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Abstract 

 The assessment of reinforced concrete (RC) structures has been inherently limited by the lack of 

adequate sensing technologies, which can capture both the global and localized behaviour of these complex 

composite systems. The inability to properly assess these structures, and understand their behaviour under 

static and dynamic loads, can result in costly rehabilitation or replacement of existing structures and 

potentially unnecessary conservativeness in future designs. To improve on traditional assessment methods, 

this thesis investigates the application of a new fibre optic sensing system, which is capable of accurately 

measuring dynamic and distributed strains throughout the length of a fibre optic cable. 

An experimental campaign was conducted, which included the design, construction and testing of 

4 slender and 4 deep RC beams. The purpose of these tests was to evaluate the durability and accuracy of 

dynamic distributed fibre optic sensors (DDFOS) under dynamic loading, as well as to utilize the DDFOS 

results to develop a better understanding of the behaviour of RC beams under both cyclic and ultimate 

loads. The results showed that the fibre optic sensors could withstand the repeated loading as well as 

ultimate loads while accurately measuring distributed strains along the steel reinforcement within the RC 

specimens. This data provided key insights into the change of load carrying mechanism (from beam action 

to arch action) as well as the failure mechanisms. 

Two case studies were also conducted on existing RC beams within a building. The studies included 

the in-situ dynamic loading of the beams while monitoring them with both DDFOS technology and tradition 

discrete sensors. Jumping tests were carried out to provide dynamic loading on each beam. The detailed 

DDFOS data was assessed by comparing the results to the traditional sensors, and was used to determine 

critical performance metrics of the RC beams including: maximum strains, support conditions, and cracking 

behaviour. The data was further used to provide dynamic estimations of the changing distributed deflections 

and crack widths due to the application of the dynamic loads. 
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Chapter 1 

Introduction 

1.1 RESEARCH NEED 

 To address the economic and environmental impact of increasing populations coupled with 

aging infrastructure, the engineering community will increasingly be required to conduct more 

accurate assessments of existing structures and provide more optimized designs for new 

construction. Achieving this becomes increasingly more difficult when considering the behaviour 

of reinforced concrete (RC) structures, due to the variability, redundancy, and complexity of the 

material, especially when exposed to dynamic loads. To date, researchers and engineers have been 

limited by a lack of adequate sensing technologies that can provide accurate and detailed data sets, 

thereby hindering their ability to optimize designs and properly assess existing RC structures. 

Consequently, the need exists for monitoring and assessment methods that can be used to accurately 

decipher this complex structural behaviour to improve design methods and to avoid costly 

rehabilitation or replacement of existing structures. 

The majority of research regarding the dynamic behaviour of RC beams has focused on 

seismic loading (Park et al. 1972; Barros et al. 2000; Agrawal et al. 1965). However, there has been 

minimal research performed into the effects of dynamic service loading on RC beams, such as 

repeated or cyclic loading. Due to a lack of critical data, most current design and assessment 

methods for dynamically loaded structures rely on conservative assumptions, which can result in 

improper evaluations of their performance and ultimate capacity. The use of distributed sensing to 

monitor these structures under dynamic loads has the potential to increase the understanding of 

their behaviour, including the development of degradation and failure mechanisms. However, 

currently there has been no research into the use of dynamic distributed sensing for this application. 
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Recent studies have advanced the capabilities of fibre optic sensing (FOS) systems, and 

have shown them to be a reliable and feasible way to measure distributed internal reinforcement 

strains in newly constructed RC beams (Brault and Hoult 2019) and external concrete strains in 

existing structures (Regier and Hoult 2014). These advancements, however, have previously been 

limited to static measurements, which can only provide a snapshot of the strain behaviour under 

static loads. Dynamic strains have traditionally been measured by discrete, or long-gauge sensors, 

such as electrical based strain gauges or Fibre Bragg Gratings (FBGs) (Majumder et al. 2008). 

Unlike distributed FOS, the discrete nature of these methods prohibits these sensors from capturing 

localized behaviour away from the sensors’ location. By combining the distributed measurement 

methods of FOS with dynamic capabilities, it would then be possible to accurately monitor global 

and localized behaviour of a dynamically loaded structure. This research study investigates the 

dynamic distributed fibre optic sensing (DDFOS) potential of a commercially available system, the 

ODiSI-B by LUNA Technologies, through a series of laboratory and field experiments.  

1.2 OBJECTIVES 

 This research evaluates and utilizes the capabilities of a dynamic distributed fibre optic 

sensing (DDFOS) system for the monitoring and assessment of reinforced concrete beams, both in 

the field and the laboratory. The primary objectives of this research are as follows: 

 determine if dynamic distributed fibre optic sensors installed within an RC beam can 

withstand repeated load cycles as well as failure loading tests in a laboratory setting, 

 investigate the development of degradation and failure mechanisms using DDFOS and 

displacement measurements during cyclic and ultimate loading tests, 

 examine the behaviour of deep reinforced concrete beams, including the development of 

arching action throughout the duration of both static and cyclic loading, using DDFOS and 

displacement measurements, 
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 using DDFOS, monitor the effects that changing loading arrangements have on degradation 

and failure mechanisms, as well as beam performance, cracking behaviour and ultimate 

capacity, 

 apply DDFOS techniques to existing reinforced concrete beams and monitor the 

serviceability behaviour of the beams during the application of dynamic loads. 

1.3 THESIS ORGANIZATION 

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

Studies at Queen’s University. The thesis consists of six chapters. Chapter 1 presents a general 

introduction and the objectives of the research, Chapters 2 through 5 are each individual research 

manuscripts, and Chapter 6 provides the conclusions of the thesis as well as ideas for future work. 

The following is a brief description of each manuscript chapter. 

 Chapter 2 presents the results of laboratory tests conducted on four nominally identical 

reinforced concrete beam specimens. This experimental program was conducted in order to 

determine the capabilities of a DDFOS analyzer and observe the behaviour of the specimens under 

both cyclic and ultimate loads. The results, including reinforcement strain measurements, are 

presented and discussed in detail. It was determined that the fibre optic system could withstand the 

repeated and failure loads, as well as provide key insights into the development of degradation and 

failure mechanisms. 

 Chapter 3 continues on the work discussed in Chapter 2 by testing an additional four 

reinforced concrete beam specimens. The new specimens had an identical span as the beams tested 

in Chapter 2, but larger effective depth. The reinforced concrete beams were tested under both 

cyclic and ultimate loads, and were analyzed using DDFOS. The results of these tests provided 

insight into the load carrying mechanisms of the specimens. Further details regarding the 

displacement, strain, and cracking behaviour are also presented and discussed. 
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 Chapter 4 presents a direct comparison between a slender and non-slender RC beam,  which 

includes the results from two beams that were previously tested as part of the research described in 

Chapters 2 and 3. Note that no new data is presented in this chapter, however key behavioural 

differences between the two beams are highlighted, including the presence and development of 

arching action in the deep beam specimen. This manuscript has been submitted to the 2019 

International Workshop on Structural Health Monitoring in Stanford, CA, USA. 

 Chapter 5 presents two case studies which were conducted in order to demonstrate the 

capabilities of the DDFOS system when applied to existing RC beams. Within each case study, an 

instrumented beam was tested in-situ under maximum expected dynamic loads. The DDFOS data 

recorded during these tests is presented and discussed in detail. The capabilities of the DDFOS 

system are highlighted, including the ability to provide accurate measurements of important 

structural assessment metrics. 

1.4 REFERENCES 

Agrawal, G. L., Tulin, L. G., and Gerstle, K. H. (1965). “Response of Doubly Reinforced 

Concrete Beams to Cyclic Loading.” Journal of the American Concrete Institute, 62(7), 

823–836. 

Barros, J. A. O., Cruz, J. M. S., Delgado, R. M., and Costa, A. G. (2000). “Reinforced Concrete 

Under Cyclic Loading.” 12th World Conference on Earthquake Engineering, Auckland, 

New Zealand, 1–8. 

Brault, A. R., and Hoult, N. A. (2019). “Distributed Reinforcement Strains: Measurement and 

Application.” ACI Structural Journal, In Press. 

Majumder, M., Gangopadhyay, T. K., Chakraborty, A. K., Dasgupta, K., and Bhattacharya, D. K. 

(2008). “Fibre Bragg Gratings in Structural Health Monitoring—Present Status and 

Applications.” Sensors and Actuators, 147(1), 150–164. 
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Park, R., Kent, D. C., and Sampson, R. A. (1972). “Reinforced Concrete Members with Cyclic 

Loading.” Journal of Structural Division, 98(ST7), 1341–1360. 

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

Case Study.” Journal of Bridge Engineering, 19(12), 05014007. 
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Chapter 2 

Dynamic Monitoring of Cyclically Loaded Reinforced Concrete Beams 

using Distributed Fibre Optic Sensors 

2.1 INTRODUCTION 

 Research in the field of reinforced concrete (RC) has historically been limited by the 

absence of adequate sensing technologies to capture the full behaviour of these complex composite 

systems. Discrete sensors, such as strain gauges and displacement transducers, only provide 

localized measurements of the highly non-linear material behaviour. As a result, researchers have 

only developed a limited understanding of RC beam performance. For example, degradation 

mechanisms, such as the breakdown of bond between the reinforcing steel and the concrete when 

beams are exposed to cyclic gravity loads, have not been investigated extensively. Similarly, failure 

mechanisms can only be captured in limited detail using conventional sensors. The ability to track, 

monitor, or predict these mechanisms would be invaluable in the design or assessment of these 

structures. Consequently, the need exists for monitoring technologies and data sets that can be used 

to accurately decipher these complex degradation and failure mechanisms. 

 Previous work investigating RC beams exposed to cyclic loading has primarily focused on 

seismic loading that leads to structural collapse (Park et al. 1972; Barros et al. 2000; Agrawal et al. 

1965). Although this type of testing is important in the design of RC structures in seismically active 

areas, minimal research has been undertaken to investigate the effect of service load cycling that 

leads to steady long-term degradation of RC performance such as increased displacements and 

crack widths. Here again, past efforts have also been limited by the availability of adequate 

monitoring technologies to observe how the degradation mechanisms develop. For example, Park 

et al. (1972) conducted experiments which investigated the response of RC beams to repeated and 
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reversed loading, while monitoring discrete reinforcement strains using mechanical strain gauges. 

Conclusions from this study were primarily used to validate theoretical approaches for predicting 

dynamic RC behaviour while no information was provided in regard to the role of degradation, 

possibly due to the lack of critical data. 

 Advancements in the use of fibre optic sensors (FOS) offer a variety of methods for 

gathering strain data throughout a structural system. Offering both discrete and distributed 

measurement options, FOS has been used in several projects to record strain throughout a bonded 

fibre optic cable. Brault and Hoult (2019) progressed the use of FOS by developing methods to 

accurately monitor strains along reinforcement bars during static loading tests. This data enabled 

the strain development along the full reinforcement bar, including at cracks, to be measured in RC 

specimens, which would not be possible with discrete measurement options. The static nature of 

the FOS system used, however, meant that dynamic strains resulting from cyclic loads or from 

increasing loads at failure could not be measured. The ability to monitor both dynamic and 

distributed strains would provide new insights into RC behaviour during both cyclic loading and at 

failure. 

 FOS systems with dynamic measurement capabilities are available, and like the static 

systems, can provide either discrete or distributed strain measurements. Fibre Bragg gratings (FBG) 

can provide accurate strain data (±5 microstrain), but only at discrete points within the fibre (Rao 

1999). Dynamic distributed fibre optic sensing is a relatively new technology, which has the ability 

to record strain measurements at a sensor gauge spacing of less than 10 mm and at rates up to 250 

Hz (LUNA Technologies 2017). Research into the use of this method is limited. Previous work has 

shown that dynamic distributed strains could be recorded from externally bonded fibre optic cables 

applied to cyclically loaded reinforced concrete beams (Barrias et al. 2018). However, currently 

there is an absence of internal reinforcement strain measurements that prohibits the understanding 

of critical degradation and failure mechanisms. 
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 In an effort to advance the understanding of cyclic RC beam behaviour and the use of 

dynamic fibre optic systems, four experimental specimens were designed, fabricated, and tested 

under both cyclic and ultimate loading. The objectives of this experimental program were to: (i) 

determine if dynamic distributed fibre optic sensors (DDFOS) could withstand repeated and failure 

loading tests, (ii) investigate the development of degradation mechanisms in short-term cyclic RC 

beam tests using DDFOS and displacement measurements, and (iii) evaluate the development of 

failure mechanisms during ultimate load tests using DDFOS measurements. 

 The following section of this chapter will provide a detailed review of previous work in 

the area of cyclic RC beam testing and the use of distributed and dynamic distributed fibre optic 

sensors. Further details regarding the experimental study will be provided, and the results of these 

tests will then be presented and discussed. 

2.2 BACKGROUND 

2.2.1 Cyclic Loading of RC Beams 

 The majority of research investigating the dynamic or cyclic behaviour of RC structures 

has been focused on the effects of seismic loading. These loads are often destructive in nature, 

which provides little evidence of the development of degradation and failure mechanisms before 

failure occurs. As discussed, Park et al. (1972) investigated the effect of repeated and reversed 

loading on a series of RC beam specimens. By applying a single load at midspan, the beams were 

subjected to several cycles to the maximum design load and within the inelastic range of the 

specimens, before being loaded to failure. Throughout these tests, strain measurements were 

recorded by a discrete mechanical strain gauge applied to an internal reinforcement bar. The strain 

values were used to calculate curvature, which was then used to validate theoretical moment-

curvature models. Park et al. discussed the observed reduction in flexural stiffness as a result of the 

high intensity repeated loads and suggested that this could be due to a gradual breakdown in the 
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bond between the steel and concrete, reducing the concrete’s contribution to the member’s strength. 

Prior to the work by Park et al. (1972), Sinha et al. (1964) and Agrawal et al. (1965) undertook 

studies investigating the cyclic loading of singly and doubly reinforced concrete beams, 

respectively. For each study, a series of RC beams were cycled between an unloaded state and the 

designed yield moment, again mimicking the loading effects of seismic events. The results from 

both studies, which consisted primarily of curvature data, were also used to update theoretical 

models and observed similar behavioural changes in stiffness of the specimens due to debonding 

of the reinforcement. 

 Further research into the degradation of the bond between the concrete and reinforcing 

steel has been conducted by Bresler and Bertero (1968). The experimental investigation concluded 

that there is a decrease in stiffness of reinforced concrete structures when subjected to repeated 

working loads. It was also determined that as the stiffness diminishes, the bond within the 

composite material deteriorates. More information on the degradation and failure mechanisms of 

RC beams due to cyclic loads can be found in studies focused on fatigue testing, such as that of 

Chang and Kesler (1958). In this study, the researchers conducted fatigue tests on 25 RC beam 

specimens by continuously applying and removing loads within the service range of the beams. 

Cycling continued until some form of failure occurred. In most cases, fatigue tests consist of a high 

number, often millions, of cycles. Chang and Kesler identified several forms of failure due to 

fatigue, as well as the crack behaviour of the specimens throughout the cycling process. 

2.2.2 Distributed RC Strain Measurement 

 Fibre optic sensing technologies are available in two forms: discrete and distributed. 

Discrete methods are limited to a single sensing location in a fibre optic cable. Distributed fibre 

optics (DFOS), such as Brillouin and Rayleigh based systems, are capable of measuring strain 

throughout a fibre optic cable. Brillouin optical time domain reflectometry (BOTDR) is more 
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commonly used in large scale assessments due to its ability to monitor several kilometres of fibre 

optic cable with an accuracy of 30 microstrain (Mohamad et al. 2011). Alternatively, Rayleigh 

backscattering can measure strains at a higher accuracy (~1 microstrain) and smaller gauge spacing 

(5 mm), however, it is inherently limited by a maximum 100 m sensing length (Kreger et al. 2007), 

which is reduced even further if dynamic measurements are required. The fibre optic strains 

measured in this research are recorded by a DFOS system based on the measurement of Rayleigh 

backscattering.  

 As discussed by Brault and Hoult (2019), Rayleigh backscattering is capable of accurately 

measuring internal strains when the fibre optic cable is bonded to the reinforcement within RC 

beams. Throughout a series of RC beam tests, the study concluded that DFOS provides a feasible 

and accurate method for measuring reinforcement strains, as well as locating and monitoring 

cracks. The strain results from those tests were compared to conventional sensors and theoretical 

models, and were determined to be accurate with differences between the two sensor types being 

as low as 0.4%. Brault and Hoult (2019) also discussed the importance of properly bonding and 

protecting the fibre optic cables. The methods suggested by that study were also used in the research 

presented in this paper. 

 Currently, most DFOS systems are limited to static measurements, which only provide a 

snapshot of the strains throughout a fibre optic cable and are not capable of capturing the dynamic 

behaviour of RC structures due to cyclic or increasing loads. 

2.2.3 Dynamic RC Strain Measurement 

 Dynamic fibre optics, similar to the static options, are available as discrete or distributed 

systems. Most commonly, dynamic strains are recorded from electrical based strain gauges, which 

provide discrete strain measurements at the sensor location. The use of strain gauges, however, is 

often limited by environmental conditions and installation restrictions (Chang et al. 2003). Fibre 
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Bragg Gratings (FBG) are a fibre optic sensing technology that are capable of measuring dynamic 

strains with strain measurement acquisition rates as high as several thousand samples per second 

(Majumder et al. 2008). Similar to electrical based strain gauges, however, FBGs are limited to 

discrete measurements along a fibre optic cable. 

 Dynamic distributed fibre optic sensing (DDFOS) has the ability to measure dynamic 

strains continuously throughout a fibre optic cable. Although limited, research using DDFOS 

systems has found that this method can be applied to a variety of dynamic sensing applications and 

can provide high resolution strain data at high acquisition rates (Kreger et al. 2013). One 

commercially available DDFOS-capable system is the Optical Distributed Sensor Interrogator 

(ODiSI-B) by LUNA Technologies. The ODiSI-B is a Rayleigh-based distributed dynamic 

analyser which was used in the present study. The acquisition rate of the ODiSI-B is dependent on 

the total sensing length, up to 20 m. For example, at the maximum sensing length of 20 m the 

acquisition rate is 50 Hz, with a gauge spacing of 2.61 mm and accuracy of ±25 microstrain.] 

(LUNA Technologies 2017).  During this investigation the observed accuracy of the system was 

approximately ±5 microstrain when utilizing the 20 m sensing length. 

 Applications of the ODiSI-B system have so far been limited to small scale tests, such as 

the work by Kreger et al. (2013), which was successful in measuring high-resolution dynamic 

strains in a swinging golf club. Work with the ODiSI-B system has been more prevalent in the 

transportation and aerospace industry, as seen with the studies performed by Wheeler et al. (2018) 

and Davis et al. (2016), respectively. Wheeler conducted a series of laboratory and field tests 

investigating dynamic longitudinal strains in railroad tracks. Davis utilized the ODiSI-B system in 

full-scale fatigue tests of a F/A-18 Hornet centre fuselages in support of the Royal Australian Air 

Force.  Barrias et al. (2018) measured the external strains of RC beams during fatigue tests by using 

the ODiSI-A system by LUNA Technologies. The ODiSI-A is capable of continuously measuring 

strains at acquisition rates up to 5 Hz for a sensing length of 10 m (LUNA Technologies 2013). 



 

12 

 

Barrias et al. (2018) did not provide any findings regarding the behaviour of the RC beam 

specimens, but instead focused on the verification of the strain data compared to traditional methods 

(i.e. strain gauges) and the effect of using different fibre optic cable types and bonding procedures 

on the accuracy of the strain measurements. Currently, no previous work using the ODiSI-B system 

to measure dynamic strains in an RC beam exposed to cyclic or increasing loads has been 

conducted. 

2.3 EXPERIMENTAL PROGRAM 

To understand the dynamic behaviour of typical RC beams exposed to cyclic loads, as well 

as the capabilities of dynamic-distributed FOS, a series of four beam specimens was fabricated. 

The four RC beams were nominally identical in geometry and reinforcement, both of which will 

be described in this section. Each beam was subjected to 3600 load cycles at 1 Hz. In a typical 

fatigue study, the number of cycles would be in the millions however due to availability of the 

equipment and because this was a proof of concept study, this was not possible. Instead the 

specimens were cycled to higher strains in the longitudinal reinforcement for a lower number of 

cycles in an effort to measure potential deterioration of the bond. In this case the maximum 

longitudinal reinforcement strain in each cyclic test was 1500 microstrain or 75% of the yield strain 

for a 400 MPa reinforcement bar. In the case of two of the specimens, the loading arrangement was 

changed halfway through cycling in order to investigate if changing the loading, and thus the crack 

pattern, had an impact on degradation. Once the cycling had concluded, the specimens were tested 

to failure under continuously increasing loading. This would not have been possible with previous 

distributed strain measurement systems as load steps were required to measure strains. The goal 

here was to capture the failure mechanism in the beam at the moment it began to develop. This 

section will also provide details of the instrumentation layout, the test setup, and the testing 

procedure used for each RC beam test.  
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2.3.1 RC Beam Specimens 

Four RC beam specimens were fabricated for this study: B1-3, B2-4, B3-34, and B4-43. 

As noted above, in order to investigate the impact of changing load location, and thus changing 

crack patterns, on degradation, four different experiments were conducted. The second set of 

numbers in each specimen’s designation refers to the cyclic loading regime used for that specimen. 

Specimen B1-3 was loaded for all 3600 cycles in 3-point bending (i.e. “3”) while specimen B2-4 

was cycled in 4-point bending (i.e. “4”). Specimen B3-34 was cycled for 1800 cycles in 3-point 

before the loading was switched to 4-point bending and an additional 1800 cycles were applied (i.e. 

“34”). Finally, specimen B4-43 was loaded in 4-point bending for 1800 cycles followed by 1800 

cycles in 3-point bending (i.e. “43”). Each beam had the profile view in Figure 2-1 and cross-

section in Figure 2-2. The beam included both a top and bottom layer of longitudinal reinforcement 

bars. The top layer consisted of two 10M reinforcement bars, the bottom layer included three 20M 

bars. All longitudinal reinforcement was hot-rolled, carbon steel rebar, resulting in a reinforcement 

ratio of 1.37% for each specimen. The measured yield stresses were determined to be 438 MPa for 

the 20M bars, and 463 MPa for the 10M bars. Similarly, the transverse reinforcement was the same 

for each specimen and was comprised of smooth 5 mm diameter (17.7mm2) bars bent into two-

legged stirrups. The transverse reinforcement material had a tensile yield strength (fy) of 668 MPa. 

The clear cover on all sides of the specimens was 40 mm.  

 

Figure 2-1: Elevation view of beam specimens (all units in mm) 
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Figure 2-2: Cross-section and reinforcement plan of beam specimens (all units in mm) 

 The four RC beams were cast from a single batch of concrete with a maximum coarse 

aggregate size of 14 mm and compressive strength of 48 MPa. The beams were 7 months old at the 

time the testing program began. 

2.3.2 Instrumentation and Test Setup 

Nylon coated fibre optic cables were bonded to both top reinforcement bars and the two 

outer reinforcement bars in the bottom layer. The fibre optic cables were installed along the bottom 

of each longitudinal reinforcement bar to avoid damage during concrete pouring. As shown in 

Figure 2-1, four adjacent stirrups were also instrumented with the nylon coated fibre optic cable 

along the bottom section and both vertical legs. The instrumentation of the reinforcement was 

completed in three stages: i) surface cleaning, ii) bonding of fibre optic cable, iii) protection of fibre 

optic cable. This procedure, from Brault and Hoult (2019), aims to provide a proper bond between 

the nylon coating and the steel surface, as well as protection of the fibre during the fabrication 

process. The first step includes the sanding and degreasing of the bonding surface on the 

reinforcement bars. Next, the fibre was bonded to the surface using a cyanoacrylate adhesive 

(Loctite 4851). Lastly, the bonded fibre was protected by a layer of silicone. The unbonded portions 

of the fibre were also protected by PVC tubing until they were outside of the concrete. Due to the 
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limiting sensing length of the ODiSI-B (20 m), not all of the instrumented reinforcement was 

monitored during testing. For each test only two bottom bars, one top bar and two of the four 

instrumented stirrups were included in the sensing range. 

 In addition to the internal fibre optic cables, five linear potentiometers were used during 

each test. Two LPs were positioned vertically at each support to account for support displacements. 

The remaining three were positioned at each quarter span and the midspan. The beams were tested 

using a hydraulic actuator equipped with a load cell and swivel head, which loaded through a steel 

hollow square section (HSS) spreader beam. Images and schematics of the complete test setup can 

be seen in Figure 2-3 for the 3-point bending setup and in Figure 2-4 for the 4-point bending setup. 

 
 

a) b) 

Figure 2-3: Instrumentation and test setup for 3-point bending tests a) image of actual test 

setup, b) schematic of test setup (all units in mm) 

 
 

a) b) 

Figure 2-4: Instrumentation and test setup for 4-point bending tests a) image of actual test 

setup, b) schematic of test setup (all units in mm) 
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The loading orientation varied between 3- and 4-point bending depending on the test as 

described previously. The 4-point loading orientation included pin and roller loading points, each 

at 350 mm from the midspan, creating a shear span (a) to effective depth (d) ratio (i.e. a/d) for each 

span of 3. The 3-point loading was applied through a single loading point at midspan, resulting in 

an a/d of 4.2. The supports comprised a pin or a roller sitting on top of concrete blocks built up 

with steel HSS sections. Note that the pin loading point consisted of a steel rectangular block, 

whereas the pin support was a captured roller. The bearing plates used at each of the loading and 

support points were 10 mm thick by 100 mm wide steel flat bar. 

2.3.3 Testing Procedure 

The testing of each RC beam specimen was conducted in three phases: i) initial loading, ii) 

cycling, and iii) loading to failure. These three phases are summarized in Table 2-1: 

Table 2-1: Summary of testing plan for each RC beam specimen 

Specimen Phase 1 Phase 2 Phase 3 

B1-3 
Initial Loading 
+ Find Loads 

3pt Cycling (3600 cycles) Unload 
3pt Load 
to Failure 

Unload 

B2-4 
Initial Loading 
+ Find Loads 

4pt Cycling (3600 cycles) Unload 
4pt Load 
to Failure 

Unload 

B3-34 Initial Loading 
3pt Cycling 

(1800 cycles) 
4pt Cycling 

(1800 cycles) 
Unload 

4pt Load 
to Failure 

Unload 

B4-43 Initial Loading 
4pt Cycling 

(1800 cycles) 
3pt Cycling 

(1800 cycles) 
Unload 

3pt Load 
to Failure 

Unload 

 

For specimens B1-3 and B2-4, the initial loading phase was also used to determine the 

cycling loads for Phase 2, including the minimum, middle, and maximum load based on measured 

strain. The intended cycling was to be between 50% and 75% of the design yield strain of the 

longitudinal reinforcing bars (2000 microstrain assuming a design yield stress of 400 MPa and a 

modulus of elasticity of 200 GPa). Using the ODiSI-B system, load was applied to the specimen 

until a strain of 1000 microstrain (50% of the design yield strain) was observed in the bonded fibre 
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along the bottom reinforcement bars. This load was recorded as the minimum cycling load. The 

loading was then continued until the middle load was reached at a strain of 1250 microstrain. Lastly, 

the maximum load was recorded when the reinforcement strain reached 1500 microstrain (75% of 

yield). The resulting loads are summarized in Table 2-2. After the load finding exercise was 

complete the load was returned to the middle load, from where the cycling would begin in Phase 

2. The cycling loads determined during Phase 1 of testing B1-3 and B2-4 were used for B3-34 and 

B4-43, therefore this exercise was not required for the subsequent two tests. During this phase, 

DDFOS data was recorded continuously by the ODiSI-B at 50 Hz. The load cell and LP data was 

recorded by the data acquisition (DA) system, also at 50 Hz.   

Table 2-2: Summary of cycling loads 

Loading 
Minimum Load 

(kN) 
Middle Load 

(kN) 
Maximum Load 

(kN) 
Amplitude 

(kN) 

3pt Cycling 60 85 110 25 

4pt Cycling 90 110 130 20 

  

 A total of 3600 loading cycles was applied throughout Phase 2 to each RC specimen. The 

cycles were applied at 1 Hz, resulting in a one-hour total cycling time. As noted earlier, this number 

of cycles was not expected to cause a fatigue failure, however, it was expected that the high strains 

(75% of design yield) coupled with the variable load arrangement for two specimens would lead to 

a degradation of bond during the test. The loading orientation during the cycling of each RC beam 

is dependent on the specimen as described in Table 2-1. Throughout the cycling of all specimens, 

10 seconds of DDFOS data was recorded every 10 minutes at 50 Hz. DDFOS data was also 

recorded continuously during the unloading and reloading of B3-34 and B4-43 when the loading 

arrangement was changed. The load cell and LP data continuously recorded at 50 Hz. 
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 Phase 1 and 2 of the loading were completed in load control, which permitted cycling 

between two set load values. After cycling was complete the beam was unloaded, and the control 

method was switched to stroke control. Stroke control was then used for the loading to failure 

portion of the test, Phase 3. The beam was loaded at a rate of 3 mm per minute until failure was 

reached. During this phase, both the DDFOS and DA data was recorded at 50 Hz. 

 In addition to the DDFOS, load and displacement data, a series of photographs and 

observations were recorded throughout the duration of the test in order to monitor the development 

and propagation of cracks. Although Digital Image Correlation (DIC) was not used during this 

investigation, the photographs taken were important for monitoring the cracking behaviour and the 

effect of the loading arrangement of each specimen. 

2.4 RESULTS AND DISCUSSION 

2.4.1 Load-Deflection Behaviour 

 Figure 2-5 presents the load-deflection data for each of the four RC beam specimens 

throughout the duration of the test, including: a) B1-3, b) B2-4, c) B3-34, and d) B4-43. Within 

each plot the initial loading and cycling behaviour can be observed for each specimen. The load-

deflection results for the ultimate load tests can be seen in Figure 2-7. 

 In all cases, it can be observed that there is a change in slope occurring at approximately 

35 kN for specimens loaded in 3-point bending (i.e. B1-3 and B3-34) and 48 kN for specimens 

loaded in 4-point bending (i.e. B2-4 and B4-43). The slope change represents a change in stiffness 

of the specimens due to the onset of flexural cracks. Within the initial loading phase for each 

specimen a plateau in the load can be observed directly before the loading cycles begin. This is 

most notable for specimen B1-3, as the load was held for 15 minutes before continuing with the 

test. A gradual increase in deflection can be observed during this time, which is likely caused by 

creep due to the static loading. This behaviour can be seen to a lesser degree in the results from the 
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other three tests as a result of a brief period of time that the static load was held before the cycling 

phase began.  

a) b) 

c) d) 

Figure 2-5: Load versus displacement behaviour for cycling phase(s) of tested specimens a) 

B1-3, b) B2-4, c) B3-34, d) B4-43 

 After initial loading, specimens B1-3 and B2-4 (Figure 2-5(a) and Figure 2-5(b)) were each 

subjected to a single interval of cycles under 3- and 4-point bending, respectively. Within these two 

plots, it is seen that there is an increase in the deflection during the cycling phase. This deflection 

could be explained by creep in the concrete, which is a time dependent deflection due to consistent 

loading (in this case the load was varying but concrete creep would largely be the response to the 

average load applied during the hour of cycling). The growth and formation of cracks could also 

have contributed to these deflections. An alternative explanation for the deflection behaviour could 
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be due to a degradation of the bond between the steel reinforcement and concrete throughout the 

duration of cycling. For both specimens the deflection increases by approximately 0.5 mm during 

cycling and after unloading there is approximately 1.5 mm of irrecoverable displacement. Note that 

during the test of specimen B2-4 (Figure 2-5(b)), there is an additional unloading sequence. This 

was the result of an accidental trigger of a loading limit programmed into the actuator controller. 

The specimen was reloaded to the middle load and cycling was continued. However, this provided 

an opportunity to investigate the irrecoverable displacement before and after cycling. It can be seen 

that most of the irrecoverable displacement is due to initial loading and that the additional 

displacement correlates to the 0.5 mm that occurred during cycling.  

 Specimen B3-34 (Figure 2-5(c)) was initially cycled for 30 minutes under 3-point bending 

and then was switched to 4-point bending for the remaining 30 minutes. A similar increase in 

displacement compared to B1-3 and B2-4 can be observed, however in this case it is evident that 

the majority of this displacement increase during cycling occurred in the first cycling period (i.e. 

3-point bending). When the beam was unloaded, after the 4-point cycling, there was a negligible 

increase in the amount of irrecoverable displacement. Similar behaviour was seen for specimen B4-

43 where 0.5 mm of additional displacement occurred during the 4-point cycling and minimal 

additional irrecoverable displacement was developed during the 3-point cycling. This suggests that 

the initial 1800 cycles cause most of the degradation and that the loading arrangement did not have 

a significant impact on the behaviour during cycling. 

 It is important to note that for each test a series of 20 ramping cycles were required to reach 

the maximum cycling load at the beginning of each period of cycling. This process appears as a 

fanning shape at the beginning of the cycling phases, which represents the gradual increase in load 

and subsequent deflections over the 20 cycles. A close-up view of this behaviour is provided in 

Figure 2-6 for specimen B4-43. 
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Figure 2-6: Close-up of the 20 ramping cycles used to initiate the maximum cycling load for 

specimen B4-43 under 4-point bending 

 For each of the ramping cycles shown in Figure 2-6 there is an incremental increase in load 

and eventually reaching the maximum cycling load. Since B4-43 was initially loaded and cycled 

under 4-point bending, the middle load shown in Figure 2-6 is 110 kN, while the maximum load 

achieved after the ramping cycles is 130 kN (as previously reported in Table 2-2). In addition to 

the increased load, there is also an observed increase in the midspan deflection. For specimen B4-

43, this deflection increase is 0.7 mm between the initiation of the load cycling and when the 

maximum load was achieved. As expected, there is also a decrease in the deflection of 

approximately 0.2 mm when the load is reduced below the middle load (i.e. 110 kN).  

 Figure 2-7 focuses on load-deflection data from the ultimate load tests that occurred after 

the completion of the cycling phases. Note that due to the continuous recording of data throughout 

the three phases of each test, the failure load-deflection results in Figure 2-7 begin with the 

irrecoverable midspan deflections as a result of the previous two phases (i.e. initial loading and 

cycling). 
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Figure 2-7: Load versus displacement during failure test for all specimens  

 Specimens B1-3, B2-4 and B4-43 all experienced shear failures at 169.5 kN, 182.2 kN and 

163.4 kN, respectively. It is most notable that specimen B3-34 failed at a significantly higher load 

than the other three beams (260.2 kN). Large shear cracks developed at 160 kN, which is similar 

to the failure load of the other specimens, however B3-34 continued to support loads up to 230 kN 

when a loading limit was triggered. The specimen was reloaded to 260.2 kN at which point the load 

plateaued, signifying that a ductile flexural failure had occurred. The reason for this anomaly will 

be discussed later in this section. 

2.4.2 Cyclic Distributed Reinforcement Strains  

 As noted earlier, 10 seconds of DDFOS data was recorded every 10 minutes throughout 

the one-hour period of cycling. Figure 2-8 provides the distributed strain data from the section of 

the fibre optic cable bonded to one of the bottom tensile reinforcement bars within each specimen, 

including: a) B1-3, b) B2-4, c) B3-34, and d) B4-43. Each 10 second sample of strain data, which 

depict the maximum and minimum strain profiles, is plotted along the bonded length of the 

reinforcement (2.54 m) and with the total number of cycles (3600 cycles). For each specimen the 

maximum measured strain is provided for the first and last sampling of each cycling period. 
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a) b) 

c) d) 

Figure 2-8: Longitudinal strain along bottom reinforcement during cycling a) B1-3, b) B2-4, 

c) B3-34, d) B4-43 

 For both 3- and 4-point bending there is an expected strain profile based on the positioning 

of the loads. For 3-point bending, having the load at midspan should create a triangular strain 

profile, where the peak of the triangle aligns with the central loading position. In Figure 2-8, this 

approximate profile can be observed for specimen B1-3 throughout the entire duration of cycling, 

as well as B3-34 and B3-43 during the portion of cycling in 3-point bending. However, the strains 

near each support, where the specimens were uncracked, are much lower. Additionally, the strain 

peaks throughout the profiles indicate the locations of cracks, which lead to increases in the 

reinforcement strain. An approximate trapezoidal strain profile is expected for a 4-point bending 

loading orientation, formed by a plateau in strain (with localized peaks due to cracking) between 
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the two loading positions and zero strain at the supports. This profile can be seen for B2-4, as well 

as the 4-point bending portions of B3-34 and B4-43. 

 For each specimen, the maximum and minimum load during cycling were based on the 

observed strains (i.e. between approximately 1000 and 1500 microstrain). These strains are 

observed in the first sampling of strains, however based on the maximum strain data provided in 

the figure there is an increase in the peak strain throughout each period of cycling. In each case, 

however, the increase in peak strain within the strain profiles is small, as each specimen only had 

total peak strain changes under 10%. This does not correspond to the approximately 30% increase 

in deflections that were observed during each period of cycling within the load-deflection results 

in Figure 2-5. To more accurately determine the cause of these deflections, a comparison between 

the first and last strain profile at the maximum cycling load is plotted in Figure 2-9 for specimen 

B1-3. 

 

Figure 2-9: Comparison of maximum strain profile from the first and last cycle of specimen 

B1-3 

 As shown in Figure 2-9, the differences in the strain profiles from the first and last loading 

cycles are less than 50 microstrain. By focusing on the localized changes however, new information 
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regarding the specimen’s change in behaviour can be inferred. For example, Region 1, as labeled 

in Figure 2-9, highlights an increase in the strain profile at a crack location (i.e. a local peak in the 

strain data). This strain increase between the first and last cycle is likely due to the widening of the 

crack at this location. The cracks widen due partially to a loss of tension stiffening around the crack 

location, ultimately leading to increases in the strain in the reinforcement. It is also this breakdown 

of tension stiffening that results in the increased strains observed between cracks, as indicated by 

Region 2 within Figure 2-9. The strain increases at, and between, cracks can be seen throughout 

the strain profile for B1-3 outside of the labeled regions. Even though significant changes in the 

global strain behaviour were not seen within Figure 2-8, it is these localized changes throughout 

the strain profiles that likely contributed to the increase in deflections shown in Figure 2-5 during 

the cycling phase,  

 Figure 2-10 presents the distributed strain along the top reinforcement bar for each of the 

10 second samples during the cycling of each specimen: a) B1-3, b) B2-4, c) B3-34, and d) B4-43. 

Similar to the tensile reinforcement strains, the data provided in Figure 2-10 depicts the maximum 

and minimum strain profiles of each sampling. 

 It is evident that the strains along the top reinforcement are less than the bottom 

reinforcement strains presented in Figure 2-8 due to the top bars’ location closer to the neutral axis 

of the beam and the absence of significant cracking. The localized strain changes that are measured 

in the top reinforcing steel are believed to be caused by localized bending in the reinforcement bar 

itself. Bending strains can be measured due to the fact that the fibre optic cable was bonded to the 

bottom most fibre of the rebar rather than at the neutral axis (although it should be noted that 

without a second fibre at a different height on the bar, the effects of bending cannot be properly 

isolated from the effects of axial force in the bar). 
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a) b) 

c) d) 

Figure 2-10: Longitudinal strain along top reinforcement bars during cycling phase a) B1-3, 

b) B2-4, c) B3-34, d) B4-43 

 The strains provided in Figure 2-10 suggest that the loading arrangement (i.e. 3- or 4-point 

bending) and loading device (i.e. pin or roller) have an effect on the strains measured in the top 

reinforcement bars. As expected, the top reinforcing bars develop negative compressive strains 

under typical beam bending due to the bars’ position above the neutral axis, which is 55 mm from 

the top fibre of the beam according to calculations provided by the Canadian concrete design code 

(CSA 2014) . However, specimen B1-3, for example, shows a spike in tensile strain at the midspan 

where the load is applied through a pin. Similarly, B2-4 shows an increase in strain at 0.9 m and 

1.6 m, the two loading locations under 4-point bending. The strain spike at 0.9 m is more defined 

than at 1.6 m. This is likely due to the use of a roller at the left most load point (0.9 m) and a pin at 
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the right (1.6 m). The roller applies load through the centerline of the steel cylinder used, whereas 

the pin (i.e. steel rectangular block) spreads the load throughout the width of the base. These tensile 

strains may be the result of localized bending within the top reinforcement bars caused by the force 

directly below the source of load and the minimal depth between this source and the reinforcement 

bar. 

 This behaviour for both 3- and 4-pont bending can also be seen in the data for B3-34 and 

B4-43. For these specimens, however, it is evident that after the loading arrangement was switched 

there are residual strains at the location(s) of the previous loading arrangement. B3-34, for example, 

was initially cycled under 3-point bending causing a peak in strain at the midspan location. After 

the loading orientation was changed to 4-point bending, the strain peaks at the two new loading 

positions are formed, however residual strains exist at midspan where loading was applied 

previously. These strains are likely caused by the irrecoverable displacements observed in the 

specimens when switching between the two loading orientations. 

2.4.3 Distributed Reinforcement Strains at Failure 

 After cycling, the four RC beam specimens were loaded to failure. During the ultimate 

loading, DDFOS data was recorded continuously throughout the test. The dynamic strain 

measurement capabilities of DDFOS provides the ability to observe reinforcement strains at the 

moments immediately before failure. Figure 2-11 provides the distributed strains along both the 

top and bottom reinforcement bars in specimen B1-3 at 10 second intervals in the 20 seconds before 

failure occurred. The exact time and load for each strain profile is provided. 

Most notable in Figure 2-11 is the development of a positive strain spike at approximately 

0.2 m in the bottom reinforcement and 0.48 m in the top reinforcement during the seconds before 

failure. As discussed, the presence of strain spikes are typically indicators of the development of 

cracks at that location. This can be confirmed by the observed crack pattern at the moment of 
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failure, which is depicted in Figure 2-12. The location where the shear crack, which governed 

failure, intersects with the rebar aligns with the location of the strain peaks in Figure 2-11.  

a) 

  

b) 

 

c) 

Figure 2-11: Longitudinal strains for B1-3 before failure a) P = 162.0 kN, t = 190 sec, b) P = 

166.8 kN, t = 200 sec, c) P = 167.5 kN, t = 210 sec 

 

Figure 2-12: Crack pattern at failure of B1-3 (all units in m)   

An alternative or perhaps complementary explanation for the peak strain behaviour before 

failure presented in Figure 2-11 is that it is caused by the stirrups pulling on the longitudinal 

reinforcement bars as shear cracks open. As the shear cracks form, the shear reinforcement resists 

their growth by reacting against the longitudinal reinforcement bars when the crack forms 

sufficiently close to the top or bottom of the beam. It is possible that the tensile peaks in longitudinal 
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bars is caused by the stirrups reacting against them or a combination of crack opening and stirrup 

forces. In either case it is clear that at failure, this is the location at which the strain increases were 

concentrated, which could not have been determined using conventional strain sensing systems or 

static FOS systems, as brittle shear failures are often unpredictable and sudden. 

 The ultimate load test of specimen B3-34 varied greatly from the other three specimens. 

Unexpectedly, this test resulted in the highest failure load of 260.2 kN after two attempts at reaching 

the ultimate load (the specimen was unloaded on the first attempt because of an accidental trigger 

of a loading limit). Figure 2-13 provides the distributed strains along one of the bottom 

reinforcement bars captured by the DDFOS system. The strain profiles provided were both 

measured while the beam was under a total load of 110 kN in 4-point bending, but were measured 

during the first and second attempt at reaching the ultimate load. 

 

Figure 2-13: Longitudinal strains along bottom reinforcement at 110 kN total load for two 

attempts at reaching the ultimate load for B3-34 

 It is evident in Figure 2-13 that there is a widening of the constant strain profile at the 110 

kN load stage. During the first attempt at reaching the ultimate load, the constant strain profile 

already appears to extend beyond the loading points, suggesting that the bond between the concrete 
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and reinforcement is breaking down and that the reinforcement is acting as a tension tie. During 

the second attempt, this constant strain region appears to extend further out indicating that the 

extent of the debonded region increased even further when the beam was taken above 110kN in the 

first attempt. This theory is supported by the data presented in Figure 2-14, which shows the 

distributed strain along the bottom reinforcement at increasing load stages during the second 

attempt at reaching the ultimate load. 

 

Figure 2-14: Change in longitudinal strain during second attempt at failure for B3-34 

 The strain profiles presented in Figure 2-14 are not what would be expected for a test under 

4-point bending. When compared to the approximate trapezoidal profile seen during the cyclic tests 

(Figure 2-8), the widening of the plateaued region within these strain profiles, even at low loads of 

50 kN, signifies that there has been a breakdown in the bond between the reinforcement and the 

concrete. The strain profile behaviour of specimen B3-24 during the ultimate load test could be 

explained by arching action, which would mean that, after the bond degrades, the reinforcement 

acts as a tension tie, similar to the bottom chord of a truss. The average of these strain profiles 

remain relatively constant throughout the span until the strains in the reinforcement reached the 
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expected yield strain of the 20M steel bars (approximately 2400 microstrain). If the reinforcing 

steel acts as a tension tie, then once the yield stress is exceeded, it will not be able to carry additional 

load and the capacity of the beam will be reached. This is confirmed for specimen B3-34 by the 

load-deflection curve provided in Figure 2-7, which shows a plateau in the load as the steel begins 

to yield. This change in the load carrying mechanism would explain why this beam was able to 

carry higher loads than the other three specimens. 

2.4.4 Combined Distributed Measurement Plots 

 When the results presented so far are combined, Combined Distributed Measurement 

(CDM) plots can be produced to clearly show the relationship of the measured distributed strain 

data with the presence of cracks and the orientation of the loading. More information regarding the 

development of these plots can be found in the study completed by Poldon et al. (2019). 

Specifically, Figure 2-15 provides the longitudinal strains, stirrup strains and observed cracking 

pattern for specimen B3-34 during each phase of testing, including: a) during 3-point cycling, b) 

during 4-point cycling, and c) moments before failure. For each plot the change in distributed 

strains can be observed, as well as the formation and development of cracks, which are colour 

coded based on the testing phase. For example, red cracks were formed during 3-point cycling, 

while green cracks were formed during 4-point cycling. 

 In this figure the cracking-strain relationship can be seen more clearly, as the intersections 

of the cracks with the rebar can be compared to the location of strain spikes within the distributed 

reinforcement data. This includes the stirrup strains, which follow a similar behaviour at the 

location of cracks. Like the data presented in Figure 2-11 for specimen B1-3, specimen B3-34 

shows a similar cracking behaviour during the ultimate load test. As the large shear cracks 

propagate toward the source of load, they eventually intersect with both the top and bottom 

reinforcement as illustrated by the large strain spikes at these locations.  
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a) 

 
b) 

 
c) 

Figure 2-15: Combination of distributed strain data, stirrup strains, and cracking during 

each phase of testing of specimen B3-34: a) cycling under 3-point bending at the maximum 

load (red cracks), b) cycling under 4-point bending  at the maximum load (green cracks), 

and c) during ultimate load testing (orange cracks) 
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 The effects of loading orientation on the reinforcement strain profiles can also be observed 

and compared to the actual positioning of the loading source(s). When loaded under 3-point 

bending (Figure 2-15(a)), negative compressive strains are observed on either side of the loading 

position. This is expected, as under normal bending the top reinforcement should be in 

compression. At the source of load, however, it can be seen again that a spike in tensile strains is 

formed. As discussed, this is likely attributed to localized bending in the top layer of reinforcement 

at the location of loading. A similar behaviour is observed when cycling is completed under 4-point 

bending, however in this case residual strains remain from the initial midspan loading position as 

a result of the irrecoverable deflections.  

 The average of the bottom reinforcement strain profile becomes increasingly more constant 

throughout the span during each phase of the test. As expected, the strain profile of the bottom 

reinforcement is triangular in shape during the 3-point cycling due to the central position of the 

load (Figure 2-15(a)). When switched to 4-point bending, the strain profile transforms into an 

approximately trapezoidal shape, again as expected, with a plateau in strain between the two 

sources of load (Figure 2-15(c)). The loading orientation remained in 4-point bending during the 

ultimate load test, however the significant increase in the uniformity of the average strain profile 

(Figure 2-15(b) vs. Figure 2-15(c)) suggests that a degradation in the bond between the concrete 

and reinforcement has occurred, causing arching action and the eventual failure due to yielding of 

the tension tie. 

2.5 CONCLUSIONS 

 The work presented in this chapter was conducted in order to identify and investigate the 

effects of cyclic working loads on RC beam specimens. By utilizing the dynamic strain 

measurement capabilities of a DDFOS system (ODiSI-B by LUNA Technologies), this study aimed 

to identify and monitor the development of both degradation and failure mechanisms throughout a 
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series of laboratory tests. Specifically, four RC beam specimens were designed, constructed and 

tested under cyclic and ultimate loads. Based on the results provided, the following conclusions 

can be made: 

 The commercially available dynamic distributed fibre optic sensor (DDFOS) system, the 

ODiSI-B by LUNA Technologies, in combination with internally bonded nylon fibre optic 

cables, was able to withstand cyclic and failure loading tests.  

 Degradation mechanisms were identified during the cyclic RC beam tests using DDFOS 

and displacement measurements, such as the development of concrete creep. 

 The DDFOS system was capable of identifying localized bending in top reinforcement bars 

as a result of the location of the applied loads. 

 Observed the development and behaviour of failure mechanisms in the moments before 

failure using DDFOS, including the growth of significant cracks and the development 

arching action due to debonding between the reinforcement bars and the concrete. 
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Chapter 3 

Investigation of Deep Beam Behaviour in Cyclically Loaded Reinforced 

Concrete Beams using Distributed Fibre Optic Sensors 

3.1 INTRODUCTION 

 It is well known within the reinforced concrete (RC) research community that there is a 

shear span (a) to depth (d) ratio below which the behaviour of beams changes. Specifically, it is 

known that with a decrease in a beam’s a/d ratio there is a shift in the load carrying mechanism 

from beam action to arching action (Kani 1964). Previous work exploring this behavioural change 

has been limited by the absence of adequate sensing technologies, and as a result, researchers have 

been unable to fully understand the development of these mechanisms. Consequently, information 

regarding the design of these structures is limited, and has previously been restricted to empirical 

and approximate methods. The development of strut-and-tie modeling has improved on these 

design procedures and has been adopted by many design codes around the world (e.g. CSA A23.3-

14 (CSA 2016)) (Birrcher 2009). These methods, however, are ultimate limit state approaches, 

which do not consider the serviceability behaviour of a structure throughout its working life, such 

as the effects of repeated, or cyclic, service loads. The ability to monitor the development of arching 

action in RC beams, as the result of bond degradation due to both static and cyclic loads, would be 

helpful in the behavioural understanding of these structures and could be used to refine assessment 

techniques such as design models and finite element analysis.  

 Several theories exist in literature regarding the characterisation and behavioural properties 

of deep RC beams. The Canadian concrete design code, for example, considers deep beams as 

having a/d ratios equal to or less than 2 (CSA 2014). Alternatively, the research performed by Kani 

(1964) suggests that the transition between traditional beam and deep beam behaviour occurs at an 
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a/d ratio of 2.5. Kani further defines this transition point as the maximum a/d ratio where arching 

action is expected to govern the flexural capacity of an RC beam. Whereas, specimens with a/d 

ratios higher than 2.5 could be analysed using traditional beam theory. Arching action, as defined 

by Kani, is the result of a reduction in the bond between the tensile reinforcement and the concrete 

causing the formation of an equivalent concrete arch between the supports and tied in tension by 

the reinforcement. Previous investigations into this behaviour and the further classification of deep 

beams, including that by Kani, consist of several experimental tests that explore the effects of 

altered beam properties and compare results to theoretical design metrics, such as strut-and-tie 

models (e.g. Todisco et al. 2015). The majority of these tests, however, were performed under static 

loads and limited to discrete measurement methods, thereby limiting the understanding of deep 

beam theories due to a lack of critical data. 

 Previous studies investigating RC beams exposed to cyclic loading have primarily focused 

on repeated loads caused by seismic events (Park et al. 1972; Barros et al. 2000; Agrawal et al. 

1965). Minimal research has been undertaken to investigate the effect of service load cycling on 

beams or deep beams, which leads to steady long-term degradation in RC performance metrics, 

including increased displacements, crack widths, and bond degradation. Park et al. (1972), for 

example, conducted experiments which investigated the response of typical RC beams to repeated 

and reversed loading, while monitoring reinforcement strains using discrete mechanical strain 

gauges. Research conducted by Mihaylov (2008) focused specifically on the behaviour of deep RC 

beams exposed to monotonic and reversed cyclic loads in effort to better understand the mechanics 

of deep beams when exposed to seismic-like loading, including the development of arching action. 

The experiments conducted as part of this study included 8 RC beam specimens that were subjected 

to a combination of reversed cyclic and static loads in the laboratory, while discrete points of 

reinforcement strains and beam deflections were measured. While the study was able to show the 
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development of arching action throughout the tests, it was unable to provide the localized effects 

of the loading due to the limitations of the discrete sensing methods used. 

  Fibre optic sensors (FOS) offer an advancement on discrete measurement techniques with 

the ability to provide distributed strain measurements along a fibre optic cable. FOS technologies 

have been used in several studies to record strains throughout a bonded fibre optic cable in a variety 

of structural systems. The use of distributed FOS was further advanced by Brault and Hoult (2019), 

who developed methods that could be used to accurately monitor strains along internal 

reinforcement bars during static loading tests of RC beams. The static nature of the FOS system 

used, however, meant that dynamic strains resulting from cyclic loads or from rapidly changing 

loads at failure could not be measured. When combined with dynamic sensing capabilities, it then 

becomes possible to capture time dependent behavioural changes, such as the formation of bond 

degradation that leads to arching action, as well as the effects of cyclic loads. Dynamic distributed 

fibre optic sensing (DDFOS) offers the ability to record strain measurements at a sensor spacing of 

less than 10 mm and at rates up to 250 Hz (LUNA Technologies 2017). Previous work with DDFOS 

systems, although limited, has shown that dynamic distributed strains could be recorded from 

externally bonded fibre optic cables applied to cyclically loaded reinforced concrete beams (Barrias 

et al. 2018). The absence of DDFOS measurements of internal reinforcement strains, however, 

prohibits the current understanding of critical mechanisms, including the degradation of bond and 

development of arching action in deep RC beams. 

 This study has been developed in order to advance the current understanding of deep beam 

behaviour and the development of arching action through the degradation of bond utilizing the 

capabilities of dynamic distributed fibre optic sensing. Therefore, the study, as it is presented in 

this chapter, has the following objectives: i) investigate the development of arching action and bond 

degradation throughout the duration of both static and cyclic loading using DDFOS and 

displacement data, ii) evaluate the effects of altered loading orientations on bond degradation and 
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beam performance using crack pattern analysis and DDFOS measurements, and iii) determine the 

implications of short-term cycling and altered loading orientations on ultimate beam capacity using 

DDFOS measurements. To complete these objectives, an experimental program was developed, 

including the design, fabrication, and testing of four nominally identical RC beams. The specimens 

are exposed to both cyclic and ultimate loads under different loading orientations, including 3- and 

4-point bending, which resulted in a/d ratios of 2.5 and 1.8, respectively.  

 The following section will provide a detailed review of previous work in the area of deep 

RC beam behaviour and arching action. Prior studies on the cyclic loading of RC beams and the 

use of distributed and dynamic distributed fibre optic sensors will also be discussed. Further details 

regarding the experimental study will be provided, and the results of these tests will then be 

presented and discussed. 

3.2 BACKGROUND 

3.2.1 Deep Beam Behaviour and Arching Action 

 The behaviour of deep beams is often attributed to the existence of arching, or truss action. 

Arching action is the creation of an equivalent arch between the supports within an RC beam, that 

is comprised of a combination of compression struts between the supports and applied load, and a 

tension tie within the bottom cord of the beam (i.e. the tensile reinforcement) (Kani 1964). This 

behaviour is often the result of a breakdown in the bond between the longitudinal reinforcement 

and the concrete, thereby reducing the active cross section to a tied concrete arch. Kani (1964) 

observed a significant increase in the capacity of the specimens that experienced arching action as 

a result of bond degradation. Based on these results, Kani was able to develop what is now 

commonly known as “Kani’s Valley,” which represents the relationship between the a/d ratio of 

RC beams and their ultimate capacity. This relationship suggests that RC beams with a/d ratios 

below the transition point (i.e. 2.5) at the base of the ‘valley’ can carry higher loads based on the 
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remaining capacity of the arching action. This can be compared to similar specimens with higher 

a/d ratios resulting in lower failure loads due to the remaining shear capacity of the concrete (i.e. 

beam action). This behaviour is considered within design procedures through strut-and-tie models, 

which relate compressive struts and tension ties to form an equivalent truss. Strut-and-tie models 

are included in most design codes, including the Canadian Concrete Design Handbook (CSA 2014). 

 Many studies have been conducted to investigate the behaviour of deep RC beams under 

static loads. Todisco et al. (2015) created a database of 278 tests that have been conducted in Europe 

and North America on RC beam specimens that are classified as deep beams, with an a/d ratio at 

or below 2.4. This particular study used the combined data set to verify and improve design models 

(i.e. strut-and-tie). To date, however, there is no literature that provides evidence of the distributed 

and localized effects, or causation, of deep beam behaviour and arching action. 

3.2.2 Cyclic Loading of RC Beams 

 The investigation of the dynamic, or cyclic, performance of RC beams can be commonly 

found in literature within the field of RC research. These studies focus on a wide range of 

behavioural properties and utilize a variety of testing techniques and monitoring technologies. For 

this study, three main topics have been identified and are discussed in this section in an effort to 

provide a better understanding of the type of work that has been previously conducted. These 

include: i) cyclic loading of slender (i.e. non-deep) beams, ii) development of bond degradation 

through repeated loading, and iii) cyclic loading of deep beams. 

 Most of the current literature available on the cyclic behaviour of RC, or deep-RC, beams 

focuses primarily on the seismic performance of these structures. Although seismic loads are often 

cyclic in nature, the intensity of earthquake-like loads are higher than would be experienced by a 

typical beam. These higher loading regimes often prohibit the investigation of the development of 

degradation and failure mechanisms, specifically when structures are exposed to cyclic loads within 
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the serviceability range. Park et al. (1972) was one of the first to experimentally test RC beams 

exposed to repeated and reversed loading, similar to seismic events. While discreetly measuring 

reinforcement strains using mechanical strain gauges, several RC beam specimens were subjected 

to loading cycles within the inelastic range. Following a series of repeated and reversed cycles, the 

specimens were also loaded to failure. The data collected during this experimental study was used 

to validate theoretical moment-curvature models. Although Park et al. did not come to any direct 

conclusions regarding the development of degradation or failure mechanisms (likely due to a lack 

of available data), they did discuss an observed reduction in flexural stiffness, which they suggested 

was a possible result of a gradual breakdown in the bond between the steel and concrete due to the 

high intensity of the repeated loads. Sinha et al. (1964) and Agrawal et al. (1965) conducted similar 

experimental investigations that explored the effects of earthquake-like repeated loading on RC 

beams. Again limited to discrete measurements, the results from both of these studies were 

primarily used to update theoretical models for moment-curvature and other behavioural 

relationships.  Sinha et al. (1964) and Agrawal et al. (1965) both mention the observed change in 

stiffness of the specimens due to debonding, but do not provide any evidence of the development 

of this behaviour. 

 An investigation of the debonding behaviour of RC beam specimens was conducted by 

Bresler and Bertero (1968), who completed a series of tests on RC structures exposed to repeated 

working loads. It was confirmed by this study that, throughout several loading cycles, there is a 

degradation of the bond between the reinforcement and the concrete, resulting in a reduction of the 

member stiffness. Fatigue tests are also common in the investigation of bond degradation 

mechanisms, such as the work by Chang and Kesler (1958). In this work, the fatigue tests 

conducted, which often include millions of cycles, exposed 25 RC beam specimens to rapidly 

repeated loading within the service range. These specimens were designed to experience flexural 

failures when under static loads. After exposed to repeated fatigue loads, however, the experimental 
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study identified four different failure modes, including 1) fatigue of reinforcement with no diagonal 

tension cracking, 2) fatigue of reinforcement with diagonal tension cracking, 3) diagonal cracking, 

and 4) shear-compression. This study highlights the effects that repeated loads can have on the 

expected failure mode of an RC beam and relates the results to the observed development of 

diagonal tension, or shear, cracks during the cycling process of the tests.  

  Studies have explored the effects of cyclic loading on deep beams, again, typically in the 

context of seismic assessment. Paulay (1971) provides the experimental results of 9 RC beams 

exposed to high intensity alternating loading. As a result of discrete data measurements, the study 

was able to provide evidence of a gradual change in the load-carrying mechanism to truss, or 

arching, action. It was observed that with increasing loads and consecutive cycles, there was an 

increase in the tensile strains along the longitudinal reinforcement, signifying the development of 

arching action behaviour. More recently, Mihaylov (2008) completed a series of 10 tests on non-

slender, simply-supported RC beams subjected to both monotonic (i.e. static) and reversed cyclic 

loading. These tests were conducted in an effort to identify the effects of loading history by 

comparing the result of statically and cyclically loaded specimens, as well as to develop a better 

understanding of the development of arching action in deep beams. From the data recorded by 

discrete strain gauges along the reinforcement, Mihaylov was able to observe a change in the strain 

profile from a triangular shape (specimen experiencing beam action under 3-point bending) to a 

constant profile before failure, signifying the development of arching action. The study also 

concluded that the loading history of the specimens did have an effect on the development of bond 

degradation and arching action, as well as the measured stiffness of the beams. Mihaylov was not, 

however, able to measure localized effects of this behaviour. The data from these tests was used in 

the development of theoretical models, including improved methods for strut-and-tie analysis.  
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3.2.3 Distributed RC Strain Measurement 

 Fibre optic sensing technology is becoming a popular tool within the engineering 

community due to its ability to provide accurate strain data from a variety of structural systems. 

Currently available FOS technologies can be divided into two categories based on their sensing 

capabilities, including discrete and distributed. Discrete fibre optics are capable of measuring data 

from a single point within a fibre optic cable, whereas distributed fibre optics sensing (DFOS) can 

record strains throughout a fibre optic cable. Brillouin optical time domain reflectometry (BOTDR) 

is one example of an available DFOS technology most commonly used in the assessments of large-

scale structural systems. BOTDR is capable of monitoring several kilometres of fibre optic cable 

with an accuracy of 30 microstrain (Mohamad et al. 2011). Similarly, Brillouin optical time domain 

analysis (BOTDA) offers similar sensing capabilities but requires access to both ends of the fibre 

optic cable (Kurashima et al. 1990). More precise measurements could be achieved by using DFOS 

systems based on Rayleigh backscattering, which can measure strains at a higher accuracy (~1 

microstrain) and smaller gauge spacing (5 mm). Unlike BOTDR, Rayleigh backscattering systems 

are however limited to smaller sensing lengths up to 100 metres (Kreger et al. 2007). The fibre 

optics technology used in this study (ODiSI-B by LUNA Technologies) is an example of a DFOS 

system that is based on the measurement of Rayleigh backscattering. 

 Several studies have been conducted utilizing the capabilities of both DFOS and Rayleigh 

backscattering, including the work by Brault and Hoult (2019), who explored the application of 

these technologies for reinforced concrete. They developed methods for accurately measuring 

reinforcement strains within RC beams. These methods allowed for both the distributed 

measurement of reinforcement strains, as well as the ability to locate and monitor cracks 

intersecting the bonded fibre optic cable. DFOS results from their experiments were verified by a 

comparison to traditional sensors and theoretical models. Many of the methods and strategies 

provided by Brault and Hoult (2019) were utilized in the current study. Most currently available 
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DFOS systems, like the one used by Brault and Hoult, are limited to static measurements, which 

will only provide accurate data if the load in the specimen is held constant for several seconds. 

Therefore, these systems are not capable of capturing dynamic strains as a result of cyclic or 

increasing loads. 

3.2.4 Dynamic RC Strain Measurement 

 To date, the most common technique used for measuring dynamic strains has been 

electrical based strain gauges, which provide a discrete strain measurement at the location of the 

sensor.  Fibre Bragg Grating (FBG) is a discrete fibre optic sensing technology that is able to 

measure dynamic strains with an acquisition rate as high as several thousand samples per second 

(Majumder et al. 2008). However, the discrete nature of FBGs, like electrical based strain gauges, 

limits the technology’s ability to capture distributed or critical strain behaviour throughout an entire 

structural system.  

 Dynamic distributed fibre optic sensing (DDFOS) overcomes the issues associated with 

both static DFOS and discrete dynamic strain sensors. The ODiSI-B is a DDFOS system 

manufactured by LUNA Technologies, which is a Rayleigh-backscatter based analyser. At the 

maximum sensing length of 20 m, the acquisition rate is 50 Hz with a gauge spacing of 2.61 mm, 

gauge length of 5.2 mm (LUNA Technologies 2017). The accuracy of the ODiSI-B is reported by 

LUNA Technologies as ±25 microstrain, however there was an observed accuracy of ±5 

microstrain during this investigation. By reducing the sensing length to 2 m, the acquisition rate 

can increase up to 250 Hz with an accuracy of ±30 microstrain. A study conducted by Kreger et al. 

(2013) was one of the first applications of the ODiSI-B system to several small scale laboratory 

tests, including the measurement of high-resolution dynamic strains in a swinging golf club. 

Wheeler et al. (2018) used the ODiSI-B in a series of laboratory and field tests in an effort to 

accurately measure and develop an understanding of dynamic longitudinal strains in railroad tracks. 
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Davis et al. (2016) used the ODiSI-B system to monitor a full-scale fatigue test on an F/A-18 Hornet 

centre fuselage in collaboration of the Royal Australian Air Force.  Currently, however, there has 

been no research to the author’s knowledge that has used the ODiSI-B system to measure dynamic 

strains in an RC beam. Barrias et al. (2018) did use the ODiSI-A system to measure external 

dynamic strains during fatigue tests of RC beams, however, the ODiSI-A is only capable of 

measuring strains at an acquisition rate up to 5 Hz with a sensing length of 10 m (LUNA 

Technologies 2013). Additionally, Barrias et al. (2018) did not come to any conclusions regarding 

the dynamic behaviour of the RC beam specimens, but instead used the DDFOS data to both verify 

the measured strains by comparing the results to traditional sensing methods (i.e. strain gauges) 

and determine the effects that different types of fibre optic cables and bonding procedures have on 

sensing quality. 

3.3 EXPERIMENTAL PROGRAM 

In order to investigate the cyclic behaviour of large RC beams, as well as the development 

of arching action as the result of bond degradation, four RC beam specimens were constructed. 

Each beam was nominally identical in both geometry and reinforcement, the details of which will 

be provided in this section. The general testing procedure of each specimen was conducted in three 

phases, including: 1) initial loading, 2) cycling, and 3) loading to failure. Within the cycling phase 

of each test, 3600 cycles were applied to the specimens at a rate of 1 Hz. This cycling was not 

applied to investigate material fatigue, which often requires millions of cycles. Instead the cycling 

was conducted in an effort to determine the repeatability of strain measurements as well as measure 

potential bond degradation and the development of arching action. As such, the specimens were 

subjected to a lower number of cycles at a higher intensity. This intensity was quantified by the 

peak longitudinal reinforcement strains measured within the RC beams. For these experiments the 

peak strains ranged between 1000 at the minimum load and 1500 microstrain at the maximum load, 
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which corresponds to approximately 50% and 75% of the design yield strain for 400 MPa 

reinforcement bars. The effect of varying loading positions was also investigated throughout the 

cycling phase of each test. Each specimen was cycled under a different loading arrangement, and 

in the case of two specimens, the loading arrangement was switched halfway through the cycling 

phase. After cycling was completed, the load was increased continuously until failure of the 

specimens occurred. This process was intended to determine the capacity of each specimen, as well 

as investigate the effect of the varied loading orientations on capacity and to capture the 

development of the failure mechanisms. The remainder of this section will describe the testing 

program in further detail, including the instrumentation layout and test setup as well as the testing 

and data acquisition procedures.  

3.3.1 RC Beam Specimens 

Four RC beam specimens were fabricated for this study, including: 1) LB1-3, 2) LB2-4, 3) 

LB3-34, and 4) LB4-43. The designation of these specimens indicates the cyclic loading regime 

used for each beam, where the second set of numbers in each specimen’s designation refers to the 

loading arrangement applied. For example, LB1-3 refers to “Large Beam 1”, which was loaded for 

all 3600 cycles under 3-point bending (i.e. “3”). LB2-4 was cycled under 4-point bending 

throughout the total duration of the cycling phase (i.e. “4”), while LB3-34 was first cycled under 

3-point bending for 1800 cycles and then switched to 4-point bending for the remaining 1800 cycles 

(i.e. “34”). This order was reversed for LB4-43 (i.e. “43”). Figure 3-1 and Figure 3-2 provide the 

profile and cross section view of each specimen. 
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Figure 3-1: Elevation view of beam specimens (all units in mm) 

  

Figure 3-2: Cross-section and reinforcement plan of beam specimens (all units in mm) 

As depicted in Figure 3-2, each specimen was reinforced with a top layer consisting of two 

15M bars and a bottom layer consisting of three 25M bars, resulting in a reinforcement ratio of 

1.54% for each specimen. The transverse reinforcement was produced from smooth 5 mm diameter 

(17.7mm2) steel bars, which were bent into two-legged stirrups and spaced at 170 mm within the 

tested span. All longitudinal reinforcement was hot-rolled steel with measured yield stresses of 430 

MPa for the 15M bars and 405 MPa for the 25M bars. The stirrups had a measured yield stress of 

668 MPa. The casting of all four specimens was completed from a single batch of high-early 

strength concrete with a maximum coarse aggregate size of 14 mm. The compressive strength of 

the concrete was 42 MPa after 6 weeks since construction at the time the beams were tested. 



 

49 

 

3.3.2 Instrumentation and Test Setup 

The instrumentation used for this investigation was the same for each specimen and 

consisted of both distributed fibre optics for strain measurements and discrete linear potentiometers 

(LPs) for displacement measurements. Commercially available nylon coated fibre optic cable, 

commonly used in the field of telecommunication, was used for this study. The fibre optic cable 

was bonded to several of the longitudinal reinforcing bars, including both 15M bars in the top layer 

of reinforcement and the two outer bars in the bottom layer. In each case, the fibre-bonded edge of 

the reinforcing bar was turned downward in order to prevent damage from falling concrete during 

the casting process. As shown in Figure 3-1, four stirrups were also instrumented with the nylon 

fibre optic cable along the bottom segment and both vertical legs. The instrumentation procedure 

developed by Brault and Hoult (2019) was used to bond the fibre optic cables to the reinforcing 

steel. This procedure consists of a three-step process including: i) surface cleaning, ii) bonding of 

fibre optic cable, iii) protection of fibre optic cable. The steel surface was first sanded and cleaned 

to remove all rust and grease, providing a smooth bonding surface. The fibre optic cable was then 

bonded to the surface using an adhesive (Loctite 4851) and allowed to cure for 24 hours. The 

bonded portion of the fibre was then covered with a layer of silicone, while the unbonded sections 

were protected by PVC tubing until the fibre optic cable exited the concrete. 

A total of five LPs were used during the testing program for each specimen. Two LPs were 

positioned vertically at each support to account for any support displacements. The remaining three 

LPs measured displacements at the two quarter-spans and at the midspan, as shown in Figure 3-3 

and Figure 3-4. The loading was applied to the specimens through a hydraulic actuator, which was 

equipped with a swivel head and load cell. The actuator was rated for a capacity of 490 kN, however 

it was determined during testing that the maximum allowable load was 485 kN. The load provided 

by the actuator was applied through a hollow square section (HSS) spreader beam, which allowed 
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for loads to be applied under either 3- or 4-point bending as necessary. Figure 3-3 and Figure 3-4 

provide both a schematic and picture of the two test setups for 3- and 4-point bending, respectively.  

 
 

a) b) 

Figure 3-3: Instrumentation and test setup for 3-point bending tests a) image of actual test 

setup, b) schematic of test setup (all units in mm) 

 
 

a) b) 

Figure 3-4: Instrumentation and test setup for 4-point bending tests a) image of actual test 

setup, b) schematic of test setup (all units in mm) 

The 3-point bending orientation (Figure 3-3) was applied through a single pinned loading 

point at the midspan, which resulted in an a/d of 2.5. The 4-point loading orientation (Figure 3-4) 

included pin and roller loading points, each at 350 mm from the midspan. This resulted in an a/d 

ratio for each shear span of 1.8.  The end supports were a captured-roller (i.e. pin) and roller 

connection sitting on top of concrete blocks. Note that the pin loading point consisted of a steel 

rectangular block, whereas the pinned end support was a captured roller. In addition to 10 mm thick 

by 100 mm wide bearing plates, plaster of Paris was used at each support and loading position to 

ensure there were no localized stress concentrations. 
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3.3.3 Testing Procedure 

As mentioned, the testing procedure for each specimen consisted of three phases: 1) initial 

loading, 2) cycling, and 3) loading to failure. For simplicity, these phases have been summarized 

for each specimen in Table 3-1. 

Table 3-1: Summary of testing plan for each RC beam specimen 

Specimen Phase 1 Phase 2 Phase 3 

LB1-3 
Initial Loading 
+ Find Loads 

3pt Cycling (3600 cycles) Unload 
3pt Load 
to Failure 

Unload 

LB2-4 
Initial Loading 
+ Find Loads 

4pt Cycling (3600 cycles) Unload 
4pt Load 
to Failure 

Unload 

LB3-34 Initial Loading 
3pt Cycling 

(1800 cycles) 
4pt Cycling 

(1800 cycles) 
Unload 

4pt Load 
to Failure 

Unload 

LB4-43 Initial Loading 
4pt Cycling 

(1800 cycles) 
3pt Cycling 

(1800 cycles) 
Unload 

3pt Load 
to Failure 

Unload 

 

 As noted in Table 3-1, the initial loading phase (i.e. Phase 1) for specimens LB1-3 and 

LB2-4 was also used to determine the cyclic loading range (i.e. minimum, maximum and middle 

loads) to be used during the cycling phases under the two loading arrangements. As described 

previously, the cycling of each specimen was to be between 50% and 75% of the design yield strain 

of the longitudinal tensile reinforcement (i.e. 1000 and 1500 microstrain for 400 MPa rebar). The 

loads corresponding to these strains were determined by monitoring the DDFOS data while the 

load was gradually applied to LB1-3 and LB2-4 during Phase 1. In each case, loads were applied 

until an average of 1500 microstrain was observed between the two instrumented bottom 

reinforcement bars and the maximum load was recorded. The load was then gradually reduced until 

1250 microstrain was measured in the reinforcement, indicating the middle load. Finally, the load 

was further reduced until 1000 microstrain was observed, resulting in the minimum load. The 

resulting loads from this exercise for the two loading arrangements are provided in Table 3-2. The 

loads determined from the initial loading of LB1-3 and LB2-4 were used for the cycling limits of 
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LB3-34 and LB4-43, therefore this procedure was not followed for the subsequent two tests. All 

specimens were loaded to the respective middle load (based on the loading arrangement) before the 

cycling phase began (i.e. Phase 2). During Phase 1 the DDFOS system recorded strain data 

continuously at 50 Hz. The load cell, stroke and LP data was also recorded at 50 Hz by the data 

acquisition (DA) system. 

Table 3-2: Summary of cycling loads 

Loading 
Minimum Load 

(kN) 
Middle Load 

(kN) 
Maximum Load 

(kN) 
Amplitude (kN) 

3pt Cycling 120 170 220 50 

4pt Cycling 175 225 275 50 

 

 The cycling phase, Phase 2, consisted of a total of 3600 cycles applied to each specimen at 

1 Hz between the predetermined loads summarized in Table 3-2. The cycling phase for each test 

was performed under load control, which permitted the actuator to cycle between the chosen loads. 

Throughout the one hour of cycling, 10 seconds of DDFOS data was recorded every 10 minutes by 

the ODiSI-B system at 50 Hz. For specimens LB3-34 and LB4-43, the DDFOS system 

continuously recorded at 50 Hz during the transition between the loading arrangements after the 

first 1800 cycles, including the unloading and reloading to the middle load. After the transition, the 

DDFOS system continued to record 10 seconds of strain data every 10 minutes for the remaining 

1800 cycles. The DA recorded all load cell, stroke and LP data continuously at 50 Hz throughout 

the entire cycling phase.  

 Following the completion of cycling in Phase 2, the specimens were unloaded and then 

reloaded under stroke control at a rate of 3 mm per minute until failure of each specimen was 

reached. During this phase (i.e. Phase 3), both the DA and DDFOS system recorded continuously 

at 50 Hz. It is important to note that due to the limiting sensing range of the ODiSI-B system (i.e. 
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20 m), not all of the instrumented reinforcement could be monitored during each test. Instead, the 

available sensing length included one top reinforcing bar, two bottom reinforcing bars and two of 

the double-legged stirrups. 

3.4 RESULTS AND DISCUSSION 

3.4.1 Load-Deflection Behaviour 

 Figure 3-5 shows the load-deflection behaviour for the four RC beam specimens during 

the initial loading and cycling phases of each test, including: a) LB1-3, b) LB2-4, c) LB3-34, and 

LB4-43. The load-deflection results from the ultimate load tests can be found in Figure 3-6. 

a) b) 

c) d) 

Figure 3-5: Load versus displacement behaviour for cycling phase(s) of test a) LB1-3, b) 

LB2-4, c) LB3-34, d) LB4-43 



 

54 

 

 A change in slope can be observed during the initial loading phase of each test. For the 

specimens initially loaded in 3-point bending (i.e. LB1-3 and LB3-34), this change in slope occurs 

at approximately 125 kN. The change in slope occurs at approximately 170 kN for specimens 

initially loaded in 4-point bending (i.e. LB2-4 and LB4-43). This slope change represents a change 

in stiffness of the specimens due to the onset of flexural cracks. It can be seen that the arrangement 

of the loading (i.e. 3-point vs. 4-point) has an effect on the stiffness of each specimen after the onset 

of flexural cracking, as the specimens loaded in 3-point bending exhibit a shallower slope (i.e. less 

stiff behaviour) compared to the specimens loaded in 4-point bending.  

 As described, specimens LB1-3 and LB2-4 were both used to determine the loading ranges 

for the cycling phases, including the minimum and maximum loads. Therefore, it is observed that 

the initial loading of these specimens continued to the maximum cycling load. This contributed to 

the permanent deflections of the two specimens, which are observed after unloading the specimen 

before initiating the cycling phases. The initial loading of specimens LB3-34 and LB4-43 

proceeded only to the middle loads (determined by the previous two tests) before the cycling began. 

Therefore, instead of reaching the maximum load during the initial loading, the maximum load was 

reached through a series of 20 ‘ramping’ cycles (depicted by the fanning shape of the load-

deflection data). By comparing the two approaches to the maximum load (i.e. direct vs. ramping), 

it can be seen that the resulting deflections are similar when the maximum load is achieved, 

however the direct approaches (i.e. LB1-3 and LB2-4) resulted in approximately 10% higher 

deflections. This is likely due to the direct approach causing a more rapid growth of cracks 

compared to the incremental loading during the ramping cycles of LB3-34 and LB4-43. 

 Additional deflections are observed throughout the cycling phases of each specimen. The 

cycling phase for specimens LB1-3 and LB2-4 were completed in a single interval of 3-point and 

4-point bending, respectively. It can be seen by the width of the cycling region within the load-

deflection plots that the total deflection developed throughout cycling in 3-point bending is 
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approximately two times more than the deflection measured during the 4-point cycling of specimen 

B2-4. This could be explained by the continued development and growth of the shear cracks 

observed during the initial loading, but could also be the result of degradation of the bond between 

the reinforcement and the concrete. Although the deflections of LB2-4 during cycling were less 

than LB1-3, the deflections could also be explained by crack development or bond degradation. An 

additional explanation for the increase in displacements during cycling of both specimens could be 

due to the time dependent effects of creep in the concrete as a result of consistent loading, or in this 

case, the average applied load during cycling. After unloading the specimens, post-cycling, there 

were permanent deflections of 1.2 mm and 0.7 mm for the specimens LB1-3 and LB2-4, 

respectively. Compared to the permanent deflections measured after the initial loading phase, the 

cycling of LB1-3 contributed approximately 50% (0.6 mm) of the total permanent deflection. The 

cycling of LB2-4 only contributed to approximately one-third of the total permanent deflection. 

 Similar to specimens LB1-3 and LB2-4, LB3-34 experienced additional deflection 

throughout the two cycling intervals. It is observed that the cycling deflections for both the 3- and 

4-point cycling periods are similar, however, after unloading, the irrecoverable deflections resulting 

from the initial loading and first period of cycling in 3-point bending (0.9 mm) are responsible for 

the majority of the total permanent deflections (1.2 mm) after the full one hour of cycling. These 

trends can also be seen in the load-deflection behaviour of specimen LB4-43, which was initially 

cycled in 4-point bending before being switched to 3-point bending after the first 1800 cycles. In 

this case, however, it can be observed that more deflection occurred during the period of cycling 

under 4-point bending. After switching to 3-point bending, it is noted that additional deflections 

occurred during the 20 ‘ramping’ cycles as the loads were initiated. This could be the result of a 

sudden change in the crack pattern after the loading arrangement was changed. It is also possible 

that the change in loading arrangement resulted in additional bond degradation, reducing the 

concrete’s contribution to the flexural strength. After unloading the specimen, it can be seen that 
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the permanent deflections resulting from initial loading and the cycles under 4-point bending (0.6 

mm) represent the majority of the total irrecoverable displacement of 0.9 mm. Overall, the total 

irrecoverable displacement of LB4-43 (0.9 mm) is less than that of LB3-34 (1.2 mm), possibly 

suggesting that the order in which the loading orientations are applied could affect beam behaviour. 

 Figure 3-6 provides the load-deflection data for each of the ultimate load tests. It should be 

noted that the failure of specimens loaded under 4-point bending could not be achieved due to the 

load capacity limit of the actuator used for these experiments. Therefore, it can be observed in 

Figure 3-6 that some specimens were loaded multiple time in order to fail them, including repeated 

attempts under 4-point bending, as well as switching the loading arrangement to 3-point bending. 

The results of these attempts are all provided and labeled accordingly. The effects of these repeated 

attempts will be discussed throughout this section. 

 

Figure 3-6: Load versus displacement during failure test for all specimens 

 The ultimate load test of specimens LB1-3 and LB4-43 were both completed in a single 

attempt under 3-point bending. A shear failure was observed in each case with an ultimate load of 

424 kN for LB1-3 and 358 kN for LB4-43. The lower capacity of LB4-43, compared to LB1-3, 
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could be attributed to the change in loading arrangement during the cycling phase. This will be 

discussed in greater detail later in this section. Specimen LB2-4 was initially loaded during the 

ultimate load test under 4-point bending to 485 kN, the loading capacity of the actuator, but failure 

was not reached. After unloading, the loading orientation was changed to 3-point bending and 

reloaded to 278 kN when a shear failure was observed, which was less than the other 3-point failure 

specimens (i.e. LB1-3 and LB4-43). This is likely due to the high level of load and subsequent 

damage experienced by the specimen during the first attempt at failure under 4-point bending, 

reducing the capacity. For specimen LB3-34, two attempts were made at reaching failure under 4-

point bending, with the hope that the first attempt would have weakened the beam enough to 

achieve failure during the second attempt. After these attempts the loading orientation was again 

switched back to 3-point bending and the specimen was reloaded to 258 kN when a shear failure 

was obtained. The failure load of LB3-34 under 3-point bending was further reduced when 

compared to the other 3-point failure specimens. This again is likely due to the development of 

cracks and bond degradation due to the high load reached under 4-point bending during the first 

two attempts, resulting in a reduced total capacity. However, the reduced capacity could also be 

due to the change in loading orientation during cycling, as seen in the comparison of specimens 

LB1-3 and LB4-43. As a result of the change in loading arrangement, this comparison saw a slight 

reduction in capacity of approximate 15%, whereas LB3-34 experienced a reduction of 40% 

compared to LB1-3 due to the severity of the loads applied during the two failure attempts under 

4-point bending. This suggests that these high loads contributed more to the loss in capacity. 

3.4.2 Cyclic Distributed Reinforcement Strains 

 A cyclic ramp was used to initiate the desired cycling loads for specimens LB3-34 and 

LB4-43, which started from the middle load. It was observed in the load-deflection data (shown in 

Figure 3-5) that significant displacements occurred as the load was increased incrementally. Figure 
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3-7 depicts the longitudinal strains along one of the bottom reinforcement bars of LB3-34 during 

the 20 ramping cycles before 3-point cycling began. 

 

Figure 3-7: Longitudinal strain along bottom reinforcement during initial ramping cycles of 

specimen LB3-34 

 Figure 3-7 can be used to identify the development and growth of cracks, as well as the 

change in strain behaviour, as the load is incrementally applied throughout the ramping cycles. Due 

to the central loading position under 3-point bending, it is expected that the average strain profile, 

excluding strain peaks at cracks, would be triangular. This can be seen within the distributed strain 

data, provided in Figure 3-7, throughout the first several cycles. As the load increases further, the 

growth and formation of cracks affects the strain profile as the peak strains become more uniform 

and the cracked area widens. Widening of the cracked portion of the strain profile can be explained 

by crack development, however, it could also be explained by an early degradation of the bond 

between the reinforcement and the concrete. The development of these cracks and possible 

degradation of the concrete-reinforcement bond can also explain the displacements observed during 

these ramping cycles depicted in the load-deflection plots (Figure 3-5). 
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 Throughout the cycling phase of each specimen, 10 seconds of DDFOS data was recorded 

every 10 minutes. Figure 3-8 provides a sampling of this distributed strain data along a bottom 

reinforcement bar for each specimen: a) LB1-3, b) LB2-4, c) LB3-34, and d) LB4-43. These strain 

profiles depict both the maximum and minimum strains that occurred during the cycling. For 

clarity, the data provided for specimens LB1-3 and LB2-4 is limited to the first, middle and last 10 

second sample (i.e. cycles 1-10, 1800-1810, and 3590-3600). For specimens LB3-34 and LB4-43, 

the first and last DDFOS samples are provided for each cycling interval under the alternating 

loading arrangement. For example, the samples provided for LB3-34 include cycles 1-10 and 1800-

1810 under 3-point bending, as well as cycles 1810-1820 and 3590-3600 under 4-point bending. 

Note that the ‘Number of Cycles’ axis for LB3-34 and LB4-43 has been distorted to display the 

results effectively. 

 For specimen LB1-3, an approximately triangular strain profile is observed within the first 

sampling of distributed strains while loaded under 3-point bending. This is expected due to the 

central loading position. Similarly, the first sampling of distributed strains for LB2-4 depicts an 

approximate trapezoidal strain profile, formed by a plateau in strain between the two loading 

positions while under 4-point bending. The triangular and trapezoidal shapes are broken up by a 

series of strain peaks, which indicates the intersection of cracks with the tensile reinforcement bars 

causing increased reinforcement strains. Beyond the first 10 second sampling of distributed strains 

for both LB1-3 and LB2-4, a widening of the cracked portion within these strain profiles occurred 

throughout the cycling phase. This signifies that the average of the strains throughout the 

reinforcement bars became more uniform, which suggests that arching action may be present due 

to degradation in the bond between the reinforcement and the concrete. Arching action results in 

the tensile force in the reinforcement being constant, similar to a tension tie in an arch. This 

behaviour can also explain the increase in displacements that were observed in Figure 3-5 



 

60 

 

throughout the cycling phase under 3- and 4-point bending for specimens LB1-3 and LB2-4, 

respectively. 

a) b) 

c) d) 

Figure 3-8: Longitudinal strain along bottom reinforcement during cycling a) LB1-3, b) 

LB2-4, c) LB3-34, d) LB4-43 

 A similar behaviour can be observed when comparing the first two DDFOS samples from 

the cycling phases of LB3-34 and LB4-43. As shown in Figure 3-7, the initial ramping cycles of 

specimen LB3-34 showed a gradual widening of the cracked portion within the strain profile within 

the first 20 cycles. By the end of these cycles, and throughout the first data sampling provided in 

Figure 3-8, the strain profile remains relatively triangular. By the second sampling at the end of the 

cycling interval under 3-point bending, it is evident that the cracked area within the strain profile 

widens significantly (similar to specimen LB1-3). This can also be seen when comparing the first 
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two sampling of LB4-43 during the cycling interval under 4-point bending. For both specimens, 

this increased uniformity in the average strain profile is likely due to the development of arching 

action, which can also explain the increase in displacements observed during these cycling periods 

in the load-deflection data provided in Figure 3-5. Following the change in loading orientation to 

4-point bending for specimen LB3-34, the cracked area within the strain profile continues to widen 

as the average tensile strains become more constant throughout the span and additional cracks 

develop closer to the support. Similar to the first interval of cycling of LB3-34 under 3-point 

bending, this behaviour can also explain the observed displacement seen in the load-deflection data 

(Figure 3-5). The change in strain profile throughout the 3-point cycling of LB4-43 is less evident, 

however there appears to be an increase in the severity of cracks, identified by the measured peak 

strains. This corresponds to the minimal changes in displacements observed in Figure 3-5 during 

this period of cycling when compared to other cycling intervals. This suggests that the deflection 

is more likely the result of crack development rather than the continued degradation of the 

reinforcement-concrete bond. 

 In addition to the distributed strain measurements along the bottom reinforcement, the top 

reinforcement was also monitored throughout the cycling phases of each specimen. Figure 3-9 

provides the distributed strain data from all of the 10 second samples for each specimen, including: 

a) LB1-3, b) LB2-4, c) LB3-34, and d) LB4-43. Similar to Figure 3-8, the strain profiles in Figure 

3-9 show range between the maximum and minimum strains achieved during the load cycles. Note 

that the ‘Number of Cycles’ axis for specimens LB3-34 and LB4-43 is distorted for clarity.   
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a) b) 

c) d) 

Figure 3-9: Longitudinal strain along top reinforcement during cycling a) LB1-3, b) LB2-4, 

c) LB3-34, d) LB4-43 

 In comparison to the distributed strains along the bottom reinforcement (presented in 

Figure 3-8), the top reinforcement is shown to have had experienced lower strains throughout the 

cycling phases. This is due to the reinforcement bars’ position closer to the beams’ neutral axis, 

which is 80 mm from the top fibre (result of calculations provided by the Canadian concrete design 

code (CSA 2014)), and the absence of significant cracks in the top section of the beam. It is evident 

that the general strain profile shown for each specimen in Figure 3-9 follows an approximately 

triangular (i.e. 3-point bending) or trapezoidal (i.e. 4-point bending) strain profile, which suggests 

that these bars experienced compressive stress as a result of the beam bending under the cycling 

loads. It is also evident, however, that for each specimen the strain profiles are distorted by positive 
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strain spikes at various locations within the profile. These spikes are likely due to both the 

development of cracks and the loading arrangement. For example, the distributed strains shown for 

specimen LB1-3 show an increase in strain at the centre of the span during the first 10 second 

sample. This peak in strain is likely attributed to localized bending caused by the centralized loading 

position under 3-point bending. In the proceeding data samples, however, the strain peak grows, 

which is likely the result of a shear crack that had developed and intersected the top reinforcing 

bars near the midspan location. Although less prominent, both the effect of the loading position and 

the growth of cracks can also be seen in the data for specimen LB2-4. Under 4-point bending, 

however, the localized bending effects due to the loading can be seen at the two positions along the 

span where the loads are applied. The growth of the strain peaks at these positions is again likely 

due to shear crack development, which, as expected, resulted in cracks intersecting the top 

reinforcement bars near the source of load. The severity of these shear cracks under 4-point is 

notably less, likely due to the reduced shear area of the specimen. 

 A similar strain behaviour can be seen for the top reinforcement bars of specimens LB3-

34 and LB4-43. In these cases, the loading arrangement was switched after the first 1800 cycles, 

which caused an observable change in both the strain profile, as well as the locations of the localized 

bending effect as a result of altering the loading positions. Top reinforcement strains for specimens 

LB3-34 and LB4-43 also depict the development and growth of cracks to, and beyond, the height 

of the reinforcement.  

3.4.3 Combined Distributed Measurement Plots 

 Combined distributed measurements (CDM) plots can be created to clearly show and 

compare the results of DDFOS data from longitudinal and transverse reinforcement with observed 

crack patterns and specimen geometry. Further information regarding the development of CDM 

plots can be found the work conducted by Poldon et al. (2019). Figure 3-10 provides two CDM 
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plots, comparing results from the ultimate load test of a) LB1-3 and b) LB4-43. The failure tests of 

both specimens were conducted under 3-point bending, resulting in shear failures at 424 kN and 

358 kN for LB1-3 and LB4-43, respectively. To accurately compare these two specimens, the 

results provided in Figure 3-10 are snapshots of the distributed strains from the two failure tests at 

a load of 358 kN for both specimens (that being the load when failure of specimen LB4-43 

occurred). This comparison should help identify differences in strain behaviour at this load stage, 

as well as aid in the investigation as to why the capacity of the two specimens varied by 15%. Note 

that the transverse stirrup strains have been omitted due to distorted data caused by extensive 

cracking at this point in the testing procedure. 

As was seen in Figure 3-6, the load-deflection behaviour during the ultimate load tests of 

specimens LB3-1 and LB4-43 followed a similar trend up until the capacity of LB4-43 was reached, 

which occurred at an approximately 15% lower load compared to LB1-3. This discrepancy could 

be explained by a variety of factors, most notably is the effect of the change in loading arrangement 

during the cycling phase of LB4-43. First looking at the bottom distributed reinforcement strains, 

it can be seen that the strain profiles are similar at this load stage. In both cases, the average of the 

strain profile is largely uniform with several strain peaks reaching the reinforcement yield strain of 

approximately 2000 microstrain for the 25M reinforcing bars (based on 405 MPa yield stress). This 

behaviour suggests that the development of bond degradation between the reinforcement and the 

concrete, first observed in Figure 3-8, has caused enough damage for arching action to control the 

specimens’ flexural capacity. 
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a) 

 
b) 

Figure 3-10: Combined data, including longitudinal strains along top and bottom 

reinforcement and observed cracks during 3-point cycling (red cracks), 4-point cycling 

(green cracks) and ultimate loading (orange cracks) for specimens a) LB1-3 and b) LB4-43 

at the failure load of LB4-43 (approx. 358 kN) 
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 Despite the apparent yielding of the reinforcement, both specimens experienced a shear 

failure as a result of the continued growth and development of large shear cracks throughout the 

loading. As depicted in Figure 3-10, crack patterns from each phase of the tests have been outlined 

and colour coordinated with the loading arrangement and phase. Specimen LB1-3, for example, 

developed several shear and flexural cracks during the cycling phase under 3-point bending - 

highlighted by the red cracks. The development of these cracks during the ultimate load test of 

LB1-3 are highlighted in orange. As expected, the general cracking pattern for LB1-3 is roughly 

triangular, as the large, critical shear cracks stem from the bottom fibre of the beam to the central 

loading position at an approximate 45-degree angle. The right-most shear crack (developed during 

the cycling phase) was observed to have been critical at the failure of LB1-3.  

Unlike LB1-3, LB4-43 experienced a three-phase cracking pattern due to the change in 

loading arrangement during the cycling phase, which may have contributed to, or controlled, the 

resulting failure of the beam. Specimen LB4-43 was first cycled under 4-point bending, which 

resulted in a majority of vertical flexural cracks and only a few diagonal shear cracks - highlighted 

in green in Figure 3-10(b). It is important to note that the shear cracks that did form under 4-point 

bending follow a steeper inclination (from the bottom fibre of the beam to the two loading points) 

than those seen for LB1-3 under 3-point bending. After switching the loading orientation of LB4-

43 to 3-point bending there is a significant change in the cracking pattern that developed during the 

remaining cycles (highlighted in red). Most notably is the change in shear crack inclination, as the 

shear cracks, initially developed under 4-point bending, change direction toward the new central 

loading position. This behaviour continues during the ultimate load test under 3-point bending, as 

shown by the cracks highlighted in orange. The height at which this change in crack direction 

occurred (approximately 400 mm from the bottom fibre) reduced the remaining available depth for 

the cracks to propagate toward the new loading position. This forced the cracks to follow a shallow 

path within the top most layer of the beam. This area is outside the influence of the shear 
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reinforcement, allowing the accelerated growth of the shear cracks leading to failure. This can also 

be confirmed by the spike in strain seen in the distributed strain data for the top reinforcement bar, 

moments before failure of LB4-43 occurred. This indicates the rapid growth of the critical shear 

crack, which intersected the rebar and caused the shear failure to occur. A similar strain behaviour 

would be seen for specimen LB1-3 at the moment of failure, however as noted, the data provided 

for LB1-3 is not at failure, but from the 358 kN load stage. Based on all of the results provided in 

Figure 3-10, it is suggested that the change in loading orientation during the cycling phase (from 

4-point to 3-point bending) of LB4-43 resulted in a critical change in the cracking pattern that 

ultimately led to the failure of the specimen, as well as the reduced capacity when compared to 

LB1-3. 

Similar to Figure 3-10, Figure 3-11 provides two CDM plots that compare two separate 

attempts at failure for specimen LB2-4. As shown in Figure 3-6, during the ultimate load test of 

specimen LB2-4, the beam was initially loaded under 4-point bending to a maximum load of 485 

kN before the test was stopped due to the limitation of the actuator capacity. The loading 

arrangement of the specimen was changed to 3-point bending, which resulted in a shear failure after 

the beam was reloaded to 278 kN. Figure 3-11 allows a comparison of the two failure attempts by 

providing a snapshot of both the distributed strain data and cracking pattern at the respective 

maximum load of each attempt. Note, similar to Figure 3-10, the stirrup strains have been omitted 

due to distorted data as a result of severe shear cracks at this stage in the loading. 
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a) 

 
b) 

Figure 3-11: Longitudinal strains and cracks for specimen LB2-4 at the peak load during a) 

4-point failure attempt at 485 kN (red cracks), and b) 3-point failure at 278 kN (orange 

cracks) 
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First examining the data provided in Figure 3-11(a), during the 4-point bending attempt, it 

can be observed that the strains measured along the bottom tensile reinforcement indicate that the 

steel is yielding. The average of the strain profile is relatively constant throughout the span of the 

bottom reinforcement indicating that debonding has likely occurred, resulting in arching action. 

This behaviour also suggests that LB2-4 was likely at the verge of experiencing a flexural failure 

before the actuator capacity was reached. After the loading orientation was changed to 3-point 

bending (Figure 3-11(b)), it can be seen that there is a reduction in the reinforcement strains at the 

new ultimate load. Although debonding has likely already occurred, it can be seen that the strains 

within bottom reinforcement have reduced below the yield strain due to the reduction in load 

applied to the beam at failure. It should also be noted that due to the severity of cracks near the 

support, large peaks in strain developed in the top and bottom reinforcement, which were therefore 

cut for clarity. 

As a result of the high loads applied to the specimen under 4-point bending, severe shear 

cracks could also be observed. These cracks, shown in red in Figure 3-11(a), spanned from the 

bottom fibre of the beam toward the two loading positions, and reached heights beyond the top 

reinforcement bars. The intersection of these cracks with the top bars can be confirmed by the peaks 

in tensile strains observed in the distributed strain measurements along the top reinforcement. 

Similar to the behaviour observed in the ultimate load test of LB4-43 (shown in Figure 3-10), the 

reduction in ultimate capacity of LB2-4 (after the loading orientation was changed to 3-point 

bending) is likely due to the severity of the cracking that occurred during the previous ultimate 

loading attempt. As shown in Figure 3-11(b), the critical shear cracks that initially propagated 

toward the two loading positions under 4-point bending (i.e. red cracks) changed direction toward 

the new centrally located applied load (i.e. orange cracks). This change in the cracking pattern 

could only occur within the thin layer of concrete above the reinforcement, which provided almost 

no restraint to crack development. This allowed the cracks to grow, subsequently causing failure at 
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a reduced capacity. The cracking behaviour at failure was also measured by the DDFOS system, as 

the peaks in tensile strains along the top reinforcement grew rapidly just before the shear failure 

occurred. Again, note that the strain spike within the distributed strain data has been truncated for 

clarity. Ultimately, the intensity of the loads applied under 4-point bending resulted in severe 

damage to the specimen, including evidence of significant bond degradation and the development 

of critical shear cracks, which resulted in a reduced shear capacity. 

3.5 CONCLUSIONS 

 The study described in this paper was conducted in order to advance the current 

understanding of deep-beam behaviour, specifically when exposed to cyclic and ultimate loads. By 

utilizing the dynamic strain measurement capabilities of a DDFOS system (the ODiSI-B by LUNA 

Technologies), the testing program, which included a series of four tests on four RC beam 

specimens, was designed to collect sufficient data that could be used to identify and monitor the 

development of degradation and failure mechanisms, as well as assist in differentiation between 

beam and arching action in deeper RC specimens. Based on the results provided, the following 

conclusions can be made: 

 From the earliest application of load, the effects of deep beam behaviour could be identified 

within both load-deflection and DDFOS data, including the development of arching action 

due to bond degradation. 

 The continued development of arching action as a result of deep beam behaviour and bond 

degradation could be monitored using DDFOS data throughout cycling phase of each test 

and until the ultimate loads were reached.  

 The effects of the altered the loading arrangement during testing could be identified using 

DDFOS data and crack analysis, such as a reduction in capacity as a result of changing 

crack patterns and advanced bond degradation. 
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 Utilizing DDFOS data and crack analysis, the combined effects of both short-term cycling 

and altered loading arrangement could be determined, including their implications on the 

ultimate capacity of the specimens.  
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Chapter 4 

Distributed Sensing to Assess Bond Degradation 

4.1 INTRODUCTION 

In reinforced concrete (RC) beam design, the distinction between slender and non-slender, 

or deep beams, is determined by a section’s shear span (a) to effective depth (d) ratio (i.e. a/d). It 

is well known that as the a/d ratio reduces, there is a resulting shift in a structure’s load carrying 

mechanism from beam action to arching action, as a result of, among other things, the bond 

degradation (Kani 1964). Previous investigations into the cause and development of this 

behavioural change have been inherently limited by the absence of adequate sensing technologies. 

In addition, minimal research has been undertaken to investigate the effect of service load cycling 

on beams, or deep beams, which leads to steady long-term degradation in RC performance. The 

ability to more accurately monitor the development of arching action in RC beams, when exposed 

to cyclic and ultimate loads, is imperative to improve the understanding of these structures. 

Fibre optic sensing (FOS) technologies offer the ability to record distributed strain 

measurements throughout a fibre optic cable when applied to a variety of structural systems. Recent 

developments have provided methods for accurately measuring internal reinforcement strains 

during static loading tests of RC beams (Brault and Hoult 2019). However, dynamic strain 

measurement has not been investigated using these techniques. Dynamic distributed fibre optic 

sensing (DDFOS) has the ability to record strain measurements at a sensor spacing of less than 10 

mm and at rates up to 250 Hz (LUNA Technologies 2017). Although limited, studies have shown 

that DDFOS can be used in externally bonded fibres during cyclic loading tests of RC beams 

(Barrias et al. 2018). However, the absence of DDFOS measurements of internal reinforcement 

strains prohibits the current understanding of critical mechanisms, including the degradation of 

bond and development of arching action in deep RC beams. 
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The study presented in this paper aims to improve the current understanding of deep beam 

behaviour in comparison to slender beams. As such, an experimental program was developed, 

including the design and fabrication of two RC beams with the same shear span but different 

effective depths, resulting in different a/d ratios (i.e. 4.2 and 2.5). Each specimen was tested under 

cyclic loads and then loaded to failure. The objectives of this research are to: i) compare the 

behaviour of a slender and a deep beam with the same span, ii) use dynamic distributed strain 

sensing to measure the effect of cycling on beam behaviour, and iii) use dynamic distributed strain 

sensing to capture differences in the failure mode of each specimen.   

4.2 BACKGROUND 

4.2.1 Deep versus Slender RC Beams 

 Several studies have previously investigated the classification and behaviour of deep RC 

beams in comparison to traditional slender beams. Kani identified and quantified the shift in the 

load carrying mechanism of deep beams (Kani 1964). Kani defined the transition point between 

slender and non-slender, deep beams as an a/d ratio of 2.5, suggesting that the capacity of a beam 

with an a/d ratio less than 2.5 is expected to be governed by arching action (Kani 1964). Arching 

action, as defined by Kani, is the result of a reduction in the bond between the tensile reinforcement 

and the concrete causing the formation of an equivalent concrete arch. Other experimental studies 

have confirmed the theories proposed by Kani, however, these tests were often conducted under 

static loading and do not consider the long-term effects due to repeated, or cyclic loads (Todisco et 

al. 2015). 

4.2.2 Distributed FOS for RC 

Fibre optic sensing technologies can be divided into two categories based on their sensing 

capabilities, including discrete and distributed. Discrete fibre optics are only capable of measuring 

data from a single point within a fibre optic cable. Distributed fibre optics sensing (DFOS) can 
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record strains throughout a fibre optic cable. Brillouin optical time domain reflectometry 

(BOTDR), for example, is capable of monitoring several kilometers of fibre optic cable with an 

accuracy of 30 microstrain (Mohamad et al. 2011). Brillouin optical time domain analysis 

(BOTDA) can offer similar or better sensing capabilities compared to BOTDR but requires access 

to both ends of the fibre optic cable (Kurashima et al. 1990). Rayleigh backscattering can provide 

more precise DFOS measurements systems, with higher accuracy (~1 microstrain) and smaller 

gauge spacing (~5 mm) but is limited to shorter sensing lengths up to 100 meters (Kreger et al. 

2007). Previous studies have highlighted several capabilities of both DFOS and Rayleigh 

backscattering including utilizing these technologies for a variety of reinforced concrete 

applications (Brault and Hoult 2019). These methods can provide distributed measurements of 

reinforcement strains, as well as the ability to locate and monitor cracks that intersect the bonded 

fibre (Brault and Hoult 2019). To date, most DFOS systems are limited to static measurements and 

are therefore not able to capture dynamic strains as a result of cyclic or increasing loads.  

4.2.3 Dynamic Distributed FOS 

 The ODiSI-B by LUNA Technologies is a commercially available Dynamic distributed 

fibre optic sensing (DDFOS) system that utilizes Rayleigh backscatter and is capable of measuring 

distributed strains throughout a maximum fibre length of 20 m at an acquisition rate of 50 Hz 

(LUNA Technologies 2017). Additionally, the ODiSI-B has a gauge spacing of 2.61 mm, gauge 

length of 5.2 mm and a reported accuracy of ±25 microstrain. An improved accuracy of 

approximately ±5 microstrain was observed during this research study.    

 Several studies have discussed the capabilities of the ODiSI-B to measure high resolution 

dynamic strains in a variety of laboratory and field settings. Kreger et al., for example, were the 

first to test the ODiSI-B system in several small-scale laboratory tests, such as the dynamic 

performance of a swinging golf club (Kreger et al. 2013). The analyzer has also been used in 
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transportation research to measure dynamic longitudinal strains in railroad tracks (Wheeler et al. 

2018), as well as the aerospace industry to monitor a full-scale fatigue test on an F/A-18 Hornet 

center fuselage (Davis et al. 2016). External RC beam strains have been measured using the ODiSI-

A, which can record dynamic strains at a limited acquisition rate of 5 Hz (Barrias et al. 2018). To 

date, there is no literature that describes the application of the ODiSI-B system to investigate the 

dynamic behaviour RC beams or RC deep beams. 

4.3 EXPERIMENTAL PROCEDURE 

4.3.1 Specimens 

 Two RC beam specimens were tested in this investigation. Figure 4-1 depicts specimen 

B1, which is a doubly reinforced RC beam that consists of two layers of longitudinal reinforcement, 

including three 20M bars (fy = 438 MPa) on the bottom and two 10M bars (fy = 463 MPa) on the 

top. B1 was reinforced in shear by a series of evenly spaced, two-legged stirrups made of 5 mm 

diameter (17.7mm2) steel wire with a tensile yield strength of 668 MPa. The second RC specimen, 

LB1, has the same span as B1 but a deeper cross-section, as depicted in Figure 4-2. LB1 also 

consists of two layers of longitudinal reinforcement, including three 25M bars (fy = 405 MPa) on 

the bottom and two 15M bars (fy = 430 MPa) on the top. The same shear reinforcement was used 

for both beams. The a/d ratio for B1 and LB1 was 4.2 and 2.5, respectively, in 3-point bending as 

shown in Figure 4-3. 

 
 

a) b) 

Figure 4-1: Schematic for small beam specimen (B1), including a) cross-section and b) 

profile 
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a) b) 

Figure 4-2: Schematic for large beam specimen (LB1), including a) cross-section and b) 

profile 

 
 

a) b) 

Figure 4-3: Complete test setup used for the small beam specimen (B1) under 3-point 

bending 

4.3.2 Instrumentation and Test Setup 

Each specimen was instrumented with a combination of distributed fibre optic cables for 

the measurement of strain and discrete linear potentiometers (LPs) for displacement measurements. 

The fibre optic cable used for this study was a commercially available nylon coated fibre. Within 

each specimen, fibres were bonded to both of the top reinforcing bars in addition to the two outer-

most bars in the bottom layer of reinforcement. The instrumentation procedure consists of a three-

step process including: i) surface cleaning, ii) bonding of fibre optic cable, and iii) protection of 

fibre optic cable (Brault and Hoult 2019). A smooth bonding surface was achieved by first sanding 

and cleaning the steel surface to remove all rust and grease. The fibre optic cable was then bonded 

directly to the cleaned surface using Loctite 4851 adhesive, which was allowed to cure for 24 hours. 
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The bonded portion of the fibre was then protected by a layer of silicone, while the unbonded 

sections were protected by PVC tubing until the fibre optic cable exited the concrete. 

 Figure 4-3 provides the test setup schematic and photo for specimen B1. This setup was 

identical to that used for LB1. The 3-point loading was applied to the specimens by a hydraulic 

actuator, which was equipped with a load cell. The five LPs, as depicted in Figure 4-3, were 

positioned at the two quarter spans and the midspan, in addition to the two supports to account for 

any support displacements. A data acquisition (DA) was used to record the data from the five LPs 

and the load cell attached to the actuator at 50 Hz. 

4.3.3 Testing Procedure 

 An identical procedure was used for the testing of both B1 and LB1. This procedure is 

divided into three phases: 1) initial loading, 2) cycling, and 3) loading to failure. The initial loading 

phase of each specimen was used to determine the cyclic loading range (i.e. minimum, maximum, 

and middle loads). The intended cycling of each specimen was to be between 50% and 75% of the 

design yield strain of the longitudinal tensile reinforcement (i.e. 1000 and 1500 microstrain for a 

400 MPa rebar). These loads were determined to be 60 kN and 110 kN for B1, and 120 kN and 220 

kN for LB1. The process for finding these loads was to gradually increase the load while monitoring 

the DDFOS data. Once the bottom reinforcement strains reached the required strain value, the 

corresponding load was recorded. The applied load on each specimen was then returned to the 

middle load (i.e. 85 kN for B1 and 170 kN for LB1) from where cycling would begin in the second 

phase. During Phase 1, both the DDFOS system and DA continuously recorded at 50 Hz. 

 The cycling phase consisted of a total of 3600 cycles applied to each specimen between 

the predetermined minimum and maximum loads at 1 Hz. Throughout the one hour of cycling, 10 

seconds of DDFOS data was recorded every 10 minutes at 50 Hz. Following the completion of 

Phase 2, the specimens were unloaded and then reloaded under stroke control at a rate of 3 mm per 
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minute until failure of each specimen occurred. During Phase 3, the DDFOS system and DA were 

set to record continuously at 50 Hz. 

4.4 RESULTS AND DISCUSSION 

4.4.1 Cycling Load-Deflection Behaviour 

 Figure 4-4 provides the load-deflection results for both specimen B1 and LB1 during the 

initial loading and cycling phases. It should be noted that LB1 was unloaded in between these two 

phases to allow for an adjustment in actuator controls.  

 In the figure, a change in slope can be seen in both specimens during the initial loading 

phase. This is seen at approximately 35 kN in B1 and 125 kN in LB1and can be attributed to the 

onset of flexural cracking within the specimens. It is evident that the overall stiffness of B1 is much 

lower than that of LB1, due to its smaller effective depth and tensile reinforcement area. 

  
      a)       b) 

Figure 4-4: Load-deflection results during cycling for a) the small beam specimen (B1) and 

b) the large beam specimen (LB1) 

An increase in the deflections at a given load are observed throughout the cycling phase of 

each specimen. Although B1 experienced more deflection during the initial loading, LB1 

experienced more deflection as a result of the cyclic loads. In both cases, the measured deflections 

during cycling could be caused by the continued growth of shear cracks, however the larger increase 

in deflection of LB1 could be explained by the development of bond degradation due to deep beam 
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behaviour. This behaviour will be explored in greater detail with the strain measurements. An 

additional explanation for the increase in displacements during the cycling of both specimens could 

be due to the time dependent effects of creep in the concrete. After each specimen was unloaded, 

permanent deflections of 1.5 mm and 1.2 mm were recorded in B1 and LB1, respectively. 

4.4.2 Cyclic Strain Behaviour 

 Figure 4-5 presents the strain along a tensile reinforcement bar during cycling for B1 in (a) 

and LB1 in (b). This data provides both the maximum and minimum strain profiles that occurred 

during cycling. For clarity, the data provided for both specimens is limited to the first, middle and 

last 10 second sample recorded during the cycling phase (i.e. cycles 1-10, 1800-1810, and 3590-

3600).  

 It is evident that there are significant differences between the strain profiles of B1 and LB1. 

The strain profile for specimen B1 forms an approximate triangular shape, which is expected for a 

specimen under 3-point bending. A similar triangular shape can be seen in the first 10 second 

sampling of LB1, however the profile is interrupted by a series of strain peaks. These peaks 

represent the location of individual cracks that intersect the fibre optic cable. The strain profiles of 

B1 stay relatively consistent throughout the cycling phase, with only a small increase in the 

measured maximum strain. However, it can be seen that beyond the first data sampling of LB1, the 

strain profiles show both an increase in the maximum strain, as well as a widening of the cracked 

portion of the strain profile. The increased uniformity of the average strain profiles suggests that 

the load carrying mechanism switches from beam action to arching action during the test due to 

debonding, which results in an increased width of the cracked portion of the strain profiles, causing 

the average of the reinforcement strains to become more constant throughout the span. This 

behaviour can also explain the increase in displacements that were observed in Figure 4-4 

throughout the cycling phase. 
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      a)       b) 

Figure 4-5: Longitudinal strain along bottom reinforcement during cycling a) small beam 

(B1) and b) large beam (LB1) 

4.4.3 Ultimate Limit States Behaviour 

 Figure 4-6 provides an individual strain profile from the bottom tensile reinforcement just 

before failure occurred in each specimen.  

  
       a)        b) 

Figure 4-6: Distributed strains along bottom reinforcement bar at a moment just before 

failure occurred a) small beam specimen (B1) and b) large beam specimen (LB1) 

 It can be seen that up until the moment of failure, the strain profile of B1 remained 

triangular with only minor strain peaks at the location of cracks. The two larger strain peaks, shown 

at approximately 2 m and 2.5 m within the fibre length for B1, grew rapidly during the moments 

just before failure occurred. This increase represented the sudden growth of the critical shear crack 

which led to failure. The average of the strain profile for specimen LB1 is largely constant 
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throughout the fibre length and includes several strain peaks that exceed the yield strain of the 

tensile reinforcement (approximately 2000 microstrain based on the measured yield strength of 405 

MPa for the 25M bars). This suggests that at failure of LB1, the load carrying mechanism was 

arching action. 

4.5 CONCLUSIONS 

 This study was conducted in an effort to improve the current understanding of deep RC 

behaviour. Based on the results provided as part of this investigation, the following conclusions 

can be made: 

 Evidence of the development of arching action throughout cycling could be captured by 

the DDFOS system, as indicated by the widening of the cracked area within the strain 

profile, suggesting that the reinforcement is under more constant tension due to debonding. 

 The capabilities of the DDFOS system allowed for the strain behaviour to be observed in 

the moments just before failure occurred in each specimen. This data provided evidence of 

the presence of arching action within the deep beam specimen, as well as an indication of 

failure due to the rapid growth of cracks. 
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Chapter 5 

Field Monitoring of Reinforced Concrete Structures Under Dynamic 

Loading Using Distributed Fibre Optic Sensors 

5.1 INTRODUCTION 

 As the world’s population increases and current infrastructure ages, some existing 

reinforced concrete (RC) structures are forced to carry more frequent and heavier loads than they 

were originally designed to support. Current assessment methods for these complex and heavily 

redundant structures often require conservative assumptions, which can lead to costly rehabilitation 

or unnecessary reconstruction. Additionally, the inability to fully understand the behaviour of these 

existing structures prohibits the opportunity for optimization in new designs. This, in turn, can have 

negative economic and environmental effects for new construction. Consequently, the need exists 

for monitoring technologies that can provide adequate data for better understanding the behaviour 

of these structures, specifically when exposed to both dynamic and static loads. 

 Most prior structural assessment and health monitoring techniques have been limited to 

discrete measurements of individual structural metrics, such as electrical resistance-based strain 

gauges for strain measurements and displacement transducers for displacement measurements. 

These discrete measurements often prohibit the ability to monitor the global behaviour of a 

structure, such as the deflected shape, as well as localized behaviour in locations where the sensors 

are not present, including the presence and size of cracks. Therefore, the ability to capture detailed 

distributed data is imperative to fully understand these complex structures. 

  Distributed fibre optic sensing (DFOS) technology improves on traditional assessment 

methods by providing the ability to record accurate strain data (~1 microstrain) at a dense spatial 

resolution (< 5 mm) (Kreger et al. 2007). Regier and Hoult (2014) provide evidence that DFOS is 
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capable of measuring detailed external RC strains throughout a fibre optic cable when applied to 

an RC bridge. Techniques have also been developed by Brault and Hoult (2019) to not only measure 

distributed concrete surface strains, but also use that data to simultaneously measure RC beam 

deflections, crack spacing, and crack widths. These methods were later applied to the field 

assessment of a statically loaded RC beams during the construction of a shopping centre in Ottawa, 

Canada (Brault et al. 2018). Most previous uses of DFOS, including these studies, have been limited 

to static measurements. This prohibits the measurement of dynamic strains, and the corresponding 

deflections and crack widths, as the result of cyclic or moving loads. By combining DFOS with 

dynamic sensing capabilities, it could then be possible to better understand the behaviour of these 

complex structural systems, as well as provide sufficient data for the proper assessment and future 

optimization of RC structures. 

 Dynamic distributed fibre optic sensing (DDFOS) is a new technology that has the ability 

to measure strain along the length of a fibre optic cable at acquisition rates as high as 250 Hz 

(LUNA Technologies 2017). Existing studies utilizing DDFOS technology are limited, however, it 

has been shown that external RC strains can be recorded during laboratory fatigue tests of RC 

beams (Barrias et al. 2018a). Other examples of DDFOS in use do exist in the transportation 

(Wheeler et al. 2018) and aerospace (Davis et al. 2016) industries, however, to date, there are no 

studies that exhibit the use of DDFOS for the full-scale assessment of existing RC structures.  

 In order to both utilize and evaluate the capabilities of DDFOS technology for structural 

assessment, two case studies have been conducted. Both studies investigate the behaviour of 

existing RC beams, which were instrumented and tested, in-situ, under both static and cyclic loads. 

The objectives of this research program were to: i) monitor existing reinforced concrete beams 

using both discrete and dynamic distributed sensors under varying load cases, ii) evaluate the results 

of DDFOS measurements by comparing with discrete sensors, and iii) utilize DDFOS data to 
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determine dynamic measurements of deflection, crack widths, and dynamic response factors as a 

result of maximum expected dynamic loading. 

 The following section of this chapter will provide a brief background on structural 

assessment methods and FOS technologies, followed by details of the two field studies. The results 

of these tests will then be presented and discussed. 

5.2 BACKGROUND 

5.2.1 Structural Assessment Methods 

 Structural assessment is often required to determine the remaining integrity of reinforced 

concrete structures. While the technology and methods employed by engineers have improved with 

time, these advancements have primarily focused on select assessment properties, including the 

determination and monitoring of load, strain, and displacements as well as detecting the presence 

and size of cracks (Chang et al. 2003). The external application of load during a structural 

assessment is often required to determine the relationship between load and other structural 

properties. Structures can be monitored under normal working conditions, however the application 

of maximum or unique loading cases can provide a better understanding of the future performance 

of the structure. These loads are most commonly applied statically by placing objects of known 

weight overtop of the assessed structural member. Brault et al. (2018), for example, utilized the 

weight of six scissor lifts during the assessment of an RC beam during the construction of a 

shopping centre. Dynamic loads have also been applied to structures in situ, often in the form of a 

moving vehicle or other moving load. For example, Tennyson et al. (2001) used large, multi-axle 

trucks to apply a moving load to the Taylor Bridge in Manitoba, Canada. Repeated or cyclic loads, 

however, are less common in the field assessment of these structures. Salawu and Williams (1995) 

provides a review of dynamic loading techniques for the assessment of bridge structures. These 

techniques, as described by Salawu and Williams (1995), are used to induce vibrations in order to 
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monitor a structure’s dynamic response. Impactors, for example, are one method for applying 

forced excitation to a structure by providing a repeated impact from an instrumented hammer 

device, similar to cyclically applied load. These methods, however, can be destructive and are not 

feasible for indoor applications of structural assessment. 

 The ability to adequately monitor the effects of these applied loads is often based on the 

availability of monitoring and sensing technologies. Displacements within a structure are often 

measured using displacement transducers, such as Linear Variable Differential Transformers 

(LVDT) and Linear Potentiometers (LP). These devises can provide discrete measurements of 

displacement at the point of installation but are only useful when fixed to a known point of 

reference, reducing their applicability in large scale assessments (Lee and Shinozuka 2006). An 

alternative is non-contact displacement measurement methods, such as Digital Image Correlation 

(DIC). DIC has not only proven to be an effective method for accurately measuring displacements 

within a structure, but has also been successfully used to locate and monitor cracks on the surface 

of reinforced concrete beams (Hoult et al. 2016). This method, however, requires a line of sight 

between the camera and the element being monitored, which can often be difficult in a field setting 

or during the assessment of large structures. 

 Strain measurements for field assessments of structures are most commonly done with 

electrical based strain gauges, which, similar to the displacement transducers, can provide discrete 

measurements of strain at the point of installation. The use of electrical based strain gauges, 

however, is often limited due to environmental conditions, project scale, and installation restrictions 

(Gebremichael et al. 2005). Advancements in wireless and smart sensing technologies have 

improved on the traditional strain gauge by simplifying sensor installation and allowing for remote 

monitoring of a structure (Spencer et al. 2004). However, the discrete nature of these measurements 

once again restricts the extent to which these methods can be used for assessment. 
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5.2.2 Distributed RC Strain Measurement 

Fibre optic sensing (FOS) technologies are available in two forms, discrete and distributed. 

Similar to traditional strain gauges, discrete fibre optic sensing methods are only capable of 

measuring strain data at a single point within a fibre optic cable. Fibre Bragg Gratings (FBG), for 

example, offer accurate strain data at individually etched points along a fibre length. FBGs are, 

however, more expensive than electrical based strain gauges and are ultimately limited by the 

number of discrete measurements that they can provide (Gebremichael et al. 2005). 

Distributed fibre optic sensing (DFOS) technologies offer an improvement on discrete 

strain monitoring techniques by providing continuous strain measurements throughout the length 

of a fibre optic cable. One example of a DFOS technology is Brillouin optical time domain 

reflectometry (BOTDR). BOTDR is most commonly used in the assessments of large structural 

systems due to its ability to monitor several kilometers of fibre optic cable with an accuracy of 30 

microstrain (Mohamad et al. 2011). Similar to BOTDR, Brillouin optical time domain analysis 

(BOTDA) can also offer long range sensing capabilities but requires access to both ends of the fibre 

optic cable, which can be difficult to achieve in a field assessment setting (Kurashima et al. 1990). 

Rayleigh backscattering is another form of DFOS, which can measure strains at a higher accuracy 

(~1 microstrain) and smaller gauge spacing (5 mm) than Brillouin techniques. However, unlike 

BOTDR and BOTDA, Rayleigh backscattering systems are limited to smaller sensing lengths up 

to 100 meters (Kreger et al. 2007).  

Previous studies have explored the application and capabilities of DFOS and Rayleigh 

backscatter technology in the assessment of existing RC structures. Barrias et al. (2018b), for 

example, utilized both DFOS and backscattering technologies to measure strains during the 

renovation of two structures in Barcelona, Spain. The DFOS technology used in that study was able 

to accurately monitor the effects of the renovations on a structure, as well as the increased 

construction loads applied to the structures during this process. Similarly, Regier and Hoult (2014)  
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tested the application of Rayleigh based DFOS technologies during the assessment of the Black 

River Bridge in Ontario, Canada, which again found DFOS to be a feasible technology for field 

assessment applications. This study also explored the use of DFOS data to estimate the full 

deflected shape of the structure, which had previously only been done with Brillion based systems 

(Ohno et al. 2001). Data from the Black River Bridge study was later used by Bentz and Hoult 

(2016) to perform model updating, which included estimates of crack widths based on the DFOS 

strain data. The methods used for the determination of the deflected shape and crack widths were 

validated by Brault and Hoult (2019) through a series of laboratory RC beam tests. These theories 

were applied by Brault et al. (2018), who monitored the behaviour of an RC beam during the 

construction of a shopping centre.  

5.2.3 Dynamic RC Strain Measurements 

Dynamic RC strain measurements are most commonly taken using electrical based strain 

gauges, which are limited to discrete measurements. In addition to their static capabilities, Fibre 

Bragg Gratings (FBG) are capable of measuring dynamic strains at acquisition rates up to several 

thousand samples per second (Majumder et al. 2008). Over 60 FBG sensors were used in the 

dynamic monitoring of a moving truck load during the assessment of the Taylor Bridge in 

Manitoba, Canada (Tennyson et al. 2001). These sensors offered a general understanding of the 

structure’s behaviour due to the moving load, however the discrete nature of the sensor type failed 

to provide details regarding localized behaviour, such as cracking. 

Recent advances in FOS technology have led to the development of dynamic distributed 

fibre optic sensing (DDFOS), which can provide dynamic strain measurements continuously 

throughout a fibre optic cable. The Optical Distributed Sensor Interrogator (ODiSI-B) by LUNA 

Technologies, is a Rayleigh-based dynamic distributed analyser which was used in the present 

study. The ODiSI-B can offer acquisition rates up to 250 Hz, depending on the total sensing length. 
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For a maximum sensing length of 20 m, however, the acquisition rate is 50 Hz, with a gauge spacing 

of 2.61 mm and accuracy of ±25 microstrain. As it will be discussed later in this chapter, an 

improved accuracy of ±5 microstrain was observed during this study. With a reduced sensing length 

(i.e. 2 m) faster acquisition rates, up to 250 Hz, can be achieved with a similar accuracy (±30 

microstrain) (LUNA Technologies 2017).  

Although limited, research using the ODiSI-B and other DDFOS systems have found that 

this technology can be applied to a variety of dynamic sensing applications and has the ability to 

provide high resolution strain data at high acquisition rates (Kreger et al. 2013). Some of the earliest 

applications of the ODiSI-B include a series of small-scale laboratory tests performed by Kreger et 

al. (2013), such as the measurement of high-resolution dynamic strains in a swinging golf club. 

Examples of field applications of the ODiSI-B can be found in the transportation industry, including 

the work of Wheeler et al. (2018), who monitored dynamic longitudinal strains in railroad tracks. 

Other experimental studies have shown that the ODiSI-B system could be applied to other 

assessment projects, including damage detection and structural health monitoring of in-service 

pipelines (Wong et al. 2018), and beam-like structures (Cheng et al. 2017). Both of these studies 

concluded that it should be possible to implement dynamic distributed fiber optics into real 

mechanical and civil engineering systems. To the authors knowledge, however, there is currently 

no evidence of the use of DDFOS or Rayleigh backscatter systems to dynamically measure strains, 

deflected shapes, and crack widths during the assessment of in-situ RC structures. 

5.3 EXPERIMENTAL PROGRAM 

 This study combines the results of two separate case studies performed on existing 

reinforced concrete beams within Ellis Hall on the Queen’s University campus in Kingston, 

Ontario, Canada, which was designed and constructed in the late 1950s. The following section will 
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provide details regarding the two RC elements that were tested within Ellis Hall, as well as the 

instrumentation and testing procedures used for each test. Each case study is discussed individually. 

5.3.1 Case Study 1 

5.3.1.1 Field Site and Instrumentation 

 The specimen used in Case Study 1 consists of a cast-in-place RC T-beam located directly 

below an auditorium. The beam spans a total length of 11 m between two rectangular reinforced 

concrete columns. Figure 5-1 provides both a profile and cross-sectional view of the specimen, as 

well as the beam’s location in relation to the auditorium. Details provided in Figure 5-1 were 

gathered from the original design drawings and notes for Ellis Hall. 

 
a) 

          
                                  b) c) 

Figure 5-1: Case Study 1 beam schematics, including a) beam profile, b) beam cross-section, 

and c) beam location within Ellis Hall auditorium floorplan 
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 As depicted in Figure 5-1, a total of 16 m of nylon coated fibre optic cable was installed 

on the exterior of the beam in addition to a single linear potentiometer located at the midspan. 

Detailed in Figure 5-2, the fibre optic cable began approximately 60 mm away from the column 

face and 50 mm above the bottom edge of the beam. The fibre spanned 6.4 m and was then looped 

back to the column face along the top of the beam. Due to obstruction from building utilities, access 

to the complete beam span was limited, therefore the total sensing length of the DDFOS system 

(i.e. 20 m for an acquisition rate of 50 Hz) could not be utilized. 

 

Figure 5-2: Instrumentation layout of auditorium beam for Case Study 1 

 The installation of the fibre optic cable involved a three-step procedure, including: 1) 

sanding of the fibre pathway, 2) cleaning of the fibre pathway, and 3) bonding of the fibre to the 

concrete surface (Brault et al. 2018). Rotary sanding wheels were used to remove paint and smooth 

the concrete surface. The surface was then cleaned with water and 99% isopropyl alcohol before 

the fibre was bonded using a two-part epoxy (Loctite E-20HP).  

5.3.1.2 Testing Procedure 

 The location of the beam used in Case Study 1 (as shown in Figure 5-1(c)) allowed for easy 

access to the specimen’s tributary area in the Ellis Hall auditorium above. Several loading options 

were considered; however, the most consistent and readily available option was human loading. 

For Case Study 1 approximately 150 student volunteers were asked to jump, in unison, within the 

centre region of seating of the auditorium above the instrumented beam. Figure 5-3 shows the 

students in the auditorium before the test began. 
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Figure 5-3: Photo of the approximately 150 student volunteers in the Ellis Hall auditorium 

before the jumping test began 

 The students jumped 20 times at approximately 1 Hz. It is important to note that although 

the jumps were counted off for the students, and they were asked to jump in unison, it was observed 

that some volunteers were not in time with the others. The effects of this will be discussed further 

in the results section for Case Study 1. Throughout the test’s duration (approximately 1 minute), 

both the ODiSI-B fibre optic system and LP were set to record at a data acquisition rate of 50 Hz. 

Approximately 10 seconds of additional data was recorded immediately before and after the 

jumping in order to capture initial, or possible residual, strains and displacements. It should be 

noted that all of the data recorded during Case Study 1 was with all of the students in the auditorium, 

therefore the beam was statically loaded while the students were at rest.  

5.3.2 Case Study 2 

5.3.2.1 Field Site and Instrumentation 

 Similar to Case Study 1, the specimen in Case Study 2 consists of a cast-in-place T-beam 

located below a multi-purpose room on the third floor of Ellis Hall. The beam, as depicted in Figure 

5-4, spans a total length of 9.45 m between an external column and a perpendicularly intersecting 
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beam. The instrumented beam had an accessible length (i.e. wall-to-column) of 9.24 m, which, as 

a result, became the focus area for this study. In addition to the profile view of the specimen, Figure 

5-4(b) also provides a cross-section of the T-beam, as well as the beams location in relation to the 

room above (Figure 5-4(c)). The cross-sectional dimensions of the specimen in Figure 5-4 are the 

same as the beam in Case Study 1 (Figure 5-1(b)). As before, the dimensioning and construction 

details for the beam were provided by the original design drawings and notes. Unlike Case Study 

1, the location of the specimen for Case Study 2 permitted access to the majority of the beam’s 

span, allowing for more distributed instrumentation. 

 
a) 

  
                        b) c) 

Figure 5-4: Case Study 2 beam schematics, including a) beam profile and instrumentation, 

b) beam cross-section, and c) beam location within the 3rd floor floorplan of Ellis Hall 
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 The schematics in Figure 5-4 also provide details regarding the instrumentation used during 

Case Study 2. Fibre optic sensors were installed along both the top and bottom of the beam. Starting 

50 mm away from the wall face, the fibre optic cable ran to the column face 40 mm above the 

bottom edge of the beam. The fibre was then looped back 40 mm below the slab soffit to an end 

position approximately 0.62 m away from the wall. The difference in the horizontal start and end 

position is due to the sensing length limitation of the DDFOS system used (i.e. 20 m). The 

installation procedure for the fibre optic sensors were the same as described for Case Study 1, 

including the sanding, cleaning and bonding to the fibre pathway. In addition to the fibre optics, 

three LPs were installed at the midspan (LP 3), quarter-span (LP 2), and 0.14 m away from the 

column face (LP 1), as shown in Figure 5-4(a). 

5.3.2.2 Testing Procedure 

 Similar to Case Study 1, student volunteers were used to apply load to the specimen. In 

this case, only 38 students were used for the experiment due to the size of the room above the beam 

(Figure 5-4(c)). Fewer students, however, allowed for an easier management of the load placement, 

which resulted in the completion of two separate tests, including a distributed and concentrated 

load test. The distributed load test was conducted by aligning the students across the full span of 

the classroom (wall-to-wall) directly above the instrumented beam. For the concentrated load test, 

the students were gathered in a group over the midspan of the beam. This concentrated load was 

intended to represent a point load. However, the group of students filled an approximate 3 m by 3 

m area centered over the midspan position within the tributary area of the beam. Based on an 

average recorded mass of the volunteers of 75 kg, the applied concentrated load was determined to 

be approximately 28 kN. Over the accessible span of the beam (9.24 m), the distributed load was 

approximately 3 kN/m could. This study will refer to the two loading orientations as the point load 

(PL) and uniformly distributed load (UDL). As it has been noted, however, the PL test did not 
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consist of a single point of load, but a concentrated loading area positioned over the midspan of the 

beam.  

 Before the testing began the students were positioned away from the beam’s tributary area, 

on the opposite side of the room. The students were then asked to slowly walk toward the beam 

and form their position in the UDL orientation. Once in place, the students were then asked to jump 

in unison for 30 consecutive jumps. Following the jumping cycles, the students walked off the 

beam back toward the other side of the room, unloading the specimen. After a 1 minute and 30 

second break, this process was then repeated for the PL test. By having the students walk on and 

off the beam before and after each test, the unloaded (i.e. off the beam), statically loaded (i.e. at 

rest on the beam), and dynamically loaded (i.e. jumping) state of the beam could be measured. It 

should be noted that the acquisition of both the DDFOS and displacement data was run 

continuously throughout both tests at 50 Hz. Therefore, any long-term effects caused by the UDL 

test prior to the PL test would alter the recorded data. This will be discussed further in the results 

section for Case Study 2. 

5.4 RESULTS AND DISCUSSION 

5.4.1 Case Study 1 

5.4.1.1 Deflection Behaviour 

Figure 5-5 shows deflection data from the midspan LP throughout the duration of the test. 

It is important to note that the data provided in Figure 5-5 was zeroed when the beam was already 

statically loaded by the students in the auditorium above. 
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Figure 5-5: Displacement versus time data from the LP located at midspan 

 The deflection data in Figure 5-5 represents the complete duration of the test, including the 

time at rest before the test began (i.e. statically loaded), the jumping cycles, and the time at rest 

after the jumping was completed. In total, 19 jump cycles were recorded. It can be observed that 

the deflection data followed a repeating pattern throughout the jumping portion of the test. The 

positive deflections represent the moments in time when the jumping students became airborne, 

resulting in the beam being unloaded. This unloaded position is indicated with a horizontal line in 

Figure 5-5 at a displacement of approximately 0.2 mm. Based on the difference between the zero 

position (i.e. statically loaded) and the unloaded position, it can be assumed that the total static 

deflection is approximately 0.2 mm. The negative deflection peaks within the jumping data 

represent the response of the beam to both the push-off force of the students, as well as the impact 

force. The maximum impact deflection recorded was 0.37 mm, or approximately 0.57 mm if 

measured from the unloaded position.  

 Figure 5-6 provides a close-up of two consecutive jump cycles. One can see that there is a 

repeating pattern for each jump cycle, which includes four phases.  First, there is an initial negative 

deflection caused by the push-off force of the students. As the students leave the ground the beam 

becomes unloaded, as noted previously. When the students make contact with the floor, an impact 
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deflection can be observed. Finally, the impact is immediately followed by the beam’s response 

while the students are at rest before the next jump cycle begins. 

 

Figure 5-6: Displacement versus time data for two consecutive jump cycles 

 It can be seen in Figure 5-6 that there is an irregularity within the deflection data, 

represented by the minor deflection peaks throughout each of the four phases of the jumping cycles. 

These peaks appear to follow a sinusoidal pattern, which has a relatively constant frequency 

throughout each phase. This behaviour could possibly represent the beam’s natural frequency as a 

response to the impact and push-off loading. 

5.4.1.2 Distributed Fibre Optic Strains 

Like the LP, the DDFOS analyser was set to record continuous measurements throughout 

the complete duration of the test at 50 Hz. Figure 5-7 provides the distributed strain profiles along 

the bottom of the instrumented beam at the times when the maximum (a) and minimum (b) strains 

occurred. Note that negative minimum strains were recorded due to the fact that the students were 

already on the beam when the DDFOS analyser was zeroed, similar to the LP data. 
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a) 

 
b) 

Figure 5-7: Distributed strain data from the bottom fibre at the point in time when both the 

a) maximum strains and b) minimum strains occurred 

 Several positive strain peaks can be observed around the midspan of the beam within the 

maximum strain profile provided in Figure 5-7(a). Each of these strain peaks represents the 

presence of a crack that intersects the bonded fibre optic cable. These cracks open at the moment 

the majority of the students in the auditorium impact the floor, causing the maximum strains to 

occur. It should be noted that these maximum strain peaks do not exceed the expected cracking 

strain of concrete (~100 microstrain), however the strains measured during this case study do not 

include the strains due to the static load of the students or dead loads, such as the self-weight, of 

the structure. The negative strain peaks, shown in the minimum strain profile (Figure 5-7(b)), 

represent the closing of the cracks as the beam becomes unloaded while the students are airborne 

(remembering that the zeroed position is under the static load of the students).  

In addition to the cracking behaviour of the beam, information about the support conditions 

can also be inferred from this data. Compressive strains can be seen within the maximum strain 

distribution (Figure 5-7(a)) between the column support and an inflection point at approximately 2 
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m. Similarly, tensile strains can be observed in this region within the minimum strain profile (Figure 

5-7(b)). This behaviour suggests that there is moment transfer within the beam-column connection. 

The dynamic capabilities of the DDFOS system provide the ability to observe the strain 

behaviour throughout time at each individual gauge location. Figure 5-8 provides an example of 

the strain versus time data for a gauge location at the midspan of the beam within the bottom length 

of the fibre optic cable. 

 

Figure 5-8: Strain versus time results from the sensor location at the midspan of the beam 

 The strain versus time data provided in Figure 5-8 follows a similar pattern as the deflection 

data from the midspan LP presented in Figure 5-5. Again, each of the 19 jump cycles can be 

observed, including each of the four phases (i.e. push-off, unloaded, impact and the beam’s 

response). As shown in Figure 5-7, the midspan gauge location is positioned on a crack. Therefore, 

the positive and negative strains observed with time in Figure 5-8 represent the opening and closing 

of the crack throughout the jump cycles. 

 The time the specimen was statically loaded (i.e. before and after the jumping cycles) is 

represented by approximately zero strains, but is affected by noise within the DDFOS analyser. 

This noise represents the observed accuracy of the system during the test, which is approximately 
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5 microstrain. This suggests that the accuracy previously stated for the ODiSI-B (i.e. ±25 

microstrain) may be overly conservative. 

 When combining both the distributed stains along the length of the fibre optic cable with 

the strain-time results, it is possible to create three-dimensional plots like the one provided in Figure 

5-9 for the complete duration of the test conducted in Case Study 1. 

 

Figure 5-9: Three-dimensional strain profile of the complete auditorium jumping test 

 The three-dimensional plot in Figure 5-9 summarizes the 1985 data samples that were 

recorded from the 2823 sensor locations within the 6.4 m of fibre optic cable along the bottom edge 

of the instrumented beam (i.e. 5,603,655 strain measurements). Plots like these, when used in 

structural assessments, could be useful for quickly identifying loading events and monitoring the 

structure’s response. 
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5.4.2 Case Study 2 

5.4.2.1 Deflection Behaviour 

Figure 5-10 depicts the static loading of the beam for both the point load (PL) and 

uniformly distributed load (UDL) tests. In each case the applied load is the same, however the static 

displacements vary, as shown. 

 

Figure 5-10: Approximate load-deflection behaviour for both the uniformly distributed load 

and point load tests 

 Without continuous load data the exact load-deflection behaviour cannot be determined. 

The data that is provided in Figure 5-10, however, does provide some insight into the beam’s 

behaviour under the two load cases. Although the equivalent applied load is the same in both cases, 

the PL test results in a larger midspan deflection than the distributed load due to the concentration 

of the load at that location. 

 Similar to the results provided for Case Study 1, the deflection data can be provided for the 

complete duration of the two tests. In this case, however, three LPs were used during the 

investigation, which were located at the midspan, quarter span, and near the column support. Figure 

5-11 provides the deflection versus time data from two of the three LPs (i.e. midspan and quarter 

span). The data from the third LP was omitted due to minimal deflection at the column support. 
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a) c) 

  
b) d) 

Figure 5-11: Displacement results from the LPs, including a) quarter span UDL test, b) 

midspan UDL test, c) quarter span PL test, and d) midspan PL test 

 The deflection measured by each LP began at zero, which represents the unloaded 

condition of the beam. As the test began, the deflection slowly increased as the volunteers walked 

onto the beam. Once positioned over the beam, the deflections due to the static load can be 

measured. This occurred at approximately 30 seconds into each test. As a result of the static loads, 

the beam experienced 0.25 mm under the UDL and 0.34 mm during the PL test at midspan.  

Once the jumping cycles began, an identical pattern to that seen in Case Study 1 can be 

observed, including the push-off, unloaded, impact, and beam response phases. During the UDL 

test, there was an accidental interruption of the jumping cycles seen at approximately 38 seconds 

within the deflection data. Within the jumping cycles, the unloaded phases of each jump do not 

always return to zero. This is attributed to the timing of the volunteers’ jumps, where it is unlikely 
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that all the volunteers were airborne at the exact same moment. Additionally, the amount of time 

between the unloaded and impact phases may have not been long enough for the beam to respond 

to the push-off force and return to the zero position before the impact occurred. Overall, the 

maximum dynamic deflections under the two loading cases at midspan were 0.54 mm and 0.84 mm 

for the UDL and PL tests, respectively. 

Following the jumping phase of the two tests, the beam returned to the statically loaded 

position while the volunteers were at rest. The beam was then unloaded as the volunteers walked 

off the beam and away from the tributary area of the specimen. After the completion of the test, 

when the beam was unloaded, there are remaining deflections of 0.03 mm and 0.04 mm at the 

midspan for the UDL and PL tests. Due to the intensity of the loading applied to the structure during 

the two tests (compared to the normal working loads of the structure), it is possible that the 

remaining deflections could have been measured as the result of crack development or growth. 

These residual deflections, however, could also be the result of minor shifts in the LP sensors due 

to the vibrations caused by the repeated impact loads. This behaviour will be discussed in greater 

detail later in the results section. 

5.4.2.2 Distributed Fibre Optic Strains 

Utilizing the resulting data from DDFOS system, the exact point in time at which the 

maximum strains occurred can be identified. Figure 5-12 provides the maximum distributed strain 

profiles for the top and bottom fibre that occurred during each test. Note that the top fibre data does 

not cover the entire span of the beam due to sensing length restrictions, therefore data is not 

displayed beyond that point (approximately 0.62 m).  
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a) 

 
b) 

Figure 5-12: Maximum strain profiles along the top and bottom reinforcement bars for: a) 

the UDL test and b) the PL test 

 Multiple strain peaks can be observed within the bottom fibre data provided in Figure 5-

12, which represent the location of cracks that intersect the bonded fibre optic cable. Unlike Case 

Study 1, however, the strains at these cracks exceed the expected cracking strain of concrete (~100 

microstrain). This could have resulted not only in the formation of new cracks, but also the growth 

of existing cracks. Additionally, it can be seen that the magnitude of the strain peaks at cracks is 

greater during the PL test, specifically within the middle third of the fibre length. This is likely due 

to the concentration of the load within this area during the PL test. Information regarding the 
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observed cracking behaviour during the two tests, including the possibility of crack growth, will be 

discussed in greater detail later in this section.  

 As expected, strains within the top fibre are small due to the top fibre location near the 

neutral axis of the beam. A few strain peaks, however, can be observed within the top fibre data. 

Similar to the cracks measured along the bottom fibre, these strain peaks suggest that some cracks 

originating from the bottom tensile region of the beam have grown to the height of the top fibre 

optic cable. This is supported by the alignment of the measured cracks within the top and bottom 

fibres, as it is expected that the flexural cracks would grow vertically through the beam’s depth. 

 The bottom fibre data also provides insight into the boundary conditions of the 

instrumented beam. Similar to Case Study 1, inflection points are observed near the supports of the 

beam. In this case, the majority of the beam’s span was instrumented, so two inflection points are 

observed at the two supports (approximately 2 m and 8 m). Beyond the two inflection points, 

compressive strains are measured, suggesting that there is moment transfer at the supports. A single 

negative strain peak can be observed at approximately 1 m within the bottom fibre from each test. 

This peak likely represents the closing of a crack at this location due to the compressive stresses 

experienced in this area. 

 By comparing the maximum distributed strains as a result of the dynamic jumping loads 

with the average static strain distribution, it is possible to quantify the dynamic response factor 

(DRF) for the two loading arrangements. Figure 5-13 provides both the static and maximum 

dynamic strain distributions for both the UDL an PL tests. Based on this data, a distribution of DRF 

values was determined throughout the fibre length. DRF values are important in structural 

assessments, as they allow for a good approximation of the maximum dynamic load when applied 

to the results of a static test. Although this information may not be useful for the assessment of an 

RC beam within an academic building, the ability to accurately determine a DRF value would be 
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valuable in the assessment of structures that are exposed to dynamic loads, such as bridges, culverts, 

and arenas. 

  
a) c) 

             
b) d) 

Figure 5-13: Dynamic response factor results, including: a) the dynamic/static strain 

profiles from UDL test, b) resulting DRF distribution for UDL test, c) the dynamic/static 

strain profiles from PL test, and d) resulting DRF distribution for PL test 

 The average of the distributed DRF results was determined to be 1.8 and 1.6 for the UDL 

and PL test, respectively. Although these values are similar, it is expected that the DRF value be 

the same, no matter the arrangement of the dynamic loading. The variability within these results is 

likely due to the comparison of small strains in the non-cracked areas of the fibre length, which, 

combined with an approximate 5 microstrain accuracy, can affect the DRF results. An alternative 

measure of the beam’s DRF can be calculated based on the static and dynamic deflection 

measurements from the LP data provided in Figure 5-11. The results of this calculation are 2.16 

and 2.47 for the UDL and PL test, respectively. It is clear that there is a significant discrepancy 
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between the DRF results from the DDFOS and LP data. Previous studies, such as Baidar and Suresh 

(1989) and the Highway Research Board (1962), have discussed similar results when comparing 

DRF results based on deflection measurements to those based on strain. In each case, the DRF 

values determined using deflection measurements were found to be greater than those for the strain-

based results. Baidar and Suresh suggests that, although deflection measurements are more 

commonly used, the use of strain measurements for DRF calculations is equally valid. Alternative 

strain measurement methods, such as strain gauges, could be used to further verify the strain-based 

DRF results in the future. To date, DRF, or dynamic allowance (IM), values are typically provided 

by design codes for a variety of structure types and materials, such as the American Association of 

State Highway and Transportation Officials (AASHTO) Load and Resistance Factor Design 

(LRFD) manual for the design of RC and steel bridges (Grubb et al. 2015). 

Figure 5-14 provides the strain versus time data for two different sensor locations 

throughout the duration of the UDL and PL tests, including the midspan location (4.62 m) and the 

maximum strain location (4.22 m). Note that the maximum strains occurred at the location of Crack 

2 during both tests, as labeled in Figure 5-12. 

It is important to note that the strains at the beginning of the PL test are not zero. The UDL 

test was performed first followed by the PL test (1 minute and 30 seconds later) and the residual 

strains as a result of the UDL test were carried over into the PL test. These residual strains observed 

at Crack 2 could be caused by the widening and growth of the crack, which results in an 

irrecoverable strain after the beam was unloaded during the UDL test. Creep in the concrete could 

also contribute to the development of these strains. As discussed, it is assumed that the dynamic 

loads applied throughout the jumping cycles are likely the highest loads experienced by the beam 

within its lifetime, which could have caused damage to the beam, contributing to the remaining 

deflections measured at the LP locations along the RC beam after it was unloaded. Both crack 
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growth and concrete creep could also explain the remaining displacements measured by the LPs 

following each test, as shown in Figure 5-11. 

  
a) c) 

  
b) d) 

Figure 5-14: Strain with time data for: a) UDL test at midspan (x = 4.62 m), b) UDL test at 

maximum strain location (x = 4.22 m; Crack 2), c) PL test at midspan (x = 4.62 m), and d) 

PL test at maximum strain location (x = 4.22 m; Crack 2)  

Another explanation for these residual strains, as investigated by Brault et al. (2018), could 

be due to locked-in strains within the fibre optic cable or the epoxy used to bond the fibre optic 

cable to the concrete. Brault et al. indicated that irrecoverable strains could occur at the location of 

cracks even if no change in the crack geometry or material properties occurred. Note that this 

behaviour is not seen in the midspan sensor results, as the strain returns to zero after the beam was 

unloaded during both tests. This suggests that these residual strains likely only occur as a result of 

peak strains at the location of cracks. Further discussion regarding this phenomenon will be 

provided later in this section. 
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There is also an apparent linear increase in the strains throughout the jumping cycles during 

the two tests. This behaviour is likely attributed to the development of residual strains at the crack 

location. As a result, the static and unloaded strains following the jumping cycles are larger than 

the strains measured before the cycles began. 

To further investigate the cause of the residual strains shown in Figure 5-14, as well as 

observe the dynamic behaviour of cracks, an examination of the crack widths with time for the two 

cracks labeled in Figure 5-12 was conducted (i.e. Crack 1 and Crack 2). Based on the theories 

provided by Brault and Hoult (2019) for static crack width estimations, dynamic measurement of 

crack widths could be calculated for each sampling of the DDFOS data and are provided in Figure 

5-15. 

  
a) c) 

  
b) d) 

Figure 5-15: Crack width measurements with time for two cracks identified in Figure 5-11, 

including: a) Crack 1 - UDL, b) Crack 2 - UDL, c) Crack 1 - PL, and d) Crack 2 - PL 

 The data displays the opening and closing of cracks as a result of the applied loads. Based 

on these results, both the static crack widths and maximum dynamic crack widths can be 
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determined. More importunately, however, is the observed growth of the two cracks throughout the 

duration of both tests. This results in an increased crack width due to static loading, as well as a 

residual crack width after the beam was unloaded. This behaviour supports the theory that cracks 

did grow throughout the duration of this test, resulting in both the residual strains seen in Figure 5-

14 and the remaining deflections shown in Figure 5-11 after the beam was unloaded. Following the 

UDL tests, the two cracks continue to grow throughout the static loading and jumping cycles of the 

PL test, which results in further crack growth after the beam was unloaded the second time. The 

total crack growth measured after the completion of both tests is approximately 0.0025 mm. 

Although crack growth is apparent, it is important to note that the strain data used to determine the 

crack width results could have been affected by the residual strain phenomena explored by Brault 

et al. (2018). To sufficiently prove that cracks did grow due to the applied cyclic loads, additional 

sensor comparisons are required. 

 Utilizing the strain data from both the bottom and top fibre optic cable, and the distance 

between them, it is possible to calculate the curvature along the fibres’ length. By applying 

Bernoulli-Euler elastic beam theory, and the validated methods provided by Brault and Hoult 

(2019), the curvature results can be double-integrated to determine distributed bending 

displacement throughout the length of the instrumented section, as shown in Figure 5-16. Taking 

advantage of the dynamic strain results, this procedure could be advanced by calculating the 

integrated deflected shape of the RC beam for each measurement recorded by the DDFOS analyser. 

Figure 5-16 shows the calculated deflected shape for the statically loaded case, the maximum 

dynamically loaded case, and the unloaded case following the jumping cycles for both load cases. 

Note that for each deflected shape to be calculated, two boundary conditions must be used. For all 

of the results provided in Figure 5-16, both the midspan and support LP data were used as boundary 

conditions, while the quarter-span LP was used to verify the results. Also note that deflection data 
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could not be calculated within the first 0.62 m of the instrumented span due to the lack of data from 

the top fibre.  

 
a) 

 
b) 

Figure 5-16: Maximum integrated deflections from distributed FOS results for: a) the UDL 

test and b) the PL test 

 The results provided on Figure 5-16 allow for a direct comparison between the two sensor 

types (i.e. FOS and LP). While the midspan and support LP are used in the calculation of the 

distributed FOS deflections, the difference between the quarter-span LP and the integrated 

deflection at that location enables a comparison between both the deflection measurements. For 

each deflected shape shown in Figure 5-16, the difference between these two points is provided. In 

each case, these differences are within the expected accuracy of the LP sensors used (~ 0.1 mm). It 

is noted that there is an increase in the discrepancy with an increase in the load. This is potentially 
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due to the level of noise measured within the DDFOS data as the loads are applied, especially 

within the top fibre. 

 The general deflected shape behaviour under static loading appears to be as expected. 

Although the calculated deflected shape does not cover the entire span, it appears that the deflection 

at each support is zero, with a maximum deflection located at the midspan. This behaviour, 

however, is not seen within the deflected shape under the maximum dynamic load measured during 

the UDL and PL tests. In this case, the right-hand support (i.e. column) displacement does remain 

close to zero but the deflection toward the left-hand support (i.e. the beam), is not close to zero, 

with a measured deflection of 0.28 mm and 0.58 mm at the left most point for the UDL and PL 

tests, respectively. Although deflections were not directly measured at the beam-beam connection, 

it is possible that the supporting beam did experience some deflection as a result of the dynamic 

loads. However, it is also possible that this behaviour is due to noise within the FOS data near the 

end of the sensing length along the top fibre. To determine the exact cause, a direct measurement 

of the deflection at this support would be required. It is also noted that the maximum deflection 

under the dynamic load is positioned to the right of the midspan LP. This could be the result of the 

uneven positioning of the load, but could also be an effect of the left-hand support behaviour. 

 Similar to the statically loaded condition, the unloaded deflected shape is as expected. What 

is most important about the unloaded deflected shape is that the two sensor types agree that there 

are residual displacements within the beam after the loads are removed. This provides further 

evidence that the cracks grew as a result of the jumping cycles, which caused irrecoverable 

displacement. This in turn helps explain the residual strains observed in Figure 5-14 and verify the 

crack growth estimations provided in Figure 5-15. 
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5.5 CONCLUSIONS 

 This research program was conducted in order to establish a better understanding of the 

dynamic performance of existing reinforced concrete structures and improve on previous static 

assessments by utilizing dynamic distributed fibre optic sensing. To test the abilities of DDFOS, 

two case studies were completed on two existing reinforced concrete beams. Each beam was tested 

in-situ under dynamic loads and monitored with discrete sensors and DDFOS technology (ODiSI-

B by LUNA Technologies). Based on the results from both studies, the following conclusions can 

be made: 

 By utilizing the ODiSI-B DDFOS system, both static and dynamic concrete strains could 

be successfully measured during dynamic loading tests on two existing RC beams in situ. 

 The recorded DDFOS data was used to determine critical performance metrics within the 

instrumented beams including: maximum strains, support conditions, and cracking 

behaviour. 

 The observed trends in the data from both the discrete and distributed sensors were in good 

agreement, suggesting that the DDFOS was able to accurately capture the true behaviour 

of the beam. 

 DDFOS data provided the ability to determine the dynamic response factor of the 

instrumented structure, which was found to be an underestimation when compared to 

deflection-based DRF results. Both are considered valid DRF values, as similar 

comparisons are found in previous studies. 

 Distributed crack widths and deflected shapes, previously limited to static measurements, 

could be determined dynamically utilizing the recorded strain data from the DDFOS 

system, including the identification of the maximum results due to the applied dynamic 

load. 
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Chapter 6 

Conclusion 

6.1 SUMMARY OF RESEARCH 

This thesis investigated the use of dynamic distributed fibre optic sensing to monitor and 

assess reinforced concrete beams in both field and laboratory applications. In total, eight reinforced 

concrete beams were designed, instrumented, constructed, and tested in the lab under both cyclic 

and ultimate loads. Using a Rayleigh backscatter-based DDFOS system (i.e. the ODiSI-B by 

LUNA Technologies), key performance metrics of the RC beams could be identified, including the 

development of both degradation and failure mechanisms, as well as the development of arching 

action as a load carrying mechanism. Two case studies were also completed to examine the 

behaviour of two existing reinforced concrete beams when exposed to maximum expected dynamic 

loads. The results of these tests included the measurement of distributed external concrete strains, 

as well as estimations of dynamic deflected shapes and crack widths. Based on all of these 

experimental studies, the following key conclusions can be made: 

 The dynamic distributed fibre optic sensor (DDFOS) system used during this experimental 

study (the ODiSI-B by LUNA Technologies), in combination with internally bonded nylon 

fibre optic cables, was able to both withstand cyclic and failure loading tests within a 

laboratory setting, as well as provide detailed strain data throughout the duration of each 

of the eight RC beam tests performed.  

 DDFOS and deflection data, as well as crack analysis, can be used to assess the combined 

effects of both short-term cycling and changing loading arrangement, including the 

development of degradation and failure mechanisms, and the ultimate capacity of the 

specimens.  



 

120 

 

 Degradation mechanisms, including concrete creep, debonding, and crack development 

and growth, could be identified and monitored throughout the initial loading, cyclic and 

ultimate loading tests of RC beams using DDFOS and displacement measurements. 

 The development of failure mechanisms could be captured in the moments before failure 

using DDFOS, including the rapid growth of critical cracks. 

 The development of arching action could be identified with DDFOS data. Evidence of this 

development could be observed from the earliest application of load, throughout cycling 

phase of each test, and until the ultimate loads of each RC specimen were reached.  

 During the dynamic loading tests of two in-situ RC beams, the DDFOS system was able to 

provide static and dynamic concrete surface strains. These strains were used to determine 

critical performance metrics for the RC beams: maximum strains, support conditions, and 

cracking behaviour. The observed trends in the data from both the discrete sensors (LPs) 

and distributed (DDFOS) sensors were in good agreement, suggesting that the DDFOS 

system was able to accurately capture the true behaviour of the beam. 

 Expanding on methods previously limited to static measurements, distributed crack widths 

and deflected shapes could be determined dynamically by utilizing the recorded concrete 

surface strain data from the DDFOS system throughout the dynamic loading of an existing 

RC beam.  

6.2 FUTURE WORK 

The work presented within this thesis provides a thorough overview of the advanced 

capabilities of dynamic distributed fibre optic sensing, including several examples of successful 

applications of this technology. This research did, however, create several opportunities for future 

work, including: 
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 An investigation into the behaviour of shear reinforcement (i.e. stirrups) within RC beams 

when exposed to cyclic and ultimate loads. Potentially identifying their role in failure 

mechanisms as well as arching action. 

 Experimental programs that further explore dynamic deep beam behaviour by testing a 

variety of RC beam specimens with varying geometries, which result in a range of shear 

span to effective depth ratios. 

 Additional field tests on fully accessible RC beams that include additional sensors in order 

to more accurately determine boundary conditions, and further verify the results of DDFOS 

measurements of strain, displacements, and crack widths. 

 Further field assessments on existing RC beams that are commonly exposed to dynamic 

service loading (i.e. bridges), therefore investigating the capabilities of DDFOS in the 

assessment of these structures. 

 Continue the investigation into the dynamic response factor (DRF) results by verifying the 

strain-based values using other strain sensing methods (i.e. strain gauges) as well as the use 

of the strain-based deflection results to determine DRF values. 

 Long term static loading tests could be conducted on the field test specimens to measure 

the increase in deflections and strains due to concrete creep. Results could then be 

compared to the reported dynamic concrete creep results to isolate the effects of the two 

loading cases. 

 The use of DDFOS data for model updating of existing RC structures using finite element 

methods for the purpose of structural assessments.  


