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Abstract

Life quality, industrial productivity, and community safety can be assured by the reliability and
the safety ofinfrastructure such as highways, bridges, and ersugply systems. Reinforced
concrete is the mosiommonly used massive construction material in urb@ad and industrial
infrastructurebecause of its mechanical properties, durability, and mouldal@ibncrete has
acceptable compressive strength but relatively low tensile strength, so steel reinforcement rods
(rebar) areusuallyadded to concrete to enhance its tensile strength. Hoveteelyebar is subject

to theserious and costly problenf corosion, whicheventually carsignificantly degrade the
mechanical properties of concret@uantifying the corrosion condition of reinforcing steel can
help manage associated risks arising ftbeunexpectedunction failure ofreinforced concrete
structues. In efforts to avoid such failures, engineers relygoantitative timehistory condition
monitoring of reinforcing steeto help make decisions on rehabilitation, decommissioning, or

replacement of concrete infrastructure.

The selfmagnetic 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 silmiland interpretatioso as to

obtain morereliable outcomes from thisovel NDT technology (Passive Magnetic Inspection
(PMI)) is the main aim of this research project. This thesis, consisting of eight chapters,
investigates various experiments and dations,and delineads future work: Chaptet includes

the introduction, theoretical background, and research objectives; CRaptesists of numerical
simulations and experimental resuits thepassive magnetic behavior of a rebar with pitting;
Chapte 3 represents the simulations and experimental results of the investigations on rebars with
local longitudinal defects; Chaptdr investigates theself-magneticbehaviour of rebars with
different sizes of crack; Chaptércovers numerical simulations amkperimental results of
passive magnetic behavior of an intact rebar and a rebar with general corrosion; Ghapter
comparsthe magnetic flux density values generated from rebars with different degrees of general
corrosion; Chaptei7 describesa successfufieldwork project Chapter8 outlines a general

conclusion anduture worksthatcan helgthefurtherimprovementof the inspection technology.

To explain the content of the thesis in more defaibugh the analysis of magnetic da@hapters

2, 3, and4 covermethods for identifying the local defects in steel reinforceman$Chapters$
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and6 focus on realizing the general corrosmirsteel rebars. Applicable findings generated from
Chapter2 to Chapter6 are usedn detecting and categorizindpe 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 datet ed by magnetic valuesd6 abiS¥ldut e gr ¢
and 0.95{ "W & , respectivelyIn addition, it is shown that the average of standard deviations
calculated for a magnetic data set decreases theategree of generalorrosion 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 destrb€hapter7.

In the field work,t he condi ti on oforced aohcvete r(RC) WCidy& &trGcsure r e |
(located in the north of Markham, Ontario, Canada) is inspected. The inspection, safd®yvis

the Corporation of the City of Markham, assPMI technology. The inspection outcomes
demonstrate that theections clos¢o the south and north ends of the bridge display the-most

severe reinforcement anomalies: roughly, maximant 20% and 14% of the
crosssecti onal area | oss are detected claose to
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 vigsnaéstigation results and the cutvé 6 s hi st or i
i nformation, such as the concreteds chloride
information from a halt e | | potential survey. Culvert CO72

deteriorated and corrective actions are recenuied.
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Chapter 1. Reinforced concrete assessment

1.1. Importanceof reinforced concrete corrosion assessment

Reinforced concrete as a composite infrastructure material is widely used in construction because
of its excellent propertieB@abaeiand Tavassolian2015) and construction ease. Three factors
control the behawural responses of reinforced concréte:reinforcing steel (generically referred

to asrebar) which has a noticeable ductile nature, the concrete itself which has a noticeable brittle
nature (low tensile strength but high compressive strength), andrid&ion of the rebaconcrete

bonding (to achieve reliable stress transfer) (Hane¢ed, 2017).

Reinforced concrete is commonly used in infrastructure such as buildings, bridges and highway
construction Boyleand Kar bhari, 1995) . The quality of
mostly based on the conditions of its highway bridges, all of which contain steel. At thet presen
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 corrosiauf@macet al, 2017).

Rebar corrosion is @ommon reason for reducing the service life and load capacity of
environmentally exposed structurés §ndYe, 2017). It appears that the major reason for concrete
structuresbod failure S rebar corrosi on, wh i
environmental conditions such asidag by salts (during winters) or being in coastal locations
(Zhao et al., 2011). The mechanical properties of steel rebars are remaikdiolgnced by
corrosion, hence investigation of corrosion conditions can help in determining the local and global
safety levels of reinforced structures. Corrosion reduces the nomisalseiion area, which

results in noruniforms stress distribution and stress concentrations at notch tips (Ferabadez

2015), increasing the risk of catastrophic rupture.

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

of mass reduction due to the corrosion) of rebars on their mechanical properties. For instance,
Figure 1.1a and Figurk1b showthe results of static and dynamic loading (with a 200 MPa stress
range) of several stegtbar specimensith 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 (Fezhahd#¥5).



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 eketh@8haiet 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 ebyutests of several corroded
rebars with a length of 355 mm and diametiel0 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 th
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).
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Figurel.1l. Relation between the corrosion degree and mechanical properties of steel rebars: (a) Yield
strength under static loading (Fernand¢al, 2015), (b) Resisted cycles under dynamic loading (Fernandez
et al, 2015) (c) Bond strength under pudlut test(Kearsley and Joyce, 2014)

The corrosion of steel rebar embedded in concrete falls into two categoress related to the
specifications of the rebar and the concrete, the other includes the environmental conditions



(temperature, humidity, pkalinity, etc.) to which the structure is exposed (Valipiwal., 2014).
Exposure to chloride ions, usually from environmental exposure, is the most significant reason for
rebar corrosion (Montemaat al, 2003). Longterm exposure to chloride ions debeates the
passive layer of oxide on the steel rebar, causing significant deterioration or structural failure,
which can carry substantial economic loss (Valipeual, 2014). To reduce safety threats and
financial impact, the condition of corrosithreatened rebar should be monitored so that risks can

be quantitatively managed (repair, replace, restore) (Muchetdde2011).
1.2. Reinforced concrete inspection methods

Non-Destructive Testing (NDT) is defined as techniques capable of detecting flaas@nelies

in or at the surfaces of structures without destroying or changing their original features
(Gholizadeh 2016). Several NDT methods are commonly used famitmiang the condition of
composite materials from different aspects (Tablg.lVisual Inspection (VI) remains the most
common NDT approach used for assessing the corrosion condition of reinforced concrete
structures (Alcantara &t al, 2016). VI evalates the external surface of the structure without
directly assessing the internal conditions (Takaheshil, 2015), and features such as external
cracks and spalling are marked as signs of active corrosion (Alcangiral,J2016). Even with
detailad rubrics and photo imagery, VI methods are weak and semiquantitative, and must be

supported by other nettestructive methods (Coneti al, 2011).

Tablel-1. Some common reinforced concrete assessment methods (Etitilbn1982; Zakiet al, 2015; Vermaet
al., 2013; Zhangt al, 2016).

Inspection S
P NDT method Advantages Limitations
purpose
Visual x Inexpensive x Strongly subjective
inspection (VI) x Large area coverage x Only superficial anomalies can be detectg
x Easy interpretation . -
Concrete y P . x Results affected by environmental conditio
. Infrared x Safe (no radiation) L . .
quality, x No quantitativeénformation about corrosion
thermography x Portable o
defects, and Relatively i . conditions
voids xRe at|ve.: y mexper?swe
x Appropriate detection of :
. o . X Expensive
Radiography composition and thickness -
x Hazardous (radiation)
x Locates the rebars




Table 11 (continued).

Inspection o
P NDT method Advantages Limitations
purpose
Surface Rebound x Inexpensive x Results affected by geometry and mass of
hardness hammer x Simple procedure object
and . . .
compressive Lllltrasolmc't X Eff|C|er1tkcost x Results affected by l;nmsture and presence
strength of pu SE;S/OCI y X Quic .re ars .
concrete (UPV) x Portable x Requirescoupling
x Not quantitative
Half-cell x Easy 4 .
. . x Requires preparations
potential x Inexpensive : .
x Time consuming
Linear
olarization . .
P . X Quick procedure x Results affected by temperature and humig
resistance
(LPR)
x Not quantitative
. x Measures the hatfell . .
Galvanostatic i . x Requires preparations
i pulsemethod potential and electrical x Time consuming
Corrosion resistance at the same tin .
rate and x Results affected by humidity
location x Portable

Ground
Penetrating
Radar (GPR)

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 Sensitive to geometry of rebars
x Limited depth of inspection

x Portable
Magnetic Flux| x Detecting various types of x Time consuming
Leakage rebardefects x Expensive
(MFL) x high sensitivity x Requires a strong external magnetic fielg

Reinforced concrete can be inspected for different types of defects using various types of NDT
methods (Szymanikt 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
measurementsOther methods assess the extent of corrosion based on the electromagnetic

phenomena; ECT and GPR are two vkelbwn reinforced concrete NDT techniques based on

low-frequency and higfrequency electromagnetic fields, respectively (Alcantast dr, 2016).

Each NDT method has limitationkl{ssainand Akhtar, 2017); for instance, the maecorrent

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

anode and cathode and by humidity @al, 2013). GPR restd are influenced by the existence

of voids and variable internal moisture conditioBggnsandRahman2012) which can confound

4



interpretation in many ways, such as confusion with background structures, shadowing, or false
identification of gaps or prewusly repaired sites as being corrosion sites (Type | errors).
(Abouhamacet al, 2017). HaKcell potential surveys can only mark corrosion locations; they give

no information about the corrosion extent (Twunesil, 2016). Ultrasonic pulse velocity RY)

or Schmidt hammer techniques assess the mechanical properties of concrete with no information
directly related to rebar corrosion (Verrea al, 2013). Similarly, radiographic and acoustic
inspections are used to assess concrete conditions, but giMectoinformation related to rebar
conditions Perinand Goktepe 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 (Alcantardret 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 asiglgpapproaches. Active magnetic
approaches need actuators and receivers (Warmd, 2012). Such methods need an external
source such as electromagnets to properly magnetize objects during inspection ¢Dahiel

2017), increasingassessmertime andenergy costsActive magnetiebased methods such as
magnetic flux leakage (MFL) can provide information directly related to the corrosion conditions

of premagnetized ferromagnetiebars lakarandDesnoyers2001).

In 1997 Dubov introduced a passive matic approach with only receivers, without magnetic
actuation of the structurg®ubov, 1997) Passive magnetic methods inspect the ferromagnetic
structures under the effect of the Earthods ma
2012). Such rthods require no special preliminary actismadet al, 2015) oranyexpensive
complicated artificial magnetic source (Gontatzal, 2015), and us@assive magnetic flux

density to locate defectMiya, 2002).

1.3. Passive magnetic inspection theoretical background

The Earthoés internal ma g n e aniindhe planetdryccore (Hughes u s e d
and Cattaneo2016;Davies andConstable2017) plus contributions from other sources such as

mat | e movements, the nat ureeal,80f7).THeenaghetidfiblbis p her
a threedimensional vector (Tayloet al 2017) with a harmonic pa

rotational movement (Zagorskt al, 2017). The vector field origates from the surface of the



Earth and extends beyond the atmosphere, and its magnitude and orientation are also functions of
location (Tayloretal , 2017) anaalt20lme ( BezdDnDk

Natural magnetic fields and other influential local magnetic ssu(tahbazet al, 2017),
combined with the effect of internal and external stresses, can change the scattered stray magnetic
field of ferromagnetic materials (Mironaat al, 2016). Internal domaiwall displacement and
magnetiemoment rotation in ferromagnetic materials happen under the influence of external
magnetic fields (Gucet al, 2016), and there are relationships between the rmegnetic
characteristics of theseaterials and their mechanical resporSegftaandSzielasko2016). 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 stéfcheel.a
SeltMagnetic Flux Leakage (SMFL) is assumed to take place in the stress concentration areas of
ferromagnetic materials affected byHuanmgandani c a
Qian, 2017), and this condition can remain even afeanaving the load, creating detectable
magnetic leakage at the material surface (YuarzZaaag,2010).Measuring SMFL at the siace

of the materials helps in estimating their strsain state (SSS), an important parameter in
determining a structureds reliability (Dubov,
and oriented magnetic domains is useful for detea&fgcts in ferromagnetic materials within

the background magnetic field of the Eardarfam2016).

Magnetic field parametergt a point in space are represented by magnetic flux deigigng

external magnetic fieldH). Magnetic flux densityE) represents the closeness of the magnetic

field lines and shows the strength of the magnetic fieklxe, 201D . Al s o, Gaussobs
field law states that B = 0 (Hu et al, 2017).H andB may have a complex relation in magnetic
materials Tabrizi, 1987, but engineers usually invoke the relation established by Faraday and
Maxwell which demonstrates thBtis produced in magnetisable material due to the existence of

a primary magnetic fieldH) (Taneland Erol, 2008

Numerical simulation of the PMI method is performed based on the stray magneti©fie&h(l

the stray magnetic field energ® () (Mahbazet al, 2017. Hubert and Schéfer (1998) presented

the relation for calculating the stray magnetic field (E4 1 , based on summar.i
magnetic field law. In Eq.-2 , magnetic pol ari sat i enormdlizéd I s t
magnet i M amtltiplechldy A Vacuum magnetic perxemsbi |l ity



1995. Additionally, a relatiorsuggested for estimating the stray magnetic field energy uses the

magnetic chargesdé6 balance and integrat-2on ove
Qo GLY (1-1)
O P_ 0Qu® O P_ D Qw

R R (1-2)

Based on potential theory, volume charge density { Eq. 231 andsurface charge density

T Eg. 24 and Eq. 57 are other parameters related to Magnetizationi(4y. -6 i and can be
implemented for computing stray fieldsurface charge density is calculated by E¢wihen there

is just one magnetic medium; Eg5lis 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).

_ ABO (1-3)
" 0 & (1-4)
., 0 0 Ot (1-5)
O 1 0ijo (1-6)

According to Eg. 17, the stray field energy at a positian ¢an be also calculated through the
negative gradient of the potential of the stiiald energy at a place ( i ) (Kronmuller, 1987),
where 1 T Eqg. 287 is a function ofmagnetization saturation) (, volume charge density

(L ,surface charge density andthe derivative of the position vectdr . Next, the magnetic
field energy is obtained fromq. 19 through the integration of surface charge density and volume
charge density over the volume and surface, respectively.

NON| Qi Qi a-7)
0 _ i wo | -
i - —— ayY (1-8)
T S| S 9 ()
O 0 _ i i Qw . 1 i Q%Y (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 (\Witak 2014).



Steel reinforcement commonly used for transferring tensile stresses in different parts akindustr
structures such as bridges (Kopetsal, 2016). The main reasons for structural failure are
associated with steel reinforcement failure linked to méefects and stresoncentration regions
thatintensify the destructive effects of corrosion, fagand creeping (Xiet 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 allipstalled.Hence, magnetic nedestructive techniques have

been developed to evaluate the stress behaviour of ferromagnetic steel structures, even under
operating conditions (Sakat al., 2004).

Previous investigations have demonstrated the relationship betweeraghetic properties and

the stress behaviour of ferromagnetic materials. For instamees Iiteen showthat materials with

residual stress have different magnetic behaviour (Luetiad;, 2003). Additionally, studying the
magnetic behaviour of ferromaetic specimens during their elastic phase can predict rupture
locations with an acceptable accuracy. This latter quality motivates efforts to predict places prone
to failure (micredefects) using the passive magnetic mettixevei et al, 2005. Moreover it

is understood that ferromagnetic materials have distinguishable magnetic properties at elastic and
plastic phases of their mechanical stresain behavior, which can help in finding micro and
macro scale defects by passive magnetic methods g@texig 2010).

The evaluation of ferromagnetic structures by magnetiedastructive techniques works based

on the magnetonechanical coupling. Ferromagnetic materials are composed of many magnetic
domains that can be influenced by internal and externadssse Such mechanical loads can
displace the domain walls, which changes the mamgnetic properties of ferromagnetic
structures. Some magnetic ndestructive techniques work by using artificial (external) magnetic
sources to prenagnetize the steel attures to be inspected (Ya al, 2012). However,
mechanical loads can change the magnetic behaviour of ferromagnetic materials even under the
ambient geomagnetic fieldli(andXu, 20139.

Mechani cal |l oading in the pusessevarsible andifrevdérdible E ar t
effects on the magnetic domains. To illustrat
state in the middle of the stress concentration zones. Additionally, theaagtifetic flux leakage

(SMFL) behaviour is @arly detectable around the stress concentration zones. It is assumed that



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 (Rigu®Vanget al., 2010.

A SMFL Signal ASMFL Signal

Distance

__Distance

<7 o

Figure .2. SMFL beha\Siao)ur around stress concentration zone: (a) Tangentizal(lbczomponent 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 (Wilsonet al, 2007). However, the magnetic behaviour @tenials 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 mageehanical
effect is the reverse of the Magnetostrictioeptmena and describes the changes in the magnetic
properties of a material due to applied stresses (Wdsah, 2007). Jiles (1995) stated that the
relation between stress valug9 &nd magnetization (M) can be expressed &xqink-10, where

M is a function ofanhysteretic magnetizatioti ( hand irreversible magnetizatiot (

Q0 p . . Q0
Q, £’ P @v Q,

Two other parameters also affect the above relatioa constant coefficient that is related to the

(1-10)

elasticity modulus of the material; adga dimensionless constant coefficient that expresses the
domai ns wal |Eg.6:10f dhewvs thdi thd magnietization values resulting from stress
can differ according to the magnetic properties of the ferromagnetic materials (Jiles, 1995).
Additionally, the Magnetostriction phenomena
energy state istable under the conditions of not being affected by edheexternal load or
magnetic field, as in Eq-11, where the total energy (E) is equal to the summations of magnetic
anisotropy energy ), magnetoelastic energyo( ), and elastic energ¢{ (Renet al, 200).

O O ©O 0O (1-11)



If a material is subjected to an external force, the energy related to that appliedsireto(ld
be added to Eg.-11, leading to a new equation (Eg12). The magnetoelastic stress energy can
be represented according to E¢gl3, where—is the angle étween the applied stress vector and
the magnetising field, arid is the saturation magnetostriction coefficigRefet al, 200)).

O O © O © (1-12)

(0) ~
0 L. b (1-13)

1.4. Research methodology

The Passive Magnetic Inspection (PMI) method, an NDT approach, was deveibplee
University of Waterloo for use imspecing the corrosion conditions of rebar through scanning
from the external surface of concreiahbaz, 2016 Investigations have sie been successfully
conducted on PMI to enhance the interpretation quality of the recordedvidditazet al, 2017.
However, additional studies on the magnetic behavior of ferromagnetic materials are required to
achieve moreaccurate andetter calibrated outcomes for engineering applications. Several

specific stepsarefollowed in this project to improve M1 6 s dat a gat hering and

processefor assessinthe condition of the rebar in reinforced concrete.

The magnetic fludensity valuesf ferromagnetic rebars with differetyjppes andextentsof local
defects(consideed as point sources affecting the stray magne#id firound rebarsand general
corrosion(consideed as linear sources affecting the stray magnetid faround rebars)are
simulated numerically with the finite element method u€M@MSOL® software.The results of
the simulationgrecompared with the experimental results for verification and calibrétiert,
the experimerdl and simulation resultsare mplemented ina real case studinvolving the

inspectionof a bridge structure, and successful outcomes obta{féglre 1.3)

Experiments and E)fperlm.ents and . Exlpe.nments arLd Experiments and ?vestlgallltlciqr;; on
T - s1mu1atlon§ on simulations on rebars simulations on intact rebars with different
rabarvid Holes r.eba.rs with with different sizes of a1l eortoded rebars degrees of general
longitudinal defects cracks corrosion
Conducting the field test

Figurel1.3. General flow of the thesis.
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In experimentsgevery dategathering sessiosc onducted by moving the
defined path along the length of a refthe sensor array is centered above the reBagry scan

along a specific path is repeated several times to statistically confirm thbilitgliof data
recording. Data are recorded as a text file easily opened by different software products for
interpretationThe distinct and diagnostic magnetic properties of rebar under different conditions
(intact, with local corrosion, and with genecalrrosion) are recorded, while the linear density of
data pointscollected iscontrolled through an appropriate scannapged Furthermore, various
dataprocessing approachese conducted in order to obtain mexecurate interpretations. The
processesfalata recording, data analysis, and interpretation cgeterallyrepresented in a flow

chart (Figurel.4).

Scanning a rebar
several times

|

Testing for statistical
significance

The parameters
of scans are
significantly

equal
4 Yes
| | }
Removing general Removing dominant low
Smoothing procedure linear and non-linear frequency from data set
(Moving average) trends from data set (high-filter pass)

| ‘ ! ! : }

Using Analyzing Analyzing Conducting peak
sinusoidal Investigating Calculating the absolute SD of analysis; and

parameters; the SD of power of data’s gradient gradient using the patterns

and Fourier magnetic derivative values values of values of in data’s
analysis data data set data set derivative values

l A4 l l v l
A4 A 4
Detecting and categorizing Detecting and categorizing
general corrosion defects

Figurel.4. Flowchart showing the general procésam data recording to data analysis and interpretation.
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For confirming the quality of experiments, every staoonductedseveral timegCochran and

Gertrude, 1957)Thisreplication gives anoreaccurate measurementtberebad magnetic flux

density valuesand reducesthe effects of systematierrorson dahcaused by ftechn
procedur al étalct NHD® ) ( dawl cas t o establish the
Means, and standard deviaticars calculatedfor every scanning@pisode Next, statistical tests

such as Analysis ofariance (ANOVAs)(Kaur et al, 2014) and Ttest (Xu et al, 2017)are

carried out to verify that there is no statistically significant difference between theedatded

in different scas.

The data processing procedures include Fourier transfoenofssmusoidal prameters, statistical
analysis,peak analysisgata smoothing procedures, normalizing, and using the gradient and SD
values of dataFourier transform, the conventional method for data analysis, can be used for
decomposing the magnetic data iittbamplitude and phase components (Mahbaz, 2016). Then,

the recorded data can be investigated based on associated frequencies, so various data processing
activitiescan be conducted. The sigttainoise ratio of the recorded data can be increased using

high frequacy smoothing (Lamet al, 1981). Data also can be categorized basedheir
frequencies through higrand lowpass filtration (Cost& a r etéla 2018) and be reviewed

separately.

Sinusoidal parameters can help better interffretiata, and these maneters can be estimated
througha Fourier spectrum (Mosharadt al, 2020). Howevera Fourier transform represesthe
function based on sine and cosine waves approaching infinity (btoali, 2004); it also has
difficulties in describingoccasional otransientodd signals (Zhaet al, 2000).The shortcomings
of Fourier transforntan be compensated for by uspgpk analysis, anoly investigating the SD
and gradient values of magnetic dat as tomoreeasily determia local and abrupsignal
changeslue tolocal defects (Mosharaét al., 2020).

Statistical approachesealso 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 (Mosharaét al, 2018).0On the other hand, magnetic data processing is
performed throughmoving averagesmoothing procedures to identify trends in a signal without
much affecting the signabnd thusredue the effects ofrandom erroroon data The goal of

smoothing is to remove rougéss(fastchanging componentso more easily recognize trends
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(Guifidnet al, 2007). Next, the patterns of magnetic flux density values, or the amounts of their
gradient over distancareinvestigated tadentify anomalies and defedtsthe rebars (Dubov and
Kolokolnikov, 2012; Duboet al, 2010). Furthermore, for better comparison, the ranges of values
in simulation and experiment results will be modified to an equal rangaobyalization

techniquessch as Zscore and MirMax normalization $aranyaandManikandan2013).
1.5. Research Objectige

PMI technology is a novel NDT method for inspection of reinforced concrete developed at the
University of Waterloo; many technical improvemeate still neededo the method, most of
which are investigad in this research project. Accordingly, this research project was plaoned

meetthe followingobjectives:

X Review the theory and fundamental equations;

X Investigate the magnetic parameters of rebar with deflegts hols, cracls, longitudinal
defecs);

X Investigate the magnetic parametersatfar withdifferent degrees ajeneral corrosion;

X Study the influential parameters during inspections, suah ed e ek pdasitios in
rebarsandvertical distance aflata recording;
X Improve dataecording data analysisgnd datanterpretation procedurgs

X Investigate the reliability of the inspection methodier theeal conditions of a fieldwork.

1.6. Contribution

The experiments in a study by Mahlezl. (2017) explored defective rebar in conjunction with
simulations, using solid rebar sketche€@MSOL®b ased on a r eal rebar os
was then magnetizedssuming a certain value thfe 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 rebaithwartificial 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 softWa@MSOL® as the geometric basisrfo

studying its magnetic behaviour under t he i

13



magnetic properties of the object will be extracted and interpreted at several distances from the
rebar. Additionally, a statistical detection method will besprded as a new development in

passive magnetic data processing and interpretation.

Furthermore, as a new investigation subj#ot, pattera of magnetic values at different local
defectsin steel rebarsare studied. Novel approaches for data analysismafnetic 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.
Anothernewinvestigation subject ithis thesis is the comparison of the self magnetic behaviour

of an intact rebar and a rebar with general corrosionugh simulations and experiments.
Additionally, innovative data processing approaches are introduced for comparing the magnetic
propertiesrecorded over rebars with different degrees of general corrd$mel data gathering

and data processing procedulesye beemstablishedalong with new interpretatioapproaches.

This material has been incorporatedhe firstreal case stugygonducted on a reinforced concrete

bridging structure.
1.7. Thesis organization

This thesis is divided tno two main partslaboratoy investigatiors andfield work. Theformer
investigats the selfmagnetic properties akbars with local defects, amdbars with different
degrees of general corrosidro ensure the reliability of the investigations, the magnetic data sets
are subjected to different methods of statistical analysis. Additionally, theagletic behaviors

of similar defective rebarsae s ubsequently simulated under th
using a finiteelement based software. The recorded data sets are interpreted using different data
processing approachemd noticeable relations are observed between the magnetictizopad

t h e rphyksiealcanditions.The findings obtained from these investigations are implemented

in a case study to detect and categorize corrosionsities steel reinforcements embedded in the
deck of a bridging structure located in the hast Markham city (Ontario, Canadd)he thesis
haseight chapters:

Chapter 1: Introduction to nondestructive testing methods and the melibggused in this
thesis,and organization of the thesis

Chapter 2: Review of seHmagnetic behavior adrebar withforged holes

14



Chapter 3: Investigation of the magnetic properties of rebars with similar longitudinal defects
Chapter 4: Study d the magnetic response of rebars with different sizes of gracks

Chapter 5: Comparsonthe selfmagnetic behaviour of an intact reinforcement with a generally

corroded ong

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

degrees of general corrosjon

Chapter 7: Case studynreinforced concrete brifing structure assessment using the findings
from previous chapters

Chapter 8: Conclusion and recommendations.
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Chapter 2: Detection of forged hole on reinforcement using"Ml
technology

The contents of this chaptere reflective of an original manuscript published in the journal
of Applied Sciences

Mosharafi, M, Mahbaz, S.Dusseault, M.B2018. Simulation of real defect geometry and its
detection using passive magnetic inspection (PMI) metpplied Sciences (Switzerland(7):
1147.

Author Contributions: ConceptualizationM.M., S.M,, and M.B.D.; Data curation,M.M.;
Formal analysisM.M.; Funding acquisitionM.B.D.; InvestigationM.M.; Methodology,M.M.,
andS.M.; SupervisionM.B.D.; Writingd originaldraft,M.M.; Writingd review & editingM.M.,
S.M., andM.B.D.

2.1. Introduction

Corrosion initiation in reinforcement steel happens mainly due to the existence of chloride ions in
the surrounding area. Sulgsently, corrosion can progress, forming more corrosion products, and
applying force on the concrete covering (Zlea@l, 2011), leading to cracking, which facilitates

access to more corrosiamducing agents. Rebar corrosion in concrete (aslectrolytg is an
electrochemical process, categorizabl® 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 thrteettse 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, Z00d9ntinue

the tecimical development of PMI with respect to local corrosionthis chapter, ferromagnetic

steel rebar with artificiaflefects(holes)is scannedvith a 3D laser scanner to generate a detailed

point cloud of the structurd@he point cloud data setthenserved as the geomietbasis for finite

element method softwar€ OMSOL®) |, with the Earthés magnetic
magnetic properties of the objemte extracted and interpreted, and the parameters influencing

themareinvestigated.
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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 (Tablel® (Mahbazet al, 2017)was scanned using a high
resolution 3D lasercanner (FARO LS 840 HE) (Figuz1.a)(Nahangi and Haas, 2014)he

shape of the rebar waseated with cloud points (Figugl.b) which were modified and converted

to a mesh by Mesh Lab V1.3.2 (AiMeshl abded 2017)
to COMSOL® software and converted to a discretized surfaee solid, respectively (Figure

2.1.0).

(b)

Start point

Figure2.1. Process of c(;?\verting the geometry of real rebar in to a solid moijct)el: (a) Scannetwpthwith 3D laser

scanner, (b) Cloud points of rebar, presented in MeshLab, (c) Solid illustration of rebar.
The solid rebar was simulated VB BDMSOL® software with regard to the magnetic field of the
Earth. As the Eart hos imimeamcldcation, td obtainh cdnsistentrande s s
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 22). Moreover, since the unitless relative magnetic permeability of low carbon steels
(ASTM 1020) ranges from 50 to 100 (Roskeal, 1995; Ribichini, 2011), a relative magnetic

permeability of 7§Mahbaz, 2016)vas selected for this study.

17



The duration of beig 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 alsarigeusiknown
external magnetic sources in the surrounding environment which affect the magnetic behaviour of
ferromagnetic objects (L&t al, 2017). However, as accurately as possible, we can apply the
magnetic field of the Earth to the object and simultgemagnetic behaviour, though some

divergence will exist between the simulation and the experimental results.

Table 21. Specifications of the two holes in the rebar.

Hole name Diameter Depth Y- Location from the rebérs S
(mm) (mm) point (mm)
Hole 1 0.58 1.24 57.91
Hole 2 0.68 0.57 282.67
Table22. Background magnetic field (magnetic field of t
Resources Canada, 0 2017).
Background magnetiield (X component) 18 uT
Background magnetic field (Y component -3 uT
Background magnetic field (Z component 50 uT
To consi demagnetic &eld lhahe sirhuation, the rebar was locatedragalar space

with dimensionsof 100 mm x 150 mnx 410 mmthat included the magnetic field specified in

Table 22 (Figure 2.2) To have better control of simulation parameténe box and rebar were
meshed separately with tetrahedral meshes according to the specifications of rebar mesh #1 and
box mesh # in Appendix A. Then, the rebar and box were jointly subjected to the simulation
process as a single systelamgure 2.3.
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Figure2.3. Initial meshes of the system (front face of tl
box is removed for better visualisation).

Figure2.2. Box used in analysis; arrows show the
resultant vector for X, Y and omponents of the
Earthds magnetic
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2.2.1.Defectdetection

After applying the rebar and baxthe 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 par aodftherébartamd t he
extends from one side (Edge A) to the other side (Edge B) of the box (Figure 2.4).
Edge A Edge B

- / \VAVA TAVAS
\ Z\/\/\ \/\/ A/ \/\/\/ I\N/\/\/\ \ N\NYN/\/\/\/\/ ’
AVAVAVAVAVAVAVAVAV, TAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV, ) AVAVAVAVAN &

> .
* Hole 1 * Hole 2

Figure2.4. Path of the data recording (at the surface of the rebar in Y direction).
As observed irfFigure 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 ents@wa 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 mégniéux 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 irreguérity 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 bel@a&rhéne, then a sharp

jump back to the zero line).
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Figure2.5. 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 threbar 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 spediiices were implemented on the rebAppendixA). 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 becdai#esat 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-ofitange or disorder trend, compared to the trend of rebar

mesh #1, the initial simulisn at the surface of the rebar (Figure 2.7).
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Figure2.7. 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 reb#rearetording 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 eldmspacifications were applied to the béppendixA). 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 9 became stable in the box mesh #5 (Figure 2.9).
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Figure2.9. Minimumvalues 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 #hosza

for the rest of the investigations. Carrying out simulations with these specifications led to a
graphical representatiqirigure 2.10)which shows the behaviour of the Z component magnetic
flux density at the location of Hole 2. Alsopanar slie 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 tlteoebases relatively
uniformly and gmmetrically.
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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 free center (Figure 2.11). For further
investigation, the dateecording 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 smoothand 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. Increasuegtitted 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
trendline showinghe relation between minimum values of the fiponent magnetic flux density

and data recorded at various distances {&arder 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 destécades from
the center of the rebar.
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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 magnetiffux-density data were plottejainst various probability distributions

(normal, lognormal, Weibull, and@Gamma distributions); @amma distribution was chosen based

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

of two parameters: andf (Eq. 21), calculated by the mean and standard deviations (SD), which

are 87.8 €T and 25.6 €T, r 4thgiGanurafunceohgorrelathss o b s

well with the histogram frequency of data, and this approximation may bd fedstimation in
practcal cases.
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Figure .13. Probability plotused tanvestigae the correlation ofimulationdata with aGamma distribution.
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Figure2.14. Histogram frequency afimulationdata along with gamma distribution probability density.
According to Figure 2.11, a Z component ma g f
considering the edge effect and background re@égfield) 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 impéect. 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 iptplo&ldefectiveness
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 describedtliy 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
mentionedCDlef t he gamma di stri bution, about 98% of
(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), thevalkeres indicating

fl awless rebar would be somewhere between 76

be reviewed as suspected defect locations.
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Figure2.15. Defectivenesgrobability for inspected rebar based on Monte Carlo simulation mébasgd on
simulation outcomes)

2.3. Comparison of the simulation results with previous experimental outcomes

Figure 2.5 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 outof-range values were at their minimum and results correlate witll experimental
outcomegeported previously (Figure Z)l(Mahbazet al, 2017). The patterns of laboratory and
simulated outputs at the holesd | ocations are
the Edge A of the box (Figurel®), ~282mmo f r ebar 6 s s tlg,istsubgamtiallyt ( Fi |
easier to detect than the hole in the side of the rebar.
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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 simulsiens

carried out on a prtawed specimen that was lassranned to generate a point cloud surface map
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that served as the basis for model development. The imtexto establish detectability limits for

very small flaws in order to reduase positive andalse negativerrors in anomaly detection.

The magnetic behaviour of the ferromagnetic rebar speavassimulated with a finiteslement

based software considering the background magnetic field. Different components of magnetic flux
densities on the swrte showdconsistent harmonic trends because of the corrugated shape of the
rebar. However, therevere specific irregularities in the direction and values for different
components of magnetic flux densities at the location of Hole 2. Simulated pattarie ca
correlated with the experimental data at the
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. Tamma pobability 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 longehe Zcomponent magnetic flux density values indicating flawless
rebar would be predicted to |Iie between 76 ¢T
The values of the different components of magnetic flux densities at different distances from the
rebar were reewed. 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 backgrounetimégld.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 ofhe 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
dersities 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
magneticflux density was totally constant on the sides of the rebar, and could not detect the

anomaly arising from Hole 1,
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x The stray magnetic field around the rebar decreased relatively symmetrically by increasing the
distance from the rebar
x The choice of the gama distribution to model the-Zomponent magnetic flux density values

of the numerical simulation resulted in valuable interpretations.
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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 Evaluati@eptembe019.

3.1. Introduction

St eel rebar corrosi on, t he maj oretal Gs),ocan f or
appear in different forms, including general or local corrosRerKins, 2000)One of the most
common forms of local corrosion on the surface of steel reinforcement is pitting, which non
uniformly reduces the effective cressctional area and causes stress concentration zonet (Ma

al., 2017). Pittingcorrosion shapes can be cimulJianget al, 2017), semicircular (Mat al,

2017), or longitudinal (Tahershamet al, 2017). This type of corrosion may be agmformly

di stributed along a rebar, and its pusasti on
permeabilityand thickness of cover), steel impurities, and srsallle environmental conditions
(Stewart, 2009)in the previouschapter, investigations were conducted on the magnetic properties
recorded over a rebar with circular pittings (holés)achieve moraccuate and bettecalibrated
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 ferronregic steel rebars with artificial longitudinal defects.

In this chapterselfmagnetic flux leakage (SMFL) data are recorded by running a PMI scanner
over three similarly defective rebaesachwith three similassized longitudinal defect3he data

are recorded at different vertical distances from a rebar with the defeatsoatsclock 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 magrdata, for identifying the locations of the
longitudinal defects. Next, the seatfagnetic behavior of a solid defective rebar, similar to the
rebars used in the experiments, is simulated using a-@l@teerntbased software (COMSOL®
software version 58(COMSOL Group, Stockholm, Swederjhe smulation is conducted under

the influence of Eart hdés magnetic field, i n
Mosharafiet al (2018). Subsequently, SMFL data recorded through the experimentsqoared

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 devicebds accuracy
diameter steel rebargere cut to approximately the same lengths of 8®0. One by one, the

rebars were tightenedintaai | | i ng machineds vise, and suitab
three similar longitudinal defects spaced at even distances apart in a line along each rebar using an
edge finder (Figur&.1.a). The longitudinadlefects then were created in rebansgis face drill

bit (Figure 3.1.b) Next, the sharp edges armdtached swarf resultinfom machiningwere

removed using file to finalize the specimedpreparation(Figure3.2).

(a) | (b)
Figure3.1. The process of creating the defects in re@@identifying the desirable position of defects using an
edge finder, (breating the defect using a face drill bit.

rebar #3
rebar #2

rebar #1

0 Scm 10 cm 1S cm 25 cm 20cm 300 cm
Figure3.2. Prepared rebars with three symmetricétlyatedandsimilar longitudinal defects.

Measurements were then conducted on the ré¢bansre 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 relationpsb et ween the rebarsd magnet
dimensional) properties. Accordj to Table3-1, all 9 longitudinal defects have the same
dimensions within a tolerance of absut & & except for the defect #2 ofbar #2. The length

of this defect (40.Inm) has a deviation of about 1.2 mm from the mean valudeedéngth of the

other defects.
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(b)

(©)

Figure .3. Measuring the rebars to provide an accurate schematic drawing.
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Figure .4. Schematic drawing of prepared samples.
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Table 31. Valuesfor the parameters shown in Figigd.

Par ame Rebar NO. Par ame Rebar NO.
name 1 2 3 name 1 2 3

A (mm) 120.09 | 119.04 121.38 G (mm) 10 #p | 10 md | 10
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 #p | 10 1 10 ™ 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 atraagyetic locatiorfremote from

other ferromagnetic materialaipd 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 embeddedRivithscanner (Mosharadt 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

sets are collected and stored in a memory card pladbe idata loggefor subsequent analyses

andinterpretatios.

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 maezurate magnetic daf&igure 3.5). To

ensure accuracy, every rebar was scanned along the same path and direction ten times, with
statisticalT-tests conducted between every two scans 3EQ. (Montgomery, 2014). Next, the

scan that wamostsignificantly equal to the greatest number of other scans was chosen for use in
the rest of the study. As an example, Figdifes h o ws t h emagnetioX campa@ensoder

rebar #2 from the distancd 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 scanglTable 32). The procedure was then conducted for two othenrsefmaagain
choose the mostonsistent scan$his procedure also allows evaluation of the repeatability of the
measurement method, which at the present time is-halddscanning, and therefore might be

expected to have some variability from scan to scan.
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Figure .5. Experimentalt data recording process.
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- = Other scans (from the scan #1 to the scan #10, except the scan #
e Scan #3

Magnetic flux density (X
component (UT))

190
100 150 200 250 300 350 400 450 500
Distance (X direction (mm))
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. Oneby-one mean value comparisons of s#8rto the other scans (from scan #1 to scan #2 and from scan
#4 to scan #10); green color shows thatt and red color shows thati { .

Null Y Y (with a significance level Result of the hypothesisse
hypothesis of 0.002)
t t 0.30929 3.09 % sY S O fail to reject the null hypothesis
t t 0.192412 3.09 % sY S O fail to reject the null hypothesis
t t 0.254363 3.09 “Y sY s © fail to reject the null hypothesis
t t 1.539648 3.09 Y sY S O fail to reject the null hypothesis
t t 0.47967 3.09 % sY S O fail to reject the null hypothesis
t t 7.36928 3.09
t t 0.07102 3.09 ! f s O fail to reject the null hypothesis
t t 3.294002 3.09
t t 0.454853 3.09 Y sY s O fail to reject the null hypothesis

Data analysis were conducted through various approaches ereBditled magnetic flux density

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

x Marking theminimum 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 thederivative patterns of the data.

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

This approach was carried out for the selected saemnsg(the Festing over each of the three

rebars. The first anldst 20 mm of the scans were deleted to remove edge effectsaN®iting
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average smoothing technique was used to smooth outrsinge fluctuations and highlight
longerrange trends. The magnetic dathus obtainedshowed overall patterns that weret no
desirable in finding the defedites. Those overaltrends,related to the inherent magitet
properties of the materialsan hinder data analysis and must be removed. Linear anAthean
detrendingslgorithmswere used to eliminate the overall patterns from the data, and a simple filter
was used talentify values below a defined threshold. In this approach, the process of data analysis

included the following steps (using MATLAB software):

1. Instead of every magtic 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 stiiagtitom the
magnetic dta;

3. The overall nodinear trend was removed by subtracting the figstd 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 ldndinal defects.

Figure 3.7 shows the complete details of the data processing approach conducted on the three
rebars. The data resulting from rebéd, #2, and #3 are respectively shown in Figugal,

3.7M1, and3.7c1 before and after removing thedar trend. Additionally, Figure3.7a2, 3.7b2,
and3.7c2 show the noilinear curves fitted for the overall ndimear trends (AppendiB) of data,
respectively taken from Figur8s7al,3.7b1, and3.7c1l. The data (after removing the linear trends)

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

#3 are respectively shown in Figu@3a3,3.703, and3.7c3.

All the defects can be detected througbphesence ofocal minimums shown by red sollohe

arrows in the residual plots. However, defect #2 of the rebar #2 cannot be clearly distinguished in
Figures3.703 (the red dashehe arrow), since there are other local minimums with lower values

in the nondefective sections. Differensbetween the magnetic behaviour of different defects may
happen because of theiight angular deviation on the top of the rebar, since the magnetic sensors
of PMI scanner are sensitive to snggbmetric effects, pacularly sharp edges at different angles

To detect defect #3fter the magnetic data of rebar was processed for a shorter span, a non

l inear curve was fitt e-lnear pattemdRigerd.8a)t Theresttiaak a 6 s
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Magnetic flux density (X Magnetic flux density (X

Magnetic flux density (X

plot, resulting fom subtracting the data (after eliminating the linear trend) and thknaam fitted

curve, showed the defect #2 of the rebar #2 as a main local minimum point FgréHence,

the last residual plot (FiguRe8b) was used in the rest of the investigations related to rebar #2.

800 - -After taking the moving average X 800 —After removing the linear trend < 40
- i i Z - «Fitted fourier function with 5 terms Z 30 4
= 600 After removing the linear trend >~ >
|§- D /l:GOO Goodness of fit: Rquare: 0.9945 B 20
= c c
3 200 cEe TEo
S ;—_5, 9 200 é 210
g2 0 [S) 8_ o 8_-20
g g2 ° T E-30
-200
© 5, 8200 S, 840
400 ‘25 ‘2‘5 50
0 100 200 300 400 500 600 400 o 100 200 300 400 500 600 0 100 200 300 400 500 600
Distance (X direction (mm)) Distance (X direction (mm)) Distance (X direction (mm))
(al1) (a2) (a3)
400 = -After taking the moving averag X 400 —After removing the linear trend e 40
— —Aft ing the i trend >__ = <Fitted fourier function with 5 term = 30
= 300 oo removing e fneartrend g /300 Goodness of fit: Rquare: 0.9945 %‘ = 20
=5
= 200 é = 200 S3 10
c = O +=
S 100 x & 100 X E 0
= 2 c 5 & -10
o 0 = o 0 =5
g— o a o 8 -20
§ -100 3 g-mo § g 30
© 00 @ ©-200 5 © -40
g S 50
-300 = 300 = 0 100 200 300 400 500 600
0 100 200 300 400 500 600 0 100 200 300 400 500 600 ) o 49
Distance (X direction (mm)) Distance (X direction (mm)) Distance (X direction (mm))
(b1) (b2) (b3)
400 - -After taking the moving averag X 400 = —After removing the linear trend
~ 300 —After removing the linear trend 2> ~300 - - -Fitted polynomial function with 5 degre
= 200 o’ Sotesy 2 =500 Goodness of fit: Rsquare: 0.9598
2 o=
£ 100 1; £ 100 o
2 o 532 o 2
o = 0
9.-100 © 98:100
g-ZOO Q g-zoo
o o ©
-300 < -300
400 = oo
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Distance (X direction (mm)) Distance (X direction (mm))
(cl) (c2) (c3)
Figure .7. Signal analysis of the three rebars: (al) Removing linear trend fromt#relb@nagnetic data, (a2)
Fitinganonal i near curve on aldés solid linkinéaB)f Resedualurpe
solid line; (b1l) Removingneart r end from rebar #206s +adqreatri €« udatea,on( th2)
line, (b3) Residual plot after subtracting thesion near fitted curve from bloés sol i
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