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Abstract

Structural integrity can be compromised by the simultaneous presence of mechanical loads
and corrosive agents. This study investigates the complex interplay between corrosion and impact
loads in steel plates, utilizing discrete Fiber Bragg Grating (FBG) and distributed Optical
Frequency Domain Reflectometry (OFDR) sensing technology. Generalized fiber optic-based
sensing models are developed to quantify corrosion severity and rate. The experimental study was
conducted using twelve epoxy-coated steel plates equipped with FBG and OFDR sensors, covering
scenarios of individual exposure to corrosion, impact loads, as well as their combination. Test
results reveal that specimens subjected to combined conditioning exhibit more corrosion damage
than those subjected to individual corrosion. Both pit depth and its growth rate were exacerbated
due to the impact loads. The study demonstrates the potential of fiber optic sensors (FOSs) for
real-time monitoring and assessment of structural health under different simultaneous multiple
factors in challenging conditions.

Keywords: Corrosion, Impact loads, Fiber Bragg Grating (FBG), Optical Domain Reflectometry
(OFDR), Pit Depth, Fiber Optic Sensors (FOSs).

1. Introduction

Corrosion is one of the most significant factors contributing to the degradation of aging
infrastructures, including buildings, highway bridges, oil and gas transmission pipelines, and
railroads [1]. It casts a pervasive shadow over both their structural integrity and operational
reliability, and further leads to a substantial economic burden due to frequent repairs and
rehabilitations [2]. Thus, optimal corrosion monitoring and assessment practices need to be
conducted in order to maintain and extend the designed lifetime of these aging infrastructures.

Corrosion of structural steel is a natural electrochemical reaction resulting in rust formation
when exposed to moisture and oxygen. It manifests in various forms of deterioration on metallic
substrates [3, 4]. Among these, uniform and localized corrosion stand out prominently, each
characterized by distinct mechanisms and consequences, as depicted in Fig. 1. Uniform corrosion
involves a relatively even loss of material across the surface, while localized corrosion induces
concentrated yet potentially severe damage. Corrosion control strategies typically incorporate
physical barriers, such as various coatings, to isolate the metal substrate from the surrounding
electrolyte layer. However, coating defects and anomalies can permit water uptake from the
environment, leading to the formation of corrosion products and influencing corrosion kinetics.
Specifically, pitting corrosion, a form of localized corrosion, can cause profound degradation of
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the steel substrate. Small pits initially have the potential to expand and merge, resulting in
significant defects in both depth and length, as shown in Fig. 1 [5]. In the marine environment, the
typical ionic compound, sodium chloride (NaCl), is regarded as a strong electrolyte. It can dissolve
in water to form Na" and CI  ions [6]. Increasing the concentration of CI” ions in water results in a
corresponding rise in current density. This increase is directly associated with the acceleration of
the corrosion process, as it correlates with the rate of electrochemical reactions [7]. Furthermore,
the presence of oxygen, an essential element for the cathodic phase of metallic corrosion in
aqueous environments, has a significant impact on the redox reactions that occur throughout the
corrosion process [8].
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Fig. 1 Typical corrosion forms of steel elements.

On the other hand, structures in service conditions are usually under external loads, and their
integrity can be compromised by mechano-chemical effects. Gao et al. [9] explored the corrosion
behavior of weathering steel with a bainitic microstructure exposed to chloride-rich environments
under varying elastic stresses. They observed that higher stresses significantly accelerated
corrosion. Zhang et al. [10] investigated the influence of loading conditions on low-carbon, low-
alloy steel corrosion in NaCl solution, noting a marked acceleration of corrosion under applied
elastic stress, particularly in dynamic loading. Melchers et al. [11] studied corrosion in the shipping
industry and found significant rust layer damage near or beyond steel's elastic limit under high
tensile strain. Moreover, short-term tests revealed a 10-15% increase in corrosion rates for pre-
corroded steel. Dai et al. [12] observed decreased impact resistance in corroded reinforced concrete
beams, while Fang et al. [13] reported increased crack propagation in corroded concrete piers under
lateral impact. Additionally, Feng et al. [ 14] highlighted how corrosion impairs the elastic recovery
of circular hollow tubes exposed to impact loads. These studies collectively emphasize the
detrimental impact of corrosion on structural performance, underscoring the importance of
simultaneous corrosion and mechanical load evaluation for timely damage identification and
effective mitigation against structural failures.

In recent years, various sensors have been developed in various fields, such as the biosensor
for aquaculture, marine life, and healthcare applications [15, 16], human health monitoring [17,
18], fiber optic gyro (FOQG) identifying the rotation rate [19], silicon optical sensors [20], chirped
fiber Bragg grating (CFBG) sensors [21, 22], and optical fiber specklegram sensors [23].
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Simultaneously, to enable accurate corrosion monitoring, especially for early detection and
ongoing development, advanced non-destructive technologies, such as Fiber Optic Sensors (FOSs),
have emerged as a promising tool for structural health monitoring. These sensors offer the potential
for enhanced accuracy and real-time insights, characterized by their compact size, lightweight
nature, immunity to electromagnetic interference, as well as the desired physical and chemical
stability [24, 25]. FOSs can be categorized into discrete (point) and distributed sensors. Among
them, Fiber Bragg Grating (FBG) sensors and Distributed Fiber Optic Sensors (DFOSs) are two
prominent types [26]. FBG sensors leverage periodic refractive index variations within the fiber
core to reflect specific light wavelengths, enabling strain, temperature, and other measurements.
They have been utilized to detect and monitor corrosion of reinforcing bars in concrete [27-30],
steel plate [31-33], prestressed structures [34], and steel bridges [35]. Clearly, discrete point
sensors are better suited for measuring the level of corrosion at their respective locations,
especially for monitoring pitting corrosion. To address the limitations of FBGs with localized
corrosion, DFOSs extend the capability across larger spatial scales [36]. They can provide
continuous monitoring of key parameters along the entire optical fiber length. Sun et al. [37]
employed Brillouin Optical Time Domain Reflectometry (BOTDR) to examine reinforced
concrete expansion due to steel bar corrosion. Mao at al. [38] utilized Brillouin Optical Time
Domain Analysis (BOTDA) and FBG sensors to monitor concrete expansion and cracking.
However, BOTDR and BOTDA have limited spatial resolutions. To achieve high spatial
resolutions, Fan et al. [39] proposed using Optical Frequency Domain Reflectometry (OFDR) to
monitor steel pipe corrosion, establishing a theoretical model for quantifying corrosion severity
and enabling corrosion visualization and alerts. Notably, research on dynamic load and corrosion
interaction monitoring, essential for assessing structural behavior of steel under combined
corrosion and dynamic load conditions, is currently limited.

For the first time, this paper deploys discrete and distributed FOSs to investigate the behavior
of steel under simultaneous effects of impact loads and corrosion conditions. A comprehensive
strategy is introduced to evaluate the severity of corrosion and the structural responses of the steel
under the influence of impact loads only, corrosion only, and combined corrosion and impact loads
simultaneously. The tested steel was coated with epoxy since, in practice, soft coatings were
commonly applied to mitigate corrosion. The FBG and OFDR sensors were embedded inside the
epoxy coatings to monitor and assess the integrity of the steel under simultaneous corrosion and
impact loads, enriching the understanding of the complex interaction between impact loads and
corrosion.

2. Discrete and distributed fiber optic sensing

The methodology proposed integrates strain changes captured by FBG and OFDR-based
distributed sensors to evaluate corrosion-induced pit depth. This approach utilizes wavelength
changes measured by these sensors to estimate deformations induced by pitting corrosion and
external loads, providing a means to assess pit depth. Furthermore, corrosion rate (CR) was also
estimated, leveraging the measured wavelength changes of the fiber optic sensors. This estimation
offers insights into the corrosion dynamics, facilitating comprehensive corrosion monitoring under
impact loads.
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2.1 FBG sensing principle

FBGs are engineered with meticulous precision by exposing a single-mode optical fiber core
to intense ultraviolet light, inducing a periodic refractive index modulation that constitutes the
grating structure [38]. Fig. 2 shows the functional mechanism inherent in an optical fiber
containing an FBG [40]. Upon introduction of a broadband light source into the grating structure,
a discernible fraction of the incident light undergoes reflection contingent upon the achievement
of constructive interference prerequisites. This eventuality substantiates the alignment of the
incident light with the designated Bragg condition [32, 41].

Strain/ temperature change
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Fig. 2 FBG sensing principle.
Eq. (1) demonstrates the relationship between the Bragg wavelength (Ap) and the grating
parameters [40]:

AB = Zneff A (1)

where n.f¢ is the effective refractive index; and A is the grating period corresponding to the
distance between two adjacent grating planes. When subjected to temperature or strain changes,
the constructive interference generated by the interaction between light and the grating period
causes a shift in the Bragg wavelength (AAp). This shift in the Bragg wavelength can be expressed
in Eq. (2) [31, 42]:

Adg = A5[(1 = P)Ae + (a + §)AT] )
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where Ag is the Bragg wavelength; P, is the photo elastic coefficient of the fiber; A¢ is strain
change; a and ¢ are the respective thermal expansion coefficient and the thermos-optic coefficient
of the fiber and are dependent on the material of fiber; and AT is the temperature change. If the
temperature remains constant or is compensated by a strain-free reference sensor in identical
operational conditions, the temperature influences could be eliminated [43]. Consequently, the
strain change can be simplified as Eq. (3):

Ae = a-Adg 3)

where a = Clearly, the change in strain is converted into a change in Bragg wavelength.

1
AB(l_Pe).
When rust forms on the metal surface where the FBG sensor is located, it can be monitored and
recorded in real-time. One of the major advantages of FBG sensors is their physical stability under
dynamic loads. In addition, owing to the rapid data acquisition capability, FBG sensors are
optimally configured for tracking dynamic phenomena and swift strain alterations. These sensors
are efficient for measuring discrete points along the fiber but may require multiple sensors for
distributed sensing, a topic that will be discussed in the next section.

2.2 OFDR-based distributed sensing principle

OFDR utilizes coherent light interference. A broadband optical source emits light guided
through an optical fiber, interacting with its refractive index variations due to external factors like
strain or temperature changes [44, 45]. Fig. 3 demonstrates the OFDR sensing principle. In Fig. 3
(a), for a given fiber, the scattering amplitude is a function of distance with unique, static, and
highly repeatable properties along the fiber [46]. Temperature and strain induce shifts in the
Rayleigh scattering spectrum, identified through cross-correlation between the reference and
perturbed signals, as illustrated in Fig. 3 (b). Light excites Rayleigh scattering, and the amplitude
of backscattered signals converts to the frequency domain via Fast Fourier Transform. The fiber
divides into equally-length segments using a sliding window AX, allowing frequency shift
evaluation through cross-correlation between reference and perturbed states.
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Fig. 3 OFDR sensing principle (a) a typical example of Rayleigh scattering in a single-mode
optical fiber, and (b) signal processing principle for measuring strain or temperature changes in
the OFDR system.

Eq. (4) illustrate the shift in optical wavelength in response to strain (&) and temperature
change (AT) [47]:

Av
A/’{D = /1D 7 = /1D (KTAT + KSAS) (4)

where Ap and v are the mean optical wavelength and frequency; K and K, are the temperature
and strain calibration constants, which were calibrated as -0.15 and -1.46, respectively [39, 48].
When temperature remains stable, frequency shifts in the optical fiber are converted into strains
using a calibrated strain sensitivity coefficient. Likewise, in cases of temperature fluctuations, a
strain-free optical fiber can compensate for temperature variations. If the temperature remains
constant or is compensated by a strain-free reference sensor in identical operational conditions, the
temperature influences could be eliminated [39]. Consequently, the strain change can be simplified
as Eq. (5):

As = (- AXp (5
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1K . Similar to FBG sensing principle, the change in strain is converted to the change
D¢

where f = 7

in mean optical wavelength. OFDR-based sensing utilizes the interference patterns of frequency-
swept light to provide high-resolution, distributed measurements along the entire length of the fiber.
This allows for continuous monitoring with sub-millimeter spatial resolution, making it ideal for
applications where fine-grained data is crucial, such as structural health monitoring and distributed
temperature sensing. While FBG sensors are cost-effective and robust, OFDR offers unparalleled
spatial precision and is particularly advantageous when detailed, continuous measurements are
needed over a large area or along an extended fiber length. The choice between FBG and OFDR-
based sensing depends on the specific requirements and constraints of the application at hand.
Given the precedent of calibration procedures conducted in previous research [31, 39, 48]
pertaining to FBG and OFDR-based distribute sensors, the current study still utilized the previous
calibration standard. The specifications of the used FBG and OFDR sensors are illustrated in Table
1 provided by the manufacturer.

Table 1 Specifications of the FBG and OFDR-based fiber optic sensors.

Specification
Parameter FBG OFDR
Strain measurement range +5,000 ue +15,000 ue
Strain sensitivity ~1.2 ue/pm ~1.0 ue/pm
Resolution 0.1 ue 0.1 pe
Accuracy +1.0 ue +1.0 ue
Uncertainty +0.04 ue at 1Hz +2.0 ue

2.3 Fiber optic-based sensing model for corrosion monitoring under impact loads

2.3.1 Pit depth estimation

The change in strain is evidently converted into a change in optical wavelength (Adg or Adp),
allowing fiber optic sensing technology to detect corrosion-induced strain in metals. Pitting
corrosion often initiates due to minor scratches or coating damage on steel substrates, leading to
the pitted area becoming anodic while the rest of the metal becomes cathodic, thus initiating a local
electrochemical reaction. Pits typically manifest as cavities beneath the metal surface, acting as
stress concentration sites [49]. This type of corrosion is highly localized, confined to specific, often
concealed areas, and does not spread widely across the surface. Therefore, it is reasonable to
assume that pits primarily develop vertically, allowing to model corrosion as an equivalent
concentrated load applied to the corroded surface [31]. In the present study, corrosion products
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remain on the substrate until they are removed. Consequently, pit-induced deformation can be
captured in real-time by FOSs. Fig. 4 illustrates the simplified sensing model, depicting the
deformations of the FOS under simultaneous corrosion and impact loading. In Fig. 4 (a), an
equivalent upward force (F;) from corrosion stretches the sensor, causing an upward displacement
(A.) due to corrosion protrusion. Conversely, in Fig. 4 (b), the external load (F;) induces a
downward bending deformation (4;). Thus, the synergistic effects of corrosion and external loads-
induced stain changes in FOSs can be detected simultaneously.

(@) (b)

Fig. 4 Deformations of a beam model under (a) pitting corrosion, and (b) impact load.

The deformation of FOS AL both induced by corrosion and impact load can be approximated
as:

AL=1L—L, (6)

where L is the deformed length of the fiber optic sensor; and L, is the original length of the sensor.
Then, the strain in the FOS, Ae¢, can be expressed as:

AL

As = —
£ Lo

(7

For a triangular deformation, integrating Eq. (6), the combined displacement A= A, + A;, can
be estimated as:

1 1 1
A=3 /LZ — 13 = E\/AL - (AL + 2Ly) = ELO\/a Adg(a - Adg + 2) ®)

Importantly, under impact loads, the load-induced elastic strain can return to zero within a few
seconds after unloading, allowing to obtain A= A, for the combined corrosion and impact load
conditioning. Integrating Egs. (3) and (5) into Eq. (8), the corrosion-induced displacement using
wavelength change of the FOSs can be calculated in the following:

For FBG sensors:

1
A= ELO\/a “Adg(a-Adg +2) )

For OFDR-based DFOSs:
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Ac= %Lox/ﬁ “AMp(B-Adp +2) (10)

Thus, it is convenient to use Egs. (9) and (10) to calculate the corrosion-induced displacements
through the measurements of wavelength change of FBG and OFDR-based distributed sensors.
Under epoxy coatings, corrosion usually occurs as pitting corrosion. As stipulated by ASTM-G46,
pitting corrosion primarily manifests in two categories of shapes and geometries [50]. Trough
pitting corrosion presents as small, elongated pits parallel to the surface, which can develop into
channels or grooves. Alternatively, sidewall pitting corrosion forms depressions or craters on
vertical or inclined surfaces of a substrate. The deceptive nature of surface pit openings as an
indicator of sub-surface corrosion poses challenges in accurately assessing structural conditions.
Pit depth modeling can be simplified to a two-dimensional (2D) problem, focusing on the
penetration that threatens structural integrity by perforating steel substrates. Particularly for coated
substrates, pitting corrosion occurs beneath the coatings, allowing the ingress of environmental
agents. In our previous work [40], a generalized shape model is proposed to facilitate pit depth
estimation during corrosion assessment. This model captures geometric characteristics of various
pit shapes and represents most cases. The pit depth d is expressed as:

4 L2

p—] (11)

where c is the volume ratio, which equals to the volume of the corrosion product above the steel
surface divided by the volume of original steel [40]. Corrosion accumulates, concealing the
indentations caused by pitting corrosion and generating raised areas on the steel surface. Typically,
in standard conditions, the diameter of these elevated sections is approximately 10% to 20%
greater than that of the initial inner cavity, A, = 1.1 ~ 1.24, [51]. The volume with different
constituents is usually different compared to the original iron a-F,, and thus the volume ratio c is
summarized in Table 2 [52]. It indicates that the volume of corrosion product can expand to 1.5-6
times the volume of the original iron.

Table 2 Volume ratio ¢ of corrosion product with different constituents [52].

Corrosion a-F, F,0 KO, av-F,05 a,v,6,pB- F,(OH), F,(OH); F,05-3H,0
product F,O00H
Volume ratio,c 1 1.5-1.8 2.0 2.0-2.1 2.8-3.5 3.8 3.0 6.0

Integrating Eqs. (9) and (10) into Eq. (11), the pit depth d can be estimated from the
measurements of wavelength change of the FOSs:

For FBG sensors:

_0.6L0
-1

Ja-Ag(a-Adg +2) (12)
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For OFDR-based DFOSs:

d_0.6L0
-1

VB - DAp(B - Ay + 2) (13)

2.3.2 Corrosion rate estimation

The corrosion loss-time model, a widely accepted approach that integrates a resilient
probabilistic framework, stands as a testament to its adeptness in estimating corrosion rates. This
model adeptly accounts for the innate uncertainty and variability innate to stochastic processes
[53], offering a robust methodology for precise estimations. Its effectiveness, notably evidenced
in various studies, especially in evaluating pitting corrosion on steel under prolonged immersion
conditions, further underscores its reliability and applicability [54]. Hence, leveraging the
validated prowess of this model, it was embraced as the linchpin for evaluating the corrosion rate
in this investigation, ensuring a comprehensive and accurate assessment of corrosion dynamics.

The total mass loss m caused by corrosion can be calculated by:
m=pV (14)

where p is the density of corrosion product, and V is the volume of the corrosion product. Based
on the assumption that the corrosion product mainly develops vertically, the volume of corrosion
product V is proportional to the corrosion-induced displacement A, as shown in Eq. (13):

V=k A, (15)

where k; is the linear scaling factor between the volume of corrosion product and the corrosion
induced upward displacement [40]. Combining Egs. (13) and (14), the mass loss can be estimated
as:

m = pk; - A, (16)

The corrosion rate (CR) is defined as the derivative of the total mass loss of a metal with
respect to time. Integrating Eqs. (12) and (13), CR can be estimated as:

For FBG sensors:

_dya-Mg(a-Dlg +2)

CR=y T (17)
For OFDR-based DFOSs:
d A “AAp + 2
CR = y- \/,B Dii,[i D ) (18)
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wherey = is the sensitivity of the sensor to the corrosion rate of the metal, which can be

calibrated with the known corrosion rate of a certain metal. Thus, the solution for corrosion rate
can be obtained from the measured wavelength change of the FOSs.

3 Experimental program
3.1 Materials and specimens

The ASTM A36 hot-rolled steel plate, measured with 170X 170 X3mm, were used in the
experiment. To secure the plates on a test table, four holes with a diameter of 13mm were punched
at the corners of each steel plate, as shown in Fig. 5 (a). Prior to installing the fiber optic sensors,
steel plate surfaces were thoroughly cleaned with acetone to improve epoxy coating adhesion.
Subsequently, both FBG sensors and DFOSs were placed on the steel plates, as shown in Fig. 5(b).
Each plate was equipped with a 2-meter OFDR-based DFOS for corrosion distribution monitoring
and an FBG sensor for dynamic response monitoring. The DFOS was configured in a serpentine
pattern with 11 sensing segments, each measuring 100mm in length and spaced 10mm apart,
covering a 100X 100mm area. Each sensing segment and Bragg grating period were attached using
super glue, with tape securing the U-turns. To distinguish the multiple distributed sensing segments
for each specimen, they were labeled numerically from 1 to 11. The DFOS was connected to a
LUNA ODiSI 6100 series distributed interrogator using a stand-off cable. The FBG sensor was
mounted with super glue near the intermediate (No. 6) distributed sensing segment, where impact
loads were expected. The FBG sensors were connected to an FBG high-frequency interrogator
(LUNA sil55 series) with a 500Hz acquisition frequency. Upon equipping the specimens with
FOSs, a 1.5mm thick layer of DuralcoTM 4461 adhesive epoxy coating was applied to emulate
industrial usage conditions and protect the optical fibers against damage from impact loads.

L : 170 | 100mm (Sensing length)

7 ~ &~

170mm
100mm (Sensing length)

(@ (b)

Fig. 5 (a) An example of the test specimens, and (b) schematic diagram of the sensor
deployment.
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3.2 Experimental set-up

The interaction between corrosive agents and impact loads on epoxy-coated steel was explored
through three sets of scenarios: impact loads only, corrosion only, and combined impact loads and
corrosion. The impact loads were applied by a 2-kg calibration weight dropped freely at the center
of the specimen, as shown in Fig. 6(a), with its position ensured by a rubber tube. Impact load tests
involved a repetitive cycle conducted at various heights, h, (12.5mm, 25mm, and 50mm) with a
5-second contact time, repeated every 10 minutes. Assuming in the absence of air resistance, the
impact velocity (v) and force (F;) were determined at different impact heights employing Newton’s

2
laws of motion, where v = ,/2gh and F; = % The calculated impact velocities and forces

corresponding to each specific impact height are presented in Table 3. For the corrosion tests as
shown in Fig. 6(b), since the distributed sensor was deployed in a 100mm X 100mm square, a
PVC pipe with a diameter of 100 mm was fixed at the center of the test sample and filled with 3.5%
NaCl solution to create an immersion corrosion environment, so the sensing area could cover the
entire corrosive area. A 20mm artificial crack, created by a soft 25mm diameter grinding wheel,
was placed 2mm from the FBG sensor to stimulate sensor-underlying corrosion. The corrosion
tests lasted 43 days (1032 hours). The test set-up, illustrated in Fig. 6(c), allowed for the assessment
of the combined effects of impact loading and corrosion. Importantly, in each impact cycle, the
solution was extracted first, and then applied the dropping weight from various heights. Due to the
short time intervals between the impact loadings, it is reasonable to assume that the corrosion
conditions were not influenced during the loading apply. The impact cycle was repeated every six
days during the corrosion process, continuing until sensor failure.

2kg weighty;

Rubber
tube

(a) Impact loading test  (b) Corrosion test (c) Combined test
Fig. 6 Demonstration of the test set-ups.

Table 3 Impact load parameters.

Impact height (mm) Velocity (m/s) Force (N)
12.5 0.5 30
25.0 0.7 35
50.0 1.0 40
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3.3 Specimen numbering rules

A total of 12 epoxy-coated steel plates were tested, with 4 in each group, including one
specimen for temperature compensation. Consequently, Eqs. (3) and (5) are applicable.
Considering that the drop weight was released from three different heights with six impact cycles,
each specimen underwent 18 working cases. Table 4 illustrates the specimen groups and the
numbering rules for all test specimens. For example, C1 stands for specimen No. 1 subjected to
corrosion conditions only; I3 stands for specimen No. 3 subjected to impact load conditions only,
with the impactor released from heights of 12.5, 25.0, and 50.0 mm, respectively, in a complete
impact cycle; M2 stands for specimen No. 2 subjected to the combined conditions of impact loads
and corrosion, with the impactor released from heights of 12.5, 25.0, and 50.0 mm, respectively,
in a complete impact cycle.

Table 4 Investigated cases under different conditions.

Specimen  Notes

Cl Specimen No.1 subjected to corrosion conditions only
13 Specimen No.3 subjected to impact loads conditions only
M2 Specimen No.2 subjected to combined impact loads and corrosion conditions

4 Experimental results and discussions
4.1 Validation of fiber optic-based sensing model

Fig. 7 (a)-(c) depict the Bragg wavelength changes of the specimens of 11, 12, and I3 under
impact loads from different heights, respectively. The strain induced by external loads of all the
specimens recovered after approximately 5 seconds. It is evident that the wavelength changes
return to zero following the unloading of the impact loads, signifying the presence of elastic strain
resulting from the impactor's descent from heights of 12.5, 25.0, and 50.0 mm during the impact
loading test. Given this observation, in the combined corrosion and impact loading conditions, the
detected strain is attributed to corrosion products rather than the impact loads. Consequently, Egs.
(12) and (13) can be applied to calculate the pit depth. In addition, it can be seen that the FBG
sensors are capable of capturing the transient load-induced strains due to their high-frequency
response, allowing to record and monitor rapidly changing signals or events.
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Fig. 7 Bragg wavelength changes of impact loading tests for specimens of (a) I1, (b) I2 and (c)
I3.

The Keyence Digital Microscope was used to scan the pit depth of the test specimens subjected
to corrosion only and combined impact loads and corrosion. Fig. 8 shows the comparison between
estimated pit depths using Eq. (12) and the scanned depths. Clearly, the scanned depths closely
align with the estimated values, showing a maximum discrepancy of 1.11%, and the minimum
discrepancy was just 0.18%. Also, it is noteworthy that the scanned pit depths were marginally
smaller than the calculated values, possibly due to residual corrosion products in the pits. This
close alignment between estimated and scanned pit depths corroborates the accuracy of the
proposed pit depth model based on FBG sensors. Thus, the FBG-based sensing model is applicable
to corrosion monitoring under the corrosion only and combined impact loads and corrosion
conditions.
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Fig. 8 Comparison between the FBG-based estimation of the pit depth and scanned pit depth.

The DOFS suffered damage during the 4th impact cycle. To make a better comparison of the
strain changes throughout the complete corrosion durations, we used the data obtained from the
corrosion-only test herein. Fig. 9 shows the strain changes monitored by the FBG sensors and
DFOSs under corrosion-only conditions. The wavelength changes are measured at the adjacent
points where FBG and DFOS were located. It can be seen that the strain changes closely match
between the FBG and DOFSs for all the specimens from C1 to C3, indicating the applicability and
accuracy of the DFOS-based sensing principle. Thus, the fiber optic-based sensing models in terms
of both FBG and DOFS are valid for corrosion monitoring and assessment.

100
Cl1 FBG - = -DFOS

. 80l €2 ——FBG - & -DFOS o
=) C3 ——FBG - ¢ -DFOS
& 60F
=
O 40}
R=
=
o 20}

ol

0 144 288 432 576 720 8641008
Time (h)

Fig. 9 Strain changes of FBG and DFOS under corrosion-only condition.
4.2 Effects of the impact loads on corrosion severity

4.2.1 Mass loss

The mass-loss assessment quantifies the extent of corrosion by measuring the difference in
specimen mass before and after exposure to corrosive agents. This method serves as one of the
fundamental means of quantitatively evaluating corrosion levels. It is particularly relevant in cases
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where pitting corrosion is significantly severe while uniform corrosion remains relatively minimal
[55]. Fig. 10 illustrates the visual comparisons of specimens subjected to corrosion only and those
exposed to combined impact loads and corrosion conditions. It is evident that more severe
corrosion damage was observed in specimens subjected to combined conditioning. This suggests
that impact loads can exacerbate the degree of corrosion.

(a) C1 (b)C2 () C3

(d) M1 (e) M2 63} M3
Fig. 10 Visual inspection of specimens after rust removal.

The mass loss assessment procedure consists of the following steps: initially, the initial mass
of each sample is measured using a precision electronic scale (0.01g accuracy) before sensor
installation and corrosion testing. Subsequently, the samples are subjected to environmental
exposure and immersed in an acetone-filled digital ultrasonic cleaner to remove the sensors, epoxy
coatings, and accumulated corrosion products from the sample surfaces. Afterward, the samples
are placed in plastic containers with desiccants for 24 hours to ensure complete drying, and finally,
the mass of the corroded sample is measured and compared to its initial mass. The mass loss ratio
(ny) of all the solution conditioned specimens was calculated using Eq. (19),

mo — My
fm = X 100% (19)
where m, is the original mass; m; is the residual mass of after rust removal. Table 5 provides
details on the mass loss ratios of the specimens and their corresponding statistical characteristics,
with u representing the mean value and o representing the standard deviation. Generally, the mass
loss ratios of the specimens under corrosion conditions were notably larger than those subjected
to combined conditioning. The mean mass loss ratios were 0.30% and 0.56%, respectively,
indicating more severe damage occurred in the specimens exposed to combined conditioning.
These results align with the visual inspections shown in Fig. 10. Furthermore, the magnification
factor is defined as the mean value of the mass loss ratio under combined conditioning divided by
that under corrosion conditioning, calculated to be 1.66. This indicates that the impact loads
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392  exacerbate mass loss due to corrosion. This observation can be attributed to the impact loads
393  disrupting the inhibitory effect of rusts on corrosion progression, thereby causing the formed pits
394  to continue growing and merging into larger pits, which is consistent with the visual inspection in
395  Fig. 10.

396 Table 5 Mass loss ratios and statistical characteristics.

Specimen  Original mass (g) Residual mass (g) Nm (%) K (%) o (%) Magnification factor

Corrosion conditioned

Cl1 671.23 669.07 032 030 0.015 \
C2 672.09 670.17 0.29 \
C3 672.75 670.7 0.30 \

Combined impact loads and corrosion conditioned

M1 673.56 669.99 0.53 0.56 0.026 1.66
M2 673.88 670.01 0.57 \
M3 672.51 668.60 0.58 \

397  4.2.2 Pitdepth

398 Table 6 details the pit depths located in the center of the steel plate subjected to corrosion only
399 and combined conditioning, with calculations based on Eq. (12), where the exposure time t is
400  expressed in hours. The mean pit depth (d,,eqr,) Was calculated using the FBG sensing model, and
401 o is the standard deviation, which are all expressed in um. It is worth noting that the impactor was
402  dropped from different heights with a time interval of 10 minutes, and it is assumed that such a
403  short time interval will not have any influence on corrosion development. This assumption is
404  supported by observations that the Bragg wavelength of C1, C2, and C3 did not change within 10
405  minutes during each impact cycle. when the 6th impact cycle was completed, the FBG sensors
406  continued recording until then end of t = 1032.33 hours in order to monitor the response after the
407  impact loads.

408 Table 6 Pit depth estimated based on the FBG sensors (10%um).
Impact cycle t(h) h(mm) Cl1 C2 C3  diyean o Ml M2 M3 duean o
I 144 125 091 0.75 0.67 0.78 0.10 1.86 1.10 1.29 1.42 032
144.16 25.0 1.80 1.25 1.87 1.64 0.28
144.33 50.0 1.74 2.05 223 2.01 0.20
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409
410
411
412
413
414
415
416
417
418
419
420
421

2nd 288 125 207 173 1.65 1.82 0.18 281 331 346 3.19 0.28

288.16 25.0 2.83 385 395 3.54 051
288.33 50.0 374 4.63 4387 441 049
3 432 125 195 262 237 232 028 4.05 500 5.12 472 048
432.16 25.0 4.18 5.02 5.18 4.79 0.44
432.33 50.0 520 6.16 6.36 591 0.50
4t 576 125 2.04 264 283 250 034 433 530 5.61 5.08 0.55
576.16 25.0 444 543 571 5.19  0.55
576.33 50.0 584 6.76 7.05 6.55 0.52
5th 720 125 210 267 290 256 034 464 564 590 539 0.54
720.16 25.0 486 578 6.00 554 0.49
720.33 50.0 6.43 731 748 7.07 0.46
6 864 125 213 272 294 260 034 502 582 599 561 042
864.16 25.0 531  6.04 6.18 5.84 0.38
864.33 50.0 694 7.67 7.77 7.46 0.37
\ 1032 \ 281 244 2.63 262 015 548 593 6.00 5.80 0.23
\ 1032.16 \ 554 6.28 6.4l 6.08 0.38
End 1032.33 \ 723 796 8.06 7.75 0.37

Clearly, two general trends can be observed from Table 6. First, the pit depths of all the
specimens increased over time, indicating pit depth development in a chloride-rich environment
and under the influence of corrosive agents coupled with external impact loads. This phenomenon
can be explained by the penetration mechanisms for pit initiation, which involve aggressive anions
being transported through the passive film to reach the oxide interface, thereby promoting
aggressive dissolution [56]. Meanwhile, the mechanism could be aided by the induction time for
pitting and the presence of chloride in the electrolyte [57]. In the present study, the high chloride
concentration, as well as the damaged epoxy coatings, caused and further accelerated the
breakdown of the protective layer. Secondly, the specimens that underwent combined conditioning
exhibited larger pit depths than those subjected to corrosion conditioning alone. Specifically, the
mean pit depths of M1, M2, and M3 in each complete impact cycle were significantly greater than
the mean pit depths of C1, C2, and C3. This can be attributed to film rupture occurring as a result
of mechanical stress at vulnerable locations or imperfections, leading to localized breakdown
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events [58]. To statistically assess the effect of the impact loads on pit depth development, the
Mann-Whitney U test was conducted. The p-value for the mean pit depths between corrosion-only
and combined conditioning was found to be less than 0.05, indicating significant differences in pit
depth development with and without the presence of impact loads.

4.2.3 Incipient corrosion development

It is generally recognized that the long-term corrosion of steels, cast irons, and low-carbon
alloys exhibits a distinctive bi-modal trend characterized by the presence of two dominant
corrosion modes that manifest over extended periods of exposure to corrosive environments, such
as atmospheric exposures, fresh water immersion, and marine immersion [59, 60]. The first mode
occurs under oxygenated conditions, where corrosion is typically slower and exhibits different
characteristics compared to the second mode, which occurs under anoxic conditions where
corrosion rates tend to accelerate. This dual-phase behavior highlights the intricate interplay
between environmental factors and material properties. The transition point that distinguishes
between the two modes can vary from 1 to 5 years depending on the stochastic corrosion processes
that steels undergo in various settings [54]. This study focuses on investigating the incipient
corrosion mode from pit initiation to propagation under the impact loading stimulations.

Fig. 11 shows the Bragg wavelength changes due to individual corrosion and combined
conditioning. In Fig. 11 (a), the wavelength shifts of C1, C2 and C3 exhibits distinct three phase
pattern, which is consistent with the observations in [53, 61, 62]. Phase 0, characterized by the
initial onset of corrosion, was governed by the kinetic phase for a very short time period, during
which rust formed and filled gaps between the adhesive and sensors; Phase 1, rapid corrosion
development due to the oxygen concentration in the electrolyte surrounding the metal surface; and
Phase 2, slower corrosion progression due to the obstruction of oxygen diffusion by accumulated
corrosion products. The remaining wavelength changes primarily reflected residual strain.
Throughout the total 1032 hours of corrosion exposure, phase 0, 1, and 2 lasted approximately 290
hours, 175 hours, and 567 hours, respectively. In comparison, Fig. 11 (b) shows the combined
Bragg waveforms. While corrosion phases showed gradual wavelength changes, impact responses
resulted in sudden increases. It can be observed that the difference in wavelength changes induced
by corrosion and impact loads were up to 100 pm. Since the load-induced strain can be recovered
to zero after approximately 5 seconds as discussed in Fig. 7, this suggests that impact loads
intensified corrosion. Upon comparing total Bragg wavelength shifts between individual corrosion
and combined scenarios, it is apparent that impacts substantially promoted corrosion growth,
which is consistent with the statistical characteristics with regard to the p-values. For instance,
specimens C3 and M3 recorded total wavelength changes of 90.93 and 627.45 pm, respectively,
which represents a 6.9-fold increase due to impact loading. Furthermore, it is noted that the impact
exerted varying degrees of acceleration on corrosion. In Fig. 11 (a), similar overall wavelength
changes were observed in C1, C2, and C3. However, end-test wavelength changes for M1, M2,
and M3 significantly differed, at 362.92, 522.95, and 627.45 pm, respectively, as shown in Fig. 11
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460  (b). This can be attributed to disparities in coating porosity or the bonding characteristics between
461  the coating and steel, leading to varying influences on corrosion.
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462 (a) (b)
463 Fig. 11 Bragg wavelength change: (a) corrosion only test, and (b) combined corrosion and
464 impact test.
465 To counter the constraints of FBG sensors, DFOSs were applied for real-time monitoring of

466  corrosion growth and spread. Fig. 12 (a)-(c) illustrate the incipient corrosion distribution before
467  and after each impact cycle for specimens M1, M2, and M3, revealing the expansion of corrosion
468  damage after impact loading. Corrosion initiated in areas where cracks appeared in the epoxy
469  coating and then intensified and spread over time. However, the brittleness of distributed fibers
470  caused premature damage to DFOSs before the 4" impact cycle test. Although corrosion process
471  monitoring was incomplete, the DFOS-detected corrosion profiles could predict those were
472  observed in visual inspections with similar corresponding patterns, as shown in Fig. 10, confirming
473  their efficacy in tracing corrosion progression and validating visual inspection findings.
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Fig. 12 The effect of impact on corrosion distribution for specimens (a) M1 (b) M2 and (c) M3.
4.3 Time-dependent corrosion wastage model

4.3.1 Effect of impact loads on pit evolution

Pitting corrosion is notably hazardous due to its localized and often unpredictable nature. The
initiation of pits is widely acknowledged to occur in durations as short as microseconds [63],
influenced by various factors such as improper maintenance procedures, coating damage, and
environmental conditions [64]. As illustrated in Fig. 1, unlike uniform corrosion, which gradually
erodes a material's surface uniformly, pitting corrosion creates small, concentrated cavities or pits
that can rapidly penetrate deep into the material. These pits serve as initiation points for more
severe structural damage, potentially leading to catastrophic failures. Moreover, pitting corrosion
can occur without significant external signs, making it challenging to detect and mitigate in its
early stages. Consequently, modeling incipient corrosion is of paramount importance in ensuring
the safety and longevity of various industrial and infrastructure assets.

To demonstrate the time-dependent stochastic process of pitting corrosion, the mean pit depth
(dmeqn) could be fitted using the widely adopted power-law function d(t) = A - tZ or the semi-
log function d(t) = A+ B -log(t), where A and B are fitting parameters. However, this was
found not to be a well-fitted function [54]. In this study, the Weibull function was used to model
the incipient corrosion loss in terms of pit depth, as illustrated in Eq. (20) [65, 66]:

d(t) = dym - [1 — exp(=(A- )] (20)
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where d;;,,, 1s the upper limit of pit depth; A and B are the shape and scale parameters of pit depth,
respectively.

Fig. 13 (a)-(c) show the Weibull function-based modeling of the pit depth evolution under
different conditions. It can be seen that the Weibull function fits well the data of the mean pit depth,
with the smallest coefficient of determination R? of 0.998. The mean pit depths of the specimens
subjected to combined conditioning were apparently larger than those of the specimens subjected
to corrosion only conditioning. For example, in Fig. 13 (a), the mean pit depth of the specimens
without impact loads increased up to approximately 230um, compared with the mean pit depth
with 12.5mm impact loads increased to approximately 600um. Similar evolution patterns of the
mean pit depth can also be found in Fig. 13 (b) and (c) for different dropping heights. This
observation can be attributed to the fact that the impact loads disrupted inhibitory effect of the
formed corrosion products and thus facilitated the diffusion-controlled oxygen reduction.
Meanwhile, combined with the delamination of the coating allowing for further passive film
breakdown in the presence of aggressive anionic species, and the pitting severity tends to
deteriorate with the chloride concentrations [58].
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Fig. 13 (a) Corrosion wastage model of the pit depth for the impactor dropped from (a) 4 =
12.5mm, (b) & = 25.0mm, and (c) # = 50.0mm.
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4.3.2 Effect of impact loads on corrosion rate

The corrosion rate can be calculated using the derivative of the pit depth in terms of time, as
shown in Eq. (21):

ad(t
CR = a(t ) _ diim - BAPtP ! exp(—(A - )P) 21)

Fig. 14 (a)-(c) show the corrosion rate (CR) of the mean pit depth for the impactor dropped
from different heights. It can be seen that the CR of all specimens experienced combined
conditioning was apparently larger than that of the corrosion conditioned specimens. This indicates
the impact loads accelerate the pit evolution over time. The highest CR typically manifested in a
couple of days following the onset of corrosion, which is consistent with the observations in [65].
This phenomenon can be attributed to several interrelated factors. Firstly, the mechanical action of
impact loads can physically damage the protective oxide layer on the metal's surface, exposing
fresh metal to the corrosive environment and accelerating the corrosion process. Additionally, the
combination of mechanical stress from impact loads and the corrosive environment can lead to
stress-corrosion cracking, wherein the stress creates micro-cracks on the metal surface that serve
as initiation points for corrosion [67, 68]. Impact loads can also disrupt the stagnant layer of
solution near the metal surface, facilitating better mass transport of corrosive ions and thereby
increasing the corrosion rate [3]. Furthermore, the electrochemical conditions at the metal's surface
can be altered by the mechanical deformation caused by impact loads, potentially promoting a
higher rate of electrochemical reactions associated with corrosion. The CR of the mean pit depth
decreased monotonically with the exposure time, this can be attributed to the accumulation of rust
products likely contributed to a decrease in oxygen diffusion, which in turn could have decelerated
the corrosion process.
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Fig. 14 (a) Corrosion rate for the impactor dropped from (a) 2 = 12.5mm, (b) # = 25.0mm, and
(c) h=50.0mm.

4.3.3 NACE severity ranking considering impact loads

The CR calculated using Eq. (21) varied throughout the corrosion process, as depicted in Fig.
15. It is evident that the CR for specimens subjected to combined conditions was significantly
higher than for those under individual corrosion, indicating that impact loading accelerated the CR.
Notably, there was a rapid increase in CR during the initial 432 hours of exposure due to impact
load, which was prominent and gradually declined thereafter. Furthermore, the effect of impact
load on CR varied substantially among specimens, with those experiencing severe coating damage
showing a more pronounced impact. Referring to NACE specifications for pitting corrosion
severity [69], corrosion rates are categorized into four levels: low, moderate, high, and severe, with
corrosion rates below 127 um/year, 127-201 um/year, 203-381 um/year, and above 381 um/year,
respectively. In Fig. 15, the CR of specimens all was below 127 um/year, suggesting low corrosion
severity.
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Fig. 15 Pitting corrosion warning according to NACE specification.
5. Conclusions and future work

This paper presents an experimental investigation into the intricate interplay between impact
loads and corrosion on steel plates, employing discrete and distributed FOSs to monitor structural
responses and corrosion severity. The systematic strategy developed in this study yields several
crucial conclusions. The generalized fiber optic-based sensing models were developed for both
FBG and OFDR-based distributed sensors to calculate pit depth and corrosion rate. The accuracy
of the sensing model for corrosion monitoring and assessment was demonstrated by the Keyence
Digital Microscope. FBG sensors exhibited the highlighted high-frequency response and ability to
capture transient impact loads at the specified site. In contrast, OFDR-based distributed sensors
provided sensitivity to incipient corrosion development on larger spatial scales. The mass loss of
the specimens subjected to only corrosion and combined conditioning was calculated, and the
magnification factor was up to 1.66, clearly demonstrating the amplifying effect of impact loads
on corrosion-induced mass loss. The mean pit depths were calculated using the FBG sensing model.
Statistical analysis using the Mann-Whitney U test revealed a significant difference in pit depth
development between conditions with and without the presence of impact loads. This clarifies the
deeper pit depths observed in specimens exposed to combined conditions compared to those
subjected to corrosion alone. The FBG sensors of the corrosion-conditioned specimens exhibited
a distinct three-phase Bragg waveform, which reveals the mechanisms of the initiation and
incipient progression of pitting corrosion. Meanwhile, the OFDR-based distributed sensors clearly
show the distribution and prompt responses before and after the impact loads, demonstrating their
capability for sensitivity on a larger spatial scale. Finally, a time-dependent corrosion wastage
model was used to investigate the influence of the impact loads on corrosion severity. The mean
pit depths of the specimens subjected to combined conditioning were apparently larger than those
of the specimens subjected to corrosion only conditioning throughout the incipient pit evolutions.
For engineering applications, the corrosion severity that considers the impact loads was calculated
according to the NACE specification.

As this study was conducted in simulated corrosion environments, it is essential to validate
the developed sensing platform through field testing scenarios. Furthermore, future research
should focus on investigating the multiple interactions between mechanical structural damage and
harsh environments. This will help broaden the understanding of the complex dynamics between
mechanical factors and environmental conditions, leading to more comprehensive and accurate
assessments of structural integrity in practical applications.
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