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Abstract 

Punching shear is described as a brittle failure mode that can occur in reinforced concrete buildings at the 

slab-column connection area. Many times, such a failure mode can initiate a potential progressive collapse 

of the building. An in-depth investigation was performed to examine possible structural failures of flat slab 

construction, as well as research punching shear both experimentally and numerically. This included 

validated Finite Element Analysis (FEA) models and a planned proposed retrofit method to strengthen the 

slab, promoting improved serviceability and resilience. 

A proposed retrofit method of using Ultra High Performance Fibre Reinforced Concrete (UHPFRC) as a 

tensile overlay was suggested for a square slab with side lengths of 1.8m and a thickness of 120mm, having 

extended square column stubs with side lengths of 200mm. Two slabs were constructed, including a control 

specimen (un-retrofitted) and a 30mm full tensile overlay retrofitted specimen with UHPFRC. Two more 

slabs are planned to be constructed, with all four being tested in future research. These additional two slabs 

will have full overlay thicknesses of 15mm and 20mm. 

FEA models were established and analyzed for all proposed slabs. All FEA were conducted in ABAQUS 

software using the concrete damaged plasticity model. Another FEA software was also considered 

(ATENA), but the obtained results were not in good agreement with test results. ABAQUS results showed 

that an increase of thickness provided greater punching shear strength. The control specimen was compared 

to code provisions to validate accuracy. It was found that ACI-318-19 proved to be most accurate, whereas 

CSA A23.3-19 was one of the least accurate. 

To model the constitutive behaviour of UHPFRC, emphasis was given to the tensile properties using the 

inverse analysis equations proposed in the recent Canadian codes (CSA A23.1-19 and CSA S6-19). A series 

of parametric studies were performed, varying model parameters using stress-strain or stress-crack width 

properties and the inclusion of damage. It was concluded that the stress-crack width provided better results 



iii 

 

for the post-peak softening along with the damage parameters compared to prism test results; however, the 

peak load was found to be greatly overestimated.  



iv 

 

Acknowledgements 

I would first like to thank my supervisor, Dr. Katerina Genikomsou, for taking me on as a graduate student 

and guiding me throughout this entire project. Throughout every setback that occurred, she was always 

motivating which helped me progress through the hardest instances. Her expertise in finite element 

modelling and analysis really opened my eyes towards how a lot of numerical analysis gets utilized in the 

real world. Any time that I had a question she always answered without hesitation. Σας ευχαριστώ!  

To Greg Nault at Lafarge, thank you for your guidance on helping me understand the construction behind 

UHPFRC and how to apply it towards my project. Throughout numerous meetings and questions, Greg was 

always helpful and gave great advice which will help my technical knowledge throughout my professional 

career.  

To my research group of Hadi Panahi, Demewoz Menna, Philopateer Boules, and Amira Gill, thank you 

all for your tremendous help with both helping me in the lab or in the office. It was great having people to 

talk to when I had questions, no matter how small. I hope the rest of your school/beginning of your 

professional careers is amazing. 

I would like to thank the lab team of Hal Stephens, Jaime Escobar, Zena Lauzon, Paul Thrasher and Graeme 

Boyd for helping me progress my project. As large as my project was, they always did their best to help me 

progress along. 

Finally, for everyone back home; first to my family, thank you for always being supportive and helping me 

along this long journey through school. To my friends, I am glad to have had you in my life to give me a 

smile on my face no matter what we are doing. And to Michelle, you were the backbone that kept the whole 

train running, and to that I am forever grateful.  

 



v 

 

Table of Contents 

Abstract ......................................................................................................................................................... ii 

Acknowledgements ...................................................................................................................................... iv 

List of Figures ............................................................................................................................................ viii 

List of Tables ............................................................................................................................................... xi 

Chapter 1 Introduction .................................................................................................................................. 1 

1.1 Overview of Punching Shear Failure .................................................................................................. 1 

1.2 Research Objectives ............................................................................................................................ 3 

1.3 Outline................................................................................................................................................. 4 

Chapter 2 Literature Review ......................................................................................................................... 6 

2.1 Punching Shear Failure Case Studies .................................................................................................. 6 

2.2 Punching Shear Code Provisions ........................................................................................................ 9 

2.2.1 CSA A23.3 – Design of Concrete Structures ............................................................................... 9 

2.2.2 ACI 318 – Building Code Requirements for Structural Concrete ............................................. 10 

2.2.3 Critical Shear Crack Theory ...................................................................................................... 10 

2.2.4 CEB-FIP Model Codes .............................................................................................................. 13 

2.3 Previous Experimental Research on Punching Shear ....................................................................... 13 

2.3.1 Adetifa and Polak (2005) ........................................................................................................... 13 

2.3.2 Ghannoum (1998) ...................................................................................................................... 15 

2.3.3 Guandalini and Muttoni (2004) .................................................................................................. 16 

2.4 Ultra High Performance Fibre Reinforced Concrete ........................................................................ 17 

2.5 Testing of UHPFRC .......................................................................................................................... 19 

2.6 Experimental Testing of Composite RC-UHPFRC Specimens ........................................................ 21 

2.7 Previous Numerical Research on Punching Shear ............................................................................ 23 

2.7.1 Genikomsou and Polak (2015) ................................................................................................... 23 

2.7.2 Menna and Genikomsou (2021) ................................................................................................. 25 

2.8 Bond of Concrete to UHPFRC.......................................................................................................... 27 

Chapter 3 Finite Element Analysis Modelling ............................................................................................ 29 

3.1 Introduction ....................................................................................................................................... 29 

3.2 Concrete Damage Plasticity Model in ABAQUS ............................................................................. 29 

3.2.1 Constitutive Model of Concrete ................................................................................................. 34 

3.2.2 Constitutive Model of UHPFRC ................................................................................................ 39 

3.2.2.1 Without Experimental Data ................................................................................................ 39 



vi 

 

3.2.2.2 With Material Data from Experiments ................................................................................ 39 

3.3 CC3D Nonlinear Cementitious 2 Concrete Model in ATENA ......................................................... 45 

3.3.1 Setup of CC3D Nonlinear Cementitious 2 Materials ................................................................. 48 

3.4 Simulations of Past Literature ........................................................................................................... 50 

3.4.1 Calibration of Specimen SB1 from Adetifa and Polak (2005)................................................... 50 

3.4.1.1 Concrete Damaged Plasticity Model ................................................................................... 50 

3.4.1.2 CC3D Nonlinear Cementitious 2 ........................................................................................ 57 

3.4.2 Other Simulations from Selected Literature .............................................................................. 61 

3.4.3 Discussion of Literature Simulations ......................................................................................... 65 

Chapter 4 Experimental Program and Simulations of Lab Specimens ....................................................... 68 

4.1 Introduction ....................................................................................................................................... 68 

4.2 Isolated Specimens ............................................................................................................................ 69 

4.3 Design of Test Specimens ................................................................................................................. 71 

4.3.1 UHPFRC .................................................................................................................................... 73 

4.4 Prediction Simulations of Experimental Specimens ......................................................................... 73 

4.4.1 PQ0 ............................................................................................................................................ 75 

4.4.2 PQ15 .......................................................................................................................................... 75 

4.4.3 PQ20 .......................................................................................................................................... 76 

4.4.4 PQ30 .......................................................................................................................................... 77 

4.4.5 Discussion of Predictive Simulations......................................................................................... 77 

4.4.6 Comparison with Code Provisions ............................................................................................. 78 

4.5 Construction of the Specimens ......................................................................................................... 79 

4.6 Material Properties Tested ................................................................................................................ 83 

4.6.1 Concrete ..................................................................................................................................... 83 

4.6.2 Steel Reinforcement ................................................................................................................... 84 

4.6.3 UHPFRC .................................................................................................................................... 85 

4.6.3.1 Validation of Tested Model UHPFRC Parameters ............................................................. 88 

4.7 Instrumentation ................................................................................................................................. 93 

4.8 Test Setup.......................................................................................................................................... 95 

Chapter 5 Conclusions and Future Recommendations ............................................................................... 97 

5.1 Conclusions ....................................................................................................................................... 97 

5.2 Future Recommendations ................................................................................................................. 99 

References ................................................................................................................................................. 101 

Appendix A Code Calculations................................................................................................................. 105 



vii 

 

Appendix B UHPFRC Inverse Analysis Calculations .............................................................................. 110 

  

  



viii 

 

List of Figures 

Figure 1.1: An Isolated Specimen Showing the Elevation (Top) and Plan View on The Tensile Surface 

(Bottom) ........................................................................................................................................................ 2 

Figure 1.2: 3-Dimensional View of Punching Shear Failure in a Typical Slab-Column Connection .......... 2 

Figure 2.1: Piper’s Row Car Park Post Collapse (Wood 2003) .................................................................... 6 

Figure 2.2: Failure of 2000 Commonwealth Avenue (King and Delatte 2003) ............................................ 8 

Figure 2.3: Load Rotation Behaviour of Punching Shear Using CSCT...................................................... 11 

Figure 2.4: Load Rotation Relationship of Punching Shear Within the Critical Perimeter (Muttoni and 

Windisch 2009) ........................................................................................................................................... 12 

Figure 2.5: Reinforcement Spacing of Uniform (a) and Banded (b) Reinforcement by Ghannoum (1998)

 .................................................................................................................................................................... 16 

Figure 2.6: Comparison of Ductal® to Normal Concrete in Compression (a) and 3-Point Bending (Ductal 

n.d.) ............................................................................................................................................................. 18 

Figure 2.7: Testing Procedure/Failures of Compression Cube Test (a), Bending Test (b), Direct Tension 

Test (c), and Splitting Test (d) of UHPFRC by Shafieifar et al. (2017) ..................................................... 19 

Figure 2.8: Setup Sketch of PBM1 by Bastien-Masse and Brühwiler (2016a) ........................................... 22 

Figure 2.9: Load-Displacement Behaviour of PBM1 (Bastien-Masse and Brühwiler 2016a) ................... 23 

Figure 2.10: ABAQUS Simulation Setup for Specimen SB1 by Genikomsou and Polak (2015) .............. 24 

Figure 2.11: SB1 Load-Displacement Comparison by Genikomsou and Polak (2015) ............................. 25 

Figure 2.12: UHPFRC Non-Full Overlay Configurations for PBM1 (a and c) and SB1 (b and d) (Menna 

and Genikomsou 2021) ............................................................................................................................... 26 

Figure 2.13: UHPFRC Tensile Properties of Stress-Strain Hardening (a) and Stress-Crack Width 

Softening by Menna and Genikomsou ........................................................................................................ 26 

Figure 3.1: Stress-Strain Response of Steel Reinforcement, Showing Bilinear Elastic-Plastic (a) and 

Perfectly Plastic (b) Behaviour ................................................................................................................... 31 

Figure 3.2: Hognestead Parabola for Compressive Concrete Damaged Plasticity of Concrete (Genikomsou 

2015) ........................................................................................................................................................... 36 

Figure 3.3: Uniaxial Tension Stress-Strain Response of Concrete as Described by ABAQUS Analysis 

User’s Guide (SIMULIA 2013) .................................................................................................................. 37 

Figure 3.4: Bilinear Tensile Stress-Crack Width Relationship for Concrete Damaged Plasticity in 

ABAQUS (Genikomsou and Polak 2015) .................................................................................................. 38 



ix 

 

Figure 3.5: Tensile Stress-Strain Relationship for Concrete Damaged Plasticity in ABAQUS 

(Genikomsou and Polak 2015) .................................................................................................................... 38 

Figure 3.6: Comparison of Compressive Stress Strain Response (Genikomsou and Polak 2015; Shafieifar 

et al. 2017) .................................................................................................................................................. 39 

Figure 3.7: Model Compressive Stress-Strain Curve of UHPFRC Using Test Data .................................. 41 

Figure 3.8 Four Point Loading Setup of UHPFRC Prisms (CSA Group 2015a) ........................................ 42 

Figure 3.9 Load-Displacement of Four Point Bending Prism Tests for UHPFRC ..................................... 43 

Figure 3.10: Stress-Strain (a) and Stress-Crack Width (b) Response of UHPFRC .................................... 44 

Figure 3.11: Stress-Strain Relationship of Concrete in Compression in ATENA 3D (Červenka et al. 2018)

 .................................................................................................................................................................... 49 

Figure 3.12: Exponential Stress-Crack Width Softening in ATENA 3D (Červenka et al. 2018) ............... 50 

Figure 3.13: SB1 Control Setup in ABAQUS ............................................................................................ 51 

Figure 3.14: SB1 Load-Displacement Results for Mesh Sensitivity of SB1 .............................................. 53 

Figure 3.15: SB1 Control Crack Pattern with 10 mm Mesh (a), 15 mm Mesh (b), and 20 mm Mesh (c) .. 54 

Figure 3.16: SB1 Retrofit Application in ABAQUS .................................................................................. 55 

Figure 3.17: SB1 Retrofit Simulation Results in ABAQUS ....................................................................... 56 

Figure 3.18: Retrofitted SB1 Crack Pattern with 10 mm UHPFRC (a), 15 mm UHPFRC (b), and 20 mm 

UHPFRC (c) Overlays ................................................................................................................................ 57 

Figure 3.19: Setup of SB1 in ATENA ........................................................................................................ 58 

Figure 3.20: SB1 Load-Displacement Results for ATENA Simulations .................................................... 60 

Figure 3.21: Cracking Pattern of SB1 at Peak Load in ATENA Using a Quarter Slab (a) and Half Slab (b)

 .................................................................................................................................................................... 60 

Figure 3.22: ABAQUS Setup of S1-U (a), PG-1 (b) and PBM1 (c) ........................................................... 63 

Figure 3.23: Load-Displacement Results for S1-U (a), PG-1 (b) and PBM1 (c) ........................................ 64 

Figure 3.24: Cracking Pattern of S1-U (a), PG-1 (b) and PBM1 (c) .......................................................... 65 

Figure 4.1: Geometry of Test Specimens .................................................................................................... 68 

Figure 4.2: Plan View of Test Specimen Selection..................................................................................... 70 

Figure 4.3: Elevation View of Test Specimen Selection ............................................................................ 70 

Figure 4.4: Tension Reinforcement Detail of Test Specimens, Showing Plan (Top) and Elevation 

(Bottom) ...................................................................................................................................................... 71 

Figure 4.5: Compression Plan Reinforcement Detail of Test Specimens ................................................... 72 

Figure 4.6: Column Plan (a) and Elevation (b) Reinforcement Detail of Test Specimens ......................... 73 

Figure 4.7: Setup of Assembly and BCs of Experimental Specimens ........................................................ 74 

Figure 4.8: Load-Displacement Predictive Response of Proposed Slabs ................................................... 74 



x 

 

Figure 4.9: Cracking Pattern in ABAQUS for PQ0 Using Predictive Model ............................................. 75 

Figure 4.10: Cracking Pattern in ABAQUS for PQ15 Using Predictive Model ......................................... 76 

Figure 4.11: Cracking Pattern in ABAQUS for PQ20 Using Predictive Model ......................................... 76 

Figure 4.12: Cracking Pattern in ABAQUS for PQ30 Using Predictive Model ......................................... 77 

Figure 4.13: Full Reinforcement Cage Showing Column Steel (a) and Full Formwork in Place (b) ......... 80 

Figure 4.14: Concrete Planer Performing Surface Preparation ................................................................... 81 

Figure 4.15: UHPFRC Overlay on Specimen PQ30 ................................................................................... 82 

Figure 4.16: Debonding Observed of PQ30 ................................................................................................ 83 

Figure 4.17: Splitting Cylinder Setup (a) and Crushed Concrete Cylinders in Compression (b) ............... 84 

Figure 4.18: Steel Reinforcement Tensile Stress-Strain Curve Showing Full Response (a) and Elastic 

Modulus (b) ................................................................................................................................................. 84 

Figure 4.19: Crushed UHPFRC Cylinders .................................................................................................. 85 

Figure 4.20: Prism Testing Setup for Inverse Analysis, Showing Front (a), Back (b), Schematic (c) and 

After Test Splitting (d) (CSA Group 2015a) .............................................................................................. 87 

Figure 4.21: Load-LP Displacement Results of UHPFRC Cylinders ......................................................... 88 

Figure 4.22: UHPFRC Prism Modelling Setup .......................................................................................... 89 

Figure 4.23: Preliminary Parametric Study of UHPFRC Prism Modelling ................................................ 91 

Figure 4.24: Final Parametric Study of UHPFRC Prism Modelling .......................................................... 92 

Figure 4.25: Cracking of UHPFRC Prism at Peak Load (a) and at Test Completion (b) ........................... 93 

Figure 4.26: Strain Gauge Layout on Tensile Reinforcement .................................................................... 94 

Figure 4.27: Frame Setup for Test Specimens in Ellis Hall ........................................................................ 96 

 



xi 

 

List of Tables 

Table 2.1: Shear Bolt Retrofit Test Results (Adetifa and Polak 2005) ....................................................... 15 

Table 2.2: Peak Load-Displacement Values for Tested Slabs by Ghannoum (1998) ................................. 16 

Table 2.3: Peak Results of Slabs Tested by Guandalini and Muttoni (2004) ............................................. 17 

Table 2.4: ABAQUS Inputs for UHPFRC Based on Testing by Shafieifar et al. (2017) ........................... 20 

Table 2.5: SB1 Peak Load Comparison by Genikomsou and Polak (2015) ............................................... 25 

Table 3.1: Consistent Units in ABAQUS (SIMULIA 2019) ...................................................................... 30 

Table 3.2: Density and Poisson’s Ratio for Materials Used in ABAQUS .................................................. 31 

Table 3.3: Concrete Damaged Plasticity Default Values in ABAQUS ...................................................... 35 

Table 3.4: Prism Dimensions Based on Fibre Length................................................................................. 42 

Table 3.5: Default Parameters Input into ATENA 3D (Červenka and Prague 2017) ................................. 48 

Table 3.6: Mesh Sensitivity Peak Results for SB1 in ABAQUS ................................................................ 52 

Table 3.7: UHPFRC Comparison Results for SB1 in ABAQUS ................................................................ 56 

Table 3.8: Peak Results of SB1 Tests in ATENA ....................................................................................... 60 

Table 3.9: Setup of Literature Simulations in ABAQUS ............................................................................ 62 

Table 3.10: FEA Results of Slabs from Previous Literature ....................................................................... 64 

Table 4.1: Comparison Summary of FEA Simulations to Experiments ..................................................... 75 

Table 4.2: Code Provision Calculations and Comparison for Peak Load ................................................... 78 

Table 4.3: UHPFRC Model Parameters from Testing ................................................................................ 93 

 

 



 

1 

 

Chapter 1 

Introduction 

1.1 Overview of Punching Shear Failure 

In reinforced concrete (RC) flat slabs supported on columns without beams (also referred to as slab-

column connections), a brittle failure mode that can potentially occur is punching shear. This type 

of failure happens when the forces and/or moments applied on the column exceeds the resistance 

of the concrete. This failure is brittle, and many times occurs without warning, which could be 

catastrophic since it may lead to collapse of the building. Concrete flat slabs are typically reinforced 

in flexure in both directions, and when there is no shear reinforcement present (e.g., stirrups, shear 

studs), the section relies on concrete strength alone to resist punching shear.  

Punching shear is assigned to a critical perimeter (𝑏𝑜) around the column and/or support. This 

occurs at a distance half of the effective depth (
𝑑

2
) to the furthest tension reinforcement on each 

column face (CSA Group 2015). A sketch of a punching shear perimeter for a continuous two-way 

reinforced concrete (RC) slab is shown in Figure 1.1, where 𝑐1 and 𝑐2 represent the column 

dimensions, and the dashed lines represent the 𝑏𝑜. Viewing this from a 3-dimensional viewpoint, 

the remainder of the slab connected to the column has a trapezoidal shape. This is idealized as 

shown in Figure 1.2. 

Despite the need for new slabs, a significant number of existing flat slabs currently require 

strengthening against punching shear for safety reasons (e.g., increased loads, deficiencies during 

design or construction) or to comply with more stringent design code provisions. Available 

strengthening techniques (e.g., post-installed shear bolts, fibre reinforced concrete) (Adetifa and 

Polak 2005; Cheng and Parra-Montesinos 2010; Youm 2017) are however not completely 

satisfactory or cannot be applied in many cases. The shear reinforcement interference problems 
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with the flexural reinforcement are the motivation for the development and testing of easy to install 

reinforcement solutions.  

 

 

Figure 1.1: An Isolated Specimen Showing the Elevation (Top) and Plan View on The 

Tensile Surface (Bottom)  

 

Figure 1.2: 3-Dimensional View of Punching Shear Failure in a Typical Slab-Column 

Connection 

Applied Loading 

Punching cone 
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1.2 Research Objectives 

The overall objective of this thesis is to recognize and prevent future punching shear failures in 

slab-column connections by understanding how the failure occurs and methods used to strengthen 

them. Such applications will be to investigate the load-displacement behaviour, as well as how 

cracking occurs. Such matters will include reviewing strengthening methods and providing a novel 

method to improve the performance of buildings. By achieving these objectives, buildings will be 

more resilient and in addition, their service life would likely be lengthened, being more economical 

(Dong 2018).  

For this thesis, the following research objectives were sought out: 

• Investigation of an experimental approach to strengthen slab-column connections using 

Ultra High Performance Fibre Reinforced Concrete (UHPFRC) on the tensile surface. 

Construction of two slabs were performed for future testing, along with the plan for two 

more to be constructed/tested afterward. 

• Understand the use of UHPFRC and its advantages to being used as a retrofit method for 

slab-column connections.  

• Perform material testing UHPFRC with an emphasis on its tensile properties. This included 

four-point bending tests of UHPFRC prisms and use of the inverse analysis to obtain the 

tensile behaviour of the UHPFRC. 

• The investigation of material calibration in FEA software to better predict the behaviour of 

slab-column connections using concrete and UHPFRC. This was accomplished using past 

literature, observing how it would compare to test data to validate the model. 

• Generate predictive models of slabs to be tested. This will be done using the calibration 

from past models developed in the literature. The results for each specimen were compared 
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to future test results, as well as current code provisions to determine the accuracy of the 

model.  

• Validation of UHPFRC material properties with lab material testing. Proposed models will 

be compared with prism testing to observe if the results will be in agreement. 

1.3 Outline 

Chapter 2 consists of the literature review. Here, past punching shear failures were presented, as 

well as presenting current code provisions. Experimental and numerical slab-column connections 

were presented, with differences including loading application and proposed retrofit methods. In 

addition, UHPFRC was introduced to describe its mechanical advantages in retrofitting. Literature 

included the use of composite specimens, as well as the bond application between concrete and 

UHPFRC. 

Chapter 3 presents the Finite Element Analysis (FEA) using two programs: ABAQUS and 

ATENA 3D. Here, the setup of both programs was described, with an emphasis on the tensile 

parameters of concrete and UHPFRC. Specimens written in past literature will be used as a form 

of calibration. The proposed experimental slabs will be analyzed using these models to predict 

when failure would occur and how it would behave. 

Chapter 4 consists of the testing setup of the experimental punching shear tests performed with a 

control specimen and retrofitted specimens with UHPFRC. The test specimens will be defined, 

showing the difference in each design. Prediction simulations were performed of the slabs to 

estimate what the load-displacement behaviour would be upon future testing. The material 

properties of concrete, UHPFRC and the steel reinforcement were summarized upon ASTM 

Standard testing. Data acquisition of loads, displacements and strains were displayed, along with 

how data was gathered. The UHPFRC material testing was then compared to an ABAQUS model 

to observe the validity of the inverse analysis method. Instrumentation will be sketched, showing 
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strain gauges and LPs. The frame design will be shown to idealize how each specimen will be 

tested. 

Chapter 5 concludes all findings from the thesis and presents recommendations for future research. 
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Chapter 2  

Literature Review 

2.1 Punching Shear Failure Case Studies 

The first punching shear failure presented herein was Piper’s Row Car Park in Wolverhampton, 

United Kingdom (UK), with its collapse shown in Figure 2.1. Piper’s Row opened in 1965 and 

stood until March 20, 1997, when the car park failed. A 15x15 m section of the top floor collapsed, 

then causing other sections of the slab to collapse onto the floor below. There were no casualties 

since this failure occurred overnight but could have had catastrophic outcomes had it occurred 

during the daytime (Wood 2003).  

 

Figure 2.1: Piper’s Row Car Park Post Collapse (Wood 2003) 

Piper’s Row was constructed using the British structural code CP114 (The Structural use of 

Reinforced Concrete in Buildings). Comparing this to BS8110 (now known as Eurocode 2), it is 

shown that CP114 lacks punching shear provisions such as moment transfer from the slab to the 

column, no shear design for edge columns, and no consideration of the flexural reinforcement 

impacting the shear strength. Piper’s Row was constructed using lift slab construction. This 

consisted of building a slab on the previous floor and hoisting it onto the precast columns that 

would support it. Mortar was used to create moment transfer between the slab and the column. This 

was a common technique for parking garages at the time in the UK for its simplicity and cost-
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effectiveness. In the last 10 years of Piper’s Row’s service life, there were issues with water 

infiltration and material properties. This issue happened at some other parking garages constructed 

in a similar manner in the UK (e.g., a progressive collapse happened to a parking garage in 

Coventry, UK in 1988 using lift slab construction). With these concerns, Piper’s Row could have 

taken preventative measures to strengthen the structure, however, no action was taken. There were 

a few areas on the top slab that needed to be patch repaired. The specified concrete strength for this 

parking garage was 20.5 MPa. Degradation over time saw lower than expected values for 

compressive strength, with some cores of the failure area going as low as 15 MPa. There was an 

even greater decrease in the modulus of elasticity, with some values in the failed area being as low 

as 9,000 MPa, when it should have been around 20,000 MPa, based upon the Canadian Codes. The 

creep affected the deflection of the spans since they were of different lengths. The moment 

distribution varied, causing increased shear stress in the system. All these factors combined with 

weak code provisions led this structure to its demise. 

The next case of punching shear collapse presented herein was of 2000 Commonwealth Avenue, 

an apartment building located in Boston, Massachusetts. This was an apartment building under 

construction which planned to have a total of 16 storeys. Construction commenced on the project 

in 1969 and stopped due to its collapse in 1971. Four deaths were recorded, all of them being 

workers found in the basement of the structure after the collapse (King and Delatte 2003). An image 

of the failure is shown in Figure 2.2. 
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Figure 2.2: Failure of 2000 Commonwealth Avenue (King and Delatte 2003)  

The structure was constructed using cast in place (CIP) RC flat slabs. Shoring was used to support 

the floors after casting. A core was created in the middle to include an elevator shaft. Slab 

thicknesses varied depending on its location to the shaft of the elevator or stairs. Close to these 

areas, they were designed to be 230 mm; otherwise, they were designed to be 190 mm. The collapse 

of 2000 Commonwealth Avenue was deemed to be a progressive collapse, occurring in three 

phases. The first phase was the punching shear collapse. This occurred on the roof of the structure, 

where the slab observed had deflected vertically by as much as 150 mm around an interior column. 

Shortly after, the second phase of the collapse occurred, which was the roof collapsing on the side 

of the elevator shaft the column was on.  

Following this, after a 10 – 20-minute pause, at least two-thirds of this side of the structure 

collapsed. The weight of the debris acting on the floor below caused further failure as the slabs 

could not handle the additional load. This affected all floors below until the ground. It should be 

noted that the elevator shaft itself remained intact, and it was believed that this was the reason the 

structure did not completely collapse.  

Upon investigation by the commission, there were many deficiencies regarding the design to the 

construction aspects. Some of these included inadequate stamping of design drawings, missing 
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calculations, and inadequate concrete mix designs. The design compressive strength expected for 

the concrete in the structure was intended to be around 20 MPa, however, testing of some samples 

were found to be 13 MPa. The main concern, however, was due to inadequate shoring for roof and 

floor casting, with reason to believe that some of these were removed prematurely before curing 

had fully completed.  

2.2 Punching Shear Code Provisions 

2.2.1 CSA A23.3 – Design of Concrete Structures 

A23.3-19 (CSA Group 2019a) has its punching shear provisions in Cl. 13.3. In this clause, it is 

indicated that the factored shear stress resistance (𝑣𝑟) must be greater than or equal to the factored 

shear stress (𝑣𝑓). For slabs designed without shear reinforcement, resistance is provided only by 

the concrete (𝑣𝑐). The critical perimeter (𝑏𝑜) is indicated as the minimum location from each 

column face at a distance of 
𝑑

2
 from each face. 𝑣𝑟 was calculated using three different situations, 

where the governing case would be the minimum of the calculations shown in Equation (2.1), where 

the resistance is in MPa, and lengths are in mm. To convert the stress into a force, 𝑣𝑐 must be 

multiplied by 𝑏𝑜  and 𝑑. In these equations, 𝛽𝑐 was referred to as the ratio of the longer column 

dimension (𝑐1) compared to the shorter column dimension (𝑐2), and 𝛼𝑠 as the number of exposed 

sides to the concrete slab (i.e. 4 for interior columns, 3 for edge columns). A multiplication factor 

exists if the slab’s effective depth is greater than 300 mm. This factor is shown in Equation (2.2). 

Another item included is the term √𝑓𝑐
′, which is not allowed to exceed 8 MPa. 

 

𝑣𝑟 = 𝑣𝑐 = min

{
 
 

 
 (1 +

2

𝛽𝑐
) ∗ 0.19 ∗ √𝑓𝑐

′

(
𝛼𝑠 ∗ 𝑑 

𝑏𝑜
+ 0.19) ∗ √𝑓𝑐

′

0.38 ∗ √𝑓𝑐
′

 

(2.1) 
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 𝑖𝑓 𝑑 > 300𝑚𝑚,   𝑓𝑎𝑐𝑡𝑜𝑟 =
1300

(1000 + 𝑑)
 (2.2) 

 

2.2.2 ACI 318 – Building Code Requirements for Structural Concrete 

The punching shear requirements for RC slabs are presented in Cl. 22.6.5 of ACI 318-19, “Two-

way shear strength provided by concrete in members without shear reinforcement” (ACI 2019). 

Similar to CSA A23.3-19 for slabs without shear reinforcement, the resistance is equal with the 

concrete contribution only, taken as the minimum of three calculations, shown in Equation (2.3).  

As a limiting factor, √𝑓𝑐
′ is not allowed to exceed 8.3 MPa. To convert the resistance into a force, 

𝑣𝑐 must be multiplied by 𝑏𝑜 and d. In these equations, 𝛽 is referred to as the ratio of the longer 

column dimension (𝑐1) compared to the shorter column dimension (𝑐2), 𝛼𝑠 as the number of 

exposed sides to the concrete slab multiplied by a factor of 10 (i.e. 40 for interior columns, 30 for 

edge columns, 20 for corner columns), and 𝜆𝑠 as the size effect factor based off Cl. 22.5.5.1.3, 

shown in Equation (2.4). 

 

𝑣𝑟 = 𝑣𝑐 = min

{
 
 

 
 0.33 ∗ 𝜆𝑠 ∗ 𝜆 ∗ √𝑓𝑐

′

(0.17 +
0.33

𝛽
) ∗ 𝜆𝑠 ∗ 𝜆 ∗ √𝑓𝑐

′

(0.17 +
0.083 ∗ 𝛼𝑠 ∗ 𝑑

𝑏𝑜
) ∗ 𝜆𝑠 ∗ 𝜆 ∗ √𝑓𝑐

′

           (𝑀𝑃𝑎) (2.3) 

 

 

𝜆𝑠 = √
2

1 + 0.004 ∗ 𝑑
≤ 1 (2.4) 

2.2.3 Critical Shear Crack Theory 

The Critical Shear Crack Theory (CSCT) was first developed by Muttoni and Schwartz (1991). 

This theory was based on the rotation of the slab impacting the concrete resistance (Muttoni and 

Windisch 2009). The procedure proposed to calculate the punching shear resistance (or failure 

criterion) is shown in Equation (2.5). In this equation, 𝜓 is the rotation of the slab outside of the 

critical perimeter, 𝑑𝑔 is the maximum aggregate size, and 𝑑𝑔0 is the reference aggregate size, taken 

as 16 mm. All other parameters (such as 𝑏𝑜, 𝑑, 𝑓
′𝑐) were previously explained. 
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The slab rotation is then calculated using Equation 2.7. In this equation, 𝑟𝑠 was taken as the length 

of the slab from the column centreline to the edge face, 𝑉 is the shear force and 𝑉𝑓𝑙𝑒𝑥 is the shear 

force associated with the flexural capacity of the slab, calculated using Equation (2.7). In this 

equation, 𝑟𝑞 is the distance from the column centreline to the applied point load, 𝑟𝑐 is the radius of 

the column, and 𝑚𝑟 is the radial moment per unit width. 𝑚𝑟 was calculated in Equation (2.8). To 

better indicate the distances of 𝑟𝑠, 𝑟𝑞 , and 𝑟𝑐, they are shown in Figure 2.3, which also shows the 

distance of the centerline to the critical shear crack (𝑟0). 

 𝑉𝑟 = 𝑉𝑐 =
0.75

1 + 15 ∗
𝜓 ∗ 𝑑

𝑑𝑔0 + 𝑑𝑔

∗ (𝑏𝑜 ∗ 𝑑 ∗ √𝑓
′𝑐)          (𝑁) 

(2.5) 

 𝜓 = 1.5 ∗
𝑟𝑠
𝑑
∗
𝑓𝑦

𝐸𝑠
∗ (

𝑉

𝑉𝑓𝑙𝑒𝑥
)

1.5

                             (𝑟𝑎𝑑) (2.6) 

 𝑉𝑓𝑙𝑒𝑥 = 2 ∗ 𝜋 ∗ 𝑚𝑟 ∗
𝑟𝑠

𝑟𝑞 − 𝑟𝑐
                              (𝑁)  

(2.7) 

 𝑚𝑟 = 𝜌 ∗ 𝑓𝑦 ∗ 𝑑
2 ∗ (1 −

𝜌 ∗ 𝑓𝑦

2 ∗ 𝑓′𝑐
)                 (

𝑁 ∗ 𝑚𝑚

𝑚𝑚
)  (2.8) 

 

Figure 2.3: Load Rotation Behaviour of Punching Shear Using CSCT  
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To compare the failure criterion to the response of the slab, the factored load-rotation relationship 

should be considered in Equation (2.9), where the rotation was a function of the factored shear 

force (𝑉𝑑). This is slightly modified from Equation (2.6), where 𝑟𝑠 was equated to 0.22 ∗ 𝐿, where 

𝐿 was the center to center distance of columns, and 𝑉𝑓𝑙𝑒𝑥 was equated to 8 ∗ 𝑚𝑟𝑑, where 𝑚𝑟𝑑  was 

a reducing factor multiplied by 𝑚𝑟. The comparison of the plots of Equation (2.5) against Equation 

(2.10) is shown in Figure 2.4. In the figure, anything to the left of Point A is considered as safe, 

whereas anything to the right would cause the section to fail. At Point A, the design punching shear 

strength is achieved. This was calculated using Equation (2.10), where 𝛾𝑐 is a safety factor of 

concrete, taken as 1.5 in European design codes. 

 
𝜓 = 0.33 ∗

𝐿

𝑑
∗
𝑓𝑦

𝐸𝑠
∗ (

𝑉𝑑
8 ∗ 𝑚𝑟𝑑

)

3
2

                                    (𝑟𝑎𝑑) 
(2.9) 

 𝑉𝑟𝑑 =
2

3 ∗ 𝛾𝑐
∗

1

1 + 20 ∗
𝜓 ∗ 𝑑

𝑑𝑔0 + 𝑑𝑔

∗ 𝑏0 ∗ 𝑑 ∗ √𝑓
′𝑐         (𝑁) (2.10) 

 

Figure 2.4: Load Rotation Relationship of Punching Shear Within the Critical Perimeter 

(Muttoni and Windisch 2009) 

 

 

 

A 
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2.2.4 CEB-FIP Model Codes 

CEB-FIP Model Code 1990 had its punching shear provisions listed in Section 6.4.3, “Concentrated 

loads on slabs/slab column connections” (CEB-FIP 1993). In this code, the critical perimeter was 

defined as having a distance of two times the effective depth (2 ∗ 𝑑) of the slab reinforcement from 

each face/corner of the column. In this case, the effective depth was taken as an average from both 

directions.  

For an interior column, the shear stress (𝜏𝑆𝑑) within the critical perimeter is calculated using 

Equation (2.11), where 𝐹𝑆𝑑 is denoted as a concentrated force, 𝑀𝑆𝑑 is the unbalanced moment (if 

included), 𝑊1 is a parameter of the control perimeter, and 𝐾 is a coefficient based on the column 

dimensions (
𝑐1

𝑐2
), taken as 0.6 when 𝑐1 = 𝑐2. The resistance for the slab (𝜏𝑟𝑑) is calculated using 

Equation (2.12). 

 𝜏𝑆𝑑 =
𝐹𝑆𝑑
𝑏𝑜 ∗ 𝑑

+
𝐾 ∗ 𝑀𝑆𝑑
𝑊1 ∗ 𝑑

         (𝑀𝑃𝑎) (2.11) 

 
𝜏𝑟𝑑 = 0.12(1 + √

200

𝑑
)(100 ∗ 𝜌 ∗ 𝑓′𝑐)

1
3        (𝑀𝑃𝑎) 

(2.12) 

CEB-FIP Model Code 2010 had its punching shear provisions listed in Section 7.3.5 “Punching”. 

The critical perimeters were similar to that in the CSA and ACI design codes, where the critical 

perimeter is located at half of the effective depth from each face/corner. The punching resistance 

was then based upon the CSCT (CEB-FIP 2013). 

2.3 Previous Experimental Research on Punching Shear 

2.3.1 Adetifa and Polak (2005) 

Adetifa and Polak (2005) examined different slab-column connections in punching shear and 

suggested a retrofit method of post-installed shear bolts. A series of square slab specimens were 

constructed with plan dimensions of 1,800x1,800 mm and a thickness of 120 mm. At the center of 
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the slab, there was a column stub protruding from each slab face by 150 mm. The plan dimensions 

of the column were 150x150 mm. The tension reinforcement consisted of 10M bars spaced at 100 

mm in one direction and 90 mm spacing in the other direction. The goal of this reinforcement 

detailing was to have similar reinforcement ratios since one layer would have to be placed on top 

of another, affecting the effective depth slightly. The compression reinforcement consisted of 10M 

bars being placed at 200 mm spacings in both directions. Both extreme fibres of tension and 

compression flexure reinforcement had a clear cover of 20 mm. The column longitudinal 

reinforcement consisted of 20 mm diameter bars, with one placed within each corner. To confine 

the column, four 8 mm diameter ties were wrapped around it.  

The test setup was different from that in a real-life scenario. The testing consisted of having a 

concentric load applied on the top of the slab with a support being placed on the bottom of the 

interior 1,500x1,500 mm of the specimens. This was to simulate the location of zero moment if it 

were a continuous two-way slab (CSA Group 2015). Because of this, the setup was upside down, 

with tension reinforcement being placed at the bottom compression reinforcement being placed at 

the top. In addition, the corners were pinned on the top face to prevent uplift at the ends.  

A series of these slabs were tested using post-installed steel shear bolts as a retrofit method. A 

control specimen was denoted as SB1, having no shear bolts, while comparing to other specimens 

SB2, SB3, and SB4; which had 2, 3, and 4 rows of two shear bolts extending out of each column 

face, respectively.  

The bolts had a diameter of 9.5 mm. The head of the bolts had a diameter of 30 mm and had washers 

placed between them and the slab. A 16 mm diameter hole had to be drilled through the slab to 

facilitate the installation of the bolts. The first row of bolts was placed 50 mm from the column 

face, which was considered as being just at the critical perimeter in one direction and slightly 
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beyond in the other direction. The rows were spaced 80 mm from each other moving away from 

the column. 

Each specimen was tested under displacement control to gather the load-displacement data. The 

peak results are shown in Table 2.1, which show that more rows of bolts provide a greater amount 

of strength while improving the ductility of the system. One downside of this retrofit method, 

however, is that there could be a conflict with the flexural reinforcement when installing the bolts, 

which could provide further complications as accidentally drilling into the reinforcement could 

compromise the structural integrity of the slab. 

Table 2.1: Shear Bolt Retrofit Test Results (Adetifa and Polak 2005) 

Specimen  

(# of Rows of Shear Bolts) 

f'c 

(MPa) 

Peak Load  

(kN) 

Displacement at Peak  

(mm) 

SB1 (control) 44 253 12 

SB2 (2 rows) 

41 

364 28 

SB3 (3 rows) 372 33 

SB4 (4 rows) 360 48 

2.3.2 Ghannoum (1998) 

Ghannoum (1998) performed a series of experiments to study the relationship between concrete 

strength, reinforcement distribution and punching shear strength. A set of six experiments were 

investigated, having three sets of two slabs. Each set consisted of having a uniform and banded 

(denoted as U and B, respectively) set of tensile reinforcement, shown in Figure 2.5. Tensile 

reinforcement consisted of 15M bars, which was also used for the column reinforcement. 10M bars 

were used for compressive reinforcement and the column stirrups. The difference between each set 

was the concrete strength, where the first, second, and third set (denoted as S1, S2 and S3) had 

compressive strengths of 37.2 MPa, 57.1 MPa, and 67.1 MPa, respectively. The slab dimensions 

were 2,300x2,300x150 mm with a 225x225x300 mm column stub protruding out of each slab face 

in the centre. The loading of these specimens consisted of eight equal point loads around a perimeter 

of the slab acting vertically downward. The support would come from the bottom column stub.  
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                   (a)                         (b) 

Figure 2.5: Reinforcement Spacing of Uniform (a) and Banded (b) Reinforcement by 

Ghannoum (1998) 

Results showed that the banded reinforcement had a higher peak load in every set, as well as using 

stronger concrete. As for the displacement capacity, the trends that appeared to be present was the 

use of uniform reinforcement and increase of concrete strength increased this capacity. The 

summary of results is shown in Table 2.2. The load recorded included the actuator load cell as well 

as the self-weight around the critical perimeter, which was 85 kN. 

Table 2.2: Peak Load-Displacement Values for Tested Slabs by Ghannoum (1998) 

Specimen 
f'c 

(MPa) 

Peak Load 

(kN) 

Displacement at Peak 

(mm) 

S1-U 
37.2 

301 16.95 

S1-B 317 15.44 

S2-U 
57.1 

363 17.68 

S2-B 447 20.75 

S3-U 
67.1 

443 24.75 

S3-B 485 26.05 

2.3.3 Guandalini and Muttoni (2004)  

Guandalini and Muttoni (2004) tested a series of specimens using a similar testing setup to that of 

Ghannoum (1998), having eight-point loads located radially around the perimeter of a slab. A total 

of 11 slabs were tested, five being of size 3,000x3,000x250 mm, four being of size 

1,500x1,500x125 mm, and one being of size 6,000x6,000x500 mm.  
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The objective of these experiments was to observe how low reinforcement ratios affected the 

punching shear using the Critical Shear Crack Theory. For both the full size and half size 

specimens, there was a control specimen having a reinforcement ratio of 1.5% along with other 

varying reinforcement ratios from 0.75% to as low as 0.22%. The double size specimen (denoted 

as PG-3) had a reinforcement ratio of 0.33%. 

Results were found using load-rotation graphs based on inclinometers placed around a 1.38 m (2.76 

m for PG-3) radius from the center of the slab. The rotation was based upon the reading from the 

inclinometers. The summary of the test results is shown in Table 2.3. These results of PG-1 and 

PG-3 were compared against code provisions such as ACI 318, Eurocode 2 and the CSCT. 

Guandalini et al. (2009) stated that the calculations of tesults found that Eurocode 2 and the CSCT 

predicted the failure better than ACI 318.  

Table 2.3: Peak Results of Slabs Tested by Guandalini and Muttoni (2004) 

Specimen 
f'c 

(MPa) 
ρ 

Peak 

Load 

(kN) 

Rotation at Peak 

(mrad) 

Test Load/ 

Eurocode 

Load 

Test Load/ 

ACI Load 

PG-1 (3x3 m) 27.6 1.50% 1023 8.9 1.08 1.48 

PG-2b (3x3 m) 40.5 0.25% 440 30.1 

N/A N/A 
PG-4 (3x3 m) 32.2 0.25% 408 24.4 

PG-5 (3x3 m) 29.3 0.33% 550 24.7 

PG-10 (3x3 m) 28.5 0.33% 540 22.3 

PG-3 (6x6 m) 31.5 0.33% 2153 8.4 0.92 0.64 

2.4 Ultra High Performance Fibre Reinforced Concrete 

Ultra High Performance Fibre Reinforced Concrete (UHPFRC) is a novel cementitious material 

with exceptional mechanical properties (e.g., high tensile resistance, strain hardening after 

cracking). Interest is focused on the tensile strength and strain ductility of UHPFRC that effectively 

limit the crack propagation resulting in improved durability. UHPFRC is a material which is more 

advantageous than typical concrete. Testing of UHPFRC has recorded compressive and tensile 

strengths of over 120 MPa and 5 MPa, respectively (Lafarge Holcim n.d.). A comparison of 
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concrete to UHPFRC provided by Ductal® is shown in Figure 2.6, comparing in compressive and 

bend tests (Ductal n.d.).  

The differences in material composition of UHPFRC compared to concrete are due to the addition 

of steel fibres, having no coarse aggregate, and low water to cement (w/c) ratio (Graybeal and 

Center 2014). The prepackaged contents of UHPFRC usually provided are the dry mix, 

superplasticer(s), and steel fibres. The fibres included can aid in bridging cracks of the section so 

it can remain more intact. These properties cause the ductility of the section to increase, as it is 

observed from the graphs that the peak strain in compression and displacement in bending appears 

to increase by factors of two and eight, respectively. The addition of UHPFRC could possibly 

replace tension reinforcement as well in some circumstances.  

 

(a) (b) 

Figure 2.6: Comparison of Ductal® to Normal Concrete in Compression (a) and 3-Point 

Bending (Ductal n.d.) 

While UHPFRC performs many benefits compared to typical RC, it does have a high upfront cost, 

which can impact its favourability in design, with the unit price being over 10 times that of concrete. 

Over a life-cycle cost analysis, however, constructing with UHPFRC can be beneficial and possibly 

more economical as there will likely be more maintenance with RC. It is expected that the UHPFRC 

structure would have longer durability than RC if compared with no sort of maintenance. In 

addition, UHPFRC could be found as a sustainable choice to lower carbon dioxide (CO2) emissions, 

provided the UHPFRC takes place for some reinforcement (Dong 2018). 
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2.5 Testing of UHPFRC 

Shafieifar et al. (2017) performed a series of experimental tests to develop a computational 

summary in ABAQUS for generating concrete damaged plasticity parameters for UHPFRC. The 

product they used was Ductal®, by Lafarge. These series of tests included compression tests, 

bending tests, direct tensile tests, and splitting tests, which are shown in Figure 2.7. UHPFRC was 

compared to normal concrete to observe the mechanical advantages.  

 
                   (a)         (b)     (c)     (d) 

Figure 2.7: Testing Procedure/Failures of Compression Cube Test (a), Bending Test (b), 

Direct Tension Test (c), and Splitting Test (d) of UHPFRC by Shafieifar et al. (2017) 

The compressive testing consisted of both cylinders and cubes. The reasoning was to find both the 

compressive strength and modulus of elasticity of their material. The cylinders tested had a 

diameter of 75 mm and a height of 150 mm. Two different types of cubes were tested, which 

included dimensions of 50x50x50 mm and 75x75x75 mm. Generally, cubes achieve higher 

compressive strengths than cylinders based on its geometric advantage, so a reduction factor is 

typically applied. Upon comparison in all tests, it was seen that the UHPFRC had at least double 

the strength values to that of concrete.  

The bending tests consisted of three-point bending. The prism dimensions were 500x150x150 mm, 

with the supports consisting within the interior 450 mm. Upon comparison, results show that the 

load-displacement graphs, the peak load and displacement at peak of UHPFRC was greater than 

concrete by over a factor of four.  
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The direct tension tests consisted of using briquette/dog bone shaped specimens that have a length 

of 75 mm and a cross-sectional area of 625 mm2 at the center of the section. Clamps were attached 

to apply direct tension to the specimen. Stress-displacements were measured to compare the results 

of the specimen. It was observed that like the bending tests, the UHPFRC was able to fail at a higher 

load and displacement than concrete.  

The splitting tension tests consisted of having a compressive force acting on the side of a cylinder. 

The specimens used in this test were cylinders of the same dimensions as the compressive testing. 

Test results show that at failure, the specimen then took on additional loading and strengthen again 

due to the fibres bridging the section together. This would perform better than concrete, which once 

it reached its initial failure the section could not withstand more loading. The correlation of these 

sets of tension data provided a good indication of the ductile behaviour of UHPFRC in tension.  

To summarize all of the tests performed, Shafieifar et al. (2017) performed a series of simulations 

using ABAQUS to gather similar results to the experimental testing using the same procedures. 

They used the following material properties in Table 2.4, using a mesh size of 25 mm. The density, 

modulus of elasticity and Poisson’s ratio were 2.4E-09 tonne/mm3, 54,710 MPa and 0.18, 

respectively. The “plasticity” parameters will be explained further in Chapter 3. 

Table 2.4: ABAQUS Inputs for UHPFRC Based on Testing by Shafieifar et al. (2017) 

Plasticity Compressive Behaviour Tensile Behaviour 

ψ ε fb0/fc0 K µ 
Yield Stress 

(MPa) 

Inelastic 

Strain 

Yield Stress 

(MPa) 

Cracking 

Strain 

56 0.1 1.16 0.66 0 

124 0 0.7 0 

138 0.001 9.7 0.0035 

76 0.009 2.1 0.05 

The bend test results were then compared to an ABAQUS model using these parameters, using 

mesh sizes of  0.5 in, 1 in, and 1.5 in. Upon comparing the load-displacement results, the data 
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compared well to the test results, with 1 in mesh size having the best performance. If testing data 

is not provided, the inputs in the table can be used to model UHPFRC.  

2.6 Experimental Testing of Composite RC-UHPFRC Specimens 

Bastien-Masse and Brühwiler (2016a) researched the new construction of two-way RC slabs to 

study the punching behaviour of RC slabs overlain with UHPFRC, acting as a fully composite 

section. This was an experimental setup that demonstrated using a perimeter loading approach, 

similar to Ghannoum (1998) and Guandalini and Muttoni (2004). 

Specimen PBM1 from the paper was chosen to be reviewed, with its setup shown in Figure 2.8. 

The setup consisted of having a steel plate located in the centre of the slab on the bottom region, 

taken as the extreme compressive fibre. It should be noted there was no column stub in this 

specimen. Eight point loads were applied through steel plates around a radius of 1,500 mm from 

the center of the specimen. Load cells were placed under each plate. The slab rotation was recorded 

using inclinometers, having a distance of 1,380 mm from the center of the specimen. The 

displacement was calculated based upon the angle of these rotational readings assuming small 

angles.  

PBM1’s dimensions were 3,000x3,000x210 mm, with the thickness consisting of a 160 mm layer 

of RC and 50 mm layer of UHPFRC on top. The concrete surface was washed and roughened, 

exposing aggregate to achieve an adequate bond to UHPFRC. The tensile and compressive steel 

reinforcement included 16M and 10M bars, respectively, with a spacing of 100 mm. The effective 

depth of the tensile reinforcement was 180 mm, taken as the intersection point of both layers of 

tension reinforcement. There was no reinforcement added in the UHPFRC layer, though it was 

added to other tested slabs.  
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Figure 2.8: Setup Sketch of PBM1 by Bastien-Masse and Brühwiler (2016a) 

The load-displacement result of PBM1 is shown in Figure 2.9. The test procedure occurred by 

applying displacement control on all loading plates evenly until failure of the section was recorded. 

Upon testing, PBM1 failed in punching shear in the RC slab only. There was some deformation in 

the UHPFRC, however, no failure in this component was recorded. Based upon the rigidity of the 

slab, the concrete was allowed to deform more than if no UHPFRC layer was present. The peak 

load and displacement recorded were 1,089 kN and 14.0 mm, respectively. Bastien-Masse and 

Brühwiler (2016a) compared the results of PBM1 to similar slabs they tested with steel 

reinforcement in the UHPFRC, as well as to past slabs in the literature without any UHPFRC layer. 

Comparing PBM1 to RC-UHPFRC sections with steel reinforcement in the UHPFRC, there was 

no significant increase regarding strength or deformation, however, bending resistance appeared to 
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be greater. Comparing PBM1 to a reference RC slab only, the peak strength was observed as 69% 

higher, though rotation at peak was similar. 

 

Figure 2.9: Load-Displacement Behaviour of PBM1 (Bastien-Masse and Brühwiler 2016a) 

2.7 Previous Numerical Research on Punching Shear 

Nowadays, in modern research, punching shear failure of reinforced concrete slabs can be 

examined using advanced numerical tools such as nonlinear finite element analysis (FEA). FEA 

can be viewed as an extension of and in some cases as a replacement for testing, since important 

information can be provided for the predicted failure modes of the slabs in a rapid and inexpensive 

way. However, it is essential to first properly calibrate and validate the FEA models, where in 

punching shear problems of reinforced concrete slabs, the constitutive behavior of concrete and its 

modeling are crucial, which is what the following authors performed.  

2.7.1 Genikomsou and Polak (2015) 

Genikomsou and Polak (2015) calibrated specimen SB1, among others, by Adetifa and Polak 

(2005) to suggest different parametric investigation in the FEA software ABAQUS, for the solver 

type, the mesh size and the inputs for the Concrete Damaged Plasticity model as sensitivity 
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parameters, observing the load-displacement response of the slab and comparing to the test result. 

SB1 was modelled as a quarter slab to reduce the computational time. Further details on the 

Concrete Damaged Plasticity model are described in Chapter 3. 

The model that was used in the research is shown in Figure 2.10. One difference that was found 

was only the interior 1,500x1,500 mm was modelled, ending at the support, being where the 

contraflexure lines occurred, based upon CSA A23.3-14. Loading was applied vertically at the top 

of the column using displacement control on its face for a static analysis. 

 

Figure 2.10: ABAQUS Simulation Setup for Specimen SB1 by Genikomsou and Polak 

(2015)  

Mesh sensitivity was initially performed, selecting sizes of 15 mm, 20 mm, and 24 mm. Mesh can 

have an influence on how accurate the results will be for the simulation. Too many elements, 

however, can pose an issue and provide an incorrect computation, not causing proper convergence. 

In addition, too many mesh elements could contribute to a longer computational time and 

convergence issues, providing incorrect output values. Upon the results conducted, Genikomsou 

and Polak chose a mesh size of 20 mm for their following simulations based on achieving the best 

results from the load-displacement curve. Other sensitivity parameters, such as dilation angle and 
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analysis type were also examined, with the selected parameters being used for FEA simulations 

regarding this thesis in Chapter 3. 

The comparison for the final simulation and the experimental tests is shown in Figure 2.11 and 

Table 2.5. The results show that beyond the 100 kN application in the initial stiffening region, the 

slope of the numerical data appears to be similar to that of the experimental data. This is in 

agreement with the peak load results, having an error percentage of 8.12%. Genikomsou and Polak 

(2015) concluded that the impact of different parameters can greatly change how a structure can be 

simulated, and much detail must be put into the material calibration in order to yield reasonable 

results. 

 

Figure 2.11: SB1 Load-Displacement Comparison by Genikomsou and Polak (2015) 

Table 2.5: SB1 Peak Load Comparison by Genikomsou and Polak (2015)  

Data 
Peak Load  

(kN) 

Displacement at Peak 

(mm) 

Testing 253 11.9 

Numerical 234 13.9 

% Error 8.12% 14.4% 
 

2.7.2 Menna and Genikomsou (2021)  

Menna and Genikomsou (2021) performed a series of analyses on retrofitting specimens SB1 and 

PBM1 using UHPFRC as an overlay, varying their applications and thicknesses. Two different 

overlay patterns were considered for each slab. This included having a full overlay, rectangular 
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rising panel and a continuous strip. The latter two designs are shown in Figure 2.12, where 

Configuration 1 was based upon (a) and (b), and Configuration 2 was based upon (c) and (d).  

 
       (a)           (b)                       (c)                    (d) 

Figure 2.12: UHPFRC Non-Full Overlay Configurations for PBM1 (a and c) and SB1 (b 

and d) (Menna and Genikomsou 2021)  

The material properties used for the concrete for SB1 were the same properties used by both Adetifa 

and Polak (2005), and Genikomsou and Polak (2015). The material properties used for the concrete 

in PBM1 had compressive and tensile strengths of 37 MPa and 2.8 MPa, respectively. The material 

properties used for the UHPFRC in both specimens had compressive and tensile strengths of 138 

MPa and 9.7 MPa, respectively (Bastien-Masse and Brühwiler 2016b). The plasticity and 

compressive behaviour of the UHPFRC was based on the model proposed by Shafieifar et al. 

(2017). The tensile behaviour was adopted using the stress-strain and stress-crack widths shown in 

Figure 2.13. The crack widths were then converted into strains using the equation in the stress-

crack width graph. 

 
                                    (a)                  (b)   

Figure 2.13: UHPFRC Tensile Properties of Stress-Strain Hardening (a) and Stress-Crack 

Width Softening by Menna and Genikomsou 
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A series of parametric studies were performed by Menna and Genikomsou (2021) to determine the 

dilation angle and mesh size to be used for retrofitted applications. For mesh, as series of 

simulations were used to establish the calibrated value. Based upon these results, the selected mesh 

sizes used for SB1 and PBM1 were 20 mm and 30 mm, respectively. The same idea was performed 

for the dilation angle, which indicates the direction of the plastic strain increment vector 

(Genikomsou and Polak 2015). The chosen dilation angles for SB1 and PBM1 were 40 degrees and 

56 degrees, respectively. 

After these parametric studies, UHPFRC thicknesses and lengths of configurations (𝐿𝑢 in Figure 

2.12) were varied based upon all three types of configurations. For SB1, UHPFRC thicknesses 

simulated were 25 mm, 35 mm, and 40 mm. For PBM1, UHPFRC thicknesses consisted of 25 mm, 

50 mm (same as test), and 75 mm. 

For both slabs, results found that the increase of thickness of a full overlay yielded a higher peak 

load, however, the displacement at peak decreased. For SB1, results found Configuration 1 

provided better results for both load and displacement at peak for most applications.  

For PBM1, both Configuration 1 and Configuration 2 retrofit applications did not achieve as high 

of a load as the test specimen, which had a full overlay, however, the displacement capacity greatly 

increased. Menna and Genikomsou concluded that the application of UHPFRC in centralized zones 

as opposed to a full overlay could provide to be beneficial due to less material used as well as better 

performance in the section based around displacement capacity. 

2.8 Bond of Concrete to UHPFRC 

To properly bond concrete to UHPFRC, application methods include the removal of concrete to 

expose aggregate, use of an adhesive (epoxy resin), mechanical connectors, or a combination. 

Removal applications of concrete include water jetting, sand blasting, or use of a jackhammer. 

Small scale testing such as slant-shear testing and bi-surface shear testing were the focuses of 
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several studies in the literature (Carbonell et al. 2014; Júlio et al. 2005; Valikhani et al. 2020). 

These tests were performed to determine the adequacy of composite sections in shear and how it 

could be implemented towards slab-column connections.  

Results found that all methods of these applications were beneficial towards achieving a strong 

bond for concrete to UHPFRC. For the best preparation method, removal using a method such as 

sand blasting or water jetting without an adhesive was observed to be the most effective without 

the inclusion of any mechanical anchorage (Jang et al. 2017). This could then be assumed that 

UHPFRC is perfectly tied to concrete, as any sort of debonding will not occur until softening in the 

UHPFRC, which will likely be when the concrete fails (Noshiravani and Brühwiler 2013). 
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Chapter 3 

Finite Element Analysis Modelling 

3.1 Introduction 

Finite element analysis (FEA) in modern research is a useful tool to perform structural analysis in 

a rapid and cost-effective manner. In this Chapter, FEA calibration of mesh and material properties 

will be defined based upon two different nonlinear concrete models. The first concrete model is the 

Concrete Damaged Plasticity (CDP) model, which is offered in the software ABAQUS; the second 

concrete model is the CC3D Nonlinear Cementitious 2 model, which is offered in the software 

ATENA.  

The objective of this chapter is to initially calibrate a FEA model of slab SB1 tested by Adetifa and 

Polak (2005). In this effort two different FEA software packages, ABAQUS and ATENA were 

considered. The FEA results of SB1 specimen showed that ABAQUS software provided a better 

agreement between experimental and numerical results and thus only the ABAQUS software was 

considered for all subsequent analyses. SB1 was further adapted in ABAQUS to include full retrofit 

overlays of UHPFRC to observe how the influence of UHPFRC strengthens the slabs. The setup 

behind these simulations were the basis for the construction of experimental slabs, discussed further 

in Chapter 4. Additional ABAQUS simulations of S1U tested by Ghannoum (1998), PG1 tested by 

Guandalini and Muttoni (2004), and PBM1 tested by Bastien-Masse and Brühwiler (2016a) were 

performed to observe how changes in slab thickness and loading scenario influence the load-

displacement results.  

3.2 Concrete Damage Plasticity Model in ABAQUS  

The modelling of the concrete for SB1 using ABAQUS is described in this section. Table 3.1 

represents the units used for all simulations in ABAQUS (SIMULIA 2019). For the preprocessing 
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phase, the modules followed were: definition of parts → definition of properties → assembly of 

parts→ analysis steps → history output requests → constraints between parts → loads and boundary 

conditions → FEA mesh. 

Table 3.1: Consistent Units in ABAQUS (SIMULIA 2019) 

Quantity SI 

Length mm 

Force N 

Mass tonne 

Time s 

Stress MPa 

Energy mJ 

Density tonne/mm3 

The part definition module was used to assign geometric properties to the concrete, steel 

reinforcement, and UHPFRC. All models were 3-dimensional and all parts were selected as 

deformable. For concrete and UHPFRC, the base feature selected was of a solid shape to be 

extruded. The desired shape would then be sketched accordingly. For the slab-column connection 

specifically, the slab and column were extruded as one part to simulate a monolithic connection. A 

wire shape was selected for the steel reinforcement.  

In the property module, the materials and sections were defined. For all types of materials, the 

properties within them were: density, elasticity, and plasticity. The density and Poisson’s ratio of 

all materials are shown in Table 3.2. All values identified in this paragraph were used in all 

simulations. Sections were also assigned to parts in this module. Concrete and UHPFRC were 

assigned as a solid homogeneous section. The steel reinforcement was assigned as a truss section. 
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Table 3.2: Density and Poisson’s Ratio for Materials Used in ABAQUS 

Material 
Density 

(tonne/mm3) 

Poisson’s Ratio 

(-) 

Concrete 2.4E-09 0.2 

Steel Reinforcement 7.8E-09 0.3 

UHPFRC 2.48E-09 0.18 

The constitutive model of concrete is presented in Section 3.2.1. The constitutive model of 

UHPFRC is presented in Section 3.2.2. 

The steel reinforcement constitutive model, illustrated in Figure 3.1, assumes linear elastic 

behaviour up to the yield strength (𝑓𝑦). The strain at yield, (𝜖𝑦), can be calculated by dividing 𝑓𝑦 

by the elastic modulus (𝐸). Following yield, steel is assumed to undergo strain hardening plasticity 

as shown in Figure 3.1a. The rupture stress, 𝑓𝑢, and rupture strain (𝜖𝑢) are needed to define this part 

of the stress-strain curve. If strain hardening material data was not defined, perfect plasticity would 

be used, shown in Figure 3.1b. 

  

(a) (b) 

Figure 3.1: Stress-Strain Response of Steel Reinforcement, Showing Bilinear Elastic-Plastic 

(a) and Perfectly Plastic (b) Behaviour  
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The assembly began with the concrete, followed by the steel reinforcement, and finally UHPFRC 

(if included). Linear arrays were established for reinforcement placement, using a consistent 

spacing. This was repeated for all effective depths and orientations (i.e. x direction compared to y). 

The step module defined the sequence of analysis steps. Two steps were used, which were an initial 

step (𝑡 =  0) and an analysis step (0 > 𝑡 ≥ 𝑡𝑓), where 𝑡 is the time at any point in the simulation, 

and 𝑡𝑓 was the time at the end of simulation. In the initial step, supports, symmetric BCs, and 

constraints were defined. The analysis step defined the loading case. 

The dynamic/explicit solver was used in all simulations, performed using ABAQUS/Explicit. 

ABAQUS/Explicit could be used for slab-column connections and its nonlinearity using the 

Concrete Damaged Plasticity model. ABAQUS/Explicit uses a central-difference time integration 

rule. ABAQUS/Explicit is also able to calculate the solution without iteration, based upon explicitly 

progressing the kinematic state based upon the end of the previous increment. Thus, convergence 

is likely to be achieved and efficiency is promoted from the simulation time and disk space 

(Genikomsou and Polak 2015; SIMULIA 2013). 

History output requests were used to define the load-displacement data. The loading was recorded 

from the support reaction in the vertical direction. The displacement was recorded at a point based 

where the LPs/inclinometers were in the test setup in the vertical direction.  

Constraints were defined in the interaction module. Since the slab and column were considered one 

part, no constraint was needed to bond the segments together. For the bond of concrete to steel 

reinforcement, the reinforcement was bonded to the concrete using an embedment constraint, 

defining a perfect bond. This assumes failure of the slab will occur before any debonding. To 

connect concrete to UHPFRC, a tie constraint was used, with the concrete surface defined as the 

“master” and the UHPFRC surface defined as the “slave”. The reason concrete was chosen as the 
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master was due to the concrete being the specimen strengthened. The UHPFRC acting as the slave 

was designated due to the material being a retrofit. A full bond was considered based on the research 

by Bastien-Masse and Brühwiler (2016a), where the concrete failure governed before debonding 

occurred. 

The load module was used to define all BCs and/or applied loading. Supports and symmetrical BCs 

were applied in the initial step. Supports prevented vertical displacement (𝑢3 = 0). All slabs were 

modelled as a quarter of the full size. Symmetrical BCs were applied on the vertical slab faces of 

the slab section cut since the specimen had the same geometry in each quadrant. Use of symmetry 

was expected to decrease the simulation time by at least 6 hours. This is similar to the procedure 

followed by Genikomsou and Polak (2015), as shown in Figure 2.10. For the loading, applied in 

the analysis step, displacement control was used, which was applied in the step after the initial step. 

A prescribed deformation would then be set to a desired value, taken as higher than the peak 

displacement recorded in test data.  

In the mesh module, 3-dimensional, 8-noded linear hexahedral elements with reduced integration 

(C3D8R) were used for concrete and UHPFRC, taking the shape of a cube. The steel reinforcement 

was modelled using 1-dimensional, 2-noded linear truss element (T3D2) shape. All mesh sizes for 

every part instance would have the same length.  

It is important to incorporate a proper mesh size to achieve reasonable results. The minimum mesh 

size considered was 10 mm, taken as the aggregate size of concrete as proposed by Genikomsou 

and Polak (2015). Having a mesh size too fine would provide strain localization within a small 

amount of elements in the whole system, eventually causing convergence issues. Having a mesh 

size too coarse would provide inaccurate results. As such, Genikomsou and Polak (2015) proposed 

having no less than 5 elements through the thickness of the slab, as the C3D8R elements would 
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then experience distortion. For UHPFRC, this mesh size could be less, as there is no coarse 

aggregate within the composition. 

A full analysis was performed for all specimens. In addition, parallelization was selected in order 

to use multiple processers on a computer. This sped up the analysis time by at least a day, as a 

typical quarter slab with four processors running took approximately ten hours to fully simulate 

with a 10 mm mesh size.  

In the processing phase, the dynamic/explicit solver was used to calculate a series of iterations until 

convergence was achieved. This was applied for all series of time steps. The history output was 

then used to record the load-displacement graphs. The cracking pattern, found from the maximum 

principal stresses, were then observed to locate the punching cone and critical perimeter. 

3.2.1 Constitutive Model of Concrete 

Nonlinearity for concrete was considered using the Concrete Damaged Plasticity model. Upon 

selecting Concrete Damaged Plasticity, there were three tabs labelled as: plasticity, compressive 

behaviour and tensile behaviour. In the plasticity tab, the following terms were defined: dilation 

angle (𝜓) in the 𝑝 − 𝑞 plane (𝑝 = plastic flow potential; 𝑞 = Mises equivalent effective stress), flow 

potential eccentricity (휀), ratio of equibiaxial compressive yield stress to uniaxial compressive yield 

stress (
𝑓𝑏0

𝑓𝑐0
), ratio of second stress of the tensile meridian to the compressive meridian (𝐾), and 

viscosity (µ). The default values (SIMULIA 2013) are shown in Table 3.3, with the exception of 

𝜓, which was used as 40 degrees, from Genikomsou (2015). 
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Table 3.3: Concrete Damaged Plasticity Default Values in ABAQUS 

Parameter Value Input into ABAQUS 

𝜓 40 

휀 0.1 

𝑓𝑏0
𝑓𝑐0

 1.16 

𝐾 0.667 

µ 0 

These parameters were used in the Drucker-Prager function, shown in Equation (3.1), where 𝐺 

represents the plastic flow potential, which is defined in all circumstances. As 𝐺 coincides with the 

plastic yield function, the plastic flow advances normal to the yield surface. 𝜎𝑡0 represents the 

uniaxial tensile stress at failure, which was a function of the tension stiffening data. 

 𝐺 = √(𝜖 ∗ 𝜎𝑡0 ∗ tan𝜓)
2 + 𝑞

2
− 𝑝 ∗ tan𝜓 (3.1) 

The compressive behaviour tab was idealized as the theoretical uniaxial compression response of 

the concrete. Here, it was observed as a stress-strain diagram, where the response was idealized as 

linear elastic up until its “yield”. After, it enters the plastic region until it reaches peak stress (𝑓’𝑐 

or 𝜎𝑐𝑢). Beyond the peak stress then entered into the strain softening region.  

A reasonable representation of this compressive stress-strain behaviour was the Hognestad 

parabola, shown in Figure 3.2, proposed by Genikomsou (2015). The initial (𝐸0) and secant (𝐸𝑠𝑒𝑐) 

moduli of elasticity were calculated as such in Equation (3.2), in the absence of testing data. Stress 

calculations for the elastic and inelastic portion of the curves are shown in Equations (3.3) and 

(3.4), respectively. In these calculations, 𝜖𝑐 is any strain point along the graph, 𝜖𝑒𝑙 is the elastic 

portion of the strain found at 0.4 ∗ 𝑓′𝑐, and 𝜖0 is the strain at peak compressive stress. 

 𝐸0 = 5 500 ∗ √𝑓
′𝑐          𝐸𝑠𝑒𝑐 = 5 000 ∗ √𝑓′𝑐 (3.2) 
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Figure 3.2: Hognestead Parabola for Compressive Concrete Damaged Plasticity of Concrete 

(Genikomsou 2015) 

 
 0 ≤ 𝜖𝑐 < 𝜖𝑒𝑙                       𝜎𝑐 = 𝐸0 ∗ 𝜖𝑐 (3.3) 

                                𝜖𝑒𝑙 < 𝜖𝑐                                𝜎𝑐 = 𝑓
′𝑐 ∗ [2 ∗ (

𝜖𝑐
𝜖0
) − (

𝜖𝑐
𝜖0
)
2

] (3.4) 

Calculations were plotted in a spreadsheet, where the specified compressive strength was input, 

which calculated the modulus and secant modulus of elasticity. The secant modulus of elasticity 

then provided the peak strain value. The curve then was plotted from the origin to the end of the 

linear elastic portion using Equation (3.3) to which the curve was calculated, varying the strain. A 

strain step of 0.0001 was used, which plotted a total stress-strain curve using Equation (3.4). The 

total strain was subtracted from the elastic strain to obtain the inelastic strain. The stress and 

inelastic strain values were input into ABAQUS up until 70% of the compressive stress in the post-

peak softening region. 

The tension stiffening properties for concrete were established after peak stress, behaving with a 

softening function. The tensile selection representation used was stress-strain and stress-crack 

width, where Figure 3.3 shows the relationship of the stress-strain softening relationship shown in 

the ABAQUS User Manual. The area under the graph in the stress-crack width graph was described 

as the fracture energy (𝐺𝑓), with units of N/mm.  
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The fracture energy was calculated using Equation (3.5), with all additional values and calculations 

used from CEB-FIP Model Code 1990. In this equation, 𝐺𝑓𝑜 was taken as 0.026 N/mm, based upon 

assuming a maximum aggregate size (𝑑𝑚𝑎𝑥) of 10 mm. 𝑓𝑐𝑚 was the mean value of the compressive 

stress, calculated using Equation (3.6), where 𝑓𝑐𝑘 was equated to the specified compressive stress 

(𝑓′𝑐). 𝑓𝑐𝑚𝑜 was taken as a constant of 10 MPa. 

 𝐺𝑓 = 𝐺𝑓𝑜 ∗ (
𝑓𝑐𝑚
𝑓𝑐𝑚𝑜

)
0.7

             (
𝑁

𝑚𝑚
) (3.5) 

 
𝑓𝑐𝑚 = 𝑓𝑐𝑘 + 8 𝑀𝑃𝑎                   (𝑀𝑃𝑎)            (3.6) 

 

Figure 3.3: Uniaxial Tension Stress-Strain Response of Concrete as Described by ABAQUS 

Analysis User’s Guide (SIMULIA 2013) 

The stress-crack width softening relationship was modelled as a bilinear function formulated by 

Hillerborg (1985). A simplified representation is shown in Figure 3.4, as proposed by Genikomsou 

and Polak (2015). In the graph, the equations of the notable displacement points are shown in 

Equations (3.7) and (3.8), where 𝐺𝑓 is the fracture energy, 𝑓′𝑡 is the peak tensile strength of the 

concrete, 𝑤1 is the first point in the softening region, and 𝑤𝑚𝑎𝑥 was the end point in the softening 

region. 
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Figure 3.4: Bilinear Tensile Stress-Crack Width Relationship for Concrete Damaged 

Plasticity in ABAQUS (Genikomsou and Polak 2015) 

 𝑤1 = 0.8 ∗
𝐺𝑓

𝑓′𝑡
 (3.7) 

 𝑤𝑚𝑎𝑥 = 3.6 ∗
𝐺𝑓

𝑓′𝑡
 (3.8) 

To convert the tensile stress-crack width relationship to stress-strain, the following calculations can 

be performed in Equations (3.9), (3.10), and (3.11), based upon Figure 3.5. In these equations, 𝑙𝑐 

was represented by the mesh side length. 

 
Figure 3.5: Tensile Stress-Strain Relationship for Concrete Damaged Plasticity in ABAQUS 

(Genikomsou and Polak 2015) 

 𝑓′𝑡 = 0.33 ∗ √𝑓′𝑐 = 𝐸0 ∗ 𝜖𝑐𝑟 (3.9) 
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 𝜖1 = 𝜖𝑐𝑟 +
𝑤1
𝑙𝑐

 (3.10) 

 𝜖𝑢 = 𝜖𝑐𝑟 +
𝑤𝑚𝑎𝑥
𝑙𝑐

 (3.11) 

3.2.2 Constitutive Model of UHPFRC 

3.2.2.1 Without Experimental Data 

In the absence of testing data, the proposed model for UHPFRC by Shafieifar et al. (2017) was 

used. In Figure 3.6, the Shafieifar et al. (2017) compressive stress-strain model was plotted along 

with a conventional Hognestad parabolic model for normal density concrete with a specified 

compressive strength of 30 MPa. This figure shows the peak stress in UHPFRC was 4.6 times 

higher than that of concrete, and the strain at peak compressive strength for UHPFRC is 1.6 times 

higher than concrete. 

 
Figure 3.6: Comparison of Compressive Stress Strain Response (Genikomsou and Polak 

2015; Shafieifar et al. 2017) 

3.2.2.2 With Material Data from Experiments 

If testing data was present, there were proposed models to calibrate both compression and tensile 

data, with a stress-strain curve shown in Figure 3.7. The data in the curve was based upon a 

compressive strength of 160 MPa, which will be used in Chapter 4. The density and Poisson’s ratio 
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used by the Shafieifar et al. (2017) model remained the same, using values of 2.48E-09 tonne/m3 

and 0.18, respectively. Compression of UHPFRC was modelled by using the modelling of High 

Strength Concrete (HSC) by Graybeal (2006) and Popovics (1973), with the calculation of the 

modulus of elasticity shown in Equation (3.12). 

The compressive stress-strain curve would remain linear elastic to 50% of the compressive stress. 

Beyond this linear elastic portion, the curve proposed by Popovics (1973) was used. All relevant 

calculations are shown below in Equations (3.13) to (3.15). In these equations, 𝜖𝑐 is the increasing 

strain along the curve, 𝜖𝑐𝑢 is the strain at peak compressive stress, and 𝑛 is a coefficient based upon 

the modulus and secant modulus of elasticity. The ratio of 
𝐸

𝐸𝑠𝑒𝑐
 is taken as 1.2. Calculations were 

perfomed in a spreadsheet, using a strain step of 0.0001. 

 𝑓𝑐 = 𝑓′𝑐 ∗
𝜖𝑐
𝜖𝑐𝑢

∗
𝑛

𝑛 − 1 + (
𝜖𝑐
𝜖𝑐𝑢
)
𝑛                (𝑀𝑃𝑎) 

(3.13) 

 𝑛 =
𝐸

𝐸 − 𝐸𝑠𝑒𝑐
     (3.14) 

 𝜖𝑐𝑢 =
𝑓′𝑐

𝐸𝑠𝑒𝑐
 (3.15) 

 𝐸 = 46 200√𝑓′𝑐              (𝑝𝑠𝑖) (3.12) 
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Figure 3.7: Model Compressive Stress-Strain Curve of UHPFRC Using Test Data 

In tension, an adaptation by López et al. (2016) was created in Annex A8.1 of the 2019 version of 

the Canadian Highway Bridge Design Code (CSA Group 2019b). To find the tensile properties, an 

inverse analysis was performed for prisms on four point bending tests, per ASTM C1609 (ASTM 

International 2019). A linear potentiometer would be placed at mid height of the midspan of the 

prism and recorded displacement at the top compression fibre.  

A schematic of the test setup is shown in Figure 3.8. Two equal point loads were located within the 

interior third of the prism. The dimensions of the prisms were dependent of the fibre length, shown 

in Table 3.5. It should be noted that “𝐿” represents the full length of the prism as opposed to the 

distance between supports, denoted as “𝑙”. For example, for a fibre length of 14 mm, the prism 

dimensions would be 75x75x280 mm, with the support located within the interior 225 mm. 
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Figure 3.8 Four Point Loading Setup of UHPFRC Prisms (CSA Group 2015a) 

Table 3.4: Prism Dimensions Based on Fibre Length  

Fibre Length (𝒍𝒇) (mm) Prism Dimensions (𝒃 𝒙 𝒉 𝒙 𝑳) (mm) 

<15 mm 75x75x280 

>15 to 20 mm 100x100x370 

>20 to 25 mm 150x150x550 

> 25 to 60 mm 200x200x720 

Load-LP displacement data can then be gathered to locate five notable points, shown in Figure 3.9. 

In this figure, the right-hand side indicates the full curve. The left-hand side zooms in on the 

hardening region, since peak load occurs at a displacement of less than 1 mm.  

 

To find the first two points on the curve, an initial slope (𝑆0) will be obtained. Using this slope, two 

additional slopes were found by multiplying by 0.75 (𝑆75) and 0.40 (𝑆40) to find P1 and P2, 

respectively. This was achieved by extending the slopes and recording the intersection point. P3 

was found as 97% of the maximum load before reaching the maximum. P4 and P5 were found based 

on P3, multiplying by a factor of 0.8 and 0.3, respectively.  
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Figure 3.9 Load-Displacement of Four Point Bending Prism Tests for UHPFRC 

Using these values, the following stress-strain and stress-crack width curves, shown in Figure 3.10, 

could then then be calculated using Equations (3.16) to (3.27), shown below (CSA Group 2019b). 

In these equations, 𝐸0 was the modulus of elasticity in tension (used in these equations only and 

not in ABAQUS), 𝑆0 is the initial slope of the load-LP displacement curve, 𝑓𝑡,𝑒𝑙 is the cracking 

stress, 𝜖𝑐𝑟 is the cracking strain, 𝑓𝑡,𝑢 is the peak tensile stress, 𝜖𝑡,𝑢 is the strain at peak tensile stress, 

𝑤𝑑 is the crack width occurring at the first point of the bilinear softening (at 
1

3
∗ 𝑓𝑡,𝑢), 𝜖𝑡,𝑑 is the 

strain occurring at the first point of the bilinear softening at 
1

3
∗ 𝑓𝑡,𝑢, 𝑤𝑚𝑎𝑥 is the maximum crack 

width, 𝜖𝑡,𝑚𝑎𝑥 is the maximum strain, 𝑃 values represent notable load points in the load-LP 

displacement graph, 𝛿 values represent notable displacements in the load-LP displacement graph, 

and 𝐾 values are calculated parameters used in the analysis. Modelling of UHPFRC prisms using 

inverse analysis to compare to lab test results will be performed in Chapter 4, as material properties 

are defined there. 
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(a) (b) 

Figure 3.10: Stress-Strain (a) and Stress-Crack Width (b) Response of UHPFRC 

 

 𝐸0 =
7.2

𝑏
∗ 𝑆0        (𝑀𝑃𝑎) (3.16) 

 𝑓𝑡,𝑒𝑙 = max (
𝐾1 ∗ 𝑃1 ∗ 𝑙

𝑏 ∗ ℎ2
, 0.6 ∗ √𝑓′𝑐 )       (𝑀𝑃𝑎) (3.17) 

 

𝐾1 =
(
𝑃1
𝑃2
)
0.19

1.63
 

(3.18) 

 𝜖𝑡,𝑒𝑙 =
𝑓𝑡,𝑒𝑙
𝐸0

 (3.19) 

 
𝜖𝑡,𝑢 = 𝐾2 ∗ 𝜖𝑡,𝑒𝑙 (3.20) 

 𝐾2 = 7.65 ∗
𝛿3
𝛿1
− 10.53 (3.21) 

 
𝑓𝑡,𝑢 = max (𝐾3 ∗ 𝑓𝑡,𝑒𝑙  , 1.1 ∗ 𝑓𝑡,𝑒𝑙)        (𝑀𝑃𝑎) (3.22) 

 𝐾3 = 𝐾2
−0.18 ∗ (2.46 ∗

𝑃3
𝑃1
− 1.76) (3.23) 

 𝑤𝑑 = (𝜖𝑡,𝑑 − 𝜖𝑡,𝑢) ∗
𝑙

3
        (𝑚𝑚) (3.24) 

 𝜖𝑡,𝑑 = 𝐾3
−0.37 ∗ 𝐾2

0.88 ∗ (3 ∗
𝛿4
𝛿3
− 1.8) ∗ 𝜖𝑡,𝑒𝑙 (3.25) 
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 𝑤𝑚𝑎𝑥 = min((𝜖𝑡,𝑚𝑎𝑥 − 𝜖𝑡,𝑢) ∗
𝑙

3
 ,
𝑙𝑓

4
)     (𝑚𝑚) (3.26) 

 𝜖𝑡 𝑚𝑎𝑥 = 2.81 ∗ 𝐾4
−0.76 ∗ 𝐾3

−0.19 ∗ 𝐾2
1.42 ∗ (

𝛿5
𝛿3
)
1.85

∗ 𝜖𝑡,𝑒𝑙 
(3.27) 

3.3 CC3D Nonlinear Cementitious 2 Concrete Model in ATENA  

ATENA software was also considered in FEA to conduct an analysis of SB1. In this section, the 

use of ATENA will be defined, along with properties of concrete and steel reinforcement. UHPFRC 

was not modelled in ATENA due to numerous issues with simulating reinforced concrete alone 

with SB1, which will be described later in this Section. 

The setup of ATENA had a more user-friendly approach than ABAQUS when defining setup and 

material properties. The data tree was put into five modules: general data → topology of parts → 

loading and BCs → FE mesh → run. Each category had their own sub-categories, shown below. 

The general data module consisted of selecting the type of units, solver, and materials. The units 

selected for all types of analyses were in SI values. There were a total of four different linear solvers 

that could be selected: standard direct linear solver, sparse-iterative/incomplete Cholesky precond 

(ICCG), sparse-iterative/diagonal precond (DCG), and PARDISO. The standard solver provides a 

direct method of solving using Gaussian elimination, which was ideal for smaller-ranged problems. 

Based upon processor usage, this is described as an economical solver and could be used for both 

symmetric and non-symmetric problems. Both sparse-iterative solvers were calculated with an 

iterative method, which benefits greatly from having symmetry in the global stiffness matrix. This 

can reduce the memory usage further compared to the standard solver, however, inaccuracies are 

much greater. The PARDISO solver can provide either direct or iterative solving, along with using 

either symmetric or unsymmetric stiffness matrices. Calculations are based upon direct and iterative 

solving algorithms and is well utilized in software packages (Schenk and Gaerter 2018). All solvers 
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were utilized upon simulating SB1 to observe any changes in the results, however, no visual 

differences were observed with accuracy and simulation time.  

For the material properties, concrete was modelled by using the “CC3D Nonlinear Cementitious 

2” material model. This will be described in further detail in the next subsection. For the steel 

reinforcement, the type of behaviour selected was “bilinear with hardening”, where hardening is 

considered as isotropic. With this behaviour type, four inputs were required: the elastic modulus, 

yield stress, ultimate stress and strain at rupture, with the response similar to Figure 3.1a. 

The topology module consisted of the geometric assignment and assembly of all parts. The first 

selection in this module describes the construction cases, which can observe how a system reacts 

at different parts of the construction phase. For the purposes of simulating specimens, only one 

construction case was used.  

Concrete parts were sketched and extruded as 3-dimensional macroelements. It should be noted 

that separate macroelements needed to be formed for irregular shapes. This was the case for the 

column stub, for which each one above and below the slab had its own macroelement. Any contact 

made upon two macroelements by default had a perfect connection between the two materials. The 

material property was assigned to each macroelement at this phase. 

For the steel reinforcement, the parts were sketched by defining the endpoints and connecting them 

together. The property of the reinforcement and the area was then assigned as well. All 

reinforcement embedded in concrete automatically was assigned a perfect bond in the embedded 

region. 

For the loading, a total of two loading cases were considered, similar to the “step” module in 

ABAQUS. The first load case considered its initial form (𝑡 =  0), defined as the supports and 

symmetric BCs. The second case load defined was “prescribed deformation” (0 > 𝑡 ≥ 𝑡𝑓), which 
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included the applied external loading on the system. Like with ABAQUS, loading was applied as 

displacement control.  

For the mesh, generation occurred as a global size specification. As a default, tetrahedral elements 

were specified for macroelements, where a brick shape was selected. Meshing could be assigned 

as linear or quadratic elements. Linear elements are calculated using linear interpolation for low 

order isoparametric elements, whereas quadratic elements are calculated using quadratic 

interpolation for high order isoparametric elements. Comparing the mesh types, using quadratic 

elements are described as more accurate, however, simulation time would be greatly increased as 

more nodes and integration points would have to be calculated. For this reason, based on the 

recommendation in the ATENA user guide, linear elements were used. For the reinforcement, 

ATENA automatically creates individual truss elements upon creation. 

The run module consisted of the setup prior to the simulation taking place. This consisted of three 

sub-modules: solution parameters, analysis steps, and monitoring points. In the solution 

parameters, the type of solution was selected and modified. The types of solutions that could be 

selected were the Newton-Raphson and the Arc Length. The Newton-Raphson solution keeps a 

constant loading value on a system, iterating the displacement. It was recommended, however, that 

the Newton-Raphson method should not be used for analyzing peak load. The Arc Length solution 

provides a more accurate representation when observing the ultimate load-displacement behaviour, 

since it performs iterations both the loads and displacement. This was especially beneficial 

regarding non-linear material properties. Arc Length was also considered more computationally 

efficient and achieves convergence better than the Newton-Raphson method. Based upon the 

recommendation alone to not analyze peak load using the Newton-Raphson method, the Arc Length 

solution parameter was selected for all simulations. 
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The analysis steps indicated the number of load steps to be performed in a full simulation. The 

higher number of steps provided more results; however, computation time took longer. 

The monitoring points had to be individually defined at each node and could not be selected upon 

a surface as simply as ABAQUS. As such, the load monitoring point was selected in the centre of 

the slab on the top column point, as individually selecting nodes on a surface was deemed too time 

consuming. Displacement monitoring was taken at the centre of the slab at mid-thickness.  

3.3.1 Setup of CC3D Nonlinear Cementitious 2 Materials 

Concrete was assembled using the CC3D Nonlinear Cementitious 2 setup. The cubic compressive 

stress was required to be input, to which a series of calculations were used for compressive and 

tensile behaviour. These notable default calculations are shown in Table 3.5. 

Table 3.5: Default Parameters Input into ATENA 3D (Červenka and Prague 2017)  

Parameter Calculation 

Cylinder Strength 𝑓𝑐
′ = −0.85 ∗ 𝑓𝑐𝑢

′  

Tensile Strength 𝑓𝑡
′ = 0.24 ∗ 𝑓𝑡

′ 

Elastic Modulus 𝐸 = (6000 − 15.5 ∗ 𝑓𝑐𝑢
′ )√𝑓𝑐𝑢

′  

Poisson Ratio 𝜈 = 0.2 

Fracture Energy 𝐺𝑓 = 0.000025 ∗ 𝑓𝑡
′ 

Fixed Crack Ratio 1 

These calculations were based upon an input of the compressive stress of a cube (𝑓𝑐𝑢
′ ). To be 

consistent, some of these default calculations were changed to remain the same as the ABAQUS 

simulations. One item that was not consistent was the fracture energy, which had to be recalculated 

based upon the crack width. 

The compressive stress-strain representation is shown in Figure 3.11. The calculations used for this 

curve is based using Equations (3.28) and (3.29) for the hardening and softening region, 

respectively. For the hardening region, 𝐸0 was the modulus of elasticity, 𝐸𝑠𝑒𝑐 was the secant 

modulus of elasticity, 𝜖0 was the strain at peak compressive stress, and 𝜖𝑐 was the varying strain 
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along the curve. In the softening region, 𝜖𝑑 was considered as the strain at 0 compressive stress, 

where 𝑙𝑐 was considered the mesh side length. 

 

𝜖𝑐 < 𝜖0          𝜎𝑐 = 𝑓
′𝑐 ∗ [

(
𝐸0
𝐸𝑠𝑒𝑐  

) ∗ (
𝜖𝑐
𝜖0
) − (

𝜖𝑐
𝜖0
)
2

1 + (
𝐸0
𝐸𝑠𝑒𝑐

− 2) ∗ (
𝜖𝑐
𝜖0
)
] (3.28) 

 𝜖𝑑 = 𝜖𝑐 +
0.5 𝑚𝑚

𝑙𝑐
 (3.29) 

 

Figure 3.11: Stress-Strain Relationship of Concrete in Compression in ATENA 3D 

(Červenka et al. 2018) 

For tension, an exponential form of stress-crack width was used, prepared by Cornelissen et al. 

(1985). The equations for the function are shown in Equations (3.30) to (3.32), where 𝑓(𝑤) is a 

function of the crack width until its ultimate crack width, 𝑤𝑐, 𝑐1 and 𝑐2 were constants for concrete 

of 3 and 6.93, respectively, 𝑤 is the varying crack width along the curve, 𝐺𝑓 is the fracture energy, 

and 𝑓𝑡 is the tensile strength. A sketch of this graph is shown in Figure 3.12. This expression would 

determine a different fracture energy than as defined in ABAQUS. 

 
𝜎

𝑓𝑡
= 𝑓(𝑤) −

𝑤

𝑤𝑐
∗ 𝑓(𝑤𝑐) (3.30) 

 𝑓(𝑤) = [1 + (
𝑐1 ∗ 𝑤

𝑤𝑐
)
3

] ∗ exp (−
𝑐2 ∗ 𝑤

𝑤𝑐
) (3.31) 
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 𝑤𝑐 = 5.14 ∗
𝐺𝑓

𝑓𝑡
 (3.32) 

 

Figure 3.12: Exponential Stress-Crack Width Softening in ATENA 3D (Červenka et al. 

2018)  

3.4 Simulations of Past Literature 

In order to validate the proposed material models of concrete, a series of experimental flat slabs 

were modelled, starting with SB1 by Adetifa and Polak (2005). S1U by Ghannoum (1998), PG1 

by Guandalini and Muttoni (2004), and PBM1 by Bastien-Masse and Brühwiler (2016a) will be 

described further after the comparison of SB1 between the two programs. Parametric studies were 

performed of SB1 to observe the sensitivities regarding the behaviour for load and displacement, 

as well as cracking. Symmetry was used in all circumstances to decrease computational time. 

3.4.1 Calibration of Specimen SB1 from Adetifa and Polak (2005)  

3.4.1.1 Concrete Damaged Plasticity Model 

The examined specimen SB1 was modelled in ABAQUS, shown in Figure 3.13. It should be noted 

that this setup is shown upside down to better show the support lines. The dimensions and material 

properties were recreated using a quarter slab, having symmetry in both the x-x and y-y directions. 

The support was set as a line using a partition, while the applied loading was set as displacement 
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control on the entire top column surface. The set displacement was 20 mm acting downward for 

the full simulation. This was performed in case the displacement at peak for the FEA simulation 

was higher than the test result. 

For gathering load-displacement data, the load was recorded by using a summation of all the nodes 

on the bottom support lines. Because only a quarter of the slab was modelled, the recorded load 

was multiplied by a factor of four, which gave similar results to that if running a simulation with 

half or no symmetry. The displacement was recorded in the center of the slab at mid-thickness, 

selecting a single node. This node was selected to ensure there was no discrepancy regarding if one 

direction of the slab displaced more than the other. 

 

Figure 3.13: SB1 Control Setup in ABAQUS 

The material properties of the concrete had a compressive stress, tensile stress, and modulus of 

elasticity of 44 MPa, 2.2 MPa, and 36,483 MPa, respectively. The steel reinforcement’s yield and 

ultimate stress were 455 MPa and 650 MPa, respectively. At ultimate stress in the reinforcement, 

the strain was 0.25. 

Mesh sensitivity analysis was conducted using three sizes, 10 mm, 15 mm, and 20 mm. The purpose 

behind these sizes was to be at least the aggregate size (10 mm) or greater, however, avoiding being 

too coarse to have inaccurate results. The number of elements through the slab thickness using 

Y-Y Symmetry 

Support (U3 = 0) 

X-X Symmetry 

Displacement Control On 

Column Face in Z-Direction 

Displacement 

Recording Point 
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these mesh sizes were 12, 8, and 6, respectively. When inputting material properties, the inelastic 

strains of the concrete would vary slightly, since they were based on the mesh length.  

Upon running the simulations, the peak load and displacement at peak results are shown in Table 

3.6, while the full load-displacement graph is shown in Figure 3.14. The cracking patterns at peak 

load for 10 mm, 15 mm and 20 mm mesh are shown in Figure 3.15. 

Upon viewing the results from the graph, all results observed to have a reasonable agreement 

relative to the test results, however, the results appear to be mesh size dependent, which happens 

to many plasticity models. The 10 mm and 15 mm mesh sizes appeared to underestimate the peak 

load, observed as error values of 17.6% and 10.0%, respectively. These values were within 

reasonable agreement. The 20 mm mesh size, however, had the most accurate peak load 

representation, slightly overestimating the test results and having an error of 2.5%. Upon comparing 

the peak displacement from the test and simulation results, there is a high error value in all 

simulations. It is possible the location of the displacement recording node could play a factor as to 

why there is a large gap, as Adetifa and Polak (2005) placed their main LPs adjacent to the column. 

Upon viewing the crack patterns at peak, there does not appear to be a difference in how mesh 

affects the crack pattern at peak, as all appear to generate the punching cone. Based on the decrease 

in simulation time and greatest accuracy regarding peak load, the 20 mm mesh size appeared to be 

in the best agreement, and as such, will be used in future ABAQUS simulations in the remainder 

of this thesis. 

Table 3.6: Mesh Sensitivity Peak Results for SB1 in ABAQUS 

Specimen 
Peak Load  

(kN) 

Displacement at Peak  

(mm) 

Peak Load Error 

% 

Peak Displacement Error 

% 

Test Result 253.1 11.9 - - 

10 mm Mesh 215.3 7.5 17.6% 37.0% 

15 mm Mesh 230.1 9.3 10.0% 21.8% 

20 mm Mesh 259.6 15.9 2.5% 33.6% 



 

53 

 

 

Figure 3.14: SB1 Load-Displacement Results for Mesh Sensitivity of SB1 
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(c) 

Figure 3.15: SB1 Control Crack Pattern with 10 mm Mesh (a), 15 mm Mesh (b), and 20 mm 

Mesh (c) 

SB1 was then retrofitted with UHPFRC as an overlay, similar to the full overlay configuration by 

Menna and Genikomsou (2021). This was used to experiment using different UHPFRC thickness 

overlays: 10 mm, 20 mm and 25 mm, which is less than what was used by Bastien-Masse and 

Brühwiler (2016a), as their slab thickness was greater. An application of the overlay is shown in 

Figure 3.16, where the red highlight indicated the UHPFRC layer. The novelty behind this approach 

was to observe how strengthening an existing slab would change the load-displacement response, 

which could then be used to compare towards experimental specimens in future research. It should 

be noted that these simulations were performed before the publication of Menna and Genikomsou 

(2021). 
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Figure 3.16: SB1 Retrofit Application in ABAQUS 

The material properties of the UHPFRC overlay would follow that of Shafieifar et al. (2017), as 

these were the first simulations performed with UHPFRC. The support was redefined to be on the 

bottom face of the overlay. This would cause the loading to be recorded from this new support. The 

displacement reading would remain in the same place. 

Upon running the simulations, the peak findings are shown in Table 3.7, while the full load-

displacement graph is shown in Figure 3.17. The cracking patterns of the 10 mm, 20 mm and 25 

mm overlay are shown in Figure 3.18. 

From observing the results, it was seen that using a 10 mm UHPFRC overlay did not contribute 

any significant increase in peak load compared to the test result and control simulation, gathering 

an increase of 2% and decrease of 0.5%, respectively, however, the displacement capacity appeared 

to decrease. Based upon these results, it was deemed that a 10 mm overlay provides negative 

influence on the load-displacement results. Upon the influence of the 20 mm and 25 mm overlays, 

the peak load appeared to make a significant increase compared to both the test result and control 

simulation results, while observing an increase of at least 10% comparing to the test result and 

control simulation. The displacement capacity appeared to decrease a significant amount leading 

to a stiffer response, however, though depending on strength requirements, these changes could be 

deemed sufficient. 

UHPFRC Overlay 

(thickness varies) 
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Table 3.7: UHPFRC Comparison Results for SB1 in ABAQUS 

Specimen 

Peak 

Load 

(kN) 

Displacement 

at Peak 

(mm) 

Peak Load Increase 

to Test Results / 

Control Simulation 

Results 

% 

Displacement 

Decrease to Test 

Results / Control 

Simulation Results 

% 

Test 253.1 11.9 - - 

Control Simulation 259.6 15.9 - - 

With 10 mm UHPFRC 258.2 9.4 2.0% / -0.5% 21.0% / 40.9% 

With 20 mm UHPFRC 291.7 8.8 15.2% / 12.4% 26.1% / 44.7% 

With 25 mm UHPFRC 305.4 8.5 20.7% / 17.6% 28.6% / 46.5% 

 

Figure 3.17: SB1 Retrofit Simulation Results in ABAQUS 
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(a) (b) 

 
I 

Figure 3.18: Retrofitted SB1 Crack Pattern with 10 mm UHPFRC (a), 15 mm UHPFRC (b), 

and 20 mm UHPFRC (c) Overlays 

3.4.1.2 CC3D Nonlinear Cementitious 2 

SB1 was modelled in ATENA using the same geometric properties of concrete and steel 

reinforcement as the ABAQUS model. The model setup is shown in Figure 3.19. A quarter slab 

was initially modelled, with its setup shown in Figure 3.19. Like with the ABAQUS model, the 

material properties of the concrete compressive stress, tensile stress and modulus of elasticity were 

44 MPa, 2.2 MPa, and 36,483 MPa, respectively. The compressive curve was calculated based 

upon Equations (3.28) and (3.29). For concrete in tension, the fracture energy selected was 5.74E-

05 MN/m, as this value gave a similar final crack width (𝑤𝑐) value to the ABAQUS model, which 
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was 0.134 mm. For the steel reinforcement, the yield and ultimate stress selected were 455 MPa 

and 650 MPa respectively. At ultimate stress in the reinforcement, the strain was 0.25. The mesh 

size initially selected for the quarter slab was 25 mm. 

 

Figure 3.19: Setup of SB1 in ATENA 

A total of 40 load steps were used in the analysis, having an increasing displacement step of 0.5 

mm downward. Upon a few trial simulations, ATENA found to take considerably long to analyze 

the quarter slab, which had less nodes to calculate as opposed to its ABAQUS counterpart. The 

best load-displacement curve is shown in Figure 3.20, using the PARDISO solver. All simulations 

were found to take upwards of two days to obtain results, and during the process, the program 

crashed a considerable amount, which would need to be re-installed to the system in order for the 

simulation to resume. After obtaining results, there was no obvious failure mode in the slab, as it 

kept deforming reaching towards peak load. The limit of displacement applied on the slab was 20 

mm and results found that likely, the slab would have continued to deform, with possibility for the 

peak load to increase as well. Upon viewing cracking in the slab in Figure 3.21a, the punching cone 

appeared to extend outward to the supports, which appears not in good agreement as what the 

critical perimeter is defined as in current codes. 
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Based upon this issue with a quarter slab, SB1 was also attempted to be modelled as a half slab, 

meaning only one axis had symmetry applied. The reason behind this was to observe if there were 

issues in the double symmetry application, and if ATENA could only handle one axis of symmetry. 

The best load-displacement results are also shown in Figure 3.20, along with cracking in Figure 

3.21b. Numerous simulations were performed, and like with the quarter slab, the same issues of 

long simulation times, malfunctions, and large crack patterns were found in these analyses. 

A summary of the peak load results is shown in Table 3.8. Although the peak load is within reason 

for these results, showing error percentages compared to the test of the quarter and half slab of 

9.8% and 5.5%, respectively, there is a possibility that this value could increase if a higher 

displacement step was assigned before the simulation began. Regardless, the plateau of the curve 

with no indication of failure happening yet and the observed cracking indicate these results are not 

in good agreement, and thus, more research should be performed about the deformability about the 

slab. 

Reasons these inaccurate issues could have been obtained may have been due to trying to change 

the material properties to match the ABAQUS model, and as such, generating a slab that deforms 

more than it should. It is possible that maintaining the consistent material parameters as described 

in the ATENA user guide could provide more desirable results regarding displacement capacity 

and cracking. In addition, possibly selecting a displacement monitoring point adjacent to the 

column like Adetifa and Polak (2005) did could contribute to more accurate results, as that is what 

was performed during testing. 
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Figure 3.20: SB1 Load-Displacement Results for ATENA Simulations 

Table 3.8: Peak Results of SB1 Tests in ATENA 

Specimen 
Peak Load 

(kN) 

Displacement at Peak 

(mm) 

Peak Load Error 

% 

Peak Displacement Error 

% 

Test Result 253.1 11.9 -  -  

Quarter Slab 280.5 17.4 9.8% 31.7% 

Half Slab 267.8 16.7 5.5% 28.7% 

 

 

 

(a) (b) 

Figure 3.21: Cracking Pattern of SB1 at Peak Load in ATENA Using a Quarter Slab (a) 

and Half Slab (b) 

Based upon the program issues and inconsistent results found, further simulations in this thesis 

were performed in ABAQUS. More information should be required to be able to efficiently achieve 

desirable results for SB1. 
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3.4.2 Other Simulations from Selected Literature 

Using the SB1 calibration, specimens S1-U by Ghannoum, PG-1 by Guandalini and Muttoni, and 

PBM1 by Bastien-Masse and Brühwiler were modelled in ABAQUS. The objective was to observe 

how a calibration for a slab of a thickness of 120 mm affects other slabs with varying thicknesses 

and loading setups. As such, 20 mm mesh size was used, based upon the SB1 calibration, with 

concrete and UHPFRC assigned as C3D8R elements, and steel reinforcement assigned as T3D2 

elements. The material models for concrete, steel reinforcement, and UHPFRC were used again by 

Genikomsou and Polak (2015) and Shafieifar et al. (2017). 

All slabs were modelled using a quarter section. The setup of each specimen is shown in Figure 

3.22, indicating the loading and support points. Steel plates were applied for loading for S1-U and 

PG-1, whereas surface loading was used on PBM1. This was due to PBM1 being modelled prior to 

S1-U and PG-1, otherwise loading plates would be considered in this simulation as well. For the 

slabs with loading plates, the density, elasticity, and Poisson’s ratio used for the steel plates were 

7.8E-09 tonne/mm3, 200,000 MPa, and 0.3, respectively. The setup of each simulation is shown in 

Table 3.9, including SB1 as well.  

For S1-U, the tension reinforcement layout of S1-U as a full slab consisted of 15M, having 14 bars 

at a spacing of 164.3 mm in the lower layer and 16 bars at a spacing of 143.8 mm in the upper layer. 

The effective depth at the intersection of both bar layers was 110 mm from the extreme compression 

fibre. Compression reinforcement consisted of 10M bars; within the column region, 3 bars were 

spaced at 87.5 mm; moving towards the exterior of the slab consisted of 3 bars spaced at 325 mm 

in both directions. Cover used for the slab was 25 mm.  Within the column region consisted of 15M 

bars longitudinally, along with four 10M hoops confining the reinforcement, having two above and 

below the slab. The yield and ultimate stress for the reinforcement was 454 MPa and 676 MPa 

respectively. The strains used at yield and ultimate stress were 0.00034 and 0.0043, respectively. 
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For PG-1, spacing for both tension and compression reinforcement had spacings of 100 mm. The 

tension reinforcement consisted of 20M bars and compression reinforcement consisted of 10M 

bars. The clear cover in both tension and compression was 20 mm. Column reinforcement consisted 

of 4-10M bars along with 10M stirrups spaced at 100 mm for a full specimen. The yield and 

ultimate stress of the steel reinforcement was 573 MPa and 656 MPa, respectively. The strain at 

ultimate stress was 0.1. 

For PBM1, spacing for both tension and compression reinforcement had spacings of 150 mm. 

Tension reinforcement consisted of 16M bars and compression reinforcement consisted of 10M 

bars. The yield and ultimate stress of the reinforcement was 546 MPa and 621 MPa, respectively. 

The strain at ultimate stress was 0.116. For the UHPFRC, all of the compressive and tensile items 

were used by Shafieifar et al. (2017). The reason behind this was because models of UHPFRC were 

not considered at the time of modelling to understand how the application of UHPFRC could be 

modelled. 

Table 3.9: Setup of Literature Simulations in ABAQUS 

Slab 

ID 

Loading  

Location 

Slab Column Concrete Rebar UHPFRC 

B 

(mm) 

H 

(mm) 

b 

(mm) 

h 

(mm) 

f'c 

(MPa) 

f't 

(MPa) 

Ec 

(GPa) 

d 

(mm) 

fy 

(MPa) 

hu 

(mm) 

SB1 Concentric 1800 120 150 150 44 2.2 36.5 89 455 

N/A S1-U Perimeter 2300 150 225 300 37.2 2.0 33.4 110 454 

PG-1 Perimeter 3000 250 260 280 27.7 2.0 28.9 210 573 

PBM1 Perimeter 3000 210 N/A 32.6 1.9 25.5 180 546 50 
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(a) (b) 

 
(c) 

Figure 3.22: ABAQUS Setup of S1-U (a), PG-1 (b) and PBM1 (c) 

The results of the simulations compared to the testing data are shown in Figure 3.23, along with a 

summary in Table 3.10. Load-displacement results were recorded from the reaction of the column 

support and where the inclinometers were placed in the testing setup, respectively.  

One note of these graphs and summary was that the self-weight of the slab, column and testing 

equipment within the critical perimeter was subtracted in the testing data, which subsequently 

reduced the load. These self-weight values for S1U, PG1, and PBM1 were 85 kN, 73 kN, and 51 

kN, respectively. The cracking patterns of these specimens at peak load are shown in Figure 3.24. 

A discussion of how the FEA results compared to the test results will follow in the next subsection. 
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(a) (b) 

  
(c) 

Figure 3.23: Load-Displacement Results for S1-U (a), PG-1 (b) and PBM1 (c) 

Table 3.10: FEA Results of Slabs from Previous Literature 

Slab 

Test Results FEA Results Error Percentage 

Peak 

Load 

Displacement 

at Peak 

Peak 

Load 

Displacement 

at Peak 

Peak 

Load 

Displacement 

at Peak 

(kN) (mm) (kN) (mm) (%) (%) 

SB1 253 11.9 260 15.9 2.8% 33.6% 

S1-U 280 16.9 181 16.2 35.4% 4.1% 

PG-1 950 10.2 799 8.4 15.9% 17.6% 

PBM1 1038 14.0 810 11.5 22.0% 17.9% 
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(a) (b) 

  
(c) 

Figure 3.24: Cracking Pattern of S1-U (a), PG-1 (b) and PBM1 (c) 

3.4.3 Discussion of Literature Simulations 

Upon viewing the curves and peak results, all slabs with the exception of SB1 appeared to 

undervalue the peak load for all of the other slabs. Observing the FEA results for S1-U, the peak 

load and displacement at peak were 181 kN and 16.2 mm, respectively. The slab failed in punching, 

as the punching cone is observed through the thickness of the slab, extending out approximately 

180 mm. Compared to the test result, his generated error percentages for the peak load and 
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displacement at of 35.4% and 4.1%, respectively. There is a high initial stiffness in the simulation 

before having ductile response after the steel yields compared to the test data, which appears to 

have a uniform stiffness throughout the entire test. An issue that could be established is that 

cracking occurred at a load of 56 kN, which is less than the self-weight considered in the test. S1U 

was also the oldest slab modelled in this thesis, so it is possible that there could have been 

discrepancies in the material test results that impacted how the FEA simulations performed.  

For PG-1, the FEA results gathered a peak load and displacement at peak of 799 kN and 8.4 mm, 

respectively. The slab failed in punching, as the punching cone is observed through the thickness 

of the slab, extending out approximately 520 mm from the column face. Compared to the test result, 

this generated error percentages for the peak load and displacement at peak of 15.9% and 17.6%, 

respectively. Aside from SB1, this response of load-displacement behaviour was the most accurate, 

having a similar behaviour before failing prematurely compared to the test result. For this slab, 

based upon the material properties, the tested modulus of elasticity of the concrete (25.7 GPa) 

appears to be low compared to Equation (3.2) proposed by Genikomsou and Polak (2015), where 

the modulus of elasticity would be 28.9 GPa. It is possible that changing this value could achieve 

more accurate results. 

For PBM1, the FEA results gathered a peak load and displacement at peak of 810 kN and 11.5 mm, 

respectively. The slab failed in punching in the slab only, as the punching cone is observed through 

the thickness of the slab, extending out approximately 920 mm from the support. Compared to the 

test result, this generated error percentages for the peak load and displacement at peak of 22.0% 

and 17.9%, respectively. It is possible that a reason for this difference in results is due to the 

UHPFRC properties being used from Shafieifar et al. (2017) solely, which likely doesn’t reflect the 

properties used by Bastien-Masse and Brühwiler (2016a). Future models should consider further 

material calibration, similar to Menna and Genikomsou (2021). 
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Overall, the calibration from SB1 did not provide good agreement with the other slabs in the 

literature. Possible reasons due to this could be based upon the change in slab thickness as well as 

the difference in the loading setup (i.e. loading on slab instead of column stub). Based upon the 

results, it is recommended to re-calibrate the model and perform mesh sensitivity for slabs with a 

change in thickness or loading type. This calibration for SB1, however, was used for the proposed 

lab specimens, discussed in the next Chapter. This is due to the slabs having the same dimensions, 

reinforcement layout, and loading type. 
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Chapter 4 

Experimental Program and Simulations of Lab Specimens 

4.1  Introduction 

Reinforced concrete slab-column connections, sketched in  Figure 4.1, were cast in the structures 

laboratory of Ellis Hall at Queen’s University in Kingston, Ontario. The plan was to examine the 

structural response of these specimens and observe the load-displacement behaviour and crack 

patterns. However, due to Covid-19 delays, the specimens were not tested. A total of four 

specimens were planned to be constructed, which included one control specimen and three 

specimens retrofitted with a UHPFRC overlay, similar to the overlays implemented by Youm 

(2017) and Bastien-Masse and Brühwiler (2016). The difference in each specimen would be the 

change in UHPFRC overlay thicknesses. The objective will be to compare the differences in load-

displacement behaviour in the slabs, as well as observe the changes in the cracking in the extreme 

tensile fibre. ℎ𝑢 in the figure represents the thickness of UHPFRC, and will have values of 15 mm, 

20 mm, and 30 mm. Only the construction of the control specimen and the 30 mm UHPFRC overlay 

specimen are presented in this thesis. The other two specimens will be cast for future research and 

will have retrofits of 15 mm and 20 mm. The testing setup was similar to that by Adetifa and Polak 

(2005), where a vertical downward static load is applied.  

 

Figure 4.1: Geometry of Test Specimens 
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In this Chapter, the specimens will be described, including the design and construction in the lab. 

An ABAQUS model for all proposed slabs were developed using the specified material properties, 

and these simulations were performed before any material testing. Following this, material 

properties of concrete, steel reinforcement, and UHPFRC will be recorded. The UHPFRC material 

properties tested will then be compared to an ABAQUS model by using the inverse analysis 

calculations from Chapter 3, recording the changes in Load-LP displacement behaviour. Finally, 

instrumentation and test setup will be identified for the planned tests.  

4.2 Isolated Specimens 

The specimens for the experimental setup were designed to simulate an interior slab-column 

connection in a commercial building, such as an office. An idealization of the isolated specimens 

came from a two-storey commercial building, shown in Figure 4.2 and Figure 4.3, where a plan 

and elevation view are shown, respectively. This building is fictitious, with the dimensions selected 

to have an isolated slab with the same geometric properties as SB1. The specified concrete strength 

was 30 MPa.  

In the building, the centre-to-centre spacings between the columns is 3.75 m. The dimensions of 

the slab-column connections were selected based on the bending moment contraflexure lines, which 

occurs at approximately 0.2 ∗ 𝐿, per CSA A23.3-19, where 𝐿 is 3.75 m.  

The isolated slabs have plan dimensions of 1,800x1,800 mm with a thickness of 120 mm, taken as 

a minimum from CSA A23.3-19. In the centre, above and below the slab, a cubic column stub 

having dimensions of 200x200x200 mm is located. Within the interior 1,500 mm (shown in Figure 

4.2), a support will be placed for the slab to rest on. The design of these is similar to slab SB1 

(Adetifa and Polak, 2005), with the only difference being the dimensions of the square columns 

(200x200mm instead of 150x150mm). 
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Figure 4.2: Plan View of Test Specimen Selection 

 

Figure 4.3: Elevation View of Test Specimen Selection 



 

71 

 

4.3 Design of Test Specimens 

The plan and elevation detail of the tension reinforcement is shown in Figure 4.4. Tensile 

longitudinal reinforcement consisted of 10M bars and was designed to have similar reinforcement 

ratios in both directions (𝜌 = 1.2%). This was achieved by having a spacing in the upper and lower 

(more extreme tensile) layer of 100 mm and 90 mm, respectively. In both directions, the two centre 

bars had a spacing of 50 mm. The average effective depth from the extreme compression fibre to 

the steel tension reinforcement used was the intersection of both layers of bars, which was designed 

as 89 mm from the top compression fibre in the concrete. The cover to the underside of the concrete 

was 20 mm. In the figure, the labels of Bars 1-4 indicate the reinforcement which included strain 

gauges applied, discussed in further detail later in this Chapter. 

 

Figure 4.4: Tension Reinforcement Detail of Test Specimens, Showing Plan (Top) and 

Elevation (Bottom) 

Column Stub 
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The plan view of the compression reinforcement is shown in Figure 4.5. Compression 

reinforcement consisted of 10M bars with a uniform spacing of 200 mm in both directions. The 

average effective depth at the intersection point from the extreme compression fibre was 31 mm 

and the clear cover from the upper layer to the top of the slab was 20 mm.  

 

Figure 4.5: Compression Plan Reinforcement Detail of Test Specimens 

The layout of the column reinforcement is shown in Figure 4.6. In the figure, the flexure 

reinforcement was omitted for clarity. Column reinforcement consisted of 4-20M bars as 

longitudinal reinforcement. These bars were wrapped by 4-10M ties, having two ties both placed 

above and below the slab. From the extreme fibre (compression or tension), the first tie was placed 

25 mm away from the slab. The next spacing of the other tie was 100 mm. The clear cover to the 

ties and ends of the longitudinal reinforcement was 30 mm. 

 
 

(a) (b) 
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Figure 4.6: Column Plan (a) and Elevation (b) Reinforcement Detail of Test Specimens 

4.3.1 UHPFRC 

As shown in Figure 4.1, the thickness of UHPFRC varies, thus, three different full overlays were 

planned to be placed on the tension surface. The chosen thickness of these overlays were 15 mm, 

20 mm and 30 mm, which is less than the thickness Bastien-Masse and Brühwiler (2016a) used, as 

the overall concrete thickness of the proposed slabs is lesser than PBM1. This was performed to 

limit the quantities used for casting, as the equipment available in the lab could only handle 

approximately 0.0625 m3 per batch. To differentiate between each of the tested slabs, the control 

specimen (slab without UHPFRC) was named as PQ0 and the retrofitted specimens were 

designated as PQ15, PQ20, PQ30, where the number at the end indicated the thickness of UHPFRC 

in mm. The name “PQ” is denoted for Punching-Queen’s. 

4.4 Prediction Simulations of Experimental Specimens 

FEA simulations were run for slabs PQ0, PQ15, PQ20, and PQ30 to be tested as a predictor, with 

its setup shown in Figure 4.7. The setup is flipped upside-down to better show the underside, which 

includes the UHPFRC and neoprene support. These simulations were performed before material 

test data was obtained, so properties were identified as basic. Simulations with material data were 

not performed, as there were no experimental results to compare to due to lab delays from the 

Covid-19 pandemic. 

The model was established using a concrete compressive strength of 30 MPa, along with the 

compression and tension parameters calibrated by Genikomsou and Polak (2015). The steel 

reinforcement had a specified yield of 400 MPa and perfect plasticity was assumed beyond the 

yield point. For the retrofitted specimens, UHPFRC was assumed with the Shafieifar et al. (2017) 

model. The neoprene padding was modelled using linear elastic properties only, having a density, 

elasticity and Poisson’s ratio of 1.23E-09 tonne/mm3, 8.31 MPa, and 0.5, respectively, based upon 
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Genikomsou (2015). A mesh size of 20 mm was used for all part instances in the assembly, based 

upon the mesh sensitivity analyzed for SB1 in Chapter 3. The summary of results from all 

simulations is shown in Table 4.1, where the influence of the UHPFRC overlay is shown to mention 

the change in peak load and displacement at peak values. A discussion on the results will follow. 

 

Figure 4.7: Setup of Assembly and BCs of Experimental Specimens 

 

Figure 4.8: Load-Displacement Predictive Response of Proposed Slabs 
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Table 4.1: Comparison Summary of FEA Simulations to Experiments 

Specimen 
Peak Load Displacement at Peak Peak Load Increase Displacement Decrease 

(kN) (mm) (%) (%) 

PQ0 189.4 9.9 - - 

PQ15 220.6 8.2 16.5% 17.2% 

PQ20 235.5 8.0 24.3% 19.2% 

PQ30 261.8 7.8 38.2% 21.2% 

4.4.1 PQ0 

The FEA model of Specimen PQ0 predicts failure at a peak load and displacement of 189.4 kN and 

9.9 mm, respectively. The slab failed in punching shear. The reinforcement neared yield at peak 

load, recording a maximum stress of about 395 MPa. The cracking pattern is shown in Figure 4.9 

through the maximum principal plastic strains. 

 

Figure 4.9: Cracking Pattern in ABAQUS for PQ0 Using Predictive Model  

4.4.2 PQ15 

The FEA model of Specimen PQ15 predicts a failure at a peak load and displacement of 220.6 kN 

and 8.2 mm, respectively. The slab failed in punching shear similar to the control specimen and the 

reinforcement did not yield. The cracking pattern is shown in Figure 4.10 where the cracks are 

concentrated closer to connection area. 
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Figure 4.10: Cracking Pattern in ABAQUS for PQ15 Using Predictive Model  

4.4.3 PQ20 

The FEA model of Specimen PQ20 predicts failure at a peak load and displacement of 235.5 kN 

and 8.0 mm, respectively. The slab failed in punching shear similar to the two previous simulated 

specimens and the reinforcement did not yield. The cracking pattern is shown in Figure 4.11. 

Similar to specimen PQ15 the critical shear cracks appear, however all cracks are concentrated 

closer to the connection area. 

 

Figure 4.11: Cracking Pattern in ABAQUS for PQ20 Using Predictive Model  
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4.4.4 PQ30 

The FEA model of Specimen PQ30 predicts failure at a peak load and displacement of 261.8 kN 

and 7.8 mm, respectively. The slab failed in punching shear and the reinforcement did not yield. 

The cracking pattern is shown in Figure 4.12 and shows a similar response to the other two 

retrofitted slabs (PQ15, PQ20). 

 

Figure 4.12: Cracking Pattern in ABAQUS for PQ30 Using Predictive Model  

4.4.5 Discussion of Predictive Simulations 

As the UHPFRC thickness increased, the failure load increased, while the displacement capacity 

decreased, leading to a stiffer response. Comparing PQ0 to PQ30, a load increase of 38% was 

calculated, whereas the displacement found a decrease of 21%. It was seen however, as the 

thickness increased greater, the displacement decrease difference observed to be lesser. It is 

possible that there is an optimal thickness which would achieve the maximum efficiency, provided 

the displacement limits are within the applicable code provisions.  

A downside to this approach could include an increase of materials used. There is also a possibility 

that this overlay configuration might not provide the most optimal design considering displacement 
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capacity. Other configurations should be sought out both experimentally and numerically to 

observe changes, such as modelled by Menna and Genikomsou (2021). 

4.4.6 Comparison with Code Provisions 

Code provisions from Section 2.2 were compared with the FEA response of specimen PQ0. The 

predictive punching shear resistances according to the code provisions are shown in Table 4.2, 

along with an error percentage comparison for peak load compared to the FEA results of Specimen 

PQ0 (189.4 kN). The code calculations are provided in the Appendix. 

Table 4.2: Code Provision Calculations and Comparison for Peak Load 

Code 
Load 

(kN) 

Error Compared to PQ0 

(%) 

CSA A23.3-19 214.1 11.6% 

ACI 318-19 186.0 1.8% 

CEB-FIP MC 1990 169.1 12.0% 

CSCT/CEB-FIP MC 2010 196.1 3.4% 

Comparing all peak loads to Specimen PQ0, ACI 318-19 and CSCT/CEB-FIP MC 2010 appear to 

be the most accurate, having error percentages lower than 4%. While these values may have a slight 

overestimation, they were calculated without any resistance factors. Including these factors will aid 

in an optimal design in both efficiency and safety. 

CSA A23.3-19 and CEB-FIP MC 1990 had greater amounts of error, causing an overestimation of 

11.6% and underestimation of 12.0%, respectively. While the CSA equations appeared to be similar 

to that of its ACI counterpart, it could likely be considered that there would have to be additional 

reductions in its calculations to have a more accurate prediction, seeing as its predicted peak load 

is closer to PQ15 than PQ0. For CEB-FIP MC 1990, an underestimation was provided. Unlike with 

CSA, it is possible that increases would have to be made in its calculations. While these 

considerations are proposed, it is difficult to ensure that the model did simulate accurately without 
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any test results. Further comparison of the FEA results should be made with the future test results 

to ensure this model performed accurately, as well as if the code provisions were accurate as well.  

4.5 Construction of the Specimens 

Construction began with assembly of the tensile, compression, and column reinforcement 

separately while the formwork was being constructed by the lab technicians. Steel reinforcement 

was cut to length. Bending of the ends of the tension bars were outsourced to a local contractor. 

Connections of rebar together were made using cable ties and tie wire. Due to availability of floor 

space in the lab, the specimens were planned to be constructed in sets of two; Set 1 consisting of 

PQ0 and PQ30; Set 2 consisting of PQ15 and PQ20. Based on delays in the lab due to floor space 

for other students to test along with shutdowns due to the Covid-19 pandemic, only the Set 1 

construction was completed in this thesis; Set 2 construction and both sets’ test results will be 

shown in future research.  

Photographs of the rebar fully assembled in the formwork along with the side and top column forms 

included are shown in Figure 4.13. Once the formwork was completed, all components of rebar 

were attached together for the Set and placed in the formwork. Reinforcement chairs were placed 

on the bottom of the formwork to provide the specified clear cover. The pour of the concrete 

specimen was monolithic. All specimens were cast upside down to that of the test setup to ease the 

UHPFRC application, as well to ensure the chairs did not conflict with the tensile reinforcement.   

Casting was performed with a concrete truck brought to the laboratory and was cured for a 

minimum of 28 days. Within the concrete mix, a small amount of MAC 244 polypropylene fibres 

were accidentally included in the concrete. This occurred due to the delivery driver not cleaning 

out the drum of the concrete truck properly from a pour prior in the day. It was estimated that 

approximately the volume of fibres included was 0.05%. The tensile strength of these fibres 

described were 500 MPa. The length and aspect ratio of the fibres were 40 mm and 57, respectively 
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(MasterFiber n.d.). Advantages of these fibres included the reduction of plastic shrinkage, increase 

of toughness, increase of impact resistance, and increase of tensile/flexural stresses (Blazy and 

Blazy 2021; Singh and Rai 2018). 

  
(a) (b) 

Figure 4.13: Full Reinforcement Cage Showing Column Steel (a) and Full Formwork in 

Place (b) 

For the retrofitted specimens, the concrete tensile surface was roughened for the UHPFRC bond 

application, shown in Figure 4.14. This was performed using a concrete planer, which provided an 

average amplitude roughness of 6 mm. After roughening the surface, fines were removed using a 

vacuum and air compressor. The surface was protected afterward using a plastic sheet, covering 

the slab. Prior to batching UHPFRC, the roughened surface was moistened using burlap, which 

was supposed to promote an adequate bond (Carbonell et al. 2014; Júlio et al. 2005; Valikhani et 

al. 2020). No mechanical connectors, external adhesives or bonding agents were applied.  
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Figure 4.14: Concrete Planer Performing Surface Preparation 

UHPFRC was supplied by Lafarge with the product Ductal® and batched in the laboratory using a 

high shear mixer. The first step consisted of placing half (68 kg) of the premix into the mixer and 

mixing it dry. Following this, 7 kg of water and 3 kg of ice were placed into the mixer. The inclusion 

of ice aided in ensuring the mixer did not overheat and shut down. Then, 1.3 kg of F4 admixture 

was added and the components were mixed until it was observed as a slurry consistency. The 

remainder of the premix (68 kg) was then added in small increments as to not cause the shear mixer 

to come to a halt. The components were left to mix for 5 minutes, to which the steel fibres were 

gradually added. The steel fibres dimensions had a length and diameter of 14 mm and 0.2 mm, 

respectively. The tensile strength of the steel fibres was 2,000 MPa. The orientation of the fibres 

was random due to the inconvenience it would cause to align them in a certain direction. Once all 

the fibres were added, a flow test was taken by cutting a 75x150 mm cylinder form to a height of 

65 mm and lifting it upward from a plexiglass form. The flow was deemed adequate if it had a 

diameter around 225-255 mm. Once an adequate flow was achieved, the UHPFRC was placed on 
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top of the slab using buckets, as well as in three cylinder and two prism forms. This had to be 

performed twice to achieve the desired quantity of 0.125 m3. 

Curing was performed for 28 days of the UHPFRC for the section to be complete. A photograph 

of a completed retrofitted specimen is showed in Figure 4.15. The discolouration on the specimen 

is due to the sticking of burlap during the initial days of curing. 

 

Figure 4.15: UHPFRC Overlay on Specimen PQ30 

The retrofitted slab with removed formwork is shown in Figure 4.16, showing debonding in the 

edge region. This was referred to as slab curling, where the top of the UHPFRC cures at a different 

rate than at the interface. It was possible that the burlap may have not been sufficient to promote a 

moist surface. Communications with the supplier afterward recommended making the surface wet 

just prior to the brink of water pooling, which was not performed at the time of casting. Other 

methods that could have provided a better bond as well would have been the use of a curing 

compound and using mechanical connectors. The future slabs will take these factors into account 

upon construction. It is planned to cut the unbonded UHPFRC region of PQ30 in a rectangular 

form, observing a similar configuration to Figure 2.12b by Menna and Genikomsou (2021). 
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Figure 4.16: Debonding Observed of PQ30 

4.6 Material Properties Tested 

4.6.1 Concrete 

Photographs of the splitting cylinder setup and crushed compression cylinders are shown in Figure 

4.17, tested in the Forney testing machine at the Queen’s Materials laboratory. For compression, 

three concrete cylinders were tested with dimensions of 100x200 mm diameter-to-height. These 

tests were conducted to determine the compressive strength according to ASTM C39. An attempt 

to measure strain values was made using linear potentiometers (LPs), however, the results were 

skewed and therefore, not utilized. To determine the tensile strength, three splitting cylinder tests 

were performed per ASTM C496.  

The recorded concrete values for Set 1 had an average peak compressive strength of 32.2 MPa and 

splitting tensile strength of 4 MPa (ASTM International 2017, 2021a). The reason the value of the 

splitting tensile tests in cylinders appears to be high for normal concrete likely has to do with the 

MAC 244 fibre inclusion. The standard deviation for compression and splitting tension were 2.5 

MPa and 0.2 MPa, respectively. 
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(a) (b) 

Figure 4.17: Splitting Cylinder Setup (a) and Crushed Concrete Cylinders in Compression 

(b) 

4.6.2 Steel Reinforcement 

For steel reinforcement, the specified yield stress was 400 MPa. A stress-strain curve was 

performed on three 10M bars to find the proper yield and ultimate stress, per ASTM E8 and ASTM 

A370. The results are shown in Figure 4.18, showing the full stress-strain curve from the stroke of 

test system and using an extensometer to find the elastic modulus of 200 GPa. From these curves, 

an average yield stress and peak stress of 500 MPa and 590 MPa were found, respectively. At the 

peak stress, an average strain of 0.133 was recorded (ASTM International 2020, 2021b).  

  

(a) (b) 

Figure 4.18: Steel Reinforcement Tensile Stress-Strain Curve Showing Full Response (a) 

and Elastic Modulus (b) 
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4.6.3 UHPFRC 

Six UHPFRC cylinders were tested the same way as the concrete cylinders for compressive 

strength, with crushed cylinders shown in Figure 4.19. Three cylinders were tested from each batch. 

The one difference of UHPFRC cylinder testing compared to concrete was the cylinder size, which 

was 75x150 mm diameter-to-height. The reason for decreasing cylinder size is performed to not 

overload the test machine, since UHPFRC is a stronger material compared to concrete. Six 

cylinders were tested, gathering an average peak compressive strength of 160 MPa. The standard 

deviation of the compressive strength was 4.9 MPa. 

 

Figure 4.19: Crushed UHPFRC Cylinders 

In tension, the inverse analysis equations from Chapter 3 were used according to the Canadian 

Highway Bridge Design Code (CSA Group 2019b) and López et al. (2016). It should be noted that 

direct tensile tests with the briquette/dog bone setup would be sufficient in finding the tensile 

properties, however, the required setup needed in the lab for these tests was not available. For these 

inverse analysis calculations, test results were gathered from four-point bending tests for prisms, 

per ASTM C1609 (ASTM International 2019). The test was performed in the Instron 8802 testing 

machine. The test setup, schematic and split prisms are shown in Figure 4.20, where the full prism 

dimensions (𝑏 𝑥 ℎ 𝑥 𝐿) were 75x75x280 mm, based on having a fibre length (𝑙𝑓) of 14 mm, 
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specified in Table U.2 of CSA A23.1-19 (CSA Group 2019a). The span between supports (𝑙) were 

placed within the interior 225 mm.  

An LP was placed at the midspan, where the base was fixed to the mid-height of the frame. The 

reading point of the LP was placed onto the top compressive fibre of the prism, where it made 

contact with a steel plate bonded to the prism. The bracket setup of the prism only occurred on one 

side, which meant only one LP could be used. The load readings were obtained from the load cell. 

The rate of loading used in the test was 0.15 mm/min. After reaching peak, the rate was increased 

to 0.2 mm/min once 70% of the peak load was observed in the softening region. 
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(a) (b) 

 
(c) (d) 

Figure 4.20: Prism Testing Setup for Inverse Analysis, Showing Front (a), Back (b), 

Schematic (c) and After Test Splitting (d) (CSA Group 2015a) 

The Load-LP displacement results are shown in Figure 4.21, where four prisms were tested, having 

two occur from each batch. From the results, there were differences in the hardening phase between 

some of the prisms. One reason could have been due to the results being from different batches. It 

is possible that both batches were not mixed the exact same, causing differences in results. Another 

reason could be from curing the prisms in the molds, where the exposed face of the prism had 

noticeable voids.  
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Figure 4.21: Load-LP Displacement Results of UHPFRC Cylinders  

4.6.3.1 Validation of Tested Model UHPFRC Parameters 

Using the Prism 1 data from Figure 4.21, an ABAQUS analysis was performed to observe how the 

proposed model and equations with material test results from Chapter 3 compared with the test 

results for the four-point prism test, with the objective to validify the accuracy of the inverse 

analysis model, specifically with the tension parameters. The model assembly of the prism is shown 

in Figure 4.22. The elastic modulus used for the UHPFRC was 48,500 MPa based upon the peak 

compressive stress of 160 MPa. A spreadsheet was used to model the compressive curve in the 

Concrete Damaged Plasticity model, modelling as linear elastic to 50% of peak stress. Following 

this the curve was plotted using Equation (3.13), using a strain step of 0.0001. The peak 

compressive strain calculated was 0.0039.  

Half the prism was modelled, with a symmetric BC applied on the vertical face at midspan. Steel 

plates were included in the assembly for the loading roller and support roller and plate. The steel 
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properties were linear elastic only, having a density, elasticity, and Poisson’s ratio of 7.8E-09 

tonne/mm3, 200,000 MPa and 0.3, respectively. A full list of the calculations provided for the 

tensile inverse analysis is shown in the Appendix.  

A mesh size of 7.5 mm was used for all part instances. This was chosen since there was no aggregate 

in the composition, the mesh size could be lower than described for concrete (10 mm). Thus, a total 

of 10 elements were placed through the thickness of the prism. For the load-displacement 

properties, the load would be gathered from the summation of the reaction on the support, 

multiplied by a factor of two due to half the prism being analyzed. The displacement reading would 

be gathered from the top corner at midspan, which was the same spot recorded for the experimental 

test. 

 

Figure 4.22: UHPFRC Prism Modelling Setup 

Some simulations were conducted before performing the parametric comparison to ensure the 

results were accurate enough to follow through regarding future simulations with obtained material 

test data. This included the consideration of damage, which is calculated using the “𝑑” term shown 

in Equation (4.1) (Dassault Systèmes 2014). In this equation, plastic strain (휀𝑝𝑙) was found by 
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multiplying the inelastic strain by a reduction factor. This is to simulate if unloading were to occur 

post-peak in a test, showing irreversible plastic deformation.  

 
𝜎

(1 − 𝑑)
= 𝐸(휀 − 휀𝑝𝑙) (4.1) 

Figure 4.23 shows two initial simulations, based on the load-LP displacement results. Initially, the 

prisms were modelled using no damage in both tension and compression, as well as stress-strain 

tensile inputs in the Concrete Damaged Plasticity model, shown with the red dashed curve. It was 

found that while the hardening appeared to be in good agreement, but the softening was not in good 

agreement, showing a sharp drop instead of a more gradual decline like the test. 

Another study was performed including tension damage and stress-crack tensile inputs. When 

compiling tension damage, it was assumed to have a damage value of 0.6 for 𝑤𝑑 and 0.5 for 𝑤𝑚𝑎𝑥, 

shown in the dotted blue curve. For this simulation, the load was greater overestimated, however, 

it was seen that the softening curve appeared to have a better representation. A possibility of this 

case was that the inverse analysis considers a different elastic modulus in tension as opposed to 

what was calculated in compression. This could pose issues with plotting inelastic strain, as the 

values calculated would not be consistent with the ABAQUS inputs. Based upon the softening 

representation, the remainder of the UHPFRC simulations were performed with stress-crack width 

softening. 
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Figure 4.23: Preliminary Parametric Study of UHPFRC Prism Modelling 

The dotted blue curve was then further modified to lower the softening curve line. This included 

adding compression damage. The plastic strain was assumed as 70% of the inelastic strain 

throughout the entire model. The damage value (𝑑) was then calculated using Equation (4.1). 

In addition, 𝑤𝑚𝑎𝑥, specified as the crack width at the end of the softening function, was modified, 

as there were two different representations that could be used, both shown in Equation (3.26). These 

values were 4.33 mm and 3.5 mm, respectively. The results of the revised crack widths, compared 

with the test and dotted blue curve are shown in Figure 4.24. The final values obtained from the 

dot-dashed green curve are shown in Table 4.3. 

Although the softening function is better represented, further investigation needs to be performed 

to acquire better results in the hardening region. This could include revising the damage terms 
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further, to using other forms of UHPFRC models in the literature. It is also possible there could be 

precision errors from the LP recording regarding zeroing the values at the start of the test. Changes 

to this would affect the initial slope (𝑆0), which could subsequently change other values in the 

calculations. Future inverse analysis calibration should perform calculations using multiple prisms 

to ensure values are reasonably similar regarding tension values. One final source of error that 

could have happened was the lack of calibration regarding mesh sensitivity. Perhaps using other 

mesh values could deem more accurate results, provided a minimum of five elements are placed 

throughout the thickness of the prism. 

 

Figure 4.24: Final Parametric Study of UHPFRC Prism Modelling 

 

 

 

 

0 2 4 6 8 10 12

0

10

20

30

40

50

L
o
a
d
 (

k
N

)

LP Displacement (mm)

 Test

 Tension Damage Only; Stress-Crack Width Tension

 Both Damage; wmax=3.5mm

 Both Damage; wmax=4.33mm



 

93 

 

Table 4.3: UHPFRC Model Parameters from Testing 

Specimen 
hu 

(mm) 

f'c,u 

(MPa) 

EU 

(GPa) 

f't,el 

(MPa) 

ft,u 

(MPa) 

εt,el 

(-) 

εt,u 

(-) 

εd 

(-) 

εmax 

(-) 

wd 

(mm) 

wmax 

(mm) 

PQ0 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

PQ30 30 160 190 7.59 10.05 
3.99 

E-05 

2.8 

E-02 

4.38 

E-02 

8.58 

E-02 
1.22 3.5 

The cracking pattern at peak load and the end of testing is shown in Figure 4.25. What was observed 

was a rather large crack opening, similar to the prism test results. Beyond peak, the prism expanded 

further amongst midspan. 

 

Figure 4.25: Cracking of UHPFRC Prism at Peak Load (a) and at Test Completion (b) 

4.7 Instrumentation 

All instrumentation is shown in Figure 4.26, with lengths shown in mm. Four uniaxial strain gauges 

were placed on each identified bar from Figure 4.4. The gage length of the strain gauges was 5 mm 

and had a resistance of 120 Ω. The initial strain gauges for all bars were placed 20 mm from the 

column face, followed by spacings of 60 mm, 100 mm, and 100 mm. All spacings for these strain 

gauges were consistent for all specimens. For the UHPFRC on the retrofitted specimens, four 

uniaxial strain gauges were placed on the tensile surface, having two in the direction of Bars 1-2, 

and two in the direction of Bars 3-4. The gage length of these strain gages was 20 mm and had a 

resistance of 120 Ω. 
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Two LPs will be placed adjacent to the column on top, located on the east and west sides, which 

will be taken as an average for the overall load-displacement behaviour of the specimens. 

Additional LPS will be placed on the top surface, with a plan to locate the remainder where the 

strain gauges of the UHPFRC is located. This LP layout could be subject to change upon testing. 

 

Figure 4.26: Strain Gauge Layout on Tensile Reinforcement 
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4.8 Test Setup 

A schematic of the frame the specimens will be tested in at Ellis Hall is shown in Figure 4.27. 

Fabrication of the frame has yet to commence at the time of this thesis. The bottom (tension side) 

of the slab would rest on neoprene padding on the support perimeter to allow for rotation. The 

neoprene padding specified by the designer had a width of 76 mm and a thickness of 12 mm. A 

static load will be applied vertically downward on the top column using an actuator. The capacity 

of the actuator is 500 kN and will press onto a make-up piece, which likely will be a hollow steel 

section. This will aid in ensuring the actuator does not fully extend beyond its limits in the test, 

since the stroke has a maximum range of 150 mm.  

The proposed rate of loading is 0.5 mm/min. This rate will continue past peak load into the post-

peak softening region, where it will be planned to increase to a maximum of 1 mm/min once 

declined to approximately 70% of the ultimate load until failure. The readings of load and 

displacement will be gathered from both load cell and the average of the two LPs adjacent to the 

column face from the east and west sides. After failure, data will be gathered to review all 

recordings to ensure values are within reason. Recommendation for future tests will then be 

provided.  
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Figure 4.27: Frame Setup for Test Specimens in Ellis Hall 
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Chapter 5 

Conclusions and Future Recommendations 

5.1 Conclusions 

Punching shear failure is brittle and many times may lead to a progressive collapse of the building. 

Previous research was reviewed to examine how punching shear occurs in infrastructure and the 

catastrophic impact it can have. Experimental and numerical testing research of isolated interior 

concrete slabs were reviewed to understand the purpose of the testing setup of the slabs and what 

can be done to strengthen these slabs in case that they show insufficient punching shear resistance. 

Despite the need for new slabs, a significant number of existing flat slabs currently require 

strengthening against punching shear for safety reasons (e.g., increased loads, deficiencies during 

design or construction) or to comply with more stringent design code provisions. Available 

strengthening techniques (e.g., post-installed shear bolts) are however not completely satisfactory 

or cannot be applied in many cases. The shear reinforcement interference problems with the flexural 

reinforcement require for the development and testing of easy to install reinforcement solutions. 

The retrofit method that was planned was the application of an Ultra High Performance Fibre 

Reinforced Concrete (UHPFRC) layer on the tension side of the slab. UHPFRC is a novel 

cementitious material with exceptional mechanical properties (e.g., high tensile resistance, strain 

hardening after cracking). Interest is focused on the tensile strength and strain ductility of UHPFRC 

that effectively limit the crack propagation resulting in improved durability. To examine the 

suggested retrofit method numerically, advanced FEA models were developed, where a calibrated 

concrete model was shown for both concrete and UHPFRC to be compared based upon a past 

experimental slab tested in terms of load-displacement response and crack patterns.  

Four slabs were proposed to be tested in the lab at Queen’s University to observe the effect of the 

UHPFRC thicknesses and how the response of sections changes, having two specimens 
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constructed. The remaining two specimens will be cast and tested together with the two existing 

ones in future research under displacement control through the column stub.  

The following conclusions were found: 

1. Based on the FEA results, it was shown that the addition of the UHPFRC layer greatly 

increased the strength of the proposed specimens compared to a control specimen without 

UHPFRC by as high as 38.2% with a 30 mm retrofit. Similar to any forms of additional 

reinforcement (e.g., post-installed shear bolts), the UHPFRC made the behaviour of the 

slab to act as over-reinforced, causing the strength to increase while making the response 

have less displacement capacity. These results will be verified when the slab specimens 

will be tested.  

2. Comparing the numerical results to the code provisions, ACI 318-19 and the CSCT 

provided the most accurate peak load results compared to Specimen PQ0 FEA simulation 

(control specimen), having peak load errors less than 4% for both. CSA A23.3-19, 

however, was shown to be one of the least accurate, having a peak load error of 11.6%. 

These error values will be validified once compared to test results. 

3. After calibrating the slab towards SB1 in ABAQUS, all following slabs simulated in 

literature underperformed the strength in the specimens. It is possible that a different 

loading case as well as changes to the thickness provide different results. It is recommended 

that the concrete model should be re-calibrated based on the specific properties of the 

specimens (e.g., thickness). 

4. The UHPFRC FEA model compared to the test result for prisms had a similar behaviour 

in the softening region, however, the hardening region appeared to be overestimated upon 

comparing to test results. It is possible that there could be an inconsistency in either the LP 
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precision, lack of mesh sensitivity and damage calibrations, or issues in the current 

proposed methods for inverse analysis calculations overall for the FEA inputs for 

ABAQUS.  

5.2 Future Recommendations 

The following recommendations from this thesis are presented for future research: 

1. Further understanding of the plasticity models of concrete by using other proposed 

methods, with an emphasis on uniaxial tension. Other forms of literature have different 

tensile models, which could gain better results, with an emphasis on slabs with perimeter 

loading. 

2. More research should be performed to better solidify the inverse analysis model of 

UHPFRC. This could include how the prism is loaded, to varying prism dimensions. In 

addition, other proposed methods of inverse analysis calculations should be investigated to 

observe how the peak load and softening changes compared to material test results. This 

could also include post-peak unloading for both compression and tensile to obtain damage 

values finding the plastic strain, if possible. More accurate values could be used to propose 

a future model. 

3. Further investigation should be performed to observe how a UHPFRC retrofit could be 

exposed experimentally, similar to the content Menna and Genikomsou analyzed. As seen 

from the FEA results, each increase in UHPFRC thickness for the proposed specimens only 

had a further decrease of 2%. It is possible that a full retrofit overlay may not be the best 

performing of most economical design. Future designs could be constructed 

experimentally as well to observe how this performs compared to the numerical model, as 

well as the feasibility towards the simplicity of construction. 
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4. The slab retrofitted with UHPFRC layer showed debonding in the edge regions. This was 

referred to as slab curling, where the top of the UHPFRC cures at a different rate than at 

the interface. Future research will consider other methods that could have provided a better 

bond as well would have been the use of a curing compound and using mechanical 

connectors. The future slabs will take these factors into account upon construction.  
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Appendix A 

Code Calculations 

CSA A23.3-19 

𝑓′𝑐 = 32.2 𝑀𝑃𝑎 
𝑏𝑜 = 1156 𝑚𝑚 
𝑑 = 89 𝑚𝑚 

𝛼𝑠 = 4 
𝛽𝑐 = 1 
 

 

𝑉𝑐1 = (1 +
2

𝛽𝑐
) ∗ 0.19 ∗ √𝑓𝑐

′ ∗ 𝑏𝑜 ∗ 𝑑 

𝑉𝑐1 = (1 +
2

1
) ∗ 0.19 ∗ 1 ∗ 1 ∗ √30 ∗ 1156 ∗ 89 

𝑉𝑐1 = 321.2 𝑘𝑁  

 

𝑉𝑐2 = (
𝛼𝑠 ∗ 𝑑

𝑏𝑜
+ 0.19) ∗ √𝑓𝑐

′ ∗ 𝑏𝑜 ∗ 𝑑 

𝑉𝑐2 = (
4 ∗ 89

1156
+ 0.19) ∗ 1 ∗ 1 ∗ √30 ∗ 1156 ∗ 89 

𝑉𝑐2 = 280.6 𝑘𝑁 

 

𝑉𝑐3 = 0.38 ∗ √𝑓𝑐
′ 

𝑉𝑐3 = 0.38 ∗ 1 ∗ 1 ∗ √30 
𝑉𝑐3 = 214.1 𝑘𝑁 

 

𝑉𝑐 = min(𝑉𝑐1, 𝑉𝑐2, 𝑉𝑐3) = 214.1 𝑘𝑁 
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ACI 318-19 

 

𝑓′𝑐 = 30 𝑀𝑃𝑎 

𝑏𝑜 = 1156 𝑚𝑚 

𝑑 = 89 𝑚𝑚 

𝛼𝑠 = 40 

𝛽 = 1 

 

𝜆𝑠 = √
2

1 + 0.004 ∗ 𝑑
≤ 1 

𝜆𝑠 = √
2

1 + 0.004 ∗ 89
≤ 1 

𝜆𝑠 = 1.21 ≤ 1 

𝜆𝑠 = 1 

 

𝑉𝑐1 = 0.33 ∗ 𝜆𝑠 ∗ √𝑓𝑐
′ ∗ 𝑏𝑜 ∗ 𝑑 

𝑉𝑐1 = 0.33 ∗ 1 ∗ 1 ∗ √30 ∗ 1156 ∗ 89 
𝑉𝑐1 = 186 𝑘𝑁 

 

𝑉𝑐2 = (0.17 +
0.33

𝛽
) ∗ 𝜆𝑠 ∗ √𝑓𝑐

′ ∗ 𝑏𝑜 ∗ 𝑑 

𝑉𝑐2 = (0.17 +
0.33

1
) ∗ 1 ∗ 1 ∗ √30 ∗ 1156 ∗ 89 

𝑉𝑐2 = 281.8 𝑘𝑁 

 

𝑉𝑐3 = (0.17 +
0.083 ∗ 𝛼𝑠 ∗ 𝑑

𝑏𝑜
) ∗ 𝜆𝑠 ∗ √𝑓𝑐

′ ∗ 𝑏𝑜 ∗ 𝑑 

𝑉𝑐3 = (0.17 +
0.083 ∗ 40 ∗ 89

1156
) ∗ 1 ∗ 1 ∗ √30 ∗ 1156 ∗ 89 

𝑉𝑐3 = 239.8 𝑘𝑁 

 

𝑉𝑐 = min(𝑉𝑐1, 𝑉𝑐2, 𝑉𝑐3) = 186 𝑘𝑁 
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CEB-FIP Model Code 1990 

 

𝑓′𝑐 = 30 𝑀𝑃𝑎 

𝑏𝑜 = 1918.4 𝑚𝑚       (note: critical perimeter extends out at a distance of 2𝑑 from the column  

face and corner) 

𝑑 = 89 𝑚𝑚 

𝜌 = 1.2% 

 

𝑉𝑟 = 0.12(1 + √
200

𝑑
)(100 ∗ 𝜌 ∗ 𝑓′𝑐)

1
3 ∗ 𝑏𝑜 ∗ 𝑑 

𝑉𝑟 = 0.12 + (1 + √
200

89
)(100 ∗ 0.012 ∗ 30)

1
3 ∗ 1918.4 ∗ 89 

𝑉𝑟 = 169.1 𝑘𝑁 
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CSCT/CEB-FIP Model Code 2010 

 

For these calculations, the load-rotation response of the slab was plotted against the failure 

criterion. The intersection point found was used as Vr. This process could also be solved iteratively, 

however, this method proved to be more beneficial. 

𝑓′𝑐 = 30 𝑀𝑃𝑎 

𝑏𝑜 = 1156 𝑚𝑚 

𝑑 = 89 𝑚𝑚 

𝑟𝑠 = 900 𝑚𝑚 
𝑓𝑦 = 400 𝑀𝑃𝑎 

𝐸𝑠 = 200 000 𝑀𝑃𝑎 

𝜌 = 1.2% 
𝑑𝑔 = 19 𝑚𝑚 (𝑎𝑠𝑠𝑢𝑚𝑒𝑑) 

𝑑𝑔𝑜 = 16 𝑚𝑚 

𝛾𝑐 = 1   (𝑎𝑠𝑠𝑢𝑚𝑖𝑛𝑔 𝑛𝑜 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑎𝑐𝑡𝑜𝑟𝑠) 

𝑚𝑟 = 𝜌 ∗ 𝑓𝑦 ∗ 𝑑
2 ∗ (1 −

𝜌 ∗ 𝑓𝑦

2 ∗ 𝑓′𝑐
) 

𝑚𝑟 = 0.012 ∗ 400 ∗ 89
2 ∗ (1 −

0.012 ∗ 400

2 ∗ 32.2
) 

𝑚𝑟 = 34979  
𝑁 ∗ 𝑚𝑚

𝑚𝑚
 

𝑉𝑓𝑙𝑒𝑥 = 8 ∗ 𝑚𝑟 = 279 833   𝑁 

The following plot is shown below. The blue line is representative as the resistance of the slab, 

calculated using Equation (2.6). The shear force (𝑉) was varied to obtain the curve. 

The blue line is representative as the load-rotation response of the slab, calculated using Equation 

(2.10). The rotation (𝜓) was varied to obtain the curve. 
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Appendix B 

UHPFRC Inverse Analysis Calculations 

𝑓′𝑐 = 160 𝑀𝑃𝑎 
𝑙𝑓 = 14 𝑚𝑚 

𝑏 = ℎ = 75 𝑚𝑚 
𝐿 = 225 𝑚𝑚       (note, this is the loading span between both supports) 

 

From the Prism 1 graph in Figure 4.21, 𝑆0 was found to be 1,981,500
𝑁

𝑚𝑚
. 

𝑆75 = 0.75 ∗ 𝑆0 = 1,486,125
𝑁

𝑚𝑚
 

𝑆40 = 0.4 ∗ 𝑆0 = 792,600
𝑁

𝑚𝑚
  

 

Point 
Load  

(N) 

LP Displacement  

(mm) 

P1, δ1 15 604 0.0105 

P2, δ2 17 834 0.0225 

P3, δ3 38 502 0.979 

P4, δ4 31 754 1.829 

P5, δ5 11 908 4.244 

 

𝐸0 =
7.2

𝑏
∗ 𝑆0 

𝐸0 =
7.2

75
∗ 1,981,500 

𝐸0 = 190,224 𝑀𝑃𝑎 

 

 

𝐾1 =
(
𝑃1
𝑃2
)
0.19

1.63
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𝐾1 =
(
15604
17834)

0.19

1.63
 

𝐾1 = 0.6 

 

𝑓𝑡,𝑒𝑙 = max (
𝐾1 ∗ 𝑃1 ∗ 𝐿

𝑏 ∗ ℎ2
, 0.6 ∗ √𝑓′𝑐 ) 

𝑓𝑡,𝑒𝑙 = max (
0.6 ∗ 15604 ∗ 225

75 ∗ 752
, 0.6 ∗ √160) 

𝑓𝑡,𝑒𝑙 = max(4.98,7.59) = 7.59 𝑀𝑃𝑎 

 

𝜖𝑡,𝑒𝑙 =
𝑓𝑡,𝑒𝑙
𝐸𝑐0

 

𝜖𝑡,𝑒𝑙 =
7.59

190224
 

𝜖𝑡,𝑒𝑙 = 3.99𝐸 − 05 

 

𝐾2 = 7.65 ∗
𝛿3
𝛿1
− 10.53 

𝐾2 = 7.65 ∗
0.979

0.0105
− 10.53 

𝐾2 = 702.74 

 

𝜖𝑡,𝑢 = 𝐾2 ∗ 𝜖𝑡,𝑒𝑙 

𝜖𝑡,𝑢 = 702.74 ∗ 3.99𝐸 − 05 

𝜖𝑡,𝑢 = 0.02804 

 

𝐾3 = 𝐾2
−0.18 ∗ (2.46 ∗

𝑃3
𝑃1
− 1.76) 
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𝐾3 = 702.74
−0.18 ∗ (2.46 ∗

38502

15604
− 1.76) 

𝐾3 = 1.32 

 

𝑓𝑡,𝑢 = max (𝐾3 ∗ 𝑓𝑡,𝑒𝑙  , 1.1 ∗ 𝑓𝑡,𝑒𝑙) 

𝑓𝑡,𝑢 = max(1.32 ∗ 7.59, 1.1 ∗ 7.59) 

𝑓𝑡,𝑢 = 10.05 𝑀𝑃𝑎 

 

𝜖𝑡,𝑑 = 𝐾3
−0.37 ∗ 𝐾2

0.88 ∗ (3 ∗
𝛿4
𝛿3
− 1.8) ∗ 𝜖𝑡,𝑒𝑙 

𝜖𝑡,𝑑 = 1.32
−0.37 ∗ 702.740.88 ∗ (3 ∗

1.829

0.979
− 1.8) ∗ 3.99𝐸 − 05 

𝜖𝑡,𝑑 = 0.0438 

 

𝑤𝑑 = (𝜖𝑡,𝑑 − 𝜖𝑡,𝑢) ∗
𝐿

3
 

𝑤𝑑 = (0.0438 − 0.02804) ∗
225

3
 

𝑤𝑑 = 1.22 𝑚𝑚 

 

𝜖𝑡 𝑚𝑎𝑥 = 2.81 ∗ 𝐾4
−0.76 ∗ 𝐾3

−0.19 ∗ 𝐾2
1.42 ∗ (

𝛿5
𝛿3
)
1.85

∗ 𝜖𝑡,𝑒𝑙 

𝜖𝑡 𝑚𝑎𝑥 = 2.81 ∗ 1108.89
−0.76 ∗ 1.32−0.19 ∗ 702.741.42 ∗ (

4.244

0.979
)
1.85

∗ 3.99𝐸 − 05 

𝜖𝑡 𝑚𝑎𝑥 = 0.0858 

 

𝑤𝑚𝑎𝑥 = min((𝜖𝑡 𝑚𝑎𝑥 − 𝜖𝑡,𝑢) ∗
𝐿

3
 ,
𝑙𝑓

4
) 
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𝑤𝑚𝑎𝑥 = min((0.0858 − 0.02804) ∗
225

3
,
14

4
) 

𝑤𝑚𝑎𝑥 = min(4.33, 3.5) = 3.5 𝑚𝑚 

  

 

 


