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Abstract

Despite stringent safety standards, concrete is prone to various forms of dete-
rioration over time, and the occurrence of cracks is not uncommon. Therefore,
the detection and monitoring of deformations in concrete are essential to mitigate
the risks associated with structural failure. Implementing a real-time Structural
Health Monitoring (SHM) system can play a crucial role in identifying early signs
of damage, such as corrosion in reinforcement, thus enhancing the efficiency of
maintenance and repair interventions and ultimately prolonging the lifespan of the
structure. The data collected through SHM techniques also contribute to the vali-
dation of design practices employed in the structure and further advancements in
the field. In a broader context, the integration of SHM supports the development
of sustainable infrastructure, ensuring the longevity and safety of concrete struc-
tures.
Along with visual inspection, SHM techniques are deployed to conduct a thorough
analysis of structural behaviour. However, many traditional methods involve te-
dious installation processes. Several techniques utilize a wide spectrum of ra-
diations, such as ultraviolet pulses, infrared radiations, and X-rays, and rely on
sophisticated equipment that demands trained personnel for data analysis. In
this study, a novel approach is proposed for SHM by utilizing magnetic fields for
crack monitoring. Currently, this technique is used to monitor cracks in steel struc-
tures.
The aim of this work is to explore and adapt this idea to integrate the sensor
system into the field of structural health monitoring for concrete structures. The
scientific contributions made in this study include the investigation of the effects
of crack propagation on the magnetic field, the modeling of the behavior using an-
alytical and numerical methods, the construction of a prototype, the validation of
the structural health monitoring technique, and the demonstration of the feasibility
of this method.
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1
Introduction

1.1. Background
The use of concrete dates back to around 700 BC, making it one of the oldest
construction materials. It has gained popularity as the most widely used material
in construction due to its affordability and high-strength characteristics. However,
concrete is inherently prone to cracking due to its brittle nature. Once cracks be-
gin to appear, continuous monitoring of concrete structures becomes necessary.
Although some degree of cracking is anticipated during the design phase, exceed-
ing the permissible limits compromises the stability, safety, and overall design of
the structure. Hence, there is an increasing interest in adopting structural health
monitoring techniques [1]. In this context, developing an economical and small-
scale technique for crack monitoring holds significant value. Such a technique
can provide timely information for making informed decisions and help prevent
potential catastrophes in the future.

Concrete structures can be monitored using various techniques. Currently, X-
rays, gamma radiation, and thermography are commonly used to detect anoma-
lies in the structure. Additionally, the detection and monitoring of corrosion in
rebars are widely performed. However, these techniques have their limitations
which are discussed in the chapter ahead. Many modern monitoring techniques
focus on using sensors embedded in the concrete. This report proposes a novel
crack monitoring system and details the current technologies for crack monitoring
systems. It is found that research is being conducted on various types of sensors
for structural health monitoring (SHM). This is driven by the need to detect and
assess small-scale damage, as current technologies often fail to do so. Structural
monitoring is typically performed only when damage to a primary component is
evident, indicating the need for repair and maintenance. However, this approach
can lead to system failure in systems without redundancy. Therefore, a low-cost,
small-sized monitoring system with wireless capabilities is proposed. This system
would enable the monitoring of structural elements at risk of damage.
Furthermore, monitoring techniques, such as acoustics, have emerged to encom-
pass the entire structure. These approaches involve developing models that can
predict strain patterns associated with new damage in the structure based on

1
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data collected on the structure’s behaviour. However, it should be noted that the
accuracy of predicting damage is limited, as the neural network can only make
predictions when matched with the exact training model [2]. Additionally, the com-
plexity of the technique is increased by the requirement for trained individuals to
interpret the data.

The monitoring system: RFV-2 proposed in this report covers a monitoring area
of approximately 15cm2. Monitoring is performed locally, giving real-time data on
how the structure behaves. Further, multiple sensors can be placed throughout
the structure. As they are wireless, there is no requirement for physical inspection
after installation. The battery life is five years, making it an ideal tool for long-term
monitoring.

In this study, Anisotropic Magneto Resistance sensors are used to monitor crack
behaviour in concrete structures. Themonitoring systemworks as a non-destructive
test. This monitoring system includes a setup which consists of a sensor strip
and a magnet. The setup is installed after visual inspection. Placing the setup
at zones where cracking is highly anticipated is also possible. Measurements of
the sensors will vary based on the crack propagation pattern. Since the sensors
measure a magnetic field, crack propagation in all three directions should cause
a change in the magnetic field. Due to crack tip propagation also, the magnetic
field is affected.

1.2. Objectives
The objectives of this thesis are outlined such that the concept of the monitoring
system can be realised; the system can be validated and integrated into concrete
crack monitoring. Therefore, the objectives can be formalised as listed below:

1. Optimal magnet selection for accurate crack monitoring: The objective is to
utilise finite element models to study magnetic fields, determining the appro-
priate magnet size within the sensor’s range to minimise the monitored area.
This optimisation aims to enable precise identification of crack propagation
within a pre-defined, smaller region.

2. Establishing a reference setup to investigate magnetic field behaviour: The
objective is to construct a setup to investigate the behaviour of magnetic
fields based on the proof of concept, thereby establishing experimental re-
sults that can serve as a reference for future studies.

3. Utilisation of the monitoring system for crack monitoring in concrete spec-
imens: Implement the monitoring system within an experimental setup to
detect cracks on two types of concrete specimens: a small-scale and a
large-scale specimen.
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1.3. Research questions
The main research focus of the thesis is formulated as follows:
Developing a monitoring system using AMR sensors for crack monitoring in con-
crete structures.
The following fundamental questions that must be addressed are:

1. What are the most suitable geometry and material of magnet for the pro-
posed monitoring system?

2. How does the magnetic field behave during the cracking process of con-
crete?

3. What is the level of precision of the sensor?

1.4. Methodology
In order to develop an economical and easy-to-analyse crack monitoring system,
an Anisotropic Magneto Resistive (AMR) sensor is used. It finds application in po-
sition detection in ferromagnetic materials like steel. The first question is whether
this sensor type is compatible with concrete. Since concrete does not affect the
magnetic field, it is a first impression that AMR sensors are unsuitable. However,
this problem is fixed by introducing a magnetic field along with the sensor. Now,
another obstacle occurs as to how this system will function. The answer lies in
the fundamental principle of magnetism. The magnetic field follows the inverse
square law with distance. This means the magnetic field is inversely proportional
to the square of the distance as shown in section 1.4. According to this law, the
intensity of the magnetic field reduces as the distance from the source of the field
increases.

B ∝ 1

x2
(1.1)

B = Magnetic field
x = Distance

It is necessary to ascertain what magnets best implement the above principle
within the monitoring system. For this, finite element models are developed to
comprehend the field behaviour in a 3D environment.
The methodology employed in this research as shown in figure 1.1 consists of the
following steps:

1. Literature Review:
A comprehensive literature review is conducted to identify current techniques
used for concrete crack monitoring and to understand the concrete crack
mechanism and the functioning of Anisotropic Magneto-Resistive (AMR)
sensors.

2. Analytical and Numerical Analysis:
Analytical calculations are performed to determine the appropriate magnet
size. Subsequently, experiments are conducted, followed by a comparative
study to assess the system’s effectiveness under various conditions.
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3. Experiments performed to understand the behaviour of the magnetic field
are as follows:

• Moving Table Experiment:
In this experiment, the sensor and magnet are positioned at a prede-
termined distance from each other. A crack opening is simulated using
a moving table. The experiment is repeated multiple times to demon-
strate repeatability.

• Concrete Prisms:
Concrete prisms measuring 160mm x 40mm x 40mm are subjected to
a four-point bending test. A single crack is initiated at the bottom of the
prism and propagates towards the top. The monitoring system, along
with Linear Variable Differential Transducers (LVDTs), is employed to
monitor the behaviour of the crack. The primary focus is on crack prop-
agation, although the overall data also provide promising results for
crack detection.

• Shear Failure:
For this experiment, 15-meter girder beams are utilised. The beams
are subjected to shear failure, and sensors are placed on the beams
immediately after crack detection. The crack propagation is monitored
until the complete failure of the beam. Two beams are used to test
the monitoring system, and the results are validated through Digital
Image Correlation and LVDT measurements, among other monitoring
methods.

4. Findings and recommendations: Conclusions, limitations, and recommen-
dations are derived by analysing the results and observations obtained from
the experimental, analytical, and numerical analysis.

After following the procedure illustrated above, a detailed analysis is carried out
to determine the accuracy of the monitoring system and optimal design of the
sensors based on the current technology already implemented. The following
section provides an overview of the report to understand the system’s working.
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Figure 1.1: Study procedure: Schematic

1.5. Outline
The report consists of eight parts.
Chapter 1 offers a concise overview of the sensor system and its integration with
structural health monitoring. It also introduces the research questions and the
subsequent methodology employed to address them.

Chapter 2 details the literature review of available technologies in structural health
monitoring. A wide range of systems has been carefully studied to understand the
problems different techniques face. By doing so, the obstacles are considered,
and novel ideas are explored in the following chapters.

Chapters 3 and 4 delve into the theoretical foundation behind the monitoring sys-
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tem - RedFox Villari-2 (RVF-2). To fully comprehend the working principles and
reasoning behind each design and practical choice, an in-depth study of rein-
forced concrete’s sensors, magnetic field, and the cracking process is conducted.
These topics are further divided into sub-chapters. The section dealing with sen-
sors elaborates on the working principles of the developed monitoring system.

Chapter 5 explains the experimental procedure devised to support the proof of
concept. The results of experiments using a moving table are discussed. No
concrete specimen is used in this experiment; hence, the material properties are
yet to be studied. These experiments are performed multiple times to establish
repeatability.

Chapter 6 focuses on the four-point bending test to generate a single crack spec-
imen. The crack evolution is studied using the monitoring system, and for vali-
dation purposes, LVDTs are employed in this experiment. The chapter provides
detailed information about the setup and the necessary assumptions, followed by
a discussion of the results.

Chapter 7 presents an experimental study of a beam undergoing shear failure.
The RVF-2 monitoring system is placed immediately after crack initiation. Data is
collected until failure and validated using Digital Image Correlation. This experi-
ment provides insights into the practical applicability of the system.

Chapter 8 provides conclusions based on the theoretical background established
in chapters 3 and 4 and the experiments conducted in chapters 5 to 7. It offers in-
sights into the usability of the monitoring system based on the recommendations
provided.



2
Concrete cracks

Understanding the damage evolution in concrete before moving on to methods
for monitoring concrete cracking is essential. Cracks in concrete can occur be-
fore hardening due to differential temperature, which causes the development of
shrinkage stresses. After concrete hardening, cracks can be caused due to Im-
posed deformations (differential settlements), creep, shrinkage and dead and live
loads. Studying the various aspects of cracking falls outside the scope of this
research. However, for establishing the principles and working of the monitoring
system, cracking associated with beam bending is discussed in detail.

2.1. Crack mechanism
Various possibilities exist which can cause a concrete structure to crack. Concrete
can withstand compressive forces while having a lower tensile strength. There-
fore, cracks develop when the stresses on the structure exceed the concrete ten-
sile stress. Cracking is a comprehensive phenomenon. According to fracture
mechanics, any crack pattern can be described by three basic modes of fracture
- opening, shearing and tearing [3]. These cracking modes will be handy in defin-
ing tensile, in-plane and out-of-plane shear cracks.

Figure 2.1: Modes of a crack in concrete

When subjected to loading, concrete initially behaves like a linear elastic material.
Micro cracks develop at the weakest region, which coalesces to form a macro

7
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crack. On the onset of cracking, the linear mechanics will no longer hold as a
series of micro cracks develop, which causes strain localisation [4], [5]. This re-
gion ahead of the crack tip is called the fracture process zone. This non-linear
process zone will depend on the aggregate characteristics, size of the aggregates
and specimen size [6]. When subjected to further loading, the micro-cracks com-
bine and form a macro crack. Strain gauges do not give optimum results as they
measure an average strain value. Sensors with higher sensitivity have to be used
to capture the occurrence of micro cracks. These sensors will be addressed in
the next section.

Figure 2.2: Fracture process zone in case of tensile loading [6]

2.1.1. Flexural cracks based on a tension model (Mode I)
Consider a reinforced concrete element which is loaded in tension. Before forming
a crack in the tension bar, the strain in the reinforcement and concrete will be equal.
Force contribution of reinforcement and concrete will be:

Ns = EsAsϵ

Nc = EcACϵ
(2.1)

Therefore, total force where αe = Es/Ec and ρ = As/Ac (reinforcement ratio) will
be;

Ntotal = Ns +Nc

= EsAsϵ+ EcAcϵ

= ECAc(1 + αeρ)ϵc

(2.2)

At certain moments, when the strain ϵc increases such that the tensile stress in the
concrete is equal to the tensile strength of the concrete. The crack will form where
the tensile strength of the concrete is lowest. When the load is applied, elastic
deformation will occur, and micro-cracks will develop. Once the load reaches a
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Figure 2.3: Crack formation [7]

point such that the tensile strength of concrete is reached, these micro-cracks will
combine to form a major crack as presented in figure 2.3. When the concrete
is fully cracked, the reinforcement carries the stress in concrete,σct = 0 and the
load. The tension bar is said to fail once the reinforcement yields.
When a beam is subjected to a four-point bending test, the bottom zone of the
beam is subjected to tension. Hence, a tensionmodel can be adopted for a flexure
member[8].

2.1.2. Shear cracks (Mode II)
Generally, for concrete, the cracks change from tensile crack (mode-I crack) to
shear crack as the loading is continued. From previous studies, it is found that
in the initial cracking phase, tensile cracks appear, followed by a combination of
tensile and shear cracks and finally, the shear cracks are dominant for failure
[9]. However, only sometimes do tensile cracks lead to shear cracks. The shear
forces in the structure ultimately cause the shear cracks [10].
In Figure 2.4, it is evident that flexure cracks emerge in the tension zone (located
at the bottom region of the beam) and propagate upward. These cracks exhibit
an inclined orientation due to the presence of shear forces. The phenomenon of
aggregate interlock, characterized by the mechanical interlocking of coarse ag-
gregates, effectively prevents sliding and offers resistance against shear forces
within the compression zone. Additionally, reinforcement bars play a crucial role
in transferring shear forces between different sections of the concrete, thereby
providing further resistance. As the shear force increases, diagonal cracks form,
inducing tension in the surrounding areas [11]. The following equations are pro-
vided in Eurocode-2.

1. Shear strength of concrete beams without shear reinforcements is calcu-
lated as below:

VRd,c = [CRd,ck(100ρ1fck)
1/3 + k1σcp)]bwd

≤ (vmin + k1σcp)bwd
(2.3)
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Figure 2.4: Shear failure of a beam [7]

where,
k = 1 +

√
200/d ≤ 2.0

ρ1 = Asl/bwd ≤ 0.02
Asl = area of tensile reinforcement
fck is compressive strength of concrete in MPa
σcp = NEd/Ac < 0.2fcd(MPa)
bw = smallest width of cross-section due to tensile area (mm)
d = depth of cross-section (mm)
The following are provided in the national annex. However, Eurocode 1992-
1-1 provided recommended values are:
CRd,c = 0.18/γc
k1 = 0.15
vmin = 0.035k3/2f

1/2
ck

2. For concrete beams designed with shear reinforcement, the shear strength
is given by:

• Vertical shear reinforcement:
VRd,s = min

{
Asw
s zfywdcot(θ),

αcwbwzv1fcd
cot(θ)+tan(θ)

• Inclined shear reinforcement:
VRd,s = min

{
Asw
s zfywd(cot(θ) + cot(α))sin(θ), αcwbwzv1fcd

cot(θ)+cot(α)
(1+cot2(θ))

Figure 2.5: Truss model and parameters for shear reinforced beam [7]

where,
Asw = cross-sectional area of the shear reinforcement
s = spacing of the stirrups
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fywd = design yield strength of the shear reinforcement
v1 = strength reduction factor for concrete cracked in shear
αcw = coefficient for state of the stress in the compression chord
α = angle between shear reinforcement and the beam axis perpendicular to the
shear force
Recommended values for v1 and αcw are specified in the national annex.
θ = angle between the concrete compression strut and the beam axis perpendic-
ular to the shear force
bw = minimum width between the tension and the compression chords
z = inner lever arm = 0.9d

2.2. Code provision for cracking
Crack-width control
Provisions are made in the design of concrete structures to control cracking to
provide durability and aesthetics. According to Eurocode 1992-1-1 section 7.3
[12], cracks are permitted in the structure as long as it does not interfere with the
functioning of the structure and does not compromise the safety of the structure.
This allowance in cracking is given based on the exposure class. The exposure
classes presented in figure 2.6 are determined based on the environmental con-
ditions and the conditions to which the structure will be subjected during its oper-
ational life.

Figure 2.6: Exposure classes
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The maximum crack-width allowance is based on the exposure classes to which
the structure is subjected. Figure 2.7 illustrates the crack width allowance. For
the experiments performed to develop the SHM system using RFV-2 sensors, this
range for crack width is scrutinised. Cracking in concrete can be attributed to var-
ious factors. Over time, the combined effects of creep and shrinkage can lead
to cracks. Reinforced concrete that is prone to corrosion can develop cracks as
well. Cracks may also appear when a structure is subjected to overloading, ex-
ceeding its intended capacity. Additionally, concrete can crack due to differential
settlements and the influence of thermal effects.

Figure 2.7: Recommended maximum crack-width

Cracks develop in the tension zone. Therefore, minimum reinforcement needs to
be provided to control the crack widths. Minimum required reinforcements can be
calculated using the equilibrium in tensile force in concrete before cracking and
tensile force in the reinforcement (EN1992-1-1 cl.7.3.2). In case of a structural
member of depth up to 200 mm subjected to bending without significant axial ten-
sion, the reinforcement size and spacing can be estimated using the table 2.8 and
2.9.

Figure 2.8: Maximum bar size, Table 7.2N [12]
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Figure 2.9: Maximum spacing, Table 7.3N [12]

Concrete cover
The concrete cover is the distance from the outer fibre to the reinforcement in the
concrete. Corrosion of the reinforcement has been a significant cause of structural
damage leading to failure [13]. The concrete cover is provided to protect the rein-
forcement against aggressive environmental conditions. Reinforcement bars are
prone to corrosion. Corrosion causes the concrete around the reinforcement to
deteriorate and weaken the bond between the reinforcement and concrete. This
process is illustrated in figure 2.10. The concrete cover is calculated to provide

Figure 2.10: Crack mechanism due to corrosion [14]

sufficient bond transfer and corrosion and fire resistance. Guidelines for providing
concrete cover are provided in EN1992-1-1, clause 4.4.1.
cmin = max{cmin,b; cmin,dur +∆cdur,γ +∆cdur,st +∆cdur,add; 10mm}
The values of cmin,b and cmin,dur are based on the exposure class, as shown in the
figures 2.11 to 2.13. Values of ∆cdur,γ ,∆cdur,st,∆cdur,add are given in the national
annex (recommended value in Eurocode is 0mm).
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Figure 2.11: Concrete cover based on bond requirement of reinforcements (cmin, b)

Figure 2.12: Concrete cover for durability in case of reinforced concrete structures (cmin, dur)

Figure 2.13: Concrete cover for durability in case of prestressed concrete structures (cmin, dur)
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2.3. Structural health monitoring (SHM)
2.3.1. Introduction
Structural health monitoring (SHM) is becoming an essential aspect of the con-
struction industry as the design life of many structures is reaching the repair phase.
It is essential to monitor them to ensure their continued safety and functionality.
The amount of cement production has increased since the early 2000s. This di-
rectly points to the fact that the vastness of infrastructure has also widened. This
can be interpreted from the figure 2.14. These structures from the early 2000s are
likely to reach half- or full-design life; hence, they must be monitored for cracks.
Hence, developing a system that can be economical and user-friendly is essential.

Figure 2.14: Infrastructure growth based on cement production [15]

Traditionally, structural integrity analysis heavily relied on visual inspection, which
has inherent limitations as it can only detect damage at a macroscopic level, often
missing the early stages of micro-level damage. To overcome these limitations,
non-destructive evaluation (NDE) techniques emerged as a subset of Structural
Health Monitoring (SHM). NDE involves applying non-destructive techniques to
specific locations in a concrete structure. However, due to the heterogeneous
nature of concrete and the influence of factors such as micro-structure and ap-
plied loading conditions, the patterns and locations of cracks can vary significantly.
Therefore, there is a need for a comprehensive system that can collect data on
structural health simultaneously from multiple locations on the structure.
Structural Health Monitoring (SHM) techniques have emerged as a solution to
continuously collect and analyze real-time data from structures. These systems
enable the detection of anomalies occurring in a structure, offering early warning
signs of potential damage. In the context of this thesis, the monitoring system
RFV-2 is employed for monitoring cracks. Various sensors play a crucial role in
SHM systems and contribute to safer structural designs further making the infras-
tructure sustainable. With advancements in technology and the integration of the
Internet of Things (IoT), wireless sensors have become widely utilized in structural
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health monitoring systems [1]. Figure 2.15 provides comprehensive applications
of IoT for structural health analysis.
In civil engineering, structures are typically designed using conservative approaches
to ensure ”low-risk” structures. Structural engineers have incorporated their expe-
rience into design practices and developed safety factors to meet these objectives.
Visual inspection and NDE are commonly employed to monitor structures for re-
sponses to various load factors. The utilization of sensors in SHM for inspection
purposes is often referred to as ”civionics” [16].

Figure 2.15: Applications of IoT in SHM [17]

The field of ”civionics” continues to evolve, providing engineers with valuable in-
sights and data-driven decision-making tools for ensuring the long-term perfor-
mance and safety of civil engineering structures.

2.3.2. Techniques and methods
In this section, the current SHM techniques are discussed. The response of any
structure depends on the mass, stiffness and damping values. The formation
of cracks will cause changes to these parameters. By taking into account the
changes in strain and energy dissipation, several methods are used to detect
cracks. The sensors’ primary application in crack monitoring focuses on deter-
mining the propagation of cracks and estimating the crack width.

1. Strain gauge:
Electric and mechanical strain gauges are popular techniques to measure
the strain in concrete. Strain gauges use the piezoelectric effect [18]. The
change in length (strain) is converted to resistance change. The conducting
wire is placed on a flexible material. If the length of the wire in the strain
gauge is assumed to be L, the resistance R can be calculated as R = ρL

A .
Where ρ is the resistivity and A is the cross-sectional area of the wire [19].
The output of the strain gauge is interpreted using Wheatstone bridge, 2.16
such that the voltage output will be proportional to the resistance change.
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The strain gauge may form one or more arms of the Wheatstone bridge.
A strain gauge can detect local deformations and follows a tedious setup
procedure.

Figure 2.16: Working principle of a strain gauge

2. Linear Variable Differential Transformer (LVDT):
LVDTs utilisemagnetic flux coupling for displacementmeasurement. It works
on the principle of electromagnetic induction; LVDTs consist of stationary
coils and a moving core. AC voltage is applied through the primary coil,
which generates magnetic flux. A magnetic flux is generated due to the
moving ferromagnetic core, and voltage is induced in the secondary coils
[20, 21]. For SHM, LVDTs are used for measuring load vs displacement
curves[22]. However, the LVDT can only measure local displacements.
When placed between two points, the total change in distance is recorded.

Figure 2.17: Working principle of LVDT

3. Fiber optics:
Fibre optics can be mounted or embedded in the concrete. If not embedded,
small holes are drilled for installation [23]. The optical fibre cable forms
the sensing and transmission part [24]. The phenomena of Total Internal
Reflection form the basis of the fibre optics system. The light which gets
reflected has a wavelength called Bragg’s wavelength. Bragg’s wavelength
is related to the pitch and the refractive index, which are related to the strain
and temperature.
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Figure 2.18: Working principle of fibre optics sensor

4. Acoustic emission (AE):
On the onset of cracking, i.e., after a material (concrete) reaches the elastic
limit, kinetic energy is released. This kinetic energy travels as waves and
can be measured by surface sensors [25]. Micro cracks can be detected
using AE. Crack types can be classified Based on the wave signal type and
the trend of specific parameters. This is subjected to numerous studies as
the occurrence of noise is expected [26, 27].

Figure 2.19: Working principle of acoustic emissions technique

5. Digital Image Correlation:
DIC can check strain, stress and crack development (in-plane) in a con-
crete structure. It is a non-contact method and uses a sequence of images
to identify deformation patterns [28]. The surface of the structure is cov-
ered in a granular pattern which is referred to as a speckle pattern. The
pattern changes as deformation occurs. Using pixel packets, displacement
in 2D, 3D and strain maps can be developed [29]. The images require post-
processing causing delays in obtaining results. Limitations of this technique
depend on the type of camera used and the speckle pattern.
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Figure 2.20: Working principle of digital Image Correlation

6. Ground Penetrating Radar (GPR):
Another popular technique used on concrete structures like bridges is GPR.
It is used for the determination of location of rebars in the concrete, moisture
and chloride content as it leads to corrosion of the rebars. All materials have
different electric permittivity, ϵr, and when electromagnetic (EM) pulses pass
from onematerial to another, the EM pulses are reflected [30]. Concrete has
a very low ϵr value and can be neglected. However, steel has an infinite net
ϵr. Therefore, the EM pulses will be reflected from the reinforcement in the
concrete structure. GPR equipment consists of a transmitter, a receiver and
additional units for processing and display of evaluation [31].

Figure 2.21: Working principle of ground penetrating radar

7. Thermography:
Thermography or Infrared thermography (IRT) follows the Stefan-Boltzmann
law. According to the law, the infrared radiations generated by a body is di-
rectly proportional to the T 4, where T is the temperature [32]. The concrete
under inspection will heat up due to internal and external factors causing
heat flux. Infrared cameras detect this heat flux, and thermograms are de-
veloped. Heat can be transferred to the concrete via natural heat sources
like the sun or artificial heat source [33].
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Figure 2.22: Working principle of thermography

8. Ultrasonic Pulse Velocity (UPV):
Ultrasonic Pulse Velocity is another method which utilises elastic wave de-
tection for concrete behaviour. Unlike in case of AE, an ultrasonic pulse
is generated by a transducer for wave propagation. The components that
make up the system consist of a transmitting transducer and receiving trans-
ducer. Elasto-acoustic waves are transmitted as mechanical waves which
reflect due to phase change inside the concrete, and these reflected vibra-
tions are collected as electric signals at the receiving side [34].

Figure 2.23: Working principle of ultraviolet Pulse Velocity

9. Magnetic sensors:
Fluxgate magnetometer, Hall effect (HE) sensors, Magneto-resistive (MR)
sensors, Eddy current testing (ECT), and SQUID sensors are commonly
used magnetic sensors [35]. They work on different principles of the electro-
magnetic field. Magnetic sensors are most widely used to detect corrosion
in the reinforcements and cracks in concrete. HE and MR sensors have
found enormous scope in NDE for materials over other types of sensors
[36, 37]. For the research in this study, AMR sensors are used for crack
monitoring.
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Technique Working principle Advantages Disadvantages

Strain gauge Based on the change in resistance
due to mechanical strain.

High sensitivity towards
strain/deformation measurements.

Susceptible to temperature
and mechanical disturbances.

LVDT Utilises electromagnetic induction
by change in magnetic coupling.

High accuracy and linear relation
between displacement and
electrical output.

Electromagnetic interference
can affect the accuracy.

Fibre op ics Via total internal reflection,
light signals are transmitted.

Long range transmission
without signal degradation.

Vulnerable to physical damage,
therefore, requiring careful handling.

Acoustic emissions
Based on the detection of
high frequency sound waves
generated due to fracture energy.

Provides real time monitoring
and detection of damage.

Requires experienced and expert
analyst and sophisticated analysis
technique.

DIC
An optical technique which
compares pixel-level changes
between images.

Provides non contact and
spatially resolved measurements.

Preparation of surface and contrasting
patterns in the test specimen
poses a challenging.

GPR
Reflected electromagnetic
pulses carry information
about composition.

Non-destructive analysis of
substructure can be obtained.

Data quality and moisture content
compromise accuracy and data
quality.

Thermography
Detection of heat flux by
developing thermogram
using infrared cameras.

Offers real time thermal patterns
for a large area.

Ambient temperature and air flow
can affect interpretation of thermograms.

UPV Measures travel time of
transmitted ultrasonic pulse.

Delivers rapid and efficient
information via NDE.

Accuracy is affected by irregularities
due to concrete composition.

Table 2.1: Comparative Analysis: Working Principle, Advantages, and Disadvantages

This study proposes a novel idea for implementing AMR sensors for SHM. The
compact size of the sensor enables monitoring of otherwise inaccessible areas.
As a wireless system, on-site inspection is not necessary after installation, and
real-time data can be acquired. The proposed monitoring system is economical,
facilitating scalability and practicality. Multiple sensors can be deployed to provide
a denser network for data analysis. Further details are discussed in the next
chapter.



3
Anisotropic Magneto Resistivity

(AMR)

3.1. Introduction to AMR sensors
Integrating magnetic sensors in NDT has become an increased area of academic
research as it makes sensor design more efficient [38]. A ferromagnetic film is
used instead of an electromagnet for optimisation [39]. Ferromagnetic material ex-
hibits higher anisotropic magnetoresistive properties. Anisotropic properties, as
the name suggests, are dependent on the direction. Ferromagnetic materials ex-
hibit spintronics properties that form the basis of AMR sensors. Spin electronics
or spin-orbit interaction refers to the physics of electron spin, which can be de-
tected by its magnetic moment [40]. Therefore, the ferromagnetic film will have a
direction of magnetisation defined as the magnetic moment per unit volume. The
direction of magnetisation can control the spin. When current passes through the
sensors, resistance develops due to the rotation of the magnetisation of the sen-
sor, as shown in Figure 3.1.

Figure 3.1: Working principle of AMR sensor

Anisotropic sensors are a type of magnetic sensor widely used. Sensors based
on AMR can work with either the south pole or the north pole. This means it is
not sensitive to polarity [41]. Consequently, the response from a positive field will
be the same as from a negative field. Due to the resistance development, the
sensors can achieve higher sensitivity. However, the sensor might measure the
voltage offset or the DC magnetic field [42], which can cause a reduction in the
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Magnetic field of a permanent

magnet
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by incorporating µr.
B = µ0µrH +Br (4.2)

3. The final equation is derived from Ampere’s law. It states that the magnetic
field strength is proportional to the current flowing in a closed space. Since,
for the study, no currents are flowing, the curl of H will be zero.

H = −∇Vm (4.3)

N38 grade neodymium magnet is modelled. Relative permeability, µr = 1.05 for
neodymium and the initial magnetic scalar potential Vm = 0. The net magnetic
flux density inside the domain should remain zero, i.e., the magnetic flux density
is conserved as described by the first Maxwell equation. The FE model uses the
following constitutive law based on the direction of magnetisation,

Br =∥ Br ∥
e

∥ e ∥
(4.4)

e is the direction of the remanent field or direction of magnetisation, which in this
case is axially oriented. Therefore,

e =

00
1



Figure 4.3: Finite element model of a disk magnet at origin
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4.2. Analytical model for a disk magnet
Equations for a three-dimensional magnetic field are quite complex. Several stud-
ies have been performed to reduce the complexity for better applications of the
equations. One approach suggested in [45] attributes a fictitious surface charge
density (σM ) to the magnet such that it is polarised in the z-direction (axial). The
polarization, M(z⃗) can be formulated as:

M(z⃗) = M · ẑ
σM = M · n̂

(4.5)

n̂ is a unit vector and is normal to the surface.

In [46] a coulombian approach for approximation of the magnetic field is described
where the disk magnet of diameter 20mm and height 6mm is divided into N rect-
angular elements. The sum of the magnetic field of all elements will result in the
total field of the magnet. For a 3D model, three components of the magnetic field
are calculated using the formulas,

Bx =
J

µ0

N∑
e=1

1∑
i=0

1∑
j=0

1∑
k=0

(−1)i+j+klog(Re − Ue)

By =
J

µ0

N∑
e=1

1∑
i=0

1∑
j=0

1∑
k=0

(−1)i+j+klog(Re − Ve)

Bz =
J

µ0

N∑
e=1

1∑
i=0

1∑
j=0

1∑
k=0

(−1)i+j+karctan
UeVe

ReWe

Btotal =
√
Bx

2 +By
2 +Bz

2

(4.6)

To calculate the parameters Ue, Ve,We and Re, the dimension of each element
from 1 to N will be determined using the following equations based on the figure
4.6:

a =
r/2

N

θ =
2e

N
; e = 1, 2..N

b = 2sin(θ) · r

hx = e · a+
a

2

(4.7)

The observation points are located on a line such that the endpoints are (α, β, γ) =
(10, 0, 0) and (30, 0, 0) as shown in the figure 4.6.

Ue = (α− hx)− (−1)ia

Ve = (β − hy)− (−1)jb

We = (γ − hz)− (−1)kc

Re =

√
Ue

2 + Ve
2 +We

2

(4.8)
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5
Conceptual validation of RFV-2

monitoring system

5.1. Overview of experimental model
Concrete crack monitoring has increasingly become a necessary field of study
since concrete, a brittle material, is susceptible to cracking. Concrete cracks are
prevalent. During the design phase, calculations are made for the crack width
allowance for a safer design for the structure. However, new cracks can develop
due to varying temperatures, humidity, loading conditions, and reactions within
the concrete. These cracks propagate and become major cracks causing signif-
icant risk to the structure. Hence, a compact crack monitoring system that has
an easy application on concrete surfaces and is economical is an essential tool
for monitoring. The study focuses on developing a system for monitoring cracks
under service conditions.
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(a) magnetic field in X direction (b) magnetic field in Y direction

(c) magnetic field in Z direction (d) Total magnetic field

Figure 5.20: Magnetic field along sensor strip

5.4.1. Background field
There are several assumptions made in setting up the monitoring system. The
magnetic field of Earth is fixed for a given location. It ranges from 25 to 65
μT on the surface. The RFV-2 is used to measure the background field. This
background field will also include additional materials affecting the magnetic field.
Since the experimental setup is designed to reduce the influence of extra materi-
als affecting the field, the highest contribution to the background field comes from
Earth’s background field. According to [47], the magnetic field measured in delft
is about 49.316 µT.
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Sensor X(µT) Y(µT) Z (µT) B(µ)T)
1 39.40 13.04 40.85 58.60
2 42.84 0.28 42.07 60.05
3 29.54 -11.13 44.05 54.20
4 24.74 -12.16 42.95 51.04
5 24.17 -19.80 42.19 52.51
6 22.18 -3.780 42.43 47.97
7 26.16 9.50 41.15 49.68
8 28.00 3.09 42.59 51.07
9 25.47 -2.35 43.50 50.47
10 22.96 19.31 42.54 52.05

Table 5.2: Average background field

Since the magnetisation field on the sensor strip depends on the placement of
various elements, as discussed earlier in the chapter, each sensor has a unique
magnetic field. Therefore, each sensor’s magnetic field is recorded and consid-
ered individually. The background field is measured for every step in the exper-
iment, and it is concluded that the background field does not vary significantly.
The average value of the background field is therefore considered for the exper-
iments. Small displacements are simulated to replicate micro-cracking leading
up to a crack of approximately 0.7 mm using the moving table. According to the
Eurocode, the allowable crack sizes were limited to 0.4mm. Inspiration for the
maximum crack widths was drawn from the maximum allowable values, and by
taking advantage of the least count (1 µm) of the moving table, a continuous crack
growth was replicated. Figure 5.21 shows the magnetic field components and the
total field results from this experiment. The results are comparable to those from
the manual moving table experiments. The nature of the graph follows the inverse
square law A repeatability experiment is performed using the automatic moving
table To check the consistency of the results. Figure 5.22 shows the results with a
mean average error of 0.29%. The average error rate is calculated by first finding
the error rate for each trial with respect to the first trial. The error rate found from
each trial is then averaged out for the resultant error rate.





6
Four-point bending test

6.1. Four-point bending test
It is first assumed that the behaviour of the magnetic field should stay consistent
with the results obtained in previous sections. However, due to the introduction
of concrete in the setup, the material’s behaviour should intervene, and a linear
increase in the distance between the magnet and sensor strip is not expected.
Based on the nature of the changes in the magnetic field described in section 5.3
and section 5.4, it is expected that the magnetic field will also exhibit variations in
response to elastic deformation, as well as an increase in crack width. Before dis-
cussing the results, it is fundamental to understand the setup and the assumptions
made. A four-point bending test is performed on the concrete prisms, chosen for
their simplicity in crack type and ease of predicting the cracking region.

Figure 6.1: Cracked concrete prisms used for the test

Six samples are tested in this experiment, numbered from 0 to 5. Sample 0 is
used as a reference to test the correctness of the procedure. Samples 1-4 are
used for collecting data from the sensors (the types of sensors used are described
in section 6.1.1). Sample number 5 measures the background field and evaluates
other parameters that might affect the magnetic field.
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6.1.1. Materials and dimension of concrete prisms
Concrete specimen of size 160mm x 40mm x 40mm is cast with a reinforcement
of diameter 6mm. Grade C20/25 concrete is manufactured with a water-cement
ratio of 0.5. Cement type CEM III/B is used, and the maximum aggregate size is
8mm. All specimens are cast from the same concrete batch. The 28-day com-
pressive strength of concrete is 49.47 MPa. A smaller prism size is chosen for the
experiment, as a smaller cracking region is required. Since the distance between
the sensor strip andmagnet can only be a few centimetres, a small-sized concrete
bar is used. The reinforcement bar is placed so that the prism develops a single
crack. The use of reinforcement will ensure that no brittle failure takes place. In a
four-point bending test, a crack occurs due to bending, which causes the concrete
to crack along the height fully. Following this, the reinforcement starts to yield as
the crack widens.

Figure 6.2: Dimensions of the concrete prism

6.1.2. Setup
The setup is prepared for a four-point bending test as shown in figure 6.3. Two
types of sensors are used. LVDTs are used to validate the data from RFV-2. The
LVDTs are glued on the front and back surface of the prism. The RFV-2 sensors
are glued on the front surface along LVDT-1 (figure 6.4). A two-compound glue is
used to obtain a strong bond. It is critical to ensure that the sensors do not rotate
or detach due to the impact of the load.
As a consequence of the placement of LVDTs, the sensor strip and magnet are
placed from 6cm to 10 cm depending on an ideal location such that the setup
stays intact. Owing to this, the magnitude of the magnetic field is lowered for
samples 3 and 4. No notch is required for the specimen.

Figure 6.3: Experimental setup
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Figure 6.5: Measurements from LVDT-1 and LVDT-2

6.1.4. Background field
It is likely to assume that the experiment machine will cause the magnetic field
to vary as explained in section 6.1.3. According to [48], the process of concrete
cracking can influence the magnetic field intensity due to the piezoelectric effect
and crack propagation effect. The study states that surface potential develops
due to free charge in materials such as rocks, concrete and coal, which further
induces a magnetic field. The study uses a fluxgate sensor which consists of
a magnetic core, excitation coil, and induction coil. In this study, a permanent
magnet and AMR sensor are used. Even so, checking if the concrete cracks
contribute towards the magnetic field becomes essential. One sample is used
to experiment in the absence of a magnet. The sensor is attached to measure
the field. This field is referred to as the background field. Figure 6.6 shows the
background field for the duration of the experiment. A non-linear plot is obtained
due to the non-linearity error of AMR sensors and the dependency of the sensitivity
of the sensors towards each component of the magnetic field [49]. It is found that
the cracking process does not influence the magnetic field. If the factor for error is
removed, a linear plot will be obtained, but this falls out of the scope of this study.



6.1. Four-point bending test 57

Figure 6.6: Background field

Time (s) Total field (uT)
0 267.74
46 267.42
92 267.55
138 267.71
184 267.58
230 267.35
276 267.42
322 267.02
368 267.59
414 267.53
460 267.54
506 267.49
552 266.52
598 266.38
644 266.53
690 266.43
736 266.56
782 267.98
828 267.89

Table 6.1: Background field

6.1.5. Crack propagation
For this four-point bending test, a single crack will occur due to the bending of
the prism. Up to 3 kN, the prism undergoes elastic deformation. A macro crack
appears in the region between the loading points. A drop in the loading is realised
at the crack initiation. The crack propagates over the height of the prism, and it
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can be said that the concrete is cracked. However, the reinforcement now takes
the load and steadily increases (Figure 6.7).

(a) Sample-1 (b) Sample-2

(c) Sample-3 (d) Sample-4

Figure 6.7: Load vs deformation curve
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Experiment is stopped once the LVDTs display a deformation of 1000 µm.
Therefore, the concrete cracks for all specimens, but the reinforcement is not fully
yielding. The final drop in the graph is caused due to unloading of the specimen.
In figure 6.7, the load vs displacement graphs for each sample from 1-4 is shown.
A maximum load close to 3 kN is reached before failure. From figure 6.8, the
deformation of the prism with time is illustrated.

(a) Sample-1 (b) Sample-2

(c) Sample-3 (d) Sample-4

Figure 6.8: Deformation vs time curve
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The deformation at peak load is approximately 9.66 µm. Further deformation
occurs as the reinforcement starts to yield. The deformation will not exceed this
value since the LVDTs can measure up to 1000 µm. The sampling rates of LVDTs
and RVF-2 are different. Therefore, the LVDT readings are selected for the time
when RFV-2 records reading to achieve qualitative analysis of the results. The
sampling rate of RVF-2 is every 46 seconds. Whereas the sampling rate of LVDTs
is every second. Since the time at which readings were taken is known for both,
the LVDT readings are filtered accurately. Figure 6.9 plots the filtered readings
from the LVDTs. From this, it becomes known at which time step the crack is
initiated. The filtered readings are plotted against time in seconds.

Figure 6.9: Filtered deformation
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Themagnetic field can be plotted against the deformation/crack-width as shown
in figure 6.10a. During the elastic deformation stage, the deformation is in the or-
der of ≤ 10 µm. The deformation before the onset of the crack is 8.08 µm. Due
to the small magnitude, the magnetic field decreases without change in the de-
formation, making it difficult to visualise decreasing magnetic field during elastic
deformation. Hence, the deformation is represented on a log scale as depicted
in figure 6.10b. For discussion of results, two graphs are illustrated. One graph
shows the magnetic field and deformation with time, and the second graph shows
the correlation between the magnetic field and deformation.

(a) (b)

Figure 6.10: Sample-1: (a) Magnetic field vs deformation (b) Magnetic field vs deformation on log
scale

The correlation between the crack behaviour andmagnetic field change is recorded
in figures 6.12 to 6.15. When measuring the magnetic field, the field is observed
to be decreasing as the deformation process begins. Small displacements due
to elastic deformation affect the magnetic field. A larger jump in reading is ob-
served at the time of crack initiation. This continues until the crack is developed
across the height of the prism, i.e., propagation of the crack over the full height
of the prism. After this, the crack has fully formed, and only the width increases
as the reinforcement yields. The part where reinforcement starts yielding can be
observed as the continuous uniform decrease at the end of the test. Therefore,
from the experimental observations of the magnetic field behaviour, it can be con-
cluded that using the RFV-2 sensors, different stages of the cracking process can
be recognised. These are illustrated in figure 6.11.
Referring to figure 6.11, the elastic deformation is associated with the linearly de-
creasing magnetic field. A sudden reduction in magnetic field is observed on the
onset of cracking. The region following the linear deformation is a representation
of the crack formation. Once the crack has formed, it propagates towards the top
of the prism. On the graph, it can be seen as another minor fluctuation followed
by an almost linear trend. The concrete then fully cracks, and the curve moves
towards steel yielding. Continuing the experiment until the reinforcement fails will
give a plot of yielding. In this study, the system is developed as a monitoring sys-
tem. However, in this experiment, crack detection was possible. The location of
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the crack should be known to detect cracking which is not possible for practical
application.

Figure 6.11: Phase division of crack process based on experimental analysis

The results obtained in sample-3 and 4 are lower in magnitude. The lower mag-
netic field is obtained due to the greater distance between the magnet and the
sensor strip compared to samples 1 and 2. Another reason for a lower magnitude
is the high background field. On reducing the background field, the remainder
magnetic field was lower than 100 µT . Sample-3 resulted in an unprecedented
observation. The jump, which indicated crack initiation, is observed, but other
stages of continuous decrease in the magnetic field are not observed. Identifying
the exact cause of this instance as the background field is completely removed
from the test results proves challenging. One explanation that can be suggested
for this behaviour is that the magnetic field is not constant throughout the experi-
ment, and as a result, small reductions are expected. When the magnitude is in
the order of hundreds (819µ being the upper limit for the sensors), these reduc-
tions are negligible. However, in the case of sample-3, the magnitude is lower,
making it susceptible to being affected by these reductions. A similar observa-
tion is not recorded for sample-4, even though it falls under the same parameters.
Therefore, the explanation cannot be confirmed. The sensor may have a region of
sensitivity in which little changes in the magnetic field are easily recorded. Tests
should be performed for different magnetic field ranges to determine the sensi-
tivity region. This further study aims to identify the threshold above which the
sensors will provide results consistent with samples 1, 2, and 4.
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(a) (b)

Figure 6.12: Sample-1: (a) Changing magnetic field and displacement to time (b) Magnetic field
vs displacement where the x-axis follows logarithmic scale

(a) (b)

Figure 6.13: Sample-2: (a) Changing magnetic field and displacement to time (b) Magnetic field
vs displacement where the x-axis follows logarithmic scale

(a) (b)

Figure 6.14: Sample-3: (a) Changing magnetic field and displacement to time (b) Magnetic field
vs displacement where the x-axis follows logarithmic scale
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(a) (b)

Figure 6.15: Sample-4: (a) Changing magnetic field and displacement to time (b) Magnetic field
vs displacement where the x-axis follows logarithmic scale



7
Shear failure in a bridge girder

7.1. Flexure cracks in beams with shear reinforcement
In the previous section, the study of the qualitative correlation of magnetic field
and crack width for a simple crack due to bending is performed. Variations like
graphs are obtained when compared to the experiments using the moving table.
Therefore, it becomes essential to study the nature of graphs for different crack
types and varied boundary conditions. In this experiment, four-point bending is
performed on a precast I-shaped girder. The plan of the experiment is shown in
figure 7.2. The longer span of the beam is the region of interest for this experiment.
Flexure cracking is expected initially, and the beam will undergo shear failure on
other loading. The beam is part of the study ”Analytical and numerical models
for the shear behaviour of precast concrete bridges at intermediate support” [50].
The beam discussed in this section has less than minimum shear reinforcement.
Eurocode-2 provides the criteria for minimum shear reinforcement. The beam is
subjected to loading with intermediate pauses.

The beam is set up with LVDTs, DIC and laser sensors to check the cracking. For
RFV-2 sensors, DIC is used to validate the results. LVDTs are not used in this
case as they will not result purely in the crack width. The load stages at which

65





7.1. Flexure cracks in beams with shear reinforcement 67

7.1.3. Crack propagation
The crack type expected in this experiment is flexure cracking leading to shear
cracks, which will cause the failure of the beam. The test is representative of
a bridge girder which can be a potential application of the RFV-2 sensors. In
this case, the crack location cannot be determined before the experiment. The
cracks are observed, and sensors are applied in those locations. In the case of
a practical approach for bridge girders, multiple sensors can be applied in the
region of expected failure. Out of these multiple sensors, some sensors can pick
up the crack movement. It may also be possible to detect the cracks via the
further research. figure 7.3 illustrates the crack propagation using strain in the
beam based on images obtained from the DIC results.

Figure 7.3: Strain evolution with increasing load as viewed using DIC

7.1.4. Results
figure 7.4 demonstrates the evolution of crack width with load and time. Fur-
thermore, figure 7.4a illustrates how the crack progresses as the load increases.
Since the sensor readings are time-dependent, the LVDT readings are plotted
against time as shown in figure 7.4b. Figure 7.5a shows the variation in the mag-
netic field with respect to time for the entire experiment duration with the filtered
values marked in yellow. The filtered values are shown in figure 7.5b. The filtered
values occur at each load stage in the experiment. Themagnetic field values must
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be filtered for comparison since the DIC images are taken at each load stage.

(a) Load vs crack-width (b) Crack-width vs time

Figure 7.4: Flexure cracking

(a) Entire duration (b) Filtered time

Figure 7.5: magnetic field with time

When a crack is formed, it is possible that during a brief pause in loading, the crack
undergoes closing and then opens again when loading is continued. This could
explain the increase in magnetic field observed at the beginning of the experiment.
Since the background field is subtracted from the magnetic field values, the plot-
ted data purely reflects the results attributed to the presence of the magnet. The
steady readings of the magnetic field at several intervals in the plot result from
the loading discontinuity. In such cases, the crack does not undergo significant
variation.
Figure 7.6 represents the correlation between the crack width and the magnetic
field. To obtain the first dependence of the magnetic field with crack width, data
from 7.4b is plotted against the filtered magnetic field 7.5. In Figure 6.12, a distinct
jump in the measurement is observed at the initiation of the crack. Subsequently,
a continuous drop in the magnetic field is observed. In this experiment, the sen-
sor was applied after the formation of the crack, thereby excluding the jump in
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value. The crack propagates for two load steps, after which it only grows in width
until the total failure of the I-beam. It can be observed from the results that the
magnetic field decreases as the crack widths increase.



8
Conclusions and

Recommendations

This study highlights the significance of structural health monitoring of concrete
structures, the limitations of the current techniques, and the requirement for a cost-
effective and small-scale monitoring system. Traditional monitoring techniques,
such as strain gauges, LVDTs and fibre optics, have drawbacks and necessitate
the development of innovative approaches using various sensors. The proposed
RFV-2 system delivers real-time data and enables the identification of cracks and
the elastic behaviour observed from the experiments. It is an excellent long-term
monitoring solution, and the wireless nature eliminates the need for physical in-
spection. The proposed monitoring system shows promise in addressing the chal-
lenges associated with crack monitoring in concrete structures. With further re-
search and development, it might become a vital tool for SHM.
In this chapter, a comparison is drawn between the different analyses performed
to develop the monitoring system, along with a detailed discussion of the obtained
data using a critical approach. The chapter also deals with the limitations of the
RFV-2 system at this introductory level. A conclusion is drawn for the main re-
search question. Finally, recommendations and future work required are provided
based on these limitations.

8.1. Comparative study
8.1.1. Numerical, analytical and experimental results
The study encompasses various analyses and experiments that collectively con-
tribute to formulating the findings for the monitoring system RVF-2. The analytical
and numerical approaches are conservative as they do not factor in external ef-
fects. Experimental data is considered the accurate result and should align with
the theoretical-based FEM and equation-based calculation. Therefore, a compar-
ison is made between the three different approaches. The final error percentage
is calculated by accounting for average error at all data points.
The moving table experiment can be closely related to analytical and numerical
analysis. Similarities arise because there is no background field in both the anal-
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yses and the experiment, and the rate of distance change is constant in all three
cases. Figure 8.1 depicts the magnetic field plotted for each case against the dis-
tance increased. An error of 4.45% is found. The FEM analysis and the analytical
solution do not consider any external effects. They are solely dependent on the
material’s magnetic properties (in this case, permanent magnet).
For FE model,

Br =∥ Br ∥
e

∥ e ∥

e =

00
1

 (8.1)

From equation (4.6),

Bi =
J

µ0

N∑
e=1

1∑
i=0

1∑
j=0

1∑
k=0

(−1)i+j+kf(i)

i = x, y, z

(8.2)

f(i) = Function of distance in x,y,z

In equation (8.1), the remanent field and direction of magnetisation are known
properties of the magnet. The FE analysis is based on these known parameters.
From equation (8.2), it can be observed that the analytical solution is based on the
parameter JA/m2, which is the magnetisation of the permanent magnet. During
the experiment, there is a background field due to the earth’s magnetic field and
the sensor itself. Even though the background field is removed from the data,
some margin of error should be considered. In the case of engineering practices,
it can be assumed that the sensors used are not perfect and may introduce errors
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due to their inherent sensitivity. These factors combined will contribute to the total
percentage of errors occurring.
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The first set of experiments, as explained in chapter 5, does not account
for any material behaviour. These experiments are conducted solely in an
air medium. However, there is speculation that the nature of the magnetic
field will differ when the setup is placed on a concrete surface. Concrete
exhibits initial elastic behaviour followed by plastic behaviour. As a result,
the results differ from those obtained using the moving table experiments.
An observation can be made by dividing the graph according to the different
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phases of the cracking process. As mentioned in section 8.1.2, the initial
decrease in the magnetic field is gradual, but subsequently, the difference in
the magnetic field increases. Each segment of the graph can be described
as nearly linear. Overall, the graph exhibits a pseudo-linear behaviour, sim-
ilar to the pattern depicted in figure 8.4.

Figure 8.5: Load steps corresponding to the DIC readings taken for validation of sensors.

The third experiment, which focuses on the shear failure of a beam, yields
even different results. The loading pattern should be understood first. The
sensor readings are recorded after crack initiation, emphasising the increas-
ing crack width. The test is designed in such a way that the loading is paused
intermittently but not completely removed. As observed after the first load
step, cracks may open and close in these cases, as depicted in figure 8.5.
During load stage 3, the crack gradually widens, and after load step 5, the
beam enters the failure zone, leading to larger crack widths.
To summarise, although the magnetic field follows inverse square law, the
material behaviour of concrete plays an important role in the reduction of
the magnetic field.

3. What is the level of precision of the sensor?
The sensor operates from -819 µT to 819 µT. In Chapter 5, a repeatability
experiment was conducted to measure the sensor’s accuracy. The experi-
ments resulted in a mean average error of 0.29%, implying that the sensors
have high accuracy. Furthermore, a standard deviation of 0.79 was found.
Herefore, the sensor readings deviate very slightly from the mean reading
and with a low mean average error, implying that the accuracy of the moni-
toring system is acceptable.
For this study, a different accuracy level is established for the magnetic field
in µT per unit distance. From the results in section 5.3, the magnetic field
was decreasing at a rate of 87.56 µT/mm, and from section 5.4, it was found
that the decrease in the magnetic field was 177.64 µT/µm. In the first case,
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when the distance was measured in millimetres, the magnetic field reduc-
tion rate was higher compared to the second test, where the distance was
measured in micrometres. These observations imply a correlation between
the rate of change of distance and the rate of reduction of the magnetic field.
Therefore, it is noteworthy to consider the scale of distance increment when
studying the nature of the magnetic field.
Hence, the conclusion is in accordance with the inverse square law, which
states that B ∝ 1

x2 , where B = Magnetic field and x = distance.

8.3. Limitations
During the experimental phase, several aspects of the sensors were tested. This
led to the recognition of certain limitations affecting the current developmental
stage of the monitoring system. The following limitations are formulated based
on the observations:

1. Dependency on visual inspection: In the present prototype development
stage, the monitoring system is limited to a single sensor and magnet. As
a result, the ability to monitor cracks is contingent upon prior knowledge of
their location. Visual inspection is required to identify the precise location
of a crack before monitoring can be initiated. However, it should be noted
that certain types of cracks, such as shear cracks, tend to occur abruptly,
potentially rendering them difficult to monitor on time.

2. Use of technique restricted to monitoring: Building upon the previous
point, the proposed technique within the system demonstrates its utility for
crack monitoring. However, if the intention is to employ the technique for
crack detection, an independent experimental analysis is required, employ-
ing multiple sensors. In the case of the four-point bending test case, suc-
cessful crack detection was achievable due to the smaller specimen size
and the prior knowledge that only a single crack would propagate. There-
fore, it is essential to acknowledge that the current developmental stage of
the technique limits its application primarily to monitoring rather than direct
crack detection.

3. Variation in monitoring system results: The monitoring system yields
varying results across different samples, making establishing a generalised
relationship between the magnetic field and crack width challenging. Con-
sequently, it becomes difficult to draw universal conclusions regarding this
association.

4. Calibration challenges: The monitoring system will be susceptible to the
influence of additional environmental factors, which might temporarily affect
the measurements. These fluctuations pose a challenge for calibration pur-
poses and require mitigation techniques. Robust calibration procedures can
be implemented to minimise potential biases caused by external factors.

8.4. Recommendations and future work
The above conclusions and limitations suggest certain recommendations to refine
the sensor results and fully utilise the monitoring system for practical applications.
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1. Expand the understanding of the nature of the magnetic field by per-
forming more experiments.
In the study, three types of experiments are performed. Since it is estab-
lished that the material behaviour affects the sensor readings, other mate-
rial behaviour, such as softening and stiffening of reinforcement, crushing of
concrete, and creep, should also be studied. By doing so, it becomes pos-
sible to assess the variation, like magnetic field reduction. Moreover, when
utilising the monitoring system on-site, the type of crack can be determined.

2. Design a layout with multiple sensors to locate and monitor cracks.
Currently, a single sensor was used to monitor a single crack. However, in
practical scenarios, cracks can occur anywhere, and to effectively monitor
such cracks, multiple sensors can be deployed over a region. A packet con-
sists of a magnet, sensor, and magnet configuration. Another packet with
a sensor, magnet, and sensor configuration can be made. When placed
alongside each other, each sensor will be influenced by more than one mag-
net. This setup will ensure variation in measurement when a crack occurs.
For example, multiple sensors can be placed in a grid formation in the mon-
itoring region. The grid of sensors will provide data from various points, en-
abling the determination of the crack length and the prediction of its growth
pattern. Further precision can be achieved by incorporating Bayesian anal-
ysis into the study.

3. Improve the understanding of the accuracy of the sensor.
So far, there is a basic understanding of the sensor’s accuracy. However,
since the sensor readings differ for different samples, further studies can
be conducted using multiple samples for all crack patterns. This will allow
for the exploration of correlations within each crack pattern. Additionally,
a study can be performed to determine the lowest value of the magnetic
field at which the sensors become highly sensitive. This phenomenon was
observed in sample-3, as discussed in section 6.1.5.

8.5. Scientific contributions
This study delivers a prototype for concrete structures’ structural health monitoring
system. The conclusions provided in the study demonstrate that the main objec-
tive of the study has been achieved. There is a gap in the literature regarding
using an AMR sensor to monitor cracks in concrete. While several magnetic sen-
sors are employed, they primarily rely on electromagnetic fields. Therefore, this
study introduces a novel approach that addresses this gap and develops a new
method for crack monitoring. Furthermore, the recommendations in this study can
be implemented to transform it into a fully functional Structural Health Monitoring
(SHM) system.
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