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ABSTRACT 
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ABSTRACT 

A reinforced concrete flat plate structure is a type of structural system that consists 

solely of slabs and columns. Flat plate structures are popularly adopted worldwide due 

to their economic and architectural advantages. However, an inherent issue associated 

with this type of structures is that the slab-column joints (SCJs) are prone to brittle 

punching shear failure. In addition, the absence of beams in flat plate structures results 

in a lack of load redistribution path. Consequently, once a single SCJ fails, the initial 

failure has a high risk of propagating to the adjacent SCJs, which may eventually trigger 

a progressive collapse of the entire structure.  

Progressive collapse often causes severe loss of life and property. Since the progressive 

collapse incident of the Ronan Point Apartment Tower in 1968, scientific and 

engineering communities have been working devotedly to improve the progressive 

collapse resistance of building structures. A direct way to improve such resistance of 

flat slab structures is to enhance the punching shear and post-punching capacities of the 

SCJs, the latter is regarded as a second line of defence to progressive collapse. 

Strengthening methods, which are commonly applied in engineering practice, include 

strategies like enlarging the slab thickness at the SCJ, using various types of shear 

reinforcement and incorporating a post-tensioning system. To date, substantial research 
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efforts have been made to investigate the mechanical behaviours of the SCJs with these 

strengthening methods up until punching shear failure, which is within the small 

deformation stage. However, research on the mechanical behaviours of strengthened 

SCJs in the post-punching stage (i.e., the large defamation stage) remains scarce. To fill 

this knowledge gap, a comprehensive study consisting of experimental, numerical and 

analytical investigations on the strengthened flat plate SCJs are conducted in this PhD 

research. The strengthening methods include adding drop panels, shear studs and 

prestressing tendons in SCJs 

To examine punching shear and post-punching failure mechanisms and load-resisting 

capacities of the SCJs with drop panels and shear studs, quasi-static loading tests were 

performed on three scaled SCJ specimens with in-plane restraints. A continuous upward 

force was applied on the column stubs until the specimens entered the large deformation 

stages and finally exhausted all their load-resisting capacities. The locations of 

punching shear failures, the punching shear strength and residue strength after punching 

failure, the strain development on both reinforcement and shear studs, and the final 

failure modes were reported and analysed. The influence of different arrangements of 

shear studs (in radial or orthogonal pattern) on the strengthening effect to punching and 

post-punching performances was examined. In addition, the punching shear capacity 

validation against the international building codes was carried out. The underlying 
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reason causing the discrepancies between the test results and the code predictions was 

discussed. 

To investigate the entire failure process and the ultimate load-resisting capacity of the 

SCJs strengthened with prestressing tendons, seven scaled SCJ specimens including six 

post-tensioned (PT) specimens and one non-PT specimen with in-plane restraints were 

quasi-statically loaded up to the large deformation stage. The design variables included 

the prestressing level, the reinforcement ratio and the tendon arrangement. The overall 

load-displacement responses, crack patterns, tendon forces, reinforcement strain 

developments and the horizontal displacements of the boundary beams were recorded 

and analysed. The enhancement of prestressing tendons was confirmed by comparing 

the non-PT specimen with the PT specimens. The influence of the aforementioned 

design variables on punching shear and post-punching behaviours was explored. The 

laboratory tests were terminated at the early stage of post-punching for safety 

considerations, before reaching the post-punching capacity of the SCJ specimens. 

Therefore, high-fidelity 3D nonlinear finite element models were established using LS-

DYNA to acquire a complete post-punching performance. All components of the 

specimens, including concrete, reinforcement, post-tensioning system and loading 

apparatus, were explicitly modelled. Element mesh sensitive, concrete material 

property correction, constraint and contact between different elements, and bond-slip 

relationship between concrete and steel were all carefully considered in the modelling 
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approach. The validated model was further utilised to conduct parametric studies, 

evaluating the influence of rupture strain of reinforcement and tendons on the post-

punching capacity. 

Moreover, for PT SCJs, a rational design to achieve the highest punching and post-

punching capacities with the most economical material usage was proposed. 

Theoretically, the punching shear capacities of the PT specimens were predicted using 

the US, Australian and Euro building codes. The enhancement of the boundary 

restraints to punching shear capacity was quantitatively estimated by the horizontal 

displacements of the boundary beams. Lastly, an analytical model based on the 

compatibility of deformation and the equilibrium relationships between concrete, 

reinforcement and tendons, was proposed to predict the post-punching capacities of the 

PT SCJ specimens. 

This PhD research is the first to study the complete failure process, with an emphasis 

on the punching shear and post-punching capacities of strengthened SCJs in concrete 

flat plate structures. The influence of key parameters closely related to the strengthening 

methods on the structural performance of the strengthened SCJs was evaluated. Finite 

element models were established and validated, laying the groundwork for further 

parametric studies. A rational design approach for engineering practice that aims to 

maximise punching shear and post-punching capacities while maintaining economic 
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material efficiency was proposed. Code predictions to calculate the punching shear 

capacities of strengthened SCJs were validated against the experimental results. 

Additionally, a theoretical framework for post-punching capacity calculation was 

proposed, filling the gap in the codes that lack such a provision. To this end, this thesis 

provides useful experimental data, numerical models, and a theoretical foundation for 

accurately assessing the collapse resistance of flat plate structures with different 

strengthening methods, thereby contributing to the safe and robust design of such 

important class of concrete structures for preventing and mitigating progressive 

collapse. 
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NOTATIONS  AND ABBREVIATIONS  

Notations 

Ach Horizontal projection of the conical surface, mm2; 

ALF Cross-sectional area of lower layer through-column flexural reinforcement, 
mm2; 

ALI Cross-sectional area of lower layer through-column integrity reinforcement, 
mm2; 

ALT Cross-sectional area of lower layer through-column tendon, mm2; 

AUF Cross-sectional area of upper layer through-column flexural reinforcement, 
mm2; 

AUI Cross-sectional area of upper layer through-column integrity reinforcement, 
mm2; 

AUT Cross-sectional area of upper layer through-column tendon, mm2; 

ATC Cross-sectional area of through-column reinforcement, mm2; 

Av Sum of the area of all legs of shear studs on one peripheral line; 

C Column width, mm; 

Dr Diameter of the reinforcement, mm; 

Dt Diameter of the tendon, mm; 

EIa Tangential flexural stiffness after cracking (Muttoni, 2008), mm4; 

EIb Tangential flexural stiffness before cracking (Muttoni, 2008), mm4; 

Ec Elastic modules of concrete, MPa; 

Es Elastic modules of steel, GPa; 

F Column reaction force, kN; 

Fp Punching shear capacity, kN; 

Fp1 First punching load, kN; 

Fp2 Second punching load, kN; 
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Fp
�Ã Simulated punching shear capacity, kN; 

Fp,cal Calculated punching shear capacity, kN; 

Fp,slab Contribution of slab to punching shear capacity, kN; 

Fp,p Contribution of prestressing action to punching shear capacity, kN; 

Fpp Post-punching capacity, kN; 

Fpp
�Ã Simulated post- punching capacity, kN; 

Fpp,F Post-punching capacity provided by flexural reinforcement, kN; 

Fpp,LF Post-punching capacity provided by lower layer through-column flexural 
reinforcement, kN; 

Fpp,LI Post-punching capacity provided by lower layer through-column integrity 
reinforcement, kN; 

Fpp,LT Post-punching capacity provided by lower layer through-column tendon, 
kN; 

Fpp,I Post-punching capacity provided by integrity reinforcement, kN; 

Fpp,UF Post-punching capacity provided by upper layer through-column flexural 
reinforcement, kN; 

Fpp,UI Post-punching capacity provided by upper layer through-column integrity 
reinforcement, kN; 

Fpp,UT Post-punching capacity provided by upper layer through-column tendon, 
kN; 

Fp,test Tested punching shear capacity, kN; 

Fpp,T Post-punching capacity provided by tendon, kN; 

Ft1 Residual strengths after first punching failure, kN; 

Ft2 Residual strengths after second punching failure, kN; 

G Shear modulus, MPa; 

Gfc  Compressive fracture energy; 

Gft Tensile fracture energy; 

Gfs Shear fracture energy; 

Hc Hf Hp Hs   Horizontal component provided by concrete, steel fibres, tendons and 
reinforcement (Nguyen-Minh et al., 2012), kN; 
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K Bulk modulus, GPa; 

Np Index used to assess the economic efficiency of punching shear capacity; 

Npp Index used to assess the economic efficiency of post-punching capacity; 

Pu Reinforcement pullout resistance, kN; 

Vc Vf Vp Vertical component provided by concrete, steel fibres and tendons 
(Nguyen-Minh et al., 2012), kN; 

Vflex Shear force associated with flexural capacity of the slab (Muttoni, 2008), 
kN; 

VR Nominal punching shear strength (Muttoni, 2008), kN; 

Vre1 Support reaction force (Nguyen-Minh et al., 2012), kN; 

VT Vertical component of all effective prestress forces crossing the critical 
section, kN; 

ac Inclined shear cracking position of effective beam (Nguyen-Minh et al., 
2012), mm; 

aT Horizontal projection length of the diagonal crack (Nguyen-Minh et al., 
2012), mm; 

b0 Perimeter of the critical section for punching cone, mm; 

bef  Effective width of concrete where the tensile strength develops (Ruiz et al., 
2013), mm; 

bint Control perimeter activated by the integrity reinforcement, mm; 

cb Concrete cover thickness, mm; 

d Effective depth of slab, mm; 

dc The concrete thickness form upper layer integrity reinforcement to lower 
layer flexural reinforcement, mm; 

dg0, dg Reference and maximum diameter of aggregate size (Muttoni, 2008), mm; 

dp Depth from compression side to the centroid of tendons, mm; 

dres Residual effective depth of the slab (distance between centroids of flexural 
and integrity reinforcement layers), mm; 

el Elongation of steel, %; 

f’ c Cylinder compressive strength of concrete, MPa; 

fct Tensile strength of the concrete, MPa; 
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fct.eff Effective tensile strength of the concrete, MPa; 

fu Ultimate strength of the reinforcement, MPa; 

fup Ultimate strength of the tendon, MPa; 

fy Yield strength of reinforcement, MPa; 

fyp Yield strength of tendon, MPa; 

fyt Yield strength of the shear stud, MPa; 

fyt.ef Effective yield strength of the shear reinforcement, MPa; 

l Span length, mm; 

lb Boundary beam length, mm; 

lef Effective length of concrete where the tensile strength develops (Ruiz et al., 
2013), mm; 

lLI Horizontal distance from column face to the first upper layer integrity 
reinforcement outside the column, mm; 

lLT Horizontal distance from column face to the first tendons outside the 
column, mm;  

lUT Horizontal distance from column face to edge of boundary beam, mm; 

nF Number of the flexural reinforcement activated during post-punching stage; 

nI Number of the integrity reinforcement activated during post-punching 
stage; 

nLF Number of lower layer through-column flexural reinforcement; 

nLI Number of lower layer through-column integrity reinforcement; 

nLT Number of lower layer through-column tendon; 

nUF Number of upper layer through-column flexural reinforcement; 

nUI Number of upper layer through-column integrity reinforcement; 

nUT Number of upper layer through-column tendon; 

mcr Cracking moment per unit width (Muttoni, 2008), kN m2/m; 

mp Unitary bending moment due to prestressing per unit width (Muttoni, 
2008), kN m2/m;  
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mR Nominal moment capacity per unit width (Muttoni, 2008), kN m2/m; 

r0 Radius of the critical shear crack (Muttoni, 2008), mm; 

r1 Radius of the zone in which cracking is stabilized (Muttoni, 2008), mm; 

rc Radius of the column (Muttoni, 2008), mm; 

rcr Radius of cracked zone (Muttoni, 2008), mm; 

rq Radius of the load introduction at the perimeter (Muttoni, 2008), mm; 

rs Radius of the slab (Muttoni, 2008), mm; 

ry Radius of yielded zone (Muttoni, 2008), mm; 

s Spacing of reinforcement, mm; 

ss Spacing of the shear stud, mm; 

vn Shear stress in the critical section, MPa; 

vc1 vc2 Shear stress in the critical section contributed by concrete, MPa; 

vACI318 
c1  vACI318 

c2  Shear stress in the critical section contributed by concrete (ACI 318), MPa; 

vEC2 
c1  vEC2 

c2  Shear stress in the critical section contributed by concrete (EC 2), MPa; 

vAS3600 
c2  Shear stress in the critical section contributed by concrete (AS 3600), MPa; 

vs Shear stress in the critical section contributed by shear reinforcement, MPa; 

x Depth of concrete compressive zone (Nguyen-Minh et al., 2012), mm; 

x1 Distance from punching crack to the location where flexural reinforcement 
enters the slab (Habibi et al., 2014), mm;  

x1' Distance from punching crack to the location where integrity reinforcement 
enters the slab (Habibi et al., 2014), mm; 

xpunch Depth of concrete compressive zone in punching shear (Nguyen-Minh et 
al., 2012) mm; 

xT Effective depth of tension zone (Nguyen-Minh et al., 2012), mm; 

�'  Column vertical displacement, mm; 

�ûp Corresponding displacement to the punching shear strength, kN; 



NOTATIONS AND ABBREVIATIONS 

xxx 

�D Angle between the shear reinforcement and the mid-plane of the slab, rad; 

aLF Rotation of lower layer through-column flexural reinforcement to 
horizontal direction, rad; 

aLI Rotation of lower layer through-column integrity reinforcement to 
horizontal direction, rad; 

aLT Rotation of lower layer through-column tendon to horizontal direction, rad; 

�Ds Column location factor; 

�Dt Average angle of the bars with respect to the plane of the slab (Ruiz et al., 
2010), rad; 

aUF Rotation of upper layer through-column flexural reinforcement to 
horizontal direction, rad; 

aUT Rotation of upper layer through-column tendon to horizontal direction, rad; 

�E Column aspect ratio; 

��max Maximum shear strain; 

�' p
�Ã�� Simulated corresponding displacement to the punching shear strength, kN; 

�' p1 Corresponding displacement to the first punching load, kN; 

�' p2�� Corresponding displacement to the second punching load, kN; 

�' pp
�Ã�� Simulated corresponding displacement to the post-punching capacity, kN; 

�' t1�� Corresponding displacement to the first residual strengths, kN; 

�' t2�� Corresponding displacement to the second residual strengths, kN; 

�Hp�� Rupture strains of prestressing tendons, %; 

�Hr�� Rupture strains of reinforcement, %; 

�T��F �T��F.top 
�T��F.bottom��

Angle for calculation of activated flexural bars, inner layer flexural bars, 
outer layer flexural bars (Ruiz et al., 2013), rad; 

�O Modification factor related to lightweight concrete; 

�OACI318 
s �� Size effect factors in ACI 318; 

�OEC2 
s  Size effect factors in EC2; 
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�Ul�� Tensile reinforcement ratio; 

�Uly �Ulz�� Tension reinforcement ratios in two orthogonal directions within the 
reaction area plus a 3d extension; 

�FTS�� Decrease in curvature due to tension stiffening (Muttoni, 2008); 

�Vcp Compressive stress on the concrete cross-section imposed by tendons 
(prestressing level), MPa; 

�VEC2 
cp �� Cross-sectional compressive stress caused by lateral forces, MPa; 

�% Rotation of slab, rad. 

 

Abbreviations 

ALP Alternative load paths; 

AP Alternate path method; 

CSCM Continues surface cap model; 

CSCT Critical shear crack theory; 

DP Drop panel; 

ELR Enhanced local resistance method; 

FE Finite element; 

FR Flexural reinforcement; 

IR Integrity reinforcement; 

LF Lower layer flexural reinforcement; 

LI  Lower layer integrity reinforcement; 

LPHC Low probability, high consequence; 

LT Lower layer tendon; 

LVDT Liner variable displacement transducer; 

MASM Multi-action shear strength model; 
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P Hot-rolled plain bars; 

PT Post-tensioned; 

R Hot-rolled ribbed bars; 

RC Reinforced concrete; 

SCJ Slab-column joint; 

SSO Shear stud in orthogonal pattern; 

SSR Shear stud in radial pattern; 

TF Tie force method; 

UF Upper layer flexural reinforcement; 

UI Upper layer integrity reinforcement; 

UT Upper layer tendon; 

7WOS 7-wire ordinary strands. 
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CHAPTER 1 

1INTRODUCTION  

1.1 Research background 

1.1.1 Progressive collapse 

The term ‘progressive collapse’ is used to describe the phenomenon in which a structure 

experiences a disproportionate collapse in response to an accidental event. This collapse 

can be caused by a range of factors, including gas explosions, bomb attacks, fires, vehicle 

impact, improper construction or overloading. Initial damage is often localised, but the 

subsequent collapse can be significant (Ellingwood, 2006). Following the progressive 

collapse of the World Trade Centre in New York City on 11 September 2001, the 

engineering community has recognised that progressive collapse is a low-probability 

event, yet it always leads to disastrous consequences. Progressive collapse resistance 

primarily relies on the robustness of the entire structure to bridge over and absorb local 

damages. This characteristic is significantly different from traditional disaster-prevention 

designs that consider the overall disaster-resisting capacity (i.e., seismic and wind 

resistance). Consequently, specialised design against progressive collapse must be 

applied for structures at high risk of accidental loads or are particularly vulnerable to 

progressive collapse. The US, Australia Europe, and, China have incorporated design 

requirements for progressive collapse resistance into their respective building design 
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codes (ACI 318, 2019; AS 3600, 2018; EN 1992-1-1, 2004; GB 50010, 2016). 

Particularly, the US, China and Australia have published specific codes or guidelines for 

progressive collapse prevention (DOD, 2016; CECS 392 2021; NYC BC, 2014). Among 

various types of buildings, those being more susceptible to progressive collapse incidents 

are flat plate structures. 

 

1.1.2 Flat plate structures 

Flat plate structures consist only of reinforced concrete slabs and columns without beams, 

which is known for their convenience in construction, low construction costs, aesthetic 

appearance and large usable space. These structures are extremely popular in various 

types of buildings, including multi-story residences, office/retail buildings and parking 

garages. Statistics from consulting companies, such as Australia’s Alliance Design Group 

and Robert Bird Group, indicate that approximately 80% to 90% of high-rise residential 

buildings in major Australian cities utilise this type of structural system. However, in real 

world, progressive collapse accidents in flat plate structures have occurred repeatedly. 

Notable accidents include the collapse of Sampoong Department Store in South Korea in 

1995 (Gardner et al., 2002; Park, 2012), which resulted from local overloading caused by 

air conditioning placement, leading to the progressive collapse of the entire 6-story 

structure. This collapse accident killed 502 people, injured 937 and caused property losses 

amounting to 270 billion won (approximately US$208 million). Another notable example 

is the collapse of a condominium building in Surfside, Florida, US, in 2021, which was 

caused by a combination of factors, including joint corrosion and local foundation 

settlement (Lu et al., 2021; Pellecchia et al., 2024). More than 100 dead and injured 

people were reported in this accident. 
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Currently, there is a scarcity of foundational research on the progressive collapse 

resistance of concrete flat plate structures, which has resulted in the absence of 

comprehensive design methods or codes for progressive collapse resistance. The issue of 

progressive collapse has been recognised for over 50 years since the Ronan Point 

apartment collapse in 1968 (Pearson and Delatte, 2005). However, the study on 

progressive collapse, which is characterised by large deformations and dynamic features, 

has only been deeply explored in the past two decades with the advancement of structural 

testing techniques and numerical simulation technologies. Recent research on progressive 

collapse has focused on steel and concrete frame structures, which feature ductile 

deformation behaviour. Limited attention has been given to other types of structures, such 

as flat plates (Adam et al., 2018). This limitation has resulted in the majority of existing 

progressive collapse resistance codes being applicable primarily to steel or concrete frame 

structural systems. Only a few standards, such as ACI 318 (2019), propose requirements 

for the continuity of slab reinforcement from a construction perspective to enhance the 

integrity of flat plate structures and improve their capacity to resist progressive collapse 

under accidental load scenarios. Therefore, establishing a comprehensive and systematic 

theoretical framework, including engineering design methods, quantitative calculation 

methods for progressive collapse resistance and construction requirements for preventing 

progressive collapse of flat plate structures, has become an urgent scientific and 

engineering challenge that needs addressing. 

 

Existing research on the progressive collapse resistance of flat plate structures can be 

divided into three groups: basic structural units (i.e., slab-column joints (SCJs)), single-

story multi-bay substructures composed of several SCJs, and multi-story entire structures. 
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Research on SCJs (Carvalho et al., 2011; Díaz et al., 2021; Guandalini et al., 2009; 

Hawkins and Mitchell, 1979; Muttoni, 2008; Peng et al., 2017a; Teng et al., 2018) has 

focused markedly on their failure mechanisms and ultimate load-resisting capacities. 

Meanwhile, substructures (Gardner and Kallage, 1998; Peng et al., 2018, 2017b; Qian et 

al., 2015; Qian and Li, 2015, 2013; Russell et al., 2015; T. Yang et al., 2021; Y. Yang et 

al., 2021; Z. Yang et al., 2022) have been examined for the redistribution of internal forces 

after the initial failure and the capacity of the substructure to mitigate the initial damage. 

Moreover, research on entire structures has addressed the overall structural responses, 

including transfer of internal forces between floors (Keyvani and Sasani, 2015; Liu et al., 

2015a; Trung Hieu et al., 2023). A majority of the related studies have concentrated on 

SCJs and substructures, utilising experiments, numerical analyses and theoretical 

approaches. Owing to limitations in testing facilities and funding resources, research on 

whole structures has been relatively scarce and generally conducted through numerical 

simulations. 

 

The progressive collapse of flat plate structures often begins with punching shear failure 

at the slab-column joints (SCJs). Therefore, the most direct method to enhance the 

resistance to progressive collapse is to strengthen the SCJs to prevent punching shear 

failure. Engineering approaches to enhance the joints include increasing the slab thickness 

in the column area (i.e., drop panels, column capitals and shear caps) (Grabski and 

Ambroziak, 2023; Wang et al., 2023), adding shear reinforcement (i.e., embedded beams, 

stirrups, shear studs) (Birkle and Dilger, 2008; Dam and Wight, 2016; Hernández Fraile 

et al., 2023a; Jiao et al., 2022) and introducing post-tensioning systems (Carvalho et al., 

2016; Faria et al., 2012, 2011; Nguyen-Minh et al., 2012; Ramos et al., 2014; Ramos and 
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Lúcio, 2008) within the slab. Researchers have discovered that if reinforcement or 

prestressing tendons are arranged in a reasonable manner, then the joints can still maintain 

a certain load-bearing capacity during the large deformation stage after a punching shear 

failure (Melo and Regan, 1998; Ramos et al., 2014). This capacity is referred to as the 

post-punching capacity. This mechanism can effectively mitigate the impact of force 

redistribution on the surrounding SCJs after the initial punching failure at a joint, serving 

as the second line of defence against progressive collapse. Therefore, a comprehensive 

understanding of the failure mechanisms of strengthened SCJs and an accurate 

assessment of their punching shear and post-punching capacities are essential for 

subsequent research on substructures and whole structures. 

 

Although some studies have been conducted on strengthened SCJs, two major issues are 

found in the existing research. Firstly, the majority of these studies have been limited to 

punching shear capacity at small deformation stages (Ferreira et al., 2014; Ruiz et al., 

2010; Sacramento et al., 2012; Silva et al., 2007; Silva and Regan, 2005; Wu et al., 2019), 

with little consideration to the post-punching capacity during large deformation stages 

(Diao et al., 2021a, 2021b; Y. Yang et al., 2021). Secondly, the related studies have been 

based on simply-supported isolated SCJs, without considering the influence of continuity 

from the surrounding slabs. Note that SCJs in real structures are subject to in-plane 

constraints from the adjacent slabs, leading to a difference in the mechanical behaviour 

compared to the isolated simply-supported SCJs. Research has proven that failure to 

consider a more representative boundary conditions of the SCJs can also affect the 

assessment of punching shear and post-punching capacities (Keyvani et al., 2014; Peng 

et al., 2017a). Consequently, there is a pressing necessity to conduct a comprehensive 



CHAPTER 1 

6 

research to accurately evaluate the punching and post-punching failure capacities of 

strengthened SCJs with in-plane constraints, thereby providing reliable data to refine the 

current design methods for preventing progressive collapse of flat plate structures. 

 

1.2 Aims and scope 

This research aims to examine the punching and post-punching failure mechanisms and 

capacities of concrete flat plate SCJs with varying strengthening methods. Specifically, 

these strengthening methods include applying drop panels, shear studs and post-

tensioning systems. The objectives are achieved through a series of experimental, 

numerical and theoretical studies. The scope of these studies is presented as follows. 

 

�x Experimental study 

A total of 10 strengthened SCJ specimens with in-plane restraints (through boundary 

beams) were tested in the laboratory subjected to quasi-static loading. Three of the 

specimens were used to investigate the strengthening effects of drop panels and shear 

studs, whilst the remaining seven were designed to examine the prestressing effect. Each 

specimen underwent a series of deformation stages, including the flexural, punching shear 

failure and suspension stages, until their load-resisting capacities were exhausted. The 

complete load-displacement curves, crack patterns, damage modes, reinforcement strain 

and tendon force developments and boundary beam lateral displacements were acquired 

from the tests to explain and quantify the punching shear and post-punching failure 

mechanisms and determine the key factors affecting the punching shear and post-

punching capacities. Furthermore, the influence of different arrangements of shear studs 

on the strengthening effect was investigated for the SCJ specimens with drop panels and 
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shear studs. For post-tensioned SCJ specimens, the influence of prestressing levels and 

various configurations of the tendons and reinforcement was studied. 

�xNumerical study

High-fidelity finite element models were established for post-tensioned SCJs using the

commercial software LS-DYNA. The models were able to accurately simulate the shear-

type cracking of the SCJs and the complex mechanical behaviour of the materials after 

cracking, including the large deformation and rotation of reinforcement, spalling of 

concrete and pull-out of reinforcement. The explicit modelling approach was utilised to 

replicate all details of the SCJs. Concrete was modelled with solid elements; 

reinforcement was simulated with beam elements (using 2 × 2 Gauss integration to 

consider large rotations) and prestressing tendons were simulated with beam elements 

and thermal elements. Constraints, contacts, bond–slip relationships between concrete, 

reinforcement and tendons were also considered. Failure criteria were established based 

on the mechanical characteristics of different materials. The proposed models were 

validated against the experimental results of the post-tensioned SCJs. Furthermore, 

parametric studies were conducted to investigate the influence of the rupture strain of 

reinforcement and tendons on the punching shear and post-punching capacities and the 

rational design to achieve the most economical reinforcement and tendon configurations. 

�xAnalytical study:

Analytical models for estimating the punching shear capacities of strengthened SCJ

specimens were developed based on the existing code prediction formulas. Firstly, design 

codes were used to predict the punching shear capacity of each specimen. Secondly, the 
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underlying reasons causing over/under-estimation were analysed. Lastly, code prediction 

formulas were revised based on the experimental and numerical results, including the 

locations of the critical sections, and the ultimate states of concrete, reinforcement and 

tendon. Additionally, the effect of boundary beams in providing the in-plain restraints 

was considered. For post-punching capacity estimation, the prediction models were 

developed based on the force equilibrium equations. The contribution of reinforcement 

and tendons was qualified.  

 

In practice, commonly used strengthening methods primarily focus on improving the 

punching shear capacity of a flat plate structure. However, the post-punching stage also 

plays a crucial role in providing much needed progressive collapse resistance. There has 

been very limited attention given to the post-punching stage in both engineering practice 

and research, making it difficult to accurately assess the progressive collapse resistance 

of flat plate structures with various strengthening methods. This thesis not only 

investigates the punching shear performance but also conducts a comprehensive and 

systematic study of the post-punching performance of strengthened flat plate structures 

from experimental, numerical, and theoretical perspectives, addressing a significant gap 

in this area of research. To this end, the outcomes of this thesis will contribute to the safe 

and robust design of such flat plate structures strengthened with drop panels and/or shear 

studs, or post-tensioning tendons for progressive collapse prevention and mitigation. 

 

1.3 Thesis layout 

The following section presents the contents of this thesis, which comprises six chapters. 
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Chapter 1 outlines the research background, highlights the gaps in existing studies and 

design standards, and addresses the necessity of the current research. The scope and 

objectives of this study are also introduced. 

 

Chapter 2 presents a comprehensive review of the literature pertinent to the subject matter, 

commencing with an introduction of the fundamental concepts, historical collapse events 

and existing design approaches. Thereafter, this chapter provides an overview of the 

factors influencing the punching shear and post-punching performances of SCJs. The 

chapter also places significant emphasis on the experimental, numerical and theoretical 

studies of SCJs with strengthening methods. Lastly, prediction formulas from the design 

codes for calculating the punching shear and post-punching capacities of SCJs are 

presented. 

 

Chapter 3 reports the experimental and analytical investigations of the punching shear 

and post-punching failure mechanisms of concrete flat plate SCJs with drop panels and 

shear studs. Experimentally, three SCJ specimens are tested until the large deformation 

stage. Test phenomena and measured data are illustrated and analysed. Effects of different 

arrangements of shear studs on the punching shear and post-punching performances are 

discussed. Analytically, punching shear capacity is calculated based on the design codes, 

and the reasons for discrepancies between the predictions and the experimental results are 

identified. This chapter is based on a journal paper of Jiao et al. (2022) published in 

Engineering Failure Analysis. 
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Chapter 4 details the experimental and numerical studies on the punching shear and post-

punching failure mechanisms of post-tensioned SCJs. The experimental studies confirm 

strengthening effect of post-tensioning system by comparing test results with the non-

prestressed specimen. Moreover, the influence of prestressing levels on punching shear 

capacities is discussed. High-fidelity FE model are developed and validated, which is 

further utilised to predict the influence of prestressing levels on post-punching capacities. 

In addition, the influence of rupture strain of reinforcement and tendon is reported through 

a parametric study. This chapter is based on a journal paper of Jiao et al. (2024) published 

in Engineering Structures. 

 

Chapter 5 further investigates the effects of reinforcement and tendon configurations on 

the punching shear and post-punching performances by using the experimental and 

numerical methods. Additionally, parametric analyses give practical recommendations on 

how to achieve the highest punching shear and post-punching capacities with the least 

steel consumption. Code predictions to calculate punching shear capacities of post-

tensioned SCJs is validated against test results. Lastly, an analytical model for predicting 

the post-punching capacities of the post-tensioned specimens is proposed. 

 

Chapter 6 summarises the main findings of each chapter. Based on the outcomes of this 

research, suggestions and recommendations for future studies are also provided. 
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CHAPTER 2 

2LITERATURE REVIEW  

2.1 Introductory r emarks 

This chapter presents a review of the background information related to the progressive 

collapse of flat plate structures. It begins with an explanation of the fundamental concepts 

of the topic. A discussion of some collapse cases and existing design methods for resisting 

progressive collapse is followed. Lastly, relevant studies are presented. Given that the 

research topic is mainly focused on slab–column joints (SCJs), the majority of the studies 

reviewed is on experimental, numerical and theoretical works on SCJ level, with a 

relatively limited focus on the substructure and the entire structure levels. 

2.2 Basic concept explanation 

2.2.1 Flat plate structures 

Flat plate structures are identified by a composition of slabs and columns (Fig. 2-1a). The 

simplicity of this type of structure gives it several economic and architectural advantages. 

The elimination of the need for beams allows for additional available spacing. Reduced 

slab depth enhances the floor-to-floor height, or for a given building height, it allows 
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additional floors to be constructed. Furthermore, the simplicity of constructability and 

framework installation, particularly with the use of extensive large table frameworks, 

significantly reduces construction time and results in considerable savings on formwork. 

In addition, the straightforward reinforcement detailing of slabs facilitates easy 

arrangement, thereby enabling the use of prefabricated mesh of standard sizes. The 

advantages in reinforcement detailing further simplifies installation, improves quality 

control and reduces construction time. Consequently, flat plate structures are widely 

adopted in Australia and globally, as evidenced by the 108 Building in Melbourne and the 

350 Mission Building in San Francisco (see Fig. 2-1b and c). 

(a) Typical floor (b) Australia 108 (c) 350 Mission

Fig. 2-1. Flat plate structures. 

Sources: https://housing.com/news/flat-slab-why-should-you-build-with-a-flat-slab/, 

https://ndy.com/experience/australia-108-southbank-victoria, and https://en.wikipedia.org/wiki/350_Mission_Street 

�,�P�D�J�H���U�H�P�R�Y�H�G
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Nevertheless, the inherent drawbacks of this type of structure must be acknowledged. 

SCJs in flat plate structures, compared with frame structures, are less ductile and more 

prone to brittle punching shear failure (Fig. 2-2). The absence of beams, which are an 

important path for internal force and moment transfer, results in bending moments caused 

by loads being directly transferred to the SCJs from the slabs or columns. This situation 

causes stress concentration in the SCJ area. When a single SCJ fails, the load initially 

carried by the failed joints is then redistributed to the surrounding joints. This case results 

in the adjacent SCJs taking substantial stress. In the event of excessive stress, the failure 

of the surrounding SCJs may occur, resulting in the progressive collapse of the entire 

structure. Therefore, the risk of progressive collapse in flat plate structures is significantly 

higher than that in conventional frame structures when facing with accidental events. 

Fig. 2-2. Comparison between frame and flat plate structures under a collapse 
scenario.
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2.2.2 Punching shear and post-punching failure mechanisms 

Punching shear failure is a type of failure caused by abnormally high localised stress on 

SCJs. Before this type of failure occurs, SCJs always go through a flexural stage. This 

feature necessities a consideration of combination behaviours of flexural and shear when 

discussing the mechanism of punching shear failure. A typical punching shear failure 

formation is as follows: under small loads, SCJs will deform normally in the elastic stage. 

When load comes to approximate 30% of the shear resistance of SCJs (Elstner and 

Hognestad, 1956; Teng et al., 2004), radial and tangential cracks (blue and red lines in 

Fig. 2-3a ) will appear on the tension side of the slab owing to bidirectional action (Marí 

et al., 2018). As load increases, another type of crack, which is called inclined cracks 

generated by the compression side of the slab penetrates the concrete cross-section (Fig. 

2-3b), eventually forming a conical punching shear cone (green line in Fig. 2-3a).

Typically, inclined cracks have angles with respect to horizontal ranging from 20 to 45 

degrees.  

(a) Top view (Sherif, 1998) (b) Cross-sectional view

Fig. 2-3. Typical crack development. 
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Note that abnormal load can originate from the slab or from the column. Therefore, 

punching shear in practice can occur in two directions: upwards or downwards (Diao et 

al., 2021a). For example, overloading causes excessive shear stress on the slab, explosion 

at the lower-level causes excessive shear stress on the column (by impacting). Punching 

shear failure often exhibits brittle characteristics. A typical punching shear failure occurs 

before the reinforcement reaches its ultimate strength, thereby resulting in minimal 

structural deformation. This lack of significant deformation can leave building occupants 

with minimal warning to take preventive actions. 

After punching shear failure occurs, the punching cone remains connected to the slab only 

through the reinforcement crossing the inclined punching shear cracks. At this point, 

concrete cannot provide any resistance. The SCJs is in a status of pure tension provided 

by the reinforcement (Mirzaei, 2010). Given that rebars typically do not reach their 

ultimate strength at the time of punching shear failure, the SCJ can maintain some load-

resisting capacities by the tensile membrane action of the reinforcement (Keyvani et al., 

2014). The prerequisite for the SCJ to be functioned is that the reinforcements are well-

anchored within the slab (Hawkins and Mitchell, 1979; Ruiz et al., 2013). Therefore, 

when the rebars reach their material ultimate states or lose their bond to the concrete, the 

SCJ reaches the limit of post-punching shear capacity and undergoes post-punching 

failure. Thereafter, the SCJ has almost no load resisting function. 
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2.2.3 Progressive collapse 

Progressive collapse is defined as the spread of an initial local failure from one element 

to another, eventually resulting in the collapse of an entire structure or a 

disproportionately large part of it (ASCE 7, 2017). Progressive collapse is distinguished 

by several key characteristics. Firstly, progressive collapse has diverse causes. A variety 

of factors, including overloading, fire, explosions, vehicle impact and design flaws, can 

initiate local damage and eventually lead to progressive collapse. These abnormal loads 

often lead to low probability/high consequence (LPHC) events. That is, although these 

events are considerably less likely to occur, they can be expected to result in significant 

loss of life and property. Secondly, progressive collapse is characterised by the large 

deformation behaviour of the entire structural system. In terms of deformation, critical 

deformation considered for progressive collapse is 10 times greater than that considered 

for conventional seismic responses. For example, DOD (2016), GSA (2016) and CECS 

392 (2021) specify the ultimate deflection for concrete beams and slabs to be 20% of the 

span length in progressive collapse scenario, significantly higher than the flexural limits 

of approximately 5% (ACI 318, 2019; AS 3600, 2018; GB 50010, 2016). For system 

behaviours, the interplay between the redistribution of internal forces and alternative load 

paths following a local failure is crucial for facilitating or stopping the spread of initial 

damage. Progressive collapse often occurs in a matter of seconds. Therefore, it exhibits 

significant dynamic effect. The lack of energy dissipation capacity will lead to a 

considerably high risk of progressive collapse (Ellingwood, 2006; Qian and Li, 2013; 

Tian et al., 2008a; Y. Yang et al., 2021). Progressive collapse design often requires to 

multiply the design loads by a dynamic increase factor (DIF) to account for the dynamic 

effects. The DIF is considered to be 2 in codes. However, the codes have been found to 
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be relatively conservative, and that true DIF should be between 1.1 and 1.5 (Peng et al., 

2018, 2017b; Russell et al., 2015; Z. Yang et al., 2022). 

2.3 Progressive collapse events  

2.3.1 Carpark in Tel Aviv, Israel 

In September 2016, a four-storey underground car park in Israel, with floor thickness of 

400 mm and a span of 8.1 m × 8.2 m, experienced a progressive collapse. A column on 

the top floor suddenly experienced a punching shear failure, followed by the gradual 

collapse of all floors below, resulting in 2 deaths and 42 injuries. The main structural 

frame had been completed before the collapse. Reports at the time of the accident 

indicated that a thick layer of garden soil had been placed on the roof of the top floor, 

leading to an overload there. This factor is regarded as the main cause of the accident. A 

phenomenon worth discussing is that unlike the phenomena observed in typical static 

SCJs, there was no apparent inclined punching shear failure surface around the columns. 

Instead, it was as if a direct shear failure had occurred. The columns remained vertical 

throughout their length after collapse (Fig. 2-4). Severe damage was observed at the 

connection between the columns and slabs, (i.e., column core). Yankelevsky et al. (2024) 

referred to this type of failure as guillotine failure. They further explained that, unlike the 

static failure modes seen in laboratories, the progressive collapse of this building was due 

to the upper-level slabs falling at a considerable speed downwards and striking the lower-

level slabs below, thereby generating high dynamic interaction pressures between the 

impacting slabs. This action can have an impact on the column core, leading to a loss of 

column’s axial load-bearing capacity. This aspect can have a pronounced effect on the 

strength and stability of the entire building. Almost all progressive collapse design codes 
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assume that columns in a flat slab structure are strong enough, and the design focus is on 

the slabs. However, the findings of (Yankelevsky et al., 2023, 2024) remind researchers 

that columns can also become critical elements in a progressive collapse. Accordingly, 

there is an urgent need to investigate and supplement the design requirements for columns. 

Fig. 2-4. Collapse of a carpark in Tel Aviv Israel. 

Source: https://www.timesofisrael.com/dozens-injured-20-trapped-as-building-collapses-in-tel-aviv/. 

2.3.2 Condominium building in Florida surfside, US 

On 24 June 2021, the Champlain Towers South Condominium, a 12/13-storey, 40-year-

old reinforced concrete flat-plate structure located in the Miami suburb of Surfside, 

Florida, US, abruptly suffered a partial collapse, with over 100 people reported dead or 

missing (Fig. 2-5). The collapse began in the pool deck area of the building and spread to 

the east side, eventually causing the east building to collapse. The official investigation 

is still ongoing. However, from the preliminary analysis and discussion provided by Lu 

et al. (2021), the possible reasons for the accidents can be relatively understood. By 

assessing the building design using the current design code, three problems can be 

identified. Firstly, punching shear strengths of the key SCJs and axial compressive 

strengths of the columns of the collapsed structure were low and fundamentally unable to 
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meet the requirements of current design codes. Secondly, SCJs had limited strength at the 

large deformation stage owing to poor reinforcement detailing. Lastly, shear walls on the 

east side were not strong enough to prevent collapse propagation. Pellecchia et al. (2024) 

further confirmed these findings from numerical simulations. Two modifications were 

made to the original design of the building to enhance its resistance to progressive 

collapse. The first one is disconnecting the connections between the swimming pool deck 

beams (initial failure location). As such, the surrounding columns could effectively 

prevent the localised collapse of the pool deck from spreading to other parts of the 

building. The second one is providing additional shear walls to the eastern part of the 

building to increase torsional strength and stiffness. 

Fig. 2-5. Collapse of the condominium building (Lu et al., 2021). 

2.3.3 Sampoong Department Store, South Korea 

The Sampoong Department Store building in Seoul, South Korea, is a typical flat slab 

structure. The building collapsed in 1995, killing 502 people and injuring 937 (Fig. 2-6). 

The collapse was initiated by a punching shear failure at a SCJ on the fifth floor, which 
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ultimately triggered the progressive collapse of the entire building. The accident 

investigation (Gardner et al., 2002) found that design and construction deficiencies, as 

well as improper use and maintenance, were the main causes of this tragedy. Inadequate 

slab design reduced the effective depth of the slab. The fifth floor was overloaded during 

use, and the installation and movement of air-conditioning units on the roof aggravated 

the overloading situation. Pre-existing cracks around the SCJs were not adequately 

addressed. Eventually, the entire building collapsed as a result of all these fatal issues. 

Fig. 2-6. Collapse of Sampoong Department Store (Park, 2012). 

2.3.4 Carpark in Gretzenbach, Switzerland 

On 27 November 2004, a fire broke out in a multi-storey car park in Gretzenbach, 

Switzerland. About 90 minutes after the fire broke out, a SCJ failed. The initial damage 

immediately spread to the surrounding area, leading to successive failures of adjacent 

SCJs and, eventually, to the massive collapse of the structure (Fig. 2-7). This accident 

resulted in the death of seven firefighters. Actually, the fire was a catalyst in causing the 

accident, the main causes was the overloading of the structure (i.e., the ground load 
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exceeded the design load) and quality defects in construction. Additionally, the thick floor 

slab and high reinforcement ratio severely limited the deformation capacity of the 

structure. Consequently, failure propagation and sudden collapse were inevitable once 

punching shear failure initiates. (Ruiz et al., 2013). 

Fig. 2-7. Collapse of a carpark in Gretzenbach (Ruiz et al., 2013). 

2.4 Design approach to resist progressive collapse 

The concept of anti-progressive collapse design was firstly introduced into the British 

code following the collapse of the Ronan Point apartment in 1968. The main idea is to 

provide buildings with the necessary structural robustness, enabling multi-storey 

structures to have the ability to and take redistributed gravity loads after the loss of one 

or more components. This design concept is gradually quoted by other countries or 

regions (EC1991-1-7, 2006; NYC BC, 2014). Robustness is often considered a criterion 

for assessing the ability of a structure to resist progressive collapse, which is defined as 

the ability of a structure to avoid consequences that are disproportionate to the events that 

led to the such a failure (Adam et al., 2018). Generally, robustness is related to structural 

characteristics, such as strength, ductility, redundancy and continuity. In 2001, the Twin 
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Towers suffered progressive collapse as a result of a terrorist attack, thereby accelerating 

the improvement and development of anti-progressive collapse codes. The US was at the 

forefront, proposing DOD (2016) and GSA (2016) as templates for new millennium 

standards on resistance to progressive collapse, which made systematic and quantitative 

requirements for robustness. Subsequently, China and Australia also developed specific 

standards, namely, NCC (2016) and CECS 392 (2021), targeting a more advanced 

progressive collapse prevention.  

To ensure sufficient structural robustness, three design methods are commonly used, 

namely, tie force (TF), alternative load path (ALP) and key element design methods (i.e., 

also referred to as enhanced/specific local resistance in DOD, 2016).  

�xTF method

The core idea of TF is that structure components are mechanically tied together as a means 

of enhancing continuity and ductility and developing alternate load paths (DOD, 2016). 

Tie forces can be provided by existing structure members. For example, horizontal ties in 

frame structures can be provided by beams. Three types of horizontal ties are required: 

longitudinal, transverse and peripheral (see Fig. 2-8). Vertical ties are typically provided 

by columns or shear walls. If the tie force calculated in accordance with specifications 

does not satisfy the design requirements, then other measures, such as the inclusion of tie 

reinforcement, will  be required. TF is considered a prescriptive approach (i.e., the 

assumption is that following the prescriptive rules will result in a structure that meets the 

robustness requirements). The TF approach is categorised as ‘indirect design’ because the 

actual effect of member loss on the structure is not explicitly considered. 
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Fig. 2-8. Horizonal and vertical ties. 

�xALP method

The ALP method involves analysing and assessing a structure under damaged conditions 

and calculating whether or not the alternative load paths available in the structure are able 

to adequately redistribute the additional loads owing to the initial damage. If the residual 

load resisting capacities of the rest intact elements are insufficient to withstand the 

additional loads, then these element will fail and the collapse will be extended. Unlike 

TF, ALP is a deterministic or quantitative method, which includes linear and nonlinear 

static analyses and nonlinear dynamic analysis. ALP considers the dynamic response of 

the structure, nonlinearities of the material, strain rate enhancement and energy 

dissipation, amongst others (Arup 2011). The robustness of a structure can be 

demonstrated directly using this method. Hence, the ALP approach is referred to as ‘direct 

design’ . Given the diversity and unpredictability of the causes of collapse, considering all 

causes and making customised recommendations for each cause are inefficient and 
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infeasible. Therefore, a threat-independent approach should be considered when using 

ALP (GSA, 2016). This approach aims not to take action against any particular abnormal 

loading but to describe a standardised initial event and design for that event, thereby 

improving the robustness of the structure and preventing progressive collapse from any 

cause. For example, this standardised initial event for a building structure may be a 

column, vertical members with an unsatisfactory criterion from the TF, members that do 

not meet the main requirements of the fire resistance, members that engineering 

experience suggests are likely to be directly subjected to accidental loads and members 

whose removal may result in the unsafe condition of the remaining structure (CECS 392, 

2021). In academic research, a representative and widely used scheme to assess the 

robustness of a structure is removing the columns (Ellingwood, 2006; Vlassis et al., 2008). 

�xKey element design method (enhanced/specific local resistance):

The key element design method is another form of ‘direct design’. This method involves 

providing additional strength to damage-prone areas, aiming to prevent the occurrence of 

initial damage as much as possible. This approach is recommended for use when a 

structure lacks sufficient alternative load paths or when it cannot be validated through 

ALP (Arup, 2011). For flat plate structures, the absence of beams results in insufficient 

load transfer paths, which renders the SCJs to be a typical damage-prone component. 

Therefore, strengthening methods at the SCJs can effectively enhance the robustness of 

flat plate structures and prevent the occurrence of progressive collapse. In accordance 

with DOD (2016), to ensure that a ductile failure mechanism can be developed before the 

key elements are destroyed, the shear capacity of the key elements must exceed their 

ultimate flexural capacity. This requirement ensures that a structure is able to resist 
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progressive collapse. However, properties of materials may not fully be utilised because 

the limit of flexural capacity is not reached at the time of punching shear failure, thereby 

causing an uneconomical design of the structure. Therefore, finding a balance between 

economy and safety (in terms of progressive collapse resistance) is an issue to be 

considered in future design codes. 

 

Other design methods include risk-based, probability-based and compartmentalisation 

methods. Specifically, risk-based methods are often used to design specific types of 

building structures (Arup, 2011). Particularly, the British code requires a systematic risk 

assessment for Class 3 building structures (i.e., buildings above 15 storeys and/or of large 

occupancy). A systematic risk assessment may draw upon and be implemented using 

guidance from Jones and Wainwright (2006) and Harding and Carpenter (2009). The 

Australian code NCC (2016) stipulates that if a supporting structural component is relied 

upon to carry over 25% design load of the entire structure, then a systematic risk 

assessment of the building is undertaken. The Chinese code JGJ 3 (2010) specifies that 

high-rise buildings classified as Safety Class I are recommend to be robustly designed 

with reference to GB 50068 (2018). Probability-based methods (Ellinwood, 2003) are 

quantitative representations of the probabilities of accidental loading, initial damage 

when accidental loading occurs and collapse when accidental loading and initial damage 

occur simultaneously. The summation of these probabilities represents the probability of 

building overall failure. The limits of probability of building overall failure are based on 

engineering practice. The compartmentalisation method, as proposed by Starossek (2008) 

and IStructE (2013), is designed to constrain local failure by segmenting a structure. 

Therefore, this method may be markedly suitable for application in the bridge domain. 
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2.5 Research on flat plat slab–column joints with or without the strengthening 

methods  

This section focuses on reviewing published literature related to SCJ failure mechanisms 

covering punching shear and post-punching performances. Understanding these 

mechanisms can help prevent the initial SCJ failure from happening, thereby significantly 

reducing the likelihood of progressive collapse of the entire structure. 

2.5.1 Experimental studies 

Key element design methods are dedicated to prevent the onset of initial failures by 

enhancing the shear capacity of SCJs, thereby serving as the guiding principle for this 

thesis. To achieve this objective, factors that are closely associated with the punching 

shear capacity of SCJs should be thoroughly reviewed. 

Given that punching shear failure represents a brittle type of concrete shear failure, 

properties of concrete material clearly play a decisive role in punching shear performance. 

Eletner and Hognestad (1956) conducted tests on 34 SCJs to explore the parameters 

affecting punching shear capacity, one of which was the compressive strength of concrete. 

The proposed formula for calculating punching shear capacity suggested a positive 

correlation between punching shear capacity and compressive strength, although the 

impact becomes minimally significant when the strength exceeds a certain value. Yitzhaki 

(1966) claimed that the tensile strength of the concrete that actually affected the punching 

shear capacity and proposed a formula for this calculation. Hawkins and Mitchell (1979) 

and Regan (1986) reached similar conclusions. The shapes of the columns also affect 

punching shear capacity. Regan (1981) observed that circular sections have 



CHAPTER 2 

27 

approximately 15% higher punching shear capacity than square sections, provided that 

columns have identical cross-sectional areas. Teng et al. (2004) studied the punching 

shear behaviours of slab–column joints with rectangular column shape and found that 

stress was markedly concentrated on the short side of the rectangle. Therefore, the short 

side was considerably prone to punching shear failure. Hawkins and Mitchell (1979) 

observed that when the rectangular ratio of a column exceeded 2, punching shear capacity 

significantly decreased. Eletner and Hognestad (1956) investigated the impact of 

reinforcement ratio on punching shear capacity. Their results suggested that the ratio of 

integrity reinforcement had minimal effect, but an increase in the ratio of flexural 

reinforcement could improve punching shear capacity. However, a higher ratio of flexural 

reinforcement does not necessarily result in better punching shear capacities. Tian et al. 

(2008) and Navarro et al. (2018) demonstrated that the ductility of SCJs decreased 

significantly as the increase of reinforcement ratio, although the punching shear capacities 

of the SCJs were improved. Teng et al. (2018) discovered that when the reinforcement 

ratio was below approximately 0.7%, all rebars have yielded at the point of failure, 

thereby exhibiting pronounced ductile characteristics. This demonstration indicates that 

finding a balance between strength and ductility is key to design. The geometric 

dimensions of SCJs significantly influence punching shear capacities and deformation 

capabilities. Bazant and Cao (1987) found that SCJs with thicker slabs were more prone 

to brittle punching failures. Although an increase of punching shear capacity observed 

with thicker slab, nominal stress (punching shear capacity divided by the critical cross-

sectional area) was decreased. This phenomenon is known as the size effect. Guandalini 

et al. (2009) determined that SCJs with low reinforcement ratio were considerably 

susceptible to the size effect and neglecting the size effect could lead to an overestimation 
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of the punching shear capacities of thick slabs. ACI 318 (2019) and the EC1991-1-7 (2006) 

have proposed correction index for the size effect, which are solely related to slab 

thickness. However, Birkle and Dilger (2008) found that the correction index was also 

related to the reinforcement ratio and compressive strength of concrete. Dönmez and 

Bažant (2017) determined that shear reinforcement should also be considered for size 

effect. 

 

The majority of studies on SCJs has typically assumed that the slab is subjected to either 

a concentrated vertical downward load or a uniformly distributed load, assuming that the 

bending moments transmitted to the SCJs in any direction are the same (i.e., the SCJs 

receive a balanced moment). However, the reality is that owing to unequal spans, 

differential shrinkage of the slab in two directions, creep and horizontal forces (such as 

wind or earthquake), a large amount of unbalanced moments could also be transmitted to 

the SCJs (Krüger, 1998). Hawkins and Mitchell (1979) identified that unbalanced 

bending moments reduced the punching shear capacity of SCJs, which could lead to the 

progressive collapse of the overall structure. To apply unbalanced bending moments in 

tests, besides applying a vertical force on the column, a horizontal force is also required, 

as shown in Fig. 2-9. Diao et al. (2021b) tried to produce unbalancing moment in the 

laboratory by applying eccentric loads through special eccentric loading devices (Fig. 

2-10). By adjusting the position of the hydraulic ram on the device, different magnitudes 

of unbalanced bending moment could be applied to the specimens. The experimental 

results from Diao et al. (2021b) showed that the side of the slab subjected to eccentric 

loading developed wider cracks, leading to earlier punching failure. The maximum 
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reduction in punching shear capacity was 62%, compare to the specimen being loaded 

concentratedly, when eccentricity reached 80% of the span length. 

Fig. 2-9. Generation of unbalanced moment. 

Fig. 2-10. Test setup of Diao et al. (2021b). 

Boundary constraints significantly impact punching shear capacity. For simplicity, early 

SCJ tests often did not impose any boundary restrictions on specimens, which does not 

reflect their actual continuity in real structures. Existing research has found that applying 

lateral constraints to isolated SCJs can substantially increase their punching shear 
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capacities. The reason for the increase is that the slab tends to expand horizontally when 

vertical load applies and the boundary restraints limit the horizontal expansion of the slab, 

thereby creating compressive membrane forces within the slab (Fig. 2-11). The 

compressive membrane forces and the resulting frictional shear forces are the major 

contributors of enhanced punching shear strength (Keynavi et al., 2014). 

Fig. 2-11. Compressive membrane action in laterally restrained slab (Belletti et al., 

2015). 

To investigate the effect of in-plane restraint on the progressive collapse of flat slab 

structures, four internal SCJs were tested by Peng et al. (2017b). The design variables 

included the tensile reinforcement ratio (1% or 0.64%) and the restraint condition 

(restrained or unrestrained). The specimens were constructed in an isolated form. Lateral 

restraint was applied to the specimens by clevises mounted on four vertical supports, as 

shown in Fig. 2-12. The test results showed that the punching capacity of slab–column 

connections with in-plane restraints can be increased by up to 9.5%. 
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Fig. 2-12. Test setup of Peng et al. (2017b). 

In-plane constraints can be applied not only through external devices but also through the 

specimen's own specialised structure. For instance, in the study by Yang et al. (2021), the 

in-plane constraints were provided by boundary beams. The design of the boundary 

beams is illustrated in the Fig. 2-13. During the tests, the boundary beams were fixed to 

four steel columns that were securely anchored to the strong floor. As the actuator on the 

reaction frame applies load to the column, the slab gradually expands outward, and the 

fixed boundary beams effectively limit this expansion (Fig). Additionally, the boundary 

beams also provide enough anchorage for the reinforcement. As a result, the complete 

processes of punching and post-punching can be observed. 
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Fig. 2-13. Design of boundary beam. 

Fig. 2-14. Test setup of Yang et al (2021). 

Pilakoutas and Li (2003) outlined six methods to prevent punching shear failure during 

the design stage. These methods included reducing the design load, reducing the slab span 

length, increasing the overall thickness of the slab, increasing the size of the column, 

using drop panels at column section to increase the local thickness and using shear 

reinforcement. The first four solutions were either impractical or architecturally 

unacceptable. Moreover, the literature review clearly indicates that simple optimisation 

of the material parameters (reinforcement ratio, concrete strength, etc.) will not be able 

to improve load-bearing capacity in a cost-effective manner. As a result, the common 

strengthening method in engineering practise is the installation of drop panel (Fig. 2-15a) 

or shear reinforcement at column section. Various forms of shear reinforcement include 
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bent up bars (Broms, 1990; Ruiz et al., 2010), stirrups (Caldentey et al., 2013) and shear 

studs. (Birkle and Dilger, 2009; Carvalho et al., 2016, 2011; Dam and Wight, 2016; 

Ferreira et al., 2014) (Fig. 2-15b-d). Both methods are also recommended in current 

Chinese (GB 50010, 2016) and American (ACI 318, 2019) building design codes. 
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(a) Drop panels

(b) Bend up bars (Brom et al., 1990)

(c) Stirrups (Caldentey et al., 2013)

(d) Shear studs (Birkle and Dilger, 2009)

Fig. 2-15. Drop panels and commoly used shear reinforcements. 
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Experimental evidence for the strengthening effect of drop panels was provided by 

Abdalla et al. (1996), Eom et al. (2017) and Qian et al. (2013). Guan and Loo (1997) 

indicated that this method can compensate for the lack of tensile forces transfer element 

in flat plate structures. However, it has the unfavourable effects of increasing the dead 

weight of a structure and reducing the height of the floor area. Grabski and Ambroziak 

(2023) demonstrated that considerably thick drop panels exhibited significant stress 

concentrations at their slab–drop panel interface, indicating that brittle failure in flat plate 

with drop panels remains a concern. Wang et al. (2023) identified two potential punching 

shear surfaces in SCJs with drop panels: one near the columns and the other at the slab–

drop panel interface. If the design is not optimal, then punching shear may occur initially 

at the slab–drop panel interface, resulting in the under-utilisation of material. Fraile et al. 

(2023) found that the inclusion of shear reinforcement increased the punching shear and 

rotation capacity of the SCJ and improved the moment redistribution capacity of 

continuous slabs. Birkle and Dilger, (2008) discovered that the size effect became 

insignificant in SCJs with shear reinforcement. In addition to providing additional shear 

strength, shear reinforcement establishes a connection between the top and bottom 

reinforcements of the slab. This situation results in a markedly consistent slab behaviours 

when resisting shear, thereby reducing the likelihood of concrete cracking and improving 

ductility (Diao et al., 2021a; Y. Yang et al., 2021). 

Another strengthening method is the introduction of post-tensioning systems. This 

method not only extends the design advantages of flat plate structures but also 

significantly improves punching shear and post-punching capacities. Accordingly, this 
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method is popularly adopted in high-rise building and underground carparks. Generally, 

the effect of a post-tensioning system on flat plate slabs can be described as a horizontal 

force, vertical force and bending moment (Fig. 2-16). 

Fig. 2-16. Prestressing effect on the slab–column joint. 

Ramos et al. (2011) investigated the effect of horizontal force. Five specimens were 

prestressed in one or two directions with different levels of prestressing force. One 

specimen was designed as a control specimen, in which no prestressing force was applied. 

To eliminate the influence of the vertical component of the prestressing force in the 

tendons, the tendons were placed outside the slab and anchored in short concrete blocks. 

Concrete blocks were mounted to the side of the slab, transferring the horizontal 

component of the prestressing force to the slab (Fig. 2-17). The test results showed that 

the punching load of the specimens was almost the same regardless of (1) whether or not 

prestressing was applied, (2) prestressing level and (3) whether prestressing was applied 

in one or two ways. However, in-plane prestressing caused by the horizontal component 

results in smaller strains in the slab top reinforcement and smaller lateral deflections. 

Concrete cracking owing to the shear stress was also delayed. 

Eccentricity(e)

Horizontal force

Vertical force

Bending moment

Slab axis

Rebars

Tendons
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Fig. 2-17. Test setup of Ramos et al. (2011). 

To investigate the effect of the vertical component of the prestressing force on the 

punching shear capacity of a flat plate structures, nine specimens were tested by Ramos 

et al. (2014). The nine specimens were divided into two groups. Group 1 (slabs AR8, 

AR10 and AR11) was used to study the effect of the magnitude of vertical component on 

punching shear capacity. In this group, all tendons crossing the loaded area and tendons 

in these slabs are subjected to different levels of prestressing. Group 2 (AR12-AR16) 

intended to investigate the effect of the distance of the tendons from the column on 

punching shear capacity. In this group, tendons were placed at different distances from 

the loaded area and the same level of prestressing was applied. Additionally, slab AR9 

had no tendons and was used as a reference slab. To reduce the influence of the horizontal 

effect caused by the prestressing force, the tendons were anchored in the reaction frame 

rather than in the slab, as shown in Fig. 2-18. 
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Fig. 2-18. Test setup of Ramos et al. (2014). 

The experimental results indicated increasing the prestressing force in the tendons 

resulted in an increase in punching shear capacity. The further away the tendons were 

from the column, the less effective they were in strengthening the SCJs. Ramos et al. 

(2014) recommended that the tendons should be located within 0.5d (slab effective depth) 

of the column to effectively strengthen the SCJs. 

The effect of bending moment is investigated by Clément et al. (2014). Bending moment 

is applied by four-point loads at the slab corner, as shown in Fig. 2-19. Test results 

illustrate that specimens with bending moment have small crack openings in the failure 

region. Punching shear capacity is increased with applied bending moment. 
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Fig. 2-19. Test setup of Clément et al. (2014). 

Currently, there has been substantial research on punching shear performance in the small 

deformation stage of the post-tensioned flat plate SCJs. Smith and Burns (1974) 

investigated the influence of reinforcement on the punching shear behaviour of post-

tensioned slabs and found that the presence of reinforcement can delay crack propagation, 

reduce crack width and enhance punching shear capacity. Foutch et al. (1990) and Barbán 

et al. (2020) studied the punching shear behaviour of edge and corner SCJs in post-

tensioned slabs. The variables included the arrangement of the tendons, location of the 

loading points and details of the reinforcement. Silva et al. (2007) conducted tests on the 

punching shear capacity of 16 post-tensioned SCJs. The test results were compared with 

the code predictions. Saleh and Suaris (2009) concluded that code predictions for the 

punching shear capacity of SJCs with L-shaped columns were not as accurate as that for 

square columns. Carvalho et al. (2011) investigated the combined strengthening effects 

of tendons and shear studs on SJCs. Nguyen-Minh et al. (2012) studied the combined 

strengthening effects of tendons and steel fibres and proposed their prediction formulas 

for punching shear capacity. 

�,�P�D�J�H���U�H�P�R�Y�H�G



CHAPTER 2 

40 

Keyvani and Sasani (2015) assessed the structure response of a post-tensioned flat plate 

carpark under a column removal scenario. They found that the post-tensioned structure 

can effectively bridge over the effects of the initial damage. Their study also included the 

numerical modelling of the failure process and parametric studies on critical factors. One 

such parameters was the construction method of tendons (bonded or unbonded). Both 

methods are applied in practice. Unbonded tendons are predominant in the US, whilst 

bonded tendons are widely used in Asia, Europe and Australia. The authors reported that 

unbonded tendons are superior in resisting progressive collapse compared with bonded 

tendons. A similar conclusion was reached by Bondy (2012). The reason is that in the 

vicinity of the column, bonded tendons experience extremely high localised stress, which 

often leads to a premature rupture of tendons when punching failure happens. As a result, 

s the development of a suspension mechanism in the large deformation stage is terminated. 

Conversely, axial restrictions imposed by concrete is released for unbonded tendons, 

enabling internal forces to transmitted from concrete to be uniformly distributed along 

the entire length of the tendons. In contrast to the extensive research on punching shear 

performance, studies focusing on the post-punching behaviour in large deformation stage 

are notably scarce. 

The advent of new materials enabled Zohrevand et al. (2015) and Harris (2004) to conduct 

studies on flat plate SCJs using high-performance concrete (HPC). Compared with 

normal concrete (NC), the higher tensile strength of HPC can significantly increase the 

punching shear capacity of the SCJs. De Sousa et al. (2021) built on this idea and further 

investigated the punching shear resistance of the NC–HPC composite SCJs s, in which 

HPC was used in the critical punching shear sections only. The effect of the reinforcement 
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ratio and usage HPCs on punching shear capacity was analysed. Kadhim et al. (2021) 

concluded that as the amount of HPC increasing, the vertical deflection of the NC–HPC 

composite upon punching also increased. Zhou et al. (2023) experimentally found that 

the efficiency of HPC in increasing peak strength starts to decrease when the HPC 

covering area is more than twice the slab thickness. Therefore, the excessive use of HPC 

is not an economically effective method of improving structural performance. Shah and 

Ribakov (2011) and Nguyen et al. (2017) found that the addition of steel fibres to concrete 

can improve the punching shear performance of SCJs . The bridging effect of fibres can 

delay the onset of cracking. 

Research on post-punching performance is limited compared with the abundant and 

comprehensive studies on the punching shear performance of SCJs. Hawkins and 

Mitchell (1979) suggested that through column reinforcement played a critical role in the 

post-punching performance. Melo and Regan (1998) found that the upper limit of post-

punching capacity is determined by the pull-out resistance of concrete or fracture 

performance of steel reinforcement. This conclusion was also accepted by Ruiz et al. 

(2013) and Habibi et al. (2014). Diao et al. (2021b) found that post-punching capacity of 

SCJ specimens with embedded beams could be increased by up to 97% compared to 

specimens without. In addition, they observed that post-punching performance was not 

affected by the punching direction. Yang et al. (2021) investigated the effect of ring 

beams on post-punching capacity and indicated the optimum arrangement of ring beams. 

Wang et al. (2023) discovered that eccentric loading on SCJs with drop panels does not 

significantly affect their post-punching performance. Faria et al. (2012) found that 

prestressing tendon could provide a good load transfer path after punching shear failure, 
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thereby improving the post-punching performance of the joint. Prestressing tendons, 

similar to normal rebars, also need to cross the column to effectively improve the post-

punching capacity. Ramos and Lúcio (2008) and Huang et al. (2023) found that when the 

critical shear area of a SCJ is completely covered with high performance concrete material, 

it has significant advantages in terms of ductility and post-punching capacity. 

While the aforementioned strengthening methods are indeed effective in enhancing the 

punching shear capacity, they also present specific challenges in practical applications. 

For instance, using drop panels can create a weak region with stress concentration at the 

slab-drop panel interface, potentially leading to a premature shear failure. The inclusion 

of shear reinforcement increases the complexity of rebar tying during construction and 

can reduce ductility at the SCJ due to congestion. High-strength concrete, on the other 

hand, faces challenges in balancing capacity enhancement effects and material cost. 

Exclusive use of high-strength concrete significantly raises construction costs, while 

integrating it with regular concrete components introduces weak regions at their interface. 

Moreover, these three strengthening methods offer limited enhancement to post-punching 

capacities. While prestressing systems are advantageous in providing post-punching 

capacities, the effectiveness of prestressing systems heavily relies on the anchorage of the 

tendons, and any failure in anchorage can significantly reduce their effectiveness. These 

pros and cons are outlined in Table 2-1. Drop panels, shear studs, and prestressing systems 

are widely used in practice, and engineering solutions are available to tackle their 

potential issues, making the research into these methods highly relevant and practical.
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Table 2-1 The comparison between different strengthening method. 

Strengthening 

methods 
Advantages Disadvantages 

Drop panels 
�xEasy framework and 
construction.
�xIncrease in punching shear
capacity.

�xWeak region at slab-drop
panel interface.
�xLimited improvement in post-
punching capacities.

Shear 

reinforcement 

�xSignificant increase in
punching shear capacity.

�xComplicates construction due
to congestion.
�xReduce ductility.
�xLimited improvement in post-
punching capacities.

Prestressing 

system 

�xThin slab, large span length.
�xMore usable space for given
floor height.
�xIncrease in punching shear
capacity.
�xSignificant improvement in
post-punching capacities.

�xHeavily relies on tendon
anchorage.

High strength 

concrete 

�x Easy framework and 
construction. 
�xNo increase in structural
complexity.
�xIncrease in punching shear
capacity.

�xBalance between enhancement
effects and material cost.
�xWeak region at the interface of
high-strength concrete and
normal-strength concrete.
�xLimited improvement in post-
punching capacities.

2.5.2 Numerical studies 

Numerical simulation is another important method for investigating the progressive 

collapse resistance of SCJs. Numerical simulations are less demanding in terms of space, 

labour and cost than experimental studies, which can be used to extend the database by 

performing parametric analyses after validating from the test results. The key to numerical 

simulation is the ability to adequately reproduce the complex mechanism behaviours of 
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the structure during failure process. Some representative numerical studies are described 

as follows. 

Kang et al. (2009) simplified the three-dimensional two-storey flat slab structure into a 

two-dimensional frame, as shown in Fig. 2-20. Columns and slabs were modelled using 

the fibre model (Pecknold, 1975; Spacone et al., 1996). The mechanism behaviour of 

columns was governed by the specified uniaxial material stress–strain relationships, 

whilst slabs were governed by the effective slab width model (Kang and Wallace, 2005). 

In this way, the elastic response of the structure was well represented. The nonlinear 

response was represented by the rigid-plastic connection spring, in which punching shear 

failure occurs when the shear stress or gravity shear ratio in the critical section exceeds a 

certain value. Additionally, the effect of unbalanced moment transmission on the 

structural response were considered in this model. The model was run on the Opensees 

platform and, for algorithmic reasons, the residual capacity of the structure after punching 

shear failure has occurred is set to 0 to avoid non-convergence. Therefore, the model 

cannot be used to predict post-punching behaviour. 

Fig. 2-20. Slab–column connection modelling proposed by Kang et al. (2009). 
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Liu et al. (2015) created a micromodel to perform system-level progressive collapse 

analyses of flat slab structures. The complex mechanical behaviour in this model was 

simulated mainly by shell and connection elements, as shown in Fig. 2-21. Given that 

slab thickness was negligible compared with its span length in both directions, the SCJs 

and surrounding slab were simulated by shell elements, including concrete and 

reinforcement in the slab. The use of shell elements could considerably predict the effects 

of tensile and compressive membrane. The SCJs were connected to the surrounding slabs 

by connectors. The connection between the surrounding slabs and SCJs were achieved by 

sharing degrees of freedom. The behaviour of the punching shear failure was represented 

by the failure of the connectors. The failure criterion of the connectors was based on 

displacement and bending moment, shear and torsional force. This model was mainly 

used to simulate old flat plate structures, in which there was insufficient through–column 

reinforcement to provide the post-punching capacity. After the failure of connectors, the 

SCJs were actually separate from the slab and the structure lost ability to resist load. The 

proposed model was validated with 24 large-scale tests on SCJs with different conditions, 

including magnitude of gravity load, boundary conditions, presence or absence of torsion 

and unbalanced moments. 

Fig. 2-21. Slab–column connection modelling proposed by Liu et al. (2015). 
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Keynavi et al. (2014) explored the effect of compressive membrane on punching shear 

capacity through numerical simulations. The authors assumed that the angle between the 

punching cone and remaining slab was 30 degrees. The punching cone and remaining 

slab were modelled separately and connected via several slab–cone connectors. The 

connectors fail when shear forces exceed shear capacity, causing punching shear failure 

in the models. The authors suggested that the shear capacity of the connector was 

governed by the flexural capacity of the concrete, dowel action of the reinforcement and 

effect of the compressive membrane. Results showed that specimens considering in-plane 

constraints had a 34% higher punching shear capacity than those without such a 

consideration. 

Weng et al. (2020) reproduced the failure process of a flat plate substructure with drop 

panels after the loss of the interior column, which was tested by Qian and Li (2015). The 

model accurately and explicitly modelled everything in the tests, including the concrete, 

drop panels, columns, reinforcement and loading devices. 2D Hughes–Liu beam elements 

were used for the modelling reinforcement because it could accurately capture the critical 

features, such as the axial force, biaxial bending moment and shear force. Slabs, drop 

panels, columns and loading devices were constructed using 3D solid element with 

reduced integration, which saved computation time whilst ensuring accuracy. The force 

transmission of each part is realised by defining the contact relationship. Slabs, drop 

panels and columns were modelled using CSCM material. Individual parameters were 

adjusted to substantially match the concrete material properties test. Reinforcement was 

defined by inputting engineering stress–strain curves. Loading devices were idealised as 

rigid bodies. The model also considers the effect of mesh size and bond-slip between the 
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reinforcement and concrete on the simulation results. The validated models were further 

used to study the effects of boundary conditions and upper floor slabs effect on the 

structure through parametric studies. 

 

2.5.3 Analytical studies 

 Prediction on punching shear capacity  

An increasing number of researchers have found that using formulas given in codes to 

predict experimental results does not always have good consistency. The possible reason 

for this discrepancy is that the codes, for the sake of simplicity and ease of hand 

calculation, do not consider all factors that influence punching shear and post-punching 

capacities. For this reason, some researchers have proposed their own prediction formulas 

from different perspectives. 

 

Kinnunen and Nylander (1960) assessed the punching shear capacity of slabs and 

proposed that punching shear strength is reached when the slab reached a critical rotation. 

Further research by Muttoni and Schwartz (1991) revealed that the shear strength of a 

slab is reduced by the presence of a critical shear crack, which propagates through the 

slab into the inclined compression strut. The width of the shear crack was related to the 

rotation of slab (�%). After analysing a large amount of experimental data, a semi-empirical 

formula was proposed as shown in Eq. 2-1: 
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Eq. 2-1 

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

for punching shear, d is the effective depth of slab, f’ c is the cylinder compressive strength 
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of concrete and dg0 and dg are the reference aggregate size (16 mm) and maximum 

diameter of the aggregate, respectively (Vecchio, 1986; Walraven, 1981). 

The rotation can be obtained through experimental measurement or numerical simulation. 

It can also be evaluated through analytical methods. The most crucial part of CSCT theory 

is the theoretical derivation of the rotation, which is proportional to the shear force applied 

on the slab. Fig. 2-22 shows the status of a slab sector being subjected to shear force. 

Fig. 2-22. Assumed behaviour for slabs (Muttoni, 2008). 

Considering the influence of slab thickness and size effect, Muttoni (2008) proposed the 

following formula (Eq. 2-2): 
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 Eq. 2-2 

where rq is the radius of the load introduction at the perimeter, r0 is the radius of the 

critical shear crack, ry is the radius of yielded zone, r1 is the radius of the zone in which 

cracking is stabilised, rs is the radius of the circular isolated slab element, rcr is the radius 

of the cracked zone, EIa is the tangential flexural stiffness after cracking, �$TS is the 

decrease in curvature caused by tension stiffening, EIb is the flexural stiffness before 

cracking and mcr is the cracking moment per unit width.  
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In both formulas (Eq. 2-1 and Eq. 2-2), shear strength (V/VR) is a function of rotation (�%). 

On the bases of the two functions, two curves can be drawn, and the intersection point of 

the two curves represents the punching shear capacity of the slab 

Eq. 2-2 is overly complex and not conducive to calculations. Hence, the author proposed 

the following simplified version (Eq. 2-3): 

3/2
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s flex

1.5 yr f V
dE V
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Eq. 2-3 

where rs is the distance from the central of the column to the slab edge and Vflex is the 

shear force associated with flexural capacity of the slab, which can be estimated as Eq. 

2-4:

R s
flex

q c

2�Œm r
V

r r
� 

��
Eq. 2-4 

Clément et al. (2014) extended the use of Eq. 2-2 to slabs with tendons. Whilst keeping 

the failure criterion unchanged, the impact of prestress was reflected by modifying the 

relationship between VR and �%. The authors believed that the prestressing effect on the 

slab can be equivalently considered as a set of equivalent forces and moment: horizontal 

(in-plane) and vertical forces and bending moment. Vertical force, which is opposite in 

direction to the shear force, could directly increase the punching shear capacity, but it did 

not affect the mechanical behaviours. Therefore, by considering the in-plane force and 

bending moment, the force status of the slab sector was updated (Fig. 2-23). Eq. 2.2 was 

updated as well to Eq. 2-5. 



CHAPTER 2 

50 

Fig. 2-23. Assumed behaviour for slabs considering prestressing effect (Clément et 

al., 2014). 
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Eq. 2-5 

where mp is the unitary bending moment caused by prestressing. 

Given that prestressing affects the size of the compressive chord, the depth of the crack 

zone will be reduced. Therefore, the rotation in Eq. 2-3 should be replaced with Eq. 2-6: 

cp

c

45
0

E

�V
� \ � \�c�  � � � t Eq. 2-6 

where �Vcp is compressive stress on the concrete cross-section imposed by prestressing 

tendons (prestressing level). 

Compared with the formulas in Eq. 2-2, the refined equations (Eq. 2-5 and Eq. 2-6) 

provide more accurate predictions. However, the authors did not provide a simplified 

version of Eq. 2-5.  

Nguyen-Minh et al. (2012) proposed a theory for evaluating the punching shear strength 

of simply supported post-tensioned steel fibre flat plate SCJs. This theory was based on 
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the analysis of force equilibrium equations for punching shear cracks sections. Although 

concrete in actual structures is in a three-dimensional stress status, it can be simplified to 

a two-dimensional plane stress status for punching shear strength analysis, as shown in 

Fig. 2-24. The shear force experienced by the SCJ can be considered the sum of shear 

forces on simply supported beams in two directions. Taking one direction as an example, 

the cracked section at this time was influenced by reinforcement, prestressing tendons 

and steel fibres (Fig. 2-24). By applying force equilibrium equations in the horizontal and 

vertical directions and bending moment equilibrium equations at point M (Eq. 2-7), the 

punching shear capacity can be predicted  

Fig. 2-24. Free body diagram of a simply supported beam and geometrical 

assumptions for shear crack (Nguyen-Minh et al., 2012). 
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Eq. 2-7 

where Hp is the horizontal component of force in tendons, Ff is the force provided by steel 

fibres, Fs is the provided by reinforcement, Fc is the compressive force of concrete, Vc Vp
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Vf is the vertical component of force provided by concrete tendons and fibre, ac is the 

inclined-shear cracking position of effective beam, aT is the horizontal projection length 

of the diagonal crack, Vre1 is the support reaction force, dp is the depth to prestressing 

tendons, x is the depth of concrete compressive zone and xpunch is the depth of concrete 

compressive zone in punching shear, xT is the effective tension depth. 

Although the derivation of the formula was based on post-tensioned SCJs with fibres, it 

could also be used to predict the strength of specimens with only tendons. A comparison 

of the 52 published experiments on simply supported post-tensioned SCJs showed that 

the error was Mean = 0.91 and the corresponding COV = 0.10, compared with Mean = 

0.96 and COV = 0.02 for specimens with fibres. This theory tends to be more conservative 

compared with codes predictions (ACI 318, EC2, FIB, 2013). Another feature of this 

theory is that it enables a clear analysis of how much tendons, fibres and concrete 

contribute to the total punching shear capacity. For example, in the author’s experiments 

the contribution of the fibre, tendons and concrete was 24%, 18% and 58%, respectively. 

The relatively low contribution of tendons may be caused by (1) a straight-line profile 

and (2) a low prestressing level (�Vcp = 1.1 MPa). 

Marí et al. (2018) established a punching shear mechanical model for flat plate structures. 

This model originated from the multi-action shear strength model for beams (MASM). 

MASM assumed that the shear force in beams was provided by several components: 

transverse reinforcement, if it exists, an un-cracked compression chord, the shear 

transferred across the critical shear crack and the dowel action in the longitudinal 

reinforcement. Extending this theory to slabs, the stress status of slab elements differs 

from that of beams owing to the two-way bending work of the slabs, leading to a 
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modification of the governing equations of the beams. Specifically, the slab is subjected 

to vertical compressive stress in the vicinity of the SCJ because the forces transferred 

from the slab to the column are concentrated at the periphery of the column. This vertical 

compressive stress in the uncracked concrete area of the slab enhances the ability to resist 

shear stress. Consequently, punching shear cracks in the slab are at a steeper angle to the 

horizontal than in the beams. The enhancement of shear capacity was achieved by 

updating the constitutive model of concrete. Compared with the approach of Nguyen-

Minh et al. (2012), which decomposes the shear force of slab into two directions and 

considers it as an overlay of two-dimensional beam stresses, Marí et al.’s (2018) theory 

is more similar to analysing the concrete unit from a three-dimensional stress perspective, 

focusing more on the impact of three-dimensional stress states on the constitutive model. 

The simplified calculation formula (Eq. 2-8) derived from their theory is as follows: 
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Eq. 2-8 

After comparing with 328 experimental results in the database, the mean and CoV were 

found to be 1.188 and 0.151, respectively. 

Prediction on post-punching capacity 

Melo and Regan (1998) found that post-punching capacity was governed by two ultimate 

state. The first case was the pull-out resistance of the through–column reinforcement. The 

second case was the ultimate strength of the through–column reinforcement. Specifically, 

Pull-out resistance (Pu) can be calculated using ACI 349 (2014), which is given as Eq. 

2-9:
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u ct ch =  P f A Eq. 2-9 

where Ach is the horizontal projection of the conical surface (as illustrated in Fig. 2-25) 

and fct is the average tensile strength of the concrete, which can be taken as 0:33'cf . 

Fig. 2-25. Illustration of Ach. 

For an isolated bar, Eq. 2-9 can be written as follows: 
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For each of a pair of bars at a spacing s<2d, Eq. 2-9 can be written as Eq. 2-11: 
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The second case corresponds to the rupture of the through column reinforcement. Melo 

and Regan (1998) calculated all tensile forces provided by the through column 

reinforcement when specimens came to the ultimate states in post-punching stage and 

found that the ratio to the post-punching capacity was approximately 0.44, a value that is 

extremely close to the sine value of the angle made by the reinforcement with the 
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horizontal direction. Therefore, the following equation (Eq. 2-12) to predict post-

punching capacity (Fpp)was proposed:  

Tpp uC0.44F A f� �¦ Eq. 2-12 

where ATC is the cross-section of the through column reinforcement. 

Ruiz et al. (2013) proposed that the post-punching capacity of SCJs was contributed by 

both flexural (FR) and integrity (IR) reinforcement. Given the different mechanical 

properties at the top and bottom of the slab, different approaches for calculating the 

contributions of two types of reinforcement were used. FRs took up the tensile force 

immediately after punching shear failure occurs, provided that it was well anchored. IRs 

only contributed after the late post-punching stage until the they ruptured. The 

experimental observation indicated that no FR was broken. Therefore, the contribution of 

the flexural reinforcement (Fpp,F) depended on the number of bars involved in the load-

resisting and dowelling strength of the concrete cover, which can be calculated as Eq. 

2-13:

pp,F ct ef eF fF n f b l�  � ˜ � ˜ � ˜ Eq. 2-13 

where nF is the number of sections of the FRs activated during the post-punching stage 

(Fig. 2-26a, b and c) and bef and lef are the effective width (Fig. 2-26d) and length (Fig. 

2-26e), respectively, of concrete where the tensile strength develops for each bar.
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Fig. 2-26. Contribution of the flexural reinforcement (Ruiz et al., 2013). 

According to Ruiz et al. (2010), bef and lef were related to geometric parameters, such as 

concrete cover cb, diameter of the reinforcing bars Dr and on their spacing sb, which can 

be calculated as ef r r bmin( ,6 ,4 )b s D D c� ��  eff b2l d� .

When considering the amount of active FRs, for the inner layer reinforcement, it is only 

activated when it passes through the punching cone. By contrast, for the outer layer 

reinforcement, in addition to the outer through-column reinforcement, the reinforcement 

subjected to the force transmitted by the inner layer reinforcement is also activated (Fig. 

2-26b and c). Therefore, the activated reinforcement of the inner and outer layers is

�,�P�D�J�H���U�H�P�R�Y�H�G
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asymmetric. The activated outer reinforcement (nUF) which can be obtained from the Eq. 

2-14: 

F
UF

2 cot
4

c d
n

s
�T��

� �˜  Eq. 2-14 

where �����TF is the average angle where the flexural bars are activated 

�� ��F.top F.bottomcot cot cot / 2� T � T � T� �� . 

 

Given that the contribution of the integrity reinforcement is determined by the rupture, it 

is computed with respect to the number of contributing bars (nI), the cross-sectional area 

of the bars (As), ultimate strength (fu) and angle with respect to the numerical direction of 

the rupture (�Dt) (Eq. 2-15): 

pp,I I s u tsinF n A f �D�  � ˜ � ˜ � ˜ Eq. 2-15 

where �Dt is related to the material and mechanical properties of reinforcement and 

concrete, which is suggested by Melo (1990) to be 25° for hot-rolled bars and 20° for cold 

work bar. 

 

The contribution of integrity reinforcement is also limited by the breakout strength of the 

concrete. Hence, the contribution of integrity reinforcement has an upper limitation as 

shown in Eq. 2-16: 

pp,I ct c,efF f A� d � ˜ Eq. 2-16 

the effective concrete area Ac,ef is calculated asc,ef res intA d b� �˜, where dres is the residual 

effective depth of the slab (distance between centroids of flexural and integrity 
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reinforcement layers (Fig. 2-27) and bint is the control perimeter activated by the integrity 

reinforcement (Fig. 2-27), the value of which is proposed to be estimated as Eq. 2-17: 

int res2
b s d

�S� § � ·� ��� ¨ � ¸
� © � ¹

�¦ Eq. 2-17 

Fig. 2-27. Contribution of the integrity reinforcement (Ruiz et al., 2013). 

Habibi et al. (2014) concluded that the post-punching capacity of the SCJ was provided 

by the vertical component of the FRs across the punching cone and IRs through the 

column. The vertical component was limited by the breakout strength of the concrete 

above the reinforcement, pullout strength of the reinforcement and rupture of the 

reinforcement. 

The main focus of this study is the calculation of the breakout strength of concrete (Fig. 

2-28) based on ACI 349 (2014). Melo and Regan (1998) mentioned that breakout strength

was governed by the vertical component of the tensile strength of concrete acting on the 

surface of the conical failure cone, which can be simplified as the product of the tensile 

strength and horizontal projection of the conical failure surface. The proposed theory 

further considered two factors: (1) changing depth of concrete above the integrity bars 

owing to the shape of the punching cone and (2) continuous loss of concrete above the 

�,�P�D�J�H���U�H�P�R�Y�H�G
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integrity bars owing to the gradual destruction of concrete caused by the fracture of the 

flexural reinforcement. Habibi et al. (2014) stated that breakout strength was related to 

distance from punching shear crack to the location where structural flexural or integrity 

bars enter the slab (x1 and x1' in Fig. 2-28), which is related to the displacement of the SCJ 

at this point. That is, breakout strength is a function of column displacement. By using 

this method, the contribution of flexural reinforcement and integrity reinforcement can 

be calculated separately.  

Fig. 2-28. Mechanism of shear resistance after punching shear failure (Habibi et al., 
2014). 

Section 2.5 comprehensively summarises published literature which are closely related to 

the punching shear and post-punching performance of flat plate SCJs examined by three 

research methodologies: experimental tests, numerical analyses, and analytical models. 

Experimentally, Section 2.5.1 first discusses parameters closely related to punching shear 

performance, including concrete strength, reinforcement ratio, slab thickness, loading 

method (eccentric or concentric), and boundary restraint. It then explores various 

strengthening methods such as drop panels, shear reinforcement, prestressing systems, 

and high-strength concrete. Moreover, factors influencing the post-punching performance 

are introduced. From a numerical simulation perspective, Section 2.5.2 describes existing 

�,�P�D�J�H���U�H�P�R�Y�H�G
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2D and 3D modelling techniques for flat plate structures. On the theoretical aspect, 

Section 2.5.3 reviews currently available analytical methods for calculating punching 

shear and post-punching capacities using different approaches. 

2.6 Concluding remarks 

To address the issue of progressive collapse susceptibility in flat plate structures, codes 

offer different design methods, such as the TF, ALP and ELR. The essence of these design 

approaches can be briefly summarised as either preventing the initiation of failure or 

limiting the propagation of initial damage. This aspect requires that SJCs have adequate 

punching shear and post-punching capacities. Punching shear capacity is related to 

concrete strength, slab thickness, column size, unbalanced moments, boundary conditions 

and shear reinforcement. By contrast, post-punching capacity is related to the amount and 

anchorage condition of the column–through or punching-cone-through reinforcement. 

Common strengthening methods in engineering practice include the use of drop panels, 

shear studs, prestressing systems or high-strength concrete.  

Research on post-punching performance is scarce compared with the numerous studies 

on the punching shear performance of SCJs. This scarcity leads to inaccurate assessments 

of the progressive collapse resistance of flat plate structures, especially those with the 

strengthening method. Therefore, there is an urgent need for further research to fill in this 

research gap. In the following three chapters, a comprehensive study of the entire failure 

process of strengthened SCJs (drop panels shear studs and prestressing tendons), 

including punching behaviour under small deformations and post-punching behaviour 

under large deformations, is conducted through experimental, numerical and theoretical 

works.
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CHAPTER 3 

3PRE- AND POST-PUNCHING FAILURE 

PERFORMANCES OF FLAT SLAB-COLUMN JOINTS 

WITH DROP PANELS AND SHEAR STUDS. 
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Pre- and post-punching failure performances of flat slab-column joints with 

drop panels and shear studs 

 
ABSTRACT:  To investigate the pre- and post-punching failure performances of flat 

slab-column joints with drop panels and shear studs, static loading tests were conducted 

on three joint specimens subjected to in-plane restraints. The pre- and post-punching 

failure modes and load capacities of the joints were analysed. The tests identified 

successive punching failures at two critical regions (column perimeter and slab-drop 

panel interface) in all three joints. Compared with the specimen with a drop panel only, 

installing shear studs within the drop panels contributed to improving the punching shear 

strength. Although the post-punching capacity was not significantly improved, utilisation 

of shear studs effectively increased the ductility of the joints, rendering the punching 

failure around the column area more ductile. Punching shear strength validation against 

the international design codes reveals that they were conservative for the specimen with 

a drop panel only but overestimated for specimens with drop panels and shear studs. 

Keywords: slab-column joint, drop panel, shear stud, pre- and post-punching failure 

modes, pre- and post-punching strengths. 

3.1 Introduction 

Reinforced concrete (RC) flat plate system is a slab and column structure without the use 

of beams. Flat slab structures are flat plates with drop panels and column capitals at the 

slab-column joints. They represent a very simple form of construction in which slabs are 

supported directly on columns (Park and Gamble, 2000). These types of structures are 

increasingly used in high-rise residential and office buildings and car parks because of 



CHAPTER 3 

64 

their pleasing architectural style, easy construction formwork and low construction cost. 

However, compared with frame structures (Diao et al., 2020), slab-column joints in flat 

plate structures are prone to brittle punching failure, resulting in a low deformation 

capacity. Due to their beamless structural style, the surrounding slabs provide alternative 

load paths (ALP) after the initial punching failure taking place at one or more slab-column 

joints. Consequently, gravity loads on the slabs are redistributed to the adjacent intact 

joints through ALP, escalating the risk of subsequent punching failure there. Failure 

propagation may finally trigger a progressive collapse of such a structure, either 

completely or a large part of it (ASCE 7, 2017). Progressive collapse events of RC flat 

plate structures are catastrophic and always accompanied by a tremendous loss of life and 

property. For instance, the collapse events of Sampoong Department Store in South Korea 

in 1995 (Gardner et al., 2002) and the Surfside condominium building in the U.S. in 2021 

(Lu et al., 2021) caused more than five hundred and nearly one hundred deaths, 

respectively. However, international design codes for preventing and mitigating 

progressive collapse of various configurations of flat plate structures are still inadequate 

(DoD, 2016 and GSA, 2016). It is therefore vitally important to investigate the 

progressive collapse behaviour of these types of structural systems, in particular, the 

ultimate strength and deformation capacity of the critical slab-column joints. 

Progressive collapse is a mechanical behaviour of the structural system at the large 

deformation stage, in which slab-column joints typically undergo three deformation 

stages: flexural stage and punching failure stages in small deformations, and post-

punching stage in large deformations. Specifically, slab-column joints transfer the load 

from slab to column, exhibiting an initial flexural behaviour provided by the combined 

effect of the concrete and reinforcing bars (rebars) in the flexural stage, a subsequent 
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tensile membrane action provided by the rebars passing through the column in the post-

punching stage (Hawkins and Mitchell, 1979). Currently, most published studies related 

to the mechanical behaviour of slab-column joints mainly focus on their performance in 

the small deformation stage under gravity and seismic loading scenarios. For instance, 

some investigations (Guandalini et al., 2009; Huang et al., 2020; Jafarian et al., 2020; 

Muttoni, 2008; Tian et al., 2008b) only highlighted flexural and punching failure 

mechanisms, whereas the suspension mechanism in the post-punching stage often 

receives less attention (Diao et al., 2021a, 2021b; Ruiz et al., 2013; Y. Yang et al., 2022, 

2021). However, in-depth studies on progressive collapse require more attention on the 

entire deformation stages, particularly, the post-punching stage. All of these stages have 

significant impact on the collapse mechanism of the flat plate structural systems. In 

addition, the applied boundary conditions for the slab-column joints in the existing studies 

also restrict the scope of the research findings. In some experimental work (Carvalho et 

al., 2011; Ferreira et al., 2019, 2014; Ruiz et al., 2013), the boundary of the tested joints 

was set as simply supported. This does not truly reflect the continuity conditions in a real 

flat plate structure where joints are confined by the surrounding slabs. Therefore, certain 

degrees of in-plane restraints should be applied to the boundary of isolated slab-column 

joints. Simplification of the boundary conditions may cause underestimation of the 

punching shear strengths and prevent the suspension mechanism to be activated in the 

post-punching stage (Dat and Hai, 2013; Keyvani et al., 2014; Peng et al., 2017a; Salim 

and Sebastian, 2003; Yi et al., 2014). The latter can yield considerable post-punching 

resistance provided by through-column rebars. Therefore, thorough investigations on 

both pre- and post-punching failure performances of the slab-column joints with in-plane 
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restraints are in an essential need for a comprehensive understanding of the progressive 

collapse behaviour of flat plate systems. 

To improve the ductility and punching shear resistance of slab-column joints, a large 

number of strengthening methods have been proposed and tested by researchers, such as 

using ultra-high-performance concrete or ultra-high-performance fibre reinforced 

concrete to replace a part of normal concrete (Wu et al., 2019; Zohrevand et al., 2015) 

applying prestressing tendons (Mahrous et al., 2020; Nguyen-Minh et al., 2012), and 

adding shear reinforcement together with the rebar mesh, etc. (Diao et al., 2021a; Y. Yang 

et al., 2021). In addition to all these, drop panels have also been popularly used in flat 

slab structures as a feasible strengthening method owing to their notable advantages in 

cost-saving and strength improvement (ACI 318, 2019; EN 1992-1-1, 2004; GB 50010, 

2016). Note that for a flat plate slab-column joint, punching shear failure occurs in the 

vicinity of the critical perimeter cross-section around the column. For a slab-column joint 

with a drop panel in a flat slab structure, on the other hand, an additional punching failure 

section close to the slab-drop panel interface is also of critical concern. In order to fully 

utilise the material strength, the design punching shear strength at the column critical 

perimeter is normally required to be greater than that at the drop panel interface. The 

mechanical behaviour of slab-column joints with drop panels becomes more complicated 

because two potential punching and post-punching failures require attention at the 

flexural, punching and suspension stages. Relevant research on both punching and post-

punching failure mechanisms of slab-column joints with drop panels is still scarce. 

Experimentally, Qian and Li (2013) tested six one-third-scaled flat slab substructures with 

or without drop panels under corner column removal scenarios to evaluate the 

effectiveness of the drop panels in resisting progressive collapse. Test results revealed 
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that specimens with drop panels acquired a higher punching shear resistance, initial 

stiffness and energy dissipation capacity. However, punching failure was not observed in 

specimens with drop panels. Further, Qian and Li (2015) compared the performance of 

two 2×2 bays flat slab substructures with and without drop panels under a middle column 

removal scenario and it was found that the drop panels were able to effectively prevent 

the generation and propagation of punching failure at the slab-column joints. Numerically, 

Weng et al. (2020) investigated the load redistribution capacity of flat slab substructures 

in resisting progressive collapse. Their proposed models were validated by experimental 

test results (Qian and Li, 2015), and based on which the parametric studies consisting of 

varying boundary conditions, integrity reinforcement ratios, slab thicknesses and upper 

floor effects were performed to explore their influences on the progressive collapse 

resistance. Both experimentally and numerically, Qian et al. (2018) studied the dynamic 

response of flat slab structures with drop panels subject to a single interior column 

removal and both interior and edge column removal scenarios. These previous studies 

have successfully assessed the progressive collapse resistance of flat slab structural 

systems under normal design load and the effectiveness of drop panels in improving load-

resistant capacity. Limited studies, however, have addressed the post-punching 

mechanism subsequent to two punching failures at both critical column perimeter and 

slab-drop panel interface regions, especially the latter. 

In recent years, some progressive collapse accidents of flat slab structures with drop 

panels have been reported in China because of overloading during the construction phase. 

In these accidents, overloading only triggered punching shear failure at a few individual 

joints, yet the internal load redistribution led to more widespread subsequent failures. In 

addition to drop panels, shear studs are also recommended by the international design 
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codes as an effective strengthening method to improve the punching shear strength of 

slab-column joints. The ease of installation and anchorage allows them to work 

effectively with the drop panels to further improve the ductility and punching shear 

resistance of the slab-column joints. Langohr et al. (1976) and Seible et al. (1980) carried 

out a series of experimental tests to investigate the enhancement of punching shear 

strength and ductility of slab-column joints under different shear stud arrangements. It 

was found that the best enhancement results were achieved when the shear studs were 

arranged in orthogonal and radial patterns. Indeed, shear studs are often arranged in an 

orthogonal pattern or a radial pattern in practice. The former is broadly applied in North 

America whereas the latter is preferred in Europe. Birkle and Dilger, (2009) specifically 

investigated the effect of two shear stud placements (orthogonal or radial) on the punching 

shear resistance of slab-column joints for varied situations (i.e., spacing and coverage of 

shear studs). Their test results showed that the slab-column joints with two placements 

resulted in the same punching shear strength under the same situation. The orthogonal 

placement was recommended due to its simplicity in installation. On the contrary, Broms 

(1990), and Dam and Wight (2016) reached opposite conclusions. In their studies, shear 

studs in the radial pattern performed better than the orthogonal pattern in improving 

punching shear resistance and ductility of the slab-column joints. To this end, mixed 

findings are resulted from the existing studies as which arrangement performs better. In 

addition, these experimental studies did not examine the post-punching performance and 

appropriate in-plane restraints were not considered. Therefore, investigations on the load-

resistant and deformation capacities of slab-column joints with drop panels and shear 

studs during the entire deformation stage, especially in the post-punching stage, are still 

insufficient to date. 
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To fill this research gap, an experimental study on three scaled-down flat slab-column 

joint specimens with proper in-plane restraints was conducted. One specimen had a drop 

panel only, and two other specimens had shear studs, arranged in either the orthogonal or 

the radial pattern. The load-displacement responses, failure modes, and material strain 

growth patterns were discussed in detail. Moreover, the punching shear capacities of the 

three specimens were predicted by the American (ACI 318, 2019) and European (EN 

1992-1-1, 2004) design codes. The underlying reasons causing the discrepancies between 

the experimental and code predicted results were also discussed. 

3.2 The experimental program 

The prototype structure is a three-storey RC flat slab underground car park structure with 

drop panels which was designed according to the Chinese code (GB 50010, 2016). 

Improper stacking of backfill during its construction resulted in overloading and caused 

initial column damage at a single slab-column joint, which in turn triggered progressive 

collapse of a large part of the car park area. Typical planar layout of a standard story in 

the prototype structure can be simplified as shown in Fig. 3-1, in which the span length 

(l) is 8100 mm, column size is 600 mm × 600 mm, slab thickness is 350 mm and the 

concrete cover is 25 mm. The dimension of the drop panel is 4050 mm × 4050 mm with 

a linear variation in depth (maximum depth of 450 mm at the column edge and minimum 

depth of 250 mm at the drop panel edge as presented in Fig. 3-1). The tested specimens 

were based on the initially damaged joint in the prototype and were designed and cast 

with a part of surrounding slabs. As a result, appropriate boundary conditions can be 

applied to the specimens. Based on the theoretical calculation (Park and Gamble, 2000), 

the contra-flexure lines in the slab are located 0.56l away from the centre of the initially 

damaged column. For ease of transportation and fixation in the laboratory, the boundary 
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of the specimens was chosen at a distance of 0.5l extending two directions from the 

column centrelines, approximately matching the contra-flexure lines (Diao et al., 2021a, 

2021b; Y. Yang et al., 2021). 

Initial damaged  
column

Slab

Boundary of the 
specimens

0.5l

4050 4050

4
05

0
4
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00.5l

45
0

2
50
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2025 2025

8100 8100 8
 

Fig. 3-1. Plan view of the simplified prototype structure (unit: mm). 
 

A total of three specimens were tested and reported. The control specimen DP (with Drop 

Panel only) was directly extracted from the prototype, that is, keeping the reinforcement 

type, reinforcement ratio and concrete grade constant with the prototype but scaled down 

in geometry with a ratio of 1:4. Similar scaled-down ratios ranging from 1:1.37 to 1:4 

have been broadly adopted in the experimental investigations of RC flat plate/slab 

structures lines (Diao et al., 2021a, 2021b; Guo et al., 2022; Ma et al., 2020, 2019; Peng 

et al., 2018, 2017a; Qian and Li, 2015, 2013; Xue et al., 2018; Y. Yang et al., 2021; Yi et 

al., 2014). These existing experimental results indicated that the punching and post-

punching failure mechanisms of the prototype structures can be satisfactorily replicated 

by the scaled specimens. To the approximate whole numbers, the slab dimension of DP 
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was of 2000 mm × 2000 mm, the slab thickness was 90 mm, the column dimension was 

150 mm × 150 mm and the concrete cover was 6 mm. The drop panel in DP had a 

dimension of 1000 mm × 1000 mm, and the maximum and minimum depths were 110 

mm and 60 mm, respectively (Fig. 3-2). The flexural reinforcement (FR) at the slab top 

consisted of 8 mm and 10 mm hot-rolled ribbed bars with a nominal yield strength of 400 

MPa, the integrity reinforcement (IR) at the slab bottom and the reinforcement in drop 

panels were both made up of 8 mm hot-rolled ribbed bars with the same nominal yield 

strength. More details about the rebar distributions and reinforcement ratios can be found 

in Table 3-1 and Fig. 3-2. 

Table 3-1 Reinforcement configuration details in specimens. 

Location Distribution 
Reinforcement 

ratio 

Slab 

Bottom 

(IR) 

Zone I R8@120a 0.62% 

Zone II R8@110a 0.6% 

Top 

(FR) 

Zone III R8@200 & R10@200a 0.86% 

Zone IV R8@120a 0.48% 

Drop panel Zone V R8@200 & 1R8b 0.28% 

Note: “R”  represents hot-rolled ribbed bars; the superscript “a”  denotes reinforcement 

being extended to the boundary beams; “b”  means reinforcement serving as stirrup. 
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(c) 1-1 sectional view 

Note:   , strain gauges, which were installed on the same half of the slab. �J, 
linear variable displacement transducers. Rebars A1, A2, D, E, F, G, H were in outer 
layers, rebars B1, B2, C were in inner layers. 

Fig. 3-2. Reinforcement details (unit: mm). 

To investigate the effectiveness of the slab-column joints with drop panels strengthened 

by shear studs, specimens SSR (Shear Stud in Radial pattern) and SSO (Shear Stud in 

Orthogonal pattern) were designed and constructed by adding shear studs in DP (Birkle 

and Dilger, 2009; Broms, 1990; Dat and Hai, 2013). SSR had a single row of shear studs 

arranged along the orthogonal and diagonal directions forming a radial pattern, whereas 

SSO had double rows of shear studs arranged along the orthogonal directions only in an 
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orthogonal pattern (Figs. 3-3a, b and c). Shear studs in both specimens were installed 

covering the two critical regions, namely the column perimeter and the slab-drop panel 

interface. They were designed in accordance with the Chinese code (JGJ 92, 2016). The 

shear studs were in a double-headed style comprising three components: (1) the upper 

continuous steel plate on top of (2) a series of vertical steel bars, and (3) the small steel 

plates at the base of each steel bar. The vertical bars were made of 8 mm hot-rolled plain 

bars with a nominal yield strength of 300 MPa and were welded to the upper and lower 

steel plates (Fig. 3-3d). The size, steel grade and quantity of shear studs were the same 

for both SSR and SSO specimens. Their geometric dimensions and reinforcement details 

were kept consistent with DP. The material properties of the three specimens are 

summarised in Table 3-2. 

Table 3-2 Material properties of specimens. 

Reinforcement Concrete 

Reinforcement 

type 

Yield 

strength 

(MPa) 

Ultimate 

strength 

(MPa) 

Ratio of 

elongation 

(%) 

Elastic 

modulus 

(GPa) 

Cubic compressive 

strength of concrete 

(MPa) 

P8 347 487 14 

205 33 R8 404 617 11 

R10 416 336 30 

Note: “P”  and “R”  represent the hot-rolled plain bars and hot-rolled ribbed bars, 

respectively. 
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(a) Shear stud in radial pattern (b) Shear stud in orthogonal pattern 
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(d) Shear studs’ details 

Note:  , strain gauges, which were installed at the mid-height of shear studs. 

Fig. 3-3. Two arrangements of shear studs and shear studs’ details (unit: mm). 
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To simulate the boundary constraints on the isolated slab-column joints imposed by the 

surrounding slab in a prototype structure, rigid boundary beams were built along the edges 

of the slab. The design of boundary beams can be referred to our previous work (Diao et 

al., 2021b), where the appropriateness and effectiveness of the boundary beams were also 

numerically confirmed. Apart from providing in-plane restraints to the specimens, the 

boundary beams also provided enough anchorage to the extended FRs and IRs in the slab, 

enabling specimens to exhibit a suspension mechanism after punching failure as in a 

prototype. As the interface between the slab and the boundary beams is approximately 

aligned with the contra-flexure lines in the prototype, the rotation and translation of the 

slab should be fully restrained by the surrounding slabs under the small deformation stage, 

whereas the slab should only be horizontally restrained in the large deformation stage. To 

achieve such restraint conditions during the entire deformation stage, the IRs were bent 

up at the slab-boundary beam interface and further extended into the boundary beams (see 

Fig. 3-2c). Because no rebars were placed at the bottom of the interface to resist tensile 

moment, the concrete there would damage shortly after the specimens come into the large 

deformation stage, the rotational restraint from the boundary beams was thus released. 

The maximum horizontal displacement of the boundary beams (Fig. 3-2) of the three 

specimens was measured to be 5.18 mm, which was less than the deflection limit of 

1/200lb (lb is the boundary beam length) as specified in the Chinese code (GB 50010, 

2016), confirming that the boundary beam remained in an elastic state and was able to 

provide sufficient in-plane restraints and anchorage. 

 

The test setup is presented in Fig. 3-4. The specimens were supported on four rigid strands 

by welding and bolting the connecting steel plates to the embedded steel plates on the 
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boundary beams. The rigid strands were fixed on the strong floor in the laboratory to 

provide sufficient rigidity to the specimens during the entire loading stage. Four 25 mm-

diameter steel rods were pre-installed in the column which were used to connect the 

hydraulic jack and column through a connection device. The hydraulic jack had enough 

stroke to supply monotonic upward loading until the specimens underwent large 

deformations and finally exhausted all their load resistant capacities. In this experimental 

program, a quasi-static loading scheme was adopted. The loading speed was controlled 

by the column displacement. The reaction force was monitored by the force transducer 

installed in the hydraulic jack. Linear variable displacement transducers were placed at 

the centre of the column stub and the mid-span of the boundary beams (Fig. 3-2) to 

measure the vertical and horizontal displacements of the specimens, respectively. In 

addition, strain growth in the rebars and shear studs at the critical locations (SBs, STs and 

SDs in Fig. 3-2 for bottom, top and drop panel rebars, respectively and SSs in Fig. 3-3 for 

shear studs) were recorded by strain gauges. 
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Fig. 3-4. Test setup. 
 

3.3 Experimental observations and results  

The load (F)-displacement (�' ) curves of the three test specimens are illustrated in Fig. 

3-5, where F and �' ����represent the reaction force and the vertical displacement of the 

column, respectively. Based on experimental observations and measurements, the 

deformation process of the three specimens can be divided into five stages: flexural stage, 

punching failure stages I and II, and suspension stages I and II. The flexural stage is 

defined as the deformation stage from the beginning of the test until the first punching 

failure occurs, during which the applied load on the specimens was resisted by the slab in 

flexural behaviour. The punching failure stage refers to the short period after punching 

failures took place and before re-ascending of F. The punching failure stages I and II are 

matched with two punching failures observed at the slab-drop panel interface regions and 

the column perimeter regions, respectively. The suspension stages I and II denote the 

stages after the punching shear failure, in which the load-resisting mechanism is governed 



CHAPTER 3 

78 

by the rebars going through column and other rebars crossing the punching cracks. 

Furthermore, the terminologies and key points on the load-displacement curves are 

described. The peak loads Fs attained before the two punching shear failures occurred are, 

namely, the first punching load (Fp1), or the punching shear strength, at the slab-drop 

panel interface and the second punching load (Fp2) at the column perimeter, which is also 

regarded as the post-punching strength. They are represented by two key points (Fp1�����' p1) 

and (Fp2,���'p2). The load drops after punching failures and before load re-ascending are 

identified as the residual strengths, and the corresponding key points are (Ft1,���'t1) and 

(Ft2,���'t2). 

Flexural 
stage

Suspension
stage I

Susp
stag  

Fp1Fp1

Fp2

Ft2

Ft2

Ft1
Ft2

Ft1

Punching 
failure 

 

Punching 
failure 

 

 

Note:  denotes rebar rupture. 

Fig. 3-5. Load-displacement curves for DP, SSR and SSO. 

 

3.3.1 Specimen DP 

In the flexural stage, diagonal cracks initially appeared from the corners of the slab top at 

�' ��= 5 mm. When �' ��= 9 mm and 31 mm, two square-shaped crack rings were developed 
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on and beyond the slab-drop panel interface on the slab top, the side lengths of the rings 

were 1000 mm and 1400 mm, respectively (Fig. 3-6a). The specimen DP reached its 

punching shear strength (i.e., Fp1 = 415 kN) at a displacement of 36 mm. The first 

punching failure was in a cone shape, expanded from the slab-drop panel interface at the 

bottom to the larger crack ring on the slab top. This first punching failure caused a sudden 

loss in F ��i.e., from Fp1 = 415 kN to Ft1 = 219 kN������ Thereafter, the specimen deformed 

into the suspension stage I during which F rose again. As the punching cone gradually 

separated from the slab, the surrounding concrete was severely damaged and unable to 

provide further resistance. In consequence, the specimen could only transfer the tensile 

force by the rebars going through column and other rebars crossing the punching cracks. 

At �'  = 132 mm, the second punching failure occurred near the column perimeter, which 

also exhibited a distinct brittle mode of failure causing another sudden loss in F ��i.e., from 

Fp2 = 310 kN to Ft2 = 186 kN������As the loading proceeded, the column was almost detached 

from the specimen with the only connection being provided by the through-column rebars. 

Due to the small quantity of through-column rebars, the load F could not regain the same 

magnitude as Fp2 at the second punching failure. Therefore, the post-punching strength 

of DP was achieved when the second punching failure occurred. In suspension stage II, 

through-column FRs (rebars C and D in Fig. 3-2) were pulled out from the concrete. 

Through-column rebars A1 and A2, B1 and B2, C, D (Fig. 3-2) were ruptured in sequence. 

Thereafter, the specimen exhausted all the load-resistant capacity. Typical test 

phenomena with their corresponding Fs and �' s����are tabulated in Table 3-3. The crack 

patterns (red solid lines) and final failure modes are presented in Fig. 3-6a and Fig. 3-7a, 

respectively. Note that the cracks on the slab bottom surface were mainly in 

javascript:;
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circumferential forms around the column, the slab-drop panel interface as well as along 

the slab edges. 

Table 3-3 Typical phenomena during the tests. 

Typical phenomenon 
DP SSR SSO 

F (kN) �' ����mm)�� F (kN) �' ����mm) F (kN) �' ����mm) 

Initial cracks 137 5 193 7 194 8 

Punching crack rings  406 31 367 21 360 20 

First punching failure  415 36 425 32 465 41 

Residual strength after first 

punching failure 
219 45 283 37 281 48 

Second punching failure  310 132 315 124 319 123 

Residual strength after 

second punching failure 
186 151 275 169 251 187 

Rebars rapture 248 260 246 259 280 240 

Note: “F”  and “ �' ” �� represent reaction force and column vertical displacement, 

respectively. 
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Fig. 3-6. Crack patterns for DP, SSR and SSO. 
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Fig. 3-7. The final failure modes on the slab top for DP, SSR and SSO. 
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The strain growth patterns of the through-column rebars (rebars A2, C and G) and non-

through-column rebars (rebars E, F and H) at positions close to the column perimeter 

region or the slab-drop panel interface region are shown in Fig. 3-8. In the flexural stage 

before �' p1, the strain near the slab-drop panel interface region (i.e., ST2, SB2, ST4, SB4) 

increased faster than those near the column perimeter region, indicating a relatively higher 

stress concentration at the slab-drop panel interface where the first punching failure 

occurred. In general, FRs were in tension and IRs were in compression. After the first 

punching failure, strains in IRs changed to tension, reflecting that the load-resisting 

mechanism had transformed from the flexural mechanism to the suspension mechanism. 

In the suspension stage I, fast strain growth was recorded in the vicinity of the column 

perimeter region (i.e., ST1, SB1, ST3, SB3), as a result of stress concentration moving 

from the slab-drop panel interface region to the column perimeter region. Strains in the 

through-column rebar G and the non-through column rebar H within the drop panel (i.e., 

SD1 and SD2, respectively) remained in compression until the second punching failure 

occurred, then started to transform into tension and grow further. The level of strain 

growth in SD2 only slightly smaller than that in SD1, and both experienced rather small 

variations. This indicates that the slab resisted the load as an integrated element with only 

a small stress concentration along the orthogonal directions crossing the column.  
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�' p2�' p1

 

Fig. 3-8. Rebar strain growth in DP. 

 

3.3.2 Specimens SSR and SSO 

Based on the test results, three major influences of the shear studs in SSR and SSO on the 

mechanical behaviours of the two specimens are identified. Firstly, shear studs could 

provide additional shear strength to resist the punching failure. Secondly, shear studs also 

offer connections between the separated concrete on either side of the punching cracks, 

leading to an improved integrity of the specimens. The second contribution is better 

reflected in the ductility of the specimens when the second punching failure occurred. 

Thirdly, the inclusion of shear studs, however, increased local stress concentration in the 

surrounding concrete, causing inconsistent deformation between the concrete and shear 

studs. The interaction of these three influences renders the mechanical behaviour of SSR 

and SSO more complicated. 

 

Specifically, in the flexural stage, both SSR and SSO developed, on the slab top surface, 

diagonal cracks at the slab corners and the first square-shaped crack rings along the slab-



CHAPTER 3 

85 

drop panel interface at displacements �' ��= 7 mm and 8 mm, respectively (Fig. 3-5, Figs. 

3-6b and c). The second crack rings at the onset of the first punching failure formed at 

�' ���  21mm and 20 mm for SSR and SSO, respectively (Fig. 3-5, Figs. 3-6b and 6c). The 

size of the second crack rings in SSR and SSO was almost the same as that in DP. In 

addition, the punching cracks in SSR and SSO developed earlier than those in DP. This 

is because a high level of stress concentration existed in the concrete surrounding the 

shear studs. Due to the additional shear resistance given by the shear studs, SSR and SSO 

demonstrated higher punching shear strengths, i.e., Fp1 = 425 kN and 465 kN, which were 

2.4% and 12% higher than that in DP, respectively. Shear studs also served as an ALP 

after the concrete has cracked, as reflected by the residual strengths Ft1 after the first 

punching failure. The values of Ft1 in SSR and SSO were 283 kN and 281 kN, respectively, 

which were on average 28.8% higher than that in DP. 

 

Shear studs were not as effective in improving the post-punching strengths of the 

specimens. The post-punching strengths for SSR and SSO were Fp2 = 315 kN and 319 

kN, respectively, which were only increased by 1.6% and 2.9% as compared to DP. This 

is because the vertical shear studs were ineffective in transferring the load in the large 

deformation stage. Instead, the post-punching strengths were primarily governed by the 

rebars passing through the columns and other rebars crossing the punching cracks around 

the slab-drop panel interface. Shear studs were also able to improve the integrity of the 

specimens and enhance the confinement effect for concrete. Hence, the second punching 

failure around the column perimeter in SSR and SSO exhibited a more ductile manner, 

and milder damages of SSR and SSO were observed compared to DP (Fig. 3-7). Moreover, 

the residual strengths Ft2 after the second punching failure were 275 kN and 251 kN for 
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SSR and SSO, respectively, the drops in load resistance were only 32.2% and 54.8% of 

in DP. Both SSR and SSO specimens displayed a similar phenomenon in the final loading 

stage. Typic that ally, two through-column rebars C and D were pull out, followed by 

rupturing of all through-column rebars A1, A2, B1, B2, C and D in sequence. In addition, 

bending was observed in the shear studs located at the column perimeter. All the test 

phenomena together with their corresponding Fs and �' s����are also summarised in Table 

3-3.  

 

3.3.3 Shear studs in radial and orthogonal patterns 

Adding shear studs contributed to improve the punching shear strengths Fp1 of the slab-

column joints with drop panels, and it was found that the shear studs in the orthogonal 

pattern performed better than those in the radial pattern. Radial arrangement (SSR) was 

insignificant in improving Fp1 (i.e., a 2.4% increase in Fp1 comparing to DP), whereas a 

12% increase in Fp1 was found in the orthogonal arrangement (SSO). In SSO, the internal 

force transfer along the shortest orthogonal directions (Fig. 3-3b) was more prominent, 

due to comparatively more shear studs placed in these directions (compared to those in 

SSR) being able to better resist the shear force together with concrete and the slab rebars. 

This makes SSO more effective in resisting the first punching shear failure than SSR in 

which the shear studs were more evenly spread in radial directions. To further confirm 

this finding, Fig. 3-9a shows the strain growth pattern of the shear studs in SSR. It can be 

seen that the shear studs in the orthogonal directions developed higher strains compared 

with those in the diagonal directions. Therefore, for the same amount of shear studs, 

installing them all in the orthogonal directions would be more effective in resisting the 

first punching failure. 
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(a) Comparison between radial and orthogonal directions in SSR  

 

 (b) Comparison between column perimeter and slab-drop panel interface regions 

Fig. 3-9. Shear stud strain comparisons of SSR and SSO. 
 

It is worthwhile noting that the shear studs inevitably induced local stress concentration. 

For SSR, local stress concentration not only caused an earlier formation of punching 

cracks comparing to DP, but also resulted in a sharp increase in rebar strain growth in the 

slab-drop panel interface (Fig. 3-10), eventually leading to a premature punching failure 
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(�' p1 = 32 mm) and a smaller punching shear strength enhancement (Fp1 = 425 kN, a 2.4% 

increase from DP). For SSO, the shear studs were placed in a double-row manner. The 

influence of local stress concentration was offset by the additional shear resistance 

provided by the comparatively more shear studs in the orthogonal directions than those 

in SSR. Therefore, the shear forces were more effectively resisted by the shear studs in 

SSO than in SSR. Although the punching cracks in SSO still formed earlier than DP, the 

rebar strains grew slower than those in DP and SSR (Fig. 3-10). The first punching failure 

was postponed and SSO was able to develop a higher punching shear strength (Fp1 = 465 

kN, a 12% increase from DP). It is observed from Fig. 3-7 that damage of SSO was less 

severe at the first punching failure (slab-drop panel interface) than DP and SSR. 

�' p1 �' p2

 

Fig. 3-10. Rebar strain comparisons of DP, SSR and SSO in slab-drop panel interface 
regions. 

 

Adding shear studs helped to transfer the internal stresses in the concrete on both sides of 

the punching cracks, in turn improving the ductility around the column perimeter at the 

second punching failure. As such, the load drops of Ft2 are more gradual in SSR and SSO, 

instead of being abrupt (Ft1) in the first punching failure around the slab-drop panel 
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interface (Fig. 3-5). This is because the cross-sectional area of punching around the slab-

drop panel interface is far bigger than that around the column perimeter, therefore placing 

8 rows of shear studs had a relatively minor contribution to the first punching failure of 

the entire slab-column joints. Referring to Fig. 3-5 again, shear studs in the radial pattern 

performed better in improving the residual strength Ft2 after the second punching failure. 

Compared with SSO, SSR exhibited a lower load reduction and a relatively smoother 

damage process after the second punching failure. This is because the orthogonal 

directions of SSR had been severely damaged after the first punching failure. As a result, 

the shear studs positioned along the orthogonal directions lost much of their abilities to 

further strengthen the specimen. Nevertheless, apart from the orthogonal directions, shear 

studs were also arranged in the diagonal directions in SSR, which could play a major role 

in improving Ft2 after the second punching failure. This finding can be supported by the 

strain growth patterns for the shear studs in Fig. 3-9b. Strains near the column perimeter 

regions are higher than those near the slab-drop panel interface regions, suggesting that 

the shear studs had a higher level of influence on the column perimeter regions. 

 

3.4 Validation of measured punching shear strengths against design codes 

Two different prediction methods for shear strengths of two-way slabs specified by ACI 

318 (2019) and EC 2 (EN 1992-1-1, 2004) design codes are also applicable for calculating 

the punching shear capacities of the three joint specimens in this study. Both design 

standards indicate that the punching shear strengths should be determined at the identified 

critical punching sections. Their provisions of identifying the critical sections and 

calculating the shear strengths are discussed herein, based on which the punching shear 

strengths of the three specimens are estimated and compared with the test results. 
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3.4.1 Critical sections 

The critical punching sections are considered as the sections where punching failure is 

likely to occur. There may exist multiple critical sections in a single slab-column joint 

and the shear strengths in these sections should be calculated separately. A punching 

failure was predicted to occur near the critical section when the minimum calculated 

strength was reached. Critical sections are assumed to be 45 degrees to the middle plane 

of the slab in ACI 318, whereas this angle is taken as 26.6 degrees in EC 2. To simplify 

the calculation, the critical sections are idealised to be perpendicular to the middle plane 

of the slab. ACI 318 requires that for slab-column joints without shear reinforcement, the 

critical sections should be located at a distance d/2 (d is the average effective depth in two 

orthogonal directions) from the face of the column. If the slab thickness varies, the critical 

sections should be determined at a distance d/2 from where the slab thickness changes. 

For slab-column joints with shear reinforcement, in addition to the two critical sections 

defined above, another critical section is found at d/2 beyond the outermost peripheral 

line (Fig. 3-11) of the shear reinforcement. Critical sections are also defined at a distance 

d/2 beyond any point where variations in shear reinforcement occur (for example, 

spacing). To reduce the perimeter (bo) of the critical sections beyond the outermost 

peripheral line of shear reinforcement, the critical sections are set as a closed-polygon 

shape. The critical section identification in ACI 318 is shown in Fig. 3-11. When 

designing the test specimens, two critical sections were considered for DP and four 

critical sections, for SSR and SSO (Fig. 3-12).  
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Fig. 3-11. Critical section identifications in ACI 318 and EC 2. 
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Fig. 3-12. Critical sections in DP, SSR and SSO. 
 

In EC 2, for slab-column joints without shear reinforcement, the critical section is 

identified to be located at 2d from the column face and from where the slab thickness 

changes. For specimens with shear reinforcement, the critical section is also defined at 

1.5d from the discontinued position of the shear reinforcement. If the shear reinforcement 

varies in spacing, the critical section should be determined separately. In ACI 318, the 

critical section at the outermost periphery line (Fig. 3-11) of the shear studs is a closed 
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polygon regardless of the shear stud arrangement, but this is not the case in EC 2, as 

shown in Fig. 3-11. It should be noted that although the shear studs were arranged in the 

radial pattern in the SSR specimen, the identification of the critical sections for the 

outermost periphery line of the shear studs in the slab-drop panel interface region follows 

a similar pattern as SSO. This is because the distance between the outermost shear studs 

in two adjacent rows is much greater than 2d. The critical sections identification for the 

three specimens based on the rules in EC 2 is also illustrated in Fig. 3-12. 

 

3.4.2 Prediction formulas 

The prediction formulas given in the two design codes are based on the same theoretical 

framework. For slab-column joints without shear reinforcement, the shear stress (vn) in 

the critical section is contributed by the concrete (vc1) only (Fig 3-1a). For slab-column 

joints with shear reinforcement, the vn is contributed by both the concrete (vc2) and the 

shear reinforcement (vs) (Eq. 3-1b). Therefore, the punching shear strength of the 

specimens can be obtained by Eq. 3-2. Note that all the formulas are given in SI units.  

 n c1v v�  Eq. 3-1a 

 n c2 sv v v� �� Eq. 3-1b 

 p n oF v b d�  Eq. 3-2 

Considering the size effect, concrete properties and column location, the formula used to 

calculate vACI318 
c1  for slab-column joints without shear reinforcement is given in Eq. 3-3. 
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Eq. 3-3 

 

where f'c  is the cylinder compressive strength of concrete (MPa); �OACI318 
s  is the size effect 

factors, �OACI318 
s =(2/(1+0.004d))0.5�”��; �O is the modification factor reflecting the reduced 

mechanical properties of lightweight concrete, for normal strength concrete, �O� ��; �E is the 

aspect ratio of the column cross section, or the reaction area; �Ds is the column location 

factor, taken as 40 for interior column. 

 

For slab-column joints with shear reinforcement, the contribution of the concrete to the 

shear stress at the critical sections is reduced, which can be calculated by Eq. 3-4. 
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Eq. 3-4 

Shear stress contributed by the concrete in the critical sections at the outermost of shear 

studs can be calculated using Eq. 3-5. 

 'ACI318 ACI318
c2 s c0.17v f� O � O�  Eq. 3-5 

Shear stress contributed by the shear studs can be estimated by Eq. 3-6. 
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 v ytACI318
s

o s

A f
v

b s
�  Eq. 3-6 

where Av is the sum of the area of all legs of shear studs on one peripheral line that is 

geometrically similar to the perimeter of the column section; fyt is the yield strength of the 

shear studs; ss is the spacing of the shear studs. 

 

EC 2 considers the influence of the tensile reinforcement ratio in addition to the size effect 

and the concrete strength when calculating the shear stress contributed by the concrete, 

as expressed in Eq. 3-7. 

 EC2 EC2 ' 1/3
 c1 Rd.c s l c(100 )v C f� O � U�  Eq. 3-7 

where CRd.c����=��0.18���Jc, �Jc is 1.5 for concrete; �OEC2 
s  is the size effect factor; �OEC2 

s

=1+(200/d)0.5���”�������Ul is the parameter related to the tensile reinforcement ratio, 

�Ul=(�Uly× �Ulz)0.5�”�������� in which �Uly and �Ulz are the bonded tension reinforcement ratios in 

two orthogonal directions within the reaction area plus a 3d extension. 

 

EC2 specifies that the concrete contribution to the shear stress is only 75% effective (vEC2 
c2

=0.75 v EC2 
c1 ) if shear reinforcement exists. Shear stress contributed by the shear 

reinforcement is calculated based on Eq. 3-8. 

 EC2
s v yt.ef o1.5( ) (1 )sinv d s A f b d �D�  Eq. 3-8 

where fyt.ef is the effective yield strength of the shear reinforcement, fyt.ef=250+0.25d�”fyt; 

�D is the angle between the shear reinforcement and the mid-plane of the slab. 
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3.4.3 Compression between code predictions and test results 

The results of the theoretical calculations based on the two design codes are presented in 

Table 3-4. The shear strength reduction factors were not considered in calculations as the 

predictions were compared to the ultimate capacities of the specimens in the tests. The 

code predictions for the punching failure locations are aligned with the experimental 

observations. For the specimen without shear studs (DP), the punching shear strength 

predictions by both codes were conservative. This was safe in design, however, the 

material strengths may not be fully utilised. For the specimens with shear studs (SSR and 

SSO), both codes overestimate the punching shear strengths. The results predicted by ACI 

318 had higher discrepancies than EC 2 with reference to the test results. This is due to 

the assumption in ACI 318 that the shear strength provided by the shear studs could 

reinforce the concrete area in a uniform manner, regardless of their arrangement. In reality, 

if the two adjacent rows of shear studs are far apart, the concrete between them could not 

be effectively strengthened. EC 2, on the other hand, considers the influence caused by 

uneven strengthening. When defining the outermost critical sections, if the distance 

between the two adjacent rows of shear studs was too large, only a part of the area was 

selected as shown in Fig. 3-11 and Fig. 3-12. Nonetheless, the results predicted by EC 2 

are still higher than the experimental values. Furthermore, complicated mechanical 

behaviour in slab-column joints with drop panels and shear studs may lead to premature 

punching failure, like in the case of SSR, which was not considered in the code predictions. 
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More experimental tests would be required to further investigate the performance of the 

codes in predicting the punching shear strengths, so as to offer more conclusive 

recommendations. Moreover, post-punching strengths cannot be predicted theoretically, 

as the post-punching load-resistant mechanisms are not considered in the codes.  

 

Table 3-4 Punching shear strength comparison between code predictions and tested 
results. 

Specimen Code 

Critical section 
Vp,exp 

o�kN o� 

Vp,cal 

o�kN o� 

Vp,cal/ 

Vp,exp 

Section 1 

o�kN o� 

Section 2 

o�kN o� 

Section 3 

o�kN o� 

Section 4 

o�kN o� 

DP 
ACI 318 421 375 N/A N/A 

415 
375 0.90 

EC 2 292 216 N/A N/A 216 0.52 

SSR 
ACI 318 643 735 1076 649 

425 
643 1.51 

EC 2 691 677 720 522 522 1.23 

SSO 
ACI 318 643 735 1042 625 

465 
625 1.34 

EC 2 691 677 577 540 540 1.16 

Note: Vp,cal and Vp,exp denote the calculated and tested punching shear strengths, 

respectively.  

 

3.5 Conclusions 

Quasi-static tests on three slab-column joint specimens with drop panels, and with and 

without shear studs were conducted and reported. The specimens were subjected to 

appropriate in-plane restraints and were tested until large deformation stages under a 

monotonic upward loading. Punching shear strengths of the three specimens were also 
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predicted theoretically the two building codes. Based on the experimental and theoretical 

results, the following conclusions can be drawn. 

 

1. For all three specimens, two punching failures was observed at the slab-drop panel 

interface regions and the column perimeter regions during the entire deformation 

stages. Before the first punching failure, the load was resisted mainly by the flexural 

mechanism. Yet, the post-punching resistance were provided and governed by the 

rebars going through the columns and the others crossing the punching cracks. 

 

2. Adding shear studs can improve resistance to punching shear failure. Compared to 

DP, SSR and SSO had a 2.4% and 12% increase in punching shear strengths, 

respectively. However, using shear studs were not as efficient in improving the post-

punching strengths, as SSR and SSO had only 1.6% and 2.9% increase, respectively. 

Nevertheless, shear studs could help to improve the ductility of the joints, thus the 

second punching failure exhibited a more ductile manner and the residual strengths 

after the second punching failure were also improved in both SSR and SSO.  

 

3. Shear studs in the orthogonal pattern were more effective in enhancing punching 

shear strength. This is because SSO has comparatively more shear studs being placed 

in the orthogonal directions than SSR, which can help to neutralize the unfavourable 

higher stress concentration in the orthogonal directions caused by such an 

arrangement and to prevent premature failure. Shear studs in the radial pattern are 

more beneficial in mitigating the second punching failure. After the first punching 

failure, damage along the orthogonal directions was severe and orthogonally placed 
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shear studs lost much of their ability to resist the load. In SSR, on the other hand, 

diagonally arranged shear studs were still able to resist the load. 

 

4. Theoretical calculations based on ACI 318 and EC 2 underestimate the punching 

shear strength of DP but overestimate those of SSR and SSO. Further experimental 

and theoretical investigations are necessary to establish a more accurate calculation 

method for slab-column joints with drop panels and shear studs.  
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Experimental and numerical investigation of punching and post-punching 

shear capacities of post-tensioned flat plate slab-column joints influenced by 

prestressing levels 

 

Abstract: Post-tensioned slab systems serve as an effective method to enhance the 

progressive collapse resistance of concrete flat plate structures by significantly improving 

the punching shear and post-punching capacities of their slab-column joints. While the 

existing research mainly focused on the punching shear behaviour of post-tensioned slab-

column joints in small deformation stages, the post-punching behaviour in large 

deformations has been overlooked. This study aims to fill this research gap thorough 

experimental and numerical studies. Experimentally, four slab-column joints, including 

three post-tensioned specimens (with varied prestressing levels) and one specimen 

without tendons, were designed and tested. Detailed failure process and load-resisting 

mechanisms of the specimens at different deformation stages were discussed. The test 

results confirmed the efficiency of post-tensioning in improving the punching shear 

performance. Varying prestressing levels have influenced the development of punching 

shear capacity but did not affect the growth rate of load resistance in the initial post-

punching stage. Numerically, validated finite element models were used to predict the 

post-punching capacities of the specimens. The numerical results indicated that post-

tensioning helped increase post-punching capacities, but such an enhancement was 

independent of the prestressing levels. Additionally, the influence of the rupture strains 

of both tendons and reinforcement on the post-punching capacity was investigated 

through a parametric study.  
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Keyword �ÖPost-tensioned flat plate slab-column joint, punching and post-punching 

failure mechanisms, prestressing level, experimental test, numerical simulation 

 

4.1 Introduction 

Flat plate structures are characterised by their exclusive use of slabs and columns, without 

having moment-resisting elements such as beams (Park and Gamble, 2020). This 

composition offers advantages in both architectural and economic aspects of such 

structures, contributing to their widespread adoption globally. However, a common issue 

associated with flat plate structures is the concentration of excessive shear stress due to 

large shear forces and unbalanced bending moments at the slab-column joints (SCJs) 

under gravity loads, rendering them susceptible to brittle punching shear failure. 

Specifically, due to the absence of sufficient load transfer paths (typically provided by 

moment-resisting elements), when an initial failure occurs at one or more SCJs, the 

internal forces initially borne by the failed SCJs are redistributed to the surrounding SCJs. 

Force redistribution changes the stress states of the surrounding SCJs, making them 

exposed to a higher risk of subsequent punching shear failure. By this chain effect, the 

propagation of initial localised failure may ultimately result in disproportionate or 

complete structural collapse �Å a phenomenon denoted as a progressive collapse (ASCE 7, 

2017). Its occurrence often led to substantial human and property losses, as demonstrated 

by disastrous incidents of concrete flat plate structures such as the 1995 Sampoong 

Department Store collapse (Gardner et al., 2002) and the 2021 Florida condominium 

collapse (Lu et al., 2021; Pellecchia et al., 2024). 

 



CHAPTER 4 

103 

To prevent such catastrophes, three design approaches (DOD, 2016; GSA, 2016) have 

been standardised to assess and enhance the progressive collapse resistance of various 

types of structures, namely the Enhanced Local Resistance (ELR) method specific to the 

component level, and the Tie Force (TF) method and the Alternate Path (AP) method for 

the entire structure level. For flat plate structures, the component-level method aims to 

improve the flexural and shear resistance of SCJs to prevent the occurrence of initial 

punching failure. The structure-level method allows for an initial failure to happen, 

however the SCJs must possess preventive mechanisms to limit the propagation of the 

initial failure. Incorporating a post-tensioning system in flat-plate structures not only 

facilitates further improved architectural and economic benefits (enabling increased span 

length and a thinner slab), but also represents a desirable strengthening method aligned 

with the ELR method. Literature has shown that the punching shear resistance of post-

tensioned (PT) SCJs was enhanced (Clément et al., 2014; Pinho Ramos et al., 2011; 

Ramos et al., 2014). Furthermore, after punching shear failure, the damaged SCJs can still 

sustain a certain level of applied load through a post-punching suspension mechanism. 

Enabling such a mechanism necessitates two conditions: 1) there must be sufficient 

quantity of slab reinforcement going through the column and crossing the punching shear 

cracks, and 2) these slab reinforcing bars must be well anchored. Given sufficient 

anchorage conditions, the ultimate post-punching capacity is often determined by the 

rupture strengths of these reinforcements(Diao et al., 2021a, 2021b; Jiao et al., 2022; 

Melo and Regan, 1998; Ruiz et al., 2013; Wang et al., 2023; Y. Yang et al., 2021). 

Compared to the slab reinforcement, prestressing tendons are generally well-anchored 

and have significantly higher rupture strength, therefore PT SCJs are expected to exhibit 
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higher post-punching capacity than non-PT SCJs. Thus, the propagation of initial failure 

at an SCJ can also be effectively prevented.  

 

Many factors, such as prestressing levels and construction techniques for post-tensioning 

tendons (bonded or unbonded), influence the effectiveness of strengthening in post-

tensioning systems in different type of structures (Losanno et al., 2024a, 2024b) 

Substantial research has been conducted on the punching shear performance of PT flat 

plate structures in small deformation stages, and the existing studies have been 

undertaken at different levels, namely, SCJs (Barbán et al., 2020; Carvalho et al., 2011; 

Foutch et al., 1990; Nguyen-Minh et al., 2012; Silva et al., 2007; Smith and Burns, 1974, 

Saleh and Suaris, 2009), substructures(T. Yang et al., 2021), and entire structures 

(Keyvani and Sasani, 2015). In contrast, studies focusing on the post-punching behaviour 

of the same types of structures in the large deformation stages are notably scarce. A 

relevant study was conducted by Ramos and Lucio (2008) who tested six simply-

supported PT SCJ specimens up to the large deformation stages. Their findings indicated 

that the post-punching capacity is influenced by the prestressing level as well as the 

distance of the tendons from the column. To provide in-depth insights for safe design of 

PT flat plate systems, further research is needed to offer fundamental understanding of 

the failure behaviour of PT tendons, as well as to quantify the contribution of the slab 

reinforcement to the ultimate capacities of PT SCJs in the large deformation stage. It is 

worth mentioning that the majority of previous experimental studies on PT SCJs, 

concerning either punching shear or post-punching behaviour, have been conducted based 

on isolated SCJ specimens with simply supported boundary restraints. In a real structure, 

however, an SCJ is surrounded by adjacent slabs. As such, in-plane constraints from the 
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adjacent slabs should be considered to represent the slab continuity. Indeed, some 

research outcomes (Dat and Hai, 2013; Keyvani et al., 2014) have indicated that 

neglecting the slab continuity on the SCJ specimens can suppress the initiation of 

compressive and tensile membranes, thereby leading to underestimated punching shear 

and post-punching capacities. These findings highlight the importance of considering 

more realistic boundary restraints in future experiments. 

 

To address the aforementioned research gaps, experimental and numerical investigations 

were conducted to acquire a fundamental understanding of punching shear and post-

punching behaviours of PT SCJs with in-plane constraints. Experimentally, four SCJ 

specimens including one reinforced concrete (RC, without tendons) specimen and three 

PT specimens were tested under quasi-static loading up until the large deformation stages. 

Detailed test results are presented demonstrating the effectiveness of PT tendons in 

improving the punching shear performance. Numerically, high-fidelity finite element (FE) 

models were established and analysed to supplement the experimental results that were 

unable to be obtained in the laboratory. The influence of varying prestressing levels on 

the post-punching behaviour is discussed. Moreover, the validated FE models were 

employed to investigate the impact of the rupture strains of both PT tendons and 

reinforcement on the post-punching capacity of PT SCJs. 

 

4.2 Experimental program 

4.2.1 The prototype structure 

The prototype structure designed for the experiments is a three-story, 4×4 bay post-

tensioned (PT) flat plate car park with a 6000 mm centre-to-centre span, which is designed 
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in accordance with both Australian and Chinese concrete structures design codes (AS 

3600, 2018; GB 50010, 2016) (Fig. 4-1a). The prototype has a slab thickness of 200 mm, 

a 450 mm×450 mm column size, a 20 mm concrete cover, and is cast with concrete having 

nominal compressive strength of 32 MPa (cylinder test). A design dead load of 7.92 kPa 

(kN/m2) and live load of 3 kPa (kN/m2) are intended to be accommodated. The 

prestressing level is quantified by the compressive stress on the concrete cross-section 

imposed by prestressing tendons (�Vcp). While no specific limit is prescribed by the design 

codes, in practice, the value of �Vcp typically falls between 1.2 MPa and 2.6 MPa (Gilbert 

et al., 2016). In the prototype structure, this value is set to 2.4 MPa. The experimental 

study focuses on the interior column on the ground floor of the prototype. The size of the 

slab-column joint (SCJ) specimens is defined as the region extending from the centre of 

the column outward to the nearest contra-flexural lines (Fig. 4-1a). Results from a 2D 

frame analysis (Fig. 4-1b) using a finite element analysis software (Strand 7, 2015) 

indicate that for the prototype structure under normal service load, the nearest contra-

flexural points are located at 0.22l (where l is the span length) away from the centre of 

the interior column. 

  

(a) Plan view (b) Elevation view 

Fig. 4-1. Layout of the prototype structure.  
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4.2.2 Test specimen design 

A total of four specimens were tested: three PT specimens (PT2-2.4-0.33, PT2-1.8-0.33, 

PT2-1.2-0.33), and one RC specimen (RC0-0-1.10). As an example, the label “PT2-2.4-

0.33” denotes that this is a PT specimen with two through-column tendons in each 

orthogonal direction, a �Vcp value of 2.4 MPa, and a flexural reinforcement ratio of 0.33%. 

Note that PT2-2.4-0.33 is the reference specimen, directly extracted from the ground floor 

of the prototype with a scaled-down ratio of 0.79 (specimen) : 1 (prototype structure). 

This ratio was chosen not only to ensure the specimen dimensions satisfy the test site 

requirements, but also to reasonably replicate the mechanical behaviour of the actual 

structure (Ma et al., 2020, 2019; Peng et al., 2017a, 2017b; Qian and Li, 2015, 2013; Yi 

et al., 2014). As a result, the reference specimen had an overall slab dimension of 2000 

mm × 2000 mm, a slab thickness of 160 mm, a column cross-section of 360 mm × 360 

mm, and with a 16 mm concrete cover. The reference specimen also utilised 32 MPa 

concrete. The top flexural reinforcement (FR) and the bottom integrity reinforcement (IR) 

of the slab consisted of eight and twelve 12 mm hot-rolled ribbed bars, respectively, with 

a nominal yield strength of 400 MPa. The reinforcement ratios were 0.33% for FR and 

0.49% for IR. The FRs were arranged orthogonally within a 300 mm distance from the 

column face, while the IRs were uniformly distributed over the entire slab. The specific 

distribution of FRs and IRs can be observed in Fig. 4-2a and detailed descriptions of their 

arrangement are provided in Table 4-1. Prestressing tendons were chosen as 12.7 mm 7-

wire ordinary strands (7WOS) with a nominal rupture strength of 1860 MPa, which were 

placed in the slab in a parabola pattern based on the bending moment diagram of the 

prototype structure under uniformly distributed loads on each floor. In all PT SCJ 

specimens, each direction of the slab was provided with eight tendons, two of which 
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passing through the column were spaced at 200 mm. The remaining tendons were 

uniformly spaced at 270 mm within the slab region (Fig. 4-2b). Each tendon was 

prestressed to 96 kN before testing, achieving a prestressing level of���Vcp = 2.4 MPa as in 

the prototype structure. Considering the fact that punching shear performance is sensitive 

to the prestressing level, this study thus adopted unbonded tendons as technically, the 

applied prestressing level can be better controlled without being influenced by grout as 

in the case of bonded tendons. Further, unbonded tendons do not demonstrate excessive 

localised stress concentration in the negative moment region, thereby avoiding premature 

rupture of tendons in the small deformation stage. Such characteristics of unbonded 

tendons enable the PT SCJ specimens to fully develop post-punching capacity, which is 

critical for resisting progressive collapse (Keyvani and Sasani, 2015; Bondy, 2012). It 

should be noted that the structural responses would be different for bonded slabs as the 

bond condition affects the deformability of the structure (Losanno et al., 2024b). 

 

To ensure better alignment between the mechanical behaviour of the isolated SCJs 

(specimens) with that of the SCJs in real structures (prototype), rigid boundary beams 

(Fig. 4-3) were fabricated along the edges of the specimens. The boundary beams served 

three main purposes: 1) to simulate the in-plane restraints provided by the surrounding 

slab as in a real structure, 2) to provide sufficient anchorage for the slab reinforcement 

(IRs and FRs) so as to mimic the actual reinforcement continuity, which is essential for 

developing a suspension mechanism in the post-punching stage, and 3) to reduce the 

excessive local compressive stresses caused by tendon anchorages on the specimen edges. 

Considering a real structure, only horizontal translational constraint is provided to the 

SCJ by the surrounding slab, whereas the rotational constraint is released as the boundary 
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of the SCJ is aligned with the contra-flexural lines, where no bending moment exists. To 

achieve the same boundary condition in the test specimens, IRs at the bottom was bent 

up to the top at the location near the slab-boundary beam interface and extended into the 

boundary beam, as depicted in Fig. 4-2. In this way, the concrete at the slab-boundary 

beam interface will undergo rapid cracking, when the slab deforms into the plastic stage, 

due to inadequate IRs against the tensile forces at the interface, thereby releasing the 

rotational restraint. The design of boundary beams thus enables IRs to provide equivalent 

constraints to the SCJ specimens as in a real structure. The effectiveness of having 

boundary beams has already been proven in our previous work (Diao et al., 2021a, 2021b; 

Jiao et al., 2022; Wang et al., 2023; Y. Yang et al., 2021). 

 

In addition to the reference specimen, Specimens PT2-1.8-0.33 and PT2-1.2-0.33 were 

also tested to investigate the influence of varying prestressing levels on the punching and 

post-punching performances of PT SCJs. Having the same design as the reference 

specimen, PT2-1.8-0.33 and PT2-1.2-0.33 have their tendons to be initially prestressed to 

72 kN (�Vcp = 1.8 MPa) and 48 kN (�Vcp = 1.2 MPa), respectively. Further, Specimen RC0-

0-1.10 was designed without tendons for comparison with the reference specimen to 

validate the strengthening effect by tendons. Other than simply removing all the tendons 

from the reference specimen, the design philosophy for RC0-0-1.10 was to maintain the 

same nominal flexural strength as PT2-2.4-0.33, which means that the top reinforcement 

(FRs) ratio was increased to 1.10%. In other words, RC0-0-1.10 was reinforced with 

uniformly distributed 16 mm hot-rolled ribbed bars, having a nominal yield strength of 

400 MPa, at the top and bottom of the slab (Fig. 4-4). The same boundary beam 
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configuration as the reference specimen was followed for the RC specimen. All the 

material properties are summarised in Table 4-2. 

  

(a) Reinforcement (b) Prestressing tendons 
Fig. 4-2. Reinforcement and tendon distribution in PT specimens with cross-sectional 

view (units in mm). 
Note: ‘PTx’ and ‘PBx’ represent the strain gauge locations on FRs and IRs of PT 

specimens, respectively. ‘LTx’ and ‘UTx’ denote the tendons in lower and upper layers, 

respectively. ‘a’ is the eccentricity of the tendons. 

 

 

Fig. 4-3. Design of boundary beams (units in mm). 
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Fig. 4-4. Reinforcement distribution for RC specimen with cross-sectional view (units 
in mm). 

Note: ‘RTx’ represents the strain gauge locations on FRs of RC specimen. 

Table 4-1 Reinforcement and tendon configuration details in specimens. 

Note: * Referred to Figs. 4-2 and 4-4 for zone numberings. ‘R’ and ‘7WOS’ denote hot-

rolled ribbed bars and 7-wire ordinary strands, respectively. 

 

Specimen Location 

Distribution 

(Quantity-Type @ Spacing 

(mm)) 

Steel ratio (%) 

PT 

Top (FRs) Zone I* 8-R12@100 0.33 

Bottom (IRs) Zone II 12-R12@160 0.49 

Top (Tendons) Zone III 8-7WOS12.7@270 0.29 

RC 

Top (FRs) 
Zone IV 15-R16@140 

1.10 
Zone V 3-R16@100 

Bottom (IRs) 
Zone VI 4-R16@66.7 

1.32 
Zone VII 14-R16@120 
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Table 4-2 Material properties. 

 Type & Dia (mm) fy (MPa) As (mm2) fu (MPa) Es (GPa) el (%) 

Reinforcement 

P8 452 50.2 633 190 13.0 

R12 417 113.0 575 191 20.0 

R16 467 201.0 618 195 13.5 

Tendons 7WOS12.7 1817 98.5 2406 198 4.5 

Concrete 
Specimen PT2-2.4-0.33 PT2-1.8-0.33 PT2-1.2-0.33 RC0-0-1.10 

f’ c (MPa) 44.6 42.8 45.0 41.6 

Note: ‘P’ denotes hot-rolled plain bar. ‘fy’, ‘ As’  ‘ fu’,  ‘Es’ and ‘el’ are actual measured 

yield strength, sectional area, ultimate strength, elastic modulus and elongation of 

reinforcement, respectively. ‘f’ c’ is concrete strength measured on the testing day. The 

yield strength of a tendon is taken when the strain of 1% has been reached. 

 

4.2.3 Test setup and instrumentation 

The test setup is shown in Fig. 4-5. Each specimen was connected to four rigid strands 

(�8 ) through connection plates (�9 ). The rigid strands were securely anchored to the strong 

floor to ensure ample rigidity during the entire loading process. The actuator (�7 ) was 

precisely situated beneath the column stub to deliver consistent vertical upward force until 

the large deformation stage. The actuator contained a built-in force transducer to monitor 

the force applied to the column stub. Data recorded include the vertical displacement of 

the column by linear variable displacement transducers (LVDTs, �@), the development 

of tendon forces by force transducers (�<), and the development of reinforcement strains 

at critical locations by strain gauges (Fig. 4-2 and Fig. 4-4). 

 

Testing of the PT specimens involved two distinct loading phases. In the first phase, 

referred to as the prestressing stage, all tendons were sequentially tensioned to their target 

force. Then the test seamlessly transitioned to the second loading phase, namely, the 

column stub loading stage. In this stage, the actuator supplied upward force with a quasi-
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static loading pattern on the column stub. Only the second stage was adopted for the RC 

specimen. The loading rate was 2.5 mm and 5 mm per step before and after punching 

shear failure, respectively. Data collection was initiated prior to the commencement of 

the first loading phase, and typical test phenomena were observed and recorded.  

 

Considering the potential risks (burst out of concrete and steel fragments, and anchorage 

wedges) associated with sudden rupture of tendons, for the PT specimens, the test was 

terminated when any of the tendons reached approximately 150 kN (75% of the nominal 

rupture strength), which is denoted as a terminating force. Additionally, to ensure safety 

during the test, wire fencing (�: ) was fitted around the boundary beams to prevent 

anchorage burst. For the RC specimen, the test was ended upon extensive shear failure in 

concrete which corresponded to a column stub displacement of 140 mm. 

 

 

 

 
Fig. 4-5. Test setup. 

 

4.3 Test result 

The failure mechanisms of the four specimens are illustrated herein by analysing the 

applied load (F)-displacement (�û, vertical displacement of the column stub) relationships, 

the variations in the prestressing tendon forces, and the development of reinforcement 
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strains at critical locations in conjunction with the test observations. The maximum load 

that a specimen could sustain before punching shear failure is defined as Fp (punching 

shear strength), and its corresponding displacement is defined as �ûp. It is important to 

mention that at the end of the tests, all of the specimens have not reached the ultimate 

resistance in the post-punching stage. Tendon forces and reinforcement strains were 

expected to further develop with the increase of �û. Therefore, failure phenomena and 

associated data in large deformations, that were unable to be obtained experimentally 

after terminating the tests for safety concerns, will be supplemented by numerical 

simulations. 

 

4.3.1 Load-displacement relationships and typical phenomena 

The F-�û curves for the four specimens are summarised in Fig. 4-6. Three distinct 

mechanical stages can be identified, namely, 1) Flexural stage: prior to punching shear 

failure, in which the external load was resisted by the concrete, reinforcement, and 

prestressing tendons together through flexural behaviour. 2) Punching failure stage: 

cracks penetrated the slab, leading to a sudden drop in F. 3) Post-punching stage: due to 

larger displacements, the role of tie effect of reinforcement and tendons becomes 

dominant (Losanno et al., 2024a). As a result, tensile forces in the slab were 

predominantly transferred by the reinforcement and tendons going through and in the 

vicinity of the column stub (i.e., suspension mechanism). Typical phenomena observed 

during the four tests, with their corresponding Fs and �ûs, are summarised in Table 4-3. 
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Fig. 4-6. Load-displacement relationships. 

 

 

 

Comparing specimens with and without tendons, PT2-2.4-0.33 exhibited an elastic 

behaviour at the start of the column stub loading phase, represented by a linear pattern of 

the F-�û��curve. The initial stiffness (the slope from the origin to the point when the first 

crack appears) of PT2-2.4-0.33 was 40 kN/m, being 258.2% of that of RC0-0-1.10. 

Flexural cracks (red lines in Fig. 4-7) on the top surface in PT2-2.4-0.33 were found to 

have initiated in close vicinity of the column stub at �û = 15 mm (the corresponding F = 

476 kN), which was delayed by 8 mm (the corresponding F = 107 kN) compared to RC0-

0-1.10. Cracks then rapidly propagated, extending from the column stub to the boundary 

beams. Due to the prestressing effect of tendons, stress concentration induced 

orthogonally oriented cracks over a band width of about 400 mm. In contrast, radial 

cracks uniformly distributed around the column stub were apparent in RC0-0-1.10. 

 

Higher initial stiffness also resulted in earlier punching shear failure. In PT2-2.4-0.33, 

punching failure occurred at �ûp = 42 mm, whereas �ûp was 51 mm for RC0-0-1.10. Upon 

punching shear failure, both of them formed a circular punching shear crack (blue lines in 

Fig. 4-7) centred at the column stub. The use of tendons significantly enhanced the 
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punching shear capacities of the SCJs. PT2-2.4-0.33 reached a Fp = 658 kN, which was 

14.0% higher than Fp of 577 kN in RC0-0-1.10. After the punching shear failure, both 

specimens entered the post-punching stages, where F was able to re-ascend due to the 

tensile membrane action activated by the tendons and reinforcement. Although RC0-0-

1.10 did not benefit from tendons, the quantity and the cross-sectional area of its through-

column reinforcement are both greater than those in PT2-2.4-0.33. This is likely the 

primary reason leading to a similar growth rate of load resistance (the slope of F-�û��curve) 

in the two specimens. This also demonstrates the considerable contribution of 

reinforcement in providing resistance at the post-punching stage. Further, RC0-0-1.10 

experienced a load drop when �û��came to 100 mm due to extensive shear failure in concrete. 

Severe spalling of concrete reduced the efficiency of the reinforcement in transmitting 

tensile forces. After that, the growth rate of load resistance was not as pronounced as in 

the initial post-punching stage. On the other hand, the force growth rate did not decrease 

in PT2-2.4-0.33. This is attributed to the fact that the efficiency of the tendons in 

transmitting tensile forces was not affected by concrete shear failure, but was mainly 

determined by the anchorage condition. Therefore, the load resistance in PT2-2.4-0.33 

could keep rising at a steady rate during the post punching stage. Moreover, at the end of 

the individual test, PT2-2.4-0.33 reached 553 kN (at �û = 84 mm) while RC0-0-1.10 went 

up to 572kN (at �û = 140 mm). 

 

The failure mechanisms of the other two PT specimens PT2-1.8-0.33 and PT2-1.2-0.33 

were similar to the reference specimen PT2-2.4-0.33. Their initial stiffnesses decreased 

slightly with reduced prestressing levels, being 35 kN/m and 30 kN/m, representing 12.5% 

and 25.0% reductions, respectively, compared to PT2-2.4-0.33. Similar to PT2-2.4-0.33, 
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flexural cracks firstly appeared at �û =13 mm and 10 mm (the corresponding F =395 kN 

and 286 kN, respectively) in PT2-1.8-0.33 and PT2-1.2-0.33, respectively, followed by 

orthogonal cracks and punching shear cracks (Fig. 4-7b and c). This indicates that the use 

of tendons delays the onset of flexural cracking. This delaying effect is evident as higher 

forces are required for crack initiation at larger displacements. Moreover, this effect is 

directly proportional to the prestressing levels; higher levels of prestress result in a greater 

delay of crack initiation. The load resistances Fp of these two specimens reached were 607 

kN and 572 kN, at �ûp = 37 mm and 41 mm, respectively, being equivalent to 7.8% and 

13.1% reductions from the reference specimen. These reductions indicated that reduced 

prestressing levels lowered the punching shear capacities. In the post-punching stage, the 

growth rates of load resistance in the three PT specimens are nearly identical. The reasons 

for this phenomenon are twofold: firstly, the quantity of through-column reinforcement 

was equal in all the PT specimens and secondly, the contribution of tendons is almost the 

same regardless of the initial prestressing level (as explained in Section 4.3.2). Due to the 

lower prestressing levels in PT2-1.8-0.33 and PT2-1.2-0.33, the tendons reached their 

predetermined terminating force of approximately 150 kN at larger displacements �û = 99 

mm and 118 mm, with corresponding load resistance of 538 kN and 552 kN, respectively. 

Further development of load resistance will be predicted numerically, as discussed in the 

next section. 

Table 4-3 Typical test phenomena. 

Typical 

phenomenon 

PT2-2.4-0.33 PT2-1.8-0.33 PT2-1.2-0.33 RC0-0-1.10 

F (kN) �' ����mm���� F (kN) �' ����mm�� F (kN) �' ����mm�� F (kN)�� �' ����mm����

Initial cracks 476 15 395 13 286 10 107 7 

Punching failure 658 42 607 37 572 41 577 51 

End of test 553 84 538 99 552 118 572 140 
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(a) PT2-2.4-0.33 

 

(b) PT2-1.8-0.33 

 

(c) PT2-1.2-0.33 

 

(d) RC0-0-1.10 

 Fig. 4-7. Crack patterns on slab top surface. 
 

4.3.2 Force development in prestressing tendons 

Fig. 4-8 and Table 4-4 present the detailed results of force development in the prestressing 

tendons. Note that the tendons situated near the slab-boundary beam interface had 

minimal involvement in the load-carrying process, as almost no change in tendon forces 

was observed during the column stub loading phase. Hence, they are excluded from 

presentation. On the other hand, only the tendons in the upper layer (labelled as UT) and 

lower layer (labelled as LT) within a quarter of the slab area are displayed and analysed 

due to symmetry. These include the through-column tendons (UT1/LT1), the ones in the 

close vicinity of the column stub (UT2/LT2), and those near the circular punching shear 

crack rings (UT3/LT3), as shown in Fig. 4-2b. The tendon force development in the 

reference specimen PT2-2.4-0.33 is illustrated in Fig. 4-8 as a typical example because 

similar trends were observed among all the PT specimens. The forces in all tendons 

remained almost constant in the initial column stub loading phase (up to �'  = 10 mm). 

This phenomenon is consistent with the findings in Smith and Burns (1974) and Carvalho 

et al’s (2011). After that, tendon forces increased linearly until the specimen suffered 

punching shear failure. This development pattern indicates that all tendons within the 

punching cone contributed almost equally to the punching shear capacity. In the post-

punching stage, tendons UT3/LT3, being away from the punching cone, disengaged from 
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the load-resisting action, and subsequently their force increase was very limited until the 

end of the test. The force in tendon LT2 had an initial increase when the column stub 

remained connected with the punching cone. The detachment of column stub then caused 

a sharp drop in tendon force in LT2, which could not be recovered afterwards. For the 

upper layer tendon UT2, diagonal-symmetrically positioned as LT2, such a force drop 

was absent but the force kept rising until the end of the tests. This is because these non-

through-column tendons at the lower layer, although no longer active in resisting load, 

remained well anchored in the boundary beams, which acted as a ‘support’ to the upper 

layer tendons (Fig. 4-9). UT2, together with UT1 and LT1, formed a mechanically 

interlocked cantilever during the post-punching stage, which is the major load resisting 

mechanism (Bondy, 2012). At the same displacement, the force in UT2 was smaller than 

that in UT1 and LT1, implying smaller contribution of UT2 than UT1 and LT1.  
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(a) PT2-2.4-0.33 (b) PT2-1.8-0.33 

 

 

(c) PT2-1.2-0.33 

Fig. 4-8. Tendon force development. 
 

 

Fig. 4-9. Tendon status at early stage of post-punching. 
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Table 4-4 Force development in tendons. 

Specimen Tendon 
Prestressing 

level (kN) 

At punching failure  After punching failure*  

TFpunching  

(kN) 
 

TFre-rising 

(kN) 

TF�' =84mm 

(kN) 

TF 

Increase 

(kN) 

PT2-2.4-0.33 

UT1 

96 

131  121 160 39 

UT2 131  117 152 35 

UT3 131     

LT1 130  119 158 39 

LT2 128     

LT3 124     

 Total  775    113 

PT2-1.8-0.33 

UT1 

72 

103  101 146 45 

UT2 99  92 120 28 

UT3 99     

LT1 100  95 135 40 

LT2 100     

LT3 91     

 Total  592    113 

PT2-1.2-0.33 

UT1 

48 

83  78 122 44 

UT2 78  72 98 26 

UT3 76     

LT1 81  74 111 27 

LT2 75     

LT3 72     

 Total  465    107 

Note: ‘TFpunching’ and ‘TF�' =84mm’ ‘TF re-rising’ represent tendon forces measured at punching 
shear failure, at the point where force is going to re-rise and at �'  = 84mm, respectively. 
‘TF increase’ refers to increased amount of tendon force from TFre-rising. *Only tendon 
forces making major contributions after punching failure are presented. 
 

Increased prestressing levels enhanced the role of tendons in contributing to the punching 

shear capacity. This is reflected by the sum of the contributing tendon forces (UT1, LT1, 

UT2, LT2, UT3 and LT3) at punching shear failure. Higher prestressing levels led to a 

larger sum of tendon force, implying more contribution to punching shear capacity. 

Specifically, the sum of tendon force for PT2-2.4-0.33 was 775 kN, while for PT2-1.8-
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0.33 and PT2-1.2-0.33, they were 592 kN and 465 kN, respectively. In the post punching 

stage, tensile forces were mainly transmitted through the major contributing tendons 

(UT1, LT1 and UT2), and therefore the sum of force increase of these tendons from where 

the tendon forces re-ascend (Fig. 4-8) can well reflect the growth rate of F. For instance, 

at �û = 84 mm, the total force increases for PT2-2.4-0.33, PT2-1.8-0.33 and PT2-1.2-0.33 

were 113 kN, 113 kN and 107 kN, respectively. As a result, the load resistances of the 

three PT specimens showed a similar growth rate during the post-punching stage as noted 

in the tests. It is worth mentioning that the tendon forces in a real structure may develop 

much slower than those in the PT SCJ tests. This is because the tendons in the PT SCJs 

are much shorter in length than in real structures, resulting in a larger slab deformation 

under the same load level. In other words, if punching shear failure occurs at the same 

displacement in the prototype structure, the contribution of tendons would be smaller than 

that in the PT SCJ tests. 

 

4.3.3 Strain development in reinforcement  

The failure mechanisms of the specimens can be further explored through the analysis of 

strain development in reinforcement. Extreme mechanical behaviours such as extensive 

concrete cracks in the large deformation stage may lead to damage to strain gauges. 

Therefore, only valid data were presented, and the corresponding strain gauge locations 

can be referred to Figs. 4-2 and 4-4. A similar strain development trend was found in all 

the PT specimens. As such, the reference specimen PT2-2.4-0.33 is taken for discussion 

as a representative case. In the initial stage of the column loading phase, the IRs (PB1 and 

PB2) were in tension, while the FRs (PT1) were in compression. The initial sagging of the 

slab was caused by pre-tensioning of the tendons. The strain reversal took place when the 
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upward load counter-balanced the initial sagging at �û = 10 mm, where the IRs were 

changed to compression and the FRs became in tension, until the specimen underwent 

punching shear failure at �û = 42 mm. Further transition of IRs from compression to tension 

signified the commencement of the suspension stage, during which only the through-

column reinforcement was able to transfer the load. As seen in Fig. 4-10, the stress in the 

through-column reinforcement (PT1 and PB1) continued to increase during the suspension 

stage, while the remaining reinforcement (PB2) contributed little to the overall load 

resistance. 

 
 

Fig. 4-10. Strain development of PT1, PB1 and PB2 in PT2-2.4-0.33. 

 

Stress concentrations in all the PT specimens were mainly reflected in two aspects (Fig. 

4-11). Firstly (Fig. 4-11a), in the flexural stage, higher stress was borne by the through-

column reinforcement (PT1) and those near the punching shear section (PT5), leading to 

relatively lower stress in PT4 in between PT1 and PT5. On the contrary, the RC specimen 

exhibited a more uniform stress distribution among all the reinforcement (RT1, RT4, RT5) 

within the punching shear section. This also explains why cracks at the slab top in the PT 

specimens were primarily clustered orthogonally, whereas the radial cracks in the RC 
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specimen were evenly distributed. Secondly (Fig. 4-11b), the through-column 

reinforcement in the PT specimens only yielded near the column stub (PT1), while the 

strains in other locations (PT2, PT3) were minimal. In contrast, the reinforcement in the 

RC specimen yielded not only near the column stub (RT1) and but also in the vicinity of 

the punching shear cracks (RT2). 

 

 

 
(a) Reinforcement within punching shear section  (b) Through-column reinforcement 

Fig. 4-11. Strain comparison between PT2-2.4-0.33 and RC0-0-1.10. 

4.4 Numerical simulation 

As described above, the experimental tests only progressed to the early stage of post-

punching for safety reasons. To demonstrate the entire failure process until material 

failures and a significant loss of post-punching strength, numerical simulation was 

performed. The commercial software LS-DYNA (2015) was employed to build high-

fidelity 3D finite element models. This software has been successfully used for simulating 

post-punching behaviour of RC slab-column joints (Diao et al., 2021a, 2021b; Wang et 

al., 2023; Y. Yang et al., 2021) and substructures(Yang et al., 2023; Z. Yang et al., 2022). 

All the components of test specimens including concrete, reinforcement and tendons were 

explicit modelled with their actual sizes and positions. The models, validated against the 

experimental results, were used for further parametric studies. 
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4.4.1 Modelling approach 

 Element selection 

The geometrical display of a post-tensioned (PT) SCJ model is presented in Fig. 4-12. The 

concrete slab, boundary beams, column were modelled by eight-node 3D constant stress 

solid Lagrangian elements with a reduced integration algorithm. To counteract any 

potential excessive distortion of the element due to high-stress concentrations, viscous 

hourglass control (TYPE 1) with a coefficient of 0.1 was applied. The element used to 

simulate the embedded reinforcement and tendons was two-node 1D Hughes-Liu beam 

element with 2×2 Gauss quadrature integration. To find the proper size of the elements, a 

mesh sensitivity test was conducted based on our previous research (Xue et al., 2021, 

2020) . As a result, the solid elements were of 13 mm to 17.5 mm in size, while beam 

elements ranged from 18 mm to 20 mm. By the virtue of symmetry, only a quarter of a 

specimen was built with appropriate boundary restraint setting on the symmetric planes. 

 
Fig. 4-12. Numerical model establishment. 

 Material property and failure criteria  

Continuous surface cap model (*MAT_159) was adopted to simulate the concrete as it is 

able to capture several key mechanical behaviours such as pre-peak hardening, post-peak 



CHAPTER 4 

126 

softening, shear dilation, and confinement effects (Murray. 2007; Schwer and Murray, 

1994). However, using the default parameters led to a stiffer result. Further adjustments 

were subsequently applied to the parameters related to elastic modulus (bulk modulus K 

and shear modulus G) and fracture energy (tensile fracture energy Gft, compressive 

fracture energy Gfc, and shear fracture energy Gfs) based on the method proposed by Yu 

et al. (Yu et al., 2018). To reflect the characteristics of punching shear failure due to 

excessive shear stress, a strain-based failure criterion (maximum shear strain at failure, 

�Jmax) was introduced by the keyword *MAT_ADD_EROSION. An element will be 

deleted if its shear strain exceeds the pre-set values. In this way, severe cracking and 

spalling behaviour of the concrete could be well reproduced. Due to the discreteness of 

concrete materials, the determination of failure criteria of concrete required trial-and-

error experiments. 

 

An isotropic elasto-plastic material *MAT_PIECEWISE_LINEAR_PLASTICITY 

(*MAT_024) was assigned to the reinforcement. The materials utilised to define the 

prestressing tendons were keywords *MAT_PLASTIC_KINEMATIC (*MAT_003) and 

*MAT_ELASTIC_PLASTIC_THERMAL (*MAT_004) (Fig. 4-12). The first keyword 

was used to define the constitutive model. Tendons do not exhibit a distinct yield point in 

the material tests (usually the stress that corresponding to a strain of 1% is chosen (GB 

T5224, 2014)), and in engineering practice, more focus is given on the rupture strength. 

Therefore, the constitutive model of tendons can be idealised as a bilinear curve, defined 

by inputting the Young’s modulus for the elastic stage and the tangent modulus for the 

plastic stage. A popularly adopted method for applying prestressing forces is the use of 

thermal elements, as this method ensures the stability of the initial prestress (Galano et 



CHAPTER 4 

127 

al., 2023; Jiang and Chorzepa, 2015; Jiao et al., 2024; Schwer, 2016). The specified 

thermal element, as defined in the second keyword, undergoes elongation or shrinkage 

along with temperature changes, thereby inducing an equivalent prestressing effect on the 

tendons. The failure criteria for both reinforcement and tendons were maximum plastic 

strains (elongation in material tests). Because the laboratory tests were conducted under 

quasi-static loading conditions, the influence of strain rate effects on all materials was not 

considered.  

 

 Constraints and contact consideration 

The coupling action between the concrete and reinforcement/prestressing tendons was 

achieved through the keyword *CONSTRAINED_BEAM_IN_SOLID. For reinforcement, 

the coupling action was applied in both normal and axial directions. However, as the 

tendons were placed in the concrete in an unbonded manner, the concrete only provided 

restraint in the normal direction of tendons, with released restraint in the axial direction. 

In the experiments, the concrete experienced widespread cracking and spalling in the large 

deformation stage, reflected by slip between reinforcement and concrete. This mechanism 

was simulated by defining a bond-slip relationship in the 

*CONSTRAINED_BEAM_IN_SOLID, according to the formula provided in FIB (2013). 

The interaction and transfer of forces between different layers of reinforcement and 

tendons were simulated by defining the contact relationship 

*CONTACT_AUTOMATIC_GENERAL.  

 Loading scheme  

Similar to the tests, the loading scheme was also divided into two phases (prestressing 

and column stub loading) in the simulation. The keyword 
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*LOAD_THERMAL_LOAD_CURVE was used to apply a negative temperature to the 

thermal element, causing it to contract and thus inducing prestress in tendons. By utilising 

the thermoelastic properties, different temperatures could be assigned to achieve the 

desired levels of prestressing forces. The actuator in the model was simplified to a rigid 

body plate with the same area as the column stub (Fig. 4-12). The keyword 

*BOUNDARY_PRESCRIBED_MOTION_SET was used to move the rigid body 

upward thereby producing an upward force to the column stub. 

 

4.4.2 Model validation 

Validation of the numerical models was conducted in the form of Load (F) - Displacement 

(�' �� relationships, crack patterns, as well as the strain and force development in 

reinforcement and prestressing tendons. Fig. 4-13 compares the experimental and 

numerical F-�'  results. The stiffness variations during the flexural stage are accurately 

reproduced numerically. The predicted punching shear capacity (Fp
�Ã ) and the 

corresponding column stub displacement (�' p
�Ã) also closely matched the experimental 

ones (Fp, �' p), with an average deviation of 1.2% and 2.1%, respectively. Compared to the 

tests, the predicted punching shear failure resulted in a greater loss of the load resistance. 

This discrepancy arose because, a large number of concrete elements were deleted in the 

numerical models as they reached the rupture strain upon punching shear failure. In the 

tests, in contrast, even though the concrete has cracked or spalled, the aggregate 

interlocking and friction effects were still able to provide a certain level of load-resisting 

capacity. This discrepancy however did not affect the prediction outcomes of the post-
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punching stage, as the load transfer mechanism has shifted towards being dominated by 

tensile forces provided by reinforcement and tendons. Although the post-punching 

capacities were unable to be collected in the tests, the numerical prediction exhibited a 

similar growth rate of load resistance in the post-punching stage. This indicates that the 

load-resisting mechanism of the reinforcement and tendons was reasonably replicated up 

till the end of the tests and the simulation can be continued to forecast the further 

development of F and �'  during the post-punching stage. Fig. 4-14 compares the slab top 

failure patterns at the end of the experimental tests for PT2-2.4-0.33 and RC0-0-1.10. 

More orthogonally clustered cracks (represented by the effective plastic strains) in the PT 

model and more uniformly distributed radial cracks in the RC model were consistent with 

the test observations. The comparison of reinforcement strains was made on the through-

column reinforcement (PB1 and PT1) and the non-through column reinforcement (PB2) 

in the reference specimen, as depicted in Fig. 4-15a. The transition of PB1 and PT1 from 

compression to tension and the observation that PB2 withdrew from contributing to load-

resisting after punching shear failure were both confirmed. The entire process of strain 

development of through column FR (PT1) and IR (PB1) is shown in Fig. 4-15b, and it is 

found that compared with FR, IR developed a much large deformation in the post-

punching stage. The predicted strain in PB1 was higher than the experimental one because 

the rebar receives more load allocation due to excessive concrete element deletion. Fig. 

4-16 illustrates the development of the typical tendon forces in all the PT models, which 
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reasonably match the test results (Fig. 4-8). The proposed 3D FE models were therefore 

validated and could be utilised for in-depth parametric analyses. 

  

(a) PT2-2.4-0.33 (b) PT2-1.8-0.33 

  

(c) PT2-1.2-0.33 (d) RC0-0-1.10 
 

Fig. 4-13.Validation of load-displacement relationships. 

Note: ‘Exp’ and ‘Num’ represent experimental and numerical results, respectively. 
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Fig. 4-14. Validation of crack patterns. 

 

  

(a) Validation (b) Entire process 

 

 

 

Fig. 4-15. Validation and entire process of strain development in PT2-2.4-0.33. 
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(a) UT1 (b) LT1 

 

(c) UT2 
 

Fig. 4-16. Validation of tendon forces in three PT models. 

 

4.4.3 Effect of prestressing levels 

The effect of prestressing levels on the post-punching performance is examined in two 

aspects: first is focussed on the higher post-punching capacity of the PT models than the 

RC one, and second, on the minor impact of different initial prestressing forces in the PT 

models. 

 

Firstly, Fig. 4-13 indicates that the predicted growth rate of load resistance of the RC 

model during the early stage of post-punching was comparable to that of the PT 

counterparts. The post-punching capacity (Fpp
�Ã) of RC0-0-1.10 was 734 kN, being 9.5% 
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lower than that of PT2-2.4-0.33 (811 kN). As �û increased, peeling off of concrete 

deteriorated the reinforcement anchorage condition which reduced their ability in 

transmitting tensile forces. As a result, a notable decline in the growth rate was observed 

in RC0-0-1.10 and no further load increase after reaching its post-punching capacity. 

Conversely, the anchorage condition of unbonded tendons was unaffected by the concrete 

spalling. As such, the load in PT2-2.4-0.33 maintained an almost consistent growth rate 

during the post-punching stage until the lower layer through-column tendon (LT1) was 

ruptured, signified by a sudden drop in load. Whereas, the load drop in RC0-0-1.10 was 

more gradual due to the relatively ductile failure of the reinforcement anchorage. Note that 

unruptured tendons were still able to transfer tensile forces after post-punching failure, 

represented by a load increase again until the large deformation stage when �'  = 250mm 

(Figs. 13a, b, c). Afterwards, the F-�û response became less practically meaningful. To this 

end, the PT models have proven to exhibit continuously increased load resistance in the 

post-punching stage with higher Fpp
�Ã, which provided a strong line of defence against 

progressive collapse. 

 

Secondly, referring to Fig. 4-13 again, the post-punching capacity Fpp
�Ã of PT2-1.8-0.33 

and PT2-1.2-0.33 was 844 kN and 869 kN, respectively, representing a small increase 

(4.1% and 7.1%) compared to PT2-2.4-0.33. This is because the corresponding post-

punching displacements �' pp
�Ã were increased with lower prestressing levels. It is noted in 

Figs. 13a, b, c that the numerically predicted growth rates of load resistance in all the 

three PT specimens were similar, further validating those recorded experimentally. Such 

a similarity can be explained by the similar growth rates of tendon forces (UT1, LT1 and 

UT2 in Fig. 4-16) in all the PT models, regardless of the initial prestressing levels. Further, 
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for all the PT models, the forces in through-column tendons (UT1 and LT1) remained 

almost constant levels (about 240 kN) after reaching their ultimate strength. For non-

through-column tendons (UT2), similar maximum tendon forces (Fig. 4-16c) 

corresponding to the rupture of LT1 (Fig. 4-16b) were also found in all the PT models. 

This explains why the post-punching capacity is insensitive to the prestressing level. 

 

4.4.4 Effect of rupture strains of tendons and reinforcement – a parametric study 

To further explore the effect of the rupture strains of prestressing tendons (�Hp) and 

reinforcement (�Hr) on the post-punching performance of the PT SCJ models, a parametric 

study was conducted based on PT2-2.4-0.33 model by varying its rupture strain values. 

According to the Australian Standards (AS/NZS 4672, 2007), the minimum �Hp and �Hr 

should be no less than 0.035 and 0.05, respectively. Given the measured values of 0.045 

and 0.20 (i.e., el in Table 4-2), the variations of �Hp and �Hr were therefore set as 

0.035/0.045/0.055 and 0.05/0.20/0.35, respectively. Different combinations of �Hp and �Hr 

results in nine models and their F-�û responses are shown in Fig. 4-17. 

 

As tendons serve as the major tensile force transfer element in the post-punching stage, 

the post-punching capacity of each model was determined by the rupture of tendons, �Hp. 

Higher �Hp yields higher post-punching capacities (Fig. 4-17). When �Hp = 0.035 (Fig. 4-17a), 

the post-punching capacities of the three respective models fell below their corresponding 

punching shear capacities. This is because premature failure of LT1 (Fig. 4-18a) occurred 

before reaching its ultimate strength of 240 kN, as predicted numerically. 

 



CHAPTER 4 

135 

The contribution of reinforcement lies in 1) providing additional load-resisting capacity 

and 2) offering large deformation capacity. In Fig. 4-17, compared to models with �Hr = 

0.20 and �Hr = 0.35, the average post-punching capacity of the models with �Hr = 0.05 was 

reduced by 21.0% and 26.8%, respectively. When �Hr = 0.20, the reinforcement in the three 

respective models did not rupture before reaching their corresponding post-punching 

capacities. Higher �Hr resulted in larger deformation capacity and therefore, the models 

with �Hr = 0.35 could achieve the highest post-punching capacity. When �Hr is low (i.e., �Hr = 

0.05), the through-column IRs ruptured prematurely in the early stage of post-punching 

for all the three models (Fig. 4-17), thus failing to provide load-resisting capacity and 

weakening its role in coordinating the deformation of tendons. As a typical example for 

�Hp = 0.035, shown in Fig. 4-18b, the strain in tendon LT1 developed rapidly after the 

rupture of through-column IRs, leading to an earlier rupture of LT1 than models with �Hr 

= 0.20 and 0.35.  
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(a) Models with �Hp =0.035 (b) Models with �Hp =0.045 

 

(c) Models with �Hp =0.055 
 

Fig. 4-17. Parametric studies on rupture strain. 
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(a) LT1 force development (b) LT1 strain development 
 

Fig. 4-18. Force and strain development in LT1 of models with �Hp = 0.035. 
 

4.5 Conclusion 

This paper experimentally and numerically examines the influence of prestressing levels 

and rupture strains of tendons and reinforcement on the punching shear and post-punching 

behaviours of post-tensioned (PT) and reinforced concrete slab-column joints (SCJs). 

Given below are the main conclusions: 

 

1) The complete failure process of SCJs is manifested by the flexural, punching failure 

and post-punching (suspension) stages. In the flexural stage, the applied load is mainly 

resisted by the concrete, reinforcement and tendons together, while in the post-punching 

stage, the load resistance is largely provided by the through-column reinforcement and 

tendons (UT1 and LT1) and the tendon (UT2) near the column stub. 

 

2) The punching shear capacity of SCJs can be enhanced through post-tensioning. In 

comparison to the RC specimen, the PT specimens show an increased capacity of up to 

14.0%, whereas they failed earlier in punching shear failure. Furthermore, PT specimens 

with a higher prestressing level achieve a higher punching shear capacity. It is noted that 
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14.0% increase in the capacity of PT specimens was a result of the local deformation of 

the tendons in the SCJ tests. It should be recognised that the tendons in the specimens are 

much smaller in length than in the real structure. If punching shear failure occurs at the 

same displacement in a real structure, the tendons may contribute less to the punching 

shear capacities than in the SCJ tests. 

 

3) The post-punching behaviours of SCJs benefit from the tendons as well. Compared 

to the RC model, the PT models exhibit an increased post-punching capacity and 

demonstrate an ability to sustain further increased load after reaching the post-punching 

capacity. The prestressing level has proven to have a minor influence on the post-

punching capacity. 

 

4) The maximum load resistance in the post-punching stage is reached when the lower 

layer through-column tendons ruptured. Models with higher rupture strain of tendons can 

develop a greater post-punching capacity. Earlier rupture of reinforcement lead to 

premature rupture of the through-column tendons. 

 

The future work involves conducting extensive parametric analyses using our validated 

model to develop an analytical model for predicting the punching and post-punching 

shear capacities of PT SCJs. In addition, multi-span substructure tests are also essential 

for replicating the continuity of tendons as in the prototype structure. The findings from 

these further studies will be crucial for establishing rational numerical models of 

substructures and entire structures, enabling a comprehensive analysis of the robustness 

of post-tensioned concrete flat plate structures. 
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CHAPTER 5 

5PUNCHING AND POST-PUNCHING 

PERFORMANCES OF POST-TENSIONED FLAT 

PLATE SLAB-COLUMN JOINTS INFLUENCED BY 

REINFORCEMENT AND TENDON 

CONFIGURATIONS  

5.1 Introductory remarks  

It was concluded in Chapter 4 that prestressing tendons and reinforcement passing 

through or around the column predominantly contribute to the punching shear and post-

punching capacities of the slab-column joints (SCJs). The magnitude of such 

contributions depends on the prestressing level and the quantity of the tendons and 

reinforcement. In engineering practice, beyond merely meeting the strength requirement 

for bearing the design load, construction cost (particularly steel usage in this context) is 

also a crucial consideration. This raises a research question: For the PT SCJs considered 

in this study, how can tendons and reinforcement be rationally configured to attain the 

utmost progressive collapse resistance (in terms of punching shear and post-punching 

capacities) in the most economical manner possible? 
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Given that the SCJs must first satisfy the normal service load conditions, particularly the 

flexural capacity requirements, any design for progressive collapse should not 

compromise this capacity. Therefore, the series of studies presented in this chapter aims 

to investigate how different configurations of reinforcement and tendons influence the 

punching shear and post-punching performances of the SCJs while maintaining the same 

level of nominal flexural capacity. This series included five specimens which were tested 

until reaching the large deformation stage. Amongst the five, the RC (non-PT) specimen 

and the reference PT specimen are the same as those in Chapter 4, and the other three are 

new PT specimens. The load-displacement curves and the lateral displacements of the 

specimens, the tendon forces and the reinforcement strain developments were examined 

in detail for the purpose of comparison between the five specimens. Numerical 

simulations were performed to replicate the mechanical behaviours of the specimens 

during the tests. From a design perspective, the nominal flexural capacity can be 

controlled by adjusting reinforcement and tendon ratios (steel consumption) and 

prestressing level. Therefore, these three parameters are the variables considered in the 

parametric studies to determine the most rational configuration of reinforcement and 

tendons in SCJs for achieving the highest punching shear and post-punching capacities 

with the most economical steel consumption. The punching shear capacities of three new 

specimens, including those presented in Chapter 4, were predicted by using relevant 

building codes. In addition, a theoretical framework for predicting the post-punching 

capacities of the SCJs was proposed. 
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5.2 Experimental program 

Details of the prototype structure of the specimens have been presented in Section 4.2 of 

Chapter 4, therefore are not reproduced herein. This series of study includes five test 

specimens: four post-tensioned (PT) and one non-PT specimens. The term ‘configuration’ 

refers to the attributes of tendons and reinforcement, such as the prestressing level, the 

reinforcement ratio, the tendon distribution (i.e., the number of tendons passing through 

the column), and the inclusion or exclusion of tendons. In this series, the control 

parameter is the nominal flexural capacity of the specimens. For the integrity of the 

presentation, relevant information of the reference PT and RC (non-PT) specimens as 

described in Chapter 4 are replicated again in this chapter. 

 

5.2.1 Reference specimen PT2-2.4-0.33 

The reference specimen PT2-2.4-0.33 is a scaled-down version of the SCJ prototype 

structure at a ratio of 0.79:1 (specimen to prototype). Fig. 5-1 and Table 5-1 present the 

details of the dimensions and the reinforcement and tendon configurations for all the 

specimens in this series of study. The slab size of the reference specimen is 2000 mm × 

2000 mm, with a thickness of 160 mm and a concrete cover of 16 mm. The column size 

is 360 mm × 360 mm. The reference specimen was cast using concrete with a nominal 

strength of 32 MPa. The top flexural reinforcement (FR) and the bottom integrity 

reinforcement (IR) in each direction of the slab consist of 8 and 12 hot-rolled ribbed bars, 

respectively, each with a diameter of 12 mm and a nominal yield strength of 400 MPa. 

As shown in Fig. 5-1a, the FRs are concentrated within 300 mm from the four column 

faces, while the IRs are uniformly distributed at the bottom of the slab. 
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(a) All PT specimens (b) All PT specimens (excluding PT4-2.4-0.33) 

 
 

(c) PT4-2.4-0.33 (d) RC0-0-1.10 

Fig. 5-1. Dimension details and reinforcement and tendons arrangement (units in mm). 
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Table 5-1 Reinforcement and tendon configuration details in five specimens. 

Note: *Refer to Fig. 5-1 for the zone numberings. 

 

As seen in Fig. 5-1b, a total of eight tendons are placed in the orthogonal directions of the 

slab, with two passing through the column at a 100 mm spacing. The remaining six 

tendons uniformly spaced at 270 mm are outside the column. The tendons are arranged 

in a parabolic pattern within the slab, corresponding to the bending moment diagram of 

the prototype structure under a uniformly distributed load. Each tendon contains one set 

of 12.7 mm diameter 7-wire ordinary strands (7WOS) with a nominal yield strength of 

1860 MPa. In the experimental test, each tendon was subjected to a prestressing force of 

96 kN (975 MPa) to achieve a prestressing level (compressive stress on the concrete 

cross-section imposed by prestressing tendons, �Vcp) of 2.4 MPa, as in the prototype 

structure. The properties of the concrete, reinforcement and tendon materials are 

summarised in Table 5-2.  

Specimen Type 
Diameter 

(mm) 

Reinforcement/tendon 

ratio (%) 
Zones* 

Spacing 

(mm) 

PT2-2.4-0.33 
FR 12 0.33 I 100 
IR 12 0.49 II  160 

Tendon 12.7 0.29 VI  270 

PT2-1.8-0.45 
FR 14 0.45 I 100 
IR 14 0.67 II  160 

Tendon 12.7 0.29 VI  270 

PT2-1.2-0.58 
FR 16 0.58 I 100 
IR 16 0.88 II  160 

Tendon 12.7 0.29 VI  270 

RC0-0-1.10 
FR 16 1.10 III  140 

IR 16 1.32 V 66.7 
IV 120 

PT4-2.4-0.33 

FR 12 0.33 I 100 
IR 12 0.49 II  120 

Tendon 12.7 0.29 VII  370 
VIII  50 
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Table 5-2 Material properties. 

 Type and Dia 

(mm) 
fy (MPa) As (mm2) fu (MPa) Es (GPa) el (%) 

Reinforcement 

R12 417 113.0 575 191 20.0 

R14 409 153.9 565 195 14.7 

R16 467 201.0 618 195 13.5 

Tendons 7WOS12.7 1817 98.5 2406 198 4.5 

 

Concrete 
Specimen PT2-2.4-0.33 PT2-1.8-0.45 PT2-1.2-0.58 RC0-0-1.10 PT4-2.4-0.33 

f�•c (MPa) 44.6 32.5 31.0 41.6 45.0 

Note: ‘R’ denotes hot-rolled ribbed bar. ‘fy’, ‘As’  ‘ fu’,  ‘Es’ and ‘el’ are actual measured 

yield strength, sectional area, ultimate strength, elastic modulus and elongation of 

reinforcement, respectively. ‘f’ c’ is concrete strength measured on the testing day. The 

yield strength of a tendon is taken when the strain of 1% has been reached. 

 

Also indicated in Fig. 5-1 are the boundary beams being set at the four edges of the slab 

to simulate the continuity of the specimens in a real structure. These beams serve three 

purposes: first, to apply in-plane restraints, which can help activate the compressive 

membrane mechanism in the flexural stage; second, to create sufficient anchorage 

conditions for the reinforcement, allowing the specimens to develop a tensile membrane 

mechanism in the large deformation stage; and third, to reduce the influence of stress 

concentrations caused by anchoring the tendons on the slab edges. Note that the three new 

specimens have the same boundary beam design as those detailed in Chapter 4. 

Specifically, in Fig. 5-1a, the bottom reinforcement is bent up when entering the boundary 

beam, aligning with the ends of the top reinforcement. This results in a lack of tension 

reinforcement in the slab bottom, causing instantaneous cracks at the slab-boundary beam 

interface when the specimen undergoes significant deformation. Consequently, the 

rotational constraint is released at the interface. This resembles the actual connectivity 
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between the SCJ and the surrounding slab in the prototype structure, where the edges of 

the SCJ are aligned with the contraflexural lines of the prototype slab. 

 

5.2.2 PT specimens with different reinforcement and tendon configurations 

The flexural capacity of the negative moment region of PT SCJs is determined by the 

amount of FRs and tendons (reinforcement and tendon ratios) and the prestressing level. 

Three PT SCJs specimens were tested, including PT2-1.8-0.45, PT2-1.2-0.58 and PT4-

2.4-0.33. The designations of these specimens are the same as the reference specimen 

PT2-2.4-0.33, described in Section 4.2. The two PT2 specimens were used to examine 

the influence of concurrently varying the prestressing level and reinforcement ratio on the 

SCJ responses, whereas the PT4 specimen was tested to evaluate the impact of the tendon 

layout. 

 

Specimens PT2-1.8-0.45 and PT2-1.2-0.58 were designed with lower prestressing levels 

than PT2-2.4-0.33 while maintaining a constant tendon ratio. As a result, the 

reinforcement ratio of the FR was increased to achieve the same level of flexural capacity 

as the reference specimen. Specifically, the prestressing forces applied to each tendon in 

PT2-1.8-0.45 and PT2-1.2-0.58 are 72 and 48 kN (730 and 487 MPa), respectively, to 

achieve the corresponding prestressing levels of 1.8 and 1.2 MPa. In addition, the quantity, 

profile, material properties and distribution layout of tendons of PT2-1.8-0.45 and PT2-

1.2-0.58 are consistent with those of the reference specimen. As the prestressing levels of 

these two specimens were lowered, the reinforcement ratios were increased to 0.45% and 

0.58% to achieve the same level of flexural capacity. The increased reinforcement ratios 

were achieved by using larger diameter bars. The 14 mm hot-rolled ribbed bars with a 
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nominal yield strength of 400 MPa were utilised in PT2-1.8-0.45, whereas the 16 mm 

hot-rolled ribbed bars with a nominal yield strength of 400 MPa were employed in PT2-

1.2-0.58. By doing so, the reinforcement layout of these two specimens could be kept the 

same as the reference specimen to eliminate any potential influence caused by the 

reinforcement distribution on the slab performance. These two specimens were not cast 

in the same batch as the reference specimen. Although commercial concrete of the same 

strength was used for the reference specimen as well as for PT2-1.8-0.45 and PT2-1.2-

0.58, differences in concrete strengths between the two batches were observed due to the 

inherent discreteness of the concrete material. 

 

PT4-2.4-0.33 was designed to investigate the influence of the distribution layout of 

tendons. Theoretically, the position of the tendons within the column strip does not affect 

the section’s flexural capacity. Unlike the reference specimen, PT4-2.4-0.33 features 

twice the number of through-column tendons (four in each orthogonal direction), with 

tendons spaced 50 mm apart within the column region and 370 mm apart outside the 

column area (Fig. 5-1c). Other design aspects of PT4-2.4-0.33 are identical to the 

reference specimen PT2-2.4-0.33. 

 

5.2.3 Non-PT specimen 

As described in Section 4.2, RC0-0-1.10 is a non-PT specimen with zero prestressing 

level. Its reinforcement ratio is further increased to 1.10% to maintain a same level of 

flexural capacity. This specimen is reinforced with 16 mm hot-rolled ribbed bars with a 

nominal yield strength of 400 MPa. As shown in Fig. 5-1d, the reinforcement is uniformly 
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distributed at the top and bottom of the slab. The boundary beams are identical to those 

of the PT specimens.  

 

5.2.4 Test setup 

The specimens discussed in this chapter share the same test setups, measurement 

approaches, and loading procedures as those in Chapter 4, which are briefly described as 

follows: a typical specimen is fixed on four steel stands, which are anchored to the strong 

floor to provide sufficient rigidity. An actuator is placed directly below the column stub 

to apply a continuous upward force until reaching the large deformation stage. The 

loading scheme is divided into two phases. The first phase involves the tensioning of 

tendons, where all tendons are sequentially stressed to their target values. The second 

phase consists of quasi-static loading on the column stub by the actuator, with a loading 

rate of 2.5 mm per step before punching shear failure occurred and 5 mm per step 

afterwards, during which typical test phenomena were observed and recorded. Key data, 

such as the load-displacement responses (reaction force versus vertical displacement at 

the column stub) and failure modes, the tendon force and the reinforcement strain 

developments, and the lateral displacements of the boundary beams, were recorded. The 

test was terminated when any tendon force reached approximately 150 kN for safety 

reasons. 

 

5.3 Experimental results 

5.3.1 Load-displacement responses and failure modes 

The load (column stub reaction force, F)-displacement (column stub vertical 

displacement, �' ) curves of the five specimens are shown in Fig. 5-2. The entire failure 
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process for all the specimens is represented by flexural behaviour, punching shear failure, 

and post-punching stages. In the flexural stage, the applied load was mainly resisted by 

the reinforcement, concrete, and prestressing tendons (for PT specimens). The crack 

developments in all PT specimens during this stage were essentially the same, with two 

types of cracks forming: flexural cracks (red lines in Fig. 5-3) and circular cracks (blue 

lines in Fig. 5-3). Flexural cracks first appeared perpendicularly to the column edges and 

gradually extended towards the boundary beams. These flexural cracks were orthogonally 

oriented over a band width of about 400 mm due to stress concentration caused by the 

prestressing effect of the through-column tendons. 

 

Fig. 5-2. Load-displacement curves of the specimens. 
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(a) PT2-2.4-0.33 (onset of punching) (b) PT2-2.4-0.33 (end of the test) 

  
(c) PT2-1.8-0.45 (onset of punching) (d) PT2-1.8-0.45 (end of the test) 

  
(e) PT2-1.2-0.58 (onset of punching) (f) PT2-1.2-0.58 (end of the test) 

  
(g) PT4-2.4-0.33 (onset of punching) (h) PT4-2.4-0.33 (end of the test) 

  
(i) RC0-0-1.10 (onset of punching) (j) RC0-0-1.10 (end of the test) 

Fig. 5-3. Crack patterns and final failure modes on the slab top surface. 
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As observed in the experiments, the reference specimen PT2-2.4-0.33 had its flexural 

cracks first appeared at a vertical displacement �'  = 15 mm. These cracks appeared at 

slightly higher �' s of 16 mm and 18 mm in PT2-1.8-0.45 and PT2-1.2-0.58, respectively, 

as their prestressing levels and hence the stress concentrations are lower. On the other 

hand, the first flexural cracks in PT4-2.4-0.33 occurred at a smaller �'  of 12 mm due to 

the larger quantity of tendons passing through the column. In RC0-0-1.10, which 

contained a substantial quantity of large diameter reinforcement, significant stress 

concentration caused by more through-column reinforcement resulted in the first flexural 

cracks appearing much earlier at �'  =7 mm. 

 

As the displacement increased, cracks at the bottom of the slab gradually penetrated the 

slab cross-section, forming a circular crack at the top. The formation of this circular crack 

indicated that punching failure was imminent, and the specimen was about to enter the 

punching shear failure stage. Consequently, the circular crack at the top of the slab was 

also referred to as a punching shear crack. 

 

Referring to Fig. 5-2, before punching shear failure occurred, the maximum load-resisting 

capacity (Fp) that the reference specimen PT2-2.4-0.33 could reach was 658 kN at a 

displacement (�' p) of 42 mm. In contrast, the magnitudes of Fp of PT2-1.8-0.45 and PT2-

1.2-0.58 were 558 kN and 587 kN at �' s of 28 mm and 36 mm, respectively, representing 

a corresponding reduction of 15.2% and 10.8% compared with the reference specimen. 

The values of Fp and �' p of PT4-2.4-0.33 were very close to those of the reference 

specimen, being 665 kN and 45 mm, respectively. In the non-PT specimen RC0-0-1.10, 

punching failure occurred the latest, reaching an Fp of 577 kN, which was 12.3% lower 
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than that of the reference specimen. These results suggest that the prestressing level 

significantly influenced the punching shear capacities of the PT SCJs. Specimens PT2-

1.8-0.45 and PT2-1.2-0.58, which maintained the same level of flexural capacity as the 

reference specimen by increasing the reinforcement ratios with lowered prestressing 

levels, showed a decrease in the punching shear capacity. This trend also appeared in the 

non-PT specimen with the highest reinforcement ratio. The lower Fp of PT2-1.8-0.45 and 

PT2-1.2-0.58 could also be attributed to their lower concrete strengths. This issue will be 

further discussed in Section 5.4 based on the validated numerical models. Changing the 

layout of the tendons in PT4-2.4-0.33 had almost no effect on the punching shear 

performance, as its load-displacement curve nearly coincided with that of the reference 

specimen during the flexural and punching shear failure stages. 

 

During the punching failure stage, the punching cone separated from the slab with a loud 

noise, resulting in a sharp drop in the load F. Specifically, F of the reference specimen 

decreased by 356 kN, representing a reduction of 54.1%. The F values in PT2-1.8-0.45 

and PT2-1.2-0.58 decreased by 276 kN and 304 kN, respectively, representing a 

corresponding reduction of 49.5% and 51.8%. PT4-2.4-0.33 exhibited a reduction of 

48.8%, indicating a decrease of 340 kN. Meanwhile, the non-PT specimen exhibited the 

smallest amount of reduction by 245 kN, which was 42.4% reduction. The loss in F due 

to punching shear failure was governed by the combined cross-sectional area of the 

through-column reinforcement and tendons. The larger the area is, the smaller the 

reduction in the load-bearing capacity. 

 
After the load drop due to punching shear failure, F was reascended again due to the 

tensile membrane action in the post-punching stage. Same as outlined in Chapter 4, the 
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tests were terminated when the force in any tendon (termed as terminating force) reached 

approximately 150 kN for safety reasons. At this point, the specimens had not reached 

their ultimate strengths in the post-punching stage. Specimens with higher prestressing 

levels, i.e., PT2-2.4-0.33 and PT4-2.4-0.33, were the first to reach the terminating force, 

with their tests ending at �' s around 80 mm. Tests for PT2-1.8-0.45 and PT2-1.2-0.58 

were terminated at �' s around 120 mm. The final failure modes are shown in Fig. 5-3. The 

concrete cover at the top of the slab had mostly damaged in the form of concrete spalling. 

Further load-displacement development of all the specimens in the post-punching stage 

will be supplemented by the numerical simulations presented in Section 5.4. The typical 

phenomena observed during the tests, with their corresponding Fs and �' s, are summarised 

in Table 5-3. 

 
Table 5-3 Typical phenomena observed during the tests. 

 

Typical 
phenomenon 

PT2-2.4-0.33 PT2-1.8-0.45 PT2-1.2-0.58 PT4-2.4-0.33 RC0-0-1.10 

F 
(kN) 

�' ��������
��mm����

F 
(kN) 

�' ������
��mm�� 

F 
(kN) 

�' ������
��mm����

F 
(kN)��

�' ������
��mm����

F 
(kN)��

�' ��
��mm����

Initial cracks 476 15 464 16 382 18 402 12 123 7 

Punching failure 658 42 558 28 587 36 665 45 577 51 

End of the test 553 84 698 130 689 110 558 71 572 140 

 
 
5.3.2 Tendon force development  

Fig. 5-4 presents that the axial force development in the prestressing tendons and their 

contribution to the load F before and after punching shear failure. The tendons in the 

upper and lower layer are labelled as UT and LT (Figs. 5-1b and c), respectively. These 

tendons include those passing through the column (UT1/LT1), near the column stub 

(UT2/LT2) and near the punching shear cone (UT3/LT3). The exact positions of those 

tendons can be referred to Fig. 5-1. 
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Changing the prestressing levels, the reinforcement ratios, and the arrangement of 

tendons did not significantly alter the overall trend of tendon force development. Using 

the reference specimen as an example (Fig. 5-4a), the forces in all tendons did not 

significantly change before �'  reached 10 mm in the flexural stage and then almost linearly 

increased until punching shear failure occurred. In the post-punching stage, tendons UT3 

and LT3, being furthest from the column, exerted minimal contributions to the post-

punching capacity. LT2 played a certain role in resisting the load during the early post-

punching stage. However, as �'  increased, the concrete surrounding the column stub 

crushed, causing LT2 to lose its support and cease its load-resisting function following a 

sudden drop of its axial force. In contrast, UT2 was supported by the lower layer tendons, 

allowing it to follow the deformation with the column even after the concrete crushed. 

The forces in LT1 and UT1 continued to increase during the post-punching stage. UT2, 

LT1, and UT1 formed as a mechanical cantilever and served as the main load-bearing 

mechanism during the post-punching stage. 
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(a) PT2-2.4-0.33 (b) PT2-1.8-0.45 

  
(c) PT2-1.2-0.58 (d) PT4-2.4-0.33 

Fig. 5-4. Tendon force development. 

 

Table 5-4 summarises the tendon forces at the punching failure, the point where tendon 

forces were reascended in the post-punching stage, and at a �'  = 70 mm (the end of the 

test for PT4-2.4-0.33). All PT specimens including those presented in Chapter 4 are 

included in the table for comparison. In the specimens with the same prestressing level 

but differ in reinforcement ratios (PT2-1.8-0.33 vs. PT2-1.8-0.45 and PT2-1.2-0.33 vs. 

PT2-1.2-0.58), increasing the reinforcement ratio reduced the contribution of the tendons 

to the punching shear capacity. The tendon contribution can be reflected by the sum of 

the major contributing tendon forces (UT1, UT2, LT1, LT2, UT3 and LT3) at punching 

shear failure. For instance, when the prestressing level was 1.8 MPa, the sum of tendon 
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forces for the high reinforcement ratio specimen PT2-1.8-0.45 was 510 kN, whereas for 

the low reinforcement ratio specimen PT2-1.8-0.33, it was 592 kN. When the prestressing 

level was 1.2 MPa, the sum of tendon forces for the high reinforcement ratio specimen 

PT2-1.2-0.58 was 410 kN, while for the low reinforcement ratio specimen PT2-1.2-0.33, 

it was 465 kN. The distribution of tendons had almost no effect on their contributions to 

the punching shear capacity because the tendon contribution at the punching failure for 

PT2-2.4-0.33 was 775 kN, while for PT4-2.4-0.33, it was 767 kN. 

 

The contribution of tendons to the load-resisting capacity in the post-punching stage can 

be reflected by the force increase (TF Increase in Table 5-4) of the sum of major 

contributing tendons (UT1, UT2 and LT1). Given that the test for PT4-2.4-0.33 was 

terminated at �' ��= 70 mm, the analysis focuses on the TF increase from the point when the 

forces reascend again until �'  reaches 70 mm. In specimens with the same prestressing 

level, increasing the reinforcement ratio resulted in a decrease in the sum of TF Increase. 

Specifically, when the prestressing level was 1.8 MPa, the sum of TF Increase for the 

high reinforcement ratio specimen PT2-1.8-0.45 was 63 kN, whilst that for the low 

reinforcement ratio specimen PT2-1.8-0.33 was 68 kN. When the prestressing level was 

1.2 MPa, the sum of TF Increase for the high reinforcement ratio specimen PT2-1.2-0.58 

was 73 kN, whilst that for the low reinforcement ratio specimen PT2-1.2-0.33 was 75 kN. 

Placing more tendons within the column region increased their contributions to the load-

resisting capacities. The sum of TF Increase for PT2-2.4-0.33 was 78 kN, whilst that for 

PT4-2.4-0.33 was 113 kN. 
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Table 5-4 Force development in tendons. 

Specimen Tendon 
Initial 

prestressing 
force (kN) 

At punching failure  After punching failure1 

TFpunching (kN)  TFreascendi

ng (kN) 
TF�' =70 mm 

(kN) 

TF 
Increase 

(kN) 

PT2-2.4-0.33 

UT1 

96 

131  121 149 28 
UT2 131  117 142 25 
UT3 131     
LT1 130  119 146 25 
LT2 128     
LT3 124     

 Total  775    78 

PT2-1.8-0.33 

UT1 

72 

103  101 130 29 
UT2 99  92 114 22 
UT3 99     
LT1 100  95 122 17 
LT2 100     
LT3 91     
Total  592    68 

PT2-1.8-0.45 

UT1 

72 

91  83 108 25 
UT2 84  80 86 6 
UT3 80     
LT1 88  84 116 32 
LT2 79     
LT3 88     

 Total  510    63 

PT2-1.2-0.33 

UT1 

48 

83  78 106 28 
UT2 78  72 93 21 
UT3 76     
LT1 81  74 100 26 
LT2 75     
LT3 72     
Total  465    75 

PT2-1.2-0.58 

UT1 

48 

70  68 92 24 
UT2 69  64 83 19 
UT3 65     
LT1 70  64 89 25 
LT2 70     
LT3 66     

 Total  410    73 

PT4-2.4-0.33 

UT12 

96 
 

127  122 149 25 
   UT2 129  117 124 7 

      
LT12 128  122 150 28 

   LT2 128     
      

Total  767    113 

Note: ‘TFpunching’ , ‘TFreascending’ and ‘TF�' =70 mm’ represent the tendon forces measured at 
punching shear failure, at the point where force is reascending and at �'  = 70 mm, 
respectively. ‘TF increase’ refers to the increased amount of tendon force from reascending. 
1Only tendon forces making major contributions after punching failure are presented. 
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2When calculating the sum of force increase in PT4-2.4-0.33, the forces in UT1 and LT1 
should be multiplied by 2 for double numbers of through-column tendons. 
 
 
5.3.3 Reinforcement strain development 

Fig. 5-5 depicts the strain development in the upper (UPT/URT in Figs. 5-1a and d) and 

lower layer FRs (LPT/LRT in Figs. 5-1a and d) and the lower layer IRs (LPB/LRB in 

Figs. 5-1a and d) that pass through the column. Punching shear failure is a brittle and 

abrupt mechanical behaviour, which typically damages strain gauges when the failure 

occurs, making it hard to capture strain development in the post-punching stage. This 

phenomenon is particularly common in the strain gauges on the FRs at the top of the slab. 

The strain development presented in this sub-section is for reinforcement located outside 

the column but within the punching cone (Fig. 5-1 provides the exact locations). These 

positions are relevant for post-punching capacity (detailed in Section 5.5). 

 

In the PT specimens, the FRs were close to or had reached their yield strengths when 

punching shear failure occurred. For both upper and lower layer FRs, the strains in PT4-

2.4-0.33 were significantly lower than those in the other PT specimens. This phenomenon 

indicates that having more through-column tendons resulted in less load being distributed 

to the through-column reinforcement. In contrast, the strains in the through-column FRs 

in the non-PT specimen RC0-0-1.10, which do not include any tendons, were higher than 

those in the PT specimens and had already yielded when punching shear failure occurred. 

After this failure, the IRs transitioned from compression to a tensile state. The strain 

transition in IR in the non-PT specimen was the steepest compared with those in the PT 

specimens. Moreover, among the PT specimens, the strain in the IR developed the slowest 

in the specimen PT4-2.4-0.33 with double number of through-column tendons. At the end 
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of the tests, the strains in the IRs in PT2-1.8-0.45, PT2-1.2-0.58, and RC0-0-1.10 had 

exceeded the yield strain. 

  
(a) Upper layer FRs (b) Lower layer FRs 

 
(c) Lower layer IRs 

Fig. 5-5. Strain development of through-column FRs and IRs. 
 

5.3.4 Horizontal displacements of boundary beams 

During the flexural stage, the edges of the slab expanded outwards with the increase of 

the column stub displacement. This outward expansion was restrained by the boundary 

beams, thereby inducing a compression membrane effect. This effect enhanced the load-

carrying capacities of the SCJs. This effect also generated in-plane forces at the interface 

between the slab and the boundary beams, causing horizontal deformations of the 

boundary beams. 
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The lateral displacements of the boundary beams, including those of the specimens 

discussed in Chapter 4, are shown in Fig. 5-6. LVDT N-S represents the lateral 

displacement at the mid-span of one boundary beam in the north-south direction, while 

LVDT W-E represents the same in the west-east direction (Figs. 5-1a and d). Although 

the specimens were symmetrically designed in both directions, the N-S and W-E 

displacements were not identical. Note that for PT2-1.2-0.33, PT2-1.8-0.45 and PT4-2.4-

0.33 (Figs. 5-6c, e and g), the LVDTs W-E fell off during the measurement. Except for 

these specimens, the N-S displacements were generally higher than those in the W-E 

direction, with an average ratio of approximately 1:0.6. Additionally, the maximum 

lateral displacement of all the boundary beams at the punching shear failure was 3.17 mm, 

being smaller than the elastic deformation limit (AS 3600, 2018) of the beam of 10.4 mm 

(1/250 of the span length), demonstrating that the boundary beams provided sufficient in-

plane restraints to the slab.  
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(a) PT2-2.4-0.33 (b) PT2-1.8-0.33 

  
(c) PT2-1.2-0.33 (d) RC0-0-1.10 

  
(e) PT2-1.8-0.45 (f) PT2-1.2-0.58 

 

 

(g) PT4-2.4-0.33  
Fig. 5-6. Horizontal displacements of the boundary beams. 
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5.4 Numerical simulations 

The numerical models were established using the high-fidelity nonlinear finite element 

software LS-DYNA, as described in Chapter 4. As the modelling approach has already 

detailed in Chapter 4, this section provides only a brief summary on it. The focus of this 

section is twofold. First, the validation of the models is presented based on the test results 

of the five specimens, including the validation of the load-displacement curves and the 

force developments in the tendons. Second, a parametric study is discussed, examining 

the influences of the reinforcement ratios of FRs and tendons, as well as the prestressing 

levels, on the punching and post-punching capacities. The aim of the parametric study is 

to determine the most rational configuration of reinforcement and tendons for PT SCJ 

specimens to achieve the highest punching shear and post-punching capacities while 

having the most economical steel usage. 

 

5.4.1 Modelling approach 

Considering the symmetry of the specimens, only a quarter of each specimen was 

modelled in the numerical simulations to save computational time. Appropriate boundary 

conditions were applied along the symmetry axes/planes to ensure consistent deformation 

behaviour with that of the entire specimen. All the specimen details, including concrete, 

reinforcement, post-tensioning tendons, and loading apparatus, were incorporated into the 

models. The concrete (slab, boundary beams, column stub), the anchorages, and the 

loading apparatus, were modelled using eight-node 3D constant stress solid Lagrangian 

elements with a reduced integration algorithm. Hourglass control (TYPE1) was used to 

prevent unrealistic deformation of the solid elements. The reinforcement and tendons 

were modelled using beam elements with 2×2 Gauss quadrature integration. 
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The mesh sensitivity analysis (Xue et al., 2021, 2020) indicated that using element sizes 

of 13–17.5 mm for solid elements and 18–20 mm for beam elements provided a balance 

between solution accuracy and computational time. The material properties of the 

concrete were defined using the Continuous Surface Cap Model (CSCM) (keyword card 

*MAT_159). Yu et al.’s (2018) method was utilised to further refine the bulk and shear 

modulus parameters to better represent the actual constitutive model of concrete. The 

material properties of the reinforcement were defined using the keyword card 

*MAT_PIECEWISE_LINEAR_PLASTICITY (*MAT_024). The material properties of 

the tendons were defined using the keyword cards *MAT_PLASTIC_KINEMATIC 

(*MAT_003) and *MAT_ELASTIC_PLASTIC_THERMAL (*MAT_004). The former 

was to define the constitutive model while the latter was to apply the prestressing forces 

to the tendons. 

 

The anchorage system and the loading system were simplified as rigid bodies, which were 

defined using the keyword card *MAT_020. Under a progressive collapse scenario, 

concrete damage is typically governed by shear failure. Consequently, the failure criteria 

for concrete were governed by the �P�D�[�L�P�X�P�� �V�K�H�D�U�� �V�W�U�D�L�Q�� �D�W�� �I�D�L�O�X�U�H�� ����max) using the 

keyword card *MAT_ADD_EROSION. The failures of the reinforcement and tendons 

were determined by the maximum plastic strain (elongation obtained from material tests). 

The constraint of the concrete on reinforcement and tendons was implemented using the 

keyword card *CONSTRAINED_BEAM_IN_SOLID. Note that the concrete constraints 

on reinforcement were considered in both the vertical and longitudinal directions, but 

such constraints on the unbonded tendons were accounted for in the vertical direction 
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only. Contact and force transmission between different layers of reinforcement were 

managed using the keyword card *CONTACT_AUTOMATIC_GENERAL. 

 

The prestressing force was applied to each tendon using the keyword card 

*LOAD_THERMAL_LOAD_CURVE by inputting a relationship between temperature 

and time. An upward displacement was applied to the rigid body of the loading system at 

the bottom of the slab using the keyword card 

*BOUNDARY_PRESCRIBED_MOTION_SET, to generate a continuous vertical 

upward force on the column stub. 

 

5.4.2 Model validation 

Fig. 5-7 shows the load-displacement curve comparisons between the tests and the 

numerical results of five specimens. The numerical results are displayed up to the point 

where each specimen reaches its peak load (post-punching capacity Fpp�•). Beyond this 

point, F is unable to continue to increase due to either rupture of the tendons or failure of 

the tendon anchorage, rendering the results meaningless for engineering purposes. For all 

five specimens, the numerical simulations accurately capture the mechanical behaviours 

during the flexural, punching shear failure and early post-punching stages. Accordingly, 

the model can be used to supplement the mechanical behaviours of the specimens 

throughout the entire post-punching stage. 
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(a) PT2-2.4-0.33 (b) PT2-1.8-0.45 

  
(c) PT2-1.2-0.58 (d) PT4-2.4-0.33 

  
(e) RC0-0-1.10 (f) Numerical result comparison 

Fig. 5-7. Validation of load-displacement curves. 

 

Table 5-5 summarises the key experimental and numerical results for seven specimens, 

including those from Chapter 4. These include the punching shear capacities and their 

corresponding displacements, the post-punching capacities and their corresponding 

displacements as well as the final failure modes. The discrepancies between the numerical 
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and experimental punching shear capacities and displacements are also given in Table 

5-5. The average error in predicting the punching shear capacities and their corresponding 

displacements were 1.3% and 2.5%, respectively. 

 

The numerical results shown in Fig. 5-7 indicate that, the losses of F due to punching 

shear failure were significantly larger than those in the experiments. This phenomenon 

arose because, in the tests, the concrete that failed due to punching shear can still provide 

some frictional resistance despite being completely cracked, thereby maintaining a certain 

level of residual capacities in the specimens. However, in the numerical simulations, the 

failed concrete elements were outrightly removed. This phenomenon also resulted in 

lower simulation results of F (red lines) than the test values (black lines) for all the 

specimens at the beginning of the post-punching stage. Nevertheless, increase rates of F 

during the post-punching stages (slope of load-displacement curves) were consistent 

between the test and numerical results. This notion indicated that the tensile membrane 

mechanism dominated by the reinforcement and tendons was efficiently replicated, 

further confirming the reliability of the numerical models. 
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Table 5-5 Comparison of key experimental and numerical load and displacement 
results. 

Specimen 

Punching shear behaviour Post-punching 
behaviour 

Experimental Numerical Discrepancy Numerical Failure 
mode 

Fp  
(kN) 

�' p 
(mm) 

Fp�•��
(kN) 

�' p�•��
(mm

) 

(Fp�•Fp)/F
p 

(%) 

(�' p�•-
�' p)/�' p 
(%) 

Fpp�•��
(kN) 

�' pp�•��
(kN) 

 

PT2-2.4-0.33 658 42 664 42 1.0 0 169 811 TR 
PT2-1.8-0.33 607 37 621 38 2.3 2.7 182 844 TR 
PT2-1.2-0.33 572 41 580 41 1.4 0 235 869 TR 
RC0-0-1.10 577 51 578 53 0.2 3.9 174 734 AF 

PT2-1.8-0.45 558 28 562 27 0.7 3.6 175 874 TR 
PT2-1.2-0.58 587 36 602 35 2.6 2.8 192 881 TR 
PT4-2.4-0.33 665 45 659 47 0.9 4.4 137 872 AF 

Average     1.3 2.5    
Note: TR and AF represent tendon rupture and anchorage failure, respectively 
 

The simulated load-displacement responses for all the five specimens are reproduced in 

Fig. 5-7f for ease of comparison. In the post-punching stage, the increase rate of F was 

primarily related to the number of tendons passing through the column. Therefore, PT4-

2.4-0.33 exhibited the highest increase rate. However, it experienced an anchorage failure 

caused by the damage of boundary beams because of more tendons being placed in the 

column area, preventing F from increasing further. Changing the configuration of 

reinforcement and tendons did not affect the increase rate of F, as seen in PT2-2.4-0.33, 

PT2-1.8-0.45 and PT2-1.2-0.58. However, the specimens with lower prestressing levels 

reached their Fpp�• later (with tendons ruptured at larger displacements). Additionally, 

amongst the specimens with the same prestressing level, those with more reinforcement 

passing through the column exhibited a slightly higher Fpp�•����Table 5-5). 

 

Fig. 5-8 shows the comparison between the test and the numerical results of the axial 

force development in tendons. The simulation results are found to accurately depict the 
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mechanical behaviours of the tendons in various deformation stages throughout the entire 

failure process. 

 

  
(a) UT1 (b) UT2 

 
(c) LT1 

Fig. 5-8. Validation of tendon force development. 

 

The numerical results of PT2-1.8-0.45 and PT2-1.2-0.58 in Fig. 5-7f were based on the 

actual concrete strength from the material tests. Given that the concrete strength of these 

two specimens differs from that of the reference specimen PT2-2.4-0.33, the influence of 

the concurrent changes in the prestressing levels and reinforcement ratios on the punching 

shear and post-punching capacities cannot be accurately reflected. Two additional models, 

PT2-1.8-0.45S and PT2-1.2-0.58S, were created to address this issue. All parameters of 

each additional model were consistent with PT2-1.8-0.45 and PT2-1.2-0.58 
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correspondingly. However, the concrete strength was adjusted to match that of the 

reference specimen. A comparison of the load–displacement curves for PT2-2.4-0.33, 

PT2-1.8-0.45S and PT2-1.2-0.58S is given in Fig. 5-9. 

 

The simulation results indicated that the punching shear capacities of PT2-1.8-0.45S and 

PT2-1.2-0.58S were 681 and 697 kN, whilst their post-punching capacities were 891 and 

902 kN, respectively. Therefore, the punching shear and post-punching capacities were 

confirmed to be influenced by the combined effects of the reinforcement ratios and the 

prestressing levels. Compared to PT2-2.4-0.33 model, the models with lower prestressing 

levels but higher reinforcement ratios achieved higher punching shear and post-punching 

capacities. 

 

 

Fig. 5-9. Load-displacement curves of PT2-2.4-0.33, PT2-1.8-0.45S and PT2-1.2-0.58S. 
 

5.4.3 Parametric analysis - rational configuration of reinforcement and tendons 

Although PT2-1.8-0.45S and PT2-1.2-0.58S exhibited higher punching shear and post-

punching capacities compared with the reference specimen, this was achieved by using 



CHAPTER 5 

170 

more reinforcement (i.e., the materials and construction cost were increased). Two indices, 

namely, Np and Npp, are defined to achieve the highest possible punching shear and post-

punching capacities with the minimum use of steel (the sum of the cross-sectional area of 

the reinforcement and tendons). These indices are calculated as the ratio of punching 

shear or post-punching capacity to the amount of steel used. The higher the indices are, 

the more economically efficient the configuration of reinforcement and tendons is. 

 

The analysis outcomes outlined above indicate that the punching shear and post-punching 

capacities are influenced by the prestressing level and the amount of through-column 

reinforcement and tendons. Accordingly, these three factors have become the variables 

for the parametric analysis, to be conducted using the validated numerical modelling 

approach presented in Section 5.4. Three commonly used reinforcement diameters (Dr) 

in engineering practice —12, 14 and 16 mm—were selected, along with three popularly 

adopted tendon sizes (Dt): 11.1, 12.7 and 15.2 mm. The combinations of these 

reinforcement and tendon sizes resulted in nine numerical models. The specific key 

parameters for the nine models are detailed in Table 5-6. Economic efficiency should be 

aimed for without compromising the flexural capacity of the specimens. Therefore, all 

the nine models in the parametric study had the same nominal section flexural capacity 

as the reference specimen PT2-2.4-0.33. From a design perspective, the prestressing 

levels �Vcp in these nine models were varied (see Table 5-6) to reach the same flexural 

capacity. The model for the reference specimen was adopted as the benchmark model. 

All settings in the nine models (material properties, the position of reinforcement and 

tendons, etc.) remain the same, except for changing the diameters of the reinforcement 

and tendons and the prestressing levels. 
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Table 5-6 Key parameters used in nine models. 

 
 

11.1 mm 12.7 mm 15.2 mm 

   
12 mm  2.5 MPa 2.4 MPa 2.25 MPa 
14 mm  1.9 MPa 1.8 MPa 1.65 MPa 
16 mm  1.3 MPa 1.2 MPa 1.05 MPa 

 

The simulated punching shear capacity (Fp�•�����D�Q�G���S�R�V�W-punching capacity (Fpp�•�����R�I���W�K�H���Q�L�Q�H��

models, along with their corresponding Np and Npp, are summarised in Table 5-7. Np and 

Npp in relation to the three factors Dr, Dt and �Vcp (in bracket) are also illustrated in Fig. 

5-10. Although increasing the diameters of the tendons and reinforcement can increase 

the punching shear and post-punching capacities, the economic efficiency is inversely 

proportional to the diameters of the tendons and reinforcement. Therefore, in engineering 

practice, smaller diameters for reinforcement and tendons are recommended to be 

selected within the reasonable limits, whilst maintaining relatively high initial 

prestressing level, i.e., Np = 0.26 and Npp = 0.3. 

Table 5-7 Parametric study results. 

(a) Fp�•��and Fpp�• of nine models. 

 
 

11.1 mm 12.7 mm 15.2 mm 

   
12 mm  698 kN, 815 kN 665 kN, 811 kN 653 kN, 920 kN 
14 mm  688 kN, 846 kN 681 kN, 858 kN 663 kN, 952 kN 
16 mm  705 kN, 859 kN 697 kN, 870 kN 700 kN, 938 kN 

 

b) Np and Npp of nine models. 

 
 

11.1 mm 12.7 mm 15.2 mm 

   
12 mm  0.26, 0.30 0.22, 0.27 0.19, 0.27 
14 mm  0.20, 0.24 0.18, 0.22 0.16, 0.23 
16 mm  0.16, 0.19 0.14, 0.18 0.14, 0.18 
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(a) Np 

 

(b) Npp 

Fig. 5-10. Trend of Np and Npp with three variables. 
 

5.5 Analytical model for  predicting punching shear and post-punching capacities 

5.5.1 Calculation for punching shear capacity 

 Building code predictions  

The punching shear capacities of the PT SCJs can be predicted using the US (ACI 318, 

2019), the Australian (AS 3600, 2018), and the Euro codes (EN 1992-1-1, 2004). These 

building codes predict the punching shear capacities by defining the critical section (the 

failure surface of the punching cone) and calculating the shear stress (vc) on the critical 

section at the ultimate state (Eq. 5-1). 
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 c opF v b d�  Eq. 5-1 

where bo is the perimeter of the critical section and d is the effective depth of concrete 

section. 

 

The cracks forming the critical section typically originate at the bottom of the slab and 

develop at a certain angle to the horizontal, gradually penetrating the entire slab cross 

section. The US and Australian codes assume this angle to be 45°, whereas the Euro code 

assumes it to be 26.6° (Fig. 5-11). 

 

 

 

(a) US and Australian codes (b) Euro code 

Fig. 5-11. Critical sections defined in building codes. 
 

Different codes have varying approaches for estimating the shear stresses at the critical 

section. Specifically, the US code takes into account certain factors, such as concrete 

strength, size effect, type of concrete (normal or lightweight), the aspect ratio of the 

column or the loading area and the location of the column, for SCJs without any 

strengthening method. The shear stress is estimated by Eq. 5-2: 
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 Eq. 5-2 

where f�•c is the cylinder compressive strength of concrete; �OACI318 
s  is the size effect factors, 

which can be calculated as �OACI318 
s =(2/(1+0.004d))0.5�”��; �O is the modification factor that 

reflects the reduced mechanical properties of lightweight concrete; �E is the aspect ratio of 

the column cross section or the reaction area; �Ds is the column location factor, taken as 40 

for interior column and d is the effective depth of the concrete section. 

 

With regard to the SCJs strengthened with prestressing tendons, the US code considers 

the contribution of the prestressing effect, which includes the enhancement of the 

maximum shear stress at the critical section and the direct counteraction of the external 

shear forces in the vertical direction. The contribution of the slab (excluding tendons) is 

somewhat reduced due to the different failure modes. The expression for shear stress is 

shown in Eq. 5-3. 
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 Eq. 5-3 

where �Vcp is prestressing level and VT is the vertical component of all effective 

prestressing forces crossing the critical section. Note that in Eq. 5-3, the first term 

represents the slab contribution without tendons, and the last two terms denote the tendon 

contribution. 
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The prediction by the Australian code for the ultimate stress at the critical section is 

similar to the US code but considers fewer influencing factors, focusing only on the 

concrete strength and the column shape. For PT SCJs, the vertical component of the 

prestressing force is not explicitly included in the calculation (Eq. 5-4). Note that in Eq. 

5-4, the first and second terms represent the contribution from the slab without tendons 

and that from the tendons, respectively. 

 
AS3600
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 Eq. 5-4 

 

Considering the concrete strength, the size effect, the reinforcement ratio and the effect 

of lateral forces, the Euro code proposes Eq. 5-5 to predict the punching shear capacity. 

Note that in Eq. 5-5, the first and second terms represent the contribution from the slab 

without tendons and that from the prestressing tendons and boundary beams, respectively. 

 �� �� �� ��1/3EC2 EC2 EC2 EC2
c Rd,c s l c 1 cp min 1 cp100v C f k v k� O � U � V � V�c�  � � � t � � Eq. 5-5 

where CRd.c����is a parameter that is recommend to be 0.12; �OEC2 
s  is the size effect factor, 

which can be calculated as 1+(200/d)0.5�”��; �Ul is the parameter related to the tensile 

reinforcement ratio; �Ul=(�Uly×�Ulz)0.5�”�������� in which �Uly and �Ulz are the bonded tension 

reinforcement ratios in two orthogonal directions within the reaction area plus a 3d 

extension and vmin is equal to 0.035×(�OEC2 
s )2/3×f’c and k1 is a parameter which is 

recommended to be 0.15. 

 

�VEC2 
cp is defined as the cross-sectional compressive stress caused by the lateral forces across 

the full bay for internal columns. This force may originate from a load or prestressing 
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action. In PT SCJ tests, in addition to the prestressing action, the in-plane restraint forces 

generated by the boundary beams that limiting the outward expansion of the slab can also 

be understood as a type of lateral forces. The action plane of the in-plane restraint forces 

is the slab-boundary beam interface. The action plane of the prestressing action is also 

the slab-boundary beam interface. This is because the slab concrete does not have any 

restriction on the horizontal movement of the unbonded tendons. The horizontal effect 

caused by the prestressing action to the slab are provided only by the anchorage. The 

horizontal effect is first transferred to the boundary beams and then through the slab-

column interface to the slab. Owing to the same action plane, the prestressing action and 

the in-plane restraint can be regarded as a combined force, working together to enhance 

the punching shear capacities of the PT SCJs. The action of the combined force is mutual. 

Consequently, an equal and opposite force at the slab-column interface causes 

deformation in the boundary beams. Thus, the magnitude of the combined lateral force 

(prestressing action and in-plane restraint) can be estimated by the deformation of the 

boundary beams. 

 

The horizontal displacements at the midspan of the boundary beam were obtained from 

the tests, whilst the force status at the slab-boundary beam interface should be extracted 

from the numerical simulations (Fig. 5-12). The slab-boundary beam interface in the XZ 

plane is divided into 10 sections along the X direction and their force status perpendicular 

to XZ plane (the direction of combined lateral force) are extracted. It is found that the 

force at the slab-column interface is greatest at the midpoint (approximately 50000 N/unit 

length) and smallest at the endpoints (approximately 20000 N/unit length). Assuming that 

the force at the midpoint decreases linearly decrease along the X direction (dashed line in 
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Fig. 5-12). Consequently, the force status of the boundary beams can be simplified as 

shown in Fig. 5-13. Four boundary beams are rigidly connected end-to-end (the 

connection areas are stably secured to four rigid stands). Assuming that the midpoint is 

subjected to a unit force, the force at the endpoints would be 0.4 unit (based on the 

proportion of force values shown in Fig. 5-12). The corresponding midpoint displacement 

can be determined to be 0.00123 unit based on mechanics principle. 

 

With the measured lateral displacements at the midpoint of boundary beams of each 

specimen (Fig. 5-6), the relationship between the forces and the midspan displacements 

can be derived to obtain the actual combined force, following the force-displacement 

relationship given in Fig. 5-13. The value of �VEC2 
cp  is taken as the average stress in two 

directions (N-S and W-E) determined from the combined force. For specimens with 

missing horizontal displacement in the W-E direction, the horizontal displacement in the 

N-S direction is used taking into account the ratio of N–S to W–E horizontal 

displacements being approximately 1:0.6, which can be referenced in Section 5.3.4. 

 

  



CHAPTER 5 

178 

 

Fig. 5-12. Force status at the slab-boundary beam interface.  
 

 

Fig. 5-13. Simplified force status at the slab-boundary beam interface. 
 

 Calculation results and discussion 

The calculation results for punching shear capacity Fp are tabulated in Table 5-8, using 

Eq. 5-3,Eq. 5-4 andEq. 5-5. In the table, Fp,cal was obtained by adding Fp,slab and Fp,p, and 

compared to measured Fp,test indicating the calculation discrepancy. The predictions from 

the US code for the non-PT specimen RC0-0-1.10 is relatively accurate (with a 

discrepancy of only 2.0%), but it overestimates the punching shear capacities of the PT 
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specimens with an average discrepancy of 20.5%. The contribution of the slab to the 

punching shear capacity is on average 68.5%, whilst that from the prestressing action is 

31.5%. The predictions from the Australian code are similar to those of the US code, with 

an average discrepancy of 5.0% for the non-PT specimen. However, the punching shear 

capacities of the PT specimens are overestimated, with an average error of 20.3%. The 

Australian code further emphasises the contribution of slab, with an average contribution 

percentage of 80.0% to the punching shear capacity. 

 

Unlike the US and Australian codes which are semi-empirical, the Euro code, which is 

derived from theoretical models, provides more accurate and conservative predictions for 

the PT specimens, with an average discrepancy of only 4.8%. In the Euro code, the 

average contributions to the punching shear capacity from the slab, prestressing action 

and boundary restraints are 58.7% and 41.3%, respectively. The overestimated punching 

shear capacity prediction due to the US and Australian codes can be improved based on 

further experimental data to be acquired in the future. 
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Table 5-8 Calculation results of punching shear capacity. 

Note: Fp,test and Fp,cal represent the tested and calculated punching shear capacities, respectively; Fp,slab and Fp,p represent the contributions of slab and 

prestressing action (and boundary beams in Euro code) to punching shear capacities, respectively.  

 Fp,test 

(kN) 

US code Australian code Euro code 

Fp,cal 

(kN) 
Contr. of slab 

Contr. of 
prestressing 

Fp,cal/ 
Fp.test 

Fp,cal 

(kN) 
Contr. of slab Contr. of 

prestressing 
Fp,cal/ 
Fp.test 

Fp,cal 

(kN) 
Contr. of slab Contr. of 

prestressing 
Fp,cal/ 
Fp.test 

   Fp,slab 

(kN) 
Fp,slab/ 
Fp,cal 

Fp,p 

(kN) 
Fp,p/ 
Fp,cal 

 
 Fp,slab 

(kN) 
Fp,slab/ 
Fp,cal 

Fp,p 

(kN) 
Fp,p/ 
Fp,cal 

  Fp,slab 

(kN) 
Fp,slab/ 
Fp,cal 

Fp,p 

(kN) 
Fp,p/ 
Fp,cal 

 

PT2-2.4-0.33 658 820 528 0.64 292 0.36 1.25 814 618 0.76 196 0.24 1.24 672 347 0.52 325 0.48 1.02 

PT2-1.8-0.33 607 736 517 0.70 219 0.30 1.21 753 606 0.80 147 0.20 1.24 589 342 0.58 247 0.42 0.97 

PT2-1.2-0.33 572 676 530 0.78 146 0.22 1.18 719 621 0.86 98 0.14 1.26 576 348 0.60 228 0.40 1.01 

RC0-0-1.10 570 580 580 1.00 — — 1.02 597 597 1.00 — — 1.05 703 427 0.61 276 0.39 1.23 

PT2-1.8-0.45 558 669 450 0.67 219 0.33 1.20 675 528 0.78 147 0.22 1.21 491 346 0.70 145 0.30 0.88 

PT2-1.2-0.58 588 586 440 0.75 146 0.25 1.00 614 516 0.84 98 0.16 1.04 633 370 0.58 263 0.42 1.08 

PT4-2.4-0.33 664 922 530 0.57 392 0.43 1.39 817 621 0.76 196 0.24 1.23 644 348 0.54 296 0.46 0.97 

Average 
(excluding RC0-

0-1.10) 
   0.685  0.315    0.800  0.200    0.587  0.413  
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5.5.2 Calculation for post-punching capacity 

After entering the post-punching stage, the tensile membrane mechanism provided by 

through-column reinforcement and tendons enables the SCJs to develop post-punching 

capacities. However, the activation of the tensile membrane action requires the 

reinforcement and tendons to be well anchored. Although the concrete no longer 

contributes directly to load-bearing, it still affects the development of post-punching 

capacity by anchoring the reinforcement and tendons. Accordingly, the post-punching 

capacity is mainly influenced by two factors: the rupture of the reinforcement or tendons 

and the loss of anchorage of the reinforcement or tendons. Since the laboratory tests were 

terminated in the early post-punching stage, the post-punching capacities of all the 

specimens were not reached. Therefore, the proposed analytical model to predict the post-

punching capacity are primarily based on the validated numerical results. 

The proposed analytical model is explained using the reference specimen PT2-2.4-0.33 

as an example. The six types of through-column reinforcement and tendons are as follows: 

for the slab bottom, the upper layer integrity reinforcement (UI) and the lower layer 

integrity reinforcement (LI); and for the slab top, the upper layer tendon and flexural 

reinforcement (UT, UF), and the lower layer tendon and flexural reinforcement (LT, LF). 

Upon reaching the post-punching capacity, a schematic of constrained conditions of each 

layer of reinforcement and tendons is shown in Fig. 5-14. The contribution of each layer 

of reinforcement and tendons is calculated differently based on their respective 

constrained conditions. The sum of the contributions of all the reinforcement and tendons 

constitutes the post-punching capacity of the SCJs (Eq. 5-6). 
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(a) N-S direction 

 

(b) W-E direction 

Fig. 5-14. Schematic of constrained conditions of each layer of reinforcement and 
tendons. 

 

 
pp pp,I pp,T pp,FF F F F�  � � � � 

Eq. 5-6 

where Fpp is the post-punching capacity; Fpp,I is the contribution of integrity reinforcement, 

Fpp,T is the contribution of tendons and Fpp,F is the contribution of flexural reinforcement. 

 

 Contribution of integrity reinforcement  

The contribution of the integrity reinforcement (Fpp,I) is the sum of the contributions from 

LI (Fpp,LI ) and UI (Fpp,UI) (Eq. 5-7). In the post-punching stage, LI is constrained by the 

UI and the concrete. The deformation of LI is mainly influenced by the position of the 

first upper layer IR bar outside the column region. The simulation results indicate that the 
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axial stress in LI reaches around 85% of its ultimate strength when specimen at ultimate 

state (Fig. 5-15). The contribution of LI to the post-punching capacity Fpp,LI is equivalent 

to the vertical component of the tensile force in LI, as calculated using Eq. 5-8. Under the 

upward loading, the first upper layer IR bar outside the column goes up at 75% of the 

vertical displacement of the column at the post-punching ultimate stage. Therefore, the 

angle �DLI (Fig. 5-14a) between the deformed LI and the horizontal direction can be 

determined using Eq. 5-9. 

 

Fig. 5-15. Axial stress status in UF, LI and LF. 
 

 
pp,I pp,UI pp,LIF F F� �� Eq. 5-7 

 
LIpp,LI LI LI u2 s 0in .85F n A f�D�  Eq. 5-8 

 1
LI

pp

LI

0.25
tan

�û
l

�D ��� �Ä �Å Eq. 5-9 

where nLI is the number of LIs, ALI is the cross-sectional area of LIs; aLI is the rotation of 

LIs respect to the horizontal direction, fu is the yield strength of reinforcement and lLI is 

the horizontal distance from the column face to the first upper layer IRs outside the 

column. 
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The UI is constrained by the upper layer of concrete with a thickness of dc (Fig. 5-14b). 

The UI is progressively pulled out from the concrete as the column rises under the upward 

load. Accordingly, the contribution of the UI is determined by the breakout strength of 

the concrete. ACI 349 (2013) provides a method for calculating the breakout strength of 

concrete when the reinforcement is subjected to a force in the direction of a free edge. 

Assuming that the failure area forms a cone with a 45° angle to the horizontal direction 

(Fig. 5-16), the breakout strength Fpp,UI is the product of the tensile strength of the 

concrete and the projected area of the assumed failure surface onto the horizontal plane 

(Eq. 5-10). 

 

 

Fig. 5-16. Illustration of the concrete failure area when rebars are pulled out. 
 

 
ch ct.I fU fp , ep 2F A f�  Eq. 5-10 

where Ach is the horizonal projection of the conical failure, and fct.eff is the effective tensile 

strength of concrete, which can be estimated as '
ct,eff 0.5f f

c
� . 

When more than one bar is pulled out, the breakout strength is the superposition of the 

pull-out strengths of the individual bars. However, if the bars are considerably close 



CHAPTER 5 

185 

together (s<2d) (Fig. 5-16), the projections in the horizontal plane appear to overlap, in 

which case Ach is calculated as Eq. 5-11: 

 2
2c

ch UI UI c c2( 1) sin
2 42

d s
A n n d d

�S �J
�J� § � ·�  � � � � � �� ¨ � ¸

� © � ¹
 

1

c

cos
2
s
d

�J �� � § � ·
� � ¨ � ¸

� © � ¹
 

Eq. 5-11 

Where nUI is the number of UIs and dc is the concrete thickness between upper layer IRs 

and lower layer FRs. 

 Contribution of the prestressing tendons 

The contribution of the tendons is the sum of the contributions from UT (Fpp,UT) and LT 

(Fpp,LT) (Eq. 5-12). As the primary load-bearing element in the post-punching stage, the 

post-punching capacities of PT SCJs depend on either the rupture of the tendons or the 

anchorage failure caused by the crush of the boundary beam concrete. Upon reaching the 

post-punching capacity, all the UT and LT reach their ultimate strengths. The constraints 

of the thin concrete cover on UT can be considered negligible. This situation arises 

because the prestressing effect results in stress concentration in the nearby concrete, and 

the concrete cover quickly crushed in the early post-punching stage. The UT tendons are 

securely anchored in the boundary beams, forming a ‘suspension cable’  that continues to 

provide tensile force even after the concrete cover crushed (Fig. 5-17). The angle of UT 

to the horizontal direction is related to the column displacement and the distance from the 

column face to the edge of the boundary beam (Fig. 5-14a). 

 
pp,T pp,UT pp,LTF F F� �� Eq. 5-12 
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Fig. 5-17. Mechanical behaviour of UT after the concrete cover crushed. 
 

LT is restricted by the upper layer tendons. Moreover, LT undergoes greater deformation 

compared with UT. Consequently, LT ruptures first. The deformation of LT depends on 

the position of the first upper layer tendons outside the column region. Under the upward 

loading, these tendons move up at 75% of the vertical displacement of the column at the 

post-punching ultimate stage. The tensile forces of in UT and LT in the vertical direction 

constitute the contribution of the tendons Fpp,T. The formulas for calculating the 

contributions of UT and LT, Fpp,UT and Fpp,LT are given in Eq. 5-13 to Eq. 5-16. 

 
pp,UT UT UT UT up2 sinF n A f�D�  Eq. 5-13 

 pp1
UT

UT

tan ( )
�û
l

�D ���  Eq. 5-14 

 
pp,LT LT LT LT up2 sinF n A f�D�  Eq. 5-15 

 1
LT

pp

LT

0.25
tan ( )

�û
l

�D ���  Eq. 5-16 

where nUT and nLT are the numbers of UTs and LTs, respectively; AUT and ALT are the 

cross-sectional areas of UTs and LTs, respectively; aUT, and aLT are the rotations of the 

UTs and LTs with respect to the horizontal direction, respectively; fup is the ultimate 

strength of the tendons; lUT is the horizontal distance from the column face to the edge of 

the boundary beam and lLT is the horizontal distance from the column face to the first 

upper layer tendons outside the column region. 
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 Contribution of flexural reinforcement 

The contribution of the flexural reinforcement is the sum of the contribution of UF (Fpp,UF) 

and LF (Fpp,LF) (Eq. 5-17). Given that the positions of UF and LF in the concrete are 

similar to those of the tendons, their deformations are nearly identical to those of UT and 

LT. UF is well-anchored in the boundary beam, thus continuing to provide a load-resisting 

capacity even after the concrete cover has crushed. LF, constrained by the upper layer 

tendons, has its deformation determined by the position of the first upper layer tendons 

outside the column region (the first upper layer FR outside the column region slips away 

due to the significant force from the tendon). The simulation results indicate that the 

stresses in UF and LF are close to the yield strength when the reference specimen reaches 

the ultimate state (Fig. 5-15). The tensile forces in UF and LF in the vertical direction 

(Fpp,UF and Fpp,LF) constitute the contribution of the FRs (Fpp,F). The formula for 

calculating this contribution is shown in Eq. 5-18 to Eq. 5-21. 

 
pp,F pp,UF pp,LFF F F� �� Eq. 5-17 

 
pp,UF UF UF UF y2 sinF n A f�D�  Eq. 5-18 

 1
UF

pp

UT

0.25
tan ( )

�û
l

�D ���  Eq. 5-19 

 
pp,LF LF LF LF y2 sinF n A f�D�  Eq. 5-20 

 pp1
LF

LT

tan ( )
�û
l

�D ���  Eq. 5-21 

where nUF and nLF are the numbers of the UF and LF, respectively; AUF and ALF are the 

cross-sectional areas of UF and LF, respectively; �D��UF and �D��LF are the rotations of UF and 

LF with respect to the horizontal direction, respectively and fy is the yield strength of the 

reinforcement. 
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 Calculation results and discussion 

The vertical displacement of the column (�' pp) corresponding to the post-punching 

capacity is the only variable in the analytical model described above. The post-punching 

capacities of the SCJs, given in Table 5-9, can be predicted using the vertical 

displacements obtained from the numerical results using Eq. 5-7, Eq. 5-12 and Eq. 5-17. 

The proposed analytical model can accurately predict the post-punching capacities of the 

PT specimens, with an average discrepancy of 8.5% between the numerical and calculated 

results. With regard to the PT specimens with only two through-column tendons (in a 

single direction), i.e., PT2 specimens only, the average contributions from the IRs, 

tendons and FRs are 33.6%, 53.2% and 13.2%, respectively. The contribution of the 

tendons increases with the increase in the number of through-column tendons. In PT4-

2.4-0.33, the contribution of the tendons reached 74.0%.  

 

The use of the proposed analytical model to predict the post-punching capacity of the 

non-PT specimen RC0-0-1.10 has resulted in relatively high discrepancy, compared to 

the numerical prediction with Fpp,cal/Fpp,num being 0.69. This situation arises because the 

failure of the non-PT specimen has been observed in the numerical model to be severe 

damage on the boundary beams, which results in the failure of FRs anchored in the 

boundary beams. Additionally, the force status of the through-column FRs and IRs in the 

non-PT specimen model differs from that in the PT models due to the absence of tendons. 

Upon the non-PT model reaching the post-punching capacity, the IRs approach its 

ultimate strength, and the strengths of FRs are higher than the yield strength. This 

phenomenon is also different from the PT models. Moreover, deformations of LF and LI 

in the non-PT specimen are controlled by the second reinforcement bar away from the 
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column. Moreover, the difference between the vertical displacements of this bar and the 

column stub is also not exactly the same as that of the PT models. For the reasons given 

above, using Eq. 5-7 and Eq. 5-17 can lead to an accumulated prediction discrepancy for 

the non-PT specimen. 

 

Another limitation of this analytical model is also recognised. The deformation of UT 

depends on the position and size of the boundary beams. However, in an actual structure, 

boundary beams are not present, and the tendons go through the entire slab continuously 

without anchoring in boundary beams. Therefore, the actual deformation of UT in a flat 

plate structure would be different from that in a SCJ. Such an issue cannot be accurately 

addressed through SCJ studies alone. Further research on substructures is needed to 

clarify these aspects. 
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Table 5-9 Calculation results of post-punching capacity. 

 
�' pp 

(mm)��

Contribution of IRs Contribution of tendons Contribution of FRs Fpp,cal 

(kN) 

Fpp,num 

(kN) 
Fpp,cal /Fpp,num 

Fpp,I (kN) Fpp,I/Fpp,cal Fpp,T (kN) Fpp,T/Fpp,cal Fpp,F (kN) Fpp,F/Fpp,cal 

PT2-2.4-0.33 169 251 0.34 413 0.55 83 0.11 747 811 0.92 

PT2-1.8-0.33 182 257 0.33 443 0.56 89 0.11 787 844 0.93 

PT2-1.2-0.33 235 287 0.30 559 0.58 112 0.12 958 869 1.10 

RC0-0-1.10 174 263 0.52 — — 242 0.48 505 734 0.69 

PT2-1.8-0.45 175 290 0.35 427 0.51 113 0.14 830 893 0.93 

PT2-1.2-0.58 192 364 0.36 465 0.46 184 0.18 1013 886 1.14 

PT4-2.4-0.33 137 171 0.19 677 0.74 68 0.07 916 872 1.05 

Average (excluding 
RC0-0-1.10 and 
PT4-2.4-0.33) 

  
0.336 

  0.532 
  

0.132 
   

 

Note :���'pp is the column vertical displacement when the specimens reached their post-punching capacity. Fpp,I, Fpp,T and Fpp,F are the contributions of IRs, 

tendons and FRs, respectively. Fpp,cal and Fpp,num are the post-punching capacities from analytical and numerical predictions, respectively. 
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5.6 Concluding remarks 

In this chapter, three additional PT SCJ specimens were tested using a quasi-static loading 

method until large deformations. Together with the reference PT specimen and the non-

PT specimen already studied in Chapter 4, five SCJs are assessed with the condition of 

having identical flexural capacity. Parameters varied include the prestressing levels, the 

reinforcement ratios and the tendon distributions. The influence of reinforcement and 

tendon configurations on punching shear and post-punching behaviours and capacities of 

the five SCJs is comprehensively examined through experimental, numerical and 

theoretical studies. The key findings are summarised as follows: 

 

All specimens exhibited flexural, punching failure, and post-punching stages. Initial crack 

formation primarily correlated with the prestressing level and tendon distribution, with 

higher prestressing level and more through-column tendons resulting in earlier crack 

initiation. The punching shear capacities of PT2-1.8-0.45 and PT2-1.2-0.58 were 15.2% 

and 10.8% lower than that of the reference specimen PT2-2.4-0.33, which is possibly due 

to the differences in their concrete strengths. Changing the tendon distribution has almost 

no influence on the punching shear capacity. Increasing the cross-sectional area of the 

through-column reinforcement and tendons reduce the loss of the load-bearing capacity 

due to punching shear failure. 

 

Predominant contributing tendons before punching shear failure were UT1/LT1, 

UT2/LT2 and UT3/LT3, while UT2, LT1 and UT1 were significant contributors in the 

post-punching stage. Tendon contribution to the punching shear and post-punching 

capacities decreased with increased reinforcement ratios. Although changing the 
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distribution of tendons minimally affected tendon contribution to the punching shear 

capacity, it significantly increased the contribution of tendons to the post-punching 

capacity. 

 

Reinforcement strain development was mainly linked to the tendon distribution, with a 

great number of through-column tendons resulting in a slower strain development of FRs 

and IRs. Horizontal displacements of the boundary beams in two orthogonal directions 

were inconsistent, with the north–south displacement larger than the west-east one at 

approximately 1:0.6 ratio. 

 

The established numerical models accurately replicated the entire failure process and the 

mechanical behaviours of the SCJ specimens at each stage, with errors in the punching 

shear capacities and their corresponding displacements being only 1.3% and 2.5%, 

respectively, compared to the experimental results. The numerical results indicate that 

placing more tendons within the column region significantly increased the rate of force 

increase in the post-punching stage. However, this arrangement also leads to a stress 

concentration, resulting in boundary beam and anchorage failure at the early stage of post-

punching. Reducing the prestressing level and increasing the reinforcement ratio do not 

affect the rate of tendon force increase. Specimens with lower prestressing levels reached 

their post-punching capacities later. Among specimens with the same prestressing level, 

those with more through-column reinforcement exhibited slightly higher post-punching 

capacities. 
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Parametric studies explored a strategy to achieve highest punching shear and post-

punching capacities with more ‘economical’ steel usage. From the economic perspective, 

designs with low reinforcement ratios and high prestressing levels within the reasonable 

limits are recommended for engineering practice. 

 

Theoretically, punching shear capacities of the SCJ specimens are predicted using the US, 

Australian and Euro codes. The US and Australian codes provide relatively accurate 

predictions for the non-PT specimen. However, the Euro code, which considers boundary 

constraints, offer more accurate predictions for the PT specimens. An analytical model 

for predicting the post-punching capacities of the SCJ specimens is proposed by analysing 

the force status, the geometric relationships and the concrete constraints to the through-

column reinforcement and tendons in each layer upon reaching the post-punching 

capacities. This analytical model shows an average discrepancy of only 8.5% for all the 

PT SCJ specimens when compared with the numerical predictions. 
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CHAPTER 6 

6CONCLUSIONS AND FUTURE WORK  

6.1 Summary and major research outcome 

In recent years, progressive collapse accidents in concrete flat plate structures have been 

frequently reported, each time resulting in significant loss of life and property. 

Establishment of rational and effective design methods to accurately and 

comprehensively assess the progressive collapse resistance of concrete flat plate 

structures is the key to prevent such tragedies from occurring again. Progressive collapse 

in a flat plate structure is typically initiated by brittle punching shear failure at a single 

slab-column joint (SCJ), owing to the beamless style in this type of structure. A design 

method to prevent progressive collapse of flat plate structures involves enhancing 

punching shear capacities of SCJs. After punching shear failure, SCJs may sustain a 

certain level of load through suspension action provided by through-column steel 

(reinforcement and tendons). This ability, also known as post-punching capacity, 

represents another essential source of progressive collapse resistance. 

 

In engineering practice, drop panels, various types of shear reinforcement and post-

tensioning systems are frequently incorporated into concrete flat plate structures as 

effective strengthening methods to enhance progressive collapse resistance. Currently, 
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considerable research has been carried out to examine the structural performance and 

failure mechanisms of strengthened flat plate structures using these strengthening 

methods. Among the research studies on flat plate SCJs, majority of them have only 

investigated the mechanical behaviours of strengthened SCJs up to the punching shear 

failure, which is within the small deformation stage. The mechanical behaviours of 

strengthened SCJs in the large deformation stage are under-researched, resulting in a lack 

of understanding of their progressive collapse resistance capacities. 

 

To fill this research gap, this PhD study aims to investigate the punching shear and post-

punching failure mechanisms and capacities of strengthened SCJs in flat plate structures 

and provide useful data and constructive information for the refinement of design 

methods and the accurate assessment of progressive collapse resistance. These aims are 

achieved by: 1) conducting a series of experimental tests on a total of 10 SCJ specimens 

with various strengthening methods, including drop panels, shear studs and post-

tensioning systems; 2) developing 3D finite element models and conducting parametric 

studies; and 3) predicting punching shear and post-punching capacities using international 

building codes and a proposed analytical model. The major findings of this research are 

given below. 

 

Chapter 3 reports three quasi-static tests on SCJ specimens strengthened by drop panels 

and shear studs. One specimen was strengthened by drop panel only (DP) and the other 

two specimens, strengthened by drop panels and shear studs in the radial (SSR) and 

orthogonal (SSO) patterns. All the specimens were monotonically loaded until the large 

deformation stage. Test data and phenomena during the entire failure process were 
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recoded and analysed. In all the specimens, two punching failures were observed at the 

slab-drop panel interface regions and the column perimeter regions. Moreover, the major 

load-resisting mechanism before punching shear failure was the flexural mechanism, 

whilst it shifted to the suspension mechanism after punching shear failure. The 

comparison between the specimens with or without shear studs (DP vs. SSR and SSO) 

indicated that adding shear studs can further improve the punching shear capacities and 

the ductility of the SCJs compared to the one strengthened with drop panel only. However, 

having shear studs was not as efficient in enhancing the post-punching capacity. The 

comparison between the specimens with different arrangements of shear studs (SSR vs. 

SSO) indicated that the shear studs in the orthogonal pattern were more effective in 

enhancing punching shear capacity. Meanwhile, the shear studs in the radial pattern were 

more beneficial in improving the structural response in the post-punching stage. Building 

code predictions underestimate the punching shear capacity of DP specimen but 

overestimate those of SSR and SSO specimens. Further relevant research is needed to 

enrich the data pool and improve the accuracy of the code predictions.  

 

The experimental program in Chapter 4 included three specimens strengthened with post-

tensioned (PT) tendons and one non-PT specimen. The design variable for the PT 

specimens was the prestressing level. The PT specimens were first applied the target 

prestressing forces and then quasi-statically loaded at the column stub until the large 

deformation stage. The experimental results showed that the complete failure process of 

all the specimens consisted of the flexural, punching shear failure and post-punching 

(suspension) stages. For the PT specimens, in the flexural stage, the concrete, 

reinforcement and tendons work together to resist the applied load, while the load-
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resisting capacity in the post-punching stage was largely governed by the through-column 

reinforcement and tendons and those tendons near the column stub. The strengthening 

effect of the tendons in term of structural performance and load-resistant capacities was 

confirmed from the comparison between the PT and the non-PT specimens. Comparing 

the PT specimens with different prestressing levels indicated that the strengthening effect 

of tendons on punching shear capacity has a positive relationship with the prestressing 

level. The established numerical models were capable of replicating the overall structural 

behaviours (load-displacement responses, crack patterns, tendon force and reinforcement 

strain developments) of the SCJ specimens. The numerical results confirmed that the 

post-punching behaviours of the SCJs also benefit from the tendons. In addition, the 

prestressing level was proven to have a minor influence on the post-punching capacity. 

The parametric study based on the validated modelling approach further demonstrated 

that the rupture strain of tendons and reinforcement were crucial to the post-punching 

capacities of the PT specimens. 

 

In Chapter 5, experimental tests were conducted on three additional PT specimens with 

the same level of nominal flexural capacity but varying reinforcement ratios, prestressing 

levels and tendon arrangements (i.e., configurations of reinforcement and tendons). In 

conjunction with relevant experimental results in Chapter 4, the prestressing level was 

found to have a decisive influence on the punching shear capacities of SCJs, compared to 

the reinforcement ratio variations. Changing the tendon distribution had almost no 

influence on the punching shear capacities of PT SCJs. Numerical studies were carried 

out to supplement the influence of the configurations of reinforcement and tendons on the 

post-punching performances. For specimens with the same prestressing level, those with 
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more through-column reinforcement exhibited slightly higher post-punching capacities. 

The specimen with double numbered through-column tendons had the highest load-

carrying capacity in the early post-punching stage. However, anchorage failure at the 

boundary beams caused by high stress concentrations, prevented further development in 

its load-carrying capacity. Parametric study provided recommendations to achieve the 

highest punching shear and post-punching capacities with the most economical 

reinforcement and tendon usage. The punching shear capacities of all the specimens 

reported in Chapters 4 and 5 were predicted using the US, Australian and Euro building 

codes. The contribution of the boundary restraints to the punching shear capacity was 

quantitatively evaluated using the Euro code, with more accurate predictions for the PT 

specimens compared to those of the US and Australian codes. The proposed analytical 

model to predict the post-punching capacities of the PT specimens demonstrated a good 

agreement with the numerical results, with an average discrepancy of 8.5%. 

 

6.2 Recommendations for future work 

In this section, several directions for future research that can build upon the findings of 

this study are outlined as follows: 

1) Numerical studies on SCJs with drop panels and shear studs are recommended to be 

carried out. The validated models can be used to investigate the best combination of 

design parameters (i.e., drop panel size and thickness, shear stud quantity and 

arrangement, etc) to achieve the best punching shear and post-punching performances. 

 

2) The tests at the PT SCJ level are unable to replicate the continuity of the tendons, as 

the tendons are significantly shorter in the SCJ specimens compared with the true length 
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in a real structure. This limitation can be addressed by conducting a series of substructure-

level studies, including experimental investigations, numerical simulations and 

theoretical analyses. Progressive collapse exhibits distinct dynamic characteristics. In 

addition to exploring slab-column joint responses under static loads, the responses of 

substructures and entire structural systems under dynamic loads should also be 

investigated. 

 

3) More strengthening methods are also available for concrete flat plate structures other 

than the three examined in this thesis. Accordingly, future research should include the 

evaluation of punching shear and post-punching performances using other strengthening 

methods, for instance, high-strength concrete SCJs and those with steel fibres. When 

assessing a particular strengthening method, one must consider not only the magnitudes 

to which it enhances the punching shear and post-punching behaviours and load-resistant 

capacities, but also the constructability and material costs. Furthermore, the exploration 

of optimal design for a particular strengthening method, e.g., achieving the highest 

punching and post-punching performances with the available amount of materials, is 

encouraged. Such a comprehensive evaluation will provide reliable and thorough 

recommendations for improving the existing progressive collapse design guidelines. 

 

4) Progressive collapse is characterised by the entire structural behaviours, which may 

not be fully captured through studies at either SCJ or substructure level. Therefore, 

research on the entire structure level is also worth considering. In addition to the more 

challenging physical tests, focus should be given to numerical simulations with simplified 
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modelling approach, to be developed based on the high-fidelity finite element models 

established in this study. 

 

5) Note that progressive collapse is one of the potential failures that flat plate structures 

might encounter during their service life, which is usually caused by cumulative vertical 

gravity loads to a building with an initial localised damage. In addition, flat plate 

structures can also suffer damage from seismic loads, which involve both lateral and 

vertical loads acting simultaneously. Thus, seismic resilience of flat plate structures is 

also a crucial consideration for their multi-hazard defense capabilities. The failure modes 

of flat plate structures under seismic loads differ significantly from those in a progressive 

collapse scenario. As a result, the strengthening methods for seismic and progressive 

collapse prevention designs are also varied. A strengthening method can sometimes 

enhance both seismic and progressive collapse resistance capacities, but may also 

contribute contradictorily to each hazard. How to develop effective strengthening 

methods for multi-hazard prevention and mitigation is an urgent engineering challenge 

that needs to be addressed in the future.
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