the analysis of the DPS series. The 

analytically calculated post-punching resistance of the CL joint Vpp,cal can be expressed as 

 pp,cal L1 L2 L3 L4V V V V V+ += +   (7.6) 
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Figure 7-7 Free body diagram illustrating mechanism of shear resistance for UPS-1: (a) 

XZ view; (b) YZ view (Refer to Figure 3-3) 

The calculation methods for VL1 to VL4 are varied depending on the positions of through-

column rebars and their anchorage conditions. To properly determine these resistant 

forces, a series of hypotheses are made and explained in the following sub-sections. Note 

that the mechanical model for the CL joint specimens is developed based on UPS-1; 

nevertheless, it can also be directly applicable to the other UPS specimens, DPS 

specimens and RE0. 

 Analytical load resistance of L1 and L2 

VL1 is determined by either the concrete spalling strength or the axial tensile force of 

reinforcement depending on the anchorage condition of the rebars in L1. However, VL2 is 

only determined by the axial tensile force of reinforcement, because L2 is constrained by 

L1 (Figure 7-7 (b)) and concrete failures above L2 have little impact on VL2. Based on the 

experimental strain readings of the UPS and DPS series, as shown in Figure 7-8 and 

Figure B-4, L1 and L2 exceeded the yield strength (εy = 2127 µε) in the ultimate state due 

to the strong anchorages of the through-column rebars. Nevertheless, these measured 

strains were much less than the ultimate strain of rebars obtained in the material tests. 

Therefore, the yield strength of the rebars is adopted in the determinations of VL1 and VL2. 

Note that locations of the strain gauges (U1 to U6 in Figure 7-8) can be found in Figure 

A-4 in Appendix A. Based on this assumption, VL1 and VL2 can be estimated by 
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 ( ) ( )2 2
ch z scot tan cot

2 2
A d xπ πγ θ γ= =  (7.12) 

 
where,          stan

L
∆θ =  (7.13) 

 and,   c =  + c cotL x ψ⋅  (7.14) 

Note that θs in Equations (7.11) to (7.13) is the inclination angle of the through-column 

IRs; ∆ is the vertical displacement of the column stub; L is the horizontal distance from 

the bottom end of the punching cone to the anchorage position of the rebar, as depicted 

in Figure 7-9; ψc is the inclination angle of the punching shear cone; nIy is the number of 

through-column rebars in L3 (i.e. nIy = 1 in UPS/RE0 specimens and nIy = 2 in DPS 

specimens). 

Likewise, Vθs can be defined as a function of x, as shown in Equation (7.15).  

 
θs Iy s s s( n) siV fx n A θ=  (7.15) 

where fs represents the rebar stress, which is defined in Equation (7.16) on the basis of 

the constitutive model of rebar for the UPS/DPS series, as shown in Figure 7-6 (a). Note 

that εs in Equation (7.16) is the strain of the rebar and can be expressed as a function of 

θs, as given in Equation (7.17). 

 

( )
s s y

s
s y s u

 

59.636ln   777.59      < 

E
f

ε                                     ε ε  

ε ε ε  ε  

⋅ ≤= 
+ ≤

 (7.16) 

 
where,         s

s

1 1
cos

ε
θ

= −  (7.17) 

For RE0, the constitutive model of rebar for the SE/TE/RE series, as shown in Figure 7-6 

(b) is applied to calculate fs, therefore, Equation (7.18) is used. 

 

( )
s s y

s
s y s u

 

64.945ln   833.69      < 

E
f

ε                                     ε ε  

ε ε ε  ε  

⋅ ≤= 
+ ≤

 (7.18) 
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With the availability of the functions Vcon(x) and Vθs(x), an iteration process is conducted 

following the flow chart presented in Figure 7-10. With x being incremented by “1” in 

each iteration, the values of Vcon(x) and Vθs(x) can be determined accordingly. The 

termination of the iteration process can be triggered by two conditions: 1) εs is larger than 

the ultimate strain (εu); 2) εs is no more than εu, and Vcon(x) = Vθs(x). Finally, Vθs is output 

for further load resistance determinations. By using the proposed iteration process, the 

post-punching resistance VL3 contributed by L3 can be determined using Equation (7.19) 

due to the symmetrical conditions on both sides of the CL joint specimens. 

L3 θs2V V=                                  (7.19) 

    
Figure 7-10 Calculation flow chart of the equilibrium relationship between integrity 

reinforcing bars and concrete 

Y

N

Y

N

Output Vθs(x)

Vθs(x) = Vcon(x) ?

εs > εu ?

Vcon(x) = Ach⸱fct,eff 
(Eqs. (7.11))

Vθs(x) = nIy⸱As⸱fs⸱sinθS

(Eqs.(7.15))

x = 1

Start

x = x + 1

Vθs(x) = nIy⸱As⸱fu⸱sinθS 

Output Vcon(x), Vθs(x), εs

End
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 Analytical load resistance of L4 

As seen in Figure 7-7, since the bend down angle (βx) of the IR rebar in L4 were found 

to be much greater than those in the other layers (i.e., αx, αy and βy), the strains and the 

vertical components of the rebar axial forces in L4 are much higher. Moreover, the 

fractures of L4 rebars were observed in all the CL joint tests under large deformations, as 

described in Section 3.3.3. Therefore, the load resistance VL4 contributed by L4 is 

determined by the ultimate strength of the rebar, and VL4 can be given as (refer to Figure 

7-7 (a)): 

 L4 x2 x Ix s u x2 sin 2 sinV V n A fβ β= =   (7.20) 

 where,  1
x

u

tan ( )
l
∆β −=   (7.21) 

In Equation (7.20), nIx is the number of through-column rebars in the X direction (L4); fu 

is the ultimate strength of the reinforcement in slab; βx is the inclination angle of L4 rebars; 

lu is the horizontal distance between the column surface and the position where L4 rebars 

were restrained by L3 as shown in Figure 7-7 (a).  

For the DPS series, the stress patterns of FRs and IRs were equivalent to those of IRs and 

FRs in the UPS series since the arrangement of FRs and IRs were opposite to that in the 

UPS specimens. Therefore, the calculation method is similar, and it's not repeated herein. 

The strain development of the through-column reinforcement in the DPS specimens is 

given in Figure A-5 in Appendix A. The free body diagram of DPS-1 is shown in Figure 

B-4 in Appendix B. 

 Analytical results for CL joints 

Detailed parameters of the mechanical model used in the calculation for the CL joint 

specimens are given in Section B.1 of Appendix B. Table 7-1 presents the post-punching 

resistances contributed by the through-column rebars in each layer (VL1 to VL4) and 

comparisons of the analytical (Vpp,cal) and experimental (Vpp,e) post-punching capacities 

of the CL joint specimens. Note that Vpp,cal is calculated through Equation (7.6), which is 

the sum of the post-punching resistance contributed by L1 to L4. Analytical results are in 
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relatively good agreement with the test ones, with the average calculation-to-experiment 

ratio (Vpp,cal/Vpp,e) of 0.98 and the coefficient of variation (C.O.V.) of 9%. The 

discrepancies between Vpp,cal and Vpp,e of all the CL specimens are relatively small except 

for specimen RE0. This is due to the fact that with higher reinforcement ratio of FRs in 

RE0, the yield strength might not be fully developed in FRs, resulting in an overestimated 

capacity. Three important observations can be obtained from Table 7-1:  

(a) The average contributions of FRs and IRs to the post-punching resistance are 45% and 

55%, respectively, in the UPS and RE0 specimens; while those in the DPS series are 82% 

and 18%, respectively. This is because IRs (L3&L4) in the UPS series and RE0 and FRs 

(L3&L4) in the DPS series are the bottom reinforcement in the slab, thereby exhibiting 

larger rebar rotations and higher stress levels, in turn developing greater vertical 

components of the axial forces (i.e., 55% in UPS/RE0 and 82% in DPS). For the same 

reason, the bottom layer (L4) of IRs in UPS/RE0 and of FRs in DPS contributed even 

larger percentages to the post-punching capacity. 

(b) Further to (a), the 82% contribution in DPS is about 1.8 times higher than the 55% 

contribution in UPS/RE0 due to two through-column rebars (FRs) being placed in L4 in 

DPS, whereas only one rebar (IR) was placed in L4 in UPS/RE0.  

(c) Although the bottom layers of reinforcement (L3&L4) made prominent contributions 

to the post-punching capacities in all the specimens, the contributions of the top 

reinforcement layers (L1&L2) cannot be neglected as the average contribution from L1 

and L2 could reach up to 45%. 
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Table 7-1 Comparison of analytical and experimental results of CL joint tests (unit: kN) 

  UPS-1 UPS-2 UPS-3 UPS-4 RE0  DPS-1 DPS-2 DPS-3 DPS-4 

FRs 

VL1 
15 23 10 19 30 

VL3 
27 9 26 27 

17% 23% 12% 19% 23% 24% 8% 22% 25% 

VL2 
22 33 15 28 31 

VL4 
68 71 68 62 

25% 34% 18% 28% 24% 60% 67% 63% 58% 

Average percentage for FRs 45%  82% 

IRs 

VL3 
20 7 18 15 20 

VL1 
7 11 6 7 

22% 7% 22% 15% 15% 6% 10% 6% 8% 

VL4 
32 35 39 38 50 

VL2 
11 15 9 10 

36% 36% 48% 38% 38% 10% 15% 9% 9% 

Average percentage for IRs 55%  18% 

1
pp,cal

4

Ln
n

V V
=

= ∑  89 98 82 100 131  113 106 109 106 

Vpp,e 92 97 99 103 108  116 107 118 113 

Vpp,cal/Vpp,e 0.97 1.01 0.83 0.97 1.21  0.97 0.99 0.92 0.94 

Average of Vpp,cal/Vpp,e 0.98 

C.O.V. 0.09 
Note: the percentage values represent the resistance contributions of each rebar layer to the post-punching capacity. 
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7.4.2 Mechanical model for EL joints 

Figure 7-11 presents the shear resistant mechanism of SE405 right before the fracture of 

the first reinforcing bar, which is also referred to as the ultimate state in the following 

discussions. In the post-punching stage, different axial tensile forces were developed in 

the through-column FRs and IRs on the eccentric loading side and the opposite side in 

the XZ plane of the EL joint specimens, as shown in Figure 7-11. Based on the test 

observations, inclination angles of the punching cones, denoted as ψe1 and ψe2 in the XZ 

plane and ψe3 in the YZ plane in Figure 7-11 were assumed to be 30°, 70° and 45°, 

respectively. L1 to L4 in the figure represent four layers of reinforcement in the slab from 

the top to bottom, and the resistance contribution of each layer to post-punching capacity 

is also named as VL1, VL2, VL3 and VL4, respectively. The predicted post-punching 

resistance of the EL joint specimens (Vpp,cal) can be expressed using the same equation 

(Equation (7.6)) for the CL joint specimens, as shown in Equation (7.6). 

 
Figure 7-11 Free body diagram illustrating mechanism of shear resistance for SE405: 

(a) XZ plane; (b) YZ plane; (c) Inclination angles of L1 and L4; (d) Inclination angles 

of L2 and L3 
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Compared to the CL tests, a significant difference observed from the EL tests is that the 

column stub rotated accordingly due to the eccentric loading, resulting in different vertical 

displacements developed on the eccentric loading side and the opposite side, and 

subsequently causing different rebar inclination angles on the two sides in the XZ plane 

(i.e., αx1≠αx2 and βx1≠βx2, as shown in Figure 7-11(c)). To estimate these inclination 

angles of rebars, which will be further used in the determination of VL1 and VL4, the 

vertical displacements developed on the two sides of the column stub in the XZ plane 

need to be calibrated based on the rotation angles (θ) of the column stub. As shown in 

Figure 7-11(a), δ represents an additional vertical displacement caused by the rotation of 

the column stub, and it can be defined as a function of the rotation angle (θ), as expressed 

by Equation (7.22). By adding δ to the measured vertical displacement (∆) of the column 

stub, the actual vertical displacement of the slab can be obtained on the two sides of the 

column stub in the XZ plane, equalling ∆+δ for the eccentric loading side and ∆-δ for the 

opposite side. Note that the vertical displacement of the slab next to the column stub on 

the YZ plane remains as ∆.  

 tan
2
c θδ = ⋅   (7.22) 

As shown in Figure 7-12, the relationships between ∆ and θ for both load eccentricities 

of 405 mm and 780 mm can be obtained from the validated simulation results presented 

in Chapter 5. These two relationships have been simplified as polylines. For joint 

specimens with an eccentricity of 405 mm (Figure 7-12 (a)), the ∆−θ  relationship of the 

simplified polyline is given as below:  

 
0.118 11 mm 
0.489 4.071    11 mm < 39 mm
15 39 mm 

θ
∆                                ∆  
∆− ∆ 

                                         ∆  

⋅ ≤
= ⋅ ≤
 >

 (7.23) 

For joint specimens with an eccentricity of 780 mm (Figure 7-12 (b)), the 

∆−θ  relationship of the simplified polyline is given as below: 
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Similar to the mechanical models for the CL joint specimens, a series of hypotheses are 

made based on the observations from the EL joint tests. 

 Analytical load resistance of L1 and L2 

According to the test observations of the EL joint specimens, the distance between the 

column stub to the top concrete cracking lx1 (Figure 7-11 (a)) of most joints on the 

eccentric loading side had already exceeded the slab anchorage length of FRs in the 

ultimate state (before the fracture of the first reinforcing bar). In other words, the FRs on 

the eccentric loading side had either been pulled out or detached from the concrete slab. 

Therefore, the contribution from L1 on the eccentric loading side can be neglected. For 

the opposite side, the through-column FRs were well anchored and were still able to 

transfer the load in the ultimate state. Similar to the analysis of the CL joint specimens, 

the strain values of through-column FRs in the opposite side of the EL joints also 

exceeded their yield strain (εy = 2127 µε) in the ultimate state but were much smaller than 

the ultimate strain value (εu = 127400 µε), as shown in Section 4.3.4 of Chapter 4. Hence, 

the yield strength is used to calculate the axial forces of the through-column FRs on the 

opposite side. The inclination angles can be determined by the vertical displacement ∆-δ 

and the concrete cracking length lx2 (Figure 7-11 (a)) in the ultimate state. Similarly, for 

the same reason, the yield strengths are also applied to determine the axial force of 

through-column FRs in L2. The inclination angles of these FRs can be determined by the 

concrete cracking positions (ly1 shown in Figure 7-11) and the vertical displacement of 

the column stub (∆) in the ultimate state. 

Based on the above-mentioned hypotheses, the axial force on the eccentric loading side 

Vx1 in L1 is assumed to be zero, the yield strength of the slab rebars is used to calculate 

VL1 and VL2 with the following equations, referring to Figures 7-11 (c) and (d), 

respectively: 

 L1 x2 x2 Fx s y x2sin sinV V n A fα α= =  (7.25) 

 L2 y1 y1 Fy s y y12 sin 2 sinV V n A fα α= =  (7.26) 
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where nFx and nFy are the numbers of through-column FRs in the X and Y directions, 

respectively; αx2 and αy1 are the inclination angles of FRs in L1 (non-eccentric loading 

side) and L2, respectively, as shown in Figures 7-11 (c) and (d). αx2 and αy1 can be 

determined by the concrete cracking positions (lx2, ly1 shown in Figure 7-11), the vertical 

displacement of the column stub (∆) and the additional vertical displacement (δ) in the 

ultimate state, which can be expressed by  

 1
x2

x2

tan ( )
l

∆ δα − −
=   (7.27) 

 
1

y1
y1

tan ( )
l
∆α −=   (7.28) 

 Analytical load resistance of L3 and L4 

In the EL joint specimens, L3 in the YZ plane exhibits a symmetrical deformation 

mechanism, as shown in Figures 7-11 (b) and (d). Therefore, VL3 of the EL joints can be 

estimated by adopting the same analytical method proposed for that of the CL joints as 

introduced in Section 7.4.1.2. Note that Equation (7.18) is used to determine fs for all the 

EL joint specimens. 

For L4, due to the rotation of the column stub, asymmetrical deformations were developed 

on the eccentric loading side and the opposite side. Therefore, VL4 of the EL joints, as 

shown in Equation (7.29), consists of two parts: VL4,ecc and VL4,opp, representing the 

vertical components of the axial forces of IR on the eccentric loading side and the opposite 

side, respectively. To determine VL4,ecc, Equation (7.30) is used given that IR on the 

eccentric loading side ruptured after the ultimate state.  

 pL4 L4,ec L pc 4,oV V V= +  (7.29) 

 L4,ecc x3 x1 Ix s u x1sin sinV V n A fβ β= =  (7.30) 

 
where,        1

x1
u

tan ( )
l

δβ − ∆ +
=   (7.31) 
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where nIx is the number of through-column IRs in the X direction (L4); fu is the ultimate 

strength of the slab reinforcement; βx1 is the inclination angle of IR in L4; lu is the distance 

from the column surface to where IR can be sufficiently supported, as shown in Figure 

7-11 (c). 

On the other hand, IR did not rupture on the opposite side, and the failure mode on this 

side was found to be similar to the progressive concrete breakout, as depicted in Figure 

7-9. Therefore, VL4,opp can be obtained from the equilibrium relationship between the 

breakout strength of the concrete cone (Vcon) and the axial force developed in the rebar 

(Vθs) through the iteration process given in Figure 7-10. 

 Analytical results for EL joints 

Details of all the parameters of the mechanical model for EL joint specimens are given in 

Section B.2 of Appendix B. The post-punching resistances contributed by the through-

column rebars (VL1 to VL4) in each layer (L1 to L4) of all the EL joint specimens are given 

in Table 7-2. The analytical post-punching resistance (Vpp,cal) obtained through Equation 

(7.6) is also presented in this table. Given that the experimentally observed post-punching 

resistances (Vpp,e) are not in the vertical direction owing to the inclination of the hydraulic 

jack (as depicted in Figure B-6 in Appendix B), the vertical component of Vpp,e, denoted 

as Vpp,ev, is determined based on the specific inclination angle (denoted as χ in Figure B-

6) of the hydraulic jack in the ultimate state. The determination process of Vpp,ev is 

explained in detail in Section B.2.1 of Appendix B. By comparing Vpp,cal to Vpp,ev, the 

theoretically predicted post-punching resistances are found to agree well with the 

experimental ones. The average calculation-to-experiment ratio (Vpp,cal/Vpp,ev) and the 

coefficients of variation (C.O.V.) are 1.09 and 7%, respectively. In addition, Table 7-2 

also indicates that the percentage values of the resistance contributions of FRs and IRs to 

Vpp,cal are varied in different series (i.e. SE, TE and RE). The average contributions of IRs 

in the SE, TE and RE series are 62%, 46% and 56%, respectively. The fact that 46% 

contribution of IRs in the TE series is smaller than the other two series was due to thinner 

slabs being fabricated, subsequently causing smaller rebar rotations and stress levels. 

Note that, for most EL joints, the contributions of the bottom layer of reinforcement (VL4) 

to the overall post-punching capacity are greater than those of the other layers (VL1 to VL3), 
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a phenomenon that is similar to that of the CL joints. In addition, the top layers of through-

column rebars (L1&L2) could also make notable contributions to the overall capacities. 

Even though rebars in L1 were pulled-out on the eccentric loading side, the remaining 

rebars in L1 and L2 could still contribute up to 54% to the post-punching resistance in the 

TE series. 

Table 7-2 Comparisons of analytical and experimental results of EL joints (unit: kN) 

  SE405 SE780 TE405 TE780 RE405 RE780 

FRs 

VL1 
7 9 28 15 9 11 

8% 10% 30% 18% 8% 10% 

VL2 
26 26 26 27 40 39 

30% 28% 28% 32% 37% 34% 
Average 

percentage  
for FRs 

38% 54% 44% 

IRs 

VL3 
21 24 7 9 21 20 

25% 26% 8% 10% 19% 18% 

VL4 
32 34 32 34 39 43 

37% 36% 34% 40% 36% 38% 
Average 

percentage  
for IRs 

62% 46% 56% 

1
pp,cal

4

Ln
n

V V
=

= ∑  86 93 93 85 109 113 

Vpp,e  80 90 98 86 106 111 

Vpp,ev  79 80 97 76 105 98 

Vpp,cal/Vpp,ev 1.09 1.16 0.96 1.12 1.04 1.15 

Average of 
Vpp,cal/Vpp,e 

1.09 

C.O.V. 0.07 
Note: the percentage values represent resistance contributions of each 
rebar layer to the post-punching capacity. 
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7.5  Concluding Remarks                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

To theoretically investigate the post-punching responses of the slab-column joints with 

in-plane restraints, mechanical models and analytical solutions were proposed for joint 

specimens subjected to either concentric or eccentric loading. The analytical solutions 

established for calculating the post-punching capacities are based on the interactions 

between the reinforcement and concrete, satisfying the compatibility of deformation and 

equilibrium relationships. The analytical solutions were validated against the tested 

specimens, including both CL and EL joint specimens. It can be concluded that the 

mechanical models are capable of predicting the post-punching resistance for joints with 

in-plane restraints. Throughout this theoretical study, the following main findings are 

highlighted: 

• The mechanical model is capable of calculating the contributions of each layer of 

the through-column rebars. For the CL joints, the contributions from IRs and FRs 

are reversed in the UPS and DPS specimens given that the FRs and IRs are 

interchangeably placed in the two series. 

• Among the four layers of slab reinforcement, the through-column rebars in bottom 

layer (L4) made the largest contribution to the post-punching capacity in almost 

all the CL and EL joint specimens. 

• The through-column reinforcement in top layers (L1&L2) in all the CL and EL 

joint specimens can also provide certain contributions to the post-punching 

capacities if well anchored. Even though the through-column rebars in L1 were 

pulled-out on the eccentric loading side in the EL joint tests, the remaining rebars 

in L1 and L2 could still contribute up to 54% to the post-punching capacities in 

the TE series. 

• Considering the lack of experimental tests on the post-punching behaviour of slab-

column joints with in-plane restraints in the literature, the proposed mechanical 

models and analytical solutions were only validated against all the specimens 

tested in this study. Generic mechanical models need to be further developed for 

predicting the post-punching responses of slab-column joints with in-plane 

restraints, based on a bigger database of test results to be generated in the future. 
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CHAPTER 8 

CONCLUSIONS AND FUTURE WORK 

This chapter summarises the findings of the experimental, numerical and analytical 

results obtained from this thesis project. Summary and major conclusions related to the 

objectives of the thesis are presented (Section 8.1), and relevant suggestions and 

recommendations for future work are also given (Section 8.2). 

8.1 Summary and Major Conclusions 

Brittle punching shear failure of slab-column joints of RC flat plate structures is a kind of 

unforeseeable failure. Due to the reasons of improper design, poor material quality, 

overloading or abnormal loads, punching shear failure is likely to occur at any joint at 

very small deformations. It is an innate attribute of slab-column joints, which cannot be 

fully prevented by simply changing the design parameters such as increasing column sizes 

or reinforcement ratios. After a vertical supporting component (i.e., a column) is damaged, 

the slab-column joint above the damaged column could fail in punching and becomes a 

“weak link”. Such a localised punching shear failure may propagate to adjacent joints due 

to the load redistribution, consequently leading to partial or complete collapse of the 

structure. However, given that progressive collapse is an event with low probability, 

adequate post-punching strength and deformation capacity can act as an effective and 

low-cost secondary defence for arresting the propagation of progressive collapse. 

Therefore, it is of great significance to study the mechanical behaviour of slab-column 

joints after punching to mitigate the progressive collapse of flat plate structures. Based 

on existing research studies on interior slab-column joints of flat plate structures, three 

key research gaps have been identified as follows: 
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• Previous studies mainly focus on isolated slab-column joints with simple supports, 

which cannot consider the effect of in-plane restraints existing in the actual flat 

plate structural system and, therefore, may underestimate the punching shear 

capacity of the joints. 

• Investigations on the post-punching behaviour of slab-column joints are still 

lacking, especially the joints with in-plane restraints. In-depth study is needed 

with respect to the structural behaviours under large deformations as well as the 

resistant mechanisms of progressive collapse of flat plate structures. 

• Existing studies of the slab-column joints with eccentric loadings were based on 

joints with simple supports. The interaction between an eccentric load and the in-

plane restraints in an interior slab-column joint has never been investigated with 

respect to the punching shear and post-punching behaviours. 

To fill the abovementioned knowledge gaps, this study investigated the punching shear 

and post-punching behaviours of laterally restrained interior slab-column joints. The slab-

column joints with various design parameters were fabricated and tested under concentric 

loading (pure shear forces) or eccentric loading (combined actions of shear forces and 

unbalanced bending moments). Their load resistance enhanced by compressive and 

tensile membrane mechanisms were examined. Specifically, the research conducted in 

this study enriches the current knowledge base of progressive collapse of flat plates by: 

(1) carrying out two series of experimental tests on the concentrically loaded (CL) joint 

specimens (Chapter 3) and eccentrically loaded (EL) joint specimens (Chapter 4); (2) 

establishing a set of 3D nonlinear finite element modelling techniques, which numerically 

replicated the mechanical behaviours of all the joint tests (Chapter 3 and Chapter 5), and 

performing numerical parametric studies (Chapter 6) based on the validated modelling 

approaches; (3) analytically predicting the post-punching resistance of all the tested 

specimens (Chapter 7). The following conclusions are drawn in relation to these three 

aspects: 
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Experimental tests 

• In the CL joint tests, experimental results showed that the effect of different 

punching directions significantly influenced the failure mechanisms of joints 

without shear reinforcement due to the different reinforcement layouts in slabs. 

However, the post-punching mechanisms of joints strengthened with embedded 

beams were almost identical regardless of opposite punching directions, owing 

to the restraints provided by the stirrups in the embedded beams. Moreover, the 

results also showed that the embedded beams facilitated higher deformation and 

load capacities in the suspension (post-punching) stage. Strain results showed 

that all the through-column flexural rebars yielded before the rupture of the first 

reinforcing bar in joints without shear reinforcement. 

• In the EL joint tests, punching shear failure is still the governing failure 

mechanism due to the strong slab in-plane restraints, which is similar to that of 

the CL joint tests. The punching shear capacities of the EL joint specimens were 

found to decrease with increased eccentricities, regardless of various design 

parameters in different specimens (i.e., slab thicknesses and reinforcement 

ratios). In addition, due to combined actions of the shear forces and unbalanced 

moments, asymmetrical punching failure mode was observed on the slab; the 

greater the eccentricity, the more pronounced the asymmetry was. Furthermore, 

much less flexural cracks were spotted, compared with that of CL joint tests. In 

the post-punching stage of the EL joint tests, the suspension mechanism was 

activated, and the eccentricity appeared to have little effect on the post-punching 

capacities. Strain results showed that well-anchored flexural reinforcing bars 

going through the column resisted the applied load to a large extent at small 

deformations and were still able to contribute considerably during the post-

punching stage. Moreover, similar to the CL joints (without embedded beams), 

almost all the through-column flexural rebars yielded before the rupture of the 

first reinforcing bar. 

Numerical modelling and parametric studies 

• The proposed numerical models for CL joints are capable of accurately 

predicting the overall structural behaviours (load-displacement responses, crack 
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patterns, reinforcement strains and failure modes) of CL joint tests. The average 

difference between the numerical and the experimental results in the punching 

shear and the post punching resistance is only 1% and 2%, respectively. The 

numerical results revealed that the through-column rebars contributed almost all 

of the post-punching resistance in the models without embedded beams. For the 

models with embedded beams, the stirrup confinements to the reinforcement 

within the column strip were found to improve the integrity and ductility of the 

slab and even changed the failure mode of the slab-column joints to be more 

ductile. The contribution from the through-column rebars was reduced to 50% 

of the total load capacity because more slab rebars adjacent to the column were 

also involved in contributing to the overall load resistance. 

• The proposed numerical models for EL joints could also well predict the overall 

load-displacement responses, crack patterns, reinforcement strains and failure 

modes of the EL joint tests. The average percentages of differences between the 

numerical results and the experimental ones in terms of the punching shear and 

post-punching resistances are only 2% and 6%, respectively. The contributions 

of different layers of through-column reinforcing bars were quantified and found 

to contribute more than 95% to the post-punching resistance in the EL models, 

which is similar to that of CL joint models. In addition, the tensile and 

compressive maximum principal stresses of the concrete elements perpendicular 

to the punching shear surfaces further uncovered the development of the 

asymmetrical punching failure mode. 

• Three critical parameters, including lateral restraint, eccentricity and 

strengthening method, were examined to quantify their effects on the punching 

and post-punching behaviours of interior slab-column joints. For different levels 

of lateral restraints, numerical results demonstrated that varied lateral stiffnesses 

had a pronounced influence on the initial flexural stiffness and punching shear 

resistance, while the effect on the post-punching capacity was less significant. 

For varying eccentricities, before punching, the greater the eccentricity, the 

earlier the punching shear failure was triggered, and the punching shear capacity 

decreased with increased eccentricity. On the other hand, load eccentricity had 

limited impact on the post-punching capacity. For the two strengthening 
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methods, the extended flexural reinforcement method had no impact on the 

punching shear capacity and only affected the post-punching capacity. Both the 

ductility and integrity of the EL joint models were improved by the embedded 

beams, which was attributed to the stronger restraints provided by the stirrups 

within the embedded beams. 

Analytical predictions of the post-punching capacities 

• Proposed mechanical models are capable of determining the post-punching 

capacity of each joint specimen in the CL and EL series. Contributions of each 

of the four reinforcement layers to the predicted post-punching capacity can also 

be obtained, which were unable to be readily quantified from the experiments. 

The total post-punching capacities predicted analytically agree well with the 

experimental measurements for all the tested specimens. 

• For the CL joints, the contributions from integrity reinforcement (IRs) and 

flexural reinforcement (FRs) are reversed in the UPS/RE0 and DPS specimens 

because FRs and IRs were interchangeably placed in these two series. 

• For most CL and EL joints, among the four layers of the slab reinforcement, the 

through-column rebars in the bottom layer (L4) made the largest contributions 

to the post-punching capacity.  

• For all the CL and EL joints, the through-column reinforcement in top layers 

(L1&L2) are also able to provide certain contributions to the post-punching 

capacities if well anchored. 

8.2 Recommendations for Future Work  

Due to the complexity of punching shear and post-punching behaviours of a slab-column 

joint and its possibility to trigger a progressive collapse, this thesis could not have 

analysed all different types of the slab-column joints and issues related to the progressive 

collapse of RC flat plate structures. Following on from the major conclusions reached in 

this thesis, relevant suggestions and recommendations for future work are proposed as 

follows: 
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(1) Further tests should be conducted on both slab-column joints and subsequently 

extended to substructures with appropriate in-plane restraints and different ratios of 

unbalanced moment and shear force to enrich the data pool for in-depth progressive 

collapse study of flat plate systems. 

(2) The tested slab-column joint specimens were scaled down to 1/3 in this study. Size 

effects on the behaviours of slab-column joints with lateral restraints remain unknown. 

More work needs to be done with full-scale joint tests. 

(3) In addition to testing flat plate substructures with missing column(s) (threat-

independent), tests on intact substructures without column removals (threat-

dependent) also needs further investigation. 

(4) Design parameters including reinforcement arrangement and various strengthening 

methods by shear reinforcement as well as pre-stressed slabs particularly for slabs 

with unbonded tendons, also merit further investigations.  

(5) To simulate the progressive collapse behaviour of flat plate substructures and even 

the entire structure, simplified FE models are needed to simplify the modelling 

process and save the computational time.  

(6) Generic mechanical models need to be further developed for predicting the post-

punching responses of a range of slab-column joints with in-plane restraints, based on 

a large number of test results. 
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APPENDIX A 

EXPERIMENTAL DESIGN OF CONCENTRICALLY 

LOADED SPECIMENS WITH DIFFERENT STRUCTURAL 

PARAMETERS 

This appendix describes the detailed design information of a series of slab-column joint 

specimens subjected to concentric loading. The parameters investigated include different 

punching shear directions, slab thicknesses, reinforcement ratios and reinforcement 

layouts. Detailed information and drawings of the prototype structure and specimens with 

different punching shear directions (UPS-1 and DPS-1) are presented in Chapter 3. The 

information for specimens with other parameters is given as follows. 

A.1 Overview of Slab-Column Joint Experiments Subjected to Concentric Loading 

A.1.1 Design information 

The prototype structural building is a three-storey 4×4-bay RC flat plate structure, 

representing a car park to be built on the Gold Coast, QLD, Australia, subjected to a 

medium vehicle traffic condition. It was designed in accordance to Australian building 

code (SA, 2009) and also satisfied the requirement in the Chinese building code 

(MHURDPRC, 2010a). Detailed design information can be found in Xue (2019) and 

Yang et al. (2020).  

A total of eight 1/3-scale slab-column joint specimens were tested under concentric 

loading. The eight specimens can be divided into two groups: four specimens subjected 

to upward punching shear (UPS) and the others subjected to downward punching shear 

(DPS) scenarios, respectively. The U(D)PS specimens included two control specimens, 

denoted as UPS-1 and DPS-1, and six specimens with variable parameters, denoted as 
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APPENDIX B 

EXPERIMENTAL PARAMETERS FOR CALCULATING 

THE POST-PUNCHING RESISTANCE 

Appendix B is a complement to the experimental parameter details of the mechanical 

models for calculating the post-punching resistance in Chapter 7, including the vertical 

displacement of the column stub, concrete cracking positions and inclination angles of 

the through-column reinforcement etc. For both CL and EL joint specimens, all 

parameters presented were either measured from the experimental tests or calculated 

based on the recorded data/numerical results, right before the fracture of the first 

reinforcing bar in the slab, which is referred to as the ultimate state in Chapter 7. 

B.1 Parameters Used for CL Joint Specimens 

B.1.1 Critical point in the load-displacement curve 

The load-displacement curves of the UPS and DPS series are shown in Figure B-1 and 

Figure B-2. The critical point (Vpp,e, ∆pp,e) can be identified in the suspension stage 

corresponding to the ultimate state. Vpp,e and ∆pp,e representing the post-punching capacity 

and the corresponding displacement respectively, which have been marked out by 

horizontal solid lines and vertical dash lines, respectively. All the values for the critical 

point measured from the CL joint tests are listed in Table B-1. The values of Vpp,e are used 

in Section 7.4.1.4 to compare with the analytical post-punching capacities (Vpp,cal) of CL 

joint specimens. While the values of ∆pp,e can be substituted into Equations (7.9), (7.10), 

(7.13) and (7.21) to determine the inclination angles of through-column bars in different 

layers in the ultimate state. 
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Table B-1 Post-punching resistances and their corresponding displacements in CL joints 

Specimens 

(UPS/RE0) 

Vpp,e 

(kN) 

∆pp,e  

(mm) 

Specimens 

(DPS) 

Vpp,e 

(kN) 

∆pp,e  

(mm) 

UPS-1 92 99 DPS-1 107 115 

UPS-2 97 113 DPS-2 118 89 

UPS-3 99 65 DPS-3 113 94 

UPS-4 103 129 DPS-4 92 99 

RE0 116 108 - - - 

 

B.1.2 Experimental parameter details 

The mechanical patterns of the UPS and DPS series in the ultimate state are schematically 

drawn in Figure B-3 and Figure B-4. The measured values of lx and ly shown in Table B-2 

represent the concrete cracking positions in the X and Y directions, respectively. As RE0 

is not in the same series with specimens in the CL joint tests, the parameter values of RE0 

are listed separately in the last row. As presented in Table B-2, the approximate averages 

on lx/ly are 1.43 and 1.50 in the UPS and DPS specimens, respectively. Therefore, the 

values of (lx, ly) of the UPS and DPS series used in the calculations of post-punching 

capacities in Chapter 7 are (1.43ly, ly) and (1.5ly, ly), respectively, where ly equals 5d in 

the UPS series and 5.5d in the DPS series, respectively. With known parameter values of 

∆pp, lx, ly and lu, the inclination angles αx, αy and βx of reinforcement in L1, L2 and L4 

can be determined accordingly. Note that βy is not provided since the post-punching 

resistance contributed by L3 can be obtained from the equilibrium relationships between 

the breakout strength of the concrete cone and the axial force developed in the rebars. 
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Figure B-3 Free body diagram illustrating mechanism of shear resistance for UPS 

series: (a) XZ view; (b) YZ view (Refer to Figure 7-7) 

 
Figure B-4 Free body diagram illustrating mechanism of shear resistance for DPS 

series: (a) XZ view; (b) YZ view 
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Table B-2 Concrete cracking lengths and inclination angles of through-column rebars in 

CL joint specimens 

Specimen 
lx 

(mm) 

ly 

(mm) 
lx/ly 

αx 

(°) 

αy 

(°) 

lu 

(mm) 

βx 

(°) 

UPS-1 425 299 

- 

10 15 175 30 

UPS-2 525 299 15 22 175 33 

UPS-3 380 363 7 10 175 20 

UPS-4 625 426 13 19 175 36 

Average 489(7.05d) 347(4.92d) 1.43 - - - - 

DPS-1 572 472 

- 

10 15 175 33 

DPS-2 424 322 14 20 175 27 

DPS-3 623 377 8 12 175 28 

DPS-4 723 378 9 13 175 29 

Average 585(8.20d) 387(5.47d) 1.50 - - - - 

RE0 475 450 - 14 13 175 32 

B.2 Parameters Used for EL Joint Specimens 

B.2.1 Critical point in load-displacement curve 

The load-displacement curves of the EL joint tests have been given in Figure 4-7. Note 

that the experimental measured post-punching capacity (Fpp) and the corresponding 

displacement (∆pp), as denoted in Figure 4-7, were renamed as Vpp,e and ∆pp,e in Chapter 

7 to facilitate comparisons between the experimental post-punching capacities and the 

analytical predicted ones.  

The critical points of the load-displacement curves in the suspension stage (Vpp,e, ∆pp,e) 

corresponding to the ultimate state of the EL joint tests are given in Table B-3. Based on 

the test observations, Vpp,e was found not in the vertical direction due to the rotation of 

the hydraulic jack, as represented by the red line in Figure B-5. To validate the 

effectiveness of the mechanical models in the predictions of the post-punching capacities, 

the vertical component of Vpp,e, denoted as Vpp,ev, is required. As depicted in Figure B-5, 
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capacities. The reason for not using αx1 is that the through-column rebars in L1 had been 

pulled out on the eccentric loading side before the ultimate state, given that lx1 had already 

exceeded the slab anchorage length of FRs in L1. As for βx2 and βy1, the post-punching 

resistance contributed by L4 on the opposite side and L3 on both sides can be obtained 

from the equilibrium relationships between the breakout strength of the concrete cone and 

the axial force developed in the rebars. 

 
Figure B-7 Free body diagram illustrating mechanism of shear resistance for SE405: (a) 

XZ plane; (b) YZ plane; (c) Inclination angles of L1 and L4; (d) Inclination angles of 
L2 and L3 (Refer to Figure 7-11) 

Table B-4 Concrete cracking lengths and inclination angles of through-column rebars in 

EL joint specimens  

Specimen lx1 
(mm) 

lx2 
(mm) 

ly1 
(mm) 

lu 
(mm) 

αx2 
(°) 

αy1 
(°) 

βx1 
(°) 

SE405 550 400 285 175 8 15 28 
SE780 625 220 285 175 11 15 31 
TE405 525 80 285 175 33 15 28 
TE780 630 135 285 175 18 15 31 
RE405 620 370 240 85 7 16 41 
RE780 540 350 320 85 9 16 47 
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