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Abstract 

The rate that reinforced concrete (RC) infrastructure is being constructed around the world 

continues to increase, placing significant stress on the environment. Thus, it is important that any 

inefficiencies in RC design and assessment be minimized by structural engineers moving forward. For 

progress to be made on this front, RC behaviour must be measured in a more comprehensive way to further 

understand its complex behaviour and explore avenues for refinement. This thesis investigates the use of 

novel sensors for this purpose, with a particular focus on distributed fibre optic sensors (FOS). 

 An experimental campaign containing 18 RC beam specimens was performed to assess the 

advantages of using FOS to measure RC behaviour. Practical methods were developed for measuring 

distributed deflections, crack widths, and distributed reinforcement strains. The results showed that full 

deflected shapes could be captured up until failure and all crack widths lower than 0.3 mm could be 

measured. Additionally, reinforcement strain profiles were accurately measured for steel reinforcement 

embedded in RC elements using FOS, amounting to hundreds of strain measurements spaced by 10 mm 

along each bar’s entire length. 

 A load test on an RC building in Ottawa, Canada, was performed. FOS were used to measure beam 

deflections, curvatures, and cracking behaviour, providing insight into element stiffness and support 

conditions. The detailed data set captured was used to evaluate finite element models based on current 

design approaches. This highlighted how the accumulation of common conservative assumptions can cause 

deflection predictions more than five times larger than those measured, potentially leading to excess 

material use in design. Closure strips in the RC building were also monitored using a method developed in 

this work, which was able to capture shrinkage and temperature movement of the floor slabs. The field data 

demonstrated that experience based design approaches appear to be overly conservative, suggesting that 

further research into closure strips could lead to significant cost reductions if design processes are refined. 

However, the instrumentation setup developed to monitor closure strips in this study requires durability 

improvements, as four out of five transducers installed were compromised on site.  
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Chapter 1 

Introduction 

1.1 RESEARCH NEED 

In the coming years, a significant amount of reinforced concrete (RC) structures will be 

constructed. In fact, projections have stated that 75% of the infrastructure required in the year 2050 

does not exist today (Global Infrastructure Basel, 2014). This demand for new RC structures will 

place a burden on the environment, as 44% of global industrial carbon dioxide (CO2) emissions are 

directly caused by the combined production of steel and concrete (Allwood and Cullen, 2012). The 

structural engineering community has a unique opportunity to help alleviate this burden by 

improving material use efficiency in RC design, avoiding the replacement of still fit for purpose 

structures, and refining construction methods.  

  It is hypothesized that material reductions of 40% are possible in RC building construction 

if the elements were optimized for purpose (Orr, 2012), and that inefficient construction methods 

are utilized in RC buildings (e.g. closure strips) when they are likely avoidable (Eskildsen et al., 

2009; Kim and Cho, 2004). Furthermore, detailed investigations have shown that more accurate 

assessment of RC structures allows for critical infrastructure to remain in-service without requiring 

replacement (Middleton, 1998). Though refined design is a promising approach for structural 

engineers to reduce the negative impact of RC construction on the environment moving forward, it 

is often difficult to implement more refined analysis in practise. This is a result of the inherent need 

for engineers to design structures in a conservative manner in the absence of detailed information 

on how RC structures will behave in the field.  

 To better understand the complex, varying, and highly redundant nature of RC structures 

in the future, detailed monitoring of RC behaviour in the laboratory and in situ is critical. In the 

past, laboratory investigations measuring distributed reinforcement strains have provided 
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invaluable data for developing bond and tension stiffening relationships (Scott and Gill, 1987). 

However, experimental campaigns like this can require hundreds of strain gauges and are 

impractical to perform on a large number of specimens. In the field, load testing of RC structures 

can often lead to a discovery of unexpected beneficial structural behaviour (Tumialan et al., 2014; 

Bentz and Hoult, 2016), though diagnosing reasons for this using currently available conventional 

sensor technologies is difficult. This is because measuring multiple parameters (i.e. crack widths, 

displacements, strains) typically requires multiple sensing technologies (ACI Committee 437, 

2003), which necessitates extensive monitoring configurations and is often too costly to implement. 

Additionally, these technologies are discrete in nature and can only measure the response at one 

point, which can lead to critical localized behaviour being missed.  

In light of this, there is a need for a practical distributed sensing technology that can 

measure multiple characteristics of RC behaviour both in the laboratory and field. Comprehensive 

data sets from sensors of this nature could ultimately be used to refine RC analysis and lead to 

improved design and assessment techniques moving forward. Distributed fibre optic sensors (FOS) 

show promise for capturing RC behaviour at a level of detail not previously possible both in the 

lab (Davis et al., 2017) and the field (Bentz and Hoult, 2016). However, this technology requires 

further research to improve installation techniques, thoroughly evaluate its accuracy, and explore 

its full measurement capabilities. Thus, this thesis provides an investigation into the development 

of distributed FOS for performing detailed RC measurements in the laboratory and in the field. It 

also illustrates the potential for comprehensive sensor data from this technology to be used for 

design evaluation and structural assessment. Though this work primarily focuses on the 

development and use of distributed FOS technology, the potential for leveraging digital image 

correlation (DIC) and wireless sensor data to augment RC analysis and design is also explored.  
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1.2 OBJECTIVES 

This research investigates the use of distributed FOS to measure RC behaviour in the 

laboratory and in the field. The potential for improving RC analysis and design using data sets 

captured using distributed FOS, as well as using digital image correlation (DIC) and wireless 

sensors, is also demonstrated. The primary objectives of this research are as follows: 

• develop techniques for measuring the serviceability performance of RC elements 

through the external application of distributed FOS, 

• develop a method of accurately measuring distributed reinforcement strains using 

FOS in RC elements, and pair this data with DIC measurements to demonstrate 

how the evaluation and development of existing assessment models can be 

enhanced, 

• monitor the serviceability behaviour of an RC building during a load test using the 

newly developed distributed FOS techniques, 

• perform finite element model updating using field data captured using distributed 

FOS to provide RC beam design and assessment insight, 

• for the first time, develop a method for monitoring the behaviour of closure strips 

(shrinkage control strips) in RC buildings, and use the field data to evaluate current 

design approaches.  

1.3 THESIS ORGANIZATION 

This thesis is organized in manuscript format as described by the School of Graduate 

Studies at Queen’s University. It is comprised of 7 chapters in total. Chapter 1 presents a general 

introduction and the main objectives of the research, Chapters 2 through 6 are each individual 

research manuscripts, and Chapter 7 provides a summary of the key findings from the thesis as well 

as suggestions for future research topics. Each manuscript chapter is briefly described next.  
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Chapter 2 presents a technique for using distributed FOS to measure RC beam deflections 

and crack widths by bonding FOS to the concrete’s surface. The method is validated with results 

from 13 RC beam specimens in an experimental investigation. The FOS measurements were 

evaluated against displacement and crack width measurements from linear potentiometers and DIC, 

respectively. The technique was found to be successful in monitoring serviceability performance 

with a much higher level of detail than traditional sensors. This manuscript has been accepted for 

publication in the ACI Structural Journal. 

Chapter 3 presents a method for measuring distributed reinforcement strains in RC 

elements using FOS. The method is validated through a series of lab experiments consisting of 9 

RC beam specimens. The strain profile measurements were evaluated against conventional strain 

gauge measurements and theoretical predictions, and it was found that FOS could accurately 

measure distributed strains in a much more cost effective manner than possible using previous 

methods. The applications of pairing reinforcement strains at crack locations with external crack 

measurements are demonstrated and an evaluation of an RC assessment model is performed. This 

manuscript has been submitted for publication in the ACI Structural Journal. 

Chapter 4 is a case study demonstrating the capabilities of using the FOS techniques 

described in Chapter 2 to monitor the behaviour of an RC building. Three RC beam elements were 

load tested, and the measurements captured using FOS are presented and discussed in detail. The 

ability for FOS to capture unique insight into cracking behaviour, deflected shapes, and support 

conditions is emphasized. This manuscript has been accepted for publication in the ASCE Journal 

of Performance of Constructed Facilities. 

Chapter 5 is finite element modelling study using the RC building elements monitored as 

part of the investigation in discussed in Chapter 4. The data captured using distributed FOS was 

used to evaluate RC design against a variety of measured characteristics that could not be feasibly 

measured in past load test campaigns.  A parametric study was performed to provide RC design 
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and assessment insight, and highlight the unique possibilities of pairing distributed data with finite 

element modelling. This manuscript will be submitted for publication in a journal. 

Chapter 6 develops a method to monitor closure strip displacement in RC buildings using 

wireless sensors. Results from monitoring closure strips are presented and are used to evaluate 

available design approaches. Based on the evaluation, experience based design approaches are 

likely overly-conservative, especially for the upper-stories buildings. A numerical design model 

from the literature provided the most accurate representation of the monitored building’s behaviour. 

Further research expanding on the findings from this study could lead to significant cost and time 

savings in future RC building design. A version of this manuscript that was modified for length 

was published in the journal Concrete International.  
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Chapter 2 

Monitoring Serviceability Performance of Reinforced Concrete Beams 

using Distributed Fibre Optic Sensors 

2.1 INTRODUCTION 

By 2050, it is projected that cities around the world will absorb 2.4 billion more inhabitants 

then were present in 2014 (United Nations, 2014), requiring significant increases in the amount of 

new infrastructure. This demand for new infrastructure places a significant burden on the 

environment, which the structural engineering community can help alleviate. Structural engineers 

have the opportunity to reduce greenhouse gas emissions caused by construction through material 

optimization, as a study performed by Allwood and Cullen (2012) hypothesized that material 

reductions of up to 30% in a structure are possible if its components were optimized for their 

structural requirements when compared to standard design practice.  

 The optimization of RC design is limited by the inherent need to be conservative in the 

absence of detailed information. When complex, highly redundant, and non-linear behaviour are 

not understood in sufficient detail, conservative assumptions are required, which can lead to large 

discrepancies between predictions and true behaviour. For example, an investigation performed by 

Bentz and Hoult (2016) found that the initial analysis of a RC bridge in Ontario, Canada, predicted 

deflections that were an order of magnitude more conservative than the measured deflections. The 

design of RC structures is often governed by serviceability considerations (Russo and Romano, 

1992). This includes limiting deflections and crack widths such that the structure’s functions, 

durability, and aesthetics are not compromised (Gilbert, 2011). Therefore, designing to satisfy 

serviceability in RC structures requires a reliable understanding of how elements will deform and 

crack.  
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Methods that are widely used to predict RC deflections have been found to be less accurate 

when the reinforcement ratios, levels of loading, and cracked second moment of area ratios vary 

beyond the values that were used to develop these methods (Bischoff, 2005). RC deformations 

depend upon cracking, shrinkage, creep, and tension stiffening, yet each of these phenomena are 

difficult to predict (ACI Committee 209, 2008). For instance, crack width predictions can be 

incorrect by a factor of 2, and these errors often increase with member size (ACI Committee 224, 

2001). If the complex behaviour of RC elements in situ were captured in sufficient detail it would 

aid in the prediction of serviceability performance moving forward as well as allowing the loading 

on existing structures to be optimized. Specifically, monitoring distributed deflections, support 

conditions, crack widths, and crack spacing in a practical manner would be of value to designers 

and engineers tasked with assessing structures. 

 Current monitoring techniques cannot practically be used to monitor the serviceability 

performance of RC elements in sufficient detail. Deflections measured using displacement 

transducers (Song et al., 2007) require a stationary point of reference (often not practical for an in-

service structure) and only provide discrete measurements (potentially missing critical behaviour 

when compared to distributed sensors). Digital Image Correlation (DIC) can measure distributed 

deflections of structures (McCormick et al., 2014), however, this technique requires a line of sight 

between the element and a camera, which can be difficult to overcome when monitoring in situ. 

Monitoring crack widths smaller than 0.1 mm (0.00394 in) is often not feasible with readily 

available gauges (Gilson Company Inc., 2017), and many crack gauge technologies require prior 

knowledge as to where the crack will form. Hoult et al. (2016) have shown that DIC can measure 

crack widths and slip without knowing their location prior to monitoring. However, once again DIC 

requires a line of sight between a camera and the element. To measure strain, strain gauges are 

typically used, however, they also only provide discrete measurements. Fibre optic sensors have 
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the capability of measuring distributed strains (Chang et al., 2003), though their ability to capture 

distributed deflections and crack widths requires further investigation.  

Available monitoring techniques are generally specific to one type of measurement, and 

possess limitations such as only providing discrete measurements, requiring a point of reference, 

or requiring a direct line of sight (DIC). If one sensor could simultaneously measure distributed 

deflections, distributed strains, and crack widths without such limitations, it would be invaluable 

for monitoring RC serviceability performance. In light of this introduction, the objectives of this 

research program are to: (i) develop a method of monitoring distributed RC beam displacements 

using fibre optic sensors (FOS), (ii) evaluate the FOS displacements against conventional 

displacement transducers, (iii) develop a method of monitoring crack widths along a RC beam’s 

length using FOS, and (iv) evaluate the FOS crack width measurements against DIC measurements. 

2.2 BACKGROUND 

The following section provides a background on the specific FOS technology utilized in 

this research. Previous work that has used distributed FOS to monitor beam deflections as well as 

RC cracking behaviour is also summarized. 

2.2.1 Rayleigh Backscatter Fibre Optic Sensing 

Fibre optic sensors (FOS) fall into two main categories: discrete and distributed, with 

distributed FOS being the sensor type used in this research. Distributed FOS technologies, such as 

Brillouin and Rayleigh based backscattering systems, have the capability to measure strain along 

the length of a fibre optic cable (as opposed to discrete locations along the fibre). Brillouin Optical 

Time Domain Reflectometry provides measurements along fibres of several kilometers in length 

with an accuracy and spatial resolution of approximately 35 με and 500 mm (19.7 in), respectively 

(Mohamad et al., 2011). Rayleigh FOS techniques are capable of measuring strains with much 

higher accuracy (~1 με) and spatial resolutions as low as 5 mm (0.197 in), however, the length of 

the sensing fibre is typically limited (10 -100 m / 32.8 – 328 ft) (Gifford et al., 2007). 
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The technique used in this research is based on the measurement of Rayleigh 

backscattering. Rayleigh backscattering occurs due to interactions between light that is propagated 

through the fibre optic core from the analyzing unit and the silica density composition of the fibre 

optic core at each point. Light reflects off imperfections in the fibre, scattering portions of the light 

spectrum back to the analyzing unit (Henault et al., 2011). By comparing backscatter information 

from an initial scan to sequential scans, strain can be calculated at any point along the fibre’s length. 

The specific analyzing unit used for this research is the OBR 4600 from Luna Technologies 

(commercially available), which can measure physical strains in the fibre’s core with an accuracy 

of 1 με and a spatial resolution as low as 5 mm (0.197 in) over a maximum length 0f 70 m (229.6 

ft) (Luna Technologies, 2011).  

For external RC applications, the combination of a nylon coated fibre optic cable with 

Loctite E 20-HP adhesive has been determined to provide the most accurate strain results when 

using the OBR 4600 (Regier, 2013), and this combination will be used in this research. The nylon 

coated fibre used is inexpensive (~ $0.15/m / $0.49/ft), is a commercially available single mode 

fibre, and it is robust enough to withstand concrete cracking (Regier, 2013). The robustness can be 

attributed to the fact that the nylon coating is attached to the fibre core through friction, meaning 

that slip between the coating and the fibre core can occur at the location of cracks such that the 

fibre core does not rupture. This slip occurs at locations of high strain gradients, and can also lead 

to inaccurate strain measurements at these locations as the strains are averaged over a larger sensing 

length (Hoult et al., 2014).   

2.2.2 Beam Deflection Monitoring using Distributed Fibre Optic Sensors 

Distributed FOS have been used in only a couple instances to perform distributed beam 

deflection measurements. A study by Ohno et al. (2001) used Brillouin based FOS to measure beam 

deflections where the FOS were embedded into an RC slab at two separate heights to measure 

curvature. The FOS measurements were taken with a gauge length of 1000 mm (39.4 in) and a 
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sensor spacing of 100 mm (3.94 in). Using measured curvatures and Bernoulli-Euler elastic beam 

theory, deflections were determined through a process of double integration.  The FOS 

displacements were evaluated against 3 conventional displacement transducers along the loaded 

span and the results showed that both sets of measurements were in agreement, though only one 

test was performed. Additionally, the gauge length of 1000 mm (39.4 in) indicates that the 

technique used would not capture localized curvature behaviour that may occur, and it is not 

capable of performing deflection measurements on small elements. Butler et al. (2016) used 

Brillouin based FOS strain readings to estimate the camber deflections of 4 prestressed beams in a 

similar manner as that performed by Ohno et al. (2001). The camber estimations in this study were 

not validated using actual displacement measurements. Instead, the FOS camber estimates were 

evaluated against theoretical predictions, which differed from the FOS results by as much as 32%.  

To the authors’ knowledge there is only one instance in the literature where Rayleigh based 

FOS have been used to monitor RC beam deflections. Regier and Hoult (2014) used FOS to 

measure strains on the external surface of a RC bridge in Ontario, Canada during a load test. FOS 

displacements were determined from the strain measurements, and were then evaluated against 3 

displacement transducers. The results showed that the FOS results correlated well with the 

transducers, with a maximum measurement difference of 0.1 mm (0.00394 in). Though these results 

are promising, the technique has not yet been evaluated in a laboratory using a large number of 

specimens. As such, one of the goals of this research is to evaluate the use of Rayleigh based FOS 

for measuring RC beam deflections on multiple samples. 

2.2.3 Concrete Crack Monitoring using Rayleigh Based Fibre Optic Sensors 

Villalba and Casas (2013) found that cracks in a RC slab could be accurately located using 

peaks in the FOS strain data, and further work by Rodriguez et al. (2014) found that the location of 

micro cracks could be determined before being visually locatable. Similarly, Regier and Hoult 

(2015) tested a series of small RC beams in four point bending and found that nylon coated FOS 
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could locate the formation of concrete cracks within 20 mm (0.788 in) of their location. Other 

studies have extensively investigated the shear transfer that occurs between the fibre optic core and 

the concrete surface at the location of a crack (Billon et al. 2015). When FOS bridge a crack 

opening, the strains measured in the vicinity of the crack are influenced, and the work by Billon et 

al. (2015) was able to model the shear transfer between the FOS and the concrete for a specific 

cable and installation technique. 

The only previous work that has attempted to evaluate Rayleigh based FOS for the purposes 

of quantifying crack widths was performed by Rodriguez et al. (2015) on an RC slab. The ability 

of FOS to measure crack widths was evaluated against the results of 2 magnetic transducers as well 

as the crack width results from 2 non-linear finite element models. The evaluation determined that 

the FOS crack width measurements compared well with both the transducer and the model results. 

However, their method only provides average crack width estimates within the cracked region of 

the RC slab, and thus does not determine the distinct width of each crack. This could lead to large 

under-estimations or over-estimations of specific crack widths if the RC element’s cracking 

behaviour is not evenly distributed. Though their crack width work is a promising preliminary 

investigation, it is important to consider that only results from one slab test were used for evaluation 

in this study and the crack widths were only evaluated against 2 conventional transducers in this 

test. For crack width results from FOS to be truly validated, a more comprehensive experimental 

program is required. In addition, a method of quantifying the width of each individual crack (as 

opposed to average widths) is important, especially when considering RC elements in the field 

containing variable crack sizes. Therefore, developing a technique to measure each distinct crack 

width using Rayleigh based FOS, and evaluating it against a large data set of crack widths is one 

of the primary purposes of this chapter. 
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2.3 EXPERIMENTAL PROGRAM 

To evaluate Rayleigh based FOS for monitoring the serviceability performance of RC 

beams, a series of 13 beam specimens were fabricated. The testing program consisted of 9 small 

RC beam specimens and 4 large RC beam specimens, which will both be described in this section. 

Additionally, this section will present the instrumentation layouts, the test setups, and the testing 

procedures that were used for this research. 

2.3.1 RC Beam Specimens 

Three small RC beam specimen types were fabricated for this investigation: A, B, and C. 

Each of these were replicated three times amounting to a total of 9 small RC beam specimens. 

Figure 2-1a presents the cross section for each small specimen type and Figure 2-1b presents the 

elevation view representative of all 3 small specimen types. Specimen A was reinforced with one 

10M bar (yield stress (fy) of 457 MPa (66.3 ksi), modulus of elasticity (Es) of 193000 MPa 

(28.0×103 ksi) for a reinforcement ratio (ρ) of 0.83%, specimen B was reinforced with two 10M 

bars (fy = 457 MPa (66.3 ksi), Es = 193000 MPa (28×103 ksi)) for a ρ of 1.67%, and specimen C 

was reinforced with one 15M bar (fy = 477 MPa (69.2 ksi), Es = 194000 MPa (28.1×103 ksi)) for a 

ρ of 1.67%. The transverse reinforcement for all small specimens was the same and was comprised 

of bars measuring 5 mm in diameter with an fy of 668 MPa (96.9 ksi) and an Es of 202000 MPa 

(29.3×103 ksi). The concrete compressive strengths were 36 MPa (5.22 ksi), 37 MPa (5.37 ksi), and 

32 MPa (4.64 ksi) for specimens A, B, and C, respectively. All concrete compressive strengths in 

this chapter were determined from cylindrical specimens with a height of 200 mm (8 in) and a 

diameter of 100 mm (4 in). Lastly, the clear concrete cover on the top and sides of all small 

specimens was 15 mm (0.591 in).  

Two large RC beam specimen types were fabricated for this research in addition to the 9 

small RC beams previously discussed: D and E, and both specimen types were replicated twice. 

These beams were designed to assess the effectiveness of the FOS for monitoring serviceability 
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performance of beams at a larger scale. Figure 2-1c presents the cross section for both large 

specimen types and Figure 2-1d presents the elevation view representative of both large specimen 

types. The large specimens were doubly reinforced with compression (top) longitudinal 

reinforcement consisting of two 10M bars (fy = 443 MPa (64.3 ksi), Es = 210000 MPa (30.5×103 

ksi)) in all beams. The tensile (bottom) longitudinal reinforcement was comprised of two 25M bars 

(fy = 454 MPa (65.8 ksi), Es = 200000 MPa (29.6×103 ksi)) in specimen type D and two 20M bars 

(fy = 416 MPa (60.3 ksi), Es = 206000 MPa (29.9×103 ksi)) in specimen type E. The reinforcement 

ratios were designed to be similar to those used in the small specimens, with D and E having a ρ of 

1.6% and 0.8%, respectively. The transverse reinforcement for all large specimens was comprised 

of 10M bars with an fy of 443 MPa (64.3 ksi) and an Es of 210000 MPa (30.5×103 ksi). The concrete 

compressive strengths were 27 MPa (3.92 ksi) and 28 MPa (4.06 ksi) for specimens D and E, 

respectively. Finally, the clear concrete cover on the sides of both beams was 35 mm (1.379 in). 

2.3.2 Instrumentation and Test Setup 

Nylon coated fibre optic cables were externally bonded to the concrete surface of every 

beam. The FOS installation process on each beam consisted of the following: (i) sanding the 

concrete surface using a 150-grit sand paper flap wheel along the desired fibre paths, (ii) wiping 

the surface of dirt and dust using water and 99% isopropyl alcohol, and (iii) bonding the fibre optic 

cable to the concrete surface using a two-part adhesive (Loctite E-20HP). 

The layout of the FOS instrumentation used on the small and large beam specimens is 

shown in Figure 2-2a and Figure 2-2b, respectively. The FOS were installed on each beam at two-

separate heights along the loaded spans so that curvatures along the length could be determined, 

and thus beam deflections through a process of numerical integration (described later). The bottom 

pass of FOS was installed at the location of the mid height of the tensile (bottom) longitudinal 

reinforcement, while the top pass of FOS was installed near the top of the specimen to capture the 
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compressive strains. The FOS were attached to the OBR 4600 from Luna Technologies to perform 

strain measurements in this study, which is only capable of performing measurements statically. 

In addition to the FOS, 5 linear potentiometers (LPs) were setup to measure beam 

deflections, with one at each support, one at each quarter span, and one at the beam’s mid-span 

(Figure 2-2). LPs were placed at the supports to account for support movement. To evaluate the 

crack width measurements from the FOS, crack width measurements from Digital Image 

Correlation (DIC) were used. The DIC crack width measurement method presented by Hoult et al. 

(2016) was used in this investigation, which uses a software package called GeoPIV developed by 

White et al. (2003) paired with digital images. To capture the digital images, Canon T3i cameras 

with a sensor width of 5184 pixels and height of 3456 pixels were used. The lenses used were 18-

55 mm lenses (0.71-2.17 in), which were set at 55 mm (2.17 in). The cameras were aimed such that 

their field of view encompassed the middle section of each beam’s span as shown in Figure 2-2. 

DIC was chosen as the technique to evaluate the FOS crack width data as it is also a distributed 

technique, and can thus measure several crack widths within the camera’s field of view without 

having prior knowledge of where they will form.  

The beams were tested in 3-point bending using a hydraulic actuator that had a load cell 

attached. Schematics of the overall test setups used for both the small and large beams are shown 

in Figure 2-2. 

2.3.3 Testing Procedure 

All beam specimens were tested until failure, with the hydraulic actuator applying load in 

displacement control at a rate of 2 mm (0.0788 in) per minute. The LPs and load cell were set to 

take measurements at a rate of 1 Hz. As previously mentioned, the OBR 4600 is only capable of 

taking strain measurements statically, thus the load had to be applied in increments with the load 

being temporarily held at each load stage so that FOS measurements could be taken. For the small 

beams, the load was held at increments of 1 kN (0.225 kip) until initial flexural cracking occurred, 
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at which point the load was held at increments of 2 kN (0.45 kip) until failure. The large beams 

were loaded in increments of 10 kN (2.25 kip) until initial flexural cracking occurred, beyond which 

increments of 20 kN (4.5 kip) were used until failure. At every load stage, two sets of FOS strain 

measurements were taken using the OBR4 600: the first set using a sensor spacing and gauge length 

of 10 mm (0.394 in), and the second using a sensor spacing and gauge length of 20 mm (0.788 in). 

This was done to investigate which gauge length is most effective for monitoring RC beam 

serviceability performance, as previous work has noted that varying gauge length can increase the 

accuracy of the strain measurement depending on the monitoring scenario and the strain behaviour 

of the underlying host material (Kreger et al., 2007). Five photos were taken at every load stage in 

order to perform the DIC analysis, with multiple images being taken for redundancy. 

2.4 RESULTS AND DISCUSSION 

The following section presents the results of this experimental study. The development of 

the methods used to measure beam deflections and crack widths using FOS are presented, and the 

capability of FOS to monitor both on RC specimens is evaluated. 

2.4.1 Development of Deflection Measurement Technique 

Concrete surface strains were measured at two separate heights along each beam’s span 

length, and using these strains beam deflections could be calculated using a process of numerical 

integration. Figure 2-3a presents the top and bottom FOS strain measurements from one of the 

small beam specimens (B2) at a load of 10 kN (2.25 kip). The gauge length and sensor spacing 

used for the data presented in Figure 2-3 was 10 mm (0.394 in). 

 From Figure 2-3a one can see that the top fibre measures compressive strains while the 

bottom fibre measures tensile strains, and the overall trend is that magnitudes of both increase 

towards the beam’s mid-span. This is the expected behaviour for a beam under positive bending. It 

is also evident that there are large peaks in the bottom fibre data. These peaks correlate with the 

location of cracks in the concrete surface. Using the strains measured from the FOS and Euler-
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Bernoulli beam theory, beam deflections can be calculated along the beam’s length. Curvature can 

be determined at any point along the beam’s length by taking the change in strain between the top 

and bottom fibre and dividing it by the vertical distance between the two fibres. Once curvatures at 

every point along the beam’s length are determined, they can be integrated once along the beam to 

determine beam slopes and a second time to determine beam deflections using two known boundary 

conditions. For this research, the supports were used as the boundary conditions, as both supports 

will have relative beam deflection values of 0 mm (0 in).  

This integration process, however, requires that the FOS strain measurements are reliable 

at every point along the beam’s length. The spectral shift quality (SSQ) provides an indicator of 

the quality of the measurement on a scale of 0 to 1 with 1 being perfect correlation. Luna 

Technologies (2011) suggests that any strain measurement performed by the OBR 4600 with an 

SSQ lower than 0.15 should not be considered reliable. It was observed that SSQ values lower than 

0.15 were associated with strain values in many cases when the beam specimens were subjected to 

higher loads and the crack widths that the FOS were required to bridge started increasing. For 

example, FOS strain results at mid-span for specimen B2 at a load of 32 kN (7.2 kip) are shown in 

Figure 2-3b. Unreliable strain readings (SSQ < 0.15) are not plotted in Figure 2-3b, which results 

in visible gaps in the data. It is evident that there are three separate areas where the FOS strain 

readings are unreliable, and these occur in the vicinity of concrete cracks. This makes sense as the 

spectral shift quality associated with OBR 4600 strain measurements is known to reduce at 

locations where high strain gradients are present (Kreger et al., 2007), which is precisely the case 

when the FOS bridges a concrete crack. 

To perform deflection calculations at load stages where some of the FOS strain 

measurements were unreliable, linear interpolation was performed between the surrounding 

reliable points such that curvature at every point along the beam, and therefore deflections, could 

still be calculated. Linear interpolation was chosen as it is a straightforward mathematical 
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procedure to perform and can be practically implemented. Linear extrapolation of the data’s slopes 

on either side of the unreliable regions was also considered, however, it was found to produce less 

accurate results than linear interpolation in many typical scenarios. This is highlighted in Figure 

2-4, which compares the chosen linear interpolation scheme to the slope extrapolation technique 

for four common unreliable data cases. One can see that when the unreliable data is similar to Case 

3 and Case 4 (Figure 2-4), the slope extrapolation technique provides a good approximation of the 

expected strains. However, this method is incapable of providing strain estimates for Case 1 and 

Case 2. On the other hand, linear interpolation (the chosen method) provides a good estimate for 

Case 1, Case 2, and Case 4. It also provides an estimate for Case 3, although it is evident that the 

strains are underestimated in this scenario. These strain underestimations can potentially lead to 

deflection underestimations, which will be discussed in detail next.  

 As previously stated in the experimental program, the FOS strain measurements were 

performed using a gauge length and sensor spacing of both 10 mm and 20 mm (0.394 in and 0.788 

in). When using the OBR 4600 to take strain measurements, in most circumstances the 20 mm 

(0.788 in) gauge length provides more accurate and precise results. However, the 10 mm (0.394 in) 

gauge length allows more accurate and precise data to be acquired when large strain gradients are 

present (Kreger et al., 2007). Because the fibre experiences large strain gradients when it bridges 

concrete cracks, it is not immediately obvious which of the two gauge lengths will be more accurate 

in this case. Load-deflection relationships for specimens A2, B3, and C2 are plotted in Figure 2-5a, 

Figure 2-5b, and Figure 2-5c, respectively. FOS displacement calculations using strain readings 

taken with both gauge lengths are shown and compared to LP displacement measurements at mid-

span for each beam. Figure 2-5d presents a comparison of FOS strain measurements using both 

gauge lengths from the bottom fibre of specimen A2 with a 12 kN (2.7 kip) load applied. 

One can see in Figure 2-5 that the 10 mm (0.394 in) FOS displacement calculations 

correlate more closely with the LP measurements. All displacement calculations agree well with 
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the LP measurements in all three cases prior to flexural cracking, however, they also appear to 

underestimate the measured deflections in the later portions of each test. The FOS calculations for 

specimen A2 (Figure 2-5a) underestimate the deflections quite significantly in the latter half of the 

load-deflection curve for both gauge length values. The 20 mm (0.788 in) calculations 

underestimate deflections beyond the 10 kN (2.25 kip) load stage and the 10 mm (0.394 in) 

calculations underestimate the deflections beyond the 12 kN (2.7 kip) load stage. This is due to the 

presence of unreliable FOS strain data points occurring at or near concrete cracks, which leads to 

the use of linear interpolation between reliable points. In the case of specimen A2, the interpolation 

has led to large underestimations of the tensile strains at certain points (Case 3 in Figure 2-4). One 

can see how this would occur by investigating the FOS strains in Figure 2-5d using a gauge length 

of 20 mm (0.788 in) at 12 kN (2.7 kip), as the gaps in the data plotted indicate regions of unreliable 

strain data. By linearly bridging the gaps in the 20 mm (0.788 in) data, the strains at these locations 

are underestimated when compared to the reliable 10 mm (0.394 in) strain data at this load. This is 

corroborated by Figure 2-5a, which shows that the 20 mm (0.788 in) gauge length deflection 

calculation underestimates the measured value at the 12 kN (2.7 kip) load stage while the 10 mm 

(0.394 in) gauge length deflection calculation is still accurate. Beyond this point, the 10 mm (0.394 

in) deflection calculations are also affected by this phenomenon and start to underestimate the LP 

measurements as well, though to a lesser extent as seen for the 20 mm gauge length. It should be 

that the unreliable data regions are less frequently of a Case 3 nature (Figure 2-4) when a 10 mm 

gauge length is used compared to when a 20 mm gauge length is used. 

The 20 mm (0.788) gauge length deflections are lower in magnitude than the 10 mm (0.394 

in) gauge length deflections in the latter portions of the load-deflection curves for specimens B3 

and C2 because of unreliable strain data points as well (though not to the same extent as for 

specimen A2). In the case of B3, the deflection calculations deviate from the LP measurements 

when a shear crack forms at 29.1 kN (6.548 kip). This makes sense, as the method of determining 
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FOS beam deflections only considers bending deformations, and will therefore not be able to 

measure shear deformations. This is an important limitation of using FOS strain measurements to 

estimate RC beam deflections, as there will be large discrepancies between the FOS deflection 

calculations and true behaviour if large shear cracks form. Overall, the results presented in Figure 

2-5 illustrate that the 10 mm (0.394 in) gauge length FOS strain readings provide more accurate 

RC beam deflection measurements up to a higher percentage of the ultimate load than those 

performed with a 20 mm (0.788 in) gauge length.  

It should be noted that there is a negligible difference between using a 10 mm (0.394 in) 

and a 20 mm (0.788 in) gauge length to perform FOS deflection calculations when the measured 

FOS strains are lower than 200 με. In Figure 2-5, it is seen that the deflection calculations performed 

with both gauge lengths are essentially equal until 10 kN (2.25 kip), 18 kN (4.05 kip), and 26 kN 

(5.85 kip) for A2, B3, and C2, respectively. Once those loads were surpassed, several of the 

measured strains along the bottom fibre optic exceeded the value of 200 με.  

However, there is a noticeable difference in strain measurement for the 10 mm and 20 mm 

gauge lengths (0.394 in and 0.788 in) at strain values under 50 με. Figure 2-6 shows strains 

measured in the bottom fibre of a small beam (A2) and a large beam (E1) at applied loads of 1 kN 

and 5 kN (0.225 kip and 1.125 kip), respectively. Strains measured using both gauge lengths are 

shown, and strain magnitudes remain below 50 με in both cases. It is evident that at low strain 

magnitudes, the 10 mm (0.394 in) gauge length measurements appear to show a coarse 

discretization phenomenon with increments of approximately 4 με, which is not evident in the 20 

mm (0.788 in) gauge length readings. This is believed to be a by-product of the analysis software 

provided with the Luna system. Based upon these findings, a gauge length of 20 mm (0.788 in) 

should be used instead of a 10 mm gauge length if a strain change measurement accuracy lower 

than ~4 με is required. The ability to measure strain with an accuracy better than 4 με was not 

crucial in this study for determining deflection measurements using the FOS measurements. 
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Therefore, FOS deflection calculations were performed using strains measured with a gauge length 

and sensor spacing of 10 mm (0.394 in) in the rest of this study as it was previously shown (Figure 

2-5) that this combination provided accurate deflection predictions up to higher ultimate load 

percentages for each specimen. 

2.4.2 Evaluation of Displacement Measurement Technique  

Figure 2-7a plots LP mid-span deflection measurements against mid-span deflection 

calculations performed using FOS strain measurements for all small specimens (excluding 

measurements taken after significant shear cracking). The majority of the FOS deflection 

calculations agree with the LP measurements, which is evident by the data points that lie on the 1:1 

line plotted. However, several of the FOS deflections show a considerable difference when 

compared to the LPs. In Figure 2-5, the FOS deflections for specimen A2 (ρ = 0.83%) differ from 

the LP measurements more than they do for specimens B3 (ρ = 1.67%) and C2 (ρ = 1.67%). 

Considering this, it was hypothesized that the FOS deflection calculations may be less accurate for 

RC beams with lower reinforcement ratios, so only specimen types B and C are presented in Figure 

2-7b. Though this removed many of the FOS deflections that show considerable error, it is evident 

that there are still some erroneous points present, suggesting that it is not specifically low 

reinforcement ratios leading to erroneous FOS deflections.  

It was then noted that errors in Figure 2-7a occur after the beams are loaded beyond 60% 

of their respective ultimate capacities. Figure 2-7c presents an evaluation of the FOS deflections 

against LP measurements for all small specimens at loads below 60% of their respective ultimate 

capacities. The FOS deflection calculations agree well with the LPs for all small specimens prior 

to 60% loading. This is promising for the monitoring of RC beams under service loads where the 

applied load is approximately 50% of the ultimate load. Table 2-1 presents a comparison of FOS 

deflections against LP measurements at mid-span for all small specimens at a load stage just prior 

to 60% of ultimate, which shows that the error between the FOS deflections and the LP 
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measurements is less than 5% in all cases. Lastly, it should be noted that specimens A1 and C1 did 

not provide FOS results as the fibre optic cable ruptured just prior to testing. Load vs. mid-span 

deflection plots are provided for all 9 small specimens in Appendix A.  

The load-deflection responses of large specimens D1 and D2 are shown in Figure 2-8. It is 

clear that the FOS deflections lose accuracy prior to 60% of the ultimate load for specimens D1 

(Figure 2-8a) and D2 (Figure 2-8b). In both instances, the FOS deflections start to be lower than 

the LP measurements near the 100 kN (22.5 kip) load stage, suggesting that the deflection 

measurement accuracy is not governed by the percentage of load applied (since 100 kN (22.5 kip) 

represents 58% and 53% of the ultimate loads for specimens D1 and D2, respectively).  

 From the DIC crack width results, it was found that the maximum crack widths at the height 

of the bottom fibre at the 100 kN (22.5 kip) load stage for specimens D1 and D2 were 0.20 mm and 

0.23 mm (0.0079 in and 0.0091 in), respectively. It was also discovered that the maximum crack 

width did not exceed 0.20 mm (0.0079 in) at the bottom fibre level in any of the small specimens 

prior to 60% loading. Thus, it is likely that the main reason the FOS deflection calculations lose 

accuracy is due to the magnitude of the crack widths as opposed to the percentage of loading. This 

is confirmed in Figure 2-8, which evaluates FOS deflections from small specimen types A, B, and 

C, and the large specimen type D. Figure 2-8d presents all FOS deflection calculations when the 

maximum crack width at the location of the bottom fibre is less than or equal to 0.15 mm (0.0059 

in), and Figure 2-8e presents all FOS deflection calculations when the maximum crack width is 

greater than 0.15 mm (0.0059 in). In Figure 2-8d, all of the FOS deflection calculations are within 

0.11 mm (0.0043 in) of the LP measurements when the maximum crack width at the height of the 

bottom fibre does not exceed 0.15 mm (0.0059 in). Additionally, Figure 2-8e illustrates that the 

FOS deflection calculations commonly underestimate the measurements (differences as high as 

1.12 mm) once the maximum crack width exceeds 0.15 mm (0.0059 in), though some FOS 

calculations do remain accurate beyond this point.  
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In an effort to mitigate the impact of crack widths on displacement calculations, a third 

fibre optic cable pass was installed on the exterior of specimens E1 and E2 150 mm (5.91 in) above 

the bottom fibre and 85 mm (3.35 in) below the top fibre, where the maximum crack width was not 

expected to exceed 0.15 mm (0.00591 in).  

The load-deflection responses of specimens E1 and E2 are presented in Figure 2-9. The LP 

measurements are compared to FOS deflections calculated in two ways: one using strain readings 

from the top and bottom fibre, and one using strains from the top and middle fibre. FOS deflections 

calculated using the top and bottom fibre begin to underestimate deflections at early load levels 

(~50 kN (11.25 kip)) for both E1 and E2. The maximum crack width at 50 kN (11.25 kip) at the 

level of the bottom fibre from DIC was 0.16 mm (0.0063 in) for specimen E1 and 0.17 mm (0.0067 

in) for specimen E2. Once again, this indicates that the inaccurate FOS deflection calculations occur 

when the maximum crack width exceeds 0.15 mm (0.0059 in). The FOS deflections calculated 

using the top and middle fibres are accurate until 111 kN (24.975 kip) for specimen E1 (when a 

large shear crack formed) and 116 kN (26.1 kip) for specimen E2 (which was the final load stage 

where FOS readings were taken before the fibre ruptured). These results indicate that the loss of 

accuracy in the FOS deflections caused by crack widths can be strategically avoided by locating at 

least two fibre optic passes at separate heights that avoid crack widths greater than 0.15 mm (0.0059 

in). As seen in Figure 2-9, this allows FOS to measure RC beam deflections up until load values 

close to failure. It should be noted the FOS deflection measurements were never accurate after 

yielding of the reinforcement commenced. This is because at the point of reinforcement yielding 

either one of the cracks that the FOS were required to bridge exceeded 0.15 mm or the fibre optic 

cable itself ruptured due to the crack opening. If two fibre optic passes were both installed within 

the compressive portion of the beam (e.g. on the compressive side of the neutral axis) the FOS 

would have the potential of measuring beam deflections after reinforcement yielding commenced. 
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Future work is required to evaluate this, as this chapter focuses on developing a technique for 

serviceability monitoring as opposed to during plastic behaviour. 

Using FOS strain readings from fibres that did not cross cracks larger than 0.15 mm (0.0059 

in), the full deflected shape of the RC beams was developed at multiple load stages as shown in 

Figure 2-10 for a small specimen (B3) and a large specimen (E2). The results show that the 

deflected shapes are in agreement with the LP measurements at mid-span and both quarter-spans 

for both the small and large RC beams. The FOS deflected shapes are made up of 100 points for 

the small beam and 200 points for the large beam as the sensor spacing used was 10 mm (0.394 in). 

Thus, FOS can be used to measure truly distributed displacements, which could provide critical 

insight into support conditions and member stiffness if this technique is used in the field.  

2.4.3 Development of Crack Width Measurement Technique 

As discussed previously, the nylon-coated fibre optic cable used in this research is capable 

of bridging concrete cracks due to the slip between the nylon coating and the fibre optic core, 

however, this phenomenon means that the FOS strain measurements no longer represent the 

concrete surface strains in the vicinity of cracks. At a crack, the FOS strain measurements register 

a large peak in strain, while the true concrete surface strains reduce to 0 at this location. An example 

schematic comparing the strains measured using FOS vs. the true concrete surface strains at a crack 

is shown in Figure 2-11a. It is seen in the schematic that the measured strains and the expected 

concrete surface strains away from the crack are equal, while at the crack itself there is a large 

difference. Across a crack, the total elongation of the fibre is the total area beneath the measured 

FOS strain curve. This total elongation is composed of elastic concrete surface strains as well as 

the crack opening, thus the crack width itself can be represented by the area between the measured 

FOS strains and the concrete surface strains. Since the concrete surface strains in the vicinity of a 

crack are not directly measured in this study, the area between the FOS strains and the concrete 

surface strains must be approximated. 
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 The goal of this study is to determine a method for estimating crack widths from the FOS 

strain readings. Three methods for determining crack widths from FOS readings are described in 

the following section: Method 1, Method 2, and Method 3. Method 1 is based upon Eq. (2-1) which 

evaluates the crack width (w) based upon the crack spacing (S), the mean strain in the steel 

reinforcement (εsm), and the mean strain in the concrete between cracks (εcm). The relationship 

presented in Eq. (2-1) is commonly used in design codes to numerically predict crack widths in 

flexural members (e.g. Eurocode 2 (European Committee for Standardization  2004)).  

 

                                                           w = S (εsm - εcm)                                                           (2-1) 

 

As seen in Figure 2-3a, the FOS strain measurements indicate the location of flexural 

cracks, therefore the crack spacing (S) is known. The FOS are able to bridge concrete cracks 

measuring strain across cracks as a combination of crack opening and elastic surface strain. It can 

be assumed that the mean strain measured by the FOS is equivalent to the mean strain in the steel 

reinforcement (εsm) measured over the length that the steel reinforcement is not fully bonded to the 

concrete surrounding a crack. As this length is not known precisely in this case, the assumption is 

made that the steel reinforcement and concrete are fully bonded at the mid-point between each 

crack. Therefore, the mean strain measured in the FOS is assumed to be equivalent to the mean 

strain in the steel reinforcement across a crack over a length which commences at the centre of the 

space between cracks prior to the crack of interest and ends at the centre of the space between 

cracks following the crack of interest. As previously stated, the concrete surface strain is not 

measured by the FOS within the cracked region, however, the mean concrete strain between cracks 

lies somewhere between a value of 0 and the concrete’s rupture strain. Thus, using the FOS strain 
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measurements, upper and lower bound estimates of the crack width can be calculated using Eq. (2-

2) and Eq. (2-3), respectively.        

 

                                                           w = (
S1

2
 + 

S2

2
) (εFOSm)                                                          (2-2) 

 

                                                                   w = (
S1

2
 + 

S2

2
) (εFOSm - εctu)                                               (2-3) 

 

Where S1 and S2 are the distances between the crack of interest and the nearest cracks on the left 

and right side of the crack, respectively, εFOSm is the mean strain measured by the FOS over a length 

of fibre commencing a distance of S1/2 left of the crack and ending at a distance S2/2 right of the 

crack, and εctu is the concrete’s rupture strain. 

 The Method 1 upper and lower crack width estimates (from Eq. (2-2) and Eq. (2-3), 

respectively) are evaluated against the DIC crack width measurements from three separate cracks 

in Figure 2-12. Measurements from cracks in A2, C2, and B1 are evaluated in Figure 2-12a, Figure 

2-12b, and Figure 2-12c, respectively. The Method 1 predictions agree well with the DIC 

measurements for the crack in A2 (Figure 2-12a). They also agree well with the DIC crack width 

measurements from C2 (Figure 2-12b) and B1 (Figure 2-12c) up until load values of approximately 

30 kN (6.74 kip), at which point the predictions for each crack are an overestimate of the DIC 

measurements. This overestimation is particularly clear in Fig. 11(b), and is a function of unreliable 

FOS strain measurements in the vicinity of the crack (a phenomenon previously discussed and 

illustrated in Figure 2-3b). As the crack width increases, the number of unreliable FOS strain 

measurements near the crack increases, and the interpolation between reliable strain readings in the 

crack’s vicinity can begin to lead to an overestimation of the εFOSm term. It should be noted that 
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crack width predictions using FOS cannot be made if the peak FOS strain measurement at a crack 

itself becomes unreliable (i.e. Case 3 in Figure 2-4). 

Depending upon the crack spacing, Method 1 potentially requires more than ten reliable 

strain readings in the vicinity of the crack to perform accurate predictions, and as discussed, this 

becomes less probable as the crack size increases. Two methods (Method 2 and Method 3) that only 

require three reliable FOS strain readings in the crack’s vicinity to perform a crack width estimate 

are presented in Figure 2-11b and Figure 2-11c. The three points required along the FOS strain 

curve for each method are P1, P2, and P3 as indicated in Figure 2-11. The location where the FOS 

strains have a slope of zero prior to the crack is denoted as P1, the location where the FOS strains 

have a slope of zero following the crack is denoted as P2, and the location of the peak FOS strain 

at the location of a crack is denoted as P3. The areas shown in Figure 2-11b and Figure 2-11c 

represent the basis of the crack width approximations for Method 2 and Method 3, respectively.  

Method 2 and Method 3 agree well with the DIC crack width measurements for specimen 

A2 (Figure 2-12a). From investigating the strain data for A2 it is seen that the monitored crack 

itself appears to be fairly isolated from surrounding cracks. It should be noted that there are fewer 

strain peaks (cracks) in Figure 2-12a than were seen in Figure 2-5d. This is due to the fact that an 

additional crack formed in specimen A2 between 8 kN of applied load (Figure 2-12a) and 12 kN 

of applied load (Figure 2-5d). The monitored crack on specimen C2 (Figure 2-12b) is in close 

proximity to another crack, and in this case it appears that the Method 3 calculations correlate better 

with the DIC measurements than those performed using Method 2. In this case Method 2 

significantly underestimates the crack widths. Method 2 also underestimates the crack widths for 

the monitored crack in specimen B1. It is observed in the strain data for specimen B1 that the 

monitored crack is surrounded very closely by two other cracks (Figure 2-12c). In all three cases, 

the Method 3 crack width measurement correlates well with the DIC measurements, while Method 

2 underestimates the crack widths for specimens C2 and B1.  
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The large differences between the Method 2 and Method 3 crack width approximations for 

specimens C2 and B1 make sense when considering the differences between the measured FOS 

strains when cracks formed very close together or when cracks become large in width at higher 

loading levels. A graphical representation of the measured FOS strains vs. the actual concrete 

surface strains at higher loads is shown in Figure 2-13, which shows that at higher loads, the FOS 

strain may no longer equal the actual concrete surface strain in between cracks at any point. This 

occurs due to the slip between the fibre core and the nylon coating, which causes an averaging of 

the strains. From this, the strain in the fibre increases between cracks due to the higher strains 

measured when crossing the surrounding cracks.  Ultimately, this leads to an underestimation of 

the crack width when using Method 2 (Figure 2-13b). From Figure 2-12, it appears that Method 3 

more accurately represents the crack widths even when the measured strains on one or both sides 

of the crack no longer equal the true concrete strains.  

Figure 2-12 illustrates that both Method 1 and Method 3 appear to correlate well with the 

DIC measurements while Method 2 shows large discrepancies. Method 3 seems to predict crack 

widths more accurately as the crack widths increase in size compared to Method 1, however, 

Method 1 is potentially more accurate in the initial stages of flexural cracking. The ability for FOS 

data to be used to calculate crack widths using both Method 1 and Method 3 is more thoroughly 

evaluated in the next section.  

It should be noted that all of the FOS strain measurements used to perform crack width 

calculations in this study were performed with a 10 mm (0.394 in) gauge length. This was because 

the peak FOS strains at crack locations remained reliable at higher loads when using a 10 mm 

(0.394 in) gauge length compared to a 20 mm (0.788 in) gauge length. Once the peak FOS strain 

at a crack became unreliable using a 10 mm (0.394 in) gauge length, FOS crack width calculations 

could no longer be performed.  
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2.4.4 Evaluation of Crack Width Measurement Technique 

FOS crack width calculations are evaluated against DIC crack widths using Method 1 in 

Figure 2-14a and Method 3 in Figure 2-14b. Crack widths at different locations along the specimen 

and at different loads were evaluated. In total, 146 different FOS crack width calculations are 

evaluated against DIC measurements in Figure 2-14 using each method. It should be noted that 

Method 1 calculations performed here were the upper bound estimates determined using Eq. (2-2), 

as this approach is more conservative and does not require the concrete’s rupture strain to be known. 

This also makes it more suitable when monitoring crack openings in existing structures where 

cracks have already formed.  

In Figure 2-14, the FOS calculations correlate well with the DIC crack width 

measurements, especially when considering small crack width magnitudes.  ACI 224R-01 (ACI 

Committee 224 2001) provides a guide for crack width limits for RC structures dependent upon a 

variety of exposure conditions. ACI 224R-01 states that for structures exposed to sea water and sea 

water spray, crack widths should be less than 0.15 mm (0.0059 in), for structures exposed to deicing 

salts this limit is 0.18 mm (0.0071 in), and for structures exposed to humidity, moist air, and soil, 

the maximum crack width is 0.30 mm (0.0118 in). For both Method 1 and Method 3, the mean and 

standard deviation of the measurement difference between the FOS and the DIC measurements is 

shown in Figure 2-14 for crack widths corresponding to the three limits stated. It is seen that the 

differences increase as the size of the crack widths increase for both methods. However, Figure 

2-14 shows that Method 1 provides more accurate crack width predictions for crack widths up to 

0.18 mm (0.0071 in) while Method 3 is more accurate when crack widths are between 0.18 mm 

(0.0071 in) and 0.3 mm (0.0118 in).  

 Using Method 1 to determine crack widths up to 0.18 mm and using Method 3 to determine 

crack widths between 0.18 mm and 0.3 mm, the average differences between the FOS predictions 

and the DIC measurements are as follows: 0.007 mm (0.00028 in) for crack widths up to 0.15 mm 

(0.0059 in), 0.016 mm (0.00063 in) for crack widths between 0.15 mm and 0.18 mm (0.0059 in 
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and 0.0071 in), and 0.031 mm (0.00122 in) for crack widths greater than 0.18 mm (0.0071 in). 

Though the average measurement difference for crack widths between 0.18 mm and 0.3 mm 

(0.0071 in and 0.0118 in) is the largest, an average difference of 0.031 mm (0.00122 in) is felt to 

be an acceptable error as it is less than 15% of the total crack width, and thus represents an option 

for field monitoring when other conventional crack width measurement techniques are not feasible 

to implement. It is also important to emphasize that the FOS crack width measurement techniques 

can be used to estimate the width of every single crack that the fibre optic cable crosses without 

prior knowledge of where they will form, potentially providing hundreds of crack width estimates 

for an RC element in the field using one fibre optic cable.  

 The accuracy of the crack width measurements begins to decrease at the same crack width 

that the calculated deflections began to become less accurate (i.e. 0.15 mm (0.0059 in)). It seems 

that for this measurement setup (i.e. nylon coated fibres bonded with two part epoxy to the concrete 

surface and strains measured using an OBR 4600) that this represents a limiting level in terms of 

the accuracy of serviceability measurements. Above this crack width, useful data can still be 

collected but the accuracy and precision of that data is reduced. Crack width measurements from 

the FOS are made possible due to the slip between the fibre optic core and the fibre’s nylon coating, 

which are connected through friction between the core and the coating. The amount of slip is 

inconsistent from fibre to fibre, which leads to varying strain peaks for the same strain gradient or 

crack width. However, the average of the strains measured in these regions remain consistent. This 

is evident from the evaluation of the FOS crack width predictions, which are based upon averaged 

strains, suggesting that the FOS crack width measurement technique presented here is independent 

of the amount of slip between the fibre core and the nylon coating at crack locations. 

2.5 CONCLUSIONS 

This research program was conducted to determine whether distributed FOS can provide a 

method of monitoring RC serviceability performance. Specifically, an investigation was performed 
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to discover the capabilities of using Rayleigh based FOS to monitor distributed deflections and 

concrete crack widths on RC beam elements simultaneously. The FOS system used in this study 

was comprised of three commercially available components: the OBR 4600 analyzing unit from 

Luna Technologies, nylon-coated single mode fibre optic cables, and Loctite E 20-HP adhesive. 

The findings from this research program are thus specific to this combination of analyzer, fibre, 

and bonding adhesive. 

For both the deflection and crack width measurement techniques, it was found that 

performing FOS strain measurements with a gauge length of 10 mm (0.394 in) provided accurate 

results up to higher loads during each test when compared to a 20 mm (0.788 in) gauge length. 

However, if measuring strain changes less than ~4 με is critical for the specific monitoring scenario 

a gauge length of 20 mm (0.788 in) was found to be more accurate. 

FOS deflection measurements were evaluated against mid-span LP measurements for 13 

RC beams tested in 3-point bending. It was found that the FOS could measure deflections 

accurately until any of the fibres used to perform the measurements crossed a crack with a width 

greater than 0.15 mm (0.0059 in), after which the FOS measurements began to underestimate beam 

deflections. It was also found that by using a FOS layout that avoided cracks larger than 0.15 mm 

(0.0059 in), the full deflected shape of a RC beam can be measured up until load levels approaching 

failure.  However, the developed method of measuring deflections only accounts for flexural 

deformations, which can lead to large discrepancies between FOS deflection measurements and 

true behaviour when large shear cracks form. The current work has focused on the use of FOS 

measurements as an indicator of serviceability performance. It may be possible through the use of 

careful sensor placement (i.e. avoiding cracked regions) to evaluate the structural integrity of 

members at and beyond the peak load, and this should be investigated in future studies. 

A total of 146 FOS crack width measurements were evaluated against DIC measurements 

from 13 RC beams tested in 3-point bending. It was found that the FOS could measure crack widths 
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with an average measurement difference of 0.007 mm (0.00028 in) for crack widths up to 0.15 mm 

(0.0059 in), 0.016 mm (0.00063 in) for crack widths between 0.15 mm and 0.18 mm (0.0059 in 

and 0.0071 in), and 0.031 mm (0.00122 in) for crack widths between 0.18 mm and 0.30 mm (0.0071 

in and 0.0118 in). These results suggest that FOS can be used to monitor the crack width limits 

prescribed in ACI 224R-01 for different exposure scenarios.  

Overall, the findings from this study indicate that FOS can be used to measure the full 

deflected shape of RC beam elements up until load levels near failure while simultaneously 

measuring multiple crack widths along the beam’s length as long as the widths that are being 

measured remain below 0.30 mm (0.0118 in).  

2.6 REFERENCES 

ACI Committee 209. (2008). Guide for Modeling and Calculating Shrinkage and Creep in 

Hardened Concrete. ACI 209.2R-08. American Concrete Institute, Farmington Hills, MI, 

44 pp. 

ACI Committee 224. (2001). Control of Cracking in Concrete Structures. ACI 224R-01. 

American Concrete Institute, Farmington Hills, MI, 47 pp. 

Allwood, J., and Cullen, J. (2012). Sustainable materials: with both eyes open. UIT Cambridge 

Limited, Cambridge, UK, 356 pp. 

Bentz, E. C., and Hoult, N. A. (2016). “Bridge model updating using distributed sensor data,” 

Proceedings of the Institution of Civil Engineers-Bridge Engineering, 170(1), 74-86. 

Billon, A., Hénault, J. M., Quiertant, M., Taillade, F., Khadour, A., Martin, R. P., and Benzarti, 

K. (2015). “Qualification of a distributed optical fibre sensor bonded to the surface of a 

concrete structure: a methodology to obtain quantitative strain measurements,” Smart 

Materials and Structures, 24(11), 115001 1-13. 



 

33 

 

Bischoff, P. H. (2005). “Reevaluation of deflection prediction for concrete beams reinforced with 

steel and fibre reinforced polymer bars,” Journal of Structural Engineering, 131(5), 752-

767. 

Butler, L. J., Gibbons, N., He, P., Middleton, C., and Elshafie, M. Z. (2016). “Evaluating the 

early-age behaviour of full-scale prestressed concrete beams using distributed and 

discrete fibre optic sensors,” Construction and Building Materials, 126, 894-912. 

Chang, P. C., Flatau, A., and Liu, S. C. (2003). “Review paper: health monitoring of civil 

infrastructure,” Structural health monitoring, 2(3), 257-267. 

European Committee for Standardization (CEN). (2004). “Eurocode 2: Design of Concrete 

Structures – Part 1-1: General Rules and Rules for Buildings 1992-1-1,” European 

Committee for Standardization (CEN), Belgium. 

Gifford, D. K., Kreger, S. T., Sang, A. K., Froggatt, M. E., Duncan, R. G., Wolfe, M. S., and 

Soller, B. J. (2007). “Swept-wavelength interferometric interrogation of fibre Rayleigh 

scatter for distributed sensing applications,” In Optics East 2007. International Society 

for Optics and Photonics. 67700, 67700F 1-9. 

Gilbert, R. I. (2011). “The serviceability limit states in reinforced concrete design,” Procedia 

Engineering, 14, 385-395. 

Gilson Company Inc., (2017). “Concrete Crack Monitors,” < 

https://www.globalgilson.com/concrete-crack-monitors> (March 2, 2017) 

Global Infrastructure Basel. (2014). “Removing the bottleneck for infrastructure investments,” < 

http://resilient-cities.iclei.org/fileadmin/sites/resilient-

cities/files/Resilient_Cities_2014/PPTs/A/A1_Tafur.pdf> (July 19, 2016) 

Henault, J. M., Salin, J., Moreau, G., Delepine-Lesoille, S., Bertand, J., Taillade, F., Quiertant, M. 

and Benzarti, K. (2011) “Qualification of a truly distributed fibre optic technique for 



 

34 

 

strain and temperature measurements in concrete structures,” In EPJ Web of Conferences 

12, 3004 1-8. 

Hoult, N. A., Dutton, M., Hoag, A., and Take, W. A. (2016). “Measuring crack movement in 

reinforced concrete using digital image correlation: overview and application to shear slip 

measurements,” Proceedings of the IEEE, 104(8), 1561-1574. 

Hoult, N. A., Ekim, O., and Regier, R. (2014). “Damage/deterioration detection for steel 

structures using distributed fibre optic strain sensors,” Journal of Engineering 

Mechanics, 140(12), 04014097 1-9. 

Kreger, S. T., Gifford, D. K., Froggatt, M. E., Soller, B. J., and Wolfe, M. S. (2007. “High 

resolution distributed strain or temperature measurements in single and multi-mode fibre 

using swept wavelength interferometry,” Proceedings of SPIE. 2007, 6530 1-9. 

Luna Technologies. (2011). Optical backscatter Reflectometer 4600 User Guide. Luna 

Technologies, Blacksburg, VA. 

McCormick, N., Waterfall, P., and Owens, A. (2014). “Optical imaging for low-cost structural 

measurements,” Proceedings of the Institution of Civil Engineers-Bridge Engineering, 

167 (BE1), 33-42. 

Mohamad, H., Soga, K., Pellew, A., and Bennett P. J. (2011). “Performance monitoring of a 

secant-piled wall using distributed fibre optic strain sensing,” Journal of Geotechnical 

and Geoenvironmental Engineering, 137(12): 1236–1243. 

Neubrex Technologies. (2007). “NBX-5000 Specifications,” 

<http://www.neubrex.com/htm/products/pro-nbx5000.htm> (March 3, 2017) 

Ohno, H., Naruse, H., Kihara, M., and Shimada, A. (2001). “Industrial applications of the 

BOTDR optical fibre strain sensor,” Optical fibre technology, 7(1), 45-64. 

Russo, G., and Romano, F. (1992). “Cracking response of RC members subjected to uniaxial 

tension,” Journal of Structural Engineering, 118(5), 1172-1190. 



 

35 

 

Regier, R. (2013). “Application of fibre optics on reinforced concrete structures to develop a 

structural health monitoring technique,” MASc dissertation, Dept. Civil Eng, Queen’s 

University.  

Regier, R., and Hoult, N. (2014). “Distributed Strain Behaviour of a Reinforced Concrete Bridge: 

Case Study,” J. Bridge Eng., 19(12), 05014007 1-9. 

Regier, R., and Hoult, N. (2015). “Concrete deterioration detection using distributed sensors,” 

Proceedings of the ICE - Structures and Buildings, 168(2), 118 –126. 

Rodriguez, G., Casas, J. R., and Villalba, S. (2014). “Assessing cracking characteristics of 

concrete structures by distributed optical fibre and non-linear finite element modelling,” 

In EWSHM-7th European Workshop on Structural Health Monitoring. 

Rodríguez, G., Casas, J. R., and Villaba, S. (2015). “Cracking assessment in concrete structures 

by distributed optical fibre,” Smart Materials and Structures, 24(3), 035005 1-11. 

Song, G., Gu, H., Mo, Y. L., Hsu, T. T. C., and Dhonde, H. (2007). “Concrete structural health 

monitoring using embedded piezoceramic transducers,” Smart Materials and 

Structures, 16(4), 959-968. 

United Nations. (2014). “Population Facts,” 

<http://www.un.org/en/development/desa/population/publications/pdf/popfacts/PopFacts

_2014-3.pdf> (March 16, 2017) 

Villalba, S., and Casas, J. R. (2013) “Application of optical fibre distributed sensing to health 

monitoring of concrete structures,” Mech. Syst. Sig. Process., 39(1–2), 441–451. 

White, D. J., Take, W. A., and Bolton, M. D. (2003). “Soil deformation measurement using 

particle image velocimetry (PIV) and photogrammetry,” Géotechnique, 53(7), 619-632. 

 

 

 

  



 

36 

 

Table 2-1: Comparison between FOS deflection calculations and LP measurements at mid-

span. 

Specimen Ultimate load 

(kN) 

Applied load 

(kN) 

% of ultimate load FOS 

(mm) 

LP 

(mm) 

% error 

A2 22.6 12.0 53.1 1.15 1.16 1.2 

A3 21.0 10.0 47.6 1.18 1.14 3.5 

B1 42.9 20.0 46.6 1.35 1.37 1.1 

B2 37.4 18.0 48.1 1.50 1.43 4.9 

B3 37.8 18.0 47.6 1.42 1.45 1.7 

C1 33.7 16.9 50.0 - 1.22 - 

C2 39.0 20.0 51.3 1.73 1.67 3.9 

C3 37.4 20.0 53.5 1.39 1.43 2.8 
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a) 

 

 
 b) 

 

                                        
c) 

 
d) 

Figure 2-1: Beam specimens: a) cross section of each small specimen type, b) elevation view 

of all small specimens, c) cross section of each large specimen type, and d) elevation view of 

all large specimens (all units in mm). 
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  a) 

 

 
        b) 

Figure 2-2: Instrumentation and test setup schematic: a) small beam specimens, and b) 

large beam specimens (all units in mm). 
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a) 

 
  b) 

Figure 2-3: Fibre strains for B2: a) load of 10 kN applied, and b) load of 32 kN applied with 

all unreliable strain values omitted (only bottom fibre results shown). 
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Figure 2-4: Potential interpolation schemes used to bridge regions of unreliable strain data 

near cracks in the concrete surface. 

 
      a)                                                                   b) 

           
      c)                                                                     d) 

Figure 2-5: FOS deflection comparison of both gauge lengths: a) load-deflection plot for A2, 

b) load-deflection plot for B3, c) load-deflection plot for C2, and d) bottom fibre strains for 

A2 with a load of 12 kN applied. 
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a)                                                                            b) 

Figure 2-6: Strains measured using both gauge lengths: a) A2 at a load of 1 kN, and b) E1 at 

a load of 5 kN. 

 

 

 
 a)     b)    c) 

Figure 2-7: Small beam FOS deflection evaluation: a) LP vs. FOS, b) LP vs. FOS for all B 

and C type specimens, and c) LP vs. FOS prior to 60% of ultimate load. 
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       a)                        b) 

 

 
    c)    d)               e) 

Figure 2-8: FOS deflection evaluation: a) load-deflection plot for D1, b) load-deflection plot 

for D2, c) LP vs. FOS for A, B, C, and D specimens, d) LP vs. FOS when the maximum 

crack width is ≤ 0.15 mm, and e) LP vs. FOS when the maximum crack width is > 0.15 mm.  
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     a)                             b) 

Figure 2-9: FOS deflection evaluation with deflections calculated using either the top and 

middle FOS or the top and bottom FOS: a) load-deflection plot for E1, and b) load-

deflection plot for E2. 

 

 

 
      a)                             b) 

Figure 2-10: FOS deflected shape evaluation: a) B3, and b) E2. 

      

 

 

 

 

 

 

 

 

 



 

44 

 

 
          a)              b)              c) 

Figure 2-11: Diagram of crack width calculation techniques: a) representation of measured 

FOS strains, concrete strains, and crack width, b) Method 2, and c) Method 3. 

 

 

 

 a)       b)                 c) 

Figure 2-12: FOS crack width calculation evaluation: a) crack in A2, b) crack in C2, and c) 

crack in B1. 
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a)               b)              c) 

Figure 2-13: Crack width calculation technique when the FOS strain no longer equals the 

concrete strain on at least one side of the crack: a) representation of measured FOS strains 

and the actual concrete surface strains at a crack location, b) Method 2, and c) Method 3. 

 
              a) 

                
b) 

Figure 2-14: FOS crack width evaluation: a) Method 1, and b) Method 3.  
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Chapter 3 

Distributed Reinforcement Strains: Measurement and Application 

3.1 INTRODUCTION 

The deterioration of critical infrastructure is a growing concern, as many of the reinforced 

concrete (RC) structures built around the world are approaching the end of their theoretical service 

lives. However, replacing and rehabilitating RC structures that are deemed to be no longer safe is 

costly both financially and environmentally. Thus, there is a need to accurately determine which 

structures are truly in need of replacement or rehabilitation. If sensors for assessing the state of RC 

infrastructure could be developed these structures could be accurately assessed, and catastrophic 

incidents such as the collapse of the de la Concorde overpass in Laval (Johnson et al., 2007) may 

be avoided. Furthermore, the number of instances where RC infrastructure is deemed in need of 

replacement when it is still fit for purpose could be reduced using more accurate assessment 

(Middleton, 1998). 

It is difficult to predict RC characteristics that are critical for an accurate assessment, such 

as tension stiffening and cracking behaviour (Kaklauskas, 2017), which limits the effectiveness of 

assessment models and techniques. In the past, experimental programs measuring full 

reinforcement strain profiles within RC elements have provided critical insight for developing an 

understanding of both tension stiffening (Scott and Gill, 1987) and concrete cracking behaviour 

(Kaklauskas, 2017). In these cases, the data was measured using strain gauges along the length of 

the reinforcement to capture the full strain profile, a technique first developed by Mains (1951). 

Despite the data’s value, the experiments are too costly to practically perform on multiple lab 

specimens or on structures in the field. This is evident when considering that a single specimen 

tested by Scott and Gill (1987) required 84 strain gauges to be installed within a longitudinal groove 

in the middle of the reinforcement.  
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A promising method of measuring full reinforcement strain profiles is the use of distributed 

fibre optic sensors (FOS), as demonstrated by Davis et al. (2017). In this program, Davis et al. 

tested a series of RC tension specimens and found that FOS could be used to determine the effects 

of tension stiffening while significantly reducing both the cost and labour hours required compared 

to using strain gauges. Barrias et al. (2018) have embedded distributed FOS in RC beams and 

measured reinforcement strains that were evaluated against strain gauges, showing good correlation 

between the technologies prior to cracking. However, after cracking good correlation between 

measurement technologies was not achieved. 

Measuring unreliable strain measurements beyond cracking is something that Davis et al. 

(2017) appear to have avoided. Interestingly, the specimens were also part of a parallel study (Davis 

et al., 2016) where the effects of corrosion on bond were investigated and the fibres were covered 

in a protective coating. In hindsight, it is likely that the reliability of the strain data beyond cracking 

in the tension stiffening investigation (Davis et al., 2017) was due to the protection. However, 

measurements were only evaluated against theoretical estimates as opposed to conventional strain 

sensors, so it is not clear whether protecting the fibres resulted in accurate measurements. Thus, 

past research has shown that a practical technique for installing FOS and measuring accurate 

reinforcement strain profiles beyond concrete cracking is required, and thorough evaluation against 

conventional sensors and theoretical predictions is a gap in the research that needs to be addressed.  

Once developed, a further research need is to explore possible areas of application for these 

measurements. One such application is an RC element assessment model recently proposed by 

Calvi et al. (2018) that uses external crack measurements acquired on site to estimate the reserve 

capacity of RC structures. The model relies upon an equation that predicts reinforcement strain at 

a crack location based upon external crack measurements. However, Calvi (2015) was only able to 

evaluate this equation using only one uniaxial RC tension specimen (with 62 strain gauges each 

spaced 16.4 mm (0.646 in) apart to measure the strain profile) due to time and financial constraints. 
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Thus, distributed strain data would enable a more rigorous evaluation of the model proposed by 

Calvi et al. (2018) as well as similar models.  

To get the external crack measurements required by the Calvi et al. model, techniques such 

as Digital Image Correlation (DIC) (Hoult et al., 2016) and externally bonded FOS (Chapter 2) can 

be used. Pairing distributed crack measurement technologies with a feasible technique for 

measuring strain profiles provides an opportunity for gathering large amounts of data to develop 

relationships between external measurements and reinforcement stress. These models would be 

invaluable in the development of assessment techniques that require accurate estimates of the 

reinforcement’s stress state from surface measurements. 

In light of this introduction, the objectives of this work are to: i) develop a practical 

technique to measure distributed reinforcement strains in RC members beyond cracking, ii) 

evaluate the technique against conventional strain gauges and theoretical estimates, iii) use 

reinforcement data and external measurements to develop relationships between crack widths and 

reinforcement strains, and iv) compare experimental data to an existing RC model for predicting 

reinforcement strains at crack locations. 

3.2 BACKGROUND 

The following section provides a background on previous research regarding the use of 

fibre optic sensors embedded in concrete. Specifically, cases that have utilized distributed FOS 

based upon Rayleigh backscatter in concrete specimens are discussed, as this is the type of sensing 

used in this work. Additionally, the model developed by Calvi et al. (2018) for assessing the health 

of cracked reinforced concrete structures will be summarized, as it will be used for comparative 

purposes later in this chapter. 

3.2.1 Rayleigh Based Fibre Optic Sensors Embedded in Concrete 

The specific fibre optic analyzer used in this research is the Luna OBR 4600 from Luna 

Technologies, which measures Rayleigh backscatter to determine changes in strain along the length 
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of a fibre optic cable. The system can measure strains in the core of the fibre optic cable with an 

accuracy of approximately 1 με and a spatial resolution as low as 5 mm (0.197 in) over a cable 

length of up to 70 m long (Luna Technologies, 2011).  

Many researchers have investigated using Rayleigh based FOS systems to measure 

distributed strains in fibre optic cables embedded RC. First, Henault et al. (2012) embedded FOS 

in an RC beam tested in 4-point bending. They found that the embedded FOS could be used to 

determine the location of cracks developing in the specimen. Furthermore, the FOS measured the 

trapezoidal strain profile expected for a 4-point bending test during the elastic portion of the beam’s 

response, which was validated theoretically and with vibrating wire strain gauges. It should be 

noted that although the FOS were embedded in concrete, they were not bonded to the steel 

reinforcement in this work. Barrias et al. (2018) bonded FOS to the steel reinforcement in 2 RC 

beam specimens to measure the reinforcement strains. Here it was found that the FOS could 

measure the reinforcement strains accurately prior to cracking of the RC beam, which was 

confirmed by an evaluation against conventional strain gauges. However, beyond cracking ~50% 

of the strain measurements became un-reliable.  

Brault et al. (2015) also attempted to measure the full strain profile of the steel 

reinforcement in a series of 3 RC beams tested in 3-point bending. A comparison with theoretical 

strain predictions determined that the FOS were measuring strains up to 40% higher than would be 

expected after cracking.  As noted in the introduction, Davis et al. (2017) added a thin coating of 

protection to the fibre optic cables in their RC tension specimens. They appeared to measure 

reinforcement strain profiles accurately beyond concrete cracking, something that has eluded 

previous researchers using this system. However, the accuracy of this technique has not be 

evaluated and so this is something that must be investigated further using conventional sensors in 

addition to theoretical predictions.    
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3.2.2 Cracked Reinforced Concrete Assessment Model 

A model has been developed by Calvi et al. (2018) for assessing the health of cracked RC 

structures based upon external crack measurements. Crack width, crack slip, and crack orientation 

are inputs to determine both the strain and stress states of the structure, which ultimately allows an 

estimate of the structure’s remaining capacity to be calculated. The model uses Eq. (3-1), which is 

a relationship between the strain in the steel reinforcement at a crack (εs) and the width of the 

concrete crack (w) at the height of the reinforcement.  It was derived by combining relationships 

from Shima et al. (1987) and Maekawa et al. (2003) on bond, crack width, and slip. Eq. (3-1) as 

presented here is valid for cracks that are orthogonal to the longitudinal reinforcement in orientation 

with no crack slip (i.e. no crack displacement parallel to the crack plane), however, formulas are 

presented by Calvi et al. (2018) that do consider orientation variations and crack slip. 
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Where db represents the steel reinforcement bar diameter, f’c is the concrete cylinder compressive 

strength, scr is the average spacing between cracks, and β is a bond degradation factor which can 

be taken as 2 (Calvi et al., 2018). 

Despite the importance of Eq. (3-1) for Calvi et al.’s (2018) RC element assessment model, 

the accuracy of its predictions was only evaluated against one test specimen (Calvi, 2015). The 

specimen was produced in an earlier study by Masukawa (2012) to investigate bond, and was a 

cylindrical RC tension specimen with a diameter of 165 mm (6.5 in), a length of 1300 mm (51.2 

in), and a single 25M reinforcement bar in the centre of the cross section. To measure the strain 

profile (and therefore strain in the reinforcement at every crack), 62 strain gauges were installed 

16.4 mm (0.646 in) apart in succession along the bar’s length. The external crack widths were not 
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measured, instead the internal crack width adjacent to the reinforcement was determined through a 

process of integration using the reinforcement strain results. Thus, not only was only one specimen 

used for validation, but no external crack widths were directly measured. Ultimately, the 

relationship presented in Eq. (3-1) requires further evaluation using a larger number of specimens 

with varying properties, however, the cost and labor required in executing experimental campaigns 

like that of Masukawa (2012) has made this an impractical undertaking. The limited database 

available for the research illustrates how a newly developed technique of measuring reinforcement 

strain profiles in a more efficient and effective manner paired with external crack measurements 

could further evaluate this model. 

3.3 EXPERIMENTAL PROGRAM 

A series of RC beam specimens were tested as part of this research program to develop a 

feasible technique for measuring reinforcement strains accurately, while also providing 

measurements in an effort to investigate relationships between reinforcement strains and external 

crack measurements. The following section describes the RC beam specimens, the instrumentation 

configurations, the fibre optic installation technique, the test setup, and the testing procedure. 

3.3.1 RC Beam Specimens 

The experimental program consisted of 9 RC beam specimens, comprised of 4 small beams 

(SB) and 5 large beams (LB). Two types of small beams were tested (SB1 and SB2), with each 

beam type being replicated twice (e.g. SB1a and SB1b). Two types of large beams were tested 

(LB1 and LB2), with 2 LB1 iterations (LB1a and LB1b) and 3 LB2 iterations (LB2a, LB2b, and 

LB2c). The layouts of the 4 specimen types are presented in Figure 3-1. The material properties for 

all specimens are presented in Table 3-1, including concrete cylinder compressive strengths (f’c), 

and the yield stress (fy) and modulus of elasticity (E) for the steel reinforcement. The transverse 

reinforcement consisted of closed stirrups of 5 mm (0.197 in) diameter bars in the small beams and 

10M bars in the large beams (stirrup spacings shown in Table 3-1). The concrete cover on the top 
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and sides of the small specimens was 15 mm (0.591 in), while the cover on the sides of the large 

specimens was 35 mm (1.379 in). LB2c did not contain any transverse reinforcement.  

The size of the smalls specimens for this investigation was chosen because reusable 

formwork was available in these dimensions. This made it a practical size for the initial 

investigations of the sensing technology. The large beams are scaled up versions of the small beams 

(gross dimensions are twice as large for the large beams) that were fabricated to investigate the 

instrumentation’s performance on a larger scale. Lastly, it should be noted that specimens SB1a, 

SB2a, LB1a, and LB1b are specimens B1, C2, E1, and E2 from Chapter 2. Five unique beams were 

fabricated specifically for Chapter 3 (SB1b, SB2b, LB2a, LB2b, and LB2c), therefore a total of 18 

unique RC specimens were tested as part of this thesis as results from 13 specimens were discussed 

in Chapter 2. 

3.3.2 Instrumentation 

The bottom longitudinal reinforcement in each beam specimen was instrumented with 

FOS. Commercially available single-mode fibre optic cables with 2 different types of coating were 

used in this study: fibre optic cables with a nylon coating (referred to as a nylon fibre from here 

on), and fibre optic cables with a polyimide coating (referred to as a polyimide fibre from here on). 

The nylon fibre costs roughly $0.15/m and the polyimide fibre costs roughly $2.50/m (Davis et al., 

2017). Previous research by Hoult et al. (2014) investigating the use of both fibre types for 

measuring distributed steel strains noted that the nylon fibre is more durable than the polyimide 

fibre, however, the polyimide fibre appeared to measure strain profiles more accurately when 

sudden strain variations were present (as opposed to smooth strain gradients). The nylon fibre 

measurements showed a smooth strain profile due to strain averaging occurring at sudden strain 

changes. This is a result of the nylon coating being friction fitted to the fibre optic core, thus the 

strain from the coating is transferred to the cable core (where the strain is measured) via friction 

which has been found to show signs of slip at locations of sudden strain change (Regier and Hoult, 
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2014). The polyimide fibre does not demonstrate this behaviour as the polyimide coating is 

chemically bonded to the fibre optic core. In this work, the use of both fibre types was investigated 

as it is not immediately clear which is more suitable for this application. Though the polyimide 

offers a potential for higher accuracy, the durability of the nylon may prove critical to withstand 

the concrete pouring process and concrete cracks. Additionally, previous work measuring strain 

profiles on reinforcement (Mains, 1951; Scott and Gill, 1987; and Masukawa, 2012) showed that 

the strain profile is typically smooth in nature, suggesting that the nylon fibre may be appropriate.  

The FOS instrumentation layout used for each of the 4 specimen types is presented in 

Figure 3-2. For each specimen, the FOS were bonded along the surface of the longitudinal ridges 

present on each bottom reinforcement bar to avoid the transverse ribs. The FOS were bonded on 

the reinforcement along the length of the entire loaded span. The bars were oriented in each 

specimen such that the longitudinal ridges were at the bar’s mid height. This campaign was 

performed in 3 distinct phases, which informed the instrumentation differences presented in Figure 

3-2. Phase 1 evaluated the FOS’s measurement accuracy when bonded to the reinforcement without 

further protection (SB1a, Figure 3-2a, and SB2a, Figure 3-2b). Phase 2 investigated protecting the 

FOS with a layer of silicone for both fibre types (Figure 3-2c) and consisted of LB1a, LB1b, SB1b, 

and SB2b. It should be noted that SB1b and SB2b are not shown in Figure 3-2, however, their 

instrumentation is the same as in Figure 3-2a and Figure 3-2b except with the addition of a silicone 

layer on each FOS. The silicone protection was investigated because protection techniques have 

shown promise for accurately measuring strain profiles in cracked RC elements (Davis et al., 2016; 

Davis et al., 2017). Lastly, Phase 3 investigated the most promising FOS technique determined 

from Phase 2 (nylon fibre with a silicone coating) and evaluated it against electrical resistance strain 

gauge measurements (Figure 3-2d), which consisted of specimens LB2a, LB2b, and LB2c. In Phase 

3, FOS were installed on both sides of the reinforcement so that the strains could be averaged as 
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work by Davis et al. (2017) discovered that local bending in the bars leads to strain differences on 

opposite sides of the reinforcement.  

The strain gauges installed were bonded to the bars on both the top and bottom of the cross 

section at 2 separate locations along the reinforcement length. Therefore, each bar had 4 strain 

gauges installed, leading to 8 strain gauges installed along the specimen’s length (2 bottom bars, 4 

gauges per bar). The strain gauges were installed at the top and bottom of the reinforcement to 

measure strain at the middle of the bar cross section when averaged. In this way strain gauge 

measurements could be directly compared to the FOS results. The locations that each strain gauge 

was installed at along the length of the steel reinforcement is presented in Figure 3-1d, with a top 

and bottom strain gauge at each location (e.g. Gauge 1a (top) and Gauge 1b (bottom)). It should be 

noted that no strain gauges were installed on specimen LB2c.  

The FOS installation process was comprised of 3 stages: i) surface cleaning, ii) bonding of 

the FOS to the steel, and iii) coating of the FOS with silicone (installation process shown in Figure 

3-3). The first step was performed by sanding the steel surface where the fibre was to be bonded 

until it was sufficiently smooth, degreasing the sanded area, and wiping the area with a 99% 

isopropyl alcohol. The second step involved bonding the fibre using a cyanoacrylate adhesive 

(Loctite 4851), as this was determined to provide the best bond for steel (Regier, 2013). The third 

step involved spreading a thin layer of silicone over the fibre with care so as not to use an excessive 

amount of silicone, as this could lead to significant concrete-steel bond degradation. As previously 

mentioned, this step (silicone protection) was not performed during the FOS installation on 

specimens SB1a and SB2a. Lastly, for this technique to be successful, it is critical to protect the 

un-bonded portions of FOS with some sort of tubing so that the FOS can safely exit the concrete 

(Figure 3-3e). 
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3.3.3 Test Setup and Procedure 

All specimens were tested in 3-point bending until failure using a hydraulic actuator in 

displacement control at a rate of 2 mm/min (0.079 in/min) (Figure 3-4). The applied load was 

measured using a load cell and the mid-span deflection was measured using a Linear Potentiometer 

(LP). To account for potential displacement of the supports, LPs were also installed at each support. 

To measure external crack widths, Digital Image Correlation was used (DIC). Here, Canon T3i 

cameras with a sensor width of 5184 pixels and a sensor height of 3456 pixels were used to take 

photos of the middle section of each beam (Figure 3-4). To determine crack widths from the digital 

images, a technique presented by Hoult et al. (2016) was utilized that makes use of the software 

package GeoPIV (created by White et al. (2003)).  

The strain gauges, LPs, and load cell were attached to a data acquisition system taking 

measurements at a rate of 1 Hz during each test. The FOS were attached to a Luna OBR 4600 

analyzing unit, which is only capable of taking measurements statically. Therefore, each test was 

performed in load stages, with FOS measurements being taken at each load stage. The FOS 

measurements were taken using a sensor spacing of 10 mm (0.394 in) and a gauge length of 10 mm 

(0.394 in), as work in Chapter 2 found this to be the most accurate combination for providing 

reliable strain measurements beyond concrete cracking. At each load stage, 5 photos were taken for 

the DIC analysis for redundancy. The small beams (SB) were loaded in increments of 1 kN (0.23 

kip) until cracking, at which point they were loaded in 2 kN (0.45 kip) increments. The large beams 

(LB) were loaded in increments of 5 kN (1.13 kip) until cracking, at which point they were loaded 

in 10 kN (2.25 kip) increments. 

3.4 RESULTS AND DISCUSSION 

The following section presents the results of this experimental campaign. FOS 

reinforcement strain profiles are presented, relationships between reinforcement strains at crack 
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widths are investigated, and Eq. (3-1) is compared to a sample experimental data set. Table 3-2 

presents the failure mode and peak load for each specimen.  

3.4.1 Distributed Reinforcement Strain Measurements 

Figure 3-5 presents the bottom reinforcement FOS strain measurements plotted against 

span length for specimens SB1a and SB2a, each of which did not have silicone protection. Figure 

3-5 presents the strain measurements for: (a) SB2a at a load of 2 kN (.45 kip) just prior to initial 

flexural cracking, (b) SB2a at a load of 5 kN (1.125 kip) following flexural cracking, (c) SB2a at a 

load of 20 kN (4.5 kip) (51% of the peak load), and (d) SB1a at a load of 20 kN (4.5 kip) (47% of 

the peak load). The theoretical strain values in Figure 3-5 were determined by inputting 

experimentally determined material properties into Response 2000 (Bentz, 2000), which is a 

software package for analyzing the sectional response of RC elements.  The theoretical average 

strain and the theoretical maximum strain (which is the strain in the reinforcement at a crack) were 

determined at the quarter-spans and mid-span of each beam to provide a preliminary evaluation of 

the FOS results as no conventional sensors were installed on these specimens.  

In 3-point bending, the expected reinforcement strain profile is a triangular shape with a 

maximum tensile strain at mid-span and zero strain at the supports. Once cracking occurs, the local 

reinforcement strains at crack locations should increase (as the reinforcement resists all the tensile 

force at the crack), while between cracks they should decrease (as some of the tensile force is 

resisted by the surrounding concrete). The FOS measurement trends presented in Figure 3-5 are 

mostly as expected, although the polyimide fibre strains show some unexpected peaks (even 

measuring strains below 0 at certain locations). At loading levels just prior to and after flexural 

cracking, the FOS show reasonable agreement with theory, however, the polyimide strains exhibit 

a ‘jagged’ distribution that does not match the expected smooth profile as seen in previous research 

(Masukawa, 2012). 
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 The measurements from both fibre types are evidently erroneous once the specimens are 

loaded to approximately 50% of their peak loads. The polyimide fibre measures strains that are as 

high as 143% above the theoretical maximum strains, while the nylon fibre measures strains that 

are 92% above. Additionally, despite being loaded to only ~50% of their peak loads, some of the 

measured strains exceed the experimentally determined yield strains. The FOS’s measurements 

loss of accuracy beyond cracking might be attributed to a lack of fibre protection between the fibre 

and the surrounding concrete. The opening of the cracks likely shears the surface of the of the fibre 

that is in direct contact with the concrete, imposing strains in the fibre optic core that are in excess 

of those experienced by the reinforcement. Furthermore, there is potential pinching of the fibre that 

occurs once the bond between the reinforcement and surrounding concrete begins to deteriorate at 

crack locations, affecting the light transmission through the fibre optic core and thus the strain 

measurements. From Figure 3-5, it appears that the nylon fibre offers more protection from 

significant strain spikes compared to the polyimide fibre, however, the protection of the nylon 

coating is evidently still not adequate (as mentioned previously the nylon strain peaks still exceed 

predicted strains by as much as 92%).  

 Figure 3-6 presents strain profiles measured using FOS protected with silicone from 

specimen LB1b at a load of 100 kN (71% of peak load), which is approximately 80% of the load 

that caused yielding of the bottom reinforcement (as per the load-deflection response in Figure 

3-7a). The results from the nylon fibre are in good agreement with the theoretical strains, the 

measured strains do not exceed the expected yield strain at any location, and the overall smooth 

nature is more representative of what a reinforcement strain profile is expected to look like both 

based on theory and previous experimental work (Mains, 1951; Scott and Gill, 1987; Masukawa, 

2012). Furthermore, the difference in magnitude between the reinforcement strain peaks and the 

average strains is visually similar to the theoretical predictions. Though there is an improvement in 

the appearance of the polyimide results compared to when no silicone is used, the results still show 
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significant discrepancies with theoretical strain predictions and also have strain magnitudes that are 

1266 με above yield. The magnitude of the difference between the strain peaks at cracks and the 

average reinforcement strain also greatly differs from what is theoretically expected. The results in 

Figure 3-6 indicate that the nylon fibre with a silicone protection allows for accurate distributed 

reinforcement strain measurements well beyond the onset of flexural cracking (which was at 

approximately 15 kN (3.4 kip) for LB1b). 

 Figure 3-7 presents reinforcement strain profiles measured just prior to and following 

noticeable yielding of the bottom reinforcement for LB1b. The reinforcement strain measurements 

in Figure 3-7 are taken using a nylon fibre protected with silicone. At a load of 120 kN (27 kip), 

the FOS measure strains just beyond the expected yield strain at 2 cracks near mid-span. The 

difference between the highest measured strain and the expected yield strain here is 201 µε, and an 

offset of this order of magnitude can potentially be caused by compressive shrinkage strains being 

present in the reinforcement at the start of the load test (Bischoff, 2001; Davis et al., 2017). The 

reinforcement strains presented in Figure 3-7 demonstrate an unexpected increase in strain 50 mm 

(1.97 in) from the left support, which was not present at the 100 kN load stage (Figure 3-6a). This 

behaviour is likely explained by the formation of a shear crack, as visual observations of the failed 

specimen indicated that a shear crack crossed the height of the bottom reinforcement approximately 

50 mm (1.97 in) from the left support. Once the reinforcement at one of the cracks does begin to 

yield, and the beam’s stiffness decreases (Figure 3-7a), the FOS no longer measures reliable strains 

at this location (Figure 3-7c).  This is illustrated by the sudden positive and negative peaks at the 

location of yield of 7155 με and -1023 με, respectively. The localized strain increase here in the 

reinforcement once yielding begins leads to inaccurate strain readings, likely caused by one or a 

combination of the following: significant crack opening, pinching of the fibre, and large strain 

gradients that lead to measurement difficulties for the Luna OBR 4600 analyzer (Hoult et al., 2014). 

This is a limitation of the technique, as erroneous FOS results occurred once yielding of the 
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reinforcement had initiated in all specimens that failed in flexure. FOS results were also not reliable 

once significant shear cracks formed in the other specimens.  

 To further evaluate the accuracy of the reinforcement strains measured using the nylon 

fibre with a silicone coating, FOS results are compared to electrical resistance strain gauge readings 

in Figure 3-8 for specimen LB2b at an applied load of 50 kN (11.3 kip) (50% of the peak load). 

The FOS results and the strain gauge results are presented separately for each of the two bottom 

reinforcement bars in LB2b, with the ‘right’ bar results (signifying the bar at the bottom right of 

the beam’s cross section) in Figure 3-8a and the ‘left’ bar results in Figure 3-8b. As seen in Figure 

3-2d, FOS were installed on each side of the bar at mid-height. To determine a distributed strain 

profile representing the strain at the centre of each reinforcement bar, the average of the two strain 

readings was determined along the bar’s length (presented in Figure 3-8). Additionally, both the 

top and bottom strain gauges at each location were averaged into one strain reading, which allowed 

for direct comparison with the averaged FOS results.  

The strain gauges on the ‘right’ bar were installed between stirrup locations, while the 

gauges on the ‘left’ bar were installed at stirrup locations. The crack locations, which are indicated 

by the peaks in the strain profiles in Figure 3-8, were observed to coincide with the location of each 

stirrup, and led to the cracks forming with a spacing of 200 mm (7.88 in) (i.e. the stirrup spacing). 

Thus, the gauges on the ‘right’ bar ended up measuring reinforcement strains between cracks, and 

the gauges on the ‘left’ bar measured reinforcement strains at cracks. Figure 3-8 shows good visual 

agreement between the FOS and strain gauge measurements both between and at crack locations. 

The differences between measurement technologies are 87 με (11.8%), 4 με (0.4%), 37 με (2.5 %), 

40 με (4.6%) for gauge location 1, 2, 3, and 4, respectively. A potential explanation for the high 

11.8% discrepancy seen at gauge location 1 is that the strain gauges were actually installed slightly 

closer to mid-span. Examining Figure 3-8 one can see that if gauge location 1 were 10-20 mm 

(0.394-0.788 in) to the right relative to the FOS measurements, the correlation between the two 
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measurements would improve substantially. Considering the evaluations presented in this section, 

and the resemblance of the measured strain profiles to previously measured profiles, it is found that 

the nylon fibre with a silicone coating provides accurate measurements of reinforcement strain 

profiles.  

 One thing to note in Figure 3-8 is the number of strain readings provided by the FOS over 

the length of the reinforcement. As the sensor spacing and gauge length of the FOS were both set 

to 10 mm (0.394 in) during the testing of each specimen, 200 strain measurements were taken by 

the FOS along the reinforcement length in the case of LB2b. One FOS in this case is therefore 

analogous to installing 200 strain gauges ($1000-$2000) in sequence along the reinforcing bar 

spaced every 10 mm (0.394 in), which would require much more money and time to achieve 

considering the nylon fibre costs ~$0.15/m ($.046/ft) and it takes a comparable amount of time to 

install 1 m (3.28 ft) of fibre as it does to install one strain gauge.  

3.4.2 Comparison Between Crack Widths and Reinforcement Strains 

Measuring the full strain profile along the reinforcement in RC elements allows for the 

strain at every single crack location to be determined without prior knowledge as to where each 

crack will form. Practical distributed sensing techniques for performing external crack 

measurements without prior knowledge of where the cracks will form already exist, such as the 

DIC (Hoult et al., 2016) or externally bonded FOS (Chapter 2). If distributed internal and external 

RC measurements are paired in an analysis, strain measurements at crack locations can be readily 

compared to crack widths and crack spacings, providing critical data for existing RC models (e.g. 

Kaklauskas, 2017; Calvi et al., 2018) and future RC model development. In this chapter, FOS 

reinforcement strains are compared to external measurements performed using DIC. However,  

plots comparing distributed reinforcement strains and external FOS strain measurements are 

provided in Appendix A for specimens SB1b and LB1b. 
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Figure 3-9 shows crack width (w) results (measured using DIC) and reinforcement strain 

results from specimen LB2c at applied loads of 30 kN (6.8 kip) and 50 kN (11.3 kip) for three 

cracks near mid-span (labelled Crack 1, Crack 2, and Crack 3). With respect to the beam’s left 

support (Figure 3-4), Crack 1 occurred at 740 mm (29.2 in), Crack 2 at 950 mm (37.4 in), and 

Crack 3 at 1140 mm (44.9 in). It is important to note that the crack width measurements were taken 

at the mid-height of the bottom reinforcement (50 mm (1.97 in) above the bottom edge of the 

beams). Each crack is visible in the photograph shown in Figure 3-9 (which is from the 80 kN load 

stage), and the mid-height of the reinforcement is in line with an externally bonded nylon fibre that 

is also visible. This external FOS was part of a parallel study (Chapter 2), however, white lines in 

the adhesive are useful here to visually locate where concrete cracks cross the adhesive (coinciding 

with the height of the reinforcement). One can see in Figure 3-9 that the concrete cracks align with 

peak reinforcement strains, which is as expected since the reinforcement takes the full tensile load 

across a crack, while between cracks some of the stress is transferred into the surrounding concrete 

(Bischoff, 2001).  

Interestingly, Crack 1 appears to form between the 30 kN (6.8 kip) and 50 kN (11.3 kip) 

load stages as the strain profile at 30 kN (6.8 kip) does not show a strain peak at 740 mm (29.2 in), 

while a peak strain of 1200 με is present at 50 kN (11.3 kip). This corresponds to the w values 

measured using DIC of 0.01 mm (.0004 in) and 0.24 mm (.0095 in) for Crack 1 at loads of 30 kN 

(6.8 kip) and 50 kN (11.3 kip), respectively. It should be noted that the potential error of the DIC 

measurements was found to be ~0.01 mm (.0004 in) in this study, which is a function of the spatial 

resolution of the images taken on a case by case basis (Hoult et al., 2016). Thus, the w measurement 

of 0.01 mm (.0004 in) for Crack 1 likely indicates the crack has not yet formed.  On the other hand, 

Crack 2 and Crack 3 formed prior to 30 kN (6.8 kip), as strain peaks are visible at both locations 

at 30 kN (6.8 kip). This makes sense as both cracks are closer to mid-span than Crack 1, and these 

locations should therefore experience higher tensile strains at each load. Worth noting is that the 
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LB2c did not contain transverse reinforcement to potentially act as a crack inducer. LB2a and LB2b 

contained stirrups spaced at 150 mm (5.91 in) and 200 mm (7.88 in), respectively, which in turn 

led to average crack spacings of 148 mm (5.83 in), and 200 mm (7.88 in), respectively. It is likely 

that for these specimens, the stirrup spacing helped set the spacing of the cracks (e.g. Davis et al., 

2017). The crack spacing in the absence of transverse reinforcement for the LB2 specimens is likely 

around 200 mm (7.88 in) as LB2c had an average crack spacing of 208 mm (8.20 in) with no 

stirrups. Thus, out of the 3 LB2 specimens, only the crack spacing in LB2a was noticeably affected 

by the presence of stirrups.  

Measuring the width of each crack and extracting the reinforcement strain at each crack (as 

illustrated in Figure 3-9) for every load stage allows one to investigate the progression of each crack 

in a unique way. This is done in Figure 3-10, which presents the reinforcement strain and the 

corresponding crack width at each load stage for Crack1, Crack2, and Crack 3. As expected, the 

crack widths and the corresponding strains increase as the applied load increases. Consistent with 

Figure 3-9, Crack 2 and Crack 3 appear to have formed before 30 kN (6.8 kip) (a w greater than 

the 0.01 mm (.0004 in) measurement error of the DIC), with Crack 2 being evident at the 30 kN 

(6.8 kip) load stage and Crack 3 being evident at the 20 kN (4.5 kip) load stage. Also, Crack 1 

becomes evident at the 40 kN (9 kip) load stage (between 30kN (6.8 kip) and 50kN (11.3 kip) as 

presented in Figure 3-9). The growth of both the crack width and the increase in strain at the crack 

for Crack 3 shows a more gradual initiation than is seen for the other 2 cracks, as one can see that 

the slope of the both lines is quite consistent once the crack forms (Figure 3-10c). On the other 

hand, Crack 1 shows more of a sudden initiation between 30 kN (6.8 kip) and 40 kN (9 kip) and 

Crack 2 shows a sudden initiation between 20 kN (4.5 kip) and 30 kN (6.8 kip). Interestingly, Crack 

2 shows larger reinforcement strains for the same crack width magnitude compared to the other 2 

cracks. For instance, when the width of Crack 2 is ~0.3 mm (.012 in), the strain is ~2000 με, while 

when the widths of Crack 1 and Crack 3 are ~0.3 mm (.012 in), the corresponding reinforcement 
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strains are closer to 1500 με. Overall, Figure 3-10 highlights that for the same specimen and 

reinforcing bar, the characteristics of crack initiation and the relationships between reinforcement 

strain and crack width show noticeable variations. 

Specimen LB2c failed abruptly in shear at a load of 85.4 kN (19.2 kip), and the FOS 

readings taken at the 80 kN (18 kip) load stage were the final reliable readings captured and none 

of the 3 cracks displayed in Figure 3-9 and Figure 3-10 experienced significant crack opening.  

However, LB2a failed in flexure due to yielding of the bottom reinforcement and thus the midspan 

crack opening and reinforcement strains were larger as seen in Figure 3-11. One can see in this case 

that after a load of 90 kN (20.3 kip), the crack begins to open wider for a given change in load due 

to reinforcement yielding. The final reliable strain reading is 5541 με at this crack location (at 100 

kN (22.5 kip)), which is consistent with the findings from Figure 3-7, in that the FOS measurements 

lose accuracy beyond yielding of the steel.  

 Another application of this data is to plot the reinforcement strain at a crack against the 

corresponding crack width for multiple cracks. Figure 3-12 shows results from 6 different 

specimens: SB1b, LB1a, LB1b, LB2a, LB2b, and LB2c. Three separate cracks were analyzed on 

each specimen, as these were the cracks seen in the digital camera’s field of view (Figure 3-4), 

however, if more cameras were used every single crack could be analyzed. The FOS on all 6 

specimens analyzed were nylon fibre coated with silicone. It should be noted that specimen SB2b 

was also instrumented with a nylon fibre coated with silicone, however, the FOS ruptured prior to 

testing and no strains were measured. 

Presenting the crack data in this manner allows for potential relationships between 

reinforcement strain and crack width to be investigated and for predictive models to be evaluated. 

In this case, the components of Eq. (3-1), which is presented by Calvi et al. (2018), is shown in 

Figure 3-12 as an example comparison with the experimental data. The prediction depends upon 

the material properties of each specimen, as well as the experimentally determined average crack 
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spacing (scr).  Specimens of the same type with similar crack spacings are presented on the same 

plots in Figure 3-12. For example, Figure 3-12b shows results from both LB1a and LB1b, which 

have average crack spacings of 148 mm (5.83 in) and 150 mm (5.91 in), respectively. This leads to 

the curved black prediction line being the same for both specimens and the linear portion of the 

prediction (the dashed line) for both specimens being very similar. The dashed lines plotted in 

Figure 3-12 are derived using the lower average crack spacing value for the plots with 2 specimens, 

as it leads to more conservative strain predictions. 

Figure 3-12 shows good visual correlation between the experimental data and the 

predictions up until crack widths of approximately 0.1 mm (0.004 in), although better correlation 

is seen for SB1b, LB1a, LB1b, and LB2a versus LB2b and LB2c. Prior to this point, the majority 

of data points show that the prediction is conservative, however, as the crack widths increase for 

all the specimens, the predictions become unconservative. The general trend is that the discrepancy 

between the model and the data increases with crack width, with a maximum underprediction of 

the reinforcement strain of 1520 με (47%) (specimen LB2b). This is a concern, as several crack 

widths correspond with measured strains that exceed the steel’s yield strain while the prediction is 

still significantly below the yield strain. In the worst case, a strain of 3250 με was measured for 

LB2b (yield strain of 2060 με) while a strain of 1730 με was predicted from Eq. (3-1). The 

relationship between strain and crack width shows more variation visually for some of the 

specimens than others. For instance, SB1b shows a more consistent relationship compared to the 

other 5 specimens. A potential explanation for this is that all 3 cracks that were analyzed for the 

SB1b specimen initiated in a gradual manner (like Crack 3 in Figure 3-10), while the other 5 

specimens each had cracks that initiated both gradually and suddenly. The reinforcement ratio (ρ) 

of SB1b is 1.67%, which is higher than LB1 (0.8%) and LB2 (0.4%). This may have also led to the 

more consistent relationship between the reinforcement strain and corresponding crack widths, and 

the more gradual initiation of cracks. Other than a couple data points (e.g. the point at (0.13 mm 
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(0.005 in), 582 µε) from LB2a), the experimental data does not fall below the linear strain 

prediction (dashed black line) except at crack width measurements lower than the DIC noise level. 

Thus, for this data the linear strain limit as written in Eq. (3-1) is not suitable. 

Thorough evaluation of the Calvi et al. (2018) model requires many more types of 

specimens with varying reinforcement, cross-sectional areas, concrete, and loading properties. 

However, Figure 3-12 serves to highlight the potential capabilities of pairing FOS reinforcement 

strain measurements with external cracking measurements, since reinforcement strains at crack 

locations can be accurately measured in a practical manner in RC specimens for the first time. Here, 

data from 6 RC specimens was feasibly measured for comparison with the Calvi et al. (2018) 

equation, while only a single specimen was used for the initial evaluation (Calvi, 2015) as capturing 

more data of this type was not viable due to the cost and labor required for the strain measurement 

techniques available at the time. Distributed strain measurements for a variety of RC specimen 

types would be invaluable for the refinement of tension stiffening models (Bischoff, 2001), 

cracking models (Kaklauskas, 2017), and assessment models (Calvi et al., 2018). Also, if full 

reinforcement cages (including transverse reinforcement) were instrumented and investigated in a 

comparable manner it could provide critical data for shear behaviour theories such as the Modified 

Compression Field Theory (Vecchio and Collins, 1986).  

3.5 CONCLUSIONS 

This work was conducted to develop an instrumentation technique using fibre optic sensors 

(FOS) with the capability of accurately and feasibly measuring full reinforcement strain profiles in 

RC elements, while also illustrating the potential data sets that could be captured when pairing this 

technique with external crack measurements. Nine RC beam specimens were tested in this study to 

investigate the use of four different fibre instrumentation methods for measuring reinforcement 

strain profiles. The fibre optic analyzer used in all cases was the OBR 4600 from LUNA 

Technologies. The key findings from this research are as follows: 
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• A commercially available nylon coated single-mode fibre ($0.15/m / $0.046/ft) bonded 

with cyanoacrylate and protected with silicone was the most accurate combination for 

measuring reinforcement strain profiles when compared to theoretical predictions.  

• The other techniques investigated showed promise, however, artificially high 

reinforcement strains and/or noisy strain results at crack locations were measured, likely 

due to concrete shearing or pinching the exposed surface of the fibre optic cable. 

• Reinforcement strain profile measurements performed using a nylon coated fibre with 

silicone showed good agreement with electrical strain gauge measurements at crack 

locations and between cracks, which is the first time that this has been achieved using FOS 

at loads beyond concrete cracking.  

• The FOS measurement technique presents a feasible method for measuring tension 

stiffening and reinforcement strains at all crack locations in a manner that requires 

significantly less time and money when compared to conventional methods. 

• The FOS measurement technique measured unreliable strains once yielding of the 

reinforcement commenced, posing a limitation if post-yield behaviour is of interest. 

• Analyzing the progression of external crack widths and the corresponding reinforcement 

strains at crack locations showed that certain cracks on the same specimen gradually 

initiated while others initiated more suddenly, which directly led to either a gradual or 

sudden increase in reinforcement strain at the crack location. 

• Reinforcement strains at cracks were plotted against crack widths for 6 specimens and 

compared to an RC assessment model proposed by Calvi et al. (2018). Good agreement at 

crack widths lower than ~0.1 mm (0.004 in) was seen, however, un-conservative 

reinforcement strain predictions were found at larger crack widths.  
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Table 3-1: Specimen properties. 

Beam 

specimen 

Span 

(mm) 

f’c 

(MPa) 

Bottom 

reinforcement 
Top reinforcement Transverse reinforcement 

Area 

(mm2) 

fy 

(MPa) 

E 

(GPa) 

Area 

(mm2) 

fy  

(MPa) 

E 

(GPa) 

Area  

(mm2) 

fy 

(MPa) 

E 

(GPa) 

Spacing 

(mm) 

SB1a 

1000 

37 
200 

(2-10M) 
457 193 

- 39 688 202 125 
SB1b 

SB2a 
32 

200 

(1-15M) 
477 194 

SB2b 

LB1a 

2000 

28 
600 

(2-20M) 
458 204 

200 

(2-10M) 
443 210 

200 443 210 

300 

LB1b 150 

LB2a 

29 
400 

(2-15M) 
445 216 

150 

LB2b 200 

LB2c - 

 

 

Table 3-2: Specimen results. 

Beam specimen Failure mode Peak load (kN) 

SB1a Flexure 42.9 

SB1b Shear 40.6 

SB2a Shear 39.0 

SB2b Shear 37.5 

LB1a Shear 126.5 

LB1b Flexure 141.5 

LB2a Flexure 108.1 

LB2b Flexure 99.6 

LB2c Shear 85.4 
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         a) 

 

     
         b) 

 

                            
          c) 

 

                            
         d) 

 

Figure 3-1: RC beam specimens: a) cross sections of small specimen types SB1 and SB2, b) 

elevation of small specimens, c) cross sections of large specimen types LB1 and LB2, and d) 

elevation of large specimens (all units in mm). 
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              a)                b) 

 
           c) 

 

                 
          d) 

Figure 3-2: Cross section of bottom longitudinal reinforcement instrumentation layouts for 

each specimen type: a) SB1, b) SB2, c) LB1, and d) LB2. 
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          a)                   b) 

 

 

           c)            d)                e) 

Figure 3-3: FOS installation process for steel reinforcement: a) initial un-cleaned 

reinforcement surface, b) sanded and cleaned reinforcement surface, c) FOS glued to flat 

surface on steel reinforcement (nylon fibre in this case), d) a thin layer of silicone protecting 

the FOS, and e) tubing protecting the un-bonded FOS 

 

 

 

Figure 3-4: Test setup (where L is the loaded span for each beam). 
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   a)          b) 

 

c)          d) 

Figure 3-5: Bottom reinforcement strains measured using FOS without silicone protection: 

a) SB2a at a load of 2 kN (.45 kip) (just prior to concrete cracking), b) SB2a at a load of 5 

kN (1.13 kip) (after initial concrete cracking), c) SB2a at a load of 20 kN (4.5 kip) (51% of 

peak load), and d) SB1a at a load of 20 kN (4.5 kip) (47% of peak load). 
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a)        b) 

Figure 3-6: LB1b bottom reinforcement strains measured using FOS with silicone 

protection at 100 kN (22.5 kip) (71% of peak load): a) nylon fibre, and b) polyimide fibre. 

 

 

  a)       b)       c) 

Figure 3-7: Results from LB1b: a) load vs. mid-span deflection, b) bottom reinforcement 

strains measured using nylon fibre with silicone at a load of 120 kN (27 kip), and c) bottom 

reinforcement strains measured using nylon fibre with silicone at a load of 128 kN (28.8 

kip). 
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      a) 

    

      b) 

Figure 3-8: - Comparison between FOS and electrical resistance strain gauge measurements 

for bottom reinforcement bars in LB2b at a load of 50 kN (11.3 kip) (50% of peak load): a) 

strain profile for the ‘right’ bar, and b) strain profile for the ‘left’ bar. 
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Figure 3-9: Crack widths (top) and reinforcement strains (bottom) for specimen LB2c at 

applied loads of 30 kN (6.8 kip) (35% of peak load), and 50 kN (11.3 kip) (59% of peak 

load) for three flexural cracks at the beam’s mid-span labelled as Crack 1, Crack 2, and 

Crack 3. 
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          a)              b)    c) 

Figure 3-10: Crack width and reinforcement strain vs. applied load for specimen LB2c: a) 

Crack 1, b) Crack 2, and c) Crack 3.  

 

 

Figure 3-11: Crack width and reinforcement strain vs. applied load for a mid-span crack 

from specimen LB2a where yielding occurred.  
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   a)             b) 

 

 
   c)            d) 

Figure 3-12: Reinforcement strain vs. crack width compared to the Calvi et al. (2018) 

prediction: a) SB1b, b) LB1a & LB1b, c) LB2a, and d) LB2b & Lb2c. 
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Chapter 4 

Monitoring of Beams in a Reinforced Concrete Building During a Load 

Test using Distributed Sensors  

4.1 INTRODUCTION 

In recent years, the quantity of greenhouse gas emissions caused by building operation has 

been reduced substantially, however, the quantity of emissions caused by construction itself is still 

increasing (Allwood and Cullen, 2012). This suggests that there is an opportunity for structural 

engineers to help the environment through the optimization of material use in building construction 

and design. In many structures there is beneficial structural behaviour not initially assumed to be 

present using computational models (Tumialan et al., 2014). If this beneficial behaviour in existing 

RC structures could be understood in detail, this knowledge could be used to optimize their design 

in the future. Additionally, it may enable the load rating of existing structures to be increased 

allowing them to be kept in service or even repurposed rather than demolished, further reducing 

the impact on the environment. 

 Protocols for load testing existing RC buildings are described in Chapter 20 of American 

Concrete Institute (ACI) 318-14 (ACI, 2014a) and in ACI 437.2-13 (ACI, 2014b), and these 

protocols have been followed in various research studies (Cadadei et al., 2005; Galati et al., 2008; 

De Luca et al., 2013). Casadei et al. (2005) performed a load test on RC elements in situ and found 

that the factored design loading amounted to typically only 80% of the true ultimate capacity. 

Furthermore, a study performed by De Luca et al. (2013) found that the ultimate capacities of RC 

slabs tested to failure in situ were up to 4 times larger than the factored design loads in accordance 

with ACI load testing protocols. Currently, it is not uncommon for RC buildings to be stronger than 

required (Tumialan et al., 2014), which in turn indicates that these structures could have served 

their function using less material.  
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The reasons for the reserve strength, however, are not always clear as the instrumentation 

used to monitor these RC structures was comprised solely of discrete sensors, which can miss 

important localized behaviour. For example, a measurement of the midspan displacement of a beam 

might indicate that the beam is stiffer than expected but does not provide any information as to 

why. Or a strain gauge placed on the surface of a beam at midspan could measure very low strains 

if placed near a crack when in fact the strains elsewhere in that region could be critical.  In fact, all 

of the instrumentation devices that ACI Committee 437 suggests to be used during a load test are 

discrete technologies, such as strain gauges, extensometers, and linear variable differential 

transformers (LVDTs) (ACI, 2003). Without capturing a detailed distributed set of measurements 

during a load test, it is difficult to diagnose the causes of an RC element’s overdesign, as cracking 

characteristics, shrinkage, creep, loading history, and support conditions all play an important role 

when considering in situ RC behaviour (Bischoff, 2005). Furthermore, the process of performing a 

load test is expensive and requires significant planning to be successful, thus it is important to 

capture as much data as is feasibly possible. Scott et al. (2002) installed 163 strain gauges to capture 

distributed strains along the internal reinforcement within a flat slab in a full-scale RC building in 

the Large Building Test Facility of the Building Research Establishment (Cardington, UK). 

However, intensive instrumentation programs of this nature are often impractical to implement in 

the field.  

 Regier and Hoult (2014) found that distributed fibre optic sensors (FOS) are a feasible 

technology to implement in the field, as they successfully used FOS to monitor distributed strains 

on an RC bridge in Ontario, Canada, during a load test. Bentz and Hoult (2016) later utilized this 

FOS data to perform a model updating exercise. Here, the initial model predicted displacements 

that were an order of magnitude conservative compared to the deflections measured by a 

displacement transducer during the load test. In this case, Bentz and Hoult (2016) found that the 

detailed measurements captured by the FOS allowed them to determine that the support conditions 
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and surrounding soil pressures were what led to the bridge’s unexpected increased structural 

response. This is a promising example, as the FOS provided information regarding the bridge’s 

behaviour that a typical instrumentation configuration could not. In addition to the distributed 

strains captured here, the FOS data was also used to estimate the deflected shape (Regier and Hoult, 

2014) and concrete crack widths (Bentz and Hoult, 2016). However, the methods used to determine 

both had not yet been validated, which is important to note as both crack widths and flexural 

deflections are crucial serviceability criteria. 

 The serviceability performance of RC structures is particularly difficult to predict in design 

and analysis, as cracking behaviour, shrinkage, creep, and tension stiffening are all complex 

phenomenon that can affect the prediction (ACI Committee 209, 2008). Because of this, ACI 

Committee 437 recommends that deflections, crack widths, and crack spacings be measured during 

a load test when assessing serviceability of flexural RC elements (ACI 437, 2003). A technique of 

using distributed FOS to measure RC beam deflections, crack widths, crack spacing, and external 

concrete surface strains simultaneously was developed in Chapter 2, though this technique has not 

yet been implemented in the field. If this technique were used to monitor RC buildings, it could 

capture in situ behaviour at a level of detail that has not been previously achievable, providing 

invaluable data for serviceability assessment, model calibration, and determining the causes of 

overdesign such as conservative assumptions about support conditions and load distribution.  

 In light of this introduction, the objectives of this research are to: i) monitor RC beams in 

a building during a load test using distributed FOS, ii) analyze the distributed FOS strain data to 

determine distributed deflections, crack widths, crack spacing, and support conditions, and iii) 

compare the measured field data to design model predictions. 
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4.2 MONITORING OF RC STRUCTURES WITH FIBRE OPTIC SENSORS 

FOS have the advantages of being low cost, small, embeddable within concrete, and 

immune to electrical magnetic interference (Li et al., 2004). The monitoring of structures with FOS 

layouts provides an opportunity to not only detect deterioration but also optimize existing service 

lives and new designs (Merzbacher et al., 1996). The following section will discuss previous field 

monitoring research that has been conducted on concrete structures (specifically bridges and 

buildings) using three types of FOS technologies: i) Fibre Bragg Gratings, ii) Brillouin 

backscattering, and iii) Rayleigh backscattering.  

Fibre Bragg Gratings (FBG) are a type of discrete fibre optic sensor that provide 

advantages over conventional electrical resistance strain gauges as they are intrinsically stable. 

Thus they have the capability to provide long-term measurements without experiencing drift and 

can be used in harsh environments (Gebremichael et al., 2005). The Taylor Bridge (Manitoba) was 

instrumented with 63 FBG sensors to measure maximum strains within the girders. In this case, 

60% of the conventional strain gauges installed were damaged during the concrete curing process 

yet all fibre optic sensors installed survived (Maaskaant et al., 1997). Research performed by 

Gebremichael et al. (2005) investigated the performance of Europe’s first concrete bridge entirely 

reinforced with fibre reinforced polymers (FRP) through the installation of 40 FBG sensors. The 

sensors monitored the structural integrity of the bridge, and the strain results were validated against 

the results of conventional gauges. Though research investigating the monitoring of RC bridges 

with FBGs is extensive, there is limited literature reporting any monitoring campaigns using FBG 

sensors in RC buildings other than cases where only foundation piles are instrumented (Majumder 

et al., 2008). There has, however, been research on FBGs applied to RC elements in the laboratory 

(Majumber et al., 2008), as well as steel buildings (Li et al., 2004).  

Brillouin optical time domain reflectometry (BOTDR) systems provide distributed 

measurements over long sensing lengths (several kilometers) with a minimum spatial resolution 
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and accuracy of approximately 0.5 m and 35 με, respectively (Mohamed et al., 2011). Brillouin-

based FOS, like FBG sensors, have been installed in several RC bridge projects. For example, fibre 

optic readings recorded at the Musmeci Bridge (Italy), an RC bridge, found that cracks caused by 

thermal loading of the bridge could be detected over a 1 year monitoring period (Minardo et al., 

2012). Bastianini et al. (2007) monitored two RC bridges in Missouri and found that although the 

results correlated well with theoretical predictions, the presence of concrete cracks led to 

discrepancies between the FOS and conventional strain gauges. Brillouin systems have been 

installed on the internal reinforcement of beams in a large RC building as well (Ohno et al., 2001). 

It was found that internal reinforcement strains could be measured without water proofing and 

surface preparation, which is typically required with conventional strain gauges.  

Rayleigh backscatter measurement systems provide distributed measurements with spatial 

resolutions as low as 5 mm and accuracies as high as 1 με (Gifford et al., 2007). However, with 

this technology the maximum sensing length is usually less than 100 m (Gifford et al., 2007). 

Rayleigh systems have been used to monitor several RC elements in the laboratory (Regier and 

Hoult, 2015; Villalba and Casas, 2013; Billon et al., 2015) though to the author’s knowledge there 

is only one example of Rayleigh backscattering being used to monitor an RC bridge or building in 

the field. In this case, Regier and Hoult (2014) installed external FOS on the surface of 4 girders at 

the Black River Bridge (Ontario, Canada), where they gained critical insights into the bridge’s 

support conditions, stiffness, cracking behaviour, and load sharing during the performance of a live 

load test. There is still a need to monitor an RC building with a Rayleigh backscattering FOS system 

as this can provide detailed measurements allowing for better understanding of structural behaviour 

and building element interaction that is not currently achievable.  

The specific distributed FOS analyzing unit that is used in the following research is the 

OBR4 600 from Luna Technologies (also used by Regier and Hoult (2014) when monitoring the 

Black River Bridge), which uses Rayleigh backscatter measurements to acquire strain readings with 
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an accuracy of 1 με and a maximum total fibre length of 70 m (Luna Technologies, 2011). It should 

be noted that the OBR 4600 cannot measure strain and temperature independently. The effects of 

temperature changes on the FOS strain readings can be mitigated if the testing environment has a 

constant temperature during the test (Regier and Hoult, 2014). If long-term monitoring is desired 

(not performed in this study), strategies employed by previous researchers (e.g. Mohamad et al., 

2011) to compensate for temperature effects on FOS strain readings should be used. The type of 

fibre optic cable used is a single-mode fibre (core diameter of 8 μm) wrapped in a nylon coating, 

which is commercially available for ~$0.15/m. Regier (2013) determined that this fibre optic cable, 

when bonded to the concrete surface with the two-part Loctite E 20-HP adhesive, provides the most 

accurate results when measuring concrete strains, and further has the ability to bridge cracks on the 

concrete surface. However, the bridging of concrete cracks is only possible due to slip between the 

nylon coating and the inner sensor core, as the nylon coating is only bonded to the fibre core via 

friction (Hoult et al., 2014). This is important, as it results in an averaging of measured strains in 

the vicinity of a concrete crack (Regier and Hoult, 2014).  

4.3 EXPERIMENTAL PROGRAM 

The following section describes the RC building that was monitored for this research. The 

specific RC elements that were instrumented and load tested will be discussed in detail. The 

instrumentation layout and the load testing procedure will also be presented.  

4.3.1 Field Monitoring Site 

The load testing was performed during the construction of the Rideau Centre Expansion in 

Ottawa, Ontario, Canada. The Rideau Centre Expansion is a large RC building that was completed 

in 2016 (Figure 4-1) and is comprised of seven floors of reinforced concrete slabs with dimensions 

of approximately 80 m × 80 m, with a floor to floor height of 5 m.  There are 2 slabs below ground 

(Levels P1 and P2), one at ground level (Level 1), and 4 slabs above ground (Levels 2, 3, 4 and the 

roof slab). The load testing performed took place on Level 4 of the building. A plan-view schematic 
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of Level 4 is shown in Figure 4-2a, which indicates the two zones on Level 4 where load testing 

was performed: Zone A and Zone B. The building has a typical column spacing of 9 m × 9 m, has 

several shear walls, and has 2 large oval openings on Level 4 (Figure 4-2a).  

Three cast-in place RC elements were instrumented and tested. In Zone A (Figure 4-2b), a 

beam and a drop panel were instrumented, which are located on column bays next to each other 

(these elements will be referred to as the Beam and the Drop from here on). In Zone B (Figure 

4-2c) a larger beam was instrumented, which is oriented at an angle of 34 degrees from the 

building’s grid (and will be referred to as the Large Beam from here on). The Beam, the Drop, and 

the Large Beam were constructed with concrete designed to have a compressive strength of 30 

MPa. 

The Beam and the Drop (Figure 4-2b) both have column-centre to column-centre spans of 

13 m with a 4.5 m cantilever extending towards the southern edge of the building. The RC columns 

that support both the Beam and Drop have dimensions of 600 mm × 600 mm. The concrete slab on 

top of both the Beam and the Drop has a thickness of 300 mm, and the depth of the Beam and the 

Drop including the slab are 1100 mm and 700 mm, respectively. The width of the Beam and Drop 

are 600 mm and 3000 mm, respectively. The Large Beam (Figure 4-2c) has a column-centre to 

column-centre span of 16.2 m, and the columns supporting the Large Beam are steel, with the north 

column being a W360×421 section and the south column being a W360×634 section. There is a 

beam that frames into the Large Beam 5.2 m south of the north column. The concrete slab has a 

thickness of 250 mm east of the Large Beam. West of the Large Beam, the concrete slab has a 

thickness of 300 mm north of the beam framing in and a thickness of 400 mm south of the beam 

framing in. The depth of the Large Beam (slab included) is 1000 mm and the width is 2000 mm.  

4.3.2 Fibre Optic Instrumentation 

Distributed fibre optic sensors (FOS) were installed on the surface of the RC elements 3 

months following concrete placement when all formwork, shores, and re-shores had been removed. 
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The FOS installation process included the following steps: i) sanding of the fibre pathway with a 

150 grit wheel, ii) cleaning the fibre pathway with water and 99% isopropyl alcohol, and (iii) 

bonding the FOS to the concrete surface using the two-part adhesive Loctite E-20HP. 

The FOS layout on the Beam and the Drop is shown in Figure 4-3. The fibres were installed 

on the west side of each element in the longitudinal direction at two separate heights. The fibres 

were bonded to the concrete surface from the centre of the north column to mid-span (6.5 m from 

the centre of the north column). At mid-span, the FOS were looped such that a single fibre optic 

cable was used for the top and bottom instrumentation.  The top fibre pass was installed 75 mm 

below the bottom of the concrete slab soffit, while the bottom fibre pass was installed 75 mm above 

the bottom edge of both the Beam and the Drop. The FOS instrumentation in both cases did not 

extend beyond mid-span due to construction obstacles present at the field site.  

The FOS layout installed on the Large Beam is shown in Figure 4-3c. The fibres were 

installed to the west side of the Large Beam at two separate heights. The fibres were bonded from 

the centre of the north column to 0.34 m north of the south column’s inner edge. When the 

instrumentation was being installed on the Large Beam, a pipe installed on the surface of the beam 

11.9 m away from the north column provided an obstacle, which prohibited both the top and fibre 

passes from being installed between 11.7 m and 12.1 m away from the north column. Furthermore, 

the beam framing into the Large Beam 5 m away from the north column provided another obstacle, 

and the top fibre pass could not be installed between 4.2 m and 5.8 m away from the north column. 

The bottom fibre was installed 75 mm above the bottom edge of the Large Beam, while the top 

fibre was installed 75 mm below the soffit of the floor slab. The Large Beam’s FOS instrumentation 

was not fully extended to the centre of the south column once again due to a physical obstacle. 

Figure 4-4 shows the Large Beam during the instrumentation process. 
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4.3.3 Load Test Setup and Procedure 

The load tests performed on the Beam, the Drop, and the Large Beam were done 4 months 

following concrete placement. The test setup for each is shown in Figure 4-5. The loading was 

performed using 6 scissor lifts: four weighing 11.5 kN (L1), one weighing 15.9 kN (L2), and one 

weighing 15.6 kN (L3). The scissor lifts were driven into place one at a time. A linear potentiometer 

(LP) was installed in each case to measure mid-span deflections, however, in the case of the Beam 

the LP was installed 300 mm north of mid-span due to a physical obstacle. The LP used was a 24 

mm Subminiature Gauging DVRT from LORD Microstrain with a measurement accuracy of ± 

0.024 mm and a stroke of 24 mm (Lord Microstrain, 2015). The LP was set to continuously log 

displacement measurements throughout each load test at 1 Hz. 

An OBR 4600 was used to take FOS strain measurements, which is not capable of taking 

strain measurements dynamically. Thus, FOS readings were only taken at certain load stages during 

each test. For the Beam and the Drop, FOS readings were taken at the following load stages: i) 

prior to loading, ii) when the middle two scissor lifts were in place, iii) when all six scissor lifts 

were in place, and iv) once all scissor lifts had been removed. FOS readings were taken for the 

Large Beam at the same load stages except for load stage ii), which was not performed due to time 

constraints. The OBR 4600 was set to take strain measurements with a gauge length and sensor 

spacing of 20 mm in this case, as this was found in Chapter 2 to provide more accurate results when 

measuring strain changes lower than ~4 με is important, which was expected to be the case for this 

particular monitoring scenario based upon the level of live loading. Because the duration of each 

load test was under one hour and the internal temperature of the construction site was controlled, 

temperature fluctuations were minimal and were thus assumed to have a negligible effect on the 

FOS strain readings (eliminating the need for temperature compensation of the FOS strain 

readings). 
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As seen in Figure 4-5, the scissor lifts were oriented perpendicular to the longitudinal axis 

of both the Beam and the Drop. This was done in an effort to concentrate the loads at mid-span to 

maximize the loading effects of the test. In Figure 4-5c, one can see that the scissor lifts were 

oriented in line with the Large Beam’s longitudinal axis. This was due to shoring in the vicinity of 

the large oval slab opening (Figure 4-2) not allowing the scissor lifts to be oriented perpendicular 

to the longitudinal axis while also being centred on top of the Large Beam. It is seen that the load 

magnitudes are not symmetrical about mid-span in any test set-up. This was not intentionally done, 

but was a result of the exact differences in weight between each scissor lift type (L1, L2, and L3) 

not being precisely known during testing.  

It is worth noting that the loads applied in these tests were less than the un-factored design 

live load for each element. Line load approximations of the un-factored design live load (4.8 kPa) 

based on the tributary width for the Beam, the Drop, and the Large Beam are 40 kN/m, 43 kN/m, 

and 58 kN/m, respectively. If the scissor lift loads are approximated as line loads they are equivalent 

to 38% (15 kN/m), 35% (15 kN/m), and 12% (7 kN/m) of the un-factored design live loads for the 

Beam, the Drop, and the Large Beam, respectively. Note that these scissor lift line loads do not act 

along the entire span of each element but solely on the middle of span where the scissor lifts are 

located, while the design line load is assumed to act on each element’s entire span.  

4.4 RESULTS AND DISCUSSION 

The following section presents the results from the three load tests performed. Data from 

the FOS is discussed in detail, including distributed strain profiles, cracking characteristics, and 

deflected shapes. Lastly, measurements taken during the load tests are compared to design model 

predictions. 
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4.4.1 Distributed Strains 

FOS strain measurements are presented in Figure 4-6 for all three elements loaded with 6 

scissor lifts (loading configurations shown in Figure 4-5). In both the Beam (Figure 4-6a) and the 

Drop (Figure 4-6b), the bottom fibre measures the largest tensile strain magnitudes and these occur 

near each element’s mid-span (6500 mm), which is expected in positive bending as the bottom 

fibres are located near the element’s extreme tensile fibre. In each part of Figure 4-6, the large 

tensile strain peaks in the figure indicate the location of cracks opening on the concrete surface 

beneath the fibre (and are labeled as “Cracks in concrete surface”), which has been confirmed by 

other researchers using the OBR 4600 (Reiger and Hoult, 2014; Villalba and Casas, 2013). From 

this, cracked regions, the crack spacing, and the magnitude of crack openings can be deduced (as 

is discussed in the next section). Compressive strains are measured in the bottom fibres near the 

support (the north column), indicating the presence of negative bending at the north column and 

thus providing insight into the support conditions. The presence of negative bending at the north 

column suggests that moment is transferred into either the north column itself or the slab that 

continues north of the column. Because FOS were not installed on the columns or the slabs north 

of the columns, the exact moment distribution at the connection cannot be determined. 

For the Beam and the Drop, the top fibre strain measurements appear to measure strains 

near a value of 0 με for approximately the first 3000 mm, suggesting that the top fibre is located 

very near to the cross section’s neutral axis in this portion of both elements. However, beyond this 

point, cracks are seen in the bottom fibre measurements and the top fibre measurements begin to 

measure tensile strains as well, indicating that the top fibre is located below the neutral axis in the 

cracked portions of each element. Once again, this behaviour makes sense as the neutral axis is 

expected to be higher in areas where the elements are cracked. A critical characteristic of each 

element’s behaviour that can also be determined is the location of the inflection point, which occurs 

where the top and bottom fibre strain measurements intersect. The inflection points (where the 
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strain changes from compressive to tensile as indicated by the “Inflection point” labels in Figure 

4-6) were found to be located at 1620 mm and 2340 mm from the centre of the north column for 

the Beam and the Drop, respectively. This provides insight into the support conditions once again, 

and suggests that the level of moment transfer present at the north column of the Drop is slightly 

higher than seen for the Beam. This is potentially explained by the fact that the Drop itself extends 

1.5 m north of the north column while the Beam does not (Figure 4-2). 

In theory, the concrete surface strains at the edge of a crack are zero, while the strain across 

a crack is infinite.  Though the FOS is able to bridge the concrete crack openings, the FOS does not 

measure the true concrete surface strains in the vicinity of a crack, but rather measures average 

strains due to slip between the fibre’s nylon coating and the sensing core (Regier and Hoult, 2014). 

The average strain measurements, however, are important as they allow for crack widths/openings 

to be measured (discussed in the next section) and also provide critical data for concrete modelling 

theories that utilize average strains such as the Modified Compression Field Theory (MCFT) 

(Vecchio and Collins, 1986). Previous laboratory work by Regier (2013) has shown that the FOS 

concrete surface strain measurements match conventional strain gauges when in an un-cracked 

portion of concrete. Typically, FOS concrete surface strain measurements at least 100 mm away 

from a concrete crack are accurate (Regier and Hoult, 2014).  Thus, the measured strains for both 

the Beam and the Drop near their supports should be the true concrete surface strains. The 

maximum magnitudes of the measured concrete strains near the supports are -5 με and -4 με for the 

Beam and Drop, respectively. Because of the OBR 4600’s measurement accuracy (~1 µε), these 

measurements still provided useful information despite the low strain magnitudes induced. It is also 

important to note that other distributed FOS systems, such as BOTDR, are reported to have 

accuracies of 30 µε - 38 µε (Ohno et al., 2001; Mohamad et al., 2011), and thus would not 

effectively measure the Beam and Drop behaviour in this case. 
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FOS strain results from the Large Beam loaded with 6 scissor lifts are shown in Figure 

4-6c. Portions of the Large Beam FOS strain results are missing (shown as gaps in the strain data 

and labelled as “Secondary beam framing in” and “Pipe”) due to the obstacles shown in Figure 

4-3c. Furthermore, FOS measurements were only taken up until 15660 mm, which is 340 mm away 

from the inner edge of the south column (16000 mm), as FOS were only installed up until this point 

due to a physical obstacle on site. Once again as expected in positive bending, the largest tensile 

strains are measured near mid-span (8100 mm) in the bottom fibre with large strain peaks seen in 

this region as well due to concrete cracks. Near both supports, the bottom fibre measures 

compressive strains of -3 to - 4 µε, signifying that negative moments are present at the supports 

and that there is some moment transfer into either the columns or the surrounding slabs continuing 

beyond both columns. The top fibre measures essentially zero strain in the portions of the beam 

that are un-cracked, while it measures slight tensile strains (~1 µε) in the cracked region between 

cracks, again indicating that the top fibre is located at the beam’s neutral axis near the supports and 

slightly below the neutral axis in the cracked portion of the beam. The inflection points are found 

to be at 3000 mm and 13240 mm (2960 mm away from the centre of the south column), indicating 

that comparable support conditions exist at both columns. Despite only applying a live load 

amounting to approximately 12% of the un-factored design live load, and measuring a maximum 

tensile strain of just 37 µε (at 5840 mm), the FOS system used here was still able to provide detailed 

information regarding the Large Beam’s behaviour in terms of the induced strains, support 

conditions, and crack locations.  

4.4.2 Cracking Behaviour 

The FOS measure large tensile strain peaks when bridging concrete cracks as previously 

discussed. Knowing this, the location of the cracks on each RC element can be determined, 

allowing for properties such as the average crack spacing and the length of the cracked region to 

be measured. Due to the sensor spacing of 20 mm, the location of each crack on the RC elements 
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tested can be determined to be within 20 mm of its true location. Furthermore, Chapter 2 has shown 

that the FOS strain measurements from RC elements using the OBR 4600 and a nylon coated fibre 

optic cable can be used to measure crack widths. Using this technique to measure crack widths, the 

amount that each crack width has increased due to the load testing can be determined.  

The location of each concrete crack at the height of the bottom fibre and the amount that 

each crack has opened due to the loading of 6 scissor lifts is shown in Figure 4-7 for the Beam and 

the Drop. Also shown in Figure 4-7 is the average crack spacing and maximum crack opening for 

each element. Comparing the cracking behaviour of the Beam and the Drop it is evident that the 

cracking is much more evenly distributed in the Beam than in the Drop. For instance, one can see 

that there are two large cracks observed in the Drop near midspan. In fact, these two cracks were 

large enough to be easily visually observed on site as shown in Figure 4-8. Also seen in Figure 4-8 

is that the cracks in this case extend to heights above the top fibre, which is seen to correlate with 

the Drop’s strain results.  

Using predictive equations from ACI 224R-01 (ACI Committee 224, 2001) to determine 

the average crack spacing of an RC element in flexure, average crack spacings were predicted for 

the Beam and Drop to be 93 mm and 145 mm, respectively. Though the predicted values are lower 

than those measured in both cases, the fact that the average crack spacing in the Drop is larger than 

in the Beam is correctly predicted. This demonstrates the value in monitoring crack widths to ensure 

that serviceability criteria are not breached.  

The FOS crack width measurement technique used cannot measure crack openings 

accurately that exceed 0.3 mm during testing (the allowable crack width for structures exposed to 

humidity, moist air, and soil is 0.30 mm in accordance with ACI 224R-01). If crack width increases 

larger than 0.3 mm are expected, the cracking behaviour-maps presented in Figure 4-7 can still be 

of value in determining where cracks are located and which cracks are expected to have the largest 

widths. Using this information, discrete crack gauges can be placed in the appropriate locations (for 
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instance, the two cracks near mid-span of the Drop) to accurately measure larger crack width 

increases.   

4.4.3 Beam Deflections 

Deflection vs. time data is shown in Figure 4-9a for the Beam, the Drop, and the Large 

Beam. The displacement measurements are from the linear potentiometers (LPs) installed for each 

load test. For each element, the loading of all six scissor lifts one at a time is evident as steps in the 

deflection response. It is seen that the maximum deflection measured for the Beam and the Drop 

are very similar, with values of -0.291 mm and -0.305 mm, respectively. The maximum deflection 

reading during the Large Beam test is -0.223 mm. These deflection magnitudes are low, especially 

considering that even the most conservative deflection limitation in ACI 318-14 (ACI, 2014a) of 

l/480 (where l is the span) equates to 27.1 mm for the Beam and Drop and 33.8 mm for the Large 

Beam. Note that the elements were not loaded to 100% of the un-factored design live load. 

However, if the approximation is made that the deflection response is linear after cracking up to 

the service load, deflection estimates for each element loaded to 100% of the un-factored design 

live load can be extrapolated. These deflection estimates are -0.77 mm, -0.87 mm, and -1.86 mm 

for the Beam, the Drop, and the Large Beam, respectively. These values are still much lower than 

the ACI 318-14 deflection limit for each element. It is important to note that this particular 

deflection limit also considers time-dependent deflections (not measured here) from all sustained 

loads applied after non-structural elements likely to be damaged by large deflections are installed 

in addition to immediate live load deflections. 

The FOS installation layout on each element was configured so that strains would be 

measured at two separate heights on the element’s length. Since the height difference between the 

top and bottom fibres was known in each case, curvature could be measured directly every 20 mm 

along each element’s length anywhere that both the top and bottom fibres were installed. Using 

Bernoulli-Euler elastic beam theory, the measured curvatures can be integrated twice to determine 
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bending deflections if two boundary conditions are known. The technique developed in Chapter 2 

to determine deflections from FOS strain measurements was used in this section, which was 

validated in the laboratory against conventional displacement sensors.  

Figure 4-9b shows the FOS distributed beam deflection measurements for the Beam and 

the Drop each loaded with 2 and 6 scissor lifts. For both the Beam and the Drop, the two boundary 

conditions used were the inner edge of the north column (bending deflection value of 0) and the 

displacement measurement taken from the LP. Since the FOS strain measurements were taken with 

a sensor spacing of 20 mm, each deflected shape shown in Figure 4-9b is made up of 310 deflection 

points, illustrating that distributed deflections are captured with one fibre optic cable. The deflected 

shape provides insight into support conditions as well as where critical deflections occur. For 

instance, the maximum deflection for both the Beam and the Drop does not occur at mid-span (6500 

mm) but rather at 6020 mm (-0.292 mm) for the Beam and 6200 mm (-0.308 mm) for the Drop. 

Measuring the maximum deflection without knowing where it will occur prior to a test is a 

challenge with conventional discrete transducers, yet ACI 437R-03 (ACI, 2003) states that 

deflections should be measured at all critical points during a load test. Thus, the FOS technique is 

especially useful when in situ load distributions and support conditions are unknown.  

When comparing the deflected shapes of the Beam and the Drop, it can be seen that the 

response of both due to each loading scenario is very similar, however, the curvature of the drop 

appears to be more concentrated at mid-span than is observed in the Beam’s deflected shape. This 

is consistent with the Drop having two large cracks near mid-span (Figure 4-7b and Figure 4-8). 

The maximum deflection of the Beam is found to be 180 mm north of the Drop’s maximum 

deflection location. This is likely attributed to two things: i) the Drop’s north support has a higher 

level of moment transfer than the Beam’s due to the Drop extending 1.5 m beyond the north 

column, and ii) the resultant load of the 6 scissors lifts is 150 mm north of mid-span for the Beam 

and 90 mm south of mid-span for the Drop. Lastly, it should be noted that the Beam and the Drop 
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were designed to have the same deflection response to vertical loading, which appears to be 

essentially the case. 

The deflected shape of the Large Beam is shown in Figure 4-9c when loaded with 6 scissor 

lifts as well as once the beam was unloaded. For the Large Beam, the two boundary conditions used 

were the inner edge of the north column (bending deflection value of 0 at 200 mm) and the inner 

edge of the south column (bending deflection value of 0 at 16000 mm). As discussed, FOS strain 

measurements were not acquired at certain locations due to physical obstacles on the Large Beam, 

thus curvature could not be directly measured at every single point along the element’s length. In 

order for the FOS deflection measurements to be performed in this case, linear interpolation of 

curvature was used where curvatures were not directly measured.  

 Since the LP displacement measurement was not used as a known boundary condition in 

the case of the Large Beam, the LP measurement could be used to compare and evaluate the bending 

deflections determined from the FOS data (as seen in Figure 4-9c). The magnitude of the LP 

displacement measurement is 0.009 mm larger than the FOS deflection measurement at 8100 mm 

when the Large Beam is loaded with 6 scissor lifts. Note that the LP displacement measurement 

measures total displacement at this point, while the FOS deflection measurement only accounts for 

bending deflections. The larger LP displacement may be explained by axial deformations in the 

steel columns supporting the Large Beam when loaded. If the total scissor lift load (77.5 kN) is 

approximated to be evenly split between the north and south column (38.75 kN in each), then the 

axial deformation expected in each column can be determined using the cross sectional area of each 

column (53700 mm2 and 80800 mm2 for the north and south columns, respectively), the Young’s 

Modulus of the steel (200 GPa), and the column lengths (5000 mm for both). The axial 

deformations expected in each column are 0.018 mm and 0.012 mm downwards for the north and 

south columns, respectively. These values suggest that the discrepancies between the LP 

measurement and the FOS measurement at 8100 mm may be caused by deformations of the 
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columns. It should also be noted that the accuracy of the LP used is 0.024 mm, which is almost 3 

times larger than the difference between the two measurement technologies. Overall the FOS 

measurements are in good agreement with the LP measurements.  

It is evident in Figure 4-9c that the LP measurement returns to 0 mm when the Large Beam 

is unloaded. Since the deflection of the beam upon unloading is fully recovered, it is likely that the 

beam has been loaded beyond the current load level previously (potentially due to construction 

loads Scanlon and Bischoff (2008)) since if any new cracks were formed due to the load provided 

by the scissor lifts a level of permanent deflection would be expected. This also suggests that many 

of the cracks located by the FOS (Figure 4-6c) were formed prior to the performance of the live 

load test. Despite the LP returning to 0 mm deflection, the deflected shape measurement from the 

FOS at mid-span still shows a permanent downward deflection (-0.048 mm). This suggests that the 

deflected shape measurement from the FOS is no longer correct once the beam is unloaded. To 

investigate why this is occurring, the FOS strain measurements from the bottom fibre of the Large 

Beam when unloaded were plotted as shown in Figure 4-10.  

Figure 4-10 shows that the FOS strains return to approximately 0 με between 0 mm and 

4000 mm, and again between 12000 mm and 16000 mm. However, between 4000 mm and 12000 

mm there are still several strain peaks present ranging from 3 με to 16 με. These strain peaks are 

located at crack locations where it appears irrecoverable strain is measured by the FOS despite the 

fact that the LP measurements show zero displacement (suggesting the cracks have returned to their 

initial width prior to testing). Thus, somewhere between the concrete surface and the fibre optic 

sensing core there appears to be irrecoverable deformations at cracks once the Large Beam is 

unloaded. A small-scale testing apparatus was fabricated (Figure 4-11) to investigate whether the 

irrecoverable strains are specifically caused by the cracks, or whether they are caused by the 

magnitude of the measured strain and/or the large strain gradients measured surrounding the peaks. 



 

98 

 

The testing apparatus shown in Figure 4-11 was comprised of two aluminum hollow 

structural sections (HSS) beams that were tightened together using threaded rods at either end of 

the beams with two steel rollers between them. By tightening the HSS beams together against the 

rollers, the rollers apply point loads to each HSS beam, which in turn subjects both HSS beams to 

4-point bending. FOS were installed on one of the HSS beams 10 mm away from the extreme 

tension fibre using the same nylon coated fibre optic cable and epoxy used during the load tests in 

the field. Two separate tests using the apparatus were performed. The first was performed with 

FOS installed on an intact HSS beam, and the second was performed with FOS installed on an HSS 

beam with a 25 mm long vertical cut at the beam’s mid-span to simulate a crack. In both instances, 

the beams were tightened against the rollers until the strain measured at the beam’s mid-span 

(where the cut was located) reached approximately 350 με (Figure 4-11b), which is larger than the 

maximum strain measured during the load tests in the field of 200 με. The beams were then 

loosened away from the rollers (unloaded) and FOS strains were measured to determine if any 

irrecoverable strains were present (Figure 4-11c).  

The strains induced in Figure 4-11b are within the material’s linear-elastic range, therefore 

the beam itself should not have any permanent deformations upon unloading. Thus, the 

irrecoverable strains would be within the fibre or the epoxy. This irrecoverable strain in the system 

is caused by one of the following: i) a large strain magnitude, ii) a large strain gradient, or iii) a 

mechanism specific to crack opening. One can see in Figure 4-11b that the magnitude of the strains 

are equal at the cut location for both cases. The strain gradients induced are similar for both cases 

as well, though the shape of their strain profiles is different. Figure 4-11c shows that the strains 

return to approximately 0 με for the case without a cut, indicating that neither the strain magnitude 

nor the strain gradient measured when the beam was loaded lead to irrecoverable strains in the FOS 

system. The beam with a cut does however still show a strain peak at the cut of 9 με once unloaded 

(this peak value is within the range of irrecoverable strain peaks seen at crack locations in the load 
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tests). This suggests that it is the concentrated opening of the cut (simulated crack) under loading 

which leads to irrecoverable strains in the FOS system upon unloading. Therefore, a current 

limitation of the FOS system used here is that it cannot accurately measure concrete behaviour 

upon unloading if the FOS cross concrete cracks. Thus, further research is required to investigate 

this phenomenon before this particular FOS system is used to monitor cyclic or long-term 

behaviour of concrete elements. 

4.4.4 Design Model Comparison 

The load configurations shown in Figure 4-5 were applied to the structural models of each 

element that were used in the building’s design. The Beam and the Large Beam were modelled in 

S-line, which is a commercially available concrete beam design program created by S-Frame. The 

Drop was modelled in SAFE, which is a commercially available finite element modelling software 

created by Computers and Structures, Inc. (CSI) for the design of concrete slabs. The support 

conditions for the Beam and the Drop model were represented by allowing moment transfer into 

the supporting concrete columns. The columns in this case were fixed at their ends one storey above 

the beams and one storey below the beams. The Large Beam is supported by steel columns, which 

were modelled as pins allowing for no moment transfer into the supporting columns.  

The maximum immediate live load deflections determined from the design models due to 

the scissor lift loading were -1.42 mm, -1.51 mm, and – 0.84 mm for the Beam, the Drop, and the 

Large Beam, respectively. As discussed previously, the maximum deflections measured during 

each load test due to the scissor lift loading were -0.29 mm, -0.31 mm, and -0.21 mm, for the Beam, 

the Drop, and the Large Beam, respectively. The maximum measured deflections are only 20%, 

21%, and 25% of the values predicted for the Beam, the Drop, and the Large Beam, respectively.  

This suggests that there is beneficial structural behaviour occurring in situ that is not predicted 

during design, which is a common finding when performing load tests on RC structures (Tumialan 

et al., 2014). What makes this case of particular interest is the robust data set that was captured 
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during load testing from the distributed FOS. This level of detail can be used in a model updating 

exercise to help diagnose reasons for conservatism in design. The FOS used in this work were able 

to capture detailed cracking behaviour (including crack opening), and deflected shapes in addition 

to distributed strains, which has never been done before in the field with this technology. Therefore, 

the next chapter will aim to perform model updating using these uniquely detailed data sets to help 

determine causes of discrepancies between current design predictions and measured behaviour. 

4.5 CONCLUSIONS 

The current research program was performed to investigate the capabilities of distributed 

fibre optic sensors (FOS) to monitor RC elements in situ during load testing. Two beams and one 

drop panel were load tested using the weight of 6 scissor lifts (average weight of 12.9 kN each). 

The elements were monitored with distributed FOS and linear potentiometers (LPs). The 

measurement accuracy of the FOS system used (~1 με) proved to be critical, as the strains induced 

during load testing remained between -6 με and 202 με, with the majority of strains remaining 

between –6 με and 50 με. The FOS strain measurements captured the positive bending and negative 

bending along the length of each element and allowed for the locations of each element’s inflection 

points to be determined. This provided insight into support conditions, indicating the presence of 

moment transfer into either the columns or the surrounding floor slab at each support.  

Along the entire length of the installed fibre optic cables, the location of the cracks as well 

as the amount that each crack had widened due to the live loading was determined. This information 

allowed the cracked regions of the RC element, the average crack spacing, and the maximum crack 

openings to be measured. The average crack spacings were compared to ACI 224R-01 (ACI, 2001) 

predictions. It was found that the predictions were on average 47% of the measured values. The 

maximum measured crack openings were 0.009 mm and 0.014 mm, occurring on the same element.  
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The deflected shape of each element when loaded was determined using the FOS 

measurements. It was found that the location and magnitude of the maximum deflection could be 

determined. This has advantages over discrete sensors when monitoring in situ, as the critical 

locations for measuring deflections are often not known prior to load testing.  The maximum 

deflections measured for each element were compared to deflection predictions from each 

element’s design model. It was found that the measured deflections were between 20% and 25% 

of the predicted deflection values, suggesting that there is beneficial structural behaviour occurring 

in situ that is not accounted for in the models. Upon unloading, it was found that the FOS system 

no longer agreed with the LP measurements. An investigation determined that a certain level of 

irrecoverable strains occur in the FOS measurement system at crack locations, causing the FOS 

measurements to lose accuracy when the element is unloaded. This is not a concern when loading 

the element, however, when unloading is also required to perform cyclic or long-term tests on RC 

structures further research is required.  

4.6 RECOMMENDATIONS 

This work has demonstrated the potential of using distributed FOS to monitoring RC beam 

performance in the field. However, upon reflection, the author has the following recommendations 

for future field monitoring campaigns of this nature using this particular system: 

• FOS should be installed on the columns supporting the beams to directly determine 

the percentage of moment that is distributed into columns above and below the 

beams as well as the percentage of moment transferred into the floor slab beyond 

the span of interest. 

• FOS should be installed on the floor slabs that make up each beam’s flange. 

Configurations that monitor slab strains at increasing distances from the beam 
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would provide unique insight into the contribution of the floor slab to the beam’s 

flexural behaviour.  

• Fibre passes should be installed at multiple heights on the beam’s surface such that 

at least two fibre passes avoid concrete cracks. This would allow beam deflections 

to be determined upon unloading as the irrecoverable FOS strains evident at crack 

locations would not be an issue in this case. 

• Multiple conventional sensors should be installed for ensuring that a sufficient 

number of reliable boundary conditions are measured on-site, while also providing 

opportunities for evaluating the FOS results.  
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a) 

 

b) 

Figure 4-1: Rideau Centre Expansion, Ottawa, ON, Canada: a) south-east corner, and b) 

north-east corner. 
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      a) 

             
      b) 

 
      c) 

Figure 4-2: Plan view of Level 4: a) full level with Zone A and Zone B indicated, b) Zone A 

with the Beam and Drop indicated, and c) Zone B with the Large Beam indicated. 
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    a) 

                    

 

    b) 

 

 

        c) 

Figure 4-3: Elevation view of the FOS instrumentation: a) Beam, b) Drop, and c) Large 

Beam. 
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Figure 4-4: The Large Beam during FOS installation. 
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                c) 

Figure 4-5: Elevation view of the load test setups: a) Beam, b) Drop, and c) Large Beam. 
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     a)            b) 

 

 

         c) 

Figure 4-6: FOS strains due to 6 scissor lifts: a) Beam, b) Drop, and c) Large Beam. 
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    a) 

 

    b) 

Figure 4-7: Cracking due to 6 scissor lifts at bottom fibre height: a) Beam and b) Drop.  

 

 

Figure 4-8: Drop mid-span cracks when loaded with 6 scissor lifts. 
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          a) 

 

 

          b) 

 

 

          c) 

Figure 4-9: Deflection behaviour: a) full load test LP measurements, b) Beam and Drop 

deflected shape comparison, and c) Large Beam deflected shape. 
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Figure 4-10: Bottom fibre strain measurements for the Large Beam once unloaded. 

 

      a) 

 

                       b)              c) 

Figure 4-11: Aluminum test apparatus: a) apparatus schematic, b) FOS strain 

measurements when loaded, and c) FOS strain measurements when unloaded. 
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Chapter 5 

Reinforced Concrete Beam Design Model Evaluation using Distributed 

Fibre Optic Sensor Data 

5.1 INTRODUCTION 

The use of concrete due to the construction industry has been estimated to account for 5% 

to 7% of global carbon dioxide (CO2) emissions (Mehta, 2001). Reductions in CO2 emissions have 

been achieved through improved building operation (Lane, 2007), however, limited progress has 

been made to reduce CO2 emissions associated with the construction process (Allwood and Cullen, 

2012). As a result, recent research has started to focus on reducing the environmental impact of 

constructing reinforced concrete (RC) buildings. At the material level, many researchers have 

investigated the development of more sustainable concrete solutions (Berndt, 2009; Purnel and 

Black, 2012; Cachim et al., 2014), which have mostly focused on reducing the cement content 

within the concrete mix, as cement often accounts for more than 95% of the material’s embodied 

carbon dioxide (Purnel and Black, 2012). Though research of this nature shows promise, there is 

also an opportunity for the structural engineering community to help reduce the negative impact of 

concrete building construction through form optimization and efficient material use. Orr (2012) 

found that material savings of 30-40% are readily achievable if the shape of RC beam elements 

were customized for purpose, while Liew et al. (2017) demonstrated that floor slabs with a 70% 

material reduction are possible if built in such way as to mimic thin funicular vaults.  

Significant material reductions in concrete buildings are achievable if efficient structural 

forms are utilized in place of prismatic forms, however, there are obstacles that limit the 

construction industry from adopting such techniques in the immediate future. For instance, most 

geometry optimization techniques that apply to concrete construction require sophisticated 

technologies such as fabric forms (Hawkins et al., 2016) or computer numerical control (CNC) cut 
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molds (Liew et al., 2017). In addition to the difficulties of building customized forms with 

conventional construction methods, current analysis techniques for RC (codified and finite element 

methods) are not well suited for designing non-prismatic RC element geometries (Miranda et al., 

2016). Thus, it will be some time still before the industry will be able to fully adopt the outcomes 

of research being conducted on optimized RC element geometries. In the interim, it would be of 

value if concrete material reductions in RC buildings could be achieved in such a way that is 

compatible with the current state of construction and analysis/design methods, which will be 

investigated in this chapter. 

Load testing of RC buildings often leads to the discovery of unexpected structural benefits 

that are not anticipated in the design process (Tumialan et al., 2014), such as advantageous load 

paths, support conditions, and load distributions. These are typically discovered when 

decommissioned structures are tested to failure (e.g. Casadei et al., 2005; De Luca et al., 2013), 

however, determining the reasons for overdesign can be difficult when RC structures are only tested 

up to service loads. This is partly because the structural performance of an RC structure during a 

load test is typically monitored using discrete sensors (ACI 437, 2003), which can miss critical 

localized behaviour. In one case, research by Regier and Hoult (2014) used distributed sensors 

instead to monitor an RC bridge’s structural performance during a load test. The bridge’s deflection 

was an order of magnitude less than initial models predicted (Bentz and Hoult, 2016). Though the 

structure was not loaded to failure in this case, a finite element (FE) model updating investigation 

performed by Bentz and Hoult (2016) was able to diagnose what led to the unexpected beneficial 

structural behaviour exhibited by the bridge. In this work, Bentz and Hoult (2016) attributed the 

success of their model updating campaign to the measurements taken using Rayleigh based 

distributed fibre optic sensors (FOS), as they provided unique insight into the bridge’s support 

conditions, stiffness, load sharing behaviour, and cracking behaviour. 
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 The work in Chapter 4 presented the extensive data sets that can be captured using Rayleigh 

based distributed FOS sensors in an RC building during a load test, however, no model updating 

has been performed on an RC building using this type of data to date. Though FE model updating 

of RC building behaviour is not new (e.g. Moavani et al., 2012; Song et al., 2017), Bentz and Hoult 

(2016) have shown that model updating of RC structures using Rayleigh based distributed FOS 

measurements can lead to a uniquely detailed understanding of structural behaviour. Thus, an 

opportunity exists to use the data presented in Chapter 4 to perform model updating to evaluate 

common RC building design assumptions. If unexpected beneficial structural behaviour in RC 

buildings is discovered and understood more thoroughly, unnecessary conservatism in design can 

start to be eliminated. This could potentially lead to material use reductions for RC frame buildings 

without the need for new sophisticated construction methods (Orr, 2012; Liew, 2017) or analysis 

techniques (Miranda et al., 2016), but instead subtle modifications to existing methods.  

 Considering this introduction, the main objectives of this research are to: i) present the 

results from initial FE models based upon common design assumptions for beams in an RC building 

that were load tested, ii) compare the initial FE model results to FOS data measured during those 

load tests, iii) use the data to evaluate the effects that certain input parameters have on RC building 

design, and iv) provide recommendations for future RC design and assessment. 

5.2 BACKGROUND 

The following section presents a summary of a load test performed on an RC building 

where distributed FOS were used to measure structural performance. The data from this load test 

was used for the FE model updating that is described later in this chapter. It should be noted that 

the building site, the instrumentation, the test procedure, and the experimental results from this load 

test are presented in detail in Chapter 4, thus only the details from the test most relevant to this 

chapter will be discussed here. The finite element analysis software used in this research is also 

briefly described in this section.  
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5.2.1 Experimental Background 

A load test was performed in The Rideau Centre Expansion, which is a 5-storey RC 

building in Ottawa, Canada. The load test was undertaken during the building’s construction in 

2015, with the building being completed in 2016. Three RC beam elements were load tested on the 

4th floor of the RC building (storey to storey height of ~ 5 m), however, only data from two of the 

beams tested was used for the model updating work done in this chapter. Thus, only the load testing 

performed on these two beams is described here. A plan view schematic of the building’s 4th floor 

is shown in Figure 5-1a, with the location of the load testing indicated as well. A schematic of the 

two tested beams in plan view is shown in Figure 5-1b, and each beam’s gross cross section (i.e. 

the reinforcement details are not provided here) is shown in Figure 5-1c (see Figure 5-2 for 

elevations of each beam). The beam on the left-hand side (west) will be referred to as the “Beam” 

and the beam on the right-hand side (east) will be referred to as the “Drop” from this point on (as 

the beam on the right is a drop panel type beam). Both beams have column-centre to column-centre 

spans of 13 m, have 4.5 m cantilevers at their southern columns, are supported by square columns 

with 600 mm side lengths, and are in a region of the building with concrete floor slabs with a 

thickness of 300 mm. The beams were cast in place monolithically with the surrounding floor slabs 

and columns, and were tested 4-months after concrete placement. 

A schematic elevation view of the Beam and the Drop is shown in Figure 5-2, which shows 

the loading and FOS instrumentation used in each load test. Six scissor lifts were available on site, 

which were used to apply loading to both beams near their respective mid-spans. The lifts were 

oriented with their lengths orthogonal to the longitudinal axis of each beam in an effort to 

concentrate the loading at mid-span and induce larger beam deflections and surface strains. Load 

values and locations for the scissor lift arrangements on each beam are shown in Figure 5-2. It 

should be noted that the weight of the lifts was only determined following the load test, which is 

why the load magnitudes are not perfectly symmetric about each beam’s mid-span and why the 

loading slightly differed for the Beam and Drop.  
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Distributed FOS were installed on each beam from the centre of the north column to mid-

span (an obstruction prohibited the installation beyond mid-span). The FOS were installed at two 

heights along each beam’s length (connected by a return loop at mid-span), with the top fibre being 

75 mm below the soffit of the floor slab and the bottom fibre being installed 75 mm above each 

beam’s bottom edge. The FOS were used to measure strains on each beam’s concrete surface with 

a sensor spacing of 20 mm and a gauge length of 20 mm. The fibre optic analyzer used in this study 

was the Luna OBR 4600 from Luna Technologies, which is a static data acquisition system. 

Therefore, FOS measurements could only be taken at load stages as opposed to throughout the 

duration of each test. In this case, FOS measurements were taken when the middle 2 scissor lifts 

were in place, when all 6 scissor lifts were in place, and upon unloading.  

5.2.2 Finite Element Analysis Software 

The FE software used in this research was VecTor2, which is a two-dimensional (2D) non-

linear FE program developed for the analysis of RC membrane structures (Wong et al., 2013). The 

software package is freely available, and is used to model RC beams in laboratory settings (e.g. 

Saatci and Vecchio, 2009) and to validate and inform RC beam design in the field (e.g. Lee et al., 

2008). The program is based on the Modified Compression Field Theory (MCFT) developed by 

Vecchio and Collins (1986), which is an analytical model for predicting the response of RC 

elements subjected to in-plane shear and normal stresses. The software package contains three 

separate programs, including the pre-processor (Formworks), the FE solver (VecTor2) and the post-

processor (Augustus). The geometry, material properties, material models, boundary conditions, 

loading conditions, and FE mesh are defined in Formworks, which is a graphical user interface. 

The FE model is analyzed and solved by VecTor2, and the results such as the deflection response, 

cracking behaviour, reinforcement stress, and concrete stress can be visualized using Augustus. 

VecTor2 allows for reinforcement to be modelled in RC elements using a smeared approach as a 

reinforcement percentage within planar concrete elements, or by modelling the reinforcement itself 
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with discrete linear truss bar elements (Wong et al., 2013). This allows for flexibility that is useful 

when reinforcement arrangements within RC elements are varying and complex, which is the case 

for the RC beams modelled in this work.  

5.3 Numerical Model Description 

The following section describes the FE models developed for this research. Models were 

first developed based upon initial design assumptions for the Beam and the Drop, which are 

presented in detail. To investigate the effects that certain model inputs and assumptions have on 

the accuracy of the model’s predictions, a parametric study was performed. The specific parameters 

that were investigated are discussed in this section.  

5.3.1 Initial Models 

The initial FE models for the Beam and the Drop were developed using VecTor2 based 

upon their geometry, their loading conditions, the material properties specified in the building’s 

design, and common design assumptions used in RC beam design. To best represent the Beam and 

the Drop using VecTor2, RC planar elements with smeared reinforcement were used in 

combination with discrete reinforcement truss bar elements. A schematic of both models is shown 

in Figure 5-3, which geometrically illustrates how each model was constructed using a combination 

of defined RC regions as well as discrete reinforcement lengths. Table 5-1 presents the details 

inputted into VecTor2 for each RC region numbered in Figure 5-3, and Table 5-2 presents the 

details inputted into VecTor2 for the discrete reinforcement labelled in Figure 5-3.  

The material properties for each model were a combination of values assigned during the 

design of the building and VecTor2 default values. For all concrete, the cylinder compressive 

strength (f’c) was set to 30 MPa and the density was set to 2400 kg/m3. For all reinforcement steel, 

the yield strength (fy) was set to 400 MPa, and the modulus of elasticity was set to 200 GPa (Es). 

The reinforcement was expected to remain well below the yield strain during the load test, therefore 

post-yield properties were not considered here. All other material properties were assigned 
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VecTor2 default properties (this included properties such as concrete tensile strength, initial tangent 

elastic modulus of concrete (Ec), thermal expansion coefficient, maximum aggregate size, etc.). 

The formulation that VecTor2 uses to determine the default properties are found in detail in the 

software’s user manual (Wong et al., 2013). It should be noted, however, that the concrete in the 

columns was always modelled with a tensile strength of 30 MPa. This was to ensure that the 

columns remained uncracked, as their uncracked stiffness was assumed in the building’s design.  

VecTor2 is a 2D FEA package, thus the models were developed in 2D with into-the-page 

thicknesses defined for each section of material in order to represent the three-dimensional 

geometry of each beam. The through thickness of each RC section shown in Figure 5-3 is presented 

in Table 5-1. The thickness of each RC area was determined from the building’s design geometry 

for the Beam, Drop, and column sections indicated. The thickness of the floor slab sections, which 

correspond to the effective flange width in an RC T-beam analysis, were derived from equations in 

the Canadian Concrete Design Code (CSA, 2014). The effective flange width was determined from 

the code assuming no beam continuity as neither the Beam nor the Drop extended to columns 

beyond the columns supporting the loaded span. As shown in Figure 5-3, the floor slab was not 

modelled beyond the northern end of each beam in the initial model (although it is seen in Figure 

5-2 that the slabs continue beyond this point in reality), as the slab was initially assumed to have a 

negligible effect on the rotational stiffness of the support. It is also seen that the support conditions 

were defined as pin supports (translationally restrained in the x and y directions and free to rotate) 

at the mid height of the columns, which is a common assumption in a vertically loaded frame. The 

pin supports were located at the centre of each column’s cross section and at the middle of each 

column’s clear height in the initial models (2100 mm and 2300 mm clear distance for the Beam 

and the Drop, respectively).  

 The steel reinforcement in each beam was modelled using a combination of two separate 

methods as previously stated: i) smearing reinforcement within the 2D concrete elements, and ii) 
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defining discrete reinforcement truss bar elements. Smeared reinforcement is appropriate for 

modelling well distributed reinforcement configurations, while truss bar elements are more 

appropriate for discrete and more isolated reinforcement configurations (Wong et al., 2013). For 

the Beam and the Drop models, all reinforcement details were taken from The Rideau Centre 

Expansion shop drawings. To incorporate smeared reinforcement in an RC region in VecTor2, 

reinforcement ratios (ρ) must be defined as a percentage with the orientation of the reinforcement 

also being defined. In these beams, all reinforcement was either in the horizontal (x-axis) or vertical 

(y-axis) directions. The reinforcement ratios defined for every RC region presented in Figure 5-3 

are shown in Table 5-1. The following reinforcement regions were modelled using smeared RC 

elements: the longitudinal and transverse reinforcement for every column, the transverse 

reinforcement in the Beam and Drop, the skin reinforcement in the Beam (no skin reinforcement 

was present in the Drop), and the longitudinal reinforcement in the slabs.  

All flexural longitudinal reinforcement (top and bottom) within the Beam and Drop was 

modelled with discrete truss bar elements, as it was not evenly distributed throughout the height of 

each member. The integrity reinforcement present at each column was also modelled using truss 

bar elements (labelled as reinforcement E and F in Figure 5-3). The truss elements were 2 node 

truss elements with 4 degrees of freedom, which were modelled assuming perfect bond with the 

concrete. The steel used in each model was set as the Ductile Steel Reinforcement reference type 

in VecTor2. For each reinforcement length labelled in Figure 5-3, the description, the total cross 

sectional steel area (As), the bar diameter (db), and the reinforcement’s depth below the top of the 

floor slab is presented in Table 5-2. Cross section views of the Beam and the Drop are provided in 

Figure 5-4. 

It is suggested in the VecTor2 manual that all RC structures with elevations comprised of 

one or more rectangular regions are meshed using Hybrid discretization method in Formworks, 

thus a Hybrid discretization technique was used here. Furthermore, the Rectangles option provided 
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by Formworks for mesh discretization was also selected, which combines adjacent triangular 

elements into single rectangular elements to reduce computational demand of the model. The 

element sizing for all RC regions was set to 100 mm × 100 mm with a maximum allowable aspect 

ratio of 1.5. This discretization definition led to the model meshes for both the Beam and the Drop 

being comprised of predominantly rectangular elements with some triangular elements to 

accommodate the location of the reinforcement at certain points in the model geometry. The 

rectangular elements were plane stress elements with 4 nodes and 8 degrees of freedom, while the 

triangular elements were constant strain triangle elements with 3 nodes and 6 degrees of freedom. 

All 2D elements were set to Reinforced Concrete for their material reference type in VecTor2.  

The loading of both the Beam and Drop was performed in two sequential load cases. The 

first load case defined the dead load experienced by each member prior to the live load test (scissor 

lift loading), while the second load case defined the live loading caused by the scissor lifts (Figure 

5-2). The dead loading was assumed to be comprised only of each member’s self-weight 

(considering the slabs and beams but excluding the columns) determined considering the full 

tributary width for each element. This lead to distributed loads being applied to each member for 

load case 1 of 64 kN/m and 96 kN/m for the Beam and the Drop, respectively. The live loading 

(load case 2) caused by the scissor lifts was defined as point loads in the locations defined in Figure 

5-2 for each member. This loading process assumes that the beams were not loaded beyond their 

self-weight at any point prior to the application of the scissor lifts. However, it is possible that these 

beams experienced larger loading prior to the live load test (potentially due to shoring, re-shoring, 

or heavy equipment (Scanlon and Bischoff, 2008)). This would affect the response of the beam as 

more cracks than expected would already be present in the beam’s cross section prior to live 

loading, impacting the beam’s stiffness. This was not considered in this work, however, 

investigating the effects that pre-loading has on the models is a topic for future investigation. 
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Load case 1 was applied in 101 stages of equal increments, while load case 2 was applied 

in 11 stages of equal increments (the live loading was a small percentage of the total loading, which 

is why there were less load stages). The program uses a total load iterative secant stiffness algorithm 

to perform the model solution, and the maximum number of iterations for each load stage was set 

to 100 in this case with a convergence limit 1.00001. Load case 1 (the dead loading) was applied 

prior to load case 2 (live load test) in order to represent the real loading sequence. All of the material 

models used for the analysis were left as the default models specified in VecTor2, including models 

on concrete and reinforcement stress-strain behaviour, tension stiffening, cracking criteria, crack 

spacing, reinforcement bond, etc. The details of the models used in VecTor2 can be found in the 

software’s user manual (Wong et al., 2013).  

5.3.2  Modified Parameters 

Four parameters were modified in the FE models to examine the effects that each would 

have on the correlation between the model results and the FOS measurements taken during the load 

tests. The four parameters are: 1) the member flange width (floor slab contribution), 2) the support 

conditions, 3) the concrete compressive strength (full model), and 4) the concrete tensile strength 

(excluding the columns). The parameters were chosen as properties that are commonly assumed 

during the design process, and subsequently inputted into design models. Each parameter was 

investigated by adjusting the value or condition in both a more conservative manner and in a less 

conservative manner when compared to the initial model. The assumptions used for the initial 

models, the more conservative models, and the less conservative models are shown for each 

parameter in Table 5-3. The effects of each parameter were isolated by holding all of the other 

parameters constant with the initial model values while adjusting the parameter of interest. 

Conservative in this case refers to a parameter modification that would lead to more deflection in 

the model than experienced by the initial model. 
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The flange width values are based upon the effective flange width recommendations in the 

Canadian Concrete Design Code (CSA, 2014) for RC T-beams. The more conservative value 

assumed that there was continuity at the supports (which leads to a reduction in the effective flange 

width that can be used), while the less conservative value assumed that the effective flange width 

extends from mid-bay to mid-bay. It can be seen in Table 5-3 that the effective flange width for the 

cantilever portions of the beams differed from those in the main span. This is a result of the opening 

in the floor slab seen in Figure 5-1.  

The more conservative support condition model represents the full lengths of the columns 

above and below the members, with the columns being fixed at their ends. This reduced the 

rotational stiffness at the support and was also more representative of the manner in which the 

beams’ design models were constructed. To increase the supports’ rotational stiffness for the less 

conservative model, the column stiffness was increased by increasing the column Ec.  

The compressive strength of the concrete in the entire model was decreased by 10 MPa and 

increased by 10 MPa for the more conservative and less conservative models, respectively, to 

inspect the model’s sensitivity to this value in design.  

Lastly, the tensile strength of the concrete in the models (excluding the columns) was 

adjusted. The default value used in VecTor2 for a compressive strength of 30 MPa is 1.8 MPa, 

which is what the initial model was set to. The more conservative model was set to 1.0 MPa, as 

restrained shrinkage in an RC beam can lead to cracking occurring at lower loading levels than 

expected (Scanlon and Bischoff, 2008), while in the less conservative model this value was set to 

3.3 MPa, which corresponds to the modulus of rupture according the Canadian Concrete Design 

Code (CSA, 2014) for 30 MPa compressive strength concrete.  

5.4 RESULTS AND DISCUSSION 

The following section compares the results from the FE models developed for the Beam 

and the Drop with the results measured using FOS in an effort to provide insight into which, if any, 
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parameters commonly used in design may lead to unnecessary conservatism. First, the initial 

models are compared to the measured results. Second, the effect that common design parameters 

have on discrepancies between measured and predicted results will be investigated with 

recommendations for future design, model updating, and assessment provided.  

5.4.1 Initial Model Predictions 

Figure 5-5 presents a comparison between the deflected shapes measured using FOS and 

those predicted from the initial FE models of the Beam and the Drop. In both cases, the live loading 

applied is that shown in Figure 5-2, and the live loading behaviour was isolated in the model by 

subtracting the deflected shape caused by only dead loading from that caused by both the dead and 

live loading together. The FOS deflection measurements were determined from the FOS strain 

measurements taken at two separate heights using the method described in Chapter 2, however, 

since the FOS were only installed up until mid-span for both the Beam and the Drop, deflection 

measurements were only captured between the north support and mid-span. The two boundary 

conditions required to calculate deflections using the method demonstrated in Chapter 2 were an 

assumed deflection of 0 mm at the edge of the north support and the LP measurement at mid-span. 

All deflected shapes presented (including the model results) are with respect to the deflection at the 

inner edge of the north support (i.e. the deflection at the north support is set to 0).  

One can see that the deflections calculated by the FE models are more than twice the 

magnitude of those measured, overestimating the maximum deflections by 114% and 128% for the 

Beam and the Drop, respectively. The Beam and the Drop have similar deflections, which was the 

intention of the structural engineers. All deflected shapes appear to show slight negative curvature 

at the supports, indicating a level of moment transfer at the supports both in reality and in the 

models (curvature behaviour is investigated in detail later).  The measured deflected shape of the 

Drop appears to demonstrate more curvature near mid-span than is seen for the Beam, which shows 

more evenly distributed curvature in its deflected shape. This is not seen in the model results, as 
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the Beam and the Drop appear to show very similar deflected shape trends. However, the Drop’s 

deflected shape differs from the Beam’s between mid-span and the south support. One potential 

explanation for this is the slight difference in the live loading shown in Figure 5-2, where the 

heavier scissor lifts were located north of mid-span for the Beam and south of mid-span for the 

Drop. Though the models were adjusted such that the deflection at the inner edge of the north 

column was 0, the deflections appear to return to approximately 0 at the south support as well, 

showing that there is minimal relative deflection between north and south columns in both models. 

The cause of the large deflection overestimates is not clear from these results, however, it 

is seen that a distributed deflection comparison can provide more insight (general trends, curvature 

sign changes, curvature concentrations etc.) than conventional discrete displacement 

measurements. Pairing this information with cracking behaviour comparisons can provides another 

avenue for evaluating the models, which is possible here as Chapter 2 showed that FOS data can 

be used to not only detect and locate cracks in the concrete surface, but also measure average crack 

spacing and crack width changes. Figure 5-6 presents a comparison between the cracking behaviour 

measured using FOS and the cracking behaviour predicted from the initial FE models. The regions 

of each beam where cracks were present, the average crack spacing, and the maximum crack 

openings are presented. It should be noted that the maximum crack opening here refers to the 

change in crack width that occurred from only the live loading, as the FOS were installed once the 

beams were subjected to dead loading and therefore could not measure crack widths due to dead 

loads.  

 In Figure 5-6, the models’ cracked regions show good correlation with the cracked regions 

measured using FOS in most cases. However, the measurements show that the cracks in the Beam 

extended much higher in the section’s depth than estimated by the model as the FOS located at a 

height of 725 mm (75 mm below the soffit of the floor slab) located concrete cracks starting at a 

distance of 2960 mm from the edge of the north column. The model did not indicate any cracking 
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above a height of 600 mm. This might be explained by the neutral axis height in the real Beam 

within the cracked region being higher than estimated in the model, leading to large enough tensile 

stresses to cause cracking at higher section heights. Also, a potential unknown higher loading event 

during construction that was not modelled here may have led to previous cracking in the Beam. 

Though the model predicts a smaller cracked region than seen in the measured results, the 

maximum crack opening and crack spacing suggest that there is more cracking in the model, as the 

maximum crack opening is 43% higher than measured while the distance between cracks is only 

9% higher. This is consistent with the larger deflections seen in the Beam’s model than measured 

during the load test.  

On the other hand, the Drop model not only estimates the cracked region well but seems to 

estimate the overall level of cracking as well. The maximum crack opening predicted is 21% lower 

than that measured but the distance between cracks is also 20% lower. Despite the correlation in 

cracking behaviour, the Drop model still overestimated deflections as seen in Figure 5-5. Of course, 

the level of cracking in the models is dependent not only on the models overall behaviour but the 

tensile strength of the concrete inputted into the model (1.8 MPa in this case) as well. Determining 

an appropriate value solely based upon live loading is difficult as it is not clear at which stage the 

cracks initially formed. Furthermore, shrinkage, temperature effects, and construction loading all 

can have a significant effect on cracking and deflection of reinforced concrete structures (Scanlon 

and Bischoff, 2008), none of which were measured in this case.  In fact, it is possible that many 

cracks measured by the FOS were there prior to the live loading. To further investigate 

discrepancies between the modelled and measured deflections, insight into the support conditions 

and the beam stiffness is critical (Bentz and Hoult, 2016). This is something that can be done by 

directly comparing beam curvatures along the span length, which is possible in this case as strains 

were measured at two separate heights on each beam using the FOS (Figure 5-2). 
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 Figure 5-7 presents the curvature measured for both the Beam and the Drop compared to 

the curvatures predicted using the initial FE models. From these curvature plots, inflection point 

locations and the approximate uncracked stiffness were determined, which are also presented in 

Figure 5-7. The inflection point locations were determined as the x intercept in each case 

(highlighted in Figure 5-7), as this is where the negative moment at the supports shifts into positive 

moment toward mid-span. The process for approximating the uncracked stiffness is described in 

detail next.  

One can see in Figure 5-7 that the curvatures show a linear trend for both the measured and 

modelled results near the support. In this region, the shear force due to live loading is constant (due 

to the loading arrangement shown in Figure 5-2), leading to a linear bending moment diagram in 

this region. As curvature can be described as the bending moment divided by the stiffness (EI), the 

curvature diagram should also be linear here if EI is constant. Figure 5-7 shows that the curvatures 

are linear within the constant shear zones and within their respective uncracked portions, indicating 

that the uncracked EI appears to be constant for both the measured and modelled cases.  

If linear trend lines are developed for the curvature data within the uncracked regions 

(shown in Figure 5-7), which are also within the constant shear zones, the slope will equate to the 

shear force in this region divided by the uncracked EI (as indicated in Figure 5-7). Thus, the 

uncracked EI can be determined from the trend line slope if the shear force is known. In the case 

of the models, the shear force is known (39.25 kN and 38.5 kN for the Beam and the Drop, 

respectively). If the shear force due to live loading near the support in the model is assumed to be 

a good approximation of the shear force experienced at this location in the field, then the uncracked 

EI for the load tested beams can also be approximated.  

The results presented in Figure 5-7 show that the uncracked stiffness is underestimated by 

the initial FE models for both the Beam and the Drop, although the stiffness underestimation is 
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twice as large for the Drop (32%) than the Beam (16%). It should be noted that a shallower slope 

in the linear portion of the curvature results represents a stiffer uncracked section, as the slope is 

inversely proportionate to the uncracked EI in Figure 5-7. In the uncracked portion of the elements, 

cracking behaviour does not affect the flexural stiffness. Instead, the cross section (including the 

effective flange width) and the material stiffness play significant roles, and therefore this portion 

of the beams can be used to help isolate the effects of these properties on the structural behavior 

independent of cracking.  As presented in Figure 5-7, the inflection point of the Beam was measured 

at 1420 mm compared to the 2550 mm estimated by the model, indicating significantly more 

moment transfer in the model at the support than in reality. This discrepancy is not as high for the 

Drop, with measured and estimated inflection points of 2120 mm and 2450 mm, respectively. Thus, 

the moment transfer was better estimated by the initial model for the Drop, despite the larger 

discrepancy between the measured and modelled uncracked stiffness.  

For the Beam, the model appears to largely underestimate the beam’s effective stiffness in 

the cracked region, as the model curvatures increase significantly near midspan (6200 mm) 

compared with those measured. This is consistent with the higher level of cracking seen in the 

model (in terms of crack spacing and crack opening). The Drop’s effective stiffness is also 

underestimated by the model (showing higher curvature) by a noticeable amount (Figure 5-7) near 

midspan. Interestingly, the Drop’s measured curvatures only start noticeably increasing at roughly 

5000 mm, which is more than 1500 mm beyond where the cracked region commences according 

to Figure 5-6. However, investigating Figure 5-6 shows that this correlates with the location where 

cracks become evident in the top FOS (at a height of 325 mm). This makes good sense, showing 

that it is only once the cracks extend above a certain height in the Drop’s section that they lead to 

a noticeable reduction in the measured stiffness. Interestingly, the Beam measurements indicate 

that cracks do extend to the top FOS closer to the northern support (Figure 5-6) at a distance of 

roughly 3000 mm, which also corresponds to where the stiffness deviates from uncracked 
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behaviour according to the Beam’s measured curvature results.  This suggests that the cracking in 

the RC elements in the Rideau Centre Expansion only noticeably affects the stiffness once the 

cracks approach the height of floor slab, while cracked regions with lower heights in the model led 

to significant stiffness changes.  

Overall, the use of FOS allowed the models to be compared with a large set of 

measurements for unique evaluation in terms of distributed deflections, cracking behaviour, 

moment transfer at supports, and member stiffness. In an effort to provide insight into which design 

parameters may be responsible for some of the discrepancies discussed, results from a series of 

different models were compared to the distributed FOS measurements in the same way. The results 

of the parametric study are discussed next.  

5.4.2 Parametric Investigation 

A series of models were developed to investigate the effects that modifying certain 

parameters (Table 5-3) would have on the models when compared to the measured results. Initially, 

each parameter was investigated individually to isolate its effects, however, a model was also run 

where all four parameters were either taken as the more conservative or less conservative option. 

In total, 10 models for both the Beam and the Drop were developed (excluding the initial models), 

which are compared to the measured results for each element in Table 5-4. The maximum 

deflection, the average crack spacing, the maximum crack opening, the start of the cracked region 

(with respect to the north support), the inflection point location (with respect to the north support), 

and the approximated uncracked stiffness are shown for each model. Also shown in Table 5-4 is 

the percent difference for each value with respect to that measured during the load test. The best 

correlation seen for each variable is highlighted in bolded red font. It should be noted that the 

average crack spacing predictions in Table 5-4 are consistent for each model which experienced 

cracking. This is a result of VecTor2 using the CEB-FIP Model Code for average crack spacing 
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(CEB-FIP, 1990), which primarily depends upon the steel reinforcement properties input into each 

model, which did not change in this study. 

 In Table 5-4, one can see that for both the Beam and the Drop, the models with the best 

correlation in terms of deflection measurements are those where every parameter is taken as the 

less conservative option when compared to the initial models. Conversely, severe discrepancies 

between the measured results and the model results are noted when every parameter is taken as the 

more conservative option, showing deflection overestimations of 303% and 552% for the Beam 

and the Drop, respectively. In situations where deflection serviceability criteria govern, these 

conservative assumptions can lead to unnecessary material amounts being specified. One should 

note that although the less conservative options showed the best correlation in terms of deflection, 

they remained uncracked (as seen in Table 5-4). This shows the importance of monitoring several 

RC properties during a load test (which the FOS can do), since if only deflection were monitored, 

a model updating exercise may lead one to believe that the beams remain uncracked. This could 

lead to mistakenly underestimating crack widths, which is a critical serviceability design criteria.  

Table 5-4 allows for the effects of each individual parameter on each variable to be 

assessed. Changing the effective flange width used in each model ends up having the least effect 

on deflections, the three recorded cracking variables, and the level of moment transfer (inflection 

point locations). However, changing the effective flange width does have a noticeable effect on the 

uncracked stiffness as it directly changes the cross section of the element. Increasing the flange 

width to the tributary width (the less conservative case) increases the correlation with the measured 

deflections and uncracked stiffnesses. Reasons for uncracked stiffness discrepancies should be able 

to be determined with more confidence, as this attribute is immune to variations in cracking 

behaviour. The uncracked stiffness only changes when modifying the effective flange width or the 

concrete compressive strength (which in turn modifies the concrete stiffness in VecTor2). Inputting 

the specified concrete cylinder compressive strength into design models is best practice (30 MPa 
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in this case), which leaves only increasing the modelled flange width as a method for better 

representing the section’s uncracked stiffness. Therefore, a reasonable suggestion for the 

serviceability design of RC T-beam elements is to increase the effective flange width to the full 

tributary width as in this case it has shown to improve correlation with the uncracked stiffness and 

deflection measurements while remaining quite conservative (it also minimally effects the other 

variables measured). One thing to consider moving forward is that the results of this study are from 

only two RC elements with 300 mm thick slabs, and research has shown that when slab thicknesses 

become thinner (80-120 mm) the effective width in T beam analysis can often lead to effective 

flange width overestimations (Ciesielczyk et al., 2017).   

Accurately representing support conditions in RC structures is difficult yet often important, 

as appropriately modelling the rotational stiffness at support locations is often critical in eliminating 

discrepancies between modelled and measured results (Bentz and Hoult, 2016). In this work, Table 

5-4 shows that increasing the rotational stiffness of the supports has led to a decrease in the 

predicted deflections and more negative moment transfer as at the supports (inflection point shifts 

away from the support) as expected. The opposite is true when the rotational stiffness is decreased 

(more conservative support condition). An interesting point is that though increasing the fixity of 

the supports reduced the model errors with regard to deflection for both the Beam and the Drop, it 

increased the error with regard to the inflection point location by 14% for both the Beam and the 

Drop. This highlights another important feature of measuring more than simply deflection, as 

maximum positive moments may be underestimated if the rotational stiffness of supports is 

increased to match deflection measurements. It is not clear from these results whether the rotational 

stiffness of the initial models should be increased or decreased, especially since its effects cannot 

be isolated from the other parameters.  

Varying the concrete compressive strength (f’c) by ±10 MPa appears to affect all of the 

calculated variables except for the inflection point location. Though the compressive concrete 
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strength is not directly important in a serviceability model, VecTor2 utilizes this value to determine 

both the concrete’s modulus of elasticity (Ec) and tensile strength (f’t) using Eq. (5-1) and Eq. (5-

2), respectively.  

 

                                                                        Ec  = 5000√f'c                                                            (5-1) 

 

                                                                        f't  = 0.33√f'c                                                            (5-2) 

 

Table 5-4 shows that by inputting a conservative concrete compressive strength into the 

model (20 MPa in this case), deflection overestimations as high as 245% were possible along with 

underestimations of the section’s uncracked stiffness as high as 52%. This further demonstrates 

that having a good approximation of the concrete’s stiffness and cracking stress used in a project 

will lead to a much more refined serviceability design. If the tensile strength of concrete is held at 

the default value for 30 MPa compressive strength concrete, one can isolate the effects from the 

reduction in the concrete’s default elastic modulus (Ec) in VecTor2 corresponding with 

compressive strength of 20 MPa (this equates to a 20% reduction in the concrete’s modulus from 

the initial model). This alone leads to an increase in the deflection overestimations from 128% to 

175%, and an increase in the uncracked stiffness underestimations from 32% to 52%. Therefore, if 

serviceability is a governing design criteria in a particular project, material property tests of the 

concrete’s modulus of elasticity may provide more refined deflection predictions and potential 

material savings beyond simply using empirical formulas based upon compressive strength often 

found in design codes (CSA, 2014).   

Tensile strength has the most significant effect on moment transfer. It is seen that taking 

the less conservative value for the concrete’s tensile strength (the modulus of rupture according to 

the Canadian Concrete Design Code (CSA, 2014)) accurately predicts the inflection point locations, 
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shifting it 1000 mm and 400 mm towards the north support for the Beam and Drop, respectively. 

This increases the overall stiffness of each beam relative to the columns enough to properly 

represent the level of moment transfer at the supports. This also improves the error in the deflection 

predictions more than any of the other modified design parameters. However, increasing the tensile 

strength has led to large discrepancies in cracking behaviour. In the case of the Drop, no cracks 

were observed in the model, again showing that simply measuring deflection would lead one to 

believe the element was uncracked, which is why measuring RC elements with a single sensor that 

can measure multiple properties is critical for behavioural assessment. It is not surprising that the 

level of cracking in an RC element has a significant impact on its deformation behaviour, 

unfortunately, the level of cracking is highly variable from case to case based upon material 

properties, loading history, restrained shrinkage, and creep (with creep and shrinkage being 

particularly difficult to predict (ACI 209, 2008)). Therefore, providing design recommendations 

from this study regarding this parameter is not realistic.  

Using FOS cracking behaviour measurements in combination with deflection, stiffness, 

and moment transfer measurements allows one to gain key insight on a case by case basis from an 

RC structure assessment perspective. For instance, the results in Table 5-4 can help inform models 

that better predict the behaviour of the Beam and the Drop, which is discussed next. 

The least conservative models in Table 5-4 showed the best correlation in terms of 

deflection, though in both cases the deflection measurements were slightly unconservative (by 14% 

and 5% for the Beam and Drop, respectively). There is also good correlation in terms of moment 

transfer and the uncracked stiffness for each. Both models, however, show less cracking than is 

measured. This lack of cracking paired with a need to slightly increase the models’ deflections 

suggests that potentially decreasing the concrete’s tensile strength slightly may increase the overall 

correlation. Scanlon and Bischoff (2008) suggest that a value the modulus of rupture should be 

taken as 67% of its calculated value to account for restrained shrinkage when predicting RC 
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deformation behaviour. Thus, final models were generated taking the least conservative models 

presented in Table 5-4 and modifying the tensile strength to 67% of the modulus of rupture. 

The final models predicted deflections of 0.30 mm and 0.32 mm for the Beam and the 

Drop, respectively, only a 3% error in both cases (better correlation than any model in Table 5-4). 

The final model curvatures are shown in Figure 5-8, which show good correlation as well, 

especially compared to the initial models (Figure 5-7). With simple design assumption 

modifications (i.e. no modifications of material models or a detailed calibration process), RC 

deformation behaviour can be accurately predicted pairing the freely available VecTor2 FE 

software package with FOS measurements for both the Beam and the Drop. Figure 5-8 shows, 

however, that there are still discrepancies between the modelled and measured results. For example, 

the cracked region of the Beam appears to extend 1200 mm further towards the support than 

predicted. Though the Drop’s cracking region is better predicted, the effective stiffness in the 

cracked region near midspan is underestimated by the model. This is observed as the measured 

curvature increases almost 50% higher than estimated by the model near mid-span for the Drop.  

The FOS measurements would allow for the model to be calibrated much further (especially if 

material models are investigated) to more accurately assess this specific structure. However, the 

goal of this study was to evaluate whether readily available FE software with default properties 

could be used to provide more general and practical design and assessment insight. 

 Lastly, Table 5-4 demonstrates that many different models show good correlation with 

some of the measured parameters while showing significant error with others. For instance, the 

Drop model with the best correlation in terms of crack spacing and crack opening also shows 

significant error in terms of deflection and uncracked stiffness. On the other hand, the model with 

the best correlation in terms of deflection and uncracked stiffness shows the least correlation with 

regards to cracking behaviour. Thus, the results from this study should serve to caution RC FE 
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model updating and calibration work that utilizes data from a single type of measurement moving 

forward (e.g. deflection).  

5.5 CONCLUSIONS 

The current study was performed to investigate the potential of pairing FOS measurements 

of RC beam behaviour in situ with FE models to provide design and assessment insight. A 

parametric study was performed using the nonlinear RC FE software package, VecTor2, in an effort 

to assess the effects that specific common design assumptions and parameters have on short-term 

serviceability performance predictions. The main findings of this work are as follows:  

• The use of data from a single fibre optic cable allowed for the FE beam models to 

be evaluated in terms of deflection, cracking behaviour, support conditions, and 

stiffness. 

• Initial models based upon common design assumptions and material properties 

specified in design led to deformation overestimations by as much as 128% despite 

showing good correlation with measured results in terms of cracking behaviour.  

• Taking conservative estimates of effective flange width, support rotational 

stiffness, concrete compressive strength, and concrete tensile strength led to 

deformation overestimates as high as 552%. In cases where serviceability governs 

design, this accumulation of conservative assumptions could lead to excessive 

material use.  

• Inputting less conservative estimates for each parameter led to agreement between 

the measured and modelled deformation results within 15%, however, these 

models remained uncracked while large cracked regions were detected in reality, 

which indicated the importance of measuring multiple parameters beyond simply 

deflection when assessing RC serviceability performance.  
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• The results from this study indicate that it is reasonable to assign the effective 

flange width as the full tributary width for RC T-beam deformation analysis for 

service loads. However, the results from this study are from a limited sample size 

(2 in situ beams) with 300 mm thick slabs, and care should be taken, especially 

with slabs thinner than 120 mm as this has been found to reduce the effective flange 

width (Ciesielczyk et al., 2017).   

• Inputting a concrete elastic modulus that was 20% less than the specified design 

value increased model deformation overestimates by as much as 47% when 

compared to the initial model, and increased model uncracked stiffness 

underestimates by 20%. This highlighted the importance of having confidence in 

the concrete’s material properties beyond strength for serviceability design.  

• Care should be given when increasing rotational stiffness to increase deflection 

correlation, as this can lead to larger discrepancies with regards to moment transfer 

at the support.  

• The tensile strength of the concrete was found to have the most significant impact 

on deformation, cracking, and moment distribution when compared to other design 

parameters However, providing general design recommendations from this work 

is not appropriate as loading history, shrinkage, and temperature lead to large 

variations in the level of cracking on a case by case basis. Instead, FOS cracking 

measurements can be used to evaluate cracking behaviour and to accurately update 

FE models for assessment purposes on a case by case basis. 

• For this particular study, the RC elements’ deformation behaviour was best 

represented taking the less conservative design assumptions for the effective flange 

width, the concrete compressive strength, and the support conditions, and by 
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inputting the concrete tensile strength as 67% of the modulus of rupture to account 

for restrained shrinkage. 

• Certain models showed good correlation with certain parameters while showing 

significant error with others, suggesting that RC FE model updating and calibration 

should be performed using data measuring several different properties.  
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Table 5-1: RC region details in each model.  

 

 

Member 

 

 

Region # 

Thickness 

into page 

(mm) 

X direction smeared 

reinforcement 

Y direction smeared 

reinforcement 

ρ 

(%) 

db 

(mm) 
Description 

ρ 

(%) 

db 

(mm) 
Description 

Beam 

(Figure 

5-3a) 

1 5800 0.75 16 Longitudinal 0.03 11.3 Stirrups 

2 5800 0.30 16 Longitudinal 0.02 11.3 Stirrups 

3 5800 0.60 16 Longitudinal 0.04 11.3 Stirrups 

4 1680 0.13 19.5 Longitudinal 0.10 11.3 Stirrups 

5 600 0.33 16 Skin 0.33 11.3 Stirrups 

6 600 0.33 16 Skin 0.2 11.3 Stirrups 

7 600 0.33 16 Skin 0.4 11.3 Stirrups 

8 600 0.33 16 Skin 0.26 11.3 Stirrups 

9 600 0.13 11.3 Stirrups 1.11 25.2 Longitudinal 

10 600 0.11 11.3 Stirrups 1.55 29.9 Longitudinal 

11 5800 0.75 16 Longitudinal 0.15 25.2 Longitudinal 

12 600 0.46 11.3 Stirrups 1.44 25.2 Longitudinal 

13 5800 0.60 16 Longitudinal 0.2 29.9 Longitudinal 

14 600 0.45 11.3 Stirrups 1.95 29.5 Longitudinal 

Drop 

(Figure 

5-3b) 

1 8200 0.30 16 Longitudinal 0 - - 

2 8200 0.20 16 Longitudinal 0 - - 

3 8200 0.95 16 Longitudinal 0.02 11.3 Stirrups 

4 5080 0.96 29.9 Longitudinal 0.03 11.3 Stirrups 

5 3000 0 - - 0 - - 

6 3000 0 - - 0 - - 

7 3000 0 - - 0.05 11.3 Stirrups 

8 3000 0 - - 0.05 11.3 Stirrups 

9 600 0.13 11.3 Stirrups 1.11 25.2 Longitudinal 

10 600 0.11 11.3 Stirrups 1.55 29.9 Longitudinal 

11 8200 0.30 16 Longitudinal 0.08 25.2 Longitudinal 

12 600 0.05 11.3 Stirrups 0.22 25.2 Longitudinal 

13 8200 0.95 16 Longitudinal 0.13 29.9 Longitudinal 

14 600 0.05 11.3 Stirrups 0.36 29.9 Longitudinal 
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Table 5-2: Reinforcement length details in each model. 

Member 
Reinforcement 

designation 
Description As (mm2) db (mm) 

Depth from 

top of slab 

(mm) 

Beam 

(Figure 5-3a) 

A 6 – 25M 3000 25.2 50 

B 4 – 25M 2000 25.2 100 

C 6 – 35M 6000 35.7 50 

D 2 – 35M 2000 35.7 100 

E 5 – 25M 2500 25.2 250 

F 4 – 25M 2000 25.2 250 

G 6 – 35M 6000 35.7 1050 

Drop 

(Figure 5-3b) 

A 8 – 25M 4000 25.2 50 

B 7 – 25M 3500 25.2 50 

C 8 – 35M 8000 35.7 50 

D 7 – 35M 7000 35.7 50 

E 5 – 25M 2500 25.2 650 

F 5 – 30M 3500 29.9 650 

G 15 – 25M 7500 25.2 650 

H 15 – 30M 10500 29.9 650 

 

Table 5-3: Initial, more conservative, and less conservative model parameters. 

Model 

description 

Beam flange width 

(mm) 

Drop flange width  

(mm) Support 

conditions 

Concrete 

compressive 

strength 

(MPa) 

Concrete 

tensile 

strength 

(MPa) 

Main 

span 
Cantilever 

Main 

span 
Cantilever 

Initial model 5800 1680 8200 5080 

Pinned at 

column mid 

heights 

30 1.8 

More 

conservative 
3200 1680 5600 5080 

Fixed at 

column ends 
20 1.0 

Less 

conservative 
8250 4050 9000 7000 

Column Ec 

increased to 

40 GPa 

40 3.3 
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Table 5-4: Results of parametric study.  

Member Description 

Max 

deflection, 

mm 

(% diff.)* 

 

Average 

crack 

spacing, 

mm 

(% 

diff.)* 

Max 

crack 

opening, 

mm 

(% diff.)* 

Start of 

cracked 

region 

at bottom 

fibre 

height, 

mm 

(% diff.)* 

Inflection 

point 

location, 

mm 

(% diff.)* 

Approximate 

uncracked 

stiffness, 

Nmm2 

(% diff.)* 

Beam 

Measured -0.29 169 0.007 2720 1420 6.7 x 1015 

Initial model 
-0.62 

(114%) 

184 

(9%) 

0.010 

(43%) 

2900 

(7%) 

2550 

(80%) 

5.6 x 1015 

(-16%) 

Flange width 

More 

conservative 

-0.69 

(138%) 

184 

(9%) 

0.011 

(57%) 

2900 

(7%) 

2550 

(80%) 

4.6 x 1015 

(-31%) 

Less 

conservative 

-0.57 

(97%) 

184 

(9%) 

0.010 

(43%) 

2900 

(7%) 

2550 

(80%) 

6.3 x 1015 

(-6%) 

Support 

conditions 

More 

conservative 

-0.78 

(169%) 

184 

(9%) 

0.012 

(71%) 

2600 

(-4%) 

2350 

(65%) 

5.6 x 1015 

(-16%) 

Less 

conservative 

-0.53 

(83%) 

184 

(9%) 

0.010 

(30%) 

3100 

(14%) 

2750 

(94%) 

5.6 x 1015 

(-16%) 

Concrete 

compressive 

strength 

More 

conservative 

-0.82 

(183%) 

184 

(9%) 

0.011 

(36%) 

2600 

(-4%) 

2550 

(80%) 

4.4 x 1015 

(-34%) 

Less 

conservative 

-0.49 

(69%) 

184 

(9%) 

0.006 

(-14%) 

3100 

(14%) 

2550 

(80%) 

7.2 x 1015 

(7.5%) 

Concrete 

tensile 

strength 

More 

conservative 

-0.69 

(138%) 

184 

(9%) 

0.008 

(14%) 

2500 

(-8%) 

2750 

(94%) 

5.6 x 1015 

(-16%) 

Less 

conservative 

-0.37 

(28%) 

184 

(9%) 

0.024 

(243%) 

4300 

(58%) 

1550 

(9%) 

5.6 x 1015 

(-16%) 

All 

parameters 

More 

conservative 

-1.17 

(303%) 

184 

(9%) 

0.014 

(100%) 

2000 

(-26%) 

2200 

(55%) 

3.5 x 1015 

(-48%) 

Less 

conservative 

-0.25 

(-14%) 
None None None 

1500 

(6%) 

7.4 x 1015 

(10%) 

Drop 

Measured -0.31 409 0.014 3360 2120 6.3 x 1015 

Initial Model 
-0.66 

(128%) 

329 

(-20%) 

0.011 

(-21%) 

3700 

(10%) 

2450 

(16%) 

4.3 x 1015 

(-32%) 

Flange width 

More 

conservative 

-0.74 

(155%) 

329 

(-20%) 

0.014 

(0%) 

3700 

(10%) 

2550 

(20%) 

3.5 x 1015 

(-44%) 

Less 

conservative 

-0.64 

(121%) 

329 

(-20%) 

0.011 

(-21%) 

3700 

(10%) 

2450 

(16%) 

4.5 x 1015 

(-29%) 

Support 

conditions 

More 

conservative 

-0.88 

(203%) 

329 

(-20%) 

0.016 

(14%) 

3200 

(-5%) 

2350 

(11%) 

4.3 x 1015 

(-32%) 

Less 

conservative 

-0.54 

(86%) 

329 

(-20%) 

0.007 

(-50%) 

3800 

(13%) 

2750 

(30%) 

4.3 x 1015 

(-32%) 

Concrete 

compressive 

strength 

More 

conservative 

-1.00 

(245%) 

329 

(-20%) 

0.017 

(21%) 

3500 

(4%) 

2550 

(20%) 

3.0 x 1015 

(-52%) 

Less 

conservative 

-0.44 

(52%) 

329 

(-20%) 

0.011 

(-21%) 

3900 

(16%) 

2450 

(11%) 

5.5 x 1015 

(-13%) 

Concrete 

tensile 

strength 

More 

conservative 

-1.16 

(300%) 

329 

(-20%) 

0.026 

(86%) 

3000 

(-11%) 

3550 

(67%) 

4.3 x 1015 

(-32%) 

Less 

conservative 

-0.39 

(35%) 
None None None 

2050 

(-3%) 

4.3 x 1015 

(-32%) 

All 

parameters 

More 

conservative 

-2.02 

(552%) 

329 

(-20%) 

0.06 

(329%) 

2800 

(-17%) 

3150 

(49%) 

3.0 

(-52%) 

Less 

conservative 

-0.29 

(-5%) 
None None None 

1850 

(-13%) 

5.6 x 1015 

(-11%) 

*Percent difference with respect to the value measured during the load test. 

Best correlation with measured results for the specific parameter are written in red. 
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a) 

 

   b)       c) 

Figure 5-1: Load test site: a) plan of 4th floor, b) close-up of load test location, and c) gross 

cross section view of the Beam and the Drop. 
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         a) 

 

 

            b) 

Figure 5-2: Elevation view of FOS instrumentation and load test setup: a) the Beam, and b) 

the Drop. 
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             a) 

 

           b) 

Figure 5-3: Elevation schematic of initial FE models (each RC region is numbered, and each 

reinforcement length is assigned a letter label, the details of which are shown in Table 5-1 

and 5-2, respectively): a) the Beam, and b) the Drop. 
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Figure 5-4: Cross section view for the Beam and the Drop 2.5 m away from the edge of the 

south column in both cases (all longitudinal reinforcement depths are shown in Table 5-2). 

 

 

Figure 5-5: Deflected shape comparison between initial FE models and results calculated 

from FOS measurements.  
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      a) 

   

      b) 

Figure 5-6: Cracking behaviour comparison between initial FE models and results 

measured using FOS: a) the Beam, and b) the Drop. 
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      a) 

 

      b) 

Figure 5-7: Measured and initial model curvatures: a) the Beam, and b) the Drop. 

      

 

   a)            b) 

Figure 5-8: Measured and final model curvatures: a) the Beam, and b) the Drop. 
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Chapter 6 

Monitoring of Closure Strip Behaviour to Evaluate Current Design 

Approaches 

6.1 INTRODUCTION 

The construction industry in the United States of America accounts for 4% of Gross 

Domestic Product (~$715 billion), thus the discovery of any inefficiencies in construction methods 

could lead to significant economic benefits (U.S. Bureau of Economics, 2016). Currently, it is 

common that reinforced concrete buildings that have floor plans with plan dimensions larger than 

60 m – 76 m (200 ft. – 250 ft.) will use closure strips as a method of mitigating the formation of 

shrinkage cracks. The construction of closure strips within a building adds to the cost and schedule 

of a project (Suprenant, 2002), yet there is still a lack of both detailed guidance regarding their 

design and evaluations of their necessity. It has also been hypothesized that closure strips are often 

used when they are not needed, especially in the upper levels of multi-story buildings (Eskildsen et 

al., 2009; Kim and Cho, 2004). 

Shrinkage cracks have the potential to form when the shortening of the concrete slab due 

to shrinkage is restrained by vertical structural elements such as columns, shear walls, and shear 

cores (Kim and Cho, 2004). When the shrinkage experienced by a concrete slab is restrained, either 

fully or partially, it induces tensile stresses in the concrete, and if the stresses exceed the concrete 

tensile strength, shrinkage cracks will develop. The typical methods used in construction to control 

concrete shrinkage cracking are closure strips, temperature and shrinkage reinforcement (ACI 

Committee 318, 2014), and/or shrinkage-compensating concrete (Eskildsen et al., 2009). Closure 

strips, also referred to as pour strips or shrinkage control strips, are a gap in a concrete slab that is 

left un-poured during the initial pouring of the slab that allows the separated sections of slab on 
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either side of the strip to undergo shrinkage independently until such time as the strip is poured, 

reducing the maximum shrinkage stresses (Fintel, 1985).  

The typical requirement that closure strips are to be poured 2 to 12 weeks following the 

pouring of the main slab leads to many challenges. Primary shoring and formwork must be kept in 

place at the location of the closure strip and at all of the adjacent bays until the closure strip is 

poured and has reached the desired design strength. The prolonged presence of shoring and 

reshoring in closure strip bays adds to the overall project timeline by delaying mechanical, 

electrical, and other finishing processes (Eskildsen et al., 2009). Closure strips also lead to 

additional material and labour costs (Eskildsen et al., 2009). Thus, further refinement of closure 

strip design and use has the potential to significantly reduce the overall cost and construction time 

of a project if their use can be reduced or eliminated. 

The resources available for the design of closure strips are limited and difficult to navigate 

for structural designers. The majority of the design methods are primarily based upon experience 

and theoretical predictions of time-dependent shortening (Suprenant, 2002). They provide advice 

on the placement of closure strips, the width of the strips, and most importantly for industry, the 

length of time that they are left un-poured and which floors require them. These experienced based 

methods are typically over-conservative as they do not account for many of the building’s specific 

structural characteristics. Kim and Cho (2004) have developed a method that makes use of a 

structural computer model of a building coupled with shrinkage strain predictions. However, there 

is currently no field data to validate its predictions. If the available design methods for closure strips 

could be summarized and evaluated using field data, it could significantly aid the reinforced 

concrete construction community.  

To the authors’ knowledge, there is no published literature discussing the monitoring of 

the in-situ behaviour of closure strips in reinforced concrete buildings. Laboratory studies have 

been performed by Gilbert (1992), Weiss et al. (1998), and Raoufi et al. (2011) on restrained 
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concrete members for the purposes of validating shrinkage crack formation models and discovering 

new shrinkage cracking phenomenon. There have also been in-situ monitoring programs on floor 

slabs without closure strips, which primarily focused on early age shrinkage, creep, and thermal 

effects (e.g. Faria et al., 2006; Eskildsen et al., 2009). There is a clear need for quantitative data 

regarding the behaviour of closure strips. 

In light of this, the objectives of this research program are to: (i) perform an investigation 

into the current state of closure strip design, (ii) develop a method for measuring the 

expansion/contraction of closure strips, (iii) evaluate current design methods using field data, and 

(iv) evaluate the closure strip design for a monitored reinforced concrete building using the design 

method that correlates best with the gathered field results.  

6.2 BACKGROUND 

The following section summarizes experience-based design methods that are typically used 

in current closure strip design as well as one numerical design model found in the literature. 

6.2.1 Current Design Approaches 

The design of closure strips in reinforced concrete buildings with large footprints is usually 

based upon guidelines that have been developed through industry experience (Suprenant, 2002). 

The design guidelines found in the literature tend to be rules of thumb that experience has shown 

to work adequately, or simple calculations that are based upon laboratory tests. ACI 318-14 (ACI 

Committee 318, 2014) mentions the use of closure strips as an alternative to the use of 

shrinkage/temperature reinforcement to control shrinkage cracking in reinforced concrete 

buildings. However, despite mentioning closure strips in the commentary and having detailed 

guidelines for the implementation of shrinkage and temperature reinforcement, the code provides 

limited guidance for the design of closure strips themselves.  

Fintel (1985) suggests that concrete slabs greater than 60 m (200 ft.) in length require a 

closure strip with a spacing between strips of 30 m (100 ft.) to 45 m (150 ft.). The strips themselves 
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are to be between 0.6 m (24 in.) and 0.9 m (36 in.) in width, are to be poured 2 to 4 weeks following 

the initial slab pouring, and are to contain a reinforcement lap splice.  

Suprenant (2002) discusses similar design guidelines to those presented by Fintel but 

provides more specific details and a method that can be used to determine the time that a closure 

strip should be left un-poured. The guidelines are as follows: concrete slabs with a length greater 

than 76 m (250 ft.) should have a closure strip, the closure strip should have a width between 0.9 

m (36 in.) and 1.2 m (48 in.), and the closure strip must have a reinforcement lap splice within the 

strip. In addition, it is stated that the strip should be left un-poured anywhere from 2-12 weeks 

following the initial slab pouring and this time can be more precisely determined using calculations 

and thresholds determined from industry experience. Suprenant’s method suggests that: (i) a 6 mm 

(0.25 in.) displacement at either end of a closure strip can be accommodated following the pouring 

of the closure strip without causing serviceability issues, (ii) the ultimate shortening of a concrete 

slab is 0.06% of its full length, and (iii) 40% of the shortening is typically seen in the first 28 days. 

The steps to determine when a closure strip can be filled in according to this method are: 

1. Determine the expected ultimate shortening displacement of the concrete slabs on either 

side of the strip, assuming half of each slab’s length contributes to the displacement within the 

closure strip. 

2. Measure the closure strip width and ambient temperature daily. Compensate for 

temperature changes by using the slab’s thermal coefficient and slab lengths parallel to the 

measured direction, assuming half of each slab’s length contributes to the displacement. 

3. Once there is less than 6 mm (0.25 in.) of ultimate shortening displacement remaining 

on either side of the strip, the strip can be filled. It is expected that the determined time for closure 

strips to be filled will be lower in the upper levels of a building as the restraint caused by vertical 

structural elements decreases in these locations. 
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This method can only be used to determine when to fill a closure strip during the actual 

construction process, and cannot be used prior in the design process as it requires the un-poured 

closure strip movement to be measured during construction. It is also important to note that when 

determining shortening displacements, this method assumes that all concrete slabs will shorten 

0.06% of their length regardless of the building type, which ignores building specific restraint 

conditions that can be caused by columns and shear walls/cores. 

6.2.2 Numerical Model for Closure Strip Design 

Kim and Cho (2004) present a numerical model that can be used for designing closure 

strips in a multistory reinforced concrete building. The model considers tensile stress relief in the 

floor slabs caused by the implementation of closure strips on each floor. Kim and Cho initially 

investigate the effects of construction sequence on buildings with and without closure strips. They 

then present a simplified version of the model that ignores the construction sequence, which was 

shown to correlate well with the model that considered the construction sequence, especially with 

regards to the tensile stresses in the lower floors of the example building, which is where the tensile 

stresses are typically the highest and of most concern. The simplified model can provide estimates 

of the ultimate maximum tensile stresses induced with or without a closure strip, and indicates 

which floors specifically need closure strips and the length of time each strip should remain un-

poured. 

To estimate the shrinkage stresses induced in each concrete floor slab, the model considers 

shrinkage strain with time, the level of creep relaxation over time, and the degree of external 

restraint that the floor slab experiences from the vertical structural elements. The model is presented 

using concrete models from the American Concrete Institute (ACI) or the Euro-International 

Concrete Committee (CEB) to predict shrinkage strains and creep relaxation. The model that 

utilizes the ACI predictive models will be explained and later implemented here. The method uses 

the ACI Committee 209 (2008) approach to calculate shrinkage strain, where the axial shrinkage 
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strain at time t can be predicted using Eq. (6-1) for concrete under standard conditions. Standard 

conditions are defined by ACI Committee 209 (2008) and are determined based upon the following 

factors: concrete composition, initial curing process, environment, geometry, loading history, and 

stress conditions. Standard conditions were assumed to be present at the field site in this study since 

specific data was not available. 
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Where εsh is the axial shrinkage strain at time t (in days), ts is the time that shrinkage of the concrete 

starts (in days), and εshu is the average ultimate shrinkage strain which ACI committee 209 suggests 

should be taken as 780 x 10-6 for standard conditions, or can be taken from an average of 

experimental results.  

Once shrinkage strain values are computed for either the ultimate value or a value at a time 

t, the shrinkage strains can then be transformed into an equivalent temperature change through the 

use of Eq. (6-2). 



sh
T =                                                   (6-2) 

 

Where ∆T is the equivalent change in temperature and α is the thermal expansion coefficient of 

concrete.  

The computed equivalent temperature changes from Eq. (6-2) corresponding to different 

axial shrinkage strains can then be applied to a computer model of the structure. Axial stresses in 

the concrete slab elements are then determined from the computer model, which accounts for 

restraint caused by all the vertical elements within the structure. In order to account for shrinkage 

stress relief due to creep, the axial shrinkage stresses outputted from the computer model must be 
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multiplied by a relaxation coefficient, Rs, which can be found at time t using Eq. (6-3) (ACI 

Committee 209, 2008) and Eq. (6-4) (Bazant, 1972).  
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Where ϕ(t,to) is the concrete creep coefficient at a concrete age of t and an applied load since the 

age of to, ϕu is the ultimate creep coefficient, which is taken as 2.35 for standard conditions (ACI 

Committee 209, 2008), and λ(t,to) is the aging coefficient, which is found in tabular form in research 

developed by Bazant (1972) based on t, to, and ϕ(∞,7). It should be noted that the method shown in 

Eq. (6-4) is the Age-Adjusted Effective Modulus Method (AEMM) (Bazant, 1972), which was 

determined by Kim and Cho (2004) to be the method that was best suited for their design approach 

in terms of accuracy and computational effort when compared to other evaluated processes for 

determining the relaxation coefficient. 

The final stresses determined from multiplying the relaxation coefficient by the outputted 

axial stresses from the computer model are then compared to the modulus of rupture of the concrete. 

Any floor of the building model that has axial stresses that exceed the modulus of rupture of the 

concrete requires a closure strip to further relieve the tensile stresses. Closure strips should be 

located within the bays that have the largest axial stresses, which are typically the central bays or 

between the stiffest vertical elements. Closure strips should also be located at the same location on 

each floor they are implemented. Once the floors which require closure strips are determined, the 

time each strip should be left un-poured can be determined according to Kim and Cho (2004) by 

solving Eq. (6-5) until all axial stresses are below the modulus of rupture of concrete.  
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Where σ is the stress found by multiplying the stress outputted from the computer model by the 

relaxation coefficient, σstrip is the final reduced stress with the addition of a closure strip, t2 is the 

time at which the stresses are being evaluated, t is the time the closure strip is filled, and ts is the 

time that the shrinkage starts.  

6.3 EXPERIMENTAL PROGRAM 

The following section introduces the field site that was monitored for this research. The 

instrumentation and the data collection process used to monitor the closure strips on site during the 

building’s construction is also discussed.  

6.3.1 Site Description 

The field monitoring portion of this research was performed during the construction of a 

reinforced concrete building in Ottawa, Canada (the RC building also described in Chapters 4 and 

5). The building consists of seven 80 m (262 ft.) by 80 m (262 ft.) concrete slabs: 4 above ground 

floor slabs, 1 roof slab, and 2 below ground floor slabs. The building has a typical column spacing 

of 9 m (30 ft.) by 9 m (30 ft.), has a large oval opening near the centre of every floor slab above 

level 1 (the first above ground floor), and has shear walls around the elevator shafts and stairwells 

as the lateral load resisting system. Each floor was constructed with both a north-south closure strip 

and an east-west closure strip as seen in Figure 6-1. A typical closure strip in the Rideau Centre 

Expansion is shown in Figure 6-2. The north-south closure strips on levels 2, 3 and the roof were 

monitored for the purposes of this study. Only levels 2 and 3 will be presented in this this work as 

the instrumentation on the roof was compromised within the first day of monitoring. A simplified 

schematic of the concrete slabs with the area being monitored indicated is shown in Figure 6-1.  

 The building’s closure strips were 1 m (3.28 ft.) wide with a depth of 0.3 m (0.98 ft.), the 

same as the slab, in the location of the monitoring. The slab reinforcement was extended into the 



 

159 

 

closure strips from both sides in order to create a lap splice of 0.8 m (2.62 ft.) once the closure strip 

was poured. This allows the concrete slabs on either side of the closure strip to expand and contract 

independently before the closure strip is poured. The closure strips were designed to be left un-

poured for 28 days following the initial pouring of the main concrete slabs.   

As one can see in Figure 6-1, the north-south closure strips were only monitored in the 

southern most portion of the building’s plan. This was due to the fact that the concrete on each level 

was not poured in a single pour, but rather in different pours separated by anywhere from 3-34 

days. The area of each independently poured slab section and the chronological sequence of each 

pour for the three monitored concrete slabs is shown in Figure 6-1. The amount of days that each 

section was poured prior to the pouring of the section in the location of monitoring (Section 5b) is 

presented in Table 6-1. As shown in Figure 6-1, the only portion of the north-south closure strip 

where concrete was actually poured on either side of the strip at the same time occurs at the southern 

end of the strip.  

6.3.2 Instrumentation and Monitoring Program 

The building’s closure strips were monitored with a wireless sensor system. The system 

was composed of wireless nodes, displacement transducers, and a computer for data logging. The 

displacement transducer and the wireless node used were a 24 mm (0.94 in.) Subminiature Gauging 

DVRT from LORD Microstrain and a DVRT-LINK-LXRS wireless node from LORD Microstrain, 

respectively. The displacement transducer used to measure displacement had an accuracy of ± 

0.024 mm (.00094 in.) and a total stroke of 24 mm (Lord Microstrain, 2015). The wireless node 

was used to measure ambient temperature with an accuracy of ± 2° C (3.6° F) (Lord Microstrain, 

2015) and transmit both the temperature and displacement measurements to the data logging 

computer. On levels 2 and 3, two displacement transducers with wireless nodes were installed for 

redundancy. 
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The full instrumentation set-up for each displacement transducer and wireless node is 

shown in Figure 6-3.  The displacement transducer was attached to a reinforcement bar extending 

into the strip from one side, and was positioned in contact with either the slab edge on the other 

side of the closure strip (level 2), or a reinforcement bar extending from the other side of the strip 

(level 3). This set-up enabled the expansion and contraction of the closure strip itself to be measured 

by the displacement transducer. The transducer was attached to a steel threaded rod via an 

aluminum bracket, which was then attached to the reinforcement. The overall attachment system 

was designed to enable the transducer to be rotationally adjusted about all three principal axes, 

ensuring that the displacement transducer would be level. The wireless node was also attached to 

the threaded rod. 

As shown in Figure 6-3, the set-up used on level 3 differed slightly from that used on level 

2. The displacement transducers on level 2 were placed in direct contact with the concrete slab on 

the other side of the closure strip. This meant that the forms on the side of the strip had to be 

removed before the displacement transducer could be installed, which happened 2 days following 

the pouring of the slab on either side of the strip. In an effort to capture the displacement behaviour 

of the closure strip immediately following the pour, the setup shown in Figure 6-3b for level 3 was 

designed. Rather than the displacement transducer being in direct contact with concrete, it is in 

contact with a vertical aluminum surface attached to a reinforcement bar extending from the 

opposite side of the strip. This enabled the displacement measurements to be taken immediately 

following the pouring of the main slab while the formwork was still in place, thus capturing initial 

behaviour of the closure strip. 

Once the setup was installed within a closure strip, displacement and temperature readings 

were taken every 10 minutes until either the closure strip itself was to be filled with concrete or the 

instrumentation was significantly compromised as will be discussed. Finally, a protective box was 
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built out of plywood and tied down to the reinforcement in the strip to cover and protect the 

instrumentation. 

6.4 MONITORING RESULTS 

The following section presents the results gathered from monitoring the closure strip 

behaviour on levels 2 and 3. Negative displacement readings indicate expansion of the closure strip 

and therefore shrinkage of the concrete slabs on either side of the strip. All temperature readings 

are presented as a differential from the initial temperature. The thermal expansion of the 

instrumentation set-up itself has been compensated for in the displacement measurements using the 

length of each material used in the set-up, the thermal coefficient of expansion for each material, 

and the temperature change recorded by the wireless node. 

6.4.1 Level 2  

The displacement and ambient temperature measurements versus time for both nodes on 

level 2 are shown in Figure 6-4. The daily average temperature in Ottawa is also shown (Weather 

Network, 2014). As noted previously, the instrumentation on level 2 was installed 2 days following 

the pouring of the main slab, thus the first 2 days of closure strip behaviour was not captured for 

this level. 

It is evident in Figure 6-4 that one of the two displacement transducers was compromised 

at approximately 7 days, however, both displacement data sets show good agreement with one 

another until this point as they were installed in the same location for redundancy. The ambient 

temperature recorded by both wireless nodes is also in good agreement. The other displacement 

transducer and wireless node remained in place until the closure strip was filled with concrete, 

which occurred at 27 days (29 days following the pouring of the main slab). Ottawa’s daily average 

temperature differentials are also in good agreement with the ambient temperature readings from 

the node. It is important to note that the time at which the displacement transducer is compromised 

is coincident with a change in the ambient temperature pattern. Between 7 and 9 days the ambient 
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temperature readings are noisy when compared to the rest of the monitored period. This is likely 

due to the protective box being temporarily removed, thus exposing the wireless node to sudden 

temperature fluctuations caused by intermittent sunlight and shade. With the protection temporarily 

removed from the instrumentation, it may have been inadvertently damaged at this time.  

The majority of slab shrinkage measured occurs in the first 6-7 days of monitoring, with a 

maximum displacement of -2.8 mm (-0.11 in.) occurring at 6 days. After the first week of readings, 

it appears that the displacement component caused by shrinkage becomes essentially zero and that 

the closure strip displacement behaviour is primarily governed by changes in temperature. As the 

temperature increases, the slabs on either side of the strip expand, and as the temperature decreases 

the slabs contract. This thermal behaviour is seen in daily temperature fluctuations as well, and is 

particularly evident between 12 to 15 days and 22 to 26 days. This daily oscillation due to 

temperature is consistent with findings from a field monitoring study performed by Faria et al. 

(2006), which saw internal strain oscillations that were caused by daily temperature fluctuations in 

the days shortly after concrete casting.  

In Figure 6-4 the rate of change of displacement is the largest during the initial stages of 

monitoring and the rate decreases in magnitude as time passes. This trend is consistent with 

expected shrinkage behaviour. However, it is typically assumed that about 40% of the ultimate 

shrinkage strain and/or displacement occurs within the 4 weeks following a pour (ACI Committee 

209 2008; Suprenant 2002; Fintel 1985), which is inconsistent with the observation that the 

maximum measured displacement occurred at 8 days following the pour on level 2. This early 

maximum shrinkage displacement may be due to building specific behaviour that may have kept 

larger displacements from occurring beyond this time. In a previous field monitoring study, 

Eskildsen et al. (2009) also found that monitored floor slab shrinkage behaviour within a large 

concrete building differed from the ACI predictions. In that case, approximately 75% of the 

ultimate shrinkage occurred by 10 days following the pouring of the concrete slab, which is more 
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consistent with the observations made here. Additionally, the large rate of change in displacement 

occurring immediately after monitoring began (2 days following the pour) suggests that concrete 

shrinkage may have also occurred prior to the installation of the instrumentation on level 2. In an 

effort to capture all early age behaviour, the instrumentation set-up for level 3 (Figure 6-3b) was 

designed to be installed immediately following the pouring of the main concrete slab. 

6.4.2 Level 3 

The closure strip displacement and ambient temperature measurements for level 3 are 

shown in Figure 6-5. Ambient temperature from only 1 of the 2 installed wireless nodes is presented 

as the other wireless node suffered moisture damage that prevented temperature readings from 

being retrieved. The daily average temperature in Ottawa is also shown (Weather Network, 2014). 

Both displacement transducers were compromised approximately 6 days after installation, which 

coincides once again with a change in the ambient temperature measurement pattern. The ambient 

temperature readings are very variable prior to the displacement transducers being compromised, 

but become much smoother after 6 days, suggesting that both transducers may have been damaged 

when the set-up protection was re-installed after temporary removal.  

The measurements from both displacement transducers show good correlation with each 

other in Figure 6-5, however, they show slightly more variation than the displacement results from 

level 2 in Figure 6-4. On level 3 the displacement transducers were actually installed 2 m apart 

from each other within the strip due to unexpected differences in the reinforcement bars extending 

into the strip. This is likely the cause of the slight discrepancy in displacement results between the 

two transducers.  

In Figure 6-5 the displacements appear to increase before they start to decrease, indicating 

that the slab expands before shrinkage commences. This expansion appears to peak at 0.5 days. 

Faria et al. (2006) found that the internal concrete temperatures peaked between the initial pouring 

of the concrete and one day following the pour. Therefore, it is likely that the initial increase in 
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internal temperature caused by the heat of hydration is what causes the concrete and reinforcement 

embedded in the concrete to expand. Additionally, Faria et al. found that the internal reinforcement 

strains were initially compressive for up to 2 days following the slab pouring before the strains 

became tensile, indicating the presence of restrained expansion before shrinkage, which is also 

consistent with the initial concrete slab expansion seen on level 3.  

Once shrinkage commences on level 3 at approximately 0.5 days, the rate of shrinkage is 

initially at its largest and slowly decreases during the monitored period. This is consistent with both 

the ACI shrinkage model and the results from level 2. The rate of shrinkage on level 3 appears to 

level off between 4 and 6 days, with a maximum displacement of -1.6 mm (-0.063 in.) occurring at 

4 days. As both displacement transducers were compromised at 6 days, it is difficult to conclude 

whether or not this is the peak shrinkage displacement. This displacement magnitude is less than 

was experienced at a similar time on level 2. This is unexpected behaviour as the vertical elements 

should provide less resistance at the height of level 3 versus level 2, and thus allow more movement. 

The lower magnitude of measured displacements on level 3 is likely caused by the fact that the 

pouring division 5a was poured 28 days earlier on level 3 (as seen in Figure 6-1) than on level 2, 

which reduces the amount of concrete undergoing early-shrinkage during the monitoring period. 

The relation between the ambient temperatures and the displacements is not as apparent as it was 

on level 2, however, when a large sudden increase in ambient temperature occurs at approximately 

2 days, it corresponds to a temporary expansion of the floor slabs on either side of the closure strip. 

6.4.3 Monitoring Robustness 

As seen from the monitoring results in Figure 6-4 and Figure 6-5, 3 out of the 4 

displacement transducers used were compromised during the monitoring period. The single 

displacement transducer installed on the roof was compromised within the first day of monitoring 

as well. These results suggest that the use of a more robust instrumentation set-up is necessary 

when performing closure strip monitoring in the future. This is primarily due to the fact that closure 
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strips are in a location with very high construction traffic during their un-poured phase. The large 

amount of construction work being performed directly in the vicinity of the instrumentation was 

likely the cause of the system being damaged despite the protective measures that were taken during 

this monitoring program. While a closure strip is un-poured it is typically exposed to the elements 

as well and should be protected accordingly. 

6.5 EVALUATION OF CLOSURE STRIP DESIGN METHODS 

The following section compares the field measurements to design methods found in the 

literature. The measurements are compared to predictions from an experience-based design 

guideline (Suprenant, 2002) and a numerical model (Kim and Cho, 2004). The comparisons are 

used to evaluate which design methods provide the most accurate representation of the actual 

building’s closure strip behaviour during construction. To compare the models to the 

measurements, the model predictions were converted into closure strip displacements. 

6.5.1 Development of Experience Based Design Predictions for Level 2 

Suprenant’s design guidelines state that an ultimate shortening of 0.06% of the overall slab 

length can be expected in a reinforced concrete slab, with 40% of the shortening typically occurring 

after the first 28 days of curing. This is similar to the trend of the ACI committee 209 (2008) 

shrinkage strain prediction formula (Eq. (6-1)), which predicts that approximately 45% of the 

ultimate shrinkage occurs within the first 28 days. Based on this similarity, the time curve of 

shortening for Suprenant’s design guidelines is assumed to follow the same trend as the ACI 

Committee 209 shrinkage time curve here. Thus, by substituting 0.06% for the ultimate ACI strain 

(εshu) in Eq. (6-1), the shortening strain at any time t can be predicted based upon Suprenant’s 

assumptions. This can then be converted into a slab contraction displacement at any time t by 

multiplying the predicted strain by the overall slab length. 

In the location of monitoring on level 2, it is seen in Figure 6-1 that the slab lengths are 12 

m (39.4 ft.) and 50 m (164 ft.) on the east and west side of the closure strip, respectively. Suprenant 
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assumes that slabs will shorten about their centres thus half the length of each slab will contribute 

to the displacements experienced within the closure strip. The effects of temperature must also be 

compensated for using a thermal coefficient (α) for reinforced concrete according to Suprenant 

(2002), which was taken as 10 × 10-6/°C (5.5 × 10-6/°F)  (ACI Committee 209, 1992). The measured 

ambient temperature changes (∆T) on level 2 were used for temperature compensation of the 

predictions.  Considering this, Eq. (6-6) was developed to predict the closure strip displacements 

experienced on level 2 at any time (t) following the pour at the location of monitoring. On level 2, 

the instrumentation was installed 2 days following the concrete pour, therefore all calculated 

displacements are in reference to an initial the displacement calculated at 2 days following the pour 

(t=2) in Eq. (6-6). Lastly, as monitoring started following the commencement of shrinkage on level 

2, the exact time at which shrinkage commenced was not captured, thus ts was conservatively taken 

as 0.  
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6.5.2 Development of Numerical Model Predictions for Level 2 

 The numerical model presented by Kim and Cho (2004) utilizes a computer model of the 

building that is being considered, therefore taking into account the effects of building specific 

parameters. A computer model is typically available for large reinforced concrete buildings during 

the design stage, thus making Kim and Cho’s approach convenient for detailed preliminary closure 

strip design. To compare Kim and Cho’s design model to the gathered field results, an ETABS 

model used in the design of the monitored building was used. 

A method of converting predictions from the model into displacements is required as the 

model presented by Kim and Cho was developed to predict shrinkage induced stresses on each 
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floor as opposed to displacements. To convert predictions from the model into displacements that 

would occur within the closure strip at any given time (i.e. what was measured in the field), portions 

of the building were removed from the ETABS model to represent construction stages. All floors 

above the level of interest were removed, and all portions of floor slab north of the east-west closure 

strip (pouring sections 1 and 2 in Figure 6-1) were removed as there is no physical connection 

between the north and south portions of the floor slab before the east-west closure strip is filled on 

the level of interest.  Furthermore, since the movement of the north-south closure strip is what was 

measured, the remaining portion of slab on the level of interest was divided along the north-south 

closure strip into two portions of slab: a south-west slab and a south-east slab. A simplified 

illustration of how the building’s ETABS model was modified to capture closure strip 

displacements is shown in Figure 6-6.  

An equivalent temperature change (∆Teq(t)), which represented shrinkage strains at a 

specific time t following the pouring of the slab in the location of monitoring, was then applied to 

the remaining portions of the floor slab on the level of interest. The equivalent temperature change 

(∆Teq(t)), was determined using Eq. (6-7), which combines Eq. (6-1), Eq. (6-2), and Eq. (6-4), and 

accounts for relaxation due to creep as described by Kim and Cho (2004). The equivalent 

temperature was then applied to the remaining portions of floor slab and the displacements 

outputted by the model at the exact location of the instrumentation were recorded.  
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As seen in Figure 6-1 and Table 6-1, the pouring of the floor slabs on each monitored level 

was done in several sections poured at separate times. Each separately poured area of floor slab 

commences shrinkage at a different time, and therefore different equivalent temperatures were 
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applied to these specific areas in the model to represent shrinkage movement at the closure strip. 

To determine the equivalent temperature changes, shrinkage strain vs. time curves corresponding 

to each separately poured section were used, with the reference strain for each curve taken at the 

time at which monitoring commenced.  

 Lastly, to compare each closure strip displacement calculated from the model to the 

measured closure strip displacement values on level 2, a method of compensating the model results 

for the effects of ambient temperature changes had to be developed. As seen from the level 2 

monitoring results in Figure 6-4, the ambient temperature changes by up to 18 °C (32.4 °F) during 

the monitored period, which had an effect on the measured closure strip displacements. Using the 

daily temperature change induced displacement changes seen between days 12 -15, and days 22 – 

16 in Figure 6-4, it was found that the closure strip displaced an average of 0.066 mm/°C increase 

in ambient temperature recorded in that location (0.0014 in./°F). This value was used to compensate 

the Kim and Cho (2004) model closure strip displacement results at the location of monitoring, as 

their model does not suggest a method for the temperature compensation of field measurements as 

Suprenant’s (2002) design guidelines do. 

6.5.3 Evaluation of Predictions for Level 2 

The level 2 closure strip displacements are compared to predictions from both the 

experience based design guidelines (Suprenant, 2002) and the numerical model (Kim and Cho, 

2004) in Figure 6-7. Predictions were determined at 1, 4, 8, 12, 16 20, 24 and 26 days following 

the start of monitoring. There are similarities in the overall trends between the measured 

displacements and both sets of predictions, however, their magnitudes differ noticeably. 

The predicted displacements from the experience based approach are up to 600% larger 

than the actual displacement values measured within the closure strip on level 2. This over-

estimation is to be expected as the experience based design guidelines presented by Suprenant 

(2002) do not account for any restraint provided by vertical elements in the building. In fact, the 
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only building specific parameter considered is the length of the slab itself, ignoring the impact of 

the vertical element layout, the stiffness of the vertical elements, the overall slab geometry, and the 

specific floor level.  

The numerical model predictions correlate more accurately with the measured closure strip 

displacements, however, there are still significant differences between the two, especially towards 

the end of the monitoring period when the measured displacement magnitudes are consistently 50% 

lower than the model’s predictions. Although it is unrealistic to expect shrinkage strain models to 

be within 20% of test data and even larger errors are to be expected for creep models (ACI 

Committee 209, 2008), the divergence of the numerical model and the measurements beyond the 

10 day mark in Figure 6-7 is likely caused by something other than the high variability of concrete 

shrinkage and creep predictions. The measured displacements reduce by 30% in magnitude 

between the 10 day point and the end of the monitoring period, which is unexpected as one expects 

the concrete to continue to shrink with time. Potential reasons for this include the effects of variable 

temperature gradients throughout the structure that were not monitored and/or the construction of 

other structural elements in the vicinity of the closure strip. It was not feasible to measure 

temperatures throughout the entire structure nor was it practical to sequentially input every single 

newly poured structural element that was not a floor slab into the model, although both could have 

impacted the behaviour. For example, when reviewing the construction documentation, it was 

discovered that 8 days following the start of monitoring, the construction of vertical concrete 

elements started on level 2 near the instrumentation. Considering the variability involved, the 

numerical model seems to provide adequate predictions of the measured results especially when 

compared to available experience based approaches. In light of this evaluation, the measured results 

from level 3 will only be compared to the numerical model and not the experience based guidelines. 

Furthermore, the experience based approach was not evaluated with level 3 data because this 

approach does not provide specific guidance on predicting displacements when slab placements on 
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each side of the closure strip are separated by several days (Zone 5a and 5b in Figure 6-1 on Level 

3).   

6.5.4 Development of Numerical Model Predictions for Level 3 

The model was constructed in a very similar manner for level 3 as it was for level 2, 

however, there were small differences in the pouring sequence of the floor slab on level 3 (Figure 

6-1). This meant that the south-west and south-east slabs in the ETABS model (Figure 6-6) had to 

be divided differently to properly represent the sequential pouring of each separate section on level 

3 and their respective shrinkage time curves. Furthermore, in Figure 6-5 it can be seen that the daily 

average of ambient temperatures stays fairly constant once shrinkage commences 0.5 days 

following the start of monitoring up until the point at which the displacement transducers were 

compromised. Between 0.5 and 5.5 days the daily average ambient temperature drops 2.5 °C (4.5 

°F) on level 3 versus up to 15 °C (27 °F) for level 2. Thus, the numerical model results were not 

compensated for temperature effects on level 3 as they were on level 2. 

6.5.5 Evaluation of Predictions for Level 3 

The level 3 closure strip displacements were determined from the numerical model at 1, 2, 

3, 4, and 5 days following the start of concrete shrinkage. The results from the numerical model are 

compared to the measured displacements on level 3 in Figure 6-8. 

The numerical model predictions correlate well with the measured displacements. The 

measured displacements are at most 26% lower than the predictions, however, for the majority of 

the monitoring period the difference is less than 20%. This level of correlation is better than 

typically expected when considering the high variability of concrete shrinkage and creep (ACI 

Committee 209, 2008). Level 3 did not experience large changes in ambient temperature during the 

monitored period, which may have led to better correlation than observed on level 2. Additionally, 

the pouring of other building elements did not occur near the instrumentation during monitoring. 

However, the monitoring period was much shorter for level 3, thus it is difficult to conclude whether 
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or not the discrepancies between the model and the measurements would have increased if 

displacements were measured over a longer time period. The numerical model (Kim and Cho, 

2004) provided the best representation of the building’s closure strip behaviour on level 2 and was 

shown to correlate well with the measured results on level 3. 

6.6 CLOSURE STRIP DESIGN  

Based on the prediction evaluation, for preliminary design purposes, the numerical model 

(Kim and Cho, 2004) was deemed to be the most accurate available approach. Thus, the numerical 

model was then used to investigate the need for closure strips on each floor of the monitored 

building.  

 Eq. (6-1) was used to determine the ultimate shrinkage strains that the concrete floor slabs 

will experience. A coefficient of thermal expansion (α) for reinforced concrete of 10 × 10-6/°C (5.5 

× 10-6/°F) (ACI Committee 209 1992) and Eq. (6-2) were used to convert the ultimate strain into 

an equivalent temperature change. The ultimate equivalent temperature change was then applied to 

the building’s entire ETABS model to calculate the final axial stresses experienced by the floor 

slabs on every level as a result of shrinkage. The axial stresses induced by this temperature change 

are assumed to be representative of axial stresses that would ultimately be induced by shrinkage 

before relaxation due to creep is considered. Graphical representations from the ETABS model of 

the final axial stresses expected to be induced by shrinkage in four of the building’s concrete slabs 

(level P1, level 1, level 2, and level 3) are shown in Figure 6-9. The maximum axial stresses, or 

most tensile stresses, within each slab’s depth are plotted. Figure 6-9 illustrates that the lower levels 

of the building experience larger tensile stresses due to shrinkage. This is expected since the 

restraint from foundations and vertical elements is higher on the lower levels, which restricts 

shrinkage movement and therefore induces higher stresses. On the upper levels the vertical 

elements restraining the floor slabs become less stiff with height and allow more movement of the 

slabs. This leads to lower axial stresses induced by shrinkage, which is the expected behaviour 
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(Suprenant, 2002; Kim and Cho, 2004). A trend also evident in Figure 6-9 is that the largest tensile 

stresses typically occur near the central bays, which is a result of cumulative restraint (Eskildsen et 

al., 2009). 

 One can see in Figure 6-9 that axial tensile stress concentrations are also apparent, 

especially in the upper levels. These concentrations are typically around the building’s columns 

and other vertical elements. The concentrations are likely a result of the shrinking floor slabs 

causing moments in the columns (Eskildsen et al., 2009). The end moments in the columns are then 

partially transferred into the floor slabs, depending upon the level of fixity in the connection 

between the columns and the floor slabs, which then causes tensile bending stresses in the slab. 

This behaviour was also confirmed by an increase in the floor slabs’ curvature in the vicinity of 

columns and vertical elements where the tensile stress concentrations occurred. 

 The maximum tensile stresses experienced by the floor slabs on each level are used to 

determine which levels need closure strips, and for how long each closure strip should remain un-

poured. When determining the maximum axial stresses caused by shrinkage on each floor, two 

separate cases were considered in this study. Case 1 considered the largest tensile stress experienced 

by the floor slab on each level at any location, and Case 2 only considered the largest mid-bay axial 

stresses experienced by the floor slab. Case 2 ignores the concentrated stresses in the vicinity of 

the columns since it is possible that the columns may crack, thus lowering their bending stiffness 

and reducing the tensile stress concentrations at these locations. The actual maximum shrinkage 

induced tensile stresses that the building will experience are likely somewhere between the results 

from Case 1 and Case 2, therefore both cases were considered. The maximum tensile stresses found 

on each level for both cases were then reduced by considering stress relaxation due to creep. The 

relaxation coefficient of shrinkage stress was calculated using the AEMM as discussed earlier (Eq. 

(6-4)). The final maximum tensile stresses determined for each level of the building were compared 

to the modulus of rupture of the concrete used in each concrete slab. For the purposes of this study, 
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the modulus of rupture was taken as 
'62.0 cf  (ACI Committee 318, 2014) where

'

cf is the 

compressive strength of concrete (MPa). The maximum axial stresses found on each level for both 

Case 1 and Case 2 are compared to the modulus of rupture for the specified concrete strength used 

on each level in Figure 6-10. If the maximum axial stress found on a floor exceeds the modulus of 

rupture for the concrete used on that floor, then a closure strip is required. 

 From Figure 6-10 it is seen that every level of the building requires a closure strip when 

considering Case 1 as the axial stresses exceed the modulus of rupture on every level. When 

considering Case 2, only levels P2, P1, and 1 require closure strips. The axial stress trends seen 

from both cases in Figure 6-10 are very similar to those seen in Kim and Cho’s (2004) building 

model results, as the axial stresses decrease with height and the rate of stress decrease also decreases 

with height. This is as expected as the vertical elements’ ability to restrain horizontal slab 

movements decrease the further they are from the foundation.  

 To complete the design process, the time that each closure strip should be left un-poured 

on each level where one is required can be determined by rearranging Eq. (6-5). For the building 

monitored in this study, the final closure strip design is presented in Table 6-2. The final closure 

strip design requirements presented in Table 6-2 are based upon the simplified design method 

presented by Kim and Cho (2004). The results presented in Table 6-2 differ greatly from what 

typical experience-based closure strip design methods suggest. The methods discussed by Fintel 

(1985) and Suprenant (2002) would require closure strips to be used on every floor as the concrete 

slabs are greater than 60 m (200 ft.) and 76 m (250 ft.) in length, respectively. The method discussed 

by Fintel would suggest that the closure strips be left un-poured for between 2 and 4 weeks while 

the method discussed by Suprenant suggests that the closure strips are left un-poured anywhere 

between 2 and 12 weeks. However, the method to determine the exact length of un-poured time 

showed large error when compared to the measurements in this investigation, and also requires a 
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site technician to measure the closure strip’s daily movement. Thus both experience based methods 

do not seem to provide effective guidance, although they are both conservative.  

The actual design for the building monitored in this study was based upon industry 

experience. The design had closure strips on every level in the locations shown in Figure 6-1 that 

were left un-poured for 4 weeks. When comparing the actual design to the design based on Kim 

and Cho’s (2004) method presented in this study, the closure strips on the upper levels of the 

building could likely have been poured earlier or even left out depending on the assumptions used 

(Case 1 versus Case 2). As previously mentioned, the correct design is likely somewhere between 

Case 1 and Case 2. This could have significant benefits for project costs and scheduling. However, 

it is also worth noting that at the time of design, the design team did not have the results of this 

study and would have no way of knowing which of the approaches investigated here would produce 

the most accurate results. 

6.7 CONCLUSIONS 

This investigation into closure strip design approaches found design code guidance to be 

limited, and that most available design approaches are primarily based upon industry experience. 

Two experience-based design approaches (Fintel, 1985; Suprenant, 2002) and one numerical design 

model (Kim and Cho, 2004) are summarized to serve as a design resource for the reinforced 

concrete community. However, none of these design approaches have been evaluated using field 

data from buildings containing closure strips to assess their accuracy. 

A method of measuring displacements within a closure strip during construction was 

developed. The results showed that the instrumentation technique was able to capture both 

shrinkage and temperature induced movements occurring within the closure strips on two levels of 

a reinforced concrete building. During the monitoring process, 4 out of 5 displacement transducers 

and 1 out of 5 wireless nodes used were compromised due to issues associated with the harsh 
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construction environment (including the roof instrumentation). It was determined that a more robust 

sensing system is required to maximize the quantity of measured data in the future. 

An experience based design approach (Suprenant, 2002) and a numerical design model 

(Kim and Cho, 2004) were evaluated using the measured closure strip results from two levels of 

the monitored building. The experience based approach was found to over-estimate closure strip 

movement by up to 600%. The numerical model was found to provide a better representation of 

the of the closure strip displacement, as the measured results were at most 50% less than the 

predictions, and were typically within 20%. Therefore, the numerical model presented by Kim and 

Cho (2004) was found to provide the best representation of the closure strip behaviour of the models 

available.  

The numerical design model was then used to investigate the need for closure strips in the 

monitored building. The results indicated that closure strips are potentially not required on the 

upper levels, which is expected as shrinkage movement is restrained less by foundations and/or 

vertical structural elements on these upper levels. If the length of time that closure strips are 

required can be minimized or if they can be eliminated entirely, this could have significant benefits 

in terms of reducing costs and construction times. 

It should be noted that this evaluation was performed with a limited number of sensors on 

one building, thus further evaluation is required using additional reinforced concrete buildings in 

order to develop robust guidance on the use of closure strips. 
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Table 6-1: Pouring time of each concrete section prior to the pouring of the concrete section 

in the location of monitoring. 

Pouring 

Division 

LEVEL 2  

(# of days poured prior to the 

pouring of division 5b) 

LEVEL 3 

(# of days poured prior to the 

pouring of division 5b) 

1 68 71 

2 61 63 

3 38 44 

4 28 35 

5a 0 28 

5b 0 0 

 

 

Table 6-2: Final closure strip design for Case 1 and Case 2 

Level 
Case 1  

Time to pour (weeks) 

Case 2  

Time to pour (weeks) 

Roof 2 No closure strip required 

Level 4 2 No closure strip required 

Level 3 2 No closure strip required 

Level 2 3 No closure strip required 

Level 1 5 3 

Level P1 8 4 

Level P2 10 7 
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Figure 6-1: Schematic plan view for the Rideau Centre Expansion project with concrete 

placement zones and location of monitoring shown. 

 

 

 

Figure 6-2: Closure strip in Rideau Centre Expansion prior to being filled (1 m wide). 
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a) 

 

 

b) 

Figure 6-3: Closure strip instrumentation using displacement transducer and wireless node: 

a) side view of Level 2 setup, and b) top view of level 3 set up. 

 

 

Figure 6-4: Measured displacement and ambient temperature of the closure strip on level 2. 
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Figure 6-5: Measured displacement and ambient temperature of the closure strip on level 3. 

 

 

 

 

Figure 6-6: Representation of how the building’s ETABS model was modified to calculate 

displacements within the north-south closure strip caused by shrinkage. 
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Figure 6-7: Comparison between measured displacements and design predictions from the 

experience based design guidelines (Suprenant, 2002) and the numerical model (Kim and 

Cho, 2004) on level 2. 

 

 

Figure 6-8: Comparison between measured displacements and predictions from the 

numerical model (Kim and Cho, 2004) on level 3. 
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Figure 6-9: Plan view contour plots for levels P1, 1, 2, and 3, showing the maximum (most 

tensile) axial stress experienced at each location through the depth of the concrete slab. 

 

 

Figure 6-10: Maximum axial stress on each level for Case 1 and Case 2 compared to the 

modulus of rupture for the concrete used on each level. 
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Chapter 7 

Conclusion 

7.1 SUMMARY OF RESEARCH 

Distributed fibre optic sensors (FOS) are a promising technique for practically measuring 

RC behaviour in a level of detail not previously achievable with conventional sensor technologies. 

This thesis described a research study that has further developed Rayleigh backscatter based FOS 

monitoring methods for RC applications in the field and laboratory. Techniques for measuring RC 

distributed deflections, crack widths, and distributed reinforcement strains were developed through 

a series of RC beam tests in the lab. The potential for comprehensive data sets of this nature to be 

used for evaluating and improving RC analysis and design is demonstrated using measurements 

from the laboratory and the field. The ability for other novel sensors, such as digital image 

correlation (DIC) and wireless sensors, to help understand RC behaviour in more detail was also 

assessed.  The following is a list of the key conclusions drawn from this research: 

1. Performing FOS strain measurements using a gauge length and sensor spacing of 

10 mm provided the most accurate results for the system used (i.e. Luna OBR 

4600). However, in situations where capturing strain changes lower than ~4 με 

strain is crucial, measurements performed using a gauge length and sensor spacing 

of 20 mm are more accurate.  

2. FOS can accurately measure full RC beam deflected shapes unless the fibre optic 

cable crosses cracks that open by more than 0.15 mm during loading. Strategic 

sensor layouts that avoid concrete cracks allow for deflections to be measured up 

until failure, however, post-peak behaviour cannot be measured using the 

techniques described in this work. Additionally, the technique described within 
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does not account for shear deflections, which can lead to large discrepancies if 

shear cracks are significant.  

3. Crack widths can be calculated from FOS measurements on the concrete surface 

with average measurement differences (compared to DIC crack width 

measurements) of 0.007 mm for crack widths less than 0.15 mm, 0.016 mm for 

crack widths between 0.15 mm and 0.18 mm, and 0.031 mm for crack widths 

between 0.18 mm and 0.3 mm. Therefore, FOS presents a feasible method for 

monitoring crack widths in accordance with the limits prescribed in ACI 224R-01 

(ACI Committee 224, 2001) for different exposure conditions. 

4. FOS was found to provide distributed reinforcement strain measurements that 

matched to conventional strain gauge measurements and theoretical predictions. 

They provide a less labour intensive and more cost-effective method of measuring 

reinforcement strains when compared to conventional methods. It should be noted, 

however, that the FOS technique was unable to accurately measure reinforcement 

strains beyond reinforcement yield at the location of yielding. 

5. Measuring full reinforcement strain profiles allows for the strain at crack locations 

to be measured without prior knowledge as to where cracks will form. Pairing FOS 

strain data of this sort with corresponding crack widths (measured using DIC in 

this case) allows for assessment models to be evaluated in ways that were 

previously impossible. An RC assessment model proposed by Calvi et al. (2018) 

showed good agreement with the experimental data when crack widths remained 

lower than ~0.1 mm, however, un-conservative estimates of reinforcement strain 

were generated as the crack widths increased. 

6. When performing field measurements, the accuracy of the FOS system (~1 με) 

allows for detailed insight regarding an RC element’s behaviour to be captured 
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even when relatively low magnitude service loads are applied. For instance, insight 

into the support conditions and cracking behaviour was captured for the monitored 

RC beams despite only inducing average strains between -6 με  and 50 με within 

the element.  

7. FOS were able to capture crack spacing, cracked regions, and crack openings for 

RC elements in the field. Crack spacing measurements from the load tested 

elements were compared to ACI 224R-01 (2001) predictions, which were on 

average 47% of the measured values.  

8. The deflected shape of RC elements in the field were able to be measured using 

FOS, enabling maximum deflections to be captured without prior knowledge as to 

where they will occur. This presents a distinct advantage for using FOS in situ over 

conventional discrete sensors. 

9. The field investigation found that FOS could not accurately measure flexural RC 

element deflections upon unloading. This was determined to be a result of 

irrecoverable strains occurring in the FOS at crack locations, which presents a 

limitation if unloading or cyclic behaviour is of interest. 

10. Load test data sets from a single fibre optic cable allowed for RC finite element 

(FE) models to be evaluated in terms of deflection, cracking behaviour, curvature, 

support conditions, and stiffness.  

11. FE models that were developed assuming conservative parameters for effective 

flange width, support rotational stiffness, compressive strength, and tensile 

strength led to RC beam deflection predictions that were over five times those 

measured in the field. This highlights how an accumulation of conservative 

assumptions may lead to over-designed elements if serviceability criteria govern. 
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12. Findings from this study suggest that it is appropriate to input less conservative 

values for the effective flange width when modelling the deformation behaviour 

of RC T-beams subjected to service loads. However, only 2 in situ RC elements 

(both with a floor slab thickness of 300 mm) were investigated in the research, thus 

further research on this topic is necessary. 

13. When designing for serviceability deflection criteria, having confidence in the 

concrete’s elastic modulus may be valuable (i.e. performing experimental testing), 

as simply inputting a value 20% lower than the design value in the FE models led 

to increases in deflection overestimations by as much as 47%. 

14. Performing RC model updating and evaluation with measurements of several 

different variables is critical (which FOS allows one to practically achieve). This 

was evident in this research as many different model iterations showed good 

agreement with certain measurements while simultaneously showing significant 

error with others. 

15. Despite the negative cost and scheduling implications of using closure strips to 

mitigate shrinkage cracking in RC buildings, the available design code guidance 

regarding them is limited, with most currently used approaches being based upon 

industry experience. 

16. A method for measuring closure strip behaviour using wireless sensors was 

developed, which captured shrinkage and temperature induced movement within 

closure strips in the field. However, the technique was found to need improvement 

in terms of robustness, as 4 of the 5 instrumentation setups were compromised in 

this monitoring program. 

17. Analysis of the closure strip field data suggests that a design approach suggested 

by Kim and Cho (2004) better predicts closure strip behaviour when compared to 
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experience based approaches, which were seen to overestimate closure strip 

movement by up to 600%. This indicates that building specific elements should be 

considered (and not just the length of the slab) when estimating RC slab 

shortening, and ultimately when designing closure strips in RC buildings. 

18. Using the design approach developed by Kim and Cho (2004), it was found that 

closure strips may have been avoidable in the upper stories of the monitored 

building, as the restraint on floor slabs from the vertical elements reduces with 

height. Refining closure strip design could lead to significant cost and scheduling 

reductions on future projects, however, for this to be achieved more field data is 

necessary moving forward. 

Overall, this thesis highlights the importance of measuring RC behaviour with a variety of 

sensors for improving RC analysis and design moving forward. This research has demonstrated 

that using distributed FOS could create a paradigm shift in the level of detailed data that can be 

measured in a practical manner when performing RC experiments. In this work, a single sensing 

technology (FOS) was shown to be able to accurately capture concrete surface strains, distributed 

deflections, crack widths, crack spacing, and curvatures simultaneously, while also being capable 

of measuring distributed reinforcement strains. This work found that the resulting comprehensive 

data sets allow conservative design approaches to be properly identified through field monitoring, 

while also demonstrating that critical information for evaluating and developing RC models can be 

feasibly measured in the lab by researchers in the future.  

Currently, the use of novel sensing technologies is popular in the civil engineering 

community for the purpose of structural health monitoring, mainly as a precaution to insure that 

certain structures remain fit for purpose. However, structures that do not pose any cause for concern 

are rarely instrumented (i.e. new RC structures), and sensing technologies used within laboratory 

settings typically remain the same for decades. As capturing RC behaviour in incredible detail 
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becomes more feasible (e.g. the distributed FOS methods developed herein), it is the 

recommendation of the author that distributed sensing configurations be implemented not only in 

a variety of RC structures but in laboratory experiments too. One can only imagine the vast data 

sets that would be available for the structural engineering community to improve RC analysis in 

the future if even a fraction of RC structures and laboratory specimens built around the world were 

instrumented with novel sensors. With the ever increasing burden that constructing new RC 

infrastructure continues to place on the environment, this is certainly an avenue worth exploring.  

7.2 MONITORING RECOMMENDATIONS 

Methods for measuring distributed deflections, multiple crack widths, and closure strip 

movement in RC structures were developed in this thesis. The recommendations below provide 

guidance for engineers interested in monitoring RC behaviour in the field using the techniques 

developed in this work. It should be noted that the technique for measuring reinforcement strains 

is only suitable for lab investigations in its current form, thus no recommendations on measuring 

reinforcement strains in the field are provided here.  

For monitoring distributed deflections of RC elements in bending: 

1. Install FOS at a minimum of two separate heights on the concrete surface along 

the member’s length. Two of the fibre heights should avoid significant cracking 

for reliable results (crack widths > 0.15 mm lead to deflection underestimates). It 

is important that the physical height difference between every fibre pass is known 

with confidence upon installation, as this is necessary for calculating curvature.  

2. Ideally, two discrete measurements should be taken along the beam’s length 

using conventional sensors (displacement or rotation) to provide sufficient 

boundary conditions for successive integration of the measured curvatures. In 

lieu of this, 0 bending deflection at the supports is a reasonable assumption as 
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long as it is understood that the measurements are not representative of total 

displacement in this case. 

3. When analyzing the data, strain measurements determined by the analyzer that 

coincide with a SSQ value of 0.15 or lower should be omitted from the analysis. 

To ensure that curvature measurements are still performed at every location 

along the beam, linear interpolation can be performed between reliable strain 

measurements.  

4. If measuring the unloaded deflection behaviour is critical, at least two of the 

installed fibre passes at every single point along the member’s length must avoid 

cracks in the concrete surface.  

5. The influence of shear on the member’s displacement should be considered in 

each case, as the deflection measurement technique developed in this work only 

accounts for flexural deformations. 

6. Long term measurements and cyclic loading measurements should be considered 

with caution, as the technique’s capabilities in this regard requires further 

investigation. 

For monitoring crack widths: 

1. FOS should be installed at the height of the member where crack widths are of 

interest. 

2. The fibre should be installed such that it creates a 90 degree angle with the 

expected crack directions or existing crack directions, as the technique developed 

in this work only measures crack widths orthogonal to the longitudinal axis of the 

fibre.  
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3. The FOS technique developed in this work is only reliable for measuring crack 

widths that open less than 0.3 mm in width once the FOS is installed. To 

continue measuring crack widths greater 0.3 mm, a second FOS can be installed 

once crack widths approach 0.3 mm. This second FOS can measure the 

additional crack widths from the time it was installed. 

4. The FOS technique can also be used to locate all cracks on a beam and determine 

which cracks are critical. Conventional crack gauges can be installed at these 

crack locations to monitor significant crack opening beyond this point.  

5. The technique’s long term and cyclic loading capabilities still require further 

investigation. Thus it should not be used for applications of this nature yet.  

For monitoring closure strips: 

1. Instrumentation should be installed immediately following concrete pouring in 

order to ensure that the start of drying shrinkage is captured and closure strip 

displacements are not missed.  

2. Closure strip movement and ambient temperature should be monitored at 

multiple locations within the strip to capture differences in closure strip 

behaviour depending on the location of the strip within the floor slab.  

3. If feasible, monitoring the slab temperature would allow for more accurate 

temperature compensation, however this was not done in this work. Furthermore, 

measuring displacement at different slab depths would provide insight into 

shrinkage induced curvature. 

4. Attention should be given to communication between the engineers and the 

contractors to increase the likelihood of the instrumentation surviving the 

monitoring period. Protection should be installed around all sensors. 
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7.3 FUTURE WORK 

The work conducted as part of this research study has created several opportunities for 

future research to be performed. Specific suggested topics for further research that have arisen 

from this thesis are listed below: 

1. The development of FOS to measure RC beam deflections both beyond the 

yielding of reinforcement and/or once significant cracking has occurred. 

Furthermore, a method of accounting for shear deformations when monitoring 

RC element deflections should be investigated.  

2. The development of FOS to measure RC behaviour both externally and internally 

when elements are unloaded, cyclically loaded, or reverse cyclically loaded. 

Furthermore, the ability for distributed FOS to perform long-term field 

monitoring should be evaluated.  

3. The development of FOS to accurately measure reinforcement strains in concrete 

elements beyond yield. 

4. Increased robustness of the FOS measurement technique for monitoring 

reinforcement strains in order for the method to be suitable for field applications, 

as the technique developed in this work is only appropriate for lab investigations. 

5. The development of a more robust instrumentation system to monitor the 

effectiveness of closure strips. Measuring slab strains and slab temperatures 

should be considered in addition to increasing the durability of displacement 

monitoring setups.  

6. Experimental programs that test a variety of specimen types/sizes where 

distributed reinforcement strains are compared to external crack widths. This 

type of RC data would prove invaluable for tension stiffening, bond, and 

cracking models.  
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7. Experiments that use FOS to measure distributed reinforcement strains on the 

entire reinforcement cage in RC elements, and use DIC to measure external 

strains and cracking characteristics. Pairing these two types of distributed data 

sets would provide critical information for RC shear theories such as the 

Modified Compression Field Theory.   

8. An investigation into determining the internal stress state of steel reinforcement 

in RC elements solely based upon external measurements from distributed FOS 

on the concrete’s surface. This research would be particularly valuable for the 

assessment of existing RC structures.  

9. Extensive monitoring of RC frame structures using FOS to monitor column, slab, 

and wall behaviour in addition to beam behaviour. Detailed data from every 

element and their interaction would potentially lead to more refined RC building 

design. 

10. Using FOS to monitor the behaviour of new optimized RC element geometries 

that are being developed by researchers. These systems are highly dependent on 

the path of internal forces within the element, and detailed measurements would 

improve the likelihood of adoption from the industry.    

11. A thorough monitoring investigation involving buildings with and without 

closure strips. A comprehensive critique of the closure strip method is required, 

as their implementation continues to lead to negative cost and scheduling 

implications despite their unknown level of effectiveness. 
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Appendix A 

FOS deflection and strain results 

The following appendix provides additional results from the FOS that were installed on the 

RC beams in Chapter 2 and Chapter 3. A series of load-deflection plots as well as a comparison 

between reinforcement and external strain measurements are presented.  

 

 

 

Figure A.1: Load vs. deflection for all 9 small specimens in Chapter 2 comparing FOS 

deflection estimates to LP measurements. 
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  a) 

   

 b) 

Figure A.2: Comparison between bottom reinforcement strains and external fibre strains 

measured at the height of the bottom reinforcement (specimens from Chapter 3): a) 

specimen SB1b at a load 12 kN (~30% of peak load), and b) specimen LB1b at a load of 40 

kN (~30% of peak load). 

 


