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ABSTRACT The amount of concrete infrastructure expected to be built in the coming years will have significant adverse effects on the 
environment. The structural engineering community can help reduce this impact through efficient material use in design. In order to do this, 
comprehensive data sets that can be used to accurately assess the performance of reinforced concrete (RC) structures are required to ensure 
that optimisation comes without compromising public safety. Thus, the development of novel sensors that provide this comprehensive data is 
critical. Distributed fibre optic sensors have the potential to do this in a manner that is practical to implement, enabling detailed assessments 
of RC behaviour on site and in the lab. This paper demonstrates the capabilities of pairing commercially available fibre optic cables and a 
Rayleigh backscatter analysing unit to capture RC behaviour using distributed strain data. A series of beam tests were performed in the lab and 
a live load test was performed on a beam in a newly constructed building. The fibre optic sensors were found to be capable of measuring full 
distributed reinforcement strain profiles, full deflected shapes, and crack widths. However, the sensing techniques were unable to capture post-
yielding strain or deflection behaviour, and the accuracy of the deflection and crack width measurements decreased when cracks in the concrete 
surface exceeded 0.15 mm in width. The field monitoring data from a live load test demonstrated that externally bonded fibre optic sensors 
can provide information regarding support conditions, moment distribution, and cracking behaviour of building elements. 

  
1. Introduction 

The amount of reinforced concrete (RC) infrastructure that will 
be built in the coming years is significant, as it is expected that 
global cities will absorb an additional 2.5 billion people (UN 
Department of Economics and Social Affairs, 2018). This 
increase in concrete construction will have a significant 
negative impact on the environment since the production of 
cement alone accounts for approximately 8% of global carbon 
dioxide (CO2) emissions (Andrew, 2018).   

In light of this, it is important that any inefficiencies in RC 
design are reduced moving forward. Studies suggest that 
material savings of between 40% (Orr, 2012) and 70% (Liew, 
2017) are achievable in the design of concrete structures, 
though implementing efficient material use in practise is 
difficult for many reasons. One of these being that the industry 
must be certain that the removal of overly conservative 
assumptions in the design process will not compromise the 
structures’ integrity, and in particular, safety. Understanding 
an RC element’s response to loading in detail is therefore 
critical. 

One method of providing structural engineers with the 
confidence to avoid over specifying material quantities in 
structures is by using monitoring data that comprehensively 
captures their behaviour. If detailed and distributed data was 
regularly captured from RC elements tested in the lab and in 

existing buildings, it would provide invaluable information for 
the development of RC models. This would inevitably lead to 
material use reductions in design and more accurate 
assessments moving forward.  

Unfortunately, the manner that reinforcement strains are 
commonly being measured has remained stagnant for decades 
(Mains, 1951; Masukawa, 2012). Foil strain gauges are almost 
always used to measure strain in the lab, which are a discrete 
technology that only measure strains at a single location. When 
distributed reinforcement strain measurements are required, 
which is crucial data for RC cracking and tension stiffening 
models (Kaklauskas, 2017; Scott and Gill, 1987), it is not 
uncommon for tens of strain gauges to be bonded sequentially 
on a single bar (Masukawa, 2012; Scott and Gill, 1987). This 
is not cost effective and is labour intensive which limits the 
available number of experiments, thus there is a need for a 
more practical method of acquiring distributed reinforcement 
strain measurements.  

Current monitoring technologies for measuring in-situ 
behaviour of RC elements possess several limitations as well. 
For instance, most available deflection and crack width 
monitoring devices are also discrete technologies. To measure 
deflections, reference points are often required, and to measure 
crack widths, the crack location must be known. Though digital 
image correlation (DIC) can overcome some of these 
limitations, it requires a direct line of sight between the camera 
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and the structural element. This creates several obstacles when 
attempting to monitor behaviour on site. If one sensing 
technology could monitor distributed RC deflections and crack 
widths simultaneously in a practical manner, while avoiding 
the limitations mentioned, it could then be a useful tool for 
monitoring and understanding the response of RC elements in 
the field.  

The following paper highlights the results of a research 
program aimed at using Rayleigh backscatter-based distributed 
fibre optic sensors (FOS) to address the RC monitoring 
challenges discussed. Techniques were developed for feasibly 
monitoring reinforcement strains, RC bending deflections, and 
crack widths, which will are all discussed here. Additionally, a 
field monitoring program demonstrating the unique 
capabilities of using distributed FOS to monitor the response 
of RC building elements in situ when subjected to live loading 
is introduced.  

It should be noted that there have been previous attempts by 
researchers using this technology to measure reinforcement 
strains (Barrias et al., 2018; Brault et al., 2015), RC deflections 
(Regier and Hoult, 2014) and crack widths (Regier and Hoult, 
2014; Rodriguez et al., 2015). However, the research program 
that is summarized in this paper is the first instance that a 
method for accurately measuring distributed reinforcement 
strains beyond concrete cracking is presented. Furthermore, it 
is the only work that has evaluated the accuracy of RC 
deflection and individual crack width measurement methods 
based on this distributed strain measuring technique.  

2. Experimental program  

2.1 Lab investigations 
The research program that is discussed in this paper included 
an experimental study consisting of 18 RC beam specimens 
(full details on the lab investigation are found in Brault (2018), 
Brault and Hoult (2019a), and Brault and Hoult (2019b). Only 
the results from three of these specimens will be discussed 
here: Beam 1, Beam 2, and Beam 3. The cross section of each 
beam is shown in Figure 1. Beam 1 had a loaded span of 1 m 
and Beams 2 and 3 had loaded spans of 2 m. The stirrups were 
spaced at 125 mm in Beam 1 and 150 mm in Beams 2 and 3. 

Each Beam was loaded until failure in three-point bending 
using a hydraulic actuator as shown in Figure 1(b). For each 
beam, linear potentiometers (LPs) were used to measure beam 
deflections at the supports, the quarter spans, and at mid-span. 
The LPs at the supports were used to cancel out any support 
movement. Digital image correlation (DIC) was used to 
measure crack widths in the central portion of each beam using 
Canon T3i cameras and a software package called GeoPIV 
originally developed by White et al. (2003).  

Commercially available nylon coated single mode fibre optic 
cables were used in this investigation (~$0.15/m) as the 

distributed FOS. As seen in Figure 1(b) and Figure 2(a), FOS 
were bonded to the external surface of each beam at two 
separate heights: 10 mm below the top extreme compression 
fibre and at the height of the bottom (tensile) reinforcement. 
FOS were also installed longitudinally along the bottom 
(tensile) reinforcement within each beam. Figure 2(b) shows 
the FOS bonded to the bottom reinforcement, and how the fibre 
was coated in a thin layer of silicone. Both the external and 
internal FOS passes extended along the entire loaded span of 
each beam (details regarding the fibre installation process are 
found in Brault and Hoult (2019a) for the external FOS and 
Brault and Hoult (2019b) for the FOS on the reinforcement.  

Figure 1 Lab specimens and test setup: (a) beam cross 
sections, and (b) three-point bending test setup where L 
is the loaded span (all units in mm). 

 

(a) 

 

(b) 

 

 

 

 

 

 

 
 
 

Figure 2 Schematic of FOS instrumentation: (a) external 
concrete surface installation, and (b) bottom (tensile) 
reinforcement installation. 

 

(a) 

 

(b) 

To acquire data from the FOS, the OBR 4600 analysing unit 
from Luna Technologies was used. This system is capable of 
performing distributed strain measurements along a fibre optic 
cable with a strain resolution of ~1 με in the sensing core when 
a sensor spacing and gauge length of 10 mm is used (Luna 
Technologies, 2018). All FOS results from the lab that are 
discussed in this paper used a sensor spacing and gauge length 
of 10 mm.  The maximum fibre length the system can perform 

strain measurements along is 70 m. Lastly, it is important to 
note that this fibre optic analyser is a static measurement tool. 
Thus, in order to perform accurate strain measurements it was 
necessary to perform each test in a series of increasing load 
stages (for example: 5 kN, 10 kN, etc.) with FOS 
measurements being taken once the loading was halted at each 
stage.  

2.2 Field monitoring 

This research program investigated the instrumentation and 
testing of three separate beam elements within a 5 storey RC 
building in Ottawa, Canada. However, only the results from 
one of these beams will be discussed in this paper, which will 
be referred to as the ‘Large Beam’ beyond this point. Full 
details of the field monitoring portion of this research program 
are found in Brault and Hoult (2019c). A schematic of the 
Large Beam is shown in Figure 3. It has a clear span of 15.8 m 
and is supported by two steel columns. Cross section views of 
the Large Beam are shown in Figure 3, however, the beam’s 
reinforcement details are not shown in this figure. FOS were 
bonded to the external surface of the beam at two separate 
heights along the beam’s span in a similar manner to the 
external FOS bonded to the lab specimens previously 
described.  There is a beam framing into the Large Beam and 
there is a pipe installed on the surface of the Large Beam as 
indicated in Figure 3, which both provided obstacles for the 
FOS installation. This led to gaps in the FOS data that will be 
discussed later.  Furthermore, FOS were not able to be installed 
all the way to the centre of the south column as initially 
intended. This was due to physical obstacles being present on 
the construction site. The FOS were installed 3 months 
following the concrete placement when all shores, formwork, 
and re-shores had been removed.

 

Figure 3 Large beam schematic with FOS configuration depicted. 
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and the structural element. This creates several obstacles when 
attempting to monitor behaviour on site. If one sensing 
technology could monitor distributed RC deflections and crack 
widths simultaneously in a practical manner, while avoiding 
the limitations mentioned, it could then be a useful tool for 
monitoring and understanding the response of RC elements in 
the field.  

The following paper highlights the results of a research 
program aimed at using Rayleigh backscatter-based distributed 
fibre optic sensors (FOS) to address the RC monitoring 
challenges discussed. Techniques were developed for feasibly 
monitoring reinforcement strains, RC bending deflections, and 
crack widths, which will are all discussed here. Additionally, a 
field monitoring program demonstrating the unique 
capabilities of using distributed FOS to monitor the response 
of RC building elements in situ when subjected to live loading 
is introduced.  

It should be noted that there have been previous attempts by 
researchers using this technology to measure reinforcement 
strains (Barrias et al., 2018; Brault et al., 2015), RC deflections 
(Regier and Hoult, 2014) and crack widths (Regier and Hoult, 
2014; Rodriguez et al., 2015). However, the research program 
that is summarized in this paper is the first instance that a 
method for accurately measuring distributed reinforcement 
strains beyond concrete cracking is presented. Furthermore, it 
is the only work that has evaluated the accuracy of RC 
deflection and individual crack width measurement methods 
based on this distributed strain measuring technique.  

2. Experimental program  

2.1 Lab investigations 
The research program that is discussed in this paper included 
an experimental study consisting of 18 RC beam specimens 
(full details on the lab investigation are found in Brault (2018), 
Brault and Hoult (2019a), and Brault and Hoult (2019b). Only 
the results from three of these specimens will be discussed 
here: Beam 1, Beam 2, and Beam 3. The cross section of each 
beam is shown in Figure 1. Beam 1 had a loaded span of 1 m 
and Beams 2 and 3 had loaded spans of 2 m. The stirrups were 
spaced at 125 mm in Beam 1 and 150 mm in Beams 2 and 3. 

Each Beam was loaded until failure in three-point bending 
using a hydraulic actuator as shown in Figure 1(b). For each 
beam, linear potentiometers (LPs) were used to measure beam 
deflections at the supports, the quarter spans, and at mid-span. 
The LPs at the supports were used to cancel out any support 
movement. Digital image correlation (DIC) was used to 
measure crack widths in the central portion of each beam using 
Canon T3i cameras and a software package called GeoPIV 
originally developed by White et al. (2003).  

Commercially available nylon coated single mode fibre optic 
cables were used in this investigation (~$0.15/m) as the 

distributed FOS. As seen in Figure 1(b) and Figure 2(a), FOS 
were bonded to the external surface of each beam at two 
separate heights: 10 mm below the top extreme compression 
fibre and at the height of the bottom (tensile) reinforcement. 
FOS were also installed longitudinally along the bottom 
(tensile) reinforcement within each beam. Figure 2(b) shows 
the FOS bonded to the bottom reinforcement, and how the fibre 
was coated in a thin layer of silicone. Both the external and 
internal FOS passes extended along the entire loaded span of 
each beam (details regarding the fibre installation process are 
found in Brault and Hoult (2019a) for the external FOS and 
Brault and Hoult (2019b) for the FOS on the reinforcement.  

Figure 1 Lab specimens and test setup: (a) beam cross 
sections, and (b) three-point bending test setup where L 
is the loaded span (all units in mm). 
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Figure 2 Schematic of FOS instrumentation: (a) external 
concrete surface installation, and (b) bottom (tensile) 
reinforcement installation. 
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To acquire data from the FOS, the OBR 4600 analysing unit 
from Luna Technologies was used. This system is capable of 
performing distributed strain measurements along a fibre optic 
cable with a strain resolution of ~1 με in the sensing core when 
a sensor spacing and gauge length of 10 mm is used (Luna 
Technologies, 2018). All FOS results from the lab that are 
discussed in this paper used a sensor spacing and gauge length 
of 10 mm.  The maximum fibre length the system can perform 

strain measurements along is 70 m. Lastly, it is important to 
note that this fibre optic analyser is a static measurement tool. 
Thus, in order to perform accurate strain measurements it was 
necessary to perform each test in a series of increasing load 
stages (for example: 5 kN, 10 kN, etc.) with FOS 
measurements being taken once the loading was halted at each 
stage.  

2.2 Field monitoring 

This research program investigated the instrumentation and 
testing of three separate beam elements within a 5 storey RC 
building in Ottawa, Canada. However, only the results from 
one of these beams will be discussed in this paper, which will 
be referred to as the ‘Large Beam’ beyond this point. Full 
details of the field monitoring portion of this research program 
are found in Brault and Hoult (2019c). A schematic of the 
Large Beam is shown in Figure 3. It has a clear span of 15.8 m 
and is supported by two steel columns. Cross section views of 
the Large Beam are shown in Figure 3, however, the beam’s 
reinforcement details are not shown in this figure. FOS were 
bonded to the external surface of the beam at two separate 
heights along the beam’s span in a similar manner to the 
external FOS bonded to the lab specimens previously 
described.  There is a beam framing into the Large Beam and 
there is a pipe installed on the surface of the Large Beam as 
indicated in Figure 3, which both provided obstacles for the 
FOS installation. This led to gaps in the FOS data that will be 
discussed later.  Furthermore, FOS were not able to be installed 
all the way to the centre of the south column as initially 
intended. This was due to physical obstacles being present on 
the construction site. The FOS were installed 3 months 
following the concrete placement when all shores, formwork, 
and re-shores had been removed.

 

Figure 3 Large beam schematic with FOS configuration depicted. 
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A live load test was performed on the Large Beam to assess the 
ability of the FOS to monitor the element’s response to external 
loading. As mentioned, the FOS were installed following the 
removal of all shoring so it could not be used to measure the 
beam’s response to self-weight. The Large Beam was loaded 
by driving six scissor lifts onto the beam. The scissor lifts were 
centred along the longitudinal axis of the beam and were 
oriented parallel to this axis. The lifts each weighed between 
11.5 kN and 15.9 kN, and each lift’s weight was assumed to be 
evenly split between its two axles. The magnitude and location 
of every axle load applied to the Large Beam can be seen in 
Figure 4. Once all six scissor lifts had been driven into place, 
FOS strain measurements were acquired. Again, the OBR 4600 
analysing unit was used to acquire these measurements. 
However, a 20 mm sensor spacing and gauge length was used 
here instead of the 10 mm setting used for the lab experiments 
(see Brault and Hoult (2019c) for details)). To measure mid-
span deflection of the Large Beam, LP measurements were 
acquired at 1 HZ throughout the entirety of the test. The test 
was conducted during the building’s construction and took 
under an hour to complete. The brief duration of the test and 
the fact that the construction site was enclosed eliminated the 
need for temperature compensation of the FOS measurements, 
as the temperature change over this time was negligible.  

Figure 4 Live loading configuration on Large Beam. 

 

3. Lab Results 

3.1 Concrete surface strains 
Figure 5 shows concrete surface strain results measured using 
the FOS from specimen Beam 1 with an applied of 18 kN. This 
is approximately 50% of the beam’s ultimate load. As expected 
in positive bending, the top fibre measures compressive strains 
and the bottom fibre measures tensile strains. The positive 
‘spikes’ in the bottom fibre measurements represent locations 
in the fibre optic cable that cross cracks in the concrete surface. 
Therefore, one is able to determine the location of each crack 
using FOS, meaning that the crack spacing can also be 
deduced.  Brault and Hoult (2019a) showed that an integration 
process can be applied to these positive strain spikes to 
estimate the widths of each crack that the fibres cross. For 
instance, with this technique, the mid-span crack in Figure 5 is 
estimated to be 0.08 mm at the height of the bottom fibre optic 
cable (which is at the height of the bottom reinforcement). 

These crack width estimates were evaluated against DIC crack 
width measurements by Brault and Hoult (2019a), and it was 
found that their accuracy reduces when crack widths exceed 
0.15 mm. This will be discussed further later.    

Figure 5 FOS concrete surface strain measurements 
from Beam 1 with an applied load of 18 kN (~50% of 
ultimate load). 

 

As seen in Figure 5, longitudinal surface strains at two separate 
heights along Beam 1’s entire loaded span are measured. Since 
the vertical distance between the two fibre passes is known 
(110 mm in this case), the beam’s curvature can be determined 
every 10 mm along the span (this is the sensor spacing used in 
this test). Using Euler-Bernoulli beam theory, deflections can 
then be determined by a process of double integration. 
However, two known boundary conditions must be available 
to complete this process. In the case of Beam 1 (and all lab tests 
in this program), both supports were used as boundary 
conditions with a bending deflection value of 0 mm. It should 
be noted that the strain results in Figure 5 were not filtered in 
anyway prior to the process of double integration. Deflection 
results determined from the external FOS strain measurements 
are presented in Figure 6 for Beam 1 at a load of 18 kN.  

Figure 6 Comparison between FOS deflection 
measurements and LP measurements for Beam 1 with 
an applied load of 18 kN. 

 

 

 
 
 

Figure 6 shows that the FOS were able to capture the full 
deflected shape of Beam 1. The FOS deflection results are in 
good agreement with the LP measurements at both quarter-
spans and at mid-span (the maximum difference is 0.06 mm). 
As seen in Figure 1(b), both the top and bottom fibre passes are 
comprised of a single fibre optic cable. Thus, Figure 6 shows 
that the full deflected shape (containing 100 sequential 
deflection points in this case as a result of the 10 mm sensor 
spacing) can be measured using a single fibre optic cable. 
Brault and Hoult (2019a) found that once the fibre used to 
measure deflections is required to cross cracks of a certain 
width, the accuracy of the FOS deflection measurements 
begins to reduce significantly. This is discussed later in more 
detail.  

In Brault and Hoult (2019a), crack width estimates performed 
using FOS measurements are evaluated against DIC crack 
width measurements from 11 different RC beam specimens. 
These results are presented in Figure 7, with good correlation 
between measurement technologies being represented by the 
1:1 line that is plotted. It is visually evident in Figure 7 that the 
accuracy of the FOS crack width estimates decreases for crack 
widths larger than 0.15 mm. In fact, the average measurement 
difference up until 0.15 mm is only 0.007 mm while it 
increases to 0.033 (~5 times higher) beyond that point. This 
decrease in accuracy was found to be caused by severe strain 
gradients in the FOS at cracks, leading to the occurrence of 
unreliable strain readings at these locations (further details in 
Brault and Hoult (2019a)). Overall, the FOS were determined 
to estimate crack widths accurately up until widths of 0.15 mm 
and can be used to locate all crack locations that the fibre optic 
passes. Beyond 0.15 mm the FOS may provide a reasonable 
crack width estimate up to 0.3 mm, and if more accurate 
measurements are required then conventional crack gauges can 
be installed where the FOS results suggest the most critical 
cracks to be located.  

Figure 7 Evaluation of FOS crack width estimates 
compared to DIC crack width measurements from 11 
different RC beam specimens.  

 

Brault and Hoult (2019a) also evaluated deflection results 
determined using the external FOS strain measurements from 
the same 11 RC beam specimens used in Figure 7. A 
comparison between LP and FOS deflection measurements at 
each beam’s mid-span is shown in Figure 8. Again, agreement 
between measurement technologies is represented by the 1:1 
line that is plotted. Figure 8 shows that the FOS provide 
accurate deflection measurements until the crack widths are 
0.15 mm or greater. Once either of the fibre passes used to 
perform the deflection measurements cross a crack with a 
width greater than 0.15 mm, the accuracy of the deflection 
measurements starts to decrease. This is not surprising, as it 
was previously discussed that unreliable strain readings start to 
occur in the fibre optic cables once cracks with widths larger 
than 0.15 mm are crossed by the fibres themselves. Since 
accurate strain at each point along the FOS is required to 
perform the integration needed to determine bending 
deflections, this also leads to inaccurate FOS deflection results. 
Fortunately, it is possible to avoid this issue by installing at 
least two fibre optic passes at beam depths that are not expected 
to experience concrete cracking. This strategy is further 
discussed in Brault and Hoult (2019a). 

Figure 8 Evaluation of FOS deflection measurements 
compared to LP measurements at mid-span for 11 RC 
beam specimens.  

 

Overall, this section highlights that several crack widths and 
the deflected shape of an RC beam can be accurately and 
feasibly measured using a single fibre optic cable bonded to the 
beam’s surface. However, it is important to consider the 
limitations discussed before implementation.  

3.2 Reinforcement strains 
Measuring distributed strain profiles provides crucial data for 
developing cracking, tension stiffening, and assessment 
models for RC structures. However, the cost and labour that 
are required to achieve this using current monitoring 
techniques make it too cumbersome to readily perform. For 
example, a test performed by Masukawa (2012) required the 
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A live load test was performed on the Large Beam to assess the 
ability of the FOS to monitor the element’s response to external 
loading. As mentioned, the FOS were installed following the 
removal of all shoring so it could not be used to measure the 
beam’s response to self-weight. The Large Beam was loaded 
by driving six scissor lifts onto the beam. The scissor lifts were 
centred along the longitudinal axis of the beam and were 
oriented parallel to this axis. The lifts each weighed between 
11.5 kN and 15.9 kN, and each lift’s weight was assumed to be 
evenly split between its two axles. The magnitude and location 
of every axle load applied to the Large Beam can be seen in 
Figure 4. Once all six scissor lifts had been driven into place, 
FOS strain measurements were acquired. Again, the OBR 4600 
analysing unit was used to acquire these measurements. 
However, a 20 mm sensor spacing and gauge length was used 
here instead of the 10 mm setting used for the lab experiments 
(see Brault and Hoult (2019c) for details)). To measure mid-
span deflection of the Large Beam, LP measurements were 
acquired at 1 HZ throughout the entirety of the test. The test 
was conducted during the building’s construction and took 
under an hour to complete. The brief duration of the test and 
the fact that the construction site was enclosed eliminated the 
need for temperature compensation of the FOS measurements, 
as the temperature change over this time was negligible.  

Figure 4 Live loading configuration on Large Beam. 

 

3. Lab Results 

3.1 Concrete surface strains 
Figure 5 shows concrete surface strain results measured using 
the FOS from specimen Beam 1 with an applied of 18 kN. This 
is approximately 50% of the beam’s ultimate load. As expected 
in positive bending, the top fibre measures compressive strains 
and the bottom fibre measures tensile strains. The positive 
‘spikes’ in the bottom fibre measurements represent locations 
in the fibre optic cable that cross cracks in the concrete surface. 
Therefore, one is able to determine the location of each crack 
using FOS, meaning that the crack spacing can also be 
deduced.  Brault and Hoult (2019a) showed that an integration 
process can be applied to these positive strain spikes to 
estimate the widths of each crack that the fibres cross. For 
instance, with this technique, the mid-span crack in Figure 5 is 
estimated to be 0.08 mm at the height of the bottom fibre optic 
cable (which is at the height of the bottom reinforcement). 

These crack width estimates were evaluated against DIC crack 
width measurements by Brault and Hoult (2019a), and it was 
found that their accuracy reduces when crack widths exceed 
0.15 mm. This will be discussed further later.    

Figure 5 FOS concrete surface strain measurements 
from Beam 1 with an applied load of 18 kN (~50% of 
ultimate load). 

 

As seen in Figure 5, longitudinal surface strains at two separate 
heights along Beam 1’s entire loaded span are measured. Since 
the vertical distance between the two fibre passes is known 
(110 mm in this case), the beam’s curvature can be determined 
every 10 mm along the span (this is the sensor spacing used in 
this test). Using Euler-Bernoulli beam theory, deflections can 
then be determined by a process of double integration. 
However, two known boundary conditions must be available 
to complete this process. In the case of Beam 1 (and all lab tests 
in this program), both supports were used as boundary 
conditions with a bending deflection value of 0 mm. It should 
be noted that the strain results in Figure 5 were not filtered in 
anyway prior to the process of double integration. Deflection 
results determined from the external FOS strain measurements 
are presented in Figure 6 for Beam 1 at a load of 18 kN.  

Figure 6 Comparison between FOS deflection 
measurements and LP measurements for Beam 1 with 
an applied load of 18 kN. 

 

 

 
 
 

Figure 6 shows that the FOS were able to capture the full 
deflected shape of Beam 1. The FOS deflection results are in 
good agreement with the LP measurements at both quarter-
spans and at mid-span (the maximum difference is 0.06 mm). 
As seen in Figure 1(b), both the top and bottom fibre passes are 
comprised of a single fibre optic cable. Thus, Figure 6 shows 
that the full deflected shape (containing 100 sequential 
deflection points in this case as a result of the 10 mm sensor 
spacing) can be measured using a single fibre optic cable. 
Brault and Hoult (2019a) found that once the fibre used to 
measure deflections is required to cross cracks of a certain 
width, the accuracy of the FOS deflection measurements 
begins to reduce significantly. This is discussed later in more 
detail.  

In Brault and Hoult (2019a), crack width estimates performed 
using FOS measurements are evaluated against DIC crack 
width measurements from 11 different RC beam specimens. 
These results are presented in Figure 7, with good correlation 
between measurement technologies being represented by the 
1:1 line that is plotted. It is visually evident in Figure 7 that the 
accuracy of the FOS crack width estimates decreases for crack 
widths larger than 0.15 mm. In fact, the average measurement 
difference up until 0.15 mm is only 0.007 mm while it 
increases to 0.033 (~5 times higher) beyond that point. This 
decrease in accuracy was found to be caused by severe strain 
gradients in the FOS at cracks, leading to the occurrence of 
unreliable strain readings at these locations (further details in 
Brault and Hoult (2019a)). Overall, the FOS were determined 
to estimate crack widths accurately up until widths of 0.15 mm 
and can be used to locate all crack locations that the fibre optic 
passes. Beyond 0.15 mm the FOS may provide a reasonable 
crack width estimate up to 0.3 mm, and if more accurate 
measurements are required then conventional crack gauges can 
be installed where the FOS results suggest the most critical 
cracks to be located.  

Figure 7 Evaluation of FOS crack width estimates 
compared to DIC crack width measurements from 11 
different RC beam specimens.  

 

Brault and Hoult (2019a) also evaluated deflection results 
determined using the external FOS strain measurements from 
the same 11 RC beam specimens used in Figure 7. A 
comparison between LP and FOS deflection measurements at 
each beam’s mid-span is shown in Figure 8. Again, agreement 
between measurement technologies is represented by the 1:1 
line that is plotted. Figure 8 shows that the FOS provide 
accurate deflection measurements until the crack widths are 
0.15 mm or greater. Once either of the fibre passes used to 
perform the deflection measurements cross a crack with a 
width greater than 0.15 mm, the accuracy of the deflection 
measurements starts to decrease. This is not surprising, as it 
was previously discussed that unreliable strain readings start to 
occur in the fibre optic cables once cracks with widths larger 
than 0.15 mm are crossed by the fibres themselves. Since 
accurate strain at each point along the FOS is required to 
perform the integration needed to determine bending 
deflections, this also leads to inaccurate FOS deflection results. 
Fortunately, it is possible to avoid this issue by installing at 
least two fibre optic passes at beam depths that are not expected 
to experience concrete cracking. This strategy is further 
discussed in Brault and Hoult (2019a). 

Figure 8 Evaluation of FOS deflection measurements 
compared to LP measurements at mid-span for 11 RC 
beam specimens.  

 

Overall, this section highlights that several crack widths and 
the deflected shape of an RC beam can be accurately and 
feasibly measured using a single fibre optic cable bonded to the 
beam’s surface. However, it is important to consider the 
limitations discussed before implementation.  

3.2 Reinforcement strains 
Measuring distributed strain profiles provides crucial data for 
developing cracking, tension stiffening, and assessment 
models for RC structures. However, the cost and labour that 
are required to achieve this using current monitoring 
techniques make it too cumbersome to readily perform. For 
example, a test performed by Masukawa (2012) required the 
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installation of 62 strain gauges on a 1 m long RC specimen to 
measure distributed strains. Distributed FOS provide a far 
more practical option for gathering this data, as is presented 
next.  

Figure 9 displays reinforcement strains measured with FOS for 
specimen Beam 3 at six different load stages. Beam 3 had a 
cracking load of 17 kN, a yielding load of 95 kN, and an 
ultimate load of 108 kN. The strains shown were measured on 
one of the specimen’s bottom reinforcement bars, which was a 
15M deformed bar. In the load stages beyond concrete cracking 
(17 kN), peaks and valleys are evident in the data. The peaks 
are a strain increase in the reinforcement at cracks in the 
concrete, and the valleys are a decrease in strain between 
cracks. This behaviour makes sense as the reinforcement is 
expected to carry the tensile stress across a crack, while 
between cracks some of the force is transferred into the 
surrounding concrete through bond. This data also has the 
added value of being able to capture the strain in the 
reinforcement at every crack location without having prior 
knowledge as to where each crack will occur.  

The accuracy of this data is validated both at and between 
cracks using strain gauges and theoretical predictions in 
another paper (Brault and Hoult, 2019b). The data is also 
visually comparable to the behaviour observed by Masukawa 
(2012) when measuring distributed strains with 62 side-by-side 
strain gauges. The strain profiles seen in Figure 9 are from a 
single fibre optic cable and encompass 200 side-by-side strain 
measurements, presenting a promising technique for acquiring 
these results moving forward.  

Figure 9 FOS strains measured on a bottom reinforcing 
bar (15M) in Beam 3 at increasing load stages.  

 

It is evident in Figure 9 that there is a gap in reliable data at 
mid-span at the 100 kN load stage. This coincides with the 
location at which the reinforcement started to yield, and at a 
load stage higher than the yield load (95 kN). The concrete 
crack where the reinforcement starts yielding begins to grow 
significantly. This crack growth likely leads to a shearing of 
the fibre optic cable, which then leads to un-reliable strain 
readings at this point in the fibre. It also leads to rupturing of 

the fibre optic cable in some cases. Brault and Hoult (2019b) 
found that measuring reinforcement strains beyond yielding at 
the location of yielding is usually not possible using this 
technique, which is an important limitation to consider moving 
forward. 

Figure 9 also shows that the yielding strain is exceeded in the 
90 kN load stage strain profile. In fact, it is exceeded by 
roughly 200 µε. An offset of this magnitude is something that 
can be caused by shrinkage (Bischoff, 2001; Davis et al., 
2017), which imposes compressive strains on the 
reinforcement prior to testing. 

Figure 10 presents a comparison between distributed 
reinforcement strains and external concrete surface strains at 
the height of the bottom reinforcement. The data in Figure 10 
is from specimen Beam 2 at a load of 40 kN (~30% of the 
ultimate load). The crack locations from both sets of data are 
in agreement. As expected, the strains in the fibre optic cable 
bonded to the surface of the concrete experiences much greater 
strain magnitudes at cracks than measured in the 
reinforcement. Moreover, the strain ‘valleys’ are deeper for the 
external fibre measurements. This again makes sense as these 
measurements should demonstrate longitudinal deformation 
compatibility from one end of the beam to the other. In this 
particular case, there is a 1% difference in the summation of 
the strains between supports, which may be caused by the fibre 
pass heights not being precisely the same. Figure 10 introduces 
a potential opportunity for external fibre measurements to be 
used as a means of determining internal stress states. However, 
this has not yet been investigated further and will be the topic 
of future research.  

Figure 10 Comparison between bottom reinforcement 
strains and external concrete strains measured at the 
height of the bottom reinforcement (Beam 2 at a load of 
40 kN). 

 

4. Field results 

The Large Beam’s response to the live loading shown in Figure 
4 is presented in Figure 11. The shear force diagram, bending 
moment diagram, FOS strain measurements, beam slopes, and 
full deflected shape are shown. 

 

 
 
 

 

Figure 11 Large Beam FOS results from the live load test. 

In Figure 11, the bottom fibre measures larger tensile strains 
than the top fibre near mid-span, indicating positive bending in 
this location as expected. One can also see the presence of 
several cracks in the concrete, some of which are seen to extend 
up to the height of the top fibre. This is evident by spikes in the 
top fibre strain measurements. The FOS crack width 
measurement techniques described by Brault and Hoult 
(2019a) could be used here to determine how much each crack 
has opened due to the scissor lift loading. It should be noted 
that the actual crack widths cannot be determined here as the 
FOS was installed when the element was already subjected to 
its self-weight and thus already cracked.  

The top and bottom fibre measurements are seen to intersect at 
two distinct points in Figure 11. These points are inflection 
points, and represent locations of zero bending moment. With 
the known loading configuration, and the two known bending 
moments (0 kNm at 3000 mm and 13240 mm), a unique 
solution for both the shear force and bending moment diagrams 
caused by the live loading can be solved. These are both shown 
in Figure 11. In this manner, one can understand the moment 
distribution along the Large Beam’s span, highlighting the 
negative bending at each support. The amount of moment that 

the Large Beam transfers into the surrounding elements at each 
support can also be directly determined. For example, there is 
110 kNm transferred at the north column and 100 kNm 
transferred at the south column from the scissor lift loading.  

The gaps in the FOS strain data are due to physical obstacles 
on site as shown in Figure 3 (a beam framing in and a pipe). As 
the deflection integration process requires curvature values at 
every point along the elements length to complete, linear strain 
interpolation was performed across these data gaps. Using the 
same integration process discussed previously, the full 
deflected shape of the Large Beam can be determined from the 
FOS results if two boundary conditions are assumed. Again, 
the supports were taken to have bending deflection values of 0 
mm. The deflected shape of the Large Beam is shown in Figure 
11, which displays some negative curvature near both supports 
as expected (consistent with the FOS strains and the bending 
moment diagram). The FOS deflection measurement at mid-
span is in good agreement with the LP measurement as well, 
though there is a slight error (0.009 mm).  

Ultimately, Figure 11 demonstrates the extensive amount of 
information that is achievable from installing a single fibre 
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installation of 62 strain gauges on a 1 m long RC specimen to 
measure distributed strains. Distributed FOS provide a far 
more practical option for gathering this data, as is presented 
next.  

Figure 9 displays reinforcement strains measured with FOS for 
specimen Beam 3 at six different load stages. Beam 3 had a 
cracking load of 17 kN, a yielding load of 95 kN, and an 
ultimate load of 108 kN. The strains shown were measured on 
one of the specimen’s bottom reinforcement bars, which was a 
15M deformed bar. In the load stages beyond concrete cracking 
(17 kN), peaks and valleys are evident in the data. The peaks 
are a strain increase in the reinforcement at cracks in the 
concrete, and the valleys are a decrease in strain between 
cracks. This behaviour makes sense as the reinforcement is 
expected to carry the tensile stress across a crack, while 
between cracks some of the force is transferred into the 
surrounding concrete through bond. This data also has the 
added value of being able to capture the strain in the 
reinforcement at every crack location without having prior 
knowledge as to where each crack will occur.  

The accuracy of this data is validated both at and between 
cracks using strain gauges and theoretical predictions in 
another paper (Brault and Hoult, 2019b). The data is also 
visually comparable to the behaviour observed by Masukawa 
(2012) when measuring distributed strains with 62 side-by-side 
strain gauges. The strain profiles seen in Figure 9 are from a 
single fibre optic cable and encompass 200 side-by-side strain 
measurements, presenting a promising technique for acquiring 
these results moving forward.  

Figure 9 FOS strains measured on a bottom reinforcing 
bar (15M) in Beam 3 at increasing load stages.  

 

It is evident in Figure 9 that there is a gap in reliable data at 
mid-span at the 100 kN load stage. This coincides with the 
location at which the reinforcement started to yield, and at a 
load stage higher than the yield load (95 kN). The concrete 
crack where the reinforcement starts yielding begins to grow 
significantly. This crack growth likely leads to a shearing of 
the fibre optic cable, which then leads to un-reliable strain 
readings at this point in the fibre. It also leads to rupturing of 

the fibre optic cable in some cases. Brault and Hoult (2019b) 
found that measuring reinforcement strains beyond yielding at 
the location of yielding is usually not possible using this 
technique, which is an important limitation to consider moving 
forward. 

Figure 9 also shows that the yielding strain is exceeded in the 
90 kN load stage strain profile. In fact, it is exceeded by 
roughly 200 µε. An offset of this magnitude is something that 
can be caused by shrinkage (Bischoff, 2001; Davis et al., 
2017), which imposes compressive strains on the 
reinforcement prior to testing. 

Figure 10 presents a comparison between distributed 
reinforcement strains and external concrete surface strains at 
the height of the bottom reinforcement. The data in Figure 10 
is from specimen Beam 2 at a load of 40 kN (~30% of the 
ultimate load). The crack locations from both sets of data are 
in agreement. As expected, the strains in the fibre optic cable 
bonded to the surface of the concrete experiences much greater 
strain magnitudes at cracks than measured in the 
reinforcement. Moreover, the strain ‘valleys’ are deeper for the 
external fibre measurements. This again makes sense as these 
measurements should demonstrate longitudinal deformation 
compatibility from one end of the beam to the other. In this 
particular case, there is a 1% difference in the summation of 
the strains between supports, which may be caused by the fibre 
pass heights not being precisely the same. Figure 10 introduces 
a potential opportunity for external fibre measurements to be 
used as a means of determining internal stress states. However, 
this has not yet been investigated further and will be the topic 
of future research.  

Figure 10 Comparison between bottom reinforcement 
strains and external concrete strains measured at the 
height of the bottom reinforcement (Beam 2 at a load of 
40 kN). 

 

4. Field results 

The Large Beam’s response to the live loading shown in Figure 
4 is presented in Figure 11. The shear force diagram, bending 
moment diagram, FOS strain measurements, beam slopes, and 
full deflected shape are shown. 

 

 
 
 

 

Figure 11 Large Beam FOS results from the live load test. 

In Figure 11, the bottom fibre measures larger tensile strains 
than the top fibre near mid-span, indicating positive bending in 
this location as expected. One can also see the presence of 
several cracks in the concrete, some of which are seen to extend 
up to the height of the top fibre. This is evident by spikes in the 
top fibre strain measurements. The FOS crack width 
measurement techniques described by Brault and Hoult 
(2019a) could be used here to determine how much each crack 
has opened due to the scissor lift loading. It should be noted 
that the actual crack widths cannot be determined here as the 
FOS was installed when the element was already subjected to 
its self-weight and thus already cracked.  

The top and bottom fibre measurements are seen to intersect at 
two distinct points in Figure 11. These points are inflection 
points, and represent locations of zero bending moment. With 
the known loading configuration, and the two known bending 
moments (0 kNm at 3000 mm and 13240 mm), a unique 
solution for both the shear force and bending moment diagrams 
caused by the live loading can be solved. These are both shown 
in Figure 11. In this manner, one can understand the moment 
distribution along the Large Beam’s span, highlighting the 
negative bending at each support. The amount of moment that 

the Large Beam transfers into the surrounding elements at each 
support can also be directly determined. For example, there is 
110 kNm transferred at the north column and 100 kNm 
transferred at the south column from the scissor lift loading.  

The gaps in the FOS strain data are due to physical obstacles 
on site as shown in Figure 3 (a beam framing in and a pipe). As 
the deflection integration process requires curvature values at 
every point along the elements length to complete, linear strain 
interpolation was performed across these data gaps. Using the 
same integration process discussed previously, the full 
deflected shape of the Large Beam can be determined from the 
FOS results if two boundary conditions are assumed. Again, 
the supports were taken to have bending deflection values of 0 
mm. The deflected shape of the Large Beam is shown in Figure 
11, which displays some negative curvature near both supports 
as expected (consistent with the FOS strains and the bending 
moment diagram). The FOS deflection measurement at mid-
span is in good agreement with the LP measurement as well, 
though there is a slight error (0.009 mm).  

Ultimately, Figure 11 demonstrates the extensive amount of 
information that is achievable from installing a single fibre 
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optic cable at two separate heights on an RC element in situ 
(the full field monitoring program is detailed in Brault and 
Hoult (2019c)). 

5. Conclusions 

This paper presented an overview of a research program that 
was aimed at determining the capabilities of monitoring and 
assessing RC behaviour with Rayleigh-based distributed FOS. 
In all cases discussed here, the loading was applied in a single 
direction. Therefore, future work is required to comment on the 
accuracy of this system under cyclic loading conditions. The 
following key conclusions can be made from this study: 

• FOS bonded to the surface of concrete elements can 
be used to accurately measure crack widths and 
distributed deflections until the fibre optic cable 
crosses cracks larger than 0.15 mm in width.  

• FOS bonded to steel reinforcement embedded in RC 
elements can measure distributed strains in a manner 
that is far more practical than is possible with strain 
gauges. However, accurate measurements are usually 
not achievable at the location of yielding. 

• Pairing reinforcement strain measurements with 
measurements from the concrete surface presents an 
interesting opportunity for determining internal steel 
stress states from externally bonded FOS. Further 
research is required in this area.  

• FOS installed on RC elements in the field can provide 
detailed insight into support conditions, cracking 
behaviour, load distribution, and deflection. 
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ABSTRACT Railhead roughness on railways is a cause of noise and vibration. Corrugation (a periodic form of roughness) can grow rapidly 
and unpredictably, generating high levels of noise and vibration. An emerging technique for monitoring rail roughness is by use of axle-box 
accelerometers on in-service trains, which can be more cost-effective than conventional inspection methods. Axle-box accelerometers measure 
the vibration induced by roughness, rather than the roughness itself, and hence require signal processing techniques to translate this vibration 
into suitable metrics of the railhead condition, such as a wavelength spectrum of roughness. This paper presents progress towards a new 
stochastic frequency-domain inverse method that derives wavelength-spectra of rail roughness from axle-box acceleration measurements. This 
method compensates for the effects of vehicle speed and track dynamic behaviour on axle-box acceleration, which have adversely affected 
previous methods that, for example, rely on calibration on a reference section of track or simply take the RMS of the axle-box acceleration. 
The practical implications of processing and presenting measurements in the frequency domain are discussed, including the effect of varying 
vehicle speed and the trade-off between resolution and statistical accuracy. An initial algorithm is proposed and demonstrated through time-
domain simulations of a theoretical vehicle-track model. Accurate derivation of roughness from axle-box acceleration will facilitate future 
development of autonomous monitoring systems fitted to in-service trains that continuously 'map' the condition of a rail network in real time, 
enabling more efficient and proactive scheduling of rail maintenance. 
 

Notation 

𝑓𝑓: frequency 
𝜔𝜔: angular frequency (2𝜋𝜋𝜋𝜋) 
𝜆𝜆: wavelength 
𝛾𝛾: wavenumber (2𝜋𝜋/𝜆𝜆) 
𝑣𝑣: vehicle speed 
𝑆𝑆𝑎𝑎𝑎𝑎(𝜔𝜔): PSD (power spectral density) function of axle-box 
acceleration at frequency 𝜔𝜔 
𝑆𝑆𝛿𝛿𝛿𝛿(𝜔𝜔): PSD function of rail roughness at frequency 𝜔𝜔 as seen 
by a vehicle moving at speed 𝑣𝑣 
𝑆𝑆𝛿𝛿𝛿𝛿(𝛾𝛾): PSD function of rail roughness at wavenumber 𝛾𝛾 

1. Introduction 

Degradation of railway track often leads to increases in 
environmental noise and vibration, as well as accelerated wear 
on vehicle and track components. This is a concern for railway 
operators as it can cause disturbance in track-side buildings and 
hinder the expansion of railway networks in densely populated 
areas. One form of degradation involves an increased 
roughness of the railhead. In extreme cases, this forms a quasi-
periodic pattern, known as corrugation, which can initiate at an 
unpredictable time and grow rapidly, particularly in high-
traffic urban railway systems (Grassie, 2012). Rail corrugation 
is found at wavelengths ranging from 30 mm to 1 m and can 
cause ground-borne noise as well as airborne noise (Grassie, 

1996). Ground-borne noise is vibration at frequencies from 20 
to 250 Hz that re-radiates as noise inside buildings.  

Typically, rail roughness is measured using manual trolleys or 
dedicated inspection trains. These methods tend to be costly 
and time consuming. A more efficient method to monitor 
roughness is to use sensors on in-service trains — specifically, 
accelerometers on their axle-boxes. Axle-box accelerometers 
have been used in many research studies to identify high levels 
of rail roughness and corrugation (Bocciolone et al., 2007; 
Bongini et al., 2012; Salvador et al., 2016) as well as isolated 
defects such as squats (Molodova et al., 2011). Accelerometers 
are more suitable for in-service vehicles compared to laser- or 
physical-contact-based roughness measurement devices used 
on inspection trains, due to the latter devices’ high maintenance 
requirements (Weston et al., 2015). Data from these 
accelerometers, along with positioning data, have the potential 
to ‘map’ a railway network in real time in terms of its 
propensity to generate vibration. This is demonstrated in 
Section 2 by measurements of axle-box acceleration that were 
taken on the West Midlands Metro (WMM) tram network in 
the UK.  

The measurements in Section 2 are presented as simple root-
mean-square (RMS) plots. Existing analysis methods like this 
typically give only a qualitative indication of railhead 
condition and are affected by variations in vehicle speed and 
track dynamic behaviour. This is because the accelerometers 
measure the vibration induced by roughness, rather than the 
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