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An effective corrosion monitoring technique is sought after by the engineers for assessing the steel
bar corrosion at the early stage for the maintenance and repair works, especially in the corrosive
environments, such as coastal and marine. In this work, tilted fiber Bragg grating (TFBG) with the
optical sensor is employed in corrosion monitoring of a reinforced concrete structure. Taking advan-
tage of the high sensitivity of TFBG cladding resonance wavelengths to the change in the surround-
ing medium, the sensor is mounted on the steel bar that is embedded in a concreted block during
an accelerated corrosion process. The acquired transmission spectrum of the TFBG during the pro-
cedure is digitally processed using Fourier Transform to produce an index that is sensitive to the
generated corrosion product surrounding the TFBG sensor. This eases the analysis of the sophis-
ticated TFBG transmission spectra. The generated index can be used as an indicator (indicator J )
for the corrosion process of the embedded steel bar in the concrete structure. This indicator J  can
act as an indicator to describe the corrosion activity and corrosion level at a specific point of the
steel bar in concrete structures. 
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1. Introduction

Reinforced concrete has been widely used in engineering structures, namely the water
dams, jetties, harbours and bridges in many marine environments. However, compared
to inland locations, the corrosive environment of coastal and marine has increased the
risk of corrosive damages to the steel reinforcement inside the concrete structure, re-
sulting in the loss of steel area, cracking and spalling of the concrete. Hence, an effec-
tive corrosion monitoring technique is sought after by the engineers for assessing the
steel bar corrosion at the early stage for the maintenance and repair works.
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The corrosion condition of the steel reinforcement of the concrete structure is de-
sired to be examined periodically from the beginning of the construction phase. The
corrosion rate of steel reinforcement can be measured by using the market available
non-destructive testing techniques. However, these techniques are limited to corrosion
rate estimation without interpreting the corrosion level in wet conditions [1].

Corrosion measurement and monitoring is a complicated process involving several
considerations and strategies in implementation. Open circuit potential (OCP) measure-
ment is one of the typical measurements of steel reinforcement corrosion concerning the
Cu/CuSO4 electrode (CSE), Ag/AgCl electrode and saturated calomel electrode (SCE)
in accordance with ASTM C 876 Standard Test Method for Half-Cell Potential of Re-
inforcing Steel in Concrete [2]. It indicates the potential developed by the metal when
it reacts with the environment. Hence, OCP monitoring measurement has become the
most common technique for the periodic inspection of the reinforced concrete struc-
tures [3-5].

While, in terms of detecting steel reinforcement corrosion, half-cell potential (HCP)
measurement is the most common non-destructive testing technique. In the reinforced
concrete structures, depending on the environment, the concrete that acts as an electrolyte
will lead the development of potential by the steel reinforcement. Therefore, this meas-
urement will provide data on the corrosion rate of the steel reinforcement inside the
reinforced concrete structures. Other techniques in measuring corrosion level include
the polarization resistance technique, which is based on the chloride threshold [6], ce-
ment seawater battery energy harvester technique [7] and electrochemical techniques [8].

There are few methods to collect the data for the corrosion measurement and mon-
itoring, including the installation of an embedded corrosion monitoring sensor (ECMS)
[9, 10], vibrating wire, electrical strain gauges and optical fibre sensors (OFS) [11].
A corrosion process in steel reinforcement involves the electrochemical transforma-
tions which can be detected by OFS. The corrosion rate varies at a different location
along the steel reinforcement as the nature of corrosion is localized. Recent develop-
ment proposed that an advanced OFS has the capability to be applied for multiple func-
tions. This makes the OFS a cost-effective system that can be applied to collect data
even from few sensors in a different location of the concrete structures. 

OFS has proved effective in the non-destructive evaluation (NDE) for bridge piers,
buildings, water dams, flood control channels and erosion control structures. OFS col-
lects and delivers all the data without demanding the in situ core samples from the struc-
tures, which will cause damages to the structures. OFS is a small and compact sensor
that has advantages in remote sensing and continuous monitoring capability [12, 13]. Re-
cently, the application of OFS for structural health monitoring (SHM) of concrete struc-
tures has become an intense study for corrosion monitoring and micro-cracks detection
in concrete [14-21]. These studies include the research conducted by employing fiber
Bragg gratings sensors (FBGS) [15-16, 19, 22-23], long-period gratings (LPGs) [24],
interferometer-based optical sensors [17-18, 20], intensity-based optical sensors [14, 21],
metal cladding optical fiber [25-26], point optical fiber sensor [27], twin-fiber tech-
nique [17] and plastic optical fibers [21]. These studies have laid a foundation on the
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technical assessment and demonstrate the potential of OFS technology for the SHM of
concrete structures. 

In the recent year, tilted fiber Bragg grating (TFBG) has been targeted in numerous
industrial sensing applications, including magnetic field sensing [28], temperature-in-
dependent vibration measurement [29], twist/torsion measurement [30], strain meas-
urement [31] and concentration sensor [32]. The inscription of tilted grating in the
single-mode fiber will contribute to the excitation of cladding modes in the fiber [33].
The core-cladding mode couplings lead to the generation of multiple cladding reso-
nance wavelengths in the transmission spectrum. Since the cladding modes have more
robust interaction with the surrounding medium, the cladding resonance wavelengths
can be used as sensing parameters for the surrounding refractive index (SRI) [34-36]. 

MAGUIS et al. [37] proposed the use of the Fourier Transformation that converts
the complex transmission spectra into a simplified form. The peak frequency linearly
shifts with increasing SRI. The analysis can be applied with the FBGS in corrosion
detection in the reinforced concrete structures. The corrosion of the steel reinforcement
was accelerated in this research by applying the impressed current technique. The cor-
rosion rate was monitored based on the results of changes in the transmission spectrum.
The application of a TFBG sensor for steel reinforcement corrosion monitoring using
the Fourier Transformation signal processing technique is presented.

2. Theories of accelerated corrosion

The steel reinforcement corrosion condition can be measured from the mass loss during
the corrosion process. According to IJSSELING [38], the steel rust produced from the
steel reinforcement (per unit surface area) can be estimated by applying Faraday’s law
based on the time period and applied current, as presented in the following equation: 

ΔW = MIt /ZF 

where ΔW is the mass loss for steel reinforcement (g), I is the current (A), t is the
time (s), F is 96 487 C/mol (Faraday’s constant), Z is the number of the transferred
electrons for Fe(2), and M is 55.847 g/mol for steel (molar mass).

In the experiment, the current-impressed technique was applied to accelerate the
corrosion rate of the steel reinforcement at a constant current I of 80 mA for about
2 days (2880 min). Faraday’s law was then used to determine the theoretical amount
of induced corrosion based on the time period and applied current.

3. Material and experimental setup

In this study, three concrete samples of size 120 mm (length) × 120 mm (width) × 60 mm
(height) were prepared according to the concrete composition presented in the Table.
The cement used for the sample was Type 1 ordinary Portland cement (OPC) from Tasek
Corporation Berhad, Malaysia, for the general concrete application with quality con-
forms to EN 196. The quarry aggregates with the size ranging from 4.75 to 20 mm and
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river sand were used as the coarse and fine aggregate in the concrete samples. A 10 mm
diameter U-shaped steel reinforcement of 440 mm length (comply to MS146:2006 with
Grade 500) from Southern Steel Group was embedded in the concrete block. The TFBG
sensor was mounted on the bottom surface of the steel reinforcement, as illustrated in
Fig. 1. The distance between the TFBG sensor and the bottom surface of the concrete
is 20 mm. A small piece of polystyrene foam of size 20 mm (length) × 10 mm (width)
× 10 mm (height) was used as the buffer to isolate and protect TFBG from the concrete
mixture during the casting process. The samples were soaked in sodium chloride (NaCl)
solution.

The current-impressed technique was applied to induce corrosion for the steel re-
inforcement. It was conducted by applying a direct-current (DC) power source using
an electrolyte and a counter electrode. One steel reinforcement embedded in concrete
block acts as the anode, whereas another similar steel reinforcement serves as the cath-
ode in the electric circuit. The distance between the cathode and anode steel reinforce-
ments was 180 mm. Both steel reinforcements were immersed in the NaCl solution
(190 g of NaCl salt in 12.5 L of water). A constant electric current of 80 mA was sup-
plied to the steel bar throughout the experiment to accelerate the corrosion process.
However, the resistance of the circuit was increased with time, and the current slowly
decayed to 50 mA.

The TFBG sensor was attached at the bottom surface of the steel reinforcement,
which connected to the anode electrically. The TFBG used in this experiment was
15 mm in length with the Bragg wavelength of 1563.6 nm. The experiment was con-

T a b l e. Concrete composition for the samples.

Material Weight [kg]

Cement 0.60

Water 0.32

Coarse aggregate (from 4.75 to 20 mm) 1.18

Fine aggregate 1.19

Fig. 1. Sample setup. 
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ducted in a laboratory with air-conditioning, where the room temperature was main-
tained to be 24 °C (±1 °C) in order to provide a consistent environment for corrosion
cell formation. The transmission spectra were analyzed by using an optical spectrum
analyzer (AQ6317B, ANDO) and recorded by the LabVIEW program on a laptop via
a GBIP-USB card. The amplified spontaneous emission of an erbium-doped fiber am-
plifier in the range of 1500–1570 nm was used as an optical broadband source for il-
luminating the TFBG. The data recording was conducted every 30 minutes for a total
duration of 2880 minutes (48 hours) in the corrosion process that was accelerated by
the current-impressed technique. A schematic diagram description for the spectral
analysis and signal processing will be presented in the next section.

4. Results and discussion

Figure 2 shows the bottom view of the concrete sample. The sample was then hacked
into half with the exposure of the steel bar (Figs. 3 and 4). The embedded steel bar was

Fig. 2. Bottom view of the concrete sample.

Fig. 3. The concrete sample was hacked with exposure of
the steel bar.
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removed from the concrete and cleaned before the weight measurement. It is found
that the steel bar lost 3.2 g of mass (2.15%) after 48 hours of accelerated corrosion. 

Figure 5a shows the evolution of the TFBG transmission spectrum during the cur-
rent-impressed corrosion process at an initial electric current of 80 mA over a duration
of 2880 minutes (48 hours). Most of the cladding mode resonances are subject to a
similar reduction in amplitude. It was believed that the creation of insoluble corrosion
products such as Fe3O4 and FeOOH [33] settled in the proximity with the fiber glass
surface, and they were opaque substances that could induce optical scattering and at-
tenuation to the evanescent wave and intensities of the cladding modes in the TFBG.
That led to the increasing loss to all the cladding modes in the fiber glass. This explains
the decrease in amplitudes of cladding mode resonances in the transmission spectrum
during the corrosion progress. Figure 5b shows the temperature-compensated wave-
length shifts (Δλc – ΔλB) of three different cladding resonances at 1518.2, 1528.4 and

Fig. 4. The rusts on the steel bars.

Fig. 5. (a) Evolution of the TFBG transmission spectrum. (b) Wavelength shifts of the cladding resonanc-
es at 1518.2, 1528.4 and 1538 nm. (c) Sensitivity to the corrosion (nm/%) for some of the cladding res-
onances during the current-impressed corrosion process for 2880 min (48 hours). 

a
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1538 nm during the corrossion process. The notation Δλc represents the wavelength
shift of the cladding resonance whereas ΔλB represents the wavelength shift of the Bragg
wavelength at ~1563.6 nm. The red-shifts of the cladding resonances (Δλc – ΔλB) can
be attributed to the increasing refractive index (RI) of the saline solution during the
corrosion process. The sensitivities of the cladding resonances are found to be in the
order of 1518.2 nm > 1528.4 nm > 1538.2 nm. This is because the cladding resonances
in the shorter wavelength are associated with the higher order cladding modes that have
stronger evanescent field at the cladding-ambient medium interface and higher RI sen-
sitivity to the ambient medium. Figure 5c shows the corrosion sensitivities of some of
the cladding resonances to corrosion. The corrosion sensitivities are calculated based
on the calculated average corrosion rate of 0.04%/h. In our previous work [39] we stat-
ed that the wavelength shifts of the cladding resonances can serve as indicators for the
corrosion process. However, this method suffers from some shortcomings, for instance
the fact that the complex transmission spectrum contains many cladding resonances
and the different RI sensitivity for every cladding resonance. An accurate identification
of the cladding resonance and correctct mapping of the corresponding sensitivity are
required for demodulating the spectrum of the TFBG sensor. Furthermore, the dimin-
ishing amplitudes of the cladding resonances during the corrosion process make the
detection of wavelength shifts very challenging and the results can be erroneous when
the amplitudes are small at the later stage of the corrosion process.

Fig. 5. Continued.

b

c
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Following that, Fourier transform [37] was applied to convert the transmission
spectra into spatial frequency spectra as shown in Fig. 6. The conversion was performed
using the fast Fourier transform, FFT(ꞏ) function in MATLAB. Before the conversion,
the DC block filter was first applied to the transmission spectrum by subtracting its
mean value and eliminating the large amplitude component at the 0 nm–1 in the fre-
quency spectrum. The signal in the frequency range of 0.8 to 8 nm–1 was responsive
to the corrosion process and its diminishing characteristic was consistent with the de-
creasing amplitude of the cladding resonances in Fig. 3. On the other hand, the signal
in the range of 0.0 to 0.8 nm–1 remains almost the same throughout the corrosion pro-
cess. Let J  be the integral of signal curve from 0.8 to 8 nm–1 in the frequency spectrum
(see Fig. 6). It is found that J  decreases almost monotonically during the corrosion
process, as depicted in Fig. 7. Based on the measured total mass loss, ΔM of 3.2 g or
2.15%, the average electric current is estimated to be around 64 mA. The average cor-
rosion rate over 48 hours of accelerated corrosion is around 0.04%/h. Therefore, the
parameter J  can be used as the indicator for the corrosion monitoring and on-site
measurement for the steel reinforcement in concrete structures. Moreover, it can be
used to describe the corrosion activity at a specific point of the steel bar in concrete

Fig. 6. The Fourier transforms of the transmission spectra as shown in Fig. 5.

Fig. 7. Variation of indicator J  with time during the current-impressed corrosion process.
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structures. The compact size of the TFBG makes it a minimum invasive sensor suitable
for embedment in the concrete structure without compromising its structural integrity.

5. Conclusion

The study has presented the application of TFBG sensor in the monitoring of the steel
bars in a concrete structure immersed in NaCl solution. The steel reinforcement corrosion
process was accelerated by applying the Current-impressed technique. Fourier trans-
form analysis was used to convert the transmission spectra into frequency spectra. Dur-
ing the corrosion process, it was observed that the amplitude of the cladding resonances
deceased along with time. The decreasing amplitude of the cladding resonances can
be used for the on-site measurement and monitoring of steel reinforcement corrosion
conditions in marine concrete structures. Moreover, the indicator J  presented in the
study is a single-value indicator that describes the corrosion activity at a specific point
of the steel bar in concrete structures. The calibration relationship between the J  in-
dicator and the corrosion condition of the steel reinforcement should be established
further before the application in real-life corrosion monitoring. 
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