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ABSTRACT

This study aimsto: (1) explore, develop, calibrate and validate Fe-C coated, long
period fiber grating (LPFG) sensors for short-term mass |oss measurement of the Fe-C
coating; (2) develop, calibrate, and validate steel tube-encapsulated, fiber optic probes
and LPFG sensors for long-term mass |oss detection of the steel tube; (3) correlate the
corrosion process of packaging metal materials with that of steel barsin direct contact
with the packaged probe or sensor except for athin insulation tape; and (4) apply both
types of corrosion sensorsinto reinforced concrete (RC) structures for reinforcing bar
corrosion monitoring and structural condition assessment. For short-term monitoring, the
corrosion mechanism of the Fe-C coating and the corrosion sensitivity of the Fe-C coated
LPFG were investigated and characterized in 3.5 wt. % NaCl solution. For long-term
detection, the probe or sensor was used to measure the pitting corrosion growth of steel
tubes in simulated concrete pore solution. To validate them in an application setting, two
types of LPFG corrosion sensors were embedded in three RC beams under accelerated
corrosion test. The resonant wavelength of a Fe-C coated L PFG sensor can be linearly
related to the mass loss of Fe-C coating up to 60~90%. When tested in 3.5wt. % NaCl
solution, the LPFG sensor coated with an 8~20 pm thick Fe-C layer has a sensitivity of
0.15~0.23 nm/1% Fe-C mass loss. This sensitivity is translated into approximately 1300
nm/g in mass loss of reinforcing steel bars. In RC beam applications, the resonant
wavelength of an Fe-C coated LPFG sensor is reduced by 0.49 nm/hour when installed
along a steel bar under accelerated corrosion conditions and 0.95 nm/day when installed
near the bottom surface of abeam under natural corrosion condition. The corrosion

penetration rate through the wall of a steel tube is approximately 8.6 um/day.
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1. INTRODUCTION

1.1. BACKGROUND

Over the past two decades, structural health monitoring with various sensing
technol ogies has become one of the most active and fruitful research topicsin civil
engineering. Asillustrated in Figure 1.1, bridge experiences damage or deteriorates over
time in different ways, such as concrete cracking, concrete delamination, steel
reinforcement corrosion, foundation scour, fatigue and overstress. In the U.S. aone, over
1500 bridges collapsed between 1966 and 2005 [1] due to various causes as summarized
in Figure 1.2. The 4% of bridge collapses was attributed to steel structures (4%), which

are likely associated with steel corrosion and stability of slender members.

Figure 1.1. Schematic view of various structural behaviors.

Steel  Fire 1966-2005
Misc 4% 4%

11%

Overload
11%

Collision
12% Hyiraulic
58%

Figure 1.2. Causes of over 1500 bridge collapses.

Reinforced concrete (RC) structures, such as highway bridges, buildings, dams,
and tunnels, often undergo physical and chemical deterioration when exposed to various

harsh and aggressive environments. Corrosion of reinforcement steel barsis one of the



main causes of premature deterioration in RC structures [2-6]. In genera, steel bars are
protected by a passive film that is formed on their surface in concrete pore solution — an
alkaline environment [7, 8]. However, this protective film can be destroyed by
carbonation of the concrete cover or ingress of chlorides, resulting in the onset of
corrosion. Once initiated, corrosion can cause cracking and delamination of the concrete
cover, impair the bond between steel bars and their surrounding concrete, and reduce the
cross sectional area of steel bars, thus reducing the structural load-bearing capacity [9-11].
It is estimated in 2002 that the annual direct cost of corrosion for replacement and
maintenance of highway bridgesin the U.S. aone is approximately $13.6 billion. The
indirect cost of corrosion due to traffic delay and lost productivity was estimated to be as
high as 10 times that of direct corrosion costs [12]. Therefore, it isimperative to develop
an effective corrosion sensing system for corrosion monitoring of steel reinforcement,
which will improve the safety and serviceability of RC structures and reduce the direct
and indirect costsinduced by corrosion.

Electrochemical sensors for corrosion monitoring of steel reinforcement include
embedded reference el ectrodes, corrosion macro cell current probes, linear polarization
sensors, and electrical resistance sensors [13-15]. Most of them depend on areliable and
durable reference electrode that can survive the severe environment of concrete to obtain
successful measurements. Some solid reference electrodes embedded in concrete have
been devel oped to investigate el ectrochemical characteristics[16, 17]. Non-
electrochemical sensors are mainly based on acoustic emission [ 18], ultrasonic guided
wave [19], chloride concentration [20, 21], oxygen concentration [22], and other
parameters[23].

Compared to the above methods, fiber optic sensors have several advantages such
as high sensitivity, high precision, immunity to electromagnetic interference, corrosion
resistance, compactness, lightweight, multiplexed sensing points along one optical fiber,
long-distance monitoring, and ease to be integrated into alarge sensor network [24-27].
Many fiber optic sensors have been developed for strain [28-35], temperature [36-42],
displacement [43-49], humidity [39, 50-56], PH [57-60], and crack [61, 62] monitoring
and measurement. Additionally, fiber optic sensors have been applied to monitor the

corrosion of stedl rebar in RC structures [63, 64]. A Fe-C or iron film was coated on the



core surface or at the cleaved end of an optical fiber to directly relate steel masslossto
the change of atransmitted or reflected light spectrum [65, 66]. Fe-C was also coated on
the cladding surface of afiber Bragg gratings (FBG) sensor to measure the shift in
resonant wavelength as aresult of the strain induced by the volume expansion of Fe-C
corrosion products [67]. Alternatively, a FBG sensor was configured such that the
corrosion-induced relative movement of twin steel bars is measured and in turn related to
the mass loss [68]. These approaches are indirect for corrosion monitoring and could be
quite uncertain in the prediction of steel mass|oss since the strain-corrosion relationship
largely depends upon corrosive environment and confining condition of the FBG sensor
in applications.

Long period fiber gratings (LPFGs) are inscribed on the core of an optical fiber to
form a periodic modulation of refractive index over agrating length of afew centimeters
[69]. The grating period in the order of 100~1000 pm can considerably exceed the
wavelength of radiation propagating in the fiber. The gratings enable coupling of light
from the propagating core mode to the co-propagating cladding modes at discrete
wavelengths, therefore producing a series of attenuation bands in a transmission spectrum.
The resonant wavel ength at each attenuation peak can be calculated by phase matching

condition,

l res — (n((:e(f)f - neﬁ )A (11)

cl,m

where A is the resonant wavelength, A is the grating period, nZ and n& arethe

cl,m
effective refractive indices of the fundamental core mode and the m™ cladding mode,

respectively. Theterm n' isafunction of refractive indices of the core (n;) and cladding

(ny) of the fiber aswell asits surrounding medium (ngz). Therefore, the resonant
wavelength changes with the refractive index of the medium surrounding the gratings,
and LPFG has been applied into physical [70, 71], chemical [72, 73], and bio-chemical
[74, 75] sensing devices.

The concept of Fe-C coated LPFG sensors for corrosion monitoring was recently
proposed by Dr. Genda Chen’s group [76]. To the best knowledge of the author, no other
papers discuss the relationship between a transmission spectrum of the LPF sensors and
its causative steel mass |oss.



1.2. LITERATURE REVIEW AND STATE-OF-THE-ART DEVELOPMENT

In this section, the different electrochemical methods used in industry and
research field were simply introduced. The different corrosion and its essential
characteristics can be measured according to the corresponding method.

1.2.1. Electrochemical Corrosion Test and Monitoring Technology. Many
techniques have been developed to test and monitor the corrosion processin steel
reinforcement and members including physical, chemical and electrochemical methods
[77]. The electrochemical method is one of the most effective ways to monitor the
initiation and propagation of corrosion. It includes the linear polarization resistance,
electrochemical impedance spectroscopy, and open-circuit potential measurements with a
standard three-electrode test setup.

1.2.1.1 Linear polarization resistance (LPR). LPR isone of the most
common methods to monitor the rebar corrosion in cement or concrete. It is easy to
operate and just use a connection to the steel bar under monitoring. The test data show
the instantaneous corrosion rate of steel bars. An electrical potential is applied to the steel
bar around the open circuit potential, and then the electrical current was recorded at the
same time. The applied range of potential AV usually ranges from 10 to 30 mV with
respective to the open circuit potential. The polarization resistance is the slope of the
applied electrical potential to the measured electrical current around the open circuit
potential. The resistance R, can be calculated by:

R, =AV/Al (1.2)

where AV represents the applied potential range and Al is the measured electrical current,
respectively. The corrosion current can be calcul ated by the Stern-Geary equation based
on the polarization resistance [ 78]:

=b,b./[2.303(b, +b )R ]=B/R, (1.3)

Icorr
where i IS the corrosion current density, 3, isthe anodic Tafel slope, . is the cathodic
Tafel slope, and B is the Stern-Geary constant. The LPR method is influenced by factors
such as temperature and humidity.

1.2.1.2 Electrochemical impedance spectroscopy (EIS). EISisan effective
and nondestructive method to monitor the corrosion of steel. This technique has been

commonly used to study the corrosion mechanism of steel in solution or concrete. The



applied amplitude of potential signal is around 10 mV, and both the potential and the
current signals are functions of the excitation frequency. By extracting parameters at
different frequencies, EIS can be used to study the evolution of both the material and the
corrosion properties, such as coating resi stance/capacitance and steel-electrolyte
interfacial parameters (charge transfer resistance and double layer capacitance). It isalso
effective to study the long-term corrosion performance of materials.

The most important procedure to analysis a EIS spectrum isto find a suitable
equivalent electrical circuit (EEC). Severa representative EEC models are presented in
Figure 1.3.
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Figure 1.3. Classica electrical circuits for RC systems: (a) Randle’s circuit, (b) resistor-
capacitor in series, and (c) resistor-capacitor in mixed mode.

Using EIS as a corrosion monitoring technique provides some information of a

steel-concrete system such as changes in the concrete resistance and corrosion evolution



from passive state to active state. Therefore, the EIS is aso widely used to study the
corrosion behavior of steel reinforcement in concrete structures.

1.2.1.3 Open circuit potential (OCP). OCP, often referred to as a half-cell
potential, iswidely used for corrosion monitoring of reinforcement steel dueto its
simplicity and ease in operation. It measures two potential differences between one of
two reference electrodes and a steel bar in active corrosion state. The two reference
electrodes include a saturated calomel electrode (SCE) and a copper sulfate. Copper
sulfate as specified in ASTM Standard C876 iswidely used in concrete structures [79].
According to the C876, the probability of no corrosion is 90% when the potential exceeds
-0.2 V; the corrosion activity is uncertain when the corrosion potentia is between -0.2 V
and -0.35 V; and the steel bar has a 90% probability of active corrosion when the
corrosion potential is lower than -0.35V (more negative).

The OCP method has some limitations. For example, the result may be influenced
by many factors [80, 81], such as chloride concentration, concrete or solution resistivity,
concrete crack, and cracksin corrosion inhibitor materias. Therefore, the corrosion
result measured by this method can be used to combine with other methods, such as EIS,
to obtain a stable and correct result.

1.2.1.4 Other corrosion measurement methods. In addition to the above-
mentioned methods for corrosion monitoring, other techniques for corrosion detection
include concrete resistivity, Tafel extrapolation, and el ectrochemical noise [82-95].
Concrete resistivity measurements are usually based on afour-pin array. An external
potential was applied to the outer two pins, and then the electrical current was measured
between the inner two pins. The concrete resistance can be obtained using the electrical
potential and the measured current. However, the measurement is also affected by other
environmental factors or the surface condition of the concrete specimen. Electrochemical
noise analysisis also used to monitor the corrosion of RC structures. The corrosion
condition of steel can be evaluated through the variation of corrosion potential noise
spectra[91-95].

1.2.2. Fiber Optic Corrosion Sensors. In recent years, a number of optical
fiber sensors have been developed for corrosion monitoring. By coating athin layer of
iron film on the flat end of an optical fiber, the iron corrosion can be monitored by



observing the change in the light reflectivity over time since the iron film became thinner
as corrosion proceeded [66]. A fiber optic coil winding was created based on the Brillouin
mechanism to monitor the corrosion of steel rebar. The expansion strain along the fiber
optic coil winding area was decided by corrosion degree and the strain was a linear
function of frequency. Use of this method needs a transfer of the corrosion to strain.
However, the corrosion is not directly detected and influenced by other factors which
affect the strain value [96]. An assembly was also proposed to monitor the corrosion
using FBG sensor. This assembly was a steel tube containing a carbon fiber and aFBG
optical fiber [97]. The carbon fiber was preheated using a power and the temperature of
the outside steel tube increased correspondingly. As corrosion occurred on the steel tube,
the temperature would change, resulting in atemperature change around the FBG sensor.
Then the spectral change of the FBG sensor reflected the degree of corrosion in the
outside steel tube. A Fe-C coated FBG was also proposed to monitor steel bar corrosion
[19]. The FBG sensor was firstly sputtered with an inner silver film and then
electroplated with an outer layer of Fe-C coating. As corrosion proceeded, the expansive
volume of corrosion products would generate a strain on the FBG sensor, resulting in a
change of the reflected spectrum. The change in the resonant wavel ength of the reflected
spectrum was correlated to the steel bar corrosion. However, the strain is affected by
many other factors such as confining condition, adhesion at the interfaces of the Fe-C
coating, the silver film and the optical fiber cladding. Nano iron and silica particles were
also coated on the surface of LPFG to monitor the corrosion of a steel bar [24]. The
resonant wavelength is influenced by the change in the pH value of the solution due to
corrosion. However, arelationship between the resonant wavelength and the corrosion
mass |oss was not established.

Corrosion sensors based on bare LPFGs were also investigated [98, 99]. A bare
LPFG was kept straight and merged in a phenolic resin. The corrosion products dissolved
in phenolic resin and changed the effective ambient refractive index of the bare LPFG.
The change in ambient refractive index is dependent on the corrosion products

accumulated over time.



1.2.3. Techniquesto Protect Steel from Corrosion. Many methods have been
developed for corrosion prevention. Fly ash, pozzolanic materials, and low-nickel
stainless steel were used to increase the corrosion resistance of steel barsin concrete
structures [100-102]. Corrosion inhibitors were also studied and used to improve the
corrosion resistance [103, 104]. Compared with other methods, use of protective coating
isone of the most effective and efficient methods to protect steel bars from corrosion.
The fusion bonded epoxy (FBE) is the most widely used protective coating for steel bars
in concrete structures [105-107]. Zinc Oxide component were also introduced to reduce
the content of chloride and reduce the porosity of concrete [108-110]. The corrosion
performance of a concrete member wrapped with a carbon fiber-reinforced polymer
(CFRP) laminates or wraps was aso evaluated [111-113]. The DINITROL AV 30®
coating was developed for application on steel bars[114] aswell.

1.3. RESEARCH OBJECTIVES AND SCOPE OF THISWORK

In this study, novel fiber optic corrosion sensors will be developed and applied to
monitor the corrosion of steel barsin mortar cylinders and concrete structures.
Specificaly, LPFG sensors will be packaged in two different ways to monitor both the
short- and long-term corrosion processes. For short-term monitoring, an LPFG sensor is
coated with a Fe-C layer with various thicknesses, which represents the main chemical
elements of steel rebar, and its corrosion sensitivity and service life will be investigated
in 3.5 wt. % NaCl solution. For long-term monitoring, an LPFG isincased in asmall steel
tube with various wall thicknesses, which is directly made from steel rebar. When the
stedl tube is corroded through its wall, corrosion products will deposit around the LPFG
surface, resulting in a shift of transmission spectrum from the LPFG sensor. The
encapsulated LPFG sensor will be embedded in RC beams to validate their performance
for long-term corrosion monitoring.
To achieve the above objectives, six technical tasks are designed as follows:

(1) Develop and validate an LPFG sensor coated with aFe-C layer for short-term
corrosion monitoring and mass loss measurement in 3.5wt. % NaCl solution.

(2) Validate and correlate the Fe-C coated LPFG corrosion sensor with steel rebar

corrosion in 3.5wt. % NaCl solution.



(3) Apply the Fe-C coated LPFG sensor for early-stage corrosion monitoring of
steel bars embedded in mortar cylinders in 3.5wt. % NaCl solution.

(4) Develop and validate an EFPI based corrosion assembly for pitting corrosion
growth monitoring in saturated Ca(OH), and 3.5wt. % NaCl solution.

(5) Develop and apply an LPFG based sensor assembly for long-term corrosion
monitoring of steel barsin concrete slabs.

(6) Apply both the short-term and long-term LPFG based corrosion sensors for
the life-cycle corrosion monitoring and assessment of RC beams using accel erated
corrosion testsin 3.5wt. % NaCl solution.

Tasks 1-3 are focused on corrosion monitoring in short term, Tasks 4 and 5 dedl
with corrosion monitoring in long term, and Task 6 represents a simple case study with
RC beams to illustrate potential applications of the developed corrosion sensing

technology in RC structures.

1.4. ORGANIZATION OF THISDISSERTATION

This dissertation consists of eight sections. Except for Sections 1 and 8, each main
section is organized and presented as a stand-al one paper, including a brief introduction.

Section 1 introduces the overall objectives and the scope of work, including
literature reviews on related research such as electrochemical corrosion test methods,
optical fiber corrosion sensors, and their respective advantages and disadvantages.
Moreover, a new method for corrosion monitoring of steel bar in concrete structuresis
proposed and briefly described.

Section 2 proposes a hovel optical fiber sensor to monitor the short-term corrosion
of steel bars. An LPFG is coated with an inner layer of Ag and an outer layer of Fe-C that
includes the main ingredients of steel bars to be monitored. In thisway, corrosion of the
Fe-C layer affects the ambient refraction index of the LPFG sensor. The change in
resonant wavelength of the LPFG sensor and the EIS of the Fe-C coating are measured
simultaneously so that the relationship between the change in resonant wavelength and
mass loss of the Fe-C can be established. Additionally, two inner Ag layer thicknesses
and three outer Fe-C layer thicknesses are considered to investigate the corrosion

sensitivity of the LPFG sensor.
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Section 3 uses the same fiber optic corrosion sensor as proposed in Section 2 to
monitor the corrosion of asteel bar in 3.5 wt. % NaCl solution. The change in resonant
wavelength of the Fe-C coated LPFG and the corrosion evolution of the steel bar are
taken simultaneously in 3.5 wt. % NaCl solution. A relationship between the change in
resonant wavelength of the Fe-C coated LPFG and the mass |oss of the steel bar are
established.

Section 4 deals with the application of the Fe-C coated LPFG corrosion sensor for
corrosion monitoring of a steel bar embedded in mortar cylinder. The change in resonant
wavelength of the Fe-C coated LPFG is measured using an Optical Spectral Analyzer
(OSA) and the corrosion evolution of the steel bar in mortar is recorded using the EIS test.
Twelve mortar cylinders are cast and tested in 3.5 wt. % NaCl solution for 105 days. Four
conditions are considered with complete combinations of two Ag film thicknesses and
two Fe-C coating thicknesses. The rel ationships between the change in resonant
wavelength and the corrosion mass loss are established.

Section 5 develops an LPFG sensor encapsulated in a stedl tube for pitting
corrosion monitoring. The sensor isimmersed directly in saturated Ca(OH), added with
3.5 wt. %NaCl. The pitting corrosion rate of the encapsulating steel tube is measured
using the linear polarization resistance tests, and the change in resonant wavelength of the
LPFG was recorded using an OSA. The corrosion pit depth is related to the immersion
time.

Section 6 characterizes the performance of an LPFG sensor encapsulated in a steel
tube of varying wall thickness. The gratings are completely encased in the steel tube
using Marine Epoxy. Five encapsulated L PFG sensors are embedded in a concrete slab
for their long-term corrosion monitoring. To accel erate the corrosion test, external current
is applied to each steel tube. The mass loss of the steel tubeis related to the corrosion
penetration time, T, when a small hole becomes to show up through the wall thickness of
the steel tube.

Section 7 deals with the application of both the Fe-C coated LPFG sensor and the
encapsulated LPFG sensor for corrosion monitoring of steel barsin RC beams. Three
identical RC beams with alength of 3 ft and a cross section of 6in x 6 in are cast and
tested. The Fe-C coated LPFG sensor is attached to the surface of a steel bar using
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adhesive, and the LPFG sensors encapsulated in steel tubes with different wall
thicknesses are attached on the surface of one or more steel bars. The steel barsin RC
beams are subjected to accelerated corrosion tests. To investigate the effect of corrosion
on the mechanical degradation of RC beams, the RC beams are tested under four-point
loading at different corrosion stages. In the end, the reduction in load-carrying capacity
due to corrosion is correlated with the change in resonant wavelength measured using the
COrrosion Sensors.

Section 8 summaries the research outcomes, findings, and future works.
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2. DEVELOPMENT AND VALIDATION OF AN Fe-C COATED LPFG SENSOR
FOR CORROSION MONITORING OF STEEL

2.1. INTRODUCTION

This study aims to understand the mechanism of Fe-C coated sensors for
corrosion-induced mass |oss measurement, and to determine the sensitivity coefficients of
various sensors. A Fe-C coated L PFG sensor consists of long period gratings on an
optical fiber, aninner layer of deposited Ag film, and an outer layer of electroplated Fe-C
coating. The Ag layer provides a conductive film on the optical fiber that is needed for
the electroplating of the Fe-C layer. The Fe-C mixture represents the main chemical
composition of low carbon steel bars that are widely used in reinforced concrete
structures. To determine sensor sensitivitiesin various conditions, two Ag film
thicknesses and three Fe-C coating thicknesses are considered. The change in resonant
wavelength of the LPFG sensor isrelated to the mass loss of the Fe-C coating by
conducting the corrosion test of Fe-C coated LPFG sensorsin 3.5wt. % NaCl solution.
The microstructures of Ag and Fe-C layers are examined. At the completion of corrosion
tests, forensic study is conducted to investigate the sensing mechanism for mass loss

measurement.

2.2. EXPERIMENTAL PROCEDURE

In this section, the experimental procedure including preparation of bare LPFG,
deposition of silver coating on LPFG, electroplating Fe-C layer on silver layer was
described in detail. Then, the spectrum of LPFG and the corrosion rate of Fe-C layer
were measured by an optical spectrum analyzer (OSA, Y okagawa AQ6370C) and EIS,
respectively.

2.2.1. Preparation of Fe-C Coated L PFG Sensors. An Ag layer was deposited
around the grating region by the Discovery-18 Deposition System at a chamber pressure
of ~2x10°® m Bar. All the cleaned optical fibers were fixed on a copper frame to ensure
that they were kept straight during Ag deposition. The copper frame was placed on a
stage that was rotated at a constant speed to ensure a uniform Ag film. Two thicknesses of
the Ag layer, 800 nm and 1200 nm, were achieved after deposition for 1.5 and 2.5

minutes, respectively.
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After Ag deposition, alayer of Fe-C was electroplated directly on the silver film.
The composition of the electroplating solution and the operation parameters of the
electroplating process are given in Table 2.1 [67]. The mixture of this solution is intended
to produce a Fe-C layer with the same mass ratio of Fe to C asthat in reinforcement steel
bars. To protect the Ag film from damage and have a good electrical connection, a
conductive rubber was wrapped around the Ag coating at the end of the Ag coated optical
fiber on which an alligator clip was clamped. For electroplating, an approximately 6.5 cm
of the Ag coated optical fiber centered around the LPFG sensor was immersed in the
solution. The aligator clip and a graphite rod probed into the solution were connected
with the negative and positive ends of an external power supply, respectively, producing
adirect current of 2.5 mA. The electroplating process lasted for 1.0 hour, 1.5 hours, and
2.0 hours to produce a Fe-C coating thickness of approximately 8 um, 14 um, and 20 pum,
respectively.

A total of six LPFG sensors were prepared and tested including two Ag film
thicknesses and three Fe-C coating thicknesses. Figure 2.1 shows a schematic view of a
Fe-C coated L PFG sensor.

Table 2.1. Bath composition and electroplating condition [67]

FeSO,-7H,0 Citric Acid L-ascorbic acid

pH ! Temperature
(9L) (9L) (gL) (mA/cm?)
40 1.2 3.0 2.5 6 21°C
Fe-C coating Silver film
Core
[ BN BN
Gratings Cladding

Figure 2.1. Schematic view of a Fe-C coated L PFG sensor.
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2.2.2. Characterization of Ag and Fe-C Layers. To better understand the
microstructure of Ag and Fe-C layers, two additional fibers were prepared with Ag and
Fe-C coatings. Both the surface morphologies and the cross-sectional images of Ag and
Fe-C layers were examined using a scanning electron microscopy (SEM S4700, Hitachi,
Kyoto, Japan). To prepare a cross-sectional SEM sample, a small piece of the Ag and Fe-
C coated fibers were cold mounted with EpoxyMount (Allied High Tech Products Inc.).
After 24 hours of curing, the Epoxy mounted fibers were cross-sectioned using a
diamond saw, and then abraded using a series of silicon carbide papersto 1200 grit. After
abrading, the sample was rinsed with de-ionized water and dried for SEM studly.

The surface condition on fiber gratings affects the resonant wavelength of an
LPFG sensor. Therefore, the change in the resonant wavelength of each sensor was
measured in air and 3.5 wt. % NaCl solution, respectively, with an optical spectrum
analyzer (OSA, Y okagawa AQ6370C, accuracy: 0.02nm) after Ag deposition and Fe-C
electroplating.

2.2.3. Electrochemical and Optical Spectra Measurements. To prevent the
L PFG sensor from bending, the Fe-C coated portion was stretched and fixed to a
dumbbell-like plastic bar during tests. Both the plastic bar and the Fe-C coated fiber were
immersed in 3.5 wt. % NaCl solution, which was made of distilled water and NaCl
powder (certified powder, Fisher Scientific). Electrochemical impedance spectroscopy
(EIS) was used to monitor the corrosion process of the Fe-C coating. Before each EIS test,
a stable open circuit potential was recorded. EIS tests were conducted with atypical
three-electrode setup that consists of a25.4 mm x 25.4 mm x 0.254 mm platinum sheet
as acounter electrode, a saturated calomel electrode (SCE) as areference electrode, and a
Fe-C coated fiber as aworking electrode. These el ectrodes were connected to a Gamry,
Reference 600 potentiostat/gal vanostat/ZRA for data acquisition. The EIS measurements
were taken at 5 points per decade when a sinusoidal potential of 10 mV with a frequency
range 5 mHz to 100 kHz was applied around the open-circuit potential.

The change in the transmission spectrum of a Fe-C coated LPFG fiber during
immersion tests was recorded with an optical spectrum analyzer (OSA). One end of the
L PFG sensor was connected to a broadband source (BBS, HP83437A) and the other end
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was connected to the OSA. The optical measurements were taken every 12 minutes
automatically.

Since optical fiber issmall in diameter and curved circumferentialy, it is difficult
to visually observe the corrosion evolution of the Fe-C layer. Therefore, asilicon disk of
10 mm in diameter and 2.00 mm in thickness was also Ag deposited and Fe-C
electroplated, and immersed in 3.5 wt. % NaCl solution at the same time. The thicknesses
of inner Ag and outer Fe-C layers are 800 nm and 14 pum, respectively. The surface
condition of the Fe-C layer was examined with an optical microscopy (Hirox KH-8700)

after O, 7, 12, and 24 hours of immersion in the salt solution.

2.3. RESULTS AND DISCUSSION

In this section, the microstructure of Ag and Fe-C layers wasiillustrated through
SEM. The relationship between resonant wavelength and time was obtained by
measuring the spectrum of Ag and Fe-C layer coated LPFG with six thicknesses. The
corrosion rate of Fe-C layer was measured through corrosion test.

2.3.1. Microstructure of Ag and Fe-C Layers. Figure 2.2 shows the surface
and cross-sectional SEM images of the thickest Ag film and Fe-C coating applied on the
optical fiber aswell asthe LPFG sensor before and after corrosion tests. As shown in
Figure 2.2(a), the Ag film is approximately 1.2 um thick with randomly distributed grains.
The size of the Ag grains is 92+25 nm. As shown in Figure 2.2(b), the electroplated Fe-C
coating has a dendritic structure with small Fe-C grains (27+5 nm) that are likely
accumulated around large silver grains. The Fe-C coating is approximately 20 um thick.
Figures 2.2(c-1) and 2.2(c-2) show the surface morphologies of the Fe-C coated LPFG
sensor prior to the corrosion test and after 24 hours of immersion in 3.5 wt. % NaCl
solution. The NaCl solution was made from the purified sodium chloride and distilled
water. The scattered grains on the surface of the LFFG sensor as shown in Figure 2.2(c-1)
represent the pitting corrosion products formed in air during preparation for SEM
imaging. After 24 hoursin salt solution, the LPFG surface was covered with a significant
amount of corrosion products, increasing the outer diameter from 165 pum to 400 pm as
shown in Figure 2.2(c-2).
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2.3.2. Change of Transmission Spectra. Figure 2.3(a) shows the change of
transmission spectra of a representative LPFG sensor prior to coating (bare fiber), after
Ag deposition (800 nm thick), and after Fe-C electroplating (8 um thick) when tested in
air and 3.5 wt. % NaCl solution, respectively. Each transmission spectrum was taken after
one minute of immersion in the NaCl solution.

Figure 2.2. Surface (1) and cross-sectiona (2) morphologies of (a) Ag film and (b) Fe-C
coating; (c) SEM of the LPFG surface (1) before and (2) after 24 hours of tests.
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The resonant wavel ength of the bare fiber was 1526.2 nm in air, and blue shifted
to 1516.2 nm once immersed in NaCl solution. This shift was attributed to the change of
refractive index from air (~1.00) to NaCl solution (~1.34) [115, 116]. After Ag deposition,
the resonant wavelength increased to 1557.4 nm and the corresponding transmission was
changed from -24.12 to -9.25 dB. This was because the Ag film acts as amirror to the
evanescent field and part of the light was recoupled to the fiber core mode [117]. When
electroplated with Fe-C coating, the pores among the Ag grains were filled with Fe-C
grains, making it more dispersive to light with increasing refractive index and thus
resulting in an increased bandwidth of the transmission spectrum and a blue shift of
resonant wavelength to 1548.2 nm. The transmission spectrum of either the Ag or the Fe-
C coated fiber was not affected by the environmental condition (air versus NaCl solution).
Thisis because the two coatings prevent the arrival of NaCl solution to the fiber cladding

in a short time (one minute), resulting in no change in the ambient refractive index.
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Figure 2.3. Transmission spectra of an LPFG sensor (a) coated and uncoated when tested
inair and 3.5wt. %NaCl solution immediately, (b) coated with Ag (800 nm) and Fe-C (8
pum) layers when tested in 3.5 wt. % NaCl solution over time.

Figure 2.3(b) shows the change of transmission spectra of the same Fe-C coated
LPFG sensor after immersion in 3.5 wt. % NaCl solution for up to 30 hours. It can be
observed from Figure 2.3(b) that the resonant wavelength significantly decreased in the
first 8 hours and then dlightly increased after that. The rapid decrease in the first 8 hours
is attributed to the corrosion of the Fe-C coating, and the solution penetration through the

Ag grainstill the arrival to the fiber surface, resulting in a continuing increase of the
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ambient refractive index. After 8 hours, the slow increase and stabilization of wavel ength
are both due to the change of refractive index of salt solution as aresult of the dissolution
of corrosion products.

The changes in resonant wavelength of all six LPFG sensors with different Ag
and Fe-C thicknesses are plotted in Figure 2.4 as a function of immersion timein
3.5wt. %NaCl solution. The wavelength change over time can be divided into three
stages: I-significant decrease, |1-small increase, and I11-stabilization. In Stage |, the Fe-C
reacted with oxygen dissolved in the salt solution as verified by pitting corrosion later,
resulting in the thinning of the Fe-C coating and penetration of salt solution though the
Ag film to the surface of the optical fiber. In Stage 11, most of the Fe-C grains were
turned into corrosion products, slightly reducing the refractive index of the salt solution
as aresult of the dissolution of corrosion products. In Stage 111, all the Fe-C grains were
turned into corrosion products and no further corrosion occurred, thus maintaining a
constant resonant wavelength.

To understand the sensitivity and service life of Fe-C coated LPFG sensors, the
maximum reduction of resonant wavelength and the time needed to reach the maximum
reduction are extracted from Figure 2.4. They are presented in Figure 2.5(a) and 2.5(b),
respectively, as afunction of the Fe-C thickness. It can be seen from Figure 2.5(a) that
the resonant wavelength decreases almost linearly with the Fe-C thickness when the Ag
film is 800 nm thick. When an Ag film of 1200 nm thick is used, the effect of the Fe-C
coating thickness appears negligible. Asindicated in Figure 2.5(b), the time to reach the
maximum reduction in resonant wavelength increases linearly with the Fe-C coating
thickness when the thickness of Ag film is kept the same. The time also increases with
the Ag film thickness when the thickness of the Fe-C coating is kept the same. Thisis
because it takes more time to get a thicker Fe-C coating corroded completely or diffuse
salt solution through athicker Ag film. Asindicated by Figure 2.5(a) and Figure 2.5(b),
the selection of a Fe-C coating thicknessis atrade-off between the sensitivity of
corrosion measurement and the service life of Fe-C coated LPFG sensors except that the

thickness of Ag film exceeds 1.2 pm.
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Figure 2.4. The change of resonant wavelength over immersion timein 3.5 wt. % NaCl

solution for LPFG sensors with Ag thickness of (1) 800 nm, and (2) 1200 nm; Fe-C

thickness of (a) 8 um, (b) 14 um, and (c) 20 um.
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2.3.3. EISResults of the Fe-C Coating. Note the difference between this and
the others. Figure 2.6 displays the open circuit potential (OCP) of Fe-C layer on the six
LPFG sensors as afunction of immersion timein 3.5 wt. % NaCl solution. The evolution
of OCP over time can be divided into three stages: active (OCP < 500 mV), transition
(500 mV < OCP < 280 mV) and depletion (OCP > 280 mV). In the active stage, the Fe-C
coating reacts with oxygen dissolved in the salt solution and are gradually changed into
corrosion products. In the transition stage, as the corrosion products are accumulated to
some degrees, the remaining Fe-C grains continue to corrode but at significantly reduced
rates. In the depletion stage, over 80% of the Fe-C grains have been changed into
corrosion products. The thickness of Fe-C coating significantly affects the transition of
stages. It can be observed from Figure 2.6 that the 8 um thick Fe-C coating entered into
the transition stage after approximately 8 hours of immersion in 3.5 wt. % NaCl solution,
and continued to enter the depl etion stage after 18 hours. The transition times from the
first stage to the second stage were postponed to 20 hours and 25 hours for the 14 um and
20 pm thick Fe-C coatings, respectively.

-100}
-200}
-300¢
-400}
-500}
-600f ¢
700 §
80 10 20 30 40 50 60
Time (hour)

Figure 2.6. The change of open circuit potential over time for six Fe-C coated LPFG
sensors (1.2-8 means an LPFG sensor coated with 1.2 ym Ag and 8 um Fe-C).

OCP (mV/SCE)

Active

Figure 2.7 shows the impedance spectra of Fe-C coating on the six LFFG sensors
measured at six immersion timesin 3.5 wt. % NaCl solution. Dot points mean
experimental data and solid lines represent the data fitting results using an equivalent
electrical circuit as shown in Figure 2.8. It can be seen from Figure 2.7 that the
impedance spectra of all six specimens follow the same trend over time. Two semi-circles
are present in the Nyquist plot. The big semi-circle in the low frequency range



corresponds to the electrolyte-iron interfacial properties: the charge transfer resistance

and the double layer capacitance. The small semi-circle in the high frequency rangeis

associated with the pore resistance and capacitive behavior of the Fe-C coating. The

radius of the big semi-circle increases over the immersion time, indicating a reduced
corrosion rate in the remaining Fe-C coating. When the Fe-C coating becomes thicker,

the initiation time for sudden increase of the impedance spectrum is postponed.
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Figure 2.7. The change of impedance spectrum over time for LPFGsin 3.5 wt. % NaCl
solution with Ag thickness of (1) 0.8 um, and (2) 1.2 um; Fe-C thickness (a) 8 um, (b) 14
pum, and (c) 20 pm.
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Figure 2.8 shows the equivalent electrical model (EEC) used to fit the impedance
spectrum datain Figure 2.7 [118, 119]. Here, Rs corresponds to the electrol yte resistance,
CPEc and Rc represent the pore resistance and capacitive behavior of the Fe-C coating,
CPEdI and Rct represent the double layer capacitance and the charge transfer resistance
at the electrolyte-particle interface. A constant phase element (CPE) instead of a pure
capacitor was used to account for the non-homogeneity of the Fe-C coating and the
double layer. The non-homogeneity of the Fe-C coating is attributed to the random
distribution of Fe-C particles and the slight thickness variation over the entire surface as
shown in Figure 2.2(b-1). The non-homogeneity of the double layer is attributed to the
irregularities of the Fe-C coating such as surface roughness, random distribution of
corrosion microcell, and certain processes associated with an irregular distribution of the
applied potential [120]. Mathematically, the impedance of a CPE can be expressed into
[121]:

Zepe =Y (jw)™" (2.1)
where Y is the CPE-constant with unit Q* cm™ ", which is directly proportional to the
double layer capacitance of pure capacitive electrode [122], n is the CPE-power (0<n<1),
j istheimaginary unit (j%= -1), and w is the angular frequency of the applied alternative
current (w=2nf, f isthe frequency in Hz).

CPEc
S

Vvl

CPEual

Rs

Rc AAAA

Rct
Figure 2.8. Equivalent electrical circuit model.

Among these EEC parameters, only the evolution of the charge transfer resistance
over timeis presented in Figure 2.9(a). Charge transfer resistance reflects the ease of

charge across the electrolyte-particle interface. It can be observed from Figure 2.9(a) that,
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with an increase of immersion time, the charge transfer resistance increased slightly and
rapidly, and finally was stabilized when the Fe-C coating was completely corroded away.
This observation is consistent with that based on the OCP data. Charge transfer resistance
can be converted into corrosion rate by [123]:

i=B/R, (2.2
wherei isthe corrosion rate and B is a constant that was taken as 26 mV [124]. As shown

in Figure 2.9(b), the corrosion rate of al Fe-C coatings on the fiber surface decreased
with theimmersion timein 3.5wt. % NaCl.
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Figure 2.9. The change of (@) charge transfer resistance and (b) corrosion rate over time
for six LPFG sensors (1.2-8 means a LPFG sensor with 1.2 um Ag and 8 um Fe-C).

2.3.4. Resonant Wavelength Vs. Corrosion Mass L oss. The corrosion rate
was converted into mass loss (n) of the Fe-C coating based on Faraday’s law. By

comparing Figure 2.9 with Figure 2.4, the mass loss of the Fe-C coating can be related to
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the change of resonant wavelength for al six LPFG sensors as presented in Figure 2.10.

Corresponding to Figure 2.4, three stages are clearly identifiable. Linear regression

analysis for Stage | shows the coefficient of determination R? = 0.90. Therefore, the

change in resonant wavel ength can be linearly related to the mass loss of the Fe-C

coating. The slope of the straight line represents the sensitivity of LPFG sensors for mass

loss measurement as presented in Table 2.2 for al six sensors with Fe-C coating.
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Figure 2.10. The change of resonant wavelength as a function of corrosion mass |0ss of
Fe-C coating on various L PFG sensors with Ag thickness of (a) 0.8 um, and (b) 1.2 pym;
Fe-C thickness (1) 8 um, (2) 14 um, and (3) 20 pm.

Asshown in Table 2.2, the LPFG sensor with 0.8 ym Ag and 8 um Fe-C layersis

most sensitive to the loss of Fe-C mass with a sensitivity of 0.23 nm per 1% mass | oss of
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the Fe-C coating. Given a Ag film of 0.8 um in thickness, the sensitivity of LPFG sensors
decreased from 0.23 nm to approximately 0.15 nm per 1% mass loss with an increase of
the outer Fe-C coating thickness from 8 um to 20 ym. The LPFG sensors with 1.2 ym
thick Ag film are least sensitive to the mass loss with a sensitivity of approximately 0.06
nm per 1% mass loss of the Fe-C coating, regardless of the thickness of Fe-C coating.
The working range of LPFG sensors for effective corrosion monitoring is 60~90% mass
loss of Fe-C coating, depending upon the thickness of both inner Ag and outer Fe-C

layers.

Table 2.2. Effects of Ag and Fe-C layers on the sensitivity of sensors

Coating thickness Sensitivity Effective range
Inner Ag (um) Outer Fe-C (um) (nm/1% massloss) (% mass|0ss)
8 0.23 70
0.8 14 0.17 70
20 0.15 60
8 0.06 95
12 14 0.07 90
20 0.06 80

2.3.5. The Sensing M echanism and Corrosion Sensitivity. Asindicated in Eq.
(2.1), the resonant wavelength of a LPFG sensor is afunction of the refractive index of
surrounding medium, which is significantly affected by the type and concentration of
chemicals around the fiber cladding. The surrounding medium of a Fe-C coated LPFG
sensor changes over time as corrosion of the Fe-C coating proceeds. Figure 2.11
schematically illustrates various stages experienced by the corrosion sensor. In Stage |
when the Fe-C coated LPFG sensor isjust immersed in 3.5wt. % NaCl solution, the fiber
cladding is surrounded by porous Ag particles. In Stage |1, hundreds and thousands of
micro-cells (pitting corrosion) are formed. These active corrosion cells have different
corrosion rates due to the varying surface roughness and concentration of oxygen
dissolved in the salt solution. When the first group of active corrosion cells are extended
through the thickness of the Fe-C coating, electrolyte rich in chloride, sodium, Fe?*, OH"
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and other ions is penetrated through the Ag pores to the surface of the fiber cladding. The
air among the Ag particles beneath the active corrosion sitesis replaced with the
electrolyte, resulting in the change in refractive index of the surrounding medium. In
Stage 111, the corrosion continued until most of the pores among the Ag particlesisfilled
with such electrolyte. This occurs when 60~90% of the Fe-C corroded as discussed
previoudly. In Stage 1V, al the Fe-C grains are turned into iron oxides or iron hydroxides
and the pores among the Ag particles are filled with the salt solution and the corrosion

products dissolved.

(1)

Silver particle
»1\.-’ A Y i

(V) Bt ar i

Figure 2.11. Schematic illustration of various stages of corrosion.

Figure 2.12 shows the surface conditions of asilicadisk with an inner Ag film
(0.8 uym) and an outer Fe-C coating (14 pm) when immersed in 3.5 wt. % NaCl solution
for various periods of time. The surface images of the electroplated disc were taken at O,
12, 25, and 40 hours as presented in Figure 2.12. In the beginning of corrosion tests, the
electroplated Fe-C coating displayed a smooth black surface. After 12 hours of
immersion, a number of active corrosion sites appeared and were randomly distributed
over the entire surface. After 25 hours, over 90% of the Fe-C surface was covered with
corrosion products as shown in Figure 2.12(c), which correspondsto Stage I11 in Figure
2.11. At the end of the corrosion tests (40 hours), the entire Fe-C surface was covered
with corrosion products.



27

-..l g of ‘.“" ! ..-.. .I‘. ; \1
& ‘ A .}; &y 3 M __._‘ ; . ; i
B s Rl ot RN A Sl & ke o5

Figure 2.12. Thesurface condition of a silica disc with 0.8 ym Ag film and 14 um Fe-C
coating at an immersion time of (a) O hr., (b) 12 hrs., (c) 25 hrs,, and (d) 40 hrs.

2.4. CONCLUSIONS

In this study, Fe-C coated L PFG sensors were characterized in 3.5 wt. % NaCl
solution for microstructures, sensitivity in corrosion mass |oss measurement, service life,
corrosion behavior, and sensing mechanism. The sensors were composed of an inner
deposited Ag film and an outer electroplated Fe-C coating. Based on the test results, the
following conclusions can be drawn:

(1) TheAgfilm hasagranular structure of particlesthat are 125 nmin size, and
the Fe-C coating has a dendritic structure of grains that are approximately 27 nmin size.
Both structures are porous, alowing the penetration of salt solution over time.

(2) Given a Ag film of 0.8 um thick, the change in resonant wavelength of the
sensors decreases from 0.23 nm to approximately 0.15 nm per 1% corrosion mass | 0ss of
the Fe-C coating that is originally set 8 um to 20 ym thick. However, when the Ag film
becomes 1.2 pm thick, the effect of the Fe-C thickness on the LPFG sensitivity is
negligible.
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(3) Theservicelife of the sensors increases with the thickness of either Ag film
or Fe-C coating. It isatrade-off of the sensitivity of the sensors unlessthe Ag filmis 1.2
pm thick.

(4) The change in resonant wavelength of the sensorsis linearly related to the
loss of Fe-C mass. Therefore, the sensors can be used to predict the corrosion mass |oss

of the Fe-C coating up to 60~90% by measuring the change in resonant wavelength.
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3. CORROSION MONITORING OF STEEL BARSBY LONG PERIOD FIBER
GRATING SENSORSCOATED WITH A THIN Fe-C LAYER

3.1. INTRODUCTION

In this study, the corrosion of steel rebar is monitored by distributed optical fiber
grating sensors deployed in parallel with the rebar. Long period fiber grating (LPFG)
sensors are coated with a thin Fe-C layer whose corrosion can be correlated with the
rebar corrosion. Light can propagate through the core and cladding of a LPFG sensor.
The cladding mode of light propagation is significantly affected by the environmental
refractive index of the sensor, resulting in a potential change of wavelength over time.
The wavelength change is related to the degree of corrosion through laboratory
calibration tests by placing both the LPFG and areinforcing steel bar in the same
corrosion environment. The wavelength change and the corrosion degree are quantified
by an optical spectrum analyzer (OSA) and an electrochemical impedance spectroscope
(EIS), respectively. Test resultsindicated that the Fe-C coated LPFG sensor can be
applied to successfully monitor the onset of corrosion along the length of steel rebar. In
practical applications, the change in wavelength of the LPFG sensor is first measured
with the OSA and then converted to the degree of corrosion in iron coating through their
calibrated relation. For long-term monitoring, LPFG sensors may be coated with athin

layer of stainless steel that can be corroded slowly over time.

3.2. EXPERIMENTAL PROCEDURE
All optical fiberstested in this study were cleansed for 10 min with 20% NaOH
solution to remove oil on their surface, further cleansed for 3 min with distilled water

using an ultrasonic cleaner, and dried for 5 min at 100°C in an oven. The clean LPFG

sensors were fixed on a copper frame to make sure that the grating part is straight and
away from the fixed points. The prepared specimens were finally put into the Discovery-
18 Deposition System and deposited with silver for 90 sec to a thickness of around 500
nm. After that, the surface of the LPFG sensors became conductive. The Fe-C film was
electroplated onto the metalized optical fiber with an electroplating solution [67]. The
composition of the electroplating solution and the operation parameters of the

electroplating process are listed in Table 3.1. The massratio of Feto Cin the solutionis
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close to that of the reinforcement steel. The electroplating process lasted for 2 hours.
Figure3.1 shows a schematic view of the structure of a Fe-C coated L PFG.

Table 3.1. Bath composition and electroplating conditions [67]
FeSO,-7H,O CitricAcid L-ascorbic acid

pH | (mA/cm?) Temperature

(gL) (g'L) (gL)
40 1.2 3.0 2.5 4.6 25°C
Fe-C coating Silver film
Core \i
i 1 Al { | 1

Gratings Cladding
Figure 3.1. Schematic view of the structure of a Fe-C coated L PFG.

One LPFG sensor coated with a Fe-C film was bandaged on a #5 steel bar (d =
0.625 in) and then put in a glass beaker filled with 3.5 wt. % NaCl solution, which was
prepared by dissolving purified sodium chlorides (Fisher Scientific) into distilled water.
The corrosion areais 20 cm?. The EI'S measurements were taken with atypical three-
electrode test setup, as shown in Figure 3.2(a), consisting of a25.4 mm x 25.4 mm x
0.254 mm platinum sheet as a counter electrode, a saturated calomel electrode (SCE) asa
reference electrode, and a Fe-C coated optical fiber as aworking electrode. These
electrodes were connected to a Gamry, Reference 600 potentiostat/gal vanostat/ZRA for
data acquisition. EIS measurements were taken at 5 points per decade with a sinusoidal
potential of 10 mV applied around the open-circuit potential with afrequency range of 5
mHz to 100 kHz.

The LPFG sensor was fixed on a steel bar to ensure it was straight and
demonstrate a deployment scheme, as shown in Figure 3.2(b). It is then connected to the
laser (HP 83437A) and an optical spectrum analyzer (OSA, Y okogawa AQ6370C). The
light transmissions of the sensor at various wavelengths were taken and recorded every
12 min. The recorded transmission spectra were curve fitted to extract the resonant
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wavelength data. The overall test setup with the OSA and the specimen is shownin
Figure 3.2(a). As shown in Figure 3.2(b), Kapton tape was adopted to separate the LPFG
from the steel and thus eliminate the potential influence of the corrosion process of Fe-C
coating on the EIS measurement of the steel bar.

(a) EIS —_—
XX )

Light
source
LPFG
with Fe-C
Coating OSA
\
/

3.5% NaCl solution

(b)

Figure 3.2. Corrosion test of a Fe-C coated LPFG: (a) test setup and (b) Fe-C coated
LPFG and #5 sted.

3.3. EXPERIMENTAL PROCEDURE AND RESULTS

Figures 3.3(a)-3.3(c) show the SEM surface morphologies of a Ag coated fiber, a
Fe-C coated fiber prior to corrosion test, and the Fe-C coated fiber after 24 hours of
corrosion test, respectively. It can be seen from Figure 3.3(a) that small silver grains with

500 nm in size can be seen on the surface of the Ag coated optical fiber. Figure 3.3(b)



shows the Fe-C coated optical fiber prior to corrosion tests. The diameter of the optical
fiber increased from 125 um (bare fiber) to 145.8 um; the Fe-C film was thus
approximately 10.4 um thick. However, the Fe-C film was full of micro cracks as
observed in Figure 3.3(b-2). After 24 hours of corrosion test, corrosion products
accumulated on the surface of the LPFG sensor with its diameter increased to 400 pm.

(1) I8

MSET 150k 12 1mm x1.00k SE[M) 3152013

(b-1)

-

(c-1)

MSET 150K 11.9mm =100 SE[M Y23

Figure 3.3. SEM images of (a) Ag coated LPFG, (b) Fe-C coated LPFG prior to
corrosion test, and (c) Fe-C coated LPFG after 24 hours of corrosion test.

The Changing of Resonant Wavelength and Time is shown in Figure3.4(a), (b)
and (c); The average changing of resonant wavelength is shown in Figure 3.4(d). From

32
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Figure 3.4, the resonant wavel ength monotone decreased from 0 to 8hours and the
decrease speed was more and more slowly. After 8 hours, the resonant wavelength had no

experiences on monotone decrease or increase.
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Figure 3.4. The change of resonant wavelength over time for (a) Specimen 1, (b)
Specimen 2, (¢) Specimen 3, and (d) all specimens (average change).

Figure 3.5(a) shows the OCP data for the three specimens tested. Their
corresponding EIS test results are presented in Figure 3.5(b-d). Based on the EIS resullts,
the average corrosion rate and the mass |loss rate were calculated from the Faraday’s Law
and presented in Figure 3.6. In these calculations, the corrosion area was taken to be 20
cm?. That is, the mass loss rate in gram per hour is equal to 249 (gram) x | (mA/m?/day)
x 20 (cm?) x (1 m?/10000 cm?) x (1 day/24 hour) and the mass lossin gram is
249x1x(20/10000)x(1/24)t, where | represents the average corrosion rate in mA/m?/day
and t denotes the immersion time in hour. The average mass loss rate, presented in Figure

3.6(b), can beintegrated over time to obtain the accumulated mass loss up to different



time as shown in Figure 3.7(a). By correlating Figure 3.7(a) with Figure 3.4(d), the

relationship between the change in resonant wavel ength and the mass loss at any time can
be established and presented in Figure 3.7 (b).
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Figure 3.6. The relationship between (a) average corrosion rate and time; (b) average

mass loss rate and time.
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It can be seen from Figure 3.7(b) that the relationship between the change in
resonant wavelength and the average massloss is nearly linear when the average mass
lossislessthan 0.004. In this range, a linear regression line AA =-1300 AM can be
developed with a coefficient of determination R?=0.98. Here, AM (g) represents the
average mass loss and AA (nm) denotes the change in resonant wavelength. When the
average mass loss is greater than 0.004, the change in resonant wavelength fluctuates
over time and thus no obvious rel ationship between them can be developed with high
confidence. Since the Fe-C coating is quite thin, the total corrosion timeisonly 24 hours.
The linear regression line for monotonic decrease of the change in resonant wavelength is
valid for thefirst 8 hours only. Therefore, the corrosion sensor is applicable for early
corrosion monitoring with high sensitivity. Thicker Fe-C coating can be used to increase
the time of corrosion or stainless steel coating can be applied to the surface of an LPFG

to delay the corrosion process at a reduced corrosion rate.

3.4. CONCLUSIONS

In this study, the Fe-C coated LPFG corrosion sensor was attached on a steel bar.
Both were immersed in the NaCl solution over time in order to correlate the corrosion
processes of the Fe-C and steel bar to each other. This approach can be applied for
accurate corrosion monitoring based on the variation in ambient refractive index of the
LPFG caused by the corrosion process of the Fe-C coating on the LPFG. The following

conclusions can be drawn on the basis of the tests and analysis:
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(1) Dueto the changein ambient refractive index in corrosive environment, a Fe-
C coated LPFG sensor can be used to accurately and sensitively monitor the corrosion of
the Fe-C material and thus the early-age corrosion of a nearby steel bar based on the
change in resonant wavel ength of the LPFG sensor. Longer-duration corrosion may be
achieved by increasing the thickness of Fe-C coating or using corrosion retard metals
such as stainless steel coating.

(2) Inthe 3.5wt. % NaCl solution, the resonant wavelength decreases linearly
with time within the first 8 hours and shows no clear trend after 8 hours of immersion.
For the linear portion, the change in resonant wavelength AA (nm) can be strongly related
to timet (h) by AN = -0.625t with a coefficient of determination of 0.97.

(3) Themassloss follows the similar trend over time as the resonant wavel ength.
In the first 8 hours, the relationship between the mass loss AM (g) and time t (h) can be
strongly represented by AM = 0.00048t with a coefficient of determination of 0.99.

(4) The change in resonant wavelength A (nm) and the mass loss AM (g) can be
closely correlated by AA = -1300AM in thefirst 8 hours of tests. The sensitivity of the Fe-
C coated LPFG sensor is high and sufficient in engineering applications.
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4. CORROSION MONITORING OF STEEL BARSIN MORTAR USING Fe-C
COATED LONG PERIOD FIBER GRATINGS

4.1. INTRODUCTION

In this study, the corrosion process of steel bars embedded in mortar cylinder and
immersed in 3.5 wt. % NaCl solution was monitored with long period fiber grating
(LPFG) sensors. Each LPFG was first deposited with athin layer of silver (600 nm or
1000 nm thick) and then electroplated with athick layer of Fe-C film (6 um or 10 um
thick). The coated L PFGs were attached to the surface of asteel bar that is then
embedded in mortar cylinder. Twelve mortar cylinders were cast, cured for 28 days, and
tested in 3.5 wt. % NaCl solution for 105 days. The corrosion evolution of steel barsin
mortar cylinder was monitored with electrochemical impedance spectroscopy (EIS). The
wavelength change of the corresponding LPFGs was measured with an optical spectrum
anayzer (OSA). Results showed that the effects of both silver and Fe-C film thickness on
the change of resonant wavelength were insignificant in the test range. The wavelength of
acoated LPFG sensor was first observed to drop suddenly in the first 7 days due to
penetration of NaCl solution through mortar cover and the Fe-C and silver layers,
corresponding to a passive state of the steel bar. The slow increase over time after 7 days
was due to the initiation of corrosion and buildup of corrosion products. A linear
relationship was observed between the corrosion mass loss and the increase of resonant
wavelength, indicating Fe-C coated LPFG sensors can effectively monitor the corrosion

evolution of steel in mortar.

4.2. EXPERIMENTAL PROCEDURE

Single-mode optical fiber (Coring, SMF-28e) with core and cladding diameters of
8.2 um and 125 um, respectively, were used in this study. The refractive index of core
and cladding are 1.4691 and 1.4628, respectively. Each optical fiber was cleansed with
20% NaOH solution for 10 minutes to get rid of oil on the surface, and then cleansed with
distilled water for 3 minutes using an ultrasonic cleaner, and dried in an oven at 100 °C
for 5 minutes.

Since the optical fiber is not conductive, athin layer of silver was deposited on

the surface of the fiber prior to electroplating of the Fe-C layer. To ensure that the fiber
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was straight and the coating had a consistent thickness, all the cleaned optical fibers were
fixed on a copper frame before they were moved and placed inside the Discovery-18
Deposition System. Two thicknesses of silver layer were considered, 600 nm and 1000
nm, corresponding to a deposition time of 1.5 and 2.5 minutes, respectively.

After silver coating, alayer of Fe-C was electroplated directly on the silver film.
The composition of the electroplating solution and the operation parameters of the
electroplating process are listed in Table 4.1. The mixture of this solution isintended to
produce a Fe-C layer with the same mass ratio of Fe to C asthat in steel reinforcement
bars. For the electroplating process, the silver coated optical fiber was connected with the
negative end of an external power supply with a constant current of 5 mA. The positive
end of the power supply was connected with a graphite rod. To protect the fiber from
mechanica damage and have a good e ectrical connection, a conductive rubber was
placed between an alligator clip and the optical fiber. The electroplating process lasted
for 1.5 and 2.0 hours to produce different thicknesses. Therefore, four conditions were
considered including two silver thicknesses and two Fe-C film thicknesses aslisted in
Table 4.2. To ensure the repeatability of test results, three specimens were prepared for
each condition. Therefore, atotal of 12 specimens were prepared and tested in this study.
Both the average (Avg.) and the coefficient of variation (COV) of the silver and Fe-C
layer thickness are given in Table 2. The microstructure of Fe-C coated optical fiber is
schematically shown in Figure 4.1.

To have a better understanding about the surface microstructure after silver
deposition and Fe-C electroplating, two additional small pieces of fibers after silver
deposition and el ectroplating were prepared and observed using a scanning electron
microscopy (SEM $4700, Hitachi, Kyoto, Japan).

Table 4.1. Bath composition and electroplating conditions [67]

FeSO,-7H,0 Citric Acid L-ascorbic acid oH [
(g/L) (g/L) (g/L) (mA/cm?)
40 1.2 3.0 25 6 25°C

Temperature
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Table 4.2. Deposition and electroplating time of specimens

Silver layer Fe-C layer
, Deposition Thickness Electroplating Thickness
Specimens Time Avg. oV Time Avg. cov
(minutes) (nm) (hours) (um)
#1-#3 15 650 0.13 15 6.1 0.08
#4 - #6 15 650 0.13 20 10.5 0.12
#7 - #9 2.5 1100 0.15 15 6.0 0.10
#10 - #12 2.5 1100 0.15 2.0 9.8 0.15
Fe-C coating Sliver film
/
Core
I Y | | 1 | \
Cladding

s tmes) I -
50 um

Figure4.1. Schematic illustration of the structure of a Fe-C coated LPFG.
Any variation in surface condition of the optical fiber can alter the resonant
wavelength of the LPFG sensor. Therefore, the change of resonant wavel ength after each

process was measured with an optical spectrum analyzer (OSA, Y okogawa AQ6370C).
The measured results are presented in Table 4.3.

Table 4.3. Resonant wavelength of four representative specimens under different

conditions
Coating
Specimens Thickness Resonant Wavelength
Silver Fe-C Initial  After Coating After Castingin
(nm) (um) (nm) (nm) Mortar (nm)
#3 650 5.8 1529.9 1562.7 1550.7
#6 650 10.2 1535.1 1569.9 1557.3
#7 1100 6.5 1544.3 1576.8 1564.7
#12 1100 9.6 1547.2 1572.0 1559.7

After electroplating, the Fe-C coated L PFGs were attached to the surface of steel
bars. The steel bars used in this study were ASTM A615 Grade 60 #3 steel barswith a

diameter of 9.50 mm (0.38 in), and its chemical composition is shownin Table 4.4. To
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avoid interference of steel bar, an insulating adhesive strip was attached between the Fe-
C coated LPFG and the steel bar surface. A copper wire was welded on one end of the
steel bar for corrosion test as shown in Figure 4.2. To limit the corrosion occurred in the
middle portion of steel bar, the exposed steel bar out of mortar cylinder was coated with a

layer of epoxy.

Table 4.4. Chemical composition of steel bar

Element C S Mn P S Cr Mo Ni Co Cu \Y Sn Fe
wt.% 043 022 095 015 007 0.17 003 0.10 001 046 0.02 0.02 97.37

The mortar was prepared using cement, tap water, and sand with aweight ratio of
1:0.5:1. The cement was Portland Type and its chemical composition was determined and
listed in Table 4.5. The Missouri River sand was used with the maximum diameter of 500
um. All the steel bars were cut to alength of 80 mm (3.15 in). Before mortar casting, all
the mill scale on the steel bar surface was cleansed following the ASTM standard [79].

Table 4.5. Chemica composition of type-l Portland cement (wt. %)

fg‘;?;gg SO, ALO, CaO MgO SO; NaO K.O C TiO, FeO, P,Os Tota

398 1948 6.80 5535 332 435 239 100 002 020 218 019 99.27

For the casting of mortar, a PV C pipe with adiameter of 20 mm (0.79 in) was
used asamold. To ensure the steel bar placed along the centerline of the mortar cylinder,
agroove wasfirstly precut in apiece of plywood to fix the PV C pipe, and then a hole
with adiameter of 13 mm (0.50 in) was drilled at the location of steel bar. Figure 4.2(a)
shows the dimensions of the steel bar and the mortar cylinder. The mortar cover is 5.2
mm (0.20 in) thick, and the length of the bar exposed to the corrosive environment is 103
mm (4.10 in) with an exposure surface area of 30 cm? (4.65 in?). After 24 hours, the
mortar cylinders were de-molded from the PV C pipe and cured in acuring room at 20 °C
temperature and 100% humidity for 28 days before corrosion tests. Figure 4.2(b) shows
one mortar specimen ready for corrosion test after curing. A total of 12 mortar specimens
were prepared and tested with two silver layer thicknesses, two Fe-C layer thicknesses,

and three identical specimens prepared for each condition.
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Copper wire

(@ (b)

/ Epoxy

Steel bar

Mortar i

103

DLLLLLLLL LTI

Figure 4.2. Design of test specimen: () schematic view with dimensions, and (b)
finished mortar cylinder. (unit: mm, 1 mm=0.04 in.).

After curing for 28 days, all mortar specimens were placed in a container filled
with 3.5 wt. % NaCl solution, which was prepared by dissolving purified sodium chloride
into distilled water. The corrosion tests lasted for 105 days, and electrochemical
impedance spectroscopy (EIS) was conducted to monitor the evolution of corrosion over
time. As schematically shown in Figure 4.3, EIS was conducted with atypical three-
electrode setup that consists of a25.4 mm (1.0in) x 25.4 mm (1.0 in) x 0.254 mm (0.01
in) platinum sheet as a counter electrode, a saturated calomel electrode (SCE) as a
reference electrode, and a steel bar as aworking electrode. These electrodes were
connected to a Gamry, Reference 600 potentiostat/galvanostat/ZRA for data acquisition.
EIS measurements were taken at 5 points per decade when a sinusoidal potential of 10
mV with afrequency range 5 mHz to 100 kHz was applied around the open-circuit
potential. The change in resonant wavelength of optical fibers was also measured using
the OSA after each corrosion test.
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EIS e ==
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Figure 4.3. Optical and electrochemical measurements.

4.3. TEST RESULTSAND DISCUSSION

In this section, the spectrum of three LPFGs over time was measured by an
optical spectrum analyzer (OSA, Y okagawa AQ6370C) and the resonant wavelength at
different time was obtained through curve fitting. The spectrum and EIS results of steel
bar were measured simultaneously to establish the relationship between the resonant
wavelength of LPFG and the corrosion mass of steel bar.

4.3.1. Changes of Resonant Wavelength. Figures 4.4(a-1) to 4.4(d-1) show the
transmission spectra of various Fe-C coated LPFG sensors measured at different times
and under different coating conditions. Figures 4.4(a-2) to 4.4(d-2) show the changes of
the resonant wavelength as afunction of corrosion test time for various specimens. The
resonant wavel ength was obtained by curve fitting of the transmission spectrum. All Fe-C
coated L PFGs tested in this study showed the same trend over time. Therefore, only the
results of four specimens were demonstrated. The resonant wavelength decreased
suddenly in thefirst 7 days of corrosion test, and then increased slowly till 105 days. The
sudden drop of resonant wavelength was attributed to the penetration of NaCl solution
through mortar cover and Fe-C film into silver deposition layer. The silver deposition
layer is porous as observed in Figure 4.4(a-2). The arrival of NaCl solution at the
cladding surface changed the refractive index of the interface and resulted in the change
of resonant wavelength. The increase of resonant wavelength over time after 7 days was
attributed to corrosion initiation and generation of corrosion products due to the

breakdown of passive film.
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4.3.2. Changes of Corrosion Propertiesover Time. All twelve mortar

cylinder specimens showed similar EIS results. Therefore, only the results of four

representative specimens were presented in Figure 4.5. Two depressed semi-circles were

observed from the Nyquist plots. The large semi-circleisrelated to the dielectric

properties of electrolyte-steel interface: charge transfer resistance and double layer

capacitance. The small semi-circle (shown in inserts) is associated with the mortar cover

properties. mortar resistance and mortar capacitance. The phenomena can also be

reflected by the two time constants displayed in the phase angle-frequency plots. The first

time constant in the frequency higher than 10 Hz corresponds to the el ectrol yte-steel

interface, and the second time constant in the frequency range lower than 10 Hz

corresponds to the mortar properties.
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Figure 4.5. Representative EIS resultsin terms of (1) Nyquist plots, and (2) Bode plots
for: (a) specimen #3, (b) specimen #6, (c) specimen #7, and (d) specimen #12.
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Figure 4.5. Representative EIS resultsin terms of (1) Nyquist plots, and (2) Bode plots
for: (a) specimen #3, (b) specimen #6, (c) specimen #7, and (d) specimen #12. (cont.)

Equivaent electrica circuit (EEC) isusually used to fit the EIS results. In this
study, one EEC model was proposed based on the characteristics of impedance spectrum
as shown in Figure 4.6. This model was also used by other researchers to study stainless
stedl corrosion in activated fly ash concrete [125]. In the EEC model, Rs represent the
pore solution resistance inside the mortar cover, R, and CPE,, represent the resistance
and capacitance of mortar cover, R and CPEy represent the charge transfer resistance
and double layer capacitance at the electrolyte-steel interface. The constant phase element
(CPE) instead of capacitance was used to take into account the effect of non-homogeneity.
The non-homogeneity mainly comes from the irregularities on the steel surface, surface
roughness, and certain processes associated with the irregular distribution of the applied
potential [126]. The CPE is defined by two parameters' Y and n, and its admittance
representation is:

Yere =Y (jw)" (4.2)



46

where Y is a parameter directly proportional to the capacitance of pure capacitive
electrode, w isthe angular frequency in rad/sec, and n represents the deviated degree of

the capacitance of the electrode form the ideal condition of a pure capacitor.

CPEm CPEul

Rs
Rm Rect

Figure 4.6. Equivaent electrical circuit for mortar cylinders.

Figure 4.7 shows the evolution of mortar pore solution resistance over time for
four representative specimensin Figure 4.5. The pore solution resistance is related to the
microstructure of mortar cylinder, which depends on the water cement ratio and
electrolyte inside the pores. Therefore, no effect of the Fe-C coated LPFG sensors on the
solution resistance was observed. The average mortar pore solution resistance is

approximately 460 Q cm2.
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Figure 4.7. Change of pore solution resistance over time.

Figure 4.8 shows the evolution of mortar cover properties and el ectrol yte-steel
interfacial properties over time in terms of resistance and capacitance. Thereis no general
trend observed within the test period since corrosion is a slow process and an immersion

of 105 daysin 3.5 wt. % NaCl solution is not long enough to display notable differences.
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The average mortar cover resistance is 930 Q cm?, and the average mortar cover
capacitance is 3.0x10® F/cm?. Similar to mortar properties, thereis also no trend
observed for the charge transfer resistance and double layer capacitance over time. The
average charge transfer resistance is around 64 kQ cm?, and the average double layer
capacitance is 5.7x10™* F/cm?,

-6
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Figure 4.8. Change of corrosion properties over time: (a) mortar resistance, (b) mortar
capacitance, (c) charge transfer resistance, and (d) double layer capacitance.

Charge transfer resistance isinversely proportional to the corrosion rate that was
calculated based on the following equation [124]:

= (4.2)

ct
wherei isthe corrosion rate, R is the charge transfer resistance from EIS results, Bisa

constant related to the Tafle slopes of a polarization curve. A value of B=26 mV was used
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in this study. The corrosion mass loss of steel bars over time was cal culated based on the
corrosion rate, the steel bar surface, and time.

4.3.3. Relationship Between Wavelength Changeand MassLoss. Figure4.9
shows the change of resonant wavelength as a function of the corrosion mass loss of steel
bar embedded in a mortar cylinder. A genera trend could be observed. The resonant
wavelength displayed a sudden drop in the first 7 days, which was attributed to the
penetration of NaCl solution inside the Fe-C coating and silver deposition layer and
resulted in a change of refractive index at the cladding and solution interface. After 7
days, the resonant wavel ength increased slowly with an increase of corrosion mass loss.
A linear regression anaysis was performed and the linear equations for each
representative specimen and their adjusted R? values were shown in Figure 4.9. In
comparison with nano iron/silicate particle coating [24], the Fe-C coated L PFG sensor is
more sensitive and can thus be used to monitor the corrosion mass |oss of steel bar in
mortar. Overall, the R? is high, indicating a strong correlation between the wavelength

change and mass | oss.
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Figure 4.9. Change of resonant wavelength as a function of corrosion-induced mass |oss
of steel bars.

After 105 days of corrosion test, all mortar cylinders were taken out of glass
beakers and dried at room temperature for 3 days. A small steel hammer was then used to
break down the mortar specimens for visual observation. Figure 4.10 shows the surface
condition of the retrieved steel bars after 105 days of corrosion test. It can be observed

from Figure 4.10(a) that pitting corrosion occurred on the surface. The surface of the Fe-
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C coated optical fiber showed some rusts and a part of the white silver layer was
completely exposed due to dissolution of the Fe-C film.

M2

Figure 4.10. Surface conditions after 105 days of corrosion test: (a) corrosion pit and (b)
Fe-C coated LPFG sensor.

4.4, CONCLUSIONS

In this study, an LPFG corrosion sensor was developed and its application to
monitor the corrosion of steel bars embedded in mortar cylinder was investigated. The
optical fiber corrosion sensor was fabricated by depositing an inner thin silver layer and
then electroplating an outer thick Fe-C layer. Two silver film thicknesses and two Fe-C
coating thicknesses were considered. The fabricated Fe-C coated optical fiber sensor was
attached to the surface of a steel bar and then embedded in mortar cylinder, which was
subjected to corrosion test in 3.5 wt. % NaCl solution for 105 days. The evolution of steel
bar corrosion over time was monitored with EIS. Based on the test results and discussion,
the following conclusions can be drawn:

(1) Effect of both silver and Fe-C film thickness on the change of resonant
wavelength isinsignificant in the test range. Thisis because both silver and Fe-C films
are very thin and permeable, and NaCl solution can penetrate through them to arrive at
the cladding surface rapidly.

(2) Two stages of resonant wavelength change were observed: a sudden drop in
thefirst 7 days of immersion in salt solution, and a slow increase due to corrosion
initiation and loss of Fe-C film. The sudden drop was attributed to the penetration of
NaCl solution through mortar cover and coating layers, a stage that the steel bar wasin
passive state. The slow increase was attributed to corrosion initiation and the generation
of corrosion products, a stage that the steel bar wasin active state.
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(3) A linear relationship was observed between the change of resonant
wavelength of a Fe-C coated LPFG and the corrosion mass loss of a steel bar embedded
in mortar cylinder immersed in 3.5 wt. % NaCl solution for 105 days. Therefore, Fe-C

coated L PFG sensors can effectively monitor the corrosion evolution of steel barsin
mortar.
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5. MONITORING OF CORROSION IN STEEL TUBESBASED ON THE LIGHT
REFLECTION AT THE FLAT END OF OPTICAL PROBES

5.1. INTRODUCTION

Many methods have been devel oped for corrosion monitoring of metals or aloys
such as electrical resistance (ER) probe, field signature method (FSM), ultrasonic
thickness measurement (UTM), acoustic emission (AE), and electrochemistry-based
methods. Each method, however, has its advantages and limitations. Most of the
monitoring techniques are useful for corrosion monitoring of pipeline steel or stainless
steel. They have limitations for corrosion monitoring of steel barsin reinforced concrete
(RC) structures. In this study, a corrosion threshold-based, optical probe (OP) is proposed
for the long-term monitoring of pitting corrosion in steel bars. Its principle and
performance are validated experimentally.

5.2. WORKING PRINCIPLE OF OPTICAL PROBES

An OP issimply acommercia optical fiber ended and encapsulated in a steel tube
that is made of the same material as steel rebar to be monitored. The end of thefiber isa
flat surface acting like amirror, reflecting light efficiently. Once in contact with water
that could penetrate through a completely-corroded wall of the steel tube in moisture or
wet environment, the flat surface changesits light reflection intensity. Therefore, the light
reflection intensity can be related to the wall thickness of the steel tube and used to
monitor the onset of a certain corrosion level in the steel tube or anearby steel rebar. The
thickness of the stedl tube can be related to the time of water penetration or the onset of
COrrosion.

Asillustrated in Figure 5.1, an OP for corrosion detection is based on light
reflection at the end of an optical fiber with a core refractive index n;. The fiber is
stripped and cut with a cleaver to produce aflat surface that is perpendicular to the fiber
axis. When light is sent through the optical fiber, asignificant part of the light is reflected
as afunction of the refractive index n, of the ambient environment to which the flat
surface is directly exposed. When n; is changed to n,' due to change of the ambient
condition (e.g. from air to water), the intensity of the reflected light changes accordingly

and thus is a function of the environmental condition.
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Figure5.1. Illustration of the working principle of an OP.

According to the Fresnel equation theory [127], when light propagates through an
optical fiber and encounters a discontinuity between two media of different refractive
indices, a certain amount of light is reflected backward. The Fresnel reflectance at the

interface of fiber (n;=1.5) and air (n,=1.0) can be expressed into:

1 ‘nlcose -n, [1- (nlsmel)2 nl /1 (nlsme) —n, coso,
2 ‘nlcose +n, /1 (nlsmel)2 n /1 (nlsme) + 1N, cosO,

where Ris the total reflectance of s-polarized and p-polarized light and q; is the angle of

(5.1)

the incident light. The return loss can be written by [128]:
Return loss (dB) = -10log(1-R) (5.2

When a portion of optical fiber and its end flat surface are encapsulated in a steel
tube, the flat surfaceisinitialy exposed to air, acts like amirror, and reflects al or most
of the light travelling along the fiber. Asthe stedl tube is corroded to the point that its thin
wall is punched through, the corrosion products or solution flows into the encapsul ated
space and exposes the flat end of the optical fiber to a different ambient condition.
Correspondingly, the reflected light intensity changes.

In theory, many corrosion pits could occur on the wall of the steel tube at the
same time with different corrosion rates. The one with the highest corrosion rate
penetrates through the wall first, corresponding to the time when the light intensity
changes. By employing a series of steel tubes with different wall thicknesses, the
evolution of various corrosion pits can be monitored over time. As such, only severa
discrete levels of corrosion can be detected in practice. The proposed OP isthusreferred

to as a corrosion threshol d-based sensor.
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5.3. CORROSION DETECTABILITY OF THE PROPOSED PROBE

A steel disc of 10 mm thick was cut from a Grade 60, #8 steel bar with a diameter
of 25.4 mm. Its cross section was abraded with silicate carbide papers with grit up to 600.
After abrading, the end portion of an optical fiber with aflat end surface was attached
onto the polished smooth surface of the steel disc with two pieces of adhesive tapes as
shown in Figure 5.2. Then, the steel disc and the optical fiber were immersed in 3.5 wt. %
NaCl solution up to 24 hours.

Figure 5.2. Change of reflectivity over timein 3.5 wt. % NaCl solution.

Figure 5.2 shows the surface conditions of the steel disc after immersionin 3.5
wt. % NaCl solution for 1, 12 and 24 hours. It can be seen that, after 1 hour, the smooth
white mirror-like steel surface became dark due to the generation of corrosion products.
After 12 hours, the overall surface was covered with corrosion products. Especially after
24 hours, arelative thick layer of corrosion products covered on the steel surface and the
flat end surface of the optical fiber.

Figure 5.3(a) shows the evolution of the reflectivity of the optical fiber over time.
Once immersed in the salt water, the reflectivity suddenly reduced to -12 dB. Thisis
because the ambient environment changed from air to water, and the refractive index of
air and water are 1.00 and 1.33, respectively. Figure 5.3(b) shows the zoom-in change of
the reflectivity in the salt solution as afunction of time. The reflectivity exponentially
decreased over time from -12.2 dB at the beginning to -13.7 dB after 24 hours. Thisis
because the generation of corrosion products surrounding the end of the optical fiber. In
comparison with the measurement resolution of the optical spectrum analyzer (OSA,

Y okagawa AQ6370C), the range of reflection change is significant and promising in
applications.
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Figure 5.3. Change of reflectivity over time: (a) from air to 3.5 wt. % NaCl solution and
(b) in the solution only.

5.4. EXPERIMENTAL DETAILS

Steel tubes were made from Grade 60 steel rebar. Their chemical composition
was determined and listed in Table 5.1. The inside diameter of these steel tubes was 300
pm, which islarger than the diameter of the optical fiber (125 um). Four wall thicknesses
were considered, including 500 pm, 750 pm, 1000 um and 1250 um. They are al 50 mm
in length, which is greater than the grating part of along period fiber grating (LPFG)
sensor for temperature compensation as needed. The inside of these steel tubes was
cleansed by first injecting NaOH solution by pressure and then distilled water. The tubes

were then put in an oven to keep them dry. A total of 12 steel tubes were fabricated and
tested.

Table 5.1. Chemical composition of steel bar

Element C Si Mn P S Cr Ni Cu Fe
Wt.% 0.383 0.184 1.000 0.115 0.064 0.103 0.198 0.373 97.40

Single mode optical fiber with core and cladding diameters of 8 um and 125 pm,
respectively, was used in this study. One end of the optical fiber was cleaved using an
optical fiber cleaver, and then passed through a steel tube. Marine epoxy resin was used
to seal the two ends of the steel tube to protect the end surface of the optical fiber as
shown in Figure 5.4(a). After curing for 12 hours, a copper wire was connected with the
steel tube close to one end for electrochemical tests as shown in Figure 5.4(b).
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Figure 5.4. Steel tube encapsulated OP: (a) before and (b) after copper wire connection.

The steel tubes were first immersed in saturated Ca(OH), for three daysto have a
stable passive film formed on their surface. The saturated Ca(OH), was made by mixing
purified Ca(OH), powder with distilled water. The saturated condition was ensured by
observing the undissolved Ca(OH), residue at the bottom of the solution. After three days,
sodium chloride was added into the saturated Ca(OH), solution to reach a concentration
of 3.5 wt. %. The addition of sodium chloride was used to generate pitting corrosion on
the passive film. The steel tubesimmersed in the solution are shown in Figure 5.5(a).

Electrochemical impedance spectroscopy was used to monitor the pitting
corrosion evolution including the formation of passive film, the initiation of pitting
corrosion, and the propagation of pitting corrosion. The EIS test was conducted with a
typical three-electrode setup that consisted of a25.4 x 25.4 x 2.54 mm platinum sheet as
the counter electrode, a saturated calomel electrode (SCE) as aworking electrode, and the
steel tube as aworking electrode. These electrodes were connected to a Gamry,
Reference 600 potentiostat/gal vanostat/ZRA for data acquisition. The EIS test was
carried out at a scanning rate of 5 points per decade from 100 kHz to 5 mHz with a
sinusoidal potential of 10 mV around the open circuit potential. Before each EIS test, a
stable open circuit potential was obtained.

To monitor the formation of passive film, OCP was measured every 3 hours, and
EIS was performed at the immersion time of beginning, 12 hours and 48 hours. After
addition of NaCl, the OCP and EIS were performed every month until a dramatic change
of light spectrum was observed. The optical fiber inside each steel tube was connected to
a broadband source (BBS) on one end and to the optical spectrum analyzer (OSA) on the
other end for spectra as shown in Figure 5.5(b).
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Figure 5.5. Specimens and test setup.

5.5. TEST RESULTSAND DISCUSSION

In this section, the characteristics of pitting corrosion was determined through the
corrosion measurement and the average pitting corrosion rate was obtained. The change
time of reflectivity of optical fiber inside the tube with different wall thicknesses was
measured though an optical spectrum anayzer (OSA, Y okagawa AQ6370C). Then, the
relationship between pitting penetration and corrosion time was established.

5.5.1. Passivation and I nitiation of Pitting Corrosion. Figure 5.6(a) showsthe
change of open circuit potential (OCP) in four representative steel tubes with different
wall thicknesses when immersed in saturated Ca(OH), without NaCl. The OCP increased
dramatically from 380 mV to -240 mV in the first 3 hours, which was attributed to the
formation of a stable passive film on the surface. Figure 5.6(b) shows the OCP evolution
after addition of the NaCl powder. A dramatic decrease from -250 mV to -500 mV can be
observed, which was associated with the breakdown of passive film and the initiation of
pitting corrosion. No significant change in the OCP was observed till the end of the tests.
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Figure 5.6. OCP in saturated Ca(OH), solution: (a) without NaCl and (b) with NaCl.

5.5.2. Linear Polarization Resistance and Pitting Corrosion Rate. Figure5.7
shows the change of linear polarization resistance (LPR) curves over time for four
representative steel tubes with different wall thicknesses. The polarization resistance, Ry,
can be calculated by:

R, = % (5.3)
where AE and Al represent the potential and current increments in the linear portion of
the LPR curve at | = 0. The polarization resistance was used to cal cul ate the pitting
corrosion current density using:

i =AiRp (5.4)
where A is the pitting corrosion area that was determined using software Image, icorr iSsthe
corrosion current density, R, isthe polarization resistance from LPR results, B= 26 mV is
aconstant related to the Tafle slopes of a polarization curve.

The corrosion current density at the active pitting corrosion sites was calcul ated
using Equation (5.3) and listed in Table 5.2. The pitting corrosion rates on all three steel
tubes with the same wall thickness are quite different. Thisis because the areas of the
active pitting corrosion are different. It is noted that with an increase of wall thickness,
the average pitting corrosion rate increased. It is because the ratio of cathodic and anodic
areas of athick-wall steel tubeis higher than that of athin-wall steel tube, resulting in

higher corrosion rates.
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Figure5.7. LPR of four stedl tubes with wall thickness of: (a) 500 um, (b) 750 pum, (c)
1000 pm, and (d) 1250 pm.

The corrosion current density at the active pitting corrosion sites was calcul ated
using Equation (5.3) and listed in Table 5.2. The pitting corrosion rates on all three steel
tubes with the same wall thickness are quite different. Thisis because the areas of the
active pitting corrosion are different. It is noted that with an increase of wall thickness,
the average pitting corrosion rate increased. It is because the ratio of cathodic and anodic
areas of athick-wall steel tubeis higher than that of athin-wall steel tube, resulting in

higher corrosion rates.

Table 5.2. Average pitting corrosion rate

500 pm 750 um 1000 pm 1250 pm
#1 #2 #3 #1 #2 #3  #1 #2 #3 #1 #2 #3

Averaelor 107 67 126 156 133 97 163 137 152 244 171 320
(LA/cm?)

Specimen

5.5.3. Changes of Reflectivity. Figure 5.8 shows the reflectivity of optical
fiber over awavelength range of 1500 nm and 1600 nm for four representative optical
fibers encased in steel tubes with different wall thicknesses. With awall thickness of 500
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pum, a dramatic decrease of reflectivity was present after 5 months of immersion,
indicating the penetration of pitting corrosion through the wall. Prior to 5 months, the
reflectivity fluctuated around -1 dB, which islikely attributed to the disturbance during
connection to the OSA for every test. The variation of the reflectivity between 1500 nm
and 1600 nm is very small. However, it increases once corrosion penetrates through the
stedl tube. The increase of the reflectivity is due to the non-uniform distribution of
corrosion products on the flat end of the optical fiber. With awall thickness of 1250 um
as shown in Figure 5.8(d), a significant decrease of the reflectivity happened when the

immersion time reached around 12 months.
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Figure 5.8. Reflectivity of the fibers with encasing steel tubesin 3.5 wt. % NaCl solution
with awall thickness of: (@) 500 um, (b) 750 um, (c) 1000 pm, and (d) 1250 pm.

Figure 5.9 presents the reflectivity over time for the optical fibers encased in all
tested steel tubes. The time when a dramatic change of the reflectivity of the optical fiber

occurs increases with an increase of the wall thickness of the stedl tubes.
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Figure5.9. Reflectivity of the fibers over time with awall thickness of: (a) 500 um, (b)
750 pum, (c) 1000 pm, and (d) 1250 pm.

Figure 5.10 summaries the pitting penetration depth and corresponding time,

which are extracted from Figure 5.9. A linear regression analysis was performed and a

coefficient of determination 0.89 shows a strong linear relation between the pitting

penetration and the corrosion time. With an increase of wall thickness, the time of

penetration increases.
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Figure 5.10. Time of penetration as a function of wall thickness.
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(b)

Figure5.11. Condition of the tested steel tubes after 12 months of immersion in 3.5wt. %
NaCl solution.

Figure 5.12 shows cross-sectional images of the two types of localized corrosion.
Pitting corrosion occurred most in the middle of the steel tube, far away from epoxy resin.
It penetrated through the wall locally as shown in Figure 5.11(a). Crevice corrosion
happened at the end of the steel tube with epoxy resin. It penetrated uniformly around the
perimeter of the steel tube asindicated in Figure 5.11(b).

1000 pm

al~xiala

Figure 5.12. Localized corrosion: (&) pitiing corrosion and (b) crevice corrosion.
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5.6. CONCLUSIONS

In this study, the flat end surface of an optical fiber acting like a mirror was used
as a sensor to measure the change of ambient refractive index, which results from the
contamination of corrosion products and solution. Based on the test results, the following
conclusions can be drawn:

(1) The pitting corrosion rate depends on the surface area of a steel tube. With an
increase of the wall thickness, the average pitting corrosion rate increases due to area
effects.

(2) Corrosion occurred in two regions of a steel tube: pitting corrosion in the
middle and crevice corrosion at the two ends with epoxy resin. Pitting corrosion is non-
uniform and penetrates through the wall thickness of the tube locally, while crevice
corrosion attacks the perimeter of the steel tube evenly.

(3) The corrosion pit penetration depth can be linearly related to the time when
the reflectivity of optical fiber changes suddenly. Therefore, the fiber optic sensor can be
used for long-term monitoring of critical pitting corrosion in stedl.
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6. LONG PERIOD FIBER GRATINGSENCAPSULATED IN A STEEL TUBE
FOR CORROSION MONITORING IN CONCRETE SLAB

6.1. INTRODUCTION

A long period fiber grating (LPFG) sensor will be encapsulated in a steel tube.
The encapsulated L PFG sensor will be embedded into a small mortar slab for corrosion
monitoring of the steel tube in saturated Ca(OH), and 3.5wt. %NaCl solution. The sensor
will also determinate the penetration time, T, when the test solution flows through the
corroded wall of the steel tube and fills the gap between the bare LPFG sensor and the
steel tube. With accelerated corrosion test, the mass loss of the steel tube can be related to
the penetration time, T.. The effect of wall thickness of the steel tube on the penetration
time will be investigated. The wall thickness of the tube will be related to the time of
penetration and the time of sudden change in resonant wavel ength of the LPFG.

6.2. SENSING PRINCIPLE

Long period gratings are inscribed on the core of an optical fiber to form a
periodic modulation of refractive index over a grating length of afew centimeters. The
grating period in the order of 100~1000 pm can considerably exceed the wavelength of
radiation propagating in the fiber. The gratings enable coupling of incident light from the
propagating core mode to co-propagating cladding modes, producing a series of
attenuation bands in a transmission spectrum. The central (resonant) wavelength of each

spectral attenuation band can be expressed by,
lo=(ng —ng™)-A (6.1)

cl,m:

where | , is the resonant wavelength, ng is the effective refractive index of core, ng™is

the effective refractive index of cladding mode L Pgrm, Which is associated with the
refractive indexes of core ny, cladding np, and environment nz, and A is the grating period.
The environmental refractive index nz is areflection of the overall optical property of the
surrounding environment, which depends on the type and concentration of different
chemical species. Therefore, it has been applied for physical, chemica and bio-chemical

sensing.
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Figure 6.1 shows the schematic view of an LPFG corrosion sensor encapsul ated
in asteel tube. The LPFG fiber passes through the steel tube so that all the gratings are
enclosed. The two end of the steel tube are sealed with Marine Epoxy. The steel tube
was made from a Grade 60 steel bar; it has the same material as the steel bar used as
reinforcement in concrete structures. Once the wall of the steel tube is completely
corroded away and corrosion products or solution is flowed through the wall,
contaminating the environment around the cladding, the ambient refractive index would
change, resulting in the shift in resonant wavelength. Therefore, the corrosion-induced

mass |oss of steel tube can be determined by monitoring the shift of resonant wavelength.

Epoxy
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Figure6.1. A schematic view of the LPFG sensor encapsulated in a stedl tube.

6.3. CORROSION DETECTABILITY TEST

To validate the sensitivity of an LPFG corrosion sensor, a steel bar was polished
to have a smooth surface. Then, the gratings of an LPFG sensor were directly attached on
the smooth surface. The steel bar and the LPFG were immersed in 3.5 wt. % NaCl
solution for 12 hours. The change of the light spectrum was recorded every hour.

Figure 6.2 shows the surface conditions of the LPFG sensor after O hour, 3 hours,
and 12 hours of immersion in 3.5 wt. % NaCl solution. It can be observed that the LPFG

was surrounded with pure NaCl solution at the beginning of tests. After 3 hours,
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corrosion occurred as indicated by the change in surface color from shinning white to
dark, and some corrosion products could be observed. After 12 hours, the LPFG was
completely surrounded by brown corrosion products, and the color of salt water changed

into brown due to the generation of corrosion products like Fe(OH).

Figure 6.2. Visual observations of the LPFG sensor attached to a steel bar in 3.5 wt. %
NaCl solution after () 0 hour, (b) 3 hours, and (c) 12 hours.

Figure 6.3 shows the change of the light spectrum over time before and after
immersion in 3.5 wt. % NaCl solution. Once immersed in the solution, the resonant
wavelength decreased from 1563.0 nm to 1553.0 nm due to the change in the refractive
index from the air (nz=1.0) to salt water (nz=1.34). After 12 hours of immersion, the
resonant wavelength was blue shifted to 1545.0 nm and the transmission increased to -15
dB. The change of the spectrum is attributed to the change in effective refractive index of
the NaCl solution due to the generation of corrosion products. After 24 hours, the
resonant wavelength increased to 1547.0 nm and became stabilized. The significant
change in wavelength and transmission ensures that the LPFG sensor encapsulated in a

steel tube can be used as a corrosion sensor.
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Figure 6.3. Transmission spectra of the steel encapsulated fibersimmersed in 3.5 wt. %
NaCl solution for different durations.

6.4. APPLICATION IN CONCRETE SLAB

In this section, the used LPFG and steel tube with different wall thicknesses were
selected, prepared and described in detail for application in concrete slab. The
performance of corrosion test was provided to finally obtain the relation of corrosion
attack over time.

6.4.1. Materialsand Specimens. Single mode fiber (Corning SMF-28) was
used in this study. The refractive indices of its core and cladding are n;=1.469 and
n,=1.463. The diameters of the core and the cladding are 8.2 um and 125 um. Long
period gratings were first inscribed on the optical fiber by atransverse focused beam
from a CO; laser (SYNRAD, Inc.) with afree-space wavelength of 10.6 um and an
output power of ~7.8 W when the fiber was placed on a computer-controlled motorized
translation stage and moved at fixed steps for laser exposure. In particular, the cladding
mode L P08 was considered with a grating period of 387+0.1 um and atotal length of
approximately 40 mm. The optical fiber with gratings was then cleansed with 20% NaOH
solution and distilled water.

Steel tubes were fabricated from Grade 60 steel bars (ASTM C) with a chemical
composition listed in Table 6.1. The length of the steel tube was 50 mm with afixed
inner diameter of approximately 300 um to make sure that the optical fiber can go
through easily. A total of five stedl tubes were considered with an outer diameter of 400
pm, 800 pum, 1000 pum, 1200 um and 1500 pm, corresponding to awall thickness of 50
pm, 250 pum, 350 pum, 450 um and 600 um, respectively. For each thickness, three
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identical stedl tubes were prepared, making atotal of 15 steel tube specimens as
exemplified in Figure 6.4(a).

Table 6.1. Chemical composition of steel tube

C Si Mn P S Cr Ni Cu Fe
0383 0.184 1000 0.115 0.064 0.103 0.198 0.373 Baance

(b)

;
Figure 6.4. Preparation of LPFG sensors encapsul ated in steel tubes.

An LPFG sensor and its transmission fiber pass through each steel tube with the
long period gratings covered completely. After that, epoxy resin was used to seal the two
ends of the steel tube. To protect the optical fiber from bending, two glass tubes were
used to shore the two ends of the optical fiber.

The prepared L PFG sensors were embedded into a concrete slab with adimension
of 400 mm x400 mm x15 mm. Type | Portland cement was used to fabricate the slab and
its chemical composition is given in Table 6.2. To make sure that the concrete cover is5
mm as designed, dents were cut on two plastic bars to mark the location of steel tubes.
The plastic bars are 5 mm in diameter. For corrosion tests, a copper wire was connected
with the steel tube prior to concrete casting. The spacing of the steel tubes was
approximately 20 mm. The concrete slab and corrosion test setup are displayed in Figure
6.5.

Table 6.2. Chemical composition of Type | Portland cement

Losson
ignition
1948 680 5535 332 435 239 100 020 218 0.19 3.98

SO, AlLO; CaO MgO SO; NaO K,O0 TiO, Fe0O; P,0Os
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(b)

Figure 6.5. Concrete slab and corrosion test setup.

6.4.2. Corrosion Tests. Corrosion of steel barsin concreteis a slow process
even in asevere corrosive environment. It may take many years for steel barsto get
corroded to alevel that results in the onset of concrete cracking. Therefore, accelerated
corrosion tests were used in the laboratory to investigate corrosion-induced RC
deterioration. After curing for 28 days, the concrete slab was immersed in 3.5 wt. % NaCl
solution. A constant current was applied to all steel tubes with the same wall thickness,
and five different currents were applied for steel tubes with five different wall thicknesses.
The average corrosion current density for all tubes was set to be 100 pA/cm?. The steel
tubes and a graphite rod were connected to the positive and negative ends of a power

supply, respectively, as schematically shown in Figure 6.6.

Graphite rod I:l |:| |:| |:|

[]

se| (op (00 Power supply
(/i /
_ ' B Vi
MaCl solution |_ f/ /: I/ A
/ [ \ Steel straws
[ L
Concrete slab

Figure 6.6. Accelerated corrosion test setup.

Although accelerated corrosion tests were performed at a pre-determined
corrosion rate of 100 pA/cm?, it is useful to measure the actual corrosion rate without
external current. Therefore, approximately at the end of each month, the power supply
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was set off for 3 days, and the corrosion rate of each steel tube was measured using linear
polarization resistance (LPR) as shown in Figure 6.5(b). The LPR test was conducted
using athree-electrode test setup that consists of a25.4 mm (1.0in) x 25.4 mm (1.0 in) x
0.254 mm (0.01 in) platinum sheet as a counter electrode, a saturated calomel electrode
(SCE) as areference electrode, and a steel tube as aworking electrode. These electrodes
were connected to a Gamry, Reference 600 potentiostat/gal vanostat/ZRA for data
acquisition. The LPR curves were measured within the open circuit potential of 20 mV at
ascanning rate of 0.167 mV/s. The polarization resistance can be calculated by,

R, = AE/Al (6.2)

where AE and Al represent the voltage and current increments, respectively, in the linear
portion of the polarization curve at | = 0. LPR measurement was used to calculate the
corrosion current density using the Stern-Geary equation,

=B/(AR)) (6.3)

icorr
where i IS the corrosion current density, A isthe surface area of steel tube, and Bisa
constant. In this study, B = 26 mV. The changes in resonant wavelength of the optical

fibers were measured using the OSA after each corrosion test.

6.5. RESULTS AND DISCUSSION

In this section, the corrosion rate of steel tube embedded in mortar was obtained
before and after the application of externa power supply. The corrosion penetration
depth was determined though the change time of resonant wavelength by measuring the
spectrum of LPFG.

6.5.1. Corrosion Test Results. Figure 6.7 showsthe LPR curves of five
representative steel tubes with different wall thicknesses as a function of test time. Prior
to the application of external current (1 day), the steel tubes have a corrosion potential of
approximately -220 mV, and the slopes of the LPR curves are high. After the application
of external current, the corrosion potential was reduced to around -650 mV, indicating an

active corrosion state.
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Figure 6.7. LPR curvesfor steel tubes with awall thickness of: (a) 400 um, (b) 800 um,
(c) 1000 pm, (d) 1200 um, and (€) 1500 pm.

Figure 6.8(a) shows the variation of polarization resistance over time for five
representative steel tubes with different wall thicknesses. In the passive state before the
application of external power for accelerated corrosion tests, the polarization resistances
are greater than 1 kQ. After the application of external power supply, the polarization
resistances vary around 100 Q regardless of wall thickness. The polarization resistance
can be transformed into a corrosion current density as shown in Figure 6.8(b). In addition
to the corrosion current densities from LPR tests, the corrosion current densities from

external power supplies were aso displayed for comparison. It can be seen that, the
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corrosion rates of steel tubesin natural state (LPR tests) range from 40 to 60 pA/cm?,
which islower than the accelerated corrosion rate 100 pA/cm?.

10* 180
(a) —m—400 um (b) —=—400 um
—e—800 um 150 L ——3800 um
—A—1000um —A—iggum
3L —v—1200um Accelerated Corrosion Test um
10 1500 um (\E 120 —e—1500 um
L 9
<
=2
£ 60
30 LPR Test
1
P T S T ol ., . ..
10 0 2 4 6 8 10 12 0 2 4 6 8 10 12

Time (month) Time (month)

Figure 6.8. Change of (a) polarization resistance and (b) corrosion rate over time.

6.5.2. Transmission Spectra. Figure 6.9 shows the change of light spectra
over time for five representative LPFGs encased in steel tubes with different wall
thicknesses. Two stages can be observed: the stable stage and the stage that a sudden
change in light spectrum happened. In the stable stage, the resonant wavelength did not
change significantly, which means no corrosion penetration through the wall thickness of
stedl tubes. However, the transmission density varied slightly after each test, which was
due to potential change in the input energy from the power source. The sudden changein
the transmission spectrum is due to the penetration of corrosion products through the hole
on the wall of the steel tubes, resulting in change in the effective refractive index of the
ambient environment. After asignificant change was observed for each LPFG the
spectrum was measured continuously for additional two months. It is noted that, with an
increase of the wall thickness, the time that is needed for spectral change increased. For
example, the time of sudden spectral change was 3 months with awall thickness of 400
pum, and was increased to 5, 6, 8, 11 months with awall thickness of 800 um, 1000 um,
1200 pm, 1500um, respectively. The resonant wavelength was reduced once the
corrosion products penetrated through the wall due to an increase of the effective

refractive index from air to a mixture of corrosion products and salt solution.



72

0 0
(@) (b)
-5 -5
g 10 g 10
s s
a -15 a 15 1 month
€ € —— 2 months
2 -20F . 1 month @ 20 ——3months
o —=— 2 months © —— 4 months
[ 25| —— 3 months [ o5l —<+— 5 months
—— 4 months —— & months
— « 5months 20 —— 7 months
-30 L L L - L L L
1520 1540 1560 1580 1600 1520 1540 1560 1580 1600
Wavelength (nm) Wavelength (nm)
0 0
(© (d)
g 5 T ®
A A
5 5
@ -10F —— 1 month ‘@ -10[ —— Lmonth
€ —— 2 months = —3 mont:s
4 —— 3 months 7] —— 5 months
§ sl —~— 4 months § 151 —— 7 months
- —+— 6 months [ —+— 8 months
—— 7 months —— 9 months
—«— 8 months —— 10 months
-20 L L L -20 L L L
1520 1540 1560 1580 1600 1520 1540 1560 1580 1600
Wavelength (nm) Wavelength (nm)
0
(€)
-5
o
S -10
=
Re]
2 -15F ——1month
€ —e— 3 months
@ o0 —— 5 months
% —— 7 months
= —+— 9 months
=251 —— 11 months
—— 12 months

30 \ \ \
1520 1540 1560 1580 1600
Wavelength (nm)
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Figure 6.10 shows the change in resonant wavel ength of all LPFGs encased in the
steel tubes over time. For al three LPFGs encased in the steel tubes with the same wall
thickness, the time for change in the resonant wavelength varied. Take the three LPFGs
in steel tubes with awall thickness of 1000 um for example, as shown in Figure 6.10(c),
the sudden decrease of resonant wavelength occurred at 5 months, 6 months and 7
months. The variation is attributed to the non-uniform distribution of corrosion rates over
the entire steel tube surface. Although a constant external electrical current was applied

for al three tubes with the same wall thickness, the distribution of corrosion current was
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random, which was affected by the non-homogeneity of concrete slab cover and by the

distance to the graphite rod.

@ o

'
(4]

(nm)

res
'

-154-

-154

fe—a—m—o

N
LY

(b) o

lm—a—m—a—n

W

'
(4]

(nm)

res

3 -10
L L L L L L -15 L L L L L L L
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time (month) Time (month)
fe—a—a—a—8—8—a (d) Ofs—a—a—s—s—8—8—8—2—4
£ 5
(= [ |
. —\ A
N 3 10} YN
L L L L L L -15 L L L L L L
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time (month) Time (month)
(E) Ots—8s—s = & = 8 8 8 8
g S 1]
5 L
g v \X
S -10t &
n
15 L L L L L L
0 2 4 6 8 10 12
Time (month)

Figure 6.10. Change of resonant wavelength over time for LPFGs encased in steel tubes
with awall thickness of: (a) 400 um, (b) 800 um, (c) 1000 pm, (d) 1200 um, and ()

1500 pm.

Figure 6.11 shows the corrosion penetration depth as a function of time. The

corrosion penetration depth was equal to the wall thickness of steel tubes once corroded

completely. 1t can be observed from Figure 6.11 that the corrosion penetration depth on

the steel increased over time. A linear regression analysis was performed with a

coefficient of determination of 0.96, indicating a strong linear correlation between the

corrosion penetration depth and time. Note that the corrosion penetration depth was based
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on the corrosion rate from external currents (100 pA/cm?) instead of the corrosion rates
in natural state (LPR results). The coefficient of the linear equation depends on the
corrosion rate of steel. If no external current was applied, the time required to reach the
same corrosion penetration depth may increase by 1.5 to 2.5 times, as the corrosion rate
in natural stateis 1.5 to 2.5 times lower than the external current as shown in Figure
6.8(b).
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Time (month)
Figure 6.11. Corrosion penetration depth as a function of wall thickness.

6.5.3. Visual Observations. For thin-wall steel tubes, their corrosion tests
were terminated at early time. To avoid any potentia disturbance on the remaining tests,
they were not taken out of the concrete slab until the other steel tubes had been corroded
completely. Figure 6.12 shows the surface conditions of four corroded steel tubes
retrieved from the concrete slab after 12 months of corrosion test. Brown corrosion
products can be seen on the surface of steel tubes. They had penetrated through the
concrete cover. In particular, as shown in Figure 6.12(c), the optical fiber can be seen
clearly as the other part of the steel tube was corroded off completely. To examine the
corrosion-induced damage, the retrieved steel tubes were cast in epoxy resin and abraded
with carbide silicate papers for optical microscopic inspection.
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i Steel tube
.~ Steel tube o

o LPFG

Figure 6.12. Surface condition of steel tubes retrieved from the tested concrete slab.

Figure 6.13 shows the microscopic images of the cross sections of steel tubes with
traces of the LPFG sensors. In particular, the sensors can be clearly observed in Figures
6.13(b) and 6.13(c). However, no LPFGs were present in Figures 6.13(a) and 6.13(d)
likely because they were damaged when the slab was broken using a hammer. It can be
seen from Figure 6.13 that the corrosion penetration depth was not uniform around the
perimeter of the steel tubes and only parts of the steel tubes remained. The LPFG was
surrounded with corrosion products as shown in Figure 6.13(c), which isin good
agreement with the results of light spectra.

LPFG fiber

Steel tube

' Steel tube

LPFG fiber §

Figure 6.13. Microscopic image of cross sections of steel straws after test.
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6.6. CONCLUSIONS

In this study, LPFG sensors were encapsulated in steel tubes, embedded in a small
mortar slab, and tested in saturated Ca(OH), and 3.5wt. % NaCl solution to monitor the
corrosion of the steel tubes and determine the time required to penetrate through the wall
of the tubes. Based on the test results, the following conclusions can be drawn:

(1) The corrosion rates of steel tubes in active natural state ranged from 40 to 60
HA/cm?, which is 1.5 to 2.5 times lower than the external current density applied during
the accelerated corrosion tests.

(2) The resonant wavelength remained constant before corrosion penetration
depth penetrated through the wall thickness of steel tubes so that the LPFG sensor was
still surrounded by air. It was suddenly reduced significantly once corrosion products
replaced the air inside the steel tubes. The time required for the arrival of sudden change
in resonant wavel ength increased with an increase of the wall thickness.

(3) The corrosion penetration depth can be linearly related to the test time with a
sensitivity of 128 pum/month. The LPFG sensor encased in asteel tube can be used for
long-term monitoring of the corrosion of steel barsin RC structures.
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7. CORROSION MONITORING AND ASSESSMENT OF
REINFORCED CONCRETE BEAMS

7.1. INTRODUCTION

In this study, both Fe-C coated and stedl tube encapsulated L PFG sensors will be
applied for the life-cycle monitoring and assessment of reinforced concrete (RC) beams
subjected to accelerated corrosion tests in salt solution. The objectives of this study are to
demonstrate an example application of the developed LPFG sensors and eva uate the
capacity reduction of RC beams due to corrosion of reinforcement steel determined from
the LPFG sensor. The corrosion-induced reduction in the stiffness of RC beams will be

obtained from load-deflection curves at various corrosion stages.

7.2. EXPERIMENTAL PROCEDURE

Three identical RC beams with alength of 3.0 ft (0.914 m) and a cross section of
6.0in. x 6.0 in. (152 mm x 152 mm) were cast as schematically illustrated in Figure
7.1(a). Each square beam was reinforced with four #3 longitudinal reinforcement bars (a
diameter of 0.375 in. or 9.525 mm) with areinforcement ratio of 0.61%, which were
placed at four corners, and one #2 transverse stirrup every 6 in. (15.2 cm) as shown in
Figure 7.1(b). Four corrosion sensors were attached to the middle portion of two bottom
longitudinal steel barsin each specimen. They are one Fe-C coated LPFG and three steel
tube encapsulated LPFG sensors with awall thickness of 0.50 mm, 1.75 mm, and 1.00
mm, respectively. The Fe-C coated LPFG sensor and the encapsul ated sensor with awall
thickness of 0.50 mm were attached on the same steel bar. The remaining two sensors
with awall thickness of 0.75 mm and 1.00 mm were connected together and attached to
the other steel bar. For the Fe-C coated LPFG corrosion sensor, the sputtering time of
inner silver was 1.5 minutes and the el ectroplating time of outer Fe-C layer was 90
minutes. The resonant wavelengths of the two steel tube encapsulated LFPGs in series
can be determined from two valleys/peaks in atransmission spectrum. It is noted that two
LPFGs should have quite different resonant wavelengths in order to separate them from
the spectrum.
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Figure 7.1. RC beam specimen and instrumentation:(a) cross section (b) reinforcement
detail and instrumentation plan.

The location of these sensorsin the RC beam is shown in Figure 7.2. The contact
between stirrups and steel rebar was insulated using a plastic tape to ensure the current
only going through the steel bar located at the bottom. The Fe-C coated LPFG was
attached to the steel bar surface using a plastic tape to make sure it straight. The steel
straw was attached onto the steel bar surface using a copper wire to ensure a good
electrical connection. The current density of Fe-C layer and steel straw was assumed to
be identical with that of steel bar, as they were in the same environment. Before casting
concrete, athin layer of mortar was first used to cover Fe-C coated LPFG to prevent
potential damage during concrete casting. Coper wire was aso connected to the bottom
two longitudinal steel bars for accelerated corrosion test. After curing for six hours,
concrete was cast and the RC beams after casting is shown in Figure 7.3. The concrete
was made of tap water, Portland type | cement, Missouri river sand and gravel, which a
proportion shown in Table 7.1. After air curing for 28 days, the RC beams were

immersed in 3.5% wt. NaCl solution in atank for accelerated corrosion test. The bottom
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steel bars were connected to the positive end of an external power supply, and a graphite
rod was immersed in the salt water and connected with the negative end of the power

supply.

(@)

Insulating tape

3 stael rebar

-

Fe-C t.uatedLPFU

__.-_'_‘1'.

Insulating tape

1
1. O(imm o PR 0.75mm thickness
i de ﬁlube steel tube

S e

Figure 7.2. (a) Fe-C coated LPFG sensor and the LPFG sensor encased in 0.5 mm steel
tube, and (b) the LPFG sensors encased in 0.75 mm and 1.00 mm steel tubes.

Table 7.1. The composition of concrete

Element Cement Water Sand Gravel
Wt. % 1 0.5 2.05 3.05

Figure 7.3. RC beams and cylinders for corrosion test.
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The applied external current was determined by the corrosion-induced mass |oss
of steel bars, which was 5% per month. The 5% of the weight (997 g) of the two steel
barsis approximately 50 g. According to the Faraday's Law,

_QM
m= - (7.0

where misthe mass of substance liberated at an electrode in grams, Q isthe total electric
charge passed through the substance in Coulombs, F is the Faraday constant (96485
C/mol), M isthe molar mass of substancein gram per mol, and z is the valence number of
ions of the substance, whichis 2 for iron.

The design total electrical current calculated by the Faraday's Law was around
60.0 mA with an electrical current density was 0.223 mA/cm?. The average corrosion
depth d over time t of the steel bar, the Fe-C coating and the steel tube can be determined
using

d ~ 7.43mm/ day (7.2)
Therefore, the mass loss rate of the two stedl barsis 1.5 g/day.

Under certain circumstances, repair is required on deteriorated RC structures. To
investigate the effect of repair on the corrosion resistance of RC beams, a 15.0 cm long,
1.0 cm wide, and 0.5 cm deep groove was precut on the bottom surface and in the middle
portion of the RC beams. A Fe-C coated LPFG was placed in the groove as shown in
Figure 7.4(a). To keep it straight, the LPFG sensor was attached onto a stainless steel bar
using plastic adhesive tapes as shown in Figure 7.4(a). Once placed in the groove, the Fe-
C coated LPFG sensor was covered with mortar following the mix proportion as shown
in Table 7.2. The thickness of the mortar cover was about 0.3 cm. It is assumed that the
corrosion time of Fe-C coated LPFG sensor in the groove was the same as that of the Fe-
C coated LPFG sensor close to the steel bar. The difference between them was that
corrosion near the steel bar was accelerated by external current asindicated in Figure
7.4(b) and the corrosion in the Fe-C coating of the LPFG sensor in the groove occurred
naturally. The spectra of the Fe-C coated L PFG attached to the steel bar were recorded
every hour and the spectra of LPFG sensors encased in steel tubes were measured every
day. The spectra of the Fe-C coated LPFG sensor placed in the mortar was also
monitored periodically.
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Table 7.2. The composition of mortar

Element Cement Water Sand
Wt. % 1 0.5 281

(@)

Figure7.4. (a) Fe-C coated LPFG placed in the groove of the RC beam and (b)
accelerated corrosion test setup.

When the steel reinforcement bars in a RC beam reached to each of five pre-
determined corrosion stages, a four-point bending test was performed to investigate the
|oad-deflection curve and the stiffness of the RC beam. The five stages correspond to no
corrosion, a complete corrosion of the Fe-C coating, and a complete corrosion of three

wall thicknesses of the stedl tubes that were determined by arapid change of resonant
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wavelength of the LPFG sensors. Figure 7.5(a) illustrates the test setup of aRC beam in
30in (75.0 cm) span length. The two loads are spaced 10.0 in (25.0 cm) apart. Figures
7.5(b) and 7.5(c) show the load test setup before and after the corrosion test, respectively.
To prevent any stress concentration potentially caused by the uneven concrete surface,
two rubber plates were placed at the two load points of the RC beam. A total of six steel
plates with approximately 110 Ibs each were applied to the beam one by one. The
displacement at mid-point was recorded with a linear variable differential transformer
(LVDT).

Load (steel plate)

@) 7 Z

O @

| |
? #2@6" (#2@15.2 cm) ?
3" 10" | 10" | 10" 3"

7.6 cm 25.4 cm %B4cm 254 cm 76cm

(b)

(©

e

Figure 7.5. Four-point bending test setup: (&) schematic view, (b) prior to corrosion, and
(c) after each level of corrosion.
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7.3. RESULTS AND DISCUSSION

In this section, the change in resonant wavelength of Fe-C coated LPFG installed
along the longitudinal steel bar and in the groove was obtained. The resonant wavelength
over time of the steel tube encasing an bare LPFG was determined. Also, the effect of
corrosion on the elastic flexural stiffness of the tested RC beams was investigated
through the mechanical test.

7.3.1. Spectral Change of the Fe-C Coated L PFG Sensor. The transmission
spectra of Fe-C coated L PFG sensors attached to steel bars in three RC beams, taken at
various immersion durations, are presented in Figure 7.6. The resonant wavelengths over
time of three beams and their average are shown in Figure 7.7. It can be observed from
Figure 7.7 that the resonant wavelength of each beam was reduced for approximately 10
nm in the first 24 hours of test. With curve fitting, the average resonant wavelength of the

three beams can be expressed as a function of time:

Al ,=-0.49t (0<t < 24hours) (7.3
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Figure 7.6. The transmission spectra of Fe-C coated LPFG sensorsin: (a) Beam #1, (b)
Beam #2, and (c) Beam #3.
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7.3.2. LPFG Sensor Encased in a Steel Tubewith Various Wall Thickness.
The spectra of LPFG sensors encased in steel tubes with awall thickness of 0.50 mm,
0.75 mm and 1.00 mm were presented in Figures 7.8, 7.9 and 7.10, respectively. Thetime
when the spectrum of each LPFG sensor was blue shifted rapidly is presented in Table
7.3 for al sensorsinstalled in the three beams. Each rapid change in resonant wavelength
corresponded to the complete penetration of a steel tube wall, which is simply referred to
as the corrosion penetration depth. The corrosion penetration depth d (um) and the timet
(days) are presented in Figure 7.11 and, through linear regression with a coefficient of
determination of 0.95, their relationship can be represented by:

d =8.57t+150 (t >40days) (7.9)
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Figure 7.8. Spectra of the encapsulated LPFG sensors in Beam #1 with awall thickness
of: () 0.5 mm, and (b) 0.75 and 1.00 mm: (1) prior to corrosion, (2) 0.75 mm wall
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Figure 7.9. Spectraof the encapsulated L PFG sensors in Beam #2 with awall thickness
of: (a8) 0.5 mm, and (b) 0.75 and 1.00 mm: (1) prior to corrosion, (2) 0.75 mm wall
corroded, and (3) 1.00 mm wall corroded.
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Figure 7.10. Spectraof the encapsulated L PFG sensors in Beam #3 with awall thickness
of: (a8) 0.5 mm, and (b) 0.75 and 1.00 mm: (1) prior to corrosion, (2) 0.75 mm wall
corroded, and (3) 1.00 mm wall corroded.

Table 7.3. Corrosion time (days) at complete penetration of Fe-C layer and steel tubes

Specimen Fe-C(um) 050mm 0.75mm 1.00 mm
Beam 1 20.3 49 58 20
Beam 2 194 40 67 110
Beam 3 21.0 43 73 102
Avg. 20.2 44 65 101
Mass loss of steel bar (%) 0.30 6.62 9.78 15.20
Actual mass loss of stedl bar (%) NA NA NA 14.76
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Figure 7.11. Corrosion penetration depth as afunction of average corrosion time.
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7.3.3. Fe-C Coated L PFG in the Groove. Figure 7.12 shows the transmission
spectra of three Fe-C coated LPFG sensors embedded in the mortar grout of three RC
beams. For these LPFG sensors, the deposition time of Ag film was 1.5 minutes and the
electroplating time of Fe-C coating was 90 minutes. The spectra of the LPFG sensors
were measured every day and changed over time as shown in Figure 7.12. The change of
their resonant wavelengths as afunction of time is presented in Figure 7.13 for individual
specimens. The average of the three wavelengthsisincluded in Figure 7.13(d). It can be
observed from Figure 7.13 that the resonant wavelength is monotonically reduced in the
first 11 days of test. The change in resonant wavelength over time can be linearly fitted
by:

Al . =-0.95t(0<t <1ldays) (7.5)
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Figure 7.12. The transmission spectra of three Fe-C coated LPFG sensors embedded in
the groove of: (a) Beam #1, (b) Beam #2, and (c) Beam #3.
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Figure 7.13. Resonant wavelengths of three Fe-C coated LPFG sensors embedded in the
groove of: (a) Beam #1, (b) Beam #2, and (c) Beam #3, and (d) the average of the three
wavelengths.

7.3.4. Capacity Reduction of RC Beams. The compressive strengths of three
concrete cylinders were 26.3, 30.2 and 32.5 M Pa, respectively. Their average
compressive strength was approximately 30 MPa. Prior to concrete cracking, the stiffness
of aRC beam was determined by the overall cross section dimension and concrete
properties since the reinforcement ratio is small. Using 10% of the average compressive
strength as the tensile strength of plain concrete, which is 3 MPa, the crack moment of
the beam was calculated from the bending stress in the extreme fiber as follows:

0.076 M

10152
12

=3x10° or M =1756 Nm (7.6)

Since the RC beam was tested in the four-point bending setup, the load applied at
1/3 and 2/3 span corresponding to concrete cracking was estimated to be 6.9 kN (1.6
kips). The total load applied on the beam was approximately 13.8 kN (3.2 kips). A total
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of eight steel plates were placed one by one on top of the RC beam, each weighing
approximately 1.1 kN (220 Ibs). Thus, the total load 2F gradually applied on the beam
was 0, 2.2 kN, 4.4 kN, 6.6 kN and 8.8 kN in each step. The maximum applied load 2F of
8.8 kN (1.76 kips) was significantly smaller than 13.8 kN, the load 2F corresponding to
concrete cracking. The stiffness of the beam in elastic state can be calculated by dividing
the single applied load F by the mid-span deflection. Under two concentrated loads
applied at 1/3 and 2/3 span or the total load of 2F, the mid-span deflection can be
determined by:
Fa

=ﬁ(3|2—4a2) (7.7)
where A is the mid-span deflection, F isthe single load applied at 1/3 and 2/3 span, E is
the modulus of elasticity, | isthe moment of inertia, | isthe span length of the beam
between two supports, and a is the distance between the two loads.

Figure 7.14 illustrates the experimental |oad-deflection curves of three RC beams
at five corrosion stages corresponding to no corrosion, a complete penetration of Fe-C
coating, and a complete penetration of three steel tube walls that are 0.5 mm, 0.75 mm,
and 1.00 mm thick, respectively. The stiffness of the beams was obtained by calculating
the slope of load-deflection curvesin Figure 7.14. Figure 7.15 shows the calculated El
values of the three beams at various corrosion stages from Eq. (7.7). The calculated El
value of each beam as shown in Figure 7.15 was normalized by the initial El value prior
to corrosion tests. The average of the three normalized El valuesis presented in Figure
7.16 at various corrosion stages, which is simply referred to as a stiffness reduction
coefficient.

It can be observed from Figure 7.16 that the stiffness reduction factor of the RC
beams changed little over time. Thisis because there is only one corrosion-induced
longitudinal crack in each beam so that the change in overall moment of inertia of the
cross section is negligible. Figure 17(a) shows a crack appeared on the bottom face of
Beam #1. In parallel with the longitudinal steel bars, the crack iswider than 1.0 mm
when the maximum corrosion depth reached 0.75 mm. At the end of corrosion tests, the

corroded steel bar was exposed as shown in Figure 7.17(b) and its surface condition was
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examined. Corrosion products were observed on the inside surface of the crack as

displayed in Figure 7.17(c).
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Figure 7.17. One corrosion-induced crack and corroded steel bar in each beam.
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7.4. CONCLUSIONS

In this study, both the Fe-C coated and steel tube encapsulated LPFG corrosion
sensors were embedded in RC beams along steel bars during casting to test their
applicability for new construction or in a groove covered with mortar grout to test their
applicability for existing structures. After each of five stages of accelerated corrosion, the
RC beams were subjected to four-point bending tests. The effect of corrosion on the
mechanical behavior of the RC beams was evaluated. At the end of corrosion tests, visual
inspections were performed to investigate the sign of corrosion both in the steel bars and
the corrosion sensors. Based on the test results, the following conclusions can be drawn:

(1) The change in resonant wavelength (nm) of the Fe-C coated sensor can be

linearly related to the immersion time (hour) by Al . =-0.49tin thefirst 24 hours, when
installed along the longitudinal steel bar, and by Al =-0.95t inthefirst 11 days, when

installed in the groove and covered with mortar grout. This sensor is appropriate for
short-term monitoring of corrosion in application.

(2) Thewall thicknessd (um) of the steel tube encasing an LPFG sensor can be
related to the immersion timet (day) when the resonant wavelength is rapidly changed by
d =8.57t+150 after more than 40 days of corrosion tests. This sensor is appropriate for
long-term monitoring of corrosion in application.

(3) The effect of corrosion on the elastic flexural stiffness of the tested RC beams
is negligible since there is only one corrosion-induced crack in longitudinal direction

paralld to the longitudinal reinforcement bars.
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8. CONCLUSIONS AND FUTURE WORK

8.1. MAIN CONCLUSIONSFROM THE OVERALL DISSERTATION

In this dissertation, long period fiber grating (LPFG) sensors and optica probes
(OPs) were investigated to monitor and assess the life-cycle corrosion condition of RC
structures with accelerated corrosion tests. Based on extensive tests and analysis, the
main findings and results are summarized in three main components: short-term
monitoring, long-term monitoring, and life-cycle performance evaluation.

8.1.1. Short-term Monitoring. LPFG sensors with an inner layer of Ag film
and an outer layer of Fe-C coating can be applied for short-term corrosion monitoring of
the Fe-C coating and the steel bars placed nearby in the same corrosive environment. The
performance and specifications of the sensors are briefly described below:

(1) GivenaAg film of 0.8 ym thick, the change in resonant wavelength of the
sensors decreases from 0.23 nm to approximately 0.15 nm per 1% corrosion-induced
mass loss of the Fe-C coating that is originally set to be 8 um to 20 um thick. When the
Ag film becomes 1.2 um thick, the effect of the Fe-C thickness on the LPFG sensitivity is
negligible. Therefore, the evanescent field depth around an LPFG sensor likely ranges
from 0.8 umto 1.2 pm.

(2) The change in resonant wavelength of the sensorsis linearly related to the
loss of Fe-C mass. Therefore, the sensors can be used to predict the corrosion mass loss
of the Fe-C coating up to 60~90% by measuring the change in resonant wavelength.

(3) When the Fe-C coated LPFG sensors are embedded in mortar, two stages of
resonant wavel ength change are observed: arapid drop in the first 7 days of immersion in
salt solution and a slow increase due to corrosion initiation and the loss of Fe-C film. The
rapid drop is attributed to the penetration of NaCl solution through the mortar cover, the
Ag film, and the Fe-C coating, corresponding to a stage that the nearby steel bar isin
passive state. The slow increase is attributed to corrosion initiation and the generation of
corrosion products, corresponding to a stage that the steel bar isin active state.

8.1.2. Long-term Monitoring. OPsor LPFG sensors can be encapsulated in
steel tubes for long-term corrosion monitoring of the steel tubes and the steel bars placed
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nearby in the same corrosive environment. The performance and specifications of the
OPs and LPFG sensors are briefly described below:

(1) Pitting corrosion occurs in the middle of a steel tubein Ca(OH), and 3.5wt. %
NaCl solution and crevice corrosion at the two ends with epoxy resin. The non-uniform
pitting corrosion penetrates through the wall thickness of the tube locally, while crevice
corrosion penetration depths the perimeter of the steel tube evenly.

(2) The corrosion pit penetration depth of the steel tubein Ca(OH), and 3.5wt. %
NaCl solution can be linearly related to the time when the reflectivity of the OP changes
suddenly. Therefore, the OP can be used for long-term monitoring of critical pitting
corrosion in steel.

(3) The corrosion environment of steel tubesin saturated Ca(OH), and 3.5 wt. %
NaCl solution is similar to steel bars corroded in concrete. The time of penetration t
(month) as afunction of wall thicknessd (um) is represented by d = 1291t - 135.

(4) Insaturated Ca(OH), and 3.5 wt. % NaCl solution, the average pitting
corrosion rate of a steel tube encapsulated LPFG sensor depends on the surface area of
the steel tube. Asthe wall of the steel tube becomes thicker, the average pitting corrosion
rate increases due to the increased surface area.

(5) When the LPFG sensors embedded in mortar are subjected to accel erated
corrosion test in 3.5wt. % NaCl solution at a corrosion rate of 100 pA/cm?, the time of
penetration t (month) as a function of wall thicknessd (um) isd =137t - 72.9.

8.1.3. Life-Cycle Performance Evaluation. The Fe-C coated L PFG sensors
and the LPFG sensors encased in steel tubes were validated for their performance in three
RC beams. Both the transmission spectra of sensors and the load strengths of RC beams
were measured in five corrosion stages.

(1) For the Fe-C coated LPFG sensor installed during casting of the RC beamsto

smulate its application in new construction, the change in resonant wavelength Al |

(nm) can belinearly related to the timet (hour) in the first 24 hours of corrosion test.

Their relationship can be expressed into Al =-0.49t (0<t<24hours).

(2) For the Fe-C coated LPFG sensor installed after casting of the RC beams to
simulate its application in existing structure. The change in resonant wavelength (nm)
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over time (hour) in thefirst 11 days can be represented by
Al . =-0.95t (0<t<1ldays).

(3) For the steel tube encapsulated LPFG sensor installed during casting of the
RC beams, the thickness of the steel tube d (um) can be linearly related to the time t (day).
Their relation can be expressed into d =8.57t+150 (t > 40days) .

(4) The effect of corrosion on the flexura stiffness of RC beamsis negligiblein
the test range when the applied load is much lower than that corresponding to concrete
cracking. However, the corrosion sensor can be used to monitor the long-term corrosion-

induced mass loss of steel barsin RC structures.

8.2. FUTURE WORK

The proof-of-concept study has successfully demonstrated the promising features
and viability of the proposed LPFG sensors and OPs for short- and long-term corrosion
monitoring and condition assessment of RC structures. However, the performance of the
LPFG sensors and probes may be influenced by temperature, humidity, and strain. The
Fe-C coated sensor is aso fragile and difficult to transport. The Fe-C coating is easy to be
oxidized. Future efforts should be directed to address the following topics:

8.2.1. Temperature, Strain and Corrosion Sensorsin Series. The
temperature, strain and corrosion sensors can be multiplexed in series to measure
multiple parameters in one measurement through one optical fiber. For example, two
fiber Bragg grating (FBG) sensors are applied for temperature and strain measurements
and one LPFG sensor for corrosion monitoring. The temperature and strain measurements
by the FBG sensors can be used to compensate their effect on the corrosion monitoring
results by the LPFG sensor.

8.2.2. Packaging of Corrosion Sensor. The Fe-C coated LPFG corrosion
sensor in this proof-of-concept study was just operated in the laboratory due to its fragile
nature. In order to apply the sensor into engineering structures, the sensor must be further
packaged to increase its protection from damage during transportation, prevent the Fe-C
coating from direct contact with other materials, and prevent the Fe-C coating from being

oxidized by storing it in a vacuum container.
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