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Abstract Steel is widely used as building material for large-scale structures, such as buildings, bridges, and oil and gas
pipelines, due to its high strength-to-weight ratio. Corrosion has been believed to be one of the main reasons for reducing
the load carrying capacity and the service life of structural steel, especially for the structures in harsh service environments.
To mitigate corrosion for structural steel, coatings have been widely applied. On the other hand, to monitor corrosion in
real time, embedding fiber Bragg grating (FBG) inside the coatings becomes a potential solution for coated steel structures.
However, due to the fact that FBG sensors are local point sensors, the localization of pitted corrosion based on these sensors
are very challenging. In this study, a methodology based on a three-sensor network was set up to detect the location and
severity of the pitted corrosion on steel structures in two-dimension (2D). The 2D simply-supported plate theory together
with the numerical simulation based on finite element analysis (ANSYSS software) was used to derive the transfer function
of the pitted corrosion location to the FBG sensor reading. Depending on the parametric study through numerical analysis,
a pitted corrosion location exhaustion algorithm was successfully programmed. To verify the feasibility of this algorithm,
laboratory experiments were carried out using a steel pipe with three FBG sensors and a temperature compensation sensor
embedded inside a layer of epoxy coating (Duralco 4461). The experimental results indicated that the proposed

methodology can locate and assess the pitted corrosion on steel structures effectively.
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1. Introduction

With the rapid development of the construction industry, the durability and integrity of various structures have
attracted public attention. Due to its high strength-to-weight ratio, structural steel has been widely used as building material
for large-scale structures including buildings, bridges, and oil and gas pipelines. However, structural steel has a drawback
compared to other construction materials, concrete or composite materials, which is their vulnerability to corrosion [1-6].
The corrosion of steel is an electrochemical process, which happens naturally when structure steel meets with water and
oxygen concurrently. Although there are various factors controlling the process of corrosion, including the physical and
chemical properties of steel, the roughness of surface, temperature, etc., it is clear that presence of both water and oxygen
is necessary for electrochemical reaction of corrosion to happen. With the presence of free electrons, water and oxygen,

reduction happens at cathodes, as shown in the reaction below [2, 6]:
2H,0 + 0, + 4e~ = 40H™ (1)

Reduction reaction at cathodes as shown in Equation (1) introduces a sequence of sub-reactions on steel. When
corroded, the iron gets oxidized and then dehydrated to ferrous oxide, ferric oxide and ferro-ferric oxide, resulting in
consuming steel as well as producing rust. The produced rust has a volume more than ten times bigger than original iron.
Generally, there are two types of corrosion: the general corrosion which is distributed and the pitted corrosion which is
localized.

Corrosion, either general or pitted, had been long recognized as one of the main reasons of structural steel component
degradation due to its ability to substantially lower the cross-section area of component, causing a substantial deterioration
in load-carrying capability of associated structure [7, 8], especially for those in harsh service environments [9]. Steel

corrosion has been accounted for big financial loss related to steel structures [10, 11], which was believed to be equivalent



to $2.4 trillion globally each year, which makes up 3.4% of the global Gross Domestic Product (GDP) [7, 8]. Although the
understanding of corrosion mechanisms and the corrosion detection techniques have been improved, industrial survey
reports still show that corrosion plays an important role in structural degradation and safety [12]. For example, as an
essential media for transporting oil and gas in the industry through long distances [13], the steel pipelines are vulnerable
to corrosion because of the aggressive internal fluids and external environmental conditions, which possibly resulting in
leakage and damage [14-17].

To mitigate the corrosion on steel structures, coatings are widely applied to isolate the structural steel from the direct
contact of water and oxygen [1, 2, 18], including soft and hard coatings [19-21]. The coatings, which serve as barriers
between the steel and outer corrosive environmental, had shown magnificent performance in corrosion mitigation. However,
coatings may still fail under certain conditions such as external impacts, abrasions, biology attacks, water scouring, etc.
When the coatings failed, usually, the failure of coatings is localized since the external impacts are localized, and the
underlying structure would be exposed to corrosive environmental and subjected to pitted corrosion attacks. The corrosion
area for coated steel usually is small but very serious. In addition, since it is difficult to be observed or diagnosed during
the initial pitted corrosion, and when the corrosion becomes visible, the structural functional degradation may have been
severe, and it may be too late to take maintenance measures [22]. Thus, even for coating-protected structures, to ensure the
proper functionality of coatings and monitor corrosion for structural steel, detection techniques for pitted corrosion at early
stage are needed to verify the performance of coatings and the steel substrate as well as to predict service life [23, 24].

There are several traditional methods used for corrosion detection and assessment, such as weight loss measurement,
electromagnetic approach, and non-destructive testing. The first two are destructive assessments. Weight loss
measurement, which is also known as exposure test, is simple in concept which measures the weight difference of a coupon
(sample) between a certain time interval while placing it in a controlled corrosive environment. The corrosion rate is the
weight difference divided by the time elapsed because the weight loss on coupon is exactly the amount of metal consumed
by the corrosion reaction. Weight loss measurement is the earliest attempt to perform quantitative corrosion assessment
[25, 26], and is also the direct approach to accurately measure the corrosion rate in a certain environment. With statistical
study and visual inspection efforts, weight loss measurement could provide additional information such as common early
signs for corrosion initialization and corrosion types to guide local corrosion mitigation strategies [27]. However, weight
loss measurement is extremely time-consuming and generally takes 30 days to decades to complete depends on the coupons
and environment setups. In the excessively long-term weight loss measurement, there also could be problem that at the
time measurement was done, the environment to be simulated had already changed while performing the measurement.
More importantly, the weight loss approach is not applicable for most soft coating coated steel structures with potential
pitted corrosion.

Electrochemical measurement, or electrochemical impedance spectroscopy (EIS), is another destructive method,
which was first used in corrosion assessment in 1950s, and fast gained popularity due to its capability of completing
measurements in a short period of time while providing and repeatable and reliable results [28-30]. Since the corrosion
reaction is one type of electrochemical reaction composing of anode, cathode, and electrolyte, the corrosion rate could be
determined by an equilibrium between electrochemical reactions at anode side and cathode side. However, electrochemical
techniques are not suitable for large scale steel structures such as bridges or pipelines, and it is not applicable for measuring
pitted corrosion for coated structures with soft coatings. In addition, it may induce accelerated corrosion in tested structures.

For large steel structures, several non-destructive corrosion assessment methods have been investigated to evaluate
corrosion severity including ultrasonic and acoustic tools and embedded or attached sensors. Ultrasonic measurement
methods are one of the most popular corrosion assessment methods used for large steel structures. It provides of high
sensitivity, accurate, and immediate assessment for thickness of steel components [31-33]. Similar to all other waves,
ultrasound echoes when transmit from one medium to another. Thus, if there is no change in the thickness, the intervals of

ultrasonic echoes would be a static value. When corrosion occurs, the steel is consumed, and the thickness is reduced,



which could be detected by the ultrasonic wave as the intervals of echoes would change corresponding to the change of
thickness. Traditional ultrasonic measurement methods are point-by-point measurement in natural, as it requires ultrasonic
wave perpendicularly penetrate the steel, but researches had shown potential of enlarging measurement range when
combined with guided wave methods [34, 35]. Ultrasonic measurements showed potential for detecting pitted corrosion in
coated steel structures. However, the ultrasonic measurement methods are having difficulties perform assessment on
irregular shape parts, and the extensive knowledge requirement for operating and understanding the instrument often limits
its application. Furthermore, the ultrasonic measurement requiring human operation on-site could hardly become a
candidate for real-time monitoring system of large area.

Acoustic emission (AE) has been widely used for damage monitoring in loaded structures, and researches is trying to
adapt it in corrosion assessment and monitoring of steel structures [36, 37]. When there is rapid release of energy within
structure, such as the occurrence of a crack, a set of transient elastic waves are generated and transmitted started from that
release location. This phenomenon is acoustic emission. By analyzing the properties of AEs transmitted to receiver, the
damage could be categorized and localized. AE method as one type of passive detection method is suitable for real-time
monitoring and provides high sensitivity, however, it would have low signal-to-noise ratio in field for small cracks, which
may not be sensitive enough for detecting pitted corrosion.

Strain sensor-based corrosion assessment methods are gaining attention recently for detecting localized corrosion.
When pitted corrosion reactions happen, though original metal is consumed, the corrosion products (oxidized metal) would
occupy several times of volume compared with original metal. If the corrosion reaction happens in a confined space, the
excessive increased volume would induce a noticeable amount of strain, which could be used as an indicator of corrosion
reaction. However, electrical strain gauges may have difficulties applying on steel structures in harsh environments with
moisture and intensive electromagnetic noise.

Fiber optic sensors which are made by silica materials have a great potential as a sensing tool in strain-based corrosion
assessment of steel structures. Among all fiber optic sensors, fiber Bragg grating (FBG) sensors are well-known for its
simplicity in installation, high sensitivity and exceptional durability [38]. An FBG reflects incident lights having a certain
wavelength called Bragg wavelength and allows other wavelengths to pass. The Bragg wavelength changes according to
the external environmental variation. The FBG has been popularly used to measure strain and temperature [38-40]. A few
recent attempts to apply FBG sensors in corrosion monitoring of steel rebar in reinforced concrete and the previous attempt
to apply FBG sensors in hard coating in preliminary study had shown the possibility of FBG sensors in corrosion
monitoring [41-44]. Relatively low cost of FBG sensors also made large-scale application practical and thus made FBG
sensors strong candidate in corrosion monitoring system [45-50]. FBG strain hoop sensor [51] and FBG sensors embedded
in coatings by the authors’ research group were also investigated to detect pipeline corrosion [52, 53].

Although the FBG has potential to detect pitted corrosion for coated steel structures locally, an FBG sensor is still a
localized point sensor which can only perform point measurements to detect the corrosion occurred right on top of the
sensor. Thus, if the corrosion does not occur exactly at the locations of the installed sensors, or near the sensors, the
effectiveness of the corrosion assessment is questionable. In practical applications, it is very difficult ensure the sensor is
installed exactly at the corrosion locations, which limits the wide application of the FBG sensors for corrosion monitoring
of steel structures in real time. In this paper, to overcome this challenge, a two-dimensional (2D) sensor network using
FBG sensors as well as a location identification theoretic algorithm has been developed to detect the corrosion locations in
addition to the corrosion severity for coated steel. The theoretic algorithm has been systematically analyzed through
numerical analysis using ANSYS on the proposed 2D corrosion location identification system in addition to laboratory
validation experiments. The laboratory validation experiments on a coated steel pipe sample showed that the developed

2D FBG sensor network can simultaneously identify the corrosion location and severity for coated steel effectively.

2. 2D Corrosion localization algorithm

2.1 Plate theory for two-dimensional (2D) corrosion localization



For coated steel, the FBG sensors are assumed to be installed inside the coating to monitor the corrosion occurrence.
When pitted corrosion occurs under coatings (either hard or soft coatings), corrosion product (rust) will be produced, whose
volume is more than ten times larger than the original steel. Thus, based on the features of a typical pitted or localized
corrosion, two reasonable assumptions are made [54]:

1) Since the corrosion is a pitted (localized) corrosion, the product of corrosion is accumulated within a relatively
small area comparing to the coating, all the other areas are still perfectly bonded to the substrate;
2) For pitted corrosion, the expansion of corrosion products mainly accumulates vertically.

Based on these assumptions, the expansion induced by the corrosion product compared to original iron can be
simulated as a pressure (p) on a very small area (A) in the pitted corrosion location induced load (F) onto the coating as
shown in Figure 1. Thus, the load (F) can be calculated by multiplying the pressure (p) with the small corrosion area (A),
which is F=pA. In the practice, it is hard to obtain the exact area of the corrosion for estimating the corrosion induced force.
However, due to the fact that the coating is relatively thin compared to the steel substrate, a plate theory can be used to
simulate the response of the coating with concentrated load induced from corrosion product at location (Xc, yc). The FBG
sensors embedded inside the coating at a random location (X, ys) will detect strains in the coating at that location, which
can be used to analyze the location and quantity of the corrosion induced load, F. Thus, in theory, as shown in Figure 1, the
corrosion is then simplified as a concentrated force (F) applied at a single point, and the corresponding displacement has
its maximum value at the corrosion point and gradually decreases along the way to the edge of the coating surface to zero.

However, during the application of the algorithm, subarea will be used to understand the effect of the corrosion area.
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Fig. 1 The dimension of the corrosion plate theory.

Assuming that the coating with known material property (such as Young’s modulus, E, and Poisson’s ratio, p,) and
thickness (h) was installed on a steel substrate with known material property and thickness, as the actual boundary condition
and the concentrated force F are not explicitly known and the strain at the sensor location has only one exact solution, the
strain value at the sensor location could be implicitly given as:

&s = f(xe, Yo 1, FE, p, by Xs, ) @
where 7 is the radius of the influenced substrate, E is the Young’s modulus, p is the Poisson’s ratio, h is the coating
thickness, (x.,Y.) is the corrosion location and (xg,Ys) is the sensor location. From Equation (2), it can be seen that for
the same corrosion location and severity, the induced strain quantity depends on the material properties of coating (with
dependence on the types of the coating, either polymeric or metal coatings) and the thickness of the coating applied on the
surface of the steel. Specifically, the corrosion induced strain will be larger with smaller elasticity of the coating material
and thinner thickness of the coating. For polymeric coating, the elasticity of the material is small, but the thickness is
usually large. On the other hand, for the metal coatings, the elasticity is big, but the thickness is small. Thus, the induced
strains from corrosion need to consider a combination effect of both material property and the thickness of the coatings.

The amounts of center wavelength changes from FBG sensors are determined by the amounts of strains from Equation

(2) in the coating induced by the corrosion as below [52, 53]:
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where, P, is the photoelastic constant of the fiber, a is the thermal expansion coefficient of the fiber, and & is a temperature
related constant, which can all be determined by the material property of the optical fiber of the FBG sensor. From Equation
(3), it can be seen that the center wavelength changes of an FBG sensor can be affected by both strain (&;) and temperature
changes (AT). If a temperature compensation reference sensor is selected with A.of = Ag and installed at the same location,
the center wavelength changes for the corrosion induced strains after elimination of temperature effects (AA = AAg — AApef)

can be expressed as:

AL =Adp — Al = (1 —P,) " Ap - & 4
Based on Equation (2), after the system is designed, the material property, the boundary condition, and the sensor
embedded location stay unchanged and can be considered as constants. Thus, it does not matter what types of coatings are
applied to embed the sensor as long as the material properties (such as Young’s modulus, E, and Poisson’s ratio, p) and the
thickness (h) of the coatings can be known. If a temperature reference sensor can be installed nearby, with the measured
center wavelength changes from the FBG sensors, based on (4), the strains at the FBG sensor locations can be detected.
Thus, in Equation (2), only the (x.,y.) and F which represent the location and the severity of corrosion are unknown
and Equation (2) can then be simplified as:
& = f(Xe, Yo, F) &)
Based on Equation (5), if only one sensor was embedded in the system, because the number of unknown parameters
had exceeded the number of equations, it could detect the initiation of corrosion, but not the location and the severity of
corrosion simultaneously. Therefore, to get both the information of corrosion location and severity beneath the coating,
with three unknowns, a minimum of three sensors are needed, as shown in Figure 2. With three sensors in the coating,
Equation (5) can then be written as:
€1 = f1(Xsc1 Yser, F)
€2 = fa(Xsc2) Yscar F) (6)

€3 = f1(Xsc3) Vsez F)
where &5, €, and &4 represent the measured strains at three sensor locations of Sensorl, Sensor 2, and Sensor 3,
respectively; (Xsc1, Vsc1)s (Xsezr Vsez), and (xge3, Vsc3) represent the relative locations between the corrosion and each
sensor. To derive the transfer function, Equation (4), a numerical analysis using the finite element model (FEM) is needed

because an analytical solution would be very complicated and time-consuming.
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Fig. 2 A three-sensor network to detect corrosion location and severity.




3. Numerical analysis
3.1 Finite element model setup

The numerical analysis can be performed using the fixed sensor location at the center of the simply supported plate
and altering the location and severity of corrosion. However, this approach would be consuming too much time to achieve
the precision requirement. Another approach which can be inversely used to get the location and severity of corrosion is to
fix the corrosion location as shown in Figure 3 and create a strain distribution. Compared with the altering corrosion
location, the approach for strain distribution is more time efficient. Based on Figure 3, a finite element model (FEM) was
set up in ANSY'S, as seen in Figure 4. Because it was assumed that the coating was not detached from the steel substrate
other than the localized corrosion area, the out ring of the simply supported plate was fixed all degree of freedom (DOF)
as the boundary condition. The corrosion was simulated as a concentrated force applied at the center of the plate, with an
amplitude of 1 N. The x-axis and y-axis were within the plate plane, and the z-axis was perpendicular to the plate plane
with the positive value representing a direction point upside in Figure 4. Detailed configurations about the FEM are shown
in Table 1.
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Fig. 3 Simulation model with fixed corrosion location. Fig. 4 Circle plate FEM using ANSYS.

Table 1 Configurations of the circle plate FEM.

Unit of length mm

Unit of force N

Radius of the plate 10 mm (0.394 in.)
Thickness of the plate 2 mm (0.079 in.)

Young’s modulus of the plate  5.157 MPa (748 psi)
Poisson’s ratio of the plate 0.29
Element Type Shell 181

3.2 Numerical analysis results

Figure 5 (a-d) show the simulation results of the circular plate under concentrated load in the middle. Since it was
assumed the corrosion initiated at the center, the results showed the maximum strain at the center area. In the distribution
of X-direction strain in Figure 5 (a), the gradient of strain along the X-axis was higher than that in Y-axis, as shown in
Figure 5 (b). Figure 5 (a, b) also shows that the distributions of X-direction strain and Y-direction strain had a 90-degree
difference. Due to the fact that the FBG sensors can only measure strains in their longitudinal directions, the difference
between the strain distribution of X-direction and Y-direction suggested that the installation direction of FBG sensors
should be carefully designed and recorded. The distribution of the all directional strain intensity and Z-direction

displacement were similar as shown in Figure 5 (c, d).
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Fig. 5 Simulation results of the circular plate model (a) X-direction strain, (b) Y-direction strain, (c) strain intensity, and
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(d) Z-direction displacement.
In practice, since the coating might not form an exact circle under corrosion attacks, a non-uniform distributed coating

bonding strength or defects may result in irregular edge for the circle plate, which was simulated as shown in Figure 6.
There were 6 partial circular defects at the edge of the original circle plate model, and their radius were 0.05mm, 0.08mm,
0.06mm, 0.12mm, 0.12mm, and 0.06mm, respectively. Other modeling data of this irregular-edge plate model were the

same as shown in Table 1.
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Fig. 6 Simulation model of the irregular edge circular plate.
The distributions of X-axis and Y-axis strains in the center area of the irregular edge circle plate were similar to the
circle plate as shown in Figure 7 (a, b), and the only differences were at the edge. Thus, although the coating bonding
strength varies, the results from the circle plate may still locate corrosion successfully. Other than that, the strain intensity

had a 10% difference compared with the circle plate, and the corrosion severity may not be over-estimated or under-



estimated for different bonding conditions, as shown in Figure 7 (c, d).
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Fig. 7 Simulation results of the irregular edge circle plate model (a) X-direction strain, (b) Y-direction strain, (c) strain
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To search for the possible differences in strain distributions among shapes, rectangular and elliptical coating plates
were also simulated, as shown in Figures 8 and 9. The dimension configurations of these two models were shown in Table

2, and other configurations were kept the same as in Table 1.
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Fig. 8 Simulation model of the rectangular plate. Fig. 9 Simulation model of the elliptical plate.

Table 2 Configurations of the rectangular and elliptical plate models.

Side length of rectangular plate model 10 mm (0.394 in.)

Semi-major axis length of the ellipse plate model 10 mm (0.394 in.)




Semi-minor axis length of the ellipse plate model 8 mm (0.315 in.)

The strain distributions of these two models were similar to those of the circular plate, which each had 90-degree

differences between the X-direction strain and the Y-direction strain, as shown in Figures 10 and 11.
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Fig. 11 Simulation results of the elliptical plate model (a) X-direction strain, (b) Y-direction strain, (c) strain intensity,

(d) Z-direction displacement.

3.3 Corrosion localization algorithm
The above four simulated cases covered different boundary conditions and shapes of the proposed plate theories. In
all cases, the maximum strain values appeared at the center of the plates, and the distributions were symmetric to the X-
axis and Y-axis, suggesting that the installation of FBG sensors should avoid symmetric locations in order to achieve the
detection of corrosion location. Even though the strain values in the four cases were different, the strain distributions could
be used for the detection of corrosion location. In addition, the use of exhaustion method to solve the transfer function
(Equation (4)) to locate the corrosion, we needed a minimum of three sensors, which must follow the same transfer function,
using the same severity input and different relative location inputs. Before the corrosion initiated, sensors would have
similar readings close to 0. Once the corrosion had initiated, these three sensors would have three different readings since
the corrosion induced various strains at different locations, which were noted as ¢&;, &,, and &3 measured from Sensor 1,
2, and 3, respectively. Since the corrosion severity was linear to the strain induced by corrosion, Equation (6) can be re-
written as:
&1 = S fe(Xsc1) Yser)
& = S fe(Xsc2) Ysc2) (7
€3 = S fo(Xsc3) Vses)
where f, is the transfer function for corrosion ¢; (Xsc1, ¥sc1)> (Xsc2» Vsez)> and (Xsc3, ¥se3) are the relative locations for
three different sensors in regarding to corrosion c; and S is the linear corrosion severity factor.
Since the sensor’s locations were fixed after installation, for any possible initiated corrosion (x.,y,) with severity
factor of 1.0, the strains at the three sensor locations could be calculated as:
= 10" fireyo (&'se1r Vo)
= 1.0 flagyo (X sz ¥ ge3) (®)
=1.0- f(xc,yc) (x'sc3s ylscg)
As aresult, if the strains for every possible corrosion location in the sensing area could be calculated, and find a match

B EINORRY

as:
~ f(xc,yc) (x,SCl' y,sc1) S fc(xsclt Vsc1)
€1/& = ; ; =< =& /¢
f(xc,yc) (x sc3r Y sc3) S fe(xsc3) Yses)
f(xc ye) (x,SCZ’ y,scz) S fc(xsc2» yscz) (9)
&/& = _— = = &2/83

f(xc,yc)(x'sc3'ylsc3) S fe(Xsc3) Vscs) B
Then, the corrosion location ¢ could be estimated at (x.,y.). And the linear corrosion severity factor could be

calculated as:

S=g/§ (10)



Then, if the sensing area can be divided into several subareas that were described using Euclidean space for every
sensor and every possible initiated corrosion, their locations could be demonstrated using the subareas that contained them.
The corrosion severity factor, S, can be estimated for each subarea and the location of the corrosion can be estimated
accordingly. The determination of the size of the subarea depends on several factors, including the size of the FBG sensors
(usually 2~2.5 mm, around 0.1 in.), the expected corrosion area size of the pitted corrosion based on experiences, the
required corrosion detection accuracy, and the available computational capacity and computational efficiency needed.
Since the FBG sensors usually have a size of 2.5~5 mm (0.1~0.2 in.) and the pitted corrosion also ranges from the size of
several millimeters (several 0.04 in.) in diameter, the minimum size of a square subarea needs to be larger than the size of
a FBG sensor, which is 2.5~5 mm (0.1~0.2 in.) in each side. If the computational capacity and efficiency is allowed, the
size of 2.5 mm (0.1 in.) is suggested for the subarea.

To illustrate how this algorithm working, a specific example was given to a steel plate which can be divided into a
four by seven (4x7) subareas as shown in Figure 12 with the locations of Sensor 1, Sensor 2, and Sensor 3 placing in the
subareas of (3, 4), (4, 1), and (6, 2), and the assumed possible corrosion initiating at subarea (3, 2). The square subarea
used the suggested minimum size of 2.5 mm (0.1 in.) in each side. Then, the measured strains of these three sensors for

this initiated corrosion can be given as:

g1 =5"/:0,2)
g, =35 fo(1,-1) (11)
g5 =S £.(3,0)

As the computer program tried to exhaust all possible corrosion locations, it would start at the first possible corrosion

location (1, 1), and the calculation results would be:

& =10"1(23)
& =1.0-£.(3,0) (12)
& =10£(51)

The results of Equation (10) would not match the proportional relationship in Equation (7). So, the detection algorithm
of exhaustion corrosion location would move on to the next possible corrosion location (2,1), and calculated again, as
shown in Figure 13.
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Fig. 12 An example for exhaustion method in the detection  Fig. 13 Iterative exhaustion method in the detection of

of corrosion location. corrosion location.

Until it reached the assuming possible corrosion location (3, 2), the calculated results would be:
& =10-£(0,2)
=1.0-f.(1,-1) (13)
=1.0-£(3,0)
The results finally matched the actual sensors’ readings, as shown below:
£/6 = 10-£00,2) £(0,2) _S-£(0,2) _
1.0-£.(3,0) f.(3,00 S-£.(3,0)

u{Jﬂ) IND)

€1/¢83 (14)



. 1lo0-f(1,-1y fQ@,-1» S-f(Q1,-1)
&/ = = =

=g,/¢&;

1.0-£(3,00  f.(3,00 S-f(3,0)

Thus, the corrosion location had been detected successfully at the current location (3, 2).

For higher precision requirement of detecting corrosion location, the sensing area needs be divided into a greater
number of and smaller subareas. In this case, the computing power requirement might increase dramatically as the number
of subareas increases. To solve this possible limitation in computing power, the theoretical strains at sensors’ locations for
every possible initiated corrosion location could be calculated once and stored. Thus, when the corrosion detection system
was running, instead of exhausting the whole sensing area for every single strain reading of sensors, to achieve to detect
the corrosion location only requires the comparisons between the monitored strain value ratios and stored strain value ratios,

which could save huge amount of time.

4. Laboratory experiments and result analysis
4.1 Experimental setup and results

To validate the developed corrosion localization algorithm, a laboratory experiment was conducted using one steel
pipe which was coated with a layer of epoxy soft coating (Duralco 4461). Although epoxy was used in the laboratory
validation tests, the developed algorithm can be used for any types of coatings as long as the material properties of the
coatings can be known. The steel pipe for laboratory testing was selected to represent an irregular surface of steel instead
of regular flat plate. The steel pipe is NPS size 6 schedule 40 pipe with A36 structural steel, a diameter of 168.275mm
(6.625 in.), a thickness of 7.112mm (0.28 in.) and a length of 250mm (10 in.). Although the lab tests used the outer surface
of steel pipe as an example, the sensors do not need to be restricted on the outside of the pipes, and the tested pipe is only
an example for validation in the lab, it can be inside as well. In practical applications of steel pipes, if buried underground,
the corrosion damages on external surfaces normally are initialized by external damages such as cracks, dent, or peal of
coating materials. These mechanical damages usually are formed during installation construction process with rocks in soil
hitting the external surface of the pipes and damage the coatings, or the damages can also be formed because of nearby
excavation working along the buried pipes without knowing the locations of the pipes. Excavation has caused more than
50% of the external damages on coatings of buried pipes and it happens very frequently. As long as a crack, peal, or dent
on the coating materials occurs, the corrosion will quickly initialize and progress to reduce the thickness of the pipe since
it is directly in contact with wet soil. In addition, it worth mentioning that the developed algorithm can be applied to any
steel structures whose coatings can be applied to embed the sensors accordingly, such as steel bridges or buildings. Since
the steel pipes have curved surfaces which are much more difficult shapes to be monitored compared with flat surfaces,
the steel pipes were used as examples in this study. Three FBG sensors and a temperature compensation FBG sensor were
embedded inside the epoxy coating. All the four FBG sensors have the same initial center wavelength of 1540.00nm and
the same length of 5Smm (0.2 in.). Sensor 1 is 10mm (0.4 in.) away from Sensor 3 in the diameter direction and Sensor 2 is
20mm (0.8 in.) away from Sensor 1 in the longitudinal direction of the steel pipe as shown in Figure 14. To ensure a secured
bonding between the FBG sensors and the subsurface, the FBG sensors were firstly attached to the external surface of the
steel pipe at the designed locations as shown in Figure 14 (a) using epoxy carefully before the application of the general

coating.
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Fig. 14 Sensor layout (a) and steel pipe sample for detection of corrosion location (b).

The steel pipe sample was buried in moisture sand after the soft coating was fully cured, and 3.5wt% NaCl solution
was sprayed on to the sand every other day to maintain a corrosive environment around the sample. The center wavelength
changes of the embedded FBG sensors had been recorded using optical signal analyzer (National Instruments PXIe-4844
Optical Sensor Interrogator integrated with PXIe-1071 Controller and PXIe-8133 Chassis) continuously during the entire
experiment. It has four optical channels that are simultaneously sampled at 10 Hz for measurement of all the four embedded
FBG strain and temperature sensors. The integrator has a wavelength measurement accuracy of 1pm and measurement

range between 1510nm to 1590nm. The experimental setup was shown in Figures 15 (a, b).

Fig. 15 Experimental setup (a) and buried sample in sand (b)
The experiment ran for a total of 60 days. On the 31% day, a small crack was made intentionally near Sensor 1 on the
coating to simulate a damage on the coating for the corrosion location and to accelerate the corrosion initiation because the
deterioration rate of the soft coating was slow, and the corrosion might not initiate before the damage of the soft coating.
The corrosion simulated crack location was near Sensor 1 as shown in Figure 16. The measured Bragg wavelength changes
of the three sensors were shown in Figure 17, and the crack time was marked in the graph. It can be seen that the center
wavelengths of Sensor 1 and Sensor 3 increased for a short time before they dramatically dropped after the crack was made
because the coating delamination was caused by the aggressively expanding corrosion progress. From Figure 17, a four-
stage process has been observed for the corrosion of coated steel using epoxy. At Stage 1, the made crack resulted in coating
delamination. The delamination of the coating would release the strains on the coating and induce a reduction in strains on
the coating. This reduction of strains would introduce a decrease of center wavelength of the FBG sensors nearby, which
was clearly indicated by the trends of the FBG center wavelength changes as Stage 1 in Figure 17. However, as the
expansion of the corrosion, the delamination of the corrosion would be stable and stop after a while since the corrosion
product would restrict the air reaching the inner surface beneath the coating. Thus, after a couple of days, the delamination
would be saturated and the boundary condition of the pitted corrosion became stable, resulting in Stage 2. In Stage 2, the
corrosion product then would be accumulated in the vertical direction of the coating, resulting in the re-increase of the
strains on the coating and the increase of the center wavelength of the embedded FBG sensors as clearly shown as Stage 2
in Figure 17. In Stage 3, the crack would grow because of the accumulation of the corrosion product and delaminate the

coating to release the strains. In Stage 4, the corrosion was stabilized since the air was not so easy to reach the uncorroded



steel and would maintain steady for very long time before further increase of corrosion. However, the Bragg wavelength
of Sensor 2 did not change much (within 5 pm) during the entire experiment, which indicates that the corrosion initiated

far away from Sensor 2.
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Fig. 16 Crack location of the coating on the steel pipe. Fig. 17 Bragg wavelength change vs time.
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4.2 Corrosion location identification using developed algorithm

The transfer function used in the experiment was simulated using FEM analysis and the result was shown in Figure
18. The entire sensing area was set as half of the steel pipe surface, and the sensing area was divided into 10,000 subareas
with 100 rows and 100 columns as seen in Figure 19. The subarea size of each unit used the minimum size of 2.5mm (0.1
in.) and all sensor locations used the mid-points of the Bragg gratings. The locations of Sensor 1, 2, and 3 were (15, 50),

(85, 50), and (15, 18), respectively. The crack intentionally made was at (15, 45).
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Fig. 18 The strain map induced by corrosion. Fig. 19 Definition of steel pipe subareas.

Because there was no corrosion before the crack was made to the soft coating, the Bragg wavelength changes of all
three sensors were close to zero, and the strain ratios (¢, /€3 and €,/e3) were unstable. As a result, the proposed algorithm
cannot match any corrosion location during this period. After the crack was intentionally made to the soft coating, the
corrosion started to occur. However, the corrosion caused a coating crack in a short time before the Bragg wavelength
change curve had a stable increase. The strain values of Sensor 1 and Sensor 3 were close to zero, so the proposed algorithm
was not able to match any location in the first increase of the Bragg wavelength change curve. After the Bragg wavelength
change curve dropped due to the delamination of the soft coating, the corrosion location was successfully detected during
the second increase of the Bragg wavelength change curve, as shown in the highlighted and framed part of Figure 20. It
was clearly observed that the Sensor 1 and Sensor 3 had larger center wavelength changes compared to the Sensor 2, and

the strain ratio (g, /&5) was stable.
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Fig. 20 The Bragg wavelength change curve with Fig. 21 Zoomed denoised inputs of the Bragg wavelength

highlighted successful detection of corrosion location. change curve.

To avoid the influence from the changes of the boundary condition changes, the corrosion localization algorithm was
applied after the boundary condition was stable and a part of the Stage 2 as framed in Figure 20. The Bragg wavelength
changes as framed in Figure 20 was denoised using wavelet package in MATLAB before the algorithm was applied. The
denoised highlighted part of the date was shown in Fig. 21. The strain inputs were divided into three segments and the
average strain ratio values for each segment were served as inputs in the algorithm of corrosion detection, as shown in Fig.
22. For the first, second, and third segments (Segment 1, Segment 2, and Segment 3), corrosions located by the algorithm
were at (25, 32), (17, 42), and (23, 47). From the crack location and the visual inspection result as shown in Fig. 23, the
actual corrosion location was at (19, 45), which was 1.3 inches, 0.4 inches, and 0.4 inches away from estimations of
Segment 1, Segment 2, and Segment 3, respectively. The estimation results of the algorithm suggested that the corrosion
location detected from Segment 2 and Segment 3 were more accurate compared to Segment 1. It could be predicted that

this algorithm is more accurate when the corrosion was at a stable increase stage.
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Fig. 22 Three segments and the strain ratios of the Fig. 23 Visual inspection result of the steel pipe sample on the

Bragg wavelength change curve. 60™ day.

5. Conclusion
In this study, a novel 2D corrosion localization algorithm for coated steel structures based on embedded FBG sensors
was developed. The simply supported plate theory was used to locate two-dimensional corrosion. Through conducting
numerically and experimentally comprehensive investigations, specific conclusions could be drawn from this study as
follow:
1) The two-dimensional (2D) simply supported plate theory can be applied to identify the corrosion locations using a
sensor network with a minimum of three embedded FBG sensors in the coating;
2) The developed two-dimensional (2D) simply supported plate model can analyze the transfer function between the

corrosion locations and the corrosion severity to locate it using FEM analysis;



3) By using the method of exhaustion, the algorithm of corrosion location was successfully programmed. With the
numerical solution of the transfer function from the finite element model, the mothed of exhaustion can be used as the
algorithm to estimate corrosion locations and corrosion severity when Bragg wavelength change curves were
interrogated from embedded FBG sensors.

4) The proof-of-algorithm laboratory experimental results indicated that the proposed assessment system of corrosion
could identify the corrosion locations effectively within 12mm (0.5 inches).

The developed method is preferred to have the sensors embedded inside coatings, thus, it may be more applicable for
new structures which would have coatings applied during construction. However, since the coatings for any existing
structures may require recoating as the coatings will be wearied away as time goes. So the sensors can also be embedded
during the re-coating or repair process. It is also worth mentioning that flat steel surfaces in steel buildings and bridges are
easier to be accessed compared with existing buried steel pipes and so if existing steel structures are the targeted structures,
the developed technique may be more applicable for existing steel buildings and bridges. In addition, further advance will
be made to validate the algorithm for different damage severities and locations, and multiple corrosions occurring at the
sensing area, which requires a sensor network with more than three sensors embedded and an updated estimation algorithm
for corrosion locations. Also, more analysis on the size of corrosion area (subarea) will be needed for expanding the
developed algorithm for practical applications. More importantly, there was no field application using the proposed system.
Thus, it is of interest to be applied to an actual steel structure for field testing, which hopefully can be done in the near
future.
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