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Abstract 

Life quality, industrial productivity, and community safety can be assured by the reliability and 

the safety of infrastructure such as highways, bridges, and energy-supply systems. Reinforced 

concrete is the most-commonly used massive construction material in urban, road and industrial 

infrastructure because of its mechanical properties, durability, and mouldability. Concrete has 

acceptable compressive strength but relatively low tensile strength, so steel reinforcement rods 

(rebar) are usually added to concrete to enhance its tensile strength. However, steel rebar is subject 

to the serious and costly problem of corrosion, which eventually can significantly degrade the 

mechanical properties of concrete. Quantifying the corrosion condition of reinforcing steel can 

help manage associated risks arising from the unexpected function failure of reinforced concrete 

structures. In efforts to avoid such failures, engineers rely on quantitative time-history condition 

monitoring of reinforcing steel to help make decisions on rehabilitation, decommissioning, or 

replacement of concrete infrastructure.  

The self-magnetic behaviour of ferromagnetic materials can be used for quantitative condition 

assessment. Inspection of reinforced concrete structures by a method based on this concept is under 

development. Improving the data recording, mathematical simulation and interpretation so as to 

obtain more-reliable outcomes from this novel NDT technology (Passive Magnetic Inspection 

(PMI)) is the main aim of this research project. This thesis, consisting of eight chapters, 

investigates various experiments and simulations, and delineates future work: Chapter 1 includes 

the introduction, theoretical background, and research objectives; Chapter 2 consists of numerical 

simulations and experimental results on the passive magnetic behavior of a rebar with pitting; 

Chapter 3 represents the simulations and experimental results of the investigations on rebars with 

local longitudinal defects; Chapter 4 investigates the self-magnetic behaviour of rebars with 

different sizes of crack; Chapter 5 covers numerical simulations and experimental results of 

passive magnetic behavior of an intact rebar and a rebar with general corrosion; Chapter 6 

compares the magnetic flux density values generated from rebars with different degrees of general 

corrosion; Chapter 7 describes a successful fieldwork project; Chapter 8 outlines a general 

conclusion and future works that can help the further improvement of the inspection technology.  

To explain the content of the thesis in more detail, through the analysis of magnetic data, Chapters 

2, 3, and 4 cover methods for identifying the local defects in steel reinforcements, and Chapters 5 
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and 6 focus on realizing the general corrosion of steel rebars. Applicable findings generated from 

Chapter 2 to Chapter 6 are used in detecting and categorizing the local defects and general 

corrosion in steel rebars. For instance, it is shown that a certain percentile threshold can be applied 

on magnetic data to accurately detect longitudinal defects. It is also demonstrated that medium and 

large cracks are detected by magnetic valuesô absolute gradients of greater than 0.87 ʈὝȾάά  

and 0.95 ʈὝȾάά , respectively. In addition, it is shown that the average of standard deviations 

calculated for a magnetic data set decreases when the degree of general corrosion increases. The 

findings in the first six chapters are implemented to establish the data gathering, data analysis, and 

interpretation approaches used in the field work described in Chapter 7.  

In the field work, the condition of culvert C072ôs reinforced concrete (RC) bridge structure 

(located in the north of Markham, Ontario, Canada) is inspected. The inspection, supervised by 

the Corporation of the City of Markham, uses PMI technology. The inspection outcomes 

demonstrate that the sections close to the south and north ends of the bridge display the most-

severe reinforcement anomalies: roughly, maximums of 20% and 14% of the reinforcementôs 

cross-sectional area loss are detected close to the bridging structureôs south and north ends, 

respectively. Additionally, an area in the middle of the bridge is found to have a noticeable 

anomaly in the reinforcement. The results generated from the magnetic data, collected using a PMI 

scanner, are in good agreement with visual-investigation results and the culvertôs historical 

information, such as the concreteôs chloride content and compressive strength values, as well as 

information from a half-cell potential survey. Culvert C072ôs condition is considered moderately 

deteriorated and corrective actions are recommended.  
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1. Chapter 1: Reinforced concrete assessment  

1.1. Importance of reinforced concrete corrosion assessment 

Reinforced concrete as a composite infrastructure material is widely used in construction because 

of its excellent properties (Babaei and Tavassolian, 2015) and construction ease. Three factors 

control the behavioural responses of reinforced concrete: the reinforcing steel (generically referred 

to as rebar) which has a noticeable ductile nature, the concrete itself which has a noticeable brittle 

nature (low tensile strength but high compressive strength), and the condition of the rebar-concrete 

bonding (to achieve reliable stress transfer) (Hameed et al., 2017).  

Reinforced concrete is commonly used in infrastructure such as buildings, bridges and highway 

construction (Boyle and Karbhari, 1995). The quality of a countryôs transportation system is 

mostly based on the conditions of its highway bridges, all of which contain steel. At the present 

time, apparently, approximately 28% of concrete bridge decks in the US and 33% of highway 

bridges in Canada can actually be considered operationally deficient or in a condition warranting 

cessation of active service, mainly because of rebar corrosion (Abouhamad et al., 2017). 

Rebar corrosion is a common reason for reducing the service life and load capacity of 

environmentally exposed structures (Li and Ye, 2017). It appears that the major reason for concrete 

structuresô failure is rebar corrosion, which can become more serious under aggressive 

environmental conditions such as de-icing by salts (during winters) or being in coastal locations 

(Zhao et al., 2011). The mechanical properties of steel rebars are remarkably influenced by 

corrosion, hence investigation of corrosion conditions can help in determining the local and global 

safety levels of reinforced structures. Corrosion reduces the nominal cross-section area, which 

results in non-uniforms stress distribution and stress concentrations at notch tips (Fernandez et al., 

2015), increasing the risk of catastrophic rupture.  

Various studies have been performed to represent the influence of the corrosion degree (percentage 

of mass reduction due to the corrosion) of rebars on their mechanical properties. For instance, 

Figure 1.1a and Figure 1.1b show the results of static and dynamic loading (with a 200 MPa stress 

range) of several steel-rebar specimens with 12 mm diameter and 310 mm to 320 mm length. It is 

shown that increasing the corrosion degree causes the yield strength and resisting cycles to 

decrease for monotonic tensile tests and high cycle load tests, respectively (Fernandez et al., 2015).  
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Tolerating operational loads requires an appropriate bond between concrete and rebar (Kearsley 

and Joyce, 2014), and bond deterioration leaves structures more vulnerable to vibrations related to 

daily usage or large short loads such as those caused by earthquakes (Shi et al., 2009). Rebar 

corrosion degrades bonding quality and can create cracks in the structure from volumetric 

expansion (Mahbaz, 2016). Figure 1.1c shows the results of pull-out tests of several corroded 

rebars with a length of 355 mm and diameter of 10 mm. At the initial period of corrosion (until the 

2% corrosion degree), the confinement of the rebar in the concrete is increased due to the formation 

of adhesive corrosion products, so the bond strength increases. However, a further increase in the 

corrosion degree leads to more interfacial pressure and concrete cracking, which can reduce bond 

strength to less than 75% of its original value (Kearsley and Joyce, 2014).  

  
(a) (b) 

 
(c) 

Figure 1.1. Relation between the corrosion degree and mechanical properties of steel rebars: (a) Yield 

strength under static loading (Fernandez et al., 2015), (b) Resisted cycles under dynamic loading (Fernandez 

et al., 2015), (c) Bond strength under pull-out test (Kearsley and Joyce, 2014). 

The corrosion of steel rebar embedded in concrete falls into two categories: one is related to the 

specifications of the rebar and the concrete, the other includes the environmental conditions 
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(temperature, humidity, pH, salinity, etc.) to which the structure is exposed (Valipour et al., 2014). 

Exposure to chloride ions, usually from environmental exposure, is the most significant reason for 

rebar corrosion (Montemor et al., 2003). Long-term exposure to chloride ions deteriorates the 

passive layer of oxide on the steel rebar, causing significant deterioration or structural failure, 

which can carry substantial economic loss (Valipour et al., 2014). To reduce safety threats and 

financial impact, the condition of corrosion-threatened rebar should be monitored so that risks can 

be quantitatively managed (repair, replace, restore) (Muchaidze et al., 2011). 

1.2. Reinforced concrete inspection methods 

Non-Destructive Testing (NDT) is defined as techniques capable of detecting flaws and anomalies 

in or at the surfaces of structures without destroying or changing their original features 

(Gholizadeh, 2016). Several NDT methods are commonly used for monitoring the condition of 

composite materials from different aspects (Table 1-1). Visual Inspection (VI) remains the most-

common NDT approach used for assessing the corrosion condition of reinforced concrete 

structures (Alcantara Jr et al., 2016). VI evaluates the external surface of the structure without 

directly assessing the internal conditions (Takahashi et al., 2015), and features such as external 

cracks and spalling are marked as signs of active corrosion (Alcantara Jr et al., 2016). Even with 

detailed rubrics and photo imagery, VI methods are weak and semiquantitative, and must be 

supported by other non-destructive methods (Concu et al., 2011).  

Table 1-1. Some common reinforced concrete assessment methods (Clifton et al., 1982; Zaki et al., 2015; Verma et 

al., 2013; Zhang et al., 2016). 

Inspection 

purpose 
NDT method Advantages Limitations  

Concrete 

quality, 

defects, and 

voids 

Visual 

inspection (VI) 

�x Inexpensive 

�x Large area coverage 

�x Strongly subjective 

�x Only superficial anomalies can be detected 

Infrared 

thermography 

�x Easy interpretation 

�x Safe (no radiation) 

�x Portable 

�x Relatively inexpensive 

�x Results affected by environmental conditions 

�x No quantitative information about corrosion 

conditions 

Radiography 

�x Appropriate detection of 

composition and thickness 

�x Locates the rebars 

�x Expensive 

�x Hazardous (radiation) 
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Table 1-1 (continued). 

Inspection 

purpose 
NDT method Advantages Limitations  

Surface 

hardness 

and 

compressive 

strength of 

concrete 

Rebound 

hammer 

�x Inexpensive 

�x Simple procedure 

�x Results affected by geometry and mass of test 

object 

Ultrasonic 

pulse velocity 

(UPV) 

�x Efficient cost 

�x Quick 

�x Portable 

�x Results affected by moisture and presence of 

rebars 

�x Requires coupling 

Corrosion 

rate and 

location 

Half-cell 

potential 

�x Easy 

�x Inexpensive 

�x Not quantitative 

�x Requires preparations 

�x Time consuming 

Linear 

polarization 

resistance 

(LPR) 

�x Quick procedure �x Results affected by temperature and humidity 

Galvanostatic 

pulse method 

�x Measures the half-cell 

potential and electrical 

resistance at the same time 

�x Not quantitative 

�x Requires preparations 

�x Time consuming 

�x Results affected by humidity 

Ground 

Penetrating 

Radar (GPR) 

�x Portable 

�x Inexpensive 

�x Effective for Large area 

coverage 

�x Complex outcomes 

�x Requires difficult interpretations 

Eddy Current 

Testing (ETC) 

�x Relatively inexpensive 

�x Good resolution 

�x Portable 

�x Sensitive to geometry of rebars 

�x Limited depth of inspection 

Magnetic Flux 

Leakage 

(MFL) 

�x Detecting various types of 

rebar defects 

�x high sensitivity 

�x Time consuming 

�x Expensive 

�x Requires a strong external magnetic field 

Reinforced concrete can be inspected for different types of defects using various types of NDT 

methods (Szymanik et al., 2016); some identify corrosion through implementing electrochemical 

measurements. For instance, anodic and cathodic regions can be located through surface potential 

measurements, and corrosion rates can be estimated by linear polarization resistance 

measurements. Other methods assess the extent of corrosion based on the electromagnetic 

phenomena; ECT and GPR are two well-known reinforced concrete NDT techniques based on 

low-frequency and high-frequency electromagnetic fields, respectively (Alcantara Jr et al., 2016).  

Each NDT method has limitations (Hussain and Akhtar, 2017); for instance, the macro-current 

measurement is complicated to interpret since its results are influenced by the distance between 

anode and cathode and by humidity (Xu et al., 2013). GPR results are influenced by the existence 

of voids and variable internal moisture conditions (Evans and Rahman, 2012) which can confound 
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interpretation in many ways, such as confusion with background structures, shadowing, or false 

identification of gaps or previously repaired sites as being corrosion sites (Type I errors). 

(Abouhamad et al., 2017). Half-cell potential surveys can only mark corrosion locations; they give 

no information about the corrosion extent (Twumasi et al., 2016). Ultrasonic pulse velocity (UPV) 

or Schmidt hammer techniques assess the mechanical properties of concrete with no information 

directly related to rebar corrosion (Verma et al��, 2013). Similarly, radiographic and acoustic 

inspections are used to assess concrete conditions, but give no direct information related to rebar 

conditions (Perin and Göktepe, 2012). Additionally, radiography is rarely used these days due to 

challenges such as high costs, special safety requirements, and the need to access the other side of 

a structure (Alcantara Jr et al., 2016). 

Magnetic based NDTs are also used widely for assessing rebar condition. Such methods are based 

on the changes of magnetic domains and magnetic properties of ferromagnetic materials due to the 

existence of defects, and can be categorized into active and passive approaches. Active magnetic 

approaches need actuators and receivers (Wang et al., 2012). Such methods need an external 

source such as electromagnets to properly magnetize objects during inspection (Daniel et al., 

2017), increasing assessment time and energy costs. Active magnetic-based methods such as 

magnetic flux leakage (MFL) can provide information directly related to the corrosion conditions 

of pre-magnetized ferromagnetic rebars (Makar and Desnoyers, 2001).  

In 1997 Dubov introduced a passive magnetic approach with only receivers, without magnetic 

actuation of the structures (Dubov, 1997). Passive magnetic methods inspect the ferromagnetic 

structures under the effect of the Earthôs magnetic field (Dubov and Kolokolnikov, 2008; Dubov, 

2012). Such methods require no special preliminary actions (Ahmad et al., 2015) or any expensive 

complicated artificial magnetic source (Gontarz et al., 2015), and use passive magnetic flux 

density to locate defects (Miya, 2002).  

1.3. Passive magnetic inspection theoretical background 

The Earthôs internal magnetic field is caused by liquid iron motion in the planetary core (Hughes 

and Cattaneo, 2016; Davies and Constable, 2017) plus contributions from other sources such as 

mantle movements, the nature of the lithosphere, etc. (BezdŊk et al., 2017). The magnetic field is 

a three-dimensional vector (Taylor et al., 2017) with a harmonic pattern due to the globeôs 

rotational movement (Zagorski et al., 2017). The vector field originates from the surface of the 
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Earth and extends beyond the atmosphere, and its magnitude and orientation are also functions of 

location (Taylor et al., 2017) and time (BezdŊk et al., 2017). 

Natural magnetic fields and other influential local magnetic sources (Mahbaz et al., 2017), 

combined with the effect of internal and external stresses, can change the scattered stray magnetic 

field of ferromagnetic materials (Mironov et al., 2016). Internal domain-wall displacement and 

magnetic-moment rotation in ferromagnetic materials happen under the influence of external 

magnetic fields (Guo et al., 2016), and there are relationships between the micro-magnetic 

characteristics of these materials and their mechanical response (Gupta and Szielasko, 2016). For 

example, if a steel rebar is deformed significantly in the presence of a magnetic field during 

manufacture, the magnetization of the domains and their orientation within the steel are affected.  

Self-Magnetic Flux Leakage (SMFL) is assumed to take place in the stress concentration areas of 

ferromagnetic materials affected by mechanical load under the Earthôs magnetic field (Huang and 

Qian, 2017), and this condition can remain even after removing the load, creating detectable 

magnetic leakage at the material surface (Yuan and Zhang, 2010). Measuring SMFL at the surface 

of the materials helps in estimating their stress-strain state (SSS), an important parameter in 

determining a structureôs reliability (Dubov, 2012). Therefore, the relation between localized stress 

and oriented magnetic domains is useful for detecting defects in ferromagnetic materials within 

the background magnetic field of the Earth (Jarram, 2016). 

Magnetic field parameters at a point in space are represented by magnetic flux density (B) and 

external magnetic field (H). Magnetic flux density (B) represents the closeness of the magnetic 

field lines and shows the strength of the magnetic field (Tauxe, 2010). Also, Gaussôs magnetic 

field law states that ɳ B = 0 (Hu et al., 2017). H and B may have a complex relation in magnetic 

materials (Tabrizi, 1987), but engineers usually invoke the relation established by Faraday and 

Maxwell which demonstrates that B is produced in magnetisable material due to the existence of 

a primary magnetic field (H) (Tanel and Erol, 2008). 

Numerical simulation of the PMI method is performed based on the stray magnetic field (Ὄ  and 

the stray magnetic field energy (Ὁ) (Mahbaz et al., 2017). Hubert and Schäfer (1998) presented 

the relation for calculating the stray magnetic field (Eq. 1-1), based on summarizing Gaussôs 

magnetic field law. In Eq. 1-2, magnetic polarisation (J) is the product of ñVolume-normalized 

magnetizationò M, multiplied by ñVacuum magnetic permeability of free spaceò ʈ (Ahrens, 
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1995). Additionally, a relation suggested for estimating the stray magnetic field energy uses the 

magnetic chargesô balance and integration over the volume of a ferromagnetic material (Eq. 1-2).  

ὨὭὺ�+�G �G�L�Y����ὐ
�—��

  (1-1) 

Ὁ
ρ

ς
�—�� ὌὨὠO Ὁ

ρ

ς
�—�� Ὄ ϽὐὨὠ    

 

 (1-2) 

Based on potential theory, volume charge density (‗  ï Eq. 1-3 ï and surface charge density „  

ï Eq. 1-4 and Eq. 1-5 ï are other parameters related to Magnetization (M) ï Eq. 1-6 ï and can be 

implemented for computing stray fields. Surface charge density is calculated by Eq. 1-4 when there 

is just one magnetic medium; Eq. 1-5 is applied when there are two varied different media with 

their own magnetization values and a specific vector perpendicular to the separation plane of those 

materials (n).  

‗  ÄÉÖὓ (1-3) 

„ ὓϽὲ (1-4) 

„ ὓ  ὓ  Ͻ  ὲ (1-5) 

ὓ ὶ  ὐὶ ὐϳ  (1-6) 

According to Eq. 1-7, the stray field energy at a position (r) can be also calculated through the 

negative gradient of the potential of the stray field energy at a place (  ὶ) (Kronmuller, 1987), 

where   ὶ ï Eq. 1-8 ï is a function of magnetization saturation (ὐ , volume charge density 

(‗ , surface charge density „  and the derivative of the position vector ὶ . Next, the magnetic 

field energy is obtained from Eq. 1-9 through the integration of surface charge density and volume 

charge density over the volume and surface, respectively. 

Ὄ ὶ  ὫὶὥὨ  ὶ (1-7) 

  ὶ  
ὐ

τ“�—
 
‗ ὶ

ȿὶ  ὶ ȿ
 Ὠὠ  

„ ὶ

ȿὶ  ὶ ȿ
 ὨὛ     (1-8) 

Ὁ  ὐ ‗ ὶ   ὶὨὠ  „ ὶ   ὶὨὛ     (1-9) 

The passive magnetic method can detect not only defects in rebar such as corrosion or cracks 

(Ahmad et al., 2015) but also stress changes arising from mechanical loads in ferromagnetic 

materials because of alterations in crystalline structure (Witos et al., 2014). 



8 

 

Steel reinforcement commonly used for transferring tensile stresses in different parts of industrial 

structures such as bridges (Kopas et al., 2016). The main reasons for structural failure are 

associated with steel reinforcement failure linked to micro-defects and stress-concentration regions 

that intensify the destructive effects of corrosion, fatigue, and creeping (Xin et al., 2012). Stress 

measurements help in monitoring the safety of structures that contain steel parts. Stress values 

(changes) can be measured using strain gauges but this is generally considered a destructive 

method unless the sensors are all pre-installed. Hence, magnetic non-destructive techniques have 

been developed to evaluate the stress behaviour of ferromagnetic steel structures, even under 

operating conditions (Sakai et al., 2004).  

Previous investigations have demonstrated the relationship between the magnetic properties and 

the stress behaviour of ferromagnetic materials. For instance, it has been shown that materials with 

residual stress have different magnetic behaviour (Luming et al., 2003). Additionally, studying the 

magnetic behaviour of ferromagnetic specimens during their elastic phase can predict rupture 

locations with an acceptable accuracy. This latter quality motivates efforts to predict places prone 

to failure (micro-defects) using the passive magnetic method (Da-wei et al., 2005). Moreover, it 

is understood that ferromagnetic materials have distinguishable magnetic properties at elastic and 

plastic phases of their mechanical stress-strain behavior, which can help in finding micro and 

macro scale defects by passive magnetic methods (Leng et al., 2010). 

The evaluation of ferromagnetic structures by magnetic non-destructive techniques works based 

on the magneto-mechanical coupling. Ferromagnetic materials are composed of many magnetic 

domains that can be influenced by internal and external stresses. Such mechanical loads can 

displace the domain walls, which changes the macro-magnetic properties of ferromagnetic 

structures. Some magnetic non-destructive techniques work by using artificial (external) magnetic 

sources to pre-magnetize the steel structures to be inspected (Yao et al., 2012). However, 

mechanical loads can change the magnetic behaviour of ferromagnetic materials even under the 

ambient geomagnetic field (Li and Xu, 2012). 

Mechanical loading in the presence of the Earthôs magnetic field causes reversible and irreversible 

effects on the magnetic domains. To illustrate, the domainsô dislocations density is at its highest 

state in the middle of the stress concentration zones. Additionally, the self-magnetic flux leakage 

(SMFL) behaviour is clearly detectable around the stress concentration zones. It is assumed that 
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the tangential SMFL component is at its highest value when the polarity of its normal component 

is changed at the middle of the stress concentration zone (Figure 1.2) (Wang et al., 2010).  

  
(a) (b) 

Figure ��.2. SMFL behaviour around stress concentration zone: (a) Tangential component of SMFL, (b) Normal 

component of SMFL. 

The relation between stress and magnetic behaviour can be expressed by the Magnetostriction 

phenomena, which defines the effects of the magnetization in the changes of the dimensions of a 

material (Wilson et al., 2007). However, the magnetic behaviour of materials depends on their 

atomic structure, and stress changes can move the atoms and change the atomic arrangement, 

leading to different magnetic properties (Bulte and Langman, 2002). The magneto-mechanical 

effect is the reverse of the Magnetostriction phenomena and describes the changes in the magnetic 

properties of a material due to applied stresses (Wilson et al., 2007). Jiles (1995) stated that the 

relation between stress values („) and magnetization (M) can be expressed as in Eq. 1-10, where 

M is a function of anhysteretic magnetization (ὓ ȟ and irreversible magnetization (ὓ .  

Ὠὓ

Ὠ„
 
ρ

Ⱡ
„ρ ὧ ὓ ὓ

Ὠὓ

Ὠ„
 (1-10) 

Two other parameters also affect the above relation: ‐, a constant coefficient that is related to the 

elasticity modulus of the material; and ὧ, a dimensionless constant coefficient that expresses the 

domains wallsô flexibilities. Eq. 1-10. shows that the magnetization values resulting from stress 

can differ according to the magnetic properties of the ferromagnetic materials (Jiles, 1995). 

Additionally, the Magnetostriction phenomena can be explained by energy equations. A materialôs 

energy state is stable under the conditions of not being affected by either an external load or 

magnetic field, as in Eq. 1-11, where the total energy (E) is equal to the summations of magnetic 

anisotropy energy (%), magnetoelastic energy (% ), and elastic energy (%  (Ren et al., 2001). 

Ὁ Ὁ Ὁ Ὁ   (1-11) 
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If a material is subjected to an external force, the energy related to that applied stress (%) should 

be added to Eq. 1-11, leading to a new equation (Eq. 1-12). The magnetoelastic stress energy can 

be represented according to Eq. 1-13, where — is the angle between the applied stress vector and 

the magnetising field, and ʇ is the saturation magnetostriction coefficient (Ren et al., 2001). 

Ὁ Ὁ Ὁ Ὁ Ὁ   (1-12) 

Ὁ
σ

ς
‗„ ὧέί— 

 
(1-13) 

 

1.4. Research methodology 

The Passive Magnetic Inspection (PMI) method, an NDT approach, was developed at the 

University of Waterloo for use in inspecting the corrosion conditions of rebar through scanning 

from the external surface of concrete (Mahbaz, 2016). Investigations have since been successfully 

conducted on PMI to enhance the interpretation quality of the recorded data (Mahbaz et al., 2017). 

However, additional studies on the magnetic behavior of ferromagnetic materials are required to 

achieve more accurate and better calibrated outcomes for engineering applications. Several 

specific steps are followed in this project to improve PMIôs data gathering and data interpretation 

processes for assessing the condition of the rebar in reinforced concrete.  

The magnetic flux density values of ferromagnetic rebars with different types and extents of local 

defects (considered as point sources affecting the stray magnetic field around rebars) and general 

corrosion (considered as linear sources affecting the stray magnetic field around rebars), are 

simulated numerically with the finite element method using COMSOL® software. The results of 

the simulations are compared with the experimental results for verification and calibration. Next, 

the experimental and simulation results are implemented in a real case study involving the 

inspection of a bridge structure, and successful outcomes obtained (Figure 1.3). 

 
Figure 1.3. General flow of the thesis. 
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In experiments, every data-gathering session is conducted by moving the PMIôs scanner on a 

defined path along the length of a rebar (the sensor array is centered above the rebar). Every scan 

along a specific path is repeated several times to statistically confirm the reliability of data 

recording. Data are recorded as a text file easily opened by different software products for 

interpretation. The distinct and diagnostic magnetic properties of rebar under different conditions 

(intact, with local corrosion, and with general corrosion) are recorded, while the linear density of 

data points collected is controlled through an appropriate scanning speed. Furthermore, various 

data-processing approaches are conducted in order to obtain more-accurate interpretations. The 

processes of data recording, data analysis, and interpretation can be generally represented in a flow 

chart (Figure 1.4).  

 
Figure 1.4. Flowchart showing the general process from data recording to data analysis and interpretation. 
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For confirming the quality of experiments, every scan is conducted several times (Cochran and 

Gertrude, 1957). This replication gives a more accurate measurement of the rebarôs magnetic flux 

density values and reduces the effects of systematic errors on data caused by ñtechnical or 

procedural factorsò (Malo et al., 2006) so as to establish the PMI data recordingôs precision. 

Means, and standard deviations are calculated for every scanning episode. Next, statistical tests 

such as Analysis of Variance (ANOVAs) (Kaur et al., 2014) and T- tests (Xu et al., 2017) are 

carried out to verify that there is no statistically significant difference between the data recorded 

in different scans.  

The data processing procedures include Fourier transform, use of sinusoidal parameters, statistical 

analysis, peak analysis, data smoothing procedures, normalizing, and using the gradient and SD 

values of data. Fourier transform, the conventional method for data analysis, can be used for 

decomposing the magnetic data into its amplitude and phase components (Mahbaz, 2016). Then, 

the recorded data can be investigated based on associated frequencies, so various data processing 

activities can be conducted. The signal-to-noise ratio of the recorded data can be increased using 

high frequency smoothing (Lam et al., 1981). Data also can be categorized based on their 

frequencies through high- and low-pass filtration (Costa-Garcēa et al., 2018) and be reviewed 

separately.  

Sinusoidal parameters can help better interpret the data, and these parameters can be estimated 

through a Fourier spectrum (Mosharafi et al., 2020). However, a Fourier transform represents the 

function based on sine and cosine waves approaching infinity (Modi et al., 2004); it also has 

difficulties in describing occasional or transient odd signals (Zhao et al., 2000). The shortcomings 

of Fourier transform can be compensated for by using peak analysis, and by investigating the SD 

and gradient values of magnetic data so as to more-easily determine local and abrupt signal 

changes due to local defects (Mosharafi et al., 2020).  

Statistical approaches are also considered in data processing procedures. It was demonstrated that 

the probability distributions and histogram frequencies of magnetic data can help in assessing the 

conditions of rebars (Mosharafi et al., 2018). On the other hand, magnetic data processing is 

performed through moving average smoothing procedures to identify trends in a signal without 

much affecting the signal, and thus reduce the effects of random errors on data. The goal of 

smoothing is to remove roughness (fast-changing components) to more easily recognize trends 
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(Guiñón et al., 2007). Next, the patterns of magnetic flux density values, or the amounts of their 

gradient over distance, are investigated to identify anomalies and defects in the rebars (Dubov and 

Kolokolnikov, 2012; Dubov et al., 2010). Furthermore, for better comparison, the ranges of values 

in simulation and experiment results will be modified to an equal range by normalization 

techniques such as Z-score and Min-Max normalization (Saranya and Manikandan, 2013).  

1.5. Research Objectives 

PMI technology is a novel NDT method for inspection of reinforced concrete developed at the 

University of Waterloo; many technical improvements are still needed to the method, most of 

which are investigated in this research project. Accordingly, this research project was planned to 

meet the following objectives:  

�x Review the theory and fundamental equations; 

�x Investigate the magnetic parameters of rebar with defects (e.g., holes, cracks, longitudinal 

defects); 

�x Investigate the magnetic parameters of rebar with different degrees of general corrosion; 

�x Study the influential parameters during inspections, such as defectsô clock positions in 

rebars and vertical distance of data recording; 

�x Improve data-recording, data analysis, and data-interpretation procedures; 

�x Investigate the reliability of the inspection method under the real conditions of a fieldwork. 

 

1.6. Contribution 

The experiments in a study by Mahbaz et al. (2017) explored defective rebar in conjunction with 

simulations, using solid rebar sketched in COMSOL® based on a real rebarôs geometry. The rebar 

was then magnetized, assuming a certain value of the magnetic field. Next, the passive magnetic 

behavior was investigated at a fixed distance from the rebar. To continue the technical 

development of PMI, the current research project focuses on complementary experiments on the 

same ferromagnetic steel rebar with artificial defects. In addition, the defective rebar will be 

scanned with a 3D laser scanner to generate a detailed point cloud of the structure. This point cloud 

data will be used in the finite element method software COMSOL® as the geometric basis for 

studying its magnetic behaviour under the influence of the Earthôs magnetic field. Different 
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magnetic properties of the object will be extracted and interpreted at several distances from the 

rebar. Additionally, a statistical detection method will be presented as a new development in 

passive magnetic data processing and interpretation.  

Furthermore, as a new investigation subject, the patterns of magnetic values at different local 

defects in steel rebars are studied. Novel approaches for data analysis of magnetic data are 

introduced to identify the defective sites in steel rebars. Additionally, certain innovative criteria 

are presented for categorizing the magnetic values based on the severity of the defects in rebars. 

Another new investigation subject in this thesis is the comparison of the self magnetic behaviour 

of an intact rebar and a rebar with general corrosion through simulations and experiments. 

Additionally, innovative data processing approaches are introduced for comparing the magnetic 

properties recorded over rebars with different degrees of general corrosion. Novel data gathering 

and data processing procedures, have been established, along with new interpretation approaches. 

This material has been incorporated in the first real case study, conducted on a reinforced concrete 

bridging structure. 

1.7. Thesis organization 

This thesis is divided into two main parts: laboratory investigations and field work. The former 

investigates the self-magnetic properties of rebars with local defects, and rebars with different 

degrees of general corrosion. To ensure the reliability of the investigations, the magnetic data sets 

are subjected to different methods of statistical analysis. Additionally, the self-magnetic behaviors 

of similar defective rebars are subsequently simulated under the effect of Earthôs magnetic field, 

using a finite-element based software. The recorded data sets are interpreted using different data-

processing approaches, and noticeable relations are observed between the magnetic properties and 

the rebarsô physical conditions. The findings obtained from these investigations are implemented 

in a case study to detect and categorize corrosion sites in the steel reinforcements embedded in the 

deck of a bridging structure located in the north of Markham city (Ontario, Canada). The thesis 

has eight chapters:  

Chapter 1: Introduction to nondestructive testing methods and the methodology used in this 

thesis, and organization of the thesis;  

Chapter 2: Review of self-magnetic behavior of a rebar with forged holes;  
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Chapter 3: Investigation of the magnetic properties of rebars with similar longitudinal defects; 

Chapter 4: Study of the magnetic response of rebars with different sizes of cracks; 

Chapter 5: Comparison the self-magnetic behaviour of an intact reinforcement with a generally 

corroded one;  

Chapter 6: Assessment of magnetic properties recorded over reinforcements with different 

degrees of general corrosion; 

Chapter 7: Case study on reinforced concrete bridging structure assessment using the findings 

from previous chapters; 

Chapter 8: Conclusion and recommendations. 
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2. Chapter 2: Detection of forged hole on reinforcement using PMI  

technology 

The contents of this chapter are reflective of an original manuscript published in the journal 

of   Applied Sciences. 

Mosharafi, M., Mahbaz, S., Dusseault, M.B. 2018. Simulation of real defect geometry and its 

detection using passive magnetic inspection (PMI) method. Applied Sciences (Switzerland), 8(7): 

1147. 

Author Contributions:  Conceptualization, M.M., S.M., and M.B.D.; Data curation, M.M.; 

Formal analysis, M.M.; Funding acquisition, M.B.D.; Investigation, M.M.; Methodology, M.M., 

and S.M.; Supervision, M.B.D.; Writingðoriginal draft, M.M.; Writingðreview & editing, M.M., 

S.M., and M.B.D. 

2.1. Introduction 

Corrosion initiation in reinforcement steel happens mainly due to the existence of chloride ions in 

the surrounding area. Subsequently, corrosion can progress, forming more corrosion products, and 

applying force on the concrete covering (Zhao et al., 2011), leading to cracking, which facilitates 

access to more corrosion-inducing agents. Rebar corrosion in concrete (as an electrolyte) is an 

electrochemical process, categorizable into two groups based on the mechanical changes of the 

rebar and concrete: local corrosion (pitting) and general corrosion (Perkins, 2000). Both pitting 

and general corrosion are considered threats to the reliability of reinforced concrete structures, and 

their adverse consequences can be predicted based on parameters such as cover depth, moisture 

content, stray currents, and microbial activities (Mackechnie and Alexander, 2001). To continue 

the technical development of PMI with respect to local corrosion, for this chapter, a ferromagnetic 

steel rebar with artificial defects (holes) is scanned with a 3D laser scanner to generate a detailed 

point cloud of the structure. The point cloud data set is then served as the geometric basis for finite 

element method software (COMSOL®), with the Earthôs magnetic field as an input. Different 

magnetic properties of the object are extracted and interpreted, and the parameters influencing 

them are investigated. 
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2.2. Numerical simulation procedure and results 

The surface of a ferromagnetic rebar (low carbon steel) with a length of 373.87 mm, diameter of 

16 mm, and two artificial defects (Table 2-1) (Mahbaz et al., 2017) was scanned using a high 

resolution 3D laser scanner (FARO LS 840 HE) (Figure 2.1.a) (Nahangi and Haas, 2014). The 

shape of the rebar was created with cloud points (Figure 2.1.b) which were modified and converted 

to a mesh by Mesh Lab V1.3.2 (ñMeshlabò, 2017). Subsequently, the produced mesh was imported 

to COMSOL® software and converted to a discretized surface and solid, respectively (Figure 

2.1.c).  

 
Figure 2.1. Process of converting the geometry of real rebar in to a solid model: (a) Scanning the rebar with 3D laser 

scanner, (b) Cloud points of rebar, presented in MeshLab, (c) Solid illustration of rebar. 

The solid rebar was simulated via COMSOL® software with regard to the magnetic field of the 

Earth. As the Earthôs magnetic field varies somewhat in time and location, to obtain consistent and 

realistic results, the average (within a year) of the different components of the magnetic field for 

the Waterloo, Ontario region (the location of the experiments) was adopted for the simulations 

(Table 2-2). Moreover, since the unitless relative magnetic permeability of low carbon steels 

(ASTM 1020) ranges from 50 to 100 (Rose et al., 1995; Ribichini, 2011), a relative magnetic 

permeability of 75 (Mahbaz, 2016) was selected for this study.  
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The duration of being affected by an external magnetic field will affect the magnetic behavior of 

ferromagnetic materials. In reality, ferromagnetic materials are affected by the magnetic field of 

the Earth from the beginning of their production process. There may also be some unknown 

external magnetic sources in the surrounding environment which affect the magnetic behaviour of 

ferromagnetic objects (Li et al., 2017). However, as accurately as possible, we can apply the 

magnetic field of the Earth to the object and simulate its magnetic behaviour, though some 

divergence will exist between the simulation and the experimental results. 

Table 2-1. Specifications of the two holes in the rebar. 

Hole name Diameter 

(mm) 

Depth 

(mm) 

Y- Location from the rebarôs start 

point (mm) 

Hole 1 0.58 1.24 57.91 

Hole 2 0.68 0.57 282.67 

Table 2-2. Background magnetic field (magnetic field of the Earth): from August 2016 to August 2017 (ñNatural 

Resources Canada,ò 2017). 

Background magnetic field (X component) 18 µT  

Background magnetic field (Y component) -3 µT 

Background magnetic field (Z component) 50 µT 

To consider the Earthôs magnetic field in the simulation, the rebar was located in a��regular space 

with dimensions of 100 mm × 150 mm × 410 mm that included the magnetic field specified in 

Table 2-2 (Figure 2.2). To have better control of simulation parameters, the box and rebar were 

meshed separately with tetrahedral meshes according to the specifications of rebar mesh #1 and 

box mesh #1 in Appendix A. Then, the rebar and box were jointly subjected to the simulation 

process as a single system (Figure 2.3).  

 
Figure 2.2. Box used in analysis; arrows show the 

resultant vector for X, Y and Z components of the 

Earthôs magnetic field. 

 
Figure 2.3. Initial meshes of the system (front face of the 

box is removed for better visualisation). 
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2.2.1. Defect detection 

After applying the rebar and box in the simulation process as a combined system, the values of the 

different components (X, Y, and Z) of the magnetic flux densities were recorded for the Y direction 

of the rebar (i.e., the path parallel to the rebarôs length). This path is at the surface of the rebar and 

extends from one side (Edge A) to the other side (Edge B) of the box (Figure 2.4). 

 
Figure 2.4. Path of the data recording (at the surface of the rebar in Y direction). 

As observed in Figure 2.5, at first the values of all the components of magnetic flux densities are 

equal to the background magnetic flux (the magnetic field of the Earth). When the Y distance 

reaches about 18.065 mm, at the end of the rebar, the values of all the components are changed 

based on the magnetic properties of the ferromagnetic rebar. The values of all of the components 

have a harmonic variation because of the corrugated rebar shape. When the Y distance reaches the 

end of the rebar, all the components of magnetic flux densities revert to the magnitudes of the 

background magnetic field. However, there is a distinguishable irregularity in the direction and 

values of all of the components at the location of Hole 2 (~301 mm from the Edge A of the box). 

This irregularity is in the form of a minimum peak in the values of the Z and X magnetic flux 

densities and in the form of a sudden change in the gradient of the Y component of the magnetic 

flux density (a spike above the zero line, followed by a sudden dip below the zero line, then a sharp 

jump back to the zero line). 
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Figure 2.5. Values of different components (X, Y and Z) of the magnetic flux densities in Y direction at the surface 

of the rebar (initial mesh of the rebar and box). 

There are some outlier values in the different components of magnetic flux densities, related to the 

specifications of the elements used in this simulation. In order to have mesh element independent 

results, more accurate element specifications were implemented on the rebar (Appendix A). Then, 

the minimum values of the Z component magnetic flux density (as a representative metric) from 

295.0592 mm to 307.0592 mm (values symmetric about Hole 2) were extracted. As seen in Figure 

2.6, values of the minimum magnetic flux densities become stable at rebar mesh #8 (Appendix A). 

Hence, the result of rebar mesh #8 was used for continuing the simulations. The magnetic flux 

density values for mesh #8 have no out-of-range or disorder trend, compared to the trend of rebar 

mesh #1, the initial simulation at the surface of the rebar (Figure 2.7).  
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Figure ��.6. Minimum values of Z component magnetic flux density, from 295.0592 mm to 307.0592 mm (values 

related to Hole 2, for different mesh specifications of rebar with fixed box mesh #1). 

 
Figure 2.7. Comparison between the values of Z component magnetic flux density of rebar mesh #8 with fixed box 

mesh #1. 

It was understood that increasing the spacing between the rebar and the recording point would 

result in some outliers in the trend of the Z component magnetic flux density, related to the 

specifications of the elements used in the box. To make the results of the simulation independent 

of the mesh, some more accurate element specifications were applied to the box (Appendix A). As 

a representative result, the magnetic flux density for the Z component at a distance of 16 mm was 

extracted (Figure 2.8). The minimum values from 295.0592 mm to 307.0592 mm (values related 

to Hole 2) became stable in the box mesh #5 (Figure 2.9). 

72

72.4

72.8

73.2

73.6

74

1 2 3 4 5 6 7 8 9 10 11

M
a
g
n
e

ti
c
 f

lu
x
 d

e
n
s
it
y 

(µ
T

)

Mesh numbers of rebar

0

10

20

30

40

50

60

70

80

90

100

110

0 30 60 90 120 150 180 210 240 270 300 330 360 390 420 450

M
a
g
n
e

ti
c
 f

lu
x
 d

e
n
s
it
y 

(Z
 c

o
m

p
o
n
e

n
t 

(µ
T

))

Y direction (mm)

Rebar Mesh number 1

Rebar Mesh number 8



22 

 

 
Figure 2.8. Path of data recording (with distance 16 mm from center of the rebar). 

 
Figure 2.9. Minimum values of Z component magnetic flux density, from 295.0592 mm to 307.0592 mm (values 

related to Hole 2), for different box mesh specifications with a fixed rebar mesh #8. 

Outcomes from the simulation of the rebar with mesh #8 and the box with mesh #5 were chosen 

for the rest of the investigations. Carrying out simulations with these specifications led to a 

graphical representation (Figure 2.10), which shows the behaviour of the Z component magnetic 

flux density at the location of Hole 2. Also, a planar slice of the magnetic field under the rebar 

(with the distance of 17 mm) shows the conditions of the stray magnetic field around the rebar. As 

the distance from the rebar increases, the stray magnetic field around the rebar decreases relatively 

uniformly and symmetrically. 
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Figure ��.10. Behaviour of Z component magnetic flux density and normal magnetic field around the rebar (rebar 

mesh #8 & box mesh #5). 

2.2.2. Parameter analysis  

Figure 2.11 shows the values of magnetic flux densities of rebar with optimum mesh specifications 

at different spacings from the center of the rebar. The behaviour of the Z component magnetic flux 

density is distinguishable at Hole 2 at a maximum 16 mm from the center (Figure 2.11). For further 

investigation, the data-recording distance was increased to the maximum possible distance from 

the rebar, aligning with the inside edge of the box. At larger distances, the magnetic flux density 

trend becomes smoother and straighter and approaches the background magnetic field.  

The minimum values of Z component magnetic flux density, from 295.0592 mm to 307.0592 mm 

(values related to Hole 2), were considered for different distances. Increasing the vertical distance 

(in the Z direction) of the data recording line logarithmically decreased the minimum value of Z 

component magnetic flux density until this value reached an approximately constant value. The 

trend line showing the relation between minimum values of the Z component magnetic flux density 

and data recorded at various distances is a 4th-order polynomial equation (Figure 2.12). 
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Figure ��.11. Values of magnetic flux densities of rebar mesh #8 and box mesh #5 at different vertical distances from 

the center of the rebar. 

 
Figure 2.12. Behaviour of the minimum values of Z component magnetic flux density, from 295.0592 mm to 

307.0592 mm (values related to Hole 2), of rebar mesh #8 and box mesh #5, recorded at different vertical distances. 
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2.2.3. Statistical analysis of the magnetic data 

Assuming that the magnetic flux densities of different locations on the rebar are independent of 

one another, the probability graph method was used for fitting magnetic flux values to a probability 

distribution. The magnetic-flux-density data were plotted against various probability distributions 

(normal, log-normal, Weibull, and Gamma distributions); a Gamma distribution was chosen based 

on the method of least-squared error (Figure 2.13). This distribution is based on a flexible function 

of two parameters: ‌ and ‍ (Eq. 2-1), calculated by the mean and standard deviations (SD), which 

are 87.8 ɛT and 25.6 ɛT, respectively. As observed in Figure 2.14, the Gamma function correlates 

well with the histogram frequency of data, and this approximation may be useful for estimation in 

practical cases. 

Ὢὼ
ː
 ὼ Ὡ   (2-1) 

 
Figure ��.13. Probability plot used to investigate the correlation of simulation data with a Gamma distribution. 
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Figure 2.14. Histogram frequency of simulation data along with gamma distribution probability density. 

According to Figure 2.11, a Z component magnetic flux density less than 76 ɛT (without 

considering the edge effect and background magnetic field) corresponds to the location of Hole 2. 

Importing this value into the obtained CDF shows that 0.76% of data is related to the defective 

locations. In other words, 0.76 percent of the rebar surface (at the scanned section) can be 

considered imperfect. This result can be verified by the Monte Carlo simulation method (based on 

inverse values of the obtained gamma distribution function). Figure 2.15 presents the probability 

of defects considering the mean, SD, and limit state, showing that the probability of defectiveness 

fluctuates until the first 300 trails are completed, then stabilizes at the value of ~0.75%.  

For our statistical investigations, we considered the magnetic data as independent variables. Those 

independent variables were described by the chosen probability distribution with its particular 

distribution parameters. Knowing that distribution allowed us to estimate an interval over which 

the unknown future values may lie (with a certain amount of confidence). Using the above-

mentioned CDF of the gamma distribution, about 98% of all of the data are from 76 ɛT to 100 ɛT 

(Eq. 2-2). Hence, regarding the recorded magnetic data of the rebar, it can be predicted with 98% 

confidence that if the rebar was longer (by how much is irrelevant), the next values indicating 

flawless rebar would be somewhere between 76 ɛT and 100 ɛT. Values outside this range should 

be reviewed as suspected defect locations. 

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0

50

100

150

200

250

300

350

400

450

500

72 74 76 78 80 82 84 86 88 90 92 94 96 98 100 102H
is

to
g
ra

m
 f

re
q
u
e

n
c
y 

o
f m

a
g
n
e

ti
c
 f

lu
x
 d

e
n
s
it
y 

(Z
 

c
o
m

p
o
n
e

n
t)

 

Magnetic flux density (Z component (µT))

P
ro

b
a
b
ili

ty
 
d
e

n
s
it
y 

(b
a
s
e

d
 o

n
 G

a
m

m
a
 d

is
tr

ib
u
ti
o

n
)



27 

 

ὋὃὓὓὃὈὍὛρππ ‘Ὕ  ὋὃὓὓὃὈὍὛχφ ‘Ὕ πȢωψ (2-2) 

 
Figure 2.15. Defectiveness probability for inspected rebar based on Monte Carlo simulation method (based on 

simulation outcomes). 

 

2.3. Comparison of the simulation results with previous experimental outcomes 

Figure 2.16 shows different components of magnetic flux densities at the surface of the rebar, 

extracted from the optimum mesh specifications (for rebar mesh #8, and box mesh #5). The noise 

and out-of-range values were at their minimum and results correlate well with experimental 

outcomes reported previously (Figure 2.17) (Mahbaz et al., 2017). The patterns of laboratory and 

simulated outputs at the holesô locations are reasonably similar, and the top hole, at ~301 mm from 

the Edge A of the box (Figure 2.16), ~282 mm of rebarôs start point (Figure 2.17), is substantially 

easier to detect than the hole in the side of the rebar. 
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Figure 2.16. Magnetic flux density values at different axes (X, Y and Z) in Y direction at the surface of the rebar 

(rebar mesh #8 and box mesh #5), resulting from simulation. 

 
Figure ��.17. X-component of magnetic þux density resulted from the previous experiments, square shows the Hole 2 

location (Mahbaz et al., 2017). 

2.4. Conclusion 

Robust defect detection in steel infrastructure elements would contribute substantially to risk 

management and condition evaluation over time. To this end, mathematical simulations were 

carried out on a pre-flawed specimen that was laser-scanned to generate a point cloud surface map 

-40

-30

-20

-10

0

10

20

30

40

50

60

70

80

90

100

110

0 30 60 90 120 150 180 210 240 270 300 330 360 390 420 450

M
a
g
n
e

ti
c
 f

lu
x
 d

e
n
s
it
y 

(µ
T

)

Y direction (mm)

Z Component

Y Component

X Component



29 

 

that served as the basis for model development. The intent was to establish detectability limits for 

very small flaws in order to reduce false positive and false negative errors in anomaly detection.  

The magnetic behaviour of the ferromagnetic rebar specimen was simulated with a finite-element-

based software considering the background magnetic field. Different components of magnetic flux 

densities on the surface showed consistent harmonic trends because of the corrugated shape of the 

rebar. However, there were specific irregularities in the direction and values for different 

components of magnetic flux densities at the location of Hole 2. Simulated patterns can be 

correlated with the experimental data at the holesô locations, so the top hole (Hole 2) was easily 

located, but not Hole 1 because of its orientation in the magnetic field and because the point cloud 

model did not replicate its true depth. The Gamma probability distribution was chosen to 

statistically assess the magnetic flux density behaviour of the rebar. Two main outcomes were 

extracted: 0.76 percent of the scanned section of the rebar was considered defective; and, if the 

rebar specimen was longer, the Z-component magnetic flux density values indicating flawless 

rebar would be predicted to lie between 76 ɛT and 100 ɛT with 98% confidence. 

The values of the different components of magnetic flux densities at different distances from the 

rebar were reviewed. Increasing the vertical distance of the data recording line led to a logarithmic 

reduction of magnetic flux density values. As this distance is increased, the magnetic flux density 

values became approximately constant and close to the background magnetic field. In conclusion: 

 

�x The pattern of the simulation results at defect locations were similar to the outputs of previous 

physical experiments; 

�x The background magnetic field had a significant effect on the trend and values of different 

components of the magnetic flux density; 

�x All magnetic flux density components displayed correctly located anomalies corresponding to 

the defect on the top surface of the rebar; 

�x  Increasing the distance from the rebar changed the trend and values of the magnetic flux 

densities such that at some distance the anomaly became undetectable;  

�x To detect various shapes and sizes of defects at different places along a rebar specimen, 

additional magnetic parameters should be considered. For instance, the Z component of the 

magnetic flux density was totally constant on the sides of the rebar, and could not detect the 

anomaly arising from Hole 1; 



30 

 

�x The stray magnetic field around the rebar decreased relatively symmetrically by increasing the 

distance from the rebar 

�x The choice of the gamma distribution to model the Z-component magnetic flux density values 

of the numerical simulation resulted in valuable interpretations.  
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3. Chapter 3: Longitudinal defect detection in three similar rebars using 

PMI technology 

Most portions of this chapter are reflective of an original manuscript submitted by the Ph.D. 

candidate (Milad Mosharafi) to the journal of Nondestructive Evaluation in September 2019. 

3.1. Introduction 

Steel rebar corrosion, the major reason for concrete structuresô failure (Zhao et al., 2011), can 

appear in different forms, including general or local corrosion (Perkins, 2000). One of the most 

common forms of local corrosion on the surface of steel reinforcement is pitting, which non-

uniformly reduces the effective cross-sectional area and causes stress concentration zones (Ma et 

al., 2017). Pitting-corrosion shapes can be circular (Jiang et al., 2017), semicircular (Ma et al., 

2017), or longitudinal (Tahershamsi et al., 2017). This type of corrosion may be non-uniformly 

distributed along a rebar, and its position may be related to the concreteôs properties (such as 

permeability and thickness of cover), steel impurities, and small-scale environmental conditions 

(Stewart, 2009). In the previous chapter, investigations were conducted on the magnetic properties 

recorded over a rebar with circular pittings (holes). To achieve more-accurate and better-calibrated 

outcomes, additional studies are necessary to improve the analysis and interpretation approaches 

conducted on the magnetic data. The study described in this chapter focuses on experiments and 

simulations that investigate ferromagnetic steel rebars with artificial longitudinal defects.   

In this chapter, self-magnetic flux leakage (SMFL) data are recorded by running a PMI scanner 

over three similarly defective rebars, each with three similar-sized longitudinal defects. The data 

are recorded at different vertical distances from a rebar with the defects at various clock positions. 

The magnetic data is analysed to identify the data patterns at the defect locations. A data value 

threshold is then defined, based on the magnetic data, for identifying the locations of the 

longitudinal defects. Next, the self-magnetic behavior of a solid defective rebar, similar to the 

rebars used in the experiments, is simulated using a finite-element-based software (COMSOL® 

software version 5.3a (COMSOL Group, Stockholm, Sweden)). The simulation is conducted under 

the influence of Earthôs magnetic field, in a manner similar to the investigations conducted by 

Mosharafi et al. (2018). Subsequently, SMFL data recorded through the experiments are compared 

with the simulation outcomes, and the robustness of the thresholding values is assessed. 
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3.2. Sample preparation and experimental setup 

For investigating the PMI deviceôs accuracy in detecting longitudinal defects, three 20 mm 

diameter steel rebars were cut to approximately the same lengths of 600 mm. One by one, the 

rebars were tightened into a milling machineôs vise, and suitable positions were found for creating 

three similar longitudinal defects spaced at even distances apart in a line along each rebar using an 

edge finder (Figure 3.1.a). The longitudinal defects then were created in rebars using a face drill 

bit (Figure 3.1.b). Next, the sharp edges and attached swarf resulting from machining were 

removed using��a file to finalize the specimensô preparation (Figure 3.2). 

  
(a) (b) 

Figure 3.1. The process of creating the defects in rebar: (a) Identifying the desirable position of defects using an 

edge finder, (b) Creating the defect using a face drill bit. 

 
Figure 3.2. Prepared rebars with three symmetrically-located and similar longitudinal defects. 

Measurements were then conducted on the rebars (Figure 3.3) to find the dimensions of the rebars 

and the longitudinal defects. A schematic drawing of the samples was subsequently prepared 

(Figure 3.4) to better study the relationships between the rebarsô magnetic and physical (i.e., 

dimensional) properties. According to Table 3-1, all 9 longitudinal defects have the same 

dimensions within a tolerance of about πᴜȢρ άά except for the defect #2 of rebar #2. The length 

of this defect (40.1 mm) has a deviation of about 1.2 mm from the mean value of the length of the 

other defects. 

rebar #1 

rebar #2 

rebar #3 
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(a) (b) 

 
(c) 

Figure ��.3. Measuring the rebars to provide an accurate schematic drawing. 

 

Isometric 

view  

Top view 

 

Left view 

Figure ��.4. Schematic drawing of prepared samples. 

 

 

 

 

defect #1 defect #2 defect #3 
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Table 3-1. Values for the parameters shown in Figure 3.4. 

Parameterôs 

name 

Rebar NO. Parameterôs 

name 

Rebar NO. 

1 2 3 1 2 3 

A (mm) 120.09 119.04 121.38 G (mm) 10 πȢρ 10 πȢρ 10 πȢρ 
B (mm) 279.91 278.08 281.75 H (Deg.) 30 30 30 

C (mm) 439.89 438.99 443.01 I (mm) 12.7 12.7 12.7 

D (mm) 599.81 598.29 604.5 J (mm) 19 19 19 

E (mm) 10 πȢρ 10 πȢρ 10 πȢρ K (mm) 20.03 20.03 20.03 

F1 (mm) 39.99 40.08 40.03     

F2 (mm) 40.13 41.44 40.01     

F3 (mm) 40.03 40.05 39.99     

 

3.3. Investigating the rebar with its defects at 12 clock position 

3.3.1. Scanning procedure 

The prepared defective rebars were located one by one at a non-magnetic location (remote from 

other ferromagnetic materials) and were scanned along their whole length using the PMI scanner. 

The PMI device consists of two main parts: a scanner and a data logger. SMFL arising from 

ferromagnetic rebars is scanned by sensors embedded in the PMI scanner (Mosharafi et al., 2018), 

and the corresponding distances of each magnetic data value along the linear tracking line are 

measured using an encoder attached to one of the scannerôs wheels. The resulting magnetic data 

sets are collected and stored in a memory card placed in the data logger for subsequent analyses 

and interpretations.  

The magnetic flux densities of the fixed rebars were measured at three dimensions (X, Y, and Z) 

at the vertical distance of 10 mm from their surfaces (the minimum vertical distance that can be 

applied with the PMI device) in order to record more-accurate magnetic data (Figure 3.5). To 

ensure accuracy, every rebar was scanned along the same path and direction ten times, with 

statistical T-tests conducted between every two scans (Eq. 3-1) (Montgomery, 2014). Next, the 

scan that was most significantly equal to the greatest number of other scans was chosen for use in 

the rest of the study. As an example, Figure 3.6 shows the ten scansô magnetic X component over 

rebar #2 from the distance of 100 mm to 500 mm of its length. Scan #3 was identified as the best 

candidate for the rest of the studies on that rebar, being significantly (at a level of 0.002) equal to 

eight other scans (Table 3-2). The procedure was then conducted for two other rebars to again 

choose the most-consistent scans. This procedure also allows evaluation of the repeatability of the 

measurement method, which at the present time is hand-held scanning, and therefore might be 

expected to have some variability from scan to scan. 
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Figure ��.5. Experimental data recording process. 
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Figure ��.6. X component magnetic flux density values recorded by ten separate scans of the same rebar (rebar #2), 

moving along a similar path and direction. 

Table 3- 2. One-by-one mean value comparisons of scan #3 to the other scans (from scan #1 to scan #2 and from scan 

#4 to scan #10); green color shows that ʈ=ʈ and red color shows that ʈÍʈ. 

Null 

hypothesis 
Ὕ  Ὕ  (with a significance level 

of 0.002) 

Result of the hypothesis test 

ʈ ʈ 0.30929 3.09 Ὕ ȿὝ ȿ O  fail to reject the null hypothesis 

ʈ ʈ 0.192412 3.09 Ὕ ȿὝ ȿ O  fail to reject the null hypothesis 

ʈ ʈ 0.254363 3.09 Ὕ ȿὝ ȿ O  fail to reject the null hypothesis 

ʈ ʈ 1.539648 3.09 Ὕ ȿὝ ȿ O  fail to reject the null hypothesis 

ʈ ʈ 0.47967 3.09 Ὕ ȿὝ ȿ O  fail to reject the null hypothesis 

ʈ ʈ 7.36928 3.09 Ὕ ȿὝ ȿ O ÒÅÊÅÃÔ ÔÈÅ ÎÕÌÌ ÈÙÐÏÔÈÅÓÉÓ 

ʈ ʈ 0.07102 3.09 Ὕ ȿὝ ȿ O  fail to reject the null hypothesis 

ʈ ʈ 3.294002 3.09 Ὕ ȿὝ ȿ O ÒÅÊÅÃÔ ÔÈÅ ÎÕÌÌ ÈÙÐÏÔÈÅÓÉÓ 

ʈ ʈ  0.454853 3.09 Ὕ ȿὝ ȿ O  fail to reject the null hypothesis 

 

Data analysis were conducted through various approaches on PMI-recorded magnetic flux density 

values. The three main approaches that detected the defects more precisely are as follows: 

�x Marking the minimum values after overall detrending; 

�x Peak analysis (without overall detrending) with a minimum distance restriction; 

�x Marking the minimum values after removing the dominate low frequency using the magnitude 

and power spectrum graphs; 

�x Using the derivative patterns of the data. 

3.3.2. Data-processing Approaches  

3.3.2.1. Approach #1: marking the main local minimum values after overall detrending 

This approach was carried out for the selected scans (using the T-testing) over each of the three 

rebars. The first and last 20 mm of the scans were deleted to remove edge effects. Next, a moving 
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average smoothing technique was used to smooth out short-range fluctuations and highlight 

longer-range trends. The magnetic data thus obtained showed overall patterns that were not 

desirable in finding the defect sites. Those overall trends, related to the inherent magnetic 

properties of the materials, can hinder data analysis and must be removed. Linear and non-linear 

detrendings algorithms were used to eliminate the overall patterns from the data, and a simple filter 

was used to identify values below a defined threshold. In this approach, the process of data analysis 

included the following steps (using MATLAB software): 

1. Instead of every magnetic value, a mean value was located. The means were taken from an 

equal number of data on either side of a central value (with a period of about 1.5 mm); 

2. The overall linear trend was removed by subtracting the best fitted straight-line from the 

magnetic data; 

3. The overall non-linear trend was removed by subtracting the best-fitted polynomial or 

Fourier function from the magnetic data; 

4. Main local minimum values of the obtained curves were marked and identified as the 

locations showing the places of the longitudinal defects. 

 

Figure 3.7 shows the complete details of the data processing approach conducted on the three 

rebars. The data resulting from rebars #1, #2, and #3 are respectively shown in Figures 3.7a1, 

3.7b1, and 3.7c1 before and after removing the linear trend. Additionally, Figures 3.7a2, 3.7b2, 

and 3.7c2 show the non-linear curves fitted for the overall non-linear trends (Appendix B) of data, 

respectively taken from Figures 3.7a1, 3.7b1, and 3.7c1. The data (after removing the linear trends) 

was subtracted from the fitted non-linear curves, and the residual plots, related to rebar #1, #2, and 

#3 are respectively shown in Figures 3.7a3, 3.7b3, and 3.7c3.  

All the defects can be detected through the presence of local minimums shown by red solid-line 

arrows in the residual plots. However, defect #2 of the rebar #2 cannot be clearly distinguished in 

Figures 3.7b3 (the red dashed-line arrow), since there are other local minimums with lower values 

in the non-defective sections. Differences between the magnetic behaviour of different defects may 

happen because of their slight angular deviation on the top of the rebar, since the magnetic sensors 

of PMI scanner are sensitive to small geometric effects, particularly sharp edges at different angles. 

To detect defect #2, after the magnetic data of rebar #2 was processed for a shorter span, a non-

linear curve was fitted to cover the dataôs overall non-linear pattern (Figure 3.8a). The residual 
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plot, resulting from subtracting the data (after eliminating the linear trend) and the non-linear fitted 

curve, showed the defect #2 of the rebar #2 as a main local minimum point (Figure 3.8b). Hence, 

the last residual plot (Figure 3.8b) was used in the rest of the investigations related to rebar #2.  

   
(a1) (a2) (a3) 

   
(b1) (b2) (b3) 

   
(c1) (c2) (c3) 

Figure ��.7. Signal analysis of the three rebars: (a1) Removing linear trend from rebar #1ôs magnetic data, (a2) 

Fitting a non-linear curve on a1ôs solid line, (a3) Residual plot after subtracting the non-linear fitted curve from a1ôs 

solid line; (b1) Removing linear trend from rebar #2ôs magnetic data, (b2) Fitting a non-linear curve on b1ôs solid 

line, (b3) Residual plot after subtracting the non-linear fitted curve from b1ôs solid line; (c1) Removing linear trend 

from rebar #3ôs magnetic data, (c2) Fitting a non-linear curve on c1ôs solid line, (c3) Residual plot after subtracting 

the non-linear fitted curve from c1ôs solid line. 
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