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Abstract

Distributed fibre optic sensing (DFOS) offers millimetre-scale, continuous strain measurements that
can reveal the longitudinal behaviour and cracking of concrete members far beyond what conventional
point sensors can provide. For existing concrete structures, however, its effective use is still limited
by three issues: the lack of an evidence-based installation strategy for surface-bonded fibres, limited
quantification of how strain is transferred from concrete to the fibre, and incomplete validation of crack
widths derived from DFOS under realistic data conditions.

This thesis addresses these gaps through a combination of literature review and laboratory experi-
ments on reinforced-concrete members with surface-bonded DFOS, complemented by a conceptual
application to an existing prestressed concrete box-girder bridge. As a qualitative pilot, an inverted
T-girder tested in three-point bending is instrumented with DFOS and digital image correlation (DIC).
The distributed strain profiles clearly reveal the formation and growth of flexural and shear cracks, but
they also expose weaknesses of generic installation guidelines, such as non-uniform adhesive layers,
local debonding and data gaps near steep strain gradients. These observations are used to formulate
a refined, evidence-based installation strategy for surface-bonded DFOS on concrete.

In a second phase, four reinforced-concrete beams are tested in four-point bending with DFOS, strain
gauges and digital image correlation (DIC). Comparisons between DFOS and strain-gauge measure-
ments in both tension and compression show that the fibre systematically underestimates the true
concrete surface strain, but with an almost constant ratio for a given installation. This allows a strain-
transfer efficiency factor to be identified so that DFOS strains can be converted into realistic concrete
strains in the uncracked range. DFOS-based crack widths, obtained by integrating the corrected strain
peaks around cracks, are then validated against DIC. For cracks above a practical resolution limit, good
agreement is achieved as long as the DFOS signal around each crack is largely intact. When substan-
tial parts of the peak are missing, the error in DFOS crack widths increases and the results become
unreliable.

Overall, the thesis demonstrates that surface-bonded DFOS can be used quantitatively for strain and
crack-width monitoring in existing concrete structures, provided that installation is treated as a carefully
designed process, strain-transfer efficiency is calibrated, and simple data-quality checks are incorpo-
rated into the interpretation of crack measurements.
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1
Introduction

1.1. Background on Structural Health Monitoring (SHM) needs for
existing structures

The built environment consists of a vast stock of existing structures, including buildings, bridges, tun-
nels, parking garages and other civil infrastructure. Many of these structures were designed and
constructed several decades ago, often according to earlier generations of design codes and with
limited consideration for extended service lives or changing usage patterns. Over time, they are sub-
jected to environmental degradation, increased traffic or occupancy loads, accidental actions and time-
dependent effects such as creep and shrinkage in concrete. As a result, questions frequently arise
about their current condition, residual capacity and remaining service life.

Traditionally, the assessment of existing structures has relied on a combination of visual inspection, non-
destructive testing at selected locations and analytical or numerical modelling. While thesemethods are
indispensable, they also have inherent limitations. Visual inspections provide only snapshot information
and may miss hidden or inaccessible damage. Local tests, such as core drilling or point-wise strain and
displacementmeasurements, offer detailed information at a few locations but do not necessarily capture
the global structural response. In addition, the behaviour of existing structures can be influenced by
uncertainties in material properties, construction details and boundary conditions, which are difficult to
fully account for in conventional assessment models.

Structural Health Monitoring (SHM) has emerged as a modern engineering approach to address this
need. It is a process aimed at providing accurate and timely information on structural condition and
performance [1]. This involves the continuous or periodic collection and analysis of structural response
data, such as strain, displacement, vibration, or temperature, to evaluate the integrity and serviceability
of a structure throughout its life cycle. The information obtained from the monitoring is generally used
to plan and design maintenance activities, increase safety, verify hypotheses, reduce uncertainty, and
expand knowledge of the structure being monitored [1]. For existing concrete structures in particu-
lar, such information is crucial for detecting and tracking cracking, monitoring serviceability limits and
supporting decisions on maintenance, strengthening or replacement.

In practice, the implementation of SHM on existing structures is often constrained by limited access,
complex geometry and the need to minimise disruption to users. This places high demands on the sens-
ing systems employed: they should be robust, minimally invasive and capable of capturing the relevant
structural response with sufficient spatial and temporal resolution. Against this backdrop, Distributed
Fibre Optic Sensing (DFOS) has gained attention as a promising technology for monitoring strain and
crack development in existing concrete structures. The present thesis investigates how DFOS can be
utilised effectively for this purpose, with a specific focus on strain and crack-width monitoring.

1
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1.2. Potential of Distributed Fibre Optic Sensing (DFOS)
Conventional sensing systems used in Structural Health Monitoring, such as electrical strain gauges,
vibrating wire gauges and displacement transducers, typically provide measurements at a limited num-
ber of discrete locations [2]. While these instruments can offer high accuracy locally, they may fail
to capture the spatial variation of strain and cracking along a structural element, especially in large or
complex concrete members. For existing structures where access is often restricted and critical regions
may not be known a priori, such point-wise measurements can be insufficient to characterise the global
structural response or to reliably detect localised damage.

Distributed Fibre Optic Sensing (DFOS) has emerged as a promising solution to address these chal-
lenges. Unlike conventional sensors that measure at isolated points, DFOS provides a continuous
strain profile along the entire length of an optical fibre [2], [3], [4]. This enables simultaneous monitoring
of both global and local responses, including load-induced strain, crack initiation, and temperature ef-
fects. The technique operates based on the scattering of light within the optical fibre-typically Rayleigh,
Brillouin, or Raman scattering, allowing for spatial resolutions in the order of millimetres and measure-
ment lengths extending from several meters to kilometres [4], [5]. This combination of high spatial
resolution and long measurement range makes DFOS particularly attractive for monitoring extended
concrete members and bridge components.

In the context of existing concrete structures, DFOS1 can be installed in several ways, including embed-
ded inside concrete matrix or along reinforcement, placed in grooves cut into the concrete surface, or
surface-bonded using an adhesive layer [2], [6]. Surface-bonded DFOS is often preferred for retrofitting
existing structures because it avoids intrusive interventions and can be applied locally in critical regions
identified from inspections or structural analyses. When properly installed, a surface-bonded fibre can
capture detailed strain profiles along the concrete surface, allowing engineers to identify locations of
cracking, monitor the evolution of crack patterns and quantify flexural and shear deformations.

A key advantage of DFOS for damage detection in concrete is its ability to resolve sharp strain concen-
trations associated with crack formation. Localised peaks in the measured strain profile can be linked
to discrete cracks, and under suitable assumptions, these strain peaks can be integrated to estimate
corresponding crack widths. At the same time, the distributed nature of the measurement enables si-
multaneous assessment of the global deformation pattern along the monitored member. In principle,
DFOS therefore provides both the local information needed for crack-width evaluation and the global
information needed for assessing overall structural behaviour.

However, the effective use of surface-bonded DFOS for strain and crack-width monitoring in existing
concrete structures is not straightforward. The measured strain in the fibre does not necessarily coin-
cide with the true strain at the concrete surface, because of strain-transfer effects through the adhesive
and fibre coatings. In addition, the quality of the installation, the choice of adhesive, the bondline thick-
ness and the presence of pre-existing cracks can strongly influence the measured strain profile and the
reliability of crack-width estimates. As a result, there is a need to better understand how DFOS should
be installed on concrete, how the measured strain relates to the actual concrete strain, and under which
conditions DFOS-based crack widths can be considered reliable.

These challenges form the basis of the present thesis. The work focuses on experimentally investigat-
ing surface-bonded DFOS for strain and crack-width monitoring in reinforced concrete members, with
the aim of developing a practical installation strategy, quantifying strain-transfer effects and assessing
the reliability of DFOS-derived crack widths in the context of existing concrete structures.

1.3. Problem Definition and Research Gap
The discussion above highlights that Structural Health Monitoring can play a key role in assessing and
managing existing concrete structures, and that Distributed Fibre Optic Sensing (DFOS) offers attrac-
tive capabilities for this purpose. In particular, surface-bonded DFOS on concrete surfaces has the
potential to provide high-resolution strain profiles from which both global deformation patterns and lo-
cal crack formation can be inferred. However, translating this potential into a reliable monitoring tool for
existing structures is not straightforward. Several practical and conceptual issues remain insufficiently

1DFOS has been used as an acronym for both Distributed Fibre Optic Sensing and Distributed Fibre Optic Sensors.
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resolved, which motivates the present research.

A first issue concerns the installation strategy for surface-bonded DFOS on concrete. In practice, instal-
lation is often based onmanufacturer guidelines or experience from previous projects. These guidelines
typically specify general recommendations regarding adhesive selection, curing and fibre handling, but
do not provide an experimentally validated strategy tailored to concrete substrates. At present, there
is no clear, evidence-based procedure that links installation parameters such as surface preparation,
adhesive type, bondline thickness, fibre pretension and routing to the quality of strain transfer and the
robustness of the measurements. This motivates the need to identify which installation parameters
are critical and how they should be combined into a practical strategy for surface-bonded DFOS on
concrete.

A second issue relates to the relationship between DFOS-measured strain and the true concrete sur-
face strain. The strain recorded by a surface-bonded fibre is transmitted through the adhesive layer and
fibre coatings, and may be influenced by imperfect bonding, local debonding or microcracking. Analyt-
ical strain-transfer models exist for idealised configurations of point sensors like Fibre Bragg Grating
(FBG), but their applicability to Distributed Fibre Optic Sensors (DFOS) on real installations on rein-
forced concrete members is not always clear. In many applications, it is implicitly assumed that DFOS
strain is equivalent to the concrete surface strain, without explicit quantification of the strain-transfer
efficiency. For the purpose of structural assessment and crack-width estimation, this assumption can
introduce systematic errors. There is therefore a need to experimentally quantify strain-transfer effects
for representative surface-bonded DFOS installations on concrete and to derive a calibrated relation-
ship that allows DFOS-measured strains to be converted into estimates of the concrete surface strains.
In addition, there has been limited research on the use of DFOS for measuring compressive strains in
concrete. DFOS has demonstrated excellent performance in capturing tensile behaviour, particularly
in detecting pre-cracking strain and post-cracking crack widths. Its response under compression, how-
ever, is less understood. Understanding strain transfer and measurement accuracy in compression
zones is equally important.

A third issue concerns the reliability of DFOS-derived crack widths. Methods have been proposed to
estimate crack widths by integrating localised strain peaks in DFOS profiles, and promising results
have been reported in laboratory studies. However, the accuracy and robustness of these methods
under realistic conditions are not yet fully established. In existing structures, DFOS installations may
be affected by noise, missing data segments, limited spatial resolution or pre-existing cracks that are not
perfectly captured by the fibre. The influence of such effects on the accuracy of crack-width estimates
has not been systematically quantified. As a result, it is unclear under which conditions crack widths
derived from DFOS can be considered reliable for structural assessment and how sensitive they are to
data quality issues.

In summary, while DFOS has significant potential for strain and crack-width monitoring in existing con-
crete structures, three interrelated gaps hinder its effective use in practice:

• the lack of an experimentally supported installation strategy for surface-bonded DFOS on con-
crete;

• the limited quantification of strain-transfer effects between the concrete surface and the fibre;
• the incomplete validation of the reliability of DFOS-derived crack widths under realistic data con-
ditions.

These gaps motivate the main research question and the three sub-questions formulated in Section 1.4,
and they form the basis for the experimental and analytical work presented in this thesis.

1.4. Research Questions
The previous section highlighted three key challenges for the effective use of Distributed Fibre Optic
Sensing (DFOS) in existing concrete structures: the lack of an experimentally supported installation
strategy for surface-bonded fibres, the limited quantification of strain-transfer effects between concrete
and fibre, and the incomplete validation of DFOS-derived crack widths under realistic data conditions.
To address these challenges, this thesis focuses on the experimental investigation of surface-bonded
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DFOS applied to reinforced concrete members, combined with insights from the literature to develop
practical guidelines for strain and crack-width monitoring in existing concrete structures.

Against this background, the main research question guiding this thesis is formulated as:

How can Distributed Fibre Optic Sensing (DFOS) be effectively utilized for strain and
crack-width monitoring in existing concrete structures?

To address the main research question, the following sub-questions are formulated:

1. What installation strategy for surface-bondedDistributed FibreOptic Sensors on concrete ensures
reliable bonding and effective strain transfer?

2. How can strain-transfer effects be quantified so that DFOS-measured strains can be converted
into accurate estimates of the concrete surface strains?

3. How reliable are crack widths obtained from Distributed Fibre Optic Sensing for reinforced con-
crete members?

1.5. Research Approach
The research approach adopted in this thesis is designed to systematically address the main research
question and the three sub-questions introduced in Section 1.4. The overall methodology follows a
logical progression from a literature-based identification of knowledge gaps, via an experimental pro-
gramme on reinforced-concrete members, to quantitative assessment and discussion of the implica-
tions for existing concrete structures. An overview of this methodology is shown schematically in Fig-
ure 1.1.

The starting point is a critical review of the state of the art (Chapter 2). The literature on structural
health monitoring of concrete structures and on Distributed Fibre Optic Sensing (DFOS) is examined to
understand current DFOS capabilities, installation practices, strain-transfer models and existing crack-
width estimation procedures. This review reveals three key gaps: the absence of an experimentally
validated installation strategy for surface-bonded DFOS on concrete, the limited quantification of strain-
transfer effects between concrete and the fibre, and the incomplete validation of DFOS-derived crack
widths under realistic data conditions. These gaps motivate Sub-question 1 on installation strategy,
Sub-question 2 on strain-transfer effects and Sub-question 3 on the reliability of DFOS-based crack
widths.

To address these gaps, an experimental programme is designed comprising two complementary test
setups on reinforced-concrete members (Chapter 3). First, a three-point bending test on a large-scale
inverted T-girder is conducted as a qualitative investigation. DFOS is applied along the girder and the
resulting distributed strain measurements are used to observe crack initiation and propagation under
shear-dominated loading, in parallel with Digital Image Correlation (DIC). This test serves a dual role:
it provides a learning phase for practical installation questions, such as adhesive selection, surface
preparation, routing and anchorage, and it offers qualitative insight into the ability of DFOS to detect
and localise cracks. Second, a series of four-point bending tests on reinforced-concrete beams is
carried out to enable quantitative evaluation. These beams are instrumented with DFOS, electrical
strain gauges and DIC, and are loaded in flexure under controlled conditions.

The analysis of the experimental data proceeds in two main branches. In the first branch, the focus is
on installation strategy and strain-transfer behaviour (primarily Chapter 3). The qualitative T-girder test
is used to identify installation-related issues and to refine a practical installation strategy for surface-
bonded DFOS on concrete, contributing to Sub-question 1. The four-point bending tests are then
used to quantify strain transfer by comparing DFOS strains with strain-gauge measurements in both
tension and compression zones. From these comparisons, a strain-transfer efficiency is derived and a
calibrated factor is proposed to convert DFOS-measured strains into estimates of the concrete surface
strains, thereby addressing Sub-question 2.

In the second branch, the focus is on the ability of DFOS to provide reliable crack-width information
(Chapter 4). The T-girder test is first used to investigate qualitatively how well DFOS can detect and
locate cracks along a member, by comparing DFOS strain peaks and crack patterns with DIC. Next, the
four-point bending tests are used for a quantitative assessment of crack-width estimation. Crack widths
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are derived from DFOS strain profiles and validated against DIC-based crack widths for different load
stages and specimens, providing a measure of accuracy. The influence of missing or degraded DFOS
data is investigated by introducing the effective gap ratio Le/L, which allows practical ranges of data
quality to be identified within which crack widths derived from DFOS can be considered trustworthy. In
this way, Sub-question 3 is addressed using both qualitative and quantitative evidence.

Finally, the findings from both analysis branches are synthesised and interpreted in the context of
existing concrete structures (Chapter 5). The refined installation strategy, the calibrated strain-transfer
factor and the crack-width reliability limits are combined into practical guidelines for DFOS-based strain
and crack-width monitoring. An illustrative example based on an existing prestressed concrete bridge
is used to demonstrate how these guidelines can inform DFOS sensor layouts and data interpretation
at structure level. Chapter 6 then summarises the main findings, provides explicit answers to the
main research question and the three sub-questions, and formulates recommendations for practice
and future research.

Figure 1.1: Research Methodology

1.6. Research Scope and Limitations
This thesis focuses on the use of surface-bonded Distributed Fibre Optic Sensing (DFOS) for strain and
crack-width monitoring in reinforced concrete members, with the aim of informing monitoring strategies
for existing concrete structures. The main scope and limitations are summarised below.

Scope

• Laboratory tests on reinforced concrete members: one large inverted T-girder in three-point bend-
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ing (shear-dominated) and a series of beams in four-point bending (flexure-dominated).
• DFOS applied on the concrete surface using an adhesive bondline; embedded fibres and reinforcement-
mounted fibres are not considered.

• A single Rayleigh-based DFOS system is used, with fixed gauge length and spatial sampling.
• Analysis focuses on mechanical strain and crack-width estimation under short-term monotonic
loading.

Limitations

• The findings are specific to the tested specimen types, concrete mix, fibre type and adhesive;
extrapolation to other configurations should be done with care.

• Only bending- and shear-dominated behaviour under quasi-static loading is studied; long-term
effects (creep, shrinkage, environmental degradation, fatigue) are not addressed.

• Temperature effects and combined thermo-mechanical loading are not explicitly investigated.
• No full-scale DFOS monitoring campaign is performed on a real structure and no new finite ele-
ment model of a particular bridge is developed; the bridge example in this thesis is conceptual.

1.7. Thesis Structure
This thesis is organized into seven chapters that together address the research aim and sub-questions
introduced earlier. Each chapter has a distinct objective and contributes to building a comprehensive
understanding of how Distributed Fibre Optic Sensors (DFOS) can be effectively applied for the struc-
tural health monitoring of concrete structures.

Chapter 1: Introduction presents the background and motivation for monitoring existing concrete
structures, with a focus on the potential of Distributed Fibre Optic Sensing (DFOS) for strain and crack-
width monitoring. It formulates the problem definition, identifies the research gaps, and states the main
research question and three sub-questions. The chapter concludes with the research approach, scope
and limitations, and an overview of the thesis structure.

Chapter 2: Literature Review places DFOS in the context of structural health monitoring of concrete
structures. It reviews DFOS technology, strain-transfer mechanisms for surface-bonded fibres, existing
analytical models for strain transfer, and methods for DFOS-based crack-width estimation. Applications
of DFOS in laboratory tests and on real concrete structures are also discussed. This review provides the
theoretical basis and identifies the knowledge gaps that motivate Sub-question 1 (installation strategy),
Sub-question 2 (strain-transfer effects) and Sub-question 3 (crack-width reliability).

Chapter 3: Experimental Investigation of DFOS strain response first introduces a qualitative three-
point bending test on a large-scale inverted T-girder. DFOS measurements are used to observe crack
initiation and propagation and are qualitatively compared with Digital Image Correlation (DIC), providing
insight into the strain response of surface-bonded DFOS under complex crack patterns and revealing
practical installation issues. Subsequently, a series of four-point bending tests on reinforced concrete
beams is presented, including specimen details, reinforcement layout, loading configuration, DFOS
installation procedures and reference measurements. Using these tests, DFOS strains are compared
with strain-gauge measurements in both tension and compression to quantify strain-transfer efficiency.
The chapter proposes practical recommendations for an installation strategy for surface-bonded DFOS
on concrete and introduces a calibrated strain-transfer factor to convert DFOS-measured strains into
estimates of the concrete surface strains.

Chapter 4: Assessment of DFOS-derived crack-widths addresses Sub-question 3. Building on
the four-point bending tests introduced in Chapter 3, this chapter evaluates how reliably crack widths
can be obtained from DFOS measurements. Crack widths are derived from DFOS strain profiles and
compared with crack widths obtained from DIC for different load stages and specimens, providing a
quantitative measure of accuracy. The influence of missing or degraded DFOS data is investigated
using the effective gap ratio, allowing practical ranges to be defined within which DFOS-based crack
widths can be considered reliable for structural assessment.
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Chapter 5: Discussion synthesises the results of Chapters 3 and 4 and discusses their implications for
DFOS-based monitoring of existing concrete structures. It brings together the installation strategy, the
calibrated strain-transfer factor and the crack-width reliability limits to formulate practical guidelines for
DFOS installation, strain interpretation and crack-width monitoring in practice. An illustrative example
based on an existing prestressed concrete bridge is used to demonstrate how the laboratory insights
can inform DFOS sensor layouts and data interpretation at structure level.

Chapter 6: Conclusions and Recommendations summarises the main findings of the thesis and
provides explicit answers to the three sub-questions and the main research question. The chapter also
offers recommendations for the practical implementation of DFOS in the monitoring of existing concrete
structures and identifies directions for future research.



2
Literature Review

This section provides an introduction to Structural Health Monitoring (SHM) in existing concrete struc-
tures in Section 2.1. Section 2.2 provides information on Distributed Fibre Optic Sensors and their
working principle, the installation strategies used for DFOS in the past. The strain transfer theories de-
veloped in the past have been briefly discussed in this section. Information on analysing crack widths
through DFOS is discussed in Section 2.3. And Lastly, the prior application of DFOS in laboratory and
field applications is discussed in Section 2.4.

2.1. Structural health monitoring of existing concrete structures

2.1.1. Concept and framework of SHM
Structural Health Monitoring (SHM) has been defined in various ways across the literature, depending
on the field of application and the scale of observation. Wenzel described SHM as the implementa-
tion of a damage identification strategy to the civil engineering infrastructure [7]. Damage is defined
as changes in the material and / or geometric properties of these systems, including changes in the
boundary conditions and the connectivity of the system [7]. Similiarly, Glišić and Inaudi have defined
SHM as the process aimed at providing accurate and in-time information concerning structural condi-
tion and performance. It consists of permanent continuous, period or periodically continuous recording
of representative parameters, over short or long terms. These damages can affect the current or future
performance of these structures and hence need to be monitored during the service life.

The structural monitoring process can be broadly divided into several core activities: selection of moni-
toring strategy, installation of monitoring system, maintenance of monitoring system, data management
and closing activities in the case of interruption of monitoring [1]. Each of these main activities com-
prises a set of sub-tasks, as outlined by Glišić and Inaudi [1] and shown in Table 2.1. Among them,
developing an effective monitoring strategy is considered the most critical, as it directly influences all
subsequent activities and determines the overall success of the monitoring programme.

The monitoring strategy itself involves several essential steps:

1. Establishing the monitoring aim
2. Identifying and selecting representative parameters to be monitored
3. Selecting an appropriate monitoring system
4. Designing the sensor network
5. Establishing the monitoring schedule
6. Planning data exploitation
7. Costing the monitoring

8
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Table 2.1: Breakdown structure of the core monitoring activities [1].

Monitoring
strategy

Installation of
monitoring
system

Maintenance of
monitoring
system

Data
management

Closing activities

• Monitoring aim • Installation of
sensors

• Providing for
electrical supply

• Execution of
measurements
(reading of
sensors)

• Interruption of
monitoring

• Selection of
monitored
parameters

• Installation of
accessories
(connection boxes,
extension cables,
etc.)

• Providing for
communication
lines (wired or
wireless)

• Storage of data
(local or remote)

• Dismantling of
the monitoring
system

• Selection of
monitoring
systems

• Installation of
reading units

• Implementation
of maintenance
plans for different
devices

• Providing for
access to data

• Storage of
monitoring
components

• Design of sensor
network

• Installation of
software

• Repairs and
replacements

• Visualization

• Schedule of
monitoring

• Interfacing with
users

• Export of data

• Data exploitation
plan

• Interpretation

• Costs • Data analysis
• The use of data

2.1.2. Importance of strain monitoring
Strain is a key indicator for supervising the structural condition from a global perspective. Although
stresses cannot be measured directly, they are linked to strain through Hooke’s law (Equation 2.1, so
any change in the stress field is reflected by a change in the strain field. On top of that, several quantities
relevant for structural assessment, such as rotations, inclinations and differential settlements, can be
derived from static and dynamic measurements of strain and displacement. Expected strain levels
are usually evaluated during design and are associated with safety factors that vary between different
structural types [8]. For reinforced concrete and steel structures, typical working strains are on the order
of several hundred microstrain, and may increase when cracking occurs. Sensors therefore need to
detect strain changes that are at least one to two orders of magnitude smaller than these working
levels, implying a required accuracy on the order of a few microstrains. The local gauge length should
generally be a few times larger than the aggregate size, which for concrete leads to measurement
bases of roughly 2–5 cm. The appropriate measurement range, spatial resolution and separation of
temperature and mechanical strain depend on the application, but in all cases the sensing system must
provide added value to the user while remaining economically justifiable [9].

For linear-elastic behaviour, stress and strain are related by Hooke’s law,

σ = E ε, (2.1)

where σ is the normal stress, E is the Young’s modulus of the material, and ε is the normal strain. So
any change in the stress field is reflected by a corresponding change in the strain field.

In parallel to global response, monitoring local damage is equally important. Local phenomena such
as cracking, fatigue, slip, debonding and loss of effective cross-sectional area all manifest themselves
through changes in the strain field. Strain can therefore be used to describe deformations, study crack
opening and even detect slip or debonding at interfaces [8]. For crack monitoring, the localisation of
strain associated with crack formation should enable the early detection and accurate positioning of
multiple closely spaced microcracks, typically separated by only a few centimetres. To assess crack
openings, the measurement system must be capable of resolving crack-width changes on the order
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of a few tenths of a millimetre. Moreover, for long-life infrastructure such as bridges, the sensing
system is ideally required to remain functional over decades, approaching the design life of the structure
[7]. Meeting these demands has traditionally led structural engineers to rely on high-quality strain
and displacement sensors, often combined with surface inspections, for the evaluation of structural
performance.

2.1.3. Importance of crack monitoring in concrete structures
Concrete is one of the most widely used construction materials worldwide due to its relatively low cost,
robustness, versatility in shaping and its compatibility with steel reinforcement. It is employed in a broad
range of structures, including buildings, bridges, tunnels and dams [10]. However, a well-known disad-
vantage of concrete is its limited tensile strength, which makes cracking almost inevitable during the
service life of a structure. Cracks may develop due to a variety of causes, such as inadequate construc-
tion quality, temperature and shrinkage effects, external loading, differential settlements or chemical
reactions [11]. Once cracks form, they can compromise the protective function of the concrete cover,
promote reinforcement corrosion, reduce the load-carrying capacity and, in extreme cases, contribute
to partial or global structural failure. For these reasons, crack monitoring has become a key component
of structural health monitoring for concrete infrastructure [12].

From a practical point of view, crack monitoring in concrete is challenging. Cracks can initiate at many
possible locations and their formation is influenced by complex combinations of mechanical and envi-
ronmental actions, so predicting where they will appear in advance is difficult. In the early stages, crack
widths are often very small, in the sub-millimetre or even micrometre range, which makes them hard to
detect reliably by visual inspection alone. Internal cracks that have not yet propagated to the surface
are even more difficult, and in many cases impossible, to identify by conventional visual methods.

Because cracks are closely related to tensile strain, traditional crack monitoring approaches often rely
on strain measurements at discrete points using sensors such as foil strain gauges, linear variable
differential transformers (LVDTs) or Fibre Bragg Gratings (FBGs) [6]. While these devices can measure
strain with high accuracy, they only provide information at the locations where they are installed. To
monitor large concrete structures comprehensively, a very large number of point sensors would be
required, which is often impractical due to cost, installation effort and data handling. Other advanced
methods, such as ultrasonic techniques [13] to estimate crack depth, can be effective locally but are
not easily scalable for integral monitoring of long linear infrastructure.

Under tensile stress, cracks in concrete typically propagate orthogonally to the principal tensile direc-
tion. Material degradation begins with the diffusion of micro-cracks within the cement paste matrix,
as illustrated in Figure 2.1. Once the tensile strength of the concrete is exceeded, a softening phase
initiates, during which multiple micro-cracks merge to form a macro-crack. This macro-crack signifies
a localised discontinuity in the material [8].

Figure 2.1: Behavior of concrete material under tension loading and its damage evolution [8]

Overall, conventional crack monitoring methods based on local sensors or manual visual inspection
tend to be labour-intensive, time-consuming and prone to human error, and they struggle to provide
dense, continuous information over large structural elements. This motivates the exploration of al-
ternative sensing technologies that can offer high spatial resolution and automation while remaining
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economically feasible. In this context, distributed sensing is particularly attractive, because crack for-
mation and opening lead to localised strain concentrations along the fibre, which can be used to detect,
locate and, under appropriate assumptions, estimate crack widths [12]. This potential is one of the main
motivations for the present thesis to investigate DFOS-based crack monitoring in reinforced concrete
members.

2.2. Distributed Fibre Optic Sensors (DFOS)

A structural health monitoring (SHM) system typically consists of sensors designed to record param-
eters that reflect the condition and behaviour of a structure. Conventional mechanical and electrical
transducer-based sensors have long been used for such measurements. However, fibre optic sensors
have emerged as a promising alternative due to their high accuracy, immunity to electromagnetic in-
terference, compact size, and ability to integrate directly within structural components [1]. Although
their adoption in civil engineering was initially limited, their advantages, such as reduced maintenance
needs, automated data acquisition, and long-term stability, make them particularly suitable for large-
scale infrastructure monitoring applications. The main categories of fibre optic sensing technologies
are illustrated in Figure 2.2.

Figure 2.2: Classification of fibre-optic sensing technologies [1].

Among the most widely used point or quasi-distributed systems are Fibre Bragg Grating (FBG) sensors
and SOFO interferometric sensors. FBG sensors measure strain or temperature at discrete locations
along an optical fibre by detecting wavelength shifts reflected from periodic gratings inscribed in the
fibre core (Figure 2.3). Through multiplexing, multiple gratings can be placed along a single fibre
to obtain measurements at predefined points [14]. However, this setup requires the measurement
points to be known in advance, which can be a limitation for concrete structures where cracks develop
unpredictably. The SOFO system (Surveillance d’Ouvrages par Fibres Optiques) represents a long-
gauge interferometric sensor capable of measuring average deformations over extended gauge lengths
(typically several tens of centimetres) with micrometre-level precision [15]. It consists of a pair of single-
mode fibres, one reference and one measurement fibre, installed within a protective tube and anchored
to the structure at both ends (Figure 2.4). Although FBG and SOFO systems have provided valuable
insights in research and field applications, they still measure at discrete or predefined locations, leaving
portions of the structure unmonitored.
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Figure 2.3: Functional principle of FBG sensors [16].
Figure 2.4: Setup of the SOFO interferometric sensor

system [15].

To overcome this limitation, Distributed Fibre Optic Sensing (DFOS) technologies have been devel-
oped, capable of providing truly continuous strain or temperature measurements along the entire fibre
length. These systems detect variations in backscattered light caused by local changes in strain or
temperature within the optical fibre, enabling a spatially resolved measurement profile [17]. Depending
on the physical scattering mechanism used (Raman, Brillouin, or Rayleigh), different DFOS methods
offer distinct measurement ranges, accuracies, and spatial resolutions. Figure 2.5 illustrates the broad
applicability of DFOS in monitoring.

Figure 2.5: Applications of DFOS [18].

2.2.1. Distributed Fibre Optic Sensing technology
Distributed Fibre Optic Sensing (DFOS) systems are based on the interrogation of standard optical fi-
bres using scattering phenomena such as Rayleigh, Brillouin or Raman scattering. In contrast to point
fibre-optic sensors, which provide measurements at discrete locations, DFOS instruments analyse the
backscattered signal along the fibre and return a spatially resolved profile of strain or temperature along
its length. The achievable spatial resolution and measurement range depend on the interrogation prin-
ciple and hardware configuration, but typically range from millimetres to metres in resolution and from
tens of metres to several kilometres in length. The capability has often been compared to a human ner-
vous system: the optical fibre acts as a distributed network of sensing “nerves”, while the interrogator
functions as the “brain”, processing and interpreting the incoming optical signals [4]. Such distributed
systems facilitate the realisation of intelligent structures that can autonomously monitor strain distribu-
tion, crack initiation and propagation, deflection, temperature variations, and vibration response under
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both static and dynamic conditions.

Advantages of DFOS

Compared with conventional point sensors and quasi-distributed optical sensors, DFOS offers several
advantages [2] that are particularly relevant for monitoring concrete structures:

• Continuous spatial coverage: DFOS provides a quasi-continuous strain profile along the fibre,
enabling simultaneous observation of global deformation patterns and localised strain concentra-
tions associated with cracking, rather than only at a few discrete sensor locations.

• High spatial resolution over long distances: Depending on the technology, millimetre- to
centimetre-scale spatial resolution can be achieved over tens to hundreds of metres of fibre,
which is well suited for monitoring extended beams, girders or decks.

• Multiplexing and reduced cabling: A single optical fibre can replace a large number of conven-
tional strain gauges, reducing the amount of cabling, connectors and data acquisition channels
required for dense monitoring layouts.

• Small size and installation flexibility: The fibre diameter is of the order of a few hundred mi-
crometres, allowing DFOS to be embedded in concrete, bonded to reinforcement, or surface-
bonded to existing members with minimal intrusion.

• Immunity to electromagnetic interference and corrosion: Optical fibres are dielectric and
non-corrosive, which is advantageous in reinforced concrete structures and harsh environments
where electrical sensors may be affected by electromagnetic fields or corrosion.

• Potential for combined strain and crack monitoring: Localised peaks in the distributed strain
profile can be used to detect and locate cracks and, under suitable assumptions, to estimate crack
widths, thereby linking serviceability and durability assessment in a single measurement system.

These characteristics make DFOS a promising technology for structural health monitoring of existing
concrete structures, particularly when dense spatial information on strain and cracking is required and
access for installing conventional sensors is limited.

Figure 2.6: Graphical comparison between capabilities of DFOS and spot gauges [4].

2.2.2. Principle of DFOS
As discussed above, Distributed fibre Optic Sensing (DFOS) relies on the analysis of light backscatter-
ing along the optical fibre’s length. Scattering is at the origin of DFOS and is defined by the interaction
between light and the optical medium [19]. The primary scattering mechanisms utilized in DFOS are
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Rayleigh scattering (liner) and (non-linear) Brillouin and Raman scattering, each offering different sen-
sitivities and applications depending on the measurement requirements (Figure 2.7).

i) Rayleigh scattering

Rayleigh scattering is widely used in distributed fibre optic sensing systems to measure both
mechanical and thermal strains with extremely high spatial resolution. This technique enables
detection at the millimetre scale, allowing for over 1,000 measurement points per meter of fibre
[4], which is especially valuable for identifying and localizing cracks or other small-scale structural
discontinuities. Systems based onOptical Frequency Domain Reflectometry (OFDR) achieve this
resolution through swept wavelength interferometry, capturing shifts in the Rayleigh backscatter
spectrum that serve as a unique fingerprint for each fibre. These spectral shifts, caused by strain
or temperature changes, enable detailed distributed sensing along the fibre. Despite its excep-
tional spatial resolution and capability for dynamic measurements at frequencies up to 250 Hz, the
primary limitation of Rayleigh-based systems is the relatively short measurement range, which
typically does not exceed 50 to 70 meters [17][5][2][20].

ii) Brillouin scattering

Brillouin scattering-based distributed fibre optic sensing systems are widely utilized in SHM, par-
ticularly in civil engineering applications that require large-scale coverage [17]. These systems
can measure both mechanical and thermal strains along optical fibres over extended distances,
typically up to 25 kilometers or more. This makes them well-suited for monitoring long linear
infrastructure such as tunnels, pipelines, dams, embankments, and landslide-prone areas [4][5].
Although their spatial resolution is relatively low, generally between 20 centimeters and 1 me-
ter, advancements such as Brillouin Optical Time Domain Analysis (BOTDA) have led to notable
improvements. However, the resolution still remains insufficient for detecting localized damage,
such as discrete cracks in concrete, as these tend to appear as smeared signals over the mea-
surement length. Despite this limitation, the ability to perform measurements over long distances
offers significant advantages for global monitoring in applications where high spatial resolution is
not essential [19][21].

iii) Raman scattering

Raman scattering is primarily used for distributed temperature sensing (DTS) along optical fibres
and is capable of monitoring temperature profiles over long distances [17], often exceeding 25
kilometres. The typical spatial resolution begins at approximately 50 centimetres [4][5]. Due to
its strong sensitivity to temperature variations, Raman-based sensing is commonly applied either
as an independent diagnostic tool or as a complementary system to compensate for temperature
effects in Rayleigh and Brillouin-based strain measurements. In civil engineering, its application
has been somewhat limited, with notable use in detecting water leakage in structures such as
dams and dikes. Beyond infrastructure monitoring, Raman sensing has found broader use in
fields such as art conservation and forensic science, where precise temperature-based diagnos-
tics are valuable [22].
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Figure 2.7: Distributed fibre optic sensing techniques: a) basic scheme of sensing setup and b) different scattering
components in optical glass fibres [23].

2.2.3. Installation of DFOS on concrete structures

The accuracy and reliability of strain measurements obtained through Distributed Fibre Optic Sensors
(DFOS) strongly depend on the chosen installation strategy [12]. Over the years, various installation
configurations have been developed for DFOS in concrete, including embedded, near-to-surface, and
surface-bonded systems [2]. Each configuration presents distinct advantages and limitations in terms
of strain transfer efficiency, fibre protection, and practical feasibility.

The specific method used for integrating optical fibre within concrete highly influences its strain transfer
and crack sensing performance [12]. In practice, there are three installation methods typically used:

1. Bonding the fibre to reinforcement before casting.

In this method, the optical fibre is longitudinally attached to a reinforcing bar using a continuous
layer of adhesive before the concrete is cast. The fibre may be positioned directly on the rebar
surface or placed within a shallow groove along it. Once embedded, the fibre primarily records
the strain response of the reinforcement, so the measured strain peaks at crack locations are
smaller and more smeared compared to fibres placed directly within the concrete matrix [12].

2. Direct embedding within the concrete matrix.

Here, the optical fibre is secured to the internal reinforcement at regular intervals before casting.
The subsequent concreting process fully encapsulates and protects the fibre, ensuring excellent
mechanical bonding and strain transfer. An additional advantage of this configuration is that
measurements can begin from a genuine zero-strain state during construction. However, this
approach can only be implemented in newly built elements, since the fibre must be installed
before concrete placement and is therefore unsuitable for existing structures [24].

3. Surface or near-surface bonding.

For existing structures, the most practical approach involves the bonding of the optical fibre di-
rectly onto the prepared surface of hardened concrete [25]. The surface must first be cleaned
and smoothed to ensure proper adhesion. Although this configuration is widely used in laboratory
testing and short-term monitoring, its long-term durability can be affected by environmental expo-
sure, such as ultraviolet radiation and adhesive degradation. A variation of this method involves
embedding the fibre into shallow grooves cut into the concrete surface, which are subsequently
filled with epoxy or mortar. This near-surface technique improves protection and achieves strain
transfer performance comparable to that of fully embedded fibres [24].
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Figure 2.8: Sensor installation methods (adapted from [2])

2.2.3.1. Surface installation of DFOS
In existing concrete structures, where embedding sensors within the material is no longer feasible,
the surface-bonded installation method offers a practical and non-invasive alternative for implementing
DFOS [26]. For crack detection, directly bonding the optical fibre onto the concrete surface is generally
considered the most effective approach, as the high strain concentrations caused by crack formation
can be readily captured at the level where cracks are visible and relevant for inspection. However,
when uncoated fibres are bonded using rigid adhesives, the strain in the fibre may exceed its measure-
ment capacity after cracking, leading to a potential loss of data. This emphasises the need for proper
adhesive selection and application to ensure efficient stress transfer from the concrete to the fibre core
[6].

I. Type of fibre

Although all Distributed Fibre Optic Sensors (DFOS) share a similar structural core consisting of
a 9 µm glass core and a 125 µm glass cladding, they differ in the types of external coatings and
protective layers applied 2.9. These additional layers possess distinct bonding and mechanical
properties, which influence how the sensor interacts with the surrounding material and affect the
accuracy of the measured strain [8][27].
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Figure 2.9: Structure of DFOS fibre (adapted from [28]).

Common coating materials include polyimide, acrylate, and nylon, while some cables are further
protected by metallic or composite sheaths.

Polyimide coatings are known for providing excellent strain transfer between the glass core and
the outer surface of the fibre because they chemically bond to the glass. This strong adhesion
minimises slippage, particularly near the ends of the bonded region. However, this same chem-
ical bonding makes polyimide-coated fibres more difficult to handle during splicing and stripping.
Polyimide coatings are also relatively stiff and can sustain only limited strain before failure, typi-
cally up to around 1%, as specified in technical datasheets [2][29].

For this reason, polyimide-coated fibres are most suitable for applications requiring high strain
measurement precision and sensitivity to local strain peaks, particularly when the expected strain
levels remain within the elastic range of the material and no large cracks are anticipated. These
fibres are therefore ideal for surface-bonded or directly embedded installations aimed at detecting
early crack initiation and monitoring crack pattern development in concrete.

Acrylate and nylon-coated fibres offer greater flexibility and can operate effectively across a
broader strain range, typically up to about 5%. These coatings make the fibres less prone to
breaking at crack locations and suitable for accurately identifying crack positions. However, since
strain transfer in these coatings relies purely on adhesion rather than chemical bonding, as in the
case of polyimide coatings, some relative slip can occur between the glass core and the coating.
This slippage can reduce measurement accuracy near sharp strain peaks or regions with large
strain gradients [2].

Therefore, the selection of an appropriate DFOS type depends on the intended application. Softer
coatings such as acrylate or nylon are generally preferred in situations where flexibility and me-
chanical durability are important, particularly when the fibres are surface-bonded or embedded
in areas where cracking is expected, or when average strain behaviour, such as in shrinkage
monitoring, is of greater interest than precise detection of localised strain peaks.

II. Type of adhesive for surface-bonded DFOS

The adhesive plays a crucial role in ensuring reliable strain transfer between the concrete sur-
face and the fibre optic sensor. Its mechanical and chemical characteristics govern both the
accuracy of strain measurements and the long-term survivability of the sensor under cracking con-
ditions [19]. Selecting an appropriate adhesive is therefore essential for surface-bonded DFOS
installations, particularly in existing structures where embedding within concrete is not possible.
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An experimental investigation by Barrias et al. [19] evaluated the performance of different adhe-
sives used for bonding polyimide-coated optical fibres onto concrete beams subjected to three-
point bending tests. The beam surface was divided into segments, each bonded with a different
adhesive, and tested under both uncracked and cracked conditions to assess performance across
different strain regimes. The study also examined the influence of the interrogator’s spatial reso-
lution on the quality of the distributed strain data.

In the uncracked stage, all adhesives provided strain readings comparable to those obtained from
conventional strain gauges. However, distinct differences emerged once cracking occurred. Ad-
hesives with low stiffness, such as silicone, produced smoother and more uniform strain profiles
but tended to spread the strain response over a wider region, thereby reducing accuracy in identi-
fying individual cracks. In contrast, stiffer adhesives, particularly epoxy, exhibited superior strain
transfer properties, producing sharper and more localized strain peaks that closely reflected the
actual crack position and magnitude.

Epoxy adhesives also demonstrated excellent bonding integrity, minimal signal degradation, and
reliable strain transmission even in zones with steep strain gradients [19]. These characteris-
tics make epoxy the preferred adhesive for applications that require accurate detection of crack
initiation and quantification of crack width. Its high stiffness ensures effective anchorage of the
fibre to the substrate, minimizing slippage and providing a realistic representation of the concrete
surface strain. Although epoxy is more brittle than flexible adhesives and demands careful sur-
face preparation and curing control, its precision and stability make it the most suitable option for
quantitative strain monitoring in surface-bonded DFOS systems.

In summary, epoxy and cyanoacrylate-based adhesives offer the best balance between strain
transfer efficiency, accuracy, and durability. While softer adhesives such as silicone can be advan-
tageous in applications involving large crack openings or requiring high flexibility, epoxy remains
the most reliable choice for precise strain sensing in structural health monitoring of concrete.

It is important to note, however, that the study by Barrias et al. [19] focused exclusively on con-
crete regions under tensile stress conditions. The adhesive–fibre interaction and strain transfer
behaviour in compression-dominated zones have not yet been thoroughly investigated. This rep-
resents a significant research gap, as understanding the performance of bonded DFOS under
compressive stress states is essential for their effective use in monitoring both tension and com-
pression regions of reinforced concrete structures.

III. Installation practice for surface-bonded DFOS

The installation procedure for surface-bonded Distributed Fibre Optic Sensors (DFOS) is a critical
step that directly affects measurement accuracy, strain transfer efficiency, and long-term sensor
performance [30][31]. In existing structures, where embedding fibres within the concrete matrix
is not feasible, surface bonding represents the most practical and widely adopted approach. This
technique allows the optical fibre to be directly adhered to the structural surface, enabling mon-
itoring of strain, crack formation, and thermal effects along the member length with high spatial
resolution.

Regardless of the adhesive type, the quality of bonding is a decisive factor governing strain trans-
fer from the concrete surface to the optical fibre. Poor adhesion or excessive adhesive thickness
can introduce shear deformation within the bond line, resulting in strain attenuation and signal
distortion. Therefore, consistent bonding procedures and surface preparation standards must be
followed to ensure efficient and durable installation [25][2][32][26].

The general procedure for installing surface-bonded DFOS, as outlined in the ODiSI Fibre Optic
Sensor Installation Guide by Luna [25], consists of threemain stages: surface preparation, sensor
placement, and adhesive application.

(a) Surface preparation. The purpose of surface preparation is to achieve a clean and suitably
roughened substrate to promote optimal adhesion. The concrete surface should be me-
chanically abraded to remove laitance, dust, and contaminants, followed by cleaning with
alcohol or solvent wipes to eliminate any grease or loose particles. Proper surface prepara-
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tion enhances the chemical bonding between the epoxy and the concrete substrate, thereby
improving strain transfer efficiency and minimising local debonding.

(b) Sensor placement. Once the surface is prepared, the fibre is laid along the predefined
route determined by the monitoring layout. Kapton tape or non-residual adhesive dots can
be used to hold the fibre in place prior to bonding. The fibre must remain straight and in full
contact with the substrate to prevent localised slack or uneven strain transmission.

(c) Adhesive application and curing. A thin, continuous layer of high-stiffness adhesive (typ-
ically epoxy) is applied to the fibre to ensure full encapsulation and intimate contact with
the surface. The bond thickness should be minimised to prevent shear lag effects while
maintaining adequate coverage for mechanical protection. Figure 2.10 illustrates the rec-
ommended adhesive distribution around the fibre. After application, the adhesive is allowed
to cure under stable environmental conditions in accordance with manufacturer guidelines.
During curing, maintaining light pretension in the fibre ensures stable strain coupling and
prevents post-installation slack.

Figure 2.10: Optimal adhesive application around the fibre sensor cross-section [33].

After curing, an initial reference (tare) measurement is recommended to verify continuity and
establish the baseline for subsequent strain readings. Protective coatings or overlays may
also be applied for field installations to safeguard the bonded fibre from ultraviolet exposure,
abrasion, and environmental degradation.

The installation procedure for surface-bonded Distributed fibre Optic Sensors (DFOS) is a critical
step that directly affects measurement accuracy, strain transfer efficiency, and long-term sensor
performance [30][31]. In existing structures, where embedding fibres within the concrete matrix
is not feasible, surface bonding represents the most practical and widely adopted approach. This
technique allows the optical fibre to be directly adhered to the structural surface, enabling mon-
itoring of strain, crack formation, and thermal effects along the member length with high spatial
resolution.

Prior to installation, the surface must be carefully prepared to ensure proper adhesion between
the sensor and the substrate. The concrete surface is typically cleaned, dried, and ground to
remove loose particles, laitance, and uneven textures. A smooth substrate minimizes micro-
voids and enhances the uniformity of the adhesive layer, which is essential for consistent strain
transfer. The fibre is then positioned along the predefined measurement line and bonded using
a thin, continuous layer of high-stiffness adhesive, such as epoxy. Excessive adhesive thickness
should be avoided, as it can introduce shear deformation within the bond line and attenuate strain
transfer from the host material to the fibre core.

After application, the adhesive is allowed to cure under controlled environmental conditions ac-
cording to the manufacturer’s specifications. During curing, the fibre should remain tensioned
at a low, constant pretension level (typically 0.5–1 N) to prevent slack and ensure stable strain
readings once the system is activated. Protective measures, such as covering the bonded fi-
bre with a secondary coating, epoxy overlay, or protective tape, may also be applied to shield it
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from mechanical abrasion, ultraviolet exposure, and temperature fluctuations, particularly in field
installations.

The quality of the installation can be verified through initial reference measurements under un-
loaded conditions, which serve as the baseline for subsequent strain analysis. Properly executed
surface-bonded installations have been shown to achieve strong strain coupling and long-term
measurement stability comparable to embedded systems when suitable adhesives and installa-
tion protocols are adopted [4], [19]. Nevertheless, installation on rough or weathered concrete
surfaces requires additional attention, as incomplete adhesion or trapped air pockets can lead to
local strain loss or signal dropouts.

Overall, surface bonding provides a practical and versatile solution for deploying DFOS on ex-
isting bridges and other concrete structures. When combined with proper surface preparation,
the use of stiff adhesives such as epoxy, and appropriate fibre protection, the method ensures
high-fidelity strain transfer and durable performance under both service and ultimate loading con-
ditions.

The discussion above shows that the performance of surface-bonded DFOS depends on several inter-
acting factors, including the choice of fibre type and coating, the mechanical properties of the adhesive,
the bond-line thickness and the quality of the installation procedure. Existing studies provide valuable
qualitative and quantitative insights into these aspects, particularly for tension-dominated regions and
laboratory conditions. However, a comprehensive installation strategy that links these parameters in
a systematic and experimentally supported manner is still lacking, especially for applications on exist-
ing concrete structures. In addition, most experimental investigations of surface-bonded DFOS have
focused on tension zones, while the behaviour of bonded fibres in compression regions remains less
well understood. These observations underline the need for further experimental research on surface-
bonded DFOS in reinforced concrete members, with the aim of developing a practical installation strat-
egy and quantifying the associated strain-transfer efficiency, as addressed in Chapters 3 and 4 of this
thesis.

2.2.4. Strain transfer from host material to the optical fibre

The continuous monitoring of strain is a fundamental aspect of Structural Health Monitoring (SHM) in
civil engineering. Strain measurements are closely related to the stress state within the linear elastic
range of structural materials, making them a primary indicator of a structure’s mechanical condition
and integrity. Since no simple or cost-effective stress-monitoring system exists for in-situ applications,
strain is the most frequently monitored parameter in SHM [1]. Owing to the well-established relationship
between stress and strain in the elastic regime, strain monitoring is widely regarded as the closest
practical approach to direct stress assessment [1][34].

A significant challenge in the application of FOS, particularly DFOS, is understanding and accurately
predicting the strain transfer effect [30][35]. This phenomenon refers to the discrepancy between the
actual strain in the host structure (the material being monitored) and the strain measured by the optical
fibre’s glass core. The core of the optical fibre is inherently fragile, necessitating the use of protective
coatings and, for surface-mounted applications, adhesive layers to ensure its integrity. These interme-
diate layers, having significantly lower Young’s moduli than the fibre core, undergo shear deformation.
This shear deformation means that only a portion of the structural strain is transferred to the fibre core,
resulting in a ”strain loss” that can lead to measurement inaccuracies if not properly accounted for [30].
Based on this information, the ideal situation will be the absence of protective coating and adhesive
layer, and a perfect bond between the host and the fibre core. It is however, impractical to work with
bare optical fibres, since they are extremely fragile. Glass fibres are brittle and readily fractured even
when subjected to stresses generated from slight bends and curls along their lengths. The coating pro-
tects the glass core against this brittle fracture by providing a cushioning effect that absorbs a portion
of the mechanical energy imparted to the fibre. A variety of coating materials are used as the protective
layer for optical fibres. The most commonly employed coatings include a number of polymeric, silicon,
and acrylic materials [36].

In most of the publications showing practical applications of DFOSmonitoring, this problem is neglected,
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and the structural strains are assumed to be equal to the fibre strains, which is not always true. However,
in the past, researchers have extensively focused on understanding the strain transfer effect, which
describes the discrepancy in the host structure and the strain measured by an optical fibre’s glass
core. The strain transfer mechanism differs between surface-bonded [8], [30], [31], [35], [37], [38], [39],
[40] and embedded optical fibres [8], [26], [36], [39], [41], [42], [43], primarily because the surrounding
medium governs how strains are transmitted from the host material to the sensor. As a result, different
strain transfer theories have been devised in the past for both types of application. This thesis focuses
on surface-bonded optical fibres, as the objective is to monitor existing structures where embedding
sensors within the material is not feasible.

It should be clarified that the equations presented in this thesis refer to strain changes and not absolute
strains, since DFOS measurements are always taken relative to an initial zero reading. A more precise
notation would therefore be ∆ε instead of ε. Nevertheless, because this distinction is often omitted
in the literature and to maintain clarity and simplicity, the term strain change will hereafter be used to
denote strain by default.

2.2.5. Analytical Models for Strain Transfer in Surface-Bonded Optical Fibres

When an optical fibre is bonded to the surface of a deforming concrete member, the strain measured
in the fibre is not necessarily equal to the strain at the concrete surface. The interposed adhesive layer
and the fibre coatings deform in shear and govern how the deformation of the substrate is transmitted
to the fibre core. This mechanism is generally referred to as strain transfer.

Her and Huang (2011) [30] developed a four-layer model for surface-bonded optical fibres consisting
of the host material, adhesive, protective coating, and fibre core, as shown in Figure 2.11. A small
interfacial gap between the substrate and the coating was included to replicate practical installation
conditions.

Figure 2.11: Analytical model of a surface-bonded optical fibre [30].

The model assumes linear elastic and isotropic materials, perfect interfacial bonding, and shear de-
formation limited to the adhesive and coating layers. The strain transfer is governed by a shear-lag
parameter λ1, which defines the exponential attenuation of strain between the host and the fibre. The
analytical solution for fibre strain is expressed as:
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εf (x) =
ε0

Ef

(
πr2f

2hrpEh
+ 1

Ef

) [
1− cosh(λ1x)

cosh(λ1Lf )

]
(2.2)

where ε0 is the host strain, Ef and Eh are the Young’s moduli of the fibre and host, and rf , rp, and h
are the geometric parameters of the fibre, coating, and adhesive layers. The shear-lag term λ1 is the
dominant term in Equation 2.2 which is directly dependent on the bonded length. Hence, the model
effectively describes strain transfer over short bonding lengths, as in FBG applications, but becomes
less representative for long, continuously bonded fibres where the strain distribution is more uniform
and the effect of transfer length becomes negligible.

Wan et al. [40] investigated strain transfer in surface-attached optical fibre sensors through both analyti-
cal and numerical methods. Their study highlighted that classical shear-lag formulations yield accurate
results only when the adhesive layer is relatively soft, corresponding to a low shear-lag parameter.
For stiffer adhesives or bare fibres, analytical models tend to overpredict strain transfer efficiency. To
overcome these limitations, the authors developed a three-dimensional finite element model (3D-FEM)
that captured stress concentrations and complex interfacial behaviour. Furthermore, an experimental
investigation was carried out for verifying the results.

The numerical study showed that the strain transfer coefficient is mainly influenced by the bond length
and the bottom thickness of the adhesive layer, whereas the side width and top thickness have negligi-
ble effects. It was recommended that the bond length be maximised and the adhesive bottom thickness
minimized to reduce measurement error. Coated fibres with soft primary coatings were also found to
be less sensitive to geometric variations, improving measurement stability. However, in this study, the
bond length used was relatively small (10-60 mm), which is not the case for a typical DFOS application.

Figure 2.12: Installation of strain sensor with shear lag under uniform strain field (as conducted by Wan et al [40]).

For surface-bonded optical fibre sensors, several other studies have investigated how efficiently strain
is transmitted from the host structure to the fibre core. Betz et al. [44] used finite element analysis and
experiments on patch-bonded FBG sensors, where the fibre is first attached to a backing layer and
this patch is then glued to the structural surface. They showed that, for a substrate strain of about
0.3% parallel to the fibre, the strain in the fibre core ranged only between approximately 0.26–0.28%,
indicating incomplete strain transfer due to the presence of the backing; the degree of loss depended on
the backing thickness and Young’s modulus. Lin et al. [45] compared different packaging methods and
reported that strain transmission decreases as the thickness of the surrounding steel tube increases,
while the thickness and stiffness of the adhesive itself had relatively little influence in their tests. Li
et al. [46] and Zhou et al. [47] further observed that strain transmission losses remain small when the
substrate is thick and stiff relative to the bonding layer and the sensor, but become significant when
the substrate is thin and made of low-modulus materials. In addition, Jahani and Nobari [48] showed
that, under dynamic loading, both the Young’s modulus and shear modulus of common adhesives are
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frequency-dependent due to their viscoelastic behaviour, implying that strain-transfer characteristics
may vary with loading rate.

Comparative limitations of existing Strain Transfer Models
Across the analytical and numerical studies reviewed above, most models focus on identifying how
parameters such as adhesive thickness, bond length, coating stiffness and interfacial shear properties
influence strain transmission. They are valuable for understanding the mechanics of strain transfer
and for improving bonding conditions, but are generally formulated for short, locally bonded sensors
(e.g. FBGs or patch-mounted gauges) and mainly describe the relative efficiency of strain transmission
under idealised conditions.

Even when nearly ideal bonding is assumed, the strain recorded by a surface-bonded optical fibre
remains lower than the true surface strain of the concrete. Existing formulations do not explicitly quantify
this residual difference for long, continuously bonded DFOS installations. Analytical strain-transfer
models should therefore be regarded primarily as conceptual tools rather than direct predictors of DFOS
measurements in practice. This underlines the need for an experimental calibration of strain transfer for
surface-bonded DFOS on reinforced concrete members, motivating the determination of an effective
strain-transfer efficiency factor in the four-point bending tests presented in this thesis.

2.3. Crack width analysis using DFOS

A significant portion of damage observed in concrete bridge superstructures originates from cracking
[49]. These cracks often lead to secondary deterioration mechanisms such as spalling and the expo-
sure of reinforcing steel. In current inspection practices, the assessment of crack patterns is typically
carried out visually, with crack widths either estimated from experience or measured manually using a
crack width gauge. Such methods are inherently labor-intensive and prone to human error [20].

Distributed fibre Optic Sensors (DFOS) offer an advanced alternative by providing high-resolution strain
profiles along the surface or within the cross-section of a structure. This allows the detection of local-
ized strain concentrations associated with crack formation. Unlike conventional point sensors, DFOS
captures the entire strain distribution, enabling both the precise localization and quantification of crack
openings with micrometer-scale precision (Figure 2.6).

2.3.1. Methodology for DFOS-based crack width estimation

The reliable conversion of distributed strain data into physical crack widths requires a robust analytical
model. Among the existing approaches, the methodology proposed by Richter et. al. [50] offers a
systematic means to interpret DFOS strain peaks and has been widely referenced in recent studies for
crack width estimation.

Figure 2.13 presents the general workflow used for crack width determination from DFOS measure-
ments, summarizing the sequence of data processing and analytical steps.
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Figure 2.13: Workflow for determining crack width [50].

i) Data acquisition

The data is acquired using Luna Inc. optical distributed sensor interrogator (ODiSI) 6100 series.
The exported file includes metadata describing the ODiSI system and the connected DFOS, as
well as measurement parameters such as gage pitch and sampling rate. It also provides the
gage positions and strain measurements with their corresponding timestamps, where each entry
consists of a timestamp, data type, and an array of strain values.

ii) Data Pre-processing

In this step, the data is prepared for further analysis which entails further analysis. DFOS data
typically contains three types of disturbances that must be addressed: noise, Strain Reading
Anomalies (SRAs), and dropouts [50]. Noise is inherent to the measuring technology, stemming
from finite equipment accuracy and the random nature of photon scattering. Noise reduction
is often achieved by taking the mean of several measurements (ensemble average) and sub-
sequently applying smoothing, such as the symmetrical sliding mean along the DFOS length,
which is advantageous because it does not alter the strain integral. SRAs are artifacts result-
ing from incorrect cross-correlation findings, appearing as unpredictable, extreme strain readings
in single gages. SRAs should be identified and cancelled before smoothing, often by applying
criteria like the Geometric Threshold Method (GTM) or a threshold on the associated Spectral
Shift Quality (SSQ), and setting the readings to ”not a number” (NaN). Dropouts also manifest
as NaNs and occur when cross-correlation fails, particularly accumulating in high strain areas
like cracks. Dropouts require special treatment, which can involve eliminating the gages with
NaN entries (which equates to implicit interpolation for singular entries) or repairing the data by
replacing NaNs with virtual, reconstructed values derived from surrounding intact data. The ef-
fectiveness of the subsequent peak detection step is highly dependent on the quality of this initial
data pre-processing.
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iii) Detection of cracks

Cracks in a concrete structure manifest as sharp peaks in the measured strain profiles obtained
from the fibre. The corresponding crack locations, denoted as xcr,i, are identified using peak-
detection algorithms specifically developed for this purpose.

The key parameter governing peak identification is the prominence, which quantifies how much
a particular peak stands out relative to the surrounding strain signal. To distinguish true crack-
induced peaks from those caused by random noise or measurement artefacts, a minimum promi-
nence threshold, Pmin, must be defined. If Pmin is set too low, minor fluctuations in the strain
signal may be falsely classified as cracks, leading to an overestimation of the total number of
cracks. Conversely, if the threshold is set too high, smaller yet legitimate cracks may remain
undetected, which can result in overestimation of the widths of the remaining identified cracks.

A second necessary criterion for crack identification is the absolute peak height (hmin). A strain
peak is generally classified as a crack only if its magnitude exceeds the concrete’s ultimate tensile
strain, εctu, which typically lies around 100 µε for normal-strength concrete.

The reliability of the crack detection process is highly dependent on the quality of the pre-processed
DFOS data. Smoothing or filtering operations, although effective for noise reduction, can atten-
uate peak prominence and thereby influence the required threshold value. Consequently, the
degree of smoothing and the chosen prominence threshold are interdependent and must be care-
fully calibrated according to the specific DFOS type, coating, and installation configuration.

In this study, we have heavily relied on the absolute peak height (hmin). This threshold was set
to the ultimate tensile strain of concrete, considering the effect of the Strain transfer efficiency
considered in this study. This gives us a good approximation of beyond what values can the
strain peaks be considered as cracks in concrete.

iv) Transfer length of a crack

Strains are detected within the optical fibre’s core, and these are transmitted from the surrounding
material to the fibre through the bonding layer, which inevitably introduces a strain lag. Conse-
quently, the theoretically infinite strain peak that would occur at a crack location becomes dis-
tributed along both sides of the DFOS. The stiffness of the bond depends on the material proper-
ties, layer thicknesses, and interfacial behaviour of all layers between the host material and the
fibre core. A stiffer bond minimizes strain lag, reduces the transfer length, and leads to sharper,
higher strain peaks.

Two approaches for estimating transfer length have been discussed in the literature:

• The minimum approach: The minimum approach, which cuts each side of a peak at the
local minima between neighbouring peaks.

Let xcr,i denote the i-th crack location (strain peak in the DFOS profile), and let xmin,l and
xmin,r be the positions of the local minima in between the i-th peak and its left/right neighbour-
ing peaks at xcr,i−1 and xcr,i+1, respectively. The transfer length ℓt delimits the integration
window used to convert strain to crack width.

ℓ−t,min = xcr,i − xmin,l, (2.3)
ℓ+t,min = xmin,r − xcr,i. (2.4)

This approach is mechanically accurate for reinforced concrete under constant bending mo-
ments or pure tension, and is an acceptable initial estimate.

• The midpoint approach: Another approach is setting the transfer length to half of the dis-
tance to the neighboring crack.
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ℓ−t,mid,i = xcr,i − 1
2 (xcr,i−1 + xcr,i) , (2.5)

ℓ+t,mid,i =
1
2 (xcr,i + xcr,i+1)− xcr,i. (2.6)

This approach is less prone to noise-induced minima. Hence is more stable on a strain data
with an erratic signal.

Figure 2.14 shows a visual comparison between both approaches.

Figure 2.14: Visual comparison of transfer length approaches [50].

v) Tension Stiffening compensation

The load-bearing contribution of concrete between cracks, known as tension stiffening (TS), signif-
icantly influences the strains measured by DFOS [51]. When concrete cracks, the reinforcement
continues to carry tension, while the adjacent concrete between cracks still resists part of the load
through bond interactions with the reinforcement. As a result, the DFOS strain signal reflects not
only the crack opening displacement but also elastic deformation in the concrete between cracks.
This elastic portion must be compensated for to correctly estimate the crack width [50].

For DFOS bonded to the concrete surface, the total measured strain εDFOS in the cracked region
is composed of two components: (i) the crack-induced strain, related to the actual opening of the
crack, and (ii) the tension stiffening strain, εTS

c (x), representing the reintroduction of strain into
the concrete away from the crack. The latter is typically idealized as a linearly decaying function
from the crack face:

εTS
c (x) = min

(
δi(x) · εm(x), εcu

)
(2.7)

where εcu is the ultimate tensile strain of concrete, and δi(x) is a normalized distance factor from
the crack position xcr, expressed as:

δi(x) =


xcr − x

ℓ−t
if x ≤ xcr

x− xcr

ℓ+t
if x > xcr

(2.8)

The limit strain εlim(x) defines the transition between the cracked zone and the uncracked con-
crete and is determined as:

εlim(x) =

{
min

(
εTS
c (xcr − ℓ−t ), εcu

)
, if x ≤ xcr

min
(
εTS
c (xcr + ℓ+t ), εcu

)
, if x > xcr

(2.9)

The concrete’s ultimate tensile strain, εcu, can be estimated from its material strength as:
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εcu =
fctm
Ecm

(2.10)

where fctm is the mean tensile strength and Ecm is the modulus of elasticity of concrete. Typically,
εcu is about 100 µε for normal-strength concrete.

To account for the TS effect when determining crack widths, the strain corresponding to the TS
regionmust be subtracted from the total DFOS strain before numerical integration. This correction
ensures that only the strain directly contributing to crack opening is included, thereby improving
the accuracy of the calculated crack width [50].

vi) Integration to obtain crack widths

Once the strain peaks corresponding to cracks are identified and the tension stiffening (TS) com-
ponent is compensated, the crack width can be determined by integrating the strain distribution
along the optical fibre over the transfer length associated with each crack. Figure 2.15 illustrates
the principle of this calculation.

Figure 2.15: Crack width calculation for concrete DFOS (according to [50]).

For each crack i, the crack width wcr,i is computed as the integral of the differential strain between
the measured DFOS strain εDFOS(x) and the compensated strain εTS

c (x) over the transfer lengths
on both sides of the crack:

wcr,i =

∫ xcr,i+ℓ+t

xcr,i−ℓ−t

(
εDFOS(x)− εTS

c (x)
)
dx (2.11)

This approach ensures that only the deformation directly attributable to crack opening is inte-
grated, while the elastic strain reintroduced through tension stiffening is excluded. The integration
boundaries, defined by the transfer lengths ℓ−t and ℓ+t , correspond to the local minima surround-
ing each strain peak, as illustrated in Figure 2.14. In practice, the integral in Equation (2.11) is
computed numerically using the discrete DFOS strain measurements.

By combining precise peak localization, tension stiffening compensation, and numerical integra-
tion, this method enables accurate estimation of individual crack widths and their evolution under
increasing load, providing a continuous and quantitative alternative to traditional visual crack as-
sessment.

Limitation of crack-width estimation using DFOS
Existing studies have shown that DFOS can be used to detect cracks and, using methods such
as the Richter et. al. [50] procedure, to estimate crack widths from distributed strain profiles.
These approaches provide a clear workflow for peak detection, tension-stiffening compensation
and integration, and have yielded promising results in laboratory conditions.
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However, the reliability of DFOS-derived crack widths for reinforced concrete members is still not
fully established. In particular, the influence of strain-transfer effects, missing or degraded data
(e.g. gaps in the strain profile) and processing choices on the accuracy of the estimated crack
widths has not been quantified in a systematic way. As a result, it is unclear under which practical
conditions DFOS-based crack widths can be considered trustworthy for structural assessment.
This motivates the experimental investigation in this thesis into the accuracy and robustness of
crack-width estimates obtained from DFOS.

2.4. Application of Distributed Fibre Optic Sensing

The previous sections outlined the theoretical foundations of Distributed Fibre Optic Sensing (DFOS).
Having established these principles, it is essential to examine how DFOS has been implemented in
practical structural health monitoring (SHM) applications. Most formulations used to evaluate and con-
trol crack width have traditionally been developed for tensile and flexural cracking [49].

In recent years, Distributed Fibre Optic Sensing (DFOS) has been widely applied to study flexural be-
haviour and crack development in reinforced and prestressed concrete members, owing to its high
spatial resolution and sensitivity to strain localization. Beyond flexural applications, several studies
have demonstrated the capability of DFOS to identify shear cracking mechanisms and to monitor the
long-term performance of bridge structures under service conditions. The following subsections sum-
marize representative laboratory and field investigations that demonstrate these applications.

2.4.1. Shear crack identification using DFOS (Laboratory)
Rodríguez et al. (2016) [49] conducted one of the earliest experimental studies demonstrating the po-
tential of Distributed Fibre Optic Sensors to monitor the evolution of shear cracks in concrete elements.
Their work focused on partially prestressed concrete (PPC) beams tested under shear-dominated load-
ing conditions. A single optical fibre, bonded along the web of each beam, was connected to an Optical
Backscatter Reflectometer (OBR) system operating on the Rayleigh scattering principle (see Figure
2.16). This setup enabled the acquisition of distributed strain profiles with a high spatial resolution,
allowing for the visualization of the strain field throughout the loading process.

Figure 2.16: Rectangular 2D mesh formed by the DFOS for characterization of shear cracking [52].

The study revealed that DFOS measurements could capture both the initiation and propagation of
shear cracks, even before they became visible on the concrete surface as shown in figure 2.17. The
localised strain peaks recorded by the fibre corresponded closely to the positions and orientations of
visually identified cracks. Furthermore, the strain evolution at specific points along the fibre provided
insight into the progressive development of shear mechanisms in the web region. This confirmed that
distributed sensing is capable of detecting inclined crack formation and its growth with load increments.

Although the results showed good agreement with conventional strain measurements, the authors high-
lighted several limitations. In particular, the presence of high strain gradients near cracks occasionally
caused partial signal losses due to fibre slippage or local debonding. Moreover, because only one fibre
was installed along the web, the system could not reconstruct the two-dimensional strain field or quan-
tify crack widths directly. Nevertheless, this pioneering study established that DFOS can serve as a
reliable tool for detecting and tracking the formation of shear cracks in prestressed concrete members,
providing a foundation for future research on two-dimensional distributed sensing configurations.
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Figure 2.17: Correlation between shear crack pattern through visual inspection and peak detection by OBR system [49].

Later, Rodríguez et al. (2019) [52] expanded their research by proposing a two-dimensional (2D) Dis-
tributed Optical Fibre Sensing configuration for the comprehensive assessment of shear cracking in
reinforced concrete (RC) elements. The study aimed to determine not only the presence and location
of shear cracks but also their width and inclination, allowing for a more complete characterization of
the crack pattern.

The experimental campaign involved large-scale reinforced concrete beams tested under four-point
bending conditions dominated by shear. The optical fibre was placed in a grid pattern with one series
of fibre aligned longitudinally and the other placed vertically, creating a two-dimensional sensing grid
(See Figure 2.18 and Figure 2.19). This configuration made it possible to reconstruct the strain field
across the web area and to identify the orientation of inclined cracks. Measurements were performed
using an OBR based on Rayleigh scattering, which provided a spatial resolution of approximately 2.6
mm.
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Figure 2.18: Strain distribution and crack location in horizontal sections at different load levels [52].
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Figure 2.19: Strain distribution in vertical sections at different load levels [52].

The results showed that the DFOS system successfully captured the formation and evolution of inclined
shear cracks. By integrating the strain peaks obtained along the diagonal fibres, the researchers were
able to estimate local crack widths and orientations with high spatial precision. Furthermore, combining
the strain readings from the longitudinal and vertical fibres allowed for the reconstruction of the entire
shear crack network within the web region. The DFOS-derived results were validated against digital
image correlation (DIC) and conventional visual inspection, both of which confirmed the accuracy of
the distributed measurements.

Figure 2.20: Shear cracking pattern of beam at 258 kN [52].
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Despite the promising outcomes, the authors identified certain practical challenges, including localised
signal loss in high-strain zones and sensitivity to installation quality, particularly at fibre intersections.
Nevertheless, the study demonstrated that a properly designed 2D DFOS layout can provide both quan-
titative and qualitative information on the shear cracking behaviour of reinforced concrete members,
marking a significant step forward from previous one-dimensional DFOS applications.

Rodríguez et al. (2019) demonstrated that DFOS can also be used to determine the angle of the shear
cracks. The crack angle, θcr, was calculated from the strain peaks obtained at the specific coordinates
along the horizontal and vertical fibres.

In this sense, the trace of the shear cracking pattern also allows the calculation of the shear crack
angles. These angles can be obtained in detail with respect to the horizontal beam axis using the point
coordinates that define the beginning and end of each crack. Table 2.2 presents the measured shear
crack angles at several points for a beam at a load level of 258 kN, together with the mean angle for
each crack.

Table 2.2: Shear crack angles of the beam at 258 kN [52].

Crack Point X (m) Y (m) Angle (°)
1 D1 1.32 0.13 80.5

73 1.31 0.19 8.7
C2 1.44 0.21 44.6
81 1.45 0.24 26.7
B3 1.54 0.29 35.7
97 1.56 0.21 31.2
105 1.68 0.20 Mean = 33.4

2 D2 1.57 0.13 81.9
92 1.56 0.20 26.6
C1 1.58 0.21 58.0
B1 1.63 0.29 11.3
102 1.68 0.30 Mean = 44.4

3 D3 1.21 0.13 45.0

2.4.2. Application of DFOS on existing bridges
With the rapid advancement of distributed fibre optic sensing (DFOS), several bridgemonitoring projects
worldwide have demonstrated its capability for assessing both global structural behavior and local-
ized damage phenomena. These applications have ranged from short-term load testing of reinforced
concrete bridges to long-term monitoring of prestressed and cable-stayed systems. Each case study
contributes to understanding how DFOS can be integrated into real infrastructure and how sensor
placement, bonding method, and fibre type influence the quality of strain data obtained in field con-
ditions. Some representative field applications of DFOS on full-scale bridges are summarized below,
highlighting their measurement objectives, sensor layouts, and key findings for bridge assessment.

1. Black River Bridge, Ontario

Regier and Hoult [53] conducted one of the earliest field applications of a Rayleigh backscatter-
based DFOS system on a reinforced concrete bridge, the Black River Bridge in Ontario, Canada.
The bridge consisted of two simply supported spans with four girders, where surface-bonded
nylon-coated optical fibres were installed along the sides of the beams at the tension zone and
near the support regions (see Figure 2.21). The Luna OBR 4600 interrogator was used with a
long gauge length to record strain during static load tests using a five-axle truck. The DFOS
results were validated against electrical strain gauges and displacement transducers, showing
close agreement in both global strain trends and deflection profiles. Moreover, the distributed
strain data enabled identification of local cracking behavior, curvature profiles, and partial fixity at
the supports—features not captured by conventional sensors. This study demonstrated the po-
tential of DFOS to simultaneously capture both localized damage and overall structural response
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in reinforced concrete bridges under service loads.

Figure 2.21: Section view of Black River Bridge [53].

Figure 2.22: Instrumentation on Beam 2 of the bridge [53].

2. Rędziński Bridge, Wrocław

The Rędziński Bridge in Wrocław, Poland, is the largest concrete cable-stayed bridge in the coun-
try (See Figure 2.23). It is a four-span bridge with a total length of 50 m + 2×256 m + 50 m and
an H-shaped pylon rising 122 m above the Odra River [5]. After ten years of service, multiple
cracks were observed in the prestressed lower crossbeam connecting the inclined pylon legs. To
monitor crack development and assess the long-term performance, the structure was equipped
in 2020 with monolithic distributed fibre optic sensors (DFOS) developed by SHM System [5].

(a) (b)

Figure 2.23: (a) Rędziński Bridge in Wrocław, Poland: general view; (b) close-up of the lower crossbeam connecting two
inclined legs of the pylon [5].
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Four DFOS sensors were installed in near-to-surface grooves along the full length of the lower
crossbeam, one in each corner, as shown in Figure 2.24. This configuration provided optimal
bonding, mechanical protection, and thermal stability while maintaining aesthetic integrity. The
system captured distributed strain data from over 7400 points per measurement, enabling pre-
cise detection of crack locations, monitoring of crack width variations, and evaluation of flexural
behavior under both static and dynamic traffic loads.

(a) (b) (c)

Figure 2.24: (a) Installation in near-to-surface grooves; (b) cross-section of the beam with locations of the sensors; (c) side
view of the crossbeam with sensors marked over its length [5].

The DFOS data also provided insights into axial shortening, deflection, and local deformation
of the pylon beam, demonstrating the potential of monolithic DFOS for permanent bridge health
monitoring and quantitative crack width analysis under service conditions.

3. Sarajevo Bridge, Barcelona

Barrias et al. [17] presented one of the first full-scale bridge applications of DFOS in Spain, im-
plemented on the Sarajevo Bridge in Barcelona. The monitoring aimed to assess the structural
response during the widening of the bridge deck, as part of an infrastructure expansion project.
The DFOS system employed the Optical Backscatter Reflectometry (OBR) technique based on
Rayleigh scattering, providing a spatial resolution of 1 cm over a total sensing length of approxi-
mately 38 m.

(a) (b)

Figure 2.25: (a) General DFOS layout of DFOS in Sarajevo Bridge; (b)Photograph inside the box girder [17].

A polyimide-coated single-mode silica fibre was surface-bonded along the longitudinal direction
of the concrete deck using a thin layer of bicomponent epoxy adhesive. The installation required
careful preparation of the concrete surface to minimize roughness and ensure optimal bonding.
Figure 2.25 illustrates the sensor deployment and installation stages.
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Continuous measurements were collected during the deck replacement and widening phases to
monitor strain redistribution and detect any local damage initiation. The DFOS system proved
capable of tracking the evolution of strain fields during construction, showing that the strain incre-
ments remained below 100 µε, consistent with service limit state behaviour. The distributed data
confirmed uniform strain development across the monitored spans and no evidence of cracking
or abnormal deformation.

These case studies demonstrate that DFOS can be effectively integrated into both laboratory-scale and
field-scale applications, providing continuous strain data for detecting cracking, assessing structural
performance, and validating analytical models. The success of these applications also highlights the
importance of proper installation procedures, surface preparation, and system calibration to ensure
reliable strain transfer and long-term monitoring performance.



3
Experimental Investigation of DFOS

strain response

3.1. Overview and objectives
The previous chapter has shown that the performance of surface-bonded Distributed Fibre Optic Sens-
ing (DFOS) depends strongly on the installation strategy and on the efficiency of strain transfer between
the concrete surface and the fibre core. Existing guidelines for DFOS installation, such as manufac-
turer recommendations and published case studies provide useful qualitative advice, but they do not
offer an experimentally validated strategy tailored to reinforced concrete members. Moreover,analytical
strain-transfer models mainly describe idealised configurations and do not directly quantify how DFOS-
measured strains relate to the true concrete surface strains under realistic installation conditions.

To address these issues, this chapter presents an experimental investigation of the strain response of
surface-bonded DFOS on reinforced concrete members. The work is organised in two phases. In the
first phase, existing installation guidelines were applied to a large inverted T-girder tested in three-point
bending under shear-dominated loading. This test served as a pilot application in which practical diffi-
culties such as data loss, noisy measurements and local debonding were encountered. The experience
gained from this test was used to identify shortcomings in the existing installation recommendations
and to formulate a set of improvements to the installation strategy.

In the second phase, the refined installation strategy was implemented in a series of four-point bend-
ing tests on reinforced concrete beams. In these tests, DFOS was combined with conventional strain
gauges and Digital Image Correlation (DIC), enabling a quantitative comparison between distributed
fibre strains and reference measurements in both tension and compression zones. Based on these
comparisons, an effective strain-transfer efficiency factor is derived, which provides a practical relation-
ship between DFOS-measured strain and the concrete surface strain for the specific surface-bonded
configuration studied in this thesis.

The same tests are later used in Chapter 4 to investigate the ability of DFOS to detect cracks and to
provide reliable crack-width estimates for reinforced concrete members.

3.2. Distributed Fibre Optic Sensing system
Distributed strain data were recorded using a Luna ODiSI 6100 Optical Distributed Sensor Interrogator
[54], which operates based on the principle of Optical Frequency Domain Reflectometry (OFDR). The
system provides fully distributed strain measurements along the optical fibre with high spatial and tem-
poral resolution. For this experiment, a gage pitch (spatial resolution) of 1.3 mm was adopted, which
means that strain readings were obtained every 1.3 mm along the length of the fibre. Although the
system is capable of a minimum gage pitch of 0.65 mm, the coarser setting was chosen to reduce the
large data volume associated with continuous high-resolution acquisition.

36
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Before each test, a reference (tare) scan was recorded with the structure unloaded, following the proce-
dure recommended in the ODiSI installation guide [25]. Subsequent strain profiles were then computed
relative to this baseline, so that the reported strains correspond to changes from the tare state. For
quasi-static loading, DFOS scans were acquired at selected load levels, typically by averaging multiple
rapid acquisitions at each level to reduce random measurement noise.

The DFOS data were exported in .tsv format and subsequently processed in MATLAB for alignment
and strain visualization. Peak detection was performed to identify localized strain concentrations cor-
responding to crack initiation and propagation. These strain peaks were then mapped along the beam
length to generate a distributed crack profile.

For validation, DFOS measurements were compared with Digital Image Correlation (DIC) results ob-
tained simultaneously on the beam. The DIC system provided full-field strain maps and visual crack
patterns at each load step. Although the DFOS and DIC systems were installed on opposite faces of
the beam, the comparison allowed a qualitative verification of crack initiation and propagation trends.
Minor discrepancies between the two datasets were attributed to the asymmetric nature of crack devel-
opment through the thickness of the beam.

Figure 3.1: LUNA ODiSI series 6 Interrogator

3.3. Phase 1 – Inverted T-girder with existing installation guide-
lines

3.3.1. Specimen and test configuration
The experiment was carried out on a large-scale precast inverted T-girder, representative of a typical
bridge web element. The beam was designed to fail in shear under three-point bending, producing a
dominant shear field within the web region and flexural behaviour near the bottom flange. The overall
dimensions of the specimen and loading configuration are shown schematically in Figure 3.2. The test
was conducted as part of a broader structural testing campaign on concrete bridge components [55],
[56].

The primary purpose of this DFOS installation was not to contribute to the mechanical assessment of
the beam, but rather to evaluate the sensor’s response under exisiting installation practices to observe
the qualitative strain development associated with cracking. The beam was incrementally loaded until
failure using a 5000 kN capacity hydraulic jack, with measurements recorded at multiple load steps.
The loading setup is shown in Figure 3.2.
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Figure 3.2: Test setup for the simulated simply supported three-point bending test (all dimensions in mm).

The girder was instrumented with a combination of DFOS, Digital Image Correlation (DIC) and a limited
number of conventional sensors (e.g. LVDTs and lasers at selected locations). DIC was used to obtain
full-field surface deformation and crack patterns, providing an independent reference for the interpreta-
tion of the DFOS data. The DFOS layout consisted of fibres routed along the web and flange surfaces
of the girder, with the aim of capturing both global deformation and localised strain concentrations
associated with shear cracking.

3.3.2. DFOS installation based on existing guidelines
For the inverted T-girder, the DFOS installation was carried out strictly following existing installation
practices and manufacturer recommendations, without additional refinements. In particular, the proce-
dure was based on the ODiSI Fibre Optic Sensor Installation Guide by Luna Inc. [25] and on practical
examples reported in the literature for surface-bonded DFOS on concrete.

The optical fibre was installed on the web of the beam to monitor cracking, and on the side face using
a surface-bonded configuration. As shown in Figure 3.3, the fibre was arranged in four horizontal
laps along the web to capture the development of shear cracks and one lap along the bottom flange
to observe flexural behaviour with each lap following a continuous path, returning at the beam end.
However, the fibre in the topmost lap broke before the start of the test, and no readings could be
obtained from that level. A new termination was therefore made on the second lap from the top. Each
lap followed a continuous path, returning at the beam end.

The general procedure comprised three main steps:

• Surface preparation: the concrete surface was mechanically cleaned and lightly abraded using
a sand paper in the regions where the fibre was to be bonded, followed by removal of dust and
loose particles using compressed air and alcohol wipes.

• Sensor placement: the optical fibre was laid along the predefined route on the web and flange
surfaces and temporarily fixed in place using small pieces of kapton tape at regular intervals, in
accordance with the recommended spacing in the installation guide.

• Adhesive application: a two-component epoxy adhesive was applied over the fibre to form a
continuous bond line between the fibre and the concrete surface. The adhesive was spread
manually using a foam swab, aiming for a thin, uniform layer, and allowed to cure under ambient
laboratory conditions before testing.

This procedure was considered representative of a typical implementation of surface-bonded DFOS
in laboratory conditions when only generic installation recommendations are available, and no prior
experience with the specific test configuration exists.

An ORMOCER-coated optical fibre [57] was used due to its good strain transfer capability and adequate
robustness for handling in large-scale laboratory environments. The fibre was bonded to the concrete
surface using a two-component epoxy adhesive (Driebond 8142) [58]. This adhesive was selected be-
cause it has previously shown reliable performance in similar applications [26]. Although the adhesive
layer thickness was not strictly controlled, the bond quality was sufficient to capture the relative strain
variations required for qualitative crack identification. The installation procedure followed the guidelines
provided in the ODiSI Fiber Optic Sensor Installation Manual [25], as described in Section 2.2.3.1.
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Figure 3.3: DFOS layout with four laps in the web (shear) and one in the flange (flexure).

Figure 3.4: Installed surface-bonded DFOS on the specimen.

3.3.3. Observed issues and lessons learned
From the inverted T-girder test, the DFOS data quality revealed several shortcomings of an installation
approach based solely on generic guidelines. In particular, the following issues were observed:

• The bonding between the fibre and the concrete surface through the epoxy layer was not uniform
and consistent. At some locations, excessive adhesive was present between the fibre and the
concrete, while in other locations the fibre was in direct contact with the surface with only a thin
surrounding adhesive layer. This non-uniform bondline thickness is expected to cause spatially
variable strain-transfer efficiency.

• During adhesive application, the fibre was not always kept under uniform pretension and straight-
ness. Local slack or waviness of the fibre was observed before curing, which can lead to apparent
strain offsets and measurement artefacts once the structure is loaded.

• At small surface voids or imperfections, the fibre exhibited visible signs of local debonding or
imperfect contact, which were later reflected in the strain profiles as noisy or unreliable readings.

Although the DFOS measurements on the T-girder were still useful for qualitative crack detection and
for visualising the overall shear crack pattern (results presented later in Chapter ??), the test clearly
showed that an installation strategy based only on generic recommendations does not provide the level
of robustness and quantitative reliability required for strain-transfer analysis.
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These observations underline that existing installation guidelines, while useful as a starting point, do not
constitute a fully defined and experimentally validated installation strategy for surface-bonded DFOS
on concrete. In the second phase of the experimental programme, involving four-point bending beams,
these lessons were translated into a refined and more explicit installation procedure. This refined
strategy and its impact on strain-transfer behaviour are described in Section ?? and form the basis for
the quantitative strain-transfer analysis presented later in this chapter.

3.4. Phase 2 - Four-point bending beam tests with refined DFOS in-
stallation

Following the pilot application on the inverted T-girder, a second experimental series was carried out
on reinforced concrete beams tested in four-point bending. In this phase, the practical lessons from the
T-girder were translated into a refined installation strategy for surface-bonded DFOS, and the result-
ing strain measurements were used for quantitative strain-transfer analysis. A total of four reinforced
concrete beams of size 1900x150x200 mm3 were cast. Each specimen was equipped with a different
reinforcement specification. This was decided to obtain different crack patterns for the crack width
analysis of the concrete using DFOS.

3.4.1. Specimen details

3.4.1.1. Concrete
The concrete used in this experiment is based on the concrete type C34/45, which is commonly used
in construction practice. The concrete mixture is shown in Table 3.1

Component Specification Weight [kg/m3]

Cement CEM III/B 42.5 N 357

Sand River sand 0/4 mm 816

Gravel River gravel 4/16 mm 1065

Water 160

Admixtures Superplasticiser con. 20% 1.428

Total 2399

Table 3.1: Proportion of concrete mix

Figure 3.5 shows the timber moulds used for casting the concrete beam specimens with internal di-
mensions 1900x150x200mm3 (Lxbxh). Additionally, concrete cubes with dimensions of 150x150x150
mm3 were cast to follow the concrete strength development for 28 days. The specimens were cured
inside a curing chamber with 20◦C temperature and 95% relative humidity. As can be seen from Table
3.2, the mean concrete cube compressive strength (fcm,cube) at the end of of curing period of 28 days
was found to be 56.9 MPa.
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Figure 3.5: Mould for casting concrete beam specimens

Concrete cube Compressive strength after 28 days [MPa] Mean strength [MPa]

1 55.64

56.912 55.48

3 59.60

Table 3.2: Concrete compressive strength after 28 days

3.4.1.2. Reinforcement
The longitudinal reinforcement bars used consist of ribbed steel bars with nominal diameters ϕ8, ϕ10,
and ϕ 12mm, grade B500 (ductility class B/C), in accordance with EN 1992-1-1 and the relevant product
standard. The characteristic yield strength is fyk=500 MPa. The Young’s modulus of elasticity is taken
as Es = 200 GPa.

For each specimen, different combinations of longitudinal reinforcement diameters were used to achieve
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Table 3.3: Mechanical properties of reinforcing steel used in this study

Bar diameter (mm) Grade fyk [MPa] Es [GPa]
∅8, ∅10, ∅12 B500 (B/C) 500 200

varying reinforcement ratios. The variation in reinforcement was intentionally selected to produce dis-
tinct cracking behaviours across the specimens, allowing the evaluation of how effectively DFOS can
identify closely spaced cracks and large crack widths. Consequently, by altering the reinforcement
ratio, differences in both crack spacing and crack widths were observed among the four beams. The
details of the longitudinal reinforcement detailing is shown in Figure 3.4

In terms of shear reinforcement, only the regions between the support and the nearest loading point
(a distance of 300 mm) were provided with stirrups. This configuration was adopted to prevent the
shear reinforcement from influencing the crack formation in the constant moment region while ensuring
adequate shear capacity to avoid premature shear failure. Although the calculated shear capacity of
concrete (VRd,c) was sufficient for the applied loading, it was included as a precautionary measure to
suppress unintended shear cracking and to ensure that flexural cracking remained the dominant failure
mechanism in the test specimens. The shear stirrups were secured to the longitudinal bars using
metal arc welding. The detailing and spacing of shear reinforcement can be seen in Figure 3.6. The
assembled reinforcement cage with 12mm diameter bars can be seen in Figure 3.7.The dimensions
and reinforcement configuration of the beam is shown in Figure 3.8 and Figure 3.9.

Figure 3.6: Reinforcement detailing (all dimensions in mm)
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Figure 3.7: Assembled reinforcement cage

Figure 3.8: Longitudinal section of the specimens (all measurements in mm

(a) Specimen 1: R3D8-AR47 (b) Specimen 2: R4D8-DB (c) Speciemen 3: R3D10-CN (d) Specimen 4: R3D12-AR14

Figure 3.9: Cross-section of specimens (all dimensions in mm)

3.4.2. Nomenclature of the specimen

Each beam has been assigned a specific code name in order to get all the details regarding the speci-
men preparation without elaborating in detail every time. The formulation of the code name is explain
in Figure 3.10. For instance, a specimen with three longitudinal reinforcement bars of 8 mm diameter
using Araldite2047 adhesive to bond the fibre in the compression zone is coded as R3D8-AR47. The
beams were also referred to using the same name during the test in the laboratory. This was one of
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the first attempts in the world to identify the efficiency of strain transfer using different adhesives in the
compression zone.

Figure 3.10: Nomenclature of the specimens

In Table 3.4, the specimens are arranged in order of increasing reinforcement ratios, which were delib-
erately selected to induce distinct crack patterns during the flexural tests. The specimen with the lowest
reinforcement ratio exhibited relatively wide cracks with greater spacing, while the specimen with the
highest ratio demonstrated the most closely spaced cracks among all four. To investigate the influence
of adhesive stiffness under compression, each specimen was equipped with a different adhesive in
the compression zone. In contrast, a single adhesive (DreiBond 8142) was consistently applied in the
tension zone to facilitate accurate assessment of crack spacing and crack width. The use of a uniform
adhesive in tension was essential to avoid confounding effects that could arise from varying adhesive
properties, thereby ensuring clarity in interpreting crack behaviour.

No. Specimen Longitudinal
reinforcement

Reinforcement
ratio

Adhesive used
(Compression

zone)

Adhesive
stiffness

(E-modulus)
1 R3D8-AR47 3×Ø8 mm 0.598% Araldite 2047-1

(Methacrylate)
830 MPa

2 R3D8-DB 4×Ø8 mm 0.797% DreiBond 8142 (2C
epoxy resin)

1130 MPa

3 R3D10-CN 3×Ø10 mm 0.94% CN-E
(Cyanoacrylate)

2400 MPa

4 R3D12-AR14 3×Ø12 mm 1.36% Araldite 2014-1 (2C
epoxy paste)

3100 MPa

Table 3.4: Specimen specifications

3.5. Installation of DFOS
Based on the shortcomings observed in the inverted T-girder test, a refined installation strategy was
developed for the four-point bending beams. The objective was to obtain a more uniform and well-
controlled bond between the fibre and the concrete surface, to minimise slack and handling-induced
artefacts, and to enable a reliable quantitative assessment of strain transfer.

3.5.1. Fibre selection
For this experiment we used a polyimide–coated single-mode fibre from Thorlabs [29]. We chose it
because the thin, stiff polyimide coating transfers strain well and can handle a wide temperature range
(from−65◦C to 250◦C). Furthermore, past studies have shown that this type of fibre can give promising
results for identifying crack peaks in concrete. The fibre has a standard 9/125µm core/cladding and a
145± 5µm polyimide coating with good core–cladding concentricity.

3.5.2. Adhesive selection
The adhesive layer controls how strain is transferred from the concrete to the fibre. For surface-bonded
DFOS, we therefore require a thin and durable bondline that provides consistent strain transfer and re-
sists debonding under both tension and compression. Most published fibre–adhesive studies focus on
tension; the ability of DFOS to capture compressive strains is comparatively under-reported. Because
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the tension and compression sides experience different crack and contact mechanics, we evaluated
four adhesives for the compression side and used a single adhesive for the tension side. The adhesives
adopted in compression zone are listed in Table 3.4 for all specimens, the tension zone was bonded
with Dreibond 8142 (two-component epoxy).

3.5.3. Refined DFOS Installation strategy
The main elements of the refined strategy were:

i) Surface preparation: The concrete surface in the constant moment region was carefully ground
and cleaned along the entire fibre route. Laitance, loose particles and surface irregularities were
removed, and particular attention was paid to filling or bypassing small voids to reduce the likeli-
hood of local debonding. The surface was then degreased with solvent wipes immediately prior
to bonding.

ii) Fibre type and routing: A polyimide-coated single-mode fibre was used for the beam tests,
chosen for its stiff coating and good strain-transfer characteristics. The fibre was routed in two
horizontal laps in the tension zone and two laps in the compression zone along the constant mo-
ment region, providing redundant measurements in each zone. Sharp bends and abrupt changes
in direction were avoided to reduce local stress concentrations and potential debonding. The op-
tical fibre was laid along the prepared path and temporarily secured at one end with Kapton tape.
The fibre was then aligned by hand to remove visible slack while avoiding any sharp bends.

iii) Fibre pre-tensioning: In the tension region, the fibre was aligned and the free end of the fibre was
gently tightened by hand to remove slack and taped down with Kapton tape. In the compression
region, the free end of the fibre was connected to a 36 g dead weight routed over a small pulley,
as shown in Figure 3.11. This provided a slight, constant pretension during bonding so that, under
compressive loading, the fibre remains engaged instead of forming local buckles or debonding.
The weight to be suspended has to be chosen carefully (through trial and error), so as to not
damage the fragile glass core structure before the test.

Figure 3.11: Pretension applied to the fibre in the compression zone

iv) Adhesive bondline control: To obtain a thin and uniform adhesive layer, two 0.5 mm stainless
steel plates were used as applicators. The adhesive was applied by touching one plate to the
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concrete surface and sliding the second plate, pre-wetted with adhesive, along the fibre path (See
Figure 3.12. This produced an approximately uniform bondline thickness of 0.5 mm.

Figure 3.12: Application of adhesive using sliding plate method

To minimise strain losses through the adhesive layer, the fibre was kept in direct contact with
the concrete surface along its length. Adhesive was applied to form small fillets alongside and
over the fibre, while avoiding trapping adhesive directly beneath the fibre. This ensured intimate
fibre–concrete contact and consistent strain transfer. The bonded length was left undisturbed and
allowed to cure in accordance with the manufacturer’s technical data sheet for the adhesive used
(ambient temperature and minimum cure time).

This refined installation strategy, together with the controlled four-point bending configuration, forms the
basis for the strain-transfer analysis presented in the following sections. By comparing DFOS strains
with strain gauge measurements in both tension and compression zones, an effective strain-transfer
efficiency factor is derived for the surface-bonded DFOS configuration used in these beams.

3.6. Instrumentation and Measurement Setup

In the experimental campaign, a combination of measurement techniques were employed to capture
different structural responses and to ensure reliable data for the validation of the DFOS performance.
Each technique was selected based on its ability to measure a specific parameter of interest, such as
strain, crack width, or deflection, under controlled loading conditions. The sensors used in the test were
initially calibrated before starting the test. This section describes the complete measurement system,
including the distributed fibre optic sensors, strain gauges, digital image correlation (DIC), and laser
displacement sensors, together with their positioning, configuration, and data acquisition approach.

(a) Distributed Fibre Optic Sensors

DFOS served as the main sensing technique for this study. The primary objective of using DFOS in
this study was to obtain a continuous strain profile along the beam and to monitor localized cracking
and deformation patterns that cannot be captured by discrete sensors. As explained before, DFOS
system operates based on optical frequency domain reflectometry (OFDR), which measures backscat-
tered light along the fibre to derive local strain and temperature with millimetre-scale spatial resolution.
Because duration of the test was short, we treated ambient temperature as effectively constant and did
not consider temperature-induced strain peaks in the DFOS data.
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A polyimide-coated single-mode fibre (Figure 3.13) was used. The key specifications are listed in Ta-
ble 3.5. This fibre was selected because previous studies show that, when surface-bonded to concrete,
the polyimide-coated fibre exhibits negligible interlayer slip and a short strain-transfer (mobilization)
length, allowing precise strain measurement with DFOS [4], [59], [60]. A brief overview of coating
properties and is provided in [29].

Figure 3.13: Polyimide-coated fibre structure [29]

Parameter Specification
Coating Material Polyimide
fibre Type Single Mode (SM1550P)
Coating Diameter 145 ± 5 µm
Cladding Diameter 125 µm
Core Diameter 9 µm
Operating Wavelength 1310-1550 nm
Attenuation ≤ 0.7 dB/km
Color Yellow
Manufacturer Thorlabs

Table 3.5: Coating materials and fibre specifications.

The distributed fibre optic sensor (DFOS) was installed along both the compression and tension zones
of the beam in two continuous loops, as shown in Figure 3.14. The primary objective was tomeasure the
strain distribution over a 120 mm region at midspan, aligned parallel to the strain gauge (SG) mounted
at the beam’s center.

For each loading step, the average strain was computed over the 120 mm gauge length on both the
top and bottom laps of the fibre in the respective compression and tension zones. The two readings
from each zone (top and bottom laps) were then averaged to obtain a representative strain value for
the compression and tension regions. These averaged DFOS strains were subsequently compared
with the corresponding strain gauge measurements (refer equation 3.1).

After cracking, the concrete strain at the crack location theoretically approaches infinity, rendering di-
rect DFOS strain measurements meaningless in the post-cracking stage. Consequently, the focus of
post-cracking analysis shifted to evaluating flexural crack widths in the tension zone, which were de-
termined from DFOS data and compared against results obtained from the Digital Image Correlation
(DIC) method.

εDFOS, region =
1

2
(εtop lap + εbottom lap) (3.1)

where εtop lap and εbottom lap are the mean DFOS strains measured over the 120 mm gauge length in the
top and bottom laps, respectively
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Figure 3.14: Position of sensors

(b) Electric resistance Strain Gauges

Conventional electrical-resistance wire strain gauges were used tomeasure surface strains on concrete.
The PL-120-11 belongs to the P-series of polyester-backed wire strain gauges, which are specifically
designed for use in concrete. The gauge has a nominal gauge length of 120 mm and a resistance of
120 Ω. The backing material is polyester resin, allowing good adhesion and compatibility with cemen-
titious surfaces. The strain gauge exhibits a gauge factor of approximately 2.1 and can operate within
a temperature range of −20◦C to +80◦C. For this study, a three-wire quarter-bridge configuration was
adopted to minimize the influence of temperature-dependent resistance variations in the lead wires
[61].

A Compatible adhesive CN-E was used to bond the strain gauges on concrete surface. CN-E is a
cyanoacrylate-based adhesive which is suitable for porous material like concrete.

The working principle of an electrical resistance strain gauge is based on the change in electrical resis-
tance of a metallic conductor when it is subjected to mechanical strain. When the substrate deforms,
the strain gauge undergoes a corresponding change in length and cross-sectional area, resulting in a
measurable change in resistance. This relationship can be expressed as:

∆R

R
= k ε (3.2)

where R is the initial resistance, ∆R is the change in resistance due to strain, ε is the mechanical
strain, and k is the gauge factor of the strain gauge. The strain is then determined by measuring the
corresponding change in voltage through a Wheatstone bridge circuit.
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Figure 3.15: Strain gauge (PL-120-11)
[61]

(c) Digital Image Correlation (DIC)

Digital Image Correlation (DIC) was used to obtain full-field surface kinematics on the instrumented face
of the concrete specimens. DIC tracks the motion of a random speckle pattern between a reference
image and subsequent deformed images by correlating small image subsets.

Surface preparation: The specimen face was cleaned and coated with a matte white base layer. A black
speckle pattern was then applied by spray to achieve an approximately uniform distribution (visually
balanced black/white coverage), avoiding clusters and large blank areas.

Imaging setup: A stereo camera pair fitted with 35mm lenses was used, with a strobe/flash light to
stabilise exposure and reduce motion blur. The cameras were mounted on a rigid bar, focused on the
region of interest, and aligned so that the image axes were parallel to the specimen axes.

Pre-test checks: Before loading, camera alignment and pattern quality were verified. A short “rigid-
body” check was performed by acquiring two nominally identical images separated by 5-second interval.
The correlation error between these images was inspected to confirm a low noise floor and stable
illumination. The correlation error was bound out to be 0.02 mm. Hence, measurements below this
error cannot be considered reliable.

Figure 3.16: Representation of area painted with DIC Speckle pattern

(d) Displacement Laser Sensors

Laser triangulation displacement sensors were installed below the midspan of the beam to monitor
vertical deflection throughout the test (Figure 3.14). The measurements were performed using an
:FDRF603 Series Laser Triangulation Sensor” by Althen Sensors and Controls (Figure 3.17). These
non-contact sensors operate on the principle of optical triangulation, allowing precise displacement
measurements without any physical interaction with the specimen surface. The measurement range
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of the sensor extends from 2 mm to 1250 mm, enabling accurate tracking of deflection over the entire
loading history. The non-contact nature of the device eliminates mechanical wear and ensures that no
additional force is applied to the structure during measurement [62].

Figure 3.17: Laser triangulation sensor

3.7. Loading setup
In order to take account of the case of uniform strains and mulltiple well-spaced cracks in the Constant
Moment Region (CMR), four-point bending test was carried out on the beams. The experimental setup
consisted of a servo-controlled hydraulic jack with a loading capacity of 400 kN and a rigid steel loading
frame that provided the necessary reaction support (Figure 3.18). The applied load from the jack
was transmitted to the concrete beam through a steel spreader beam, which divided the load into
two equal forces spaced 1100 mm apart, thereby generating a four-point bending configuration. This
arrangement ensured a sufficient CMR in the central portion of the beam and shear spans on either side.
The supports were placed 100 mm from each end of the beam, respectively. The beam was simply
supported at its ends: one support was hinged to restrain vertical and horizontal movements, while the
other incorporated roller bearings to permit longitudinal translation and prevent restraint-induced axial
forces. During loading, the roller bearings allowed minor outward movement of the supports, enabling a
smooth transfer of load and preventing unintended restraint stresses. The loading system was carefully
aligned to ensure uniform load distribution and to minimize any eccentricities.
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Figure 3.18: Sketch of loading setup (all measurements in mm)

3.7.1. Loading procedure
The beam specimens were tested under displacement-controlled loading using a servo-hydraulic jack
operating at a constant rate of 0.1 mm/s. The applied load increased proportionally with the imposed
vertical displacement of the actuator. During each test, the loading was paused at regular intervals
to acquire synchronized measurements from all instrumentation systems. For most specimens, data
were recorded at every 5 kN load increment. For specimen R3D12-AR14, data were acquired at every
10 kN increment because of its higher load-carrying capacity and to limit the total dataset size without
compromising measurement resolution.

During each load hold, the DFOS interrogator (Luna ODiSI 6100) and the DIC system were triggered
simultaneously to ensure temporal alignment between distributed strain data and surface image cap-
ture. This synchronization enabled direct correlation between DFOS strain peaks and crack openings
identified in the DIC images at identical load steps. The load–displacement response was continuously
monitored by the actuator’s internal transducer and cross-checked with readings from the external load
cell.

The test was terminated when visible surface cracks with widths exceeding 0.3 mm were observed
using a crack width ruler (Figure 3.19), or when the DFOS system no longer provided usable data due
to signal loss or fibre breakage caused by excessive deformation.
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Figure 3.19: Measurement of crack widths using a crack width ruler

3.8. Data acquisition
Data from the measurement systems were continuously recorded throughout the test using the oper-
ational system called ”MP3”, and the data from DFOS was recorded using LUNA OdiSI series 6 inter-
rogator. The MP3 system collected synchronized signals from the hydraulic actuator, strain gauges,
and laser sensors, while the LUNA data logger was used to record distributed strain data from the opti-
cal fibres. The two systems were operated in parallel, with manual syncronization at each load step to
ensure temporal alignment between the distributed strain data and the reference measurements.

3.8.1. MP3 Data Acquisition System
The MP3 data acquisition system was responsible for capturing signals from the conventional sensors
used in the experiment, including the hydraulic jack load cell, strain gauges, and laser displacement
sensors. The system provided real-time monitoring of load, strain, and displacement during each test.
Prior to testing, all channels were individually calibrated to ensure accurate signal acquisition and con-
sistency across measurements.

The parameters recorded through the MP3 system included:

• Applied load (kN): obtained from the actuator load cell integrated into the hydraulic jack,
• Surface strain (µε): measured by foil strain gaugesmounted in both the tension and compression
zones, and

• Midspan deflection (mm): recorded using laser triangulation sensors positioned below the
beam.

All readings were stored in a time-stamped format, allowing synchronization with the optical and image-
based data obtained from the DFOS and DIC systems during post-processing.

3.9. Strain transfer analysis
Distributed Fibre Optic Sensors (DFOS) bonded to the surface of concrete do not measure the concrete
strain directly. The optical signal is recorded in the glass core of the fibre, while the deformation of the
concrete must be transmitted through intermediate layers such as adhesive, coating and cladding. Any



3.9. Strain transfer analysis 53

shear compliance, imperfect bonding, thickness variation or local slip within these layers attenuates the
strain that reaches the fibre. As a result, the raw DFOS strain generally underestimates the true surface
strain of the concrete. For surface-bonded fibres, this effect is more pronounced than for embedded
fibres, because only part of the fibre perimeter is in direct contact with the substrate, while the rest is
surrounded by adhesive and coatings.

The purpose of this section is to evaluate how effectively strain from the concrete surface is transmitted
through the adhesive and coating to the fibre core of the distributed fibre optic sensor (DFOS). To
quantify this effect in the present configuration, a strain-transfer efficiency (STE) is introduced. The
STE provides a practical measure of how effectively strain in the concrete surface is transmitted to
the fibre core for a given installation. It is defined as the ratio between the strain measured by the
DFOS and the strain measured by a reference sensor bonded directly to the concrete surface, under
conditions where the strain field can be considered uniform:

STE =
εDFOS

εref
∗ 100%, (3.3)

where εDFOS is the average DFOS strain over a short segment in the constant moment region and εref
is the corresponding strain measured by an electrical strain gauge at the same location. An STE of
100% would indicate perfect strain transfer, whereas values less than 100% reflect strain losses across
the adhesive and coating layers.

3.9.1. Experimental setup for strain-transfer evaluation
For each beam specimen, electrical strain gauges were bonded directly to the concrete surface at
selected positions along the constant moment region. The DFOS line was installed parallel to the strain
gauges on the same face of the beam, ensuring minimal height difference between the two sensors.
The comparison was limited to the uncracked stage of loading so that the strain field remained uniform
along the constant moment region. DFOS measurements were acquired using the Luna ODiSI 6100
interrogator with a gauge pitch of 1.3mm and a spatial resolution of approximately 10mm. Strain-gauge
data were synchronised with the DFOS readings through the data acquisition system.

To investigate the influence of adhesive stiffness and bondline properties, different adhesives were
used in the compression zone of the four beams (e.g. Araldite 2047, Dreibond 8142, cyanoacrylate and
Araldite 2014), while a stiff epoxy was consistently used in the tension zone. This allowed the effect of
adhesive type on strain-transfer efficiency to be assessed separately in compression and tension.

Figure 3.20: Region for identifying strain transfer between DFOS and strain gauges

3.9.2. Results: Strain transfer in compression

The strain-transfer behaviour in the compression zone was evaluated for all four beam specimens to
assess the influence of adhesive stiffness on strain transmission from concrete to the DFOS. Each
specimen was tested under identical four-point bending conditions, and the strain-gauge and DFOS
readings near the top surface were compared and are presented below.
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1. Strain transfer in Compression: Specimen 1 (R3D8-AR47)

Table 3.6: Compression-side DFOS vs strain-gauge strains and strain-transfer efficiency (STE) for specimen R3D8-AR47.

Load (kN) DFOS strain (µε) Strain gauge (µε) STE (%) Mean STE (%)

5 −11.4143 −26.6895 42.76

43.67

10 −25.1108 −55.8643 44.94

15 −40.2979 −88.8984 45.33

20 −56.6800 −125.9940 44.98

25 −73.5900 −161.0080 45.70

30 −93.1721 −210.5100 44.26

35 −119.6418 −271.0690 44.13

40 −147.0341 −337.6620 43.54

45 −182.9905 −427.5700 42.79

50 −218.0131 −505.4460 43.13

55 −233.8279 −545.0000 42.90

60 −246.4283 −580.5800 42.44

65 −261.7823 −618.7190 42.31

70 −275.3404 −653.4310 42.13

Figure 3.21: R3D8-AR47 Compressive strains (SG vs DFOS)
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Figure 3.22: Strain vs Load plot for SG and DFOS (R3D8-AR47)

Figure 3.23: Strain transfer efficiency for all load steps (R3D8-AR47)

From the above plots, it can be seen that with gradual increase in load, the difference between
the εSG and εDFOS increases. However, the strain transfer efficiency remains constant with the
mean STE being = 43.67 %.
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2. Strain transfer in Compression: Specimen 2 (R4D8-DB)

Table 3.7: Compression-side DFOS vs strain-gauge strains and strain-transfer efficiency (STE) for specimen R4D8-DB

Load (kN) DFOS strain (µε) Strain gauge (µε) STE (%) Mean STE (%)

5 −13.44 −31.129 43.18

45.05

10 −27.88 −64.038 43.53

15 −43.24 −97.3108 44.43

20 −54.75 −134.036 40.85

25 −74.84 −166.38 44.98

30 −94.16 −208.73 45.11

35 −115.97 −250.91 46.22

40 −146.28 −309.59 47.24

45 −185.71 −401.62 46.24

50 −228.63 −500.67 45.66

55 −256.21 −559 45.83

60 −283.52 −616.49 45.98

65 −303.13 −661.15 45.84

70 −318.64 −698.58 45.61

Figure 3.24: R4D8-DB Compressive strains (SG vs DFOS)
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Figure 3.25: Strain vs Load plot for SG and DFOS (R4D8-DB)

Figure 3.26: Strain transfer efficiency for all load steps (R4D8-DB)

A replicating trend from the previous specimen can be seen. With gradual increase in load, the
difference between the εSG and εDFOS increases. However, the strain transfer efficiency remains
constant with the mean STE being = 45.05 %.

3. Strain transfer in Compression: Specimen 3 (R3D10-CN)
In this specimen, the data quality was insufficient to support reliable strain transfer analysis (see
Figure 3.27). Consequently, the results obtained from this specimen have been excluded from
further evaluation.
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Figure 3.27: Strain profile for Specimen 3 (R3D10-CN)

4. Strain transfer in Compression: Specimen 4 (R3D12-AR14)

Table 3.8: Compression-side DFOS vs strain-gauge strains and strain-transfer efficiency (STE) for specimen R3D12-AR14.

Load (kN) DFOS strain (µε) Strain gauge (µε) STE (%) Mean STE (%)

5 −10.36 −19.9451 51.942

53.740
10 −22.003 −41.651 52.828

20 −46.317 −88.094 52.576

30 −71.809 −137.244 52.322

40 −101.544 −191.752 52.956

50 −121.653 −222.41 54.697

60 −133.287 −226.455 58.858

Figure 3.28: R3D12-AR14 Compressive strains(SG vs DFOS)
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Figure 3.29: Strain vs Load plot for SG and DFOS (R3D12-AR14)

Figure 3.30: Strain transfer efficiency for all load steps (R3D12-AR14)

Since the load stages for this specimen were spaced at 10 kN each, the number of points under con-
sideration for Strain transfer analysis are comparatively low. From the above plots, it can be seen that
with gradual increase in load, the difference between the εSG and εDFOS increases. However, the strain
transfer efficiency remains constant with the mean STE being = 53.74 %.

3.9.2.1. Summary of findings: Strain transfer in Compression
The strain-transfer behaviour in the compression zone was evaluated for all four beam specimens by
comparing DFOS and strain-gauge readings at the top surface of the constant moment region. For each
specimen, the DFOS strain showed an almost linear relationship with the strain-gauge measurements
over the considered load range. However, the magnitude of the DFOS strain was consistently lower
than the strain-gauge strain, resulting in STE values of approximately 0.40–0.50 depending on the
adhesive used (see Tables 3.6–3.8).

Specimens bonded with stiffer epoxy adhesives generally exhibited slightly higher STE, reflecting more
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efficient strain transfer, whereasmore compliant or thicker bondlines led to marginally lower STE values.
However, fibre bonded using cyanoacrylate adhesive resulted in poor measurements and showed no
plausible data in compression. Although cyanoacrylate adhesives are frequently used to bond optic
fibre in tension zone, a detailed study is required to assess its performance in compression critical
zone.

Nevertheless, the variation between adhesives was relatively modest compared to the overall loss of
strain, indicating that the presence of the pre-tension adhesive and coating layers itself has a dominant
influence on strain transfer in compression. Overall, the results suggest that, for the surface-bonded
DFOS configuration used in the compression zone, only about 40–50% of the concrete surface strain
is transmitted to the fibre core in the uncracked range. This implies that DFOS compression strains
must be corrected using an appropriate strain-transfer factor if they are to be interpreted as concrete
surface strains.

3.9.3. Result: Strain transfer in Tension

1. Strain transfer in Tension (Specimen 1)

Table 3.9: Tension-side DFOS vs strain-gauge strains and strain-transfer efficiency (STE) for specimen R3D8-AR47.

Load (kN) DFOS strain (µε) Strain gauge (µε) STE (%) Mean STE (%)

5 10.293 23.954 42.97

43.89

10 22.8735 50.944 44.89

15 36.76 82.513 44.55

20 50.5018 114.49 44.10

25 60.434 144.429 41.84

30 51.992 122.48 42.44

35 46.4835 100.126 46.42

Figure 3.31: Strain transfer efficiency for all load steps (R3D8-AR47)
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Figure 3.32: Strain transfer efficiency for all load steps (R3D8-AR47)

Figure 3.33: Strain transfer efficiency for all load steps (R3D8-AR47)
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2. Strain transfer in Tension (Specimen 2)
Table 3.10: Tension-side DFOS vs strain-gauge strains and strain-transfer efficiency (STE) for specimen R4D8-DB.

Load (kN) DFOS strain (µε) Strain gauge (µε) STE (%) Mean STE (%)

5 14.398 22.784 63.15

51.194

10 28.733 53.245 53.963

215 44.25 82.82 53.42

20 56.98 105.74 53.88

25 72.651 143.77 50.53

30 87.256 190.85 45.719

35 121.751 265.357 45.88

40 156.906 364.98 42.99

Figure 3.34: R4D8-DB Compressive strains(SG vs DFOS)
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Figure 3.35: Strain vs Load plot for SG and DFOS (R4D8-DB)

Figure 3.36: Strain transfer efficiency for all load steps (R4D8-DB)

3. Strain transfer in Tension (Specimen 3)
From the two laps located in the tension zone, one was inadvertently damaged prior to testing.
As a result, strain transfer measurements in tension could not be acquired for this specimen.
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4. Strain transfer in Tension (Specimen 4)

Table 3.11: Tension-side DFOS vs strain-gauge strains and strain-transfer efficiency (STE) for specimen R3D12-AR14.

Load (kN) DFOS strain (µε) Strain gauge (µε) STE (%) Mean STE (%)

5 11.137 23.809 46.77

43.223
10 23.855 53.093 44.93

20 50.36 114.05 44.16

30 82.785 215.368 38.439

40 175.19 419.08 41.804

Figure 3.37: R4D8-DB Compressive strains(SG vs DFOS)

Figure 3.38: Strain vs Load plot for SG and DFOS (R4D8-DB)
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Figure 3.39: Strain transfer efficiency for all load steps (R3D12-AR14)

3.9.3.1. Summary of findings: Strain transfer in tension
The strain-transfer efficiency in the tension zone was evaluated in a similar manner using the DFOS
and strain-gauge measurements at the bottom surface of the beams. Due to accidental damage to one
of the tension-side fibre laps, reliable STE values could only be obtained for a subset of the specimens.
For the beams with intact DFOS in tension, the relationship between DFOS strain and strain-gauge
strain was again approximately linear in the uncracked loading range.

As in compression, the DFOS strains in tension were systematically lower than the strain-gauge values.
The resulting STE values were of the same order as in compression, typically around 0.40–0.45 (see
Table 3.9-3.11). Within the accuracy of the measurements and the scatter between load steps, no
strong systematic difference was observed between STE in tension and STE in compression for the
present configuration.

These findings indicate that, for the tested beams and installation strategy, a single effective strain-
transfer efficiency factor can be used as a first approximation to relate DFOS strains to concrete surface
strains in both tension and compression zones in the uncracked range.

3.9.4. Discussion and implications for subsequent analysis
The experimental work in this chapter has shown that the performance of surface-bonded DFOS on
reinforced concrete members depends not only on the sensing technology itself, but critically on the
installation strategy and strain-transfer behaviour.

The inverted T-girder test, installed using generic manufacturer guidelines and literature examples,
demonstrated that such recommendations are not sufficient to guarantee a uniform and reliable bond.
Non-uniform adhesive thickness, local fibre slack and debonding at surface imperfections led to noisy
or attenuated strain readings and limited the suitability of the data for quantitative analysis. This pilot
application highlighted the need for a more explicit and experimentally informed installation strategy for
surface-bonded DFOS on concrete, rather than reliance on general qualitative guidance.

In response, a refined installation strategy was developed and implemented in the four-point bending
beams. Key elements of this strategy included rigorous and continuous surface preparation along the
fibre route, careful control of bondline thickness, avoidance of sharp bends in the fibre routing, and
standardised fibre pretension and anchorage. Initial DFOS scans and visual inspection confirmed that
this approach produced a more consistent bond and fewer regions with noisy or missing data than in
the T-girder test, providing a more robust basis for quantitative assessment.

Despite these improvements, the strain-transfer analysis in the four-point bending beams showed that
surface-bonded DFOS still underestimates the true concrete surface strain. For the configuration stud-
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ied in this thesis, the strain-transfer efficiency was found to be of the order of 40–50% in both com-
pression and tension, with only a modest dependence on adhesive type within the tested range. This
implies that DFOS strains cannot be interpreted directly as concrete surface strains, even under care-
fully controlled installation, and that an experimentally calibrated correction factor is required.

The relatively low strain-transfer efficiency observed in the experiments can be explained by the funda-
mental difference between the strain-transfer mechanisms of conventional strain gauges and surface-
bonded fibre optic sensors. A strain gauge measures deformation through a metallic grid that is uni-
formly bonded to the concrete surface using a very thin adhesive layer. The entire active length of the
sensitive wire deforms together with the substrate, which results in an almost direct representation of
the surface strain. In contrast, a surface-bonded DFOS consists of a circular glass core surrounded by
protective coatings and bonded to the surface only along a narrow line of contact. The strain is trans-
mitted through a sequence of relatively compliant layers, namely, concrete, adhesive, coating, and the
glass core, by shear deformation at each interface. Because only one side of the fibre is in contact with
the concrete and the intermediate layers can deform independently, a portion of the surface strain is
dissipated within the adhesive and coating before reaching the fibre core. This results in a measured
DFOS strain that is smaller than the true surface strain, leading to a lower strain-transfer efficiency for
surface-bonded configurations. Embedded fibres, which are fully surrounded by concrete and transfer
strain uniformly around their circumference, generally exhibit much higher efficiencies assumed as STE
≈ 90–100% by some optic fibre manufacturers [63]. The lower STE measured in this study is therefore
consistent with the expected behaviour of surface-mounted DFOS systems.

In the context of the research questions, these findings address Sub-question 1 by demonstrating that
generic installation guidelinesmust be complemented with clearly defined procedures for surface prepa-
ration, adhesive application, fibre routing and pretension to achieve reliable strain transfer. They also
address Sub-question 2 by providing an experimentally derived strain-transfer efficiency factor that re-
lates DFOS-measured strains to concrete surface strains for the specific surface-bonded configuration
used in this study.

In the subsequent chapters, this factor and the refined installation strategy are used when interpreting
DFOS strain profiles. In particular, they form the basis for:

• converting DFOS strains into estimates of concrete strain when assessing global flexural be-
haviour; and

• evaluating the accuracy and reliability of DFOS-based crack detection and crack-width estimation
in reinforced concrete members, which is the focus of Chapter 4.



4
Assessment of DFOS-derived crack

widths

4.1. Introduction and objectives
In the previous chapters, the potential and limitations of Distributed Fibre Optic Sensing (DFOS) for
strain monitoring in concrete structures were examined. Chapter 2 summarised existing approaches
for DFOS-based crack-width estimation and highlighted that, although several procedures have been
proposed, their reliability has not yet been systematically validated for surface-bonded sensors on
reinforced concrete members. Chapter 3 then described an experimental programme in which surface-
bonded DFOS were installed on an inverted T-girder and on four-point bending beams. From these
tests, a refined installation strategy and a calibrated strain-transfer efficiency were obtained, providing
the basis for quantitative interpretation of DFOS strain measurements.

Building on this foundation, the present chapter evaluates how reliably DFOS can be used to detect
and quantify crack widths in reinforced concrete members. The assessment is carried out in two steps.
First, a qualitative analysis on the inverted T-girder investigates the capability of DFOS to detect and
localise cracks by comparing distributed strain peaks with crack maps obtained from Digital Image
Correlation (DIC). Second, a quantitative study on four-point bending beams evaluates DFOS-derived
crack widths against DIC measurements at matched load stages, using the calibrated strain-transfer
relationship from Chapter 3. In addition, the influence of missing data around crack-induced strain
peaks is quantified through an Le/L analysis, in which the accuracy of DFOS-based crack widths is
related to the fraction of the peak that is not captured by the sensor.

The objective of this chapter is therefore to answer Sub-question 3:

How reliable are crack widths obtained from Distributed Fibre Optic Sensing for reinforced
concrete members?

By combining qualitative crack detection, quantitative crack-width comparison, and a systematic inves-
tigation of missing-data effects, this chapter provides a practical basis for judging when DFOS can be
relied upon for crack-width assessment in existing concrete structures and under which conditions its
use becomes critical.

4.2. Qualitative crack detection using DFOS
Before assessing the accuracy of DFOS-derived crack widths, it is first necessary to verify whether
surface-bonded DFOS can reliably detect and localise cracks along a reinforced concrete member.
For this purpose, the inverted T-girder test described in Chapter 3 is revisited here with a focus on
qualitative crack detection. The DFOS strain profiles obtained on the web of the girder are compared
with crack patterns from Digital Image Correlation (DIC), which serves as a full-field reference.

The following figures illustrate the progression of crack formation in the tested specimen under increas-

67
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ing load levels, as captured by Distributed Fibre Optic Sensing (DFOS) and Digital Image Correlation
(DIC). At locations with steep strain gradients (for example, cracks), DFOS measurements often suffer
data loss and the strain peaks appear as missing values. To reconstruct short gaps in these profiles,
we first flagged obvious spike artefacts as missing so they would not bias the reconstruction. We then
filled only short gaps, leaving longer outages untouched, using a shape-preserving cubic interpolation
along the fibre axis that follows the local trend and peak heights. This avoids the overshoot typical of
smooth spline fits, so crack-induced strain peaks retain their amplitude and position. Missing values at
the very start or end of the profile were left unfilled as a conservative boundary choice.

1. Crack initiation at 450 kN load
At 450 kN load, the first visible diagonal cracks through DIC were observed near the mid-shear
span. Corresponding DFOS strain peaks emerged, confirming the onset of shear cracking. Fig-
ure 4.1a shows the overall crack distribution across the specimen, while subfigures 4.1b-4.1e
highlight the strain peaks observed locally at respective laps of the fibre bonded to the specimen.
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(a) Overall crack pattern at 450 kN.

(b) Strain profile at Lap 1 . (c) Strain profile at Lap 2.

(d) Strain profile at Lap 3. (e) Strain profile at Lap 0: Flexure.

Figure 4.1: Crack development at 450 kN load: (a) overall crack pattern and (b–e) DFOS strain profile at different laps.
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2. Crack development at 600 kN Load

(a) Overall crack pattern at 600 kN.

(b) Strain profile at Lap 1. (c) Strain profile at Lap 2.

(d) Strain profile at Lap 3. (e) Strain profile at Lap 0: Flexure.

Figure 4.2: Crack development at 600 kN load: (a) overall crack pattern and (b–e) DFOS strain profile at different laps.
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3. Crack development at 800 kN Load

(a) Overall crack pattern at 800 kN.

(b) Strain profile at Lap 1. (c) Strain profile at Lap 2.

(d) Strain profile at Lap 3. (e) Strain profile at Lap 0: Flexure.

Figure 4.3: Crack development at 800 kN load: (a) overall crack pattern and (b–e) DFOS strain profile at different laps.
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4. Crack development at 900 kN Load

(a) Overall crack pattern at 900 kN.

(b) Strain profile at Lap 1. (c) Strain profile at Lap 2.

(d) Strain profile at Lap 3. (e) Strain profile at Lap 0: Flexure.

Figure 4.4: Crack development at 900 kN load: (a) overall crack pattern and (b–e) DFOS strain profile at different laps.
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5. Crack development at 950 kN Load

(a) Overall crack pattern at 950 kN.

(b) Strain profile at Lap 1. (c) Strain profile at Lap 2.

(d) Strain profile at Lap 3. (e) Strain profile at Lap 0: Flexure.

Figure 4.5: Crack development at 950 kN load: (a) overall crack pattern and (b–e) DFOS strain profile at different laps.
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6. Crack development at 1000 kN Load

(a) Overall crack pattern at 1000 kN.

(b) Strain profile at Lap 1. (c) Strain profile at Lap 2.

(d) Strain profile at Lap 3. (e) Strain profile at Lap 0: Flexure.

Figure 4.6: Crack development at 1000 kN load: (a) overall crack pattern and (b–e) DFOS strain profile at different laps.
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7. Crack development at 1050 kN Load

(a) Overall crack pattern at 1050 kN.

(b) Strain profile at Lap 1. (c) Strain profile at Lap 2.

(d) Strain profile at Lap 3. (e) Strain profile at Lap 0: Flexure.

Figure 4.7: Crack development at 1050 kN load: (a) overall crack pattern and (b–e) DFOS strain profile at different laps.
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8. Crack development at 1100 kN Load

(a) Overall crack pattern at 1100 kN.

(b) Strain profile at Lap 1. (c) Strain profile at Lap 2.

(d) Strain profile at Lap 3. (e) Strain profile at Lap 0: Flexure.

Figure 4.8: Crack development at 1100 kN load: (a) overall crack pattern and (b–e) DFOS strain profile at different laps.
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9. Specimen at failure

(a) Failure state of the specimen - DIC side (flipped)

(b) Failure state of the specimen - DFOS side

Figure 4.9: Specimen at failure

4.2.1. Discussion on qualitative crack detection using DFOS
The inverted T-girder test confirms that surface-bonded DFOS can qualitatively detect and localise
cracks in reinforced concrete members. Localised peaks in the distributed strain profiles coincide well
with the cracks identified by DIC, both for flexural cracks in the flange and for inclined shear cracks in
the web. As the load increases, the evolution of peak number andmagnitude provides a clear indication
of crack initiation, propagation and relative severity along the monitored length. In this sense, DFOS
offers a one-dimensional “crack map” with a spatial resolution that would be impractical to achieve
using conventional point sensors.
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At the same time, the T-girder results also highlight several limitations that are relevant for practical use.
The quality of the crack signatures is sensitive to installation issues such as non-uniform adhesive thick-
ness, local debonding at surface imperfections and incomplete fibre pretension. These imperfections
manifest as noisy regions, attenuated peaks or short data gaps around some cracks. In addition, small
spatial offsets between DFOS peaks and DIC cracks suggest that crack paths may not be perfectly
symmetric through the thickness, and that DFOS readings on one face may not be the representation
of the exact position of cracks observed on the opposite face.

Overall, the experiment demonstrates that DFOS is well-suited for crack detection and localisation in
reinforced concrete members, provided that installation quality is adequately controlled. However, the
observed attenuation and occasional distortion of strain peaks underline that the direct use of DFOS
peak amplitudes for quantitative crack-width estimation requires careful calibration. This qualitative
assessment therefore motivates the more detailed investigation of DFOS-derived crack widths in the
four-point bending beams presented in the following sections.

4.3. Quantitative crack-width estimation using DFOS

The purpose of this section is to quantify crack widths along the tension surface of the four-point bending
beams using distributed fibre optic sensor (DFOS) data and to compare these results with reference
measurements from Digital Image Correlation (DIC). The theoretical background and general workflow
for deriving crack widths from DFOS strain profiles were introduced in Section 2.3.1 (after Richter et
al. [50]). Here, the same approach is applied to the experimental data from the beams, using the
calibrated strain-transfer efficiency from Chapter 3 to relate DFOS strains to concrete surface strains.

Figure 4.10: Region for crack width analysis

While several studies have estimated crack widths using DFOS, most focus on embedded or near-
surface fibres; fewer address surface-bonded sensors on concrete structures. In this work, we evalu-
ate the capability of surface-bonded DFOS to recover crack widths in our beam tests and establish a
quantitative relationship between DFOS-derived crack widths and reference measurements from dig-
ital image correlation (DIC). The specific objective is to compare DFOS-inferred crack widths against
DIC at matched load steps, assess accuracy (bias) and scatter, and discuss practical limits arising from
strain-transfer effects.

4.3.1. Experimental Methodology
The methodology for identifying crack width follows the approach established by Richter et al. [50], as
detailed in Chapter 2. The experimental workflow is outlined below:

1. Data acquisition

DFOS data were acquired using the Luna ODiSI 6100 interrogator with a gauge pitch of 1.3 mm.
For each considered load stage, the interrogator output was exported as a .tsv file containing
gage positions and strain values along the fibre, together with metadata on the measurement
settings. The DIC system provided full-field displacement and strain fields on the tension face of
the beams, from which reference crack widths were obtained at matching load levels.
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2. Data pre-processing

DFOS data typically contains three disturbance types: measurement noise, strain reading anoma-
lies (SRAs) and dropouts. Pre-processing was implemented in Python using the fosanalysis
framework and consisted of:

Strain reading anomalies (SRA) implausibly large point-to-point jumps along the fibre were
converted to dropouts using a gradient-threshold masking (GTM) criterion. Samples where the
absolute difference between consecutive gauges exceeded a threshold ∆max were flagged and
set to NaN. The threshold was chosen high enough to preserve sharp but physically plausible
crack peaks.

Repair of dropouts. Dropouts (non-finite values, NaN) were replaced via interpolation. Short
gaps were filled using the default Akima 1-D interpolator (Akima1DInterpolator), which is shape-
preserving and avoids the overshoot typical of standard cubic splines, thereby maintaining crack-
peak amplitude and location.

Spatial filtering (sliding median). For minimal smoothing, a sliding median with radius = 1
(3-sample window) was also used. The median operator (nanmedian) ignores NaN values and is
robust to isolated outliers. A small radius was chosen deliberately to preserve the amplitude and
location of narrow crack-related peaks while providing only minimal baseline smoothing; larger
windows were avoided to prevent attenuation or merging of neighbouring peaks.

The pre-processed data was then plotted as a processed strain profile (See Figure 4.11).

Figure 4.11: Raw data versus pre-processed data

3. Crack detection

The peak-detection thresholds (height, prominence) were referenced to the concrete’s mean ten-
sile strain at cracking, estimated as εctu≈fctm/Ecm. For C35/45 concrete this gives εctu≈94.2 µε.
Because the DFOS was bonded to the surface and measured only a fraction of the true concrete
strain (Section 3.9), a strain-transfer efficiency STE =0.40 was applied. Accordingly, the detec-
tion thresholds were set relative to the observed level εctu,crack=STE ·εctu≈38 µε. This anchors
prominence- and height-based crack identification to a physically meaningful tensile-strain scale
while accounting for strain-transfer losses in the adhesive layer.

4. Estimation of transfer length

Strain measurements in DFOS are obtained exclusively from the fibre core, with strain transferred
via bonding from the surrounding material. This transfer mechanism introduces a strain lag, caus-
ing the theoretically infinite strain peak at a crack location to be distributed across a finite region
along the fibre. If the transfer length is excessively long, strain peaks from adjacent cracks may
overlap, resulting in merged signals that compromise the reliability of crack detection. Therefore,
selecting an appropriate DFOS type and installation method is critical to ensure accurate strain
localization.
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In this study, we employed the minimum strain approach to estimate the transfer length. This
method defines the transfer length as the region between local minima of the measured strain
signal, situated between adjacent strain peaks. Where, xmin,l,i and xmin,r,i are the locations of
the minimum strain εDFOS between the ith peak at the position xcr,i and its left neighbor (at xcr,i−1)
or its right neighbor (at xcr,i+1). Consequently, the transfer lengths to the left and right of the ith
crack are

l−t,min,i = xcr,i − xmin,l,i, (4.1a)
l+t,min,i = xmin,r,i − xcr,i. (4.1b)

5. Tension stiffening compensation

The load bearing contribution of the concrete in between cracks is called tension stiffening. Gen-
erally, the strains measured by DFOS are influenced by tension stiffening [50]. However, they
are more prominent in embedded DFOS. But in our study, for the surface bonded fibre the ten-
sioning stiffening compensation did not seem to have any noticeable influence on the crack width
estimation. Hence, the tension stiffening compensation was redundant.

6. Obtaining crack widths

The strains for individual cracks were integrated over the transfer length to obtain the crack widths
as shown in Figure 4.12. For each identified crack, the crack width wDFOS was computed by
numerically integrating the excess tensile strain around the crack location:

wDFOS =

∫ x2

x1

εc(x) dx, (4.2)

where, x1 and x2 define the integration interval around the peak. The limits x1 and x2 were chosen
such that the integrand returned to the baseline level on both sides of the crack.

Figure 4.12: Final output of crack width analysis for DFOS

4.3.2. Results and comparison

The results for crack width analysis and a comparison between the crack widths obtained by DFOS and
DIC, along with their error, is presented for each specimen individually here from different load stages.
For each specimen, DFOS-derived crack widths are reported at selected load stages and compared
to the corresponding DIC measurements using a consistent co-registration and quality-control protocol.
The figures display representative crack profiles, the inferred widths from DFOS, the reference widths
from the optical system, and the associated error measures. The results are organised by specimen
and load stage to show how crack development and estimation accuracy evolve together.
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The acceptable threshold for crack width discrepancy between DIC and DFOS measured crack widths
we set to 50 µm . This limit was selected based on prior validation as a plausible error margin for both
measurement techniques [20].

4.3.2.1. Specimen 1: R3D8-AR47
The figures below show the crack widths captured by DIC (Figure 4.13 (a)) and the crack widths iden-
tified using the DFOS data (Figure 4.13) for the yielding load.

(a) Reference crack width using DIC at Pyielding (b) Crack width using DFOS at Pyielding

Figure 4.13: Crack width comparison for Specimen 1 (R3D8-AR47).

The crack widths identified using DIC and DFOS exhibit noticeable discrepancies. These differences
are evaluated across various cracks and load stages. Figure 4.14 illustrates the deviation in crack width
measurements between the two methods, with individual crack-wise errors plotted against predefined
acceptable error thresholds.
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(a) Bias at 0.6Py (b) Error at 0.6Py

(c) Bias at 0.7Py (d) Error at 0.7Py

(e) Bias at 0.8Py (f) Error at 0.8Py

(g) Bias at Py (h) Error at Py

Figure 4.14: Bias and error per crack (Specimen 1)

4.3.2.2. Specimen 2: R4D8-DB
The figures below show the crack widths captured by DIC (Figure 4.15 (a)) and the crack widths iden-
tified using the DFOS data (Figure 4.15 (b)) for the yielding load.
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(a) Reference crack width using DIC at Pyielding (b) Crack width using DFOS at Pyielding

Figure 4.15: Crack width comparison for Specimen 2 (R4D8-DB).

The crack widths identified using DIC and DFOS exhibit noticeable discrepancies. These differences
are evaluated across various cracks and load stages. Figure 4.16 illustrates the deviation in crack width
measurements between the two methods, with individual crack-wise errors plotted against predefined
acceptable error thresholds.
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(a) Bias at 0.7Py (b) Error at 0.7Py

(c) Bias at 0.8Py (d) Error at 0.8Py

(e) Bias at 0.9Py (f) Error at 0.9Py

(g) Bias at Py (h) Error at Py

Figure 4.16: Bias and error per crack (Specimen 2).

4.3.2.3. Specimen 3: R3D10-CN
The figures below show the crack widths captured by DIC (Figure 4.17 (a)) and the crack widths iden-
tified using the DFOS data (Figure 4.17 (b)) for the yielding load.
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(a) Reference crack width using DIC at Pyielding (b) Crack width using DFOS at Pyielding

Figure 4.17: Crack width comparison for Specimen 3 (R3D10-CN).

The crack widths identified using DIC and DFOS exhibit noticeable discrepancies. These differences
are evaluated across various cracks and load stages. Figure 4.18 illustrates the deviation in crack width
measurements between the two methods, with individual crack-wise errors plotted against predefined
acceptable error thresholds.
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(a) Bias at 0.6Py (b) Bias at 0.6Py

(c) Bias at 0.7Py (d) Bias at 0.7Py

(e) Bias at 0.8Py (f) Bias at 0.8Py

(g) Bias at 0.9Py (h) Bias at 0.9Py

(i) Bias at Py (j) Bias at Py

Figure 4.18: Bias and error per crack (Specimen 3).
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4.3.2.4. Specimen 4: R3D12-AR14
The figures below show the crack widths captured by DIC (Figure 4.19 (a)) and the crack widths iden-
tified using the DFOS data (Figure 4.19) for the yielding load.

(a) Reference crack width using DIC at Pyielding (b) Crack width using DFOS at Pyielding

Figure 4.19: Crack width comparison for Specimen 3 (R3D12-AR14).

The crack widths identified using DIC and DFOS exhibit noticeable discrepancies. These differences
are evaluated across various cracks and load stages. Figure 4.20 illustrates the deviation in crack width
measurements between the two methods, with individual crack-wise errors plotted against predefined
acceptable error thresholds.
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(a) Bias at 0.3Py (b) Error at 0.3Py

(c) Bias at 0.4Py (d) Error at 0.4Py

(e) Bias at 0.5Py (f) Error at 0.5Py

(g) Bias at 0.6Py (h) Error at 0.6Py

Figure 4.20: Bias and error per crack (Specimen 3).

4.3.3. Mean error for all specimens
Figures 4.21–4.24 present the comparison between
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• Mean error for Specimen 1 (R3D8-AR47)

Figure 4.21: Mean error for Specimen 1

• Mean error for Specimen 2 (R4D8-DB)

Figure 4.22: Mean error for Specimen 2

• Mean error for Specimen 3 (R3D10-CN)

Figure 4.23: Mean error for Specimen 3
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• Mean error for Specimen 4 (R3D12-AR14)

Figure 4.24: Mean error for Specimen 4

The mean error observed in Specimens 2 and 3 remained well within the acceptable threshold limits
up to the point of yielding load, Pyielding. In Specimen 1, reliable crack identification was achievable up
to 0.8Py, which is considered satisfactory. However, in Specimen 4, the error threshold was exceeded
prematurely at 0.6Py, indicating reduced reliability in early-stage strain measurements which can be
traced back to larger crack widths.

These observations indicate that for relatively small crack widths, the discrepancy between measure-
ment methods remains minimal. However, as crack widths increase, the DFOS system tends to exhibit
a higher incidence of missing data, particularly around strain peaks. This missing data must be re-
constructed through interpolation, which inherently introduces approximation errors. When such gaps
coincide with critical strain features, the accuracy of interpolation becomes pivotal. Therefore, it is es-
sential to evaluate the acceptable level of interpolation accuracy to ensure that crack width estimates
derived from DFOS remain valid and reliable.

4.3.4. Discussion on quantitative crack-width estimation using DFOS
Overall, the following trends were observed:

• DFOS reliably detected the majority of cracks identified by DIC in the constant moment region.All
crack even the one with very small widths, were picked up by the DFOS algorithm.

• For most cracks, DFOS-derived widths were in reasonable agreement with DIC, with absolute
errors on the order of a few tenths of a millimetre. The scatter increased with crack width, but no
strong systematic over- or underestimation was observed across all beams.

• It was also observed that the crack widths that were found the exceed the permissible threshold
of 50 µm were mostly cracks that had larger widths as observed by the DIC.

• In cases where the DFOS strain peaks were affected by missing data in the crack zone, the
reconstructed peaks still allowed a crack width to be computed, but the associated error tended
to be larger. This effect is analysed more systematically in Section 4.4.

4.4. Quantifying the Impact of Missing DFOS Peaks: An Le/L Anal-
ysis on Dominant Cracks

In the previous section we showed how crack widths can be estimated from DFOS strain data in con-
crete. When cracks form, the strain gradient near the crack changes very fast, and the DFOS signal
often has dropouts (missing or unusable points), which is traced back to failed cross-correlation of the
data from its reference state [50]. We usually fill these gaps by interpolation. If the gap is between
peaks and valleys, a simple sliding filter works well. This becomes uncertain when the peak itself is
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missing, because the peak shape controls the crack-width estimate. Using our crack-width algorithm
we can rebuild missing peaks (see Figure 4.25), but this is still an approximation and may not be the
true representation of the actual peak. In this section, we check how much this affects the result. We
define a symmetric window L which is the distance of the peak at the baseline or zero around each
crack and measure the total missing length Le that is the distance of the top two points of the peak and
the ratio Le/L ∈ [0, 1] tells us how much data is missing as shown in Figure 4.26 (0 = perfect peak, 1
= poor peak). For each of the four specimens, we choose one dominant crack in the constant-moment
region and study several load stages from first cracking to yield. We interpolate the DFOS data, com-
pute crack widths from it, and compare them with DIC crack widths to measure the error. This lets us
see how interpolation accuracy changes with Le/L and if the interpolation method used is reliable for
crack-width estimation.

In most cases, the strain curve detected from the raw data is not symmetric i.e. one part of the curve
detects more data than the other (see Figure 4.27). In this case, the horizontal distance from the lower
point in the missing peak to the other end of the curve is considered as Le

This section quantifies how the interpolation accuracy of distributed fibre optic sensing degrades with
the missing-data ratio Le/L around a crack. We analyse one dominant crack in the constant-moment
region per specimen, across standardised load stages, and validate interpolated DFOS crack widths
against Digital Image Correlation (DIC).

Figure 4.25: Raw data vs Interpolated data used for crack width analysis

By definition,

Le: Le is the length of the strain curve’s missing region.

L: L is the length of the strain curve at baseline or zero strain.

The ratio Le/L ∈ [0, 1] tells us how much of the window is missing:
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(a) Perfect peak identified
(Le/L = 0) (b) Partial data for the peak (c) No data (Le/L = 1)

Figure 4.26: (Le/L) for different data quality

Figure 4.27: Unsymmetrical strain peak

We quantify the accuracy of the DFOS reconstruction using the relative absolute crack-width error in
percentage. This is done by taking the crack widths obtained using DIC measurement as reference
(4.3.

ew = min

(
1,

|ŵDFOS, interp − wDIC|
wDIC

)
∗ 100% (4.3)

4.4.1. Data selection
We selected one dominant crack per specimen in the constant-moment region (CMR). The selection
criteria were:

i. The crack lies well outside the disturbed regions of the specimen.
ii. The crack is clearly identifiable in both DIC and DFOS.
iii. The crack remains prominent across most load stages up to yielding, with a visibly changing Le/L

and a sufficiently large DIC crack width.

4.4.2. Results and Summary
For Specimen 2 (R4D8–DB), no crack satisfied all the criteria as mentioned in 4.4.1; therefore, this
specimen is omitted from the analysis below. The observations from other specimens have been listed
in Table 4.1 and plotted in Figure 4.28-Figure 4.30. We plot the missing-data ratio Le/L on the x-axis
and the normalized crack-width error ew on the y-axis, one point per load stage. A rising trend indicates
that wider gaps around the peak lead to larger crack-width error after interpolation.
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Table 4.1: Le/L summary with crack widths and relative absolute error

Specimen Stage (kN) Le L Le/L wDIC wDFOS ew(%)

Specimen 1

40 9.8 35.35 0.277 29 33 13.7
45 18.66 41 0.455 92 60 34.7
50 18.5 45.9 0.40 117 77 34.1
55 20.9 46.6 0.448 146 79 45.8
60 23.7 49.3 0.48 209 98 53

Specimen 3

40 0 55 0 51 54 5.8
45 3 51.9 0.057 77 80 3.8
50 9 53.3 0.168 100 103 3
55 24.7 56.09 0.44 132 104 21.2
60 24.5 56.8 0.431 150 113 24.6

Specimen 4

50 9.1 42 0.216 62 62 0
60 15 50 0.3 109 95 12.8
70 29.9 51 0.586 138 110 20
80 33 65 0.507 163 90 44.7
90 29.9 55 0.543 189 113 40.2
100 32.4 50 0.558 205 120 41.4
110 32.4 60 0.54 234 136 41.8
120 32.3 60.1 0.537 256 139 45.7

On the basis of these results, practical limits can be defined for the present configuration. For Le/L ≤
0.30, the relative absolute error ew is typically below 15% and only rarely exceeds 25%. In this range,
DFOS-derived crack widths are therefore considered reliable. Once Le/L > 0.40, a substantial part of
the crack-induced strain peak is missing and the relative error frequently reaches 30–50%; such cases
are classified as unreliable in this thesis.

Specimen 1
The error increases clearly with the missing-data ratio. From Le/L ≈ 0.27 to 0.48, the normalized crack-
width error ew rises from about 14% to 53%. Around Le/L ≳ 0.40, the error is already large (∼ 35%), so
interpolation becomes unstable well before Le/L = 0.5 (Figure4.28).



4.4. Quantifying the Impact of Missing DFOS Peaks: An Le/L Analysis on Dominant Cracks 94

Figure 4.28: Specimen 1 (dominant crack): relative crack-width error (ew) versus missing-data ratio (Le/L).

Specimen 3
Small ratios give small errors and are usually observed at lower load stages and low crack widths. For
Le/L ≤ 0.17, ew is ∼ 3%. When Le/L increases to about 0.43–0.44, ew grows to ∼ 21%–25% (Figure
4.29). The trend is monotone but gentler than Specimen 1.

Figure 4.29: Specimen 3 (dominant crack): relative crack-width error (ew) versus missing-data ratio (Le/L).

Specimen 4
Specimen 4 had the highest yielding load and hence the error could be examined for higher loads
(> 100 kN). At high Le/L ratios the error is consistently large. A cluster at Le/L ≈ 0.52–0.56 shows
ew ≈ 40%–46%. Lower ratios (e.g., 0.30) have lower error (∼ 13%). This indicates a strong loss of
reliability once Le/L ≳ 0.5.
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Figure 4.30: Specimen 4 (dominant crack): relative crack-width error (ew) versus missing-data ratio (Le/L).

Figure 4.28-Figure 4.30 shows the relation between the relative absolute crack-width error ew and the
missing-data ratio Le/L for all beams where DFOS crack widths could be evaluated. A clear tendency
can be observed: for Le/L ≲ 0.3, the majority of cracks exhibit relatively small errors, typically below
15–20%. In contrast, when the missing-data ratio exceeds about Le/L ≈ 0.4, the relative error often
increases to 30–50%, with only a few cases remaining below 20%. After a point, the glass structure
of the fibre core gets damaged to an extent that no new data can be obtained by the DFOS hence,
as observed from the data, the Le ratio stabilizes after a certain point. Although some scatter and
occasional outliers are present, these results indicate that DFOS-based crack widths are most reliable
when at least two-thirds of the crack-induced strain peak is captured by the sensor (Le/L ≲ 0.3),
whereas crack-width estimates become increasingly uncertain and should be treated with caution once
a substantial portion of the peak is missing (Le/L ≳ 0.4).

4.5. Discussion
Crack detection and localisation
The inverted T-girder test confirms that DFOS is well-suited for crack detection and localisation. Dis-
tributed strain profiles along the fibre showed distinct tensile peaks that corresponded closely to flexu-
ral cracks in the flange and inclined shear cracks in the web, as independently identified by DIC. The
evolution of the number and magnitude of these peaks with increasing load provided a detailed, one-
dimensional “crack map” of the girder, which would be very difficult to obtain using conventional point
sensors.

However, the T-girder also illustrated the sensitivity of crack signatures to installation quality. Non-
uniform adhesive thickness, local debonding at surface imperfections and incomplete fibre pretension
led to noisy regions, attenuated peaks and local data dropouts. These artefacts do not prevent quali-
tative identification of cracks, but they already suggest that quantitative crack-width estimation will be
more demanding and will require a carefully controlled installation.

Accuracy of DFOS-derived crack widths
In the four-point bending beams, where the refined installation strategy and calibrated strain-transfer
efficiency were used, DFOS-derived crack widths showed generally good agreement with DIC mea-
surements. For most matched cracks, absolute errors were of the order of 0.05mm–0.10mm, and
the overall bias across all beams was small, indicating no strong systematic over- or underestimation.
The scatter in relative error was larger for very small cracks (wDIC ≲ 0.1 mm), where both DFOS
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and DIC approach their resolution limits, but became more stable for cracks wider than approximately
0.2–0.3 mm.

These observations suggest that, under the present installation and processing conditions, DFOS can
provide quantitatively reliable crack-width estimates for flexural cracks in the constant moment region,
provided that (i) the strain-transfer efficiency is accounted for and (ii) the underlying strain peaks are
sufficiently well captured.

Influence of missing data around crack peaks
The analysis of the missing-data ratio Le/L clarifies how gaps in the DFOS signal at crack locations
affect crack-width reliability. A clear tendency was observed for the relative absolute error ew to increase
with Le/L. For Le/L ≤ 0.30, the majority of cracks exhibited relatively small errors, typically below 15–
20% and only rarely exceeding 25%. In this range, DFOS-based crack widths can be considered
reliable for structural assessment purposes.

Between 0.30 < Le/L ≤ 0.40, and for corresponding errors in the range 25% < ew ≤ 40%, the estimates
enter a questionable zone where they may still provide useful indications but should be interpreted
with caution. Once Le/L > 0.40, a substantial portion of the crack-induced strain peak is missing and
relative errors frequently reach 30–50%; such cases are classified as unreliable in this thesis. Although
some scatter and occasional outliers are present, these thresholds provide a practical criterion: for the
present configuration, at least two-thirds of the crack-induced strain peak should be captured by DFOS
if crack-width estimates are to be trusted.



5
Discussion

This chapter synthesises the findings of the experimental work and discusses their implications for
the use of Distributed Fibre Optic Sensing (DFOS) in existing concrete structures. The discussion is
organised around the three sub-questions introduced in Chapter 1:

• Sub-question 1: Installation strategy for surface-bonded DFOS on concrete,
• Sub-question 2: Quantification of strain-transfer effects and recovery of the true concrete strain,
• Sub-question 3: Reliability of DFOS-based crack-width estimates.

Building on this synthesis, the final part of the chapter illustrates how the experimental insights can be
translated into a practical DFOS monitoring concept for an existing prestressed concrete box-girder
bridge (The Zeeland Bridge). This example is not a full design, but a conceptual application that shows
how DFOS layouts and data-quality rules may be derived from laboratory calibration.

5.1. Implications for installation strategy

The inverted T-girder test and the four-point bending beams together provided a stepwise assessment
of installation procedures for surface-bonded DFOS on concrete.

In the first, qualitative phase on the T-girder, the fibre was installed following generic manufacturer
guidelines. The resulting strain maps were useful for visualising shear-crack patterns and for show-
ing that DFOS can detect strain concentrations associated with crack initiation before visible cracking.
However, the measurements also revealed several weaknesses of the initial installation: locally exces-
sive adhesive thickness, small voids under the fibre, loss of fibre tension and local debonding. These
defects did not prevent crack detection, but they introduced noise, occasional data gaps and clear
variability in strain-transfer behaviour along the fibre.

In the second phase, these observations were used to refine the installation strategy for the four-point
bending beams. Key changes included: stricter surface preparation (mechanical grinding and careful
cleaning), control of adhesive thickness using a sliding-plate technique, systematic fibre pretension
before curing, and clearer anchorage detailing. With this refined procedure, the DFOS profiles became
much smoother, data loss was significantly reduced, and the strain-transfer efficiency stabilised along
the bonded length.

From these combined observations, several practical conclusions can be drawn for surface-bonded
DFOS on existing concrete structures:

• Bondline control is essential.

Even for high-stiffness adhesives, local build-ups or voids in the bondline reduce strain transfer
and increase the risk of missing data. Simple on-site tools to control adhesive thickness can

97
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substantially improve performance. It is not strictly necessary that the bondline thickness should
resemble a specific value at all points, but more importantly it should be uniform throughout the
length of the fibre.

• Fibre pretension is particularly important before bonding.

A lightly pre-tensioned fibre avoids local slack and improves contact in regions where the concrete
surface is primarily in compression, which would otherwise tend to unload the fibre. Additionally,
light pretension is required in the tension zone; however, excessive tensioning should be avoided,
as it may damage the fibre during early loading stages and at low strain levels.

Overall, the experiments show that installation cannot be treated as a purely practical step that follows
from a generic manual. Instead, it must be considered a design variable that is calibrated and verified
for the specific DFOS type, adhesive and structural context. This directly addresses Sub-question 1
by demonstrating how an installation strategy can be derived and refined based on observed strain-
transfer behaviour.

5.2. Strain-transfer calibration and true concrete strain
The four-point bending beams provided a controlled environment to quantify howmuch of the actual con-
crete surface strain is transmitted to the DFOS fibre. Across all specimens and load stages within the
service range, DFOS consistently measured lower strain magnitudes than conventional strain gauges
mounted next to the fibre. The ratio between DFOS strain and strain-gauge strain remained relatively
constant, leading to a strain-transfer efficiency in the order of 40–50 %.

Two main causes explain this reduction:

• the presence of intermediate layers (fibre coating and adhesive), which deform in shear and act
as a buffer between the concrete and the fibre core, and

• the surface-bonded configuration, which inherently provides less contact between the fibre’s
perimeter than embedded sensors.

Despite this reduction, the nearly constant ratio suggests that, for a given combination of fibre type,
adhesive and installation method, a simple correction factor can be used to recover an estimate of
the true concrete strain from DFOS measurements. This is particularly relevant for existing structures,
where DFOS readings are often implicitly treated as the surface strain. The present results show that
such an assumption is not valid without prior calibration.

For practical applications, this implies that:

• A project-specific strain-transfer calibration is required whenever a new fibre-adhesive system
or installation procedure is introduced. Short laboratory tests on representative specimens can
provide the necessary correction factor.

• Once calibrated, DFOS can resolve very small strain levels (of the order of a few tens of micros-
train), provided that noise and temperature effects are controlled. These levels are comparable
to strains expected in proof-load testing of bridges, making DFOS suitable for serviceability as-
sessment when appropriately corrected.

This addresses Sub-question 2 by showing that strain-transfer effects can be quantified in a simple
yet robust manner, and that corrected DFOS strains can be used as realistic estimates of the concrete
surface strain in existing structures.

5.3. Reliability of DFOS-based crack-widths
Using the calibrated beams, crack widths were derived from DFOS strain profiles and compared with
reference crack widths obtained from digital image correlation. Up to intermediate load levels (ap-
proximately 0.6Py), DFOS-based crack widths generally agreed well with DIC, both in terms of crack
localisation and magnitude. At higher load stages, where cracks became more localised and strain
gradients steeper, discrepancies increased.

A key factor in this loss of accuracy was the presence of missing or degraded strain peaks in the
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DFOS profiles. To quantify this effect, an effective missing-data ratio Le/L was introduced for each
crack, representing the length of the interpolated gap relative to the crack influence length. Across all
specimens, a clear trend emerged:

• Low missing data (Le/L ≤ 0.30): interpolation is reliable and the relative crack-width error ew
typically remains below about 15 %.

• High missing data (Le/L > 0.40): errors often exceed 35 % and may become much larger.
DFOS-only crack-width estimates in this regime should be flagged as provisional and cross-
checked with an independent reference method wherever possible.

These findings lead to two main conclusions. First, DFOS is highly effective for crack detection and
localisation: even when some data aremissing, crack positions and patterns remain clearly identifiable
from the strain profiles. Second, the quantitative reliability of crack widths depends strongly on data
quality. A simple threshold in terms of Le/L provides a practical, per-crack quality indicator that can be
implemented in monitoring software to automatically flag potentially unreliable crack-width estimates.

Sub-question 3 is therefore answered by stating that DFOS-based crack widths are reliable within a
defined range of missing-data ratios and loading levels, and by providing explicit criteria for judging
when DFOS alone is sufficient and when additional reference measurements are advisable.

5.4. Application example: DFOS concept for an existing balanced
cantilever bridge

The experimental results were finally translated into a conceptual DFOS monitoring layout for an exist-
ing prestressed concrete box-girder bridge, represented here by the Zeeland Bridge. Previous struc-
tural assessment of this bridge identified three main areas of concern: (i) limited moment capacity in
the top slab under negative bending in several spans, (ii) a bottom slab location where the unity check
approaches one, and (iii) several regions where the web shear capacity is exceeded or close to its
limit. These are extended zones rather than isolated points, making DFOS an attractive option due to
its distributed strain sensing over long distances.

Figure 5.1: The Zeeland Bridge [64]
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The Zeeland Bridge is a prestressed concrete box-girder bridge situated in the province of Zeeland,
in the southwest of the Netherlands. It forms part of a network of major regional infrastructure works,
which also includes the Westerscheldetunnel and the Oosterscheldekering storm-surge barrier. The
bridge spans the Oosterschelde estuary, providing a vital connection between the islands of Noord-
Beveland and Schouwen-Duiveland along the national road N256. Ownership and maintenance of the
structure fall under the responsibility of the Province of Zeeland [65]. Construction of the Zeeland Bridge
was carried out using the balanced-cantilever method between 1963 and 1965. Since its completion,
the bridge has undergone several maintenance and rehabilitation programs to ensure its continued
serviceability. An overall view of the structure is presented in Figure 5.1.

5.4.1. Bridge description and Structural Geometry

The Zeeland Bridge is a prestressed concrete box-girder structure composed of both fixed and movable
parts. The total bridge length, including abutments, is approximately 5020 m, of which the fixed portion
consists of 50 T-frames, each spanning 95 m, while the movable bascule span measures about 40 m.

Figure 5.2: Longitudinal section of the Zeeland Bridge for a few spans [66]

5.4.2. Longitudinal Structural Assessment
To determine the most critical sections of the Zeeland Bridge in terms of bending and shear demand,
existing calculation by Stoop (2024) [67] were used. The internal force distributions were analyzed
along the longitudinal axis. In the study, the objective of these checks is not structural design verification,
but to identify locations of high stress concentration where Distributed Fiber Optic Sensors (DFOS)
would provide the most valuable strain information for long-term monitoring.

In the context of Distributed Fiber Optic Sensing (DFOS), the longitudinal direction of the bridge is of
particular interest, as this technology enables continuous strain monitoring over extended distances
along the structure. Unlike discrete sensors or point-based measurements, DFOS can capture the
global strain distribution along the entire span, making it ideally suited for identifying variations in axial
strain, flexural response, and potential cracking along the bridge length.

For this reason, the following section focuses on the longitudinal performance assessment of the Zee-
land Bridge, based on the checks and analytical evaluations described in [67]. These analyses assess
the stress state, reinforcement utilization, and prestressing efficiency in the longitudinal direction of the
box girder, providing valuable insight into the structural behaviour most relevant to DFOS monitoring
applications.

Figure 5.3: Cross-sections in the longitudinal section of the Zeeland Bridge [67]
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5.4.3. Moment capacity of top and bottom slab
This check verifies whether the top slab in tension and the bottom slab in compression can resist the
longitudinal bending effects at representative cross-sections: adjacent to a support and at construction
joints A–B, B–C, and C–D within a cantilever. These locations are indicated in the original longitudinal
section and are used here to identify critical monitoring regions for DFOS.

Figure 5.4 shows the specific locations along the bridge’s longitudinal axis where this analysis is per-
formed. The evaluation is conducted at four cross-sections: near the support and at the construction
joints between different segment types within each cantilever, as illustrated in Figure 5.3.

Figure 5.4: Check for moment capacity of the box girder’s top and bottom slab [67]

5.4.3.1. Top slab (tension)

Table 5.1: Unity check: bending moment top slab with θ = 30◦ [67]

MEd h′ dtop slab dbottom slab z FEd ∆FEd n
∑

Fp U.C.
[MNm] [m] [m] [m] [m] [MN] [MN] [number] [MN]

Adjacent to the support 317 5.44 0.20 0.53 5.08 62.46 13.86 143 81.30 0.94
Joint A–B 269 4.69 0.20 0.50 4.34 61.98 12.47 123 69.93 1.06
Joint B–C 126 3.18 0.20 0.39 2.89 43.67 8.14 87 49.46 1.05
Joint C–D 38 2.22 0.20 0.27 1.99 19.14 4.33 45 25.58 0.92

Table 5.2: Unity check: bending moment top slab with θ = 21.8◦ [67]

Location MEd h′ dtop slab dbottom slab z FEd ∆FEd n
∑

Fp U.C.
[MNm] [m] [m] [m] [m] [MN] [MN] [number] [MN] [-]

Adjacent to the support 317 5.44 0.20 0.53 5.08 62.46 20.00 143 81.30 1.01
Joint A–B 269 4.69 0.20 0.50 4.34 61.98 18.00 123 69.93 1.14
Joint B–C 126 3.18 0.20 0.39 2.89 43.67 11.75 87 49.46 1.12
Joint C–D 38 2.22 0.20 0.27 1.99 19.14 6.25 45 25.58 0.99

5.4.3.2. Bottom slab (compression)

Table 5.3: Unity check: bending moment bottom slab [67]

MEd FEd b′ dbottom slab fcd NRd,c U.C.
[MNm] [MN] [mm] [mm] [N/mm2] [MN]

Adjacent to the support 317 62.46 6412 530 20 67.97 0.92
Joint A–B 269 61.98 6524 500 20 65.24 0.95
Joint B–C 126 43.67 6720 390 20 52.42 0.83
Joint C–D 38 19.14 6850 270 20 36.99 0.52
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5.4.4. Shear capacity of the webs
This check verifies whether the webs can resist the transverse shear effects at representative cross-
sections: adjacent to a support and at construction joints A–B, B–C, and C–D within a cantilever. These
locations are indicated in the original longitudinal section (see Figure 5.3 and are used here to identify
critical DFOSmonitoring regions in the webs. The evaluation is conducted at four cross-sections—near
the support and at the construction joints between different segment types within each cantilever—as
illustrated in Figure 5.5.

Figure 5.5: Check for shear force capacity of the box girder’s webs [67]

Table 5.4: Unity check shear force capacity webs (per web) with θ = 30◦ and C30/37

VEd,tot VRd,s Vccd Vtd VRd,c VRd VRd,max U.C.
[MN] [MN] [MN] [MN] [MN] [MN] [MN]

Adjacent to the support 8.89 2.80 4.15 0 0.76 7.71 9.51 1.15
Joint A–B 8.09 2.39 3.97 0 0.67 7.03 8.04 1.15
Joint B–C 5.33 2.87 2.25 0 0.48 5.60 5.01 1.06
Joint C–D 2.99 2.99 0.42 0 0.36 3.77 3.95 0.79

5.4.5. Interpretation of the results
The recalculation by Stoop [67] provides clear insight into the current condition of the Zeeland Bridge
and highlights regions that warrant priority monitoring. The key observations are:

1. Top slab (negative bending): At several locations the unity check (U.C.) for bending in the
top slab is high and exceeds 1. In these regions, tension in the top fibre is critical and should
be monitored closely. A continuous, distributed sensing system such as DFOS is well-suited
for this purpose, particularly during proof-load tests in which allowable strain thresholds can be
predefined and directly checked against DFOS measurements.

2. Bottom slab (positive bending): The moment capacity of the bottom slab is currently ade-
quate, with U.C. < 1 at most assessed sections. However, at Joint A–B the U.C. approaches
unity and warrants precautionary monitoring. The laboratory experiments have shown that, af-
ter strain-transfer calibration, surface-bonded DFOS can also provide reliable measurements of
compressive strains, making it a suitable option for this zone as well.

3. Web shear: In several regions the shear capacity of the box-girder webs is at or above acceptable
limits (U.C. ≥ 1). These webs represent a primary concern and require targeted monitoring
of shear cracking. The inverted T-girder test demonstrated that DFOS can detect and localise
inclined shear cracks with high spatial resolution, indicating that a similar DFOS layout in the webs
of the Zeeland Bridge would be effective for tracking the development of shear-related damage.

Given these findings, continuous monitoring has become essential. Because the areas of concern
are extended regions rather than single points, DFOS is a promising solution due to its distributed,
high-resolution strain sensing over long lengths.
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Figure 5.6: Sensor placement in cross-section view

5.4.6. Sensor topology for flexure
As discussed before, in the longitudinal direction, the top slab is critical with Unity check exceeding 1
at three sections. Hence, these regions are to be prioritized for monitoring using DFOS. The bottom
slab of is not critical in the longitudinal direction, however, the concrete in the bottom slab is prone to
deterioration and hence to avoid unexpected behavior it is beneficial to also monitor the compression
in the bottom slab. Two sensors are placed in the middle of the box girder section at the top and the
bottom (Figure 5.7). This is done in order to ensure functionality if one of the sensors unexpected fails
or gives spurious measurements. Another benefit of placing the sensors in this manner is that, it can
help us to identify curvature, which is very crucial in identifying other parameters like deflection and
bending moment of the bridge.

While flexure monitoring is well served by two backbone slab lines, shear behaviour in the webs is
more heterogeneous and demands tailored topologies. The next subsection therefore, presents five
alternative DFOS strategies for web shear.

Figure 5.7: Sensor layout for flexure monitoring

5.4.7. Sensor topology for web shear

1. Strategy 1

This topology follows the sensor layout used in the qualitative analysis experiment (see Chap-
ter 3). In those tests it successfully identified and localised shear cracks on the concrete web;
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notably, DFOS registered small strain peaks that indicated impending crack formation even be-
fore visible cracks were captured by the DIC system. A practical drawback is total path length.
The continuous run can approach∼75m. For Rayleigh backscattering interrogators, the effective
single run range is typically ≈ 50–70m, which may challenge signal quality

Figure 5.8: Sensor layout for web shear : Strategy 1

2. Strategy 2

This topology addresses the length restriction by splitting the web sensor layout into multiple laps,
each terminated at the end of the critical section (Joint B-C) and connected to the interrogator as
an individual channel. Each lap covers a defined web window (e.g., ±12–20m from the support)
so that no single continuous run exceeds the interrogator’s effective Rayleigh range.

Figure 5.9: Sensor layout for web shear: Strategy 2

3. Strategy 3

An early field application on a reinforced–concrete bridge by Regier and Hoult [53] (Black River
Bridge, Ontario) demonstrated an inclined “chevron” routing for web monitoring. This strategy
replicates that concept. The total fibre path is kept to ∼ 50m to remain within typical Rayleigh–
backscatter interrogator ranges. The fibre runs in repeated 45◦ inclined segments across the web
so that it intersects likely diagonal–tension crack paths.
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Figure 5.10: Sensor layout for web shear : Strategy 3

4. Strategy 4

Because the maximum cantilever shear demand occurs near the supports, this strategy concen-
trates instrumentation within a short window adjacent to the bearing. Similar web instrumentation
has been used on the Kalix Bridge in Sweden [68] and mirrors the approach adopted in our qual-
itative experiment (see Chapter 3).

Figure 5.11: Sensor layout for web shear : Strategy 4

5. Strategy 5

To enhance the spatial resolution of the shear–crack pattern, this topology uses a dense orthog-
onal grid of DFOS that runs across the web. The approach is adapted from laboratory work by
Rodriguez et al. [52], which showed strong performance in resolving shear–cracks and estimating
crack angles.
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Figure 5.12: Sensor layout for web shear : Strategy 5

The proposed sensor topology follows directly from the monitoring objectives observed from the previ-
ous assessment results. Longitudinal fibres along the inner faces of the top and bottom slabs provide
strains with minimal routing complexity, while web-oriented runs in selected cantilever panels target
the most likely diagonal strain paths.

In summary, the case study validates that a DFOS system designed around balanced-cantilever me-
chanics, installed with bondline discipline, and governed by explicit data-quality rules can deliver reli-
able, high-resolution strain intelligence on a complex, long-span concrete bridge. The approach links
laboratory calibration to field observables, balances sensitivity with robustness, and provides a practical
path to long-term monitoring of strains and cracking.

5.5. Overall implications for DFOS in existing concrete structures
The findings from this study highlight the promising potential of DFOS for application in existing bridge
infrastructure. Notably, the system demonstrated the ability to detect strain peaks associated with crack
initiation prior to the appearance of visible surface cracks. This early detection capability is particularly
valuable for monitoring shear and flexure-critical regions, where timely identification of damage can
significantly enhance structural assessment and maintenance strategies. These results support the
integration of DFOS as a reliable tool for proactive condition monitoring and performance evaluation of
ageing bridge structures, provided that three conditions are met:

1. Installation strategies must be explicitly designed, tested and documented rather than adopted
directly from generic guidelines.

2. Strain-transfer behaviour must be calibrated so that DFOS readings are interpreted as corrected
estimates of the true concrete strain.

3. Crack-width estimation procedures must incorporate objective data-quality metrics, such as the
missing-data ratio Le/L, to distinguish between reliable and uncertain results.

Existing bridge structures may already exhibit cracking prior to DFOS installation. Consequently, DFOS
can only detect changes in crack width post-installation, expressed as

∆wDFOS = w(t)− w(t0).

To estimate the absolute crack width, this change must be added to the pre-existing crack width w0,
which should be measured using an independent method (e.g. crack width ruler). The total crack width
is then given by

wabs = w0 +∆wDFOS.

Given that many existing bridges have been in service for extended periods, micro-cracks may already
be present, resulting in relatively small crack width variations. The results demonstrate that DFOS
is capable of detecting such low-magnitude changes with high precision. Crack widths as small as
30 µm were reliably identified and showed strong agreement with reference measurements obtained
via Digital Image Correlation (DIC).
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Under these conditions, DFOS offers unique capabilities: high-resolution crack localisation along long
lengths, early detection of damage, and the possibility to link distributed strain fields to structural be-
haviour of complex elements such as box-girder bridges. The next chapter builds on this discussion
to formulate concise answers to the research questions and to provide recommendations for further
research and future field implementations.



6
Conclusions and Recommendations

This chapter summarises themain findings of the thesis and answers the research questions introduced
in Chapter 1. The experimental work on an inverted T-girder and four-point bending beams, together
with the discussion and conceptual bridge application in Chapter 5, provide the basis for drawing con-
clusions on the use of Distributed Fibre Optic Sensing (DFOS) for strain and crack-width monitoring in
existing concrete structures. On this basis, recommendations are formulated for practical implementa-
tion and for future research.

6.1. Research Questions
The main research question guiding this thesis was formulated as:

How can Distributed Fibre Optic Sensing (DFOS) be effectively utilized for strain and crack-
width monitoring in existing concrete structures?

To address this question, three sub-questions were formulated. The conclusions for each are sum-
marised below, followed by an overall answer to the main research question.

1. What installation strategy for surface-bondedDistributed FibreOptic Sensors on concrete ensures
reliable bonding and effective strain transfer?

The inverted T-girder test showed that applying generic guidelines for surface-bonded DFOS does
not automatically lead to a reliable installation. Non-uniform adhesive thickness, small voids, local
fibre slack and debonding resulted in noisy strain profiles, data gaps and spatially variable strain-
transfer behaviour. While crack detection was still possible, these issues limited the suitability of
the data for quantitative use.

Based on these observations, a refined installation strategy was developed and implemented in
the four-point bending beams. The main elements of this strategy are:

• Rigorous and continuous surface preparation (grinding, cleaning and treatment of surface
defects) along the full fibre route;

• Controlled bondline thickness using a consistent application technique for the epoxy adhe-
sive, avoiding local build-ups and voids; and

• Light, standardised pretension of the fibre before bonding to eliminate slack, particularly in
compression zones.

With this refined strategy, DFOS profiles became significantly smoother, data loss decreased,
and strain-transfer efficiency stabilised along the bonded length. The refined installation strategy,
therefore, provides a practical answer to Sub-question 1: effective use of surface-bonded DFOS
on concrete requires explicitly designed and calibrated installation procedures, rather than a direct
adoption of generic guidelines.

108
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2. How can strain-transfer effects be quantified so that DFOS-measured strains can be converted
into accurate estimates of the concrete surface strains?

The four-point bending beams allowed a direct comparison between DFOS strains and strains
measured by electrical strain gauges bonded next to the fibre in both tension and compression
zones. In the uncracked loading range, DFOS consistently measured lower strain magnitudes
than the strain gauges, but the ratio between the two remained almost constant for a given instal-
lation.

For the surface-bonded configuration studied in this thesis, the ratio between DFOS strain and
concrete surface strain was found to be of the order of 0.4–0.5 in both tension and compression.
This ratio was only weakly affected by the different adhesives used in the compression zone,
indicating that the presence of intermediate layers (coating and adhesive, along with the contact
perimeter of the fibre is the main cause of strain reduction, rather than the exact adhesive stiffness
within the tested range.

On this basis, a simple strain-transfer efficiency factor (STE) was defined and calibrated. Correct-
ing DFOS strains by the inverse of this factor yields estimates of the concrete surface strain that
agree well with strain-gauge measurements in the uncracked range. The study thus shows that
strain-transfer effects can be quantified experimentally with a relatively simple procedure and that
DFOS strains can be used as realistic estimates of concrete strain, provided that a project-specific
STE is determined.

This addresses Sub-question 2 by demonstrating that strain-transfer effects do not prevent quan-
titative use of DFOS, but they must be measured and explicitly accounted for.

3. How reliable are crack widths obtained from Distributed Fibre Optic Sensing for reinforced con-
crete members?

Crack widths were derived from DFOS strain profiles in the constant moment region of the four-
point bending beams, using a procedure based on integration of corrected concrete strains around
crack-induced peaks. The results were compared with reference crack widths from Digital Image
Correlation.

In general, DFOS was able to detect and locate almost all cracks visible in DIC. For cracks wider
than approximately 0.2–0.3 mm, DFOS-based crack widths agreed with DIC within absolute er-
rors of about 0.05–0.10 mm and showed only a small overall bias, indicating that there is no
strong tendency towards systematic over- or underestimation.

However, the accuracy of DFOS crack widths was strongly influenced by missing or degraded
data at crack locations. This effect was captured through a missing-data ratio Le/L, which repre-
sents the length of the interpolated or missing signal relative to the effective influence length of
the crack peak. Across all beams, a clear tendency was observed:

• for Le/L ≤ 0.30, most cracks had relative absolute errors below about 15–20 %;
• for Le/L > 0.40, errors frequently reached 35–50 % or more.

On this basis, DFOS-derived crack widths are considered reliable in this thesis when Le/L ≤ 0.30,
questionable when 0.30 < Le/L ≤ 0.40, and unreliable when Le/L > 0.40. These thresholds
provide a simple quality indicator that can be applied on a crack-by-crack basis in monitoring
applications. However, this is also highly dependent on the method of interpolation used. Hence,
for a different type of fibre, adhesive used, and interpolation method used, this ratio (Le) might
be different.

Sub-question 3 is therefore answered by stating that DFOS-based crack widths can be quantita-
tively reliable, but only when strain-transfer is calibrated, cracks are above a practical resolution
limit, and the missing-data ratio around each crack remains below a defined threshold.

6.1.1. Main research question
Combining the answers to the three sub-questions, the main research question can be addressed as
follows:
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DFOS can be effectively utilised for strain and crack-width monitoring in existing concrete
structures when it is implemented as a calibrated monitoring system rather than a plug-and-
play sensor. This requires (i) an installation strategy that ensures a uniform and robust
bond between fibre and concrete, (ii) an experimentally derived strain-transfer efficiency
factor to convert DFOS strains to concrete surface strains, and (iii) crack-width estimation
procedures that incorporate data-quality metrics such as the missing-data ratio Le/L to
distinguish reliable from uncertain crack-width estimates. Under these conditions, DFOS
provides high-resolution information on strain distribution and crack development that can-
not be obtained with conventional point sensors alone.

6.2. Recommendations for practical implementation
Based on the findings of this thesis, the following recommendations are made for engineers and prac-
titioners considering DFOS for monitoring existing concrete structures.

Installation and system design
• Treat DFOS installation as a design task. Define fibre routes, surface preparation, adhesive type
and anchorage details explicitly, and document them in the monitoring plan.

• Carry out small-scale trial installations on representative concrete surfaces before large-scale
deployment, in order to verify bond quality and refine practical procedures.

• Use high-stiffness adhesives (such as structural epoxies) for quantitative strain and crack-width
monitoring, and control bondline thickness along the entire fibre route.

• Avoid sharp bends, abrupt direction changes and unrestrained transitions near anchorages. Wher-
ever possible, keep fibre routing smooth and continuous, especially in regions where crack for-
mation is expected.

Calibration and data processing
• Perform a project-specific strain-transfer calibration by comparing DFOS strains with co-located
strain gauges in a representative element or zone, and derive an effective STE for the adopted
fibre/adhesive/installation combination.

• Implement a standard pre-processing pipeline for DFOS data that includes masking of obvious
spike artefacts, conservative interpolation of short gaps and minimal spatial filtering along the
fibre.

• In crack-width calculation, correct DFOS strains using the calibrated STE and evaluate themissing-
data ratio Le/L around each crack. Use this ratio as an automatic quality flag for crack-width
estimates.

Use of DFOS crack widths in assessment
• Use DFOS primarily as a tool for detailed crack detection and localisation along long lengths of
an element.

• Treat DFOS crack widths as reliable when Le/L ≤ 0.30 and as qualitative indicators only when
Le/L > 0.40. In the intermediate range, combine DFOS results with visual inspection or local
reference sensors.

• When designing DFOS layouts for bridges or other large structures, place fibres in regions where
conventional analysis indicates low reserve capacity (for example webs with high shear utilisation
or slabs in negative bending), and use the laboratory-calibrated STE andLe/L thresholds as initial
interpretation rules.

• In a real structure, it is quite challenging to work with the fragile optical fibre that is used in the
laboratory test. Hence, a more robust fibre should be used that can withstand harsh environments
and exposure conditions.
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6.3. Recommendations for future research
The work in this thesis has been limited to laboratory-scale members with surface-bonded DFOS and
short-term loading. Several topics deserve further investigation before the proposed approaches can
be generalised to a wider range of structures and conditions.

• Long-term and cyclic behaviour. The present experiments were monotonic and short in du-
ration. The influence of fatigue loading, shrinkage, creep and environmental effects on strain-
transfer efficiency, bond durability and crack-width estimation should be studied in long-term tests.

• Pre-existing cracks and repair situations. Existing concrete structures often contain pre-existing
cracks at the time of DFOS installation. Future work should investigate how surface-bonded
DFOS respond to such cracks, how initial crack widths can be combined with DFOS-based width
changes and how repair materials influence strain transfer.

• Field validation on bridges. Full-scale field applications on bridges, combined with independent
reference measurements (for example displacement monitoring, strain gauges or periodic DIC
campaigns), are needed to validate the laboratory-based STE factors and Le/L thresholds under
real environmental and operational conditions.

• Improved signal processing and automated interpretation. The crack detection and crack-
width algorithms used in this thesis can be extended with more advanced peak-tracking and
pattern-recognition techniques. Automated classification of cracks based on DFOS data quality
and structural relevance would further support practical decision-making.

• Alternative fibre and adhesive systems. The present study focused on a specific polyimide-
coated fibre and a limited set of adhesives. Systematic testing of other fibre types, coatings,
cables and bondingmaterials would help to identify combinations that optimise both strain-transfer
efficiency and robustness for field use.

6.4. Closing statement
This thesis has shown that DFOS, when installed and interpreted with due care, can significantly en-
hance the monitoring of strain and cracking in existing concrete structures. By explicitly addressing in-
stallation strategy, strain-transfer calibration and crack-width reliability, the work provides a structured
framework for moving DFOS from a promising technology to a practical tool in structural assessment
and asset management.

The laboratory-calibrated procedures developed in this study, combined with disciplined installation
and clear data-quality rules, offer a transferable basis for DFOS applications on real structures. The
illustrative example of the Zeeland Bridge demonstrates how the proposed workflows and sensor lay-
outs can be translated into a monitoring concept for a prestressed concrete box-girder bridge, while still
allowing for complementary measurements and project-specific constraints. Together, the conclusions
and recommendations provide a coherent roadmap—from design to interpretation—for using DFOS
as a long-term decision-support tool for the safety, serviceability and life extension of existing concrete
structures.
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A
Crack Widths Identified from DFOS

Measurements

A.1. DFOS identified crack widths for Specimen 1 (R3D8-AR47)

(a) Crack widths at 40 kN (b) Crack widths at 45 kN

(c) Crack widths at 50 kN (d) Crack widths at 55 kN

(e) Crack widths at 65 kN

Figure A.1: DFOS identified crack widths for Specimen 1 (R3D8-AR47) at different load levels.
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A.2. DFOS identified crack widths for Specimen 2 (R4D8-DB)

(a) 60 kN (b) 65 kN

(c) 70 kN (d) 75 kN

(e) 80 kN (f) 85 kN

(g) 90 kN (h) 95 kN

Figure A.2: DFOS identified crack widths for Specimen 2 (R4D8-DB) at different load levels.
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A.3. DFOS identified crack widths for Specimen 3 (R3D10-CN)

(a) 40 kN (b) 45 kN

(c) 50 kN (d) 55 kN

(e) 60 kN (f) 65 kN

(g) 70 kN (h) 75 kN

Figure A.3: DFOS identified crack widths for Specimen 3 (R3D10-CN), load levels 40–75 kN.
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(a) 80 kN (b) 85 kN

(c) 90 kN (d) 95 kN

(e) 100 kN (f) 105 kN

Figure A.4: DFOS identified crack widths for Specimen 3 (R3D10-CN), load levels 80–105 kN.
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A.4. DFOS identified crack widths for Specimen 4 (R3D12-AR14)

(a) 40 kN (b) 50 kN

(c) 60 kN (d) 70 kN

(e) 80 kN (f) 90 kN

(g) 100 kN (h) 110 kN

Figure A.5: DFOS identified crack widths for Specimen 4 (R3D12-AR14), load levels 40–110 kN.
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(a) 120 kN (b) 130 kN

(c) 140 kN (d) 150 kN

Figure A.6: DFOS identified crack widths for Specimen 4 (R3D12-AR14), load levels 120–150 kN.
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