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A corrosion threshold-controllable sensing system of Fe-C coated
long period fiber gratings for life-cycle mass loss measurement of
steel bars with strain and temperature compensation
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Abstract. In this study, a corrosion threshold-controllable sensing system of long period fiber gratings (LPFG) is developed
and validated for life-cycle monitoring of steel bars in corrosive environments. Three Fe-C coated LPFG sensors with two bare
LPFG sensors in LPos and LPo7 modes for strain and temperature compensation were multiplexed and deployed inside three
miniature, coaxial steel tubes to measure three (long-term in years) critical mass losses through the penetration of tube walls and
their corresponding (short-term in hours) corrosion rates in the life span of steel bars. The strain/temperature and mass loss
measurements are based on the changes in grating period and refractive index of surrounding medium, respectively.
Thermal/mechanical loading and accelerated corrosion tests were conducted to validate the functionality, sensitivity, accuracy,
and robustness of the proposed sensing system. Since both the steel tube and Fe-C layer represent the material composition of
steel bars in the context of corrosion, the mass loss correlation among any two of the steel tube, Fe-C layer and steel bar is
independent of the test conditions such as the current density and sample length, and thus applicable to engineering practices.
The outer tube can notably delay and decelerate the corrosion process of its inner steel tube due to the reduced current effect.
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1. Introduction

In structural health monitoring, strain is one of the most
important parameters to measure in engineering
applications (Deng and Cai 2007, Deng et al. 2019). It can
provide essential information about the rebar performance
condition, concrete crack indication and behavior of steel
members. Temperature is another parameter that affects the
structural performance and must be compensated for strain
measurement during seasonal fluctuations or extreme
conditions such as fire and explosion. For strain monitoring,
the most commonly used technique is the strain gauge that
utilizes the correlation between the deformation of a
metallic foil and its electrical resistance. For in-situ
applications, this technique has several drawbacks. First, the
thermal expansion on a strain gauge induced by temperature
change is detected as strain, thus compounding the
measurement of mechanical strain. To address this issue,
self-compensated strain gauges have been developed by
using an alloy with the same coefficient of thermal
expansion (CTE) as that of the metal specimen to be tested.
Another method is to install a dummy gauge on an
unstrained portion of the same specimen. In this case, the
readout from the dummy gauge is only the thermal induced
deformation, which can be used to compensate the
temperature effect in a nearby strain gauge. This method
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requires an extra step of the test setup for an unstrained
sample in the tested area. Second, voltage applied to the
electrical circuits (from which the change in electrical
resistance is measured) must be small (mV or even pV)
enough to control the generated heat. Any amplification
effect of the heat during the measurement process may lead
to additional noise. For example, the associated
electromagnetic interference (EMI) affects the quality of
signals, depending on their intensity level. Third, when not
installed with protection from surrounding moisture, the
strain gauge wire will be corroded over time and thus the
output signal will not be accurate. Currently, epoxy and
polymer have been widely used to protect the strain gauge
from corrosion during long-term measurement. In the cases
of high temperature, debonding, and high intensity chemical
invasive environment, the strain gauge is still fragile since
the insulation material cannot provide sufficient protection.
For temperature measurement, many techniques have
been developed (Bhatia et al. 1996, Mizuno et al. 2015,
Urrutia ef al. 2016, Wen et al. 2015, Zhao et al. 2016). One
of the most popular sensors is thermal coupler. As an
electrical device, a thermocouple consists of two dissimilar
electrical conductors and forms electrical junctions at
differing temperatures. A thermocouple produces a
temperature-dependent voltage as a result of the
thermoelectric effect, which can be calibrated with the
applied temperature. The range in temperature measurement
of a thermocouple is typically from 200°C to 2600°C with a
short response time. On the other hand, attention must be
paid to several disadvantages. First, since the material used
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in thermocouples is metal, corrosion will be a potential
long-term concern. Once occurred, corrosion will lead to
erroneous readings of the thermocouples. Second, to
provide accurate results, thermocouples must be
recalibrated within a specific period of time after each
usage, which is difficult for continuous monitoring and time
consuming in practice. Third, similar to the strain gauges,
thermocouples are vulnerable to EMI with increasing
measurement errors.

To address the above issues associated with both strain
and temperature measurements, fiber optic sensors (FOS)
have been proposed, developed and tested in the past
decades (Deng and Cai 2007, Leng and Asundi 2003, Wang
et al. 2010, Xu et al. 2012). Compared to the strain gauges
and thermocouples, the FOS have several unique
advantages in structural health monitoring: 1) a compact
optic fiber with hundreds of microns in diameter requires
less space or room for installation, 2) the fiber made of
silica is immune to the EMI effect, 3) silica fibers can stand
temperature up to 1,000°C after annealing (Bao and Chen
2016) and high temperature resistant fibers and sapphire
fibers can work under much higher temperatures (Wang et
al. 2010), 4) due to the silica material, the FOS are not
affected by the corrosive environment such as moisture,
oxidization and chemical invasive circumstance, and 5) the
FOS have low attenuation loss over a long distance in
kilometers in applications for in-situ tests. Even though the
FOS are advantageous over the traditional methods, a bare
fiber is too fragile to survive the brutal action during
installation and application. Extra protection is required of
fiber grating sensors such as LPFG and fiber Bragg gratings
(FBG).

Corrosion is a natural process that gradually destructs
metal through electrochemical reaction with its
environment. The reaction gradually converts the metal into
a chemically stable form, such as oxide, hydroxide and
sulfide, which undermines its mechanical strength (Chen e?
al. 2015, Panossian et al. 2012). In civil engineering,
structures are often exposed to the environment that
accelerates the corrosion process of steel rebar (Zaki et al.
2015): 1) deicing salt, seawater and moisture to form
electrolytes for electrochemical reactions; 2) chloride ion,
CO; and sulfur contamination from the atmosphere to
destroy the passivation film formed on the rebar surface;
and 3) tension stress/fatigue induced cracks that increase the
contact area and penetration depth during the corrosion
process. Compared to the indirect parameters that can be
obtained from conventional corrosion monitoring
techniques, such as visual inspection, open circuit potential
(OCP) and resistance (Figueira 2017, Zaki et al. 2015),
corrosion-induced mass loss is a more direct parameter that
can provide engineers with critical data in their decision
making for maintenance strategy development (Chen et al.
2016). Mass loss measurement can also help understand
how the corrosion process develops, which will enhance the
corrosion prevention and protection design of metal
structures.

In our previous work, Fe-C coated LPFG corrosion
sensors have been systematically studied for mass loss
measurement using accelerated corrosion tests under strain-
free conditions in laboratory (Chen et al. 2016, Guo et al.

2019, Huang et al. 2013). For in-situ applications, the
corrosion process is compounded by the strain induced by
traffic and extreme loads, and the daily/seasonal change in
temperature. Indeed, the effect of strains on the corrosion
behavior of Fe-C layers must be taken into account as
demonstrated in Guo et al. (2020). Furthermore, the slow
process of corrosion takes years. The sensors can provide
mass loss measurement for approximately 60 hours at zero
strain and 30 hours at a strain of 1500 pe. Therefore,
considering the effects of strain and temperature and
increasing the service life of the Fe-C coated LPFG sensors
are essential to bringing the sensor technology into
applications for long-term monitoring of steel structures.

In this study, an integrated sensing system is proposed,
designed and tested for a simultaneous measurement of
strain, temperature, and corrosion-induced mass loss in long
term. The system consists of three coaxial steel tubes in
different diameters and five LPFG sensors. Two LPFG
sensors in LPgs and LP¢; modes are utilized for strain and
temperature measurements. Three Fe-C coated LPFG
sensors are designed for corrosion induced mass loss
measurement. Both the steel tubes and the Fe-C coating
compositions represent the material of steel members or
structures to be monitored, all of them experiencing the
same corrosion process over time. The three steel tubes can
not only protect the inside LPFG sensors from external
mechanical impact, but also provide three -corrosion
thresholds (in the order of years) in practical applications
and enable the long—term monitoring of corrosion for life-
cycle assessment of steel structures. The integration of
multiple LPFG sensors allows a discrimination of strain,
temperature and mass loss.

2. Sensor design
2.1 LPFG sensors

A LPFG sensor is an optical device with the refractive
index of its fiber core modulated periodically in hundreds of
microns (Vengsarkar et al. 1996). Due to its long period in
comparison with the wavelength of radiation propagating in
the fiber, the LPFG couples the fundamental mode of the
fiber core into the cladding mode and thus generates a series
of attenuation bands due to the energy dissipation from the
coupled cladding mode into the surrounding medium. The
wavelength at each attenuation band is defined as the
resonant wavelength 4., and it can be obtained by the
couple mode theory (Erdogan 1997, Vengsarkar et al. 1996)

Ares = (ng;gf - ng;)(l])A (1

where ng%, is the effective refractive index of the core,

nz;n?f is the effective refractive index of the j* order (j > 1)

cladding mode and is partially determined by the refractive
index of the surrounding medium, and 4 is the grating
period. The grating period is responsive to any strain and
temperature applied on the fiber, and the refractive index is
adaptive to the environment surrounding the fiber in
applications. Therefore, while FBG sensors can be used to
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measure strain and temperature only, LPFG sensors have
unique capability of sensing the change in refractive index
of its surrounding medium, such as corrosion applications
in metal structures.

An electromagnetic wave propagates along the LPFG
inscribed on a single-mode optical fiber in hundreds of
linearly polarized (LP) modes (Gloge 1971, Snyder 1969).
For convenience, the j” order cladding mode is referred to
as the LPy; mode. The sensitivity of a LPFG sensor to the
applied strain and temperature increases with the order of
LP modes when j < 12 (Shu et al. 2002). By utilizing two
LPFG sensors in different cladding modes, the measured
strain and temperature can be discriminated.

In this study, the CO, laser aided grating technique
(Huang et al. 2013) was used to fabricate LPFG sensors on
single-mode optical fibers (Corning SMF28e+). For a
LPFG sensor, higher LP modes requires shorter grating
period. Therefore, the spatial resolution of the CO, laser
governs the maximum LP modes that can be fabricated. The
width of the laser beam used in the study is approximately
90 pm. However, due to the heat transfer process, the heat
affected zone on the fiber core is longer than 90 pum, thus
the spatial resolution of the laser is compromised. The
experimental results show that the maximum LP mode can
be achieved is LPy; with a grating period of approximately
300 pum. Therefore, LPys and LPo; modes of LPFG sensors
were chosen and fabricated in this work by adjusting the
grating period. The fabrication process was the same as the
previous work (Guo et al. 2019). Specifically, LPFG
sensors in LPys mode with a grating period of 353 £ 0.1 um
and LPFG sensors in LPy; mode with a grating period of
301 £ 0.1 um were fabricated, both having a resonant
wavelength of 1550 nm. The total sensor length is
approximately 4 cm.

2.2 Fe-C coated LPFG sensor for corrosion
induced mass loss measurement

The evanescent field surrounding a LPFG sensor due to
energy dissipation decays exponentially with the distance
from the fiber surface in micron level. For corrosion
monitoring, a thin coating layer on the sensor surface is
required to cover most of the evanescent field and have the
same chemical component ratio as the steel. In this study,
Fe-C coating is prepared in approximately 6 cm length and
placed on the surface of a LPFG corrosion sensor (Huang et
al. 2013). A transparent yet conductive graphene/silver
nanowire (Gr/AgNW) film was first coated on the LPgs
mode LPFG sensor (Kim ef al. 2017, Lee et al. 2013). The
surface metallized LPFG was then connected to a negative
electrode of the DC power supply and immersed in the
electroplating solution (40 g/L FeSO4 7H,O, 3.0 g/L L-
ascorbic acid and 1.2 g/L citric acid). Another graphite rod
was connected to the positive electrode to form an electrical
circuit loop. The electroplating process was carried out at 5
mA current for 1.5 hours to form a 30 pm thick Fe-C layer
on the LPFG surface. The fabricated sensor was then
calibrated using electrochemical impedance spectroscopy
(EIS) tests to establish the correlation between the mass loss
of the Fe-C layer and the change in resonant wavelength
(Chen et al. 2016, Huang et al. 2013).

Tube Tube B

Tube C

Fig. 1 Cross section of three steel tubes

Table 1 Dimension of the three types of tubes

Type Tube A Tube B Tube C
OD (mm) 5.5 4.0 2.5
ID (mm) 5.0 35 2.0
Thickness (mm) 0.25 0.25 0.25
Length (cm) 5.0 5.0 5.0

® ﬂ I )
PR

Fig. 2 Long-term corrosion threshold monitoring system
from (a) three extracted tubes from steel rebar and
(b) final arrangement of the tubes

(a) (b)

l: Three Fe-C coated - LP06, LPO7 mode sensors for
- COrrosion sensors - strain and temperature sensing

Fig. 3 Schematic view of an integrated sensing system:
(a) three-dimensional view and (b) cross-sectional
view

2.3 LPFG sensor integration and packaging

To protect fragile LPFG sensors and extend their service
life for long-term corrosion monitoring, an integrated
sensing system is proposed and designed. As shown in Fig.
1, three steel tubes, A, B and C, with different diameters are
designed and arranged in a coaxial pattern. The outside
diameter (OD), inside diameter (ID), thickness and length
of the three tubes are listed in Table 1.

The three tubes were extracted from a piece of steel
rebar through electrical discharge machining (EDM). Fig. 2
shows three extracted steel tubes and the finishing product
of the three tubes in a coaxial arrangement by placing a
small tube inside another large one.

As shown in Fig. 3, three Fe-C coated LPFG corrosion
sensors in yellow, green and red colours were placed inside
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the three steel tubes, respectively, for mass loss
measurement. Two bare LPFG sensors in LP¢s and LPy;
modes, respectively, in blue and pink colours were deployed
inside the inner tube for strain and temperature
measurement. Two ends of the steel tubes were sealed using
marine epoxy. The temperature and strain can be used to
compensate the mass loss measurement.

3. Temperature sensing calibration

For temperature calibration, two LPFG sensors in LPgs
and LP¢7 modes, respectively, were fixed on a short piece of
steel rebar through epoxy and immersed in the water bath as
shown in Fig. 4. During the calibration tests, a temperature
profile started from the room temperature (25°C) to 75°C
with a step of 10°C. The resonant wavelength shifts of the
two sensors were measured through a high-speed optical
interrogator (Micron Optics Si255). Fig. 5 presents the
wavelength shift as a function of the temperature increase in
each sensor.

Therefore, the correlation equation between the resonant
wavelength and the temperature can be expressed into

R? =0.95

Adge = 0.097AT,
o R? =0.99 @)

Aly, = 0.152AT,

The sensitivity of the LPy; mode is approximately 1.57
times higher than that of the LPos mode. For concrete
structures, the temperature around rebar can rise to 70°C
during concrete casting and hardening caused by the
hydration heat. Once this process is complete, the
temperature will drop to the ambient temperature.
Therefore, a LPFG sensor can be used to monitor the
change in early-age temperature in concrete. For steel
structures, the temperature change usually comes from daily
and seasonal changes in the surrounding environment.

Interrogator

Adhesive
Sensor

Rebar

Fig. 4 Test setup for temperature sensing calibration
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Fig. 5 Resonant wavelength shift of LPos and LPy; sensors
versus temperature increase
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Fig. 6 Schematic illustration of the strain sensing setup
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Fig. 7 Resonant wavelength shift of LPys and LPy; sensors
versus temperature increase

4. Strain sensing calibration

For strain calibration tests, the LPos and LPy; modes
LPFG sensors were fixed on the rebar with epoxy, which is
then griped on a load frame as illustrated in Fig. 6. A total
strain of 1000 pe was applied on the rebar specimen with a
step of 250 pe. The shift in resonant wavelength
corresponding to the applied strain is presented in Fig. 7.
The correlation equation between the resonant wavelength
and the applied strain is

R? =097

Adgg = 961.2¢,
o R? =0.98 3)

Ay, = 1223.4¢,

in which the LPy; mode is about 1.27 times more sensitive
than the LP¢s mode. Since the LPFG sensor with a steel
tube is fixed with the rebar using epoxy, the strain transfer
rate highly depends on the bonding strength and stiffness
between two components in contact. If other bonding
method is used, the correlation equation between the
increasing strain and the resonant wavelength shift must be
re-calibrated.

5. Simultaneous measurement of strain and
temperature

Two LPos and LPy; LPFG sensors can be combined to
discriminate the applied strain and temperature due to their
different sensitivity coefficients. To illustrate this point,
each sensor was deployed as shown in Fig. 8 in a high
temperature furnace with its left end moved and controlled
by a micrometer, and its right end fixed on a frame. The
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Micrometer Furnace

I L7, LP,, sensor

Fig. 8 Test setup for simultaneous strain and temperature
measurement

200" s Measured Data

& | —Load Profile

= 150]

&

z

S 100

£

g

=

e RZ =0.97,R? = 0.90
% 1000 2000 3000 4000

Strain (ug)

Fig. 9 Comparison of the sensor data with the thermal and
loading profile

Table 2 Comparison of the applied and measured strain and

temperature
A e i et o
50 52 4.0% 1000 962 3.8%
100 101 1.0% 2000 2164 8.2%
150 148 1.3% 3000 2869 4.4%
200 203 1.5% 4000 3750 6.3%

temperature in the furnace was increased from 50°C to
250°C at a step of 50°C. The strain applied on the LPFG
sensor was from 0 to 4000 pe with a step of 1000 pe.

The measured strain and temperature were decoupled
from the LP¢s and LPy; mode wavelength shift using the
following equation

AT _ (@06 koe} {Moa}

{ £ } a {%7 ko7) (A7 @
where o is the temperature sensitivity and k is the strain
sensitivity. As shown in Fig. 9 and Table 2, the decoupled
strain and temperature from the sensor measurements are in

good agreement with the thermal and loading profiles. The
maximum error is 4% in temperature and 8.2% in strain.

6. Corrosion induced mass loss monitoring

In an integrated sensing system of three steel tubes and
three Fe-C coated LPFG sensors for corrosion monitoring
of steel rebar in 3.5 wt.% NaCl solution, each steel tube can
delay the exposure time of its protected Fe-C coated LPFG
sensor to a specific pitting corrosion threshold of
penetrating through the wall of that tube in years or
decades. As the NaCl solution flows through the

deteriorated tube and inundates the inside LPFG sensor, the
corrosion rate immediately after the pitting corrosion
threshold level or mass loss in the Fe-C layer can be
measured. By combining the three tubes with the three Fe-C
coated LPFG sensors, the integrated sensing system can be
used to measure three critical corrosion thresholds in long
term and their respective mass loss rates in short term,
enabling the life-cycle monitoring and assessment of steel
structures. Since the natural corrosion process takes months
or even years to complete, accelerated corrosion tests are
conducted to demonstrate the life-cycle assessment process
of steel rebar by controlling the density of corrosion current.

6.1 Long-term mass loss correlation

The mass losses of a steel-tube sample and a rebar
specimen are correlated when both are immersed in 3.5
wt.% NaCl solution during accelerated corrosion tests.
Three arrangements of steel tubes were tested: a single tube
A, a double tube A+B and a triple tube A+B+C. Each tube
sample was sealed with marine epoxy at both ends and
taped on a rebar specimen with 16 mm in diameter. To
investigate its effect, the length of a tube sample and its
supporting rebar specimen was considered to be 5 cm, 10
cm or 15 cm. Each of a combination of three tube samples
and three tube lengths was tested under a current density of
500, 400 or 300 pA/cm?, totalling 27 tube samples attached
on 27 rebar specimens. The residual masses of the rebar
specimen and the tube sample were measured every 24
hours using an electronic scale. A bare LPFG was placed
inside the most inner tube to monitor the total penetration
time of the tube walls. Corresponding to the mass loss
measurement, the resonant wavelength of the bare LPFG
sensor was monitored. Once shifted, the resonant
wavelength indicated that the steel tubes outside the sensor
had been fully penetrated, and the corrosion test was
terminated.

Fig. 10 shows a tube sample attached to a rebar
specimen prior to corrosion tests, the corroded rebar, the
corroded single-tube sample, and the corroded double-tube
sample with fully penetrated pitting corrosion at the end of
accelerated tests. The mass losses of the rebar and the tubes
are compared in Table 3 for all 27 test cases under various
current densities. The mass loss rates of the rebar and the
tube samples change little with the tube length. This is
because a longer rebar specimen requires a larger current to
keep a target current density, leading to the same current
density through the steel tube.

(b)
(d)

Fig. 10 (a) Steel tubes fixed on rebar; (b) corroded rebar;
(c) corroded single steel tube; and (d) corroded
double tubes

(a)
(c)
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Table 3 Mass loss rate of the steel rebar and tubes under various current densities

Current density

Rebar mass loss (%/day)

Steel tube mass loss (%/day)

Sample
P (nA/em?) S5cm 10 cm 15 cm Scm 10 cm 15 cm
300 0.24 0.26 0.26 1.9 2.1 1.9
Single Tube 400 0.33 0.35 0.32 2.6 2.7 2.5
500 0.43 0.44 0.41 33 34 3.5
300 0.21 0.22 0.27 1.2 1.3 1.1
Double Tubes 400 0.35 0.37 0.39 1.5 1.6 1.7
500 0.46 0.42 0.47 2.1 2.0 2.2
300 0.21 0.25 0.28 1.0 0.9 1.0
Triple Tubes 400 0.30 0.37 0.35 1.3 1.3 1.2
500 0.41 0.46 0.47 1.6 1.5 1.6
4 = m— of tube mass loss in various appllications. The slope of the
= %gwf\leT Tiks A correlation curve changes with the type of tube
323 ERcar arrangements. Let /3., f1, 2, and fB; be the mass loss rates of
2 the rebar specimens, the single-tube samples, the double-
e A tube samples, and the triple-tube samples, respectively. The
- mass loss rate of the rebar (f,) can be related to the mass
é ' H H H loss rate of each steel tube arrangement by
. . AR [ 8
300 lu!\-"t:m2 400 l,'r/\"cm2 500 jr,‘\fcl'l'll .87‘ = —;1 RZ = 0.99
791’
Fig. 11 Mass loss rates of the steel rebar and tubes under B
_ g Br=-—, R?=097 )
various current densities "= 284
ﬁr=—ﬁ3 , R*=1093
2045 g . 3.73
2 04 .
=035 Once the mass loss rate of the steel tube (81, 2, or f3) is
2 03 all ad obtained from the integrated sensing system, the mass loss
éoas 'y o~ Single Tube () of the rebar over time (f) can be derived under a
=} Double Tube : :
S 02 Triple Tube constant corrosion current density by
g 0.15 ® 300 pA/cm?
= 01 ® 400 pA/om’ Ny =Byt (6)
3 0.05 ® 500 pA/em?
0 o
“ % os 1 15 2 25 3 35 6.2 Penetration time of the steel tubes

Steel Tube Mass Loss Rate (%/day)

Fig. 12 Correlation of the mass loss rates between the
rebar and steel tube

Therefore, the test results of three tube samples and the
test results of nine rebar specimens of different lengths are
averaged under each current density. The average value +
one standard deviation of each group is presented in Fig. 11.
The data variation in each group of rebar specimens and
tube samples is small, indicating consistent test results. The
mass loss rate substantially decreases with the increasing
number of steel tubes due to the increased total mass. The
difference among the three tube arrangements becomes
more significant as the current density applied on the tubes
increases due to the accumulated effects over time.

Fig. 12 shows the linear correlation curve of the mass
loss rates between the rebar and each steel tube
arrangement. The linearity is independent of the current
density applied during corrosion tests, and can thus be used
to predict the mass loss of the rebar from the measurement

For long-term corrosion monitoring, it is important to
understand how long it takes for the steel tubes wall to be
fully penetrated. This parameter determines the service life
of the sensing system and is critical for sensor design. Table
4 lists the penetration time of each tube arrangement
monitored by the inside bare LPFG sensor under various
current densities. The penetration time through the wall of
tube(s) decreases with the increasing current density due to
the accelerated mass loss rate. The more the number of
tubes, the longer time it takes for full penetration of the tube
walls. However, the total penetration time through the walls
of all tubes is not proportional to the number of tubes since
the mass loss of the outer tube, once breached locally, will
continue consuming current, leaving a reduced current
density applied on the inner tube.

At the conclusion of corrosion tests, the total mass
losses of each tube arrangement and the rebar were
measured. They were also calculated by multiplying the
penetration time and its corresponding mass loss rate. As
shown in Table 5, the calculated mass loss rates of the tubes
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Table 4 Penetration time of each tube sample under various
current densities

Penetration time (Days)

Sample

300 pA/em? 400 pA/em? 500 pA/cm?
Single tube 12 9 7
Double tubes 27 21 16
Triple tubes 46 35 29

and rebar are in good agreement with their respective test
data with a maximum error of 7.7% for steel tubes and
9.7% for steel rebar. For each tube arrangement, the total
mass losses of the tubes and the rebar change little with the
applied current density. As indicated by Fig. 12, the mass
loss of steel tubes normalized by their original mass
decreases with the number of tubes due to the reduced
current effect on the inner tube by its outer tubes. On the
other hand, the mass loss of the rebar increases with the
number of tubes out of proportion due to the nonlinear
increase of penetration time as shown in Table 4.

6.3 Mass loss of inner tube after the pitting
penetration of its outer tube

Since the penetration time of an inner tube in double-
tube and triple-tube samples is longer than that in a single-
tube sample, the corrosion process of the inner tube after
the penetration of its outer tube warrants further
examination. To simulate the corrosion process of an inner
Tube B after the pitting penetration of an outer Tube A, the
Tube B sealed at both ends with marine epoxy was
connected to the positive electrode of the DC power supply
and then inserted into the Tube A with open ends. The
accelerated corrosion test was conducted as done in the
previous section with 300, 400, and 500 pA/cm?. The mass
loss of Tube B was measured every 24 hours. At the same
time, a single Tube B was tested and measured using the
same current density for comparison. Table 6 compares the
corrosion rates and penetration time of the single Tube B
and the Tube B inside the Tube A under various current
densities. The corrosion rate of the single Tube B was just
the same as previously presented in Table 3 and Fig. 11.

However, for the Tube B inside the Tube A, its corrosion
rate was less than that of the single Tube B by 38%, 40%
and 44% under 300, 400, and 500 pA/cm? current densities,
respectively. Correspondingly, the penetration time of the
Tube B in the Tube A is 58%, 67% and 71% longer than the
single Tube B under the three current densities.

To understand the effect of the Tube A on both corrosion
rate and penetration time of the inner Tube B, the circuit
models of the single Tube B and the Tube B inside the Tube
A are established as shown in Figs. 13(a) and (b). In these
models, R4 and Ry are resistances of the Tube A and the
Tube B, respectively, Ry is the solution resistance, and Rc¢ is
the contact resistance between the two tubes. For the single
Tube B, the current in the Tube B (/) is equal to the applied
current (/). For the Tube B inside the Tube A as shown in
Fig. 13(b), although not directly wired to the electric circuit
with the applied current, the outer Tube A is electrically in
parallel with the inner Tube B though the conductive
electrolyte with a contact resistance of Rc. In this case, the
current in the Tube B can be derived and expressed into

_ Ry+Rs+Rg
" Ry + Rz +R;+ 2R

Ig (7

As a result, the actual current going through the inner
Tube B is lower and the corrosion rate in the Tube B are
thus reduced in comparison with the case without presence
of the Tube A. Correspondingly, the penetration time
through the wall of the inner Tube B is longer when the
Tube A is present.

(a) (b)

R Rs
f\/\f\/ V—W

=

Re =

ExS

W—h

B R 5
’—\/\-”v\-“—d\”‘vf v“—‘
(1) (1)
L L)

Fig. 13 Circuit model of (a) a single Tube B; and (b) the
Tube B inside a Tube A

Table 5 Total mass loss of rebar and steel tube after penetration

Current density

Steel tube mass loss (%)

Rebar mass loss (%)

Sample 5 rror Error
(nA/cm?) Measured Calculated Measured Calculated

300 24.1 23.6 2.1% 32 3.0 6.3%

ST“J%l: 400 24.5 23.4 4.5% 3.1 2.9 6.5%
500 25.7 23.8 7.4% 2.8 3.0 71%

300 35.1 32.4 7.7% 6.3 6.7 6.3%

]%?l‘t‘)bel: 400 353 33.5 5.1% 6.5 7.0 7.7%
500 32.4 33.6 3.7% 6.2 6.8 9.7%

. 300 46.5 44.5 4.3% 11.9 11.3 5.0%
%&: 400 46.9 443 5.5% 12.4 11.7 5.6%
500 42.1 43.9 4.3% 11.3 11.9 5.3%
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Table 6 Comparison on corrosion rate and penetration time
of single Tube B and Tube B in Tube A

Current  Corrosion rate (%o/day) Penetration time (day)
density2 Single Tube B Single Tube B
(nA/em?)  Tybe B in Tube A Tube B in Tube A
300 2.1 1.3 12 19
400 2.5 1.5 9 15
500 3.4 1.9 7 12

6.4 Validation test of the integrated sensing system

The calibration tests and results of Fe-C coated LPFG
corrosion sensors in 3.5 wt.% NaCl solution were reported
under various strain levels (Guo et al. 2020). In Section 6.1,
the mass loss of packaging steel tubes to protect the Fe-C
coated LPFG sensors is well correlated with that of the steel
rebar. The next step is to validate the service life, accuracy,
and reliability of the sensing system. As shown in Fig. 14,
three Fe-C coated LPFG sensors (LPFG 1, LPFG 2 and
LPFG 3) were deployed inside each steel tube. The two
ends of both the sensors and the tubes were sealed with
marine epoxy. During corrosion tests in 3.5 wt.% NaCl
solution, the sensing system was detached from the rebar
every 24 hours so that the rebar mass loss can be weighed
on an electronic scale. The corrosion test of the sensing
system was terminated when the change in resonant
wavelength of the inner LPFG 3 ceased.

During the accelerated corrosion tests, two types of
current density profiles were applied. To simulate a stable
corrosion environment, a constant current density of 500
uA/cm? was applied on the sensing system until all three
tubes and all the Fe-C layers were penetrated completely.
To simulate a changing corrosion circumstance, 300
uA/cm? was first applied on the sensing system until the
Tube A and the Fe-C layer on the LPFG 1 sensor were
completely penetrated as indicated by the stabilized
resonant wavelength of LPFG 1. Then, 400 pA/cm? was
applied until the Tube B and the Fe-C layer on the LPFG 2
sensor were corroded away. Finally, 500 pA/cm? was
applied until the Tube C and the Fe-C layer of the LPFG 3
sensor were penetrated completely. Transmission spectra of
the LPFG sensors were recorded every two hours. Once the
wall of an outer steel tube was penetrated, the immediately
inner Fe-C coated LPFG corrosion sensor started to

B TubeA [ TubeB [ Tube C

G 1 FG2 G 3
@® LPFC ® LPFG2 LPFG 3

Fig. 14 Cross section of the sensing system

measure the mass loss rate corresponding to a corrosion
threshold of the outer wall penetration.

6.4.1 Under a constant current density
(500 uAlcm?)

Fig. 15 shows the accumulated resonant wavelength
shift of the three sensors (LPFG 1, LPFG 2 and LPFG 3)
over time. The sensing system clearly indicated three stages
of corrosion. Right before the penetration of each tube, its
immediate inner LPFG sensor has no wavelength shift.
After the penetration, the LPFG sensor started to show a
wavelength change in about two days. The penetration
times of the three steel tubes are at 7, 16 and 29 days,
respectively.

For the outer Tube A, the total average mass loss at
penetration is 25.7% from the previous penetration test
(Table 5). Since the current density is constant, the average
mass loss rate can be calculated by dividing the total mass
loss by the penetration time, which is 3.7% per day. The
mass loss rate of the rebar can be obtained using Eq. (5).
Thus, the total mass loss of the rebar can be estimated by
multiplying its mass loss rate and penetration time. A
similar procedure can be applied to the penetration of Tubes
B and C by using the total mass loss of the double-tube
sample and the triple-tube sample from the correlation
results. The estimated and measured mass losses and
associated loss rates of the rebar at each tube penetration are
compared in Table 7. The estimated mass loss and rate are
accurate with a maximum error of 8.8%.

The shift in resonant wavelength can be determined
from a series of the transmission spectra of each LPFG
corrosion sensor taken over time. As shown in Fig. 16, the
relation between the wavelength shift and time is linear as
consistently observed from all three LPFG sensors. The
service life of each sensor was reduced from 46 hours (Guo
et al. 2019) to about 16 hours due to the application of 500
uA/cm? current density. In combination with the calibration
curve between the wavelength shift and mass loss of the Fe-
C layer (Guo et al. 2019), the mass loss of the Fe-C layer
over time can be derived. Since the total corrosion time of
each sensor was 16 hours, the average mass loss rate of
each Fe-C layer was about 6.3% per hour.

6.4.2 Under varying current densities over time

Fig. 17 shows the accumulated resonant wavelength
shift of the three LPFG corrosion sensors over the life cycle
of the sensing system under a varying current density. The

157 \
201 GISTVEDOO

0 5 10 15 20 25 30 35
Time (Day)

Accumulated Wavelength Shift (nm)

Fig. 15 Accumulated resonant wavelength shift over time
under a constant current density
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Fig. 16 Resonant wavelength shifts of (a) LPFG 1; (b) LPFG 2; and (c) LPFG 3 sensors over time under a constant
current density (500 pA/cm?)
Table 7 The estimated and measured mass losses and rates of the rebar under a constant current density
Penetration Mass loss rate (%/day) Mass koss (%)
- Error - Error
of tube Estimated Measured Estimated Measured
A 0.46 0.48 4.2% 3.1 34 8.8%
B 0.43 0.46 6.5% 6.9 7.4 6.8%
C 0.42 0.46 8.7% 12.2 133 8.3%
z 0 I Table 9 Average mass loss rate of the Fe-C layer
g
| E '! Sensor LPFG 1 LPFG 2 LPFG3
g 10 — Mass loss rate (%/hour) 4.2 5.0 5.6
£ -5 il
£ 20
E -25 three tubes were penetrated at 12, 25 and 38 days,
E 30 respectively. Since the current density is not constant, the
2 35 mass loss rate of tubes may not be obtained accurately in
0 5 10 15 20 25 30 35 40 45

Time (Day)

Fig. 17 Accumulated resonant wavelength shift over time
under a varying current density

Table 8 Estimated and measured mass losses of the rebar
under a time-varying current density

order to estimate the rebar mass loss. However, the total
mass loss of the rebar can still be estimated from the
correlation test results since at the penetration time of each
tube, the total mass loss of the rebar was not affected by the
current density and remained at the same level. As listed in
Table 8, the estimation is in good agreement with the
measured mass loss with a maximum error of 9.1%.

Similar to the constant current density test, the resonant
wavelength shift of each LPFG sensor can be obtained over

i Reb. 1 % . . . .
Penfetrz;)tlon - cbar mass loss (%) Error time, as shown in Fig. 18. Once again, the wavelength shift
oftube Estimated Measured increases linearly with the test time before the Fe-C layer is
A 3.0 3.3 9.1% corroded completely. The service lives of the three sensors
B 6.3 6.8 7.4% were about 24, 20 and 18 hours due to variation of the
C 11.9 112 6.3% current density. The average mass loss rate of each Fe-C
- - 2 layer is listed in Table 9. The increased rate from LPFG 1
z e 5 N z T
E 20 %y £ 2 Tu CR I
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Fig. 18 Resonant wavelength shifts of (a) LPFG 1; (b) LPFG 2; and (c) LPFG 3 sensors over time under a varying
current density from 300 pA/cm? to 500 pA/cm?
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to LPFG 3 implies the increasing of the applied current
density.

7. Conclusions

In this study, an integrated sensing system of three steel
tubes extracted from rebar, three Fe-C coated LPFG sensors
in LPos mode, and two LPFG sensors in LPy and LP¢;
modes is designed and characterized for life-cycle
monitoring of the rebar with strain and temperature
compensation. Based on the test data and analysis, several
conclusions can be drawn:

e Two LPFG sensors in LPgs and LPy; modes can be
used together for simultaneous measurement of
strain and temperature with high accuracy since they
have dissimilar sensitivity coefficients. The
maximum measurement error is 4.0% in temperature
and 8.2% in strain.

e The mass losses of the steel tube and the rebar are
correlated well, independent of test conditions
(current density and tube length). The mass loss of
the steel rebar estimated from the -correlation
equation is accurate with a maximum error of 9.7%.

e Under a constant current density, the mass loss rate
of the rebar can also be derived accurately from the
mass loss rate of the steel tube using the regression
equation with less than 8.7% error. Under a time-
varying current density, the mass loss rate of the
rebar may not be obtainable from the equation since
the penetration time of each tube differs from the
penetration time taken during the correlation tests. In
this case, the Fe-C coated LPFG sensor can provide
the changing condition in corrosion current density
through the measurement of Fe-C mass loss rate.

e For three coaxial steel tubes with identical wall
thickness, the pitting corrosion penetration time of
the inner tube is appreciably longer than that of the
outer tube. This is because the presence of the outer
tube reduces the current density applied on the inner
tube. Under a current density of 500 pA/cm? the
penetration time of the three coaxial steel tubes
substantially increases to 29 days from the 2/3 days
for the Fe-C layer on the LPFG sensor. The
combination of the tube and Fe-C layer in the
proposed sensing system enables both the long-term
and short-term monitoring of corrosion in steel rebar.
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