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Abstract 

The long-term durability of infrastructure is a growing concern as assets built in the middle of the 

last century reach the end of their service lives. One solution to manage these assets is to use distributed 

monitoring technologies to assess their performance and the effects of deterioration. Distributed fibre optic 

sensors (FOS) based on measuring Rayleigh backscatter provide strain measurements along the full length 

of the fibre up to 70 m. Digital image correlation (DIC) can show crack formation over the surface of a 

structure and assist with the understanding of the strain data from the FOS. An experimental study using 

these two technologies was undertaken to investigate the shear behaviour of reinforced concrete (RC) 

beams.   

In the first test series, seven reinforced concrete specimens with different stirrup spacing and 

longitudinal reinforcement ratios were instrumented with nylon coated FOS and tested in three point 

bending to investigate whether FOS could detect differences in behaviour. It was found that distributed 

strain measurements could detect the peak strain in the stirrups indicating the location of the crack crossing 

the stirrups as well as providing the strain distribution along the stirrup. The specimens all failed in flexure 

except the ones that violated the CSA A23.3-14 (2015) stirrup spacing limit.  

In the second test series, five RC beams with artificial deterioration were instrumented and tested. 

Artificial deterioration mechanisms included having no bottom or top anchorage as well as pitting corrosion 

at the mid-height of the stirrup legs. Stirrups without bottom anchorage were found to have the largest 

impact on the specimen’s performance (the load carrying capacity was reduced by 20% and the failure 

mode changed from flexural to shear). The other two types of deterioration did not influence the load 

carrying capacity. Distributed sensing aided in understanding the failure mode. 

Finite-element models were created using a two dimensional finite-element analysis (FEA) package 

to evaluate the accuracy of this software for use in structural assessments with distributed sensing. It was 

found that the results from the FE models were less conservative than the experimental results for most 
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cases. Inaccuracies (i.e. load capacity, failure mode, strain distribution, crack pattern) were due to the use 

of incorrect modeling methods for the deteriorated stirrups and the use of smeared cracking.  
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Chapter 1- Introduction 

1.1 Motivation for the Research 

Corrosion of the embedded reinforcement in reinforced concrete (RC) structures is one of the most 

critical deterioration modes and can lead to structural failure. Shear reinforcement, which are usually 

referred to as stirrups in RC beams in North America, tend to be more susceptible to deterioration due to 

their smaller cross-sectional areas and concrete cover compared to the longitudinal reinforcing bars. The 

Canadian Infrastructure Report Card (2016) indicates that one third of municipal infrastructure is rapidly 

deteriorating in Canada. Therefore, there is a need to investigate the behaviour of stirrups in both intact and 

deteriorated structures. However, the estimated spending deficit for existing Canadian municipal 

infrastructure assets was $123 billion in 2007 (Mirza, 2007) indicating that the funding is not available to 

replace all of these deteriorating assets.  The use of accurate assessment techniques is one possible way to 

mitigate this situation by keeping infrastructure assets that are still fit for purpose in service.  

Visual inspection is the most commonly used method to assess structures. In some cases 

conventional sensors, such as strain gauges, have been used at select locations in the structures (for example 

at mid-span of the longitudinal rebars and mid-height of stirrups)(EI-Sayed et al., 2015; Regan and Kennedy 

Reid, 2004). However, the accuracy of visual inspections is highly variable as it depends on the time spent 

and skills of the individual inspector (Graybeal et al., 2001). Also, deficiencies that are hidden within the 

structures, which are sometimes critical, cannot be captured by visual inspections. Moreover, conventional 

sensors often have limited resistance to corrosion, which limits the use of these sensors in harsh 

environments (Graver and Inaudi, 2004). Also, they are often discrete sensors, which means they can fail 

to capture behaviour that is distributed and random, such as cracking in reinforced concrete. Another 

challenge of assessing infrastructure assets is that the ultimate capacity and impact of deterioration on the 

asset is hard to estimate without doing a load test. For these reasons, numerical models updated with 
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quantitative data from structural monitoring can be one solution to assess the impact of deterioration and 

the level of safety of the infrastructure asset at an early stage. 

Distributed monitoring techniques (fibre optic sensors and digital image correlation) combined 

with finite-element analysis (FEA) have the potential to address some of these challenges. This research 

project will investigate using distributed FOS based on the measurement of Rayleigh backscatter to measure 

the strains in stirrups of RC beams. The major advantages of these distributed sensors over electrical strain 

gauges are that they provide distributed strain readings along the full length of the fibre optic cable as well 

as being lightweight, and providing long-term measurement stability even in a corrosive environment 

(Méndez and Csipkes, 2013). In this research the Luna OBR 4600 (optical backscatter reflectometer), which 

provides an accuracy of approximately 1  over a 20 mm gauge length, has been used (Kreger et al., 2007). 

Digital image correlation (DIC) is another monitoring technique that is used in this research to identify 

crack locations and orientations for specimens under load. The DIC crack measurement approach developed 

by Hoult et al. (2016) will be used. Finally, the experimental measurements will be compared to the results 

of a finite element analysis undertaken using the freely available VecTor2 software package. It is believed 

that the current study has the potential to increase the understanding of shear behaviour, which can then be 

used to develop better assessment techniques in the future such as finite element model updating and 

external monitoring techniques. 

1.2 Research Objectives 

The main objectives of the research are to: 

1.1 Investigate the ability of distributed fibre optic sensors (FOS) and digital image correlation (DIC) 

to assess the effects of stirrup spacing and longitudinal reinforcement ratio on shear performance 

and crack behaviour of RC beams. 

1.2 Study whether FOS and DIC can assess the impact of deteriorated stirrups on RC beam behaviour 

in terms of strain and crack distributions. 
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1.3 Compare the results of finite-element models with experimental results to investigate whether 

finite-element analysis (FEA) can capture the correct failure mode and ultimate capacity of 

different specimens as well as determine the stirrup strain distributions. 

1.3 Thesis Organization 

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

Graduate Studies). It consists of five chapters: Chapter 1 is the general introduction, Chapter 2 to Chapter 

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

In Chapter 2, FOS are installed on stirrups to examine the ability of FOS to measure stirrup strains 

in RC beams. Three point bending tests were conducted to investigate how strain changes before and after 

cracks develop in the concrete as well as near the ultimate load. DIC analysis was used to assess the changes 

in the crack pattern as the load increases and to help understand the measured stirrup strain profiles. 

Specimens with different longitudinal reinforcement ratios and stirrup spacing were compared to determine 

the impact of each on the load carrying performance and crack behaviour of specimens. 

Chapter 3 investigates the use of FOS and DIC to measure the impact of stirrups with various types 

of artificial deterioration. One specimen with 2 – 25M longitudinal reinforcement bars and 150 mm stirrup 

spacing from Chapter 2 was used as a control specimen, and the other specimens had stirrups with different 

deterioration mechanisms. The specimens were tested in three point bending using the same test setup as 

Chapter2. Strain distributions and crack patterns for each specimen were acquired and compared with the 

control specimen to understand the effect that the different deterioration mechanisms had on the load-

displacement and crack behaviour. 

Chapter 4 examines the ability of a freely available FEA package, VecTor2, to access the capacity 

of RC structures. A two dimensional FE model of each specimen tested in Chapter 2 and Chapter 3 was 

created using VecTor2. The load-displacement behaviours, strain distributions, and crack patterns obtained 

from the FEA were compared with the experimental results to investigate the correlation between the FEA 

and the physical specimens.  
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Lastly, in Chapter 5, the major conclusions from each chapter are summarized as well as potential 

future research that goes beyond the scope of this thesis. 
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Chapter 2– Development of Distributed Sensing to Assess Shear Behaviour 

2.1 Introduction 

Currently, there are many design procedures that are used to estimate the amount of shear capacity 

of a reinforced concrete structure and for a given structure they can provide different estimates of that 

capacity. As summarized by ASCE-ACI Committee (1998), the shear design approaches can be grouped 

into the following categories: 1) modified compression field theory, which treats the cracked concrete in 

reinforced concrete as a new material with empirically defined stress-strain behaviour; 2) truss approaches, 

which consider the shear stresses to be transferred across the inclined cracks by aggregate interlock or 

friction; 3) shear friction approaches, which focus on sliding failure at construction joints and discrete 

cracks; and 4) strut and tie models, which consider the structure to be composed of a series of compression 

struts and tension ties. Other models for shear design have also been proposed such as the compressive 

force path model that was developed by Kotsovos (1988). However, one of the challenges for engineers is 

that it is not clear which one of these models most accurately captures the shear behaviour of a reinforced 

concrete element. 

In order to determine which model is most appropriate, an accurate measurement of the strain 

distribution in the transverse and longitudinal reinforcement is required. However, the location and 

orientation of shear cracks are quite variable in reinforced concrete structures. And with conventional strain 

gauges, which only provide discrete measurements at a single point, the data can be difficult to use if the 

strain gauges are not at the locations of the shear cracks where the maximum strains occur. As such, a better 

technology is needed to measure the reinforcement strains more effectively. 

Fibre optic sensing technologies can potentially be used as such a tool to help understand the strain 

distribution in the stirrups of reinforced concrete beams. Fibre optic strain sensors (FOS) measure changes 

in the properties of light as it travels along the fibre optic cable. There are two main types of fibre optic 

sensors: a) discrete, which only measures the strain at the locations of the sensors and are akin to discrete 

strain gauges, and b) distributed, which provide measurements along the whole length of the fibre optic 
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cable. Previous research has demonstrated the ability of the distributed sensors to detect localized changes 

in the strains along the longitudinal reinforcement (Regier and Hoult, 2015). However, to the author’s 

knowledge, no attempt has been made to use distributed sensors to measure the strain distribution along the 

shear reinforcement of a reinforced concrete beam. 

Strain data on its own is difficult to interpret without knowledge of the crack locations and 

orientations to determine where the maximum strain in the transverse reinforcement should occur (i.e. at 

the crack). Digital Image Correlation (DIC) is a technique that uses movements of areas of interest in a 

series of digital images to measure displacements and strains. A number of researchers have employed DIC 

to map and measure cracks in reinforced concrete elements and the approach developed by Hoult et al. 

(2016) will be used in the current research.  

Given this background, the objectives of the work summarized in this chapter are to 1) develop an 

installation technique to measure the response of the shear reinforcement in a reinforced concrete beam 

using distributed fibre optic sensors, 2) examine the distributed strain profile with depth and through the 

width of the beam,  3) determine if strain peaks in the FOS data correspond to crack locations measured 

using DIC, and 4) investigate the impact of  longitudinal reinforcement ratio and stirrup spacing on shear 

behavior.  

The following section gives a background on the FOS technology. Following that, the experimental 

method is explained, including the design of the RC specimens, the instrumentation of the FOS, the test 

setup, and the test procedure. The next section will introduce and discuss the load-deflection behaviour of 

all the specimens, the FOS strain data, and the DIC results. The main discoveries from the analysis are 

summarized at the end of this chapter.  

2.2 Background 

2.2.1 Fibre Optic Sensors 

Fibre optic sensors (FOS) have a number of advantages over conventional electrical resistance 

strain gauges such as being stable over the long-term, immune to electromagnetic interference issues, 
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lightweight, small, and inexpensive (Méndez  and Csipkes, 2013). As noted in the introduction, there are 

two major types of FOS: discrete and distributed. Which type to use depends on the specific application 

and the structure to be monitored. 

Discrete sensing systems are similar to conventional strain gauges in that they only provide 

readings at a limited number of sensing locations. Fibre Bragg gratings are a discrete sensor that has high 

accuracy with a strain resolution of approximately 1 microstrain and can provide absolute rather than 

relative measurements (Gebremichael, 2005). However, the extent and the locations of shear cracks are 

hard to predict and with these uncertainties discrete sensors may not be able to capture the change in the 

strain along the stirrups and may miss the peak strain with the sensors only placed at discrete locations.  On 

the other hand, distributed fibre optic sensors (DFOS) are able to measure the strain along the entire length 

of the fibre at the same time.  

DFOS based on Brillouin optical time domain reflectometer (BOTDR) and Brillouin optical time 

domain analysis (BOTDA) measure the change in the frequency of the backscattered light due to photon-

phonon interactions (Henault et al., 2011). BOTDR has an advantage over BOTDA in that access to only 

one end of the cable is required although both of these systems are capable of long-distance measurement 

over kilometres of fibre. BOTDR has an accuracy of approximately 30 microstrain over 1 m gauge lengths, 

which are suited for large-scale applications of structural and geotechnical monitoring (Mohamad et al., 

2011). However, for most structural monitoring applications, especially in laboratory experiments, which 

usually involve small scale structures, a spatial resolution of 1 m may not be useful for detecting localized 

changes. BOTDA has better strain accuracy (~20 microstrain) and spatial resolution (~ 20 mm) (Bao and 

Chen 2012). However for reinforced concrete applications requiring access to both ends of the fibre can be 

a limitation due to the possibility of fibre breaks during concrete casting. Therefore, BOTDR and BOTDA 

are not well suited to this research. 

On the other hand, DFOS based on Rayleigh optical frequency domain reflectometry (OFDR) 

overcomes these disadvantages (e.g. gauge length, strain resolution, and the need for access to both ends of 
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the fibre). OFDR uses differential measurements of backscatter off of imperfections in the fibre core to 

measure a change in frequency or spectral shift. The change in frequency is linearly related to the change 

in strain, temperature, or both. Since OFDR is sensitive to changes in both mechanical strain and 

temperature strain, the effect of temperature needs to be mitigated. In this research all experiments were 

conducted at a constant temperature. The current research uses the optical backscatter reflectometer (OBR 

4600) from Luna Technologies to measure distributed strains. The Luna OBR 4600 has an accuracy of 

approximately 1 microstrain over a 20 millimetre gauge length along up to 70 m of fibre (Kreger et al., 

2007).  

Several research projects have used the OBR 4600 for measuring strains in reinforced concrete. 

Villalba and Casas (2012) used this system to monitor external strain changes along a reinforced concrete 

slab. Regier and Hoult (2015) used this system to measure internal reinforcement strains and external 

concrete surface strain on several beams that had varying degrees of longitudinal reinforcement 

deterioration. Regier and Hoult (2014) used this system during a field test on a reinforced concrete bridge 

to examine bridge support conditions as well as the load distribution between beams by analyzing the 

measured concrete surface strains.  This system has also been used to determine the bond behaviour between 

the longitudinal reinforcement and surrounding concrete for both intact reinforced concrete (Davis et al. 

2017) and corroded concrete specimens (Davis et al. 2016). Once again, to the author’s knowledge, no 

research has been undertaken to investigate the use of this technology to detect the performance of stirrups 

in reinforced concrete beams. 

All specimens were instrumented with nylon coated single mode fibres in this research because the 

nylon coating can provide protection to the sensing core under normal handling and the fibres are less 

fragile when compared to polyimide coated fibres. One disadvantage is that the strain transfer in the nylon 

coated fibres is through friction since the nylon jacket is not bonded to the core, which then means that 

maximum and minimum strains are potentially not measured correctly (Hoult et al., 2014). 
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2.3 Experimental Method 

2.3.1 Specimens 

Seven specimens were constructed and instrumented for this investigation. All of the specimens 

had 10M closed stirrups (fy = 440 MPa) and two 10M top longitudinal reinforcement bars (fy = 440 MPa). 

However, the longitudinal reinforcement size (20M, fy = 491 MPa versus 25M, fy = 454 MPa), and spacing 

of the stirrups (150, 300, and 400 mm) were varied to explore the impact of each on shear performance and 

stirrup strains. The specimens are labeled using the beam number followed by the size of the bottom 

reinforcement and the stirrup spacing (e.g. B1-25-400). The four types of specimens are shown in Table 

2.1. 

Table 2.1: Specimen Properties 

Specimens f’c (MPa) 
Bottom 

Reinforcement 

Stirrup Spacing 

(mm) 

Expected Failure 

load (kN) 

B1-25-400 25 25M 400 190 

B2-25-400 25 25M 400 190 

B3-25-150 33 25M 150 190 

B4-25-150 33 25M 150 190 

B5-20-150 33 20M 150 130 

B6-20-150 28 20M 150 130 

B7-20-300 28 20M 300 130 

 

The side view of the specimens with 400 mm stirrup spacing is shown in Figure 2.1a), 150 mm 

stirrup spacing in Figure 2.1b), and 300 mm stirrup spacing in Figure 2.1c). Figure 2.2 shows the cross-

section of the specimens with the 20M bottom reinforcement. The specimens with the 25M bottom 

reinforcement are the same except for the different bottom bar diameter, which changes the effective depth 

by 3 mm to 247 mm. The specimens were cast using ready mix concrete along with cylinders for 

compressive strength testing. The concrete cylinder strength on the day of testing for each specimen is given 

in Table 2.1. The size of the bottom reinforcement, stirrup spacing and expected failure load for each 
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specimen are also listed in Table 2.1. All the specimens were expected to fail in flexure at different load 

levels. However, according to Canadian Standards Association code A23.3-14 – “Design of concrete 

structures” clause 11.3.8.1, any specimens with a stirrup spacing greater than 157 mm have the potential to 

fail in shear since it violates the code stirrup spacing limits of 0.7 times the effective depth in shear (CSA 

A23.3-14, 2015). The specimens had a total length of 2500 mm, a span of 2000 mm, a width of 200 mm 

and a height of 300 mm. The cross-section of the specimens is shown in Figure 2.2. The dimensions of the 

specimens were selected in order to have a capacity lower than what could be provided by the available 

actuator and enable several specimens to be fabricated at one time.  

 

a) Side view of specimens with 400 mm stirrup spacing. 

 

b) Side view of specimens with 150 mm stirrup spacing. 
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c) Side view of specimens with 300 mm stirrup spacing. 

Figure 2.1: Side view of specimens, all dimensions in mm 

 

Figure 2.2: Cross-section of specimens with 20M bottom reinforcement, all dimensions in mm 

2.3.2 Instrumentation  

The stirrups were instrumented with nylon coated single-mode fibre optic sensors as shown in 

Figure 2.3. In order to ensure adequate bond between the fibre and the stirrup, the outside ridge, where the 

fibre was installed, was sanded with sand paper, cleaned with water and degreaser, and then wiped with 

rubbing alcohol in order to remove any dirt or grease from the reinforcement. The nylon fibres were then 

attached to the steel using a cyanoacrylate adhesive (Loctite 4861). The loose fibre sections where the fibre 

entered and exited the beam, and thus were not glued on to the stirrups, were protected using 3 mm diameter 

plastic tubes. The fibres that extended beyond the protective tubes were placed in plastic bags to protect 

them from concrete during pouring of the beams. It should be noted that the plastic bags seen in Figure 2.3 

were placed outside of the formwork when casting the concrete and removed prior to splicing the fibres 

together. The length of fibre on each stirrup was measured for subsequent strain analysis. One thing to note 
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is that the stirrups were not perfectly manufactured in terms of their shape and size, and therefore some 

stirrups were perpendicular to the longitudinal reinforcement but some were tilted at an angle. The location 

of each stirrup was marked on the formwork as shown in Figure 2.4 and those marks were transferred on 

to the beam once the concrete had hardened. This was done so that the stirrups could be located with respect 

to the crack locations during testing.  

 

Figure 2.3: Single-mode nylon coated fibres installed on stirrups 
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Figure 2.4: Formwork used for specimens with stirrup locations indicated 

Five linear potentiometers (LPs) were used to measure the beam’s displacement. The LPs were 

placed at the quarter span, mid-span, and supports of the beam to account for displacements that were 

caused by any support settlement issues such as localized crushing of the plaster under the support. A load 

cell attached to the actuator at the centre of the beam was used to measure applied load. For DIC analysis, 

images were captured by 3 Canon t3i cameras. Two cameras were used to capture images of each shear 

span while the third camera was used to take images of the mid-span. A Luna OBR 4600 was used to obtain 

strain readings from the fibre optic sensors, which were bonded to the stirrups as well as the longitudinal 

reinforcement. 

2.3.3 Test procedure 

All seven beams were tested in three point bending to simplify the test setup and maximize the 

shear span as shown in Figure 2.5, and the tested span was 2 m.  Paint was sprayed on the beam surface to 

create a speckle pattern and ensure a good texture for the DIC analysis. Ten reference photos were taken 

before the testing and after unloading, 5 photos were taken at each load step to avoid errors due to issues 



 

14 

 

related to individual images (e.g. someone blocking the camera). Reference strain readings from the fibre 

optic sensors were scanned and saved using the Luna OBR 4600 just before the testing to minimize the 

effect of temperature and other factors on the results.  

The actuator, which applied load to the centre top of the beam, was used under displacement control 

at a rate of 2 mm/min. Because neither the fibre optic analyzer nor the digital cameras were capable of 

capturing data dynamically, load hold steps were used to acquire these measurements. The load was held 

at 5 kN increments up to 50 kN, at 10 kN increments up to 80 kN, and at 20 kN increments beyond 80 kN. 

The displacements and the load were recorded at a rate of 1 Hz continuously throughout the test. Due to a 

limitation of the data acquisition (DA), any load above 200 kN could not be recorded by the system, thus 

load readings were taken from the controller and recorded manually along with the corresponding LP 

readings. 

 

a) Schematic drawing of the test setup 
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b) Test set up with Luna and cameras 

Figure 2.5: Test setup 

2.4 Results and Discussion 

2.4.1 Load-displacement behaviour 

Table 2.2 gives the maximum load-carrying capacity and failure mode for each of the specimens. 

Figure 2.6 shows the load-displacement behaviour for a) specimens with 25M longitudinal reinforcement 

and b) specimens with 20M longitudinal reinforcement. And the drops in the figures were the creeps of the 

beam during load steps. 

Table 2.2: Specimen Results 

Specimens Failure Load (kN) Failure Mode 

B1-25-400 143 Shear 

B2-25-400 128 Shear 

B3-25-150 215 Flexure 

B4-25-150 215 Flexure 

B5-20-150 143 Flexure 

B6-20-150 141 Flexure 

B7-20-300 126 Shear 

 

Load Cell 

 LPs 

Luna OBR 4600 

DIC Camera 
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a) Load-displacement behaviour of specimens with 25M bottom reinforcement. 

 

b) Load-displacement behaviour of specimens with 20M bottom reinforcement 

Figure 2.6: Load-deflection behaviour 
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From Figure 2.6a) it can be seen that the specimens with 400 mm stirrup spacing, B1-25-400 and 

B2-25-400, experienced a brittle failure, which led to strength reductions compared to specimens B3-25-

150 and B4-25-150 of 32% and 40%, respectively. CSA A23.3-14 (2015) indicated that the shear 

reinforcement area was sufficient to prevent a shear failure however the reinforcement spacing of 400 mm 

exceeded the 157 mm allowed by the code. The specimens with 150 mm stirrup spacing failed in flexure 

as expected and it is worth noting that both of these tests were halted prior to crushing of the concrete to 

avoid damaging the displacement transducers. From Figure 2.6b) it can be seen that all three beams with 

20M bottom reinforcement reached the same failure load (~126 kN) however specimen B7-20-300 

experienced a brittle shear failure after reaching the maximum load. Once again, this specimen had the 

required area of shear reinforcement but violated the maximum allowable stirrup spacing limits. It is not 

clear why specimen B5-20-150 is stiffer than the other two specimens after concrete cracking. One 

possibility is that the effective depth was larger due to improper reinforcement bar placement during 

construction.  

 It should be noticed from Figure 2.6a) is that B1-25-400 had a much lower stiffness compared to 

the other specimens with 25M bottom reinforcement. This might be due to a measurement issue with the 

LPs, or perhaps the specimen had initial cracks prior to testing as B1-25-400 shows a lower stiffness prior 

to the cracking load and similar stiffness after the cracking load when compared to B2-25-400. Specimens 

with 25M bottom reinforcement had higher stiffness than specimens with 20M bottom reinforcement in 

general. Because stiffness for the same cross-sectional geometry depends on the longitudinal reinforcement 

and the concrete strength, since the concrete strengths for all specimens were similar, the bottom 

longitudinal reinforcement ratio controls the stiffness, with the larger size of the bottom reinforcement 

leading to higher stiffness.   

2.4.2 Strain profile and crack patterns  

Figure 2.7 shows the strain profile along the full length of the fibre optic cable for B3-25-150 at 50 

kN and 180 kN, which are represented by the black and grey lines, respectively. One thing to note is that 
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the presented readings have not been filtered based on the spectral shift quality, an indicator of whether the 

measurement is accurate. A spectral shift quality less than 0.15 is considered to be poorly correlated and 

was deleted from the analysis. For individual stirrup analysis, the spectral shift quality of the strain readings 

was considered and unreliable data points were not presented, which then created gaps in the strain profiles. 

For all the fibre optic data presented, the gauge length and the sensor spacing were both set to 10 mm. 

Larger gauge lengths (e.g. 20 mm) have the potential to miss the critical measurement and smaller gauge 

lengths (e.g. 5 mm) result in lower accuracy. The individual stirrup locations are indicated by the vertical 

dashed lines and numbered. The fibres installed on the 4th and 7th stirrups were broken during pouring of 

the concrete, and so the data from these stirrups does not appear in the profile. 

 

Figure 2.7: Strain along the fibre for B3-25-150 at 50 kN and 180 kN, stirrups are labeled from 1-13 

As illustrated by Figure 2.7, before the development of shear cracks in the concrete (at 50 kN) the 

strains in the stirrups are below 500 microstrain. This is because the concrete and the stirrups share the 

shear force and the majority of the applied force is being taken by the gross section of the concrete resulting 

in low stirrup strains. At an applied load of 180 kN, 84% of the ultimate load for this specimen, the strains 

in most stirrups are higher than the strains before shear cracking. For example, the maximum strain in 

stirrup 5 at 50 kN was 220 microstrain, which increased to 2500 microstrain at 180 kN. Even though the 

strains at 180 kN are generally high, in stirrups 1 and stirrup 13, the strains are still relatively low compared 

to other stirrups. One possible reason for this is that these two stirrups are just 100 mm away from the edge 

of the support plate of the simply supported beam. In this region it is expected that the shear will be carried 
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to the support in the compressive strut according to CSA A23.3-14 (2015), hence the reason that stirrups 

are designed for the shear occurring a distance equivalent to the effective depth in shear (225 mm) away 

from the support. Therefore, it makes sense that the strains in these stirrups are lower than the other stirrups. 

Figure 2.8 shows the crack pattern acquired using DIC for the left span of B3-25-150 at 180 kN, 

for one side of the specimen. The crack patterns are created by plotting the horizontal strain using a 32 pixel 

gauge length over the entire surface of the beams. Cracks are areas of high horizontal strain and show up 

as dark grey or black areas on the plot. The locations of the stirrups are marked on the plot as vertical lines 

to illustrate where the shear cracks formed relative to the stirrups. 

 

Figure 2.8: Crack pattern of B3-25-150 at 180 kN, stirrups are indicated using vertical red lines 

The crack pattern results correlate well with the stirrup strain profile in Figure 2.7 that shows lower 

strains in stirrup 1, which, as seen in Figure 2.8, did not intersect with a crack while the other stirrups did 

at 180 kN. 

For each stirrup, the fibre was first bonded to the top of the stirrup, then down one leg, then along 

the bottom, then up the other leg, and finally along the top as indicated by the arrows in Figure 2.9. As 

mentioned earlier, the fibres were only attached to the outside ridge of the stirrups. Figure 2.10 shows the 

strain in a stirrup 700 mm away from the left support of B3-25-150, as seen in Figure 2.8, at 50 kN and 180 

kN. Because the fibre optic cable wraps around the stirrup, the full strain behaviour of the stirrup can be 

seen in one figure. The legs and bottom of the stirrup have been delineated in the figure for ease of 

interpretation.  



 

20 

 

 

Figure 2.9: Stirrup with fibre optic cable. The strain reading direction is indicated by the arrows 

 

Figure 2.10: Strain in the stirrup 700 mm away from the left support of B3-25-150 at 50 kN and 180 

kN 

In Figure 2.10, large strain peaks (approximately 2500 microstrain) appear after the development 

of shear cracks while low strains (below 200 microstrain) are measured before the development of shear 

cracks. Unreliable data points that had spectral shift quality less than 0.15 were considered as poorly 
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correlated to the reference scan and have been filtered out, but the plot still captures the peak strain on both 

sides of the specimen. One can see from Figure 2.10 that the shear cracks intersect this stirrup at about 50 

mm above the bottom longitudinal reinforcement which correlate well with crack patterns shown in Figure 

2.8. Also the strains in this stirrup in this case are symmetric on both sides of the specimen, therefore it can 

be assumed that the crack formed through the section at approximately the same location.  

Another interesting feature of Figure 2.10 is that the strains across the bottom of the stirrup are non-

zero and in fact reach approximately 500 microstrain at 180 kN. To explore this behaviour further, Figure 

2.11 shows the average bottom strain in each stirrup for a) B3-25-150 and b) B5-20-150 at 50 kN.  
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b) B5-20-150 

Figure 2.11: Average bottom strain in each stirrup in B3-25-150 and B5-20-150 at 50 kN 

From Figure 2.11 it can be seen that the average bottom strain increases more or less linearly with 

distance from the support to the centre of the beam.  The longitudinal strain with length along the beam is 

plotted in Figure 2.12 for a) B3-25-150 and b) B5-20-150 at 50 kN. 
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b) B5-20-150 

Figure 2.12: Strains in bottom longitudinal reinforcement for both B3-25-150 and B5-20-150 at 50 

kN 

Figure 2.12 shows that the strain in the longitudinal reinforcement follows the expected profile 

going from zero at the supports to a maximum at midspan. The spikes in the strain profiles are strain 

concentrations at crack locations. As expected the strains in the beam with the 20M bars are higher at this 

load level since this represents 37% of the ultimate load for this beam and only 23% of the ultimate load 

for the 25M beams. It is also interesting to note that crack locations correspond to the stirrup locations, 

which was also seen in Figure 2.8. One possible explanation for the strains in the bottom of the stirrups is 

that the stirrups are bridging the cracks and taking a small percentage of the load across the crack, which 

would explain why the bottom stirrup strains follow the same trends as the bottom longitudinal 

reinforcement strains. A second possibility is that this behaviour is related to Poisson’s ratio, which would 

affect the transverse strains, however one would expect compressive strains in the direction perpendicular 

to the tensile stresses based on Poisson’s effects. A third possibility for the non-zero bottom strains is that 

slip occurred between the nylon coating and the fibre core. Furthermore, localized bending of the stirrups 

could be another reason for the bottom strains. To investigate this possibility, installation of multiple fibres 
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on the same stirrup would be required to capture any potential curvature due to bending. At the moment it 

is not clear why strains develop in the bottom of the stirrups and this topic requires further investigation. 

2.4.3 Factors affecting the strains in the stirrups 

In this section the effects of bottom longitudinal reinforcement ratio and stirrup spacing on the 

shear behaviour and strains in the stirrups will be examined. The stirrup strains will be analyzed in 

conjunction with the DIC analysis since the crack location and orientation have a significant impact on the 

stirrup strains. It should be noted that DIC images were only taken the front side of the beam and so the 

change in crack orientation through the beam is not known. Besides that, the DIC analysis was performed 

for the left span of the specimen using a 32 pixel gauge length while the mid-span and right span analysis 

were performed using a 64 pixel gauge length. This is due to the different field of view of the three cameras. 

2.4.3.1 Effects of longitudinal reinforcement ratio 

Figure 2.13 shows the strains in stirrups 700 mm away from left support for both B3-25-150 and 

B5-20-150 at 50 kN, and Figure 2.14 shows the crack patterns for both specimens at 50 kN. 
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Figure 2.13: Strains in stirrups 700 mm away from the left support for both B3-25-150 and B5-20-

150 at 50 kN 

 

a) Crack pattern for B3-25-150 at 50 kN, showing the left span of the specimen 

 

b) Crack pattern for B5-20-150 at 50 kN, showing the left span of the specimen 

Figure 2.14: Crack patterns for left span of B3-25-150 and B5-20-150 at 50 kN 
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The crack patterns in Figure 2.14 show that the cracks in specimen B5-20-150 are wider than B3-

25-150 at this load, which is to be expected since the reinforcement ratio of B5-20-150 is 1.2% versus 2% 

for B3-25-150. At 50 kN, the strains in the stirrups for both specimens are low with a maximum strain of 

263 microstrain in B5-20-150 and 220 microstrain in B3-25-150, which indicates that the longitudinal 

reinforcement does not have a significant impact on stirrup strains before the development of shear cracks.  

Figure 2.15 shows the strain data for the same stirrups at 120 kN for both specimens. And Figure 

2.16 presents the crack patterns for both specimens at this load. 

 

Figure 2.15: Strains in stirrups 700 mm away from left support of both B3-25-150 and B5-20-150 at 

120 kN 

 

a) Crack pattern for B3-25-150 at 120 kN, showing the left span of the specimen 
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b) Crack pattern for B5-20-150 at 120 kN, showing the left span of the specimen 

Figure 2.16: Crack pattern for left span of B3-25-150 and B5-20-150 at 120 kN 

From Figure 2.16 it can be seen that the crack widths are much larger in B5-20-150 than in B3-25-

150, which is to be expected since this load represents 90% of the ultimate capacity of B5-20-150 and only 

57% of the ultimate capacity of B3-25-150. From Figure 2.15, one can see that the maximum strain in the 

stirrup of B5-20-150 is higher (1320 microstrain) than the maximum strain in the stirrup of B3-25-150 (497 

microstrain) at the front side of the specimen and the back side of the specimens have similar maximum 

strain values for the two specimens (~820 microstrain). This is possible since the development of shear 

cracks and their locations in an RC beam are quite variable resulting in strain profiles that are non-

symmetric for the same stirrup. From Figure 2.16, it can be seen that the stirrup that is located at 700 mm 

away from the left support of B5-20-150 had crossed a crack near the bottom of the stirrup, which explains 

why the strains in this stirrup are higher in this location.  

However, this crack would be considered more as a flexural crack (mostly vertical) rather than a 

shear crack at this location. Thus despite the width of the crack, the maximum stirrup strain of 1320 

microstrain was still only about 60% of the yield strain of 2200 microstrain. One of the interesting features 

of the beams with the 150 mm stirrup spacing is that the stirrups appear to have acted as crack inducers 

with most of the flexural cracks starting at the base of the stirrups and thus the shear cracks do not generally 

cross the stirrups as illustrated by Figure 2.16. It should also be noted that at the mid-height of the stirrup, 

where strain gauges would traditionally be placed, the strains are less than 50% of the maximum strains 

measured in each stirrup. 



 

28 

 

2.4.3.2 Effects of different stirrup spacing 

Figure 2.17 shows the strains in a stirrup 1300 mm away from left support for B3-25-150 at 50 kN 

and the strains in a stirrup 1400 mm away from the left support for B1-25-400 at 50 kN. Figure 2.18 shows 

the crack patterns obtained from the DIC results for these two specimens at 50 kN. 

 

Figure 2.17: Strains in the stirrup 1300 mm away from left support of B3-25-150 at 50 kN and 

strains in the stirrup 1400 mm away from the left support of B1-25-400 at 50 kN 

 

a) Crack pattern for B3-25-150 at 50 kN, showing the right span of the specimen 
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b) Crack pattern for B1-25-400 at 50 kN, showing the mid–span of the specimen 

Figure 2.18: Crack patterns for the stirrup located at 1300 mm from the left support for B3-25-150 

and 1400 mm for B1-25-400 at 50 kN 

From Figure 2.17, one can see that both stirrups show peak strains of less than 150 microstrain at 

50 kN, which is once again to be expected before the development of shear cracks. From Figure 2.18b) it 

can be seen that the flexural crack that formed at the base of this stirrup is starting to rotate, which is 

potentially the reason for the 118 microstrain peak in the front side strain profile for specimen B1-25-400 

at this load level. To investigate whether this trend continues, the strain data for the same stirrups in 

specimens B3-25-150 and B1-25-400 is plotted in Figure 2.19 at a load of 120 kN and the crack patterns 

for both specimens are given in Figure 2.20. 

 

Figure 2.19: Strains in the stirrup 1300 mm away from left support of B3-25-150 at 120 kN and 

strains in the stirrup 1400 mm away from the left support of B1-25-400 at 120 kN 
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a) Crack pattern for B3-25-150 at 120 kN, showing the right span of the specimen 

 

b) Crack pattern for B1-25-400 at 120 kN, showing the mid-span of the specimen 

Figure 2.20: Crack pattern for the stirrup located at 1300 mm from the left support for B3-25-150 

and 1400 mm for B1-25-400 at 120 kN 

At 120 kN, the strain peak in the stirrup in B1-25-400 that had started to develop at 50 kN has now 

reached a strain of 1022 microstrain, approximately 50% of yield. The strain spike correlates well with the 

crack pattern in Figure 2.20b), which suggests that the crack crosses the stirrup at approximately one third 

the height of the stirrup from the bottom. The strains in the stirrup in specimen B3-25-150 are much lower, 

which is to be expected since as noted earlier, the cracks in the 150 mm stirrup spacing specimens largely 

began at the stirrups and did not cross any stirrups as illustrated in Figure 2.20a). The fact that the stirrups 

in the beam with the 400 mm stirrup spacing saw higher strains also correlates with the fact that these beams 

failed in shear at approximately 34% lower load than the beams with 150 mm stirrup spacing. The results 

suggest that a combination of FOS and DIC data can be used to detect differences in the impact of stirrup 

spacing on beam behaviour. 
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2.5 Conclusions 

Distributed fibre optic sensors were used to monitor the stirrup strains in specimens that had 

different bottom longitudinal reinforcement ratios and different stirrup spacing. Digital image correlation 

was used to map the crack formation on the surface of the specimens to track the locations and the extent 

of the cracks. The main findings of this chapter are: 

 Distributed fibre optic sensors can be used to measure the strains in the stirrups with strain peaks 

indicating intersections with cracks. Additionally the strain distributions highlight how discrete 

strain gauges placed at the mid-height of the stirrup would not capture maximum strains. 

 DIC analysis is useful in determining the locations and the extent of the cracks as well as observing 

the type of the cracks, and this data allows the behaviour of individual stirrups to be better 

understood. 

 Strains develop along the bottom of the stirrups through the thickness of the beams. These strains 

appear to increase with increasing longitudinal reinforcement strain although the reason for this is 

not clear. 

 The effect of longitudinal reinforcement ratio on stirrup strains was not clear in this case, since the 

specimens with varying reinforcement ratio but constant stirrup spacing all failed in flexure, but as 

expected larger flexural cracks formed at lower loads for beams with lower reinforcement ratios. 

 Increasing the stirrup spacing beyond that specified limit in the code led to brittle shear failures at 

lower loads and higher strains in individual stirrups. 
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Chapter 3- Impact of Stirrup Deterioration on Reinforced Concrete Beam 

Behaviour 

3.1 Introduction 

Corrosion of the reinforcing steel is one of the main deterioration mechanisms which can reduce 

the load-carrying capacity and change the behaviour of the structure. Stirrups in reinforced concrete (RC) 

beams can be more susceptible to corrosion due to the lower amount of concrete cover and smaller cross-

sectional area compared to the longitudinal reinforcement. Corrosion of the reinforcement can decrease the 

cross-sectional area of the bar, reduce the bond between the bar and the surrounding concrete, and affect 

the anchorage of the bar. This in turn can also affect the performance of constructed beams by decreasing 

their stiffness and shear strength as well as affecting the crack widths, deflection, and failure mode under 

load. Shear failure in reinforced concrete members should be avoided in design and is of concern in the 

assessment process due to the fact that the failure is sudden and potentially catastrophic. 

There has been previous research on the effects of deterioration mechanisms on shear performance. 

El-Sayed et al. (2015) found that as the mass loss of stirrups increased, both the shear strength and stiffness 

decreased while the crack widths and deflection increased. Another study investigating poorly bonded 

stirrups in RC beams indicated that the loss of bond between the stirrup legs and the surrounding concrete 

decreased the beam stiffness but the load carrying capacity was only reduced by 6% (Xue et al., 2012). 

Regan and Kennedy (2004) performed a study on the impact of anchorage conditions and concrete cover 

on shear behaviour of RC beams. Their work indicated that with only side stirrups and exposure of half the 

bottom longitudinal reinforcement the load capacity decreased by 33%. In each of these studies, while the 

role of corrosion on capacity has been examined, it is less clear how to identify the level of corrosion and 

its impact on the structure in situ. 

Investigations that used the accelerated corrosion technique (El-Sayed et al., 2015; Xue et al., 2012) 

required the removal of the stirrups from the RC beams after testing to determine the actual location and 
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severity of the corrosion. It would not be possible to use this technique to detect corrosion in a beam in situ. 

Another potential corrosion detection technique would be the use of conventional strain gauges, however, 

it has been clearly indicated that the ability of the strain gauges to detect the yield of stirrups depends on 

the locations of the gauges relative to shear cracks (Regan and Kennedy, 2004). Due to the variation in 

location and orientation of shear cracks in RC beams, a more effective monitoring technique to detect the 

location and quantify the level of deterioration prior to failure of the structure is required for engineers 

tasked with assessing and maintaining RC infrastructure. 

Recent advances in distributed sensing potentially offer measurements that can be used to assess 

the impact of corrosion on structural behaviour at the critical location while the structure is under load. 

Distributed fibre optic sensors (FOS) can provide strain data along the full length of a fibre optic cable, 

which makes the measurement of the stirrup strains at the locations of cracks possible. Although it is not 

practical to embed fibre optics in an existing structure, it is hoped that the data provided by the FOS in this 

study will allow better assessment techniques to be developed. Digital image correlation (DIC) can enable 

the mapping of the crack locations and trajectories on the beam surface, which can be used along with the 

FOS data to investigate the effects of different deterioration mechanisms on beam performance and crack 

behaviour.  

To the author’s knowledge, no studies have been undertaken to investigate the use of these two 

distributed sensing technologies for evaluating deteriorated RC beam behaviour in shear. This study 

focused on the effect of anchorage conditions and localized deterioration on shear behaviour. Therefore the 

objectives of this chapter are to 1) understand the impact of different deterioration mechanisms on shear 

capacity and cracking behaviour, 2) investigate whether FOS can be used to detect deterioration, and 3) 

determine which deterioration mechanism has the largest impact on the performance of the beam.  

The following section gives a background on corrosion effects on beam performance and using 

FOS to measure RC behaviour. The experimental method is then explained, including the specimen layout, 
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the instrumentation, and the test procedure. Following that, the results will be presented and discussed, and 

critical conclusions will be drawn. 

3.2 Background 

3.2.1 Impact of Corrosion on Shear Behaviour 

El-Sayed et al. (2015) investigated the behaviour of reinforced concrete beams with corroded 

stirrups. The accelerated corrosion technique was applied to specimens with different stirrup spacing and 

shear span to depth ratios. Electrical resistance strain gauges were attached to the longitudinal reinforcing 

steel and to the top concrete surface at mid-span as well as to the mid-height of the non-corroded stirrups. 

The amount of section mass loss was determined by removing the stirrups from the beam after four-point 

bending test. They found that the degradation (strength reduction, deflection) of the beam increased as the 

level of corrosion increased. And, as the stirrup spacing and the shear span to depth ratio decreased the 

effect of stirrup corrosion increased. 

Xue et al. (2012) studied both the impact of corroded and poorly bonded stirrups on RC beam 

behaviour. Stirrups were corroded using electrochemical corrosion and removed from the concrete after 

testing to determine the maximum local loss of the cross-sectional area. The research indicated that if the 

maximum localized mass loss of stirrup is smaller than 35%, the impact on crack behaviour was small and 

the load carrying capacity was reduced by 6%. They also tested the unbonded condition by greasing the 

fabricated stirrups at the side legs or the top and bottom anchorages. The loss of bond between the stirrup 

legs and the surrounding concrete showed a similar reduction in load carrying capacity (5%) but the beam 

stiffness in this case decreased. On the other hand, when the anchorages at the top and bottom of fabricated 

stirrups were unbonded from the concrete, the shear capacity was reduced by 15%. 

Regan and Kennedy (2004) focused on the effects of stirrups with no anchorages and bottom 

longitudinal reinforcement with reduced concrete cover. Strain gauges were used to measure stirrup strains 

and longitudinal steel strains at mid-span and near supports. They found that with only side stirrups the load 

carrying capacity reduction was around 20% and with half exposed bottom longitudinal reinforcement the 
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reduction was approximately 18%. The worst case scenario was losing both the stirrup anchorage and 

concrete cover of the bottom longitudinal reinforcement which led to a load carrying capacity reduction of 

33%. 

3.2.2 Fibre Optic Strain Sensing for Corrosion Detection 

Fibre optic sensors are recommended for non-destructive assessment of structures due to being 

light weight, stable for long-term sensing, corrosion resistant, having a small form factor, and having no 

electromagnetic interference issues (Habel and Krebber, 2011). There are two main types of fibre optic 

sensors: discrete and distributed. Discrete sensors, such as fibre Bragg grating and Fabry-Perot sensors, are 

very similar to conventional strain gauges except with the advantages noted previously. Maalej et al. (2004) 

investigated the effects of corrosion of the reinforcing bars in concrete beams. They used Fabry-Perot fibre 

optic sensors to measure the transverse tensile strains caused by the corrosion induced longitudinal cracks 

and found that the amount of steel loss due to corrosion was proportional to the strain readings. However, 

the sensors were only embedded vertically between two bottom longitudinal reinforcement bars at the 

centre of each specimen. If the sensor is not at the location where the cracks or deterioration occur, the 

critical strain measurement can be missed. Thus discrete sensors are not ideal for monitoring issues that can 

have significant spatial variation, such as stirrup deterioration.  

Distributed strain sensing systems, such as those based on measuring Brillouin and Rayleigh 

backscatter, are able to measure the strain along the entire length of the fibre. Sensors based on Brillouin 

Optical Time Domain Reflectometry (BOTDR) are able to measure strains over thousands of meters of 

fiber. However, the long gauge length (approximately 0.5 to 1 m) and relatively low accuracy 

(approximately 30 microstrain) (Mohamad et al., 2011) make it difficult to detect localized strain behaviour 

such as reinforcement strains at cracks.  

Sensors that measure Rayleigh backscatter, on the other hand, can achieve strain accuracies of 1 

microstrain over smaller gauge lengths (e.g. 20 mm) (Kreger et al., 2007). Despite the fact that the 

maximum sensing length is only 70 m, they can offer distributed readings while simultaneously making the 
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monitoring of localized deterioration possible. Regier and Hoult (2015) used embedded Rayleigh 

backscatter sensors to study the impact of localized deterioration in the longitudinal reinforcement of RC 

beams. A short length at the mid-span of the bottom longitudinal reinforcement bars was ground down to 

various depths to simulate different levels of pitting corrosion. They found that pitting deterioration could 

be detected and quantified by embedded fibres if the cross-sectional area reduction of longitudinal 

reinforcement was 20% or greater. Davis et al. (2016) also used Rayleigh sensors to investigate the impact 

of corrosion on bond performance between concrete and steel, and ultimate capacity, for tension specimens. 

The accelerated corrosion process was used on both bare reinforcement and RC specimens. They found that 

at high levels of corrosion (10%), the strain measurements indicated that the influence of corrosion on bond 

was significant as the reinforcing steel in these specimens behaved similar to bare reinforcement bars (i.e. 

the bond between the steel and the concrete broke down). Davis et al. (2017) used distributed strain sensors 

to study the effect of bond loss between the concrete and steel due to corrosion on beam behaviour in three 

point bending tests. The accelerated corrosion process was used to corrode the bottom longitudinal 

reinforcement. It was found that FOS could be used to estimate the bond loss between concrete and steel 

using the strain profile in the longitudinal reinforcement. The ultimate load capacity of the specimens with 

a corrosion level of 4% was reduced by approximately 38% when compared to an uncorroded specimen. 

However, the current research is believed to be the first to use Rayleigh backscatter based FOS in an attempt 

to understand the impact of different stirrup deterioration mechanisms on RC beam behaviour. 

3.3 Experimental Method 

This section introduces all six specimens including the reinforcement layout and the fibre 

orientation on the stirrups of each specimen. The specimens had a cross section of 200 × 300 mm and a 

length of 2500 mm, as shown in Figure 3.1. Each specimen had two 25M bottom longitudinal reinforcement 

bars (fy = 454 MPa), two 10M top longitudinal reinforcement bars (fy = 440 MPa) and thirteen 10M (fy = 

440 MPa) stirrups. There were three types of stirrups used in this investigation to determine the impact of 

each on beam behaviour: (i) intact closed stirrups to represent specimens in good condition (i.e. the control), 
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(ii) U-shaped stirrups to simulate the effect of having no anchorage at the top/bottom of the specimens, and 

(iii) stirrups with a 50% cross-sectional area reduction at mid-height of both legs to represent severe pitting 

deterioration. Specimen RC1-NOR was constructed with stirrups (see Figure 3.2a) spaced at 150 mm and 

was used as a control specimen (same beam used in Chapter 2 – B3-25-150). Specimens RC2-BOT and 

RC3-BOT were constructed with stirrups that had no bottom anchorage as shown in Figure 3.2b. Specimens 

RC4-TOP and RC5-TOP had stirrups without top anchorage as shown in Figure 3.2c. Specimen RC6-PIT 

had the same layout as specimen RC1-NOR but the stirrups were ground down to 50% of their original 

cross-sectional area at the mid-height of both legs to simulate pitting corrosion as shown in Figure 3.2d. 

Specimens without top or bottom anchorage had two additional closed stirrups that were added beyond the 

support and the centre stirrup was replaced with a closed stirrup to ensure that the reinforcement cages 

could be constructed. The six specimens are listed in Table 3.1. 

Table 3.1: Specimens 

Specimen fc’ (MPa) Stirrup Deterioration Mechanism 

RC1-NOR 33 N/A 

RC2-BOT 26 No bottom anchorage 

RC3-BOT 28 No bottom anchorage 

RC4-TOP 28 No top anchorage 

RC5-TOP 26 No top anchorage 

RC6-PIT 28 50% cross-sectional area reduction at 

mid-height of both legs 

 

The specimens were cast along with cylinders for compressive strength testing using ready mix 

concrete. The concrete strength from cylinder testing for each specimen is given in Table 3.1. The 

deterioration mechanism of the stirrups of each beam that discussed earlier are also listed in Table 3.1. 

Specimens were designed based on CSA A23.3-14 (2015) and were expected to fail in flexure as the 

transverse reinforcement provided enough shear capacity. However Cl 12.13.2 of A23.3 also suggests that 
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stirrups smaller than 15M bars should have both ends anchored by a standard stirrup hook around 

longitudinal reinforcement (CSA A23.3-14, 2015) and specimens RC2-BOT, RC3-BOT, RC4-TOP, and 

RC5-TOP all violated this code requirement. 

 

a) Side view of specimens with closed stirrups 

 

b) Side view of specimens without bottom or top anchorage 

Figure 3.1: Side view of specimens, all dimensions in mm 

      

a) Cross-section of RC1-NOR                     b) Cross-section of RC2-BOT AND RC3-BOT 



 

41 

 

    

          c)  Cross-section of RC4-TOP & RC5-TOP                      d) Cross-section of RC-PIT 

Figure 3.2:Cross-section of specimens, all dimensions in mm 

3.3.1 Instrumentation  

The stirrups, except for the two additional stirrups that were used at the ends of some specimens, 

were instrumented with single mode nylon coated fibre optic cables (black lines in Figure 3.3) along the 

full length of the stirrup as shown in Figure 3.3. Before installing the fibre, the stirrup surface was sanded, 

cleaned with water and degreaser, and then wiped with rubbing alcohol to eliminate bond issues between 

the fibre and steel. Locitite 4861 was selected as the adhesive to bond the nylon fibres to the steel. Plastic 

tubes (dark grey lines in Figure 3.3) were attached using tape at the end of the stirrup legs to protect the 

loose fibre in the concrete. The fibre layout on the stirrups for RC1-NOR and RC6-PIT is given in Figure 

3.3a), for RC2-BOT and RC3-BOT in Figure 3.3b, and for RC4-TOP and RC5-TOP in Figure 3.3c). 
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a) Fibre on RC1-NOR / RC6-PIT 

        

b) Fibre on RC2-BOT / RC3-BOT 
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c) Fibre on RC4-TOP/RC5-TOP 

Figure 3.3: Fibre Layout on stirrups with 'Start' showing the beginning of the strain reading and 

'End' indicating the end of the reading 

For each stirrup in RC1-NOR, RC4-TOP, RC5-TOP, and RC6-PIT, the fibre was first bonded to 

the top-left of the stirrup, then the bottom, then the right leg, and ended at the top.  For RC2-BOT and RC3-

BOT, the fibre was attached to the bottom of one leg then ran up the leg, across the top, and down to the 

bottom of the other leg.  The length of the fibre on the two legs and the horizontal section was measured to 

indicate the location of the cracks that intersected with stirrups.  

Figure 3.4 shows the cage of the specimens without stirrup top/bottom anchorage. Once again, the 

centre and two additional stirrups were used to keep the cage together. Foam pads were used beneath the 

steel ties to protect the fibres and marks were made on the plastic protective tubes to distinguish the side 

and location of the stirrups in the concrete. 
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Figure 3.4: Closed stirrups at mid-span and two ends of the specimens with no anchorage 

Displacements of the specimens were measured using five linear potentiometers (LPs) and recorded 

using a data acquisition (DA) unit. The LPs were placed at the mid-span, quarter span and supports of the 

specimens in order to correct for any support settlements due to crushing of the plaster under the support. 

The load was applied by the actuator at the center of the beam and measured using a load cell. Canon t3i 

cameras were placed with a field of view showing the mid-span and shear spans to capture of the beam 

images for DIC crack analysis. Paint was sprayed on the surface of the specimen to create a good texture 

for DIC analysis. The area of interest (mesh) for the DIC analysis covers the height of the stirrups (indicated 

by the black line in Figure 3.5). As shown in Figure 3.5, the blue box circles the area that was analyzed 

using DIC and the mesh is illustrated by the red dots inside the blue rectangle. Also, only the front side of 

the specimens was analyzed using DIC software. A Luna OBR 4600 was used to acquire strain readings 

from the FOS bonded to the stirrups. 
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Support  

Location 

Foam 
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Figure 3.5: Mesh in DIC analysis 

3.3.2 Test procedure 

The same test setup and equipment as described in Chapter 2 were used in this study. All the 

specimens had a tested span of 2 m and were tested under three point bending, as shown in Figure 3.6, up 

to the ultimate load but the loading was halted before crushing of the concrete to protect the LPs. Load was 

applied under displacement control at a rate of 2 mm/min. Reference strain readings and photos were taken 

just before each test. Because neither the Luna OBR 4600 analyzer nor the digital cameras were able to 

obtain data dynamically, load hold steps were used to take these measurements. Load steps were taken 

every 5 kN up to 50 kN, at every 10 kN between 50 and 80 kN, and at every 20 kN from 80 kN until failure. 

Five images were taken at each load step in order to have redundant images in case there was an issue with 

a single image. The displacements and the load were recorded at a rate of 1 Hz throughout the test. The 

load readings above 200 kN were manually recorded along with the LP readings at the mid-span due to a 

limitation of the DA system.  
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Figure 3.6: Test setup 

3.4 Results and Discussion 

In this section, specimens with different simulated deterioration mechanisms are compared with 

the control specimen using load-displacement and strain data, crack patterns, and visual observations to 

assess the impact of different deterioration mechanisms.  

3.4.1 Load-displacement Behaviour 

Figure 3.7 shows the load-displacement behaviour of a) RC2-BOT and RC3-BOT compared to 

RC1-NOR and b) RC4-TOP, RC5-TOP and RC6-PIT compared to RC1-NOR. Table 3.2 lists the failure 

load, failure mode and the critical location of failure for each specimen. 
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Table 3.2: Specimen Results 

Specimen Failure Load (kN) Failure Mode Failure Side/Location 

RC1-NOR 215 Flexure Centre 

RC2-BOT 171 Shear Right span 

RC3-BOT 190 Shear Right span 

RC4-TOP 207 Flexure/Shear Left span 

RC5-TOP 214 Flexure/Shear Left span 

RC6-PIT 219 Flexure Centre 

 

 

a) Load-displacement plot of RC1-NOR, RC2-BOT, and RC3-BOT 
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b) Load-displacement plot of RC1-NOT, RC4-TOP, RC5-TOP, and RC6-PIT 

Figure 3.7: Load-displacement behaviour 

From Figure 3.7 it can be seen that before 120 kN, the slope of the load-deflection curves for all 

specimens are similar. This is to be expected because each specimen had the same longitudinal reinforcing 

layout and steel strength, and similar concrete strengths, which are the main factors that affect flexural 

displacements. The reduction in stiffness after 120 kN for the deteriorated beams, except RC6-PIT, was 

believed to be due to the effects of deterioration. As will be discussed in greater detail, the deterioration did 

not affect the behaviour of RC6-PIT. Figure 3.7a) indicates that RC1-NOR failed in flexure at a load of 

approximately 215 kN. The test was halted to prevent damage to the LPs prior to failure and so it is not 

clear whether the failure mode would have been concrete crushing or reinforcement rupture. RC2-BOT and 

RC3-BOT both failed in shear as evidenced by the abrupt drop in the load in Figure 3.7a), and the load-

carrying capacity was reduced when compared to the control specimen by 20% and 12%, respectively. This 

indicates that eliminating the bottom stirrup anchorage has indeed impacted both the load carrying capacity 

and the failure mode of these specimens.  
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From Figure 3.7b) it can be seen that RC6-PIT reached the ultimate load of approximately 215 kN, 

which indicates that the simulated pitting corrosion at the mid-height of the stirrup had no impact on 

maximum load-carrying capacity. There might be an impact on the ductility and failure of the specimen, 

however, the test was stopped before ultimate failure and so it is not clear whether the pitting deterioration 

at the mid-height of the stirrups would have affected the ultimate behaviour. One thing that should be noted 

is that there are two load-deflection curves (RC6-PITa & RC6-PITb) for RC6-PIT. Because the actuator 

started to tilt during testing, the specimen was reloaded after adjusting the actuator. RC4-TOP failed in 

flexure although at an ultimate load that was 5% lower than the control specimen, and showed ductility 

after reaching its flexural capacity. The 5% lower flexural capacity might be due to small differences in the 

effective depth or concrete strength (33 MPa for the control versus 28 MPa for RC4-TOP). RC5-TOP failed 

at the same ultimate load as the control but the failure mode changed from a ductile flexural failure to a 

brittle shear failure. The reasons for this change in behaviour will be investigated in later sections. 

 

3.4.2 Distributed sensing to assess impact of deterioration 

In this section the impact of each deterioration mechanism (i.e. no bottom anchorage, no top 

anchorage, and pitting corrosion) on the beam behaviour will be investigated. In each case the fibre optic 

strain data, DIC crack patterns, and visual observations will be used to identify variations in behaviour 

between the control specimen and the deteriorated specimens.  

3.4.2.1 Effect of no bottom anchorage 

Figure 3.8 provides the strain data from the second stirrup (250 mm from the left support) and 

Figure 3.9 shows the strain data from fifth stirrup (700 mm from the left support) for both RC1-NOR and 

RC2-BOT at 160 kN. Figure 3.10 shows the crack pattern for RC1-NOR, RC2-BOT and RC3-BOT at 160 

kN with the analyzed stirrups indicated with red vertical lines in the figure. Once again, unreliable data 

points that were not well correlated with the reference scan (i.e. they had a spectral shift quality less than 

0.15) have been filtered out from strain profiles and only the images from the left span of the specimens 
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were used in the DIC analysis. The gauge length for the horizontal strain is 32 pixels. Figure 3.11 shows a) 

RC2-BOT and b) RC3-BOT at the final load stage. The black lines indicate the cracks can be seen in the 

images. 

 

Figure 3.8: Strains in stirrups 250 mm away from left support for both RC1-NOR and RC2-BOT at 

160 kN 

 

Figure 3.9: Strains in stirrups 700 mm away from left support for both RC1-NOR and RC2-BOT at 

160 kN 
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a) Crack pattern for RC1-NOR at 160 kN, showing the left span of the specimen 

b) Crack pattern for RC2-BOT at 160 kN, showing the left span of the specimen

 

c) Crack pattern for RC3-BOT at 160 kN, showing the left span of the specimen 

Figure 3.10: Crack patterns for left span of RC1-NOR, RC2-BOT, and RC3-BOT at 160 kN 

 

a) RC2-BOT  
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b) RC3-BOT  

Figure 3.11: Images of specimens without bottom anchorage at final load stage with cracks marked 

in black 

In Figure 3.8, the stirrup in RC2-BOT at 250 mm from the support had yielded (~3500 microstrain) 

at 160 kN while the stirrup located at the same spot in RC1-NOR had only reached half of its yield strain 

(~1130 microstrain). This is to be expected since RC2-BOT failed at a much lower load (171 kN for RC2-

BOT versus 215 kN for RC1-NOR). Based on the strain data it appears that the cracks in the RC1-NOR 

and RC2-TOP both appeared near the bottom of the stirrup at the front leg (remembering that the fibre 

optics for RC1-NOR start at the top of the stirrup leg and those for RC2-BOT start at the bottom so cracks 

at the bottom of the beam appear at opposite ends of the leg in Figure 3.8). At this location, without bottom 

anchorage the strain is 67% higher than the specimen with properly anchored stirrups. Interestingly, without 

bottom anchorage there is not enough development length for the stirrup (327 mm of development length 

is required for a 10 M bar, Cl 12.2.3) below the crack according to CSA 23-14 (2015) and thus the bar 

should pull out of the bottom of the beam before yielding. However, there are two potential reasons why 

the strains at this location are above the yield strain despite the lack of development length. One possibility 

is that as the crack opens, the concrete moving against the fibre optic has created a localized strain 

concentration and thus the strain is artificially high. One can see from Figure 3.10 that the crack opening at 

this location is much larger for RC2-BOT (Figure 3.10b) than for RC1-NOR (Figure 3.10a) and so it is 

likely that the strains are higher in RC2-BOT. Another possibility is that the presence of the longitudinal 

reinforcement controls the crack opening at this location and allows higher strains to develop in the stirrup. 

The stirrups at 700 mm away from the left support in both beams did not yield as shown in Figure 3.9 

although in this case the stirrup strain in RC1-NOR was higher. This variation in stirrup strains illustrates 
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the variability associated with shear crack development. Stirrups can have different strain profiles at the 

same location in different specimens with nominally identical reinforcement.  

From Figure 3.10 it can be seen that no cracks developed in the area of the first stirrup, which was 

located at 100 mm away from the support for all specimens. This correlates with the CSA A23.3-14 (2015) 

assumption that the critical shear for design occurs at a distance equal to the effective depth in shear (225 

mm in this case) away from the support. The specimens without bottom anchorage tend to have larger shear 

cracks near the second stirrup (at 250 mm) when compared to RC1-NOR where the cracks appeared as 

flexural cracks initially and then turned into shear cracks. One interesting feature from Figure 3.10 is that 

RC3-BOT had a very different crack pattern compared to RC2-BOT even though they had the same 

simulated deterioration mechanism. The first shear crack in specimen RC3-BOT developed at 200 mm and 

thus passed the stirrup at 250 mm higher up in its leg. The crack crossing the stirrup higher up where the 

lack of anchorage would be less critical is felt to be a potential reason why this specimen had a higher 

capacity of 190 kN versus 171 kN for RC2-BOT. Another possibility for the difference in maximum load 

capacity between the two specimens might be the distribution of the cracks. As can be seen in Figure 3.11a), 

the visible shear cracks in RC2-BOT are more concentrated and cross the entire shear span on the right side 

while in Figure 3.11b) the visible shear cracks in RC3-BOT are more distributed near the bottom 

longitudinal reinforcement. 

3.4.2.2 Effect of no top anchorage 

Figure 3.12 shows the strain data for the stirrup 400 mm away from the left support for RC1-NOR 

and RC5-TOP at 180 kN while Figure 3.13 gives the strain profile for the stirrup 700 mm away from the 

left support for these two specimens. Figure 3.14 provides the crack pattern for these two specimens at 180 

kN with the analyzed stirrups indicated using red vertical lines.  
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Figure 3.12: Strains in the stirrups at 400 mm away from the left support for RC1-NOR and RC5-

TOP at 180 kN 

 

Figure 3.13: Strain in the stirrup at 700 mm away from the left support for RC1-NOR and RC5-

TOP at 180 kN 
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a) Crack pattern for RC1-NOR at 180 kN 

 

b) Crack pattern for RC4-TOP at 180 kN 

 

c) Crack pattern for R5-TOP at 180 kN 

Figure 3.14: Crack pattern for left span of RC1-NOR, RC5-TOP, and RC4-TOP at 180 kN 

From Figure 3.12 it can be determined that the maximum strain in the stirrup 400 mm away from 

the support in RC1-NOR is 38% higher than for RC5-TOP at the front side of the specimen and 27% higher 

at the back side. According to the strain profile, the locations of the crack in RC1-NOR was near the bottom 

of this stirrup whereas in RC5-TOP it occurred around the top of this stirrup, which matches the crack 

pattern seen in Figure 3.14a) and c). Having cracks develop near the top of the stirrups without top 

anchorage could have a similar impact as the stirrups without bottom anchorage except that cracks appear 

at this height at a higher load. The strains in the stirrups at 700 mm, Figure 3.13, are higher than for the 

stirrups at 400 mm and both stirrups yielded (exceeded 2200 microstrain) at 700 mm, Figure 3.12. However, 

higher strains in a stirrup at a crack location do not necessarily indicate that the crack is the critical shear 
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crack. In the case of these specimens, as seen in Figures 3.14b) and c), the critical shear crack started as a 

flexural crack at 250 mm along the bottom of the beam, and then turned into a shear crack before turning 

into a horizontal crack along the top of the beam at 500 mm. This was not the same crack that caused the 

strains in the stirrups at 700 mm.  

The crack pattern for RC1-NOR shown in Figure 3.14a) correlates well with the strain data in 

Figure 3.12 and Figure 3.13. The cracks appear to form at the base of each stirrup and the highest strains 

are also seen at the base of each stirrup. But the strain data for RC5-TOP does not at first seem to agree 

with the crack pattern in Figure 3.13c), which shows a wide crack crossing the top of the stirrup located at 

400 mm. Although the strain data, Figure 3.12, does show an increase in strain towards the top of the stirrup, 

the strain of approximately 700 microstrain does not seem to correlate with the apparent crack width. This 

is because the crack pattern plots are created using horizontal strain measurements. When the crack 

orientation becomes more horizontal, the DIC strain measurement across a horizontal crack results in an 

apparent crack width that is much larger than the actual crack width. Hence the apparent lack of correlation 

between the crack size and the strain measurement.  

To investigate the reasons why RC4-TOP and RC5-TOP had different failure modes Figure 3.15 

shows images of the two beams with the expected stirrup locations superimposed for the left span (failure 

side) of a) RC4-TOP and b) RC5-TOP at the final load stage. Stirrups are represented by the vertical red 

lines, and are numbered 1 to 6 from left to right and the top and bottom of the stirrups are indicated by the 

top and bottom red lines (not the longitudinal reinforcement). Figure 3.16 is the strain profile of stirrup 5 

and 6 of RC5-TOP at 193 kN post-cracking of the specimen.  
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a) Left span of RC4-TOP  

 

b) Left Span of RC5-TOP 

Figure 3.15: Images of left span of RC4-TOP and RC5-TOP at final load stage 

 

Figure 3.16: Strains in stirrup 5 and 6 of RC5-TOP at 193 kN post-cracking 
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From Figure 3.15, it can be seen that the crack patterns for RC4-TOP and RC5-TOP are very 

similar. Cracks formed near the bottom of the specimens and one critical shear crack on each beam extended 

to the top of the specimen. Theoretically, with properly anchored stirrups the last three stirrups should be 

able to resist the opening of cracks near the top of the specimens. In Figure 3.16 it was found that Stirrup 5 

experienced large strain peaks (~6000 mircrostrain) near the top and the bottom of the stirrup, which 

correlated well with the cracks shown in Figure 3.15b). Stirrup 6, however, shows much lower strain values 

(below 300 microstrain) at the cracked location (the top of the stirrup) indicating that this stirrup might 

have been pulled out of the top of the beam. According to Cl 12.13.2 of CSA A23.3-14 (2015), for a stirrup 

size less than 15M, standard hooks should be applied around the longitudinal reinforcement or the 

development length of the stirrup should meet the required length (~327 mm in this case) to avoid stirrups 

separating from the concrete. Thus Stirrup 6 in RC5-TOP appears to have done little in resisting the shear 

force at the top of the specimen. Since strain data for RC4-TOP was not available for these stirrups at this 

load, no definite conclusions can be made about why this specimen was able to achieve a ductile flexural 

failure. 

3.4.2.3 Effect of pitting corrosion 

Figure 3.17 shows the stain data for the stirrups at 400 mm from the support for both RC1-NOR 

and RC6-PIT at 180 kN, and Figure 3.18 shows the crack patterns for both specimens at 180 kN. 
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Figure 3.17: Strains in the stirrups at 400 mm away from the left support for RC1-NOR and RC6-

PIT at 180 kN 

 

a) Crack pattern for RC1-NOR at 180 kN 

 

b) Crack pattern for RC6-PIT at 180 kN 

Figure 3.18: Crack pattern for left span of RC1-NOR, and RC6-PIT at 180 kN 
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can have different strain profiles in different beams due to the variation in shear crack development. Thus, 

the higher strains in RC6-PIT are not necessarily due to the localized deterioration. The peak strain in both 

specimens occurred 20 mm above the bottom longitudinal reinforcement with a maximum of  

approximately 2600 microstrain for RC6-PIT and 1500 microstrain for RC1-NOR. No obvious strain peaks 

were detected at the mid height of the stirrup in RC6-PIT where the pitting corrosion was located. This 

result correlated well with the crack patterns shown in Figure 3.18, which indicated that there were no 

cracks that intersected the mid-height of the stirrups. This indicates that the shear behaviour of the beam 

was not affected by the reduced cross sectional area of the stirrups in this case. Therefore, it is not clear 

whether the FOS can be used to detect the impact of pitting deterioration on stirrup strains based on the 

current data. Regarding crack behaviour, the similar behaviour of the two specimens indicates that the 

localized deterioration at the mid-height of the stirrup seems not to be critical in terms of changing the shear 

behaviour of the RC beams in this case. 

3.5 Conclusions 

The current research program was conducted to determine if distributed sensors were able to detect 

and measure signs of simulated deterioration, i.e. localized corrosion and anchorage loss of stirrups, in 

reinforced concrete beams. Six beams were constructed with fibre optic sensors on the stirrups and 

monitored with DIC while being tested in three-point bending. The following conclusions can be drawn: 

 Stirrups without bottom anchorage affected the load-carrying capacity, stiffness, failure mode, and 

crack development of the specimens. The beams with no bottom anchorage experienced a brittle shear 

failure. The stirrups yielded at a lower applied load as indicated by the strain measurements and more 

cracks/wider appeared in these specimens compared to the control specimen.  

 Stirrups with no top anchorage can change the crack behaviour and failure mode of the specimens 

although in these experiments the lack of anchorage did affect the load carrying capacity and stiffness. 

These specimens reached the same ultimate load as the control specimen but they then failed in shear 
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before crushing of the concrete or rupture of the longitudinal steel. This premature shear failure was 

believed to be due to the lack of top anchorage.  

 A cross-sectional area reduction at the mid-height of the stirrups, i.e. simulated pitting corrosion, had 

no impact on the capacity and behaviour of the specimens in this case. Since there were no cracks that 

passed through the mid-height of the stirrups, no strain peaks at this location were detected. 

 The location and extension of shear cracks are critical factors affecting load-carrying capacity of RC 

beams. Since cracks normally start near the bottom of the RC beams, it is understandable that the 

bottom anchorage condition of stirrups has a more significant impact on load carrying capacity 

compared to the top anchorage condition. And even with the same type of deterioration, the impact on 

capacity can vary from member to member (RC2-BOT versus RC-3BOT). 

 The cracks seemed to form at the stirrup locations for all of the specimens except RC3-BOT, which 

indicated that the stirrups potentially served as crack inducers. 

 Distributed sensors (FOS and DIC) were able to give new insights into the impact of the deterioration 

on crack pattern and strain behaviour. Distributed FOS combined with DIC analysis can give a more 

accurate estimation of the location and severity of the cracks as well as their impact on the stirrup 

strains. 
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Chapter 4- Finite Element Analysis of the Experimental Campaign 

4.1 Introduction 

In Canada, one third of municipal infrastructure is deteriorated (Canadian Infrastructure Report 

Card, 2016). However, the funds available are far less than the potential cost of repairing, rehabilitating, 

and replacing infrastructure assets that are close to the end of their design lives. One way to overcome this 

situation is through the use of accurate assessment techniques to evaluate which assets are still fit for 

purpose. The evaluation of infrastructure is usually made based on the findings of visual inspections, which 

are highly subjective and variable (Phares et al., 2004). Another concern when it comes to structural 

assessment techniques is that the maximum capacity and the impact of deterioration are hard to estimate 

without load testing the structure. In order to assess infrastructure more objectively and consistently, the 

use of monitoring techniques combined with accurate numerical models is a possible solution to determine 

the level of safety of critical structures. At the same time, it may be possible to estimate the remaining 

service life of the structure using these models.  

Many researchers and engineers have used a variety of sensors to check and update their numerical 

models. Bakht and Jaeger (1990) reported on a number of bridge load tests conducted using point sensors. 

They indicated that in some cases, conducting a field test was the most effective means of determining and 

understanding unexpected bridge behaviour. Chajes et al. (1997) performed a load test of a steel girder and 

slab bridge instrumented with strain gauges and predicted the impact of the composite action and support 

conditions on the estimated bridge capacity using a finite-element model. Bentz and Hoult (2016) used 

distributed Fibre Optic Sensors (FOS) and Digital Image Correlation (DIC) to update an FEA model of a 

reinforced concrete bridge to investigate the impact of load distribution, support conditions, and beam 

stiffness on the bridge response. They found that the support conditions and beam stiffness had the biggest 

impact on the model accuracy. Most of the studies (Bakht and Jaeger, 1990; Chajes et al., 1997) used 

discrete sensors which can miss potential local changes along the specimens. Bentz and Hoult (2016) used 

distributed sensors, however, their focus was on the flexural behaviour of the bridge. It is believed that no 
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research investigation has attempted to explore shear behaviour using finite-element models combined with 

distributed sensors. 

In this chapter, finite element models will be created for the specimens discussed in the previous 

chapters to 1) investigate whether finite element analysis (FEA) can capture the correct failure load and 

failure mode of the specimens, 2) to compare stirrup strains calculated using FEA and obtained by FOS, 

and 3) to compare crack behaviour calculated using FEA and measured using DIC analysis. It should be 

noted that model updating will not be performed, instead the goal was to assess the accuracy of a freely 

available FEA package, VecTor2, with the default material models. In the following sections the modeled 

specimens will be introduced along with the FEA program. Then the finite-element model of each specimen 

will be presented along with comparisons between the FEA models and experimental results. Finally, main 

conclusions will be drawn. 

4.2 Background 

4.2.1 Specimens 

Specimens that will be modeled in this chapter were selected from the previous two chapters: B1-

25M-400, B3-25-150, B5-20-150, B7-20-300, RC2-BOT, RC5-TOP, and RC6-PIT. The specimen layout 

and FOS system installed on each specimen have been presented in greater detail in Chapters 2 and 3. 

4.2.2 Finite Element Analysis software 

The FEA in this chapter was undertaken using a freely available package called VecTor2. VecTor2 

is a nonlinear finite-element analysis program based on the Modified Compression Field Theory (Vecchio 

and Collins, 1986) for two-dimensional reinforced concrete membrane structures (Wong et al., 2013). The 

VecTor2 suite consists of three programs which are FormWorks, VecTor2, and Augustus. FormWorks is a 

graphical user interface preprocessor program, which allows data input and visualization, bandwidth 

reduction and automatic mesh generation. In other words, models are created using this program, including 

setting load cases, material properties, geometry of the structure and so on. Then the model will be analyzed 
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by VecTor2, and results such as the load-deflection curve, strains in reinforcement, and crack information 

can be viewed using Augustus.  

4.3 Numerical Model 

4.3.1 Models 

Finite-element models of each selected specimen were created based on their main design 

properties, such as geometry, concrete and reinforcement properties, and boundary conditions. Figure 4.1 

shows the layout of the mesh and boundary conditions for each specimen model. All models had a height 

of 300 mm, a thickness of 200 mm, and a length of 1250 mm. It should be noted that only half of each 

specimen was modeled to take advantage of symmetry. The cross-section of the model is not presented 

since it is a 2D analysis and only the thickness of the model is considered. Table 4.1 lists the properties of 

the reinforcement bars that were used for the models. 

 

a) FE model layout for B1-25-400 

 

b) FE model layout for B3-25-150 and B5-20-150 
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c) FE model layout for B7-20-300 

 

d) FE model layout for RC2-BOT 

 

e) FE model layout for RC3-TOP 

 

f) FE model layout for RC6-PIT 

Figure 4.1: FE model layout 
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Table 4.1: Reinforcement Properties 

Reinforcement 
Type 

Total Cross-Sectional 
area (mm2) 

Bar Diameter 
(mm) 

Yield Strength 
(MPa) 

Ultimate Strength (MPa) 

10M 200 11.3 440 631 

20M 600 19.5 491 620 

25M 1000 25.2 454 582 

 

The recommended discretization and mesh type in VecTor2 for structures comprised primarily by 

one or more rectangular regions (such as is common for reinforced concrete beams) is Hybrid. By checking 

the ‘Rectangles’ option, one can allow FormWorks to merge adjacent triangles into rectangular elements 

of suitable quality. Thus both Hybrid and Rectangles were selected when creating the mesh. The element 

size was set to be 25 mm × 25 mm. 

The concrete regions are defined by one or more polygonal regions which may contain voids as 

well as linear and point constrains for the mesh. All of the models had the same concrete region, which was 

created by determining the four main vertices that were entered in counter-clockwise order in to 

FormWorks: (0,0), (1250, 0), (1250,300) and (0,300).The material of this region, coloured in light blue in 

Figure 4.1, used concrete with a thickness of 200 mm for all models. And the concrete elements are plane 

stress rectangles with four nodes and two degrees of freedom at each node. The cylinder compressive 

strength was based on the compressive cylinder test results for each specimen, which were 25 MPa for B1-

25M-400, 33 MPa for B3-25M-150 and B5-20M-150, 28 MPa for B7-20-300 and 26 MPa for the rest. 

Other properties marked by * were assigned with default values (for example: tensile strength, initial 

tangent modulus, and Poisson’s Ratio), the detailed calculation methods of these values can be found in the 

VecTor2 manual in Section 10.4.1.1.  

Ductile Steel Reinforcement was selected to be the steel reference type. The cross-sectional area is 

the total reinforcement area in a given plane because it is a 2D analysis. The yield strength and ultimate 

strength of each type of reinforcement bar are listed in Table 4.1. Other reinforcement properties were left 
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as default values (e.g. Elastic Modulus = 200000 MPa). The reinforcement bar locations were defined by a 

series of line segments, which were then meshed with truss bar elements with two nodes and two degrees 

of freedom at each node and displayed as purple lines in Figure 4.1. The bottom longitudinal reinforcement 

was 2 – 25M bars for all models except the models for B5-20-150 and B7-20-300, which used 2 – 20M 

bars instead. The top longitudinal reinforcement consisted of 2-10M bars for all beams. There were three 

types of stirrup spacing used in the FEA: 400 mm spacing shown in Figure 4.1a), 150 mm spacing shown 

in 4.1b), and 300 mm spacing shown in 4.1d). For specimens with regular stirrups, the modeled height of 

the stirrup was 250 mm, connecting the top and bottom reinforcement bars, and 10M bar properties were 

assigned to the stirrups. For RC2-BOT model, shown in Figure 4.1d), the stirrups were modeled 25 mm 

shorter at the bottom of the beam as a first order approximation to simulate the condition of having no 

bottom anchorage. Similarly, a 25 mm gap between the top longitudinal reinforcement and the stirrups was 

used in the RC5-TOP model as shown in Figure 4.1e) to represent the condition of having no top anchorage. 

The RC6-PIT model shown in Figure 4.1f) has a length of 10 mm at the mid-height of the stirrups assigned 

with the properties of 10M bars but with a reduced cross-sectional area of 100 mm2 to represent a 50% area 

reduction at this location. All reinforcement bars are assumed to have perfect bond with the concrete.  

In Figure 4.1, the point constraint that was placed at the bottom of the model, 250 mm away from 

the left end, restrained movement in the y-direction only. A line constraint was set along the full height of 

the specimen on the right end and provided restraint in the x-direction only. The program utilizes an 

incremental total load, iterative secant stiffness algorithm for the solution technique. Two load cases were 

used: Load case 1 was the self-weight of the specimen and was applied in 11 load steps. The density of the 

concrete is assumed to be 2400 kg/m3. Load case 2 was an applied displacement of the centre of the beam 

with a control rate of 0.15 mm/load step. Load Case 1 was fully applied before Load Case 2. The maximum 

number of iterations for each load step was 100. The concrete and steel material models were all left as the 

default models in VecTor2. 
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4.4 Results and Discussion 

In this section results obtained from the finite-element analysis will be compared to data acquired 

from the experiments using load-displacement curves, stirrup strain profiles, and crack patterns to determine 

the performance of the FE models. Only the reinforcement strain at a crack as calculated by VecTor2, as 

opposed to the average strain, will be compared to the experimental data. It should be noted that VecTor2 

models concrete cracking using smeared cracking instead of providing a discrete crack location as obtained 

using DIC analysis. All the results were obtained from the input parameters based only on the material 

properties (from concrete cylinder and rebar tests) and geometries of the specimens. No model updating or 

result fitting was undertaken. 

4.4.1 Specimen B1-25M-400 

Figure 4.2 shows the load-displacement behaviour for B1-25M-400 from the FEA and load test. 

Figure 4.3 shows the strain data from second stirrup (600 mm from left support) from the FE model and 

strains in the stirrup at 1400 mm away from the left support of B1-25-400 (the same stirrup location in the 

other shear span) at 120 kN. Figure 4.4 shows the crack pattern from the FE model a) at 100 kN and b) at 

105 kN.  
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Figure 4.2: Load-displacement behaviour of B1-25-400 

 

Figure 4.3: Strains at 120 kN in the stirrup 600 mm away from left support for FE model and in the 

stirrup 1400 mm away from left support for B1-25-400  
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a) Crack pattern from FEA at 100 kN 

 

b) Crack pattern from FEA at 105 kN 

Figure 4.4: Crack pattern of B1-25-400 from FEA 

From Figure 4.2 it can be seen that the FE model is able to predict a shear failure of B1-25-400, as 

indicated by the drop in load after the peak load. However the FE model predicted a higher load than the 

specimen reached (162 kN versus 142 kN). According to the load-displacement curve, the FE model shows 

a higher uncracked stiffness up to 30 kN, then a decreasing stiffness until failure with a noticeable reduction 

in stiffness between 100 and 105 kN. One possible explanation for this sudden change in stiffness between 

100 and 105 kN is the sudden increase in crack opening between these loads as illustrated in Figure 4.4. 

The wider cracks formed near the bottom of the stirrups (as represented by the thicker read lines in Figure 

4.4) and had a maximum crack width of 1.8 mm at 100 kN while the maximum crack width increased to 

4.6 mm at 105 kN.  

From Figure 4.3, one can see that the peak strain (1147 microstrain) from the FE model at 120 kN 

is close to the peak strain (1022 microstrain) measured in B1-25-400 on one side of the stirrup and much 

higher than the other side (416 microstrain). The calculated strains from the FE model at the top of the 

stirrup correlate well with the measured strains on both legs. According to the FE crack profile, the cracks 
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occurred at the very bottom of the stirrup whereas cracks appeared at a higher position on the front side of 

the same stirrup in B1-25-400 and at a similar location to the FE on the backside. This indicates that the 

cracking behaviour is not the same in one stirrup on different sides of the specimen, which violates one of 

the key assumptions for 2-D FEA.  

4.4.2 Specimen B3-25-150 

Figure 4.5 shows the load-displacement behaviour of B3-25-150 for both the load test and the FEA. 

Figure 4.6 provides the strain data at 180 kN for the stirrup at 250 mm from the left support in the FE model 

and B3-25-150. Figure 4.7 shows the strain data for the stirrup at 700 mm away from the left support for 

the FE model and the strain measurements for B3-25-150 for the same stirrup in both shear spans at 180 

kN. 

 

Figure 4.5: Load-displacement behaviour of B3-25-150 
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Figure 4.6: Strains at 180 kN for the stirrup 250 mm away from left support for the FE model and 

B3-25-150  

 

Figure 4.7: Strains at 180 kN for the stirrup 700 mm away from the support for the FE model and 

for both shear spans of B3-25-150  
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is reached (~7.5 mm). The FE model also reached a similar load-carrying capacity (211 kN) compared to 

the tested specimen (214 kN).  

From Figure 4.6, the strains obtained from the FEA for the stirrup 250 mm from the support have 

good visual correlation with the stirrup strains for B3-25-150 at 120 kN. Both stirrups have the 

approximately the same peak strain (~1360 microstrain) at the bottom of the stirrup and the strain profiles 

are also similar. Figure 4.7 gives an example of strains in stirrups at the same location relative to the 

supports but in either shear span for B3-25-150. One thing to note is that the FE model gives similar strains 

for the stirrup 700 mm away from the support for FE model and the stirrup 1300 mm away from the left 

support for B3-25-150 as both reached a maximum strain of approximately 1360 microstrain at the bottom 

of the stirrup. However, the measured stirrup strains for B3-25-150 in the other shear span have a much 

higher strain peak (~2500 microstrain) compared to the FE model. This suggests that the model is not 

capturing the critical strain behaviour accurately.  

4.4.3 Specimen B5-20-150 

Figure 4.8 shows load-displacement behaviour of B5-20-150 from both the FEA and the load test. 

Figure 4.9 provides the strains obtained from both methods for a stirrup at 700 mm away from the left 

support at 120 kN. 
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Figure 4.8: Load-displacement behaviour of B5-20-150 

 

Figure 4.9: Strains at 120 kN in the stirrup 700 mm away from the left support for both the FE 

model and B5-20-150 
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maximum load of 142 kN (a 4% overestimation by the FEA). The FE model of B5-20-150 has a higher 

uncracked stiffness until 30 kN but a visually similar cracked stiffness. Based on Figure 4.9, the stirrups 

crossed a crack near the bottom of the specimen for both the FE model and tested specimen, and the peak 

strain in this stirrup is higher at the front side of the leg but lower on the back side of the leg when compared 

to the FE model. It can be seen that the middle portion of the stirrup in the FE model showed higher strains 

than tested specimen. These higher strains are believed to be due to the smeared cracking assumption used 

in the FEA.  

4.4.4 Specimen B7-20-300 

Figure 4.10 shows the load-displacement behaviour of B7-20-300 for both FE model and 

experimental test. Figure 4.11 provides the strain profile for stirrup located at 400 mm from the left support 

in the FE model and 1600 mm in the tested specimen at 120 kN. 

 

Figure 4.10: Load-displacement behaviour of B7-20-300 
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Figure 4.11: Strains at 120 kN in the stirrup 400 mm away from left support for FE model and in 

the stirrup 1600 mm away from left support for B7-20-300 

From Figure 4.10 it can be seen that the FE model of B7-20-300 had a ductile flexural failure and 

a maximum load capacity of approximately 142 kN, however, the physical specimen failed in shear at a 

load of approximately 126 kN.  The reason why shear failure occurred in the tested specimen was thought 

to be due to the design stirrup spacing (300 mm), which violated the CSA A23.3-14 (2015) maximum 

allowable spacing (157 mm). However, the FE model has not captured this failure mode. This is potentially 

again due to the smeared cracking assumption, which allows the stirrups to contribute to the load carrying 

capacity when in the physical specimen the stirrups are not engaged by a discrete crack. This explanation 

is supported by the strains obtained from the FE model and physical specimen as shown in Figure 4.11. 

One can see that the maximum strain in this stirrup in the tested specimen (~570 microstrain) is much lower 

than the maximum strain in the FE model (~1720 microstrain). Additionally, the location of the crack is 

also different with the crack in the FE model appearing at the middle of the stirrup and the crack in the 

physical experiment occurring at the bottom of the stirrup. 
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4.4.5 Specimen RC2-BOT 

Figure 4.12 shows the load-displacement behaviour of RC2-BOT from both the FEA and the load 

test and Figure 4.13 provides the strain readings in stirrups 700 mm away from the left support for both FE 

model and specimen at 120 kN.  

 

Figure 4.12: Load-displacement behaviour of RC2-BOT 
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Figure 4.13: Strains at 120 kN from stirrup 5 for FE model and in stirrup 700 mm away from left 

support for RC2-BOT 
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tested specimen has had an impact on the crack behaviour as the strain peak appears near the middle of the 

stirrup indicating a change in the crack location.   

4.4.6 Specimen RC5-TOP 

Figure 4.14 gives the load-displacement behaviour for RC5-TOP analyzed by VecTor2 and 

obtained from the load test. Figure 4.15 shows the strain data from the stirrup 700 mm from the left support 

for both FE model and load test of RC5-TOP at 180 kN. 

 

Figure 4.14: Load-displacement behaviour 
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Figure 4.15: Strains at 180 kN in the stirrup 700 mm away from left support for both the FE model 

and RC5-TOP 

From Figure 4.14, RC5-TOP failed at approximately 212 kN due to a brittle shear failure at a 

displacement of 11 mm, while the FE model indicates that RC5-TOP would reach its maximum flexural 

capacity at approximately 202 kN with ductile behaviour. Based on the strain profile shown in Figure 4.15, 

the stirrup located at 700 mm in the physical specimen had yielded (~3243 microstrain) and the strain is 

54% higher than the maximum strain determined by FE model (~1500 microstrain) at 180 kN.  By 

comparing the FE model of RC5-TOP (Figure 4.14) to the control FE model of B3-25-150 (Figure 4.5), it 

is found that modeling the loss of top anchorage condition by shortening the stirrups at the top has not 

impacted the overall behaviour of the numerical model of the beam.  

4.4.7 Specimen RC6-PIT 

Figure 4.16 shows the load-displacement behaviour of RC6-PIT from both the FEA and the 

experiment. Figure 4.17 gives the strain profile of the stirrup 700 mm away from the left support in FE 

model and  at the same location but in the other shear span in RC6-PIT at 180 kN, and Figure 4.18 is the 

crack pattern from the FEA at this load. 
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Figure 4.16: Load-displacement behaviour of RC6-PIT 

 

Figure 4.17: Strains at 180 kN for the stirrup 7000 mm away from left support for FE model and 

1300 away from left support for RC6-PIT 
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a) Crack pattern of RC6-PIT from FEA  

 

b) Crack pattern of B3-25-150 from FEA 

Figure 4.18: Crack pattern of RC6-PIT and B3-25-150 from FEA at 180 kN 

In Figure 4.16, the experimental specimen has a higher cracked stiffness before 130 kN compared 

to the FE model, and then the stiffness is similar to the FE model afterwards. Both the tested specimen and 

FE model had a ductile flexural failure with a load-carrying capacity of approximately 203 kN. This result 

shows that the FE model has successfully indicated the flexural behaviour of RC6-PIT as the deterioration 

at the mid-height of the stirrups has had no impact on the maximum capacity and failure mode of the beam. 

From Figure 4.17, one can see that the maximum FE strain in the stirrup is at the pitting location (2385 

microstrain) and it is almost double compared to the elements beside the reduced area section (972 

microstrain). This is possibly due to the fact that approximately the same load is being carried by 

reinforcement with 50% of the cross-sectional area resulting in higher stresses and thus higher strains. On 

the other hand, the stirrup strains for the tested specimen appear to have a lower peak strain (~ 1592 

microstrain) at 50 mm below the mid-height of the stirrup according to the strain profile. In the physical 

experiment, no crack crossed the pitted location and no strain peak was detected at this location at 180 kN. 

Although the strain profile indicates that the stirrup strains have been affected by the pitting deterioration 
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in the FE model, the crack pattern comparison (Figure 4.18) between the control FE model and RC6-PIT 

shows very similar crack locations and crack widths (<0.5 mm at mid-height and maximum of 

approximately 1.5 mm near bottom of the beam). This indicates that the deterioration at the mid height of 

the stirrup did not affect the cracking behaviour of the FE model. 

4.5 Conclusions 

The current study was conducted to determine whether FE modelling, specifically with VecTor2, 

can be used to estimate the behaviour of specimens with different reinforcement properties, stirrup spacing, 

and deterioration types. The main findings are: 

 The FE models tend to give a less conservative result when compared to the experimental results in 

most cases. For specimens that failed in flexure, the FE model can determine the maximum capacity 

and failure mode accurately. However, for specimens that violated the design code (i.e. stirrup spacing > 

157 mm, or had no stirrup anchorage), the capacities and failure modes were incorrectly estimated. 

This suggests that model updating is required to ensure a more accurate estimation of the load-carrying 

capacity as well as the failure mode for these specimens. 

 Though the 2-D FEA produces one result for both legs of a stirrup at a given location, the strains in 

the actual stirrups varied both through the thickness of the beam and in both shear spans.  

 The use of smeared cracking in the FEA led to issues related to strain distribution in the stirrups as 

well as comparing crack patterns with the physical specimens.  

 The maximum stirrup strain appeared just above the bottom longitudinal reinforcement in most of the 

FE models, which correlated well with the experimental results, except for the FE model of RC6-PIT 

which showed the strain peak at the pitting location.  

 FE modelling using VecTor2 is a good first order approximation which allows users to have a general 

idea of the maximum capacity and failure mode of a RC beam. However, to determine the varying 

shear behaviour through the thickness and along the RC beam will require a more complex analysis 

package and model. 
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Chapter 5 – Conclusions 

5.1 Summary of Research 

This thesis included a series of experiments carried out to understand the impact of shear 

reinforcement properties (size, spacing, deterioration) on the behaviour of reinforced concrete beams using 

a Rayleigh backscatter based FOS system and DIC analysis. The first set of experiments were conducted 

using three point bending tests on RC specimens to study how the stirrup spacing and bottom longitudinal 

reinforcement ratio affect the stirrup strains and crack patterns of reinforced concrete beams. To determine 

the location and extent of the cracks, DIC was used to map the crack patterns on the beam surface. The next 

set of experiments used a similar test setup to investigate the impact of different stirrup deterioration 

mechanisms on the behaviour of RC beams. Lastly, FE models were created using VecTor2 to determine 

the accuracy of a freely available FEA package for modelling beam behaviour. The main conclusions from 

the current research are: 

1. Distributed FOS can be used to measure strains in stirrups and the strain peaks indicate the 

intersections with cracks. DIC analysis can be used to plot the crack locations and extents and can 

be combined with the FOS measurements to provide a better understanding of individual stirrup 

behaviour as well as a more accurate estimation of the cracking behaviour. 

2. For non-deteriorated specimens, the failure mode and ultimate load capacity depend on the 

longitudinal reinforcement ratio and stirrup spacing. Specimens with lower longitudinal 

reinforcement ratios failed at lower loads with larger flexural cracks as determined using DIC 

analysis. However, the relationship between the longitudinal reinforcement ratio and the stirrup 

strains could not be determined in this case since these specimens all failed in flexure. Specimens 

with stirrup spacing that violated the CSA A23.3-14 (2015) code limit (~157 mm in this study) 

failed in shear with a reduction in the ultimate load carrying capacity. 

3. For deteriorated specimens the failure mode and/or load-carrying capacity were affected in most 

cases. An exception however, was the pitting corrosion specimen, which showed no impact on the 
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behaviour of the specimen. Specimens with stirrups without bottom anchorage saw reductions in 

capacity as well as brittle shear failures (as compared to a ductile flexural failure for the control 

specimen). This was indicated by both the load-displacement behaviour and strain measurements 

in the stirrups. Specimens with stirrups with no top anchorage did not see a reduction in load 

carrying capacity. This is to be expected since cracks formed as the flexural cracks near the bottom 

of the specimens initially then turned into shear cracks as the applied load was increased. Therefore 

the impact of the deterioration would be minimal until the cracks cross the locations with no 

anchorage. 

4. It was found that small tension strains (below 600 microstrain) developed at the bottom/top of the 

stirrups in transverse direction. The reasons were thought to potentially be caused by 1) Poisson’s 

effects as the stirrup strains correlated with the strains in the bottom longitudinal reinforcement; 2) 

cracks that formed at the bottom of the specimens in transverse direction; 3) slip between the fibre 

core and the protective jack of the nylon fibre; and 4) localized bending of the stirrups  

5. The stirrups seemed to act as crack inducers in the specimens with 150 mm stirrup spacing (except 

RC3-BOT) as observed from the DIC crack patterns. The cracks intersected with stirrups near the 

bottom of the specimens in most cases. This suggests that strain gauges placed at the mid-height 

of the stirrup would not measure the maximum strains. 

6. An FE model using VecTor2 was created for each specimen. In most cases, an unconservative 

load-displacement behaviour was estimated by the FEA. The model for RC2-BOT however, 

showed a 36% ultimate load capacity reduction compared to the physical specimen. The error was 

believed to be caused by the approximation of the anchorage condition (i.e. shortening the stirrups). 

Similar errors appeared when determining the capacity and failure mode of other specimens that 

violated the design code (i.e. using greater than the maximum stirrup spacing, and having no top 

anchorage). Therefore, model updating is necessary to achieve a more accurate estimation of both 

the maximum load capacity and the failure mode for these specimens.  
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7. The strain distributions calculated by the FEA indicated that cracks occurred near the bottom of 

the stirrups, which agreed with the experimental results. However, the model for RC6-PIT showed 

strain peaks at the pitting location (mid-height), which were not measured with the FOS. 

Differences between the physical and numerical models included: 1) being a 2-D analysis, the 

numerical model gives one result for the strains in both legs of stirrups at a given location; 2) the 

numerical model produces the same behaviour in both shear span for a symmetric specimen; and 

3) the strain distribution in the stirrups and crack patterns are affected by the use of smeared 

cracking in the FEA. 

5.2 Future work 

Suggested future work includes: 

1. The development of a better installation technique to avoid/reduce breaking of the FOS during 

construction. 

2.  A study of different pitting locations in the stirrups that could have an impact on the behaviour of 

RC beams. 

3. An investigation of corroded stirrups in RC members using the accelerated corrosion process to 

determine whether FOS can estimate the amount of loss in steel and potentially detect the critical 

location of the deterioration.  

4. A study of the non-zero strains along the bottom of the stirrups by using digital cameras at the 

bottom of the specimen to obtain the crack patterns and by installing multiple fibres on one stirrup 

to investigate the effect of the bending on the stirrup strain. 

5. Model updating using FEA to assess the impact of stirrup deterioration (no anchorage, pitting) on 

RC beams more accurately. 

6. The use of lower transverse reinforcement ratios to determine the effects of deteriorated stirrups on 

the shear capacity (i.e. design specimens that fail in shear even without deterioration). 

 


