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Abstract 

Current design codes do not account for effects such as arching and membrane action in reinforced 

concrete slabs, which can increase capacity, and allow for a reduction of construction materials to be used. 

Research conducted to date has been unable to measure stress distribution throughout reinforced concrete 

slabs to fully understand the impact of arching and membrane action, because a method for capturing 

distributed strains was previously unavailable. One solution is to use distributed monitoring technologies 

to evaluate slab behaviour. Distributed fibre optic sensors (FOS) based on measuring Rayleigh backscatter 

provide strain measurement along the full length of the fibre up to 70 m. An experimental study using this 

technology was undertaken to investigate the behaviour of reinforced concrete slabs subjected to axial 

restraint.  

In the first test series, eleven one-way reinforced concrete slabs with varying depths, reinforcement 

ratios, and boundary conditions were instrumented with nylon coated FOS and tested in three-point bending 

to investigate the effects of axial restraint on slab behaviour. It was found that axial restraint increased the 

load carrying capacity of the specimens up to 45% and reduced reinforcement strains at a given applied 

load prior to yielding. An increase in capacity and decrease in reinforcement strains at a given load were 

also seen as reinforcement ratios and slab depths were increased. All specimens failed in flexure.  

In the second test series, four two-way reinforced concrete slabs with varying reinforcement ratios 

and boundary conditions were instrumented and tested under a central point load. Increasing the 

reinforcement ratio led to an increase in slab capacity up to 45%. Two specimens failed in flexure and two 

failed due to punching shear.  

Finite-element models were created for the one-way specimens to evaluate the accuracy of the 

models for use in structural assessment with distributed sensing. Plastic collapse analysis was completed 

for the two-way specimens in order to determine the accuracy of the analyses. Results from the FE model 

were accurate for the control specimens but showed stronger and stiffer responses compared to the 

restrained specimens. The plastic collapse analyses estimated the experimental control capacity within 13%.  
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Chapter 1 

Introduction 

1.1 Motivation for This Research 

The building and manufacturing industry in Canada is responsible for 22% of the Country’s 

greenhouse gas emissions. As part of a 2015 study it was determined that the building sector 

produced 85.6 mega-tonnes of CO2 equivalents, and the manufacturing sector produced 74.6 mega-

tonnes (Government of Canada, 2017). On a global scale, the building industry is responsible for 

24% of global materials extraction with associated actions (e.g. concrete and steel production) 

consuming approximately 40% of materials entering the economy, and generating roughly 40-50% 

of global greenhouse gas emissions (Blankendaal et al, 2014). As part of the proceedings of the 

2015 United Nations Framework Convention on Climate Change it was stated that the international 

community needs to reduce greenhouse gas emissions by between 40-70% of 2010 levels by 2050, 

and to nearly zero emissions by 2100. By early 2016, 160 countries agreed to reduce their emissions 

as part of the Intended Nationally Determined Conditions (INDC’s) (Brechin, 2016). Allwood et 

al. (2012) suggested that reducing cement use in the production of concrete, or reducing the amount 

of concrete in the design of structures would assist in lowering construction and manufacturing 

emissions as the formation of clinker is the largest source of emissions in cement production. 

Therefore, there is a need to reduce the overdesign of structures in order to reduce the 

environmental impacts of design and manufacturing.  

Current design codes do not account for effects such as arching and membrane action in 

reinforced concrete slabs, which can greatly increase capacity, and allow for a reduction in 

construction materials to be used in the design of concrete slabs. Researchers such as Vecchio and 

Tang (1990), Rankin and Long (1997), Taylor et al. (2001), and Hon et al. (2004) have shown that, 

one-way slabs under the effect of compressive arching action, and two-way slabs under the effect 
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of compressive membrane action have a higher capacity than calculated by design codes. Research 

conducted to date, however, has been unable to measure stress distribution throughout slabs in 

order to fully understand the impact of arching and membrane action since a method for capturing 

distributed strains was previously unavailable. 

Fibre optic sensing (FOS) systems have the potential to address this challenge. This 

research project will investigate the use of distributed fibre optic sensing based on the measurement 

of Rayleigh backscatter to measure internal reinforcement strains and external concrete strains for 

one-way and two-way reinforced concrete slabs. Distributed sensors provide an advantage over 

point sensors for global strain measurements, as measurements can be taken at thousands of points 

along a fibre. This allows for strain distribution mapping for the global behaviour of a structure, 

with no need for extrapolation between a few measured points as seen with discrete sensors (Bao 

and Chen, 2012). The Luna OBR 4600 (optical backscatter reflectometer) has been used in this 

research, as the system offers an available sensing length of 50-70 m and spatial resolution as low 

as approximately 1 mm (Barrias et al, 2016). Finally, the one-way experimental data will be 

compared to the results of a finite element analysis, which has been completed using VecTor2, a 

freely available software package, and the two-way experimental data will be compared to the 

results of a plastic collapse analysis. It is believed that the current study has the potential to increase 

the understanding of compressive arching action and membrane behaviour in one-way and two-

way reinforced concrete slabs.  

1.2 Research Objectives 

The main objectives of this research are to:  

1. Measure strain in restrained and unrestrained one-way and two-way reinforced concrete 

slabs.  

2. Investigate the impact of restraint on the strain distribution.  
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3. Evaluate the impact of reinforcement ratio and slab depth on capacity enhancement due to 

restraint. 

4. Assess the ability of a freely available Finite Element Analysis (FEA) software to predict 

load deflection and strain behaviour of restrained and unrestrained specimens without 

model updating. 

5. Determine the accuracy of plastic collapse analysis in predicting failure loads for two-way 

specimens. 

1.3 Thesis Organization  

This thesis is presented in manuscript format (as defined by the Queen’s University School 

of Graduate Studies). The thesis consists of five chapters: Chapter 1 is the general introduction, 

Chapters 2 through 4 are the research manuscripts, and Chapter 5 presents the conclusions.  

During the research reported in Chapter 2, FOS were installed along the length of all 

reinforcing bars, and one face of each concrete specimen to measure strain within restrained and 

unrestrained one-way reinforced concrete slab specimens. Three-point bending tests were 

conducted to investigate the impact of lateral restraint on the strain distribution and slab capacity. 

Specimens with different reinforcement ratios and slab depths were compared to determine the 

impact of each on the load carrying performance and strain distribution with and without restraint.  

In Chapter 3, FOS were installed along the length of reinforcing bars and the top face of 

each specimen to measure strain within two-way reinforced concrete slab specimens. A method of 

providing and measuring lateral restraint was investigated. Loading tests were conducted on the 

specimens in order to monitor the strain distribution and load carrying capacity of specimens and 

to determine the impact of restraint on both. Specimens with different reinforcement ratios were 

compared to determine the impact on load carrying performance and strain distribution.  
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Chapter 4 assesses the ability of VecTor2, a freely available FEA package, to predict the 

behaviour of restrained and unrestrained one-way specimens, while the accuracy of plastic collapse 

analysis in predicting the capacity of unrestrained two-way specimens is also investigated. A two-

dimensional FE model of each specimen tested in Chapter 2 was created using VecTor2. The load 

displacement behaviour and strain distribution in both the reinforcement and restraint system were 

compared with experimental results to investigate the accuracy of the models. Failure mechanisms 

were assumed for the specimens in Chapter 3. Results of the plastic collapse analysis were 

compared with experimental results to determine the accuracy of the predictions.  

Finally, Chapter 5 summarizes the major conclusions from each chapter, and outlines 

potential future research that goes beyond the scope of this thesis. 
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Chapter 2 

Effect of support conditions on the behaviour of one-way slabs 

2.1 Introduction 

The increased need to reduce greenhouse gas emissions was outlined in the UNFCCC 

proceedings in 2015, where a reduction of emissions by 40-70% of 2010 levels is needed by 2050, 

and reduction to nearly zero emissions is needed by 2100. Globally Canada is the ninth highest 

producer of greenhouse gasses, with responsibility for 1.7% of the global total (Brechin, 2016). A 

report from the Government of Canada (2017) states that the building and manufacturing industry 

is responsible for 22% of Canadian greenhouse gas production, with the building sector producing 

85.6 mega-tonnes of CO2 equivalents, and the manufacturing sector producing 74.6 mega-tonnes 

of CO2 equivalents. One possible solution to reducing the amount emissions produced, as suggested 

by Allwood et al, (2012), is to reduce the amount of materials required in construction by using 

less cement when producing concrete, or by designing structures that require less concrete as the 

formation of clinker is the largest source of emissions during the cement production process.  

In aiming to reduce the environmental impacts of the construction and manufacturing 

industries, reducing the overdesign of structures is an important step. Researchers such as Vecchio 

and Tang (1990), Hon et al. (2004), and Valipour et al. (2013) have shown that, under the effects 

of compressive arching action, reinforced concrete slabs have higher capacities than calculated by 

design codes. The size of these structural elements could be reduced if the benefits of compressive 

arching action could be accounted for in design, allowing for the efficient use of construction 

materials such as concrete and reinforcing steel. 

Previous research has been conducted on arching action in reinforced concrete slabs. The 

effect of restraint conditions on compressive arching action in one-way slabs has been investigated 

where the increased load carrying capacity is of interest (Vecchio and Tang, 1990; Hon et al., 2004; 
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Lahlouh and Waldron, 1992; Valipour et al., 2013; and Eyre, 1997). Compressive membrane forces 

have also been investigated for the delay of progressive collapse of structures subject to accidental 

events and fire (Gouverneur et al., 2013a Bailey, 2004). However, the research conducted to date 

has not been able to measure the stress distribution throughout the slab in order to fully understand 

the impact of arching action since a method of capturing both the external and internal distributed 

strains was previously unavailable.  

One potential solution for the lack of distributed strain data is the use of fibre optic sensing 

(FOS). Distributed fibre optic sensors have been used to monitor both structural and geotechnical 

structures such as buildings (Bastianini et al., 2005) and bridges (Reiger and Hoult, 2014), as well 

as foundations (Kister et al., 2007), tunnels (Naruse et al., 2007), and pipes (Simpson et al., 2014). 

Previous research has shown that distributed strain sensing can provide a better understanding of 

structural behaviour (e.g. Bentz and Hoult, 2017). However, to date, fibre optic sensing has not 

been utilized in monitoring distributed strains to understand the impact of edge restraint on 

reinforced concrete slabs.  

Taking advantage of recent advances in fibre optic strain sensing for reinforced concrete, 

the objectives of this research are to: (i) measure strain in one-way reinforced concrete slabs with 

and without restraint, (ii) investigate the impact of restraint on the strain distribution, and (iii) 

evaluate the impact of reinforcement ratio and slab depth on capacity enhancement due to arching 

action. The next section introduces the background in terms of previous work on arching action 

and fibre optic sensing. The experimental program is then outlined, followed by results and 

discussion, and finally conclusions are drawn. 

2.2 Background 

As concrete is weak in tension, flexural cracks form once the cracking strength of the 

concrete is exceeded in tension, causing the neutral axis of the specimen to move toward the 

compression face. The cracking and subsequent shift of the neutral axis leads to longitudinal 
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expansion of the tension zone of the specimen. If external longitudinal restraint prevents this 

expansion, compressive forces will develop, ultimately increasing the load carrying capacity of the 

specimen (Gouverneur et al, 2013a). Figure 2-1shows an idealized illustration of the arching effect 

in a slab strip for the case of infinitely stiff axial restraint.  

 

Figure 2-1 Idealized illustration of the arching effect in a slab strip (Rankin and Long, 1997) 

2.2.1 Membrane Action 

Gouverneur et al. (2013a) investigated the development of membrane forces within 

reinforced concrete slabs. A reinforced concrete slab strip measuring 160 mm thick, 1800 mm wide, 

and 14.3 meters long was subjected, in the lab, to the simulated loss of a central support in order to 

monitor the effects of arching and catenary action on the load carrying capacity of the slab. 

Specimens were subjected to three distinct load stages: elastic, plastic, and catenary. They 

measured displacement and horizontal forces to determine that the load transfer process from elastic 

bending to catenary mechanism is controlled by tension. The authors concluded that catenary action 

develops under large deflections following the development of compressive membrane action. 

Under restraint forces the slab was significantly stronger, collapsing at three times the estimated 

service load.  
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Following the collapse of the Kimberly-Clark Warehouse building, which demonstrated a 

factor of safety against collapse of 4.5 relative to design loads, Vecchio and Tang (1990) examined 

the effect of lateral restraint on two reinforced concrete slab strips with a depth of 100 mm, width 

of 1500 mm, and length of 6.25 m. One unrestrained slab and one axially restrained slab were tested 

to their ultimate loads in order to determine the effects of restraint on the development of arching 

action. Strain gauges were utilized within this research, placed externally in a 200 mm grid, as well 

as various locations along the reinforcement. The unrestrained slab saw bottom reinforcement 

yielding at approximately 50 kN, followed by failure at 63 kN, while the restrained slab saw 

yielding of the bottom reinforcement at approximately 66 kN, and an ultimate load of 89.5 kN 

followed by ductile post-peak load behaviour. Axial restraint was found to increase the load 

carrying capacity of the specimens by 30-40%.  

Hon et al. (2004) considered the effect of edge restraint on one-way reinforced concrete 

slabs. Varying support conditions were used including horizontal restraint at varying depths, and 

fully fixed ends. This research used strain gauges located at various locations along the 

reinforcement as well as on the top of the concrete specimens at midspan. Horizontally restrained 

slabs saw a 250% increase in peak loads compared to control tests, and it was concluded that 

restraint is most effective when located near the bottom of the slabs.  

Lahlouh and Waldron (1992) studied membrane action in one-way reinforced concrete slab 

strips. Slabs were subjected to three load levels: elastic loading under small displacements, crack 

initiation from maximum hogging moment at slab strip ends, and yielding of the tensile steel. 

Reinforcement and concrete strains were monitored at several discrete locations using strain 

gauges. The results of the testing showed that crack initiation was delayed and deflections were 

reduced as end restraint levels were increased. The authors concluded that compressive membrane 

action could be beneficial in the design of reinforced concrete slab systems depending on the 

available end restraint provided by surrounding structural elements.  
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Valipour et al. (2013) created a model for investigating arching action in reinforced 

concrete members, which was compared to experimental test data for one-way reinforced concrete 

slabs. The model, which treats the enhancing effects of arching action as a linear relationship with 

concrete compressive strength, was found to efficiently and accurately capture the enhancing 

effects of arching action. The model and experimental test results were used to conclude that 

compressive strength of concrete has a negligible effect on capacity for unrestrained flexural 

members, while restrained members saw a significant increase in capacity with increasing 

compressive strength.  

Gouverneur et al. (2013b) considered the development of catenary action in longitudinally 

restrained reinforced concrete slabs. Two 14.3 m long specimens with different reinforcement 

arrangements and restrained against rotation were subjected to the simulated loss of a central 

support while being loaded to failure under monotonic loading. Strain was measured using strain 

gauges located on the concrete face at midspan, at the locations of the load cells, as well as at the 

supports. The authors compared displacements, strains, and cracking in critical sections such as at 

the midspan and the inner supports of the system. With varying reinforcement, slabs were found to 

withstand loads of 260 and 300% of service loads. The researchers concluded that the initial loss 

of a support will not lead to failure under gravity loads, and that the tensile capacity of 

reinforcement can provide considerable strength under sufficient horizontal restraint.  

Eyre (1997) developed a method for estimating the additional capacity of slab strips which 

utilizes material and geometric properties of the member as well as the in-plane elastic stiffness of 

the member and perimeter supports. For comparison to experimental results strain gauges were 

used to record surface strains on the tested specimens. The expression provides a conservative value 

of slab capacity under compressive membrane action, which is sensitive to the stiffness of the slab 

and surrounding elements.  
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With the exception of Valipour et al. (2013) and Eyre (1997), who predict the capacity of 

slabs under membrane action, the programs reviewed consider the increased capacity provided by 

the effects of membrane action. The increase in capacity of these specimens was determined using 

load and deflection data, where yield strength and post yield behaviour was of critical importance. 

Strain gauge data was collected in most experiments, though distributed strain data for full 

specimens was not available. Without a complete strain distribution for these specimens, it is 

difficult to properly understand the effects of axial restraint on slabs, or on the surrounding building 

elements. A possible solution for collecting this missing strain information could be the use of fibre 

optic sensors. 

2.2.2 Fibre Optic Sensing 

Originally introduced in the late 1970’s for the telecommunications industry, fibre optics 

have been studied for use in structural health monitoring since the early 1980’s with the 

development of and research into magnetic, acoustic, pressure, temperature, acceleration, gyro, 

displacement, fluid level, torque, photo acoustic, current, and strain sensors (Barrias et al. 2016).  

Fibre optic sensing systems have been used in structural health monitoring (SHM), with an 

SHM system generally consisting of a sensor system, a data processing system, and a health 

evaluation system (Li et al. 2004). The popularity of fibre optic sensors in SHM is due to a low 

manufacturing cost, the small form factor and weight, an immunity to electromagnetic interference, 

and the improved environmental resistance compared to other monitoring systems (Casas and Cruz, 

2003). Two main types of fibre optic sensing systems are available for use in SHM, discrete and 

distributed sensors. Discrete sensors, such as Fibre Bragg gratings, take measurements at isolated 

points, similar to strain gauges (López-Higuera et al., 2011). Distributed sensors, such as Brillouin 

and Rayleigh backscatter based systems, offer an advantage over point sensors for global strain 

measurements, as measurements can be taken at thousands of points along a fibre. This allows for 
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strain distribution mapping for the global behaviour of a structure rather than extrapolation between 

a few measured points (Bao and Chen, 2012).  

Two main types of distributed fibre optic sensors are available: systems based on the 

measurement of Brillouin backscattering and systems based on Rayleigh backscatter. Brillouin 

backscattering occurs due to acoustic vibrations stimulated by light pulses within the fibre. These 

vibrations produce a counter propagating wave known as a Brillouin scattering wave, which 

weakens the forward moving light pulse (Barrias et al., 2016). In order to satisfy the requirement 

of conservation of energy, there is a frequency shift between the initial light pulse and the Brillouin 

scattering wave. This shift is sensitive to temperature and strain changes (Gholamzadeh and 

Nabovati, 2008). The Brillouin shift of an optical fibre is linearly related to the applied strain (Bao 

and Chen, 2012). Therefore, monitoring this frequency shift allows for measurement of both 

longitudinal strain and temperature changes along a fibre (Gholamzadeh and Nabovati, 2008). Both 

Brillouin Optical Time Domain Reflectometry (BOTDR) and Brillouin Optical Time Domain 

Analysis (BOTDA) can be used to measure temperature and strain, BOTDR has a sensing length 

of 20-50 km with a spatial resolution of approximately 1 m, while BOTDA has an allowable sensing 

length of 150-200 km with spatial resolutions of 2 cm for 2 km lengths and 2 m for 150 km lengths 

(Barrias et al., 2016). BOTDA systems require access to both ends of the fibre optic cable, which 

can be a drawback for reinforced concrete applications where internal fibres can break during the 

pouring of the concrete or during handling.  

The need for short (millimetre) spatial resolutions and more cost effective distributed fibre 

optic sensing systems led to an increased interest in Optical Frequency Domain Reflectometry 

(OFDR). Utilizing Rayleigh backscatter, OFDR technology is capable of obtaining strain and 

temperature data on a millimetre scale (Barrias et al., 2016). This data is obtained by measuring the 

path length difference of Rayleigh scattered light and a reference arm for physical length and index 

change (Bao and Chen, 2012). Rayleigh backscatter originates from the interaction between light 
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wave propagation within the fibre core and the heterogeneous refractive index randomly distributed 

along the fibre length as a result of the manufacturing process (Barrias et al., 2016). When light is 

launched into an optical fibre, loss occurs due to random microscopic variations in the core’s 

refractive index (Gholamzadeh and Nabovati, 2008). Then when fibres are subjected to stimulus, 

such as strain or a change in temperature, the backscatter pattern has a spectral shift, which can be 

used to calculate strain and temperature changes along the fibre when compared to an unaltered 

reference. Rayleigh backscatter fibre optic sensing systems can be used to measure both 

temperature and strain with an available sensing length of 50-70 m and spatial resolution of 

approximately 1 mm (Barrias et al., 2016). While Rayleigh backscatter can be used to measure both 

temperature and strain, the measurements are interdependent, therefore testing must be completed 

at a constant temperature in order to collect strain readings that are not affected by measurements 

of temperature change.  

 

2.2.3 Rayleigh Backscatter in Reinforced Concrete Applications  

Reiger and Hoult (2014) used a Rayleigh backscatter based distributed fibre optic sensing 

system to monitor surface strains on the Black River Bridge, a reinforced concrete bridge, located 

along the Trans-Canada Highway in Ontario, Canada. Data collected was used to gain insights into 

the support behaviour of the bridge. The study found an increase in compressive strain along the 

bottom of the beam near the supports as loading increased due to the presence of negative moments 

at the supports, which suggested partial fixity of the supports. Bentz and Hoult (2017) then used 

that data along with a numerical model of the bridge to determine that the bridge had reserve 

capacity due to axial restraint provided by the supports. 

Villalba and Casas (2013) investigated the performance of distributed fibre optic sensors 

on concrete as well as the accuracy of the system for detecting and locating cracks. Simply 

supported reinforced concrete beams were instrumented with external fibre optics along the top and 
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bottom surfaces. Plots created from these tests showed stress concentrations, seen as spikes within 

the data set, representing cracks measured along the length of the fibre. These spikes in the data 

were compared with locations of physical cracks within the specimens and good agreement was 

found. The researchers concluded that distributed fibre optic sensors are capable of detecting and 

monitoring the presence of damage induced cracks in reinforced concrete.  

Davis et al. (2016) completed testing on both reinforcement and reinforced concrete 

specimens subject to accelerated corrosion. Distributed fibre optic sensors were adhered to all the 

reinforcement for testing. The researchers concluded that distributed fibre optics could potentially 

locate pitting corrosion visually hidden by concrete. The strain data collected also showed that at 

high levels of corrosion, full composite behaviour was never obtained, and also indicated that at 

service loads the influence of corrosion on bond strength was negligible. Davis et al. (2017) 

undertook tests on reinforced concrete specimens during curing and subjected to axial tension to 

measure the effects of shrinkage and tension stiffening. 

2.3 Experimental Methods 

In the current research program, eleven reinforced concrete one-way slabs were tested in 

three-point bending with different depths, reinforcement ratios, and support conditions (i.e. simply 

supported and axially restrained).  

2.3.1 Specimens 

Three types of one-way slab specimens were tested in this research, but all specimens had 

a total length of 2.2 m and width of 300 mm. The loaded span of all the slabs was 2 m, with a 0.1 

m overhang from the centre of the supports on either end. The slab specimens had both varying 

depths (80 mm and 160 mm) and reinforcement ratios (0.40%, 0.48%, and 0.71%), and were tested 

with and without axial restraint. The specimen designations follow an alpha-numeric sequence of 

the form 1-C-80-40 where the first number indicates the specimen number, the first letter indicates 
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whether the slab was a control (C) or axially restrained using either a threaded rod restraint frame 

(A) or a welded restraint frame (F), the next number is the slab depth (80 or 160), and the final 

number is the reinforcement ratio (40 for 0.40%, 48 for 0.48% or 71 for 0.71%).  

The five 80 mm deep specimens were all doubly reinforced with welded wire mesh. The 

strength of the concrete was 28 MPa, and the yield strength of the steel was taken as 485 MPa. The 

reinforcement was welded wire mesh with D4 bars having a diameter of 5.73 mm, a cross sectional 

area of 25.8 mm2, and a spacing of 101.6 mm between all bars. The top and bottom cover was 15 

mm. Figure 2-2 shows a cross section of the specimens.  

 

Figure 2-2 Cross section of the 80 mm slab specimens 

The 160 mm deep specimens were reinforced with bottom reinforcing bars only, either two 

or three 10M bars. The strength of the concrete was 34 MPa, and the yield strength of the steel was 

450 MPa. The 10M deformed bars had an assumed diameter of 11.3 mm and a cross sectional area 

of 100 mm2. The effective depth of the reinforcement was 140 mm. Three specimens with two 10M 

bars and three specimens with three 10M bars were constructed. Figure 2-3(a) shows the cross 

section of the two bar specimens and Figure 2-3(b) of the three bar specimens. The specimen 

properties are summarized in Table 2-1.  
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(a) 

 

(b) 

Figure 2-3 Cross section of the 160 mm slab specimens: a) 2 bar slab, b) 3 bar slab 
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Table 2-1 Experimental specimens 

Designation Depth (mm) Total 
Reinforcement 

Area (mm2) 

Reinforcement 
Ratio (%) 

Axially 
Restrained 

1-C-80-40 80 154.8 0.40 No 

2-A-80-40 80 154.8 0.40 Yes 

3-A-80-40 80 154.8 0.40 Yes 

4-A-80-40 80 154.8 0.40 Yes 

5-A-80-40 80 154.8 0.40 Yes 

6-C-160-48 160 200 0.48 No 

7-A-160-48 160 200 0.48 Yes 

8-F-160-48 160 200 0.48 Yes 

9-C-160-71 160 300 0.71 No 

10-A-160-71 160 300 0.71 Yes 

11-F-160-71 160 300 0.71 Yes 

 

2.3.2 Instrumentation 

For the 80 mm deep specimens, nylon coated fibre optic cables were installed on the two 

outer longitudinal bars and polyimide coated fibre optic cables were installed on the middle bar of 

the welded wire mesh reinforcement. Fibres were installed along the bottom of the reinforcement 

to prevent damage while concrete was poured. For the 160 mm deep specimens, nylon and 

polyimide fibres were installed along the length of each longitudinal bar for both the 2 bar and 3 

bar slabs. Fibres were placed along either side of each bar in order to collect fibre optic data at the 

same height in the section.  

Instrumentation of the reinforcement was completed using the following steps: the 

longitudinal bars were sanded along the fibre paths. Sanding was completed using 80 grit and 120 
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grit sandpaper to remove rust, which would interfere with bonding of the fibres. The sanded 

sections of the reinforcement were then cleaned using 99% isopropyl alcohol and Kimwipes to 

remove any remaining impurities. The fibres were then affixed along the cleaned sections using 

Loctite 4861 instant adhesive. Care was used to ensure that the fibres were adhered along the centre 

of each reinforcing bar. Following the installation of the fibres, the polyimide fibres in the 80 mm 

specimens, and both the nylon and polyimide fibres in the 160 mm specimens were coated with a 

layer of silicone for protection against damage during the pouring of concrete.  

Fibre optic cables were also installed on the concrete surface of the 160 mm specimens 

along the same line as the centre of the bottom reinforcement, and 10 mm from the top of the slab. 

Figure 2-4 shows the external fibre installation locations. The concrete face was sanded along the 

fibre paths (10 mm and 140 mm from the top of each slab) using an angle grinder with a concrete 

grinding disk. The sanded sections were then cleaned using 99% isopropyl alcohol and Kimwipes 

similar to the reinforcement installation. Fibres were then glued along the cleaned sections using 

Loctite E-20HP Hysol epoxy structural adhesive. 

 

Figure 2-4 External fibre optic locations for the 160 mm specimens 

Two threaded rods with a diameter of 25 mm were used to provide the axial restraint for 

six specimens and were also instrumented with fibre optic cables in order to monitor the axial forces 

within the rods during testing. Fibre optic sensors were installed on two 400 mm sections on 

opposing sides of the centre of each threaded rod. The threads were ground down to create a smooth 

surface for the 400 mm instrumented length using an angle grinder with a steel grinding disk. The 

ground sections were then wiped down using water, and cleaned using 99% isopropyl alcohol and 
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Kimwipes to ensure a clean surface for the fibres. Nylon fibres were then glued along the centre of 

the cleaned 400 mm section using Loctite 4861 instant adhesive.  

Similar to the instrumentation of the threaded rods, a welded steel restraint frame was also 

instrumented for use with two of the restrained specimens. Fibre optic sensors were installed along 

the top surface of the frame at 50 mm from the inside edge, and along the outer face of the frame 

at 30 mm and 170 mm from the top edge in order to monitor the axial forces within the HSS during 

testing. Instrumentation was completed on all sides of the frame. The sections were sanded using 

80 and 120 grit sandpaper to remove any rust from the proposed fibre paths. The sanded sections 

were then cleaned using 99% isopropyl alcohol and Kimwipes to ensure a clean surface. Nylon 

fibres were glued along the center of the cleaned sections using Loctite 4861 instant adhesive.  

2.3.3 Test Set-up 

Nine slabs were tested in three-point bending in a Riehle Testing Frame as seen in Figure 

2-5. The two remaining slabs were tested in three-point bending using a hydraulic actuator as seen 

in Figure 2-6. All slabs were supported vertically on a pin and roller at 0.1 m from the end of the 

slab.  

 

Figure 2-5 Reihle testing frame with slab 
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Figure 2-6 Slab specimen inside HSS restraint frame 

The axially restrained specimens (2-A-80-40, 3-A-80-40, 4-A-80-40, 5-A-80-40, 7-A-160-

48, and 10-A-160-71) had the same vertical supports as the control specimens but were also 

restrained axially using 2 threaded rods, with a diameter of 21 mm and area per bar of 364 mm2, 

along the length of the slab. A top view schematic of the threaded rod restraint frame is shown in 

Figure 2-7. The threaded rods were held at either end of the slabs using two square hollow structural 

sections (HSS 114.3x114.3x9.5 mm), and were connected to each end of the slab through a plate 

and roller.  
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Figure 2-7 Threaded rod restraint frame - top view 

The threaded rods were run alongside the slab and installed at a height of 10 mm and 20 

mm above the bottom of the slab for the 80 mm and 160 mm slabs, respectively, in order to restrain 

the axial deformation. As discussed by Hon et al. (2004), this rod placement, in the tension zone of 

the beam, should increase the axial resistance created by the rods. The estimated axial stiffness of 

the two rods was 57.3 kN/mm. 

Axially restrained specimens 8-F-160-48 and 11-F-160-71 had the same vertical supports 

as the control specimens and were restrained axially using a welded steel restraint frame. The frame 

was used because theoretically it had a much higher axial stiffness than the threaded rod system. 

Thus, it would potentially provide higher levels of axial restraint at a given applied load. The frame, 

shown in Figure 2-8, consisted of four lengths of square hollow structural sections (203×203×9.5 

mm) welded together. The estimated axial stiffness of the frame was 1470.6 kN/mm. 
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Figure 2-8 Welded steel restraint frame - top view 

 A pin and roller support was installed at a height of 20 mm on each end of the slabs to close 

the gap between the specimens and restraint frame to provide axial restraint. In order to level the 

connection between steel plates and concrete for testing, plaster and Sika MonoTop 623 grout were 

used for 8-F-160-48 and 11-F-160-71, respectively.  

2.3.4 Test Procedure 

Prior to testing the restrained specimens in the Reihle Testing Frame, the nuts on the 

threaded rods were tightened to close any gaps between the loading plates on the axial frame and 

the specimens as well as to reduce any sagging in the rods due to the self-weight of the rods. The 

strains in the rods were monitored during this process. In order to ensure the gaps were closed, an 
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initial pre-tension was put in the rods, which in turn meant the slabs had an initial prestress in them 

which affected the reinforcement strains and the cracking load as will be discussed. The specimens 

were loaded in the centre of the span under displacement control until failure. The displacement 

rate was 1 mm per minute for the 80 mm deep specimens, and 2 mm per minute for the 160 mm 

deep specimens. A displacement transducer was installed at midspan. The load cell and 

displacement transducer readings were recorded at 1 Hz using a data logger.  

Testing using the hydraulic jack included placing plaster or grout between the restraint 

frame and the specimens to close any gaps, and installing an HSS column (weighing 1.1 kN) 

between the load cell and the slab. The slabs were loaded in the centre of the span using a hydraulic 

actuator under displacement control until failure. The displacement rate was 2 mm per minute. 

Displacement transducers were installed at midspan and above the vertical supports. Load cell and 

displacement transducer readings were recorded at 1 Hz using a data logger. 

Distributed strains for all tests were measured using a LUNA OBR 4600. This system was 

connected to both the polyimide and nylon coated fibres monitoring the reinforced concrete 

specimens, as well as the threaded rods or HSS frame used for the restraint system. The test was 

stopped at 0.5 kN and 2 kN load steps for the 80 mm and 160 mm slabs, respectively, to take fibre 

optic strain readings. After yielding of the reinforcement in all control specimens and the 80 mm 

restrained specimens, strain readings were taken at 2 mm intervals. 

2.4 Results and Discussion 

The effect of restraint on slab behaviour will be discussed first, followed by the effect of 

reinforcement ratio, and finally the effect of slab depth. The first objective, measuring distributed 

strains in both restrained and unrestrained slabs, will be discussed in each of the results sections.  
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2.4.1 Effect of Restraint 

The effects of axial restraint can be seen in the load deflection response of specimens 2-A-

80-40, 3-A-80-40, 4-A-80-40, and 5-A-80-40 compared to specimen 1-C-80-40, shown in Figure 

2-9.  

 

Figure 2-9 Load-deflection plot for 80 mm deep specimens 

From Figure 2-9 it can be seen that all specimens have similar stiffness prior to cracking. 

However, cracking loads vary for each specimen with specimen 1-C-80-40 (the control) having the 

lowest cracking load at 1.8 kN and specimens 2-A-80-40 through 5-A-80-40 having increased 

cracking loads as the level of prestressing increased. The average prestress in the rods for 2-A-80-

40 was 10 με and it cracked at 2.1 kN, for 3-A-80-40 it was 266 με and it cracked at 5.7 kN, for 4-

A-80-40 prestressed it was 42 με and it cracked at 2.7 kN, and for 5-A-80-40 it was 31 με and it 

cracked at 2.2 kN. It is worth noting that the prestress in specimen 3-A-80-40 caused the specimen 

to deflect upwards, resulting in a negative deflection value before load was applied. This load 

enhancement due to prestress would likely not be seen in a structure with axial restraint unless the 

3-A-80-40 4-A-80-40 

5-A-80-40 

2-A-80-40 1-C-80-40 
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lateral restraints compressed the member, but is a function of the prestressing required in the rods 

to ensure slack was removed from the system. After cracking, specimens with axial restraint show 

higher stiffness than specimen 1-C-80-40 due to the axial restraint controlling crack growth. 

Compared to specimen 1-C-80-40, each of the axially restrained slabs saw an increase in capacity 

as shown in Table 2-2.  

Table 2-2 Percent and load increase due to axial restraint 

Specimen Load increase (kN) % increase Initial Restraint 

Strains µε 

2-A-80-40 0.2 3.1 10  

3-A-80-40 3.0 44.8 266 

4-A-80-40 1.9 29.4 42 

5-A-80-40 1.7 24.8 31 

 

This increase in peak load / axial restraint comes with a decrease in maximum deflection 

for each specimen (specimen 1-C-80-40 deflected 42 mm at a peak load of 6.7 kN under no axial 

restraint while specimen 2-A-80-40 deflected 32 mm at a peak load of 6.95 kN and specimen 3-A-

80-40 deflected 22 mm at a peak load of 9.7 kN).  

The average strains in the threaded rods for specimens 2-A-80-40, 3-A-80-40, 4-A-80-40, 

and 5-A-80-40 were measured, and are shown in Figure 2-10. 
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Figure 2-10 Average strains in threaded rods for 80 mm deep specimens 

As noted previously, the threaded rods utilized within the axial restraint system were 

pretensioned in order to remove the slack from the system. For the specimens with average initial 

rod strains under 50 microstrain, the strain in the rods began increasing at an applied load of 

approximately 2 kN, which corresponds to the cracking load for these specimens. After cracking, 

the strain, and thus restraint force, increase is approximately the same for all specimens except 3-

A-80-40. However, despite this similar behaviour, the level of initial prestress appears to play an 

important role since as the initial prestress increases, so too does the capacity. The initial restraint 

force provided by the rods for 2-A-80-40 was 1.46 kN compared to 4.51 kN for 5-A-80-40, 6.11 

kN for 4-A-80-40, and 38.73 kN for 3-A-80-40. Based on this and the data provided in Table 2-2, 

it appears that the relationship between prestress and capacity increase is non-linear as a tripling of 

the prestress, 2-A-80-40 versus 5-A-80-40, provided more than a three-fold increase in load 

carrying capacity. However, increasing the prestress by an order of magnitude, 5-A-80-40 versus 

3-A-80-40, did not increase the load carrying capacity by an order of magnitude. One can also see 

that the prestress in the rods for 3-A-80-40 changed the load at which the strain in the rods began 

3-A-80-40 

2-A-80-40 

5-A-80-40 

4-A-80-40 
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increasing, which corresponds to the increase in cracking load seen in Figure 2-9. Once 3-A-80-40 

cracked, the strain increase rate was the same as for the other specimens. 

The strain with length along the slabs under 1 kN of load for the top and bottom bars 

instrumented with nylon fibres is given in Figure 2-11 (a) for the top reinforcement and (b) for the 

bottom reinforcement. Strain data for specimen 5-A-80-40 has been omitted from these plots for 

clarity, as it follows a similar strain profile to specimen 4-A-80-40. 

 

(a) 
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(b) 

Figure 2-11 Reinforcement strains for 80 mm specimens before cracking (1kN): (a) top 

reinforcement, (b) bottom reinforcement  

Figure 2-11(a) shows that the strain distribution for the top reinforcement starts with 0 

strain at the supports and reaches a minimum strain at midspan. The bars are all in compression as 

they are above the neutral axis of the uncracked section. Similarly, in Figure 2-11(b), the maximum 

tensile strain occurs at midspan for most specimens and the strain reduces linearly to 0 at the 

support. Within both of these plots comparable strains can be seen for specimens 1-C-80-40, 2-A-

80-40, and 4-A-80-40, with specimen 1-C-80-40 having strains up to 40 με higher than the axially 

restrained slabs. Specimen 3-A-80-40 shows compression peaks at midspan for both the top and 

bottom reinforcement before cracking (at a load of 1 kN), it is suspected that these peaks were a 

result of the top and bottom fibres crossing a shrinkage crack near midspan of the specimen, which 

was closed during the initial pretensioning of the threaded rods (to a load of 38.7 kN), which leads 

to higher compressive strains being measured across the crack. The sudden drop from -150 με to 0 
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με for specimen 3-A-80-40 between 1750 and 2000 mm should also be noted, this reduction in 

strains may be caused by debonding of the fibre from the reinforcement.  

Figure 2-12 presents the strain versus length data for the nylon fibres at a total applied load 

of 4.5 kN for four of the 80 mm specimens. Once again, strain data for specimen 5-A-80-40 has 

been omitted for clarity, as it follows a similar strain profile to specimen 4-A-80-40. Figure 2-12(a) 

shows strains for the top reinforcement bars of the 80 mm specimens at 4.5 kN, the bottom 

reinforcement strains are provided in Figure 2-12(b). 

 

(a) 
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(b) 

Figure 2-12 Reinforcement strains for all specimens after cracking (4.5 kN): a) top 

reinforcement, b) bottom reinforcement 

As seen in both Figure 2-12(a) and (b), post cracking both the top and bottom reinforcement 

are acting in tension as the neutral axis above the level of the top reinforcement except for 3-A-80-

40, which is still in compression in both figures, as the initial prestress provided by the threaded 

rods has still not been exceeded by the bending stresses. From Figure 2-12 it can also be seen that 

the axially restrained specimens experience lower strains than the control specimen (1-C-80-40) 

due to the restraint provided by the rods preventing axial expansion. In Figure 2-12(b) the slabs 

with higher levels of axial restraint have fewer cracks concentrated in the centre of the specimen. 

The cracks, as indicated by strain spikes in the figure, for specimen 1-C-80-40 are between 500 

mm and 1600 mm whereas specimen 4-A-80-40 has cracking between 600 mm and 1250 mm. The 

strains near the supports (between 0 mm and 500 mm, and 1600 mm and 2000 mm), are below the 

cracking strain (~120 με).  
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2.4.2 Effect of Reinforcement Ratio 

The load-deflection response for specimens 6-C-160-48, 9-C-160-71, 7-A-160-48, 8-F-

160-48, 10-A-160-71, 11-F-160-71 are given in Figure 2-13.  

 

Figure 2-13 Load deflection response for 160 mm deep specimens 

Figure 2-13 shows that all the 160 deep specimens have a similar stiffness prior to cracking. 

The control specimens (6-C-160-48 and 9-C-160-71) both cracked at approximately 7.5 kN. While 

specimens restrained using the threaded rod restraint system (7-A-160-48 and 10-A-160-71) 

cracked at approximately 9.5 kN, which represents an increase of approximately 26%. Specimens 

restrained using the welded restraint frame (8-F-160-48 and 11-F-160-71) cracked at approximately 

8 kN, a 7% increase compared to the control specimens. After cracking, the stiffness of each slab 

differs. The 3 bar specimens have higher stiffness than the 2 bar specimens due to the additional 

reinforcing bar. The threaded rod restraint frame also provides an increase in post-cracking stiffness 

for specimens 7-A-160-48 and 10-A-160-71 compared to their unrestrained counterparts. After 

yielding of the reinforcement, the control specimens have similar stiffness as the reinforcement is 

no longer providing additional capacity. Specimens 7-A-160-48 and 10-A-160-71 have higher 
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stiffness than the controls after yielding as the threaded rods of the restraint frame are providing 

additional stiffness to the system. This additional stiffness is not seen in specimens 8-F-160-48 and 

11-F-10-71 as the welded restraint frame provided no additional restraint. The difference in 

reinforcement ratio and the effect of restraint were also expected to have an impact on the yield 

loads of each slab. A 45% increase (~10 kN) in capacity is seen between the control specimens, 

where the additional reinforcement in 9-C-160-71 allowed it to reach a higher load before yielding. 

The threaded rod axial restraint frame provided a 22% increase (5 kN) in load prior to yielding for 

the 2 bar specimens, and a 37% increase (12.3 kN) for the 3 bar specimens. The welded restraint 

frame provided a slight increase in yield loads 5% (1 kN) for the 2 bar specimens and 8.5% (2.8 

kN) for the 3 bar specimens.  

To better understand the relationship between axial restraint and reinforcement ratio, the 

yield moment for the axially restrained specimen was divided by the yield moment for the 

corresponding control specimen. As specimens restrained using the welded restraint frame show 

behaviour similar to the control specimens, only specimens restrained using the threaded rod 

restraint frame (7-A-160-48 and 10-A-160-71) were considered for this comparison. This ratio was 

1.3 for the 2 bar (ρ = 0.48%) specimens compared to 1.4 for the 3 bar (ρ = 0.71%) specimens. This 

suggests that for the same level of axial restraint, increasing the reinforcement ratio might increase 

the beneficial effects. However, as noted earlier the level of initial prestress also effects the 

behaviour. The axial forces in the restraint systems versus applied load for the 160 mm deep 

specimens is shown in Figure 2-14(a) and (b), where (a) compares 2 bar specimens 7-A-160-48 

and 8-F-160-48, and (b) compares 3 bar specimens 10-A-160-71 and 11-F-160-71.  
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(a) 

 

(b) 

Figure 2-14 Restraint strains for 160 mm deep slabs: a) 2 bar specimens, b) 3 bar specimens 
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From Figure 2-14(a) it can be seen that the restraint system for 7-A-160-48 had an initial 

axial force of approximately 1 kN from its initial 12 με prestress while 8-F-160-48 started at 0 kN. 

With an initial pretension of 41 με, Figure 2-14(b) shows that specimen 10-A-160-71 experienced 

an initial restraint force of approximately 4 kN compared to 11-F-160-71 with no restraint force 

applied prior to testing. This higher level of initial pretension, and therefore axial force in the rods 

may be the reason why the axial restraint appeared to be more beneficial for the specimen with the 

higher longitudinal reinforcement ratio. The figure also shows three distinct regions within the 

slopes of the threaded rod restraint system forces, the first section between initial loading and 

approximately 10 kN is prior to cracking, where the stiffness of uncracked specimens results in 

minimal longitudinal expansion and no additional force in the rods. The force in the rods increases 

within the second region, where cracking has been initiated, and leads to increased longitudinal 

expansion of the tension region of the beam. In the second region the slopes of the rod forces are 

similar, indicating that the threaded rods are providing a similar increase in restraint force to both 

specimens. However, the length of this second region, which is bounded by the cracking load and 

the yield load, is different for the 2 bar and 3 bar specimens as the yield load differs for both 

specimens. The final region of each slope shows the transfer of load from the internal reinforcement 

to the restraint system as the reinforcement yields and the slope of this region is the same for both 

specimens since the stiffness of the rods is the same. The stages are different for the HSS restraint 

frame. There is an initial increase in load prior to cracking that was not seen in the threaded rods. 

However, after an applied load of approximately 10 kN the load in the frame does increase at the 

same rate, suggesting that the frame is not providing as much restraint despite being axially much 

stiffer (the EA of the frame is 1470.6 kN/mm compared to 57.3 kN/mm for the rods). This could 

be a function of the fact that the slabs sat in the middle of the restraint frame and so bending in the 

running perpendicular to the slab specimens reduced the impact of the much higher axial stiffness 

of the members running parallel to the specimens. Figure 2-15 shows HSS restraint frame 
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deflections for specimens 8-F-160-48 and 11-F-160-71 at the 24 kN load stage. This load stage was 

chosen as it occurs between the initial cracking and yielding of the specimens, and the greatest 

amount of restraint is expected. The deflections were calculated by getting the curvature in the 

member using the top and bottom fibre strains and the distance between them, and then double 

integrating these values along the length of the member using numerical integration. The 

deflections at both ends of the member were assumed to be zero. 

 

Figure 2-15 Restraint frame deflections at 24 kN load stage 

Figure 2-15 shows deflections for the perpendicular elements of the HSS restraint frame 

(North and South elements). In the figure it can be seen that deflections near the midspan of the 

frame for both tests (8-F-160-48 and 11-F-160-71) are non-zero values. However, one can use the 

restraint force from Figure 2-14 at 24 kN of applied load to calculate the expected deflection in 

these members. If one assumes they are beams in three-point bending where the side members of 

8-F-160-48 South  8-F-160-48 North  

11-F-160-71 North  
11-F-160-71 South 
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the frame are the supports and the slab applies a point load to the middle of the frame, the deflection 

can be calculated using equation 3-1. 

∆=
𝑃𝐿3

48𝐸𝐼
         (3-1) 

Where P is approximately 10 kN based on Figure 2-14 (the total force is double the force 

in each member), L is 2.5 m, E is taken as 200 GPa, and I is 43.9 × 106 mm4. Using these values, 

the deflection should be 0.37 mm. This suggests that the beams are deflecting an order of magnitude 

less than expected and thus the measured strains should also be an order of magnitude higher. One 

potential reason for this is that the axial force in the other members has been overestimated in 

Figure 2-14. This could be due to the accuracy with which the axial force in the restraint frame can 

be determined due to its high axial stiffness. For example, the potential error in calculating the axial 

force due to accuracy of the FOS (± 1 µε) is ±1.43 kN. Additionally, if one considers the impact of 

small temperature changes, the potential error in the calculated axial force due to a ±1°C change in 

temperature is ±15.7 kN. Thus, the restraint forces shown in Figure 2-14 for the frame could be 

entirely due to measurement error or temperature change. This observation correlates with the fact 

that there was no increase in capacity or stiffness due to the restraint frame for specimens 8-F-160-

48 and 11-F-160-71 and as noted above, the bending in the frame does not match the measured 

axial force. 

The strain with length for the 160 mm deep specimens prior to cracking (6 kN) is given in 

Figure 2-16(a) and (b), where (a) shows top and bottom strains for the 2 bar specimens, and (b) 

shows top and bottom strains for the 3 bar specimens prior to cracking.  
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(a) 

 

(b) 

Figure 2-16 Strains for 160 mm specimens before cracking (6 kN): a) 2 bar specimens, b) 3 

bar specimens 

6-C-160-48 8-F-160-48

7-A-160-48

6-C-160-48 8-F-160-48

7-A-160-48

9-C-160-71 11-F-160-71 

10-A-160-71

9-C-160-71 10-A-160-71
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The positive (tensile) strains in each plot are the reinforcement strains, while the negative 

(compression) strains are the external concrete surface strains at 10 mm from the top face of the 

beam. Both figures show lower strains for specimens restrained using the threaded rod restraint 

system compared to the control and restraint frame strains. Specimens 8-F-160-48 and 11-F-160-

71 have strains similar to the control specimens, which is expected as minimal or no restraint was 

provided. Compressive strains for specimen 11-F-160-71 were omitted as the strain readings were 

erroneous, and therefore not an accurate representation of slab behaviour. It should be noted that 

the tensile strains for specimen 10-A-160-71 are negative over the supports of the system (0 mm 

and 2000 mm). This is caused by the initial prestress added by tightening the threaded rods in the 

restraint system, which was approximately 30 με higher than specimen 7-A-160-48. The 

compressive strains for control and axially restrained specimens are similar prior to cracking, as 

the neutral axis of the slab remains the same before concrete cracks.  

Figure 2-17 (a) and (b) shows the top and bottom strains after cracking (20 kN) for each 

160 mm slab, (a) shows strains for the 2 bar specimens, while (b) shows strains for the 3 bar 

specimens.  
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 (a) 

6-C-160-48

8-F-160-48 

7-A-160-48

6-C-160-48
8-F-160-48 

7-A-160-48
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(b) 

Figure 2-17 Strains for 160 mm specimens after cracking (20 kN): a) 2 bar specimens, b) 3 

bar specimens  

In Figure 2-17 compression strains are still seen along the top of the slabs as the fibres were 

attached above the neutral axis for all specimens. In Figure 2-17 (a) and (b) the effect of axial 

restraint from the threaded rod system can be seen where the control specimens show strain spikes 

due to cracking over more of the span than the restrained specimens (6-C-160-48 was cracked 

between 400 mm and 1600 mm and 9-C-160-71 between 400 mm and 1650 mm, while 7-A-160-

48 was cracked between 600 mm and 1500 mm and 10-A-160-71 between 450 mm and 1600 mm). 

Once again specimens 8-F-160-48 and 11-F-160-71 show strains similar to the control specimens 

as the impact of the HSS restraint frame on the behaviour of the specimens was not significant.  

 

9-C-160-71

11-F-160-71

10-A-160-71

9-C-160-71 
10-A-160-71

11-F-160-71
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2.4.3 Effect of Slab Depth 

The 80 mm deep slabs, reinforced with top and bottom welded wire mesh had a 

reinforcement ratio of 0.40% and the 2 bar 160 mm deep slabs had a reinforcement ratio of 0.48%, 

a 20% difference. Additionally, both specimen 2-A-80-40 and 7-A-160-48 were pretensioned to 

approximately 11 με, and therefore the slab depth comparison will include control specimens (1-

C-80-40 and 6-C-160-48) and the 11 με axially restrained specimens (2-A-80-40 and 7-A-160-48).  

Load deflection data for the slabs is given in Figure 2-18. 

 

Figure 2-18 Load deflection comparison for 80 mm and 160 mm control and 11  µε 

restrained specimens 

The effect of slab depth can be seen in Figure 2-18 through the difference in stiffness, 

cracking loads, and yield loads. Comparing yield loads, a 76% difference (16.7 kN) is seen between 

the control specimens, and a 77% difference (20.8 kN) is seen between the axially restrained 

6-C-160-48 

7-A-160-48 

1-C-80-40 2-A-80-40 
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specimens. After cracking, the specimens see a difference in stiffness, which is due to the impact 

of axial restraint and slab depth since the reinforcement ratios are similar.  

Similar to the 160 mm slab data, the response of these specimens was normalised by 

dividing the yield moment for the axially restrained specimen by the yield moment for the control 

specimen. The ratio for the 160 mm slabs was 1.3 as discussed previously, and the 80 mm slab ratio 

was found to be 1.1.  

The strain versus length data for both the 80 mm and 160 mm depths at yielding of the 

control specimens (5.3 kN and 22.7 kN respectively) are given in Figure 2-19(a) and (b).  

 

(a) 

 

1-C-80-40 

6-C-160-48 
1-C-80-40 

6-C-160-48 
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Figure 2-19 Strain comparison for the 80 mm and 160 mm 2 bar specimens at control 

yielding: a) control strains, b) restrained strains 

Figure 2-19(a) shows a comparison of the control specimens with a depth of 80 mm (1-C-

80-40) and with a depth of 160 mm (6-C-160-48), while Figure 2-19(b) compared the 11 με 

restrained specimens with depths of 80 mm (2-A-80-40)  and 160 mm (7-A-160-48), respectively. 

For both plots the 80 mm slab data is represented by dashed lines, while the 160 mm slab data is 

represented by solid lines. In Figure 2-19 (a) it can be seen that the top fibre in the 80 mm specimen 

is in tension near midspan compared to the compressive strains see for the top fibre in the 160 mm 

specimen. This difference in strains is expected as the top strains for the 80 mm specimen were 

collected from the top reinforcement while top strains for the 160 mm specimen were collected 

from external fibre optics running above the neutral axis of the specimen. The top strains for the 

160 mm specimen are larger as the fibre was located closer to the top of the slab compared to the 

80 mm specimen. Additionally, tensile strains for the 160 mm specimen are lower than the 80 mm 

specimen, which is expected to be a result of the increased concrete thickness (80 mm) compared 

to the 80 mm specimen. The difference in compressive strains can also be seen in Figure 2-19 (b), 

2-A-80-40 

7-A-160-48 
2-A-80-40 

7-A-160-48 
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where the 80 mm strains are once again acting in tension near midspan. By comparing restraint 

strains it can also be seen that the 160 mm specimen sees lower tensile strains compared to the 80 

mm specimen, which is expected to be caused by the increased concrete thickness compared to the 

80 mm specimen.    

2.5 Conclusions 

Eleven reinforced concrete slab strips (five 80 mm deep slabs, and six 160 mm deep slabs) 

were tested under three-point bending. The specimens had varying edge restraint conditions 

including three control specimens, six specimens restrained against axial expansion using a 

threaded rod restraint system, and two specimens axially restrained using a welded HSS restraint 

frame. Distributed strains for the slab reinforcement and the concrete surface were measured using 

a Rayleigh backscatter fibre optic sensing system. Load and displacement measurements were also 

collected during each test. 

The impact of axial restraint was monitored by comparing varying levels of restraint applied to the 

80 mm deep specimens and the following conclusions were drawn:  

• Axial restraint provided an increase in capacity of up to 45% compared to the control 

specimens.  

• Increased restraint led to a reduction in reinforcement strains at under the same applied 

load prior to yielding.  

• Increased restraint resulted in a decrease in the length over which cracking occurred within 

the specimens 

The impact of reinforcement ratio was monitored for the 160 mm deep specimens with varying 

reinforcement conditions and the following conclusions were made: 



 

45 

 

• Control and restrained specimens saw similar strains prior to cracking, with 3 bar 

specimens (restrained and control) seeing lower strains compared to 2 bar specimens prior 

to yielding.   

•  Control and restrained specimens with higher reinforcement ratio saw an increase in 

capacity up to 45% compared to lower reinforcement ratios.  

The impact of slab depth was investigated by comparing the 80 mm deep specimens and the 160 

mm deep with 2 – 10M bars specimens under no restraint and 11 με restraint.  

• After cracking the 80 mm control specimen saw higher strains and a larger area of concrete 

cracking compared to the 160 mm control specimen.  

• After cracking the 80 mm restrained specimen and the 160 mm restrained specimen had 

similar strain behaviour, and the 80 mm specimen had higher strains compared to the 160 

mm specimen.  

• Both the control and restrained 160 mm specimens, with an increased concrete depth of 80 

mm, saw an increase in capacity of up to 78% compared to the 80 mm specimens.  
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Chapter 3 

Effect of support conditions on the behaviour of two-way slabs 

3.1 Introduction 

The Canadian manufacturing and building industry is responsible for producing 22% of 

greenhouse gasses. In a 2015 study, it was determined that the building sector produced 85.6 mega-

tonnes of CO2 equivalent, while the manufacturing sector produced 74.6 mega-tonnes (Government 

of Canada, 2017). Globally the building industry is responsible for 24% of all global materials 

extractions, with associated actions consuming approximately 40% of materials entering the 

economy. It also generates roughly 40-50% of global greenhouse gas emissions (Blankendaal et al, 

2014). As part of the Nationally Intended Determined Contributions (INDC’s) outlined as part of 

the United Nations Framework Convention on Climate Change (UNFCCC) the international 

community was asked to reduce greenhouse gas emissions to 40-70% of 2010 levels by 2050, and 

to nearly zero emissions by 2100. By early 2016, 160 countries, including Canada, pledged to 

reduce their emissions (Brechin, 2016). Using less cement or designing structures that require less 

cement is a potential solution towards a partial reduction of required materials in the construction 

industry, as the formation of clinker is the largest source of emissions during the cement production 

process (Allwood et al, 2012). 

Reducing the overdesign of structures is important when aiming to reduce environmental 

impacts of the manufacturing and construction industries. It has been shown by several researchers 

(Taylor et al, 2001; Vecchio and Tang, 1990; and Rankin and Long, 1997) that concrete slabs under 

the effect of compressive membrane action see a higher capacity than indicated by design codes. If 

the benefits of compressive membrane action could be accounted for in design, the size of these 

elements could be reduced, allowing for a more efficient use of construction materials.  
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Previous research has been conducted on compressive membrane action in two-way 

concrete slabs. The effect of restraint conditions on membrane action in two-way slabs has been 

investigated where increased load carrying capacity is of interest (Taylor et al, 2001; Vecchio and 

Tang, 1990; Rankin and Long, 1997; and Park, 1964). Compressive membrane action has also been 

investigated in terms of punching shear in unreinforced slabs (Taylor and Hayes, 1965, and 

Genikmsou and Polak, 2017). The research conducted to date, however, has not been able to 

measure the stress distribution throughout the slab in order to fully understand the impacts of 

membrane action, as a method of measuring both internal and external distributed strains was 

previously unavailable.  

Fibre optic sensors are used in the monitoring of both structural and geotechnical structures 

such as buildings (Bastianini et al, 2005) and bridges (Reiger and Hoult, 2014), as well as 

foundations (Kister et al, 2007), tunnels (Naruse et al, 2007), and pipes (Simpson et al, 2014), and 

are one potential solution to provide this distributed strain data. Previous research has shown that 

distributed strain sensing can provide a better understanding of structural behaviour (Bentz and 

Hoult, 2017). To date, fibre optic sensing has not been utilized in monitoring distributed strains to 

understand the full behaviour of two-way reinforced concrete slabs, or the impact of edge restraint 

in these slabs.  

The objectives of this research are to: (i) measure distributed strain in two-way reinforced 

concrete slabs with and without restraint, (ii) to investigate the impact of restraint on strain 

distribution, (iii) evaluate the impact of reinforcement ratio on capacity enhancement due to 

membrane action. The next section introduces the background in terms of previous work on 

membrane action, and fibre optic sensing. The experimental program is outlined, followed by 

results and discussion. Finally, conclusions are drawn.  
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3.2 Background 

Flexural cracks form in concrete once the cracking strength of the concrete is exceeded in 

tension, causing the neutral axis of the specimen to move toward the compression face. The 

cracking and subsequent shift of the neutral axis leads to longitudinal expansion of the tension zone 

of the specimen. If external restraints prevent this expansion, compressive membrane forces will 

develop, ultimately increasing the load carrying capacity of the specimen (Gouverneur et al, 

2013a).  

3.2.1 Membrane Action 

Taylor et al. (2001) investigated compressive membrane action in concrete slabs. They 

constructed full scale bridge decks using regular to high strength concrete (30 – 100 MPa) and 

minimal reinforcement (reinforcement ratio 0.68%). Tests were monitored using linear 

potentiometers located below the loaded section of the slabs, at soffits, and at the restraint system 

to measure horizontal movement. Crack development was monitored visually. Slabs were loaded 

to failure where high strength restrained slabs experienced crushing of concrete within the 

compressive zone. Restrained specimens experienced an increase in capacity of 1.5 to 3.6 times the 

predicted failure loads. It was concluded that the arching component increases with the compressive 

strength of specimens.  

Vecchio and Tang (1990) considered the collapse of the Kimberly-Clark Warehouse 

building, which had an apparent factor of safety against collapse of 4.5 compared to design loads, 

by examining the effect of lateral restraint on reinforced concrete slabs. Two specimens 100 mm 

thick, 1500 mm wide, and 3075 mm long were tested. Horizontal displacement of the end supports 

was allowed for one specimen, and the ends of the other specimen were fixed against horizontal 

displacements in order to monitor the effects of axial restraint on resisting transverse loads. Vertical 

and horizontal displacements were monitored using displacement transducers, while loads and 

reaction forces were monitored using load cells. Concrete strains were monitored using mechanical 
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strain gauges on a 200 mm grid, while reinforcement strains were measured using electrical strain 

gauges located at midspan and the supports. The researchers concluded that axial restraint increased 

flexural stiffness and load carrying capacity of the slab by 30-40% relative to the tested unrestrained 

slab.  

Rankin and Long (1997) considered the strength enhancement provided by arching action 

in laterally restrained slab strips to create a simple method of predicting the ultimate load capacity 

of restrained slabs. Their model assumes that the maximum arching moment develops after the 

yielding of reinforcement. Based on an arching deformation theory, Rankin and Long’s approach 

uses an elastic-plastic stress-strain criterion for concrete to predict the ultimate load without the 

need for critical deflection predictions. Rankin et al. (1991) use a similar method to Rankin and 

Long’s for better prediction of ultimate capacities of two-way concrete slabs. For two-way 

predictions it was assumed that the yield line pattern develops at failure, and that a constant arching 

moment of resistance acts along these yield lines. Restrained and unrestrained unreinforced two-

way slabs were compared where similar crack patterns were seen under both conditions, with 

restrained specimens seeing significantly smaller cracks at similar load levels. Restraint did not 

affect initial cracking loads, but did lead to an increase in post-cracking stiffness for laterally 

restrained specimens compared to unrestrained specimens. The models were validated through 

correlation with test results from various short-term loading tests, where the mean variation 

between predicted and actual ultimate loads was between 9.8% and 14.5% for square and 

rectangular slabs, respectively. Both Rankin and Long (1997), and Rankin et al.’s (1991) testing 

showed that the prediction method provides consistent, while conservative, predictions for both 

small and large-scale tests.  

Taylor and Hayes (1965) considered the effect of horizontal restraint on strength in 

punching shear for unreinforced and reinforced concrete square slabs. The slabs were axially 

restrained using a steel frame, and crack patterns were monitored visually while deflections were 
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recorded using a data logger, no other monitoring apparatus was used. Research concluded that 

while edge restraint had little effect on early behaviour of the slabs, membrane action was evident 

after initial cracking of the concrete. Unreinforced slabs subjected to restraint did not fail 

immediately after flexural crack initiation. Yielding of reinforcement was seen prior to punching 

failure in the restrained slabs. Membrane action provided an increase in punching shear strength of 

60% for slabs with a low reinforcement ratio, while it was seen that the impact on strength 

enhancement reduced as the reinforcement ratio increased.  

Genikomsou and Polak (2017) completed an FE analysis to investigate the effect of the 

compressive membrane action effect on reinforced concrete slabs. The authors considered a 

previously tested isolated slab to calibrate an FE model which was then used to investigate 

boundary conditions of slab column connections. These boundary conditions were then modified 

to investigate the structural performance of continuous slabs. Numerical analyses of existing 

punching shear tests, which examine the effect of compressive membrane action, were conducted 

to show the accuracy of the FEA model. Results of the FE analysis indicated that punching shear 

capacity of a continuous slab is higher compared to conventional isolated slabs.  

Muthu et al. (2007) created an analytical method for predicting the load deflection 

behaviour of partially restrained slab strips. The load deflection behaviour of the slab strips was 

developed in three stages: (i) up to the cracking load, (ii) after cracking to reinforcement yield, and 

(iii) beyond the reinforcement yielding load. The final stage of the load deflection behaviour 

incorporates the effect of membrane action on load carrying capacity, and includes the effect of 

membrane forces and their effect on load carrying capacity. Ten partially restrained slab specimens 

were tested for comparison with the prediction method. Deflections of the slab and edge beams 

were monitored using dial gauges, while tensile strain in the reinforcement at midspan and the 

supports of the slab were measured using electrical strain gauges, and cracking was monitored 

visually. Test results show that load enhancement increases with the increasing amount of edge 
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restraint and concrete strength, and with the decrease of reinforcement ratio and steel strength. The 

authors concluded that the proposed analytical method satisfactorily predicts ultimate loads of 

partially restrained slab strips with a variation coefficient of 19%. It was also found that load 

enhancement increases from 20% to 61% above the unrestrained yield load.  

Park (1964) considered the ultimate strength and long-term behaviour of uniformly loaded 

two-way concrete slabs with partial lateral restraint. Eight unreinforced concrete slabs with 

dimensions 60 in by 40 in, and effective depths with an Lx/d of 20, 30, and 40. Reinforcement was 

omitted since compressive membrane action allows for the use of minimal reinforcement. Restraint 

was provided along all edges of the slabs to prevent horizontal movement. Loading was sustained 

for 42 days, to sufficiently show the effects of shrinkage and creep. After the sustained loading, 

slabs were unloaded and then loading was increased to failure. Vertical deflections of the slabs 

were monitored, as well as concrete strains measured using Demec strain gauges. Lateral movement 

of the slabs was also monitored using dial gauges. The author concluded that the strength of each 

slab is dependent on the strength of concrete, with thicker slabs showing higher ultimate loads than 

predicted theoretical loads.  

The programs reviewed consider the increased capacity provided under the effects of 

membrane action. While Rankin and Long (1997) and Rankin et al. (1991), compare predictions of 

the behaviour of two-way slabs under membrane action with two-way slab test results no 

information was given on test monitoring. Increased capacity for most specimens was determined 

using load and deflection data, where failure loads were of critical importance. Strain gauge data 

was collected by Vecchio and Tang (1990), Park (1964), and Muthu et al. (2007), though distributed 

strain data for full specimens was not available. Without complete strain distribution data for the 

specimens, it is difficult to properly understand the effects of axial restraint on slabs or surrounding 

building elements. A potential solution for filling in the missing strain information could be use of 

fibre optic sensors.  
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3.2.2 Distributed Fibre Optic Sensing 

Two main types of distributed fibre optic sensors are available, Brillouin backscattering 

measurements, and Rayleigh backscatter measurements. Brillouin Optical Time Domain Analysis 

(BOTDA) and Brillouin Optical Time Domain Reflectometry (BOTDR) can be used to measure 

strain and temperature. BOTDA has an allowable sensing length of 150-200 km with a spatial 

resolution of 2 cm for 2 km lengths and 2 m for 150 km lengths, while BOTDR has a sensing length 

of 20-50 km with a spatial resolution of approximately 1 m (Barrias et al. 2016). A downside of the 

BOTDA system however, is that access to both ends of the fibre optic cable is required. This may 

be an issue in reinforced concrete applications, where internal fibres can break during concrete 

pouring or handling.  

Rayleigh backscatter originates from the interaction between light wave propagation within 

the fibre core and the refractive index (Barrias et al. 2016). With an available sensing length of 50-

70 m and spatial resolution of approximately 5 mm to achieve 1 microstrain accuracy, Rayleigh 

backscatter can be used to measure both strain and temperature (Barrias et al. 2016).  

3.2.3 Rayleigh Backscatter in Reinforced Concrete Applications  

The performance of distributed fibre optic sensors, as well as the accuracy of sensors for 

locating cracks on concrete was investigated by Villalba and Casas (2013). Simply supported 

reinforced concrete beams instrumented with external fibre optic sensors along the top and bottom 

surfaces were tested. Data collected from these tests showed concentrations, seen as spikes within 

the data set, which represented cracks within the specimen. Good agreement was found between 

the fibre optic data and crack locations on the physical specimens. These researchers concluded 

that distributed fibre optic sensors can detect and monitor the presence of damage induced cracks 

in reinforced concrete.  
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A Rayleigh backscatter based distributed fibre optic sensing system was used by Reiger 

and Hoult (2014) to monitor surface strains on the Black River Bridge, a reinforced concrete bridge, 

located along the Trans-Canada Highway in Ontario, Canada. Support behaviour of the bridge was 

reviewed using data collected from testing. An increase in compressive strain was found along the 

bottom of the beam near the supports as loading increased due to the presence of negative moments 

at the supports. This increase suggested partial fixity of the supports. This data was then used by 

Bentz and Hoult (2017) along with a numerical model of the bridge to determine that the bridge 

had additional capacity due to supports providing axial restraint.  

Testing was completed on both reinforcement and reinforced concrete specimens subjected 

to accelerated corrosion by Davis et al. (2016). All specimens were instrumented with distributed 

fibre optic sensors for testing. Researchers determined that distributed fibre optics could potentially 

locate pitting corrosion visually hidden by concrete. It was also determined that at high levels of 

corrosion, full composite behaviour was never obtained. Strain data also indicated that the influence 

of corrosion on bond strength at service loads was negligible. Davis et al. (2017) considered axial 

tension on reinforced concrete specimens during curing in order to measure the effects of shrinkage 

and tension stiffening.  

3.3 Experimental Methods 

Four two-way slabs were tested under a single central point load with varying support 

conditions. The specimens were tested with different restraints (i.e. simply supported and axially 

restrained) so that the impact of restraint on slab capacity could be analysed.  

3.3.1 Specimens 

Two types of two-way slabs were used for this research. All slabs were 2.2 m × 2.2 m with 

a depth of 160 mm. The loaded span of all slabs was 2 m in both directions with a 0.1 m overhang 

from the centre of the supports on all sides. The slab specimens had varying reinforcement ratios 

(0.23% and 0.45%), and were tested with and without axial restraint. Specimen designations follow 
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an alpha-numeric sequence of the form 1-C-23 where the first number indicates the specimen 

number, the letter indicates whether the slab was a control (C) or axially restrained using a welded 

restraint frame (F), and the final number is the reinforcement ratio (23 or 45).  

The specimens were reinforced with bottom reinforcing bars only. Two 0.23% slabs (7 – 

10M bars in each direction) and two 0.45% slabs (14 – 10M bars in each direction) were built and 

tested. The strength of concrete was 36 MPa and 53 MPa for the 0.23% and 0.45% specimens, 

respectively, and the yield strength of the steel was 450 MPa. The 10M deformed bars had a 

diameter of 11.3 mm and a cross sectional area of 100 mm2. The average effective depth of the 

reinforcement in both directions was 135 mm from the top of the slabs, with the effective depth to 

the bottom bars of the mesh being 140mm, and effective depth to the top bars of the mesh being 

130 mm. Figure 3-1 (a) shows the cross section 1-C-23 and 2-A-23 specimens and Figure 3-1 (b) 

shows the 3-C-45 and 4-A-45 specimens. 

 

(a) 

 

Figure 3-1 Cross section of two-way slab specimens: a) 0.23% specimens, b) 0.45% specimens 

 Table 3-1 lists the support conditions and failure loads for each specimen. 
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Table 3-1 Experimental specimens 

Designation Depth (mm) Reinforcement 

Area per 

direction (mm2) 

Axially 

Restrained 

Failure Load 

(kN) 

1-C-23 160 700 No 148.1 

2-F-23 160 700 Yes 167.6 

3-C-45 160 1400 No 282.5 

4-F-45 160 1400 Yes 311.3 

3.3.2 Restraint Frame 

A welded steel restraint frame was used during testing of specimens 2-F-23 and 4-F-45. 

The frame, shown in Figure 3-2, consisted of four lengths of square hollow structural sections 

(203x203x9.5 mm) welded together.  
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Figure 3-2 Welded restraint frame 

3.3.3 Instrumentation 

Nylon fibres were installed along the length of the reinforcement on 7 reinforcing bars in 

each of the slabs. Fibres were placed along the sides of each bar in order to collect fibre optic data 

from the same level.  

Instrumentation of the reinforcement was completed using the following steps: 

Longitudinal bars were sanded along the proposed fibre paths using 80 grit and 120 grit sandpaper 

to remove rust, which would interfere with bonding of the fibres. The sanded sections of the 

reinforcement were then cleaned using 99% isopropyl alcohol and Kimwipes to remove any 

remaining impurities. The fibres were attached along the cleaned sections using Loctite 4861 
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instant adhesive, care was taken to ensure that the fibres were adhered along the centre of each 

reinforcing bar. Following the installation of the fibres a protective coating of silicone was added 

to prevent damage during the pouring of concrete.  

Fibre optic cables were also installed on the concrete surface of each specimen in line with 

the instrumented reinforcing bars. Figure 3-3 shows the external fibre installation. The concrete 

face was sanded along the proposed fibre paths using an angle grinder with a concrete grinding 

disk. The sanded sections were then cleaned using 99% isopropyl alcohol and Kimwipes similar to 

the reinforcement installation. Fibres were then glued along the cleaned sections using Loctite E-

20HP Hysol epoxy structural adhesive.  

 

Figure 3-3 External fibre placement 

 The welded steel restraint frame in Figure 3-2 was also instrumented with fibre optic 

sensors to monitor the axial forces and bending moments within the frame during testing. Fibre 

optic sensors were installed along the top surface of the frame at 50 mm from the inside edge, and 

along the outer face of the frame at 30 mm and 170 mm from the top edge in order to monitor the 

axial forces within the HSS during testing. Placement of the fibre optics can be seen in Figure 3-4.  

Instrumentation was completed on all sides of the frame. The sections were sanded using 80 and 

120 grit sandpaper to remove any rust from the proposed fibre paths. The sanded sections were 
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then cleaned using 99% isopropyl alcohol and Kimwipes to ensure a clean surface. Nylon fibres 

were glued along the center of the cleaned sections using Loctite 4861 instant adhesive.  

 

Figure 3-4 External fibre placement on restraint frame 

3.3.4 Test Set-up 

Each slab was tested under a single central point load using an Instron hydraulic jack as 

seen in Figure 3-5. All slabs were supported vertically on a pin and roller at 0.1 m from the edges 

of the slab.  
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Figure 3-5 Test set-up for two-way slabs 

The axially restrained specimens (2-A-23 and 4-A-45) had the same vertical supports as 

the control specimens but were also potentially restrained axially using the welded steel restraint 

frame. Restrained specimens were placed within the restraint frame and a plate and roller as well 

as shims were placed between the frame and the slab. Rollers were installed at 20 mm above the 

bottom of the slab, in order to restrain the axial deformation.  

3.3.5 Test Procedure 

Restrained specimens were placed within the restraint frame and then a 10 mm thick steel 

plate was placed against all slab edges, 25 mm diameter rollers were placed against the plates at a 

height of 20 mm from the bottom of the slab in order to provide restraint. Prior to testing the 
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restrained specimens in the welded restraint frame, gaps between the frame and rollers were closed 

using metal plates and metal wedges. Strains in the specimens and restraint frame were monitored 

before and after the installation of the HSS column (weighing 1.1 kN) that filled the gap between 

the slab and the actuator and acted as the central point load. Specimens were loaded at the centre 

of the slab using a hydraulic jack under displacement control until failure. The displacement rate 

was 2 mm per minute. Load cell readings were recorded at 1 Hz using a data logger. DIC targets 

(patterned bricks) were set up at the supports, quarter span, and midspan of the slabs in two 

directions for deflection measurements. Cameras were set up on the south and west sides of the 

slab in order to monitor the targets. Images were taken at each load stage for DIC analysis, which 

was undertaken using GeoPIV (White et al., 2003, Stanier et al., 2015). 

Distributed strains were measured using a LUNA OBR 4600. This system was connected 

to the nylon coated fibres on the specimen as well as the restraint frame. The test was stopped at 

25 kN load steps for all slabs to take fibre optic readings and DIC images. After yielding of the 

reinforcement in specimens 1-C-23 and 2-A-23 strain readings and DIC images were taken at 5 

mm intervals.  

3.4 Results and Discussion 

The load-deflection and strain behaviour will be presented and discussed starting with the 

specimens with 300 mm bar spacing and the specimens with 150 mm bar spacing.  

3.4.1  Specimens with 300 mm bar spacing 

Two slabs with a reinforcement spacing of 300 mm were tested: a control and axially 

restrained specimen Load versus actuator displacement (AD) data was collected for each specimen, 

and is compared to deflections measured using DIC in Figure 3-6. 
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Figure 3-6 Load deflection comparison for slabs with 300 mm reinforcement spacing 

Figure 3-6 shows the load deflection data for the actuator displacement (DA) and from 

DIC. Comparing the specimen data for both the restrained and control specimens, it can be seen 

that DIC measured a stiffer response than the actuator displacement. This difference in stiffness is 

expected as the actuator displacement measures not only the displacement of the slab but also the 

supports and any displacement in the loading frame. Thus, it does not give an accurate estimate of 

the slab stiffness. However, as can be seen in the figure, the DIC deflections, which were meant to 

account for these effects seem erroneous. For example, they suggest the specimens have different 

stiffness values prior to cracking, which is unexpected. As such, the actuator displacement values 

enable one to compare the two slab tests despite the fact that they are not the true midspan 

displacement of the slab.  

Comparing the control (1-C-23) specimen to the restrained (2-F-23) specimen in Figure 

3-6 it can be seen that the restrained specimen has a higher cracking load and a higher post cracking 

stiffness when compared to the control specimen. This initial increase in stiffness is expected to be 

a result of restraint, with the restrained specimen seeing a 66% increase in cracking load. It should 

1-C-23 DIC 

2-F-23 DIC  

2-F-23 AD 

1-C-23 AD 
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be noted that the metal wedges used to close the gap between the restraint frame and the slab 

gradually came loose. As such, the strains in the restraint frame never exceeded 120 με and only a 

13.2% increase in capacity was seen in the restrained specimen compared to the control.  

Figure 3-7 shows the underside of specimen 1-C-23 after failure.  

 

Figure 3-7 Crack pattern for specimen 1-C-23 

Cracking can be seen across the underside of the specimen, originating at the centre of the 

slab. The crack pattern matches the expected yield line pattern for this type of loading with the 

exception of the corners. The diagonal cracks that start at the load point in the centre do not reach 

the corners of the specimen but instead branch off in perpendicular directions. This is potentially 

due to the fact that to maintain compatibility, the slab lifts off at the corners under lower loads. 

Then later in the test as the load is distributed towards the outer reinforcement bars, the corners 

come in contact with supports causing the observed cracking. 

Figure 3-8 shows reinforcement strains for specimen 1-C-23 at 50 kN, 75 kN, and 100 kN, 

respectively. The left-hand side plots show the strains for the bars running north-south and the 

right-hand side plots show the strains for the bars running west-east. 
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(a) 

 
(b) 

 

(c) 

Figure 3-8 Specimen 1-C-23 strains: a) 50 kN, b) 75 kN, c) 100 kN 
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The distribution of strain across the slab can be seen between Figure 3-8 (a) and (b) where 

the central bars in the west-east direction see higher strains (approximately 1400 με) than the outer 

West-East bars at 50 kN. The outer bars see an increase in strain at 75 kN. From Figure 3-8 it can 

also be seen that reinforcement in the north-south direction sees higher strains compared to the 

West-East reinforcement at each load stage. This difference in strains is thought to be a result of 

the slab not sitting on all supports equally at the start of the test.  

 Figure 3-9 shows restraint strains for specimen 2-F-23 at 50 kN, 75 kN, and 100 kN 

respectively.  
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(a) 

 

(b) 

 

(c) 

Figure 3-9 Specimen 2-A-23 strains: a) 50 kN, b) 75 kN, c) 100 kN 
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Similar to Figure 3-8, the distribution of strains across the slabs can be seen in Figure 3-9 

where it appears that only the centre bar in the west-east direction is taking load at 50 kN. This 

suggests that once again the slab was not evenly supported around the entire perimeter. This trend 

continues at both 75 kN and 100 kN, with the north-south direction seeing lower strains than the 

west-east direction. An additional interesting observation is the difference in the magnitude of the 

strains at each load stage compared to the control specimen. For example, the maximum strain in 

the control specimen at 50 kN was approximately 1600 με whereas the maximum strain in the 

restrained specimen was approximately 250 με (and the strain in most of the bars is much lower 

than that). At 100 kN, while the strains in the control specimen were approximately 2500 με, the 

strains in the restrained specimen were less than 1500 με. This suggested that the axial restraint 

was effective as the load levels. Unfortunately, as noted earlier, the wedges between the load frame 

and the slab started to come loose at higher load levels, which reduced the effectiveness of the 

restraint. 

3.4.2  Specimens with 150 mm bar spacing 

Two slabs with a reinforcement spacing of 150 mm in both directions were also tested. It 

should be noted that both specimen 3-C-45 and 4-F-45 failed as a result of punching shear. The 

load versus the actuator displacement and DIC displacement measurements for each specimen are 

plotted in Figure 3-10 for specimens 3-C-45 and 4-F-45.  
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Figure 3-10 Load deflection behaviour of specimen 3-C-45 and 4-F-45 

Similar to the load deflection comparison for the 300 mm spaced specimens in Figure 3-6 

the DIC measurements show a stiffer response compared to the actuator displacement. In this case 

the DIC displacements appear to be more reliable except for several erroneous points in the 4-F-45 

curve. Figure 3-10 also shows that specimen 4-F-45 was not properly restrained initially, with both 

specimens having similar stiffness up to approximately 225 kN. As noted previously, metal places 

were used to close any gaps between the frame and slab prior to testing. It is believed that since the 

plates were not tapered (as was the case for specimen 2-F-23) the gaps were reduced, but were not 

completely closed before testing. After 225 kN it seems that the restraint frame began to become 

effective as the response of the restrained specimen increases relative to the control.  

Figure 3-11 shows cracking on the underside of specimen 3-C-45 after failure.  

3-C-45 DA 

3-C-45 DIC 

4-F-45 DA   

4-F-45 DIC 
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Figure 3-11 Crack pattern for specimen 3-C-45 

A large section of concrete near the centre of the specimen has spalled due to punching 

shear. Cracking in the same location as the HSS column can be seen at the centre of the slab 

where a small square is outlined by cracks. These cracks then move toward the corners of the 

slab.  

The similarity in specimen stiffness to the onset of restraint, and the effect of restraint can 

be seen in Figure 3-12 and Figure 3-14 which compare control and restrained specimen 

reinforcement strains, respectively. The strains in the bars in the west-east direction are shown in 

the left-hand plots and the strain in the north-south direction are shown in the right-hand plots. 
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(a) 

 
(b) 

 
(c) 

 

(d) 

Figure 3-12 Specimen 3-C-45 strains: a) 50 kN, b) 100 kN, c) 150 kN, d) 200 kN 
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The distribution of strain across 3-C-45 can be seen in Figure 3-12 where strains are 

initially higher near the centre of the specimen (50 kN, 100 kN) and then strains near the edges of 

the specimen increase as central reinforcement reaches yielding (150 kN, 200 kN). At all load 

stages it can be seen that the North-South direction sees higher strains than the West-East direction. 

This difference, similar to specimens 1-C-23 and 2-A-23, is expected to be the result of the slab 

being uneven on the vertical supports, and only making contact with supports on the North and 

South edges of the specimen at the beginning of testing. This difference in support conditions, and 

therefore deflection, in both directions can also be seen in Figure 3-13, where DIC deflection 

measurements are compared for the North-South and West-East directions.  

 

Figure 3-13 DIC load deflection comparison for specimen 3-C-45 

From Figure 3-13, it can be see that the deflection begins increasing immediately upon 

loading in the North-South direction. The deflection in the west-east direction only starts to increase 

after about 50 kN, which correlates with the strains in the west-east direction that are less than 100 

με at 50 kN compared to approximately 300 με in the north-south direction.  

West-East 

North-South 
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(a) 

 
(b) 

 
(c) 

 

(d) 

Figure 3-14 150 mm restraint strains: a) 50 kN, b) 100 kN, c) 150 kN, d) 200 kN 
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Figure 3-14 shows reinforcement strains for specimen 4-A-45 at 50kN, 100 kN, 150 kN, 

and 200 kN respectively. Similar to Figure 3-12, the distribution of strains across the specimen can 

be seen within Figure 3-14 as strains are initially higher along the central reinforcement (50 kN, 

100 kN). Strains near the edges of the slab then increase at higher loads (150 kN, 200 kN) as the 

central bars reach yielding. Once again it can be seen that strains in the North-South direction are 

higher than the West-East direction at each load stage. Comparing strains for 3-C-45 and 4-A-45 

in Figure 3-12 and Figure 3-14 it can be seen that both specimens see similar strains at each load 

stage. Table 3-2 shows maximum strains for each specimen at the given load stages.  

Table 3-2 Strain comparison for specimens with 150 mm reinforcement spacing 

Load Stage (kN) 3-C-45 4-A-45 

50 kN 319.9 με 728.9 με 

100 kN 1322.6 με 1989.5 με 

150 kN 1868.5 με 2441 με 

200 kN 3796 με 4957 με 

From Table 3-2 it can be seen that strains within the restrained specimen (4-A-45) are 

higher than the control specimen. With the addition of axial restraint, strains within specimen 4-S-

45 would be expected to be lower than control strains, and therefore restraint had no effect on the 

specimen.  

3.4.3 Restraint Frame Forces 

Axial strains within the restraint frame for both restrained tests (2-A-23 and 4-A-45) were 

measured. The axial forces were calculated at each load stage using the axial stiffness of the 

restraint frame (EA = 2941.2 kN for both sides) multiplied by the average axial strain taken along 

the full length of the frame member. Figure 3-15 shows axial forces in the frame in both the north-

south and west-east directions at each load stage for both axially restrained specimens.  
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Figure 3-15 Restraint system forces 

The amount of restraint in both frames appears to be similar until approximately 100 kN 

of load. For specimen 2-F-23, the low axial forces measured in the restraint frame after the cracking 

load and before 100 kN are unexpected since in Figure 3-6 and Figure 3-9 the effects of  restraint 

are visible at low loads, and therefore higher axial forces were expected over this loading range. 

The reverse is true for 4-F-45 where there appeared to be no benefit from restraint until after 225 

kN of applied load. Specimen 2-F-23 did see an increase in the amount axial force (approximately 

10 kN) between the 100 kN and 125 kN load stages, which correlates better with the observed 

stiffness behaviour. After 125 kN, the axial force within the frame did not increase as the metal 

wedges, used to close any gaps between the slab and restraint system, slipped from the system 

disconnecting the frame from the specimen.  The axial force for specimen 4-F-45 continued  to 

increase following 100 kN of applied load to 35 kN at the 225 kN load stage. Following the 225 

kN load stage the frame saw a more rapid increase in restraint forces, as more of the slab started to 

come in contact with the restraint frame. This increase in restraint force correlates with the increase 

in stiffness of specimen 4-F-45 versus the control after this load level. Once again, the difficulty in 

4-F-45 West-East  

4-F-45 North-South  

2-F-23 North-South  

2-F-23 West-East  
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interpreting the restraint frame results may be a function of the axial stiffness of the frame as noted 

in Chapter 2. 

3.5 Conclusions 

Four reinforced concrete slabs were tested under varying edge restraint conditions: two 

control slabs, and two axially restrained slabs. Specimens were restrained using a welded HSS 

restraint frame. Distributed strains for slab reinforcement and the concrete surface were measured 

using a Rayleigh backscatter fibre optic sensing system. Load and displacement measurements and 

DIC images were also collected during each test.  

Distributed strains were measured for all slab specimens, and strain comparisons were 

completed based on reinforcement orientation and load stage.  

• Slab strains varied between the North-South and West-East directions, as the slab made 

contact with only two of the four vertical supports at the start of testing.  

• The strain distribution across the slabs generally showed central bars with increased 

strain at lower loads than bars near the perimeter of the specimens.  

• As loading increased and central bars approached yielding, strains were transferred to 

the outer bars.  

The impact of axial restraint was monitored in both the control and restrained specimens 

and the following conclusions were drawn:  

• Restraint led to an initial increase in stiffness for the specimen with 300 mm bar 

spacing (2-F-23) compared to the control (1-C-23), after the 125 kN load stage minimal 

restraint was provided.  

• Restraint provided an increase in capacity of 13.2% for the specimens with 300 mm 

bar spacing, and 10.2% for the specimens with 150 mm bar spacing. However, the 
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specimens with 150 mm bar spacing both failed to punching shear and so the effect of 

restraint on flexural capacity is not clear.  
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Chapter 4 

Comparison of Experimental and Numerical Model Results 

4.1 Introduction 

According to the Canadian Infrastructure Report Card (2016), one third of Canada’s 

municipal infrastructure is deteriorated. With an estimated spending deficit for existing Canadian 

municipal infrastructure assets of $123 billion in 2007, available funding is far less than the 

potential cost of repairing, rehabilitating, and replacing all the infrastructure assets that are close to 

the end of their design lives (Mizra, 2007). One solution to this discrepancy is to evaluate which 

assets remain fit for purpose through the use of accurate assessment techniques. Infrastructure is 

typically evaluated based on visual inspections, which have significant variability (Phares et al, 

2004). In addition to the variability of inspection results, it is difficult to estimate the capacity and 

impact of deterioration without load testing of a structure. One possible solution for a more 

objective and consistent assessment of infrastructure is the combined use of monitoring techniques 

and accurate numerical models. This combined analysis could be used to determine the level of 

safety for critical structures, and possibly estimate their remaining service life (Chajes et al, 1994).  

Researchers have started using sensor data to assess and update their numerical models, a 

technique known as numerical model updating. Chajes et al (1994) performed a series of load tests 

on a steel girder and slab bridge instrumented with strain gauges at midspan of all girders. Test 

results were used to develop a numerical model of the bridge’s centre span, which was used to 

predict the impact of composite action and support conditions on the estimated bridge capacity 

using a finite element model. Bahkt and Jaeger (1990) outlined a number of load tests on bridges 

instrumented with point sensors. Results from each test led the researchers to the conclusion that 

bridge behaviour can be unexpected, and therefore field testing is the most effective means of 

understanding the behaviour. Bentz and Hoult (2016) investigated the impact of load distribution, 
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support conditions, and beam stiffness on bridge response by instrumenting a reinforced concrete 

bridge with fibre optic sensors along the length of all beams, along with DIC Digital Image 

Correlation targets. Data collected was used to update an FEA model for the bridge. The authors 

concluded that support conditions and beam stiffness had the greatest impact on model accuracy 

and that without sensor data the model could incorrectly calculate the bridge response by an order 

of magnitude. The studies completed by Bahkt and Jaeger (1990) and Chajes et al (1994) used 

discrete sensors, which can miss potential local changes along the specimens. Alternatively, Bentz 

and Hoult (2016) used distributed sensors, which allowed for measurement along the full length of 

the specimen, however, their research focused on beam behaviour.  

In this chapter, models will be created for specimens discussed in the previous chapters. 

The reason for creating these models is to (i) investigate whether finite element analysis (FEA) can 

accurately capture behaviour and failure loads of unrestrained and restrained specimens, (ii) to 

compare reinforcement strains calculated using FEA to those collected using FOS, and (iii) to 

determine the accuracy of plastic collapse analysis in predicting failure loads for two-way 

reinforced concrete slab specimens. It should be noted that model updating was not performed as 

the goal was to assess the accuracy of a freely available FEA package, VecTor2, using information 

available at the design stage. The FEA program and plastic collapse analysis method will now be 

introduced, followed by the FEA models and collapse mechanism created for the one-way and two-

way specimens, respectively. A comparison of the FEA models, and experimental data will be 

made. Plastic analysis results will then be compared to two-way experimental data, and conclusions 

will be drawn.  

4.2 Background 

4.2.1 Finite Element Analysis Software 

The one-way slab analysis in this chapter was undertaken using VecTor2, a freely available 

FEA package. VecTor2 is a non-linear finite analysis program for two-dimensional reinforced 
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concrete membrane structures based on the Modified Compression Field Theory (Vecchio and 

Collins, (1986) and the Disturbed Stress Field Model (Vecchio, 2000). The VecTor2 suite includes 

Formworks-plus, VecTor2, and Augustus. Formworks-plus is an extended version of the 

Formworks program, an advanced graphics-based pre-processor with features including automatic 

mesh generation, and data visualization. Models are created within this program, including setting 

material properties, structure geometry, and loading conditions. The model is analysed by the 

VecTor2 processor. The post-processor Augustus then provides post-analysis visualization of the 

load-deformation response, stress and strain conditions for model elements, crack patterns, among 

other data. 

4.2.2 Yield Line Theory  

Yield line theory can be used to determine initial collapse loads of slabs with membrane 

forces, with conventional yield-line theory based on the rigid plastic approximation and 

consideration of a restricted yield-line type of deformation.  Within yield-line analysis a failure 

mechanism is chosen, and the slab is sectioned into plane surfaces. The locations where these 

surfaces intersect are yield-lines, and the assumption is made that all deformations are confined to 

these yield lines, and the slab portions remain rigid. Considering translations and rotation for each 

plane surface the capacity of the slab can be determined (Morley, 1967). 

The moment capacity per unit length of both slab models were determined using Response 

2000, a non-linear sectional analysis program for the analysis of reinforced concrete elements 

(Bentz, 2000). This software is based on the Modified Compression Field Theory (Vecchio and 

Collins, 1986).  

4.3 Specimens and Models 

The specimens modelled within this chapter were selected from the Chapter 2 and are: 1-

C-80-40, 4-A-80-40, 6-C-160-48, 7-A-160-48, 9-C-160-71, and 10-A-160-71. Specimen layouts 
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and FOS installation for each specimen has been presented in greater detail in Chapter 2. Due to 

element restrictions within the VecTor2 software, only one half of each slab was modelled.  

Specimens from Chapter 3 were considered for the plastic collapse analysis. The bending 

capacities per unit length for specimens 1-C-23 and 3-C-45 were determined using Response2000. 

A plastic collapse analysis was then completed using a failure mechanism which was assumed to 

be the most probable for each specimen.  

4.3.1 FEA Models 

Finite element models were created based on the geometry, concrete and reinforcement 

properties, and boundary conditions for each specimen. Figure 4-1(a) shows the layout of the 80 

mm specimens with thickness of 300 mm, and length of 1100 mm. Only the threaded rod restraint 

system was modelled for the following comparisons. The cross-section of the model is not 

provided, as this was a 2D analysis and only the thickness of the model was considered. In order to 

simplify the analysis for symmetrically loaded specimens, only half of the slabs were modelled 

with a plane of symmetry assumed at midspan. Figure 4-1 (b) and (c) show the layouts for the 2 

bar and 3 bar 160 mm specimens with a thickness of 300 mm, and length of 1100 mm, where (a) 

shows the 2 bar specimen, and (b) shows the 3 bar specimen. Table 4-1 lists the properties used for 

the models.  

 

(a) 
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(b)  

Figure 4-1 Specimen layouts: a) 80 mm, b) 160 mm  

For the specimen layouts shown in Figure 4-1, both 160 mm specimens have the same 

cross section as the additional reinforcing bar in the 3 bar specimen is in line with the reinforcement. 

It should also be noted that the restrained specimens have the same section as control specimens, 

with the addition of threaded rods modelled parallel to the bottom steel of each specimen. Due to 

element overlap the restrained and control layouts are identical, and therefore only control layouts 

are shown.  

Table 4-1 Model slab properties 

Specimen Concrete 

Strength 

(MPa)  

Reinforcement 

Type 

Total Cross 

Sectional-

area (mm2) 

Bar 

Diameter 

(mm) 

Yield 

Strength 

(MPa) 

1-C-80-40 28 D4 x D4 155 5.47 485 

4-A-80-40 28 D4 x D4 155 5.47 485 

6-C-160-48 33.7 10M 200 11.8 450 

7-A-160-48 33.7 10M 200 11.8 450 

9-C-160-71 33.7 10M 300 11.8 450 

10-A-160-71 33.7 10M 300 11.8 450 

 

Rectangular elements were utilized for all models. Element sizes for the 80 mm specimens 

were 5 mm x 5 mm, and element sizes for both the 2 and 3 bar 160 mm specimens were 10 mm x 

10 mm.  
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Concrete regions for each specimen were created in Formworks by defining four main 

vertices entered in counter-clockwise order. The material for these regions was concrete with a 

thickness of 300 mm for all slabs. Concrete elements were plane stress rectangles with four nodes 

and two degrees of freedom at each node. Concrete compressive strengths for each model were 

determined using compressive cylinder test results for the specimens. The default value for concrete 

tensile strength was also not used. A concrete tensile strength of 1.5 MPa was used for the all 

specimens to account for the effects of shrinkage, as used by Davis et al., 2017). Additional 

properties were assigned with default values (for example: tangent modulus and Poisson’s Ratio). 

Detailed calculations for these values is available in Section 10.4.1.1 of the VecTor2 manual.  

To represent the reinforcement, Ductile Steel Reinforcement was chosen as the steel 

reference type. Yield strength and ultimate strength for reinforcement in the 80 mm specimens was 

provided by the manufacturer (NUMESH, 2017). Yield strength for the 10M bars used within the 

160 mm specimens was found to be 450 MPa from tensile tests. The ultimate strength for the 160 

mm specimen reinforcement as well as Elastic Modulus for all steel was left as the default value. 

Reinforcement locations were defined using line segments meshed with truss bar elements with 

two nodes and two degrees of freedom at each node. The 80 mm specimens had top and bottom 

longitudinal reinforcement consisting of D4×D4 welded wire mesh with a cross sectional area of 

77.4 mm2. Bottom longitudinal reinforcement for the 2 bar 160 mm slab used 2-10M bars, while 

the 3 bar 160 mm slab used 3-10M bars.  

In Figure 4-1 the point constraint was placed at the bottom of the model, 100 mm from the 

right end, and restrained movement in the y-direction only. A line constraint was set along the full 

height of each specimen on the left end to provide restraint in the x-direction only (to create a line 

of symmetry). Two load cases were used: Load Case 1 was gravity loading of the specimen using 

a concrete density of 2400 kg/m3, and was applied in 50 load steps. Load Case 2 was an applied 

point load at the center of the slab, this was applied in 500 load steps. Load Case 1 and Load Case 
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2 were applied at the same time until load stage 51 at which point the gravity load reached its 

maximum and continued at that level for the remainder of loading. The maximum number of 

iterations for each load step was 200.  

4.3.2 Plastic Collapse Model 

For a simply supported two-way reinforced concrete slab loaded at the centre of the span, 

the failure mechanism was predicted as follows, rotation was expected along all edges of the 

specimen with sagging yield lines between the outer corners and the point of contact of the load 

point at the center of the slab. Figure 4-2 shows the predicted failure mechanism for all two-way 

slabs. 

 

Figure 4-2 Predicted failure mechanism for 2-way slab specimens with edges free to rotate 
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4.4 Results and Discussion 

 Using the finite element models described above, an analysis was run for each of the six 

specimens under consideration. Comparison of the model behaviour predictions and experimental 

measurements will consist of load deflection behaviour, reinforcement strains, and restraint strains.  

4.4.1 One-Way Slabs 

Initial models created using VecTor2 utilized the programs default values for many of the 

specimen parameters including the tensile strength values for concrete to simplify the analysis 

process. Default concrete models used within this analysis include: compression pre-peak 

modelling using Hognestad (parabola), compression post-peak modelling using the modified Park-

Kent model, compression softening using Vecchio 1992-A (e1/e2-Form), tension stiffening using 

the modified Bentz 2003 model, and tension softening with the Linear model. These models, 

however, did not give the best representation of slab behaviour when compared with experimental 

data. This lack of fit can be seen in Figure 4-3 where load deflection data is presented for the default 

VecTor2 model with actual test data for specimen 6-C-160-48.  
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Figure 4-3 Load deflection comparison of 2 bar control versus 2 bar default VecTor 

analysis.  

 As seen in Figure 4-3 the default model shows a higher cracking load (approximately 10 

kN) compared to the experimental data (approximately 7 kN), as well as a higher stiffness prior to 

yielding at approximately 24 kN. This difference in predicted performance can also be seen when 

comparing the reinforcement strains along the length of the specimen. This strain comparison can 

be seen in Figure 4-4 (a) and (b), where (a) shows strains prior to cracking (6 kN) and (b) shows 

strains after cracking (20 kN).  

Actual 
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(a) 

 

(b) 

Figure 4-4 Strain comparison: a) 6 kN, b) 20 kN 

 In Figure 4-4(a) it can be seen that the calculated strains for specimen 6-C-160-48 prior to 

cracking (6 kN) are similar to measured strains between 0 and 500 mm, after which the VecTor 

model calculates strains that are increasingly lower than those measured during testing. VecTor 
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provides two sets of strain values for the reinforcement in each analysis, an Average strain and a 

Crack strain, prior to cracking these strain values are the same. Figure 4-4(b) shows strains after 

cracking, at a load of 20 kN, where once again calculated strains are similar to measured strains for 

a short length of the reinforcement (0 to 300 mm), at which point the measured strains increase 

compared to the VecTor calculations. We can also see that after cracking the Average and Crack 

strains provided by the VecTor analysis are no longer the same. Comparing the measured strains 

to the Average strains it can be seen that VecTor is calculating strains lower than measured, though 

the measured strains do fall within the Crack strain values. In order to account for the effects of 

shrinkage within the concrete specimens, the value for the tensile strength of the specimens was 

varied until cracking occurred at a similar load. Editing the tensile strength value allowed for a 

better representation of the reinforced concrete behaviour. Figure 4-5 compares the load deflection 

calculations of the VecTor model using default tensile strength values, a VecTor model with a set 

tensile strength value of 1.5 MPa, and the experimental data. 

 

Figure 4-5 Load deflection with differing tensile strength values 
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  In Figure 4-5 it can be seen that while the default model had calculated a higher cracking 

strength (10 kN), the VecTor model with a tensile strength of 1.5 MPa calculates a cracking strength 

similar to the experimental data (approximately 7 kN). The new VecTor model also shows a 

stiffness closer to that of the actual specimen prior to yielding at 24 kN. Improvement in the VecTor 

model’s behaviour calculations for specimen C-6-160-48 can also be seen when comparing 

reinforcement strains. Figure 4-6 (a) and (b) show strain comparison for the edited VecTor model 

and the experimental data before cracking (6 kN) and after cracking (20 kN).  

 

(a) 

Actual 

Average/Crack 
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(b) 

Figure 4-6 Strain comparison: a) 6 kN, b) 20 kN 

 Comparing strains in Figure 4-6(a) it can be seen that the calculated strain values are similar 

between 0 and 300 mm, differing toward midspan, as seen in Figure 4-4(a). After 300 mm there is 

a difference in strains, where the calculated model shows lower strains than measured strains. This 

difference, however, is smaller than that of the default VecTor calculations in Figure 4-4(a), and 

does not display an increase in difference toward midspan of the specimen. Strains after cracking, 

at a load of 20 kN, are shown in Figure 4-6(b), where calculated strains are once again similar to 

measured strains up to 300 mm, after which the strains differ. The Average strains provided by the 

VecTor model are similar to the experimental strains, while the measured strains fall within the 

calculated Crack strain values. As the VecTor model with a lower tensile strength value of 1.5 MPa 

showed calculated load deflection and strain values closer to experimental data for specimen 6-C-

160-48, a tensile strength value of 1.5 MPa was used for all further models.  

 

Actual 
Average 

Crack 



 

92 

 

4.4.1.1 80 mm Slabs 

Figure 4-7 shows the load deflection comparison for specimen 1-C-80-40 and the VecTor 

model created for the slab. 

 

Figure 4-7 Load deflection comparison for 80 mm control VecTor and actual 

 It can be seen that cracking for both the model and measured data occurs at approximately 

1.5 kN. The calculated load deflection behaviour also shows similar stiffness behaviour to the 

measured data up until approximately 5 kN, at which point the model calculated yielding. This 

premature yielding is caused by the tensile strength value of 1.5 MPa set for the model. Figure 4-8 

(a) and (b) show strain comparison for the control specimen prior to cracking (1 kN) and after 

cracking (4.5 kN), respectively.  

Actual 

VecTor 



 

93 

 

 

(a) 

 

(b) 

Figure 4-8 80 mm Control Strain Comparison: a) 1 kN, b) 4.5 kN 

 Figure 4-8(a) indicates that the VecTor model calculates strains lower than those measured 

during testing. After cracking, however, the strains calculated by the VecTor model are similar to 

the measured strains. The Average and Crack strains shown in Figure 4-8(b) are similar where the 
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specimen remains uncracked (between 0 and 300 mm), over calculating strains between 300 and 

600 mm, and then the Crack strains follow a similar line with the measured strains.  

 Specimen 4-A-80-40 restrained using the threaded rod restraint frame was also modelled 

using VecTor2. Figure 4-9 shows the load deflection comparison of the model response and 

experimental data.  

 

Figure 4-9 Load deflection comparison for 80 mm restrained VecTor and actual 

 Prior to cracking both the VecTor model and actual test data show similar stiffness. After 

cracking occurs in the experimental data, however, the model calculates significantly higher 

stiffness until yielding, which occurs at a higher load (approximately 11 kN) compared to the 

measured data (approximately 8 kN). The difference in performance can also be seen when 

comparing reinforcement strains. Figure 4-10 (a) and (b) compare reinforcement strains prior to 

cracking (1 kN) and after cracking (4.5 kN), respectively.  
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(a) 

 

(b) 

Figure 4-10 80 mm Restrained Strain Comparison: a) 1 kN, b) 4.5 kN 

 In Figure 4-10(a) compression strains can be seen in both the model and measured data. 

This is represented as the sections of negative strain (0 to 150 mm for the model, and 0 to 350 mm 

for the experimental data), and it caused by the specimen pressing against the reinforcing bars. The 

model calculates a negative strain of 5 με at the end of the slab, 15 με higher than the measured 
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data. Model strains prior to cracking are similar the measured strains for specimen 4-A-80-40 

(average difference of 12 με), which is expected as both the model and experimental data show 

similar stiffness in Figure 4-9.  After cracking the model and experimental data show significantly 

different stiffness in Figure 4-9, and therefore the strains are expected to differ in Figure 4-10(b). 

Once again, the strains are similar where the specimen remains uncracked (0 to 350 mm), after 

which the predicted strains are lower than measured strains. The experimental strains are expected 

to be higher than the model strains as experimental data shows lower stiffness compared to the 

model. This difference in behaviour can be better understood by comparing strains within the 

modelled and experimental restraint systems. Figure 4-11 shows rod strains for the model and 

experiment.  

 

Figure 4-11 Strain comparison for threaded rod restraint system 

A strain comparison for specimens 4-A-80-40, 7-A-160-48, 10-A-160-71, and the 

corresponding VecTor models are shown in Figure 4-11 where experimental strains were collected 

from a 400 mm section at the midspan of both threaded rods within the restraint system, while 
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model strains were collected from the restraint element in each VecTor model. Looking at the 

Actual data for each of the three restrained specimens, an initial prestress can be seen at 0 kN 

loading for each system. The modelled systems do not see this initial prestress. Modelled specimens 

show higher strains compared to the 160 mm specimen data, while the 80 mm specimen shows 

similar restraint behaviour compared to the model to approximately 250 με, at which point strains 

in the model continue to increase, and the Actual data ends. This difference in behaviour is expected 

to be caused by a difference in stiffness, where the modelled rods are stiffer than the experimental 

system. The difference in stiffness is caused by a difference in rod lengths, where modelled rods 

are 300 mm shorter than the rods in the experimental set up. As the modelled rods are shorter, but 

still elongating by a similar amount the strain, the force in the rods is expected to be higher than 

the experimental data, which leads to an increase in restraint for the modelled specimens.  

4.4.1.2 160 mm 2 Bar Slabs 

Figure 4-12 shows the load deflection response for specimen 6-C-160-48 calculated by 

VecTor compared to experimental data. 
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Figure 4-12 Load deflection comparison for 2 bar control specimens actual and VecTor 

 Using the tensile strength value of 1.5 MPa, the model shows similar stiffness to the 

measured data prior to cracking in Figure 4-12. Both the model and experimental data show 

cracking at a load of approximately 7 kN. After cracking similar stiffness is calculated by the model 

compared to measured data. The model also calculates a yield load of approximately 24 kN, similar 

to the experimental data. The accuracy of the model calculations can also be seen when comparing 

the reinforcement strains. Figure 4-13 (a) and (b) compares model strains to measured strains for 

specimen 6-C-160-48 prior to cracking (6 kN) and after cracking (20 kN).  
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(a) 

 

(b) 

Figure 4-13 2 Bar Control Strain Comparison: a) 6 kN, b) 20 kN 

 The Average and Crack strains shown in Figure 4-10(a) are similar to measured strains 

between 0 and 500 mm, after 500 mm the VecTor model calculates strains an average of 10 με 

lower than the measured strains. After cracking the calculated strains shown in Figure 4-10(b) are 

similar where concrete remains uncracked (0 to 300 mm), but the strains differ for the remainder 
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of the slab length. This difference in strains can be attributed to the restraint strains, as seen in 

Figure 4-11, where strains in the restraint model are higher for a given load than the experimental 

data as the modelled system provides a higher level of restrained compared to the experimental 

data.  

 A VecTor model was also created for the 2 bar specimen restrained using the threaded rod 

restraint system. Figure 4-14 shows the load deflection comparison for model calculations and 

specimen 7-A-160-48.  

 

Figure 4-14 Load deflection comparison for 2 bar restrained specimens actual and VecTor 

 Similar to the 80 mm restrained specimen in Figure 4-9, the modelled restrained 2 bar 

specimen in Figure 4-14 shows similar stiffness to experimental data prior to cracking of 7-A-160-

48. After cracking of the actual slab occurs, the modelled specimen shows significantly higher 

stiffness up to yielding (approximately 42 kN) compared to the experimental specimen (7-A-160-

48), which yielded at approximately 27 kN. This increased stiffness is expected to be a result of the 

restraint frame to slab interaction, and the strength of the threaded rods, which were assumed for 

the model. The model predicts perfect connection between the restraint frame and the slab, this 
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idealized case is not seen in the physical testing as perfect connection could not be achieved 

between the slab and restraint frame. Additionally, the properties of the threaded rods used for the 

restraint frame were assumed based on the listed strength for the material. The effects of the frame 

to slab interaction can be seen in Figure 4-15 (a) and (b) which show reinforcement strains prior to 

and after cracking.  
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(a) 

 

(b) 

Figure 4-15 2 Bar Restrained Strain Comparison: a) 6 kN, b) 20 kN 

 Prior to cracking the modelled strains and measured strains shown in Figure 4-15(a) are 

similar. Strains calculated using the VecTor model are lower than the measured strains by an 

average of 5 με, which correlates with the load deflection comparison in Figure 4-14 where both 

the model and measured data show similar stiffness at a load of 6 kN. After cracking, however, the 
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load deflection comparison in Figure 4-14 shows a significant difference between the experiment 

and the model, and therefore a larger difference in strain in expected for the comparison at 20 kN, 

shown in Figure 4-15(b). The first 200 mm of the specimen show similar strains in Figure 4-15(b), 

where the concrete is uncracked. After this point the strains begin to separate, with the measured 

strain higher than calculated by the model. Comparing the measured strains to the Average strains 

calculated by the model show a maximum increase of strain of approximately 800 με at midspan 

(1000 mm). Once again, this difference can be better explained by looking at Figure 4-11 where 

the modelled restraint system saw higher strains compared to the experimental data, and therefore 

provided a higher level of restraint to the modelled slab.  

4.4.1.3 160 mm 3 Bar Slabs 

Figure 4-16 shows the comparison of load deflection behaviour for the VecTor model 

and measured data for specimen 9-C-160-71. 

 

Figure 4-16 Load Deflection comparison for 3 bar control specimens actual and VecTor 

 The model shows a good correlation with the measured data with similar stiffness seen 

prior to cracking at approximately 9 kN, and then a similar stiffness after cracking to a yield load 
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of approximately 35 kN. The accuracy of the VecTor model calculation can also be seen when 

comparing reinforcement strains for the specimen. Figure 4-17 (a) and (b) compare strains before 

(6 kN) and after cracking (20 kN).  

 

(a) 

 

(b) 

Figure 4-17 3 Bar Control Strain Comparison: a) 6 kN, b) 20 kN 

 Figure 4-17(a) shows that strains calculated by the VecTor model are slightly higher 

compared to the actual response of the reinforcement, with a maximum difference of approximately 
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30 με. Figure 4-17(b) compares strains after cracking (20 kN) where strains are similar toward the 

supports of the specimen (0 to 300 mm) where the concrete remains uncracked. While Average 

strains calculated by the VecTor model are lower than the Actual strains past 300 mm, the measured 

strains do fall within the range of the Crack strains.  

 

Figure 4-18 Load deflection comparison for 3 bar restrained specimens actual and VecTor 

 Comparing the 3 bar restrained model to data collected from 10-A-160-71 in Figure 4-18 

it can be seen that there is similar stiffness before cracking of 10-A-160-71 at approximately 9 kN. 

After cracking the VecTor model shows higher stiffness than the measured data to yielding at 

approximately 47 kN. This restrained model shows yielding approximately 3 kN higher than 

measured data, a significantly smaller difference than seen with the 2 bar specimen in Figure 4-14, 

and the 80 mm specimen in Figure 4-9. After yielding the VecTor model predicts yielding of the 

reinforcement and a ductile deflection response similar to the 2 bar calculation in Figure 4-14.  

Measured and calculated reinforcement strains before (6 kN) and after cracking (20 kN) for 

specimen 10-A-160-71 are shown in Figure 4-19 (a) and (b), respectively.  
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(a) 

 

(b) 

Figure 4-19 3 Bar Restrained Strain Comparison: a) 6 kN, b) 20 kN 

 From the reinforcement strains in Figure 4-19(a) prior to cracking (6 kN) it can be seen 

that specimen 10-A-160-71 has an initial prestress, which is not seen within the model. This is 

visible near the supports of the specimen at 0 mm, where the model sees a strain of approximately 

-5 με, and the experimental data sees approximately -13 με. Prior to cracking the model calculates 
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strains similar to measured strains, with a maximum difference of approximately 10 με, which is 

expected as similar stiffness was seen in both the model and specimen at 6 kN in Figure 4-18.  After 

cracking as seen in Figure 4-19(b), the model shows reinforcing strains lower than the experimental 

data, which can again be explained by comparing the restraint strains in Figure 4-11, where the 

modelled rods for specimen 10-A-160-71 see higher strains than the experimental rods. This 

increase in strain leads to an increase in restraint in the model compared to the experimental data. 

After this initial lower stress however, the model calculates strains lower than the measured strains 

with a maximum difference of approximately 400 με.   

4.4.2 Two-Way Slabs 

The cross-sectional moment capacities of specimens 1-C-23 and 3-C-45 were determined 

using Response2000, a computer program that provides 2D sectional analysis of beams and 

columns. The moment capacity per unit length (m) for specimen 1-C-23 was found to be 21 kNm/m, 

while the moment capacity per unit length (m) for specimen 3-C-45 was found to be 39 kNm/m. 

These values were determined using an average of the effective depth of reinforcement in both 

directions (25 mm), and an ultimate capacity of 450 MPa as plastic collapse considers the yielding 

of reinforcement. 

In order to determine the capacity of the specimens a work balance was completed using 

the failure mechanism described in Figure 4-2. As the failure mechanism breaks the specimens into 

four equal sections, both the internal and external work calculations were simplified. External work 

can be determined using the failure load and displacement of each region of the specimen.   

To calculate the external work for the specimens, the point load was multiplied by 

displacement.  

 𝑬𝑾 = 𝑷∆         (4-1) 

Equation 4-1 shows the external work for a centrally located pressure load.  
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The equation for internal work was then determined considering the lengths of each yield 

line in the proposed failure mechanism, and the angles between each plane. As each region of the 

specimen is the same, all yield line lengths and angles are the same, therefore one of each was 

determined, and multiplied by 4 to include all regions. 

The length of one yield line was determined using the Pythagorean theorem as the failure 

mechanism divides the slab into four equal isosceles triangles with 90-degree angles at the center. 

Equation 4-2 shows the length of one yield line:  

𝓵𝒚𝒊𝒆𝒍𝒅𝒍𝒊𝒏𝒆 = √(
𝑳

𝟐
)

𝟐
+ (

𝑳

𝟐
)

𝟐
 =  

√𝟐𝑳

𝟐
=  

𝑳

√𝟐
     (4-2) 

 The angles between each plane were determined similarly, and are given in Equation 4-3: 

 𝜽 = √(
𝟐∆

𝑳
)

𝟐
+ (

𝟐∆

𝑳
)

𝟐
=  

𝟐√𝟐∆

𝑳
      (4-3) 

Incorporating all four regions of the proposed failure mechanism, the equation for internal 

work is given by Equation 4-4:  

 𝑰𝑾 = 𝟒𝒎 (
𝑳

√𝟐
) (

𝟐√𝟐∆

𝑳
) =  𝟖𝒎∆      (4-4) 

where m is the moment capacity per unit length of the specimen, ∆ is the deflection of the region, 

and L is the length of the slab.  

Equating the equations for internal and external work to solve for P the failure load gives 

Equation 4-5: 

 𝑷 = 𝟖𝒎∆         (4-5) 

Substituting the moment capacity values for each slab gives the calculated capacity, or failure load. 

Table 4-2 compares calculated capacity to measured capacity of specimens 1-C-23 and 3-C-45.  
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Table 4-2 Slab capacity without restraint 

Specimen Calculated Capacity 

(kN) 

Actual Capacity (kN) % difference 

300 mm spacing 168 148.1 13.4 

150 mm spacing 312 282.5 10.4 

 

The plastic collapse analysis completed for specimens 1-C-23 and 3-C-45 yielded 

calculated capacity values of 168 kN and 312 kN, respectively. Comparing these capacities to the 

experimental failure loads of the control slabs a difference of 13.4% can be seen between the 

calculated capacity and measured capacity of specimen 1-C-23. Specimen 3-C-45 however, failed 

due to punching shear, and therefore comparing the calculated and experimental capacities does 

not provide an accurate representation of the plastic collapse analysis which considered flexural 

failure.   

4.5 Conclusions 

Six – one-way specimens were modelled using finite element software, and two – two-way 

slab specimens were analysed using plastic collapse analysis.  

Slabs modelled in VecTor had varying edge restraint conditions including three control 

specimens and three specimens restrained against axial expansion. Load deflection behaviour and 

reinforcement strains calculated by the VecTor2 software were compared to experimental data to 

determine the accuracy of the FEA software in calculating slab behaviour.  

• Finite element models with the tensile strength adjusted to 1.5 MPa showed good 

load deflection agreement for the control specimens, with accurate calculation of 

stiffness and yield for the 160 mm deep specimens. 
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• Strain comparison between model calculations and experimental data showed 

similar strains for control specimens, with a maximum difference of approximately 

40 με. 

• Restraint strains were higher for modelled rods compared to experimental data, 

leading to an increase in strain and restraint forces within the model. 

• Similar stiffness was seen in restrained specimens prior to cracking where the 

modelled restraint system and experimental data showed similar strains. 

• After cracking restrained specimens saw a difference in strains, with calculated 

strains approximately 300 to 800 με lower than measured due to the increased 

restraint force provided by the modelled restraint system.  

Capacity calculated by the plastic collapse analysis of the two-way specimens was higher 

than the experimental failure loads.  

• Capacity calculations were 13.4% higher for specimen 1-C-23, and 10.4% higher 

for specimen 3-C-45 which failed due to punching shear.  
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Chapter 5 

Conclusions 

5.1 Summary of Research 

Several series of experiments were carried out to understand the impact of edge restraint 

on the behaviour of reinforced concrete slab specimens using a Rayleigh backscatter based FOS 

system. The first set of experiments were conducted using one-way reinforced concrete slabs 

loaded in three-point bending to study the impact of restraint levels, slab depth, and reinforcement 

ratios on slab behaviour. Global strain behaviour was monitored using an FOS system on both the 

slabs and restraint systems. The next set of experiments used two-way reinforced concrete slabs 

loaded centrally to investigate the impact of restraint and reinforcement ratio on slab behaviour. 

An FOS system was used to monitor strain behaviour for both the slabs and restraint system. Lastly, 

FE models were created using VecTor2 to assess the accuracy of a freely available FEA package 

for modelling one-way slab behaviour, and a plastic collapse analysis was conducted to determine 

the accuracy in calculating two-way slab capacity. The main conclusions from the current research 

are:  

1. It was found that axial restraint provided an increase in capacity of up to 45% for 

all restrained specimens when compared to the control specimens’ capacities. 

2. Axial restraint also led to a reduction in reinforcement strains at load stages prior 

to yielding compared to control specimens at the same loads.  

3. An increased reinforcement ratio was found to increase capacity in both control 

and restrained specimens, and led to a reduction in reinforcement strains compared 

to specimens with lower reinforcement ratios.  
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4. The FEA models created using VecTor2 showed similar behaviour for control 

specimens in terms of both capacity and strain calculations. 

5. FEA models for restrained specimens showed higher strain within the restraint 

specimens due to a difference in restraint system lengths between the model and 

experimental set up. This increase in restraint strains led to an increase in capacity 

calculated by the models, as well as a reduction in reinforcement strains compared 

to experimental data for the restrained specimens.  

6. The plastic collapse analysis calculated the capacity of control specimens with a 

maximum error of 13%.  

5.2 Future Work 

Suggested future work includes: 

1. The development of a better installation technique to provide more consistent 

restraint levels in the threaded rod restraint system. 

2. The development of a better technique to install the two-way restraint frame. 

3. A study of external concrete strains on the tension face of the specimen to 

investigate crack development 

4. Model updating using FEA to more accurately assess the impact of restraint on 

one-way reinforced concrete slabs 

5. Model updating to assess the impact of restraint on two-way reinforced concrete 

slabs.  
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